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ABSTRACT: The o-nitrophenyl-substituted oxazabicycle 1 was prepared
via a one-pot tandem multicomponent reaction. Upon exposure to UV light
in CH2Cl2, it turned purple and reverted back to its original color while
being heated. The in situ trapping of the photogenerated product with
trimethylsilyl cyanide yielded the adduct 4, which confirmed the formation
of the ring-opened zwitterionic species 2. The EPR spectroscopic data, PBN
spin-trapping experiments, and spectroelectrochemical studies of the model
compound 7 provided evidence to support that the photochromism of 1
involved the zwitterionic biradical intermediate 5, generated by photo-
induced intramolecular electron transfer from the amine moiety to the
nearby o-nitrophenyl group. Further, two photogenerated side products
responsible for the photofatigue of 1 were isolated and characterized, and a
possible mechanism for their formation was proposed.

■ INTRODUCTION

The field of organic photochromism has continued to attract
considerable attention, since compounds with photochromic
properties may have wide applications in the areas of photonic
materials1 and optical memory devices.2 Typical photochromic
compounds include diarylethenes,3 spiropyrans,4 azoben-
zenes5/overcrowded ethenes,6 and others.7 Their reversible
reactions between two bistable states involve electrocyclic
reactions, intramolecular cyclizations, and cis−trans photo-
isomerizations, respectively. While in the literature various
compounds have been reported to exhibit photochromism, the
development of photochromic colorants with novel molecular
scaffolds as well as new photochromic mechanisms remains
highly desired. We recently reported the oxazabicycle-based
photochromic colorant 1, which can be converted to the
corresponding ring-opened product 2 upon UV irradiation
(Scheme 1).8 In this report, we demonstrate that the
photochromism displayed by this o-nitrophenyl-substituted
oxazabicycle 1 in methylene chloride rests on photoinduced
intramolecular electron transfer from the electron donor amine
to the electron acceptor o-nitrophenyl group. Thus, in contrast

to the known photochromic systems, a reversibly formed
zwitterionic biradical species is proposed as the intermediate.
We describe herein photochemical, spin-trapping, and spec-
troelectrochemical studies, which have been used for the
detection, characterization, and elucidation of the mechanism of
this novel photochromism. Further, we have isolated and
characterized two photogenerated side products responsible for
the photofatigue of 1 and showed that all of the experimental
observations can be accounted for by the formation of a
photochemically created zwitterionic biradical intermediate.

■ RESULTS AND DISCUSSION

Synthesis and Crystal Structures. Scheme 2 describes the
one-pot tandem synthesis of the oxazabicycle 1 and its
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Scheme 1. Photochromism of the Oxazabicycle 1

Scheme 2. One-Pot Synthesis of the Oxazabicycle 1 and Its
Methylated Product 3
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methylated product 3. Compound 1 was readily prepared by
mixing p-anisidine with o-nitrobenzaldehyde, isobutyraldehyde,
and 0.1 equiv of p-TsOH in 1,2-dichloroethane at room
temperature overnight, followed by treating with 4-hydrox-
ycoumarin under reflux conditions.9 Further reaction of 1 with
iodomethane in methylene chloride at room temperature in the
presence of potassium carbonate as a base afforded the
corresponding N-methylated product 3. Figure 1 shows the
X-ray crystal structures of both 1 and 3.10 They share similar
conformations with the o-nitro group of the bridgehead
benzene ring oriented opposite to the amine moiety.

Photochemical Properties. Upon ultraviolet irradiation
(352 nm), the oxazabicycle 1 in CH2Cl2 turned from colorless
to purple, as shown in Figure 2. With an increase of exposure

time, a new absorption band with a peak wavelength of around
535 nm gradually increased. When it sat in the dark or was
heated, the photogenerated product in CH2Cl2 thermally
decayed with the disappearance (i.e., turning colorless) of the
535 nm band. Isolation of the photogenerated product proved
to be difficult, since it reverted easily back to the original form
on the silica gel column. The zwitterionic species 2 has been
previously assigned to be the major photogenerated product on
the basis of the results of molecular simulation studies utilizing
the density functional theory (DFT) method under full
geometry optimization (B3LYP/6-31G*). According to Figure
2, no isosbestic point was observed during photolysis of 1. This
result implies the formation of byproducts with the irradiation
of light (352 nm). Indeed, being solely dependent on the
change of 535 nm absorbance from the zwitterionic species 2,

the production of 2 was found to decrease to ∼50% of its first
photoconversion after the fourth cycle. These observations
suggest that the UV light irradiation of the colorless species 1
may also give rise to the photochemical reaction of the colored
species 2. Presumably, the photogenerated product 2, in a small
percentage, may undergo either aromatization to give a
quinoline derivative or light-induced deoxygenation of the o-
nitrophenyl group to form an indazole derivative upon UV
irradiation, which results in a less satisfactory reversible
switching between the colorless species 1 and the colored
species 2.8

Trapping of the Zwitterionic Form and Character-
ization. To provide more evidence to support the formation of
the zwitterionic species 2 upon irradiation of 1, the photo-
generated product was subjected to in situ trimethylsilyl
cyanide (TMSCN) trapping experiments,11 as shown in
Scheme 3. Although attempts to acquire the X-ray crystal

structure of the proposed adduct 4 were futile, the dynamic
proton NMR studies did unambiguously reveal its formation.
Figure 3 shows the time-dependent partial 1H NMR spectra of
1 in the presence of excess TMSCN prior to and after UV
irradiation. Before irradiation, a broad peak at chemical shift of
5.06 ppm was assigned to the amine hydrogen (H1 of 1)
absorption (see Scheme 3 for hydrogen atom labeling). The
signal became much sharper and was slightly shifted upfield to
5.02 ppm (H1′ of 4) after irradiation. Further, the bridgehead
hydrogen (H2 of 1) shifted downfield from 3.79 to 3.81 ppm to
the ring-opened hydrogen H2′ of the adduct 4. Finally, the
most discernible signal variations were the absorptions of two
gem-dimethyl groups. Upon irradiation, one shifted upfield
from 1.07 to 1.00 ppm and the other downfield from 1.13 to
1.19 ppm, which might result from the drastic environmental
change after ring opening and TMSCN trapping. The
formation of adduct 4 was almost quantitative, and the reaction
was complete within 35 min. This result coincides with the
DFT calculations and supports the formation of the
zwitterionic species 2 as the major photogenerated product.
Interestingly, the TMSCN-trapped adduct 4 was found to
gradually revert back to the ring-closed 1 via elimination of
TMSCN on storage in the dark for 2 days (Figure 3, spectra f
and g). This observation suggests that the oxazabicycle 1 is
thermodynamically more stable than the adduct 4, even though
the former is surrounded by excess TMSCN.
As for the 13C NMR spectra of 4 (see the Supporting

Information), in addition to the observation of the cyano
carbon absorption at 117.7 ppm, the bridgehead carbon that
was attacked by the cyanide ion and the gem-dimethyl-
substituted quaternary carbon were found to shift downfield
from 106.0 ppm to either 110.4 or 108.5 ppm (indistinguish-
able) and from 34.6 to 41.0 ppm, respectively. Ultimately, the

Figure 1. X-ray crystal structures of 1 and 3.

Figure 2. Absorption spectra of 1 (8.5 × 10−5 M in CH2Cl2) obtained
with different exposure times (352 nm), 0−50 min, with increments of
3−10 min.

Scheme 3. Trapping of the Photogenerated Product by
TMSCN
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detection of the molecular ion at m/z 569.2 by ESI-MS also
supported the formation of TMSCN adduct 4.
EPR Measurements. Having confirmed that the photo-

generated product indeed is the zwitterionic species 2, we
turned our attention toward the mechanism of this photo-
chromism by subjecting the oxazabicycle 1 to EPR spectral
measurements. Figure 4 (top) depicts the EPR spectrum of 1
recorded in degassed CH2Cl2 solution at room temperature
under irradiation (365 nm). In the absence of UV light, no
apparent EPR signals were observed. Upon irradiation, EPR
signals were clearly detected. The intensity of the signals,
centered around 351.5 mT (g = 2.0062), increased when the
exposure time increased. This observation suggests that the
photochemical reaction of 1 involves, at least in part, a radical
species as the transient intermediate. In an effort to gain the
information for the molecular structure of the radical
intermediate, spectral simulation using the software package
EasySpin12 was carried out and the results are shown in Figure
4 (bottom). The simulated spectra exhibit an α-hydrogen
hyperfine constant of 0.29 mT and an average nitrogen
hyperfine coupling constant of 0.89 mT. The latter is close to
the reported values for the ethoxyquin aminyl radical (0.80
mT),13 the phenylaminyl radical (0.795 mT),14 and the N-tert-
butyl-p-methoxyphenylaminyl radical (0.94 mT).15 The
observed and simulated EPR data imply the formation of a
radical species centered on the anisidine nitrogen atom during
photoirradiation of 1. It is worth mentioning that the
compound with the nitro group of 1 substituted at the para
position of the benzene ring and the methylated 3 were both
nonphotochromic and EPR silent under the same irradiation

conditions, indicating that the o-nitrophenyl group and the
adjacent secondary amine of 1 play key roles in its light-
sensitive properties.16

On the basis of the EPR experiments, a plausible mechanism
for the photochromic switch between 1 and 2 is proposed as
outlined in Scheme 4. It begins with single-electron transfer
(SET) from the amine nitrogen of 1 to the o-nitrophenyl group
to yield the zwitterionic biradical 5. The subsequent ring
opening of 5 via homolytic cleavage of the C−O bond gives the
biradical iminium 6. Final back electron transfer (BET) from
the negatively charged nitro group to the oxygen radical atom
on coumarin affords the zwitterionic species 2. Presumably,
both 5 and 6 may be responsible for the observed EPR
signals.17

Electrochemistry and Spectroelectrochemical Stud-
ies. To gain more evidence to support the proposed radical
mechanism for this photochromism, the electrochemical
properties of 1 were explored. Figure 5 shows the cyclic
voltammetry (CV) measurements of 1 at room temperature in
CH3CN at a scan rate of 100 mV s−1, in which an irreversible
redox process with oxidation potential of +0.97 V vs Ag/AgCl
was observed. We speculate that the electrochemical studies of
1 may be complicated by the presence of the bridgehead C−O
bond and the coumarin moiety in the oxazabicyclic skeleton.
Thus, the two structurally simplified amino alcohols 7 and 8
(Figure 6) were subsequently prepared as model compounds to

Figure 3. Partial 1H NMR spectra (300 MHz, CDCl3) of 1 (1.4 ×
10−2 M) in the presence of 10 equiv of TMSCN after irradiation (352
nm) for (a) 0 min, (b) 10 min, (c) 15 min, (d) 25 min, and (e) 35 min
and after storage in the dark for (f) 24 h and (g) 48 h. The peak at
around 3.7 ppm corresponds to HCN absorption.

Figure 4. (top) EPR spectrum of 1 in degassed CH2Cl2 after
irradiation with a 365 nm UV source at room temperature. (bottom)
Simulated spectrum by EasySpin. Simulation parameters were
performed with hfc anisotropy and g-factor anisotropy as follows:
HFC tensor AN = [0.82 0.86 1.00] mT, AH = [0.29 0.29 0.28] mT, and
g tensor = [2.0043 2.0027 2.0042]; the additional line width was 0.15
mT.
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investigate their photochemical and spectroelectrochemical
properties.8,10

Figure 7 depicts the EPR spectrum of 7 (top) recorded in
degassed CH2Cl2 at room temperature under UV irradiation
(352 nm) and the simulated spectrum by EasySpin (bottom).
Compound 7 was found to be EPR-active with splitting
patterns similar to those of 1. The simulated EPR spectrum of 7
exhibits an α-hydrogen and average nitrogen hyperfine
constants of 0.36 and 0.90 mT, respectively. Conversely,
compound 8 is EPR-silent under the same measuring
conditions. The observation of highly similar EPR spectra of
1 and 7 suggests that the photogenerated radical species upon

UV irradiation of both compounds share similar molecular
structures. Presumably, the EPR signals of 7, like those of
compound 1, resulted from the EPR-active zwitterionic
biradical species generated by photoinduced intramolecular
electron transfer from the electron donor amine to the electron
acceptor o-nitrophenyl group. As for compound 8, no EPR
signals were observed, simply because the donor amine and the
acceptor p-nitro group are not in close proximity for electron
transfer to occur.
Figure 8 shows the CV measurements (top) and

spectroelectrochemical spectra (bottom) of 7. A one-electron
reversible oxidation half-wave potential (+0.69 V vs Ag/AgCl)
was observed at a scan rate of 100 mV s−1, which corresponds
to the removal of one electron from the anisidine nitrogen
atom to form a cation radical. To further elucidate the
formation of this cation radical species as the transient
intermediate of the electrochemical oxidation of 7, the in situ
UV−vis spectroelectrochemistry was measured. When a
potential (+0.95 V) was applied to 7, a long-wavelength
broad absorbance band at around 479 nm in the UV−vis
spectrum, which resembles the absorption behavior of the
aniline nitrogen radical,18 was clearly detected, along with the
appearance of an isosbestic point at 263 nm. The recovery rate
was found to be up to 95% when the applied external potential
was lowered to +0.45 V.
The gathered EPR, CV, and spectroelectrochemical data

demonstrate that compound 7 is sensitive to light and is prone
to undergo either photochemical or electrochemical oxidation
by losing an electron from the anisidine nitrogen atom to yield
a colored cation radical species.19 In light of the great structural
and conformational resemblance of the o-nitrophenyl amine
moieties between 7 and 1, along with the fact that both

Scheme 4. Proposed Photochromic Mechanism between 1
and 2

Figure 5. Electrochemical measurements for 1 performed at room
temperature in CH3CN containing TBAPF6 (0.1 M) as supporting
electrolyte. Potentials (V) are reported versus Ag/AgCl with reference
to the ferrocence/ferrocenium (Fc/Fc+) couple (CH3CN, 25 °C,
+0.57 V) at a scan rate of 100 mV/s.

Figure 6. Structures of the model compounds 7 and 8.

Figure 7. (top) EPR spectrum of 7 in degassed CH2Cl2 at room
temperature, recorded immediately after irradiation with a 365 nm UV
source. (bottom) Simulated spectrum by EasySpin. Simulation
parameters were performed with hfc anisotropy and g factor anisotropy
as follows: HFC tensor AN = [0.89 0.92 0.89] mT, AH = [0.36 0.36
0.35] mT, and g tensor = [2.0087 2.0055 2.0033]; the additional line
width was 0.17 mT.
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compounds share similar HOMO−LUMO electron popula-
tions (Figures S2 and S3 in the Supporting Information) and
spin density distribution20 (Figure S4 in the Supporting
Information) patterns calculated by DFT, it is reasonable to
assume that 7 and 1 may also exhibit similar photochemical
properties: that is, to undergo photoinduced intramolecular
electron transfer upon UV irradiation.
Spin Trapping of the Biradical Intermediate. To further

confirm the existence of the radical intermediate shown in
Scheme 4, the EPR spin-trapping technique was employed to
detect the proposed biradical species. When the EPR
measurements were performed for 1 in the presence of an
excess of the spin-trapping agent α-phenyl-N-tert-butyl nitrone
(PBN) at room temperature, no signals were observed prior to
UV irradiation. In contrast, upon irradiation it showed clear
EPR signals with two hyperfine couplings (Figure 9, AN = 1.35

mT, AH = 0.175 mT), which resulted from the splitting with
nitrogen and benzylic hydrogen on the PBN moiety. These
values are in good agreement with those reported in the
literature for radical adducts.21 Scheme 5 shows the proposed
structure of the spin-trapped adducts 9 and 10. Signals
corresponding to the bisadducts of PBN were not observed
under these conditions.

The atmospheric-pressure chemical ionization (APCI) mass
spectroscopy (MS) measurements of the PBN spin-trapped
species provided additional proof of the existence of the spin-
trapped monoadduct. In the APCI-MS spectrum shown in
Figure 10, only three apparent signals were detected. The signal

at m/z 648.6 was assigned to the adduct 9 or 10, whereas the
signals at m/z 354.8 and 470.9 were attributed to the PBN
dimer and the oxazabicycle 1, respectively. No signals for the
bisadducts or any other spin-trapped species were observed in
the mass spectra.

Characterization and Crystal Structures of the Side
Products. For a better understanding of the photochemistry
and its mechanism, we also investigated the photofatigue of the
oxazabicycle 1 to retrieve mechanistic information from
structural analyses of the photogenerated products. After
prolonged irradiation of 1 in methylene chloride under UV
irradiation (352 nm) for 1 day,22 we were able to isolate and
characterize the two photogenerated side products 11 and 12
(Figure 11). The X-ray crystal structure of 11 reveals the
relocation of the C−O bond from the bridgehead to the ipso
position of the anisidine ring along with a cyclohexadienone
fragment, whereas 12 displays the presence of an indazole and a
benzofuranone moiety on each side of the ring-opened form.
It is worth mentioning that the 13C NMR spectra of 11

displayed two discernible absorptions at chemical shifts of 184.0
and 183.5 ppm. One was arbitrarily assigned to the carbonyl
carbon of the cyclohexadienone moiety; the other, however,
could not be reasonably accounted for. The ORTEP geometry-

Figure 8. (top) Electrochemical measurements for 7 performed at
room temperature in CH3CN containing TBAPF6 (0.1 M) as
supporting electrolyte. Potentials (V) are reported versus Ag/AgCl
with reference to the ferrocence/ferrocenium (Fc/Fc+) couple
(CH3CN, 25 °C, +0.57 V) at a scan rate of 100 mV/s. (bottom)
Spectral changes of 7 in CH3CN containing TBAPF6 (0.1 M) at an
applied potential of +0.95 V. The spectra were recorded at 30 s
intervals.

Figure 9. EPR spectra of spin-trapped adducts obtained upon UV
irradiation (365 nm) of 1 and PBN in CH2Cl2 at room temperature.

Scheme 5. Proposed Structures of the Spin-Trapped Adducts
9 and 10

Figure 10. APCI-MS spectra of the PBN spin-trapped species 9 or 10.
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based quantum chemical calculations23 of 11 suggested that this
unjustifiable absorption could be attributed to the imine carbon
adjacent to the nitrophenyl group. We assume that this
unexpected 20 ppm downfield shift from the typical imine
carbon absorption (160−165 ppm) probably resulted from its
highly rigid bicyclic structure. In the literature, a similar
observation has also been reported for rhazinoline, a highly
strained indole alkaloid, whose imine carbon resonates even
more downfield at 187.3 ppm in the 13C NMR spectrum.24 As
for the photogenerated side product 12, the X-ray crystallo-
graphic and NMR spectroscopic analyses indicated that it exists
mainly in the lactol form in the solid state (Figure 11) but in
the diketo form in solution (Scheme 6). Further, the diketo

form 12a was found to be the major isomer in CDCl3, with a
diketo to lactol ratio of approximately 10:1. This observation is
in contrast to previous studies,25 which suggested that the lactol
form of 1-(2-hydroxyphenyl)propane-1,2-dione is the major
isomer in aprotic solvents.
Scheme 7 outlines the proposed mechanism for the

formation of the minor products 11 and 12 from exhaustive
irradiation of 1. Presumably, the oxygen radical 6 generated
from 1 (Scheme 4) is trapped by the ipso carbon of the
anisidine ring to form the cyclohexadiene radical 13. The
subsequent loss of one molecule of methane from 13 affords
the zwitterionic biradical 14.26 Final charge neutralization via
back electron transfer from the nitro radical anion to the
iminium radical cation furnishes the product 11. Alternately,
the zwitterionic species 5 can also undergo light-mediated

indazole ring formation. This reaction is realized by
deoxygenation of the nitro group and followed by intra-
molecular N−N bond formation of the indazole ring to give the
intermediate 15.27 The molecular oxygen released during
indazole ring formation is then trapped in situ by the coumarin
radical, which further undergoes ring contraction25b via
decarboxylation to afford the product 12 (see Scheme S1 in
the Supporting Information for mechanistic details).
Essentially, all functional groups present in the oxazabicycle 1

were found to participate in this photoreaction, though to
varying extents: that is, the o-nitro group and the amine formed
the indazole ring, the anisidine moiety was oxidized to the
cyclohexadienone, and the coumarin underwent ring contrac-
tion to the benzofuranone. These observations also favor the
proposed radical mechanism, since only radical species can be
so indiscriminately reactive toward every functional group
present in the molecular scaffold. On the basis of the
aforementioned studies, it is suggested that the photochromism
of 1 likely involves the zwitterionic biradical species 5 as the key
transient intermediate, generated by photoinduced intra-
molecular electron transfer from the amine nitrogen to the o-
nitrophenyl group. This unprecedented photochromic mecha-
nism may potentially be utilized in the future design of organic
photochromic colorants with novel molecular structures.

■ CONCLUSION
A one-pot preparation of the photochromic oxazabicycle 1 is
presented. The successful trapping of the photogenerated
product with trimethylsilyl cyanide confirms the formation of
the zwitterionic species 2. The results of EPR spectroscopic
studies and spin-trapping experiments strongly support that the
photochromism of 1 involves intramolecular electron transfer
between the amine moiety and o-nitrophenyl group. Finally,
two photodegradation side products, indazole 11 and cyclo-
hexadienone 12, were isolated and characterized, and a
plausible mechanism for their formation from the zwitterionic
biradical intermediate was also proposed. Further application of
this photochromic mechanism in the design and synthesis of
potential organic photochromic colorants is currently under-
way.

■ EXPERIMENTAL SECTION
General Experimental Considerations. Melting points were

determined on a Mel-Temp melting point apparatus in open capillaries
and are uncorrected. HRMS-EI measurement were performed on a
spectrometer with a double-focusing magnetic sector mass analyzer.
ESI and APCI-MS spectra were measured in the positive ion mode by

Figure 11. X-ray crystal structures of the two photogenerated side
products 11 and 12.

Scheme 6. Equilibrium between the Lactol (12) and Diketo
(12a) Species

Scheme 7. Proposed Mechanism for the Formation of 11
and 12
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an LC-MS instrument with orbitrap mass analyzer. IR spectra were
obtained using a FT-IR spectrophotometer. UV−vis spectra were
measured on a spectrometer with photodiode array detector.
Measurements of liquid-phase EPR spectra were performed on a
CW-EPR spectrometer. Single-crystal structures were determined with
an X-ray single-crystal diffractometer. 1H and 13C NMR spectra were
recorded at 300 and 75 MHz on an FT-NMR spectrometer,
respectively. Chemical shifts are reported in parts per million on the
scale relative to an internal standard (tetramethylsilane, or appropriate
solvent peaks), with coupling constants given in hertz. 1H NMR
multiplicity data are denoted by s (singlet), d (doublet), t (triplet), q
(quartet), ABqd (AB quartet of doublets), and m (multiplet).
Analytical thin-layer chromatography (TLC) was carried out on silica
gel 60G-254 plates (25 mm) and developed with the solvents
mentioned. Flash chromatography was performed in columns of
various diameters with silica gel (230−400 mesh) by elution with the
solvent systems. Solvents, unless otherwise specified, were reagent
grade and were distilled once prior to use. All new compounds
exhibited satisfactory spectroscopic and analytical data.
One-Pot Synthetic Procedure. To a solution of p-anisidine (500

mg, 4.06 mmol) in 1,2-dichloroethane (10 mL) was added 2-
nitrobenzaldehyde (613 mg, 4.06 mmol), isobutyraldehyde (293 mg,
4.06 mmol), and a catalytic amount of p-TsOH (77 mg, 0.406 mmol)
at room temperature. The mixture was stirred at that temperature for
12 h. 4-Hydroxycoumarin (658 mg, 4.06 mmol) was then added to the
mixture, and the resulting solution was refluxed for 2 h. After it was
cooled to room temperature, the reaction mixture was quenched with
water (10 mL). The product was then extracted twice with methylene
chloride (25 mL each). The combined organic extracts were dried over
MgSO4, filtered, and concentrated. The crude product was recrystal-
lized in methylene chloride/ethyl acetate (1/6) or purified by column
chromatography (1/9 EtOAc/hexanes) to give a yellow solid in 39%
yield. The structural characterizations of 1 and 3 have been previously
reported.8

Detection of the TMSCN Adduct. Compound 1 (5.0 mg, 10.6
μmol, dissolved in 0.7 mL of CDCl3 in a quartz NMR tube) was
irradiated with UV light (352 nm) at room temperature for 5 min.
TMSCN (5.3 mg, 53.0 μmol) was then added to the solution. The
resulting mixture was subjected to 1H NMR spectroscopic measure-
ments in an interval of 5−10 min under continuous irradiation.
Another sample with the same treatment directly irradiated for 25 min
was subjected to 1H and 13C NMR spectroscopic measurement.
TMSCN adduct 4: 1H NMR (CDCl3, 300 MHz) δ 8.15 (dd, J =

8.7, 1.2 Hz, 1H), 7.68−7.64 (m, 2H), 7.56−7.51 (m, 3H), 7.35−7.21
(m, 3H), 6.79 (dd, J = 8.7, 2.7 Hz, 1H), 6.53 (dd, J = 8.7, 1.2 Hz, 1H),
5.00 (s, 1H), 3.86 (s, 1H), 3.75 (s, 3H), 1.17 (s, 3H), 0.99 (s, 3H); 13C
NMR (CDCl3, 75 MHz) δ 171.2, 163.8, 161.5, 158.6, 153.0, 147.6,
136.9, 135.5, 133.6, 132.1, 130.4, 129.0, 128.5, 127.0, 124.7, 123.6,
117.7, 116.5, 113.5, 111.1, 110.4, 108.5, 55.3, 43.0, 41.0, 24.2, 22.1;
APCI−HRMS m/z calcd for C31H32N3O6Si [M + H+] 570.2055,
found 570.2052.
EPR Spectroscopy. The EPR spectra of 1, 3, 7, and 8 were

measured prior to and after irradiation with a mercury lamp at 365 nm
through a quartz window in methylene chloride at 293 and 77 K. The
EPR spectra were fitted using EasySpin (version 4.0.0), a computa-
tional package developed by Stoll and Schweiger. The EPR fitting
procedure used a simplex type iteration to minimize the root-mean-
square deviation.
Density Functional Theory (DFT) Calculations. Hybrid DFT

calculations were carried out with the Gaussian 09 program28 at the
B3LYP level. The split-valence 6-31G(d,p) basis set was used for all
elements unless specified. The geometry was determined by the
ORTEP drawings of compounds 1 and 7. Molecular orbital and spin
density distribution was calculated with SCF density and visualized
using GaussView (version 5.0.8).
Spin Trapping of the Biradical Intermediate. Compound 1

(1.0 mg, 2.1 μmol) dissolved in methylene chloride in a quartz tube
(Φ 10 mm) was irradiated (352 nm) for 5 min at room temperature.
PBN (3.7 mg, 21 μmol) was then added, and the resulting solution
was subjected to APCI-MS determination and EPR measurements.

Electrochemistry and Spectroelectrochemical Studies. Elec-
trochemistry was performed with a three-electrode potentiostat in
THF with 0.1 M TBAPF6 deoxygenated by purging with nitrogen gas.
Cyclic voltammetry was conducted with the use of a homemade three-
electrode cell equipped with a BAS glassy-carbon (0.07 cm2) or
platinum (0.02 cm2) disk as the working electrode, a platinum wire as
the auxiliary electrode, and a homemade Ag/AgCl (saturated)
reference electrode. The reference electrode is separated from the
bulk solution by a double junction filled with electrolyte solution.
Potentials are reported vs Ag/AgCl (saturated) and referenced to the
ferrocene/ferrocenium (Fc/Fc+) couple, which occurs at E1/2 = +0.57
V vs Ag/AgCl (saturated). The working electrode was polished with
0.03 μm aluminum on felt pads (Buehler) and was ultrasonicated for 1
min prior to each experiment. The reproducibility of individual
potential values was within ±5 mV. The spectroelectrochemical
experiments were accomplished with the use of a 1 mm cuvette, a 100
mesh platinum gauze as the working electrode, a platinum wire as the
auxiliary electrode, and a Ag/AgCl (saturated) reference electrode.

Characterization of the Photogenerated Side Products. A
solution of 1 (200 mg, 0.43 mmol) in 100 mL of MeCN was irradiated
in a photoreactor (352 nm, 8 W x 8) at room temperature for 24 h.
The solution was concentrated in vacuo, and the products were
purified by column chromatography (gradient, 4/1 to 2/1 hexanes/
EtOAc) to afford 14 mg (0.031 mmol, 7.1%) of compound 11 and 6
mg (0.014 mmol, 3.3%) of compound 12.

Compound 11: yellow solid; mp 170−172 °C; 1H NMR (CDCl3,
300 MHz) δ 8.15 (dd, J = 8.1, 1.5 Hz, 1H), 7.85 (dd, J = 8.1, 1.5 Hz,
1H), 7.69 (td, J = 7.5, 1.2 Hz, 1H), 7.62−7.55 (m, 2H), 7.42−7.36 (m,
2H), 7.31 (td, J = 7.8, 0.6 Hz, 1H), 6.48−6.44 (m, 2H), 3.89 (s, 1H),
1.43 (s, 3H), 1.23 (s, 3H); 13C NMR (CDCl3, 75 MHz) δ 184.0,
183.5, 162.3, 158.2, 152.8, 148.2, 146.8, 143.8, 133.6, 133.1, 132.7,
130.8, 129.9, 129.2, 125.2, 124.3, 124.0, 123.0, 116.7, 114.4, 101.1,
78.9, 53.4, 45.2, 27.4, 23.9; IR ν (KBr) 2963, 1712, 1603, 1505, 1251,
1043 cm−1; HRMS (EI) m/z calcd for C26H18N2O6 [M

+] 454.1165,
found 454.1160.

Compound 12: white solid; mp 164−166 °C; 1H NMR (CDCl3,
300 MHz) δ 11.19 (s, 1H), 8.17 (d, J = 8.7 Hz, 1H), 7.79 (d, J = 8.7
Hz, 1H), 7.73 (d, J = 8.7 Hz, 1H), 7.44 (td, J = 8.7, 1.8 Hz, 1H), 7.29
(ddd, J = 9.0, 6.6, 1.2 Hz, 1H), 7.07−7.02 (m, 2H), 6.96−6.91 (m,
2H), 6.77 (d, J = 2.7 Hz, 1H), 6.65 (td, J = 8.1, 1.2 Hz, 1H), 4.57 (s,
1H), 3.72 (s, 3H), 2.01 (s, 3H), 1.39 (s, 3H); 13C NMR (CDCl3, 75
MHz) δ 196.0, 194.5, 163.6, 158.5, 149.4, 138.2, 135.9, 132.2, 129.8,
126.7, 123.3, 121.5, 120.7, 120.3, 119.6, 119.4, 118.2, 117.8, 115.6,
115.3, 115.0, 56.6, 55.6, 36.1, 28.8, 24.2; IR ν (KBr) 2965, 1721, 1611,
1505, 1258, 750 cm−1; HRMS (EI) m/z calcd for C26H22N2O4 [M

+]
426.1580, found 426.1588.

Computational Details. Quantum chemical calculations were
performed with the Gaussian 09 program package.28 The ORTEP
geometries of 11 were subjected to the theoretical calculations of 13C
NMR chemical shifts by using density functional theory (DFT) and
the gauge-independent atomic orbital (GIAO) method at the
MPW1PW91/6-31G basis set level and chloroform as the solvent
with the IEF-PCM solvent continuum model. The results of the
calculation were then compared with the experimental data.
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(26) Gaḿez-Montaño, R.; Ibarra-Rivera, T.; Kaïm, L. E.; Miranda, L.
D. Synthesis 2010, 1285.
(27) Lin, W.-C.; Yang, D.-Y. Org. Lett. 2013, 15, 4862.
(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega,
N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Ö. Farkas, Foresman,
J. B.; Ortiz, J. V.; Cioslowski, J.; , and Fox, D. J. Gaussian 09, Revision
A.1, Gaussian, Inc., Wallingford, CT, 2009.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo401838n | J. Org. Chem. 2013, 78, 11798−1180611806


