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Abstract

The irradiation of an O2-purged MeCN solution of N,N-dibenzylhydroxylamine and its derivatives (1) in the presence of 2,4,6-triphenyl-
pyrylium tetrafluoroborate (TPT) with 366 nm light was found to give the corresponding N-benzylidenebenzylamine N-oxide derivative and
2,4,6-triphenyl-3,4-epoxypyran. Solvent effects on the fluorescence quenching of TPT by 1 and the quantum yield for the disappearance
of TPT (ΦTPT) strongly suggested that electron transfer to both singlet and triplet TPT occurs, particularly on the low concentration sides
of 1, affording the hydroxylamine radical cation (1•+) and the TPT-derived pyranyl radical (TP•). Furthermore, substituent effects on the
limiting quantum yield (ΦTPT,lim) showed that the increased stability of 1•+ lowers the return electron-transfer rate to enhance the relative
reactivity of TP• toward O2, that is, to increase ΦTPT,lim. On the other hand, analysis of heavy atom effects on the TPT emission intensity
and the photooxidation efficiency led us to conclude that the presence of 1,2-dibromoethane accelerates intersystem crossing to the excited
triplet-state TPT through the enhanced spin–orbit coupling resulting in an increase in ΦTPT. The observed heavy atom effects on ΦTPT were
explained in terms of the increased contribution of a triplet 1•+–TP• pair intermediate in which spin-forbidden reverse electron transfer is
responsible for a great enhancement in the reactivity of TP• toward O2. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electron transfer photooxygenation reactions of organic
compounds have been extensively studied during the past
decade from both synthetic and mechanistic points of view
[1,2]. It has been well confirmed that depending on sol-
vent polarity as well as on the structure of an unsaturated
substrate, singlet oxygen or superoxide ion or both can be
involved as a crucial oxidant in cyanoaromatics-sensitized
photooxygenations [3–11]. In addition to these cyanoaro-
matics, 2,4,6-triphenylpyrylium tetrafluoroborate (TPT) is
also very frequently used as an electron-transfer photosen-
sitizer owing to a unique property that it produces neither
singlet oxygen nor superoxide ion [12–21]. This property
of TPT made it possible to investigate directly the interac-
tion between molecular oxygen and substrate radical cations
formed by electron transfer. However, there are only a few
studies directed toward the elucidation of the behavior of
2,4,6-triphenylpyranyl radical in the presence of molecular
oxygen [22,23].
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In previous studies [24–27] we demonstrated that sub-
stituted N,N-dibenzylhydroxylamines (1) undergo 9,10-
dicyanoanthracene (DCA)-sensitized photooxidation giving
quantitatively the corresponding N-benzylidenebenzylamine
N-oxide derivative (2) and hydrogen peroxide. Thermo-
dynamic and kinetic analyses of these oxidation reactions
showed that superoxide ion is involved as the major oxidant
in the process and then the oxidation efficiency is deter-
mined by the relative rate of back electron transfer within
the geminate radical ion pair [27]. Since little is known
about the reactivity of the hydroxylamine-derived radical
cation toward O2, the TPT-sensitized photooxidation of 1
may be a good system for exploring the behavior of the
hydroxylamine radical cation and the TPT-derived pyranyl
radical in an atmosphere of O2. On the other hand, both the
excited singlet and triplet states of TPT are known to partici-
pate in the electron-transfer process from organic substrates
[14,23,28,29]. It is, thus, important to estimate the extent
to which photoinduced electron transfer takes place from
the excited singlet-state of TPT. Taking into account the
background described above, we chose the hydroxylamines
1a–c as substrates and investigated substituent and heavy
atom effects on the quantum yield for the photooxidation
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reaction of 1b in O2-saturated MeCN containing TPT, in
order to elucidate the behavior of the hydroxylamine radi-
cal cation as well as the pyranyl radical in the presence of
molecular oxygen.

2. Results and discussion

2.1. Product analysis and fluorescence quenching of TPT

In Fig. 1 are shown UV absorption spectral changes
caused by the 366 nm irradiation of an O2-purged MeCN
solution of 1b (5.0 × 10−4 mol dm−3) containing TPT
(5.0 × 10−5 mol dm−3) at room temperature. In contrast
with the DCA-sensitized photooxidation where the absorp-
tion of this sensitizer remains unchanged during irradiation
[24–27], the TPT absorption at 354 nm decreased with the
appearance of the 298 nm absorption originating from the
oxidation product 2b. An analysis of Fig. 1 reveals that the

Fig. 1. UV absorption spectral changes of TPT (5.0 × 10−5 mol dm−3)
and 1b (5.0 × 10−4 mol dm−3) during irradiation in O2-purged MeCN
at room temperature. Irradiation wavelength = 366 nm. Irradiation time
(min): (a) 0; (b) 30; (c) 60.

amount of TPT disappeared is in fair agreement with that
of 2b formed. Similar absorption spectral changes were
observed also for the starting 1a and 1c. In order to isolate
2b and TPT-derived product(s), an O2-saturated MeCN

solution of 1b (1.3 × 10−2 mol dm−3) was irradiated in the
presence of TPT (2.6×10−3 mol dm−3) with light of wave-
lengths longer than 340 nm. The product mixture obtained
was subjected to column and/or preparative thin-layer chro-
matography over silica gel, which allowed us to isolate 2b
and 2,4,6-triphenyl-3,4-epoxypyran (3) (Scheme 1). The
yields of 2b and 3 based on consumed TPT (32%) were
64 and 56%, respectively. In addition, we detected small
amounts of benzaldehyde and 3-derived decomposition
products, showing that both 2b and 3 undergo breakdown to
these byproducts during workup. The successful isolation
of 3 demonstrates that 2,4,6-triphenyl-4-hydroperoxypyran
serves as the precursor of this epoxide. On the other hand,
iodometry of the solution irradiated gave no indication of
the formation of hydrogen peroxide, being inconsistent with
either a singlet oxygen or a superoxide ion mechanism.

As typically shown in Fig. 2, the fluorescence of TPT was
efficiently quenched by 1b according to the Stern–Volmer
equation (Eq. (1)) in N2-saturated MeCN at room tempera-
ture

I0

I
= 1 + ketτS [1b] (1)

where I and I0 are the fluorescence intensities of TPT with
and without 1b, ket the rate constant for the fluorescence
quenching process and τS the fluorescence lifetime of TPT

Scheme 1.
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Fig. 2. Stern–Volmer plots for the fluorescence quenching of TPT (5.0 ×
10−5 mol dm−3) by 1b in N2-saturated MeCN (�) and 1,2-dichloroethane
(�) at room temperature. Excitation wavelength = 366 nm.

in the absence of 1b. From the slope of the linear plot and
the τS value of 4.4 ns, the rate constant ket was estimated to
be 1.7 × 1010 dm3 mol−1 s−1, being consistent with the oc-
currence of the emission quenching at the diffusion-limited
rate. The simplified Weller equation (Eq. (2)) allowed us to
calculate the free energy change (�Get) for electron transfer
from 1a–c to singlet TPT (the sign and magnitude of which
provides a good criterion for the involvement of electron
transfer) [30,31] and the �Get and ket values were collected
in Table 1 along with related parameters.

�Get (kJ mol−1) = 96.5(Eox − Ered) − ES (2)

where Eox, Ered and ES refer to the oxidation potential
of 1, the reduction potential of TPT (−0.38 V versus
SCE in MeCN [32]) and the first singlet excitation en-
ergy of TPT (270 kJ mol−1 in MeCN [33]), respectively.
Because singlet–singlet energy transfer from singlet TPT
to 1 (ES ≈ 350 kJ mol−1 [25]) is highly endothermic, the
large negative value of �Get (−169 to −137 kJ mol−1)
presents strong evidence for the exclusive electron trans-
fer fluorescence quenching in MeCN. The finding that
the rate constant ket has a propensity to increase with a
decrease in the oxidation potential of 1 also substantiates

Table 1
Stern–Volmer constants, fluorescence quenching rate constants, oxidation potentials of 1a–c and free energy changes associated with electron transfer
from 1 to the excited singlet-state TPT at room temperature

Compound Solvent ketτS (M−1) ket (M−1 s−1) Eox (V)a �Get (kJ mol−1)

1a MeCN 82 1.9 × 1010 0.67 −169
CH2ClCH2Cl 28 0.86 × 1010 – –

1b MeCN 76 1.7 × 1010 0.76 −160
CH2ClCH2Cl 24 0.75 × 1010 – –

1c MeCN 55 1.2 × 1010 1.00 −137
CH2ClCH2Cl 13 0.40 × 1010 – –

a Values vs. SCE [27]; 1 M = 1 mol dm−3.

Scheme 2.

a fluorescence quenching mechanism via electron trans-
fer. Thus, the results of the product analysis and the TPT
fluorescence quenching lead us to propose Scheme 2 in
which 2,4,6-triphenylpyran-4-peroxyl radical (formed by
the reaction of the pyranyl radical with O2) is a key in-
termediate in the oxidation process. On the other hand,
the fluorescence of TPT was less efficiently quenched in
1,2-dichloroethane than in MeCN (Fig. 2). The slope of the
linear Stern–Volmer plots and the TPT fluorescence lifetime
of 3.2 ns in 1,2-dichloroethane allowed us to estimate the
ket values listed in Table 1. Though we have not a thermo-
dynamic criterion for the involvement of electron transfer in
this less polar solvent, the finding that the ket increases with
increasing electron-donating ability of the substituents of
1a–c is consistent with the occurrence of electron transfer
fluorescence quenching.

2.2. Quantum yields for the photooxidation reactions

All of the photooxidation products do not exhibit
any absorption at 404 nm where TPT gives its strong
absorption (molar absorption coefficient, ε = 2.6 ×
104 dm3 mol−1 cm−1). However, the relatively weak absorp-
tion of the epoxide 3 is observed at 298 nm (ε = 3.2 × 103

dm3 mol−1 cm−1) so that we are not able to accurately
determine the concentration of the N-oxide 2 produced.
By applying the steady-state approximation to Scheme 2,
we obtain Eq. (3) which relates the quantum yield for the
disappearance of TPT (ΦTPT) to the concentration of the
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Fig. 3. Stern–Volmer plots of (ΦTPT)−1 vs. [1b]−1 for the photooxida-
tion of 1b in the presence of TPT (5.0 × 10−5 mol dm−3) in O2-purged
MeCN (�) and 1,2-dichloroethane (�) at room temperature. Irradiation
wavelength = 366 nm.

starting hydroxylamine 1

1

ΦTPT
=

(
1 + k−et

kr[O2]

) (
1 + 1

ketτS [1]

)
(3)

As shown in Fig. 3, the observation of the linear
Stern–Volmer plots of 1/ΦTPT against the reciprocal concen-
tration of 1 (1/[1]) is consistent with Scheme 2 proposed for
the TPT-mediated photooxidation reaction of 1. From the
intercept and the ratio of the intercept to slope of these linear
plots, we can estimate the limiting quantum yields for the
disappearance of TPT (ΦTPT,lim = kr[O2]/(kr[O2] + k−et))
and the ketτS values, respectively. Because the ketτS value
can be determined independently through an analysis of
the fluorescence quenching of TPT by 1, it is possible
to compare this quenching constant obtained by two dif-
ferent procedures. In Table 2 are collected the ΦTPT,lim,
kr[O2]/k−et and ketτS values determined in MeCN and
1,2-dichloroethane. Even though the indirect and yet differ-
ent procedures for the estimation of ketτS necessarily lead to
a large error, the ketτS value determined from the linear plot
of 1/ΦTPT versus 1/[1] (particularly in 1,2-dichloroethane)
is much larger than that obtained from the TPT fluores-
cence quenching. Since TPT has a high quantum yield for

Table 2
Stern–Volmer constants, limiting quantum yields and related parameters for the TPT-mediated photooxidation of 1a–c at room temperature

Compound Solvent ketτS (M−1)a ketτS (M−1)b ΦTPT,lim kr[O2]/k−et

1a MeCN 82 270 0.108 ± 0.006 0.11
CH2ClCH2Cl 28 730 0.061 ± 0.002 0.063

1b MeCN 76 440 0.070 ± 0.002 0.077
CH2ClCH2Cl 24 740 0.050 ± 0.002 0.053

1c MeCN 55 390 0.032 ± 0.002 0.032
CH2ClCH2Cl 13 330 0.016 ± 0.001 0.016

a Determined from the fluorescence quenching of TPT by 1a–c.
b Determined from the dependence of ΦTPT on [1]; 1 M = 1 mol dm−3.

Scheme 3.

intersystem crossing (Φ isc = 0.48 [12] and 0.42 [23]), this
finding suggests some contribution of electron transfer to
the excited triplet-state TPT on the low concentration sides
of 1. Therefore, we are led to propose that the N-oxide 2
and the epoxide 3 can be formed via electron transfer from
1 to both the excited singlet- and triplet-state TPT.

The increased concentration of 1 should reduce the con-
tribution of the triplet-state electron transfer process relative
to the singlet-state process, and hence the use of ΦTPT,lim
makes it possible to discuss substituent and solvent effects on
the behavior of the singlet TPT-derived pyranyl radical (TP•)
and hydroxylamine radical cation (1•+) without a consider-
ation of these effects on the quenching rate constant and the
extent of the contribution of electron transfer in the excited
triplet-state. Because reverse electron transfer between 1•+
and TP• (regenerating the starting 1 and TPT) competes with
the reaction of O2 with TP• forming the pyranperoxyl radi-
cal (Scheme 3), an inspection of the relation, 1/ΦTPT,lim =
1+k−et/(kr[O2]), reveals that the relative rate of back elec-
tron transfer to attack of O2 on TP• determines the oxidation
efficiency of 1. As is obvious from Table 2, the rate of back
electron transfer is much greater than the rate for forma-
tion of the pyranperoxyl radical (TP–OO•), irrespective of
solvent polarity and substituents, resulting in a drop in the
reactivity of the radical cation intermediate 1•+. Based on
the equation: �G−et (kJ mol−1) = −96.5(Eox − Ered), the
free energy change for the reverse electron transfer process
(�G−et) was evaluated to be −101 (1a), −110 (1b) and
−133 (1c) kJ mol−1. Accordingly, in addition to the large
exothermicity for electron transfer from TP• to 1•+, steric
hindrance of the phenyl group at the 4-position in TP•
should also be responsible for a lowering of the reactivity of
TP• toward O2.

Despite the low photooxidation efficiency of 1a–c, there
is a clear-cut tendency for the relative rate kr[O2]/k−et to
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increase as the electron-donating ability of the substituent R
is increased in any solvent (Table 2). As already described
above, the rate for the reaction between TP• and O2 governs
the magnitude of kr[O2] and then is considered to undergo
no substituent effects. Thus, an analysis of the dependence of
kr[O2]/k−et on �Get leads us to conclude that the back elec-
tron transfer takes place in the Marcus ‘normal region’ [34].
In other words, the increased stability of 1•+ lowers the back
electron-transfer rate to enhance the relative reactivity of TP•
toward O2, that is, to increase the limiting quantum yield for
the photooxidation of 1 in the presence of TPT. On the other
hand, any starting hydroxylamine gives a smaller kr[O2]/k−et
value in 1,2-dichloroethane than in MeCN. Lower reactiv-
ities of 1•+ and TP• obtained by electron transfer in the
former solvent may be in part due to the decreased stabil-
ity of 1•+ in this less polar solvent, which contributes to
accelerating the back electron transfer reaction.

2.3. Heavy-atom effects on the quantum yield
and the TPT phosphorescence

It has been found that TPT gives characteristic fluores-
cence and phosphorescence emissions and undergoes an
external heavy-atom effect which increases the rate for
singlet–triplet interconversion through spin–orbit coupling
[12,28]. Since the enhanced formation of triplet TPT by
the heavy-atom effect is accompanied by the increased
quenching of singlet TPT, we may expect a great contri-
bution of the photooxidation reaction initiated by electron
transfer to triplet TPT. For the purpose of obtaining evi-
dence for the participation of triplet TPT, we chose 1b as a
starting hydroxylamine and examined the heavy-atom effect
of added 1,2-dibromoethane (DBE) on the TPT emission
as well as on the reaction quantum yield (ΦTPT).

The Stern–Volmer plots given in Fig. 4 demonstrate that
the TPT fluorescence is significantly quenched in the pres-
ence of DBE and 1,2-dichloroethane exerts its heavy atom

Fig. 4. Stern–Volmer plots for the fluorescence quenching of TPT (5.0 ×
10−5 mol dm−3) by DBE (�) and 1,2-dichloroethane (�) in N2-saturated
MeCN at room temperature. Excitation wavelength = 366 nm.

Fig. 5. Phosphorescence intensity ratio of TPT (5.0 × 10−5 mol dm−3) as
a function of the DBE concentration in butyronitrile at 77 K. Ip(DBE)
and IP([DBE] = 0) refer to the phosphorescence intensities of TPT with
and without DBE, respectively. Excitation wavelength = 366 nm.

effect to only a small extent. The small but perceivable
heavy-atom effect of the latter additive substantiates the idea
that the triplet-state electron transfer process contributes to
a larger extent in 1,2-dichloroethane than in MeCN contain-
ing low concentrations of 1 to render the slope of the linear
plot of 1/ΦTPT versus 1/[1] smaller in the former solvent,
as observed. If DBE could accelerate intersystem crossing
to the excited triplet state through the enhanced spin–orbit
coupling, the fluorescence quenching should be accompa-
nied by an increase in the phosphorescence intensity (IP)
of TPT [35]. It can be seen from Fig. 5 that the phospho-
rescence intensity ratio at 520 nm increases almost linearly
with increasing the concentration of added DBE even at 77 K
[IP([DBE] = 17.0 vol.%)/IP([DBE] = 0) = 4.1]. Thus, we
are allowed to expect a large contribution of the photoox-
idation reaction proceeding through triplet TPT when the
reaction is conducted in the presence of DBE.

In Table 3 are shown quantum yields for the reaction of
1b (ΦTPT) determined in O2-purged MeCN containing TPT
and DBE under the same irradiation conditions. Evidently,
the increased concentration of DBE results in a significant
increase in ΦTPT at any concentrations of 1b, confirm-
ing that the triplet TPT-mediated oxidation of 1 gives 2
and 3 in much higher quantum yields, as compared to the
singlet TPT-mediated reaction. As already discussed, the
occurrence of return electron transfer from TP• to 1•+ in
preference to the reaction with O2 must be responsible for
the low oxidation efficiency of singlet TPT. The finding
that electron transfer to triplet TPT having the excitation
energy of 222 kJ mol−1 [36] is also highly exothermic
process (�Get = −121 to −89 kJ mol−1) indicates this
electron transfer to take place efficiently forming TP• to
1•+. What is the factor that renders the triplet TPT-derived
pyranyl radical and hydroxylamine radical cation more re-
active? Taking into account that there is an energy barrier
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Table 3
Quantum yields for the disappearance of TPT (ΦTPT) for the photooxidation of 1b in an O2-purged MeCN containing TPT and DBE at room temperature

[DBE] (vol.%) [1b] (10−3 mol dm−3)

1.0 2.5 5.0 10 25 50

0 0.021 ± 0.001 0.036 ± 0.002 0.047 ± 0.002 0.055 ± 0.003 0.062 ± 0.004 0.066 ± 0.004

5.5 0.058 ± 0.006 0.087 ± 0.008 0.113 ± 0.007 0.136 ± 0.008 0.143 ± 0.009 0.141 ± 0.011

17.0 0.079 ± 0.004 0.114 ± 0.006 0.155 ± 0.008 0.185 ± 0.016 0.206 ± 0.020 0.203 ± 0.021

Scheme 4.

to a change in spin multiplicity, we propose the triplet
hydroxylamine radical cation and pyranyl radical pair 3[1•+
TP• BF4

−] initially formed by electron transfer from 1 to
triplet TPT. Because spin inversion to the singlet radical
cation–radical pair 1[1•+ TP• BF4

−] must precede return
electron transfer to give the ground singlet-state 1 and TPT,
the presence of an energy barrier to return electron transfer
results in preferential diffusive separation of 1•+ and TP•
from the spin-correlated radical cation–radical pair [37]
and, hence, in a much more enhancement of the reactivity
of TP• toward O2 in 3[1•+ TP• BF4

−] than in 1[1•+ TP•
BF4

−]. It is, therefore, reasonable to interpret the observed
heavy-atom effects on ΦTPT in terms of the increased
contribution of the former radical cation–radical pair mech-
anism. This interpretation is also supported by the recent
finding that iodobenzene in MeCN quenches singlet TPT
more rapidly than triplet TPT by three orders of magnitude
[28]. Moreover, it is very likely that (even in the absence
of DBE) the TPT-mediated photooxidation of low concen-
trations of 1 takes place by both singlet and triplet radical
cation–radical pair mechanisms, as manifested in Scheme 4.

3. Experimental details

3.1. Measurements

Ultraviolet (UV) absorption and fluorescence spectra were
recorded on a Shimadzu Model UV-2200 spectrophotometer
and a Shimadzu Model RF-5000 spectrofluorimeter,
respectively. Fluorescence lifetimes were measured under
N2 at room temperature with a time-correlated single-
photon counting apparatus (Horiba NAES-700; excitation
wavelength = 366 nm; cut-off wavelength = 410 nm).
Phosphorescence spectra at 77 K were measured on a
Hitachi Model F-4500 spectrofluorimeter equipped with

attachments for measuring low temperature phosphore-
scence. Nuclear magnetic resonance (NMR) spectra were
recorded on a JEOL Model JNM-A500 spectrometer. In-
frared (IR) spectra were taken with a Hitachi Model 270-30
infrared spectrometer. Elemental analyses were performed
on a Perkin-Elmer PE2400 series II CHNS/O analyzer.

A potassium tris(oxalato)ferrate(III) actinometer was
employed to determine the quantum yields for the dis-
appearance of TPT at its low conversion (<20%) [38].
A 450 W high pressure Hg lamp was used as the light
source from which 366 nm light was selected with Corning
0-52, Corning 7-60 and Toshiba IRA-25S glass filters.
The molar absorption coefficients of TPT at 404 nm in
MeCN (2.6 × 104 dm3 mol−1 cm−1) and at 416 nm in
1,2-dichloroethane (2.5 × 104 dm3 mol−1 cm−1) were uti-
lized to quantify the disappearance of TPT. Quantum yields
for the photooxidation reaction in DBE-containing MeCN
were measured similarly. All of the quantum yields are an
average of more than five determinations.

3.2. Materials and solvents

N,N-bis(p-substituted benzyl)hydroxylamines (1a–c)
were prepared from the reactions of p-substituted ben-
zyl chlorides with hydroxylamine in a refluxing aqueous
ethanol solution, according to the method of Jones and
Sneed [39]. Crude products obtained were purified by re-
peated recrystallization from EtOAc–hexane. Physical and
spectroscopic properties of 1a–c were compatible with
those of previously prepared and purified samples [25].
N-benzylidenebenzylamine N-oxide (2b) was the same as
that previously employed [25]. TPT was recrystallized twice
from EtOH containing small amounts of MeCN.

1,2-Dichloroethane was of spectroscopic grade and was
used as received. Purification of MeCN, butyronitrile and
DBE were accomplished by the standard methods [40].
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3.3. Product analysis

A solution of 1b (1.3 × 10−2 mol dm−3) and TPT
(2.6 × 10−3 mol dm−3) in MeCN (500 ml), placed in a
Pyrex vessel, was irradiated for 150 min under O2 at room
temperature with light of wavelengths longer than 340 nm,
which was selected with an aqueous solution filter of
sodium metavanadate (1.0 × 10−2 mol dm−3) dissolved in
0.1 mol dm−3 sodium hydroxide, from a 400 W high pres-
sure Hg lamp [41]. After 150 min irradiation, an appropriate
amount of the solution (5 ml) being irradiated was pipetted
off and subjected to iodometry. The remaining solution
was concentrated to dryness under reduced pressure and
the resulting residue was subjected to column (230 mesh,
Merck) and/or preparative thin layer (Merck) chromatog-
raphy over silica gel eluting with EtOAc–hexane. Physical
and spectroscopic properties of the isolated products 2b and
2,4,6-triphenyl-3,4-epoxypyran (3) are as follows.

2b: Mp 81.5–83.5◦C. IR (KBr) ν: 3064, 1587, 1458,
1152 cm−1. 1H NMR (500 MHz; CDCl3) δ: 5.04 (2H, s),
7.38–7.47 (9H, m), 8.19–8.21 (2H, m). These physical and
spectroscopic properties were in agreement with those of
previously prepared authentic sample [25].

3: Mp 116.0–117.0◦C. IR (KBr) ν: 3046, 1602, 1266,
891 cm−1. 1H NMR (500 MHz, CDCl3) δ: 6.99 (1H, s),
7.29–7.47 (8H, m), 7.53 (1H, dddd, J = 7.3, 7.3, 1.7,
1.7 Hz), 7.61 (2H, dd, J = 8.6, 1.6 Hz), 7.79 (2H, dd, J =
7.9, 1.2 Hz), 7.95 (2H, dd, J = 8.4, 1.5 Hz). 13C NMR
(CDCl3) δ: 77.2, 109.8, 125.0, 128.1, 128.2, 128.4, 129.0,
129.2, 129.29, 129.32, 129.8, 132.2, 137.7, 138.1. MS m/z
(relative intensity): 324 (M+, 100%). Analysis: calculated
for C23H16O2: C, 85.16%; H, 4.97%; found: C, 84.83%; H,
5.12%.
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