Topics in Applied Chemistry

Organic Photochromic
and Thermochromic
Compounds

Volume 1
Main Photochromic Families

Edited by
John C. Crano and Robert J. Gugliemetti



Organic Photochromic and
Thermochromic Compounds

Volume 1: Main Photochromic Families



TOPICS IN APPLIED CHEMISTRY

Series Editors: Alan R. Katritzky, FRS
University of Florida
Gainesville, Florida
Gebran J. Sabongi
3M Company
St. Paul, Minnesota

Current volumes in the series:

ANALYSIS AND DEFORMULATION OF
POLYMERIC MATERIALS

Paints, Plastics, Adhesives, and Inks
Jan W. Gooch

CHEMISTRY AND APPLICATIONS OF LEUCO DYES
Edited by Ramaiah Muthyala

FROM CHEMICAL TOPOLOGY TO THREE-DIMENSIONAL
GEOMETRY
Edited by Alexandru T. Balaban

LEAD-BASED PAINT HANDBOOK
Jan W. Gooch

ORGANIC PHOTOCHROMIC AND THERMOCHROMIC
COMPOUNDS

Volume 1: Main Photochromic Families

Volume 2: Physicochemical Studies, Biological Applications,
and Thermochromism

Edited by John C. Crano and Robert J. Guglielmetti

ORGANOFLUORINE CHEMISTRY
Principles and Commercial Applications
Edited by R. E. Banks, B. E. Smart, and J. C. Tatlow

PHOSPHATE FIBERS
Edward J. Griffith

POLY(ETHYLENE GLYCOL) CHEMISTRY
Biotechnical and Biomedical Applications
Edited by J. Milton Harris

RESORCINOL
Its Uses and Derivatives
Hans Dressler

A Continuation Order Plan is available for this series. A continuation order will bring delivery of each new
volume immediately upon publication. Volumes are billed only upon actual shipment. For further informa-
tion please contact the publisher.




Organic Photochromic and
Thermochromic Compounds

Volume 1: Main Photochromic Families

Edited by
John C. Crano

Lateof PPG Industries, Inc.
Monroeville, Pennsylvania

and

Robert J. Guglielmetti

Universityof Aix-Marseille 11
Marseille, France

Kluwer Academic Publishers
NEW YORK, BOSTON,DORDRECHT LONDON, MOSCOW



eBook ISBN:
Print ISBN 0-3064-5882-9

©2002 Kluwer Academic Publishers
New York, Boston, Dordrecht, London, Moscow

All rights reserved

No part of this eBook may be reproduced or transmitted in any form or by any means, electronic,
mechanical, recording, or otherwise, without written consent from the Publisher

Created in the United States of America

Visit Kluwer Online at: http://www.kluweronline.com
and Kluwer's eBookstore at: http://www.ebooks.kluweronline.com



In Memoriam

DR. JOHN C. CRANO

On January 10, 1998 Dr. John C. Crano, 62, one of the co-editors of this book, and
his wife Dorothy were killed instantly in an automobile accident in Florida. In this
tragic death the world of photochromism has lost the person chiefly responsible for
the success of the largest commercial application of organic photochromics.

Dr. Crano received a B.S. degree in Chemistry in 1957 from Notre Dame and
M.S. and Ph.D. degrees from Case Western Reserve University in 1959 and 1962,
respectively. He joined PPG Industries in 1961, and had spent his entire career with
that firm, at first in various roles in the Chemical Research & Development area. In
1974 PPG began research upon means to impart photochromic properties to
ophthalmic lenses made from plastics, in particular from poly(allyl diglycol
carbonate), CR-33. Plastic lenses command over 85% of the total ophthalmic
market in the US, principally because a lightweight plastic product is more
comfortable to wear and permits more attractive fashion designs.

Comparative testing of all classes of photochromics, including inorganic
compounds, indolinospirobenzopyrans and naphthoxazines, occupied the first few
years. In the early 1980’s expanding research and development efforts focused upon
the indolinospirobenzoxazines and quinolinooxazines and their close structural
relatives. In 1986 Dr. Crano become leader of a constantly enlarging team of
organic, physical, polymer and photo chemists and engineers. The first generation
plastic photochromic ophthalmic lenses, the Transifor@omfort Lens, were
manufactured in Ohio and test-marketed in June of 1989. Transitions Optical.
Inc., a joint venture between PPG and the French lens manufacturer Essilor, was
formed in 1990 and began manufacturing lenses early in 1991 in a new plant in
Florida.

A second generation lens, the Transit®Réus lens, was introduced in
November 1992. In the years since, Transitions Optical has marketed a succession
of new lenses. In September 1994 the EuroBrown™ lens appeared, formulated to
give when activated a brown color, especially favored in the European market. The
mid-index Transitior® Il lenses were launched in the United States and in Europe
during 1996, and the Transitions XTRActivel@hses were introduced in the US in
January 1997. The most recently introduced lenses are Trar8itlorisnses in a
standard index matrix. These use the latest technology in organic photochromic
dyestuffs and polymer science and engineering, and maintain the company’s position
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vi In Memoriam

of technical leadership in the field of plastic ophthalmic photochromic lenses.
Transitions Optical now sells its various lenses in over 50 countries.

In his position as Associate Director of Research and Development, Optical
Products, Dr. Crano managed the entire photochromics research program. He led the
team of scientists that synthesized and evaluated hundreds of candidate photochro-
mic dyestuffs, and directed all of the product and process development involved in
the various Transitioflenses. In addition, his responsibilities included R&D on
non-ophthalmic photochromic applications, and on other optical coatings and resins.

He has a number of US patents in various areas of technology, including three
during 1990-2 that cover the basic compositions and methods for producing the first
generation of Transitiofenses. These were important in establishing a strong
proprietary position in photochromic plastic ophthalmic lenses. In addition, he had
published several reviews and invited lectures on photochromism and photochromic
polymers.

In 1985 he was General Chairman of the Central Regional Meeting of the
American Chemical Society, and in September 1996 he was Co-Chairman of the 2nd
International Symposium on Photochromism. This Symposium, which included
participants from 16 countries, owed much of its success to Dr. Crano’s excellent
organization.



John C. Crano (1936-1998)
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Foreword

Experiments showing a rapid anglversiblechange of color seem to be magic and
are always fascinating. This process capjedtochromismhas a few real and many
potential applications. Photochromic glasses that darken in the sunlight (protecting
eyes from excessive light intensity) and bleach in dim light are today a part of
everyday life Organic Photochromic Compounds plastic ophthalmic lenses, more
comfortable to wear, are now competing with silver salts glasses, despite the longer
lifetime of the inorganic system. This successful commercial application has given a
new impetus to research in the general field of photochromism that had its most
recent revival in the early eighties.

The story of organic photochromism with its ups and downs, from the
breakthroughs of the pioneering period in the fifties, through the hard times due
to the drawbacks of photodegradation and rédeent successds in many ways a
saga. The upsurges in the domain were marked by an increasing flow of articles in
scientific journals and the publication of seveBaloks(in 1971, 1990and1992)
which have collected the important accumulated knowledge. Over this period, a
considerable number of patents have been issimernational meetingshave
accompanied this activity, the most recent being held in 1999R-93 at Les
Embiez Island, France) and in 19965QP-96 in Clearwater, Florida, USA).
Remarkably, these meetings had a good representation from both academia and
industry. The next ISOP is planned for 1999 in Fukuoka, Japan.

Since publication of the most recent Books, new areas have been explored and a
large number of new results have been obtained and it seemed, therefore, timely to
publish them. This was the endeavor of the chairmen of ISOP-93 and ISOP-96,
Robert Guglielmetti and John Crano, respectively, who have acted as co-editors.
R. Guglielmetti, a professor at the University of Marseilles is a recognized leader in
the field and the late Dr. J. Crano, Associate Director of Research and Development
for optical products at PPG since 1986, led research in the development of plastic
ophthalmic eyewear. The efficient cooperation of a scholar and an industrial scientist
has led to the Book entitled: “Organic Photochromic and Thermochromic
Compounds” in two volumes of about 400 pages each.

Volume 1 includes nine chapters, the first six of these deal with the main
establishedfamilies of organic photochromes which have a few real and many
potential applications. Their photochemical processes are based on pericyclic
electrocyclic reactions. The three other chapters concern hydrogen or group
rearrangement, and electron transfeevenout of the nine main authors, selected
from all over the world, have not written chapters for previous books and
importantly, threeare from companies. Four chapters cover families not reviewed
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X Foreword

in the previous books while the other five have beemewedandupdated (until
1995-1997). A useful initiative is the introductiondstailed preparation®f some
representative examples of spiropyrans, spirooxazines, chromenes, fulgides, spiro-
dihydroindolizines, aryloxyquinones and perimidinespirocyclohexadienones. It
should be noted that Volume 1 does not address thermochromism. Indeed, it will
be obvious to the reader that this volumendd a remakeof the preceding Books.

Organic photochromic systems haagtual applicationsn variable transmis-
sion optical materials, authentication systems and novelty items. In addition, they
offer great potentialin erasable optical memories and many other fields where
reversible changes of physical properties other than color are wanted. The domain is
interdisciplinary and expanding.

Volume 1 can be read independently but the material contained in Volume 2
is intended to be complementary. The Book is strongly recommended to photo-
chromism practitioners as well as anyone interested in Materials Science.

Henri Bouas-Laurent
University Bordeaux 1
April 1998
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Preface

This book,Organic Photochromic and Thermochromic Compouridghe fourth
major treatise on photochromism involving organic molecules and derived systems.
The first such book was edited by G. H. Brown in the Weissberger series in 19711,
the second was edited by H. Durr and H. Bouas-Laurent in the Elsevier series in
19902.

A third book, edited by C. B. McArdle?, should be added to the list, which
focuses on the very important topic of the behavior of photochromic systems in
polymer matrices.

The current book is an outgrowth of the large increase in the number of
publications and patents concerning photochromic compounds and their use in
various applications (e.g., ophthalmic lenses and security printing) during the past
10 years. As a result of this increased interest, two successful international symposia
on photochromism have been held: the first was ISOP93, held in France on Embiez
Island near Bandol (September 12-16, 1993) and the second, was ISOP96, held in
the United States in Clearwater, Florida (September 8-12, 1996). The number of
countries represented at each of these symposia (17 and 16, respectively) attests to
the international scope of the photochromic research community. The increased
international literature on syntheses and physicochemical investigations of photo-
chromic phenomena led the Editors and the Publisher to divide “Organic Photo-
chromic and Thermochromic compounds” into 2 volumes.

The first volume deals with the synthesis and specific photochromic properties
of the best-known classes and their field of application; it contains 9 chapters. The
aim of this new review, which is focused on organic photochromic compounds but
also contains a brief survey on thermochromic compounds, is to give practical
information involving selected series with the hope that this will lead to additional
commercial applications for known photochromic families or to the discovery of
new families.

To make this volume more useful, almost all the chapters covering specific
families of photochromic compounds include general methods for preparing
members of each family, along with synthetic procedures for specific examples.

Where possible, photochromic behavior (spectrokinetic parameters, photo-
stability) in solution or in polymer matrices, and potential applications are described.

We did not emphasize the theoretical aspect of the different photochromic
processes because of their coverage in a fairly recent treatise (Durr, Bouas-Laurent2).

In general, the literature cited within the chapters covers publications
through 1995. However, in several cases, publications from as late as 1997 are
included.
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Our thanks go to all the colleagues who volunteered to collaborate on this book
and who had the patience and reliability to undertake all the steps required to prepare
the final manuscripts. In addition to the chapter authors, several other people have
contributed their time and talent to the completion of this book. Dr. A. Samat and Dr.
V. Lokshin (Laboratory of Organic Chemistry and Materials of Marseille) must be
acknowledged for many fruitful discussions during the entire process of assembling
the book. We are deeply indebted to Diana Gronholm, PPG Industries, Inc., whose
help in the revision and copying of manuscripts, communications with contributors
and the publisher, and a variety of other tasks during the preparation of the book was
invaluable. Dr. Anil Kumar, also with PPG, helped with the conversion of files into
usable program formats and technical assistance in the preparation of files for the
final manuscripts. Finally, we express our appreciation to Audrey Anderson, Denise
Callihan and Beverly Weston with PPG Industries for their assistance in obtaining
missing titles of several references and general assistance when it was needed to
verify details of references.

1. “Photochromism” (G. H. Brown, ed.) Techniques Chem. Vol. Ill, Wiley Interscience, New York
(1971).

2. “Photochromism: Molecules and Systen{sf. Diirr, H. Bouas-Laurent, eds.) Elsevier, Amsterdam
(1990).

3. “Applied Photochromic Polymer System§C. B. McArdle, ed.) Blackie, New York, 1992.

J. C. Crano and R. Guglielmetti
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Introduction

1. AIM AND ORGANIZATION OF THE BOOK

The principal aims of this book are to be complementary to the earlier volu
covering the phenomenon of photochror‘rﬁ§ﬁ1and to survey the main represen
tative series of photochromic compounds having realized or potential indus
applications. In contrast to the previous book edited by H. Dirr and H. Bot
Laurentz which was organized around the type of reactions involved in
photochromic phenomenon (cis-trans isomerization, electrocyclic reactic
cycloaddition reactions, tautomerisation, dissociation processes . . . ), this colle
of reviews is organized around the main categories of organic photochrc
compounds which have real or potential uses in various applications. The n
important developments of photochromic pigments and materials in recent y
requires the book to be issued in 2 volumes.

Volume 1 describes the important developments in the synthesis and stuc
photochromic compounds and related devices over the past 10 years in industric
academic laboratories. A brief survey of the contents, chapter by chapter, is us
The first six chapters cover photochromic systems which are based on peric
electrocyclic reactions:

1. Spiropyrans — probably the most studied family of photochromics, account
for the greatest number of papers until 1980;

2. Spirooxazines — a family of compounds proven quite useful because of t
resistance to photodegradation, commonly called fatigue;

3. Benzo - and naphthopyrans (chromenes) — also of interest for their resist
to fatigue:

4. Fulgides and fulgimides — potentially useful for information storage
erasable optical disks;

5. Diarylethenes with heterocyclic rings — also potentially useful for informati
storage;

6. Spirodihydro indolizines.

Organic Photochromic and Thermochromic Compounds, Vadited by John C. Crano and Rober
Guglielmetti, Plenum Press, New York, 1999.



2 Introduction

The next three chapters cover very different families, which operate by
mechanisms involving proton, group,or electron transfer:

7. Aryloxyquinones;
8. Perimidinespirocyclohexadienones;
9. Viologens.

2. BRIEF HISTORICAL SURVEY OF PHOTOCHROMISM

The first examples of the phenomenon of photochromism were discovered near
the end of the nineteenth century in both inorganic or organometallic complexes and
organic substancés’ The termsphototropy’ andphototropisn{ were employed to
describe this phenomenon, but are now used largely for biological systems. The term
photochromismwas suggested by Hirshberg in 1850.

Interest in the photochromism of organic materials began to increase substan-
tially around 1940. The principal studies of photochromic compounds involved
acquiring an insight into mechanisms of the photoprocesses, determining the
structures of the uncolored and colored forms, and developing synthetic methods.
The pioneering work by the Hirshberg and Fischer team in 1€t3é$ worth a
special mention. The development of time-resolved or flash spectroscopy by’Porter
and, more recently, the use of laser photophysical means opened new approaches t
the study of the excited states and transient species involved in the photoreactivity of
photochromic molecules.

3. DEFINITIONS OF PHOTOCHROMISM

We could consider a photochromic organic compound as a reversible dye under
photochemical control. Photochromism can be defined as a reversible transformation
of chemical species, induced in one or both directions by electromagnetic radiation,
between two states having observable light absorptions in different regions.

AGw) —= B

hvy A

Ordinarily, the photochromic reaction involves a reversible transformation between
two species with B having at least one absorption band appearing at longer
wavelength than those of A. The activating radiation generally is in the UV
region (300 to 400 mm) but could be in the visible (400 to 700 nm). The most
prevalent photochromic systems are established to be unimolecular reactions
(A - B) and those described in this book correspond to this type.

Reversibility is the main criterion for photochromism. The back reaction
(B - A) can occur predominantly by a thermal mechanism, as is the case with
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spiropyrans spirooxazines and chromenes. For these systems, the thermally drive
back reaction can be accompanied by one that is photochemically driven but the
thermal reaction normally predominates. For other systems, the photochemically
induced forms (B) are thermally stable. For such systems, (e.g. fulgides or
arylethenes) the back reactions {BA) are predominantly photochemical.

The photochromic transformation and the observed spectral changes or change:
in physical or chemical behavior are related to the modifications of the geometry of
the system and its electronic distribution. This will be seen in the examples given
below.

A recurring theme throughout the book is the importance of the medium in
which the photochromic compound is incorporated. The medium can strongly
influence or control the kinetics of the thermal back reaction when it occurs, the
color of the species formed in the forward photochemical reaction, and other
properties of the photochromic process.

Photochromism and its various characteristics can also be defined according tc
the type of application at which they are targeted. Two general types of applications
can be defined:

1. Applications directly dependent upon the color change caused by the
molecular and electronic structures of the two species (A, B) and their corresponding
absorption or emission spectra.

Examples would be:

e variable-transmission optical materials such as the photochromic ophthal-
mic lenses or camera filters;

fluid flow visualization;

optical information storage;

novelty items (toys, T-shirts, etc.);

authentication systems (security printing inks);

cosmetics

2. Applications dependent upon changes in the physical or chemical proper-
ties that occur along with the more easily observed color change during the
photochromic reaction.

Examples of such properties are conductivity, refractive index, electrical
moment, dielectric constant, chelate formation, ion dissociation, phase transitions,
solubility, and viscosity. Certain physical changes that occur when the photochromic
entity is chemically attached to the macromolecular backbone of polymers are of
special interest (see Chapter 1, Volume 2).

Some examples of potential applications utilizing the physical or chemical
changes that accompany the observed shift in the absorption maxima are:

e optoelectronic systems (semi-conductors modulated by photochromic
pigments);
e reversible holographic systems;
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optical switches;

optical information storage;

photochemically switchable enzymatic systems;
nonlinear optical devices.

Of all these potential applications, a few have been commercially successful
(polymer-based photochromic eyewear, novelty items and security printing inks) or
demonstrated to be useful (fluid flow visualisation). Several others have shown
considerable promise and may very well be utilized in commercial products in the
future.

4. BRIEF ANALYSIS OF THE DIFFERENT CHAPTERS AND
THEIR MAIN TOPICS

Chapter 1 §piropyrans) covers the most intensively studied families of
photochromic compounds.
One of the families, the indolinospiropyrans (elgn Scheme 1) is the most

O - hU|
oo O N

Aor huy

Scheme 1

studied of all photochromic families and is at the center of this chapter in which are
described their properties and syntheses as well as the syntheses of key inter-
mediates.

This chapter, with over 200 references, is an extensive survey of the photo-
chromic molecular and supramolecular systems involving the spiropyran entity. It
also serves as an excellent introduction for the individual who does not have a
comprehensive understanding of the phenomenon of photochromism.

Chapter 2 §pirooxazinepcovers close relatives of the spiropyrans which have
been receiving increased interest during the past 15 years because of their excellent
photochromic properties and their resistance to photodegradation or fatigue (Scheme
2). In general, the resistance to fatigue of the spirooxazines is much better than that
of the spiropyrans. Their stability under conditions involving continuous irradiation
has led to their use in various applications, including ophthalmic lenses.

Chapter 3 Benzo and naphthopyrans or chromgndshis chapter reviews
another important type of thermoreversible photochromic compounds that have
found application in the variable optical transmission materials field, specifically,
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ophthalmic lenses. Their development into commercially useful materials has been
fairly recent. The broad absorption bands exhibited by the open forms of the
naphthopyrans (Scheme 3) and heteroannellated naphthopyrans are somewhat
complementary to the absorption bands of the naphthoxazines, leading to color
neutralization when they are used together.

‘ OCH;
<
hui.
o O A or hvp
CH;0 OCH;
3
Scheme 3

Their resistance to photooxidation is also good relative to most other families of
photochromic compounds. In this property they are comparable to the spirooxazines,
which again adds to the complementary character of the two families. The color of
the open forms can be tuned over a large range of the visible spectrum, by
substituents on the naphthyl moiety or on the aromatic groups present on the sp3
carbon atom of the pyran ring.

Chapter 4 Fulgides). The fulgides are a class of photochromic compounds for
which the thermal reversal or decoloration of the colored species is disallowed.
Therefore, the reversion is largely driven photochemically as is illustrated with
compound4 (Scheme 4). Because of the stability of the colored species toward
thermal reversion, the fulgides have potential application in the field of optical
storage and security printing. Another use, in actinometry, is well known.

0]
hut 0
hvo O

0

Scheme 4
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A related family of photochromics can be formed through a photochemical and
thermal hydrogen shift of properly substituted fulgides. These compounds have been
named heliochromes (e4), Ad = adamantylidene, Scheme 4'). In contrast to the
fulgides, the heliochromes are thermally reversible.

o) )
— \ h
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Scheme 4'

Chapter 5 Diarylethenes with heteroaryl grogpsThe bis-heteroaryl ethenes
(for exampleb, Scheme 5) are photochromic compounds similar to the fulgides in

Scheme 5

that the colored or cyclized forms are thermally stable. Decoloration is again driven
photochemically. Increasing the thermal stability of the colored form has been a
major goal of the research on this family; their targeted use is information storage.
Chapter 6 Photochromism of dihydroindolizines and related systeifitse

dihydro-, tetrahydro- and hexahydroindolizine compounds involving one, two or
three nitrogen atoms make up another family of compounds that exhibits a generally
thermoreversible photochromic system based on 1,5-electrocyclization reactions
(Scheme 6). Photobleaching is sometimes superimposed on the thermal back
reaction.
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Scheme 6

They can be associated in supramolecular systems through interaction wit
inorganic salts or organic guests, in liquid crystalline phases or in polymer matrice:
(dissolved, absorbed or bound to a suitable polymer) or as bichromophoric units.

Chapter 7 Photochromic quinongs The mechanism of the photochromic
reaction of certain quinones involves proton or group transfer (Scheme 7).

O * 0OGls OCgH; O
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Scheme 7

In chapter 7, special emphasis has been placed on the synthesis of represer
tive polycyclic quinones and their photochromic behavior, including the spectral
kinetic, and fatigue characteristics of such systems. Potential applications al
focused on recording and multiplication of images, optical memories, and gradatio
masking.

Chapter 8 PerimidinespirocyclohexadienonesThis series constitutes a rather
new photochromic or thermochromic system based on proton transfer involving
valence and prototropic tautomeric intramolecular reactions (Scheme 8).

Scheme 8
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The methods of synthesis, the spectral and photochromic properties in solution
in polymer film and in vacuum-deposited thin films, and the structural determina-
tions by X-ray diffraction are reviewed as is the electrochemical behavior of this
family of switchable materials.

Chapter 9 Photochromic viologens While photochromism quite common, via
electron transfer, is in inorganic systems, fewer organic photochromic compounds
operate by this method than by isomerization, heterolytic (or homolytic) cleavage or
pericyclic reactions. This chapter is devoted to the photochromism of viologens
(Scheme 9) and related thiazine systems, which do operate through electron transfel
in polymer matrices and in molecular assemblies involving long alkyl chains or with
counter anions possessing long alkyl chains.

Y ® —
N hu @ =
R—N 7 W-r R-N -
C/>_<:/ )y N\ / N

2Xe
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Scheme 9

The formation of colored radical cations (and accompanying radical anions)
and the possibility of oxidation (or reduction) by an electrochemical process
indicates the possibility of erasable photo-electrochromic devices.

5. CONCLUSION AND FUTURE DEVELOPMENTS

This survey of organic photochromic and thermochromic compounds focuses
on the main families that are involved in existing commercial applications, such as
variable optical transmission materials (ophthalmic glasses and lenses), or ir
potential uses such as optical storage (optical disks or memories).

As always, the future direction of work on photochromism is difficult to predict.
With regard to photochromic families, the spirooxazines, chromenes, fulgides, and
arylethenes are the more advanced series for commercial applications and they wi
likely progress in the future through molecular design and understanding of the
mechanisms of photocoloration and photodegradation. New series or modified
“old” series could also be developed taking into account the results obtained in
the other series.

Some of the major developments involving photochromism will very likely
utilize other phenomena, in conjunction with photochromism, resulting in useful
applications. Some of the work discussed in the chapters of this book illustrate the
concept of coupling photochromism with another phenomenon. For example,
combining the photochromic electron transfer reaction of viologens with electro-
chemistry shows promise in the development of electronic applications (Chapter 9).

The development of supramolecular systems involving a photochromic pigment
and organic semi-conductor oligomers or polymers, is also of interest.



Introduction 9

6. REFERENCES

1. G. H. Brown, edPhotochromism, Techniques in Chemistry Vol. lll, Wiley Interscience, New York
(1972).

2. H. Durr and H. Bouas-Laurent, edBhotochromism: Molecules and Systerfsevier Amsterdam
(1990).

3. C. B. McArdle, edApplied Photochromic Polymer SysterBsackie, New York, 1992.

4. M. Fritsche Compt. Rend. Acad. Sci, 8935 (1867).

5. E.ter MeerAnn. Chem, 181, (1876).

6. W. Marckwald,Z. Phys. Chem., 3040 (1899).

7. O. A. Neumiller Basis-RémmpFranckhsche Verlagshandlung, Stuttgart, (1977).

8. Y. Hirshberg,Compt. Rend. Acad. Sci, 2303 (1950).

9. R. Dessauer and J. P. Paris,Adlvances in Photochemist(W. A. Noyes, G. S. Hammond and J. N.

Pitts, eds.), Vol. 1, p 275, Interscience, New York (1963).
10. G. Porter Angew. Chem., 8@B82 (1968).
11. P. G. W. Norrish and G. Portedature, 164,658 (1949).
12. G. Porter,Proc. Roy. Soc., Seh, 200,284 (1950).



This page intentionally left blank.



Spiropyrans

ROBERT C. BERTELSON

1.1. INTRODUCTION

“Spiropyrans” refers in general to a (substituted}®ran having a second
ring system, usually (but not necessarily) heterocyclic, attached to the 2-carbon atol
of the pyran in a spiro manner as shown in structure 1; i.e., a carbon atom is commo
to both rings. Compounds in which the second ring system is merely a saturate
carbocycle such as cyclohexyl or adamantyl are better considered simply as 2,
dialkylpyrans, and are discussed in Chapter 3.

-~ 3 4
e N prm—
/
i 5
\ 2 /
\
... o7

The “pyran” portion of “spiropyran” usually refers tél-A-benzgyran, as

well as to its literal meaning of a single ring. The Russian literature often uses th
less ambiguous (and therefore preferable) “spirochromene,” incorporating the
common name for [2]-1-benzopyran. The closely related spirobenzoxazines and
spironaphthoxazines, in which the pyran ring includes an additional heteroatom, at
discussed in detail in Chapter 2, and the 2,2-substituted benzopyrans (chromene
and napahthopyrans (benzochromemes) that are not spiro compounds are discus
in Chapter 3. The compound from different heterocycles having the names “A” anc
“B,” and where the shared spiro carbon atom would be numbered “x” in heterocycle
“A” and “y” in heterocycle “B,” should correctly be named “spiro(A-x,y'-B),” with

the names in alphabetical order and the second name bearing the primed numbe
thus, spiro(Bl-1-benzopyran-2,2'2-indole). A simpler name such as “indolino [or

other heterocycle] spiropyran” is easily understood and often used informally as
general term. In much of the pre-1965 literature, substituents on the benzopyre

Robert C. Bertelson ® Chroma Chemicals Inc. Dayton, OH, USA

Organic Photochromic and Thermochromic Compounds, Vokdited by John C. Crano and Robert
Guglielmetti, Plenum Press, New York, 1999.
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portion bore the primed numbers; thus the names of compounds in early papers must
be examined carefully.

A very wide variety of possible spiropyran ring systems is implied by the above
definition, and a considerable number of these systems have been prepared ant
examined for use in various practical applications. The spiropyrans, their photo-
chromism, and their applications have been extensively revietebis chapter
surveys principally the literature appearing since the previous reviews, much of
which concerns the indolinospirodipyrans because of their usefulness and ready
availability. Little is said about spiropyrans or the many other known ring systems.
Azaheterocyclic spiropyrans having benzothiazoline, benzoxazoline, thiazolidine,
thiazine, oxazoline, oxazine, pyrrolidine, and piperidine moieties, which have been
extensively studied by Guglielmetit al.,have been reviewed.2 Some of their recent
work on synthesis, spectrokinetic behavior, and correlation of this behavior with
electronic structure and geometry is given in this chapter.

Many recent papers are ignored or mentioned only briefly because they are
discussed elsewhere in this book. The biological applications of spiropyrans
incorporated into membranes and their use as specific ion recognition sensors anc
signal transducers is discussed in Volume 2, Chapter 9. Spiropyran-modified
artificial monolayer, bilayer, and multilayer membranes whose physical and chemical
properties can be controlled by irradiation are discussed in Chapter 1 in Volume 2.
The X-ray structures of numerous spiropyrans, the nature of the molecular packing,
and the relationship between structure and photochemical behavior is reviewed in
Volume 2, Chapter 7.

Following a suggestion of the editors, comments based on personal experience
and unpublished research are included here. They chiefly concern practical aspects
of synthesis. In this regard, reported product yields will usually be indicated.

Few new spiropyran-based chromophores have been reported recently. One
present goal, discussed later, that is motivating the search for new chromophores is
to find spiropyrans whose “colored” forms absorb strongly in the infrared but
relatively weakly in the visible region. An earlier goal of finding spiropyrans giving
intense yellow, orange, and red colors while also having thermal fade rates, quantum
yields, and fatigue rates very close to the available blue and green dyes has beer
mostly met by spirooxazines and chromenes that cover these regions of the
spectrum. Furthermore, computer programs can now calculate and display moder-
ately accurate absorption spectra of proposed new chromophores, so only the mos
promising candidate dyestuffs need actually be synthesized.

Reversible photocoloration is attributed to an equilibrium between the
spiropyran (“closed,” “colorless”) form and a merocyanine (“open,” “colored”)
form, as shown in Scheme 1 for an indolinospirobenzopyran. The merocyanine itself
is an equilibrium mixture of geometrical conformations, and its electronic distribu-
tion varies from highly zwitterionic to an essentially nonionidho-quinoidal
structure.

The way in which authors consider these compounds seems to be influenced by
the synthetic route they used. If an active methyl group is condensed with a
hydroxyaldehyde (or an equivalent) compound, it's a spiropyran; ifsdrae
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compound is made by condensing a formylmethylene (or equivalent) group with :
ketomethylene (or enol equivalent, e.g., 2-naphthol), it's a merocyanine, becaus
these are the respective traditional synthetic routes.

The existence of the spirobenzopyran—merocyanine equilibrium implies that ir
principle a dimethinemerocyanine could be closed to a pyran isomer, thus exhibitin
“reverse” photochromism (bleaching with visible light and thermally recoloring in
the dark), but no systematic study of this large class of dyes appears to have be
carried out. However, many merocyanines can be irreversibly photobleached |
reaction with some added reagent, and have been surveyed for use in unconventiol
photographic systems. A few dimethinemerocyanines [e.g., those from naphthols,
3,5-dinitrosalicylaldehyde, or 3-formyHt1-benzo(thio)pyran-4-one3] exhibit
extremely slow thermal fade in solution and films, and can be considered a
“spiropyrans whose colored forms are stable”; they often exhibit reverse photo
chromism*

The next section of this chapter reviews purely synthetic aspects of spiropyran
and their intermediates in some detail. A later section emphasizes studies of tf
properties of new (and some old) compounds.

1.2. SYNTHESIS

1.2.1. General Summary

A spiropyran can be synthesized in several different ways. As indicated ir
Scheme 2, one can connect the two “halves” of the molecule by condensing ¢
intermediate providing the C2 and C3 atoms of the pyran ring with an intermediat
providing the ¢, C®, C° and the oxygen atom of the pyran ring. In a second
approach, one intermediate is the source of C2, C3, &nd/idle the other provides
C®, C® and the oxygen atom. In a third approach, one can prepare a spiropyran a
then introduce new substituents, or transform substituents already present.

cd ¢t cict
c{ + \c5 ¢ o+ ¢
{ 4
o—<¢C o—cC

Scheme 2
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The first method is perhaps the most common, and is exemplified by the
condensation shown in Scheme 3 of a 2-alkyl heterocyclic quaternary salt or the
corresponding methylene base with a 2-hydroxy unsaturated aldehyde grouping
(which usually is part of an aromatic ring, as in salicylaldehyde). These intermedi-
ates have given a broad assortment of spiropyran classes. The ready availability of
1,2,3,3,-tetraalkyl-B+indoleninium salts and salicylaldehydes has led to a large
number of spiro-(B-1-benzopyran-2,2'-indolines) [this name will be used in
preference to the “correct” 1',3'-dihydrospirbld-benzopyran-2,2'-(#1)-indole)].

A common acronym for this class, “BIPS,” will be used in this chapter as both
singular and plural.

H;C. CHs

— 5
e Ty — 1
N H

EH,

Scheme 3

In an unusual variation of this first method, 2-methyleneindolines condense
with pyrylium salts to give photochromic spiroindolines with a carbocyclic rather
than a pyran ring’

The second method corresponds to moving the formyl group from the aldehyde
intermediate to the methylene base, and is a standard method for preparing
merocyanine (the open form of a spiropyran). This method is useful for the reaction
of the easily obtained and stable Fischer’s aldehydes (2-formylmethyleneindolines)
() with ketomethylene compounds such as “2-hydroxybenzofu@n’of “2-
hydroxybenzothiophene” where the corresponding hydroxyaldehyde is difficult to
obtain (Scheme 4). These two methods include the several routes to various
symmetrical and unsymmetrical spiro(dipyrahs).

Me_ Me Me  Me
+ —_—
©:\.NS AT Vol 1
(1) Me @ Me o

Scheme 4

The third approach is useful when the spiropyran itself (or, more correctly, its
intermediates) is easily available, the necessary substituted intermediates are not, an
the spiropyran tolerates the chemical transformations involved. Halogenation and
nitration of BIPS and spiro(dinaphthopyrans) can be carried out by standard
methods: bromo substituents replaced by cyano or lithium, nitro substituents reduced
to amino, etc. For example, the aldehyde group in 6-formylBIPS can be reduced,
oxidized, caused to react with organometallics, condensed with active methylene
groups, converted to cyano, and derivatized to give a wide variety of 6-substituted
BIPS. These reactions cannot be usefully carried out directly on 5-formylsalicylal-
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dehyde to give the corresponding 5-substituted salicylaldehyde. However, the
substituted BIPS can react with 3,5-dinitrosalicylaldehyde to liberate the 5-substi-
tuted salicylaldehydé.

The synthesis of spiropyrans essentially reduces to the syntheses of the
intermediates representing its halves, so it is necessary to discuss some aspects
obtaining these intermediates. An earlier review! tabulates many spiropyrans
prepared during 1955-69 at The National Cash Register Co.; the preparation detail:
reside in a series of technical reports. Starting about 1970, several groups in the
former Soviet Union have been publishing much of their synthetic work, chiefly in
the journalKhimiya Geterotsiklicheskikh Soedinyef@hemistry of Heterocyclic
Compound3. Generally, the structures of the intermediates and dyes (and the often
unexpected products!) were determined by 'H B@inuclear magnetic resonance
(NMR), which usually was more informative than infrared spectroscopy for this
purpose.

1.2.2. Intermediates for Spiropyrans

The salicylaldehyde and hydroxynaphthaldehyde intermediates are often
prepared by introducing a formyl group or an equivalent synthon next to the OH
group (blocked, if necessary) of the corresponding phenol or naphthol; many
formylation methods are known. Salicylaldehydes can easily undergo the common
electrophilic substitution reactions, thus affording, for example, nitrated, haloge-
nated, and chloromethylated products suitable for further transformations.

The two complications arise with simple substitutions, however. First, the
aldehyde group is sometimes displaced (especially easily in the case of 2-hydroxy-1-
naphthaldehydes) and the resulting phenolic compound undergoes additional substi
tution. Thus, for example, nitration of 4,6-dichlorosalicylaldehyde without very
close control of temperature and acid concentration gives 3,5-dichloropicric acid
instead of the expected 5-nitrodichlorosalicylaldehyde (both compounds have the
same melting point and react with Fischer’'s base to give pale yellow solids of similar
melting point; one is the authentic spiropyran, the other is merely the nonphoto-
chromic dichloropicrate salt of Fischer's base).

The second complication is that sometimes the incoming substituent does not
go where expected; this is fairly common with naphthalene compounds, especially
when replacing a sulfonate group or bromine atom via nucleophilic reactions, for
example, with a cyano group (cine substitution). The structures of several multiply-
substituted salicylaldehydes and naphthalene compounds reported in the literature ir
the period 1920-45 are wrong because of this complication and the circular
reasoning following from it: the (incorrectly placed) cyano group was converted
to carboxyl to provide the “authentic reference naphthoic acid” used in comparison
with naphthoic acids obtained by other means.

A more subtle case involves the bromonitrosalicylaldehydes. Bromination of 3-
and 5-nitrosalicylaldehydes gives the expected 5-bromo-3-nitro- (62% yield) and 3-
bromo-5-nitrosalicylaldehyde (56%), respectively. In the alternative route to these
compounds, nitration of 3-bromosalicylaldehyde gives the expected 3-bromo-5-nitro
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compound. However, nitration of 5-bromosalicylaldehyde gives 3-bromo-5-nitrc
salicylaldehyde (44%) and only 25% of the expected 5-bromo-3-nitro isSéFhe
former is the less soluble and crystallizes directly from the reaction mixture, and th
could understandably (but mistakenly) be assumed to be the desired isomer. Dir
displacement of bromine by nitronium ion could possibly occur, and the resultin
bromonium ion would then brominate the 5-nitrosalicylaldehyde also formed
Alternatively, an oxidation—reduction sequence could remove the bromine atom
bromide ion, which is then oxidized to elemental bromine by the nitric acid, which ir
turn effects the bromination.

Today an unequivocal determination of substituent positions on a phenol
naphthol or hydroxyaldehyde by infrared and NMR spectroscopy is usuall
straightforward and should always be performed routinely; the major or mos
easily isolated product is sometimes not the expected one! For example, the m
easily isolated product (the first to crystallize) from a Reimer-Tiemann reaction of 3
chlorophenol is 6-chlorosalicylaldehyde, and not the 4-chloro isomer, which is th
major product.

The salicylaldehydes commonly used have nitro, alkoxy, or halogen substitt
ents, and need no further comment. Some unusual ones have cationic substituents
4- and 5-methylthio- and dimethylaminosalicylaldehydes have been prepared a
methylated to the corresponding dimethylsulfonium and trimethylammonium sali
cylaldehydes!®*? The salicylaldehyde substituted in the 4-position with a 3,5-
diphenyl-2-pyrazolin-1-yl group gives a series of BIPS and spiro(dipyrans) havin
highly fluorescent spiro forms and nonfluorescent open forms, which is the rever:
of the usual situation*3

The terms “salicylaldehyde” and “hydroxynaphthaldehyde” above are mear
to include analogs having heteroatoms in the ring, especially the pyridine ar
quinoline analogs. Pyridoxal and related vitamin B6 compounds have an extensi
literature concerning their synthesis. The direct introduction of a formyl group int
azaheterocycles by the usual electrophilic methods generally proceeds poor
however, methyl groups in the 2- or 4- position relative to a ring nitrogen ator
can be efficiently oxidized in one or two stages to the formyl group by means
several different reagents.

Salicylaldehydes give spibenzgyrans, often referred to simply as spiropyr-
ans. In principle, true monocyclic spiropyrans would be prepared from 3-hydrc
xyacrylaldehyde, which is the enol form of malonaldehyde. A reaction of Fischer’
base with malonaldehyde or its chloro derivative gave complex mixtures containir
the open form, but nitromalonaldehyde sodium salt gave with Fischer's ba:
hydroiodide a 24% vyield of beautiful orange crystals of the open f@&m (
(A =483 mm)’ Recently a series of 2-substituted malonaldehyd®sbécame

Me_ Me NO,
substituted phenyls
Ar Ar = .
N H { heterocyclics
1
() Me @

3
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commercially available in which the substituents were ten differently substituted
phenyls; four different pyridyls; two different quinolyls; and pyrazinyl, pyrimidinyl,
quinoxalinyl, and benzoxazolyl. Pyran dyestuffs from these intermediates have not
been reported as yet.

The heterocyclic alkyl quaternary salts used for preparing spiropyrans are
usually obtained by N-alkylating the heterocyclic bases by standard methods. The
common bases having an active methyl group of the indolenine, benzothiazole,
benzoxazole, and quinoline series; some of their substitution products, and a few of
their quaternary salts are commercially available. The pyrylium, thiopyrylium, 2-
azaazulenium and bewrZzf]indolenium salts needed for potentially infrared-absorb-
ing spiropyrans are not (as of the time of writing).

Many new heterocyclic salts are novel polynuclear compounds having multiple
heteroatoms, and have been described during the past 20 years by research groups in
the former Soviet Union, and more recently by groups in Egypt. These salts are
primarily intermediates for cyanine and merocyanine dyes and have been converted
to these dyes, but usually not to spiropyrans. New classes of spiropyrans should be
obtainable from these salts.

1.2.2.1. Fischer's Base Syntheses

The Fischer’'s bases, 2-alkylidene-1,3,3-trisubstituted indolines, which may be
further substituted in the indoline ring, are the most versatile and useful bases for
preparing spiropyrans. For convenience, the name “Fischer's base” will be used
hereafter in the general sense indicated above, as well as for the specific compound
2-methylene-1,3,3-trimethylindoline. Substituents in the 1- and 3-positions are
methyl unless otherwise specified; thus “3-phenylFischer’'s base” denotes the 1,3-
dimethyl-3-phenyl compound.

The preparation and chemistry of Fischer's bases have been reviewed several
times!** In the first of the three classical methods for their preparation (Fischer
synthesis), an aromatic amine is converted to the corresponding arylhydrazine,
which is condensed with an isoalkyl methyl ketone to give the corresponding
arylhydrazone; this may be isolated, but conveniently is cyclized directly to give a 2-
methyl-3,3-disubstituted indolenine, which in turn is alkylated to give Nhe
alkylindolenium salt. The variation in which ax-alkyl-N-arylhydrazine is
condensed to give thid-alkylindolenium salt directly is much less convenient in
practice, because l-alkylation of an arylhydrazine gives only moderate vyields, as
does the reduction of aN-nitroso-N-alkylarylamine, owing to the removal of the
nitroso group to regenerate the secondary amine. N-arylFischer’'s base is the
goal, however, the nitrosation of a diarylamine and subsequent reduction is the only
practical route to the necessaNjN-diarylhydrazine. The Fischer synthesis is
generally best for obtaining compounds unsubstituted on the aromatic ring but
having alkyl groups other than methyl in the 2- or 3-positions, because phenylhy-
drazine and the required ketones are available. For example, methyl cyclohexyl
ketone with phenylhydrazine gives an excellent yield of the 3,3-pentamethylene-
li.e., spirocyclohexyl]-2-methylindolenin7e.
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In a Fischer synthesis, the formation of the hydrazone and its cyclization to the
indolenine in the crude reaction mixture can be monitored conveniently by IR
spectra. The ketone C=0 absorption near 1720 cdisappears as the phenylhy-
drazone C=N absorption in the 1625-1640~crmegion appears, which in turn is
replaced by the indolenine C=N absorption at 1570-I1580'cii a Fischer’'s base
is formed directly, the IR spectrum exhibits two peaks near 1615 and 1650 &t
these absorption peaks are strong and sharp.

In the second classical method (Bischler synthesis), an aromatic primary or
secondary (arylalkyl, but not diaryl) amine is condensed witltlamomo (or better,
hydroxy) ketone to give a 2,3-dialkylindole. This in turn is alkylated directly to the
1,2,3,3-tetraalkylindoleninium salt. Use of acetoin gives 2,3-dimethylindole, which
is easily isolated and purified. The Bischler synthesis from a substitued aniline, and
especially from anilines bearing one or more alkoxy groups, is much preferred in
practice for indoles substitued in the 4—7-positions, since the substituted arylhy-
drazines needed for the Fischer synthesis are costly, unstable, or unavailable.

Any other synthesis that leads to a 2,3-dialkylindole can of course be
considered, and several novel reported routes are mentioned later. Vigorous alkyla-
tion of a 2-substituted indole can introduce three identical alkyl groups; for example,
the best route to 1,3,3-triethylFischer’s base is exhaustive ethylation of 2-methylin-
dole,* and methylation of 2-phenylindole also introduces three alkyl groups.

Methylation (and more generally, alkylation) of a Fischer’'s base itself occurs on
the 2-methylene group, giving ethylidene and isopropylidene groups that can
rearrange with the other alkyl groups present. However, the difficulty of separating
the mixture of directly alkylated products and their rearrangement products makes
this route a poor choice. The reaction of Fischer’s base with iodomethane and with
iodoethane to give various 1,3,3-trialkyl-2-alkylideneindolines has been sfudied.

A Bischler synthesis can be monitored best by IR, following the disappearance
of the sharp, single N—H absorption of the indole, or also by the appearaxce of
alkyl peaks in the NMR spectrum.

In the Plancher arrangement, the third classical method of Fischer's base
synthesis, a group larger than methyl in the 2-position of a 1,2,3-trisubstituted-3-
methylindoleninium salt will exchange positions with the 3-methyl group, thus
giving the 2-methyl compound [the salt of a (2-methylene) Fischer's base.] Groups
larger than methyl in the 3-position also rearrange, but not so completely, and the
rearrangements are reversible, leading to mixtures that are very difficult to separate.
The synthesis is not really needed when all substituents are various alkyl groups,
because the branched alkyl methyl ketone necessary for a Fischer synthesis is today
either commercially available or easily synthesized. The Plancher rearrangement is
the best route for introducing one aryl group in the 3-position of Fischer’s base itself.
Thus, 2-phenylindole can be caused to react with methyl iodide under conditions
such that three methyl groups are introduced and the phenyl rearranges, giving 3-
phenyl- 1,2,3-trimethylindoleninium iodide in one step (see Section 1.5.2).

A Plancher rearrangement also occurs with an isomer of Fischer's base, as
shown in Scheme 5. The addition of methyllithium to 1,2,2-trimethylindd&y! (
gives 1,2,2-trimethyl-3-methyleneindoline6). This base in acid solution at room
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temperature is completely converted over several hours to the 1,3,3-trimethyl-2-
methyleneindoline sal7]. Even in the solid state the orange-colored perchlorate
salt, which is stable for several months at —20°C, rearranges within 1 day at +20°C
to the colorless Fischer’s base perchlorate'éafhis route is useful for Fischer's
bases having a phenyl or substituted phenyl on the N atom, because the starting
material,N-phenylanthranilic acid (converted to the indoxyl by the standard routes
of indigo syntheses), is much cheaper and safer to use thaN,bMdiphenyl
hydrazine required to prepare the same final compound by the Fischer syhthesis.
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Scheme 5

1.2.2.2. Fischer's Base Salts by Alkylation of Indolenines

The Fischer synthesis gives a 2,3,3-trialkylindolen®ewhich is subsequently
alkylated on the N atom to give the 1,2,3,3-tetraalkylindoleninium ®a{iScheme
6). Arylation, however, for example, with 2,4-dinitrofluorobenzene or 4-nitrohalo-
benzenes, has not been succeséful.
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Scheme 6

The N-alkylation can be carried out with or without a solvent, using alkyl
halides, tosylates, sulfates, phosphates, and for difficult cases the very powerful but
extremely toxic methyl fluorosulfonate. Excess methyl and ethyl iodides are
convenient solvents; longer chain alkyl halides often are used with chloroform or
tetrachloroethane as solvents. Ketones such as acetone and butanone have been used,
and higher acyclic and alicyclic ketones have been cldifrtedgive high yields of
substantially pure salts.

The reaction of an indolenine with an alkyl halide having the alkyl group ethyl
or longer can also lead to elimination rather than alkylation, with the formation of
the hydrohalide salt of the indolenine. This salt can be mistaken for the expected
quaternary salt. In this case, treatment with base will merely regenerate the starting
indolenine, which is easily distinguished by IR spectrum, as indicated earlier, from
the Fischer's base formed from the quaternary salt. Often the solid isolated is a
mixture of the two salts, and both components can be identified in the spectrum of
the corresponding mixture of bases.
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A detailed study of the N-methylation of 2,3,3-trimethylindolenine with methyl
sulfate using triethylbenzylammonium chloride as a phase-transfer catalyst has
appeared. The reported yields of high-purity (96-99%) Fischer's base were
90-92%"° N-alkylation is the most practical method for preparing a Fischer's
base with alkyl groups having, for example, thieflyhydroxy, carboxy, or sulfonate
substituents.

Reaction between butanesultone and 2,3,3-trimethylindolenine gave a 74%
yield of the water-solubl®l-(n-butylsulfonate) inner salt of Fischer’'s base; this salt
and others from substituted indolenines were used as intermediates for cyanine and
merocyanine dyes, but not specifically for spiropyrahs.

The preparation of 1-(2-hydroxyethyl)-2,3,3-trimethylindoleninium bromide
and its 5-bromo (75% yield) and 5-nitro derivatives by alkylation of the correspond-
ing indolenines with 2-bromoethanol has been described. As indicated in Scheme 7,
these salts1() with base gave the corresponding “cyclized” Fischer's bbBe (
5-bromo-2,3,3-trimethylindolino[1,2b]-oxazolidine. 22
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Scheme 7

2,3,3-Trimethylindolenine can also be N-alkylateddsyaloketones such as
bromoacetone (58% yield). For a series of 1'-acetonylBIPS, the thermal fade rate
constant was several times larger than for the corresponding 1'-methylBIPS. The
absorption spectra exhibited bathochromic shifts in ethanol, but negligible shifts in
toluene?

Sixteen indoleninesl®) having a hydroxy group in the 6- or 7-position, and
additional substituents in the 4- and 5-positions as shown in Scheme 8, were
prepared and alkylated on the N atom to give the Fischer's basel8aRs= H).

The hydroxyindolenines were generally prepared by dealkylation of the correspond-
ing methoxy compound with HBr or BBr The 4,7-dimethoxy-2,3,3-trimethylindo-
lenine was selectively demethylated at the 7-position. The OH groups of the
indolenines were converted to the methylamino- and dimethylaminocarbamate
esters 12), R = MeNHCO; MgNCO).%*
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Scheme 8
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Reaction of 2,3,3-trimethylindolenine and its 5- and 7-methyl analogs with 4-
nitro-2-chloromethylphenol gives 2-nitro-5a,6,6-trimethyl-5a,6-dihydra-ir&iolo-
[2,1-b][1,3]benzoxazine (60% vyield) and its 8- (27% vyield) and 10-methyl (15%
yield) analogs 14). These could exist in equilibrium (Scheme 9) with the
corresponding open-chain zwitterion and base [i.e., 1-(2-hydroxy-5-nitrobenzyl)-
Fischer's base]16), although the spectral evidence suggests only very small
amounts of these open-chain forms. However, treatment with perchloric acid gave
the hydroperchlorate of the Fischer’'s base, and aqueous alcoholic KOH gave the
potassium salt of the phenolic function in the Fischer's base. No experiments have
yet been reported in which these 1-substituted Fischer’s bases were allowed to react
with a salicylaldehydé®
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Scheme 9

The reaction between the perchlorate salt of 2,3,3-trimethylindolenine and
crotonaldehyde involves Michael addition (at the 2-methyl group, not the N atom)
and spontaneous cyclization to give 8,8,10-trimethy-p@rido[1,2-a]indolium
perchlorate 16) in 26% overall yield. This can be considered a vinylog of a
Fischer's base salt (and also a 4-picolinium salt). This salt has been condensed
with aromatic aldehydes to give styryl dyes, but there is no report of reaction with
salicylaldehydes?®
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Scheme 10

Vilsmeier formylation of 1-(2-hydroxyethyl)Fischer’s base (in its cyclic form as
trimethylindolino[1,2-b]Joxazolidine) (1) gave 1-(2-hydroxyethyl)Fischer’'s alde-
hyde in 82% vyield when the reaction was performed at 35°C, but gave instead
66% of 1-(2-chloroethyl)Fischer’s aldehyde at 6G°C.

The heterocyclic quaternary salt 1,3-diethyl-2-methyN&f{fluoromethylsul-
fonyl-Strifluoromethylsulfoximido)-1H -benzimidazolium tosylate, containing the
superstrong electron acceptor, & 1.4) group CES(O)=NSO,CF 3, was prepared
and used as an intermediate for carbocyanine, merocyanine, and styryl dyes. The
spectra of these dyes showed a large bathochromic shift compared with the



22 Robert C. Bertelson

corresponding trifluoromethylsulfonyl dyes. The preparation of spiropyrans from
such quaternary salts, for example, the 5-substituted trimethylindoleninium salt, has
not yet been reported, but such spiropyrans should have interesting spectral proper-
ties28

1.2.2.3. Fischer's Bases from Oxindoles

Another route to a Fischer’s base involves the addition of a Grignard or lithium
reagent to the carbonyl group of a 1,3,3-trisubstituted oxindole. This is useful to
give, for example, an ethylidene or benzylidene group in the 2-posifipndading
to a BIPS bearing a methyl or phenyl substituent in its 3-position. The preparation of
benz[c,dlindoleninium quaternary salts by the addition of Grignard reaffemis
methyllithium’ to a 1-alkylbenz,d]indol-2-one (N-alkylnaphthostyryl) is simpler
than the original methdfl and succeeds where alternative methods dd'nohe
reported? cyclization of 1-acetamidonaphthalene to 2-methylbedjifidole could
not be confirmed:3!
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The conversion of an oxindole to a Fischer's base by addition of an alkyllithium
or Grignard reagent is useful in the preparation of 5-dialkylaminoFischer’s bases. 5-
AminoFischer’'s base itself overalkylates to the trialkylammonium salt and also
alkylates on the methylene group, and direct preparations Mdddimethyl-4-
phenylenediamine give complex mixtures affording negligible amounts of the
desired material. 1,3,3-Trimethyloxindole gives a high yield of the 5-nitro
compound, which is readily reduced to the amino compound. This amino compound
can be dialkylated with trimethyl phosphate or, better, reductively with formalde-
hyde and sodium cyanoborohydride, and the resulting dimethylaminooxindole
converted to the Fischer's base.

Phenylmagnesium bromide can be added to N-methylisatin to give either the
3,3-diphenyloxindole (95% yield of crude) or the 2,2-diphenylindoxyl (91% yield of
crude)*34 this is a more convenient route to a 3,3-diarylFischer’'s base than the
alternative Friedel-Crafts reaction of 3,3-dichlorooxindole with benzene using
aluminum chloride. However, the Friedel-Crafts reaction is satisfactory with more
reactive aryl groups, for example, the condensation of anisole with an N-alkylisatin
using phosphoryl chloride as condensing agent.

A unigue oxindole synthesis is the addition of diphenylketene to the Meono-
phenylimine of benzoquinone; the resulting sffiflactam (8) rearranges to give a
62% overall yield of 5-hydroxy-1,3,3-triphenyloxindol}, which can be methy-
lated to the 5-methoxy compoufitl,which in turn could be converted to the
Fischer's base.
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Scheme 12

Trimethyloxindole is usually prepared by permanganate oxidation of Fischer’'s
base®® Cyanine, merocyanine (including spiropyran), and styryl dyes made from
Fischer's base also give the oxindole upon thermal or photodegradatioﬁelan'léﬁre
accumulated pot residues from the distillation of Fischer’s base and the concentrates
from dye preparations can be recycled by simply treating these chemical wastes with
air (or better, hydrogen peroxide), preferably in the presence of visible light. The
trimethyloxindole is recovered b;/ a simple vacuum distillation in about 50% yield
(from Fischer’'s base still residues).

1.2.2.4. Fischer’'s Bases by Oxidation of Indolines

A route to a Fischer's bas@1) useful in some cases involves the oxidation with
mercuric acetate of its reduced form, a 1,2,3,3-tetra-substituted indzfljneSince
the indoline is merely a substitute aniline it may be more efficient to prepare this
intermediate. A number of examples are presented in Scheme 13.
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This route can be useful in controlling the orientation of a substituent. Nitration
of Fischer's base gives the 5-nitro compound, whereas the nitration of the reduced
Fischer's base gives the 6-nitroindoline. Its easy oxidation is the best preparative
method for the useful 6-nitro Fischer’s base. Fischer’s base is conveniently reduced
to 1,2,3,3-tetramethylindolin€?) simply by stirring with sodium borohydride
pellets in methanol at room temperature (72% yi&ld).

Fischer's base can also be reduced catalytically over Raney nickel at 50 atm and
100°C to give the tetramethylindoline in 93% vyield. This was brominated and
formylated in the 5-position in 65 and 89% yields, respectively. Thiocyanation,
however, gave only the bis(indoline-5-yl) disulfide in 51% yield after the workup.
The 5-formyl group was converted into a cyano group in 78% overall yield by
successive treatment with hydroxylamine and trichloroacetyl chloride. Phosphorus
trichloride gave the dichlorophosphinoindoline in 96% yield, whose chlorine atoms
could be replaced by ethyl, phenyl, ethoxy, and dimethylamino groups in good
yields. These RP— compounds were further transformed into a series of
R 2 P( = X)— compounds (X = O,S). The various tetramethylindolines were oxidized
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by mercuric acetate to the corresponding Fischer's bases (usually isolated as their
salts). However, the BP(=S) and PyP(=S) groups were hydrolyzed to the
corresponding P=O compounds, and the (EBR®O) and (MeN),P(=S) groups

were also hydrolyzed, possibly to the correspondingcid.

Foy ClP— —» RYpP— —» R,P—

Me_ Me N
R' = Et, Ph, EIO, MepN
P\@H R=H; {22 , g ’ ©®
N Me POCI;

@) Me OMF o = o

Scheme 14

The oxidation of substituted 1,2,3,3-tetramethylindolines with mercuric acetate
cannot be used if the substituents are susceptible to oxidation. An alternative method
for protecting the methylene group of Fischer's base is the addition of dialkyl
phosphites to give the 2-phosphorylated tetramethyleneind@8)e the addition is
easily reversed by acid. In the presence of a base such as triethylamine, these can
undergo electrophilic substitution with, for example, thiocyanogen to give the 5-
SCN derivative, or bromine to give the 5,7-dibromo compound. Acidic electrophiles
such as the Vilsmeier reagent cannot be used. The substituted phosphorylated
indolines @4) are reconverted to the Fischer's base & ¢pon treatment with
acid, unless the indoline is rendered very weakly basic by having in the 5-position
strongly electron-attracting substituents such as tricyanovinyl or 4-nitrophenylazo.
This route appears best by far (69% yield overall for three steps) for the preparation
of 5-thiocyanatoFischer’s base, a precursor to the 5-mercapto coni§ound.
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The oxidation of indolines is useful for preparing Fischer’'s bases having
heterocyclic substituents in the 5-position. 5-CyanoFischer’s base, which is difficult
to obtain and is unstable, was condensed with 2-OH, —SH, ang afillhes to
give the corresponding benzoxazol-2-yl, benzothiazol-2-yl, and benzoimidazol-2-yl
substituted Fischer's basez6). However, 2-mercaptoaniline was condensed with the
easily obtainable 5-cyano-1,2,3,3-tetramethylindol#® (and the product was
subsequently oxidized with mercuric acetate to give the Fischer's Bége (
Similarly, oxidation of the corresponding indolin€s8), prepared by the condensa-
tion of (22) with a heterocycle, gave Fischer's bases having in the 5-position the
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following heterocyclic substituents: acridin-9-yl, quinolin-2-yl, isoquinolin-1-yl,
3,4-dihydroisoquinolin-1-yl,N-benzoyl-1,2-dihydroquinolin-2-yl, anéi-benzoyl-
1,2-dihydroisoquinolin-1-yl. The Fischer's bases were converted to various poly-
methine dyes, but not spiropyrans:4°

( 2 =S
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Scheme 16

5-Formyl-1,2,3,3-tetramethylindolin@9) was converted to various PB-(
heterocyclylvinyl) indolines 30) via condensation with heterocyclic quaternary
salts and subsequent N-dealkylation by triphenylphosphine. The resultant indolines
were oxidized with mercuric acetate to the 5-substituted Fischer's békes (

R = benzoxazol-2-yl; quinolin-2-yl; quinolin-4-yl; pyridin-4-yl; 1,3,3-trimethylindo-
len-2-yl). These were used as intermediates for cyanine dyes; their conversion to
spiropyrans was not recorded.

Fischer's bases having an additional heterocyclic ring fused in linearly (i.e., in
the 5,6-position) were prepared from 6-amino-1,2,3,3-tetramethylindoline by reac-
tion with acetoacetic ester to give an 86% vyield of the 1,2,3,3,5-pentamethyl-2,3,7,8-
tetrahydro-1H,8H -pyrrolo[3,2-g]quinolin-7-one 32), converted to the corresponding
7-chloroquinoline 8§3) in 80% vyield with phosphorus oxychloride. Both the
chloroquinoline and its precursor quinolone gave the corresponding Fischer’'s base
upon oxidation with mercuric acetate. The chloroquinoline was hydrodechlorinated
by fusion with triphenylphosphine followed by base hydrolysis to give a 54% yield
of pentamethyl-2,3-dihydroH-pyrrolo[3,2-g]quinoline 84). Oxidation of this with
mercuric acetate, even in 100% excess, gave an (apparently) inseparable mixture
containing only 30% of the desired Fischer's b&s. (
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5-Amino-6-nitro-Fischer’'s base8q R = NG,) was reduced to the 5,6-diamino
compound 86, R = NH,) in 80% vyield, which (as its hexachlorostannate salt) was
condensed with benzoic acid and with benzil to give, respectively, a 68% yield of
5,7,7-trimethyl-6-methylene-6,7-dihydrots-pyrrolo[2,3f]-benzimidazole 7) and
a 62% vyield of 6,8,8-trimethyl-7-methylene-2,3-diphenyl-7,8-dihydid-6
pyrrolo[2,3-g]quinoxaline @8).** Spiropyrans from these linearly annellated
Fischer’'s bases were not reported; they likely would color upon irradiation with
blue light.
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1.2.2.5. Substitution in Fischer's Bases

Some electrophilic substitutions can be carried out on Fischer’s base. Practical
ones for introducing substituents in the ring are nitration, sulfonation, bromination,
and amidomethylation. Vilsmeier formylation occurs at the methylene group to give
Fischer's aldehydes. A nitro group goes into the 5-position and gives a small amount
of 6- and a negligible amount of 7-substitution. The nitro group can be readily
reduced to amino without reducing the methylene group. Thus, nitration of Fischer’s
base (60 g) gave 54.8 g of the 5-nitro and 1.6 g of the 6-nitro compound. The 5-nitro
compound was reduced to 5-aminoFischer’'s base with stannous chloride in 71%
yield.*® This Fischer's base is a versatile intermediate, especially for attaching to
polymers. However, it preferentially reacts with salicylaldehydes at the amino group
to give anils rather than 5'-aminospiropyrans.

Sulfonation of Fischer’s base in 30% oleum gives a 97% yield of the 5- and not
the 6-substituted derivative, according to NMR spectral evidence. The compound
was used to prepare cyanine and styryl dyes, but no spiropyrans were réported.

5-AminoFischer’s base was benzoylated in 74% vyield to the amide, which upon
nitration gave the 6-nitro-5-(3-nitrobenzoyl)amido derivative, hydrolyzed with acid
in 64% yield to the desired 5-amino-6-nitroFischer’'s base. Aminomethylation of
Fischer's base witiN-hydroxymethylphthalimid&® gave the 5-substituted product in
40% yield with only a trace of the 6-isomer, hydrolyzed with acid to give 51% of the
5-aminomethyl compound. Nitration of the 5-phthalimidomethyl compound
occurred in the 6-position (53% vyield), and after hydrolysis the 5-aminomethyl-6-
nitroFischer’'s base was obtained in 59% yield. Amidomethylation of tetramethy-
lindoline, however, occurred in the 6-position in 63% yield, and after mercuric
acetate oxidation, 6-phthalimidomethylFischer's base was obtained in 67% yield.
Nitration (79%) and hydrolysis gave the isomeric 6-aminomethyl-5-nitro
compound‘}6 The aminomethyl group is a useful link to polymers, sensitizers,
initiators, etc.

Fischer's aldehydes having a 2-hydroxyethyl or 2-chloroethyl substituent on the
N atom and a 5-nitro substituent were prepared by formylation of the corresponding
2,3,3-trimethylindoline[1,2p]oxazines. According to the NMR and IR spectral
evidence, the aldehydes, both in solution and the solid state, existed entirely in the
open chain form rather than as 2-formylmethyl-2,3,-dimethylindolinoflo2-
azines?’

Alkylation of Fischer's base generally occurs on the methylene group. Reaction
with a-iodoacetamide gave a 26% yield of the spiro product, 5'-oxo-1,3,3-trimethyl-
1,3-dihydrospiro-[B-indole-2,2'-pyrrolidine] 89). Treatment with perchloric acid
opened the pyrrolidone ring and gave in 80% yield the Fischer’s base salt having a 2-
(2-carbamoylethyl) substituent@. No information is given as to whether the spiro
compound is photochromic, or whether the Fischer's base salt can be further
condensed with salicylaldehyd®s.

Alkylation of 7-(un)substituted-9,9,9a-trimethyl-1,2,3,9a-tetrahydb-9
imidazo[1,2-g]indol-2-ones 41) gave a mixture of the N-4g) and O-alkylated
(43) products; the latter can easily be separated from the mixture in ether by
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extraction with 0.5% HCI. Strong acid cleaves the ring of these O-ethers to give
iminoester salts4@), which are readily hydrolyzed to the 1-alkoxycarbonylmethyl-2-
methylene-3,3-dimethyl-5-substituted indolind$§,(n = 1)°
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Alkylation of 8-(un)substituted-10,10,10a-trimethyl-1,2,3,4,10-10a-hexahydro-
pyrimido[1,2-a]indol-2-ones 46) gave (unlike the five-membered ring case) chiefly
the O-ethers47), and gave them exclusively when triethyloxonium fluoroborate was
the alkylating agent. Upon treatment with acid, these similarly gave the 1-alkoxy-
carbonylethyl-2-methylene-3,3-dimethyl-5-substituted indolidés if = 2).5°

In the condensation of 1,3,3-trimethyl-2-cyanomethylene indolr& With
1,2-phenylenediamine, the product (68% vyield) was not the expected 2-(benzimi-
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dazol-2-ylymethyleneindoline4, R=H), but instead 6,6a, 11a-trihydro-6a, 11,11a-
trimethylindolo[2',3":1,2]pyrrolo[1,Z&]benzimidazole §0). This product resulted
from a Plancher rearrangement followed by ring closure. The condensation with
2-aminodiphenylamine gave in 35% vyield only the rearrangement product, 1,3-
dimethyl-2-methylene-3-(1-phenylbenzimidazol-2-ylmethylene) indolin®&1),(
which cannot cyclize furthet:

1.2.2.6. Preparations of Indolenines

2,3,3-Trimethylindolenine and its 5-methyl-, 5-chloro- and 7-chloro derivatives
react with phenyl isocyanate and various acyl isocyanates and isothiocyanates to
give 75-97% of the corresponding 1-carbamoyl-2-methyleneindols®s (vhich
isomerize to the 2-(carbamoylmethylene) indolinB8) ((41-85% yieldf? Whether
these Fischer's base derivatives after further N-alkylation will condense with
salicylaldehydes to form spiropyrans is not known.
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Scheme 22

The condensation of 2,3,3-trimethylinolenine with aryl aldehydes gave the
corresponding 2-styrylindolenines. Condensation with 5-nitrosalicylaldehyde and
its 3-bromo, 3-methoxy, and 3-nitro derivatives similarly gave the 2-(2-hydroxy-
styryl)indolenines (46, 73, 68 and 91% yields, respectively), rather than the
corresponding merocyanine or spiropyran forms. These indolenines were neither
photochromic nor solvatochrontic.

An exceptionally facile route to 2,3-dimethyl-3-methoxyindolenine, an inter-
mediate for Fischer’s bases having only one rather than the usual two alkyl groups in
the 3-position, consists of brominating 2,3-dimethylindole in the presence of
methanol*

A convenient synthesis of 3-alkyl-2,3-dimethylindolenines consists of treating
the 2,3-dimethylindole with BuLi to give the Li salt, followed by addition of the
alkyl iodide. Yields ranged from 45 to 70% for straight-chain alkyl groups, but fell
to 36% with isopropyl iodid&> N-alkylation of the resulting indolenines with a
different alkyl will lead to Fischer’s bases in which the 1-alkyl and one of the 3-alkyl
groups are different from each other and also are not methyl.
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A synthesis of 3,3-disubstituted indolenines suitable for industrial use involves
the addition of CQ under pressure to a 3-alkyl-1-butyn-3-ol to give nearly
guantitative yields of the 4-alkyl-4-methyl-5-methylene-2-oxo-1,3-dioxol&de (
This upon heating with an arylamine in the presence of Zmtlan aromatic solvent
with azeotropic removal of the water formed gives nearly quantitative yields of the 4-
alkyl-4-methyl-5methylene-2-oxo-1-aryl-1,3-oxazolidine 55).  Heating this
compound with ZnGlin a high-boiling mineral oil causes cyclization and loss of

CO, to give 75-85% of the corresponding indolenif) £°; details are given in a
patent57 The intermediate methyleneoxazolidirg5) does not condense with 5-
nitrosalicylaldehydé.
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1.2.2.7. Preparations of Indoles

Although the Fischer synthesis can give an indolenine directly, it is best known
as an indole synthesi&.The synthesis of 1,2,3,4,7-pentamethylindole is typical.

The Fischer synthesis has also provided 5-(2-pyridyl)indole, whose longest wave-
length absorption band is at 302 nm, which is 19 nm longer than the corresponding
band in the spectrum of 5-phenylindéfeA 5-pyridylFischer's base therefore might
give a spiropyran sensitive to violet or blue light, but such a base or BIPS has not
been reported.

Details of the preparation of 2,3-dimethylindoles from acetoin and aromatic
amines have been report%]dfl'his variation of the Bischler synthesis is general,
usually gives good yields, avoids the use of the lachrymatory bromoketone, and is
convenient to carry out. It is the method of choice for ring-substituted-1-alkyl-3,3-
dimethylFischer's bases (especially if the substitutents are one or more alkoxy
groups), since the ring-substituted aniline can be used directly, and need not be first
converted to the corresponding phenylhydrazine. In the reaction between an
arylamine and are-hydroxyketone, a crucial step is the rearrangement of an
imino-tert-alkanol to an anilinoketon®.

The intramolecular cyclization of substituted 2-alkenylanilireed (catalyzed
by PdC}, affords a novel route directly to 1,2,3-trialklylindolés8), which can be
further methylated to Fischer’'s base salts. The cyclization reaction is complex, and
the reaction mixture contains much of the corresponding quinoline comps@nd (
The composition of the crude product and its yield depend strongly upon the nature
of the substituents. The yields of pure indoles are mod&rate.

An unusual indole synthesis consists of reaction between a 1-methyl-3-
nitropyridinium salt 60) and theN-methylimine of a dialkyl ketones().
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A mixture of three products is obtained, in which the 7-methylated inéi@)e (

R’ = Me) predominates (when methyl ethyl ketone is the ketone used), and
predominates greatly when a substituent is present at posifibThe reaction
mechanism is extremely complex, and the 7-methyl group is claimed to arise from
the ethyl group of the ketimine. The synthesis is general, but gives a mixture of
polyalkylated indoles in poor yield. Instead of a preformed alkylimine, a simple
mixture of a dialkyl ketone and a primary alkylamine can be used. The N atom of the
indole is provided by the alkylamine; the N atom of the pyridinium salt is eliminated,
along with the nitro group>®’

Another novel indole synthesis consists of the addition of a nitrile oxide to 1-
carbethoxy-2-(or 3-)allylpyrrole, reduction of the resulting isoxazol68 (0 af3-
hydroxyketone, and regiospecific cyclization using zinc or magnesium triflate to a 4-
(or 7)-substituted indoleGél).68 The overall yields are excellent.

Yet another novel indole synthesis involves a Diels—Alder addition of a
dienophile to a 2- (or 3-) (2-nitrovinyl)pyrrole to give in 46-50% vyield indoles
(65) irégwhich the dienophile moiety appears in the 4,5- or 6,7-positions, respec-
tively.

1.2.3. Preparations of Spiropyrans

The condensation of the two “halves” of a BIPS or other spiropyran involving a
nitrogen heterocycle generally goes rapidly and smoothly. In most cases the
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hydroxyaldehyde and the Fischer's base, or the quaternary salt and an equivalent of a
base such as triethylamine, are refluxed in ethanol or isopropanol and the relatively
poorly soluble spiropyran precipitates from the reaction mixture. If the spiropyran is
easily soluble in low-polarity solvents, the above reactants may be refluxed in
heptane with azeotropic removal of the water formed, and the triethylammonium salt
removed by filtration. The product isolated from the hepfane may be contaminated
with significant amounts of triethylammonium salts, which are easily observed in the
NMR spectrum.

The methylene bases of most heterocycles generally dimerize instantly upon
formation, and the quaternary salts must be used. However, Fischer's Bases are
reasonably stable as the monomers, and even those of relatively high molecular
weight, such as the 1- or 3- phenyl compounds, can be distilled. The essentially
colorless base should always be used immediately after distillation for preparing
a BIPS; the product spiropyran will be obtained in a state of high purity after
merely washing on the filter. Using old, colored Fischer’s base will contaminate the
desired product with the cyanine dye and other colored degradation products that are
very difficult to remove. The extinction coefficients for the cyanine dyes are 5-10
times those of the colored spiropyran in the same wavelength region. If the crude
Fischer's base cannot be distilled, or is heavily contaminated with indoles, indole-
nines, and tars from its synthesis, spiropyran formation serves as a separation
method.
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Normally the hydroxyaldehyde and Fischer’s base or corresponding quaternary
salt are used in equimolar amounts. Some hydroxyaldehydes readily form the poorly
soluble, nonphotochromic “dicondensed” 3,4-dihydroBIPS having a second
Fischer's base moiety as a substituent in the 4-position. Salicylaldehyde itself does
this, as do many 3-alkoxy (especially methoxy) salicylaldehydes containing addi-
tional substituents. To minimize the formation of the dicondensed product, add the
Fischer's base slowly to a 5-10% excess of the aldehyde. The readily soluble excess
aldehyde is easily removed from the (usually) poorly soluble desired BIPS.

If the desired BIPS is much less soluble in the reaction solvent than the
reactants and side products, as is often the case, it can be obtained highly pure and in
high yield. Thus, for example, the procedure described in section 1.5.1 gives a 95—
98% vyield of 8-ethoxy-6-nitroBIPS of 99+% purity. More typically, this procedure
has given 70—-85% yields with dozens of different BIPS.

The BIPS will be poorly soluble in lower alcohols if it is prepared from parent
or halogen-substituted Fischer’'s base, or if the salicylaldehyde used has a 5-nitro
substituent alone or with additional methoxy, ethoxy, or halogen substituents
(isomeric dyes from a 3-nitrosalicylaldehyde are significantly more soluble).
Fischer’'s bases having longer-chain alkyl groups or phenyl groups in the 1- and/
or 3-positions give BIPS having greater solubility.

Although ethanol is the usual reaction solvent, lower ketones such as 2-
butanone are also useful solvents if an intermediate contains a group reactive to
alcohols, e.g., 1-(2-carboxyethyl)Fischer's Base hydroiotfide.aromatic solvents
such as toluene, the condensation proceeds well and the water formed may be
removed by azeatroping, but the product generally is easily soluble, requiring
concentration of the reaction mixture. Separation of pure spiropyran from colored
impurities of similar solubility may then be tedious.

The preparation, filtration, washing, and drying of the spiropyran should, of
course, be carried out in the absence of direct or diffuse daylight, and if possible
under incandescent or “gold” (minus blue) fluorescent lamps. There is sufficient UV
radiation available from ordinary fluorescent lamps to significantly color a still-damp
filter cake of a sensitive compound.

If the highly polar methanol or “wet” ethanol is the reaction solvent, the
position of thermal equilibrium is shifted to the colored form, and the crystallized
product is significantly colored. In anhydrous ethanol or isopropanol, the spiropyran
is less contaminated with the colored item. The crystallization should take place as
fast as practical in order to get small, easily washed crystals. Slow cooling gives
large crystals that occlude the colored mother liquor and that cannot be simply
washed clean. Most simple BIPS are white or pale yellow solids when entirely pure;
traces of the usually blue-colored form will impart a bluish or greenish tint to the
solid. A dirty maroon or red-brown (rather than bright magenta) color indicates
impurities from oxidized Fischer’s base.

Recrystallization of 6-nitroBIPS and its simple (methoxy, lower alkyl, halogen)
substituted derivatives is often best carried out fpure ethyl acetate (i.e., free of
ethanol and acetic acid) with use of decolorizing charcoal. Most dyes have a large
temperature coefficient of solubility and crystallize beautifully.



34 Robert C. Bertelson

The melting point behavior observed in a capillary tube is an excellent indicator
of purity. A pure BIPS exhibits no (thermal) coloration until just a few degrees
below its melting point, and then colors rapidly and intensely. The melt in most cases
is pure blue and not violet (even if the irradiated solution color is violet). More
significantly, the vapor space in the tube above the melt will be colorless. Impure
compounds generally show the pinkish vapor of Fischer's base even if the melting
point is not lowered.

High-performance liquid chromatography (HPLC) can be ambiguous in indi-
cating purity; a pure spiropyran may thermally equilibrate in a polar mobile phase
and the open and closed forms will appear as two peaks.

The N-heterocyclic quaternary salts of nonaromatic enamines, such as the
tialkyl-3,4,5,6-tetrahydropyridinesA-1-pyrrolines, and 5,6-dihydroH2thiazines,
are very sensitive to water, and molecular sieves need to be used in conjunction with
azeotroping to keep the reaction mixture anhydrous. Preparing and handling these
intermediates and spiro compoufftsm them requires great care.

For the preparation of spirobi(pyrans), the pyrylium salt (preferably the easily
purified perchlorate or fluoroborate) may be used, but it is often more convenient to
merely condense the appropriate hydroxyaldehyde(s) with the requisite aliphatic
ketone either directly using gaseous HCI in ethanol, or via a base-catalyzed
condensation to first give a 2-hydroxychalcone intermediate.

Preparative details, typical for their respective classes of compounds, have been
disclosed for several spirdd1-benzopyran-4,3'-[A]naphtho[2,1 b]pyran)s (B-
naphthoisospiropyrang‘l); for 3-methyl-6-nitrospiro(®-1-benzopyran-2,3'[3H]-
naphtho[2,1 b]pyran)72; and for 3-phenyl-6'-nitrospirof2-1-benzopyran-2,2'[&'-
1'-benzopyran):

Detailed directions for preparing 26 spiropyrans having a piperidine or
tetrahydrothiazine ring are given in a patént.

A summary of synthetic methods for obtaining spiropyrans from benzo-
dithioles, benzoxathioles, and 1,3-dithioles is given elsewRere.

1,3-Dimethyl-2,1 -benzisoxazolium perchloraé®,(X = O) condensed with 2-
hydroxynaphthaldehyde to give an 87% yield of the hgg4= 520 nm) styryl salt
(67, X = O). Treatment of this salt with base (Scheme 28) gave an 80% vyield of the
spiropyran 68), which was thermochromic, turning redgnot given) at 155°.
Photochromic behavior, if any, was not mentioned. The analogous 1,3dimethyl-
2,1 benzisothiazolium6g, X=S) and 1,2,3-trimethylindazoliuntg, X = NMe) salts
were condensed with aromatic aldehydes to give styryl dyes, but their conversion to
the corresponding spiropyrans was not mentidfied.

Not all heterocyclic methylene bases give spiropyrans (at least under the usual
conditions). 1,3,4,5,5-Pentamethyl-2-methylene-2,5-dihydropyrégE { did not
condense with 5-nitrosalicylaldehyde to give any photochromic matetiawever,
1-methyl-2-methylene-3,3,4,5-tetraphenyl-2,3-dihydropyrrai6),( prepared by
reaction of methyllithium with 1 -methyl-3,3,4,5-tetraphenylcrotonolactam, did
condense with 5-nitrosalicylaldehyde to give a product exhibiting reverse photo-
chromism: the unexposed form was red and the exposed form yellow. This behavior
probably represents a trans to cis isomerization of the open7form.
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The preparation of 8,10, 10-trimethyl4HGpyrido[1,2-a]indolium salts has been
described” These Fischer's base analogs condense with salicylaldehydes in the
same manner as other aromatic aldehydes to give styryl dyestuffs rather than
spiropyrans’

The preparation of 2-hydroxy-3 -pyridinecarboxaldehyde and its 6-acetamido
derivative, and their condensation with Fischer's base to give the corresponding
spiropyridopyrans have been described. The acetamido spiro compound selectively
recognizes guanine, which traps the open colored form by triple hydrogen bond
complementarity, thus signaling the presence of guanosine derivatives.

6-Methyl-8-formyIBIPS {1, Z = O) was condensed with amines to give in 36—
61% yields the 8-anils (Z = N-R) (R = benzyl and 4-X-phenyl, [X = acetyl, nitro,
and methyl]), and with aldehydes to give in 62-76% yields the 8-styryl ketones
(Z=CH-R") (R' = methyl, phenyl, and 2-hydroxyphenyl). The styryl ketones were
shown by their NMR spectra to be the cis isomers. Of the anils, only the 4-nitrophenyl
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derivative was photochromic (in 2-propanol at =785, = 587 nm.) All three styryl
ketones were photochromid {,, = 628, 615, and 617 nm, respectivel.)

A BIPS having hydrogen rather than alkyl on the 1'-nitrogen atom could
possibly be formed from the reaction between a 2,3,3-trialkylindolenine and a
salicylaldehyde. However, the reactions between 4-nitro-2,3,3,7-tetramethylindole-
nine and five different substituted salicylaldehydes (3-methoxy-5-nitro; 5-nitro; 3-
bromo-5-nitro; 3-nitro-5-methoxy; and 3-nitro) gave only the 2-hydroxy(substitu-
ted)styryl dyes, which were not solvatochromic or photochromic. The yields were 3—
7% based on 5-nitro-2-methylphenylhydrazine, the precursor of the indolenine used.
The NMR, UV, and mass spectrometry (MS) evidence excluded spiro or open
zwitterionic structures for these produtts.

5-AminoFischer’'s base was condensed with the diacid chlorides of glutaric,
pimelic, and azelaic acids to give in 70-92% yields the bis-amides, which upon
reaction with 5-nitrosalicylaldehyde gave 70-88% of the bis-spiropyrd®s (
n= 3,5,7). The alternative route, reaction of the acid chlorides with 5'-amino-6-
nitroBIPS, is impractical because of the difficulty of obtaining this BIPS. The bis-
BIPS exhibit strong photochromism. The open forms precipitate in nonpolar
solvents, which is apparently due to intra- or intermolecustncking&'
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1.2.4. Substitution in Spiropyrans

The spiropyrans can be brominated wittbromosuccinimide (NBS) in chloro-
form to give various substitution patterns that are dependent upon the nature of the two
halves of the molecule. In the case of 5-methylspiro-[5,6-dihydrophenanthridine-6,2'-
(2H-1-benzopyran)], two bromine atoms enter only the chromene but not the
phenanthridine portion to give the 6',8'-dibromo derivativga{ 540nm). In the
case of the BIPS compounds, more possibilities occur. Bromination of the unsub-
stituted BIPS occurs first only in the indoline ring to give a 77% yield of the 5'-bromo
compound, then threefold simultaneously in the indoline and chromene rings to give
60% overall yield of the 5',7',6,8-tetrabromo compound. To obtain the di- or tribromo
compounds, it is necessary to start with 6- or 6,8-dibromoBIPS. Bromination of 6-
nitroBIPS with one or two equivalents of NBS takes place only in the indoline ring,
giving 80 and 83% vyields of the 5'-bromo- and 5',7'-dibromo-6-nitroBIPS, respec-
tively. 8 This is the best route to these spiropyrans.

Bromination of 6-nitroBIPS to the 5'-bromo derivative could be carried out in
excellent yield with bromine in chloroform (95%Yl-bromosuccinimide in carbon
tetrachloride (95%), cuprous bromide in acetonitrile (87%), or bromine in chloro-
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form with boron trifluoride added (92%). Similarly, chlorine in chloroform or
cuprous chloride in acetonitrile gave the 5'-chloro compound in very good yield.
(Although 5-chloroFischer’s base is commercially available, this direct chlorination
is useful when the Fischer’s Base bears alkyl groups other than methyl in the 1- and
3-positions.) Nitration of 6-nitroBIPS in the 5'-position can be carried out using
nitric acid in acetic anhydride (43% vyield) or concentrated sulfuric acid (60%), or
better (87%), by adding sodium nitrite to the spiro compound in glacial acetic acid,
followed by simply stirring in air to oxidize the initially formed nitroso compound.
Treatment of the 6-nitroBIPS with the double salt of 4-nitrophenyldiazonium
chloride and mercuric chloride in acetone gave a 89% vyield of the orange-red 5'-
azosubstituted compound, which was not photochromic. The 5'-bromo-6-nitroBIPS
could be converted in moderate (21%) yield to the corresponding cyanoBIPS by
reaction with cuprous cyanide in pyridifie.Direct chlorination, bromination,
nitration, and azo coupling with 4-nitrophenyldiazonium salts introduce the substi-
tuent into the 5'-position of a BIPS in 83—-95% yiéitls.

Since aminosalicylaldehydes are very labile substances, the reductions of 6-
nitro and 6-nitro-8-methoxyBIPS were examined as routes to the corresponding 6-
amino compounds. The amino group is a versatile function for linking the spiropyran
to polymers, sensitizers, etc. Reduction with hydrogen and Raney nickel in benzene
gave the aminoBIPS derivatives (yield crude, 97%; purified, 48%), whereas in
ethanol solution the products were the 3,4-dihydro-6-aminoBIPS, possibly because
the open (merocyanine) form is present and the chain adds hydrogen faster than the
nitro group. 4

A method for preparing silica gel having BIPS groups bonded to it consists of
metallating 6-bromoBIPS with butyllithium and causing the 6-lithioBIPS to react
with silica. In a less efficient route to the same material, 4-methoxyphenyllithium
(from the metallation of 4-bromoanisole) was coupled with silica gel. The resulting
4-methoxyphenylated silica was demethylated with boron tribromide and the
resulting hydroxyphenyl groups were formylated by the Duff reaction to give the
corresponding salicylaldehydes; they were then treated with Fischer's base. The first
lithiation method was also carried out with 5'-bromoBIPS and 1'-(4-bromobenzyl)-
BIPS 8 This method should be generally useful for a wide variety of substituted
BIPS, since the lithio function could be converted to numerous groups; a substituent
such as nitro that is incompatible with an organolithium function can be introduced
in a subsequent step.

1.3. NEW MATERIALS. PROPERTIES AND STRUCTURE-
PROPERTY RELATIONSHIPS

1.3.1. Spiropyrans in Fluid Solutions

In the search for new photochromics, the spirobenzopyran—-merocyanine
structure suggests many variations. The size of the rings and the nature and
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placement of the hetero atoms can obviously be varied, for example. Some of the
earlier suggestior¥$ have been examined.

The oximes of 2-acylmethyleneindolines (Fischer’s aldehyde and ketones) can
be obtained in the spiro (31-82% yields) and open forms, as shown by %{CGnd
NMR spectra, and by X-ray diffraction analysis of the open form of the aldehyde
oxime.88 The thermal and acid—base reactions of these compounds were reported,
but nothing was said about photochromic properties. The spectral change on
treatment with acid is given only for the case of 3',4'-dihydro-5-(4-nitropheny-
lazo)-1,3,3-trimethylspiro[indoline-2,3'-isoxazole]3}: A,ax 425nm; open form
(74), 595 nm®89\When the substituent in the 5'-position of the spiro[indolineisox-
azole] was hydrogervb, R = H), treatment with acid gave the starting oxime by
cleavage of the spiro—O bond; when R was methyl or chloromethyl, the isoxazole
was recovered unchanged, or hydrolized to the original acylmethyleneindoline.
However, when the 5'-substituent was (un)substituted phenyl, acid cleaved the
spiro C—N bond rather than the spiro C-O bond, giving a 3-aryl-5-[1-methyl-1-(2-
methylaminophenyl)ethyllisoxazol§§). Upon heating, this partly reformed the
starting [5) to give the thermodynamic equilibrium mixture of the two forms (60%
spiro form in the case of the 5-phenyl substituent).

NO, NO,
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Balli, in summarizing?oa series of earlier papers, described the preparation and
properties of compounds having variations of the spiropyran structure, assembled
from 9 different “left-hand sides” and 19 different “right-hand sides,” as shown in
Figure 1.1.

The original objective was to obtain materials exhibiting reverse photochro-
mism (photobleaching with visible light and recoloration in the dark). The thermo-
chromic properties and coloration with acids were also of interest for applications in
thermal recording papers and carbonless copy papers. The thermodynamic para-
meters, equilibrium constants, and absorption maxima for the reversible coloration
reactions of a large number of compounds in several different solvents were
tabulated. To summarize the thermochromic results, the compounds with oxygen
linked to the spiro carbon atom behaved very similarly to the known spiropyrans,
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whereas the compounds with nitrogen in a five- or six-membered ring linked to the
spiro atom underwent thermally irreversible bleaching or showed no measurable
thermochromism. The absorption maximum of the 1',3',3'-trimethylspiro(4
imidazo[4,5,14 j Jquinoline-4,2'-[2H]indole (77, structure shown in Figure 1.1) is
550nm. An unusual solvatochromic shift was observed for the compound\spiro(
methylacridinepyridinobenzopyran) 7&), which reportedly has Xnax at 720nm in
benzyl alcohol and 600nm in xylene. All of the other compounds showed a shift less
than 60nm, and usually much 1e¥s.

Authentic N-analogs of spirobenzopyrans, the 1,2-dihydrospirquiholines
(79) (or their open forms), have never been isolated, despite many attempts during
the past 35 years. In reactions with Fischer’s base, 5-nitro-2-aminosalicylaldehyde
gave no reaction, whereas 2-aminobenzaldehyde gave only a pdlyFheropen
form of the desired compound could be considered a quinone monoimine and
therefore be expected to have poor stability.

Attempts to prepare spiro(1,3-oxazine8p)(by using the 2-imino analogs of
Fischer's bases gave in 67-77% yields only nonphotochromic &t)lswhich were
apparently stabilized by hydrogen bonding. Such anils from indoline bases are not
thermochromic either, but the corresponding anils from 2- or 4-iminopyridine or
quinoline are thermochromic, changing from orange to red in boiling chloroben-
zene®' Condensation of 2-imino-3,5-dimethylthiazoliding2)®? or 2-imino-3-
methylbenzothiazolin® with various substituted salicylaldehydes gave no
spiro(1,3-oxazines), but rather gave in 25-52% yields the corresponding bis(2-
ylidenamino)-2-hydroxyphenylmethane derivative83)( as shown by NMR and X-
ray structure analysis. These compounds also were thermochromic but not photo-

chromic %%
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“Carbon analogs” of BIPS were formed in 35-88% yields by the reaction
between Fischer’s bases and 2,4,6,-triarylpyrylium 3altse resulting 6-aroyl-3,5-
diarylspiro(cyclohexa-2,4-diene-1,2-indolines)84j were reportedly photochromic,
but details of their photochromic behavior had not been published at the time of
writing. Such spiroindolines, whose structures were confirmed by X-ray analysis,
represent a new class of photochromics. Since a wide variety of tris(substituted
aryl)pyrylium salts is readily obtainable, reports of many more examples of these
photochromics may be expected. The compounds having a methyl group on the
indoline N atom were relatively stable to acids, whereas those havikghenyl
substituent were unstable, easily aromatizing the cyclohexadiene ring by displacing
the indoline group with the concomitant ring opening, as shown in Scheme 29,
giving the corresponding 4,6-diaryl-2-[1-methyl-1-(2-phenylaminophenyl)ethyl]-
benzophenonesp).

Ar'
Me  Me Me_  Me Ar
@j& = R=Me
* | ——
N~ CH X O 6
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R ® Me H O Nar
lR=Ph @4 Ar’
Me Me
S er
85
ITIHO (85)
Ph Ph Ar
Scheme 29

Cyanine dyes having a 2-hydroxyphenyl substituent dhpasition of the
polymethine chain, proposed earfitas salts of the open form of spiropyrans, have
been preparetf and treated with base. The symmetrical indocyanine from Fischer's
base 86) gave the (yellow) 4-(Fischer’s base)-substituted spiropydgn (Scheme
30), but the unsymmetrical indocarbocyanines having one lepidine or quinaldine end
group did not undergo ring closure.

In a search for 4-substituted BIPS, Fischer's base was acylated with substituted
2-acetoxybenzoyl chlorides, and after removal of the acetoxy group via base
hydrolysis, the resulting (2-hydroxyphenacylidene)indolir88} (were treated with
phosphorus oxychloride followed by treatment of the resulting salts with aqueous
base to give the colorless spiro forms of the 4-chloroBI®% R=H;8-Me;6-
NO,;6,7-benzo) in low (14-39%) yield (Scheme 31). In contrast to the analogs
unsubstituted at position 4, these new compounds do not show any solvatochromic
effect and are not usefully photochromic. Examined by laser photolysis in benzene,
only the 6-nitro compound gave a visible absorption bang(about 570 nm), and
its half-life was 50 ns, compared with the nonchlorinated 6-nitroBIPS half-life of
100 s under the same conditions. The chlorinated BIPS exhibit irreversible thermo-
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Schemes 30 and 31

chromism when heated in dimethyl sulfoxide solution. The chlorine atom appears to
provide sufficient steric hindrance to prevent the ring clo%ure.

The series of spiropyran8Q) was prepared in 54-65% yield from 4-methyl-7-
hydroxy-8-formylcoumarin and cationic salts. The absorption maximum of the
colored forms of the dyes shown in Figure 1.2 were (Z, nm gives), (

R = Me;Prn-CgH;3;n-CgH 17;,CH,Ph, 560-565; 92), 570; @3), 600; ©4), 650;

(95), 630; @6), 620; and §7), 660. The spiro forms although coumarins, show
either no fluorescence or weak (quantum yield <Q0fluorescence in the 380-420-

nm region. The coloration efficiencies of the indoline derivatives were an order of
magnitude greater than those of the oxazolidine and the oxaindene compounds, and
two orders of magnitude greater than those of the other four comp8&lnds.

Condensation of indoleninium quaternary salts with 3-formiA4benzothio-
pyran-4-one and its pyran analog gave the cationic merocyanine d&s (
(Aax = 403—-435 nm) in 32-75% yields. In solution these decolorize reversibly
(Scheme 32) to the spirothiopyra®9) upon irradiation with visible light. The
corresponding dyes having a dimethylaminovinyl or 4-dimethylaminophenylvinyl
substituent in the 2-position haveAg.x of 556—725 nm, and decolorize in a
polyester film but not in solution.3
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Figure 1.2. Some spiropyrans containing a coumarin moiety.

The five spiroimidazodihydroquinoline compounds shown in Figure 1.3 exhibit
reverse photochromism and were studied in detail by both stationary illumination
and nanosecond time-resolved laser flash spectroscopy.

The quantum yields and kinetics of the photobleaching of these compounds
were determined, and their thermal coloration rates and activation energies were
measured. The pH dependence of the spectral absorption changes, due to both the
shift in the position of the protonation equilibrium between the spiro form and its
salt, and the equilibrium between the salts of the spiro form and the open form, were
also measured. A detailed analysis of the extensive data led to the spectroscopic
identification of the short-lived ground-state cis conformers of the open forms of the
five compounds studied. The photobleaching process is a photo trans—cis isomer-
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Figure 1.3. Spiroimidazodihydroquinolines that exhibit reverse photochromism.
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ization having a quantum vyield of about 0.5, followed by a thermal ring closure
having a rate constant of typically 16~ ! and an activation energy of about 30 kJ-
mol~ ! at room temperature. The rate of the thermal-cispiro ring closure is more
than 10 times the rate of the cis trans isomerization of the open forfh.

A molecule containing more than one spiropyran group, provided they are not
merely insulated from one another, for example, by a saturated alkyl chain spacer,
could possibly open the rings selectively or successively, and thus give different
colors with different irradiation wavelengths or intensities. The interesting dispir-
opyrans (00,X=6-NO,; 6,8-Bp), from the twofold condensation of a salicylalde-
hyde with 5,10-dimethyl-4,9-diethyl-4,9-diazapyrenium ditosylate in 35-54% vyields
exhibited observable photochromism only during flash photolysis, because the
thermal fading of the colored forms was very rapid. They were thermochromic,
however, and also pH sensitive, opening first one pyran ring to give the mono salt of
the spiro-substituted styryl dye, and then the second pyran ring at higher acid
concentration to give the (bis-styryl) dye. Similarly, the monospiropyfd$)( with
acid open the pyran ring, and at higher acid concentrations protonate the 9-N®atom.

101

The calculated spectrum of the open form of a spiro(indolino-2,2'-naphth[1,3-
bcJoxepine) (L02) indicates absorption in the near infrared region. Experimentally,
however, the reaction of Fischer's base with 8-hydroxy-1-naphthaldehydes gave,
according to théH and*C NMR spectra, different types of products, depending
upon the substituents present in the aldehyde. The unsubstituted aldehyde gave a
51% yield of the “dicondensed” seven-membered ring prodi@B);, the 5-nitro, 5-
bromo, and 5,7-dibromohydroxyaldehydes gave 75-89% of the naphthofuran
compounds 104); and only the 5,7-dinitroaldehyde gave the desired product, but
only in the open form (dark redmax Not given). None of these compounds showed
any detectable photochromic properties upon nonpulsed irradiation with UV
light'%° Whether the furan compounds which could be considered Fischer's bases
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substituted on the methylene group, would condense with a salicylaldehyde to give
the 3-substituted BIPS are not known.
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In attempts to prepare a spirbkdxocine (05), Fischer's base was allowed to
react with 2-hydroxycinnamaldehyde anddtsthyl-5-nitro, 5-bromo, 3,5-dibromo,
3-bromo-5-nitro, and 3,5-dinitro derivatives. As with the oxepines, the “dicon-
densed” productlQ6) was formed in the first four cases listed (36—-72% yield), and
the black, crystalline open form{7) of the desired product was formed (69%) with
the dinitro derivative. The bromonitro intermediate gave a mixture of the dicon-
densed product and the open form of the desired monocondensed product. In this
series also, none of the compounds exhibited any photochromic propétties.

0 NO,

In an alternative approach to spirooxocines, three vinylogs of Fischer’s
base were allowed to react with salicylaldehyde and 5-nitrosalicylaldehyde. Salicy-
laldehyde itself gave only the nonphotochromic dicondensed prodQéjsrf 24%
yield, whereas the nitroaldehyde gave simply 6-nitroBIPS. Apparently the Fischer’s
base vinylogs were cleaved to Fischer's base and the alkyl aldehyde (the reverse of
their syntheses) by the rather acidic nitrosalicylaldeHyde.



Spiropyrans 47

Attempts to obtain spiro(pyrans) (nbenzgyrans!) by the condensation of
Fischer’s base with simple 1,3-carbonyl compounds have failed for a long time. For
example, dibenzoylmethane and similar enoli@adiketones did not react under the
usual condensation conditiohsand experiments with malonaldehyde and its
derivatives have already been mentioned. With ketoaldehydes such as aroylacetal-
dehydes, 2-formylcyclohexanone, and 2-formyl-1-tetralone, the products formed in
40—-64% yield were the corresponding open-chain dimethinmerocyadiogs o
thermal or photobleaching of these materials was obséfietihis agrees with an
earlier calculation® that 1,3,3-trimethylindolinospiro-2,2'-pyrans should exist in the
open merocyanine form. The Fischers’s base cyclic analog, 4a,9-dimethyl-2,3,4,4a-
tetrahydrocarbazole, gave with salicylaldehydes 36—73% vyields of the corresponding
spirobenzopyrans 109, which could be colored with a UV pulse but faded
extremely rapidly. With all the ketoaldehydes tried, the carbazole derivative gave
as the only isolable product the open merocyanine form. Condensation with 4-
nitrobenzoylacetaldehyde in toluene, however, gave a photochromic and solvato-
chromic solution having two absorption peaks and an isosbestic point, indicating the
presence of the spiro for10).1%2
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The condensation of 4,6,8-trimethylazulenium and 1-ethyl 4,6,8-trimethylazu-
lenium perchlorates with salicylaldehyde gave the hydroxybenzylidene $alts (
R = H,Et) \,ax 504 and 511 nm) in 26 and 48% yields, respectively. However upon
deprotonation (Scheme 33), neither the merocyanine nor the SpiroXaéncbuld
be isolated’®

Scheme 33
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In attempts to prepare 3-acyl-substituted BIRE3), various salicylaldehydes
were condensed with 1,3,3-trimethyl-2-formylmethyleneindoline (Fischer’s alde-
hyde). In alcohol, dimethylformamide, tetrahydrofur&iymethylpyrrolidone, and
hexamethylphosphoramide as the sole solvents, decarbonylation occurred and the
only products were the BIPS compounds. However, in dimethyl sulfoxide, 5-nitro-
and 3-bromo-5-nitrosalicylaldehydes gave 11 and 5.6% of the desired 3-formyl-
BIPS, respectively. The structures were assigned from their IR and NMR spectra.

O« _-R

Me Me

O R=H, Me, Ph

Me
113)

Alternatively, direct electrophilic acylation of a BIPS also occurred in the 3-
position. Vilsmeier formylation of 6-nitroBIPS gave 22% of the 3-formyl derivative
(113,R=H); acetic anhydride with boron trifluoride etherate in chloroform solvent
gave 56% of the 3-acetyl compoundil8, R=Me); and benzoyl chloride with
aluminium bromide in carbon disulfide solvent gave 26% of 3-benzoyl-6-nitroBIPS
(113,R=Ph). None of the 3-acyl BIPS showed any coloration upon UV irradiation
in any solvent:®®

Fischer's base reacts with perfluorocarbonyl compounds to give in 67 and 96%
yields the carbinols1(14) shown in Scheme 3%’ Use of 2-trifluoroacetylphenol
could possibly result in a spiropyran bearing a trifluoromethyl group in position 4

(115.
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Scheme 34

5-Acetylindole and methyl iodide at 150°C for 15 hr gave the unstable 5-
acetylFischer's base, which upon immediate reaction with the appropriate salicy-
laldehyde was converted to 5'-acetyl-6-nitroBIPS and its derivatives containing
bromo, methoxy, and nitro groups in the 8-position. Compared with the correspond-
ing compounds without the acetyl substituent, the positions of the absorption
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maxima were 2-8 nm longer, the quantum yields of coloration were significantly less
(0.24 vs. 0.61 for the 6-nitro-8-methoxy case), and the thermal fading kinetics were
not simple first-order, but rather the sum of two first-order processes having rate
constants differing by about one order of magnitdiéfe.

The nitration of 5-chloromethylsalicylaldehyde in the absence of water gave the
3-nitro derivative in 43% yield, which was very easily converted to the hydroxy-
methyl and acetoxymethyl compounds. These gave the corresponding photochromic
8-nitro-6-substituted BIPS, which had,., 590 and 600 nm, respectively. Compared
with 8-nitroBIPS itself, the thermal fade rates of the compounds having the additional
6-substituents were slightly faster in toluene and slightly slower in didk&ne.

A wide variety of 3-(substituted)methyl-5-nitrosalicylaldehydes were prepared
in 50-95% yields from the 3-chloromethyl compound, the isomer of the compound
described in the preceding paragraph. The substituents were piperidino, hydroxy,
methoxy, ethoxy, 2-methoxy-ethyl, 2-(2-methoxyethoxy)ethyl, mercapto, thio-
methyl, thioethyl, thioisopropyl, and thiopropyl. These were condensed with
Fischer’s base and its 1-isopropyl and 1-phenyl analogs, and also with 3-methyl-2-
methylenebenzothiazoline and its analogs having methyl, phenyl, methoxy, ethoxy,
isopropoxy, and propoxy substituents on the methylene group, to give 34 different
spiropyrans in yields ranging from 20 to 86%. Their spectral, kinetic, and “color-
ability” data have been tabulatétf.

A series of Fischer's bases having additional rings (2,3-benzothiophene, 2,3-
indene; 2,3-inden-1-one, and cyclohexyl) annellated to the 4,5- and 5,6-positions of
the indoline (giving angular and linear annellation, respectively) was prepared in
very poor yields via the Fischer synthesis and condensed with 5-nitro, 5-nitro-3-
bromo-, 5-nitro-3-methoxy-, and 3-nitro-5-methoxy salicylaldehydes. All of the
resulting BIPS were photochromic. The annellated rings caused a bathochromic shift
of up to 20 nm in both the long- and short-wavelength band of the colored form,
compared with the corresponding 5'-phenyl-substituted BIPS. However, the annella-
tion did not change the thermal fading rates significattly.

Because spiropyrans (and especially BIPS) are relatively easy to prepare, a
variety of compounds are available from which to deduce correlations (usually
semiempirical Hammett-like equations) between structure and photochromic para-
meters in dilute fluid solutions. The photochromic behavior of a single dye in a
variety of solvents can also be correlated with a solvent parameter ségh ds
applications, however, the dyes are almost always relatively concentrated in a bulk
polymer or a polymeric binder film, and various other additives such as antioxidants,
surfactants, fire retardants, plasticizers, and other colorants are also present. Under
these conditions, the observed photochromic behavior is often very different from
that predicted by the dilute fluid solution correlations.

The absorption maxima in toluene and ethanol, the thermal fade rate constants
in toluene and dioxane, and the kinetic parameMisandA Sfor a series of 1'-
phenyl- and 1'-carbethoxymethyl-6-nitro BIPS having also methoxy, bromo, or nitro
substituents in the 8-position have been recorded. The effects of the substituents on
the Amax and the rate constants are discussed. The preparation of 1-carbethoxy-
methylFischer's base is given in detdi.
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The thermal fading rates were measured in toluene at 10°C for a series of 6-
nitroBIPS having additional substituents (nitro, methoxy, chloro, bromo, carbo-
methoxy, and carboethoxy) in the 5'- and 8-positions. The rate constants were fitted
to an equation of the form logkfk) =p101 + p20, With a correlation coefficient
r=0.85. This relatively low correlation coefficient, which is not improved by
attempts to include the specific steric effects of the 8 substituent or by including
the cross-ternpy,0102, implies the complexity of the substituent effects on the
fading rate'*?

In a search for visible-light photoinitiators for stereolithography, the 6,8-diiodo-,
6-nitro-8-iodo-, and 6-nitro-7-methoxy-8-iodo- and 1'-benzyl-6-nitro-7-methoxy-8-
i0doBIPS [respectiv@ .« (nm) and first-order half-lives for thermal fading (s): 606,
35; 572, 330; 568, 70; and 578, 15] were converted to their colored forms by heat or
UV irradiation in solution in trimethylolpropane triacrylate containing added
coinitiators. The benzyl compound with addédphenylglycine was the best
initiator when irradiated with a 632-nm laser bedh?!!®

A series of indolino- and benzothiazolino-spirobenzopyrans was prepared (69-
88% yield) and the thermal fade rates in ethanol and toluene solutions determined.
The indolino compounds had isopropyl and phenyl substituents on the indoline N
atom, hydrogen and methoxy in the 8-position, and a 4-X-phenylazo substituent in
the 6-position, where X was hydrogen, methoxy, and nitro. The benzothiazolino
compounds all had methyl groups on the benzothiazolino N atom and methoxy in
the 8-position, the 4-nitro or methoxyphenylazo substituent in the 6-position, and a
methyl or methoxy group in the 3'-position. The presence of the phenylazo
substituent shifted th@ nax of the spiro compound to the 370-410-nm region.
This substituent efficiently absorbed the irradiating light, so that the coloration rate
was very slow'®

8-Bromo-6-nitro-BIPS having F, Cl, and Br substituents in the 5'-position, and
1'-(4-R-phenyl)-5'-R-8-bromo-6-nitro-BIPS, where R=H, F, Br, and Me, were
prepared and their photochemical kinetic behavior in toluene solutions determined.
Analysis of the data gave the kinetic parameters of thermal decoloration rate,
coloration quantum yields, and decoloration quantum vyields. The Hammett-type
correlation between structure and thermal decoloration rate agreed with that found
earlier by Bermaet al."*’A similar correlation for the two quantum yields was very
tentative. Qualitatively, the photocoloration quantum yields increased in parallel with
the thermal decoloration rates. Notably, the quantum yields for coloration were larger
than the quantum yields for decoloration when the indoline nitrogen of the
spiropyran carried a methyl group, but the reverse was true when the nitrogen
carried a phenyl or substituted phenyl grdtipin the correlations involving the
substituent on th&l-phenyl group, an apparent reduced influence of the substituent
was attributed to the rotation of the phenyl ring out of the plane of the chromo-
phore*?

When formed on cellulose [thin-layer-chromatography (TLC) plates], the
colored forms of 6-nitro-8-methoxyBIPS and of trimethylindolinospironaphthoxa-
zine are stabilized against thermal or photoerasure by interaction with nickel or zinc
salts of hydroxycarboxylic acids or dicarboxylic acids. The zinc salts of 1-hydroxy-
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and 3-hydroxy-2-naphthoic acids were most effective in retarding the fading.
Presumably the amphoteric or zwitterionic nature of the zinc salt permits its
complexation with the zwitterionic form of the colored dye, as in the similar case
of the color reactants used in carbonless copy pfer.

The thermal fade rates of 6-nitroBIPS and its 8-bromo, 8-iodo, and 8-methoxy
derivatives were measured in 13 solvents of varying polarity. Plotting the log of the
rate constants vs. thet values of the solvents gave linear plots, not double-
branched ones as found later by this research group. The ring closure involves a
zwitterionic transition state. Semiempirical molecular orbital (MO) calculations
predict that the most stable merocyanine configuration is the cis-trans-trans-cis
form. 121,122

The thermal fading rates and the absorption maxima of the colored forms of
three different 6-substituted 5'-chloro-8-nitroBIPS (6-H, 6-Me, and 6-Br) were
determined in 20 different solvents of widely differing polarity. The plot of kog
vs. E 1 of the solvent was linear (with a negative slope) in the case of the 6-Br
compound, but was doubly branched in the other two cases. One branch had a
negative slope for high-polarity solventS:(> 40), whereas the other branch had a
zero slope for low-polarity solventE; < 40). Similarly, a plot of absorption
maxima (in wavenumbers) vErof solvent was linear (with a positive slope) in
the case of the 6-Br compound, and doubly branched in the other two cases. One
branch had a positive slope for high-polarity solvents, whereas the other branch had
a zero slope for low-polarity solvents. These observations were attributed to a
change in the ground-state structure of the open form from zwitterionic to quinoidal
as the solvent polarity changes: this change in structure causes the mechanism of
ring closure to change from an ionic process to a concerted electrocyclic process,
and the spectral behavior to change from a hypsochromic shift to a negligible
shift. 123,124

BIPS giving a negligible coloration upon irradiation (“nonactivated”), such as
the 6-phenyl and 6-phenylazo derivatives, were treated with HCI to give the salt of
the colored form. This was then treated with a tributylamine solution to give the
colored form whose thermal ring closure rate back to the spiro form was followed in
a stopped-flow apparatus. Measurements using the “activated” 5'-chloro-6-nitro-8-
methoxyBIPS gave rate results comparable to those obtained by the usual photo-
kinetic method. As in the earlier studies, the plot of the log of the rate constant vs.
the E 1 value of the solvents employed gave for the 6-phenylBIPS a linear plot of
zero slope, and for the other two compounds, doubly branched plots having a zero
slope for low-polarity solvents and a negative slope for polar solvents. This is further
evidence for a dual mechanism involving a transition state with zwitterionic
character in the more polar solvents and an electrocyclic process with an isopolar
transition state in the less polar solvelfts.

Extending these studies further, the absorption spectra of 6-nitro- and 6-
bromoBIPS, and the indolinospiro(haphthopyran), (naphthoxazine) and (phenan-
throxazine) were measured in 12 solvents of widely varying polarity, hésing
values ranging from 32.4 (CQIto 55.4 (MeOH), at several temperatures from 10 to
60°C. The effects of solvent polarity indicate that the colored form is quinoid-like if
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unsubstituted, and zwitterionic if substituted with an electron-withdrawing group.
The enthalpy change between closed and open forms decreased as the solvent
polarity increased. The long-wavelength absorption band of the colored forms could
be resolved into three Lorentzian—Gaussian component bands, and the solvent
dependence of the relative contribution of each band was detertfined.

A series of seven substituted BIPS were treated in toluene and ethyl acetate with
phenol and with 4-nitrophenol as proton donors. The changes in absorption spectra
indicated the presence of H-bonded complexes with the colored form. The
equilibrium constants and thermodynamic parameters for their formation were
determined. The complex formation slowed the thermal fade rate signifiﬁ%lently.

8-(Methacryloyloxymethyl)-6-nitro-3-octadecylspirof2 -1-benzopyran-2,2'-
benzoselenazoline) and analogs having 5'-methyl, 5'-methoxy, and 5',6'-dimethoxy
substituents were prepared and found to exhibit negative photochromism in various
solvents. The half-lives for recoloration of the photobleached forms were approxi-
mately 2—3 min in chloroform and 4-6 min in dimethyl sulfoxide at 25°C. In
dimethyl sulfoxide as solvent, the dye without a 5'-substituent could be cycled more
than 800 times before the absorbance decreased to 50% of the initial absorbance, but
in chloroform this degree of fatiguing occurred after only 40 cycles. In this solvent,
the fatigue products that were isolated included several chloro and trichloromethyl
adducts??’

Several spirobenzothiazolinopyrarid §) incorporating a crown-ether portion
were prepared in 74-90% yields. These were stable as the open\fpr188—

579 nm in various solvents), as were the HCI salts in two cases not containing a nitro
group Qmax 537-538 nm in methanol, 607-610 nmNjN-dimethylformamide). All
compounds exhibited reverse photochromism, bleaching to some extent with 2-5 s
of exposure to sunlight, and recovering in about 10 min in the dark or upon heating.
Photobleaching upon exposure to an “IR lamp” is also claimed, but this is
undoubtedly due to the visible light from the (unfiltered) lamp. No experiments
were reported onhe effects of introducing cations into the crown—ether mé#sty.

(oﬁ
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Twenty-two derivatives of spiro[(2-1-benzopyran)-2,2'-benzo-1',3'-dithiole]
(117) were prepared (35-80% yield) and studied. Most existed in solution only in
the spiro form, and were fast faders so that photochromism was observable only in
frozen solutions at 77 K. The colored forms,§yusually in the 550-600-nm region)
were stabilized by 7-diethylamino and 7,8-benzo groups. The benzodithiolane and
benzoxathiolane spiropyrans exhibit positive solvatochromism, rather than the
negative solvatochromism that is usual for spiropyi‘éﬁs.
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Fourteen derivatives of spiro[t2-1-benzopyran)-2,2'-1',3'-dithiolane] {8
were prepared (64—81% vyield) and studied. They existed in solution as the spiro
form, exhibiting observable photocoloration only at —100°C. The colored forms
(Amax usually in the 600-615-nm region) were readily decolorized upon heating or
irradiating with visible light. Their spectra underwent hypsochromic shifts upon
introduction of a donor (alkoxy) substituent in the 7-position, annellation of a
benzene ring to the 5,6- positions, or replacement of the sulfur atoms with oxygen
atoms !

All of the protons in each of 12 thermo- and photochromic BIPS were assigned
through a combination of homonuclear decoupling experiments and correlation
spectroscopy. The relative stereochemistry of the gem-dimethyl groups could be
assigned on the basis of Nuclear Overhauser Effect (NOE) experihiénts.

A pairwise condensation of Fischer's base and 5-nitroFischer’s base with
salicylaldehyde, 5-nitrosalicylaldehyde, 2-hydroxy-1-naphthaldehyde, and 6-nitro-
2-hydroxy-1-naphthaldehyde gives six spiro compounds containing at least one nitro
group. These were reduced electrochemically in acetonitrile or chemically with
potassiuntert-butoxide in dimethyl sulfoxide or with tetrabutylammonium borohy-
dride in tetrahydrofuran (THF). The electron paramagnetic resonance (EPR) spectral
parameters showed that in all the radical anions the unpaired electron is localized in
the moiety bearing the nitro group, indicating no significant conjugation between the
two halves of the molecule. The two compounds bearing a nitro group in each half of
the molecule gave striking results: under mild reduction conditions, the electron was
localized in the nitrochromene half, under vigorous conditions, the electron
appeared to be localized on the nitroindoline fid.

1.3.2. Spiropyrans with Long-wavelength Absorption

Spiropyrans whose open forms absorb strongly in the infrared and whose
closed forms absorb only weakly in the visible are of interest for several applica-
tions. In one approach to such dyes, the pyran oxygen atom is replaced by a sulfur
atom to give spiro(8 -1-benzothiopyran-2,2-indoline) compourtd®®* Few of
these are known because of the general difficulty of preparing the 2-mercaptoben-
zaldehyde intermediate. However, its 5-nitro derivative is easily available (64%
yield) via the displacement of chlorine from 2-chloro-5-nitrobenzaldehyde by
Na,S3% or NasS, and has been condensed with several different Fischer's
bases.34:136 [eading to novel spirothiopyrand 19 that absorb above 800 r#f.

The corresponding selenopyrans have not been reported. However, selenochromenes
(2H-1-benzoselenopyrans) 1Z0) are known and are photochromic compounds
absorbing beyond 900 nm, but are very unstafile.
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Another approach to obtaining spiropyrans whose colored forms absorb in the
infrared is to use a heterocyclic base, such as those displayed in Figure 1.4, based
upon benzidlindole (121), 2-azaazulenel@?),'3%-14! pyrroloanthrong123), **2and
other ring systemsl@4, 12543

Thus, the condensation of 2-phenyl-1,3,6-trimethyl-2-azaazulenium perchlorate
with 5-nitrosalicylaldehyde gave the cationic styryl dyg,,( 510 nm) in 56%
yield.»* This dye is the salt of the open form of the corresponding spiropyran, and
upon treatment with base, a reaction which was not originally reported, was found to
give the expected dy@ 26), which absorbs at 733 and 536 nm. This material did not
thermally fade or photobleach to any significant extent with visible light in either
polar or nonpolar solvents.

In a third approach to obtaining absorption at longer wavelengths, the
chromophore can be extended, as evidenced by the bathochromic shift of 43 nm
in going from 6-nitro- to 6-(2-nitrovinyl)BIPS$** Accordingly, styryl and substituted
styryl groups were placed in the 6-position of BIPS. The 5-chloromethyl derivatives
of salicylaldehyde and 3-nitrosalicylaldehyde were prepared and converted to their
triphenylphosphonium salts. The former salt underwent the usual Wittig reaction
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Figure 1.4. Heterocyclic quaternary salts that should give dyes absorbing in the infrared.
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with benzaldehyde and 4-nitrobenzaldehyde to give 5-styryl- and 5-(4-nitrostyryl)-
salicylaldehydes in 55 and 28% vyields, respectively.

The latter salt gave 5-methyl-3-nitrosalicylaldehyde in 44% vyield under the
usual conditions, presumably because of hydrolysis of the poorly reactive phosphor-
ane; with moisture excluded and dry toluene as solvent, the desired 3-nitro-5-
styrylsalicylaldehyde was obtained in 10% yield. The 5-styrylsalicylaldehyde was
also prepared in 44% yield by the alternative route from 5-formylsalicylaldehyde and
triphenylbenzylphosphonium chloride. Nitration of 5-formylsalicylaldehyde gave its
3-nitro derivative in 47% vyield. These variously substituted salicylaldehydes were
condensed with Fischer's base and its 3-phenyl analog to give in 20-34% yields a
series of styryl-substituted BIPS, e.d.27). The BIPS having a 6-formyl group also
underwent the Wittig reaction, giving a further alternative route to the styryl-
substituted compounds. All the styryl compounds had the trans configuration,
according to IR, UV, and NMR spectra. The 8-nitro-6-formyIBIPS was negatively
photochromic: its intensely colored solution in ethaiglax 530 nm, bleached with
visible light irradiation. The 6-styryIBIPS did not color-under UV irradiation. With
the exception of 6-(4-nitrostyryl)BIPS, all the other spiropyrans were photochromic.
One might have expected the nitrostyrylBIPS to color, considering it merely as a
vinylog of 6-nitroBIPS. The BIPS having a phosphonium salt substituent were
soluble in water to give intensely coloreXhzx 525 nm) solutions. The response of
these solutions to irradiation with UV or visible light was not reported; one would
expect some photobleaching with visible light. The introduction of the styryl
substituent in the BIPS gave rise to a bathochromic shift of about 80 nm in the
long-wavelength band of the colored form; the formyl group, as expected for an
electron acceptor, gave rise to a hypsochromic hift.
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In an attempt to obtain spiropyran colored forms absorbing at relatively long
wavelengths but not having a nitro group, 6-methyl-8-formyIBIR§2(590 nm)
was prepared (56% yield) and condensed with benzylamine and anisidine to give the
corresponding azomethines (36 and 61% yields, respectively); neither of these were
photochromic in 2-propanol at —70°C. The formyIBIPS was also condensed with
acetone and acetophenone to give the corresponding 8-acetylvinyl- and benzoylvi-
nylBIPS compounds in 62 and 76% yields, respectively. These were photochromic,
having a\ max at 628 and 615 nm, respectivéls.

A recent review discusses the synthesis, spectral properties, and photochemical
behavior of novel spirobenzopyrans, Spiro-1,4-oxazines, dtheclomenes. It
emphasizes the structural features needed for infrared-absorbing photoisomers,
luminescent stable forms, improved fatigue resistance, and spiropyrans exhibiting
photochromism in vacuum-deposited filts.
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1.3.3. Spiropyrans as Vapor-Deposited and Amorphous Films

Vacuum-deposited films of 6-nitroBIPS having in the 1'-positiealkyl chains
of 1, 7, 12, and 18 carbon atoms are amorphous and colorless, but crystallize upon
standing. The films color with UV exposure, and the colored film bleaches upon
exposure to visible Iighjt‘.18

6-NitroBIPS having in the 5'-position (4'-X-benzoyloxy)-benzylidenamino
substituents 128), where X is cyano, methoxy, amitthexoxy, form amorphous
films exhibiting birefringence when colored. The bulk materials exhibit quasi-liquid
crystalline properties, intermediate between supercooled liquids and mesophases,
which are attributed to the interactions between small ordered domains of the
spiropyran moleculed®

AR
(128) Me

Vacuum-deposited films of 6-hydroxyBIPS are glassy and colorless. Ultraviolet
irradiation gives a deep blue color which, upon irradiation with visible (>500 nm)
light or heating changes to a pale blue color. The original colorless state is never
attained. A study of infrared spectra suggests that two cisoid open forms, H-bonded
together, are responsible for the deep blue color, whereas the light blue color can be
attributed to one cisoid open form H-bonded to one closed spiro form. No cis—trans
isomerization is involved, as in the case of 6-nitroBIP'S.

Ordinary vacuum deposition of 6-nitroBIPS gives a film lacking mechanical
strength and having mixed amorphous and crystalline phases, which rapidly crystal-
lizes further and is then not significantly photochromic. If the vapor is irradiated with
intense UV light during the deposition, the resulting film is completely amorphous,
highly colored (its infrared spectrum shows that it is completely the colored form,
without any decomposition products), and thermally stable for over 3 months at
room temperature; heating decolorizes the film. The usual incompletely colored film
is obtained if the heated dye source or the receiving substrate but not the vapor path
is irradiated. This result strongly suggests that the spiropyran is undergoing ring
opening in the gas phase. This light-assisted deposition is a useful method for
preparing stable photosensitive filtns.

In another alternative to the simple evaporation of 6-nitroBIPS, a plasma
polymerization process was used to prepare a highly adherent, smooth, transparent
film having good photochromic properties. However, after 1 week of storage, the
film lost its photochromic properties, probably through crystallizatfn.

The photocoloration and photobleaching behaviors of vacuum-deposited and
spin-coated poly(methyl methacrylate) films of 6-hydroxyBIPS, and of the 6-
nitroBIPS having 1, 7, 12, and 18-carbon alkyl chains on the indoline N atom, were
studied at 50K. The 6-hydroxy BIPS was photobleached both in deposited and cast
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films. The 6-nitro compounds could not be photobleached in the deposited films
below their glass transition temperature, which decreased from +37°C for the 1'-
methyl compound to —48°C for the 1'-octadecyl compound. The nitro compounds
also could not be decolored in concentrated (30 and 50 wt.%) acrylic films, but did
bleach in dilute (5 and 10 wt.%) films. These differences were attributed to
interactions between the open, colored transoid forms in the nitro cases when
concentrated. There was no interaction between the open forms in the hydroxy case
because they are cisoid, and no interaction in the nitro cases when diluted because
they are not in close proximifi??

Three spiropyrans, each molecule having a long alkyl chain located in a
different relative position (1'-hexadecyl, 3-decyl, and 8-dodecanoyloxymethyl),
were spread as monolayers on water under irradiation and the changes of surface
area and surface pressure with time were measured both when the lamp was turned
on and after it was turned off. The results were especially striking observations of a
reversible and an irreversible photoconversion of a surface-inactive system into a
surface-active oné>*

Amorphous films of 13 spironaphthoxazines having various substituents in the
1'- and 5'-positions were prepared by melting and undercooling these compounds.
The spectra and thermal fading kinetics of the colored forms and the glass transition
temperature Ty) of the films were determined. The photochromic behavior was very
similar to that in polymers. Abové;, the fading kinetics were first-order (half-lives
of 2-9 s); belowT,, the kinetics were complex: there was an initial fast decay, a
subsequent slower decay, followed by a still slower decay. These complex kinetics
can be attributed to a random distribution of free volume in the glassy state. The
preparation of the substituted Fischer’s bases is outlined, but no yields arégiven.

Polyelectrolyte glasses can be cast as optically clear films from a solution of
poly(dimethylalkylamines) and BIPS-6-sulfonate as the counterion. The films and
solutions of the polymer exhibit negative photochromism, the colored form
(Amax = 408—430 nm) bleaching significantly by irradiation or heatftig.

1.3.4. Polymeric Spiropyrans

6-Nitro-8-methacryloxymethyl-3'-octadecylspiré{21-benzopyran-2,2'-benzo-
selenazole) 129 and its 5'-methyl, 5'-methoxy and 5'-6'-dimethoxy analogs, which
exhibit negative photochromism, were copolymerized with methyl methacrylate to
give colored polymers whose solutions in chloroform or spin-coated filmsS79
and 569 nm, respectively, for the compound without substituents in the 5'- and 6'-
positions) rapidly bleached to about 15% of their original absorbance upon exposure
to visible light. The solution recolored in the dark at room temperature within a few
minutes, but the solid film recolored only upon heating. The activation energy for the
thermal recoloration was 17 kcal-mblfor the copolymer, and 14 kcal-mbffor a
film cast from a solution of the monomeric dye in poly(methyl methacrylate)
(PMMA) .27

Cyclic siloxanes bearing cholesterol and biphenyl groups as mesogens and 6-
nitroBIPS as a photochromic group (Figure 1.5) were prepared by first esterifying 4-
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(allyloxy)- and 4-(pentenyloxy)benzoic acid with cholesterol, 4-hydroxybiphenyl,
and 1'-(2-hydroxyethyl)-6-nitroBIPS usinly N'-dicyclohexylcarbodiimide and 4-
dimethylaminopyridine, and attaching the resulting esters to pentamethylhydrocy-
clopentasiloxane via hydrosilylation with a dicyclopentadienylplatinum(ll) chloride
catalyst.158

Poly(L-glutamic acid) bearing 6-nitroBIPS side chains exhibited reverse photo-
chromism in hexafluoro-2-propanol containing added trifluoroacetic acid. About half
of the original absorption at 415 nm was restored during about 6 hr. There was no
change in the random coil conformation of the polymer when the acid was present.
Upon the addition of methanol as cosolvent, the coils changehtelices upon
irradiation, the extent depending upon the solvent compo%ﬁi’ion.

] [ [
l Jr {(p+g+r=5)
b
A

O—r——0-

L=
A=
B=
Me Me Me
C=
Me

Me

Figure 1.5. A cyclic siloxane framework having a spiropyran and two different liquid crystalline groups
attached to it.
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In order to obtain three-dimensional networks of photochromic polymers, BIPS
containing two polymerizable groups were prepared. A reaction between methacry-
loyl chloride and 5-amino-2,3,3-trimethylindolenine and subsequent methylation
gave 5-methacrylamidoFischer’s base hydroiodide; a reaction of the chloride with 1-
(2-hydroxyethyl)Fischer's base gave its methacrylate ester. A reaction between 3-
chloromethyl-5-nitrosalicylaldehyde and silver methacrylate gave the corresponding
3-methacrylate ester, which was condensed with the two Fischer's bases to give BIPS
having 6-nitro and 8-methacryloyloxymethyl groups, and in addition a 5'-metha-
cryloylamido- or a 1'-(2-acryloyloxyethyl) grodp’

Conjugated poly(thiophene) chains and spiropyrans together in a poly(methyl
methacrylate) film demonstrated that the coloration of the dye could be sensitized by
the excited state of the poly(thiophene). Accordingly, in attempts to achieve an
intramolecular transfer between an excited conjugated chain and a spiropyran group
pendant on such a chain, indolinospiropyrans (and spironaphthoxazines) having a 3-
(3-thienyl)propyl group on the indoline nitrogen atom were prepared. However, all
attempts to polymerize the thiophene to a conjugated chain #4iled.

1.3.5. Spiropyran Aggregates

In cyclohexane and heptane, the colored form of 6-nitroBIPS undergoes
aggregation, giving absorption near 700 nm. An observed anomalous (honexponen-
tial) thermal decoloration can be attributed to the deaggregation to the Nimer (

620 nm) and monomefax 580 nm)*¢*

The resonance Raman spectrum of the colored aggregate of 6-nitroBIPS was
compared with those of 8-nitroBIPS (which showed little aggregation) and the
unsubstituted BIPS (which exhibited no aggregation). The spectrum showed the
presence of several different transoid conformers, stabilized by coordination of a
negatively charged oxygen atom of the nitro group in its acinitro form to the
positively charged nitrogen atom of the indoleninium mdigdy.

The time-resolved resonance Raman spectrum of the colored species produced
during a 30-ns laser pulse indicated that a short-lived intermediate, almost certainly
the cis form, is a precursor to the stable trans form of the merocy&Hine.

The 6-nitro BIPS having a long alkyl chain in the 1'-position and a
—CH,OCOR substituent in the 8-position, where R is also a long alkyl chain,
form J-aggregates having sharp absorption peaks in Langmuir—Blodgett membranes.
Layering a series of these having slightly differ&pt, x permits selective excitation
of a particular layer and thus multiplex recording. Avoiding energy transfer between
the layers is a major difficult{f416°

Molecular modeling was used to compute the structure of the aggregates and
the nature of their interactions with a water surface; they were formed from 1'-
octadecyl-6-nitroBIPS and its derivative having a docosoyloxymethyl group in the 8-
position. The results were in agreement with experiment; J-aggregates are more
stable than H-aggregates by 1.35 kcal-mdbr the first BIPS and 6 kcal-mot for
the second. A water surface stabilizes the J-aggregates even more, and thus only
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these are obtained during the formation of Langmuir-Blodgett films of these
spiropyrang:®®

1.3.6. Mechanistic Studies: Photocoloration, Photodecoloration, Fatigue,
and Photodegradation

The various techniques of Raman spectroscopy have recently been applied to
the spiropyrans, and this is discussed more extensively in Chapter 8 in Volume 2.
BIPS and its 6-nitro-, 6-nitro-8-methoxy-, and 6-nitro-5,7-methoxy derivatives were
studied by surface-enhanced (SERS) and resonance-enhanced Raman spectroscopy
in neutral, acidic, and basic solutions. The complex results are too numerous to
summarize here, but two unusual ones are that even in acid solutions the tested
compounds gave the SERS spectra of the unprotonated open forms, and that an aged
solid sample of 6-nitroBIPS gave results very different from a fresh sample. This
was attributed to the existence of two enantiomers of the spiro form, which are
slowly interconvertible in the solid state and which have greatly different photo-
coloration quantum vyields’

A similar SERS study was carried out on indolinospironaphthopyran, its aza
analog spironaphthoxazine, and the model compounds, 1,2,3,3-tetramethylindoline
and 3,3-dimethylnaphthopyran. The orientation of the adsorbed spiro compounds
and their indoline and chromene portions on the silver surface was determined. A
goal of the work was to develop methods for using the high sensitivity and
selectivity of SERS to study the photochromics and their fatigue products in
polymer matrice$®®

Nanosecond time-resolved resonance Raman and absorption spectra of 6-
nitroBIPS in deoxygenated cyclohexane were obtained in the 20-100-ns time
region, extending an earlier stdf/in the 200-2000-ns time region. A sequence
of three transients was observed: (1) the lowest triplet $tate 435 nm, of the spiro
form; (2) the open merocyanine formm580 nm, formed from the triplet (1); and (3)

a dimer of the merocyanina,540 nm2"°

In a laser flash photolysis study of 1,3,3-trimethylspiro[indoline-2,8'H3
naphtho[2,1b]pyran and its 5-nitro, 8'-nitro, and 5,8'-dinitro derivatives in toluene
solutions, the coloration of the unsubstituted compound proceeded only through a
singlet pathway, with a quantum yield of coloration of about 0.2, whereas the
coloration of the 8'-nitro compound proceeded essentially only through a triplet
pathway, with a relative quantum yield of about 0.9. The coloration of the two
compounds having a 5-nitro substituent went through both pathways, with quantum
yields of about 0.5. Thus the triplet pathway induced by the nitro group is much
more efficient than the singlet pathway for opening the naphthopyratring.

The implication of singlet oxygen in the early photodegradation studies of
spiropyrans led to a reinvestigation carried out in the presence of the efficient
singlet-oxygen quencher 1,4-diazabicyclo[2,2,2]-octane (DABCO). The unsubsti-
tuted trimethylspiroindolinonaphthopyran, the unsubstituted trimethylspiroindolino-
naphthoxazine, and 6-nitro-8-methoxyBIPS were irradiated continuously in toluene,
and the degradation products identified by gas chromatography. The presence of
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DABCO increased three- to ninefold the relative amount of 3,3-dimethyloxindole,
which is proposed to arise from the reaction between the open form and triplet
oxygen. The quencher also considerably increased the “fatigue resistance time,” the
time in minutes necessary to reduce the value of the initial absorbance by half. For
the BIPS compound, the increase varied up to nearly tenfold, depending upon the
DABCO concentration’

Among the photodegradation products of 1-alkyl-3,3-dimethylindolinospiro-
naphthoxazines in toluene solution in air are the 1-alkyl-3,3-dimenthyloxindole and
3,3-dimethyloxindole; the latter compound is not formed simply by subsequent
photodealkylation of the former. Also, the 1-phenyl compound does not give any
3,3-dimethyloxindole, but does give 1-phenyl-3,3-dimethyloxindole. These observa-
tions indicate that the homolytically cleaved C—O bond of the spiro form, previously
identified by trapping with nitroxide, reacts with oxygen to give a peroxy radical,
which can abstract a hydrogen atom from an alkyl substituent on the indoline N
atom. This mechanism also accounts for the appearance of naphiffofta2ple
among the isolated fatigue produ]c@.

A similar study of the photooxidation of some spiropyrans and spironaphthox-
azines indicates that the spiro and open forms of these dyes are singlet oxygen
guenchers and that the colored form does not act as a sensitizer. A mechanism is
proposed that involves the formation of a superoxide radical anion by photoinduced
electron transfer to oxygen from a merocyanine form of the dye, followed by
nucleophilic attack of the radical anion on the radical cation of thé’dye.

In a study of the thermal fading rate of 27 different spirophotochromics, which
included naphthoindolinospiropyran, its 5- and 8'-nitro, and 5,8'-dinitro derivatives,
there was a good correlation between the initial fading hatf:lifand the change in
the fading half-lifeAt,,, during irradiation. Curiously, however, the valueAtf;

(%) went from negative to positive @, increased. The faster the initial fading
rate, the more the fading rate tended to increase during irradiation; the slower the
initial fading rate, the more it tended to decrease during irradiation. This modifica-
tion of the rate was not due to any of the identified photoproducts of the spiropyran,
but may be related to the photodegradation of the toluene solvent. Irradiating the
pure solvent first and then adding it to a fresh solution of the dyes also caused
changes in rate¥®

The usual kinetic equations for the calculation of quantum yields and thermal
fade rate constants have been extended by taking into account the information
contained in the experimentally recorded absorbance vs. time curves recorded under
continuous irradiation and by adding additional kinetic terms representing photo-
degradation or other mechanistic complications. The extraction of the rate constants
and quantum yields from the experimental curve requires numerical integration and
iterative calculation’®

1.3.7. Reactions of Spiropyrans with Inorganic Reagents

6-Nitro-8-methoxyBIPS in acetone solution in the dark forms a chelate with
copper(ll) chloride X=400 nm). In tetrahydrofuran, the copper salt has poor
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solubility, but the chelateA(500 nm) is formed from the colored forh 600 nm) if

the solution is irradiated. The thermal decoloration rates of the chelated and
unchelated colored forms in tetrahydrofuran are nearly the same. The rate and
equilibrium constants are given. No X-ray structural data are given, but the ESR
spectrum of the chelate in acetone indicates a square or square pyramidal structure,
rather than a trigonal bipyramidal oHé.

The merocyanine form of numerous BIPS compounds in solution complex with
many transition and rare-earth metal ions. The complexation between 6-nitro-8-
methoxyBIPS and several ions was studied by spectrophotometric, luminescent,
stopped-flow, and nanosecond laser flash photolysis techniques. The absorption
maximum of the dye, 580 nm, is shifted to the 480-500 nm region, and the relatively
weak fluorescence shows a similar hypsochromic shift. The kinetics of the
complexation involved a fast reaction between the components, followed by a
slow equilibrium of the complex to its most stable isomer. The photoreactions of the
complexes include formation of a short-lived triplet state (lifetime about@ s,

A =430 nm) and slow reversible photobleactfiﬁsg.

The 6-nitroBIPS having a 4-butylsulfonic acid salt group in the 1'-position, when
intercalated into the interlayers of an Li-Al-layered double hydroxide, showed reversible
photochromism in both the presence and absence of cointercalated 4-toluenesulfonic
acid. When the acid was present, the absorption peakd. 520 nm) was sharpened
and split into two peaks, and the fluorescence intensity was incrédsed.

Two methods of bonding a spiropyran to the surface of silica gel have already
been mentioned: the reaction of silica-bound salicylaldehyde with Fischer's base,
and the reaction of 6-lithioBIPS with silica. Silica-bonded spiropyrans exhibited
properties (reverse photochromism, visible light photobleaching, and color changes
upon acid treatment due to salt formation) very similar to those of spiropyrans
merely adsorbed onto silica. The differences in behavior were attributed to the
different extent of absorption and desorption of atmospheric water caused by the
difference in the number of free SIOH groups available in the two ¥ases.

Upon treatment with acid (or on contact with an acidic surface), many
spiropyrans give the salt of the open form or the open form itself, depending
upon the relative base strengths of the spiro and open forms. Thus, treatment of
several BIPS (7-diethylamino, 6-nitro, and 5'-nitro) with trifluoroacetic acid in the
nonprotic solvents acetonitrile and chloroform gave the protonated merocyanine
form, which upon neutralization with base gave the open colored 8rfthis
sequence of operations causes coloration by a non-thermal, non—photochemical
route; the adsorption coloration was utilized in the early applications of spiropyrans
in carbonless (pressure-sensitive) copy papers. In this application, dialkylamino-
substituted spirodi(benzopyrans) were preferred; paper containing BIPS compounds
turned pink on storage.

1.3.8. Spiropyrans in Sol-Gel Matrices

Three different 6-nitroBIPS having as additional substituents 1'-phenyl, 1'-
phenyl-8-methoxy, and 5'-chloro-8-methoxy, exhibited complex photochromic and
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kinetic behaviors in aluminosilicate sol—gels. Fresh gels prepared by the hydrolysis
of [(diisobutoxy)aluminoxy]triethoxysilane were transparent and highly photochro-
mic. As the gels aged, dried, and shrank, they first became colored but remained
transparent; then they became more deeply colored and translucent; and finally they
became transparent again and were permanently colored a deep maroon. They then
were neither photochromic nor photobleachable. These changes were followed by
absorption and emission spectroscopy, and several possible explanations were
proposed for this behavidf*

When various BIPS compounds were trapped in a polymerizing silicon
tetramethoxide system, their photochromic behavior varied during the course of
the reaction, proceeding from “ordinary” photochromism (stable colorless form
coloring with UV light) to “reverse” photochromism (stable colored form bleaching
with visible light). The point at which this reversal takes place is dependent upon the
substituents in the BIPS. This reversal in behavior was attributed to a shift in
equilibrium between dissolved and adsorbed photochromic molecules within the
silica cage’®

1.3.9. Quantum Mechanical Calculations

Quantum mechanical calculations on thé-Byran ring opening and closing
agree with the different mechanisms for photocoloration and photodecoloration
experimentally observed in spiropyrans. The photobleaching proceeds fram the
state, and mechanistically is very different from thermal bleaching, which proceeds
from the S, state and has a much lower activation of energy barrier.

In a recent calculation of the properties of spiropyrans and spironaphthox-
azines, MOPAC/AML1 calculations with full geometry optimization gave heats of
formation and dipole moments for the ground, first excited singlet and first excited
triplet states of the spiro and the four most stable isomers of the merocyanine form.
The results indicated a quinoidal structure for the colored form. The absorption
spectra were calculated using complete neglect of differential overlap (CNDO)S
method), and were in good agreement with the experimental data for the spiro forms
and the UV portion of the spectra of the colored formsThe same calculations on
the same structures, as well as 11 additional spirooxazine open forms, were
independently performed using AM1 and GenMol programs for the structures and
five different methods for absorption spectra. Here also, the calculated spectra of the
spiro forms correlated well with experiment, but those of the open forms were
significantly different in the visible regiolr??

For the trimethylspironaphthoxazired) initio molecular orbital (MO) calcula-
tions indicated that the most stable colored form is the trans-trans-cis- form — about
7 kcal-mol *endothermic relative to the spiro form. Measurement of the proton
NMR nuclear Overhauser effect experimentally confirmed this calculated result. The
structural calculations indicate that the colored form is essentially quinoidal, rather
that zwitterionic:®®

The electronic spectra of spiropyrans of many kinds and those of the related
2H-chromenes have been review&dThe relative energy levels of the ground and
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excited states, their multiplicities and nature, electron density distributions, and bond

orders have been calculated by various quantum-mechanical methods [Self-consis-
tent field Pariser-Parr-Pople (SCF PPP) and CNDO/S]. The relationship between the
molecular structure of the dyes and their photochemical and thermal behavior is

important for developing applications.

1.3.10. Optically Active Spiropyrans

Little has been reported about the preparation and photochromic behavior of
optically active spiropyrans, despite an old sugge]sst?w examine photocoloration
with circularly polarized light.

Mannschreclet al18%-1%%have studied the preparation, separation, and thermal
and photo racemization of the chiral chromenes and spiropyrans shown in Figure
1.6.

The enantiomers were separated by high-performance liquid chromatography
(HPLC) on triacetyl- and tribenzoylcellulose, usiagpolarimetric detector’® The
rates of thermal isomerization, which must involve a ring opening and reclosing,
were determined by polarimetry, and the activation energies for the thermal ring
opening were calculated and compared with the activation energies for the thermal
ring closing after photocoloration. The results and mechanistic implications of this
and earliet*>192 work have been briefly reviewétfand are treated in detail by
Mannschreck in Volume 2, Chapter 6.
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Figure 1.6.Some chiral spiropyrans and chromenes that have been resolved.
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1,3-Dimethyl-3-ethyl-2-methyleneindoline, prepared by Plancher rearrange-
ment of 1,3,3-trimethyl-2-ethylideneindoline, was resolved by a tedious fractional
crystallization of its 1:1 salt with (—)-O,0'-dibenzoyl-L-tartaric acid monohydrate.
D-(+)-10-camphorsulfonic acid failed to resolve this base. The circular dichroism
spectrum of the §)-(-)-enantiomer, as the tetrafluoroborate salt, shows a weak,
negative Cotton effect near its longest wavelength absorption band at 278 nm, and a
second weak negative Cotton effect near 220 nm. The chiral Fischer’'s base was
converted to optically active trimethinecyanine dyestuffs, but not to spiroﬁ;%ans.

Chiral 2,4-dimethyl-3-(1-phenylethyl)thiazolium perchlorates were prepared
from the available chiral 1-phenylethylamines and used to prepare optically active
monomethinecyanines, but not spiropyrans.

3'-Phenyl-6-nitroBIPS was easily resolved (at the 3'-carbon atom, not the 2'-
spiro position) by reaction in ethanol with either (+) or (=) 10-camphorsulfonic
acid. The first fraction to crystallize in each case was the salt of the open form. Both
salts had a mp of 237°C and their solutions, after standing to thermally equilibrate at
the 2'-carbon atom, showed equal but opposite rotatiah§?5[: —201° for the salt
from the (+) sulfonic acid and +201° for the salt from the (-) acid. After treatment
of these salts with aqueous sodium acetate and benzene, the respective spiropyrans,
having melting points of 201-202°C and specific rotations of —11° and +11° for
thermally equilibrated solutions, were recovered from the benzene extract. Similar
attempts to resolve several other 3'-phenylBIPS with the camphorsulfonic or 3-
bromocamphor-8-sulfonic acids were only partly succeésful.

The resolution of 3-phenylFischer’s base itself would make available the chiral
base for the preparation of not only indolinospiropyrans, but also for cyanine,
merocyanine, and styryl dyes. Several attempts to effect this resolution using the
camphorsulfonic, bromocamphorsulfonic, and dibenzoyltartaric acids in lower
alcohols, 1,2,-dimethoxyethane and tetrahydrofuran, were unsuccessful in giving a
clean resolutioh.Perseverance and luck are of prime importance.

1.4. APPLICATIONS AND FUTURE TRENDS

Practical applications of photochromism at firs4.(1955—70) concentrated on
the spiropyrans, and especially on BIPS compounds, because of their ready
availability, photosensitivity, convenient thermal fade rates, and good color contrast
when perceived by the human eye. However, applications in which the dye was
required to cycle very many times (e.g., an optical binary switch for a photochemical
computer memory) or be irradiated continuously (e.g., sunglasses, vehicle wind-
shields) were impractical because of the rapid fatigue of these'tyes.

Photochromic plastic ophthalmic sunglasses are the largest volume and value
application for photochromics, but the indolinospiropyrans originally used generally
underwent photodegradation (“fatigued”) rapidly in sunlight, a serious deficiency
for this application. The emphasis then shifted to the spironaphthoxazines (see
Chapter 2), which generally were more resistant to fattfudlore recently, the 2,2-
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disubstituted pyrans (which are not spiro compounds, see Chapter 3) are in turn
displacing the spirooxazines for use in sunglasses. These pyrans are replacing the
spiropyrans in several applications because of their (generally) greater resistance to
fatigue and photodegradation.

At present, spiropyrans are commercially used in moderate gquantities as
exposure indicators in photolithographic plates, in small quantities for microimage
recording, and in a most interesting application, fluid-flow visualizaf®rt°72For
these uses, fatigue is not an important limitation. In addition, relatively small
amounts are used in printing inks for T-shirts and in toys and novelties having a
limited lifetime.

One recent trend has been away from using a photochromic dye itself merely as
an individual component of a solution, polymer film or bulk polymer matrix. Instead,
the photochromic is chemically linked to a polymer, which may be a natural polymer
such as a cellulose derivative, an enzyme, a protein, or synthetic polymers from
acrylates, urethanes, and vinyl compounds. The properties of the polymer can then
be modified by external irradiation, and conversely, the properties of the photo-
chromic are modified by the polymer. A recent biochemical example is the
photocontrolled binding of monosaccharides to concanavalin A (Con A) modified
with spiropyran unit$%®

To a polymer chemist or biochemist, a spiropyran-linked polymer is a polymer
having photosensitive side chains; but to a dyestuff chemist, it is a spiropyran with a
substituent that happens to be a polymer. The polymer modifies the properties of the
spiropyran, and the behavior of the spiropyran gives information about the polymer.
That the thermal fade rate of a spiropyran open form is much lower when it is bound
to a polymer than when it is unbound is well-known. As a recent example, the
colored form of monomeric 1'-octadecyl-6-nitro-8-(methacryloxymethyl)-spiroindo-
linobenzothiapyran in acetone solution at 25°C had a half-life of 0.86 min; when cast
in a PMMA film (A nax= 680 nm), it bleached “slowly,” but when copolymerized
with MMA (A max= 655 nm), it was stable for more than 200 days after a slight
initial fading lasting several hours. Conversely, a graph of fading rate constants vs.
temperature showed breaks that may be attributed to a relaxation mode of the
polymer chairf>®

For biochemical applications in particular, there are still plenty of things to be
done by merely tinkering with the substituents of a few well-known spiropyrans:
attach a polymer, attach an ion-binding group, or modify its solubility. Note that the
“photocontrol unit” for concanavalin A, polyglutamic acid), poly(-lysine) and
the selective signaling receptors all referred to earlier, is in each case merely that old
workhorse molecule, 6-nitroBIPS. Indolinospiropyrans are especially useful for
tinkering because a 2-hydroxyethyl or 2-carboxyethyl (more generallyp-an
substituted alkyl) substituent is easily placed on the N atom of the indoline and
serves there as a convenient link to the polymer or crown ether. Furthermore, a
hydroxyethylated compound can be converted into a methacrylic ester suitable for
copolymerization. The earfy®**and more recefit? efforts along these lines have
been reviewed, and the current work is presented in Chapters 1 and 9 in Volume 2; a
few other examples have been presented here.
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Photochromic control of the polymer properties leads to potential applications
involving the mechanical properties of a solution (viscosity, photogelation), polymer
fiber (extensibility, “photomuscle”), or membrane (porosity). More important,
however, the ability to control the activity of enzymes and other biologically
important macromolecules leads to potential applications in clinical phototherapy.

Polymer control of the photochromic properties may significantly lower the rate
of fatigue, probably by sterically hindering the approach of oxygen to the dye
moiety. The powerful molecular modeling capabilities now available could suggest
the polymer structures that are the most effective in protecting the spiropyran. Thus,
many applications impractical 25 years ago because of the fatigue of the simple
spiropyrans might now be practical by using polymer-protected versions of the same
dyes

Current research also uses a spiropyran as an orientated species. Dye in
Langmuir-Blodgett films, in bipolar membranes, in liquid crystalline solvents,
and adsorbed or vapor deposited on crystalline surfaces exhibits photochromic
behavior significantly different from its behavior in dilute fluid solutions or
amorphous polymer films or bulk matrices. In an indirect technique for cont-
rolling orientation, a silica surface is treated with a photochromic silylating reagent
(again, a 6-nitroBIPS derivative) to give a “command surface” that when exposed to
linearly polarized UV light causes the homogeneous alignment of adjacent nematic
liquid crystalsz.13 This orientation, and several other aspects of photochromic
polymer behavior that have been mentioned in this chapter, are discussed further
in Chapter 1, Volume 2.

In the future, spiropyrans most likely will be used chiefly in biochemistry and
image technology or optical physics, in ways in which their inherent “fatigue” can
be neglected (not overcome — merely neglected). The potential applications of
properly designed spiropyrans as biosensors specific for cations and nucleotides
has already been described.

Spiropyrans show promise for optical recording, three-dimensional optical
memories?* and holograph)?.15 The dyes currently under study for these
applications very probably will not be used merely dissolved in a bulk polymer
matrix, but will be oriented in films and membranes, or adsorbed or vapor deposited
on solid substrates to take advantage of the nonlinear optical properties of the
colored forms. For example, thick (0.5 mm) PMMA films of 6-nitro-thiaBIPS can be
used to record wavelength-multiplexed volume holograms with an infrared diode
laser. This system is impractical at present because of fatigue and poor diffraction
efficiencies?*®

In a promising approach to high-density recording for optical memories, thin
films of aggregates of five different 6-nitroBIPS derivatives, each absorbing sharply
at a different wavelength, are layered on a substrate and independently recorded in
each layer at one spot by linearly polarized laser lights of wavelengths matching each
absorption band. Two mutually perpendicular polarized lights will act independently,
thus permitting a total of ten different recordings in the same vofdme.

The dream of 40 years ago of a “self-developing, instant, reusable photographic
system” has evolved from impractical to promising, not only by improving the
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molecule, which is what organic chemists did for many years, but also by being
more sophisticated about its use, which is what biochemists and optical physicists
and molecular engine&r$ do now.

1.5. SOME REPRESENTATIVE PREPARATIONS

The original literature records the preparation of many hundreds of spiropyrans
and is the place to look first for a specific compound. Some generalities about the
best choice of intermediates and reaction conditions have been given in Section 1.2.
Presented here, with an emphasis upon manipulative details, are descriptions of
preparations of a typical BIPS on a large laboratory scale (in which the condensation
intermediates can be observed); a Fischer's base via a Plancher rearrangement, where
the reaction and purification are complex; and a salicylaldehyde having a group
useful for various further transformations.

15.1. 6-NitroBIPS

Approximately 897.3 g (see Note 1) of 5-nitrosalicylaldehyde (see Note 2) is
placed in a 50-L round-bottomed flask equipped with a powerful paddle stirrer,
reflux condenser, and heating mantle. To this, 18 liters (5 ga) of anhydrous ethanol
(see Note 3) is added and the mixture stirred and heated to about 74°C (Note 4). The
aldehyde dissolves at about 65°C. Then 929 g (Note 5) of freshly distilled 1,3,3-
trimethyl-2-methyleneindoline (Fischer’'s base) is added over about 45 s to the
solution, which turns orange for a fraction of a second (Note 6) and purplish-gray
immediately thereafter and gives a thick slurry (Note 7). The solid dissolves in 10—
15 min, and the resulting intensely purple solution is refluxed for 3 hr, allowed to
cool with stirring, and then let stand overnight. During all these steps the flask is
protected from light (covered with a black cloth).

The mixture is filtered through a large (4- or 6-liter) fritted funnel (conveniently,
much of the supernatant can first be siphoned off) and pressed and sucked as dry as
practical. The solid is washed three times each with 2—3 L of ethanol, slurrying it
well each time to remove purple streaks. The last runnings of the filtrate will be
lightly colored. The solid is air dried in the dark to give 1481 g (85.6% of 1729 g
theoretical) of small, dense, light tan sandy crystals, mp 175-7°C (uncorr.) (Notes 8
and 9).

Note 1. The amount used is adjusted to correspond to the amount of freshly
distilled Fischer's Base available; see Note 5.

Note 2. A high-purity material, preferably prepared from 4-nitrophenol, is
necessary in order to obtain a directly pure product. Material made by nitration of
salicylaldehyde usually contains small amounts of the 3-nitro isomer and gives a
reddish-brown BIPS product. The 8-nitroBIPS contaminant will impart a back-
ground color to solutions and coatings made from the contaminated spiropyran.
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Note 3. The alcohol must be denatured with other alcohols or hydrocarbons,
and not with ketones or aldehydes, which can react with Fischer’'s Base.

Note 4. On this scale, the heat of reaction upon adding the base brings the
mixture just to boiling (why waste electricity or steam when nature provides free
energy?), but on larger-scale runs, either a lower temperature or slower addition rate
would be needed.

Note 5. One liter of commercial Fischer’s Base is distilled (in the morning) in a
simple pot-to-pot still at 2-5 mm pressure to give 960-970 g of distillate, which
often is water-white, but usually pale yellow. It is always used the same day it is
distilled, and then gives directly a pure product. Using “red” Fischer’'s Base gives a
brown product that requires multiple recrystallizations with charcoal to clean up,
with great loss.

Note 6. This is the proton-transfer reaction that gives the (orange-colored)
anion of the nitrosalicylaldehyde (and the colorless indoleninium cation).

Note 7. This is the initial aldol-like condensation product, indoleni-
nium* —CH, —CHOH-CsH3(0 ™ )NO, in which the chromophoric moieties are
still isolated. It loses water relatively slowly to give the intensely colored dye.

Note 8. The yield of product in runs on this scale is 83-87%. This preparation
also has been carried out more than 20 times on twice the scale described with the
same range of yields. Concentrating the filtrates and washings gives highly colored
material that is impractical to purify. The tan product of this preparation is quite
pure, but can be recrystallized from toluene, ethyl acetate, or methyl ethyl ketone
with charcoal to give light yellow material. Product contaminated with the somewhat
more soluble 8-nitro isomer suffers considerable loss if complete removal of this
impurity is attempted.

Note 9. As indicated in section 1.2.3, this exact procedure on this approxi-
mately 5-mol scale gives ca. 95% yield of 8-ethoxy-6-nitroBIPS. Scaled down it is
the usual laboratory preparation for dyes that are significantly less soluble than their
starting components.

1.5.2. 3-Phenyl Fischer's Base and its Hydroiodide

A 45-ml bomb is charged with 5.25 g of 2-phenylindole (Note 1), 7.5 ml of
methanol, and 15 g (6.6 ml) of methyl iodide (4.15 moles Mel/mol indole). The
bomb is kept at 135°C for 8 h (Note 2) and cooled. The bomb contents, a red liquid
or slush, are transferred to a beaker and the bomb rinsed out with no more than 5 ml
of methanol. With stirring at room temperature, ethyl acetate is slowly added to
turbidity; about 15 ml are needed. The mixture is let stand 1 h (Note 3) and the
yellow-orange precipitate is removed by filtration, mp 225-228°C. This product can
be recrystallized from methanol (15 ml/4 g of solid) in 73—-92% recovery to give a
37% average yield of pale yellow salt having an mp of 226—228°Cit2°226—
227°C) (Note 4).

After removal of the crude product, upon standing the ethyl acetate filtrate
continues to deposit a dark yellow solid. This is not a second crop of the desired
1,2,3-trimethyl-3-phenylindoleninium iodide; it is, according to mp, UV, and NMR



70 Robert C. Bertelson

data and the literatufé? the isomeric 1,3,3-trimethyl-2-phenyl salt, mp 195-199°C,
raised to 198-201°C after recrystallization from methanolzzﬂit. 196°C,
202-203°C, 203°C). Moreover, treatment with a base gives 1,3,3-trimethyl-2-
phenyl-2-hydroxyindoline, but not 3-phenylFischer’'s base, since its IR spectrum
lacks the two sharp absorptions near 1615 and 1650 ¢hat are characteristic of

the 2-methylene group. About 4.0 g are obtained. This material is fluorescent,
whereas the 3-phenyl compound is not. This 2-phenyl salt is heated at 200°C
under nitrogen for 5 min and recrystallized from methanol to give on average an
additional 3 g (30%) of the 3-phenyl salt (Notes 5 and 6).

The 3-phenyl salt is treated with 10% aqueous NaOH and the resultant oil is
taken up in toluene, washed with water, dried over sodium sulfate, the solvent
removed by vacuum rotary evaporation (foaming!), and the residue subjected to
rapid pot-to-pot distillation under nitrogen to give 75-85% recovery of 1,3-dimethyl-
2-methylene-3-phenylindoline, bp 130-140°C.1-2 mm?2{{it130°C/0.08 mm)
(Note 7).

Concentration of the filtrates gives some starting 2-phenylindole (mp
and IR comparisons), and the IR and NMR spectra of the concentrated
filtrates and washings combined from several runs suggest the presence of
small or very small amounts of the other seven indoles and three other indo-
lenines possible from (partial) methylations and rearrangements occurring during
this reaction.

Note 1. A high-quality material having a mp of 187°C or better is used.

Note 2. There is no great difference between reactions heated for 8 and for
16h. Yields of crude product averaged 4.5 g (45.6% of 9.87 g theo.); once an 8-h run
gaveb.2 g.

Note 3. In one run in which the reaction mixture stood overnight before
filtering, the first solid product showed an mp of 195-198°C and was almost entirely
the 2-phenyl salt. Apparently the 3-phenyl salt equilibrates in the solution to the 2-
isomer, which is more stable because the phenyl group is now conjugated with the
indolenine nucleus. The confusion in the early literature undoubtedly arose from not
appreciating that the identity of the product depends upon the duration of the
crystallization time.

Note 4. Russian workets report a 27% yield when using a 3.27:1 mole ratio
of Mel:phenylindole at 120°C for 3 h. The present author obtained mostly starting
material and little product under those conditions and the more vigorous conditions
described here were necessary.

Note 5. The 2-phenyl salt had previo&%ﬂbeen isomerized in an unspecified
yield by heating 0.5 g in 6 ml methanol in a sealed tube at 120-150°C for 3 h and
then at 180°C for 0.5 h.

Note 6. This preparation has been scaled up 20-fold in a 2-liter autoclave.
Note 7. The Russian authf)]rgsprepared this compound in 45% yield by a
Fischer synthesis between 3-phenyl-2-butanone and 1-methyl-1-phenylhydrazine.
The first substance is not easily available, and the second reactant is expensive. The
ketone and phenylhydrazine give the expected 2,3-dimethyl-3-phenylindolenine, but
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methylation of this substance gave the rearranged product, 1,3,3-trimethyl-2-pheny-
lindoleninium iodide, mp 203°E%

1.5.3. 5-Formylsalicylaldehyde

CAUTION: Perform this preparation in a good hood because of the possible
formation of bis(chloromethyl)ether, as well as the pungent odors of salicylaldehyde,
concentrated hydrochloric acid and acetic acid.

A mixture of 45 g of paraformaldehyde and 750 ml of reagent-grade concd.
hydrochloric acid in a 2-liter Erlenmeyer flask is cooled in an ice-bath to 5-10°C and
155 g of ice-cold salicylaldehyde (Note 1) are added with swirling by hand (Note 2).
After 4 h in the ice bath with occasional swirling, during which time a pale yellow oil
precipitates, the flask is removed from the bath and allowed to stand at room
temperature (20-27°C) for 36—40 h. During this time the oil slowly becomes a slush
of pale orange or pink crystals (Note 3) of crude 5-chloromethylsalicylaldehyde.

Before filtering and washing this highly reactive chloromethyl compound, first a
mixture of 625 ml of water (Note 4) and 625 ml of acetic acid in a 4-liter Erlenmeyer
flask on a stirring hotplate is brought to 80-85°C (Note 5).

The slurry of chloromethylsalicylaldehyde is filtered oohélled fritted funnel,
sucked as well as practical in a minimum time ( < 1 min, tamped down with a glass or
plastic utensilnota metal spatula), and washed as rapidly as possible two or three
times with small amounts a€e-cold water (do not let solid ice enter the funnel)
(Note 6). The literaturé?? reports a 43% yield of dried, recrystallized chloromethyl
compound.

To the stirred, hot aqueous acetic acid solution are added first 225 g of
hexamethylenetetramine and then the damp filter cake of chloromethylsalicylalde-
hyde. The stirred mixture is brought just to boiling and refluxed for 1.5 hr (Note 7),
and then 550 ml of concd. hydrochloric acid are added and the mixture is boiled
(Note 7) for 7 min o longet), during which time the solution changes color from
dark orange-brown to light orange. The hot solution is divided among three 4-liter
Erlenmeyer flasks or beakers (ca. 650 ml each vessel) set in ice baths, and diluted
with a total of 6 liters of cold water (ca. 2 liters each vessel). The solutions are let
stand in the ice baths for at least 4 hr and the precipitate is collected by filtration,
washed with a small amount of ice-cold water (in which it is slightly soluble), and air
dried. The pale yellow or off-white product weighs 70-80 g (37-42% vyield overall
from salicylaldehyde; reported, 63% from isolated chloromethyl compound, or 27%
overall) and has a mp of 105-106°C @, 108-109°C). This material is
sufficiently pure for most purposes, including formation of spiropyrans. Re-
crystallization from aqueous ethanol containing ca. 0.1% of 1 N HCI (Note 8)
gives colorless crystals having an mp of 108-109°C with a recovery of 75-80%
(Note 9).

Note 1. The quality of the salicylaldehyde is crucial to the success of this
preparation. A “technical” grade is totally unsatisfactory, giving deep red dyes and
resins (probably from phenolic impurities). Aldrich 98% is satisfactory if used from
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a freshly opened, newly purchased bottle; opened and unopened bottles approxi-
mately 9 months old were both unsatisfactory. Fluka 99% puriss. and products
packaged under argon are satisfactory. Fischer “reagent, purified via bisulfite
compound” directly gave practically colorless crystalline chloromethyl compound,
but is a very expensive item.

Note 2. In this lab-scale preparation, continuous mechanical stirring does not
improve the yield or purity of the chloromethylsalicylaldehyde, and lessens the
convenience.

Note 3. Temperature control is critical during the initial reaction in the ice bath
and in the standing afterward. The purity of the crude product is drastically reduced
if the reaction mixture ever reaches temperatures above ca. 35°C; deep red gums are
formed. The color is no doubt due to condensation of the chloromethyl compound
with salicylaldehyde acting as a phenol to give aurin—like triarylmethyl dyestuffs; see
Note 1.

Note 4. The water must be distilled or deionized, since traces of iron will form
highly colored chelates that will contaminate the final product. Using a metal spatula
to press the strongly acid filter cake of the chloromethyl compound may also color
the material.

Note 5. The temperature is kept below boiling even though there is no
significant heat of reaction in the next step, because the added solids act as boiling
chips.

Note 6. The ice must be made from metal-free water; see Note 4. The washing
is to remove the concentrated acid mother liquor. If the pH is too low during the next
step, the hexamine will merely hydrolize more rapidly than it will be quaternized by
the chloromethyl compound. The mechanism of the Sommelet reaction has been
reviewed 22

Note 7. The flask is covered with a watch glass and the temperature adjusted so
that the upper part of the flask acts as an air condenser. The solution can be refluxed
with negligible escape of vapor.

Note 8. In the total absence of acid, some hemiacetal formation occurs at the 5-
formyl group. The higher C=0 frequency of this group in the IR spectrum will show
a decreased intensity relative to the lower (H-bonded) C=0 frequency of the 1-
formyl group, and the NMR spectrum also will exhibit evidence of the change of Ar-
CH=0 to Ar-CH(OH) (OEt). Normally, the crude product, unless very thoroughly
dried, will retain sufficient acid to serve the purpose. Too much acid gives the
characteristic oxygen-bridged eight-membered ring “anhydro dimer” of the salicy-
laldehyde.

Note 9. This procedure modifies the repoffedone in that instead of
anhydrous hydrogen chloride and aqueous formaldehyde as the chloromethylating
reagent, the more convenient combination of aqueous hydrogen chloride and
anhydrous (para)-formaldehyde is used. In a run using the cyclic trimer trioxane
as the formaldehyde source, the overall yield was only 20%. The further modifica-
tion of bubbling HCI gas through the reaction mixture of the present procedure was
not examined because of the probability of forming unacceptable amounts of
bis(chloromethyl)ether. Because of the necessity of working as rapidly as possible
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with the cold chloromethyl intermediate, and the large volumes involved, it is not
practical in the lab to scale up this preparation further, but with a sufficient supply of
large vessels and ice baths, multiple runs can be overlapped conveniently. Note that
only 8-9 g of product are obtained per liter of solution. Attempts to run the final
hydrolysis in more concentrated solution led to lower yields of less pure product.
The alternative route of chloromethylating 4-hydroxybenzaldehyde, followed by a
Sommelet reaction, gave only a 30% vyield in the latter’¢fephe Duff reaction on
4-hydroxybenzaldehyde, even the modification in which trifluoroacetic acid is used
as solvent, gave very low yields of the desired proauct.
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Spirooxazines

SHUICHI MAEDA

2.1. INTRODUCTION

Photochromic spirooxazine compounds are molecules containing a condensed
ring- substituted R-[1,4]Joxazine in which the number 2 carbon of the oxazine ring
is involved in a spiro linkage. Photochromism of spirooxazines implies the
heterolytic or homolytic cleavage and reformation of the carbon—-oxygen single
bond of the oxazine ring, as seen in Figure 2.1.

The first photochromic spirooxazine compounds synthesized (1970) belonged
to the spiroindolinonaphthoxazine ring system. Generally, they were colorless in
dilute organic solvents and polymer matrices and became blue upon exposure to UV
light.

Both Ono and Osada! and Arnold and Vollmer? disclosed indolinospiro-
naphthoxazines derived from 1-nitroso-2-naphthol. The synthesis of 1,3,3-trimethyl-
spiro[indoline-2,3'-[3H]naphth[2,1b][1,4]oxazine] (compoundsl: abbreviation
NISO) is mentioned later.

, HsC_ CHj, o,
c > —-II\J y;
T
1

In liquid or solid solution, the parent indolinospironaphthoxazine (NISO) turns
blue upon irradiation with UV light and rapidly fades back to colorless when the

Shuichi Maeda e Mitsubishi Chemical Corporation, Imaging Materials Laboratory, 1000 Kamoshi-
dacho Aobaku Yokohamashi Japan

Organic Photochromic and Thermochromic Compounds, Voédited by John C. Crano and Robert
Guglielmetti, Plenum Press, New York, 1999.
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—N N
[Non-colored state] [Colored state]

Figure 2.1. Spirooxazines as photochromic compounds.

activating radiation is removed. Only UV-A light (315-380 nm) is required for
activation. It is generally recognized that the blue color is caused by the formation of
the ring-opened merocyanine structure, which absorbs in the region of 600 nm.

There was essentially no activity in this area between the disclosure of Ono and
Osada* or Arnold and Vollmerz and the U.S. patent issued to Hetval? During
the 1980s there was a rapid acceleration of research and publications on spiroox-
azines. The vast majority of the publications available at this time are patents and
patent applications.

Spirooxazines have excellent resistance to light-induced degradation. This
property, also called fatigue resistance, is considered to be due to photochemical
stability of the oxazine molecule framework in the ring-closed form as well as in the
open-ring form. The fatigue resistance of the spirooxazines has led to their
successful use in various applications, for example, eyewear.

2.2. STRUCTURE, SYNTHESIS, AND PHOTOCHROMIC
PROPERTIES

2.2.1. Substitution on the Naphthoxazine Ring Moiety

Hovey et al3 reported an enhancement in photochromic response by the
addition of a methoxy group in the 9'-position or a bromine in the 8'-position, as
shown in Table 2.1. Although dramatically improving the photochromic response,
these substituents had little effect on the position of the visible absorption band.

A more interesting result arises from attaching an amino group on the 6'-
position of NISO. The addition of an alicyclic amino group in the 6'-position (see

Table 2.1.Photochromic Response of Sub-
stituted NISO in Cellulose Acetobutyrate

Substituent Photochromic responsAQD)
None 0.9
9'-Methoxy 1.4
9'-Ethoxy 1.4
8'-Bromo 1.2

OD: optical density.
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compound?) causes a 30—-40 nm hypsochromic shift in the visible absorption band
of the activated form. Whereas NISO gives a blue color upon UV irradiation in a
poly(methyl methacrylate) matrix, 6'-piperidino-NISO yields a violet or purple
color.

Quantum yields of the photochromism of spirooxazines are markedly depen-
dent on the presence of electron-donating substituents in the 6'-position on the
oxazine ring and on the nature of the solvent. Nonpolar and less viscous solvents
give the highest vyields, reaching 0.74 in the case of compduimd toluene.
Replacing the methyl group on the nitrogen in the indoline part of the molecule with
an isobutyl group has no effect on the quantum vyield in either toluene or in a
polyurethane matrix*

The presence of a methoxy group in the 5'-position (comp&)rzhuses a shift
in the thermal equilibrium between the uncolored and colored species toward the

colored species.
=N =)
{‘D OCH3

n

2.2.2. Substitution on the Indoline Ring Moiety

The photochromic response of spirooxazines was shown to be somewhat
affected by the substituent on the indolino nitragéPable 2.2). For various 1-
alkyl-5,6-dimethyl-9'-methoxy NISOs in cellulose acetobutyrate, photochromic
activity increased in the order 1-methyl < 1l-ethyl < rd-propyl < 1n-butyl.
However, the effect was not straightforward.

Hoveyet al3 reported an increased photochromic response with the addition of
electron-donating groups to the 4- through 7-positions of the indolino ring system.
Placement of a methyl or methoxy group on the 4- through 7-positions of NISO
generally improved the activity, but the degree of the effect was dependent on the
substituted position (Table 2.3).

Table 2.2Photochromic Response of 1-alkyl-
5,6-(or 4-)-dimethyl-9'-methoxy-NISO in
Cellulose Acetobutyrate

1-Alkyl group Photochromic respons&@D)
Methyl 0.84
Ethyl 0.92
n-Propyl 1.35
Isopropyl 0.98
n-Butyl 1.45
n-Octyl 1.09

OD: optical density.
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Table 2.3.Photochromic Response of Substituted
NISO in Cellulose Acetobutyrate

Substituent Photochromic respons&0Q)
None 0.9
5-Methyl 14
6-Methyl 11
7-Methyl 0.8
4(or 6),5-Dimethyl 11
4,7-Dimethyl 1.3
5-Methoxy 2.7
4,7-Dimethoxy 1.2

OD: optical density.

Chu®claimed that the addition of a trifluoromethyl group to the 4- or 6-position
of indolinospironaphthoxazine resulted in a similar hypsochromic shift.

Rickwoodet al.” also reported that absorbance shifts can be achieved by the use
of electronegative groups attached to the spiroindolino moiety. Chloro- and
trifluoromethyl substituents on the 5-position of the spiroindolino moiety effected
hypsochromic shifts on the order of 10 and 18 nm, respectively, as shown in Table
2.4. A much larger shift of 38 nm was achieved through the use of a nitrogen at the
7-position (compoundt), while an additional nitrogen center at the 4-position
(compound5) caused a further shift of 14 nm. Further still, an NISO incorporating
two electronegative centers on the indolino moiety plus a methoxy on the 5' position,
the 4,6-bis-trifluoromethyl derivativés, showed a hypsochromic shift of 64 nm
relative to compound (see Table 2.5).

Table 2.4. Effects of Substituents Attached to the Naphthoxazine Moiety

CH3 CH3
ol
CH;

X

X Y A max in Polyurethane (nm)
a Indolino H 606
b Piperidino H 578
c Piperidino Cl 568
d Piperidino CF, 560
e Morpholino H 580
f Aziridino H 574
g Diethylamino H 574
h Perhydroindolino H 576
i Methoxy H 574
j Tetramethylguanidino H 568
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The synthesis of 6'-indolino-1,3,3'-trimethylspiro[indolino-2,34Baphth-
[2,1-b][1,4] 0xazine] (compound?) is given later.

G

I~

2.2.3. Other Indolinospirooxazines

Benzannellation of the naphthoxazine moiety has been accomplished to yield
compounds8, 9,and10. The visible absorption band of the anthracene derivdtive

=N
LD et
';0 No 9
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CH,
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Table 2.5. Effect of Electronegative Groups Attached to the Indolino Moiety

W CH; CH;
LX)
oy o)
CH,
X

Compound X z W \ A max In Polyurethane (nm)
4 Piperidino CH H H 540
5 Piperidino N H H 526
Tetramethylguanidino N H H 516
Tetramethylguanidino CH CF; H 520
Methoxy CH CF; H 522
Methoxy N H H 524
6 Methoxy CCF; H CF, 510
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Table 2.6. Comparison of Spironaphthoxazine and Spiropyridobenzoxazine (compaynd
in Polymer Matrix Prepared from CR- 8oMonomer

(CHy)
CH, —N —
/
(CH) No Y
CH,
Equilibrium Fade Fatigue A max
Sensitivity response Tij Taso activated

(OD/min) (oD) (s) (h) (nm)
Y=CH 0.44 0.22 58 410 615
Y=N (compound11l) 0.56 0.42 122 280 609

has the same wavelength as that of the naphthalene derivative when UV activated.
Examplesl2, 13,and14, spirooxazines with heteroaromatic rings, are also shown.
Kwak and HurditcH patented the family of indolino spirooxazines derived
from 5-nitroso-6-hydroxyquinoline. This family, the spiropyridobenzoxazines, in
general possesses greater sensitivities (that is, rates of activation) and equilibrium
responses (Table 2.6). For example, spiropyridobenzoxadihas a sensitivity of
0.56 (AOD/min) and an equilibrium response of 0.480D) versus a sensitivity of
0.44 and an equilibrium response of 0.22 for the corresponding spironaphthoxazine.
Compound12, incorporating two heterocyclic nuclei, is very polarizable and
shows a large solvatochromic behaviorA polar solvent shifts the equilibrium
toward the opened form as shown in Table 2.7. Nuclear magnetic resonance (NMR)
experiments (400 MHzH) showed that the open forms of “merocyanines” are
transoid toward the azomethine bridge. The delocalized electronic structure tends to
become more quinoidal with decreasing polarity of the medium.

Table 2.7. Variation of the Spectrokinetic Parameteka, \max, AAy of
Compound12 with the Solvert

Solvent ka st A Ay A max (nm) Shoulder (nm)
Cyclohexane 0.24 0.14 584 545
Toluene 0.21 0.49 595 555
Dioxane 0.50 0.47 597 555
Acetonitrile 0.22 0.56 601 557
Dimethyl sulfoxide 0.27 0.37 610 571
Ethanol 0.16 0.81 605 566
Methanol 0.22 0.86 609 567

aAO =A, —Aj with Ay = absorbance immediately after the flash &nd= absorbance of the original solution (Ref. 9).
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Guglielmettiet al. »° reported compounds3 and14 having the heteroatoms in
the oxazine moiety. These series of the spiropyrimidobenzoxazines and spirothia-
zolobenzoxazines extended the available range of photochromic properties.

2.2.4. Miscellaneous Spirooxazines

Compoundl5 exhibited photochromic properties only at low temperatures in
the range —20 to —40°€. Furthermore, as reported in Table 2.8 compolifd
showed interesting properties in various solventsAthe of the aza-merocyanine
form is red shifted when the solvent polarity is increased and the activation
temperature is strongly affected by the nature of the solvent.

o

o

Kawauchi et al.reported replacing the indoline group of the spirooxazines with
piperidine!? In contrast to a blue-activated form (.= 610 nm) of the parent
NISO, the activated form of the piperidino compourfdwvas pink k., =562 nm)
in methyl alcohol (Figure 2.2). The relative light fatigue resistance of compb&ind
was compared with typical photochromic compounds using an Xe-Cl excimer laser
(308 nm, 60 mJ/pulse) as the exciting light source and a 450-W Xe lamp as the
bleaching light source. Compoufié exhibited excellent resistance to light-induced
degradation, as was the case with the parent NISO. The synthesis of 1'3',3'-
trimethylspiro[3H-naphth[2,1b][1,4]oxazine-3,2'-piperidine] (compoundl6) is
given later in this chapter.

Me Me
G

16

The spirooxazines derived from hydroxynitrosodibenzofurans have been
disclosed by Yamamoto and TaniguchiThese photochromic compounds are
interesting because their colored forms have two absorption bands in the visible
range. For instance, compoudd had absorption bands at 460 and 632 nm in
methyl alcohol after UV irradiation.

The bis-spirooxazine compount8 was prepared by Kureha Chem. IHd.
using 1,5-dinitroso-2,6-dihydroxynaphthalene. The formation of the bis-oxazine
structure caused a bathochromic shift, both in the unactivated compound
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Table 2.8. Coloration and Fading Temperature and Absorption
Maxima in Various Solvents of Compout8

Activation Open form Fading
Solvent temp. (°C} Amax (M) temp. (°C)
Iso-PrOH 60-65 590 60+2
CICH,CH,CI 70-75 576 70+2
MeCN 80-85 570 802
PhMe 90-95 572 90+2

a Temperature range at which the colored form is detectable.
b Temperature at which the colored form is not detectable.

I I I T
3
o
~
Qo
e
o]
Eej
3
0
<
0
400 500 600 700
A/ nm

Figure 2.2. Visible absorption spectra of compoué (—) and the parent NISO (- — -) in methanol at
25°C after ultraviolet irradiation.
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(Amax= 380 nm) and in the colored form,,= 630 nm in poly(methyl metha-
crylate)].

In the case of compoun®, the indoline and naphthoxazine moieties are linked
by a bridged chain; the configuration is relatively rigid even after cleavage of the
C-0 in the oxazine ring. The ring-opened species can be observed in acetonitrile,
but not in cyclohexan& The synthesis of compourid®is given later.

=N
W
o-{ 5

19

Guglielmettiet al. 1® synthesized new spiro- azabicycloalkanenaphthoxazines
such as compound20 and 21. It is interesting to note that owing to the steric
hindrance within these compounds, the C-O bond lengths of the compounds are
longer than normal and photochromic colorability is enhanced.

Splrooxazme photomerocyamne
HiC, CH, %\ ﬁz
Ha &Hy (:HJ
Compound 1 _ 20 21

2.2.5. Chelation of Spirooxazine Derivatives

Tamakiet al'’ reported that chelation of the colored forms of spirooxazines

with divalent metals induced considerable shifts of the absorption spectra and
significant retardation of decoloration in the dark.

Oda®® investigated photostabilization by amphoteric counterions such as zinc
salts of 1-hydroxy-2-naphthoic acid and its derivatives. They were very effective in
stabilizing the colored forms of spirooxazines (see Figure 2.3).

Me'® 7% ¢
1
r—c0, R—C0,

Figure 2.3. Chelation of spirooxazine derivatives.
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2.2.6. Crowned Spirooxazines

A spironaphthoxazine derivative incorporating a monoaza-12-crown-4 entity at
the 5'-position has been prepared by Kimataal!® It is a light-resistant, cation-
complexable photochromic compound.

Complexation of alkali metal ions by the crowned spironaphthoxazine allowed
the spironaphthoxazine skeleton to isomerize to its corresponding open colored
form, even under dark conditions. Specifically, lithium cation complexation stabi-
lized the open form owing to the intramolecular interaction between its oxo group
and the crown-complexed cation (Scheme 1).

NO,

Scheme 1

The reversibility in the ionic-conductivity switching of the spirooxazine
system lasted even after 30 cycles, whereas the corresponding spiropyran system
declined gradually in switching magnitude and ionic conductivity, as shown in
Figure 2.4. The excellent durability of the spirooxazine system is due to the much
better light resistance of the spironaphthoxazine skeleton than that of the spiroben-
zopyran one.

2.2.7. Electropolymerization of Spironaphthoxazine — Thiophene Derivatives
Guglielmetti20 reported the synthesis of spironaphthoxazines (comp@did

containing one thiophene entity which are precursors for the preparation of new
molecular materials by electrochemical polymerization or copolymerization.
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Figure 2.4. Photoinduced ionic-conductivity switching in ion- conducting composite films containing
22 (a) or23(b). Visible- and UV-light irradiation started at the points@f @nd ©), respectively.
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Guglielmettiet al** also reported the synthesis of a series of thiophenes (e.g.,
25) and terthiophenes (e.@®6) substituted with spironaphthoxazine photochromic
groups. It has been shown that electropolymerization of the thiophene gr@&p in
that occurs at 1.7 V [vs. saturated calomel electrode (SCE)] is blocked by the
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8 ;J.AI

0 1 Vvs. SCE

Figure 2.5. Cyclic voltammogram of poly(terthienyl- spironaphthoxazine) in 0.1 mot GMBUACIOA_
MeCN (scan rate 100 m V$) .

oxidation of the spironaphthoxazine group occurring at 1.1 V. This was overcome by
the use of a spironaphthoxazine—terthiophene compdfdas the monomer in

which the electropolymerization potential of the terthiophene moiety lies at 0.95 V,
which is lower than that of spironaphthoxazine, thus allowing the electropolymer-
ization to take place. A set of reversible cyclic voltammograms of poly(terthiophene)
films with spironaphthoxazine showed a distinct, nearly symmetrical wave with an
oxidation potential at 0.9 V and a reduction peak at 0.8 V, as shown in Figure 2.5.

2.3. MOLECULAR STRUCTURE AND MECHANISM OF
THE PHOTOCHROMIC REACTIONS

2.3.1. Nature of the Closed Form

Direct evidence for the structure of the closed form has been obtained by
X-ray crystallographic structure determination of several spirooxazinglse results
have shown that the spiro carbon-to-oxygen bonds of the closed forms of the
photochromic compounds are 0.01-0.05 A longer than in a number of other
oxazines?*?® This is in agreement with the rationale for the photochromic reaction
being due to the rupture of the spiro carbon-to-oxygen bond by UV light absorption.
Two types of the crystal structure of the closed forms are shown in Figure 2.6.

2.3.2. Nature of the Colored Form

Except for a few cases in which they were exceptionally stétile, open-form
structures have not yet been determined. Guglielraett?®synthesized the first
permanent opened forms of the spiroindolinooxazine comp@undMR spectro-
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1| -cHs3 TYPE-I

(2)| -C2H40CH3 | TYPE-III

scopic, dipole-moment, and X-ray crystallographic investigations showed that the
stable open form was present in a quinoid electronic distribution and a trans-trans-cis
geometry (TTC).

Molecular orbital calculations can provide the optimized structure and indicate
the thermodynamic relative stabilities. Nakamatal?’ reported the results of an
ab initio calculation of spironaphthoxazine, focusing on the determination of the
most stable structure of the colored form. Figure 2.7 shows the optimized structure
of the four open forms by using theb initio molecular orbital method (HF 6-
31G**/3-21G).

The calculatioft’ indicated that: (1) all isomers converged to the planar form;
(2) the most stable isomer is TTC; (3) the electrostatic interaction between the
central hydrogen and the oxygen of the carbonyl group contributed to the stability;
and (4) hydrogen—hydrogen repulsion was the reason for the destabilization of the
open form.

The important bond angles and distances for these open-form isomers are
shown in Table 2.9. All C=N bond show a double-bond character, whereas the other
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=N
0.0 kcal/mol
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Figure 2.7. Thermodynamic relative stabilities calculated at the RHF level with the 6-31G** basis set
and at the MP2 level with the 3-21G basis set (in parentheses) on the geometries optimized at the RHF
level with the 3-21G basis set.

Table 2.9. Optimized Structure of the Four Isomers (in A and deg.)

TTC CTC TTT CTT
Bonds
Cspiro—C(CH,), 1.534 1.540 1.536 1.539
Cspiro=C 1.350 1.351 1.356 1.358
Cspiro—N 1.371 1.366 1.365 1.358
C(H)-N 1.376 1.374 1.359 1.357
C=N 1.281 1.283 1.271 1.274
C(N)-C(O) 1.491 1.490 1.507 1.506
C=0 1.227 1.227 1.221 1.221
Angles
Cspiro—C-N 119.6 122.6 117.3 120.4
C(H)-N-C 128.6 128.1 139.9 139.2

bonds in the azomethine bridge appear to have an intermediate character. In the
trans-trans-trans (TTT) and cis-trans-trans (CTT) isomers, the H-H repulsion and

resulting large bond angle of C(H)-N-C are clearly shown to be responsible for the

destabilization.

From the standpoint of application, it is important whether the electronic
structure is ketonelike or zwitterioniclike. The calculation results indicate that the
C=0 bond distance is in the region of the normal carbonyl length of 1.22 A;
consequently, the electronic ground state is ketonelike.
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Figure 2.8. *H NMR NOE difference spectrum of the colored open form obtained upon irradiation of
the olefinic proton H.

Irie et al?® obtained experimental evidence for the most stable conformation of
the open form by using *H NMR nuclear Overhauser effect (NOE) measurements.
Irradiation of the protons in the NGhhoiety (3.79 ppm) produced positive NOEs
of 10% at the H7 aromatic proton (7.49 ppm) and 19% at tleedtefinic proton.
Irradiation of thisx hydrogen produced a 12% enhancement of the N@Hiton, as
illustrated in Figure 2.8. These observations indicated that the geometrical structure
of the colored open form of spirooxazine is the TTC form.

2.3.3. Mechanism of the Photochromic Reactions

A recent study by laser flash photolysis showed that a triplet state is not
involved in the coloration mechanism of spirooxazines when in solution. A similar
conclusion was reported, noting that the photocoloration occurs only in the excited
singlet state because of the independence of the reaction to the presence of dxygen.

Aramaki et al3® examined the photochromic reactions of spirooxazines by
picosecond time-resolved Raman spectroscopy. Vibrational resonance Raman spec-
tra of the merocyanine isomer(s) recorded over a 50-ps—1.5-ns interval did not
change. This indicated that the open ring opening to form a stable merocyanine
isomer or the distribution of isométswas complete within 50 ps and that the
isomer(s) distribution remained unchanged for at least 1.5 ns.

Schneide?? investigated the primary processes in the ring-opening reaction by
picosecond time-resolved absorption and emission spectroscopy. The heterolytic
bond cleavage between the spiro-carbon and the neighboring oxygen is commonly
accepted as the primary photochemical step after exciting indolinospirooxazines
with UV photons. The nonplanar intermediate “X” generated in this way is said to
relax very rapidly to a distribution of open forms that are similar in structure to
merocyanines. The existence of an intermediate “X” is proven for various deriva-
tives of spirooxazines. The buildup time for these “X” forms is generally shorter
than 2 ps, and the following reaction to the planar forms takes 2 to 12 ps, depending
on the nature of the solvent as well as the kind of substituent added to the parent
molecule.
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Resonance-enhanced coherent anti-Stokes Raman spectroscopy (CARS) has
proven to be a useful technique for investigating the molecular structures of transient
species® In nonpolar and polar solvents, CARS spectra of spirooxazine derivatives
indicated the existence of two similar isomeric species.

Wilkinson®* reported that the photochemical formation of the open merocya-
nine forms of several spirooxazines in different solvents has been studied using both
picosecond transient absorption (PTA) and picosecond time-resolved resonance
Raman (PTR3) methods. The initially form&gstates relax to the ground state
with lifetimes that range from 1 to 13 ps, depending on the solvent. Evolution
through various geomeric isomers, which typically takes several hundreds of
picoseconds, results in the formation of the equilibrium isomeric distribution.
Resonance—Raman measurements clearly showed that for at least one of the
compounds in butane-1-ol, several conformations made major contributions to the
equilibrium mixture. In cyclohexane, however, the situation appeared simpler, with
one conformation (TTC) dominating the distribution.

Malatestd® proposed the key intermediate product (compo@&) of the
oxidative degradation of photochromic spirooxazines. These species may result
from the photochromic irreversible degradation of the spirooxazines even under
conditions of partial or total absence of oxidation as, for example, in polymers
coated with thin films of barrier agents such as §iSi0Cy, Al203, and MgO.
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Malatestaet al®* disclosed that spirooxazines react easily in their open
merocyanine (MC) forms with free radicals to give deeply colored, reduced, free-
radical adducts (FRA) that are devoid of photochromic activity. The radicals attack
the G'=C¢' double bond of MC and yield stable, deeply colored, free-radical
adducts (compoun@9) that can no longer close back to the corresponding spiro
form. The adducts absorb in the 510-560-nm region and are characterized by high
molar absorptivities.
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2.4. APPLICATIONS

2.4.1. Stabilization of Spirooxazines

Indolinospirooxazines are inherently more fatigue resistant than the spiropyr-
ans. As measured by the quantum yield for photodegradation, the spironaphthox-
azines are two or three orders of magnitude more photostable than the
spirobenzopyran:~7°’.7 From the point of view of industrial applications, spirooxazines
are reported to be stabilized even further by various protective methods.

Chu®® reported that the addition of the organonickel complex, Cy&safig4
(compound 30 from American Cyanamid) to cellulose acetobutyrate polymer
containing the spironaphthoxazine increased the photostability of the photochromic
compound considerably. CHualso demonstrated that the addition of a hindered
amine light stabilizer (HALS, Tinuvi® 770 compound1 from Ciba-Geigy), to
polymer films containing the spirooxazine improved fatigue resistance.
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Kawasakiet al*° disclosed the use of hindered phenols such as 2gdi(
butyl)phenol as stabilizers for spirooxazines in poly(vinyl butyral). The hindered
phenols not only improved photochromic durability but also photochromic response,
besides accelerating the thermal recovery rate.

Tateokaet al.*! reported that nitroxyl free radicals such as those shown in
Figure 2.9 were quite useful as stabilizers for spirooxazines.
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Figure 2.9. Light stabilizers of spirooxazines.

The thermal fading of spirooxazines has been shown to be dependent on the
matrix. Tateokaet al. ** reported that the fading rate for the colored form could be
increased by adding a plasticizer, for example, dibutyl phthalate to poly(vinyl
butyral).

Malatestd” investigated the photochromism and thermochromism of spiroox-
azines in cationic (CTAB, hexadecyltrimethylammonium bromide) and nonionic
(TX-100) micellar solutions, and in sodium bis-2-ethylhexylsulfosuccinate (AOT)
toluene—water inverted micelles. The thermo- and photocolorability increased in TX-
100 and CTAB micelles and decreased in inverted micelles.

J.-P. Boilof* reported the photochromism of spirooxazine-doped gels. In
organic—inorganic hybrid matrices, a competition was observed between normal
and reverse photochromism because of the presence of two chemical environments
for the dye molecules in G#CHSI(OCHs); (VTEOS) and Si(OgHg)4 (TEOS)
mixtures. When the spirooxazine molecules were surrounded by vinyl groups, the
photochromism was normal with a stable closed form and a metastable merocyanine
with a quinoid structure. For reverse photochromism, the molecules were surrounded
by hydroxyl groups. In this case, the photochromism was reversed with a stable open
zwitterionic form.

2.4.2. Commercial Plastic Photochromic Lenses

Spirooxazines (NISO) have UV activation properties and thermal bleaching
properties that are convenient for eyewear applications. A plastic photochromic lens
must have several features, such as (1) ultraviolet energy protection, (2) comfortably
lightweight, and (3) tint from a fashionably light tint to a functionally darker tinted
sun lens®®



Spirooxazines 103

UV ACTIVATION THERMAL BLEACHING

100
90
80
70
60 72 F
50
40 —

30 72 °F
20—
10k 50 °F

0 I I 1 | | ] ] | 1 1
0 10 20 30 40 50 60/0 10 20 30 40 50 60

TRANSMISSON (%)

TIME IN MINUTES

Figure 2.10. Photochromic performance of a TransitiBnens. (Reprinted from Ref. 45 with
permission of copyright owner: Chapman & Hall Ltd.)

In the early 1980s, American Optical (AO) commercialized a NISO photo-
chromic lens. However, the lens was unsuccessful in the market because of its hue
when activated and poor response.

At present, some U.S. and Japanese manufacturers are producing and commer-
cially marketing plastic photochromic lenses. Rodenstock has been marketing the
Colormatic® lenses. Transitions Optical, Inc. has been selling a number of Transi-
tions® photochromic lenses in various markets since 1991. The first-generation
Transitions lens contained a light-brownish tint with a bleached transmittance of
80%. The equilibrium saturation density of the lens was dependent upon the
temperature, as shown in Figure 2.10. On a typical summer day, the activated
transmittance varied from approximately 48% at 95°F to 14% at 50°F. The activated
spectrum at 72°F showed relatively broad-band absorption in the visible range, as
shown in Figure 2.11. The next generations of Transitions lenses included such
improvements as higher bleached transmittance, faster photochromic responses, and
less temperature dependence.

2.4.3. Microencapsulated Photochromic Ink

Mitsubishi Chemical Corp. developed a water-based ink composed of photo-
chromic-containing capsules and an aqueous polymer vihdee average patrticle
size of the capsules containing photochromic spirooxazine and antioxidant was
20 pm. By using this ink composition, cotton clothes could be screen printed. The
printed part showed coloration within 10 s when exposed to sunlight and exhibited
good fatigue resistance. Furthermore, it bleached within 15 s in the dark, and this
process was observed repeatedly.
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Figure 2.11. Visible spectra of a Transitiofislens before and after UV irradiation (activation).
(Reprinted from Ref. 45 with permission of copyright owner: Chapman & Hall Ltd.)

2.4.4.  Photochromic Lamiglass

Nissan Motor and Mitsubishi Chemical Corp. investigated photochromic
lamiglass consisting of a photochromic layer, an intermediate poly(vinyl butyral)
film, and glass plates. The photochromic intermediate film was sandwiched between
two clear glass plates as shown in Figure 2.12. The absorption spectra in the dark are
shown in Figure 2.13. The clear glass filters the shorter wavelengths. The lamiglass
is activated by solar light of approximately 350 nm.

This feature proved to be useful when used in automobile windshields. It
controlled light transmittance in proportion to solar intensity. This material provided
a comfortable driving atmosphere because of its high glare protection. Under low
light intensity, the lamiglass exhibited a high transmission of 80%. On the other
hand, when exposed to sunlight, the transmittance gradually decreased and the glass
showed a blue color. The maximum wavelength was 630 nm.

This lamiglass exhibited a high optical density in the saturation state. The
coloration reached 50% of its saturated value in 20 s. The decoloration speed is
slower, as shown in Figure 2.14. Furthermore, it had excellent resistance to visible

Sun Shine

@ @ Glass
s //4 Photochromic Layer : 10 pm
S = PVB Film :760um

Glass

Figure 2.12.Composition of photochromic lamiglass.
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Figure 2.14. Photoinduced absorbance change.

and UV sunlight. Photochromic activity changed little after exposure for over
3000 h with a xenon fademeter.

2.5. SYNTHESIS EXAMPLES

2.5.1. Synthesis of 1,3,3-trimethylspiro[indoline-2,3'-
[3H]naphth[2,1 b][1,4]oxazine] (compound 1)

Compoundl was prepared by reacting 1-nitroso-2-naphthol (18 g) in MeOH
(200 ml) under reflux with solution of 1,3,3-trimethyl-2-methyleneindoline (17 g) in
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MeOH (50 ml) which was added over a period of 10 min. After refluxing for 1 h, the
reaction mixture was cooled. A brown solid precipitated, which was filtered and washed
with plenty of methanol and which yielded 15 g of product. The product was purified by
repeated charcoal treatment and recrystallization from acetone, mp 124- 125°C.

IR (KBr): 3054, 2961, 1619, 1605, 1589, 1506, 1484, 1452, 1438, 1421, 1381,
1358, 1297, 1271, 1242, 1073, 1028, 1000, 962, 813, 751, 720 cm

2.5.2. Synthesis of 6'-Indolino-1,3,3-trimethylspiro[indolino- 2,3'-
[3H]naphth[2,1-b][1,4] oxazine] (compound 7)

Method A. A solution of 86.5 g (0.5 mol) of 1-nitroso-2- naphthol in 650 ml
of methanol was heated to reflux and treated in one portion with a solution of 173 g
(2.0 mol) of 1,3,3-trimethyl-2-methyleneindoline in 100 ml of methanol. The
resulting solution was heated under reflux for 10 min and then treated over the
course of 1 min with a solution of 86.5 g (0.50 mol) of 1-nitroso-2-naphthol in
250 ml of methanol. The resulting dark solution was refluxed for another hour,
concentrated, and the residue washed with acetone to obtain compound 7 as a yellow
solid; mp 253-255°C; yield 9%.

Method B. A solution of 5.80 g (0.020 mol) of 4-indolino-1-nitroso-2-
naphthol and 3.46 g (0.020 mol) of 1,3,3-trimethyl-2-methylene indoline in
100 ml of 1,4-dioxane was heated under reflux for 21 h. The resulting purple
solution was evaporated to dryness and the residue purified by flash chromatography
over silica with diethyl ether—hexane (1 : 7 = v : v) to give 5.56 g as a green gum or
solid, which was further treated by washing with acetone to give compbasa
yellow solid; mp 255-257°C; yield 58%.

1H NMR (CDCR): 8= 8.59 (d, 1H, H- 10", 7.95 (d, 1H, H-7"), 7.69 (s, 1H,
H-21), 7.62-6.29 (m, 10 H, aromatic), 6.93 (s, 1H, H-5), 3.17 (m, 2H, &} 2.77
(s, 3H NCH;) 1.36 (s, 6H, 2X-CH).

2.5.3. Synthesis of 1',3',3'- trimethylspiro[8i-naphth[2,1- b][1,4]-oxazine-3,2'-
piperidine] (compound 16)

1-Nitroso-2-naphthol (6.93 g) was added to ethanol (70 ml) and the mixture
heated under reflux to completely dissolve the 1-nitroso-2-naphthol under a nitrogen
atmosphere. A slurry of 1,2,3,3-tetramethyl-3,4,5,6- tetrahydropuridinium iodide
was added to the solution and refluxed for 2 h. The reaction mixture was allowed to
stand for a few days and the brown precipitate was obtained by filtration. The
precipitate was recrystallized from ethanol or methanol to give pale yellow needles
of compoundl6 (yield, ~ 10%), mp 104-106°C.

H NMR (CDCk): 5= 0. 96 and 1.26 (6H, s, 3-Me), 2.26 1.29- (3H, s, N-ME), 1.29-
2.94 (6H, m, 4'-,5- ,6'-H), 7.05-8.52 (7H, m, aromatic'H}, NMR (CDCl,):
5= 20.9 (5-C), 22.0 and 26.4 (3'-Me), 32.8 (4'-C), 39.5 (N-Me), 39.9 (3-C), 48.2
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(6'-C), 92.6 (spiro-C), 116.6 (5-C), 121.4 (10-C), 122.3 (10b-C), 123.6 (9-C), 127.6
(7-C), 128.9 (6a-C,) 129.8 (6-C), 131.1 (10a-C), 145.6 (4a-C), 153.0 (2-C).

2.5.4. Synthesis of Compound 19

4a-Methyl-2,3,4,4atetrahydro-1H -carbazole was prepared from 2-methylcyclo-
hexanone and phenylhydrazine. The carbazole obtained was transformed into the
corresponding carbazolium iodide by treating with iodomethane. The carbazolium
iodide, triethylamine, 1-nitroso-2-naphthol were dissolved in absolute ethanol and
refluxed for 3 h under a nitrogen atmosphere. After the solvent was removed, the
residue was chromatographed on a silica gel column [eluent dichloromethane—
cyclohexane (v : v =2 : 1)]. Orange-red crystals were obtained after recrystallization
(acetone), mp 218-220°C.

IR (cmr1): 2966, 1620, 1609, 1593 and 148H NMR (CDCls): =1.51
(s, 3H, 12b-CH), 1.8 (m, 4H, 13-CH- and 14-CH_), 2.54 (s, 3H, N- Ch), 2.9
(m, 2H, 15-CH_) and 6.50-8.65 (m, Ar-H).

2.6. REFERENCES

1. H. Ono and C. Osada, Photochromic spiro compounds, Great Britain Pat. 1,186,987 to Fuiji
(1970).

2. G. Arold and H. P. Vollmer, Photochromic spiro[benzothiazole (or indoline)-23hphth[2,1-
b][1,4]oxazines], German Offen. 1,927,849 (1970).

3. R.J.Hovey, N.Y.C. Chu, P. G. Piusz, and C. H. Fuchsmann, Photochromic compounds, U.S. Pat.
4,215,010 to American Optical (1980).

4. J. Hobley and F. Wilkinson, Photochromism of naphthoxazine-spiro-indolines by direct excitation and
following sensitisation by triplet-energy donor§, Chem. Soc., Faraday Trans., 92(8323 (1996).

5. R.J.Hovey, N. Y. C. Chu, P. G. Piusz, and C. H. Fuchsmann, Photochromic compounds, U.S. Pat.
4,342,668 to American Optical (1982).

6. N.Y.C. Chu, Trifluoromethyl substituted spirooxazine photochromic dyes, U.S. Pat. 4,699,473 to
American Optical (1987).

7. M. Rickwood, S. D. Marsden, M. E. Ormsby, A. L. Stunton, and D. W. Wood, Red coloring
photochromic 6'-substituted spiroindolinonaphth[B]1f1,4]oxazinesMol. Cryst. Liq. Cryst., 246,
17-24 (1994).

8. W. S. Kwak and R. Hurditch, Photochromic compound and articles containing the same, U.S. Pat.
4,637,698 to PPG Industries, Inc. (1987).

9. J. L. Pozzo, A. Samat, R. Guglielmetti, and D. De Keuleleire, Solvatochromic and photochromic
characteristics of new 1,3-dihydrospiré{andole-2,2'-[2H]-bipyrido[3,2-f][2,3-h][1,4]benzoxa-
zines],J. Chem. Soc., Perkin Trans.,1327-1332 (1993).

10. P. Tardieu, R. Dubest, J. Aubard, A. Kellmann, F. Tfibel, A. Samat, and R. Guglielmetti, Synthesis and
photochromic characteristics of 1,3-dihydrospikbjddole-2,3'-[3H]pyrimido[5,4-f ][1,4]benzoxa-
zines] and 1,3-dihydrospirofindole-2,7'-[7H]thiazolo[5,4f ][1,4]benzoxazines], Helv. Chim.

Acta., 75,1185-1197 (1992).

11. G. Castaldi, P. Allegrini, R. Fusco, L. Lango, and V. Malatesta, New thermo- and photochromic 10-
methylspiro {dibenzd{,f][1,4]oxazepino-11,3'd-naphtho[2,1b]-1,4-oxazine}, J. Chem. Soc.,
Chem. Comm., 1991257-1258.



108 Shuichi Maeda

12.  S. Kawauchi, H. Yoshida, N. Yamashita, M. Ohira, S. Saeda, and M. Irie, A new photochromic
spiro[3H-1,4-oxazine],Bull. Chem. Soc. Jpn., 6367-268 (1990).

13. S. Yamamoto and T. Taniguchi, Preparation of spirooxazine fused to heterocycles as photochromic
compounds, PCT Int. Appl. WO 8,907,104 to TORAY Industries.

14.  Kureha Chem. Ind., Photochromic dispiro(naphthodioxazines) with high sensitivity to sunlight, Jap.
Pat. Appl. 63,30,584A (1988).

15. M. Fan, Y. Ming, Y. Liang, X. Zhang, S. Jin, S. Yao, and N. Lin, Studies of relations between
molecular structure and photochemical properties of spiro[indoline-2,3'-[1,4]oxazin€&fjem.

Soc., Perkin Trans., 2,387-1391 (1994).

16. G. Pepe, P. Lareginie, A. Samat, R. Guglielmetti, and E. Zaballos, 8- Methylspiro(syn-10,11-benzo-8-
azatricyclo[5.2.2.0-5]undec-10-ene)-9,3'-[Bl Jnaphth[1,2-b][1,4]oxazine, Acta Cryst., C511617—
1619 (1995).

17. T. Tamaki and K. Ichimura, Photochromic chelating spironaphthoxazin€hem. Soc., Chem.
Comm., 19891477-1489.

18. H. Oda, Photostabilization of photochromic materials: contribution of amphoteric counter-ions on the
photostability of spiropyrans and related compouritiges Pigments 23-12 (1993).

19. K. Kimura, T. Yamashita, M. Kaneshige, and M. Yokoyama, Crowned spironaphthoxazine: lithium
ion-selective coloration and ion-regulated thermal stability of its colored férr@hem. Soc.,
Commun., 1992969-971.

20. C. Moustrou, A. Samat, R. Guglielmetti, R. Dubest, and F. Garnier, Synthesis of thiophene-
substituted spiropyrans and spirooxazines: precursors of photochromic polytetrsChim. Acta
78,1887-1893 (1995).

21. A.Yassar, C. Moustrou, H. K. Youssoufi, A. Samat, R. Guglielmetti, and F. Garnier: Synthesis and
electropolymerization of terthienyl carrying a photochromic graupChem. Soc., Chem. Commun.,
1995,471-472.

22. J. Crano, D. Knowles, P. Kwiatkowski, T. Flood, R. Ross, L. Chiang, J. Lasch, R. Chadha, and C.
Siuzdak, Structure of three novel photochromic compounds: X-ray crystallographic and theoretical
studies,Acta Cryst., B50772-779 (1994).

23. W. Clegg, N. C. Norman, J. G. Lasch, and W. S. Kwak, Structure of a photochromic benzoxazine
derivative,Acta Cryst., C43804-806 (1987).

24. W. Clegg, N. C. Norman, T. Flood, L. Sallens, W. S. Kwak, and J. G. Lasch, Structures of three
photochromic compounds and three non-photochromic derivatives: the effect of methyl substituents,
Acta Cryst. Sect. C4B17-824 (1991).

25. Y. T. Osano, K. Mitsuhashi, S. Maeda, and T. Matsuzaki, Structures of photochromic spiroindoli-
nobenzoxazines and a spiroindolinobenzopywseta Cryst., C472137-2141 (1991).

26. P. Lareginie, V. Lokshin, A. Samat, R. Guglielmetti, and G. Pepe, First permanent opened forms in
spiro[indoline-oxazine] series: synthesis and structural elucidafio@hem. Soc., Perkin Trans., 2,
1996,107-111.

27. S. Maeda, K. Mitsuhashi, Y. T. Osano, S. Nakamura, and M. Ito, The molecular design and
applications of spirooxazinedflol. Cryst. Lig. Cryst., 246223-230 (1994).

28. S. Nakamura, K. Uchida, A. Murakami, and M. Irie, Ab initio MO aittl NMR NOE studies of
photochromic spironaphthoxazind, Org. Chem., 58(205543-5545 (1993).

29. C. Bohne, M. G. Fan, Z. J. Li, J. Lusztyk, and J. C. Scaiano, Photochromic processes in spiro(1,3,3-
trimethylindolino-2,2'-naphth[1,2b]-1,4-oxazine) studied using two-laser two-color technigdes,
Chem. Soc., Chem. Commun., 19901-573.

30. S. Aramaki and G. H. Atkinson, Spirooxazine photochromism: picosecond time-resolved Raman and
absorption spectroscopyhem. Phys. Lett., 17081-186 (1990).

31. N. Tamai and H. Masuhara, Intersystem crossing of benzophenone by femtosecond transient grating
spectroscopyChem. Phys. Lett., 19813-418 (1992).

32. S. Schneider, A. Mindl, G. Elfinger, and M. Melzig, Photochromism of spirooxazines. I. Investigation
of the primary processes in the ring-opening reaction by picosecond time-resolved absorption and
emission spectroscopyBer. Bunzenges Phys. Chem., 9222-1224 (1987).

33. S. Schneider, F. Baumann, U. Kluter, and M. Melzig, Photochromism of spirooxazines, Il. CARS-
investigation of solvent effects on the isomeric distributiBar. Bunzenges Phys. Chem., $225-

1228 (1987).



Spirooxazines 109

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

F. Wilkinson, D. R. Worrall, J. Hobley, L. Janzen, S. L. Williams, A. J. Langley, and P. Matousek,
Picosecond time-resolved spectroscopy of the photocoloration reaction of photochromic naphthox-
azine-spiro-indolinesJ. Chem. Soc., Faraday Trans., 9331-1336 (1996).

V. Malatesta, R. Millini, and L. Montanari, Key intermediate product of oxidative degrada-
tion of photochromic spiro-oxazines. X-ray crystal structure and electron spin resonance analysis
of its 7,7,8,8-tetracyanoquinodimethane ion-radical shltAm. Chem. Soc., 118258-6264
(1995).

V. Malatesta, F. Renzi, M. L. Wis., L. Montanari, M. Milosa, and D. Scotti, Reductive degradation of
photochromic spiroo-xazines. Reaction of the merocyanine forms with free radic@sg. Chem.,
60,5446-5448 (1995).

N. Y. C. Chu, in:Proceedings of the 10th IUPAC Symposium on Photochem(@trgntum yield for
photodegradation, Interlaken, Switzerland (1984).

N. Y. C. Chu, Photochromic composition resistant to fatigue, U.S. Pat. 4,440,672 to American Optical
(1984).

N. Y. C. Chu, Optical materials technology for energy efficiency and solar energy conversion VII,
Proc. SPIE 1016152 (1988).

Y. Tateoka, T. Sagawa, and M. Kawasaki, Photochromic materials containing photochromic substance
and plasticizer in polymer matrix for quick response, Jap. Pat. Appl. JP 6327,837A to Nissan Motor
and Unitika (1988).

Y. Tateoka, M. Ito, S. Maeda, M. Kimura, and K. Mitsuhashi, Photochromic spirooxazine(s) and
photosensitive material containing them—Have good heat-resistance and coloring or decoloring
stability, PCT Int. Appl. WO 8,700,464 to Nissan Motor and Mitsubishi Kasei (1987).

Y. Tateoka, M. Ito, S. Maeda, K. Mitsuhashi, and T. Murayama, Photochromic material from polymer
substrate containing spirooxazine compound and triplet state quencher, Eur. Pat. Appl. 313,941A to
Nissan Motor and Mitsubishi Kasei (1989).

G. Favaro, F. Ortica, and V. Malatesta, Photochromism and thermochromism of spiro(indolinoox-
azines) in normal and reversed micellésChem. Soc., Faraday Trans., 91(22099-4103 (1995).

J. Biteau, F. Chaput, and J.-P Boilot, Photochromism of spirooxazine-doped.dels;s. Chem., 100,
9024-9031 (1996).

J. Crano, W. S. Kwak, and C. N. Welch, in: Spirooxazines and their use in photochromic lenses,
Applied Photochromic Polymer Syste(@ B. McArdle, ed.), pp. 31-79, Blackie, Glasgow and
London (1992).

M. Irie and S. Maeda (Mitsubishi Kasei Corp.), Spirooxazine compounds; photochromism, U.S. Pat.
4,719,296 (1988).



This page intentionally left blank.



3

Benzo and Naphthopyrans
(Chromenes)

BARRY VAN GEMERT

3.1. INTRODUCTION

3.1.1. Definition

The benzo and naphthopyrans that are the subject of this chapter have the
general structures( 2, 3, 4 shown in Figure 3.1 in which R® and* Rre not
combined to form a spiro heterocyclic group. The benzo or naphtho portidng of
3, and4 often contain additional substituents, while on the other hand, R and R? are
usually hydrogen (see Section 3.2.2.1). Compounds in which R3 AnareR
combined into a spiro heterocycle are commonly referred to as spiropyrans.
Although structurally related, the spiropyrans represent a completely different
class of photochromics, based on their photochemistry, and are reviewed in Chapter
1 of this book. Until the past decade, the photochromism of benzo and naphthopy-
rans had gone largely unstudied, although their chemistries, including preparations,
properties, and reactions, have been thoroughly expfc?r&dartelson-’» and Laarho-
ven* briefly reviewed the photochromism of benzo and naphthopyrans as a part of
their more comprehensive reports, respectively, on spiropyrans and related
compounds and 4n+2 systems: molecules derived from Z-hexa-1,3,5-triene/
cyclohexa-1,3-diene.

3.1.2. Historical Perspective

The lack of interest until recently in the photochromism of benzo and
naphthopyrans is due in part to the limited, and in some cases, misinformation
found in the early literature. A case in point are the early publications dealing with

Barry Van Gemert ¢ PPG Industries, Monroeville, PA 15146 USA
Organic Photochromic and Thermochromic Compounds, Vadited by John C. Crano and Robert
Guglielmetti, Plenum Press, New York, 1999.

111



112 Barry Van Gemert

R , R‘
R . R?

. A >~
o f L L e X T
() 4 0O r*

1 2

R1
2
20 ¢

R(5-10) R
(o

Figure 3.1. General structures of benzo and naphthopyrans.

3,3-diphenyl-3H-naphtho[2,1b]pyran (). In 1940 Wizinger and Wennifigeported

the first preparation of this compound (Scheme 1) which, unknown to them, yielded
a two-to-one adduct] of diphenylethylene and 2-hydroxy-1-naphthaldehyde. This
mistake was corrected by Livingstehal® in 1960 when the adduct was correctly
identified, but not before Hirshberg and Fiséhenported that the Wizinger product,

which he believed to bg, was not photochromic.

In 1966, Becker and Michreported for the first time on the photochromism of
2H-1-benzopyrans. Becker investigated more than 25 compounds and found that “in

Scheme 1
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some cases, colorless to colored conversion can be accomplished at room tempera-
ture.” Some general relationships were described, for example, “benzo annellation in
positions 5,6 or 7,8 increases the stability of the colored form; benzo annellation in
6,7 decreases it,” but detailed photochromic properties of specific compounds were
not presented. In a 1971 U.S. paterBecker described the photochromismson
example (0) as “changes to orange with ultraviolet irradiation below about —40°C
then bleaches to colorless at room temperature.” A room temperature laser flash
study on5 reported by Lenoble and BecRérin 1986 correctly reports the color of

the open form as being yellow (absorbance maximum at 430 nm), but fails to shed
light on the lifetime of the colored form at room temperature, saying only that it is
“stable to above 400 microseconds.”

3.1.3. Current Review

Recent interest in the photochromism of benzo and naphthopyrans has been
sparked by commercialization of photochromic plastic ophthalmic eyeware in the
early 1990s. The research and development oganizations of several companies [PPG
Industries and Essilor International (joint partners in Transitions Optical), Pilkington
PLC, Tokuyama Soda, and Rodenstock to name a few] have studied benzo and
naphthopyrans for their potential in offering complementary colors (yellow to
orange) to the better-known (blue) indolinospironaphthoxazines. This work has
led to a large number of patents that have been issued or published in the past five or
so years. This review chapter (covering information through early 1996) attempts to
put all this recent work in perspective by including practical information, when it is
available, on equilibrium response in solution and/or plastic substrates, absorption
maxima of the open and closed forms, methods of incorporation, fatigue rates,
stabilization, and synthetic methodology. To highlight the emphasis in this book on
synthesis, detailed preparation schemes are given for a few key examples. This is the
first comprehensive review on the photochromism of benzo and naphthopyrans, and
should prove to be a useful resource to those working in this area. A note of caution:
Although the amount of information that has been published over the past five or so
years has been large, most of it is contained in the patent literature, where broad
claims are occasionally made (especially in the area of lifetime or “fatigue”) that are
frequently unsubstantiated in the accompanying experimental details. In addition,
most of the data from the patent literature tend to be qualitative in nature.

3.1.4. Photochromic Mechanism

By analogy to the spiropyrans, the photochromism of benzo and naphthopyrans
is believed to involve the breaking of the oxygen—carbon bond of the pyran, as
shown in Scheme 2. Kolc and Beckeishowed that this is indeed the case by
reducing the open form of a benzopyran at low temperature with lithium aluminium
hydride (Scheme 3). The resulting pherfl) (was identified by spectroscopic
technigues (IR and NMR). A more difficult question relating to the photochromism
of benzo and naphthopyrans is which electronic and/or geometric configuration best
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Scheme 2

describes the open form, i.e., zwitterior83, (cis quinoidal 9), or trans quinoidal

(10)? The limited solvatochromism observed for the open form of the majority of
benzo and naphthopyrans would lend support to an uncharged quinoidal species vs.
the charged zwitterionic state. On the other hand, it is likely that certain substituents
at what could be termed “special positions” (see Sections 3.2.2.5 and 3.2.2.6)
stabilize and therefore increase the proportion of zwitterionic character of the open
form. Crancet al.? reported, without providing details, that low-temperature NMR
studies of the open form of 3,3-diphenyidaphthol[2,1b]pyran supports a
structure best represented by a quinoidal species. As will be discussed in detail in
later sections, the predominance of a cis vs. trans quinoidal species will depend on
substituents, and in the case of the naphthopy8amsl4, the parent structure.

N
Uy 7 | LiAlH4
(o] L ﬁsHs A <o CeHs ’ | | c
sHs OH sHs

11
Scheme 3

3.1.5. Performance Testing

For testing performance, photochromic compounds should be placed in an
environment (i.e., substrate or matrix) that relates to their proposed end use. For
example, benzo and naphthopyrans being considered for use in ophthalmic eyeware
should be incorporated into an optical plastic. Photochromic optical plastics can be
prepared by an imbition proceSsor the compounds can be mixed with a monomer
and cast by methods described for oxazitfds. the latter process, the photochromic
compounds must withstand the casting process, that is, exposure to free radical
initiators. Samples being compared should have identical levels of photochromic
compounds present. Photochromic properties can be conveniently mé&asatred
room temperature on an apparatus (Figure 3.2) employing a triangular optical bench
equipped with a 300-W xenon arc lamp (components available from Ealing Electro-
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Figure 3.2. Triangular optical bench.

Optics Inc., Holliston, MA). Light from the lamp is passed through a copper sulfate
solution to remove infrared, a neutral density glass filter to regulate irradiance, a
shutter assembly, and the sample. The optical density of the sample is determined
using a tungsten lamp, a bandpass filter, and a silicon detector mounted on a separate
optical bench positioned at an angle to the first bench. The photochromic response of
the sample is defined as the change in optical deds@p) upon exposure to the

light from the xenon lamp as measured through the bandpass filter. The change in
optical density is determined as a function of time of exposure, and both an initial
rate of change, calculated from a 30-s reading, and a 10 to 20-min equilibrium or
steady-state response are determined for each sample. After achieving the steady-
state condition, exposure to the activating radiation is discontinued and the rate of
fade is measured. The fade rate is normally expresded,ashich is defined as the

time in seconds required for the sample to return tAGD of one-half the
equilibrium value.

3.1.6. Fatigue Testing

The loss of response in a photochromic system (i.e., the irreversible formation
of nonphotochromic products) is commonly referred to as “fatigue” (Scheme 4).
Although the open form is most commonly implicated, both the closed and open
forms of a photochromic molecule may be capable of undergoing such nondesirable
thermal or photochemical reactions. Much like dyes, organic photochromic
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compounds are more fatigue prone than those based on inorganic chemistry. Fatigue
has therefore limited the utility of organic photochromes in applications involving
prolonged exposure to intense heat or ultraviolet light.

U.v.
CLOSED (COLORLESS)FORM =—> OPEN (COLORED) FORM

"> FATIGUE PRODUCT(S)

Scheme 4

Samples should be prepared for fatigue tests using the same considerations that
have applied to the performance test samples. Although in most applications of
photochromics, activation is brought about by solar exposure, it is usually not
convenient to fatigue test articles in the sun. The intensity of sunlight will vary from
day to day, depending on weather conditions and the time of the year (angle of the
sun). The total amount and spectral composition of the UV will also depend on the
angle and direction of exposure. A more constant source of light in a controlled
environment is therefore routinely used in place of solar exposure. An example of a
frequently used instrument is the Q.U.V. Accelerated Weathering Tester sold by the
Q-Panel Co., Cleveland, OH. Various manufacturers also sell solar simulators based
on xenon light sources. Regardless of the artificial light source used, a relationship
has to be developed to extrapolate results from these accelerated tests to solar
exposure (assuming the photochromic article will be used outside). After a sample is
exposed in the test device for a period of time, it is routinely performance tested to
determine the loss in response brought about by the simulated use. This loss can be
proportional to the destruction of photochromic molecules within the sample or it
could appear much greater than the actual loss if decomposed photochromic
molecules form a UV screen, preventing activation of molecules lying beneath it.
Regardless of how photochromism is lost, fatigue is routinely expressed as a half-
life, i.e., t,,. Thety, is the time required for half of the equilibrium or steady-state
response to be lost.

3.1.7. Fatigue Specific to Pyrans

Early studies by Padwet al’® showed that the irradiation of 2,2-dimethyl-
benzopyran in acetone yielded 2-methyl-4-(2-hydroxyphenyl)-1,3-butadiene as the
exclusive photoproduct. The reaction was rationalized as proceeding through a
quinoidal ring-opened intermediat&2], followed by a 1,7-sigmatropic hydrogen
shift to yield (L3) (Scheme 5). As a result of this problem with pyrans having a C-H
grouping on the carbon adjacent to the pyran oxygen, efforts to find more fatigue-
resistant compounds within this class of photochromics have focused on molecules
with an alternative substitution.
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3.1.8. Stability and Stabilization

It is difficult to specifically state the expected lifetime of a class of photo-
chromic molecules because lifetime can be dramatically affected by such factors as
concentration, environment (i.e., matrix), stabilizers, strength and spectral profile of
impinging light, as well as substituents. On the other hand, it is fair to say that some
of the more stable naphthopyrans approach the photostability of the indolinospir-
onaphthoxazines, a class of photochromic molecules generally recognized as
possessing exceptional stabilty This statement is based on the high level of
research in this area that has led to the inclusion of pyrans in commercial products by
all of the major plastic photochromic lens manufactdfe(3ransitions Optical,
Hoya, Seiko, Rodenstock, and INDO).

Stabilizing molecules that have been claifffeg having a beneficial effect on
photochromes fall into three general classb#dered amine light stabilizers
(HALS), UV absorbers, and antioxidants. Occasionally combinations of these
materials have been found to have an enhanced effect when compared with the
stabilization brought about by the individual components of a mixfuontact
with water, oxygen, and free radicals has been reported to exacerbate fatigue
problems?! Often a number of undefined factors will influence the effectiveness
(or lack thereof) of any stabilization additive. As a result, the Edisonian approach
(trial and error) is generally relied upon in developing a stabilizer package. This is
especially true when dealing with mixtures of photochromic compounds.

3.2. H-NAPHTHOI[2,1-bJPYRANS

3.2.1. Nomenclature

The very early literature refers télaaphtho[2,1b]pyrans as 5,6-benza-21 -
benzopyrans. The common teaghromends frequently used in place of the more

Figure 3.3. Numbering system for Fsnaphtho[2,1-b]pyrans.
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correct2H-1-benzopyranAs a result, the naphthopyrans have been caléeto-
chromenesor very incorrectly simplychromenes.The structure and numbering
system for the B-naphtho[2,1b]pyrans is shown in Figure 3.3.

3.2.2. Structure—Photochromic Activity Relationships

3.2.2.1. Substitution at the 1- and 2-Positions

The great majority of patents require hydrogens at the 1- and 2-positions,
leading one to believe that alternative substitution leads to greatly diminished
photochromism. This would most likely not be a result of inhibition of the
photochemical ring opening (or bond breaking) but rather a result of steric inhibition
of bond rotation or isomerization, allowing the reactive centers to become remote
from each other. Nevertheless, compounds containing substituents such as methyl at
these positions have been claimed in the photochromic patent liteTature.

Compounds substituted in the 1- and 2-positions are best prepared by the series
of reactions outlined in Schemé&®%The first step in the sequence (condensation of a
hydroxyacetonaphthone with a ketone or aldehyde) gives good yields only in cases
where R and/or R, are not ary?> Condensation with a diaryl ketone (i.e., a
benzophenone) can be accomplished in low yield with soditbatoxide in

(T 1
‘ CHs R“/LR4
morpholine
OH toluene

Dehydration

Scheme 6
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refluxing benzené? Kelly and Vanderpla® have reported on an improved version
of the Kabbe condensation that is useful with base-sensitive substrates. @abbutt
al.?® have reported that benzopyrans (ahti@phtho[2,1b]pyrans) can be substi-
tuted with bromine in the 2-position using the sequence shown in Scheme 7.

NBS
—_—
DMSO/H20

Scheme 7

3.2.2.2. Substitution at the 3-Position

A reasonable level of room-temperature photochromism in polymer matrix
requires that the pyran be substituted at the 3-position with conjugative substituents
such as phenyl. This enhanced photochromism of aryl-substituted pyrans was noted
early on by Becker and Micfl.Pyrans containing aryl groups at the 3-position also
have improved fatigue resistance compared with compounds substituted at the 3-
position with groups containingrhydrogens (see Section 3.1.7). The photochromic
properties of 3,3-diphenylF8-naphtho[2,18]pyran and related compounds are
shown in Table 3.1 The rapid fade and low steady-state optical density at room
temperature for the compounds described in Table 3.1 are believed to be caused by
steric destabilization of the trans quinoidal form (Figure 3.4). Note the juxtaposition
of the two highlighted hydrogens it. The destabilization of this open form would
mean that once ring opening occurs, conversion from the cis-quinoidal to the trans-
quinoidal species would be unlikely and that the molecule would be positioned to
undergo a rapid ring reclosure to the colorless ground state. This would be visually
observed as a very rapid fade or perhaps in extreme cases, as a lack of photo-
chromism at room temperature.

The visible and UV spectra for 3,3-dipheny-3haphtho[2,1b]pyran are
shown in Figures 3.5 and 3.6. From the UV spectrum it can be seen that 3,3-
diphenyl-3H-naphtho[2,1b]pyran has a reasonable absorption in the UVA region
(320-400 nm). As a result, this compound (and its analogs) activate (color) in
normal unfiltered sunlight. The visible spectrum, which is typical ldf 3

Table 3.1. Photochromic Properties of (Substituted) 3,3-Diphetidr@phtho[2,15]pyran
Imbibed into Polymerizates of Diethyleneglycol bis(allyl carbonate)

Phenyl substituents A ax (Visible) (nm) AOQOD Steady-state FadeT,, (s)
None 432 0.36 45
p-MeO 468 0.25 35

p-MeO, p'-MeO 480 0.15 40
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Figure 3.4. Steric destabilization of the trans quinoidal open form of 3,3-diphedyiRaphtho[2,1-
b]pyran.

naphtho[2,1b]pyrans, is broad with a bandwidth at half peak height of approxi-
mately 80 nm. These spectral properties make this class of compounds useful in a
variety of applications. The data in Table 3.1 can be used as a guide for estimating
performance in other carriers, for example, solvents. A general rule of thumb for
solvents vs. polymers is that one would expect the activation and fade rates to be
considerably faster and the resulting intensity much lower in the former. The
opposite would be true (slower activation and fade with higher optical density) in
polymers that are more rigid than polymerizates of diethyleneglycol bis(allyl
carbonate).

Substituents on the phenyl groups of 3,3-diphertykaphtho[2,1b]pyran can
have substantial effects on color, intensity, and fade. Electron-donating groups in the
para position(s) result in a bathochromic shift in the visible spectrum, a lower
equilibrium intensity, and a somewhat more rapid fade (Table 3.1). An additional

1 -
0.9 1
0.8 1
0.7 1
0.6 A
0.5 1
0.4 1
0.3 1
0.2 1
0.1 4

0 T T T T T T T Y T v

400 430 460 490 520 550 580 610 640 670 700

Absorbance

Wavelength (nm)

Figure 3.5. Visible spectrum of open form of 3,3-diphenyaaphtho[2,1b]pyran.
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Figure 3.6 UV spectrum of 3,3-diphenylt3-naphtho[2,1b]pyran.

color shift can be obtained by incorporating the electron-donating substituent (such
as oxygen) located at the para position into a fused five- or six-membered ring.
The additional bathochromic shift can be attributed to a better overlap of a
nonbonding electron pair on oxygen (or nitrogen) with fiherbitals of the benzene
ring. Not unexpectedly, substitution at the meta position of the aryl group(s) (a
position that cannot participate by resonance with any charge developed in the open
form) has a limited effect on the properties of the colored species. Ortho substitu-
tion,?® which might be expected to have effects similar to para substitution,
unexpectedly dramatically enhances optical density and slows the rate of fade.
Data that demonstrate the effect of ortho substitution can be found in Table 3.2. The
increase in optical density can for the most part be attributed to a slowing of the
fade rate. The fade rate order for 3,3-diamH3aphtho[2,1b]pyran having an
ortho substituent on one of the aryl groups appears to have an inverse correlation
to the size of that substituent XHF > OCH;= CH3). Any difference in methyl
and methoxy may be due largely to electronic effects (i.e., donating groups at
conjugative positions increasing fade) superimposed upon the steric effect of these
groups.

The synthesis of B-naphtho[2,1b]pyrans substituted in the 3-position with
aryl groups is most easily accomplished by the two-step process outlined in Scheme

Table 3.2. Photochromic Properties of Ortho-Substituted 3,3-Dialdfgaphtho[2,1b]
pyrans Imbibed into Polymerizates of Diethyleneglycol bis(allyl carbonate)

Aryl substituents A max (visible) (nm) AOD Steady-state FadeT;,, (s)
o-F, p'-MeO 456 1.00 170
o-F, m'p'-diMeO 472 1.05 203
o-Me, p,p'-diMeO 475 1.36 510
0-Me, p'-MeO 469 2.40 > 600
o,p- diMeO 455 1.42 510

0,0-diF, p'- MeO 450 2.23 > 1800
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8. In this sequen@@ a (substituted or unsubstituted) benzophenbBes reacted
with sodium acetylidel@) in an ether solvent at room temperature to yield a 1,1-
diaryl-2- propyn-1-ol 17). This intermediate can be condensed wifrraaphthol in

the presence of an acid catalyst at 30 to 50°C to yield the pyran.

NaC-CH HO C=CH R
0 e
TsOH
toluene 0o
R

Scheme 8

Photochromic Bl-naphtho[2,b]pyrans containing a 3-aryl grouping (substi-
tuted or unsubstituted phenyl or naphthyl) and a 3-heteroaromatic group (thienyl,
furanyl, and the like) have been paten?éd%klthough these compounds offer the
disadvantage of a more involved synthesis using more expensive starting materials,
they are reported to have a grediduminous transmission than 3,3-dipheny-3
naphtho[2,1b]pyran.

Yet another variation on the same theme links the two aryl groups tog?tf?é‘r
to form spirofluorenylidene 1) spirosuberenylidenel®) and the like (Figure 3.7).

The photochromic properties of these compounds (intense and slow to fade) are best
explained if one considers them di-ortho-substituted 3,3-didtyhephtho[2,1-
b]pyrans.

The synthesis of photochromic compounds from a diarylpropargyl alcohol and
a dif3-hydroxynaphthalene (2,3- or 2,6- or 2,7-) yields a dip)ﬁ’r’aﬁcheme 9 shows
the preparation of a dipyral) from 2,6-dihydroxynaphthalen2@). The photo-
chromic properties of these compounds are quite similar to those of a 3,3-diaryl-3
naphtho[2,1b]pyran with an oxy-containing heterocycle fused to the naphtho

18 19

Figure 3.7. Spiro (H-naphtho[2,1b]pyran-3,9'-fluorene) and spiro H3naphtho[2,1b]pyran-3,5'-
dibenzosuberene).
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portion of the molecule. That is, it appears unlikely that more than one pyran ring
opens on exposure to UV at any given time in any single molecule.

HO.
‘ Ar
HC=C +
‘ " HO>LA|. _H—’

A
OH
20

Scheme 9

3,3-Diaryl-3H-naphtho[2,1b]pyrans with a double bond inserted between one
of the aryl groups and the pyrad3) have been prepar?-)Gd by substituting a
chalcone 22) (benzylideneacetophenone) in place of a benzophenone in the
standard propargyl alcohol synthesis (Scheme 10). The added double bond results
in the colored (open) form absorbing at longer wavelengths than a similarly
substituted 3,3-diaryl43-naphtho[2,1b]pyran.

0 H C=CH
! M He=cna HO M p-Naphthol
Ar — e Ar — —
H Ar H Ar
22
Scheme 10

3.2.2.3. Pyran Substitution via Heteroaromatic Annellation

Irie has studied a series oH3naphtho[2,1b]pyrans containing aromatic and
heteroaromatic groups annellated at the 2- and 3-posﬁ76?1gsWhen a heteroaro-
matic group is fused in one orientation, a reverse photochromic system is produced
(Figure 3.8) in which the naphthopyra®¥)(is the colored form (yellow). On

SN cH, SO >390nm)

——
S -—
CH, hv (. 334nm)

Figure 3.8. A reverse photochromic system.
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hv (. 366nm)
_—
-

Ahv (A >400nm)

Figure 3.9. Photochromic heteroaromatic annellatéttraphtho[2,1b]pyran.

exposure to visible light or strong heating, the pyran converts to a (colorless) vinyl
naphthol 25). Exposure to UV reverts the naphthol to the pyran. When the
heteroaromatic group has the opposite orientatRf) (Figure 3.9) and the
methyl at the 1-position is removed, a much more normal photochromic system is
produced. Replacement of benzthieno 26 with naphth8®*! yields a yellow
quinoidal open form analogous 2@ that undergoes further photochemistry.

3.2.2.4. Substitution at the 5-Position

Oxy substituents (methoxy, acetoxy) result in a hypsochromic shift of approxi-
mately 36 nm in the UV spectrum of the closed form. This hypsochromic shift in the
UV would be expected to negatively affect the solar response of these compounds.
While a 5-methoxy has no influence on the color of the open form, a 5-acetoxy (and
several related groups*? results in a bathochromic shift (in the case of acetoxy) of
25 nm. This lengthening of the chromophore of the colored spe&8pscén be
attributed to participation of the 5-substituent as shown in Figure'3.10.

3.2.2.5. Substitution at the 6-Position

Electron-donating substituents (alkd%and amind>“® result in a bathochro-

mic shift and an increase of the extinction coefficient of the long wavelength

O/ -CHy

o

Figure 3.10. Participation of a 5-acetoxy group in the chromophore of the open form.
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absorbance in the UV spectrum of the closed form. The color of the open form is
shifted hypsochromically and the saturation optical density is increased. New
chemistry has been developed (Scheme 11) for the preparation of the relatively
unknown 1-alkoxy and 1-amino-3-hydroxynaphthalenes required for the synthesis
of these derivatives. Comparative photochromic properties for representative 6-
alkoxy and 6-amino-3,3-diarylk3-naphtho[2,tb]pyrans are shown in Table 3.3. In
many ways the effects on the photochromic properties brought about by a 6-
substituent in the B-naphtho[2,1b]pyrans is similar to those seen in the 6'-amino
naphthoxazines!’ Structural comparisons for these two classg$), ((32) of
photochromic molecules are shown in Figure 3.11. The teqperchromismhas

been used to descri® substitution at this position and its effects on photochromic
response. An additional zwitterionic open foidfl)(can be drawn for 6-amino- (or
alkoxy-)3H-naphtho[2,1b]pyrans (Figure 3.12). This may be invoked to explain the
unusual properties of the colored species of this series of compounds.

cl_ ¢l cl
OH [o] [o,
_— —_—
R

OCHj3
_? _NH
Raney Nickel/
KOH
Ci
OH
H OH OH
- 2 ~
Pd/IC /
N
R1/ \R2 R1/N\Rz OCH;
Scheme 11

Table 3.3. Photochromic Properties of 6-Alkoxy and 6-Amino-3,3-diard-Baphtho[2,1-
blpyrans Internally Cast in Polyurethane

Substituents Transmission (%)
3,3-Phenyl 6-Position Bleached Activated A max (NM)
4-MeO,4'-MeO 1-Piperidino 86 58 452
4-MeO,4'-MeO 1-Morpholino 87 58 452
4-MeO,4'-CF3 1-Morpholino 90 75 432
4-MeO,4'-MeO Methoxy 81 59 455
4-Me0,4'-MeO H 91 84 490

2,4-Me0,4'-MeO H 90 58 488
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6'-piperidinonaphthoxazine (31) 6-piperidino-3H-naphtho([2,1-b]pyran (32)

Figure 3.11. Structural comparison of photochromic 6'-piperidinonaphthoxazines and 6-piperidlino-3
naphtho[2,1-b]pyrans.

Figure 3.12. Resonance contributors to the open form of 6-piperididex8phtho[2, 1bjpyran.

3.2.2.6. Substitution at the 8-Position

Electron-donating substituents (aIk(‘.&?P and fused five- and six-membered
rings containing oxygen and nitrogén at the 8-position of a FBnaphtho[2,1-
b]pyran result in a bathochromic shift in both the UV of the closed form and the
visible spectrum of the open form. The fade rate of the open form is slowed, with a
resulting enhancement of the steady-state optical density. In Table 3.4 the photo-
chromic properties of 8-methoxy-3,3-diphentiaphtho[2,1b]pyran are
compared with isomeric compounds with methoxy at other positions on the naphtho
portion of the molecule. As is the case with alkoxy and amino substituents in the 6-
position, an additional zwitterionic forn84) can again be drawn for the open form
of 8-alkoxy (or amino) B-naphtho[2,1-b]pyrans (Figure 3.13). A notable difference
when comparing zwitterionic resonance forrB8)(and @4) is that in34, the
aromaticity is destroyed in both of the rings within the naphtho portion of the
molecule, whereas 83, aromaticity is lost in only one. The net result should be that
34is a higher energy species and less of a contributor to the hybrid than would be
expected foB3.
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Table 3.4.Substitution of Methoxy on the Naphtho Portion of 3,3-Diphertyd-3
naphtho[2,1b]pyran: Effect on Photochromic Properties of Compounds Imbibed into Poly-
merizates of Diethyleneglycol bis(allyl carbonate)

Substituent A max (visible) (nm) A max (UV)(nm) Sensitivity (A OD/min) AOD (sat.)

5-MeO 432 323 0.49 0.46
7-MeO 432 365 0.92 0.39
8-MeO 473 376 1.25 0.73
9-MeO 426 329 0.62 0.31

Figure 3.13. Resonance contributors to the open form of 8-methdkyraphtho[2,1b]pyran.

3.2.2.7. Substitution at the 7-, 9-, and 10-Positions

Electron-donating groups such as methoxy have little effect at the 7- and 9-
positions (Table 3.4) or have not been reported (10-position) owing to the unavail-
ability of starting material. Flanking an 8-alkoxy group with a 7-alkyl or 9-carboxy
group® enhances the photochromic effect under solar conditions, primarily as a
result of further shifting UV absorptions closer to the threshold of the visible.

3.2.2.8. General Note

Several patents dealing witid zhaphthol[1,2b]pyrans also claim the I8
naphtho[1,2b]pyrans and B-1-benzopyrans as a matter of course. In cases where
the H-naphtho[2,1b] pyrans are of little utility due to low steady-state optical
density at room temperature, the references will be discussed under the following
section dealing with theH2naphtho[1,2b]pyrans.

3.3. 2H-NAPHTHOI[1,2-b]JPYRANS

3.3.1. Nomenclature

The structure and numbering system fdt-raphtho[l,24] pyrans 85) are
shown in Figure 3.14. The color of the open formisf Baphtho[1,25]pyrans 86),
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35

Figure 3.14. 2H-Naphtho[1,2H] pyrans, closed and trans quinoidal open forms.

Table 3.5. Comparative Photochromic Properties of 2,2-Dipherykaphtho[1,2-b]pyran
(A) and 3,3-Diphenyl-B- naphtho[2,1b]pyran (B) Imbibed into Polymerizates of
Diethyleneglycol bis(allyl carbonate)

Compound A max (Visible) (nm) A nax (UV) (nm) Fadet,,, (s) AOD (sat.)
A 476 355 > 1800 1.37
B 432 359 45 0.36

relative to similarly substituted FBnaphtho[1,2b]pyrans, is bathochromically
shifted, more intense, and slower to fade (Table 3.5). These properties are believed
to be due in part to the stability (lack of steric interactions) of the trans quinoidal
open form(36) shown in Figure 3.14. Compare this witt¥] in Figure 3.4.

3.3.2. Substituent Effects
3.3.2.1. Substitution at the 2-Position

The first H-naphtho[1,2b]pyran patentetf that is described as having
acceptable properties (intensity, fade, fatigue) for use in plastic photochromic
ophthalmic lenses contains the spiro adamantylidene group at the 2-position
(compound37,Scheme 12). The bulky adamantylidene group is reported to enhance
the quantum efficiency of ring opening by weakening the C-O bond in the pyran. At
the same time, fatigue via a 1,7-hydrogen shift would result in a violation of Bredt’s
rule (the disallowance of bridgehead double bonds). In polymerizates of diethyl-
eneglycol bis(allyl carbonate3y is yellow A nax 449 nm) in the activated state with
a fadet, equal to 225 s. Complete conversion from the colored to colorless form
has been found to require a substantial amount of time. For example, plastic
substrates containing this compound that are activated and then placed in the dark
are observed to retain some coloration for a day or more. At present, this
phenomenon is not fully understood.
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Following up on this work, additional patents have issued covering related
compounds incorporating at the 2-position, spiro bicyclo[3,3,1]9—nonyﬁ3der$e
well as spiro 2-norbornanylidene and the fikdhese compounds are best prepared
via the Kabb& synthesis as outlined in Scheme 12.

. -
!
RN
O CHs pdamantanone O ‘é T+
o
O OH Pyrrolidine ‘ H20
A

(o] OH

37

Scheme 12

2H-Naphtho[1,2-]pyrans have been patentéthat are purple in the activated
state. These contain, in addition to a methyl at the 2-position, a phenyl containing
ortho and/or para amino functionality. While these compounds have intensely
colored open forms, they appear to be of little use due to fatigue problems associated
with the previously discussed potential of the colored species undergoing an
irreversible sigmatropic 1,7-hydrogen shift.

2H-Naphtho[1,2-b]pyrans containing 2-cyclopropyl-2-aryl (and heteroaryl)
substitutior?® as well as 2,2-dicyclopropyl substitut®rhave been patented. The
cyclopropyl groups with their partial double-bond character tend to lengthen the
chromophore compared with 2-alkyl-substitutdd-r?aphtho[1,2b]pyrans, resulting
in bathochromically shifted open forms.

Substitution of two aryl groups at the 2-position results in an extremely intense
orange photochromic compound that is very slow to fade in solution and péFymers
(Table 3.5). It has been reported that the fade rate in solution can be promoted by the
addition of minor amounts of acids and ba%edt is not known if this principle can
be applied to plastic substrates.

3.3.2.2. Substitution at the 5-Position

A better method of promoting fade in 2,2-diaryl (and othét)naphtho[1,2-
blpyrans is to introduce a substituent at the 5-position. Such substitution produces
steric crowding in the trans quinoidal open form (see Figure 3.14). The steric
crowding will result in a destabilization of the colored species and a more rapid
conversion (fading) to the colorless ground state. Methyl has been introduced in the
5-position for this purpos€. The synthesis of the starting material for these 5,6-
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Table 3.6. Photochromic Properties for a Series of 2,2-Diaryl-5-Substitidedabhtho[1,2-
b]pyrans Internally Cast in Polymethacrylate

Phenyl substituent 5-Substituent 6-Substituent AOD (sat.)  Fadety;, (S) A ,.,(nM)

(None) H H 1.37 > 1800 476

4,4'-diMeO COOCH MeO 0.48 305 510
(None) COOCH;s CHs CH, COO 0.19 257 470
4,4'-diMeO COOCH, CH, 0.42 217 505
(None) CHs H 1.29 640 482

dimethyl-2H-naphtho([1,2b]pyrans (3,4-dimethyl-1-naphthol) is not disclosed and
may be difficult. Alkoxycarbonyl (and related functionality) at the 5-position has
also been reportesf.’ito promote fade. A comparison of photochromic properties for
a series of 2,2-diaryl-5-substituteti=zhaphtho[1,2b]pyrans is shown in Table 3.6.

The color, rate of fade, and intensity of 2,2-diphenyl-5-alkoxycarbdfiyl-2
naphtho[l,2b]pyran will be further affected by additional substituents on the
molecule. As can be seen in Table 3.6, para methoxy(s) on the phenyls speeds the
fade and bathochromically shifts the colored form. Electron-donating groups at the
6-position have a similar effect on the color but tend to slow the fade. The enhanced
rate of fade brought about by the 5-carbomethoxy can be further promoted by a 6-
propionyloxy (or related) group.

The 5- and 6-positions of a2naphtho[1,2b]pyran can be linked together with
a fused indeno groﬁﬂ) as shown in Figure 3.15. The resulting substituted or
unsubstituted methylene bridge at the 5-position of this novel naphthopyran serves a
dual purpose: It can be appropriately sized by varying its substitution to achieve a
desirable fade and intensity for the photochromic compound. It also effectively holds
the phenyl group at the 6-position in plane with the naphthropyran, thereby
extending the chromophore. The net result is that when the indeno-fiised 2
naphtho[1,2b]pyran is substituted at the 2-position with, for examplemethoxy
phenyls, compounds that are blue in the activated state are produced.

3-Methoxycarbonyl-1-naphthols used to prepare 5-methoxycarbonyl (and
related)-H-naphtho[1,2b]pyrans can be synthesized from 3-carboxy-1,4-dihydroxy-
naphthalene (which is commercially available), or may be prepared by the sequence

Figure 3.15. General structure of an indeno fused naphthopyran.
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outlined in Scheme 13. An additional method of preparation of 5- substitdted 2
naphtho[1,2b]pyrans @9) involves directed lithiatioff of 4-hydroxy-H-
naphtho[1,2b]pyran @8) (Scheme 14). This chemistry has also been demonstrated
for 2H-1-benzopyrans.

R o)
|
NaH
2 N OMe
OMe Toluene R
OH

o}
R' R4
NaOAc COOCHs COOCH;3
=Y 3oanFNtse
(CH3CO)0 MeOm
OAc OH
Scheme 13

O,
OH X OH

1. Buli .
rRZ — RR—>
o 1 2.COp A
R

Scheme 14

3.4. 2H-NAPHTHOI[2,3- b]PYRANS

The structure and numbering system for 2,2-disubstitutdehabhtho
[2,3-b]pyrans is shown in Figure 3.16. Even when R! and R4(Gnare the
conjugative substituents, phenyl, the compound is photochromic only at very low
(dry ice— acetone) temperatures. This is most likely owing to the open (colored) form
(41) being such a high-energy species (unstable) as a rediieddss of aromaticity
of both of the rings in the naphthalene nucleus. Two different méttfddsat have
been used to prepare compounds within this series are shown in Scheme 15.
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40 41

Figure 3.16. 2H-Naphtho[2,3b]pyrans, closed and open forms.
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3.5. 2H-1-BENZOPYRANS (CHROMENES)

3.5.1. General

As mentioned earlier,I2-1-benzopyrans are often referred to, especially in the
older literature, by the common nambromenes.The more proper terr@H-1-
benzopyrans used in this chapter even though many of the references cited in this
(and earlier) sections have used the chromene terminology. The structure and
numbering system forH:1-benzopyrans is shown in Figure 3.17.

The photochromic properties of a number of naturally occurridel-2
benzopyrans were studied at low temperatures by Kolc and Back@rfew
examples of this structurally diverse class of compounds are shown in Figure 3.18.
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Figure 3.17. The structure and numbering system fbf-2-benzopyrans.
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Figure 3.18. Naturally occurring BI-1-benzopyrans.

2H-1-Benzopyrans are, as a group, less photochromic tHamag@htho[2,1-
b]pyrans and R-naphtho[1,2b]pyrans having the same substituehtnd they are
more fatigue prone. An additional problem with tikeP-benzopyrans is that they
are less responsive to solar radiation due to their UV absorptions being at lower
wavelengths than the naphthopyrans. As a result of these problems, researchers have
modified the parent compound in an attempt to provide molecules with commercial
potential.

3.5.2. Substituent Effects

The most widely used modification tdH21-benzopyrans has been heteroaro-
matic annellation. Guglielmetti has prepared and pat&h@t+1-benzopyrans with
heteroaromatic groups annellated on the (5,6) or f-face. Some representative
compounds are shown in Figure 3.19 withshowing the lettering system used
to designate the faces dfl 2-benzopyran. When the heteroaromatic group is a six-
member ring such as pyridine or pyrimidine, the photochromic properties tend to
mimic the corresponding naphthopyrans. An X-ray crystal structure of a pyrido-
fused 2,2-diphenyl4a-1-benzopyran4?2) has showf’ the (Ph)C-O bond to be
elongated compared with standard oxygen-containing heterocycles. This is believed
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44

Figure 3.19. Representative examples dfi 2L- benzopyrans annellated with heteroaromatic groups on
the f-face.

to be due in part to steric interactions between the two phenyl groups and probably
explains, at least in part, the enhanced photochromism of benzo and naphthopyrans
S0 substituted.

When the annellated heteroaromatic group is a five-memberd&)g4d, the
properties are best described as intermediate between a naphtho and benzopyran.
The standard method of synthesis for diaryl naphthopyrans (acid- catalyzed conden-
sation between a diaryl propargyl alcohol and a naphthol, Scheme 8) is reported
not to work for heteroaromatic fused phenols. This is true especially in cases where
the heteroaromatic phenol contains a (basic) nitrogen. Alternatively, these pyrans can
be prepared by the method of Casiré&lo’utlined in Scheme 16.

CH3

o _ THOEty
N;E)\ (Ph)zc =CH-CHO Q
|

Scheme 16

Kumar™® has prepared a series ofi-2-benzopyrans with heteroaromatic
groups annellated on the f, g, or h face. These compounds have enhanced optical
density due to the phenyls at the 2-position being ortho substituted, an effect much
like that observed in the 3,3-diaryH3 naphtho[2,b]pyrans as shown in Section
2.2.2. Itis interesting that the colored forms of many of these compounds have very
broad, double-humped absorptions. An example of the visible spectrum of a
representative compound is shown in Figure 3.20.

Additional modifications to heteroannellateH21-benzopyrans have involved
substituting a spiro fluoreftfor both phenyls at the 2-positiod5) or substituting a
benzothieno or benzofurano grddgor one of the phenylst6). A representative
example of each type of compound is shown in Figure 3.21.

Recently, Stauffeetal. "% have studied 6- -hydroxy-substituteti-2-benzopy-
rans and combined electrochemistry with photochemistry in an approach to exerting
control over the light-induced switching capability of these molecules (Scheme 17).
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Figure 3.20. Visible spectrum of open form of 2-(2,4-dimethoxyphenyl)-2-(4-methoxypheryd)-2
benzob)thieno[3,2-h]-1-benzopyran.

Scheme 17
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3.6. SYNTHETIC METHODS

The following three preparations, adapted from the literature, demonstrate the
primary methods of synthesis of benzo and naphthopyrans.

3.6.1. Preparation of 3,3-Diphenyl-8-naphtho[2,1-b]pyran (5)?®

To a 500-ml reaction flask were added, 1,1-diphenyl-2-propyn-1-ol (0.1 mol,
20.8 g, Farchan Laboratories), 2-naphthol (0.11 mol, 15 g) and 200 ml of toluene.
The mixture was warmed to 55°C with stirring while dodecylbenzenesulfonic acid
was added dropwise until a permanent dark red-black color was obtained. The
temperature was maintained at 55°C until thin-layer chromatography (TLC) indi-
cated the reaction was complete (approximately 1 h). Then the mixture was poured
into an equal volume of 10% aqueous sodium hydroxide, shaken, and the organic
fraction separated. The toluene solution was washed with water, phase separated, and
the solvent removed on a rotary evaporator. The resulting light tan crystals were
slurried with hexane, suction filtered, and dried to yield 18.4 g of product with a
melting point range of 156-158°C.

3.6.2. Preparation of 2-Methyl-7,7-diphenyl-H-pyrano[2,3-g]benzothiazole
(44)68

Under an atmosphere of dry nitrogen, titanium tetraethoxide (2.4 g,
10.4 mmol) in 10 ml of dry toluene was added over 10 min to 2-methyl-6-
hydroxybenzothiazole (1.72 g, 10.4 mmol) in 40 ml of dry toluene. When the
addition was complete, the reaction mixture was boiled for 15 min and then
slowly distilled to remove the ethanol. A total of 20 ml of solvent was collected.
The reaction mixture was allowed to cool to room temperaturelaieknylcinna-
maldehyde (2.17 g, 10.4 mmol) in 50 ml of dry toluene was added dropwise to it.
When the addition was complete, the reaction mixture was refluxed for 2 to 5 h,
allowed to cool, and poured onto 100 ml of dilute aqueous ammonium chloride
solution. The organic layer was separated, dried over anhydrous magnesium sulfate,
and the solvent removed on a rotary evaporator. The residue was chromatographed
on silica using 40% diethyl ether in pentane as eluent. The photochromic fractions
were combined, the solvent removed, and the crystalline residue recrystallized from a
heptane—benzene mixture. The product (1.6 g, 44%) had a melting point of 215°C.

3.6.3. Preparation of 2,2'-Spiroadamantylidene42-naphtho[1,2-b]pyran
30
@37)

A solution was prepared by dissolving 1-hydroxy-2-acetonaphthone (10 g,
0.054 mol), adamantanone (10.0 g, 0.067 mol), and pyrrolidine (8 g, 0.113 mol) in
300 ml of toluene. The solution was boiled for 10 h and water was separated using a



Benzo and Naphthopyrans (Chromenes) 137

Dean-Stark trap. During this period the yellow reaction mixture turned first crimson
and then dark brown. Toluene was removed under reduced pressure and the residual
enamine crystallized from acetone as discolored crystals (8 g). The enamine (10 g)
was treated with concentrated HCI (1 ml) in methanol (200 ml). The crimson
solution was evaporated and the residual dark oil crystallized from acetone, yielding
the intermediate ketopyran (8.4 g, yellow needles from acetone). The crystals were
added to methanol and an excess of sodium borohydride was gradually added to the
solution, yielding on standard workup 7.47 g of the hydroxypyran. The crystalline
hydroxy intermediate was well mixed with 4.5 g of anhydrous copper sulfate and
heated to 150-160°C in a carbon dioxide current for 10 min. Upon cooling, the
product was extracted into methylene chloride. Removal of the solvent under
reduced pressure gave 6.3 g of discolored solid that was decolorized with carbon
and recrystallized from acetone (melting point not reported).

3.7. CONCLUDING REMARKS

Intense research efforts by several groups interested in the commercialization of
photochromic plastic ophthalmic lenses have, through structural modification,
dramatically enhanced the photochromic properties of benzo and naphthopyrans.
Publication of this information, primarily in the form of patents, has greatly
increased the knowledge base for this class of compounds. As this information
becomes more widespread through journal publications, chemists in academia as
well as industrial development chemists working on other potential applications of
organic photochromics will no doubt investigate these unique chemicals. The net
results will be a greater basic understanding of these molecules and the discovery of
additional applications beyond photochromic eyeware (and novelties such as T-
shirts, toys, and dolls). In the process, enhancements will most likely to be made to
these molecules, further improving their photochromic properties. How far and in
what direction will this research lead? The reader, picking up this book some time in
the future, will have those answers. The author, at this time, can only wonder.

Acknowledgment

The author is indebted to PPG Industries and Transitions Optical for providing
the resources and the opportunity to write this chapter.

3.8. REFERENCES

1. E. E. Schweizer and D. Meeder-Nycz, ihe Chemistry of Heterocyclic Compour{@s P. Ellis, ed.),
Vol. 31, Chap. Il, pp. 11-139, Wiley, New York (1977).

2. L. Merlini, in: Advances in Heterocyclic Chemistf#. R. Katritzky and A. J. Boulton, eds.), Vol. 18,
pp. 159-198, Academic Press, New York (1975).



138

3.
4.

5.
6.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.
22.
23.
24.
25.
26.

27.
28.

29.
30.

31

Barry Van Gemert

R. C.Bertelson, in:Techniques of Chemistry/ol. lll: Photochromism(G. H. Brown, ed.), Chap. 3,

pp. 45-431, Wiley-Interscience, New York (1971).

W. H. Laarhoven, inPhotochromism: Molecules and SystefHs Durr and H. Bouas-Laurent, eds.),
Chap. 7, pp. 270-309, Elsevier, Amsterdam (1990).

R. Wizinger and H. Wenning, Intramolecular ionizatibtelv. Chim. Acta, 23247-271 (1940).

R. Livingston, D. Miller, and S. Morris, 2-Methoxy-2,4-diphenylchroman and 5,6-dihydro-6-
methoxy-4,6-diphenyl-4H- and 6,6-diphenyl-8 -naphtho(2',1' : 2,3)pyrand. Chem. Soc., 1960,
5148-5152.

Y. Hirshberg and E. Fischer, Photochromism and reversible multiple internal transitions in some
spiropyrans at low temperaturek, Chem. Soc., 1953129-3137.

R. S. Becker and J. Michl, Photochromism of synthetic and naturally occuiirgh@®menes and
2H-pyrans,J. Am. Chem. Soc., 88931-5933 (1966).

R. S. Becker, Photochemical process, U.S. Pat. 3,567,605 (1971).

C. Lenoble and R. S. Becker, Photophysics, photochemistry and kinetics of photochktepyens

and chromenes]. Photochem., 33,87-197 (1986).

J. Kolc and R. S. Becker, Proof of structure of the colored photoproducts of chromenes and
spiropyrans,J. Phys. Chem., 74045-4047 (1967).

J. C. Crano, T. Flood, D. Knowles, A. Kumar, and B. Van Gemert, Photochromic compounds:
chemistry and application in ophthalmic lensBsiye & Appl. Chem., 68,395-1398 (1996).

L. Le Naour-Sene, Process of integrating a photochromic substance into an ophthalmic lens and a
photochromic lens of organic material, U.S. Pat. 4,286,957 (1981).

W. R. Maltman and I. M. Threlfall, Process for manufacturing photochromic articles, U.S. Pat.
4,851,471 (1989).

B. Van Gemert, M. Bergomi, and D. Knowles, Photochromism of diarylnaphthopywlah<Crys.

Lig. Crys.,67-73 (1994).

A. Padwa, A. Au, G. A. Lee, and W. Owens, Photochemical ring-opening reactions of substituted
chromenes and isochromends,Org. Chem., 401142-1149 (1975).

N. Y. C. Chu, inPhotochromism: Molecules and Systefis Durr and H. Bouas-Laurent, eds.),
Chap. 10, pp. 493-508, Elsevier, Amsterdam (1990).

J. Crano, Achieving the balance, plastic photochromic lens composition and fabri€atiores
Magazine,8—10 (July 1996).

T. Tanaka, S. Imura, and Y. Kita, Photochromic compounds, U.S. Pat. 4,960,678 (1990).

J. S. Ligas, M. S. Misura, and C. N. Welch, Photochromic compositions of improved fatigue
resistance, U.S. Pat. 5,391,327 (1995).

D. A. Clarke, Photochromic dyes, i@hemiChromics 95 Conference PapeZsiemichromics 95
Conference, Manchester, England, December 4-5 (1995).

T. Tanaka, T. Imura, K. Tanaka, and Y. Kita, Spiropyran compound and its manufacturing method,
Japanese Kokai Pat. 02,69,471 (1990).

H. J. Kabbe and A. Widdig, Synthesis and reactions of 4-chroman@ngsw. Chem. Int. Ed. Engl.,
21,247-256 (1982).

S. Wawzonek, R. C. Nagler, and L. J. Carlson, The reaction of Grignard reagents with 4-hydroxy- and
4-ethoxycoumarin,J. Am. Chem. Soc., 76080-1082 (1954).

S. E. Kelly and B. C. Vanderplas, An alternative to the Kabbe condensation for the synthesis of
chromanones from enolizable aldehydes and ketaheSyg. Chem., 561325-1327 (1991).

C. D. Gabbutt, J. D. Hepworth, B. M. Heron, and M. M. Rahman, Allenes from 3-brétyic-2
benzopyransJ. Chem. Soc., Perkin Trans. 1, 199433-1737.

D. B. Knowles, Photochromic naphthopyran compounds, U.S. Pat. 5,384,077 (1995).

B. Van Gemert and M. P. Bergomi, Photochromic naphthopyran compounds, U.S. Pat. 5,066,818
(1991).

I. lwai and J. Ide, Ring closure of propargyl eth&@bem. Pharm. Bull., 11,042-1049 (1963).

H. G. Heller, S. N. Oliver, J. Whittall, and I. Tomlinson, Photochromic spiropyran compounds, U.S.
Pat. 4,826,977 (1989).

P. Allegrini, N. Noderi, L. Crisci, and V. Malatesta, New photochromic naphthdByrans and
method for their preparation, Eur. Pat. Appl. 0,629,620,A1 (1994).



Benzo and Naphthopyrans (Chromenes) 139

32.

33.

34.

35.

36.
37.

38.

39.
40.

41,
42
43
44,
45
46
47.
48.

49.
50.
51.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.

B. Van Gemert and D. B. Knowles, Photochromic spironaphthopyran compounds, U.S. Pat. 5,395,567
(1995).

P. Allegrini, N. Noderi, V. Malatesta, and L. Crisci, Spiro-pyranic compounds endowed with
photochromic characteristics, Eur. Pat. Appl. 0,625,518,A1 (1994).

M. Melzig and H. Zinner, Photochromic spiropyran compounds, World Pat. Appl. WO 95/00504
(1995).

D. B. Knowles and B. Van Gemert, Photochromic tetraphenyl naphthopyrans, U.S. Pat. 5,464,567
(1995).

B. Van Gemert, Photochromic naphthopyran compounds, U.S. Pat. 5,274,132 (1993).

M. Uchida and M. Irie, A new photochromic vinylnaphthol derivati@hem. Lett., 19912159—

2162.

M. Uchida and M. Irie, Photochromic chromene derivatives with a thiophene mGiegym. Lett.,
1992,2257-2260.

M. Uchida and M. Irie, Photochromic compound, U.S. Pat. 5,294,522 (1994).

M. Uchida and M. Irie, Two-photon photochromism of a naphthopyran derivativiem. Chem. Soc.,
115,6442-6443 (1993).

M. Uchida and M. Irie, Structural properties required for two-photon photochromism of pyran
derivatives,Chem. Lett., 1995323-324.

B. Van Gemert, Photochromic naphthopyrans, U.S. Pat. 5,244,602 (1993).

B. Van Gemert, Photochromic naphthopyrans, U.S. Pat. 5,340,857 (1994).

M. Rickwood, S. D. Marsden, J. D. Hepworth, and C. D. Gabbutt, Photochromic compounds, U.S. Pat.
5,520,853 (1996).

B. Van Gemert and D. B. Knowles, Photochromic naphthopyran compounds. US Patent 5,552,090
(1996).

M. Rickwood, K. E. Smith, C. D. Gabbutt and J. D. Hepworth, Photochromic naphthopyran
compounds, World Pat. App. WO 94/22850 (1994).

M. Rickwood and J. D. Hepworth, Photochromic articles, US Pat. 4,913,544 (1990).

M. Rickwood, J. D. Hepworth, C. D. Gabbutt, S. D. Marsden, M. E. Ormsby, K. E. Smith, and A. L.
Stanton, Hyperchromic naphtho[2hlpyrans, Abstracts of the First International Symposium on
Organic Photochromism, pp. 32-34, lles des Embiez, Var, France, Sept. 12-16 (1993).

D. B. Knowles, Photochromic naphthopyrans, U.S. Pat. 5,238,981 (1993).

D. B. Knowles, Photochromic naphthopyrans, U.S. Pat. 5,369,158 (1994).

D. B. Knowles and B. Van Gemert, Photochromic naphthopyran compounds, U.S. Pat. 5,451,344
(1995).

B. Van Gemert and A. Kumar, Photochromic substituted naphthopyran compounds, U.S. Pat.
5,466,398 (1995).

T. Tanaka, S. Imura, and Y. Kida, Photochromic compound, U.S. Pat. 5,349,065 (1994).

H. G. Heller, Photochromic spiropyran compounds, U.S. Pat. 4,980,089 (1990).

H. G. Heller, S. N. Oliver, J. Whittall, J. Brettle, C. Trundle, and M. W. Baskerville, Photoreactive
lenses with adamantane spiro compounds, U.S. Pat. 4,818,096 (1989).

H. G. Heller, Photochromic chromene compounds, U.S. Pat. 5,200,116 (1993).

H. G. Heller, Photochromic spiropyran compounds, U.S. Pat. 4,93 1,221 (1990).

J. Casella and S. H. Stein, Photochromic naphthopyran compositions, U.S. Pat. 3,627,690
(1971).

Anonymous, Fast fading naphtho[l2pyran photochromicsResearch DisclosuréNumber 36144,

pp. 266—268 (1994).

A. Kumar, B. Van Gemert, and D. Knowles, Substituted naphthopyrans, U.S. Pat. 5,458,814 (1995).
B. Van Gemert, Photochromic indeno-fused naphthopyran compounds, U.S. Pat. 5,645,767 (1997).
R. J. Bethune, C. D. Gabbutt, S. G. R. Guinot, J. D. Hepworth, and B. M. Heron, Directed lithiation of
some chroman-4-ols]. Chem. Perkin Trans. 1, 1998925-1933.

J. Cottam and R. Livingston, 6,6- Diphenylnaphtho( 1',2" : 2,3)pyran and 1,3-diphenyl-3-(1-hydroxy-
2-naphthyl)propan-1 -one]. Chem. Soc., 1965528-5231.

J. Cottam and R. Livingston, 6,6-Dipheny6naphtho(2'3' : 2,3)pyran and 4,6-dipheny4
naphtho(2',3" : 2,3)pyrard. Chem. Soc., 19656646-6649.



140 Barry Van Gemert

65. J. Kolc and R. S. Becker, Spectroscopy and photochemistry of naturally occurring and synthetic
chromenesPhotochem. Photobiol., 1383-393 (1970).

66. R. Guglielmetti, J. L. Pozzo, and A. Samat, Preparation of photochromic heterocyclic-fused
chromenes and their use in ophthalmic optics, Eur. Pat. Appl. 0,562,915,A1 (1993).

67. S. Aldoshin, I. Chuev, A. Utenyshev, V. Lokshin, J. L. Pozzo, G. Pepe, and R. Guglielmetti, A
photochromic pyrido-Annulated 2,2-diphenylchromereta. Cryst., 51141-143 (1995).

68. J. L. Pozzo, V. A. Lokshin, and R. Guglielmetti, A convenient synthesis of azolo-ftlsed 2
[1]benzopyrans,J. Chem. Soc., Perkin Trans.1994, 2591-2595.

69. G. Sartori, G. Casiraghi, L. Bolzoni, and G. Casnati, General synthesishg#rzop]pyrans (chrom-
3-enes) from metal phenoxides an@-unsaturated carbonyl compoundsQrg. Chem., 4803—
805 (1979).

70. A. Kumar, Benzopyrans, U.S. Pat. 5,411,679 (1995).

71. J.L.Pozzo, R. Guglielmetti, A. Samat, V. Lokshin, and G. Harie, Annulated spiro fluokene-2
benzopyrans and their use in ophthalmic optics, Eur. Pat. Appl. 0,676,401 ,Al (1995).

72. A. Kumar, Benzopyran compounds, U.S. Pat. 5,429,774 (1995).

73. M. T. Stauffer, J. A. Grosko, K. Z. Ismail, and S. G. Weber, Optical switching of the redox activity of a
hydroxy chromene,). Chem. Soc., Chem. Commun., 19985-1696.



A

Fulgide Family Compounds:
Synthesis, Photochromism,
and Applications

MEI-GONG FAN, LIANHE YU, AND WEIH ZHAO

4.1. INTRODUCTION

The fulgide family constitutes an important type of photochromic compounds
and several reviews® have been published. Stolfbéirst discovered the photo-
chromism of some phenyl-substituted bismethylene succinic anhydrides in the solid
state and named as fulgides. The general formula for fulgides is shown for
compoundl.

Fulgides are generally synthesized by a Stobbe condensation of aryl aldehyde
or ketone with a substituted methylene succinate, followed by hydrolysis and
dehydration processes as shown in Scheme 1.

The Stobbe condensation was reviewed by Johnson and Daub ih TB&%dy
postulated the formation of a lactonic ester as an intermediate (see Scheme 2). The
base-induced elimination of the lactonic ester led to the regiospecific formation of
the half-ester, which is esterified to yield compo@nd

At least one of the four substituent groups on the fulgide is an aromatic ring, for
example, a phenyl group. The structure of the fulgide is skillfully constructed as a
hexatriene unit that has two different isomers, a Z f@naiid an E form4) based
on thea,B-unsaturated double bond, R® antl Being the same.

If one considers the two double bonal$ andy,d,substituted fulgides with
four different groups, R?, R2, R3 and B compoundl, four geometrical isomers,

e.g., (E,E), (E,2), (Z,E), and (Z,Z2) structures, can exist.

Mei-Gong Fare Institute of Photographic Chemistry, Chinese Academy of Sciences, Beijing 100101.
P.R. China

Organic Photochromic and Thermochromic Compounds, Vatdited by John C. Crano and Robert
Guglielmetti, Plenum Press, New York, 1999.
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Scheme 1Preparation of fulgides via Stobbe condensation.
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Scheme 2Mechanism of Stobbe condensation.

The first compound of the fulgide family developed by Hebeal? was a
succinimide which was called a fulgimide. The general formula is shown in
compound>.

Isofulgimides were also introduced by Helkdral3 in 1993. An isofulgimide is
a fulgide derivative in which one of the oxygens in the carbonyl group of the
anhydride ring of the fulgide is replaced by a substituted imino, as shown in
compounds and?.

In the same year, Hellegt al® reported a new kind of photochromic
compound — dicyanomethylene derivatives of fulgide. According to the nomencla-
ture system of the International Union of Pure and Applied Chemistry (IUPAC), they
should be named as 5-dicyanomethylene-tetrahydrofuran-2-one derivatives, as
shown in formuleB.

Fulgenolide and fulgenate having the general formula found in stru@&ufds
have also been published by Heller and Szewczykd Yokoyameet al.”.8
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A fulgenolide is a kind of lactone. When R2 is an aromatic group, only the L
isomer @) has photochromic behavior. Fulgenates have excellent photochromic
properties, but the absorption band is blue shifted compared with that of the
corresponding fulgide.

Based on the five classes of fulgide family compounds, many realistic and
potential applications have been developed and suggested; for example, actinometry,
optical storage, optical data processing, and nonlinear optical materials, optical
waveguides, optical switches, security and printing applications, eyewear and leisure
products. Applications of the fulgide family of compounds are discussed at the end
of this chapter.

The photochromic mechanism of fulgides is fairly complicated. Santiago and
Becke® and Lenoble and Beck¥r reported that the photochromic reaction of a
phenyl-substituted fulgide involved an excited singlet state framyta transition.
Picosecond laser photolysis studies on a furyl fuldidé confirmed this statement.
Zhaoet al14and Ming and Fa#¥ studied the photochromic mechanism of a pyrryl-
substituted fulgide. They not only found the excited singlet state but also showed
that the excited triplet state was involved.
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4.2. FULGIDES WITH AROMATIC RING SYSTEMS

4.2.1. Phenyl Fulgides

Fulgides are aromatic substituted bismethylene succinic anhydride derivatives,
the photochromism of which was first discovered by StébBearly work was also
carried out on aryl fulgide systems. The difficulties encountered with most applica-
tions of fulgides are related to the unwanted side reactions: (1) the photochemical
E - Z isomerization, (2) the sigmatropic proton shifts, and (3) the thermally
disrotatory opening reaction. However, the photochromic properties of fulgides
can be modified by molecular design and tailoring. The general synthesis method is
discussed in Section 4.1.

The overall yields, melting points, and spectroscopic properties of some aryl
fulgides are listed in Table 4.1. The general structure is shown in Section 4.1 as
model compound..

Fulgide 1 with four different groups Rl—ﬁ of which at least one group is aryl,
can exist as four geometrical isomers. There are two conventions in use for

Table 4.1. Overall Yields, Melting Points, and UV Absorption Data for Phenyl Fulgidles (

No. Rt R2 R3 R4 Yield (%) mp (°C)  Amawnm (090, solvent) Ref.
la H Ph Ph H 313 202-203 — 17
la H Ph Ph H 22 210-211 — 22
b H Ph Mesityl H — 136-137 — 17
1c H Ph Ph Me 34.6 148 344 (3.89, hexane) 16
1d H Ph Me Ph 51.7 120-121 341 (4.07, hexane) 16
le Me Me Mesityl H 41.3 191-192 293 (4.25, ethanol) 18
1f  Me Me H Mesityl 54.7 140-141 336 (3.79, ethanol) 18
1g Me Me H DCP — 205-206 269 (3.44, ethanol) 18
1h Me Me DMP H 24.6 161-162 336 (3.92, benzene) 19
1li  Me Me Ph Me — 205-206 269 (3.44, ethanol) 16
1j Me Me Me Ph 26.3 112 297 (4.03, hexane) 16
1k Me Me Ph Ph 26.7 167-169 — 20
1l Me Me TMOP H — 147-148 3.48 (4.10, toluene) 21
Im Me Me TMOP Me — 139 341 (3.81, toluene) 21
In Me Me Me TMOP — 149 338 (4.01, toluene) 21
lo Et Me DMP H — 165-166 347 (4.08, benzene) 19
1p Et Et DMP H 0.57 144-146 338 (4.12, benzene) 19
1g Et Et Ph H — 144-146 330 (4.04, benzene) 19
ir Et Me Ph Ph 8.3 147-148 354 (3.96, benzene) 19
1s Et Et Ph Ph — 178-179 355 (3.95, benzene) 19
1t Me Ph Me Ph — 139 331 (3.99, chloroform) 6
lu Ph Me Me Ph — 215-216 328 (4.14, chloroform) 6
v Me Ph Ph Me — 175-176 289 (4.13, chloroform) 6
iw H p-MOP  p-MOP H - 168-168.5 375 (4.18, acetonitrile) 23

Notes: The overall yield is based on the phenyl aldehyde or ketone. DMP = 2,4-dimethylphenyl; DCP = 2,4-
dichlorophenyl; TMOP = 3,4,5-trimethoxypheny:MOP =p - methoxyphenyl.
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describing the isomers: one treats the molecules as derivatives of butadiene, the other
as cinnamic acid derivatives. The (Z,Z) isomer, as a virtually strain-free arrangement,

is the most likely and is predicted to be the most stable. There is a strong steric

repulsion between the aryl rings in the (E,E) isomer. The most convenient method of

determining the stereochemistry of fulgides is proton nuclear magnetic resonance
(NMR) spectroscopy. X-ray crystallography is another quite useful technique.

4.2.2. Nuclear Magnetic Resonance Spectroscopy

The most convenient method for determining the stereochemistry of fulgides
was proton NMR spectroscopy, which was established by Hart and Heller #if 1972.
The proton NMR characteristics of fulgides reflect the differences arising from the
shielding or deshielding effect between the aromatic ring and the adjacent carbonyl
group. lige and Schut? published *H NMR data on a series of fulgides that
confirmed these magnetic anisotropic effects, namely, any groups “cis” to the
carbonyl groups were deshielded and the “trans” groups were shielded. They also
found that steric effects altered the magnitude of these effects by twisting the bond
angles. The result could be confirmed by changing solvents (fromzQ®C{Ds)
and investigating the solvent shifts so induced. Thus in the E form, the olefinic
hydrogen or methyl absorptions appeared as a rule at a lower field than for the
compounds in the corresponding Z form. Some examples demonstrating these
effects are given in Scheme 3.

7.61(s) H7.62(s) Ph
P o P [o] Q
6.53(s)
0o o] o)
M
1.52(s) o P [} P o
e Me M
2.35(8) 2.85(s) 2.84()
12 13 14

Scheme 3H NMR data for selected fulgides [ppm, in CRCI

lige et al.?® also reported thé3C NMR chemical shifts of aryl fulgides. By

means of the shift differences between suitably substituted compounds, results could
be obtained on the relative variation of the rotation angles of the phenyl rings as well
as the angle alterations between the exocyclic double bonds and the anhydride ring.
The effects omi-bond polarization of 4-methoxy and 4-nitro substituents were also
estimated. Typical>*C NMR chemical shifts of the selected fulgides are listed in
Scheme 4.

Scheme 5 lists chemical shift values of hydrogen atoms in compdiatsd
16.From these data, it is suggested that the slight deshieldingtpfitdHcompound
13 relative t016 can be easily attributed to the effect of 2-cinnamic acid. In other
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Scheme 5Chemical shift (ppm) of olefinic and aromatic hydrogen atoms in fulgide and fulgenic acid in
CDCl,.*°

words, closing the diacidl6 into the anhydridd.3 results in a significant shielding
effect. In fulgidel13, there are repulsive interactions between the two arormatic
systems. As a result of this, aromatic hydrogen atoms of one ring are located in the
shielding section of the magnetic fields induced by the other ring. The shielding
effects decrease in the order of ortho > meta > ffara.

Thus, careful use of these NMR effects together with characteristic splitting
patterns for vicinal and allylic hydrogens allowed an unambiguous assignment of the
stereochemistry to be made in most cases.

4.2.3. X-Ray Crystallography

For the bis-aryl fulgidel (Rt,R*= H, R2,R2® = aryl), there were arguments
about the existence of the (E,E) structure; thus, an unambiguous assignment of the
stereochemistry of fulgides was desirable.

1970, Coheret al?’ demonstrated by X-ray crystallography that (E,E) fulgide
17 did exist, with the aryl groups twisted by approximately 30° to the plane of the
anhydride ring in the same sense. The benzene rings were not parallel, having an
angle of 18.8° between the vectors normal to the planes of the two rings. This was
confirmed by Boeyenst al®® in 1988. Deep yellow crystalline (E,E)-bip-(
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methoxybenzylidene) succinic anhydride had the two methoxy groups oriented in
the same way as shown in structdré(mp 168-168.5°C), but on heatirky in
acetone, compounti8 with the two methoxy groups oriented in the opposite way
was obtained (mp 176-176.5°C). Both rotantéfeind18in solution showed rapid
interconversion to give identical UV absorption and NMR spectra. However, in the
crystalline state, the close proximity of the two aromatic rings in these structures led
to a sufficiently high energy barrier to restrict rotation of the methoxy groups.
Irradiation of 17 in acetone with 366-nm UV light gave (Z,Z2) anhydritie¢as red
needles (mp 166—168°C) with the essential planar structure.

In the case of bis-(3,4-dimethoxybenzylidene)succinic anhydride, the (E,E)
rotamer obtained in the crystalline state was found to have the conformation shown
in 20. The aryl rings in20 were not parallel, having their plane normals inclined at
an angle of 50°. X-ray diffraction analysis of the (Z,Z) isoi2&gave its structure
and showed that planes of carbonyl and adjacent aromatic rings were nearly
parallel?®

The crystallographic analysis of (E,E)-bis-[(3-methyl-4-methoxy)-benzylide-
neJsuccinic anhydrid@2 showed that the two aryl rings were not parallel, with an
angle of 15.5° between their planes. These rings were rotated by almost the same
amount from the plane of the anhydride ring with the dihedral angles 32.3° and
29.3° In the (Z,Z2) isomeR3, there was no steric overcrowding and so it was
unexpected to find that the phenyl rings were almost coplanar, the dihedral angle
being only 1.3%°
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X-ray crystallography studies on (E,E)-bis-(benzylidene)succinic anhydride
confirmed that the two aryl rings were not parallel and neither of them were
coplanar with the anhydride rirfg.

Thus, X-ray crystallography has been used to establish the geometry of the
fulgide isomers and to demonstrate the strain in the molecular structure which results
in restricted rotation about the single bond and extended bond angles.

4.2.4. UV-Visible Spectroscopy

Since a fulgide, its E, Z isomers, and photocyclized form exhibit different
absorption spectra, electronic absorption spectra are often used to investigate the
photoreaction of fulgides. The UV absorption spectra data of some aryl fulgides are
listed in Table 4.1.

In 1984, ligeet al*® made a careful investigation of the UV spectroscopy of a
large number of fulgides and found that the changes in electronic absorption spectra
resulted from changes in substituents and structural isomerizations.

An increase of the number of phenyl rings as well as substituents of the phenyl
rings causes correlatable bathochromic spectral shifts. An increase in the volume of
the aryl rings could also cause this effect. Replacementoefiydrogen cis to the
carbonyl group by am-methyl group resulted in a hypsochromic shift of the
absorption maximum wavelength of the fulgide (see Table 4.1).

Beckeret al? found that the absorption spectra of phenyl fulgides at — 196°C
showed no characteristic difference from those at room temperature. The tempera-
ture independence of aryl fulgides was also reported bylige1986.

When photochromic fulgides were irradiated by UV light, they photocyclized
to give 1,8a-dihydronaphthalene derivatives (1,8a-DHNs), which exhibited much
longer absorption maxima than that of the E or Z conformations of the correspond-
ing fulgides (see Scheme 6). A marked solvatochromic effect was observed in the
closed form (1,8a-DHNZ25), whereas the original fulgide was little affected by
solvent polarity (see Table 4.2). This effect was also observed in heteroaromatic
fulgides (see Section 4.3).

Me e

Me Me

24 25

Scheme 6. Photochromism of compound®4 and25.
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Table 4.2. Absorption Data for Fulgid24 and the Cyclized Forr25 (1,8a-DHN) in Various
Solvents

Amax (nm) (logd)

Compound Methylcyclohexane CCl, Toluene o0-Dichlorobenzene
Fulgide24 329 (4.18) 332 (4.07) 336 (3.92) 336 (4.11)
1,8a-DHN 25 520 525 540 560

Source: Based on P. J. Darcy, R. J. Hart, and H. G. Heller, overcrowded molecules. Part 14. Photochromic systems
involving (Z)-1-methylpropylidene (diphenylmethylene)-succinic and (E)-3,5-dimethoxybenzylidene (alkyl- substituted
methylene) succinic anhydridek,Chem. Soc., Perkin Trans.1978, 571-576.

4.2.5. Photochromic Reaction, Substituent Effects, and Fatigue Resistance of
Phenyl Fulgides

Photochromism in some phenyl fulgides was observed in crystals, solutions,
polymers, and glassy matrices over a range of temperatures and conditions.
Photochromic aryl fulgides photocyclized to form the 1,8a-dihydronaphthalene
derivatives, resulting in a yellow to orange, red or blue color change on irradiation
with UV light. The change could be reversed by irradiation with visible light.

The 1,8a-DHNs undergo irreversible side reactions that include thermal
disrotatory ring opening, a thermal 1,5-hydrogen shift to yield 1,2-dihydronaphtha-
lene derivatives (1,2-DHNs), and in some cases, oxidation to the fully aromatic
compound.

The rate constants for the thermal disrotatory ring opening and 1,5-H shift
reactions of some 1,8a-DHNs (compou2@sand27) are listed in Tables 4.3 and
4.4, respectively.

From the relationships between temperature and rate constants, the activation
energy for the 1,34 shift process in compoun@7 has been calculated to be
33 kJ mor.#

The electronic and steric characteristics of substituents affected the photo-
chromic properties. This effect can be clearly seen in methoxyphenyl fulgides, which
have been extensively studied, as shown in Table 4.5. It has been shown that in
fulgide 28, when (1) there is no alkoxy group in the ortho or para position of the
aromatic ring and R is hydrogen, or (2) when there is an alkoxy group in the ortho
or para position and R! is an alkyl or phenyl group, fulgRhas marked
photochromic properties. But if Rt is hydrogen and the aryl ring contains ortho or
para alkoxyl substituents, fulgides are not photochromic or only weakly photo-
chromic?!

The side reactions of 1,8a-DHNs were due to the 8a-hydrogen. Replacement of
the 8a-hydrogen by a methyl group can eliminateHkghift reactions and prevent
the thermal disrotatory ring opening reaction. However, the photocyclization and
photo-opening reaction are little affected, based on their conrotatory reaction
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Table 4.3. Rate Constants for Disrotatory Ring Opening of the 1,8a-D2fNdeasured in

Toluene

R1,Rz = Me R1,R2z = Et R! = Et, R2 = Me
T(°C) kx 10° (s1), ty, (h) kx10° (s%), t,, (h) kx 10° (s7%),t,, (h)
19 — — 0.413 46.6 0.79 24.1
28 2.37 8.1 0.909 21.1 1.19 16.2
31 3.01 6.4 1.44 13.1 2.60 7.4
37 4.54 4.2 2.66 7.2 — —
38 — — 3.08 6.3 4.47 4.3
49 14.7 1.7 7.79 25 1.48 1.3

Source: Based on P. J. Darcy, R. J. Hart, and H. G. Heller, Overcrowded molecules. Part 14. Photochromic systems
involving (Z)-1-methylpropylidene (diphenylmethylene)-succinic and (E)-3,5-dimethoxybenzylidene (alkyl-substituted
methylene) succinic anhydrided, Chem. Soc., Perkin Trans. 1978, 571-576.
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Table 4.4. Rate Constants for 1H-
Shift in the 1,8a-DHN27

T(°C) k x 10° (s %)
16 36.72
215 47.26
26.3 58.43
30.3 66.87
35 84.54
39 98.92

Source: Based on P. J. Darcy, H. G. Heller, S.
Patharakorn, R. D. Piggot, and J. Whittall, Photo-
chromic systems. Part 1. Photochemical studies on
(E)-2-isopropylidene-3-[1-(3,4,5-trimethoxyphenyl)-
ethylidene] succinic anhydride and related
compounds,. Chem. Soc., Perkin Trans.1986,
315-319.

Table 4.5. Substituent Effect on Photochromism of Phenyl FngIZfﬁ's21

Ar Rt R2 R3 Photochromism
Ph H Ph H (+)
Ph H Ph Ph (+)
o-MOP H Me Me (-)
p-MOP H Me Me (-)
p-MOP H p-MOP H (-)
3,4-DMOP H 3,4-DMOP H (=)
3,4,5-TMOP H 3,4,5-TMOP H (-)
2,5-DMOP H Me Me (-)
2,5-DMOP Me Ph H (+)
2,5-DMOP H Me Me (+)
3,5-DMOP H Me Me (+)
3,5-DMOP Me Me Me (+)
3,5-DMOP Me p-MOP H (+)
2,3,4-TMOP H Me Me (-)
2,3,4-TMOP Me Me Me (+)
2,4,5-TMOP Me Me Me (+)

Notes: MOP = methoxyphenyl; DMOP = dimethoxyphenyl; TMOP = trimethoxyphenyl; (=) nonphotochromic and (+)
photochromic.

manner'® The methoxy substituent influences the absorption characteristics of
fulgide and 1,8a-DHN by donation of the nonbonded p-electrons of the oxygen
into the conjugated system. When the methoxy group is in conjugation with the
main chromophore, this effect is most remarkable. Thus methoxy groups in the 3-
and/or 5-position of the phenyl ring have little effect on the absorption band of a
fulgide, but cause a major bathochromic shift on the longest absorption band of
1,8a-DHN. Methoxy substituents in the 2-, 4-, and/or 6-position of the phenyl ring
have little effect on the 1,8a-DHN, but cause a slight bathochromic shift of the
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Table 4.6. Overall Yield, Melting PoinfA ,,,, (nm), and Fatigue Resistance of Compof@gd

(in Toluene)
)\max (nm)

Compound B —

29 Structure Yield (%) mp (°C) E c? Cycle” PF® (%)
a z* 20 211-213 366 633 500 0.09
b Z13 137-139 382 618 500 0.10
c Z14 193-194 361 610 300 0.22
d Z14 164-169 368 678 100 0.67

8 E - E-isomer of fulgide; Z-Z-isomer of fulgide; C-colored form of fulgide.

b Photocoloring and bleaching cycles.

¢ PF is a normalized decrease in absorbance at the absorption maximum wavelength after repeated photocoloring and
bleaching cycles.

absorption band of the fulgide. This is because in 1,8a-DHN, the planar structure
allows the effective conjugation of threelectrons with the anhydride chromophore.
The methoxy group in the 3- and/or 5-positions also increases the sensitivity to the
coloring reaction.t

Most of the phenyl fulgides were not suitable for applications because of their
low fatigue resistance (stability). Recently, two electron-donating substituents were
introduced into the aryl ring of the fulgide moleca@@>? which was prepared as the
Z form but can undergo the Z E - C photochromic reaction on irradiation with
UV light. The overall yield of the preparation, spectroscopic properties, and fatigue
resistance are given in Table 4.6.

Two electron-donating substituents in the 3,5-positions of phenyl fulgide
caused a significant bathochromic shift of the absorption band of 1,8a-DHN with
a large molecular extinction coefficient. Furthermore, they caused a remarkable
increase in the coloration rate, while at the same time maintaining the bleaching rate.
For example, for compoun2Pa,the quantum yield for the photocoloring reaction
was 0.65 (366-nm light irradiation) and the bleaching quantum yield was 0.052
(independent of bleaching light at 556—634 nm). The two electron-donating groups
also improved the fatigue resistance of the fulgides.

4.2.6. Miscellaneous Aryl Aromatic Fulgides

Apart from the phenyl fulgides, other carﬁéraryl fulgides such as naphthyl
fulgides30and31,}"** fluorenylidene fulgideg2?° bisanthrylidene fulgidg3°
and ferrocenyl fulgid6436 were reported.

Naphthyl fulgides 30 showed photochromic properties similar to phenyl
fulgides. On irradiation with UV light in toluene, it cyclized to give the red 4,4a-
dihydrophenanthrene derivatives (DHPs). On prolonged irradiation,ZEisomer-
ization occurred to give a mixture of E and Z at the photostationary state; no other
product could be detected. In contrast, naphthyl ful@3degave an orange-red
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Ar. = a-Naphthyl
o 2 Ar phtny!
b Ar = PB-Napthyl
[o]
[o} a R = Fluorenylidene
OO () b R = diphenylmethylene

¢ R = 3,4,5-trimethoxyphenylethylidene

a RLR%ZRI=H
b R R?2=H,R3=0Me
¢ R R®=H, R2=0OMe

d R% R3=H, R'=OMe

cyclized intermediate on irradiation with UV light in toluene, but on prolonged
irradiation, a colorless product formed by a H,5shift was obtained’

Ferrocenyl fulgide34 gave only E- Z isomerization without any photochro-
mic cyclization reactiori® Fluorenylidene fulgide32awas prepared as black
crystals, and2b as deep red crystals. Neither of them were photochromic. However,
compound32c,which was a deep red crystal, was photochromic and gave a blue
color when irradiated over a wide range of wavelengths.

Unlike normal fulgides, the bis-(9-anthrylmethylene)succinic anhyd8&de
underwent a facile intramolecular [4+4] cycloaddition reaction on exposure to
white light to give a pale yellow addut.

4.3. FULGIDES WITH HETEROCYCLIC RING SYSTEMS

The investigation of molecular design and the preparation of heterocyclic
fulgide derivatives have created wide interest owing to the potential importance of
these compounds in optical recording. Recent studies have focused on the prepara-
tion of the fatigue-resistant photochromic fulgides using a variety of heterocyclic-



154 Mei-Gong Fan et al.

substituted fulgides. This section discusses fulgides having different heterocyclic
ring systems.

4.3.1. Furyl Fulgides

Replacement of the phenyl group by a 3-furyl group gives so-called furyl
fulgides, which convert quantitatively to the colored form on irradiation with 366-
nm light. The first example of this type of fulgide was ¢£2;5- dimethyl-3-furyl
ethylidene (isopropylidene) succinic anhydri@8)( which gives deep red 7,7a-
dihydrobenzo-furan derivativesr (fa-DHBF, 3§ on irradiation with ultraviolet
light, as shown in Scheme 7.

35 36

Scheme 7.Photochromism of compound5and36.

Compound35is pale yellow fdmax= 343 nm in toluene)36 has an absorption
minimum in the near-UV region and the absorption maximum wavelehgth) (s
494 nm in toluene. The UV/VIS absorption spectré3bfand36 have been reported
in Ref. 37).

4.3.1.1. Substituent Effects on the Quantum Yield of Photochromic Reactions of
Furyl Fulgides

Heller and Langafi reported that the quantum yield for photocoloration
(Pg _, ¢) of fulgide 35 to the 7,7a-DHBF (36) in toluene was 0.20, and the
&e _, ¢ value appeared to be wavelength independent over the range 313-366 nm.
Temperature (10—40°C) had little effect on the quantum yield for photocoloration.
Furthermore, the cycles of photochromism3f36—35did not affect thedf;: _, ()
value. These results showed that fulgBfeis well suited for chemical actinometry in
the near-UV and visible spectral region.

A highly efficient photochromic process is essential for organic photochromic
compounds used as optical recording matefiafS.That means that the quantum
yields for the photocoloring and bleaching reactions should be high, but the quantum
yield for the side reactions should be as low as possible. In order to solve the
problems mentioned earlier, extensive studies have been carried out, and some
promising results have been obtained so far.

Structure modifications of fulgide molecules play an important role in increas-
ing the values of quantum yields of the photochromic reactions. These modifications
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have included alternation of the substituents on the furan moiety and am the
position.

4.3.1.2. a-Alkyl Substituent Effects on the Photochromism of Furyl Fulgides

Glaze et al.reported that fulgide35is a highly effective photochromic
compound. But when the R is hydrogen at8ia, no photocyclization reaction
occurs?! and only E — Z photoisomerization takes place wigTais irradiated by
UV light, as shown in Scheme 8.

Vis Vis

377, 37E 38
a,R=H; b, R=Et;c,R=n-Pr;d,R=i-Pr; eR=n-C, H; 5 f, R=t-Bu.

Scheme 8. Photochromic reaction of compound3 and38.

The effects of the substituent steric hindrance of the R group in fubyile37f
on the quantum yield for the photoreactions have been reported by Yokatama
al.*?>=* and Kiji et al*® These authors demonstrated that steric hindrance has an
important effect on the quantum yield of the photocyclizatibg () and the
E - Z isomerization ¢ 7). The results are shown in Table 4.7.

With an increasing steric hindrance of R, the coloring quantum yiglds §)
of fulgide are greatly enhanced while tldg-(. 7) is simultaneously decreased. This

Table 4.7.Quantum Yields of Photoreactions of Compouriis(E,Z) and38 (C) in

Chloroform
Compound R DTS ®e S0 O, g° Pe g’
b Et 0.34 0.06 0.12 0.027
c n-Pr 0.45 0.04 0.10 0.044
d i-Pr 0.62 0.00 0.06 0.040
f t-Bu 0.79 0.00 — 0.034

2 |rradiation at 366-nm light.
b Irradiation with 492-nm light.
¢ In toluene at room temperature.
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observation could be explained by the fact that the bulky group R inhibited the
E - Z isomerization of thei,3 double bond and anchored the conformation of the
furyl group in favor of the intramolecular photocyclization. Fulgigied had a

®c _ c of 0.62 andd g _ ; of zero. The elimination of the E. Z isomerization
obviously has significance in many applications for fulgide molecules. However, the
relatively small bleaching quantum vyield & , ¢ was not affected by the steric
hindrance of R.

Fulgide37e,which has been synthesized by Hibino and Afiopuld be used
to prepare Langmuir-Blodgett films having photochromic properties similar to those
observed in organic solvents.

The R group had little effect on the absorption maximdgey) and molar
absorption coefficient,,,) of fulgides and7,7a-DHBF derivatives. The absoprtion
maxima of E isomers were about 348 nm, which is about 10 nm shorter than those
of Z isomers.

4.3.1.3. Steric Effects on the Photochromic Behavior of the Alkylidene Group of
Furyl Fulgides

The substituents of the alkylidene groups in the fulgide molecules have been
varied by Hellert al.3*” Glazeet al.*® Tomadaet al.*® and Yokoyama’s groufy"**
independently. The photochromic reactions are shown in Scheme 9.

Scheme 9 shows in fulgid&9, replacement of the isopropylidene group (IPD)
by a dicyclopropylidene group (DCP) caused a bathochromic shift in the absorption
band of the7,7a-DHBF, owing to the partial double-bond character of the DCP
group. It is obvious that the steric hindrance of Rt and R2? also affectdgghef
the colored form. There was not a definite role for the substituent effect on the
guantum yield of photoreactions. Table 4.8 shows the absorption spectroscopic data
and quantum yields of photoreactions of fulgides with different R'R2 groups in
toluene.

As seen from Table 4.8, the steric bulkiness of the norbornylidene (NBO) group
(39c¢) did not work effectively to increas® g _, ¢, suggesting that only a huge
alkylidene group such as adamantylidene (ADD) is necessary. Com&fuhd

» 40
a,R! = R2 = Etp,R! = R2 = cyclopropylr,R'R2C= Norbornylidene(NBO)d, R'R2C=
Adamantylidene (ADD).

Scheme 9.Photochromism of compound® and40.
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Table 4.8. Absorption Spectra Data and Quantum Yield of Furyl FulgR®E,Z) and its
Colored Form40) (C) with Bulky Alkylidene Substituents in Toluene

Compound R! R2 E}\max (Dnax) Z/)\max @max) C/)\max (Dmax) O] EaCa cl:’E «Za q)Z - Ea cDCa Eb

Et Et 344 (6300) — 500(9900) 0.08  — — 019
DCF 500 (- )

NBO® 348 (5140) 355 (8750) 514 (7340) 020 0.30 042 0.057
ADD® 344 (5090) 357 (9090) 519 (6880) 0.12 0.0 0.0 021

o0 oo

Note: Amax ("M); Onay (MoF 1 dm3cent?) .

2 Irradiation at 366-nm light.

b |rradiation at 492-nm light.

¢ RIR2C = DCP, NBO, and ADD, respectively.

contains a rigid inflexible spiroadamantylidene group, which resulted in a fourfold
increase in the quantum efficiency for bleaching compared with the analogous
compound35 (Rt = R2 = Me).

4.3.1.4. Comprehensive Steric Effect on the Quantum Yield of the Photoreactions
of Furyl Fulgides

In order to obtain a photochromic fulgide having both large coloring and
bleaching quantum yields, Helferand Yokoyameet al*344 have independently
made efforts to this end. Yokoyameaal.reported that replacement of the IPD group
in fulgide 37 by the NBO or ADD group, and at the same time with R replaced by an
isopropyl group, gave fulgidél. Spectroscopic data for fulgidEl and its colored
form (42) are shown in Table 4.9. The photochromic reactions are shown in Scheme
10.

As seen in Table 4.9, fulgidél, having both an isopropyl group at the
position and an adamantylidene group at thposition, exhibited a coloring
quantum yielddg _ - of 0.51. It was nearly threefold larger than that of fulgide
35.The bleaching quantum yiel®. _ ¢ was 0.26, which was fivefold larger than
that of 36. However, it should be noted that for fulgiddb (adamantylidene
derivatives), the bleaching quantum vyields.(, ¢) of UV irradiation were not
negligible, i.e., the bulky ADD group also enhanced the bleaching quantum yield

Table 4.9. Absorption Spectra Data and Quantum Yields of Photoreactions of Fulijldes
(E,2) and its Colored Forif¥2) (C) with Bulky Substituents in Toluene

ED\max Z/)\max C/)\max
Compound R'R2C (nm)  (nm)  (nm) ®e. " D ., P Dot O P

a NBO 343 — 515 0.56 0.01 0.01 0.00 0.049
b ADD 337 355 520 0.51 0.02 0.05 0.28 0.26

& 366-nm light irradiation.
P 492-nm light irradiation at room temperature.
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a, R'R2C= NBO; b, R*R2C= ADD.

Scheme 10.Photochromism of compoundsl and42.

during UV irradiation. One of the possible reasons for the large bleaching quantum
yield is that the sterically congested ADD group destabilized the rigid colored form.
This destabilization caused a partial deactivation to the opened form from the excited
state of the colored form. This was supported by the molecular orbital calculdtions.
Another interpretation is that a bulky and rigid group, such as ADD, weakened the
o-bond owing to the steric repulsion between the bulky 1-substituent and 7a-methyl
group, which led to a ring-opening reaction.

The fulgide41b had a high quantum yield for coloring (0.50 for 366-nm
irradiation in toluene), while the correspondiiigra-DHBF (42b) had a high
quantum vyield ®c _ g= 0.26) for bleaching irradiation (546 nm at 26°C in
toluene), which is in agreement with Yokoyama's results.

These results demonstrated that it is possible to design fulgide systems that
have high quantum yields for both coloring and bleaching reactions and so far
fulgide 41bis the best one for such aims.

From Tables 4.8 and 4.9 we should note that with the increasing size of the
alkylidene group from IPD. NBO - ADD, the absorption maxima of,7a-
DHBF exhibited slight bathochromic shifts.

Whitall2 reported that the 2-methyl group in the furyl moiety is essential to
prevent fatigue reactions, but 2,4-dialkyl-3-acetyl-furans are too sterically hindered
to undergo the Stobbe condensation and only substituents on the 5-position of the
furan ring in the fulgide molecules can be varied easily. The substituent in the 5-
position is in conjugation with the,7a-DHBF chromophore. Hell} designed and
synthesized a series of the 5-substituted furyl fulgides, as shown in Scheme 11.

The spectroscopic data f4B and44 are listed in Table 4.10. Fulgidd8a-43f
have similar photochromic properties in organic solvents. From Table 4.10 it can be
seen that when the electron-donating substituents were introduced into the 5-position
of the furyl ring, both fulgides and their colored forni,7a-DHBF) exhibited
bathochromic shifts corresponding to the behavior of compaididA,ax= 612 nm
in toluene, a bathochromic shift of 100 nm by referencé4a). Tomoda et af?
reported that fulgidd5 containing an acetyl group in the 4-position of the furyl ring
exhibited a low coloring quantum yiel®g _ ¢ = 0.11 in toluene with irradiation
with 311-nm light and a high bleaching quantum yiefd: _ ¢ = 0.39 when
irradiated with 477-nm light. The colored form7a-DHBF derivative ¢6) had a
A max = 472 nm in toluene, as shown in Scheme 12.
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Scheme 11. Photochromism of compound43 and44. a,R! =H; b, Rt =Me; c, Rt = Ph;d, Rt =
p-methoxyphenyl §-MOP); e, Rt =p- tetrahydropyrrylphenyld-TPP); f, Rt =p-diethylaminophenyl
(p-DAP). In compound#3a—e,R2R2C = |IPD 43f, R2R2C = ADD.

Table 4. 10. Absorption Spectra Data for Compourti3and44in Toluene

Fulgide @3)
43a 43b 43c 43d 43e 43f
A max 330 343 354 366 — —
Omax 6920 6780 6305 6000 — —

7,7a-DHBF @4)

44a 44b 44c 44d 44e 44f
A max 473 494 520 540 588 612
Omax 6950 8200 15,750 18,200 26,250 18,500

Note:A m ax (NM); Opax (dM3 mol tem 't

).
In fulgide 45,the low ®¢ _ ¢ and high® . _ ¢ values cannot be attributed to the
steric hindrance effect of the acetyl group. They are due to the electronic effect, i.e.,

the electron-withdrawing ability of the 4-acetyl group. Therefore, not only the steric
hindrance effect, but also the electronic effect of the substituents can influence the
reactivity of both coloring and bleaching reactions.

4.3.1.5. Photochromism of Furyl Fulgides in Polymer Matrices

For practical applications, fulgides must retain their excellent photochromic
properties in solvent and in a polymer matrix, because the ultimate photomemory
media will certainly be provided as a plastic layer containing photochromic

o o] 0 o
o 311nm o
o 477 nm Te)
o (o}
45 46

Scheme 12. Photochromism of compound$ and46.
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compounds. It is therefore important to study the photochemical reactions of
fulgides in polymer matrices, and some interesting results have been repérted.

% Yokoyamaet al.>® described the photochromism of fulgi@8in various polymer
films. Table 4.11 shows the results of photochemical properties of fu3§idad36

in polymer matrices.

In a polar polymer, i.e., cellulose acetate (CA) or nitrocellulose @$E) 352,
and36 had a relatively longer absorption maximum wavelength than in less polar
matrices. In NC tha,,, of 36 shifts to 528 nm, which is also longer than in organic
solvents. The role of polymer films in the quantum yields of photoreactions is not
clear. In a comparison of the photochemical properti&Saf polymer films and in
solvents, it was found that theg | ¢ in polymer matrices was substantially smaller
than that in the corresponding solvent with similar polarity. However, the decolora-
tion quantum yieldP. _ ¢ in a polymer film was larger than that in solvents. In
conclusion, the polymer matrix properties, such as polarity, viscosity, and glass
transition temperatureT() are quite important for photochromic reactions and
applications. The coloration, E Z and Z - E isomerizations were suppressed in
polymer matrices.

4.3.1.6. Crystal Structures of Furyl Fulgides

The X-ray structure of two isomers of fulgidb have been determined by
Yoshiokaet al.>® In the E form, the succinic anhydride and the furyl ring were not
coplanar and were considerably twisted relative to each other. This is due to the
steric hindrance effect between the isopropylidene group and the 2-methyl group in
the furyl moiety. The distance between the two reactive sites, which corresponds to
the chemical bond formed during photocyclization, was 3.44 A.

In the Z form, the succinic anhydride portion was also considerably twisted
from the furyl ring moiety: the distance between the carbon-2 of the furyl ring and
the tertiary carbon atom of the isopropylidene group was 5.34 A, which was much

Table 4.11. Photochromic Properties 85 (Z,E) and36 (C) in Polymer Films

Property PS PMMA*® PPMA® CA® NC®
Pe | C° 0.12 0.094 0.14 0.12 0.095
P ° 0.066 0.091 0.078 0.069 0.064
&, 0.074 0.13 0.083 0.085 0.055
D P 0.10 0.059 0.049 0.028 0.07
Amax (E) (nm) 346 343 344 349 352
Amax (Z) (nm) 356 350 352 354 361

Amax (C) (nm) 502 500 502 508 528
Dielectric const. 2.5-3.1 3.3-3.9 5-6 3.5-75 7.0-75

& Irradiated with 366-nm light.

® |rradiated with 502-nm light.

¢ PS = polystyrene, PMMA = poly(methyl methacrylate), PPMA = poly(propyl methacrylate), CA = cellulose acetate,
NC = nitrocellulose.
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longer than that in the E isomer (3.44 A). It seems that the direct cyclization reaction
from the Z form to the colored form is impossible because of the long distance of the
reaction sites. In other words, there is no all-cis hexatriene unit in the Z form, which
is an essential component for the photocyclization of fulgides.

4.3.1.7. Helical Chirality of a Furyl Fulgide

Yokoyamaet al. >’ reported that fulgide85 was shown to be chiral, and its

enantiotopomerization process was observed by variable-temperature *H NMR
measurement. The enthalpy barri&H() for diastereotopomerization was observed
and calculated.

4.3.2. Thienyl Fulgides

Replacement of the 3-furyl group by a 3-thienyl group led to the formation of
thienyl-substituted fulgide¥ which have photochromic properties similar to the
furyl fulgides. Glazeet al>® reported that the main difference is a slight bath-
ochromic shift of the absorption band of the colored form, 7,7a-dihydrobenzothio-
phene {,7a-DHBT, 48. The photochemical reaction is shown in Scheme 13.

(o] o}
o —_— = (o]

o o
47 48

Scheme 13Photochromism of compound$7 and48.

The photochromism and kinetics of photochemical isomerization of thienyl
fulgide (47) have been reported by Ulrigh al>° Either in liquid solution or in rigid
polymer, fulgide 47 exhibited reversible photochromism to a high degree. The
photoreactions took place in different media with different quantum vyields. In
methylene chloride, the decoloration processe48ibok place very slowly to the
guantum yield for bleaching was poapd . ¢ = 0.01) — while in polystyrene (PS)
matrix, the quantum yield was increasap(, g = 0.3). However, the quantum yield
for the coloring process (366 nm) turned out todhe . -=0.15 for both methylene
chloride solution and polystyrene matrix. The quantum vyield of decoloration
(Pc . g) in the case of methylene chloride solution was less than that in a PS
matrix. This can be explained as follows: owing to the bulky benzene ring, the
polymer matrix contains enough free volume to allow for reactions of the fulgide
molecules, but in liquid solutions the radiation’s deactivation process is competitive
with the photoreaction and as a result the quantum yield for the photodecoloration
reaction is decreased.
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Thienyl fulgide (in PS) can be colored and bleached at all temperatures between
300 and 10 K. The coloring reaction does not require thermal activation, but for the
bleaching process a small activation barrier (50'9nexists. Further studies on the
photoreaction kinetics of thienyl fulgide derivativet®§-499 have been carried out
by the same research grotibas shown in Scheme 14.

[ o R o
2 o w o
"
R‘R: \ ° R\
49 50

a,R! = i-Pr, R2 =R*=f=R°= Me; b, R! = i-Pr, R?R3C=ADD, R=R’=Me;c,R! = t-Bu, R?
=R3=R*=R°=Me; d, R1=R2=R*=R°=Me,R3=n-C¢H,3; e R!=R?=R'=R°=Me,R3=n-G H,3
f Rt = R?2 = R3=Me,R'=R%°=n-G,H, 4 g, R1=R?=R3=R=Me, F = -CH=CH-CgHs;
h,R1=R2=R3=R'=Me, R°= CH=CH-GH.-p-NEt,.

Scheme 14. Photochromism of compoundt and50.

The same results for the quantum yield of the photoreactions of ful¢gdes
49chave been obtained compared with those of the corresponding furyl fulgide, i.e.,
bulky substituents of R can increase the _ ¢ and decrease theg | ; and®; _ g
For example, in toluen&pg | -=0.73, ® ¢ _ g = 0.095 for49c4! Bulky substitu-
ents on the alkylidene groug9b) can enhance thé@c _ ¢ by a factor of four
compared with the ordinary thienyl fulgidé7).

The design and synthesis of substituted thienyl fulgides have been reported by
several research group%:%! Konishi et alé thave synthesized the long alkyl chain-
substituted thienyl fulgide49d—-49f.In toluene,50d, 50epossessed an absorption
maximum at 522 nm whil&0f was at 537 nm. Tomodet al. reported that the
introduction of an electron-donating group and conjugated chain into the 5-position
of the thienyl ring can cause significant red shift of the absorption maximum of the
colored form,7,7a-DHBT. The spectroscopic properties of several thienyl fulgides
are summarized in Table 4.12.

It should be pointed out that introduction of electron-donating substituents to
the thienyl ring can lead to a red shiftxfax and an increase of the molar absorption
coefficient Umax) of the colored form. However, the quantum yield of bleaching is
decreased, e.g®c _, e for 50h, 50g,and48in toluene were 0.0043 (591), 0.0092
(556), and 0.14 (535), respectively (the values in parenthesis are the irradiation
wavelength/nanometer for the bleaching process).
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Table 4.12. Spectroscopic Properties of Thienyl Fulgid@ (E,Z) and its Colored Form$5()
(C) in Toluene

Compound R? R? R3 R4 R5 E/}\m ax (Dmax) Z/)\max (Dmax) C/)\max (D‘nax)
a i-Pr  Me Me Me Me 330 (2050) 330 (4000) 524 (8250)
b i-Pr ADD Me Me 340 (3580) 340 (2410) 546 (5970)
c t-Bu Me Me Me Me — — —
d Me Me n-CeH,3 Me Me — — 522
e Me Me nC,;H,; Me Me — — 522
f Me Me Me CeHis  CgHys — — 537
g Me Me Me Me SP 334(31,800) — 557 (15,200)
h Me Me Me Me p-DESP 382 (41,400) — 595 (30,500)

Note: N max (MM); Omax (dm3 moFtem™1) .
a SP = styrylphenyl.
bp-DESP =p-diethylamino styrylphenyl.

Effenberger and Wonn&t have described the preparation and photochemistry
of an anthrylvinyl thiophen fulgideb(l).

51

Heller suggested that the colored form of fulgliiia‘é—’8 can be used as a visible
actinometer (430-600 nm), becausghas a broader absorption band and a large
molar extinction coefficient[{= 12,000 dm? mol* cm? in toluene). The photo-
chromic reaction is shown in Scheme 15.

X-ray analysis 052 and53 has also been reported by KaftfyThe phenyl
group is not coplanar with the thiophen ring in any of the compo&2dsd53.

o] o]
uv
o o
s vis P s
0 o
52 53

Scheme 15. Photochromism of compounds and53.
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4.3.3. Indolyl Fulgides

Indolyl-substituted heterocyclic fulgides have been studied by several research
groups®®~°° Wang et al.’® and Fanet al.”* reported the synthesis and crystal
structures of azafulgid®4. The structures and photochromic reactions are shown in
Scheme 16.

a, Rt =R2=Meb, Rt = Ph, R2=Hg,R! = Me, R2=H.
Scheme 16. Photochromism of compound®t and55.

When R2? is hydrogen, fulgides4b and54c are neither photochromic nor
thermochromic. However, when R2 was replaced by a methyl group, fulgide
changed from pale yellow to blue or green on irradiation at 366-nm light either in the
crystalline state, in solution, or in a rigid plastic matrix. The colored f&%a, was
photobleached on exposure to visible light. X-ray crystal structures of ful§hes
54b, and54cwere quite different. In fulgideS4b and54c, X-ray analysis showed
that an S-trans conformation is retained in their crystal structures, making it
impossible for them to undergo conrotatory electrocyclic ring closure to yield a
colored form. In fulgide54a, S-cis (cis-hexatriene conformation) was retained:

R' H
(o]
\ N
[o]
[o]
54a, R'=Me 54b,R'=Me  54¢, R'=Ph

The distance between the two carbon atoms that form the new bond in
photocyclization is very close (2.04 A), which is favorable for cyclization.

Yokoyama and Kuritd?"® demonstrated the design, synthesis, and photochro-
mic behavior of 5-substituted indolyl fulgide§6§. The molecular structure and
photochromic reactions are shown as Scheme 17.

According to Pariser-Parr-Pople-Chemical lonization (PPP-CI) calculafions,
an electron-donating group introduced into the 5-position of the indole ring was
suggested to cause a bathochromic shift of the absorption maximum of the colored
form. TheA nax of 56 and57 are summarized in Table 4.13. The quantum yields of
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X (o]
uv
o]
Vis
N
[¢]
56 57

a, X = H; b, X = MeS-;c, X = MeO-; d, X = Me,N-.

Scheme 17. Photochromism of compounds6 and57.

the photocyclization reactionsb§{ _ ) decreased and the absorption maximum
wavelength increased in the order H, MeS, MeO, andNM€ompoundb6d was
highly resistant toward the bleaching reaction, as shown in Table 4.13.

Substituent effects on the quantum yield of photoreactions of indolyl fulgide
have also been reported by Uchiglaal.,”® as shown in Table 4.14. The molecular
structure and photochromic reactions are shown in Scheme 18.

Several conclusions can be drawn from the data in Table 4.14. When R is
propyl, e _ 7, ®, _ g are too small to be measured. In contrast, the coloring
quantum yield ¢ _ ¢) is larger than that of the methyl-substituted group. This is in
good accord with the observation for furyl fulgides. The coloring quantum vyield
(®e . ¢) of 58c, with an i-Pr group, was five times as large as that58&a. A
tendency for an increase in the bleaching quantum yield of the colored form under
403-nm light irradiation, along with an increase in the bulkiness of the R! group,
was also observed. This is different from furyl fulgides; the reason is that the colored
forms of indolyl fulgides have two absorption bands — one at about 380 nm and the
other at about 580 nm. The UV absorption band of the colored form partially
overlaps with the absorption band of the E form of indolyl fulgides. Irradiation with
403 nm light causes bleaching of the C form. When the IPD group is substituted by
an ADD group, the bleaching quantum vyield(, g) of 608-nm irradiation is
increased. In the discussion on the steric hindrance effects of Rt and R2 on the
photochromism of furyl fulgides, a bulky R! worked to increase the coloring

Table 4.13. Absorption Spectra Data and Quantum Yields of Photoreactions of Indolyl
Fulgide 56 (Z, E) and its Colored Forns{) (C) in Toluene

Compound X E/Amax (Cnax) CAmax Ona)  @Pe- c° D . g? D g° E/C

a H 385 (8150) 584 (6810) 0.040 0.067 0.051 40/60
b SMe 387 (8750) 600 (7090) 0.028 0.027 0.011 32/68
c OMe 393 (9530) 625 (7060) 0.024 0.024 0.012 30/70
d NMe, 404 (8040) 673 (6200) 0.015 0.001 0.00004  3/97

Note: Amax ("M); Omax (Mol~* dm3 cnr?) .
# Irradiation with 403-nm light.
® Irradiation with 608-nm light.
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a, R'= Me, R2R2C=IPD;b, R'= n-Pr, R?R2C = IPDg, R'= i-Pr, R?R2C=IPD;d, R'=Me,
R2R2C= ADD; e, R'=n-Pr, R2R2C=ADD;f, R'=i-Pr, R2R2C=ADD (For 34a-f
R3=R*=Me); g, R1=R* =Me, R2R2C=IPD, R3=Eth, R'=R3*=Me, R=Et, R2R2C=IPD.

Scheme 18. Photochromism of compounds8 and59.

guantum vyield of UV irradiation, and a bulky R! and R2 worked to increase the
bleaching quantum vyield of visible light irradiation. However, this finding does not
apply to the case of indolyl fulgides. F88f, thei-Pr group does not work well to
increase the coloring quantum vyield efficientfie (, ¢ =0.066). For the fulgide
with an ADD group %8d, 58e, 58], the bleaching quantum yields at irradiation with
403 nm and visible light are both increased. That is, the effect d®fRhegroup for

58f was offset by the ADD group. The substitution of the 2-methyl group of the
indolyl ring with an ethyl group decreaséxt_, c.In contrast, thePe_, z was
increased. The absorption spectra data for indolyl fulgides with bulky alkyl
substituents are listed in Table 4.14.

The difference in the absorption maximum wavelengths between the E form
and Z form was not large. The deviation was only about 10 nm when R3 was an
ethyl group. The\max of the colored form was 616 nm, which was a 32-nm
bathochromic shift compared with the methyl group-substituted fulgide, suggesting
that the steric hindrance effect of R3 on the planar molecular structure of the colored
form must be considered.

4.3.4. Pyrryl Fulgides

Little effort has been made to study pyrryl-substituted fulgides during the past
few years. Hellef suggested that the colored form of pyrryl fulgides showed
absorption maxima in the visible region above 600 nm, which is over 100 nm longer
than those of the corresponding furyl and thienyl fulgides. However, the overall yield
in the synthesis of pyrryl fulgides is very poor and they are difficult to isolate and
purify. ’” Photochromic properties of some pyrryl-substituted fulgidé$ bave been
reported by Hellef® Harriset al.,”” Matsushimaet al®® The molecular structures
and photoreactions are shown in Scheme 19.



168 Mei-Gong Fan et al.

Scheme 19. Photochromism of compound§0 and 61. a,R! = R2 = R3 = Me}, Rt = R = Me,
R2 = Ph;c, R* = R® = Me, R2 =p-tolyl; d, R* = R2 = Ph, R® = Meg, Rt = Me, R? = Ph,
R3 = cyclopropyl;f, Rt = R® = Me, R2= CNg, R' = R3 = Me, R2= CONH h, Rt = R3 = Me, R2 = H.

Absorption spectral data of fulgidé® and its colored form (7,7a-dihydroin-
dolyl derivatives) DHI, 61) are summarized in Table 4.15.

Similar photochromic properties are exhibited in a wide range of organic
solvents, in rigid plastic matrices, and in the crystalline state. In most photochromic
organic compounds, the photocolored form absorbs strongly at the activating
wavelengths, acting as an internal filter and inhibiting photocoloration. The UV
and visible absorption spectra 60h in toluene before and after irradiation with
366-nm light is shown in Ref. 78. Compouldh (DHI) has a relatively weak
absorption in the 300-400 nm region, so that the internal filter effect is decreased. A
bathochromic shift for thé o« 0f 61 was observed.

Recently Faret al./879.81-8486.877h50 et al.8% and Faret al®®> have made an
effort to study the molecular design, synthesis, photochromism, and application of
pyrryl-substituted fulgides. A series of such fulgidég)(has been prepared by Fan’s
group, and the photochromic reactions investigated. The molecular structures and
photochromic reactions are shown in Scheme 20.

Table 4.15. Ultraviolet and Visible Absorption Spectra Data of Fulgige (E) and its
Colored Form§1) (C)

Compound R? R2 R3 Solvent  E/Amax ([ma») ClAmax (Imax?®
60a Me Me Me Toluene 377(7420) 632(7300)
60b Me Ph Me Toluene 373 (9000) 615 (8580)
60c Me p-Tolyl Me Toluene 374(8600) 615 (8900)
60d Ph Ph Me Toluene 373 (7830) 605 (10,000)
60e Me Ph Cyclopropyl — — —

60f CN Me Me PMMA 345 579

60g CONH: Me Me PMMA 355 629

60h H Me Me Toluene  364(6980) 620(6980)

Note: Apax (NM); Chnax (Mol~1 dm3 cntY).
@ The Ohax Of the colored form (C) was calculated assuming quantitative conversion into colored forms on irradiation
(366-nm) of the respective fulgide (E) and no photodegradation.
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62 63

Scheme 20. Photochromism of compound® and63. a,R*-R° = Me; b, R*-R* = Me, R = Et;c,

R1=R2=Ph, R®=H, R R° = Me; d, Rt = Et, R2 = Ph, R® = H,"R- R® = Me; e, Rt = p-methoxyl-

phenyl, R2 = Ph, R = H, R=R° = Me;f, Rt = Me, R2 = Ph, R® = H, R=R®* = Me; g, Rt =p-

methylphenyl, Rz = Ph, R® = H,‘R= R® = Me; h, Rt = R = R = R®> = Me, R? = Phj, R = Et,

R2=Ph, R®=R=R5 = Me;j, Rl = R2= R =R’ = Me, R® = Phik, Rt = R® = Ph, Rz = H,
R =R® = Me; |, R = R® = R = R5 = Me, R2 =p-methoxylphenyl;m,R1=R2=R = R5= Me,

R3 =p-methoxylphenyln, Rt =R* = R5 = Me, R2 = Ph, R? 5-Pr; 0,Rl = R® = F = Me, R2 = Ph,
R* =i-Pr;p,R* = C,gHs;, R2=Ph,R3=R =R’ =Me;q,R'= G Hs3, R2=Ph,R* =R =R° = Me;

I, Rt=p- C;sH3,0Cs H, , R2= Ph, R3 = H, R= R°= Me.

4.3.4.1. Absorption Spectra of Fulgid@2 and its Colored Formg3)

Replacing the 3-furyl or thienyl group by a 3-pyrryl group in fulgide molecules
causes a major color change in the ring-closed form, a 7,7a-dihydroindolyl derivative
(7,7a-DHI), from red to purple to blue or blue-green. The fulg&fin common
organic solvents changed to deep blue or a blue-green color when the solution was
irradiated by UV light. The colored form did not fade in the dark, which is attributed
to the thermally stable 7,7a-dihydroindole derivativie8g-DHI, 63. The reaction
can be reversed and the color bleached by exposure to visible light. The absorption
spectral change of fulgidé2ein acetonitrile during photochromic processes is
shown in Figure 4.1.

It can be seen from Figure 4.1 that irradiatior68&in acetonitrile with UV
light caused the UV band (380 nm) to decrease while the visible band (640 nm)
simultaneously increased. When the colored fd¥®e) (was irradiated with 580-nm
light, it was bleached, and the absorption band in the visible region decreased while
the UV band increased.

The absorption spectra data @2 and 63 in organic solvents are shown in
Tables 4.16 and 4.17, respectively. The molar extinction coefficients at maximum
wavelength [max) of fulgide 62 range from 103 to X0dm3 mol* cm -

4.3.4.2. The Effect of Solvent Polarity on the Absorption Spectra of Fulgig)e (
and its Colored Formé)

From Tables 4.16 and 4.17 we can see that the solvent polarity has different
effects on fulgide52 and its colored form§3). For fulgide62, solvents had little
effect on the absorption maxima. However, a strong solvatochromic behavior was
observed for the colored form§3). More detailed absorption spectra data 6@r
and 63 in various organic solvents are listed in Table 4.18. The polarity of the
solvents was represented by the Dimroth sEal@o).ss
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Figure 4.1. Absorption spectral change of the fulgii2ein acetonitrile during photochromic processes
(366-nm light irradiation for photocoloring; 580-nm light irradiation for photobleaching).

From Table 4.18 it can be seen that the absorption makimg ¢f fulgide62
varied by about 15-30 nm in organic solvents with different polarity, whereas the
corresponding absorption maxima of the colored féB8wehanged significantly by
about 50-100 nm, i.e., the absorption band®3df the visible region were strongly
red shifted with increasing solvent polarity. This indicates that the excited s&8e of
has a ft*) character. The differences between Xhex values of63in the various
solvents were very large. For example, the absorption maximum wavelendiB$ of
were 715 and 625 nm in methanol and cyclohexane, respectively. This cannot be
explained using the empirical criteria for the assignment of orbital configuration with
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Table 4.16. Absorption Spectra Data of Pyrryl Fulgié@ in Organic Solvents

Amax in solvents (nm)

Compound Rt R2 Re R* R> Acetonitrle  Toluene  Cyclohexane
62a Me Me Me Me Me 385 380 —
62b Me Me Me Me  Et — 390 —
62c Ph Ph H Me Me — 370 —
62d Et Ph H Me Me - 375 360
62e pMOP? Ph H Me Me 380 370 365
62f Me Ph H Me Me 380 370 —
629 p-PM° Ph H Me Me — — 375
62h Me Ph Me Me Me 387 380 —
62i Et Ph Me Me Me 391 — 362
62] Me Me Ph Me Me 371 370 338
62k Ph H Ph Me Me 352 348 380
62l Me p-MOP* Me Me Me 390 385 360
62m Me Me p-MOF* Me Me 380 365 370
62n Me Ph i-Pr Me Me 390 380 370
620 Me Ph Me i-Pr Me 385 370 370
62P CiaHs Ph Me Me Me 385 380 370
62q CieHss Ph Me Me Me 387 380 370
62r p-OOF Ph H Me Me 380 380 380

2 p-MOP = p-methoxyphenyl.

b p- MP =p-methylphenyl.

¢ p-OOP =p-octodecoxyphenyl.

T, - nn*-89 However, it can be rationalized by the formation of an intramolecular
charge transfer state between the dihydropyrryl ring (ring A, electron-donating
moiety) and the anhydride structure (ring B, electron-accepting moiety) in the

colored form2°

In fulgide 62, because of the steric repulsion between the pyrryl ring and the
isopropylidene group, the succinic anhydride portion and the pyrryl ring are not
coplanar, i.e., they are similar to furyl and thienyl fulgides. X-ray analysis shows that

fulgide 62n has a twisted structur®’ After irradiation of62 with UV light, the fused
heterocyclic compound, a 7,7a-dihydro-5,6-anhydride indole derivai8g (is

formed which has a nearly planar structure; ring A and ring B are nearly coplanar.
This is why compoun®3 possesses absorption maxima in the visible region. The

results indicated that planar molecules are polarized much more by polar solvents
than less planar molecules. The planar molecule is more favorable for the formation
of the intramolecular charge transfer state, i.e., the substituted amino group in ring A
acts as an electron donor and the carbonyl group in ring B acts as an electron

acceptor. As a result, the absorption maximdim,() of compoundé3 (the colored

form of fulgide62) in the visible region is severely affected by the solvent polarity

and thus the red shift is consistent with an enlarged conjugat®dtem.
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Table 4.17. Absorption Spectra Data of Compoufidin Organic
Solvents

Amax in solvents (nm)

Compound Acetonitrile Toluene Cyclohexane
63a 705 665 630
63b — 670 —
63c — 605 —
63d - 640 —
63e 632 612 590
63f 665 630 600
639 - - —
63h 712 660 625
63i 700 — —
63j 699 651 620
63k 649 610 596
63l 720 670 640
63m 695 655 630
63n 700 660 630
630 695 660 630
63p 705 665 640
639 705 667 635
63r 635 610 590

Table 4.18. Solvent Effect on the Absorption Maximum Wavelength.() of Fulgide62
and its Colored Form6Q)

Amax (nm) in solventsEy 3]

Compound Methanol Acetonitrile Acetone Dioxane Toluene Cyclohexane
(55.5) (46.0) (42.2) (36.0) (33.0) (31.2)
62e 390 380 380 379 370 360
62f 380 380 375 370 370 365
62h 390 387 385 380 380 375
62k 360 352 350 340 348 338
62a 390 385 385 380 380 375
62p 390 385 385 — 380 370
62r 380 380 378 — 380 380
63e 640 632 620 600 612 590
63f 670 665 660 630 630 600
63h 715 712 695 660 660 625
63k 640 649 635 616 610 596
63a 710 705 705 670 665 630
63p 707 705 694 — 665 640

63r 637 635 626 — 610 590
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4.3.4.3. Substituent Effects on the Absorption Spectra of Pyrryl Ful§Riand its
Colored Form §3)

The data in Tables 4.15, 4.16, 4.17, and 4.18 indicate that the substituents on
the pyrryl ring have little effect on the absorption maxima of fulgs@e the Ay ax
values of62 range from 360 to 390 nm in organic solvents, except for ful§itie
which has a short@rmaxthan the others. However, the substituents have a significant
effect on the absorption maxima of the colored fofi8),(as seen in Table 4.18. The
following points are addressed: (N-alkyl-substituted molecules have longer
absorption maximum wavelengths than the corresponidiagyl-substituted mole-
cules. For example, fo63e and 63f, the maxima are at 632 and 665 nm in
acetonitrile, respectively, the difference being nearly 30 nm.6Borand 63d, the
A maxVvalues are 605 and 640 nm in toluene, respectively. The length df-tikyl
substituent has little effect on thg,,. For63h, 63i, 63p,and63q, theA maxvalues
are 712, 700, 705, and 705 nm in acetonitrile, respectively. (2) When R2 or R3 is a
hydrogen atom, the\nhax appears at a shorter wavelength than that of the
corresponding substituted molecules. For example, Adthg of 63c, 63e, 63K,
63a, 63h,and 63j are 605, 612, 610, 665, 660, and 651 nm in toluene. (3) An
electron-donating group in the para position of the phenyl ring can cause a slight red
shift for the A max of 63. The difference inA nax for 631 and 63h is 8 nm in
acetonitrile. (4) Alkylidene groups {R R®) have little effect on th nax of 63.

4.3.4.4. Crystal Structure of Fulgi@&2n

The X-ray crystal structure of the E form of fulgiign was obtained as shown
in Figure 4.2. The figure shows that fulgiign has a considerably twisted structure.
The dihedral angle between the succinic anhydride portion and the pyrryl moiety
is 128.6°, while the dihedral angle between the phenyl ring and the pyrryl
ring is 122.9°. The bond lengths in the cis-hexatriene unit
(C1-C2-C16-C18-C21-C22) are partially averaging, in other words,mthe
electrons in the conjugated system are partially delocalized. Owing to the steric
interaction between the pyrrole ring and the IPD group, the bond angles of
C2-C1-C15, C16-C18-C21, and C18-C21-C22 are 131.1(3)°, 132.3(3)°,
and 130.6(2)°, respectively, which are much larger than those in a normal hexatriene.
The distance between two reactive sites, C1 and C22 atoms, which form the new
bond after the intramolecular photocyclization, is 3.56 A while for furyl, thienyl,
and indolyl fulgides the corresponding distances in their E forms are 3.44, 3.90, and
2.04 A, respectively.

4.3.5. Heteroaromatic Fulgides Containing Two Hetero Atoms

4-Oxazolyl 64), 4-pyrazolyl 65), 4-thiazolyl 66), and 4-isoxazolyl §7)-
substituted fulgides have been prepared and their photochromic reactions investi-
gated by several groups. The absorption spectra data and quantum yields of their
photoreactions are listed in Table 4.19.
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Figure 4.2. Crystal structure of E form of fulgidé2n. Selected bond lengths and bond angles: C1-C2:
1.381(4) A; C16-C18: 1.351(4) A; C21-C22: 1.342(5) A; C18-C21: 1.484(4) A; C2-C16: 1.47(5) A;
C15-C1-C2: 131.3(3)°; C16-C18-C21: 132.3°; C18-C21-C22: 130.6(2)°. (Reprinted from Ref. 87
with the permission of the copyright owner, the Chinese Chemical Society.)

Suzukiet al.?0 reported that oxazolyl fulgide$4) possess good thermal and
photochemical stabilities in comparison with 3-furyl fulgide. The quantum yield for
coloration Q¢ _, c) of 64bwas 0.42, which is two times larger than thad4#. That
is, introduction of the bulky alkyl substituent into theposition was also effective in
improving theéPg _, ¢ of oxazolyl fulgide, which is similar to that of furyl fulgide. In
fulgide 64, when R2 is substituted by an electron-donating group or by an extended
conjugation chain, th&max of both fulgides and their colored forms exhibit obvious
red shifts, e.g., thamax of the colored form oB4eis 538 nm, which is almost
80 nm longer than that of fulgidéda.

Matsushimaet al %8 studied the photochromic properties of fulgidi& 66,and
67. Their results showed that fulgideésb and 66 possess an excellent fatigue

R
o)
N
P °
R o
0
¢ 85
a R!=Me, R2=Ph a R! =Me, R=Me
b R!=C,,Hs,, R?=Ph b Rt =Ph, R2=Me
¢ Rt =Me, R2 =p-CgH,NMe , ¢ R!=Ph, R2=OMe

d R!=Me, Rz =p-CH=CH-C gH4 NMe ,

e Rt =Me, R? =p-(CH=CH)2-CsHaNMe2
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o
N
P °
S
o)
66 67

Table 4.19. Absorption Spectra Data and Quantum Yields of Photoreactions of Fulgides
64—67and their Colored Forms (C)

Compound  ENmax (T ZIN o Ghax) CMAmax Cmax) D A D, g
64a 337 (10,100) 347 (13,800) 462 (11,000)  0.18 (366) 0.054 (477)
64b —* — — 0.42 (366) —

64c 325(33,300) 322 (31,400) 510 (18,300)  0.32 (366) 0.0091 (511)
64d 379 (36,100) 379 (36,800) 528 (26,000) — 0.00019 (535)
64e — 403 (37,800) 538 (27,600) — 0.000049 (535)
65a 336 — 546 — —

65b 335 (7200) — 539 (4800) 0.03 (311) 0.28 (556)
65c — — 545 — —

66 296 (18,500) — 488 (8200) 0.21 (366)  0.061 (477)
67 304 — 435 - -

Note: A max (NM); Omax (Mol~* dm3cm~Y.
2 The values in parenthesis refer to the irradiation wavelength of the photoreactions in nanometers.
® Not measured.

resistance and fairly good thermal stability, but fulg@and its colored form
underwent substantial degradation in hydroxylic solvents at room temperature.

4.4. FULGIMIDE, ISOFULGIMIDE, FULGENATE,
FULGENOID, AND DICYANOMETHYLENE
DERIVATIVES OF FULGIDES

4.4.1. Fulgimides

Fulgimides are the most important fulgide derivatives. They can be synthesized
by the dehydration of succinamic acids, which are prepared by either the reaction of
a fulgide with ammonia or primary amine, or by the reaction of a succinic half-ester
with the Grignard salt of the amine. Some N-substituted fulgimides are prepared by
reacting fulgimides with bromo or hydroxy compounds. Scheme 21 illustrates the
three pathways for the preparation of fulgimides.

A wide range of aryl and heterocyclic fulgimides with structGieave been
prepared. Their overall yields and melting points are summarized in Table 4.20.
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Scheme 21. Preparation methods for fulgimides.

Table 4.20. Synthetic Overall Yield and Melting Point of Fulgimidés

Compound R! R?2 R3 R* R® Method Yield (%) mp(°C) Ref.
a Me Me 25-DMF Me H A 58 161 51
b Me Me 2,5-DMF Me Octadecyl A 77 - 89
c Me Me 25-DMF Me Benzyl A 10 79-80 90
d Ne Me 2,5-DMF Me Vinylbenzyl C 68 178 52
e Me Me 25-DMF Me n-HA C 40.4 — 91
f Me Me 25-DMF Me n-HMA C 29.3 — 91
g Me Me TMOP Me H A 47 189 21
h Me Me TMOP Me Me A — 146 21
i Me Me TMOP Me Ph A — 143 21
j Me Me TMOP Me p-MOP A - 134 21
k Me Me TMOP Me p-Tolyl A — 162-163 21
| Me Me TMOP H Ph A - 158 21
m Me Me o-Naphthyl H Ph A - 147-149 17
n Me Me B-Naphthyl H Ph A 35.7 151 17
(o] Me Me Ph H Ph A 48.1 123 18
p Me Me Mesityl H Ph B - 180-181 18
q Me Me Ph Ph Ph A 89.5 210-211 18
r H Ph Ph H Ph A 76.2 200-201 17
S H Ph Mesityl Ph Ph B — 191-192 17
t Ph  Ph Ph H Ph A — 239-240 23
u Ph Ph H Ph Ph A — 185.5-186 23
v Ph Ph H Ph Ph A 74.2 285 23

Notes: 2,5-DMF=2,5-dimethylfuryl; TMOP=3,4,5-trimethoxyphenyi; HA=n-hexylacrylate,n-HMA= n-hexyl-
methyl acrylate.
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A photochromic fulgimide can undergo a chemical reaction similar to that of
the corresponding fulgide, as shown in Scheme 22.

R
o o]
uv
X — X
uv o
o o

68, RR" =Me 69 R=9-Anthryl, R =Isopropyl a, X=0 b, X=NH ¢ X=NMe

Q

d,X=NPh e, Xx=N"""T | 7 x=N—cu'_®_°'=°"‘
o 0 N
Y

Scheme 22. Photochemical reactions of compoun@8 and69. 68,R,R" = Me;69, R=9-anthryl,
R'=isopropyl; a, X=0, b, X=NH, ¢, X=NMe, d, X=NPh, e, X=N, f, X=N.

Fulgimides were reported to have photochromic properties similar to the parent
fulgides, but the absorption bands show hypsochromic shifts. Among them,
heterocyclic aromatic fulgimides play an important role for their potential applica-
tions in information storage. The quantum yields of the photochromic reactions of
fulgimides in solution and polymer matrices are listed in Tables 4.21, 4.22, and 4.23.
The quantum yields of ring opening and cyclization of fulgimides were almost equal
to those of the corresponding fulgides. In solution, the attachment of side groups of
fulgimide onto polymer chains had only little effect on the photochromic behavior,
but in solid polymer, both the quantum yields of ring opening and of cyclization
were slightly decreased compared with those in solution. In contrast, the isomeriza-
tion of the Z form into the E form is strongly affected by the lack of mobility below
T4 This effect is most pronounced with the incorporation of fulgimide into a
polymer matrix>!

A type of donor—fulgimide—acceptor (D—F—A) molec@i@e (see Scheme 22)
has been used to study intramolecular energy transfer. In this molecule, the
fulgimide unit is a switch for energy transfer. By controlling the E or C form of
the fulgimide molecule, an intramolecular energy transfer is possible, but the transfer
mechanism cannot be determined definitély.

Polymers are excellent supporting materials for the practical use of photo-
chromic compounds by introducing stability and easy processibility. Liquid crystal-
line polymers offer the additional advantage that the macroscopic orientation can be
influenced by external forces, such as applied electric or magnetic fields and
therefore control of the strongly anisotropic properties can be achieved. A very
promising result was reported by Cabreaal”?> The photocoloring reaction of
liquid—crystal polymer70was first order in character and the photocolored form of
the fulgimide side groups showed excellent thermal stability at room temperature.
Polarizing microscope observations revealed that irradiation of compt@math
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Table 4.21. Quantum Yield of Photocyclization Reaction of Fulgides and Fulgimides in
Solution and Polymer Matrix®

Compound Ay, (M) @ c  Solvent or polymer T(°C) Remarks

68a 343 0.23 Cumene 22 Independent of solvent;,, (316,
333, 365 nm) and temperature
(17-47°C)
0.158 PS 25 Tg (PS): 91°C
0.208 PPMA 50 T, (PMMA): 26°C
0.166 PMMA 25 T, (PMMA): 90°C
68b 316 0.22 Cumene 25 Independent of solvent and
temperature (25-80°C)
0.173 PS 315 T, (PS): 88°C
0.204 PBMA 315 T4 (PBMA): 12°C
68f 316 0.2 Cumene 65 Poly(27f-co-styrene)
containing 0.65 mol% of
photochrome
0.124  Poly(27f-co-styrene)  22.1 Below Ty (T, =31°C)
0.182 65 Above Ty (T, =31°C)
69a 366 0.46 Toluene 28 Independent oh;,, (at
313, 334, 366,405 nm)
69e 313 0.18 Toluene 22
334 0.13
366 0.04
405 0.01

Notes:T= reaction temperaturdy = glass transition temperature, PS=polystyrene, PMMA=poly(methyl methacry-
late), PPMA=poly(propyl methacrylate), PBMA=poly(butyl methacrylate),=irradiation wavelength.

Table 4.22. Quantum Yield of Photobleaching Reaction of Fulgides and Fulgimides in
Solution and Polymer MatriX**

Compound Air (Nm) [OFR Solvent or polymer T(°C) Remarks
68a 494 0.084 Cumene 24
0.10 47.4
0.12 63.4
0.067 Methyl pivalate 24
0.07 Hexane
0.05 2-butanone
0.075 PMMA 50 Ty (PMMA): 90°C
0.091 PPMA 50 T, (PPMA): 26°C
468 0.097 Cumene 24
68b 494 0.083 Cumene 25
69a 520 0.10 Toluene 22
69e 520 0.12 Toluene 22

Notes:T=reaction temperaturely =glass transition temperature, PS=polystyrene, PMMA=poly(methyl methacry-
late), PPMA=poly(propyl methacrylate).
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Table 4.23. Quantum Yield of Z- E Isomerization Reaction of Fulgides and Fulgimides in
Solution and Polymer Matrix

Compound Ay, (nm) [ Solvent or polymer T (°C) Remarks
68a 343 0.23 Cumene 20.5 Independent of solvent,
Airr and light intensity
0.28 80
0.23 Methyl pivalate 20.5
0.046 PMMA 50 Ty (PMMA): 91°C
0.064 PS 50 Tq (PS): 90°C
0.194 PPMA 50 Ty (PPMA): 26°C
68b 316 0.206 Cumene 215
0.23 52.3
0.26 70.6
0.215 Methyl pivalate 215
0.23 Ethanol 215
0.048 PS 315 Ts (PS): 87°C
0.169 PBMA 315 Ty (PBMA): 12°C
68f 316 0.026 Poly (Z and E 22 Below Ty (T, =39°C)
27f-co-styrene)
0.167 65 Above Ty

Source: Based on V. Deblauwe and G. Smets, Quantum yields of the photochromic reactions of heterocyclic fulgides and
fulgimides, Makromol. Chem. 18%2503-2512 (1988).

Notes: T=reaction temperaturély =glass transition temperature, PS=polystyrene, PMMA = poly(methyl methacry-
late), PPMA=poly(propyl methacrylate), PBMA=poly(butyl methacrylate).

UV light led to a higher clearing point of the mesophase, thus making comgéund
potentially useful in information storage.

When fulgimides are attached to a protein backbone, they can be used as
switches for photoregulation of the activities of the protein. Two kinds of fulgimide-
containing proteins were synthesized and their photochromic reactions are shown in
Scheme 23. In both cases, the fulgimide structure changed in the photochromic
reaction, which resulted in the corresponding structural change of the protein
backbone, thus influencing the activity of the protein. The reversible photoregulation
of the protein—substrate assembly could be deternified.
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o
400nm > A >300nm (for 71)
N-CH,—CO-NHR 4200m.> A > 320 nm (for7g)
A >475nm

o

E
71, R=Concanavalin
72, R=0a-Chymotrypsin

Scheme 23. Photochromism of compound&l and72.

4.4.2. Isofulgimides

Isofulgimides are isomers of fulgimides in which one of the carbonyl groups of
the anhydride ring has been replaced by an imino group. For the fulgide molecule,
there are two oxygens that can be replaced.dFisefulgimide 74 is defined as the
one that has the carbonyl group as part of the conjugated system in its corresponding
cyclized form, while thg-isofulgimide 73 has the doubly bonded nitrogen as a part
of the conjugated system in its cyclized form. They can be prepared by cyclization of
the appropriate succinamic acid with dicyclohexyl carbodiimide (DCC), as exem-
plified by Scheme 24.

The B-isofulgimide 73 shows photochromic properties similar to the corre-
sponding fulgide. The main difference is that the molar extinction coefficient of the
long wavelength absorption band of the cyclized form of fhesofulgimide is
greater than that of the cyclized form of the corresponding fulgide.

o [o} R
o B RNHMgBr 4 NHR  pcc s
H : H > 0
[o] (o) o
73
[o] o o
o H  RNHMgBr G H DCC g
Et HR °
d ° NR
74

Scheme 24. Preparation of the isofulgimide(R=Ph; b, R=NHCH, Ph).
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The cyclized form of the-isofulgimide 74 shows a large hypsochromic shift of
its long wavelength absorption band compared with the cyclized forms of the
fulgide, fulgimide, and -isofulgimide.t

4.4.3. Fulgenates and Fulgenolides

Fulgenate and fulgenolide, named by Yokoyauar[aal.,7’8'96 are ester and

lactone derivatives of fulgide, respectively. Fulgen&®eould be synthesized by the
esterification of the half-ester, which came from the alcoholysis of fulgide or from
the Stobbe condensation of the alkylidene succinate with 3-acyl-1,2-dimethyl
indole® The cyclic fulgenate’6® and fulgenolides’7 and78” were also prepared
from the fulgide or from the half-ester, as shown in Scheme 25.

The synthesized fulgenates were thermally irreversible photochromic
compounds. Their photochromic reaction is shown in Scheme 26.

Compounds75, 76,and77 are photochromic; however, fulgenolid@8 has
guite poor photochromic properties. The absorption spectra data and quantum yields
of the photoreactions of fulgenates and fulgenolides, together with the parent
fulgide, are summarized in Table 4.24.

(o)
N
|
i gio!dl (1)Me, NH
DMAP © (BCH, N,
(s ]
2 Me
ilj@ﬁ* i,
I o T 2 H T« 2 Mo
l Mukaiyama or l'—iBHn
Mitsuncbu
CH; N lLiEtg BH l MeLi Method®® lm
H

H
76 78
1, H
2 H |
i

A

77a 770

Scheme 25. Synthesis of fulgenate and fulgenolide.
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o R
R
N
Me (CHz)n
N & Y
T R
75 76
R R2 R?
a Me IPD  Me a n=4
b n=5
b Me IPD  Et
c n==6

c Pr IPD Me
=0

d Me ADD Me

-8

IPD=isopropylidene
ADD=adamantylidene

From Table 4.24, one can see that all the maximum absorption wavelengths of
fulgenate and fulgenolide isomers are shorter than those of the corresponding
fulgides. The ratio of the colored species of fulgenates in the photostationary state
after UV irradiation is smaller and the bleaching quantum yield is greater than those
of fulgides. Bridging of the fulgenate with a tetra or penta methylene chain to a
cyclic fulgenate increases the photocyclization quantum vyield and shifts the
absorption maximum bathochromically, but has little effect on the bleaching

quantum yield.

OMe
OMe

7-75a E-75a

Scheme 26. Photochemical reactions of fulgenaté&a.
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Table 4.24.Absorption Spectra Data and Photochemical Reaction Quantum Yield of
Fulgenates, Fulgenolides, aBdain Hexane

Amax (NM) 313-nm |Irradiation
446-nm Irradiation
Compound E z C PP, Pez Proe De ¢
75a 293 (11,500) 285 (9300) 437 (7100) 0.065 0.40 0.054 0.10 0.27
75b 293(11,500)285 (9000) 437 (7100) 0.060 0.32 0.044 0.10 0.32
75¢ 293(11,300) 285 (8900) 445 (7600) 0.043 0.37 0.050 0.030 0.31
75d 293(12,300) 285 (9400) 585 (7100) 0.071 0.051 0.050 0.10 0.40
76a 331 (5900) 347 (4000) 447 (6900) 0.37 032 0.20 0.073 0.25
76b 287 (9800) 284(10,100) 442 (6700) 0.32 0.37 0.0078 0.056 0.35
76C 292 (10,800)285 (8500) 432 (7000) 0.026 0.39 0.046 0.098 0.33
76d 334(4300) 346 (2400) 454 (5200) 0.41 0.40 0.015 0.064 0.40
778 - - 462 (9800) 0.35 041 0.004 0.03 0.23
778 - - 464(11,000) 0.39 0.40 0.011 — 0.20
548" 385 (6800) - 585 (7100) 0.045 0.16 0.040 0.073 0.051

2 |rradiation with 366 nm for cyclization.

b 2 5-Dimethyl-3-indolyethylidene (isopropylidene) succinic anhydride in toluene irradiation with 405 nm for coloring
and 608-nm light for bleaching.

4.4.4. Tetrahydrofuran-2-one Derivatives

Replacement of the one carbonyl oxygen of the anhydride ring in photochromic
heterocyclic fulgides by the powerful electron-withdrawing dicyanomethylene group
produced another type of fulgide derivative, substituted 5-dicyanomethylenetetrahy-
drofuran-2-ones70). On irradiation with UV light, compound9 can undergo
photocyclization reactions to give the colored fd8f and the reverse process can
be realized by irradiation with visible light (Scheme %77)1‘.OO

Compound¥9 can be prepared by reaction of fulgides with a molar equivalent
of malonitrile in the presence of diethylamine, followed by dehydration with acetyl
chloride. A typical procedure is described in Section 4.7.

The yellow dicyanomethylene derivativ® could be photocyclized to give the
colored form 80), which could be bleached with visible-IR light. The absorption
spectra of7/9 were similar to those of the corresponding fulgides, but the powerful
electron-withdrawing dicyanomethylene group of compouBdsaused an unex-
pectedly large bathochromic shift ( > 100 nm) of the long-wavelength absorption
bands (see Table 4.25).

Another dicyanomethylene derivative of fulgidd was also reported. On
irradiation with white light, the purple compoud underwent an intramolecular
[4 + 4] photocyclization reaction to give colorless adducts, which underwent the
reverse reaction thermally or photochemicdflyThe results demonstrated that
molecular modification of fulgide molecules can significantly affect the photochro-
mic properties of fulgide family compounds.
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[o] o}
uv
o _— o
s Vis— IR s
X X
R C(CN), R R C(CN),

79 80

a X=0 R= Me R' = Me

b X=0 R= cyclopropyl R'=Ph

¢ X=0  RRC= adamantylidene R'Ph

d X=S R= Me R'= Ph

e X= N‘O—OMe R=Me R'=Ph

Scheme 27. Photochromism of tetrahydrofuran-2-one derivatives

Table 4.25. Absorption Spectra Data of the Colored
Form of Fulgides and theff-Dicyanomethylene
Derivatives 80)

)\max (nm)
Compound Toluene Acetonitrile
80a 601 665
7,7a-DHBFaa 494 507
80b 636 —
7,7a- DHBFH 500 —
80e — 825
7,7a-DHI" 612 632
80c 605 —
80d 669 684

@ 7,7a-DHBF and 7,7a-DHI are the colored forms of the correspond-
ing furyl and pyrryl fulgides respectively.
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4.5. PHOTOCHROMIC MECHANISM

The photochromic mechanism of fulgides can be separated into four parts in
this discussion: chromophore and excited state, Zisomerization, photocycliza-
tion, and heliochromic reaction.

45.1. Chromophores and Excited States of Fulgides

The general formula for fulgides is represented as compbuBdsed on the
absorption spectra data® fulgide systems can be separated into two largely
independent cinnamic anhydride-type chromophores. Freudeabafb01 studied
the absorption spectra of ethyans-cinnamate82 and diethyl-(E,E)-bisbenzylidene
succinate83 and found that the absorption spectrum of compdBwas similar to
that of compound82, rather than 1,4-diphenylbutadiene. This indicated that
compound83 had two relatively independent chromophores, which was supported
by Heller and Szewczy} They demonstrated that the UV spectrum of (E,E)-bis-(
phenylethylidene) succinic anhydridé was almost identical with a 1:1 mixture of
(E,2) and (E,E) isomers of the same fulgide.

H Me
H 0 o
W Ot o
OEt Et
P
H P o o
H Me

82 83 it

Beckeret al? first studied the nature of the excited states of phenyl-substituted
fulgide. They found that when a fulgide was excited by UV light, only the excited
singlet state was formed, but that fluorescence could be seen in some fulgides at low
temperatures. Later studidof nanosecond laser photolysis experiments on phenyl
fulgides confirmed that the excited singlet state has,7& character. It is the
originating state for photochromism. No triplet transient species was observed and
oxygen had no effect on the transient spectra and kinetics of the photochromic
reactions, lige and Paetzdff and llgeet al 1% found that internal or external heavy
atoms effects had no influence on the intersystem crossing, and they also confirmed
the 1,1t character of the excited singlet state.

Kurita et al.}2 Takedaet al.}® and Parthenopoulos and Rentzé&pissed
picosecond laser photolysis techniques to study the photochromic processes of furyl
fulgide. They found that the excited states of furyl fulgide and its colored form were
singlet states and hadtt characteristics. Takedsat al* reported from theoretical
studies that the values of the oscillator strength and the radiation lifégmeere
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6.6 x 102 and 14 ns, respectively. The decay titred the luminescence of the
colored form of the fulgide was about 1-2 ns according to the experimental data.
The values of the decay time were a function of the luminescence photon energy for
various concentrations. The results suggested that the nonradiative tunneling process
from the excited state to the ground state was responsible for the decay.

Zhaoet al.™ and Yuet al.® used a nanosecond laser photolysis technique to
study the mechanism of pyrryl-substituted fulgides. They found that the excited
singlet state was the originating state, but the excited triplet state, which originated
from the excited singlet state via intersystem crossing, was also involved. This was
because oxygen affected the photophysics and photochemical behavior of pyrryl-
substituted fulgides.

Is there any (m*) excited state? This is still an open question. In 1974, Heller
and SzewczyR studied diphenylmethylene (isopropyliderd}phenyl succinimide.

The rate of electrocyclic ring closure was wavelength dependent. There was a
remarkable difference between the absorption wavelength and the radiation wave-
length of ring closure. These authors said that the change in sensitivity was related to
the weak nit* absorption band of imide; the (1) excitation initiated the
cyclization of fulgimide. The short fluorescence lifetime (4.6 ng), of-diphenyl-
o'-styrylfulgide and the value of the extinction coefficient suggested that a state of
T, T character was most likely for the lowest excited singlet Statewould not be
expected that the fulgimide could be significantly different.

Is the excited state of fulgimide different from that of fulgide? No more studies
have been presented to date.

45.2. E- Z Isomerization

If four groups in compound are totally different, there are four isomers based
on two double bond, e.g., (E,E) (E,2), (Z,E), and (Z,Z) isomers.

lige et al31:103studied twan, 3-di(4- alkoxyphenyl) fulgides() in which there
are only three isomers, e.g., (E,E), (EZE), and (Z,Z). The photoisomerizations
are presented in Scheme 28.

According to the spectroscopic data and picosecond photolysis results, the
torsional angles about tre—f and y—3& double bonds could be assigned as the
relevant reaction coordinates for the fulgide system.

The direct photoisomerizations are singlet-state reactions, as shown by their
independence of oxygen and the addition of triplet quenchers.etiga3"'%
demonstrated that no potential barriers in the photoisomerizations, EEE and
EZ - ZZ, were found. In contrast, there was a small barrier in the photoisomeriza-
tion of ZZ — EZ or ZE; a very weak fluorescence was detected at 77 K, and the
fluorescence of the ZZ isomer disappeared at temperatures above 130 K.

The isomerization reaction via the excited triplet state was only found in the
EE « ZZ and EZ - ZE sensitized reactions. The-EZ isomerization is a basic
photochemical reaction. Different excited states have different chemical behaviors.
The results can be summarized i n Scheme 29 for phenyl fulgides.
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Scheme 28. Photoisomerization ofi, - di (4-methoxyphenyl) fulgide

The E~ 2 photoisomerization is also involved in heterocyclic fulgides and
their derivatives. The quantum yields have been measured for different reactions.
Yokoyamaet al.”844*5Uchida et al.”®> and Yokoyama and Kuritd” very recently
studied the E Z isomerization of fulgides in detalil.

A typical representation is that for furyl fulgides, as shown in Scheme 30. The
guantum vyields of B Z photoisomerization are summarized in Table 4.26.

The data in Table 4.26 indicate that when the steric hindrance of R! was
increased, the quantum yields of-EZ photoisomerization decreased, but the
steric hindrance effect of R2 was not clear. The quantum yields ofZE
isomerization for indolyl fulgides in toluene are summarized in Table 4.27. The
reaction is shown in Scheme 31.

The substituent effect of R, R2, and R3 is not different, except for adamanty-
lidene-substituted fulgide, th@g . ; of which is 0.11.

Indolyl fulgenate is a new kind of photochromic compound. The £
photoisomerization is also involved, as shown in Scheme 32. The quantum yields of
E o Z photoisomerization are summarized in Table 4.28. In general, the quantum
yields of E~ Z photoisomerization of fulgide and its derivatives are much lower
than those of photocyclization (see Section 4.5.3).
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Scheme 29. E .. Z photoisomerization of phenyl fulgides (R, R! are hydrogen or alkyl groups;

Singlet state; T= Triplet state; Sens= Sensitized reaé‘ﬁ@n)
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Scheme 30. E--Z photoisomerization reaction of compouddl.
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Table 4.26. Quantum Yields of E. Z Photoisomeriza-
tion of Furyl Fulgides84 (Irradiated at 366 nm)

R1 R2 De ., o, .
Me IPD? 0.13 0.11
Et IPD 0.06 0.12
Pr IPD 0.04 0.10
i-Pr IPD 0.00 0.06
t-Bu IPD 0.00 —

Me NBO® 0.30 0.42
i-Pr NBO 0.01 0.01
Me ADD® 0.10 0.10
i-Pr ADD 0.02 0.05

2 1PD = isopropylidene.
® NBO = norbornylidene.
¢ ADD = adamantylidene.

Table 4.27. Quantum Yields ofE -~ Z Photoisomeriza-
tion of Indolyl Fulgides85in Toluene (Irradiated at 405 nm)

R R? R3 Pe 2 O, ¢
Me Me IPD? 0.040 0.072
Et Me IPD 0.057 0.042
Me Et IPD 0.048 0.059
Me Me ADD”® 0.110 0.063
2 |PD = isopropylidene.
b ADD = adamantylidene.
T
o] [o]
uv
o] [o]
uv
ORE R
R o o
E-85 Z-85

Scheme 31. E--Z photoisomerization reaction of compou88.
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E-86 Z-86

Scheme 32. E-- Z photoisomerization reaction of compourftb.

Table 4.28. Quantum Yields of E- Z Photoisomerization of Indolyl fulgenai®6 in
Hexane (Irradiated at 313 nm)

R1 R2 R3 Pe .z Pz e
Me IPD? Me 0.054 0.10
Me IPD Et 0.044 0.10
Pr IPD Me 0.050 0.030
Me ADD" Me 0.050 0.10
Me IPD —(CHz)a— 0.020 0.073
Me IPD ~(CHz)s— 0.0078 0.056
Me IPD —~(CHy) 10— 0.046 0.098
Me IPD P- (OCHz— ) —GsHa 0.015 0.064

4.5.3. Photocyclization Reaction of Fulgides and Derivatives

Santiago and Beckefirst suggested that the photochromic reaction of phenyl
fulgide (la) was an intramolecular photocyclization reaction, which forms a 1,8a-
dihydronaphthalene (1,8a-DHN) derivative, as shown in Scheme 33. Further studies
on the photochromic mechanism of phenyl fulgides have been conducted by Heller
and Szewczyk6 and Darcyet al?* Their conclusion was that the photocyclization
reaction of phenyl fulgides occurs by a photochemical conrotatory process, and the
thermal electrocyclic ring-opening reaction is a disrotatory process in accordance
with the Woodward—Hoffmann selection rules, as shown in Scheme 34.

The electrocyclic reactions of phenyl fulgides and 1,8a-DHNs can be photo-
induced by a conrotatory process. The electrocyclic ring-opening reaction of
cyclohexadiene systems (1,8a-DHNSs) can also be induced thermally via a disrota-
tory process.

Photochromic reactions of the heterocyclic fulgides are also in accordance with
the Woodward-Hoffmann selection rules. The molecular structures have dramatic
effects on the quantum vyields of photoinduced ring-closure and ring-opening
reactions of fulgides. The photochemical reactions of furyl fulgides are shown in
Scheme 35 and the quantum yields are summarized in Tabl@“%s.i@‘.1
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Scheme 33. Photocyclization reaction of fulgidéa.

1,8a-DHN 1,8a-DHN

Scheme 34. Photocyclization and bleaching of Phenylfulgide. Con= Conrotatory; dis= disrotatory.
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Scheme 35. Photochromism of compounds and88.

The data in Table 4.29 indicate that the quantum yield of ring clodure €)
increased as the steric hindrance of R! increased. In contrast, R groups have a
significant effect on the quantum yield of the ring-opening process; for example, if
RRC is adamantylidene (ADEDc _, g is almost one order of magnitude larger than

others.
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Table 4.29. Quantum Yields of Ring-Closure and Ring-
Opening Reactions of Furyl Fulgidég

No. Rt RRC o ° ®c P
1 Me IPDF 0.19 0.035
2 Me IPD 0.18 0.048
3 Et IPD 0.34 0.027
4 Pr IPD 0.4 0.044
5 i-Pr IPD 0.2 0.040
6 i-Pr IPD 0.5 0.043
7 t-Bu IPD 0.7 0.034
8 Me NBO® 0.2 0.057
9 i-Pr NBO 0.5 0.049

10 Me ADD® 0.1 0.21

11 i-Pr ADD 0.5 0.26

# Irradiated at 366 nm.
® Irradiated at 492 nm.
° IPD = isopropylidene.
9 NBO = norbornylidene.
¢ ADD = adamantylidene.

The results of picosecond laser photolysis studies on furyl fulﬁrc}és
indicated that photoinduced cyclization of E-fulgide gives a colored C form
within a picosecond time scale. The ring-closure reaction is an ultrafast process; it
occurs from an excited singlet state and requires no activation energy barrier. In
contrast, the ring opening of the closed form has a small activation energy barrier
and the luminescence of the closed form can be detected at low temperatures. The
observed decay time of the luminescence of the closed form of furyl fulgide is about
1-2 ns and one order of magnitude shorter than the radiative lifetime. These results
suggest that the nonradiative tunneling process from the excited state to the ground
state is responsible for the decay. The photoreaction of indolyl fulgides is shown on
Scheme 36 and the quantum yields are summarized in Tablé&>4%0.

Scheme 36. Photochromism of compound® and90.

The steric hindrance of R?, R2, and R3 dramatically affects the quantum yields
of photoreactions®e_c and®c _ g, but for group R, the influence on the
quantum yield of the photoreactions of fulgide has been attributed to the electronic
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Table 4.30. Quantum Yields of Photoreactions of Indolyl Fulgi®&s

No. R1 RIR2C R3 R4 ONE Dc_e°
1 Me IPD® Me H 0.045 0.16
2 Me IPD Et H 0.023 0.087
3 n-Pr IPD Me H 0.14 0.12
4 i-Pr IPD Me H 0.23 0.31
5 Me ADD* Me H 0.037 0.52
6 n-Pr ADD Me H 0.054 0.22
7 i-Pr ADD Me H 0.066 0.91
8 Me IPD Me SMe 0.028 0.027
9 Me IPD Me OMe 0.024 0.024

10 Me IPD Me NMe, 0.015 0.001

2 |rradiated at 403 nm.
Irradiated at 608 nm.

° IPD = isopropylidene.

4 ADD = adamantylidene.

properties. When the steric hindrance of R! increased, both the quantum vyields of
ring-closure and ring-opening reactions increased. The effect of R2 had an opposite
influence on the quantum yields. When the steric hindrance of R2 was increased, the
guantum yield of the ring-opening reactiohc(_ g) was increased but the quantum
yield of the ring-closure reactio® £ . c¢) decreased. When the steric hindrance of
R3 was increased, both quantum yields¢ _ ¢ and @k . ¢, decreased. If the
electron-donating ability of R increased, both quantum yields decreased.

The photochromic processes of pyrryl fulgife® has been studied by
nanosecond laser photolysis; the photocyclization reactions are shown in Scheme 37.

Ph N

Scheme 37. Photochromism of compoundsl and92.

The transient absorption spectra show that besides the ring-closure product (C),

a new transient species was found that could be quenched by oxygen. The authors
assigned the new species to an excited triplet state. The time-resolved transient
absorption spectra indicated that when the time delay was increased, the excited
triplet state was decreased and the ring closure product was increased slightly. The
decay of the excited triplet state can be fit to first-order kinetics. The lifetjmaf (

the transient is 0.8 us in cyclohexane. The authors noted that the photocyclization

process proceeds mainly via the excited singlet state, but the excited triplet state is
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also involved. The photocyclization reaction mechanism of pyrryl fulgide (E) is
summarized in Scheme 38.

E C BP

Scheme 38.The mechanism of photocyclization of pyrryl fulgides. E = E-form; C = C-form;
| = intermediate; BP = by-product.

4.5.4. Heliochromic Reaction

Heller et al1% studied the heliochromic reaction and synthesized several
heliochromic compounds. The chemistry of the heliochromes was reviewed by
Whittall.2 The main idea of heliochromism is that properly substituted aryl or
heteroaryl fulgides having a large steric hindrance group, such as an adamantylidene
group linked to the succinic anhydride, photocyclized to form 1,8a-DHNs. Because
of the presence of a hydrogen in the position of photocyclization, the 1,8a-DHNs
could undergo a thermal [1,5] hydrogen shift to form 1,2-DHd8. (These, in turn,
underwent an electrocyclic ring-opening reaction by UV light irradiation and gave

1

9
o 0
hy
(MeO)n 0O — (MeO)n [¢]
R R o
/

(MeO)n

Scheme 39. Heliochromic reaction.

R'=H, CH; RRC = adamantylidene; n =0 ~ 3.
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the coloredortho-quinodimethane derivative84). In the case of aryl fulgides, the
quinodimethane derivatives rapidly underwent a thermal rearrangement to colorless
compounds, benzocyclobutarb), through thermal fading to compou®®. The
heliochromic reaction is shown in Scheme 39. Starting with a five-membered ring
heteroaryl (e.g., furano) fulgide, the correspondimtho-quinodimethane deriva-

tives revert directly back thermally to the 1,2-DHNs without the formation of the
intermediate aryl cyclobutanes. The end result is that the photochromism of the
fulgides that had been restricted to a photochemical decoloration mechanism was
transformed into a photochromic system that involved a thermal reversion.

4.6. APPLICATIONS OF FULGIDES AND DERIVATIVES

The applications of fulgides and their derivatives are discussed separately for
advanced materials, photochromic inks, and fabrics.

4.6.1. Optical Storage

Photochromic compounds could possibly be used for rewritable optical storage
materials. This is one of the reasons for the widespread current interest in
photochromics. Hirshberg is the first person who suggested that a photochromic
compound could be used as an optical data storage material. delkf
summarized the basic requirement of photochromic compounds for rewritable
optical storage materials.

There are five problems that have to be solved in photochromic optical storage
systems. They are (1) thermal stability at ambient conditions, (2) high sensitivity for
writing and erasing processes, (3) appropriate fatigue resistance, (4) sensitive
wavelength matching with an appropriate laser, and (5) non- or low-destructive
readout properties. Recently, Y al.'® published a paper on the application of
pyrryl fulgides as erasable optical media. The photochromic reaction is shown in
Scheme 40.

(o]
\ o uv
Vis
N /
Ph o
OMe OMe
96 97

Scheme 40. Photochromism of compound6 and97.
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Figure 4.3. Structure of photochromic optical disk sample.

Two methods could be used to prepare the disk samples. One is spin coating.
Compound6 and poly(methyl methacrylate) (PMMA) were dissolved in cyclohex-
anone and the solution spun coated onto the disk substrate to prepare a photo-
sensitive PMMA thin film on the disk doped with compo@& The second method
is direct evaporation of pure compou@iéito the disk under high vacuum conditions.

The structure of the photochromic optical disk sample is shown in Figure 4.3.

The coloration and bleaching processes consist of irradiation with UV light and
a 632.8-nm laser, respectively. After five hundred written-erased cycles on the
photochromic disk sample, there was no change that could be observed in the
photosensitivity and other properties of the disk. The sample was stored at ambient
conditions for over 5 years with its optical properties well preserved.

According to laser photolysis results, the time scale of the coloration of
heterocyclic fulgides is shorter than a few nanoseconds and extends to the
picosecond time scale. The results indicated that the photoresponse of the photo-
chromic optical disk could be very fast.

How can nondestructive readout be obtained? It is still a serious question. There
are several ways to try. Matseit all®” presented a fundamental idea for a
nondestructive readout method based on finding the wavelength dependence of
the bleaching quantum vyield of the colored form of the fulgide. An optical disk
sample with photochromic compourebd has been made. The photochromic
reactions are shown in Scheme 41.

S6d 57d

Scheme 41. Photochromism of compounds6d and57d.

The bleaching quantum yield of compoubdd irradiated at 550 nm is about
0.00043. When the irradiation wavelength is moved over 750 nm, the quantum yield
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of bleaching is almost zero (<18 within the limit of experimental error, but
compound57d has enough absorbance at that wavelength for detection. It is
expected that the readout cycles could be increased over a hundred thousand
times under appropriate conditions. This method may be practical.

Another potential method had been suggested. The basic idea is that the
wavelength of the detection beam is outside the absorption band of the colored form
of the photochromic compound. wilsBh showed that the difference in the
refractive indices between the two states of the photochromic fulgides in the near-
infrared region could be used as a detection method.

The third possibility is to design photochromic materials in which the photo-
chemical bleaching reaction of the colored form has an activity energy barrier that
could act as a threshold. Picosecond laser photolysis studies on furyl ffﬁgides
demonstrated that the transformation from the excited state of the colored form to
the S, potential surface of furyl fulgides has an activity energy barrier.

4.6.2. Actinometry

Heller'0® and Wintgenstal. 110 studied furyl fulgides, for example, Aber-
chrome-54035), as actinometers. The photoreversible reactions are shown in
Scheme 7.

Upon UV irradiation, fulgide5is converted to compourfb, with a quantum
yield of 0.20 in toluene at room temperature. It is wavelength independent between
313 and 366 nm. In contrast, the quantum yield of photobleaching of comB6éund
was found to be temperature and wavelength dependent. The linear-dependent
relation in toluene at 21°C is shown in Eq. 4.1.

P35 = 0.178 — 2.4 x 10°A (nm) (4.1)

This expression leads t@36_35= 0.059 at 494 nm. Wintgeret al. used
Aberchrome-540 as an actinometer for studies of one- and two-laser photochemistry
of short-lived reaction intermediates.

4.6.3. Photochromic Inks, Paints, and Fabrics

Several ink§'*'*?have been developed for paints and labels of security masks.
Furyl fulgide was spun into fibers and woven into a fabric that was used to
manufacture photochromic labels. In 1995, the Color Change Corporation (U.S.)
exhibited several different color photochromic fabrics as commercial products at the
third international symposium on the chemistry of functional dyes.

4.6.4. Applications in Other Advanced Materials

The application of photochromic materials for optical storage is the most
important area, as discussed in Section 4.6.1. Many other applications have been
developed, for example, nonlinear optical image proces¥nphotoswitches?
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energy-switchable devicéd,and optical waveguide’é?‘ Some of them have been
discussed in detail by Whittall.2

4. 7. SOME EXAMPLES OF DETAILED SYNTHESIS

The synthesis of fulgides has been generally carried out through Stobbe
condensations? since the beginning of this century, although important improve-
ments have been reportéd.4 A strong base should be employed in the condensation
reaction. It can be any of the following compounds: sodium ethoxide, potassium
ethoxide, potassiuntert-butoxide, sodium hydride, lithium diisopropylamide
(LDA), etc. The yield of the condensation reaction is strictly related to the steric
hindrance and electronic properties of the ketone, as well as the steric hindrance of
the substituted succinate esters. The reaction time and temperature are dependent on
the nature of the catalytic base and the reactivity of the carbonyl compounds. In this
section we give some examples of fulgide compounds.

The first investigations that led to the synthesis, characterization, and properties
of fulgides were carried out on phenyl and substituted phenyl fulgides. Therefore it
is essential to describe the synthetic procedure for the preparation of phenyl
(substituted phenyl) fulgides. This will be beneficial to understanding the later
modifications of the synthetic methods for the heterocyclic-substituted fulgides.
Some representative examples follow.

47.1. (E,2)-1-(p-Methoxyphenyl) ethylidene (isopropylidene) succinic
anhydride i

p-Methoxy acetophenone (0.05 mol) and 0.05 mol of ethyl isopropylidene
succinate were dissolved in 80 ml of dry toluene; 0.15 mol of sodium hydride (60%
mineral oil dispersion) was added to the solution, a few drops of absolute ethanol
were added to initiate the reaction, and the reaction mixture was stirred for 36 h at
ambient temperature. The reaction mixture was poured into 200 g of ice water and
the organic layer separated and extracted with saturated sodium carbonate
(2 x 40 ml). The combined water solution was acidified with concentrated HCI;
the brown oil was extracted into toluene (3 x 350 ml) and dried with anhydrous
MgSQOs. The solvent was removed in vacuum, which gave the aryl-substituted
monosuccinate ester. This residue was hydrolyzed in 10 g of potassium hydroxide/
100 ml of ethanol solution for 10 h at refluxing temperature. After cooling, the
resulting white solid was collected by filtration and redissolved in 50 ml of water,
followed by acidification with hydrochloric acid. The substituted succinic acid was
collected by filtration. The dry acid was dissolved in 50 ml of acetyl chloride and
stored overnight. The solvent was removed by rotary evaporation and the residue was
purified by chromatography on silica gel eluted with chloroform—petroleum ether
(60-90°C) (1:1). The eluent was evaporated and gave a yellow solid, which could be
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recrystallized from chloroform—petroleum ether (60-90°C) (1:1). Yield: 32%; mp
120-122°C.

Calcd. for GgH04: C:70.58; H:5.92; found: C: 70.32; H: 5.82. *H NMR
(CDCl3): 1.20 (s, 3H, CH), 2.19 (s, 3H, CH), 2.70 (s, 3H, Ch), 3.86 (s, 3H,
OCHa), 6.88-7.38 (4H, m, Ar-H). m/z (El), 272 (M

4.7.2. (E)- and (2)-2-[1-[(2,5-Dimethyl-3-furyl)-2- methylpropylidene]-3-
isopropylidene succinic anhydride (37b)

A mixture of sodium hydride (0.5 g, 12.5 mmol, 2.2 equiv., about 60%
dispersed in mineral oil), toluene (15 ml), 2,5-dimethyl-3-isopropyl furan (0.98 g,
6.46 mmol, 1.1 equiv.), and diethyl isopropylidene succinate (1.24 g, 5.78 mmol)
was heated to 80°C and a few drops of methanol added. After the evolution of
hydrogen gas ceased, the reaction mixture was cooled and was poured into a mixture
of ice and 5 mol dm?® aqg. HCI. The mixture was extracted with ether, and from the
ethereal solution, acidic materials were extracted with 10% agC®a To this
aqueous solution 1 mol draqg. HCIl was added until the solution become strongly
acidic, and the liberated only material (mainly composed of the half acid) was
extracted with ether. The organic layer thus obtained was dried with anhydrous
Na>S04 and the solvent removed vacuo.The acidic material (1.248 g) was then
refluxed with a mixture of potassium hydroxide (10 g) in ethanol for 5 h. The
reaction mixture was acidified with dilute hydrochloric acid and the mixture
extracted with ether. The organic layer was dried with anhydrouS®a andthe
solvent evaporated. The residue thus obtained (1.123 g) was treated with acetic
anhydride (20 ml) at 80°C for 30 min and the acetic anhydride was then reioved
vacuo.The residue was extracted with toluene; the organic layer was washed with
dilute agq. NaCO3 and sat. aq. NaCl and was dried with anhydrousSRa The
solvent was removeih vacuoand the residue (0.921 g) was purified with column
chromatography. Fulgidg7bwas obtained.

E-form of 37b: (124 mg, 7.8%): mp 104-105°C. *H NMR (90 MHz, CBCI
0= 1.06(3H, t, J=7.4 Hz), 1.35, 1.95, 2.26, 2.34 (each 3H, s), 3.03 (2H, q,
J =7.4 Hz), 5.941H, s); IR (Nujol) 1800, 1760, 1220940 cntt; MS (El, 70 eV);
m/z (rel. intensity) 274 (M, 62), 259 [(M-CH)* 100]. Anal. calcd. for GH 1504 -
C, 70.06; H, 6.62%; found: C, 69.78; H, 6.71%.

Z-form of 37b: (58 mg, 3.7%): mp 123-124°C. 'H NMR (90 MHz, CRLI
d =1.05 (3H, t,J=7.4Hz), 2.03,2.20, 2.27, 2.42(each 3H, s), 2.45 (2H, d,
J =7.5Hz), 5.9q1H, s); IR (Nujol) 1800, 1755, 1215920 cm* MS (El, 70 eV);
m/z (rel. intensity) 274 (M, 69), 259 [(M-CH)*, 100]. Anal. calcd. for G H;g0a:
C, 70.06; H, 6.61%; found: C, 69.94; H, 6.68%.
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4.7.3. (E)-(1,2-dimethyl-4-isopropyl-5-phenyl)-3-pyrryl ethylidene
(isopropylidene) succinic anhydride (62n)

A mixture of 1,2-dimethyl-3-acetyl-4-isopropyl-5-phenyl pyrrole (12.75 g,
0.05 mol) and diethyl isopropylidene succinate (10.7 g, 0.05 mol) in dry toluene
(70 ml) was added to a stirred solution of sodium hydride (80% dispersion in olil,
3.8 g, 0.125 mol) suspended in dry toluene (10 ml) under nitrogen atmosphere. A
few drops of absolute ethanol were added to initiate the exothermic reaction. The
reaction mixture was stirred for about 40 h at ambient temperature until no hydrogen
was formed, and finally the reaction mixture was poured into crushed ice-water
(100 ml). The organic layer was separated and extracted with saturated sodium
carbonate solution (2 x 50 ml). The combined aqueous layer was extracted with
toluene (50 ml), and then the aqueous phase was acidified slowly with 5 M
hydrochloric acid and washed with toluene (3 x 100 ml). The toluene solution
was dried with MgS@ and the solvent was removed; the half-ester was obtained as a
gum.

The crude half-esters were hydrolyzed by boiling with 10% (w/v) ethanolic
potassium hydroxide (100 ml) for 8 h. On cooling, the dipotassium salt of the
succinic acid was filtered off and washed with a small amount of cold ethanol. Most
of the solvent was removed from the filtrate under reduced pressure using a rotary
evaporator. The second crop of crystal of the dipotassium salt of the succinic acid
was obtained and washed with a small quantity of cold alcohol. The combined
potassium salts were dissolved in water (100 ml) and acidified slowly with 5 M
hydrochloric acid. The succinic acid was filtered, dried thoroughly, and treated with
acetyl chloride (100 ml). The acetyl chloride solution was stored for 30 h at room
temperature in the dark. After removal of the excess acetyl chloride, the residue was
chromatographed on a silica gel column using chloroform—petroleum ether (60—
90°C) (1:1) as eluent. The photochromic fraction was collected and the solvent
removed. The residue was crystallized frosmexane-ether to give photochromic
fulgide (62n) as pale yellow crystals (0.2 g, 1.06%) mp 158-159°C.

Found: C, 76.29; H, 7.32; N, 3.8324H 27NO3. Required: C, 76.36; H, 7.21; N,
3.71.0H (ppm): 0.82 (d, 3H, J=8.5 Hz, GH 1.06 (d, 3H, J=8.%1z, CH3); 1.18
(s, 3H, CH); 1.96 (s, 3H, CHl); 2.32 (s, 3H, CHhl); 2.66 (hepta, 1H, J=8.5 Hz);
2.68 (s, 3H, CH), 3.14 (s, 3H, CHl); 7.22-7.50 (m, 5H, Ar-H). m/z: 377 (M+,
45%), 362 (M+-15, 10%), 238 (100%).

4.7.4. Dicyanomethylene Derivative 79e

Equimolar amounts of pyrryl fulgidéZe) and malonitrile were dissolved in
dry tetrahydrofuran (THF); 2 equivalent molars of diisopropylamine dissolved in dry
THF were added dropwise to this solution. After addition, the mixture was
maintained at ambient temperature for 2.5 h and the white precipitate appeared
(disalt 30%). The disalt was filtered off and thoroughly dried under vacuum pressure,
then dissolved in 1,2-dichloroethane and treated with acetyl chloride for 2 h without
exposure to UV light. Removal of the solvent and purification by silica—gel column
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chromatography using dichloromethane—light petroleum ether (1:2) as eluent gave
photochromic compoun@9eas a yellow crystal (40%) after recrystallization from
diethyl ether—light petroleum ether; mp 160-162°C.

H NMR (CDCI3)d ppm, 1.53 (s, 3H, Me); 1.78 (s, 3H, Me); 2.24 (s, 3H, Me);
2.76 (s, 3H, Me); 3.83 (s, 3H, Me); 6.48 (s, 1H, pyrryl-H); 6.92-7.40 (m, 9H, Ar-H).
IR (v, cnm1), 2229 (CN), 1801 (C=0), 1547, 1509, 1483 (Ph). MS (El), m/z = 475
(100%). Elemental analysis, calcd. fogl€,;03N5: C, 75.77; H, 5.30; N, 8.84;
found: C, 75.12; H, 5.55; N, 8.45.
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Diarylethenes with
Heterocyclic Aryl Groups

MASAHIRO IRIE

5.1. INTRODUCTION

Stilbene is well known to undergo a trans-cis photoisomerization upon irradia-
tion with UV light.! In addition to this isomerization, stilbene shows a photo-
cyclization reaction to produce dihydrophenanthrene.

H H H H
6 7_1 - —— -H
-——— 4
5 2 6 3
H
4 3 5 4

Although in the presence of air the dihydrophenanthrene irreversibly converts to
phenanthrene by hydrogen elimination with oxygen, it thermally returns to the initial
stilbene in the absence of oxygen. When methyl groups are substituted at 2- and 6-
positions of the phenyl rings, the compound undergoes a reversible photocyclization
reaction, even in the presence of oxygeénlhe lifetime of the dihydro-type yellow
closed-ring form is, however, very short and it quickly returns to the colorless open-
ring form.

The reactivity of the dihydro-type isomer was found to change dramatically
when the phenyl groups were replaced with heterocyclic five-membered rings, such
as 2,5-dimethylthiophene.2 Both isomers, open-ring and dihydro-type closed-ring
forms, became thermally stable and cyclization/ring-opening reactions could be
repeated many times while retaining adequate photochromic performance. In this

Masahiro Irie* Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu
University, Hakozaki 6-10-1, Fukuoka 812, Japan

Organic Photochromic and Thermochromic Compounds, Vokdited by John C. Crano and Robert
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chapter, the synthesis and properties of the diarylethenes with heterocyclic aryl
groups are described.

5.2. SYNTHESIS

5.2.1. Diarylperfluorocyclopentenes

Symmetric and nonsymmetric diarylethenes with various heterocyclic aryl
groups were synthesized by elimination reaction of perfluorocyclopentene with
aryllithium as shown in Scheme*?®

CH ElO X
m ) Fe
Fs F,
F
M Q T
X" CH,
f& g
TTEgo / \ C"'3 / \ Z:Br,
Scheme 1

The mono- and disubstituted perfluorocyclopentenes were selectively prepared
by controlling the ratio of perfluorocyclopentene and aryllithium. The monosub-
stituted compound can be used for the synthesis of nonsymmetric diarylethenes.

5.2.2. Diarylmaleic Anhydride

1,2-bis(2,3,5-Trimethylthiophen-3-yl)maleic anhydride was synthesized from
2,3,5-trimethylthiophene as shown in Scheme 22

CHZCI CHZCN

R R R
7N RN
R 8" R 8" 'R R

Scheme 2




Diarylethenes with Heterocyclic Aryl Groups 209

The 2,3,5-trimethyl-3-chloromethylthiophene was converted to a cyanomethyl
derivative with NaCN, and then the cyanomethyl compounds were coupled in an
NaOH alkaline aqueous solution in the presence of LChe 1,2-dicyano-1,2-
bis(2,3,5-trimethylthiophen-3-yl)ethene was hydrolyzed in an alkaline solution to
produce the acid anhydride derivative. The method can be applied to various
diarylmaleic anhydrides.

53. PROPERTIES

5.3.1. Thermal Stability

Although thermal irreversibility is an indispensable property in applying
photochromic compounds to photonic devices, almost all existing photochromic
compounds lack this property. One of the isomers is thermally unstable and returns
to the other isomer in the dark. Theoretical consideration based on molecular orbital
theory revealed that the thermal stability of both isomers of diarylethenes is attained
by introducing aryl groups, which have low aromatic stabilization enetgiEise
theoretical prediction was confirmed by the synthesis of diarylethenes with various
types of aryl groups shown in Figure 3114

The stability was dependent on the type of aryl groups. When the aryl groups
were furan or thiophene rings, which have low aromatic stabilization energies, the
closed ring forms were thermally stable and did not return to the open-ring forms in
the dark. On the other hand, photogenerated closed-ring forms of diarylethenes with
phenyl or indole rings, which have rather high aromatic stabilization energies, were
thermally unstable. The photogenerated yellow color of the closed-ring form of 2,3-
dimesitylbutenedb disappeared with a half-life of 1.5 min at 20°C. It returned
quickly to the open-ring form. The closed-ring forms of diarylethenes with indole
rings also exhibited thermally reversible reactions. The closed-ring folbraad8b
returned to the open-ring forms in the dark at 80°C. The different behavior in the
thermal stability between diarylethenes with furan or thiophene rings and phenyl or
indole rings agrees well with the theoretical prediction that the thermal stability
depends on the aromatic stabilization energies of the aryl groups.

It is worthwhile noting that the closed-ring forreb and6b were found to be
thermally irreversible but photochemically reversible. The result indicates that the
closed-ring forms of nonsymmetric diarylethenes become thermally stable when at
least one of the heterocyclic rings has a low aromatic stabilization energy.

Diarylethenes having thiazole rings also undergo thermally irreversible photo-
chromic reaction$.Introduction of a trifluoromethyl group at the 4-position of the
thiazole ring is effective in increasing the thermal stability of the closed-ring form.

5.3.2. Fatigue-Resistant Character

Photochromic reactions are always attended by rearrangement of chemical
bonds. During the rearrangement, undesirable side reactions take place to some
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Thermally Stable Compounds
Fa
CH3 CHy Fz F,
&h 0 o O
s,CH3 s CHy CHy o CH3 07 CH, S'CH;'S
S CH3 S CHjy S CH N S CHj, N

5b CH3 6b CH3

Thermally Unstable Compounds

CHg CH3
(h @

CHs CH3 CH3 CH3
7b

Figure 5.1. Thermal stability of photogenerated closed forms of diarylethenes with various types of aryl
groups

extent. This limits the number of cycles of photochromic reactions. The difficulty in
obtaining fatigue-resistant photochromic compounds can be easily understood by the
following reaction sequence, in which a side reaction to produce B' is involved in the
forward process.

Os I
B «— A — B
Ay

Even if the side reaction quantum yields, is as low as 0.001 and B perfectly
converts to A, 63% of the initial concentration of A will decompose after 1000
coloration—decoloration cycles. Thus the quantum vyield for conversion to by-
products should be less than 0.0001 to repeat the cycles more than 10,000 times.

The fatigue-resistant character was measured by using the apparatus shown in
Figure 5.2. Benzene solutions containing various diarylethenes‘(‘~|!!0 were
irradiated with shorter wavelengthj light until the absorption intensity of the
colored forms reached 90% of the photostationary state. Then the colored forms
were completely bleached by irradiation with longer wavelengith (ight. This
operation was repeated many times.

Table 5.1 summarizes the result of repeatable cycle numbers in béfZ&ne.
14.15 The repeatable cycle number is the number of photochromic cycles after which
the absorption intensity of the colored form decreases to 80% of the first cycle. For
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Figure 5.2. An apparatus used to measure fatigue resistant character.

dithienylmaleic anhydride, the repeatable cycle number was limited to less than 480
times even in the absence of air. When the thiophene rings were replaced with
benzothiophene rings, the number increased remarkably. Diarylethenes with a 2-
ethoxybensdj]thiophene ring on the one end had good fatigue-resistance properties.
2-(1,2-Dimethyl-3-indolyl)-3-(2-ethoxybenzb]thiophen-3-yl)maleic anhydride

kept adequate photochromic properties even aftex 10 cycles in the presence

of air. Diarylperfluorocyclopentene derivatives with benzothiophene aryl groups
also showed excellent fatigue resistance. Similar fatigue-resistant properties
were observed in a polystyrene matrix. A cycle number as large asl?’Owas
observed for 2-(2-ethoxybenzb]thiophen-3-yl)-3-(2,4,5-trimethyl-3-thienyl)-
maleic anhydride in polystyrene film covered with poly(vinyl alcohol), which
prevents oxygen diffusion, in the presence of singlet oxygen quenchers, such as
nickel complexes.

5.3.3. Absorption Spectra

From the viewpoint of applications in optical memory media, it is desired to
develop photochromic compounds that have sensitivity in the region of wavelengths
of 650-830 nm. Although many symmetric diarylethenes with various heterocyclic
rings were synthesized, the absorption maximum was shorter than 620 nm.2 The
longest absorption bond was observed for 2,3-bis(1,2-dimethyl-3-indolyl)maleic
anhydride. The closed-ring colored form was, however, thermally unstable and
returned to the open-ring form in the dark. In an attempt to obtain thermally stable
photochromic compounds having absorption bands at longer wavelengths, unsym-
metrically substituted diarylethenes having an indole ring on one end and a
thiophene or a benzothiophene ring on the other end were synthesized.

Table 5.2 summarizes the absorption maxima of various nonsymmetric diary-
lethenes. When an electron-donating group was introduced into the indole ring and/
or an electron-withdrawing group into the thiophene ring, the absorption maxima
shifted to longer wavelengths. The closed-ring form of 2,3-diarylmaleic anhydride
with a 5-methoxyindole ring on one end and a thiophene ring on the othdrzd)d (
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Table 5.1. Fatigue-Resistant Properties of Diarylethenes in Benzene
Repeatable cycle number
Compound
In air Under vacuum
la 70 480
4a 3.7x 103 1.0x10*
4
6a — >1.1x10
10a >1.0x10* —
3a >1.3x10" _
0]
0 o)
— Me 4. Y
OE 12a 3.0x10 in 7.0x10" in polystyrene
\ ]\ polystyrene protected with PVA
S'Me S Me in the presence of single

oxygen quenchers
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Table 5.2. Absorption Maxima of Nonsymmetric Diarylethenes in Hexane

Compound Amax (nm)

o 5b 578

6b 583
12b 611
13b 626
14b 680

15b 828 (in benzene)
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had a maximum of 611 nm in hexane, while the derivative with an indole ring and 5-
cyanothiophene ringlBb) absorbed at 626 nm. The closed ring form having both
electron-donating and -withdrawing substitueri#b) shifted the maximum to a
longer wavelength at 680 nm, and the absorption edge was extended to 860 nm. The
closed-ring forms of these compounds were thermally stable at 80°C.

When the strong electron-donating CH=benzodithiole and strong electron-
withdrawing dicyanoethyl substituents were introduced into 5- and 5' positions of
the thiophene rings, the absorption maximum of the closed-ring fidsimwas
further shifted to 828 nm in benzetfeThis is the longest absorption band so far
synthesized. The closed-ring form was, however, thermally unstable. It returned to
the open-ring form withh = 186 min at 60°C in benzene.

Another important absorption characteristic is an absorption coefficient. High
sensitivity requires high absorption coefficients and high quantum yields. The
following diarylperfluorocyclopentenes with various electron-donating or -with-
drawing substituents were synthesized to reveal the effect of the substituents on
the absorption coefficientE)®

17a: R =H 17b:R=H

18a: R = OCH; 18b: R = OCH3

19a: R =N (C,H;), 19b: R=N (C, Hs),

20a: R = CN 20b:R=CN
Scheme 3

1,2-bis(2,4-Dimethylthiophen-3-yl)perfluorocyclopentefiéba) has an absorp-
tion maximum at 234 nme(= 1.3 x 10* M1 cm™) in hexane. Upon UV irradia-
tion, it converts to the closed-ring form, with an absorption maximum at 534 nm
(€=5.05 x 103 M1 cm™). Theevalue is rather low. To increase the molar
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absorption coefficientg], electron-rich phenyl groups were introduced at the 5- and
5”-positions. Upon UV irradiation, a colorless hexane solution contaihifiagurned
blue-violet and the absorption maximum was observed at 562 mmil(1 x 104
M~1cm1). Thee value was twice that df6b. The introduction of phenyl groups
is effective in increasing the coefficient. To further increase the coefficient, the effect
of introducing electron-donating and -withdrawing substituents to para-positions of
the phenyl groups was examined. Table 5.3 summarizes the results. The absorption
maxima and the coefficients increase with increasing electron-donating ability. The
electron-withdrawing cyano-substituents shifted the absorption maximum to a
longer wavelength, but did not increase ¢healue. The value 0f9bis 3.6 times
larger than that of the unsubstituted closed-ring f@6h. When the diethylamino
groups were protonated by the addition of trifluoroacetic acid, the protonated closed-
ring form 21b showed an absorption maximum at 582 nm in ethyl acetate ared the
value decreased to 55% of the neutral form. The cyclization and ring-opening
guantum yields are also shown in Table 5.3.

Electron-rich dithieno(thiophene) groups are also effective in increasirgy the
value of the closed-ring form (Scheme 4).

= 860G Nm T l 330 - 3656 nm

" £}*<_7—\_7/ 5.4355 s LT

22 R = GHL™, anion _ GRgSOg°

Scheme 4

The compound22b has a very large value (704 nme = 4.3 x 10*
M~ cm-1) in CHsCN. The molecule has an interesting fluorescence property.
Although 22a gives a strong fluorescenc@2b has no fluorescence. Such a
fluorescence property change, along with the photochromic reaction, can be
potentially used for readout in optical meméfy.

When we apply diarylethenes to full color display, it is indispensable to
synthesize yellow-developing compounds. We found that the color of the closed-
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ring forms of dithienylethenes changes dramatically, depending on the substitution
position of the thiophene rings in the ethylene moigty.

Scheme 5

Table 5.3. Absorption Characteristics and Photoreactivity of Dithienylethenes in Hexane

Quantum vyield

A max (M)
€/10°M~*em™')? Cyclization Ring opening Conv./%

Compound a b 22°C 80°C
16 234(1.3)  534(0.50)

0.21 0.13 — 62
17 262 (2.8) 562 (1.1)

0.46 0.015 0.037 79
18 270 (3.3) 570 (1.4)

0.48 0.0080 0.018 88
19 305 (4.0) 597 (1.8)

0.37 0.0025 0.010 > 99
20 300 (3.0) 570(1.1)

0.50 0.018 0.034 98

2Absorption coefficient at the absorption maximum.
b Conversion from the open- to the closed-ring forms in the photostationary state under irradiation with 313-nm light.
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When the thiophene rings are attached to the ethylene moiety at the 3-position,
such as compouné3a, the closed-ring form has an absorption at 534 nm. The
colorless solution turned to red upon UV irradiation. On the other hand, 1,2-bis(3,5-
dimethyl-2-thienyl)perfluorocyclopentene 2%) exhibited a different color change.
Photoirradiation of a hexane solution containBt@with 366 nm in the presence of
air led to a decrease of the absorption at 336 nm and formation of a yellow solution,
in which a new band appeared at 425 nm. The new absorption band disappeared by
irradiation with light of wavelength > 440 nm. The quantum yields of the cyclization
and the ring-opening reactions were determined to be 0.40 and 0.58, respectively.
The blue shift of the absorption band ZBb suggests that the-conjugation in the
closed-ring form is localized in the cyclohexadiene structure. Trheectron
delocalization of25b is completely different from that o23b, in which-
conjugation extends through two thienyl moieties. The open-ring Fajon the
other hand, gave an absorption band at longer wavelength8&asaiihe red shift
suggests that-conjugation in the open-ring form extends throughout the molecule.
In 23a, the Teconjugation is localized in the hexatriene structure. The substitution
position controls the absorption maxima of both isomers.

5.3.4. Response Time

The dynamics of cyclization and ring-opening reactions of diarylethenes has
been studied by using pico- and femtosecond laser photolysis experiments. Both
cyclization and ring-opening reaction rates were measured for compodnghk
open-ring form was excited with a 355-nm laser pulse (fwhm: 22 ps) in hexane and
the formation of the closed-ring form was followed at 560 nm. A rapid spectral
evolution in a few tens of picoseconds was observed. This is attributable to the
photocyclization reaction. The rise curve was reproduced by taking into account the
pulse duration and the time constant of formation (8 ps). Since the laser pulse
duration is rather long, it is difficult to determine the rapid time constant precisely.
The result, however, clearly indicates that the formation process is rapid—less than
10 ps-.

The ring-opening reaction was followed by exciting the closed-ring form in
hexane with a 532-nm laser pulse. Immediately after the excitation, an increase in
absorption of around 560 nm and a decrease in absorption of around 600-750 nm
were observed. The increased absorption is ascribable te-&8n3ransition. The
absorption decrease is assigned to the bleaching of the closed-ring form. The
bleached signal intensity slightly recovered and reached a constant value. The time
constant of 2—3 ps reproduced the recovery of the decreased absorption, indicating
that the ring-opening reaction took place within 2—3 ps.

In the above measurement, the pulse duration is longer than the rates of the
cyclization and ring-opening reactions. To determine the rates precisely, it is
desirable to employ a shorter laser pulse. We measured the response time of the
following dithienylethene in 1,2-dichloroethane by using a femto laser (180 fs)
photolysis apparatu
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UV (360 nm)
—————-

-—

VIS

n=1,R:Si{CHj)s

Scheme 6

Absorption at 650 nm was found to increase in around 1 ps in accord with the
decay of the absorption at 515 nm after irradiation with a 360-nm laser pulse (fiyhm:
180 fs). The absorption bands at 515 and 650 nm were assigngd ®nSransitions
of the open-ring form (or some intermediate produced from the excited state of the
open-ring form) and the closed-ring form, respectively. By taking into account the
pulse duration and the time constant of formation of 1.1 ps, this kinetic analysis
reproduced the decay and the rise profile. This result clearly indicates that the
photocyclization of the dithienylethene took place in 1 ps.

5.4. MOLECULAR SYSTEMS WITH CONTROLLED
FUNCTIONALITY

5.4.1. Gated Reactivity

Photochromic reactions in general proceed in proportion to the number of
photons absorbed by the molecules. Such a linear-response characteristic cannot be
used as the basis of photonic devices. Memories or images are erased during storage
under room light or after many readout operations. One possible way to avoid such a
problem is to introduce gated photochromic reactivity in the molecules. The gated
reactivity is the property that irradiation with any wavelength causes no molecular
change, while a photoreaction occurs when another external stimulant, such as a
chemical, heat or light of another wavelength, is present. Diarylethene derivatives
having such a nonlinear response property have been synttésized.

A diarylethene with heterocyclic rings has two conformations, with the two
rings in mirror and @symmetries, and its cyclization reaction can proceed only
from the conformation with the two rings in, Gymmetry. This means that
photocyclization is prohibited if the heterocyclic rings are fixed to the mirror
symmetry or have parallel orientation, while the reaction is allowed when the
conformation converts to the,&ymmetry, or antiparallel orientation, as shown in
Scheme 7.

The photoreaction oR27 was completely prohibited in cyclohexane. The
addition of a very small amount of ethanol to the cyclohexane solution resulted in
photochromic reactivity. In the mixed solvents of cyclohexane and ethanol, the
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Scheme 7

photocyclization quantum vyield increased with increasing ethanol content and
reached a plateau value of 0.51 in the solvent containing 15 vol% ethanol. NMR
measurement of the methyl protons at the 2-position of benzothienyl rings gave
information concerning the relative population of the two conformations. The
signals at around 2.4 and 2.1 ppm are assigned to methyl protons in the parallel
and antiparallel conformations, respectively. In cyclohexane, the signal at 2.1 ppm
was not observed, while it appeared with the addition of ethanol. This clearly
indicates that the molecule was in a parallel conformation in cyclohexane, and
converted to an antiparallel conformation upon the addition of ethanol. In cyclohex-
ane, the intrahydrogen bonds fasten the molecule in the parallel conformation and
make the molecule photochemically inactive. Conversely, ethanol acts as a switch to
unlock the system.

The hydrogen bonds can also be broken by heating. In decalin, photocycliza-
tion did not occur below 60°C, while it was clearly observed at temperatures higher
than 100°C. The molecule has both chemical- and thermal-gated reactivity.

5.4.2. Photoswitching of Electrochemical Properties

A switching function that allows for the reversible modulation of electrochem-
ical properties by photoirradiation is of basic importance for the development of
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molecular electronic devic€s®23 Such a function can be introduced into a
molecule by incorporating a photochromic unit. A switching device that can control
electron flow in a molecular system is shown in Scherfié®s.

Scheme 8

In the open-ring form, two pyridinium rings are electronically separated from
each other and there is no appreciable interaction between them. This is the “off”
state. On the other hand, in the photogenerated closed-ring formctmgugation
delocalizes between the two pyridinium rings and the absorption spectrum shifts to a
longer wavelength, from 352 to 662 nm. This is the “on” state. Cyclic voltammetry
indicated that whereas no electrochemical process occurs for the open-ring form in
the +0.6 to — 0.6-V region, a clearly reversible and monoelectronic reduction wave
was observed for the closed-ring form at a poteriigh= — 230 mV vs. standard
calomel electrode. The compound represents a prototype of a switchable molecular
wire in which electron flow may occur in the closed-state, on/off switching being
triggered by irradiation with light of well-separated wavelengths.

5.5.CONCLUSION

Diarylethenes having heterocyclic five-membered rings as the aryl groups, such
as thiophene or benzothiophene rings, were found to undergo thermally irreversible
and fatigue-resistant photochromic reactions. Theoretical consideration based on
molecular orbital theory revealed that the photogenerated closed-ring forms of
diarylethenes are thermally stable when the aryl groups have low aromatic stabiliza-
tion energies. Most of the diarylethenes having benzothiophene rings underwent
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photochromic cycles more than 1.0 X titnes. The absorption maximum of the
closed-ring forms could be varied from 425 to 825 nm by changing the aryl groups
and introducing various substituents into the groups. The maximum also changed
dramatically, depending on the substitution position of the aryl groups in the
ethylene moiety. The response times of both cyclization and ring-opening reactions
were less than 10 ps. Thermal or chemical control of photochromic reactivities could
be achieved by introducing intramolecular hydrogen bonding groups into the
diarylethenes.
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Photochromism of
Dihydroindolizines and
Related Systems

HEINZ DURR

6.1. INTRODUCTION

The photochromism of dihydroindolizines (DHIs) — a new class of photo-
chromic molecules — was discovered only in 197%hese molecules are among
the few new photochromes discovered in the past 20 years.3 Their synthetic access
has been exploited in detail and their photochemical and photophysical parameters
have been studied in a broad sefisé.The potential applications are vast and
compare favorably with those of the known photochrotn@be chemistry and
photochemistry of the DHIs have been described previously in several sdrveys.
This review will serve as a short introduction to the field. It will as well include
typical preparation modes for the class of dihydroindolizines as well as their aza-
homologs, typical five-membered heterocycles. A new class of photochromics
derived from these photochromic heterocycles (DHIs) that allows for supramolecular
interactions is presented. Some typical applications that are close to commercially
useful systems are discussed.

The characteristic structural feature of the dihydroindolizines-based molecules
is a five-membered ring, typically a cyclopentene anion. The substitution of the
carbanion in this molecule by a heteroatom generates heterocyclic five-membered
rings.®~15 These can undergo a ring opening to zwitterionic species or neutral
heteropentadienes. The process can be induced photochemically and is reversed
either thermally or photochemically. Thus a new photochromic system based on a
five-atom, six-electron (4n + &) system is created. This system can in principle be

Heinz Durr « Fachbereich 11.2 - Organische Chemie, Universitat des Saarlandes, Im Stadtwald,
D-66041 Saarbriicken

Organic Photochromic and Thermochromic Compounds, Vaédited by John C. Crano and Robert
Guglielmetti, Plenum Press, New York, 1999.
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the essential structural unit of many photochromic systems, such as those shown in
Scheme £

Type-1 systems (heteroatom in position 1) possess a formally charge-free
resonance formula such 2a. The cyclic structure can be represented only by the
charged formulada, b.This is the reason the more stable species in this case is the
open-ring form(2).

In Type-2 systems the heteroatom is in position 2 allowing a uncharged resonance
formula 3afor the cyclic molecule to be drawn, thus favoring the latter. In Type-3
systems only the open-rirg can be written in a nonpolar form, which becomes here
the most probable structure in the equilibrium shown. To our knowledge, photochromic
examples for Type 1 systems have not been described so far.

With Type-3 systems, reversibility is not clear. However, Type-2 and the mixed
systems, Type-1,2; Type-2,3; and Type-1, 2, possess photochromic properties when
substituted properly. The classes of these photochromic molecules described in this
chapter are shown in Table 6.1.

6.2. SYNTHESES OF PHOTOCHROMIC MOLECULES
BASED ON A 1,5-ELECTROCYCLIC REACTION

Viewing photochromic systems on the basis of a 1,5-electrocyclization and its
reverse, molecules must be envisaged in which the open ring as well as the cyclic
structure have a similar energy content. This is the challenge in synthesizing
molecules with tailor-made photochromic properties in connection with easy
access to these molecules.
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Table 6.1. Categories of 1,5-Electrocyclizations in New Photochromic Systems Discussed

Category of 1,5-Electrocyclization Dipolar structure Cyclic structure

Type 1 (j‘\ X
\ .
/N\ N
71— Ve
Type 2 - N . "N A2 Pyrroline

\—/ -

Type 3 \i ‘

Type 1,2 z N . N A3 Pyrazoline
yp —C N
\_:_/ =

7
Type 2,3 / \\N+ N A2 Pyrazoline

Al Pyrroline

! N 4 =N A3 Triazoline
Type 1,2,3 —C N |
\:N/ =N
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6.2.1. Type 2 Systems

The type-2 systems are the basis of a new type of very potent photochromic
compounds. Several routes to this type of system have been developed recently.
Incorporation of &?-pyrroline ring into a more complex molecule has led to a very
efficient new class of photochromic compounds (Scherﬁlé72).

Scheme 2

6.2.1.1. Cyclopropene: Route (&)" "’

Reactions of the easily obtainable spirocyclopropertégawith aza-hetero-
cycles or azines such as pyridines, pyridazines, quinolines, isoquinolines, azaphe-
nanthrenes, and others afford spiro (1,8a) dihydroindoliZimegood yields (50—

84%) (Scheme 3). The intermediate in this synthesis is the colored bétdigpical

dihydroindolizines have been made via this roufe’® 8

R, Ry
R R
R,
X
R R R,
10
R R R’
/
X ©
R‘
R R
S

Scheme 3
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6.2.1.2. Pyrazole: Route (b)

In some cases i.e., when strongly electron-attracting groups such as CN (or
CF;) in 7 are desirable), the cyclopropene route cannot be used. An alternative
synthesis has been developed in which spiropyrazoles are photolyzed directly in an

azine—solvent mixture. Intermediates in this process are the vinyldiazoalkénes
19,20,21

and carbene$5. Overall yields are between 40 and 70% (Scheme 4).

azinc
Scheme 4

6.2.1.3. Retro- 1,5-Electrocyclization: Route (c)

Routes (a) and (b) give access only to DHbearing identical substituents R*
or mixtures of regioisomers. However, it was shown that the properties of7fDHI
depend strongly on the substitution pattern of double bond 2,3. Therefore two
additional routes were devised. Route (c) starts with diazoatkénghich is formed
from 16 via intermediatel 3. The vinyldiazoalkand 4 is converted t& in the same
way as in the pyrazole route (Schemé®sy*

azmc

R5 Rd
R R R,
N R,
Nt \Y® .
R, R,
R R g

Scheme 5
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6.2.1.4. Diazo-Route (d)

The diazo—-route uses a classical entry via the fuhigriato the diazoalkane
seriesl4. Identical conversions vid0 or 11 (azinc) lead to the DHY in 30-50%
yields (Scheme 6). Recently, new compounds of &pelonging to molecules with
supramolecular properties have been prepared.

O R1
By +11
» 7
&
10

Scheme 6

PTC

6.2.2. Tetrahydro- and Hexahydroindolizines

Tetrahydro- or hexahydroindolizines (THI and HHI) (Type 2 systems) were also

synthesized. Reactint0 with dihydroisoquinolinel8in ether—methylene chloride
solution gave the tetrahydroindolzid®in good yields (Scheme 7§.The catalytic
hydrogenation ofl9 afforded the hexahydroindolizir@0 (Scheme 7§28

UV or visible light converts spiro-tetrahydroindoliziri® into deep blue or
blue-green betainez2 (Scheme 87628

10 +

tetrahydro - 2 - system hexahydro - 2 - system
(TH1) (HHY)

Scheme 7
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21

Scheme 8

6.2.3. Biphotochromic Systems

Applying one of the four synthetic approaches (a—d) (see Sections 6.2.1.1 to
6.2.1.4) in combination with the same or a second approach, can lead to biphoto-
chromic system&~23In principle, these are symmetrical systems such as DHI—
DHI and unsymmetrical systems such as DHI-a—DHI-b: DHI, photochromic
systems-c are possible.

6.2.3.1. Route 1: Type a and Type b Systems

The addition of spirené0to 1,3- or 1,4-diazines gives the potential photo-
chromic bisadducts.® The reaction d® with the bisazineA affords the photo-
chromic 1:1 adduc? and biphotochromic 2:1 addu2B, depending on reaction
conditions. By controlling the molar ratio @D to bisazine, or reacting with 10,
symmetrical and unsymmetrical bichroomophoric DHI compoud8are accessible
selectively (overall yields 40-70%) (Scheme®®)3?

6.2.3.2. Type c Systems

A typical system for an unsymmetrical photochromic compound is molecule
26. 1t is prepared by reaction a0 with pyridosalicylideneanil (Scheme 1.



230 Heinz Diirr
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Unsymmetrical biphotochromic molecuf@xombining spiroxazine- and spir-
odihydroindolizine structures have been prepared recently (Scherﬁ‘é 11).

DHIs 31-33containing podand crown ether groups were obtained by routes (a)
or (b)353% DHI molecules of types34-36 possessing long alkyl chains were
prepared analogously (Scheme 12)*®
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3tbn=1
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Scheme 12

6.3. PHOTOCHROMIC SYSTEMS WITH ONE
HETEROATOM

6.3.1. Spctra of the Colorless and Colored Forms

The UV spectra of spiro[1,8a]dihydroindolizifeshow two typical maxima,
one at 240-250 and the other at 360—410 nm. The colored form (b&tabseprbs
in the range of 500-700 nm. Similar absorption ranges are observed for the
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molecules shown in Refs 1-7. The DHlare therefore almost colorless or slightly
yellowish compounds. The colored forms, however, depending on substitution
absorb in almost all regions of the visible spectrum.

The different absorption bands in DHIcan be assigned to the following
excitations: The band at 360-410 nm results from a locally exwmiter transition.
It is located in the butadienyl-vinyl-amine chromophore of DHf~17.19-21
According to a modified intermediate neglect of differential overlap (MINDO)/3
calculation, the highest occupied molecular orbital (HOMO) of a dicyanoDHI
shows a wave function similar to the lowest unoccupied molecular orbital (LUMO).
Thus a locally excited (LE) transition @mt) is most probably hidden under this
band. The assignment of a second band isfless clear.

If the colored form has a relatively fast fading rate, the maxima of the extinction
coefficient cannot be recorded correctly. The procedures described in Ref. 3 can be
employed in this case.

6.3.2. Spectra of Colored Forms

Irradiation of the spiro[1,8a]dihydroindolizin&swith long-wavelength UV or
visible light \ max= 400-450 nm) affords the colored betaln&16-38 Typical
spectra are given in Fig. 6.1 and 6.2. The zwitterion can in principle exist8in E—
or Z-9 configuration. However, as has been shown earlier by semiempirical
calculations, the energy barrier betweer8Brd Z-9 is small so that only one
form being close t@ is observed with standard techniques (see earlier discussion).
For 9 and8, resonance formulas are possible where the bond C-2/C-3 is in fact a
single bond.

R 7 R, 8 9
E -form Z -form
A 31 Bz
Scheme 13

In the new photochromic systems/9) based on the ring opening of an
azacyclopentene ring and 1,5-electrocyclization, the basic process is the breaking or
reforming of as bond (Scheme 13).

The forward reaction can be induced photochemically and the back reaction
normally thermally. The produc& 9formed in this conversion can only be written
in a zwitterionic form. This is the basic difference from spiropyrans or spiroxazines
which also undergo aréelectrocyclic reaction, yielding, however, an electroneutral
molecule.
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A typical spectrum for a selected example for a simple DidIgiven in Figure
6.1. Spectral data of DHI are collected in Table 6.2A and Ref. 5.

The assignment of the betaine band$ is complicated. The long wavelength
band is most probably a charge transfer (CT) transition. This has been shown to be

Table 6.2.A Uv-visible data of selected Spiro[1,8a]dihydroindolizines (DHpPrepared by
cyclopropene route (a) or pyrazole route (b). Solvent;@hEther and half life ;) at

293K.
R1 /2
hy S 9, N\Y@ R3
e_____—
O, T
9
X Rl Y RZ R3 R4 RS )\max Amalx T1/2
(hm]  [nm] [g]
7 9
Route (a)
7a - CO,CH; N H H H H 380 518 64.8
b - AC/E N H H H H 402 529 36
¢ - CO,CH; N CHs H H CHs 410 560 16800
7d - AC/E N CH;, H H CH; 389 612 26
7e &) CO,CH, N CHs H H CHs; 394 603 2.13
7 P CO,CH, CH H H H H 401 645 215
79 ) CO,CH; N H H H H 388 529 17,3
7h - CO,CH; CH=CH-CH=CH H H H 360 470  0.123
Route (b)
7 - CN CH H H H H 410 560 13800
7 - CN N H H H H 395 535 3375
7k - CN N cl H H H 397 537 3010
7 - E/CN N H CH=CH-CH=CH H 385 550 0.038
m - CN N H CH=CH-CH=CHH 385 577 0.87
n - CF, CH H H H H 327
70 - CF, CH H CH=CH-CH=CH H 338
7p  C=0 CN CH H H H H 418
79 C=0 CN N H H H H 392
7r C=0 CN CH H N(CHs), H H 685  stablg’
7s S CO,CH; CH H H H H 376 500 2280
7t S COCH, CH H CH=CH-CH=CH H 380 600
7u  HH COLH; CH=CH-CH=CHH H H 355 726 12540
7v.. HH COCH; CH H CH=CH-CH=CHH 376 572 578

a) methyl in 2-position of fluorene ring

b) CONHCgH,4-OCH; in 5-position of fluorene
c) stable betaine

AC = COPCH

E = CO,CH3
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15 (CO,CH,3) 15" (CO5CHy)

15

Figure 6.1. UV/VIS spectra of uncolored15' and colored species in dichloromethane
(c7a=2.72 x 10 * mollliter.

the case for the closely related pyridinium-cyclopentadienylylid, studied by
Kosower3%40 |In betaine9 and related molecules, the CT transition should occur
between the symmetrical molecular orbitals (MOs) of the donor and acceptor regions
of the molecule. This is in good agreement with rules published by Palfan
similar compounds.

In fast-bleaching betaine8, the UV maxima were recorded using flash

spectroscopy. A typical setup is described in the follovéegtion??43

6.3.3. Solvent Effects on the Colored Forms

In a study of the colored forn®in various solvents, an interesting effect on the
long-wavelength band is observed. Most of the DHhvestigated showed a
nega8tive solvatochromic effect. This is consistent with earlier reports on spiropy-
rans:

For a structural correlation of photophysical parameters, the DHI molecule is
divided into three regions, i.e., A, B, andC. Typical partial structures are given in
Scheme 13.

Using the Fischer procedufe’ a conversion rate of 94% for dicyara,

(Rt = CN, Y = CH or N) is calculated. For the diest@j (R* = CO,CHj3), the
conversion rate drops to only 52%, in contrast to fulgides, where this parameter is
60%.3 This shows that the dicyano-DH|j is very efficiently colored (Figure 6.2).
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Scheme 14
CN
hl’ O o) N/z \)
A )
O CN cl
15 (CN) 157(CN)
259 15°
/\\
2.0 |
1,54 /‘l
E !
/ |
1.0+ / i
1 15 /
/
o.s-\ TR J/
0.0 7 i BT ST
T — 1
“0 )\(nmsc))0 80 760

Figure 6.2. UV/VIS spectra of dicyand5and15' in dichloromethaneq= 1.83 x 10 * mol/liter).

6.3.4. Thermal Reactions in Solution/Structure — Fading Rate Relationships

Irradiation of the photochromic DH gives rise to the colored forn8sand9.
The thermal back or fade reacti®n- 7 (i.e., the 1,5-electrocyclization), can be
easily studied kinetically using UV spectroscopy. The rate conkttinis deter-
mined can be converted by the equation:

ty, =In 2/k (6.1)

to the half-lives oB.
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The kinetic scheme for analyzing the thermal fade rate (see Scheme 12) is given
by Eg. 6.1. Neglecting a photochemical back readion7 (see earlier discussion),
the system can be characterized using the rate constants of the thermial;steps
andk_,. All spectroscopic data (see later discussion) indicate that the equilibrium
Bi1, B, is very fastk_; <k,, andk_;); thus in a first-order analysis, the thermal fade
ratek should depend only dk_; . The values obtained experimentally clearly follow
first-order kinetics, and the parameters obtained by standard evaluation were given in
Ref. 3.

In the case of regio- or stereoselective reaction® of 7 as well as in
biphotochromic system@4 - 23), the kinetics become more complicated (see
Refs. 30 and 33). Thig; values can be used as a rough order for a structure-fade
rate relationship. Again, to analyze the data in a simple way,D$iHivided into
the regions A, B, and C (see earlier discussﬁéﬁ).

Region A: In going from the anthronyl, tetraphenyl-cyclopentadienyl, indenyl,
and fluorenyl to the diphenyl group,, increases steadily.

Region B: Substitution of R= hydrogen by electron withdrawing groups such
as trifluoromethyl-, benzoyl-, acetyl-, methoxy-carbonyl- and cyano leads to increas-
ing t1»values R: CN > COLR>COR>CR>H.

Region C: Introduction of the dihydroazine moiety into region C derived from
the aromatic heterocycles such as phenanthridine, tdgaisjoline, quinolines, or
isoquinolines and azines increases thgvalues constantly. In going from left to
right, the positive charge in betaifés stabilized more efficiently (Scheme 15).

7 ~ N
i I < l < /(\n
T/N N/N l\|l/N

|

eclieribelbe

Scheme 15

In special cases betai®ebecomes so stable, that it does not cyclize. Typical
structural prerequisites for such a behavior are (1) donors or rings in region C, or (2)
a ring between region B and C. This is shown in Scheme 16.
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1) DONOR in Region C

O R
2 o @)
R
R=E,CN,Ac, PhCO

R
@ o)
O R = E,PhCO

2) Ring-Effect in Region C
(- ¢ ().
O 2—N ® o _2—N
\
= 2SS =<

3) Ring Chain

B e
6 :

Scheme 16
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6.3.5. Modified Systems: Tetra and Hexahydroindolizines

Partially hydrogenated molecules of the DHI type, such as THI and HHI,
possess photochromic properties as well. The colored species deriving frorl T HIs
can exist in two conformerg1 or 22, of which we favor22 (see Scheme 8). This is
again a very powerful, new photochromic Type 2 system; however, here the
chromophore is not a butadienylvinylamine (see earlier discussion) asbut
rather a simple enamine unit. The colored form is also a conjugated system that can
exist again in all colors. The maximum wavelength of bet&#és affected by
substitution. Typical UV/VIS spectra are shown &in Tables 6.2 and 6.3. HHIs
20 show photochromism as well. The process responsible for photochromism is no
longer a 1,5-electrocyclization and its reverse, but rather, a simple bond breaking to a

zwitterionic structuré.’-28
R
E
(2505
2 Y
‘A— HE
20°

E =CO,CH,

Scheme 17

Table 6.2B. Absorption Maxima of THI19?” and Colored Form 22 (EtOR)

Amax (THI) (nm) A max (Betaine) (nm) AN (Betaine) (nm)
R 19 22 R=Me
Methyl 320 715 0
Propyl 320 740 +25
Pentyl 320 747 +32
Heptyl 324 700 -15
i-Propyl 327 765 +50

2% not determined.

6.3.6. Mechanism of Photocoloration

Recent laser flash photolysis studies of the kinetics of the prates9®
suggest that following photoexcitation with time-resolved spectroscopy, an i8omer
(E form) is formed in the nanosecond or microsecond time domain which undergoes
a first-order conversion to the Z forei*>*® Details will be published elsewhere.
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Table 6.3. Absorption Maxima and Half-Lives ofl9 (EteOH)"
)\max (nm) )\max (nm) JAY) (nm)

R (THI) 19 (Betaine)22 vs. R = methyl tiz (S)
Methyl 329 675 32.8
Propyl 330 690 -15 15.6
Pentyl 330 680 +5 16.2
Heptyl 330 678 +3 25.2
i-Propyl 329 700 -25 10.4

2y not determined.

A triplet route using benzophenone as sensitizer is also possible, but with
reduced efficienc§? The kinetic scheme for the photoprocess is shown in Figure 6.3
(see also Refs. 3-7).

A 1ax
'y A, +h
o *hv
1a* Ag * A
150 30
Tar B
9
B2

7 (A)

(R=CH=CH; Ry = CN; R, - Ry = H)
Figure 6.3. Kinetic scheme of photoreaction of DHI 7s£A7,B; £ 8;B, £ 9).

6.3.7. Quantum Yield of Photocoloration and Photobleaching

The determination of the quantum vyield for ring opening & not a trivial
problem. The general scheme can be formulated on the principle that the reaction is
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not only thermally but also photochemically reversible. This means that the reverse
photochemical reaction (rate const&hti) is superimposed on the thermal back
reaction (rate constark_). The analysis must be carried out using nonlinear
optimization methods (see Ref. 44).

The exact values fap, and @g, being on the order of 0.4-0.8 and about 0.05,
respectively, are collected in Ref. 3. Approximate datapfor @g, neglecting the
reverse thermal and photochemical reactions, do not deviate dramatically from the
exact parameters. The quantum yields are in some cases slightly wavelength
dependent whereas in others they remain rather constant. No simple explanation
has so far been found for these facts.

Phosphorescence was seen in many cases. A clear emission at rather long
wavelengths can be observed, which is due to a triplet. The problem of photode-
gradation has been dealt with in Ref. 3.

6.4. PHOTOCHROMIC SYSTEMS BASED ON
PENTADIENYL ANIONS WITH TWO
HETEROATOMS

According to the definition given in Section 6.1 and 6.2, pentadienyl anions
may contain more than one heteroatom. Thus various systems become possible (only
N as heteroatoms with a vicinal arrangement are shown).

The numbers 1,2, etc. in Scheme 18 were chosen for systematic reasons and are
not in accord with International Union of Pure and Applied Chemistry rules. From
these molecules, Type 1,2 and 2,3 have proved to be relevant to photochromism. For
the azoderivatives Type 3,4, photochemical extrusion oisNpossible; this has been
widely used in generating cyclopropafies®’

1\ 2
N\N/ 7“/ —n AN
—_ =N N=N \N’

1,2 2,3 3,4 4,5

Scheme 18

6.4.1. Type 1,2 Systems

The use of dibenzoannellated 1,2-diazines such as lodcinapline in the
cyclopropene route (a) affords interesting 1,2 systems of Fyf&4° The photo-
chromism is due to the 1,5-electrocyclic reaction, as shown in Scheme 19.
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R /=N
—
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R, +
a7 1 /7
hv l 77
e
R )@
X
38

Scheme 19

6.4.2. Type 2,3 Systems

Heinz Dirr

Substitution of two carbons in position 2,3 of the pentadienyl anion (see
Section 6.1) creates a type 2,3 system. Such molecules are the dihydropyrazolo-
pyridines (DHPP)42.5051 The 1,3 dipolar cycloaddition reaction, which is so
effective as a method for synthesizing five-membered rings, can also be used to
prepare spiroheterocyclic compounds of the 2,3 type. If a suitable bromo-substituted
dibenzopentafulvene is reacted with pyridine the pyrazolo—pyritgiig formed in

30-90% yields (Scheme 18).

R\,' R,
(21 oo .
NN &)~ A
— rd -——
’ / hyv
R, R, R,
.

Scheme 20
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Irradiating42 forms the colored specidd, which (see earlier discussion) can
undergo a thermal 1,5-electrocyclizationdtdagain. In unsymmetrical molecules,
regioselective ring closure may occur. A typical UV spectrum for the color changes
in the DHPP42 in reacting to41 was reported in Ref. 3.

6.5. PHOTOCHROMIC SYSTEMS BASED ON
PENTADIENYL ANIONS WITH THREE
HETEROATOMS

Substitution of three carbon atoms with heteroatoms in the pentadienyl anion
leads to the structures shown in Scheme 21 (only vicinal N-substitution is
considered). The resulting heterocycle is a triazoline ring. Photochromic molecules
43 containing this structural element have been made (Schenié1).

R=H,(CH=CH),
E =CO,CH,4

Scheme 21

Here again the 1,5-electrocyclization of betaideis only possible tal3. A
formation of 45is energetically unfavorable because of the destruction of the
aromatic system. The UV/VIS spectra 48 and44 show maxima at 400 and 586 nm
(in CH,Cl,), respectively, with half-lives of the colored specied4bf t;, = 60s.

Fluorescence is observed at 614 nm, with a rather low quantum yield of
QF= 7.6 x 103, showing a value similar to those observed for Dtéind DHPP
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42.The photochemistry of this new photochromic system has not been studied in
more detail.

6.6. SUPRAMOLECULAR AND ENVIRONMENTAL
EFFECTS AND APPLICATIONS

The properties of photochromic molecules such as Dtihd related
compounds are dependent not only on structure but to a large extent also on their
environment. Clear differences are to be expected if solution or solid phases of
photochromic molecules are compared, i.e. (1) containing supramolecular anchor
groups, (2) in liquid crystalline phases, or (3) polymer-containing photochromic
systems. It is necessary to use the appropriate spectral methods for the detection of
different properties. In addition to normal methods, photoacoustic spectroscopy
(PAS), polarized light, and others may be applied.

6.6.1. Supramolecular Systems

Linking a suitable chain or a ring to a dihydroindolizine generates photochromic
systems of Type A, B, or C (See Figure 6.4).

T
Y
P
E
A
T
Y
P
E
B
T
Y
P
E
Cc

Figure 6.4. Molecules of Type A, B, and C containing anchor groups for supramolecular interaction.
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Figure 6.5. CHARMM calculation of Type A molecul&@la(see p. 232).

These molecules are set up for supramolecular interactions with inorganic
(salts) or organic guests. This concept has been applied to mono- or biphotochromic
dihydroindolizines 23 and31-333°:36:52-55

A model calculation for Type A molecules using the force-field method
CHARMmM (Chemistry in Harvard Molecular Modeling) showed a linear arrange-
ment of the poly(ethylene glycol) chains for the compo8hd (Figure 6.5).

Adding metal salts demonstrated a weak but clear effet¢tpin the presence
and absence of metal ions, which results from folding the chain around the metal
ion. A schematic representation indicating the conformation change from a linear to
a more cyclic (helical) structure is shown in Figure 6.6.

This geometry change is clearly borne out by the salt effect of compt&ind
(Figure 6.7)°5°

A very interesting effect is seen for the supramolecular systems of Type B. Here
the 19-N-oxa-6-crown in DHB2 is obviously protonated in methanol solution. In
the presence of triethanolamine/MeOH, the base binds the proton and the free crown
DHI 32is present in solution. Adding Li Na', or K" shows a strong hyperchromic

Figure 6.6. Host—guest interaction in supramolecular assemblies of Type A.
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T1/2 (Me+)/ T1/ 2 (saltfree)

07
Li* Na* K* Rb*
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A - 3 coordinating sites

B - 3 coordinating sites

C - 5 coordinating sites

Figure 6.7. Relative changes of 1,5-electrocyclization rates3bé—ereflected int;,, in the presence of
alkaline guests in methanot € 1.8 x 10" *mol/liter) (A = 31c; B = 31d; C =31e.)

and a slight bathochromic effect on the UV (Figure 6.9). Dramatic changes have
been seen in the half-livég,. Li* shows the strongest decrease;af by a factor of
about 16. These supramolecular assemblies can be clearly regarded as molecular
switches, where in the supramolecular assembly the half-life of the colored form is
clearly affected (Figure 6.8).

All these molecules must be regarded as molecular switches since light triggers
a molecular functiorr® Here the stronger or weaker binding of a salt can be felt in
the reactivity, i.e., in the changeslof 1/, of the electrocyclic process. Similar
results were obtained for compounds of Type C, as demonéﬁht;ethe decrease
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Figure 6.8. Reaction spectrum for the electrocyclization of a supramolecular b&aa#bHI| 33a
assembly (CHClz, C; =5 - 10 ° mol/liter) (Type B).
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Figure 6.9. Effect of salt ions and reaction betaine spect@@n- 32 for molecules containing a cyclic
anchor group (¢ = 1.8 - 10 mol/liter, MeOHi/triethanilamine 1 : 1) (Type C).
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of t12 in the presence of K or Ba®*. This indicates that the reaction rate can be
reduced by supramolecular structure 6f &¢ Ba&* and molecule33.

6.6.2. Photochromic Systems in Liquid Crystalline Phase

If the photochromic molecules are especially tailored to contain long alkyl groups,
they may be oriented in suitable solvents such as liquid crystals. In7 2yl
chains may be introduced in regions A, B, or C (see Scheme 14). Appropriate
substitution of regions A and C has been achieved in the mol&A#88indicated
(Scheme 22§73

Using 34,a Type | molecule, one can orient these molecules in liquid crystal
(LC) phase such as a nematic ZLI-2452 (LC phase commercially available from
Merck & Co). Using polarized light, a different rafivof the absorptioi, andE
is possible. The dichroic ratio

D=E,/Eg (6.2)

is small in DHI34 (Type ) but large in betainé6 (Type I). So we can switch a
function, namely, the dichroic rat in a Type | molecule (Figure 6.10).

‘ E re=— O—CHg
9a : Type O =~ CJN%O D = 3.44 (GHi: 0.59)
= ;

e _ 00/—\/\/\/
46 : Type | O CJND_‘(O D = 3.44 (DHI : 1.57)

. O C;E/Z—N@—'é)_CHS

47 : Type Il O D 1.32 (DHI : 0.52)

T "

I\II E
H

[ Ogetame: TYPE D, Type It < Type Hl < Type | ‘

Scheme 22



Photochromism of Dihydroindolizines and Related Systems 249

E\ @ 0-

ol)/r
30 ——  O¢O g—
N

Eve ]
EE

46 34
20 Ey (46)

E) (34 \(}-. \_-

0.0 ALI “T- -.-_'..'-_' e I [nm]
400 500 600 700 800

Figure 6.10. Effect of polarized light on oriented DFEB4/LC (nematic) assemblie is the extinction
when the polarized light is parallel to the electric vector of the light: (perpendicular). Molecules were
oriented mechanically in the nematic phasg.or En refers to the extinction measured &% or 46 with
parallel (or perpendicular) light in the nematic ZLI-2452 (Merck) phase (Type |).

BesidesD, Type I-lll molecules are characterized by the order paransgter
which is defined as

S=(D-1)/D + 2) (6.3)

A similar, more pronounced effect is seeB5(Type Il systems).
Summarizing the results of these studies led to the following conclusions: (see
Figure 6.11): For DHIs, the dichroic ratiBs(andS) decrease in the sequerid¢
(type 1) »35 (type 1) > 36 (type ).
For betaines the order parameters decreases46offype I) (0.63) »47 (Type
1) (0.46). (See Figure 6.11).
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TYPE Il BETAINE
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9a 47a 47b 47¢c
S: 0.26 0.32 042 0.46

|
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Figure 6.11. Dichroic ratioD = E;/E, and order parameters for Type Il betaid@sn ZLI-2452.

Optimal effects are obtained with Type | molecules. However, the effect is
reduced iM8 (Type Il molecules). Here the orientation and reorganization of the

colored form48 probably disturbs the LC phase considerably, thus reducing the
dichroic ratioD and the order paramet&r
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6.6.3. Photochromic Systems in Polymers

Photochromic molecules may be dissolved in, adsorbed on, or bound to a
suitable polymer. Depending on these three different environments, their properties
may change in a very subtle way.

6.6.3.1. DHI Dissolved in Polymers

The easiest technique to establish a polymer—photochromic molecule (PC)
interaction is to dissolve the photochrome in a polymer solution from which the
solvent is evaporated afterwards. DHhas been incorporated by this technique into
poly(methyl)- or polyg-butyl methacrylate), vinylidene chloride, acrylonitrile
(Saran F), polycarbonate, and polystyrene—butadiene copolymer (Panarez).

Two results obtained in this way are (1) the half-life of the colored form can be
increased and (2) number of cycles is enormously augmented. In a rigid polymer
matrix, the colored betaingis less able to cyclize. The kinetics of this cyclization
are frequently more complicated than in soluflon.

The number of cycles in DHI increases since oxygen is excluded, which, after
activation to '0,, causes destruction of the colored betfineThe number of Z
cycles measured (e.g., in Saran) exceegs600. The Z, equals the number of
cycles leading to 50% of the original extinction of the colored forgg &fuals 80%
of the original E). Similar matrix effects have been observed with spiropyfans.
Typical values are given in Table 6.4. In a poly(vinyl butyral) (TroS)fohatrix, the
number of cycles for DHY — 9 exceeds Z,= 50002’

Using poly(thiourethane) (PTU) as a polymer matrix for DHIs is a method for
generating transparent polymers that may be used for different purposes, such as in
ophthalmic lenses or information recording material. The compounds shown in the
scheme (Scheme 23) were studied in such a PTU matrix. Typical fading or bleaching

Table 6.4. Number of Cycles of in Polymer Matrices

Number of cycled Zso’ Zsy

1 in ethanol 130 250
2 in ethanol > 600 >>600
2 in Saran film 370 > 600
2 in plexigum film 80 240
2 in ethyl cellulose film 70 200

aConditions: 10s irradiation, tungsten lamp, 3h dark.
PNumber of cycles leading to 80% of original extinction.
“Same leading to 50% of original extinction.
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values for the polymers compared with solution §CH) effects are shown fdn,.

The polymer does in general slow down the cyclization or bleaching rate of DHIs.
(Table 6.5.).

Table 6.5. Bleaching Ratetg, andtg, for Decrease of the original Extinction to 80 or 60%
for various DHIS7 in polymer PTU Matrices

G to (P) t1/2(P) t50(S)
Polymer DHl/betaine (10™ *mol/kg) (s) (s) (s) tao(P)hso(S)
P1 7a/9 5 580 94 30 19
P3 7b/9 10 460 26.6 8.5 54
P2 7c/9 6 2050 714 228 9
P4 7d/9 2 620 32.4 104 60
P6 7el9 10 900 0.64 0.20 4367
P14 7§19 5 1030 77 24.6 42
P11 79/9 8 4350 21.4 6.8 637

Notes: P=Polymer; L=liquid; S=solution. Polymer: Decreaset;pf 7g>7c>7f>7e>7d>7a>7b'. Solution:
Decrease of,;,: 7c>7a>7f>7d>7b'>7g>7e.

O; N R4 = CONH-CgHy4-OCH,

Scheme 23
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Photochromic materials for information storage can be envisaged on the basis
of the system shown in Figure 6.12. The dicyano DHI is a molecule that can be
photochemically switched from the colorless forrto the colored forn® and vice
versa. So information could be stored with lightAgfax= 400 nm and erased by
light of A max = 580 nm. Thus a dicyano-DHI/poly(thiourethane) matrix can be used

to record information. In an initial study, the information was shown to last at least a
week (Figure 6.1238:5°
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Figure 6.12. Bleaching curves of betaine form of selected DHIs in a PTU matrix4.97 x 10’
mol/liter).
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6.6.3.2. Polymer-Linked Systems

Special effects are envisaged when photochromic molecules are linked to the
polymer backbone. Two approaches are possible as shown in Figure 6.13. Such a
material would be extremely interesting for molecular information storage
devices®%:6!

The first steps in this field were made in reacting a polypyridazine with
spirocyclopropene to form a polymeric material (PN-15) with photochromic
pendant side chains.

A different approach for linking photochromic dihydroindolizines uses func-
tional groups like —Si(OR)that can be attached easily to molecules containing
active hydrogen. Thus for instance a polymeric inorganic backbone can be connected
to a DHI linked to —Si(OR)via a variable spacer molecule. The polymers obtained
in such a way are called organic modified ceramics (ORMOEER)e typical
structure of an ORMOCER lattice containing photochromic DHI has been described
in Ref. 61.

O COOCH, _ o

.<| * X ! o——l;'t_I CH
CoocH, L,

CH,

Lc-7

Figure 6.13. Typical covalently linked supramolecular photochromic polymers.
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This material can be used for nonlinear optical (NLO) effects. Typfaallues
for the DHI-NLO material obtained are at 0.03 prfih?? Using LC building blocks
to form a polymeric structure, one can prepare an LC polymer showing photo-
chromic behavior. A typical approach is shown in Fig. 6.13. Employing this route to
an LC polymer,7 was prepared and showed a very large mesophase transition
temperature of 141°€*

I
NOZQ— N= N'@‘NH —C—NH—(CH,), — Si— (OEY),

Scheme 24
An ORMOCER is made from alkoxysilanes, which hydrolyzes in the following
way:
M(OR), + nH,O - M(OH),, + n ROH
x M(OH), - xMOgs, + 0.5 nx HO

If part of the R groups do not hydrolyze then ORMOCERSs are obtained. A
functionalized group (F) such as a photochrome, or a nonlinear optical active
group may be introduced as shown in Schem¥.25

OR OR (:)

o)
| | H,0 |
RO—Si—OR + XRO—Sli—OR ? O0—Si—0—Si+0 + ROH
OR (I)
n
Scheme 25

6.6.4. IR-Sensitive Materials

The combination of two photochromic units as in molecl885 49, 50
(Scheme 23) can result in very interesting materials. Irradiation of the mixed
biphotochromic system30' leads to a colored form absorbing in the infrared.
Thus IR-sensitive materials become available. A detailed description of this new
material is given in Ref. 34, 65. The charge, distribution in the colored ring open
form can be schematically represented as shown in Scheme 26.

There are in principle two colored forms 80@', 49, 50 possible. Depending on
the different molecules the fully opened struct@f® has the charge distribution
+ — + —. For applications as light sensitive dental material see Ref. 66.
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bis-pyrane

charge distribution a

49
bis-DHI
charge distribution b
50
R R
DHI-pyrane R 0o 1 3
charge distribution C + - + -
30’
Scheme 26

6.7. DESCRIPTION OF APPARATUS

For most studies mentioned in this chapter, standard photochemical techniques
were used. A problem arising frequently with photochromes is the short lifetime of
the colored form. Tha . of the colored species as well as its half-life cannot be
measured unambiguously in such cases. In the studies presented here, a homemade
flash photolysis apparatus was employed which is described briefly. It was
constructed as follows (Figure 6.14). A commercial photoflash was employed to
excite the solution in the probe, using a reflecting deck to ensure maximum
irradiation. The analyzing light entering perpendicular to the flash was provided
by an Osram-tungsten-halogen lamp (type HLX 12 V/50 W) and focused on a lens
biconvex to the probe. The filters (Oriel, WG 360; GG 375; GG 400; GG 435),
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Xenon- filter sample filter ) with ph

oo @m

shutter

photoflash

.....

oscilloscope

computer

Figure 6.14. Flash photolysis apparatus.

which were consecutively adjusted in the light path, were used to select the
appropriate band with the analyzing light. Access was controlled by a manually
triggered shutter. The probe was thermostated. Light was passed through the probe, a
shutter, glass filters, and a biconvex lens and was collected by a Bausch and Lomb

378

L] 1 [mma) 1040

Figure 6.15. Decay curve of DHI7h at various wavelengths in dichloromethame= (7.8 x 10*
mol/liter).
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A = 725 nm

400 500 600 700
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Figure 6.16. Transient spectrum derived from Figure 6.15.

monochromator linked to a Hamamatsu R 955 photomultiplier. A BNC cable
connected it with a digital oscilloscope (Tektronix 2212, 60 MHz) for data collec-
tion. The RS 232 C interface linked it to a computer. The data were analyzed using
the kinetic program Turbo Pascal Borland of R. Bonneau (University of Bordeaux,
Talence, France).

A typical example is as follows: Moleculgh was studied in the flash
photolysis apparatu®:6” A solution of 7h was irradiated at varying wavelengths
between 375 and 700 nm. From the 19 decay curves registered, the spectrum of the
transient8h was determined (see Figures 6.15 and 6.16).

Qo % measured

transient &
ti2 short ived

trans-
mission transient B8
tz long lived

100%

t [msi

Figure 6.17. Kinetics of a photoreaction AB - C (stable and nonabsorbing).
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stable photo-
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transient A
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mission
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100% —

t [ms]

Figure 6.18. Kinetics of a photoreaction A B - C (stable and absorbing).

The data determined are (1) the half lifg of the colored or transient species
and (2) the transient’s spectra. Using the Turbo Pascal Borland Program, three cases
can be distinguished: (1) the formation and decay of the transient are first order. (2)
Transient A decays to transient B, giving the nonabsorbing product C. (3) Transient
A decays to transient B, which forms the absorbing molecule C (see Figures 6.17
and 6.18).

6.8. SYNTHESIS OF KEY EXAMPLES

6.8.1. 4,5-Dicarbomethoxy-H -pyrazole-(3-spiro-9)-fluorene®®6:70.71

192.2 142.1

3343

Scheme 27

A mixture of 1.90 g (9.89 mmol) of 9-diazofluorene and 1.70 g (11.96 mmol) of
dimethyl acetylenedicarboxylate was dissolved in 10 ml of dry ether. After standing
for 24 h, the precipitated yellow crystals were separated in almost quantitative yield,
mp 110°C (methanol).

Anal. calcd. for GgH14N2O4 N 8.38; found: N 8.65.
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6.8.2. 1,2-Dicarbomethoxycyclopropene-(3-spiro-9)-fluorent " 72 73

Scheme 28

Irradiation of 1.00 g (2.98 mmol) of 4,5-dicarbomethoxy-Byrazole-(3-spiro-
9)-fluorene in 150 ml of tetrahydrofuran (high-pressure mercury lamp, Hanau Q 81
Pyrex vessel, at 30°C gave a quantitative amount of nitrogen and 0.64 g (70%) of the
product. Crystallization from methanol or ether—petroleum ether afforded colorless
crystals in 70% yield, mp 146°C.

H-NMR (CDCl3, 60 MHz): §=3.1 (s), 7.2-7.1 (mm).UV (CHCly):

Amax(log €) = 266 nm (4.45).
Anal. calcd. for GgH,0,: C 74.5, H 4.61; found: C 74.29, H 4.78.

6.8.3. 1'H-2'3-6 Tricarbomethoxy-spiro[fluorene-9-1'-pyrrolo[1,2- b]-

pyridazine]
Ci
O CO,CH, OLH,
< - =
| —_
O cO.CH \N/N ether
2 3
306.3 80.1 386.4

Scheme 29

To a solution of 0.50 g (1.63 mmol) of 1,2-dicarbomethoxycyclopropene-(3-
spiro-9)-fluorene in 75 ml of ether was added 0.23 g (1.63 mmol) of 4-alkoxycarbo-
nylpyridazine while stirring in the dark at room temperature. Evaporation of ether
and treatment of the residue with methanol afforded 0.52 g as yellow crystals, mp
106°C.

UV (CH2Clp): Amax (log €) = 415 nm (3.62).'H-NMR (CDCl; 90 MH,):
0= 2.85 (s, 3H, CH), 3.29 (s, 3H, CH), 3.33 (s, 3H, CH), 3.65 (s, 3H, CH),
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4.00 (s, 3H, CHg), 4.03 (s, 3H, CH3), 5.35 (d, J =1.8Hz, 1H, 8-H), 5.72 (d,
J=2.2 Hz, 1H, 8a'-H), 5.87-5.88 (m, 1H, 8a'-H), 6.43-6.44 (m, 1H, 7'-H), 7.05 (d,
J = 3.9 Hz, 1H, 6'-H), 7.21-7.77 (m,gH,Arom.-H,6'-H) ppm.

6.8.4. 1-(1,2-Dicarbomethoxy-2-fluorene-9-yl-ethenyl)-4-
alkoxycarbonylpyridazinium '

The yellow solution of 1'/H-2',3'-6 tricarbomethoxy-spiro[fluorene-9,1'-
pyrrolo[1,2-b]pyridazine] in chloroform was irradiated, after flushing with argon,

(hva)

Scheme 30

in a 13 cm cuvet (HPK 125 W Hg lamp, Pyrex filter, external irradiation). The
solution turned red-violet with the formation of the betaine form. The color of the
betaine faded with a half-life df,,=30s k= 2.3 x 102s7%).

Color: red.
UV (CHClIg): Amax DHI = 415 nm;A max betaine = 490 nm.

6.85. 1-(1,2-Dicyano-2-fluorene-9-yl-ethenyl)-4-methoxy-carbonyl-

pyridinium 3-7
CO,CH, O CN
2 e SR Do
+
CcN

\NI O

Scheme 31

A pale yellow solution of 0.50 g (1.86 mmol) of the 4,5-dicyahibgyrazole-
(3-spiro-9)-fluorene in 200 ml of dry ether and 2 ml of 4-methoxy-carbonyl-pyridine
was flushed with nitrogen and irradiated (HPK 125 Philips, 125 W/Pyrex filter). The
solution turned into a deep color after 1 min. After nitrogen evolution had ceased
(about 1 h), the solvent was evaporated and the dark residue chromatographed using
silica gel/CHClz. Yield: 10% dark crystals; mp 163°C(from ether).

uv (CH2C|2)Z )\max: 578 nm.



262 Heinz Diirr

6.8.6. 1'H-2',3'-Dicyano-7-methoxy-carbonyl-spiro[fluorene-9,1'-pyrrolo-
[1,2-b]pyridine

O CN

Scheme 32

A suspension of 0.590 g (1,84 mmol) of the betaine 1-(1,2-dicyano-2-fluorene-
9-yl-ethenyl)-4-methoxy-carbonyl-pyridinium in ether—petroleum ether was stirred
in the absence of light at room temperature for 24 h. The reaction product was
separated on a silica gel column with methylene chloride as eluent. Yellowish-green
needles precipitated from ether—pentane in a dry ice mixture. Yield: 0.480 g
(81.3%); mp: 163°C. The decolorization of the betaine solution can also be brought
about by irradiation (bandpath filtex,= > 570 nm Philips 125 HPK, Hg lamp).

H-NMR (CDClL, 90MHz): 5= 7.82-7.25 (m, 8H, Arom.-H), 6.76 (d,
Js = 7.7 Hz, 1H, 5'H), 5.86 (dd,es= 7.6Hz, 1H, 6'-H), 5.65 (m, 1H, 8a'-H),
5.54 (m, 1H, 8'-H), 3.62 (s, 3H, C@Hz) ppm.

6.8.7. 1'5',6'-H110-b'benzyl-2',3'-dimethoxycarbonyl-spiro[fluorene-9,1'-
pyrrolo[2,1- aJisoquinoline”

) oo o

Scheme 33

To a solution of 460 mg (1.5 mmol) spiro-cyclopropene in 50 ml of dry ether an
equimolar amount (32.2 mg £5 mmol) of 1-benzyl-3,4-dihydroisoquinoline was
slowly added at room temperature. After 24 h of stirring in the dark, the precipitate
was filtered off. Column chromatography in Siwith CH,Cl, and recrystallisation
from ether afforded the tetrahydroindolizine. Yield: 420 mg (53.2%); mp: 238°C.

UV (CH2Cly): Amax(log €) = 329 nm. IR (KBr): 3060, 2980 (CH), 2900, 1740
(C=0), 1730 (C=0) cm!. H-NMR (CDCl; 90 MHz): 8= 2.15 (td,2) = 10.2 Hz,

%) = 3.6 Hz, 1H, 6'-H); 2.25 (¢, = 10.2 Hz, 1H, 6-H); 2.80 (m, 1H, 5'-H); 3.07 (d,
2) = 12.7 HZ, 1H, CH); 3.21 (m, 1H, 5-H); 3.31 (s, 3H, 2-GOH3); 4.06 (s, 3H,
3'-CO,CHs); 4.16 (d,% = 12,7 Hz, 1H, Chl); 6.28 (d,2J = 7.8 Hz, 1H, 10-H); 6.69
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(m, 3H, Ar-H); 6.75 (t,°J = 6.8 Hz, 1H, Ar-H); 6.85 (ddfJ = 6.8 Hz,*J=0.9Hz,
Ar-H); 6.99-7.11 (m5H, Ph-H);7.30 (t,3= 7.0Hz, 1H, Ar-H); 7.42 (m, 2H Ar-
H): 7.70 (d,3J= 7.6 Hz, 1H, Ar-H); 7.84 (£J =7.6Hz, 1H, Ar-H) ppm.

6.9. CONCLUSIONS

1,5-Electrocyclization is an efficient reaction that has been employed in
creating new photochromic systems (see also Ref. 3). The main challenge in the
field is to prepare colorless and colored forms having almost equal energy content.
1,5-Electrocyclization of the colored betaine to the colorless cyclic structure can be
controlled by the substitution pattern of the molecules. Tailor-made molecules with
appropriate properties can thus be prepared. This basic concept has been extended
from monoaza- (DHI), to diaza-(DHPP) and finally to triaza-5-ring heterocycles.
Partially hydrogenated systems are possible as well.

Normally the formation of a C—N bond in electrocyclization is not favorable. It
can be forced in this direction, however, by annelating aromatic rings in suitable
positions.

The characteristics of the photochromic systems based on 1,5-electrocycliza-
tion are (1) a neutral molecule as educt gives a zwitterionic species as primary
product, and (2) reversibility is possible only if secondary reactions leading to
heteroatomic compounds are suppressed. Typical structural elements are therefore
spiro(or gem-) substituted to avoid rearomatization.

Ring opening of the photochromic 5-ring heterocycles can be induced only
photochemically. The photoreaction of the colorless form to the betaines involves a
singlet species in all cases studied so far. Triplet routes to the photoproducts may be
populated with lower efficiency. The reverse process, however, can be brought about
thermally or photochemically.

Applications or potential applications for these molecules have been demon-
strated. Molecular switches can be built using supramolecular or LC photochromic
materials. Photochromic polymers can be used in phototropic glasses or as a basis
for information recording. IR-sensitive materials have been made using biphoto-
chromic molecules. Light sensitive dental materials have been developed.
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PhotochromicQuinones

V. A. BARACHEVSKY

7.1. INTRODUCTION

Photochromic quinones are a class of organic photochromic compounds that
have become known as photochromic substances quite recently compared with other
compoundsl. They were discovered during the synthesis and studies of the proper-
ties of anthraquinone derivativégIt turned out that anthraquinone derivatives with
an aryloxy group at the peri-position relative to the carbonyl group change color
reversibly in the presence of UV light. In succeeding years, various photochromic
quinones have been synthesized. The properties of these compounds have been
analyzed in books® and many papefs1°

At present, the photochromism of quinones is explained by the reversible
photoinduced para-ana-quinoid transformations due to photochemical migration of
different hydrogen, aryl, and acyl groups (Schem%lm)this chapter the results of
the studies on quinone photochromism have been systematized with regard to recent
advances in this field.
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Scheme 1

V. A. Barachevsky « Photochemistry Center, Russian Academy of Sciences, Moscow, Russia.

Organic Photochromic and Thermochromic Compounds, Vokdited by John C. Crano and Robert
Guglielmetti, Plenum Press, New York, 1999.
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7.2. SYNTHESIS OF PHOTOCHROMIC QUINONES

At present, a number of photochromic quinones have been synthesized,
including derivatives of naphthoquinone (I), substituted anthraquinones (ll, 11A—
IID) and naphthacenequinones (llIIA—IIIF), pentacenequinones (1V), and phtha-
loylpyrenes (V) (Figure 7.1). The family of photochromic anthraquinones involves
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Figure 7.1. Structures of photochromic quinones.
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derivatives of 9,10- and 1,4-anthraquinones (Il, IIA) and anthrapyridones of two
types (11B1, 11B2), anthrapyridines (IIC) and pyrazolanthrones (lID). Photochromic
naphthacenequinones fall into several types of compounds, namely, aryloxynaph-
thacenequinones with 11-phenoxy (llIA) and 6-phenoxy (llIB) substituents,
naphthacenepyridones (IlIC), naphthacenepyridines (IlID), pyrone (llIE), and
pyrazolnaphthacenones (IlIF).

7.2.1. Methylnaphthoquinoné!

5-Methyl- 1,4-naphthoquinone (I) was obtained by the Diels—Alder addition of
piperylene top-benzoquinoné!
7.2.2. Derivatives of Anthraquinone®*1%-42

1-Methylanthraquinone (Il) was synthesized by fusm{o-toluene)benzoic
acid %(I;]d poly-phosphoric acid and cooling the mixture with the addition of some
water.

1-Arylcyanomethyl-9,10-anthraquinones (ll) were obtained by the interaction
of the corresponding anthraquinone derivatives with phenylacetonitrile and penta-
fluorophenylacetonitrile in dimethyl sulfoxide (DMSOQO) in the presence of aBase.

2-,4-5- and 8-Monoxy-1-aryl-9,10-anthraquinones (ll) were synthesized by the
condensation of corresponding halide anthraquinones with phénols.

1-Aryloxy-2,4-dioxyanthraquinones (II) were produced by the rearrangement
of 1,4-dioxy-2-aryloxy-anthraquinon.

Amino- and methoxy-substituted derivatives of 1-acyloxy-9,10-anthraquinone
(I were obtained by acylation of the corresponding 1-hydroxyanthraquinones using
acetic anhydride and acetyl chloride in the presence of pyfdine.

The synthesis of the series of 2,4,5-amino-substituted derivatives of 1-phenox