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The solution photodimerization of methyl (E)-p-nitrocinnamate has been studied under various conditions.
Cis and trans dimers of head-to-head configuration were formed predominantly, the ratio of the dimers being highly

dependent on the concentration and the solvent.

heavy-atom effect were observed in this photodimerization.

The sensitization, the quenching phenomena, and the external

It appears likely that the excited multiplicity res-

ponsible for the formation of the #rans-dimer is the triplet z,n* state and that both the singlet and the triplet 7,7*

states contribute to the production of the cis-dimer.

The formation of four-membered rings through the
irradiation of olefins, especially of the «,f-unsaturated
carbonyl compounds, is one of the oldest photoreactions
in organic chemistry. The photocyclodimerization
of the crystalline cinnamic acids is a classic illustration
of this type of reaction.)? The crystallographically
different a- and g-forms of (E)-cinnamic acid exclusively
give a-truxillic acid (head-to-tail dimer) and g-truxinic
acid (heat-to-head dimer), respectively. The stereo-
specificity of this cycloaddition is shown to depend
mainly upon the packing arrangement of the nearest
neighbours in the monomer lattice. Further, cyrstal-
lographic studies have made it clear that, in order
for dimerization to occur in either crystal form, the
reacting centers must be separated by no more than
4AD On the other hand, in solution or in the liguid
state of cinnamic acid, ultraviolet light merely causes
an equilibration between the Z and E isomers.?) The
absence of photodimerization in solution is attributable
to the lack of a situation in which the intermolecular
carbon-carbon double bonds lie close together, e.g.,
within 4 A.

As a fundamental study on the control of photoreac-
tions, this paper deals with the solution photodimeriza-
tion of (E)-p-nitrocinnamates giving the two head-to-
head photocyclodimers whose ratios vary largely,
depending on the irradiation conditions, and also with
the mechanistic aspects of this photodimerization.

Results

Photodimerization of Substituted (E )-Cinnamates in Ben-
zene. An argon-saturated benzene solution (0.05
mol dm—2) of methyl (E)-p-nitrocinnamate (Ia) was
externally irradiated with a 450-watt high-pressure
mercury arc for 3h at 10 °C. The resulting solution
was subjected to TLC to give the cis- (Ila, 149,) and
trans-head-to-head cyclodimers (IIIa, 299,), together
with only a trace amount (19%,>) of the cis- (IVa) and
irans-head-to-tail cyclodimers (Va). When the ir-
radiation was effected by the Pyrex-filtered light, the
yields of ITa and IIIa were 13 and 369%,, respectively.
The structures of these cyclobutane derivatives were
established by an examination of their NMR and mass
spectra.®) It was also confirmed that both Ila and
IIIa are extremely stable under all the irradiation condi-
tions employed.

The Z, E isomerization of the carbon-carbon double
bond generally competes with photodimerization. In
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the above photoreaction, the rapid equilibration between
Ia and its Z isomer (VIa) was confirmed by the gas-
chromatographic analysis of the reaction mixture;
the ratio of Ia to VIa was 0.94 when Ia was irradiated
for 10 min and 1.13 under a 3-h irradiation.

In contrast, methyl (E)-cinnamate and its derivatives
possessing the p-chloro, p-methoxyl, p-methyl, p-
isopropyl, and p-dimethylamino groups underwent
only Z, E isomerization and gave no cyclodimers when
irradiated under the conditions described above.
However, the prolonged irradiation (65h) of a more
concentrated solution (0.5 moldm~—3) of methyl (E)-
cinnamate gave the corresponding cis- and trans-head-
to-head cyclodimers in 16 and 379, yields, respectively.

When the bulky isopentyl (Ib) or decyl group (Ic)
is the ester moiety, the ratio of the corresponding two
cyclodimers (II/III) was found to be 0.26 or 0.20,
respectively (Table 1). This can be explained by the
greater steric repulsion between the two alkyl groups
in IT than that in ITI.

Solvent Effect on the Photodimerization of Ia. The
data in Table 2 indicate the dependence of the product
distribution on the solvent polarity. The amount of
ITa proved to increase with an increase in the dielectric
constants? or dipole moments®) of the solvents employ-
ed.® No relationship existed between the selectivity
in this photodimerization and the coefficients of the
viscosity®) of the solvents or the reaction temperature.”
The use of the polar solvents such as pyridine, acetone,
and acetonitrile, raised the yields of the head-to-tail
cyclodimers (IVa and Va) considerably in comparison
with the use of the nonpolar solvents.
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TABLE 1.
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PHOTODIMERIZATION OF I%)

Yield (%)

Compound Filter Conversion (%) II/1I1
II II1 v, v

Ia Quartz 54 14 29 1 0.48

Ia Pyrex 62 13 36 2 0.36

Ib Quartz 55 6 23 1> 0.26

Ic Quartz 65 8 40 1 0.20

a) Irradiated in a benzene solution (0.05mol dm~3) under an argon atmosphere with a 450-watt high-pressure

mercury lamp for 3h. b) Based on I employed.

TABLE 2. SOLVENT EFFECTS ON THE PHOTODIMERIZATION OF Ia®

Conversion

Yield (%)

Solvent £ uo (%) IIa/I1Ia
° Ila IIIa IVa, Va

1,4-Dioxane 2.21 0.45 58 8 16 2 0.50
CgH, 2.28 0 54 14 29 1 0.48
CH,;CO,C,H; 6.02 1.88 55 15 26 2 0.58
Pyridine 12.4 2.37 64 19 24 5 0.79
CH;COCH, 20.7 2.69 63 21 22 8 0.95
CH,CN 37.5 3.44 82 27 26 8 1.04
CH,ClI, 8.93 1.14 49 3 26 1 0.12
CHCI, 4.81 1.15 48 2 25 1 0.08
CH,Br, 4.78 1.23 59 1 30 1 0.03
a) Irradiated under the same conditions as in the case of Table 1. b) Dielectric constant at 20°C. c¢) Dipole

moment at 25°C. d) Based on Ia employed.

TABLE 3. CONCENTRATION EFFECTS AND SOLID-STATE

IRRADIATION
Conver-  Yield (%)»
Solvent® (mCo?gf::Ls) sion M_i ITa/I1Ia
(%) Ia Illa
Solid-state — 100 95 0 —
CeH, 1x101 73 41 16 2.56
C.H, 5x10-2 69 15 22 0.68
C.H, 5%x10-3 69 2 6 0.33

a) Irradiated under an oxygen atmosphere with a 450-
watt high-pressure mercury lamp for 3h. b) Based
on Ia employed.

~ The irradiation of Ia in the halogenated hydrocarbons
resulted in the predominant formation of the itrans-
cyclodimer (IITa) probably by means of the external
heavy-atom effect.®) In the case of dibromomethane,
the heavy-atom effect was remarkable, the IIa/IIIa
value being 0.03. However, at a lower concentration
(5 mol?%, dibromomethane in benzene) the halogen-
containing compounds showed no significant effect.

Effect of Concentration. As is shown in Table 3,
the concentration of the reactant (Ia) proved to in-
fluence the ratio of the photodimers remarkably. The
ITa/IIIa value increased from 0.68 to 2.56 with an
increase in the concentration of benzene solution
under an oxygen atmosphere. In the case of a dilute
solution (5x10-3 mol dm~-3), polymerization prevailed.
These results led us to investigate the solid-state photo-
dimerization. The irradiation of crystalline Ia afforded
a single topochemical c¢is-head-to-head cyclodimer
(ITa) almost quantitatively. On the other hand, the

trans-head-to-head cyclodimer was formed as the sole
product in only a 7%, yield on the irradiation of crystal-
line methyl (E)-p-methoxycinnamate. The formation
of this “nontopochemical product® might be explained
in terms of local melting and the disruption of the
lattice control.

Quenching and Sensitization Experiments. The
quenching effects of oxygen, azulene, ferrocene, and
hydroquinone were also examined (Table 4). In
the presence of oxygen, the formation of IIla was
suppressed considerably, the yield of IIa being unaf-
fected. When an argon-saturated 0.05 moldm—3 ben-
zene solution of Ia was irradiated in the presence of
azulene (10 mol%,, E,=30.9 kcal/mol'®), an efficient
triplet quencher, the yield of IIIa (109,) turned out
to be about one-third that (299%,) in the non-quenching
solution, the yield of IIa being less affected.

To elucidate the nature of the excited state involved
in the formation of IIa and IIIa, the ferrocene quench-
ing') was studied in detail. Figures 1 and 2 illustrate
the Stern-Volmer plots of the @°/@ values against the
ferrocene concentration for two cyclodimers IITa and
IIa, respectively. With low concentrations of ferrocene
{([FcH]<2.5x 102 mol dm-3) the plot in Fig. 1 is
approximately linear, but with higher concentrations
([FcH]>3.5x 102 mol dm~2) the plot showed an ex-
treme curvature. On the contrary, the relationship
between @9, /@, and the ferrocene concentration
shown in Fig. 2 is quite different from that of @ /
®..- The quenching plot leveled off once (@%,/
@,.,==1.43) at the concentrations of ferrocene between
5.0x10-3 and 3.5x 102 mol dm~3, and again showed
a linear increment at higher concentrations.
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TaBLE 4. RESULTS OF QUENCHING EXPERIMENTS®)
. . Yield (%)
Solvent (Anf‘{;trg""l Fily  18/VIa alter® ° IIa/IITa
ol/mol) Ia Illa Va, Va
CH, None Q 1.13 14 29 1 0.48
CeH, 0, Q 1.06 15 22 1> 0.68
CgHg Az(0.1)D Q 0.57 10 10 1> 1.00
CH,CN None P 1.59 40 26 7 1.54
CH,CN FcH(0.1)® P 0.50 32 7 2 4.57
CH,CN FcH(0.7) P 0.19 28 1 1> 28.0
CH,CN None Q 1.44 27 26 8 1.04
CH,CN HQ((1.0)m Q 0.48 23 8 0 2.88
a) Irradiated under the same conditions as in the case of Table 1. b) Q=quartz and P=Pyrex. c) Deter-

mined by GLPC. d) Isolation yield based on Ia employed.

Ferrocene. h) Hydroquinone.
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Fig. 1. A Stern-Volmer plot of the IIIa formation as a
function of the ferrocene concentration in acetonitrile.
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Fig. 2. A Stern-Volmer plot of the IIa formation as a
function of the ferrocene concentration in acetonitrile.

The irradiation of Ia in acetonitrile in the presence
of an equimolar amount of hydroquinone (an excel-
lent radical scavenger) caused a drastical reduction in
the yield of IIla, along with a slight decline in IIa.
It was found that the formation of the head-to-tail
cyclodimers (IVa and Va) was suppressed completely
by the addition of such a radical scavenger. Further,

e) Saturated with oxygen. f) Azulene. g)

the rate of the Z,E isomerization of Ia was lowered
significantly by both the quenchers.

In relation to the possibility of excimer formation
in this dimerization, the luminescence of Ia was in-
vestigated. No fluorescence from Ia could be observed
in benzene at room temperature, probably because
of the self-quenching by the methoxycarbonyl or nitro
group.'® The triplet energy of Ia was estimated to
be ca. 54 kcal/mol based on the phosphorescence
measurement of Ia in EPA glass at 77 K. This E,
value suggests that 2,3-butanedione (E;=56.3 kcal/
mol)!1® or 4,4’-bis(dimethylamino)benzophenone (Mi-
chler’s ketone, E,=62 kcal/mol)!¥) may be an efficient
sensitizer. When a benzene solution of Ia (0.05 mol
dm—3) and 2,3-butanedione (1.0 moldm-3) was ir-
radiated (1>430 nm) for 8 h, the triplet sensitization
was observed and the yields of IIa and IIla were 2
and 179, respectively. Contrary to our expectations,
neither photodimerization nor Z,E isomerization
of Ia was observed in the Michler’s ketone sensitized
irradiation (4A>330 nm). This was also the case
with the use of dimethylaniline (E;=76 kcal/mol)!%)
in place of Michler’s ketone. The quenching by these
dimethylamino-containing compounds can be explained
by the assumption that the short-lived singlet or triplet
exciplex is formed between the nitrophenyl and dime-
thylaminophenyl moieties and that the excited z-
complex consequently undergoes a radiative or radia-
tionless decay to the ground state before the reaction
takes place.

Discussion

Increasing solvent polarity favored cis-head-to-head
cyclodimer formation, while decreasing solvent polarity
favored trans-head-to-head dimerization. Although nei-
ther fluorescence nor triplet excimer!®) phosphorescence
from Ia could be observed, it seems probable that
this predominant formation of the cis-cyclodimer can
be interpreted by the hypothesis!’»1®) that polar solvents
and a concentrated solution generally aid a ground-
or excited-state aggregation, leading to a singlet excimer.
However, monomer association was not detected in
any of the UV spectra at various concentrations (1.0 x
10-% to 1.0x 10" moldm~3) in benzene and acetoni-
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trile.

Another possible explanation of these observations
is the following.'® Since cis-head-to-head dimeriza-
tion is accompanied by a net increase in the dipole
moment, and since frans dimerization proceeds with
its reduction, solvents of appreciable dipole moments
stabilize the transition state??) (a 1,4-biradical interme-
diate or weak association between two Ia molecules
of the cis-head-to-head type orientation), leading to the
polar dimer (IIa). This explanation is consistent
with the concentration dependence of the cis dimeriza-
tion described before. Concerning the relationship
between the concentration and the solvent polarity,
Ruhlen and Leermakers have reported that ‘““macro-
scopic”” and ‘“‘microscopic’” polarity decreases as the
concentration is reduced.?) As is shown in Table 2,
the effectiveness of trans cyclodimerization varied
little with the solvents. For cis dimerization, however,
a change in the solvent from benzene to acetonitrile
caused a remarkable two-fold rate acceleration.

The excited-state multiplicities and reaction pathways
in this cyclodimerization were studied through sensitiza-
tion and quenching experiments. The 2,3-butanedione-
sensitized irradiation afforded IIIa (IIa/IIIa=0.12)
mainly. In the presence of azulene or hydroquinone,
the quenching against the IIIa formation is larger than
that against the ITa (Table 4). The dissolved oxygen
only suppressed the production of IIla; it had no
effect on the yield of ITa.?2) These sensitization and
qualitative quenching data suggest that ITIa is formed
exclusively from a 1,4-biradical intermediate via tri-
plet-excited Ia and ITa mainly from the less-quenchable
singlet state with a partial contribution of the triplet-
excited state. The linearity of the Stern-Volmer
plot for I11a is a further indication that only one excited
state (the triplet state) is involved in the IIIa formation.
At the point of [FcH]=3.5x10"2moldm-3, the
IITa formation (99, /®:;,=25.8) and the Z,E iso-
merization of Ia (Ia/VIa=0.188) are quenched almost
completely. For IIa, the quenching plot of @°, /
®,.. is once leveled off at the ferrocene concentrations
between 5.0x 103 and 3.5x10-2moldm=3, then it
shows a linear increment. The former quenching
effect is probably based on the quenching of the triplet
state of Ia, and the latter on the singlet quenching
(Fig. 2). From the Stern-Volmer plot shown in Fig.
2, the contribution of the triplet state to the IIa forma-
tion can be estimated to be 309%,; therefore, 709,
of the ITa may be formed iz a singlet state of Ia.

Moreover, the formation of the singlet-derived
dimer (ITa) was found to be enormously suppressed
in dichloromethane, chloroform, and dibromomethane.
This can be ascribed to the heavy-atom solvent, which
promotes intersystem crossing, hence providing a higher
steady-state concentration of the Ia triplet and resulting
in a low efficiency of dimerization from the singlet
state (external heavy-atom effect).28) Considering the
heavy-atom effect, which is known to promote the
S-Tx,a transition, but not the S-Thr transition,?4
it is likely that the 3z,n* state participates in the photo-
dimerization of the aromatic nitro compound Ia to
IIa and IITa. Recent study has shown that the
liquid state dimerization of ethyl cinnamate is photo-
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sensitized by picramide and p-nitroaniline,?® each of
which has a nitro group on its benzene ring. In
addition to this fact, our observation described above
on the extremely facile photodimerization of Ia should
be noted in comparison with methyl (E)-cinnamates,
which have no nitro group. One possible explanation
for these phenomena is that the nitro group in Ia acts
as a built-in photosensitizer.

The rapid Z,E isomerization of Ia competes with
its photodimerization, and the photo-stationary value
(Ia/VIa) is 1.35 in benzene. Accordingly, there is a
very fair possibility that ITa and I1Ia might be produced
by the turn-over?® of the VIa-derived intermediate
biradicals with the alleviation of the steric intricacy.

In conclusion, we propose the following multipath-
way mechanism, which is consistent with all of the
experimental observations:2’:2) where S=Ia, 1(S--

S 4+ v — 1S

1S + S — 1(S---S)
1(S...8) — D (IIa)
1S4+ S - D (Ila)

1S — 3§

S + 3Sens — 3S + Sens
1S + HA — 35S + HA
3$ 4+ S — D (Ia and IIIa)
3S +Q —» S+ 3Q

38 —» Via

Via + v — VIla
WVIa — S

S) =singlet excimer, D=dimers (IIa and IIla), HA=
halo-solvent, Sens=2,3-butanedione, and Q=quencher.
It appears most likely that the IIla formation proce-
eds through a biradical intermediate derived from the
triplet state (m,7*) of Ia. In contrast, two different
mechanisms are probably concerned with the Ila
formation. The major possible pathway is the con-
tribution of a concerted [«2,++2,] transition state or
the geminate reaction of the 1,4-biradical intermediate
stabilized in the solvent cage,?® which is known not
to be quenched by a radical scavenger, via the singlet
excimer of Ia; the minor pathway being the ring closure
of the intermediary 1,4-biradical by way of the triplet
state (m,7*) of Ia.

Experimental

General. (E)-p-Nitrocinnamic acid was prepared from
p-nitrobenzaldehyde®? and malonic acid by the method of
Wiley and Smith.3) The following (E)-cinnamic acid
derivatives were prepared according to the known proced-
ures: p-methoxy-,32) p-methyl-,*® p-isopropyl-,®® p-chloro-,3%
and p-dimethylamino-(E)-cinnamic acid.?¥ The esterification
of each acid was performed in the presence of sulfuric acid.3®
Acetonitrile was purified in the usual manner.®® Ben-
zene was purified by two successive distillations. The other
reagents were obtained commercially, the liquids were dis-
tilled, and the solids were recrystallized, before use. The
NMR spectra were taken with a Hitachi R-20 spectrometer
in a CDCI, solution with tetramethylsilane as the internal
standard. The mass spectra were made on a Hitachi RMU-
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6M mass spectrometer at 70 eV using a heating inlet system.
Analytical GLPC chromatography was performed on a
Hitachi Model 063 instrument with a flame-ionizaion de-
tector and nitrogen as the carrier gas. The column (3-mm X
I-m) used was 109, silicone SE-30 on Chromosorb W.
Analytical and preparative thin layer chromatography
(TLC) was carried out on silica gel plates (Merck silica gel
60 F,5, pre-coated plates).

Irradiation Procedure. All irradiations of solutions were
conducted in a 20-ml syrindrical quartz vessel with a neck
to accommodate a three-way stopcock. Stirring was ef-
fected magnetically. For irradiation with or without a
Pyrex filter, a reaction vessel was placed 5 cm away from a
light source (Ushio 450 watt UM-452 high-pressure mercury
lamp) placed in a water bucket for cooling. In the case of
the 313 nm light, the sample solution was irradiated through
a Pyrex filter sleeve and a l-cm path of a 2.0x 10-3 mol
dm~3 potassium chromate solution filter.3” A Toshiba filter
V-Y45 was used for the 2,3-butanedione sensitization. The
solids were irradiated on Pyrex glass plates at a distance
of ca. 15 cm at 20 °C.

Irradiation of Ia in Solution. The general execution
of the present photodimerization is typically illustrated by
the procedure for the conversion of Ia to IIa and IIla., A
benzene solution (20 cm3) of Ia (207 mg, 1.0 mmol) was
saturated with argon after evacuation and then irradiated
for 3 h. A quantitative determination by GLPC indicated
the recovery of Ia and the yield of VIa to be 23 and 249,
respectively. The reaction mixture was concentrated in
vacuo, and the residue was subjected to preparative tlc with
hexane-ethyl acetate (5:1 v/v) as the eluent to give pure Ila
(14%) and IIla (27%). The identification of IIa and IIla
was made on the basis of the following NMR and mass spectral
data by the method given in the literature.®

Compound ITa: NMR (60 MHz, CDCl,) é 3.80 (s, 6H,
CHj), 3.80—4.75 (AA’BB’, 4H, cyclobutane ring), 7.24
(ds=9.0 mz» 2H, aromatic ring), and 8.03 (ds=g.0 5z 2H,
aromatic ring); mass mfe (rel. intensity) 414 (6.8, M+,
CgoH,506N,), 270 (5.3, C,,H,,O,N,), and 207 (100, M/2,
C,,H,O,N).

Found: C, 57.88; H, 4.46; N, 6.53%,.
H,;;O4N,: G, 57.97; H, 4.38; N, 6.769%,.

Compound IIIa: NMR (60 MHz, CDCl,) ¢ 3.82 (s, 6H,
CH;), 3.40—4.10 (AA’BB’, 4H, cyclobutane ring), 7.60
(dy=g.0mz 2H, aromatic ring), and 8.20 (ds-g.0mz, 2H,
aromatic ring); mass mfe (rel. intensity) 414 (4.2, M+,
CyoH,508N,), 270 (12.7, C.,H,,O,N,), and 207 (100, M/2,
C,;oHy,O,N).

Found: G, 58.15; H, 4.35; N, 6.889,.
H,OgN,: C, 57.97; H, 4.38; N, 6.76%,.

Despite all our efforts to separate the mixture of IVa and
Va, we could not isolate the two isomers in a pure form.
Therefore, the structures of IVa and Va were determined
by means of the NMR and mass spectra of the mixture. The
quantitative analysis of Ia and VIa was performed by the
cut-and-weigh integration of GLPC traces using a2 known
amount of benzophenone as the external standard for the
correction of the detector response differences.

Actinometry. A conventional method of actinometry
was employed; it eliminated errors due to light fluctuations
and may inherently give good quantum yield ratios for the
Stern-Volmer plot. The actinometer solution, which con-
tained 0.05moldm—3 Ia in acetonitrile, was photolyzed
simultaneously with sample solutions containing 0.05 mol
dm~% Ja and varying concentrations of ferrocene. No
quantum-yield value was assumed for the actinometer
solution. Instead, the ratio (Y°/Y) of the yields of the

Calcd for Cy4-

Calcd for Cy-
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dimer in the actinometer and in the sample solutions was
used directly. The light absorbed and the time of photo-
lysis were the same for both solutions, so the Y°/Y value
should be equal to the ratio of the quantum yields (9°/®).

The support of this work by the Matsunaga Science
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References

1) M. D. Cohen, G. M. J. Schmidt, and F. I. Sonntag,
J. Chem. Soc., 1964, 2000; J. Bregman, K. Osaki, G. M. ]J.
Schmidt, and F. I. Sonntag, ibid., 1964, 2021.

2) M. Freedman, Y. Mohadger, J. Rennert, S. Soloway,
and I. Waltcher, Org. Prep. Proc. Int., 1, 267 (1969).

3) D. A. Ben-Efraim and B. S. Green, Tetrahedron, 30,
2357 (1974); B. S. Green and L. Heller, J. Org. Chem., 39,
196 (1974).

4) S. L. Murov, “Handbook of Photochemistry,”” Dekker,
New York, N. Y. (1973), p. 85.

5) J. A. Riddick and W. B. Bunger, “Techniques of
Chemistry,” Vol. II, ed. by A. Weissberger, Wiley, New
York, N. Y. (1970), p. 61.

6) Irradiation in dimethylformamide resulted in the
complete polymerization of Ia.

7) For the temperature dependence of olefin photo-
dimerization, see R. Livingston and K. S. Wei, J. Phys.
Chem., 71, 541 (1967).

8) M. A. El-Sayed, Acc. Chem. Res., 1, 8 (1968); S. K.
Lower and M. A. El-Sayed, Chem. Rev., 66, 199 (1966).

9) M. D. Cohen, Angew. Chem., Int. Ed. Engl., 14, 386
(1975).

10) P. M. Rentzepis, Chem. Phys. Lett., 3, 715 (1969).

11) More than 989, of the incident light is absorbed by
Ia throughout the wavelength range irradiated.

12) No fluorescence could be detected in the case of the
other p-substituted (E)-cinnamates, either.

13) R. R. Callis and R. W. Wilson, Chem. Phys. Lett., 13,
416 (1972).

14) G. N. Lewis and M. Kasha, J. Am. Chem. Soc., 66,
2100 (1944). Another Ep value of 65.7 kcal/mol has been
reported; G. Porter and P. Suppan, Trans. Faraday Soc., 61,
1664 (1965).

15) D. S. McClare, J. Chem. Phys., 17, 903 (1949).

16) M. Aikawa, T. Takemura, and H. Baba, Bull. Chem.
Soc. Jpn., 49, 437 (1976).

17) C. H. Krauch, S. Farid, and G. O. Schenck, Chem.
Ber., 99, 625 (1966).

18) H. Morrison, H. Curtis, and T. McDowell, J. Am.
Chem. Soc., 88, 5415 (1966).

19) A similar conclusion was reported by O. L. Chapman,
H. G. Smith, and F. W. King, J. Am. Chem. Soc., 85, 806
(1963), and the references cited therein; T. Mukai and
T. Shishido, J. Org. Chem., 32, 2744 (1967).

20) E. Y. Lam, D. Valentine, and G. S. Hammond, J.
Am. Chem. Soc., 89, 3482 (1967).

21) J. L. Ruhlen and P. A. Leermakers, J. Am. Chem.
Soc., 89, 4944 (1967).

22) Oxygen is known to act as either a triplet quencher
or a radical scavenger.

23) For example, the influence of a heavy-atom solvent
on photodimerization has been reported for acenaphthylene;
see, I. M. Hartmann, W. Hartmann, and G. O. Schenck,
Chem. Ber., 100, 3146 (1967).

24) D. R. Kearns and W. A. Case, J. Am. Chem. Soc., 88,
5087 (1966); P. J. Wagner, J. Chem. Phys., 45, 2335 (1966).

25) H. G. Curme, C. C. Natale, and D. J. Kelley, J.



December, 1976]

Phys. Chem., 71, 767 (1967).

26) The phenomenon of “turn over” is known (Ref. 1)
even in the solid state: the crystalline (Z)-cinnamic acid
photodimerizes only after photochemical isomerization to
(E)-cinnamic acid via a metastable complex between an
excited monomer and its nearest neighbor.

27) The deactivation processes from excited states are
omitted in this scheme.

28) The isomerization of Ia to VIa proceeds via a triplet
state and that of VIa to Ia via a singlet state; T. Ishigami,
T. Murata, M. Uehara, and T. Endo, unpublished result.

29) T. Koenig and H. Fischer, “Free Radicals,” Vol. 1,
ed by J. K. Kochi, Wiley, New York, N. Y. (1973), p. 157.

30) S. V. Lieberman and R. Connor, Org. Synth., Coll.

The Solution Photodimerization of (E)-p-Nitrocinnamates

3583

Vol. 2, 441 (1943).

31) R. H. Wiley and N. R. Smith, J. Am. Chem. Soc., 72,
5198 (1950).

32) C. Walling and K. B. Wolfstirn, J. Am. Chem. Soc.,
69, 852 (1947).

33) K. H. Slotta and H. Heller, Ber., 63, 3029 (1930).
34) C. W. Shoppee, J. Chem. Soc., 1930, 968.

35) A. Weissberger and C. J. Kibler, Org. Synth., Coll.
Vol. III, 610 (1955).

36) S. Wawzonek and M. E. Runner, J. Electrochem.
Soc., 99, 457 (1952).

37) J. G. Calvert and J. N. Pitts, Jr., “Photochemistry,”
Wiley, New York, N. Y. (1966), p. 728.






