
A

t
4
a
d
r
s
©

K

1

r
r
a
a
u
b
D
s
[
a
a
�
c
a
o

1
d

Journal of Photochemistry and Photobiology A: Chemistry 183 (2006) 205–211

Nitrile-forming radical elimination reactions of 1-naphthaldehyde
O-(4-substituted benzoyl)oximes activated by triplet benzophenone

Koji Yamada a, Masaru Sato a, Kenta Tanaka b, Azusa Wakabayashi a,
Tetsutaro Igarashi a, Tadamitsu Sakurai a,∗

a Department of Applied Chemistry, Faculty of Engineering, Kanagawa University, Kanagawa-ku, Yokohama 221-8686, Japan
b High-Tech Research Center, Kanagawa University, Kanagawa-ku, Yokohama 221-8686, Japan

Received 6 January 2006; received in revised form 22 February 2006; accepted 18 March 2006
Available online 30 March 2006

bstract

It was found that 1-naphthaldehyde O-aroyloximes (1) preferentially adopting the anti-configuration undergo efficient triplet-sensitized reactions
o give 1-cyanonaphthalene and monosubstituted benzenes as unimolecular radical elmination products along with syn-1. Negligible formation of
-substituted benzoic acids strongly suggested the participation of simultaneous N–O and C( O)–Ar bond cleavages in the triplet excited-state
nti-isomer. The logarithm of the k /(k + k ) ratio (where k is the rate constant for homolytic bond cleavage in triplet 1, k the rate constant for
r d i r d

eactivation of the triplet anti-isomer, and ki is the rate constant for isomerization of triplet anti-1 into syn-1) used as a measure of the triplet-state
eactivity of anti-1 showed a negligible dependence on the substituent constant and solvent polarity. This finding was explained in terms of a very
mall contribution of the ionic structure to the transition-state for simultaneous N–O and C( O)–Ar bond cleavages.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Thus far much effort has been devoted to mechanistic studies
egarding imine- [1–6] and nitrile-forming [7–10] elimination
eactions and has enabled the observation of important mech-
nistic differences between these reactions and alkene- and
lkyne-forming eliminations [11–13]. In contrast with bimolec-
lar and ionic imine- and nitrile-forming eliminations, there has
een no study regarding these radical elimination reactions.
uring the course of our systematic study of the direct and

ensitized photolyses of N,O-diacyl-N-phenylhydroxylamines
14,15], we found that the hydroxylamines readily undergo
n N–O bond homolysis in the triplet excited-state, giving
minyl and aroyloxyl radicals. If there exists hydrogen at the
-position of the aminyl nitrogen atom, the aroyloxyl radical

ould abstract this hydrogen, yielding imine and carboxylic acid
s unimolecular radical elimination products. From this point
f view, we previously designed N,N-dibenzyl-O-(4-substituted

∗ Corresponding author. Fax: +81 45 491 7915.
E-mail address: sakurt01@kanagawa-u.ac.jp (T. Sakurai).
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enzoyl)hydroxylamines and investigated the triplet-sensitized
hotolysis of these hydroxylamines, hoping to find a new type
f imine-forming radical elimination [16,17]. Analyses of sub-
tituent and deuterium isotope effects on the quantum yield for
he reaction revealed that a caged singlet radical pair, in which
ydrogen abstraction occurs affording elimination products, is
nvolved in the reaction as a key intermediate. In addition, taking
nto account the fact that the 1-naphthoyl group becomes a far

ore effective triplet energy acceptor than the substituted ben-
oyl [14,15], we designed N,N-bis(4-substituted benzyl)-O-(1-
aphthoyl)hydroxylamines and investigated substituent effects
n the benzophenone(BP)-sensitized photolysis of these hydrox-
lamines in acetonitrile [18]. It was shown that despite the
ccurrence of a diffusion-limited triplet energy transfer, the
riplet-state hydroxylamines decompose inefficiently giving 4-
ubstituted N-(4-substituted benzylidene)benzylamines and 1-
aphthoic acid as unimolecular radical elimination products.
he finding that the substituents exert negligible electronic

ffects on the triplet-state reactivity led us to propose a very
mall contribution of the ionic structure to the transition-state
or the N–O bond homolysis in the triplet excited-state. Thus,
ur previous results predict that the transition-state structure for

mailto:sakurt01@kanagawa-u.ac.jp
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206 K. Yamada et al. / Journal of Photochemistry and Photobiology A: Chemistry 183 (2006) 205–211

h
t
t
s
i
t
p
u
c
s
(
h
c

2

2

o
n
h
t
e
m
F
7
a
fi
d
t
a
t
1
1
p
e
s
r
d
a
s
a
o
d

F
o

f
a
i
g
H
s
a
any conversions of the starting anti-1b. One of the products was
identified as 1-cyanonaphthalene (2) by comparing its HPLC
behavior with that of authentic sample under several analytical
Chart 1.

omolytic cleavage of the N–O bond is strongly dependent on
he electronic state of a given hydroxylamine derivative in its
riplet excited state. In order to secure a comprehensive under-
tanding of the transition-state structure for radical eliminations,
t is of great significance to extend our mechanistic study of
he imine-forming radical elimination. Taking into account the
ossibility that 1-naphthaldehyde O-aroyloxime derivatives may
ndergo efficient triplet-sensitized photolysis to give N–O bond
leavage-derived radical elimination products, we designed and
ynthesized 1-naphthaldehyde O-(4-substituted benzoyl)oximes
1a–e) for the exploration of nitrile-forming radical elimination,
oping to shed much light on the transition state of the N–O bond
leavage (Chart 1).

. Results and discussion

.1. Conformational and product analyses

A 1H NMR spectral analysis of the starting 1-naphthaldehyde
xime derivatives (1) showed that the O-acylation of 1-
aphthaldehyde oxime with aromatic acyl chlorides gives 1
aving a single configuration, namely, syn-1 or anti-1. In order
o determine the configuration of this isomer, we searched for
nergy-minimized configurations for syn-1 and anti-1 and esti-
ated their heats of formation (�Hf). As typically shown in
ig. 1, anti-1b is thermodynamically more stable than syn-1b by
.2 kJ mol−1, confirming that 1 adopts the anti-configuration. In
ddition, careful inspection of both the energy-minimized con-
gurations reveals that there is a large difference in the spatial
istance between the iminomethyl proton (N CH) and the naph-
halene ring proton at the 2- (H2) or 8-position (H8) for the syn-
nd anti-isomers. The spatial distances between the N CH pro-
on and the H2 and between the N CH proton and the H8 in anti-
b are 3.02 and 3.04 Å, respectively while these distances in syn-
b are 3.55 and 2.32 Å, respectively. This finding allows us to
redict that if 1b adopts the anti-configuration, the CH N proton
xhibits the difference NOE toward the H2 and H8 to nearly the
ame extent whereas such a NOE is not observed for syn-1b. The
esult of NOE analysis given in Fig. 2 is consistent with our pre-
iction and, hence, provides additional evidence in support of the
bove assignment: anti-configuration. It is unlikely that the other

ubstituents introduced into the benzoyl benzene ring greatly
ffect the relative stability of anti-1b and syn-1b, so that in any
xime derivatives the anti-isomers are considered to be thermo-
ynamically more stable than the corresponding syn-isomers. F
ig. 1. Energy-minimized configurations of anti-1b and syn-1b and their heats
f formation.

For the purpose of examining product distribution derived
rom the BP-sensitized photolysis of anti-1, a nitrogen-saturated
cetonitrile solution of anti-1b (1.0 × 10−3 mol dm−3) contain-
ng BP (3.0 × 10−2 mol dm−3) was irradiated at 366 nm for a
iven period of time at room temperature and was subjected to
PLC analysis. On irradiation there appeared two new HPLC

ignals on the chromatogram, in addition to those of anti-1b
nd BP, whereas the signal for 4-toluic acid was not detected at
ig. 2. Difference NOE analysis of the starting 1-naphthaldehyde oxime 1b.
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of the steady-state approximation to this Scheme enabled the
derivation of Eqs. (1)–(3), where Φ−1, Φ2, and Φsyn-1 refer to the
quantum yields for disappearance of anti-1 and for appearance
cheme 1. Product distribution obtained by the BP-sensitized photolysis of anti-
in acetonitrile.

onditions. Since the unexpected product had been observed, we
ttempted to isolate this product. Fortunately the direct irradia-
ion of anti-1b (1.0 × 10−3 mol dm−3) in acetonitrile selectively
fforded the unidentified photoproduct up to at least 40% con-
ersion (HPLC analysis). In addition, the decrement of HPLC
ignal area of anti-1b is nearly equal to the increment of that of
his photoproduct (data not shown) which slowly reverts to the
tarting 1b on allowing the irradiated solution to stand at room
emperature, suggesting the progress of photoisomerization to
hermodynamically less stable syn-1b. Strong support for this
uggestion comes from the finding that the unexpected product
as the same number of protons and carbons and then gives the
ame area ratio of 1H NMR signals as the anti-isomer does.
ttempts to measure the difference NOE of syn-1b were unsuc-

essful owing to its slow conversion into the anti-isomer. On the
ther hand, no formation of 4-toluic acid indicates the exclusive
rogress of decarboxylation of the toluoyloxyl radical obtained
y the homolytic N–O bond cleavage in the excited-state anti-1b.
LC analysis of the irradiated acetonitrile solution enabled the
etection of this decarboxylation-derived product, toluene (3b),
he GC behavior of which was compatible with that of authentic
ample. The other starting anti-isomers gave the same product
istribution as that arising from anti-1b (Scheme 1). In addition,
he observation that HPLC behavior of anti-1a, c–e and syn-1a,
–e is almost the same as that of anti-1b and syn-1b, respec-
ively, also substantiates the above-mentioned configurational
ssignment for these two isomers.

.2. Phosphorescence quenching of BP and concentration
ependence of quantum yields
As shown in Fig. 3, the room-temperature phosphorescence
f BP (the first triplet excitation energy, ET = 290 kJ mol−1;

ig. 3. Stern–Volmer plot for the phosphorescence quenching of BP
0.030 mol dm−3) by anti-1b in N2-saturated MeCN at room temperature. Exci-
ation wavelength is 366 nm.

F
M
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he first singlet excitation energy, ES = 311 kJ mol−1 [19]) was
uenched by anti-1b according to the Stern–Volmer equation:
0/I = 1 + ktτT[anti-1b] in which I, I0, kt, and τT are the emis-
ion intensity of BP with anti-1b, the emission intensity of BP
ithout anti-1b, the rate constant for triplet-triplet energy trans-

er, and the lifetime (26 �s [20]) of triplet BP without anti-1b,
espectively. The ET value of anti-1b (224 kJ mol−1) was esti-
ated from the 0–0 peaks of its phosphorescence spectrum in

utyronitrile at 77 K, while the normalized UV absorption and
uorescence spectra made it possible to determine the approxi-
ate ES values (350 kJ mol−1). Because a singlet–singlet energy

ransfer from BP to anti-1b is highly endothermic (UV spectral
nalysis), the observed phosphorescence quenching is due to an
xothermic energy transfer between triplet BP and anti-1b. The
agnitude of the rate constant for a triplet–triplet energy transfer

1.3 × 107 dm3 mol−1 s−1) clearly shows that the triplet energy
ransfer takes place efficiently. It is worth noting that the energy-
ransfer efficiency for the present system is greater than that for
he previously studied system by about an order of magnitude
16,17].

In order to estimate the extent to which the sensitized reaction
roceeds via the triplet syn-isomer, the time course of this isomer
oncentration was followed with anti-1b (1.0 × 10−3 mol dm−3)
s the starting oxime derivative (Fig. 4). Inspection of changes
n both the isomer concentrations confirms that the increment
f syn-1b is smaller than the decrement of anti-1b by a factor
f about 5 at the 5 min irradiation. In addition, the contribution
f the reaction taking place through the triplet syn-isomer is
onsidered to be negligible at low conversions of the latter isomer
<20%), thus allowing us to propose Scheme 2. Application
ig. 4. Concentration of the starting anti-1b (�) and its isomer syn-1b (�) in
eCN as a function of irradiation time.
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Scheme 2. Reaction scheme for the BP-sensitized photolysis of anti-1.

f 2 and syn-1, respectively:

1

Φ−1
=

{
1 + kd

ki + kr

} {
1 + 1

ktτT[anti−1]

}
(1)

1

Φsyn−1
=

{
1 + kd + kr

ki

} {
1 + 1

ktτT[anti−1]

}
(2)

1

Φ2
=

{
1 + kd + ki

kr

} {
1 + 1

ktτT[anti−1])

}
(3)

s typically shown in Fig. 5, there were good linear relation-
hips between the reciprocals of Φ (Φ−1) and concentrations of
nti-1 ([1]−1). The same linear relationships were observed for
he other derivatives and in other solvents, 1,2-dichloroethane
nd toluene. From the intercepts of linear plots obtained, we
re able to estimate the limiting quantum yields, i.e., the quan-
um yields extrapolated to infinite concentrations of anti-1a–e,
or disappearance of these isomers (Φ−1,lim) and for formation

f syn-1a–e (Φsyn-1,lim) and 2 (Φ2,lim). These limiting quan-
um yields are collected in Table 1 along with the ki/(kd + kr)
nd kr/(kd + ki) values that were evaluated based on the rela-
ions, 1/Φsyn-1,lim = 1 + (kd + kr)/ki and 1/�2,lim = 1 + (kd + ki)/kr,

t
a

able 1
ubstituent and solvent effects on the quantum yields and relative rates for the BP-se

ompound Solvent Φ−1,lim Φsyn-1,lim

a MeCN 0.91 0.14
b MeCN 0.93 0.14
c MeCN 0.66 0.14
d MeCN 0.81 0.14
e MeCN 0.83 0.14
a CH2ClCH2Cl 0.87 0.13
b CH2ClCH2Cl 0.91 0.14
c CH2ClCH2Cl 0.61 0.14
d CH2ClCH2Cl 0.88 0.14
e CH2ClCH2Cl 0.79 0.14
a Toluene 0.93 0.15
b Toluene 0.95 0.14
c Toluene 0.58 0.13
d Toluene 0.90 0.14
e Toluene 0.91 0.14

a Determined at [anti-1] = 1.0 × 10−2 mol dm−3.
b Could not be determined even at [anti-1] = 1.0 × 10−2 mol dm−3.
c Not determined.
ig. 5. Stern–Volmer plots of Φ−1b
−1(�), Φ2

−1(�), and Φsyn-1b
−1(�) vs. [anti-

b]−1 for the BP (0.030 mol dm−3)-sensitized photolysis of anti-1b with 366 nm
ight in N2-saturated MeCN at room temperature.

espectively. In these relations kr is the rate constant for
omolytic bond cleavage in triplet anti-1, kd the rate constant
or deactivation of the triplet anti-isomer, and ki is the rate con-
tant for isomerization of triplet anti-1 into syn-1. The parameter
elated to Φ−1,lim was omitted for its relatively large experimen-
al error.

.3. Substituent and solvent effects on limiting quantum
ields for the sensitized photolysis
In our previous studies [16,17], it was shown that
riplet–triplet energy transfer between BP (ET = 290 kJ mol−1)
nd N,N-dibenzyl-O-(4-substituted benzoyl)hydroxylamines

nsitized photolysis of 1a–e under nitrogen at room temperature

Φ2,lim Φ3
a ki/(kd + kr) kr/(kd + ki)

0.41 0.41 0.16 0.68
0.49 0.41 0.17 0.95
0.34 –b 0.17 0.52
0.44 –b 0.16 0.80
0.46 0.35 0.17 0.84
0.40 –c 0.15 0.68
0.47 –c 0.16 0.90
0.37 –b 0.17 0.60
0.53 –b 0.16 1.11
0.45 –c 0.16 0.81
0.48 –c 0.17 0.93
0.46 –c 0.16 0.85
0.31 –b 0.15 0.46
0.43 –b 0.17 0.75
0.44 –c 0.17 0.77
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bond cleavage process in the triplet excited state, the initially
formed triplet radical pair II is very likely to undergo efficient
intersystem crossing to the corresponding singlet radical pair
K. Yamada et al. / Journal of Photochemistry a

ET = 280–289 kJ mol−1) proceeds at the rate (kt = 1.8–2.4 ×
06 dm3 mol−1 s−1), which is much smaller than the diffusion-
ontrolled rate (kDIF = 2.9 × 1010 dm3 mol−1 s−1 in MeCN at
5 ◦C [19]). Because both molecules have almost the same
riplet energies (�ET ≈ 0 kJ mol−1), reversible energy transfer

ay be responsible for the slow transfer rate observed for this
ystem. In addition, the large exothermicity for energy-transfer
rocess between triplet BP and N,N-bis(4-substituted benzyl)-O-
1-naphthoyl)hydroxylamines (�ET = 76–80 kJ mol−1) renders
his process energetically very favorable [18], and was consistent
ith the fact that highly exothermic triplet–triplet energy transfer
roceeds at the diffusional rate and is insensitive to an electronic
onfigurational change which occurs during this energy transfer
21]. Thus, the magnitude of �ET = 21 kJ mol−1 for the anti-
b/BP system allows us to predict that the energy transfer takes
lace with a moderate efficiency. The energy-transfer rate con-
tant of 1.3 × 107 dm3 mol−1 s−1 for this system is in conformity
ith this prediction, indicating the triplet energy to be mainly

ocalized in the naphthylimino moiety of 1.
An analysis of the quantum yields for formation

f 2 (Φ2,lim = 0.34–0.49 in MeCN, see Table 1), syn-1
Φsyn-1,lim = 0.14), and 3 (Φ3 = 0.35–0.41) suggests that the
riplet-state reactivity of anti-1 is high and the triplet energy
n this starting isomer is mainly utilized to cause the homolytic
–O bond cleavage and then the exclusive decarboxylation of

he resulting aroyloxyl radical. In addition, any limiting quan-
um yields are subject to, if any, only small substituent and
olvent polarity effects, being in contrast with the limiting
uantum yields observed for the N,N-dibenzyl-O-(4-substituted
enzoyl)hydroxylamine/BP system [16,17]. If we take into
ccount the previous finding that the contribution of an ionic
ransition-state structure for the N–O bond cleavage in the
riplet excited state is responsible for the substituent and sol-
ent polarity dependence of these Φlim values, the above result
ight indicate the negligible contribution of an ionic structure

o the transition state for this bond cleavage in the triplet-state
nti-isomer.

It was previously demonstrated that the 4-toluoyloxyl radical
generated from the BP-sensitized photolysis of N,N-dibenzyl-
-(4-toluoyl)hydroxylamine [16,17] and N-(1-naphthoyl)-N-
henyl-O-(4-toluoyl)hydroxylamine [14,15]] undergoes both
ydrogen abstraction and decarboxylation reactions giving 4-
oluic acid and toluene in comparable quantum yields, respec-
ively. Because these two sensitized reactions proceed through
eminate radical pair intermediates, the appearance of the former
roduct reveals that decarboxylation of the toluoyloxyl radical
s not so much fast. Thus, the observation of exclusive decar-
oxylation of this radical in the anti-1b/BP system allows us to
ropose that toluene is formed via hydrogen abstraction of the
olyl radical (which is obtained by the simultaneous N–O and
( O)–Ar bond cleavages in the triplet-state anti-1b) but not
ia decarboxylation of the toluoyloxyl radical. The precedent of
uch a two bond cleavage mode is found in the photodecom-

osition of aroyl peroxide where the O–O and C( O)–Ar bond
ssions take place simultaneously in the excited state to afford
arbon dioxide, aroyloxyl and aryl radicals [22–24]. It is very
ikely that triplet excitation energy localized in the naphthylim-
r d i

olysis of anti-1 with 366 nm light in MeCN (�), CH2ClCH2Cl (�), and toluene
�).

no moiety is efficiently converted into the vibrational energy of
he N–O–C( O)–Ar bond in the triplet excited-state 1.

A Hammett analysis of the correlation of rates with sub-
tituent constants provides significant information about the
ransition-state structure for both heterolytic and homolytic
leavages of a specific bond [25]. It was previously found that
he triplet-state deactivation (kd) of a given model hydroxy-
amine should undergo a much less sensitive electronic effect
f the substituent than the N–O bond cleavage process (kr) does,
hus allowing us to use the kr/kd value for the Hammett anal-
sis [16–18]. The finding that the relative rates ki/(kd + kr) and
r/(kd + ki) are influenced by the electronic property of a given
ubstituent and the polarity of a given solvent to, if any, only
small extent (Table 1) strongly suggests that the substituent

xerts a negligible effect not only on the rate constant kd but
lso on the ki. Based on this finding we were led to conclude
hat the kr/(kd + ki) value may be used for making the Hammett
lot. An analysis of the plots given in Fig. 6 confirmed that the
agnitude of log [kr/(kd + ki)] shows a negligible dependence

n the substituent constant σ in any solvents. Thus, taking into
onsideration the simultaneous two bond cleavages, we are able
o propose the transition-state structure I (Chart 2) to which an
onic structure contributes to a negligible extent, as already sug-
ested. If we accept this transition-state structure for the N–O
Chart 2.
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cheme 3. Reaction mechanism proposed for the nitrile-forming radical elimi-
ation of anti-1 activated by triplet BP.

II. As judged from the previously obtained mechanistic infor-
ation, the elimination product 2 are considered to be mostly

erived from hydrogen abstraction of the aryl radical from the
aphthylmethyleneimino radical in the latter caged radical pair
ntermediate III. In addition to the intersystem crossing from II
o III, this hydrogen abstraction takes place, of course, in com-
etition with the diffusive separation of the caged radicals, as
hown in Scheme 3.

. Experimental

.1. Measurements

High-performance liquid chromatography (HPLC) analysis
f the photoproducts was performed on a Shimadzu Model
C-10ATVP high-performance liquid chromatograph equipped
ith a 4.6 mm × 250 mm ODS (Zorbax) column and a Shi-
adzu Model SPD-10AVP/10AVVP UV detector (detection
avelength, 240 nm; mobile phase, MeCN:H2O = 60:40 v/v).

nfrared (IR) spectra were taken with a Shimadzu Model
RPrestige-21 infrared spectrophotometer. Nuclear magnetic
esonance (NMR) spectra were recorded on a JEOL Model JNM-
500 spectrometer. Chemical shifts (in ppm) were determined
sing tetramethylsilane as an internal standard. In addition to
he fluorescence of the starting O-acyloxime derivative, the
oom-temperature phosphorescence of benzophenone with and
ithout this oxime derivative was measured under nitrogen with
Hitachi Model F-4500 spectrofluorimeter. Gas liquid chro-
atography (GLC) analysis of the photoproducts was carried

ut on a Shimadzu Model CR-6A gas chromatograph equipped

ith a 3 mm × 3000 mm glass column (10% silicon SE30 on
0–80 mesh Uniport B) and a FID. Ultraviolet (UV) spectra were
aken on a Hitachi Model U-3300 spectrophotometer. MM2 and
M5 calculations were accomplished by using CAChe 5.0 for
indows available from Fujitsu Ltd., 2002.

3

1

7
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.2. Materials and solvents

1-Naphthaldehyde oxime was prepared from the conden-
ation reaction of 1-naphthaldehyde with hydroxylamine in
efluxing ethanol. O-acylation of this oxime with 4-substituted
enzoyl chlorides in dichloromethane containing equimolec-
lar amounts of triethylamine gave 1-naphthaldehyde O-(4-
ubstituted benzoyl)oximes in greater than 82% yields. The
rude products were purified by column chromatography over
ilica gel (70–230 mesh, Merck) using chloroform as an eluent,
ollowed by recrystallization from ethyl acetate–hexane to afford
olorless crystals with the following physical and spectroscopic
roperties.

.2.1. 1-Naphthaldehyde O-(4-anisoyl)oxime (1a)
The m.p. 88.0–89.0 ◦C; IR (KBr) ν: 1731, 1608 cm−1; 1H

MR (500 MHz, CDCl3) δ: 3.89 (3H, s), 6.99 (2H, d, J = 6.7 Hz),
.54 (1H, dd, J = 6.1, 6.1 Hz), 7.57 (1H, dd, J = 7.9, 8.5 Hz), 7.66
1H, dd, J = 7.9, 8.5 Hz), 7.92 (1H, d, J = 8.5 Hz), 7.98 (1H, d,
= 6.1 Hz), 7.99 (1H, d, J = 6.1 Hz), 8.14 (2H, d, J = 6.7 Hz), 8.71

1H, d, J = 8.5 Hz), 9.15 (1H, s); 13C NMR (125 MHz, CDCl3)
: 55.52, 113.93 (2C), 120.96, 124.76, 125.21, 126.38, 126.53,
27.90, 128.88, 129.72 (2C), 130.92, 131.89 (2C), 132.86,
33.84, 156.32, 163.80. Analysis: calculated for C19H15NO3:
, 74.74%; H, 4.95%; N, 4.59%; found: C, 74.73%; H, 4.86%;
, 4.59%.

.2.2. 1-Naphthaldehyde O-(4-toluoyl)oxime (1b)
The m.p. 117.0–118.0 ◦C; IR (KBr) ν: 1740, 1608 cm−1; 1H

MR (500 MHz, CDCl3) δ:2.45 (3H, s), 7.31 (2H, d, J = 8.2 Hz),
.53 (1H, dd,J = 6.1, 7.6 Hz), 7.55 (1H, dd, J = 7.0, 7.6 Hz), 7.66
1H, dd, J = 7.0, 8.5 Hz), 7.91 (1H, d, J = 7.6 Hz), 7.97 (1H, d,
= 6.1 Hz), 7.99 (1H, d, J = 7.6 Hz), 8.08 (2H, d, J = 8.2 Hz), 8.71

1H, d, J = 8.5 Hz), 9.16 (1H, s); 13C NMR (125 MHz, CDCl3) δ:
1.75, 124.77, 125.21, 125.97, 126.33, 126.53, 127.92, 128.88,
29.34 (2C), 129.77, 129.83 (2C), 130.93, 132.41, 133.85,
44.24, 156.52, 164.12. Analysis: calculated for C19H15NO2:
, 78.87%; H, 5.23%; N, 4.84%; found: C, 78.58%; H, 5.32%;
, 4.85%.

.2.3. 1-Naphthaldehyde O-benzoyloxime (1c)
The m.p. 127.0–127.5 ◦C; IR (KBr) ν: 1746, 1584 cm−1;

H NMR (500 MHz, CDCl3) δ: 7.52 (2H, dd, J = 7.3, 7.9 Hz),
.55 (1H, dd, J = 7.3, 7.9 Hz), 7.58 (1H, dd, J = 7.9, 8.5 Hz),
.63 (1H, dd, J = 7.3, 7.3 Hz), 7.67 (1H, dd, J = 7.9, 8.5 Hz),
.92 (1H, d, J = 8.5 Hz), 7.98 (1H, d, J = 7.3 Hz), 8.00 (1H, d,
= 7.9 Hz), 8.19 (2H, d, J = 7.9 Hz), 8.72 (1H, d, J = 8.5 Hz),
.17 (1H, s); 13C NMR (125 MHz, CDCl3) δ: 124.76, 125.20,
26.22, 126.56, 127.96, 128.62, 128.78 (2C), 128.90, 129.79
2C), 129.87, 130.91, 132.50, 133.44, 133.84, 156.75, 164.04.
nalysis: calculated for C18H13NO2: C, 78.53%; H, 4.76%; N,
.09%; found: C, 78.65%; H, 4.74%; N, 4.97%.
.2.4. 1-Naphthaldehyde O-(4-fluorobenzoyl)oxime (1d)
The m.p. 135.5–136.0 ◦C; IR (KBr) ν: 1743, 1602 cm−1;

H NMR (500 MHz, CDCl3) δ: 7.19 (2H, dd, J = 9.2, 9.2 Hz),
.54 (1H, dd, J = 7.3, 7.9 Hz), 7.58 (1H, dd, J = 7.3, 7.9 Hz),
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.67 (1H, dd, J = 7.9, 8.5 Hz), 7.92 (1H, d, J = 7.3 Hz), 7.97
1H, d, J = 7.3 Hz), 8.00 (1H, d, J = 7.9 Hz), 8.21 (2H, dd,
= 5.5, 9.2 Hz), 8.71 (1H, d, J = 8.5 Hz), 9.15 (1H, s); 13C
MR (125 MHz, CDCl3) δ: 115.87 (2C, d, J = 23 Hz), 124.73,
25.01, 125.21, 126.61, 128.01, 128.93, 129.93, 129.95, 130.90,
32.35, 132.39 (2C, d, J = 10 Hz), 133.86, 156.88, 164.08 (1C,
, J = 246 Hz), 165.06. Analysis: calculated for C18H12FNO2:
, 73.71%; H, 4.12%; N, 4.78%; found: C, 73.55%; H, 3.90%;
, 4.51%.

.2.5. 1-Naphthaldehyde O-(4-chlorobenzoyl)oxime (1e)
The m.p. 127.0–128.0 ◦C; IR (KBr) ν: 1746, 1587 cm−1; 1H

MR (500 MHz, CDCl3) δ: 7.49 (2H, d, J = 8.5 Hz), 7.55 (1H,
d, J = 7.3, 7.9 Hz), 7.58 (1H, dd, J = 7.9, 8.5 Hz), 7.67 (1H, dd,
= 7.9, 8.5 Hz), 7.92 (1H, d, J = 8.5 Hz), 7.97 (1H, d, J = 7.3 Hz),
.00 (1H, d, J = 7.9 Hz), 8.12 (2H, d, J = 8.5, Hz), 8.70 (1H, d,
= 8.5 Hz), 9.16 (1H, s); 13C NMR (125 MHz, CDCl3) δ: 124.72,
25.21, 126.05, 126.61, 127.20, 128.01, 128.93, 129.01 (2C),
29.96, 130.89, 131.15 (2C), 132.63, 133.85, 139.98, 156.32,
63.80. Analysis: calculated for C18H12ClNO2: C, 69.80%; H,
.90%; N, 4.52%; found: C, 69.62%; H, 3.73%; N, 4.43%.

In order to isolate and characterize the syn-isomer, an acetoni-
rile solution of anti-1b (100 mL, 1.0 × 10−3 mol dm−3) placed
n a Pyrex vessel was irradiated for 60 min under nitrogen at
oom temperature with Pyrex-filtered light from a 450 W high-
ressure Hg lamp (external irradiation). The irradiated solution
as concentrated to dryness in vacuo and the resulting residue
as dissolved in chloroform-d to measure 1H and 13C NMR

pectra. A comparison of the NMR spectra of anti-1b with
hose of this residue enabled the assignment of NMR signals for
yn-1b.

.2.6. Syn-1b
1H NMR (500 MHz, CDCl3) δ: 2.35 (3H, s), 7.14 (2H, d,

= 8.2 Hz), 7.52–7.57 (2H, m), 7.65–7.68 (1H, m), 7.87 (1H,
, J = 7.6 Hz), 7.92–7.95 (2H, m), 8.00 (2H, d, J = 8.2 Hz), 8.25
1H, d, J = 8.5 Hz), 8.62 (1H, s); 13C NMR (125 MHz, CDCl3) δ:
1.67, 124.18, 124.95, 125.62, 127.39, 127.58, 127.74, 128.63,
28.67 (2C), 128.80, 129.22 (2C), 129.82, 130.25, 132.66,
33.30, 144.53, 153.03, 163.88.

Benzophenone and 4-substituted benzoic acids were purified
y recrystallization from ethanol and aqueous ethanol, respec-
ively. 1-Cyanonaphthalene, anisole, and chlorobenzene were of
he highest grade available and used without further purification.
,2-Dichloroethane and toluene were of spectroscopic grade and
sed as received. Purification of acetonitrile was accomplished
y the standard method [26].

.3. Quantum yields

A potassium tris(oxalato)ferrate(III) actinometer was

mployed to determine the quantum yields for the benzo-
henone-sensitized nitrile-forming radical elimination at
ow conversions (<20%) of the starting 1-naphthaldehyde
-aroyloximes 1a–e [27]. A 450 W high-pressure Hg lamp

[

[

hotobiology A: Chemistry 183 (2006) 205–211 211

as used as the light source from which 366 nm light for the
hotolysis was selected with Corning 0-52, Corning 7-60, and
oshiba IRA-25S glass filters. Linear calibration curve for each
ompound, made under the same analytical conditions, was
tilized to quantify the disappearance of anti-1 and appearance
f syn-1, 2, and 3. All of the quantum yields are an average of
ore than five determinations.
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