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The primary photophysical and photochemical processes in the photochemistry of 1-acetoxy-2-methoxyan-
thraquinone (1a) were studied using femtosecond transient absorption spectroscopy. Excitation of1a at 270
nm results in the population of a set of highly excited singlet states. Internal conversion to the lowest singlet
nπ* excited state, followed by an intramolecular vibrational energy redistribution (IVR) process, proceeds
with a time constant of 150( 90 fs. The1nπ* excited state undergoes very fast intersystem crossing (ISC,
11( 1 ps) to form the lowest tripletππ* excited state which contains excess vibrational energy. The vibrational
cooling occurs somewhat faster (4( 1 ps) than ISC. The primary photochemical process, migration of acetoxy
group, proceeds on the triplet potential energy surface with a time constant of 220( 30 ps. The transient
absorption spectra of the lowest singlet and triplet excited states of1a, as well as the triplet excited state of
the product, 9-acetoxy-2-methoxy-1,10-anthraquinone (2a), were detected. The assignments of the transient
absorption spectra were supported by time-dependent DFT calculations of the UV-vis spectra of the proposed
intermediates. All of the stationary points for acyl group migration on the triplet and ground state singlet
potential energy surfaces were localized, and the influence of the acyl group substitution on the rate constants
of the photochemical and thermal processes was analyzed.

Introduction

Acyl group migration reactions are common in chemistry and
biochemistry. For instance, acyl transfer is the fundamental
bond-forming reaction in the biosynthesis of proteins. Another
example of acyl migration is the very well studied Fries
rearrangement,1 which also has a photochemical counterparts
the photo-Fries rearrangement.2 The radical mechanism of the
photo-Fries rearrangement is well established2c-f and manifests
itself in the formation of a multitude of photoproducts. To
improve the selectivity, the photo-Fries rearrangement was
recently performed in water-soluble, confined assemblies.3 It
is also known that this rearrangement occurs mainly through
the excited singlet state.2d-f

Another type of photochemical acyl migration has been
observedforaseriesof1-acetoxy-9,10-anthraquinonederivatives.4a

It was found that this process is thermally reversible and
represents a new type of photochromic reaction of substituted
anthraquinones.4 Unlike the photo-Fries rearrangement
involving the homolytic cleavage of a carbon-heteroatom
bond,2 this photochemical migration is a concerted adiabatic
process which proceeds on the triplet potential energy
surface.4,5 An adiabatic mechanism of acyl migration was
proposed based primarily on the analysis of energy correlation

diagrams and the dependence of the reactivity on the chemical
structure.4b This mechanism was later supported4c by the
recognition of 9-acetoxy-2-methoxy-1,10-anthraquinone in
its triplet excited state (32a), as the precursor of the ground state
2a.

It should be noted that most well-studied photochemical
reactions proceed nonadiabatically through conical intersec-
tions.6 Much less is known about adiabatic photochemical
reactions, especially those proceeding on a triplet potential
energy surface (PES).

A series of O-acylic derivatives of 1-hydroxy-2-methoxyan-
thraquinone with methyl (1a), ethoxyl (1b), and diethylamino
(1c) groups in the migrating carbonyl moiety were studied using
nanosecond laser flash photolysis.5 In all quinones under study
(1a-c) the precursors of theana-quinone products (2a-c) were
detected and assigned to the triplet excited states of2a-c
(Scheme 2). In the case of electron-donating substituents in the
migrating carbonyl (1b,c) group, several short-lived intermedi-
ates were also detected and tentatively assigned to the triplet
excited states of thepara-quinones (31b,c*).5 However, the time
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resolution of the system (∼3 ns) was not sufficient to detect
31a* nor to study the dynamics of the primary photophysical
processes.

In this work we have applied ultrafast transient absorption
spectroscopy to monitor the migration of acetoxy group on the
triplet PES and the kinetics of the primary processes on the
singlet PES. To support the assignment of the transient
absorption spectra, the UV-vis spectra of the proposed
intermediates were calculated using time-dependent density
functional theory (DFT). In addition, a detailed analysis of the
influence of the acyl group substitution on the rate constants of
the photochemical and thermal migrations was performed using
the results of the quantum chemical calculations.

Experimental and Computational Details

1-Acetoxy-2-methoxy-9,10-anthraquinone was synthesized
following a published procedure.4a,cAcetonitrile (Sigma-Aldrich,
spectrophotometric grade) and squalane (2,6,10,15,19,23-hex-
amethyltetracosane, Sigma-Aldrich) were used as received.

Femtosecond Broad-Band UV-Vis Transient Absorption
Experiments. Ultrafast experiments were performed in aceto-
nitrile at room temperature. The absorbance of the sample
solutions was about 0.7 (in a 1 mm cell) at an excitation
wavelength of 270 nm. The transient absorption spectra were
recorded on a femtosecond broad-band UV-vis transient
absorption spectrometer.7 The laser system consists of a short
pulse titanium-sapphire oscillator (Coherent, Mira) followed
by a high-energy titanium-sapphire regenerative amplifier
(Coherent, Positive Light, Legend HE USP). The main part of
the beam is used to pump OPA (OPerA Coherent) equipped
with a SFG module which generates a UV pump pulse tunable
from 240 to 310 nm. A small part of the fundamental beam is
focused into a 1 mmthick calcium fluoride plate to generate a
white light continuum between 340 and 640 nm. The white light
continuum is split into probe and reference beams of nearly
equal intensity. The probe and reference beams pass through
the sample, but only the probe beam overlaps with the pump
beam in the sample. The pump pulse energy was about 6µJ at
the sample position. The sample is circulated in a Harrick
Scientific flow cell (1 mm thick CaF2 windows, optical path
length 1 mm).

The detection system consists of an imaging polychromator
(Triax 550 Jobin Yvon) and CCD camera (Symphony Jobin
Yvon). Transient absorption spectra were registered at different
pump-probe delay times using an optical delay line. To gauge
the reproducibility of the data, the entire set of pump-probe
delay positions was repeated at least three times.

The kinetic traces were analyzed by fitting to a sum of
exponential terms. Convolution with a Gaussian response
function was included in the fitting procedure. The instrument
response was approximately 300 fs (fwhm).

Nanosecond Laser Flash Photolysis (LFP).An eximer XeCl
laser (Lambda Physik, 308 nm, 20 ns, 50 mJ) was used as the
excitation light source. The spectrometer has been described

previously.8 Solutions were prepared in spectroscopic-grade
acetonitrile with an optical density (OD) of about 0.7 at 308
nm. Experiments were performed at ambient temperature (∼295
K).

Quantum Chemical Calculations. The geometries of the
ground singlet and lowest triplet states of 1-acyloxy-2-methoxy-
9,10-anthraquinones (1) and 9-acyloxy-2-methoxy-1,10-an-
thraquinones (2) were calculated at the B3LYP9,10 level of theory
with the 6-31G(d,p) basis set, using the Gaussian 03 suite of
programs.11 All equilibrium structures were ascertained to be
minima on the potential energy surfaces, and the stability of
the SCF solutions was tested. The values of the barriers of the
photochemical and thermal acyl group migrations were evalu-
ated at the same level of theory. The influence of the solvent
on the energies of the stationary and transition points was taken
into consideration by the PCM12 models as implemented to
Gaussian 03.

To predict the electronic absorption spectra, the time-
dependent (TD) DFT method13 with the B3LYP combination
of exchange9 and correlation functionals10 was used with the
6-31+G(d,p) basis set.

Results and Discussion

Transient Absorption Measurements.The sample solution
of 1-acetoxy-2-methoxyanthraquinone (1a) in acetonitrile was
pumped by a femtosecond laser pulse (270 nm). The calculations
predict that1ahas three transitions with large oscillator strength
in the vicinity of 270 nm: at 285 (S0 f S7, f ) 0.10), 277 (S0
f S9, f ) 0.19), and 248 nm (S0 f S11, f ) 0.23). In the
experimental absorption spectrum these transitions manifest
themselves as a broad band with a maximum at 263 nm with
shoulders at 251 and 282 nm (see Supporting Information, part
2, Figure 1S). Therefore, excitation at 270 nm results in the
population of a set of highly excited singlet states. The long-
wavelength-absorption band of1a, displayed as a dotted line
in Figure 1a, belongs to the S0 f S2 transition of theππ* type
(λmax(exp) ) 362 nm, λmax(calc) ) 387 nm, f ) 0.07).
Calculations predict that the lowest singlet excited state of1a
is the1nπ* state; transition to this state (λmax(calc)) 423 nm)
has a very low intensity (f ) 0.002) and is masked by the more
intense S0 f S2 band.

The transient absorption spectra produced by excitation of
solutions of1a were recorded at different time delays between
the probe and pump pulses. The transient absorption spectra,
recorded over a 0-1 ns time window, are presented in Figures
1a-3a. Figure 1a depicts a broad transient absorption with a
maximum at∼430 nm that is formed within the laser pulse.
The transient absorption kinetics, shown in Figure 1b, were fitted
to a sum of exponential terms with convolution using a Gaussian
instrument response function included in the fitting procedure.
The kinetics monitored at 404 nm were fitted with only one
exponential term (130( 70 fs) since it is an isobestic point for
further spectral transformations (Figure 2a). The kinetics at 580
nm were fitted to a sum of three exponential terms (for a detailed
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discussion, see below). The time constant of the primary process
was found to be 150( 90 fs.

The population of highly excited singlet states is generally
accompanied by ultrafast internal conversion to the lowest
singlet excited state (τ ∼ 100-300 fs)14 and intramolecular
vibrational energy redistribution (IVR,τ ∼ 100-200 fs).14c

Therefore, the transient absorption with a maximum at∼430
nm formed with a time constant of 150( 90 fs (Figure 1) is
assigned to1a in the lowest singlet excited state (11a*),
presumably of the1nπ* type.

Figure 2a demonstrates that the decay of11a* on the
picosecond time scale is accompanied by the formation of a
species with two absorption maxima at 465 and 580 nm.
Similarly, two maxima in the range 400-650 nm were detected
immediately after pulsed laser excitation (355 nm, 3 ns) of
1-acyloxy-2-methoxyanthraquinones with donor substituents in
the migrating acyl group (1b,c, Scheme 2) and were assigned
to their triplet-triplet (T-T) absorptions.5

Calculations predict that the two lowest excited triplet states
(3nπ* and 3ππ*) of 1a are very close in energy with the3nπ*
state being slightly lower (1.5 kcal/mol) in the gas phase and
higher (2.9 kcal/mol) in energy in acetonitrile (Supporting
Information, part 1). Earlier4b the dependence of the reactivity
of 1 (Scheme 1) on the substitution in the quinone rings was
explained by the conservation of orbital symmetry. Since only
the3ππ* excited state can undergo acyl migration,4b,c this state
is likely to be the lowest excited states of compounds1a-c.
Indeed the calculated T-T spectrum of3ππ* agrees much better

with experiment than that for3nπ* (Figure 2a). Although the
two most intense transitions (440 and 515 nm) are noticeably
blue-shifted from the experimental maxima (465 and 580 nm),
agreement between the experiment and calculated spectra of
3ππ* is quite good.

Therefore, on a time scale of tens of picoseconds we detected
formation of the lowest3ππ* state of 1a due to intersystem
crossing from the excited singlet nπ* state. The decay of
3ππ* state (31a) is followed by the formation of a new species
with absorption maxima at 390, 500, and 522 nm (Figure 3a).
This spectrum was detected previously5 and assigned to the

Figure 1. (a) Transient absorption spectra recorded over a-0.5 to 0.6 ps time window following fs pulsed photolysis of 1-acetoxy-2-
methoxyanthraquinone (1a) in acetonitrile. The dotted line represents the S0 f S2 absorption of1a. (b) Time dependence of the signals at 404 nm
(1) and 580 nm (2). The solid lines represent the best fit by one (curve 1) and three (curve 2) exponential terms with a convolution using a Gaussian
response function.

Figure 2. (a) Transient absorption spectra recorded over a 0.6-50 ps time window following fs pulsed photolysis of1a in acetonitrile. The vertical
bars indicate the positions and oscillator strengths (f) of the electronic transitions calculated for1a in the triplet excited states of theππ* type (black
bars) and nπ* type (open bars). (b) Time dependence of the signals at 465 nm (1) and 580 nm (2). (c) Time dependence of the signals at 500 nm
(1) and 620 nm (2). The solid lines represent the best fitting with a sum of three (b, curves 1 and 2; c, curve 1) and four (c, curve 2) exponential
terms.

Figure 3. (a) Transient absorption spectra recorded over a 50-1000
ps time window. The vertical bars indicate the positions and oscillator
strengths (f) of the electronic transitions calculated for2a in the triplet
excited state. (b) Time dependence of the signals at 390 nm (1), 465
nm (2), and 580 nm (3). Solid lines represent the best fit with a sum
of three exponential terms.
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T-T absorption of theana-quinone32a (Scheme 2). Indeed,
the calculated spectrum of32aagrees perfectly with the transient
spectrum detected nanoseconds after the laser pulse.

Note that the transient absorption spectra are displayed in
Figures 1a-4a. However, for comparison with the calculations,
one must estimate the contribution from bleaching of1a to the
transient absorption spectra. This is possible if the extinction
coefficients of1a and2a are known, and if one assumes that
the photoexcitation of1a leads to2awith a quantum yield close
to unity.5 Using the extinction coefficient of2a at 510 nm (1.1
× 104 M-1 cm-1),4c,5we consecutively estimated the extinction
coefficients of all of the proposed intermediates (Table 1). It is
clear that the bleaching of1a is significant atλ < 420 nm and
negligible at longer wavelengths (Figure 1a, Table 1).

The decay of the transient absorption of32a was detected on
the nanosecond time scale (Figure 4) using the LFP apparatus.
Its decay was accompanied by the formation of a final product
2a (Figure 4a), which in turn reverts to1a on a microsecond
time scale by thermal acetoxy group migration (Figure 4b).
Figure 4a demonstrates that the spectrum ofana-quinone2a is
very well reproduced by theory (again the bleaching of1aaffects
the UV portion of the transient absorption spectra). Note that
the formation of persistent2a was previously discovered by
photolysis of 1a in glassy matrixes at 77 K.4a Intersystem
crossing of32a to the ground state and the dependence of its
rate constant on the oxygen concentration as well as thermal
acetoxy group migration have been studied in detail.4c,5

Turning back to the femto- and picosecond time scale data,
we consider more carefully the kinetics of the primary processes.
Figures 2b and 3b represent the time dependence of the signals
at the absorption maxima of31a (465 and 580 nm). These

kinetics as well as the kinetics monitored at other wavelengths,
except those recorded on the tails of the absorption bands, could
be well fit to a sum of three exponential terms (taking into
account a Gaussian response function).

The first exponential term with a time constant of 150( 90
fs was discussed above and is typical of an internal conversion
and IVR process.14 The second exponential term has a time
constant of 11( 1 ps and is assigned to intersystem crossing
(ISC) from the1nπ* to the 3ππ* state. The quantum yield of
triplet formation is expected to be close to unity, which agrees
with the quantum yield of2a formation (0.85( 0.17).5 The
value of the ISC rate constant∼1011 s-1 is typical of intersystem
crossing rates between states of different symmetries (ππ* and
nπ*).15

The final exponential term is assigned to the migration of
the acetoxy group on the triplet potential energy surface and
has a time constant of 220( 30 ps. Therefore, acetoxy group
migration is significantly faster (k ) (4.5 ( 0.6) × 109 s-1)
than the migration of acyloxy groups with donor substituents
(Scheme 2) with rate constants of 8.2× 107 s-1 in 1b (R )
OC2H5) and 5.2× 105 s-1 in 1c (R ) N(C2H5)2).5

As mentioned above, the kinetics recorded at the red edges
of the absorption bands of31a could not be satisfactorily fitted
to a sum of three exponential terms; instead four exponential
terms are needed to fit experimental kinetics on the picosecond
time scale (Figure 2c). The fourth exponential term has a time
constant of 4( 1 ps and relates to a slight narrowing of the
3ππ* absorption bands (Figure 2a). This pattern is characteristic
of vibrational cooling (VC) of species initially formed with
excess vibrational energy.16 The 4 ps time constant is consistent
with other reports of VC of polyatomic molecules.17

Therefore, the entire process of thermally reversible, adiabatic,
photochemical migration of acyl groups in 1-acyloxy-2-meth-
oxyanthraquinones (1a-c) can be described by Scheme 3, where
11*# and31*# represent excited singlet and tripletpara-quinones
with excess vibrational energy. The rate constants of the
elementary reactions are presented in Table 2.

The photochemical and thermal migrations of the more bulky
acyl groups (1b,c) were studied previously in toluene, while
all primary processes in1awere recorded in acetonitrile (Table
1), which is more convenient for studying femtochemistry.
However, the rate constant of thermal acetoxy group migration

TABLE 1: Extinction Coefficients at the Maximum of the S0 f S2 Transition of 1a and the Estimated Values (Accuracy
(10-15%) of the Extinction Coefficients for All of the Intermediates Detected in Acetonitrile

compound/intermediate 1a 11a* 31a* 32a* 2a4c,5

λmax, nm 362 ∼375a 580, 465 500 510
ε, M-1 cm-1 6.3× 103 ∼7.3× 103 7.2× 103, 1.2× 104 3.6× 103 1.1× 104

a Bleaching of1a was taken into account.

TABLE 2: Summary of the Kinetic Results for the Process of Thermally Reversible Adiabatic Photochemical Migration of
Acetoxy Group in 1a in Acetonitrile (This Work) and Acyl Groups in 1a-c in Toluene (Data of Ref 5)

compd solvent kIC, 1012 s-1 kISC, 1010 s-1 kVC, 1011 s-1 kPhoto, 109 s-1 k′ISC, 105 s-1 k′′ISC, 105 s-1 kTherm, 106 s-1

1a CH3CN 7 ( 4 9.1( 0.8 2.5( 0.6 4.5( 0.6 8( 2 0.8( 0.2
1a5 PhCH3 8.8( 0.8 1.2( 0.1
1b5 PhCH3 8.2× 10-2 8.7( 0.8 6.5× 10-3

1c5 PhCH3 5.2× 10-4 1.4( 0.2 4.3( 0.4 2.9× 10-6

Figure 4. (a) Transient absorption spectra recorded 30 ns (1) and 270
ns (2) after the laser pulse (308 nm, 20 ns). The dotted line represents
the spectrum of1a in the ground state. The vertical bars indicate the
positions and oscillator strengths (f) of the electronic transitions
calculated for2a in the ground state. (b) Time dependence of the signals
at 390 nm (1) and 510 nm (2) in acetonitrile saturated by air and the
best fitting by a sum of two exponential terms.
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was found to be the same within experimental accuracy in
toluene and acetonitrile (Table 2) as well as in ethanol.4c We
found thatkThermdepends on neither the polarity of the solvents
nor its viscosity as the kinetics are the same in hexane and a
very viscous solventssqualane. It seems likely that the solvent
has little influence on the rate constant of acyl group migration
on the triplet PES.

A related photochemical migration of a bulky polyatomic
group, viz., the phenyl group, has been reported for 6-phenoxy-
5,12-anthraquinone (3, Scheme 4)18 as well as for substituted
1-phenoxyanthraquinones.4d

In early studies18c,d very similar transient absorption spectra
were recorded upon LFP of3 on the nanosecond time scale.
However, this spectrum was attributed to different intermediates.
Strokach et al.18c assigned this spectrum to the spiro-bridged
biradical intermediate5 and proposed a nonadiabatic mechanism

of phenyl migration. On the other hand, Malkin et al.18d

attributed the same spectrum to a triplet excited state ofana-
quinone 4 and concluded that photochemical phenyl group
migration proceeds adiabatically on a triplet PES.

Recently,19 Wirz et al. carefully reinvestigated this system
using subpicosecond pump-probe spectroscopy, nanosecond
LFP, and photoacoustic and emission spectroscopies. Using
these complementary techniques, the authors convincingly
proved that the phototransformation ofpara-quinone3 to ana-
quinone4 proceeds via a short-lived triplet state of3 (τ ∼ 2
ns) and spiro-bridged biradical5 (τ ∼ 6 ns). The long-lived
triplet state of4 detected upon nanosecond LFP18b,c is formed
by reexcitation of4 and5, which are formed during the laser
pulse.19 This explains why the long-lived transient absorption
strongly depends on the intensity and duration of the laser
pulse.19

In contrast to the case of3, the same transient absorption
spectrum assigned to the triplet state of2a was detected upon
femto- and nanosecond excitation ofpara-quinone1a, which
excludes its formation by the reexcitation of2a or a spiro
biradical similar to5. In addition, the quantum yield of2a,b
formation is close to unity,5 as it should be in the case of a
very fast adiabatic reaction on the triplet PES. On the contrary,
the quantum yield of4 is much less than unity (0.32)19 due to
the decay of the biradical5 to both isomers3 and4.

Previously,20 in order to choose between the proposed
adiabatic and nonadiabatic mechanisms18b,c of the quinone3
phototransformation, we performed very simple AM1 calcula-
tions. We localized three minima on the triplet PES with the

structures of33, 34, and triplet biradical35. The deepest
minimum on this PES corresponds just to the structure of35.
This coincides with the experimental results of Wirz et al.19

confirming the nonadiabatic mechanism of quinone3 photo-
chemistry.

Therefore, different mechanisms, adiabatic and nonadiabatic,
are realized in the photochemical migration of acyl and phenyl
groups.

Quantum Chemical Calculations of the Ground State
Singlet and Triplet Excited PESs.It was found previously5

SCHEME 4

Figure 5. Relative free energies (in kcal/mol) of stationary points
localized for photochemical and thermal migrations of the acetyl group
in 1a predicted by the B3LYP/6-31G(d,p) method and optimized
structures of31a, 32a and 1a, 2a and transition states for their
interconversions (carbon atoms in black, oxygen atoms in red, hydrogen
atoms as open circles) obtained at the same level.

Figure 6. Influence of the acyl structure on relative free energies (in
kcal/mol) of the stationary points for the photochemical (a) and thermal
(b) migrations of the acyl (-C(O)R) groups in the gas phase predicted
by B3LYP/6-31G(d,p) calculations: black (R) CH3), gray (R )
OCH3), and open (R) N(CH3)2) rectangles.
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that acyl migrations on both the triplet and singlet ground state
PESs are thermally activated with the activation energy increas-
ing for the stronger donor substituents. We were able to localize
all stationary points of acyl group migration on the triplet and
singlet ground state PESs. Calculations were performed for the
acyl groups (O-C(O)R), with R being CH3, OCH3, and N(CH3)2

similar to compounds1a-c. Note that a set of isomeric struc-
tures ofpara-quinones as well asana-quinones was optimized.
They differ from each other in terms of the orientations of
methoxy and acetoxy substituents (all structures are presented
in the Supporting Information, part 1). Transition state structures
were localized only for the lowest energy isomers.

The stationary points localized for the acetyl group (C(O)-
CH3) migration (1a) are displayed in Figure 5 (PESs for
migrations of C(O)CH3 in acetonitrile and C(O)OCH3 and
C(O)N(CH3)2 in a vacuum and acetonitrile are given in the
Supporting Information, part 2, Figures S2-S6). Figure 5
demonstrates that both migrations proceed through the transition
states and the free energies (and enthalpies) of activation are
significantly smaller for the migration in the triplet state. This
agrees with the considerably larger (more than 3 orders of
magnitude) rate constant of photochemical migration. The data
presented in Figure 5 were calculated in the gas phase. However,
calculations performed in the continuum field of acetonitrile
using the PCM12 model gave very similar results; the changes
of the free energy of activation were within 10-15% (Support-
ing Information, part 2, Figure 7S). This agrees with our
conclusion that the medium has little influence on the rate
constant of acyl group migrations.

Figure 6 demonstrates that substitution at the R position has
only a very small influence on the free energy of migration
(∆G). In addition, very similar∆G values were calculated for
both the photochemical and the thermal acyl migrations. The
influence of the acyl substitution on the free energy of activation
(∆G#) is significant and is more pronounced for the photo-
chemical process. To allow quantitative comparison with theory,
we predicted the experimental values of∆G# according to the
conventional formula

The correlation of the experimental∆G# values with the
calculated ones is displayed in Figure 7 and demonstrates
excellent quantitative agreement between experiment and
calculations at the B3LYP/6-31G(d,p) level of theory.

It is clear that the (U)B3LYP calculations adequately
reproduce details of acyl group migrations on both the triplet
and singlet PESs. For example, Figure 8 demonstrates the
structures of the critical portion of the transition state for acetoxy
group migrations in1a. It becomes evident on careful examina-
tion that changes in the bond lengths on going from the reactants
to the transition states are noticeably larger for the ground state
migration and this leads to the larger barrier and free energy of
activation of the thermal reaction.

Conclusions

A comprehensive, quantitative mechanism of the physical and
chemical processes which follow photoexcitation of 1-acetoxy-
2-methoxyanthraquinones (1a) was established using femto- and
nanosecond transient absorption spectroscopy. The most inter-
esting feature of this photochemical reaction is the concerted,
adiabatic rearrangement which proceeds on the triplet potential
energy surface. The photochemical and thermally reversible
transformations of 1-acyloxy-2-methoxyanthraquinones repre-
sent one of the few known photochromic reactions of substituted
anthraquinones.4d

Excitation of1a at 270 nm results in the population of a set
of highly excited singlet states. Internal conversion to the lowest
singlet nπ* excited state and IVR proceed with a time constant
of 150 ( 90 fs. The1nπ* excited state undergoes very fast
intersystem crossing (11( 1 ps) to the lowest tripletππ* excited
state, which is formed with excess vibrational energy. Vibra-
tional cooling occurs with a time constant of 4( 1 ps. The
primary photochemical process, migration of the acetoxy group,
proceeds on the triplet potential energy surface with a time
constant of 220( 30 ps.

Figure 7. Correlation of experimental and calculated values of free
energy of activation for the photochemical (black circles) and the
thermal (open circles) acyl group migrations. The straight line is the
best linear fit to the data (R ) 0.985): ∆G#(exp)) (0.3( 0.9)+ (1.2
( 0.1)∆G#(calc).

Figure 8. Selected bond lengths (in Å) of the reactive center for the acetoxy group migrations on the triplet (a) and singlet (b) PESs. The data in
italics refer to the reactant structures (31a or 2a, respectively) and the data in normal font refer to the transition states. All results were obtained at
the (U)B3LYP/6-31G(d,p) level of theory.

∆G#(exp)) -RT1n(kexph

kT )
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All assignments of the transient absorption spectra reported
in this work were supported by quantum chemical calculations.
In addition, all of the stationary points for acyl group (-C(O)R)
migration on the triplet and singlet potential energy surfaces
were located. The influence of substitution at the R position on
the rate constants of the photochemical and thermal processes
was analyzed.
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