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One of the classics in photochemistry, the photodimeriza-
tion of anthracenes can be considered as a paradigm of the
photocycloaddition of non saturated hydrocarbons. The
historical steps of the mechanistic studies are reviewed:
based on fluorescence quenching, cyclization quantum
yields measur ement, the influence of dioxygen and solvents,
they support a singlet state pathway; the dimerization rate
constants are found to be generally high for reactions
occurring within a few nanoseconds unless they are slowed
down or inhibited by steric strain. In several cases, excimers
have been demonstrated to beintermediatesand it isshown
that excimer fluorescence and cyclization are competitive
processes. Another intermediate known as pericyclic mini-
mum (or conical intersection) is postulated to form a sort of
floppy cycloadduct wherethereacting centresare at mutual
distances shorter than in excimers and longer than in
dimers. For intermolecular dimerizations, thetriplet stateis
also reactive but through triplet—triplet annihilation in
dilute solutions. Intramolecular photocycloadditions have
also been carefully examined, for the role of multiple
excimer formation, regioselectivity (9,10:1’,4’ and 9,10:1",2
cyclization) and solvent polarity. Thetriplet state reactivity
is shown to lead to 4x + 2x or 4n + 4n cycloadducts,
depending on geometric factors. In the latter case when
inter system crossingisfavour ed by the substituents, cycliza-
tion quantum vyields as high as 0.65-0.72 have been
observed. Photodissociation quantum yields are generally
high and the reactions are partly adiabatic, leading to
excimer and monomer fluorescence, but the major part
follows another pathway not fully elucidated by flash
photolysis. Thermodynamic and kinetic parametersfor the
thermal cleavage are given; they reveal a large gamut of
stability for the photocycloadducts.

1 Introduction

The late 1950s marked the beginning of a new era in
photochemistry because of the systematic investigation of
photochemical reactionsin relation to singlet and triplet excited

tPart 1: see H. Bouas-Laurent, A. Castellan, J.-P. Desvergne and R.
Lapouyade, Chem. Soc. Rev., 2000, 29, 43.
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state reactivity, fluorescence and phosphorescence quenching,
influence of the reaction phase, flash photolysis, actinometry....
These studies led to a better understanding of mechanisms.

Photodimerization which is of specia interest in synthesis
has been the object of extensive studies.1—3.20 One of the oldest
known photodimerizations is that of anthracenel-12 outlined in
Scheme 1.
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Scheme 1 The ‘classica’ photodimerization of anthracene (A) ; the
photodimer (A,) reverts to monomers by photochemical or thermal

dissociation ; this reaction is undergone by many mono and polysubstituted
derivatives of anthracene.

Because the photoaddition process results in the reduction of
the conjugated system (from anthracene to ortho-disubstituted
benzene) the photodimers do not absorb light of wavelength
> 300 nmasshowninthe UV spectraof A and A, (Fig. 1). Such
ashift between the absorption spectraisan advantage for kinetic
studies and provides photochromic properties to the system.
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Fig. 1 Electronic absorption spectraof anthracene (A—) and its photodimer
(A2 - -) in cyclohexane. Irradiation of a solution of anthracene (conc =
10-3-10-2 M) at eg. A = 365 nm leads to A, without photoproduct
absorption interference.

Provided the substituents (e.g. -NO, or —COR) do not
introduce n—st* electronic transitions, this photocycloaddition
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involving a pure n—t* dstate is a ‘clean’ reaction; this
photodimerization can be considered as a paradigm for the (4n
+ 47) photocycloaddition. Much progress was accomplished in
the 1960s, and the discovery of excimers by Forster and Kasper
in 195423713 raised the question of their intermediacy.
Furthermore, from 1965, the Woodward—Hoffmann rulest4
stimulated the search for concerted processes in photo-
cycloaddition reaction.

Several accounts and reviews dealing with this topic have
appeared since 1963.1.3810-12 Here we present a more
complete and updated report covering the essentials of the
mechanistic aspects of the photodimerization of anthracenesin
fluid solution, as announced in the conclusion of the review on
structural aspects;! it focusses on the (4w + 4m) cycloaddition
involving the 9,10 positions of one nucleusand the &', 10’ (or 1/,
4) positions of the other nucleus. The other types of
cycloadditions of anthracenes, (4 + 2m), (27 + 27), (6t + 6)1

are not so much documented. The intermolecular as well asthe
intramolecular photocycloadditions are described. As the
reaction is reversible, the photochemica and thermal dissocia-
tion mechanisms are also considered.

2 Mechanism of photodimerization
2.1 Intermolecular photodimerization

2.1.1Thesinglet excited state (S;) asthereactive state The
mechanism was investigated as early as 1905 by Luther and
Weigert12 and the photophysical aspects were studied sporadi-
cally until 1950 by several authors especially Suzuki.12 Then,
Bowen (1953-1960)# measured the anthracene disappearance
quantum yield at 366 nm as a function of concentration of
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anthracene (A) and showed that a limit is reached at high
concentration because of the trend to aggregation of anthra-
cenes; the aggregates have a specific reactivity close to that of
the solid state. In parallel with theincrease of photodimerization
guantum yield, Bowen observed a self quenching of fluores-
cence and proposed the S, state (YA*) as the reactive state.4
Bowen and others also noted that heavy atom solvents such as
CS; or CgHsBr completely inhibit photodimerization.4

Itisknown that heavy atoms favour intersystem crossing and
therefore trigger the formation of the triplet state (3A*) which,
at that concentration (=10—-2 M), does not lead to photodimer.
But, a low concentration ([A] < 10-3M) in heavy atom
solvents and in the presence of dioxygen, thelatter was found to
add to the 9,10 position to generate 9,10-epidioxyanthracene
(AO,, the so-called endoperoxide).23 It was demonstrated that
AO:; results from the addition of singlet oxygen sensitised by
the triplet state23 to the most reactive positions of anthrace-
ne3A* + 30, — 1A + 10, 1A + 10, — AO,Such areactionis
not competitive with photodimerization in deoxygenated sol-
vents and at substrate concentration =10—3M.

The first measurements of the fluorescence quenching and
photodimerization quantum yields, were extended later to
several derivatives by Vember et al. 1973,7 Cowan and
Schmiegel 19723.7.12 gnd Castellan et al.” (see Table 1) who
determined a series of rate constants. The above experimental
observations can be expressed in Scheme 2.

k.
A* + A —2T . A (photodimer)

kIC kF \
kisc kea
A

knr=kKic+kisc 1/ ti=ki=ke + knr

+

k2= Kgim + Kca
( monomolecular processes) ( bimolecular processes)

CQ = concentration quenching NR = non radiative deactivation

Scheme 2 Kinetic scheme of photodimerization of anthracenes from the S;
state. This Scheme implies the use of classical lamps and excludes two
photon irradiation.

Finally Pereiraet al. in 19717 showed that the photodimeriza-
tion quantum yield of anthracene in the absence of O, at room
temperature, at conc. 0.8to 1.2 X 10—2 M in cyclohexane does
not change within experimental errors when excited at 230, 254

or 365 nm. It was then concluded that the reaction is not
dependent on wavelength.

From Scheme 2 one derives the following equations for the
expressions of fluorescence (@) and photodimerization (¢gim)
quantum yields, assuming the steady state approximation for the
anthracene singlet excited state:

Ve = {ke + k[Al} ke @
O°H e = 1+ Ksy [A]
Stern—Volmer equation (Ksy = Ka71) 2

¢°F is the fluorescence quantum yield determined at high
dilution (=< 10-5 M);

Pdim = kKaim [A]{ks + ko [A]} (©)
¢=dim = kaimlkz ([A] — =) 4
Vdim = Kolkaim + Ko/{ Kaim [A]} ©)
Vodim = V¢=aim + L{ ¢=aim Ko[A]} (Kp = kofks
= kory) (6)

This mechanism requires that the experimental values of Ksy
and Kp areegual. Toillustrate the method, fluorescence (egn. 1)
and disappearance quantum yields data (egn. 6) are plotted in
the following graphs (Fig. 2 and Fig. 3) for anthracene in
degassed benzene.
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Fig. 2 Fluorescence quenching plots (egn. 1) of anthracene in degassed
benzene. I is proportional to ¢r. Adapted from reference 7, with
permission.

Table 1 Rate constants of bimolecular events from the S; state at ambient temperature and other relevant data, according to Scheme 2.1. For the derivation,

see egns. 1-9. A denotes the anthracene nucleus

Monomer T/ns O dim K ko Kgim ch Solvent Ref.
10°M-1s1 10°M-1s1 109M-1s1
A 4 0.16 56 14 225 11.75 Toluene a
A 41 0.34 27 6.6 2.28 4.32 Benzene b
A 0.35 9.8 Cyclohexane c
9MeA 9.5 0.14 130 13.7 1.90 11.80 Toluene a
9 MeA 0.16 4.9 Cyclohexene c
9 EtA 9.2 0.115 85 8.15 1.05 9.20 Toluene a
9 PrrA 9.4 0.067 79 84 0.55 7.85 Id a
9 BurA 9.7 0.075 62 6.4 0.48 5.92 Id a
9,10 diMeA 125 0.02 23 184 0.04 1.80 Benzene b
9,10 diMeA — 17 Cyclohexane c
9 MeOA 6.6 0.164 65 9.8 1.60 9.80 Toluene a
9 CNA 13 0.24 70 5.4 1.30 4.10 Benzene b
9 COOHA 45 0.19 25 5.45 1.05 4.40 EtOH + H+ d
9 COONaA 15 0.10 11 73 0.73 6.57 H,O d

a.b: in degassed solvents. 2 Vember et al. 1973.7.8.10 b Castellan et al.7 ¢ Bendig et al. 1981.10 d Cowan and Schmiegel 1972.3.7.12 Adapted from reference 7,

with permission.
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Fig. 3 Photodimerization quantum yields plots of anthracene in degassed
benzene (egn. 6). For rate constant values, see egns. 7-9 and Table 1.
Disappearance quantum yields were measured at < 10% conversion rate.
Adapted from reference 7, with permission.

Ksv was found to be equal to Kp within experimental errors.”
In Table 1, K represents the average value. From K, ¢gim and 71
(determined experimentally by phase fluorimetry or by single
photon counting) one derives the following equations:

k2 = K/T]_ (7)
Kiim = ¢*dim X Kz (8)
kCQ = ko— Kaim (9)

It should be emphasized that the ‘kqim' reported valuesimply
an elementary step, i.e. without intermediate (vide infra therole
of excimers). Some selected rate constants have been collected
in Table 1.

The vaues of Table 1 show that the photodimerization is a
very fast reaction: kgim being ca. 0.5-2.3 X 109 M—1s—1 (except
9,10-dimethylanthracene whose reactivity is much lower: 0.04
X 100 M—1 s-1, j.e. 57 fold less than anthracene); these high
rates are consistent with reactions occurring during the singlet
state lifetime (4-13 ns).

The bulk increase of 9-alkyl substituents is reflected by a
decrease of rate constants (Kqim), even if the differences are
small. The rate decrease is much more pronounced for
9,10-dimethylanthracene which exhibits a clear steric effect. In
our hands, neither 9,10-diethylanthracene nor its homologues
were found to photodimerize and there is little probability that
thiswill be observed under usual conditions. ¢= 4, isindicative
of the probability that an encounter leadsto a cycloaddition (1/3
for A and 1/50 for diMeA in benzene). Worth noting, although
theresults are not in Table 1, the photodimerization rates (Kgim)
in ethanol of 9-anthroate esters (9-(COOR)A with R = Me, Et,
Bun, But) were found by Shon et al. 19751012 to be in the range
0.63-0.78 x 10° s—1; the ester group crowding does not affect
significantly kgm because it is relatively remote from the
reaction centre.

2.1.2 The role of excimers Here we consider only singlet
excimers. They are 1: 1 complexes (one molecule in the excited
state and one in the ground state) stable in the excited singlet
state and dissociative in the ground state. For aromatic
hydrocarbons, they are characterized by a broad red shifted
fluorescence band.6:9.13 For the most stable excimers, theoret-
ical calculations and experimental evidence favour a dlightly
staggered sandwich configuration with the best overlap be-
tween mt electrons, as suggested by the geometry of molecular
pairs in pyrene crystals 13, and in some bispyrenes or
bisanthrylcyclophanes (Bouas-Laurent et al. 198610.12), Birks!3
determined the rate constants of Scheme 3 for pyrene (whichis
not reactive: krp negligible) in cyclohexane and other solvents
and found that the rate of excimer formation isdiffusion limited
i.e. kpm =100 M—1s-1in organic solvents. The same author
believed that photodimerization is an ‘ extreme case of excimer

Kpm K

RD
®

Az
photodimer)

Ar o+ A 1<AA

MD

- )
kNRM/ \kFM KnNRD \kFD

NR = non radiative deactivation DM = excimer formation

11 =knrp *+ KeD + KrD MD = excimer dissociation

Scheme 3 Kinetic scheme of photodimerization of anthracene including a
fluorescing excimer as intermediate. The scheme implies the use of a

classical lamp (one photon reaction). The notations are taken from Birks.13
(P) denotes a pericyclic minimum (see Fig. 6).

formation’ and if the dimerization is inhibited, that excimer
fluorescence is observed because the two processes compete as
expressed in Scheme 3.

However, the aternative mechanism of a competitive
formation of the excimer (diversion or blind alley) and of the
photodimer was proposed by others (Vember et al.
19737.8.10);

1A% + ASIAA)
A% + ASA,
1A% + A52A

Anthracene does not show excimer fluorescence under usual
experimental conditions in solution but in 1965 Chandrossts
photodissociated its photodimer in a methylcyclohexane matrix
at 77 K, at 254 nm, producing a pair of adjacent anthracene
molecules which are held in mutual contact in the rigid matrix
and emit abroad fluorescence similar to that of excimer (Amnax =
470 nm).

The first evidence of the intermediacy of an excimer on the
way to the photodimer was given in the solid state by Ferguson
and Mau, 1974,8-10 who by using the Chandross technique with
the photodimer crystal as the matrix, measured the excimer
fluorescence quantum vyield versus the photodimerization

12 1.2
1.0 L 1.0
08 L 0.8

206 - L 0.6 F
=S ©
0.4 L 0.4
0.2 L 0.2
0.0 r . . 0.0

0 50 100 150 200
TIK

Fig. 4 Temperature dependence of the photodimerization (¢rp) and excimer
fluorescence (¢rp) quantum yields of the anthracene sandwich pair in
dianthracene matrix. Taken from Ferguson and Mau 1974810 with
permission.

guantum yield from 20 to 200 K (Fig. 4); under these
experimental conditions, these two processes were found to be
strictly competitive ( a ‘crossover’ point at 123 K represents
values of 0.5 for each process).

In parallel, Creed and Caldwell, 19747.10 provided kinetic
evidence, in solution, of the intermediacy of an exciplex
(heteroexcimer) in the (2 + 2) photocycloaddition of 9-cyano-
phenanthrene to trans-anethole, observing the stereospecific
collapse of the maximum overlap sandwich exciplex to the
cycloadduct.

For anthracene in solution, the demonstration of the
existence of an excimer whose fluorescence is not detected
(except under specia conditions, vide infra) came from Cohen
et al. in 1976.27.10 The authors selected an energy acceptor
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photocycloadduct
Creed and Caldwell, 197470

(rhodamine B) which has an absorption spectrum overlapping
weakly with the monomer fluorescence but strongly with the
emission assumed from the ‘non emitting’ excimer; therefore,
energy transfer from the excimer (not from the monomer) to the
dye was expected if the excimer lifetimeis greater than thetime
for energy transfer; irradiation of anthracene at 375 nm leads to
sensitised emission from the dye, thus confirming the formation
of the excimer. Kinetic analysis of theresultswas interpreted in
termsof excimer intermediacy and alowed an estimate of 1-1.5
nsfor its lifetime in a toluene—ethanol 4:1 mixture which isin
good agreement with other authors' data (Ferguson and Mau
19748.9.10), Shortly after, McVey et al. 19768 published thefirst
direct observation and characterization of the anthracene
excimer in solution (0.2 M in CHCl5).

The same year, Boens et al., 19761012 demonstrated
kinetically the competition between intramolecular excimer
fluorescence emission and photocycloisomerization for tri-
methylene bis-2-anthroate in a dilute dichloromethane solution.
Ferguson et al.’6 in 1981, gave clear evidence of the
intermediacy of an intramolecular excimer in the unsymme-
trical  photocycloisomerization of  1,3-bis-(9-anthryl)-
1,1,3,3-tetramethyldisiloxane (ASIMe,OSIMe,A) in a glass
forming mixture of solvents. methylcyclohexane (MCH) and
isopentane (IP). The fluorescence quantum yields have been
measured from 100 K to 300 K and the photocycloaddition

1

PFEM+FD

0.8 0.17

0.61
°

0.4 1

0.2 4

0 = T
100 150 200 250 300

TIK
Fig. 5 Temperature variation of the fluorescence quantum yields (¢) of
ASIMe,OSiMe,A in adegassed mixture of methycyclohexane (MCH) and
isopentane (IP). MCH:IP = 1:3. FM = monomer fluorescence; FD =
excimer fluorescence; Q = quenching. ¢ = 1 — @em + Fo. Taken fromref.
16 with permission.

guantum yield was found to be 0.17 at 300 K. In Fig. 5, one
observesthat, at 220 K, there is an important change in the ¢ep

and ¢q curves; by extrapolation to 300 K it appears that the
increase of quenching (0.17) can be accounted for by the
photoreaction quantum yield which has the same value within
experimental errors.

“O O 0]

g Q~'0

: /\a- ;
coo °

photocycloadduct

trimethyl is 2-anthroat
rimethylene bis 2-anthroate Boens et al., 19761012

Consequently, if we postulate that al fluorescing excimers
are intermediates in the photocycloaddition, and assume the
steady state approximation for tA* and 1(AA)*, the following
equations are derived from kinetic Scheme 3 (egns. 10-20).

O°rmlPem = 1+ Ksy[A] (10)
with Ksy = kpmm (1 — kvp o) (11)
¢*ro = krepTo/(1— kmpp) (12)
¢”ro/ ro = 1+ U(Kro[A]) (13
¢*ro = KroTo/(1— kmp o) (14)
Krp = komZv (1— kmp™o) (15)

= 7, (Ksv + Krp) (16)

kro = ¢~rp (1~ kmp70)/7D 17)
keo = ¢~Fp (1— kmpo)/70 (18)
kom = K/twm(1 — kmpp) (19)
knro = V7o — (Kro + kep + kuib) (20)

From the experimental values of ¢<rp, ¢*rp, Tm, To aNAK =
7(Ksv + Kgrp), and a reasonable estimate for kyp ( =106 s—1,
Birks!3) it was possible to determine the rate constants given in
eqgns. 17-20; they have been listed in Table 2 for anthracene and
9,10-dimethylanthracene.

Owing to experimental uncertainties, these data should be
taken with caution but they suggest that the anthracene excimer
in solution should yield the photodimer with a probability of
0.35 whereasthe latter isca. 0.004 for 9,10 DMA, in agreement
with steric hindrance. Moreover the competitiveness between
excimer fluorescence (kep = 2 X 106 s—1)) and photoreactivity
(krp = 140-500 x 106 s—1) isapparent in Table 2; itislargely
in favour of photoreactivity and non radiative deactivation
(knvrp = 260430 x 10 s—1) for anthracene and this can
explain why the excimer fluorescence is so difficult to observe
in solution.

Table 2 Rate constants of excimer formation and of its deactivation channels at ambient temperature for anthracene (A) and 9,10-dimethylanthracene

(9,10-DMA).

kom 10°
Compound [0 [ K o NS M—-1s-1 kmp 10851 kgp 108s—1  kgp 108s—1  kyrp 10s—1  Solvent
A 0.35 0.004 56 25 14 1 140 2 260 Ta
A 15 235 25 430 Bb
A 500 D.M.c
9,10-DMA 0.004 0.34 95 200 8 1 0.015 14 2.6 Td

a |n toluene (T), using Vember's data,” except ¢=rp. ° In benzene (B) using 7o: 1.5 ns from McVey? in CHCl3. © From Ferguson and Mau 1974810 in
a dianthracene matrix (D.M.). @ In toluene (T), using Vember's and our own data.” Adapted from reference 7, with permission.

252 Chem. Soc. Rev., 2001, 30, 248-263



2.1.3 Energy profile According to the Woodward—Hoff-
mann rules,4 2mtg + 21t (as well as 47t + 4mg) cycloaddition is
photochemically alowed; a state diagram for this concerted
reaction correlates the first excited states (addends to adducts)
and the doubly excited states (D) to the addend and product
ground states, respectively. As the singlet state photoadditions
have been observed to be diabatic, there must be an excited state
potential energy surface crossing to the ground state surface
even if the two states have the same symmetry (in such a case,
there is an avoided crossing). Michl and coworkerst? in 1976
performed ab initio calculations on a model four electron, four
orbital system (H4) which showed that the avoided crossing (at
the so-called pericyclic minimum) can turn into a conical
intersection (or funnel) at arhomboidal geometry (i.e. far from
idealized symmetric reaction path geometries). Hereafter, it will
be denoted Michl’s pericyclic minimun. The first ab initio
verification of this result for real organic molecules has been
realized recently.1819 A simplified energy profile (one coor-
dinate) for inter- or intramolecular photocycloaddition of
anthracenesis represented in Fig. 6. An important featureisthe

a b
kJ mol™ % N b
E/\’ }\/
no ‘E’ fluorescence | only ‘E’ fluorescence 1 *
3[3’: 3 A2
+
360) D —\A; I 0
318 S =2 /
A+ A
vy
A
G ——_{—/ o (29)
A+AI’ ~334 ~164
« d(Co-Cy)

Fig. 6 Simplified energy profile for the photodimerization of anthracenes
(inter-and intramol ecular processes). The reaction coordinate isthe distance
(not to scale) between the 9 and 9 carbons of the two reacting rings. ‘A’
denotes the anthracene nucleus; E the excimer, P the pericyclic minimum
named aso funnel, hole..., S singly excited state, D doubly excited state.
Recent ab initio calculations have shown that, in many cases, the pericyclic
minimum can turn into a conical intersection (multidimensional potential
surface touching). Insert a: formation of phocycloadduct A, without
excimer fluorescence; insert b: excimer fluorescence not accompanied by
cycloadduct formation. Adapted with permission, from reference 17,
copyright 1976, American Chemical Society.

excimer energy minimum relative situation. The main profile
sketches the observation of both excimer fluorescence and
photocycloaddition (eg. for A, 9-MeA, 9,10-diMeA,
A(CHy)4A, ASIMe,0OSiMe,A)8 whereas two other profiles, as
predicted by Gerhartz et al.,»7 are represented in inserts: (a)
formation of cyclophotoadduct without excimer fluorescence
(e.g. for ACH,OCH,A and AOCH,0A);10 (b) excimer fluores-
cence not accompanied by cycloadduct formation (e.g. CeHs—
ACH;0OCH,A-CgH5).8

The energy profile represented in Fig. 6 illustrates the three
cases encountered experimentally; in case ‘a excimer fluores-
cenceis not observed because the activation energy to reach the
doubly excited state surface which generates a pericyclic
intermediate (P), is negligible. If the activation energy is higher
or if thetemperatureislowered excimer fluorescenceisliableto
compete. Some authors (Kaupp 1973,10 Bergmark et al.
19788:12) have described thisintermediate asadiradical (Fig. 7)
in analogy with other diradicals which have been characterized
by chemical trapping and flash spectroscopy;2° but so far, no
intermediate has been trapped. The same argument is applied to

diradical intermediate pericyclic minimum

Fig. 7 Left: diradical intermediate; there is no bonding between 10 and 10/
positions. Right: pericyclic intermediate; there is partial bonding between
the meso positions. Some authors (Bergmark et al. 1978812) do not make a
difference between these two representations.

linked anthracene systems such as bis-9-anthrylmethanes and
bis-anthrylethanes which generate very short lived transients
(Section 2.2.2); the pericyclic diradicaloid intermediate pro-
posed by Michl17 (which can have zwitterionic character) seems
in agreement with the theory of concerted reactions (see Fig.
7).

2.1.4 Intermolecular regioselectivity. 2.1.4.1 Head to-
head versus head to-tail photocycloadducts. In the case of
9-monosubstituted anthracenes head to head (hh) and head to
tail (ht) geometries are possible for the photodimers. Each of
them may be characterized by its own excimer and its own
pericyclic minimum. Simple perturbation theory favours the hh
excimer (as long as steric factors are not prominent); but
according to Michl’s considerations,2t the ht arrangement
should lead to the deepest pericyclic minimum (all other factors
being the same). The profiles, pictured in Fig. 8, suggest that
relative yields of the hh and ht cycloadducts are difficult to
predict.

In practice, even for substituents whose steric bulk does not
prevent the formation of hh photodimers (such as Cl, Br, CN,
CH3, CHon, CHzoCOCHg, CHzoCH3, OCH3) Onlythe ht
cycloadducts were isolated under thermodynamic control and
purified by recrystallization in boiling solvents such as ethanol,
benzene or chloroform. However, after the advent of NMR, the

monomers photodimers

«d(Co+-Cy)

Fig. 8 Simple energy profile, not to scale, for concerted head-to-head and
head-to-taill photodimerization of 9-monosubstituted anthracenes;, (—)
refers to ht and (---) to hh arrangements (two isomers of different stability
are pictured). In most cases the reaction being under thermodynamic
control, the ht cycloadduct was found to be the sole product (adapted from
Bonatic-Koutecky et al.,2t with permission).

crude photoproduct of the ambient temperature irrradiation was
found to be constituted of a mixture of hh and ht photo-
cycloadducts! reflecting kinetic rather than thermodynamic
control; for instance, Kaupp, 1980,110 found that 9-methylan-
thracene gave an hh: ht ratio of 40: 60 by irradiation in benzene,
and assigned to the hh isomer the signals that disappeared by
heating the benzene solution. In pure fluid solvents, the ratio
ht: hh was always found to be higher than 50:50 but Wolff22
showed that the hh isomer can be favoured for 9-methoxyan-
thracene (and other derivatives) irradiated in polar micelles;
then strong intermolecular forces (H bonds) may change the
relative (hh: ht) stability® along the reaction pathway especially
in the excimer and in the pericyclic minimum.
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The hh isomer can aso be generated in an indirect fashion
which implies the existence of intermediates such as excimers
(E) and the pericyclic minimum (P). Wolff 22 irradiated the ht
photodimer (A;) of 9-methylanthracene in n-hexane a a
concentration (10—5 M) too low for the photodimerization to
compete with the other processes and at a wavelength (280 nm)
where the molar absorption coefficient of the photodimer is
comparable to that of the monomer; under these conditions,
significant amounts of the photodimer hh A, was produced in
addition to some A. The author interpreted this result in
postulating the intermediacy of hh and ht excimers in rapid
interconversion (see Scheme 4)

280 nm

htA, —— ht'Ay
ht'a, ——=  2A
ht 1A,* . htE
htE =——= hhE
hte ——— htA;
hh A,

hh E

Scheme 4 Proposed mechanism (Wolff 198522) for the formation of head-
to-head (hh) photodimer by irradiation of the head-to-tail (ht) photodimer of
9-methylanthracene (A) in n-hexane (conc = 10-5 M).

Such an interpretation is backed up by the preferential
formation of the hh crossed photodimer by irradiation of a1:1
mixture of 9-cyanoanthracene (@) and 9-methoxyanthracene (b)
(Castellan et al., 19758.12) at ambient temperature, in diethyl
ether: crossed dimer/pure dimers: 90/10. Thisresult supports an
interconversion between excimers and exciplexes E (aa)*, E
(ab)*, E (bb)* rather than a thermal dissociation of the pure
photodimers (which are stable under the reaction conditions);
the crossed dimer (ab) isthermally less stable than &, and b, and
decomposes slowly into the starting monomers at ambient
temperature (see Scheme 5). One might also consider the
interconversion to occur at the pericyclic (P) stage but the
binding energy between the two monomers seems higher thanin
the excimers (exciplexes).

diethyl ether, 4>300 nm
a+b ab + a, + b,
convetrsion rate 96%

90% 7% 3%

e
———

E(aa)* — P(aa) — a,

+ b

—>  E(ab) —> P(@b) — o ab

hh hh
= (hh)

b =

+ a
1p*

. E(bb)* —= P(bb) — b,

Scheme 5 Proposed mechanism for the preferential formation of the crossed
photodimers ‘ab’ whose yield largely exceeds that expected from statistical
collisions. a = 9-cyanoanthracene; b = methoxyanthracene; E = excimer;
P = pericyclic minimum. See Castellan et al. 1975.8.12

2.1.4.2 Non classical photodimers. Photocycloaddition oc-
curring through 9,10:1’,4’ positions have been observed for
2,6-bis(decyloxy)anthracene (Fages et al. 19881.12), 1-acetylan-
thracene (Becker et al. 19961) and methyl anthracene-1-carbox-
ylate (Becker et al. 19961) in addition to the classical process.
No mechanistic investigations have been performed so far.

2.15 Thetriplet state reactivity (triplet—triplet annihila-
tion) Anthracene photodimerization can also be triplet sensi-
tized with biacetyl as shown by Béckstrom et al. in 1958723 but
the rate was found to be extremely slow (as triplet sensitizer,
one can aso use fluorenone). Saltiel et al. 198312 as well as
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previous authors have shown that the self-quenching of triplet
anthracene with ground state anthracene leads exclusively to
ground state anthracene monomer.3A* + A — 2 A

However, Sdltiel et al.23 demonstrated that triplet—triplet
annihilation (TTA) generates asinglet excimer which collapses
to the photodimer. A complete kinetic study incorporating the
data concerning the dependence of dianthracene (A,) quantum
yield for direct A excitation on absorbed light intensity I,
allowed a quantitative evaluation of the TTA component in
photodimer formation.233A* + 3A* L1(AA)* + other spe-
ciest(AA)* AL AA)* A + ASA* + ASA + A

In air saturated solutions, dioxygen quenching of 3A*
eliminates the TTA contribution to A,formation. At high
anthracene concentration (> 5 X 10—3 M) self quenching
reduces 3A* lifetime and inhibits the TTA process. For
degassed dilute solutions, A, quantum yield was shown by the
authors to be proportional to the square of light intensity,
reflecting the contribution of TTA to A, formation. These
fundamental results provide experimental evidencein favour of
the postulated intermediacy of a doubly excited state in
photocycloaddition (see Fig. 6). This mechanism (TTA) was
later proposed by Becker et al., 1993,1 for the photodimeriza-
tion of 9-benzoylanthracene in toluene, under argon, a a
concentration as high as 5 x 10-2 M (see Section 2.2.4).

2.2 Intramolecular photocycloaddition

These reactions have to be performed under high dilution
(<10—-3M) to avoid intermolecul ar processes. Accordingly, the
kinetic schemes are different from those for the intermolecular
processes (vide infra).

2.2.1 Excimer fluorescence is not observed It is therefore
not relevant to introduce an excimer species in the kinetic
Scheme 6 (the energy profile corresponds presumably to that of
insert ‘a in Fig. 6). The photocycloaddition rate (kg) is

e kR
A* A o AA
1 ) 2
kNR/ \kF kr=9¢r/! ™

=1/ (kr + knR *+ KR)

Scheme 6 Kinetic scheme for intramolecular photocycloaddition. No
fluorescing excimer is observed.

consequently related directly to the singlet state lifetime and to
the reaction quantum yield (¢r). The reactivity kg is aweighted
average of the rate constants from the rapidly interconverting
conformers. A selection of relevant data are listed in Table 3.

Table 3 Fluorescence and reaction quantum yields (@e, ¢3%6g(1-2)) singlet
state lifetimes (7,) and photocycloaddition rates determined according to
Scheme 6 of selected non conjugated 9-substituted anthracene bichromo-
phores (A—Z-A) at ambient temperature, in non polar solvents; A =
9-anthryl; MCH = methylcyclohexane; B = benzene

ke/107
Z ¢|: ¢366R(1.2) T1 (nS) s1 Solvent Ref.
CH, 0.06 0.15 11 135 B a
(CHy)3 0.47 0.14 6 23 MCH b
(CH2)4 0.37 0.08 4.6 17 MCH c
CH,OCH,  0.03 0.30 0.9 330 MCH b
OCH0O 0.06 0.38 04 95.0 MCH d
OCH»),0 022 022 38 58  MCH ¢

a Bergmark et al. 1978.812 b Bouas-Laurent et al. 1980.8 ¢ Desvergne et
al. 1988.24 d Desvergne et al. 1995.24




From Table 3 and other data, it appears that the shorter the
chain, the more efficient the reaction, provided the best overlap
between the two aromatic rings is reached during the excited
singlet lifetime (0.4—6 ns) of the bichromophore. The highest
rate is obtained for three linkage chains where two CH, are
replaced by two oxygen atoms which is known to reduce the
rotational energy barrier. An interesting feature not reported in
Table 3 is the observation by Castellan et al. 19798 and
Desvergne et al. 199524 of a clear increase of ¢r with solvent
polarity; these unexpected results are commented upon below
(Section 2.2.2.2).

2.2.2 Excimer fluorescence is observed.

2.2.2.1 Classical reaction scheme. As discussed earlier
(Section 2.1.2) a fluorescing excimer is now accepted as an
intermediate as described in Scheme 7.

Kom 1( m Y Kep

A A

~

A—A
(cycloadduct)

AN A
(monomer) Ko

(excimer)

kNRM/ \ FM kNRD/ \\ FD

K = Ken + Kru Ky =111y

ko = Kep * Kuro * Kro ky =111

Scheme 7 Kinetic scheme for intramolecular photocycloaddition via a
fluorescing excimer. Birks' notations'3 are used.

Experimental quantum yields ¢rp and ¢rp together with the
transient kinetic analysis give access to the rate constants of
Scheme 7. The fluorescence decay measurements were per-
formed by using the time correlated single photon counting
technigue. The decay parameters (accuracy ca. 10%) can be
determined by a non-linear least square deconvolution method
(see for example Desvergne et al.24 and Marquis et al.2s).

A biexponential decay obeys the following eguation:

[£(t) o« Ag exp(—Agt) + Az exp (—Azt)

Then thetime evol ution of the emission from the locally excited
species Iy (t) and from the excimer Ip(t) could be expressed as
follows, respectively:

Im(t) o< kem (A2 — X) [exp(—Ast + Aexp(—A20)]/(A2 — Aq)

Ip(t) o= kepkom [€xp(—Aat) — exp(—A2t)] /(A2 — A)Ai2 =
ZLX+Y) 2 [(X = Y)? + 4 komkmp] 2}

X = kpm + ky, corresponds to the deactivation channels of the
locally excited monomer.

Y = kup +kp = A1+, —X, corresponds to the deactivation
channelsof theexcimer state. A = Ax/A1= (X — A)/( A, — X);
X and Y can be expressed as a function of A, 4, A, and thus
deduced from the experimental data:

X = A+ A)/A+1
Y = (Al + )/[(A+1)

km = U1y (monochromophoric kinetic parameters)
kom = [Adz + A1 — km(A + DI/(A + 1)

kvp = (X — A1)(A2 — X)/kpm

ko = [(Ad1+ A7) / (A + 1)] — kvp

kep = @rp(kmko + kmkmp + kokom)/kom

Kro = ¢ro(kmko + kukvp + Kokowm)/Kom

Kinetic parameters (kom, kmp, Ko, kep and kgp, Scheme 7)
are evaluated from the preceding equations based on the Birks
model (fluorescence decay of one locally excited species and
one excimer). The expressions of krp and kgp were established
with the assumption that the stationary state approximation
applies to ‘“monomer’ and excimer concentrations.810.13,25

Relevant kinetic data are listed in Table 4. They show the
easy formation of excimers (rate 5 x 108to 2 x 10° s—1) which
is controlled by intramolecular bond rotations in the tether (2)
to reach the appropriate excimer geometry; the photocycloaddi-
tionratesare contrasted (krp = 0.1-35 X 106 s-1) reflecting the
relative steric crowding at the reaction centres; the latter is
severe with the disilyl compound; in this case the photo-
cycloaddition was shown to occur between the 9,10 positions of
one nucleus and the 1’,4’ positions of the other one ( Desvergne
et al. 198824).

2.2.2.2 More complex processes. As shown earlier, Scheme 7
involves one ‘monomer’ (a set of rapidly interconverting
conformers) and one ‘excimer’; hereafter are described two
examples of more complex processes with two ‘ monomers’ and
two ‘excimers’, respectively.

(@) Two consecutive ‘monomer’ conformations. Such a
mechanism (Scheme 8) has been proposed for describing the
fluorescence decay of a macrocyclic compound AAOsOs

O
eGP
o\/ O \_/

9,10 : 1',4' photocycloisomer

Marquis et al?®

Table 4 Monomer (¢rwv), excimer (¢ep), fluorescence and reaction (¢rp) quantum yields; excimer formation and excimer deactivation rate constants for non
conjugated «,w-di(9-anthryl) derivatives A—Z—-A, at ambient temperature. B = benzene; MCH = methylcyclohexane. For ssimplification ‘CH,' is denoted

by ‘C
Z ¢FM ¢FD ¢RD kDM/106 s1 kM D/106 s1 kFD/106 st kD/106 s1 kRD/lO6 s1  Solvent Ref.
O-C(COC),C-O 0.10 0.023 0.26 570 35 111 35 B a
C-(0OCC),0-C 0.024 0.18 0.045 2.050 53 15 1 MCH b
SiMe,C,SiMe, 0.085 0.025 0.0008 1.000 3 0.1 MCH c

aDesvergne et al. 1980.10.12 b Desvergne et al. 1984.12 ¢ Desvergne et al. 1988.24
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M+ Mo E T Photocycloadduct
solvent Koy (5™ kea(s™)

CH3OH 9.10" 5108

MCH 2.107 1108

Scheme 8 Kinetic scheme showing the presence of two sets of fluorescent
monomers, one of them collapsing into excimer E*, postulated to be the
precursor of the photocycloadduct.25

(decaoxa[13.13]-9,10-anthracenophane) which generates an
unsymmetrical (9,10: 1’,4’) photocycloadduct.25

The transient kinetic analysis was performed over a large
temperature range, in severa solvents and at two wavelengths;
the fluorescence profiles were fitted with two or three
exponentials. Some rates constants (kp; and kg,) at ambient
temperature, given in Scheme 8, represent the dynamics of
transformation of conformers M, into M, and that of excimer
formation from the suitable conformers.

(b) Two consecutive fluorescing excimers are on the reaction
pathway. This case has been observed for the 9,10:1'.4’
photocycloaddition of A-SiMe,OSiMe—A (Scheme 9). A
careful fluorescence study (Ferguson et al.16) as a function of
temperature has demonstrated that the unsymmetrical photo-
product isformed from the second excimer Ex* whose geometry
islikely to exhibit partial overlap. A similar mechanism applies

- krp
M*ZT— Ef — g~ ——— — Photocycloadduct
Zmax Amax 3x10's”
480 nm 520 nm (P)
hy
A>340 nm
ASiMe,0SiMesA o >
2 290nm Me;Si

Monomer (M)

Scheme 9 Photocycloaddition through a two excimer route. The rate of
cycloadduct formation at ambient temperature from excimer Ex* was
derived from Ferguson’s data.16

2.2.2.3 o,w-Dianthrylalkanes.  (a) Influence of solvent
polarity. As fluorescing excimers can be characterized as
intermediates in the photocycloaddition, an extensive study has
been performed of «,w-dianthrylalkanes [A—CHy)—A], n =
2-11.26

For long polymethylene chains (n = 4) the excimer formation
was shown not to depend on solvent polarity;26 however the
latter affects the shorter chain bichromophores; the best
documented are 1,2-dianthrylethanes (n = 2) which are
devel oped below; the others (n = 0, 1, 3) are briefly commented
upon: it has been demonstrated by flash photolysis that the
excited state of 9,9’-dianthryl (n = 0) hasan ion pair structure
in polar solvents. In the case of 1,1-dianthrylmethanes, no
excimer emission was detected in the study of photocycloaddi-
tion in benzene solutions either for 1,3-di-9-anthrylpropane in
benzene or ethanol or after cleavage of their photocycloisomer
(Ferguson et al. 19779) (nevertheless excimer emission was
claimed for 1-(9-anthryl)-3-(1-anthryl)propane but the authors
indicated to have observed no photocycloadduct formation (Itoh
et al. 198012)).

(b) 1,2-Di(9-anthryl)ethanes (AC,A). Because the excimer
geometry requires that the ethane link be in an eclipsed
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conformation, which AC,A would not reach spontaneously,
Ferguson et al.27 and Anderson et al. 1979° used the Chandross
photodissociation method to generate two anthracene nuclel
from the photocycloisomer in a very rigid matrix to maintain
them in close proximity selecting as host the photocycloadduct
crystal at very low temperature (<10 K); under these extreme
conditions, splitting occurred at 10 K and a broad red (Amax
~580 nm) emission appeared, followed, at higher temperature,
by ayellow green emission (Amax ~ 530 nm); this speciescan be
rephotocyclized >100 K, i.e. when sufficient activation energy
is available. Because the ethanobridge imposes a rotation
towards gauche and anti conformations, on further heating of
the matrix, a blue structured species was finally formed where
little overlap subsists between the two nuclei; this conformation
cannot be cyclized again;27 see Fig. 9.

— @&@ —
300 nm

photodissociation <10K

Amax ~ 580 nm
red excimer (type 2, Mataga)

ACH,CHA
photocycloisomer
in its crystal matrix

e

Amax =~ 520 - 540 nm
yellow-green excimer
(type 1, Mataga)

structured blue
fluorescence

Fig. 9 Proposed structure for selected conformations of 1,2-di(9-anthryl)-
ethane obtained by photodissociation of the photocycloisomer at 300 nm at
very low temperature, followed by gradual softening of the crystal matrix.
Adapted from Ferguson et al. 1976,27 with permission. Adapted with
permission from Anderson et al. 1979,° copyright 1979 American Chemical
Society.

Another important result was presented by Ferguson® in
1980 based on the temperature dependent quenching of ACA
fluorescence, in MCH-D: methylcyclohexane—decalin. From T
= 200 K, S (lim) = 045, to T = 298 K, O = 0.21, the
fluorescence quenching (A¢es = 0.24) corresponds to the
observed photocycloaddition quantum yield, at 298 K: ¢rp =
0.24. The author concluded that once a nearly overlapped
conformation of two A rings is attained during the lifetime of
the excited state, the consequence is either fluorescence or
photoreaction or both depending on temperature. In that case,
according to Ferguson, there is no need of partitioning in
another intermediate (called pericyclic minimum in this ac-
count) (see Fig. 6). This case might correspond to a partitioning
coefficient o = 0.95, i.e. the photoreaction is too fast to allow
another channel to compete. A similar statement was made for
ACHA by Ferguson in 1981.°

These experiments were complemented later with extensive
caculations by Scholes et al. 199112 using semi-empirical
methods (SCF-MO-CI trestment of valence m electrons).
Computation of the ground state and excited state surfaces
allowed the description of the geometry of two excimers (E;,
E) at A; = 500 nm and A, = 550 nm. Scholes also studied the
room temperature fluorescence decay using the time correlated
single photon counting technique and found two pure compo-
nents (kinetic parameters: 1/A: 0.43 ns, A:20690 and 1/4’:2.5
ns, A’; 4426 in methylcyclohexane/isopentane: MCH/IP) which
he assigned to the localy excited state and to excimer Eg,
respectively. From these data and the experimental photo-
cyclization quantum yield and according to equations derived
from Scheme 7, the rate constants for excimer E, formation and
its transformation into photoisomer were determined (Scheme
10).

In a study of the solvent influence by picosecond flash
photolysis, Yao et al.28 demonstrated the ultrafast formation of



krp : 2 x 10%""

kom : 1.7 x 10%"
A-CHy-CHp-'A* o—————>E "~ (E})—> Cycloadduct
kMD 13X 1085'1 (P)

monomer excimer excimer @y 0.24
300 K 77 K
0.4ns 25ns 90 ns
Amax(PM) 460 530 (Hayashi 1976 %)
500 540 (Ferguson 1976 %7
500 550 (Scholes 1991 12)
A (366 nm)
A-CHy-CHyp-A o
A (280 nm)

Scheme 10 Photocycloisomerisation of 1,2-di(9-anthryl)ethane (A-
CH,CH>-A) in MCH:IP; excimer (Ey*), characterized at 77 K, was not
observed at ambient temperature presumably because the fluorescence
cannot compete with the photoreaction. The ‘monomer’ is a mixture of
ground state conformers. (P) denotes the pericyclic minimum (see Fig.
6).

an ion-pair (i.p.) by intramolecular electron transfer in acetoni-
trile (Scheme 11, and spectra in section 3.1.2); this was not
unexpected by the authors who derived a value of 2.85 eV for
the i.p. energy, (E7%, A+/A: + 0.96; EZ, A—/A: —1.99 €V vs.
SCE in CH3CN); the S; level being = 3.2 eV, the electron
transfer should be exothermic by ca. 0.35eV. It was a so shown
that the i.p. collapses to excimer E;. Therefore, a dlightly
different mechanism is proposed for polar solvents in Scheme
11.

+o ~
A-Co-A* 7 AC,-A™ 2 E1*(&') (E2*) == Cycloadduct

P)
monomer ion pair excimer  excimer
300K 77 K
E(eV). 3.2 2.85 2.5 23
Amax(nm) 500 550

Scheme 11 Possible reaction scheme for 1,2-di(9-anthryl)ethane (AC,A)
photocycloisomerization in acetonitrile at ambient temperature. Excimer
(E*,) was characterized only at low temperature (Hayashi et al. 1976.28).
The ion pair was detected by ps flash photolysis (Yao et al.28). E (eV) =
excited state energy. For other symbols see Scheme 10.

(¢) 1,2-Di(1-anthryl)ethane (1A—-C>-1A). This molecule,
studied by Hayaschi et al. 1976, 197728 was shown to
photocyclize into the 9,9:10,10’ cycloadduct. Using pico-
second flash photolysis, Y ao et al.28 could measure the kinetics
of the i.p. and excimer E; formation in acetonitrile, the latter
implying probably some harpooning effect.2® But despite the
intermediacy of the i.p., the cyclization quantum yield was
found to be similar in MCH and acetonitrile (¢r:0.2),
presumably because, in this case, the slow step is the
transformation of E; into the cycloadduct (Scheme 12).

Asnoticed by Yao et al.,28 1,2-dianthrylethanes are examples
of a composite system with identical halves that undergo
solvation induced symmetry breaking in the S; state and whose
symmeltry is restored by excimer formation (contrary to 9,9-
dianthryl); this is due to the exceptional redox properties of
anthracene.

2.2.3 Other dianthrylswith short flexible chainsIn section
2.2.1, two remarkable bichromophores ACH,OCH,A and

23x10%s 1

101 -1 +» —. %
1A-C1A" — = 1AC, 1A —="E, 1> (E)
gauche ion pair excimer excimer
- Py
Cycloadduct
Aogs-*
1A-C,-1A*
anti A>300nm
1A-C,-1A
A <300 nm

Scheme 12 Proposed reaction scheme for the photocycloisomerization of
1A-C,1A in acetonitrile. The two sets of conformers react at different
rates and theion pair was shown to collapse to excimer E;* which probably
involves some harpooning effect.2® For further details see Schemes 10 and
11. Possible back electron transfer from the ion pair to 1A-C—1A ground
state has not been included in the Scheme.

AOCH,0A have been reported to undergo a very efficient
photocyclization (Table 3), attributed to an exceptional flex-
ibility of the chain linking the two reactive entities. Fur-
thermore, the reaction quantum yield was shown to increase
with solvent polarity.gr (ACH,OCH,A): MCH = 0.30,
CH3CN = 0.50 (Castellan et al. 19798)¢r (AOCH,0A): MCH
= 0.38,CH3:CN = 0.43, MeOH = 0.54 (Desvergne et al.
199524)

These solvent effects are surprising for symmetrical bichro-
mophores. In view of the preceding results on 1,2-dianthrylalk-
anes, it is tempting to propose the formation of an ion pair as
intermediate which could accel erate the cycloadduct formation
by some sort of harpooning effect2® (Scheme 13). No excimer
emission has been detected. Nevertheless, more work is
necessary to ascertain the mechanism.

kVTOT
T ey T ke
A A (E) —— Cycloadduct

P T ?

eT . Kot (harpooning)

TUA A
(CH,CN)

Scheme 13 Suggested mechanism for photocycloaddition of ACH,OCH,A
or AOCH,0A in non polar (MCH) or polar (CH3CN, CH3OH) solvents;
krot» K'ror denote bond rotation rate constants to attain a non fluorescent
excimer (E) geometry; eT denotes electron transfer. It is assumed that krp
>> Ko and K'por.

2.2.4 Intramolecular regioselectivity (a) A dissymmetrical
mode of cyclization, the 9,10: 1’,4’ closure has been found for
some bichromophoresincorporating dimethylsilyl groupsin the
linking chain: ASIMe,OSIMeA16 and ASiMe—~(CH,)r—
SIMeA (n = 1, 2) (Desvergne et al. 198912). The photo-
reactivity of the first compound is considered elsewhere in this
account (sections 2.2.2.2 and 3.1.2). These derivatives seem to
follow the same singlet state mechanism as the classical
bichromophores (Schemes 7 and 9) and involve one lateral ring
for steric reasons. Thisis borne out by the exclusive 9,10: 1”4/
closure of 9-(1-anthrylmethoxymethyl)anthracene (1A—
CH,OCH>—9A) (Castellan et al. 19798).

(b) Another mode of cyclization is undergone by some
bichromophores bearing a short linking chain (1 to 3 links); it
consists of an intramolecular Diels-Alder reaction involving a
9,10: 1,2’ closure. Most of them cyclize through a triplet state
route and are examined in the next section (2.2.5). Here it is
worth highlighting the singlet state reactivity of some akyl
anthranilates (Fig 10). Becker et al. 198912 found that the
reaction proceedsin solution with high quantum yield, the latter
isnot affected by dioxygen; remarkably also, the closure, which
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Cy-Cy:286A

quantitative yield
&dr:045

Fig. 10 9,10:1’,2" (Diels-Alder) photocycloisomerization of methyl
9-anthrilate in toluene. Thereaction is stereospecific and proceeds smoothly
at = 200 °C (Becker et al. 1989.12),

can proceed smoothly by melting (= 200 °C) isquantitative and
stereospecific. These results are suggestive of a hot ground-
state reaction due to geometric constraints as evidenced by the
short Cg—Cy’, distance and the broadening and bathochromic
shift of the UV spectrum. Di(9-anthryl)dimethylsilane (ASi-
MeoA) might react in the same way (Daney et al. 198512) but
experimental evidence for such a mechanism is lacking.

2.2.5Thetriplet statereactivity Theintramolecular cycliza-
tion can proceed efficiently through the triplet state, as has been
demonstrated by biacetyl triplet sensitization and dioxygen
guenching: the triplet reactivity was observed for short chain
bisanthracenes, especialy (but not exclusively) when the
compounds include a 9-anthroyl group. The regioselectivity
9,10:1’,2’ or 9,10: 9",10’ seemsto depend on geometric factors.
Some typical examples are given below:

4 © + 2 © cycloaddition. Becker and coworkers'2 have
observed this closure for cis-di(9-anthryl)ethylene, di(9-an-
thryl) ketone, 1,2-di(9-anthryl)ethanone and a series of 1,2-di(9-
anthryl) ethanes. In the latter case, a competition occurs
between the singlet state route (more efficient) and the triplet
pathway which must be sensitized, unless there are substituents
favouring intersystem crossing such as X = CgHsCO (Fig.
11).

4z + 4x cycloaddition. Thetriplet sensitized cycloisomeriza-
tions were observed by Becker and Amin, 198912 to give 4rt +
45 cycloadducts if the molecular geometry of the ground state
facilitates parallel alignment of the anthracene moieties asisthe
case for propano-linked systems where the reaction quantum
yields were found to be remarkably high and to exceed those of
the corresponding excited singlet state reactions (Scheme 14).
Such is the case, also, for an ethanolinked bichromophore, the
1,1, 5,5-tetrachloro-di(9-anthryl)ethane (Becker and Anders-

hv > 360 nm

-—————— CH,
direct or biacetyl
sensitized CH,

Dr X
biacetyl

0.1 - H

direct

0.005 COCqgHs

son, 198512), which by biacetyl sensitization, is transformed
exclusively into two isomeric 4t + 4n cycloadducts in high
yield (pgr = 0.43).

Despite the great interest of these results, no in-depth
mechanistic study has been performed so far on the intra
molecular triplet resctivity.

hv>420nm
A-C-CHX-CHY-A 4 1 + 4 7 cycloadduct
Il biacetyl
0
X Y or @r (air saturated)
H H 0.65 <0.02
H,C H 0.72 0.02

Scheme 14 Typical example of triplet sensitized cycloisomerization of
some propanolinked bisanthracenes. The quantum yields are the highest
observed for the cycloaddition of anthracenes.

2.3 Effective molarity

The effective molarity (EM) is the ratio of intra- over inter-
molecular rates of cycloaddition; it is therefore an indicator of
the concentration under which the ring formation predominates
over the polymerization. For photocyclomerization without
excimer (2.2.1) it follows that:kg (intra) = kgim (inter) [EM]kg
was observed to be in the range: (2-90) x 107 s—1 for shorter
chains (Table 3) and Kgim = 1-2 X 109M—1s-1in the absence
of significant steric effect (Table 1). It is therefore advisable to
have: [EM] < 2 X 10—2M but for very high closurerates, [EM]
can reach 4 X 10—1M.

When a fluorescing excimer is observed, the comparison
should be made between kpy (inter) which was found to be
diffusion controlled = 1010 M—1 s—1 (Table 2) and kpy (intra)
reported to bein therange (3-20) x 108s-1(Table4). Itfollows
that:kpm (intra) = kpm (inter) x [EM]Consequently the
effective molarity should be: [EM] < 3 X 10—2M. For longer
chains, lower values of [EM] should be considered.

3 Mechanism of photochemical and thermal
dissociation

3.1 Photodissociation

3.1.1 Photodissociation quantum yield By irradiation in the
range 250-290 nm, anthracene photodimers (or intramolecular

Fig. 11 Direct and triplet sensitized (typically AC,A 2 x 10—3 M in benzene at 420 nm, with biacetyl 2 x 10—1 M under argon) irradiation of di(9-
anthryl)ethane derivatives. The phosphorescence of biacetyl has been found to be quenched at nearly diffusion controlled rate.
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cycloadducts) photodissociate into two anthracene nuclei; but at
those wavelengths, the monomers redimerize. Eventudly, a
photostationary state is reached when the two rates (r; _, » and
r,_, 1) are equa (Scheme 15).

12

A+ A A2
M f2-1 @
Scheme 15 Rates of photodimerization (r; _, ;) and of photodissociation
(ra_1)

These rates are expressed as a function of the quantum
yields:

rio= ¢r2 X la
fro = ¢og Xl

lax is the intensity absorbed by the monomer which is
proportional to I X (OD1);. |5 is proportiona to 1o(OD,); at
the excitation wavelength A ( OD denotes optical density
instead of absorbance A which is used as a symbol for
anthracene); therefore, it becomesig; o> X 1o X (ODq)x = ¢o1
X lo X (OD2)ad2-1 = ¢1-2 X (ODy) 4/(OD2)x

Assuming that ¢;_» does not depend on wavelengthi.e. isthe
same at 366 nm and 250-290 nm as shown by Pereira et al.
19717 for anthracene, and knowing (€;), itiseasy to derive ¢ ;.
The values obtained for someintermolecular and intramol ecular
processes are collected in Table 5.

Table 5 Intermolecular and intramolecular photocycloaddition and photo-
dissociation quantum yields of some anthracenes at ambient temperaturein
diverse solvents. ¢>_1 = @giss

= dim P12

(intermol.)  (intramol.)  @giss
Compound A:366nm  A:366nm A 254nm  Solvent
A 0.35 0.63 CHa

0.55® ANP

9IMeA 0.16 0.81 CHe
ACHZA 0.15 0.76 Bd
ACHOHA 0.29 0.81 Bd
A(CH,)A 0.24 0.80¢0 MCH-De
ACH,0OCH.A 0.30 0.64 MCHf
ASIMe;OSIMeA 0.17 0.81 MCH: P9

(i) 269 nm (ii) at 283 nm. MCH = methylcyclohexane; AN = acetonitrile;
CH = cyclohexane; B = benzene; D = decalin; IP = isopentane. ¢giss(A2)
= 0.35 (93 K), 0.22 (83 K), 0.55 (300-100 K) (Yamamoto and
Grellmann3%) aKei Sin Wel and Livingston, 1967.10 b Kaupp, 1971.7
cBendig et al., 1981.10 d Bergmark et al., 1978.810.12 e Ferguson, 1980.9
f Castellan et al., 1979.8.10 9 Ferguson et al., 1981.16

It is noticeable that the sum of the two processes (direct and
back reaction) most often amounts to 1 within experimental
errors and this has been an argument in favour of the existence
of a common intermediate between photocycloaddition and
photocycloreversion (see energy profile, Fig. 6). This point is
developed in the next section.

3.1.2 M echanism of photodissociation Thefirst resultswere
reported by Menter and Forster 197230 on the photocleavage of
di-9-methylanthracene (MeA), in acetonitrile (104 M) at Adexc.:
270 nm. The authors observed the fluorescence emission from
the excimer and from the excited monomer in low yield,
indicating a partial adiabatic pathway. Moreover they showed,
by dioxygen quenching experiments, that the main fraction of
excited monomer MeA* is formed directly from the excited
photodimer (MeA),*. Their results were found to be consistent
with the following equations:

(MeA)z — (MeA)y* (Aexc. 270 nm)
(MeA),* — 2 MeA + KT
(MeA),* — (MeAAME)* (MeA)* — (MeA)* + MeA

(MeAAMe* — 2MeA + hvp (excimer fluorescence)-

(MeAAMe)* — 2MeA + KT

(MeA)* — MeA + hvy (monomer fluorescence)(MeA)* —
MeA + KT

Because of the very low yields of the adiabatic pathways, it
was concluded that the major fraction of the photochemically
reacting molecules prefer a diabatic path.

In 1977 and 1978, Ferguson and coworkers® also observed an
excimer fluorescence emission as a product of the photo-
dissociation of the photodimers of anthracene (A>), 9-methylan-
thracene (MeA),, the photoisomers of 1,2-di(9-anthryl)ethane,
1,3-di(9-anthryl)propane and other related compounds; the
experiments were conducted in hydrocarbon matrices at various
temperatures (100 — 298 K). The recognition of a thermally
activated rate for the formation of the excimer implies the
existence of a non-fluorescent precursor representating the
primary photodissociated product state in the reaction and this
was believed by the authors to be an excited state of Michl’'s
pericyclic minimum.

In 1981, Ferguson et al.16 investigated the photodissociation
of the photocyclomer of 1,3-di(9-anthryl)-1,1,3,3-tetrame-
thyldisloxane ASiIMe,OSIMe,A whose closure has been
examined in section 2.2.2.2 (see Scheme 9); the dissymmetrical
photocycloadduct incorporates a 2,3-disubstituted naphthalene
chromophore which was excited at 290 nm. Interestingly, the
photocycloisomer cyclo(ASIOSIA)* emits fluorescence whose
intensity changes with temperature; at 100 K, the emission is
characteristic of the naphthalene chromophore and lies in the
ultraviolet. At =120 K, a broad excimer band appears in the
visible region and grows, at the expense of the naphthalene
emission, until the temperature reaches 225 K and then drops
(Fig. 12). The excimer fluorescence guenching was interpreted
as due to photocycl oaddition.16 However, the photodi ssociation
(quantum yield = 0.81 at ambient temperature) is not totally
accounted for by the above experiments.

(cyclo ASIOSIA)*

Excimers
02 (100K)
E,+E b
TR FM [ 0.01 (300 K)
0 (100K)
Dep| 017 (225K)
0.04 (300 K)
s (CYClO ASIOSIA)

ASIOSIA
Fig. 12 Photodissociation of cyclo(ASIMe,OSiMe,A) abbreviated ASIO-
SiA at 290 nm in a glass forming solvent composed of methylcyclohexane

and isopentane (1: 3), the fluorescence quantum yields of the excimers (E;
+ E») ¢rp Were determined in the temperature range 100-300 K. See ref.
16.

An in-depth study was undertaken at the same time by
Yamamoto and Grellmann3? on dianthracene (A,) and di(9-
methylanthracene) (MeA), in  2-methyltetrahydrofuran
(MTHF) (104 M, Aexe = 270 nm) in the 100-300 K
temperature range. The authors recorded the fluorescence of
A2* (Amax 315 nm), A* (Amax 380, 400, 424 nm) and of the
excimer (AA)* (Amax =540 nm) following excitation and the
variation of the fluorescence yields versus temperature. In
agreement with previous work (Menter and Forster 1972,30
Ferguson®), they found a distinct temperature dependent
excimer emission; from flash photolysis (20 ps pulse of 265 nm
light, time resolution 400 ps), the build-up and decay of excimer
fluorescence was determined and it allowed the calculation of
temperature activated parameters. These experiments and
othersled to the establishment of a mechanistic diagram which
implies an intermediate (electronically excited tight complex
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Xs) through which the magjor part of the singlet state proceeds at
293 K. At lower temperature, the dissociation proceeds through
the triplet state which should aso involve an intermediate Xt
partitioning into A and A,. The triplet route has been shown to
be exclusive at 77 K. The proposed pathways are sketched in
Fig. 13. In addition, it should be emphasized that the authors
established that the photodissociation is wavel ength dependent.
These studies were extended to the anthracene-tetracene
crossed photodimer (Y amamoto and Grellmann, 198210),

@~ 1.0 (298 K)
. . ¢ ~0.64 (205K)
la’a) 'a

540 nm 424 nm

20, 30 40y e 1A
wavenumber (1000 cm™) - l'
I
!
1A% : ’I
A £ 1 T Amax
dl\ ) 315 nm
¢ 0,001
Amax Xt 203K
380-
424 nm
3 *
A
//’ T As
e ’I i ~29K mol!
W“ (¢ « d(Cs+Cy) ¥
4

Fig. 13 Proposed energy profile for the photodissociation of the photo-
dimers of dianthracene (A,) and di(9-methylanthracene) (MeA), in MTHF.
At 293 K, the splitting occursin the singlet state proceeding mainly through
an electronicaly excited tight complex Xs (the pericyclic minimum) and
partially through an excimer 1(AA)*; the fluorescence quantum yields were
found to be temperature dependent and very low at 293 K. At lower
temperatures, the dissociation was shown to follow the triplet (3A5*) route
whichisexclusiveat 77 K. I nsert: absorption and uncorrected fluorescence
spectra of adegassed 10—4 M solution of A, in MTHF at 293 K (Aexc. 270
nm). Adapted from Y amamoto and Grellmann,3° with permission.

Manring et al. (198524) studied the photocycloisomerization
of two di(9-anthryl)methanes (Scheme 16) and their dissocia-

H
355 nm Q ‘_‘!} 7
i 266 nm ,-‘
CC /N
1 alZ=H 2
b Z=0OH

Scheme 16 Photocyclomerization of di(9-anthryl)methane (1a) and di(9-
anthryl)methanol (1b) at 355 nm and photodissociation of their photo-
cycloisomers 2a and 2b at 266 nm using picosecond laser absorption
spectroscopy with a pulse width of 25 ps. 1 — 2 conversion was < 5 % and
2 1< 2%. (Manring et al. 1985.24)

tion in various solvents by picosecond laser absorption
spectroscopy in order to characterize a common intermediate
(CI) (presumably the Michl pericyclic minimum). The tran-
sients were probed between 500 and 800 nm. Clear results were
obtained in acetonitrile where laser excitation at 355 nm (of 1a,
1b) and at 266 nm (2a, 2b) produced similar transient spectra
within 60 psof the laser flash (Fig. 14). The peak at 595 nm was
assigned by the authors to the Si* « S;* absorption, which
becomes the more intense in the non polar solvents, suggesting
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2b*
655 690 ©
1b*
_r\k~
X
(T=1.120.1ns)
500 60.0 70‘() 800
wavelength/nm
. 2b
1b

Fig. 14 L eft: Spectraobserved in CH3CN after 60 ps: — (355 nm excitation
of 1b), ----- (266 nm excitation of 2b); the two spectra have been normalized
to show their identity. The shape of the transient does not vary with time
(lifetime: 1.1 + 0.1 ns). Right: proposed energy profile featuring the
formation of the transient X (k, k' = 1.5 X 10%0s-1), Adapted with
permission from Manring et al. 1985,24 copyright 1985 American Chemical
Society.

that the two other peaks (655nm and 690 nm) belong to a
species with a charge transfer character. The authors describe
this transient as a common intermediate with an intramolecular
ion-pair structure and they consider that it coincides with an
excimer in acetonitrile. Similar spectrawere observed in ethanol
but, in ether, the nature of the transients could not be defined.

Further picosecond laser absorption spectroscopy was ac-
complished by Yao et al.,22 who were able to describe an
intramolecular electron transfer in acetonitrile for 1A-—
CH,CH>—1A (see Section 2.2.2.2c) in comparing the spectrum
obtained 60 ps after the flash with the absorption spectra of the
S, state, the anion radical and the cation radical, respectively of
1-methylanthracene (Fig. 15). It is clear that the transients

595 1A*
1 A* _ +
FOA 700 G
/\é-/\ /—/_/\A
+
500 600 700 800 30 A-
i i 1 1
wavelength / nm
500 600 700 800
11 3 1 i

wavelength / nm

Fig. 15 L eft: Spectrum observedin CH3CN after 60 psof 1A-CH,CH 1A,
the absorption at 595, 710 and 740-750 nm are characteristic of the locally
excited (1A*) and of anion-pair. Right: reference absorption spectra of the
S, state, the anion radical and the cation radical in acetonitrile of
1-methylanthracene, respectively. Adapted with permission from Yao et
al.,28 copyright 1989 American Chemical Society.

observed by Manring et al. 198524 do not correspond to those of
ion pairs and therefore their assignment is questionable. The
spectra(Fig. 14) aso cannot be assignableto that of an excimer.
Such a spectrum has been obtained by Dvornikov and
Rentzepis3! asthefirst transient, 100 psafter photolysis, of di(9-
methylanthracene) (MeA), at 266 nm in 1,2-dichloroethane; it
is characterized by awide absorption with bands at 480, 780 and
860 nm (Fig. 16) and alifetime likely to be that of the excimer
of 9-methylanthracene.

In conclusion, the photodissociation mechanism of anthra-
cenes photodimers or photocycloi somers does not seem to be as
well understood as that of the photocycloaddition. Most studies
have been conducted on dianthracene, di(9-methylanthracene)
and the photoisomers of 1,2-di(9-anthryl)ethane, 1,2-di(1-
anthryl)ethane and di-9-anthrylmethane, in various solventsand
under different conditions. An adiabatic path leading to an
excimer has been well established by fluorescence spectroscopy



780 g60

480

590 600 790 890
Wavenumber/nm

Fig. 16 Transient absorption of the photodimer of 9-methylanthracene in
1,2-dichloroethane 100 ps after excitation at 266 nm (30 pslaser excitation);
all the broad bands were found to decay with the same lifetime (=3 ns).
Adapted from Dvornikov and Rentzepis3! with permission.

and picosecond absorption spectroscopy but in low yield and
the major part of the singlet state path proceeds through a non-
emitting intermediate (diabatic process), presumably the peri-
cyclic minimum. At low temperature, the triplet pathway is
favoured.

3.2 Thermal dissociation

3.2.1 Kinetic and thermodynamic factors Photocycload-
ducts are split by melting the solid or by heating a degassed
solution in an appropriate solvent; the cycloreversion can be
quantitative.

The first order kinetics were followed by measuring the UV
absorption in the 350400 nm range versus time at a given
temperature. NMR spectrometry was also used for monitoring
the cleavage. Severa kinetic parameters were obtained and
selected values are reported in Table 6 in the Arrhenius form.
Half lifetimes at ambient temperature have been calculated to
compare the stability of different compounds as a function of
the structure. Nevertheless, these data have been obtained by
different authors in severa solvents and under various experi-
mental conditions; therefore they should be taken with cau-
tion.

Despite this scattering of results, several trends emerge from
Table 6. Some photodimers (A, ht photodimers and the
cycloadduct of 1,2-di(9-anthryl)ethane are stable for many
years at ambient temperature; this thermal bistability (open and
cyclic forms) is an attractive feature for applications.10.31
Another important result is the contrast between hh and ht
photodimer stabilities; these data help understand the experi-
mental difficulties encountered in the isolation of the hh
isomers.

The intramolecular cycloadducts thermal stability can be
modulated by small variation of structure. Thus cycloadducts of
o,m-di(9-anthryl)polyoxaal kanes were found to exhibit a vari-
ety of half lifetimes in benzene, a ambient temperature
min; ACH,(OCH,CH,);0A t7, =64 h (Desvergne et al.
198410), Moreover, great enhancement of the rate of dissocia-
tion can be effected by chemical means. For instance,
9-anthraldehyde photodimer thermal  reversion  (with

CF;COOH 0.043 M in benzene at 25 °C) isca. 3 X 105 times
faster than under neutral conditions (Greene, 19608.10),

The interesting question of synchronous versus stepwise
thermal cleavage of 9,9’ and 10,10’-bonds has been addressed
by Greene (19608.19). From an elegant study of the dissociation
kinetics of the ht photodimers of 9-bromoanthracene and
9-formylanthracene [compared with the cophotodimers
(crossed dimers) of 9-bromoanthracene and 9-formylanthra-
cene, respectively, with anthracene] he concluded that the * bulk
of the free energy of activation is associated with the rupture of
the 9,9’-bond with some concomitant breaking of the 10,10-
bond’, the extent of which being dependent on the substituent.
The study was extended to two bis-anthracenes [photo-
cycloisomers of 9-anthroic anhydride and of di(9-anthryl)me-
thanol] and it was shown that the dissociation is also largely
associated with the cleavage of only one of the two bridgehead
bonds.

Due to the very low solubility of the photodimers, the
experimental determination of the thermal dissociation en-
thalpy has been obtained either by measuring the heat of
combustion of monomer and photodimer (Bender and Farber,
195232) or of 9,10-dihydroanthracenes (Bendig et al. 198110.32)
or by calorimetry using the photodimer (or photocycloadduct)
as solid (Donati et al. 1972,32, Bergmark et al. 1978812.24), |n
this process, the caloric peak is strongly disturbed by the heat of
melting; therefore these results cannot reflect the enthalpiesin
solution.

Recently cal orimetric measurements (Grimme et al.32) using
differential scanning calorimetry (DSC) were performed on
soluble ht photodimers (substituted by long alkyl or alkoxy
chains) and on hh photodimers (which are more soluble in
organic solvents than the ht isomers); the concentrations used
were =102 M, in cyclic hydrocarbons or tetrachloroethane
(see Scheme 17 and Table 7).

7 7
)‘
/g N /N

R = OMe

hh

R = OMe
R’ = Me

R=C,H, (DEA)
R = OC,gH,, (DOA)

Scheme 17 Pure and crossed photodimers used for the determination of
dissociation enthalpy (AH) and kinetics. See Table 7.

(MOA) }
(MMOA)

The measured enthalpy difference between the ht dimer of
DEA does not show a significant solvent influence; therefore
thisis also assumed for the other cases under study. Moreover,
it may be accepted that the long akyl chain (in DEA and DOA)
is not an important factor to induce the difference of enthalpy
between the photodimer and the monomers. Thus, it is

Table 6 Kinetic parameters for thefirst order thermal dissociation of anthracene (A) and 9-monosubstituted A in solution. The half lifetimes (t7,) arein years
(y) or hours (h). B = benzene; TE = tetraline; CH = cyclohexane; DCB = o-dichlorobenzene; E = ether; 6 (1 h) isthe temperature at which t7, isone hour,

see Table 7 for comparison.

Compound E, /kd mol—1 l0g10A t7, (300 K) 6(1h)/°C Solvent Ref.
Az 154 138 3x 105y 185 B a
ht (9A-CHO), 131 14.3 9y 110 B a
ht (9A-CHj), 160 16 2 X 104y 149 TE b
hh (9A-CH3), 111 14.8 6h 38 E b
ht (9A-CH,OH), 153 152 7 X 103y 148 DCB b
hh (9A-CH,0OH), 113 15 9h 411 E b
cyclo[A(CH,)-A]ll 143 14.8 3x 102y 129 DCB c

i: Photocycloisomer of 1,2-di(9-anthryl)ethane. 2 Greene 1960,8.10 measured between 45 and 130 °C. » Wolff et al. 1983.22 ¢ Becker et al. 1982.12
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Table 7 Thermodynamic and kinetic parameters average values of several
measurements for the thermal dissociation of some photodimers. See
Scheme 17 for DEA, DOA, MOA and MMOA

—AHa,, /kJ
Compound Solvent mol—1 °(1 h)o/°C
ht DEA DMCHe 28.3 119
Tetrain 274 119
ht DOA Tetralin 29.6 97
hh MOA TCEd 431 42
hh MMOA TCEd 436 55

a Precision +3 kJmol—1.  Thetemperature at which t7, of thereactionisone
hour (x1 °C). c1,3-Dimethylcyclohexane. d1,1,2,2-Tetrachloroethane.
Taken from Grimme et al.32 with permission.

reasonable to conclude that the molar dissociation enthalpy is
ca. 15 kJ mol—1 higher for a hh than for a ht photodimer
(Grimme et al.32) (at least for these types of substituents).
Furthermore the 6 (1 h) data (Table 7) illustrate quantitatively
the relative kinetic instability of the hh photodimers. Quantum
mechanical computations give energy differencesin reasonable
agreement with the reaction enthalpies observed in solution.
These are the more complete computationa studies on anthra-
cene photodimers effected with the most recent methods
(Grimme et al .32).

3.2.2 Cleavage by photoinduced electron transfer Irra-
diated in the presence of molecular electron acceptors such as
9,10-dicyanoanthracene (DCA) or chloranil, dianthracene was
shown to dissociate into the monomers. It was found by Roth
and Schilling 198210 and Barber et al. 198210 that the reaction
proceeds through electron transfer and the cation radical dimer
(Az*) splits into neutral anthracene (A) and the anthracene
cation radical (A*), which is subsequently neutralized by the
anion radical formed as outlined in Scheme 18.

CHyCly . _
A2 + DCA* ——— A2° + DCA"
+
Ay - A+ A
+ _
A*  + DCA* A + DCA

Scheme 18 Mechanism proposed for the dissociation of anthracene
photodimers catalysed by sensitised electron transfer. DCA = 9,10-dicya-
noanthracene; other electron acceptors such as chloranil, cadmium disulfide
and tetracyanoethylene were used.

A similar catalytic reaction has a so been studied by Masnovi
and Kochi 198510 in the presence of tetracyanoethylene. Barber
et al. 198210 g so used a suspension of cadmium disulfide along
the same lines.

4 Conclusion

The mechanistic aspects of the photodimerization and the
cycloreversion of anthracenes in fluid solution have been
reviewed.

It has been shown that such clean and apparently simple
reactions may involve complex kinetic schemes. The present
account shows that much progress has been accomplished in the
understanding of the mechanism; nevertheless, although the
mechanistic pathways have been illuminated by monomer and
excimer fluorescence, somedark areas still remain. Particularly,
there is a need of sophisticated calculations to settle the
controversia problem of the pericyclic minimum (conica
intersection) which is believed to be a common intermediate in

262 Chem. Soc. Rev., 2001, 30, 248-263

the singlet state mechanism. To that end, further ultra-fast flash
photolysis studies should be undertaken to try to intercept other
elusivetransients; an in-depth study of the intramolecul ar triplet
state reactivity might establish a mechanistic scheme and
answer the question of concerted vs stepwise (expected for a
triplet intermediate) pathway.

It is our hope that this review will be useful to those who are
considering the use of anthracene derivatives as subunits in
supersystems33.34 in order to incorporate several functions such
as switches for light emission, electron transfer relay, informa-
tion storage... in molecular assemblies, artificial membranes,
polymers and diverse materials.
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