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Abstract

The paper reviews the results of studies on the photochromic transformation mechanisms for three classes of
quinone derivatives. Photoisomerization of the para-quinone to the ana-quinone structure by photochemical
migration of hydrogen, aryl or acyl groups is commen to these processes. Characteristic features of each type
of photochromic transformation are considered in detail. The effects of substituent, temperature and solvent on
the efficiency of the photochemical and thermal stages of photochromic processes are discussed. Data on the
spectra and the nature of reactive excited states of photochromic quinones are generalized. Information on the
spectra and chemical properties of photo-induced products of ana-quinone structures (including 1,10-anthraquinones)

is classified.

1. Introduction

Photochromism is one of the most interesting
and technologically important photochemical pro-
cesses. Photochromism is a reversible transfor-
mation of chemical compounds which proceeds,
at least in one direction, under the action of light
and is accompanied by the appearance of an
absorption, or by a change, in the visible spectrum.
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Photochromic transformations of organic com-
pounds have been studied extensively. In 1990, a
voluminous monograph was published [1] which
contained the most complete review of studies of
various photochromic processes, including those
important to biology. Studies on photochromism
have been carried out in different directions, such
as the search for and analysis of new photochromic
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compounds [2], detailed investigation of the process
mechanisms [3, 4}, and the creation of new pho-
tochromic materials and processes [5]. The pho-
tochromism of different classes of spiropyran has
been of greatest interest [1, 4, 5]. Recent years
have seen an increasing interest in the photo-
chromic transformations of fulgides [1, 3].

The photochromism of quinoid compounds has
received considerably less attention. For instance,
the monograph mentioned above [1] gives no ex-
amples on the photochromism of quinones. The
present review aims to remedy this deficiency.

Three types of photochromic transformation are
currently available to quinone derivatives. They
are characterized by light-induced isomerization
of the para-quinoid to the ana-quinoid structure
by photochemical migration of aryl, hydrogen or
acyl groups [6-13]
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The bimolecular process was observed only in
non-polar aprotic solvents (hexane, toluene), where
the rate constant k,; turned out to be nearly
diffusion controlled [45]. The activation parameters
of the rate constant of unimolecular isomerization
(ks) of XX'a in various solvents were determined
[45].

Photochromic derivatives of 1-alkylanthraqui-
none have thus far not found practical use, since
image visualization is possible only for frozen
matrices. At room temperature, the lifetime of
the photo-induced quinone-methides XX'a—i and
XXIII'a—e are on the microsecond time scale and,
even for compound XXII, it is not more than a
few minutes [43-45].

5. Photochromism of peri-acyloxy-para-
anthraquinones

In 1982, we discovered a new class of photo-
chromic derivatives of anthraquinone [12, 13]. Ir-
radiation of some 1-acetoxyanthraquinone (XXIV)
derivatives and  9-acetoxy-1,4-anthraquinone
(XXV) in a glassy matrix at 77 K was found to
yield products characterized by an intense visible
absorption band (Fig. 2). At 77 K, the photo-
products are stable under long-term irradiation as
well as in the dark. The melted samples show the
spectra of the initial compounds [12, 13]. The
spectra of all the low temperature photoproducts
of the XXIV derivatives are similar to the spectra
of the corresponding 9-phenoxy-1,10-anthraqui-
none (I') derivatives (Table 11). Thus, on irra-
diation, derivatives of XXIV also yield products
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Fig. 2. Electronic absorption spectrum of 9-acetoxy-1,4-anthra-
quinone (——) and its photolysis product (-- -} in ethanol at 77
K. Vertical lines show the positions of the band maxima and
the oscillator strengths for the transitions in the spectra of 9-
acetoxy-1,4-anthraquinone (—) and 4-acetoxy-1,10-anthraqui-
none (---)} as calculated using the PPP (Pariser-Parr-Pople
method.

with the 1,10-anthraquinone (ana-quinone) struc-
ture. In addition, experimental absorption spectra
of the products are in satisfactory agreement with
the calculated spectra of the corresponding 1,10-
anthraquinones (Fig. 2) [13]. Hence, the process
of photochromic transformation in this case can
be described by the schemes
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Detailed investigations of the effect of the sub-
stituents on the photochemical properties have
shown that photochemical migration can take place
only in derivatives of XXIV with electron-donor
(amino, methoxy group) substituents in the an-
thraquinone ring and in unsubstituted 9-acetoxy-
1,4-anthraquinone (XXV) [13, 47]. The long-term
irradiation of unsubstituted XXIV and some of its
derivatives at 77 K does not lead to noticeable
spectral changes.

To account for the relationship between the
reactivity of these compounds and their chemical
structure, it was assumed that photochemical mi-
gration of the acetyl group occurs adiabatically.
The excited =7* (n7*) state of the initial compound
correlates with the o* (n7*) state of the reaction
product. Energy level diagrams of the initial de-
rivatives of XXIV and the products of their pho-
tolysis (ana-quinones) were constructed from ex-
perimental absorption spectra and Qquantum
chemical calculations. For hypothetical photo-
products, we used experimental spectral data for
the corresponding 9-phenoxy-1,10-anthraquinones.
An analysis of the experimental data using energy
level correlation diagrams has shown that, for the
peri-acetoxy-1,4- and 9,10-anthraquinones studied,
there are three possible situations which differ
from each other in the type of excited reactive
state and relative position of the excited state
levels of the initial compound and photoproduct
[13, 47).

(1) The lowest excited states (singlet and triplet)
of the initial compound are m* in character and
are higher in energy than the wr* states of the
reaction product with which they correlate. In such
cases, the adiabatic photochemical migration of
the acetyl group occurs with a high quantum yield
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TABLE 11. Long wavelength band maxima in electronic absorption spectra for the photoproducts of 1-acetoxy-9,10-anthraquinone
derivatives (at 77 K in ethanol) and for corresponding 9-phenoxy-1,10-anthraquinone derivatives [13, 47]

No. Substituents Amac (NM)
Photoproducts of 1-acetoxy- 9-Phenoxy-1,10-
9,10-anthraquinone anthraquinone
derivatives derivatives

XXIV'a 2-OCH, 526 506

XXIV'D 2-NHCOCH; 550 546

XXIV'c 2-N(CHs;); 683 670

XX1v'd 2-NCHy, 654 -

XXIV'e 4-OCH, 510 486

XXV’ 4-acetoxy-1,10-anthraquinone 468 468*

*Experimental value for 4-phenoxy-9-methoxy-1,10-anthraquinone.

(2-methoxy, 2-acetylamino, 2-dimethylamino and
4-methoxy derivatives of XXIV and unsubstituted
(XXV).

(2) The lowest excited states (singlet and triplet)
of the initial compound are 7r* in character and
are lower in energy than the ww* states of the
hypothetical reaction product with which they cor-
relate. Such compounds do not undergo any iso-
merization on irradiation (derivatives of XXIV with
a substituted amino group in position 3 or 4).

(3) The lowest excited states (triplet and singlet)
of the initial compound are n#* in character and
are lower in energy than the nw™ states of the
hypothetical reaction product with which they cor-
relate. In such cases, photochemical migration of
the acetyl group is not realized. At room tem-
perature, these compounds abstract a hydrogen
atom from the solvent (compound XXIV and some
of its derivatives with spectra close to the spectrum
of the unsubstituted anthraquinone).

A detailed analysis of the process leading to
the formation of ana-quinone in the ground state
was performed for XXIVa by the laser flash pho-
tolysis technique [47]. The kinetic curve detected
at 510 nm (XXIV'a absorption maximum) consists
of two parts, corresponding to the accumulation
and decay of XXIV'a. The kinetic curve of XXIV'a
accumulation obeys an exponential time depen-
dence and the pseudo-first-order rate constant
k' is dependent on the oxygen concentration

]Er ~ =k, +k15[02]

The yield of XXIV'a is independent of the oxygen
concentration. Hence, the excited state of XXIV'a
is the precursor of XXIV'a in the ground state.
This excited state is a triplet — *(XXIV'a)* —
since its lifetime is rather long (1-2 ps in the
absence of oxygen).

The process leading to the formation of
}(XXIV'a)* is detected in the 0-150 ns time domain
[47]. The singlet-excited state of XXIV'a cannot
be the precursor of *(XXIV'a)*, since its lifetime
is substantially less than 10 ns. It is reasonable
to assume that the triplet-excited state of the initial
quinone XXIVa is the precursor. The data available
confirm the assumption that intramolecular pho-
tochemical migration of the acetyl group is an
adiabatic reaction at the triplet potential energy
surface [47).
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The estimated rate constant k,; at 160 K is of
the order of 2x107 s~*. The rate constants k4
and k,s; and their temperature dependences have
been measured (k4= 10%**%%7 exp{- (280 + 30)/
T}) {47}

The photochromic materials based on 1l-ace-
toxyanthraquinone derivatives show high sensitiv-
ity, good picture contrast and a high number of
cycles. However, one should work with these pho-
tochromic compounds, as with 1-alkylanthraqui-
nones, at low temperatures, since the lifetimes of
the photo-induced products at room temperature
are on the microsecond time scale.

A series of O-acyl derivatives of 1-hydroxy-2-
methoxyanthraquinone (XXVIa—c) has been syn-
thesized and investigated in order to control the
rate constant of the thermal stage of the pho-
tochromic process [47, 48]. It has been found that
the introduction of donor substituents into the
migrating acyl group results in a strong decrease
in the thermal migration rate constant k,,. By
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substitution of an ethoxyl group for the methyl
group, a decrease in the rate constant by two
orders of magnitude is achieved. Replacing a
methyl group by a diethylamino group decreases
the rate constant by five orders of magnitude (Table
12).

2l"hf: effect of the nature of the substituents in
the phenyl ring also turned out to be significant
in the case of the thermal migration of the aroyl
group. In this case, the dependence of the logarithm
of the rate constant on the Hammett electrophilic
constant ¢* of the substituent in the migrant aroyl
nucleus fits satisfactorily to a straight line (Fig.
3) with a slope p=0.60+£0.02 (correlation coef-
ficient 0.99) [47, 48]. The positive sign of p indicates
that the larger the positive charge of the carbon

TABLE 12. Relation between rate constants of thermal migration
of acyl group (k;;) in toluene at 285 K and nature of substituent
in O-acyl derivatives of 1-hydroxy-2-methoxy-9,10-anthraquinone
[47, 48}

No. 00Migrant group kg (570
XXIVa (H) 5.6 X 10°
—~C—CH;
XXVIa O 4.6x10°
i
—C~Ph
XXVIb ﬁ) 3.1 x10°
—-C—-0C,H;
XXVIc o 2.9
il
—C—N(CHs),
log R/kH
05 B-ND,
m-F
1 1
-1 p-F g* 7
/D-0CH,
-05 -
p-N{CH,), 10

Fig. 3. Correlation between the rate constant of thermal migration
of the benzoyl group at 285 K in toluene and the electrophilic
constant of the substituent in the phenyl ring of the migrating

acyl group.

atom of the migrating acyl group, the higher is
the rate of migration. Thus, one can change over
a wide range (from several microseconds to sec-
onds) the lifetime of the photoproduct with the
9-acyloxy-1,10-anthraquinone structure at room
temperature.

6. Photochromic transformations of 1-phenoxy-
4-acetoxy- and 1-phenoxy-4-hydroxyanthra-
quinones

Even before starting our systematic studies of
photochromic transformations of 1-acetoxyanthra-
quinone derivatives, we found that the final product
of irradiating 1-phenoxy-4-acetoxyanthraquinone
(XXVII) was 9-phenoxy-10-acetoxy-1,4-anthraqui-
none (XXVIII), ie. both the phenyl and acetyl
groups migrated [20]

u} CPh PRO a
hy,
(VI — (XXVIIT)
Q Ohc Acll a

It can be seen from Sections 2 and 5 that
photochemical migration of both the phenyl and
acetyl groups is possible in the case of XXVII and
XXVIII. However, only thermal migration of the
acetyl group was detected for quinones. Therefore,
it is natural to assume that photochromic trans-
formation of XXVII consists of the photochemical
step of the phenyl group migration followed by
the thermal acetyl migration. Detailed flash pho-
tolysis and low temperature studies were conducted
to understand mutual transformations of the com-
pounds XXVII and XXVIH [21].

When irradiated at 77 K, XXVII and XXVIII
yield products whose spectra are typical of 1,10-
anthraquinone derivatives. On pulse excitation of
XXVII, the formation of an intermediate was de-
tected with a lifetime of 330 ps and an absorption
maximum at 470 nm. On pulse excitation of XXVIII,
intermediate absorbance in the visible spectrum
also was detected. However, the kinetics of the
absorbance decay fit satisfactorily to the sum of
the two exponential time dependences, with the
exponents independent of the wavelength. Based
on these data, the existence of two intermediates
on excitation of XXVIII was assuomed [21].

The lifetime (330 us) and spectrum (A, =470
nm) of the first intermediate coincide with the
characteristics detected on XXVII pulse excitation,
The lifetime of the second intermediate is essen-
tially shorter (about 10 ns) and its spectrum is
shifted towards the red (A,.,=520 nm). It can be
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TABLE 13. Lifetime (r), long wavelength band maxima (A,) in the absorption spectra of 1,10-anthraquinone derivatives in toluene
at 285 K, and PPP-calculated values of the thermal effects for acetyl group migration (AH)

No. Position of substituent 7 (pt8) Amae (M) AH (kI mol™")
in 1,10-anthraquinone
XXIV'a 9-OCOCH;-2-OCH; 4.0+0.4 52010 72.5
XXIV'e 9-OCOCH,;-4-OCH; 35404 500410 73.0
XXIV'e 9-OCOCH;-2-N(CH,), 16+2 680+ 10 710
XXV’ 4-OCOCH; 325+30 460+ 10 250
XxXvir 4-OCOCH;-9-OPh (C) 330+30 470 +10 235
Xxvir 9-OCOCH;-4-OFh (D) 10+2 520+10 73.0

seen from Table 13 that the characteristics of the
first intermediate are similar to the data for 4-
acetoxy-1,10-anthraquinone (XXV'). The charac-
teristics of the second intermediate are similar to
the data for ana-quinones XXIV'a and XXIV'e.
Based on these similarities, it was concluded that
the first intermediate is 4-acetoxy derivative of
1,10-anthraquinine (C) and the second is 9-acetoxy
derivative (D). Therefore, the photochromic trans-
formation of 1-phenoxy-4-acetoxyanthraquinone
could be described by the following scheme [21]:
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The quantum yields of the photochemical steps
were estimated using a value of the extinction
coefficient of 10* dm® mol~' cm™' typical of the
acetoxy derivatives of 1,10-anthraquinone [20, 21].

The difference in the lifetimes of the inter-
mediate ana-quinones C and D is due to the
difference in the rate constants of thermal mi-
gration of the acetyl group, resulting in isomer-
ization to 1,4- or 9,10-anthraquinone respectively.
Table 13 presents quantum chemical calculations
for the enthalpy of the isomerization reaction. The
essential difference in the lifetimes of the inves-
tigated acetoxy derivatives of 1,10-anthraquinone
is seen to correlate with the difference in the
thermodynamic characteristics of the isomerization
process {21].

An advantage of the latter photochromic process
is that the photo-induced form XXVIII, i.e. the
1,4-anthraguinone derivative, is stable, which is
not the case for the compound with the 1,10-
anthraquinone structure. A disadvantage of this

process is the small difference in the long wave-
length band maxima of the initial and photo-
induced forms.

Irradiation of 1-phenoxy-4-hydroxy-9,10-anthra-
quinone (XXIX)} leads to the formation of
9-phenoxy-10-hydroxy-1,4-anthraquinone  (XXX),
which is a product of the migration of both the
phenyl group and the proton of the hydroxy group
[20]:

Q OPh PhO [s)
hy
=] aH HO a

It is natural to assume that the mechanism of
photochromic transformation of XXIX is similar
to that discussed above. In the case of XXIX, the
final product (XXX) is formed at 77 K [20], since,
unlike the acylotropic change, the prototropic
change occurs usually at high rates without ac-
tivation energy [49, 50].

The absence of photochromism of the 11-hydroxy
(IV) and 11-acetoxy (V) derivatives of 6-phenoxy-
5,12-naphthacenequinone also has been accounted
for (seec Section 2) by the fact that the photo-
chemical migration of the phenyl group is accom-
panied by the thermal migration of the proton or
acetyl group, with the initial compound and pho-
toproduct being identical. Thermal prototropic and
acylotropic tautomerisms also have been observed

for a number of other 1,10-anthraquinone and
1,10-anthraquinoneimine derivatives [41, 51-56].

7. Conclusions

Analysis of the available literature data shows
that photochromic transformations of quinone de-
rivatives are significant both from the theoretical
and practical points of view. A number of new
photochromic materials based on 1-phenoxyan-
thraquinone and 6-phenoxy-5,12-naphthacenequi-
none derivatives have been proposed, providing
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image tecording and erasure under the action of
radiation of different wavelengths, long-term dark
storage of images without additional chemical treat-
ment, and a sufficiently high recyclability of the
recording—erasing processes [9, 32).

Photochromic derivatives of 1-alkyl- and 1-acyl-
anthraquinones have not yet found application, as
image visualization is possible only in glassy ma-
trices at 77 K. However, these compounds can be
used in processes which do not require the pro-
longed conservation of photo-induced absorption.
Variation of the substituents in the anthraquinone
ring, in the alkyl group of l-alkylanthraquinones
and, particularly, in the acyl group of l-acylan-
thraquinones, makes it possible to change (from
several microseconds to seconds) the lifetimes of
the coloured, photo-induced products at room
temperature. These properties of anthraquinone
derivatives may be of practical interest in new
applications of photochromic processes.

The investigation of photochromism in the qui-
none series has revealed some new cases of pho-
totransfer of sizeable (aryl and acyl) groups. These
studies have made it possible to obtain 1,10-an-
thraquinone derivatives previously unavailable and
to analyse their reactivities. Analysis of the reac-
tivities of 1,10-anthraquinone and other ana-qui-
none derivatives obtained during the photolysis of
para-quinones broadens significantly our knowl-
edge of the chemistry of quinones.

The mechanism of photochromic transformation
of 1-alkyl- and 1-acylanthraquinones has been in-
vestigated in detail. The triplet-triplet absorption
spectra of the photoproducts were detected on
pulse excitation of the initial compounds. Con-
sequently, the primary photochemical steps of these
processes — the migrations of hydrogen or an
acyl group — are adiabatic photochemical reactions
at the triplet potential energy surface. There are
currently only a few other examples of triplet
adiabatic reaction available in the literature [45,
57-59].

The photochromic transformation mechanism of
aryloxy derivatives of anthra-, naphthacene- and
other para-quinones has received considerably less
attention. Only some empirical trends of the pro-
cess have been revealed and data on the rate
constants of the elementary steps are lacking. It
also is necessary to continue studying the reactivity
of this new class of quinones, i.e. the ana-quinones.
Such investigations could broaden our theoretical
knowledge of the chemistry of quinones as well
as lead to the synthesis of new interesting pho-
tochromic compounds.
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The first relatively stable derivatives of 1,10-an-
thraquinone were obtained in this way [6, 7].

Unlike para-quinones, whose spectra and chem-
ical properties have been studied extensively, ana-
quinones are a novel class of quinoid compounds
which became the subject of study only 10-15
years ago. Recent data on spectra and chemical
properties of this type of quinone need gener-
alization and systematization. A recent review [14]
which, according to its title, is concerned with the
spectra and photochemistry of the derivatives of
1,10-anthraquinone (a representative of ana-qui-
nones), contains essentially no data on the prop-
erties of 1,10-anthraquinones and describes the
properties of the well-known derivatives of 9,10-
anthraquinone. Accordingly, the present review
also integrates and classifies data on the spectra
and properties of ana-quinones, including 1,10-
anthraquinone derivatives.

As can be seen from the scheme above, structural
changes caused by the photochemical migration
of hydrogen, aryl and acyl groups arc similar.
However, despite the similar structural changes,
these processes turned out to differ in the nature
of the photoreactive state and in the details of
the mechanism of the photochromic transforma-
tion. Details of each type of photochromic process
will be discussed.

2. Photochromism of aryloxy derivatives of
para-quinones

Photochromism was first observed for quinones
by Gerasimenko and Poteleschenko in 1971 [6, 7].
On exposure to light, 1-phenoxyanthraquinone
(Ia) and 6-phenoxy-5,12-naphthacenequinone (Ila)
have proved to change colour both in solution and
in the crystalline state [6-9]). The photo-induced
product disappears on irradiation by visible light
and the spectrum of the initial para-quinone is
completely recovered. The photoisomer of 6-phen-
oxy-5,12-naphthacenequinone turned out to be
rather stable and was isolated in the crystalline
state. It was shown to have the structure of 5-
phenoxy-6,12-naphthacenequinone (I1'a) (ana-qui-
none) [7, 9].

mOO@O-”l 0000

No photoisomer of 1-phenoxyanthraquinone (Ia)
has been isolated [6, 7]. It should be noted that
ana-quinones of the naphthacene series, unlike
1,10-anthraquinones, have long been known in the
literature (see ref. 15).

Most subsequent work by Gerasimenko and
Poteleschenko and colleagues was focused on the
photochromism of derivatives of Ila. Extensive
experimental information has been accumulated
on the synthesis and investigation of photochromic
transformations of various derivatives of Ila with
substituents at position 11 of the naphthacene ring
(Table 1) [9, 17-19], such as

0000 i

. o
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OCgHg

ITa-n lfaan
R=H (&5 Ci 1L37 MOy 005 OCHy (G35 OCgHg (€15 OH 111 OCOCH, "%
NHg (his mHCH, 110 N{EMg)y JVi NHCgHg fhID AMCGCM; 1t
NHSO,C,H, (FiT] NEHCOCH, ni,

or in the migrating phenyl group (Table 2) [9,
16-18], such as

O@®O~$¥~©000

IIa-j It

The rate constant of the thermal isomerization
of 5-phenoxyana-naphthacenequinones (II'a-n) at
room temperature is very small, and for H'a in
toluene it is estimated to be about 10 % s~' [18,
19]. The spectral characteristics of the initial com-
pounds and the photo-induced products are listed
in Tables 1, 2 and 3. It can be seen from Table
1 that the introduction of a phenoxy group at
position 6 of para-napthacenoquinone (or into
position 5 of ana-naphthacenequinone) has prac-
tically no effect on the position of the long wave-
length maximum in the absorption spectrum. The
effect of the substituents at position 11 on shifts
in the long wavelength maximum is the same for
para- and ana-quinones, which is indicative of the
same nature of the long wavelength bands of
corresponding para- and ana-naphthacenequinone.

11-Hydroxy- (IV) and 11-acetoxy derivatives (V)
of Ila are insensitive to light [18, 19]. In our
opinion, this is due to the fact that the photo-
chemical migration of the phenyl group is accom-
panied by thermal migration of the proton or acetyl
group, as it is in 4-hydroxy and 4-acetoxy derivatives
of 1-phenoxyanthraquinone [20, 21].
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TABLE 1. Electronic absorption spectra of 11-substituted 6-phenoxy-5,12-(Ila—n), 5-phenoxy-6,12-(Il'a-n}, 5,12-, and 6,12-naphtha-

cenequinones in toluene [18, 19]

R 6-OPh-11-R-5,12-naphtha- 5-0OPh-11-R-6,12-naphtha- 11-R-5,12- 11-R-6,12-
cenequinone cenequinone naphthacene- naphthacene-
quinone quinone
No. Amas (log €) No. Amax (108 €) Amax (lOg €) Amax (108 €)
(nm) (nm) (nm) (nm)
H Ila 400 (3.78) I'a 480 (4.23)
, 444 (4.20) 451 (4.20)
Cl IIb 398 (3.14) II'b 472 (421) 402 (3.73) 479 (4.19)°
. 453 (4.15)
NO, Tic 394 (3.70) Il'c 479 (407)
, 447 (4.16)
OCH, IId 400 (3.82) wd 469 (4.16) 401 (3.77)
OCH; e 404 e 472
, Insensitive
OH r 443 (4.00) s to light 447 (3.98)
, Insensitive
OCOCH, Iig 396 (3.89) m'g o light 397 (3.86)
NH, Iih 389 (3.55) M'h 474 (4.05) 382 (3.52) 490 (4.03)
468 (3.99) 503 (4.24) 474 (3.99) 513 (4.21)
538 (4.17) 552 (4.10)
. 402 (3.73) . 524 (4.15) 396 (3.52) 536 (4.11)
NHCH, i 502 (4.09) i 559 (4.07) 507 (4.09) 572 (4.01)
408 (3.78) Insensitive 393 (3.69)
N(CH,), 1Ij 465 (3.60) 'j to light 408 (3.68)
469 (3.57)
404 (3.84) 525 (3.94) 401 (3.85) 472 (3.91)
NHCH; Hk 496 (3.95) W'k 558 (3.86) 504 (4.00) 536 (3.92)
572 (3.82)
NHCOCH; m 429 (3.87) ml 504 (4.20) 436 (3.85) 509
NHSO,C/H, IIm 422 (3.77) II'm 509 427 (3.77)
IIn 396 (3.85) II'n 448 (4.19) 397 455 (4.20)
NCH,COCH, 476 (4.20) 485 (4.20)

a§pectrum of 11-Br-6,12-naphthacenequinone in ethanol.

ociuS
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The initial compound and the product are identical.

It is noted also [18, 19] that, in the series 6-
acetylamino-, 6-amino-, 6-methylamino-, 6-dime-
thylamino-11-phenoxy-5,12-naphthacenoquinone,
the donor ability of the substituents increases
and, consequently, the ability of the quinones to
photoisomerize decreases. However, qualitative

data on photoisomerization quantum yields for
these compounds are lacking.

It can be seen from Tables 2 and 3 that the
nature of the substituents in the phenyl ring has
a minimal effect on the positions of long wavelength
maxima and on the values of the extinction coef-
ficients (€) in the absorption spectra of the aryloxy
derivatives of para- and ana-naphthacenequinones.
Table 2 does not allow one to establish a correlation
between the electronic effect of the substituents
and the quantum yields of the direct and reverse
photoisomerizations [18].

5-Phenoxy-6,13-pentacenequinone (VI) [22]

o

3
2 Ny W NS 2
RN IV LN 2 E
' PRy O

Q [T
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TABLE 2. Electronic absorption spectra of 6-aryloxy-5,12- and 5-aryloxy-6,12-naphthacenequinones in toluene and quantum yields

of direct (¢;) and reverse (¢;) photoisomerization [16, 18]

Ar 6-OAr-5,12-naphthacenequinone 5-0Ar-6,12-naphthacenequinone
No. Apmax ex 1073 @1 No. Anax ex10™* @2
{nm) M 'em™ ) (nm) (M tem™h)

C:H; IIa 400 6.0 0.30 II'a 480 1.7 0.05
B-naphthyl IIa 398 5.7 0.16 I¥a 478 1.7 0.07
p-CHs—C.H, I1Ib 398 54 0.20 ' 478 1.8 0.10
2',4",6'-(CH;)—CH, IIc 410 6.7 0.08 IT'c 498 1.3 0.05
p-Br 111d 397 5.9 0.36 IIT'd 480 1.8 0.10
p-OH-C;H, Ile 400 52 0.06 IF'e 480 1.7 0.32
p-OCH,-CH, 1IIf 400 5.8 0.08 1183 480 1.6 0.03
p-COCH,-C,H, g 400 6.0 0.27 I¥'g 480 1.8 0.10
p-NO,-C:H, Ih 395 6.0 0.20 III'h 480 1.9 0.05
p-NH.-CH, IHi 395 55 0.13 IIT'i 480 1.7 0.07
p-NH(CsH-CH, THj 396 6.4 0.02 IIT'j 476 1.8 0.01
Aexe =366 nm.

TABLE 3. Electronic absorption spectra of 11-aryloxy derivatives
of 6-amino-5,12-naphthacenequinone and of its photoproducts
in toluene [17]

Ar 6-NH,-11-0Ar-5,12-
naphthacenequinone

6-NH,-12-OAr-5,11-
napthacenequinone

Amay (nm) (log €) A ()
389 (3.55)
CeH 468 (3.99) 541
392 (3.66)
p-CH-GH, 475 (4.08) 543
p-GH—CH, 392 (3.66) 43
473 (4.08)
393 (3.65)
p-OCH, 475 (4.09) 543
392 (3.61)
o-OCH, 473 (4.05) 543
p-NHCH-CH, 392 (3.69) <13
473 (4.07)
p-HO-CH, 392 (3.58) 543
473 (4.01)
m-Cl-CeH, 390 (3.59) oat
471 (4.07)
p-NO-CeH, 391 (3.63) 543 Insensitive
472 (3.98) to light
a-naphthyl 385 (3.62) Insensitive

472 (4.15) to light

and 1-phenoxy-2,3-phthaloyl pyrene (VII), as well
as some of its derivatives [23]

< gjfo-

proved to be photochromic. The spectral char-
acteristics of these compounds are given in Table
4. As can be seen from the table, the absorption
spectra of ana-quinones I'a, II’'a and VI are similar
and the long wavelength band maximum of VII'
is strongly shifted (about 170 nm) towards the
red.

Following the results of flash photolysis studies
of photochromic transformations of Ila, it has been
assumed that the photochemical migration of the
phenyl group occurs in the triplet state. The triplet
state of the spiro-form

was assumed to be an intermediate {24]. However,
this assumption is questionable.

TABLE 4. Electronic absorption spectra of peri-phenoxy deriv-
atives of para- and ana-quinones

Ane () (log €) Solvents References

Para-quinone  Ana-quinone

Ia 364 (3.7) Ta 480 Benzene [6, 9]

Ila 400 (3.78) II'a 480 (4.23) Toluene [9. 16]

Vi 404 (3.08) VI' 46l Toluene [9, 22]
490

ViI 476 Vi’ 604 Chlorobenzene [9, 23]
652
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One of the first derivatives in the series of 1,10-
anthraquinones was isolated in a crystalline form
by irradiating 2-alkylamino derivatives of 1-phen-
oxyanthraquinone (Ia), which undergo irreversible
photoisomerization [25, 26]. 'H and "“C nuclear
magnetic resonance (NMR) data have shown that
they have the structure of 2-alkylamino derivatives
of 9-phenoxy-1,10-anthraquinone (ana-quinone).
Further investigations [20, 26-29] have established
a correlation between the photoisomerization abil-
ity of l-aryloxyanthraquinones and the position
and electronic nature of the substitutent in the
anthraquinone ring,.

The most pronounced effect of the substituents
is observed in 2-amino derivatives: 2-dialkyl- and
2-monoalkyl derivatives of I undergo irreversible
photoisomerization, whereas 2-acylamino deriva-
tives of Ia are reversibly isomerizing compounds
with good photochromic characteristics [26-28].
Figure 1 shows an example of the spectral changes
observed in the photochromic transformations of
1-phenoxy-2-acetylaminoanthraquinone.

The formation of the corresponding derivatives
of 1,10-anthraquinone on irradiating 2-dialkyl-
amino derivatives of 1-phenoxyanthraquinone was
observed only chromatographically. After long
irradiation of 1-(p-tert-Bu-phenoxy)-2-dimethyl-
aminoanthraquinone solution, 1-hydroxy-2-di-
methylamino-, 1-hydroxy-2-methylamino- and 1-
hydroxy-2-formylaminoanthraquinones were ob-
tained. The final products seem to be formed in
the course of further photochemical transforma-
tions of the intermediate 1,10-anthraquinone

T T T T

30

1
¥/ 10%m™
Fig. 1. Electronic absorption spectrum of 1-teri-butylphenoxy-2-
acetylamino-9,10-anthraquinone (1) in toluene at room temper-
ature and changes on 365 nm irradiation for 7 s (2), 20 s (3),
60 s (4) and on subsequent 546 nm irradiation for 3 s (2'), 6
5 {37), 20 s (4"} and 60 5 (5').

Ar o LH—

(mf“’g:, O:Q\X) ‘.:H:.“ : ,L}j‘ Chs

MO y

The transformations are similar to those of 2-
dialkylamino derivatives of 1,4-naphthoquinone
[30, 31]).

The series of 2-, 3-, 4-, 5- and 8-amino derivatives
of 1-aryloxyanthraquinone also has been studied
[26, 27] (Table 5). 1-Aryloxy derivatives with di-
methylamino substituents at positions 4, 5 and 8
do not isomerize photochemically. As regards pho-
tochromism, the 1-phenoxy-2-acylaminoanthra-
quinones are the most interesting compounds of
all the amino derivatives of I studied. 2-Monoal-
kylamino derivatives are interesting as model com-
pounds, yielding sufficiently stable 1,10-anthra-
quinones.

The photochromic properties of the series of
2-, 4-, 5- and 8-hydroxy, methoxy and acetoxy
derivatives of 1-aryloxyanthraquinones have been

—

TABLE 5. Long wavelength band maxima in electronic absorption
spectra of 2-, 3-, 4-, 5-, 8-amino derivatives of 1-(p-tert-butyl-
phenoxy) anthraquinone before and after irradiation in benzene
[26-28]

Substituents Amax (M) (log €)

Before irradiation  After irradiation
2-NH, 404 (3.74) 587 (3.87)
2-NHCH, 423 (3.86) 616 (3.94)
2-NHCOCH, 373 (3.72) 543
2-NHCOCF, 354 (3.72) 527
3-NH, 415 (3.64) 4348
3-NHCH, 438 (3.64) 4420
3-N(CH.), 459 (3.74) 443, 466"
3.NHSO,C H,(p-CH;) 380 (3.66) 466
4-NH, 478 (3.86) 581°
4-NHCH, 518 (3.91) 621°
4-NHCOCH, 436 (3.87) 532
4-NHCOCH; 445 (3.86) 541
5-NH, 466 (3.76) 5750
5-NHCH, 504 (3.89) -
5-NHCOCH, 415 (3.86) 502, 523
5-NH,0OCH, 418 (3.84) 506, 532
8-NH, 472 (3.75) -
8-NHCH, 501 (3.79) -
8-NHCOCH, 416 (3.84) 556
8-NHCOC, H; 421 (3.88) 566

*Irreversible isomerization;
the mixture is small.

*optical density of photoproduct in
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investigated [20] (Table 6). On exposure to light,
practically all the compounds studied photoiso-
merized reversibly to the corresponding derivatives
of 9-aryloxy-1,10-anthraquinone. The exception
was 1-phenoxy-8-hydroxyanthraquinone, which,
like the 1-phenoxy-8-amino{methylamino)anthra-
quinones described above, does not photoisomerize
under the action of light. It has been found that,
in the case of the 2-hydroxy(methoxy, acetoxy)
derivatives of Ia, the photo-induced form is un-
stable and has not been isolated in the crystalline
state, which is not the case for the 2-
amino{(methylamino) derivatives of Ia.

The mechanism of phototransformation of the
4-hydroxy- and 4-acetoxy derivatives of Ja com-
prises two stages: the primary stage of photo-
isomerization to the corresponding 1,10-anthra-
quinone derivatives and the thermal stage of
prototropic or acylotropic transitions to the en-
ergetically more stable 1,4-anthraquinones [20, 21}.
This mechanism will be considered in more detail
in Section 6.

Thus, photoarylotropic transformations of aryl-
oxy derivatives of anthra-, naphthacene- and other
polycyclic quinones turned out to be of both sci-
entific and practical interest. A number of deriv-
atives of I and II have served as bases of novel
photochromic materials, allowing recording and
erasing of information under the action of a wide
range of radiation, the dark storage of the image
without additional chemical treatment, and a rather
high number of cycles of regeneration [9, 32].

A substantial disadvantage of photochromic ma-
terials based on 1-phenoxyanthraquinone and its
derivatives is the limited number of cycles of

TABLE 6. Long wavelength band maxima in electronic spectra
of hydroxy, methoxy and acetoxy derivatives of 1-aryloxyanthra-
quinone before and after light irradiation in benzene [20]

Substituent in R Amax (N} (log €)
anthraquinone (OCH,R)

Before After

irradiation irradiation
2-OH p-C(CH,), 369 (3.74) 389, 532
2-OCH, p-C(CHa)s 374 (3.68) 506
2-OCOCH; p-C(CHz;), 326 (3.65) 483
4-OCH, p-C(CHa,), 390 (3.74) 490
5-OH H 373 (3.71) 477
5-OCH, H 375 (3.75) 479
5-0OCOCH, H 334 (3.79) 470
8-OH H 415 (3.89) —
8-OCOCH, H 351 (3.600 475
2,4-0CH, p-C{CHa,), 395 (3.88) 525

A=280-400 nm.

recording and erasure possible, owing to destruc-
tion of the photoisomer by the attack of traces
of water. These degradative processes are deter-
mined by the unusually high reactivity of ana-
quinones towards nucleophilic agents. The next
section provides a brief review of data on the
reactivity of 1,10-anthraquinone derivatives.

3. Reactivity of ana-quinones

Owing to their high reactivity, 1,10-anthraqui-
none derivatives were unknown for a long time
and attempts to synthesize them failed [33, 34].
Boldt and coworkers [33, 34] tried to stabilize the
1,10-anthraquinone molecule by stabilizing the qui-
noid system with methyl groups. However, 2,3,4,5,8-
pentamethyl-1,10-anthraquinone (VIII) was de-
tected only in solution and attempts to isolate this
substance failed. An adduct of VIII with ethanol
was isolated, which had the structure of semi-ketal
1X:

ol a Hat °
H
ALHg ELoH / | ~ A (1%
TTTT — Tisd
(Y111, \CHJ > “ <‘D \CHa
wach? G oHg

Ha€ @ EHy L

Later, Boldt and Setiabudi [35, 36] isolated
crystalline  3-tert-butyl-5,8-dimethyl-1,10-anthra-
quinone (X) and identified it by '"H NMR and
mass spectrometry data. The electronic absorption
spectrum of X in chloroform exhibits a long wave-
length band with a maximum at 491 nm. In the
presence of even traces of water, ana-quinone X
transforms to 1-hydroxy-3-tert-butyl-5,8-dimethyl-
9,10-anthraquinone (XI):

Mgt o HL O OH
CN:)
“CltHy )y Oz T (CHalq
Myt G H,C B

It should be noted that Boldt and Schimand [37]
also have isolated crystalline ana-naphthaquinone-
3,7-di-tert-butyl-1,5-naphthaquinone (Ap.. = 475
nm in CCL).

Gorelik et al. [38, 39] have succeeded in isolating
two chloro derivatives of 1,10-anthraquinone —
2,4.9-trichloro- (XII) and 2,3,4,9-tetrachloro-1,10-
anthraquinone (XIII) — from the mixture formed
in the reaction of 1,4-dihydroxyanthraquinone with
thionyl chloride in the presence of triethylamine.
When stored in the crystalline state, ana-quinones
XII and XIII are stable for a long time. These
compounds were the first 1,10-anthraquinone de-
rivatives to be isolated in the free state. Their
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TABLE 7. Positions of long wavelength band maxima in electronic absorption spectra of 1,10-anthraquinone derivatives obtained

non-photochemically

No. Substituents Amax {nm) (log €) Solvents References
X 3-tert-Bu-5,8-Me, 491 Chloroform [35]

XH 2,4,9-Cly 484 (4.06) Benzene [40]

X1 2,3,4,9-Cl, 489 (4.04) - -

Xv 9-C;H,-2,4-Cl, 485 (4.06) Benzene {411

XVI 9-p-CICH,-2.4-Cl, 485 (3.90) - -

XVII 9-(2,4,6-Me,C.H,)-2,4-Cl, 485 (4.13) - -

XVIH 9-(2,4,6-Me,C H,)-2,3,4-Cl; 485 (4.08) — -

spectra feature long wavelength bands at 484 nm
and 489 nm respectively (Table 7).

It has been established that position 9 of ana-
anthragquinone is the most active in reactions with
nucleophiles [35, 39, 40]. For example, passing
hydrogen chloride through a solution of XII in a
non-polar solvent leads to the formation of 9,9-
dichloro-1-hydroxy-10-anthrone (XIV). The re-
moval of hydrogen chloride and heating reduce
the initial compound [39, 40].

tLo0 CL_ Gl oM
“ L HOL 5 Ll
T —_— ¢
N BT, -HCL ‘
) oL o] cL
The series of 9-aryl-1,10-anthraquinones

(XV-XVII) (Table 7) also has been synthesized
{40, 41]. Analysis of the data given in Table 7
shows that variation of the 9-substituents of 1,10-
anthraquinone (hydrogen, chlorine, aryl and phen-
oxy groups) has practically no effect on the position
of the long wavelength band maximum. A similar
situation was observed for ana-naphthacenequi-
nones (Table 1). Moreover, comparison of the
data in Tables 1, 4 and 7 shows that long wavelength
maxima of ana-quinones I'a, II'a, III', VI', XII,
XIII, XV-XVIII and 1,5-naphthaquinone [37] prac-
tically coincide and lie within the range 480+ 10
nm.

Unlike ana-quinones XII, XIII, XV and XVI, 9-
mesityl-1,10-anthraquinones (XVII, XVIII) add
neither hydrogen chloride, nor other nucleophilic
reagents at position 9. The mesityl group (2,4,6-
Me,CsH,), bearing methyl groups at the ortho-
positions, completely screens position 9, thus pre-
venting the attack of the rcagent and increasing
the stability of the compounds. Under the attack
of strong nucleophiles (sodium hydroxide, am-
monia, aliphatic and aromatic primary amines) at
room temperature, the chlorine atom at position
4 of ana-quinones XVII and XVIII is substituted
by a hydroxy or amine group respectively [40, 41].
In 9-mesityl derivatives XVII and XVIII, the sub-

stitution of chlorine at position 4 can be followed
by substitution of the chlorine atom at position
2 owing to excess ammonia [40, 41]. The exper-
imentally determined sequence of site reactivities
with respect to nucleophilic attack for the 1,10-
anthraquinone molecule, namely 9>4>2, is con-
sistent with data of quantum chemical calculations
for the m-electron density in the molecule [34].

However, information on the rate constants of
these reactions and quantitative comparison of the
reactivities of these compounds are lacking [40,
41]. We recently have undertaken the first attempt
to perform a kinetic study of the reactivity of some
1,10-anthraquinone derivatives. One aim of this
study was to determine the effect of substituents
in the anthraquinone nucleus on the stability of
the photo-induced 9-aryloxy-1,10-anthraquinone.
The reaction of 9-aryloxy-1,10-anthraquinones with
alcohols was used as a model. For 2-alkylamino
derivatives, we have established a stepwise mech-
anism of the reaction with alcohols, starting from
1,4 addition of the alcohol molecule [42].

ArD Q ArQ \/DR OH

s Ry, K, “NHR, R,
~ RoH ROH
0

o

RO\’,DﬁOH
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The kinetic studies have shown substituents in
the anthraquinone ring to have a substantial effect
on the rate constant k, (Table 8). The nitro group,
an electron-withdrawing substituent, increases k,
by more than an order of magnitude. Electron-
donor substituents (amino and methoxy groups)
decrease k, by 2-3 orders of magnitude and, hence,
enhance the stability of the photo-induced form
[42].

4. Photochromism of peri-alkyl-para-quinones

Thermally reversible photoenolization of methyl
derivatives of para-quinones was discovered first
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TABLE 8. Rate constants of nucleophilic addition reaction of
methano! at 298 K in toluene (k,) to 9-(p-tert-Bu-phenoxy)-1,10-
anthraquinone derivatives [42]

Substituents ki Substituents ky
(1073 dm? (107? dm®
mol~' s™h mol! s7%)
H 300 2-NH, 1
H* 200 4-OCH; 6.6
2-NO, 4200 4-NHCOCH, 0.4
2-NHCOCH; 40

*With pentafluorophenoxy group in position 9.

TABLE 9. Isomerization rate constants (k;) of anthraquinone-
methide derivatives in ethanol (95%) at 290 X and m-electron
densities at methylene-group carbon atom for different substit-
uents in the anthraquinone ring [43, 44]

No. Substituents k(10057 p—1
XXa  Unsubstituted 60102 0.051
XXb  3-(cyclohexene-1) 84403 0.052
XXc  4-CHs- 29.410.6
XXd 2,34-(CH;)s- 83.01+6.0
XXe  4-CHy-5,6,7,8-Cl,- 208+19
XXf  4-CH,-5,6,7,8-F,- 10.1£0.5
XXg 4-OCH,- 4.4+£0.1 0.045
XXh  4-piperidino- 0.51+001 0040
XXi 4-Cl- 105405
XIX 4-hydroxy-1,5-naphthoquinone- 0271001 0033
5-methide (1.25°[10])

aMeasurements in absolute ethanol.

for 5-methyl-1,4-naphthaquinone (XIX) [10] and
shortly after for 1-methylanthraquinone (XXa) [11].
For 1-methylanthraquinone and its series of de-
rivatives with substituents in the anthraquinone
ring, it has been established that 9-hydroxy-1,10-
anthraquinone-1-methides resulting from photo-
chemical migration of hydrogen are stable in al-
cohol matrices at 77 K. At room temperature, the
thermal process leads to reformation of the initial
structure [11, 43, 44].

(Ka-1) G@e [ W‘% n (X£'a-1)

Substituents in the anthraquinone ring have a
significant effect on the rate constant k of the
thermal migration of hydrogen [44] (Table 9). It
has been found that this effect is related to a
change in the m-electron density at the carbon
atom of the methylene group: k; increases with
increasing mclectron density and decreases with
decreasing m-electron density [43, 44]. The value
of k; also is affected strongly by the temperature
and nature of the solvent. An increase in the

polarity and, in particular, in the proton-donor
ability of the solvent decreases k; by several orders
of magnitude [10, 43—45].

Interesting photochromic transformations have
been observed for 1-hydroxy-4-methylanthraqui-
none (XXI) [11, 43]. The photochemical step of
hydrogen atom transfer from the methyl group,
in this case, is accompanied by a thermal step of
proton transfer from the OH group:

0 CHy HO  CH, HO  CHs
hy k
OO0 = QU — QU
Pra—
ky ke,
0 OW o oH HO 0
I X1 XEIT

The effective rate constant of thermal decolor-
ization of photoproduct XXII

ket~ Kaks/ka

is about six orders of magnitude lower than &5 in
the case of 4-methoxy derivatives of 1-methylan-
thraquinone. This is determined by the high ther-
modynamic stability of 1,4-anthraquinone com-
pared with that of 1,10-anthraquinone [11, 43].

Thermally reversible photoenolization also has
been observed for the series of 1-alkyl- and 1-
benzylanthraquinones (XXIHa-e) {44, 46]. (With
two hydrogen atoms substituted by phenyl groups,
photoenolization does not occur either at 77 K
or at Toom temperature.)

O CHR,R3 HO  CRyRy
i' 'I Ii R i' ]ii !I[
Ey l ' .
o OH o OH
¥XIIla-e ¥XIII'a-&

Kinetic studies have shown that the effect of
the substituent in the methylene group of XXIII'
on k; is determined by both electronic (change
in the m-electron density of the carbon atom) and
purely steric effects [44]. For the case of two
different substituents in the methylene group, we
have detected two structural isomers (A and B)
of 1,10-anthraquinone-1-methylenes. The k; values
for these isomers differ by approximately an order
of magnitude {44, 45] (Table 10).

Rl"" )2 R'Z"- }1
Wy o C HO © ©

SOSEINNC OGS B
] ]

Recently, we have conducted [45] a detailed
laser flash photolysis investigation of the pho-
toenolization mechanism of 1-methylanthraqui-
none (XXa) and its deutero analogue, 1-trideu-
teromethyl-2,3,4-trideuteroanthraquinone {XXa-
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TABLE 10. Relation of isomerization rate constant to methylene-
group structure for 9-hydroxy-1,10-anthraquinone-1-methylene
derivatives in ethanol (95%) at 290 K [44]

No. Methylene ky (107 s7h

A B
XX’ —CH, 6.6502 -
XXIll'a =C(CH,), - 0.36 +0.03
XXIII'b =CHCH, 34402 0.40 +0.03
XXIIl'e =CHPh 28+2 —
XXHI'd =CCH;Ph 5943 5.9+03
XXIII'e =CHC.F; 5613 59403

d,) over a wide temperature range (120-340 K).
The accumulation of XX’'a in the ground state
and its decay were detected. However, immediately
after the laser flash for wavelength A=550 nm,
an absorption is observed, giving a spectrum co-
inciding with that of XX'a. Within the range
550-700 nm at 206 K, the ratio of the optical
density at zero time to the optical density after
3.5 us equals .49+ 0.02. This value depends on
the temperature and, particularly, on XXa deu-
teration. For XXa-d, it changes from 0.43 at 320
K to 0.12 at 120 K. This result was accounted for
by assuming that absorption in the range 550-700
nm, arising immediately after the laser fash, cor-
responds to XX'a formed from the singlet-excited
state of XXa.

The kinetic curve of additional accumulation of
XX’'a from the precursor is dependent on the
concentration of the dissolved oxygen. The pseudo-
first-order rate constant k can be expressed in the
form

k=ko+kyoX[0:]

Although & increases strongly with the dissolved
oxygen concentration, the XX'a yield is indepen-
dent of the oxygen concentration and remains
equal to unity. The precursor lifetime at 120 K
in ethanol is 1.1 us for XX'a and 1.4 us for
XX'a-d,. Therefore, the precursor of XX'a is its
triplet-excited state (T).

The yield of XX'a formed from the T is quenched
by piperylene admixtures. The intermediate ab-
sorption at zero time is independent of the pi-
perylene admixtures. Based on the present results,
we have concluded [45] that photochemical mi-
gration of hydrogen occurs in both triplet- and
singlet-excited states of XXa and XXa-ds. Ac-
cording to the identity of the electronic absorption
spectra for XXa and unsubstituted anthraquinone,
and considering the structure of the lower excited
states of the unsubstituted anthraquinone available

in the literature, we have made a conclusion about
the n7* nature of the triplet and singlet reactive
states of XXa and XXa-d, [45].

Migration of the hydrogen (or deuterium) atom
in the singlet no* state results in the formation
of the quinone-methide XX' in the ground state.
If the hydrogen (or deuterium) atom migrates in
the *nw* state, the primary product is the triplet-
excited quinone-methide (T). Therefore, migration
of the hydrogen atom is an adiabatic photochemical
reaction at the triplet potential energy surface.
AM1 calculations [45] for the potential energy
surface of quinone-methide XX'a in the triplet
state have shown that the short-lived intermediate
T is a o,7biradical with a twisted CH, fragment.
One of the unpaired electrons in this intermediate
is localized at the methylene group carbon atom
(in the o orbital), with the plane of the methylene
group being practically perpendicular to that of
the anthraquinone rings. The photoenolization pro-
cess of XXa and its deutero analogue XXa-d, can
be presented in the following rather complex
scheme [45]:

CHa HO M,

T s COX)

¥
J'hv P EIE TR [

B %
Texga Oty — T ety =8 Xa) Cant) — 25 T (Pom)

The rate constants ks, and k; were estimated
from the quantum yield of the photoproduct in
the singlet state, and typical values of ks for
aromatic ketones are about 10'' s~'. The rate
constants of “n7* hydrogen atom transfer (kg)
estimated from experiments in the presence of an
excitation quencher (piperylene) are 3x 10 s~
for XXa and 1x10" s ' for XXa-ds [45]. The
rate constants k; and k,, and their dependence
on temperature, deuteration and solvent also have
been measured [45].

It has been found that the thermal step of the
photochromic transformations of XXa and of its
deutero analogue can occur not only as a result
of intramolecular migration of hydrogen atoms,
but also via a bimolecular channel, i.e. by simul-
taneous or sequential transfer of two hydrogen
atoms on the encounter of two quinone-methide
molecules:

HO  CHy CHy

a
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