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CHAPTER 1

Main Group Dithiocarbamate Complexes
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I. INTRODUCTION

Main group dithiocarbamate complexes find wide-ranging applications in

materials and separation science, and have potential use as chemotherapeutics,

pesticides, and fungicides. The literature on main group dithiocarbamates as a

whole has not been reviewed extensively since the 1970s (1, 2) despite the large

number of publications that have appeared subsequently. From an inorganic

chemistry stand point, dithiocarbamates are highly versatile ligands toward main

group metals. They can stabilize a variety of oxidation states and coordination

geometries, and seemingly small modifications to the ligand can lead to

significant changes in the structure–behavior of the complexes formed. This

chapter focuses primarily on structural aspect of main group dithiocarbamate

complexes, covering the essential literature from 1978 to 2003. For the purposes

of this chapter, the zinc triad of elements is not considered as being main group:

Zinc dithiocarbamate complexes are covered in chapter 2 of this volume on

transition metal dithiocarbamates by Hogarth.

The structural parameters of the dithiocarbamate ligands themselves are not

modified significantly on coordination to main group elements. Distances (Å)

and angles (�) are in the range: C��N(R2)¼ 1.24–1.52 (1.33 mean);
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C��S¼ 1.52–1.82 (1.72 mean); SCS¼ 110.1–128.9 (118.6 mean). The two

C��S distances are often slightly different, indicating some charge localization:

as one would expect, the shorter C��S are generally associated with the S atom

that is least strongly associated with the metal center. The SCS bond angle

generally increases in line with the size of the metal to which the dithiocarba-

mate is coordinated.

Extensive use has also been made of infrared (IR) spectroscopy for the

characterization of dithiocarbamate complexes. Particular diagnostic use has

been made of the C��N(R2) and C����S stretching modes, which fall typically in

the range 1500� 50 and 980� 50 cm�1, respectively. The occurrence of more

than one C����S stretching band has been used to imply a monodentate or highly

anisobidentate bonding mode for the dithiocarbamate ligand; however, this is

not unambiguous and should not be relied upon.

II. s-BLOCK METALS

The dithiocarbamates of the s-block elements, prepared by reaction of the

appropriate amine and CS2 in the presence of the metal cation, are water soluble,

ionic compounds. The structures of a number of hydrated compounds have been

determined by X-ray crystallography (3–26). Although there are some excep-

tions (see below), data show that, except for the heavier metal ions, there is

generally little or no direct interaction between metal ion and the essentially

planar dithiocarbamate anion in the solid state. Structural data show that the

C��S bond distances of the free dithiocarbamate moieties lie in the range 1.65–

1.81 Å; one C��S bond is often significantly shorter than the other, indicating

some localization of the negative charge. The C��N distances and SCS angles lie

in the range 1.32–1.43 Å and 117.0–128.9�, respectively. The SCS bond angle

generally decreases with increasing steric bulk of the N substituents, as a result

of intermolecular S. . .H��C interactions.

Under anhydrous conditions, dithiocarbamates can coordinate to lighter

s-block metal ions. Insertion of CS2 into the Be��N bonds of bis(diisopropyla-

mino)beryllium yields the corresponding bis(diisopropyldithiocarbamate)beryl-

lium compound (27). The four S atoms of the two dithiocarbamate ligands

coordinate to Be, giving a distorted tetrahedral geometry at the metal ion. The
9Be nuclear magnetic resonance (NMR) spectrum of [Be(S2CNi-Pr2)2] in

cyclohexane displays a single resonance at d 1.55, typical of four-coordinate

Be, indicating that the solid-state structure is retained in solution. Similarly,

lithiation of diphenylamine followed by reaction with CS2 in tetrahydrofuran

(THF) gives Ph2NCS2Li �2THF, in which the diphenyldithiocarbamate anion

chelates the Liþ ion (Fig. 1) (28a).
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III. GROUP 13 (III A)

A. Boron and Aluminum

Main group dithiocarbamate complexes are generally prepared by reaction of

the appropriate metal halide with the parent (hydrated) group 1 (I A) metal or

ammonium dithiocarbamate salt. Few dithiocarbamate complexes of boron and

aluminum have therefore been reported: aluminum and boron halides are

susceptible to hydrolysis, and hydroxide substitution is generally unfavorable.

Aminoboranes react readily with CS2 to form the dithiocarbamate complexes

[BR(S2CNR
0
2)2] or [BR(NR2)(S2CNR

0
2)], where R is an organic substituent (29),

while the corresponding reactions with diboranes give complexes of the types

[B2R2(S2CNR
0
2)2] and [B2(S2CNR2)4] (30). No detailed structural studies appear

to have been carried out on these complexes, but 11B NMR spectra of the

diboron complexes each display two signals, indicating that they exist as a

mixture of two coordination isomers in solution (30). Reaction of boron

trichloride with sodium dimethyldithiocarbamate gives either [BCl2(S2CNMe2)]

or [B(S2CNMe2)3]2, depending on the reaction conditions (31). The product of

the reaction of BRCl2 with sodium dimethyldithiocarbamate depends on the

nature of the R group: if R¼ butyl or phenyl, the dithiocarbamate complexes

[BRCl(S2CNR2)] result, but when R¼methyl, CS2 elimination occurs, yielding

Figure 1. The ORTEP plot of [Li(S2CNPh2)(THF)2]. Note: ORTEP and PLUTON plots were drawn

using the PLATON software, with arbitrary displacement parameters. In all cases hydrogen atoms

have been omitted for clarity. (See Refs. 28b and 28c.)
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the corresponding aminoborane (31). Elimination of CS2 also occurs on addition

of sodium dimethyldithiocarbamate to the dialkyl compounds, BR2Cl (31).

In the cluster compound [m-2,7-(S2CNEt2)-7-(PMe2Ph)-nido-7-PtB10H11],

the dithiocarbamate ligand bridges the Pt��B bond, forming an exopolyhedral

five-membered PtSCSB ring (32). The B��S bond length (1.90 Å) is comparable

to other B��S bonds in boron cluster compounds and indicates a bond order

between one and two.

Only five aluminum dithiocarbamate complexes have so far been reported,

namely, [Al(S2CNR2)3] [R¼methyl (Me), ethyl (Et), isopropyl (i-Pr), or benzyl

(Bz)] (33–35) and [AlCl(S2CNEt2)2] (33). The homoleptic tris(dithiocarbamate)

complexes are mononuclear, with the hexacoordinated aluminum atom display-

ing a distorted octahedral geometry, in both the solid state and in solution. The

dithiocarbamate ligands are bound in an essentially isobidentate fashion. The

unusually long Al��S bond lengths (2.38–2.40 Å), similar to the analogous

Ga��S distances, have been attributed to the relative ‘‘hardness’’ of Al compared

to S. The complex [AlCl(S2CNEt2)2] has not been characterized crystallogra-

phically, but solution molecular mass measurements and 27Al NMR data

indicate the Al atom is hexacoordinate, suggesting a dimeric structure in which

the Al atoms are presumed to be chloride bridged (33).

Dithiocarbamates have been shown to inhibit the corrosion of Al in aqueous

sodium chloride solution (36), probably via the formation of a dithiocarbamate

species at the surface of the metal, and have also been used as complexing

agents for the extraction and quantitative determination of Al (37).

B. Gallium, Indium, and Thallium

1. Homoleptic and Mixed Bidentate Ligand Complexes

A large number of monomeric tris(dithiocarbamate) complexes (Table I) is

known for the heavier group 13 (III A) elements, Ga(III) (34, 38–44), In(III)

(35, 38, 40–43, 45–49), and Tl(III) (50–54), in which the MS6 core possesses

approximate D3 symmetry rather than Oh symmetry because of the small bite

angle of the dithiocarbamate ligands (55). The dithiocarbamate ligands are

bound in a quasiisobidentate fashion, with only small, but in some cases

chemically significant, differences in the M��S bond lengths. These differences

tend to be greater in the Ga complexes than in either the In or Tl complexes.

The ambient temperature solution NMR spectra of the tris(dithiocarbamate)

complexes, including those of Al (see above), show the complexes to be

fluxional on the NMR chemical shift time scale. The stereodynamics can be

quite complex with several different processes possible, namely, (1) a metal-

centered rearrangement of the ligand polyhedron, (2) reversible ligand dissocia-

tion, (3) restricted rotation about the single N��C bonds of (bulky) N substituents,

MAIN GROUP DITHIOCARBAMATE COMPLEXES 5



TABLE I

Group 13 (III A) Homoleptic Dithiocarbamate Complexes

Complex M��S (Å) References

[B(S2CNMe2)3] 31

[B2(S2CNMe2)4] 30

[Al(S2CNMe2)3] 33

[Al(S2CNEt2)3] 34

[Al(S2CNi-Pr2)3] 35

[Al(S2CNBz2)3] 34

[Ga(S2CNH2)3] 38

[Ga(S2CNMe2)3] 34, 38, 39, 42

[Ga(S2CNEt2)3] 2.40–2.46 34, 38, 40

[Ga(S2CNn-Pr2)3] 38

[Ga(S2CNi-Pr2)3] 42

[Ga(S2CNn-Bu2)3] 38

[Ga{S2CN(Et)Ph}3] 38

[Ga{S2CN(Me)Ph}3] 41

[Ga(S2CNBz2)3] 34, 41

[Ga{S2CN(CH2)4}3] 2.41–2.47 42

[Ga{S2CN(CH2)5}3] 38

[Ga{S2CN(CH2)4NMe}3] 43

[Ga{S2CN(CH2CH2)2O}3] 2.42–2.45 43

[Ga{S2CN(Me)Hex}3] 44

[In(S2CNH2)3] 38

[In(S2CNHMe)3] 38

[In(S2CNMe2)3] 2.58–2.61 47

[In(S2CNEt2)3] 2.58–2.61 38, 40

[In{S2CN(Me)n-Bu}3] 48

[In(S2CN(Me)Hex}3] 48

[In(S2CNi-Pr2)3] 2.58–2.62 35, 46

[In{S2CN(CH2)4}3] 2.58–2.61 46

[In(S2CNMePh2)3] 41

[In(S2CNBz2)3] 41

[In{S2CN(CH2)5}3] 2.58–2.59 45

[In{S2CN(CH2CH2)2O}3] 2.58–2.62 43

[In{S2CN(CH2CH2)2NMe}3] 2.57–2.58 43, 49

[Tl(S2CNMe2)3] 2.61–2.68 51, 52, 54a

[Tl(S2CNEt2)3] 2.67 51, 54a

[Tl(S2CNn-Pr2)3] 54a

[Tl(S2CNBu2)3] 54a

[Tl(S2CNBz2)3] 54a

[Tl{S2CN(CH2)5}3] 54a

[Tl(S2CNMe2)] 2.99–3.44 56, 57, 60, 64, 65

[Tl(S2CNEt2)] 3.07–3.62 53, 56, 57, 62, 64, 65

[Tl(S2CNn-Pr2)] 2.88–4.37 56, 57, 58, 64, 65

[Tl(S2CNi-Pr2)] 2.98–3.04 57, 59

[Tl(S2CNn-Bu2)] 2.97–3.16 56, 57, 63, 64, 65

[Tl(S2CNi-Bu2)] 2.97–3.47 61

[Tl{S2CN(i-C5H11)2}] 57

[Tl{S2CN(Me)Ph}] 65
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or (4) restricted rotation about the (S2)C��N partial double bond (34, 35, 41, 46,

52). It is not always easy to distinguish between these processes and it is

possible that two or more can occur simultaneously. The energy barriers

observed (<60 kJ mol�1) are rather low for rotation about the (S2)C��N partial

double bond and Fay and co-worker (35) demonstrated unambiguously that

restricted rotation occurs about the N��C(i-Pr) single bonds rather than about the
(S2)C��N bond in the [M(S2CNi-Pr2)3] complexes (M¼Al or In) at and below

ambient temperatures: Contributions to the measured rate constants from

(S2)C��N bond rotation process are negligible. Synthetic studies of some TlIII

complexes (54) indicate that the dithiocarbamate ligands are labile: mixed-

ligand complexes, [Tl(S2CNR2)2(S2CNR
0
2)], are rapidly formed on mixing

simple, ‘‘symmetric’’ dithiocarbamate complexes. Rates of formation of the

mixed-ligand complexes are greater in polar solvents, indicating the formation

of a [Tl(S2CNR2)2]
þ intermediate, consistent with a ligand dissociation pathway

and lending support for a dynamic ligand dissociation–recombination process, at

least in the case of Tl(III).

Unlike the lighter members of the group, which only form M(III) dithio-

carbamate complexes, a number of homoleptic thallium(I) dithiocarbamates has

been reported (56–65). In the solid state, [Tl2(S2CNR2)2] dimers are linked by

intermolecular Tl��S coordination to form polymeric structures (56–63).

Although the basic dimeric structure is similar in each case (see below), the

way in which they are linked differs, depending on the nature of the N-

substituents: The balance between the coordination requirements of Tl and

the packing forces determines the precise crystal structure. The dimeric units

have a distorted octahedral structure, shown in Fig. 2, with the two Tl atoms

axial and the four S atoms, which form an almost planar parallelogram,

equatorial. Tl. . .Tl distances vary between 3.47 and 4.00 Å. When the interdimer

Tl. . .S coordination is considered, the Tl atoms may be five-, six-, or even seven-

coordinate, leading to the formation of either extended chains or layers.

The basic dimeric structure of the Tl(I) dithiocarbamates (see Fig. 2) appears

to be retained in solution (56, 57); consequently they have lower motilities than

their monomeric Tl(III) analogues, enabling mixtures of to be readily separated

(65). Dithiocarbamate ligands have thus been used for the separation and

extraction of (toxic) Tl(I) from Tl(III), as well as other metal ions (64–70).

TABLE I (Continued )

Complex M��S (Å) References

[Tl(S2CNBz2)] 65

[Tl{S2CN(CH2)5}] 64

[Tl{S2CN(CH2)4O}] 65

a Reference 54 also reports mixed dithiocarbamate complexes of the type [Tl(S2CNR2)2(S2CNR
0
2)].
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The complexes

½GafS2CNðCH2Þ4OgfS2PðORÞ2g2� ðR¼Et or i-PrÞ
½GafS2CNðCH2Þ4OgfSCH2CH2Þ2Og� and ½GafS2CNðCH2Þ4NMegfðSCH2CH2Þ2Og�

prepared by adding stoichiometric quantities of the appropriate ligands to

GaCl3, appear to be the only complexes in which two different types of

bidentate ligand (including a dithiocarbamate) are coordinated to the group 13

(III A) metal center (43).

2. Nonhomoleptic Complexes

Complexes of the type [MCl2(S2CNR2)], [MR2(S2CNR
0
2)], [MCl(S2-

CNR2)2], and/or [MR(S2CNR
0
2)2] (R¼ alkyl, aryl, or Cp) are known for all

group 13 (III A) elements (Table II). The most numerous are the diorganometal

complexes (51, 71–77), which have found use as single source precursors for the

chemical vapor deposition of MxSy thin films (75–77). The complexes are

generally monomeric in both the solid state and in solution. X-ray crystal-

lographic studies of [InR2(S2CNEt2)] [R¼Me (75), Et (75), or t-Bu (77)], [Int-

Bu2(S2CNMe2)] (77), and [TlPh2(S2CNEt2)] [Fig. 3(a)] (72) show that the metal

ions possess a highly distorted tetrahedral geometry. With the exception of

[InMe2(S2CNEt2)] and [Int-Bu2(S2CNMe2)], which show a small but chemically

significant difference in the two M��S distances, the dithiocarbamate ligands

are bound in an essentially isobidentate fashion. In contrast, the molecular

units in [TlMe2(S2CNn-Pr2)] (74) are linked by two intermolecular

Tl. . .S interactions, giving a well-ordered spiral arrangement, while in

Figure 2. The ORTEP plot of the dimeric unit in the Tl(I) complexes [Tl2(S2CNR2)2)]. The N

substituents are omitted for clarity.
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TABLE II

Group 13 (III A) Akyl- and Chlorodithiocarbamate Complexes

Complexes M��S (Å) References

[BMe(S2CNMe2)2] 31

[BPh(S2CNMe2)2] 31

[Bn-BuCl(S2CNMe2)] 31

[BPhCl(S2CNMe2)] 31

[BCl2(S2CNMe2)] 31

[AlCl(S2CNEt2)2] 33

[GaMe2(S2CNEt2)] 75

[GaEt2(S2CNEt2)] 75

[Ga t-Bu2(S2CNMe2)] 77

[Ga t-Bu2(S2CNEt2)] 2.38, 2.43 77

[Ga t-Bu2(S2CNn-Pr2)] 77

[Ga(C5H11)2(S2CNEt2)] 75

[GaMe2{S2CNMe(CH2)3NMe2}] 76

[GaEt2{S2CNMe(CH2)3NMe2}] 76

[Ga(CH2CHMe2)2{S2CNMe(CH2)3NMe2}] 76

[Ga(C5H11)2{S2CNMe(CH2)3NMe2}] 76

[GaCl2{S2CN(CH2CH2)2O}] 43

[GaCl2(4-MePy)2(S2CNMe2)] 2.45, 2.49 80

[GaCl2(4-MePy)2(S2CNEt2)] 2.48, 2.48 81

[Gat-Bu(S2CNMe2)2] 77

[Gat-Bu(S2CNEt2)2] 77

[Gat-Bu(S2CNn-Pr2)2] 2.31–2.60 77, 78

[Ga(Oi-Pr)(S2CNn-Pr2)2] 2.31–2.57 78

[GaCl(S2CNMe2)2] 2.21–2.43 42

[GaCl(S2CNi-Pr2)2] 42

[GaCl{S2CN(CH2)5}2] 42

[GaCl{S2CN(CH2CH2)2O}2] 43

[InMe2(S2CNMe2)] 71

[InMe2(S2CNEt2)] 75

[InEt2(S2CNEt2)] 2.56, 2.68 75

[In(C5H11)2(S2CNEt2)] 75

[InMe2{S2CNMe(CH2)3NMe2}] 75

[InEt2{S2CNMe(CH2)3NMe2}] 2.59, 2.79 75

[In(CH2CHMe2)2{S2CNMe(CH2)3NMe2}] 75

[In(C5H11)2{S2CNMe(CH2)3NMe2}] 75

[InCl2{S2CN(CH2CH2)2O}] 43

[InMe(S2CNMe2)2] 71

[InEt(S2CNMe2)2] 71

[InCl(S2CNi-Pr2)2] 2.38–2.56 42

[GaCl{S2CN(CH2CH2)2O}2] 43

[TlMe2(S2CNHEt2)] 74

[TlMe2(S2CNHn-Pr)] 74

[TlMe2(S2CNn-Pr2)] 2.70, 2.80 74

[TlMe2(S2CNn-Bu2)] 74

TlMe2(S2CNsec-Bu2)] 74

[TlMe2{S2CNMe(CH2)2OH}] 74

MAIN GROUP DITHIOCARBAMATE COMPLEXES 9



TABLE II (Continued)

Complexes M��S (Å) References

[TlMe2(S2CNMe2)] 51

[TlMe2(S2CNEt2)] 51

[TlMe2(S2CNPh2)] 51

[TlPh2(S2CNEt2)] 2.72, 7.72 51, 72

[TlCp2{S2CN(Me)Cy}] 73

[TlCp2{S2CN(Et)Cy}] 73

[TlCp2{S2CN(Me)Cy}] 73

[TlCp2{S2CN(i-Pr)Cy}] 73

[Tl(C9H7){S2CN(Me)Cy}] 73

[Tl(C9H7){S2CN(Et)Cy}] 71

[Tl(C9H7){S2CN(i-Pr)Cy}] 73

[Tl(C13H9)2{S2CN(Me)Cy}] 71

[Tl(C13H9)2{S2CN(Et)Cy}] 71

[Tl(C13H9)2{S2CN(i-Pr)Cy}] 73

[Tl(p-tolyl)(S2CNEt2)2] 2.55–2.80 79

Figure 3. The ORTEP plots of (a) [TlPh2(S2CNEt2)] and (b) [InEt2{S2CN(Me)(CH2)3NMe2}],

showing a section of the polymeric chain.
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[InEt2{S2CNMe(CH2)3NMe2}] (76) the molecular units are linked by inter-

molecular In��N bonds (2.66 Å), forming a chain polymer [Fig. 3(b)].

Although less common than the dialkylmetal dithiocarbamate complexes,

several monoalkyl bis(dithiocarbamate) complexes have been reported (31, 71,

77–79). The complexes [Gat-Bu(S2CNR2)2] (R¼Me, Et, or n-Pr), were

isolated as minor products during the synthesis of the dialkyl complexes [Gat-

Bu2(S2CNR2)] from the reaction of [Gat-Bu2(m-Cl)]2 with sodium dithiocarba-

mate salts (77). Interestingly, these monoalkyl complexes are only formed

during the initial synthesis: The dialkylmetal complexes cannot be converted

to the corresponding monoalkyl complexes.

The X-ray molecular structures of [Gat-Bu(S2CNn-Pr2)2] (78), [Ga(Oi-Pr)

(S2CNEt2)2] (78) and [Tl(p-tolyl)(S2CNEt2)2] (79) show that the metal ions

possess a distorted trigonal-bipyramidal geometry, with the alkyl or aryl group

occupying an axial position. The dithiocarbamate ligands bind in an anisobi-

dentate fashion. The precise geometry at the metal atom is determined primarily

by the steric bulk of the alkyl ligand, as measured by the Tolman cone angles:

cone angles <94� favor a square-based pyramidal structure, while cone angles

>94� shift the geometry toward trigonal bipyramidal (78). These structures lie

on the unusual two-step ‘‘Texas’’ pseudo-rotation pathway between true square-

based pyramidal and trigonal-bipyramidal structures rather than the more usual

one-step Berry pseudo-rotation pathway.

The monochloro bis(dithiocarbamate) complexes of gallium and indium,

[MCl(S2CNR2)2] (42, 43), closely resemble the corresponding monoalkyl

complexes; however, the geometry at the metal atom tends toward square

pyramidal rather than trigonal bipyramidal, because of the smaller cone angle

of Cl. The dichloro complexes, [MCl2(S2CNR2)] (M¼Ga or In) (43) have not

been well characterized. Solution molecular mass measurements of the corre-

sponding boron complexes, [BCl2(S2CNR2)], indicate that they are monomeric

(31): By analogy, the gallium and indium complexes have therefore also been

assumed to be monomeric in solution. Reaction of Ga2Cl2 with tetramethyl- or

tetraethylthiuram disulfide in 4-methylpyridine solvent yields [GaCl2(4-Me-

py)2(S2CNR2)] [R¼Me (80) or Et (81) and py¼ pyridine (ligand)]. X-ray

crystallography shows that the Ga atoms are in a distorted octahedral coordina-

tion environment, with chloride ligands cis each other, trans the dithiocarbamate

S atoms.

IV. GROUP 14 (IV A)

The carbon compounds of dithiocarbamates, dithiocarbamic acid esters, are

generally classified as organic compounds and, as such, fall outside the scope of

this chapter.
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A. Silicon and Germanium

Although silicon dithiocarbamate complexes remain rare, complexes of the

type [SiR2(S2CNR2)2] (R¼Me or Ph) have been reported recently (82).

Spectroscopic data for the complexes (IR and NMR) have been interpreted in

terms of a tetracoordinate silicon atom, with the two dithiocarbamate ligands

monodentate.

The homoleptic germanium dithiocarbamate complex [Ge{S2CN(i-Pr)Cy)}4]

(cy¼ cyclohexyl), was reportedly prepared by the reaction of GeCl4 with an

excess of the sodium dithiocarbamate salt (83). However, attempts to prepare

[Ge(S2CNMe2)4] similarly were unsuccessful (84). The diorganogallium

bis(dithiocarbamate) complexes, [GeR2(S2CNR2)2], have been prepared by

reaction of GeR2Cl2 with the appropriate sodium dithiocarbamate salt (84,

85); an X-ray crystallographic study of [GeMe2(S2CNMe2)2] reveals that the Ge

atom lies at the center of a distorted octahedron, with the four S atoms in the

equatorial plane (84). In the [GeMe2X(S2CNMe2)] complexes (X¼ Cl, Br, or I)

the Ge atom is in a distorted trigonal-bipyramidal coordination environment

with the dithiocarbamate ligand bound in an anisobidentate fashion (86–88).

The structure of [GeMe2Br(S2CNMe2)] is shown in Fig. 4. Complexes of

general formula [GeR3(S2CNR2)] (R¼ alkyl or phenyl) have also been prepared

(84, 89, 90); solution NMR data indicate they are essentially isostructural with

the [GeMe2X(S2CNMe2)] complexes.

B. Tin and Lead

1. Homoleptic Complexes

Homoleptic dithiocarbamate complexes are known for tin(II), tin(IV), and

lead(II). The tin(II) complexes, [Sn(S2CNR2)2], are best prepared by reaction of

Figure 4. The ORTEP plot of [GeMe2Br(S2CNMe2)].
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SnCl2 with the sodium salt of the appropriate dithiocarbamic acid (91–93). The

complexes are monomeric in the solid state (92), with the dithiocarbamate

bound in an anisobidentate fashion, but molecular weight measurements suggest

they may be polymeric in solution (93). In the solid state molecular structure,

the geometry at Sn is best considered as highly distorted trigonal bipyramid,

with the stereochemically active lone pair of electrons equatorial and the two

long Sn��S bonds displaced away from the lone pair in pseudo-axial positions.

The tetrakis(dithiocarbamate)tin(IV) complexes are of interest because of the

different bonding modes of the dithiocarbamate ligands, which may be mono-

dentate, anisobidentate, or isobidentate (94, 95). The geometry at Sn depends on

the binding modes adopted. In [Sn(S2CNMe2)4] the Sn atom is essentially six

coordinate, with two of the dithiocarbamate ligands anisobidentate and two

monodentate: The nonbonding Sn. . .S distances are 3.44 and 3.64 Å (94). In

contrast, in [Sn{S2CN(CH2)4}4] two of the ligands are essentially isobidentate

and two highly anisobidentate (Sn��S¼ 2.42 and 3.24 Å); if the long Sn��S
contacts are included, the tin is best considered as displaying a distorted

dodecahedral arrangement (Fig. 5) (95). The very low frequency shift of the
119Sn NMR signal in tetrakis(1-pyrrolidinedithiocarbamate)tin(IV) (d¼�729,
relative to SnMe4) indicates that the Sn atom is at least six and possibly seven

coordinate in solution. Ambient temperature solution proton NMR (1H) and 13C

NMR spectra indicate that the four ligands are equivalent on the NMR chemical

Figure 5. The ORTEP plot of [Sn{S2CN(CH2)4}4], showing dodecahedral arrangement at tin. The

N substituents omitted for clarity.
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shift time scale, with an effective plane of symmetry bisecting the SCS angle.

These observations are consistent with a fluxional process that involves

reversible cleavage of the Sn��S bonds.

The bis(dithiocarbamate) complexes of lead(II), [Pb(S2CNR2)2], have been

studied quite extensively, revealing a number of interesting structural variations

(96–101). The basic molecular geometry at lead is that of a distorted square

pyramid, with the four S atoms of the (usually) anisobidentate ligands forming

the base and the stereochemically active lone pair of electrons apical, consistent

with the results of quantum chemical calculations (102). However, secondary

Pb. . .S intermolecular interactions in the solid state increase the coordination

number at lead to between 5 and 8, depending on the number of interactions.

The crystal structure of bis(dimethyldithiocarbamate)lead comprises

[Pb(S2CNMe2)2] units stacked along the crystallographic c axis (96). Within

the stack, each Pb atom has a long contact with two S atoms (Pb. . .S¼ 3.36 Å)

of the unit directly above, giving a pseudo-six-coordinate metal center. The

crystal structure of [Pb{S2CN(Et)i-Pr}2] comprises polymeric chains of

bis(dithiocarbamate)lead units, also linked by bridging S atoms; however, the

bridging S atoms are from different monomer units (one above and one below)

(98). A rather different situation is found in bis(pyrrolidinedithiocarbamate)lead

(99), where all four S atoms form long-range interactions with a second

[Pb{S2CN(CH2)4}2] unit. The coordination environment at lead is that of a

distorted square antiprism, with staggered faces. The lone-pair points through

the square face formed by the four S atoms of the next monomeric unit, toward

the lead atom. The Pb. . .Pb distance is 3.89 Å, suggesting some weak metal–

metal bonding (Fig. 6). The bulky N substituents in bis(dipropyldithiocarbama-

te)lead give rise to a notably different, centrosymmetric tetrameric structure

with pentacoordinate Pb atoms (97). The tetramer possesses a Pb2(S2CNn-Pr2)4
core, in which the two Pb atoms are bridged by S atoms from different

Figure 6. The ORTEP plot of [Pb{S2CN(CH2)4}2], showing a section of the polymeric chain.
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dithiocarbamate ligands. Two further [Pb(S2CNn-Pr2)2] monomer units bind to

the Pb2S4 core via single Pb��S bridges, completing the tetrameric structure.

The NMR and molecular mass measurements indicate that, while they retain

the same basic molecular structures, the [Pb(S2CNR2)2] complexes tend to

polymerize in solution (93, 103). The NMR and electrochemical studies also

show that the dithiocarbamate ligands are highly labile in solution (103, 104).

The homoleptic dithiocarbamate complexes of both Sn and Pb have been

investigated recently as possible single source precursors for the deposition of

metal sulfide materials (98, 105, 106) and dithiocarbamates have also been used

for the extraction of lead from environmental samples (107).

2. Nonhomoleptic Complexes

Although nonhomoleptic complexes of Sn have been extensively studied

because of their considerable structural diversity and potential applications, for

example, in chemotherapy, those of lead are rare. The complex [Pb(phen)(S2C-

NEt2)2] (phen¼ 1,10-phenanthroline) is one of only a few examples of a

nonhomoleptic lead(II) dithiocarbamate complex (108). The geometry at Pb

(Fig. 7) is best considered as distorted trigonal bipyramidal, with the bridging S

atoms occupying axial positions.

Figure 7. The ORTEP plot showing the dimeric structure of [Pb(phen)(S2CNEt2)]. The N substituents of

the dithiocarbamates and atom labels of the phen ligands have been omitted for clarity.
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The majority of tin(IV) dithiocarbamate complexes are of the general type

[SnR4-n�mXn(S2CNR2)m] (where R¼ alkyl or aryl; X¼ halide; n¼ 0, 1, 2, 3;

m¼ 1, 2, or 3). In the tris(dithiocarbamate) complexes [SnR(S2CNR2)3] and

[SnX(S2CNR2)3] (109–121), the Sn atom is in a distorted pentagonal bi-

pyramidal coordination environment, with the unidentate ligand axial (Fig. 8).

The dithiocarbamate ligand that spans the axial (ax)–equatorial (eq) positions is

highly anisobidentate [Sn��S(ax)� 2.48 Å; Sn��S(eq)� 2.77 Å]; usually the

two equatorial dithiocarbamates are also anisobidentate, but to a much lesser

degree. The solution 119Sn NMR chemical shift of [SnPh(S2CNEt2)3] is strongly

temperature dependent: d¼�813 (ambient); d¼�888 (�100�C) (115). Nu-

clear magnetic resonance data thus indicate a dynamic process, which involves

the exchange of dithiocarbamate ligands, leading to a decrease in the effective

coordination number of Sn at ambient temperature. Solid-state 13C and 119Sn

NMR data (115, 117) are consistent with the X-ray structure (115); it is

noteworthy that the 119Sn SSNMR chemical shift (�894 ppm) is to slightly

lower frequency of that in solution at �100�C, suggesting that the lower

temperature limit of the fluxional process is only a little below �100�C.
A large number of bis(dithiocarbamate)tin(IV) complexes of general formula

[SnRnX2-n(S2CNR2)2] (R¼ alkyl or aryl; X¼ halogen or pseudo-halogen;

n¼ 0, 1, or 2) have been reported (89, 95, 111–115, 117, 119, 122–167). In

the majority of cases, the geometry at tin is best described as a highly distorted

octahedron or skew-trapezoidal bipyramid, with asymmetrically coordinated

Figure 8. The ORTEP plot of [SnR(S2CNi-Bu2)3] showing the distorted pentagonal bipyramidal

coordination of tin in the complexes [SnR(S2CNR2)3] and [SnX(S2CNR2)3]. The N substituents are

omitted for clarity.
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dithiocarbamate ligands. Although the CSnC bond angle in the [SnR2

(S2CNR2)2] complexes is highly variable (�100–150�), there is no obvious

trend with respect to the steric bulk of the organic Sn substituents; however, if

one or both of the organic groups is substituted for a halogen, the bond angle

(RSnX or XSnX) decreases to �89–96�, suggesting that the Lewis acidity of the

metal center is an important factor.

Three crystalline modifications of [SnMe2(S2CNEt2)2] are known (141, 163),

namely, triclinic, monoclinic, and orthorhombic; except for the small variability

in the CSnC bond angles the molecular structures are chemically identical in the

three forms, and differ little from the other dimethyltin(IV) bis(dithiocarbamate)

complexes that have been structurally characterized (95, 125, 143, 152). The

tert-butyl complexes [Snt-Bu2(S2CNMe2)2] (150), [(Snt-Bu2)2{m-S2CN(H)
(CH2)2N(H)CS2}] (124), and [Snt-Bu2(S2CNEt2)2] (153) show some interesting

structural differences. The molecular structure of [Snt-Bu2(S2CNEt2)2] is very

similar to that of the dimethyltin(IV) bis(dithiocarbamate) complexes, but in [Snt-

Bu2(S2CNMe2)2] one of the dithiocarbamates is essentially monodentate

(Sn��S (long)¼ 3.53 Å) and the geometry at Sn is best described as a distorted

trigonal bipyramid, with the two t-Bu groups equatorial; in this respect, [Snt-

Bu2(S2CNMe2)2] is structurally more akin to the triorganotin(IV) dithiocarba-

mates. The Sn atoms in the centrosymmetric dimeric complex [(Snt-Bu2)2
{m-S2CN(H)(CH2)2N(H)CS2}2] (Fig. 9) are also five coordinate: one end of the

ligand is bidentate, while the other is monodentate. The chelating dithiocarba-

mate ligand spans ax/eq positions and is highly anisobidentate (Sn��S¼ 2.459

and 2.878 Å).

Figure 9. The ORTEP plot of [(Snt-Bu2)2{m-S2CN(H)(CH2)2N(H)CS2}].
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The complex [SnPh2(S2CNEt2)2] has been shown to exist in at least two

polymorphs, namely, monoclinic (122, 152) and tetragonal (117). In the

monoclinic form, one dithiocarbamate is anisobidentate and the other almost

isobidentate, while in the tetragonal form, both are asymmetrically coordinated;

the degree of asymmetry in the tetragonal polymorph is about one-half that

observed for the anisobidentate dithiocarbamate in the monoclinic form

[�Sn��S¼ 0.10 Å (tetragonal) and 0.24 Å (monoclinic)].

The effects of the dithiocarbamate N substituents on the structures of the

phenyl and vinyl complexes [SnPh2(S2CNR2)2] and [Sn(CHCH2)2(S2CNR2)2]

have been investigated by Tiekink and Hall (159, 160) and appear to be small as

far as the tin-dithiocarbamate bonding is concerned. In contrast, the effects of

the ancillary organic ligands are quite marked: The greater the electronegativity

of the ligands, the more symmetrical the bonding of the dithiocarbamate. The

reduction in the asymmetry is presumably due to the increased Lewis acidity of

the metal center. The effect of the organic groups on the CSnC bond angle is

considerable: The average CSnC angle in the phenyl complexes is 102.4�, which
contrasts with 136.2� in the vinyl complexes. The reasons for the difference in

the bond angle are not immediately obvious, although it is clear from crystal-

lographic data for other bis(dithiocarbamate)tin(IV) complexes that the CSnC

angle generally decreases as the electronegativity of the substituents increases.

The [SnRCl(S2CNR
0
2)2] complexes are structurally similar to the dialkyl

analogues (95, 117, 126, 128–131); the Sn atom is in a highly distorted

octahedral coordination environment, with the two dithiocarbamate ligands

bidentate. Although the dithiocarbamate ligands are anisobidentate, the asym-

metry in the bonding is reduced considerably [�Sn��S(ave)� 0.06 Å], com-

pared to that observed in the dialkyl complexes, because the Lewis acidity of the

metal center is increased by the presence of the more electronegative chloride

ligand: The CSnX bond angle is also reduced.

Reaction of anhydrous tin(II) chloride with sodium diethyldithiocarbamate

under aerobic conditions gives the tin(IV) bis(dithiocarbamate) complex,

[SnCl2(S2CNEt2)2] (157). The mechanism probably involves the initial forma-

tion of [Sn(S2CNEt2)2], followed by aerial oxidation to yield tetraethylthiuram

disulfide, which then oxidatively adds to another molecule of SnCl2, giving the

final product, accounting for the reaction yield (50%, relative to SnCl2). In a

separate experiment, it was shown that tetramethylthiuram disulfide reacts

directly with SnCl2, yielding [SnCl2(S2CNEt2)2], providing further evidence

in support of the proposed mechanism. Interestingly, reaction of

[SnCl2(S2CNEt2)2] with 2-thiouracil in dimethyl sulfoxide (DMSO) yields the

dithioester CH2(S2CNEt2)2 (167). The X-ray structure of [SnCl2(S2CNEt2)2]

reveals that the Sn atom is in a distorted octahedral coordination environment

(156, 157), with the two dithiocarbamate ligands chelating in an almost

symmetric fashion (�Sn��S� 0.06 Å). The two chloride ligands are cis
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(ClSnCl¼ 91.8�). The other dihalide complexes that have been characterized

crystallographically are structurally analogous (133, 134, 140, 168).

The mono(dithiocarbamate) complexes [SnR3-nXn(S2CNR2)] (R¼ alkyl or

aryl; X¼ halide; n¼ 0, 1, 2, or 3) have also been studied extensively (112–114,

116, 117, 119, 131, 140, 153, 169–188). In the triorganyl complexes the

dithiocarbamate ligands tend toward monodentate coordination and the geome-

try at tin is probably best considered as (distorted) tetrahedral rather than

pentagonal bipyramidal (Fig. 10); the average Sn��S distances are 2.46 Å (short)

and 3.04 Å (long). Substitution of one or more of the organic groups by Cl

reduces the asymmetry [Sn��S(short)¼ 2.46 Å, Sn��S (long)¼ 2.71 Å], such

that the dithiocarbamate should be considered as anisobidentate. The geometry

at Sn is thus best described as a highly distorted trigonal bipyramid, with the

dithiocarbamate bridging ax–eq positions; the long Sn��S bond is axial. The

reduction in the asymmetry of the Sn��S bonding presumably arises because the

presence of the electronegative chloride ligand increases the Lewis acidity of the

metal center. Although there appears to be some correlation of the Sn

dithiocarbamate bonding parameters with both the Lewis acidity of the metal

center and the basicity of the dithiocarbamate N substituents in the gas phase, no

such correlation is found in the solid state: Crystal packing factors are therefore

thought to have a significant effect on the solid-state structures (180).

Molloy et al. (116) prepared a series of triorganotin(IV) dithiocarbamate

complexes of general formula [SnPh2R(S2CNR
0
2)] {R¼ 2-(2-pyridyl)ethyl,

R0 ¼Me or Et; R¼ 2-(4-pyridyl)ethyl, R0 ¼Me; R¼ 2-(2-oxo-N-pyrrolidiny-

l)ethyl, R0 ¼Me}, and Das (176) reported the analogous complexes

Figure 10. The ORTEP plot of [SnMe3(S2CNMe2)] showing the distorted tetrahedral coordination

geometry of tin in the [SnR3(S2CNR2)] complexes.
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[SnMe2R(S2CNMe2)] [R¼ 2-(4,4-dimethyl-2-oxazolinyl)-3-thienyl or 3-(2-pyr-

idyl)-2-thienyl] and [Sn(p-tolyl)2R(S2CNMe2)] [R¼ 3-(2-pyridyl)-2-thienyl]. In

the complexes of 2-(2-pyridyl)ethyl, 2-(4,4-dimethyl-2-oxazolinyl)-3-thienyl

and 3-(2-pyridyl)-2-thienyl, the N donor of the organic ligand is coordinated

to the metal in both the solid state and in solution. The dithiocarbamate is

monodentate (the nonbonding Sn. . .S distance is �3.27–3.47 Å). In contrast, the
carbonyl oxygen in the 2-(2-oxo-N-pyrrolidinyl)ethyl complex does not interact

significantly with the metal, and the dithiocarbamate is weakly bidentate.

The N donor of the pyridyl ring of the 2-(4-pyridyl)ethyl ligand, R, in

[SnPh2R(S2CNMe2)] cannot coordinate to the metal center in an intramolecular

sense: Spectroscopic data suggest that the complex is monomeric in solution and

polymeric, with intermolecular coordination of N, in the solid state. The

dithiocarbamate appears to be monodentate both in the solid state and in

solution.

3. Mixed-Ligand and Ester Complexes

Ester tin(IV) dithiocarbamate complexes of general formula [SnX3-n(es-

ter)(S
2
CNR2)n] and [SnX2-n(ester)2(S2CNR2)n] (where X¼ Cl or pseudo-halide;

n¼ 1 or 2) have been studied in some detail (151, 189–191). The dithiocarba-

mate ligands are usually bound in an anisobidentate fashion both in the solid

state and solution. The ester may be monodentate (Sn��C coordination only) or

bidentate (Sn��C and Sn��O coordination). Solution NMR data (119Sn and 1H)

indicate that the Sn atom in the monoester mono(dithiocarbamate) complexes

[Sn(CH2CH2COOR)(S2CNMe2){(XCH2CH2)2Y}] (R¼Me or Et, X¼O or S,

Y¼O, S or NMe) (192) is essentially six coordinate in solution: The ester group

appears to be monodentate (Sn��C coordination only), irrespective of the

(XCH2CH2)2Y ligand, which is always terdentate. X-ray structural data show

clearly how the bonding of the dithiocarbamate ligand is influenced by the

ancillary ligand, (XCH2CH2)2Y; it is isobidentate in [Sn(CH2CH2COOR)

(S2CNMe2)(OCH2CH2)2NMe] (i.e., X¼O, Y¼NMe), but highly anisobiden-

tate, with one exceptionally long Sn��S contact (3.09 Å), in [Sn(CH2CH2COOR)

(S2CNMe2)(SCH2CH2)2O] (i.e., X¼ S, Y¼O). In the former case, both

dithiocarbamate S atoms are trans O, while in the latter, one is trans O and

the other trans S; the long Sn��S(dithiocarbamate) contact is trans S and is

presumably a consequence of the strong trans influence of S.

Reaction of the diester tin monohalide complex, [SnCl(CH2CH2COO-

Me)2(S2CNMe2)], with sodium sulfide (190) gives the known products

[Sn(CH2CH2COOMe3)2S]3 and [Sn(CH2CH2COOMe)2(S2CNMe2)2]. The cor-

responding reaction of the monoester tin dihalide complexes,

[SnCl2{CH2CH2COOMe}(S2CNMe2)] and [SnCl2{CH2CH(COOMe)CH2COO-

Me}(S2CNMe2)] yields the pentacoordinate dimers, [Sn(ester)(S2CNMe2)S]2,
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which possess a Sn2S2 four-membered ring in the solid state and in solution

(Fig. 11) (193). Prolonged reflux of tetrakis(4-methylpiperidinedithiocarbama-

te)tin(IV) in dichloromethane yields [{Sn{S2CN(CH2)4CHMe} S}2], which also

possesses a Sn2S2 ring (194), as does [Sn(S2CNEt2)2S2], which is the initial

product of the decomposition of [Sn(S2CNEt2)4] (106). In all three cases, the

dithiocarbamate ligands are bound in a bidentate fashion.

Reaction of [{SnPh(S2CNEt2)}2(CH2)3] with Na2S gives [{SnPh(S2CNEt2)}2
(CH2)3(m-S)], which possesses a SnC3SnS six-membered metallocycle (195).

The X-ray structure (Fig. 12) reveals that the dithiocarbamate ligands are bound

to the tin atoms in an anisobidentate fashion. The phenyl groups are cis. The

solid state 119Sn NMR spectrum displays two signals at �149 and �169 ppm,

consistent with five-coordinate tin atoms; the two signals are due to the presence

of cis and trans isomers in the polycrystalline material, which are also present in

solution.

The addition of sodium acetylacetonate to [SnBr2(S2CNEt2)2] is reported to

initially give the expected product, [SnBr(S2CNEt2)2{MeC(O)CHC(O)Me}],

although it has not been characterized fully. On prolonged standing in solution,

orange, crystalline [Sn(S2CNEt2)2{OC(Me)CSC(O)Me}], which possesses a

five-membered SnOC����CS ring, was isolated (196). The source of the additional

S atom is not clear, although it has been suggested that it might be derived from

Figure 11. The ORTEP plot of [Sn{CH2CH2COOMe}(S2CNMe2)S]2, showing the Sn2S2 ring

found in the [Sn(ester)(S2CNMe2)S]2 complexes.

MAIN GROUP DITHIOCARBAMATE COMPLEXES 21



tetraethylthiuram disulfide, which is known to be produced as a side product in

the bromination of tin(II) dithiocarbamates (197); the starting material,

[SnBr2(S2CNEt2)2], was prepared by bromination of [Sn(S2CNEt2)2]. The

closely related catecholate complex, [Sn(S2CNEt2)2(o-C6H4O2)], which pos-

sesses a five-membered SnOC����CO ring, is prepared by oxidative addition of

tetraethylthiuram disulfide to [Sn(o-C6H4O2)] (198). In both complexes, the

dithiocarbamate ligands are bound in an essentially isobidentate fashion, with

the tin atoms in a distorted octahedral coordination environment.

The complexes 2-n-butyl-2-(dimethyldithiocarbamate)-1,3,2-oxathiastanno-

lane (Fig. 13) and 2-n-butyl-2-(piperidyldithiocarbamate)-1,3,2-oxathiastanno-

lane (199) are dimeric in the solid state, with the Sn atoms adopting a highly

distorted octahedral geometry: Notably, the Sn atoms are O bridged rather than

S bridged. However, the 119Sn NMR spectra of the complexes points toward

them being monomeric in solution: The 119Sn chemical shifts (�251 and �230,
respectively) are consistent with the Sn atom being five coordinate and,

importantly, no Sn��Sn scalar couplings are observed.

4. Spectroscopic Studies

As has already been alluded to, the solution-state structures of tin(IV)

dithiocarbamate complexes have been studied extensively using 119Sn NMR

(95, 106, 111, 112, 115–117, 119, 121, 131, 134, 143, 146–148, 153, 157, 171,

176, 181, 189–193, 198, 199). Although it is often difficult to ascertain the exact

coordination of the tin atom unambiguously, because of the anisobidenticity of

Figure 12. The ORTEP plot of [{SnPh(S2CNEt2)}2(CH2)3(m-S)]. The phenyl C atom labels have

been omitted for clarity.
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the dithiocarbamate ligands and the latent fluxional behavior of many of the

complexes, 119Sn chemical shifts give a reasonable guide to the coordination

number within a particular series of compounds: the higher the coordination

number the lower the resonance frequency (Table III). From Table III, it is also

apparent that, as the electronegativity of the tin substituents increases, the

asymmetry in the Sn��S(dithiocarbamate) bonding decreases, leading to an

increase in the effective coordination number of Sn, causing the chemical shift

to move to lower frequency.

Hydrogen-1 and 13C NMR spectroscopy can also be used to probe the

structures of the diorganotin(IV) complexes in solution; the magnitudes of the
1JSnC and 2JSnH scalar coupling constants have been shown empirically to

depend on the CSnC bond angle, y (141, 200).

The 119Sn Mössbauer spectra of a number of tin dithiocarbamate complexes

have been reported (89, 91, 94, 108, 118, 147, 178, 180): Data are collected in

Table IV. The Mössbauer spectral parameters have been used to infer the

coordination number of the Sn atom. The isomer shift (IS) of tin species

decreases as the s-electron density at the Sn atom decreases; thus the isomer

shift would generally be expected to decrease on increasing coordination

number or increasing electronegativity of the ligands. These two factors are

difficult to separate, since the anisobidenticity of dithiocarbamate ligands

generally decreases as the Lewis acidity of the metal moiety increases.

Figure 13. The ORTEP plot of 2-n-butyl-2-(dimethyldithiocarbamate)-1,3,2-oxathiastannolane.
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TABLE III

Solution 119Sn NMR Data for Tin Dithiocarbamate Complexes

Complexa d(119Sn) References

[SnI2(S2CNEt2)2] �1861 134

[SnBr2(S2CNEt2)2] �1092 134

[SnPh(S2CNEt2)3] �813 115

[Snn-Bu{S2CN(Me)n-Bu}3] �807 119

[SnPh(S2CNEt2)3] �807 117

[Sn(MeO2CCH2CH2)(S2CNMe2)3] �804 189

[Sn{S2CN(Me)n-Bu}4] �786 106

[Sn(S2CNEt2)4] �766 106

[SnMe(S2CNEt2)3] �752 115

[Sn(S2CNEt2)2S]2] �736 106

[Sn{S2CN(CH2)5}4] �729 95

[SnPhBr(S2CNEt2)2] �704 115

[SnPh(S2CNMe2)3] �695 111

[SnPh{S2P(OEt2)}(S2CNEt2)2] �689 115

[Sn(PhS)2(S2CNEt2)2] �666 106

[Sn(CF3CH2S)2(S2CNEt2)2] �661 106

[SnPh{S2CN(Me)n-Bu}3] �655 119

[SnPhCl(S2CNEt2)2] �650 117

�647 115

[Sn(CyS)2(S2CNEt2)2] �649 106

[Sn(o-C6H4O2)(S2CNEt2)2] �647 198

[SnPh(S2COEt)(S2CNEt2)2] �645 115

[SnMe{S2CN(Me)n-Bu)3] �605 119

[SnCl(MeO2CCH2CH2)(S2CNMe2)2] �605 189

[SnMeCl(S2CNEt2)2] �598 115

[SnCl2(S2CNEt2)2] �519 157

[SnPh2{S2CN(Me)n-Bu}2] �505 119

[SnPh2(S2CNEt2)2] �502 117

�501 112

�499 153

[SnPhBr2(S2CNEt2)] �472 115

[SnMe2L
1(S2CNMe2)] �466 147

[SnMe2L
1(S2CNEt2)] �463 147

[Sn(MeO2CCH2CH2)2(S2CNMe2)2] �439 190

[SnPhBrCl(S2CNEt2)] �419 115

[Sn(CH2CH2CO2Me){(OCH2CH2)2NMe}(S2CNMe2)] �418 192

[SnCl2{CH2CH(CO2Me)CH2CO2Me}(S2CNMe2)] �405 191

[SnCl2(CH2CH2CO2Me)(S2CNMe2)] �386 189

[SnPh{S2CN(CH2)4}3] �378 121

[SnPhCl{S2CN(CH2)5}2] �378 95

[SnPhCl(S2CNMe2)2] �361 111, 112, 147

[SnPhCl2(S2CNEt2)] �355 115

[SnPhCl2{S2CN(CH2)5}] �354 181

[SnMe2{S2CN(Me)n-Bu}2] �349 119

[SnPhCl2{S2CN(CH2)4NMe}] �349 181

[SnPhCl2{S2CN(CH2)4O}] �349 181

[SnPh2Br(S2CNEt2)] �343 153
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TABLE III (continued)

Complexa d(119Sn) References

[Snn-Bu2{S2CN(Me)n-Bu2] �341 119

[SnMe2(S2CNMe2)2] �338 112, 146, 147

[SnMe2{S2CN(CH2)4CHMe}2] �336 143

[SnMe2(S2CNEt2)2] �336 153

�333 112, 146, 147

[Snn-Bu2(S2CNEt2)2] �336 153

[SnMe2{S2CN(CH2)5}2] �335 143

[SnMe2{S2CN(CH2)4NMe}2] �330 143

[SnPh2Cl(S2CNEt2)] �327 153

�325; �340 117

[SnPhCl2{S2CN(CH2)4CHMe}] �326 181

[SnMe2{S2CN(CH2)4O}2] �325 143

[Snn-BuCl2{S2CN(CH2)4CHMe}] �299 181

[SnMeCl2(S2CNEt2)] �296 115

[Snn-BuCl2{S2CN(CH2)5}2] �293 181

[Snn-BuCl2(S2CNEt2)] �285 131

[Snn-BuCl2{S2CN(CH2)4NMe}] �283 181

[Snn-BuCl2{S2CN(CH2)4O}] �273 181

[SnMe2{S2CN(CH2)4}2] �267 121

[Snt-Bu2(S2CNEt2)2] �262 148

�239 153

[Sn(CH2CH2CO2Me)2Cl(S2CNMe2)] �259 190

[Snt-Bu2(S2CNMe2)2] �255 148

[{Snn-Bu(SCH2CH2O)(S2CNMe2)}2] �251 199

[{Sn{CH2CH(CO2Me)CH2CO2Me}(S2CNMe2)S}2] �246 191

[{Sn(CH2CH2CO2Me)(S2CNEt2)S}2] �233; �235 193

[{Snn-Bu(SCH2CH2O){S2CN(CH2)5}2] �231 199

[Sn(CH2CH2CO2Me)(S2CNMe2)S}2] �230; �232 193

[Snt-Bu2Cl(S2CNEt2)] �217 153

[Sn(p-tolyl)2(L
2)(S2CNMe2)] �211 176

[SnPh2L
3(S2CNMe2)] �202 116

[SnMe2Cl(S2CNEt2)] �201; �204 112, 153

[Snn-Bu2Cl(S2CNEt2)] �200 153

[SnPh2L
4(S2CNEt2)] �198 116

[Sn{CH2CH2CO2Me}{(OCH2CH2)2S}(S2CNMe2)] �196 192

[SnPh3(S2CNEt2)] �192 112, 117, 153

[SnPh3{S2CN(CH2)5}] �191 171

[SnPh3[S2CN(CH2)2CHMe(CH2)2] �191 171

[SnPh3{S2CN(Me)n-Bu}] �190 119

[SnPh2L
3(S2CNEt2)] �183 116

[SnPh3{S2CN(CH2)2O(CH2)2] �182 171

[Sn(CH2CH2CO2Me){(SCH2CH2)2O}(S2CNMe2)] �178 192

[SnPh3{S2CN(CH2)2NMe(CH2)2}] �176 171

[SnMe2(L
3)(S2CNMe2)] �174 176

[SnCl2{S2CN(CH2)4}2] �140 121

[SnMe2(L
5)(S2CNMe2)] �139 176

[SnPh3{S2CN(CH2)4}] �131 121

[SnPh2L
6(S2CNMe2)] �128 116
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Examination of Table IV shows no reliable correlation of the isomer shift with

coordination number in organotin dithiocarbamate complexes.

The magnitude of quadrupole splitting (QS) and the QS/IS ratio (r) have also
been used as a diagnostic probe for the geometry at tin (higher magnitudes being

associated with higher coordination numbers), but again data collected in

Table IV show no reliable correlation for the organotin dithiocarbamate

complexes. However, for the diorganotin compounds, the QS can be correlated

with the CSnC bond angle, provided a point-charge model is applicable and

that the contribution of the organic ligands to the electric field-gradient is

negligible (89).

V. GROUP 15 (V A)

Homoleptic and mixed-ligand dithiocarbamate complexes of the heavier

group 15 (V A) elements have been studied extensively and show considerable

structural diversity. The dithiocarbamate ligand tends to act in an unsymmetrical

chelating fashion to the smaller members of the group, with one of the two M��S
bonds appreciably shorter than the other. As the size of the metal increases, the

asymmetry in the M��S bond lengths diminishes and there is an increasing

tendency for polynuclear species to form via either halide and/or S bridges;

halide bridges are favored whenever possible. The arsenic, antimony and

bismuth complexes of dithiocarbamates together with other 1,1-dithiolate

ligands have been reviewed previously (201).

A. Nitrogen and Phosphorus

The nitrogen compounds [N(SiMe3)2(S2CNR2)] (R¼Me, Et, i-Pr, or Bz)

(202–204) have been prepared via three routes, namely, (1) reaction of

[SnMe3{S2CN(CH2)2CHMe(CH2)}] 17 171

[SnMe3{S2CN(CH2)5}] 20 171

[SnMe3(S2CNEt2)] 21 153

[Snn-Bu3{S2CN(Me)n-Bu}] 21 119

[SnMe3{S2CN(Me)n-Bu}] 22 119

[SnMe3{S2CN(CH2)2NMe(CH2)2}] 23 171

[SnMe3(S2CNMe2)] 25 112

[SnMe3{S2CN(CH2)2O(CH2)2}] 34 171

aChemical shifts reported in ppm relative to SnMe4 as an external standard. Data quoted at ambient

temperature. L1¼ 1-(2-pyridylazo)-2-naphtholate. L2¼ 3-(2-pyridyl)-2-thienyl. L3¼ 2-(2-oxo-N-

pyrrolidinyl)ethyl. L4¼ 2-ethylpyridine. L5¼ 2-(4,4-dimethyl-2-oxazolinyl)-3-thienyl. L6¼ 4-

ethylpyridine.

TABLE III (continued)

Complexa d(119Sn) References
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N(SiMe3)2Br with the sodium salt of the appropriate dithiocarbamate, (2)

reaction of Na[N(SiMe3)2] with thiuram disulfides, and (3) reaction of (Si-

Me3)2NMgBr with thiuram disulfides (202). The X-ray molecular structures

show that the dithiocarbamates are essentially monodentate [N��S(short)�
1.66 Å; N��S(long)� 3.05 Å] with the amino nitrogen and dithiocarbamate

coplanar (203).Avariable temperatureNMRstudy of the dimethyldithiocarbamate

TABLE IV

Tin-119 Mössbauer Data for Tin Dithiocarbamate Complexes

Complexa IS QS r Reference

[{Sn(S2CNEt2)2S}2] 0.97 0.66 0.68 108

[SnPh{S2CN(Me)n-Bu}3] 1.11 1.81 1.63 121

[SnMe{S2CN(Me)n-Bu}3] 1.13 1.92 1.7 121

[Sn(p-tolyl)2(L
1)(S2CNMe2)] 1.16 2.47 2.13 178

[SnPh2{S2CN(CH2)4}2] 1.2 1.7 1.42 91

[SnPh3{S2CN(Me)n-Bu}] 1.23 1.79 1.46 121

[Snn-Bu{S2CN(Me)n-Bu}3] 1.25 1.84 1.47 121

[SnPh2{S2CN(Me)n-Bu}2] 1.26 2.13 1.69 121

[SnPh2{2-(2-py)CH2CH2}(S2CNEt2)] 1.27 2.35 1.85 118

[SnPh2{2-(2-py)CH2CH2}(S2CNMe2)] 1.27 2.55 2.01 118

[SnPh2{2-(4-py)CH2CH2}(S2CNMe2)] 1.27 2.55 2.01 118

[SnMe3{S2CN(Me)n-Bu}] 1.27 2.14 1.69 121

[SnMe2(L
2)(S2CNMe2)] 1.27 2.59 2.04 178

[SnHex2(S2CNEt2)2] 1.29 3.02 2.34 147

[SnPh3{S2CN(CH2)4}] 1.3 1.9 1.46 91

[SnPh2{2-(2-Oxo-N-pyr)CH2CH2}(S2CNMe2)] 1.3 2.18 1.68 118

[SnMe2(L
1)(S2CNMe2)] 1.31 2.71 2.07 180

[Snn-Bu3{S2CN(Me)n-Bu}] 1.39 2.19 1.58 121

[SnMe2{S2CN(Me)n-Bu}2] 1.4 2.89 2.06 121

[SnHex2(S2CNi-Pr2)2] 1.4 2.83 2.02 147

[SnHex2{S2CN(Me)Ph}2] 1.42 2.89 2.04 147

[Snn-Bu3{S2CN(CH2)4}] 1.44 1.94 1.35 91

[SnMe2{S2CN(CH2)4}2] 1.44 2.84 1.97 91

[SnHex2(S2CNMe2)2] 1.45 2.96 2.04 147

[Snn-Bu2(S2CNMe2)2] 1.49 2.93 1.97 147

[SnHex2{S2CN(CH2)2O(CH2)2}2] 1.51 2.89 1.91 147

[Snn-Bu2{S2CN(Me)n-Bu}2] 1.52 2.89 1.9 121

[Snn-Bu2{S2CN(Me)Ph}2] 1.55 2.68 1.73 147

[SnBz2{S2CN(CH2)4}2] 1.58 2.45 1.55 91

[SnOct2{S2CN(CH2)4}2] 1.58 2.92 1.85 91

[Snn-Bu2(S2CNEt2)2] 1.59 2.71 1.7 147

[Snn-Bu2{S2CN(CH2)4}2] 1.65 2.46 1.49 91

[SnEt2{S2CN(CH2)4}2] 1.65 2.83 1.72 89

[Snn-Bu2(S2CNi-Pr2)2] 1.66 2.61 1.57 147

[Snn-Bu2{S2CN(CH2)2O(CH2)2}2] 1.69 2.93 1.73 147

[Sn(S2CNEt2)2] 1.92 1.05 0.55 94

a IS¼ Isomer shift, QS¼ quadrupole splitting, r¼ (QS/IS). Data reported in mm s�1. L1¼ 2-(4,4-

dimethyl-2-oxazolinyl)-3-thienyl. L2¼ 3-(2-pyridyl)-2-thienyl.
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complex indicates that the barrier to (S2)C��N(Me2) bond rotation is 58 kJ mol�1

at 371 K (204), which is similar to magnitudes observed in other main group and

transition metal complexes.

Although phosphorus dithiocarbamate compounds, which are generally

prepared by insertion of CS2 into P��N bonds or by reaction of dithiocarbamate

salts with phosphorus chlorides, have been known for >100 years, they have

received relatively little attention recently (205–213). The structures of

[P(S2CNMe2)3] (205), [P(S2CNEt2)3] (206), [PPh(S2CNEt2)2] (207, 208), and

[PPh2(S2CNEt2)] (207) have been determined crystallographically; in all four

cases the dithiocarbamate ligand is essentially monodentate (P��S����2.12–
2.18 Å), with only weak secondary interactions between the P atom and the

second S(����C) atom (P. . .S¼ 2.88–3.18 Å; cf. 3.74 Å for the sum of the van der

Waals radii). The P��S��C����S moiety adopts a gauche arrangement (Fig. 14) as a

consequence of repulsions between the stereochemically active lone pair and the

S(��P)atom, and the secondary P. . .S interactions (207). The 31P NMR spectrum

of [P(S2CNMe2)3] shows a single chemical shift at ca. �63 ppm suggesting the

phosphorus atom has a coordination number >3 (205); this presumably arises

because the P atom undergoes metallotropic shifts between the dithiocarbamate

S atoms, via a pseudo-bidentate transition state.

The complex [P(S)Ph2(S2CNEt2)] adopts a similar structure to

[PPh2(S2CNEt2)], but the secondary P. . .S interaction is weaker (3.315 Å) and

the angle, f (see Fig. 14), is increased significantly (to 106.4�) as a result of

greater steric interactions between the dithiocarbamate and the bulky sulfide

ligand attached to the PPh2 moiety (209). The analogous ethoxide complexes,

[P(S)(OEt)2(S2CNR2)] have been shown to display both antifungal and antiviral

activity (210), although they are less active than classical organophosphorus

reagents.

Bicyclic P4S3I2 reacts with [SnPh3(S2CNR2)] or dithiocarbamic acids in the

presence of dimethylamine to give [P4S3I(S2CNR2)] or [P4S3(S2CNR2)2],

depending on the stoichiometry (211). The dithiocarbamate ligands are bound

in an essentially monodentate fashion, but variable temperature 31P NMR

C(S)NR2

RR

Φ

30o < Φ < 90o

Figure 14. Newman projection showing the gauche arrangement of the P��S��C����S moiety in the

complexes [PR2(S2CNR
0
2)].
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indicates that the P4S3 bicyclic skeleton undergoes an unusual rearrangement

(Fig. 15) in solution via the formation of a bidentate (bridging) mode in the

transition state.

B. Arsenic, Antimony, and Bismuth

1. Homoleptic Complexes

The homoleptic tris(dithiocarbamate) complexes [M(S2CNR2)3] (M¼As,

Sb, or Bi) have been studied extensively (93, 212–245). The arsenic complexes

are mononuclear with three short As��S bonds (As��S¼ 2.31–2.39 Å) that are

essentially cis each other, and three long As��S bonds (As��S¼ 2.77–2.94 Å).

Valence bond sum (VBS) calculations show that the valency of the As atom is,

as expected, close to three (224). The geometry at arsenic in the [As(S2CNR2)3]

is best described as a distorted octahedron with the stereochemically active lone

pair directed along the pseudo threefold axis, capping the triangular face defined

by the three weakly coordinated S atoms (Fig. 16) (222–224, 230).

As with other main group homoleptic dithiocarbamate complexes, those of

antimony have been prepared traditionally by the reaction of SbCl3 with the

appropriate dithiocarbamate salt or by insertion of CS2 into Sb–amide bonds.

However, the condensation of Sb2O3 with dithiocarbamic acids has been shown

to be a more facile route (221). The complexes are monomeric, nonelectrolytes

in solution (213), but may be either monomeric or dimeric, with weak

Sb��S. . .Sb bridges, in the solid state. Thus, for example, while tris(diethanol-

dithiocarbamate)antimony(III) is monomeric (223), tris(diethydithiocarbama-

te)antimony(III) is a centrosymmetric dimer in the solid state, with one S from a

dithiocarbamate of each Sb(S2CNEt2)3 moiety bridging: (Sb)S. . .Sb¼ 3.47 Å

(217). The reasons for the differences in behavior are not clear; there are no

stabilizing interactions between the hydroxyl groups and the metal center in the

diethanoldithiocarbamate complex, for example, and there are no obvious steric

restrictions to dimerization. In both cases, the lone pair is stereochemically

active. The local geometry around Sb is best considered as distorted trigonal
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Figure 15. The skeletal rearrangement observed in [P4S3I(S2CNR2)].
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prismatic and distorted dodecahedral, respectively. The dithiocarbamate ligands

are anisobidentate, with the three short Sb��S bonds essentially at right angles to

each other: Sb��S(short)¼ 2.47–2.74 Å; Sb��S(long)¼ 2.83–3.00 Å. The short-

est Sb��S contact is to the apical S atom.

The homoleptic bis(dimethyldithiocarbamate) cations [Sb(S2CNMe2)2]
þ and

[M(S2CNn-Bu2)2]
þ (M¼As or Sb) have also been prepared (246–248). The

dithiocarbamate ligands are bond in an asymmetric fashion (�Sb��S� 0.16 Å).

The metal is in a pyramidal coordination environment with the lone pair of

electrons apical. In [Sb(S2CNMe2)2][CF3SO3], weak Sb. . .S interactions lead to

the cation possessing a dimeric structure, with a center of symmetry, in the solid

state: there are also weak interactions between one of the Sb atoms and an

oxygen atom of the triflate group (247).

Although [Bi{S2CN(Me)CH2CH2OH}3] (224), [Bi{S2CN(i-Pr)CH2CH2

OH}3] (225) and [Bi{S2CN(Me)(Hex)}3] (240) are monomeric in the solid

state, the tris(dithiocarbamate) complexes, [Bi(S2CNR2)3], are generally S-

bridged dimers: The Bi��S. . .Bi bridges are appreciably stronger than in the

Sb analogues. The coordination environments of the Bi atoms can vary quite

appreciably and the exact structure depends on the nature of the dithiocarba-

mate. In [Bi2{S2CN(CH2CH2OH)2}6] the metal atoms are bridged by four S

atoms, so that the geometry at the Bi is described best as a distorted square

antiprism (Fig. 17) (223, 227), while in [Bi2{S2CN(Et)n-Bu}6] (228) the two Bi

atoms are bridged by only two S atoms. The bonding of the nonbridging

dithiocarbamate ligands to the metal center is considerably less asymmetric than

in the corresponding arsenic or antimony complexes.

Figure 16. The ORTEP plot of the coordination sphere of As in the tris(dithiocarbamate)

complexes [As(S2CNR2)3]. The stereochemical active lone-pair caps the triangular face made by the

three weakly bound S atoms, which are indicated by the dashed lines.
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The geometries at the two bismuth atoms in the pyrrolidinedithiocarbamate

complex [Bi2{S2CN(CH2)4}6] are quite different (Fig. 18): One Bi atom is

trigonal prismatic with a S atom capping one of the rectangular faces, while the

other Bi atom lies approximately at the center of a pentagonal pyramid. The

Bi. . .Bi distance is 4.264 Å (244).

Figure 17. The ORTEP plots of [Bi2{S2CN(CH2CH2OH)2}6]. The N-substituents omitted for

clarity.

Figure 18. The ORTEP plot of [Bi2{S2CN(CH2)4}6] showing the two different Bi coordination

environments. The N-substituents omitted for clarity.
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The mixed tris(dithiocarbamate) complexes, [Bi(S2CNR2)2(S2CNR
0
2)] have

been prepared by mixing [Bi(S2CNR2)3] and [Bi(S2CNR
0
2)3], although the rate

of ligand scrambling is sufficiently slow to allow chromatographic separation of

the complexes (220, 242). Ligand scrambling probably occurs via a dissociative

route: The lability of the dithiocarbamate ligands is evidenced by mass spectro-

metry (219), in which the highest observable mass peaks in the tris(dithiocar-

bamate) complexes are due to the species [M(S2CNR2)2]
þ, and the ease by

which the [M(S2CNR2)2]
þ cation can be formed chemically (246–248). The

same complexes can also be prepared by reaction of the halide complexes

[MX(S2CNR2)2] with the appropriate dithiocarbamic acids or their salts (see

below) (220, 249, 250).

Thermodynamic measurements on the tris(dithiocarbamate) complexes,

[M(S2CNR2)3] (M¼ P, As, Sb, or Bi), show the M��S bond dissociation

enthalpy decreases rapidly from P to As, then reduces more slowly down the

group. The greater stability of the P��S bonds has been attributed to participation

of d(p)–d(p) bonding between phosphorus and sulfur (231–236). Thermal

analytical studies (231, 232, 237–241) indicate that the complexes undergo

thermal decomposition to yield various metal sulfides, such as M2S3, and the

bismuth complexes have been used as single source precursors for the deposi-

tion of Bi2S3 (237–241). The tris(dithiocarbamate) complexes have also been

shown to be useful lubricant additives, with excellent wear resistance properties

even under extreme pressures (243). The complexation of dithiocarbamates to

trivalent group 15 (VA) metal ions has been shown to be an effective method of

preconcentration for the extraction and quantification of the metals in environ-

mental samples (251, 252).

2. Nonhomoleptic Bis(dithiocarbamate) Complexes

Bis(dithiocarbamate) complexes of the type [MR(S2CNR2)2] and

[MX(S2CNR2)2] (M¼As, Sb, or Bi; R¼ alkyl, aryl, or organometallic group;

X¼ halide) have also been studied extensively (212, 213, 219, 224, 241, 248,

253–270). The organyl complexes are prepared by reaction of the metal

dihalides, RMX2, with the appropriate dithiocarbamate salt (253, 254, 260–

263, 266, 268). The As complexes are monomeric (263); the dithiocarbamate

ligands are almost monodentate [As��S(short)� 2.33 Å; As��S(long)� 2.90 Å]

and the metal center is thus best considered as possessing a pyramidal geometry,

with the stereochemically active lone-pair apical.

The organoantimony and organobismuth bis(dithiocarbamate) complexes are

structurally similar, forming dimers in the solid state via intermolecular

M��S. . .M bridges. The dimers are formed by the side-on docking of the

[MR(S2CNR2)2] units (Fig. 19), such that the two metal and eight S atoms

are essentially coplanar (255, 260, 261). The dithiocarbamate ligands are best
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considered as anisobidentate: The asymmetry in the M��S bonding decreases as

the size of the metal increases. The overall geometry at the metal atom is

pseudo-pentagonal bipyramidal, with the organyl group and the lone pair of

electrons in axial positions.

Although monomeric, the Bi atom in [BiR(S2CNEt2)2] [{R¼ 2-(20-pyridyl)-
phenyl] is also pentagonal bipyramidal: The N atom of the pyridyl ring

coordinates to the metal (Bi��N¼ 2.55 Å), completing the coordination sphere.

The equatorial plane contains the four S atoms plus the nitrogen atom, with the

C(phenyl) atom and stereochemically active lone pair in the axial positions

(Fig. 20) (261).

The halide complexes [MX(S2CNR2)2] (M¼ Sb or Bi; X¼ Cl, Br, or I) have

been prepared from both the trihalide, MX3 (212, 213, 241), and the tris(dithio-

carbamate) (219, 248) complexes. Several different structural motifs have been

observed but, with the exception of [SbCl{S2CN(CH2)4}2], which is monomeric

Figure 19. The PLUTON plot of [SbMe(S2CNEt2)2] showing the side-on docking of the molecular

units found in the organyl complexes [MR(S2CNR2)2] (M¼ Sb or Bi). The dashed lines indicate

intermolecular interactions. N substituents omitted for clarity.

Figure 20. The ORTEP plot of [BiL(S2CNEt2)2]; L¼ 2-(20-pyridyl)phenyl. Atom labels for the

ligand 2-(20-pyridyl)phenyl omitted for clarity.
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(265), all exhibit intermolecular interactions in the solid state. In all cases, the

dithiocarbamate ligands are bound in an anisobidentate fashion: The degree of

asymmetry is generally lower in the bismuth complexes. In solution, molecular

mass measurements indicate the antimony species are monomeric, while the

bismuth complexes retain a degree of association (213, 219): Both sets of

complexes are non-electrolytes (213).

The iodide complexes, [SbI(S2CNEt2)2] (258), [SbI{S2CN(CH2)4}2] (256)

and [BiI(S2CNEt2)2] (257) form zigzag polymeric species in which metal

moieties are linked by a single halide [Fig. 21(a)]. Although structurally similar,

Figure 21. The two structural types observed in the iodide complexes [MI(S2CNR2)2] (M¼ Sb or

Bi), exemplified by the ORTEP plots of (a) [SbI{S2CN(CH2)4}2], showing part of the polymeric

chain, and (b) [SbI{S2CN(Me)CH2CH2OH}2].
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there are a number of important differences between the antimony and bismuth

diethydithiocarbamate complexes: In particular, the IMI bond angle is reduced

from 135.8� in the antimony complex to just 89.7� in the Bi complex.

The complex [SbI{S2CN(Me)CH2CH2OH}2] is structurally quite different

(224). It is dinuclear in the solid state with the two Sb(S2CNR2)2 units linked by

a pair of iodides bridges [Fig. 21(b)]. In each of the above cases, the metal atom

can be considered as being in a highly distorted octahedral coordination

environment, with a stereochemically active lone-pair capping one of the faces.

The complex [BiCl{S2CN(CH2)4}2] is also polymeric; however, both chlor-

ide and sulfur bridges are present, giving a pseudo-seven-coordinate metal

center (241). The BiSBi and BiClBi bond angles are 90.9 and 97.1�, respec-
tively. The two bridging Bi��S bonds are approximately equal (2.99 and 3.10 Å),

as are the two Bi��Cl bonds (2.84 and 2.94 Å). The bromo compound

[BiBr(S2CNEt2)2] is tetrameric in the solid state, with two distinctly different

pairs of Br and Bi sites. One pair of the bromine atoms bridges two bismuth

atoms, while the other bridges three atoms: Two of the Bi atoms are thus best

described as being in a capped trigonal-prismatic environment, while the other

two may be considered as being in a 5:2:1 pseudo-eight coordinate environment,

including the stereochemically active lone pair (Fig. 22) (257). The dithiocar-

bamate ligands chelate to the metal centers in an asymmetric fashion.

Reaction of BiCl3 with thiourea (tu) and ammonium pyrrolidinedithiocarba-

mate yields the dimeric Bi(III) complex, [{Bi(tu)S2CN(CH2)4}2(m-Cl)2] (244).
The coordination environment at Bi is essentially pentagonal bipyramidal, with

one Cl axial and the other equatorial. The Bi2Cl2 metallocycle is planar: The

Bi. . .Bi distance is 4.603 Å.

Figure 22. The PLUTON plot showing the different coordination spheres around the Bi atoms in

the tetrameric complex [BiBr(S2CNEt2)2]. Dashed lines indicate intermolecular interactions.
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The halides are easily removed from the [MX(S2CNR2)2] complexes giving

the homoleptic bis(dithiocarbamate) cations, [M(S2CNR2)2]
þ (247, 248), and

can be substituted for other ligands, such as a different dithiocarbamate,

thiophosphates, xanthates, or b-diketonates, giving mixed-ligand complexes of

the type [M(S2CNR2)2L], in which the metal atom is presumed to be hexa-

coordinate (220, 249, 250, 264, 270). The analogous mono(dithiocarbamate)

complexes, [M(S2CNR2){S2P(OR
0)2}2], can be prepared by reaction of

[MCl{S2P(OR)2}2] with the appropriate dithiocarbamate salt (271, 272). Reac-

tion of [SbCl(S2CNR2)2] with the sodium salts of either ethane-1,2-dithiolate or

4-methylbenzene-1,2-dithiolate (L) gives the dinuclear complexes [{Sb(S2CN-

R2)2}2(m-L)] (269), analogous to the methylene bridged [{Sb(S2CNR2)2}2(m-
CH2)] complexes (268). The antimony complexes [SbCl(S2CNR2)2] have also

been shown to form stable 1:1 adducts with amines, revealing the metal center to

be Lewis acidic (267).

3. Mono(dithiocarbamate) Complexes

A number of mono(dithiocarbamate) complexes of general formula

[MX2(S2CNR2)] (M¼As, Sb or Bi; X¼ Cl, Br, or I) have been reported

(212, 273–279). The bismuth complexes have been the subject of particular

interest because they exhibit interesting structural variations (274–279). The

solid-state molecular structures adopted depend on the halogen and the condi-

tions under which recrystallization is carried out. The complex [BiI2(S2CNEt2)]

crystallizes by slow diffusion of n-butanol into a dimethylformamide (DMF)

solution as an infinite polymeric array, [BiI2(S2CNEt2)]1, in which each pair of

Bi atoms is bridged by two iodides and one S atom of the dithiocarbamate,

which chelates in a slightly asymmetric fashion (274). Under identical condi-

tions, the chloro- and bromo-analogues crystallize as the pentanuclear species

[Bi5X7(S2CNEt2)8], in which one of the Bi atoms is bound to six chlorides,

giving an octahedral [BiX6]
3� unit at the core of the array (276), but from

acetonitrile (277) they crystallize as the polymeric [BiX2(S2CNEt2)]1 species,

which are isomorphous with the iodo analogue, [BiI2(S2CNEt2)]1. Conversely,
slow evaporation of a DMF/n-butanol solution of [BiI2(S2CNEt2)] gives

[Bi5I7(S2CNEt2)8] (276).

Crystallization of [BiI2(S2CNEt2)] from DMF with a stoichiometric amount

of tetraethylammonium iodide or bromide gives the isostructural complexes

[NEt4]2[{BiI2(S2CNEt2)}2(m-I)2] and [NEt4]2[BiI2(S2CNEt2)(m-I)2BiBrI(S2C-
NEt2)] (Fig. 23), respectively: The anions are centrosymmetric with Bi. . .Bi

distances of 4.75 and 4.68 Å (275). Crystallization of [BiX2(S2CNEt2)] (X¼ Cl,

Br, or I) from Py yields the monocular tris(pyridine) adducts, [BiX2(S2C-

NEt2)(py)3] (278), while crystallization by slow evaporation of a Py/n-butanol

solution, gives the tetranuclear [Bi4(S2CNEt2)4Br10]
2� anion as its pyridinium
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salt (276). The three Py adducts (X¼ Cl, Br, or I) are isomorphous. The Bi atom

is in a distorted pentagonal bipyramidal coordination environment, with the two

halides axial (ff XBiX� 170–175�): there is no evidence of a stereochemically

active lone pair. The pyridines are loosely bound, with the Bi��N distances (2.7–

2.8 Å) slightly longer than the Bi��N(py) distance in [BiL(S2CNEt2)2] [L¼ 2-

(20-pyridyl)phenyl] (261). The 1:1 adducts of [BiX2(S2CNEt2)] with 2,20-
bipyridyl (bpy) and 2,20:60,200-terpyridyl (terpy) have also been prepared

(279). The terpy analogue (Fig. 24) is essentially isostructural with the

tris(pyridine) adduct, while the bpy adduct crystallizes as the halide bridged

dimer, [{Bi(S2CNEt2)(bpy)}2(m-X)2]. The geometry at the Bi atom in

Figure 23. The ORTEP plot of [NEt4]2[BiI2(S2CNEt2)(m-I)2BiBrI(S2CNEt2)]. Cations omitted for

clarity.

Figure 24. The ORTEP plot of [BiI2(S2CNEt2)(terpy)]. Carbon atom labels on 2,20:60,20 0-terpyridyl
ligand have been omitted for clarity.
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[{Bi(S2CNEt2)(bpy)}2(m-X)2] is best described as pentagonal bipyramidal, the

equatorial plane being defined by the two S atoms of the dithiocarbamate, one N

donor of bpy and the two bridging halides. In all cases, the dithiocarbamate

ligands are bound in an essentially symmetrical fashion.

Formal substitution of the two halides in the [MX2(S2CNR2)] (M¼As or Sb)

with a dithiolate ligand gives the mononuclear complexes [M(S\S)(S2CNR2)]

(S\S¼ ethane-1,2-dithiolate, 4-oxaheptan-1,7-dithiolate, or 4-thiaheptan-1,7-

dithiolate) (280–283) in which the dithiocarbamate is highly anisobidentate

(281). The analogous phenoxyarsinyl complexes [As{(C6H4)2O}(S2CNR2)],

prepared by reaction of [AsCl{(C6H4)2O] with the sodium salt of the appropriate

dithiocarbamic acid, have also been reported (284). The X-ray molecular

structure of the pyrrolidinedithiocarbamate complex [As{(C6H4)2O}

{S2CN(CH2)4}] again shows the dithiocarbamate to be highly anisobidentate

[As��S(short)¼ 2.28; As��S(long)¼ 3.18 Å]. If both S atoms are included in the

arsenic coordination sphere, the arsenic atom can be considered as having a

highly distorted trigonal-bipyramidal geometry: The equatorial plane is defined by

one C atom, one S atom, and the stereochemically active lone pair. The dihedral

angle between the arene rings of the phenoxyarsine moiety is 155.2�. Hydrogen-1
and 13C solution NMR data show that the dithiocarbamate N substituents are

inequivalent, consistent with the dithiocarbamate ligand being nonlabile on the

NMR chemical shift time scale and with restricted rotation about the (S2)C��N bond.

Few mono(dithiocarbamate) complexes of the type [MR2(S2CNR
0
2)] and

[MRX(S2CNR
0
2)] (M¼As or Sb; R¼Me or Ph; X¼ Cl or Br) have been

reported (262, 285, 286). The NMR and IR spectroscopy, as well as molecular

mass data, are consistent with the species being monomeric in solution and the

dithiocarbamate ligand bidentate: The complexes have therefore been assigned

as possessing pentagonal-bipyramidal structures (assuming a stereochemically

active lone pair) in solution (262, 286). However, 121Sb Mössbauer spectroscopy

indicates that the Sb atom is more likely to be pyramidal in the solid state, with

the lone pair of electrons apical and the dithiocarbamate ligand essentially

monodentate (214). Conductimetry measurements on the arsenic(III) diiodide

complex [AsI2Me(S2CNMe2)], which is prepared by the reaction of tetra-

methylthiuram disulfide with AsI2Me, show it is ionic in solution, although

data are inconsistent with a simple 1:1 electrolyte (285). The X-ray structure

reveals a two-dimensional (2D) network (Fig. 25), in which I��As��I. . .I2. . .
I��As��I chains are I. . .As. . .I cross-linked: The dithiocarbamate ligand is

essentially isobidentate (As��S¼ 2.31–2.35 Å).

The As(III), Sb(III), and Bi(III) complexes [ML3XY], [ML2XY2], and

[M2LX5Y2] (L¼ S2CN(H)o-C6H4Me; X and Y¼ neutral or anionic ligands)

have been screened for their antifungal activities. Although a number of the

complexes, and in particular those in which a chloride ligand is present, display

some activity, it is, in all cases, limited (287).
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4. Antimony(V) Complexes

The antimony(V) complexes [SbMe3(S2CNR2)2] (288, 289), [{SbMe3
(S2CNR2)}2(m-O)] (290), and [SbAr4(S2CNR2)] (Ar¼ phenyl or p-tolyl) (291,

292) have been prepared from the reaction of corresponding antimony halides

(or dihalides) with the appropriate dithiocarbamate salts, although the reaction

of SbPh3Cl2 with sodium diethyldithiocarbamate gave triphenylantimony(III),

SbPh3, and tetraethylthiuram disulfide (291). The dithiocarbamate ligands in

[SbMe3(S2CNMe2)2] are highly anisobidentate [Sb��S(short)¼ 2.61 (ave);

Sb��S(long)¼ 3.30 Å (av)] (average¼ av) (289), whereas in [SbPh4(S2CNMe2)]

(291) and [SbAr4(S2CNEt2)] (Ar¼ phenyl or p-tolyl) (292) there is little

asymmetry. The geometry at Sb in [SbMe3(S2CNMe2)2] is essentially trigonal

bipyramidal, while in [SbPh4(S2CNMe2)] and [SbAr4(S2CNEt2)], it is octahe-

dral.

5. Antimony-121 Mössbauer Spectroscopy

The 121Sb Mössbauer spectra of a number of antimony dithiocarbamate

complexes have been recorded (214, 246, 289): Data are reported in Table V.

Data are difficult to interpret because subtle changes in the ligands can produce

significant changes in the geometry at the metal atom, and examination of

Table V does not reveal any clear correlation of the spectral parameters with the

known structures.

Figure 25. The PLUTON plot of [AsI2Me(S2CNMe2)] showing the 2D network of I. . .As. . .I cross-

linked I��As��I. . .I2. . .I��As��I chains. Intermolecular interactions are indicated by dashed lines.
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VI. GROUP 16 (VI A)

There are no oxygen dithiocarbamate complexes and, although dithiocarba-

mates do bond to sulfur, forming thiurams, these are considered as a separate

class of compound and fall outside the scope of this chapter. While the

dithiocarbamate complexes of selenium remain relatively few in number, those

of tellurium have been studied more extensively, with particular attention being

paid to the different possible coordination numbers and geometries displayed by

the metal atom.

A. Homoleptic and Mixed Bidentate Ligand Complexes

Reaction of selenium(IV) dioxide with sodium dithiocarbamate salts yields

the homoleptic selenium(II) bis(dithiocarbamate) complexes [Se(S2CNR2)2]

(293–297). No selenium(IV) dithiocarbamate complexes appear to have been

authenticated and dithiocarbamate ligands have been successfully employed as a

method of separating selenites from selenates (298), as well as from other metal

TABLE V

Antimony-121 Mössbauer Data for Antimony Dithiocarbamate Complexes

Complexa Geometryb at Sb IS QS Z r References

[Sb(S2CNn-Bu2)2][I3] dtbp �5.5 9.4 0.5 �1.7 214, 246

[Sb(S2CNn-Bu2)2] �0.5[Cd2I6] dtbp �6.4 10.3 0.0 �1.6 214, 246

[Sb(S2CNEt2)3] ddh �6.9 7.5 0.0 �1.1 214

�6.8 7.8 0.0 �1.1
[Sb(S2CNn-Bu2)3] ddh �6.4 7.8 0.2 �1.2 214

[SbCl(S2CNEt2)2] �6.0 10.6 0.4 �1.8 214

[SbBr(S2CNEt2)2] �6.2 9.9 0.3 �1.6 214

[SbI(S2CNEt2)2] doh �5.8 9.3 0.4 �1.6 214

[SbCl2(S2CNEt2)] �5.9 13.3 0.1 �2.3 214

[SbBr2(S2CNEt2)] �7.2 10.6 0.2 �1.5 214

[SbI2(S2CNEt2)] �7.2 8.1 0.0 �1.1 214

[SbPh(S2CNEt2)2] dpby �4.1 22.2 0.2 �5.4 214

[SbMe(S2CNEt2)2] dpby �4.0 25.1 0.2 �6.3 214

[SbPh2(S2CNEt2)] �2.5 20.0 1.0 �8.0 214

[SbMe3(S2CNEt2)2] dtbp 2.7 �17.4 0.4 �6.4 214, 289

[SbMe4(S2CNEt2)] dohc 3.0 �2.1 �0.7 214

a IS¼ Isomer shift quoted in millimeters per second (mm s�1) relative to InSb; QS¼ quadrupole

splitting (in mm s�1); Z¼ asymmetry parameter; r¼ (QS/IS).
b From X-ray data where available. dtpy¼ distorted trigonal bipyramidal; ddh¼ distorted

dodecahedral; dpby¼ distorted pentagonal bipyramidal; doh¼ distorted octahedral.
cDistorted octahedral geometry assumed on the basis that [SbPh4(S2CNEt2)] possesses a distorted

octahedral geometry.
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ions (299). The two dithiocarbamate ligands in the [Se(S2CNR2)2] complexes

coordinate in an anisobidentate fashion [Se��S(av)¼ 2.31 (short) and 2.77 Å

(long)]: The two S atoms with the short Se��S contacts are cis. The geometry at

Se is planar trapezoidal (Fig. 26). Molecular mass measurements show that the

complexes are monomeric in solution, and conductimetry and magnetic suscept-

ibility measurements show them to be diamagnetic, non-electrolytes (293, 294).

Reaction of [Se(S2CNR2)2] with either bromine or iodine leads to the

oxidative displacement of one of the dithiocarbamate ligands, yielding poly-

meric [SeX(S2CNR)]1, with the halide bridging and the dithiocarbamate bound

in an essentially isobidentate fashion (�Se��S< 0.05 Å) (300, 301). The

geometry at Se is, again, best described as planar trapezoidal (SSeS� 77�;
XSeX� 129�). In solution, the complexes are only stable in the presence of the

appropriate hydrohalic acid, HX (X¼ Br or I). The stability of the complexes

increases as the size of the halogen increases; the corresponding chloro

complex, [SeCl(S2CNR)], undergoes rapid decomposition via CS2 elimination

even in the presence of HCl (300).

Homoleptic dithiocarbamate complexes of both tellurium(II) (215, 293, 294,

296, 302–311) and tellurium(IV) (293, 294, 296, 302, 304–306, 309, 310, 312–

315) are well known. The molecular structures of the bis(dithiocarbamate)tel-

lurium(II) compounds, [Te(S2CNR2)2], are analogous to those of the corre-

sponding Se compounds: The Te atom exhibits a planar trapezoidal coordination

geometry, with the two dithiocarbamate ligands bound in an anisobidentate

fashion [Te��S(ave)¼ 2.52 (short) and 2.83 Å (long)]. Tellurium(II) has a

tendency for pentacoordination and, with the exception of [Te(S2CNCy2)2],

which is monomeric (311), there is a short intermolecular Te. . .S contact (av

3.56 Å; cf. sum of van der Waals radii 3.86 Å) in the solid state, leading to the

formation of weakly bound dimers. The geometry at Te atom in these complexes

is thus described best as pentagonal bipyramidal with the five S atoms in the

equatorial plane and the two, stereochemically active lone pairs axial. The

mixed dithiocarbamate–xanthate complex, [Te(S2CNEt2)(S2COEt)] (316), is

structurally analogous to the parent bis(dithiocarbamate) complex, [Te(S2C-

NEt2)2] (317). Like their Se analogues, all complexes are monomeric, diamag-

netic, non-electrolytes in solution (293, 294).

Figure 26. The ORTEP plot of [Se{S2CN(CH2)5}2], showing the planar trapezoidal geometry at

the metal center in the [Se(S2CNR2)2] complexes.
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The weak intermolecular Te. . .S interaction in the solid-state structures of the

bis(dithiocarbamate)tellurium(II) complexes suggest that other ligands may be

able to coordinate to the Te atom: This is indeed the case. The complexes

[Te(S2CNEt2)2] and [Te(S2CNi-Pr2)2] have been shown to form hemi-adducts

with 4,40-bipyridyl (4,40-bpy) (318). The structure of [{Te(S2CNEt2)}2(m-4,4’-
bipy)] has been determined by X-ray crystallography. The geometry at each Te

is pentagonal bipyramidal; the N and four S atoms lie in the equatorial plane and

the two stereochemically active lone pairs are axial. The Te��N bonds are weak

(2.70 Å) and the complexes are unstable with respect to loss of bpy.

With the exception of perchloric acid media, in which tris(dithiocarbama-

te)tellurium(IV) perchlorate species are formed (319), TeO2 reacts with dithio-

carbamate salts under acidic conditions to give the intensely colored homoleptic

tetrakis(dithiocarbamate)tellurium(IV) complexes, [Te(S2CNR2)4]. The intense

coloration results form ligand-to-metal charge transfer (LMCT) bands in the

visible region (293).

The [Te(S2CNR2)4] complexes are generally unstable. The complexes

undergo facile decomposition to the corresponding bis(dithiocarbamate)tellur-

ium(II) complex and thiuram disulfide. It has been suggested (320) that the

mechanism of decomposition involves interligand S��S bond formation between

the two spatially close S atoms, followed by cleavage of the corresponding

Te��S bonds. This mechanism may be the dominant process, but the differences

in the relative stabilities of the complexes do not correlate well with the (small)

structural variations observed; other factors, such as the reducing ability of the

ligand and intermolecular interactions, are also likely to play a role.

Despite their instability, several [Te(S2CNR2)4] complexes have been char-

acterized crystallographically (312–315). In all cases, the Te atom possesses a

slightly distorted dodecahedral geometry (Fig. 27), in which all eight S atoms

are coordinated and the lone pair is stereochemically inert. A regular dodecahe-

dron can be considered as being comprised of two interleaved, perpendicular

trapezoids: The angles between the two planes in the dithiocarbamate com-

plexes are 90� (N-2-hydroxyethyl-N-methyldithiocarbamate) (312), 86.5� (di-2-
hydroxyethyldithiocarbamate) (313), 87.6� (diisopropyldithiocarbamate) (314)

and 89.6� (diethyldithiocarbamate) (315). The trapezoidal planes are similar to

those observed in the bis(dithiocarbamate)tellurium(II) complexes.

The attempted isolation of the cationic Te(IV) species [Te(S2CNEt2)3]
þ by

the substitution of the weakly coordinating perchlorate ligand in [Te(S2C-

NEt2)3][ClO4] (319) with the hexafluorophosphate anion gave the mixed-

valence species [{TeIV(S2CNEt2)3}2{Te
II(S2CNEt2)2}][PF6]2 (321), in which

the [Te(S2CNEt2)2] moiety is sandwiched between the two [Te(S2CNEt2)3]
þ

units, held together by weak Te. . .Te (3.39 Å) and Te. . .S interactions (Fig. 28):

the TeTeTe bond angle is 161.4�. The perchlorate complex, [{TeIV(S2C-

NEt2)3}{Te
II(S2CNEt2)2}][ClO4] is also comprised of [Te(S2CNEt2)2] and
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[Te(S2CNEt2)3]
þ units, but in a 1:1 ratio, again held together by secondary

Te. . .Te and Te. . .S contacts (321).

Dithiocarbamate ligands do not appear to complex tellurium(VI) and have

been used successfully to separate aqueous mixtures of Te(IV) and Te(VI)

(322).

Figure 27. The ORTEP plot of [Te(S2CNEt2)4], showing the distorted dodecahedral geometry at

Te in the tetrakis(dithiocarbamate) complexes [Te(S2CNR2)4]. The N substituents omitted for clarity.

Figure 28. The PLUTON plot of [{TeIV(S2CNEt2)3}2{Te
II(S2CNEt2)2}][PF6]2. The PF6 counter-

ions omitted for clarity. Intermolecular interactions are indicated by dashed lines.
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B. Nonhomoleptic Tellurium(II) Complexes

Formation of nonhomoleptic complexes by substitution of one of the

dithiocarbamate ligands in the [Te(S2CNR2)2] complexes is generally difficult

because of the strength of the Te��S bonds and is often only feasible when

electron-withdrawing substituents, such as CH2CH2OH, are attached to the

dithiocarbamate. However, improvements in synthetic methodologies have

enabled organyl, halide and pseudo-halide substituted analogues to be prepared

(309, 323–332).

The organic ligands in the [TeR(S2CNR
0
2)] complexes [R¼ 2-phenylazophe-

nyl, R0 ¼Me or Bz (323); R¼ 2-(2-quinolinyl)phenyl, R0 ¼ Et (324); R¼ 2-(2-

pyridyl)phenyl, R0 ¼Me (325); R¼ 8-(dimethylamino)-1-naphthyl, R0 ¼ Et

(331)] are C,N coordinated in the solid state, with the dithiocarbamate ligand

highly anisobidentate: The Te��S distances are in the range 2.52–2.57 (short)

and 3.23–3.67 Å (long). Two distinct geometries at Te are apparent (Fig. 29). In

Figure 29. The ORTEP plots of (a) [TeR(S2CNMe2)] (R¼ 2-phenylazophenyl) and (b)

[TeR(S2CNMe2)] [R¼ 2-(2-pyridyl)phenyl], showing the two types of coordination geometry

exhibited by Te in the [TeR(S2CNR
0
2)] complexes [R¼ 2-phenylazophenyl, 2-(2-quinolinyl)phenyl,

2-(2-pyridyl)phenyl or 8-(dimethylamino)-1-naphthyl].
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the 2-phenylazophenyl and 8-(dimethylamino)-1-naphthyl complexes, the Te

atom has a planar-trapezoidal geometry, with the two lone pairs above and

below the plane, whereas in the 2-(2-quinolinyl)phenyl and 2-(2-pyridyl)phenyl

complexes, in which the dithiocarbamate is essentially monodentate, the

geometry is best considered as distorted trigonal planar.

The iodo-complex [TeI(S2CNEt2)] can be prepared by reduction of

[TeI2(S2CNEt2)2] with elemental Te (327). The corresponding chloro and bromo

complexes, [TeX(S2CNEt2)], can be prepared by halide substitution, using AgX

(X¼ Cl or Br) (329). In the solid state the halide bridges two Te atoms, forming

a helical polymeric arrangement (Fig. 30). The TeI2S2 core is essentially planar,

with the dithiocarbamate ligand coordinated in an anisobidentate fashion. There

is an intermolecular Te . . . Te contact [distances vary from 3.88 (I) to 3.65 Å (Cl)

(av¼ 3.76 Å)], indicating a weak bonding interaction (sum of van der Waals

radii¼ 4.12 Å) and a long-range intermolecular Te . . . S interaction (average

3.74 Å).

The [TeX(S2CNEt2)] compounds (X¼ Br or I) react with tetraethylammo-

nium halide salts or phen, giving [TeX2(S2CNEt2)][NEt4] and [TeX2(S2C-

NEt2)][H(phen)2] (where X¼ Br or I), respectively; the corresponding chloro

complexes are not formed (330). The Te atom in the [TeX2(S2CNEt2)]
� anion

displays a planar trapezoidal coordination geometry as a consequence of the

small bite angle of the dithiocarbamate ligand (av¼ 69.9�); the corresponding

XTeX angle is (av) 126.7�. The almost isobidentate dithiocarbamate

[�Te��S(av)¼ 0.04 Å] exerts a strong trans influence, weakening the Te��X
bonds: Te��X(av)¼ 3.09 Å (I) and 2.95 Å (Br) [cf. sum of covalent radii: 2.70 Å

(TeI); 2.43 Å (TeBr)].

Figure 30. The ORTEP plot of [TeI(S2CNEt2)2], showing a section of the polymeric chain

arrangement in the tellurium(II) complexes[TeI(S2CNR2)].
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Reaction of [Te{S2CN(CH2CH2OH)2}2] with a large excess of KX (X¼ Br,

I, or SCN) gives complexes of general formula [Te2X(S2CNR2)3] (328). X-ray

crystallography of the thiocyanato complex reveals a 1:1 adduct of

[Te{S2CN(CH2CH2OH)2}2] and [Te(SCN){S2CN(CH2CH2OH)2}] held to-

gether by weak Te. . .Te (3.22 Å) and Te. . .S (3.48 Å) intermolecular interactions

between the two moieties: Both Te atoms are thus pseudo-five coordinate

(Fig. 31). The [Te{(S2CN(CH2CH2OH)2}2] moiety differs little chemically from

that in the pure crystalline material (313). The dithiocarbamate ligand is bound

in an isobidentate fashion in the [Te(SCN){S2CN(CH2CH2OH)2}] unit [�(Te–

S)< 0.01 Å], which is also essentially planar: The dihedral angle between the

TeS4 and TeS3 planes is 99.6
�. The thiocyanato ligand is S bonded to Te.

Addition of sodium diethyldithiocarbamate or dimethyldithiocarbamate salts

to the aryl complexes [TeRL2]Cl (R¼ 4-hydroxyphenyl, 4-methoxyphenyl, or

4-ethoxyphenyl; L¼ benzaldehyde or salicylaldehyde) leads to the displace-

ment of both the chloride and the aldehyde ligand, yielding complexes of

general formula [TeR(S2CNR
0
2)][NaS2CNR

0
2] (R

0 ¼Me or Et), in which it has

been suggested the sodium dithiocarbamate is closely associated with the

[TeR(S2CNR
0
2)] moiety, presumably via an Z1 Te��S bonding mode (326).

The structures of these complexes have yet to be confirmed by crystallography.

The complex [Te2I3(S2CNi-Pr2)3] is a 1:1 adduct of the Te(IV) complex

[TeI2(S2CNi-Pr2)2] and the Te(II) complex [TeI(S2CNi-Pr2)], in which the two

Te units are bridged by an iodine atom (Fig. 32) (332). There is a weak Te. . .Te

Figure 31. The ORTEP plot of [Te2(SCN)(S2CNR2)3]. Intermolecular contacts are indicated by

dashed lines.
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interaction (3.542 Å), so that the coordination geometries at both Te(II) and

Te(IV) are best considered as distorted pentagonal bipyramidal: The stereo-

chemically active lone pairs on Te(II) are axial. The Te��S bond lengths are 2.44

and 2.56 Å for Te(II) and for Te(IV), the Te��S bond lengths 2.48 and 2.55

(short), and 2.65 and 2.58 Å (long).

C. Nonhomoleptic Tellurium(IV) Complexes

1. Tris(dithiocarbamate) Complexes

Formal substitution of one of the dithiocarbamates in [Te(S2CNR2)4] by a

uninegative ligand gives seven coordinate Te(IV) complexes of general formulas

[TeR(S2CNR2)3] and [TeX(S2CNR2)3] (R¼ aryl; X¼ halide or pseudohalide)

(293, 304, 309, 312, 319, 323, 333–342). In all cases the geometry at Te is

distorted pentagonal bipyramidal, with the uninegative ligand (R or X) axial and

one dithiocarbamate ligand spanning axial and equatorial positions. The bite

angle of the dithiocarbamate ligand (mean STeS bond angle is 66.6�) is too

small for the S atoms to be simultaneously in truly axial and equatorial positions

and, consequently, two structural types can be distinguished (Fig. 33): (1) one of

the S atoms is essentially axial (av R/XTeSax angle¼ 171.5�) while the other is
positioned below the equatorial plane and (2) one of the S atoms is in the

equatorial plane, while the other is pulled away from a true axial position,

reducing the R/XTeSax bond angle to �144.3� (av). As the electronegativity of

Figure 32. The ORTEP plot of [Te2I3(S2CNi-Pr2)3], which is a 1:1 adduct of the tellurium(II)

species [TeI(S2CNi-Pr2)] and the tellurium(IV) species [TeI2(S2CNi-Pr2)2]. The N substituents

omitted for clarity.
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the tellurium substituent increases, so the structures tend toward the former type;

thus halide and pseudo-halide complexes fall in category (1), while aryl

complexes fall in category (2). In both cases, there is an approximate mirror

plane perpendicular to the equatorial plane of the molecule. The unique axial–

equatorial dithiocarbamate ligand is highly anisobidentate: The asymmetry in

these Te��S bond lengths, which varies considerably (�Te��S¼ 0.15–0.69 Å), is

smallest in the halide–pseudo-halide complexes; this is presumably because of

the weaker trans influence of the halide–pseudo-halide and/or the increase in

Figure 33. The ORTEP plots of (a) [TeCl(S2CNMe2)3] and (b) [TePh(S2CNEt2)3], showing the two

structural types found in the [TeR(S2CNR2)3] and [TeX(S2CNR2)3] complexes (R¼ aryl; X¼ halide

or pseudo-halide). The N substituents of [TePh(S2CNEt2)3] omitted for clarity.
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Lewis acidity at the metal center. The long Te��S bond is equatorial in the halide

and pseudo-halide complexes [type (1) structure] and axial in the aryl complexes

[type (2) structure]. The two equatorial dithiocarbamate ligands, which are

coordinated to the Te atom in a trapezoidal fashion, are also anisobidentate,

although less so [�Te��S(av)� 0.13 Å]. The lone pair of electrons on Te, which

probably occupies a low-lying, ligand-centered antibonding orbital, is essen-

tially stereochemically inert, although it does exert some influence on the

precise geometry adopted at Te.

Tellurium dioxide reacts with sodium dithiocarbamate salts in the presence or

perchloric acid to yield the perchlorate complexes [Te(S2CNR2)3(ClO4)] or

[Te3(S2CNR2)9(ClO4)(OH)2], depending on the reaction conditions (319). The

X-ray molecular structure of [Te(S2CNR2)3(ClO4)] reveals that the perchlorate

ligand is weakly bound to the metal center via two oxygen atoms (Te��O¼ 2.87

and 3.12 Å). The Te atom thus adopts a dodecahedral arrangement, formed by

two interposing trapezoids. The dihedral angle between the two trapezoidal

planes is 88.4�, comparable to that in the tetrakis(dithiocarbamate) complexes.

2. Bis(dithiocarbamate) Complexes

Several dihalogeno bis(dithiocarbamate) complexes, [TeX2(S2CNR2)2]

(X¼ Cl, Br, or I), have been reported (293, 309, 342–346). The complexes

that have been analyzed crystallographically display one of two distinct

structural types (Fig. 34): The [TeBr2(S2CNEt2)2] (343) and [TeI2(S2CNi-

Pr2)2] (345) are monomeric in the solid state, with the halides essentially cis

[XTeX(av)¼ 99.8�], whereas [TeI2(S2CNEt2)2] (346) and [TeI2{S2CN(CH2-

CH2OH)2)2] (344) are centrosymmetric halide-bridged dimers, with the halides

essentially trans [XTeX(av)¼ 173.8�]. The dithiocarbamate ligands are unsym-

metrically chelating in both cases, but the anisobidenticity is considerably

greater in the dimeric species [�Te��S(av)¼ 0.04 and 0.22 Å, respectively].

The Te atom is thus six coordinate in the monomers and seven coordinate in the

halide-bridged dimers. The halogen and three S atoms occupying the equatorial

positions in the monomeric species have a trapezoidal arrangement, opening a

space in the polyhedron, which may be occupied by the lone pair. It is difficult to

determine unambiguously if the lone pair has a stereochemical role, but if it is

considered active, then the geometry at Te would best be described as distorted

pentagonal bipyramidal in both structural types.

Formal substitution of one of the halides with an alkyl or aryl group gives the

complexes [TeXR(S2CNR
0
2)2] (347–352). The NMR data (347) indicate that the

complexes are monomeric in solution, but secondary Te . . . S or Te . . . X

interactions in the aryl complexes lead to the formation of centrosymmetric

dimers in the solid state. The relative strengths of the secondary interactions are

in the order Te . . . I> Te . . . Br> Te . . . S> Te . . . Cl, as expected for the soft Te
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atom; the type of secondary interaction appears to be governed by crystal

packing effects (349). The halogen and four S atoms of the almost isobidentate

dithiocarbamates comprise the equatorial plane, with the C(aryl) axial. The

secondary interactions are directed toward the empty (axial) coordination site,

indicating that the lone pair is essentially inert stereochemically. The alkyl

Figure 34. The two structural types exhibited by the [TeX2(S2CNR2)2] complexes (X¼ Cl, Br, or

I), exemplified by (a) the ORTEP plot of [TeBr2(S2CNEt2)2] and (b) PLUTON plot of

[TeI2(S2CNEt2)2]. Dashed lines indicate intermolecular contacts. The N substituents of [TeI2(S2C-

NEt2)2] omitted for clarity.
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complex [TeIMe(S2CNEt2)2] is analogous to the aryl complexes, but there are

no significant secondary interactions and it is monomeric both in the solid state

and in solution (347).

In the perchlorate complex [Te(p-C6H4OCH3)(S2CNMe2)2(ClO4)] (353), an

oxygen atom of the perchlorate coordinates to the Te in an equatorial position so

that, with the exception that the dithiocarbamate ligands are anisobidentate

(�Te��S¼ 0.29 Å), it is structurally similar to the [TeXR(S2CNR2)2] com-

plexes.

The diorganyl complexes, [TeR2(S2CNR2)2] (R¼ alkyl or aryl), which are

prepared by the reaction of TeR2Cl2 with the appropriate sodium dithiocarba-

mate salt, are structurally very different from the [TeXR(S2CNR
0
2)2] complexes

(152, 354–362). The dithiocarbamate ligands are highly anisobidentate, to the

extent that they are often best considered as monodentate. The average

Te��S(short) distance is 2.62 Å and varies little. The Te��S(long) bond lengths

range between 3.05 and 3.33 Å (cf. sum of van der Waals radii¼ 4.05 Å); the

corresponding normalized Pauling bond orders (360) vary between 0.38 and

0.20. If the dithiocarbamates are considered as monodentate, then the geometry

at Te is trigonal bipyramidal; the stereochemically active lone pair and two

organic groups are equatorial, and the two S atoms axial. There is some

flexibility in the STeS angle, which varies between 162.2 and 179.0�

(av¼ 170.9�), but there is no obvious trend in terms of either the dithiocarba-

mate or Te substituents.

Although the [TeR2(S2CNR2)2] complexes undergo slow disproportionation

to yield TeR2 and the corresponding thiuram disulfide, they are sufficiently

stable to allow detailed studies to be carried out. In solution, rapid intramole-

cular exchange occurs between Z1 and Z2 dithiocarbamate bonding modes (i.e.,

monodentate  ! bidentate), so that, on the NMR time scale, the Te atom has a

1:2:2:2 geometry, including the lone pair (355). Although it is slow on the NMR

time scale, intermolecular ligand exchange also occurs readily in solution,

allowing mixed-ligand complexes of the type [TeR2(S2CNR
0
2)L] (L¼ unin-

egative bidentate ligand) to be prepared (355, 357, 360, 362–365): the com-

plexes are structurally analogous to the parent bis(dithiocarbamates).

3. Mono(dithiocarbamate) Complexes

With the exception of the [TeX2(aryl)(S2CNEt2)] complexes (X¼ Br or I;

aryl¼ C6H5 or p-MeOC6H4) (370), the molecular structures of the mono

(dithiocarbamate) species [TeR3-nXn(S2CNR2)] (R¼ alkyl or aryl, X¼ Cl, Br

or I, and n¼ 0, 1, 2, or 3) (323, 355, 358–360, 366–374) are all similar.

Although essentially monomeric in solution (366, 367), intermolecular

Te. . .S or Te. . .X interactions in the [TeR3-nXn(S2CNR2)] complexes (R¼ alkyl

or aryl, X¼ Cl, Br, or I, and n¼ 0, 1, or 3) lead to the formation of dimers or
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polymers in the solid state. The basic molecular structures can be considered as

being derived from the formal substitution of one of the dithiocarbamate ligands

in the bis(dithiocarbamate) complexes, [TeR2-nXn(S2CNR
0
2)2] (n¼ 0, 1, or 2),

with an additional halide or organic group: Thus the Te atom is best considered

as possessing a distorted-trigonal-bipyramidal geometry, with the stereochemi-

cally active lone-pair equatorial [Fig. 35(a)]. The dithiocarbamate ligands are

anisobidentate; the asymmetry decreases essentially in line with increasing

electronegativity of the Te substituents (i.e., with increasing Lewis acidity of the

metal center). For dialkyl complexes the Te��S distances are in the range 2.43–

2.55 Å (short) and 3.10–3.30 Å (long); the normalized Pauling bond order (360)

of the latter is �0.22 (av). The Te��S lengths are considerably longer in the

triorganyl complexes [�3.10 (short) and 3.60 Å (long)] (368, 369), indicating a

very weak interaction between the dithiocarbamate and the metal moiety. As

would be expected, the Te��S bonds are much shorter (2.43 and 2.68 Å) in the

triiodo complex, [TeI3(S2CNEt2)] (371).

Figure 35. (a) The ORTEP plot of [TeMe2Br(S2CNEt2)] showing the basic molecular structure of

the [TeR3-nXn(S2CNR2)] complexes (R¼ alkyl or aryl, X¼ Cl, Br, or I, and n¼ 0, 1, or 3). (b)

ORTEP plot of [TePhI2(S2CNEt2)], showing the dimeric solid-state structure of the [Te(ar-

yl)X2(S2CNEt2)] complexes (X¼ Br or I; aryl¼ C6H5 or p-MeOC6H4). The N substituents of

[TePhI2(S2CNEt2)] and phenyl ring C atom labels omitted for clarity.
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The geometry of the Te atom in the [Te(aryl)X2(S2CNEt2)] complexes

(X¼ Br or I; aryl¼ C6H5 or p-MeOC6H4) (370), is octahedral: The two halogen

atoms are cis (XTeX� 110�) and the aryl group axial. The second axial position

is occupied by a weakly bonding halogen atom of a neighboring molecule,

giving a quasi-centrosymmetric dimmer [Fig. 35(b)]. The lone pair is essentially

inert and the dithiocarbamate ligand almost isobidentate (�Te��S� 0.02 Å).

The Te atom in the monomeric tetrahalo anions, [TeX4(S2CNR2)]
� (X¼ Br

or I) (342, 375) is also octahedral, and the dithiocarbamate ligand is, again,

essentially isobidentate.

The NMR spectra of the mono(dithiocarbamate) complexes are generally

difficult to interpret due to ligand exchange reactions, metal-centered rearrange-

ments and reductive elimination reactions occurring quite rapidly on the NMR

time scale (358–360): The occurrence of these processes indicates that the

dithiocarbamate is only weakly bound to Te. Furthermore, conductimetry

measurements show the triphenyl complexes [TePh3(S2CNR2)] are close to

1:1 electrolytes, again indicative of the dithiocarbamate being only weakly

associated with the metal moiety in solution (367, 369).

4. Tellurium-125 NMR and Mössbauer Spectroscopy

Tellurium-125 NMR spectroscopy has been applied extensively to the study

of Te dithiocarbamate complexes (304, 306, 310, 323, 331, 347, 355, 357–360,

361, 363–366, 372, 374); data are reported in Table VI. Caution should be

exercised in data interpretation because of the instability of many of the

complexes in solution, and their ability to undergo facile intermolecular

ligand-exchange reactions. The chemical-shift range for tellurium dithiocarba-

mate complexes appears to span just <2000 ppm (ca. �600 to 1240 ppm,

relative to TeMe2); the shifts of the Te(II) complexes occur at the high frequency

end of the range. Data also reveal that the shifts generally move to higher

frequency as the electronegativity of the Te substituents increases, consistent

with the shifts being dominated by the contribution of valence orbital popula-

tions to the paramagnetic shielding term (304).

Tellurium NMR is particularly well suited to the study of ligand-exchange

reactions. Although facile, the rate of exchange is generally comparable to, or

slow on the NMR chemical shift time scale (304, 306, 347, 355, 357). Rates of

exchange appear to be more rapid in Te(II) species than in Te(IV) (306). The
125Te NMR spectrum of a mixture of [Te(S2CNEt2)2], (Et2NCS2)2, and (i-

Pr2NCS2)2 displays five signals, assignable to [Te(S2CNEt2)4], [Te(i-Pr2NCS2)

(S2CNEt2)3], [Te(i-Pr2NCS2)2(S2CNEt2)2], [Te(i-Pr2NCS2)3(S2CNEt2)], and [Te

(i-Pr2NCS2)4] (304). The generation of Te(IV) species from Te(II) and the

thiuram disulfides shows clearly that the reductive elimination of thiuram

disulfide from Te(IV) species is reversible.
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TABLE VI

Tellurium-125 NMRa Data for Tellurium Dithiocarbamato Complexes

Complex Solventb d (125Te) References

[Te(S2CNEt2)4] C6D6 �600 306

THF �577 306

CDCl3 �561 304

[Te(S2CNEt2)3{S2CN(CH2)4O}] THF �570 306

[Te(S2CNEt2)2{S2CN(CH2)4O}2] THF �564 306

[Te(S2CNn-Pr2)4] (CD3)2CO �561 304

[Te(S2CNEt2){S2CN(CH2)4O}3] THF �559 306

[Te{S2CN(CH2)4O}4] THF �555 306

[Te(S2CNi-Bu2)4] (CD3)2CO �543 304

[Te(S2CNi-Pr2)4] (CD3)2CO �416 304

CDCl3 �403 304

[Te(S2CNBz2)4] CDCl3 �299 304

[TeI(S2CNEt2)3] CDCl3 �218 304

[TeMeI(S2CNEt2)2] CD2Cl2 �160 347

[TeCl(S2CNEt2)3] CDCl3 �155 304

[Te(SCN)(S2CNEt2)3] CDCl3 �129 304

[TeMe(S2CNEt2)2{S2P(OEt)2}] CD2Cl2 �36 347

[TeMe(S2CNEt2)2(S2COEt)] CD2Cl2 10 347

[TeMe(S2CNEt2)3] CD2Cl2 59 347

[TePhCl(S2CNEt2)2] THF 110 347

[TePh(S2CNEt2)2{S2P(OEt)2}] CD2Cl2 169 347

[TePh(S2CNEt2)2(S2COEt)] CD2Cl2 222 347

[TePh(S2CNEt2)3] THF 277 347

[TeMe2(S2CNEt2)2] c 463 359

[TeMe2{S2CN(CH2)5}2] CDCl3 465 360

[TeMe2{S2CN(CH2)4}{S2CN(CH2)5}] CDCl3 469 360

[TeMe2(S2CNEt2)(S2COMe)] CDCl3 474 363

[TeMe2(S2CNMe2)2] c 475 359

[TeMe2(S2CNMe2)(S2COEt)] CDCl3 488 363

[TeMe2(S2CNMe2)(S2COMe)] CDCl3 491 363

[TeMe2{S2CN(CH2)4}2] CDCl3 500 360

[TeMe2I{S2CN(CH2)4}] CDCl3 500 360

[TeMe2I(S2CNEt2)] CDCl3 501 372

[TeMe2I{S2CN(CH2)5}] CDCl3 501 360

[TeMe2I(S2CNMe2)] CDCl3 507 372

[TeMe2Br(S2CNEt2)] CDCl3 527 372

[TeMe2Br{S2CN(CH2)5}] CDCl3 529 360

[TeMe2Br{S2CN(CH2)4}] CDCl3 534 360

[TeMe2Br(S2CNMe2)] CDCl3 536 372

[TeMe2Cl(S2CNEt2)] c 545 359

[TeMe2Cl{S2CN(CH2)5}] CDCl3 548 360

[TeMe2Cl{S2CN(CH2)4}] CDCl3 552 360

[TeMe2Cl(S2CNMe2)] c 554 359

[Te(C8H8)(S2CNi-Pr2)2] CD2Cl2 590 355

[Te(S2CNEt2)(S2CNi-Pr)] CD2Cl2 601 355

[Te(C8H8)(S2CNEt2)2] CD2Cl2 611 355
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TABLE VI (continued)

Complex Solventb d (125Te) References

627 362

[TePhCl2(S2CNEt2)] THF; 233 K 634 347

[Te(C8H8)(S2CNEt2)(S2COEt)] CD2Cl2 634 355

[Te(C8H8)(S2CNi-Pr2){S2P(OEt)2}] CD2Cl2 660 355

[Te(C8H8)(S2CNi-Pr2){S2P(Oi-Pr)2}] CDCl3 670 355

[Te(C8H8)(S2CNEt2){S2P(OEt)2}] CD2Cl2 672 355, 362

[Te(C8H8)(S2CNEt2){S2P(Oi-Pr)2}] CD2Cl2 677 355

[TePh2(S2CNEt2)2] CD2Cl2 692 357

[TePh2(S2CNn-Pr2)2] c 703 358

[TePh2(S2CNn-Bu2)2] c 704 358

[Te(p-MeOC6H4)(S2CNEt2)2] c 711 359

[Te(p-MeOC6H4)(S2CNMe2)2] c 724 359

[Te(C8H8){S2CN(CH2)5}{(SPPh2)2N}] c 725 364, 365

[Te(C8H8)I(S2CNEt2)] DMF; 233 K 726 366

CDCl3 773 374

[Te(C8H8)(S2CNEt2){(SPPh2)2N}] c 728 364, 365

[TePh2(S2CNEt2)(S2COEt)] THF; 233 K 729 357

[TePh2(S2CNEt2){S2P(OEt)2}] DMF; 233 K 736 357

[Te(C8H8){S2CN(CH2)4O}{(SPPh2)2N}] c 736 364, 365

[Te(C8H8){S2CN(CH2)4S}{(SPPh2)2N}] c 737 364, 365

[Te(C8H8)Br(S2CNEt2)] DMF; 233 K 750 366

[TePh2Br(S2CNi-Pr2)] c 763 358

[TePh2Br(S2CNn-Pr2)] c 774 358

[TePh2Br(S2CNEt2)] c 774 358

[Te(C8H8)I(S2CNC4H6)] CDCl3 775 374

[TePh2Br(S2CNn-Bu2)] c 775 358

[TePh2Br(S2CNMe2)] c 779 358

[TePh2Cl(S2CNn-Bu2)] c 779 358

[Te(S2CNEt2){S2CN(CH2)4O}] CD2Cl2; 233 K 786 306

[Te(p-MeOC6H4)Cl(S2CNEt2)] c 788 359

[TePh2Cl(S2CNEt2)] DMF; 233 K 789 357

[Te(p-MeOC6H4)Cl(S2CNMe2)] c 794 359

[Te(S2CNEt2)2] CD2Cl2; 275 K 802 306

(CD3)2CO 827 304

CDCl3 838 304

CDCl3 841 310d

[Te(C8H8)(OAc)(S2CNEt2)] CD2Cl2 808 362

[Te(S2CNn-Pr2)2] (CD3)2CO 829 304

CDCl3 836 304

[Te(S2CNi-Pr2)2] CDCl3 833 304

[Te(S2CNi-Bu2)2] (CD3)2CO 845 304

[Te(S2CNEt2)(S2CNBz2)] CDCl3 852 310d

[Te(C8H8)Cl(S2CNEt2)] DMF; 233 K 863 366

[Te(S2CNBz2)2] CDCl3 865 304

CDCl3 868 310d

[Te{S2CN(CH2)4O}2] CD2Cl2 879 306

[Te{S2CN(CH2)4}2] CDCl3 1117 304
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Tellurium-125 Mössbauer spectroscopy has not be employed widely in the

study of tellurium dithiocarbamate complexes, probably because isomer shifts

are subject to substantial errors and are generally quite insensitive to the

environment at Te. Generally, however, isomer shifts and quadrupole splittings

are expected to be more positive for Te(II) complexes than for Te(IV) (323). The
125Te NMR and Mössbauer spectra of the organotellurium dithiocarbamate

complexes [Te(C6H4N2Ph)(S2CNMe2)] and [Te(C6H4N2Ph)(S2CNMe2)3] have

been reported by McWhinnie and co-workers (323). While NMR data for the

two complexes are almost identical, suggesting that the Te(IV) complex has

undergone reductive elimination of tetramethylthiuram disulfide in solution, the

quadrupole splittings are significantly different, ruling out the possibility that the

tris(dithiocarbamate) Te(IV) complex is simply a mixture of [Te(C6H4N2Ph)

(S2CNMe2)] and (Me2NCS2)2 in the solid state: Data tend to suggest a loose charge-

transfer complex between the mono(dithiocarbamate) complex and the disulfide.
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ABBREVIATIONS

av Average

ax Axial

2D Two dimensional

Bpy 2,20-Bipyridyl (C10H8N2)

Bz Benzyl (CH2C6H5)

TeL1(S2CNEt2)] CDCl3 1124 331

[Te(C6H4N2Ph)(S2CNMe2)] CDCl3 1229 323

[Te(C6H4N2Ph)(S2CNEt2)] CDCl3 1239 323

aChemical shifts reported relative to Me2Te as an external standard (corrections from other

references applied where necessary). L1¼ 8-(dimethylamino)-1-naphthyl.
bData at ambient temperature, unless otherwise stated. THF¼ tetrahydrofuran. DMF¼ dimethyl-

formamide.
cSolvent not specified.
d Incorrectly reported as the tetrakis(dithiocarbamato)tellurium(IV) complex.

TABLE VI (continued)

Complex Solventb d (125Te) References
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Cp Cyclopentadienyl anion (C5H5
�)

Cy Cyclohexyl (C6H11)

ddh Distorted dodecahedral

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

doh Distorted octahedral

dpby Distorted pentagonal bipyramidal

dtpy Distorted trigonal bipyramidal

Et Ethyl (CH2CH3)

eq. equitorial
1H NMR Proton NMR

Hex Hexyl (CH2CH2CH2CH2CH2CH3)

i-Bu isobutyl (CH2CHMe2)

i-Pr isopropyl (CHMe2)

IR Infrared

IS Isomer shift

L Any unspecified ligand

Me Methyl (CH3)

MLCT Metal-to-ligand charge transfer

n-Bu Normal-Butyl (CH2CH2CH2CH3)

NMR Nuclear magnetic resonance

n-Pr Normal-Propyl (CH2CH2CH3)

NQR Nuclear quadruple resonance

phen 1,10-Phenanthroline (C12H8N2)

py Pyridine (ligand)

Py Pyridine (solvent) (C5H5N)

QS Quadrupole splitting

R Any unspecified alkyl or aryl group

r QS/IS ratio

terpy 4,40:60,200-Terpyridine
thf Tetrahydrofuran (ligand)

THF Tetrahydrofuran (solvent)

tu Tetramethylthiourea

VBS Valence bond sum

X Any unspecified halide or pseudohalide
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I. INTRODUCTION

Dithiocarbamates (R2CNS
�
2 ) are a versatile class of monoanionic 1,1-dithio

ligands (Fig. 1) and as they are easily prepared, a wide range of chemistry has

been developed around them. Indeed, they rank alongside such ligands as

phosphines and cyclopentadienyls in their versatility and abundance.1

1 The term ‘‘dithiocarbamate’’ rather than ‘‘dithiocarbamato’’ is used throughout this chapter.

72 GRAEME HOGARTH



It is not clear when dithiocarbamates were first prepared, but certainly they

have been known for at least 150 years, since as early as 1850 Debus reported

the synthesis of dithiocarbamic acids (1). The first synthesis of a transition metal

dithiocarbamate complex is also unclear, however, in a seminal paper in 1907,

Delépine (2) reported on the synthesis of a range of aliphatic dithiocarbamates

and also the salts of di-iso-butyldithiocarbamate with transition metals includ-

ing; chromium, molybdenum, iron, manganese, cobalt, nickel, copper, zinc,

platinum, cadmium, mercury, silver, and gold. He also noted that while

dithiocarbamate salts of the alkali and alkali earth elements were water soluble,

those of the transition metals and also the p-block metals and lanthanides were

precipitated from water, to give salts soluble in ether and chloroform, and even

in some cases, in benzene and carbon disulfide.

From these early studies, dithiocarbamates and their transition metal com-

plexes soon found a host of applications. For example, as a result of their

insoluble nature they are widely used in inorganic analysis (3, 4). They can also

be used to separate different metal ions by high-performance liquid chromato-

graphy (HPLC) (5–10) and capillary gas chromatography (GC) (11, 12), and

find use as rubber vulcanization accelerators (13), fungicides (14), and pesti-

cides (15). Concomitant with the development of these applications came a

burgeoning interest in their general transition metal chemistry and the char-

acteristics and properties of the complexes formed.

This chapter focuses on the development of transition metal dithiocarbamate

chemistry between 1978–2003. As such, it follows from two previous reviews of

the area by Coucouvanis, which appeared in this series and covered work

published up to and including 1977 (16, 17). However, a major difference with

these predecessors is its scope. While Coucouvanis reviewed dithiocarbamates

along with other 1,1-dithio ligands, and also sought to include their chemistry

when bound to main group elements, this chapter is limited solely to transition

metal dithiocarbamate chemistry. This coverage has been necessitated by the

tremendous expansion of this area of chemistry, and also the author’s attempt to

make this chapter as comprehensive as possible. The latter is a major challenge

even in today’s electronic publishing world (a Web of Science search for

dithiocarbamate or dithiocarbamato gives >3500 hits while SciFinder gives

13,000 hits!), and sincere apologies are offered to anyone whose work has been

missed. It also means that there is less of a critical evaluation; apologies once

again.
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Figure 1. The dithiocarbamate ligand.
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While the work covered is primarily that between 1978 and 2003, some

examples of earlier work have been included, either in the form of an historical

background, or in order to put recent contributions in context. The introductory

section also briefly includes some older material, as it is inappropriate for the

reader to refer back continuously to the earlier reviews.

It should be acknowledged that both before and after Coucouvanis’s reviews

(16, 17) others also reviewed aspects of transition metal dithiocarbamate

chemistry (18–31). Notably, in 1984 Bond and Martin reviewed the electro-

chemical and redox behavior of transition metal dithiocarbamate complexes

(20), and as such less emphasis is placed here on electrochemical properties.

Further, as early as 1965, Thorn and Ludwig produced an excellent book The

Dithiocarbamates and Related Compounds (32), which is still well worth a read,

especially for the newcomer to the area.

Given the limitations of this chapter, related ligands such as selenothiocar-

bamates, diselenocarbamates, xanthates, and others illustrated in Fig. 2, are not

covered here. Some key references to more recent contributions in these areas

are given in order to aid the reader further.

This chapter is aimed at inorganic chemists and as such it focuses on the

synthesis, properties, and reactivity of transition metal dithiocarbamate com-

plexes. A flavor of the established and potential applications of each metal type

is given in Section IV, but space restrictions nessetate that their applications in

analytical chemistry and the agricultural industry (27), together with their

widespread biological applications (45–48) are not fully developed.
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Figure 2. Monoanionic, small bite-angle, bidentate ligands related to dithiocarbamates.
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II. SYNTHESIS AND PROPERTIES OF DITHIOCARBAMATES

Dithiocarbamates are generally easily prepared, resulting from the reaction of

carbon disulfide with a secondary amine in the presence of base (Eq. 1).

Reactions are usually carried out in water, methanol or ethanol, and sodium

or potassium hydroxides typically serve as the base. Some preparations

recommend that the reaction be carried out at low temperature, but in most

cases room temperature suffices. Reactions are typically rapid and proceed

cleanly and in high yield.

R2NCS2M   +   H2OR2NH   +   CS2   +   MOH                             ð1Þ

Virtually all secondary dialkylamines react in this manner. Most are water

soluble, and are used as prepared, although if required, the sodium and

potassium salts can often be isolated. Indeed, NaS2CNR2 (R¼Me, Et) are

available commercially and are sold as the tris(aqua) salts, NaS2CNR2.3H2O,

which if required can easily be dehydrated in a vacuum oven. In some instances

the salts can precipitate upon formation, generally as white solids, and are stored

for later use. Recrystallization from methanol or other alcohols can often be

carried out, and in this manner the sodium salts of dithiocarbamates derived

from succinimide (1) and phthalimide (2) (Fig. 3) have been successfully

prepared and isolated in 55–60% yields (49), as has that from aza-15-crown-5

(3) (Fig. 3) (50). Figure 4 gives a range of some novel dithiocarbamates

prepared.

The sodium and potassium salts of dithiocarbamates, while often displaying

good solubility in water, are only very poorly soluble (if at all) in common

organic solvents. In contrast, the corresponding ammonium salts, [R2NH2]

[S2CNR2], generally show much better solubility in organic media. The latter

are very easily prepared from the reaction of carbon disulfide and secondary

amines in the absence of base (Eq. 2).

2 R2NH   +   CS2 [R2NCS2][R2NH2] ð2Þ
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Figure 3. Examples of dithiocarbamates crystallized from alcohols.
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Figure 4. A selection of unusual dithiocarbamate ligands.
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Calderazzo et al. (63, 64) followed these reactions in toluene by infrared (IR)

spectroscopy. They noted that the equilibrium was rapidly established, and was

shifted almost completely to the salt as surmised from the disappearance of the

2160-cm�1 vibration of carbon disulfide within a few minutes. Cavell et al. (65)

also noted the rapid formation of these salts in acetone at <10�C. All are

virtually nonelectrolytes in this solvent suggesting that they are strongly ion

paired, the molar conductance of [Et2NH2][S2CNEt2] (4.4 � cm�1 mol�1) being

significantly less than the sodium salt (21.0 � cm�1 mol�1). They have also

calculated heats of formation of [Et2NH2][S2CNEt2] as �81.1� 3.2 and

�87.0� 4.6 kJ mol�1 for solid and gaseous states, respectively (66).

Jones et al. (67) also prepared a wide range of water soluble ammonium

dithiocarbamate salts, [NH4][S2CNR2] (Fig. 5). They result from the initial

reaction of the amine with concentrated aqueous ammonia in ethanol, followed

by later addition of carbon disulfide at low temperatures. For example,

diethanolamine, HN(CH2CH2OH)2, forms a yellow precipitate in 65% yield.

Castro et al. (68) studied the kinetics and mechanism of the reactions of

piperidine, pyrrolidine, morpholine, and benzylamine (69) with carbon disulfide

in ethanol (Fig. 6). They proceed via a dithiocarbamic acid intermediate (4),

which in turn yields the dithiocarbamate anion (5) upon proton loss to the

amine. While for pyrrolidine, formation of the dithiocarbamic acid is rate

determining and proceeds to the dithiocarbamate irreversibly, for both morpho-

line and benzylamine, the transformation is reversible. Further, in these cases

the ethoxide anion is found to catalyze the transformations. They have also

determined that pyrrolidine is �200 times more nucleophilic toward carbon

disulfide than piperidine, despite the later being only slightly more basic, a

feature that may relate to the irreversible nature of the formation of pyrrolidine

dithiocarbamate.

Dithiocarbamates with two aryl substituents are far less common and

the sodium and potassium salts cannot be prepared as simply as those of

N
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Figure 5. Water soluble ammonium dithiocarbamates prepared by Jones et al. (67).
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dialkylamines. Vella and Zubieta (70, 71) described the synthesis of NaS2
CNPh2, via the initial generation of sodium diphenylamide, upon refluxing

Ph2NH with excess sodium hydride in tetrahydrofuran (THF) under nitrogen,

followed by later addition of excess (XS) carbon disulfide (Eq. 3).

Ph2NH   +   CS 2   +   NaH                             Ph2NCS2Na   +   H2 ð3Þ

Bereman and Nalewajek (72) described the synthesis of dithiocarbamates

derived from indole, indoline, carbazole, and imidazole (Fig. 7). Again, the

amides are initially generated in dry THF upon addition of potassium metal, and

later addition of excess carbon disulfide at �78�C leads to generation of the

potassium salts of the dithiocarbamates (Eq. 4). While the indoline and

imidazole derivatives are relatively air stable, the others are extremely air

sensitive decomposing in a matter of minutes. The potassium salt of the

dithiocarbamate derived from 2,20-dipyridylamine (Fig. 7) has been prepared

in a similar fashion, and while air stable, it is extremely hygroscopic (73).

R2NH   +   CS2   +   K                             R2NCS2K   +   0.5 H2 ð4Þ
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Figure 6. Mechanism of the reaction of secondary amines with carbon disulfide.
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Figure 7. Some dithiocarbamates prepared by Bereman and co-workers.

78 GRAEME HOGARTH



The bis(2,2,2-trifluoroethyl) dithiocarbamate salt, NaS2CN(CH2CF3)2, is a

valuable precursor to a range of complexes that find widespread uses in

analytical chemistry (74–82). It can be readily prepared from the amine using

sodium amide as the base in the presence of carbon disulfide (Eq. 5) (76, 75),

and a synthesis of the lithium salt has also been reported (83, 84).

(CF3CH2)2NH   +   CS2   +   NaNH2                              (CF3CH2)2NCS2Na   +   NH3 ð5Þ

Dithiocarbamates generated from primary amines are generally less stable

than their secondary amine counterparts, and can decompose to give the

corresponding isothiocyanate (Eq. 6).

R

N

H

S

S
− RN=C=S   +   SH−

base ð6Þ

Indeed, this transformation has been developed into a procedure for the

preparation of isothiocyanates from primary amines using hydrogen peroxide as

the dehydrosulfurization reagent. It proceeds via the thiuram disulfide, although

concentrations of the latter are always kept low (Fig. 8) (85).

Ammonium salts, [NH4][S2CNHR] (R¼ Bu, Cy), have been prepared in high

yields upon addition of carbon disulfide to an ice cold mixture of the amine in

the presence of concentrated aqueous ammonia (Fig. 9) (86). As expected, they

are not very stable and decompose upon heating. Nevertheless, they have still

been used to prepare a wide range of group 10 bis(dithiocarbamate) complexes.

The primary amine CF3CH2NH2 also reacts directly with carbon disulfide to
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Figure 8. Proposed route for the preparation of isothiocyanates from primary amines.
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presumably produce the salt [CF3CH2NH3][S2CNHCH2CF3], which has been

used in situ to prepare a nickel complex (76), while Vasiliev and Polackov have

prepared potassium 1,1-dioxothiolan-3-yl dithiocarbamate upon addition of

potassium hydroxide to the amine in the presence of carbon disulfide (87).

In a series of publications, George and Weiss (88–90) reported the prepara-

tion of dithiocarbamate salts, [H(CH2)nNHCS2][H(CH2)nNH3] (n ¼ 3, 10, 18),

upon addition of carbon disulfide to the relevant amines. All behave as low-

molecular-mass organic gelators (LMOGs), forming microheterogeneous phases

in which they self-assemble in three dimensional (3D) fibrillar networks as a

result of the organization of hydrophobic alkyl chains and charged end-groups

(Fig. 10). As expected, salts with longer alkyl chains are better gelators than

their shorter homologues. They also show a much greater tendency to aggregate

in chloroform than do the corresponding carbamates, and also display no

tendency to undergo CS2 scrambling under conditions where the exchange of

CO2 in the carbamates is very fast.

Aniline-derived dithiocarbamates (Fig. 11) have been prepared either as the

sodium or ammonium salts, with the latter being the most common (91–94). For
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Figure 9. Some dithiocarbamates derived from primary amines.
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Figure 11. Examples of aniline-derived dithiocarbamates.
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example, Kaul and Pandeya (95) prepared a large range of substituted aniline-

derived dithiocarbamate salts, [ArNHCS2][NH4], upon addition of the aniline to

an ice-cold mixture of carbon disulfide and aqueous ammonia (Fig. 11). They

precipitate from solution as white solids, but tend to become yellow and

decompose within a few days. Consequently, they are best used as prepared.

Green and co-workers (50) reported the preparation of the sodium salt of the

dithiocarbamate derived from 4-aminobenzo-15-crown-5 (6) (Fig. 11) from the

simple addition of carbon disulfide to 4-aminobenzo-15-crown-5 in water in the

presence of sodium hydroxide. However, repeated attempts to purify it failed

and attempts to oxidize it to the thiuram disulfide lead only to formation of the

isothiocyanate. Nevertheless, analytically pure nickel and copper bis(dithiocar-

bamate) complexes were still prepared. The parent dithiocarbamate, H2NCS
�
2 ,

can be prepared as its ammonium salt and the 1939 synthesis of Booth is still

widely utilized (96).

Dithiocarbamates can also be prepared from diamines. For example, as early

as 1872, Hofmann (97) reported the reaction of carbon disulfide with 1,2-

diaminoethane. Later in the 1960s, addition of 2 equiv of sodium hydroxide and

carbon disulfide to 1,2-diaminoethane was shown to afford the bis(dithiocarba-

mate) compound in an exothermic reaction (98–102); 1,6-diaminohexane

behaving in a similar manner (98). A wide range of polymeric transition metal

complexes have been prepared using these salts (98). All are insoluble in water

and common organic solvents, and some examples have been developed as

fungicides (14, 31).

N

H

S

S

− −
H

N
S

S
N

H

H

H

N H
(a) 2 NaOH

(b) 2 CS2

ð7Þ

Fabretti et al. (103) showed that a similar transformation can be effected with

piperazine and again a wide range of polymeric transition metal complexes have

been prepared, as have related derivatives of the dithiocarbamate derived from

homopiperazine (Fig. 12) (104).

Triethylammonium salts of bis(dithiocarbamates) can also be prepared using

NEt3 as the base, and in this way Lorcy and co-workers (105) prepared

examples derived from 1,2-diaminoethane and 2,2-(ethylenedioxy)bis(ethyla-

mine) (106) in near quantitative yields. Further, Jones et al. (67) prepared the

N N N N
S

SS

S S

SS

S

--- -

Figure 12. Bis(dithiocarbamtes) derived from piperazine and homopiperazine.
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bis(dithiocarbamate) derived from ethylenediaminediacetic acid in 95% yield

using concentrated aqueous ammonia as the base (Fig. 13).

Zagidullin (107) reported the synthesis of bis- and tris(dithiocarbamates)

from acyclic di- and polyamines (7–9) (Fig. 14). Although the precise nature of

the dithiocarbamates formed is not clear, all are reported to form complexes

upon addition of MCl2 (M¼Mn, Fe, Co, Ni, Cu, Zn, Cd), which show

fungicidal activity. Similarly, bis(dithiocarbamates) have been prepared from

N-(b-aminoethyl)piperazine (10) as well as and some derivatives such as (11)

(Fig. 14) (108).

In one contribution, Siddiqi et al. (109) suggest that addition of 2 equiv of

sodium hydroxide and carbon disulfide to 1,3-diaminopropane affords only the

monodithiocarbamate salt, although this seems unlikely given the work dis-

cussed earlier.

It is possible to prepare monodithiocarbamates from diamines simply upon

addition of carbon disulfide, one of the amines acting as the base and the second

as the nucleophile. For example, addition of carbon disulfide to homopiperazine

yields H2NC5H10CS2 (Eq. 8) (104).

H2N N
S

S

HN NH
+

+   CS2
− ð8Þ

N

H

S

S H

N
S

S
O- -

- N
S

S
N

S

S
-

CO2NH4H4NO2C

Figure 13. Further examples of bis(dithiocarbamates).
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Figure 14. Amines used to prepare bis- and tris(dithiocarbamates).
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Formation of zwitterions in this manner a well-known process that has

previously been studied in detail for 1,2-diaminoethane (110) and piperazine

(111,112). Reactions are, however, generally not clean and � 20–30 % of the

‘‘inner salt’’ is usually generated as well (Fig. 15). Further, if the reaction is

carried out in a solvent in which the inner salt is insoluble, then the product of

the reaction is mainly the latter (113). Frank (114) used (proton nuclear

magnetic resonance) 1H NMR measurements in D2O to determine the mono-

and bis(dithiocarbamate) ratios generated from 1,2-diaminoethane. When there

is more than one inequiv amine site in a compound, it is normally the least basic

of them, which initially reacts with carbon disulfide to form the dithiocarbamate,

the more basic site acting as the proton acceptor.

Phenylene diamines do not always behave in the same way as aliphatic

diamines. Addition of carbon disulfide to 1,2-diaminobenzene in the presence of

base is proposed to initially afford the bis(dithiocarbamate), but this exhibits

only limited stability, rapidly undergoing cyclization to give the thione (Fig. 16)

(102).

Monodithiocarbamates can be prepared from phenylene diamines in the

presence of a second, more basic amine. For example, addition of carbon

disulfide and NEt3 to 1,2-diaminobenzene affords the yellow triethylammonium

dithiocarbamate salt in high yield (115). The latter can then be reacted with

various a-halogenated carbonyl derivatives resulting in cyclization and dehy-

dration to give the new amines. These in turn react with carbon disulfide and

H3N

H

N
S

S
N

H

N
S

S

H3N NH3

H

S

S

++

+CS2
H2CH2CH2NH2

-

-

-

+

"inner salt"

Figure 15. The competing formation of monodithiocarbamate and ‘‘inner salts’’.
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Figure 16. Formation of the bis(dithiocarbamate) derived from 1,2-diaminobenzene and later

rearrangement to yield the corresponding thione.
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NEt3 to form a second dithiocarbamate, although this transformation is far

slower than the first and only occurs after 10 days (Fig. 17) (115). You and

co-workers (116) also reported the preparation of the monodithiocarbamate

derived from 1,4-diamoinobenzene, formed upon addition of carbon disulfide to

the amine at low temperature (Eq. 9).

NH2H2N
H
NH2N NH3H2N

S

S
− +CS2

EtOH

ð9Þ

Dithiocarbamates can also be prepared from hydrazines (Fig. 18). Hydrazine

itself reacts with carbon disulfide in the presence of base to afford the

dithiocarbamate salt, NaS2CNHNH2 (117), although if more carbon disulfide

and base are used a second product, Na3S2CNHCS2 can result (118). Substituted

H2N N
S

S

H

H2N NH2 H2N N

S
S

R1

R2

N N

S
S

R1

R2

S

S
H

-

CS2

HNEt3
+

NEt3

HNEt3
+

NEt3CS2

(a) R1COCHClR2

(b) H 2SO4

Figure 17. The stepwise formation of monodithiocarbamates derived from 1,2-diaminobenzene.
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Figure 18. Reaction of hydrazine with carbon disulfide in the presence of base.
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hydrazines also react with carbon disulfide alone, although the products can

exist in the dithiocarbazic acid form, as shown below for phenylhydrazine

(Fig. 19) (92).

Dithiocarbamates have been prepared from a wide range of amino acids

(Fig. 20) (119–123). They are usually generated as the barium salts upon

addition of barium hydroxide to the amino acid in the presence of carbon

disulfide. Macı́as et al. (124) measured the ionization energies of various a-
amino acid dithiocarbamates by X-ray photoelectron spectroscopy (XPS) and

find that they increase as the side chain becomes longer; probably being related

to the change in donor ability. They react with transition metal salts to afford

complexes in much the same way as simple dithiocarbamates (122, 125–138),

although in some instances metal coordination of the carboxylate moiety is also

proposed (119).

A number of polymers have been prepared bearing pendant dithiocarbamate

groups and these have been used extensively for the removal of heavy ions from

aqueous solutions (139–145). For example, Fish and co-workers (139) prepared

a N-sulfonylethylene bis(dithiocarbamate) ligand anchored on macroporous

polystyrene-divinylbenzene beads (Fig. 21), which is selective for the removal

of Agþ, Hg2þ, Cu2þ, Pb2þ, and Cd2þ ions from aqueous solutions.
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Figure 19. Possible resonance forms for the dithiocarbamate derived from phenylhydrazine.
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Figure 20. Some examples of dithiocarbamates derived from amino acids.
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Figure 21. Schematic of the bis(dithiocarbamate) ligand derived from N-sulfonyletylene diamine

anchored on macroporous polystyrene–divinylbenzene beads.
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Other dithiocarbamates have been prepared from naturally occurring poly-

mers such as chitosan, a linear polymer of b-(1-4)-linked 2-amino-2-deoxy-D-

glucopyranose (Fig. 22). The degree of dithiocarbamate substitution (defined as

the number of dithiocarbamate units generated per 100 groups of 2-amino-2-

deoxyglucopyranoside) has been assessed using both solid-state 13C CP/MAS

(MAS¼magic-angle spinning)–TOSS (TOSS¼ total sideband suppression)

NMR and microanalysis (sulfur content); both methods giving a value close

to 22 (146).

The structural chemistry of alkali metal and ammonium dithiocarbamate salts

was detailed in Coucouvanis’s 1979 review (17) and relatively few new

examples have been crystallographically characterized (147–151). In LiS2CN-

Me2.4H2O, each lithium ion coordinates to four water molecules and there are

no lithium–sulfur bonds, although the dithiocarbamates are linked by O��H. . .S
hydrogen bonds (147). In contrast, the sodium ion in NaS2CNMe2.2H2O

coordinates four water molecules and two sulfur atoms in a distorted octahedral

arrangement that share edges and corners to form layers parallel to the ab plane,

while each sulfur atom accepts two O��H. . .S hydrogen bonds (148).

A number of bis(dithiocarbamate) salts have also been crystallographically

characterized (102, 152–154), including the disodium hexaaqua salts derived

from 1,2-diaminoethane (102,154) and piperazine (153), and K2[S2CN(R)CH2

CH2N(R)CS2].2EtOH (R¼Me, i-Pr) (152). They generally consist of a poly-

meric chain in which the bis(dithiocarbamate) units are linked through the alkali

metal ions. In all cases, the S2CNC2 unit(s) are approximately planar.

With the exception of those derived from primary amines, most dithiocarba-

mates are stable under neutral and basic conditions. However, under acidic

conditions they rapidly decompose to give the free amine and carbon disulfide

(Eq. 10).

R2NH   +   CS2
H+

 R2NCS2
− ð10Þ

Jencks and co-workers (155) and Humeres et al. (91, 156, 157) studied in

some detail the acid cleavage of dithiocarbamates (Eq. 11). The breakdown of

S S

O

O
O

HO

OH

NH n

−

Figure 22. Schematic of the dithiocarbamate derived from chitosan.
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aryldithiocarbamates occurs much faster than that of alkyldithiocarbamates,

being > 104-fold faster at similar pKN values, the acid dissociation constant of

the parent amine (91, 156, 157). A water molecule acting as an acid–base

catalyst catalyzes the reaction. For alkyldithiocarbamates, two mechanisms have

been proposed, the pathway taken being dependent on pKN. At pKN < 10:5,
they decompose via slow intermolecular N-protonation to form a zwitterion,

which is followed by rapid carbon–nitrogen bond cleavage; a pathway also

observed for aryldithiocarbamates. In contrast, at pKN > 10:5 a concerted intra-

molecular proton transfer and cleavage of the carbon–nitrogen bond is proposed.

 RNH2CS2
−+

 RNHCS2
−   +   H+ RNH2   +   CS2

ð11Þ

Given the propensity of dithiocarbamates to decompose upon protonation, the

determination of the pKa of dithiocarbamic acids is necessarily nontrivial.

Cavalheiro and co-workers (158, 159) adopted a spectrophotometric method

based on the rapid acquisition of data using a diode-array spectrophotometer to

determine pKa values for a number of cyclic dithiocarbamic acids at 25�C
(Fig. 23).

Dithiocarbamates are nucleophiles and undergo substitution reactions with

simple organic halides to produce new organosulfur compounds (31). For

example, addition of NaS2CNMe2 to 1,2-dichloroethane (160), and chloroform

(31) affords the compounds (12 and 13), respectively, while the same concept

can be used to prepare more elaborate organosulfur compounds such as (14 and

15) (106, 161).
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Dithiocarbamates are easily oxidized to give the corresponding radicals that

combine at almost the diffusion rate to yield thiuram disulfides (Eq. 12) (162).

Thus, the voltammetric oxidation of Et2NCS
�
2 gives an irreversible response at

0.09 V versus Ag/AgCl (ca. �0.4 V vs Cp2Fe
þ/Cp2Fe) corresponding to the

formation of tetraethylthiuram disulfide (163). At a synthetic level, iodine is

often used as the oxidizing agent, the thiuram disulfides being generated in high

yields. The dithiocarbamic acids also yield dithiocarbamate radicals upon

photolysis, although here the radical cleavage of the thiol unit is a competing

process (164).

−e− x 2

S

S
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R

R

S

S
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R
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S
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R
.

S
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R

R

−

ð12Þ
In very recent work, Lieder (165) calculated standard potentials of the

dithiocarbamate–thiuram disulfide redox system via thermochemical cycles

and computational electrochemistry. A pathway proceeding via a single electron

detachment is predicted to be the most favorable mechanism for dithiocarba-

mate oxidation, while thiuram disulfide reduction can proceed via two path-

ways. In the gas phase, reduction followed by sulfur–sulfur bond cleavage is

energetically preferred, while in solution a concerted bond-breaking electron-

transfer mechanism is predicted to be equally probable.

Dithiocarbamate salts have a number of characterizing features. They exhibit

strong n(C��N) bands in the IR spectrum, together with other vibrations. For

example, the n(C��N) band in NaS2CNEt2 is reported at 1477 cm�1 in the solid

state (CsI), while same band in the ammonium salt, [NBu4][S2CNEt2], is seen at

1485 cm�1 in the solid state (CsI) and 1467 cm�1 in solution (CHCl3). In

contrast, the n(C��N) band in NaS2CNPh2 appears at 1325 cm�1 in the solid-

state CsI (166).

Pandeya and co-workers (167) compared the IR spectra of benzyldithiocar-

bamate salts, Bz(R)NCS�2 (R¼H, Me, Et, i-Pr, Bz), with those of dialkyl and

phenyldithiocarbamates. As expected the n(C��N) bands for the benzyl com-

pounds (1470–1432 cm�1) are slightly lower in frequency than the dialkyl-

dithiocarbamates, and much higher than the phenyldithiocarbamates.

N
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Figure 23. The pKa values for various dithiocarbamic acids.
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Surface-enhanced Raman scattering (SERS) spectra of NaS2CNR2 (R¼Me,

Et) have been obtained and compared with normal Raman spectra in both solid

and solution. Dimethyldithiocarbamate has 30 fundamental modes of vibration

in the C2v point group, all being Raman active. In the 1400–1520-cm�1 region,

three bands are seen in the SERS spectrum at 1446, 1492, and 1510 cm�1,

corresponding bands appearing at 1438, 1488, and 1493 cm�1 in the normal

solid-state Raman spectrum. Mylrajan (168) has assigned these to d (CH3)

modes, while broad bands at 564 and 442 cm�1 in the SERS spectrum are

assigned to d (CNC) and n (CNC) modes, respectively.

Dithiocarbamate salts also show characteristic NMR features, the most

pertinent being the low-field 13C NMR resonance assigned to the backbone

carbon atom, d(N13CS2). This appears at 207.3 ppm for NaS2CNEt2 in D2O and

212.0 ppm for [NBu4][S2CNEt2] in CDCl3. As expected, in aromatic dithio-

carbamates it is shifted to even lower field, appearing at 219.4 ppm for

[NBu4][S2CNPh2] in CDCl3 (166).

In comparison to the related transition metal complexes (see Section III.E),

the free dithiocarbamate salts have extremely low n(C��N) values, together with
relatively high d(N13CS2) values. Interestingly, lower n(C��N) bands are seen for
hydrated with respect to anhydrous ions, an effect attributed to hydrogen

bonding that leads to a weakening of the carbon–sulfur bonds and concomitant

strengthening of the carbon–nitrogen bond. These effects may also contribute to

the lowering of the d(N13CS2) values (166).

III. TRANSITION METAL DITHIOCARBAMATE COMPLEXES

Transition metal dithiocarbamate complexes were probably first prepared in

1907 by Delépine (2) and over the following century, dithiocarbamate com-

plexes of all the transition elements have been prepared and in a wide range of

different oxidation states (Table I). Perhaps most impressive is their ability to

stabilize molybdenum in seven oxidation states ranging from þ6 to 0 (Fig. 24).

A. Synthesis

While transition metal dithiocarbamate complexes can be prepared in a wide

variety of ways, by far the most common is the direct ligand addition, which

often, but not necessarily, results in loss of a coordinated anionic ligand, and

sometimes a second neutral ligand also (Eq. 13). This route has few limitations

and complexes of all the transition metals have been prepared using it.

M X M
S

S
R2N

S

S
R2N − + +    X − ð13Þ
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For example, addition of 2 equiv of NaS2CNEt2 to all trans-[RuCl2(CO)2
(PEt3)2] initially affords trans-[RuCl(CO)(PEt3)2(S2CNEt2)] and later cis-[Ru

(CO)(PEt3)(S2CNEt2)2] (Eq. 14), while successive addition of NaS2CNEt2 and

NaS2CNMe2 yields cis-[Ru(CO)(PEt3)(S2CNMe2)(S2CNEt2)] (169).

TABLE I

Range of Oxidation States Stabilized by Dithiocarbamates

Ti þ4 V þ3 Cr 0 Mn þ1 Fe þ2 Co þ1 Ni þ1? Cu þ1 Zn þ2

þ3? þ4 þ2 þ2 þ3 þ2 þ3 þ2

þ5 þ3 þ3 þ4 þ3 þ3 þ3

þ4 þ4 þ4 þ4

Zr þ4 Nb þ3 Mo 0 Tc þ1 Ru þ2 Rh þ1 Pd þ2 Ag þ1 Cd þ2

þ4 þ1 þ2 þ3 þ2? þ4 þ2?

þ5 þ2 þ3 þ4 þ3

þ3 þ4

þ4 þ5

þ5

þ6

Hf þ4 Ta þ3 W 0 Re þ1 Os þ2 Ir þ1 Pt þ2 Au þ1 Hg þ2

þ4 þ2 þ2 þ3 þ3 þ3 þ2

þ5 þ3 þ3 þ4 þ4 þ3

þ4 þ4 þ6?

þ5 þ5

þ6
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Figure 24. A selection of molybdenum dithiocarbamate complexes in oxidation states þ6 to 0.
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ð14Þ

Another widely utilized method involves the oxidative–addition of thiuram

disulfides to metal centers (Eq. 15); a reaction that has been reviewed by

Victoriano (25, 170). Dithiocarbamate complexes of a number of transition

metals can be prepared via this method, with examples at vanadium (171–

173), molybdenum (174–180) and tungsten (181–183) being particularly pre-

valent.

M R2N
S

S

NR2

S

S
M

S

S
R2N+      0.5 ð15Þ

For example, addition of a range of thiuram disulfides to the vandium(II)

complex, [VCl2(thf)2], yields vanadium(IV) bis(dithiocarbamate) complexes,

[VCl2(S2CNR2)2] (R¼Me, Et; R2¼ C5H10, C4H8O) (Eq. 16) (173).

V
Cl

Cl S

S

S

S

NR2

NR2

V
Cl

Cl
thf

thf

(R2NCS2)2

−2 THF
ð16Þ

The transformation may occur via initial coordination of the thiuram

disulfide complex followed by later addition of the sulfur–sulfur bond to the

metal center. A limitation would appear to be the ability of the metal center to

undergo a two-electron oxidation. However, Stiefel and co-workers (184, 185)

reported unusual examples, whereby addition of thiuram disulfides (R¼Me, Et,

i-Bu) to the rhenium(VII) complex, [Et4N][ReS4], results in the reduction of the

metal center. Thus, addition of 1.5 equiv of thiuram disulfide affords dimeric

rhenium(IV) complexes, [Re(m-S)(S2CNR2)2]2, while with 3 equiv rhenium(V)

TRANSITION METAL DITHIOCARBAMATES 91



complexes, [Re(S2CNR2)4]
þ, result (Eq. 17). While it seems counterintuitive

that the addition of an oxidant leads to reduction of the metal center, the

situation becomes clearer when it is realized that some of the metal-bound

sulfido groups (S2-) are oxidized to disulfide ðS2�2 Þ or elemental sulfur.

S
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S

S
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S

NR2
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S
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S
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S

S
S

S
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S
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R2N S

NR2

S

NR2

[ReS4]− 1.5 (S2CNR2)2

+

1.5 (S2CNR2)2

ð17Þ

Casey and Vecchio (186,187) developed the oxidative–addition of thiuram

disulfides to metals in order to produce a one-step preparation of a wide range

of transition metal dithiocarbamate complexes. In this way, [Ni(S2CNMe2)2]

and [Zn(S2CNMe2)2] can be prepared in near quantitative yields. With copper,

only the copper(II) species are seen, and this is in keeping with Åkerström’s

(188) earlier observation that copper(I) species react instantaneously with

thiuram disulfides to generate the analogous copper(II) complexes.

In a somewhat related manner, Tetsumi et al. (189) reported that dithiocar-

bamate salts, NaS2CNR2 (R¼Me, Et), react readily with iron, nickel, chro-

mium, and copper present in the ion source of a mass spectrometer to give their

metal complexes. Here it would appear that the dithiocarbamate is first oxidized

to the thiuram disulfide, which in turn reacts with metal; although the nature of

the oxidizing agent is unclear. The reaction of metals with dithiocarbamate salts

has been developed into a synthetic route to copper and nickel bis(dithiocarba-

mate) complexes. Thus, addition of the NaS2CNR2 to copper or nickel powders

in chloroform yields [M(S2CNR2)2] (M¼ Cu, Ni; R¼Me, Et, Pr, Bu;

R2¼ C4H8). These reactions also work in ethanol or dimethyl sulfoxide (DMSO)

and their rates are dependent on both the nature of the metal (Cu>Ni) and alkyl

substituents (Bu> Pr> E>Me) (190). In related work, the direct synthesis of

[Cu(S2CNMe2)2] from metallic copper has been shown to be accelerated by

ultrasonic treatment (191).

Addition of tetraethylthiuram disulfide to silver(I) and cadmium(II) com-

plexes, [AgR] and [CdR2] (R¼ CF3, C2F5, C4F9, C6F5), generates the diethyl-

dithiocarbamate complexes, [Ag(S2CNEt2)]6 and [Cd(S2CNEt2)2], respectively,

together with perfluoroorgano esters of diethyldithiocarbamic acid, Et2NCS2R

(Eq. 18) (192).
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ð18Þ

Although not now as widely utilized, an important historical synthesis was the

insertion of carbon disulfide into a metal-amide (Eq. 19). In this way Bradley

and Gitlitz (193) first prepared the eight-coordinate group 4 (IV B) complexes,

[M(S2CNR2)4] (M¼ Ti, Zr, Hf; R¼Me, Et, Pr) by utilizing [M(NR2)4]. It is

limited to those metals that form stable amide complexes, generally being the

early transition metals and some others in higher oxidation states, as the amide

group is a good p-donor ligand.

R2N M M
S

S
R2N+    CS2

ð19Þ

Examples of this behavior at late transition metal centers are also known, when

the amide is stabilized, for example, by coordination to a ring. Thus, the

dicarbonyl complex, [Re(CO)2(PPh3)2{S2CN(Me)CNSC2H2}], has been pre-

pared in low yield from the thermolysis of [Re(CO)2(PPh3)2(mat)] (mat¼ 2-

methylaminothiazole) with excess carbon disulfide (Eq. 20) (194).

ReN
CO

CO

PPh3

PPh3

Me

N

S

(xs) CS2
ReN

CO

CO

PPh3

PPh3

Me

N

S

S

S
ð20Þ

Copper complexes of bis(2,20-dipyridyl)dithiocarbamate have been prepared

upon insertion of carbon disulfide into the copper–nitrogen bonds of the

corresponding 2,20-dipyridylamine (dpa) complexes (195, 196). Kumar and

Tuck (195) initially noted this behavior for [Cu(dpa)]n, [Cu(dpa)2], and

[Cu(dpa)(dppe)] [dppe¼ 1,2-bis(diphenylphosphino)ethane], but characteriza-

tion was made only on the basis of the presence of characteristic n(C��S) and
n(C��N) bands in their IR spectra. Later, this was confirmed by the X-ray crystal

structure of [Cu(S2Cdpa)2], formed upon slow evaporation of a carbon disulfide

solution of [Cu(dpa)2] (Eq. 21) (196). The transformation is actually quite

complex as in the dpa complex, metal coordination is through the nitrogen

atoms of the pyridyl rings (197), and thus a rearrangement to the amide form

must occur prior to carbon disulfide insertion.
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N

N

N

N
NH

N

N

N

N
HN

N

N

N

N
Cu

2 CS2

ð21Þ

A variation on this theme is the addition of carbon disulfide to a metal bound

amine in the presence of base, the amide presumably being generated in situ.

Thus, addition of carbon disulfide to [ReBr(CO)3(HNMe2)] in the presence of

more dimethylamine yields [Re(CO)3(HNMe2)(S2CNMe2)] (63), while addition

of carbon disulfide to cis-[Cr(CO)4(NHC5H10)2] in the presence of n-butyl-

lithium yields [Cr(CO)4(S2CNC5H10)][NEt4] (Eq. 22), the latter being

inaccessible from the direct reaction of the dithiocarbamate salt with Cr(CO)6
(198).

Cr
S

S CO

CO

CO

CO

NCr
CO

CO

CO

CO
N

N

H

H

CS2

n-BuLi

ð22Þ

Similarly, insertion of carbon disulfide into the nickel–nitrogen bonds of

[Ni{S(CH2)3NH2}2] results in proton transfer from nitrogen to sulfur, being

proposed to afford [Ni{S2CNH(CH2)3SH}2] (Eq. 23) (199).

Ni
S

S
N

S

S
N

SH

H

HS

H

Ni

N

SN

S
H2

∆

H2

2 CS2

ð23Þ

A related insertion into an N,N 0-formamidine ligand has been reported; carbon

disulfide addition to [Pd(C6F5)2(Z
2-tolNCHNtol)]� (tol¼ tolyl) resulting in

formation of [Pd(C6F5)2{S2CN(tol)CHNtol}]
� (Eq. 24) (200).
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S
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C6F5tol

N
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N

N C6F5

C6F5

− −

CS2

tol

tol

tol

ð24Þ

A synthetic route developed by Tsipis co-workers (201) involves the addition

of electrophiles to anionic dithiocarbimato complexes of the group 10 (VIII)

elements; the latter being prepared upon deprotonation of the corresponding

primary amine derived dithiocarbamate complexes. In this way, Schwarz and

Rauchfuss (202) also prepared the rhenium complexes [ReS(Z2-S4)(S2CNMeR)]

(Eq. 25).

Re
S

S

S

S

S
RN

S

S
Re

S

S

S

S

S
N

S

SMe

R
−

MeOTf ð25Þ

In a number of instances dithiocarbamates can be exchanged between a p-

block and a transition metal center. For example, reaction of [P(S2CNMe2)3]

(203) with CuCl2 (Eq. 26), CoCl2, or Hg(SCN)2 in each case results in

dimethyldithiocarbamate transfer yielding [Cu(S2CNMe2)2], [Co(S2CNMe2)3],

and [Hg(SCN)(S2CNMe2)], respectively (204). Redistribution of dithiocarba-

mates between a p-block and transition metal center is also possible, as shown

recently from the reaction of [Fe(S2CNR2)3] with [In(S2CNR
0
2)3], which results

in some instances in a nonstatistical redistribution of the dithiocarbamate

ligands (205).

P
S

S S

S

S

S

NMe2

NMe2

Me2N Cu
S

S
NMe2

S

S
Me2N

CuCl2 ð26Þ

A number of synthetic approaches involve the cleavage of a sulfur-element

bond in order to generate the dithiocarbamate. Faraglia and co-workers (206,

207) developed a route to certain palladium and platinum dithiocarbamate from

the thermolysis of dithiocarbamic ester complexes, upon loss of methyl halide

(Eq. 27).
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R2N

SMe

S M X

M
S

S
R2N +   MeX ð27Þ

For example, heating [MX2(MeS2CNMe2)] (M¼ Pd, Pt; X¼ Cl, Br) in

DMSO affords the dimethyldithiocarbamate complexes, [MX(dmso)

(S2CNMe2)] (207), while heating [PtCl(MeS2CNMe2)(S2CNMe2)] affords the

mixed dithiocarbamate product, [Pt(S2CNEt2)(S2CNMe2)] (Eq. 28) (206).

Pt

S

S Cl
Et2N

NMe2

S

MeS

Pt

S

S
Et2N

S

S
NMe2

∆

−MeCl

ð28Þ

Related to this is the cleavage of other groups from sulfur. For example, both

zirconium and hafnium tetrachlorides react with Me2NC(S)SN(SiMe3)2 to give

[MCl3(S2CNMe2)] (the precise structures of which are unknown), which in the

presence of excess pyridine (Py) yield fac-[MCl3(py)2(S2CNMe2)] (Eq. 29)

(208). Here, loss of the sulfur–nitrogen bond has occurred, although it is

noteworthy that the analogous reaction with titanium tetrachlorides leads instead

to cleavage of both silicon–nitrogen bonds with generation of a nitrogen-

inserted dithiocarbamate ligand (see Section V.E) (209).

M
S

S py

py

Cl

Cl

Me2N ClM
S

S

Cl

Cl

Me2N Cl

S

S
Me2N

N(SiMe3)2

MCl4 (xs) py

M = Zr, Hf

ð29Þ

Loss of Me3SiCl from Me3SiS2CNR2 (R¼Me, Et) can also drive the

formation of dithiocarbamates. Thus, a wide range of imido complexes,

[M(NR0)(S2CNR2)3] (M¼Nb, Ta; R0 ¼Me, Pr, i-Pr, t-Bu, Ph, p-tol, p-

C6H4OMe), have been prepared in this way from the reaction of group 5

(VB) pentahalides with Me3SiS2CNR2 (R¼Me, Et) in the presence of an excess

of the relevant primary amine (210). Further, carrying out the same synthetic

procedure in the presence of 1,1-disubstituted hydrazines yields related

hydrazido(2�) complexes, [M(NNR2)(S2CNR2)3] (Eq. 30) (210).
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NR2

NR′2

MCl5
R′2NNH2

Me3SiS2CNR2

R′NH2
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Me3SiS2CNR2

ð30Þ

Adams and Huang (211) showed that S-[(ethoxycarbonyl)amino]-1,2,4-

dithiazole-3-one (16) acts as a dithiocarbamate source. Reaction with [Re2
(CO)9(MeCN)] gives a number of rhenium(I) products including 17, 18, and

isomeric 19. All three have been characterized crystallographically and the

based-catalyzed interconversion of the two isomers has been shown upon

addition of pyridine (Fig. 25).

Adams and Huang (212) also showed that the manganese(I) complex

[Mn(CO)4(S2CNHCO2Et)] can be prepared from [Mn2(CO)9(MeCN)] and

[EtO2CN����CS2CNHCO2Et][S2CNHCO2Et] (20) (Eq. 31). The latter results

from the reaction of water with ethoxycarbonylisothiocyanate and can be

viewed as an adduct of the dithiocarbamate EtO2CNHCS2. Thus, cleavage of

a sulfur–carbon bond and displacement of the metal-bound acetonitrile ligand

leads to the observed product.

Mn(CO)4
S

S
N

H

EtO2C

S

S
N

H

EtO2C

S

S

N

H CO2Et

N
CO2Et

Mn2(CO)9(MeCN)

20

ð31Þ

The addition of dithiocarbomyl chlorides, R2NC(S)Cl, to anionic metal

centers is a well-utilized synthetic route toward thiocarboxamide complexes.
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In theory, it should also be possible to prepare dithiocarbamate complexes in this

manner from anionic metal sulfides, upon nucleophilic attack of the sulfide at

the electrophilic carbon center (Eq. 32).

M S M
S

S
R2N+      R2NC(S)Cl +     Cl−

− ð32Þ

Indeed, very recently Miguel et al. (213) achieved this result. Addition of

dimethyldithiocarbomyl chloride to [MnRe(CO)6(m-S){m-SC(PR3)}]
2�

(R¼ Cy, i-Pr) affords bridging dithiocarbamate complexes, [MnRe(CO)6(m-
S2CNMe2){m-SCH(PR3)}], protonation of the second bridging ligand also

occurring (Eq. 33).

Re(CO)4N

H

C

S

S(OC)4Re
S

N

EtO2C

Re(CO)4N
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S

S

(CO)4
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N
H

S

EtO2C

Re(CO)4N

H

C

S

S
S

EtO2CHN

N

S S

SN

H

EtO2C

Py

+

18

Re2(CO)9(MeCN)

17

19

16

Figure 25. Products of the reaction of [Re2(CO)9(MeCN)] with S-[(ethoxycarbonyl)amino]-1,2,4-

dithiazole-3-one.
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In a number of instances, organic isothiocyanates have been used as

dithiocarbamate sources. The most logical approach to using these reagents

would be their insertion into the sulfur–carbon bond of metal-bound thiolates

(Eq. 34), and indeed this has been achieved in a number of instances.

M SR′ M
S

S
R′RN+      SCNR ð34Þ

Early examples were restricted to the insertion into sulfur–hydrogen bonds

(214–216). For example, addition of phenylisothiocyanate to [Au(SH)2]
�

affords the bis(dithiocarbamate) complex [Au(S2CNHPh)2]
� (216). More re-

cently, Shaver and co-workers (217) demonstrated a similar insertion into the

sulfur–silicon bond of [CpRu(PPh3)2(SSi-i-Pr3)], yielding unusual silicon-sub-

stituted dithiocarbamate ligands (Eq. 35).

Ru
S

S
Ph3P

N

R

Si   i-    Pr3

Ru
PPh3

PPh3
i-Pr3 SiS

R = Ph, tol, naphth

RNCS

(naphth = naphth Line)

ð35Þ

The nature of these insertion reactions is not fully understood. In the case of

the silyl thiols, they are believed to proceed via precoordination of the

isothiocyanate to ruthenium, while with thiol itself, direct nucleophilic insertion

is proposed. In support of this, [CpRu(dppe)(SSi��i-Pr3)] does not react with

isothiocyanates, while [CpRu(dppe)(SH)] does, giving monodentate products,

[CpRu(dppe)(Z1-S2CNHR)] (R¼ Ph, 1-naphth), a reaction that is reversible in

one case (R¼ 1-naphth) (Eq. 36) (217).

Ru

Ph2
P

P
Ph2i-Pr3 SiS

Ru

Ph2
P

P
Ph2S

S

N
R

Si   i-Pr3

RNCS

–RNCS

R = 1-naphth

ð36Þ
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A second route to dithiocarbamates that utilizes organic isothiocyanates

involves the transfer of a sulfur atom between two of them, and also the addition

of a proton to nitrogen, generally from a metal hydride (Eq. 37).

M H M
S

S
RHN +     RNC+      2 SCNR ð37Þ

In this way, Bianchini et al. (218, 219) prepared copper(I) phosphine complexes,

[Cu(PR3)2(S2CNHPh)] (R¼ Ph, Cy), in high yields from phenylisothiocyanate

and [Cu(PR3)2(Z
2-BH4)], borohydride ligand acting as the hydrogen source with

benzonitrile being eliminated (Eq. 38). Somewhat similarly, the borane com-

plex, [Rh(B10H10Te)(PPh3)(S2CNHPh)], results from the addition of phenyli-

sothiocyanate to [2,2-(PPh3)2-2-H-1,2-TeRhB10H10] in dichloromethane (220).

Cu
PR3

PR3S

S
N

Ph

H

Cu
PR3

PR3H

H
H2B

2 PhNCS

−PhNC, −BH3

ð38Þ

In other instances, it is less obvious as to how an isothiocyanate has been

converted into a dithiocarbamate. For example, the novel technetium(I) com-

plex, [Tc(CO)2(PPh3)2(S2CNHPh)], results upon heating [Tc(CO)2(PPh3)2(Z
2-

OCH-N-p-tol)] with phenylisothiocyanate in wet benzene (Eq. 39). It plausibly

arises by abstraction of sulfur from the isothiocyanate with concomitant

generation of phenylisocyanate (221). Analogous chemistry has also been

shown to occur at rhenium, with [Re(CO)2(PPh3)2(S2CNHPh)] being prepared

in a similar manner (222).

Tc

S

S CO

CO

PPh3

PPh3

N

H

Ph

M
O

N CO

CO

PPh3

PPh3

H
PhNCS, H2O

∆

tol

ð39Þ

Fackler et al. (223, 224) previously explored the transformation of metal-

bound xanthates into dithiocarbamates upon reaction with secondary and

primary amines (Eq. 40). Indeed, a detailed study of the reaction of

[Pt(S2COEt)2] and piperidine revealed that formation of [Pt(S2CNC5H10)2]

took place in a step-wise fashion and was reversible (223).

M
S

S
R2NM

S

S
R′O +      R2NH +      R′OH ð40Þ
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Later work on the reactions of nickel xanthate complexes, [Ni(S2COR
0)2],

with secondary amines revealed the formation of thiourethanes, R2NC(S)OR
0,

together with nickel bis(dithiocarbamate) complexes (Fig. 26). Both are product

of nucleophilic attack of the amine at the sp2-hybridized carbon, the difference

between the two pathways being whether the alkoxide or metal–sulfide moieties

act as the leaving group (225).

In a similar fashion, alkyl trithiocarbonate complexes react with secondary

amines to yield dithiocarbamates with concomitant elimination of the thiol

(Eq. 41) (224, 226–228).

M
S

S
R2NM

S

S
R′S +      R2NH +      R′SH ð41Þ

For example, Bianchini et al. (226) used this as a route toward cobalt(II)

dithiocarbamate complexes (Eq. 42).

Co
S

S
MeS

P

P
P

Me Co
S

S
Et2N

P

P
P

Me
Et2NH

−MeSH

PPh2

PPh2

PPh2

PPh2

PPh2

PPh2

ð42Þ
One report details the unusual transformation of an Z1-bound dithiophosphinate

moiety in [W(CO)5{Z
1-P(Ph)2CS2}]

� into dithiocarbamate and secondary

phosphine ligands upon addition of cis-[W(CO)4(pip)2] (pip¼ piperidine)

(Eq. 43) (229). It is not obvious how this transformation proceeds, but it may

involve a binuclear intermediate.

W(CO)5

PPh2

SS

W(CO)4R2N
S

S
W(CO)4(pip)2 W(CO)5(Ph2PH)

− −

R2 = C5H10

+ +
MeCN

∆

ð43Þ
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R2NH
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Figure 26. Competing routes upon addition of secondary amine to nickel xanthate complexes.
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B. Binding Modes

Dithiocarbamates can bind to between one and four transition metal atoms in

a variety of different ways as illustrated in Fig. 27. By far, the most common of

these is the simple chelating mode A. Here, the two metal sulfur interactions are

approximately equal and the ligand can be considered as a net four-electron

donor. (For electron-counting purposes it is often considered as a three-electron

donor radical.) This mode of bonding is found for all the transition metals in all

accessible oxidation states.

In a number of instances the dithiocarbamate acts as a monodentate ligand B

(178, 179, 230–245). This often results when the demands of the other

coordinated ligands dictate that there is not room for bidentate coordination

of the dithiocarbamate, while in other instances the monodentate coordination

mode is isolated en route to further ligand loss and bidentate complexation.

Recent examples include a series of ruthenium(III) complexes, [Ru(tacn)

(S2CNR2)(Z
1-S2CNR2)][PF6] (tacn¼ 1,4,7-triazacyclononane) (21) (Fig. 28),

formed upon addition of 2 equiv of dithiocarbamate salt to [Ru(tacn)(dm-

so)2Cl]Cl (233). The triazacyclononane ligand is tightly bound and cannot be

displaced by the second sulfur atom of one dithiocarbamate. Interestingly, it is

the monodentate dithiocarbamate that is the most easily lost, for example upon

addition of nitric oxide. Lai and Tiekink (235) isolated the mercury–chloride

complex [HgCl(Z1-S2CNEt2)(4,7-Me2-1,10-phen)] (22) (Fig. 28) from the

reaction of [Hg(S2CNEt2)2] and 4,7-dimethyl-1,10-phenantroline (4,7-Me2-

1,10-phen), which is presumed to result from the loss of a dithiocarbamate

and chloride abstraction from the chloroform solvent. An X-ray crystal structure
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Figure 27. Dithiocarbamate coordination modes.

102 GRAEME HOGARTH



shows that the dithiocarbamate binds in a monodentate fashion, allowing the

mercury center to adopt a highly distorted tetrahedral coordination geometry.

As mentioned above, in a number of instances monodentate dithiocarbamate

complexes are formed en route to bidentate complexes. This finding is

illustrated by the reaction of thiuram disulfides with [CpCr(CO)3]2 (Cp¼
cyclopentadienyl) (240, 246, 247). At room temperature, chromium(II) dicar-

bonyl complexes [CpCr(CO)2(S2CNR2)] (R¼Me, Et, i-Pr) are formed in high

yields, however, if the reactions are monitored carefully the monodentate

tricarbonyl intermediates, [CpCr(CO)3(Z
1-S2CNR2)], can be detected (Eq. 44).

Crystallographic studies have been carried out on both dimethyldithiocarbamate

complexes, the chromium–sulfur bond length decreasing slightly upon chelation

[Cr��S 2.4406(5) and 2.4237(6) Å (av)] (240).

Cr

S

S

OC

NR2

CO

Cr
S

S
OC

NR2

OC
CO

–CO
[CpCr(CO)3]2

+
rt

R2NC(S)S-SC(S)NR2

rt = room temperature

ð44Þ

Monodentate dithiocarbamate coordination is quite common in gold chem-

istry (236–239, 244, 245, 248–250). For example, gold(III) tris(dithiocarbamate)

complexes, [Au(S2CNR2)3], which result from addition of 3 equiv of dithio-

carbamate salts to NaAuCl4 or from the reaction of gold(I) dimers with thiuram

disulfides (Fig. 29) (249–252), contain a square-planar arrangement with one

chelating and two monodentate dithiocarbamates, as found crystallographically

for [Au(S2CNEt2)3] (249).
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S
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+

21 22

Figure 28. Examples of terminally bound dithiocarbamate complexes.
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In a number of instances, the interconversion of mono- and bidentate

dithiocarbamate ligands has been proposed to occur in solution. This is high-

lighted by [Au(S2CNEt2)2(Z
1-C6H4CH2NMe2)], a crystal structure revealing

that in the solid-state one dithiocarbamate chelates, while the second is

monodentate (244). In solution, however, the dithiocarbamates are equivalent,

being attributed to the rapid interconversion of mono- and bidentate binding

modes (Fig. 30). A similar situation is also found for [Au(S2CNEt2)2{Z
1-

CH2P(S)PPh2}] (248).

Further, utilizing [CpCoI(S2CNEt2)] is possible to prepare the mixed-ligand

complex, [CpCo(S2CNMe2)(S2CNEt2)], which exits as two isomers in solution

with [CpCo(S2CNEt2)(Z
1-S2CNMe2)] being favored at higher temperatures

(Fig. 31) (253).

In some instances, the binding of the dithiocarbamate to the metal center is

highly asymmetric and can be best described by mode (C), sometimes termed

anisobidentate. For example, a crystallographic study of [Pt(Z3-triphos)(Z1-

S2CNEt2)]
þ [tripos¼ 1,1,1-tris(diphenylphosphino)methane] (23) (Fig. 32)
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-

Figure 29. Formation and structure of gold(III) tris(dithiocarbamate) complexes.
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Figure 31. Equilibrium between isomers of [CpCo(S2CNMe2)(S2CNEt2)].
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Figure 30. Interconversion of mono and bidentate dithiocarbamate ligands at a gold(III) center.
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reveals a distorted square-planar primary coordination geometry [Pt��S
2.396(3) Å], the second sulfur of the dithiocarbamate being only weakly bound

[Pt��S 2.754(3) Å]. This type of coordination mode leads to long and short

carbon–sulfur bonds [C��S 1.727(9) and 1.707(9) Å] (254). Sometimes it is not

easy to distinguish between modes B and C. For example, the molybdenum(III)

complex [Tp*Mo(S2CNEt2)2] [Tp
*¼ hydridotris(3,5-dimethylpyrazolyl)borate]

(24) (Fig. 32) contains one bidentate dithiocarbamate, while the second is bound

in a highly asymmetric fashion, the long molybdenum–sulfur interaction of

3.820(2) Å being extremely weak (178,179).

Asymmetric binding mode C is quite common at gold and mercury centers

that favor a linear two-coordinate geometry. For example, Laguna and co-

workers (230) prepared 1,1-bis(diphenylphosphino)ethane-bridged complexes,

[Au2(Z
1-S2CNR2)2{m-Ph2PC(����CH2)PPh2}] (R¼Me, Et, Bz) (25) (Fig. 33).

Coordination at gold is linear [S��Au��P 174.4(1)o] and short and long gold–

sulfur interactions are seen [Au��S 2.319(4) and 2.949(4) Å], the asymmetric

ligand binding again leading to long and short carbon–sulfur bonds [C��S
1.658(13) and 1.765(13) Å]. Related behavior is seen in dimeric mercury(II)

complexes, [ArHg(S2CNR2)]2 (255–259). For example, in [PhHg(S2CNPr2)]2
(26) (Fig. 33) each mercury center is bound in an approximately linear fashion

[C��Hg��S 166.76(10)�] to the phenyl group and one sulfur atom of the

dithiocarbamate. The second sulfur binds less strongly [Hg��S 2.4033(9) and
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Figure 32. Examples of asymmetrically bound dithiocarbamate ligands.
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Figure 33. Examples of anisobidentate dithiocarbamate complexes.
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2.9093(10) Å] and also forms a bridge to the second mercury center [Hg��S
3.1809(10) Å] (258).

Anisobidentate binding of dithiocarbamates to mercury is also observed in

complexes with metal–metal bonds, such as [Cp2Mo{Hg(S2CNEt2)}2] (27)

(Fig. 34) [Hg��S 2.94(3) Å and 2.50(2) Å] (260), and [Cp2Nb{Hg(S2CNEt2)}3]

(28) (Fig. 34) (261). In the latter, the short mercury–sulfur bonds [2.513(8)–

2.526(8) Å] lie in the plane of the metal atoms, while the longer interactions

[2.75(3)–2.919(10) Å] lie approximately perpendicular to it.

Monomeric gold(I) phosphine complexes [Au(PPh3)2(S2CNC5H10)] (263)

(30) (Fig. 35) and [Au(PPh3)2(S2CN��i-Pr2)].C4H10 (29) (Fig. 35) (262) have

both been crystallographically characterized, the metal adopting a distorted

tetrahedral coordination environment. Interestingly, while gold–sulfur interac-

tions are similar in the latter [Au��S 2.714(2) and 2.681(2) Å], in

[Au(PPh3)2(S2CNC5H10)] they differ by almost 0.3 Å [Au��S 2.561(2) and

2.858(3) Å], and could be considered to be anisobidentate. This difference is

reflected to a lesser extent in the carbon–sulfur bond lengths and has been

attributed to an ‘‘allyl-like’’ interaction within the dithiocarbamate (Fig. 35)

(263).

Dithiocarbamates can bridge two metal atoms in a number of ways (D–G). In

mode D, each sulfur atom binds to a single metal center, in an Z1,Z1-manner. It

is not particularly common, although a significant number of complexes

containing this binding mode have now been crystallographically characterized
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Figure 34. Examples of anisobidentate dithiocarbamate complexes containing metal–metal bonds.
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Figure 35. Gold(I) bis(phosphine) complexes highlighting the ‘‘allyl-like’’ binding of the

dithiocarbamate ligand in [Au(PPh3)2(S2CNC5H10)].
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(264–267). Examples include, dimeric tungsten(IV) complex, [W(m-S)(m-
S2CNEt2)(S2CNEt2)]2 (31) (Fig. 36) (265), a range of cubane-type cluster

complexes (268–274), and [Pt3(m-CO)(m-S2CNMe2)(m-dppm)3]
þ (dppm¼ bis

(diphenylphosphino)ethane) (32) (Fig. 36) (267). Interesting in the latter, while

in the solid state all three diphosphines are inequivalent, a single phosphorus

environment is observed by NMR at room temperature, an observation attrib-

uted to a fluxional process involving migration of the dithiocarbamate ligand

around the platinum triangle.

Binding mode D is particularly common at gold(I) and gold(II) centers

(239,275–284). For example, gold(I) complexes [Au(m-S2CNR2)]2 (Fig. 37), are

dimeric the gold–gold vector being bridged by two dithiocarbamate ligands and

crystallize to form linear chains, characterized by alternating short, � 2.5–2.8 Å,

and long, � 3.0–3.1 Å, gold–gold interactions.

In binding mode E, each sulfur atom binds to each metal atom. Only a few

examples of this mode of binding have been found, and seem to be restricted to

dirhodium complexes. In binuclear complexes, [Rh2L2(cod)(m-S2CNMePh)]þ

(L¼ CO; L2¼ cod), the dithiocarbamate binds in a m-Z2,Z2 fashion as con-

firmed crystallographically (L2¼ cod) (cod¼ cyclooctadiene) (33). However,
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Figure 36. Examples of complexes containing Z1,Z1-bridging dithiocarbamate ligands.
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Figure 37. Dimeric gold(I) complexes that form linear chains in the solid state.
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solution NMR measurements on [Rh2(cod)2(m-S2CNMePh)]þ show that the two

metal centers are equivalent even at �60� C, suggesting a rapid oscillation of the
dithiocarbamate CNR2 moiety between both sides of an idealized plane

containing the midpoint of the metal-metal bond and the two sulfur atoms

(285). The bis(dithiocarbamate) complex, [Rh2(CO)2(m-S2CNEt2)2], is also

believed to have bridging m-Z2,Z2 dithiocarbamate ligands and a rhodium

dicarbonyl unit, however, precise structural details remain unknown (286).

S S

N

RhRh

L
L

PhMe

33

+

In binding mode F, one sulfur atom bridges the metal–metal vector and all

three metal–sulfur interactions are of similar length. This mode of binding is

quite common, with a large number of examples being found at ruthenium (287–

294), osmium (295, 296), and other late transition metal centers (297–301).

Thus, the ruthenium(II) dimer [Ru2I(CO)2(PPh3)2(S2CNEt2)(m-I)(m-S2CNEt2)]
(34) (Fig. 38) is the product of iodine addition to [Ru(CO)(PPh3)2(NH-

SO2Ar)(S2CNEt2)] (Ar¼ 2,4,6-i-Pr3C6H2) (292). The bridging sulfur atom

binds approximately symmetrically to both ruthenium centers [Ru-S 2.448(4)

and 2.395(4) Å], and at distances comparable to the binding of the second sulfur

atom of this ligand [Ru-S 2.482(4) Å] and also the chelating dithiocarbamate

[Ru��S 2.367(4) and 2.486(4) Å]. This mode of binding is capable of spanning

both long and short metal–metal vectors as exemplified by trinuclear
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Figure 38. Examples of complexes containing Z1,Z2-bridging dithiocarbamate ligands.
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[Ru3(dmso)2(S2CNEt2)2(m-S2CNEt2)4][I3]2 (35) (Fig. 38), which contains two

ruthenium(III) centers in close proximity [Ru-Ru 2.826(2) Å] and a single

ruthenium(III) center, which is not metal–metal bonded (287).

Other common species with this mode of coordination are the binuclear

group 9 (VIII) complexes [M2(S2CNR2)5]
þ, formed upon oxidation of tris(-

dithiocarbamate) complexes, [M(S2CNR2)3] (M¼ Co, Rh) (Eq. 45) (302–311).
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ð45Þ
Here, the bridging dithiocarbamate ligands have resulted upon addition of a

second metal center to terminal dithiocarbamates. Indeed, this is a relatively

common feature and the sulfur atoms in a range of mononuclear dithiocarba-

mate complexes can bind to other Lewis acidic metal centers.

For example, varying amounts of copper(I) iodide can be added to

[Cr(S2CNR2)3] in acetonitrile to yield complexes in which sulfur atoms bridge

two copper ions (36) (Fig. 39). Such species have been characterized crystal-

lographically, and consist of polymeric chains in the bridging dithiocarbamate

groups link together the metal centers (312). Other examples include [Co2Ag(m-
S2CNR2)4(S2CNR2)2]

þ (37) (Fig. 39) formed upon addition of 1 equiv of AgBF4
to [Co(S2CNR2)3] (313).

Binding mode G is similar to that discussed above, but the bridging

interaction is not symmetrical. It is commonly seen in the solid state, being
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Figure 39. Examples of dithiocarbamate ligands bridging between two different metal centers.
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lost upon dissolution. This is exemplified by the structural chemistry of

copper(II) and copper(III) bis(dithiocarbamate) complexes, [Cu(S2CNR2)2]

(104, 196, 314–317), [Cu(S2CNR2)2]
þ (104,318–326) (Fig. 40), and related

mixed-valence species (see Section IV.H.1.d). Here the copper bis(dithiocarba-

mate) units are held together by secondary copper–sulfur interactions. For

example in [Cu(S2CNPr2)2]2 the intramolecular copper–sulfur interactions

[Cu��S(av) 2.325 Å] are significantly shorter than the intermolecular contact

[Cu. . .S 2.666(1) Å] (104,317). In copper(III) complexes such as

[Cu(S2CNPr2)2][ClO4], as expected the intramolecular copper–sulfur contacts

[Cu-S(av) 2.272 Å] are slightly shorter than those in the copper(II) species,

while the intermolecular contacts [Cu. . .S(av) 2.868 Å] are slightly longer (104).

Binding modes H and I, in which the dithiocarbamate caps three and four

metal atoms respectively, are uncommon and limited to the late transition metals

(Fig. 41). The classic example of mode H is found in copper(I) complexes,

[Cu(S2CNR2)]4. A recent crystallographic study of [Cu(S2CNBu2)]4 confirms

the expected tetrahedral arrangement of copper atoms, each triangular face

being capped by a dithiocarbamate binding in an Z1,Z2-manner (327). Early

crystallographic studies on related silver(I) species revealed their hexameric

nature (R¼ Et, Pr) (328,329), although in solution they are believed to be in
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Figure 40. Examples of copper(II) and (III) complexes with briding dithiocarbamates.
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equilibrium with monomers (329). More recently, the diethyldithiocarbamate

complex has been further characterized crystallographically (330, 331). Delgado

and Diez (331) used powder data to characterize the previously known (329)

monoclinic a-modification, which is hexameric and consists of a distorted

octahedron of silver atoms, with six comparatively short and long silver–silver

interactions. The dithiocarbamates cap six of the faces in an Z1,Z2-fashion (H),

the remaining two faces, characterized by the long metal interactions, remaining

uncapped (329).

Interestingly, a single-crystal study of the new b-modification of [Ag(S2C-

NEt2)] shows that it adopts a polymeric chain structure. Each metal ion is bound

to three dithiocarbamate ligands, one acting as a chelate (A) and the other two in

a bridging fashion (D), the overall coordination geometry being a distorted

tetrahedron (330). Clearly, in some cases the energy differences between the

different binding modes is only small.

Binding mode I, in which the dithiocarbamate binds four metal atoms, is

extremely rare. A recent example is the copper cube [Cu8(m4-
S2CNPr2)6][ClO4]2, isolated from the reaction of [Cu(S2CNPr2)2] and copper(II)

perchlorate, and crystallographically characterized (104). Each copper face is

capped by a dithiocarbamate (Fig. 42), and overall the molecule consists of a

cube of copper atoms, surrounded by an icosahedron of sulfurs, further

surrounded by an octahedral array of carbon–nitrogen bonds. The copper–

copper distances of 2.8038(6)–2.8087(6) Å are similar to those of 2.6368(4)–

2.8119(5) Å found in [Cu(m3-S2CNBu2)]4 (327).
At this stage, it is worth commenting that the assignment of bridging

dithiocarbamate binding modes is not always straightforward. For example, a

number of workers have reported the synthesis of a series of tri- and polynuclear

dithiocarbamate-bridged complexes [M2M
0(S2CNR2)(m-S2CNR2)2]2 and

[MM0(m-S2CNR2)2]n (332–335), which later studies showed were probably

just mixtures of homonuclear complexes (336). In the absence of crystal-

lographic data, it is difficult to unambiguously assign the bonding mode of

Cu

Cu Cu

Cu

Cu

Cu Cu

Cu

S S

NPr2

Figure 42. A schematic of the binding of a dithiocarbamate ligand to the square face in [Cu8(m4-
S2CNPr2)6][ClO4]2.
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the dithiocarbamate, although some information can be gleaned from the IR

spectrum (see Section III.E).

Bonding modes A–I are all well characterized and can be found for a range of

substituents. Other modes are theoretically possible, but have not been authen-

ticated. For example, the dithiocarbamate could act as a chelate with metal–

sulfur and metal–nitrogen interactions (J), although this results in a localization

of p character. In one instance, this mode of binding has been postulated. Thus,

the ferrocenyl–platinum complex [Pt(S2CNEt2)(Z
2-Me2NCH2-Z

5-C5H4Fe)]2
has been prepared, together with a related mononuclear derivative 38

(Fig. 43). On the basis of the nonequivalence of the alkyl substituents in the
1H NMR spectrum and the low-field shift (d 211 ppm) of the central

dithiocarbamate carbon resonance in the 13C NMR spectrum, both are believed

to contain N,S-chelating dithiocarbamate ligands (J), although this seems

unlikely and no structural data was forthcoming (337).

In some instances, the substituents can play a noninnocent role and other

binding modes can be achieved. For example, addition of the bis(2-diethylami-

no)ethyl dithiocarbamate to [AuCl4]
� affords a product that shows four n(C����N)

thiocyanate bands in the IR spectrum (Fig. 44). This observation has been

attributed to a unique linkage isomerization between a neutral dithiocarbamate

complex, [Au(SCN)2{S2CN(CH2CH2NEt2)2}] (39), and ionic [Au(NCS){Z3-

N(CH2CH2NEt2)2CS2}][SCN] (40), although this has not been confirmed (338).

The potassium dithiocarbamate salt generated from 3,5-dimethylpyrazole has

been reported (339) and used to prepare copper (339–341) and nickel (342)

complexes. In theory, the ligand can bind in two ways, 41 and 42 (Fig. 45). A

crystallographic study on 43 (Fig. 45) reveals that the ligand binds not through
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Figure 43. Proposed S,N-binding mode of a dithiocarbamate.
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Figure 44. Proposed linkage isomerization in [Au(SCN)2{S2CN(CH2CH2NEt2)2}].
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the two sulfur atoms, but rather through sulfur and nitrogen. This may account

for the relatively facile loss of carbon disulfide from both the free dithiocarba-

mate (340, 339) and its complexes (341, 342).

In a similar manner, the dithiocarbamate salts derived from 2,20-dipyridyla-
mine (73, 195, 196) and substituted hydrazines (92, 343) form complexes with a

range of metal centers, and it is not always clear whether these bind through two

sulfurs or one sulfur and one nitrogen (Fig. 46). In the case of hydrazines, it is

thought probable that the dithiocarbamate bonding mode is adopted (92,343).

In the case of the dpa derived ligand, the situation is less clear (Fig. 47) (73,

195), although the crystallographic characterization of [Cu(S2Cdpa)2] shows

clearly that in this instance it binds as a dithiocarbamate (196).

Gogoi and Phukan (344, 345) prepared the bis(dithiocarbamate) salt of

diethylenetriamine, utilizing it toward the synthesis of a wide range of transition

metal complexes. The precise binding mode of the ligand is unknown. The

authors’ propose a quadridenate binding mode yielding monomeric complexes,

although it seems more likely that it bridges metal centers to yield oligomers or

polymers (Fig. 48).
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M

N

S

S

N

Ph
H

H

M
S

S
N

N

H

H

Ph

or

Figure 46. Possible binding modes for the dithiocarbamate derived from phenylhydrazine.
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Figure 47. Possible binding modes for 2,20-dipyridyl dithiocarbamate.

TRANSITION METAL DITHIOCARBAMATES 113



C. Ligand Characteristics

A key characteristic of dithiocarbamate ligands is their ability to stabilize

metals in a wide range of oxidation states (Table I). This stabilization is widely

attributed to their ability to adopt a resonance form in which the nitrogen carries

a positive charge, with each sulfur carrying a negative charge; often termed the

thioureide form (Fig. 49). Its adoption helps to explain why dithiocarbamates

are capable of stabilizing metals in high oxidation states, being far better in this

sense than the related xanthate ligands, for which the development of positive

charge at the more electronegative oxygen atom is relatively unfavorable.

In certain instances, other resonance forms of the dithiocarbamate are

possible. For example, the X-ray crystal structure of [Ni{S2CN(Bz)C(O)Me}2]

(Bz¼ benzyl) reveals some double-bond character in the N��C(acetyl) unit,

which together with the coplanarity of the dithiocarbamate and acetyl groups,

suggests that some contribution from a resonance hybrid with negative charge

localized on oxygen may be important (346) (Fig. 50).

Dithiocarbamates can be both strong- and weak-field ligands, a consideration

of the resonance forms above (Fig. 49) providing insight into this flexibility.

Thus, if the dithiocarbamate resonance form dominates then it would be
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Figure 48. Possible binding modes the bis(dithiocarbamate) salt of diethylenetriamine.
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considered a strong-field ligand, a significant contribution from the thioureide

resonance hybrid would suggest it is more likely to be a weak-field ligand. One

probe of the relative importance of the thioureide form comes from studies of

pyrrole-dithiocarbamate complexes (Fig. 51), which cannot adopt this form and

therefore should behave as strong-field ligands (72, 347–356).

Compelling evidence for the strong-field nature of this dithiocarbamate

comes from the observation that the iron(III) complex [Fe(S2CNC4H4)3]

remains a low-spin (strong-field) species throughout the temperature range

4–400 K, while in contrast the related pyrrolidine complex [Fe(S2CNC4H8)3]

displays high-spin (weak-field) behavior (348,351) (Fig. 52).

Other evidence for the reluctance of the pyrrole ring to provide p-electron
density to the CS2 fragment comes from the observation that pyrrole–dithio-

carbamate is a poor electron donor relative to other dialkyldithiocarbamates.

This difference leads to a number of effects, for example, the far greater lability

of the carbonyl group in [Mo(CO)(RC2R)(S2CNC4H4)2] (350), and the facile

reduction of [Fe(S2CNC4H4)3] (356), when compared to related dialkyl deriva-

tives.

It is noteworthy, however, that a study by Ymén and Stahl (357) suggested

that for iron tris(dithiocarbamate) complexes with only aliphatic hydrocarbon

substituents, the most important influence in determining their spin state (and
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Figure 52. Different magnetic behavior of iron(III) pyrrole and pyrrolidene dithiocarbamate
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Figure 51. Pyrrole dithiocarbamate in which the thioureide resonance is inaccessible.
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thus the ligand-field strength) was the intraligand S. . .H��C interactions. These

increase with increasing steric bulk of the substituent atoms, and not their

electronic interaction with the sulfur atoms through the p-bonding network of

the S2CN moiety. In related work, White and co-workers (358) also probed the

effects of different alkyl substituents on the structures of cobalt tris(dithiocar-

bamate) complexes, [Co(S2CNR2)3], their results supporting those of Ymén and

Stahl.

A second study by White’s group utilized both solution and solid-state 13C

NMR spectroscopy and solution 59Co NMR measurements to show that the

increase in ligand-field strength associated with phenyl substituents is due to a

combination of steric and electronic effects (359). Cobalt-59 NMR chemical

shifts have also be used to compare the ligand-field strength of dithiocarbamates

with related species, the results suggesting the following series (360);

R2NCSO
� < R2CNS

�
2 < R2CNSSe

� < R2NCSe
�
2

However, while results from various studies involving iron(III) complexes also

support the hypothesis that monothiocarbamates are weaker field ligands than

dithiocarbamates, the differentiation between dithiocarbamates and their sele-

nium-containing analogues is less clear (33–35).

In a number of contributions, Juranic (361,362) has developed a magneto-

chemical series of ligands, ordering them according to the increased magnetic

shielding of a metal nucleus that they are bound to, which has been found to be

closely comparable to the ligand-field strength series (363). At the cobalt(III)

center, for example, the following magnetochemical series is found;

PðOMeÞ3 > CN� > bpy > R2NCS
�
2 > en > NO�

2 > NH3 > I� > Br� > Cl� > H2O > F�

en ¼ ethylenediamine bpy ¼ 2; 20 � bipyridine or 4; 40-bipyridine

A feature of metal-bound dithiocarbamates is the restricted rotation about the

carbon–nitrogen bond, often being attributed to the importance of the thioureide

resonance hybrid, although it should be pointed that in purely organic systems a

similar restricted rotation is also observed. A large number of NMR studies have

been carried out in order to probe the barrier to carbon–nitrogen bond rotation

(232, 364–377). In dimeric fac-[PtMe3(m-S2CNR2)]2 (R¼H, Me, Et;

R2¼HMe, HEt, HPh, PhMe) (44) (Fig. 53) two distinct processes have been

identified; the independent rotation about each carbon–nitrogen bond and a

correlated rotation about both. Free energies of activation range between 65 and

88 kJ mol�1, are highly dependent on the nature of the substituents; the complex

derived from aniline having the lowest, and that from diethylamine the highest,

barrier to rotation (364).

Fay and co-workers (366, 367) used variable temperature NMR studies

to probe the stereochemical nonrigidity of seven-coordinate pentagonal
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bipyramidal complexes [CpM(S2CNMe2)3] (M¼ Ti, Zr, Hf) (45) (Fig. 53).

Each undergoes a metal-centered rearrangement, which is slow on the NMR

time scale, together with three other fluxional processes; (1) methyl group

exchange in the equatorial dithiocarbamates ðIeÞ; (2) methyl group exchange in

the unique dithiocarbamate ðIuÞ; (3) exchange of dithiocarbamate ligands (366).

On titanium, exchange of the methyl groups on the equatorial dithiocarbamate

ligands ðIeÞ (�G# � 59 kJ mol�1) is � 102–103 times faster than exchange of

the methyl groups in the unique dithiocarbamate ðIuÞ, and also � 103 times

faster than equatorial exchange ðIeÞ for zirconium and hafnium (�G# � 80 kJ

mol�1). For zirconium and hafnium, the exchange rates are similar ðIe � IuÞ,
while the exchange of the equatorial and unique dithiocarbamates at titanium

has a similar activation barrier (�G# � 75–80 kJ mol�1). It is believed that Ie < Iu
at titanium is a result of the relatively long titanium–sulfur distances to the equatorial

ligands, while dithiocarbamate exchange is proposed to occur via a double-facial

twist mechanism involving a capped trigonal-prismatic transition state.

Restricted carbon–nitrogen bond rotation has also been studied in unsymme-

trical palladium bis(dithiocarbamate) complexes by HPLC (Fig. 54). At high

temperature, there is rapid rotation and a single peak is observed, however, at

lower temperatures two peaks can be separated. For [Pd(S2CNHCH2CH2Ph)2],

�H# was found to be 83� 5 kJ mol�1 (372).

Monajjemi et al. (373) carried out theoretical studies on the rotational

barriers in square-planar rhodium(I) and iridium(I) systems using density

functional theory. Their results suggest that in the transition state (90� rotation)
significant changes occur to both the carbon–sulfur and carbon–nitrogen bond

lengths, being shortened and lengthened, respectively, as a result of the loss of

carbon–nitrogen double bond character. Rotational barriers are also effected by

the ancillary ligands, increasing for those with p-acceptor ability and decreasing

with increasing s-donor ability; being attributed to the development of greater

carbon–nitrogen p-bond character by p-acceptor ligands.
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Figure 53. Examples of dithiocarbamate complexes in which restricted rotation occurs about the

backbone carbon–nitrogen bond(s).
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Free dithiocarbamate salts generated from secondary amines, while stable

under basic conditions, are generally unstable to acids rapidly decomposing to

afford the amine and carbon disulfide (Eq. 10). In contrast, those derived from

primary amines are unstable under both acidic and basic conditions, deprotona-

tion occurring in the case of the latter to afford isothiocyanates (Eq. 6). When

bound to a metal center, however, the stability of all dithiocarbamates toward

acids is greatly enhanced, as is the stability of those derived from primary

amines toward bases. Thus, Katsoulos and co-workers (86, 201, 374–381)

prepared a wide range of group 10 (VIII) complexes derived from primary

amines. Generally, they behave like analogous complexes derived from second-

ary amines, although their chemical behavior toward tertiary phosphines is more

similar to that of the isoelectronic xanthate complexes rather than dialkyldithio-

carbamates (376, 380, 381). They are, however, easily deprotonated to afford

related dithiocarbimato complexes, a process that can be reversed upon addition

of nucleophiles, providing a convenient synthesis of asymmetrically substituted

dithiocarbamate complexes (Eq. 46) (201).
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A feature of the dithiocarbimato complexes is their relatively short carbon–

nitrogen bonds. For example, in [Pd(S2CNC6H4NH2)2]
2�, the backbone carbon–

nitrogen bond is 1.280(4) Å as compared to the average value of � 1.35 Å in

dithiocarbamate complexes (see below). This is also reflected in the n(C��N)
vibration that appears at 1508 cm�1 as compared to 1390 cm�1 in the analogous

bis(dithiocarbamate) complex (116).

D. Structural Studies

The first crystallographic study of a dithiocarbamate complex was carried out

by Simonsen and Ho in 1953 (382), whereby they reported the space group and

unit-cell parameters of the zinc complex [Zn(S2CNEt2)2]. In the proceeding

50 years, a massive amount of structural data has been amassed for dithiocarbamate
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Figure 54. Rotomers of asymmetric palladium bis(dithiocarbamate) complexes being intercon-

verted via rotation about the backbone carbon–nitrogen bonds.
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complexes. Data given in Table II is based on the work of Orpen et al. (383) and

centers on examples retrieved from the Cambridge Structural Database

in September 1985. It generally considers only the chelating bonding mode

(A), although in some instances anisobidentate coordination (C) is included.

Some entries have been updated since there was a paucity of structural

information on these elements at that time and it is noteworthy that no structural

data for hafnium dithiocarbamate complexes has yet been reported.

TABLE II

Interatomic Distances (Å) for Dithiocarbamate Complexesa,b

d m s ql qu n

S��Cc 1.714 1.715 0.018 1.704 1.726 539

C��Nc 1.324 1.322 0.021 1.313 1.334 269

N��Rc 1.473 1.475 0.030 1.462 1.487 537

Ti��S 2.576 2.592 0.048 2.527 2.609 22

V��S 2.466 2.467 0.042 2.434 2.497 134

Cr��S 2.416 2.407 0.026 2.396 2.441 24

Mn��S 2.459 2.465 0.078 2.385 2.529 12

Fe��Sd 2.354 2.336 0.060 2.307 2.422 112

<2.375 2.319 2.313 0.026 2.299 2.340 78

>2.390 2.436 2.434 0.020 2.428 2.449 34

Co��S 2.267 2.270 0.013 2.255 2.277 32

Ni��S 2.207 2.206 0.017 2.196 2.218 18

Cu��S 2.250 2.222 0.044 2.214 2.286 14

Zn��S 2.436 2.452 0.056 2.406 2.466 16

Zr��S 2.685 2.676 0.050 2.644 2.717 20

Nb��S 2.580 2.578 0.042 2.561 2.599 100

Mo��S 2.513 2.507 0.059 2.478 2.530 164

Tc��S 2.457 2.476 0.043 2.405 2.490 14

Ru��S 2.379 2.392 0.039 2.345 2.400 20

Rh��S 2.367 2.363 0.024 2.352 2.378 38

Pd��S 2.323 2.319 0.031 2.315 2.323 18

Ag��S 2.613 2.569 0.078 2.563 2.708 7

Cd��S 2.681 2.654 0.107 2.615 2.716 58

Ta��S 2.560 2.561 0.036 2.529 2.580 36

W��S 2.522 2.523 0.052 2.490 2.548 120

Re��S 2.442 2.441 0.040 2.410 2.474 20

Os��S 2.410 2.417 0.021 2.405 2.424 20

Ir��S 2.377 2.373 0.020 2.365 2.390 20

Pt��S 2.350 2.350 0.033 2.323 2.372 60

Au��S 2.349 2.336 0.033 2.330 2.381 12

Hg��S 2.631 2.539 0.212 2.422 2.725 54

aBased on Table 9.6.1.2 in (383). Values for titanium and silver have been added. Data for vanadium,

zirconium, rhodium, cadmium, tantalum, tungsten, iridium, platinum, and mercury have been updated.
bUnweighted sample mean¼ d; sample median¼m; standard deviation¼ s; lower quartile

(25%)¼ ql; upper quartile (75%)¼ qu; number of observations¼ n.
cThese values do not include the newly added data (see above).
dDistribution is bimodal.
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Currently, the Cambridge Structural Database contains data for �1500

chelating dithiocarbamate ligands. Table III provides structural data for

simple diethyldithiocarbamate complexes of all the transition metals (where

available).

Both carbon–nitrogen and carbon–sulfur bonds lie between values expected

for single and double carbon-element bonds and vary only slightly over all

dithiocarbamate complexes. The mean carbon–nitrogen bond length is 1.324 Å

(Table II) with >95% of all measured lengths falling between 1.28 and 1.40 Å.

Likewise, the mean carbon–sulfur bond length is 1.714–1.715 Å (Table II), the

overall range again being small, varying between 1.65 and 1.80 Å.

Metal–sulfur bonds are comparable to those in related disulfur ligands, and

generally decrease across the periodic table and increase on going down a group,

in line with the expected decrease and increase, respectively, of the metal ion

size. Values for the groups 11 (I B) and 12 (II B) elements seem to be

unexpectedly high, however, it is here where anisobidentate binding becomes

common (especially for cadmium and mercury) and low oxidation states

dominate (silver).

A key feature of crystallographic studies on metal-bound dithiocarbamates is

the planarity of the MS2CNC2 unit; that is, all seven atoms lie approximately in

a plane and thus dithiocarbamates are generally considered to be sterically

nondemanding. From a survey of structural data on a range of bis(dithiocarba-

mate) complexes, [M(S2CNR2)2] (M¼ Fe, Ni, Cu, Zn, Cd, Hg), Nikolov (425)

concluded that the ligand remains essentially unchanged upon coordination and

is best considered as being stereochemically rigid.

Dithiocarbamates are small-bite angle ligands, S–M–S bite angles varying

between 64 and 80� in the simple complexes listed in Table III, and over a

slightly wider range for all chelating complexes. The S–C–S angle is close to

that expected for a carbon atom with both sp3 and sp2 character, varying

between 100 and 133�, although the vast majority of examples cover a narrower

range (108–122�), the mean value being 113.18�.
The lengthening of a single bond trans to a multiple bond in six- and seven-

coordinate transition metal complexes is a well-known phenomenon, being

ascribed to a trans-influence, whereby the increasing strength of the s compo-

nent of the metal–ligand multiple bond reduces the potential for bonding of the

s orbital trans to it. The effect is seen quite clearly for dithiocarbamate ligands

in seven- (Table IV) and six- (Table V) coordinate complexes.

The greatest effect is seen with nitride (� 0.390–0.330 Å) and is slightly

greater in six versus seven coordination. It can also be seen (Table V) that

addition of Lewis acids to the nitride results in a reduction in the trans influence,

while as seen from the niobium complexes, [NbE(S2CNEt2)3] (Table IV) the

effect diminishes in the order; O> S>NAr. In a number of instances, two
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TABLE III

Structural Parameters for Selected Dithiocarbamate Complexes

Complex M��S (range; Å) M��S (av; Å) S��M��S (range;�) S��M��S (av;�) References

[Ti(S2CNEt2)4] 2.500–2.620 2.564 66.46–67.93 67.26 384

[V(S2CNEt2)3] 2.422–2.445 2.434 72.61–73.01 72.77 385

[Cr(S2CNEt2)3] 2.393–2.399 2.396 73.78–74.19 74.03 386

[Mn(S2CNEt2)3]
a 2.370–2.582 2.450 74.15–71.91 72.73 387, 388

[Fe(S2CNEt2)3]
b 2.351–2.362 2.357 74.09–74.39 74.24 389

[Fe(S2CNEt2)3]
c 2.301–2.310 2.307 75.85–75.86 75.85 389

[Co(S2CNEt2)3] 2.249–2.274 2.265 75.90–76.82 76.46 358, 390, 391,

392, 393

[Ni(S2CNEt2)2]
d 2.193–2.207 2.200 79.19–79.57 79.39 394, 395, 396

[Ni(S2CNEt2)3] 2.268–2.272 2.270 76.47–76.71 76.59 397

[Cu(S2CNEt2)2] 2.301–2.338 2.315 76.04–77.31 76.61 398,399

[Zn(S2CNMeEt)2]
e 2.322–2.472 2.376 68.99–75.58 72.41 400

[Zn(S2CNMe2)3]
�f 2.299–3.151 2.626 64.05–73.71 67.31 401

[CpZr(S2CNMe2)3] 2.654–2.717 2.690 64.37–66.09 65.02 402

[Nb(S2CNEt2)4]Br 2.512–2.594 2.554 66.97–67.65 67.39 403

[Mo(S2CNEt2)4] 2.521–2.538 2.530 67.53–67.69 67.61 404

[Tc(CO)(S2CNEt2)3] 2.442–2.521 2.482 68.10–70.98 69.20 405

[Ru(S2CNEt2)3] 2.367–2.379 2.377 72.86–73.21 72.98 406

[Rh(S2CNEt2)3]
g 2.351–2.378 2.360 73.43–74.11 73.69 286, 407

[Pd(S2CNEt2)2]
h 2.314–2.330 2.321 75.09–75.56 75.37 393, 408, 409

[Ag(S2CNEt2)]
i 2.539–2.950 2.722 64.42–66.60 65.51 330

[Cd(S2CNEt2)2]
j 2.536–2.594 2.560 67.30–70.94 69.14 410,411

[Cd(S2CNEt2)3]
�k 2.518–3.068 2.728 63.48–66.91 65.11 412–415

[Ta(S2CNMe2)4]Cl 2.512–2.591 2.555 67.37–67.77 67.57 416

[W(S2CNEt2)4]Br 2.480–2.535 2.509 67.44–68.18 67.78 417

[Re(CO)(S2CNEt2)3] 2.433–2.518 2.480 68.01–70.96 69.02 418

[Os(S2CNEt2)3]
þl 2.363–2.444 2.411 69.01–72.74 70.57 296

[Ir(S2CNEt2)3] 2.365–2.394 2.372 73.12–73.32 73.25 419

[Pt(S2CNEt2)2] 2.314–2.321 2.318 75.22 75.22 420

[Au(S2CNEt2)2]
þm 2.318–2.334 2.326 74.98–75.75 75.38 421, 422

[Hg(S2CNEt2)2]
n 2.394–2.992 2.687 66.43–66.43 66.43 423, 424

a Averaged over two polymorphs.
b At room temperature.
c At �194�C.
d Averaged over two polymorphs.
e Molecule is dimeric—the bridging sulfur has a long Zn��S bond of 2.851(av) Å.
f Contains two ambidentate dithiocarbamates.
g Averaged over two polymorphs.
h Includes data from a benzene solvated structure (409).
i Polymeric—values include terminal and bridging dithiocarbamates.
j Molecule is dimeric—the bridging sulfur has a long Cd��S bond of 2.806(av) Å.
k Average of five structures with different cations.
l Molecule is dimeric—the bridging sulfurs have Os��S bonds of 2.421(av) Å.
mAverage of three structures with different anions.
n Both dithiocarbamates are ambidentate.
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molecules are observed in the asymmetric unit (Table IV) and this can lead to

quite different values of �, suggesting that all the bonds are quite soft.

It is not possible make a clear differentiation between chelating modes A and

C, but based on the maximum lengthening of a metal–sulfur bond as a result of a

trans-influence effect (Tables IV and V) at � 0.4 Å observed in [TcN(S2CNEt2)

(PMe2Ph)] (447), then this would seem to be a sensible break point. For

example, in the b-polymorph of [Hg(S2CNEt2)2] (423, 424), the short and

TABLE IV

Trans Influence on the Metal–Sulfur Bond in Seven-Coordinate Dithiocarbamate Complexes

Complex M��Sequ(range) M��Sequ(av) M��Strans � Reference

[VO(S2CNEt2)3] 2.460–2.503 2.478 2.630 0.152 426

[V(N-2,6-i-Pr2C6H3)(S2CNC4H4)3] 2.494–2.500 2.499 2.564 0.065 427

[NbO(S2CNEt2)3] 2.545–2.581 2.569 2.765 0.196 426

[NbS(S2CNEt2)3]
a 2.550–2.598 2.566 2.716 0.150 428

2.558–2.614 2.580 2.706 0.126 428

[Nb(N-4-MeC6H4)(S2CNEt2)3] 2.556–2.607 2.581 2.707 0.126 210

[{Nb(S2CNEt2)3}2(m-N2)]
a 2.561–2.583 2.572 2.670 0.098 429

2.566–2.589 2.579 2.632 0.053 429

[NbS2(S2CNEt2)3] 2.557–2.616 2.581 2.568 �0.013 430

[TaS(S2CNEt2)3] 2.537–2.590 2.556 2.682 0.126 431

[TaS2(S2CNEt2)3] 2.506–2.594 2.552 2.580 0.028 432

[MoN(S2CNEt2)3] 2.508–2.539 2.522 2.852 0.330 433

[Mo(NTpOs)(S2CNEt2)3] 2.480–2.528 2.509 2.664 0.155 434

[MoO(S2CNR2)3]
þ 2.459–2.509 2.486 2.630 0.144 435

[MoO(S2CNEt2)3][TCNQ] 2.463–2.503 2.483 2.616 0.133 436

[Mo(NCPh3)(S2CNMe2)3]
þ 2.488–2.508 2.500 2.604 0.104 437

[Mo(N-2,4-Me2C6H3)(S2CNEt2)3]
þ 2.486–2.520 2.498 2.587 0.089 438

[Mo(NPh)(S2CNEt2)3]
þ 2.486–2.516 2.499 2.585 0.086 439

[Mo(N-2,4,6-Me3C6H2)(S2CNEt2)3]
þ 2.481–2.519 2.499 2.580 0.081 438

[Mo(N-2,6-Me2C6H3)(S2CNEt2)3]
þ 2.493–2.519 2.501 2.577 0.075 438

[Mo(NSO2Ph)(S2CNEt2)3]
þ 2.467–2.500 2.480 2.525 0.045 437

[Mo(N2Ph)(S2CNMe2)3] 2.479–2.531 2.514 2.611 0.097 440

[Mo(N2-4-NO2C6H4)(S2CNEt2)3] 2.490–2.531 2.517 2.576 0.059 441

[Mo(N2-3-NO2C6H4)(S2CNMe2)3] 2.482–2.529 2.516 2.569 0.053 440

[Mo(NS)(S2CNEt2)3] 2.482–2.532 2.510 2.608 0.098 442

[Mo(NS)(S2CNMe2)3] 2.487–2.530 2.515 2.601 0.087 433

[Mo(NO)(S2CNBu2)3] 2.465–2.529 2.509 2.570 0.060 443

[Mo(S2)(S2CNEt2)3] 2.496–2.552 2.524 2.507 �0.017 180

[Mo(SO2)(S2CNEt2)3] 2.499–2.511 2.503 2.462 �0.046 444

[Mo(S2O)(S2CNEt2)3] 2.492–2.539 2.514 2.496 �0.018 445

[Mo(SH)(S2CNEt2)3] 2.486–2.523 2.505 2.467 �0.038 446

[Mo(PhPMe2)(S2CNEt2)3]
a 2.481–2.506 2.492 2.485 �0.007 434

2.484–2.504 2.494 2.484 �0.010 434

aTwo molecules in the asymmetric unit.
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long mercury–sulfur bonds differ by an average of 0.582 Å, and this coordina-

tion would be considered as anisobidentate (C).

Precise variations of structural parameters as a function of the nature of the

dithiocarbamate substituents can be difficult to assess. The most widely studied

dithiocarbamate complexes by X-ray crystallographically are the tris(dithiocar-

bamate), [M(S2CNR2)3] (M¼ Fe, Co), and bis(dithiocarbamates),

[Ni(S2CNR2)2], complexes. As can be seen from Table II, for the iron complexes

a bimodal distribution of iron–sulfur bonds is seen, resulting from the well-

characterized 6A1–
2T2 spin-state cross-over. Thus, in the high-spin 6A1 state, the

partial filling of the eg level, which is metal–ligand antibonding in nature, leads

to an elongation of the iron–sulfur bonds. Hence, simple systematic variations in

the nature of the substituents cannot easily be assessed. For cobalt (Table VI) the

situation is simpler as all adopt a low-spin d6 configuration, while for similarly,

all nickel bis(dithiocarbamate) complexes (Table VII) adopt a square-planar

coordination geometry.

In light of supposed difference between pyrrolyl and pyrrolidine dithiocar-

bamates (see above) it is interesting to look at some comparative structural data

for these two ligand types (Table VIII). The most direct comparisons are

between the cobalt and iron tris(dithiocarbamate) complexes. For cobalt, the

cobalt–sulfur bonds do not differ significantly. There is, however, a significant

shortening of the carbon–nitrogen bond (�0.072 Å) in the pyrrolidine complex,

and lengthening of the carbon–sulfur bonds (þ0.035 Å) consistent with a greater

degree of thioureide bonding in the saturated ring. For iron, similar though less

TABLE V

Trans influence on the Metal–Sulfur Bond in Group 7 (VII B) Dithiocarbamate Complexes

Complex M��Sequ(range) M��Sequ(av) M��Strans � Reference

[TcN(S2CNEt2)2(PMe2Ph)] 2.411–2.460 2.435 2.826 0.390 447

[ReN(S2CNEt2)2(PMe2Ph)] 2.396–2.449 2.427 2.793 0.366 448

[Re4(m-N)4(S2CNEt2)6(MeOH)2 2.397–2.450 2.429 2.626 0.197 449

(PPh3)2]
2þ

[Re{NB(C6F5)3}(S2CNMe2)2 2.377–2.461 2.424 2.609 0.185 450

(PMe2Ph)]

[Re(NBPh3)(S2CNEt2)2(PMe2Ph)] 2.364–2.433 2.408 2.579 0.171 451

[Re(NBCl2Ph)(S2CNEt2)2(PMe2Ph)] 2.390–2.460 2.425 2.593 0.168 452

[Re(NGaCl3)(S2CNEt2)2(PMe2Ph)] 2.377–2.449 2.419 2.581 0.162 453

[Re(NBCl3)(S2CNEt2)2(PMe2Ph)] 2.376–2.455 2.421 2.565 0.144 453

[Re(NCPh3)(S2CNEt2)2(PMe2Ph)]
þ 2.356–2.467 2.418 2.555 0.137 454

2.372–2.461 2.417 2.553 0.136 454

[Tc(N2-4-C6H4Cl)(S2CNMe2)2(PPh3)] 2.412–2.478 2.447 2.537 0.090 455

[Re(CS)(S2CNEt2)3] 2.415–2.489 2.467 2.595 0.128 456

[Tc(CO)(S2CNEt2)3] 2.442–2.488 2.474 2.521 0.047 457

[Re(CO)(S2CNEt2)3] 2.433–2.481 2.473 2.518 0.045 418
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pronounced effects are seen on the carbon–nitrogen (�0.57 Å) and carbon–

sulfur (þ0.032 Å) bonds. Now the iron–sulfur bonds vary significantly, the

lengthening of 0.155 Å in the pyrrolidine relative to the pyrrolyl complex being

a function of the high-spin nature of the former and low-spin nature of the latter

(Fig. 52). It seems that at the copper(II) center the dithiocarbamate resonance

form is primarily adopted in both instances and structural variations are small

and nonconsistent. A comparison of the copper(II) and (III) pyrrolyl complexes

is interesting, since given the inability of this ligand to adopt the thioureide

resonance form, observed differences are purely a result of the increasing charge

on the metal center. Thus as expected, the copper–sulfur bond gets shorter upon

oxidation (�0.082 Å) while other bond lengths vary only slightly.

For monodentate dithiocarbamates (B), as expected the angle at carbon is

more open ranging between 115 and 128�, the largest angle being 127.28� found
in [Au(Z1-S2CNEt2)(S2CNEt2)(Z

1-C6H4��o-CH2NMe2)] (46) (244). The mean

carbon–nitrogen bond length at 1.335 Å is slightly greater than that found for

chelating dithiocarbamates. As expected, the biggest difference is in the carbon–

sulfur bonds; that bound to the metal averaging at 1.746 Å, while the

uncoordinated bond averages at 1.679 Å, some 0.67 Å shorter. The biggest

difference of 0.108 Å comes in the 1,1-bis(diphenylphosphino)ethane-bridged

complex, [Au2(Z
1-S2CNEt2)2{m-Ph2PC(����CH2)PPh2}] (47) (C��S 1.766 and

1.658 Å) (230).
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Structurally, bridging dithiocarbamate complexes fall into three types, which

can be broadly distinguished on the basis of the angles subtended at carbon.

Type D typically range between 122 and 129� as typified by one polymorph of

[Au(m-S2CNEt2)]2 (48) in which the S–C–S angle is 128.92� (277). Type G
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Figure 55. Seven- and six-coordinate dithiocarbamate complexes that display a trans influence

with respect to a lengthening of the metal–sulfur bond trans to E as compared to those in the

equatorial (eqv) plane.
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TABLE VI

Structural Parameters for [Co(S2CNR2)3]
a

R Co��S Å Co��S (av; Å) S��Co��S� S��Co��S (av;�) References

H 2.258, 2.292 2.276 76.32 76.45 458

2.267, 2.279 76.67

2.276, 2.284 76.38

Me 2.254, 2.269 2.264 76.32 76.35 459

2.255, 2.274 76.46

2.264, 2.270 76.25

Meb 2.260, 2.279 2.270 76.49 76.62 460

2.271 76.87

Et 2.249, 2.263 2.261 76.82 76.72 390

2.270 76.51

2.258, 2.260 2.258 75.90 76.47 391

2.255 76.76

2.265, 2.267 2.267 76.32 76.38 358

2.268 76.49

2.269, 2.274 2.271 76.36 76.37 392

2.269 76.40

2.267, 2.268 2.268 76.41 76.48 393

2.269 76.61

Pr 2.266, 2.266 2.266 76.35 76.35 393

i-Pr 2.255, 2.261 2.258 75.68 75.68 358

i-Pr (120 K) 2.249, 2.274 2.262 75.98 75.98 358

Bz3 2.250, 2.299 2.269 76.27 76.47 358

2.258, 2.283 76.46

2.269, 2.271 76.51

2.251, 2.287 76.45

2.255, 2.273 76.75

2.261, 2.274 76.38

CH2CH����CH2 2.259, 2.279 2.268 76.08 76.25 461

2.266 76.60

C4H8
c 2.255, 2.284 2.272 76.16 76.47 358, 462

2.269, 2.277 76.46

2.272, 2.274 76.65

2.255, 2.191 76.57

2.272 76.42

C4H4 2.249, 2.278 2.267 76.54 76.31 463

2.255, 2.273 76.37

2.268, 2.280 76.02

C4H8O
d 2.257, 2.287 2.273 76.41 76.25 464

2.263, 2.282 76.12

2.273, 2.277 76.20

C4H8O
e 2.269, 2.277 2.273 76.59 76.56 465

2.272 76.49

C4H8O
f 2.260, 2.284 2.275 76.11 76.10 466

2.264, 2.287 76.10

2.277, 2.277 76.10

Macrocycleg 2.252, 2.295 2.269 76.17 76.35 50
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complexes subtend angles between 113 and 121� as exemplified by a polymorph

of [Cu(S2CNEt2)2]2 (49) (S–C–S 117.0�) (411), while type F complexes subtend

angles of between 105 and 112�, a typical example being [CoCu(m-
S2CNR2)2(S2CNR2)(m-Br)] (50) (S–C–S 109.84�) (498).

Au Au

S S

SS

NEt2

NEt2

Cu
S

S
NEt2

S

S
Et2N

Cu
S

S
NEt2

S

S
Et2N

48 49

Co

S

S S

S

S

S

NR2

NR2

R2N Co
S

SS

S

S

S

R2N

R2N

NR2Cu Cu
Br

Br

R2 = C4H8

50

TABLE VI (Continued )

R Co��S Å Co��S (av; Å) S��Co��S� S��Co��S (av;�) References

2.256, 2.278 76.35

2.265, 2.267 76.54

Ph 2.236, 2.294 2.268 76.37 76.39 359

2.256, 2.286 76.47

2.261, 2.276 76.32

Me/Ph 2.251, 2.284 2.270 76.15 76.27 359

2.259, 2.282 76.23

2.263, 2.278 76.42

Et/Ph 2.255, 2.267 2.263 76.09 76.22 467

2.256, 2.263 76.43

2.256, 2.279 76.14

a At room temperature unless otherwise stated.
b Cocrystallizes with two molecules of I2.
c Two molecules in the asymmetric unit.
d Cocrystallizes with MeCN.
e Cocrystallizes with C6H6.
f Cocrystallizes with CH2Cl2.
g Macrocyclic complex 308.

126 GRAEME HOGARTH



TABLE VII

Structural Parameters for [Ni(S2CNR2)2]
a

R Ni��S (Å) Ni��S (av; Å) S��Ni��S(�) S��M��S (av; �) References

H 2.207, 2.224 2.214 78.6 78.5 468

2.210, 2.218 78.4

H (at 100 K) 2.208, 2.212 2.210 79.44 79.61 469

2.208, 2.211 79.71

H/Me 2.184, 2.198 2.191 79.55 470

H/Pr 2.192, 2.201 2.197 79.92 471

H/i-Pr 2.203, 2.222 2.213 78.89 472

Me 2.197, 2.220 2.209 79.22 473

Et (monoclinic) 2.195, 2.207 2.201 79.19 394

2.196, 2.202 2.199 79.43 396

Et (tetragonal) 2.193, 2.204 2.199 79.57 395

Pr (triclinic) 2.197, 2.209 2.203 79.11 474, 475

Pr (rhombohedral)b 2.197, 2.203 2.200 79.42 79.41 476

2.201, 2.207 2.204 79.39

Pr (triclinic)b 2.198, 2.202 2.200 79.36 79.35 477

2.203, 2.207 2.205 79.35

Pr (at 173 K)b 2.202, 2.206 2.204 79.48 79.48 477

2.203, 2.212 2.208 79.44

i-Prb 2.183, 2.183 2.183 79.01 79.15 358

2.183, 2.189 2.186 79.30

Bu 2.197, 2.210 2.204 79.19 478

i-Bub 2.192, 2.204 2.198 79.29 79.35 479

2.204, 2.205 2.205 79.42

C5H12 2.179, 2.190 2.185 480

Cy 2.182, 2.203 2.193 79.05 79.05 481

2.185, 2.196 2.191 79.05

CH2CH2OH 2.193, 2.209 2.201 79.29 482

CH2CF3 2.197, 2.200 2.199 79.07 483

CH2CH����CH2 2.198, 2.210 2.204 79.16 484

C4H8 2.200, 2.217 2.209 79.51 485

2.197, 2.214 2.206 79.33 486

C5H10 2.201, 2.212 2.207 78.98 487

2.196, 2.207 2.202 79.41 488

C6H12
b 2.191, 2.203 2.197 80.09 79.85 489

2.200, 2.201 2.201 79.61

C4H8O 2.206, 2.211 2.209 79.01 490

2.200, 2.201 2.201 78.85 491

Et/Cy 2.196, 2.197 2.197 79.58 481

Bz/CH2C4H3N 2.202, 2.207 2.205 79.47 492

Me/C4H3S 2.198, 2.201 2.200 79.59 493

Me/Ph 2.217, 2.217 2.217 79.09 494

Bz/acetylb 2.196, 2.206 2.201 78.60 78.70 346

2.198, 2.200 2.199 78.80

Macrocyclec 2.164, 2.221 2.193 79.86 79.65 492

2.171, 2.201 2.186 78.99

TRANSITION METAL DITHIOCARBAMATES 127



X-ray absorption fine structure (XAFS) studies have been carried out on a

range of dithiocarbamate complexes. Young and co-workers (499) point out that

while spin equilibria in iron tris(dithiocarbamate) complexes has been exten-

sively studied by single-crystal X-ray crystallography, the latter gives only a

weighted average of the high- and low-spin forms even when data has been

collected at different temperatures (357, 500–503). Using a combination of Fe

K-edge XAFS and advanced data analysis they have determined the iron–sulfur

distances and spin state populations in [Fe(S2CNEtPh)3] and [Fe(S2-
CNC4H8O)3]; iron–sulfur distances of 2.44(2) Å and 2.30(2) Å being deter-

mined for high- and low-spin isomers, respectively (479), as opposed to an

average value previously measured (504).

The structures of dithiocarbamate complexes in solution have also been

investigated by extended X-ray absorption spectroscopy (EXAFS) and X-ray

TABLE VII (Continued )

R Ni��S (Å) Ni��S (av; Å) S��Ni��S(�) S��M��S (av; �) References

2.201, 2.224 2.213 79.69

2.206, 2.210 2.208 80.07

a At room temperature unless otherwise stated.
b Two molecules in the asymmetric unit.
c Macrocyclic complex 350 with two crystallographically independent metal centers.

TABLE VIII

Structural Parameters for Pyrrolyl and Pyrrolidine Dithiocarbamate Complexes

Complex M��S (av) C��N (av) C��S (av) S��C��S (av) References

[Co(S2CNC4H4)3] 2.267 1.382 1.675 113.44 463

[V(NAr)(S2CNC4H4)3]
a 2.499 1.381 1.685 113.15 427

[FeI(S2CNC4H4)2]
b 2.288 1.291 1.726 110.97 495

[Fe(S2CNC4H4)3]
c 2.301 1.368 1.688 113.17 351

[Cu(S2CNC4H4)2] 2.297 1.310 1.713 114.35 496

[Cu(S2CNC4H4)2]
þ 2.215 1.301 1.716 110.27 323

[Co(S2CNC4H8)3] 2.272 1.310 1.710 110.57 358

[Cu(S2CNC4H8)2]
d 2.310 1.330 1.707 115.36 470, 486

[Fe(S2CNC4H8)3] 2.456 1.311 1.720 115.56 497

a Ar¼ 2,6-i-Pr2C6H3; parameters due to trans-elongated V��S bond excluded.
b Cocrystallizes with 0.5 I2.
c Cocrystallizes with 0.5 CH2Cl2.
d Averaged over two structures.
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absorption near edge spectroscopy (XANES) using synchrotron radiation (505).

The EXAFS data suggest that both [Ni(S2CNEt2)2] and [Co(S2CNEt2)3] are

monomeric in benzene, while for [Cd(S2CNR2)2] (R¼ Et, Bu) monomers and

dimers coexit. Most interestingly, the EXAFS data for [Zn(S2CNEt2)2] have

been interpreted in terms of the dimeric structure being maintained upon

dissolution. The XANES spectra of both [Cd(S2CNEt2)2] and [Zn(S2CNEt2)2]

have been recorded in the solid state as well as in pyridine and tributylpho-

sphine, the main features of the solid-state spectra being maintained upon

dissolution.

Both EXAFS and XANES studies have also been carried out on cobalt(II)

and (III) complexes (506) and molybdenum (V) and (VI) complexes with

proline dithiocarbamate (125). EXAFS measurements have also been made on

the gold(I) complex, [Au2{m-S2CN(C2H4OMe)2}2], allowing a comparison with

crystallographic data. In the latter, the polymeric chain consists of alternating

short (2.790 Å) and long (3.157 Å) gold–gold interactions, and analogous

separations of 2.775 and 3.271 Å are found from the EXAFS data (280).

Few neutron diffraction studies of dithiocarbamate complexes appear to have

been carried out, examples including a single-crystal study of [Zn(S2CNEt2)2]2
(507), and two reports centered on the molecular ferromagnet, [FeCl(S2C-

NEt2)2] (508, 509). For the latter, high-resolution data on a deuterated sample

between 50 and 300 K reveal a structural transition associated with a disorder of

one of the ethyl groups over two positions at room temperature, which are

frozen out into a single position in the low-temperature phase (508). Other

workers have also carried out neutron diffraction experiments on both powder

and single-crystal samples of [FeCl(S2CNEt2)2]; Mössbauer simulations in

conjunction with these results allowing the authors to conclude that the system

is a noncollinear ferromagnet (509).

Deformation density maps and DFT calculations have been used to study the

electron-density distribution about [Co(S2CNMe2)3]. A spherical distribution

about the cobalt(III) ion is seen, displaying a linear relationship between

electron density at the bond critical point and bond length, suggesting that the

former is a good indicator of bond strength (510).

E. Other Characterization Techniques

Perhaps the most characteristic feature of transition metal dithiocarbamate

complexes are their IR spectra (16, 17, 511). Three regions can be identified; (1)

the backbone n(C��N) vibration at between 1450 and 1550 cm�1, (2) the n(C��S)
vibrations between 950 and 1050 cm�1, (3) n(M��S) vibrations between 300 and
400 cm�1. Variations in n(C��N) and n(C��S) as a function of the substituents

are generally quite consistent within a particular class of complex. Some typical

values for nickel bis(dithiocarbamate) complexes are given in Table IX.
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The n(C��N) band is generally strong and its position is suggestive of a

significant degree of double-bond character, consistent with a significant

contribution from the thioureide resonance form. In support of this, it is noted

that pyrrole dithiocarbamate complexes typically show intense bands in the

1300 cm�1 region of the IR spectrum being shifted �150 cm�1 to higher

wavenumbers than the corresponding pyrrolidine analogues, in line with their

decreased thioureide character (346).

Kellner and St. Nikolov (513) studied the far-IR spectra of a range of simple

dithiocarbamate complexes [M(S2CNR2)2] (M¼Ni, Cu, Zn, Cd, Hg) and

[M(S2CNR2)3] (M¼Mn, Fe, Co). They note that the n(M��S) vibrations lie

in a surprisingly narrow frequency range (320–400 cm�1) and also observe

d(SCN), das(SCN), and ds(SMS) bands (as¼ asymmetric, s¼ symmetric).

Interestingly, the n(M��S) vibrations correlate with a number of structural

parameters including the M��S bond length and S–M–S bond angle.

While several physical methods have been used toward the differentiation of

chelating and monodentate dithiocarbamate bonding modes (binding modes A

and B in Fig. 27, respectively), the Bonati and Ugo (514) criterion based on the

number and splitting of n(C��S) bands in the 950–1050 cm�1 is generally

utilized. More recently, however, using group theoretical predications, Kellner

et al. (515) challenged this criterion. By comparing the nas(C��S) bands for

dithiocarbamate complexes containing different substituents, they suggest that

the splittings are due to interligand coupling of the CS ligand modes. Further, a

TABLE IX

Some IR Data for Nickel Bis(dithiocarbamate) Complexes (cm�1) (512)

R n(C��N) n(C��S)
Me 1532 974

Et 1522 993

Pr 1516 976

Bu 1511 972

Pentyl 1516 974

Hexyl 1515 977

Heptyl 1510 977

Octyl 1506 976

i-Pr 1503 945

i-Bu 1508 985

C5H10 1518 1000

C4H8O 1501 1015/1025
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comparison with X-ray diffraction data shows that the dithiocarbamate ligands,

irrespective of the metal they bind to or the ligand-bonding type, are at sites of

C1 symmetry, thus ruling out the possibility of detecting the ligand bonding type

from the solid-state vibrational spectra.

In recent work, ruthenium(III) complexes, [Ru(tacn)(S2CNR2)(Z
1-

S2CNR2)][PF6] (21) (Fig. 28), containing both monodentate and bidentate

dithiocarbamate ligands, exhibited two n(C��N) bands in their IR spectra. On

the basis that the monodentate dithiocarbamate should have less C��N double-

bond character, a band in the 1460 cm�1 region is assigned to this ligand, a

second band at � 1550 cm�1 being associated with the bidentate dithiocarba-

mate (233). The differentiation of monodentate and bidentate binding modes is,

however, not always possible by IR spectroscopy. For example, a number of

complexes of the type [CpRu(PR3)2(Z
1-S2CNR

0
2)] and [CpRu(PR3)(S2CNR

0
2)]

are known, and while IR spectra of both show characteristic n(C��S) and

n(C��N) bands, they are too similar to allow unequivocal distinction between

Z1- and Z2-coordination (234).

Cavell et al. (76) compared n(C��N) and n(C��S) bands in a range of nickel(II)
bis(dithiocarbamate) complexes, [Ni(S2CNR

1R2)2], with ethyl and 2,2,2-

trifluoroethyl dithiocarbamate ligands. Upon introduction of more fluorine

atoms, there is a relative lowering of the n(C��N) stretch consistent with a

significant decrease in the carbon–nitrogen bond order, being attributable to the

inductive effect of the CF3 groups. In contrast, fluorination has little effect on

the n(C��S) stretch (Fig. 56).

The IR and Raman spectra of a number of zinc and cadmium dithiocarbamate

complexes and their deutero derivatives have been reported, and a complete

vibrational assignment proposed (516). Isotopic labeling has also been used to

assign the n(C��S) and d(S–M–S) modes in a wide range of nickel(II) and

copper(II) heterocyclic dithiocarbamate complexes. The same study makes a

comparison between the n(C��N) bands in both types of complexes, being

generally observed at higher frequency in the nickel versus the copper

complexes, the higher value been accompanied by a lower n(C��S) mode

(517). The n(C��N) bands in related zinc bis(dithiocarbamate) complexes tend

to be at slightly lower wavenumbers again than the analogous copper complexes

(Fig. 57) (512).

Ni
S

S
N

S

S
N

R1

R2

1R

2R

R1 = R2 =  Et;  C-N  1508; C-S 985
R1 = Et, R2 =  H;  C-N  1522; C-S 960
R1 = CF3CH2, R2 =  H;  C-N  1535; C-S 993
R1 = R2 =  CF3CH2;  C-N  1465; C-S 988

Figure 56. Infrared data (cm�1) for some nickel bis(dithiocarbamate) complexes.
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Fourier transform infrared (FT–IR) attenuated total reflectance spectra of

single crystals of [Cd(S2CNEt2)2] have been reported and dichrotic measure-

ments of vibrational bands made (518). From their different dichrotic ratios,

assignments of the Au and Bu bands (C2h symmetry) was possible, being verified

by force constant refinement calculations.

Vibrational spectroscopy, as well as proving a useful characterization tool,

has also been widely used in the study of the structure and reactivity of

dithiocarbamate complexes. For example, Ramadevi and co-workers used IR

spectroscopy to follow isotopic exchange for both [Cu(S2CNEt2)2] (519) and

[Cr(S2CNEt2)3] (520) and their free metal ions in solution. As expected,

increasing both the temperature and concentration of the metal complexes

results in an increased reaction rate.

St. Nikolov and Atanasov recorded vibrational spectra for a number of

diethyldithiocarbamate complexes, [M(S2CNEt2)2] (M¼Ni, Cu, Cd, Zn), both

in solution and the solid state, a comparison allowing structural changes that

may occur upon dissolution to be assessed (521, 522). In all cases, enhanced

symmetry was seen upon dissolution, consistent with the removal of intermo-

lecular contacts found in the solid state.

In other work, vibrational shifts for nickel and copper dithiocarbamate

complexes have been correlated with those observed for atomic core levels in

the X-ray photoelectron spectra (523), and an experimental procedure is detailed

for the collection of high-quality IR spectra from metal dithiocarbamate single-

crystal surfaces using polarized radiation and attenuated total reflectance (524).

The dithiocarbamate ligand contains three NMR nuclei and thus diamagnetic

transition metal complexes especially can be characterized by 1H, 13C, and 15N

NMR spectroscopy. In practice, it is generally the 13C NMR spectra that prove

most useful, and specifically the low-field quaternary carbon resonance that is

most characteristic. In a seminal study, van der Linden and co-workers (166,

525) reported the 13C NMR spectra of >70 dithiocarbamate-containing com-

pounds. All show the characteristic quaternary carbon resonance in the region

190–220 ppm. The substituents seem to have little effect on the chemical shift,

although diphenyldithiocarbamates tend to appear � 8 ppm downfield of

analogous dialkyldithiocarbamate compounds, while solvent effects also appear

to be minimal. Most interestingly, the chemical shift of the backbone carbon can

be correlated to the p-bonding in the NCS2 fragment via the n(C��N) stretching

M
S

S
NEt2

S

S
Et2N

ν(C-N) ν(C-S) ν(M-S)
M = Ni      1522    993     384
M = Cu      1508         995          356
M = Zn      1505         995          379

Figure 57. Infrared data (cm�1) for some bis(diethyldithiocarbamate) complexes (3800–400 cm�1

in KBr; 600–1200 cm�1 in nujol).
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frequency. Using pattern recognition techniques, five classes of compounds can

be distinguished; (1) the free ligands, (2) normal oxidation state transition metal

complexes, (3) normal main group compounds and organic dithiocarbamates,

(4) high oxidation state transition metal complexes, (5) low coordination

number main group compounds. In the context of this chapter, it is classes (2)

and (4) that are significant. Van der Linden defines a term the fractional

oxidation number (FON), the ratio of the oxidation number and coordination

number. For normal complexes (2) this is 0.5; examples include the homoleptic

complexes, [M(S2CNR2)n] (n¼ 2, 3, 4). In contrast, high oxidation state

complexes have high FON values; the molybdenum(VI) complexes,

[MoO2(S2CNR2)2], having an FON of 1. Typically, for class (2) complexes

the backbone carbon appears at between 202 and 213 ppm in the 13C NMR

spectrum and n(C��N) at 1485–1515 cm�1 in the IR spectrum, while for class

(4) complexes, the carbon resonance appears upfield between 190 and 200 ppm

with n(C��N) at 1520–1575 cm�1.

Another feature of the 13C NMR spectra of dialkyldithiocarbamate com-

plexes are the resonances from the alkyl substituents. The nitrogen-bound

a-carbon is shifted downfield with respect to the other signals, being typically

found between 43 and 57 ppm. Further methylene groups appear between 20

and 30 ppm, being shifted to higher field upon increasing distance from the

nitrogen center, while the end methyl groups are typically found between 14 and

10 ppm.

Proton NMR spectra are often characteristic of the alkyl substituent(s) used,

but otherwise often convey little further information. In diethyldithiocarbamate

complexes, the nature of the methylene proton signals can give valuable

information regarding the coordination geometry at the metal center, asymmetry

being reflected in their diastereotopic nature. For example, in [MoO(S2)(S2C-

NEt2)2], the room temperature stereochemical rigidity of the seven-coordinate

pentagonal bipyramid is easily seen by the inequivalence of all eight

methylene protons (and the four methyl groups) (526). Further, while six of

the methylene protons lie in the region d 3.75–3.95 and overlap to such an extent
that individual assignments cannot be made from the one-dimensional (1D)

spectrum, two of the methylene protons are considerably shielded, lying

between d 3.35 and 3.55 (Fig. 58). This shielding is also seen in one of the

methyl groups and is assigned to the ethyl moiety, which lies close to the Mo����O

vector. The effect is not limited to the oxo ligand, and has also been noted for

related imido complexes (527, 528).

Proton NMR can provide a useful tool to follow reactions. These include

dithiocarbamate exchange, and for which it has been used extensively in the

study of paramagnetic iron(III) complexes (529–531). Indeed, on the basis of

their results it appears that a report on the preparation of mixed-ligand spin-

crossover complexes, [Fe(S2CNR2)2(S2CNR
0)], upon addition of NaS2CNR

0
2 to
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[Fe(S2CNR2)2Cl] is probably incorrect (532), since facile ligand exchange gives

equilibrium mixtures of mixed-ligand complexes.

The third NMR nucleus of a dithiocarbamate is nitrogen, and a number of
15N NMR studies have been carried out both in solution and the solid state (533–

538). For example, the natural abundance 15N NMR spectrum of cis-

[Fe(CO)2(S2CNEt2)2] shows a single sharp line at 213.35 ppm, a region

indicative of substantial carbon–nitrogen double-bond character (534, 535),

while the stereochemical rigidity of cis-[FeI(NO)(S2CNEt2)2] is shown by the

observation of two peaks associated with the inequivalent dithiocarbamate

ligands at 210.92 and 209.09 ppm (534). The 15N chemical shift may also

relate to the magnitude of the rotational barrier about the carbon–nitrogen bond;

a more positive value corresponding to greater partial double-bond character and

thus a larger rotational energy barrier. In this context, Duffy and co-workers

(534) suggested that rotational barriers in a series of compounds increase in the

order; [Co(S2CNEt2)3]< (S2CNEt2)2< cis-[Fe(CO)2(S2CNEt2)2]< cis-[FeI(NO)

(S2CNEt2)2].

Natural abundance 14N NMR spectroscopy has also been utilized, but to a far

lesser extent. Sachinidis and Grant (539) used it to measure the rate of pyridine

exchange in bis(pyridine) adducts of [Ni(S2CNR2)2].

Electrospray mass spectrometry (ESMS) has been applied quite widely to the

characterization of dithiocarbamate complexes (231, 303, 313, 540–548). For

example, mass spectra of diethyldithiocarbamate complexes of iron(III), man-

ganese(III), copper(II), nickel(II), and cobalt(III) were obtained at low source

offset voltages. All showed molecular ions of the oxidized complexes in

addition to ions due to loss of a dithiocarbamate ligand (542). Bond et al.

(547) also used electrospray MS to study the constitution of mercury and mixed

mercury–cadmium dithiocarbamate complexes in dichloromethane–methanol

solutions, leading to the observation of a range of ions [M(S2CNR2)]
þ þ

n[M(S2CNR2)2] (n¼ 1–3; M¼Hg, Cd), with addition of [M(S2CNR2)2] result-

ing in the formation of higher oligomers.

X-ray photoelectron spectroscopy (XPS) has been carried out on a wide

range of dithiocarbamate complexes (270, 271, 521, 523, 549–558), aspects of

this work being reviewed (559). For example, He(I) and He(II) photoelectron

spectra for [M(S2CNR2)2] (M¼Ni, Pd, Pt) have been recorded; the very low

photoionization He(II) cross-section of the sulfur based, when compared to the

metal-based orbitals, allowing the efficient identification of a complicated

spectral pattern. Further, comparing spectra for different metals suggests an

increase in the p-donor capability along the series; Ni> Pd> Pt (550). Liese-

gang and co-workers (523) investigated the different electron-donor properties

of ethyl and butyl dithiocarbamate ligands from the XPS spectra of

[Ni(S2CNR2)2] (R¼ Et, Bu). The Ni 2p3=2, S 2p, and N 1s XPS binding

energies were found to increase by 0.46, 0.53, and 0.44 eV, respectively, upon
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replacing butyl for ethyl groups, suggesting that diethyldithiocarbamate is a

better electron-donor ligand than dibutyldithiocarbamate.

X-ray photoelectron spectra for a number of copper(II) bis(dithiocarbamate)

complexes have been recorded (521, 556, 558, 560). Early work on [Cu(S2C-

NEt2)2] seemed to suggest that the nitrogen was directly bound to the copper

center (556), but subsequent studies on [Cu(S2CNBz2)2] refuted this (558). The

XPS spectra for a range of heterocyclic derivatives, [Cu(S2CNC4H8X)2] (X¼O,

S, NH, NMe, CH2) have been recorded (560), and it is noted that the Cu 2p3=2
peaks are particularly narrow (1.0–2.1 eV).

Liesegang and Lee (561) showed that vibrational or absorption shifts in the

IR spectra of copper and nickel bis(dithiocarbamate) complexes correlate with

shifts observed for atomic core levels in their XPS spectra. In a quite different

application, the decomposition during XPS experiments of gold(III) complexes,

[AuMe2(S2CNMe2)] and [AuBr2(S2CNPr2)], has been found to be a function of

temperature and X-ray intensity; decomposition being an order of magnitude

slower on graphite than silver (549).

F. Thermochemical Properties

The thermochemistry of dithiocarbamate complexes is of considerable

interest, primarily since they can be used as molecular precursors for the

synthesis of a range of technologically important metal sulfides, especially

those of copper and zinc (see Sections III.H.1.g.ii and III.I.1.h.i). The successful

application of this approach relies on the volatility of the metal complexes and

the strength of the metal–sulfur and metal–carbon bonds; since the latter must be

cleaved, while the former is retained (at least to some extent). Consequently, a

large number of studies have focused on the thermochemical properties of

transition metal dithiocarbamate complexes and Hill and co-workers (22, 562,

563) and others (23, 564) reviewed aspects of these.

The first quantitative data on the volatility of dithiocarbamate complexes was

obtained by D’Ascenzo and Wiendlant (565, 566) who used an isoteniscope to

obtain the vapor pressure of [Fe(S2CNEt2)3] and some other diethyldithiocar-

bamate complexes as a function of temperature. Later, Magee and co-workers

obtained enthalpies of sublimation for [Ni(S2CNEt2)2], [Cu(S2CNEt2)2], and

[Co(S2CNEt2)3] from vacuum DSC (DSC¼ differential scanning calorimetry)

data (567, 568). Heats of sublimation for [Ni(S2CNEt2)2] (102.6� 1.5 kJ mol�1)

and [Cu(S2CNEt2)2] (116.2� 1.3 kJ mol�1) from this latter method (567) were

significantly higher than those determined earlier, the difference being attributed

to the low volatility of the complexes leading to resulting uncertainties with the

isoteniscope measurements (566).

The standard molar enthalpies of formation and enthalpies of sublimation

have been determined for a number of dithiocarbamate complexes and this has
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allowed the mean molar bond dissociation energies to be derived (569–578),

others being estimated from ligand exchange reactions (579–581). Homolytic

metal–sulfur bond scission is far more favorable than heterolytic cleavage. For

example, homolytic and heterolytic scission in [Cu(S2CNEt2)2] is estimated at

143 and 678 kJ mol�1, respectively (580). Some values for the homolytic

cleavage of metal–sulfur bonds are given in Table X. Comparing the diethyl-

dithiocarbamate complexes of each of the metals listed, the following trends

appear; M(III): Cr> Co>Mnffi Fe; M(II): Ni> Cu> Zn> Pd> Cd. Mean

bond dissociation enthalpies also vary as a function of alkyl substituents in

the order; Me< Et< Pr< Bu. Similar thermal stability sequences have

been found from the decomposition kinetics of dithiocarbamate complexes

(583).

Melting points of homoleptic diethyldithiocarbamate complexes vary as a

function of the metal; Zn (177�C)< Cu (198�C)< Fe (234�C)ffi Ru (235�C)ffi
Ni (236�C)ffi Pd (240�C)< Cd (251�C)< Cr (257�C)ffi Rh (260�C)< Ir

(265�C)< Pt (275�C) (584, 585), while a somewhat similar trend is seen in

their sublimation temperatures; Zn (217�C)< Cu (229�C)< Fe (246�C)< Co

(267�C)<Ni (286�C) (586).
Although there are no clear trends on the volatility of dithiocarbamate

complexes, it appears that volatility increases upon increasing length of the

alkyl substituents. For example, the melting points of nickel bis(dithiocarba-

mate) complexes decrease with increasing alkyl chain length (587, 588); Me

(275�C dec)> Et (234�C)> Pr (134�C)> Bu (95�C)> pentyl (80�C)> octyl

(30�C). The introduction of fluorine atoms also generally decreases the melting

point as compared to analogous alkyl dithiocarbamate complexes. For example,

the melting point of [Ni{S2CN(CH2CF3)2}2] at 143
�C (75) is some 90�C below

that of [Ni(S2CNEt2)2].

Riekkola has investigated a wide range of dithiocarbamate complexes using

electron impact MS (589). Their gas-phase stability varies as a function of the

metal ion in the following manner; M(II): Ni> Pd> Cu> Zn> Cd>Hg;

M(III): Rh> Cr> Co> Fe. Stability also varies as a function of the alkyl

substituents: Et> Pr> i-Buffi Bu. Riekkola also found that while fluorination

of the alkyl backbone increased volatility, it also leads to a decrease in gas-phase

stability. Thus, 2,2,2-trifluoroethyldithiocarbamate complexes, while more

volatile than the corresponding ethyl analogues, were also significantly less

stable (589) an observation that may have important consequences on the design

of new MOCVD (MOCVD¼molecular chemical vapor deposition) precursors.

In light of the latter, thermogravimetric analysis (TGA) studies have been

carried out using 2,2,2-trifluoroethyldithiocarbamate complexes as MOCVD

precursors (75).

The thermal properties of dithiocarbamate complexes have been investigated

in great detail using TGA and DSC (23, 27, 159, 564, 590–592). For example,
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TABLE X

Mean Molar Bond Dissociation Enthalpies (kJ mol�1) for

Dithiocarbamate Complexes

Complex Value Reference

[Cr(S2CNMe2)3] 202� 5 582

[Cr(S2CNEt2)3] 214� 6 571

[Cr(S2CNPr2)3] 215� 6 571

[Cr(S2CN��i-Pr2)3] 205� 6 571

[Cr(S2CNBu2)3] 222� 6 571

[Cr(S2CN��i-Bu2)3] 227� 6 571

[Mn(S2CNEt2)3] 185� 6 571

[Mn(S2CNPr2)3] 185� 6 571

[Mn(S2CN��i-Pr2)3] 180� 6 571

[Mn(S2CNBu2)3] 196� 6 571

[Mn(S2CN��i-Bu2)3] 198� 6 571

[Fe(S2CNMe2)3] 183� 5 582

[Fe(S2CNEt2)3] 182� 6 571

[Fe(S2CNPr2)3] 183� 6 571

[Fe(S2CN��i-Pr2)3] 174� 6 571

[Fe(S2CNBu2)3] 186� 6 571

[Fe(S2CN��i-Bu2)3] 191� 6 571

[Co(S2CNEt2)3] 200� 6 571

200� 25 581

[Co(S2CNPr2)3] 200� 6 571

[Co(S2CN��i-Pr2)3] 186� 6 571

[Co(S2CNBu2)3] 214� 6 571

[Co(S2CN��i-Bu2)3] 210� 6 571

[Ni(S2CNMe2)2] 222� 4 573

[Ni(S2CNEt2)2] 227� 2 570

193 579

[Ni(S2CNPr2)2] 232� 3 570

[Ni(S2CN��i-Pr2)2] 221� 3 570

[Ni(S2CNBu2)2] 242� 3 570

[Ni(S2CN��i-Bu2)2] 238� 3 570

[Pd(S2CNEt2)2] 172� 4 577

[Pd(S2CNPr2)2] 183� 3 577

[Pd(S2CNBu2)2] 151� 3 577

[Pd(S2CN��i-Bu2)2] 163� 3 577

[Cu(S2CNMe2)2] 183� 4 573

[Cu(S2CNEt2)2] 187� 3 569

143 580

[Cu(S2CNPr2)2] 197� 3 569

[Cu(S2CN��i-Pr2)2] 193� 3 569

[Cu(S2CNBu2)2] 205� 3 569

[Cu(S2CN��i-Bu2)2] 200� 3 569
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Cavalheiro et al. (593, 594) investigated the thermal decomposition of a range of

cyclic dithiocarbamate complexes and find a correlation between their IR

spectra and thermal decomposition pathways. A correlation between the thermal

decomposition and ionic radius of the metal ion is also noted (592, 595); the

smaller the metallic ionic radius, the greater the thermal stability, suggesting

that high valent complexes are more stable than their low-valent counterparts. In

other work, the thermal properties of rubber vulcanization catalysts,

[M(S2CNEtPh)n] (n ¼ 2, M¼Ni, Cu, Zn; n ¼ 3, M¼ Co) were studied by

DSC. The curing reaction order and rate constants follow the order;

Co>Ni> Cu> Zn (568).

G. Stability Constants and Dithiocarbamate Exchange

Stability constants have been measured for a wide range of dithiocarbamate

complexes from ultraviolet (UV)–visible spectroscopy (316,392,596,597), pH

(598), and potentiometric (599,600) titrations, electron spin resonance (ESR)

spectroscopy (601), and HPLC (602–605). They are determined typically from

exchange studies between a free metal salt and its dithiocarbamate complex

(Eq. 47). Sachinidis and Grant (597) identified two pathways for ligand transfer;

the first involves dissociation of a dithiocarbamate followed by substitution at

the metal ion, while the second results from direct electrophilic attack by the

metal ion on the dithiocarbamate complex.

M
S

S
N

R

R

*M
S

S
N

R

R

+ M* +   M ð47Þ

TABLE X (Continued )

Complex Value Reference

[Zn(S2CNEt2)2] 177� 3 578

[Zn(S2CNPr2)2] 182� 3 574

[Zn(S2CNBu2)2] 183� 3 575

[Zn(S2CN��i-Bu2)2] 137� 4 576

[Cd(S2CNEt2)2] 167� 4 572

[Cd(S2CNPr2)2] 154� 3 574

[Cd(S2CNBu2)2] 168� 3 575

[Cd(S2CN��i-Bu2)2] 118� 4 576

[Hg(S2CNEt2)2] 75� 4 572

[Hg(S2CNPr2)2] 102� 3 574

[Hg(S2CNBu2)2] 105� 3 575

[Hg(S2CN��i-Bu2)2] 75� 4 576
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From these studies it was not possible to determine a single order of stability

as a function of the metal (and oxidation state). Sachinidis and Grant (597)

placed the stability of dithiocarbamate complexes in DMSO in the following

order; Hg> Cu>Ni> Cd> Zn, while in an ethanol–water mixture the order;

Zn< Cu>Ni> Co> Fe>Mn was determined (598). Moriyasu and co-workers

(602–605) utilized HPLC to study dithiocarbamate exchange at a number of late

transition metal centers. They noted that the rate of ligand exchange is >10

times faster than that of ternary complex formation, and concluded the following

series of increasing stability constants at a nickel(II) center in chloroform;

Bu2> Pr2> C6H12> Et2> C5H10>Me2> C4H8.

By using electrochemical methods, Bond and Schultz (606) also derived a

considerable number of stability constants (b2) for mercury bis(dithiocarbamate)

complexes in water (Eq. 48). They found no correlation between them and the

Taft substituent constants for the dithiocarbamate substituents. There is, how-

ever, a linear correlation between log b2 and the molecular weight ðMwÞ of the
complexes, which can be represented by the empirical equation; log b2¼ 29.95

þ 0.03301 Mw.

Hg2+ + 2 R2NCS2
−

βn

[Hg(S2CNR2)2]
ð48Þ

Bond and co-workers (303, 540,541) also utilized (ESMS) to study ligand-

exchange reactions. For example, while cobalt(III) tris(dithiocarbamate) com-

plexes are inert to substitution and exchange reactions, they do undergo ligand

exchange at elevated temperatures and upon controlled-potential oxidation and

reduction (Fig. 59) (541).

Also, while addition of silver(I) alone does not lead to dithiocarbamate

exchange at cobalt(III) centers, further addition of [Hg(S2CNR2)2] leads to fast

global exchange of the dithiocarbamates on both cobalt and mercury. Similar

global dithiocarbamate exchange does not result with analogous rhodium or

iridium tris(dithiocarbamate) complexes, but is seen with [Pt(S2CNR2)2]. It is
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Figure 59. Thermally and electrochemically activated dithiocarbamate exchange in coblat(III)

complexes.
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not clear precisely how exchange occurs, but reactions are catalytic in silver(I)

and probably proceed via the intermediate formation of cationic mixed-metal

clusters (540). The same group have also shown that dithiocarbamate exchange

at mercury(II) and cadmium(II) centers is facile, probably occurring via the

intermediate formation of dimeric species (547, 607).

IV. TRANSITION METAL COMPLEXES: GROUP SURVEY

A. Group 4 (IV B): Titanium, Zirconium, and Hafnium

1. Titanium, Zirconium, and Hafnium

Group 4 (IV B) dithiocarbamate chemistry is constrained to the þ4 oxidation

state. The first reported example was the eight-coordinate tetrakis(dithiocarba-

mate) titanium complex, [Ti(S2CNBz2)4], prepared by Dermer and Fernelius in

1934 (608), while the heavier zirconium and hafnium analogues were first

prepared by Bradley and Gitlitz (193) from the reaction of metal amides,

[M(NR2)4] (M¼ Ti, Zr, Hf), with carbon disulfide.

An earlier report on paramagnetic titanium(III) complexes, [Cp2Ti(S2-

CNR2)], appears to be erroneous (609). More recently, the synthesis of the

yellow-green, air-sensitive, titanium(III) complexes, [Ti(S2CNR2)3] (R¼Me,

Et, Pr, Bu), has been claimed. They supposedly result from the addition of

dithiocarbamate salts to TiCl3 in ethanol and have been characterized by IR

spectral data and magnetic measurements, the latter appearing to show that the

d1 state is retained (610, 611). There appears to have been no further reports of

these complexes and their true identity may require further consideration.

a. Simple Dithiocarbamate Complexes. A number of procedures can be

used for the synthesis of simple halide–dithiocarbamate and eight-coordinate

tetrakis(dithiocarbamate) complexes. Metal tetrachlorides, MCl4 (M¼ Ti, Zr,

Hf), react directly with dithiocarbamate salts the precise product being depen-

dent on the reaction stoichiometry. In this way, a range of new derivatives

[MCl4�x(S2CNR2)x] (R¼ Et, R0 ¼ tolyl; R����H, R0 ¼ C5H9, C7H13; x ¼ 1–4)

have been prepared (612). All are susceptible to hydrolysis, resistance increas-

ing with the number of dithiocarbamate ligands, while the titanium complexes

are more hydrolytically sensitive than their zirconium counterparts (612, 613).

Likewise, heating metal tetrachlorides (M¼ Ti, Zr) with the [NH4][S2CNC4H4]

affords either [MCl2(S2CNC4H4)2] or [M(S2CNC4H4)4] depending on the

stoichiometry used (614). In a further contribution, the salmon pink bis(dithio-

carbamate) complex [TiCl2(S2CNEt2)2] has been prepared upon addition of

2 equiv of NaS2CNEt2 to [TiCl3(CN-t-Bu){m-C(Cl)����N��t-Bu}]2, while
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[Hf(S2CNEt2)4] has been prepared from the analogous hafnium tert-butyl

isocyanide complex (615).

Siddiqi et al. (109) prepared a number of tetrakis(dithiocarbamate) com-

plexes, [M(S2CNHR)4] (M¼ Ti, Zr), derived from primary amines. These can

be accessed from the reaction of the pre-formed dithiocarbamate salt, as is the

case for propanediamine dithiocarbamate complexes (R¼ CH2CH2CH2NH2), or

from their in situ generation in the presence of the metal tetrachloride (R¼
N-phenyl-a-naphthylamines, 2-amino-benzothiazole, benzidine, 2,4-tolylene-

diamine) (616).

There is little structural data for these complexes, being limited to earlier

crystallographic characterization of [Ti(S2CNEt2)4] (384) and [TiCl(S2-

CNMe2)3] (368, 416, 617), which adopt dodecahedral and pentagonal bipyr-

amidal metal coordination environments, respectively.

Both zirconium and hafnium tetrachlorides also react with Me2NC(S)SN(-

SiMe3)2 to give [MCl3(S2CNMe2)], which in the presence of excess pyridine

yield fac-[MCl3(Py)2(S2CNMe2)] (Eq. 29). The zirconium complex has been

crystallographically characterized. It shows a distorted pentagonal bipyramidal

coordination geometry, the dithiocarbamate lying in the equatorial plane (208).

The precise structures of [MCl3(S2CNR2)] remain unknown. In one report, on

the basis of the observation of twoM��Cl bands in the IR spectrum, [MCl3(S2CNR2)]

(M¼ Ti, Zr; R¼Me, Et), have been proposed to be dimeric (618).

Fay (365) showed that the titanium complex, [TiCl(S2CNMe2)3] (51), is

stereochemically nonrigid on the NMR time scale at temperatures down to

�90�C. The low-temperature spectrum shows four methyl resonances (1:2:2:1)

consistent with a pentagonal bipyramidal structure (368). Upon warming, line

shape changes indicate the onset of two distinct fluxional processes; (1) a low-

temperature intramolecular metal-centered rearrangement that exchanges the

unique dithiocarbamate ligand with those in the equatorial plane, and (2) a

higher temperature process involving rotation about the carbon–nitrogen bonds

(�G# ¼ 84 kJ mol�1).
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S
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S

Cl

S

NMe2

Me2N S

NMe2

51

A number of reports focus on the synthesis and structure of aryloxide

complexes. For example, heating [M(OPh)2Cl2] with 2 equiv of NaS2CNRR
0

(R¼ R0 ¼Me, Et, i-Pr; R¼Me, Et, i-Pr, R0 ¼ Cy) affords complexes
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[M(OPh)2(S2CNRR
0)2] (M¼ Ti, Zr) (619). Related methylsalicylato complexes,

[Ti(OC6H4CO2Me)2(S2CNR2)Cl] and [Ti(OC6H4CO2Me)2(S2CNR2)2] (R¼ Et,

Pr, Bu; R2¼ C4H8, C5H10), have also been prepared from [Ti(OC6H4CO2-

Me)2Cl2]. Spectroscopic data suggest that they are seven and eight coordinate,

respectively, although the precise binding mode of the bidentate methylsalicy-

lato group is unknown (620).

b. Cyclopentadienyl Complexes. A large number of publications concern

cyclopentadienyl complexes. Monocyclopentadienyl complexes [CpMCl3] react

with 1–3 equiv of dithiocarbamate salt to produce [CpMCl2(S2CNR2)] (52),
[CpMCl(S2CNR2)2] (53), and [CpM(S2CNR2)3] (54), respectively (Fig. 60) (52,

621–630).

Titanium and hafnium complexes [CpMCl2(S2CNR2)] and [CpMCl(S2-

CNR2)2], in which the dithiocarbamate derives from substituted thiadiazoles

(Fig. 4) have also been prepared (52, 631). For the titanium complexes, on the

basis of IR data in which two n(C��S) bands are observed, it is postulated that

each dithiocarbamate and the nitrogen of the thiadiazole ring is metal bound to

produce six-membered chelate rings, however, this has not been confirmed

crystallographically (52).

Tris(dithiocarbamate) complexes, [(Z5-C5H4R
0)M(S2CNR2)3] (M¼ Ti, Zr,

Hf; R¼Me, Et, Bz; R0 ¼H, Me), have also been prepared from addition of 3

equiv of dithiocarbamate salt to [(Z5-C5H4R
0)2MCl2] (Eq. 49), one of the

cyclopentadienyl ligands is displaced (627–629, 632–634). For example, heating

[Cp2HfCl2] and dithiocarbamate salts in dichloromethane affords [CpHf-

(S2CNR2)3] (R¼Me, Et) in >90% yield (634).
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Figure 60. Monocyclopentadienyl complexes of the group 4 (IV B) metals.
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Based on IR studies, [CpM(S2CNBz2)3] (M¼ Ti, Zr, Hf) are proposed to be

seven-coordinate (629, 632) and this is confirmed crystallographically for

[CpTi(S2CNMe2)3] (55) (635) and [(Z5-C5H4Me)Zr(S2CNBz2)3] (56) (636,

637) (Fig. 61). Both have a distorted trigonal-bipyramidal geometry with the

cyclopentadienyl ligand occupying an axial site and one dithiocarbamate

spanning axial–equatorial (ax–eq) sites. In [CpTi(S2CNMe2)3] (635), unusually

long titanium–sulfur distances [Ti-S(av) 2.611 Å] are found, being attributed to

steric crowding. For [(Z5-C5H4Me)Zr(S2CNBz2)3], there are two independent

molecules in the asymmetric unit, the difference between them relating to the

relative orientation of the cyclopentadienyl ligand and five equatorial sulfur

atoms being either staggered or eclipsed (636, 637). Less is known about the

structure of the hafnium complexes, and on the basis of NMR measurements, it

has been suggested that [CpHf(S2CNMePh)3] adopts a capped octahedral

configuration (628).

In two papers, Fay et al. (366, 367) used variable temperature NMR studies to

probe the stereochemical nonrigidity of seven-coordinate pentagonal bipyrami-

dal complexes [CpM(S2CNMe2)3] (M¼ Ti, Zr, Hf). They undergo a metal-

centered rearrangement that is slow on the NMR time scale, together with three

other fluxional processes: (1) exchange of the methyl groups on the equatorial

dithiocarbamate ligands ðIeÞ; (2) exchange of the methyl groups in the unique

dithiocarbamate ðIuÞ; (3) exchange of the equatorial and unique dithiocarbamate

ligands (see Section III.C) (366). The complex [Cp*Zr(S2CNMe2)3] (Cp*¼
pentamethylcyclopentadienyl) displays similar fluxional properties to its unsubsti-

tuted analogue, although the interconversion of dithiocarbamates is appreciably

slower due to the greater steric crowding (367), while [CpHf(S2CNR2)3] (R¼Me,

Et) also show metal-centered rearrangements and hindered rotation about the

carbon–nitrogen bonds, all of which are slow on the NMR time scale (634).

The relative stability of a number of mono(cyclopentadienyl) complexes has

been assessed. Hafnium complexes are stable to 160–180�C, but hydrolyze

slowly in air (625), while titanium complexes, which are stable up to 150�C, are
also air stable, but hydrolyze slowly in solution (626).
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Figure 61. Crystallographically characterized examples of seven-coordinate cyclopentadienyl

tris(dithiocarbamate) complexes.
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A wide range of bis(cyclopentadienyl) complexes [Cp2MCl(S2CNR2)]

(M¼ Ti, Zr) have been prepared by Kaushik and co-workers (619, 621, 622,

633, 638–643) and others (627, 644, 645). They result upon thermolysis of 1

equiv of dithiocarbamate salt with [Cp2MCl2] in dichloromethane (Eq. 50),

while a large range of related fluorenyl complexes [(Z5-C13H9)2ZrCl-

(S2CNHAr)] (R¼ Ph, o-tolyl, p-tolyl, o,m,p-C6H4Cl, p-C6H4X; X¼ Cl, Br, I,

OMe) has also been prepared in a similar fashion (646). Suzuki et al. (644) also

prepared [Cp2Zr(Me)(S2CNR2)] (R¼Me, Et) via similar methods but utilizing

thallium dithiocarbamates.

M
Cl

Cl
M

S

S
CNR2

X
R2CNS2

−

∆

M = Ti,Zr

ð50Þ

A number of mono(dithiocarbamate) complexes [Cp2ZrCl(S2CNR2)] have been

crystallographically characterized (623, 624, 647–649) as has [Cp2Zr(Si-

Me3)(S2CNEt2)], formed like its hafnium analogue, from [Cp2M(SiMe3)Cl]

(M¼ Zr, Hf) (650). All show a five-coordinate bent metallocene structure and,

as a result of steric crowding, unusually long zirconium–sulfur and zirconium–

element bonds. In each the dithiocarbamate is bound asymmetrically with one

long zirconium–sulfur contact of >2.7 Å.

Three papers describe cyclopentadienyl zirconium phenoxide complexes

(623, 651, 652). Addition of phenols to [Cp2Zr(S2CNC4H4)Cl] in the presence

of triethylamine yields aryloxides, [Cp2Zr(S2CNC4H4)(O-p-C6H4X)] (X¼H,

Me, NH2, NO2, Cl, o-NO2) (623), while analogous dimethyldithiocarbamate

complexes have also been prepared (652). One example, [Cp2Zr(OPh)-

(S2CNMe2)], has been crystallographically characterized (651). The two zirco-

nium–sulfur bond lengths differ by 0.13 Å, that at 2.789(4) Å being among the

longest terminal zirconium–sulfur bonds known.

Bis(cyclopentadienyl) complexes, [Cp2ZrX(S2CNR2)], have been extensively

studied by variable temperature (VT) NMR (647, 649, 652), the dithiocarbamate

substituents undergoing exchange. For example, a 1H NMR study of

[Cp2ZrCl(S2CNMe2)] shows that the methyl groups undergo facile exchange

(647). Exchange rates are shown to be independent of X for halide or alkyl

groups, but a dramatic increase in the rate is seen as the p-donor ability of X

varies; Cl<OPy<OPh (652). Possible mechanisms have been analyzed,

and on the basis of kinetic and structural data, reinforced by EHMO

(EHMO¼ extended Hückel molecular orbital) calculations, a restricted rotation

about the carbon–nitrogen bond is proposed for simple halide and alkyl

complexes (647). For aryloxide derivatives, however, methyl group exchange
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may occur via a zirconium–sulfur bond rupture mechanism that is promoted by

the p-donor properties of these ligands (652).

An early paper describes the synthesis of yellow-brown [Cp2Ti(S2CNHAr)2],

formed upon addition of 2 equiv of ammonium dithiocarbamate salts to

[Cp2TiCl2] in water (653). In light of the later work described above, it would

appear that this formulation is incorrect, and interestingly the authors state that

attempts to prepare the same materials in organic solvents such as THF or

acetone gave only impure products.

c. Other Complexes. In two papers, Shukla and Srivastava make claim to

the synthesis of oxo titanium and zirconium complexes, [MO(S2CNR2)2] (654,

655), which are inert to oxygen and water and insoluble in common organic

solvents. They result from the reaction of titanyl hydroxide or hydrated oxo-

zirconium hydroxide with 2 equiv of carbon disulfide and amine and are

assigned on the basis of IR stretches attributed to the M����O vibration at

1040� 5 and 980� 2 cm�1, respectively. They are reported to react further

with 2 equiv of HgX2, and although the nature of the products is not clear, it is

proposed that mixed-metal complexes result with the dithiocarbamate acting in

a bridging capacity. Similarly, Kumar and Kaushik (656) reported the synthesis

of related complexes, [MO(S2CNR2)2].2H2O (M¼ Zr, Hf), upon addition of 2

equiv of dithiocarbamate salts to the appropriate metal oxychlorides. The IR and

magnetic data suggest that they are five-coordinate complexes (656).

In a large number of papers, cationic titanium and zirconium complexes

[CpM2L]Cl (L¼monoanionic chelating oxygen or nitrogen bound ligand) have

been reacted with dithiocarbamate salts to produce [CpM2L][S2CNR2], with no

evidence for metal coordination of the dithiocarbamate (657–665).

d. Applications. In the presence of sodium hydride, [Cp2TiCl(S2CNBz2)]

has been shown to display high catalytic activity for the hydrogenation of hex-1-

ene under mild conditions [20�C 1 atm�1; TON(max) 1939 mol H2/ mol Ti s�1,

3522 mol H2 mol�1 Ti in 2 h], however, just like [Cp2TiCl2], the activity quickly

decays (648).

Toxicity studies of these same tetrakis(dithiocarbamate) complexes toward

houseflies and cockroaches have been carried out, showing that the titanium

complexes are slightly more toxic than the analogous sodium salts (616).

B. Group 5 (V B): Vanadium, Niobium, and Tantalum

1. Vanadium

The first examples of vanadium dithiocarbamate complexes were the eight-

coordinate vanadium(IV) species [V(S2CNR2)4] prepared in the late 1960s by
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Bradley and Gitlitz (193, 666) via the insertion of carbon disulfide into metal

amides, [V(NR2)4]. Dithiocarbamates are now known to stabilize vanadium in

oxidation states ranging from þ3 to þ5.

a. Simple Dithiocarbamate Complexes. Vanadium(III) complexes,

[V(S2CNR2)3] (57) (Fig. 62), can be prepared from the direct reaction of

VCl3 and 3 equiv of anhydrous dithiocarbamate salts (667), while other

examples have been prepared from VBr2.6H2O (668). Complexes [V(S2-

CNR2)3] (R¼Me, Et, Pr, i-Bu) are orange-brown and paramagnetic (meff
2.60–2.76 BM), and all change color on exposure to air, with [V(S2CNMe2)3]

being pyrophoric (668). Three tris(dithiocarbamate) complexes, [V(S2CNEt2)3]

(385), [V(S2CN��i-Bu2)3] (669), and [V(S2CNC5H10)3] (670) have been char-

acterized crystallographically, with [V(S2CN��i-Bu2)3] (669) containing two

independent molecules in the asymmetric unit. All display a coordination

geometry intermediate between an octahedral and trigonal prismatic,

the distortion from a pure octahedron being attributed to a Jahn–Teller effect

(669).

Few mixed halide–dithiocarbamate complexes appear to be known, the only

report in this area suggesting that addition of 2 equiv of dithiocarbamate salts to

VCl3 affords complexes of the form [VCl(S2CNC4H8X)2] (X¼O, S, NMe,

CH2), the structures of which are unknown (667).

Tetrakis(dithiocarbamate) vanadium(IV) complexes, [V(S2CNR2)4] (58)

(Fig. 62), can also be prepared (615, 671–673). For example, addition of 10

equiv of NaS2CNBz2 to vanadyl sulfate affords [V(S2CNBz2)4], which, can be

stored at room temperature for 1 week as a solid (671). Pyrrole-, indole-,

indoline-, and carbazole-derived dithiocarbamate complexes have all been

prepared in a similar manner from their respective potassium salts (672).

Single-crystal and powder ESR studies on [V(S2CNEt2)4] have been used to

probe the coordination geometry, and confirm that the discrete eight-coordinate

geometry is close to an ideal triangular dodecahedron ðD2dÞ (59) (Fig. 62) (673).
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Figure 62. Structural representations of vanadium tris- and tetrakis(dithiocarbamate) complexes.
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Vanadium(IV) cyclopentadienyl complexes, [Cp2V(S2CNR2)]
þ, have

previously been prepared and studied (674, 675), and more recently a

crystallographic and ESR study of [Cp2V(S2CNEt2)][BF4] has been carried

out (676).

b. Oxo and Imido Complexes. A number of vanadium dithiocarbamate

complexes have been studied with strong p donors such as oxo or imido as

supporting ligands. A range of vanadium(V) complexes, [VOCl2(S2CNR2)],

[VOCl(S2CNR2)2], and [VO(S2CNR2)3] (R1¼H, R2¼ C5H9, C7H13; R2¼
C4H8X; X¼O, S, NMe, CH2), are reported to be formed upon addition of

between 1 and 3 equiv of dithiocarbamate salts to VOCl3 (667, 677), although

their structures remain unknown.

A number of reports detail the synthesis of vanadyl dithiocarbamate com-

plexes of the general formula [VO(S2CNR2)2] (60) (53,345,351,667–683). They

are generally prepared upon addition of dithiocarbamate salts to vanadyl sulfate.

For example, Preti and co-workers (667) reported that addition of 2 equiv of

cyclic dithiocarbamate salts to vanadyl sulfate affords [VO(S2CNC4H8X)2]

(X¼O, S, NMe, CH2), and the dithiocarbamate salt derived from 2-methylpi-

perazine gives a similar product (345). Sakurai et al. (678) prepared a number of

these complexes including those with N-methyl, N 0-D-glucamine and sarcosine

dithiocarbamate, while Bereman and Nalewajek (352) prepared gray pyrrole,

indole, indoline, and carbazole-derived dithiocarbamate complexes. The latter

are prepared under almost identical conditions to the red-brown tetrakis(dithio-

carbamate) complexes described above, the only difference being the solvent

used; ethanol for vanadyl complexes versus acetonitrile for the latter.

All are proposed to have five-coordinate square-based pyramidal structure,

similar to that found previously in [VO(S2CNEt2)2] (684). Doadrio et al. (681)

looked in some detail at the vibrational and electronic spectra of a range of these

complexes. In the IR, a number of distinct bands are observed, most notably the

n(V����O), which appears between 950 and 1000 cm�1, varying as a function of

the dithiocarbamate substituents and being correlated with the b2 ) ep�

absorption in the electronic spectrum.
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The six-coordinate vanadyl dithiocarbamate complex, [VO(S2CNEt2)2(py)],

results from addition of NaS2CNEt2 to vanadyl sulfate in the presence of

pyridine. In contrast, addition of piperidine to [VO(S2CNR2)2] (R¼ Et, Pr, i-Pr,

148 GRAEME HOGARTH



Bu, i-Bu) in water reportedly affords ionic compounds formulated as

[VO(OH)2(S2CNR2)(pip)2].3H2O (685). More recently, the same group have

reported somewhat similar results from reactions of pyridine with a range of

vanadyl bis(dithiocarbamate) complexes (679). In some instances simple

adducts, [VO(S2CNR2)2(py)] (R¼ Pr, i-Bu, Cy; R2¼ PhH), are formed, how-

ever, for others, ionic products, [VO(OH)(S2CNR2)(py)2][OH].H2O (R¼ i-Pr;

R2¼ C4H8O, C5H10), result.

One of the dithiocarbamate ligands in [VO(S2CNR2)2] (R¼ i-Pr; R2¼ C4H8)

can be replaced by quinoline or thiourea ligands (L) producing mixed-ligand

vanadyl complexes, [VO(S2CNR2)L], which have been characterized by ESR

spectroscopy (682). In a series of papers, Ivanov et al. (686–688) has probed the

products of the reaction of [VO(S2CNR2)2] with varying amounts of thallium

dithiocarbamates by ESR spectroscopy. While definitive structural assignments

are difficult to arrive at, it seems that addition of 1 and 2 equiv of TlS2CNR2 is

possible, with dithiocarbamates bridging between metal centers.

Shukla and Srivastava (683) reported that vanadyl complexes [VO(S2C-

NR2)2] react with a range of soft acceptors, such as AgX, HgX2, and CdX2

(X¼ Cl, SCN, CO2CF3, ClO4), to form heterobimetallic adducts,

[VO(S2CNR2)2.2MX]. The structures of these are unknown, with the authors

proposing that they contain dithiocarbamates bridging the two metal centers.

Acetyl halides have been used to replace the oxo group in [VO(S2CNR2)2]

(R¼Me, Et; R2¼ C4H4) yielding [VX2(S2CNR2)2] (X¼ Cl, Br) (Eq. 51). Both

diethyldithiocarbamate complexes have been crystallographically characterized

and show a distorted octahedral coordination geometry with cis halides (689,

690). The dichlorides, [VCl2(S2CNR2)2] (R¼Me, Et; R2¼ C5H10, C4H8O),

have also been prepared from the reaction of [VCl2(thf)2] with thiuram

disulfides (Eq. 51) (173).
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The synthesis and crystal structure of the tris pyrazolylborate complex

[Tp*VO(S2CNPr2)] (61) has been reported. It adopts a distorted octahedral

geometry with approximate Cs symmetry, and a short V����O bond [1.589(4) Å]

(691), which is similar to that found in [Tp*VO(acac)] (acac¼ acetylacetonato).

The ESR studies have been carried out on [Tp*VO(S2CNR2)] (R¼ Et, Pr), and
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the ESR parameters and molecular geometries, in conjunction with a para-

meterized angular overlap model, are used to analyze the electronic structures in

both molecules. A similar analysis has been carried out on [VO(S2CNEt2)2] for

comparison (692).
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Vanadium imido complexes feature in a number of reports. Addition of 3

equiv of dithiocarbamate salts to [V(NAr)Cl3(dme)] (dme¼ 1,2-dimethox-

yethane) (Ar¼ 2,6-i-Pr2C6H3) affords [V(NAr)(S2CNR2)3] (R¼ i-Pr; R2¼
C4H4) (62) (Fig. 63) (427). A crystallographic study (R2¼ C4H4) reveals a

distorted pentagonal bipyramidal coordination geometry, the imido group

occupying an axial site. The trans-influence of the latter is apparent from the

lengthening of the unique axial vanadium–sulfur bond [2.564(3) Å] as compared

to those in equatorial positions [2.494(3)–2.504(3) Å]. Maatta and co-workers

(693) have also prepared a series of imido–dithiocarbamate complexes,

[V(NAr)Cl3-x(S2CNR2)x] (Ar¼ p-tolyl; R¼Me, Et; x ¼ 1–3), from [V(NAr)-

Cl3], together with imido-bridged [(R2NCS2)3V����N-p-C6H4N¼V(S2CNR2)3]

(63) (Fig. 63), prepared in an analogous way.

Further reduction of [V(NAr)Cl(S2CNR2)2] with zinc affords [V(NAr)(S2-

CNR2)2] (Eq. 52). A large number of 51V NMR spectra have been measured and
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Figure 63. Examples of vanadium(V) tris(dithiocarbamate) imido complexes.
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it is found that d51V correlates with lmax from the visible region of the

electronic spectrum (693).
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c. Bi- and Polynuclear Complexes. Dimeric vanadium(IV) complexes,

[V2(m-S2)2(S2CNR2)4], readily form from the reaction of [VS4]
3� and thiuram

disulfides (171, 172, 694, 695). Two examples (R¼ Et, Bu) have also been

prepared from the nucleophilic substitution of the alkyl trithiocarbonate ligands

in [V2(m-S2)2(S2CSMe)4] upon reaction with the corresponding secondary

amines (227). Recently, a further synthetic procedure has also been developed

from commercially available starting materials; involving the slow acidification

of an aqueous solution of [VO4]
3� and NaS2CNR2. The resulting precipitate,

presumed to be [VO(S2CNR2)3], is then reacted with hydrogen sulfide in air and

in this manner a number of complexes (R¼ Et, Bu; R2¼ C4H8) have been

prepared in good yields (696).

Depending on the crystallization conditions, solvated or unsolvated structures

result and the configurations at vanadium varies (Fig. 64). In all structures,

vanadium–vanadium and sulfur–sulfur distances are � 2.9 and 2.0 Å, respec-

tively, and the structural unit has been compared to that of the mineral patronite

(VS4), which consists of linear chains of vanadium(IV) ions bridged by S2�2
ligands (172). Molecules generally possess a center of inversion and thus are the

meso diastereoisomers (172, 696), the exception is [V2(m-S2)2(S2CN��i-Bu2)4],
which adopts the rac form, possibly in order to ease the steric crowding caused

by the bulky isopropyl substituents (695).
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Figure 64. Optical isomers of [V2(m-S)2(S2CNR2)4].
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A wide range of sulfido-capped tri- and tetranuclear clusters have been

prepared and crystallographically characterized, mainly by Liu and co-workers

(697–699). The general synthetic strategy adopted is to react [NH4]3[VS4] with

a reducing agent and a dithiocarbamate salt in acetonitrile. A number of

monoanionic trinuclear clusters, [V3(m
3-S)(m-S2)3(S2CNR2)3]

� (64), have been

prepared in this fashion (697–699); mononuclear tris(dithiocarbamate) com-

plexes, [V(S2CNR2)3], often being coproducts (385). The cluster core has

approximate C3v symmetry, with one sulfur atom capping all three vanadium

atoms. The S2�2 units bridge vanadium–vanadium vectors, one sulfur lying in the

V3 plane and the second below it. This arrangement is similar to that found in

related molybdenum and tungsten clusters discussed later (see Sections IV.C.2.c

and IV.C.3.i).
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Although the trinuclear core formally contains vanadium(III) and vanadium

(IV) ions, all are equivalent suggesting that the unpaired electron(s) are

delocalized. The paramagnetic trimetallic center also has an unusual effect on

the chemical shifts of a-protons of the dithiocarbamate ligands in the 1H NMR

spectrum, which can be shifted downfield as far as d 10.7 ppm. The clusters are

redox active and undergo reversible one-electron reduction and oxidation

processes (697).

The cubane cluster, [V4(m
3-S)4(S2CNC4H8)4(m-S2CNC4H8)2]

� (65), has been

prepared from [VS4]
3� utilizing PPh3 as the reductant (268). Again, there is

electronic delocalization over the V4S4 core, with two reversible one-electron

redox couples are seen by cyclic voltammetry. Variable-temperature magnetic

susceptibility studies also reveal the presence of intermolecular antiferromag-

netic exchange interactions even at room temperature, while when dissolved in

DMSO, one of the terminal dithiocarbamate ligands is exchanged reversibly

yielding [V4(m
3-S)4(S2CNC4H8)3(dmso)2(m-S2CNC4H8)2].
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Carrying out the reduction of [VS4]
3� in the presence of a second metal salt

leads to the generation of a wide-range heterocubane clusters (269, 700–706)

many of which have been characterized crystallographically. These include

[V2M2(m
3-S)4(S2CNR2)2(SPh)2]

2� (M¼ Cu, Ag) (66) (Fig. 65) (700, 704–706),

[VFe3(m
3-S)4(S2CNR2)4]

� (67) (Fig. 65) (701, 702), [V2Fe2(m
3-S)4(S2CNR2)2-

(m-S2CNR2)]
� (269), and [V2Ag2(m

3-S)4(S2CNR2)2(PPh3)]
� (703). Crystallo-

graphic, Mössbauer, and electrochemical data suggest that all display a high

degree of electronic delocalization within the cubane core. For example, in

[VFe3(m
3-S)4(S2CNR2)4]

� (701, 702), metal sites are crystallographically in-

distinguishable, and all three iron sites are equivalent by Mössbauer spectro-

scopy. Clusters are redox active, for example, [VFe3(m
3-S)4(S2CNR2)4]

� shows

two reversible one-electron reduction processes together with a reversible one-

electron oxidation (701).

An incomplete cubane cluster, [V2Ag(m
3-S)(m-S)3(S2CNMe2)2(PPh3)]

� (68)

(Fig. 66), has also been synthesized in low yield using [Ag(PPh3)2Cl] as both the

silver source and reductant (703). Both vanadium ions possess identical

coordination environments and all metal–metal distances are shorter than found
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Figure 65. Examples of heterocubane clusters containing vanadium dithiocarbamate groups.
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in related cubane clusters. Open pentanuclear clusters [VCu4(m-S)4(S2CNR2)n-

(SPh)4�n]
3� (n ¼ 0–2) (69) (Fig. 66) have also been isolated along with

heterometallic cubanes from the reaction of [NH4]3[VS4], CuCl, NaS2CNR2,

and NaSPh in dimethylsulfoxide (DMF) (706). They contain a tetrahedral VS4
core and almost planar VCu4 array, each copper ion supporting either a

dithiocarbamate or thiolate ligand. Spectroscopic and magnetic data suggest

that the vanadium is in the þ5 oxidation state, being surrounded by four

copper(I) centers, while 51V NMR spectroscopy has been utilized in order to

probe cluster assembly.

Garner and co-workers (707) reported the synthesis of trinuclear [V3O

(m-O)2(m-S)2(S2CNEt2)3]
� (70) (Fig. 67) from VCl3, Li2S, Et4NBr, and

NaS2CNEt2.3H2O in acetonitrile. Lui and co-workers (703) also prepared this

as a side product of the reaction of [NH4]3[VS4], [Ag(PPh3)2Cl], Et4NCl, and

NaS2CNEt2.3H2O. Both groups have crystallographically characterized the

complex. An ESR study (707) suggests that the paramagnetism is associated

with the vanadyl ion, the other two vanadium (IV) ions are spin coupled by the

vanadium–vanadium interaction over 2.715(3) Å. Cyclic voltammetry in DMF

shows a series of redox processes that have been interpreted to result from a

dissociation of the trimer into [V2O2(m-S)2(S2CNEt2)2]
2� (71) (Fig. 67) and

[VO(S2CNEt2)(dmf)2]
þ fragments (703).
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Figure 67. Sulfido-bridged vanadium oxo complexes.
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Figure 66. Further examples of vanadium-containing dithiocarbamate clusters.
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In support of this hypothesis, Liu and co-workers (703) prepared and

crystallographically characterized [NEt4]3[Na{V2O2(m-S)2(S2CNEt2)2}2], which
contains two cis-[V2O2(m-S)2(S2CNEt2)2]

2� anions linked through all four

oxygens to the sodium cation, and shows some common redox properties

with [V3O(m-O)2(m-S)2(S2CNEt2)3]
�.

The V2O2(m-S2)(S2CNR2)2 unit seen above is quite common. Reaction of

M(S2CNR2) (M¼Na, K), [NH4]3[VS4], PPh3, and Et4NCl in acetonitrile leads

to three complexes of this type, which have been crystallographically char-

acterized, namely, [NEt4]3[K{V2O2(m-S)2(S2CNEt2)2}2], [NEt4]2[NH4][Na

{V2O2(m-S)2(S2CNC5H10)2}2] (72) (Fig. 68), and [NEt4]3[Na3(H2O){V2O2

(m-S)2(S2CNMe2)2}3] (73) (Fig. 68) (670). In the latter, each of the three

sodium ions links to two vanadyl oxygen atoms of different V2O2(m-S2) units
and are further held together via a central water molecule.

d. Other Complexes. Other reports include the reaction of vanadyl sulfate

and ammonium molybdate in the presence of dithiocarbamate salts, which is

proposed to afford heterobimetallic complexes, [MoVO4(S2CNR2)2]. The

dithiocarbamates probably act in a bridging capacity, although precise structural

details remain unknown (708). Addition of barium salts of dithiocarbamates

derived from amino acids to [VO(acac)2] and other acetylacetenoate salts is

believed to yield complexes of the type, [{M(acac)}2(m-S2CNR2)] (M¼V, Fe,

Co, Ni, Cu), whereby the dithiocarbamate is bound to one metal ion through the

two sulfurs, and to the second through the carboxylic acid functionality (709).

e. Applications. Vanadium dithiocarbamate complexes have found a range

of applications, some being quite unusual. Vanadocene complexes, [Cp2V-

(S2CNR2)][X] (74), are effective spermicidal agents (676,710–713), with the

BF4 (676) and SO3CF3 (712) salts being the most potent in the inhibition of

V
S

S
NR2

VS

SR2N

S

S

OO

V
S

SR2N

V S

S NR2

S

S

O O
Na

V
S

S
NEt2

VS

SEt2N

S

S

OO

V
S

SEt2N

V S

S NEt2

S

S

O O
K

3− 3−

72 73

Figure 68. Examples of clusters containing V2O2(m-S)2(S2CNR2)2 units linked by alkali metal ions.
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human sperm motility. By using ESR spectroscopy, [Cp2V(S2CNEt2)][BF4] has

been shown to retain its structural integrity at physiologic pH, while cyclic

voltammetry reveals a quasi-reversible one-electron reduction process (676).

V
S

S
CNEt2

+

74

A range of vanadyl complexes, [VO(S2CNR2)2], have been investigated as

insulin mimics as they inhibit the release of fatty acid from rat apidocytes,

similar to the action of insulin (678, 680). Sakurai and co-workers (678) found

that complexes derived from piperidine and sarcosine proved the most effective,

while the piperidine complex also promoted the incorporation of glucose in rat

L6 muscle cells and may be a good agent to treat insulin-dependent diabetes in

experimental animals. In very recent work, Conconi et al. (680) found that

[VO(S2CNC4H8)2] exerted insulin secretagogue action within concentration

levels of 0.1–1.0 mM, enhancing both basal and glucose-stimulated insulin

release, and as such it may be considered a potential elective pharmaceutical

tool in the therapy of diabetes.

The vanadium(V) oxo complex, [VO(S2CNMe2)3] (714), has been shown to

sensitize the polymerization of styrene when irradiated at l 365 nm (715). A

spectroscopic analysis shows that initiation occurs primarily through loss of a

dithiocarbamate radical via an intramolecular photoredox reaction, with

[VO(S2CNMe2)2] being the final photoproduct. The rate of polymerization is

proportional to the square root of [VO(S2CNMe2)3] concentration.

The yellow vanadium(III) complex, [V(S2CNEt2)3], has been utilized as a

spectrophotometric reagent for the determination of vanadium concentrations;

vanadium(V) being first reduced with dithionite, and after addition of NaS2C-

NEt2, the absorption maxima of [V(S2CNEt2)3] at 350 nm is measured (716).

2. Niobium and Tantalum

The development of niobium and tantalum dithiocarbamate chemistry is

relatively recent, the first well authenticated examples coming from the insertion

of carbon disulfide into metal amide complexes to give [M(S2CNR2)4] (193,

666). Dithiocarbamates are now known to stabilize niobium and tantalum in the

þ3 to þ5 oxidation states.

a. Simple Dithiocarbamate Complexes. Simple niobium(V) complexes

include [NbCl3(S2CNEt2)2] (75) (Fig. 69), which has been characterized crystal-

lographically (717, 718). It contains a pentagonal bipyramidal coordination
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geometry, with two chlorides occupying the axial sites. It can be prepared upon

addition of tetraethylthiuram disulfide to [Nb2Cl6(SMe2)3] (718) or from the

reaction of NbCl5 with Me3SiS2CNEt2 (717). Interestingly, from the latter, a

coordination isomer, [Nb(S2CNEt2)4][NbCl6] (76) (Fig. 69), also results, the two

being easily distinguished by 93Nb NMR spectroscopy. Somewhat similarly,

attempts to crystallize [NbCl2(S2CNEt2)3] gave [Nb(S2CNEt2)4]2[NbCl5S],

which contains two independent cations each with a dodecahedral ðD2dÞ
coordination environment (428).

A range of other cationic niobium and tantalum tetrakis(dithiocarbamate)

complexes, [M(S2CNR
1R2)4]X (M¼Nb, Ta; R1¼ R2¼Me, i-Bu; R1¼Me,

R2¼ i-Pr, Ph, Cy, Bz), have been prepared from the metal pentachlorides and

anhydrous dithiocarbamate salts (719). They are fluxional on the NMR time

scale, a polytopal mechanism being proposed via a cubic or square antiprismatic

transition state. The kinetics of this process has been studied by total line shape

analysis, giving �G# values of 42–50 kJ mol�1.

Tantalum halide complexes have not been so widely studied as their niobium

analogues. Richards and co-workers (615) reported the synthesis of [TaBr3(S2C-

NEt2)2] upon addition of NaS2CNEt2 to Ta2Br10. They suggest that it is a seven-

coordinate complex, and may have a structure similar to [NbCl3(S2CNEt2)2]

(discussed above). However, there is some suggestion that in solution partial

dissociation of a bromide occurs, in a similar fashion to that previously proposed

for the analogous chloride, [TaCl3(S2CNEt2)2] (720). The tris(dithiocarbamate)

tantalum bromide complex, [TaBr2(S2CNEt2)3], is molecular as shown by a

crystallographic study. It adopts a dodecahedral geometry, the bromides occu-

pying sites trans to one another (429).

In other work, a new high-yield synthesis of the known alkoxide complexes,

[NbCl(OR)2(S2CNR2)2], has been reported from [NbCl3(OR)2] and 4 equiv of

dithiocarbamate salt in THF. All are soluble in polar solvents, but insoluble in

alkanes (721).

b. Oxo and Sulfido Complexes. Oxo complexes of niobium and tantalum

supported by dithiocarbamate ligands are rare and unknown, respectively.

Holm and co-workers (722) prepared [NbO(S2CNEt2)3] from [Nb6O19]
8� and
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Figure 69. Examples of niobium(V) dithiocarbamate complexes.
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NaS2CNEt2 at pH � 5. Addition of (Me3Si)2S (722) or boron sulfide (430)

affords the analogous sulfido complex, [NbS(S2CNEt2)3] (Eq. 53), while with

boron sulfide, small amounts of [Nb(Z2-S2)(S2CNEt2)3] and [Nb2(m-S2)2(S2CN
Et2)4] also result (430).
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A numbers of other publications focus on complexes supporting sulfido

ligands. Products from the addition of 5 equiv of NaS2CNEt2 to niobium

pentahalides are halide dependent. The sulfido complex, [NbS(S2CNEt2)3],

results from the chloride, while in contrast [Nb(S2CNEt2)4]Br is formed in

high yield when the bromide is used (403). Both structures have been elucidated

crystallographically. The coordination sphere in [NbS(S2CNEt2)3] is a distorted

pentagonal bipyramid, the sulfido ligand occupying an axial site (402, 428).

Interestingly, there are two molecules in the asymmetric unit that differ as a

result of the ethyl group orientations and this is manifested in the somewhat

different niobium–sulfido bond lengths of 2.164(3) and 2.112(3) Å (403).

Addition of 5 equiv of NaS2CNEt2 to TaCl5 yields both yellow [TaS(S2CNEt2)3]

(77) and green [TaS2(S2CNEt2)3] (78) (Fig. 70), as does the reaction of TaBr3S

with 3 equiv of dithiocarbamate salt in carbon disulfide (403, 431, 723). Both

have also been characterized crystallographically and show distorted pentagonal

bipyramidal (723) and dodecahedral (403, 432) coordination geometries, re-

spectively.

Niobium complexes with sulfido and disulfur ligands behave quite differently

toward the activated alkyne, dimethylacetylene dicarboxylate (R¼ CO2Me)

(724). Thus, while [NbS(S2CNEt2)3] is unreactive, even under forcing condi-

tions, a clean reaction occurs with [NbS2(S2CNEt2)3] giving [Nb{Z2-SC(R)����
C(R)S}(S2CNEt2)3] (Eq. 54). The latter, which results from alkyne addition

across the disulfur unit, has been characterized crystallographically and shows a
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Figure 70. Tantalum(V) tris(dithiocarbamate) sulfido and disulfido complexes.
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distorted dodecahedral coordination geometry.
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c. Complexes with Nitrogen Donor Ligands. A wide range of niobium

and tantalum imido complexes, [M(NR0)(S2CNR2)3] (M¼Nb, Ta; R0 ¼Me, Pr,

i-Pr, t-Bu, Ph, p-tol, p-C6H4OMe), have been prepared from the reaction of

metal pentahalides with Me3SiS2CNR2 (R¼Me, Et) in the presence of an

excess of the relevant primary amine (210). Crystallographic characterization of

[Nb(N-p-tolyl)(S2CNEt2)3] confirms that the p-donor ligand occupies an axial

site, while carrying out the same synthetic procedure in the presence of 1,1-

disubstituted hydrazines yields related hydrazido(2�) complexes [M(NNR2)-

(S2CNR2)3] (Eq. 30) (210).

In a series of contributions, Henderson and co-workers (429, 725–728)

focused on the chemistry of niobium and tantalum dithiocarbamate complexes

with a variety of dinitrogen-containing ligands. Complexes containing dinitro-

gen itself, [{M(S2CNEt2)3}2(m-N2)] (M¼Nb, Ta), are formed from

[{MCl3(thf)2}2(m-N2)] and Me3SiS2CNEt2 (429). They are the first dinitrogen

complexes in which the coligands are exclusively sulfurous. A crystallographic

study (M¼Nb) shows that each nitrogen occupies an axial site, the nitrogen–

nitrogen distance of 1.25(2) Å suggesting some double-bond character. Addition

of excess anhydrous acids (HX) results in the stoichiometric release of

hydrazine with formation of [MX2(S2CNEt2)3] (Eq. 55).
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ð55Þ
The kinetics of this reaction have been determined and a multistep reaction

scheme proposed (727), in which the rate-limiting step is the protonation of the

bridging nitrogen atoms (Fig. 71). In the case of tantalum, the monoprotonated
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species, [{Ta(S2CNEt2)3}2(m-N2H)]
þ, was detected spectrophotometrically and

cleavage of the nitrogen–nitrogen bond occurs only after addition of at least two

protons. Addition of HBr in MeCN to [{Ta(S2CNEt2)3}2(m-N2)] resulted in the

rapid formation of [(Et2NCS2)3Ta(m-NHNH2)TaBr(S2CNEt2)3]
2þ from which

tantalum–nitrogen cleavage was rate limiting, leading to the formation of

[TaBr(S2CNEt2)3]
þ and [Ta(S2CNEt2)3(NHNH2)]

þ. The latter reacts further

with HBr to give hydrazine and [TaBr2(S2CNEt2)3] (728).

In related studies designed to gain further insight into the role of hydrazido

ligands in the process, hydrazido(2�) [Nb(NNMeR)(S2CNEt2)3] (R¼Me, Ph)

(79) (Fig. 72) (726), hydrazido(1�) [TaCl3(MeNNMe2)(S2CNEt2)] (80)

(Fig. 72), and [Ta(MeNNMe2)(S2CNEt2)3]Br (81) (Fig. 72) (725) complexes

have been prepared and investigated. Addition of excess anhydrous HBr to
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Figure 71. A proposed mechanistic pathway for the generation of hydrazine upon protonation of

tantalum dinitrogen complexes.
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[Ta(MeNNMe2)(S2CNEt2)3]Br yields an equivalent of substituted hydrazine salt

together with [TaBr2(S2CNEt2)3] (725), while under the same conditions

[Nb(NNMeR)(S2CNEt2)3] behaves analogously generating [NbBr2(S2CNEt2)3]

(726). The latter reaction has been studied in some depth and occurs in two

stages; a rapid initial double protonation to yield [Nb(NHNHMeR)(S2C-

NEt2)3]
2þ, which then slowly decomposes to the observed products.

d. Other Complexes. Dimeric niobium(IV) complexes, [Nb2(m-
S2)2(S2CNR2)4], analogous to those discussed earlier for vanadium, have been

prepared (729–731) and bridging ligand substitution reactions studied (732). For

example, addition of NaS2CNEt2.3H2O to [Et4N]4[Nb2(m-S2)2(NCS)8] gives

[Nb2(m-S2)2(S2CNEt2)4] in 73% yield (Eq. 56) (731). An initial X-ray diffrac-

tion study appeared to show an unusually long sulfur–sulfur interaction of 2.282

Å (729), but subsequent refinement assuming a disordered S2�2 ligand with

respect to a mirror plane corrected this anomaly [S-S 2.027 Å] (730).
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Reactions of [Nb2(m-S2)2(S2CNEt2)4] with chalcogen transfer reagents,

Et3P¼Y (Y¼ Se, Te), have been studied (732). With Et3P����Se, [Nb2(m-
Se2)2(S2CNEt2)4] (82) (Fig. 73) results when a catalytic amount of free PEt3
is present. This complex has also been crystallographically characterized

[Se��Se 2.303(2) Å] and undergoes a reversible one-electron oxidation to yield
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Figure 73. Dimeric niobium(V) complexes with bridging dichalcogenide units.
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a blue ESR active cation. In contrast, the phosphine telluride reacts to give

[Nb2(m-S)(m-Te2)(S2CNEt2)4] [Te-Te 2.648(3) Å] (83) (Fig. 73) (732), while a

mixed sulfur–selenium complex, analytically characterized as [Nb2(m-
S1.72Se2.28)(S2CNEt2)4], results from addition of dithiocarbamate salt to

NbSe2Cl2 and KNCS in a fusion cake (730).

Addition of [Cp2Fe][PF6] to [Nb2(m-S2)2(S2CNEt2)4] results in an immediate

color change from light-brown to deep violet, which is supposed to result from a

one-electron oxidation giving [Nb2(m-S2)2(S2CNEt2)4]
þ (731). The resulting

solution has been characterized by ESR spectroscopy that shows a 19 line

pattern arising from the interaction of the lone electron with the two equivalent

niobium nuclei ðI ¼ 9
2
Þ. Upon cooling the spectrum changes, but this is

associated with the slowing down of molecular motion and not the localization

of the electron on a single niobium atom.

A few further publications focus on niobium and tantalum dithiocarbamate

complexes in the þ4 oxidation state. Insertion of carbon disulfide into all three

amides of [(Z5-C2B9H11)M(NMe2)3] (M¼Nb, Ta) yields [(Z5-C2B9H11)M

(S2CNMe2)3] (84) (733) and Richards and co-workers (615) studied the

reactions of the unusual organometallic complexes, [MX4(CN��t-Bu){m-
C(X)N-t-Bu}]2 (M¼Nb, Ta; X¼ Cl, Br), with NaS2CNEt2. The tantalum

complexes react to give dimeric products, [TaX3(S2CNEt2){m-C(X)N��t-
Bu}]2, whereby a halide and an isocyanide have been displaced from each

metal center. In contrast, monomeric niobium complexes, [NbX2(S2CNEt2)2
{C(X)N��t-Bu}] result, the structures of which are unknown.
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Addition of thiuram disulfides to the niobium(IV) dimethyl complex

[Cp2NbMe2] results in cleavage of the sulfur–sulfur bond and addition to the

metal center (734). The nature of the final product is dependent on the alkyl

substituents. With tetraethylthiuram disulfide, the molecular niobium(V) dithio-

carbamate complex [Cp2NbMe2(Z
1-S2CNEt2)2] results, which is believed to

contain a monodentate dithiocarbamate ligand. In contrast, tetramethylthiuram

disulfide affords a 1:1 electrolyte, believed to be [Cp2NbMe(S2CN-
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Me2)][S2CNMe2], the metal-bound dithiocarbamate binding in a chelating

fashion.

The þ3 oxidation state has also been explored. Addition of 3 equiv of

dithiocarbamate salt to [NbCl3(dme)(RC2R
0)] yields alkyne complexes,

[Nb(S2CNR2)3(R
0C2R

00)] (735) (R¼Me, Et). One (R¼Me; R0 ¼Me, R00 ¼ Ph)

Ph) (85) has been characterized crystallographically, the symmetrically bound

alkyne occupying an axial site. Their dynamic behavior has also been followed

by NMR spectroscopy; all three dithiocarbamates are equivalent at higher

temperatures, and even at 188 K, alkyne rotation is not frozen out.
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e. Applications. Virtually no applications of niobium or tantalum dithio-

carbamate complexes have been reported. Sokolov et al. (736) measured the

vapor pressure of some sulfur-rich niobium(IV) dimers, [Nb2(m-S2)2(S2CNR2)4],

using the Knudsen method, finding that they are quite volatile. In this respect,

they have carried out differential thermal analysis and thermal gravimetric

studies in attempting to utilize them toward the preparation of niobium-

containing thin films.

C. Group 6 (VI B): Chromium, Molybdenum, and Tungsten

1. Chromium

Chromium(III) tris(dithiocarbamate) complexes, [Cr(S2CNR2)3], were first

prepared by Delépine (2). Now a large number of chromium(III) complexes are

known, while other oxidation states are also accessible, including zero, þ2 and

þ4.

a. Chromium(III) Tris(dithiocarbamate) Complexes. Simple chromium

tris(dithiocarbamate) complexes, [Cr(S2CNR2)3], continue to attract attention. A

range of violet or blue-violet benzyl complexes, [Cr(S2CNBzR)3] (R¼H, Me,

Et, i-Pr), have been prepared (737), as have light green [Cr(S2CNC4H8S)3] and

pale blue [Cr(S2CNC4H8NR)3] (R¼H, Me, Ph) (738, 739). All are paramag-

netic (meff 3.82–4.12 BM) and have been characterized by ESR spectroscopy, g
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values ranging from 1.991–1.999, while nephelauxetic parameters are indicative

of appreciable metal–ligand covalency (739). Electronic and ESR spectra of the

poorly soluble, [Cr{S2CN(CH2CH2OH)2}3], also show that the chromium–

sulfur bonds have strong covalent character (740), while the dithiocarbamate

ligands in [Cr(S2CNEt2)3] have been shown to be kinetically labile, exchanging

readily with CrCl3 (520).

Two examples, [Cr(S2CNR2)3] (R¼ Bz; R2¼ C5H10) (Fig. 74), have been

characterized crystallographically and display the expected octahedral coordi-

nation geometry (741, 742). The latter also contains two molecules of chloro-

form, which are hydrogen bonded via the proton to sulfurs through a pp orbital.

The redox chemistry of tris(dithiocarbamate) complexes has been studied in

some detail, although reports are somewhat contradictory. Complexes

[Cr(S2CNR2)3] (R¼ Et; R2¼ C4H8, C5H10) show a two-step process reduction

process; the first one-electron reduction resulting in liberation of a dithiocarba-

mate ligand, while a second two-electron process leads to chromium(0) and

complete decomposition of the coordination sphere. Oxidation is also possible,

but is followed by an intramolecular redox process, the metal reverting back to

the þ3 state, while the ligand is oxidized to the thiuram disulfide (743). Vella

and Zubieta (744) also studied a range of complexes (R¼Me, Et, Pr, i-Pr, Ph;

R2¼ EtPh). Again they observe an irreversible one-electron reduction, which

results in loss of a dithiocarbamate ligand. However, they also report that all

exhibit a reversible one-electron oxidation, although attempts to isolate the

oxidized salts [Cr(S2CNEt2)3][X] (X¼ BF4, PF6) were unsuccessful. Further,

from a comparison of electrochemical data for a series of chromium(III)

dithioacid derivatives, they deduced that the ease of oxidation at this center

follows the order;

S2CNR
�
2 > S2COR

� > S2CSR
� > S2CR

�

The sulfur atoms in tris(dithiocarbamate) complexes can bind to Lewis acidic

metal centers. For example, varying amounts of copper(I) iodide can be added to

[Cr(S2CNR2)3] in acetonitrile to yield complexes in which sulfur atoms bridge
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Figure 74. Crystallographically characterized chromium tris(dithiocarbamate) complexes.
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two copper ions. Two of these, namely, [Cr(S2CNEt2)3].2CuI.2MeCN and

[Cr(S2CNC4H4)3].3CuI.MeCN (Fig. 75), have been characterized crystallogra-

phically, and consist of polymeric chains in which Cu2(m-I)2 units link together

chromium dithiocarbamate groups (312).

Tris(dithiocarbamate) complexes, [Cr(S2CNR2)3] (R¼ Et, Bz; R2¼ C4H8O),

react with iodine in dichloromethane to form 1:1 complexes, as shown by

spectrophotometric studies. The interaction results in charge transfer between

the iodine and a sulfur atom (745).

Related to the tris(dithiocarbamate) species are the oxygen-expanded com-

plexes, [Cr(S2CNR2)2{OSC(NR2)S}], formed along with [Cr(S2CNR2)3] from

the reaction of dichromate and dithiocarbamate salts (746), although a report

that this reaction produces a dimeric oxo-bridged complex would appear to be

erroneous (747). A new refinement of the structure of [Cr(S2CNEt2)2{OSC

(NEt2)S}] shows that the O,S-chelate is disordered over three sites (748). An

extensive electrochemical comparison of [Cr(S2CNR2)3] and [Cr(S2CNR2)2-

{OSC(NR2)S}] (Fig. 76) has been carried out in order to examine the influence
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Figure 75. Schematic representations of polymers formed via the linking of chromium

tris(dithiocarbamate) units by Cu2I2 moieties.
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Figure 76. Oxygen-expanded chromium dithiocarbamate complexes together with representations

of possible resonance hybrids for the expanded ligand.
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of oxygen insertion (746). Oxygen-expanded complexes are more easily

oxidized and the generated cations exhibit enhanced stability, believed to result

from the increased importance of the resonance state, R2N
þ¼CS(SO)2�.

Larin et al. (749) reported that addition of NaS2CNEt2 to CrO3 in concen-

trated HCl gives [CrOCl2(S2CNEt2)], while in 3% HCl or below, the same

reaction yields [CrOCl(S2CNEt2)2]. Both are postulated as chromium(V) com-

plexes and on the basis of ESR data are proposed to adopt square-based

pyramidal and octahedral coordination geometries, respectively. Little further

data is given, and attempts to replace the final chloride with a dithiocarbamate

were unsuccessful. If these are truly chromium(V) complexes they warrant

further study, however, it cannot be ruled out that they contain oxygen-expanded

dithiocarbamate ligands.

b. Other Chromium(III) Complexes. Mixed-ligand chromium(III) com-

plexes, [Cr(S2CNR2)X2] and [Cr(S2CNR2)2X], containing acac (86), oxine or

glycine ligands have been prepared. All are paramagnetic with magnetic

moments of 3.5–4.2 BM (750). Paramagnetic nitrosyl complexes, [Cr(S2C-

NR2)3(NO)] (R¼Me, Et; R2¼ C4H4) (87), have also been prepared (751, 752)

and crystallographically characterized (R¼ Et) (752). The nitrosyl occupies an

axial site and the trans chromium–sulfur bond is the shortest in the molecule

[Cr��S(ax) 2.449(1) Å; Cr��S(eq) av. 2.459 Å]. This finding is in contrast to the

situation found in the analogous molybdenum complex [Mo(NO)(S2CNBu2)3]

(753), where the axial interaction is significantly longer than all others. Indeed,

all chromium–sulfur bonds in [Cr(S2CNEt2)3(NO)] are longer than those found

in [Cr(S2CNEt2)3] [av. Cr��S 2.396 Å] (386), leading the authors to speculate

that this is a result of steric crowding in the seven-coordinate complex.
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Chromium nitrosyl complexes, [Cr(S2CNR2)3(NO)], are somewhat less

thermally stable than their molybdenum and tungsten counterparts; heating

[Cr(S2CNMe2)3(NO)] in toluene for 3 h leads to the formation of cis-

[Cr(NO)2(S2CNMe2)2] and [Cr(S2CNMe2)3] (752). Somewhat contradictory

reports surround the electrochemical behavior of [Cr(S2CNR2)3(NO)]. Connelly

and co-workers (752) report that they show no redox chemistry between �1.5 V,

166 GRAEME HOGARTH



while others suggest that reduction is possible, the presence of the nitrosyl group

simply shifting the reduction process to a higher potential as compared to

[Cr(S2CNR2)3] (751).

c. Chromium(II) and Organometallic Complexes. The yellow-green

chromium(II) bis(dithiocarbamate) complex [Cr(S2CNEt2)2] was first reported

in 1965 by Fackler and Holah (754). The precise structure remains unknown and

little further work has been carried out in this area. Lancashire and Smith (755)

report that when the thermolysis of [Hg(S2CNEt2)2] and Cr(CO)6 is carried out

in rigorously dried and degassed toluene, mercury is deposited and a green

solution is generated that has an identical electronic spectrum to

[Cr(S2CNEt2)2]. Further, in keeping with the earlier report, exposure of this

solution to oxygen results in rapid formation of dark blue, [Cr(S2CNEt2)3].

More recently, a series of well-defined cyclopentadienyl chromium(II)

complexes, [CpCr(CO)n(S2CNR2)] (n ¼ 2, 3) have been prepared (Eq. 57). In

three papers, Goh et al. (240, 246, 247) describe the reaction of thiuram

disulfides with [CpCr(CO)3]2. At room temperature, chromium(II) complexes,

[CpCr(CO)2(S2CNR2)] (R¼Me, Et, i-Pr), are formed in high yields, and if the

reactions are monitored carefully the monodentate intermediates

[CpCr(CO)3(Z
1-S2CNR2)] can be detected. Crystallographic studies have been

carried out on both dimethyldithiocarbamate complexes, the chromium–sulfur

bond lengths decreasing slightly upon chelation [Cr��S 2.4406(5) and 2.4237(6)

Å (av)] (240).
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S

OC

NR2
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Cr
S

S
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NR2

OC CO

−CO
[CpCr(CO)3]2

+

R2NC(S)S-SC(S)NR2

rt

ð57Þ

When the reactions are carried out at 90�C a number of other products are

also isolated, namely, [Cp6Cr8S8{Z
2:Z4-S2(CNR2)2}], [Cp6Cr8S8(Z

1:Z2-

S2CNR2)2], [Cr(S2CNR2)3], [Cp2Cr2(CO)4(m-S)], and [CpCr(m3-S)]4, and these

are discussed more fully later (see Section V.B).

A series of chromium(II) nitrosyl complexes, [Cr(NO)(S2CNR2)2L]

(L¼H2O, thiourea), have been prepared, the thiourea resulting from dithiocar-

bamate degradation (756). They are characterized by ESR spectroscopy, which

suggests that the thiourea lies trans to the nitrosyl.

An early report detailed the IR characterization of the chromium(0) complex,

Na[Cr(CO)4(S2CNEt2)], formed upon thermolysis of Cr(CO)6 and NaS2CNEt2
in DMSO at 60–65�C (757). Although this complex was not isolated, an
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analogue, [Cr(CO)4(S2CNC5H10)][NEt4], has been prepared from cis-

[Cr(CO)4(NHC5H10)2] and carbon disulfide in the presence of n-butyl lithium

(Eq. 58); the latter initiating the reaction by proton abstraction (198). A

crystallographic study showed the expected distorted octahedral coordination

environment (758). Interestingly, this complex is inaccessible from the direct

reaction of Cr(CO)6 and the piperidine dithiocarbamate salt.
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ð58Þ

d. Applications. Dithiocarbamates find extensive use in the analytical

determination of chromium ion concentrations. For example, using a dithiocar-

bamate salt as complexing agent affords a rapid, sensitive, and selective method

for the differential determination of chromium(III) and chromium(VI) in natural

waters (759, 760). Since chromium(VI) reacts to give [Cr(S2CNR2)3], but

chromium(III) is substitutionally inert, the amount of the former can be

measured, for example, after preconcentration by electrothermal atomic absorp-

tion spectroscopy, the chromium(III) concentration being determined by differ-

ence after oxidation of all chromium by potassium peroxydisulfate.

Fluorinated dithiocarbamates have been used as part of a supercritical fluid

extraction (761), while pyrrolidene (762, 763), and benzyl (741, 764) dithio-

carbamates and poly(dithiocarbamate) chelating resin (765) have also been

utilized, as has detection by XRF (764) and inductively coupled plasma atomic

emission spectroscopy (765). Related to this, the determination of chromium

levels in urine has been achieved using lithium bis(trifluoroethyl)dithiocarba-

mate as the complexing agent with detection via an isotopic dilution GC and

mass spectral method (766).

2. Molybdenum

The chemistry of molybdenum dithiocarbamate complexes has come a long

way since the early work of Malatesta (767), and between 1978 and 2003 there

were over 300 publications in this area, accessible oxidation states ranging from

0 to þ6.

a. Tetrakis(dithiocarbamate) Complexes. Molybdenum tetrakis(dithio-

carbamate) complexes have been synthesized in the þ4 and þ5 oxidation states
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(Fig. 77), the latter being most common. Molybdenum(IV) complexes (88) were

first prepared from the insertion of carbon disulfide into the corresponding metal

amides (768), and later from the addition of dithiocarbamate salts to MoCl4 in

acetonitrile (769). More recently, addition of the pyrrole dithiocarbamate to

MoCl5 in aqueous solution has been shown to afford [Mo(S2CNC4H4)4]; a

crystallographic study revealing the D2d symmetry in the solid state, the sulfur

atoms lying on the vertices of a dodecahedron (354).

Cationic molybdenum(V) complexes (89) (Fig. 77) have been prepared in a

number of ways (441, 770–778). Most result from simple metathesis reactions,

with [Mo(S2CNR2)4]Cl being commonly used (773), and in this way lanthanide

salts [Mo(S2CNR2)4][Er(S2CNR2)4] (779) and [Mo(S2CNR2)4][Sm(S2CNR2)4]

(774,780) have been prepared. Redox reactions have also been utilized, metal

oxidation being most common. For example, addition of TCNQ (TCNQ¼
7,7,8,8-tetracyano-p-quinodimethane) or TCNE (TCNE¼ tetracyanoethylene)

to molybdenum(IV) complexes, [Mo(S2CNR2)4] (R¼Me, Et), leads to metal-

centered oxidation (as shown by ESR spectroscopy) giving [Mo(S2CNR2)4][X]

(X¼ TCNE, TCNQ) (772), while oxidation of the molybdenum(III) dimer,

[Mo2(S2CNEt2)6], by oxygen in chloroform affords a mixture of [Mo-

(S2CNR2)4]Cl and [Mo(S2CNR2)4]2[Mo6O19] (778,781,782). More unusually,

irradiation of the low-valent carbonyl complex, [Mo(CO)5I][NH4], with excess

dithiocarbamate salt affords [Mo(S2CNC4H8)4]I3, the metal being oxidized from

the zero oxidation state (770). In contrast, [Mo(S2CNR2)4]BF4 have been

prepared by metal-centered reduction, upon addition of boron sulfide to the

molybdenum(VI) oxo complexes, [MoO(S2CNR2)3]BF4 (775).

A considerable number of molybdenum(V) complexes, [Mo(S2CNR2)4]X,

have been characterised crystallographically, anions including; FeCl�4 (783–

785), MoCl�4 > (773), MoCl�6 (786), [MoCl4(OMe)2]
� (441), Cl� (776,781,782),

I�3 (770,787), Mo6O
2�
19 (438,776,778,788), [Ln(S2CNR2)4]

� (Ln¼ Er, Sm)

(771,774,780), and TCNQ� (772,779). In all, the cations adopt a distorted

dodecahedral structure with approximate D2d symmetry. A number are formed
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Figure 77. Molybdenum tetrakis(dithiocarbamate) complexes.
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as clathrates (779,783,784), and in [Mo(S2CNEt2)4][TCNQ].MeCN, the TCNQ

radical anions are dimerized and exhibit an usual slipped conformation (779).

Further addition of TCNQ results in formation of [Mo(S2CNEt2)4][TCNQ]2
which, however, still contains a molybdenum(V) radical cation (772).

b. Molybdenum(VI) Dioxo Complexes. Molybdenum(VI) dioxo com-

plexes [MoO2(S2CNR2)2] have been known since the 1930s (767) and prior to

1978 a large number of examples had been prepared (789,790). Their synthesis

is simple, and generally involves the addition of 2 equiv of dithiocarbamate salt

to Na2MoO4 under acidic conditions (Eq. 59). The product readily precipitates,

generally as a yellow solid. Indeed, Young has described a preparation of

[MoO2(S2CNEt2)2] together with a series of its subsequent reactions which form

the basis of an excellent undergraduate laboratory experiment (791).

Mo

S

S O

S

O

S

NR2

R2NNa2MoO4

2 NaS2CNR2

HCl ð59Þ

Over the period of this chapter, a number of further examples have been reported

including [MoO2(S2CNR2)2] (R¼ Cy, Ph, CH2CH2OH, CH2CF3) (84, 792),

[MoO2(S2CNR2)2] (R2¼ C4H8O, C5H10, C5H9Me, C6H6Me4) (84, 792, 793),

[MoO2(S2CNBzR)2] (R¼ Bz, Me, Et, i-Pr) (794), [MoO2(S2CNMePh)2] (795),

[MoO2(S2CNHR)2] (R¼Ar, C5H9, Cy, C7H13, l-neomenthyl) (677, 792, 795),

and a range of a-amino acid (glycine, alanine, a-amino-butyric acid, valine,

norleucine, leucine, isoleucine) derivatives (126). The dialkyl complexes show

high stability, however, those derived from primary amines or with aryl

substituents are markedly less stable. Here, loss of an oxygen atom and

concomitant formation of the molybdenum(V) dimers, [Mo2O2(m-O)
(S2CNR2)4], is often facile. This behavior is exemplified by yellow [MoO2

(S2CNPhMe)2], which turns purple upon standing with generation of [Mo2O2(m-O)
(S2CNPhMe2)4] (795).

The structure of [MoO2(S2CNEt2)2] has been redetermined (796) the data

being substantially different to that found in an earlier investigation (797). The

molecule has a distorted octahedral geometry, the oxo groups lying cis to one

another [O��Mo��O 105.61(12)�]. The short molybdenum–oxygen distance

[Mo¼O 1.703(2) Å] leads to a significant trans influence as highlighted by

the differing molybdenum–sulfur distances [Mo-S 2.450(1) and 2.639(1) Å]

those trans to the oxo moieties being elongated. The X-ray structure of

[MoO2(S2CNC4H8S)2] has also been determined (798) and an EXAFS study

170 GRAEME HOGARTH



has been carried out on the proline derivative, for which IR spectroscopy shows

that the carboxylic acid group is in the acidic form and not coordinated to the

molybdenum cations (125).

Quite recently, Unoura et al. (799) reported the synthesis and structure of

[MoO2{m-S2CN(Bz)CH2CH2N(Bz)CS2}]2 (90) in which the molybdenum cen-

ters are bridged by the bidentate dithiocarbamate ligands.
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The same group have also carried out detailed electrochemical studies (798,

799) utilizing semiinfinite cyclic voltammetry, thin-layer voltammetry, and

coulometry at low temperature. Most derivatives undergo a quasi-reversible

one-electron reduction to give free dithiocarbamate salt and oxo bridged,

[Mo2O2(m-O)(S2CNR2)4]
þ, the equilibrium constant for the formation of the

latter decreasing with increasing electron-donor ability of the dithiocarbamate

(800). Interestingly, the potential for this process correlates well with the

second-order rate constants for their oxo-transfer reactions to PPh3 (see below)

(798,800).

Dioxo complexes, [MoO2(S2CNR2)2], exhibit a wide range of reactivity.

Peterson and Richman (801) showed that irradiation at 380 nm into the lowest

energy charge-transfer band of [MoO2(S2CNEt2)2] affords [MoO2(S2CNEt2)],

identified by its solvent independent ESR spectrum, and a dithiocarbamate

radical with a quantum yield of 0.0207. In the dark, a subsequent radical chain

reaction occurs leading ultimately to molybdenum oxide and tetraethylthiuram

disulfide, and a mechanism for this process has been proposed (Fig. 78).

Dioxo complexes have been widely studied as oxo-transfer agents to

phosphines (Eq. 60) (795, 798, 800, 802–804). Electrochemical and oxo-transfer

properties to PPh3 have been systematically investigated, a good correlation

being found between the log of the second-order rate constant of oxo transfer

and the reduction potential (798, 800). A departure from linearity is seen for a

number of phenyl and benzyl derivatives, which is postulated to result

from increased steric effects hindering the approach of PPh3; a negative �S# of

�114 J mol�1 K�1 for [MoO2(S2CNEt2)2] confirming that the reaction is
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associative in nature. Unoura et al. (798,802) also systematically analyzed IR,
13C, and 95Mo NMR parameters as a function of their oxo-transfer ability. For

the latter, chemical shifts range from d 151 (R¼Me) to 216 (R¼ i-Pr) and show

a good correlation with the rate constant for oxo transfer to PPh3 in 1,2-

dichloroethane (802). Further work on the oxo transfer of [MoO2(S2CNEt2)2] to

PPh3 in nonaqueous solvents has shown that the rate constants and activation

energies follow linear relationships as a function of the refractive index,

supporting a one-step mechanism in which the lone pair on phosphorus enters

directly into the p*-anti-bonding Mo����O orbital, which results in bond cleavage

(803).
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In contrast to the facile oxo transfer to phosphines, related transfer to Ph3As

and Ph3Sb is poor, with only small amounts of the relevant group 15 (V A)

oxides being generated. On the basis of a comparative study of the ease of

stoichiometric oxo transfer from [MoO2(S2CNEt2)2] to Ph3E and Et3N, the

following relative reactivity series has been deduced (804);

Ph3P � Et3N ffi Ph3As > Ph3Sb > Ph3Bi > Ph3N

Reaction of [MoO2(S2CNEt2)2] with Me3SiX (X¼ Cl, Br, I) and Me3SiNCS

yields [MoOX2(S2CNEt2)2] and [MoO(NCS)2(S2CNEt2)2], respectively

MoO2(S2CNEt2)2                
hν

MoO2(S2CNEt2)2
*                

S2CNEt2    +   MoO2(S2CNEt2)2                     

S2CNEt2    +   MoO2(S2CNEt2)                     

S2CNEt2    +   MoO2(S2CNEt2)                     

S2CNEt2    +   S2CNEt2                      

MoO2(S2CNEt2)2
*

MoO2(S2CNEt2)   +   S2CNEt2

MoO2(S2CNEt2)   +   (Et2NCS2)2

MoO2(S2CNEt2)2

MoO2   +   (Et2NCS2)2

(Et2NCS2)2

Figure 78. Proposed mechanism for the photochemically induced decomposition of [MoO2(S2C-

NEt2)2].
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(805,806), while in contrast the silicon–carbon bond in Me3SiCN adds to give

[MoO(CN)(OSiMe3)(S2CNEt2)2] (Eq. 61) (807). Like [MoO2(S2CNEt2)2], the

latter also acts as an oxo-transfer agent to PPh3, but at a much lower rate than the

analogous cis dioxo complex.
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In an interesting communication, Nicholas and co-workers (808) reported

that [MoO2(S2CNR2)2] catalyze the allylic amination of alkenes by phenylhy-

droxylamine, the reaction proceeding with high regioselectivity resulting from

double-bond migration (Eq. 62). A nitrosobenzene complex has been detected in

the reaction, suggesting that it may proceed via an ene reaction between

PhN����O and the alkene.

1R

R2

R3 1R

2R

R3

+ PhHN(OH)
NHPh

+ H2O
[cat]

[cat] = [MoO2(S2CNR2)2]

ð62Þ

A wide variety of other reactions of [MoO2(S2CNR2)2] have been reported and

these are detailed throughout the following sections.

c. Other Monomeric Oxo Complexes. A number of publications deal

with other monomeric molybdenum oxide complexes. Molybdenum(VI)

bis(oxo) complexes, [MoO2Cl(S2CNR2)L] (R¼ Et, i-Pr; R2¼ C4H8, C5H10;

L¼ dmso, Ph3PO) (91) (Fig. 79), have been prepared from [MoO2Cl2L2] and

dithiocarbamate salts in dichloromethane, and also via a ligand redistribution

reaction upon mixing [MoO2(S2CNEt2)2] and [MoO2Cl2(Ph3PO)2] (809).

Molybdenum(VI) mono(oxo) complexes, [MoO(S2CNR2)3]X 92 (Fig. 79),

were first synthesized from the decomposition of [MoO2(S2CNR2)2] and [MoOF2
(S2CNR2)2] (435) and more recently, a large number have been prepared. For

example, charge-transfer salts, [MoO(S2CNR2)3][TCNQ] (R¼Me, Et, Pr),

result from the reaction of TCNQ with [Mo2O3(S2CNR2)4], LiTCNQ, and

[MoO(S2CNEt2)3][BF4], and addition of TCNQ to [MoO(S2CNEt2)2] in the
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presence of tetraethylthiuram disulfide (436). An X-ray crystal structure of

[MoO(S2CNEt2)3][TCNQ].THF shows a seven-coordinate molybdenum center

with the usual trans influence of the oxo group [Mo��Sax 2.626(1); Mo��Seq
2.466(1)–2.503(1) Å], together with an unusual, almost perfectly eclipsed,

TCNTCNQ2�
2 dimer (436). Other orange diamagnetic tris(dithiocarbamate)

complexes, [MoO(S2CNR2)3][X] (R¼Me, Et, i-Pr; X¼ BF4, PF6, ClO4),

have been prepared from reactions of [MoO2(S2CNR2)2] with HX in acetone.

They have been analyzed in detail by 1H and 13C NMR spectroscopy and some

examples have been shown to catalytically convert PPh3 to its oxide in air (810).

Related to the latter, abstraction of an oxo ligand from [MoO(S2CNR2)3]-

[BF4] (R¼Me, Et) by PPh3 yields the dimeric mixed oxidation state [Mo(IV)/

Mo(V)] complexes, [Mo2(S2CNR2)6(m-O)]
þ (Eq. 63). The equivalence of the

molybdenum–oxygen bonds [Mo��O 1.848(2) Å] leads to their classification as

class IIIa compounds on the Robin and Day scheme (436,811,812). Cyclic

voltammetry shows that they undergo a reversible one-electron reduction,

however, oxidation results in irreversible cleavage of the oxo bridge.
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Reduction of molybdenum(VI) complexes, [MoOX2(S2CNR2)2] (X¼ Cl, Br;

R¼Me, Et; R2¼ C5H10), by phosphines is dependent on both the phosphine

and solvent (Eq. 64). With PhPMe2 in THF, neutral molybdenum(IV)
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Figure 79. Further examples of molybdenum(VI) oxo complexes.
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complexes, [MoX2(S2CNR2)2(PMe2Ph)] result, while in methanol a range of

phosphines yield ionic, [MoX(S2CNR2)2L2]Y (L¼ PMe2Ph, PMePh2, PEt2Ph;

L2¼ dppe; Y¼ BF4, PF6). The latter have been shown crystallographically to

adopt a distorted pentagonal bipyramidal geometry with either trans phosphines

(R¼ Et, L¼ PMe2Ph, X¼ Cl, Y¼ PF6) or with a halide trans to phosphorus

(R¼ Et, L2¼ dppe, X¼ Cl, Y¼ BF4) (813).
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The molybdenum(VI) oxo complex [MoOCl2(S2CNEt2)2] reacts with 6, 7-

dimethyl-5,6,7,8-tetrahydropterin (H4dmp) to give [MoOCl2(S2CNEt2)(H3dmp)]Cl

(93). A crystallographic study reveals a reduced pterin ligand coordinated

through the carbonyl oxygen and pyrazine nitrogen. Most interestingly, in

DMSO, a net five-electron oxidation of the complex occurs, 0.5 equiv of

thiuram disulfide and 1 equiv of dimethylpterin (814).

Mo

S

S Cl

N

O

O

Et2N

NH

HN N

Me
Me

NH2

+

93

Molybdenum(V) oxo complexes are also common. Addition of NaS2CNEt2 to

MoO3 in concentrated HCl affords [MoOCl(S2CNEt2)2], while when the acid

concentration is reduced, [MoO(S2CNEt2)3] is the major product (Eq. 65) (749).

The same tris(dithiocarbamate) complex also results from the thermal reaction

of Mo(CO)6 with [Hg(S2CNEt2)2] (755). Other paramagnetic molybdenum(V)

complexes, [MoO(NCS)(S2CNR2)2] (R¼ Et, Bz; R2¼ C5H10, C4H8O), have

been prepared in good yields from MoO3 after reduction and addition of
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ammonium thiocyanate. All are red with magnetic moments of 1.6–1.7 BM and

the expected six line pattern in the ESR spectrum (815).

Mo

S

S
S

S

O

S

NEt2

Et2N S

NEt2

MoO3 + NaS2CNEt2
conc. HCl

ð65Þ

Molybdenum(IV) complexes, [MoO(S2CNR2)2], are formed upon oxo

abstraction from [MoO2(S2CNR2)2], and a number of reactions have been

have been carried out on these coordinately unsaturated species. The (formally)

molybdenum(IV) alkyne complexes, [MoO(S2CNR2)2(RC2R)], result upon

addition of alkynes (816–819), the alkyne lying perpendicular to the molybde-

num-oxo group (Eq. 66). Wentworth and co-workers (817) showed that ethyne

addition is reversible, while in contrast ethylene does not bind. Addition of other

alkynes such as diphenylethyne, affords more stable complexes (818), while

cylooctyne complexes, [MoO(C8H12)(S2CNR2)2] (R¼Me, Et), show no pro-

pensity to lose the alkyne at all (819). In related work, addition of an industrial

mixture of C4 hydrocarbons to [MoO(S2CNEt2)2] has been carried out, and it is

only the alkyne components, HC2R (R¼ Et, CH����CH2) that react, and even then

when the solvent is removed the alkynes are lost (820).

Mo
S

S

O

NR2
S

S
R2N

Mo

S

S O

S

S

NR2

R2N
RC2R

−RC2R
ð66Þ

The NMR studies revealed that these complexes are fluxional and also that

there is a significant alkyne to metal p donation. On the basis of the latter and IR

data, it was concluded that they are best considered as molybdenum(VI)

complexes, the alkyne competing for p donation with the oxo group

(816, 819). Templeton et al. (821) carried out a molecular orbital study on the

model complex, [MoO(HC2H)(S2CNH2)2]. This study confirms that the lowest

energy form is that in which the alkyne lies perpendicular to the oxo moiety,

which is some 81 kJ mol�1 lower in energy than the parallel configuration, and

accounts for the relatively high barrier to alkyne rotation in complexes of this

type (Fig. 80).

Interaction of alkylammonium azides with [MoO(S2CNEt2)2] partitioned

between water and chloroform leads to the slow formation of nitrogen,
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ammonia, and [MoO2(S2CNEt2)2]; a significant rate enhancement being ob-

served if the aqueous layer is acidified (822). Schwartz et al. (823) also reported

that diazoalkanes add to [MoO(S2CNR2)2] (R¼Me, Et) to afford metalloazines,

[MoO(NN����CCR2
0)(S2CNR2)2], which in turn react with amines and ylides in a

Wittig-type reaction to afford imines and alkenes, respectively (Eq. 67).

Mo
S

S

O

NMe2
S

S
Me2N
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S
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S
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S
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PhH

Bu-t-NH2 C N-t-Bu

H

Ph

C C

H

Ph

Ph

H

Ph3P=CHPh

ð67Þ

In a series of papers, oxo-bridged heterobimetallic complexes containing the

MoO(S2CNR2)2 unit have been prepared and studied by IR spectroscopy and

other physical techniques (824–828). Structural studies have not, however, been

possible and precise structural characteristics remain largely unknown. For

example, reaction of iron(III)molybdate and sodium dithiocarbamates in 7M

HCl affords purple complexes, [FeMoO2(S2CNR2)4(H2O)], which lose water

upon heating. Magnetic moments of 2.88–2.95 BM have been interpreted as

resulting from low-spin iron(III) and molybdenum(V) ions being linked via an

oxo bridge (828).

d. Mononuclear Imido Complexes. Around 30 papers concern the chem-

istry of monomeric imido (NR) complexes. They include molybdenum(VI)

complexes, [MoO(NR)(S2CNR2)2] (829–835), [Mo(NR)2(S2CNR2)2] (538, 831,

832, 836, 837), [Mo(NR)(S2)(S2CNR2)2] (527, 528, 838, 839), [MoX2(NR)-

Mo

S

S

S

O

S

NR2

R2N Mo

S

S

S

O

S

NR2

R2N

Perpendicular Parallel

Figure 80. Possible orientations of the alkyne in [MoO(alkyne)(S2CNR2)2]—that perpendicular to

the molybdenum–oxo bond being favored.
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(S2CNR2)2] (832, 833, 839–843), and [Mo(NR)(S2CNR2)3]
þ (437, 439, 810,

832); as well as molybdenum(IV) complexes, [Mo(alkyne)(NR)(S2CNR2)2]

(830, 833), and [Mo(NR)(S2CNR2)2] (831, 833).

Bis(imido) complexes, [Mo(NR)2(S2CNR2)2], were first prepared by Maatta

and co-workers (837) upon oxidation of [Mo(CO)2(S2CNEt2)2] with aryl azides.

In this manner, the phenyl and p-tolyl derivatives were prepared, the former

being shown crystallographically to contain one linear [Mo��N��C 169.4(4)�]
and one bent [Mo��N��C 139.4(4)�] imido ligand. Subsequently, Harlem and

Holm (831) prepared the tosylimido derivative in a similar manner, while

Hogarth and co-workers (538,836) showed that bulky aryl derivatives could

be prepared from the thermal reaction between [MoO2(S2CNR2)2] (R¼Me, Et)

and organic isocyanates; similar products also being obtained from

[MoO2(S2CNMe2)2] and ortho-substituted N-sulfinylanilines (Ar¼ 2,4,6-

X3C6H2; X¼ Cl, Br, Me) (844). These latter approaches are somewhat limited

to complexes with tertiary butyl or bulky aryl substituents, a more general

synthetic method involving the room temperature addition of dithiocarbamate

salts to [MoCl2(NR)2(dme)] (538) (Fig. 81).

Crystallographic studies on a number of bis(imido) complexes (538, 831,

836) reveal that the two imido ligands are close to linearity (Mo��N��C> 160�).
Indeed it has proved possible to correlate the difference in bond angles at
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Figure 81. Synthetic routes to [Mo(NAr)2(S2CNR2)2].
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nitrogen ð��Þ to the difference in chemical shift of the ipso imido carbon atoms

(�d) in the solid-state 13C CPMAS spectra (538). In solution, however, both

imido ligands in [Mo(NPh)2(S2CNEt2)2] are equivalent even at low tempera-

tures, suggesting a rapid interchange between bent and linear coordination

modes (Fig. 82) (538, 832).

Reactions of bis(imido) complexes include the acid-induced hydrolysis of

[Mo(NAr)2(S2CNEt2)2] (Ar¼ 2,6-i-Pr2C6H3), which results in imido loss and

formation of an unusual molybdate-bridged complex, [Mo(S2CNEt2)2(NAr)(m-
MoO4)]2 (94), which has been crystallographically characterized (845). Similar

molybdate-bridged complexes are also accessible from the slow hydrolysis of

bis(imido) complexes, [Mo(NPh)2(S2CNR2)2] (R¼Me, Et), although their

insolubility hampers full characterization (439).
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i-Pr i-Pr
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O
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OO

O
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O

O O

94

Oxo–imido complexes, [MoO(NAr)(S2CNR2)2], were first prepared upon

addition of aryl azides to [MoO(S2CNEt2)2] (832), which has since been shown

to react with a range of a range of N-tosyl (Ts) reagents, TsNX (X¼ py, PhMeS,

Ph3Sb, PhI, N2), to give crystallographically characterized [MoO(NTs)

(S2CNEt2)2] (831). More recently, a number of mesityl–imido complexes,

[MoO(NMes)(S2CNR2)2] (R¼ i-Pr; R2¼ C4H4, C5H10), have been prepared

Mo

S

S N

S

N

S

NEt2

Et2N
Mo

S

S N

S

N

S

NEt2

Et2N

Figure 82. Examples of bent and linear forms of [Mo(NAr)2(S2CNEt2)2] complexes.
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upon addition of dithiocarbamate salts to [MoO(NMes)Cl2(dme)] (Eq. 68)

(829), while the low-yield preparations of [MoO(NAr)(S2CNMe2)2] (Ar¼ 2,6-

i-Pr2C6H3, 2,4,6-Me3C6H2) have also been reported (844).

Mo

S

S O

S

NR′

S

NR2
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NR′

Cl

2 NaS2CNR2

R′ = Mes

Mo
S

S
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NR2
S

S
R2N

ArN3
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ð68Þ

Variable-temperature NMR studies on [MoO(NMes)(S2CNR2)2] are consistent

with the rapid equilibration of the two dithiocarbamate ligands and a process

that proceeds via an Z1-bound dithiocarbamate intermediate has been proposed

(Fig. 83); its facile nature relating to the strong trans influence of oxo and imido

ligands (829).

Addition of PPh3 to [MoO(N-p-tol)(S2CNR2)2] (R¼ Et; R2¼ C4H8) results

in clean abstraction of the oxo ligand to afford orange, [M(N-p-tol)(S2CNR2)2],

which in turn react with a chromium(IV) oxo porphyrin complex to afford oxo-

bridged, [(porphrin)Cr(m-O)Mo(N-p-tol)(S2CNR2)2] (835). The related molyb-

denum–oxo complexes have also been prepared, upon addition of the chromium

oxide to [MoO2(S2CNR2)2], and all are proposed to contain chromium(III) and

molybdenum(V) centers; the variation of magnetic susceptibiliy with tempera-

ture providing evidence for a strong antiferromagnet coupling between them.

In further work, Maatta and Wentworth (846) reported a valence isomer of

the oxo–imido complex [MoO(NPh)(S2CNEt2)2], namely, [Mo(ONPh)(S2-

CNEt2)2], formed upon addition of nitrosobenzene to [Mo(CO)2(S2CNEt2)2]

(Eq. 69). The NMR evidence points toward an Z2-coordination of nitrosoben-

zene, however, all attempts to bring about an isomerization to the oxo–imido
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Figure 83. Proposed mechanism for dithiocarbamate exchange in [MoO(NMes)(S2CNR2)2].
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complex, and visa versa, failed.
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The synthesis of seven-coordinate imido molybdenum(VI) complexes,

[Mo(NR0)X2(S2CNR2)2], often utilizes the analogous oxo compounds

[MoOX2(S2CNR2)2]. For example, addition of substituted anilines in the

presence of a base affords [Mo(NAr)Cl2(S2CNR2)2] (438, 839, 841), while

reaction with phenylisocyanate and PhNPPh3 yield [Mo(NPh)Cl2(S2CNEt2)2]

(843). Interestingly, when aryl diamines are used, generally only one of the

amine groups reacts, the second being deactivated via coordination to the

electron-deficient molybdenum(VI) center (Eq. 70) (839, 841).

Mo

S

S Cl

S

N

S

NEt2

Et2N Cl

NH2

Mo

S

S Cl

S

O

S

NEt2

Et2N Cl
NH2H2N

∆, MeOH
ð70Þ

Naphthalene-1,5-diamine behaves somewhat differently, products from the

reaction of one and both amine functionalities being generated, with binuclear

[{Mo(S2CNEt2)2Cl2}2(m-1,5-NC10H6N)] (95) (Fig. 84) being the major product

(839). Using a similar preparative method and employing 2-aminothiophenol,

Minelli et al. (840,842) prepared a number of chelating bent imido complexes,

[Mo(N-o-C6H4S)X(S2CNEt2)2] (X¼ F, Cl, OMe) (96) (Fig. 84). Crystallo-

graphic studies show a seven-coordinate distorted pentagonal bipyramidal

geometry, with imido and halide occupying axial sites. The chelating nature

of the imido ligand also leads to extreme bending (Mo–N–C � 140�] (840,842),
while in contrast, nonchelating complexes with similar coordination geometries

have linear imido linkages (841,843).
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Other synthetic methods used to generate imido–dihalide complexes, [Mo

(NR)X2(S2CNR2)2], include reactions of [Mo(NAr)2(S2CNR2)2] and [MoO(N-

Ar)(S2CNR2)2] with HCl or CH3Br, giving the chloride and bromide, respec-

tively (832,843). Minelli et al. (438) correlated 95Mo NMR chemical shifts with

the Mo–N–C angle in dichloride complexes, [Mo(NAr)Cl2(S2CNEt2)2], the

position of the substituents on the aryl group influencing both. Thus, alkyl

groups in the 2,6 and 2,4,6-positions have the greatest deshielding effect on the
95Mo nucleus, which have bond angles close to 180�. Electrochemical studies

have been carried out on the bent imido complex, [Mo(N–o–C6H4S)

Cl(S2CNEt2)2], an irreversible one-electron reduction leading to a molybde-

num(V) complex, which has been detected by ESR spectroscopy (842).

Cationic tris(dithiocarbamate) complexes, [Mo(NR0)(S2CNR2)3]
þ
, can be

prepared in a number of ways (Fig. 85). For example, they result from addition

of dithiocarbamate salts to [Mo(NR0)Cl2(S2CNR2)2] (832), thermolysis of

[MoO(S2CNR2)3]
þ with phenylisocyanate (810) and thermolysis of

[MoO2(S2CNEt2)2] with aryl isocyanates in air (439). Recently, they have

also been prepared from the reactions of [MoOX2(S2CNEt2)2] with functiona-

lized anilines in methanol in the presence of 2 equiv of triethylamine (438),

while a further route involves the addition of electrophilic reagents (PhCOCl,

PhSO2Cl, ArSCl, ArCl, Ph3CBF4, R3OBF4) to the nitride, [MoN(S2CNR2)3]

(R¼Me, Et) (437). A number have been crystallographically characterized. All

show a distorted pentagonal bipyramidal metal coordination, with the linear

imido ligand occupying an axial site (437–439). The trans-influence of the

imido group is reflected in the molybdenum–sulfur bonds [Ar¼ Ph; Mo��Sax
2.585(1); Mo��Seq 2.486(1)–2.516(1) Å] (439).

Imido–disulfur complexes, [Mo(NR0)(S2)(S2CNR2)2], are quite common and

have been prepared in a number of ways (Fig. 86). For example, [Mo(N-

Ph)(S2)(S2CNEt2)2] results from the thermolysis of phenylisocyanate with
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Figure 84. Examples of molybdenum (VI) imido bis(dithiocarbamate) complexes.
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[MoO(S2)(S2CNEt2)2], although this reaction fails for t-BuNCO (527). A more

general route to these complexes is via the thermal reaction of organic

isocyanates with [MoO2(S2CNR2)2], which lead to a formal double sulfur–

carbon bond cleavage reaction (527,528,839), while addition of hydrogen
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Figure 85. Synthetic routes to [Mo(NR0)(S2CNR2)3]
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sulfide or Lawesson’s reagent to bis(imido) complexes, [Mo(NAr)2(S2CNEt2)2],

also yields the same complexes (838). A number of crystallographic studies

have been carried out. All show a distorted pentagonal bipyramidal metal

coordination, the imido occupying an axial site and the disulfur ligand lying in

the equatorial plane (527,528).

The reactivity of a number of molybdenum(VI) imido complexes has

been investigated. Harlan and Holm (831) investigated tosyl–imido complexes

as imido group-transfer agents. Addition of 5 equiv of PPh3 to [Mo(NTs)2
(S2CNEt2)2] gave only 5% conversion to the phosphorus imine. In contrast,

reaction with 1 equiv of the more basic PPh2Me gave quantitative imine

formation after 5 h, while treatment of [MoO(NTs)(S2CNEt2)2] with the same

phosphine gave a 2:1 mixture of Ph2MePO and Ph2MePNTs. In both cases,

several molybdenum containing species were seen by NMR spectroscopy, being

postulated to result from an equilibrium between the expected molybdenum(IV)

complexes and molybdenum(VI) starting materials. Catalytic imido transfer to

Ph2MeP was successful utilizing PhMeSNTs or Ph3SbNTs as the stoichiometric

nitrene sources, and systems are reported to be robust. Devore and co-workers

(833,834) noted similar behavior for tolyl imido complexes, however, they

found that addition of Ph2EtP to [MoO(N-p-tol)(S2CNEt2)2] proceeded via

[Mo2(N-p-tol)2(m-O)(S2CNEt2)2] (834) to give the reactive molybdenum(IV)

species, [Mo(N-p-tol)(S2CNEt2)2]. While this could not be isolated pure, it was

trapped with dimethylacetylenedicarboxylate (dmad) giving [Mo(N-p-tol)-

(dmad)(S2CNEt2)2] (833). The latter has been crystallographically character-

ized, the average molybdenum–carbon bond length of 2.12 Å being slightly

longer than found for other two-electron donor alkynes (830).

e. Hydrazido, Diazenido, and Other Nitrogen-Based Ligands. A wide

range of hydrazido, diazenido, and related nitrogen based ligands can be

stabilized at molybdenum dithiocarbamate centers.

Mo��N����N��R Mo����N��NR2 Mo����NR��NR2 Mo����N��N����CðRÞO
Diazenidoð1�Þ Hydrazidoð2�Þ Hydrazidoð1�Þ Diazenidoð3�Þ

Hydrazido(2�) complexes, [MoO(NNR2)(S2CNR2)2] (847–850) and [Mo-

(NNR2)2(S2CNR2)2] (848,851–855], have been prepared via addition of disub-

stituted hydrazines with [MoO2(S2CNR2)2]. The basicity of the hydrazine plays

a crucial role in dictating the reaction pathway. For example, [MoO(NNMe2)

(S2CNMe2)2] reacts with PhMeNNH2 via a diazenido–hydrazido intermediate to

give [Mo(NNMePh)2(S2CNMe2)2], while hydrazine itself is unreactive. Further,

[MoO(NNMePh)(S2CNMe2)2] reacts with Me2NNH2 to give the mixed-com-

plex [Mo(NNMe2)(NNMePh)(S2CNMe2)2] (Eq. 71) (848).
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A number of crystallographic studies have been carried out (847–

849,851,855). All show nearly linear hydrazido ligands and, while substitution

at nitrogen has little effect on either the molybdenum–nitrogen bond length or

hydrazido linearity, the nature of the dithiocarbamate can have a strong effect on

both (847). Interestingly, as found for the related oxo–imido complexes (829),

both dithiocarbamates are seen to be equivalent in solution (by NMR spectro-

scopy), suggesting the possibility of a related interconversion process in these

oxo–hydrazido complexes (849), possibly via an Z1-bound dithiocarbamate.

A number of reactions of bis(hydrazido) complexes have been carried out,

protonation being studied in some detail (Fig. 87) (852–854). Initial protonation

leads to the formation of [Mo(NNR0
2)(Z

2-NHNR0
2)(S2CNR2)2]

þ, containing a

side-on hydrazido(1�) ligand, while addition of a second proton fleetingly

affords [Mo(Z2-NHNR0
2)2(S2CNR2)2]

2þ. Rapid solvent attack, followed by

halide substitution, then leads to further protonation and loss of hydrazinium

salt with formation of [MoX2(NNR
0
2)(S2CNR2)2]. Interestingly, upon deproto-

nation of [Mo(NNR2)(Z
2-NHNR2)(S2CNR2)2]

þ by a variety of bases, kinetic

studies suggest the formation of a transient side-bound hydrazido(2�) complex

prior to regeneration of the terminal ligand.

Reaction of [MoO2(S2CNR2)2] with functionalized hydrazines, H2NNHC

(E)X (E¼O, S; X¼OMe, SR), yields complexes, [Mo(N2CEX)(Z
2-NH2NC-

EX)(S2CNR2)2], containing both side-on hydrazido and linear diazenido ligands

(856–860). For the sulfides (E¼ S), the sulfur of the hydrazido ligand is also

metal-bound generating a chelating ligand. Further, when crystallized in air

(858) or upon addition of HCl (856,857,861), novel dimeric complexes

[Mo2O(S2CNR2)2{m-NNC(R)S}2] result in which the nitrogens bridge the

dimolybdenum(V) vector, while both sulfurs are bound to a single metal center

(Fig. 88).

Related dimeric benzoyldiazenido and thiobenzoyldiazenido complexes,

[Mo2O(S2CNR2)2{m-NNC(Ar)O}2] (97) and [Mo2O(S2CNR2)2{m-NNC(Ar)-
S}2] (98) (Fig. 89), have been prepared from [MoO2(S2CNR2)2] (R¼Me, Et)

and benzoyl or thiobenzoylhydrazines in refluxing methanol in the presence of

PPh3 (862). Two examples have been crystallographically characterized,

namely, [Mo2O(S2CNEt2)2{m-NNC(Ph)O}2] and [Mo2O(S2CNEt2)2{m-NNC
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(Ar)S}2] (Ar¼ p-ClC6H4), their nonplanar Mo2N2 cores being almost identical.

Cyclic voltammetry studies have also been carried out, each showing a

reversible one-electron reduction followed by an irreversible cathodic process

at more negative potentials.

In a further contribution, the previously prepared molybdenum(VI) diben-

zoyldiazene complex, [MoO(S2CNMe2)2{Z
2-N(COPh)����NC(Ph)O}] (99), has

been crystallographically characterized and contains a pentagonal bipyramidal

coordination sphere, the oxygen atom of the diazene ligand lying trans to the

molybdenum–oxo group [O–Mo–O 166.0(3)�] (863).
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Figure 87. Protonation of bis(hydrazido) complexes, [Mo(NNR0
2)(S2CNR2)2].
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Molybdenum(V) tris(dithiocarbamate) diazenido complexes, [Mo(NNR0)-
(S2CNR2)3], have been known since the early 1970s (864,865). They can be

prepared in high yields from [MoO2(S2CNR2)2] and hydrazines, NH2NHR
0, in

refluxing methanol in the presence of a further equivalent of dithiocarbamate

salt (Eq. 72) (866). More recently, Poveda and co-workers (441) prepared
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Figure 88. Generation of diazenido–hydrazido complexes from [MoO2(S2CNR2)2] and their

subsequent rearrangement to give binuclear diazenido-bridged complexes.
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Figure 89. Examples of benzoyl and thiobenzoyldiazenido complexes.
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further examples, [Mo{NNC(O)Ar}(S2CNR2)3] (Ar ¼ p-C6H4NO2), together

with related hydrazido(2-) complexes, [Mo{NNH(CO)Ph}(S2CNR2)3], via the

same synthetic proceedure.
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ð72Þ

In solution the complexes are fluxional, exchange of the methyl groups in

[Mo(NN-p-C6H4X)(S2CNMe2)3] (X¼H, Cl, NO2, OMe, Me) being observed

by NMR spectroscopy, a process that is attributed to a polytopal rearrangement.

The crystal structures of two previously prepared (867) aryl diazenido

complexes, [Mo(NNAr)(S2CNMe2)3] (Ar¼ Ph, m-C6H4NO2), have been

reported (440,868). The metal center adopts a pentagonal bipyramidal coordina-

tion geometry, the diazenido ligand occupying an axial site, while the linear

nature of the latter suggests that it acts as a three-electron donor ligand.

Interestingly in the nitro complex, the substituent further interacts with the

nitrogen of one of the dithiocarbamate ligands (440).

Crystal structures of [Mo{NNC(O)Ar}(S2CNEt2)3] (Ar ¼ p-C6H4NO2) (441)

and [Mo{NNC(O)Et}(S2CNMe2)3] (869) have also been carried out, the same

gross structural features being observed. Refluxing both (R¼ Et) with HCl in

methanol affords [Mo(S2CNEt2)4], while over longer periods the oxidation

product, [Mo(S2CNEt2)4][MoCl4(OMe)2], was isolated (441).

Yamanouchi and Enemark (870) crystallographically characterized the

molybdenum(III) bis(amide) complex, [Mo(S2CNEt2)(Z
2-o-SC6H4NH)2] (100),

formed from the reaction of [MoO(m-O)(S2CNEt2)]2 and 2-aminobenzenethiol.

The coordination polyhedron is found to be midway between a trigonal prism

and octahedron, the nitrogens lying approximately trans to one another

[N��Mo��N 157.5(1)�].

Mo

S

S S

S

HN
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Et2N
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188 GRAEME HOGARTH



The nitride complex, [MoN(S2CNEt2)3], first prepared by Chatt and Dilworth

(871), contains a relatively nucleophilic nitride moiety as a result of the

electron-releasing nature of the dithiocarbamate ligands. As such, it reacts

with a range of organic and nonorganic electrophiles as detailed above

(437,872). Very recently, Seymore and Brown (873) showed that it also reacts

with the electrophilic nitride complex [TpOsNCl2] at 50
�C to give dinitrogen

together with nitride-bridged [TpCl2OsNMo(S2CNEt2)3] (101); labeling studies

showing that the nitride derives primarily from osmium.
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f. Mononuclear Disulfide and Related Chalcogenide Complexes. Mo-

lybdenum disulfide complexes have been prepared in a number of ways.

Addition of thiuram disulfides to [MoS4]
2� and [MoO2S2]

2� affords molybde-

num(V) and (VI) complexes, [Mo(S2)(S2CNR2)3] (102), and [MoO(S2)-

(S2CNR2)2] (103) (R¼Me, Et) (Fig. 90), respectively; as a result of induced

internal electron-transfer and ligand electron-transfer processes (180). Oxo

complexes, [MoO(S2)(S2CNR2)2], have also been prepared by a number of

other methods (810, 874, 875). These include the addition of sodium sulfide to

[MoO2(S2CNR2)2] (874), but the most convenient method appears to be from

addition of propylene sulfide to [MoO(S2CNR2)2] (526). Analogous imido

complexes, [Mo(NR0)(S2)(S2CNR2)2] (104) (Fig. 90) have also been prepared
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Figure 90. Examples of disulfide ðS2�2 Þ complexes.
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via an unusual double sulfur–carbon bond-cleavage process upon thermolysis of

[MoO2(S2CNR2)2] with organic isocyanates (527,528), from thermolysis of

[MoO(S2)(S2CNEt2)2] with phenyl isocyanate (527), and from the reaction of

H2S with [Mo(NAr)2(S2CNEt2)2] (838,876).

A number of crystallographic studies have been carried out, the S2�2 ligand

generally being approximately symmetrically bound with a sulfur–sulfur bond

length of just over 2Å (180,527,528,838,874). Yan and Young have studied the

NMR characteristics of [MoO(S2)(S2CNR2)2] (R¼Me, Et, Pr, Bu) in some

detail, the methyl resonance close to the Mo����O vector being considerably

shielded relative to the other three (526) and a similar effect is seen in imido

analogues (527).

A number of reactivity studies have been reported on oxo–disulfide com-

plexes, [MoO(S2)(S2CNR2)2]. A key feature is the ease of removal of the

disulfide group. Dubois and co-workers (874) also showed that it is readily

removed upon addition of nucleophiles (PPh3, MeNC, CN�,SO2�
3 ), for example,

addition of 2 equiv of phosphine resulting in the generation of [MoO(S2CNR2)2]

and phosphine sulfide. By using PPh3 in 1,2-dichloroethane, the transformation

has been studied kinetically by stop-flow methods, and has been shown to be an

irreversible second-order reaction, the rate constant varying as a function of the

alkyl substituents; Me> Et> Pr (877,878).

Electrochemical studies (R¼Me, Et) reveal irreversible one-electron oxida-

tion and reduction processes, the disulfide unit being lost in both instances.

Controlled electrolysis or oxidation with [NO]PF6 is postulated to yield the

mixed-valence complex, [Mo2O(m-O)(S2CNR2)4]
þ, which in turn is reduced to

[MoO(S2CNR2)2] (879). Sulfur is also partially lost upon heating [MoO(S2)

(S2CNR2)2] at >160�C. Here, dinuclear [MoO(m-S)(S2CNR2)]2 results (526),

which is also formed upon addition of thiophenol (874). The imido–disulfide

complex, [Mo(NPh)(S2)(S2CNEt2)2], behaves in a somewhat similar manner to

its oxo analogue. Addition of triethylphosphite followed by oxidation by air

affords dimeric [Mo2O2(m-S)(m-NPh)(S2CNEt2)2] (Eq. 73), postulated to result

from abstraction of a single sulfur atom of one molecule and the disulfide unit of

a second (527).
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Bargon and co-workers utilized the reversible removal addition of sulfur in

[MoO(S2)(S2CNEt2)2] to employ it as a catalyst for the conversion of isonitriles
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into isothiocyanates (880) and the direct episulfidation of alkenes and allenes

with elemental sulfur (881,882). Both transformations occur in good yields and

under mild conditions. Sulfuration of isonitriles is believed to occur via a

catalytic cycle shown in Fig. 91, involving the unknown oxo–sulfido complex,

[MoOS(S2CNEt2)2]. Further, in a secondary reaction the isonitrile binds to

coordinately unsaturated [MoO(S2CNEt2)2], one example [MoO(t-BuNC)(S2C-

NEt2)2] being characterized crystallographically (880).

The episulfidation of alkenes and allenes is believed to proceed in a similar

manner (881,882). Here there is also a secondary reaction, but in this instance it

is noninnocent, in that the molybdenum(V) dimer, [MoO(m-S)(S2CNEt2)]2, and
tetraethylthiuram disulfide are formed. This is especially noticeable when less

reactive ðZÞ-cycloalkanes are used, and the authors suggest that while initial

sulfur transfer is facile, transfer from [MoOS(S2CNEt2)2] proceeds at a slower

rate, allowing the internal redox reaction to become a dominant pathway.

The disulfide unit is retained upon addition of methyl iodide to

[MoO(S2)(S2CNR2)2], the salts [MoO(S2Me)(S2CNR2)2]I being produced

(874). Disulfides can also be oxidized; addition of m-chloroperoxybenzoic

acid to [MoO(S2)(S2CNR2)2] and [Mo(S2)(S2CNR2)3] yielding the S2O com-

plexes, [MoO(Z2-S2O)(S2CNR2)2] and [Mo(Z2-S2O)(S2CNR2)3], respectively

(Fig. 92) (445,883). The latter are also formed in low yield from the reaction of

[MoS4]
2� with [VCl2(S2CNR2)2] (445).
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Figure 91. Proposed mechanistic scheme for the sulfuration of isonitriles catalyzed by

[MoO(S2)(S2CNEt2)2].
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The EHMO calculations have shown that the S2�2 and S2O
2� ligands bind to

molybdenum(V) in a similar fashion, the S2O group being both a weaker p acid

and base (445). Both types of complex show similar cyclic voltammetric

properties, undergoing a reversible one-electron reduction and a quasi-reversible

one-electron oxidation, while chemical oxidation of [Mo(Z2-S2O)(S2CNR2)3]

by ferrocenium affords [Mo(S2CNR2)4]
þ. Loss of the S2O ligand from [MoO-

(S2O)(S2CNR2)2] also occurs upon addition of PPh3, generating Ph3PS and

[Mo2O3(S2CNR2)4] (883).

Upon reduction of [MoCl(S2CNEt2)3] in SO2, [Mo(Z2-SO2)(S2CNEt2)3]

(Eq. 74), is formed along with what is proposed to be the novel thionyl chloride

complex, [Mo(SOCl2)(S2CNEt2)3]. The latter has not been structurally char-

acterized, and hence the precise binding mode remains unknown. The S��O
coordination of the SO2 ligand has, however, been confirmed by a crystal-

lographic study, which shows that it occupies an axial site in a pentagonal

prismatic arrangement (444).
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g. Nitrosyl and Thionitrosyl Complexes. A wide range of molybdenum

dithiocarbamate nitrosyl complexes are known, while in contrast the related

thionitrosyl complexes are relatively scarce. Reductive nitrosylation of

[MoO2(S2CNEt2)2] by hydroxylamine results in the formation of the molybde-

num(III) nitrosyl complex [Mo(NO)(S2CNEt2)3] (884), while the corresponding

thionitrosyl results from the reaction of the molybdenum(VI) nitride, [MoN-
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Figure 92. Reactions of [MoO(S2)(S2CNR2)2] that result in modification of the disulfide moiety.
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(S2CNEt2)3], with sulfur of propene sulfide (Eq. 75) (872).
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Johnson et al. (885) showed that nitrosyl complexes, [Mo(NO)(S2CNR2)3]

(R¼Me, Et, Bu), also result almost quantitatively upon photolysis of [Mo(NO)2
(S2CNR2)2], dinitrogen oxide also being detected (Eq. 76).
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The nitride (433), nitrosyl (884), and thionitrosyl (442) have all been

crystallographically characterized. Each displays a pentagonal bipyramidal

coordination sphere, the nitrogen occupying an axial site. This leads to an

elongation of the molybdenum–sulfur vector trans to nitrogen as a result of the

trans-influence of the ligands, such that; N>NS>NO [trans Mo–S; NO

2.561(2), NS 2.608(1), N 2.852(3) Å] (Table IV).

Previous workers have noted the unexpectedly high barrier to dithiocarba-

mate exchange in [Mo(NO)(S2CNMe2)3] and this has been confirmed by

Johnson et al. (885). It is unusual since related seven-coordinate tris(dithiocar-

bamate) complexes such as [TiCl(S2CNMe2)3] and [Re(CO)(S2CNMe2)3] have

relatively low barriers to dithiocarbamate exchange. In order to further probe

this anomalous behavior at molybdenum (and tungsten), attempted exchange

reactions were carried out between [Mo(NO)(S2CNMe2)3] and NaS2CNEt2.

However, under both photochemical and thermal conditions no intermolecular

dithiocarbamate exchange was noted, suggesting that intramolecular exchange

in [Mo(NO)(S2CNMe2)3] cannot proceed via a dissociative process, which may

account for the high-activation barrier.

A number of other molybdenum(III) nitrosyl complexes have been reported.

Addition of dithiocarbamate salt to [MoBr2(CO)4]2 in the presence of o-

phenylene-bis(dimethylarsine) (diars) yields, [Mo(CO)(S2CNR2)2(diars)] (R¼
Me, Et), which in turn are oxidized by [NO]BF4 to nitrosyls, [Mo(NO)-

(S2CNR2)2(diars)]BF4 (Eq. 77) (886). A crystallographic study (R¼ Et) reveals
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that the nitrogen and one sulfur atom occupy axial sites in a distorted pentagonal

bipyramidal geometry (887).
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Broomhead and Budge (888) prepared a further molybdenum(III) nitrosyl

complex, [Mo(NO)(NCO)(dmso)(S2CNEt2)2], and investigated its chemistry

(Fig. 93). A crystal structure shows that the metal center adopts a pentagonal

bipyramidal geometry, both dithiocarbamate ligands lying in the equatorial

plane, along with the isocyanate. The dimethylsulfoxide ligand is readily lost

upon addition of ammonia, pyridine, and hydrazine, the latter generating a

binuclear complex. Addition of anions also results in a similar reaction to

generate [MoX(NO)(NCO)(S2CNEt2)2]
� (X¼ Cl, N3, NCO, NCS); a prelimin-

ary X-ray structure of the bis(isocyanate) complex suggesting that the nitrosyl

now occupies the final equatorial site.

Further molybdenum(III) nitrosyl complexes include [CpMo(NO)-

(S2CNR2){Z
1-S2P(OR

0)2}] (R¼Me, Et; R0 ¼ Et, i-Pr), formed upon addition

of dithiocarbamate salts to [CpMo(NO)I{S2P(OR
0)2}] (889). Interestingly, the

31P NMR spectra show only a sharp singlet resonance at all temperatures up to

330 K suggesting the absence of any scrambling between the unidentate

dithiophosphinate and bidentate dithiocarbamate ligands, the stronger tendency

of the dithiocarbamate to act as a bidentate is a reflection of its higher

nucleophilicity.

Molydenum(II) bis(nitrosyl) complexes are well known. For example,

[Mo(NO)2(S2CNEt2)2] results cleanly from addition of NO to [Mo(CO)2(S2C-

NEt2)2], itself prepared from [Mo(CO)4Br2] and 2 equiv of dithiocarbamate salt

(890). An alternative synthesis of these nitrosyl complexes involves the in situ

generation of [Mo(NO)2]
2þ, upon heating ammonium heptamolybdate and
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Figure 93. Some reactions of [Mo(NO)(NCO)(dmso)(S2CNEt2)2].
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hydroxylamine in DMF, followed by addition of 2 equiv of dithiocarbamate salts

(891, 892). Broomhead and co-workers (893) studied the electrochemistry of a

range of bis(nitrosyl) complexes (R¼Me, Et, i-Pr, Bu, Bz; R2¼ C4H4). They

undergo a reversible one-electron reduction to give radical anions, [Mo(NO)2
(S2CNR2)2]

�, ESR studies showing that the unpaired electron is delocalized

over both nitrosyl groups, while the angle between the nitrosyl ligands remains

unchanged upon reduction.

Addition of NaS2CNEt2 to [Mo(NO)2(S2CNMe2)2] results in dithiocarbamate

exchange, presumably via initial monodentate coordination of the new dithio-

carbamate ligand (885). Similarly, reactions of [Mo(NO)2(S2CNEt2)2] toward

azide, cyanate and diethyldithiocarbamate anions have been studied in hot

DMSO. All are initiated by anion coordination, which leads to nitrosyl

activation, and elimination of dinitrogen oxide (894). Mechanistic studies,

together with earlier work on the characterization of final products, [MoX2-

(NO)(S2CNEt2)2]
� (X¼N3, NCO) (895), have lead to the proposal of a

mechanistic scheme for these transformations (Fig. 94) (894).

Further examples of molybdenum(II) nitrosyl complexes are [Mo(NO)-

(Ph3PO)(S2CNR2)2] (R¼Me, Et), prepared upon addition of NO to [Mo-

(CO)2(PPh3)(S2CNR2)2]. Here the dithiocarbamates are retained and the phos-

phine is oxidized. In contrast, addition of NOBr to [Mo(NO)(Ph3PO)(S2CNR2)2]

results in both phosphine oxidation and dithiocarbamate loss generating

[MoBr2(NO)2(Ph3PO)2] (896).

Dimeric molybdenum(I) nitrosyl complexes, [Mo(CO)2(NO)(m-S2CNR2)]2
(R¼Me, Et; R2¼ C4H8), have been prepared that contain bridging dithiocar-

bamate ligands (897). Addition of a range of neutral or ionic ligands results in

cleavage to give neutral monomeric, [Mo(NO)(CO)(S2CNR2)L2] [L¼ PPh3,

PMe3, P(OMe)3, Py; L2¼ dppe], or anionic, [Mo(NO)(CO)2(S2CNR2)X]
�

(X¼ SCN, NO3, N3, Br, Cl), complexes (Fig. 95) (898). Crystallographic

studies have shown that the latter contain cis carbonyls and trans NO and X

ligands, while for the neutral complexes, phosphorus ligands lie trans to one

another, except for the dppe complex in which NO lies trans to phosphorus and

CO trans to sulfur.

[MoX(NO)2(S2CNEt2)2]−Mo(NO)2(S2CNEt2)2   +   X−

2  [MoX(NO)2(S2CNEt2)2]−                           

[{MoX(S2CNEt2)2NO}2(µ-N2O2)]2−  +  DMSO                       

MoX(S2CNEt2)(dmso)2.NO  + X−                        

[{MoX(S2CNEt2)2NO}2(µ-N2O2)]2−

MoX(S2CNEt2)(dmso)2.NO   +   N2O

[MoX2(NO)(S2CNEt2)2]−   +   DMSO

Figure 94. Proposed mechanistic scheme for the reactions of [Mo(NO)2(S2CNEt2)2] with anions.
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Carmona et al. (899) prepared another monomeric molybdenum(I) nitrosyl

complex, mer-[Mo(NO)(PMe3)3(S2CNMe2)], from [MoCl(NO)(PMe3)4]. Further

reaction with carbon monoxide yields trans-[Mo(NO)(CO)(S2CNMe2)(PMe3)2]

via replacement of the phosphine trans to a molybdenum–sulfur bond (Eq. 78).
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The same group also described the synthesis and characterization of [Mo

(NO)(PMe3)(S2CNMe2)(Z
3-S2CPMe3)] (105), containing an allyl-type, zwitter-

ionic, phosphonium dithiocarboxylate ligand and formed from [MoCl(NO)

(PMe3)2(Z
3-S2CPMe3)] and NaS2CNMe2 (899).
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S
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h. Cyclopentadienyl, Tris(pyrazolyl)borate, and Related Ligands.
Cyclopentadienyl complexes, [CpMo(CO)2(S2CNR2)], have been prepared via

addition of thiuram disulfides to the triple-bonded dimers, [CpMo(CO)2]2
(900,901), and from the thermal reaction of [CpMo(CO)3]2 and diethylamine

in the presence of carbon disulfide (902). Two examples of complexes of this

type, namely, [CpMo(CO)2(S2CNMe2)] and [CpMo(CO)2(S2CN��i-Pr2)] have

been crystallographically characterized (900,901). Brunner and Wachter (903)

also isolated some unusual examples, namely, [CpMo(CO)2(S2CNRH)]
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Figure 95. Reactions of [Mo(CO)2(NO)(m-S2CNR2)2]2 with neutral and charged two-electron

ligands.
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(R¼Me) and [CpMo(CO)2{S2CN(R)C(Ph)����NR}] (R¼ i-Pr, Bz), prepared

from the reactions of [CpMo(CO)3Cl] and Li[RN����C(Ph)NR] in the presence

of carbon disulfide (Fig. 96). Formation of the latter iminoacyl dithiocarbamate

complexes is what might be expected upon initial formation of the dithiocarba-

mate, while the former results formally from a carbon–nitrogen bond cleavage

process, which only occurs for the methyl derivative.

Davidson and Sence (904) investigated the chemistry of a number of

molybdenum(II) alkyne complexes. For example, addition of NaS2CNMe2 to

[CpMoCl(CO)(PhC2Ph)] yields [CpMo(PhC2Ph)(S2CNMe2)], which contains a

four-electron alkyne ligand (Eq. 79).
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S
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PhC
CPh
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ð79Þ

The bis(alkyne) complexes, [CpMo(CF3C2CF3)2(S2CNR2)] (R¼Me, Et),

result from addition of dithiocarbamate salts to [CpMoCl(CF3C2CF3)2]

(Eq. 80); each hexafluorobut-2-yne ligand acting as a two-electron donor

(905). Interesting, upon heating the latter in hexane at 100�C, clean carbon–

carbon bond formation results giving the butadiene complexes, [CpMo{Z4-

C4(CF3)4}(S2CNR2)], which can also be prepared directly from [CpMo-

(CO)X{Z4-C4(CF3)4}] upon addition of dithiocarbamate salts (906).
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Molybdenum(II) tris(pyrazolyl)borate and tris(1,2,4-triazolyl)borate (Tpt)

dicarbonyl complexes, [TpMo(CO)2(S2CNEt2)] and [TptMo(CO)2(S2CNEt2)],
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Figure 96. Some products of the reactions of [CpMoCl(CO)3] with Li[RN����C(Ph)NR].

TRANSITION METAL DITHIOCARBAMATES 197



can be generated from reactions of the respective tricarbonyl–iodide complexes

with [Ag(S2CNEt2)]6, with both being crystallographically characterized (907).

In related work, the thermal addition of thiuram disulfides to [Tp*Mo(CO)3] is

shown to afford molybdenum(III) complexes, [Tp*Mo(S2CNR2)2] (R¼Me, Et)

(178,179). A crystallographic study (R¼ Et) (106) reveals that one of the

dithiocarbamates is essentially monodentate, the second molybdenum–sulfur

interaction of 3.820(2) Å, being only weak. A similar addition of tetra-

ethylthiuram disulfide to [(Z5-C2B9H11)Mo(CO)3]
2� yields the molybdenum(II)

complex, [(Z5-C2B9H11)Mo(CO)(S2CNEt2)]
�; shown to have a psuedo pyrami-

dal coordination geometry (908).
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Molybdenum(III) and (V) pentamethylcyclopentadienyl complexes, [Cp*

MoI(NO)(S2CNR2)] (R¼Me, Et) (909) and [Cp*MoCl3(S2CNEt2)] (910)

respectively, have been prepared. The latter reacts further with hydrogen

peroxide to give [Cp*MoO(Z2-O2)Cl], while reduction with sodium amalgam

affords what is believed to be [Cp*MoCl2(S2CNEt2)] (Eq. 81), albeit in low

yield (910). In contrast, related cyclopentadienyl and indenyl complexes,

[CpMoCl2(S2CNEt2)] and [(Z5-C9H7)MoCl2(S2CNEt2)], are prepared in high

yields upon addition of NaS2CNEt2 to [(ring)MoCl3] (911).
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In a series of papers, McCleverty and co-workers (912–914) reported on the

synthesis, structure, and reactivity of [CpMo(NO)(Z1-C5H5)(S2CNR2)]

(R¼Me, Bu), which contain both Z5- and Z1-cyclopentadienyl ligands. They
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are prepared upon addition of dithiocarbamate salts to [Cp2MoI(NO)] (912), and

related molybdenum(III) nitrosyl complexes, [CpMoX(NO)(S2CNMe2)]

(X¼ Cl, Br), are also reported from the addition of NaS2CNMe2 to

[CpMoX2(m-NO)]2. The Z1-cyclopentadienyl complexes have been studied by

variable temperature NMR, and display three independent fluxional processes;

(1) 1,2-shifts of the Z1-cyclopentadienyl ring; (2) Z1-Z5-cyclopentadienyl ring

exchange, (3) restricted rotation about the carbon–nitrogen bonds.

A number of reactivity studies have been carried out on [CpMo(NO)(Z1-

C5H5)(S2CNMe2)] (107) (Fig. 97). Addition of trifluoroacetic acid results in

replacement of the Z1-cyclopentadienyl ligand affording [CpMo(NO)(Z1-

OCOCF3)(S2CNMe2)] (108) (913), but most interesting is its reactions with

electron-deficient alkenes and alkynes (914). These result in 2þ 4 Diels–Alder

addition reactions to afford molybdenum(III) complexes with elaborate organic

alkyl ligands. For example, addition of hexafluorobut-2-yne leads after a day to

the formation of [CpMo(NO)(S2CNMe2){Z
1-C7H5(CF3)2}] (109), while with

maleic anhydride, [CpMo(NO)(S2CNMe2){Z
1-C7H7(C2O3)}] (110) results.

The molybdenum(IV) bis(indenyl) complex, [(Z5-C9H7)2Mo(S2CNEt2)]BF4,

is formed in high yield from [(Z5-C9H7)2Mo(MeCN)2]
2þ and NaS2CNEt2. A

crystallographic study reveals that the dithiocarbamate is bidentate and both
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Figure 97. Synthesis and reactivity of the Z1-cyclopentadienyl complex, [CpMo(NO)(Z1-C5H5)(S2
CNMe2)].
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indenyl rings are Z5-bound (915). Related molybdenum(IV) cyclopentadienyl

complexes, [Cp2Mo(S2CNR2)]
þ, can be generated from [Cp2MoCl2] and

dithiocarbamate salts, examples including a complex generated from 1,4,7,10-

tetraoxo-13-azacyclopentadecane (50).

Tris(pyrazolyl)borate complexes containing strong p-donor oxo and sulfido

ligands have been prepared. Addition of KTp* to [MoO(S2CNR2)2] yields

[Tp*MoO(S2CNR2)] (R¼Me, Et, Pr, Bu) (916), two examples of which

(R¼ Et, Pr) have been crystallographically characterized (916,917). A few

reactions have also been explored. With boron sulfide, the oxo group is replaced

to give [Tp*MoS(S2CNR2)] (916), along with the dimeric side product trans-

[Tp*MoS(m-S)]2 (918). The monomeric oxo complexes undergo a quasi-

reversible one-electron oxidation, a process that is irreversible for the sulfides

(916). Addition of B(C6F5)3 to [Tp*MoO(S2CNMe2)] results in formation of

[Tp*Mo{OB(C6F5)3}(S2CNMe2)], which has been crystallographically charac-

terized (919). The boron–oxygen interaction of 1.531(2) Å is typical of a single

bond, while the molybdenum–oxygen bond of 1.767(1) Å is � 0.1 Å longer than

in simple oxo complexes.

i. Organometallic Molybdenum(II) Complexes. In the vast majority of

organometallic molybdenum dithiocarbamate complexes, the metal is in the þ2

oxidation state, although as seen in Section IV.C.2.h, cyclopentadienyl and

related complexes are found for molybdenum(V)–(III), while molybdenum(0)

carbonyl complexes can also be prepared (see Section IV.C.2.j).

Seven-coordinate tricarbonyl complexes, [Mo(CO)3(S2CNR2)2], were first

prepared by Colton and Scollary (921) from the reaction of [MoX2-

(CO)2(PPh3)2] (X¼ Cl, Br) (920) or [MoX2(CO)4]2 (921) with 2 equiv of

dithiocarbamate salt. The latter method is the most widely utilized and has been

adopted by others (353,922). For example, Herrick and Templeton (353) used

this to prepare the pyrrole complex, [Mo(CO)3(S2CNC4H4)2]. All are easily

oxidized by air, and readily lose a carbonyl under vacuum to afford the related

16-electron dicarbonyl complexes, [Mo(CO)2(S2CNR2)2], a process that is

reversible (Eq. 82). The rate of loss of CO is a function of the dithiocarbamate

substituents, such that; Bz> Et>Me� C4H4, the latter losing CO only very

slowly (353,921).
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These 16-electron complexes dicarbonyl have been studied in some detail

(369,446,770,832,923,924). A general synthesis is that described above, while

in a similar manner, [Mo(CO)2(S2CNC4H8)2] results from addition of iodine to

[Mo(CO)5I]
� followed by reaction with 2 equiv of dithiocarbamate salt (770).

Crystallographic characterization of [Mo(CO)2(S2CN-i-Pr2)2] reveals a trigonal-

prismatic coordination geometry, C–Mo–C 74.3(3)�, which is unprecedented in

metal carbonyl chemistry (924). This is believed to result from the planar nature

of the dithiocarbamate ligands, which fixes the orientation of the filled p orbitals

perpendicular to the bite angle of the ligand and limits overlap of the dp-LUMO

with filled sulfur p-type orbitals in the octahedral coordination mode. Thus, in

order to effectively interact with the single vacant dp -level a trigonal-prismatic

core is imposed (924).

A wide range of reactions of both [Mo(CO)3(S2CNR2)2] and [Mo(CO)2
(S2CNR2)2] have been explored. The moderate electrophilic nature of the

dicarbonyl complexes has been established by following a series of ligand

addition reactions, and the prediction from molecular orbital theory that initial

ligand attack occurs trans to a carbonyl, is confirmed in a crystallographic

structure of a tetrahydrothiophene (THT) adduct, [Mo(CO)2(tht)(S2CNEt2)2]

(923).

Templeton et al. (925) reported the formation of the vinylketene complexes,

[Mo(CO){Z2,Z2-H2C����CH����C(R)����CO}(S2CNEt2)2 (R¼H, Me), produced

rapidly upon addition of cylcopropene and its methyl derivative to [Mo(CO)2
(S2CNEt2)2] (Eq. 83). The reaction involves both the ring opening of a cyclo-

propene and carbonyl insertion, although precise mechanistic details are unknown.
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The dicarbonyls react with other two-electron donor ligands (L) such as

phosphines and phosphites to give 18-electron complexes, [Mo(CO)2L-

(S2CNR2)2], examples of which can also be prepared by other methods (353).

For example, Baker et al. (926) prepared [Mo(CO)2(SbPh3)(S2CNBz2)2] from

the addition of 2 equiv of dithiocarbamate salt to [MoI2(CO)3(MeCN)(SbPh3)].

Likewise, Carmona et al. (927) reported the synthesis of mono and bis(pho-

sphine) complexes, [Mo(CO)n(PMe3)3�n(S2CNR2)2] (n ¼ 1,2; R¼Me, Et, i-

Pr), from dithiocarbamate addition to [MoCl2(CO)2(PMe3)3]. Interestingly, in a
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similar manner to the tri- and dicarbonyl complexes, they can be interconverted

upon addition of CO and heating in the presence of phosphine, respectively,

(Eq. 84).

Mo

S

S PMe3

S

CO

S

NR2

R2N PMe3
Mo

S

S CO

S

CO

S

NR2

R2N PMe3

CO, 50°C

(xs) PMe3, 50−60°C
ð84Þ

Addition of halides or azide to [Mo(CO)3(S2CNEt2)2] affords [Mo(CO)2X-

(S2CNEt2)2]
� (353,928); the fluoride (111) being shown by X-ray crystal-

lography to have a capped trigonal-prismatic geometry. The halide occupys

the capping site, with an acute angle of (67.4�) between the carbonyl groups

(928).
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Reduction of the molybdenum(IV) complexes, [MoX(dppe)(S2CNR2)2]X

(X¼ Cl, Br; R¼Me, Et; R2¼ C5H10), by tin in the presence of carbon

monoxide affords the related diphosphine complexes, [Mo(CO)(dppe)-

(S2CNR2)2] (813), also prepared upon heating [Mo(CO)3(S2CNEt2)2] and

dppe in methanol (929). In contrast, reduction of [MoX(dppe)(S2CNR2)2]X in

a nitrogen or argon atmosphere affords dimeric molybdenum(III) complexes,

[{Mo(dppe)(S2CNR2)2}2]
2þ (813).

The 18-electron monocarbonyl complexes, [Mo(CO)L2(S2CNEt2)2]

(L¼ PMe2Ph, PMePh2; L2¼ dppe), have been probed electrochemically

(929). They undergo two successive one-electron oxidations, the primary

process being reversible, while reversibility of the latter is only seen for the

dppe complexes at high scan rates (Eq. 85). The reversible generation of

molybdenum(III) species is in contrast to that found for [Mo(CO)2(PPh3)(S2C-

NEt2)2], which oxidizes irreversibly. Interestingly, a solution of the molybde-

num(III) carbonyl, [Mo(CO)(dppe)(S2CNEt2)2]
þ, can be prepared at 0�C by
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controlled-potential electrolysis, the IR band of the molybdenum(II) carbonyl at

1930 cm�1, being replaced by a new absorption at 1790 cm�1.
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Oxidation of the molybdenum(II) center with external reagents is often

facile. For example, addition of bromine to [Mo(CO)3(S2CNMe2)2] gives the

known molybdenum(IV) complex, [MoBr2(S2CNMe2)2], which can subse-

quently be converted into [Mo(S2CNMe2)4] and [MoOBr2(S2CNMe2)2] upon

addition of TlS2CNMe2 and Br2/H2O, respectively (922). Addition of aryl

azides to [Mo(CO)2(S2CNEt2)2] leads to the molybdenum(VI) bis(imido)

complexes, [Mo(NAr)2(S2CNEt2)2] (Ar¼ Ph, p-tolyl) (832), while with

[Cp4Fe4(m
3-S)4] a slow reaction occurs to give the molybdenum(IV) thiol

complex, [Mo(SH)(S2CNEt2)3]. The latter has been crystallographically char-

acterized, and also shown by magnetic susceptibility measurements to be

paramagnetic (m 2.45 BM at 250 K); adopting a singlet ground state as the

temperature is lowered (446).

A range of alkyne complexes, [Mo(CO)(RC2R)(S2CNR2)2] and [Mo(RC2R)2
(S2CNR2)2], have been extensively studied. The former are prepared from the

addition of a slight excess of alkyne to [Mo(CO)n(S2CNR2)2] (n ¼ 2, 3) or via

alkyne exchange reactions with [Mo(CO)(HC2H)(S2CNEt2)2] (930), the latter

providing a good synthetic route to complexes, which do not chromatograph

well (931). Bennett and Boyd (819) also prepared the cyclooctyne derivatives,

[Mo(CO)(C8H12)(S2CNR2)2] (R¼Me, Et), upon addition of cyclooctyne to

[Mo(CO)2(PPh3)(S2CNR2)2].

Addition of excess alkyne to [Mo(CO)2(S2CNR2)2] (350,369,932) or [Mo

(CO)(RC2R)(S2CNR2)2] (933) affords bis(alkyne) complexes, [Mo(RC2R)2-

(S2CNR2)2] (350). Templeton and co-workers (933) studied the kinetics of the

conversion of mono to bis(alkyne) complexes, which they propose proceeds via

carbonyl loss, the relative rate of substitution corresponding to the relative

electron-withdrawing ability of the bound alkyne. Further, when the free alkyne

differs from the bound alkyne, exchange occurs, the second order rate expres-

sion found being consistent with an associative mechanism. Due to the alkyne

exchange it has proved difficult to prepare mixed-alkyne complexes, although

the synthesis of [Mo(PhC2H)(EtC2Et)(S2CNMe2)2] has been achieved from
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[Mo(CO)(PhC2H)(S2CNMe2)2] (Eq. 86) (933).
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The parent bis(alkyne) complexes, [Mo(HC2H)2(S2CNR2)2] (R¼Me, Et),

have remained somewhat elusive, although trace amounts have been prepared

from [Mo(CO)(HC2H)(S2CNR2)2] and acetylene in an autoclave (369). With

pyrrole dithiocarbamate, the bis(alkyne) complexes form far more readily that

with dialkyl dithiocarbamates, an effect that is attributed to the decreased

electron density at the metal center in the former. In support of this hypothesis,

both solid state and solution data for [Mo(CO)3(S2CNC4H4)2] reflect the

reluctance of the pyrrole nitrogen to provide p-electron density to the CS2
fragment. This difference is also reflected in the synthesis of [Mo(HC2H)2
(S2CNC4H4)2], albeit in low (10%) yield (350).

The crystal structure of [Mo(MeC2Me)2(S2CNC4H4)2] has been reported.

The geometry of the molecule is a distorted octahedron, the two alkynes residing

cis to one another, each adopting a bent geometry with the methyl groups

directed away from the metal center (350). In solution, the bis(alkyne) com-

plexes are fluxional and two independent fluxional processes have been

identified (350,369); (1) a low-energy rotation about the carbon–nitrogen bonds

of the dithiocarbamates, and (2) a higher energy rotation of the alkynes, an

activation barrier of 64 kJ mol�1 being estimated for [Mo(EtC2Et)2(S2CNMe2)2]

(369). Went and co-workers (931) prepared the bis(1,4,7-trithiacycloundec-9-

yne) complex, [Mo(RC2R)2(S2CNMe2)2], and on the basis of the 13C NMR

shifts for the alkyne carbons (d181.4 and 178.5) suggest that each acts as a

three-electron donor.

A number of further reactions of [Mo(CO)(RC2R)(S2CNR2)2] have been

probed. With electron-deficient olefins, mixed alkyne–olefin complexes are

generated upon carbonyl loss (934), while addition of nucleophiles to [Mo

(CO)(RC2R)(S2CNMe2)2] results in rapid alkyne loss even at room temperature

affording [Mo(CO)L2(S2CNMe2)2] [L¼ CO, PEt3, P(OMe)3] (933). In further

work, Bennett and Boyd (818) showed that addition of halides to the cyclooc-

tyne complexes, [Mo(CO)(C8H12)(S2CNR2)2] (R¼Me, Et) affords molybde-

num(IV) complexes, [MoX2(C8H12)(S2CNR2)2] (X¼ Br, I), in which the

carbonyl is lost, but the alkyne retained.
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Molecular orbital calculations have been used to rationalize the relative

inertness of 16-electron bis(alkyne) complexes, which is due to destabilization

of the vacant dp–LUMO resulting from alkyne p? donation (369,821). They do,

however, still undergo a number of reactions (Fig. 98). Addition of Fe2(CO)9 to

[Mo(PhC2Ph)2(S2CNEt2)2] gives heterobimetallic [MoFe(CO)3(S2CNEt2)(m-
CO)(m-Z1,Z2,Z2,Z1-C4Ph4)] (112), in which the two alkynes have coupled

(935), while protonation with HBF4 leads to a similar carbon–carbon coupling

to give the butadienyl cation, [Mo(Z4-C4Ph4H)(S2CNEt2)2]
þ (936) (see Section

IV.C.3.g).

In other contributions, Baker et al. (926,937) detailed the preparation of

seven-coordinate group 15 (VA) compounds, [MoI(CO)3(EPh3)(S2CNR2)]

(R¼ Et, Bz; E¼ P, As, Sb) and [Mo(CO)3(S2CNBz2)(m-I)]2, together with

related alkyne complexes, [MoI(CO)(EtC2Et){P(OPh)3}(S2CNR2)] (R¼Me,

Et) (113), prepared upon addition of dithiocarbamate salts to [MoI2(CO)(MeC-

N)(EtC2Et){P(OPh)3}] (938).
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Molybdenum(II) allyl complexes, [Mo(CO)2(Z
3-C3H5)(MeCN)(S2CNR2)]

(R¼ Et; R2¼ C4H8) (114), can be prepared upon addition of allyl bromide to

[Mo(CO)4(S2CNR2)]
�, or dithiocarbamate salts to [Mo(CO)2(Z

3-C3H5)

(MeCN)2Br] (939,940). A number of reactions have been carried out (Fig. 99).

Addition of pyridine gives [Mo(CO)2(py)(Z
3-C3H5)(S2CNR2)] (115) (939),

which is also formed upon addition of dithiocarbamate salts to [Mo(CO)2(Z
3-

C3H5)(py)2Br] (940). The pyridine complexes are useful synthetic intermediates
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Figure 98. Selected reactions of [Mo(PhC2Ph)2(S2CNEt2)2].
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as pyridine is readily lost, for example, upon addition of PPh3, affording

[Mo(CO)2(PPh3)(Z
3-C3H5)(S2CNR2)] (116). With 4,40-bpy and dppe (L2),

binuclear complexes (117) result with either bridging carbonyls, [Mo2(Z
3-

C3H5)2(S2CNEtR)2(dppe)2(m-CO)2] or bridging ligands [Mo2(Z
3-C3H5)2

(S2CNEtR)2(CO)2(m-L2)], while addition of 1,10-phenanthroline (phen) or

2,20-bpy leads to chelate complexes in which the dithiocarbamate is now

monodentate (118) (241). Related monodentate dithiocarbamate complexes,

[Mo(Z1-S2CNHR)(Z
3-C3H5)(CO)2(2,2

0-bpy)] (R¼Me, Et), have also been

prepared from the reaction of [MoBr(Z3-C3H5)(CO)2(2,2
0-bpy)] with dithiocar-

bamate salts (242).

The acetonitrile complexes, [Mo(CO)2(NCMe)(Z3-C3H5)(S2CNR2)] (R¼ Et;

R2¼ C4H8) (114), are also versatile synthetic intermediates, reacting with

diphosphines at reflux to give [Mo(CO)(Z3-C3H5)(Ph2XPPh2)(S2CNR2)]

(X¼ CH2, CH2CH2, NH) (939, 941, 942). They exist as mixtures of endo-

119 and exo-120 isomers (Fig. 100) that interconvert in solution, as shown by

NMR spectroscopy. The dppm ligand (X¼ CH2) favors the formation of the exo

products, while with dppe (X¼ CH2CH2) endo isomers dominate, and are the

only product with dppa (X¼NH). Activation barriers to exo–endo interconver-

sion are somewhat greater for dppm versus dppe complexes, being attributed to

the smaller bite angle of the former.

Carmona and co-workers (943–945) detailed the synthesis and structure of

molybdenum(II) complexes bearing an agostic acyl ligand. Thus, addition of

dithiocarbamate salts to [MoCl(CO)(PMe3)3{Z
2-C(O)CH2X}] (X¼H, SiMe3)

Mo

S

S CO

CO
R2N Mo

S

S CO

CO
R2N

py

Py
Mo

S

S CO

CO
R2N

PPh3

Mo
S CO

N
S

N
NR2

Mo

S

S CO

L
R2N

CO

2,2′-bpy
or
9,10 phen

Mo
S

SL

OC
NR2

CO

PPh3

dppe
or
4,4′-bpy

NCMe

114 115 116

117 118

Figure 99. Synthesis and reactivity of [Mo(CO)2(py)(Z
3-C3H5)(S2CNR2)].
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affords agostic acyl complexes [Mo(CO)(PMe3)2(S2CNR2){Z
1-C(O)CH2X}]

(R¼Me, i-Pr; R2¼ C5H10), which attain an 18-electron configuration through

a b-carbon–hydrogen bond rather than dihapto coordination of the acyl group. In
contrast, addition of the pyrrole dithiocarbamate salt gives complexes

[Mo(CO)(PMe3)2(S2CNC4H4){Z
2-C(O)Me}], with a dihapto acyl ligand. This

different behavior has been ascribed to the weaker donor ability of pyrrole

dithiocarbamate (which is more similar to a xanthate) relative to dialkyl

dithiocarbamates (943), although small steric and electronic changes about

the metal center may also be important. Interestingly, in more recent work

complexes [Mo(CO)(PMe3)2(S2CNMe2){Z
2-C(O)CH2SiMe2R}] (R¼Me, Ph)

have been shown to exist as an isomeric mixture of b-agostic 121 and Z2-acyl

122 forms in solution (Fig. 101), the agostic form of [Mo(CO)(PMe3)2-

(S2CNMe2){Z
2-C(O)CH2SiMe3}] being the subject of a crystallographic study

(946) (Fig. 101).

j. Zero-Valent Complexes. A number of zero-valent complexes, [Mo-

(CO)4(S2CNR2)]
�, have been prepared (198,757,947–950) and some prelimin-

ary reactivity studies have been carried out (948,951). Synthetic methods

include heating dithiocarbamate salts and Mo(CO)6 (757,948–950) or [Mo-

(CO)4(bpy)] (950), reaction of cis-[Mo(CO)4(piperidine)2] with dithiocarbamate
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Figure 100. Generation of exo and endo isomers of [Mo(CO)(Z3-C3H5)(Ph2PXPPh2)(S2CNR2)].
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salts (R2¼ C4H8, C5H10) (947), and deprotonation of cis-[Mo(CO)4(piperi-

dine)2] by n-BuLi in the presence of carbon disulfide (R2¼ C5H10) (198). All

are easily characterized by IR spectroscopy with the observation of four bands in

the carbonyl region of the spectrum. The X-ray structure of [NEt4][Mo

(CO)4(S2CNEt2)] (123) has been carried out and reveals the expected distorted

octahedral geometry, and electrochemical studies show that dithiocarbamate is

lost upon oxidation (948). Interestingly, when the thermal reaction of dithio-

carbamate salts with Mo(CO)6 is carried out in acetone, pentacarbonyl anions

[Mo(CO)5(S2CNR2)]
� are seen by IR spectroscopy (R¼ Et; R2¼ C4H8) and in

one instance, this is the major product, namely, [Mo(CO)5(S2CNHMe)]� (950).

The instability of these compounds has precluded their full characterization, but

the dithiocarbamate probably binds in a monodentate fashion.

The reactivity of the tetracarbonyl complexes has been briefly explored

(Fig. 102). Oxidation of [NEt4][Mo(CO)4(S2CNEt2)] (123) by iodine gives

[Mo(CO)2(S2CNEt2)2] (124), aerobic oxidation affords [MoO(S2CNEt2)2]

(125), and exposure to iodine in air gives [Mo2O2(m-O)(S2CNEt2)4] and

[MoO(m-O)(S2CNEt2)2]2 (948). Addition of [MoS4]
2� to [NEt4][Mo(CO)4(S2C-

NEt2)] results in the clean loss of the dithiocarbamate ligand affording

[(CO)4Mo(m-S)2Mo(m-S)2Mo(CO)4]
2� (951), while reaction with Li2[Fe2

(CO)6(m-S2)] yields a novel diamagnetic trinuclear cluster, [MoFe2(m
3-S)2

(CO)8(S2CNEt2)][NEt4], shown by crystallography to contain a distorted tetra-

gonal-pyramidal core and a molybdenum(0) dithiocarbamate center with trans

carbonyls (952).

k. Binuclear Complexes. A wide-range of dimolybdenum dithiocarba-

mate complexes have been reported, including an extensive series of oxo-,

sulfido-, and imido-containing species. The vast majority contain two molybde-

num(V) ions, although the þ2 and þ3 states are also accessible. There has been

a continuing debate about the identity of complexes of the formula [Mo2
(S2CNR2)4] (953). As early as 1973, Ricard et al. (954,955) showed that a

complex of this stoichiometry, formed from the reaction of [Mo2(m-OAc)4] and
4 equiv of dithiocarbamate salt, was in fact the molybdenum(IV) dimer [Mo(m-S)
(S2CNPr2)(Z

2-SCNPr2)]2 (see Section V).
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Figure 102. Selected reactions of [Mo(CO)4(S2CNEt2)]
�.
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More recently, addition of 2 equiv of NaS2CNEt2 to [Mo2(m-OAc)4] in

methanol has been reported to give the green molybdenum(II) dimer, [Mo2(S2C-

NEt)4] (126) (70,909), which in turn reacts slowly with air generating purple

[Mo2O3(S2CNEt2)4] (909). Green [Mo2(S2CNEt)4] also results from dithiocar-

bamate addition to MoCl5 followed by zinc reduction. A crystallographic study

reveals that two of the dithiocarbamates bridge the dimolybdenum center in a

m,Z1-fashion, with two normal (� 2.4 Å) and one long [2.826(2) Å] molybde-

num–sulfur bonds, while the metal–metal distance of 3.85(1) Å suggests that

there is no direct bond (956).
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Addition of excess KS2CNC4H4 to [Mo2(m-OAc)4] in THF is reported to

yield purple [Mo2(S2CNC4H4)4].2THF (952). The structure is unknown,

although the electronic spectrum has been interpreted in terms of a molybde-

num–molybdenum quadruple bond. Addition of 4 equiv of dithiocarbamate salt

to [Mo2(m-OAc)4], followed by addition of Ph3PO affords cis-[Mo2(m-OAc)2(m-
S2CNC4H4)2.OPPh3] (127), which has been crystallographically characterized

(355). This confirms the cis coordination of the bridging dithiocarbamates and

also coordination of a single OPPh3 group despite addition of 2 equiv. Further,

the molybdenum–molybdenum bond length of 2.134(1) Å suggests multiple

bond character (355). The precise reason for the different behavior of diethyl

and pyrrole dithiocarbamates has been suggested to result from the enhanced

stability of the dithioacid resonance structure for the latter (355).
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A range of pyridine adducts, [Mo2(S2CNR2)4(py)2], have also been claimed,

with DSC and TGA studies showing that the bases are lost upon heating,

activation energies ranging from 155 to 565 kJ mol�1 (957).

There also remains some debate regarding the precise nature of dimeric

molybdenum(III) complexes, [Mo2(S2CNR2)6], formed from reactions of

thiuram disulfides with [Mo(CO)6] and [Mo(CO)3(Z
6-C7H8)] (174,175,177).

Brown et al. (174) reported that heating [Mo(CO)3(Z
6-C7H8)] and tetra-

ethylthiuram disulfide in toluene for 15 min affords red-brown [Mo2(S2C-

NEt2)6], while when the same reaction is carried out in the dark the black

mononuclear molybdenum(IV) complex, [Mo(S2CNEt2)4], is the sole product.

The dimeric complexes are sensitive to oxidation, [Mo2(S2CNEt2)6] generating

[Mo(S2CNEt2)4]X (X¼ Cl, 0.5 Mo6O19) and [Mo2(m-S)(S2CNR2)6] (Eq. 87) in

aerated chloroform and toluene, respectively (781,782,788). The source of

sulfur in the latter is unknown, but a crystallographic study shows that it

is approximately symmetrically bound with a Mo–S–Mo angle of 157.2�

(788). Oxidation can also be carried out by iodine affording [Mo(S2CNEt2)4]I

(787).
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Seymore and Brown (434) recently prepared dimeric molybdenum(IV)

complexes, [Mo2(S2CNR2)4(m-S2CNR2)2][OTf]2 (R¼Me, Et), via halide ab-

straction from [Mo(S2CNR2)3Cl] by silver triflate (Eq. 88). A crystallographic

study (R¼ Et) shows that the cation consists of two pentagonal bipyramids

sharing an axial site, a motif previously seen in [Os2(S2CNEt2)4(m-S2CNEt2)2]
[PF6]2 (296). The molybdenum–molybdenum bond length of 2.8462(8) Å is

suggestive of a significant degree of metal–metal bonding, and molecular orbital

calculations and their diamagnetic nature substantiate this. Nevertheless, it is

readily cleaved upon addition of donor ligands, providing a useful synthetic

route to molybdenum(IV) dithiocarbamate complexes. For example, addition of

phosphines quantitatively gives paramagnetic adducts, [Mo(S2CNEt2)3(PR3)]

[OTf], while reaction with sodium azide initially yields, [Mo(S2CNEt2)3(N3)].

The latter loses nitrogen slowly to afford the known nitride complex, [MoN(-

S2CNEt2)3], which reacts with more molybdenum(IV) dimer to produce nitride-

bridged [Mo2(S2CNEt2)6(m-N)][OTf], as shown by NMR and fast atom

210 GRAEME HOGARTH



bombardment mass spectrometry (FABMS).
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i. Molybdenum(V) Oxo and Sulfido Complexes. A wide-range of dimeric

molybdenum(V) complexes have been reported, supported primarily by strong

p-donor oxo, sulfido, and imido ligands. In a number of instances, metal

coordination is entirely by sulfur. For example, bis(disulfide)-bridged com-

plexes, [Mo2(m-S2)2(S2CNR2)4][BF4]2 (R¼ Et, i-Pr, i-Bu), have been prepared

from the reaction of [MoO(S2CNR2)3][BF4] with boron sulfide under anaerobic

conditions (Eq. 89), a transformation that overall represents a coupled redox and

dithiocarbamate ligand redistribution process (181,775,958). A crystallographic

study (R¼ Et) shows that it is the �� (meso) diastereomer that predominates,

the molybdenum–molybdenum vector [Mo��Mo 2.808(1) Å] being bridged by

two noninteracting disulfide units [av. S–S 2.01(2) Å] (181,958). Addition of

LiTCNQ in methanol affords [Mo2(m-S2)2(S2CNR2)4][TCNQ]n (R¼Me, Et;

n ¼ 2), while further addition of TCNQ gives a second complex (n ¼ 3). The

ESR spectra reveal the existence of a TCNQ radical anion, and an X-ray

structure (n ¼ 3) shows that the trication is centrosymmetric [Mo-Mo 2.817(2);

S-S 2.001(2) Å], while TCNQ forms centrosymmetric trimers with a slipped

conformation (959).
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More common fully sulfur-ligated complexes are red [MoS(m-S)(S2CNR2)]2
(128) (Fig. 103). A variety of synthetic methods have been adopted to generate
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these species including; substitution using P2S5 of oxo ligands in [MoO(m-O)
(S2CNR2)]2 (960) or [MoO2(S2CNR2)2] (961), reaction of [MoS4]

2� with

dithiocarbamate salts (961) including those derived from a-amino acids (128),

and reactions of [Mo2(S2)6]
2� with excess dithiocarbamate salt in ethanol (962),

or with 4 equiv of dithiocarbamate salt in the presence of PPh3, the phosphine

sulfide being generated quantitatively in the latter reaction (963,964). The

related selenide species, [MoSe(m-Se)(S2CNR2)]2, have also been prepared

from the reaction of [MoO2(S2CNR2)2] with aluminum selenide (965).

A number of crystallographic studies have been carried out (962,963,966).

All show a syn configuration of dithiocarbamate ligands and molybdenum–

molybdenum single bonds [R¼ Et, Mo��Mo 2.817(2) Å]. A related complex,

[Tp*Mo2S2(m-S)2(S2CNEt2)] (129) (Fig. 103), a byproduct of the reaction of

[Tp*MoO(S2CNEt2)] with boron sulfide, adopts a similar structure [Mo��Mo

2.829(2) Å] (918).

Mixed oxo–sulfido complexes are common. In a series of papers, Musha et al.

(960,967–969) reported the separation and interconversion of complexes,

[Mo2OnS4�n(S2CNR2)2] (R¼ Bu; R2¼ EtHex), prepared from reactions of

dithiocarbamate salts with MoCl5 in water or MoO3 and sodium hydrogen

sulfide. Thus, oxidation of [MoS(m-S)(S2CNEtHex)]2 affords sequentially the

tris- and bis(sulfido) complexes, in which the terminal sites are replaced, but

even under forcing conditions the bridging sulfides remain intact (Fig. 104)

(968).

Similarly, addition of PPh3 or cyanide to [Mo2OS(m-S)2(S2CNR2)2] affords

[MoO(m-S)(S2CNR2)]2, however, heating mixtures of [MoO(m-S)(S2CNR2)]2
and [MoS(m-S)(S2CNR2)]2 does not lead to any ligand exchange, while

[MoO(m-S)(S2CNR2)]2 also fails to react with elemental sulfur (970). Other

synthetic methods to complexes [MoO(m-S)(S2CNR2)]2 include the slow reduc-

tion of [MoO4]
2� by dithiocarbamate salt (R¼ Et) (962), addition of dithio-

carbamate salts (R¼Me, Bz) to [NH4]2[MoO2S2] (971), and reduction of

[MoO(S2)(S2CNR2)2] (R¼Me, Et, Pr) by thiophenol (874). The pyrrolidine

dithiocarbamate complex (R2¼ C4H8) has been prepared by three methods:

oxidation of the tetrasulfide by Cu2þ or Ni2þ (963), addition of Na2S5 to
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Figure 103. Dithiocarbamate complexes with the Mo2S2(m-S)2 core.
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[Mo(CO)5I]
� in the presence of dithiocarbamate salt (770); and in very low

yield upon heating [Mo(CO)6] with dithiocarbamate salt in DMSO (972).

Trisulfide complexes, [Mo2OS(m-S)2(S2CNR2)2], can be prepared in high yields

upon reduction of [MoS4]
2� by sodium dithionate in the presence of dithio-

carbamate salts (970,973) or upon addition of hydrogen sulfide to either

[MoO2(S2CNR2)2] (Eq. 90) or [MoO(m-O)(S2CNR2)]2 (R¼Me, Et, Bu;

R2¼ C4H8, C5H10) (970).
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A large number of crystallographic studies have been carried out. All show

the syn arrangement of dithiocarbamate ligands and molybdenum–molybdenum

distances indicative of a single bond (770,874,963,967,970,972–975). These

include the unsubstituted dithiocarbamate complex, syn-[MoO(m-S)(S2CNH2)]2
[Mo��Mo 2.820(1) Å], generated from ammonium molybdate and ammonium

dithiocarbamate (974), which undergoes an irreversible two-electron reduction,

being associated with dithiocarbamate loss.

A number of publications detail dimeric molybdenum(V) complexes with

three bridging ligands. Thiolate-bridged, [Mo2O2(m-O)(m-SPh)2(S2CNMe2)2], is

prepared upon addition of thiophenol to [MoO2(S2CNMe2)2] in methanol

(Eq. 91), and contains a short metal–metal interaction [Mo��Mo 2.649(1) Å]
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Figure 104. Oxidation of [MoS(m-S)(S2CNR2)]2.
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(976) as do [Mo2O2(m-S)(m-SCH2CH2O)(S2CNEt2)2] [Mo��Mo 2.628(1) Å]

(977) and [Mo2O2(m-S)(m-SCH2CH2O)(S2CN��i-Bu2)2] [Mo��Mo 2.595(2) Å]

(978). Some of these triply bridged complexes have been investigated exten-

sively by cyclic voltammetry (CV) and 95Mo NMR spectroscopy (978). In the

former, two successive one-electron reductions are observed, potentials corre-

lating well with the Taft polar substituent constants for the dithiocarbamates,

while 95Mo chemical shifts vary between d 329 (R¼Me) and 354 (R¼ i-Pr),

the line width increasing as a function of dithiocarbamate steric bulk.
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Dimeric molybdenum(V) dithiocarbamate complexes with only oxo ligands

fall into two general types; (1) [MoO(m-O)(S2CNR2)]2 (130) with metal–metal

bonds being analogous to sulfido and oxo–sulfido complexes described above,

and (2) [Mo2O2(m-O)(S2CNR2)4] (131), containing an approximately linear oxo

bridge (Fig. 105).

A large number of complexes, [MoO(m-O)(S2CNR2)]2, have been prepared

from dithiocarbamate salts and [MoO4]
2� upon varying the pH from 8 to 4

(979), while dithiocarbamate derivatives of a-amino acids have been synthe-

sized from MoCl5 in water under an inert atmosphere (125,127). IR spectra are

diagnostic; terminal Mo����O absorptions appearing between 930 and 910 cm�1,

and bridging Mo–O–Mo bands between 790 and 720 cm�1 (979).

Linear oxo-bridged complexes, [Mo2O2(m-O)(S2CNR2)4], have also been

prepared in a number of ways (59,126,792,794,926,980). Generally, MoCl5 and

[MoO4]
2� are again the starting materials, but more unusually, Baker et al. (926)

showed that addition of dithiocarbamate salts to molybdenum(II) complexes

[MoI2(CO)3(MeCN)(EPh3)] (E¼ P, As) provides a synthetic route, while
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Figure 105. Different types of oxo-bridged dimolybdenum (V) oxo complexes.
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complexes [Mo2O2(m-O)(S2CNR2)2(S2CNR
0
2)2] with two different dithiocarba-

mate ligands have been prepared from [MoI(CO)3(EPh3)(S2CNR2)]. Similar

mixed dithiophosphate–dithiocarbamate complexes, [Mo2O2(m-O)(S2CN
Et2)2{S2P(OR)2}2] (R¼ Et, Pr, i-Pr, i-Bu), have been prepared via two routes;

addition of [MoO2(S2CNEt2)2] to [MoO{S2P(OR)2}2] and the reaction of

[MoO(m-O)(S2CNEt2)]2 with dithiophosphoric acids (981). Both methods afford

the same products, characterized by a singlet resonance in the 31P NMR

spectrum, suggesting the intramolecular interchange of ligands (981).

Cooper and co-workers (980) explored the interchange of dithiocarbamate

ligands in labeled [Mo2O2(m-O)(S2
13CNBz2)4] by VT 13C NMR spectroscopy.

All dithiocarbamate ligands are rendered equivalent by exchange of terminal

and bridging oxo groups and a transition state is proposed with two bent oxo

bridges (Fig. 106). Interestingly, a crystallographic study shows an anti

arrangement of the terminal oxo ligands, which contrasts with the syn arrange-

ment found in [Mo2O2(m-O)(S2CNEt2)4] (982). Further, in solution (R¼ Bz) a

mixture of syn and anti isomers is observed suggesting that there is a small free

energy difference between the two forms (980).

A number of reactions of these oxo-bridged dimers have been reported. In

organic solvents a-amino acid derivatives can be oxidized to [MoO2(S2CNR2)2],

a transformation shown by UV/vis spectroscopy to involve a multistep mechan-

ism (126). Further, from the reaction of [MoOCl3] and 3 equiv of dithiocarba-

mate salt in dichloromethane, two types of crystals result, namely, [Mo2O2(m-
O)(S2CNEt2)4] and [Mo2O2(m-O)(S2CNEt2)4]3[H5O2]. The latter is formulated

as [Mo2O2(m-O)(S2CNEt2)4][H5O2].2[Mo2O2(m-O)(S2CNEt2)4], the ESR spec-

trum showing two distinct paramagnetic molybdenum centers associated with

the [Mo2O2(m-O)(S2CNEt2)4]
� anion (982).

In other work, addition of TCNQ to [Mo2O2(m-O)(S2CNR2)4] (R¼Me, Et,

Pr) initially gives [MoO(S2CNR2)3][TCNQ]. In one case (R¼ Et), this is further

reduced by PPh3 to the mixed-valence Mo(V)/Mo(IV) complex, [Mo2(m-
O)(S2CNEt2)6][TCNQ], the presence of a bridging oxo group being supported

by IR measurements (436).
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Figure 106. Proposed interconversion of syn and anti isomers of [Mo2O2(m-O)(S2CNBz2)4].
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ii. Binuclear Imido Complexes. A range of binuclear molybdenum(V) imido

complexes have been prepared (439,528,840,876,983–986). Mixed oxo–imido

complexes [MoO(m-NAr)(S2CNR2)]2 are side products of the reaction of

[MoO2(S2CNR2)2] with organic isocyanates (528,983), as are the related

sulfido-bridged complexes [Mo2O(NR)(m-S)2(m-S2CNEt2)2] (R¼ t-Bu, 2,6-

Me2C6H3, adamantyl) (983). The former exist as both syn and anti isomers,

with the syn isomer predominating (Fig. 107) (439).

These react further with organic isocyanates, the nature of the products being

dependent on the steric bulk on the isocyanate. Bulky o-tolyl isocyanate yields

the tetraimido complex, [Mo(NAr)(m-NAr)(S2CNEt2)]2 (Ar ¼ o-tol), which has

been crystallographically characterized (986), and exhibits restricted rotation

about the carbon–nitrogen bonds of the imido groups in solution (983). In

contrast, the less sterically bulky phenyl and p-tolyl isocyanates yield ureato

complexes, [Mo2(NAr)2(m-NAr){m-ArNC(O)NAr}(S2CNR2)2] (Ar¼ Ph, p-to-

lyl) (132), as a result of the formal addition of 1 equiv of isocyanate to the

tetraimido complex (439,806,983,985). Indeed, this is the case. Heating

[Mo2(NPh)2(m-NPh){m-PhNC(O)NPh}(S2CNEt2)2] in toluene affords [Mo(N-

Ph)(m-NPh)(S2CNEt2)]2, which rapidly adds phenylisocyanate to regenerate the

ureato bridge (Eq. 92) (439,983,985).
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A crystal structure of [Mo2(NPh)2(m-NPh){m-PhNC(O)NPh}(S2CNEt2)2]
lends more insight into this process, as the ureato nitrogens are not symme-

trically bound to the dimolybdenum center; molybdenum–nitrogen bonds trans

[Mo–N(av) 2.158 Å] to the bridging imido ligand being significantly shorter

than those cis [Mo–N(av) 2.367 Å] (806,983). Indeed, by NMR spectroscopy
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Figure 107. The anti and syn isomers of [MoO(m-NAr)(S2CNR2)]2.
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the regioselective loss of one isocyanate from the ureato complex upon heating

is clearly seen, and that it is the cis isocyanate that is lost is shown unequivocally

by an X-ray crystal structure of [Mo2(NAr)2(m-NAr){m-PhNC(O)NAr}(S2C-
NEt2)2] (Ar ¼ p-tol) formed from the reaction of [Mo2(NAr)2(m-NAr){m-ArN-
C(O)NAr}(S2CNEt2)2] with phenyl isocyanate (Eq. 93) (439).
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The ureato complexes (132) react with phenyl isothiocyanate to initially

afford [Mo2(NAr)2(m-S){m-ArNC(O)NAr}(S2CNR2)2] (133) (983) resulting

from displacement of the bridging-imido ligand, and later [Mo(NAr)(m-
S)(S2CNR2)]n [n ¼ 2 (134), 4 (135)] (Fig. 108) (439). The latter have also

been prepared from the reaction of dithiocarbamate salts with [Mo(NAr)(m3-
S){S2P(OEt)2}]4 (Ar ¼ p-tol) and exist as an equilibrium mixture of yellow

dimeric, [Mo(NAr)(m-S)(S2CNR2)]2, and red cubane-like tetrameric, [Mo(N-

Ar)(m3-S)(S2CNR2)]4, complexes in solution (984). Interestingly, the mono-

imido complexes, [Mo2O(NR)(m-S)2(m-S2CNEt2)2], show no such tendency to

dimerize, suggesting that the stronger p-donor ability of the imido ligand is

responsible for making the bridging sulfur atoms nucleophilic. Crystal structures

of both forms of [Mo(N-p-tol)(m-S)(S2CN��i-Pr2)]n (n ¼ 2, 4) have been carried

out and no significant structural differences are seen between dimeric units,

molybdenum–sulfur bonds between dimeric units being about 0.3 Å longer than

those within them (439,984).

Related to the bis(sulfido)-bridged complexes are tris(sulfido)-bridged

[Mo2(NAr)2(m-S)(m-S2)(S2CNEt2)2] (Ar¼ 2,6-i-Pr2C6H3, p-tol) (136) (439,876),

low-yield products of the addition of H2S to [Mo(NAr)2(S2CNEt2)2], and phenyl

isothiocyanate to [Mo2(NAr)2(m-S){m-ArNC(O)NAr}(S2CNEt2)2] (Ar ¼ p-tol).

These trisulfide complexes show the essential features of the proposed Mo2S9
unit in molybdenum trisulfide.
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When oxo complexes [MoOX2(S2CNEt2)2] (X¼ F, Br; X2¼O) or

[Mo2O2(m-O)(S2CNEt2)2] are reacted with 2-aminothiophenol, bis(imido)-

bridged [Mo2O(S2CNEt2)2(m-N-o-C6H4S)2] (137) (Fig. 109) results, which

has been crystallographically characterized. This complex has also been shown

to undergo a quasi-reversible two-electron reduction by cyclic voltammetry,
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Figure 108. Formation of sulfido-bridge dimolybdenum complexes and the equilibrium between

dimeric and cubane forms of [Mo(NAr)(m-S)(S2CNR2)]2,4.
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Figure 109. Structurally related imido-bridged dimolybdenum complexes.
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presumably generating a molybdenum(IV) dimer (840). A somewhat similar

binuclear unit is found in [Mo2O(m-NPh)2(S2CNEt2)3][BF4] (138) (Fig. 109),
the major product of the reaction of [MoO(m-NPh)(S2CNEt2)]2 with HBF4
(983).

In contrast, protonation of [MoO(m-N-o-tol)(S2CNEt2)]2 with CF3CO2H

yields tetrameric, [{Mo2O(S2CNEt2)(m-N-o-tol)2(Z
1-O2CCF3)}2(m-O)(m-O2-

CCF3)2] (139), through loss of a dithiocarbamate from one molybdenum center

(439).
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l. Tri- and Tetranuclear Clusters. A large number of cationic trimolyb-

denum clusters of the type [Mo3(m
3-S)(m-S2)3(S2CNR2)3]X (962,987,998) and

related seleno (987,999–1002) and mixed-sulfido–seleno (1003,1004) com-

plexes have been reported (Fig. 110).

Synthesis of the sulfides has been achieved in a number of ways. Mixtures of

[MoS4]
2�, a copper or silver halide, ammonium and dithiocarbamate salts have

been utilized (989, 990, 992), as has addition of dithiocarbamate salts to

preformed clusters, [Mo3(m
3-S)(m-S2)3(oxq)3]

þ (Hoxq¼ 8-hydroxyquinoline)

(988), [Mo3(m
3-S)(m-S2)3Br6]

2� (994,997,1001), and thiuram disulfides to

[Mo3(m
3-S)(m-S2)3Br6]

2� (994). Novelly, [Mo3(m
3-S)(m-S2)3(S2CNEt2)3][S2C-

NEt2], has been prepared from [Mo3(m
3-S)(m-S2)3Br6][NEt4]2 in a mechanoac-

tivated solid-state reaction involving the addition of the reagents in a vacuum

ball mill (1001). Metathesis reactions have been widely used to extend the range
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Figure 110. Cluster core geometries in [Mo3(m
3-E)(E2)3(S2CNR2)3]

þ cations.
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of cations (987,993,995–997), while one example (R2¼ C4H8, X¼ I) has been

isolated from the reduction of [MoS(m-S)(S2CNC4H8)]2 by Cu2þ or Ni2þ (963).

Selenium analogues, [Mo3(m
3-Se)(m-Se2)3(S2CNR2)3]X, have also been pre-

pared from [Mo3Se7X4] (X¼ Cl, Br) upon addition of dithiocarbamate salts

(999,1000) and via metathesis reactions (987). Mixed-sulfur–selenium com-

pounds, [Mo3(m
3-S)(m-SSe)3(S2CNR2)3]

þ, have been synthesized upon reduc-

tion of [Mo3(m
3-S)(m-S2)3Br6]

2� by PPh3 in the presence of Se(S2CNR2)2
(1004), and from the reaction of [Mo3(m

3-S)(m-S2)3(S2CNR2)3][S2CNR2] with

KSeCN (1003). Very recently, Almond et al. (1002) reported a simple high-

yielding synthesis of [Mo3(m
3-Se)(m-Se2)3(S2CNEt2)3]2Se, being formed upon

thermolysis of Mo(CO)6, tetraethylthiuram disulfide and selenium in refluxing

1,2-dichloromethane.

In one instance, a related tellurium complex has been reported. Reaction of

KS2CN(CH2CH2OH)2 with a mixture of the elements, molybdenum, tellurium,

and iodine at high temperature leads to the isolation of [Mo3(m
3-Te)(m-

Te2)3{S2CN(CH2CH2OH)2}3]I (1005).

A large amount of crystallographic data has been amassed, all molecules

having essentially the same core. A single chalcogen atom caps the approxi-

mately symmetrical trimolybdenum unit (Mo��Mo � 2.7 Å), while dichalco-

genide ligands bridge each edge of the triangle in an Z2,Z2 manner (S–S� 2.0 Å).

In the latter, one chalcogen lies in the plane of the metal atoms, while the second

lies below the plane, that is away from the sulfido cap. In all mixed-sulfur–

selenium complexes, it is the sulfur that occupies this lower axial site

(1003,1004).

Perhaps the most interesting solid-state characteristic of these complexes is

the short anion–cation contacts to the axial chalcogen atoms that are invariably

present (Fig. 111). For example, two polymorphs of [Mo3(m
3-S)(m-S2)3

(S2CNEt2)3]I have been crystallographically characterized, both showing

weak binding of iodide to the axial sulfur atoms (S—I 3.25 and 3.30 Å)

(994). A Raman study on a range of complexes [Mo3(m
3-S)(m-S2)3(S2CNEt2)3]

þ

MoS S

S

S S
S

S
Mo Mo

X

Figure 111. Cluster core of [Mo3(m
3-S)(m-S2)3(S2CNR2)3]

þ showing interactions with the anion, X�.
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with different anions showed a significant decrease in the sulfur–sulfur

resonance in an order that parallels a slight increase in the sulfur–sulfur bond

length and a significant shortening of the S—X distance.

Calculations carried out suggest that for hard anions such as nitrate and

perchlorate the interaction is electrostatic in nature, while for softer anions such

as iodide and sulfide there is a significant degree of covalent character (993).

Generally, each metal ion in the clusters is formally molybdenum(IV), although

in [Mo3(m
3-S)(m-S2)3(S2CNEt2)3]2Cl, the chloride lies between two clusters,

making six contacts with axial sulfur atoms, and a [Mo3(m
3-S)(m-S2)3]

3.5þ state

is assigned (992).

A number of related trimolybdenum–chalcogenide complexes have been

reported, including the mixed-ligand cluster [Mo3(m
3-S)(m-S2)3(S2CNEt2)

(tpy)2]I (tpyH¼ o-pyridinethiol) (994). The selenium complex, [Mo3(m
3-Se)

(m-Se)3(S2CNEt2)3][S2CNEt2], reacts with 4 equiv of PPh3 to give [Mo3(m
3-Se)

(m-Se)3(PPh3)(S2CNEt2)3(m-S2CNEt2)], in which it is proposed that one metal

ion bears a phosphine ligand, and a dithiocarbamate bridges between the other

two (999,1000).

Analogous sulfido complexes, [Mo3(m
3-S)(m-S)3L(S2CNEt2)3(m-S2CNEt2)]

(L¼ py, dmf), have been prepared from [Mo3(m
3-S)(m-S)3(H2O){S2P(OEt)2}4]

and dithiocarbamate salts in the presence of Py and DMF, respectively (1006).

The thiophosphinate complex also reacts with sodium acetate in the presence of

dithiocarbamate salt to give [Mo3O2(m
3-S)(m-S)2(S2CNC4H8)3(m-O2CMe)]. This

has been crystallographically characterized and contains two short [av. 2.808(1)

Å] and one long [3.374(2) Å] molybdenum–molybdenum contacts (1007).

In one contribution, the synthesis and X-ray crystal structure of the hetero-

trimetallic cluster [Et4N][{MoO(S2CNMe2)(m-S)2}2Fe] (140) has been reported

(1008). It results from the reaction of FeCl2, NaS2CNMe2, Et4NCl, and

[NH4]2[MoO2S2] in DMF and consists of an approximately linear trinuclear

core containing two molybdenum(V) and one iron(III) ions. It can be reversibly

reduced to the dianion, but while it also undergoes a one-electron oxidation, the

latter is irreversible.
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In a further report, the synthesis and X-ray crystal structure of

[MoO2(S2CNEt2)(m-S)2Fe(m-S)2Fe(m-S)2Mo(S2CNEt2)O2] (141) is detailed, in

TRANSITION METAL DITHIOCARBAMATES 221



which molybdenum(VI) centers are linked via an Fe2S6 unit (1009). Unusually,

the oxo ligands are reported to be trans to one another [O��Mo��O 177(1)�],
however, the structure is poor and may be erroneous (oxygen site occupancies

are only 0.5).
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Tetranuclear, [Mo4(m
3-S)2(m-S)4(S2CNEt2)2(PMe3)4] (142), has been pre-

pared from [Mo4Br2(m
3-S)2(m-S)4(PMe3)6] and 2 equiv of dithiocarbamate salt

(1010). The average metal oxidation state is þ3.5 and, primarily on the basis of

short [av. 2.814(1) Å] and long (hinge) [2.838(1) Å] molybdenum–molybdenum

contacts, the authors suggest a localized bonding model with equal numbers of

molybdenum(IV) and molybdenum(III) ions.
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A significant number of cubane-type clusters containing both tetramolybde-

num and mixed-metal cores have been prepared. Prolonged heating of

[Mo2(S2CNEt2)6] in toluene affords the black diamagnetic tetramolybdenum

cluster, [Mo4(m
3-S)4(S2CNEt2)4(m-S2CNEt2)2] (143), in moderate yield

(174,176,177). A crystallographic study reveals bridging dithiocarbamates on

opposite sides of the cube and an average molybdenum–molybdenum distance

of 2.818 Å. The latter is longer than generally found for single molybdenum–

molybdenum bonds, and a molecular orbital analysis suggests that in the

58-electron cluster, there are only 10 electrons available for the six metal–

metal bonding orbitals (177). Related tetramolybdenum clusters are [Mo(N-

Ar)(m3-S)(S2CNR2)]4 discussed in more detail above (439,984). They are

characterized by EANs of 68-electrons and contain two molybdenum–molyb-

denum bonds.
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Paramagnetic molybdenum–iron complexes [MoFe3(m
3-S)4(S2CNR2)4(m-

S2CNR2)] can be prepared in a one-step spontaneous self-assembly process

from FeCl2 and [MoS4]
2� in the presence of dithiocarbamate salts (274,1011–

1016). They are characterized by an EAN (EAN¼ equivalent atomic number)

of 61 electrons. Crystallographic studies show that each metal ion carries a

chelating dithiocarbamate ligand, with one further ligand bridging between iron

and molybdenum centers. In some instances clusters, [MoFe3(m
3-S)4(S2CNR2)4

(m-S2CNR2)2], can be isolated with a second bridging dithiocarbamate lying on

the opposite side of the cube (274,1016). A related cubane-type cluster, [Mo2Fe2
(m3-S)4(S2CNEt2)4(m-S2CNEt2)], is formed under similar conditions described

above, but employing FeCl3 as the iron source (270,271). A magnetic suscept-

ibility measurement shows that it is paramagnetic (m 4.27 BM), while XPS and

Mössbauer studies show that the two iron atoms are in different oxidation states.

Further cubane-type clusters, [Mo3CuI(Py)(m
3-S)4(S2CNR2)3(m-S2CNR2)],

can be prepared upon addition of copper(I) iodide to [Mo3(m
3-S)(m-S)3

(S2CNR2)3(m-S2CNR2)].H2O (R¼ Et; R2¼ C4H8) in the presence of pyridine

(272). Interestingly, when ethyl acetate is added (R2¼ C4H4), the oxidized

cluster [Mo3CuO2(m
3-S)4(S2CNC4H4)3(m-S2CNC4H4)(m-I)(py)] results (Eq. 94).

The latter is shown by X-ray crystallography to contain only molybdenum–

molybdenum bonds, the formal oxidation states of molybdenum being þ5 (272).
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Some p-block metals can also be incorporated into molybdenum dithiocar-

bamate cubane-type clusters. Reaction of K[PbI3] with [Mo3(m-S)3(m
3-

O)(S2CNEt2)4(H2O)] (1017) in pyridine yields [Mo3PbI3(m
3-S)3(m

3-O)

(S2CNEt2)3(py)3] (144) (Fig. 112), a cubane-type cluster with a PbI3 unit at

one corner, while reaction of SbI3 with [Mo3(m-S)4(S2CNC4H8)4(H2O)] (1018)

gives the related antimony cluster [Mo3SbI3(m
3-S)4(m-S2CNC4H8) (S2CNC4H8)3

(py)] (145) (Fig. 112) (264).

A more complex cluster, [Mo2Cu5(m
3-S)6(m

3-O)2(m-S2CNEt2)2(S2CNEt2)]
2�,

has been prepared from a mixture of [MoO2S2]
2�, CuCl, and NaS2CNEt2 in

DMF (266). It consists of two defective cube-like units, OMoS3Cu2 and

OMoS3Cu3, linked by two weak copper–sulfur interactions and two bridging

dithiocarbamate ligands.

Like its tungsten analogue, binuclear syn-[MoS(m-S)(S2CNEt2)]2 is a useful

precursor to a range of trinuclear and cubane-type clusters (1019,1020). For

example, reaction with [RhCl(PPh2R)3] (R¼ Ph, Me) yields [Mo2Rh(PPh2R)2
(S2CNEt2)2(m-Cl)(m-S)3(m

3-S)] (1019). The latter in turn reacts with excess

phenylethyne at room temperature to afford [Mo2Rh(PPh2R)Cl(S2CNEt2)2(m-
SCPh����CH)2(m-SCPh����CHS)] (Eq. 95) resulting from insertion of three alkyne

moieties into and across the bridging sulfides (1021).
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Figure 112. Examples of cubane-type clusters containing a main group element.
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Reaction of syn-[MoS(m-S)(S2CNEt2)]2 (146) with [Co2(CO)8] in acetonitrile
gives the cubane-type cluster, [Mo2Co2(m

3-S)4(MeCN)2(CO)2(S2CNEt2)2] (147)

(1022). Low-valent group 9 (VIII) and 10 (VIII) complexes, [M(cod)(m-Cl)]2
(M¼ Rh, Ir) (1023) and [Pd(PPh3)4] (1024), yield similar clusters, [Mo2M2(m

3-

S)4Cl2(cod)2(S2CNEt2)2] (148) and [Mo2Pd2(m
3-S)4(PPh3)2(S2CNEt2)2] (149),

respectively (Fig. 113). Some insight into the cluster build-up is gleaned from

the reaction with 1 equiv of [Pd(PPh3)4], which yields the trinuclear, incomplete

cubane-type cluster, [Mo2Pd(m-S)4(PPh3)2(S2CNEt2)2] on-route to the cubane,

related trinuclear species being isolated with [Pt(PPh3)4] and [MCl(PPh3)3]

(M¼ Rh, Ir) (1023,1024).

m. Applications. As detailed earlier, dioxo complexes, [MoO2(S2 CNR2)2],

can act as stoichiometric and catalytic oxo-transfer agents (795,798,800,802,

804), and are also active in the catalytic allylic amination of alkenes (808). The

bis(imido) complex, [Mo(NTs)2(S2CNEt2)2], has been used in catalytic imido

group transfer to phosphines (831), and [MoO(S2)(S2CNEt2)2] has been shown

to be a good catalyst for the conversion of isonitriles into isothiocyanates (880)

and the direct episulfidation of alkenes and allenes (881,882) using elemental

sulfur.
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Figure 113. Some examples of the synthesis of cubane-type clusters from syn-[MoS(m-S)
(S2CNEt2)]2.
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Molybdenum(VI) dioxo complexes have also been used for the catalytic

conversion of 1,2-diphenylhydrazine to azobenzene (795), and the oxidation of

2-hydroxy-2-phenylacetophenone (benzoin) to benzil (1025). In the latter,

however, the reaction is rapidly deactivated as the catalyst [MoO2(S2CNEt2)2]

is converted into the inactive molybdenum(V) dimer, [MoO(m-O)(S2CNEt2)]2.
Attempts to oxidize aldehydes using these catalysts have generally been

unsuccessful (795).

Molybdenum(VI) dioxo complexes do not oxidize alkenes to epoxides,

thermochemical data suggesting that alkene epoxidation by [MoO2(S2CNEt2)2]

leading to the formation of [MoO(S2CNEt2)2] is endothermic by � 35 kJ mol�1

(1026). Moloy (84) instead has developed the back reaction; namely, the

deoxygenation of epoxides by [MoO(S2CNEt2)2]. Treating a variety of epoxides

with [MoO(S2CNEt2)2] in toluene at high temperatures leads to the selective

formation of alkenes; no other oxygenates being observed. Although selective,

the reactions are not quantitative as a good deal of complex decomposition

occurs. Reactions do, however, occur with > 98% retention of symmetry

indicating that deoxygenation proceeds via a concerted reaction or through a

cyclic intermediate.

A wide range of other possible applications of molybdenum dithiocarbamate

complexes has also been explored. Dimeric [Mo2O2(m-O)(S2CNEt2)4] anchored
on functionalized cross-linked polystyrene has been used as a catalyst for the

conversion of Me2SO to Me2SO2 and cyclohexene to its oxide, using t-BuO2H

as the stoichiometric oxidant. While slow loss of metal ions from the polymer

support is observed, this heterogeneous system still performs better than the

homogeneous counterpart (1027).

The photoreduction of acetylene to ethylene and ethane can be catalyzed by

[MoO(m-O)(S2CNEt2)]2 in the presence of 5–8-nm diameter colloidal TiO2. The

optimum activity was found at pH 6 with a loading of 30 catalyst molecules per

titania particle, and the overall efficiency is 1.3% at full lamp intensity. The

authors suggest that the molybdenum(V) dimer becomes attached to the TiO2

surface and serves to transfer electrons or hydrogen atoms to bound substrates

(1028).

Drew et al. (1029) prepared samples of molybdenum dithiocarbamates in the

Linde A zeolite, which is achieved by first stirring the zeolite with an aqueous

solution of sodium molybdate followed, after drying, by addition of NaS2CNEt2
in dilute HCl. After washing to remove surface molybdenum dithiocarbamates,

the blue solids were characterized by their strong paramagnetism, being

characteristic of monomeric molybdenum(V) species. In order to probe the

nature of the later they have used molecular graphics, which suggest that

dimerization of molybdenum(V) dithiocarbamate species cannot occur within

the zeolite cages, which is in keeping with the experimental observations.
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The effects of a number of molybdenum dithiocarbamate complexes, most

notably [MoO(m-S)(S2CNR2)]2, on the friction and wear properties between

aluminum alloy and steel have been investigated (1030–1039). Friction reduc-

tion via boundary lubrication occurs as a result of the formation of MoS2, a well-

known lamellar solid lubricant, shown to form by electron-transfer mechanisms

activated by the friction process (1031,1032). Somewhat complementary to this

work are thermal gravimetric studies showing that between 200 and 400�C,
[Mo(NO)2(S2CNEt2)2], [MoO(NCS)(S2CNEt2)2], and [MoS(m-S)(S2CNEt2)]2,
break down to give MoS3, MoS2, and ‘‘Mo2S8’’, respectively (1040).

Isotopically enriched 95,97,98[MoO(S2CNEt2)3] has been characterized by

ESR spectroscopy in frozen benzene solutions. A comparison of experimental

and calculated parameters shows that the axial symmetry of the magnetic

tensors does not contradict the low symmetry of the complex (1041). Finally,

in a quite different application, the dithiocarbamate salt derived from piperidine

has been utilized for determination of the molybdenum content in soils, the

dioxo complex [MoO2(S2CNC5H10)2] generated, being measured by its absor-

bance at 460 nm (1042).

3. Tungsten

In many respects, tungsten dithiocarbamate chemistry follows on closely to that

of molybdenum, although far less ground has been covered; the first reported

examples being the tetrakis(dithiocarbamate) complexes, [W(S2CNR2)4], pre-

pared in the early 1970s (769,1043). A major difference between the dithio-

carbamate chemistry of molybdenum and tungsten, is that while cis dioxo

complexes [WO2(S2CNR2)2] are known (1044,1045), they are far less common

and their chemistry has not been developed. Another difference is that the

organometallic chemistry of low-valent tungsten dithiocarbamate complexes has

been developed to a somewhat greater extent than that of molybdenum.

a. Tetrakis(dithiocarbamate) and Related Complexes. Both tungsten

(IV) and (V) tetrakis(dithiocarbamate) complexes are known, being prepared

in a number of different ways. The tungsten(IV) complexes, [W(S2CNR2)4]

(150) (Fig. 114), are typically prepared upon addition of dithiocarbamate salts to

WCl4 in acetonitrile (1046) and can also be prepared from W(CO)6 and thiuram

disulfides (1047). More recently, irradiation of [W(CO)3(Z
6-C6H5Me)] with

thiuram disulfides has been shown to afford mixtures of tungsten(III) and (IV)

complexes, [W2(S2CNR2)6] and [W(S2CNR2)4] (R¼ Et, Pr, Bu; R2¼ C5H10),

respectively (1048).

Tungsten(V) complexes, [W(S2CNR2)4]X (151) (Fig. 114), can be prepared

in a similar manner to the tungsten(IV) complexes detailed above, however, the
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reactions are carried out in air in the presence of Bu4NX (X¼ Cl, Br, I) (1047).

A number of other synthetic procedures have also been adopted, including the

reaction of W(CO)6 with (Et2NCS2)2Te (R¼ Et, X¼ 0.5 W6O19) (1049);

hydrolysis of the product of PPh3 reduction of [WS(S2)(S2CNMe2)2]

(R¼Me, X¼ 0.5 W6O19) (1050); and prolonged heating of [Tp*W(CO)3]
�

and tetraethylthiuram disulfide (R¼ Et, X¼ Cl), the latter giving only low

yields (182). Addition of LiTCNQ to [W(S2CNR2)4]I (R¼Me, Et) in DMF/

H2O gives [W(S2CNR2)4][TCNQ], while further addition of TCNQ in acetoni-

trile yields [W(S2CNR2)4][TCNQ]2, in which the TCNQ is in mixed-valence

states (779). A number of crystallographic studies have been carried out

(779,1049,1050), and in all the tungsten cation shows a dodecahedral coordina-

tion geometry.

Tungsten(III) tris(dithiocarbamate) complexes are not known. However, in

one report a related tungsten(III) complex, [W(S2CH)(S2CNMe2)2] (152), has

been reported; prepared as a side product of the addition of carbon disulfide and

sulfur to [W2(NMe2)6] (1051).
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b. Tungsten Oxo Complexes. As seen in the previous sections, much of

the high-valent dithiocarbamate chemistry of molybdenum centers on the cis
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Figure 114. Tungsten tetrakis(dithiocarbamate) complexes.
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stable. In contrast, analogous tungsten(IV) dioxo complexes, [WO2(S2CNR2)2],

remain virtually unexplored, primarily as a result of their relative instability.

They were first prepared by McDonald and co-workers (1044) via an oxo-

transfer reaction between [W(CO)3(S2CNR2)2] (R¼Me, Et, Pr) and [Mo2O2(m-O)
{S2P(OEt)2}4], but characterization was poor, being based mainly on the

observation of W����O bands in the IR spectrum between 890 and 935 cm�1. Later,

Yu and Holm (1052) developed this route, and also gave further details of their

relative instability; being highly sensitive to water and oxygen, while even in dry

organic solvents slow decomposition took place. They noted that the off-white

piperidine dithiocarbamate complex, [WO2(S2CNC5H10)2], displayed a greater

stability than simple alkyl derivatives, showing some stability for short periods

in dichloromethane and 1,2-dichloroethane, while unstable in DMF or DMSO.

Cooper and co-workers (1053) later described a more direct route to one of

these complexes, yellow [WO2(S2CNBz2)2] being prepared in high yield when

oxygen saturated THF was bubbled through a solution of [W(CO)3(S2CNBz2)2]

in the absence of light (Eq. 96). It was characterized by strong W����O vibrations

at 939 and 893 cm�1 in the IR spectrum. This reaction probably proceeds via the

initial formation of dimeric [W2O2(m-O)(S2CNBz2)4], and indeed when carried

out in dichloromethane, the latter was isolated in high yield, a crystal structure

revealing the anti orientation of the terminal oxo ligands (1053).

W
O

O
S

S

Bz2N

S

S
Bz2N

W

O

S

S

NBz2

S

S
NBz2

W
OC

OC S

S

S

S

NBz2

NBz2

OC

W
O

O S

S

S

S

NBz2

NBz2

O2, 40°C O2, 40°C

ð96Þ

Very recently, Unoura et al. (1045) reported the synthesis of [WO2(S2CN��i-
Bu2)2], which shows surprising stability for this class of complex. It is formed in

� 20% yield from the reaction of Na2WO4.2H2O with NaS2CN��i-Bu2 in

aqueous solution in air; conditions that fail to yield tractable products for a

range of other dithiocarbamates (R¼Me, Et, i-Pr, Cy, Bz, Ph). Precise reasons

for the surprising stability of [WO2(S2CN��i-Bu2)2] remain unknown. A

structural study reveals similar features to analogous molybdenum complexes,

[W����O(av) 1.719 Å, O–W–O 104.7�]. Cyclic voltammetry has also been carried

out; two irreversible reduction waves being observed. The reversibility of the

first reduction increases with increasing scan rates, and controlled-potential

electrolysis at a potential just after this reduction leads to the formation of a

deep violet solution suggesting the formation of [W2O2(m-O)(S2CN��i-Bu2)4].
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The dioxo complexes have been tested as oxo-transfer reagents (1052,1053).

The piperidine complex [WO2(S2CNC5H10)2] does not react with PPh3 and

reacts only slowly with alkyl phosphines, however, upon addition of P(OMe)3,

oxo-transfer does occur relatively rapidly to give the oxide and [W2O2(m-
O)(S2CNC5H10)4] (1052). In contrast, [WO2(S2CNBz2)2] is reduced by PPh3,

PPhMe2, and PEt3, the latter being studied in some detail. Thus, addition of

excess phosphine gave the red tungsten(IV) phosphine adduct [WO(-

PEt3)(S2CNBz2)2] (Fig. 115) (1053). Carmona et al. (1054) prepared a similar

phosphine adduct, [WO(PMe3)(S2CNMe2)2], from the reaction of NaS2CNMe2
with [WOCl2(PMe3)3], the temperature dependence of its 1H NMR spectrum

being suggested to result from an Z1-dithiocarbamate intermediate.

Thus it is clear that the relative lack of chemistry developed from [WO2

(S2CNR2)2] stems primarily from their instability, although the variation of this

as a function of dithiocarbamate substituents suggests that more work is justified

in this area. Holm and co-worker (1052) noted that their poor oxo-transfer

behavior, as compared to analogous molybdenum systems, is associated with the

difficulty in reducing the tungsten(VI) center, and thus related tungsten(IV)

complexes may be good oxo acceptors.

Other tungsten(VI) oxo complexes have been prepared. For example,

bis(indenyl) complexes, [(Z5-C9H7)2WOCl(S2CNR2)] (R¼Me, Et, i-Pr;

R1¼ Cy, R2¼Me, Et, i-Pr), are reported to result from addition of dithiocar-

bamate salts to [(Z5-C9H7)2WOCl2] (639). A further class of tungsten(VI)

oxides are the disulfide complexes, [WO(S2)(S2CNR2)2], and these are dis-

cussed more fully in Section (IV.C.3.c).

Oxo-bridged tungsten(V) dimers, [W2O2(m-O)(S2CNR2)4], an example of

which was detailed above, have been prepared by a number of groups, including

those of Lozano et al. (1055,1056) and Brown et al. (1048); although there is

some suggestion that these reports may be partially incorrect (1053). Mono-

meric tungsten(V) oxo complexes have also been prepared. For example,

oxidation of [W(S2CNR2)4] (R¼ Et, Pr, Bu; R2¼ C5H10) by pyridine N-oxide

is reported to give, [WO(S2CNR2)3] (1048).
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A number of reports deal with tungsten(IV) oxo complexes. As detailed

above, phosphine complexes of the type, [WO(PR3)(S2CNR
0
2)2], have been

prepared in a number of ways (1053,1054). A further report suggests that

addition of dithiocarbamate salts to [CpWOCl2], and the related indenyl

complex, leads to the formation of tungsten(IV) complexes, [CpWO(S2CNR2)]

(R¼Me, Et) (1057), reduction of the metal center presumably resulting from

oxidation of some of the dithiocarbamate salt to the thiuram disulfide. Since

their report in 1980, however, no further details of these complexes have been

given. In other work, a range of alkyne complexes, [WO(RC2R)(S2CNR
0
2)2]

(821,1058), have been prepared from the controlled oxidation of

[W(CO)(RC2R)(S2CNR
0
2)2] and their properties and structures probed (see

Section IV.C.3.f).

c. Chalcogenide Complexes. A number of tungsten(V) and (VI) com-

plexes containing the disulfide ðS2�2 Þ ligand have been prepared and studied, as

have related diselenide complexes. Tungsten(VI) complexes, [WE(S2)-

(S2CNR2)2] (E¼ S, O), are particularly common (180, 370, 879, 1051, 1059–

1062), a wide range of synthetic methods being adopted. Addition of thiuram

disulfides to [WS4]
2� (180) or related selenium compounds, (R2NCS2)2Se

(R¼Me, Et), to [WS4]
2� or [W3S9]

2� (1061) affords [WS(S2)(S2CNR2)2], as

does addition of sulfur or selenium to [W2(NMe2)6] in carbon disulfide (1051).

Reaction of sulfur dioxide with [W(CO)3(S2CNR2)2] (R¼Me, Et, i-Pr, Bz;

R2¼ C4H4) affords both oxo and sulfido complexes, [WE(S2)(S2CNR2)2]

(E¼O, S), via a complex process in which (Et2NCS2)2CH2 is also generated

(1059), and reaction of Me3SiS2CNR2 (R¼Me, Et) with [WSCl4] yields

[WS(S2)(S2CNR2)2] together with cationic [WS(S2CNR2)3]
þ (Eq. 97) (370,

1060, 1062).
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Crystallographic studies have been carried out on a number of complexes of

the type [WE(S2)(S2CNR2)2] (180,1051,1059). The metal center adopts a

distorted trigonal-bipyramidal coordination sphere, the disulfide ligand lying

in the equatorial plane and the p-donor ligand taking up an axial site.
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Electrochemical studies on [WE(S2)(S2CNR2)2] (E¼O, S; R¼Me, Et) reveal

an irreversible one-electron ligand-based oxidation process involving the

disulfide ligand, and a one-electron reduction generating radical anions that

are inherently unstable and decay to unidentified products (879).

Russian workers have shown that [WS(S2)(S2CNR2)2] (R¼Me, Et) react

with acids (HX) in acetonitrile generating, [WSX2(S2CNR2)2] (X¼ Cl, Br), an

example of which has been crystallographically characterized (R¼Me,

X¼ Cl). Interestingly, this reacts further with labeled [t-Bu4N]2[
34S6] to give

a mixture of isotopomers of [WS(S2)(S2CNMe2)2] containing two
34S atoms and

one 32S atom (Eq. 98), and it is proposed that this occurs via a WS3
metallacyclic intermediate (1061).
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As mentioned above, when [WSCl4] reacts with Me3SiS2CNEt2 in methanol,

tungsten(VI) cations, [WS(S2CNR2)3]
þ, are among the products (370,1060,

1062). A crystal structure of [WS(S2CNEt2)3][BF4] reveals that the metal adopts

a distorted trigonal-bipyramidal ligand sphere, the sulfido ligand occupying an

axial site and displaying a significant trans-influence as measured by the

elongation of the trans tungsten–sulfur bond by � 0.07 Å as compared to those

in the equatorial plane (370,1060). These molecules are fluxional in solution as

shown by VT NMR studies. For example in [WS(S2CNMe2)3][BPh4], rotation

about the backbone carbon–nitrogen bond of the dithiocarbamates leads to a

single methyl environment at 25�C, while upon cooling to �50�C the expected

four signal pattern for a static Cs structure is seen. The two-site exchange has

activation barriers of 57� 1 and 54� 1 kJ mol�1 for the equatorial and unique

dithiocarbamates, respectively. Averaging of all methyl groups requires a metal-

centered polytopal rearrangement, and a double facial twist mechanism invol-

ving a trigonal-prismatic transition state is proposed (370).

Oxidation of [Tp*W(CO)2(S2CNEt2)] by cyclohexene sulfide at 85�C yields

the tungsten(IV) sulfido complex, [Tp*WS(S2CNEt2)] (153), which is also the

major product upon prolonged heating of [Tp*W(CO)3]
� and tetraethylthiuram

disulfide. Crystallographic characterization reveals a distorted octahedral co-

ordination geometry and a W����S distance of 2.153(2) Å (183).
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Three reports have appeared concerning tungsten diselenide (Se2�2 ) com-

plexes (1049,1063,1064). Tungsten(V) complexes, [W(Se2)(S2CNR2)3] (R¼ Et,

i-Bu), can be prepared via oxidation of [W(CO)5(MeCN)] by (Et2NCS2)2Se

(1049), or from thiuram disulfides and [WSe4]
2�; the latter resulting from an

induced internal electron-transfer process (1063). Interestingly, this appears to

be time dependent, extended reaction times (7 days) leading instead to tungsten

(VI) complexes, [WE(Se2)(S2CNEt2)2] (E¼O, S) (1064). Crystallographic

studies reveal selenium–selenium bond lengths of 2.23 Å at tungsten(V) and

2.31 Å at tungsten(VI), both being less that in elemental selenium (2.37 Å), but

greater than found in Se2 (2.19 Å).

d. Cyclopentadienyl and Tris(pyrazolyl)borate Complexes. Mononuc-

lear tungsten complexes are known with cyclopentadienyl ligands in oxidation

states þ2 to þ5 (Fig. 116). A number of pentamethylcyclopentadienyl com-

plexes have been reported. For example, tungsten(III) complexes, [Cp*WI

(NO)(S2CNR2)] (R¼Me, Et) (1065) (154), have been prepared, while addition

of dithiocarbamate salt to [Cp*WCl4] gives the tungsten(V) complex,

[Cp*WCl3(S2CNEt2)] (155); this in turn is oxidized by hydrogen peroxide to

[Cp*WO(Z2-O2)Cl] with loss of the dithiocarbamate ligand (910).

As detailed above, tungsten(IV) oxo complexes, [CpWO(S2CNR2)] and

[(C9H7)WO(S2CNR2)] (R¼Me, Et), have been briefly reported (1057). One
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Figure 116. Examples of tungsten cyclopentadienyl complexes.
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further example of a tungsten(IV) cyclopentadienyl complex has been reported;

addition of iodine to [CpW(CO)3(Z
1-S2CNMe2)] affording the salt, [CpWI

(CO)2(S2CNMe2)]I (156) (1066), along with a thiocarboxamide complex

resulting from carbon–sulfur bond cleavage (see Section V.A)

A number of tungsten(II) cyclopentadienyl and tris(pyrazolyl)borate com-

plexes have been prepared. Photolysis of [CpW(CO)3]2 and tetramethylthiuram

disulfide affords [CpW(CO)3(Z
1-S2CNMe2)] in good yield, which upon further

photolysis or heating loses carbon monoxide giving [CpW(CO)2(S2CNMe2)]

(1066,1067). A crystal structure of [CpW(CO)3(Z
1-S2CNMe2)] confirms that

the dithiocarbamate is monodentate, the two carbon–sulfur bonds as expected

being quite different [C–S 1.769(3), C����S 1.676(3) Å] (1066). The uncoordi-

nated sulfur atom may be able to bind to a second metal center. Thus, reaction

with [W(CO)5(thf)] affords a new complex, which is only stable at low

temperatures and thus has not been fully characterized, but on the basis of

limited spectroscopic data the authors propose that this is [CpW(CO)3(m-
S2CNMe2)W(CO)5].

The tris(pyrazolyl)borate complex [Tp*W(CO)2(S2CNEt2)], prepared upon

thermolysis of [Tp*W(CO)3]
� and tetraethylthiuram disulfide, has been struc-

turally characterized (182). It reacts with alkynes to give a variety of products,

being highly dependent on the nature of the alkyne substituents (1068). With

phenyl ethyne, [Tp*W(CO)(PhC2H)(Z
1-S2CNEt2)] results. Here again the

dithiocarbamate is monodentate, their being only a very weak interaction of

the second sulfur atom with the tungsten center [W��S 2.397(2) and 3.999(2) Å],

the carbon–sulfur bonds also differing [C��S 1.798(7), C����S 1.668(6) Å].

Further tungsten(II) alkyne complexes, [CpW(PhC2Ph)(S2CNMe2)] (904)

and [CpW(RC2R)2(S2CNEt2)] (R¼ CF3) (905), have been prepared from the

addition of dithiocarbamate salts to [CpWCl(CO)(PhC2Ph)] and [CpWCl-

(RC2R)2], respectively; the barrier to alkyne rotation in the hexafluorobut-2-

yne complex is estimated as 56 kJ mol�1 (905).

e. Carbonyl and Nitrosyl Complexes. A number of zero-valent tungsten

complexes, [W(CO)4(S2CNR2)]
�, have been reported, being similar to the

chromium and molybdenum analogues (discussed earlier). Synthetic routes

include the addition of a dithiocarbamate salt to [W(CO)6] (R¼ Et;

R2¼ C4H8) (757,1069,1070) or pyridine analogues (1070); insertion of carbon

disulfide into a metal amide prepared in situ from n-BuLi and cis-[W(CO)4
(NHR2)2] [R2¼ C5H10, C4H4) (198)]; and reaction of cis-[W(CO)4(NHC5H10)2]

with [W(CO)5(Z
1-Ph2PCS2)]

�, which also gives [W(CO)5(PPh2H)] (Eq. 43)

(229). Crystallographic studies reveal a distorted octahedral coordination

environment resulting from the small dithiocarbamate bite angle (198).

A few reactions have been carried out. Addition of [Fe2(m-S2)(CO)6]
2�

yields trinuclear [WFe2(m
3-S)(CO)8(S2CNEt2)]

� (952), while with [WS4]
2�
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the dithiocarbamate is lost to yield [WS2(m-S)2W(CO)4]
2� (1069). A cyclic

voltammetric study has been carried out on [W(CO)4(S2CNEt2)]
�, three

irreversible oxidation waves were observed with behavior similar to that found

for the molybdenum analogue (1069).

Tungsten(II) tricarbonyl complexes, [W(CO)3(S2CNR2)2] (157) (Fig. 117),

have been studied widely and in many respects their chemistry is similar to that

described previously for the analogous molybdenum species. Preparative routes

include the addition of 2 equiv of dithiocarbamate salt to [WX2(CO)4]2 (X¼ I,

Br; R¼Me, Et, Bz) (353,922,1053,1071,1072) or [W(CO)5I][NEt4] (928). A

crystal structure (R¼Me) reveals that the carbonyls adopt a facial arrangement,

the coordination polyhedron at tungsten were best described as a 4:3 tetragonal–

trigonal base (1071). In solution, they are fluxional with two distinct intramo-

lecular rearrangement processes observed by VT 13C NMR spectroscopy; the

first averaging two carbonyls and the second, all three. A twisting of the trigonal

plane (which contains two carbonyls) relative to the tetragonal base and an

internal trigonal rotation have been suggested to account for these observations

(353,1071,1073).

Like the molybdenum analogues, they lose CO to give 16-electron com-

plexes, [W(CO)2(S2CNR2)2] (158) (Fig. 117), however, this generally proceeds

more slowly and often requires thermal activation, the process being more rapid

for the larger ethyl versus methyl derivative (1072). Addition of nitrogen-donor

ligands results in weak coordination, although hydrazine and ethylenediamine

bind more strongly to give bridged complexes, [{W(CO)2(S2CNR2)2}(m-L)]
(1072). In contrast, phosphines and phosphites bind much more strongly

(353,1072,1073). A crystal structure of one such adduct, [W(CO)2(PPh3)(S2C-

NEt2)2] (159) (Fig. 117), reveals a similar 4:3 tetragonal–trigonal base geome-

try, the phosphine lying in the tetragonal plane (1073).

Phosphine substituted complexes also undergo a facile intramolecular re-

arrangement at low temperatures. Two distinct carbonyl signals are seen in the
13C NMR spectrum, which interconvert even at 0�C via a process believed to

involve a capped trigonal-prismatic intermediate (1073). Related phosphine
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Figure 117. Examples of the reactivity of [W(CO)3(S2CNR2)2].
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complexes, [W(CO)n(PMe3)3�n(S2CNR2)2] (n¼ 1, 2; R¼Me, Et, i-Pr), can be

prepared upon addition of 2 equiv of dithiocarbamate salt to [WCl2(CO)2
(PMe3)3], and can be interconverted upon addition of CO and PMe3, respec-

tively, although the latter does not go to completion (927). In a similar manner

the bis(phosphite) complex, [W(CO){P(OMe)3}2(S2CNC4H4)2], has also been

prepared upon addition of 2 equiv of KS2CNC4H4 to [WCl2(CO)2{P(OMe)3}2]

(353).

A number of further reactions have been carried out, those with alkynes being

discussed later. Oxidation of [W(CO)3(S2CNMe2)2] (160) by bromine occurs at

room temperature giving the tungsten(V) complex [WBr3(S2CNMe2)2] (161)

(Fig. 118). The latter in turn is converted into the corresponding tungsten(IV)

dihalide, [WBr2(S2CNMe2)2] (162), upon heating with further [W(CO)3
(S2CNMe2)2] in dichloromethane, a transformation that is reversed upon

addition of more bromine (922).

Addition of either [NEt4]F or [PPN]N3 to [W(CO)3(S2CNR2)2] (R¼Me, Et)

gives seven-coordinate anions, [WX(CO)2(S2CNR2)2]
� (X¼ F, N3) (163)

(Fig. 119) (928). Lappert and co-workers have shown that a carbonyl can be

replaced by the stannylene, SnR2 [R¼ CH(SiMe3)2], to give [W(CO)2(SnR2)
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(S2CNMe2)2] (164) (Fig. 119), which in turn reacts slowly with diphenylethyne

affording [W(CO)2(PhC2Ph)(S2CNMe2)2] (1074). More unusually, prolonged

thermolysis in benzene affords novel dimeric complexes as detailed later (see

Section V.B) (1074,1075).

Hillhouse and Haymore (922) described the formation of diazoalkane

complexes, [W(CO)(N2CHAr)(S2CNR2)2] (R¼Me, Et, R2¼ C4H8; Ar¼ Ph,

p-tol) (165) (Fig. 120), from the room temperature reaction of diazoalkanes with

[W(CO)3(S2CNR2)2], together with some analogous molybdenum complexes

that are less stable. They react further with halogens to give tungsten(IV)

complexes, [WX2(N2CHAr)(S2CNR2)2] (X¼ Cl, Br), while addition of HBr

affords what is believed to be [WBr2(NH��NH����CHAr)(S2CNR2)2] (166)

(Fig. 120), resulting from the addition of two hydrogen atoms to the diazoalkane

moiety.

In other work, Baker et al. (926,937) shown that addition of NaS2CNBz2 to

[WI2(CO)3(MeCN)2] yields dimeric [{W(m-I)(CO)3(S2CNBz2)}2], while related
monomeric complexes, [WI(CO)3(EPPh3)(S2CNR2)] (R¼ Et, Bz; E¼ P, As,

Sb), result from [WI2(CO)3(MeCN)(EPPh3)].

The nitrosyl chemistry of tungsten is not as well developed as that of

molybdenum. Broomhead and co-workers (893–895) investigated the reactivity

of tungsten(II) nitrosyl complexes, [W(NO)2(S2CNR2)2]. Their behavior is

generally analogous to their molybdenum counterparts (see earlier). However,

the reaction of [W(NO)2(S2CNEt2)2] with anions (X¼N3, NCO or NCS) in

DMSO, which results in loss of N2O and formation of [WX2(NO)(S2CNEt2)2]
�,

is photochemically (888,895), rather than thermally activated, and proceeds at a

slower rate than the molybdenum analogue (893). This has been attributed, in

part, to the greater energy required to transfer an electron pair from the metal d

orbitals to the p*-(NO)2 orbital upon formation of the postulated, reactive seven-

coordinate intermediate.
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Johnson et al. (885) shown that, in a similar manner to the analogous

molybdenum complexes, photolysis of [W(NO)2(S2CNR2)2] (R¼Me, Et, Pr)

affords tungsten(III) nitrosyl complexes, [W(NO)(S2CNR2)3], in high yields.

The latter are rigid at room temperature on the NMR time scale, and it is only

upon heating to 130�C when all three dithiocarbamate ligands become equiva-

lent.

f. Alkyne Complexes. Alkynes bind to a range of tungsten dithiocarba-

mate centers, being most common for tungsten(II). The first example of a

tungsten(II) alkyne–carbonyl complex, namely, [W(CO)(HC2H)(S2CNEt2)2],

was prepared upon displacement of the phosphine from [W(CO)2(PPh3)(S2C-

NEt2)2] (1076,1077). Further examples of complexes of this type have more

recently been prepared from [W(CO)3(S2CNR2)2] and alkynes (819, 820, 931,

1078). Carlton and Davidson (1079) also prepared examples, [W(CO)(MeC2R)

(S2CNMe2)2] (R¼Me, Ph), upon addition of 2 equiv of NaS2CNMe2 to

[WBr2(CO)(MeC2R)2]2, while Baker and Flower (1080), have prepared

[W(CO)(MeC2Me)(S2CNC4H8)(S2CNR2)] (R¼Me, Et, Bz; R2¼ C4H8) upon

addition of a second dithiocarbamate salt to [W(CO)(MeCN)(MeC2-

Me)2(S2CNC4H8)][BF4] (Fig. 121).

Crystallographic studies show that the alkyne and carbonyl are nearly

coplanar, and although the metal center may be considered as pseudo-octahe-

dral, a better description seems to be one in which the carbonyl and a sulfur of

one dithiocarbamate ligand occupy the axial sites of a pentagonal bipyramid

(820,1078).

In solution, complexes are fluxional, being attributed to an alkyne rotation,

activation barriers being in the region of 45–50 kJ mol�1 (1078,1079).

Molecular orbital calculations have been carried out on the model complexes,

[M(CO)(HC2H)(S2CNH2)2] (M¼Mo, W), and satisfyingly (but possibly for-

tuitously) the calculated barrier to alkyne rotation is very close to those

measured (821). For the asymmetric alkyne complexes, [W(CO)(MeC2Ph)

(S2CNMe2)2], two isomers might be expected, but in both instances, as is the

case with [W(CO)(HC2Ph)(S2CNEt2)2], only one is observed at low temperature

(1079). This effect is attributed to the propensity of the bulky phenyl group to

adopt a position distal to the carbonyl ligand (931).

Electrochemical studies have also been carried out and reveal reversible

reduction behavior but irreversible oxidation chemistry as expected for unsatu-

rated species (931). However, 13C NMR studies suggest that the alkyne acts as a

four-electron donor, chemical shifts of � 206 ppm being noted for the alkyne

carbons, and thus the complexes are best considered as 18-electron species

(819,1081).

The hydrid phosphine–alkyne, bis(diphenylphosphino)ethyne, reacts with

[W(CO)3(S2CNEt2)2] to give orange [W(CO)2(Ph2PC2PPh2)(S2CNEt2)2],
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whereby the ligand coordinates as a phosphine. Upon sitting in acetone for 10 h,

the solution turns green as a result of carbonyl loss and the formation of the

alkyne complex, [W(CO)(Ph2PC2PPh2)(S2CNEt2)2] (1078). This then reacts

further with a range of metal carbonyl via coordination of the two phosphorus

atoms. For example, addition of cis-[M(CO)4(NHC5H10)2] (M¼ Cr, Mo, W)

yields [W(CO)(Ph2PC2PPh2)(S2CNEt2)2M(CO)4] (Eq. 99), in which the dipho-

sphine binds to tungsten via the alkyne moiety and chelates the second group 6

(VIB) metal center through phosphorus (1082). Incorporation of the phosphine

centers has the advantage that barriers to alkyne rotation can be conveniently

measured by 31P NMR spectroscopy.
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A number of other reactions of [W(CO)(alkyne)(S2CNR2)2] complexes have

been carried out, which broadly mirror the chemistry of the molybdenum

analogues. Addition of electron-deficient alkenes yields mixed alkene–alkyne

complexes, [W(alkene)(alkyne)(S2CNR2)2] (167) (Fig. 122) (934). A crystal

structure of the maleic anhydride derivative, [W(alkene)(PhC2H)(S2CNMe2)2],

reveals the expected cis arrangement of the organic ligands. These mixed-

alkene–alkyne complexes react further with phosphites and phosphines. The site

of attack is the terminal carbon of the alkyne, which yields a range of cyclic

alkylidene complexes, such as [W(alkene){Z2-C(Ph)CH(PR3)}(S2CNR2)2]

(168) (Fig. 122) (934).

Controlled oxidation of [W(CO)(HC2R
0)(S2CNR)2] (R0 ¼H, Ph; R¼Me, Et)

by the dimeric oxo-transfer reagent, [Mo2O2(m-O){S2P(OEt)2}4], affords the

tungsten(IV) oxo complexes, [WO(HC2R
0)(S2CNR)2] (1058). Variable tempera-

ture NMR studies suggest that alkyne rotation does not occur for these

complexes (on the NMR time scale). There is, however, a fluxional process

that interconverts the two dithiocarbamate ligands at higher temperatures. This

behavior has been interpreted in terms of an intermediate involving a mono-

dentate dithiocarbamate, the sulfur trans to the oxo moiety is labilized by the

trans-influence of the p-donor ligand.
Similar fluxional behavior is found for the analogous sulfido complexes,

[WS(PhC2Ph)(S2CNR2)2] (170), formed upon addition of cyclohexene sulfide to

[W(CO)(PhC2Ph)(S2CNR2)2] (R¼ Et, Me) (169) (Eq. 100). A second product

of this reaction is the thiocarboxamide complex [WS(PhC2Ph)(S2CNR2)

(SCNR2)] (171) (1083), formed from a carbon–sulfur bond cleavage reaction,

and also resulting from addition of PEt3 to [WS(PhC2Ph)(S2CNR2)2] (1084)

(see Section V.A). Variable temperature NMR studies on 171 also reveal a

dynamic process that equilibrates the alkyl substituents on the dithiocarbamate.

Here it is proposed to involve dechelation of the thiocarboxamide group
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followed by rearrangement of the five-coordinate intermediate (1084).
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Bis(alkyne) complexes, [W(R0C2R
0)2(S2CNR2)2], have been prepared from

[W(CO)(RC2R)(S2CNR2)2] (369,936,1085) and also upon addition of 2 equiv of

dithiocarbamate salts to [WI2(PhC2Ph)2(MeCN)2] (Fig. 123); dimeric [W(m-
I)(PhC2Ph)2(S2CNR2)]2 being an intermediate in the latter process (1086).

In a recent publication, Curran et al. (1085) described the synthesis of

bis(alkyne) complexes, [W(HC2R)2(S2CNMe2)2], in which the alkyne is part of

an amino acid derivative. From 1H NMR data, it is clear that three conforma-

tions about the metal center exist simultaneously in solution, namely, cis, trans’,

and trans’’ (Fig. 124). This situation is similar to the one found for other

unsymmetrical alkynes (369).

In a series of publications, Baker and co-workers(1087–1091) investigated

the synthesis, structure, and reactivity of cationic tungsten(II) alkyne complexes.

They are formed via neutral bis(alkyne) complexes, [WI(CO)(R1C2R
1)2

(S2CNR2)] (R1¼Me, Ph) (173), being prepared from [WI2(CO)(MeCN)

(R1C2R
1)2] (172) (1089), and in turn react with NaBPh4 or AgBF4 in acetonitrile

to give [W(CO)(MeCN)(R1C2R
1)2(S2CNR2)]

þ (174) (Fig. 125) (1087,1088,

1090). Crystallographic studies reveal a pseudo-octahedral coordination sphere
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with a trans arrangement of carbonyl and acetonitrile ligands (1090), and 13C

NMR data suggest that each alkyne acts as a three-electron donor (1089).

The reactivity of but-2-yne complexes has been probed, incorporation of a

wide variety of monodentate ligands including phosphines, phosphites, isoni-

triles (1087), and neutral and anionic chelating ligands are reported (1087,1088).

Monodentate ligands tend to displace the acetonitrile readily (1087), while with

bidentate ligands loss of an alkyne and acetonitrile occurs (1088). For example,

bis(diphenylphosphino)methane (dppm), reacts with [W(CO)(MeCN) (S2CNC4-

H8)(MeC2Me)2]
þ to give the monoalkyne complex, [W(CO) (S2CNC4H8)

(MeC2Me)(Z2-dppm)]þ (Eq. 101), which has been crystallographically char-

acterized. Analogous diphosphine complexes, [W(CO)(S2CNR2) (MeC2Me)-

(Z2-dppm)]I (R¼Me, Et, Bz; R2¼ C4H8), have also been prepared upon

addition of dithiocarbamate salts to [WI(CO)(MeCN)(MeC2Me)(dppm)] [BF4]

or [WI2(CO)(MeC2Me)(dppm)]; reactions proposed to occur via an intermediate

containing a monodentate dithiocarbamate. Incorporation of the diphosphine

again also allows the rotational barrier of the alkyne to be easily measured
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(50� 1 kJ mol�1) by 31P NMR spectroscopy (1091).
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g. Other Organic Ligands and Transformations. A wide range of

different organic ligands have been prepared at the dithiocarbamate-stabilized

tungsten center. These include tungsten(IV) alkylidyne complexes, [W(CPh)

(CO)2(PPh3)(S2CNMe2)] and [W(CPh)(CO)(PMe3)2(S2CNEt2)] (176), formed

upon addition of dithiocarbamate salts to cis-[WCl(CPh)-(CO)2(PPh3)2] and

[WCl(CPh)(CO)(PMe3)3] (175), respectively. Interestingly, (176) reacts further

with carbon monoxide in both the solid state and in solution to give the ketenyl

complex [W{PhCC(O)}(CO)(PMe3)2(S2CNEt2)] (177), a process that can be

reversed at 100�C (Fig. 126) (1092).

The alkylidyne complex, [W(CO)2(CCH2Ph)(dppe)]
þ, also reacts with

dithiocarbamate salts to give ketenyl products, [W(CO)2{PhCH2CC(O)}(dp-

pe)(S2CNR2)] (R¼Me, Et), formed via an intermediate containing a mono-

dentate dithiocarbamate. The nucleophilic nature of the ketenyl ligand is shown

by facile reactions with acids and [Me3O][BF4] (Eq. 102) yielding alkyne

complexes, [W(CO)(PhCH2C2OX)(dppe)(S2CNR2)] (X¼H, Me) (1093).
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Facile dithiocarbamate-induced carbonyl-alkylidyne coupling is also ob-

served upon addition of dithiocarbamate salts (R¼Me, Et) to cyclic alkylidyne

complexes [W(CO)2(MeCN)(dppe){CCH����(CH2)n}] (n¼ 4, 7) (Eq. 103), a

monodentate dithiocarbamate intermediate being proposed (1094).
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Addition of 2 equiv of dithiocarbamate salts to [WCl(CPh)(CO)2(py)2] (178)
also affords ketenyl complexes, [W(CO){PhCC(O)}(S2CNR2)2]

� (179). With

[H2NEt2][S2CNEt2], however, a quite different reaction occurs; the thioaldehyde

complex, [W(CO)(SCHPh)(SCNEt2)(S2CNEt2)] (180), being formed in 96%

yield (Fig. 127). Mechanistic details are unclear, but it is proposed that an

intermediate bearing two dithiocarbamates (one monodentate) may have an

alkylidyne ligand, the latter being sufficiently basic to deprotonate the ammo-

nium salt and give an alkylidene. The alkylidene then interacts with a dithio-

carbamate to give thioaldehyde and thiocarboxamide ligands (1095).

Related to this ketenyl chemistry is the formation of vinylketenes,

[W(CO)(S2CNR2)2{Z
2,Z2-O����C����C(Ph)CH����CHMe}] (R¼Me, Et, Ph) (183),

from the allylidene complex [W(CO)2Br2{Z
1,Z2- C(Ph)CH����CHMe}(4-pico-

lene)] (181) and dithiocarbamate salts at 50�C (1096–1098). At lower tempera-

tures four intermediates are observed, spectroscopic studies indicating that each

contains an Z1,Z3-allyldithiocarbamate ligand generated by dithiocarbamate

addition to the tungsten–alkylidene bond. Indeed, in one case such a complex,
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Figure 127. Reactions of [WCl(CPh)(CO)2(py)2] with different diethyldithiocarbamate salts.
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namely, [W(CO)2(S2CNEt2){Z
1,Z3-SC(NEt2)SCPhCH����CHMe}] (182), was

isolated and crystallographically characterized (Fig. 128) (1096).

Vinyl ketene complexes, [W(CO)(S2CNR2)2{Z
2,Z2-O����C����C(R0)CH����

CH2}] (R
0 ¼H, Me; R¼Me, Et, Ph; R2¼ C4H4), are also formed upon addition

of cyclopropene or methyl cyclopropene to [W(CO)2(S2CNR2)2] in an analo-

gous fashion to that described for the molybdenum analogues (see Section

IV.C.2.i). Two carbonyl bands are seen in the IR spectrum, that between 1960

and 1933 cm�1 being attributed to the metal bound carbonyl, while a second

band between 1780 and 1734 cm�1 is associated with the ketenyl carbonyl

(925).

Carmona et al. (1099) reported that addition of NaS2CNMe2 to monodentate

acyl complexes, [WCl(CO){C(O)R}(PMe3)3] (R¼ CH2��t-Bu, CH2CMe2Ph),

yields [W(CO)(PMe3)2{Z
2-C(O)R}(S2CNMe2)]. In one case (R¼ CH2SiMe3),

a mixture of acyl and alkyl complexes results, the SiMe3 group also being

extremely susceptible to hydrolytic cleavage. A related acyl complex, [W(CO)2
(PMe3){Z

2-C(O)Me}(S2CNMe2)] (185), results from carbonylation of

[W(CH3)(CO)2(PMe3)2(S2CNMe2)] (184). It reversibly adds a further equiva-

lent of phosphine to yield [W(CO)2(PMe3)2{Z
2-C(O)Me}(Z1-S2CNMe2)] (186),

proposed on the basis of spectroscopic data to contain a monodentate dithio-

carbamate ligand (Fig. 129) (243).
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Figure 128. Formation of vinylketene complexes via an allyldithiocarbamate intermediate.
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Templeton and co-workers (936) reported that coupling of alkynes in

[W(PhC2Ph)2(S2CNR2)2] (R¼Me, Et) (187) upon protonation with HBF4
yields Z4-butadienyl complexes [W(Z4-C4Ph4H)(S2CNR2)2][BF4] (188)

(Fig. 130). These in turn react with more dithiocarbamate salt to give Z2-vinyl

complexes, [W(Z2-CPh����CPhCPh����CHPh)(S2CNR2)3] (189). Further protona-

tion then occurs reversibly at the terminal olefin carbon yielding vinylcarbene

products [W{����CPhCPh����CPh(CH2Ph)}(S2CNR2)3]
þ (190) (1100). The buta-

dienyl complex, [W(Z4-C4Ph4H)(S2CNEt2)2][BF4], also reacts with LiBHEt3
giving [W(Z4-C4Ph4H)(S2CNEt2)3] and [WS(Z4-C4Ph4H)(S2CNEt2)] (1100),

while with water in the presence of triethylamine, the oxo analogue, [WO(Z4-

C4Ph4H)(S2CNEt2)] (191), results (936). Crystallographic studies of the latter

(936,1100) reveal delocalization within the ring p-system as evidenced from an

inspection of the carbon–carbon bond lengths.

In related work, coupling of two alkynes and carbon monoxide has been

achieved at a tungsten(II) center. Thus, reaction of [W(CO)2L(S2CNMe2)2]

(L¼ CO, PPh3) with an excess of cyclooctyne results in two products;

[W(CO)(S2CNMe2)2(Z
2,Z2-C4R4CO)] and [W(Z2-RC2R)(S2CNMe2)2(Z

2,Z2-

C4R4CO)] (RC2R¼ cyclooctyne), both containing a cyclopentadienone ligand
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(Eq. 104). Crystallographic characterization of the former reveals that the

carbonyl and organic ligands lie cis to one another (1101).
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h. Binuclear Complexes. A significant number of binuclear tungsten

complexes have been reported, predominantly supported by oxo and sulfido

ligands and containing tungsten(V) centers, although tungsten(III) complexes

are also known. Of the tungsten(V) complexes, those with the general formula,

[WE(m-E)(S2CNR2)]2 (E¼O, S), are most common (183, 1055, 1056, 1059,

1062, 1102–1109). Oxo complexes (E¼O) have been prepared from addition of

dithiocarbamate salts to [WO4]
2�, which in turn react with hydrogen sulfide to

give [WO(m-S)(S2CNR2)]2; the sulfur atoms taking up bridging sites (1105,

1110). The latter have also been prepared from reduction of [WO(S2)-

(S2CNR2)2] by sulfur dioxide (1059).

Tetrasulfide complexes, [WS(m-S)(S2CNR2)]2, can be prepared in a number

of ways. Stiefel and co-worker (1111) showed that reduction of [NEt4]2
[W2S2(m-S)2(S4)2] by PPh3 in the presence of dithiocarbamate salts affords an

elegant route (R¼ Et, i-Bu); the mono-oxo complex, [W2OS(m-S)2(S2CN��i-
Bu2)2], being a side product in one instance. In a similar manner, tetrasulfide

complexes (R¼Me, Ph) have also been reported from addition of dithiocarba-

mate salts to [NH4]2[WS4] (1109). Other preparative methods have also been

used, including the displacement of dithiophosphate ligands from [WS(m-
S){S2P(OEt)2}]2 (1106), reactions of thiuram disulfides with W(CO)6 (1106)

or [Tp*W(CO)3]
� (183), and the replacement of the terminal oxo groups of

[WO(m-S)(S2CNR2)]2 upon reaction with P4S10 (Eq. 105) (1103,1104,1107).
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Crystallographic studies on [WE(m-S)(S2CNEt2)]2 (E¼O, S) reveal tung-

sten–tungsten interactions indicative of a single bond and a syn coordination of

dithiocarbamate ligands (1106,1062). Related complexes are believed to display

similar characteristics.

Few reactions of [WS(m-S)(S2CNEt2)]2 have been reported. Addition of a

range of substituted pyridines (L) is proposed to reversibly yield [WS(m-S)
(S2CNEt2)L]2, although their precise nature has not been determined (1102),

while tetrasulfides have also been used as synthons to a range of trinuclear and

cubane-type tetranuclear clusters (see below) (1023,1024).

Dimeric tungsten(V) sulfido-bridged diazoalkane complexes, [W2S

(NNCR1R2)(PPhMe2)(m-S)2(S2CNR2)2] (R¼ Et, i-Pr; R1¼ R2¼Me; R1¼
Me, R2¼ Ph; R1¼H, R2¼ p-tol), have been prepared upon addition of thiuram

disulfides to [W2S2Cl(NNCR
1R2)(PPhMe2)2(m-S)2]

þ at 0�C (Eq. 106), and the

pyrrolyl imido complexes [W2S(NNC4H4)(PPhMe2)(m-S)2(S2CNR2)2] have

been prepared via a similar method (1112).
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Tungsten(III) dimers, [W2(S2CNR2)6] (R¼ Et, Pr, Bu; R2¼ C5H10), result

upon irradiation of [W(CO)3(Z
6-C6H5Me)] with thiuram disulfides. They

reportedly react further (R¼ Et) with pyridine N-oxide and [Et4N]NO3 to

give [W2O2(m-O)(S2CNEt2)4] and [W2(m-O){m-N(����O)O}(S2CNEt2)4(Z
1-

S2CNEt2)2], respectively, although precise details regarding the nature of the

latter are not clear (1048). A further tungsten(III) complex, [W(np)(S2CNEt2)(m-
O2CMe)]2 (np¼ neopentyl), results from addition of 2 equiv of dithiocarbamate

salt to [W(np)(m-O2CMe)2]2 (1113). Both complexes contain tungsten–tungsten

triple bonds, but the transformation leads to a change in electronic structure

from p4d2 to s2p4 and is shown to have no electronic barrier.

i. Clusters. In a similar manner to the molybdenum analogue (see Section

IV.3.C.l), syn-[WS(m-S)(S2CNEt2)]2 (192) has been used as a synthon toward

trinuclear and tetranuclear cubane-type clusters (1020,1023,1024). For example,

addition of [M(PPh3)4] (M¼ Pd, Pt) or [MCl(PPh3)3] (M¼ Rh, Ir) affords

trinuclear clusters [W2M(PPh3)(m-S)4(S2CNEt2)2] (193) and [W2M(PPh3)2
(m-Cl)(m-S)3(m

3-S)(S2CNEt2)2] (194), respectively, while with [MCl(cod)]2

248 GRAEME HOGARTH



(M¼ Rh, Ir) cubane-type clusters [W2M2Cl2(cod)2(m-S)4(S2CNEt2)2] (195)

result. A related tetranuclear cluster [W2Co2(CO)2(MeCN)2(m-S)4(S2CNEt2)2]
is proposed to result from addition of [Co2(CO)8] to syn-[WS(m-S)(S2CNEt2)]2
followed by extraction with acetonitrile (1022).

Trinuclear [W3(m
3-Se)(m-Se2)3(S2CNEt2)3][S2CNEt2] results from addition

of NaS2CNEt2 to [W3X4(m
3-Se)(m-Se2)3] (X¼ Cl, Br) (1000), while the analo-

gous complex [W3(m
3-Se)(m-Se2)3(S2CNEt2)3]Se has been prepared in low

yields from the addition of tetraethylthiuram disulfide to W(CO)6 in the

presence of selenium (1002). The crystal structure of the latter has been carried

out and shows the same cluster core arrangement 196 as the well-known

molybdenum analogues, two trinuclear units being linked together by interac-

tions with the selenide anion.
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In further work, the mixed-metal trinuclear complex, [WFe2(m
3-S)2(CO)8

(S2CNEt2)]
� (197), has been prepared from [W(CO)4(S2CNEt2)]

� and [Fe2(m-
S2)(CO)6]

2�. It has been crystallographically characterized and shows no direct

metal–metal interactions (952).
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Tetranuclear cubane clusters [WFe3(m
3-S)4(S2CNR2)4(m-S2CNR2)] (R¼Me;

R2¼ C4H8) have been prepared from [WS4]
2�, FeCl2, and dithiocarbamate salts
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in DMF (273,274). Crystallographic studies show that, like their molybdenum

analogues, one dithiocarbamate bridges between tungsten and iron centers, and

this is confirmed with the observation of two iron environments by 57Fe

Mössbauer spectroscopy (273).

D. Group 7: Manganese, Technetium, and Rhenium

1. Manganese

Dark violet manganese(III) dithiocarbamate complexes, [Mn(S2CNR2)3],

were first detailed in 1907 (2). In 1931, the synthesis of yellow manganese(II)

complexes [Mn(S2CNR2)2] was reported, which were shown to readily oxidize

to their manganese(III) counterparts (1114). Now, manganese dithiocarbamate

complexes are known for all oxidation states þ1 to þ4, although the nature of

manganese(II) complexes, [Mn(S2CNR2)2], still remains a topic of some debate.

a. Manganese (III) Complexes. Tris(dithiocarbamate) manganese(III)

complexes [Mn(S2CNR2)3] are well known and easily prepared. For example,
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Figure 131. A selection of cluster building reactions utilizing syn-[WS(m-S)(S2CNEt2)]2.
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addition of 3 equiv of dithiocarbamate salts to MnCl2 affords brown

[Mn(S2CNC5H10)3] (1115), and violet [Mn(S2CNC4H8X)3] (X¼ S, NMe,

CH2) (738), while a series of related methyl-substituted piperidine derivatives

have also been prepared by this method (1116).

The crystal structure of a monoclinic polymorph of [Mn(S2CNEt2)3] has been

determined and shows the same tetragonally distorted octahedron as seen in

other compounds of this type with long axial [Mn��Sax 2.582(1) Å] and short

equatorial [Mn��Seq 2.382(1), 2.389(1) Å] bonds (387). An electron-impact MS

study of [Mn(S2CNR2)3] (R¼ Et; R2¼ C5H10, C4H8O) shows that molecular

ions are not observed, the heaviest ions being those associated with loss of one

dithiocarbamate (1117). Transfer of dithiocarbamate from manganese to copper

is possible. Thus, interaction of [Mn(S2CNR2)3] (R¼ Et, Bz; R2¼ C4H8, MePh)

and [Cu(BF4)2] leads to the formation of [Cu(S2CNR2)2][BF4], which results

from dithiocarbamate transfer and oxidation to copper(III); the manganese(II)

product being spontaneously oxidized in the nondeaerated solvent (1118).

Indian workers have described the synthesis of pentacoordinate complexes,

[MnCl(S2CNR2)2] (R¼ Et; R2¼ C4H8O, C5H10) (1119). They result from the

addition of HCl to the tris(dithiocarbamate) complexes, [Mn(S2CNR2)3], in

dichloromethane. Structural characteristics are not known. They are nonelec-

trolytes, and thus presumed to be molecular, with the authors’ favoring a square-

based pyramidal metal coordination environment. Jezierski (1120) reported the

synthesis of nitrosyl derivatives, [MnCl(NO)(S2CNR2)2]. They are formed upon

addition of NO to [Mn(S2CNR2)2] in the presence of chloride; no reaction is

observed in the absence of the latter. The thiourea complexes [Mn(NO)-

{R2NC(S)NR2}(S2CNR2)2]
þ are also formed in this reaction; the thiourea

resulting from dithiocarbamate degradation (756). On the basis of ESR data,

both types of complex are believed to be octahedral, the dithiocarbamates being

mutually cis.

A number of mixed-ligand manganese(III) complexes have been prepared.

For example, acetylacetenoate (acac) and glycine (gly) complexes,

[Mn(S2CNR2)3�n(acac)n] and [Mn(S2CNR2)3�n(gly)n] (R2¼ C5H10, C4H8O;

n ¼ 1, 2), result from reactions of MnCl2 with mixtures of the respective

sodium salts (1115). The ESR measurements show that all are six coordinate

with magnetic moments of 4.5–5.3 BM. One report also gives details of the

synthesis of mixed-dithiocarbamate complexes, [Mn(OH)(S2CNH2)(S2CNR2)],

in which the substituted dithiocarbamates are Schiff-base derivatives of diethyl-

dithiocarbamates, although structural details are not given (1121). Oxo-bridged,

mixed-metal complexes, [MnMoO(H2O)(m-O)(S2CNR2)4] (R¼ Et; R2¼ C5H10,

C4H8O), are reportedly prepared from Mn[MoO4] and dithiocarbamate salts in

acidic DMF. On the basis of magnetic susceptibility measurements (meff 6.02–
6.24 BM) they are proposed to contain manganese(III) and molybdenum(V)

centers, although again precise structural details are not known (827).
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b. Manganese (IV) Complexes. Manganese(IV) complexes [Mn(S2CN

R2)3]
þ are easily prepared upon oxidation of the corresponding manganese(III)

species (Eq. 107). For example, oxidation of [Mn(S2CNC4H8O)3] by iodine

gives dark brown [Mn(S2CNC4H8O)3]I5, which has been characterized crystal-

lographically (1122). The anions form chains and the octahedral coordination

environment of the cation is again tetragonally distorted, but to a much lesser

extent than found in manganese(III) complexes [Mn��S 2.305(9)–2.351(7) Å].

Other workers report that addition of dilute solutions of halides to

[Mn(S2CNR2)3] (R¼ Et; R2¼ C4H8O) yields manganese(IV) species, [Mn(S2
CNR2)2X2] (X¼ Cl, Br), with effective magnetic moments of 3.91–4.09 BM

(1123). Oxidation [Mn(S2CNR2)3] can also be effected by copper(III) com-

plexes such as [Cu(S2CNEt2)2][BF4] (1124).
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c. Manganese (II) Complexes. The authenticity and structure of highly

air-sensitive manganese(II) complexes [Mn(S2CNR2)2] has been debated pre-

viously. A few new reports have appeared in this area and structural data is still

absent. Siddiqi et al. (1125) reported a gray complex derived from b-naphthy-
lamine under dry, nonaqueous conditions and propose manganese(II) on the

basis of a magnetic susceptibility measurement (meff 5.73 BM) and ESR spectra;

the latter supporting a tetrahedral coordination environment. The same group

also report manganese(II) dithiocarbamate complexes generated from succini-

mide and phthalimide (49). Jezierskii (1120) gives details of ESR measurements

on bis(dithiocarbamate) complexes, analyzing the 55Mn hyperfine interaction as

a high-spin (S¼ 5/2) system.

The manganese(II) complex of benzylpiperazine dithiocarbamate is reported

to be pink, with a magnetic moment of 3.71 BM (1126), while [Mn(S2CNR2)2]

(R2¼ C4H8, C5H10), generated from MnCl2.4H2O, are reported decompose on

heating under nitrogen to MnS, as monitored by TGA and DSC measurements

(590).

Pandeya et al. (1127) reported the synthesis and characterization of red-

brown manganese(II) complexes, [Mn(S2CNR2)2(L)] (R¼ Et; R2¼ C5H10,

C4H8O; L¼ 2,20-bpy, 1,10-phen), prepared by first adding the neutral bidentate
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ligand to MnCl2 followed by later addition of dithiocarbamate salts. The

complexes are air stable and display magnetic moments of 5.8� 0.3 BM.

The ESR measurements have been carried out, the results being comparable to

those calculated for; D ¼ 0.19 cm�1, l¼ 0.04, and giso ¼ 2:00, and for magnetic

field directions parallel to the principal D-tensor axes. Thus, it appears that

addition of neutral bidentate ligands may stabilize the manganese(II) dithiocar-

bamate centers, and further work is warranted.

Doherty and Manning prepared authentic manganese(II) dithiocarbamate

complexes, [(Z5-C5H4Me)Mn(NO)(S2CNR2)], from the addition of dithiocar-

bamate salts to [(Z5-C5H4Me)Mn(CO)2(NO)][PF6] (Eq. 108), although this

interesting class of complexes appears not to have been studied further (1128).
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d. Manganese (I) Complexes. Adams and Huang (212) reported the

synthesis of a manganese(I) complex, [Mn(CO)4(S2CNHCO2Et)], from the

reaction of [Mn2(CO)9(MeCN)] and [EtO2CN����CS2CNHCO2Et][S2CN-

HCO2Et]. Heating the tetracarbonyl with PhPMe2 at 68�C gives [Mn(CO)3
(PPhMe2)(S2CNHCO2Et)] (Eq. 109), in which the phosphine lies cis to the

dithiocarbamate [Mn��S 2.38882(8), 2.3851(9) Å], while in the 1H NMR

spectrum the unique proton appears as a broad singlet at d 8.05 (212).
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A second synthesis of a manganese(I) tetracarbonyl complex, namely,

[Mn(CO)4(S2CNHMe)], involves the addition of carbon disulfide to

[Mn(CO)4(NH2Me){Z1-C(O)NHMe}] (1129).

e. Applications. A number of potential applications of manganese dithio-

carbamate complexes have been suggested. Manganese-doped electrolumines-

cent zinc sulfide films have been prepared by chemical vapor deposition and

upon simultaneous pyrolysis of zinc and manganese dithiocarbamate complexes

(1130,1131). These films show high luminance and luminous efficiency (1130),
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while ESR measurements show that at manganese concentrations of 1% or less,

the dopant is incorporated into the ZnS lattice as single noninteracting ions

(1131).

A manganese(III) dithiocarbamate complex has been shown to display

photoredox behavior (1132) and in this context has been investigated as a

potential solar energy conversion system (1133). Thus, wet DMF solutions of

the purported oxo-bridged manganese(III)–molybdenum(V) complex [MnMoO

(H2O)(m-O)(S2CNEt2)4] (827), turn from brown to green upon exposure to

sunlight with the generation of a potential of 0.243 V (vs. SCE) and a maximum

current of 7.0 mA. When studied under nitrogen the reversibility of the system is

lost, while cross-over experiments show that [Mn(S2CNEt2)3] is not active, and

[Mo2O2(m-O)(S2CNEt2)4] showed only irreversible behavior. The authors sug-

gest that photoreduction of Mo(V) to Mo(IV) occurs and the latter is reoxidized

by Mn(III), which in turn is reduced to Mn(II), and subsequently returned to

Mn(III) by aerial oxidation (1132,1133).

The manganese ethylene bis(dithiocarbamate) complex MANEB is used as a

fungicide (15). Manganese is a well-known toxin for Parkinsonism in humans,

while dithiocarbamates can induce extra-pyramidal syndromes. One publication

details the development of permanent Parkinsonism in a 37-year old man

exposed to MANEB for only 2 years (1134), and follows a previous report of

the same symptoms developed after 10 years exposure (1135).

2. Technetium

Prior to 1980, dithiocarbamate complexes of technetium were unknown.

However, over the past 20 years considerable developments have been made,

driven mainly by the application of technetium(V) nitride complexes in radio-

pharmaceuticals. More recently, dithiocarbamate chemistry of technetium has

been more fully explored with diphosphine, carbonyl, oxo, imido, and other

ligand combinations.

a. Technetium(V) Nitride Complexes. The first technetium dithiocarba-

mate complex [TcN(S2CNEt2)2] (198) was prepared in 1981 (457). In the

preceding 20 years a wide range of other technetium(V) nitride complexes have

also been synthesized, and some examples have found applications in nuclear

medicine (see the preceding section). Addition of a fivefold excess of NaS2C-

NEt2 to [TcNX2L2] (X¼ Cl, Br; L¼ PPh3, AsPPh3) or [TcNX2(PPhMe2)3]

affords 198 in yields of 80–90% (1136). The reaction with [TcNCl2(PMe2Ph)3]

(199) has been shown to occur in a stepwise fashion (Fig. 132) generating

[TcNCl(S2CNEt2)(PMe2Ph)2] (200) and [TcN(S2CNEt2)2(PMe2Ph)] (201) se-

quentially (447). The latter has been crystallographically characterized, the

technetium–sulfur bond trans to the nitride being elongated by nearly 0.4 Å
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(447). Addition of excess dithiocarbamate salt to [TcN(S2CNEt2)2(PMe2Ph)]

leads to phosphine loss and generation of five-coordinate 198, a process that can

be reversed upon addition of more phosphine.

Reduction of Cs[TcNCl5] or [TcN(H2O)3(m-O)]2
2þ in the presence of

dithiocarbamate salts leads to dimeric technetium(VI) nitrides, [TcN(S2CNR2)

(m-O)]2 (R¼ Et; R2¼ C4H8) (202) (Fig. 133). They are shown by X-ray

crystallography to contain edge-sharing square-pyramidal technetium centers

[R¼ Et, Tc-Tc 2.543(1) Å]; a dihedral angle of 151� being subtended between
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N

PR3

Tc

S

S PR3

PR3

N

Cl

Et2N

Tc
S

S

N

NEt2
S

S
Et2N

Tc
S

S

N

NEt2
S

R3P

S

Et2N

(xs) NaS2CNEt2

199

198

200

201

Figure 132. Stepwise formation of [TcN(S2CNEt2)2] upon addition of NaS2CNEt2 to [TcNCl2
(PMe2Ph)2].
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Figure 133. Synthesis of [TcNCl2(S2CNR2)] and subsequent reaction with K2[SC(O)C(O)S].
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TcO2 planes (1137). Attempts to run ESR spectra in SOCl2 in the presence of

[AsPh4]Cl.HCl resulted in cleavage giving [TcNCl2(S2CNR2)] (203), which

subsequently reacts (R¼ Et) with K2[SC(O)C(O)S] to give the technetium(V)

complex, [TcN(S2CNEt2){Z
2- SC(O)C(O)S}]� (204) (Fig. 133) (1137,1138).

Cationic technetium nitride complexes [TcNL2(S2CNEt2)]
þ, containing

multidentate phosphine ligands (L2), have been prepared in good yields upon

addition of KS2CNEt2 to [TcNCl2L2] (1139). Precise structural characteristics

have not been determined, although in other nitride complexes, phosphines 205

and 206 have been shown to be bidentate, while 207 is tridentate. Very recently,

Duatti and co-workers (1140,1141) prepared further cationic nitride complexes

[TcNL(S2CNR2)]
þ (208), containing PNP ligands (209) and a wide range of

dithiocarbamates from the reaction of [TcNCl2(PPh3)2] with the free ligands.

These have been shown to contain a square-based pyramidal coordination

geometry, the neutral ligands acting in a bidentate capacity, and it seems

reasonable to assume that all complexes of this general type behave similarly

(Fig. 134).

b. Application of Technetium(V) Nitrides in Medicine. In the same year

as their discovery, the first application in radiopharmaceuticals was also

detailed; being based on the long half-life (2:14� 105 years) of 99Tc, which

provides a practically invariant source of b� radiation (1142). Over the past 20

years, technetium(V) nitride complexes, [TcN(S2CNR2)2] (210), have been

extensively investigated as radiopharmaceuticals, while a radiochemical method

for the detection of 99Tc in low-level radioactive waste, involving extraction

with dithiocarbamate salts at low pH, has also been developed (1143).
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Figure 134. Structural representation of [TcNL2(S2CNR2)]
þ and examples of L2 ligands.
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Baldas et al. (457) first prepared [TcN(S2CNEt2)2] from [TcO4][NH4] and the

dithiocarbamate salt, using hydrazine as the reducing agent. Crystallographic

characterization revealed a square-based pyramidal coordination sphere, the

dithiocarbamates occupying the basal plane. Since this report a large number of

related complexes have been prepared by the same general method (54,1144–

1154). They include those with simple alkyl substituents (R¼ i-Pr, Bu, i-Bu;

R2¼ C5H10, C4H8O) (1144–1147,1149,1152,1153), amine-containing deriva-

tives (1144), and a range of lipophilic complexes (54,1146,1148,1154). The

latter include those derived from spiperone (1154) and NaS2CNMe(CH2)2C6H4-

C(O)NH(CH2)2NEt2 (211) (54), which is prepared via a seven-step synthesis.

S

S
N

CH3

H2C C
H2

O

HN C
H2

C
H2

NEt2

–

211

Their potential as radiopharmaceuticals has also been thoroughly tested in

mice, rats, rabbits, and dogs (1144,1149–1160). In general, nonpolar complexes

are readily extracted by the liver and then only slowly excreted, while polar

compounds are cleared more slowly from the blood with concurrent rapid

hepatobiliary excretion (1155). Further, lipophilic complexes generally show

high uptake in tumor cell lines, with most of the bound activity being retained

by cells after removal of an unbound tracer, and suggesting an application for in

vivo tumor imaging and characterization (1146). A tandem MS study has

detected [99mTcN(S2CNEt2)2] in liver tissue, showing that it does not undergo

ligand exchange reactions with plasma proteins (1161).

An early analysis of the cerebral perfusion imaging (CPI) ability of

[99mTcN(S2CNEt2)2] as compared with the widely used reagent [201Tl

(S2CNEt2)] came to the conclusion that it was not suitable for CPI in its present

form (1162). Of all the compounds prepared and tested to date, that which seems

most promising is the ethoxy-ethyl derivative, [99mTcN{S2CNEt(OEt)}2] (212),

commonly termed 99mTcN(NOET) (NOET¼ N-ethyl-N-ethoxydithiocarba-

mate) (1148). Detailed physiological studies have been carried out on

TcN(NOET) (1156,1160,1163–1174). It has an extremely high uptake and
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retention in normal myocardin, which is not significantly effected by ongoing

myocardinal ischemia or reperfusion injury (1163,1165,1166), although extrac-

tion and retention are decreased by severe ischemic injury (1169). The kinetics

of uptake and retention has also been closely looked at (1166,1167); a

comparison with 201Tl images showing that it is of comparable utility in the

detection of coronary artery disease (1164). Recent work has shown that it binds

to L-type calcium channels in the open configuration without entering cardio-

myocytes (1168), the optimal timing for acquiring initial and delayed images to

maximize its sensitivity as a myocardial profusion agent being assessed as

10 min and 2 h respectively (1171). Further, the bio-distribution, safety, and

dosimetry have been studied in 10 healthy volunteers. It shows a high cardiac

uptake and an estimated effective dose comparable to other 99Tc-labeled

compounds used in myocardial perfusion imaging (1170). More studies are

required to precisely define the place 99mTcN(NOET) will take among currently

available cardiac perfusion tracers, as it is not an analogue of 201Tl, nor is it the

equivalent of 99mTc sestamibi or 99mTc tetrofosmin.

Tc
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S

N

N
S

S
N

OEt

Et

Et

EtO

212

Technetium(III) complexes, [99mTc(CO)(S2CNR2)3] (R¼ Et, CH2CH2OH,

CH2CHOHMe), have also been shown to be extremely stable and their

biological behavior in mice has been compared to that of nitride complexes

(1175). They were found to be efficient hepatobility reagents and cleared more

rapidly than corresponding nitride and dithionite complexes.

Very recently, cationic nitride complexes, [TcN(S2CNR2)L2]Cl, containing

diphosphine ligands (L2) (205) (Fig. 134), have also been tested as heart

imaging agents (1140,1141). They show high myocardial uptake in rats and

dramatically high heart/lung and heart/liver ratios, suggesting that they may be

employed to obtain heart images with superior imaging quality.

c. Other High-Valent Technetium Complexes. The technetium(V) tetra-

kis(dithiocarbamate) complex [Tc(S2CNC5H10)4]Br has been prepared in 67%

yield upon addition of dicyclopentamethylenethiuram disulfide to [NBu4]

[TcOCl4] in the presence of [NBu4]Br. The coordination geometry about the

metal ion is best described as a distorted square antiprism and metal–sulfur

bonds range from 2.463(2)–2.494(2) Å (1176). A single report details the

synthesis of a technetium(V) oxo complex, namely, [TcO(S2CNMe2){S����C

(NMe2)2}2][PF6]2 (213) prepared from [TcO{S����C(NMe2)2}4][PF6]3 upon
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addition of dppe in DMF (1177). The dithiocarbamate is clearly a degradation

product of tetramethylthiourea, although precise details remain unknown.

Tc
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S

O

S

S
Me2N

C(NMe2)2

C(NMe2)2

2+

213

A thionitrosyl ligand is generated upon reaction of [TcN(S2CNEt2)2] with

either SOCl2 or S2Cl2. The technetium(IV) product, [Tc(NS)Cl2(S2CNEt2)2]

214, contains a pentagonal bipyramidal metal coordination sphere, the thioni-

trosyl and one chloride occupying the axial sites (1178). This appears to be the

only example of a technetium(IV) dithiocarbamate complex.
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S

Cl

NS

Cl

Et2N S

NEt2

214

d. Technetium(III) and (II) Complexes. Technetium(II) and (III) com-

plexes have been prepared. A second product of the addition of dppe to

[TcO(S2CNMe2){S����C(NMe2)2}2][PF6]2 in DMF (see above) is the technetiu-

m(II) diphosphine complex, [Tc(dppe)2(S2CNMe2)][PF6] (215) (1177), which

has also been prepared (as have analogues) upon reduction of [TcO(OH)(dp-

pe)2][PF6]2 by formamidine sulfuric acid in alkali solution in the presence of

dithiocarbamate salts (R¼ Et; R2¼ C5H10) (1179). Crystallographic character-

ization reveals a distorted octahedral coordination geometry, while cyclic

voltammetry shows that reversible one-electron reduction and oxidation pro-

cesses are accessible (1179). The latter leads to a technetium(III) species, and

although not isolated in this case, a number of such complexes are known.
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Ph2P
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The diazenido complex, [Tc(N����NAr)(S2CNMe2)2(PPh3)] (Ar ¼ p-C6H4Cl)

(216), results from addition of NaS2CNMe2 to [TcCl(N����NAr)2(PPh3)2] in

methanol. It contains a cis orientation of phosphine and diazenido groups in

the solid state (455).

Tc
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S N

S
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S

NMe2

Me2N

N
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216

Technetium(III) carbonyl complexes, [Tc(CO)(S2CNR2)3] (217) (Fig. 135),

have been prepared. Baldas et al. (405) first made [Tc(CO)(S2CNEt2)3] from

[TcO4][NH4] and NaS2CNEt2 using aminoiminomethane sulfinic acid as the

reducing agent. Subsequently, a range of these complexes has been prepared via

the same method (R¼ i-Pr, Bu, i-Bu; R2¼ C5H10, C4H8O) (1145). A crystal-

lographic study of [Tc(CO)(S2CNEt2)3] shows that the carbonyl occupies an

axial site in a distorted pentagonal bipyramidal array (405). While direct

substitution of a carbonyl for a phosphine is not possible, related phosphine

complexes can be prepared by other routes. Thus, addition of 3 equiv of

NaS2CNEt2 to [TcCl3(PPMe2)3] gives [Tc(S2CNEt2)3(PPhMe2)] (218)
(Fig. 135), which also has a distorted pentagonal-bipyramidal coordination

sphere, the phosphine occupying an axial site (1180).

e. Technetium(I) Complexes. The novel technetium(I) complex [Tc(CO)2
(PPh3)2(S2CNHPh)] (219) results upon heating [Tc(CO)2(PPh3)2(O����CH��N��p-
tol)] with phenylisothiocyanate in wet benzene. It plausibly arises by abstraction

of sulfur from the isothiocyanate with concomitant generation of phenylisocya-

nate. A crystallographic study shows an octahedral coordination environment

with cis carbonyls and trans phosphines (221). Analogous chemistry has also
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Figure 135. Examples of seven-coordinate technetium(III) tris(dithiocarbamate) complexes.
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been shown to occur for rhenium, with [Re(CO)2(PPh3)2 (S2CNHPh)] also being

crystallographically characterized (222).
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N

H
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219

3. Rhenium

The first rhenium dithiocarbamate complexes, [ReCl2(S2CNR2)], were not

reported until 1960 (1181), and even then, it was not until the 1970s that

substantial inroads were made. Now, dithiocarbamates are known to stabilize

rhenium in oxidation states þ1 to þ5, with the latter being the most common,

and the chemistry is dominated by strong p-donor ligands such as oxo and

imido, and especially prevalent are nitride complexes.

a. Rhenium(V) Nitrides. Diamagnetic rhenium(V) nitride complexes,

[ReN(S2CNR2)2], have been known for some time (1182), and like their

technetium analogues they adopt a distorted square-pyramidal structure. They

can be prepared from [ReNCl2(PR3)n] (n ¼ 2, 3) and dithiocarbamate salts

(448,1183), but quite recently a new one-pot synthesis has also been developed.

This synthesis involves the reduction of KReO4 by SnCl2 in the presence of N-

methyl-S-methyldithiocarbazate, followed by addition of 2 equiv of dithiocar-

bamate salt. In this way, a range of complexes can be prepared (R¼Me, Et, Pr,

Ph; R2¼ C5H10) in moderate yields (1183,1184). By using this method, a

number of radioactive 188Re derivatives have been made and biodistribution

studies carried out on rats (1183).

The electrochemical properties of a number of nitride complexes,

[ReN(S2CNR2)2], have been studied by cyclic voltammetry, however, in a range

of organic solvents all show only an irreversible reduction wave (1185).

Reactions of [ReNCl2(PR3)n] (n ¼ 2, 3) and dithiocarbamate salts, which

ultimately afford [ReN(S2CNR2)2], occur like their technetium counterparts,

occur in a step-wise manner. Thus, addition of 1 equiv of dithiocarbamate to

[ReNCl2(PPhMe2)3] affords [ReNCl(PPhMe2)2(S2CNR2)], while under con-

trolled conditions the second equivalent initially gives [ReN(PPhMe2)(-

S2CNR2)2] (448). Crystal structures have been carried out on both product

types. In the first (R¼Me) the nitride ligand lies trans to chloride, and cis to the

phosphines, while in the second (R¼ Et) the nitride and phosphine are again
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mutually cis. The latter leads to a significant lengthening of the trans rhenium–

sulfur bond [Re–Strans 2.7983(2) Å] with respect to those cis [Re–Scis 2.396(1)–

2.449(1) Å], a manifestation of the strong trans-influence of the nitride ligand. A

cationic mixed-dithiocarbamate nitride complex, [ReN(S2CNEt2){S2CN(Me)

CH2CH2NMe3}(PPhMe2)][BPh4] (220), has been prepared in this manner

from [ReNCl(PPhMe2)2(S2CNEt2)] and 1 equiv of the second dithiocarbamate

salt (449).
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Terminal nitride complexes are known to readily undergo reactions with

electrophilic reagents, and this behavior has been explored extensively for

[ReN(S2CNR2)2(PPhMe2)] and to a lesser extent [ReN(S2CNR2)2] and [Re-

NCl(S2CNR2)(PPhMe2)] (R¼Me, Et). All add B(C6F5)3 to give new complexes

containing the N-B(C6F5)3 unit (450,1186). For the phosphine complexes these

are monomeric (see Fig. 137), however, with [ReN(S2CNEt2)2], dimeric

[Re{NB(C6F5)3}(S2CNEt2)2]2 results (Eq. 110); monomeric units being weakly

held together by long range rhenium–sulfur interactions [Re—S 2.835(6) and

2.856(6) Å] (1186).
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Addition of NaBPh4 to an acidic solution of [ReN(S2CNEt2)2(PPhMe2)]

(221) in acetone yields the related complex [Re(NBPh3)(S2CNEt2)2(PPhMe2)]

(222) (Fig. 136). The solvent plays a key role in this reaction as it proceeds via

the imido intermediate, [Re{NC(Me2)CH2C(O)Me}(S2CNEt2)2(PPhMe2)]
þ
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(223) (451). A crystal structure of [Re(NBPh3)(S2CNEt2)2(PPhMe2)] shows that

the cis arrangement of phosphine and nitrogen ligands is retained. Further, the

rhenium–sulfur bond trans to the N-BPh3 ligand at 2.579(4) Å is some 0.214 Å

shorter than in the nitride complex, an indication of the weakening trans-

influence. The related complex, [Re(NBCl2Ph)(S2CNEt2)2(PPhMe2)], prepared

from [ReN(S2CNEt2)2(PPhMe2)] and BCl2Ph, shows similar structural features

(452).

Nitride complexes react with a wide range of other Lewis acids (Fig. 137).

Addition of BCl3 and GaCl3 to [ReN(S2CNEt2)2(PPhMe2)] (224), affords

[Re(NECl3)(S2CNEt2)2(PPhMe2)] (E¼ B, Ga) (225) the rhenium–sulfur bonds

trans to nitrogen again being shortened with respect to that found in the nitride

[E¼ B; 2.565(2) and E¼Ga; 2.581(2) Å] (453). Similar addition of B(C6F5)3 to

224 affords [Re{NB(C6F5)3}(S2CNEt2)2(PPhMe2)] (226). Addition of S2Cl2
proceeds in a slightly different manner to give the thionitrosyl complex,

[ReCl(NS)(S2CNEt2)(PPhMe2)2] (227), in which a dithiocarbamate has also

been replaced by a phosphine and chloride. The latter lies trans to the

thionitrosyl, two crystallographically independent molecules being character-

ized by rhenium–nitrogen bond lengths of 1.795(6) and 1.72(1) Å (453).

The triphenylcarbonium cation adds to 224 giving the blue imido cation,

[Re(NCPh3)(S2CNEt2)2(PPhMe2)]
þ (228). This complex has a rhenium–
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Figure 136. Formation of [Re(NBPh3)(S2CNEt2)2(PPhMe2)] via an imido intermediate.
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nitrogen bond length of 1.706(6) Å, and a decrease in the elongation of the trans

rhenium–sulfur bond by 0.24 Å [Re��Strans 2.552(2) Å] (454). Addition of

excess BH3 in THF results in formation of dimeric [Re(m-NBH2SBH3)

(S2CNEt2)(PPhMe2)]2 (229), in which the unusual [NBH2SBH3]
4� ligands

bridge between rhenium(V) centers (1187). The mode of formation of this

anion is unclear but it may result from electrophilic attack of BH3 at one of the

sulfur atoms of a dithiocarbamate, generating thioformic acid, diethylamide and

[BH2��S��BH3]
�, the latter then attacking the nitride ligand.

Addition of TlCl and Pr(O3SCF3)3 to 224 results in formation of novel

trinuclear complexes, containing a Re������N-Re(������N)-N������Re backbone (Fig. 138)

(1188). Thus, reaction with 4 equiv of thallium chloride gives [{Re-

Cl(S2CNEt2)(PPhMe2)2(m-N)}2(ReNCl2(PPhMe2)] (230), in a complex ligand

redistribution reaction, while with Pr(O3SCF3)3 the related ionic complex

[{Re(S2CNEt2)2(PPhMe2)(m-N)}2(ReN(S2CNEt2)(PPhMe2)][CF3SO3] (231)

results. A crystal structure of the neutral complex shows an approximately

linear Re3N2 backbone, characterized by short interactions to the terminal metal

atoms [Reterm–N 1.69(2) and 1.72(2) Å] and long interactions to the central

atom [Recent��N 2.07(2) and 2.04(2) Å] (1188).

A number of related cyclic tetranuclear complexes have been prepared that

contain an Re4N4 core. Thus, [ReNCl2(PPh3)2] reacts with 1.5 equiv of
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Figure 137. Examples of the reactivity of [ReN(S2CNEt2)(PPhMe2)] toward Lewis acids.
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KS2CNEt2 in methanol to give the cyclic tetranuclear complex [Re4(m-
N)4(S2CNEt2)6(MeOH)2(PPh3)2]

2þ, and a very similar complex [Re4
(m-N)4(S2CNEt2)4Cl4(PPhMe2)2] (232) is formed upon addition of Al2Cl6 to

[ReN(S2CNEt2)2(PPhMe2)] (449). Both contain a nonplanar cyclic Re4(m-N)4
core, with asymmetric Re������N��Re bridges (average Re��N bonds of 1.69 and

2.03 Å, respectively). Cyclic voltammetry has been carried out on the cationic

complex; a quasi-reversible one-electron oxidation being followed by two

further irreversible one-electron oxidation processes, while two reversible and

one irreversible one-electron reduction waves are also observed. These results

indicate that Re(V)3Re(VI) and Re(V)2Re(IV)2 cyclic units have some stability

(449).

In a similar manner, reaction of [ReN(S2CNEt2)2(PPhMe2)] (224) with SbCl3
affords [{ReN(S2CNEt2)Cl(PPhMe2)}2{ReN(S2CNEt2)2}{SbCl3}2] (233),which

contains an almost planar Re4N4 ring. Again the nitride linkages are asym-

metric, with two edges of the ring being spanned by SbCl3 units, each binding to

the metal bound chloride and sulfur atoms of the dithiocarbamates (1189). This

complex is unstable at higher temperatures, decomposing in acetonitrile to give

[ReN(S2CNEt2)2] and a further tetrameric complex, [ReN(S2CNEt2)-

Cl(PPhMe2)]4. The latter also contains an eight-membered Re4N4 ring, but

this is now severely distorted from planarity; a dihedral angle of 47.88(2)� being
found between Re3N3 planes.
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Figure 138. Addition of further Lewis acids to [ReN(S2CNEt2)(PPhMe2)].
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b. Other Rhenium(V) Complexes. A range of other rhenium(V) dithio-

carbamate complexes are known especially those with oxo ligands. Dimeric

oxo-bridged complexes [Re2O2(m-O)(S2CNR2)4] are well known, and contain a

linear Re2O3 unit and octahedral rhenium centers. Cyclic voltammetry studies

have shown that one-electron oxidation, while reversible at fast scan rates, leads

to a cation that dissociates rapidly into [ReO(S2CNR2)2]
þ and [ReO2(S2-

CNR2)2] (1185). Similarly, the reversible one-electron reduction product also

decomposes to give [ReO(S2CNR2)2], dithiocarbamate salt and other rhenium-

containing species. The couples and anion stability are strongly dependent on

the nature of the dithiocarbamate substituents and the solvent used (1190).

A number of reactions of [Re2O2(m-O)(S2CNEt2)4] (234) have been explored

(Fig. 139). Addition of excess S-methyldithiocarbazate, H2NNHC(S)SMe, gives

[ReO(S2CNEt2){Z
2-SC(SMe)NNH}] (235), which has a distorted square-pyr-

amidal structure (1191), while with catechol and 2-amino-4-methyl-phenol,

octahedral complexes [ReO(S2CNEt2)2(Z
1-OAr)] (236) result, the dithiocarba-

mates lying in the equatorial plane (1192). Closely related to the latter is dimeric

[{ReO(S2CNEt2)2}2(m-OC6H4O)] (237), formed from 1,4-dihydroxybenzene.

Reactions with thiols take a quite different course. Thus, dithiolates (HSXSH)

give [ReO(Z2-SXS)2][NEt2H2], the cation resulting from dithiocarbamate de-

gradation, while reaction with PhP(o-C6H4SH)2 yields octahedral, [Re-

O(S2CNEt2){Z
3-PhP(o-C6H4S)2}] (238) (1192).

Rhenium(V) oxo-halide complexes [ReOX(S2CNR2)2] (X¼ Cl, Br) have

previously been prepared from reactions of thiuram disulfides with [Re-

OX3(PPh3)2] (1182). More recent work suggests that in solution they exist in

equilibrium with [ReO(S2CNR2)2]
þ and X�, the position of the equilibrium

depending critically on the nature of X (1185).

Rhenium imido-dithiocarbamate complexes were first prepared by Rowbot-

tom and Wilkinson in 1972 (1182) and considerable recent progress has been

made in this area. Reaction of [ReCl3(NAr)(PPh3)2] (Ar¼ Ph, p-tol, Me) (240)

with either Me3SiS2CNR2 or TlS2CNR2 (R¼Me, Et) gives [Re(NAr)-
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(S2CNR2)3], while with thiuram disulfides, bis(dithiocarbamate) complexes,

[ReCl(NAr)(S2CNR2)2] (241) (Fig. 140), result. The structure of the tris(dithio-

carbamate) complexes [Re(NAr)(S2CNR2)3] is unknown. On the basis of IR and
1H NMR data, Goeden and Haymore (1193) proposed a cis six-coordinate

geometry with one monodentate dithiocarbamate, although in light of the seven-

coordinate nature of analogous molybdenum and tungsten complexes, a penta-

gonal-bipyramidal geometry appears more probable. The chloro complexes,

[ReCl(NAr)(S2CNR2)2] (241), react further with sodium methoxide or ethoxide

to give [Re(OR1)(NAr)(S2CNR2)2] (R1¼Me, Et) (242); a process that is
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Figure 139. Examples of the reactivity of [Re2O2(m-O)(S2CNEt2)4].
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reversed with HCl (Fig. 140) (1193). A crystallographic study of brown

[Re(OEt)(N-p-tol)(S2CNMe2)2] reveals an octahedral metal center with trans

imido and ethoxide ligands. The rhenium–nitrogen bond at 1.745(5) Å is quite

long, and there is significant bending at the nitrogen [Re��N��C 155.5(5)�]
(1193).

A related N-succinimidyl ester complex, [ReCl{N-p-C6H4C(O)ON(CO)2-

C2H4}(S2CNEt2)2] (243), has been prepared as part of a program to identify

potential radiopharmaceuticals. However, it was found to be unsuitable due to

the facile hydrolysis of the imido groups in basic aqueous solutions (1194). This

is a general characteristic of this class of complex and leads to the formation of

dimeric species [Re2(NAr)2(m-O)(S2CNR2)4] (244) (Eq. 111), related to the oxo

complexes described above (1193). The transformation can be reversed upon

addition of HCl, while reaction with alcohols and Me3SiS2CNR2 also regener-

ates mononuclear complexes.
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Electrochemical measurements have been made on [Re2(N-p-C6H4X)2(m-
O)(S2CNR2)4] (R¼ Et, Ph; X¼H, Me, Cl, OMe) (1195). They undergo a quasi-

reversible one-electron reduction, which is followed by cleavage of the oxo-

bridge and loss of one dithiocarbamate. The redox potential and stability of the

anion depend on the nature of both R and X. The diphenyldithiocarbamate

complexes are easiest to reduce by some 170 mV, but all are harder to reduce

than the corresponding oxo complexes. They also undergo an irreversible one-

electron oxidation, while the oxo analogues exhibit ill-defined oxidative

behavior.

Maatta and Kim (1196) prepared a number of linked bis(imido) complexes.

For example, reaction of tetraethylthiuram disulfide with [{ReCl3(PPh3)2}2(m-
N-p-C6H4��N)] yields [{ReCl(S2CNEt2)2}2(m-N-p-C6H4-N)] (245). Here the

remaining chlorides lie trans to the imido ligand and are readily replaced, for

example, by ethoxide. Black tetranuclear chains (246) (Eq. 112) result upon

heating in acetone with NaOH, however, these were completely insoluble, and

attempts to enhance solubility by using dicyclohexyldithiocarbamate analogues

were unsuccessful (1190).

Re

S S

NCl

NEt2

SS

NEt2

Re

S S

ClN

NEt2

SS

NEt2

Re

S S

NCl

NEt2

SS

NEt2

Re

S S

ON

NEt2

SS

NEt2

Re

S S

N

NEt2

SS

NEt2

Re

S S

ClN

NEt2

SS

NEt2

NaOH
acetone

∆

245

246

ð112Þ

Related to the imido complexes are hydrazido(�2) complexes [Re(NNMe-

Ph)2(S2CNR2)2][BPh4] (R¼Me, Et), generated from [ReCl2(NNMePh)2
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(PPh3)][BPh4] and 2 equiv of dithiocarbamate salt. A crystallographic study

provides evidence of rhenium–nitrogen p-bonding as shown by the lengthening

of the rhenium–sulfur bonds trans to nitrogen by >0.05 Å with respect to the

others (1197).

Only one report has appeared on related sulfido complexes; reaction of

[ReS(Z2-S4)(S2C����NMe)]� with MeOTf giving the dithiocarbamate complex

[ReS(Z2-S4)(S2CNMe2)] (202). The latter appears to be quite stable and it is

somewhat surprising that other terminal sulfido complexes have not been

reported. Stiefel and co-workers (184,185) reported the synthesis of a range

of dimeric rhenium(IV) complexes with bridging sulfido ligands and these are

discussed further below.

A number of other rhenium(V) complexes have been reported. Addition of 3

equiv of thiuram disulfides to [ReS4]
� gives [Re(S2CNR2)4]Cl in high yields.

One example (R¼Me) has been crystallographically characterized. It shows the

expected, slightly distorted D2d dodecahedaral coordination environment, which

is common for tetrakis(dithiocarbamate) complexes (185). A further cationic

rhenium(V) complex, [ReCl2(S2CNEt2)2][BPh4], has been prepared upon reac-

tion of [Re2O2(m-O)(S2CNEt2)4] with Me3SiCl. It provides a potential route into

non-oxo rhenium(V) dithiocarbamate chemistry, but the precise structural form

has not yet been elucidated (1192).

c. Rhenium (IV) and (III) Complexes. Dimeric rhenium(IV) complexes

[Re(m-S)(S2CNR2)2]2 (R¼Me, Et, i-Bu) (247) have been prepared upon

addition of 1.5 equiv of thiuram disulfides to [ReS4]
� in acetonitrile (184,185).

They are diamagnetic and crystallographic characterization (R¼ i-Bu) reveals a

centrosymmetric structure containing distorted edge-shared bioctahedra. The

dithiocarbamate ligands are in a �� conformation, and the short rhenium–

rhenium distance of 2.546(1) Å is indicative of some multiple-bonding char-

acter.

All undergo a reversible one-electron oxidation that in the presence of further

thiuram disulfide gives rhenium(III) complexes [Re2(m-SS2CNR2)2(S2CNR2)3]
þ

(248) (Fig. 141), the two trithiocarbamate ligands being generated from sulfur–

sulfur bond formation. Crystallographic characterization (R¼ i-Bu) again

shows a short rhenium–rhenium bond of 2.573(2) Å. Reaction with LiEt3BH

or H2 results in regeneration of the starting material. The regioselectivity of this

interconversion process has been investigated by labeling studies. These show

that during trithiocarbamate formation, one dithiocarbamate unit from the

thiuram disulfide ends up as either the trithiocarbamate or one of the equivalent

pair of dithiocarbamates. In the back-reaction, the same dithiocarbamate unit (or

its symmetry equivalent) is eliminated and the authors favor the trithiocarbamate

ligand as the reactive entity. The oxidized complexes [Re2(m-S)2(S2CNR2)4]
þ

also react with excess sulfur giving [{Re2(m-S)(S2CNR2)4}2(m-S4)]
2þ. A crystal
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structure (R¼ i-Bu) shows that the tetrasulfide ligand links the dirhenium

centers, the two central sulfur atoms remaining uncoordinated (185).

Mononuclear rhenium(III) complexes are well known. Tris(dithiocarbamate)

complexes [Re(S2CNR2)3] are formed from the reaction of [ReOCl3(PPh3)2] and

dithiocarbamate salts. Cyclic voltammetric studies reveal a reversible one-

electron oxidation process, followed by a second irreversible process (1185).

Other rhenium(III) complexes can also be prepared via reduction of rhenium(V)

oxo complexes. For example, addition of bidentate phosphines to [Re-

O(S2CNEt2)2(Z
1-O-o-C6H4OH)] yields [Re(S2CNEt2)2(R2PCH2CH2PR2)]

þ

(R¼Me, Ph), while [Re2O2(m-O)(S2CNEt2)4] (232) reacts with o-Ph2PC6H4SH

to give [Re(S2CNEt2)(Z
2-Ph2PC6H4S)2] (239) (Fig. 139). The latter has a

distorted octahedral coordination geometry with the sulfur atoms lying cis to

one another. It shows two reversible and one irreversible oxidation processes by

cyclic voltammetry (1192).

d. Rhenium(II) and (I) Complexes. A number of publications deal with

rhenium(I) carbonyl and thiocarbonyl complexes. Following the reaction of

[Re2(CO)6(m-OH)3]
� with dithiocarbamate salt by negative-ion ESMS leads to

the suggestion that initial substitution of one or two of the hydroxide groups

occurs giving dimers [Re2(OH)2(S2CNR2)(CO)6]
� and [Re2(OH)(S2CNR2)2

(CO)6]
� respectively, which upon standing yield [Re(S2CNR2)2(CO)3]

�

(R¼ Et, R2¼ C4H8) (545).

Rhenium(I) tetracarbonyl complexes [Re(CO)4(S2CNR2)] (R¼Me, Et) have

been prepared from dimeric [Re(CO)4(m-Br)]2 upon addition of dialkylammo-

nium dithiocarbamates, or carbonylation of [Re(CO)3(NHMe2)(S2CNMe2)], the

latter being prepared from [ReBr(CO)3(NHMe2)2] and carbon disulfide (63).

The related dicarbonyl complex [Re(CO)2(PPh3)2{S2CN(Me)CNSC2H2}] has

been prepared in a similar fashion, being isolated in low yield from the

thermolysis of [Re(CO)2(PPh3)2(mat)] with excess carbon disulfide (Eq. 20).
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Figure 141. Interconversion of di- and trithiocarbamate ligands at a binuclear rhenium.
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A crystal structure shows a trans disposition of phosphines that lie cis to the

dithiocarbamate (194).

Adams and Huang (211) showed that S-((ethoxycarbonyl)amino)-1,2,4-

dithiazole-3-one acts as a dithiocarbamate source. Reaction with [Re2(CO)9
(MeCN)] gives a number of rhenium(I) products including [Re(CO)4{S2CNHC

(S)NHCO2Et}], [Re(CO)4{S2CNHC(S)NCO2Et}Re(CO)4] (18) and its isomer

[Re(CO)4{S2CN����C(NHCO2Et)S}Re(CO)4] (19) (Fig. 142). All three complexes

have been characterized crystallographically and the based-catalyzed inter

conversion of the two isomers (Fig. 142) has been shown upon addition of pyridine.

In an analogous fashion to the related manganese complexes (see Section

IV.D.1.d), the rhenium(I) carbonyl complex [Re(CO)4(S2CNHMe)] results from

the addition of carbon disulfide to [Re(CO)4(NH2Me){Z1-C(O)NHMe}] (1129).

The precise reaction pathway is not clear, but the dithiocarbamate probably

results from initial attack of the iminoacyl on carbon disulfide, followed by

carbonyl loss and ligand rearrangement. This pathway (Fig. 143) is favored over

that involving the coordinated amine, since the rhenium(II) complex [CpRe(-

CO)(NO)(S2CNHMe)] (250) has been prepared in an analogous fashion from

[CpRe(CO)(NO){Z1-C(O)NHMe}] (249) (Fig. 143). The former appears to be

the only example of a rhenium(II) dithiocarbamate complex.

In a recent publication, the reaction of [Re2(CO)8(m-Br)(m-PCy2)] with

NaS2CNEt2 was shown to give a moderate yield of yellow [Re2(CO)8(m-
S2CNEt2)(m-PCy2)] (251), which has been crystallographically characterized

(1198). The dithiocarbamate bridges the non-metal–metal bonded dirhenium

center, the angle subtended at the backbone carbon being 123.7(1)�.
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e. Applications. The only applications of rhenium dithiocarbamate com-

plexes focus on their potential use in radiopharmaceuticals, in a similar manner

to that discussed for technetium (Section IV.D.2.b). Thus, 188Re is a b-emitter

(t1=2 ¼ 16.9 h), which can be produced from 188W through a transport generator

system, similar to the 99Mo/99mTc generator. Demaimay et al. (1172) prepared

[188ReN{S2CNEt(OEt)}2] using a kit method and observe the subcellular

localization of 188Re and 99mTc in granulocytes using microautoradiography.

Uptake was found to be independent of the radionuclide and predominantly

nuclear, HPLC being used to show that the 99mTc complex was the same before

and after blood cell labeling. Duatti and co-workers (1183) prepared

[188ReN(S2CNR2)2] (R¼Me, Et, Pr) and carried out biodistribution studies in

rats. They are found to exhibit similar biological behavior to the related 99mTc

complexes and may have potential utilization in nuclear medicine as therapeutic

agents.

E. Group 8 (VIII B): Iron, Ruthenium, and Osmium

1. Iron

The first report of iron dithiocarbamate chemistry was in 1907, when

Delépine (2) detailed the synthesis of the iron(III) tris(dithiocarbamate) complex

[Fe(S2CN��i-Bu2)3]. Later the dimethyldithiocarbamate complex [Fe(S2-
CNMe2)3] (Ferbam) found widespread use as a fungicide (14). Iron(II)

[Re]
CN

OS

S
Me H [Re]

N

S

S
+

- - Me
H

- CO

+

Re
S

S
ON

NRe
NO

CO
CO

NHMe CO

CS2

249 250

H

Me

Figure 143. Synthesis of [CpRe(CO)(NO)(S2CNHMe)] upon addition of carbon disulfide to [CpRe

(CO)(NO){Z1-C(O)NHMe}] together with a proposed pathway for the transformation.
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dithiocarbamate species were first described by Gleu and Schwarb in 1950 (29),

and some 20 years later iron(IV) complexes were prepared (1199). More recent

work has focused on the development of iron(III) chemistry, and the use of

iron(II) nitrosyl complexes as endogenous NO trapping agents.

a. Iron(III) Tris(dithiocarbamate) Complexes. Since first reported in

1907, a wide range of tris(dithiocarbamate) complexes [Fe(S2CNR2)3] have

been prepared and studied, primarily in relation to the well-known 6A1–
2T2 spin-

state cross-over that they exhibit (Fig. 144); a phenomenon first observed in

1931 (1114,1200). It has been established that changes to the ligand substitu-

ents, temperature, and pressure, together with other factors, can result in a

change in the position of the spin-state equilibrium. Here is not the place to

review this area fully, as it would require a detailed survey of past findings to

bring the nonexpert up to speed with developments, and thus only a summary of

key contributions will be given. For more information, Coucouvanis (17)

provides an excellent summary of the area up until 1978. In the preceding

years, more than 30 further contributions have been made, many being included

in a recent review (1201).

Key contributions have centered on utilizing a variety of experimental

techniques including Mössbauer spectroscopy, magnetic susceptibility measure-

ments (1202), X-ray crystallography, EXAFS, ESR, IR, and NMR spectroscopy.

Others workers have addressed steric effects (357), vibrational parameters

(1203) and passed comment (1204).

In 1982, Duffy and Uhrich (1205) first proposed that the inductive effects of

the dithiocarbamate substituents influence the spin-crossover behavior. How-

ever, a more detailed later study by Stahl and Ymén (357) found that there was

no correlation between the pKa of secondary amines and the room temperature

magnetic moments of their complexes, suggesting that both steric and electronic

effects are important. Solvent incorporation into the crystal lattice can also

effect the magnetic properties considerably, through interactions with the sulfur

atoms (1206,1207). Those capable of hydrogen bonding (e.g., H2O, CHCl3,

CH2Cl2) tend to favor the high-spin conformation, although this is not always
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Figure 144. Schematic showing the low- and high-spin configurations of [Fe(S2CNR2)3].
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the case. For example, Pandeya et al. (1208) found that the water of crystal-

lization in [Fe{S2CN(CH2CH2OH)2}3].3H2O favors a low-spin state over the

anhydrous compound. Doping iron complexes with cobalt(III) can also have a

significant effect on the spin state. In [Fe{S2CN(CH2CH2OH)2}3], this leads to a

gradual move from high to low spin, becoming exclusively low spin at <20 K

(1209).

Mössbauer spectroscopy is widely used to study these systems (55,532,1208–

1216). Generally, only a single quadrupole doublet is seen; the splitting value

increasing with decreasing temperature. This finding suggests a population

weighted average as the electronic relaxation rate between the two spin states is

smaller than the 57Fe Mössbauer lifetime. The reason for the relatively fast

interconversion rate is believed to be the increased covalency and spin–orbit

interactions present in the FeS6 core. Interestingly, in recent work symmetric

[Fe(S2CNR2)3] (R¼Me, Et, Pr, i-Pr, Bu, i-Bu) (1214) and asymmetric [Fe{S2-

CNR(CH2CH2OH)}3] (R¼Me, Et, Pr, Bu) (1213) complexes are reported to

show an asymmetric doublet that could be resolved into two doublets corre-

sponding to high- and low-spin states.

Ganguli (1217) investigated the spin equilibrium by 1H NMR spectroscopy in

different solvents; observations being interpreted in terms of preferential

solvation or second coordination sphere reorganization effects. This work also

suggests that neglect of pseudo-contact shift can lead to erroneous conclusions

about spin delocalization mechanisms, which occur in these systems by direct p
delocalization along the alkyl chain.

The far-IR spectra of iron tris(dithiocarbamate) complexes in various spin

states has been measured and Fe��S vibrations assigned using 54Fe and 57Fe

isotopes. High-spin complexes show vibrations between 205 and 250 cm�1, and

for low spin between 305 and 350 cm�1 (1218); assignments that differ from

those made earlier (1219).

The ESR spectra of iron(III) tris(dithiocarbamate) complexes have been

studied in some detail (1216,1220–1225). At one stage, a narrow line at g ¼ 2

with considerable structure was ascribed to a limiting resonance structure

involving a low-spin iron(II) species and an unpaired electron on a radical

ligand (1223,1224), however, this was later shown to be due to the presence of

[Fe(NO)(S2CNR2)2] as an impurity (1222). Pandeya and Singh (1220) studied

the ESR spectrum of [Fe{S2CN(CH2CH2OH)2}3] between 4.2 and 298 K, their

results favoring a solid solution over a domain model.

A large number of X-ray studies have been carried out, often at variable

temperatures (55,351,357,461,500–503,1226,1227). For example, [Fe{S2-
CN(CH2CH2OH)2}3] has been studied at 150 and 298 K, the decrease in the

average iron–sulfur distance upon cooling [Fe–S(av) 2.390(3) Å at 295 K;

2.331(3) Å at 150 K] corresponding to a decrease in magnetic moment (meff 4.20
and 2.40 BM) (1228). Stahl and Ymén (357) studied the possible correlation
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between 10 mean geometric parameters and magnetic moments, concluding that

the only parameters significantly correlated to meff are the S��C��S and C��N��C
bond angles. They postulated that this is probably due to steric effects; the

resulting smaller bite angle associated with bulky substituents leading to a

strong ligand field and thus favoring the low-spin configuration.

Single-crystal X-ray crystallography gives only a weighted average of the

high- and low-spin forms. Young and co-workers used a combination of Fe K-

edge XAFS and advanced data analysis to determine spin-state populations and

parameters for high- and low-spin forms of [Fe(S2CNEtPh)3] and [Fe(S2-
CNC4H8O)3] simultaneously. Thus for [Fe(S2CNEtPh)3], iron–sulfur distances

of 2.44(2) Å and 2.30(2) Å have been determined for high- and low-spin

isomers, respectively (499).

Tris(dithiocarbamate) complexes have also been also been prepared from

unusual amines such as succinimide, phthalimide (49), 1,4,7,10-tetraoxa-13-

azacyclopentadecane (50), and a range of amino acids (138). Very recently, Beer

et al. (62) prepared a number of novel tris(dithiocarbamate) complexes in which

two iron(III) centers are linked via the dithiocarbamate ligands (Fig. 145).

Mixed-dithiocarbamate complexes [Fe(S2CNR2)2(S2CNR
0
2)] have also been

reported. They result from the addition of 1 equiv of a dithiocarbamate salt to

either [Fe(S2CNR2)3], [Fe(S2CNR2)2Cl], or [Fe(S2CNR2)2(NCS)]; or upon

mixing [Fe(S2CNR2)3] and [Fe(S2CNR
0
2)3] (529–532). In all cases, however,

mixtures are formed as a result of ligand scrambling, which is rapid at the

substitutionally labile iron(III) center, and suggests that an earlier report may be

incorrect (1229).

The addition of ammonium bis(2-hydroxyethyl)dithiocarbamate to iron(III)

salts appears to have an equivalence point at a metal/ligand ratio of 2:1 rather

than the expected value of 3:1 for the preparation of the tris(dithiocarbamate)

complex [Fe{S2CN(CH2CH2OH)2}3] (599). Cavalheiro and co-workers (599)

investigated this phenomenon and proposed that the anomaly results from a fast

electron-transfer reaction. This occurs upon addition of a third equivalent of

dithiocarbamate salt to [Fe{S2CN(CH2CH2OH)2}2]
þ, leading to the formation

of the thiuram disulfide and iron(II), simple ligand addition occurring at a much

slower rate.

Iron(III) dithiocarbamate complexes with other ligands have also been

prepared (1230–1233) and the spin states investigated (1230,1231). These

include; oxine, glycine, acac, 8-hydroxyquinoline, phenylalanine, thiomalic

acid, phen, and Schiff bases. A number of examples in which two iron(III)

centers are linked via the bis(dithiocarbamate) ligand derived from piperazine,

namely, [S2CNC4H8NCS2]
2�, have also been detailed (1233,1234).

A number of reactions of tris(dithiocarbamate) complexes have been in-

vestigated. Reduction of [Fe(S2CNR2)3] (R¼Me, Et; R2¼ C4H8O, MePh) by

oxalic acid in methanol–benzene proceeds with a first-order dependence on the
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concentration of complex. The rate depends on the substituents (MePh>
C4H8O�Me> Et) and added dithiocarbamate, and it is proposed that the

initially formed anions [Fe(S2CNR2)3]
�, rapidly dissociate to [Fe(S2CNR2)2]

and S2CNR
�
2 [1235]. Addition of sodium thiocyanate to tris(dithiocarbamate)

complexes results in the formation of green [Fe(NCS)(S2CNR2)2] for a wide

range of dithiocarbamates, but fails in a number of cases (R¼ Ph, Bz) (1205).

Recently, Martin and co-workers (1236) reported the facile abstraction of one

of the dithiocarbamate ligands in the morpholine dithiocarbamate complex
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Figure 145. Examples of linked tris(dithiocarbamate) complexes prepared by Beer et al. (62).
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[Fe(S2CNC4H8O)3] upon addition of silver triflate (Eq. 113). The reaction

results in the formation of red-black [Fe(H2O)(S2CNC4H8O)2][CF3SO3] (252)

in moderate yields, together with [Ag(S2CNC4H8O)]n. A crystal structure of 252

reveals a square-pyramidal coordination environment, with water occupying the

axial site.

Fe
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NR2
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S S

S

S

S
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NR2

R2N [CF3SO3]
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R = C4H8O

252

ð113Þ
Iron(III) tris(dithiocarbamate) complexes display practically no photochemical

activity in solutions free of halogenated hydrocarbons, however, the addition of

even small quantities of chlorocarbons results in an increase for the quantum

yield of initial product disappearance. Pignolet and co-workers (1237) showed

that photolysis of tris(dithiocarbamate) complexes in chlorinated solvents yields

[FeCl(S2CNR2)2]. The reaction is thought to occur via electron transfer from an

excited iron complex to the chlorocarbon with subsequent steps as shown below

(Fig. 146) (24).

Photolysis of [Fe(S2CNEt2)3] in chloroform at 313 nm has been shown to

afford an excited-state complex, which in turn generates [FeCl(S2CNEt2)2];

while at 254 nm a solvent-initiated reaction in which radicals formed after

absorption of light by chloroform react thermally to give the same product
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(1238). Interestingly, photolysis of [Fe(S2CNR2)2{SC(CF3)����C(CF3)S}] results

in selective dissociation of the neutral dithietene ligand rather than a dithio-

carbamate (1237).

Reactions of tris(dithiocarbamate) complexes with iodine have been studied

in some detail and lead to a range of products, being dependent on the

conditions utilized and substituents on the dithiocarbamate ligands, as discussed

more fully in Section IV.E.1.b.

b. Iron(III) Halide and Related Complexes. Iron(III) halide complexes

[FeCl(S2CNR2)2] were first reported by Tamminen and Hjelt (1239) from the

reaction of FeCl3 and thiuram disulfides. A wide range of such complexes,

[FeX(S2CNR2)2] (X¼ Cl, Br, I) (253) are now known and can be prepared via a

number of different routes (1121,1238,1240–1242); although the addition of

concentrated acids, HX, to benzene solutions of [Fe(S2CNR2)3], as developed by

Martin and White (1243), remains the most widely applicable.
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As eluded to above, reactions of tris(dithiocarbamate) complexes with iodine

have previously been shown to generate a variety of products (1199). Petridis

et al. (1244) showed that in dichloromethane, [Fe(S2CNMe2)3] yields a product

of the formula, [Fe(S2CNMe2)2I2], while in contrast, [Fe(S2CNEt2)3] affords

[Fe(S2CNEt2)2I3] (254) (Fig. 147). Mössbauer parameters for the latter suggest a

Fe
S

S

I

NEt2
S

S
Et2N

254

I I

Fe
S

S

I

NMe2
S

S
Me2N

Fe
S

S
I

NMe2
S

S
Me2N

I

I

255

Figure 147. Examples of complexes obtained from the reaction of [Fe(S2CNR2)3] with iodine.
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single paramagnetic iron(III) center with a terminally bound I�3 ligand, while

[Fe(S2CNMe2)2I2] consists of two iron(III) halide centers bridged by an iodine

unit, being best described as [{FeI(S2CNMe2)2}2(m-I2)] (255).
In an attempt to understand mechanistic features of these transformations

(Fig. 148), Crisponi et al. (1242) followed reactions of [Fe(S2CNR2)3] (R¼ Et,

Bz; R2¼ C4H8O) with iodine by spectrophotometric methods. They find that an

iodine adduct, [Fe(S2CNR2)3].I2 is initially formed, which reacts further with

more iodine to give an iron(IV) complex, [Fe(S2CNR2)3][I3]. The latter then

undergoes an internal redox reaction generating [FeI(S2CNR2)2], iodine, and

one-half of an equivalent of thiuram disulfide (1242). Later work (see below)

has shown that [FeI(S2CNR2)2] can form an adduct of the type 254 with further

iodine (1241).

Crystal structures of a number of complexes, [FeX(S2CNR2)2] (X¼ Cl, Br, I,

NCS), have been reported (1245–1252). All have a square-based pyramidal iron

center, the halide occupying the axial position. Two modifications of [FeBr(S2C-

NEt2)2] have been published (1249,1250). They differ in the relative arrange-

ments of the ethyl groups (up–down or down–down) which leads to different

magnetic properties (see below). This finding correlates with results from other

workers who found that the magnetic properties of [FeX(S2CNEt2)2] (X¼ Cl,
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Br, I) at low temperature depended markedly upon sample preparation (1251).

One crystal modification shows a ferromagnetic ordering at 1.347 K, while the

second shows a Schottky-type anomaly, which is correlated with the formation

of dimeric units in the lattice.

When crystals of [FeCl(S2CNC5H10)2] are grown from chloroform an adduct

results in which chloroform is hydrogen bonded to two adjacent sulfur atoms of

different dithiocarbamate ligands (S. . .H 2.72–2.88 Å) (1246). In concentrated

iodine solutions, [FeI(S2CNR2)2] forms adducts of the type, [FeI(S2CN-

R2)2].0.5I2 (1241). The structure of one of these (R2¼ C4H8) has been studied

crystallographically and reveals dimeric units in which individual molecules are

linked via an approximately linear I4 unit with two long [I. . .I 3.516(3) Å] and

one short [I–I 2.779(3) Å] interaction (495). More recent work has shown that

analogous complexes containing a Br4 unit can also be prepared (1240).

As early as 1967, the chloride complex [FeCl(S2CNEt2)2] was shown to be a

molecular ferromagnet (1253). Over the past 20 years a number of further

studies have been carried out on the magnetism of this system (and the related

bromide), most notably by De Fotis et al. (1254–1258). It has a ferromagnetic

transition temperature of 2.457 K, while mixtures of [FeCl(S2CNEt2)2] and

[FeBr(S2CNEt2)2] are characterized by transition temperatures of between 2.213

and 1.613 K (1255).

High-resolution netutron diffraction data on a deuterated sample of

[FeCl(S2CNEt2)2] have been carried out between 50 and 300 K. They reveal

a structural transition associated with a disorder of one of the ethyl groups over

two positions at room temperature, being frozen out into a single position in the

low-temperature phase (508). Other workers have also carried out neutron

diffraction experiments on both powder and single-crystal samples; Mössbauer

simulations in conjunction with the neutron results allowing the authors to

conclude that the system is a noncollinear ferromagnet (509).

In complexes of the type [{FeI(S2CNR2)2}2(m-I2)] (255), detailed above, the

two iron(III) centers are coupled antiferromagnetically through the bridging

halide unit. For example, [{FeI(S2CNMe2)2}2(m-I2)] shows magnetic-ordering

transition at <1.6 K, and quantum mechanical calculations have been used to

provide give insight into the possible superexchange process (1240,1259).

Reactions of [FeX(S2CNR2)2] with some Lewis bases (B) has been studied,

including those with pyridine and g-picoline (1260). Ligand exchange via a SN2

mechanism occurs with the generation of two distinct adducts, [FeB-

(S2CNR2)2]X and [FeB2(S2CNR2)2]X, in dynamic equilibrium. As they have

different spin states (S ¼ 3=2 and 5/2, respectively), a parallel spin crossover in

the iron(III) ion also occurs.

Iron(III) nitrosyl complexes [FeX(NO)(S2CNR2)2] (X¼ Br, I) (256) have

been prepared from both the addition of halogens to [Fe(NO)(S2CNR2)2]

(X¼ Br, I) (257) (1261), and from the reaction of [FeI(S2CNR2)2] with NO
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(258) (Fig. 149) (534). Attempts to make the analogous chloride complexes

upon addition of chlorine to [Fe(NO)(S2CNR2)2], however, failed (1261). The

n(NO) vibration in the IR spectrum lies between 1804 and 1829 cm�1, being

shifted some 100–120 cm�1 to higher wavenumbers than in the iron(II) nitrosyls

(see below).

Mössbauer data have been recorded for a number of these complexes (1261)

as have natural abundance 15N NMR spectra (534). For example, the 15N NMR

spectrum of [FeI(NO)(S2CNEt2)2] shows three peaks; two assigned to the

inequivalent dithiocarbamate ligands at 210.92 and 209.09 ppm, together with

a third at 29.28 ppm assigned to the nitrosyl moiety.

c. Iron(II) Nitrosyl Complexes: Endogenous NO Trapping Agents.

Iron(II) dithiocarbamate complexes [Fe(NO)(S2CNR2)2] have been known since

the late 1960s, being easily prepared from the addition of sodium nitrite to an

acidic solution of iron(II) sulfate, followed by addition of the appropriate

dithiocarbamate salt (1261,1262).

They contain a square-pyramidal metal center and a linear nitrosyl ligand, as

shown crystallographically for [Fe(NO)(S2CN��i-Pr2)2] (1263). Infrared spectra

are very characteristic, the n(NO) absorption being seen between 1693 and

1724 cm�1. The precise value is highly dependent on the nature of the

substituents on nitrogen and correlate closely with corrected pKa values for

the parent amines (1262). Indeed, other parameters such as 57Fe Mössbauer

isomer shifts and quadrupole splitting (1261,1262), the geff value, and 14N

hyperfine splitting values in the ESR spectra also correlate closely with

corrected pKa values, being explained in terms of the strong mesomeric

electron-releasing effect of the NR2 units (1262).

Iron(II) nitrosyl complexes display a characteristic three-line ESR spectrum

(gav ¼ 2:04) at room temperature and a spectrum with axial symmetry

(g? ¼ 2:037, g== ¼ 2:015) at low temperature, the unpaired electron occupying

an orbital comprised of Feðdz2Þ and NOðs�Þ contributions (1263–1265).
Since iron(II) bis(dithiocarbamate) center binds NO very strongly, and the

resultant nitrosyl complexes display a characteristic ESR signal, then quite
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recently they have come to the fore as endogenous NO trapping agents (1266–

1272). In 1991, Vanin and co-workers (1273) first used iron dithiocarbamates as

trapping agents for the physiologically important molecule, NO. Both iron(II)

and iron(III) dithiocarbamate complexes, [Fe(S2CNR2)2] and [Fe(S2CNR2)3],

react with NO to produce [Fe(NO)(S2CNR2)2]. As the latter can be easily

detected by ESR spectroscopy, this provides a powerful approach to NO

detection that has been developed as an in vivo invasive measurement. A recent

review provides a good summary of this area (26). Here, only pertinent chemical

features, mechanistic considerations, and some key contributions will be

considered.

Reactions of NO with iron(II) complexes are simple addition reactions, but

those with [Fe(S2CNR2)3] require more consideration, a coproduct being one-

half of an equivalent of thiuram disulfide. Studies by Fujii et al. (1274) suggest

that two transient intermediates are involved. The first is proposed to be

[Fe(NO)(S2CNR2)2(Z
1-S2CNR2)], which in turn undergoes a disproportionation

and ligand redistribution reaction with more [Fe(S2CNR2)3] giving [Fe(-

NO)(S2CNR2)2], [Fe(S2CNR2)3]
þ, and free dithiocarbamate. The latter then

undergo further electron-transfer regenerating [Fe(S2CNR2)3] and giving one-

half of an equivalent of thiuram disulfide (Fig. 150).

In further work on iron(II) nitrosyl complexes, Iliev and Shopov (1275)

reported that a ligand redistribution reaction occurs between [Fe(NO)(S2C-

NEt2)2] and [Ni{S2P(O��i-Pr)2}2] when mixed in chloroform, the product,
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[Fe(NO)(S2CNEt2){S2P(O��i-Pr)2}], being detected by ESR spectroscopy. Gli-

dewell and Johnson (1234) reported that addition of the bis(dithiocarbamate)

salt derived from piperizine, Na2[(S2CNC4H4NCS2)], to Roussin’s methyl ester,

[Fe(NO)2(m-SMe)]2, in DMF gives a mixture of mono- and bis(nitrosyl)

products as shown by ESR spectroscopy. Their precise nature (monomeric or

oligiomeric) was not determined, but the mononitrosyl product was of the type

[Fe(NO)(S2CNR2)2]. Interestingly, when the same reaction was carried out in

acetone it took a completely different course and no simple products were

isolated.

d. Cyclopentadienyl Complexes. Astruc and co-workers have made

detailed studies on iron(II) cyclopentadienyl complexes of the types, [(Z5-C5R
0
5)

Fe(CO)2(Z
1-S2CNR2)] and [(Z5-C5R

0
5)Fe(CO)(S2CNR2)] (R¼Me, Et; R0 ¼H,

Me) (902,1276–1284). A number of synthetic routes to [CpFe(CO)2(Z
1-

S2CNR2)] have been developed, including the insertion of carbon disulfide

into in situ generated metal amides (902) and halide displacement (1277),

but the most convenient involves the addition of dithiocarbamate salts to

[CpFe(CO)3][PF6] in acetone (1283).

The reactivity of these monodentate dithiocarbamate complexes has been

assessed (Fig. 151) (1283). Transmetalation occurs upon addition of [Fe2(CO)9]

or [CpMo(CO)3]2 giving cis-[Fe(CO)2(S2CNR2)2] and [CpMo(CO)2(S2CNR2)],

respectively, while reaction with [NO][PF6] yields [CpFe(NO)(S2CNR2)]. The
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uncoordinated sulfur atom is electrophilic and addition of [Me3O]BF4 yields

[CpFe(CO)2{Z
1-S����C(NMe2)SMe}][BF4]. With methyl iodide, however,

methylation and subsequent displacement of the thioester MeSC(S)NMe2 gives

[CpFe(CO)2I].

The thermal conversion of [(Z5-C5R
0
5)Fe(CO)2(Z

1-S2CNR2)] to [(Z5-

C5R
0
5)Fe(CO)(S2CNR2)] is a slow process, which proceeds only at elevated

temperatures and with considerable complex decomposition (902,1283,1285).

The process can be photochemically induced (1276) and Astruc and co-workers

(1283) also found that the rate of chelation could be enhanced considerably

upon addition of PPh3/CS2, [Mo(CO)6], or [Cp2TiCl2]. However, the most

efficient method is via an electrocatalytic process catalyzed by [Cp2Fe]X

(1276,1279,1282,1284). Thus, oxidation of [(Z5-C5R
0
5)Fe(CO)2(Z

1-S2CNR2)]

gives a 17-electron radical cation, which then loses CO giving [(Z5-

C5R
0
5)Fe(CO)(Z

2-S2CNR2)]
þ (Fig. 152). The key step is an endergonic

(�G� > 50 kJ mol�1) cross-electron-transfer propagation process between

this species and [(Z5-C5R
0
5)Fe(CO)2(Z

1-S2CNR2)], which yields the desired

product [(Z5-C5R
0
5)Fe(CO)(S2CNR2)] and regenerates [(Z5-C5R

0
5)Fe(CO)2(Z

1-

S2CNR2)]
þ. The fact that the overall process works with this key endergonic

step suggests that the other propagation step must be exergonic and fast.

On a preparative scale, the conversion yield depends on the nature of the

counterion. This observation is related to the precipitation rate of [(Z5-

C5R
0
5)Fe(CO)(Z

2-S2CNR2)]X, being faster when the 17-electron cation is not

stabilized by a large anion. Interestingly, the chelation process can also be

induced by reduction (1282). By this route, yields and efficiencies of the
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electrocatalytic cycle are better than those induced oxidatively, but a limitation

is the instability of the 19-electron radical anions [(Z5-C5R
0
5)Fe(CO)2(Z

1-

S2CNR2)]
�, which readily lose dithiocarbamate.

The electrogenerated 17-electron complexes [(Z5-C5R
0
5)Fe(CO)(Z

2-

S2CNR2)]
þ readily lose CO in the presence of a variety of two-electron donor

ligands giving [(Z5-C5R
0
5)FeL(Z

2-S2CNR2)]
þ (R¼Me, Et; R0 ¼H, Me, Bz;

L¼ PPh3, MeCN, Me2CO, thf, CH2Cl2) (1276–1281). Triphenylphosphine

derivatives [(Z5-C5R
0
5)Fe(PPh3)(Z

2-S2CNR2)]
þ can be reversibly reduced to

18-electron species [(Z5-C5R
0
5)Fe(PPh3)(Z

2-S2CNR2)] (1280,1281), while

weakly coordinating ligands are displaced by anions giving [(Z5-C5R
0
5)

FeX(S2CNR2)] (X¼ CN, SCN, Cl) (1281). The latter are believed to proceed

via 19-electron intermediates, and depending on the ligand sphere, they can be

very electron rich and act as reducing agents. Thus, addition of NaS2
CNR2.nH2O gives 18-electron, iron(IV) complexes [(Z5-C5R

0
5)Fe(S2-

CNR2)2]
þ, one example of which has been crystallographically characterized

(R¼ Bz, R0 ¼Me) (1281). Use of anhydrous dithiocarbamate salt or oxidation

of the iron(IV) species by [CpFe(C6Me6)] yields 19-electron species, [(Z5-

C5R
0
5)Fe(S2CNR2)2], which have been characterized by ESR spectroscopy

(Fig. 153). In the solid state they slowly transform to 17-electron complexes,

[(Z5-C5R
0
5)Fe(Z

1-S2CNR2)(S2CNR2)], a process that is rapid in acetonitrile but

surprisingly slow in toluene. Molecular orbital calculations have been performed

on both 17- and 19-electron bis(dithiocarbamate) complexes, and suggest that in

the 19-electron species the odd electron is in an antibonding metal-centered

orbital, while the 17-electron species have significant sulfur spin density.

e. Other Iron(II) Complexes. Simple iron(II) dithiocarbamate complexes

[Fe(S2CNR2)2] are known, being formed from the reaction of dithiocarbamate

salts and ferrous sulfate heptahydrate (754,1286). They are extremely air-

sensitive, chocolate brown solids, the ethyl analogue being shown to be dimeric

in the solid-state 259; the iron centers coupling antiferromagnetically (1287).

More recently, the syntheses of [Fe(S2CNC4H8)2] and [Fe(S2CNC5H10)2] have

been claimed, but with little supporting data (590).

Fe
S

S
MeCN

NMe2 Fe S

S
NMe2S

S

Me2N

Fe S

S
NMe2S

S

Me2N

+ +

17e-

19e-
18e-

NaS2CNMe2 [CpFe(C6Me6)]

Figure 153. Synthetic routes to [Cp*Fe(S2CNMe2)2].
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A related iron(II) adduct, [Fe(S2CNC4H8O)2(O����CHNMe2)] (260), has been

prepared and crystallographically characterized (1288). The metal coordination

environment is square-based pyramidal, similar to that found in nitrosyl

complexes. The average iron–sulfur distance of 2.460(3) Å is close to that of

2.425 Å found in [Fe(S2CNEt2)2]2 (1287), but longer than those of 2.28–2.30

and 2.15–2.19 Å found in iron(III) and (IV) complexes, respectively. In the

Mössbauer spectrum, a large quadrupole splitting of 4.10 mm s�1 is seen, being

associated with an asymmetric 3d6 ðt42ge2gÞ electronic configuration.

Fe S

S

O

N
S

S

N

C
NMe2H

O
O

260

Photolysis of [Fe(S2CNEt2)3] in the presence of dppe, affords [Fe(S2CNEt2)2
(dppe)] and tetraethylthiuram disulfide. The reaction is initiated by ligand-

to-metal charge-transfer (LMCT) excitation, generating [Fe(S2CNEt2)2] and a

dithiocarbamate radical in the primary photochemical step, the former being

trapped by the diphosphine (Fig. 154) (1289).

Connelly and co-workers (1290) reported that [Fe(CO)2(PPh3)2(S2CNMe2)]
þ

can be obtained from [Fe(CO)3(PPh3)2]
þ and NaS2CNMe2, although higher

yields are found when tetramethylthiuram disulfide is used (Eq. 114); the latter

being consistent with a one-electron oxidation of the metal center. The complex

is air-stable and shows two carbonyl resonances at 2024 and 1983 cm�1, from

which a cis carbonyl and trans phosphine conformation is proposed.

Fe

S

S CO

CO

PPh3

PPh3

Me2N

+

FeOC
CO

CO

PPh3

PPh3

+

NaS2CNMe2

or [Me2NC(S)S]2

ð114Þ

TRANSITION METAL DITHIOCARBAMATES 287



A number of further carbonyl complexes have been prepared. Addition of 1

equiv of dithiocarbamate salt to cis-[FeI2(CO)4] yields fac-[FeI(CO)3(S2CNR2)]

(R¼ Et; R2¼ PhH); the geometry being assigned on the basis of the observation

of three carbonyl bands in the IR spectrum (1291). Dean (1292) has shown that

with 2 equiv of [NMe2H2][S2CNMe2], brown cis-[Fe(CO)2(S2CNMe2)2] results,

the latter also being prepared upon photolysis of Fe(CO)5 and dimethylthio-

carbamyl chloride (Fig. 155).

Mathur and co-workers (1293) report that photolysis of [CpW(CO)3(Z
1-S2

CNMe2)] with either [Fe2(CO)9] or [Fe3(CO)12] gives cis-[Fe(CO)2
(S2CNMe2)2] and [Fe(S2CNMe2)2] in 60 and 30% yields, respectively, after

chromatography; similar amounts of each coming from the reaction of tetra-

methylthiuram disulfide and these iron carbonyls. The authors further claim that

prolonged photolysis of cis-[Fe(CO)2(S2CNMe2)2] gives [Fe(S2CNMe2)2] quan-

titatively, and the latter can be converted back to the dicarbonyl when CO was

bubbled through a solution for 1 h. The latter is true, as others have shown that

[Fe(S2CNEt2)2] in DMF reacts rapidly with CO to give cis-[Fe(CO)2(S2C-

NEt2)2] (1294). However, the reverse reaction (loss of CO) seems unfounded as

isolation of the extremely air-sensitive [Fe(S2CNMe2)2] (754,1286,1287) under

these conditions seems unlikely. Further, in a recent paper the photooxidation of

cis-[Fe(CO)2(S2CNEt2)2] in chloroform has been shown to give [FeCl(S2C-

NEt2)2] with a quantum yield of 0.0015 at 366 nm (Eq. 115) (1295), while the

Fe

S

S S

S

S

S

NEt2

NEt2

Et2N

Fe
S

S
NEt2

S

S
Et2N

Fe

S

S S

S

S

S

NEt2

NEt2

Et2N
hν

*
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Figure 154. Photolytic synthesis of [Fe(S2CNEt2)2(dppe)] from [Fe(S2CNEt2)3] and dppe.
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dicarbonyl will not react with pyridine even under forcing conditions (1294).

Fe

OC

OC S

S

S

S

NEt2

NEt2

Fe
S

S

Cl

NEt2
S

S
Et2N

hν, CHCl3 ð115Þ

A wide-range of bis(carbonyl) complexes, cis-[Fe(CO)2(S2CNR2)2], have been

studied by 13C and 15N NMR spectroscopy (535). The former provides evidence

of hindered rotation about the carbon–nitrogen bonds in complexes with high

pKa(corr) values, while natural abundance 15N NMR spectra are sharp, indicat-

ing substantial carbon–nitrogen double-bond character.

In contrast to the reaction of dimethylthiocarbamyl chloride with Fe(CO)5
described above, with either [Fe2(CO)9] or [Fe3(CO)12] the orange thiocarbox-

amide complex, cis-[Fe(CO)2(S2CNMe2)(Z
2-SCNMe2)], is formed exclusively

(Eq. 116) (1292). This is confirmed crystallographically (1296), the iron–sulfur

bond of the thiocarboxamido group at 2.387(2) Å being somewhat longer than

those to the dithiocarbamate [Fe–S(av) 2.325(2) Å] and associated differences

also being seen in the carbon–sulfur [1.653(7) vs (av)1.708(7) Å] and carbon–

nitrogen [1.302(8) vs 1.321(8) Å] bond lengths. The same product also results

from the reaction of [Fe2(CO)9] with tetramethylthiuram monosulfide (1296)

and displays fluxional behavior associated with the exchange of the methyl

groups on the dithiocarbamate via a Bailer-twist type process (1292).
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Figure 155. Synthesis of dithiocarbamate complexes utilizing cis-[FeI2(CO)4].
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Addition of [PPN][S2CNEt2] to [Fe(NO)(CO)2(Z
4-C4Ph4)]

þ results in car-

bonyl loss to give [Fe(NO)(S2CNEt2)(Z
4-C4Ph4)] (261) in 62% yield, which has

been crystallographically characterized (1297). The oxidation state of the iron

center is unclear. The author’s suggest that parameters within the cyclobutadiene

ring are comparable with those of other iron(0) complexes of this ligand, but the

iron–sulfur bonds of 2.316(1) and 2.317(1) Å are similar to those found for

iron(II) complexes. The n(NO) vibration is seen at 1735 cm�1 in the IR

spectrum is, however, more consistent with binding to an iron(III) rather than

an iron(II) center.

Fe

ON S

S

NEt2

Ph

Ph

Ph

Ph

261

f. Iron (IV) Complexes. As mentioned earlier, iron(IV) complexes were

first prepared by Pasek and Straub in 1972 (1199), being obtained from air

oxidation of tris(dithiocarbamate) complexes in the presence of BF3 (Eq. 117).

More recently, oxidation of [Fe(S2CNR2)3] by copper(III) dithiocarbamate

complexes has been shown to afford a simple preparative route (R¼Me, Et;

R2¼MePh, C5H10) (1124), while as detailed earlier, addition of iodine to

[Fe(S2CNEt2)3] in dichloromethane initially yields [Fe(S2CNEt2)3][I5], which

has been crystallographically characterized (1298). The iron–sulfur bonds at

2.291(4)–2.314(4) Å are slightly shorter than in the analogous iron(III) complex

as are the carbon–nitrogen bonds of 1.295(15)–1.291(16) Å, indicating a greater

contribution from the thioureide form of the dithiocarbamate.

Fe
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S S

S

S

S

NR2

NR2

R2N
− e−

Fe

S

S S

S

S

S

NR2

NR2

R2N

+

ð117Þ

Oxidation of [Fe(S2CNR2)3] by NOBF4 in dichloromethane has been

followed by ESMS (303). Peaks associated with [Fe(S2CNR2)3]
þ are seen,

however, at higher source energies ions [Fe(S2CNR2)2]
þ and [Fe(NO)-

(S2CNR2)2]
þ are also detected, suggesting that dithiocarbamates are labile

when bound to both iron(III) and iron(IV). More recently, Astruc and
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co-workers (1277, 1280, 1281) detailed the synthesis and properties of iron(IV)

cyclopentadienyl complexes, [(Z5-C5R
0
5)Fe(S2CNR2)2]

þ (as detailed earlier).

g. Clusters. Over the past 10 years, a wide range of sulfido-capped tetra-

iron and heterobimetallic cubane-type clusters have been prepared with valence

electron counts ranging from 58 to 64 electrons, and iron in oxidation states þ2

or þ3. For example, tetra-iron clusters [Fe4(m
3-S)4Cl4�n(S2CNEt2)n]

2� and

[Fe4(m
3-S)4(SPh)4�n(S2CNEt2)n]

2� (n ¼ 1, 2) (262) result from addition of

dithiocarbamate salt to [Fe4(m
3-S)4Cl4][PPh4]2 and [Fe4(m

3-S)4(SPh)4][PPh4]2,

respectively (1299,1300). All have 62 valence electron counts and Mössbauer

spectra reveal two distinct iron sites. This finding is confirmed crystallographi-

cally with X-ray studies showing those bound with dithiocarbamate to be five

coordinate, others being four coordinate; observations interpreted in terms of

mixed-valence iron(II) and iron(III) centers.
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X
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262

The 60-electron iron(III) clusters [Fe4(m
3-S)4(S2CNR2)4] (R¼ Et; R2¼

C5H10) are reportedly formed upon addition of dithiocarbamate salts to

[Mg(dmf)6][Fe2Cl4(m-S)2]. Both have been crystallographically characterized

(1301), as has the one electron-oxidation product, [Fe4(m
3-S)4(S2CNEt2)4]

[NEt4] (Eq. 118) (1302).
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A wide range of iron-containing heterobimetallic clusters have been prepared

with valence electron (VE) counts ranging from 58 to 64. All are generally

formed from a self-assembly reaction system of [MS4]
n�, FeCl2, [S2CNR2]

�,
and [SPh]�, or from [Fe(dmf)6][(FeCl2)2MoS4] and [S2CNR2]

�
. Examples

include [VFe3(m
3-S)4(S2CNR2)4]

� (58 VE) (701,1303), [V2Fe2(m
3-S)4(S2CN-

Me2)4(m-S2CNMe2)]
� (58 VE) (269), [Mo2Fe2(m

3-S)4(S2CNEt2)4(m-S2CNEt2)]
(59 VE) (270,271), [MoFe3(m

3-S)4(S2CNR2)4(m-S2CNR2)] (61 VE) (274,1011,

1012,1015,1304), [WFe3(m
3-S)4(S2CNR2)4(m-S2CNR2)] (61VE) (273,274,1304),

[MoFe3(m
3-S)4(S2CNEt2)4(m-S2CNEt2)]

� (62 VE) (1013,1014) and [MoFe3(m
3-

S)4(S2CNMe2)4(m-S2CNMe2)2] (64 VE) (1016).
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Many of these clusters show interesting electrochemical and magnetic

properties. For example, in [MoFe3(m
3-S)4(S2CNMe2)4(m-S2CNMe2)] (263),

each iron atom is shown by Mössbauer spectroscopy to be in the þ3 oxidation

state, and interacts with the other metal atoms in the [MoFe3S4]
5þ core, while in

the reduced [MoFe3S4]
4þ core, the extra electron is delocalized over all four

metal atoms. A recent paper provides a useful summary of the area to-date (701).

h. Applications. As detailed earlier, [Fe(S2CNMe2)3] is a well-known

fungicide sold commercially under the name Ferbam. In a series of papers,

Malik and co-workers (1305–1314) developed analytical methods for the

detection of Ferbam in commercial samples and wheat grains. Most selective

is the conversion to an iron(II) 4,7-diphenyl-1,10-phenanthroline complex,

detected by an absorbance at 534 nm (1310–1312). In somewhat related

work, the tris(dithiocarbamate) complex [Fe(S2CNC5H10)3] has been used to

determine the iron(III) content in green leafy vegetables via its absorption at

350 nm (1315).

A well-known adverse effect of thiuram di- and monosulfides is their ability

to induce allergic contact dermatitis, mainly from rubber products such as

gloves. In a recent report, the spontaneous oxidation of [Fe(S2CNMe2)3] is

shown to yield tetramethylthiuram disulfide, while iron(III) chloride can also
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react with NaS2CNEt2 or [Zn(S2CNEt2)2] to generate tetraethylthiuram disulfide

(1316).

Tris(dithiocarbamate) complexes [Fe(S2CNR2)3] can be oxidized by FeCl3.

This reaction is believed to occur via initial formation of [FeCl(S2CNR2)2],

which reacts with further FeCl3 to give mixed-valence complexes [Fe(S2-
CNR2)3][FeCl4] and FeCl2. However, the final product is a bis(dialkylimo-

nium)trithiolane (bitt-3) complex, [bitt-3][FeCl5] (1317,1318).

S S NEt2Et2N S S NEt2Et2N

bitt-3 bitt-4

Chen and Qiu (1319) recently developed a novel living atom-transfer radical

polymerization (ATRP) system based on this chemistry, utilizing a mixture of

[Fe(S2CNEt2)3], FeCl3 and PPh3 to polymerize methylmethacrylate (MMA).

Control experiments reveal that all three components are essential and that [bitt-

4][FeCl5] is generated; which subsequently decomposes to Et2NC(S)SCl and

FeCl2. Addition of PPh3 to the latter gives [FeCl2(PPh3)2], which in turn reacts

with Et2NC(S)SCl affording [FeCl2(PPh3)2] and Et2NCS2, and it is this radical

that initiates polymerization (Fig. 156).

Well-defined polymethylmethacrylate (PMMA) with very low polydispersity

and a-S2CNEt2 and o-Cl end groups has been prepared using this method

(1320). The same group have also used [Fe(S2CNEt2)3] alone as a catalyst for

the reverse ATRP polymerization of vinyl monomers, including MMA and

styrene, using diethyl 2,3-dicyano-2,3-diphenylsuccinate as a radical initiator

(1321). High molecular weights and low polydispersities are also achieved, the

latter getting as low as 1.09 for polystyrene.

Thermal gravimetric analysis of a number of tris(dithiocarbamate) complexes

reveals a rapid decomposition between 200 and 300�C to give [Fe(SCN)3]

(1210), while mixed-ligand complexes with dithiocarbamates and oxygen-

containing coligands such as oxine, glycine, and acac decompose in one step

to give Fe2O3 (1230). A number of other tris(dithiocarbamate) complexes have

[Fe(S2CNEt2)3] + 5 FeCl3

Et2NCS2Cl + FeCl2(PPh3)2
(R-Cl)

∆

k1 + M

R-P1-Cl + FeCl2(PPh3)2

X+ M

6 FeCl2 + 3 Et2NCS2Cl

FeCl3(PPh3)2 + Et2NCS2
.

(R.)

FeCl3(PPh3)2 + R-P1
.

Figure 156. Proposed mode of action of [Fe(S2CNEt2)3]/FeCl3/PPh3 mixture in ATRP.
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been shown to decompose to Fe2O3 upon heating in the presence of oxygen

(590,1213,1322), in one case the thermal decomposition being followed by

Mössbauer spectroscopy (1322).

Liu and Chang (1323) used carboxymethyl (264) and bis(carboxymethyl)

(265) dithiocarbamate salts in conjunction with iron(II) salts for the removal of

NO from a simulated flue gas mixture at pH 3–10. The authors suggest that most

of the absorbed NO is reduced to nitrogen in conjunction with the oxidative

coupling of dithiocarbamate to the thiuram disulfides.
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2. Ruthenium and Osmium

Tris(dithiocarbamate) complexes of ruthenium were first prepared and

studied by Malatesta in the 1930s (1324,1325). It was not until some 40 years

later that analogous osmium complexes were reported (1326), although prior to

this dithiocarbamate ligands had been used for the analytical determination of

osmium, a violet color resulting when OsO4 is added to an aqueous solution of

sodium diethyldithiocarbamate (29,1327). More recently, dithiocarbamate

chemistry of these elements in low oxidation states (þ1 and þ2) has been

well developed, and while dithiocarbamates can also stabilize the þ3 and þ4

states, it would appear that an early report of the high-valent complexes

[OsO2(S2CNR2)2] is incorrect (1328).

a. Tris(dithiocarbamate) Complexes and Related Tri- and Tetravalent
Complexes. Ruthenium tris(dithiocarbamate) complexes [Ru(S2CNR2)3] have

been prepared upon addition of dithiocarbamate salts to aqueous solutions of

ruthenium halides (1329–1333); for example, insoluble [Ru(S2CNPh2)3] is

generated from RuCl3 at pH 5 (1330). All adopt a low-spin electronic config-

uration, with effective magnetic moments of � 1.8 BM (1329).

Electrochemical studies have been carried out on [Ru(S2CNEt2)3] (1334).

It displays a reversible one-electron reduction affording [Ru(S2CNEt2)3]
�,

together with an irreversible one-electron oxidation. Carrying out the latter in

acetonitrile affords the diamagnetic seven-coordinate ruthenium(IV) complex

[Ru(MeCN)(S2CNEt2)3]
þ, which has been isolated in good yield from the

reaction of [RuCl(S2CNEt2)3] with AgBF4 in acetonitrile.

Other octahedral ruthenium(III) complexes, [RuX2(EPh3)2(S2CNR2)]

(X¼ Cl, Br; E¼ P, As; R2¼ C5H10, C4H8O, C4H8NH), have been prepared
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upon addition of dithiocarbamate salts to [RuX3(EPh3)3] or [RuBr3(PPh3)2(-

MeOH)] (1335). In the absence of crystallographic data, precise coordination

geometries remain unknown, but all have low-spin d5-electronic configurations

and have been characterized by ESR spectroscopy. Cyclic voltammetry mea-

surements show that they undergo fully reversible one-electron oxidation and

reduction processes.

Both ruthenium and osmium(III) dithiolate complexes, [M(SAr)2(PPhMe2)2
(S2CNEt2)] (M¼ Ru, Os; Ar¼ C6F5, p-C6F4H), have been prepared upon

addition of NaS2CNEt2 to [M(SAr)3(PPhMe2)2] (Eq. 119) (1336). All are

paramagnetic as expected, and an X-ray crystal structure of [Os(SC6F5)2(PPh-

Me2)2(S2CNEt2)] reveals that the fluorinated thiolates adopt a relative trans

disposition.

M
S

S PPhMe2

PPhMe2

SAr

SAr

Et2NM
ArS

ArS
SAr

PPhMe2

PPhMe2

NaS2CNEt2 ð119Þ

Cameron and et al. (233) prepared a series of ruthenium(III) complexes,

[Ru(tacn)(S2CNR2)(Z
1-S2CNR2)][PF6] (tacn ¼ 1,4,7-triazacyclononane), upon

addition of 2 equiv of dithiocarbamate salt to [Ru(tacn)(dmso)2Cl]Cl (Eq. 120).

These octahedral complexes contain one bidentate and one monodentate

dithiocarbamate ligand, being characterized by two CN stretching vibrations

at �1550 and 1460 cm�1 in the IR spectrum. The monodentate ligand in

[Ru(tacn)(S2CNMe2)(Z
1-S2CNMe2)][PF6] is easily lost upon addition of NO

affording [Ru(NO)(tacn)(S2CNMe2)][PF6]2. In light of this, the biological

scavenging ability of the bis(dithiocarbamate) complexes was evaluated, being

comparable with established ruthenium(III) polyaminocarboxylates in an in

vitro assay.
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Toma and co-workers (1337) reported the synthesis of red Na2[Ru(edta)(S2C-

NEt2)].2H2O (edta¼ ethylenediaminetetraacetic acid) from the metathesis of

[Ru(Hedta)(H2O)] and NaS2CNEt2 in a minimum amount of water; a reaction

proposed to proceed via a monodentate dithiocarbamate intermediate. The

ruthenium(III) dithiocarbamate complex undergoes a reversible one-electron

reduction. The process has been monitored by spectroelectrochemistry; the

reduced species exhibiting a broad absorption band at 438 nm, being assigned to

a charge transfer from the filled ruthenium dp orbitals to the p* orbital of edta.
Baird et al. (1338) prepared ruthenium(III) bis(b-diketonate) complexes,

[Ru{OC(R0)CHC(R0)O}2(S2CNMe2)] (R0 ¼Me, Ph), together with others in

which the dithiocarbamate is derived from an amino acid (L-proline, L-iso-

leucine). They are derived from [Ru{OC(R0)CHC(R0)O}2(MeCN)2][CF3SO3]

upon addition of dithiocarbamate salts in air. When the reactions with

NaS2CNMe2 were carried out under argon, the thiuram disulfide was detected,

suggesting that it proceeds via an electron-transfer process. Further, reactions

were not clean and in some instances a second product was isolated as a result of

carbon disulfide loss. For example, addition of proline (prol-H2) derived

dithiocarbamate to [Ru(acac)2(MeCN)2][CF3SO3] afforded both the expected

dithiocarbamate product [Ru(acac)2(S2Cprol)] (266), together with a chelated

imino prolinato complex, [Ru(acac)2(prol-H2)] (267) (Eq. 121). Further work
suggests that once the dithiocarbamate is chelated to the ruthenium(III) center it

does not undergo carbon disulfide loss, the precise mode of its formation

remaining unknown.
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By utilizing [Ru(NO)Cl3] as a starting material, Dubrawski and Feltham (232)

prepared a range of ruthenium(III) nitrosyl complexes, including; trans-[RuCl

(NO)(S2CNR2)2], trans-[RuX(NO)(S2CNMe2)2] (X¼ F, Br, I, NO2), cis-

[RuX(NO) (S2CNEtR)2] (X¼ Br, I; R¼Me, Et), cis- and trans-[RuX

(NO)(S2CNMe2)2] (X¼N3, SCN, NCO), trans-[Ru(OH)(NO)(S2CNMe2)2],

and trans-[RuL(NO)(S2CNMe2)2] (L¼H2O, MeOH). The trans-isomers are

generally thermodynamically favored. For example, the conversion of

kinetically formed cis-[RuX(NO)(S2CNMe2)2] (X¼N3, NCO, NCS) to the
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trans-isomer occurs upon heating (Eq. 122).
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ð122Þ

The same workers have also carried out VT NMR experiments on the known

tris(dithiocarbamate) complex cis-[Ru(NO)(Z1-S2CNMe2)(S2CNMe2)2], which

is prepared upon addition of NO to [Ru(S2CNMe2)3] or excess NaS2CNMe2 to

ruthenium nitrosyl trichloride. In the solid state, two of the dithiocarbamates are

bidentate and the third unidentate. The NMR studies show that the latter has a

lower barrier to rotation (� 59 kJ mol�1) about the carbon–nitrogen bond than

the bidentate ligands, and that there is no exchange between the two over the

temperature range studied (�40–150�C) (232).
The known seven-coordinate ruthenium(IV) complex [RuCl(S2CNEt2)3]

(1339) has been the subject of an electrochemical and reactivity study (1334).

Dissolution in acetonitrile affords the ionic complex [Ru(MeCN)(S2CNEt2)3]Cl;

the weakly bound solvent molecule being readily displaced by PPh3 to give

[Ru(PPh3)(S2CNEt2)3]Cl, which is isolated as a BF4 salt (Fig. 157).

A further ruthenium(IV) complex, [Ru(Z2-TsN��N����N-NTs)(S2CNEt2)2]

(270), has been prepared in 35% yield from the reaction of excess tosylazide

and cis-[Ru(PPh3)2(S2CNEt2)2] (268) (287). The structure is confirmed crystal-

lographically and the authors speculate that it results from initial formation of a

ruthenium(IV) imido complex, [Ru(NTs)(S2CNEt2)2] (269), which reacts

further with a second equivalent of azide (Eq. 123).
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Osmium tris(dithiocarbamate) complexes [Os(S2CNR2)3] were only authenti-

cally detailed in the early 1980s (295,296). They can be prepared upon addition
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of an excess of dithiocarbamate salt to [OsCl6]
2� in aqueous methanol (R¼Me,

Et, Bz; R2¼MePh) [295, 1331, 1340]. A number of reports suggest that this

synthetic method yields diamagnetic osmium(IV) complexes, [Os(S2CNR2)4],

although this seems unlikely (1329–1333). Preti et al. (1340) reported the

preparation of a series of red-brown complexes, [Os(S2CNC4H8X)3] (X¼O, S,

NMe, CH2), via this method. In contrast, the room temperature reaction between

the same dithiocarbamate salts and OsCl3 in water is postulated to yield

diamagnetic osmium(II) complexes, [Os(S2CNC4H8X)2(H2O)2]; although no

further work appears to have been carried out in this area.

Variable temperature NMR studies have shown that tris(dithiocarbamate)

complexes are stereochemically nonrigid. A trigonal-twist mechanism is pro-

posed, activation parameters being similar to those found in ruthenium analo-

gues (295). Addition of BF3 to [Os(S2CNEt2)3] in the presence of [Et4N][PF6]

for 30 s yields the purple oxidation product [Os(S2CNEt2)3][PF6] (meff 1.4 BM),

which reacts rapidly with chloride or acetonitrile giving [OsCl(S2CNEt2)3] and

[Os(MeCN)(S2CNEt2)3]
þ, respectively. The former is partially dissociated into

[Os(S2CNEt2)3]Cl in propylene carbonate solution (296). Further, in the free

state and even at low temperature, the purple color of [Os(S2CNEt2)3]
þ is slowly
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Figure 157. Formation of [Ru(MeCN)(S2CNEt2)3]
þ and subsequent reaction with PPh3.
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replaced by the orange-brown of dimeric [Os2(S2CNEt2)4(m-S2CNEt2)2]
2þ

(Eq. 124). The latter has been crystallographically characterized, the structure

consisting of dimers of [Os(S2CNEt2)3]
þ, with each osmium adopting a

distorted bipyramidal coordination geometry. The osmium–osmium distance

of 3.682(1) Å indicates the lack of a direct osmium–osmium interaction.
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ð124Þ

b. Divalent Mononuclear Complexes. By far, the most common oxida-

tion state for dithiocarbamate complexes of both ruthenium and osmium is þ2,

and carbon monoxide is often a coligand. Mono(dithiocarbamate) complexes of

ruthenium(II) include; the 2-pyrrolyl complex, [Ru(CO)(PPh3){Z
2-O����S(O)

PhNC4H3}(S2CNMe2)] (271) (1341), and hydrides [RuH(CO)(PPh3)-

L(S2CNR2)](L¼ PPh3, py, piperidine, 4-morphylene; R2¼ C4H4, C5H10,

C4H8O) (1342–1344).

Ru
O S

CO
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PPh3

NMe2

S

O

Ph

N

271

The reactivity of a number of these hydrides has been assessed. Addition of

hydrogen sulfide to trans-[RuH(CO)(PPh3)2(S2CNMe2)] (272) at 50�C yields

trans-[Ru(SH)(CO)(PPh3)2(S2CNMe2)] (273) (Fig. 158). It has been character-

ized crystallographically and is also shown to undergo irreversible one-electron

oxidation and reduction by cyclic voltammetry (1345). Reaction of trans-

[RuH(CO)(PPh3)2(S2CNEt2)] with tosylazides gives amide complexes cis-[Ru

(CO)(PPh3)2(NHSO2Ar)(S2CNMe2)] (Ar ¼ p-tol, p-C6H4-t-Bu, 2,4,6-Pr3-i-

C6H2) (274) (Fig. 158) (292), carbonylation of which yields [Ru(CO)2(PPh3)
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(NHSO2Ar)(S2CNMe2)] (Ar ¼ p-C6H4-t-Bu), while addition of HCl gives

[RuCl(CO)(PPh3)2(S2CNEt2)].

Leung and co-workers (1346) showed that addition of triflic acid to cis-

[RuH(CO)(PPh3)2(S2CNEt2)] (275) gives cis-[Ru(OTf)(CO)(PPh3)2(S2CNEt2)]

(276), the triflate (Tf) ligand of which is readily replaced (Fig. 159). For

example, amines react to give trans-[RuL(CO)(PPh3)2(S2CNEt2)] (L¼NH2OH,
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Figure 158. Selected reactions of trans-[RuH(CO)(PPh3)2(S2CNMe2)].
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Figure 159. Synthesis and reactivity of cis-[Ru(OTf)(CO)(PPh3)2(S2CNEt2)].
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N2H4) (277). Most interestingly, addition of metal nitrides yields heterobime-

tallic m-nitride complexes, trans-[Ru(CO)(PPh3)2(S2CNEt2)(m-N)MLn] [MLn¼
OsO3, Os(S2C7H6)2, Re(S2CNEt2)

þ
2 ] (278–280). An analysis of bond lengths

and angles from crystallographic studies suggest that they are best represented

as M������N!Ru(II) (1346). A further heterobimetallic nitride complex, [Ru(CO)-

(PPh3)(H2O)(S2CNEt2)(m-N)MLn] (MLn¼ ReCl(PPh3){PO(OEt)2}3CoCp), has

also been reported by the same group (1347).

Robinson and co-workers (1348) showed that bis(dithiocarbamate) com-

plexes [M(S2CNEt2)2] (M¼ Zn, Cd, Hg, Pb) react with cis-[RuCl2(dppm)2] in

refluxing acetonitrile to give high yields of salts of the form [Ru(S2C-

NEt2)(dppm)2]2[MCl4] (281) (Fig. 160), while [Ru(S2CNEt2)(PPh3)2(Z
2-tai-

Me)][ClO4] (taiMe¼ 1-methyl-2-p-tolylazoimidazole) (282) (Fig. 160) has

been prepared from [RuCl2(PPh3)2(Z
2-taiMe)], NaS2CNEt2, and silver chloride

upon addition of sodium perchlorate (1349).

A number of ionic complexes containing bidentate nitrogen donor ligands

have been prepared. For example, [RuL2(S2CNR2)][ClO4] (L2¼ 2,20-bpy, 1,10-
phen; R¼ Et, Pr), result from addition of dithiocarbamate salts to [RuCl2L2] in

the presence of silver perchlorate (1350). They undergo a reversible one-

electron oxidation generating analogous ruthenium(III) complexes, however, a

further one-electron oxidation that gives a ruthenium(IV) species is irreversible.

Related functionalized bpy complexes, [Ru(dcbH)(dcbH2)(S2CNR2)] (dcbH¼
4-CO2H-4

0-CO2-2,2
0bpy; R¼ Et, Bz; R2¼ C4H8), have also been prepared and

shown to be efficient in the conversion of light to electrical energy (see Section

IV.E.2.e) (1351).

Del Zotto et al. (1352) prepared the octahedral ruthenium(II) cation

[Ru(Ph2PCH2CH2py)2(S2CNMe2)]
þ, which exists as an equilibrium mixture

of two isomers, the trans-isomer being initially generated slowly equilibrating
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Figure 160. Examples of cationic ruthenium(II) dithiocarbamate complexes.
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with the cis-isomer, as monitored by 31P NMR spectroscopy (Eq. 125).
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ð125Þ

Roper co-workers prepared a series of ruthenium and osmium(II) dithiocar-

bamate complexes bearing chelating monoanionic metalated multiaromatic

ligands (LX). These include [M(CO)(PPh3)(Z
2-LX)(S2CNMe2)] (Fig. 161)

(1353,1354) and trans-[Os(CO)(PPh3)2(Z
1-8-quinolinyl)(S2CNMe2)] (1355).

The same group also prepared osmium(II) boryl and stannyl complexes

trans-[Os(CO)(PPh3)2(Bcat)(S2CNEt2)] (Bcat¼ pyrocatecholatoboryl) (1356)

and trans-[Os(CO)(PPh3)2(SnMe3)(S2CNMe2)] (1357,1358), respectively. A

crystal structure of the former reveals the strong trans-influence of the boryl

ligand, the osmium–sulfur interaction being lengthened by 0.05 Å. Reaction of

trans-[Os(CO)(PPh3)2(SnMe3)(S2CNMe2)] with SnI4 affords trans-[Os(CO)

(PPh3)2(SnMeI2)(S2CNMe2)] which is transformed into trans-[Os(CO)

(PPh3)2(SnI3)(S2CNMe2)] (283) (Fig. 162) upon addition of iodine. Both of

these complexes undergo facile nucleophilic substitution at the tin(IV) center

affording a wide range of functionalized osmium–tin complexes. These include

trans-[Os(CO)(PPh3)2{Sn(OH)3}(S2CNMe2)] (284) and the first stannatrane

complex, trans-[Os(CO)(PPh3)2{Sn(OCH2CH2)3N}(S2CNMe2)] (285) (Fig. 162)

(1357). In the latter, there is a dative tin–nitrogen interaction as shown by X-ray

crystallography. In the analogous silatrane complex, a silicon–nitrogen interac-

tion is almost totally absent, reflecting the greater ability of tin to form

hypervalent complexes.
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Figure 161. Ruthenium and osmium(II) dithiocarbamate complexes bearing chelating LX-type

ligands.
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A number of bis(dithiocarbamate) ruthenium(II) complexes have been

reported. Heating thiuram disulfides with [Ru3(CO)12] in heptane yields cis-

[Ru(CO)2(S2CNR2)2] (R¼Me, Et) (169, 1359). Other routes have also been

reported to these cis dicarbonyl complexes. For example, addition of 2 equiv of

dithiocarbamate salt to [Ru2(CO)4(MeCN)6][BF4]2, [Ru2(CO)4(m-O2CMe)2(-

MeCN)2] (1360), or [Ru(CO)2Cl2]n (169), while an earlier preparation involves

addition of NaS2CNMe2 to cis-[RuCl2(CO)2(PPh3)2] (1361).

Crystal structures of both cis-[Ru(CO)2(S2CNR2)2] (R¼Me, Et) (169,1360)

and cis-[Ru(CO)2(S2CNMe2)2].0.5I2 (287) have been carried out; all revealing

the expected distorted octahedral coordination environment. The iodine in the

latter shows no significant intermolecular interactions with the ruthenium

complex, suggesting that there is little charge transfer. In accord with this,

carbonyl stretching frequencies (2026 and 1956 cm�1) are virtually identical to

those in the free complex (2028 and 1952 cm�1) (287).

When NaS2CNMe2 was added to [Ru2(CO)4(MeCN)6][BF4]2, a mixture of

cis-[Ru(CO)2(S2CNMe2)2] and [Ru(CO)(S2CNMe2)(m-S2CNMe2)]2 resulted

(1360). The latter has been characterized crystallographically. It shows two

trans disposed chelating dithiocarbamate ligands as opposed to their cis

disposition in [Ru(CO)2(S2CNMe2)2], while carbon–nitrogen distances in the

backbone of the dithiocarbamate ligands do not vary significantly between the

two. A rational synthesis of dimeric [Ru(CO)(S2CNR2)(m-S2CNR2)]2 (R¼Me,

Et) (286) involves decarbonylation of cis-[Ru(CO)2(S2CNR2)2] (287) by tri-

methylamine N-oxide (Fig. 163). The dimer can be cleaved by neural two-

electron donor ligands; for example, cis-[Ru(CO)2(S2CNMe2)2] reacts with

benzyl isocyanide at room temperature to give cis-[Ru(CO)(CNBz)(S2-

CNMe2)2] (288) (Fig. 163).

Critchlow and Robinson (1343) prepared a mixed-carbonyl–phosphine com-

plex cis-[Ru(CO)(PPh3)(S2CNMe2)2] by a different route, namely, upon addi-

tion of 2 equiv of dithiocarbamate salt to [Ru(NO3)2(CO)(PPh3)2]. Further, all

trans-[RuCl2(CO)2(PEt3)2] (289) affords cis-[Ru(CO)(PEt3)(S2CNR2)2] (R¼
Me, Et) (291) in a similar process, which proceeds via trans-[RuCl(CO)

(PEt3)2(S2CNR2)] (290) (Fig. 164), successive addition of NaS2CNEt2 and

NaS2CNMe2 yielding cis-[Ru(CO)(PEt3)(S2CNMe2)(S2CNEt2)]. The latter
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Figure 162. Selected reactions of trans-[Os(CO)(PPh3)2(SnI3)(S2CNMe2)].
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exists as two noninterconverting isomers (�1:1 ratio) in solution (169). A

crystallographic study of cis-[Ru(CO)(PEt3)(S2CNMe2)2] reveals little variation

from the analogous dicarbonyl complex.

A number of other ruthenium(II) bis(dithiocarbamate) have been reported.

Addition of NaS2CNEt2 to [RuCl2(diene)]n (diene¼ cod, NBD) affords cis-

[Ru(diene)(S2CNEt2)2], while reaction of CN��t-Bu with cis-[Ru(Me2SO)2(S2C-

NEt2)2] gives trans-[Ru(CN��t-Bu)2(S2CNEt2)2] (Eq. 126) (287). Oxidation

potentials of all these species have been determined by cyclic voltammetry

and compared with that for cis-[Ru(PPh3)2(S2CNEt2)2] (1362). Data suggest that

the ability to stabilize the Ru(II) state decreases in the order; DMSO> CN��t-
Bu�NBD> PPh3 [287]. In other work, addition of 2 equiv of dithiocarbamate

salt to [CpRuCl(dppe)] has been shown to give [Ru(dppe)(S2CNEt2)2] resulting

from loss of the cyclopentadienyl ligand (1363).
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A further diphosphine complex, [Ru(dppf)(S2CNEt2)2] (dppf¼ 1,10-bis(di-
phenylphosphino)ferrocene), has been prepared in high yields upon addition of

the diphosphine to cis-[Ru(PPh3)2(S2CNEt2)2] (1364). The NMR spectra are

temperature dependent being associated with a fluxional process that results

from dechelation of one of the dithiocarbamates, and the authors suggest that at

low temperatures in chloroform, the molecule exists completely in a form with

one monodentate dithiocarbamate ligand (Fig. 165).

In an early report, the synthesis of a number of ruthenium(II) bis(aqua)

complexes, [Ru(S2CNC4H8X)2(H2O)2] (X¼O, S, NMe, CH2), was claimed.

Heating RuCl3.3H2O in ethanol for 1 day, followed by addition of 2 equiv of

dithiocarbamate salts was reported to yield a series of diamagnetic complexes,

characterized by n(C����N) vibrations between 1470 and 1481 cm�1 in the IR

spectrum, while in one instance, the proposed product [Ru(S2CNC4H8NH)2] did

not contain coordinated water (1365). In the same contribution, 3 equiv of

dithiocarbamate reportedly react with RuCl3.3H2O at room temperature to yield

brown, paramagnetic, ruthenium(I) complexes, [Ru(S2CNC4H8X)] [n(C����N)

1480–1495 cm�1]. Magnetic moments of 0.6–1.4 BM are very low, which the

authors suggest may be due to an exchange interaction between neighboring d7

ions in a polymeric structure, the latter resulting from heteroatom coordination

to ruthenium. No further work appears to have been carried out in this area and

thus the authenticity of this report and the structural types remain unclear.

Chakravorty and co-workers (1362,1366) studied bis(dithiocarbamate) com-

plexes, cis-[M(PPh3)2(S2CNEt2)2] (M¼ Ru, Os). Addition of 2 equiv of

NaS2CNEt2 to [OsBr2(PPh3)3] affords the known complex cis-[Os(PPh3)2(S2C-

NEt2)2] (292). This complex is oxidized by cerium(IV) to the osmium(III)

complex trans-[Os(PPh3)2(S2CNEt2)2]
þ (293), which is in turn reduced by

hydrazine to trans-[Os(PPh3)2(S2CNEt2)2] (294) (Fig. 166). As cis-[Os

(PPh3)2(S2CNEt2)2]
þ is never seen, the authors suggest that upon oxidation,

isomerization must be rapid (1366). Related redox chemistry has also been

studied at the ruthenium center, being quantitatively similar to that described

above (1362). All three osmium complexes have been crystallographically

characterized and show a progressive decrease in the osmium–phosphorus
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Figure 165. Proposed interconversion of five- and six-coordinate species in [Ru(dppf)(S2CNEt2)2].
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bond lengths; trans-[Os(PPh3)2(S2CNEt2)2]
þ> trans-[Os(PPh3)2(S2CNEt2)2]>

cis-[Os(PPh3)2(S2CNEt2)2]. The total range is 0.15 Å and the lengthening

correlates with the decreasing 5dp–3dp back-bonding.

A number of cyclopentadienyl and tris(pyrazolyl)borate complexes have

been reported. Cyclopentadienyl complexes, [CpRu(PR0
3)(S2CNR2)] (295)

(Fig. 167), are easily prepared from [CpRuCl(PR0
3)2] and the relevant dithio-

carbamate salt (104,234,1367–1369); related complexes [CpRu(SbPh3)(S2C-

NEt2)] (1370), and [CpOs(PPh3)(S2NC4H8)] (1371) being prepared in an

analogous fashion. Addition of 2 equiv of [CpRuCl(PPh3)2] to homopiperazine

in the presence of carbon disulfide and excess base yields [(CpRuPPh3)2(m-
S2CNC5H10NCS2)] (296) (Fig. 167), while with 1,4,7-triazacyclononane, NMR

evidence supports the formation of a triruthenium complex (104).

A number of crystallographic studies have been carried out including

[CpRu(PPh3)(S2CNPr2)] (104) and [CpRu(PPh3)(S2CNMe2)] (1369, 1372).

Two polymorphs of the latter have been characterized, and show only minimal

differences. In one instance, following this route leads to a monodentate

dithiocarbamate complex. Thus, heating [CpRuCl(PEt3)2] with NaS2CNEt2 in

acetone yields [CpRu(PEt3)2(Z
1-S2CNEt2)] (297), while under similar condi-

tions analogous complexes with bulkier cyclopentadienyl or phosphine ligands

yield only bidentate dithiocarbamate complexes (234). While IR spectra of both

monodentate and bidentate complexes show characteristic n(CS) and n(CN)
bands, they are too similar to allow unequivocal distinction between Z1- and Z2-

coordination. Related xanthate complexes are easily distinguished by 13C NMR
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Figure 166. Conversion of cis-[Os(PPh3)2(S2CNEt2)2] to the trans isomer via successive oxidation

and reduction.
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Figure 167. Examples of complexes of the type [CpRu(PR0
3)(S2CNR2)].
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spectroscopy, the central carbon resonance appearing as virtual triplet or doublet

resonance, respectively. For dithiocarbamate complexes, however, this is not

always observed and is attributed to the effect of the quadrupolar 14N nucleus

(217,234).

Ru

S S

Et3P

NEt2

PEt3

297

Takahashi and co-workers (1373) prepared the 1,3,5-trisubstituted cyclopen-

tadienyl complex [{Z5-C5H2-1-Me-3-Ph-5-C(O)OCH2CH2PPh2}Ru(S2CNMe2)]

(298) (Fig. 168), with a pendant phosphine moiety. The dithiocarbamate lies in a

chiral environment constructed by the substituents on the cyclopentadienyl

ligand and the phenyl groups bound to phosphorus. In another interesting report,

Shaver and co-workers (217) give details of the synthesis of dithiocarbamate

complexes [CpRu(PPh3)(S2CNR
1R2)] (R1 ���� Si��i-Pr3, R2¼ Ph, p-tol, 1-naphth;

R1¼H, R2¼ Ph, 1-naphth), formed upon insertion of arylisothiocyanates into

the ruthenium–sulfur bonds of [CpRu(PPh3)2(SSi��i-Pr3)] and [CpRu(PPh3)2(-

SH)], respectively. With the former, reactions are believed to proceed via

precoordination of the isothiocyanate to ruthenium, while with the latter, direct

nucleophilic insertion is proposed. In support of this, [CpRu(dppe)(SSi��i-Pr3)]
does not react with isothiocyanates, while [CpRu(dppe)(SH)] does, giving

monodentate products, [CpRu(dppe)(Z1-S2CNHR)] (R¼ Ph, 1-naphth); a reac-

tion that is reversible in one case (R¼ 1-naphth). A further development

reported in this paper is the reaction of 1,4-phenylenediisothiocyanate with 2

equiv of [CpRu(PPh3)2(SH)] leading to a dithiocarbamate-bridged product 1,4-

[{CpRu(PPh3)}2(m-S2CNHC6H4NHCS2)] (299) (Fig. 168), which has been

crystallographically characterized.
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Figure 168. Further examples of complexes of the type [CpRu(PR0
3)(S2CNR2)].
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In two cases, the cyclopentadienyl ligand is lost upon addition of dithiocar-

bamate salts. As previously noted, addition of 2 equiv of NaS2CNEt2 to

[CpRuCl(dppe)] affords cis-[Ru(dppe)(S2CNEt2)2] (1363), while the same

reaction with [(Z5-C5H4OMe)RuCl(PPh3)2] in refluxing methanol gives cis-

[Ru(PPh3)2(S2CNEt2)2] (1368). The latter is particularly interesting as analo-

gous cyclopentadienyl and methylcyclopentadienyl ligands are not removed in a

similar manner. Cyclopentadienyl loss can be reversed. Thus, reaction of cis-

[Ru(PPh3)2(S2CNC4H8)2] with thallium cyclopentadienide affords another route

to [CpRu(PPh3)(S2CNC4H8)] (1368). Few reactions of these complexes have

been carried out, although [CpRu(PPh3)(S2CNPr2)] has been shown to react

with [Ru3(CO)12] to give the related carbonyl complex [CpRu(CO)(S2CNPr2)]

(169).

Two groups have independently prepared the tris(pyrazolyl)borate complex

[TpRu(PPh3)(S2CNMe2)] from [TpRuCl(PPh3)2] and dithiocarbamate salt

(1374,1375); a crystallographic study revealing the expected distorted octahe-

dral coordination sphere (1374). Similarly, [TpRu(CO)(S2CNR2)] (R¼Me, Et)

have been prepared from [TpRuI(CO)(MeCN)] and the relevant dithiocarbamate

salt (1376).

c. Binuclear Complexes. A wide range of binuclear ruthenium dithiocar-

bamate complexes are known, many with bridging dithiocarbamate ligands

(287–292). The ruthenium(II) dimer [Ru2I(CO)2(PPh3)2(S2CNEt2)(m-I)(m-S2
CNEt2)] (300) (Fig. 169) is the product of iodine addition to [Ru(CO)-

(PPh3)2(NHSO2Ar)(S2CNEt2)] (Ar¼ 2,4,6-i-Pr3C6H2) (292). It has been crys-

tallographically characterized and possibly results via the initial formation of

[RuI(CO)(PPh3)(S2CNEt2)], followed by dimerization. Since it adopts both

terminal and bridging iodide and dithiocarbamate ligands, this suggests these

ligands have similar bridging capabilities. A second dimeric ruthenium(II)

complex, [Ru([9]aneS3)(m-S2CNMe2)]2
2þ, has been prepared upon addition of

2 equiv of NaS2CNMe2 to [Ru([9]aneS3)(MeCN)3]
2þ (301) (Fig. 169) (289). A

crystallographic study reveals quite different carbon–sulfur bonds in the
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Figure 169. Selected examples of diruthenium complexes with bridging dithiocarbamate ligands.
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four-membered S��C��S-Ru rings [C-m-S 1.773(5), C-Z1-S 1.703(3) Å] indica-

tive of pronounced strain.

Heating elemental sulfur and [RuH(CO)(PPh3)2(S2CNMe2)] for prolonged

periods yields [Ru2(CO)2(PPh3)2(S2CNMe2)(m-S2þn)(m-S2CNMe2)] (n ¼ 3, 4),

shown to contain a mixture bridging S5 and S6 ligands in an � 4:1 ratio (291).

Further reactions of this mixture with amines have been studied (290). In all

cases the bridging dithiocarbamate ligand converts to a terminal coordination

mode upon amine binding. With ammonia, a reversible reaction occurs gen-

erating [{Ru(CO)(PPh3)(NH3)(S2CNMe2)}2(m-S6)] (Eq. 127), while with pyr-

idine, the pentasulfide displays similar behavior. In contrast, addition of

hydrazine forms [{Ru(CO)(PPh3)(S2CNMe2)}2(m-S4)(m-N2H4)] irreversibly.
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Mixed-valence ruthenium(II)–ruthenium(III) complexes have been prepared.

Controlled-potential oxidation of the ruthenium(II) dimer [Ru(CO)(S2CNEt2)(m-
S2CNEt2)]2, in which each ruthenium carries one carbonyl, yields

[Ru(CO)(S2CNEt2)(m-S2CNEt2)]þ2 (Eq. 128), whereby both carbonyls are bound

in a cis fashion to a single metal center (288). The molecule contains a long

ruthenium–ruthenium interaction [Ru–Ru 3.614(1) Å] and the sulfurs bridge

approximately symmetrically. The authors were not able to determine if the

molecule contained separate ruthenium(II) and ruthenium(III) centers or a

delocalized state.
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In contrast, oxidation of cis-[Ru(dmso)2(S2CNEt2)2] by iodine generates

trinuclear [Ru3(dmso)2(S2CNEt2)2(m-S2CNEt2)4][I3]2 (Eq. 129), which contains
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two ruthenium(III) centers in close proximity [Ru��Ru 2.826(2) Å] and single

ruthenium(III) center, which is not metal–metal bonded (287).
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As early as 1966, Wilkinson and co-worker (293) reported that oxidation of

[Ru(S2CNR2)3] by boron trifluoride gave dimeric [Ru2(S2CNR2)5]BF4, which

exists in two forms having either two (a-isomer) or three (b-isomer) bridging

dithiocarbamate ligands (294). As discussed above, Pignolet and co-worker

(296) later showed that bubbling boron trifluoride through [Os(S2CNEt2)3] at

low temperature initially gave purple [Os(S2CNEt2)3]BF4, while upon standing

the color was slowly replaced by that of the orange-brown dimer

[Os2(S2CNEt2)4(m-S2CNEt2)2]
2þ. The osmium(III) complex [Os2(S2CN-

Me2)5]Cl, analogous to the ruthenium complexes described above, has been

prepared upon refluxing 4 equiv of NaS2CNMe2 and [OsCl6][NH4]2 (1377). It

has not been possible to unambiguously determine the isomeric form adopted,

although later studies did reveal an isomerization process, believed to result

from conversion of the initially formed a-isomer to the thermodynamically more

stable b-isomer (295).

Pignolet and co-workers (1377) also detailed a rational synthesis of the

known nitride-bridged osmium(IV) complexes [Os2(S2CNR2)4(m-N)(m-
S2CNR2)] (R¼Me, Et), prepared in high yield from the reaction of [Os

(S2CNR2)3] and K2[OsNCl5] in methanol in the presence of excess dithiocar-

bamate salt (Eq. 130). The ethyl analogue shows a well-defined reversible one-

electron oxidation, followed by a second irreversible process, suggesting that

mixed-valence osmium(IV)–osmium(V) complexes may be accessible.
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The examples detailed above generally contain bridging dithiocarbamate

ligands, yet there are a number of diruthenium and diosmium dithiocarbamate

complexes in which the latter are bound exclusively in a terminal fashion

(290,295,1345,1378–1380). Thiolate-bridged [Ru(CO)(PPh3)(S2CNMe2)(m-
SH)]2 results from loss of a phosphine upon heating trans-[Ru(CO)(PPh3)2
(S2CNMe2)(SH)] at 80

�C (1345); the thiolate ligands bridging in preference to

dithiocarbamates. Analogues [Ru(CO)(PPh3)(S2CNMe2)(m-SR)]2 (R¼ Et, Ph)

have also been prepared upon reaction of trans-[RuH(CO)(PPh3)2(S2CNMe2)]

with excess thiol (1378). All of these complexes have planar Ru2S2 cores with

long ruthenium–ruthenium interactions of � 3.3–3.7 Å. In contrast, addition of

nitric acid (R¼ Ph) results in a unique four-electron oxidation to give

[Ru(CO)(PPh3)(S2CNMe2)(m-SPh)]2
4þ (Eq. 131), a 32-electron complex with

a short ruthenium–ruthenium bond [Ru–Ru 2.876(2) Å]. Concomitant with

this oxidation process, the carbonyl vibration in the IR shifts from 1940 to

2020 cm�1. This appears to be the first example in which a four-electron

oxidation is followed by metal–metal bond formation. Electrochemical studies

further reveal that the ethanethiol analogue behaves slightly differently,

displaying two consecutive and fully reversible two-electron oxidation waves.
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d. Divalent Organometallic Complexes. Ruthenium(II) and osmium(II)

dithiocarbamate complexes have been prepared with a wide range of supporting

organic ligands. For example, addition of NaS2CNEt2 to [Ru(Z3:Z3-

C10H16)Cl(m-Cl)]2 yields [Ru(Z3:Z3-C10H16)Cl(S2CNEt2)] (1381), while the

related p-cymene complexes [(Z6-p-cymene)RuCl(S2CNR2)] (R¼Me, Et)

have been prepared from [(Z6-p-cymene)RuCl(m-Cl)]2 and NaS2CNR2

(1369,1382).

A wide range of unsaturated hydrocarbyl ligands have been studied in

conjunction with dithiocarbamates. Hill and co-workers (1383,1384) prepared

ruthenium(II) and osmium(II) alkenyl and alkynyl complexes, trans-[M(CO)-

(PPh3)2(HC����CHR)(S2CNMe2)] and trans-[M(CO)(PPh3)2(C������CR)(S2CNMe2)],

respectively; the phosphines adopting a trans disposition. For example, the

alkenyl complex, trans-[Ru(CO)(PPh3)2(CH����CHCPh2OH)(S2CNMe2)] (302)

reacts with the propargyl alcohol, HC2CPh2OH, to afford an alkynyl complex,
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trans-[Ru(CO)(PPh3)2(C������CCPh2OH)(S2CNMe2)] (303), protonation of which

affords an allenylidene complex, trans-[Ru(CO)(PPh3)2(C����C����CPh2)-(S2
CNMe2)]

þ (304) (1384), while protonation of 302 itself yields the vinyl carbene

trans-[Ru(CO)(PPh3)2(CHCH����CCPh2)(S2CNMe2)]
þ (305) (Fig. 170) (1385).

The latter reacts with a range of simple nucleophiles, attack being directed at the

g-carbon and giving [Ru(CO)(PPh3)2(CH����CHCPh2X)(S2CNMe2)] (X¼H,

OH, F, OEt) (1385).

e. Applications. A number of quite diverse applications have been con-

sidered for ruthenium dithiocarbamate complexes. For example, ruthenium(III)

complexes [RuX2(EPh3)2(S2CNR2)] have been studied for their antifungal

activity, showing higher activity than the free dithiocarbamate ligands (1335),

while insoluble [Ru(S2CNPh2)3] has been used to modify a graphite electrode

via the abrasive method, electrocatalytic oxidation of ascorbic acid being carried

out at the modified electrode (1330,1386).

Violet ruthenium(II) complexes, [Ru(dcbH)(dcbH2)(S2CNR2)] (306), carry-

ing a 4,40-dicarboxy-2,20-bpy ligand have been shown to be an efficient

sensitizers of titanium dioxide anatase nanocrystalline powders, although

photophysical studies have shown that the photocurrent is limited by iodide

oxidation (1387).
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Welton and co-workers (1369) prepared zeroth- and first-generation poly(-

amido)dendrimers functionalized with ruthenium dithiocarbamate end-groups

carrying CpRu(PPh3) or (p-cymene)RuCl functionalities, with FAB and ESMS

being used as characterization tools.

Thermal gravimetric analysis studies have been carried out on tris(dithio-

carbamate) complexes [Ru(S2CNR2)3]. Decomposition to Ru2S3 occurs between

448 and 553 K, while at higher temperatures nonstoichiometric sulfides of

ruthenium are generated. Purported osmium(IV) complexes [Os(S2CNR2)4]

similarly convert to Os2S3 at slightly higher temperatures (424–673 K), but

decompose above this upper limit (1332).

F. Group 9 (VIII B): Cobalt, Rhodium, and Iridium

1. Cobalt

Cobalt dithiocarbamate complexes are now known in oxidation states þ1 to

þ4, the first reported examples being the tris(dithiocarbamate) complexes

[Co(S2CNR2)3], which were prepared in 1920 (1388).

a. Tris(dithiocarbamate) Complexes. Cobalt(III) tris(dithiocarbamate)

complexes are easily prepared from the reaction of cobalt(III) and dithiocarba-

mate salts (58, 130, 358, 357, 392, 459, 462, 463, 1389, 1390). Examples

include those derived from diallylamine (1389), a-amino acids (130), 1,4,7,

10-tetraoxo-13-azacyclopentadecane, 15-aminobenzo-1,4,7,10,13-pentaoxacy-

lopentadecane (50), and with aryl substituents (1390). In quite recent work,

Beer et al. (62) prepared a number of novel cryptand complexes in which two

cobalt(III) centers are linked via three dithiocarbamate ligands, which have been

used for the electrochemical recognition of group 1(IA) metal cations (see

below). Further, an undergraduate laboratory preparation of [Co(S2CNEt2)3] has

been reported from NaS2CNEt2 and cobaltous chloride, including its character-

ization by IR, NMR spectroscopy, and cyclic voltammetry (1391).
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The nature of the formation of cobalt(III) tris(dithiocarbamate) complexes

has been the focus of a number of publications. A kinetic study of the reaction of

[Co(NH3)6]
3þ with 3 equiv of 4-morpholine dithiocarbamate under isothermal

conditions showed that an intralattice reaction occur via a phase-boundary

reaction mechanism (1392). The photoreaction of [Co(en)3]
3þ with the bis(2-

hydroxyethyl) dithiocarbamate ion in aqueous solution, leading to [Co-

(S2CNR2)3] (R¼ CH2CH2OH), has also been studied in some detail (1393).

The quantum yield depends on the wavelength of light used, and the concentra-

tions of ligand, and complex. A quantum yield of greater than unity in one case

suggests that the primary photoredox process is followed by a chain reaction

involving cobalt(II) species, and other cobalt amine complexes show similar

behavior.

O’Conner and co-workers (1394) prepared a series of optically active

examples of [Co(S2CNR2)3] (R¼Me, Et, i-Pr, Bu, i-Bu, Bz, Ph, t-Bu,

CH2CH2OH; R2¼ C4H8, C4H8O) via ligand displacement reactions of (þ)546-

K[Co(edta)].2H2O and related chiral amine complexes; partially resolved

complexes being precipitated in high yields. They have assigned absolute

configurations from the sign of the 1A1 ! 1Ea visible transition in the circular

dichroism (CD) spectra. These vary both as a function of the substituents on the

dithiocarbamate and the chiral cobalt(III) starting material utilized. In related

work, Haines and Chan (61) prepared single diastereoisomers of [Co(S2CNHCH

MePh)3] starting from optically pure a-phenylethylamines; the (�) ligand

affording �-[Co(þ)(S2CNHCHMePh)3] and the (þ) form yielding �-[Co(þ)

(S2CNHCHMePh)3] (Fig. 171). In nonpolar or weakly polar solvents, however,

inversion occurs yielding a second diastereoisomer, which can also be isolated

in pure form. This observation suggests that in the original synthesis, the
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Figure 171. Optical isomers of [Co(þ)(S2CNHCHMePh)3].
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stereoselective precipitation of one isomer occurs, reverting to the thermody-

namically most stable form in solution.

All tris(dithiocarbamate) complexes are diamagnetic and a number of

crystallographic studies have been carried out (50, 358, 359, 392, 393, 459,

462, 463, 501, 1389), the results of which are summarized in Table VI. In all

cases, the metal adopts a distorted octahedral coordination environment.

Cobalt–sulfur bonds of � 2.26 Å remain approximately constant as the nature

of the dithiocarbamate substituents is changed, while carbon–sulfur and carbon–

nitrogen bonds do not show any systematic variation (358). Thus, White and co-

workers (358) probed the effects of different alkyl substituents on the structures

of [Co(S2CNR2)3]. Their results suggested that the influence on the ligand-field

strength at sulfur is not through the p-bonding network of the S2CN moiety, but

rather results from intraligand S. . .H��C interactions that increase with increas-

ing steric bulk.

Deformation density maps and DFT calculations have been used to study the

electron density distribution about [Co(S2CNMe2)3]. A spherical distribution is

seen around the cobalt(III) ion, displaying a linear relationship between electron

density at the bond critical point and bond length. This result suggest that the

former is a good indicator of bond strength (510).

Cobalt-59 NMR data has been recorded for a wide range of complexes

(305,362,541,1395,1396), many examples of which are included in a review of

this topic (1397). Since 59Co NMR chemical shifts cover a wide range, this

allows identification of mixed-ligand species. Bond et al. (541) noted that 59Co

NMR chemical shifts do not correlate in a simple fashion with electrochemical

data (see below), suggesting that steric effects influence the two techniques in a

different way. A second study by the same group used both solution and solid-

state 13C NMR spectroscopy and solution 59Co NMR measurements to show

that the increase in ligand-field strength associated with phenyl substituents is

due to a combination of steric and electronic effects (359).

Stability constants for a number of simple alkyl dithiocarbamate complexes

have been assessed by UV–vis data, showing a decrease in the order; Et> i-

Pr> n-Pr>Me (393). Mixed-ligand tris(dithiocarbamate) complexes can also

be prepared upon heating mixtures of homoleptic complexes together at elevated

temperatures, either in solution or the solid state as monitored by 59Co NMR

spectroscopy and MS (541). A second route to these species involves the

controlled potential oxidation or reduction of the homoleptic compounds. Here,

on a short time scale, no ligand scrambling is seen at cobalt(IV) or (II),

suggesting that these species undergo only slow dithiocarbamate exchange

(541).

Tris(dithiocarbamate) complexes are readily oxidized (see below), however,

upon addition of iodine only simple adducts, [Co(S2CNR2)3].2I2 (R¼Me, Et;

R2¼ C5H10, C4H8O), result. The dimethyldithiocarbamate complex has been
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crystallographically characterized, revealing a layered structure with intermo-

lecular iodine–sulfur distances of 3.82 Å within the layers and 3.14 Å between

them (460).

b. Oxidation of Tris(dithiocarbamate) Complexes: Generation of

[Co(S2CNR2)3]
þ and [Co2(S2CNR2)5]

þ. The stability and nature of products

generated upon one-electron oxidation of cobalt(III) tris(dithiocarbamate) com-

plexes has been a topic of some debate, which has attracted the attention of a

number of researchers (302–308), and it is only very recently that a study by

Webster et al. (309) has appeared to clarify this area. By using voltammetric,

ESR, and UV–vis–NIR data, they showed that one-electron oxidation of

[Co(S2CNR2)3] (R¼ Et, Cy) in dichloromethane generates cobalt(IV) cations,

[Co(S2CNR2)3]
þ, which are stable for several hours at 233 K. The ESR data (at

<50 K) showed that the unpaired electron resides mainly on the metal center

and displays a high degree of anisotropy attributed to a distorted octahedral

structure, while UV–vis–NIR data reveal LMCT excitations to the unfilled t2g
orbital on the metal (309). Earlier studies had shown that the stability of these

cobalt(IV) cations is dependent on the nature of the substituents, with bulky

groups such as cyclohexyl conferring enhanced lifetimes (305).

The instability of cations, [Co(S2CNR2)3]
þ, stems from their propensity to

undergo an internal redox reaction resulting in the generation of dimeric

cobalt(III) cations, [Co2(S2CNR2)5]
þ (Fig. 172). Formation of the latter is again

sensitive to substituent effects and is also concentration dependent; increased

stability being seen in dilute solutions (305). These cations probably result from

initial dimerization of [Co(S2CNR2)3]
þ to give [Co2(S2CNR2)6]

2þ, followed by

loss of a ligand that is in turn oxidized. At low temperatures, further oxidation to

give [Co2(S2CNR2)5]
2þ is possible, but the dications decompose at room

temperature (305).

Contrary to one report (306), cobalt(IV) cations are unstable in acetone (305,

307), while in acetonitrile, [Co2(S2CNR2)5]
þ is cleaved to give [Co(S2
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Figure 172. Oxidation of [Co(S2CNR2)3] leading to the formation of [Co2(S2CNR2)3(m-
S2CNR2)2]

þ.
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CNR2)2(MeCN)2]
þ and [Co(S2CNR2)3] (Fig. 173) (302). As the latter can be

reoxidized, then the overall reaction proceeds via a EC2C mechanism, which

has been successfully simulated. The calculated dimerization rate constant is

the same in acetonitrile and dichloromethane, showing that it is solvent

independent.

Interestingly, oxidation of [Co(S2CNMe2)3] in acetonitrile in the presence of

light (300–600 nm) has been shown to give rise to appreciable photocurrents.

These photocurrents are believed to result from generation of [Co(S2CNMe2)3]
þ

followed by an internal redox reaction to give [Co(S2CNMe2)2] and oxidized

dithiocarbamate (1398). Mixed-ligand dithiocarbamate complexes [Co(S2CNR2)

(S2CNR
0
2)2] have also been probed electrochemically. Even after repetitive

scanning, no evidence for ligand exchange was observed (541).

As noted earlier, Beer et al. (62) prepared a number of cryptand complexes

307 and 308 (Fig. 174). Electrochemical recognition studies using cyclic and

square-wave voltammetry showed that these complexes differ from simple

derivatives, in that they exhibit broad overlapping redox waves, the addition

of alkali metal cations leading to significant anodic shifts in the oxidation

potential. Further, for 307 there is a complementary metal cation to cryptand

cavity size correlation; the smallest cryptand (307, n ¼ 1) binding sodium most

strongly, while (307, n ¼ 2) shows the highest shift for potassium, and (307,

n����3) for caesium. Similarly, amide complexes (308, n ¼ 2,3) show electro-

chemical recognition of anions; cathodic perturbations of up to 125 mV being

noted with H2PO
�
4 in dichloromethane.

Reactions of [Co(S2CNR2)3] with chemical oxidants gives rise to a range of

products, being highly dependent on the nature of the oxidant. An ESMS study

of the products generated upon oxidation by NOBF4 revealed ions associated

with the unknown species [Co2(S2CNR2)5S]
þ and [Co2(S2CNR2)5S2]

þ. Neither
the nature of sulfur coordination nor its source is known, although the authors

suggest that the latter may result from thiuram disulfide oxidation by NOþ

(303).
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Figure 173. Decomposition of [Co2(S2CNR2)3(m-S2CNR2)2]
þ in acetonitrile.
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While adducts form with iodine (see Section IV.F.1.a), chlorine and bromine

both oxidize the cobalt center, although products appear to be substituent

sensitive. In most cases (R¼Me, Et; R2¼ C4H8, C5H10, C4H8O), complete

loss of dithiocarbamate occurs giving [CoX4][bitt-4] [bitt-4¼ bis(dialkyli-

monium)tetrathiolane] (Eq. 132), however, this product is not observed in
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Figure 174. Examples of linked cobalt(III) tris(dithiocarbamate) complexes.
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certain other cases (R¼ Pr, Bu) (1399).

Co
S

S S

S

S

S

NR2

NR2

R2N
X2

X = Cl, Br
S S

SS

NR2R2N [CoX4] ð132Þ

Bond et al. (313) demonstrated the delicate balance between the oxidizing

and coordinating ability of silver(I). Addition of 2 equiv of silver tetrafluor-

oborate gives dimeric oxidation products, [Co2(S2CNR2)5]
þ, while in contrast

with 1 equiv, stable coordination complexes, [Co2Ag(m-S2CNR2)4(S2CNR2)2]
2þ

(309), result. A crystallographic study (R¼ i-Pr) shows the absence of any

direct metal–metal interaction [Co. . .Ag � 3.4 Å], with four of the dithiocarba-

mates bridging between the metal centers. Cyclic voltammetric and ESMS

studies show that these cations retain their identity in solution, although 59Co

NMR spectra showed that they are kinetically labile, addition of further Agþ

resulting in a considerable broadening and shifting to higher frequency of the

signals.
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S S
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NR2
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309

The same group also showed that tris(dithiocarbamate) complexes react with

a range of copper(I) salts in acetonitrile giving 1:1, 2:1 and 3:1 heterobimetallic

adducts together with polymeric species (Fig. 175), the latter being linked and

cross-linked into a novel double-stranded polymer by centrosymmetric dis-

placed step CuI6 units (498,1400,1401). In contrast, reaction with [Cu(BF4)2]

simply yields [Co2(S2CNR2)5][BF4] and [Cu(S2CNR2)2][BF4] (1118).

c. Other Cobalt(III) Complexes. Awide range of cobalt(III) dithiocarba-

mate complexes containing other ligands such as phosphines (1402–1405),

phosphites (1406,1407), amines (1408–1412), and cyclopentadienyl (253), have

been prepared and studied. Cyclam (1,4,8,11-tetraazacyclotetradecane)
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complexes, [Co(S2CNR2)(cyclam)]2þ (310), have been prepared with cyclic

dithiocarbamates generated from piperidines, morpholines (morph), and piper-

azines (1409,1410,1412). The coordination environment at the metal center is

octahedral and the cyclam ligand is folded. The trans-influence of the dithio-

carbamate has been studied by NMR in DMSO-d6; pip>morph>Mepip

(1410), while the position of the methyl group in monosubstituted piperidine

derivatives influences both the positions of n(C��N) and n(C��S) and the thermal

stability; 2Me> 3Me> 4Me (1409). These complexes have also been studied

electrochemically, showing a reversible one-electron reduction in aqueous

solution, while in other solvents reduction does not occur (1413).
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S N

N

HN

HN

N
X

2+

H

H

310

The ethylenediamine complex, [Co(S2CNEt2)2(en)][BF4], and other substituted

analogues can be easily prepared upon addition of the diamine to [Co2(S2CN

Et2)5][BF4] (1414), while further diamine complexes [Co(S2CNMe2)3�n

(diamine)n]
nþ (n ¼ 1, 2) (Fig. 176) have been prepared from [Co(ClO4)2] and

tetramethylthiuram disulfide in the presence of the diamines, and characterized

by CD and magnetic circular dichroism (MCD) spectra (1408).
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Figure 175. Part of the polymeric unit of a 2:1 adduct of [Co(S2CNR2)3] and a copper(I) halide.
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Dithiocarbamates are suggested to be the best ligands in stabilizing the

Co(III)-P bond due to their steric compactness and electronic softness. Devel-

oping this, Kashiwabara and co-workers (1402–1407,1415–1418) prepared a

range of octahedral phosphine and phosphite complexes, often utilizing the

oxidation of cobalt(II) salts by thiuram disulfides for their synthesis. For

example, with the monodentate phosphite, 4-Et-2,6,7-trioxa-1-phosphabicy-

clo[2.2.2]octane (etpb), two products result, [Co(S2CNR2)(etpb)4][BF4]2 and

[Co(S2CNR2)2(etpb)2][BF4] (R¼Me, Et; R2¼ C5H10) (Fig. 177), while related

trimethyl and triethyl phosphite complexes have also been prepared (1407). A

crystallographic study of [Co(S2CNMe2)2(etpb)2][BF4] reveals a cis disposition

of phosphites, however, upon photolysis the less soluble trans isomer is

generated almost quantitatively. Complexes have also been prepared with the

bidentate phosphite, (MeO)2PCH2CH2P(OMe)2, via oxidation of Co(BF4)2 or

from the tris(dithiocarbamate) complexes upon reduction with activated char-

coal (1406).

In recent work, a range of phosphine complexes [Co(S2CNMe2)2
(PMe3�nPhn)2][BF4] (n ¼ 0–3) (1415) and [Co(S2CNMe2)2(PHPh2)2][BF4]

(1416) have been prepared from [Co(H2O)6][BF4]2, 2 equiv of phosphine and

1 equiv of dithiocarbamate salt or thiuram disulfide, and factors affecting the

adoption and relative stability of cis and trans isomers has been assessed using

X-ray crystallography. Reactions often give mixtures of cis and trans-isomers,

and for [Co(S2CNMe2)2(PHPh2)2][BF4], the cis-isomer is converted into the

trans upon photolysis (Eq. 133), a process that can be reversed thermally
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Figure 176. Schematic representations of octahedral mixed-diamine-dithiocarbamate cations.
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(1415,1416,1418). Mixed-phosphine–phosphite complexes behave in a similar

manner (1417).

Co

HPh2P

HPh2P S
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NMe2
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+
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+
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∆

ð133Þ
Crystallographic studies also reveal that the cobalt–sulfur and cobalt–phos-

phorus bond lengths vary as a function of both the steric and electronic effects of

the phosphorus ligands. In the cis-isomers, there is significant steric interaction

between the phosphine groups, and p–p stacking interactions also occur

between the dithiocarbamate plane and one of the phenyl rings of the phosphine.

These effects are largely absent in the trans forms and here it appears to be the

electronic trans-influence of the phosphine (as measured by the s-donicity),
which is competitive with its steric requirement and leads to an elongation of the

mutually trans cobalt–phosphorus bonds (1415,1417,1418).

Bidentate phosphine complexes are prepared in the same way and display

similar properties and structural characteristics. Examples include Me2P(CH2)n-

PMe2 (n ¼ 1–3), Ph2P(CH2)nPPh2 (n ¼ 1–4) (1401), and [(Z5-C5H4PR2)2Fe]

(R¼Me, Ph) (1405). Most interesting is [Co(S2CNMe2)2(313-NPPN)][ClO4]3
(313-NPPN¼ 4,6-diphenyl-4,6-diphosphanonane-1,9-diamine) being formed as

rac and meso isomers. The latter has been crystallographically characterized,

coordination of the ligand occurring through the phosphorus atoms (1403). A

byproduct of this synthesis, [Co(S2CNMe2)2(Z
2-H2NCH2CH2PPhCH2OH)]

þ

(311), has also been crystallographically characterized, with the cobalt center

being bound through nitrogen and phosphorus.
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When mixed-phosphine–sulfide ligands are used, it is the phosphorus center

that preferentially binds to cobalt(III). For example, with Me2PCH2CH2SR
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(R¼Me, Et), cis-[Co(S2CNMe2)2(Z
1-Me2PCH2CH2SR)2]

þ (312) result (1404).
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Electrochemical studies have been carried out on a wide range of mono- and

bis(dithiocarbamate) complexes, [Co(S2CNEt2)(bidentate)2]
2þ, and [Co(S2C-

NEt2)2(bidentate)]
þ, respectively, with bidentate phosphorus and nitrogen donor

ligands. A good linear relationship is found between the potential difference,

�E ¼ E1=2ðoxÞ � E1=2ðredÞ, and the first d–d transition energy for these and

tris(dithiocarbamate) complexes (308).

Robinson and co-workers (1348) showed that cobalt(II) halides [CoX2

(dppe)] react with dithiocarbamate complexes [M(S2CNEt2)2] (M¼ Cd, Hg,

Zn) in the presence of tetraethylthiuram disulfide to give cobalt(III) products,

[Co(S2CNEt2)2(dppe)]2[MX4] (Eq. 134). The zinc salt was not quite as expected,

being shown crystallographically to be [Co(S2CNEt2)2(dppe)]2[Cl3ZnO(dp-

pe)OZnCl3], containing an unusual anion, but the anticipated cobalt(III) cation.
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ð134Þ
While dithiocarbamates generally bind strongly to cobalt(III), it is not always

possible for them to displace other ligands. Thus, addition of 3 equiv of

dithiocarbamate salts to [Co(diNOsar)]Cl3 (diNOsar¼ 1,8-dinitro-3,6,9,13,16,

19-hexaazabicyclo[6.6.6]isosane) gives complexes [Co(diNOsar)]-[S2CNR2]3
(R¼ Et, i-Pr; R2¼ C4H4), in which the dithiocarbamates simply act as anions;

the cobalt(III) center remains bound to the nitrogen atoms of the macrocyclic

ligand (1419). Likewise, addition of 3 equiv of NaS2CNEt2 to the cryptate

complex [Co(AMMEsarH)]Cl4 (AMMEsar¼ 8-Me-3,6,10,13,16,19-hexaazabi-

cyclo[6.6.6]icosan-1-aminium), yields [Co(AMMEsar)][S2CNEt2]3, in which

the three dithiocarbamate ligands hydrogen bond through the sulfurs to the

cryptate (1420).
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As might be expected, dithiocarbamates do not readily displace cyclopenta-

dienyl ligands; addition of thiuram disulfides to [CpCo(CO)2] and its methyl-

substituted analogue giving [CpCo(S2CNR2)(Z
1-S2CNR2)] (R¼Me, Et) (253).

These pseudo-octahedral complexes are fluxional in solution, three processes

being identified; rotation about the carbon–nitrogen bonds of inequivalent

dithiocarbamates, and Z1 and Z2 dithiocarbamate exchange.

A wide range of cobalt(III) cyclopentadienyl complexes, [CpCoX(S2CNR2)]

(X¼ I, CN, NCS) and [CpCoL(S2CNR2)]I (L¼H2O, py, phosphine, phosphite,

stibine, organoisocyanide), can be prepared upon addition of dithiocarbamate

salts to [CpCo(CO)I2] and [CpCoLI2], respectively (1128,1421). For example,

Miller and co-workers (1421) prepared [CpCoI(S2CNR2)] (R¼Me, Et) (313)
from [CpCo(CO)I2]. Further addition of nitrite or nitrate give [CpCo(-

NO2)(S2CNR2)] and [CpCo(NO3)(S2CNR2)] (314), respectively, while the

iodide reacts with PPh3 in acetonitrile to afford [CpCo(PPh3)(S2CNR2)]I

(315) (Fig. 178).

The fluorinated alkyl complex [CpCo(C3F7)(S2CNMe2)] is prepared from

[CpCo(CO)I(C3F7)] upon addition of NaS2CNMe2, while addition of MeI or

MeSO3F to [CpCo(CN)(S2CNMe2)] yields [CpCo(CNMe)(S2CNMe2)]
þ (1128).

A crystallographic study has been carried out on [CpCoI(S2CNEt2)], and shows

the expected piano-stool geometry (253). By utilizing the latter, it is possible to

prepare the mixed-ligand complex [CpCo(S2CNMe2)(S2CNEt2)]. This complex

exits as two isomers with [CpCo(S2CNEt2)(Z
1-S2CNMe2)] being favored at

higher temperatures (Eq. 135) (253).
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d. Cobalt(II) Complexes. Cobalt(II) bis(dithiocarbamate) complexes,

[Co(S2CNR2)2], have been claimed for many years (754), and are reported

to spontaneously oxidize to cobalt(III) complexes in air. To date no
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Figure 178. Selected reactions of [CpCoI(S2CNR2)].
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crystallographic evidence has been presented and spectroscopic and other

characterization data are often inconclusive. Hoa and Magee (1422) studied

the reduction of cobalt(III) tris(dithiocarbamate) complexes [Co(S2CNR2)3] at a

mercury electrode in DMSO. The one-electron reduction process to generate

[Co(S2CNR2)3]
� is quasi-reversible, and this is followed by an irreversible two-

electron reduction. Rate constants for the one-electron processes were found to

decrease in the following order: C4H8O< C5H10<Me2 < Et2< Bu2< i-Bu2.

In a series of papers, Siddiqi et al. detail the synthesis of purported cobalt(II)

complexes, [Co(S2CNR2)2], derived from a range of amines including; succi-

nimide and phthalimide (49), b-naphthylamine (1125), and chloroanilines

(1423). Others have claimed the preparation of those containing benzyl (506)

and benzylpiperazine (1126), substituted piperidines (1116,1424,1425), and

1,3,4-thiaxolyl dithiocarbamate (1426). In none of this work was oxygen

rigorously excluded.

Some measurements have been made, such as magnetic moments for the

black b-naphthylamine (2.58 BM) (1125), green benzylpiperazine (2.09 BM)

(1126), and substituted piperidine (2.04–2.31 BM) (1116,1424) derived com-

plexes. ESR studies have been carried out on the green, air, and moisture stable,

methyl-substituted piperidine dithiocarbamate complexes [Co(S2CNC5H9-

Me)2].0.5H2O; the authors interpreting the results in terms of a distorted

square-planar CoS4 coordination environment (1116). The XPS studies have

been carried out (557), as have EXAFS and K-absorption spectral studies (506).

The latter compares analogous cobalt(II) and (III) complexes and shows that

going from the þ2 to þ3 state results in only small chemical shifts (0.8–1.6 eV).

Certainly, if neutral cobalt(II) complexes [Co(S2CNR2)2] do exist, then they are

very susceptible to oxidation and their synthesis and manipulation must be

carried out with rigorous exclusion of air and water.

Indirect evidence for their existence comes from their trapping with the

nitrene source, PhI����NTs (Ts¼ p-tosyl) (1427). This reagent does not react with

cobalt(III) complexes, however, upon reduction with zinc amalgam, a color

change from brown to slate-blue occurs and addition of excess PhI����NTs at this

stage affords [Co{Z2-TsNSC(NR2)SNTs}2] (R¼Me, Et, Pr, Bu) (Eq. 136).

These cobalt(II) products result from insertion of four nitrene (NTs) groups into

the cobalt-sulfur bonds of the in situ generated [Co(S2CNR2)2].
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Bianchini et al. (226) have prepared the cobalt(II) complex

[Co(S2CNEt2){Z
3-(Ph2PCH2)3CMe}]þ upon addition of diethylamine to [Co

(S2CSMe){Z3-(Ph2PCH2)3CMe}]þ (Eq. 42). Cobalt(II) nitrosyl complexes are

also well known. For example, addition of 2 equiv of NaS2CN��i-Pr2 to

[Co(en)2(NO)]
2þ affords [Co(NO)(S2CN��i-Pr)2] (316), which has been crystal-

lographically characterized. The nitrosyl is bent [Co–N–O 129.2(9)�], the metal

coordination geometry being square-based pyramidal, with the dithiocarbamate

ligands forming the base (1264). Mason and co-workers (1428) recorded 15N

and 59Co NMR data for three complexes of this type (R¼Me, Et, i-Pr); 59Co

chemical shifts being quite similar to those for the analogous tris(dithiocarba-

mate) complexes, supporting the description of NO as a weak-field ligand.
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e. Analytical Chemistry and Other Applications. Dithiocarbamate com-

plexation has been utilized in a number of analytical tests to determine cobalt

levels, often in the presence of other metal ions. Ensafi and Abbasi (56) reported

a sensitive stripping voltammetric determination of cobalt(II) based on the

selective accumulation of its complex with the ammonium salt of 2-aminocy-

clohexene dithiocarbamate (317). This process is very sensitive and has been

applied to the determination of cobalt levels in natural water and serum samples.

The same dithiocarbamate salt has been utilized for the simultaneous spectro-

photometric determination of cobalt(II), nickel(II), and copper(II), detection

limits being 0.072, 0.021, and 0.063 mg mL�1 (1429). In a similar manner, the

spectrophotometric determination of the b-adrenergic blocking drug, proprano-

lol has been carried out based on the supposed formation of dithiocarbamate

(318) complexes of cobalt(II), nickel(II), and copper(II) (57).

O N Me

OH

Me

S S–

317 318

S

S

N–

H

Bis(2-hydroxyethyl)dithiocarbamate complexes of a range of metals includ-

ing cobalt, chromium, nickel, copper, and platinum have been separated by
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miceller electrokinetic capillary chromatography with direct photometric detec-

tion (1430), while the same complex formation has been utilized for the

determination of cobalt, nickel, copper, and mercury levels by HPLC (1431).

The HPLC separation of pyrrolidine dithiocarbamate complexes of cobalt,

nickel, copper, and palladium has been reported (1432), as has the simultaneous

determination of cobalt, iron, nickel, copper, mercury, and lead by energy-

dispersive X-ray fluorescence spectroscopy after precipitation as their polymeric

piperazino-1,4-bis(dithiocarbamate) complexes (1433).

The simultaneous determination of cobalt and nickel in aqueous solutions as

trifluoroethyl dithiocarbamate complexes is possible down to 10 ppb in the

presence of a 10-fold excess of iron, copper, cadmium, and zinc (1434), while

the same dithiocarbamate is used for the determination of cobalt in urine

samples by GC and MS (1435).

Bis(dithiocarbamate) complexes, [Co(S2CNR2)2L]
þ (R¼Me, Et; R2¼ C4H4),

of bidentate nitrogen mustards such as N,N 0-bis(2-chloroethyl)ethylenediamine

(DCE) have been prepared from [Co2(S2CNR2)5]
þ and assessed as potential

hypoxia-selective cytotoxins (1411). Cyclic voltammetry studies show that upon

reduction in water, ligand loss is rapid, and it appears to be the free dithio-

carbamate ligands that are responsible for growth inhibition, although released

DCE does contribute to clonogenic cell killing. However, the latter is not

appreciably enhanced under hypoxic conditions suggesting that they are

probably not suited as bioreductive anticancer drugs.

Tsipis and co-workers (1436) reported that reaction of a cobalt-loaded zeolite

with NaS2CNEt2 results in the crystallization of [Co(S2CNEt2)3] on the surface

of the zeolite, forming an inhomogeneous layer patterned on the zeolite.

Miller and co-workers (1421) reported that mixtures of [CpCo-

(NO2)(S2CNMe2)] and BF3.Et2O act as oxidants for the conversion of benzyl

alcohol to benzaldehyde. In the absence of oxygen the reaction is stoichiometric,

but in the presence of oxygen it is catalytic (Eq. 137). Mechanistic aspects have

been probed, a process involving metal-bound nitrogen oxide ester intermedi-

ates being ruled out in favor of one in which nitrite reacts with BF3 to give the

actual oxidant. In the stoichiometric transformation, a cobalt product of the form

[CpCo(S2CNMe2)(BF4)]n is isolated. Its precise structure is unknown, but it

does react with PPh3 to give [CpCo(PPh3)(S2CNMe2)][BF4].

Co

NO2S

S

Me2N

Ph
O

H
PhCH2OH

[cat], BF3.Et2O

[cat] = catalyst

ð137Þ
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Decomposition of [Co(S2CNEt2)3] in the presence of hydrogen sulfide occurs

below its melting point affording Co9S8 in a single phase, as characterized by X-

ray and magnetic susceptibility measurements, although the product still

contains undesired carbon impurity (1437).

2. Rhodium and Iridium

Rhodium(I) and (III) complexes are well known, although there is still some

debate about the existence and nature of compounds formulated to contain

rhodium(II) dithiocarbamate centers. Relatively little work has been carried out

on iridium complexes, although again the þ1 and þ3 states are both accessible.

The þ4 oxidation states can also be generated for both metals, and somewhat

unusually, rhodium(IV) complexes show far greater stability than their iridium

analogues.

a. Trivalent Complexes. Rhodium(III) tris(dithiocarbamate) complexes

were first reported by Malatesta in 1938 (767). Like their iridium analogues,

they are easily prepared from the metal(III) halides (1329,1331–1333,1438),

while iridium complexes can also be prepared utilizing the iridium(IV) starting

material Na2IrCl6, the metal center being reduced by 1 equiv of dithiocarbamate

(1439).

All are diamagnetic and have a distorted octahedral coordination geometry,

as confirmed by the crystallographic characterization of a new polymorph of

[Rh(S2CNEt2)3] (286). They are also fluxional in solution, a variable tempera-

ture NMR study of [Rh(S2CNMePh)3] giving a value 61.5� 4.2 kJ mol�1 for

the free energy of activation of rotation about the carbon–nitrogen bonds (371).

This value is similar to those found for cobalt(III), but relatively large compared

to iron(II) and iron(III) centers. The study also shows that metal-centered optical

rotation is slow between 239–324 K.

In a similar manner to the analogous chromium complexes, oxidative

controlled-potential electrolysis of [Rh(S2CNR2)3] yields [Rh2(S2CNR2)5]
þ

(Fig. 179), presumably via [Rh(S2CNR2)3]
þ and [Rh2(S2CNR2)6]

2þ, with

dimerization rate constants being �1000 times greater than for cobalt

(310,311). Analogous iridium complexes can also be oxidized, but now the

iridium(IV) cations [Ir(S2CNR2)3]
þ (Fig. 179) show remarkable stability, being

stable in solution for days (1439). Further, in acetonitrile a second, irreversible,

oxidation wave is seen, having a half wave potential of þ1.5V versus Ag/AgCl,

and suggesting that the iridium(V) species, [Ir(S2CNR2)3]
2þ, are accessible as

short-lived species. Bond et al. (1439) compared the one-electron oxidation

potentials for the [M(S2CNR2)3] and find the unusual order; Rh> Co> Ir.

The iridium(IV) cations are strongly oxidizing, addition of a further equiva-

lent of dithiocarbamate salt leading to the formation of thiuram disulfide
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and [Ir(S2CNR2)3], while oxidation of mercury at an electrode gives rise

to the formation of the heterotrimetallic complexes, [{Ir(S2CNR2)(m-
S2CNR2)2}2Hg]

2þ (Eq. 138).
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Dimeric [Rh2(S2CNR2)5]
þ can also be oxidized and reduced, but the species

generated have no inherent stability. The oxidation products [Rh2(S2CNR2)5]
2þ

have been detected as transient intermediates, but the reduction products

[Rh2(S2CNR2)5] have no inherent stability and decompose to [Rh(S2CNR2)3]

and [Rh(S2CNR2)2].

Oxidation of [Rh(S2CNBu2)3] in the presence of CO is believed to be a two-

electron process initially affording [Rh(CO)2(S2CNBu2)], which is itself im-

mediately reduced to [Rh(CO)4]
� (311).

The reduction of tris(dithiocarbamate) complexes has not been studied in

such detail (1440,1441). Reduction of [Rh(S2CNR2)3] in DMSO for short

electrolysis times ðt < 1 sÞ is believed to be a two-electron process, but at

longer times ðt < 2 sÞ three electrons are involved. In both cases, cyclic

voltammetry showed that there was loss of free dithiocarbamate anion (1440).

Both [M(S2CNR2)3] (M¼ Rh, Ir) react with silver tetrafluoroborate to give

trinuclear cations [Ag{M(S2CNR2)3}2]
þ in the same way as the analogous

cobalt complexes (313). In a similar manner, [Rh(S2CNC4H8)3] reacts with

copper(I) iodide in the dark to give [Rh(S2CNC4H8)3].3CuI. The latter is a 3D

polymer comprising a pair of interpenetrating uncorrected networks of opposed
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Figure 179. Products of the one-electron oxidation of [M(S2CNR2)3] (M¼ Rh, Ir).
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chirality, formed by cross-linking of the parent species by Cu(m-I)2Cu units,

which is isostructural with the analogous cobalt complex (312).

The groups of both Stephenson (1442) and Maitlis and co-workers (1443)

independently prepared pentamethylcyclopentadienyl complexes [Cp*M(S2CN-

R2)2] (M¼ Rh, Ir; R ����Me, Et) upon addition of 2 equiv of dithiocarbamate salt

to [Cp*MCl(m-Cl)]2. Like the analogous cobalt cyclopentadienyl complexes,

they contain both a monodentate and a bidentate dithiocarbamate;

[Cp*Rh(S2CNMe2)2] (319) (Fig. 180) is characterized by the n(C��N) vibrations
spectrum at 1392 and 1530 cm�1, respectively, in the IR spectrum. In solution,

interconversion of the two dithiocarbamates occurs (Fig. 180). The NMR line

shape analysis suggests that it occurs via a dissociatively controlled intramole-

cular mechanism.

Stephenson’s group also prepared [Cp*RhCl(S2CNMe2)] (320) (Fig. 180) on

addition of 1 equiv of NaS2CNMe2 to [Cp*RhCl(m-Cl)]2. This complex has been

utilized toward the synthesis of mixed-ligand complexes [Cp*Rh(S2CNMe2)

(Z1-S2X)] (X¼OMe, PPh2, PMe2) (321). The IR spectra suggests that it is the
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Figure 180. Reactivity of [Cp*RhCl(S2CNMe2)].
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dithiocarbamate that is bound in a bidentate manner (1442). The chloride can

also be replaced by other anions (Br, I, SCN) (322) and dissolves in methanol to

afford [Cp*Rh(MeOH)(S2CNMe2)]Cl (323), which in turn reacts with a wide

range of Lewis bases to displace the weakly bound methanol. These include

phosphines (324), AsPh3, and Py.

The analogous diethyldithiocarbamate complex [Cp*RhCl(S2CNEt2)] has

also been prepared. Like the dimethyldithiocarbamate complex it reacts with

diphosphines leading to the synthesis of [Cp*Rh(S2CNR2)(Z
1-dppm)]þ (326)

and [{Cp*Rh(S2CNR2)}2(m-dppe)]
2þ (327) (Fig. 181). The latter is formed via

an Z1-intermediate, as shown by NMR (1444,1445). Both of the diethyldithio-

carbamate complexes have been characterized crystallographically as their BPh4
salts. Similar phosphine adducts have been prepared in a different way; addition

of NaS2CNEt2 to [Cp*RhCl2(Ph2PC6F5)] in the presence of NaBF4 affords

[Cp*Rh(S2CNEt2)(Ph2PC6F5)][BF4] (1446).

Attempts to bind tetracyanoethylene (TCNE) to the rhodium(III) center, by

treating [Cp*RhCl(S2CNMe2)] with the alkene in methanol, followed by

addition of NaBPh4, were unsuccessful. Instead, a yellow nonconducting solid

proposed to be [Cp*Rh(S2CNMe2)(NCBPh3)] (325) (Fig. 180) was isolated.

Characterization of the unusual cyanotriphenylborate ion is based on IR and

mass spectral data, together with a preliminary crystallographic study of a

related complex (1442).

Rhodium(III) dioxygen complexes [Rh(S2CNMe2)(Z
2-O2)L2] (L¼ PPh3; L2

¼ dppe) (329) can be prepared from the rhodium(I) complex [Rh(S2CNMe2)L2]

(328) and oxygen in the presence of the phosphine (Fig. 182) (1447). The

monodentate phosphine complex [Rh(S2CNMe2)(Z
2-O2)(PPh3)2] undergoes a

rapid reaction with carboxylic acids to give trans-[Rh(S2CNMe2)(PPh3)2(Z
1-

O2CR)2] (330), an example of which (R¼ CH����CHCO2H) has been crystal-

lographically characterized (1448). When carbon dioxide is added to

[Rh(S2CNMe2)L2] in the presence of PPh3, novel peroxycarbonato complexes

[Rh(S2CNMe2)(Z
2-CO4)L2] (331) result, which in turn yield trans-[Rh(S2CN

Me2)(Z
2-CO3)L2] (332) after oxygen removal by PPh3. The crystallographically

characterized trans-isomer (L¼ PPh3) is the kinetic product, while heating leads

to generation of the thermodynamic cis-isomer (333) (1447).
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Figure 181. Cationic, pentamethylcyclopentadienyl diphosphine complexes.
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Brandt and Sheldrick (1449) reported the synthesis of the macrocycle

complex [RhCl(S2CNEt2)(9aneS3)]
þ (9aneS3¼ 1,4,7-trithiacyclononane),

prepared from [RhCl(MeCN)(9aneS3)]
2þ and 1 equiv of dithiocarbamate

salt. Interestingly, with 2 equiv of dithiocarbamate in methanol, dimeric

[Rh(S2CNEt2)2(m-SR)]2 (R¼ CH2CH2SCH2CH2SCH����CH2) result, which are

products of the base-induced ring-opening of the thia-macrocycle.

The same workers also give details of rhodium(III) triphos complexes (1450).

Addition of NaS2CNR2 to [RhCl3(triphos)] (triphos¼ 1,1,1-tris(diphenyl-

phosphino)methane) yields the stereochemically rigid [RhCl(S2CNR2)

(triphos)]Cl (R¼ Et, Bz), while addition to [Rh(MeCN)3(triphos)]
3þ gives

[Rh(MeCN)(S2CNR2)(triphos)]
2þ, which in contrast show rapid exchange of

phosphorus environments. This result is attributed to an Z3-Z2 interconversion.

Isolable bidentate triphos complexes [Rh(S2CNR2)2(Z
2-triphos)]þ result upon
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Figure 182. Synthesis and reactivity of octahedral rhodium(III) complexes with oxygen-containing

ligands.
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addition of 2 equiv of dithiocarbamate salts to [Rh(MeCN)3(triphos)]
3þ, as

confirmed crystallographically (R¼ Et). The uncoordinated phosphorus is

further oxidized in solution (Eq. 139).
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The borane complex [Rh(B10H10Te)(PPh3)(S2CNHPh)] (334), resulting from

the addition of phenylisothiocyanate to [2,2-(PPh3)2-2-H-1,2-TeRhB10H10] in

dichloromethane, has been crystallographically characterized, although its

precise mode of formation is unknown (220).

Te

Rh

S
S

PhHN

PPh3

334

Besides the synthesis of tris(dithiocarbamate) complexes, very little further

iridium(III) chemistry has been carried out (1451). Addition of NaS2CNEt2 to

trans-[IrHCl(N2)(PPh3)2(FBF3)] results in the facile loss of the tetrafluoroborate

anion and dinitrogen generating trans-[IrHCl(PPh3)2(S2CNEt2)] (1452). Dean

has reported the crystal structure of the thiocarboxamido complex

[Ir(CO)(PPh3)(S2CNMe2)(CSNMe2)][PF6] (335) (1453), comparing it with the

related rhodium(III) complex [RhCl(PPh3)(S2CNMe2)(SCNMe2)] (336)

(Fig. 183) (1454,1455). The major difference between the two is that in the

iridium complex a sulfur of the dithiocarbamate ligand lies trans to the

thiocarboxamido carbon, while at rhodium, the chloride occupies this position.

b. Monovalent Complexes. A number of rhodium(I) dithiocarbamate

complexes are known, all being square planar. For example, the bis(phosphine)
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complex [Rh(S2CNMe2)(PPh3)2] is easily prepared from [RhCl(PPh3)3] and

NaS2CNEt2 in the presence of more phosphine (1447). A number of diolefin

complexes, [Rh(S2CNR2)(diolefin)], can be prepared in a similar fashion from

chloro-bridged dimers, [Rh(diolefin)(m-Cl)]2 (285,1456). For example, addition

of [Et3NH][S2CNMePh] yields [Rh(S2CNMePh)(diolefin)] (diolefin¼ cod,

NBD). The diolefin is readily replaced, for example, by carbon monoxide and

phosphines to give [Rh(S2CNR2)(CO)2] (285,1456) and [Rh(S2CNR2)(PAr3)2]

(1457). Sequential carbonyl substitution can also be carried out on the former to

give [Rh(S2CNR2)(CO)(PAr3)] (1456) (Fig. 184).

A number of crystallographic studies have been carried out. The expected

square-planar nature of the rhodium(I) center and cis disposition of carbonyl and

phosphine is confirmed in isolated molecules of [Rh(S2CNEt2)(CO)(PAr3)]

(Ar ¼ p-C6H4Me) (1457), while in contrast, [Rh(S2CNMePh)(CO)2] (337)

exhibits columnar stacking of the square-planar rhodium(I) units to give almost

perfect linear chains [Rh. . .Rh. . .Rh 179.47(1)�] with long rhodium–rhodium

contacts [Rh. . .Rh 3.2528(7) Å] (Fig. 185) (285).

A number of binuclear rhodium(I) complexes are known. When carbon

monoxide is bubbled through a diethyl ether suspension of [Rh(S2CN

MePh)(NBD)], dimeric [Rh2(CO)2(NBD)(m-S2CNMePh)2] (338) (Fig. 186)

results, which is believed to contain two m-Z1,Z1 dithiocarbamates (285).

Related binuclear complexes [Rh2L2(cod)(m-S2CNMePh)]þ (L ����CO; L2¼
cod) result from reaction of [Rh(S2CNMePh)L2] with [Rh(cod)(acetone)n]

þ,
but here the dithiocarbamate binds in a m-Z2,Z2 fashion as confirmed crystal-

lographically (L2¼ cod) (339) (Fig. 186). Solution NMR measurements on

[Rh2(cod)2(m-S2CNMePh)]þ show that the two metal centers are equivalent

even at �60�C, suggesting a rapid oscillation of the dithiocarbamate CNR2
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Figure 183. Iridium(III) and rhodium(III) dithiocarboxamido complexes.
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moiety between both sides of an idealized plane containing the midpoint of the

metal–metal bond and the two sulfur atoms (285).

Reaction of [Rh(S2CNEt2)(CO)2] with 3(5)-p-methoxyphenylpyrazole

(HpzAn) [HpzAn=3(5)-p-methoxyphenylpyrazole] forms dimeric [Rh(S2CN-

Et2)(CO)(m-pz
An)]2, which can also be prepared from [RhCl(CO)2(Hpz

An)]

and dithiocarbamate salt (286). Here the dithiocarbamate is not bridging, but

interestingly, heating [Rh(S2CNEt2)(CO)2] alone in acetone for 2 h, or upon

standing at room temperature for 9 days, generates black [Rh2(CO)2(m-
S2CNEt2)2], together with amounts of the oxidation product [Rh(S2CNEt2)3].

The dimer is believed to have bridging m-Z1,Z2 dithiocarbamate ligands and a

rhodium dicarbonyl unit, however, precise structural details remain unknown

(286).

Rhodium(I) dithiocarbamate complexes undergo oxidative–addition giving

octahedral rhodium(III) products, as discussed with dioxygen earlier (1447). In a

similar manner, iodine adds to [Rh(S2CNEt2)(CO)(PAr3)] to give [RhI2(S2C-

NEt2)(CO)(PAr3)]. With excess methyl iodide, acyl complexes [RhI(S2CN-

R2)(OCCH3)(PAr3)] are proposed to result, although precise structural details

are unknown (1458).
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S S

N

RhRh

OC
OC

S S

NR2

RhRh

OC

OC

S S
NR2

PhMe +

338 339

Figure 186. Examples of binuclear rhodium complexes with bridging dithiocarbamate ligands.
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Iridium(I) dithiocarbamate complexes have been the subject of a paper by

Duckett and co-workers (1451). Reaction of NaS2CNEt2 with [Ir(cod)(m-Cl)]2
gives [Ir(S2CNEt2)(cod)] from which a range of carbonyl, phosphine, and

phosphite complexes are readily prepared via displacement of the diolefin,

some of which exhibit luminescence in fluid solution at room temperature.

Benzene solutions of [Ir(S2CNEt2){P(OPh)3}2] are unstable and result in slow

formation of the ortho-metalated iridium(III) hydride, [IrH(S2CNEt2)

{P(OPh)3}{P(OPh)2OC6H4}] (Eq. 140), characterized by a hydride resonance

at d �16.02.
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Further iridium(III) hydride complexes result from addition of hydrogen to

[Ir(CO)(PPh3)(S2CNEt2)] (three isomers), [Ir(PPh3)2(S2CNEt2)] (two isomers),

and [Ir(Ar2PCH2CH2PAr2)(S2CNEt2)] (Ar¼ C6F5) (one isomer), and ligand

exchange in p-hydrogen active isomers has been examined. Oxidative–addition

of methyl iodide to [Ir(CO)(PPh3)(S2CNEt2)] affords the trans addition product

[IrI(CH3)(CO)(PPh3)(S2CNEt2)] exclusively, while both [Ir(CO)(PPh3)(S2C-

NEt2)] and [Ir(dppe)(S2CNEt2)] add oxygen reversibly, albeit with considerable

decomposition upon UV mediated loss of oxygen (Fig. 187).

In another contribution, addition of NaS2CNMe2 to [Ir(cot)(m-Cl)]2 (cot¼
cyclooctene) is reported to afford orange [Ir(S2CNMe2)(cot)2] in 62% yield, a

crystal structure showing that the coordinated double bonds lie almost perpen-

dicular to the square plane (1459).

c. Rhodium(II) Complexes. Some uncertainty surrounds the existence of

rhodium(II) dithiocarbamate complexes. One group has claimed the preparation

of [Rh(S2CNR2)2(PPh3)] and [Rh(S2CNR2)2] (R¼Me, Et) from reactions of

dithiocarbamate salts with [RhCl2(NO)(PPh3)2] (1460). Later workers were,

however, unable to confirm this and attempts to reproduce the experiments
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lead only to the isolation of mixtures of rhodium(III) complexes including

[Rh(S2CNEt2)3] (1461). In the same article, a second attempt was made

to prepare a dimeric rhodium(II) dithiocarbamate complex from the reaction

of NaS2CNEt2 with [NBu4][Rh{S2C2(CN)2}2], however, again, only

[Rh(S2CNEt2)3] resulted.

One further contribution relates to the stabilization of rhodium(II). Addition

of TCNQ to [Rh(S2CNR2)(CNPh)2] (R¼Me, Et) in hot methanol affords

products formulated as [Rh(S2CNR2)(CNPh)2][TCNQ], which on the basis of

ESR spectra are believed to contain rhodium(II) and a TCNQ radical anion.

Further, it is proposed that the rhodium(II) species is dimeric in the solid state,

being bound by a rhodium–rhodium bond (1462).

d. Applications. Few potential applications of rhodium and iridium dithio-

carbamate complexes have been developed. The TGA studies have been carried

out on both rhodium and iridium complexes (1329,1332,1333). At temperatures

up to � 553–603 K, tris(dithiocarbamate) complexes decompose to give metal

sulfides M2S3; which at higher temperatures convert to rhodium metal or

nonstoichiometric sulfides of iridium, respectively (1332).

Craciunescu et al. (1463,1464) examined the antitumor activity of a range of

rhodium and iridium tris(dithiocarbamate) complexes. Iridium complexes

showed low activity against various tumors and there was also a correlation

between this activity and their trypanosomicidal activity against various trypa-

nosoma species in rats. Rhodium complexes showed similar behavior with

[Rh(S2CNHPh)3] being most promising. As a result the nephrotoxic effects of

the latter were studied by optical and electron microscopy.

G. Group 10 (VIII B): Nickel, Palladium, and Platinum

1. Nickel

Nickel(II) dithiocarbamate complexes have been known for nearly a century,

while since the late 1960s, nickel(IV) complexes have been prepared. These

were soon followed by the discovery of nickel(III) complexes, the first crystal-

lographically characterized example coming only in 1990 (1465). Most recent

work has served to expand these areas, while electrochemical generation of

unstable nickel(I) species has also been documented (1466); and the synthesis of

a nickel(I) nitrosyl complex has been claimed (379).

a. Nickel(II) Bis(dithiocarbamate) Complexes. Nickel(II) bis(dithiocar-

bamate) complexes, [Ni(S2CNR2)2] (340), were first prepared by Delépine as

early as 1907 (2), and to date a large number have been prepared and studied.

Very recently some exciting developments have been documented including the
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preparation of complexes bearing ferrocenyl subunits (1467,1468), their use in

metal-directed self-assembly reactions (62,1469), and as anion and cation

receptors (492,1470,1471).
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They are easily prepared from dithiocarbamate and nickel(II) salts, and

examples including those derived from simple amines (587,1472); fluorinated

amines (76); amines with o-hydroxyl groups (1473); indole (341); indoline,

carbazole, and imidazole (342) (72); together with those with heterocyclic

(72,1116,1126,1424,1474); benzyl (346,1475); and aryl (95,1423,1425,1476,

1477) substituents. Others include examples prepared from Schiff bases (1121),

2-aryldecahydroquinolin-4-ones (1478), tetrahydroquinoline and tetrahydroiso-

quinoline (1479), succinimide and phthalimide (49), 1,4,7,10-tetraoxa-13-aza-

cyclopetadecane (50), 1,3,4-thiazolyl (1426), and 3-dithiocarboxy-3-aza-5-

aminopentanoate (343) (1480,1481). A wide range of amino acid derivatives

have also been prepared (122,133–137), as have derivatives of glycine,

DL-alanine and DL-valine peptide bonded to ethyl esters of a-amino acids (134).

S

S
N

O2C

−

H3N
+

−S

S
N −

N

S

S
N −

341 342 343

In two papers, Grant and co-worker (1482,1483) investigated the kinetics of

formation of [Ni(S2CNEt2)2] from [Ni(dmso)6]
2þ and NaS2CNEt2 in DMSO.

When relatively low concentrations of the dithiocarbamate salts are used,

[Ni(S2CNEt2)]
þ is kinetically stabilized, allowing its electronic spectrum to

be recorded. It reverts to the bis(dithiocarbamate) by two independent pathways;

the first involving direct addition of further dithiocarbamate salt, and the second

following a dimerization pathway resulting in formation of [Ni(S2CNEt2)2] and

Ni2þ.
Nickel(II) complexes with two different dithiocarbamate ligands, [Ni(S2CNR2)

(S2CNR
0
2)], can be prepared via ligand exchange between pairs of homoleptic

complexes (1484). These reactions have been followed HPLC; activation

parameters suggest an SN2 mechanism. While the steric properties of the
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substituents affect the rate of ligand exchange, statistical factors seem to

determine the position of the equilibrium. Related ligand exchange occurs

upon heating [Ni(S2CNEt2)2] and the bis(phenyldithiocabazato) complex

[Ni(S2CNHNHPh2)2] in chloroform, resulting in formation of [Ni(S2C-

NEt2)(S2CNHNHPh2)] (344) (1476).

Ni
S

S
N

S

S
Et2N

N

H

H

Ph

344

Fayyaz and Grant (1477) studied the displacement of a range of monoanionic

chelating ligands from the nickel(II) center upon addition of 2 equiv of

NaS2CNEt2. These include [Ni{S2P(OR)2}2], [Ni(S2COEt)2], and [Ni{SC

(Me)CHC(Me)O}2], while the diphenyldithiocarbamate ligands are also readily

displaced from [Ni(S2CNPh2)2]. These reactions have been studied kinetically

and generally show a second-order dependence with no intermediates being

observed. With [Ni{SC(Me)CHC(Me)O}2], however, clear spectrophotometric

evidence is seen for a mixed-ligand intermediate, and indeed when the reaction

of 1 equiv of NaS2CNEt2 was carried out in acetone, the mixed-ligand complex

[Ni(S2CNEt2){SC(Me)CHC(Me)O}] was isolated (1477).

The melting points of alkyl substituted complexes decrease as the alkyl group

length increases, the dioctylamine derivative, [Ni{S2CN{(CH2)7Me}2}2], being

prepared as a brown-green wax, which is highly soluble in hydrocarbons (587).

Fluorinated derivatives, [Ni{S2CN(CH2CF3)2}2] and [Ni{S2CNH(CH2CF3)}2],

also show high volatility, both subliming when heated at 10�2 Torr with

volatilization ranges of 75–125�C and 80–120�C, respectively (76).

Both Bruce (1485) and Hoshino-Miyajima (1486) and co-workers prepared

bis(dithiocarbamate) complexes with long-chain substituents as potential liquid

crystals. Most are derived from four-substituted piperazines with flexible alkoxy

tails (345), and are mesomorphic, showing smectic phases Sc and crystal B

mesophases (1485). Palladium, copper, and zinc bis(dithiocarbamate) com-

plexes of the same ligands showed similar behavior, but nickel piperazine

complexes with 4-phenyl, alkyl, and 3-alkoxy tails are non-mesomorphic

(1485).

Ni
S

S
N

S

S

O
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345

H(H2C)n

(CH2)nH
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Thompson and Moyer have previously shown that reaction of ethylenebis

(dithiocarbamate), Na2(ebdtc).6H2O with nickel(II) salts affords the coordination

polymer [Ni(ebdtc)]n.nH2O (346) (98), which is believed to contain bridging

dithiocarbamate ligands. Alonso and Reventós (1487) found that the same

polymer was also the major product of the reaction with [NiCl2(PPh3)2], while

Barrientos et al. (1488) deduced that it has a mean length of 75 units. A similar

reaction of [PPh4]2[ebdtc] with hydrated nickel chloride affords [Nin(ebdtc)nþ1]

[PPh4]2 with an average of 3.5 nickel atoms (1487).

Ni
S

S
NNNi

S

S H H
n

346

Other methods have also been used to prepared nickel(II) bis(dithiocarba-

mate) complexes. Reactions of primary or secondary amines with metal

xanthate complexes have previously been shown to afford a synthetic route to

dithiocarbamate complexes, proceeding via nucleophilic attack at the sp2 carbon

(223,224). More recently, the reactions of secondary amines with nickel

xanthate complexes [Ni(S2COR
0)2] have also been shown to yield

[Ni(S2CNR2)2]; although yields are highly variable. The reason for this is clear,

since thiourethanes, R2N��C(S)OR0, are generated in a competing reaction

pathway (225). The reaction of carbon disulfide with [Ni{S(CH2)3NH2}] is

also proposed to yield [Ni{S2CNH(CH2)3SH}2], resulting from insertion into

the nitrogen–hydrogen bond, although this has not been confirmed crystal-

lographically (199).

In a number of papers, bis(dithiocarbamate) complexes derived from primary

amines, [Ni(S2CNHR)2] (R¼Me, i-Bu, Bu, Ph, Bz), have been prepared and

their chemistry investigated (201,377,379). The amino protons are relatively

acidic and can be removed upon addition of triethylamine to give dithiocarbi-

mato complexes. These complexes in turn add a range of electrophiles (E)

including acetyl chloride, benzoyl chloride, substituted ureas, carbamic esters,

and sulfonamides to give a range of new complexes, [Ni{S2CN(E)R}2]

(Fig. 188).

An exciting development in dithiocarbamate chemistry is the synthesis by

Beer and co-workers (325,1489) of a range of supramolecular complexes

containing nickel(II), zinc(II), and copper(II) bis(dithiocarbamate) centers.

These include the preparation of nano-sized resorcarene-based polymetallic

assemblies, copper(II) dithiocarbamate macrocycles (62,326,1469,1470),

crown-ether derivatives (1471), cryptands (492), and catenanes (544). Details

of this work are given in this section and also within the copper and zinc sections

(Section IV.H.1 and IV.I.1).
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A number of dithiocarbamates derived from diamines have been prepared,

including those based on a terphenyl backbone, which have utilized these

ligands toward the self-assembly of large metal-containing macrocycles upon

addition of metal acetates (1468,1469). For example, macrocyclic complexes

(347) have been prepared in this manner.
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S S

Bu

N
Bu

Ni
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N
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N
Bu X

X

X = H, CO2Me

347

Related pyrrole-based metallomacrocycles (348) have also been prepared

based on a similar principle, as have a range of metallocryptands (349) (Fig. 189)

(492). The palladium analogue of 348 has also been synthesized.

A number of these complexes have been used as anion receptors

(492,1470,1471). These include cyclic (350) and acyclic (351) dithiocarba-

mate-based anion receptors (Fig. 190) incorporating thiourea and amide hydro-

gen-bond donor groups (1470). The NMR titrations with 351 in DMSO-d6

resulted in significant downshield shifts, particularly for the amide protons,

while UV–vis titrations with both 350 and 351 in DMSO show that 350
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Figure 188. Synthesis of asymmetric nickel bis(dithiocarbamate) complexes from [Ni(S2CNHR)2].
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complexes acetate in a 1:1 stoichiometry, whereas H2PO
�
4 is bound in a 2:1

anion/receptor ratio, while 351 forms strong complexes with carboxylate anions.

Receptor 352 incorporates the well-studied [Ru(bpy)3]
2þ subunit. It shows

selective downfield shifts in the 1H NMR spectrum upon addition of anions,

displaying the selectivity trend Cl� �OAc�> Br�� I�, forming stronger

complexes with chloride and acetate than its acyclic analogues (1470).
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Figure 189. Pyrrole-based nickel(II)-containing macrocycles and crytands.
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Figure 190. Examples of nickel(II) complexes that can act as anion receptors.
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Related to this, a crown-ether containing nickel(II) bis(dithiocarbamate)

complex 353 has been prepared (1471). As a multisite system, it is capable of

exhibiting cooperative complexation of anion–cation pairs. Thus, a sixfold

enhancement of the stability constant for acetate results when potassium is

cobound at the crown-ether moiety in 353.
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In 1999, Tsuchida and co-workers (1467) detailed the first synthesis of nickel(II)

bis(dithiocarbamate) complexes bearing ferrocenyl subunits (354). These com-

plexes are prepared in three steps from ferrocenecarboxaldehyde.
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Following from this work, Beer and co-workers (1468) developed similar

chemistry to incorporate ferrocenyl groups and nickel(II) centers into macro-

cyclic arrays, such as those found in 355 and 356 (Fig. 191).

A large number of crystallographic studies have been carried out (Table VII).

Without exception, all show a square-planar coordination environment bite

angles at nickel ranging from 78 to 80�. Nickel–sulfur bonds range between 2.16
and 2.23 Å, being on average the shortest with iso-propyl substituents (393);

although interestingly macrocyclic 350 (Fig. 190), with eight crystallographi-

cally inequivalent nickel–sulfur bonds (2.164–2.224 Å), shows the full range of

bond lengths displayed by this class of complex (492). Structural analyses of

[Ni{S2CNMe(CH2CH2OH)}2] and [Ni{S2CN(CH2CH2OH)2}2] shows that they

adopt microchanneled structures formed by networks of hydrogen bonds, the

sizes of these channels are estimated at 0:8� 0:8 and 0:8� 0:3 nm, respectively,

while in contrast, for [Ni(S2CNC5H9OH)2] no such assembly was noted (1473).

Bis(dithiocarbamate) complexes have been studied by a variety of other

techniques including XPS (523,550,553–555,1490); polarized optical spectra

(1491); the electron spin-echo envelope modulation technique (1492); deforma-

tion density maps (510); extended Hückel (1492), quantum mechanical (554),

NDDO (1493), and DFT (510) calculations; IR spectroscopy (517); and a

normal coordinate analysis using Gibov’s fragmentation procedure (1494).

Nickel(II) bis(dithiocarbamate) complexes typically show a maximum ab-

sorption at � 330 nm in their UV-vis absorption spectra, which is attributed to

MLCT, while bands near 220 and 245 nm are assigned to absorptions localized

primarily on the dithiocarbamates. Oktavec et al. (1495) studied a wide range of

complexes by this technique. Those with longer alkyl chains show an increase in

the intensity of lmax, together with a red shift. The polarity of the solvent used

also has a significant effect on the spectrum; a blue shift is noted with increasing
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Figure 191. Ferrocene-containing nickel(II) macrocyclic complexes.
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solvent polarity. Stability constants for a range of nickel bis(dithiocarbamate)

complexes have also been determined by UV–vis spectroscopy (393,1496). The

effect of alkyl group stability increases in the order; Me< Et< n-Pr< i-Pr, a

similar trend is found for palladium. This order is partly attributed to changes in

the residual positive charge and also to steric effects in branched alkyl groups.

Anderson and Baird (349) carried out a comparative study of the electronic

structures of [Ni(S2CNEt2)2] and [Ni(S2CNC4H4)2]. Their calculations confirm

that the former is the more readily oxidized of the two, and that neither complex

will be susceptible to electrophilic decomposition. Thus, the highest occupied

molecular orbitals (HOMOs) of [Ni(S2CNEt2)2] contain appreciable nickel–

sulfur antibonding character, and thus electrophilic attack should strengthen

these bonds, while for [Ni(S2CNC4H4)2] the HOMOs are composed primarily of

pz orbitals on the carbon atoms of the pyrrole ring. Attack of a nucleophile on

[Ni(S2CNEt2)2] is proposed to lead to a weakening of the carbon–nitrogen

backbone bond, since the lowest unoccupied molecular orbitals (LUMOs) are

comprised primarily of carbon–nitrogen pz antibonding character, while

[Ni(S2CNC4H4)2] is predicted to be unaffected.

A number of reactivity studies have been carried out. Some behave as Lewis

acids forming adducts, [Ni(S2CNR2)2B2], although their ability to do this

depends markedly upon the nature of the substituents (1497,1498), with adduct

forming ability being linked to the electron-withdrawing ability of the sub-

stituents. For example, Ramalingham et al. (1499) reported that while no change

in the absorption spectrum of [Ni(S2CNEt2)2] occurs upon addition of pyridine,

a splitting of lmax does occur for [Ni{S2CN(CH2CH2OH)2}2], indicative of

adduct formation. Similarly, [Ni{S2CN(CH2CF3)2}2], with strongly electron-

withdrawing substituents, forms a stable crystalline adduct with 4-methylpyr-

idine (1500). Sachinidis and Grant (539) used 14N NMR spectroscopy to study

pyridine exchange in [Ni(S2CNR2)2(Py)2] (R¼ Bz; R2¼ C4H4), finding it to be

more rapid for the pyrrole complex.

Emmenegger (1501) isolated a 1,10-phen adduct [Ni(S2CNEt2)2(1,10-phen)]

upon slow cooling of an acetone solution of [Ni(S2CNEt2)2] and a slight excess

of 1,10-phen (Eq. 141). The reaction has also been studied spectrophotome-

trically, the rate of formation being second order and the stability of the complex

depending strongly on the organic solvent used, which is attributed to the

relative solvation enthalpies and entropies.

Ni
N S

S

S

S

NEt2

NEt2

N
Ni

S

S
NEt2

S

S
Et2N

1,10-phen ð141Þ

TRANSITION METAL DITHIOCARBAMATES 345



Preti et al. (1502) showed that cyclic dithiocarbamates complexes

[Ni(S2CNC4H8X)2] (X¼O, S, NH, NMe, CH2) react with 3 equiv of en to

give diamagnetic products, [Ni(S2CNC4H8X)2(en)3]. Their structures are un-

known, but formation of salts, [Ni(en)3][S2CNC4H8X]2, have been ruled out.

The authors favor a penta coordinate, high-spin, nickel(II) center with mono-

dentate ethylenediamine and dithiocarbamate ligands.

Addition of metal–sulfide salts [MS4]
2� (M¼Mo, W), to [Ni(S2CNEt2)2]

results in displacement of one dithiocarbamate and formation of

[Ni(S2CNEt2)(m-S)2MS2]
� (1503). Somewhat related is the addition of

Ph2P(S)CH2PPh2(S) (dppmS2) to [Ni(S2CNEt2)2] and [Ni(S2CNHAr)2]

(Ar¼ Ph, p-tol, a-naphthyl) (1476). Here, adducts of the form [Ni

(S2CNR2)2(dppmS2)] result, although their structural characteristics are unclear.

Interestingly, [Ni(S2CNEt2)2] has also been shown to add Lewis acids. Thus,

addition of AsI3 results in a color change from green to purple and formation of

the octahedral bis(adduct), trans-[Ni(AsI3)2(S2CNEt2)2] (Eq. 142). A related

adduct is also formed with SbI3, but other Lewis acids including AsBr3, SbCl3,

and SbBr3 do not bind. The complexes are diamagnetic and are somewhat

unstable, especially when heated (1504).
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b. Nickel(II) Mono(dithiocarbamate) Complexes. Nickel(II) mono

(dithiocarbamate) complexes fall into four basic types (Fig. 192): (1) neutral

complexes, [NiXL(S2CNR2)](K); (2) neutral bis(chelate) complexes, [Ni(S2
CNR2)(chelate)](L); (3) cationic, [NiL2(S2CNR2)]

þ(M), and (4) anionic,

[NiX2 (S2CNR2)]
�(N). All have been extensively studied, each containing a

diamagnetic square-planar nickel center.

Neutral complexes of the type [NiXL(S2CNR2)] are very common

(378,379,1505–1519) and are found for a wide range of monoanionic (e.g.,
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Figure 192. Different types of square planar nickel(II) mono(dithiodithiocarbamate) complexes.
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X¼ Cl, Br, I, NCS, NO2, SAr, alkyl, C6F5) ligands, while the neutral ligand (L)

is always a phosphine. They can be prepared in a number of ways, most

commonly from a ligand redistribution reaction between [Ni(S2CNR2)2] and

[NiX2L2] (Eq. 143), while anion metathesis is also widely employed to prepare

further derivatives. For example, [NiCl(PPh3)(S2CNHR)] (R¼ Bz, CH2CO2Et)

can be prepared from [NiCl2(PPh3)2] and the dithiocarbamate salts that are

generated in situ (1520).
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Organometallic compounds [Ni(C6F5)L(S2CNR2)] (L¼ PEt3, Ph2PMe, Ph

PMe2; R¼ Et, i-Pr; R2¼ C4H8, C5H10) result from the addition of dithiocarba-

mates to trans-[NiClL2(C6F5)] (Eq. 144) (1513), while a range of related alkyl

complexes, [Ni(CH2R)(PMe3)(S2CNR
0
2)] (R¼ SiMe3, CMe2Ph; R

0 ¼Me, Et, i-

Pr), have also been prepared (1519). All complexes of this type are none-

lectrolytes, although slightly increased values of molar conductivities have been

measured. This observation is considered to result from a partial dissociation of

the anion (1511,1513).
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Like the related bis(dithiocarbamate) complexes, species derived from

primary amines [NiX(PR0
3)(S2CNHR)] (X¼ Cl, Br, NO2; R¼Me, Et, i-Pr, t-

Bu, Ar; R0 ¼ Bu, Ph) can be deprotonated to give dithiocarbimato complexes,

although interestingly a ligand redistribution also occurs such that the isolated

products are the bis(phosphine) complexes [Ni(PR0
3)2(S2CNR)] (Eq. 145) (378).
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Neutral bis(chelate) complexes [Ni(S2CNR2)(chelate)] are far less common

and until recently were limited to dithioacetylacetenoate, [Ni(S2CN��i-Pr2){Z2-

SC(R)CHC(R)S}] (R¼ Ph, C6F5) (357) (Fig. 193) (1521,1522), monothioace-

tylacetenoate, [Ni(S2CNEt2){Z
2-SC(Me)CHC(Me)O}] (1477), and thiophosphate,

[Ni(S2CNMe2){S2P(OMe)2}] (1523), complexes. Very recently a number of

new complexes of this type have been prepared. Dimethylglyoxime (dmg)
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complexes, [Ni(S2CNR2)(dmg)] (R¼ Et; R2¼ C5H10), result from the reaction

of [Ni(S2CNR2)2] and dmg in ethanol at 60�C in the presence of ammonia,

although with [Ni{S2CN(CH2CH2OH)2}2] only [Ni(dmg)2] is formed (1524).

Alkylsalicylaldiminate (Rsal) complexes [Ni(S2CNEt2)(Rsal)] (R¼ Et, i-Pr, i-

Bu) (358) (Fig. 193) have also been prepared starting from [Ni(Rsal)2] (1525),

as have monomeric, [NiL(S2CNC4H8)], and dimeric, [Ni2L2(S2CNC4H8NCS2)],

containing tridentate monoanionic N2O ligands, although their structures have

not been determined (1526).

Two types of charged nickel(II) mono(dithiocarbamate) complexes can be

identified: cationic [NiL2(S2CNR2)]
þ and anionic [NiX2(S2CNR2)]

�. The for-

mer are by far the more prevalent and can be stabilized by a range of

monodentate (359) or bidentate (360) (Fig. 194) phosphine ligands

(132,1348,1490,1509,1527–1540). While a number of synthetic routes have

been adopted, most common is the thermolysis of [Ni(S2CNR2)2] and the

relevant phosphine in the presence of an anion source, with monodentate

phosphines often requiring addition of nickel chloride. The phosphines utilized

generally carry aryl substituents, but [Ni(i-Pr2PCH2CH2P-i-Pr2)(S2CNR2)]Br

(360) (Fig. 194) have been prepared from [NiBr2(i-Pr2PCH2CH2P��i-Pr2)] upon
addition of dithiocarbamate salt (1529). Pastorek et al. (1532,1533) detailed the

synthesis of a large number of cationic complexes with a range of diphosphine

ligands including ferrocenyl diphosphine. In these reports they also detail the

formation of dimeric materials, [Ni2(S2CNR2)2(NCS)2(diphosphine)], when

[Ni(NCS)2.6H2O] is utilized, although their precise nature remains as yet

unclear.
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Figure 193. Examples of complexes of the type [Ni(S2CNR2)(chelate)].
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Figure 194. Examples of cationic nickel(II) phosphine complexes.
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Serrano et al. (1541) recently prepared a series of complexes of the type,

[Ni(S2CNR2)(o-Ph2PC6H4CH����NR0)][ClO4] (R¼ i-Pr, i-Bu; R0 ¼Me, Et, i-Pr,

t-Bu) (361), containing chelating iminophosphine ligands. They result from the

direct reaction between [Ni(S2CNR2)2], nickel perchlorate, and the iminopho-

sphine in ethanol. Two examples have been crystallographically characterized:

relatively large dihedral angles of �9–10� were found between the two chelating
ligands, as compared to values of <5� for the majority of compounds of this

general type.
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Two types of anionic complexes, [NiX2(S2CNR2)]
�, have been detailed

(1503,1542,1543). Organometallic complexes [Ni(C6F5)2(S2CNR2)][NBu4]

(R¼Me, Et; R2¼HEt, HPr, C4H8, C5H10, C4H8O) (362) (Fig. 195) result

from the reaction of [Ni(C6F5)2(m-OH)]2[NBu4]2 with 2 equiv of amine in the

presence of carbon disulfide (1543), while as detailed earlier, metal–sulfide salts,

[MS4]
2� (M¼Mo, W), react with [Ni(S2CNR2)2] (R¼ Et, Bu; R2¼ C4H8) to

give [Ni(S2CNR2)(m-S)2MS2]
� (1503,1542). One example of the latter, namely,

[Ni(S2CNC4H8)WS4][NEt4] (363) (Fig. 195), has been crystallographically

characterized (1542). It contains a square-planar nickel(II) center linked via

two sulfido bridges to a distorted tetrahedral tungsten(VI) ion. Electrochemical

reduction of [Ni(S2CNBu2)MoS4]
� results in the formation of the corresponding

dianion, which has been probed using ESR spectroscopy. A large anisotropy

seen in the observed g values appears to be inconsistent with the formation of a

molybdenum(V) center, but a molecular orbital analysis of [Ni(S2CNH2)-

MoS4]
2� that the singly occupied molecular orbital (SOMO) is molybdenum

based (1544).

Ni
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C6F5S

S
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362 363

Figure 195. Examples of anionic nickel(II) mono(dithiocarbamate) complexes.
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X-ray photoelectron spectra have been measured for a range of nickel(II)

complexes including [Ni(S2CNEt2)2], [Ni(PPh3)2(S2CNR2)]ClO4, and [NiCl(P-

Ph3)(S2CNR2)] (553,1490). Alkyl substituents do not significantly effect the

spectra and all show similar binding energies (853.0–853.4 eV) except for the

NiS2P2 chromophores, [Ni(PPh3)2(S2CNR2)]ClO4, which are higher (854.1 eV).

This difference is proposed to result from the location of excessive positive

charge on nickel, and electrochemical measurements appear to support this as

they have the lowest one-electron reduction potentials (553). Thus, the relative

reduction potentials of nickel(II) dithiocarbamate complexes follow the order:

[NiCl(PPh3)(S2CNR2)]> [Ni(S2CNR2)2]> [Ni(PPh3)2(S2CNR2)]
þ. Similarly, a

change in the value of n(CN) in the order: [Ni(PPh3)2(S2CNR2)]
þ>

[NiCl(PPh3)(S2CNR2)]> [Ni(S2CNR2)2] suggests that in the cationic com-

plexes there is a greater degree of the thioureide resonance form in the

dithiocarbamate.

Alonso and Reventós have described the reactivity of ethylenebis(dithiocar-

bamate), Na2(ebdtc).6H2O (98,1545), toward nickel(II) phosphine complexes

(1487). With [NiCl2(PPh3)2], the major product is polymeric [Ni(ebdtc)]n.nH2O

(see earlier), with dimeric [{NiCl(PPh3)}2(m-ebdtc)] (364), also being formed in

small amounts. With [NiCl2(dppe)], a second polymeric species is generated,

believed to be [Ni(Z1-dppe)(ebdtc)]n, containing a five-coordinate nickel(II)

center. Interestingly, the same group have also reported that addition of 2 equiv

of NaS2CNEt2 to [NiCl2(dppe)] yields orange [Ni(dppe)(S2CNEt2)2] (365),

shown by IR spectroscopy to contain only bidentate dithiocarbamates, and

postulated on the basis of its magnetic moment (m 2.85 BM) to be octahedral.

Ni
Cl

PPh3S

S
NNNi

Cl

Ph3P S

S H H

Ni

P
Ph2

Ph2
P S

S

S

S

NEt2

NEt2364
365

c. Other Nickel(II) Dithiocarbamate Complexes. A number of further

octahedral nickel(II) dithiocarbamate complexes have been prepared. Addition

of dithiocarbamate salts to tetraazamacrocyclic complexes [Ni(DL-CTH)] [ClO4]2
(DL-CTH¼ rac-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane]

and [Ni(cyclam)][ClO4]2 (cyclam¼ 1,4,8,11-tetraazacyclotetradecane) yields oc-

tahedral complexes [Ni(DL-CTH)(S2CNR2)][ClO4] and [Ni(cyclam)(S2CNR2)]

[ClO4] (R¼Me, Et; R2¼ C4H4), respectively, with [Ni(DL-CTH)(S2CNEt2)]

[ClO4] being crystallographically characterized (1546). Attempts to generate

nickel(III) complexes upon oxidation lead only to decomposition.
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Further reports on other octahedral nickel(II) mono(dithiocarbamate) species

include the synthesis of a range of 1,10-phen complexes [Ni(phen)2(S2CNR2)]
þ,

in which the dithiocarbamates are derived from a-amino acids. Here, on the

basis of IR and electronic spectroscopy, molecular association is proposed to

occur as a result of hydrogen bonding between the NH and carboxylate groups

(119).

Nickel(II) cyclopentadienyl complexes [(Z5-C5Ph5)Ni(S2CNMe2)] (1464)

and [(Z5-C5Me5)Ni(S2CNEt2)] (1547) have been prepared, the latter from an

unusual reaction between [(Z5-C5Me5)Ni(CO)]
� and Te(S2CNEt2)2 (Eq. 146)

(1547).

Ni
S

S
NEt2Ni CO

−

Te(S2CNEt2)2 ð146Þ

Binuclear nickel(II) thiolate- and selenolate-bridged dithiocarbamate com-

plexes have also been prepared. Addition of aryl thiolates to [NiX(PPh3)

(S2CNR2)] (X¼ Cl, Br) in the presence of triethylamine affords [Ni(S2CNR2)

(m-SAr)]2 (1512,1548); related selenolate species [Ni(S2CNEt2)(m-SeR)]2
(R¼Me, Bz) result from [NiCl(PPh3)(S2CNEt2)] and RSe� (1549). Interest-

ingly, with aryl selenolates the first product formed is mononuclear, [Ni

(SeAr)(PPh3)(S2CNEt2)] (Ar¼ Ph, p-C6H4Cl) (366), however, the phosphine

can later be removed as the sulfide upon reaction with elemental sulfur to yield

binuclear complexes [Ni(S2CNEt2)(m-SeAr)]2 (367) (Fig. 196) (1549).
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S
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S
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S
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- SPPh3
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Figure 196. Generation of [Ni(SeAr)(PPh3)(S2CNEt2)] and subsequent conversion to binuclear

complexes.
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Schulbert and Mattes (1550) reported the synthesis of [Ni(S2CNHMe)

(m-SMe)]2 (368), formed from nickel acetate and the dithiocarbamic acid ester

MeHNC(S)SMe in a degradation reaction. A crystallographic study shows that

in the solid-state two dimeric units are held together by weak Ni. . .S interactions

[3.512(6)–3.709(6) Å] to give a tetramer [Ni. . .Ni 2.761(4) and 2.831(4) Å].
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Me
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SS

S
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S
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S
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368

Me

Me

Somewhat related to these chalcogenide-bridged complexes are trinuclear

[{Ni(S2CN��i-Pr2)(m-Ph2PO)2}2Pd] and tetranuclear [{Ni(S2CN��i-Pr2)(m-
Ph2PO)2}3M] (M¼Ga, In, Al), formed in the same way as their palladium

and platinum counterparts upon refluxing [{Ni(S2CN��i-Pr2)(Ph2PO)2H] with

various metal acetates in toluene (1551).

A single contribution describes the synthesis of trinuclear nickel(II) com-

plexes, [Ni3(PR3)2(S2CNEt2)2(m
3-S)2] (R¼Me, Et) (369), formed upon reaction

of NaS2CNEt2 with [Ni3(PR3)6(m
3-S)2][BPh4]2. A crystallographic study

(R¼ Et) shows the nickel triangle contains two short [2.853(2) Å] and one

long [2.950(2) Å] nickel–nickel contact, the latter between the dithiocarbamate-

carrying nickel centers (1552).

Ni
S

S
Et2N Ni

S

S
NEt2

Ni

S

S

R3P PR3

369

d. Nickel(III) and Nickel(IV) Complexes. Nickel(III) and (IV) dithiocar-

bamate complexes were both known prior to 1978. A wide range of brown

nickel(IV) tris(dithiocarbamate) complexes, [Ni(S2CNR2)3]X, have been pre-

pared upon addition of halogens to [Ni(S2CNR2)2] (1553–1555), while nick-

el(III) complexes, [Ni(S2CNR2)2I], have been prepared in a similar manner upon
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addition of iodine at low temperatures (1556).

Ni

S

S S

S

S

S

NR2

NR2

R2N

+

Ni
S

S
NR2

S

S
R2N

oxidizing agent

ð147Þ

More recently, other oxidizing reagents have been used (Eq. 147). Oxidation

of [Ni(S2CNEt2)2] by NOBF4 has been shown by ESMS to yield both

[Ni(S2CNEt2)2]
þ and [Ni(S2CNEt2)3]

þ. When a mixture of [Ni(S2CNEt2)2]

and [Ni(S2CNBz2)2] was used, all possible mixed tris(dithiocarbamate) cations

were observed indicating that ligand exchange is rapid at the nickel(IV) center

(303). In a similar manner, oxidation of [Ni(S2CNR2)2] by iron(III) salts

provides a convenient route to nickel(IV) complexes, [Ni(S2CNR2)3]X

(X¼ ClO4, FeCl4) (1557,1558). Eckstein and Hoyer (1559) also prepared a

wide range of nickel(IV) salts (R¼Me, Et, Pr, Bu, i-Bu, Cy; R2¼ C5H10;

X¼ Br, BF4, ClO4, NO3, PF6) using a number of different synthetic routes.

The product of the oxidation of [Ni{S2CN(CH2CH2OH)2}2] is medium

dependent. When carried out in neutral or alkaline solution, the thiuram

disulfide results, while under acidic conditions, the nickel(IV) tris(dithiocarba-

mate) cation is the major product (1560). Controlled potential electrolysis of

[Ni(S2CNEt2)2] in acetonitrile at the first oxidation potential has been monitored

by UV–vis spectroscopy. A nickel(III) intermediate is observed, but decomposes

to give nickel(II) and tetraethylthiuram disulfide (1561). In contrast, oxidation of

[Ni(S2CNEt2)2] by TCNE yields the isolable nickel(IV) complex [Ni(S2C-

NEt2)3][C3(CN)5], which has been crystallographically characterized. The

coordination geometry about nickel is octahedral as expected, with nickel–

sulfur bonds varying between 2.246(2) and 2.257(2) Å (1562).

Recently, Beer et al. (62) prepared the novel nickel(IV) complex 371, in

which two metal centers are linked via three bis(dithiocarbamate) ligands, upon

oxidation of the related macrocyclic complex 370 by N-bromosuccinimide

(NBS) (Fig. 197). The nickel(IV) dication 371 binds both chloride and nitrate

anions as shown by cathodic shifts of the Ni(IV)/Ni(III) wave of 70 and 15 mV,

respectively.

Electrochemical and spectroelectrochemical investigations by Tsucida

have shown that oxidation of [Ni{S2CN(Et)CH2CH2N����CHFc}2] (354) (Fc¼
CpFeC5H4) affords the nickel(IV) cation [Ni{S2CN(Et)CH2CH2N����CHFc}3]

þ
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in a four-electron process. The latter then undergoes a further three-electron

oxidation in two steps, resulting in one and then all three of the iron centers

being oxidized. These two processes are separated (�E ¼ 250 mV), which is

related to the comproportionation equilibrium (Eq. 148), and despite the

chemical equivalence of the three ferrocenyl groups, the mixed-valence state
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Figure 197. Oxidative synthesis of linked tris(dithiocarbamate)nickel(IV) complex.
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[NiIVFeIII(FeII)2]
2þ persists for some time in solution (1467).

[NiIV(FeII)3]
+ + [NiIV(FeIII)2FeII]3+ 2 [NiIVFeIII(FeII)2]

2+ ð148Þ

Fackler et al. (1563) previously showed that the brown color of

[Ni(S2CNBu2)3]
þ can be photochemically and thermally bleached in acetoni-

trile. Thiuram disulfide and [Ni(S2CNBu2)2] are the products and the process

reversible. Eckstein and Hoyer (1559) studied this photochromic behavior in

some detail measuring rate constants and quantum yields as a function of the

dithiocarbamate substituents and anions (Fig. 198).

Photoreduction study of [Ni(S2CNEt2)3][BF4] also occurs upon exposure to

soft X-rays, generating [Ni(S2CNEt2)2]; the rate of the photochemical transfor-

mation for a range of complexes, [Ni(S2CNR2)3][BF4], is proportional to the

photon flux, and is also sensitive to the nature of the substituents (1564).

Plyusnin and co-workers (24,1565,1566) studied the photolysis of

[Ni(S2CNR2)3]
þ in solution, in a frozen matrix, and on laser flash photolysis

(1565), showing that all phototransformations occur within the coordination

sphere of the complex. While using ESR spectroscopy, Eckstein et al. (1567)

detected intermediate nickel(III) complexes after irradiation of [Ni(S2CNR2)3]
þ

in frozen acetonitrile at 120 K.

A number of nickel(III) dithiocarbamate complexes have been prepared.

Oxidation of [Ni(S2CNR2)2] (R¼ CH2CH2OH; R2¼ C4H8, C5H10) by halo-

gens, nitric acid, or NO[ClO4] is reported to yield [Ni(S2CNR2)2]X (X¼ Cl, Br,

I, NO3, ClO4) (372) (Fig. 199). Most are paramagnetic with magnetic moments

of 1.37–2.25 BM (1472,1567), although interestingly [Ni(S2CNC5H10)2]X

(X¼NO3, ClO4) are reported to be diamagnetic (1568). Nickel(III) complexes

supported by a single dithiocarbamate ligand have also been reported. Oxidation

of [NiX(PPh3)(S2CNR2)] (X¼ Br, NCS; R¼ Et, Bu; R2¼HEt, HBu, C4H8O,

C5H10) by bromine yields paramagnetic [NiX(PPh3)(S2CNR2)]Br (meff 1.61–
2.04 BM) (373) (Fig. 199) (1505,1515).
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Figure 198. Reversible photobleaching of brown [Ni(S2CNR2)3]
þ.
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The photochemical addition of tetraethylthiuram disulfide to [Ni(S2CNEt2)2]

has been studied in some detail (1569–1571). It results in a color change from

green to brown, and the gradual growth of an ESR signal believed to result from

initial formation of [Ni(S2CNEt2)3] and a dithiocarbamate radical, with the latter

reacting with more [Ni(S2CNEt2)2] (1569). Kinetic studies support the idea of a

two component formation of nickel(III). The equilibrium constant is found to be

dependent on the solvent polarity. The photochemically generated nickel(III)

complex [Ni(S2CNEt2)3] has been characterized by UV–vis spectroscopy

(1571), but decays over a few seconds. Accordingly, precise structural char-

acteristics remain unknown, with Ivanov favoring a five-coordinate square-

based pyramidal array (Fig. 200) (1571). Given the instability of this nickel(III)

complex it is very surprising that a recent report details the crystal structure of

octahedral [Ni(S2CNEt2)3] (397). This is surely a mistake (being most probably

the cobalt complex).

The nickel(II) complex, [(Z5-C5Ph5)Ni(MeCN)2]BF4, has been shown to

react with tetramethylthiuram di- or monosulfide giving [(Z5-C5Ph5)Ni(S2CN-

Me2)]BF4 (1465). The latter has an effective magnetic moment of 1.77 BM and

has become the first 17-electron, nickel(III) complex to be structurally char-

acterized. The cation can also been prepared electrochemically from [(Z5-

C5Ph5)Ni(S2CNMe2)], a process that is reversible (Eq. 149). A one-electron

reduction of the neutral complex also occurs at �1.43 V to give an unstable

nickel(I) complex [(Z5-C5Ph5)Ni(S2CNMe2)]
� (see below).
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Figure 199. Examples of nickel(III) dithiocarbamate complexes.

Ni
S

S
NEt2

S

S
Et2N

S

S

Et2N

S

S
NEt2+ Ni

S

S
NEt2

S

S
Et2N

hν

S

S
NEt2

v. fast

Figure 200. Proposed formation and rapid decay of five-coordinate [Ni(S2CNEt2)3].
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e. Nickel(I) Complexes. Stable nickel(I) dithiocarbamate complexes re-

main elusive. Boyd and co-workers (1466) attempted to generate such species

electrochemically. Reduction of [Ni(S2CNR2)2] at a platinum electrode in

dichloromethane yields [Ni(S2CNR2)2]
�, which are also prepared by g-irradia-

tion of frozen solutions of [Ni(S2CNR2)2]. The ESR measurements suggest that

they contain a square-planar nickel(I) center, but they show poor stability

decomposing to new nickel(I) species with ‘‘reversed’’ g values. Reduction of

cations [Ni(dppe)(S2CNR2)][PF6] have also been studied in an attempt to

generate nickel(I) complexes. Such species can be formed at a platinum

electrode, with ESR spectra suggesting equivalent phosphorus environments.

However, they are unstable with respect to disproportionation to [Ni(S2CNR2)2]

and [Ni(dppe)2] (1466).

Given the instability of the electrogenerated nickel(I) complexes described

above, the generation of a stable nickel(I) nitrosyl complex seems unlikely.

However, it has been reported that reduction of [Ni(NO2)(PBu3)(S2CNHR)] by

CO affords such complexes, namely, [Ni(NO)(PBu3)(S2CNHR)], a transforma-

tion that is reversed upon exposure to oxygen (Eq. 150) (379).
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e. Applications. Relatively few applications of nickel dithiocarbamate

complexes have been reported. As detailed above, some bis(dithiocarbamate)

complexes display mesomorphic liquid-crystal properties (1485,1486), while

others have been found to be efficient, and somewhat selective, anion receptors

(492,1470,1471).

Nickel sulfide has a band gap of 0.5 eV, which confers potential for use as a

thermophotovoltaic converter. In light of this, nickel(II) bis(dithiocarbamate)

complexes have been used as molecular precursors. For example, Noumura and

Hayata (1572) used [Ni(S2CNEt2)2] to deposit NiS1.03 onto a Si(111) surface by

low-pressure MOCVD, while O’Brien (1573) used the same diethyldithiocar-

bamate complex as well as [Ni(S2CNMeR)2] (R¼ Et, Bu, hexyl) to deposit NiS

and NiS1.03 films on glass. Katsoulos and co-workers (1574) also report TGA

studies on [Ni(S2CNHR)2], weight losses being indicative of the formation of

nickel sulfides. Interestingly, one report suggests that decomposition of [Ni(S2C-

NEt2)2] in the presence of H2S affords the sulfur-deficient material Ni3S2
[1437], and in light of this, further work in this area may be warranted.

Bis(dithiocarbamate) complexes have also been shown to be very efficient

singlet oxygen quenchers (1575,1576). Recently a series of complexes,

[Ni(S2CNR
1R2

2)2], (R
1¼H, R2¼ Bu, CH2CH2OH; R

1¼ R2¼ Bu, CH2CH2OH),

were shown to be efficient oxygen quenchers in solution in the presence of an
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acid activated clay, while on dry clay only the hydroxyl-containing complexes

were active (1576). Related to this, [Ni(S2CNBu2)2] has been shown to strongly

inhibit the light-induced fading of crystal violet lactone dye, an oxidative

process involving peroxides. Allan et al. (1577) investigated reactions of

[Ni(S2CNBu2)2] with organic peroxides, the main transformation products being

organosulfites and sulfur oxides.

2. Palladium and Platinum

Palladium and platinum dithiocarbamate complexes are known for the þ2

and þ4 oxidation states, although the former is by far the more prevalent. Stable

complexes are not known in either the þ1 or þ3 oxidation states, although some

evidence has been found for the generation of both in electrochemical experi-

ments (231,1561,1578).

a. Bis(dithiocarbamate) Complexes. Bis(dithiocarbamate) complexes

[Pd(S2CNR2)2] (374) and [Pt(S2CNR2)2] (375) were first reported by Malatesta

(1325) and Delépine (2), respectively, and to date a large number have been

prepared. Synthesis is generally straightforward from a range of metal(II)

complexes and dithiocarbamate salts, although oxidative–addition of tetra-

ethylthiuram disulfide to [MCl4]
2� salts affords a further synthetic route to

the diethyldithiocarbamate complexes (1579). All complexes of this type are air

stable and diamagnetic.
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S
NR2

S

S
R2N

374 375

Examples include those with simple alkyl substituents (1329,1332,1333,

1580–1583), together with compounds derived from cyclic amines (1331,

1438,1584,1585), quinolines (1479), and anilines (116,1423). More exotic

examples of bis(dithiocarbamate) complexes include a platinum complexes

derived from aza-15-crown-5 (376) (1586) and 4-aminophenazone (377) (59),

palladium complexes derived from substituted piperidines with long-chain

substituents (1485,1486), and a range of platinum and palladium complexes

with hydroxy-substitents, including 378 (1587). A number of a-amino acid

derivatives of both metals have been prepared (1588,1589). For example,

addition of barium dithiocarbamate salts of various amino acids to [PtCl4]
2�

affords orange bis(dithiocarbamate) complexes [Pt{S2CNHCH(R)CO2H}2]

(R¼H, Me, i-Pr, CH2-i-Pr) after washing with 0.1 M HCl (1589).
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Some unusual syntheses of bis(dithiocarbamate) complexes have been

reported. Addition of 2 equiv of NaS2CNEt2 to dimeric [Pt(2,20-bpy)(m-SR)]2
(SR¼ acetyl-L-cysteinato) affords [Pt(S2CNEt2)2] in <3 min (1590), while

heating the thioester complexes, trans-[MX2(MeSCSNMeR)2] (R¼ CH2CO2

Et; X¼ Cl, Br, I), at 140–214�C in solution or the solid state gives

[M(S2CNMeR)2] resulting from loss of MeX (1591,1592). At palladium, this

transformation occurs via [PdX(S2CNMeR)(MeSCSNMeR)], which can also be

prepared upon addition of the thioester to [PdX(S2CNMeR)]n (1592). In a

similar fashion, heating [PtCl(S2CNEt2)(MeS2CNR2)] (R¼Me, Et) results in

loss of CH3Cl, in one case (R¼Me) giving the mixed-ligand dithiocarbamate

product [Pt(S2CNMe2)(S2CNEt2)] (206).

Fayyaz and Grant (1477) studied the displacement of ethyl xanthate and

dithiophosphate ligands by diethyldithiocarbamate. While with dithiophosphate

complexes no intermediates are observed, in reactions of NaS2CNEt2 with

[M(S2COEt)2] two have been spectrophotometrically detected, proposed to be

[M(S2COEt)2(S2CNEt2)]
� and [M(S2COEt)(S2CNEt2)].

Crystallographic studies have been carried out on a number of palladium

(393,409,1580,1582,1593) and platinum (420,1586,1594) complexes. As ex-

pected, all are square planar, with the a-carbons of the substituents generally
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lying in the plane. In [Pt(S2CNC7H14)2] (379), however, which contains the

largest carbocyclic ring characterized in a dithiocarbamate complex, there is a

twist angle of 12� between the PtS2C plane and that of the nitrogen and the a-
carbons (1594), which contrasts with related angles of 4� in [Pt(S2CNEt2)2] and

2� in [Pt{S2CN(CH2CH2OH)2}2] (420).

S

S
N

S

S
PtN

379

Riekkola et al. (1580) crystallographically characterized four palladium

complexes (R¼ i-Pr, Bu, i-Bu, CF3CH2) all in the P21=c space group, and

also compared their volatility and melting points. Both vary significantly with

the nature of the substituents, the trifluoroethyl derivative being the most

volatile, while the butyl complex has the lowest (109�C) and the ethyl the

highest (243�C) melting points.

Stability constants for palladium complexes, [Pd(S2CNR2)2] (R¼Me, Et, Pr,

i-Pr), have been measured in ethanol using UV-vis spectroscopy (393). Their

stability varies in the order i-Pr> Pr> Et>Me being the same as that found for

the analogous nickel complexes. Further, a comparison with related nickel and

cobalt complexes showed the palladium complexes to be the most stable:

Pd>Ni> Co (393).

Ligand exchange reactions have been studied at palladium by HPLC. Rate

constants remain almost unchanged in ethylacetate for a range of substituents,

but are strongly effected by the solvent: BuOH>MeCO2Et> CS2> CCl4>
CH2Cl2. In contrast, equilibrium constants vary with both the size and structure

of the substituents, and an SN2 mechanism is proposed for the exchange on the

basis of a negative entropy of activation (1595).

The restricted rotation about the carbon–nitrogen bonds has also been studied

in unsymmetrical palladium bis(dithiocarbamate) complexes by HPLC. At high

temperature, there is rapid rotation and a single peak is observed, however, at

lower temperatures two peaks can be separated (372).

Polarized optical spectra have been recorded for [Pd(S2CNEt2)2], spectral

bands correlating with those for the nickel analogue based on a d-level ordering

of dxy > dyz > dx2�y2 � dxz > dz2 (1491). Photoelectron spectra He(I) and He(II)

have also been recorded for both [Pd(S2CNEt2)2] and [Pt(S2CNEt2)2], as well as

the nickel analogue, an increase in the p-bonding capability being observed

along the series Ni> Pd >Pt (550).

Few reactions of bis(dithiocarbamate) complexes have been reported, aside

from those with other metal salts that are described later. The platinum
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complexes are known to react with a range of phosphines and also certain

amines, although the precise nature of the products has been the subject of some

uncertainty. In 1973, Stephenson and Alison (1596) reported that addition of

monodentate phosphines afforded ionic complexes of the type [Pt(S2CNR2)-

(PR0
3)2][S2CNR2], whereby one dithiocarbamate was displaced from the plati-

num center. Earlier, Fackler and Seidel (224) had studied the reactions with

PMe2Ph in more detail, showing that in solution at low temperatures the ionic

complexes [Pt(S2CNR2)(PMe2Ph)2][S2CNR2] were the dominant species, while

at higher temperatures both dithiocarbamate and phosphine exchange occurred.

Most interestingly, in the solid-state, neutral complexes trans-[Pt(PMe2Ph)2(Z
1-

S2CNR2)2] are the dominant species (Fig. 201).

The latter is shown by the crystal structure of the di-i-butyldithiocarbamate

complex trans-[Pt(PMe2Ph)2(Z
1-S2CN��i-Bu2)2] (380) (Fig. 202). Here, the

dithiocarbamates bind in an ambidentate fashion, with short, 2.335(2) Å, and

long, 3.392(3) Å, platinum–sulfur interactions. Addition of more bulky phos-

phines leads to the formation of adducts, [Pt(S2CNR2)2(PR
0
3)], as confirmed

by the crystallographic characterization of [Pt(PPh3)(S2CNEt2)(Z
1-S2CNEt2)]

(381) (Fig. 202) (1597). Here again, while one dithiocarbamate acts as a simple

S

S
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S

S
PtR2N

2 PR′3
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S

PR′3S

R3′P

S
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S

R2N
Solid state
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S PR′3

PR′3
PtR2N [S2CNR2]

2 PR′3

Solution

Figure 201. Products of the addition of 2 equiv of phosphines to [Pt(S2CNR2)2].
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Figure 202. Crystallographically characterized phosphine adducts of [Pt(S2CNR2)2] with ambi-

dentate dithiocarbamate ligands.
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chelate, the second coordinates in an ambidentate fashion, having short,

2.331(3) Å, and long, 3.457 Å, interactions with the platinum center.

Platinum complexes derived from primary amines exhibit similar behavior

toward bulky phosphines, although addition of 2 equiv of less bulky phosphines

can lead to dithiocarbimato complexes (see below). The platinum complex

[Pt(S2CNHBz)2] adds PCy3 to give [Pt(PCy3)(S2CNHBz)2] and g-picoline
(g-pic) to yield [Pt(g-pic)(S2CNHBz)2]; the latter in turn reacting with iodine

to afford [PtI(PCy3)(S2CNHBz)2] (375,376). The inequivalence of the two

dithiocarbamate ligands in [Pt(PCy3)(S2CNHBz)2] in the solid state is shown

by IR spectroscopy: two n(C����N) bands appearing at 1535 and 1490 cm�1, as

compared with a single band at 1540 cm�1 for [Pt(S2CNHBz)2] (375). The

inequavalence of the dithiocarbamate ligands has been confirmed by a crystal-

lographic study of [Pt(PCy3)(S2CNH��t-Bu)(Z1-S2CNH��t-Bu)] (380).
Colton and co-workers (231,254,548,1598–1600) carried out reactions of

[Pt(S2CNEt2)2] (382) with a range of polydentate phosphines. With stoichio-

metric amounts of bidentate phosphines and Ph2PCH2CH2AsPh2 (L2), the final

products in all cases are [Pt(Z2-L2)(S2CNEt2)]
þ, for example, 385; although the

rates of reaction vary enormously. Thus with dppe, the reaction is fast and no

intermediates are observed. In contrast, with dppm the reaction is slow and two

intermediates are observed, [Pt(S2CNEt2)(Z
1-S2CNEt2)(Z

1-dppm)] (383) and

cis,cis-[Pt2(S2CNEt2)2(m-dppm)2]
2þ (384), allowing an overall pathway to be

established (Fig. 203). Addition of 2 equiv of these ligands generally affords

complexes [Pt(Z1-L2)2(S2CNEt2)]
þ, as shown in Fig. 203 for dppm (386). No

further reaction is seen with dppe (1600).

Potentially tridentate phosphines PhP(CH2CH2PPh2)2 (P2P
0) and MeC

(CH2PPh2)3 (triphos) react in different ways. The former gives [Pt(Z3-

P2P
0)(S2CNEt2)]

þ (387) (Fig. 204) in which the phosphine binds in a tridentate

fashion. A crystallographic study revealed a distorted square-planar PtP3S

geometry [Pt-S 2.396(3) Å], the second sulfur being only weakly bound

[Pt��S 2.754(3) Å]; a coordination mode that leads to long and short carbon–

sulfur bonds [C��S 1.727(9) and 1.707(9) Å]. The complex undergoes a

reversible one-electron oxidation; the platinum(III) species, [Pt(Z3-

triphos)(S2CNEt2)]
2þ, generated by chemical oxidation or bulk electrolysis

being moderately stable, allowing characterization by ESR spectroscopy and

ESMS (231). The well-known ligand triphos reacts with [Pt(S2CNEt2)2] to give

388 (Fig. 204) in which the phosphine binds only through two phosphorus

nuclei; allowing various reactions to be carried out on the unbound phosphor-

us(III) center (1598).

The chemistry of potentially tetradentate phosphines P(CH2CH2PPh2)3 (P3P
0)

and [Ph2PCH2CH2P(Ph)CH2]2 (P2P
0
2) have also been investigated (548). On the

basis of multinuclear NMR measurements, it is proposed that the former gives a

temperature-dependent mixture of isomers, [Pt(Z1-S2CNEt2)(Z
4-P3P

0)]þ and
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Figure 203. Products of the addition of dppm to [Pt(S2CNEt2)2].
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Figure 204. Products of the addition of tridentate phosphines to [Pt(S2CNEt2)2].
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[Pt(S2CNEt2)(Z
3-P3P

0)]þ, although precise structural characteristics are un-

known. With the later a single product is observed, believed to be [Pt(Z1-

S2CNEt2)(Z
3-P2P2’)]

þ; presumed to adopt a square-planar structure.

Extended Hückel calculations have been used to analyze the electronic

structure of platinum complexes and also to rationalize their reactivity with

various nucleophiles. Their inability to form four coordinate species of the type

[Pt(S2CNR2)(Z
1-S2CNR2)2]

� has been ascribed to the lower charge on platinum

(when compared with xanthate complexes), strong platinum–sulfur bonds and a

repulsive interaction between the platinum 3d electrons and the incoming ligand

(1601).

Both platinum and palladium complexes, [M(S2CNH-p-C6H4NH2)2], can be

deprotonated by NaOH giving dithiocarbimato complexes, [M(S2CN-p-

C6H4NH2)2]
2� (Eq. 151) (116).

M
S

S
N

S

S H

NH2

N
H

H2N

M
S

S
N

S
C C

S
H2N N NH2

2−
NaOH

ð151Þ

Interestingly, the process can also be carried out in some instances upon

addition of 2 equiv of phosphine to [M(S2CNHR)2] (M¼ Pd, Pt; R¼ Bz, t-Bu),

leading to dithiocarbimato complexes [M(PR0
3)2(S2CNR)] (PR0

3 ¼ PMe2Ph;

2PR0
3 ¼ dppe) (Eq. 152) (381). The precise nature of the transformation remains

unknown, but the authors suggest the initial formation of a cationic complex

upon addition of the phosphine(s) and dithiocarbamate loss; the latter serving as

a base to deprotonate the remaining dithiocarbamate ligand.

M
S

S
N

S

S
N

R

H

H

R

2 PR′
3

− RNHCS2H
M

S

S
N

R3′P
R

R3′P
ð152Þ

The electrochemical properties of bis(dithiocarbamate) complexes have been

the focus of a number of publications. Bond et al. (231) reported that oxidation

of [Pt(S2CNR2)2] does not result in observable platinum(III) species even at

�70�C and scan rates of 10,000 Vs�1. In contrast, two other reports suggest that

oxidation of both palladium and platinum bis(dithiocarbamate) complexes

results in the generation of tris(dithiocarbamate) cations, [M(S2CNR2)3]
þ, via

an irreversible process (1561,1578). In the case of platinum, one study suggests

that these further undergo an irreversible two-electron reduction generating

[Pt(S2CNR2)3]
�, which rapidly revert to [Pt(S2CNR2)2] upon loss of one

dithiocarbamate ligand (1578). The reductive chemistry of [M(S2CNR2)2]
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complexes has not been well explored, but one group suggested that the unstable

M(I) complexes [M(S2CNR2)2]
� result (1578).

b. Mono(dithiocarbamate) Complexes. As for nickel, four general types

(Fig. 205) of mono(dithiocarbamate) complexes are seen for palladium and

platinum in the þ2 oxidation state: (1) neutral complexes [MXL(S2CNR2)](O);

(2) neutral bis(chelate) complexes [M(S2CNR2)(chelate)](P); (3) cations

[ML2(S2CNR2)]
þ(Q); and (4) anions [MX2(S2CNR2)]

�(R), although the latter

are only known for palladium.

Neutral complexes of the type [MXL(S2CNR2)] are common for both

palladium and platinum. The neutral ligand L is generally a phosphine

(1507,1602–1608), while amine (1609,1610), arsine (1606,1611), and thioether

(1612) complexes are also known. Anionic ligands (X) range from simple

halides (1609,1612,1613), alkoxides, and thiolates (1607,1614) to a wide range

of organic groups (1602–1608).

Phosphine complexes are the most common and a number of synthetic

pathways have been developed. Chloride complexes, [MCl(PR0
3)(S2CNR2)], can

be prepared from ligand redistribution reactions between [MCl2(PR
0
3)2] and

[M(S2CNR2)2] in refluxing benzene (1507), and can undergo further metathesis

reactions (Fig. 206). In this way, [PdCl(PEt3)(S2CNMe2)] has been utilized

toward the synthesis of alkoxide and thiolate complexes [PdX(PEt3)(S2CNMe2)]

(X¼OPh, SMe, S-p-tol) (1607), together with a number of simple alkyl

derivatives generated from alkyl lithium or Grignard reagents (1603).

Jain and co-workers (1614) recently reported the pyridine-2-chalcogenate

complexes [Pd(Epy)(PPh3)(S2CNEt2)] (E¼ S, Se), which were prepared in high

yields from [PdCl(PPh3)(S2CNEt2)]. The NMR data suggest that two species

coexist in solution, one predominating (�95%) with a chelating dithiocarba-

mate, while a second isomer contains a monodentate dithiocarbamate and

chelating pyridine-2-chalcogenate ligand (Fig. 207).
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Figure 205. Different types of square-planar palladium and platinum(II) mono(dithiocarbamate)

complexes.
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Halide-bridged dimers also provide a convenient entry into this chemistry

(206,207,543,1602,1606,1611,1612). For example, methyl complexes [PdMe

(PPh2Me)(S2CNEt2)] and [PdMe(EPPh3)(S2CNR2)] (R¼Me, Et; E¼ P, As)

have been prepared from [PdMe(PPh2Me)(m-Cl)]2 and [PdMe(cod)(m-Cl)]2,
respectively, upon addition of dithiocarbamate salts (1606). In a similar manner,

amine complexes [MX(amine)(S2CNMe2)] (X¼ Cl, Br; amine¼ py, PrNH2,

cyclobutylamine) and [MCl(amine)(S2CNMeR)] (R¼ CH2CO2Et) are gener-

ated from [M(S2CNMe2)(m-X)]n (1609,1610) and organometallic complexes

[Pd(C6X5)(PPh3)(S2CNR2)] (R¼Me, Et; X¼ Cl, F) from [Pd(C6X5)(PPh3)(m-
OH)]2 (1602). Addition of L-methioninol (L-mol) to [MCl(S2CNMeR)]n
(M¼ Pd, Pt) affords [M(L-mol)(S2CNMeR)]Cl (543), while the arsine complex

[PdCl(AsBz3)(S2CNEt2)] results from [Pd(S2CNEt2)(m-Cl)] or addition of

dithiocarbamate salts to [PdCl2(AsBz3)2]; metathesis is used to generate further

complexes, [PdCl(AsBz3)(S2CNEt2)] (X¼ Cl, Br, I, NO2) (Fig. 208) (1611).

Addition of iodine to [M(S2CNHR)2(PR
0
3)] (M¼ Pd, Pt; R¼ Bz, t-Bu;

R0 ¼ Ph, Cy) results in loss of a dithiocarbamate ligand and formation of

[MI(S2CNHR)(PR
0
3)]. The halide can in turn be replaced by isothiocyanate,

while addition of SnCl2 results in insertion into the metal–iodide bond to give

the tin derivatives [M(SnCl2I)(S2CNHR)(PR
0
3)] (Fig. 209) (376).

All complexes of this type are diamagnetic and show the expected square-

planar coordination environment. The crystal structure of [Pd(SMe)(PEt3)

(S2CNMe2)] reveals the strong trans-influence of the thiolate ligand, being
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Figure 206. Synthesis of neutral complexes [MX(PR0
3)(S2CNR2)].
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comparable to that of the phosphine [Pd��Strans 2.333(2), Pd��Scis 2.347(1) Å]
(1607). Palladium and platinum complexes [MCl(PPh3)(S2CNEt2)] have also

been characterized crystallographically. In solution they are fluxional, NMR

changes being attributed to a hindered rotation about the carbon–nitrogen bond

(1507).

In a series of papers, Reger et al. (1603–1605,1615) extensively explored the

organometallic chemistry of the palladium(II) center, and to a lesser extent,

related platinum(II) chemistry (1608); aspects of the palladium chemistry

developed from [PdCl(PEt3)(S2CNMe2)] (389) being detailed in Figure 210.

Thus, a wide range of alkyl complexes, [PdR(PEt3)(S2CNMe2)] (390), can be

easily prepared (1603,1604), while others such as 392 are accessible from

[PdH(PEt3)(S2CNMe2)] (391) (generated in situ using super hydride) and

alkenes (1604). Alkynyl and alkenyl complexes can also be prepared from

the chloride, while the latter further result upon alkyne insertion into the

palladium–hydrogen bond of 391; a process with little regioselectivity (1605).

More elaborate organic moieties can also be generated from [PdMe

(PEt3)(S2CNMe2)]. Insertion of t-BuNC into the methyl group giving [Pd{Z1-

C(Me)����N-t-Bu}(PEt3)(S2CNMe2)] (393), which in turn is a precursor to

[Pd{Z1-C(Me)����N(R)-t-Bu}(PEt3)(S2CNMe2)]
þ (R¼H, Me) (394) and [Pd

{Z1-C(����CH2)����NMe-t-Bu}(PEt3)(S2CNMe2)] (395) (1605).

Alkyl complexes show good thermal stability, some examples being stable up

to 100�C. Interestingly, heating unsubstituted isomers results in some isomer-

ization. Thus, [Pd(n-Pr)(PEt3)(S2CNMe2)] and [Pd(i-Pr)(PEt3)(S2CNMe2)] exist
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Figure 208. Synthetic routes to [PdCl(AsBz3)(S2CNEt2)] and subsequent metathesis reactions.
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in a 10:1 ratio (Eq. 153) at 75�C, the 6.9 kJ mol�1 energy difference between

them being proposed to be that between primary and secondary alkyl metal

complexes in the absence of steric constraints. Alkyl exchange reactions also

occur; heating [Pd(i-Pr)(PEt3)(S2CNMe2)] in the presence of 1-hexane giving a

mixture of all three hexyl isomers.

Pd
CH2CH2CH3

PEt3S

S
Me2N Pd

C

PEt3S

S
Me2N

CH3

CH3

H

10 1
at 75oC

ð153Þ
Alkyl isomerization is a first-order process, being slowed by the presence of

Lewis bases and is proposed to proceed via phosphine dissociation (1604). A

range of platinum–alkyl complexes, [PtR(PR0
3)(S2CNMe2)] (R0 ¼ Et, Bu, Ph,

Cy), have also been prepared and display similar properties, which are stable to

100�C, but undergo slow isomerization at 125�C (1608). The effect of different
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Figure 210. Examples of organometallic palladium(II) complexes prepared from [PdCl(PEt3)

(S2CNEt2)].
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phosphines on the linear-branched equilibrium has been assessed; bulky groups

shift the equilibrium toward linear isomers.

All complexes are square planar and the strong trans-influence of the alkyl

substituent has been observed crystallographically, and varies between isomers.

Thus, for [PdR(PEt3)(S2CNC4H8)] (R¼ n-Pr, i-Pr), the stronger trans-influence

of the isopropyl ligand is apparent [Pd��S(i-Pr) 2.384(2) and 2.406(1) Å;

Pd��S(n-Pr) 2.395(1) and 2.439(1) Å] (1603). The platinum complex, [Pt(s-

Bu)(PCy3)(S2CNMe2)] has also been crystallographically characterized (1608).

Neutral bis(chelate) complexes, [M(S2CNR2)(chelate)], are generally pre-

pared from chloro-bridged dimers, [M(chelate)(m-Cl)]2, upon addition of 2

equiv of dithiocarbamate salts. Examples prepared in this way include

(Fig. 211); [Pd(Z3-allyl)(S2CNR2)] (396) (1582), [Pd{Z2-SC(NMe2)C6H4}

(S2CNMe2)] (397) (1616), [Pd(Z
2-PhN����NC6H4)(S2CNR2)] (398) (1617), and

[Pt(Z2-o-tol2PC6H4CH2)(S2CNMe2)] (399) (1618). The cyclometalated 2-phe-

nylpyridine complex [Pt(Z2-NC5H4C6H4)(S2CNEt2)] (400) has been prepared

and shown to luminesce at room temperature in solution, but in contrast to

related cationic phenanthroline complexes (see below), it shows a single excited

state, being assigned to a MLCT involving the 2-phenylpyridine chelate (1619).

Two examples of allyl complexes, [Pd(Z3-allyl)(S2CNR2)] (396), namely,

[Pd(Z3-2-MeC3H4)(S2CNR2)] (R¼Me, Pr) have been crystallographically

characterized (1582). As expected, the methyl group lies out of the plane of

the palladium dithiocarbamate unit, the palladium–sulfur bonds (2.352–2.380

Å) being slightly longer than those found in bis(dithiocarbamate) complexes.

Maitlis and co-workers (1620,1621) reported the synthesis of a number of

novel palladium(II) organometallic complexes formed from ring-opening reac-

tions of pentaaryl cyclobutenyl complexes (Fig. 212). Thus, addition of
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Figure 211. Examples of neutral bis(chelate) of the type [M(chelate)(S2CNR2)].
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dithiocarbamate salts to the chloro-bridged dimer, [Pd(Z3-C4Phtol4)(m-Cl)]2,
affords allyl-type complexes, [Pd(Z3-C4Phtol4)(S2CNR2)] (R¼Me, Et, i-Pr)

(401). The cyclobutenyl ring undergoes a conrotary ring opening upon standing

or heating in chloroform to give s,p-butadienyl complexes 402, although

amounts of the unexpected disrotary isomers 403 are also observed. Both

s,p-butadienyl isomers react further with phosphines and phosphites to give

related s-butadienyl products 404–405. Mechanistic details have been probed

and a radical pathway is ruled out in favor of a conrotary ring opening to

give 402 followed by an isomerization to 403 via a metallocyclopentenyl

intermediate.

Stephenson and co-workers (1622) previously described the synthesis of

phosphine–oxide complexes [M(S2CNEt2)(Z
2-Ph2POHOPPh2)] (406), from

[M(S2CNEt2)2] (M¼ Pd, Pt) and Ph2P(O)H (or prehydrolyzed Ph2PCl). The

analogous reaction of [Pt(S2CNR2)2] with Ph2P(S)H in alcohols gives a variety

of products (Fig. 213), which are dependent on the amount of sulfide used, the

reaction time and the amount of water present (1623). From the reaction of

[Pt(S2CNR2)2] (R¼ Et, i-Pr) with Ph2P(S)H in wet solvents, an analogous

mixed oxo–sulfido complex [Pt(S2CNR2)(Z
2-Ph2POHSPPh2)] (407) has been

generated (1623,1624), while with Ph2P(Se)H and [Pt(S2CNEt2)2] in dry
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Figure 212. Formation of s,p-butadienyl complexes from ring-opening reactions and their

subsequent conversion to s-butadienyl complexes.
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solvents, a somewhat different product results, namely, [Pt(S2CNEt2)(Ph2PH)

(Ph2PSe)] (408) (1623).

Addition of alkyl halides (RCH2X) to a range of pyridyl complexes, [ML

(o-C5H4N)(S2CNMe2)] (L¼ phosphine), to give [ML(o-C5H4NCH2R)(S2CN-

Me2)]X has been studied kinetically. A second-order rate law is found suggest-

ing an SN2 substitution reaction at the saturated carbon (1625).

Cationic complexes [ML2(S2CNR2)]
þ are known for both palladium and

platinum, with neutral ligands being phosphines (231,254,1520,1626,1627) and

amines (1609,1619,1628,1629). Robinson and co-workers (1348,1626,1627)

prepared a wide range of diphosphine complexes, [Pd{Ph2P(CH2)nPPh2}(S2C-

NEt2)][MXm] (n ¼ 1–4) (409), from reactions of [PdX2{Ph2P(CH2)nPPh2}] and

[M(S2CNEt2)2] (M¼Ni, Cu, VO, MoO2, Pb, Zn, Cd, Hg) and [Mn(S2CNEt2)3]

dispelling earlier reports that such reactions gave molecular heterobimetallic

species (332–336).

Pd
S

S
Et2N

P
Ph2

(CH2)n

Ph2
P

[MXm]

n = 1–4

409

Organic isothiocyanates generally insert into metal–hydride bonds to give

thioformamide complexes. In contrast, however, Werner and Bertleff (1630)

noted that addition of 2 equiv of methyl isothiocyanate to [PdH(PMe3)3][BPh4]

affords the dithiocarbamate complex [Pd(PMe3)2(S2CNMeH)][BPh4] and MeNC,

representing an unusual synthetic approach to dithiocarbamates (Eq. 154).

Pd
S

S
N

PMe3

PMe3Me

H

−

Pd

H

Me3P

PMe3

PMe3

−

2 MeNCS

− MeNC
ð154Þ
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406 407 408

Figure 213. Examples of complexes with Ph2P��E ligands.
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Monodentate phosphine complexes have also been reported. Dithiocarbimato

complexes [M(PR0
3)2(S2CNR)] of palladium and platinum have been prepared

from [MCl2(PR
0
3)2], primary amines, and carbon disulfide and can be reversibly

protonated to give dithiocarbamate complexes [M(PR0
3)2(S2CNHR)]

þ (Eq. 155)

(1520).

M
PR′3

PR′3S

S
RN M

PR'3

PR'3S

S
N

R

H

+
H+

− H+
ð155Þ

Both monodentate and bidentate amines form cationic complexes. Reactions

of [MX(S2CNMe2)]n (X¼ Cl, Br) with a wide range of amines has been carried

out, the nature of the product being sensitive to the stoichiometry of the reaction.

Neutral products, [MX(amine)(S2CNMe2)], are obtained when 1 equiv of amine

is added, while cations, [M(amine)2(S2CNMe2)]X, result upon addition of 2–3

equiv. With the bidentate amines, ethylenediamine and 1,3-diaminopropane,

cationic products [M(diamine)(S2CNMe2)]X always ensue (1609,1610).

López and co-workers (1631) prepared tetramethylethylenediamine (tmeda)

complexes, [Pd(tmeda)(S2CNR2)][BPh4] (R¼Me, Et; R2¼ C5H10), upon addi-

tion of carbon disulfide and secondary amines to [Pd(tmeda)(m-OH)]2[BPh4]2,
while related platinum complexes supported by 1,10-phen and 2,20-bpy ligands

have also been prepared (1619). The emission properties of one of these,

[Pt(4,40-Me2-1,10-phen)(S2CNEt2)]
þ (410), has been investigated. At 77 K, an

emission band is seen at 590 nm, together with two higher energy bands at 474

and 506 nm and a low-energy band at 564 nm (1619). Palladium bpy complexes,

[Pd(2,20-bpy)(S2CNBu2)]2[MX4] (M¼ Zn, Cd, Hg, Pb; X¼ Cl, Br), have also

been prepared from the reaction of [PdX2(2,2
0-bpy)] and [M(S2CNBu2)2]

(1348).

Pt
S

S
Et2N

N

N

Me

Me

+

410

Das and Sinha (1632) prepared a range of cationic arylazoimidazole (R0aaiX)
complexes [(R0aaiX)Pd(S2CNR2)][ClO4] (R¼ Et; R2¼ C4H8O) (411), upon

addition of dithiocarbamate salts to the dichoride in the presence of AgNO3

and perchlorate. When the reaction is carried out in the absence of the silver salt,
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these ternary complexes are not isolated, but rather the bis(dithiocarbamate)

complexes result, suggesting that [(R0aaiX)Pd(S2CNR2)][ClO4] are kinetic

products.

Pd

S

S
R2N

N
N

N

N

R'

X +

X = Me, Et; R' = H, Me, Cl

411

Relatively few examples of anionic complexes of the type [MX2(S2CNR2)]
�

have been reported. Pale yellow [Pd(C6F5)2(S2CNHPh)]
� (412) is formed in

94% yield upon addition of carbon disulfide to [Pd(C6F5)2(m-NHPh)]2�2 , the

unique proton appearing as a broad singlet at d 10.52 ppm in the 1H NMR

spectrum (1633). Interestingly, carbon disulfide addition to the N,N 0-ditolyfor-
mamidine complex [Pd(C6F5)2(Z

2-tolNCHNtol)]� results in formation of

[Pd(C6F5)2{S2CN(tol)CHNtol}]
� (200).

Pd
C6F5

C6F5S

S
N

Ph

H

−

412

Stephenson and co-workers (1623,1624,1634) described the synthesis of

[M(S2CNR2)(Z
1-Ph2PS)2]

� (413). They are formed upon addition of excess

Ph2P(S)H to [M(S2CNR2)2] (M¼ Pd, Pt; R¼ Et, i-Pr) in dry solvents; the

platinum complex being crystallographically characterized.

M

Ph2
P

P
Ph2

S

S
R2N

S

S

−

413
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c. Bi- and Polynuclear Complexes. A large number of polynuclear homo-

and heterometallic complexes have been prepared, the vast majority being

characterized crystallographically. A wide range of structural types is observed,

many containing bridging dithiocarbamate groups.

The known chloro-bridged dimers [Pd(S2CNR2)(m-Cl)] (R¼ Et, Bu) (1634),

have been generated in high yields upon reaction of [PdCl2(PhCN)2] (Eq. 156)

with a range of bis(dithiocarbamate) complexes [M(S2CNR2)2] (M¼ Pb, Zn,

Cd, Hg, Cu, Ni, MoO2, VO) in refluxing dichloromethane (1626). The butyl

complex is crystallographically characterized (1636).

Pd

Cl

Cl
S

S
R2N Pd

S

S
NR2

M
S

S
NR2

S

S
R2N

[PdCl2(PhCN)2]

ð156Þ

Related phosphine–sulfide complexes [M(S2CNR2)(m-Ph2PS)]2 (R¼ Et, i-Pr)

are likewise prepared upon reaction of equal quantities of [M(S2CNR2)2] and

Ph2P(S)H (Eq. 157) (1623,1624). A crystallographic study on [Pt(S2CN��i-
Pr2)(m-Ph2PS)]2 reveals a centrosymmetric arrangement of the bridging ligands

(1623).

M
S

S
R2N M

S

S
NR2

S PPh2

SP
Ph2

M
S

S
NR2

S

S
R2N

Ph2P(S)H

ð157Þ

Base hydrolysis of [Pt(S2CNEt2)(Ph2PCH2PPh2)]Cl under phase-transfer

catalytic conditions followed by anion exchange affords the novel binuclear

platinum complex [{Pt(S2CNEt2)(Ph2PMe)}2(m-Ph2POHOPPh2)][PF6] (414).

This complex has been crystallographically characterized (1637). The dipho-

sphine has undergone phosphorus–carbon bond cleavage, and the bridging

ligand contains a very short hydrogen bond [O. . .O 2.434(6) Å; O��H��O
174(14)�].

Pt

Ph2P

P
S

S
Et2N Pt

S

S
NEt2

P

PPh2O OH

Ph2Me Ph2Me

+

414
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A further diplatinum complex [Pt2Cl3(PEt3)2(m-S2CNMe2)] (415) is formed

upon addition of NaS2CNMe2 to [Pt2Cl4(PEt3)2] and features a bridging

dithiocarbamate ligand. This arrangement is maintained in solution as evidenced

by the observation of two methyl signals in the 1H NMR spectrum (1638).

Pt
Et3P

Cl S

S
NMe2

Pt PEt3Cl

Cl

415

Other binuclear complexes include those bound to ferrocenyl groups. The

meso and rac isomers of [Pd2(fdt)(S2CNR2)2] (R¼ Et, i-Pr; fdtH2¼ ferrocene-

1,10-tetramethyldicarbothioamide) (416) have been separated by silica gel

chromatography, a crystal structure of a rac isomer (R¼ i-Pr) revealing a twist

angle of 19.1(8)� between the cyclopentadienyl ligands (1639).

Fe

Pd

C
S

C

Pd
S

NMe2

S

S
NR2

Me2N

S
S

R2N

416

Three trinuclear palladium complexes have been synthesized and crystal-

lographically characterized. A minor product from the oxidation of [Pd

(S2CNEt2)2] by bromine is yellow [Pd3Br2(S2CNEt2)2(m-S2CNEt2)2] (417)

(1640), while the analogous orange chloride complex has been isolated from

an unusual reaction between [PdCl2(PhCN)2] and [Nb2(S2CNEt2)4(m-S2)2]
(1641). Both are centrosymmetric, the central palladium bis(dithiocarbamate)

unit being bound to Pd(S2CNEt2)X groups through bridging dithiocarbamates.

The palladium–sulfur bonds fall into three groups (X¼ Br); those to the outer

[Pd��S 2.279(1) and 2.291(1) Å] and central [Pd��S 2.313(1) and 2.321(1) Å]

palladium ions, and the bridging interaction [Pd��S 2.346(1) Å] (1641).
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S
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417

In the two complexes described above, the palladium(II) centers are quite

distant. In contrast, in diamagnetic [Pd3(PPh3)2(S2CNEt2)2(m
3-Cl)2] (418)

(Fig. 214), formed in 60% yield from [PdCl2(PhCN)2], PPh3, and NaS2CNEt2,

followed by addition of NaBH4, the palladium centers form a triangular array

with two long [3.129(1) and 3.162(1) Å] and one shorter [3.016(1) Å] metal–

metal interaction (1642). Puddephatt and co-workers (267) also reported

triplatinum dithiocarbamate complexes; addition of dithiocarbamate salts to

[Pt3(m
3-CO)(m-dppm)3]

2þ give [Pt3(m-CO)(m-S2CNR2)(m-dppm)3]
þ (419)

(Fig. 214). A crystallographic study (R¼Me) shows that the dithiocarbamate

spans a platinum–platinum bond, lying trans to the carbonyl, while in solution it

migrates around the platinum triangle.

Stephenson and co-workers (1551,1643–1647) utilized diphenylphosphine-

oxide and sulfide complexes, [M(S2CNEt2)(Ph2PEHEPPh2)] (E¼O, S), toward

the synthesis of heterometallic complexes (Fig. 215). For example, [Pd

(S2CNEt2)(Ph2POHOPPh2)] reacts with a range of metal acetylacetate com-

plexes giving trinuclear [{Pd(S2CNEt2)(m-Ph2PO)2}2M] (M¼VO, Co, Ni, Cu,

Pd) (420) and tetranuclear [{Pd(S2CNEt2)(m-Ph2PO)2}3M] (M¼Mn, Ga, In,

Al) products (1551). Lanthanide and actinide complexes have also been
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Figure 214. Examples of trinuclear group 10 (VIII) dithiocarbamate complexes.
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prepared in this way (1646,1647). Closely related platinum complexes such

as [Pt(S2CNR2)(m-Ph2PS)2M(cod)] (M¼ Rh, Ir; R¼ Et, i-Pr) (421) (1645),

[{Pt(S2CNEt2)(m-Ph2PO)2}2Co] (422) (1643), and [{Pt(S2CN��i-Pr2)(m-Ph2PO)
(m-Ph2PE)}2Co] (1644), have also been prepared by the same method, and

crystallographically characterized.

Bis(dithiocarbamate) complexes, [Pd(S2CNR2)2], have been widely utilized

in the synthesis of heterobimetallic complexes. Addition of [MS4]
2� (M¼Mo,

W) to [Pd(S2CNEt2)2] yields [PdWS2(S2CNEt2)(m-S)2]
�. Interestingly, analo-

gous reactions with [Pt(S2CNEt2)2] do not give the desired product (1503).

From the reaction of [WS4]
2� and [Pd(S2CNC4H8)2], dimeric [PdWS2(S2CNC4-

H8)2(m-S)2]
� (Eq. 158) has been crystallographically characterized. It has a

short tungsten–palladium vector [2.8669(7) Å], which is bridged by two sulfido

groups (1648,1649). Interestingly, the nonlinear optical effects have been

assessed. While the complex exhibits optical self-defocusing with negligible

nonlinear absorption, it is inferior to most group 6 (VI B) group 11 (I B) sulfido

cluster compounds previously tested (1648).
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S
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S
N W

S

S

−
[WS4]2−

ð158Þ

In a series of papers, Kawamura and co-workers (297–299,1650) report the

synthesis of a number of mixed-metal complexes of the type [M3(S2CN-

R2)6M
0
2]
2þ (M0 ¼Ag, Cu), formed upon addition of stoichiometric amounts

of [M(S2CNR2)2] (M¼ Pd, Pt; R¼ Et, Pr, i-Pr, Bu, Cy) to Agþ or
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Figure 215. Examples of Ph2PE-bridged heterometallic complexes.
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[Cu(MeCN)4]
þ. Bond et al. (540) observed the same species by ESMS. Crystal

structures of nine complexes of this type have been examined. All are held

together by bridging dithiocarbamate ligands and fall into three basic types: (1)

polymeric, (2) discrete ions with a pseudo-threefold axis through the coinage

metal atoms, and (3) discrete ions without a threefold axis. A comparison of the

structures shows the existence of a bonding interaction between the heterometal

centers, which is greater for platinum than palladium, and for silver over copper.

The existence of a strong bonding interaction between platinum and silver in

[Pt3(S2CNBu2)6Ag2]
2þ (423) is shown by a 195Pt��107,109Ag coupling constant

of 194 Hz (297). The same group also report the reaction of copper(I) halides

with [Pt(S2CNEt2)2], which generate helical polymers linked together by Cu2
(m-X)2 units and bridging dithiocarbamate ligands (1650).

Pt
S

S
NBu2

S

S
Bu2N

Ag Ag

Pt

S
S

Bu2N

S
S
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Pt
S

S
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S

S
NBu2

2+

423

Forniés et al. reported somewhat similar chemistry centered upon the

reactions of [M(S2CNMe2)(Z
2-CH2C6H4PAr2)] (Ar ¼ o-tol) (1618) with silver,

gold, and mercury salts (301,1651,1652). Both binuclear and tetranuclear

complexes have been isolated with silver and gold, all containing bridging

dithiocarbamate ligands and short heterometal distances, indicative of a

substantial bonding interaction. For example, addition of AgClO4 to [M(S2CN

Me2)(Z
2-CH2C6H4PAr2)] (424) gives tetranuclear [M2(Z

2-CH2C6H4PAr2)2(m-
S2CNMe2)Ag(AgOClO3)]ClO4 (425), which reacts with further PPh3 to yield

binuclear [M(Z2-CH2C6H4PAr2)(m-S2CNMe2)Ag(PPh3)] (426) (Fig. 216) (301).

With mercuric acetates, the products formed depend critically on the nature

of the group 10 (VIII) metal, but in all cases the dithiocarbamates remain

as simple chelating ligands (Fig. 217). The platinum complex 427 reacts

with [Hg(O2CR)2] (R¼Me, CF3) to give octahedral complexes [(Z1-O2CR)

Hg��Pt(S2CNMe2)(Z
2-CH2C6H4PAr2)(Z

1-O2CR)] (428). These react further

with hydrobromic acid yielding tetranuclear [BrHg(m-Br)Pt(S2CNMe2)(Z
2-

CH2C6H4PAr2)]2 (429), containing a five-coordinate platinum ion. Short,

unsupported, platinum–mercury bonds characterize all of these compounds.

378 GRAEME HOGARTH



M

H2
C

P
Ar2

S

S
Me2N M

H2
C

P
Ar2

S

S
Me2N

Ag

PPh3

[Ag(PPh3)(ClO4)]

H2
C

P
Ar2

S
Me2N

M

Ar2
P

C
H2

S

S
Me2N

Ag

M
S

Ag
O3ClO

AgClO4

[ClO4]

[ClO4]

PPh3

424

425

426

Figure 216. Addition of a silver(I) salt to [M(S2CNMe2)(Z
2-CH2C6H4PAr2)].
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Figure 217. Addition of mercury(II) salts to [Pt(S2CNMe2)(Z
2-CH2C6H4PAr2)].
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In contrast, reaction of [Pd(S2CNMe2)(Z
2-CH2C6H4PAr2)] with mercuric

acetates affords binuclear [(Z1-O2CR)HgPd(S2CNMe2)(m-O2CR)(m-CH2C6H4

PAr2)] (430), resulting from an incomplete transmetalation reaction; distant metal

centers are bridged by both acetate and ortho-metalated phosphine ligands (1651).

Pt

P
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S

S
Me2N

430

HgO
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R

O

CH2

O

R

d. Tetravalent Complexes. Oxidation of bis(dithiocarbamate) complexes

[M(S2CNR2)2] by halogens to give cis-[MX2(S2CNR2)2] is a well-established

process (1653). More recently, Blake et al. (1640) crystallographically char-

acterized, cis-[PdBr2(S2CNEt2)2] (431), while cis-[PtCl2(S2CNBz2)2] has been

prepared from K2PtCl6, dibenzylamine, and carbon disulfide (1519). Reaction of

[Pt(S2CNMe2)(Z
2-CH2C6H4PAr2)] with halogens affords related platinum(IV)

complexes, cis-[PtX2(S2CNMe2)(Z
2-CH2C6H4PAr2)] (X¼ Cl, Br, I) (432), with

the iodide crystallographically characterized (1618). Cyclic voltammetry has

been carried out on platinum(IV) complexes, cis-[PtX2(S2CNR2)2]. Reduction

leads to halide loss and no evidence was found for the formation of platinum(III)

complexes (231).

Addition of dithiocarbamate salts to trimethylplatinum(IV) sulfate affords

dimeric complexes fac-[PtMe3(m-S2CNR2)]2 (R¼H, Me, Et; R2¼HMe, HEt,

HPh, PhMe) (433) in which the dithiocarbamate acts as a bridging ligand. The

crystal structures of two examples have been carried out (R¼Me; R2¼HPh),

as has extensive NMR studies aimed at measuring the barriers to rotation about

the carbon–nitrogen bonds. Free energies of activation ranging between 65 and

88 kJ mol�1 have been found, and are highly dependent on the nature of the
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Figure 218. Examples of platinum(IV) complexes.

380 GRAEME HOGARTH



substituents; the complex derived from aniline having the lowest, and that from

diethylamine, the highest, barrier to rotation (364).

Pt

Me

Me

S

Me

S

NR2

Pt
Me

Me

S

Me

S

R2N

433

e. Applications. A number of potential applications and uses have been

explored for both palladium and platinum dithiocarbamate complexes. The

bis(dithiocarbamate) complex [Pd(S2CNC5H10)2] has been used in the spectro-

photometric determination of Pd(II) at pH 6.5 (1654), while zinc silicate-bonded

diethyldithiocarbamate also shows a high selectivity for palladium(II) and can

be used in its preconcentration (1655). Related to these is a spectrophotometric

determination of the fungicide, [Zn(S2CNMe2)2], which relies on precipitating

the dithiocarbamate as [Pd(S2CNMe2)2] or [Cu(S2CNMe2)2], which absorb

strongly at 395 and 430 nm, respectively (1656).

Palladium bis(dithiocarbamate) complexes derived from 4-(40-alkyloxyphe-
nylethyl)piperidines (434) display mesomorphic liquid-crystalline properties

(1485), while in contrast, related complexes lacking the alkyl chains such as

[Pd(S2CNC4H8NPh)2] and [Pd{S2C{N(CH2)nMe}2}2] (n ¼ 6,8) (1486) showed

no mesomorphism as the chain length was not sufficiently long to depress the

melting point enough (1486).

Pd
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S
N

S

S O

N

O

434

H(H2C)n

(CH2)n H

Bis(dithiocarbamate) complexes, [M(S2CNC4H8X)2] (M¼ Pd, Pt; X¼O, S,

CH2), have been tested for cyclostatic activity on KB cells, but show low

activity at best (1585), as do a range of cationic amine complexes (1609). In

contrast, related diamine complexes [M(diamine)(S2CNR2)][NO3] (dia-

mine¼ 2,20-bpy, 1,10-phen) show antitumor activity against leucemic cells

(1628,1629,1657). Further, administration of various dithiocarbamates at a

low dose level with cisplatin has been found to afford almost complete

protection against cisplatin induced renal toxicity and body weight loss without
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significant loss of activity, with N-p-carboxybenzyl-D-glucaminedithiocarba-

mate being particularly promising (1658).

Fregona and co-workers (1659,1660) reported the synthesis of palladium

and platinum complexes [Pd{S2CN(Me)CH2CO2R}Cl]n (R¼ Et, Bu) and

[PtCl(Py){S2CN(Me)CH2C(O)OEt}] (1661), respectively, containing the dithio-

carbamate generated from the esters of methylamino acetic acid. The former

were examined for their cytotoxic properties in human cell lines and on the

kidney, effects after a single injection being found to be similar to those of

cisplatin. Further, biochemical and histopathological findings show the complex

affects the pars recta and pars convoluta, while cisplatin affects only the pars

recta. Toxicity tests on the kidney were also carried out for [PtCl(Py){S2CN

(Me)CH2C(O)OEt}] (435) by means of a renal cortical slice model. It showed

very low renal toxicity when compared to cisplatin, and also appeared to be

more effective in vitro than the latter when tested on sensitive and resistant

cisplatin tumor cell lines (1661). Very recently, a number of palladium and

platinum amine complexes containing this dithiocarbamate have been tested

for in vitro cytostatic activity against human leukemic HL-60 and HeLa cells.

Those with Py ligands such as [MCl(Py){S2CN(Me)CH2C(O)OEt}] and

[M(Py)2{S2CN(Me)CH2C(O)OEt}]Cl show remarkable activity, which are

better than cisplatin (1610).

Pt
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ClS

S
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Me

EtO

O

435

Palladium and platinum dithiocarbamate complexes are potential precursors

toward technologically important metal sulfides. In this regard, TGA and DSC

measurements have been made on a number of bis(dithiocarbamate) complexes.

Palladium a-amino acid derivatives tend not to be volatile and PdO simply

results (1588). With more volatile derivatives, such as those derived from methyl

piperidines, heating to �400�C yields palladium polysulfides (PdxSy)

(1438,1584), which slowly yield PdO at higher temperatures. With [Pd(S2CN

MeCy)2], heating to between 463 and 618�C affords Pd(SCN)2, which trans-

forms to PdS between 673 and 748�C (1332). Platinum complexes appear to be

less stable, and often decompose to platinum sponge at >400�C (1438,1585).

However, [Pt(S2CNMeCy)2] is reported to give Pt(SCN)2 at 463–658�C, PtS
between 673 and 728�C and platinum metal at higher temperatures (1332).

Very recently, O’Brien and co-workers (1581) prepared more volatile

bis(dithiocarbamate) complexes [M(S2CNMeHex)2]2 (436) (Fig. 219) with
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melting pints of 80–85�C, and these have been utilized toward the growth of thin
films of PdS and PtS by low-pressure MOCVD. They have also been used as

precursors to TOPO-capped nanoparticles (TOPO¼ trioctylphosphine) with

diameters of �5 and 3 nm, respectively. Allyl–dithiocarbamate complexes,

[Pd(S2CNR2)(allyl)], display relatively high volatility as compared to analogous

bis(dithiocarbamate) complexes, and as such they have been used in the

preparation of thin films of various palladium sulfides. A particularly good

precursor is [Pd(S2CNPr2)(Z
2-2-MeC3H4)] (437) (Fig. 219) (1582).

H. Group 11 (I B): Copper, Silver, and Gold

1. Copper

Dithiocarbamates stabilize copper in the þ1, þ2, and þ3 oxidation states,

with copper(II) bis(dithiocarbamate) complexes, first reported by Delépine (2)

being most common. Later, Cambi and Coriselli (1662) detailed the synthesis of

a range of these and also copper(I) dithiocarbamate complexes, and in the 1960s

copper(III) complexes were prepared (1663). Over the past 20 years, some

significant new developments have been made and a wide range of applications

has been established.

a. Copper(II) Bis(dithiocarbamate) Complexes. Copper(II) bis(dithio-

carbamate) complexes [Cu(S2CNR2)2] (438) are easily prepared from a range

of copper(II) salts and in this way examples have been generated from a large

number of amines including dialkylamines (317, 1663), piperidines and piper-

azines (739, 1126, 1424, 1425, 1474, 1486, 1665, 1666), anilines (1667),

b-naphthylamine (1125), a-amino acids (121, 129, 137, 136), indole, indoline,

carbazole, imidazole (72), aryldecahydroquinolin-4-ones (1478), Schiff bases

derived from ethylenetriamine (1121), succinimide and phthalimide (49), 1,4,

7,10-tetraoxz-13-azacyclopentadecane, 1,5-aminobenzo-1,4,7,10,13-pentaoxa-

cyclopentadecane (50) and 3-dithiocarboxy-3-aza-5-aminopentanoate (1481).

Complexes derived from para-substituted piperidines with long organic chains

have also been prepared and show liquid-crystal properties (see Section

IV.H.1.g.v) (1485, 1486, 1668).
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Figure 219. Group 10 (VIII) dithiocarbamate complexes utilized as precursors to metal–sulfide

films.
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In an exciting development, Beer and co-workers prepared a range of novel

compounds incorporating copper(II) bis(dithiocarbamate) units (Fig. 220).

These include macrocyclic complexes based on terphenyl diamines (439–442)
(326, 1468, 1469) and ferrocenyl amines (443) (1468), pyrrole-based metallo-

cryptands (444) (492), cyclic amide complexes (445), and monometallic com-

plexes with crown-ether substituents (446) (492), a number of which have been
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Figure 220. Copper(II) bis(dithiocarbamate) complexes prepared by Beer and co-workers.
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used as anion receptors (492, 1470, 1471). Many of these are analogous to the

nickel and zinc complexes prepared by the same group. Further, the oxidation of

some of these to the analogous copper(III) complexes has been studied in some

detail and will be discussed later.

A number of other synthetic routes have also been developed toward copper

bis(dithiocarbamate) complexes. Two groups have prepared the bis(2,20-dipyr-
idyl)dithiocarbamate complex 447 (Fig. 221) upon insertion of carbon disulfide
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Figure 220. (Continued )
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into the copper–nitrogen bonds of the corresponding 2,20-dipyridyl complex

(195, 196), while Klein et al. (204) prepared [Cu(S2CNMe2)2] from the reaction

of copper(II) chloride with P(S2CNMe2)3. The latter group also report the

synthesis of [Cu{S2CN(CH2CH2NH2)2}2] (448) (Fig. 221) from copper(I)

chloride and diethylenetriamine in the presence of carbon disulfide. The

structure is unknown, and it may be a polymer.

The oxidative–addition of thiuram disulfides to copper metal affords the

bis(dithiocarbamate) complexes in good yields (170, 186, 187). This transfor-

mation may occur via initial formation of the copper(I) complexes, since

Åkerström’s has previously shown that the latter react instantaneously with

thiuram disulfides to generate the analogous copper(II) complexes (188).

Addition of the dithiocarbamate salts, NaS2CNR2, to copper powders in chloro-

form also yields [Cu(S2CNR2)2] (R¼Me, Et, Pr, Bu; R2¼ C4H8). These

reactions also work in ethanol or DMSO and their rates are dependent on the

nature of the alkyl substituents (Bu> Pr> Et>Me) (190). Further, synthesis of

[Cu(S2CNMe2)2] from metallic copper has been shown to accelerated by

ultrasonic treatment (191).

All copper(II) bis(dithiocarbamate) complexes contain a square-planar cop-

per(II) center as shown by a large number of crystallographic studies (121, 314–

317, 325, 326, 486, 488, 496, 1666, 1669–1672). This arrangement is attributed

to the crystal field stabilization energy being greater than the repulsive energy of

the steric interactions imposed by the metal upon adoption of a square-planar

configuration. Two general structural types are found (Fig. 222): simple

monomeric units (438) (121, 316, 317, 325, 326, 488, 496, 1666, 1669–1672)

and dimeric structures held together by intermolecular copper–sulfur interac-

tions (449) (196, 314–317). Monomeric complexes include those with iso-

propyl, piperidine, and large cyclic substituents, while dimeric structures are

observed for ethyl, propyl, allyl, 2-hydroxyethyl, and 2,20-dipyridyl. In the

dimeric structures, each copper center is five coordinate with intermolecular

copper–copper and copper–sulfur interactions being �3.4–3.8 and 2.7–2.9 Å,

respectively. These secondary interactions also lead to a substantial deviation

from planarity of the CuS4 moiety, a point that has been addressed using NDDO

calculations (1493). The structure of [Cu(S2CNMe2)2] (450), carried out in
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Figure 221. Copper(II) bis(dithiocarbamate) complexes with nitrogen-based substituents.
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1974, is different from all others in that the long-range copper–sulfur interac-

tions persist throughout, such that the copper center adopts a pseudo-octahedral

coordination environment (1673).

The structure of the benzyl derivative [Cu(S2CNBz2)2] (Fig. 223) is also

somewhat unusual in that the two independent molecules in the asymmetric unit

are linked via one copper–sulfur and a second sulfur–sulfur interaction. The

adoption of this configuration presumably arises from the steric requirements of

the benzyl substituents (104, 317).

Rice and co-workers (1674) carried out a gas-phase electron diffraction study

of [Cu(S2CNMe2)2], for which long-range copper–sulfur interactions are seen in

the solid state (1673). They found that it is monomeric in the gas phase, adopting

the expected square-planar coordination geometry. Confirmation of the mono-

meric nature of copper(II) bis(dithiocarbamate) complexes in the gas-phase also

comes from mass spectroscopic studies (589). Further, while in the solid state,
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Figure 222. Solid-state structures of copper(II) bis(dithiocarbamate) complexes.

Figure 223. Crystal structure of [Cu(S2CNBz2)2].
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[Cu(S2CNEt2)2] adopts a dimeric structure with a nonplanar CuS4 unit, a
13C and

14N electron–nuclear double resonance (ENDOR) study of this complex sub-

stituted into single crystals of [Ni(S2CNEt2)2] revealed that the centrosymmetric

structure of the nickel host had been adopted by the guest (1675).

The physical properties of copper(II) bis(dithiocarbamate) complexes have

been investigated in some detail. Jian et al. (316) determined equilibrium

constants of formation ðKeqÞ from copper(II) chloride in ethanol for a number

of simple alkyl derivatives, [Cu(S2CNR2)2], by UV–vis spectroscopy. They

range from 3:03� 107 to 1:40� 108, showing a dependence on the nature of the

alkyl substituents in the order: i-Pr> n-Prffi Et>Me. The metal-binding

properties of other bis(dithiocarbamates), [Cu(S2CNR
1R2)2] (R1¼ R2¼ Et,

Bu; R1¼ Et; R2¼ Bu, Hex), have been determined spectrophotometrically on

the basis of the competition for these ligands ðKcÞ with 8-hydroxyquiniloine in

75% aqueous tertiary butanol. All are >1, but that for [Cu(S2CNBu2)2]

ðKc ¼ 33:11� 102Þ is two orders of magnitude greater than [Cu(S2CNEt2)2]

ðKc ¼ 0:34� 102Þ (596, 1676). The same authors also assess the relative

stability of [Cu(S2CNEtHex)2] over [Fe(S2CNEtHex)3] by visible spectroscopy,

showing that complete transfer of the dithiocarbamate ligand from iron(III) to

copper(II) occurs, thus demonstrating the selectivity of the amphiphilic dithio-

carbamate for copper over iron.

X-ray photoelectron spectra of [Cu(S2CNEt2)2] (556) and [Cu(S2CNC4H8X)2]

(X¼O, S, NH, NMe, CH2) (560) have been recorded, and for the latter, the

Cu2p3=2 peaks have been found to be particularly narrow (1.9–2.1 eV). St. Nikolov

and Atanasov (521) recorded the electronic spectrum of [Cu(S2CNEt2)2] alone and

when doped into a [Zn(S2CNEt2)2] matrix. They also studied these systems

theoretically using the angular overlap model and crystal-field theory, finding

that while the latter is unsuccessful in interpreting both the photoelectron spectrum

and d–d transitions, the angular overlap model provides a good interpretation.

A detailed far-IR study of heterocyclic dithiocarbamate complexes with 63Cu

and 65Cu isotopes has been carried out allowing the n(Cu��S) and d(S��Cu��S)
vibrations to be assigned at 339–382 and 188–194 cm�1, respectively (517),

while a normal coordinate analysis of [Cu(S2CNEt2)2] has allowed a detailed

assignment of the observed frequencies, revealing that a high degree of mixing

occurs between different parts of the molecule (1494).

All copper(II) bis(dithiocarbamate) complexes are paramagnetic with mag-

netic moments of the order of 1.6–1.9 BM (1125, 1126, 1474). White and

co-workers (1677) measured the magnetic susceptibilities of a number (R¼Me,

Et, i-Pr, Bu) between 4 and 290 K. Weak antiferromagnetic interactions are

generally observed. Interestingly, when the n-butyl complex was crystallized

from chloroform–light petroleum it gave a material, a-[Cu(S2CNBu2)2], with a

strong antiferromagnetic exchange coupling. This material was absent from

b-[Cu(S2CNBu2)2], which was crystallized from chloroform–ethanol. In order
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to shed light on these magnetic differences, the crystal structures of both have

been carried out. The b-form consists of isolated monomer molecules, while in

the a-form a dimeric structure is adopted. The authors conclude that the strong

antiferromagnetic coupling in the latter results either from the bridging nature of

the sulfur atoms altering the efficiency of the antiferromagnetic superexchange

pathway, or from an intermolecular coupling via pathways of the type

Cu��S. . .S��Cu. However, based on the available experimental data, they were

not able to distinguish between the two (1677). In marked contrast to the work

described above, an earlier report suggested that [Cu(S2CNEt2)2] displays a

strong ferromagnetic interaction (1678). This work was, however, later shown to

be incorrect, a second study showing that weakly interacting pairs of exchange-

coupled copper(II) centers in dimeric [Cu(S2CNEt2)2] give rise to a ferromag-

netic intrapair-exchange constant of only 0.9 K, and an antiferromagnetic

interpair interaction of �0.007 K (1679).

The ESR spectra of copper(II) bis(dithiocarbamate) complexes has been

widely discussed in previous reviews (16, 17). A number of more recent

contributions have been made (72, 121, 129, 316, 477, 1680–1683). These

include work by Bereman and Nalewajek (72), who have analyzed the ESR

spectra of indole, indoline, and carbazole-derived dithiocarbamate complexes.

Their results suggest a strong covalency in the in-plane s-bonding and moderate

covalency for the in-plane and out-of-plane p-bonding. The latter indicates that
these dithiocarbamate complexes exhibit a strong predominance of the non-

thioureide resonance form, and it is this which is the strong-field form for

dithiocarbamates (see Section III.C). The covalent nature of the copper–sulfur

bonds has been confirmed by calculations, which also reveal that the odd

electron is delocalized over the CuS4 unit, and lead to theoretical values for the

g-tensor and copper and sulfur hyperfine tensors (1684).

Suzuki et al. (1680) reported that ESR spectra of bis(dithiocarbamate)

complexes in various media at �196�C show a typical spectrum with narrow

hyperfine splittings. However, spectral differences between water soluble and

insoluble complexes are seen, which leads them to suggest they differ both

structurally and in their interaction with solvents in frozen solution. Further, the

water-soluble complexes are permeable in tissues and this has allowed their ESR

spectra to be measured for the first time in this medium.

Yordanov and co-workers (1682) reported that no changes were observed to

the ESR signal of [Cu(S2CNEt2)2] when studied in a wide range of solvents,

indicating its high stability. However, in DMSO the spectrum shifts to low field

after several days with two new ESR spectra appearing; changes being rationa-

lized in terms of the formation of a DMSO adduct. Related to this, Sarova and

Jeliazkova (1683) reported that photolysis of [Cu(S2CNR2)2] in chloromethane–

ethanol mixtures results in the generation of [Cu(m-Cl)(S2CNR2)]2, as shown by

ESR and visible spectra. The steady-state concentration was found to depend on
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the nature of the substituents and the ethanol content. Further, the primary

photochemical reaction is an intramolecular electron transfer from an equato-

rially bound sulfur to the copper(II) center, yielding the corresponding copper(I)

complex and a dithiocarbamate radical. Similar charge-transfer photochemistry

has been studied in the mixed-ligand complex [Cu(S2CNEt2)(Se2CNEt2)], with

homolytic copper–sulfur bond cleavage believed to be the primary photoprocess

(1685).

In a series of papers, Ivanov and co-workers (533,1686–1699) studied the

ESR spectra of copper(II) bis(dithiocarbamate) complexes and their adducts

with bases while magnetically diluted with other bis(dithiocarbamate) com-

plexes, [M(S2CNR2)2] (M¼Ni, Cd, Zn, Hg), as well as with antimony(III) and

thallium(I). As other bis(dithiocarbamate) complexes can adopt mononuclear

square-planar (M¼Ni) or dimeric nonplanar (M¼ Zn, Cd, Hg) configurations,

then depending on the sample preparation, a number of different structural

organizations are possible in these magnetically dilute systems. Indeed, they

have found that in some cases a new structural type results, the two components

crystallizing separately to form local spatial domains with a homogeneous

molecular composition. The lack of crystallographic information, however, has

meant that structural elucidation has not been possible. In an attempt to gain

more insight, solid-state 13C and 15N CP/MAS NMR studies have been carried

out on non-copper containing diamagnetic systems (533). These studies

allow the third structural type to be tentatively identified as polynuclear

[M2(S2CNR2)4 	nNi(S2CNR2)2] (n ¼ 1–4; M¼ Zn, Cd, Hg), with the simulta-

neous presence of mono- and binuclear dithiocarbamate units. Kirmse et al.

(1700) also showed by using 13C ENDOR spectra, that incorporation of

[Cu(S2CNEt2)2] into single crystals of [Zn(S2CNEt2)2] results in an unexpect-

edly large isotropic coupling that can be understood in terms of a transannular

overlap mechanism.

The electrochemical properties of [Cu(S2CNR2)2] have been widely studied

previously (Fig. 224). In complexes undergoing reversible one-electron oxida-

tion and reduction to copper(III) and copper(I) species, respectively (1701),

similar findings were reported in a more recent paper (1702).
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Figure 224. Electrochemical properties of copper(II) bis(dithiocarbamate) complexes.
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As detailed earlier, Beer et al. (326) prepared a number of macrocyclic

complexes containing copper(II) bis(dithiocarbamate) centers, and some in-

stances electrochemical studies have been carried out. For example, cyclic

voltammetry studies of [Cu{S2CN(Bu)CH2��m-C6H4CH2N(Bu)CS2}2]2 (439-
Bu) show two one-electron oxidation processes separated by 0.14 V, indicating

an electrochemical coupling between the two proximal metal centers. Interest-

ingly, when the oxidation of the naphthyl-based complex [Cu{S2CN

(Bu)CH2C10H6CH2N(Bu)CS2}2]2 (440-Bu) (Fig. 220) was carried out in the

presence of anions (ReO�
4 , H2PO

�
4 , Cl

�,Br�, NO�
3 ), substantial cathodic shifts

in the oxidation potential were seen (85 mV for ReO�
4 and H2PO

�
4 ), while no

shift was observed for other anions. In contrast, the smaller xylyl-based

macrocycles (439) (Fig. 220) exhibited a small shift for chloride (20 mV), but

negligible changes for the other anions. The interaction of perrhenate with the

naphthyl-based complex (440-Bu) was further studied by UV–vis spectroscopy.

A bathochromic shift of 10 nm was observed in the absorption maximum upon

addition to [Cu{S2CN(Bu)CH2C10H6CH2N(Bu)CS2}2]2[BF4]2. This shift is

interpreted as a result of the inclusion of ReO�
4 into the macrocycle cavity.

Related xylyl-based macrocyles (439) are too big, and biphenyl-based macro-

cycles 441 (Fig. 220) are too small for anion inclusion.

Beer and co-workers (1471) also prepared a bis(dithiocarbamate) complex

(446) (Fig. 220) with crown-ether appendages. Electrochemical studies show

that it can sense various anions and cations. Significant cathodic and anodic

perturbations of the Cu(II)–Cu(III) couple are observed.

The photochemical properties of [Cu(S2CNR2)2] (R¼ Et, i-Pr) have been

investigated, and are characterized by a strongly allowed LMCT in the visible

region. It results in reduction of the metal center and proceeds via an

intramolecular electron transfer from an equatorially bonded sulfur. When

irradiation is carried out in chloroform–ethanol mixtures, [CuCl(S2CNR2)]

initially results, on route to CuCl2 (1703). Sarova and Jeliazkova (1683) further

investigated the role of the solvent in the photochemical reactivity of a range of

cyclic bis(dithiocarbamate) complexes, [Cu(S2CNC4H8X)2] (X¼O, NH, NPh,

CH2), and also report formation of [CuCl(S2CNR2)]n in chloromethane–ethanol

mixtures. They suggest that monomeric [CuCl(S2CNR2)] is in equilibrium with

a chloro-bridged dimer [Cu(m-Cl)(S2CNR2)]2 (1704) (Fig. 225). In support of
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this finding, isotopic exchange between 63Cu and 65Cu has been noted between

[Cu(S2CNEt2)2] and CuCl2 in chloroform–DMSO solutions (519). Further, in

either chloroform or ethanol, addition of a number of copper(II) halides is found

to destroy the ESR signal of [Cu(S2CNR2)2], generating a new spectrum

associated with [CuX(S2CNR2)]n (X¼ Cl, Br) (1681). This ligand-exchange

process has been studied by ESR spectroscopy for a range of copper(II) salts

(X¼ Cl, NO3, ClO4); equilibrium constants were calculated (601).

In a number of contributions, Iliev et al. (1705) focused on the reactivity of

bis(dithiocarbamate) complexes. They combine with haloalkanes to give

[Cu(S2CNR2)Xn] (X¼ Cl, Br; n ¼ 1 or 2), which in turn react with weak Lewis

bases resulting in complete dithiocarbamate loss and formation of [CuX2Bn]

(n ¼ 1, 2, 4). Reactions also occur with Lewis acids, some being followed by

ESR spectroscopy. In nonpolar and noncoordinating solvents, mercury(II) and

germanium(IV) compounds formed adducts, while in polar coordinating sol-

vents, mixed-ligand complexes resulted. Their reactivity toward Lewis acids

such as CoCl2, HgX2, GeCl4, AsBr3, and SbCl3 has also been investigated by

ESR spectroscopy. Both in nonpolar and noncoordinating solvents, HgX2

(X¼ Br, I) and GeCl4 form adducts, whereas in polar coordinating solvents

salts of the type [Cu(S2CNR2)][HgX3] result. Reactions of [Cu(S2CNR2)2] with

CoCl2, AsBr3, and SbCl3 result in halide transfer giving [CuX(S2CNR2)]n
(1706).

In contrast to the addition of copper(II) halides, addition of copper(I) chloride

to [Cu(S2CNR2)2] (R¼Me, Et, i-Pr; R2¼ C4H4, C4H8O, C5H10) is proposed to

afford mixed-valence complexes [Cu(S2CNR2)2(CuCl)2]. While their structures

are unknown, they are paramagnetic (m 2.2 BM per structural unit), probably

containing both copper(I) and (II) centers bridged by the dithiocarbamates

(1707). Addition of halides to [Cu(S2CNEt2)2] in DMSO has been reported to

result in complete dissociation of the dithiocarbamates, which are oxidized to

give tetraethylthiuram disulfide and the corresponding copper(II) halide

(X¼ Cl, Br, I) (1708).

Addition of aliphatic amines (L) to [Cu(S2CNEt2)2] has been studied by ESR

spectroscopy (1697). Initial formation of five-coordinate adducts is proposed,

while over longer periods addition of more base affords complexes of the type

[Cu(S2CNEt2)2L2], which are believed to contain four coordinate, square-planar,

copper centers, with a trans disposition of monodentate dithiocarbamate ligands.

Mederos et al. (1666) experimentally and theoretically studied the reaction of

[Cu{S2CN(CH2CH2OH)2}2] with NO in water. Their calculations suggest that 2

mol of NO add in a stepwise fashion affording trans-[Cu(NO)2{S2CN(CH2-

CH2OH)2}2] as the final product via an aquated intermediate [Cu(NO)

(H2O){S2CN(CH2CH2OH)2}2] (Fig. 226). When followed experimentally by

UV–vis spectroscopy, an isosbestic point was observed leading to the generation

392 GRAEME HOGARTH



of stability constants. These showed that the 1:1 complex is thermodynamically

more stable than the 1:2 complex, which is in agreement with the theoretical

studies.

Most recently, the same group reported the actual isolation and characteriza-

tion of [Cu(NO)(S2CNC4H8O)2].3H2O. The n(NO) vibration appears at 1682

cm�1 in the IR spectrum and the complex adds a second nitrosyl to give

[Cu(NO)2(S2CNC4H8O)2], which was not isolated. The mononitrosyl complex

shows good stability, remaining unchanged when a solution is purged with either

air or argon, while NO only begins to be lost upon heating to 333 K. Even at 373

K a weak nitrosyl band is still observed in the IR spectrum. The authors’ also

note that the mononitrosyl complex is ESR silent and is attributed to an

electron–transfer, generating a reduced copper(I) center (1709).

b. Other Copper(II) Complexes. Dimeric copper(II) halide complexes,

[Cu(m-X)(S2CNR2)]2, have previously been prepared and crystallographically

characterized (1710). More recently, a number of further publications have dealt

with their synthesis and properties (1703,1704,1711,1712). In a series of papers,

Jeliazkova and co-workers (1713–1716) probed the photochemistry of [Cu(m-
X)(S2CNEt2)]2 (X¼ Cl, Br) and related copper(II) complexes, [Cu(S2CN-

Et2)][Y] (Y¼ ClO4, NO3), proposed to be formed as detailed earlier from

reactions of [Cu(S2CNEt2)2] with CuX2 and CuY2, respectively. All have a

strongly allowed LMCT transition in the visible region, leading to reduction of

the metal via an intramolecular electron transfer from an equatorially bound

sulfur. Irradiation of [Cu(S2CNEt2)][Y] in solvent mixtures containing chlor-

ocarbons affords [Cu(m-Cl)(S2CNEt2)]2 enroute to CuCl2 (1713), while photo-

lysis of [Cu(m-Br)(S2CNEt2)]2 in chloroform gives the corresponding chloride-

bridged dimer and visa versa (1716). Other workers have shown that addition of

pyridines or picolines (L) to [Cu(m-Cl)(S2CNEt2)]2 gives monomeric, tetrahe-
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Figure 226. Proposed stepwise formation of a dinitrosyl complex upon addition of NO to

[Cu{S2CN(CH2CH2OH)2}2].
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dral, copper(II) dithiocarbamate complexes, [CuCl(S2CNEt2)L] (Eq. 159), with

magnetic moments of 1.09–2.09 BM (1717).
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A number of related monomeric mixed-ligand complexes of the type

[Cu(S2CNR2)(chelate)] have been reported. They have been prepared with

acac, oxime, dithiophosphate, and bis(8-quinoline-thiolato-5-SO3H) coligands

upon mixing bis(dithiocarbamates) with the corresponding bis(chelate) com-

plexes (1718,1719), or from CuCl2 and equimolar amounts of the sodium salts

of the corresponding ligands. The latter has been used to prepare a series of 2-

hydroxyaryloxime complexes, [Cu(S2CNR2)(Z
2-OC6H4CR

0����NOH)] (R¼ Et,

Bz; R2¼ C5H10; R
0 ¼H, Me, Et) (451) (Fig. 227), shown by ESR spectroscopy

to contain a square-planar copper center (1720). Jeliazkova (1721,1722), Iliev

(1523,1719), and their co-workers have studied the photochemical properties of

mixed-ligand dithiocarbamate–dithiophosphate complexes using ESR spectro-

scopy as a probe. For example, photolysis of [Cu(S2CNEt2){S2P(O��i-Pr)2}]
(452) (Fig. 227) results in generation of an equilibrium mixture with the

bis(ligand) complexes; homolytic cleavage of the copper–sulfur bonds to the

dithiophosphate ligand being shown to be the primary photoprocess (1719).

Very recently, Esmadi and Irshiadat (1526) reported the synthesis of Schiff

base complexes of the stoichiometry [Cu2L(S2CNC4H8)3] and [Cu4L2(S2CN-

C4H8NCS2)3]n (L¼OC6H4CH����NAr; Ar¼ 7-naphthyl). In the absence of

crystallographic data, it is not possible to ascertain precise structural details,

but the latter is believed to be polymeric. El-Said et al. (119) detailed the

reaction of the dithiocarbamate salt generated from phenylalanine with 2 equiv

of [Cu(1,10-phen)3]Br2 in water, proposing the formation of a binuclear
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Figure 227. Examples of mixed-ligand complexes of the type [Cu(S2CNR2)(chelate)].
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complex, [Cu2Br2(1,10-phen)2(H2O)2{m-S2CNHCH(Bz)CO2}] (453), with the

functionalized dithiocarbamate bridging metal centers in an unusual manner.
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c. Copper(III) Complexes. Copper(III) bis(dithiocarbamate)complexes,

[Cu(S2CNR2)2]X, are readily prepared upon oxidation of the corresponding

copper(II) complexes, with oxidizing agents including [CuClO4] (319, 323,

1723), [Cu(BF4)2] (1558), FeCl3 (104, 319, 326, 1558), and iodine (318, 323–

325, 586, 1718). Direct reaction of [Cu(ClO4)2.6H2O] with thiuram disulfides

also gives a route to [Cu(S2CNR2)2][ClO4] (R¼ Cy; R2¼ C4H8O), although

copper(III) salts could not be obtained with the smaller anions, such as chloride,

bromide, or nitrate (1724). Bond et al. (303) studied the oxidation by NOBF4
using ESMS, and noted that mixing of different copper(III) cations leads

to global exchange of the dithiocarbamate ligands. Interestingly, with

[Cu(S2CNC5H10)2], ions [CuS(S2CNC5H10)2]
þ and [CuS(S2CNC5H10)]

þ were

also observed and this is believed to result from sulfur extrusion from the

thiuram disulfide.

Crystallographic studies have been carried out on a number of examples

(104, 318–326). All contain square-planar copper(III) centers, which attain an

overall distorted octahedral coordination via intermolecular interactions. Six

structural types can be differentiated (Fig. 228); (1) polymeric chains with

secondary copper–sulfur interactions in which anions and cations are quite

separate (104, 319–322) (S); (2) polymeric chains with secondary anion–cation

interactions (T); (3) dimeric units with secondary copper–sulfur interactions, but

with separate anions and cations (323) (U); (4) dimeric units with secondary

interactions to the anions (319) (V); (5) monomeric units with two secondary

anion interactions (318, 324, 325) (W); (6) monomeric centers with a single

anion interaction (X) (326).

By taking into account the secondary interactions, for structural types (S and

T) and (V and W) the coordination geometry at the metal center is pseudo-

octahedral, and in (U) and (X), square-based pyramidal. The intramolecular

copper–sulfur bonds of �2.2 Å are some 0.1 Å shorter than those in

[Cu(S2CNR2)2], although the intermolecular copper–sulfur interactions are

considerably longer (3.1–3.7 Å as compared with 2.7–2.9 Å).

Iron tetrachloride salts display a number of these structural types. Thus,

[Cu(S2CNEt2)2][FeCl4] adopts the structure (S) with discrete anions and cations
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(319), while in other examples (R¼ Pr; R1¼Me, R2¼ Bu) (104) the polymeric

cation chain (T) is supplemented with weak Cl. . .S interactions, typically of

�3.6 Å. Oxidation of [Cu{S2CN(Pr)CH2��m-C6H4CH2N(Pr)CS2}2]2 (439-Pr)

(Fig. 220) by iron trichloride yields the analogous copper(III) complex in which

an [FeCl4]
� anion binds to each copper center via a chlorine atom [Cu��Cl 3.00

Å] (326), while the benzyl complex [Cu(S2CNBz2)2][FeCl4] (Fig. 229) exhibits

both copper–chlorine and copper–sulfur anion–cation interactions (104).
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Figure 228. Structural forms adopted by copper(III) bis(dithiocarbamate) complexes.

Figure 229. Crystal structure of [Cu(S2CNBz2)2][FeCl4].
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Perchlorate salts also show a range of structural types. For example,

[Cu(S2CNC4H8)2][ClO4] (323) adopts structural type (U), while [Cu(S2CN

Pr2)2][ClO4] is polymeric (S), but also does not show anion–cation contacts

(104). In contrast, [Cu(S2CNMe2)2][ClO4] adopts a type (V) structure with the

sixth coordination site on each metal atom being taken up with a Cu. . .O

interaction of 2.753(3) Å (319).

Iodide complexes also adopt different structural types. The [Cu(S2CNBu2)2]

[I3] complex polymeric with no anion–cation interactions (S) (320), while

[Cu(S2CNEt2)2][I3] is also polymeric, but adopts structural type (W) to form

infinite ladder chains in which bis(dithiocarbamate) units are separated by I�3
anions (324). In contrast, [Cu(S2CNPr2)2][I5] adopts a type (X) structure in

which the copper center is five coordinate, an is bound to the central atom of the

I5
� anion [Cu. . .I 3.665(4) Å] (318).

Very recently, Beer and co-workers (325) reported the synthesis and structure

of the resorcarene-based complex [Cu8(L1)4][I3]7[I].6H2O (Fig. 230), which is

Figure 230. Structural representations of the resorcarene-based complex [Cu8(L1)4][I3]7[I].6H2O.
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formed upon treatment of the in situ generated copper(II) analogue with iodine.

Here, the four resorcarene ligands lie at the apices of a distorted tetrahedron, and

are connected to each other by the eight copper(III) centers, which fall into two

crystallographically unique types. There is a strong variance in the copper–

sulfur bond lengths [2.11(2)–2.47(2) Å], probably resulting from stress forces

imposed by the overall structure, and each copper center is also bound to a tri-

iodide anion [Cu. . .I 3.19–3.26 Å]. Thus, the overall structure is that of (X), with

the added feature that for one of the types of copper center, this links to a copper

ion in a second tetrahedron.

The resorcarene-based complex [Cu8(L1)4][I3]7[I].6H2O is insoluble in non-

polar solvents and upon dissolution in polar or protic solvents is reduced back to

the copper(II) species (325). A similar spontaneous reduction of [Cu(S2C-

NEt2)2][I3] was reported earlier (324). Interestingly, in this case, monitoring the

process by ESR spectroscopy showed that the spectral parameters of the reduced

species were dependent on the nature of the solvent, and also were not those

associated with [Cu(S2CNEt2)2]. The authors attributed these observations to the

concomitant oxidation of dithiocarbamate to thiuram disulfide, and generation

of a [Cu(S2CNEt2)]
þ fragment, which is stabilized by coordination of two

molecules of solvent (such as pyr or dmso), yielding [Cu(S2CNEt2)2] upon

addition of a further equivalent of dithiocarbamate salt (Fig. 231).

Other copper(III) bis(dithiocarbamate) complexes that have been crystal-

lographically characterized include [Cu(S2CNBu2)2]2[Hg2Br6], which adopts

the polymeric structure (S) with no significant anion–cation interactions

(321,322). This structure is interesting as it exhibits a reversible transition point

ca. �50�C, and has been studied at room temperature (321) and at �40�C (322).

The two structures are essentially isomorphous apart from a significant change

from trans to gauche about the b��g bond of one butyl substituent.
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Figure 231. Proposed spontaneous reduction of [Cu(S2CNEt2)2][I3] upon dissolution.
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Copper(III) bis(halide) complexes, [CuCl2(S2CNR2)], have been prepared in

80–90% yield upon oxidation of [Cu(S2CNR2)2] (R¼ Et; R2¼ C4H4, C4H8O,

C5H10) by thionyl chloride (1725), and can also be prepared (R¼Me, Et, i-Pr)

in high yields, along with their bromide analogues, upon addition of thiuram

disulfides to copper(II) halides in THF (Fig. 232) (170,1726,1727). These routes

provide an alternative synthesis to the direct addition of chlorine to bis(dithio-

carbamates).

A related copper(III) complex, [Cu(CF3)2(S2CNEt2)], prepared from

[CuBr2(S2CNEt2)] and [Cd(CF3)2] at �30�C (Eq. 160), has been crystallogra-

phically characterized. It is stable in DMF to 70�C, but rapidly decomposes at

110�C. At these elevated temperatures, the release of the trifluoromethyl groups

has lead to it being used as a reagent for the substitution of halides by CF3 in

aromatic systems (1728).
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[Cd(CF3)2]
ð160Þ

In further contributions, the kinetics of the reaction of [Cu(S2CNR2)2]

(R¼Me, Et; R2¼MePh) with periodate have been studied. Oxidation is shown

to be first order with respect to the complex and periodate (1729), while

copper(III) complexes, [Cu(S2CNR2)2][BF4] (R¼Me, Et), have been found to

oxidize iron and manganese(III) tris(dithiocarbamate) complexes to give [M(S2
CNR2)3][BF4] (M¼ Fe, Mn) (1124).

d. Mixed-Valence Copper(II)–Copper(III) Complexes. Mixed-valence

copper(II)–copper(III) complexes of the type [Cu3(S2CNR2)6]
2þ (454) pre-

viously have been studied extensively (1730,1731). They consist of a copper(II)

bis(dithiocarbamate) unit sandwiched between two copper(III) bis(dithiocarba-

mate) moieties, being linked by weak copper–sulfur interactions such that the

copper(II) center is pseudo-octahedral. More recently, complexes of this type

Cu
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Figure 232. Synthetic routes to [CuCl2(S2CNR2)].
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have been prepared from the reaction of mixed benzoic dithiocarbamic anhy-

drides with copper(II) bromide in ether (1732).
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S

S 2+

454

Beer and co-workers (544) noted some interesting chemistry upon oxidation

of the macrocycle 440-Bu (Fig. 220) by iron trichloride, which when followed

by addition of excess sodium perrhenate affords a novel tetranuclear copper

catenane (455), with discrete anions and cations. All four copper centers are

independent, copper–sulfur bond lengths of 2.233–2.300 Å falling between the

expected mean copper(II)–sulfur and copper(III)–sulfur bond lengths of 2.306

and 2.210 Å, respectively. This finding suggest a disorder between copper(II)

and copper(III) centers. Further, each copper center also shows axial copper–

sulfur interactions. Magnetic susceptibility data (5–300 K) are consistent

with two magnetically isolated copper(II) centers, suggesting a formulation

Cu(II)Cu(III)Cu(II)Cu(III).
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Victoriano et al. (1711,1712) reported that addition of thiuram disulfides

to copper(I) halides gives mixed-valence complexes [Cu(S2CNR2)2][CuX

(S2CNR2)] (R¼Me, Et; X¼ Cl, Br) containing one copper(III) and a second

copper(II) center. Upon thermolysis (R¼Me), electron transfer occurs generat-

ing the black copper(II) dimer [Cu(S2CNMe2)(m-Cl)]2 (meff 1.81 BM) and one-

half of an equivalent of tetramethylthiuram disulfide.
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e. Copper(I) Complexes. Copper(I) bis(dithiocarbamate) complexes [Cu

(S2CNR2)2]
� can be generated electrochemically from the analogous copper(II)

species, however, all attempts to isolate them have proved unsuccessful, with

loss of a dithiocarbamate ligand occurring to give tetrahedral clusters

[Cu(S2CNR2)]4 (329). Relatively little work appears to have been published

in this area since 1978. Victoriano and Cortes (1733) reported that they can be

prepared from the reaction of [Cu(S2CNR2)2] (R¼Me, Et) with excess copper

powder in carbon disulfide, or more directly from a large excess of the thiuram

disulfide (R¼Me, Et, i-Pr) and electrolytic purity copper powder in the same

medium. Zhang et al. (1734) also report the synthesis of [Cu(S2CNC4H8)]n from

the reaction of [NH4][S2CNC4H8] with copper(I) chloride. Copper(I) com-

plexes, [Cu(S2CNR2)]n and [Cu(S2CNR2)(dppe)] (R¼ o-NC6H4), have been

proposed to result from the insertion of carbon disulfide into the respective

copper(I) amine complexes; although characterization was made only on the

basis of their IR spectra (195).

By utilizing the conproportionation reaction detailed above, a number of new

derivatives have been prepared (R¼ Pr, Bu, Bz) and the X-ray crystal structure

of [Cu(m3-S2CNBu2)]4 (Fig. 233) has been carried out. This structure reveals the

Figure 233. Crystal structure of [Cu(m3-S2CNBu2)]4.
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expected tetrahedral arrangement of copper atoms, each triangular face being

capped by a dithiocarbamate binding in an Z1,Z2-manner (327).

The disproportionation reaction between [Cu(S2CNR2)2] and copper(II)

perchlorate is known to afford copper(III) complexes [Cu(S2CNR2)2][ClO4]

(see above), however, until now the nature of the copper(I) product was unclear

(319,323,1723). Very recently, from the reaction with [Cu(S2CNPr2)2], the

copper cube [Cu8(m
4-S2CNPr2)6][ClO4]2 has been isolated and crystallographi-

cally characterized (Fig. 234) (104). Since each copper face is capped by a

dithiocarbamate, then the molecule consists of a cube of copper atoms,

surrounded by an icosahedron of sulfurs, further surrounded by an octahedral

array of carbon–nitrogen bonds. The copper–copper distances of 2.8038(6)–

2.8087(6) Å are similar to those of 2.6368(4)–2.8119(5) Å found in [Cu(m3-
S2CNBu2)]4 (327).

Figure 234. Crystal structure of the cation in [Cu8(m
4-S2CNPr2)6][ClO4]2.
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A number of reactions of copper(I) complexes, [Cu(S2CNR2)]4, have been

reported. Those with haloalkanes have been studied by ESR spectroscopy and

yield [Cu(m-X)(S2CNR2)]2, with free radicals also being detected (1705). Very

recently, Odom and Cummins (1735) reported that [Cu(S2CNEt2)]4 reacts with

the chromium(VI) nitride, [CrN(S��t-Bu)3], to give [CrN(S��t-Bu)(m-S��t-Bu)2-
Cu(S2CNEt2)] (Eq. 161), which contains a distorted tetrahedral copper(I)

center.
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Addition of PPh3 to [Cu(S2CNR2)]4 in acetonitrile affords bis(phosphine)

adducts [Cu(PPh3)2(S2CNR2)] (1733). They are labile in solution and attempts

to crystallize them often leads to rearrangements, nevertheless, the n-propyl

derivative has been characterized crystallographically and shows the expected

distorted tetrahedral coordination geometry (1736). Bianchini et al. (218,219)

prepared analogous bis(phosphine) complexes [Cu(PR3)2(S2CNHPh)] (R¼ Ph,

Cy) from the reaction of [Cu(PR3)2(Z
2-BH4)] with 2 equiv of phenylisothio-

cyanate, with benzonitrile being the second product (Eq. 162). One example

(R¼ Ph) has been crystallographically characterized, its unique dithiocarbamate

proton being clearly observed in the 1H NMR spectrum at d 8.99–9.05.
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Reactions of isothiocyanates with the triphosphine complexes [Cu{Z3-

(Ph2PCH2)3CMe}(Z1-BH4)] and [Cu{Z3-(Ph2PCH2CH2)3N}(Z
1-BH4)] proceed

in a similar manner generating what are believed to be monodentate dithiocar-

bamate complexes. Spectroscopic data for these complexes is very similar to the

bis(phosphine) complexes (219).

A further diphosphine complex, [Cu2(m-S2CNEt2)(m-dppm)2][ClO4], has

been prepared and crystallographically characterized (Fig. 235) (1737). It

consists of two copper(I) centers in close proximity [Cu��Cu 2.711(1) Å]

bridged by mutually trans diphosphines and a dithiocarbamate that lies at right

angles to both.

f. Mixed-Metal Clusters. Three distinct types of copper-containing,

mixed-metal, dithiocarbamate clusters can be identified. The first are complexes
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in which copper(I) halide centers are linked via a bridging dithiocarbamate to

other metal centers. They are formed upon addition of the copper(I) halides to

[M(S2CNR2)2] (M¼ Pt, Pd) (297,1650) and [M(S2CNR2)3] (M¼ Cr, Co, Rh, Ir)

(312,1400,1401,1738) and have been discussed previously (see Sections

IV.C.1.a, IV.F.1.c, and IV.G.2.a). The ratio of copper to heterometal varies,

usually being between 1:1 and 3:1, and molecular and polymeric structures can

result. For example, addition of 2 equiv of copper(I) iodide to [Co(S2CNPr2)3]

in acetonitrile yields tetranuclear, [Co(S2CNPr2)(m-S2CNPr2)2Cu(m-I)]2 (456),
in which two dithiocarbamates form a bridge between cobalt and copper centers.

The latter is held together by the iodides (1738).
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In the second type of mixed-metal cluster, copper(I) dithiocarbamate centers

are linked to group 6 (VI B) metals via sulfido or selenido bridges (1734, 1739–

1746). They are formed from mixtures of copper(I) halides, dithiocarbamate

salts, and [ME4]
2� (M¼Mo, W; E¼ S, Se). The ratio of copper heterometal

varys between 1:1 and 4:1. All are molecular and each metal ions adopts a

distorted tetrahedral geometry. Metal–metal interactions are also found. For

example, [MoCu3(m-S)2(m
3-S)2(S2CNEt2)3][NEt4]2 (457) has been shown

crystallographically to contain strong copper–molybdenum interactions

[Mo��Cu(av) 2.665 Å] (1743).
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Figure 235. Structure of dicopper cation [Cu2(m-S2CNEt2)(m-dppm)2]
þ.
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Electrochemical studies have been carried out on clusters of this type. For

example, [Mo(m-S)4{Cu(S2CNMe2)}2][NEt4]2 shows two irreversible one-elec-

tron oxidation waves together with an irreversible one-electron reduction.

Oxidation is believed to occur at copper, with the copper(II) fragment,

[Cu(S2CNMe2)]
þ, undergoing rapid dissociation from molybdenum (1742).

Closely related are vanadium–copper complexes [VCu4(m
3-S)4(S2CN

C4H8O)4�n(SPh)n]
3� (n ¼ 1–3) (Fig. 236), in which copper centers are linked

by sulfido bridges to vanadium, and each copper carries either a dithiocarbamate

or thiolate ligand (700,1747,1748). Vanadium-51 NMR studies suggest that in

solution the different complexes are in equilibrium with one another.

A third type of mixed-metal cluster are those with the general formula

[M2Cu5S6E2(S2CNR2)3]
2� (M¼Mo, W; E¼O, S), containing cubane-type

cores held together by oxo and sulfido ligands (266,1749–1753). They are

formed from reactions of metal sulfides, [MS2E2]
2�, copper(I) chloride, and

dithiocarbamate salts in DMF in the presence of Ph4PBr or Et4NBr. X-ray

crystallographic studies reveal a structure in which two defective cubane-type

units, EMS3Cu2 and EMS3Cu3, are linked by two weak copper–sulfur bonds and
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R2N Cu
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SS

NR2
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S
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S
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3− 3−

Figure 236. Examples of [VCu4(m
3-S)4(S2CNC4H8O)4�n(SPh)n]

3� (n ¼ 2, 3).
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two bridging dithiocarbamate ligands, as exemplified by [W2Cu5(m
3-S)6S2

(S2CNMe2)(m-S2CNMe2)2][NEt4]2 (Fig. 237) (1750). Here, each group 6 (VI

B) ion carries a terminal chalcogenide ligand, which can be oxygen or sulfur,

while the other six sulfur ligands are triply bridging, binding to two copper and

one group 6 (VI B) ion.

g. Applications. Awide range of applications have been found for copper

dithiocarbamate complexes, especially the copper(II) bis(dithiocarbamate) ser-

ies, which find uses in analytical chemistry as molecular precursors to copper

sulfides and as homogeneous catalysts.

i. Analytical Chemistry. Copper(II) bis(dithiocarbamate) complexes find

extensive use in the determination of copper(II) concentrations. For example, a

gravimetric determination and separation from nickel(II) has being reported

(1754,1755), while water-soluble [Cu{S2CN(CH2CH2OH)2}2] (1756) and other

complexes (1757) have been used for copper(II) extraction and spectrophoto-

metric detection (1757). Further, reaction of copper(II) in solution with

NaS2CNEt2 results in the precipitation of [Cu(S2CNEt2)2], which then absorbs

onto the quartz plate in an electrode-separated piezoelectric quartz crystal

assembly. The observed frequency change is proportional to the concentration

of copper(II) in solution over the range 0.3–5.0 mM, although both silver(I) and

mercury(II) interfere (1758).

Bond and Wallace (1759) utilized the well-documented electrochemical

behavior of [Cu(S2CNEt2)2] to develop a reverse-phase liquid chromatographic

detection of copper(II) with electrochemical detection. Bond has also developed

a method for the detection of copper in water-saturated toluene using microdisk

electrodes; the absorption or precipitation of electrogenerated [Cu(S2CNEt2)2]
þ

S
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S Cu
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S
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S

Cu
S
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S
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Figure 237. Representation of the cluster core in [W2Cu5(m
3-S)6S2(S2CNMe2)(m-S2CNMe2)2]

2�.
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on the electrode surface leads to the development of a cathodic stripping method

for the determination of copper that is not available in dry toluene (1760).

The bis(dithiocarbamate) complex derived from the alkaloid emetine

(Eq. 163) can be detected at 10�10–10�6 mol dm�3 by flow injection analysis

using the electrogenerated chemiluminescence detection of [Ru(bpy)3]
2þ

(1761). Further, the copper, nickel, and cobalt emetine-derived complexes

have been successfully separated and detected to a limit of 50 nM by using

this method (1762).

NH

N

CH2

Et

O

Me

O

Me

O

Me

O
Me + CS2 + M(II) [M(S2CNR2)2]

M = Cu, Ni, Co

Emetine

ð163Þ

Copper(II) bis(dithiocarbamate) groups have been bound to macroporous

polystyrene resins (139,1763) and other polymeric sorbents (1764), with ESR

spectroscopy being used to detected and probe the nature of the copper

environment. The N-sulfonylethylene bis(dithiocarbamate) ligand when an-

chored on macroporous polystyrene–divinylbenzene beads has been used for

the selective removal of mercury(II), silver(I), and copper(II) from aqueous

solutions, the overall selectivity being

Hg2þ 
 Agþ > Cu2þ > Cd2þ > Fe3þ � Al3þ � Cr3þ > Ni2þ > Zn2þ

� Co2þ > Mn2þ � Mg2þ

In other work, Guo and Khoo (1765) developed a method for the quantitative

detection of cysteine in the 10�5–10�3-mol L�1 range using carbon paste

electrodes chemically modified with [Cu(S2CNEt2)2].

ii. Molecular Precursors to Copper Sulfides and Related Materials. It has

been known for some time, primarily as a result of TGA studies, that copper(II)

bis(dithiocarbamate) complexes degrade under nitrogen to first give CuS and

then Cu2S at higher temperatures. Further, in some instances the early degrada-

tion product [Cu(SCN)2] is also observed. In contrast, carrying out the same

thermal decomposition in air leads only to copper oxide and copper sulfate as

the final products (593,1766). Given this behavior, these complexes have been
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widely used as single-source precursors for the growth of semiconducting

copper sulfide thin films (1766–1772). The degradation pathway can sometimes

be a function of the nature of the dithiocarbamate substituents. For example,

Nomura et al. (1766) established that while simple alkyl substituted complexes

(R¼ Et, Bu, Hex, Oct) decompose to Cu2S at temperatures up to 320�C, in
contrast, hydroxy-substituted [Cu{S2CNMe(CH2CH2OH)}2] displays different

behavior. Here, formation of CuS occurs at �230�C, being converted to Cu2S at

between 300 and 400�C. The same group later studied the decomposition of

[Cu(S2CNEt2)2] in some detail, and showed that initial formation of CuS did

occur, but this decomposed slowly to Cu2S over 4–5 h.

The steric size and nature of the peripheral substituents on ancillary ligands

can have a profound effect on the performance of the precursor under MOCVD

conditions. Recently, O’Brien and co-workers (1772) showed in using

[Cu(S2CNMeHex)2] that crystalline plates of Cu2S can be deposited within an

hour, with the enhanced rate being attributed to its greater volatility. Further,

using the same precursor, highly orientated thin films of non-stoichiometric

cubic CuS have been grown using aerosol-assisted chemical vapor deposition. In

order to determine the effect of changes to the ancillary groups on potential

MOCVD performance, Welch and co-workers (317) probed the thermal and

structural properties of a range of copper(II) bis(dithiocarbamate) complexes.

Interestingly, they found that only modest gains in volatility resulted from

increasing alkyl chain length, and while unsymmetrical substitution also gave

improved volatility, this was at a cost of some loss in thermal stability. They also

found that the volatility of the complexes showed little dependence on whether

intermolecular C---S interactions were present in the solid state (see earlier),

consistent with the view that all are monomeric in the gas phase (589,1674).

In other work in this area, thermal decomposition of [Cu(S2CNEt2)2] by

remote plasma enhanced vapour deposition at low pressure (10�3–10�1 Torr)

and temperature (100–500�C) using helium as a carrier gas yields has been

shown to give thin films of Cu2S (1768), and the thermal decomposition kinetics

of polymeric copper(II) complexes of bis(dithiocarboxy)piperazine in air have

been followed by TGA and associated techniques; decomposition being slow at

240�C, but complete at 362�C, and follows first-order kinetics (1773). Further,

Nomura et al. (1767) also demonstrated the preparation of Cu2S thin films on

glass substrates via the solution pyrolysis of [Cu{S2CNMe(CH2CH2OH)}2] at

250–300�C in DMSO.

In related work, Nomura et al. (1774,1775) prepared bimetallic copper-

indium complexes, such as [Bu3�nInCu(S��i-Pr)n(S2CNR2)] (R¼ i-Pr, Bu) from

the reactions of [BunIn(S��i-Pr)3�n] with [Cu(S2CNR2)2]; copper(II) was re-

duced to copper(I) in the process. The precise structures of these heterobime-

tallic complexes are unknown, but they are believed to have bridging thiolate

and dithiocarbamate ligands. Importantly, they have been utilized toward the
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preparation of thin films of copper–indium sulfides by MOCVD (1664,1775–

1778). For example, heating [Bu2InCu(S��i-Pr)(S2CN��i-Pr2)] at 400�C and 0.7

Torr generates thin films of CuInS2, while [BuInCu(S��i-Pr)2(S2CNBu2)] affords
CuIn5S8 under similar conditions (1774,1776). Further, pyrolysis of

[Bu2InCu(S��i-Pr)(S2CNBu2)] at 300–350�C in p-xylene also leads to deposi-

tion of CuInS2 (1664).

iii. Biological Applications. Copper(II) bis(dithiocarbamate) complexes

have a number of potential biological applications. For example, while dithio-

carbamate salts (R¼Me, Et) are potent inhibitors of a clonogenic response in

human C34* bone marrow cells, addition of copper sulfate greatly potentiates

the hematotoxicity, suggesting a more general role for copper in dithiocarba-

mate-induced hematotoxicity (1779).

Diethyldithiocarbamate has long been used as an inhibitor of copper–zinc

superoxide dismutase (SOD) (1780,1781). The SOD-like activity of bis(dithio-

carbamate) complexes derived from amino acids has been determined, with

glutamine dithiocarbamate showing high activity (131). Warshawsky et al.

(1676) also prepared and assessed a range of dithiocarbamates with oligoether

chains (Fig. 238), which leads to >1000-fold increase in hydrophobicity versus

diethyldithiocarbamate, with only a 2.3-fold decrease in SOD-like activity.

Related to this, Martin et al. (1782) investigated the ability of

[Cu(S2CNC4H8O)2] to act as a scavenger of the superoxide anion, which takes

place through a SOD-like process. Since the complex is only poorly soluble in

water, an inclusion compound was formed with b-cyclodextrin; the inclusion

constant was determined spectrophotometrically, and suggested the formation of

a stable 2:1 inclusion complex.

By using a 62Zn/62Cu generator for the production of the short-lived positron-

emitting radionuclide, 62Cu[Cu(S2CNR2)2] (R¼Me, Et), have been prepared

and their biodistribution in mice has been studied. They showed a higher take up

in the brain than that of a 62Cu–glycine complex, which may be due to their

stable nature and lipophilic character (1783).

Dithiocarbamates have also been widely used as fungicides. When released

into the environment they degrade within days via acid-catalyzed hydrolysis.

Recent work has shown that the presence of trace amounts of copper(II) salts

can increase half lives to >2 weeks, irrespective of pH, and it has been

suggested that if Me2NCS
�
2 was complexed to copper(II) before release into

natural waters, it may be more persistent (1784).

S

S
N -

2R

OO1R R1 = Et; R2 = Hex, Oct
R1 = Bu; R2 = Oct, Decyl, Dodecyl

Figure 238. Dithiocarbamates utilized by Warshawsky et al. (1676).
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iv. Catalysis. Until recently, no catalysis had been carried out using copper

dithiocarbamate complexes, however, now both copper(II) and copper(I) dithio-

carbamate complexes have been shown to be extremely active in the nitrene-

transfer reaction to alkenes, generating aziridines (1785). For example,

[Cu(S2CNEt2)2] and [Cu(S2CNEt2)]4 are active in the generation of aziridines

from PhI����NTs and alkenes. Indeed, even the copper(III) complex [Cu(S2C-

NEt2)2][FeCl4] is active, although more detailed work has shown a prereduction

of the copper(III) center is required. While a range of copper complexes have

previously been used as catalysts in this process, hard ligand donor atoms such

as oxygen and nitrogen have been typically used and this work represents the

first example of the soft donor supported copper center showing activity.

Over the past year, a number of copper dithiocarbamate complexes have been

shown to be efficient catalysts for the atom-transfer radical polymerization

(ATRP) (1786,1787) and reverse atom-transfer radical polymerization

(1788,1789) of methyl methacrylate. Complexes used as catalysts to date are

[Cu(S2CNEt2)]4 (1786,1787) and [CuCl(S2CNEt2)]2 [1788, 1789]. These meth-

ods permit the introduction of the photolabile diethyldithiocarbamate group into

a polymeric chain (1790), and permit the preparation of block copolymers

following later chain extension using fresh methyl methacrylate or styrene

monomers (1788). Normal ATRP uses [Cu(S2CNEt2)]4, together with to-

sylchloride and 2,20-bpy, and generates polymers with quite low molecular

weight distributions (Mw/Mn< 1.10) (1786,1787). The copper catalyst serves to

initiate the living polymerization process via chloride abstraction from the

tosylchloride, and a mechanistic scheme has been established (Fig. 239).

SO2ClMe SO2
.Me1/4 [Cu(S2CNEt2)]4+ 1/2 [CuCl(S2CNEt2)]2+

SO2
.Me + M S

O2
Me M.

S
O2

Me M. 1/2 [CuCl(S2CNEt2)]2+ S
O2

Me M S2CNEt2 + CuCl

+ CuCl

Initiation

Propagation

S
O2

Me Mn
.

1/2 [CuCl(S2CNEt2)]2+ S
O2

Me Mn S2CNEt2

+ M

kp

M = monomer

Figure 239. Proposed mechanism of the [Cu(S2CNEt2)]4 catalyzed ATRP of methyl methacrylate.
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Reverse ATRP using [CuCl(S2CNEt2)]2 works in a similar fashion, with

azodiisobutyronitrile (AIBN) (1788) or bezoyl peroxide (1789) being used to

generate the active radicals for chain growth. Chloride abstraction from

[CuCl(S2CNEt2)]2 by the growing chain is used to regulate the concentration

of active radical growth species (as shown in Fig. 240 for benzoyl peroxide),

making the process a pseudo-living polymerization.

v. Other Applications. Bis(dithiocarbamate) complexes show a number of

other potential applications. Some (R ����Et; R2¼ C4H8, C5H10) have been used

as photostabilizers in the photodegradation of poly(vinylchloride) (PVC). The

initial photoproduct is believed to be [Cu(S2CNR2)]n, which is then rapidly

oxidized by the carbon–chlorine bonds to produce [CuCl(S2CNR2)]2 and a

cross-linked polymer (1790,1791).

The physical properties of bis(dithiocarbamate) complexes have also been

exploited by Bruce and co-workers (1485,1668) to generate a series of para-

magnetic mesomorphic liquid crystals, showing smectic phases Sc and crystal b
mesophases. Electric spin resonance spectroscopy has shown the existence of a

long-range exchange interaction at all temperatures, as established by the

collapse of the hyperfine structure in the spectra of the condensed samples.

Further, a comparison of the principal g-values in the solid state and in solution

indicates that in the solid the molecules pack with their molecular axes parallel

(1668).

The corrosion inhibition effect of a number of complexes, [Cu(S2CNR2)2]

(R¼ Et; R2¼ C4H8O, C5H10), on copper in acids have been measured by

weight loss and polarization studies. A layer of the dithiocarbamate complex is

seen at the metal surface, its insoluble nature being responsible for the observed

corrosion inhibition (1792).

Relatively few potential applications have been investigated or developed

for other copper dithiocarbamate complexes. An exception is a recent report

concerning the nonlinear responses of two hetrometallic selenide clusters:

[W(m-Se)4{Cu(S2CNEt2)}3][NEt4]2 and [W(m-Se)4{Cu(S2CNMe2)}4][NEt4]2
(1745). The optical limiting effects were examined at a 0.5-Hz repetition rate,

1/2 [CuCl(S2CNEt2)]2

Propagation

C
O2

Mn

+ M

kp

+ C
O2

Mn S2CNEt2 + CuCl

Figure 240. Proposed propagation step in the [CuCl(S2CNEt2)]2 catalyzed reverse ATRP reaction.
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the thresholds being 6.0 and 1.1 J cm�1, respectively. The nonlinear responses of

the clusters in DMF have been studied in picosecond time-resolved pump–probe

experiments, and compared to that of C60 in toluene. The maximum nonlinear

transmission loss for the pentanuclear cluster is much greater than that for the

tetranuclear species, the latter being similar to C60. The authors suggest that the

dithiocarbamate ligands lead to extensive delocalization of electron density over

the metal centers, such that the change in the extent of electron delocalization

between the HOMOs and LUMOs in the cluster is more significant than with

other, non-p-conjugated, ligands.
In other work, a diethyldithiocarbamate copper(II)-loaded zeolite has been

prepared and characterized by a range of techniques (1793). However, only a

small fraction of the copper ions bind the dithiocarbamate, probably those on the

surface, as the large diethyldithiocarbamate anion cannot easily pass through the

windows or pore openings of the channels into the cavities of the zeolite. The

precise binding mode of the dithiocarbamate remains unknown, although ESR

data show that the copper is still in the divalent state.

2. Silver and Gold

Gold dithiocarbamate complexes are common for oxidation states þ1 and þ3

and over the past 10 years a number of dimeric gold(II) complexes have been

prepared containing bridging dithiocarbamate ligands. Silver(I) dithiocarbamate

complexes are known, while claims have been made for silver(II) complexes,

although they should be treated with a certain degree of caution. Silver also

forms a large number of heterometallic dithiocarbamate cluster complexes in

which it is not always easy to determine the oxidation state.

a. Silver(I) Complexes. Simple silver(I) dithiocarbamate complexes,

[Ag(S2CNR2)]n, have been known since the 1950s (1794), yet in the intervening

years little further work had been carried out. Addition of cyclic dithiocarba-

mate salts to silver nitrate in ethanol–water affords a range of complexes,

[Ag(S2CNC4H4)]n, [Ag(S2CNC4H8X)]n (X¼O, CH2, NMe), and a 1,2,3,4-

tetrahydroquinoline derivative (103,1795), while Singh et al. (59) reported the 4-

aminophenazone complex. All are diamagnetic, non-electrolytes, being stable

up to high temperatures, but their nuclearities are not discussed. Very recently,

simple derivatives, [Ag(S2CNR2)]n (R¼Me, Et, Bz), have been prepared from

the reaction of thiuram disulfides with 1–3 equiv of silver fluoride (1796).

Early crystallographic studies revealed the hexameric nature (R¼ Et, Pr)

(328,329) of silver(I) dithiocarbamate complexes in the solid state, although in

solution they are believed to be in equilibrium with monomeric species (329).

More recently, the diethyldithiocarbamate complex has been the subject of two

further crystallographic studies (Fig. 241) (330,331). Delgado and Diez (329)
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used powder data to characterize the previously known monoclinic a-modifica-

tion (331). It is hexameric and consists of a distorted octahedron of silver atoms,

with six comparatively short, and six long, silver–silver interactions. The

dithiocarbamates cap six of the faces in an Z1,Z2-fashion, the remaining two

faces, characterized by the long metal–metal interactions, remaining uncapped

(329). In a second study, the new b-modification has been characterized, which

shows a polymeric chain structure. Here, each metal ion is bound to three

dithiocarbamate ligands, one acting as a chelate, the coordination geometry

being a distorted tetrahedron. Each silver(I) center then makes one short (2.83

Å), and two long (3.44 Å), silver–silver interactions, which are repeated along

the chain. The structure has been compared to the a-modification using a new

type of topological mapping, which reveals similarities with a large number of

other sterically restricted coordination compounds (330).

Few reactions of silver(I) dithiocarbamate complexes have been detailed.

Burmeister and co-workers (1797) reported reactions of [Ag(S2CNEt2)]6 with

(SCN)2 and (SeCN)2. At �78�C, the former initially gives the partial substitu-

tion product [Ag6(S2CNEt2)5(SCN)], the selenium analogue of which is the only

product of (SeCN)2 addition. However, when the reaction with (SCN)2 was

carried out at room temperature, the product was believed to be [Ag6(S2C-

NEt2)6(SCN)4], resulting from partial oxidation of the metal ions, and contain-

ing both silver(I) and silver(II) centers. The complex shows poor solubility in

common organic solvents and characterization was made on the basis of
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Figure 241. Crystallographic modifications of [Ag(S2CNEt2)]n.
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analytical, IR, and ESR data. Thus, the n(CN) vibration at 1530 cm�1 is shifted

to higher frequency than in the silver(I) complex, while a broad singlet is

observed at 3000 G ðgj2:3Þ in the ESR spectrum.

Liu and co-workers (1798) prepared the diamagnetic silver(I) cluster

[Ag11S(S2CNEt2)9], from the reaction of silver nitrate with NaS2CNEt2 in the

presence of either [MS4]
2� (M¼Mo, W) or [CuCl(PPh3)2] and 2-aminothio-

phenol (1799). Cubic and rhombahedral (1799) polymorphs have been crystal-

lographically characterized and more recently, a selenium analogue has also

been prepared and crystallographically characterized (1800). In all, the chalco-

gen lies inside a silver cage, binding to five silver ions in a trigonal-bipyramidal

coordination mode, while the silver cluster has threefold symmetry through an

Ag–E–Ag vector. Silver–silver distances in the order of 3 Å are shorter than

twice the van der Waals radius of silver atoms (1.7 Å), indicating a weak metal–

metal interaction (1800). Interestingly, 1H NMR spectra of both complexes

shows a single dithiocarbamate environment, however, three crystallographi-

cally distinct coordination modes are seen in the solid state; namely, terminal,

triply, and quadruply bridging. The selenium complex is an isomorph of the

rhombahedral form of the sulfide, and is best described as [Ag11(m
5-Se)(m3-

S2CNEt2)6(m
4-S2CNEt2)3] (Fig. 242), with six triply bridging and three quad-

ruply bridging dithiocarbamates. In contrast, the cubic polymorph has six

quadruply and three triply bridging dithiocarbamate ligands.

A number of mononuclear silver(I) phosphine complexes have been pre-

pared, including [Ag(PPh3)2(S2CNC4H8)] (458), which results from [Ag(PPh3)2
(m-O2CMe)]2 and NaS2CNC4H8 in ethanol (1801). Gimeno et al. prepared

related ferrocenyl phosphine complexes [Ag(PPhFc2)2(S2CNEt2)] (1802) and

[Ag(dppf)(S2CNR2)] (R¼Me, Et) (1803), via similar methods; namely, the

reactions of dithiocarbamate salts with [Ag(OTf)(PPhFc2)2] and [Ag(dppf)
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Figure 242. Representation of the cluster core of [Ag11(m
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(OClO3)], respectively. Crystallographic studies show that the silver(I) center

adopts the expected distorted tetrahedral coordination environment (1801,1802).

Ag
S

S
N

Ph3P

Ph3P

458

b. Silver(II) Complexes. While dimeric gold(II) dithiocarbamate com-

plexes are well known, silver(II) dithiocarbamates remain an area of speculation.

Early workers reported deep blue complexes, [Ag(S2CNR2)2], characterized

primarily by ESR spectroscopy (188,1804–1806). However, in the intervening

years little reference has been made to such complexes and no crystallographic

data has been presented. Beinrohr et al. (1807) studied the addition of thiuram

disulfides to [Ag(S2CNR2)]n (R¼ Et, Bu) in chloroform both by ESR spectro-

scopy and spectrophotometrically, proposing the formation of an equilibrium

between the hexameric silver(I) and monomeric silver(II) complexes (Eq. 164).

Ag
S

S
NR2

S

S
R2N1/n [Ag(S2CNR2)]n + n/2 R2NC(S)SSC(S)NR2

ð164Þ
Further silver(II) bis(dithiocarbamate) complexes [Ag(S2CNR2)2] (R¼ Pr, i-Pr,

Cy) and their Py adducts have purportedly been prepared in N-(4-methoxyben-

zlidene)-40-butylaniline (MBBA) orientated in nematic glasses and organic

solvents; the equilibrium between them and silver(I) species being studied

(1808). Also, as detailed above, [Ag6(S2CNEt2)6(SCN)4] has been proposed to

contain both silver(I) and silver(II) centers, the presence of the latter being based

on ESR data (1797).

c. Mixed-Metal Clusters Containing Silver. Silver(I) ions bind to a wide-

range of transition metal dithiocarbamate-stabilized centers leading to the

formation of heterometallic clusters, in much the same way as previously

discussed for copper(I). For example, Ebihara et al. (298,299) prepared poly-

meric and pentanuclear complexes upon mixing solutions of platinum bis(-

dithiocarbamate) complexes and silver perchlorate (see Section IV.G.2.c), while

Bond et al. (313) studied related reactions between AgBF4 and group 9 (VIII)

tris(dithiocarbamate) complexes, [M(S2CNR2)3] (M¼ Co, Rh, Ir). The latter

yield trinuclear [Ag{M(S2CNR2)3}2][BF4], which can be isolated as stable

solids, but are kinetically labile in solution. They have also studied these

and related reactions by ESMS (540). The trinuclear mercury species

[Ag{Hg(S2CNR2)2}2], is also seen by this method, while in contrast, addition
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of silver nitrate to [M(S2CNR2)2] (M¼Ni, Zn, Pb) and [Fe(S2CNR2)3] results

only in oxidation of the metal center (540).

Closely related silver–platinum complexes supported by ortho-metalated

tri(o-tol)phosphine ligands have also been prepared from reactions of [Pt(Z2-

CH2C6H4PAr2)(S2CNMe2)] (Ar ¼ o-tol) with silver perchlorate (see Section

IV.G.2.c) (301). When silver or gold complexes [M(PPh3)(OClO3)] (M¼Ag,

Au) are reacted with [M’(Z2-CH2C6H4PAr2)(S2CNMe2)] (M’¼ Pd, Pt), dimeric

dithiocarbamate-bridged species [(PPh3)MM’(Z2-CH2C6H4PAr2)(m-S2CNMe2)]

result; characterized by relatively short metal–metal distances indicative of a

significant interaction.

Similarly, the tetranuclear clusters [Cp2MoAg(m-H)2(m-S2CNR2)]2 (R¼ Et, Ph)

(459) formed from [Cp2MoH2], dithiocarbamate salt, and silver tetrafluoroborate,

contain a linear metal core characterized by short silver–silver [R¼ Et, 2.935

(2); R¼ Ph, 2.926(5) Å] and silver–molybdenum [R¼ Et, 2.998(3); R¼ Ph,

2.959(1) Å] vectors, the former being bridged by the two dithiocarbamates (300).

Mo MoAg Ag

S S

SS

NR2

NR2

H

H

H

H

459

The isomorphous clusters [M2Ag3S2(m-S)4(m
3-S)2(m-S2CNEt2)][NEt4]2 (M¼

Mo, W) (460) are formed from [MS4]
2�, NaS2CNEt2, and silver nitrate. Both

clusters have been characterized crystallographically and show no short hetero-

metallic contacts, although the dithiocarbamate-bridged silver–silver interac-

tions of 2.957(3) and 2.965(3) Å are indicative of a metal–metal bond (1809).
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In further work, reactions of silver molybdate with dithiocarbamate salts are

believed to give trinuclear products, [Ag2MoO2(H2O)2(m-S2CNR2)3] (R¼ Et;

R2¼ C4H8O, C5H10), in which nonbonding metal–metal interactions are

bridged by dithiocarbamate ligands, however, in the absence of structural data

this is at best speculative (825). Magnetic measurements suggest they contain a

molybdenum(V) center, while TGA studies show initial loss of two molecules of

water and eventual formation of Ag2S.

d. Gold(I) Complexes. Gold(I) dithiocarbamate complexes were first pre-

pared by Åkerström (1810), and more recently a large number of new examples

have been prepared, such as those with heterocyclic dithiocarbamate ligands

(103, 251). All are dimeric (1811), the gold–gold vector being bridged by two

dithiocarbamate ligands, as confirmed by a number of crystallographic studies

(277–280, 284). They crystallize to form linear chains of gold(I) dimers

(Fig. 243), characterized by alternating short (�2.5–2.8 Å) and long (�3.0–

3.1 Å) gold–gold interactions. Two polymorphs of [Au(m-S2CNEt2)]2 have been
crystallographically characterized, with one (277) and two (278) independent

molecules, respectively.

Laguna and co-workers (275) prepared related dimeric gold(I) complexes

[Au2(m-S2CNR2)(m-CH2PPh2CH2)] (R¼Me, Et, Bz) in a number of ways,

including the ligand redistribution reactions between [Au(m-S2CNR2)]2 and

[Au(m-CH2PPh2CH2)]2 (Eq. 165).
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Figure 243. Linear-chain structure of gold(I) dimers in the solid state.
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Ligand redistribution reactions involving [Au(m-S2CNR2)]2 have also been

utilized toward the synthesis of isomers of [Au2(m-S2CNR2)(m-Ph2C6H3Me)]

(461) (282) and [Au2(m-S2CNEt2){m-Ph2PC(����CH2)PPh2}][ClO4] (462) (230)

(Fig. 244); which crystallize in linear chains with alternating short (�2.82–2.87

Å) and long (�2.98–3.13 Å) metal–metal interactions (275,282). Diphosphine-

bridged complexes [Au2(m-S2CNEt2){m-R2P(CH2)nPPh2}]Cl (R¼Me, Ph;

n ¼ 1, 2) have also been prepared upon addition of NaS2CNEt2 to [Au2Cl2{m-
R2P(CH2)nPPh2}], although the dmpe derivative is not very stable (1812).

Concentration-dependent absorption spectra suggest that in solution they exist

in equilibrium with monomers, while the temperature dependence of their 31P

NMR spectra has been attributed to the existence of molecular aggregation

through intermolecular gold–gold contacts.

Monomeric gold(I) phosphine complexes [Au(PPh3)2(S2CNC5H10)] (263)

and [Au(PPh3)2(S2CN��i-Pr2)] (262) have been crystallographically character-

ized; the metal center adopts a distorted tetrahedral coordination environment.

Interestingly, while gold–sulfur interactions are similar in the latter [Au��S
2.714(2) and 2.681(2) Å], in [Au(PPh3)2(S2CNC5H10)] they differ by almost 0.3

Å [Au��S 2.561(2) and 2.858(3) Å], and are attributed to an ‘‘allyl-like’’

interaction within the dithiocarbamate (see Section III.B) (263).

A monophosphine complex, [Au(PPh3)(S2CNHBz)], has been proposed to

result from [AuCl(PPh3)], benzylamine, and carbon disulfide (1520). The

structure has not been elucidated, but it might be expected to contain a

monodentate dithiocarbamate ligand and a linear two-coordinate gold(I) center.

In support of this hypothesis, Ho and Tiekink (236,237) prepared [Au(PR3)(Z
1-

S2CNEt2)] (R¼ Cy, p-C6H4OMe) upon addition of NaS2CNEt2 to [AuCl(PR3)].

Both have been structurally characterized, and the coordination geometry at

gold is, as expected, approximately linear [S��Au��P 171.61(4) and 169.80(3)�].
The deviation results from the close approach (�3 Å) of the uncoordinated

sulfur atom.
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Figure 244. Examples of dimeric gold(I) complexes with a single dithiocarbamate bridge.
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Faamau and Tiekink (238) also detailed the synthesis of a range of dipho-

sphine complexes, [Au2(Z
1-S2CNR2)2{m-Ph2P(CH2)nPPh2}] (R¼ Et, Cy;

n ¼ 1, 2, 3), an example of which (R¼ Et, n ¼ 2) (463) has been crystal-

lographically characterized. It contains two linear gold(I) centers [S��Au��P
172.1(1), 174.1(1)�] bridged by the diphosphine. Each center is supported by

a monodentate dithiocarbamate ligand, containing one short, 1.66(1)–1.68(1) Å,

and one long, 1.71(1)–1.76(1) Å, carbon–sulfur bond.

Au S

S
NEt2

AuS

S
Et2N Ph2

P

Ph2P

463

Laguna and co-workers (230) prepared related 1,1-bis(diphenylphosphino)

ethane-bridged complexes, [Au2(Z
1-S2CNR2)2{m-Ph2PC(����CH2)PPh2}] (R¼

Me, Et, Bz). Coordination at gold is also linear [S��Au��P 174.4(1)�], long
and short carbon–sulfur bonds are seen, as are strong and weak gold–sulfur

interactions [Au��S 2.319(4) and 2.949(4) Å]. Interestingly, the monodentate

dithiocarbamates react further with group 11 (IB) salts to give cationic

dithiocarbamate-bridged complexes, [Au2M(m-S2CNR2)2{m-Ph2P(C����CH2)

PPh2}]
þ (M¼ Cu, Ag, Au) (Eq. 166).
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R2N Ph2

P
CH2

PPh2Au

S

S
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NR2
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P
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S

M

+

M+

M = Cu, Ag, Au

ð166Þ

A number of other dimeric phosphine complexes have also been reported.

Addition of NaS2CNEt2 to [Au2(m-dppm)2][BH3CN]2 affords [Au2(m-dppm)2
(m-S2CNEt2)][BH3CN] (281), while related complexes [Au2{m-Ph2PC(����CH2)

PPh2}2(m-S2CNEt2)][ClO4] (464) and [Au2(PPh3)2{m-Ph2PC(����CH2)PPh2}

(m-S2CNEt2)][ClO4] (465) (Fig. 245) result from addition of the relevant

phosphine to [Au2{m-Ph2PC(����CH2)PPh2}(m-S2CNEt2)][ClO4] (230). The

n(C����N) bands in the IR spectra appear at �1480 cm�1, a lower value than

generally associated with dithiocarbamate ligands bridging gold centers. This
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value is attributed to the tri-coordinate environment. The latter is confirmed in

crystallographic studies on [Au2(m-dppm)2(m-S2CNEt2)][BH3CN] (281) and 464.

In a series of papers, Laguna and co-workers detailed the synthesis, structure,

and reactivity of a number of trinuclear gold(I) phosphine complexes supported

by bis(diphenylphosphinomethyl)phenylphosphine (dpmp) (283,1813), bis(di-

phenylphosphinoethyl)phenylphosphine (dpep) (1814), and 1,1,1-tris(diphenyl-

phosphino)methane (triphos) (239). For example, addition of 3 equiv of

NaS2CNMe2 to [Au3Cl3(m
3-triphos)] affords [Au3(Z

1-S2CNMe2)3(m
3-triphos)],

which contains three monodentate dithiocarbamate ligands, however, with 2

equiv, [Au3(Z
1-S2CNMe2)(m-S2CNMe2)(m

3-triphos)][ClO4] can be isolated,

with one bridging and one monodentate dithiocarbamate. The latter is synthe-

tically useful as the monodentate dithiocarbamate can be easily replaced, for

example, by chloride and pentafluorophenyl groups (Fig. 246) (239).

Crystallographic studies reveal a distorted linear arrangement of the gold(I)

ions with metal–metal distances ranging from 2.9 to 3.4 Å. Very similar

chemistry is observed with dpmp (283,1813) and dpep (1814). Interestingly,

reaction of [Au3Cl2(Z
1-S2COEt)(m

3-dpmp)] with 1 equiv of dithiocarbamate salt

yields [Au3Cl(Z
1-S2COEt)(Z

1-S2CNR2)(m
3-dpmp)] (R¼Me, Bz), in which

each gold(I) center has a different coordination environment (1813).

Air and moisture stable dmit-bridged gold(I) complexes (dmit¼ 1,3-dithiole-

2-thione-4,5-dithiolate), [Au2(m-C3S5)(m-S2CNR2)]
� (R¼Me, Et, Bz) (466)

(Fig. 247), have been prepared upon addition of dithiocarbamate salts to

[Au2(m-C3S5)(AsPh3)]n (1815), while Vincente et al. (216) described the

preparation of anionic gold(I) complexes, [Au(S2CNHAr)2][PPN] (PPN¼
bis(triphenylphosphine)iminium chloride) (467) (Fig. 247), formed upon inser-

tion of isothiocyanates into the sulfur–hydrogen bonds of [Au(SH)2][PPN]. The

latter could not be isolated pure, however, those with strongly electron-with-

drawing aryl groups (Ar¼ C6F5, p-C6H4NO2) reacted further with [Au(acac)2]
�

to give well-characterized dithiocarbimato complexes, [Au2(m-S2CNAr)2]
2�

(216).
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Figure 245. Examples of dimeric gold(I) 1,1-dppe complexes.
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e. Gold(II) Complexes. Prior to 1981, gold(II) dithiocarbamate complexes

were virtually unknown. In early work, Vänngard and Åkerström (1805)

observed a four-line ESR spectrum upon dissolution of [Au(S2CNR2)3]

(R¼ Et, i-Pr) in benzene, suggesting the existence of a gold(II) center, while

Bergendahl and Bergendahl (1816) observed similar behavior for the butyl

derivative, which is explained in terms of a redox equilibrium (Eq. 167).

[Au(S2CNR 2)3] [Au(S2CNR 2)2] + 1/2 R2NC(S)SSC(S)NR 2 ð167Þ
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Figure 246. Synthetic routes to triphos-capped gold(I) trinuclear complexes.
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Figure 247. Examples of anionic gold(I) complexes.
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In 1981, Burmeister and co-workers (1797) serendipitously discovered that

low-temperature (�78�C) addition of halogens, Br2 and I2, or pseudo-halogens,

(SCN)2 and (SeCN)2, to gold(I) dimers, [Au(m-S2CNR2)]2 (R¼ Et, Bu) (468),

yielded dark green gold(II) complexes [AuX(m-S2CNR2)]2 (469). However,

although the butyl complexes were more stable than the ethyl analogues, all

underwent a disproportionation and ligand rearrangement upon warming to

room temperature giving [Au(S2CNR2)2][AuX2] (470) (Fig. 248). These

yellow salts contain a gold(III) dithiocarbamate unit and are the sole product

of the reactions of gold(I) dimers with iodine. Somewhat similarly, addition

of a slight excess of NaS2CNEt2 to [AuCl4]
� has been reported to yield

[Au(S2CNEt2)2], which upon storage affords the disproportionation product

[Au(S2CNEt2)2]
þ[Au(S2CNEt2)2]

� (1817).

In 1994, Laguna and co-workers (276,1818) published two papers in which

for the first time gold(II) dithiocarbamate complexes were crystallographically

characterized. Addition of halogens to gold(I) dimers [Au2(m-S2CNR2)(m-
CH2PPh2CH2)] (R¼Me, Et, Bz) was found to give [Au2X2(m-S2CNR2)(m-
CH2PPh2CH2)] (X¼ Cl, Br, I) (Eq. 168). One example (R¼ Bz, X¼ Br) has

been crystallographically characterized. It contains approximately square-planar

gold(II) centers and an almost linear Br–Au–Au–Br vector. Further, the gold–

gold interaction at 2.565(10) Å is very short and indicative of a substantial

bonding interaction (276).
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Figure 248. Synthesis and disproportionation of gold(II) complexes [AuX(m-S2CNR2)]2.
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In a second approach, reaction of [Au2(m-CH2PPh2CH2)2(tht)2][ClO4]2 with

2 equiv of dithiocarbamate salt yielded [Au2(m-CH2PPh2CH2)2(Z
1-S2CNR2)2]

þ

(R¼Me, Et; R2¼ C4H8); a crystallographic study revealing that the two

dithiocarbamates were monodentate. In contrast, addition of dithiocarbamate

salt to [Au2(m-CH2PPh2CH2)2(tht)Ar][ClO4] (Ar¼ C6F5, 2,4,6-C6F3H2) gave

[{Au2Ar(m-CH2PPh2CH2)2}2(m-S2CNR2)] (Eq. 169), in which the dithiocarba-

mate bridges the two dimeric gold(II) units (1818).
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Interestingly, addition of 1 equiv of NaS2CNBz2 to [Au2(m-CH2PPh2CH2)2
(tht)(PPh3)]

2þ appears to afford the substitution product [Au2(m-CH2PPh2CH2)2
(Z1-S2CNBz2)(PPh3)]

þ; however, it proved impossible to isolate this product

due to it being in equilibrium with dicationic [Au2(m-CH2PPh2CH2)2(PPh3)2]
2þ

and neutral [Au2(m-CH2PPh2CH2)2(Z
1-S2CNBz2)2] (1819).
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In a very recent report, oxidation of the gold(I) dimers [Au2(m-S2CNBu2)(m-
Ph2C6H3Me)] by halogens is reported to initially give very dark solutions

believed to contain gold(II) species. However, these rapidly isomerize to yield

mixed-valence gold(I)–gold(III) complexes [Au2X2(S2CNBu2)(m-Ph2C6H3Me)]

(X¼ Cl, Br, I) (Eq. 170) (282). A crystal structure of the iodide shows the

expected linear two-coordinate gold(I) center, while the gold(III) ion has a

square-planar coordination environment [Au. . .Au 3.2201(3) Å]. This behavior

is similar to that observed for [Au(m-S2CNEt2)]2 (1820) and other gold(I) dimers

(276). Thus, there is now a significant body of literature surrounding gold(II)

dithiocarbamate chemistry, aspects of which have recently been reviewed

(1821).
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f. Gold(III) Complexes. Diamagnetic gold(III) complexes containing a

square-planar metal center are relatively common. Simple examples include

neutral [AuX2(S2CNR2)] (471) (103, 251, 1822–1826) and cationic [Au

(S2CNR2)2]X (472) (Fig. 249) (103, 251, 421, 422, 1797, 1825), bis(dithiocar-

bamate) complexes. Addition of 1 equiv of dithiocarbamate to [AuX4]
� gives

[AuX2(S2CNR2)] (251), as does addition of 2 equiv of bromine to [Au(m-
S2CNR2)]2 (1797). Further, [Au(Mes)2(S2CNR2)] (R¼Me, Et, Bz) can be

prepared from cis-[AuCl2(Mes)2] (1822) and [Au(C6F5)2(S2CNR2)] (R¼Me,

Et, Bz) from [Au(C6F5)2(m-Cl)]2 (1827).
A crystal structure of [AuCl2{S2CN(CH2CH2OH)2}] reveals that the mole-

cules stack to give linear S. . .Au. . .S chains [Au. . .S 3.610(6) and 3.838(6) Å].

The bromide complex [AuBr2(S2CNBu2)] has been shown to form adducts with

a wide range of organic molecules, of which the trans-stilbene and trans, trans-

1,4-diphenyl-1,3-butadiene complexes have been crystallographically character-

ized. Interestingly, the gold centers show no specific intermolecular interactions

either between themselves or the organic molecules (1823).

The dimethyl complex [AuMe2(S2CNMePh)] has been prepared upon addi-

tion of the dithiocarbamate salt to [AuMe2(m-I)]2 in dioxane (1826). Variable

temperature 1H NMR spectra show two gold–methyl resonances at

room temperature that coalesce at 340 K allowing an activation barrier of

76� 4 kJ mol�1 to be derived for the restricted rotation about the carbon–

nitrogen bond. Related organometallic complexes [R2Au(S2CNMe2)] and

[RAu(S2CNMe2)2] (R¼Me, CH2CN, ferrocenyl, Ph, p-C6H4F, p-C6H4Br)

have also been reportedly prepared upon addition of tetramethylthiuram

disulfide to [AuR(PPh3)] (1828,1829). In contrast, addition of tetraethylthiuram

disulfide reportedly yields only [Au(m-S2CNEt2)]2 and [Au(PPh3)(S2CNEt2)]

(1828). The same group also suggest that addition of tetraethylthiuram disulfide

to the biaryl complex [Au2(PPh3)2(m-p-C6H4C6H4)] affords metallacyclic

[Au(S2CNEt2) (Z
1,Z1-C12H8)] (Eq. 171) (1830).
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Figure 249. Examples of monomeric gold(III) complexes.
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Anionic gold(III) mono(dithiocarbamate) complexes have been the subject of

a single publication. Laguna and co-workers (1827) describe the reactions

of dithiocarbamate salts (R¼Me, Et, Bz) with [Au(C6F5)3(tht)], which give

either mononuclear [Au(C6F5)3(Z
1-S2CNR2)]

� or binuclear [{Au(C6F5)3}2(m-
S2CNR2)]

� complexes. Further, when binuclear [Au(C6F5)2(m-Cl)]2 was used

as the gold source, neutral mononuclear complexes [Au(C6F5)2(S2CNR2)]

resulted (Eq. 172); the dibenzyldithiocarbamate complex is crystallographically

characterized.
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Cationic bis(dithiocarbamate) complexes [Au(S2CNR2)2]X have been pre-

pared in a number of ways (421,422), including the further addition of

dithiocarbamate to [AuX2(S2CNR2)] or reaction of silver(I) halides with

thiuram disulfides (251). Reactions of [AuX3L] (X¼ Cl, Br, I; L¼ oxazoles

or imidazoles) with tetramethylthiuram disulfide gave mixtures of [AuX2

(S2CNMe2)] and [Au(S2CNMe2)2][X]; ratios are dependent on the nature of

both L and X (1825).

Crystallographic studies of ionic bis(dithiocarbamate) complexes all reveal a

distorted square-planar gold(III) center (421, 422,1 825). In [Au(S2CNEt2)2]

[TcNCl4], an interesting secondary interaction is seen, two anions and one

cation assembling via coordination of a sulfur to the vacant coordination site at

the technetium center [Tc. . .S 3.451(5)–3.568(5) Å] (Fig. 250), the second

cation remains uncoordinated (421).

Cationic mono(dithiocarbamate) complexes include [Au(S2CNR2)(Z
2-

C6H4C5H4N)]
þ (R¼Me, Et) (473), together with related complexes with

substituted 2-phenyl pyridyl ligands (245) and [Au(S2CNR2)(Z
2-C6H4 CH2

NMe2)]
þ (R¼Me, Et) (474) (Fig. 251) (244). They contain the expected

Au
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S
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ClCl
N

TcCl Cl

Cl Cl
N

Figure 250. Part of the solid-state structure of [Au(S2CNEt2)2][TcNCl4] showing secondary anion–

cation interactions.
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square-planar gold(III) center and can be prepared upon addition of 1 equiv of

dithiocarbamate salt to [AuCl2(Z
2-C6H4C5H4N)] or [AuX2(Z

2-C6H4CH2

NMe2)] (X¼ Cl, CN), respectively.

In both cases, addition of 2 equiv of dithiocarbamate salts yields neutral

bis(dithiocarbamate) complexes [Au(S2CNR2)2(Z
1-C6H4C5H4N)] (R¼Me, Et)

(245) and [Au(S2CNR2)2(Z
1-C6H4CH2NMe2)] (R¼Me, Et) (475) (Fig. 252)

(244). A crystal structure of [Au(S2CNEt2)2(Z
1-C6H4CH2NMe2)] reveals that

one dithiocarbamate chelates, while the second is monodentate. In solution,

however, the dithiocarbamates are equivalent in both types of complex, being

attributed to the rapid interconversion of mono- and bidentate binding modes.

A similar situation is also found for [Au(S2CNEt2)2{Z
1-CH2P(S)PPh2}],

formed upon addition of tetraethylthiuram disulfide to [Au(m-SPPh2CH2)]2
(Eq. 173) (248).
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Figure 251. Examples of cationic, organometallic, gold(III) complexes with chelating ligands.
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Figure 252. Proposed interconversion of dithiocarbamate ligands in [Au(S2CNR2)2(Z
1-C6H4CH2

NMe2)].
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Gold(III) tris(dithiocarbamate) complexes [Au(S2CNR2)3] (476) result from

addition of 3 equiv of dithiocarbamate salts to Na[AuCl4] or from the reaction of

gold(I) dimers with thiuram disulfides (Fig. 253). A large number have been

prepared with cyclic dithiocarbamates (251), as have a-amino acid derivatives

(252). All are diamagnetic and some authors have suggested that the coordina-

tion geometry at gold is distorted trigonal prismatic (252); although a square-

planar arrangement with one chelating and two monodentate dithiocarbamates,

as found crystallographically for [Au(S2CNEt2)3] (249), seems more likely.

Ahmed and Magee (250) studied the electrochemical reduction of tris(dithio-

carbamate) complexes in propylene carbonate solution at a mercury electrode.

All undergo an irreversible two-electron reduction, generating gold(I) com-

plexes and 2 equiv of dithiocarbamate, which in turn serve to oxidize the

mercury electrode.

Apart from those detailed above, few reactions have been carried out

with gold dithiocarbamate complexes. Following on from the reaction of

[AuBr2(S2CNEt2)] with nido-[7,8-C2B9H11]
2� reported by Wallbridge and co-

workers (1831) to give [Au(S2CNEt2)(1,2-C2B9H11)], reaction with arachno-

[B9H14]
� yields two products, [4-Au(S2CNEt2)B8H12] and [6,9-{Au(S2C-

NEt2)}2B8H10] (Eq. 174). The latter has been crystallographically characterized

and the gold dithiocarbamate units occupy open sites, which suggests that the

mono-gold complex has a similar structure in which a gold dithiocarbamate unit

is replaced by two hydrogens (1832).
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Figure 253. Synthetic routes to [Au(S2CNR2)3].
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g. Applications. A number of quite different potential applications have

been considered for silver dithiocarbamate complexes, with TGA and DSC

studies revealing that they decompose to form Ag2S (590,825), while in one

instance, silver is generated in a single step at 220�C (1795).

In work toward the development of novel optical sensors for environmental

analysis, optode membranes based on methylene bis(i-butyldithiocarbamate)

showed a reversible response to both Agþ and Hg2þ together with extremely

high selectivities versus a range of other cations. The detection limit for Agþ is

2:5� 10�9 M at pH 4.7 (1833). The development of a simple, yet sensitive,

electrode sensor using the dithiocarbamate salt of pyrrolidine has also been

reported; the dithiocarbamate ion-selective electrode based on a heterogeneous

solid membrane of [Ag(S2CNC4H8)]/Ag2S/graphite is applied to the detection

of the dissociation constant of dithiocarbamic acids (1834).

Other workers describe how addition of carbon disulfide to hepta-6-amino-6-

deoxy-b-cyclodextrin in the presence of ammonia gas affords a mixture of

partially substituted dithiocarbamate derivatives. When bound to a silver

electrode, they are capable of discriminating between the three positional

isomers of the nitrobenzoate ion and nitrophenol (as detected by cyclic

voltammetry); an effect that is attributed to the different orientations of the

nitro group with respect to the silver surface after inclusion in the cyclodextrin

cavity (1835).

Gold complexes also find a range of potential applications. A monolayer of

adsorbed dibutyldithiocarbamate can be generated on a gold electrode at 0.5 V,

which is displaced as the thiuram disulfide upon exposure to hydroxide (1836).

Ferrocenyl-substituted dithiocarbamates (Fig. 254) have also proved useful for

the modification of gold and platinum microelectrodes and a monolayer of the

redox active ferrocene centers is generated (1837).

Gold(I) dithiocarbamate complexes display luminescent behavior (279, 283,

1812–1814, 1838). For example, [Au(m-S2CNEt2)]2 is luminescent in the solid

state (lmax ¼ 554 nm) with an excited-state lifetime of 1.3 mS (1838) and has

lead to possible applications for linear-chain gold(I) dimers as environmental

sensors (279). For example, while colorless [Au(m-S2CNCy2)]2 is not lumines-

cent, exposure to a range of volatile organic compounds generates bright orange
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Figure 254. Examples of ferrocenyl substituted dithiocarbamates used to modify gold and

platinum microelectrodes.
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adducts, which show intense luminescence when exposed to UV light. This

occurs for polar aprotic solvents such as acetone, acetonitrile, dichloromethane,

and chloroform, but not for protic solvents such as alcohols. Further, the process

is fully reversible, allowing the ‘‘switching on’’ of the luminescence (279). A

crystal structure of the DMSO adduct of [Au(m-S2CNCy2)]2 shows discrete

dimers rotated by �90� and stacked to form an infinite chain [Au��Au
2.7690(7); Au. . .Au 2.9617(7) Å]; the intermolecular gold–gold distance is

the shortest observed to date in these systems.

Laguna and co-workers (283,1813,1814) also examined the optical properties

of a number of trinuclear gold(I) phosphine complexes. At low temperature,

most are luminescent and a red shift, related to the number of dithiocarbamate

ligands present, is proposed to arise from gold(I)–gold(I) interactions that

perturb the orbital energies involved in the LMCT transition (283).

In other work, Au3þ has been selected as a back-extracting agent for the

determination of mercury in water and biological samples via an anionic

stripping voltammetry method, as it has the highest extraction constant with

diethyldithiocarbamate. Thus, [Hg(S2CNEt2)2] is initially generated and then

transfers the dithiocarbamates to yield [Au(S2CNEt3)3] (1839). Other gold(III)

tris(dithiocarbamate) complexes generated from a-amino acids show antibacter-

ial activity against streptococcus pneumoniae, exhibiting greater activity than

the reference compounds (252).

I. Group 12 (II B): Zinc, Cadmium, and Mercury

The dithiocarbamate chemistry of the group 12 (II B) elements is well

developed, with applications in the areas of analytical chemistry, agriculture,

rubber vulcanization, and as molecular precursors to metal sulfides. As ex-

pected, their chemistry is constrained to the þ2 oxidation state and it is the

bis(dithiocarbamate) complexes [M(S2CNR2)2], which are the most common,

being first prepared in 1907 (2).

a. Bis(dithiocarbamate) Complexes. Bis(dithiocarbamate) complexes are

easily prepared upon addition of 2 equiv of dithiocarbamate to M(II) salts in

aqueous solution. In this way, a wide range of new examples have been prepared

(49,1116,1121,1126,1426,1485,1667,1696,1773,1840–1849). These complexes

include those derived from a range of cyclic amines (1116,1126,1773,1845,

1846), bidentate (1841,1849) and tridentate (1121,1844) amines, tetrahydroqui-

noline and isoquinoline (1842), and long-chain amines, to give complexes

that display liquid-crystalline properties (1485,1486). The formation of [Cd(S2
CNEt2)2] from cadmium(II) salts and NaS2CNEt2 has been studied potentiome-

trically using an amalgam electrode; stepwise stability constants of 1:0� 104

and 1:4� 107 mol�2 being determined for the two-step process (1850).
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As detailed in earlier sections, Beer and co-workers (1469,1470) prepared

a range of complexes in which two zinc bis(dithiocarbamate) centers are

incorporated into macrocycles (Fig. 255). The terphenyl-based macrocycles

477 bind bidentate Lewis bases in their cavities (as discussed in Section

IV.H.1.a), while 478 containing the well-known [Ru(bpy)3]
2þ subunit has

been utilized in anion-binding studies. The same group have also prepared a

number of ferrocenyl-containing macrocycles 479–481, containing up to six

iron(II) centers, probing their electrochemical properties (see later) (1468).

Extensive structural studies have been carried out on zinc (212, 400, 536,

537, 1468, 1672, 1844, 1849, 1851–1862), cadmium (411, 1847, 1849, 1863–

1866) and mercury (1867–1871) complexes, results prior to 1997 being

summarized in a review (1872). Most simple zinc complexes form centrosym-

metric dimers with one terminal and one bridging dithiocarbamate ligand per

zinc center. On closer inspection, these dimeric complexes can be further

divided into two structural types, differing with respect to the relative orienta-

tions of the bridging dithiocarbamates; being either on the same side (AA) or on

the opposite side (BB) of the dimeric unit (Fig. 256). Another way of expressing

this difference is to consider the central core of the molecule that consists of an

eight-membered ring defined by the zinc ions and bridging dithiocarbamate

ligands, which can adopt a boat or saddle conformation (AA), or a twisted-chair

conformation (BB).

Structural motif (AA) is adopted by [Zn(S2CNMe2)(m-S2CNMe2)]2 (1854,

1873), while the vast majority of other dimeric complexes are of type (BB), as

exemplified by [Zn(S2CNEt2)(m-S2CNEt2)]2 (1874). Within both types there are

secondary zinc–sulfur interactions across the eight-membered ring of the order

of 2.8–3.0 Å, as compared to the other zinc–sulfur interactions of �2.3–2.5 Å

(1872). If one takes these secondary zinc–sulfur interactions into account, the

coordination geometry of the metal ions is best described as a highly distorted

trigonal bipyramid, while even ignoring them, there is some significant

distortion from the ideal tetrahedral geometry. One further feature of the

eight-membered ring motif is the relatively short zinc–zinc distances of

�3.5–4.0 Å.

Recently, a number of zinc bis(dithiocarbamate) complexes have been shown

to adopt monomeric structures (CC) in the solid state (1468,1851,1859). Beer

and co-workers (1468) crystallographically characterized macrocycle 480 in

which the two zinc centers are bound to two chelating dithiocarbamate ligands;

the geometry about each zinc being approximately tetrahedral. The monomeric

nature of the metal centers here is clearly a function of the constraints of the

macrocycle. Three further recent studies have also revealed monomeric zinc

bis(dithiocarbamate) complexes. These include [Zn(S2CNCy2)2] (1851) and

[Zn{S2CN(Bu)CH2Ar}2] (482) (1859), presumably resulting from the increased

steric nature of the large substituents, making dimer formation unfavorable.
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Figure 255. Example of zinc bis(dithiocarbamate) complexes prepared by Beer and co-workers

(1468–1470).
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In another very recent publication, the crystallographic characterization of

[Zn(S2CN��i-Bu2)2] has been reported (537). It shows the unusual feature of

containing two independent molecules in the asymmetric unit, one being

mononuclear, while the second is dimeric; highlighting the small energy

differences that must exist between these different structural forms. Further,

all six dithiocarbamate ligands are structurally inequivalent, which is consistent

with the observation of six equal intensity signals in the 15N CP/MAS NMR

spectrum (537). This technique has been used in other examples to probe the

structural characteristics of zinc bis(dithiocarbamate) complexes in the absence

of crystallographic data (536).

Two polymeric zinc bis(dithiocarbamate) complexes have been crystallogra-

phically characterized (212, 1849). Adams and Huang (212) prepared [Zn

{S2CNH(CO2Et)}2] from the reaction of [EtO2CN����CS2C{NH(CO2Et)}

{S2CNH(CO2Et)}] with [Zn(acac)2]. The five-coordinate zinc centers each

bear one chelating dithiocarbamate, while a second bridges two zinc atoms

via the sulfurs. The five-coordinate zinc manifold is completed by coordination

of one of the oxygen atoms of the ester group.

In the second example, O’Brien et al. (1849) prepared [M{S2CN(Me)

CH2CH2CH2NMe2}2] (M¼ Zn, Cd) from trimethylpropane-1,3-diamine. The

zinc complex 483 is polymeric. Each five-coordinate metal center carries two

chelating dithiocarbamates and are linked via coordination of a pendant

dimethylamino group. Interestingly, the analogous cadmium complex adopts a

dimeric centrosymmetric structure in the solid state. Although these examples
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Figure 256. Solid-state conformations adopted by zinc bis(dithiocarbamate) complexes.
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are included here, in many respects they are best thought of as adducts of the

bis(dithiocarbamates), which are discussed more fully below.
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Despite the range of structural types adopted by zinc bis(dithiocarbamate)

complexes in the solid state, they are probably monomeric in the gas phase.

Certainly, a gas-phase electron diffraction study of [Zn(S2CNMe2)2] shows that

this is the case. A distorted tetrahedral coordination geometry is found, and the

formation of bridging rather than terminal dithiocarbamate ligands in the solid

state is probably a consequence of the ring strain in the latter (1674).

Cadmium bis(dithiocarbamate) complexes, which are all dimeric, show

similar structural features to their zinc analogues (411,1847,1863–1866,

1875,1876). For example, [Cd(S2CNBu2)2] adopts the structural motif (AA)

with both dithiocarbamates on the same side of the ring (1847), as found

previously for [Cd(S2CNMe2)2], while others such as [Cd(S2CNEt2)2] (411)

generally adopt the motif (BB) in which bridging dithiocarbamates lie on

opposite sides of the ring. As with the zinc complexes, metal–sulfur interactions

occur across the ring, and at �2.8 Å for the cadmium complexes, they represent

a significant interaction. Thus, each cadmium ion can be considered to be five

coordinate, and better structural representations are types (DD) and (EE),

respectively (Fig. 257). Interestingly, in light of the momomeric nature of

[Zn(S2 CNCy2)2] (1851), the analogous cadmium complex [Cd(S2CNCy2)2] is

dimeric (1864).
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Figure 257. Solid-state conformations adopted by cadmium bis(dithiocarbamate) complexes.
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Mercury bis(dithiocarbamate) complexes adopt five distinct structural forms

in the solid state, ranging from isolated mononuclear units, to binuclear

complexes and 2D arrays (1867–1871,1877–1879). The colorless parent com-

plex [Hg(S2CNH2)2] is polymeric (Fig. 258) and consists of interconnected

eight-membered rings, each containing two mercury atoms and two bridging

dithiocarbamates. Connection of the dimeric subunits leads to a sheet-like

structure of 8- and 16-membered rings, with each mercury atom adopting a

distorted tetrahedral coordination environment. All the mercury–sulfur bonds

fall within a relatively narrow range between 2.499(4) and 2.629(4) Å (1869).

A monomeric motif (CC) (Fig. 256), features distorted tetrahedral geometries

and is found for [Hg(S2CN��i-Pr2)2] (1877), [Hg(S2CNCy2)2] (1879), [Hg

(S2CN��i-Bu2)2] (1867), [Hg{S2CN(i-Pr)Cy}2] (1867), and [Hg(S2CNC4H8)2]

(1878). In contrast, both [Hg(S2CNBu2)2] and [Hg(S2CNEtCy)2] are dimeric in

the solid state (1867), as is the 4-methylpiperidine complex [Hg(S2CNC4

H8NMe)2] (1870). All adopt a centrosymmetric structure (EE) with bridging

dithiocarbamate ligands, which are similar to those found in [Cd(S2CNC5H10)2]

(1875). The primary mercury–sulfur interactions in [Hg(S2CNC4H8NMe)2]

range between 2.450(2) and 2.669(1) Å, where the secondary interaction is

3.127(2) Å (1870).

Two polymorphs of [Hg(S2CNEt2)2] are known (423,424,1871). In the a-
form (424,1871), a dimeric structure is found, akin to those of type (EE)

discussed above. In contrast, in the b-form (423,424) the mercury atom is

located on an inversion center and the two independent mercury–sulfur

distances are quite different at 2.398(4) and 2.965(4) Å. This finding suggests

that the primary coordination geometry about mercury can be considered as

linear with respect to the two short interactions, while the other associations give

rise to a distortion from linearity. There are also secondary intermolecular

mercury–sulfur interactions, but these are quite long at 3.292(4) Å. The methyl

analogue [Hg(S2CNMe2)2] also adopts this geometry [Hg��S 2.374(3) and

2.988(3) Å] (1868).
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Figure 258. A portion of the structure of polymeric [Hg(S2CNH2)2]n showing the formation of

eight-membered rings.
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Polymorphism is also found for [Hg(S2CN��i-Pr2)2] (1877,1880); recrystal-
lization from acetone gives two types of crystal (a and b) where both are plate-

like and yellow. The a-form contains only a monomer and the mercury center

adopts a distorted tetrahedral coordination geometry [Hg��S 2.445(4) and

2.645(4) Å] (1875). In contrast, the b-form contains monomer and dimer

molecules. The monomers in the two crystal types differ due to slight changes

in the orientations of the methyl groups (1880), but are quite different from

monomeric b-[Hg(S2CNEt2)2] (discussed above) in which all four sulfur atoms

are coplanar (423,424).

The adoption of these different structural types and the observation of

polymorpism suggests that there is little energy difference between them. Cox

and Tiekink (1867) studied the structural chemistry of this class of compounds

in some detail. They suggest that it may be the need to maximize intermolecular

interactions that is important in the structural type adopted. For example, when

there is little or no steric barrier, then secondary mercury–sulfur interactions will

give rise to dimeric or polymeric units.

A wide range of other studies have been carried out on group 12 (II B)

bis(dithiocarbamate) complexes. The molecular structures of [M(S2CNEt2)2]

have been examined by PM3 and MMP2 methods (1881), and [Cd(S2CNMe2)2]

by PM3 and ab initio DFT methods (1882). For the ethyl complexes, as

monomers their compressed tetrahedral structures are thought to be due to the

highly strained four-membered rings (1881). In an attempt to trace the changes

occurring to the metal coordination sphere of the complexes upon dissolution,

the same authors studied the Raman spectra both in the solid state and in

solution. In the solids, the zinc and cadmium complexes both showed band

splittings that were attributed to intermolecular couplings in the dimeric

structures, and as expected, these were not evident in the solution spectra

(1881).

Others have also studied vibrational spectra (1494,1883). The IR spectrum of

[Zn(S2CNEt2)2] has been recorded in the solid state at temperatures between 20

and 120�C and in solution at 20�C. The decreased number of bands in solution

and at higher temperatures is attributed to the loss of intermolecular contacts;

thermal averaging takes place at �55�C in the solid state (1883).

Other theoretical contributions include bond valence sum analyses of metal

ligand bond lengths in a range of zinc and cadmium bis(dithiocarbamate)

complexes and their adducts by Ramalingam and co-workers (1884,1885).

These studies confirm that the metal ion is in the þ2 state, while for zinc

they also show a lower bond valence sum for bis adducts attributed to the change

in coordination geometry from tetrahedral to octahedral. In contrast, there is no

obvious change for cadmium, its larger size alleviating strain involved in the

transformation from four to six coordination (1885).
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Cadmium bis(dithiocarbamate) complexes [Cd(S2CNR2)2] (R¼ Et; R2¼
C4H8O, C5H10) have been studied by MS, with molecular ions observed in all

cases (1117). They have also been studied using 113Cd NMR spectroscopy in

both solution and the solid state, the latter allowing the metal coordination

environment to be probed (1846,1847,1886–1888). For example, dimeric [Cd

(S2CNEt2)2] resonates at d 357 and with a line shape indicative of five

coordination, while the pyrrolidine derivative [Cd(S2CNC4H8)2] resonates at d
280 with a highly symmetrical line shape. The latter is attributed to a tetrahedral

environment, and suggests that this complex is monomeric (1887). Absorption

spectra have also been measured for a range of cadmium complexes (R¼ Et, Pr,

Bu, i-Pr, i-Bu; R2¼ C5H10); an alkyl group dependence on x and lmax at �265

nm is noted (1889).

Bond and co-workers (163,607,1886,1890) studied the electrochemistry of

group 12 (II B) bis(dithiocarbamate) complexes in some detail. At both platinum

and mercury electrodes, zinc complexes are only reduced at very negative

potentials giving elemental zinc or zinc amalgam, respectively; at the mercury

electrode an additional process is also seen, involving dithiocarbamate exchange

between zinc and mercury. A related exchange is the major process when

cadmium complexes are reduced under similar conditions and no reductive

chemistry is accessible at the platinum electrode. The oxidation chemistry at

these electrodes is complex. At mercury, three reversible processes are observed.

One is an exchange reaction between the metal(II) salts and the electrode

mercury, which is mediated by the formation of a bimetallic cation,

[MHg(S2CNR2)2]
2þ, while the remaining two processes are associated with

the generated mercury complexes, [Hg(S2CNR2)2] (1890). For cadmium this

exchange has been studied in some detail; 113Cd NMR data confirms that

exchange reactions are rapid on the NMR time scale (1886). In contrast, at a

platinum electrode oxidation only occurs at much more positive potentials and

yields the thiuram disulfide complexes [M{R2NC(S)SS(S)CNR2}]
2þ (M¼ Zn,

Cd) (1890).

Beer and co-workers (1468) studied the electrochemistry of a number of zinc

bis(dithiocarbamate) complexes, including ferrocene derivatives 479–481

(Fig. 255). The xylyl-bridged macrocycle 480 exhibits a single reversible

oxidation wave for all four ferrocene groups (E1=2 ¼ 0:25 V), and the ferrocene

spacer groups in 479 are also oxidized reversibly in a single step (E1=2 ¼ 0:26
V). In contrast, 481 shows two oxidation waves (as expected), but only a single

return reduction wave—the reason is as yet unknown.

The electrochemistry of [Hg(S2CNR2)2] at mercury electrodes has been

probed, with dithiocarbamate exchange occurring upon reduction (163, 607,

1891). Interestingly, two reversible one-electron oxidation processes are

observed and this is believed to be associated with the oxidation of the mercury

electrode producing cationic multinuclear mercury dithiocarbamate complexes
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(607). Controlled potential electrolysis of [Hg(S2CNEt2)2] at 0.6 V gives a green

solution, the 199Hg NMR spectrum of which is consistent with the formulation

[Hg3(S2CNEt2)4]
4þ; a species is also generated at a platinum electrode.

Evaporation of solutions containing this cation lead to the formation of crystals

of [Hg5(S2CNEt2)8][ClO4]2, which were crystallographically characterized

(163). The structure consists of a polymeric chain of repeating penta-mercury

units, which are linked by pairs of dithiocarbamate ligands (Fig. 259). Within

each Hg5 subunit, four metal atoms are four coordinate and the other is six

coordinate. The [Hg5(S2CNEt2)8]
2þ cation can be considered to be formed from

[Hg3(S2CNEt2)4]
4þ and two bis(dithiocarbamate) units, and this is indeed what

is generated upon redissolution of [Hg5(S2CNEt2)8]
2þ into dichloromethane.

Interestingly, the piperidene derived complex [Hg(S2CNC5H10)2] shows

different oxidative behavior to that of the ethyl complex (1891). Oxidation at

a mercury electrode affords [Hg2(S2CNC5H10)3]
þ, the perchlorate salt of which

has been structurally characterized. It consists of a polymeric chain of dimer-

cury units, held together by two bridging Z1,Z2-dithiocarbamate ligands, which

are linked to the next dimercury unit via a bridging Z1,Z1-dithiocarbamate

ligand. Further, the two mercury centers in each binuclear unit are distinguished

via the weak coordination of perchlorate to one of them [Hg��O 2.98(2) Å]

(Fig. 260).
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Figure 259. A portion of the structure of the polymeric cation [Hg5(S2CNEt2)8]
2þ.
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These results are unusal in dithiocarbamate chemistry, in that a change in the

nature of the dithiocarbamate substituent leads to a change in the stoichiometry

of the complex formed. The authors have found that the dibenzyl and

dicylcohexyl dithiocarbamate complexes behave like [Hg(S2CNEt2)2], while

the morpholine dithiocarbamate complex behaves similar to that derived from

piperidene. Thus it appears that it is the heterocyclic nature of the organic

substituents that is responsible for the behavioral change (1891).

Bond and Scholz (606) calculated thermodynamic data for solid mercury

bis(dithiocarbamate) complexes mechanically attached to the surface of a

paraffin-impregnated graphite electrode. Two-electron reduction generates mer-

cury and the soluble dithiocarbamate anions in a chemically reversible couple

during the second and subsequent scans. The formal potential of the reaction has

been measured, which enables the calculation of conventional stability constants

(b2) for 17 mercury complexes, and a previously unrecognized correlation

between log b2 and molecular weight is found (see Section III.G).

Dithiocarbamate exchange in mercury bis(dithiocarbamate) complexes has

been shown by MS and 199Hg NMR spectroscopy to be extremely fast in

solution, possibly occurring via a dimeric intermediate (607). The exchange

between [Hg(S2CNEt2)2] and
197HgCl2 is also facile and occurs with a half-life

of 63 min at 45�C (1892). Related work on the exchange between

[Zn(S2CNEt2)2] and 65ZnCl2 reveals a similar lability in this system (1893,

1894). The rate is dependent on the concentration of the dithiocarbamate

complex, but not the free zinc(II) ion, leading the authors to propose a

dissociative process as the rate-determining step (1894).

Somewhat related to these studies is the proposed formation of heterobime-

tallic complexes upon addition of MCl2 (M¼ Co, Ni, Cu) to [Zn(S2CNR2)2]

(R¼Me, Cy; R2¼ C7H14) (1895). Precise product structures are unknown, but

the authors propose the formation of either binuclear complexes in which either

one MCl2 unit is bound via sulfur coordination from two different dithiocarba-

mate ligands, or tetranuclear complexes, whereby two zinc bis(dithiocarbamate)

centers are linked via two MCl2 units.

b. Neutral Adducts of Bis(dithiocarbamate) Complexes. Both zinc and

cadmium bis(dithiocarbamate) complexes form a range of five-coordinate

adducts with nitrogen bases (Fig. 261); [Zn(S2CNMe2)2.py] is crystallographi-

cally characterized in the late 1960s (1896). More recent examples include zinc

complexes adducted to Py (325, 492, 1489, 1699, 1897–1905), 2,20- and 4,40-
bpy (551, 591, 1469, 1906–1917), 1,10-phen and derivatives (551, 1158, 1906–

1908, 1910, 1918, 1919), imidazole (1920–1923), morpholine (1694, 1696),

TMEDA (1903) and cadmium complexes to; Py (1845,1904), 2,20- and 4,40-bpy
(1924–1927), 1,10-phen (1924–1926, 1928–1930), imidazole (1920), picolines,

isoquinoline, and piperidene (1845), and trans-1,2-bis(4-pyridyl)ethylene
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(1931). Although less common, phosphine adducts of both metals are also

accessible (1932, 1933).

These adducts are easily prepared upon addition of the Lewis base to the

bis(dithiocarbamate) complex, which in many cases leads to disruption of the bi-

or polynuclear structures found in the solid state (see above). In this context, this

area of chemistry has interest in providing more suitable precursors for chemical

vapor deposition studies (see Section IV.I.h.i).

A vast wealth of structural data has been accumulated (235, 258, 325, 552,

1158, 1469, 1489, 1694, 1878, 1897–1904, 1906–1922, 1924–1934). Pyridine

adducts adopt a geometry that is intermediate between square pyramidal and

trigonal bipyramidal. Ivanov et al. (1897, 1900, 1901, 1904, 1905, 1935) studied

these complexes in considerable detail. As part of these studies they have

prepared copper(II) doped adducts and studied them by ESR spectroscopy

(1897, 1898, 1900, 1901, 1904, 1935). For some of the adducts, two structurally

independent copper(II) sites have been detected leading to the proposal of an

isomerism of the zinc(II) adducts. The nature of this isomerism is revealed by

crystallographic, ESR, and solid-state NMR studies (1897). Thus, in the crystal

structure of orthorhombic [Zn(S2CNEt2)2.Py], two structurally related but

crystallographically independent molecules (a and b) are seen. The molecules

differ primarily with respect to the conformation of the pyridine ligands, and

thus might be considered as rotational isomers (rotamers), while geometric

changes in bond lengths and angles are small. Rotational isomerism is seen also

in [Zn(S2CNEt2)2(HNC4H8O)], with the nonplanar morpholine rings adopting

different spatial orientations with respect to the four-membered chelates (1694).

Further complexity arises in the pyridine system, as O’Brien and co-workers

(1898) reported a monoclinic polymorph (g form), formed from the reaction of

[Zn(S2CNEt2)(S-2,4,6-Me3C6H2)] with excess pyridine, and having slightly

different bond lengths and angles from those in a and b [Zn(S2CNEt2)2.py].

Ivanov and Antzutkin (1905) probed the interconversion of these polymorphs

and the clathrated pyridine complex [Zn(S2CNEt2)2.py].Py, which has also been

structurally characterized (see below) (1900). By using natural abundance
15N CP/MAS NMR, they provide evidence that the initial reaction of dimeric

[Zn(S2CNEt2)2]2 with pyridine yields orthorhombic (a and b) [Zn(S2CN

Et2)2.py]. This complex in turn adds a second pyridine affording the clathrate
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Figure 261. Extreme views of five-coordinate [M(S2CNR2)2L] (M¼ Zn, Cd) adducts.
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[Zn(S2CNEt2)2.py].Py, which then loses pyridine to give the monoclinic g form.

Finally, the latter converts to a and b forms upon crystallization from a melt.

This work is an illustration of chemical hysteresis, in which the structure of an

adduct depends on the pathway of physicochemical conditions during the

preparation of metastable compounds.

Ivanov et al. (1699) studied the pyridine adduct [Zn(S2CNMe2)2.py], and its

benzene clathrate [Zn(S2CNMe2)2.py].0.5C6H6, using 15N CP/MAS NMR

spectroscopy. For the former, a single 15N dithiocarbamate resonance indicates

that the molecule has significant symmetry, while the nonequivalence of the

dithiocarbamates in the clathrate results in two separate signals. They have also

studied adduct formation in the heterogeneous phase via this method and

absorption of pyridine from the gas phase by a polycrystalline sample of

[Zn(S2CNMe2)2]2 is accompanied by dissociation of the dimer molecules.

Beer et al. (492) recently reported the synthesis of a zinc–pyridine containing

macrocycle 484 and cryptand 485, based on a pyrrole framework (Fig. 262). A

crystallographic study of the former shows that the macrocyclic loop is

significantly twisted, having the effect of reducing the cavity size, which may

have a bearing on the anion-receptor properties of such species.

In two further papers (325, 1489), Beer and co-workers described the

synthesis and structural characteristics of nano-sized resorcarene-based mole-

cules containing pyridine adducts of six zinc or cadmium bis(dithiocarbamate)
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Figure 262. Pyrrole-based macrocycle and crytand prepared by Beer et al. (492).
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centers (486–487) (Fig. 263). They are synthesized from the reactions of the

resorcarene dithiocarbamates (488) with the corresponding metal(II) acetates,

followed by crystallization from a pyridine–water mixture. All four isomor-

phous examples (486–487) have been characterized crystallographically (325,

1489).

These molecules consist of three resorcarene cups linked by the six divalent

bis(dithiocarbamate) centers. The resorcarene ligands define the corners of a

molecular equilateral triangle, with sides of �19–20 Å, consisting of two

parallel running sets of dithiocarbamate–metal–dithiocarbamate units. Packing

the molecules in the solid state generates a ‘‘molecular honeycomb’’.

From space-filling CPK representations (Fig. 264) the cavity in 486–487 is

circular with a diameter of �16–17 Å, and therefore is suitable for binding

spherical molecules like C60. In the crystal structures the cavities are partially

occupied by host ethanol molecules, however, when purple toluene or benzene

solutions of C60 are added to colorless 486–487 they turn red-brown, indicative

of a guest–host interaction. Probing the interaction using UV–vis spectroscopy

shows that all guest–host interactions are of a 1:1 type, while it is also found that

M = Zn (486)
M = Cd (487)

R = Pr, Bu  (488)

Figure 263. Resorcarene-based molecules prepared by Beer and co-workers (325, 1489).
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the cadmium complexes bind C60 more strongly than their zinc analogues

despite their similar cavity dimensions (1489).

A range of other clathrated complexes have also been structurally character-

ized including [Zn(S2CNEt2)2.py].C6H6 (1899), [Zn(S2CNEt2)2.py].2CCl4
(1901), [Zn(S2CNEt2)2.py].CH2Cl2 (1902), [Zn(S2CNEt2)2.py].CHCl3 (1902)

and [Zn(S2CNEt2)2.py].C2H4Cl2 (1904). In all, the unbound clathrated mole-

cules occupy molecular channels and cavities within the structure. Solvent

inclusion does result in some geometrical change at the metal center; for

example, inclusion of carbon tetrachloride leads to an increase in the trigonal-

bipyramidal character from 55 to 64% (1901). Some related clathrates of

cadmium have also been prepared, but none have yet been crystallographically

characterized (1904).

The bidentate ligand 4,40-bpy has been extensively coordinated to zinc (1908,
1909, 1911–1913, 1915, 1917) and cadmium (1909, 1925). It can bind either to

one or two zinc centers, as exemplified by the recent preparation and structural

characterization of [Zn(S2CNPr2)2(4,4
0-bpy)] and [{Zn(S2CNPr2)2}2(4,4

0-bpy)],
respectively (Fig. 265) (1913). However, note that bidentate coordination is by

Figure 264. Space-filling diagram of 468, 487 with host–C60 binding.
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far the more common, while in contrast imidazole acts only as a monodentate

ligand in all cases (1920–1922).

Beer and co-workers (1469) bound 4,40-bpy into the cavity of the large

macrocyclic complex (477-H) (Fig. 255), forming an inclusion complex 489

(Fig. 266), whereby they believe it binds to both zinc centers. By using a 1H

NMR titration, they have been able to verify the 1:1 stoichiometry at higher

guest concentrations, although at low concentrations some deviation is seen that

may suggest that two hosts may associate with one guest when limited 4,40-bpy
is present.

Tetramethylethylene diamine also bridges between zinc centers as shown by

the crystal structure of [{Zn(S2CN��i-Pr2)2}2(Me2NCH2CH2NMe2)], the coor-

dination geometry about the metal center not differing significantly from that in
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Figure 266. 4,40-Bpy inclusion complex prepared by Beer and co-workers (1469).
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[Zn(S2CN��i-Pr2)2}2.Py]. However, the relative bulkiness of the dimethyldia-

mino moiety does appear to inhibit close approach to zinc, the zinc–nitrogen

bond at 2.137(5) Å being longer than that of 2.069(2) Å found in the pyridine

adduct (1903).

Both 2,20-bpy, 1,10-phen, and their derivatives bind to both zinc (551, 591,

1158, 1906–1909, 1914, 1918, 1919, 1923, 1936–1939) and cadmium (1924–

1930) in a bidentate manner leading to the generation of six-coordinate centers,

with a distorted octahedral geometry. An elongation of the zinc–sulfur bonds by

�0.2 Å when compared to simple bis(dithiocarbamate) complexes is probably

due to steric rather than electronic factors (1906), although binding of the base

does result in an increase of electron density on zinc as shown by electro-

chemical and XPS studies (551, 552).

Klevtsova and co-workers crystallographically characterized six 1,10-phen

complexes, [Zn(S2CNR2)2(1,10-phen)] (R¼Me, Et, Pr, i-Pr, Bu, i-Bu), contain-

ing alkyl groups of different length and spatial structures (1918, 1936–1939).

The molecules adopt various packing modes forming isolated dimers, ribbons

(chains), columns, and layers resulting from the p-stacking of the 1,10-phen

rings (R¼Me, Et, i-Pr, Bu) or interactions between the rings and the carbon

atoms of the alkyl chains (R¼ Pr, i-Bu). Lai and Tiekink have recently reported

the crystallographic characterization of two 2,9-dimethyl-1,10-phenanthroline

(1,10-phen*) complexes, [Zn(S2CNC4H8)2(1,10-phen*)] (490) (1919) and

[Cd(S2CNEt2)2(1,10-phen*)] (491) (Fig. 268) (1929). Interestingly, the latter

displays the expected distorted octahedral coordination environment, while in

the zinc complex, the dithiocarbamates bind only in a monodentate fashion,

affording a distorted tetrahedral geometry.

In other reports, Tiekink and co-workers (1916) detailed the crystallographic

characterization of [{Zn(S2CNEt2)2}2(m-trans-NC5H4CH����CHC5H4N)], in

which the two zinc centers are spanned by the trans-1,2-bis(4-pyridyl)ethylene

ligand in the expected manner, and the related cadmium complex [{Cd

(S2CNEt2)2}(m-trans-NC5H4CH����CHC5H4N)]n (Fig. 269). The latter is poly-

meric, and adopts an octahedral coordination environment with a trans disposi-

tion of the adducts (1931).
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Figure 267. Octahedral 2,20-bpy and 1,10-phen adducts of [M(S2CNR2)2] (M¼ Zn, Cd).
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Phosphines also form adducts with both zinc and cadmium bis(dithio-

carbamate) complexes, as exemplified by the synthesis and crystallographic

characterization of [Zn(S2CNEt2)2(PMe3)], [Cd(S2CNEt2)2(PEt3)] (1932), [{Zn

(S2CNEt2)2}2(m-depe)].2C7H8 (1933), and [{Cd(S2CNEt2)2}2(m-dppf)] (1934).
The coordination environment about the metal center is generally best described

as trigonal pyramidal, with the phosphine occupying an equatorial site, although

a considerable distortion toward square-based pyramidal is apparent. Detailed

variable temperature 31P and 113Cd NMR studies show that in solution they

undergo facile and reversible metal–phosphorus bond cleavage (1932, 1940).

With PBu3, this process is so facile that even at the lowest temperatures

obtainable, only an exchange averaged position between the free phosphine

and adduct is observed, while in contrast for the more basis PCy3, a 1:1 adduct is

clearly observed (1940).

Thermal gravimetric studies show that for the zinc complexes, phosphine loss

occurs prior to their thermal decomposition to ZnS, while in contrast,

[Cd(S2CNEt2)2(PEt3)] exhibits a single weight loss to give polycrystalline
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Figure 268. Crystallographically characterized 1,10-phen* adducts.
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Figure 269. Portion of the polymeric structure of [{Cd(S2CNEt2)2}(m-trans-NC5H4CH����CH
C5H4N)]n.
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CdS. Mixed-metal complexes bridged by depe have also been prepared and

decompose to give Zn0.5Cd0.5S according to powder X-ray diffraction data

(1932).

c. Anionic Adducts of Bis(dithiocarbamate) Complexes. Zinc bis

(dithiocarbamate) complexes have previously been shown by McCleverty and

co-workers (1941) to add a further equivalent of dithiocarbamate salt affording

tris(dithiocarbamate) anions, [Zn(S2CNR2)3]
�. A number of further reports by

the same group detail extensions to this work with a range of mixed-ligand

complexes being prepared (400, 1942), while analogous chemistry has also been

found for cadmium (Fig. 270) (412, 413, 415). Crystallographic characterization

of [Zn(S2CNMe2)3][NEt4] reveals four short [2.299(2)–2.457(2) Å] and two

long [3.115(3) and 3.151(3) Å] zinc–sulfur interactions. The former define a

tetrahedral coordination environment, while taking into account the latter, it can

be considered as a distorted trigonal prism (401, 1941).

Somewhat similar structural features are found for cadmium analogues (415),

examples of which, [Cd(S2CNEt2)3][M(en)3] (M¼ Cd, Zn), also have been

prepared from the reaction of [Cd(S2CNEt2)2] with en alone (M¼ Cd), and in

the presence of [Zn(S2CNEt2)2] (M¼ Zn) (412, 413). The larger size of

cadmium leads to the coordination of all six sulfur atoms, although in two of

the dithiocarbamates there is considerable asymmetry in the cadmium sulfur

distances, which range from 2.548(4) to 3.030(5) Å. By taking these longer

interactions into account, the coordination geometry is best described as

distorted trigonal prismatic, the vertical edges of which are described by

sulfur–sulfur interactions of 2.94(1)–3.00(2) Å (412).

Some reactivity studies have been carried out on the tris(dithiocarbamate)

complexes. Like its zinc analogue, [Cd(S2CNEt2)3]
� reacts with sulfur in

refluxing xylene to give a red oil, although at a much slower rate. This result

may be a reflection of the greater kinetic stability of the cadmium complex,

suggesting that the equilibrium with [M(S2CNR2)2] and [S2CNR2]
� lies further
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Figure 270. Structures of zinc and cadmium tris(dithiocarbamate) anions.
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to the right-hand side for cadmium (Eq. 175) (415, 1941, 1943).

[M(S2CNR2)2] + R2CNS2
− [M(S2CNR2)3]− ð175Þ

In an analogous fashion to the reactions with dithiocarbamate salts,

[M(S2CNR2)2] (M¼ Zn, Cd) also react with other monoanionic chelate ligands

to form related adducts. For example, reaction of [Zn(S2CNMe2)2] with acetate

salts yields [Zn(S2CNMe2)2(O2CR)]
� (R¼Me, Et, Pr, Bu), although with more

bulky acetates (e.g., R¼ Pr, hexyl, octyl) only the tris(dithiocarbamate) com-

plex, [Zn(S2CNMe2)3]
�, was isolated. Structural data for mononuclear acetate

adducts [Zn(S2CNMe2)2(O2CR)]
� is absent and attempted recrystallization of

[Zn(S2CNMe2)2(O2CMe)][NBu4] from acetone–light petroleum affords dimeric

[{Zn(S2CNMe2)2}2(m-O2CR)][NBu4]. The latter consists of two approximately

square-pyramidal zinc centers bridged by the acetate group, with the oxygens

occupying axial sites (1942). The isolation of this product suggests that like

the tris(dithiocarbamate) complexes, the mixed-dithiocarbamate–acetate system

can be described by a series of equilibria, the adventitious isolation of

[{Zn(S2CNMe2)2}2(m-O2CR)][NBu4] resulting from loss of an acetate to

generate [Zn(S2CNMe2)2], which in turn reacts with more [Zn(S2CNMe2)2
(O2CR)]

� (Eq. 176).
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Bis(dithiocarbamate) complexes [Zn(S2CNR2)2] (R¼Me, Et, Bu; R2¼
C5H10) also react with benzothiazole-2-thiolate, and benzoxazole-2-thiolate

generating anionic adducts [Zn(S2CNR2)2(C7H4NES)]
� (E¼ S, O). Likewise,

the related mono(dithiocarbamate) complexes [Zn(S2CNR2)(C7H4NES)2]
� have

been prepared from the reaction of dithiocarbamate salts with bis(thiolate)

complexes. Examples of each type of benzothiazole-2-thiolate complex, namely,

[Zn(S2CNMe2)2(C7H4NS2)][NBu4] (492) and [Zn(S2CNMe2)(C7H4NS2)2][N-

Bu4] (493) (Fig. 271), have been characterized crystallographically. The former

has a five-coordinate square-pyramidal zinc center, with the monodentate

benzothiazole-2-thiolate ligand binding through nitrogen and occupying the

TRANSITION METAL DITHIOCARBAMATES 447



axial site, while the latter is four coordinate and approximately tetrahedral

(401).

McCleverty et al. (415) also described the synthesis and characterization

of analogous cadmium complexes [Cd(S2CNR2)3]
� (R¼Me, Et, Bu),

[Cd(S2CNEt2)2(O2CMe)]�, and [Cd(S2CNEt2)(C7H4NS2)2]
�, although they

were unable to isolate complexes of the type [Cd(S2CNR2)2(C7H4NS2)]
�. A

crystallographic study of [Cd(S2CNEt2)3][NBu4] revealed that, unlike the

analogous zinc complexes, cadmium is six-coordinate, cadmium–sulfur bonds

ranging from 2.655(3) to 2.755(3) Å, with the coordination geometry inter-

mediate between octahedral and trigonal prismatic (415).

Perec and co-workers (414) reported the synthesis and characterization of

xanthate adducts of zinc and cadmium, [M(S2CNR2)2(S2COEt)]
� (M¼ Zn,

R¼Me; M¼ Cd, R¼Me, Et), formed from the reaction of the bis(dithiocar-

bamate) complexes with xanthate salts in acetone. Crystallographic studies of

both [Zn(S2CNMe2)2(S2COEt)][NBu4] (494) and [Cd(S2CNEt2)2(S2COEt)]

[PPh4] (495) (Fig. 272) have been carried out. The zinc complex is five

coordinate with a monodentate xanthate and is nearer to a trigonal bipyramid

than a square-based pyramid. In contrast, the xanthate ligand is bidentate at the
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Figure 271. Zinc dithiocarbamate complexes containing the benzothiazole-2-thiolate ligand.
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Figure 272. Examples of xanthate–bis(dithiocarbamate) complexes.
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larger cadmium center where the coordination geometry is best described as a

distorted trigonal prism and the two triangular units are rotated by �26�.
The same group have also reported that [Zn(S2CNMe2)2] and [Cd(S2CN

Et2)2] both react with halides and isothiocyanate to give five-coordinate adducts

[M(S2CNR2)2X]
� (X¼ Cl, Br, I, NCS). Both isothiocyanate adducts have been

crystallographically characterized, the isothiocyanates binding through nitrogen

and in the equatorial site of a distorted trigonal prism (1944). The cadmium

halide complexes [Cd(S2CNEt2)2X][PPh4] (X¼ Cl, Br) have also been crystal-

lographically characterized showing a coordination geometry midway between

square pyramidal and trigonal bipyramidal (1945).

d. Further Reactions of Zinc and Cadmium Bis(dithiocarbamate)
Complexes. Ligand exchange reactions occur when [Zn(S2CNEt2)2] reacts

with either [Zn(mnt)2]
2� (1946) or [Zn(dmit)2]

2� (1947) (mnt¼ 1,2-dicya-

noethane-1,2-dithiolate; dmit¼ 1,3-dithiole-2-thione-4,5-dithiolate) generating

distorted tetrahedral complexes [Zn(S2CNEt2)(mnt)]� (496) and [Zn(S2CNEt2)

(dmit)]� (497) (Fig. 273), respectively. Related ligand-exchange reactions also

occur at nickel(II) and copper(II) centers and are much faster at copper centers

than at the other metals, while a second-order rate law determined for nickel has

been interpreted in terms of a complicated reaction mechanism, which is started

by a ligand dissociation step (1947).

Previously it was established that addition of halogens to bis(dithiocarbamate)

complexes results in ligand-centered oxidation to generate thiuram disulfide

complexes [MX2{R2NC(S)SS(S)CNR2}2] (M¼ Zn, Cd, Hg) (Eq. 177) (1948).

Ramalingam and co-workers (1949) have crystallographically characterized two

examples of complexes of this type (M¼ Zn, Cd; R2¼ C5H10), while McCleverty

et al. showed that while addition of iodine to [Cd(S2CNEt2)2] generates the

thiuram disulfide complex, bromine addition in contrast affords [S(SCNEt2)2]

[CdBr4] (415).
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Figure 273. Anionic zinc dithiocarbamate complexes containing other dithiolate ligands.
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More recent work has shown that the iodine reaction is highly dependent on

the stoichiometry used. Thus, addition of 1 equiv of iodine affords polymeric

[Cd(m-I)(m-S2CNEt2)]n, together with tetraethylthiuram disulfide (Eq. 178)

(1950). The same polymer, together with its zinc analogue, can also be prepared

from addition of MI2 (M¼ Zn, Cd) to the bis(dithiocarbamate) complexes in

ethanol (1950, 1952). The cadmium complex has been characterized crystal-

lographically, with metal centers alternatively bridged by two iodide and two

dithiocarbamate ligands (1950–1952).

Cd
S

S

S

NEt2

Cd

S

Et2N

I

I
Cd

I

I
Cd

n

Cd
S

S
NEt2

S

S
Et2N I2

− [R2NC(S)S]2

ð178Þ

The reaction of isotopically labeled [65Zn(S2CNEt2)2] with sodium azide,

which ultimately affords zinc azide, has been probed mechanistically.

The reaction is believed to occur via an associative pathway with [Zn(S2CN

Et2)2(N3)]
� being the first species generated, subsequent azide additions result-

ing in dithiocarbamate loss, possibly via a monodentate intermediate (1953).

e. Reactivity of Mercury Bis(dithiocarbamate) Complexes. The chem-

istry of mercury bis(dithiocarbamate) complexes is not as well developed as that

of zinc and cadmium, however, a number of recent advances have been made.

Addition of mercury(I) perchlorate to [Hg(S2CNR2)2] (R¼ Et, Bz; R2¼ C5H10)

yields clusters [Hg3(S2CNR2)4][ClO4]2 (R¼Me, Bz) and [Hg4(S2CNC5H10)6]-

[ClO4] (1954) (see Section IV.I.1.a), which are analogous to those prepared

upon electrochemical oxidation of [Hg(S2CNR2)2] (163, 1891). Variable tem-

perature 199Hg NMR spectra of 10�2 M solutions of the trinuclear species

suggest that in solution they are better formulated as [Hg6(S2CNR2)8]
4þ (1954).

More recently, ESMS has been used to study the constitution of mercury and

mixed-mercury–cadmium dithiocarbamate cations in dichloromethane and

methanol. For mercury alone, a range of ions, [Hg(S2CNR2)]
þ/[Hg(S2CNR2)2]n,

are observed such as [Hg2(S2CNR2)3]
þ (n ¼ 1), while addition of [Hg(S2CN-

R2)2] favors higher oligomers such as [Hg3(S2CNR2)4]
þ and [Hg5(S2CNR2)8]

þ.
Reaction of the mercury-rich dithiocarbamate cations with [Cd(S2CNR2)2] leads

to global exchange of ligands and metals (547).

A number of mercury phosphine complexes have been described. Bond and

co-workers (1940, 1955) demonstrated using 31P and 199Hg NMR that in
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dichloromethane solution, phosphine adducts of the type [Hg(S2CNR2)2(PX3)n]

(X¼ Bu, Cy; n ¼ 1, 2) are formed. With PBu3, both mono and bis adducts are in

rapid equilibrium at room temperature, and it is only at ca�90�C that signals for

individual species could be observed. For the more basic PCy3, only the

monoadduct [Hg(S2CNR2)2(PCy3)] is seen. The precise nature of these adducts

remains unknown. It may be that coordination of the bulky phosphine(s) results

in the concomitant formation of monodentate dithiocarbamate(s), although on

the basis of molecular weight measurements (R¼ Bu), polymeric species can be

ruled out.

Electrochemical studies of [Hg(S2CNR2)2] (R¼ Et, Pr, Bu, cyclohexyl;

R2¼ C5H10) at mercury electrodes in the presence of these phosphines give

interesting results, including current reversal (cyclic voltammetry), negative

differential current (differential pulse polarography), and current suppression

(dc polarography), which seem to be associated with formation of [Hg(S2CN

R2)2(PCy3)2] (1955).

Monitoring the reactions of [Hg(S2CNEt2)2] with phosphines by ESMS leads

to the detection of cationic complexes [Hg(S2CNEt2)(PR3)]
þ and [Hg(S2CN

Et2)(PR3)2]
þ (546). Cations of this type have been isolated in some instances.

Thus, reaction of [Hg(S2CNEt2)2] with PCy3 in the presence of [Hg(O3S

CF3).dmso] affords [Hg(S2CNEt2)(PCy3)]
þ as shown by 31P and 199Hg NMR

spectroscopy. The latter reacts with more dithiocarbamate salt affording, [Hg(S2
CNEt2)2(PCy3)] (1956), and with more phosphine to generate [Hg(S2CNEt2)(P-

Cy3)2][CF3SO3] (498) (Fig. 274), which has been crystallographically charac-

terized. The latter also reacts further with more dithiocarbamate salt to yield

[Hg(S2CNEt2)(PCy3)2][S2CNEt2], slow exchange of coordinated and uncoordi-

nated dithiocarbamates is observed at low temperature (1956). The perchlorate

salt [Hg(S2CNEt2)(PCy3)][ClO4] (499) (Fig. 274) is generated from [Hg(S2CN

Et2)2] and [Hg(PCy3)2][ClO4]2 in dichloromethane (1957). A crystal structure

shows that the complex is actually dimeric, the mercury centers being bridged

by two dithiocarbamate ligands that lie on the same side of the Hg2S2 square,

each dithiocarbamate also carrys one phosphine and one perchlorate ligand.

Further NMR studies suggest that in solution this may be in exchange

equilibrium with an unbound perchlorate species (1957).
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Figure 274. Crystallographically characterized mercury–tricyclohexyl phosphine complexes.

TRANSITION METAL DITHIOCARBAMATES 451



In a very recent contribution, Lai and Tiekink (235) isolated the mercury–

chloride complex [HgCl(Z1-S2CNEt2)(1,10-phen*)] (500) from the reaction of

[Hg(S2CNEt2)2] and 1,10-phen*, which is presumed to result from the loss of a

dithiocarbamate and chloride abstraction from the chloroform solvent. An X-ray

crystal structure shows that the dithiocarbamate binds in a monodentate fashion,

allowing the mercury center to adopt a highly distorted tetrahedral coordination

geometry.
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f. Alkyl and Aryl Complexes [R0M(S2CNR2)]. Organozinc dithiocarba-

mate complexes have been known for some years (1958) as have related

mercury complexes (1959). They are easily formed upon insertion of carbon

disulfide into metal amides. In this manner, O’Brien and co-workers (255, 1898)

prepared a range of zinc and cadmium complexes, while others have prepared

mercury complexes (1843). Tiekink and co-workers (257–259) also prepared

[PhHg(S2CNR2)] (R¼ Et, Pr; R2¼ C4H8) upon reaction of PhHgCl and the

appropriate dithiocarbamate salt.

A number of crystallographic studies have been carried out. They are

generally dimeric, the tetrahedral metal centers being bridged by two dithio-

carbamate ligands (255–259). For example, in [PhHg(S2CNPr2)]2 (23), each
mercury center is bound in an approximately linear fashion [C��Hg��S
166.76(10)�] to the phenyl group and one sulfur atom of the dithiocarbamate.

The second sulfur binds less strongly [Hg��S 2.4033(9) and 2.9093(10) Å] and

also forms a bridge to the second mercury center [Hg��S 3.1809(10) Å] (258).

An alternative synthesis of zinc and cadmium methyl complexes involves the

ligand exchange between dimethyl reagents MMe2 and bis(dithiocarbamate)

complexes (1960–1962). By using the trimethylpropylenediamine dithiocarba-

mate ligand complex [M{S2CNMe(CH2CH2CH2NMe2)}2], a crystal structure of

the resulting cadmium complex, [CdMe{S2CNMe(CH2CH2CH2NMe2)}], shows

that it is polymeric.

Few reactions of this class of complex have been carried out, but O’Brien and

co-workers (1898) showed that addition of 2,4,6-trimethylthiophenol to [MeZn

(S2CNEt2)] in toluene at 80�C affords [Zn(S2CNEt2)(S-2,4,6-Me3C6H2)], the

insolubility of which prevented full characterization.

452 GRAEME HOGARTH



g. Other Dithiocarbamate Complexes. While mixed-ligand cyclopenta-

dienyl–dithiocarbamate complexes remain unknown, Reger et al. (1963, 1964)

reported the synthesis of related cadmium tris(pyrazolyl)borate complexes

[Cd(S2CNEt2){HB(3,5-Me2pz)3}] (501) (Fig. 275) and [Cd(S2CNEt2){HB(3-

Rpz)3}] (R¼ Ph, t-Bu). These complexes are formed upon addition of equal

amounts of NaS2CNEt2 and tris(pyrazolyl)borate salts to CdCl2. The former has

been crystallographically characterized. The dithiocarbamate ligand is anisobi-

dentate at the five-coordinate cadmium center, having one long (axial), 2.708(2)

Å, and one short, 2.540(2) Å, cadmium–sulfur interaction (1963); this situation

is similar to that found in phosphine adducts (1932). The tris(pyrazolyl)borate is

more symmetrically bound, the overall coordination geometry approximates a

trigonal bipyramid, with the dithiocarbamate bridging axial and equatorial sites.

Reger et al. (1964) also prepared closely related bis(pyrazolyl)borate (Bp),

[Cd(S2CNEt2){H2B(3-t-BuBp)2}] (502), and 2,6-bis(2,6-dimethylphenylimino)

(pydim), [Cd(S2CNEt2)(Z
3-pydim)]Cl (503), complexes (Fig. 275).

Chieh (1965) reported that addition of tetraethylthiuram disulfide to HgBr2
affords pale yellow crystals of the general formula [Hg(S2CNEt2)2.HgBr2]

(Fig. 276). A crystallographic study revealed it to be a polymer, consisting of
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Figure 275. Cadmium complexes with nitrogen-donor ligands prepared by Reger et al. (1964).
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alternating tetrahedral and linear two-coordinate mercury centers linked via a

bridging dithiocarbamate.

A number of mixed-metal clusters containing mercury dithiocarbamate units

have been prepared and crystallographically characterized. Addition of 2 equiv

of [Hg(S2CNEt2)2] to [Cp2MH2] (M¼Mo, W) yields [Cp2M{Hg(S2CNEt2)}2]

(504) (Fig. 277) as one of the products; the same complexes is produced from

[Cp2M(HgX)2] upon addition of NaS2CNEt2. The molybdenum complex has

been crystallographically characterized. The molybdenum is pseudo-tetrahedral

and is bound directly to two mercury(I) centers, which are also ligated by a

dithiocarbamate. This dithiocarbamate binds in an anisobidentate fashion

with long, 2.94(3) Å, and short, 2.50(2) Å, mercury–sulfur interactions.

The latter defines an approximately linear two-coordinate geometry at mercury

with the molybdenum center (260). A series of related complexes, [{CpMo

(CO)2L}2{Hg(m-S2CNEt2)}2] [L¼ CO, PPh3, P(OMe)3], containing mercury–

molybdenum bonds, have been prepared and crystallographically characterized

(L¼ CO) (505) (Fig. 277). The nature of the molybdenum–mercury bond has

also been probed by IR and multinuclear NMR studies, both of which suggest

that there is strong covalent character (1966).

In a further example, addition of [Hg(S2CNEt2)2] to [Cp2NbH3] has been

shown to afford the tetranuclear cluster [Cp2Nb{Hg(S2CNEt2)}3] (506), which
has again been characterized crystallographically. The four metal atoms define a

rhombohedron, with mercury–niobium distances of between 2.777(3) and

2.808(3) Å, which are indicative of a significant covalent interaction, while

the mercury–mercury bonds at 2.883(2) and 2.901(2) Å are slightly longer. Each

mercury is chelated by a dithiocarbamate ligand, which again binds in an

anisobidentate fashion. The short mercury–sulfur bonds, 2.513(8)–2.526(8) Å,

lie in the plane of the metal atoms, while the longer interactions, 2.75(3)–

2.919(10) Å, lie approximately perpendicular to it (261).
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Figure 277. Examples of heterometallic mercury–molybdenum dithiocarbamate complexes.
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h. Applications. Traditional applications of group 12 (II B) bis(dithiocar-

bamate) complexes are in analytical chemistry, agriculture, and the rubber

industry. More recently, advances have been made in their utilization as

molecular precursors to technologically important metal sulfides, and the use

of cadmium complexes in chelate therapy.

i. Molecular Precursors to ZnS and CdS. Both cadmium and zinc sulfide

are important semiconductor materials. While they can easily be prepared from

two-source MOCVD, single-source precursors offer a number of advantages

including the ability to generate better quality films, while employing less

hazardous materials. It is well known that solid-state pyrolysis of both zinc and

cadmium bis(dithiocarbamate) complexes under an inert atmosphere generally

afford the corresponding metal sulfides, although the phase and stoichiometry of

the deposit depend strongly on the pyrolysis conditions (23, 1840, 1967). In this

context, a wide range of zinc and cadmium bis(dithiocarbamate) complexes

have been utilized as single-source MOVCD precursors toward binary sulfides

ZnS, CdS, and also ternary systems such as CdxZn1�xS (1437, 1932). Aspects of

this work have been reviewed (1968).

Group 12 (II B) bis(diethyldithiocarbamate) complexes, [M(S2CNEt2)2]

(M¼ Zn, Cd), were first utilized toward the growth of thin films of ZnS and

CdS by O’Brien and co-workers in 1989 (1969). Thin films were obtained at

pressures of 10�4 Torr and between 370 and 420�C. The CdS films were

polycrystalline and hexagonal on glass, but thin epitaxial layers were obtained

on InP(100) and GaAs (100). The quality of ZnS films obtained by this method

was lower than those of CdS.

Following this work, Wold and co-workers (1970) prepared thin films of ZnS

by ultrasonically spraying a toluene solution of [Zn(S2CNEt2)2] onto silicon,

sapphire, and GaAs substrates at 460–520�C. A highly orientated hexagonal

structure was obtained on silicon and sapphire, while those on the cubic

GaAs(100) showed a highly ordered cubic structure. The thermal decomposition

pathway was also investigated by studying the volatile products using GC–MS.

The results were consistent with earlier TGA experiments (1971), suggesting a
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plausible pathway (Eqs. 179–180):

ZnðS2CNEt2Þ2 �!ZnSþ EtNCSþ Et2NCS2Et ð179Þ
Et2NCS2Et�!Et2NHþ CS2 þ C2H4 ð180Þ

Nomura et al. (1972) also prepared highly orientated cubic ZnS on an Si(111)

substrate using [Zn(S2CNEt2)2]. They found that without a carrier gas, these

films were thin and of poor morphology and crystallinity, while using nitrogen

as a carrier gas gave much better films. Thin films of CdS have also been grown

on different substrates using plasma enhanced chemical vapor deposition of the

1,10-phen adduct of [Cd(S2CNEt2)2], producing films with 90–95% transmit-

tance of visible light and high resistivity (1012–1013 � cm) (1971). Other neutral

amine and phosphine adducts of [Zn(S2CNEt2)2] and [Cd(S2CNEt2)2] have also

been used to prepare films (1768, 1920, 1925, 1932), as have anionic adducts

such as [M(S2CNEt2)2(S2COEt)]
� (414) and [Cd(S2CNEt2)3]

� (413). The latter

give Zn0.25Cd0.75S when [Zn(en)3][Cd(S2CNEt2)3] was used (413).

In a series of recent contributions, Lamb and co-workers (1974–1976)

studied in some detail the nature of the deposition of ZnS onto silicon surfaces

from precursors [Zn(S2CNR2)2] (R¼Me, Et). They found that during the initial

growth period, a relatively high concentration of carbon is found at the interface,

which decreases with increasing film thickness (1975). The films generated were

comprised of a uniformly distributed array of columns �300–500 nm wide,

being attached to the surface via smaller columns of some 50–100 nm width

(1976). They also noted that the orientation of crystallites occurred at an earlier

stage than predicted and attributed this to the presence of impurities that may

serve to influence the structural evolution of the film.

A major limitation of this approach is the physical properties of the

diethyldithiocarbamate complexes, both having relatively high melting points;

175�C for [Zn(S2CNEt2)2] and 250�C for [Cd(S2CNEt2)2]. Further, their

volatility is marginal for MOCVD use, the vapor pressure of [Zn(S2CNEt2)2]

is �2 mTorr at 200�C (1977–1979).

O’Brien and co-workers (400) tackled this issue with the preparation of

complexes with asymmetric dithiocarbamate ligands such as [Zn(S2CNMeR)2]

(R¼ Et, Pr, i-Pr, Bu), which are considerably more volatile than [Zn(S2CNEt2)2]

(as surmised from TGA measurements). A further advantage of the substituent

approach is data showing that the mean M��S bond dissociation energies

(homolytic) for these complexes is a function of the substituents (see Table X)

(page 138). For example, these vary in the order [Zn(S2CNEt2)2] (177.4�
3.4 kJ mol�1)> [Cd(S2CNEt2)2] (167.3� 3.6 kJ mol�1)> [Hg(S2CNEt2)2]

(74.6� 3.6 kJ mol�1); while the introduction of i-butyl groups gives significantly

lower bond dissociation enthalpies for zinc and cadmium [Zn(S2CN��i-Bu2)2]
(137� 4 kJ mol�1)> [Cd(S2CN��i-Bu2)2] (118� 4 kJ mol�1) (572–576). To
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this end, [Cd(S2CNMeBu)2] was found to be more volatile than [Cd(S2CN

Et2)2]. Both precursors give similar results in low pressure MOCVD experi-

ments (1980).

A second approach adopted by O’Brien and co-workers (1841, 1849) is the

preparation of bis(dithiocarbamate) complexes generated from trimethylethy-

lene and trimethylpropylene diamines. The former gives fairly insoluble

products that were not pursued, but the latter are soluble in toluene and benzene

and were successfully used to deposit thin films of ZnS and CdS on glass, which

gave better quality films than [Cd(S2CNEt2)2].

Nomura et al. (1981) used an equimolar mixture of [EtZn(S��i-Pr)] and

[Zn(S2CNEt2)2] to deposit ZnS by a dip-dry method, while O’Brien’s group also

utilized alkyl complexes [R0M(S2CNR2)]2 as precursors (255, 1962, 1982–

1984). They are more volatile than the analogous bis(dithiocarbamate) com-

plexes and many decompose cleanly under vacuum at 10�2 Torr, giving better

quality films and higher growth rates than the parent bis(dithiocarbamate)

complexes (1983). Their relative use as single-source precursors depends on

the nature of both the alkyl and the dithiocarbamate groups. Thus, while

[MeCd(S2CNEt2)]2 gives cloudy and uneven CdS films on GaAs at 425�C,
the neopentyl derivative affords crystalline and specular films (1961). The

methyl zinc and cadmium complexes derived from trimethylpropylene diamine

gave rapidly deposited, good quality, metal sulfide films (1984). A further

advantage of this approach is the ease of synthesis of mixed-metal complexes

such as [NpZn0.5Cd0.5(S2CNEt2)]2, which has been used to deposit ternary metal

sulfide films (1982); other examples have also been deposited from 2,20-bpy
adducts of mixed bis(dithiocarbamate) complexes (1768).

More recent work in this area has focused on the deposition of ZnS and CdS

nanocrystallites using these single-source precursors, and this area has been

reviewed (1985–1987). The first example of this approach was detailed in 1996

by Trindade and O’Brien (1988) who prepared nanoparticles of CdS from

the thermal decomposition of [Cd(S2CNEt2)2] in refluxing 4-ethylpyridine

solutions.

This method was later extended to the preparation of TOPO capped CdS,

with both [Cd(S2CNEt2)2] and [RCd(S2CNEt2)]2 (R¼Me, Et, Np) acting as

efficient precursors to CdS nanocrystallites. These can further be used to prepare

novel composite materials upon addition of bridging diamine ligands such as

pyrazine, 4,40-bpy, and 2,20-bipyrimidine (1989, 1990). Other TOPO-capped

CdS nanoparticles have been prepared in a similar manner (1991, 1992), while

TOPO-capped ZnS nanoparticles have been prepared from [EtZn(S2CNEt2)]2
(1991, 1993) and [Zn(S2CNMeHex)2] (1992).

A number of exciting recent developments have been made in this area. The

asymmetric complex [Cd{S2CNMe(C18H37)}2] has been used for the generation

of self-capped CdS quantum dots, simply prepared upon thermolysis in a
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dynamic vacuum at between 150 and 300�C. Interestingly, the size of nano-

crystals produced is temperature dependent. There is also a change in phase

from cubic to hexagonal at 300�C (1994). Trindade et al. (1989) also reported a

one-step synthesis of CdS nanoparticles on submicrometric silica particles

(SiO2@CdS) by simply decomposing cadmium bis(dithiocarbamate) in reflux-

ing acetone. X-ray powder diffraction data is consistent with the formation of

hexagonal CdS (1995).

Highly monodispersed CdSe��CdS core-shell nanoparticles have been

prepared from the successive thermolysis of [Cd(Se2CNMeHex)2] and [Cd(S2
CNMeHex)2] in TOPO (1960), as have manganese-doped ZnS and CdS

quantum dots derived from [M(S2CNEt2)2] and MnCl2. The ZnS material gives

emission in the orange region of the visible spectrum rather than the blue (1996,

1997).

In further work, Xie and co-workers reported the easy preparation of CdS

nanowires via simple heating of [Cd(S2CNEt2)2] in ethylenediamine at 117�C
for 2 min. The precise role of the diamine is not yet understood, but no wire-like

products were obtained when pyridine and diethylamine were used, suggesting

that it may serve as a director for the growth of the intermediate inorganic Cd2S2
core (1998). Lieber and co-workers (1999) also prepared CdS and ZnS

nanowires using [M(S2CNEt2)2] as molecular precursors via a nanocluster-

catalyzed approach. The nanowires in both cases were of high quality and the

authors suggest that they may serve as well-defined nanowire components for

the assembly of photonic devices.

The work described above has been largely confined to the synthesis of

binary sulfides, however, it has been extended to ternary sulfides. Polycrystalline

electroluminescent ZnS:Mn films have been obtained upon simultaneous pyr-

olysis of [Zn(S2CNEt2)2] and [Mn(S2CNEt2)2] at 200–300�C in a nonsealed

system. Additional annealing lead to films with high luminance and luminous

efficiency (2000), while copper-doped CdS has been prepared from

[Cd(S2CNEt2)2.CuI] (1768).

ii. Rubber Vulcanization. Zinc bis(dimethyldithiocarbamate), [Zn(S2CN-

Me2)2] (Ziram), is a well-known accelerator, for the vulcanization of rubber. The

process involves heating a mixture of sulfur, accelerator, and an unsaturated

polymer, and results in the formation of sulfur bridges or cross-links between

the individual polymer molecules, which give the rubber elasticity and dur-

ability (2001) (Fig. 278).

While [Zn(S2CNMe2)2] has been shown to be a better accelerator than other

dithiocarbamate complexes (2002), its role has not been fully understood.

Traditionally, it has been thought to involve the formation of a polythiocarba-

mato intermediate, formed upon sulfur insertion into a zinc–sulfur bond, which

in turn reacts with the rubber in a concerted fashion (Fig. 279). Over the past
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10 years, work primarily by Reedijk and co-workers (2003–2007), McGill and

co-workers (2008, 2009) along with others (2010, 2011) has served to shed light

on the role of [Zn(S2CNMe2)2] in the vulcanization process, the main results of

which are summarized in a recent review (2012).

The key first step appears to be the insertion of sulfur into one or more of the

zinc–sulfur bonds of [Zn(S2CNMe2)2]. However, while related zinc thiolate

complexes, which are also accelerators, undergo this reaction to give crystal-

lographically characterized trithiolate complexes (2013, 2014), no such stable

analogues have been found for dithiocarbamates, and indeed well characterized

monodentate trithiocarbamate ligands are unknown.

Reedijk and co-workers (2004) used the combined approach of density

functional calculations and the matrix-assisted laser-desorption ionization

(MALDI) MS approach in order to probe this important first step. The

calculations suggested that the hypothetical sulfur-rich trithiocarbamate com-

plex 507 was only some 59 kJ mol�1 higher in energy than trithiolate–zinc
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Figure 278. Process by which rubber is vulcanized.
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complexes, while somewhat surprisingly, the insertion of two sulfur atoms into a

single zinc–sulfur bond to give 508 was more stable than 507 by 10 kJ mol�1

(Fig. 280). However, the key point is that given that vulcanization experiments

are carried out at high temperatures (�140�C), then these relatively small

differences suggest that sulfur-insertion should be accessible, although the

products are presumably too reactive for isolation. The MS results provided

further evidence for the generation of sulfur-inserted products, MALDI experi-

ments with [Zn(S2CNMe2)2] and S8 indicate the generation of polythiocarba-

mate species with up to eight inserted sulfur atoms.

Other work by this group has revealed that [Zn(S2CNMe2)2] homogeneously

catalyzes a number of essential vulcanization reactions, including (1) the

formation of trisulfidic cross-links—involving insertion of sulfur into the allylic

carbon–hydrogen bonds via an ene-like reaction and generating a rubber-bound

polythiothiol, (2) the equilibrated metathesis reaction of the resulting poly-

thiothiols to give the initial sulfur cross-links, and (3) the desulfhydration of the

polythiols producing sulfides and H2S (2005). On the basis of this work, a

catalytic cycle for the formation of cross-links and catalyst degradation has been

proposed (Fig. 281).

In other work, McGill and co-workers (2008) investigated the effect of water

and H2S on the decomposition of [Zn(S2CNMe2)2] to give HS2CNMe2. The

latter acts as a vulcanization accelerator in its own right in the absence of ZnO,

while Rodrı́guez and Hummel (2011) provide evidence for ionic components in

the vulcanization process by means of electric current measurements. Debnath

and Basu (2010) investigated the role of zinc bis(dithiocarbamate) complexes in

the presence of thiazole-based accelerators, and find the highest activity in the

[Zn(S2CNBz2)2] and dibenzothiazyldisulfide accelerated system.

In further work relating to the role of [Zn(S2CNMe2)2] in the vulcanization

process, Reedijk and co-workers (2006) reinvestigated the reaction of [Zn

(S2CNMe2)2] with amines. With CyNH2, 1,1,3-trisubstituted and 1,3-disubstituted

thioureas are formed along with dimethylammonium dithiocarbamate, ZnS,
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Figure 280. Possible routes for the insertion of sulfur into [Zn(S2CNMe2)2].
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and H2S. A scheme is proposed in which an adduct is in equilibrium with

an activated complex formed upon nucleophilic attack of the amine at the

backbone carbon.

iii. Toxicological Studies. As previously detailed, [Zn(S2CNMe2)2] is used

extensively in agriculture as a fungicide under the name ‘‘Ziram’’, and also as an

accelerator for rubber vulcanization. In light of this finding, a number of

toxicological studies have been carried out. Ziram has been shown to be

extremely toxic to fish, chicken, or rat embryos (2015–2017). Further, resulting

from its use as a vulcanization accelerator, it can also be present in domestic

rubber goods such as gloves, clothing, and contraceptive sheaths, which has lead

to a number of reports of contact dermatitis (2018, 2019).

The polymer ethylenebis(dithiocarbamate) zinc (Zineb) is used as a fungicide

to protect fruit and vegetable crops from a wide range of foliar and other

diseases (2020). Larramendy and co-workers (2021, 2022) carried out genotoxic

evaluation on Chinese hamster ovary cells, and finds that even though it induces

large DNA alterations in vitro, this does not necessarily mean that this

compound should be considered clastogenic.

Sodium diethyldithiocarbamate (Imuthiol) has been shown to restore and

regulate the number and activities of T-cells, and since zinc is essential for the

formation of the immune system, a combination of them might be expected to

have beneficial effcets. In this light, [Zn(S2CNEt2)2] has been tested, but was
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found to be devoid of an immuno-enhancing influence on the responses to T-cell

mitogens, and exerted a cytocidal effect on spleen lymphocytes (2023).

Diethyldithiocarbamate has been suggested to be an efficient chelator for

acute cadmium intoxication, as its parenteral administration decreased mortality

induced by parenteral cadmium, even at a protracted time after cadmium

administration (2024, 2025). However, diethyldithiocarbamate was also found

to enhance the brain deposition of injected (2026, 2027) or orally administered

(2028) cadmium. Thus it is unsuitable for use as an antidote to acute cadmium

intoxication. In search for an alternative, the groups of Jones and co-workers

studied a wide range of dithiocarbamates for the in vivo mobilization of

cadmium. This work showed a rapid reduction in liver cadmium levels after

injection with water-soluble dithiocarbamate salts, with the anions gaining rapid

access to intracellular hepatic sites (2027, 2029–2036). A large number have

been tested, those derived from 4-carboxamidopiperidene-1-carbodithioate

(509) (1846) and D-glucamine derivatives (510–511) (Fig. 282) (2030, 2036)

have a good efficacy as an antidote for acute cadmium poisoning.

iv. Analytical Chemistry. Due to the agricultural importance of

[Zn(S2CNMe2)2] (Ziram), a spectrophotometric determination has been reported

(2037), as has a capillary electrophoretic separation and determination of Ziram

and Zineb (2038), together with other analytical determinations (222, 2039).
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A simple and highly sensitive determination of palladium has also been

developed based on the reaction between palladium(II) salts and [Zn

(S2CNBz2)2] in aqueous solution, although many other metal(II) salts interfere

strongly (2040). Related to this, zinc silicate-bonded diethyldithiocarbamate has

been prepared and utilized in the separation and preconcentration of some

transition metal ions. This material shows a high selectivity for palladium(II)

(2041), while the on-line mixing of industrial effluents with a buffered solution

of water soluble [Zn{S2CN(CH2CH2OH)2}2] leads to the formation of copper,

cobalt, nickel, and cadmium complexes that can be monitored electrochemically

(2042).

Mercury is a highly toxic element and its removal and analytical detection

are important. Dithiocarbamate-incorporated monosized polystyrene-based mi-

crospheres (2 mm) have been prepared (2043) and used for the selective removal

of mercury(II) from aqueous solutions. The absorption ability increases with pH

(2044). Related to this, dithiocarbamate grafted onto dried silica gel have been

shown to be highly effective for the removal of mercury from waste solutions

containing various complexing agents (145).

An HPLC detection of PhHgNO3 utilizes its reaction with NaS2CNEt2 in the

presence of EDTA to generate diphenylmercury and [Hg(S2CNEt2)2] (2045). A

similar HPLC assay has been developed for Thimerosal, which acts as a topical

antiseptic and antimicrobial preservative. It consists of reacting Thimerosal,

[EtHg(1,2-SC6H4CO2)]
�, with morpholine or piperidene dithiocarbamate to

generate the neutral alkyl mercury complexes [EtHg(S2CNC4H8X)]2 (X¼O,

CH2) (2046).

v. Other Applications. In other potential applications, zinc bis(diamyl-

dithiocarbamate) has been shown to be a better antioxidant for motor oils

than zinc dithiophosphates (2047), and other bis(dithiocarbamate) complexes

have been shown to have liquid-crystal properties (1485).

V. NONINNOCENT BEHAVIOR

Section IVemphasized the extraordinary versatility of dithiocarbamates to act as

simple spectator ligands, and in the thousands of reports concerning them, this is

by far their major role. However, in 1973 Ricard et al. (954, 955) showed the

complex formed from the reaction of [Mo2(m-OAc)4] and 4 equiv of

NaS2CNPr2, while analyzing as [Mo2(S2CNPr2)4], was in fact the molybdenu-

m(IV) dimer [Mo(m-S)(S2CNPr2)(Z
2-SCNPr2)]2 (Eq. 181). This complex

clearly results from the cleavage of a carbon–sulfur bond, generating

sulfido and thiocarboxamide ligands; a process that can be viewed as an
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oxidative–addition, the oxidation state at molybdenum going from þ2 to þ4.

Mo

S

S

S

NPr2

C NPr2
Mo

S

S

S

Pr2N

CPr2N S

S

[Mo2(µ-OAc)4]
4 NaS2CNPr2

ð181Þ

In the intervening 30 years, the noninnocent behavior of dithiocarbamates,

while still remaining relatively rare, has become far more prevalent. A number

of different types of noninnocent behavior have been found, although categor-

ization in some instances is not simple. Further, the sulfur–carbon bond cleavage

of dithiocarbamates has been widely utilized in the preparation of a wide range

of metal sulfides from relatively volatile dithiocarbamate precursor complexes

(see Sections IV.H.1.g.ii and IV.I.1.h.i), and the cleavage of carbon–sulfur bonds

in dithiocarbamates appears to be far more prevalent than in related xanthate

ligands (2048).

In the discussion below, a number of different types of noninnocent behavior

have been identified and will be discussed within the following categories:

1. Sulfur–carbon bond cleavage to generate sulfido and thiocarboxamide

ligands.

2. Double sulfur–carbon bond cleavage reactions.

3. Sulfur–carbon bond cleavage followed by addition of/to other constituents

of the complex.

4. Addition of dithiocarbamates to unsaturated organic ligands.

5. Insertion of unsaturated moieties into metal–sulfur bond(s) of dithiocar-

bamates.

A. Cleavage of a Single Sulfur–Carbon Bond

As alluded to above, the oxidative–addition of a single sulfur–carbon bond

can result in the formation of sulfido and thiocarboxamide ligands (Eq. 182).

S

S

R2N M M

S

S

C
R2N

ð182Þ
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Since first being discovered in the early 1970s, it has become a relatively

common transformation. For example, addition of 3 equiv of NaS2CNEt2 to the

tetrahydrothiophene complexes [M2Cl4L2(m-Cl)(m-tht)] (M¼Nb, Ta) affords

[MS(S2CNEt2)2(SCNEt2)] in moderate yields (2049). Although the precise

reaction mechanism is unknown, the authors propose the initial formation of

dimeric metal(III) species with bridging dithiocarbamate ligands, which later

undergo oxidative–addition (Eq. 183).
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Templeton and co-workers (2050) reported that upon heating molybdenu-

m(II) bis(alkyne) complexes, [Mo(alkyne)2(S2CNR2)2] (R¼Me, Et), with PEt3,

dimeric molybdenum(III) complexes carrying a thiocarboxamide ligand are

generated (Eq. 184); the complex [Mo2(S2CNMe2)3(Z
2-SCNMe2)(m-S)(m-Et-

C2Et)] is crystallographically characterized. The reaction can be considered to

result from loss of alkyne, followed by oxidative–addition of the carbon–sulfur

bond, with the molybdenum(IV) sulfido–thiocarboxamide complex generated

reacting with a further equivalent of molybdenum(II) alkyne complex.
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In a somewhat similar fashion, Jeffery and Went (2051, 2052) have reported

that addition of [Co2(CO)8] to tungsten(II) alkyne complexes, [W(CO) (R1C2R
2)

(S2CNR2)2] (R¼Me, Et; R1¼ R2¼H, Me, Ph; R1¼H, R2¼ Ph) (512), yields

[WCo2(CO)5(m
3-S)(m-R1C2R

2)(Z2-SCNR2)(S2CNR2)] (513) as a result of sul-

fur–carbon bond cleavage. Here, the tungsten(IV) center generated as a result is

‘‘trapped’’ by the cobalt carbonyl, and the sulfido ligand ends up in a capping

mode. These clusters undergo phosphine substitution and also lose carbon

monoxide to give [WCo2(CO)4(m
3-S)(R1C2R

2)(m3-SCNR2)(S2CNR2)] (514), a

transformation that involves exchange of alkyne and thiocarboxamide ligands

between bridging and terminal coordination modes (Fig. 283).
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Addition of cyclohexene sulfide to [W(CO)(PhC2Ph)(S2CNR2)2] (R¼ Et,

Me) (515) results in oxidation giving two tungsten(IV) sulfides, [WS(PhC2Ph)

(S2CNR2)2] and [WS(PhC2Ph)(S2CNR2)(SCNR2)] (516) (Fig. 284) (1083). The

latter is a thiocarboxamide complex that results from carbon–sulfur bond

cleavage. It can also be made by addition of PEt3 to [WS(PhC2Ph)(S2CNR2)2]

(517), suggesting that the unsaturated tungsten(II) species [W(PhC2Ph)

(S2CNR2)2] is the key intermediate (1084). This supposition is confirmed with

the slow addition of PEt3 to [WS(PhC2Ph)(S2CNMe2)2] in the presence of trans-

dicyanoethylene, which affords the alkene complex [W(NCHC����CHCN)

(PhC2Ph)(S2CNMe2)2] (1084).
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Reactions of thiuram disulfides with [Tp*W(CO)3]
� generate tetrasulfide

complexes [WS(m-S)(S2CNR2)]2 and in one case the intermediate [Tp*W

(CO)2(m-S)(S2CNEt2)2(SCNEt2)] (518), has been isolated. It is shown by a

partial crystal structure to be a mixed-valence tungsten(II)–tungsten(IV) com-

plex, resulting from a sulfur–carbon bond cleavage process together with the

displacement of a tris(pyrazolyl)borate ligand (182).
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In the examples given above, the oxidative–addition of a single carbon–sulfur

bond results in the generation of products containing both the thiocarboxamide

and sulfido groups. However, in a number of instances the cleavage of a single

carbon–sulfur bond can only be inferred from the isolation of either a

thiocarboxamide or sulfido-containing product. For example, dithiocarbamate

degradation occurs upon thermolysis of trans-[ReCl3(MeCN)(PPh3)2] (519)
with a large excess of NaS2CNEt2 in acetone. The major product is [Re(Z2-

SCNEt2)(S2CNEt2)2(PPh3)] (520) (Fig. 285). The fate of the sulfur atom

remains unknown. This thiocarboxamide complex is readily oxidized to the

rhenium(IV) complex [Re(Z2-SCNEt2)(S2CNEt2)2(PPh3)]
þ (521) (Fig. 285), a

process that is fully reversible. The perchlorate salt has been crystallographi-

cally characterized and shows a distorted pentagonal bipyramidal coordination

geometry, with the phosphine occupying an axial site and the thiocarboxamide

ligand lying in the equatorial plane (2053). Infrared characterization also proves

useful; the n(C����N) vibrations of the dithiocarbamates appears at 1570 cm�1,

while the thiocarboxamide is observed at 1510 cm�1.
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Figure 285. Synthesis and redox chemistry to [Re(Z2-CNEt2)(S2CNEt2)2(PPh3)].
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Pignolet and co-workers initially reported that photolysis of [Ru(S2CNR2)3]

(R¼Me, Et) in chloroform gave ruthenium(IV) complexes, [RuCl(S2CNR2)3]

(1339), however, interestingly when the photolysis of [Ru(S2CNMe2)3] was

carried out at 366 nm in the presence of a large excess of benzophenone, the

thiocarboxamide complex [RuCl(S2CNMe2)2(Z
2-SCNMe2)] was formed in

>90% yield (Eq. 185) (2054). A crystallographic study shows that all six

methyl groups are inequivalent, which is confirmed by 1H NMR at �40�C. At
higher temperatures, however, spectral changes occur that are associated with

restricted rotation about the carbon–nitrogen bonds.
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Abrahamson et al. 1066 reported that oxidation of [CpW(CO)3(Z
1-

S2CNMe2)] by iodine affords a mixture of two tungsten(IV) complexes,

[CpWI(CO)2(S2CNMe2)]I and [CpWI2(Z
2-SCNMe2)] (Eq. 186), the latter

resulting from sulfur extrusion. Some insight into the process is afforded with

the identification of carbonylsulfide (COS) in the gas above the reaction,

suggesting that the initially formed sulfido group may have later reacted with

metal-bound carbon monoxide.
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More commonly, it is the thiocarboxamide group that is lost, with only the

sulfido ligand retained. In such instances, it is more debatable that the

transformation occurring is a single carbon–sulfur bond cleavage, but this is

often assumed. Thus, Cotton and co-workers (265) reported that reaction of

tetraethylthiuram disulfide with [W(CO)3(MeCN)3] in acetonitrile affords the

green tungsten(IV) dimer, [W(m-S)(m-S2CNEt2)(S2CNEt2)]2 (522). The metal–

metal vector of 2.530(2) Å probably represents a tungsten–tungsten double

bond. When the reaction is carried out in methanol a second species results,

namely the tungsten(V) dimer [W(m-S)(OMe)2(S2CNEt2)]2 (523). Both
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complexes appear to result from carbon–sulfur bond cleavage reactions, how-

ever, interestingly when the reaction is carried out in toluene at elevated

temperatures only sulfur–sulfur cleavage is seen, affording mononuclear

[W(S2CNEt2)4] (524) (Fig. 286).

Somewhat similarly, addition of 5 equiv of NaS2CNEt2 to NbCl5 yields

[NbS(S2CNEt2)3], while with TaCl5 both yellow [TaS(S2CNEt2)3] and green

[TaS2(S2CNEt2)3] result (Eq. 187) (403). The latter may be the result of a double

sulfur–carbon bond cleavage process (see below), however, it is known that the

monosulfides [MS(S2CNEt2)3] (M¼ Ta, Nb) react with a range of sulfur sources

to give the analogous disulfides, and this secondary reaction may be taking

place here.
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Very recently, Seymore and Brown (873) reported that one of the products of

the reaction of [TpOsNCl2] with [MoN(S2CNEt2)3] is the thionitrosyl complex

[TpOs(NS)Cl2] (Eq. 188); presumably formed from dithiocarbamate cleavage,
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Figure 286. Products of the reaction of [W(CO)3(MeCN)3] with tetraethylthiuram disulfide.
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followed by addition of the sulfido group to nitrogen.

N
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[MoN(S2CNEt2)3]
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ð188Þ

The related molybdenum thionitrosyl complex [Mo(NS)(S2CNEt2)3] has also

been prepared in low yield as a result of a dithiocarbamate fragmentation

process, after reaction of [Mo(N-p-tol)2Cl2(dme)] with 2 equiv of NH4S2CNEt2
(442). The precise nature of this process remains unknown, but the thionitrosyl

ligand formally results from extrusion of the backbone carbon atom.

Mo

S

S
S

S

N

S

NEt2

Et2N S

NEt2

S

Mo

O
Me

Me
O NAr

Cl

NAr

Cl

2 NH4S2CNEt2

Ar = p-tol
ð189Þ

In another unusual transformation, a thiocarbonyl ligand is generated. Thus,

heating [ReCl3(PPhMe2)3] with 5 equiv of dithiocarbamate salt in ethanol for 12

h gives [Re(CS)(S2CNEt2)3] (Eq. 190). The thiocarbonyl ligand clearly results

from dithiocarbamate degradation, and interestingly the same reaction does not

occur in acetone (456). The precise mode of formation remains unknown, but

the thiocarbonyl is formally derived from cleavage of both a sulfur–carbon and

nitrogen–carbon bond of the dithiocarbamate ligand.

Re

Cl

Cl Cl

PPhMe2

PPhMe2

PPhMe2

Re

S

S
S

S

CS

S

NEt2

Et2N S

NEt2
5 NaS2CNEt2

∆, EtOH
ð190Þ

It is well known that reactions of [Co(S2CNR2)3] with chemical oxidants

gives rise to a range of products. These products are dependent on the nature of

the oxidant. An ESMS study of the products generated upon oxidation by
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NOBF4 revealed ions associated with the species [Co2(S2CNR2)5S]
þ and

[Co2(S2CNR2)5S2]
þ. Neither the nature of sulfur coordination nor its source

is known, although the authors suggest that the latter is the result of oxidation of

thiuram disulfide (generated by dithiocarbamate oxidation) by NOþ (303).

Facile sulfur–carbon cleavage of a dithiocarbamate at ruthenium(II) and

osmium(II) centers is also implicated in the synthesis of thiophenylazopyridine

complexes (526) from the analogous 2-chlorophenylazopyridine complexes

(525) upon addition of NaS2CNEt2 in DMF (Eq. 191) (2055). An analogous

transformation also occurs at the cobalt(III) center.

M
X

X N

N

N

N

Cl

Cl

M

S

S N

N

N

N

2 NaS2CNEt2

M = Ru, X = Cl
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526525

N
N

Cl

N

Cl
N

N=

ð191Þ

B. Double Sulfur–Carbon Bond Cleavage

The cleavage of both sulfur–carbon bonds of the dithiocarbamate ligand

should in theory be a four-electron process, resulting in the formation of two

sulfido groups and a single aminocarbyne ligand, although the resulting sulfido

groups may further couple to give a disulfide ligand (Eq. 192).

S

S

R2N M M S

S

CR2N M

S

S
CR2N

ð192Þ

Given the oxidative nature of the process, it may be expected to occur primarily

at low-valent centers. Over the past 10 years, a number of instances whereby this

process has been shown or implied to occur have been reported. For example,

heating cis-[Ru(CO)2(S2CNEt2)2] with an excess of [Ru3(CO)12] at 130�C
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yields the novel pentanuclear cluster [Ru5(m
4-S)2(m-CNEt2)2(CO)11] (527),

resulting from a double sulfur–carbon bond cleavage of the dithiocarbamates

(1359). Further, with cis-[Ru(CO)2(S2CNMe2)2], octanuclear [Ru8(m
4-S)3(m

3-

S)(m-CNMe2)2(CO)16] (528) (Fig. 287) is the major product (169).

Precise details concerning the nature of these transformations remain unclear,

however, they may well proceed via initial decarbonylation and formation of

[Ru(CO)(S2CNR2)(m-S2CNR2)]2. Further, conversion of the pentanuclear to the

octanuclear cluster formally involves addition of ‘‘Ru3S2(CO)5’’, and may arise

via addition of [Ru3(m
3-S)2(CO)9], which is known to facilitate cluster expan-

sion reactions. In support of both hypotheses, cis-[Ru(CO)(PEt3)(S2CNEt2)2]

reacts only slowly with [Ru3(CO)12] giving [Ru3(m
3-S)2(CO)8(PEt3)] as the

major product (Eq. 193).

Ru

OC

Et3P S

S

S

S

NR2
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Ru3(CO)12

∆
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(OC)3Ru
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S

(CO)3
ð193Þ

A recent related report shows that the reaction of CoCl2, PPh3,

and NaS2CNEt2 in acetonitrile in the presence of zinc yields the trinuclear

cluster [Co3Cl(PPh3)2(m
3-S)(m-CNEt2)(m-SCNEt2)2] (Eq. 194). This complex

formally results from one double, and two single, carbon–sulfur bond

S
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(CO)2
Ru

Ru
(CO)2

Ru Ru S CO

C
Me2N

C
Me2N

S

S

S

OC

OC

OC

OC

(CO)3

527

528

Figure 287. Products of the thermolysis of [Ru(CO)2(S2CNR2)2] with Ru3(CO)12.
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cleavage processes (2056).

Co

Co Co
S

S
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S

C

C
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NEt2

NEt2Et2N

Zn / PPh3
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Lappert and co-workers (1074) showed that heating the tungsten(II) complex

[W(CO)2(SnR2)(S2CNMe2)2] [R¼ CH(SiMe3)2] (529) in benzene affords the

mixed-valence tungsten(V)–tungsten(III) complex, [W2S(m-S)(m-Me2NC����
CNMe2)(Z

2-SCNMe2)(Z
2-S2SnR2)(S2CNMe2)] (530) (Fig. 288), bearing sul-

fido, thiocarboxamide, and bis(amino)alkyne ligands. The latter is unusual and

presumably derives from the coupling of two aminocarbyne fragments, them-

selves generated upon a double sulfur–carbon bond cleavage process. Thus, the

molecule contains the elements of both single- and double-bond cleavage

events, while two of the sulfido groups have inserted into the stannylene.

Interestingly, heating the corresponding diethyldithiocarbamate complex yields

a blue diamagnetic product, [W2(m-S)(m-CNEt2)(m-SSnR2S)(S2CNEt2)2] (531)

(Fig. 288) (1075). Here again a double cleavage has occurred and two sulfido

ligands have coupled with the stannylene, but now aminocarbyne coupling has

not occurred.

While all of the transformations detailed above take place at low-valent metal

centers, a double sulfur–carbon bond cleavage process has also been postulated

to occur at the molybdenum(VI) center (527, 528, 839). Thus, thermolysis of

organic isocyanates with [MoO2(S2CNR2)2] affords imido–disulfide complexes,

[Mo(NR0)(S2)(S2CNR2)2] (Fig. 289), in moderate yields. The fate of the

aminocarbyne fragment remains unknown and further, since monosulfido
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Figure 288. Unusual dimeric products formed upon heating [W(CO)2(SnR
0
2)(S2CNR2)2].
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complexes, [MoS(NR0)(S2CNR2)2], also remain unknown, it is not clear that the

process is necessarily a double sulfur–carbon bond cleavage process. The

transformation is clearly not an oxidative–addition as the oxidation state of

the metal remains unchanged throughout, however, some redox chemistry does

take place. Other products are molybdenum(V) dimers and thiuram disulfides.

Work designed to probe the nature of the transformation suggests that it is the

oxo–imido species [MoO(NR0)(S2CNR2)2], which are thermally unstable, as the

analogous bis(imido) complexes [Mo(NR0)2(S2CNR2)2] show good stability at

high temperatures.

Three recent publications by Goh et al. (240, 246, 247) concerning the

behavior of dithiocarbamate ligands at chromium(II) cyclopentadienyl centers

have shed considerable light of the carbon–sulfur bond scission process. When

[CpCr(CO)3]2 and thiuram disulfides (R¼Me, Et, i-Pr) are heated at 90�C, a
number of products are also isolated, including [Cp6Cr8S8{Z

2:Z4-S2(CNR2)2}]

(532), [Cp6Cr8S8(Z
1:Z2-S2CNR2)2] (533) (Fig. 290), [Cr(S2CNR2)3], [Cp2Cr2

(CO)4(m-S)], and [CpCr(m3-S)]4. Some of these are the result of carbon–sulfur

bond scission. Both octanuclear complexes contain two Cr4S4 cubane cores

linked through the non-cyclopentadienyl complexed metal centers. In 533, two
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Figure 289. Formation of [Mo(NR0)(S2)(S2CNR2)2] upon thermolysis of [MoO2(S2CNR2)2] and

organic isocyanates.
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Figure 290. Cluster cores of fused cubane clusters formed upon thermolysis of [CpCr(CO)3] and

thiuram disulfides.
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dithiocarbamates bridge these chromium centers, while in 532 a new ligand

formed from fusion of two thiocarboxamide ligands, acts as the bridge (240).

Further insight is gained into the dithiocarbamate scission process when

[CpCr(CO)2(S2CNR2)] is heated with more [CpCr(CO)3]2. A number of

products are obtained including 532, and importantly, mononuclear thiocarbox-

amide [CpCr(CO)2(Z
2-SCNR2)] (534), aminocarbyne [CpCr(CO)2(CNR2)]

(535), and vinylacyl [CpCr(CO)2{Z
2-O����C-C(NR2)����CH(NR2)}] (536) com-

plexes (Fig. 291) (247). The thiocarboxamide ligand is the product of a single

sulfur–carbon bond scission of the dithiocarbamate, while the others result from

a double-bond cleavage.
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Figure 291. Mononuclear dithiocarbamate scission products of the reaction of [CPCr(CO)2
(S2CNR2)] and [CpCr(CO)3]2.

Cr

OC CO

C
NR2

S
[CpCr(CO)3]2 Cr

OC CO

C NR2

S

Cr S

Cr
Cr Y

X Cr

+

∆

X = Y = S; X = CO, Y = CNR2

535 534

537

Figure 292. Products of the thermolysis of [CpCr(CO)2(SCNR2)] with [CpCr(CO)3]2.
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Perhaps most significantly, heating 535 with further [CpCr(CO)3]2 affords the

aminocarbyne complex 534 together with the cubanes, [CpCr(m3-S)]4 and

[Cp4Cr4(m
3-S)2(m

3-CO)(m3-CNR2)] (537), providing further evidence that the

scission process occurs in a step-wise fashion (Fig. 292).

Heating [CpCr(CO)3]2 with [Cr(S2CNR2)3] also results in formation of

aminocarbyne (534) and thiocarboxamide (535) complexes, leading the authors

to conclude that it is the 17-electron organometallic radical [CpCr(CO)3]
., that

initiates the sulfur–carbon bond scission chemistry.

C. Sulfur–Carbon Bond Cleavage Followed by Addition of/to Other

Constituents of the Complex

Two groups have reported novel products from the reaction of molybdenum

disulfide complexes with the activated alkyne, dimethylacetylene dicarboxylate

(dmad, R0 ¼ CO2Me) (527, 724, 2057, 2058). Thermolysis with [MoO(S2)

(S2CN R2)2] (R¼Me, Et) (2057) or [Mo(S2)(S2CNEt2)3] (724) affords isomeric

dithiolate complexes, orange [Mo{Z2-SC(CO2Me)����C(CO2Me)S}{Z1,Z3-

SC(CO2Me)����C(CO2Me)SC(NR2)}(S2CNR2)] (538) and green [Mo{Z2-

SC(CO2Me)����C(CO2Me)S}{Z1,Z3-SC(CO2Me)����C(CO2Me)C(NR2)S}(S2CN-

R2)] (539) (Eq. 195), two examples of which have been crystallographically

characterized (2057). They result from oxo loss, alkyne addition into the sulfur–

sulfur bond, and the novel insertion of the alkyne into a dithiocarbamate ligand.
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ð195Þ

Similarly, with [Mo(NPh)(S2)(S2CNEt2)2], the blue 1-thio-2-iminoene com-

plex [Mo{Z2-PhNC(CO2Me)����C(CO2Me)S}{Z1,Z3-SC(CO2Me)C(CO2Me)C

(NEt2)S}(S2CNEt2)] (540) (Eq. 196) is the major product resulting from

removal of one sulfur and alkyne addition across the remaining sulfur atom
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and an imido ligand, together with alkyne insertion into a dithiocarbamate (2058).
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More recently, Young and co-workers (2059) reported related transforma-

tions at a tungsten center. Addition of certain alkynes to [WS(S2)(S2CNR2)2]

(R¼Me, Et) (541) results in the formation of purple [W{Z2-SC(R0)���� C(R0)S}
{Z2,Z2-SC(R0)����C(R0)SC(NR2)S}(S2CNR2)] (542), by the addition of one

alkyne across the disulfide unit, with a second linking the sulfido and dithio-

carbamate ligands via the formation of two new sulfur–carbon bonds. This

transformation is an addition of the dithiocarbamate to an unsaturated organic

moiet (see below). Upon photolysis, a further transformation occurs to generate

the green thiocarboxamide complexes, [W{Z2-SC(R0)����C(R0)S}2(SCNR2)

(S2CNR2)] (543), a result of the cleavage of a carbon–sulfur bond in the

original dithiocarbamate ligand. While these complexes are relatively stable,

upon dissolution in methanol a quantitative conversion to orange anionic

species, [W{Z2-SC(R0)����C(R0)S}2(S2CNR2)]
�, (544), occurs as a result of the

loss of the thiocarboxamide group (Fig. 293).

Young and co-workers (1068) also noted that thermolysis of [Tp*W

(CO)2(S2CNEt2)] with dmad affords the unusual product [Tp*W(Z2-SCNEt)

{SC(CO2Me)C(CO2Me)CO}] (Eq. 197), whereby the sulfido ligand formed as a

result of carbon–sulfur bond scission has combined with both the alkyne and a

molecule of carbon monoxide to give an unusual new organic ligand. It must,

however, be noted that reactions with other alkynes do not give the same product

types. Indeed, in no other case does carbon–sulfur bond cleavage occur,

suggesting that not only does the electron-deficient nature of dmad serve to

trap reactive scission products, but it may be required to be in the coordination

sphere of the metal center in order to activate bond cleavage.
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Even more unusual is the photolysis of [W(PhC2H)2(S2CNMe2)2] with

excess phenylethyne. This gives the very unusual substituted cyclopentadienyl

complex [(Z5-1,3-Ph2-4-NMe2-C5H2)W(SCH����CPhS)(S2CNMe2)] (Eq. 198) in

low yield (2060). Formation of the cyclopentadienyl and 1,2-dithiolene ligands

is believed to be a result of a double carbon–sulfur bond cleavage generating an

aminocarbyne and two sulfido ligands, followed by alkyne addition to both.

W
S

S

S

S

NMe2

NMe2

C

C

C

Ph

Ph

H C

H

W

S

Ph NMe2

Ph

S S

S
NMe2H

Ph

PhC2H

hν
ð198Þ

While addition of 2 equiv of sodium dithiocarbamate salts to [WCl(CPh)

(CO)2py2] also affords ketenyl complexes [W(CO){PhCC(O)}(S2CNR2)2]
�,

with [H2NEt2][S2CNEt2] a quite different reaction occurs. Remarkably, the

thioaldehyde complex [W(CO)(SCHPh)(SCNEt2)(S2CNEt2)] is formed in 96%
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Figure 293. Stepwise formation and then loss of the thiocarboxamide ligand a tungsten center.
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yield (Eq. 199). Mechanistic details are unclear, however, it is proposed that an

intermediate bearing two dithiocarbamate ligands (one monodentate) may have

an alkylidyne ligand that is sufficiently basic to deprotonate the ammonium salt

and give an alkylidene, which subsequently interacts with a dithiocarbamate to

give thioaldehyde and thiocarboxamide ligands (1095).
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D. Addition of Intact Dithiocarbamates to Unsaturated Organic Ligands

Dithiocarbamates are moderate nucleophiles, and as such they might be

expected to attack electrophilic metal-bound organic ligands to produce new

hydrocarbyls as a result of the formation of a new carbon–sulfur bond. Indeed

this is the case. The first example of such behavior was reported by McCleverty

and Murray in 1979. They detailed an unusual transformation upon addition of

dithiocarbamate salts to [CpMo(Z3-C3H5)(CO)(NO)]
þ, with attack occurring

at a terminal allyl-carbon to yield the novel addition products [CpMo

(CO)(NO){Z2-H2C����CHCH2SC(S)NR2}] (R¼Me, Et, Bu) (Eq. 200). The

methyl analogue was crystallographically characterized (2061).

Mo

ON

H

CO

+

S2CNR2
−

Mo

ON CO

S

NR2
S ð200Þ

The formation of the new carbon–sulfur bond is often a reversible process.

This is highlighted in the formation of vinylketenes, [W(CO)(S2CNR2)2{Z
2,Z2-

O����C����C(Ph)CH����CHMe}] (R¼Me, Et, Ph) (547), from the allylidene com-

plex [W(CO)2Br2{Z
1,Z2- C(Ph)CH����CHMe}(4-picolene)] (545) and dithiocar-

bamate salts at 50�C (1096–1098). At lower temperatures four intermediates can

be seen and spectroscopic studies indicate that each contains an Z1,Z3-

allyldithiocarbamate ligand generated by dithiocarbamate addition to the tung-

sten–alkylidene bond. Indeed, in one case such a complex, namely, [W(CO)2
(S2CNEt2){Z

1,Z3-SC(NEt2)SCPhCH����CHMe}] (546), was isolated and crystal-

lographically characterized (Fig. 294) (1096).
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Davidson (2062) showed that addition of dithiocarbamate salts to [CpMCl

(R0C2R
0)2] (M¼Mo, W; R0 ¼ CF3) (548) leads to the initial formation of Z2-

vinyl complexes, [CpM(R0C2R
0){Z2,Z3-C(R0)C(R0)SC(NR2)S}] (549), a result

of the addition of dithiocarbamate to the hexaflourobut-2-yne ligand. Upon

heating the molybdenum complex, the carbon–sulfur bond is cleaved to yield

the butadiene complex [CpMo(Z4-R4C4)(S2CNR2)] (550) as the major products.

This complex is also formed upon addition of dithiocarbamate salts to

[CpMoI(CO)(Z4-R4C4)] (551). Interestingly, a second minor product was also

obtained, which was identified as the thiocarboxamide complex [CpMo{Z2,Z1-

C(R0)C(R0)C(R0)C(R0)S}(SCNR2)] (552). This complex is formed in 90% yield

upon photolysis of 549 and results from cleavage of a single carbon–sulfur bond

and coupling of the alkyne with the newly generated hydrocarbyl group.

Another example of a reversible dithiocarbamate addition process has

recently been described by Bordoni and co-workers (2063). Thus, reaction of

[Cp2Fe2(CO)2(m-CS)(m-CSMe)]þ (553) with NaS2CNMe2 gives two products;

dithiocarbene, [Cp2Fe2(CO)(m-CS){m-C(SMe)SC(NMe2)S}] (554), and thiocar-

byne, [Cp2Fe2(m-CS)(m-CSMe)(m-S2CNMe2)] (555), with the former being

quantitatively converted into the latter upon photolysis (Fig. 296).

Formation of the dithiocarbene probably results from the attack of the

nucleophilic dithiocarbamate at the electrophilic thiocarbyne center followed

by a secondary carbonyl substitution process. In support of this supposition,

addition of NaS2CNMe2 to [Cp2Fe2(CO)2(m-CO){m-C(CN)(SMe2)}]
þ (556) has

been shown to yield [Cp2Fe2(CO)2(m-CO){m-C(CN)(S2CNMe2)}] (557), which

upon photolysis gives [Cp2Fe2(CO)(m-CO){m-C(CN)(S2CNMe2)}] (558).

Over the past 10 years, Hill (1375, 1384, 1385, 2064) and Roper and co-

workers (2065) detailed a number of instances in which novel metallacycles

result from dithiocarbamate–hydrocarbyl coupling reactions at ruthenium, and

to a lesser extent, osmium centers. Roper reported that addition of 2 equiv of

NaS2CNMe2 to the chloro–carbene complex [RuCl2(CO)(PPh3)2(CClR)] (RH¼
2-C4H3NH) gave [Ru(CO)(PPh3)(S2CNMe2){Z

2-S����C(NMe2)SCR}] (Eq. 201),

in which one dithiocarbamate has attacked the carbene–carbon, displacing

chloride and generating a stable 1-azafulvene complex (2065). The latter can
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Figure 294. Reversible sulfur–carbon bond formation and cleavage at a tungsten center.
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be reversibly protonated and irreversibly methylated at nitrogen.
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More recently, Hill showed that dithiocarbamate addition to related alkyli-

dene [MCl2(CO)(PPh3)2(CHAr)] (M¼ Ru, Os; Ar¼ Ph, p-C6H4OMe) (559) or
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Figure 295. Reversible carbon–sulfur bond formation and cleavage at a molybdenum center

together with the irreversible formation of a thiocarboxamide complex.
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alkylidyne [MCl(CO)(PPh3)2(CAr)] (560) complexes yields metallacyclic

[M(CO)(PPh3)(S2CNR2){Z
2-S����C(NR2)SCHAr}] (R¼ Et; R2¼ C4H8) (561),

again via attack at the alkylidene carbon (Fig. 298) (2064).

Coupling is not restricted to C1 ligands. Hill has also shown that dithiocar-

bamate salts can couple to unsaturated C2 and C3 fragments at the ruthenium(II)

center. For example, addition of [Et2NH2][S2CNEt2] to the vinylidene complex

[TpRuCl(PPh3)(C����C����CHAr)] (Ar ¼ p-tol), affords [TpRu(PPh3){Z
2-S����C

(NEt2)SC(����CHAr)}] (Eq. 202). Here, attack takes place selectively at the
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Figure 296. Reversible carbon–sulfur bond formation and cleavage at a di-iron center.

Fe

CO

Fe

OC

C
O

C

SMe2

+
FeFe

OC

C
O

C

NC S

NaS2CNMe2

MeCN

NC

Fe
S

Fe

OC

C
O

C

NC S
NMe2

hν

− CO

S

Me2N

CO

556 557 558

Figure 297. Nucleophilic attack of a dithiocarbamate at a metal-bound hydrocarbyl fragment.

M
S

Ph3P

S

CO

N

S

SC

N

H Ar

M
Cl

OC

PPh3

P

Cl

C

H

Ar

Ph3

M
Cl

OC

PPh3

P

C Ar

Ph3

2 NH4S2CNC4H8 2 NH4S2CNC4H8

560 559561

Figure 298. Formation of metallacyclic complexes upon dithiocarbamate addition to alkylidene or

alkylidyne centers.

482 GRAEME HOGARTH



a-carbon (1375).

Ru
Tp PPh3

C
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H
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S

NEt2

Et2NCS2
−

− Cl− ð202Þ

Similarly, NaS2CNMe2 attacks the a-carbon of the vinyl–carbene complex

[Ru(CO)(PPh3)2(S2CNMe2)(CHCH����CPh2)]
þ, giving [Ru(CO)(PPh3)(S2CN-

Me2){Z
2-S����C(NMe2)SCH(CH����CPh2)}] (Eq. 203) (1385).
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S

S CO

C
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Me2NCS2
−

H

H

ð203Þ

Attack at the a-carbon of diphenylallenylidene ligands is also facile (1375,

1384). Thus, reaction of NaS2CNMe2 with [TpRuCl(PPh3)(����C����C����CPh2)]

affords [TpRu(PPh3){Z
2-S����C(NMe2)SC(����C����CPh2)}] (Eq. 204). The regio-

selective nature of hydrocarbyl attack is not yet understood, but precoordination

of the dithiocarbamate and steric control has been ruled out (1385).

Ru
Tp PPh3

C

Cl
C

Ru
Tp PPh3

C

S

C

S

NMe2

− Cl−

CPh2

Me2NCS2
−

CPh2

ð204Þ

While the examples detailed above relate to dithiocarbamate addition to

organic ligands, in a related but quite unique contribution, Greenwood and

co-workers (2066) report that reaction of the metallaborane nido-[Pt(PPh

Me2)B10H12] with [AuBr2(S2CNEt2)] leads to formation of nido-[Pt(PPhMe2)

B10H11(m-S2CNEt2)] (562), in which the dithiocarbamate bridges across a

platinum–boron vector.
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E. Insertion of Unsaturated Moieties into Metal–Sulfur Bond(s) of

Dithiocarbamates

As discussed earlier (Section IV.I.1.h.ii), the insertion of sulfur into the zinc–

sulfur bonds of [Zn(S2CNMe2)2] is proposed to be a key step in the rubber

vulcanization process that utilizes this material. However, while the insertion of

sulfur into the metal–sulfur bonds of related xanthate complexes is known, to

date no such insertion has been noted for dithiocarbamates. However, the

insertion of related isoelectronic fragments into the metal–sulfur bond(s) is

known.

Insertion of an oxo fragment into a metal–sulfur bond in a dithiocarbamate

complex has not been reported, although in one instance the product of such a

transformation has been identified. Thus the oxygen-expanded complexes

[Cr(S2CNR2)2{OSCN(R2)S}] (563) (Fig. 299) have been formed along with

[Cr(S2CNR2)3] from the reaction of dichromate and dithiocarbamate salts (746).

A more recent report that this reaction produces a dimeric oxo-bridged complex

would appear to be erroneous (747). Presumably, these oxygen-expanded

ligands result from addition of the dithiocarbamate to the pre-formed metal

oxide, and as such can be considered as examples of dithiocarbamate addition

reactions, as detailed above. However, due to their relationship with other
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Figure 299. Oxygen-expanded chromium(III) complexes showing proposed resonance hybrids for

the expanded ligand.
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expanded ligands formed from insertion reactions, we consider them here. An

early crystal structure of [Cr(S2CNEt2)2{OSC(NEt2)S}] confirmed the nature of

this expanded ligand, but contained a severe distortion, and in a later contribu-

tion a new refinement of the structure showed that the O,S-chelate was

disordered over three sites (748).

An extensive electrochemical comparison of [Cr(S2CNR2)3] and

[Cr(S2CNR2)2{OSC(NR2)S}] has been carried out in order to examine the

influence of oxygen insertion (746). Oxygen-inserted complexes are more easily

oxidized and further, the cations exhibit enhanced stability, believed to result

from the increased importance of the resonance state, R2N
þ����CS(SO)2�.

Three further reports suggest that oxo insertion may be possible. Thus, the en

complex [Co(S2CNMe2)(en)2][Sb2(R,R-tartrate)2].5H2O has been prepared, op-

tically resolved, and crystallographically characterized. Interestingly, oxidation

by hydrogen peroxide in acidic media is believed to afford [Co{Z2-

S����C(NMe2)S(����O)O}(en)2]
2þ (Eq. 205), which results from insertion of one

oxygen into a cobalt–sulfur bond and further oxidation of the sulfur atom

involved. This result has not been confirmed crystallographically (1408).

Co

S

S NH2

NH2

H2N

H2N

Me2N

2+

Co

O

S NH2

NH2

H2N

H2N

2+

S

O

Me2NH2O2 / H+

ð205Þ

In the second, oxidation of [Cu{S2CN(CH2CH2OH)2}2] by hydrogen per-

oxide has been shown to yield copper sulfate as the final product. However,

when the reaction with oxygen was monitored by ESR spectroscopy, new

species were observed, which were proposed to result from oxidation of one and

two sulfurs, respectively, of the dithiocarbamate ligand (1718). Further,

[Ni(S2CNBu2)2] has been shown to strongly inhibit the light-induced fading

of crystal violet lactone dye, which is an oxidative process involving peroxides.

Allan et al. (1577) investigated reactions of [Ni(S2CNBu2)2] with organic

peroxides, where the main transformation products are organosulfites and sulfur

oxides, that were proposed to result from oxidation and insertion of the metal-

bound dithiocarbamate ligands.

Multiple nitrene (NTs) insertion reactions have been found when

[Cu(S2CNR2)2] react with the iodine(III) reagent, PhI����NTs (439,1785). The

first products isolated are the bis(sulfido-amido) complexes, trans-[Cu{Z2-

TsNSC(NR2)S}2] (564), which undergo further insertion into the remaining

copper–sulfur bonds to give zwitterionic bis(diamido) complexes, [Cu{Z2-

TsNSC(NR2)SNTs}2] (565) (Fig. 300).
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The reaction is general for a range of different alkyl substituents, but perhaps

significantly, the pyrrole derivative [Cu(S2CNC4H4)2] is unreactive, probably

because it cannot support the localization of positive charge at nitrogen

(Fig. 301).

The same insertion reactions also occur at nickel, but fail with the heavier

group 10 (VIII) elements. Insertion does not occur at iron tris(dithiocarbamate)

complexes [Fe(S2CNR2)3], or at the related cobalt(III) species. However,

reduction of the latter by zinc amalgam results in a color change from brown

to slate-blue, associated with the transient formation of [Co(S2CNR2)2]. Further

addition of excess PhI����NTs at this stage affords [Co{Z2-TsNSC(NR2)SNTs}2]

(R¼Me, Et, Pr, Bu) (Eq. 206). Thus these cobalt(II) products result from

insertion of four NTs groups into the cobalt–sulfur bonds of the in situ generated
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Figure 300. Multiple nitrene isertions into the copper–sulfur bonds of [Cu(S2CNR2)2].
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[Co(S2CNR2)2]. Interestingly, no evidence of double insertion was noted (1427).
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ð206Þ
The mechanistic nature of these nitrene insertion reactions remains unknown.

A number of possible routes can be considered (Fig. 302), including (1) direct

insertion, (2) initial formation of a metal–nitrene (imido) complex followed by

insertion, (3) initial addition of nitrene fragment to sulfur (i.e., oxidation of

sulfur) followed by an isomeric rearrangement. On the basis that copper(II)

nitrene complexes are unknown (although they have been implicated in the

copper-catalyzed aziridination process) this route is ruled out and literature

precedent suggests that route (3) is most likely.

The insertion of a methylene fragment into a cobalt–sulfur bond of

[CpCoI(S2CNMe2)] has been reported (2067). Thus, reaction with diazo-

methane affords two products, [CpCoI{Z2-CH2SC(NMe2)S}] and [CpCoI{Z2-

CH2SC(����NMe2)}] (Eq. 207). The first results from an unprecedented insertion

of a methylene group, while the second results from insertion followed by sulfur

loss. The mode of formation of the latter is unknown, and attempts to extrude

sulfur from [CpCoI{Z2-CH2SC(NMe2)S}] were not successful.
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Figure 302. Possible routes to the generation of nitrene-expanded ligands.
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Very recently, Suzuki et al. (2068) reported the novel insertion of a nitrogen

atom into an iridium–sulfur bond. Photolysis of the azide complexes

[Cp*Ir(N3)(S2CNR2)] (R¼Me, Et) (566) at < 0�C results in the loss of nitrogen

and formation of [Cp*Ir{Z2-NSC(NR2)S}] (567), which at higher temperatures

isomerize to the disulfur-ligated complexes [Cp*Ir{Z2-SNC(NR2)S}] (568)

(Fig. 303). A crystal structure of the former (R¼Me) reveals a planar five-

membered chelate ring, with a short iridium–nitrogen bond, suggestive of

significant double-bond character, while the iridium–sulfur bond at 2.272(2)

Å is also shorter than those found in [Ir(S2CNEt2)3] (386). While the disulfur

ligated isomer is monomeric in solution, crystallization leads to the isolation of

a dimeric complex 569 (Fig. 303) in which the sulfur atoms bridge iridium

centers. Here, the ring carbon–nitrogen bond is short [C��N 1.31(2) Å], while

the iridium–sulfur bonds of 2.328(3)–2.370(3) Å are similar to those in

tris(dithiocarbamate) complexes.

The thermal rearrangement involves a switch of the nitrogen and sulfurs in

the chelate ring and can be formally considered as the insertion of a nitrogen

atom into the carbon–sulfur bond of a dithiocarbamate. In order to probe this

further a labeling study was carried out, with 15N exchange occurring within
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Figure 303. Formation and subsequent isomerization of nitrogen-expanded ligands.
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hours at room temperature (Eq. 208).
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+
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15N S
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N S
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ð208Þ

Interestingly, this ligand type is not new and was previously been described

by Roesky and co-workers (209) from the reactions of TiX4 (X¼ Cl, Br) with

Me2NC(S)SN(SiMe3)2, a result of the cleavage of both nitrogen–silicon bonds

(Eq. 209).

S

S
Me2N

N(SiMe3)2

TiX4
X2Ti

S

N

NMe2

S

ð209Þ

As alluded to earlier, the insertion of sulfur into the metal–sulfur bond of

a dithiocarbamate, thus giving a mononuclear trithiocarbamate complex,

remains elusive, as indeed do mononuclear trithiocarbamate complexes

themselves, despite an early reference to such species (2069). The trithio-

carbamate ligand has, however, been prepared and isolated in a bridging

capacity. Thus, in a series of publications, Pignolet and co-workers

(295,1379,1380) described the synthesis of diosmium complexes containing

trithiocarbamate or selenodithiocarbamate ligands. For example, heating

[Os(S2CNR2)3] (R¼Me, Et) (570) with elemental sulfur in DMF yields

trithiocarbamate complexes [Os2(S2CNR2)3(m-S5)(m-S3CNR2)] (571) and

[Os2(S2CNR2)3(m-S3CNR2)2]
þ (572). The former is converted into the latter

upon reaction with thiuram disulfide, while reaction of [Os2(S2CNR2)3(m-
S3CNR2)2]

þ with phosphines or phosphites also yields small amounts of

[Os2(S2CNR2)3(m-S2CNR2)2]
þ (573) (Fig. 304) as a result of sulfur abstraction

(1380).

The only pure product isolated from the reaction of [Os(S2CNMe2)3] and

elemental selenium is [Os2(S2CNMe2)3(m-SeS2CNMe2)2]
þ (Eq. 210), with the

selenium atoms bridging the diosmium(III) center [Os��Os 2.836(1) Å] as
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shown crystallographically (295).
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Related dirhenium trithiocarbamate complexes have also been prepared. For

example, [Re2(m-S)(S2CNR2)2]2 undergo a reversible one-electron oxidation
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Figure 304. Formation and reactivity of bridging trithiocarbamate ligands at the diosmium center.
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that in the presence of further thiuram disulfide gives rhenium(III) complexes,

[Re2(m-S3CNR2)2(S2CNR2)3]
þ (Eq. 211). Here the two trithiocarbamate ligands

have been generated from sulfur–sulfur bond formation. Crystallographic

characterization (R¼ t-Bu) again shows a short rhenium–rhenium bond of

2.573(2) Å, and reaction with LiEt3BH or H2 results in regeneration of the

starting material. The regioselectivity of this interconversion process has been

investigated by labeling studies. These show that during trithiocarbamate

formation, one dithiocarbamate unit from the thiuram disulfide ends up as

either the trithiocarbamate or one of the equivalent pair of dithiocarbamates. In

the back reaction, the same dithiocarbamate unit (or its symmetry equivalent) is

eliminated and the authors favor the trithiocarbamate ligand as the reactive

entity (185).
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A selenium-expanded ligand has also been isolated and crystallographically

characterized at a copper(I) center. Thus, [Cu{Z2-SeSC(NC4H8)S}(Z
1-

S2CNC4H8)][PPh4] is one of a number of products of the reaction of

[Cu(S2CNC4H8)]n with [PPh4]2[WSe4] in DMF (Eq. 212) (1734). The sele-

nium–sulfur interaction of 2.231(4) Å is indicative of a single bond, while there

is also significant asymmetry in the carbon–sulfur bonds, suggesting the

adoption of the resonance hybrid shown.

Cu

S

S N

Se

SS

N
[Cu(S2CNC4H8)]n

[WSe4]2−

DMF

−

ð212Þ
The insertion of carbonyl sulfide into a dithiocarbamate ligand has been noted

in one instance. Thus, the molybdenum(II) dicarbonyl [Mo(CO)2(S2CNEt2)2]
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(574) reacts with carbon disulfide in the presence of PPh3 yielding an unusual

molybdenum(III) complex, [Mo2(S2CNMe2)3{m,Z
1-CSC(S)S}{m,Z1-SCSC

(NEt2)S}] (575). This complex results from thiocarbonyl insertion into a

dithiocarbamate and coupling of a thiocarbonyl and carbon disulfide at the

dimolybdenum center (2070). The resulting trithiocarbonatocarbene ligand can

be methylated at the unbound sulfur upon addition of [Me3O]BF4 to give 576,

which reacts further with hydride to give [Mo2(S2CNMe2)3{m,Z
1-CSH(Me)

C(S)S}{m,Z1-SCSC(NEt2)S}] (577) (Fig. 305).
In some instances, it is difficult to differentiate between the insertion of an

unsaturated moiety into a metal–sulfur bond and addition of the dithiocarbamate

to the group, as detailed in Section V.D. The reaction of [CpFe(CO)2(Z
1-

S2CNR2)] (578) with KCN in dry methanol provides a good example of this.

Thus, the very air-sensitive metallacyclic complex [CpFe(CO){Z2-

SC(NR2)SC(����N)}]� (579) results (Fig. 306). Overall the process involves
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Figure 305. Insertion of carbonyl sulfide into a dithiocarbamate ligand and subsequent reactivity of

the expanded-ligand complex.
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carbonyl loss, cyanide coordination, and carbon–sulfur bond formation,

although it cannot easily be ascertained whether the cyanide is metal bound

when this latter process takes place. In order to confirm the overall nature of the

transformation, the authors quenched the reaction with PhCOCl to give crystal-

lographically characterized [CpFe(CO){Z2-SC(NEt2)SC(����NCOPh)}] (580)

(Fig. 306) (1278,1283).

VI. SUMMARY AND OUTLOOK

Hopefully, this chapter has served to illustrate the tremendous diversity of the

dithiocarbamate ligand. While it is over a century since the first transition metal

dithiocarbamate complexes were prepared, exciting new developments are still

being made, and we can look forward to more in the future.

It is difficult to predict where these may come, but the relative lack of

applications of dithiocarbamate complexes in homogeneous catalysis seems

somewhat surprising given their ability to stabilize metals in a range of

oxidation states. This probably arises from the nonsterically demanding nature

of the ligand and the relative instability of the carbon–sulfur bonds. The former

could be addressed with ‘‘smart’’ dithiocarbamate ligands, with more than just

the disulfur binding sites, and indeed in general the future for more exotic

dithiocarbamate ligands looks promising. As Beer and co-workers

(162,325,326,492,544,1468–1471,1489) recently shown, the melding of dithio-

carbamates into supramolecular chemistry has generated an exciting new area of

chemistry, which utilizes their well-defined coordination environments and

redox properties, and hopefully such avenues will be developed to a greater

extent.

While the dithiocarbamate is a sterically nondemanding ligand, electronic

tuning can be easily made through judicious choice of substituents. It strikes me

then as quite surprising that despite all the exotic chemistry developed around

the dithiocarbamate-stabilized metal center, in the vast majority of cases it is just
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Figure 306. Cyanide addition to a monodentate dithicarbamate ligand and subsequent reaction

with PhC(O)Cl.
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the dimethyl and diethyl ligands that are used. Recently, Unoura and co-workers

(1045) showed that the stability of tungsten(IV) dioxo complexes,

[WO2(S2CNR2)2], is strongly linked to the nature of the substituents, and it

may be that inorganic chemists have missed out on some exciting new chemistry

by simply considering the dithiocarbamate as an unimportant ancillary ligand.

Finally, if you are reading this in 15–20 years time with a view to adding to

this series of reviews on dithiocarbamate chemistry—then good luck—you will

certainly need it!
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ABBREVIATIONS

2,20-bpy 2,20-Bipyridine
3D Three dimensional

313-NPPN 4,6-Diphenyl-4,6-diphosphanonane-1,9-diamine

4,40-bpy 4,40-Bipyridine
acac Acetylacetenoate

AIBN 2,20-Azobisisobutyronitrile
AMMEsar 8-Methyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6]

icosan-1-aminium

ATRP Atom-transfer radical polymerization

ax Axial

Bcat Pyrocatecholatoboryl

bitt-3 Bis(dialkylimonium)trithiolane

Bz Benzyl

[cat] Catalyst

cod 1,5-Cyclooctadiene

cot Cyclooctatetrene

Cp Cyclopentadienyl

Cp* Pentamethylcyclopentadienyl

CPI Cerebral perfusion imaging
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CTH rac-5,5,7,12,12,14-Hexamethyl-1,4,8,11-tetraaza-

cyclotetradecane

CV Cyclic voltammetry

CVD Chemical vapor deposition

cyclam 1,4,8,11-Tetraazacyclotetradecane

dcbH 4-CO2H-4
0-CO2-2,2

0-Bipyridine
DCE N,N 0-Bis(2-chloroethyl)ethylenediamine

Diars o-Phenylene bis(dimethylarsine)

diNOsar 1,8-Dinitro-3,6,9,13,16,19-hexaazabicy-

clo[6.6.6]isosane

dmad Dimethylacetylene dicarboxylate

dme 1,2-Dimethoxyethane

dmf Dimethylformamide (ligand)

DMF Dimethylformamide (solvent)

dmg Dimethylglyoxime

dmit 1,3-Dithiole-2-thione-4,5-dithiolate

dmpe Bis(dimethylphosphino)ethane

dmso Dimethyl sulfoxide (ligand)

DMSO Dimethyl sulfoxide (solvent)

dpa 2,20-Dipyridylamine

dppm Bis(diphenylphosphino)ethane

dppf 1,10-Bis(diphenylphosphino)ferrocene
dppe 1,2-Bis(diphenylphosphino)ethane

1,1-dppe 1,1-Bis(diphenylphosphino)ethane

dpmp Bis(diphenylphosphinomethyl)phenylphosphine

dpep Bis(diphenylphosphinoethyl)phenylphosphine

DSC Differential scanning calorimetry

ebdtc Ethylenebis(dithiocarbamate)

edta Ethylenediaminetetraacetic acid

EHMO Extended Hückel molecular orbital

en Ethylenediamine

ENDOR Electron–nuclear double resonance

eq Equatorial

ESMS Electrospray mass spectrometry

ESR Electron spin resonance

etpb 4-Ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]

octane

FABMS Fast atom bombardment mass spectrometry

Fc CpFeC5H4

FON Fractional oxidation number

gly Glycine

H4dmp 6,7-Dimethyl-5,6,7,8-tetrahydropterin
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HOMO Highest occupied molecular orbital

Hoxq 8-Hydroxyquinoline

HPLC High-pressure liquid chromatography

HpzAn 3(5)-p-Methoxyphenylpyrazole

GC Gas chromatography

IR Infrared

LMCT Ligand–metal charge transfer

LMOG Low-molecular mass organic gelators

LUMO Lowest unoccupied molecular orbital

MALDI Matrix-assisted laser-desorption ionization

MAS Magic-angle spinning

mat 2-Methylaminothiazole

MBBA N-(4-Methoxybenzlidene)-40-butylaniline
Mes Mesityl

MMA Methylmethacrylate

mnt 1,2-Dicyanoethane-1,2-dithiolate

MS Mass spectrometry

MOCVD Molecular chemical vapor deposition

morph Morpholine

Mw Molecular weight

naphth Naphthalenyl

NBD Norbornadiene

NBS N-Bromosuccinimide

NMR Nuclear magnetic resonance

Np Neopentyl

phen 1,10-Phenanthroline

1,10-phen* 2,9-Dimethyl-1,10-phenanthroline

pic Picoline

pip Piperidine

PMMA Polymethylmethacrylate

prol proline

PVC Poly(vinyl chloride)

py Pyridine (ligand)

Py Pyridine (solvent)

pydim 2,6-Bis(2,6-dimethylphenylimino)

Rsal Alkylsalicylaldiminate

rt Room temperature

SERS Surface-enhanced Raman scattering

SOD Superoxide dismutase

SOMO Singly occupied molecular orbital

tacn 1,4,7-Triazacyclononane

taiMe 1-Methyl-2-p-tolylazoimidazole
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TCNE Tetracyanoethylene

TCNQ 7,7,8,8-Tetracyano-p-quinodimethane

Tf Triflate

TGA Thermal gravimetric analysis

thf Tetrahydrofuran (ligand)

THF Tetrahydrofuran (solvent)

tht Tetrahydrothiophene (ligand)

THT Tetrahydrothiophene (solvent)

tmeda Tetramethylethylenediamine

tol Tolyl

TOPO Trioctylphosphine

TOSS Total side band suppression

Tp Hydridotris(pyrazolyl)borate

Tp0 Hydridotris(3-methylpyrazolyl)borate

Tp* Hydridotris(3,5-dimethylpyrazolyl)borate

tpyH o-Pyridinethiol

triphos 1,1,1-Tris(diphenylphosphino)methane

Ts Tosyl

UV Ultraviolet

VE Valence electrons

VT Variable temperature

XAFS X-ray absorption fine structure

XPS X-ray photoelectron spectroscopy

xs Excess
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hedron, 6, 1523 (1987).

892. S. Sarkar and P. Subramananian, Inorg. Chim. Acta, 35, L357 (1979).

893. J.R. Budge, J.A. Broomhead, and P.D.W. Boyd, Inorg. Chem., 21, 1031 (1982).

894. J.A. Broomhead and J.R. Budge, Inorg. Chem., 17, 2414 (1978).

895. J.A. Broomhead, J.R. Budge,W. Grumley, T.R. Norman, andM. Sterns, Aust. J. Chem., 29, 275

(1976).

896. K.H. Al-Obaidi and T.J. Al-Hassani, Transition Met. Chem., 3, 15 (1978).

897. K.-B. Shiu, S.-T. Lin, D.-W. Fung, T.-J. Chan, S.-M. Peng, M.-C. Cheng, and J.-L. Chou, Inorg.

Chem., 34, 854 (1995).

898. K.-B. Shiu, S.-T. Lin, S.-M. Peng, and M.-C. Cheng, Inorg. Chim. Acta, 229, 153 (1995).

899. E. Carmona, E. Gutiérrez-Puebla, A. Monge, P.J. Pérez, and L.J. Sánchez, Inorg. Chem., 28,
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Saillard, R.D. Culp. D.A. Atwood, and A.H. Cowley, J. Am. Chem. Soc., 118, 4133 (1996).

1282. M.H. Delville, Inorg. Chim. Acta, 291, 1 (1999).

1283. D. Catheline, E. Roman, and D. Astruc, Inorg. Chem., 23, 4508 (1984).

1284. J.-N. Vepeaux, M.-H. Desbois, A. Madonik, C. Amatore, and D. Astruc, Organometallics, 9,

630 (1990).

1285. C. O’Conner, J.D. Gilbert, and G. Wilkinson, J. Chem. Soc. A, 84 (1969).

1286. L.H. Pignolet, R.A. Lewis, and R.H. Holm, J. Am. Chem. Soc., 93, 360 (1971).

1287. O. Ileperuma and R.D. Feltham, Inorg. Chem., 14, 3042 (1975).

1288. Y.H. Deng, T.B. Wen, Q.T. Liu, H.P. Zhu, C.N. Chen, and D.X. Wu, Inorg. Chim. Acta, 293, 95

(1999).

1289. H. Kunkely and A. Vogler, Inorg. Chem. Commun., 5, 730 (2002).

1290. P.K. Baker, K. Broadley, and N.G. Connelly, J. Chem. Soc., Dalton Trans., 471 (1982).
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2021. S. Soloneski, M. González, E. Piaggio, M.A. Reigosa, and M.L. Larramendy, Mut. Res., 514,

201 (2002).

2022. S. Soloneski, M.A. Reigosa, and M.L. Larramendy, Env. Mol. Mutagenesis, 40, 57 (2002).

2023. G. Renoux, M. Renoux, and J.M. Guillaumin, Int. J. Immunopharmacol., 10, 489 (1988).

2024. G.R. Gale, A.B. Smith, and E.M. Walker, Ann. Clin. Lab. Sci., 11, 476 (1981).

TRANSITION METAL DITHIOCARBAMATES 559



2025. G.R. Gale, L.M. Atkins, and E.M. Walker, Ann. Clin. Lab. Sci., 12, 463 (1982).

2026. L.R. Cantilena, G. Irwin, S. Preskorn, and C.D. Klaassen, Toxicol. Appl. Pharmacol., 63, 338

(1982).

2027. S.G. Jones, M.A. Bassinger, M.M. Jones, and S.J. Gibbs, Res. Commun. Chem. Pathol.

Pharmacol., 38, 271 (1982).

2028. O. Anderson and J.B. Nielsen, Toxicology, 55, 1 (1989).

2029. S.G. Jones, P.K. Singh, and M.M. Jones, Chem. Res. Toxicol., 3, 248 (1988).

2030. M.M. Jones, P.K. Singh, S.G. Jones, and M.A. Holscher, Pharamcol. Toxicol., 68, 115 (1991).

2031. P.K. Singh, C. Xu, M.M. Jones, K. Kostial, and M. Blanusa, Chem. Res. Toxicol., 7, 614 (1994).

2032. P.K. Singh, M.M. Jones, K. Kostial, M. Blanusa, and M. Piasek, Chem. Res. Toxicol., 9, 313

(1996).

2033. G.R. Gale, L.M. Atkins, E.M.Walker, Jr., A.B. Smith, andM.M. Jones, Ann. Clin. Lab. Sci., 14,

137 (1984).

2034. L.A. Shinobu, S.G. Jones, and M.M. Jones, Acta Pharmacol. Toxicol., 54, 189 (1984).

2035. M.M. Jones and M.G. Cherian, Toxicology, 62, 1 (1990).

2036. M.M. Jones, M.G. Cherian, P.K. Singh, M.A. Basinger, and S.G. Jones, Toxicol. Appl.

Pharmacol., 110, 241 (1991).

2037. M.K. Deb, S. Chakravarty, and R.K. Mishra, J. Indian Chem. Soc., 73, 551 (1996).

2038. A.K. Malik and W. Faubel, Talanta, 52, 341 (2000).

2039. A.J. Nitowski, A.A. Nitowski, J.A. Lent, D.W. Bairley, and DVan Valkenburg, J. Chomatogr. A,

781, 541 (1997).

2040. V. Michaylova, B. Evtimova, and D. Nonova, Anal. Chim. Acta, 207, 373 (1988).

2041. D.K. Singh and N.K. Mishra, Chromatographia, 31, 300 (1991).

2042. A.M. Bond and T.P. Majewski, Anal. Chem., 61, 1494 (1989).

2043. E. Piskin, K. Kesenci, N. Satiroglu, and O. Genc, J. Appl. Poly. Sci., 59, 109 (1996).

2044. A. Denizli, K. Kesenci, Y. Arica, and E. Piskin, React. Funct. Polym., 44, 235 (2000).

2045. J.E. Parkin, J. Liq. Chromatogr., 15, 441 (1992).

2046. J.E. Parkin, J. Chromatagr., 542, 137 (1991).

2047. V.N. Bauman, I.V. Shkhiyants, A.B. Vipper, and P.I. Sanin, Chem. Tech. Fuels Oils, 17, 214

(1981).

2048. L. Contreras, R.F. Laı́nez, A. Pizzano, L. Sánchez, E. Carmona, A. Monge, and C. Ruiz,

Organometallics, 19, 261 (2000).

2049. P.F. Gilletti, D.A. Femec, F.I. Keen, and T.M. Brown, Inorg. Chem., 31, 4008 (1992).

2050. R.S. Herrick, S.J. Nieter-Burgmayer, and J.L. Templeton, J. Am. Chem. Soc., 105, 2599 (1983).

2051. J.C. Jeffery and M.J. Went, J. Chem. Soc., Chem. Commun., 1766 (1987).

2052. J.C. Jeffery and M.J. Went, J. Chem. Soc., Dalton Trans., 567 (1990).

2053. A. Ichimura, Y. Yamamoto, T. Kajino, T. Kitagawa, H. Kuma, and Y. Kushi, J. Chem. Soc.,

Chem. Commun., 1130 (1988).

2054. G.L. Miessler and L.H. Pignolet, Inorg. Chem., 18, 210 (1979).

2055. B.K. Santra and G.K. Lahiri, J. Chem. Soc., Dalton Trans., 1613 (1998).

2056. X. Fan, R. Cao, M. Hong, W. Su, and D. Sun, J. Chem. Soc., Dalton Trans., 2961 (2001).

2057. C.G. Young, X.F. Yan, B.L. Fox, and E.R.T. Tiekink, J. Chem. Soc., Chem. Commun., 2579

(1994).

560 GRAEME HOGARTH



2058. G.D. Forster and G. Hogarth, J. Chem. Soc., Dalton Trans., 2305 (1997).

2059. P.J. Lim, V.C. Cook, C.J. Doonan, C.G. Young, and E.R.T. Tiekink, Organometallics, 19, 5643

(2000).

2060. J.R. Morrow, J.L. Templeton, J.A. Bandy, C. Bannister, and C.K. Prout, Inorg. Chem., 25, 1923

(1986).

2061. J.A. McCleverty and A.J. Murray, Transition Met. Chem., 4, 273 (1979).

2062. J.L. Davidson, J. Chem. Soc.,Dalton Trans., 2715 (1987).

2063. V.G. Albano, S. Bordoni, L. Busetto, A. Palazzi, P. Sabatino, and V. Zanotti, J. Organomet.

Chem., 659, 15 (2002).

2064. D.J. Cook, K.J. Harlow, A.F. Hill, T.Welton, A.J.P.White, and D.J.Williams,New J. Chem., 22,

311 (1998).

2065. G.J. Irvine, C.E.F. Rickard,W.R. Roper, and L.J.Wright, J. Organomet. Chem., 387, C9 (1990).

2066. M.A. Beckett, N.N. Greenwood, J.D. Kennedy, and M. Thornton-Pett, Polyhedron, 4, 505

(1985).

2067. M. Kajitani, S. Adachi, I. Takiuchi, N.Nagao, T. Sugiyama, T. Akiyama, and A. Sugimori,

Chem. Lett., 731 (1995).

2068. T. Suzuki, A.G. DiPasquale, and J.M. Mayer, J. Am. Chem. Soc., 125, 10514 (2003).

2069. L.J. Maheu, Ph.D. Thesis, University of Minnesota, Minneapolis, MN, 1981—as quoted in

Ref. 295.

2070. S.J. Nieter-Burgmayer and J.L. Templeton, Inorg. Chem., 24, 3939 (1985).

TRANSITION METAL DITHIOCARBAMATES 561





Subject Index

Alkali metals, dithiocarbamate synthesis, 86–89

Alkenes:

molybdenum(VI) dioxo complexes, 173

mononuclear molybdenum structures,

191–192

transition metal dithiocarbamates,

molybdenum tri- and tetranuclear

structures, 225–227

Alkoxide complexes, niobium and tantalum,

157

Alkylidine complex, tungsten dithiocarbamates,

organic ligands, 243–247

Alkyl substituents:

cobalt(III) dithiocarbamates, 324

gallium, indium, and thallium

dithiocarbamates, 8–11

lead dithiocarbamates, 18–20

nickel dithiocarbamates, 339–346

palladium and platinum

bis(dithiocarbamates), 358–365

transition metal dithiocarbamates, 133–136

group 12 (IIB) zinc, cadmium and mercury,

452–453

palladium and platinum

mono(dithiocarbamates), 367–373

unsaturated organic ligands, intact

dithiocarbamate additions, 481–484

Alkynes, transition metal dithiocarbamates:

cyclopentadienyl and tris(pyrazolyl)borate

molybdenum ligands, 197–200

molybdenum(II) structures, 203–207

monomeric molybdenum structures,

176–177

sulfur-bond cleavages, 476–479

tungsten, 238–243, 246–247

Allenes:

mononuclear molybdenum structures,

191–192

transition metal dithiocarbamates,

molybdenum tri- and tetranuclear

structures, 225–227

Allergic reactions, iron dithiocarbamates,

292–294

Allyl complexes, transition metal

dithiocarbamates, palladium and

platinum mono(dithiocarbamates),

369–373

Aluminum, dithiocarbamate complexes, 4–5

Amines:

dithiocarbamate synthesis, 79–89

transition metal dithiocarbamates:

cobalt(II) complexes, 325–326

cobalt(III) complexes, 319–324

copper(II) bis(dithiocarbamates), 392–393

nickel, 338–346

palladium and platinum, 358–365

Amino acids:

dithiocarbamate synthesis, 85–89

rhenium(II) and (I) complexes, 272–273

Aminoboranes, dithiocarbamate complexes,

4–5

Ammonia, dithiocarbamate solubility, 77–89

Analytical chemistry:

cobalt dithiocarbamates, 326–328

copper dithiocarbamates, 406–407

group 12 (II B) (zinc, cadmium, and mercury)

dithiocarbamates, 462–463

Anilines, dithiocarbamate synthesis, 80–89

Anion complexes:

gold(III) dithiocarbamates, 425–427

group 12(IIB) zinc, cadmium and mercury,

anionic adducts, 446–449

nickel dithiocarbamates, 341–346

nickel(II) complexes, 348–350

palladium and platinum

mono(dithiocarbamates), 373

Progress in Inorganic Chemistry, Vol. 53 Edited by Kenneth D. Karlin

Copyright # 2005 John Wiley & Sons, Inc.

563



Anisobidentate ligands, dithiocarbamates,

transition metals, 104–114

Antimony, dithiocarbamate complexes, 29–40

antimony(V) complexes, 39
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antimony-121 Mössbauer spectroscopy,

39–40

lead and tin, 23–27

tellurium(IV) nonhomoleptic compounds,

53–56

Nanocrystallography, cadmium and zinc sulfide

molecular precursors, 457–458

Neutral adducts, group 12(IIB) zinc, cadmium

and mercury bis(dithiocarbamates),

438–446

Neutron diffraction studies, transition metal

dithiocarbamates, 129

Nickel:

cobalt dithiocarbamates, analytical chemistry,

326–327

dithiocarbamate complexes, 337–358

applications, 357–358

bis(dithiocarbamate) nickel(II) complexes,

337–346

mono(dithiocarbamate) nickel(II)

complexes, 346–350

nickel(I) complexes, 357

nickel(II) complexes, 350–352

nickel(III) and (IV) complexes, 352–356

unsaturated insertion, 486–493

Niobium:

dithiocarbamate complexes, 156–163

applications, 163

nitrogen donor ligands, 159–161

oxo and sulfido complexes, 157–159

simple complexes, 156–157

single sulfur-carbon bond cleavage, 469–471

Nitrene insertion, transition metal

dithiocarbamates, 485–493

Nitric oxide (NO) trapping agents:

iron dithiocarbamate applications, 294

iron(II) nitrosyl complexes, 282–284

transition metal dithiocarbamates:

cobalt(II) complexes, 325–326

cobalt tris(dithiocarbamate) complexes,

317–319

copper(II) bis(dithiocarbamates), 393

Nitrides, transition metal dithiocarbamates:

rhenium(V), 261–266

ruthenium and osmium binuclear complexes,

310–311

structural studies, 120–129

technetium radiopharmaceuticals, 258

technetium(V), 254–256

Nitrogen ligands, transition metal

dithiocarbamate complexes, 26–29

characterization, 135–136

group 12(IIB) zinc, cadmium and mercury

bis(dithiocarbamates), 438–446

molybdenum, 184–189

niobium and tantalum complexes, 159–161

ruthenium and osmium, 301–308

unsaturated sulfur bond insertion, 486–493

Nitrosyl complexes:

molybdenum dithiocarbamates, 92–196

transition metal dithiocarbamates:

iron(III)-halide complexes, 281–282

iron(II) trapping agents, 282–284

tungsten, 234–238

Nonhomoleptic complexes, dithiocarbamates:

arsenic, antimony, and bismuth, 32–36

gallium, indium, and thallium, 8–11

tellurium(II), 44–47

tellurium(IV):

bis(dithiocarbamate), 49–51

mono(dithiocarbamate), 51–53

tellurium-125 nuclear magnetic resonance
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