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Owing to their versatile photophysical and photochemical

properties, anthracene and its derivatives are being em-
ployed in many systems, for instance as energy migration

probes in polymers, triplet sensitizers, molecular fluoro-
sensors, electron acceptor or donor chromophores in
artificial photosynthesis, photochromic substrates in 3D
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memory materials, etc. One remarkable feature is their
ability to photodimerize under UV irradiation which
induces considerable changes in their physical properties.
Thisaccount reportsthe preparative and structural aspects
of thisvery useful and protean photocycloaddition.

1 Introduction

Over the last sixty years, a number of polycyclic aromatic
hydrocarbons (PAH) have become notorious as pollutants.
Research in this field has been therefore stimulated, especially
in the development of analytical methods to detect traces; these
involve, inter alia, their efficient light emission properties.
Among PAH, anthracene and its derivatives have been
extensively investigated; this is reflected in the ca. 38 000
publications dealing with anthracenes between 1967 and 1998;
about 4000 of them were devoted to the photochemical
reactivity (Chemical Abstracts).

Of gpecid interest are the bimolecular photochemical
reactions of anthracenes. The ring is liable to act as a light
induced electron donor or acceptor, a property easily tuned by
substitution. Anthracenes al so possess photochromic properties
which can be used in the design of optical, electronic or
magnetic switchesincorporated in mesophases, polymers, films
or crystals. These reversible properties are based on the
photodimerization reaction. This account is limited to the
fundamental aspects of the latter reaction in fluid solutions.
Several reviews on the photophysics and photochemistry of
anthracenes have been published! 2 but none of them covers all
the structural aspects of the photodimerization.

2 Brief historical background: the pioneering
period

Anthracene photodimerization is one of the oldest known
photochemical reactions. Fritzsche in 186723 discovered that
solar irradiation of a saturated benzenic solution of a hydro-
carbon (later named ‘photene’) leads to ‘microscopic crystals
which adhere firmly to the sides of the vessel’; they were found
to beinert and almost insolublein organic solvents; remarkably,
the photoproduct, called paraphotene in 1869, was observed to
revert back entirely to the starting compound thermally (slowly
at room temperature but faster at 170 °C in phenetole).t.3

hv
Photene——Paraphotene
heat

Later, photene was identified as anthracene. Elbs in 1891
showed by cryoscopy that paraphotene is a dimer which, unlike
anthracene, does not emit fluorescence.24 In 1905, Luther and
Weigert extended this property to vapour and solid phases.4

But the exact structure was not determined with certitude
until the first crude X-ray analysis by Hengstenberg in 1932.5
Further evidence of the 9,9’ and 10,10’ bonding was provided by
Coulson in 1955, using UV spectrometry.X The X-ray structure
was confirmed by Ehrenberg in 1966.6

During the 1900—1950 period, the photoreaction was sporadi-
caly extended to some monosubstituted derivatives (CHg,
C,Hs, Cl, Br, CHO, COOH) inthe 1, 2 or 9 position and to one
9,10-disubstituted substrate (CN, OCOCHs) as reported by
Calas and Lalande (1960),141 see Table 1. The latter achieved
the first systematic investigation of the photodimerization of
anthracene derivatives, substituted in the meso position (Table
1). In parallel, Applequist (1959)* and Greene (1960)? prepared
some selected photodimers as starting materials for the then

ti.e (1960, reviewed in refs. 1 and 4). Similarly throughout text.
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Table 1 List of 1-, 2- and 9-monosubstituted and 9,10-disubstituted
anthracene photodimers known (a) prior to Calas and Lalande (1960);4 (b)
prepared by Calas and Lalande (1960);4 (c) prepared by Greene (1960)

z

1
OOO 7 = (Me, CI, COOH)?
7
7 = (Me, COOH)?

z
9 Z = (Me, Et, Br, CHO, COOH)?

7 = (Pr", Pr, BU", GgHy1, CHaCgHs, Cl. CN, OCHj,
OC,Hs, OCOCH,, COCHg, COC,Hs)?

7 = (GH,OH, CO,GHy, CO,H, COCI, NOy) ©

Z
OO
10
z
z° CN Me| Et| CH,CgHs | (CHy)sCgHs | Me Me
Z'% | ocoCH; | CN| CON CN CN OMe | OCOCH,
a b

hypothetical 9,10-dehydrodianthracene! and, along with Calas
and Lalande (1960),14 tackled the structural problems of
9-substituted anthracene photodimers. Indeed, the two mono-
mers can theoretically associate with a head-to-head (hh, also
termed cis) or a head-to-tail (ht, also termed trans) mutual
orientation, leading to the hh and ht photodimers represented in
Scheme 1.

Scheme 1 Photodimerization of 9-substituted anthracene derivatives may
lead to head-to-head (hh) and head-to-tail (ht) photodimers.

By measuring the dipole moments of the isolated photo-
dimers of 9-bromo- and 9-cyanoanthracenes, Calas et al.
demonstrated that their structure was ht.4 Independently,
Applequist (1959)* arrived at the same conclusion by applying
the same technique to the 9-chloro, 9-formyl and 9-chloro-
carbonyl derivatives (vide infra).



The photodimers were prepared according to the following
procedure: an aerated (non degassed) solution of the monomer
at concentration 5 X 10-2 M to 10—1 M in an organic solvent
(benzene, cyclohexane, ether, THF, methanol, ethanol) was
irradiated for about 24 hoursin a Pyrex vessel with an external
high pressure mercury lamp which, in addition to its photo-
chemical effect, provides enough heat to maintain the medium
under gentle reflux. Owing to their poor solubility, the
photoproducts were observed to precipitate, or stick to the
reactor’ swalls. After solvent evaporation, the solid was washed
to eliminate the non reacted monomer and recrystallized in
benzene (for instance, 1 litre of benzene is necessary to
recrystallise ca. 400 mg of dianthracene, one of the least
soluble).4

In 1960, Calas and Lalande concluded their study with the
following statement:4 by UV irradiation in solution, most
anthracene derivatives lead to colourless photodimers, not
fluorescent in daylight, and poorly soluble in organic solvents.
The photodimers were shown to thermally regenerate the
monomers. From the demonstration of the ht structure of some
of the 9-substituted photodimers, the authorsinferred, consider-
ing steric and electronic factors, the generality of this structure.
Moreover, they discussed their thermal stability by considering
the difference of melting point between dimer and monomer
(Cdlas and Lalande).4

These systematic investigations of simple substituent effects
on the structure of the photoproducts stimulated the exploration
of the scope of the reaction and in pardle, the first
developments of mechanistic studies.

3 Expansion of the field: scope of the reaction
3.1 Intermolecular photodimerization

3.1.1 Pure photodimers.
3.1.1.1 9-Monosubstituted anthracenes. From thefiftiesup to
now, a number of other derivatives (a selection has been listed

Table2 A selection of 9-substituted anthracenes photodimerized from 1959
to 1998. Some substituents having low lying excited states, can introduce
competitive reactions

Substituent Ref.

CHoNH, 8

CH=NOH 8

CH,NHCOCH3 4

CH,0CH3 (Desvergne, 1981)1

CH,OCOCH; (De Schryver, 1971)t
CH=CH, 9

CH=CH-CgHs 10

C=C—CgHs (Becker, 1984)10
CeHs (Kaupp, 1980)1
CF3 (Mintas, 1989)1
CON; (Chapman, 1969)1
COONa (Cowan, 1972)10
COCqgHs 12

SiMes (Castellan, 1979)*
NH,, NCO (Chapman, 1969)*
E 13

PF, (Heuer, 1989)14

in Table 2) have been photodimerized in order to explore the
scope of the reaction and establish the still unknown structures.
Although most derivatives can photodimerize in a variety of
organic solvents, it was shown that some solvents could affect
the photoreaction: thus 9-formylanthracene does photodimerize
in benzene or toluene but not in ethanol where it undergoes
reduction.” It was also found by Bowen (1953,1955) that heavy
atom solvents, such as CCl,, CS, and CgHsBr are detrimental .

9-Nitroanthracene was shown to photodimerize only in the
wavelength range 420-530 nm; in the range 300400 nm it is
photolyzed into a complex mixture of compounds (Greene,
1960).1

Chemical correlation was extensively used as a method of
structure identification before the advent of high sensitivity
NMR equipment. The ht structure of 9-nitroanthracene photo-
dimer (Scheme 2) was determined by reduction to a 9-aminoan-

N N

NO, NH,
NoH, /EtOH
._—__.__-__—__»

O,N Pd/C HyN

/N 7N

hv
toluene

9-NH,A

Scheme 2 Chemical correlation assigning the ht structure of the isolated
9-nitroanthracene photodimer (Chapman et al., 1969).1

thracene photodi mer whose ht structure had been established by
Chapman (1969),1 using NMR spectra. The amino derivative
structure was also correlated to that of the diacid (Z = CO.H)
through the formation of the COCI, CON3z and NCO deriva-
tives.

But structures determined with chemical methods sometimes
lead to erroneous results, as shown in the following: in an
attempt to obtain a hh isomer, Greene and coworkers (1960)*
irradiated 9-anthroyl anhydride to generate its photocyclomer;
LiAlH, reduction of the latter was described in 1955 as
generating the hh dimer of 9-hydroxymethylanthracene
(Scheme 3). However the authors observed later that, at the
concentration used (4 X 10—2M) they had obtained apolymeric
ht anhydride which, on reduction, provided the ht dimer of
9-hydroxymethylanthracene. The ht structure of the 9-hydroxy-
methylanthracene photodimer thus obtained was established by
high yield reduction of the ht photodimer of 9-anthraldehyde,
whose structure had been assessed by dipole moment measure-
ment (Scheme 3). Despite this correction published 5 years
later, the first paper was often wrongly cited as evidence for the
hh structure of 9-substituted anthracene photodimers. Many
years later, it could be shown by NMR of the crude
photoproduct that theirradiation of 9-hydroxymethylanthracene
leads to a mixture of hh and ht photodimers (see section 4.6 and
Table 6).

At that time, the available experimental evidence strongly
suggested that al photodimers should have aht structure, all but
9-deuterioanthracene as far as deuterium was accepted as a
substituent; this derivative was expected to yield a 50:50
mixture of hh and ht photodimers. The pure ht isomer (Scheme
4) could be prepared from the 9-bromo-10-deuteriodian-
thracene known to have the ht structure (dipole moment
measurement); treatment with a Grignard reagent led to the ht
9-deuterioanthracene dimer whose IR spectrum was compared
with that of theirradiation photoproduct. That the latter exhibits
four more absorption bands than the pure ht dimer can be
considered as good evidence of the hh 9-deuteriodianthracene
formation.15

Among the 9-monosubstituted derivatives examined by
Calas and Lalande (1960),4 9-phenyl- and 9-benzoylanthra-
cenes* were found unexpectedly not to yield their respective
photodimers whereas those of 9-cyclohexyl, 9-vinyl and
9-acetyl derivatives had been characterized. However, the
9-phenylanthracene and 9-benzoylanthracene classical photo-
dimers were isolated by Kaupp et al. (1980),11 and Becker,12
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Scheme 3 Chemical correlations to establish the structure of 9-hydroxymethylanthracene photodimer; it was wrongly published to be hhin 1955, but, after
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Scheme 4 Preparation of the pure ht and of a 50:50 hh and ht mixture of 9-deuterioanthracene photodimers.

respectively; the previously reported negative experiments
might be due to the presence of quenching impurities.

3.1.1.2 Anthracenes monosubstituted in other positions. 1- or
2-Monosubstituted anthracenes are conducive to photodimer-
ization (Table 1). In this case, not two but four photodimers are
to be expected, which may be difficult to separate. Such a
separation has been accomplished by chromatography for
1-chloroanthracene (Heller and Schmidt, 1971),4 2-anthryl-
sulfonic acid (Tamaki et al., 1987),16 1-anthrylcarboxylic acid
(Ueno et al., 1991)16 and 2-anthryloxy derivatives (Lin et al.,
1989).16

Moreover, Becker has recently isolated, in addition to the
above mentioned four dimers a dissymmetrical ht photodimer
involving the 9,10- and 1’,4’-positions for 1-acetylanthracenel®
and methyl 1-anthrylcarboxylate.16

3.1.1.3 9,10-Disubstituted anthracenes. Only two symmet-
rical derivatives are known to photodimerize: 9,10-dimethylan-
thracene (Bouas-Laurent et al., 1970)* and 9,10-difluoroan-
thracene ! Several dissymmetrica derivatives have been
among the first to undergo photodimerization (Table 1); the
photoproducts were found to be thermally labile (Calas, 1960)4
when one of the substituents, at least, is an electron-attractive

46 Chem. Soc. Rev., 2000, 29, 43-55

group (CN, OAc); 9-cyano-10-methoxyanthracene also leads to
an unstable photodimer (Castellan et al., 1975).1 The 9-methyl-
10-methoxyanthracene dimer was found to be a little more
stable (Calas and Lalande, 1960,14 Beckerl4).

3.1.1.4 Disubstituted or trisubstituted anthracenes in posi-
tions other than 9,10. The photochemistry of some x\y-
dichloroanthracenes has been explored by Desvergne et al.
(1978).16 Particularly investigated was a series of x,y-didecy-
loxyanthracenes (x,y = 1,4; 1,5; 1,8; 2,6) which have been
found by Brotin et al. (1992)116 to photodimerize. An
exceptional behaviour was noted for the 2,6 derivative by Fages
et al., (1988),16 Scheme 6. The photodimerization of severa
trisubstituted derivatives has been reported by Lapouyade and
coworkers.17

3.1.1.5 Failures. Despite the fact that 9-bromoanthracene
readily photodimerizes, it was shown to partially undergo
photolysis of the C-Br bond (Bouas-Laurent, 1964).1 This is
presumably one reason (the other being electronic) why
1-cyano-10-bromoanthracene was not observed to undergo
photodimerization (Bouas-Laurent, 1964).1 Most symmetrical
9,10-disubstituted anthracenes failed to photodimerize: diakyl
(R = Et), Ph, OMe (OR), ClI, Br, CN; 9,10-diphenylanthracene



does not even form an excimer (for steric reasons) and is used
as a standard for fluorescence quantum yield measurements
(Birks, 1970).14 For 9-akyl substituents, the boundary between
photodimerization ability and lack of photodimerization lies
between isopropyl and tert-butyl. The latter was found by
Gusten (1980)1 and Dreeskamp (1981)1 to convert into the
9,10-Dewar isomer. However steric inhibition of photo-
dimerization induces an acceleration for the (4 + 2) reaction
with singlet oxygent? (Scheme 5). Conversely 9-trimethylsilyl-
anthracene was observed to smoothly photodimerize in non
protic solvents (Desvergne et al., 1986)1 on account of the
longer C9-Si distance which relieves the steric crowding at the
reaction centre.

Such a steric hindrance in other crowded anthracenes was
also found by Meador and Hart (1989)! to preclude photo-
dimerization and favour Dewar anthracene or photooxide (=
endoperoxide) formation (Scheme 5).

3.1.1.6 Non classical photodimers. Although 9-vinylan-
thracene leads to its (4 + 4mx) 9,10: 9,10’ photodimer8 other
conjugated substituents such as styryl and phenylethynyl were
found to generate a (6t + 61)1° and a (4 + 2w) (Becker,

1984)10 photocyclodimerisation respectively as the main reac-
tion (Scheme 6). The 4t + 2wt photodimer was confirmed by X-
ray structure analysis (Becker, 1984).10

A dissymmetrical photodimer, formed by 9,10:1’,4’ cycload-
dition (Scheme 6), wasisolated as the major photoproduct from
the irradiation of 2,6-didecyloxyanthracene in degassed THF;
the structure was established by UV spectrometry and NMR
(Fages, 1988).16 Finally, Tobe et al., in 1991,1 discovered the
(1,2:1',2") photodimerization of [6](1,4)anthracenophane, an
unexpected (2 + 2) dimerization in a strained anthracene. One
(the major) of the five isolated photodimers is represented in
Scheme 6.

3.1.2 Crossed photodimers. Crossed (or mixed) ‘photo-
dimers originate in the photocycloaddition of two differently
substituted anthracenes; the irradiation of a 1:1 mixture is
expected to produce a mixture of two pure dimersin addition to
the crossed dimer. The chemical yield of the different products
thus depends on the light absorption, the respective formation
photochemical quantum yields and other classical conditionsin
photochemistry. The crossed photodimers, being less symmet-

Dewar
anthracene
G hy e’ ‘ Dreeskam
ees
HsC CH / 1 P
3 (1981)
El
\ endoperoxide

CH,

Hsc\S/_/CH3
i

solvents

R = Me, Et, iPr

A> 30°C

hv
7 e
in non protic .
MesS / i

hv/ toluene, -70°C
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thermally
very stable
mp 219 °C

Lapouyade
(1975y'7

[/

SiMeg

Desvergne
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Meador and Hart
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Scheme 5 Photochemical reactions of sterically crowded meso-substituted anthracenes.
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Scheme 6 Non classical photodimers of anthracene derivatives: (6 + 6rt), (4t + 27), (4nt + 47t/ 9,10:1’,4’) and (2%t + 27) cycloaddition.

rical than the pure dimers, are usually more soluble and,
therefore, are easy to separate (Scheme 7).

The first crossed photodimers (X =Y = H, Z = Me, Bun,
Cl,Br; Z’ = H, etc.) were prepared by Applequist et al. (1964)20
to serve as starting material sfor the synthesis of thethen elusive
9,9’-dehydrodianthracene, a molecule of interest for its unique
structure. The others were obtained essentially for mechanistic
purposes, i.e. to test the role of exciplexes and electron transfer
between donor and acceptor partners in the photodimerization.
In this context, it seems relevant to note the preparation of
mixed derivatives (not reported in Table 3 because they are not
photodimers) between anthracene or 9,10-dimethylanthracene
and benz[a]anthracene or naphthacene respectively (Bouas-
Laurent et al., 1970) as well as 9-cyanoanthracene with
2-methylnaphthalene.19

Table 3 suggests the following comments: (a) 9,10-di-
bromodianthracene could not be obtained photochemically by
Applequist but was prepared by an interesting chemical
transformation from 9,10-dichlorodianthracene. (The latter was
alowed to react with PhsCNa in benzene—ether to give
9,10-dehydrodianthracene (a ‘Dewar’ form of anthracene)

48 Chem. Soc. Rev., 2000, 29, 43-55

which was found to undergo bromine addition in refluxing
carbon tetrachloride (in the presence of peroxide) to yield
9,10-dibromodianthracene). (b) 9,10-Dimethyl-9’,10’-dime-
thoxydianthracene (Scheme 8) is the only meso crossed
tetrasubstituted derivative known. It was found to be more
soluble than the centrosymmetric pure photodimer of 9-methyl-
10-methoxyanthracene and to decompose thermally in benzene
solution ca. 4 times faster than the pure dimer.2l (c) The
irradiation of a1: 1 mixture of 9,10-dimethylanthracene (DMA)
and 9-cyanoanthracene (CNA) leads to a mixture of the mixed
photodimer and pure 9-cyanoanthracene photodimer (Bouas-
Laurent et al., 1969).4 Their proportion strongly depends on
temperature (continuous irradiation in boiling benzene favours
the pure dimer which is thermally more stable than the mixed
compound) and solvent. A polar solvent such as acetonitrile
inducing an electron transfer between DMA (donor) and CNA
(acceptor) strongly decreases the proportion of mixed dimer.
But the mixed dimer was largely predominant in ether, at room
temperature. (d) Based on preceding experience on electronic,
steric and donor—acceptor interactions, a hh mixed photodimer
between 9-methoxyanthracene and 9-cyanoanthracene was



pure photodimers +

crossed photodimer

Scheme 7 Crossed (mixed) photodimerization liable to produce a mixture of
crossed and pure photodimers (see Table 3); theoreticaly, two crossed
photodimers are possible only in the case of footnotef, in Table 3, where the
hh photoproduct was obtained.

Table 3 Known mixed photodimers (see Scheme 7); R = CyoHz1

Entry X Y z yad Ref.
1 H H Me H a
2 H H Bun H a
3 H H Cl H a
4 H H Br H a
5 H H Cl Cl a
6 H H Br Br a
7 H H CHO H b
8 H H Prn Prn c
9 H H Me CH,OMe ¢

10 H H CN H d

11 H H OMe OMe e

12 H H Me Me e

13 Cl H Me Me e

14 Br H Me Me e

15 CN H Me Me e

16 CN H OMe H f

17 Me Me OMe OMe 9

18 H H OR OR h

19 H H R R h

a Applequist et al. (1964), in ref. 20. b Greene (1960), in refs. 1 and 20.
¢ Vember (1966), in refs. 1 and 20. 9 Ref. 19. e Ref. 20 and Bouas-L aurent
(1969), inref. 4.f Castellan et al. (1975), inrefs. 1 and 14. 9 Ref. 21. h Fages
(1985), in ref. 1.

N

pure photodimer
(centrosymmetric)

mixed photodimer

mp 152-185 °C (hot-stage microscope)
ca. 210 °C (projection) mp 160-163 °C (hot-stage microscope)
ca. 185 °C (projection)

Scheme 8 Mixed and pure meso-tetrasubstituted photodimers.

designed and successfully prepared (Castellan et al., 1975).1.14
The selectivity again strongly depends on solvent and tem-
perature, the hh compound being thermally unstable. (e) In
order to increase the solubility of the photodimers in organic

solvents (hence in polymers for photochromic applications),
9,10-didecyldianthracene and 9,10-didecyloxydianthracene
were prepared by Fages et al. (1985).1 Their solubility in non
protic solvents was found to be ca. 500 to 1000 times that of
9,10-dimethyldianthracene (the latter is 10-3 M in CgHg OF
CCly).

3.2 Intramolecular processes: photocycloisomerization

3.2.1 Overview. The photodimerization rate depends on
concentration but if the two monomersarelinked by aninert and
transparent chain, the reaction should become more efficient as
it is not dependent on concentration but on the chain dynamics.
Such systems called ‘non conjugated bichromophores espe-
cialy studied by De Schryver et al. (1977)1 alow the
photodimerization processto becomekinetically first order. The
photocycloadduct is then termed the photocycl oisomer (‘ photo-
cyclomer’ in short). Thusthe photodimerization mechanism can
be studied at high dilution. Conversely, the photocycloaddition
and the intramolecular excimer formation rate parameters
reveal the molecular dynamics of the chain. Thisis the reason
why a large number of bisanthryl systems have been synthe-
sized, where the nature and length of the spacer as well as the
position of the chain on thering (9, 1 or 2) have been varied. In
addition, some bis anthracenylcyclophanes have been studied.
To avoid the competition between intermolecular and intra-
molecular reactions, all these systems are studied at low
concentration (< 10—3M). In hisreview entitled * Unimolecul ar
Photochemistry of Anthracenes’ Becker! has referred to these
bisanthracenes. Here, only some examples relevant to this
account are emphasized but conjugated bisanthracenes are not
dealt with.

3.2.2 Description of some bichromophoric systems.

3.22.1 Non cyclic non conjugated bisanthracenes. Most
bichromophores arelinked by polymethylene chainsdueto their
transparency to light irradiation and their relative chemical
inertness. Replacement of a methylene by an oxygen atom
increases the flexibility (this is also the case for NH to some
extent) and SiMe, groups introduce steric constraints; other
features come from functional groups which may influence not
only the molecular dynamics but also the photochemistry. Let
us consider successively spacers having one, two, three and
more members.

One membered chain: di(9-anthryl)methane was shown by
Bergmark et al., (1978)1 to photocyclize in a classical way
(9,10: 9,10’ closure) but another photocyclization mode has
been observed (9,10:1’,2' closure) for related derivatives,
arising presumably from ground state conformations conducive
to (4n + 2m) cycloaddition (Scheme 9) by Becker et al. (1983,
1985, 1986, 1989)! and Daney et al. (1985).1

Two membered chain: it is remarkable that 1,2-di(9-
anthryl)ethane leads by direct irradiation (¢r: 0.26 in benzene,
Bergmark et al., 1978)1 to the classical photocyclomer whereas,
by sensitization with biacetyl in a benzene solution, Becker
(1985)1 found a 9,10:1’,2’ isomerization with quantum yield
0.1; thus the triplet state induces a 4x + 2m cycloaddition
(Scheme 9).

Three membered chain: these short chains are known to be
ideally suited for photocyclomerization; the classical
(9,10:9,10) cyclization has been observed to proceed effi-
ciently for diverse linkers, through the singlet state e.g. with
CH,OCH, (Castellan et al., 1979) or OCH,022 or (CHy)sl4
and the triplet state with, for instance, -CO—-CH—-CH> or
—CO-CH(CH3)—CH>—* in this case, the triplet pathway is the
most efficient way to the photocyclomer ever experienced (¢r:
0.65-0.72 in benzene, Becker, 1989).1 The CH>-NR-CH,
chain (R = H, CHz, CH,CgHs) was aso shown to provide the
corresponding photocyclomers.22 However, the SiMe-O-
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1986

Scheme 9 Intramolecular photocycloaddition of some bisanthracenes with
one or two member spacers and their cyclization quantum yield (¢y).

SiMe, and SiMe—CH-SIMe, spacers induce a 9,10:1’,4’
photocyclomerization as shown by Desvergne et al. (1989);1
this unusual reaction reflects the ground state conformation of
the bichromophores; such a photocyclization was designed by
Castellan et al. (1979)2 by linking the CH,OCH,, chain with the
9 position of one ring and the 1 position of the other anthracene
(Scheme 10).

Chains with more than three links: most systems involve
9-anthryl terminal groups (1- or 2-anthryl groups are the
exceptions) which are linked by polymethylene chains
—(CHy)—withn = 1-10 (Castellan et al., 1980%) and 12, 14, 18

(Ikeda et al., 19901), polyoxyethylene (POE) sequences (Des-
vergne et al., 1980%) such as (OCH,—CH,),—O— withn = 3-6
and a variety of diesters: -O—CO—CH,)—CO-O— (Greene,
19601), CH2)—O—-CO—CH;)3—CO-0—CH,)— (Fox, 1990%),
—CH,-O—-CO—CH3),—O-CO—CH_— (De Schryver, 19711) with
n = 7, 8 -CO-OHCH,);—O-CO- with n = 11, 12 for
9-anthryl groups (De Schryver, 1971) and n = 2, 3 for
1-anthryl groups, n = 5, 7, 9 for 2-anthryl chromophores (De
Schryver, 1973)1 aswell asn = 3with 2-anthryl groups (Boens,
1976), see Scheme 11.

For o,w-(di-9-anthryl)alkanes (A—(CH,),—A), no photo-
cyclomers have been identified and isolated for n > 4. The
photoproducts of the irradiation of A—-CH,)s—A and A-—
(CH»)6e—A have not been characterized (Castellan, 1980).14 In
contrast, the di-9-anthrylpolyether: A—(O-CH>-CH,),—O-A
(Desvergne et al., 1978, 1979)! generates crown ethers
(Scheme 11) by photocyclomerization; the latter is much more
efficient than for the dianthrylalkanes, owing to the helicity and
the great flexibility of the POE chain (the quantum yields vary
in benzene from 0.26 for n = 3t0 0.20 for n = 6 i.e. for 19
atoms between the reacting centres). The presence of two ester
groups close to the reacting centres in the connecting chain was
found to hinder the intramolecular reaction. De Schryver and
coworkers (1971)1 took advantage of this intramolecular
inertness to prepare photochromic photopolymers e.g. with M,
= 52000 for A—-CO—-O—CH;)1;—O—CO-A involving 86 re-
peating units, linked in the hh and ht fashion.

3.2.2.2 Cyclic non conjugated bisanthracenes: anthraceno-
phanes. The relative rigidity of cyclophanes makes them
particularly attractive to study the connection between the
internal geometry and the fluorescence and the photoreactivity;
they have been extensively studied by Ferguson (1986),!
Mataga, Misumi (1976, 1978)* and their coworkers. [2.2](9,10)
anthracenophane, first prepared as apoorly soluble yellow solid
by Golden (1961) photoisomerizeseasily in solution (¢ : 0.36)
and in the solid state, even at 4 K (Scheme 12) but the
photocyclomer is not thermally stable (Ferguson, 1986).1
Incidentally, it is interesting to note that the syn-[2.2](1,4)an-
thracenophane photoisomerizes into the 9,10: 9,10’ cycload-
duct (more reactive positions) and not through the 1,4:1",4’ less
reactive positions (Scheme 12) although the latter are closer to
each other (Morita, 1978).1

Bisanthracenes incorporated in macrocyclic metal cation
receptors have been shown to display the properties of
fluorosensors and cation modulated opto switches (Bouas-

VAN
Y/
Z=0
Jr's'= 8.6 Hz Ji'n' =72 Jy'3'=76Hz
Ja'10=8.6Hz Js'y' =72 Jy1o=10.2Hz
X CH, CH, O 0 CH, CH, CH, CO CO
Y CH, O CH, CH, NH NH N(CH, CH, CHMe)
z CH, CH, O 0 CH, CH, CH, CH, CH,
Or 0.14 0.30 0.36 0.50 0.17 0.53 0.06 0.65 0.72
Solvent MCH MCH MCH MeOH MCH EtOH AN B B
H+

Scheme 10 Intramolecular (4+4) photocycloaddition of some bisanthracenes with three member spacers and their cyclization quantum yield (¢g). Some
relevant chemical shifts (6, CDCl3) are given. MCH = methylcyclohexane; AN = acetonitrile: B = benzene.
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'‘photocrown' ethers (m=1-4) ht

Desvergne (1978, 1979)"

hh

Boens (1976)

Scheme 11 Intramolecular photocycloadducts of some bisanthracenes with spacers containing more than three members.

photocyclomer of

photocyclomer of
syn [2.2](1,4) anthracenophane

[2.2](9,10) anthracenophane

Golden (1961)", Ferguson (1986)' Morita (1978)’

anthophorene generates
a[2.2.2] cryptand by
photoisomerization

9,10:1',4' photocyclomer of
decaoxa (13,13) anthracenophane
in the absence of metal cations

Desvergne (1992)! Desvergne (1995*

Scheme 12 Photoactive anthracenophanes.

Laurent et al.. 1986, 1991).1 Specia features are the non
symmetrical photocyclomerisation of the decaoxa(13,13)an-
thracenophane (Desvergne et al., 1992)! and the photo-
cycloaddition of anthophorene (Scheme 12) into a regular
cryptand.24

3.2.2.3 Receptors with two anthracenic arms. In line with the
preceding paragraph, it seems appropriate to highlight three
examples of molecular or ionic receptors, different from
anthracenophanes, where the anthracene photocycloaddition
has been employed in order to modulate the binding ability, as
illustrated in Scheme 13.

As sketched in Scheme 133, in the y-CD system of Ueno
et al.,2s prior to irradiation, the cavity is flexible enough to
accommodate a guest (e.g. 1-borneol) but after photocycloaddi-
ton it becomes rigid and thus exhibits a very poor binding
ability. Deng et al.26 (Scheme 13b) showed that the two
anthracene moieties linked to calix[4]arene were transformed
into a ‘lid by photocycloaddition; this operation, which is
reversible, was shown to strongly increase the binding affinity
towards Na* as compared with the other akali metal cations.
The system (c) prepared by Tucker et al .27 isa cation modul ated
opto switch based on reversible light induced crown ether to
cryptand transformation.

066 J

a X :-0-CO- . R:y - cyclodextrin (y CD)

b X :-O-(CHp)-O- . R calix[4]arene

¢ X :-(CHy),-O- ; R:716-diaza-1,4,10,13-tetraoxacyclooctadecane

Scheme 13 Molecular and ionic receptors whose binding ability ismodified
by photocycloaddition.

4 Physical properties and structure determination

Many photodimers and photocyclomers, particularly those with
a centrosymmetric structure, are solids, poorly soluble in
organic solvents. They are generaly purified by recrystalliza-
tion. Column chromatography can also be applied, especially
for the more soluble compounds.1© Their physical propertiesare
surveyed below.

4.1 Melting points

The thermal instability of photodimers is reflected in their
relatively low ‘melting points (often decomposition tem-
peratures) whose values (not corrected) depend on the equip-
ment used and the experimentalist’s skill. Kofler bench and
Maguenne block alow the determination of the instantaneous
decomposition (decomp.) temperature by projection whereas
hot stage microscopes lead to lower temperatures because of
sample preheating and therefore depend on the rate of heating.
Dianthracene itself sublimes and its mp is very difficult to
determine by projection (= 270-280 °C). Severad mp's of
9-monosubstituted and 9,10-disubstituted monomers and of
their photodimers are listed in Table 4.

The 9-cyano substituent induces an additional instability;
moreover, when it is combined with the acetoxy substituent in
the 9-cyano-10-acetoxyanthracene, the mp of the photodimer
(probably of ht structure) is lower than that of the monomer
(Table 4). It is aso noticeable that the only isolated hh
photodimer of a 9-substituted monomer has alower mp than its
ht isomer. It happensto parallel the relative thermal stability in
solution.14

Chem. Soc. Rev., 2000, 29, 43-55 51



Table 4 Melting points of anthracene derivatives (9-X, 10-Y-A)

Substituent mp/°C
ht hh
X Y Monomer Photodimer Photodimer Ref.
CHs3 H 802 > 2502 Calas and Lalande (1960)14
CN H 1782 =205 Calas and Lalande (1960)14
F H 1022 3202, 275° Lapouyades
COCgHs H 1482 214-218P Beckerl.2
OCH3 H 942 225-250p 113-120p Becker14
CN OAc 1992 =150 Calas and Lalande (1960)14

a By projection. P By hot stage microscope.

4.2 Molar mass determination

Early measurements were based on cryoscopy! and ebullio-
metry (Calas and Lalande, 1959).1 Ebulliometry determination
relies on the following known relationship linking the boiling
point variation (ATy,) between a pure solvent and its diluted
solution with the solute concentration: ATy, = KC/M where C
is the solute mass concentration, K the solvent constant and M
the solute molar mass. For example, the photoproduct isolated
after irradiation of 9-vinylanthracene (410 mg in 78 g benzene)
was found to display AT= 0.043 in benzene (K = 2500) which
gives an experimental valuefor M = 390. The theoretical mass
for a dimer is 408. It was concluded that the product is a
photodimer.®

Mass spectrometry (electron impact at 70 V) generdly fails
to provide the molecular peak of the photodimer but displaysthe
monomer molecular peak instead, often as the base peak
(Chapman, 1969).1 However, Schmutzler reported the presence
of the dimer signal at m/z 492 (0.1%) for the photodimer of
9-difluorophosphinoanthracene (Heuer et al., 1989).14 More

recently, Becker successfully used the FAB(+) technique (with
3-nitrobenzyl alcohol as the matrix) to demonstrate the dimer
structure of the hh 9,9’-dimethoxydianthracene.14

4.3 X-ray structure analysis

The method is sovereign but requiressinglecrystals. It was used
for dianthracene in 1932 by Hengstenberg and Palacios to
assign the bonding positions and was refined by Ehrenberg (in
1966)14 and further by Choi et al. (1980).2° The Co-Cy bond
length was observed to be 162.4 pm. The same value has been
found theoretically, using a B3LYP calculation employing a
6-31G* basis set.29 Further elongation was observed by Dunand
et al. (1980) inrelated systems, e.g. for the C9—-C9’ bond length
(166.9 pm) of the photocycloisomer of 1,3-di(9-anthryl)pro-
pane (Scheme 14). The structures of other 9-substituted and
9,10-difluoroanthracenel! photodimers have aso been estab-
lished with the same remarkabl e lengthening of the bond linking
the two halves. Substitution at the meso position also affects the

X ref
H Ehrenberg  (1966)"*
CHO (1968)"*
CF, Mintas  (1989)'
PF, Heuer (1989)"
CH=CH, Sinha (1991)*°

Photocycloisomer of 1,3-di(9-anthryl)propane

Dunand (1980)"

c%-c?:166.9 pm

c'%.c'%: 159.7 pm

c%C': 163.0 pm

Photodimer of 9-(2-hydroxy-2-propylyanthracene Becker(1993)"

Scheme 14 X-Ray molecular structure of some representative anthracene 9,10: 9,10’ photocycloadducts.
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dihedral angles A/B and A/A’ between the aromatic rings
(Scheme 14). A result to be highlighted is the isolation and the
structure determination of two conformational isomers of ht
photodimer of 9-(2-hydroxy-2-propyl)anthracenel4 (Scheme
14).

4.4 Dipole moment measurements

During the 1950-1960 period, one important issue was the
structure determination of the 9-monosubstituted anthracene
photodimers. As the skeleton geometry was known, it was
anticipated that the permanent dipole moment (1) of the ht and
hh isomers should be clearly different for polar substituents
such as CN, Cl, Br. Experimental data were obtained by Calas
et al. (1960)* and Applequist et al. (1959) for the compounds
listed in Table 5. For symmetrical substituents such as CN and
Cl, the theoretica o (ht) is expected to be zero. The
experimental value would indeed reduce to zero if atomic
polarization were to have been taken into account.

Table 5 Dipole moments (Debye) for photodimers of some 9-substituted
anthracene derivatives at ambient temperature

Substituent o exp/D (hh) po calc/D  Ref.

Br 0.36 3.65 a
0.36 38 b

CN 12+03 6.9 a

Cl 0.60 3.8 b

cocl 09+03 04.0 b

CHO 15+01 2.7-4.9 b

aCaaset al. (1959, 1960), in ref. 1. b Applequist et al. (1959), in ref. 1.

These results together with those of chemical correlationsled
to the assumption that all photodimers (at least with polar
substituents) had a ht structure.

4.5 Electronic absorption spectrometry

In involving the 9,10 (meso) positions, the photodimerization
interrupts the conjugation of anthracene, generating four o-
xylene chromophores. Thiswas observed first by Coulson et al.
(1955)1 who showed that €70 nm and &2g0 nm are equal to four
timesthat of o-xylene (see Fig. 1). Thisresult demonstrates the
9,10: 9,10’ bonding. Moreover a considerable hypsochromic
shift (~8500 cm—1) is observed between the onsets of
anthracene and 9,10: 9,10’-dianthracene spectra. Fig. laillus-
trates the gradual disappearance of the 300400 nm absorption
band of an anthracene derivative and the growing of the
9,10: 9,10 classical photocyclomer during irradiation in the
300400 nm range (Desvergne et al., 1995).24 Typica UV
spectra are represented in Fig. 1b: the most frequent absorption
found (curve i) is characteristic of the classica 9,10: 9,10/
closure whereas curve (ii) indicates a naphthalene type
absorption for 9,10: 1’,4’ photocycloaddition (Castellan et al.,
1979);1 in a distinct way 9,10:1’,2’ cycloaddition produces
spectra type (iii) due to the presence of a vinyl-substituted
naphthalene (Daney et al ., 1985).1 Some other spectrashould be
considered e.g. of the 1,4-disubstituted xylene type (Fig. 1c)
(Fages et al., 1988)16 or of the photodimers of 9-styrylan-
thracene (Fig. 1d) (Becker et al.).10

4.6 NMR Spectrometry

The characterization of anthracene photodimers by NMR was
made possible when high sensitivity equipment became availa-
ble, i.e. in the early seventies. The *H NMR chemical shifts of
thetertiary bridgehead protons are characteristic of the structure
whatever the type of cycloadduct: 9,10:9',10, 9,10:1",4’ or
9,10:1’,2". Wilson et al.3! observed in 1969 a singlet at 6 4.56
in CDCl; for the bridgehead protons of dianthracene after 500
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Fig. 1 Some representative electronic absorption spectra of anthracene photodimers and photocycloisomers (with permission); (a) formation of 29,10: 9,10/
photodimer. Reprinted with the permission of Wiley-VCH. (b) Typical spectra of photocycloisomers (i) 9,10:9,10’; (ii) 9,10:1",4’; (iii) 9,10:1",2/
cycloadducts. (ii) Reprinted with the permission of CNRS. (iii) Reprinted from Tetrahedron Lett., 1985, 26, 1505, Copyright (1985), with permission from
Elsevier Science. (c) 9,10: 9,10’ photodimer of a 1,4-dialkoxyanthracene. (d) Photodimers of 9-phenylethynylanthracene (4t + 4t) and 9-styrylanthracene
(6t + 6rt). Reprinted with permission from J. Org. Chem., 1985, 50, 3913. Copyright (1985) American Chemical Society.
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scans. The same year, Chapman et al.l demonstrated the ht
structure of the 9-aminoanthracene photodimer: the authors
obtained satisfactory 13C side-band spectra for the photodimer
dissolved in formic acid using an accumul ation technique; for a
hh isomer the two *H and 13C would form an AA’X spectrum.
It wasfound Jaar ~ 0 and Jisc_y 136 Hz; thisresult established
the ht orientation for NH,. De Schryver et al. (1971)* showed
that 9-anthrylmethyl acetate leads to a 20: 80 mixture of hh:ht
isomers by irradiation in CH,Cl, (Table 6). Kaupp et al.

Table 6 *H NMR signals (6, CDCl3) of bridgehead tertiary protons of
9-substituted anthracene photodimers and hh/ht percentage at ambient
temperature

Irradiation
Substituent  hh ht % hh:ht medium at RT  Ref.
H 4,56 4.56 — Toluene a
—-CH,OAc 420 3.70 0:80 CH,Cl, b
—CH3 457 4.02 40:60 Benzene c
—CsHs — 5.57 0:100 Benzene c
—CH,OCH; 4.67 3.73 40:60 Et,O d
-CH,OH 5.1 45 25:75 CH3OH e
60:40 H,0 + SDS e
(micelles)
OCH3 4.49 441 45:55 Et,O
—SiMes — 4.02 0:100 Et,O
—-CO-CgHs — 6.18 0:100 Toluene h

SDS = Sodium dodecy! sulfate.

aWilson (1969), in ref. 1. b De Schryver (1971), in ref. 1. © Kaupp (1980),
inref. 7. d Desvergne (1981), in ref. 1. e Wolff (1983), in ref. 1. f Ref. 14.
9 Castellan (1979), in ref. 1. h Ref. 12.

(1980)1* demonstrated the formation of a 40:60 mixture of
hh:ht isomers of 9-methylanthracene photodimers; they as-
signed the signals disappearing by heating in refluxing benzene
(6 4.57) tothehhisomer. Most hh dimerswerefound to be more
labile than the ht isomers in solution. Some selected data are
listed in Table 6. Of specia interest are the results of Wolff

Jpg 1 10.5 Hz

Castellan et al. (1975)"

et al. (1983)r who used *H NMR to show the influence of
micelles on the mutual orientation of the monomers: thus, for
9-hydroxymethylanthracene they could remarkably favour the
hh over the ht isomers with SDS in water (Table 6); the polar
substituent (CH,OH) was thus predominantly directed to the
polar micelle water interface while the aromatic part was
directed to the lipophilic part.

Other data regarding the hh mixed photodimer between
9-methoxyanthracene and 9-cyanoanthracene (Castellan et al.,
1975),114 hh and ht photodimers of 1,8-disubstituted anthra-
cenes (Desvergne et al., 1978;16 Brotin et al., 19921) aswell as
some selected photocyclomers (Castellan et al., 19791) are
given in Fig. 2. It is worthy of note that in all cases when the
bridgehead protons form an AB spectrum, the coupling constant
isca. 10-11 Hz as expected from therigid geometry revealed by
X-ray analysis. Because of the effect of vicinal substituents and
variations of the skeleton structure, most chemical shifts of the
bridgehead protons have been found in the range 6 3.7-6.2 in
CDCls.

4.7 Vibration spectrometry

Organic functions have characteristic infrared (IR) absorptions;
some of them (e.g. the carbonyl group) are very sensitive to
conjugation. 9-Anthraldehyde has a strong absorption at 1665
cm—1 which was found to move to 1723 cm—1 after photo-
dimerization; this was taken as an indication that the CHO
group was linked to a saturated carbon in the dimer, therefore
strongly suggesting that the two anthracene halves (Greene,
1960)* were bonded at the 9,9’ and 10,10’ positions.

The presence of two clear absorption bands at ca. 1450 and
1470 cm—1 (splitting of C—H bonding) is a good indication of
the presence of an anthracenic photodimer (De Schryver,
1971).1

In contrast, endoperoxides, which can be formed in aerated
solvents in competition with photodimers when the photo-

z oH;
H 4.60
CeHs 5.34
Br 5.27
CHj 3.87

Castellan et al. (1979)"

Desvergne et al. (1978)" (Z = Cly
Brotin et al. (1992)" (Z = OCgHy1)

Z:Cl ht: 0,:560; 0g:4.67; Jpg:11Hz
ht: 0,:593; 05483, Jpg 11 Hz

Z 1 OCHoq

hh 05 = 0g 1 5.92; 049 =041 4.55
hh 09 = 0y 1 6.08; 8 =0y 4.81

Fig. 2 Chemical shifts (and coupling constants) of some representative bridgehead protons.
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dimerization rate is very low, exhibit characteristic absorptions
at 880-890 and 12301260 cm—1 (Nikitin et al.).32

5 Conclusion

The purpose of this article was to survey the structural aspects
of anthracene photodimerization (intermolecular process) and
photocycloisomerization (intramolecular process). Adopting a
historical perspective may help in reading the abundant
literature devoted to the subject. It appears that the field has
considerably expanded over more than acentury. The reactivity
centres are no longer restricted to the central ring but may also
involve the lateral rings and a variety of photodimer structures
have been described. By means of NMR, UV spectrometry and,
whenever possible, X-ray crystallography, the structure of the
majority of photoproducts could be established but some
failures to obtain photodimers or to isolate and characterize the
photoproducts have been recorded.

There are a number of synthetic methods available to alow
the introduction of a variety of substituents in different
positions, making it easy to incorporate one or severa
anthracene subunits in systems such as artificial membranes,
polymers and other diverse materials where they can provide
the functions of electron transfer relay, light emission switch,
information storage. It is therefore very useful to know the
photoreactivity of anthracenes and, particularly, their versatile
cycloaddition ability.

The mechanistic schemes for this apparently simple reaction
as well as the thermal and photochemical dissociation of the
photodimers will be reviewed in a future article.
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