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The steady-state and time-resolved CIDNP and flash photolysis methods were used in a detailed study of the
photo-Fries rearrangement of 1-naphthyl acetgten(acetonitrile and methanol. The main reaction channel

is the decay of through the excited singlet state with the quantum yields & 1702 in acetonitrile and 0.42

+ 0.04 in methanol at room temperature. The absorption spectra of the naphthoxyl radical and triplet state
of 1-naphthyl acetate were detected. The quantum yield of triplet was estimated -as0®4and 0.35+

0.17 in acetonitrile and methanol, respectively. It has been established that the triplet-born radical pairs
make a main contribution to the CIDNP of the photo-Fries rearrangement products. The involvement in the
process of two different triplet states lofvas supposed. The main decay channel of the lowest triplet state

is the triplet-triplet annihilation, while the CIDNP of photo-Fries rearrangement products results from the
decay of the upper triplet state bfnvith a lifetime of a few nanoseconds. The kinetics of CIDNP formation

in reaction products has been analyzed, and the rate constants of the rearrangement of the preceding
intermediates at room temperature have been estimated.

Introduction SCHEME 1
The photo-Fries rearrangement was first discovered by COCH, " coch, PP
Anderson and Reesim 1960. Over the years this phenomenon _hv, N .
has been extensively studied and has been observed not only
in aryl ester§> but also in various aromatic compounds, 1 n ur COCH; IV

including acetanilide3®-8 sulfonanilides, aryl sulfonate$;10

carbamate$! sulfamates? cinnamated? etc. Since the pio-  constants of elementary stages are lacking. The absorption of
neering works»15 attempts have been made to elucidate the two intermediates was detected by Kalmus and Herétlgson
photo-Fries rearrangement mechanism. On the basis of the factshe pulse excitation of phenyl acetate. One of the intermediates
that product quantum yields are not affected by typical triplet was spectroscopically identified as the phenoxyl radical. The
quenchers®”® and the triplet sensitizatiénis absent, some  other intermediate was assigned to cyclohexadienone which
authors have assumed that the photo-Fries rearrangement occutigansforms tao-hydroxyacetophenone. The transformation of
through the excited singlet state. This assumption has beenthe cyclohexadienone intermediatescoand p-hydroxy ac-
supported by the analysis of the signs of CIDNP spé&tfa  etophenones has been recently described in detail by?Arai.
detected during the photoirradiation of aryl esters. The appear- This paper describes a detailed kinetic study of the pho-
ance of the CIDNP effects has also revealed the radical yotransformation of 1-naphthyl acetatd. (It has been known
mechanism of the photo-Fries rearrangent@At. However,  {hat the irradiation of in various solutions gives rise to the
some recent data indicate that in the case of phenylsulfamates,oqucts typical of the photo-Fries rearrangement: 2-acetyl-1-

and cinnamates the photo-Fries rearrangement occurs thrOUQ}haphthol (1), 4-acetyl-1-naphtholll ), and 1-naphtholl{/ )245
the upper triplet stat€s:1® (Scheme 1).

The photo-Fries rearrangement has much in common with
such photochemical reactions as the photo-Claisen rearrangeyq
ment819 and theS-cleavage of phenoxy keton&s?! The
primary process of these phototransformations is the homolytic
dissociation of the carberheteroatom bond, yielding a pair of
free radicals. The recombining radicals form rearrangement
products. A theoretical study of the homolytic photodissociation
of the carbor-oxygen bond in RO—Ph compounds has
recently been performed by Grimrig.

There are many works concerned with the investigation of
the photo-Fries rearrangement; however, data on the rate

Nakagak? has detected the effect of an external magnetic
Id on the yield of producti for *C-labeled 1-naphthyl acetate
13C=0). The value of the external magnetic effect (183
0.01) suggests that the in-cage product originates from a singlet
radical pair. The absorption of the intermediate in the laser
excitation of | was attributed to the 1-naphthoxyl radiéal.
However, this attribution seems to be justified insufficiently.

This work was aimed at determining the role of the excited
singlet and triplet states in the photo-Fries rearrangement of
compoundl as well as at establishing the nature, spectral
characteristics, and reactivity of the intermediates. To make
: : the results more valid, we used complementary methods,
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TABLE 1: Long-Wavelength Maxima in the Absorption TABLE 2: Quantum Yields of Products Il —IV (¢ —e¢y) in
Spectra max), the Absorption Coefficients €max), and the the Photolysis of 1-Naphthyl Acetate (Measurement
Chemical Shifts of Methyl Protons @) in Methanol and the Accuracy +10%)
Melting Points of the Compounds under Study
solvent @ @ @ @
Vmaxs €maxs e
] gy acetonitrile 0.10 0.05 0.02 0.17

compound  cm M7Tem? 6,ppm  Tm, K methanol 0.21 0.07 0.14 0.42

| 1-naphthyl acetate 31930 360 244 31818

1l 2-acetyl-1-naphthol 27180 5400 270 3372 ; ; ; oA
Il 4-acetyl-1-naphthol 30470 11600 566 auyl see ref 28). A sample inserted in a commercial cylindrical Pyrex

IV 1-naphthol 30820 3000 36869 ampule was irradiated inside the probehead. of the spectrometer
by an excimer laser beam (Lambda Physik EMG 101 MSC
excimer laser, 308 nm, pulse energy up to 100 mJ). The light
Materials. 1-Naphthyl acetate from Chemapol was purified was supplied to the sample from the side of the ampule
by sublimation in vacuo. Commercially available 1-naphthol throughout an optical system consisting of two quartz lenses, a
was recrystallized from a wateethanol mixture (1:9). 2-Acetyl-  prism, and a light guide. Time-resolved CIDNP spectra were
and 4-acetyl-1-naphthol needed for the identification of products detected according to the conventidfglulse sequence: satura-
were synthesized and isolated as described by Stoughton.  tion—laser pulse-delay detection. The incident laser power was
Ethanol and methanol were boiled over NaOH and distilled. measured by the photodecomposition of dibenzyl ketone in
Acetonitrile was repeatedly dried with,®s for an hour and  benzené3® It has been determined that about 20% of the inlet
distilled. CD;CN and CRCOD (99% enriched) from Isotope |aser power reaches the sample.
were used as received. 1,3-Pentadiene (piperylene) from 1o obtain the kinetics of CIDNP with the submicrosecond
Aldrich—Chemie, employed as a quencher, was distilled. time resolution, short NMR detection pulses (500 ns, flip angle
Carbazole and acetophenone from Merck, used for sensitization,ZOO) were used. The detection-pulse width and shape were taken
were additionally purified. The acetophenone was sublimated jnto account by deconvolution procedidfe.In the CIDNP
in vacuo. The carbazole was recrystallized from a water experiments, the optical density of the solutions at 308 nm was
ethanol mixtulre (3:7) two times. Phenathrene from Merck was gpout 0.3 (optical pathway inside the sample tube about 4 mm).
used as received. Since the piperylene content of the samples decreased under
Steady-State Photolysis. A high-pressure mercury lamp  pybbling, the real concentration of piperylene was tested by the
DRSh-500 was used as a radiation source. The mercul’y I|neNMR Spectra taken |mmed|ate|y prior to irradiation.
at 313 nm was isolatgd by a combination of UVS-2 and ZhS-3 Steady-state CIDNP spectra were taken on a Bruker MSL-
glass filters. Absorption spectra were detected on aM¥ 309 FT-NMR spectrometer by using the optical arrangement
Specord spectrophotometer. On irradiating samples at-160 - gimjjar to that described above for the flash-CIDNP experiments.
300 K, 2-mm-thick quartz cells were inserted into the quartz gamples were irradiated for 3 s at a repetition frequency-fo7
tube of a Dewar flask with plane-parallel windows. Temper- z and NMR spectra were detected after the irradiation. CIDNP
ature was varied with a thermostable nitrogen jet, measured byeffects were determined as a difference between the spectra of
a thermodiode, and maintained constant accurat&Q® K. irradiated and nonirradiated samples.
Radiation-induced changes in absorption spectra were detected Quantum Chemical Calculations. Experimental data were
at room temperature. The concentration of dissolved oxygen interpreted by quantum chemical calculations using the
was varied by passing oxygen or an argaxygen mixture MNDO 32 AM1,33 and PM34 methods based on the modified
(2:3) through solution for 20 min. Oxygen was removed from \NDO-85 progran®® The conventional DavidoAFletcher
the solution by argon (99.99%) bubbling. Argon was passed poye|| procedur® was used to optimize the geometry. The
through a piperylene-containing solution at low temperature (243 yeometry of radicals were determined by the restricted Hartree
K) to not reduce the piperylene concentration. Fock technique in a “half-electron” approximatigh. The
The quantum yields of photolysis produdis—IV were INDO3 (UHF) method was applied to calculating the spin

determined spectroscopically using available absorption Spectrayensity distribution and the hyperfine interaction constants using
and absorption coefficients (Table 1). The photoreduction of o spin Hamiltonian prograf?.

anthraquinone in ethanofp(= 0.98f% was used as an actino-

metric reaction. The laser radiation intensity was measured by Results

an IMO-2 joulemeter. On the sensitization of the photolysis

of | by phenanthrene, carbazole, and acetophenone, the samples 1. Quantum Yields of Reaction Products. The UV

were irradiated by an LGI-21 nitrogen lasér= 337 nm). irradiation of 1-naphthyl acetaté)(leads to the formation of
Laser Flash Photolysis. The arrangement for time-resolved three main reaction products: 2- and 4-acetyl derivatives of

optical studies has been described elsewheréhe solutions 1-naphthol (, Il ) and unsubstituted 1-naphthdV/(24° (see

passing through the cell (inner dimensions 3.0 mn?) were Scheme 1). Table 1 shows the positions of the absorption

irradiated by the light pulses of a Lambda Physik LPX 100 maxima and the absorption coefficients of the products at the

excimer laser (308 nm, pulse energy up to 100 mJ). The laserwavelength maxima. These data were used in the spectroscopic

output was monitored by a Gentec ED-500 joulemeter, and the analysis of the irradiated reaction mixture and in determining

initial concentrations of excited species were determined asthe quantum yields of the products.

described earliet! Oxygen was removed from all the solutions It has been established that the quantum yields of the products

by purging with helium for 1 h prior to use. In the flash formed in acetonitrile are independent of the concentration of

photolysis measurements, the optical density at 308 nm in thel within 3 x 1074—6 x 1072 M. It is seen from Table 2 that

intersection of the laser and monitoring beams (2 mm) was keptthe quantum yields of the products, in particular of 1-naphthol

below 0.2. All the data obtained by the flash photolysis (IV), in methanol are essentially higher than those in acetonitrile.

technique and given below refer to a room temperature of 23 In both the solvents the yield of ortho prodiicis significantly

+ 1°C. higher than that of para produd . Attempts have been
CIDNP. Time-resolved CIDNP measurements were carried madé-'? to correlate the ratio of the ortho and para isomers

out on a Bruker AM-250 FT-NMR spectrometer (for details arising in the photo-Fries rearrangement with the spin density

Experimental Section
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Figure 1. Temperature dependences of the quantum yield of 1-naphthyl concentration under low-intensity irradiation of a 1-naphthyl acetate

; ! olution (3x 10-3 M). Quantum yield ofll in acetonitrile (1) and in
acetate photo-Fries rearrangement (square_s) and of the ratio of Z'acetyiethano(l ®) quantl)JmQyield o );n acetonitrile (2) and in( r31ethano|
and 4-acetyl-1-naphthol quantum yields (circles). '

4.
distribution in the aromatic radical. We have performed
quantum chemical calculations of the spin density distribution
in the naphthoxyl radical (see Appendix). The calculations show
that position 4 has the highest spin density; however, the ortho
product arises in a higher yield. Thus, in this case, the yield
ratio of the products is not related to the spin density distribution
but depends on solvent and temperature.

Our measurements show that the ratio of the quantum yields
of productdl andlll (¢ /@) changes nonmonotonically with
temperature (Figure 1). In ethanol, for instance, the value of
the ratio first increases from 3 at room temperature to 15 at
200 K. With further decrease in temperature the value of the
ratio ¢,/ slightly decreases. The quantum yields of the
products decrease essentially with decreasing temperature. On

(Po/(P

the assumption that the 1-naphthyl acetate is not formed in cage 0 . - : . —
during recombination and neglecting the radical escape from 00 01 02 03 04 05
the cage, we obtain for the total quantum yield of the products [Piperylene], M

Figure 3. Stern—Volmer plots for the quantum yield of 2-acetyl-1-
naphthol vs piperylene concentration under laser irradiation of 1-naph-
thyl acetate (3x 103 M) in CH3OH (triangles), CROD (circles), and
under Hg lamp irradiation in C}¥0H (squares), CECN (diamonds).

¢ = kdisl(kdis + kdeag

wherekgis is the dissociation rate constant akdacis the rate
constant of the deactivation of the excited state. From the above

equation we derive the rate-constant ratio
KiidKgeac= /(1 — @) Indeed, in the presence of oxygen, the absorption spectrum of
the product mixture changes: a protracted long-wave tail appears
Figure 1 shows the temperature dependence of the quantuntorresponding to oxygen-containing products.
yield. It can be seen that the curve is well described by the  Unlike oxygen, 1,3-pentadiene (piperylene) quenches mainly
Arrhenius law triplet states. However, the piperylene quenching of the excited
singlet states of carbonyl compouAtland of the sodium salt
@l(1 — @) = KyidKgeac= (5.8 £ 0.3) x of phenylsulfamic acit? has been reported. The addition of
exp(—(1900+ 70)/T) piperylene to the solution dfup to a concentration of 0.05 M
does not affect significantly the quantum yield of the products,
To study the dependence of the quantum yields on the excitingwhile the higher piperylene concentrations decrease the product
light intensity, the solutions were irradiated by the light of the yield (Figure 3). This can be described by Stekfolmer plots
mercury lamp £1 x 10' quantum cm? s™%) or by the pulsed  with the slopes 7.8t 0.8 M1 in acetonitrile and 4.Gt 0.3
light of the excimer laser (4.3 10?4 quantum cm?s™1). The M~1 in methanol. Similar results have been obtained for

products in different ways: via quenching triplet or singlet states
or via reacting with the radicals arising in the photolysis.

quantum yields ofl andlll turned out to be independent of
the light intensity.

2. Quencher Effect on Quantum Yield. Figure 2 shows
plots for the quantum yields of reaction produgts and ¢y
versus oxygen concentration for methanol and acetonitrile
solutions. All the curves are satisfactory linear Steviolmer
dependences. Oxygen can affect the quantum yields of the

methanol and acetonitrile under lamp and laser radiation. No
changes in the ratio of product quantum yielgs @ :@v) in
the presence of piperylene have been revealed.

3. Sensitization of 1-Naphthyl Acetate Decomposition.
The triplet state energy df is estimated as Er = 251.8 kJ/
mol, which is lower than the corresponding value for naphtha-
lene Er = 254.7 kJ/mol}! PhenanthreneEy = 258.5 kJ/
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Figure 4. Transient absorption spectra observeags3circles) and 22
us (squares) after laser pulse in a solution of 102 M 1-naphthyl
acetate in acetonitrile.

mol),* carbazole Er = 294.1 kJ/mol)? and acetophenone
(Er = 307.9 kd/mol}! whose triplet states are known to be
guenchable by naphthalefieyere used as sensitizers. The
sensitized photolysis was carried out under the radiation of the
nitrogen laser at 337 nm where the absorptiohisfnegligibly
small.

The quantum yield ofl was very small for all the three
sensitizers. The measurements for carbazole and acetopheno
were complicated by photodecomposition of the compounds,
followed by the formation of colored products. In sensitizing
by phenanthrene, the quantum yieldloformed from the triplet
state was estimated as < 4 x 1073 (the yield of the sensitizer
triplets was®t = 0.8)*!

4. Laser Flash Photolysis of 1-Naphthyl Acetate (I).
Figure 4 shows the absorption spectra of intermediates, obtaine
during the photolysis of | in acetonitrile @s (circles) and 22
us (squares) after the laser flash. The first spectrum exhibits
characteristic maxima at 385 and 410 nm. The main peculiari-
ties of this spectrum coincide with those of the spectrum reported
by Nagakura et dl.and attributed to the 1-naphthoxyl radical.
Itis seen in Figure 4 that the absorption at 410 nm decays faste
than that at 385 nm. Figure 4 shows that more than one
intermediate absorbs in this region. A detailed analysis of the
kinetic traces obtained at the absorption maximum at 410 nm

allows us to conclude that at least two species contribute to the
absorption at this wavelength. Immediately after the laser pulse

the strong absorption signal (A) decays rapidly by the second-
order law (Figure 5, upper trace), which testifies to the high
initial concentration of the transient. In a long time scale the
second, weak and slowly decaying, signal (B) can be distin-

I

J. Phys. Chem., Vol. 100, No. 11, 1994451

_OD
03F
0.2F
0.1F
0.0 frssmsss,
L e
TIME, ps

Figure 5. Transient absorption decay curves observed after excitation
of a solution of 1x 1072 M 1-naphthyl acetate in acetonitrile in the
presence of piperylene (signal A in text). The piperylene concentrations
are 0 M (upper trace), 2 10*M, 5 x 10*M, 1 x 10 M, and 5

x 1073 M (lowest trace). The monitoring wavelength was 410 nm.
For calculated curves (solid lines) see text. Insert: the dependence of
the first-order rate constakt on piperylene concentration.

radiation power and can be described as a simple exponential
curve. The initial intensity of the signal practically does not
change until the quencher concentration becomes higher than
1 mM, whereas the rate of absorption decay increases signifi-
cantly. Such behavior proves that the spectrum shown in Figure
4 by circles, as well as the spectrum reported by Nakagaki et
al.® corresponds to the triplet state bfrather than to the
1-naphthoxyl radical. Proceeding from the shape of the
absorption spectrum, Nakagaki efattributed the intermediate
absorption to the 1-naphthoxyl radical. However, we believe
that our spectrum (Figure 4, circles) as well as that reported by

nﬁakagaki et ab.are much closer to theIT absorption spectrum

of naphthalené3-45 This is no wonder since the long-wave
absorption spectrum dfis close to the absorption spectrum of
naphthalene, with the bathochromic shift being no more than
150 cnrl.

At the same time, the intensity and time behavior of the signal

change insignificantly in the presence of piperylene (Figure

). We attributed the weak and slowly decaying signal, whose
behavior only slightly depends on piperylene concentration, to
the absorption of 1-naphthox§. The top trace (Figure 6),
obtained in the absence of quencher, exhibits the superposition
of the remains of the tripldt signal and the radical absorption.
The other traces correspond to 1-naphthoxyl radicaluslafter
the laser flash all triplet molecules should be quenched by
piperylene. The decrease in the radical signal intensity is
insignificant even at high piperylene concentrations.

Without triplet quencher, the triplet signal decays practically
by the pure second-order law. It means that the triplet state of
I is not very reactive, and the main channel of its decay is the
triplet—triplet annihilation. The evolution of the optical density
of the solutionD(t) is described by the equation

D(t) = &IT(t) = &ITo/(1 + kqTot) 1)

guished; its decay also obeys the second-order law (Figure 6,
upper trace). . . . - . .
The presence of piperylene even at small concentrationsWhereer is the triplet absorption coefficient, is the optical
(about 10* M) strongly accelerates the decay of signal A. Figure Path (1 cm).To is the initial concentration of triplets, arid is
5 presents the kinetic traces obtained at 410 nm at different the rate constant of the-IT annihilation. In linear terms
concentrations of piperylene. At the piperylene concentration o

1 x 102 M the decay rate becomes independent of laser 1/D(t) = 1/Dg + kyt/esl
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oD low reactive triplet state. It is noteworthy that the repotted
guantum yield of intersystem crossing 10§0.29) is consistent
with our estimate.

The values ok; ander obtained above were applied to the
description of the curves recorded in the presence of piperylene
(Figure 5) as a sum of the pseudo-first-order and second-order
decays:

.06

.04

dT/dt = —k,T — k,T? 3)
k, = ko + k,C, (4)

whereky is the rate constant of triplet state deactivation in the
00 s absence of piperylene and-T annihilation k, is the quenching
' - P Y S S| rate constant, and is the quencher concentration. In this case,
20 0 20 40 60 80 the evolution of the optical density of the-Tr absorptionD(t)
is determined by the equation
TIME, s yiheed

Figure 6. Transient absorption decay curves observed after excitation D(t) = &IT(t) = keI T/[k, € + k,To(€" — 1)]  (5)

of a solution of 1x 1072 M 1-naphthyl acetate in acetonitrile in the

presence of piperylene (signal B in text). The piperylene concentrations  The initial triplet concentratioy and k; were the fitting

are 0 M (upper trace), Z 10* M, 5 x 10 M, and 5x 10°° M parameters. The results for different piperylene concentrations,

(lowest trace). The monitoring wavelength was 410 nm. Calculated : . . .
curves are the second-order fit [R][R]o/(1 + K{R]ot) + C, k = 8 x presented in the insert of Figure 5, give the valkes (1.9+

.02

10° M1 s C is constant. 0.4) x 1° M~* st and ko = (2.2 & 0.6) x 10° s™* for
acetonitrile.
the slope of the straight line is determined by the r&tir. An analysis of the absorption decay of the radicals not

The experimentally determined valuelgfer was independent  involved in the geminate recombination (Figure 6) has shown
of the light intensity varied within a factor of 5 and was equal that the kinetics obey the second-order law. It is known that
to (1.54 0.3) x 1C° cm/s in acetonitrile and (1.2 0.3) x 10° the reaction of radical termination is diffusion-controlR@dVe
cm/s in methanol. assumed that the rate constants of the bimolecular reactions of
Unfortunately, our experiments do not allow us to determine radicals in acetonitrile and methanol are typical for the termina-
the values ofk; and er separately. Nevertheless, we can tion rate constantsk; =8 x 10° M~1s™1, Fitting the equation
compare the obtained value kf'er with those reported in the  for the second-order decay to the experimental curves for
literature. It has been known that the-T annihilation is a different laser powers, we obtained the radical absorption
diffusion-controlled proces¥;*’8 however, its rate can be coefficientser = (4.7 £ 1.0) x 1 M1 cml andeg = (4.9
essentially lower than that of the diffust¥° (ky < 2kqs). The + 1.0) x 10® M~ cm™! for acetonitrile and methanol,

literature valué of ky for naphthalene in ethanol is (1480.3) respectively. The values of initial radical concentrations
x 10'® M~1 571 whereas Ry for ethanol i8°2.4 x 10°°M~1 extracted from this fitting allow one to estimate the quantum
s71. Assuming that the latter relationship holds forin yields of the radicals not involved in the geminate recombination
acetonitrile, we may estimate the rate constant of theTT  for the samples with high piperylene contentg@gs= (2.6 +

annihilation in acetonitrile:ky = (1.5-2.0) x 1010 M~1 s71, 0.8) x 1072 for acetonitrile andpr = (6 &+ 2) x 1072 for

and, consequently, the triplet absorption coefficient= (1.2 methanol. The radical yield in methanol is higher than that in
+0.6)x 10* M~tcm acetonitrile, which is consistent with our quantum yield values

Since the spectrum we detected is similar to theTT determined for these two solvents (Table 2).
absorption spectrum of naphthalene, it may be assumed that 5. CIDNP. Before proceeding to the consideration of the
the values of the corresponding maximum absorption coef- results obtained by the CIDNP method, we should note the
ficients are close. For naphthalene, the maximum absorptionfollowing. An important feature of the chemical system under
coefficient at 414 nm, averaged over 16 literature valuég, is investigation is the formation of strongly absorbing products.
22500 + 5230 M1 cml. For 1-methylnaphthalene the Under intense laser radiation the optical density of the solution
extinction coefficient averaged for six literature sources is noticeably increases, which leads to a secondary photochemical
somewhat lower than that for naphthalerrel 000 M reaction and complicates the quantitative interpretation of the
cm 1).45 The value ofer for 1-naphthyl acetate seems to be experimental results. It has been established that irradiating
about 16 M~ cm™1. Thus, the above estimation is in good the solution of each reaction produtit,(lll , andIV) does not
agreement with the literature data. lead to CIDNP. However, these compounds are photoactive

The triplet-state quantum vyield can be estimated by the and when irradiated can give rise to free radi¢@lsThus,
comparison of the initial triplet concentration, extracted from despite the insignificant conversion of an initial compound
the fit of eq 1, and the number of the light quanta absorbed by (below 5-7%), the experimental conditions at the beginning
the initial compound during one laser pulse (for the last and at the end of irradiation could differ. Therefore we did not
procedure see ref 27). For both the solvents, acetonitrile andperform the quantitative analysis of the amplitude of CIDNP
methanol, the measurements were performed at three differenteffects in the homogeneous prosesses.
laser pulse intensities (typical values 53, 21, and 10 mJ) and The intensities of the CIDNP signals in the spectra obtained
yielded similar resultsipr = 0.4+ 0.2 andpt = 0.35+ 0.15 in the steady-state experiments depend on laser radiation energy
for acetonitrile and methanol, respectively. This can explain and pulse repetition rate as well as on the time of irradiation
the relatively low yields of the products (Table 2): after the and the nuclear relaxation times of protons. Therefore the
absorption of a light quantum, a significant part of the excited results obtained by this method could be treated only qualita-
molecules undergo an intersystem crossing and transfer to atively. The time-resolved CIDNP technique is free from these
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Figure 7. NMR *H spectra obtained before irradiation (upper
spectrum), under steady-state irradiation (middle spectrum), and under
steady-state irradiation in the presence of 0.2 M piperylene (lower

spectrum) of 10° M 1-naphthyl acetate solution in metharthl- — e
disadvantages. However, under steady-state irradiation, the 85 80 75 7.0 65 3.0 25
signal-to-noise ratio is much better than that in the time-resolved

CIDNP experiments. It allows one to detect weak signals and 5, ppm

reveal minor reaction pathV\_/ays in the steady-state experi_men_ts.,:igulre 8. CIDNP spectra obtained 2s (upper spectrum) and 1000
The CIDNP spectra obtained under steady-state laser irradia-us (lower spectrum) after the laser flash in a solution of31®

tion of I in methanold, are shown in Figure 7. A comparison 1-naphthyl acetate in methandi-
between the CIDNP spectra and the NMR spectra of initial
compound and reaction product$ —1V allows one to assign  formation of a negative polarization of the in-cage products for
the polarized lines. The most intense emissive signals at 2.70the protons of the radicals with the lowgfactor and a positive
and 2.66 ppm belong to the methyl protons lbfand Il , hfi constant in the case of triplet precursors. The emissive
correspondingly. In the aromatic region one can see three polarization of the acetyl groups of bdthandlll was detected.
groups of emissive polarized signals. One of them is a doublet The hfi constants of the 2- and 4-protons of 1-naphthoxyl are
at 7.30 ppm, which corresponds to overlapping signals of the negative (see Appendix) and correspond to the radical with the
fourth protons ofll and IV. The second group involves higherg factor. Thus, the emissive polarization of these protons
emissive lines at 6.8 ppm, which are attributed to the partially in productsll —IV is consistent with the assumption about the
overlapping signals of the 2-protons Itif (the doublet at 6.85  triplet precursor.
ppm with a splitting of 8.13 Hz) and the 2-protonsIuf (the At a high piperylene concentration (0.2 M), the polarization
doublet at 6.79 ppm with a splitting of 7.15 Hz). The third sign changes from emission to absorption for the acetyl protons
group consists of weak emissive lines at #7276 ppm, which of both Il andlIll (Figure 7), with the protons df remaining
are attributed to the 5-protons Bbf and to the 3-protons df, unpolarized. At this concentration of piperylene, the signals
the positions of these lines coinciding. The emissive line at in the aromatic region are too weak to be detected. The
2.08 ppm probably belongs to the ketene ;CB which is alteration of the CIDNP sign at high concentrations of piperylene
formed in the photolysis of.> The chemical shifts of the indicates that decomposes with the formation of radical pair
compounds under study in acetonitrile are slightly different from through the singlet state as well.
those given above; however, the corresponding CIDNP spectrum Figure 8 shows the time-resolved CIDNP spectra obtained 2
exhibits signals of the same products. Only in the steady-stateus (top spectrum) and 100& (bottom spectrum) after the laser
CIDNP experiments did we succeed to detect the absorptionpulse. As in the steady-state experiments described above, the
signals of the minor product acetaldehyde (aldehyde proton, 9.89acetyl protons ofl andlll exhibit the most intense polarization.
ppm). The kinetic analysis was performed only for these spectral lines.
The addition of the triplet quencher piperylerrel0 mM) Figure 9 shows the kinetics of the net nuclear polarization of
decreases the intensity of the CIDNP signals. The strong the protons ofl (triangles) andll (squares), obtained during
dependence of CIDNP on the presence of piperylene clearlythe photolysis ofl in acetonitrile. Both the curves are
indicates that the nuclear polarization appears in the radical pairscharacterized by an initial growth of the polarization. On
formed from triplet precursors. The same conclusion follows passing the maximuml,, the polarization decays in the
from the analysis of the polarization signs. Tdéactor of the microsecond time scale to the stationary valiie The ratio of
acetyl radical (2.0005} is lower than that of naphthoxyl radical I, and l.. decreases with decreasing laser intensity, and the
(2.00431)33 and the hfi constant of acetyl protons is positite.  decaying section of the curve flattens. The CIDNP signals of
From time-resolved CIDNP experiments (see below) we know II, obtained in acetonitrile at different laser intensities, show
that the emission of the methyl protonslbfandlll is formed maxima 1.5us after the laser pulse; fdll the kinetics is a
in cage. According to Kaptein's rulé8,this leads to the maximum 5us after the flash. The kinetic curves for the nuclear
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Figure 9. CIDNP kinetics (in arbitrary units) obtained during the
photolysis of 1-naphthyl acetate in acetonitdefor methyl protons

of 2-acetyl-1-naphthol (triangles) and 4-acetyl-1-naphthol (squares).
Solid lines is biexponential fit.
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Figure 10. Stern-Volmer plots for the CIDNP intensity of methyl
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may be disregarded. The intensity of the geminate nuclear
polarization is proportional to the number of the radical pairs
(RP) resulting from the decomposition of the triplet states. The
rate of RP formation is described by the equation

d[RP)/d = k T(t) (6)
Hence, the intensit? of geminate polarization is defined
by the following integral:

P =& [T(t) dt

where is the polarization per one triplet-born radical pair (RP),
andk; is the rate constant of RP formation. In the general case,
the time evolution of triplet states is described according to eq
5 with replacement ok; by k.. Integration of (7) yields the
expression for the CIDNP amplitude as a function of quencher
concentration:

@)

k kiTo
P(C)=&In[1+——F
7 e k+kCq
All constants in eq 8 have been specified above. The
dependence of the CIDNP signal intensity on quencher con-
centration is determined as follows:

(8)

T, ) o
k +k,Cq

However, in our experiments (Figure 10), the dependence of
CIDNP intensity on quencher concentration is linear. This
corresponds to the conditidqTo/k: < 1. In this case the eq 9
takes the form of the SterfVolmer equation:

P(0)P(Cy =1+ k,C/k

Using the quenching rate constakis= 1.9 x 10° M~1 s for
acetonitrile andg, = 4 x 10° M~ s7 for methanol, determined

in the flash photolysis experiments, we obtain from eq 10 the
valuesk; = 3.3 x 107 s71 for acetonitrile anck, = 5.2 x 1P

s1 for methanol.

PO)P(C,) = In(1 + knTO/k,)/In(l +

(10)

Discussion
As one can see from Figures 3, 5, and 10, piperylene as a

protons of 2-acetyl-1-naphthol vs piperylene concentration obtained quencher affects the product quantum yields, the decay of

during the photolysis df in methanolel, (triangles) and in acetonitrile-
ds (squares).

polarization in methanol are similar to those corresponding to

triplets, and the CIDNP formation at different concentrations.
Only very high piperylene concentrations@.1 M) affect the
guantum yields of products; it means that the reaction proceeds

acetonitrile, but the polarization decay is less pronounced andfrom the extremely short-lived triplet state or, more likely, the

the stationary value of CIDNP differs from its maximum value
by no more than 25%. The solid line in Figure 9 is the result
of biexponential fitting for the evolution of CIDNP signals. It

product is formed directly from the first excited singlet state.
In this case, the effect of piperylene can be regarded as the
guenching of the excited singlet states that may occur at high

is seen that the experimental and calculated curves are in goocdquencher concentratioA3#® Indeed, at sufficiently high

agreement, with the characteristic rise times being 0.9 +
0.1us andrz = 2.2+ 0.2 us for Il andlll , respectively.

In the presence of piperylene, the intensities of the CIDNP
signals of acetyl protons ¢f andlll decay drastically. Figure
10 shows the SternVolmer plots for CIDNP intensity at the
kinetic curve maximum as a function of piperylene concentration
for methanol and acetonitrile. The slopes of the curveskare
= 302+ 10 Mt andkq = 75 + 5 M~ for methanol and
acetonitrile, respectively.

Consider now the formation of the triplet geminate CIDNP
in the presence of a triplet quencher. By the timél.5 us)

piperylene concentrations, when most of the triplet molecules
are quenched, we observe the alternation of the CIDNP sign as
a manifestation of the singlet-born polarization. Eafliire
conclusion that the products are formed in the singlet RP was
drawn from the value of magnetic effect.

On the other hand, the strong dependence of CIDNP effects
on the presence of piperylene in much lower concentrations
(=0.002 M) and the signs of CIDNP signals clearly indicate
that the nuclear polarization is created mainly in the radical pairs
formed from triplet precursors. The change in the quantum yield
of the reaction at such piperylene concentrations is negligibly

the geminate recombination is almost completed and the nuclearsmall. Thus, we can conclude that both the singlet and triplet
polarization arising in the homogeneous processes in the bulkexcited states of participate in the formation of the initial
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radical pairs. The triplet pathway of the reaction is of secondary probably thenz* triplet state. Estimations (see Appendix) show
importance. From the accuracy of the determination of quantum that in energy the a* triplet state is to be between the singlet

yields, one can estimate that the contribution of the triplet
channel to the product formation is below 10%. However, it
is this channel that is responsible for CIDNP formation. This
is not surprising since usually the polarization formed through
the singlet channel is weaker than that formed via the triplet
precursor.

The absorption spectrum of the triplet stated efas obtained
in the flash photolysis experiments. The validity of our

and tripletzr* states. Moreover, one may expect thatchn
be quenched by piperylene with a rate constaralose to the
diffusion one (about 1.5< 10'*® M~ s71 in acetonitrile and
methanol® Using this value ok, we estimate the lifetime
of the reactive triplet state;Tas 3 and 6 ns for acetonitrile and
methanol, respectively. Further studies which are to validate
or invalidate this hypothesis are in progress.

Let us discuss the nature of the maximum observed in the

attribution is strongly supported by the fact that in the presence CIDNP kinetics (Figure 9). Usually the presence of a maximum

of 1074—1073 M of piperylene the signal decay rate increases
essentially, with the initial intensity of the signal being

in CIDNP kinetics is associated with the fact that the same
products formed in the geminate cage and in the bulk have

unchanged. At such concentrations, piperylene does not affectPolarizations of opposite sigii$. The nuclear polarizations of

the quantum yield of the products. Our attribution of the
intermediate absorption is consistent with the similarity of the
spectrum of this intermediate to the-T absorption spectrum

the geminate products and the radicals not involved in the in-
cage recombination are the same in intensity and opposite in
sign. If the nuclear paramagnetic relaxation time is long enough,

of naphthalene. In the flash photolysis experiments, the main the polarization carried out of the initial cage by radicals is

channel of the decay of the triplet stated af the absence of
quencher is the FT annihilation. Very low concentrations of
piperylene (about 18" M) appear to be sufficient to affect

transferred to the diamagnetic products in the course of the
radical termination. This competition between geminate and
homogeneous processes has been studied Béfakecording

noticeably the decay rate of the triplet states. Thus, piperylene to theoretical calculation,the maximum of a CIDNP kinetic

quenches the triplet state dfthrough 7T energy transfer,

and the quenching process is expected to be diffusion-

controlled#15% The rate constant of the piperylene quenching
of the triplet state ofl, measured in the flash photolysis
experimentsk, (1.9 x 10° M~ s in acetonitrile and 4 10°
M~1s71in methanol) is approximately an order of magnitude
lower than the diffusion rate constant. However, this is no
wonder since in this case the $tates of the donor (251.8 kJ/
mol) and acceptor (238 and 245 kJ/mol fois- and trans
piperylene, respectivel§f are similar. Note that the value of
kq for 1-naphthol (T energy 250 kJ/mol) is even smaller and
equals 4.4x 10° M~1 st in an ether/hexane mixtufé.

The lifetime of T; of 1-naphthyl acetate (in the absence of
piperylene and ¥T annihilation) is rather long: 4.% 0.7 us
in acetonitrile solution (actually, this result, extracted from
piperylene quenching of triplet states, could be affected by
remains of oxygen in solution; the real lifetime is probably even
longer). This value is inconsistent with the estimated lifetime
of the triplet state responsible for the formation of CIDNP. Using
the value ok, measured for quenching of,Tone can estimate
the lifetime of the triplets responsible for the formation of RP
and polarization as 30 ns for acetonitrile and 190 ns for
methanol.

qualitative difference is that in the flash photolysis experiments
in the absence of quencher the-T annihilation is the main
decay channel of triplet molecules and the addition of 1 mM of

piperylene decreases essentially the triplet lifetime (Figure 5).

In the CIDNP experiments, where the exciting light intensity
is the same, the¥T annihilation is no longer the main channel

It is seen that these lifetimes are 2 orders of
magnitude shorter than those measured by flash photolysis. The

curve should be positioned fat= (2k{R]o) 2, and the intensity

of the CIDNP signal at the maximum should not be more than
50% higher than the value of geminate polarization. In our
case, the time behavior of the nuclear polarization differs from
that predicted by Vollenweider and Fiscltérthe intensity of
CIDNP at zero point is negligibly small. Thus, we can conclude
that the formation of the geminate polarization is protracted in
time. This protraction can arise from the following. First, the
absence of the signal at the initial time can be due to the nonzero
lifetime of the reactive triplet state. According to the above
estimations, the lifetime of the reactive triplet state is several
nanoseconds. Such a short lifetime cannot be responsible for
the position of the maximum of CIDNP kinetics.

The kinetics of the increasing geminate CIDNP can be
accounted for by another hypothesis. We assume that the
detected kinetics depends on the process of the formation of
compounddl andlll from intermediate unstable addudfs
and VI, respectively. The estimation of the rate constants of

H
H P COCH;
COCHy; 2,
v 1
i); H

VI H COCH; I COCHs

2

—_—

these processes as the rate of signal increase in flash-CIDNP
experiments (Figure 9) gives the values= (1.14+0.1) x 10°

for the decay of the reactive triplet states and the addition of 1 s-1 gndk; = (4.5 0.5) x 10° s~1 for acetonitrile. It has been

mM of piperylene practically has no appreciable influence on
CIDNP intensity.

knowr?4 that the lifetimes of cyclohexadienones, which are
intermediates of the photo-Fries rearrangements of phenyl

It would be reasonable to assume that the different methodsacetate, increase essentially in polar and particularly in protic

detect two different triplet states. A similar hypothesis about

solvents. In alcohols (EtOH, MeOH), the rate constants for 1,3-

two reactive triplet states has been proposed for the photo-Friesand 1,5-hydrogen shifts reach values of abotit €8, which

rearrangement of phenyl sulfamatésin the experiments on
the flash photolysis of we detect the spectrum of the lower
(T1) nonreactivers* state, whose properties are similar to those

of the triplet state of naphthalene. In the photo-Fries rearrange-

ment, the reactive state is the upper short-lived triplet stade (T
which decomposes to yield a radical pair of acyl and naphthoxyl
radicals, wherein the CIDNP effects arise. The sfate is

are close to the results of our measurements.

The results obtained allow us to propose the mechanism for
the photo-Fries rearrangement of 1-naphthyl acetate (Scheme
2). The 1-naphthyl acetaté)(molecule that has absorbed a
photon passes into the excited singlet stite After that the
major portion of the excited singlet states (according to Table
2, from 0.174 0.02 in acetonitrile to 0.4z 0.04 in methanol)



4456 J. Phys. Chem., Vol. 100, No. 11, 1996 Gritsan et al.
SCHEME 2 ]

COCH;

“ v Il COCHs; Figure 11. Computer-generated drawing of the 1-naphthyl acetate

decays to the radical pairs of acetyl and naphthoxyl radicals. StrUcture:
The remaining excited molecules undergo the intersystem
crossing and transfer into the triplet stateg™**) and Ty (31*).

Most of the singlet-born radicals recombine in the initial cage
to form V and VI, which then are rearranged intb and Il .

The rest radicals escape and decay in bulk reactions.

of 1-naphthyl acetate, which is a typical photo-Fries rearrange-
ment reaction. The analysis of the effect of piperylene on the
guantum vyield of reaction products and on the signs of
polarization observed in CIDNP spectra has validated the

The arising tripletsl* (T,) are low-reactive. The quantum assumption that the deco_mposition of 1-na_phthy| acetate to
yields of the triplet states arising under laser flash radiation are ace_tyl and naphthoxyl raghcals through the sTgIet state Is th_e
0.4 + 0.2 and 0.35+ 0.17 for acetonitrile and methanol, Ma" channel of the reaction (not less than 90/0)' The aqaly5|s
respectively. The FT annihilation is the main channel of their of tk}e CIDNP Ispectra;]shhﬁws that recombining radical pairs do
decay. The fact that the yield of the products under laser not form Initial 1-nap t yl acelate. . .
irradiation coincides with that under lamp irradiation as well Although the_ reaction goes mainly .through the smglet
as the extremely low quantum yield of the products in the channel,thg major contribution to ('Z'IDNP is made by'.the radical
sensitized photolysis indicates that the triplet sta8t&snainly pairs resulting from the decomposmon_of t_he upper tr|ple'_[ states
decay without reaction even at the lower light intensities. The of 1'”aphth¥' acetate. Analyzing the kinetics of the polarization
results obtained by the CIDNP method suggest that at least somé! Photo-Fries rearrangement products (2-acyl- and 4-acyl-1-
3% (T ) react to form radical pairs. The CIDNP created in naphthol) we have established that the products are formed in

such pairs is higher than the nuclear polarization formed in the € géminate cage as well as in the bulk. The unusual CIDNP
singlet-born pairs. kinetics, with t_he polanzgnon abse_nt a_lt short times, |n_d|c_ates
It has been concluded that the total contribution of the triplet that the formation of geminate polarization is protracted in time.
channel to photo-Fries rearrangement is small@%). This '€ most likely limiting stage of CIDNP formation in the
can be accounted for by the fact that the higher reactive triplet Products is the isomerization of intermediates. The absence of
state3** (T ,) converts fast into the nonreactive triplet state polarization of the l-naph.thyll acetate protons is indicative of
3% (T4) in the internal conversion, and this channel competes the fact that the recombination of the naphthoxyl and acyl
with the 31** decay to radicals. The nonreactive nature of the radicals to the initial compound is insignificant and, hence, is
triplet state T is unlikely to be determined by its orbital nature. "0t responsible for the essential difference of the quantum yield
According to the recent theoretical work of Grimifethe of the photo-Fries rearrangement from unity.
primary process in the photo-Fries rearrangement is treated as N the flash photolysis experiments we have detected the
thezo*-induced photodissociation. The-@ bond fission can ~ @PSorption spectra of 1-naphthyl acetate triplet and naphthoxy
start from both the m* and 7 states. The photodissociation radicals; their absorption coefficients have been estimated. It
process is activated, with the barriers formed due to the crossing @S been established that the quantum yield of the triplet state
of n* or z* with repulsive zo* potential curvesg? It has of 1-naphthyl acetate is sufficiently high and the main channel
been estimated (see Appendix) that the@bond dissociation ~ ©f triplet decay is the triplettriplet annihilation. This is
occurring through the excited singlet and second triplet states €onsistent with the fact that the quantum yield of the photo-
is an essentially exothermic process. In the lower triplet Fries rearrangement of 1-naphthyl acetate is much less than unity
state 1*) the enthalpy of the reaction is small. Therefore, in (0-17 in acetonitrile and 0.42 in methanol).
this case, the activation barrier of the dissociation should be ~Proceeding from the different effects of piperylene on the
very high and, hence, the dissociation should be low-efficient. decay kinetics of ¥T absorption and on the yield of CIDNP
The essentially higher activation barrier of the photo-Fries Via the triplet channel, we propose that the upper triplet state
rearrangement of 1-naphthyl acetate with respect to the corre-Participates in the photo-Fries rearrangement of 1-naphthyl
sponding value for phenyl acetd@ppears to be associated with acetate. Further investigations are carried out in order to validate
the lower energy of the excited singlet state of 1-naphthyl acetate©r invalidate this assumption.
(383.4 kJ/mol, see Appendix) as compared to the corresponding . . )
energy value for phenyl acetate (421.5 kJ/n8l). Appendix. Quantum Chemical Calculations

Figure 11 shows the results of the AM1 calculation of
1-naphthyl acetate geometry. It can be seen that the plane of

In this work, we have employed a number of experimental the acyl group (COC atoms) is practically perpendicutar<
methods for a detailed investigation of the phototransformation 84°) to the plane of naphthalene rings. The rotation barrier of

Conclusions
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TABLE 3: Calculated and Experimental Values of Maxima
in the Absorption Spectra of 1-Naphthyl Acetate max),
Experimental Values of the Absorption Coefficients at the
Maxima (e€), and Calculated Values of Oscillator Strengths

(®)

exptAmax (log €) calcAmax (f)
313 (2.60) 304 (0.011)
280 (3.80) 274 (0.100)

TABLE 4: INDO (UHF) Calculations and Experimental
Values for *H hfi Constants (a, mT) in 1-Naphthoxyl Radical

H2 H3 H4 H5 H6 H7 H8
calc —0.89 053 —-0.95 -0.38 0.28 —0.35 0.32
exp®(absval) 0.825 0.175 1.075 0.25 0.065 0.29.04
TABLE 5: INDO (UHF) Calculation for Spin Density
Distribution in 1-Naphthoxyl
Cc2 C3 c4 C5 C6 Cc7 C8 (0]
0.26 -0.07 0.28 -0.05 0.07 -0.04 0.07 0.53
the acyl group in 1-naphthyl acetate is 9.6 kJ/mol. The MNDO

and PM3 calculations also give large angles of rotation of the
acyl group with respect to the ring plane f8@and 70,
respectively). The AM1 calculation of the heat ofO bond
dissociation gives 227 kJ/mol (compare with 186 kJ/mol for
PM3 and 212 kJ/mol for MNDO).

On the basis of the similarity of the 1-naphthyl acetate and

naphthalene spectra and the known positions of the lower triplet

and singlet states of naphthaléfiene can estimate the positions
of the lower singlet and tripletz* states of 1-naphthyl acetate,

J. Phys. Chem., Vol. 100, No. 11, 1996457

It is seen from Table 4 that the calculated values of negative
1H hfi constants are in good agreement with the corresponding
experimental values, with the positive values of the hfi constants
being overestimated. Both theoretical and experimental data
suggest that the hfi constant with hydrogen in position 4 is higher
than that in position 2. This is consistent with the data of Table
5, which show that the spin density on carbon in position 4 is
higher than that in position 2.
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