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Abstract: In nonpolar solvents singlet-excited 9,10-dicyanoanthracene (DCA*) and methyl 1,2-diphenylcyclopropene-3-car-
boxylate (CP) form an emitting exciplex and yield the exo Diels-Alder adduct 1. In polar solvents IDCA* reacts with CP at
a diffusion-controlled rate leading to the formation of the radical ions CP*- and DCA~ .. Recombination of this radical ion pair
partially gives 3CP*, which reacts with CP to give the dimer 3. The triplet yield in this reaction is increased by more than an
order of magnitude when 1,2,4,5-tetracyanobenzene (TCNB) is added in small amounts. This effect is due to a secondary elec-
tron transfer from DCA~. to TCNB, followed by recombination of TCNB~- and CP*., which leads to a higher triplet yield
than that from the corresponding reaction with DCA~-. Further support for this electron-transfer/triplet mechanism is ob-
tained from quenching of CP*. by compounds having low oxidation potentials and from quenching and chemical trapping of
3CP*. In connection with the latter experiments the preparative and kinetic aspects of the triplet reactions of CP with dimethyl
fumarate (F) and p-cyanocinnamate esters (CNC) are investigated. The main products of these reactions are the bicyclopen-
tane derivatives 4-6 and 11-13, respectively. The radical cation CP*., formed in polar solvents, tautomerizes to the enol radi-
cal cation (E*.), which adds to DCA~- and, upon reketonization of the product, the endo Diels-Alder adduct 2 is obtained.
This mechanism is supported by a deuterium isotope effect, incorporation of deuterium in the product on irradiation in the
presence of t-BuOD, and other experiments. The intermediate E*- can be trapped with F and CNC giving different products
(8-10 and 14, respectively) from those obtained from the reaction of 3CP* with these reactants. Irradiation of DCA and CP
in polar solvents in the presence of O, leads, in a chain process, to several oxidation products. This oxidation probably proceeds

via reaction of CP*. with oxygen.

Introduction

Reactions of exciplexes and electron transfer are currently
attracting considerable interest in organic photochemistry.

0002-7863/78/1500-4162$01.00/0

Photochemical charge-transfer (exciplex) and electron-transfer
(radical ions) reactions are controlled by redox potentials,
excitation energy, and solvent polarity.2 Whereas excited
complexes and exciplexes are usually formed in nonpolar sol-
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vents, the formation of solvated radical ions requires irradiation
in polar solvents.2

Of the photochemical electron-transfer reactions, those of
aromatic hydrocarbons with amines and of carbonyl com-
pounds with amines are more extensively investigated.* Few
photoinduced electron-transfer reactions of olefins are reported
and the scope and limitations of these reactions are not yet well
defined. A number of olefins are known to dimerize via the
photochemically produced radical cation.>** Among these is
an example of mixed addition of different olefins,”® Some of
these dimerizations proceed via a chain reaction, in which the
chain propagation step is electron transfer from a monomeric
olefin to a dimeric radical cation.>7%82 When such electron-
transfer reactions are carried out in the presence of nucleo-
philes, such as alcohols and cyanides, anti-Markownikoff ad-
dition products are obtained.®!0 Photosensitized electron-
transfer reactions of phenylacetylene!! give a dimer (1-phen-
ylnaphthalene) and a 2:1 addition product to acetonitrile
(2,6-diphenylpyridine).

In continuation of our effort to explore the scope of pho-
toinduced electron-transfer chemistry, we investigated the
reactiozns of methyl 1,2-diphenylcyclopropene-3-carboxylate
(CP).1

Results and Discussion

In this study 9,10-dicyanoanthracene (DCA) is used as a
sensitizer, for it has a relatively low reduction potential and can
be excited at wavelengths longer than 400 nm. Thus, by the
proper use of filters, excitation of other starting materials and
photoproducts can be easily avoided.

For comparison with the electron-transfer products, the
photoreaction of DCA with the diphenylcyclopropene deriv-
ative (CP) is also studied in a nonpolar solvent (benzene),
where no solvated radical ions are expected to be formed.

Reactions in Benzene. The cyclopropene CP quenches the
fluorescence of DCA very efficiently. In degassed benzene, the
slope of the plot of (¢o/@)q vs. [CP] is 32 L mol~!. The lifetime
of 'DCA* in benzene was determined by Ware et al.'*as 2.4
ns. Thus, the fluorescence of DCA is quenched by CP at a rate
of 2.6 X 10° L mol~! s~!, The actual reaction constant for
exciplex formation will be even higher if this process is re-
versible. An emitting exciplex is formed with maximum at 510
nm (see Figure 1). The excitation spectrum for this struc-
tureless band is identical with that for the residual fluorescence
of DCA.

Irradiation (A = 405 nm) of a saturated solution of DCA in
benzene containing CP (0.05 M) leads to the formation of the
adduct 1 (¢ = 0.002) besides traces of the dimer!2 of CP. The
NMR spectrum (270 MHz) of 1 shows two AA’BB’ systems
for the aromatic protons of the anthracene moiety, which is
consistent with a symmetry along the long axis of the anthra-
cene moiety (position | = 4,2 = 3,5 =8, 6 = 7). The cyclo-
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Figure 1. Uncorrected emission spectra of DCA (1.1 mM) in degassed
benzene containing CP at concentrations of 0, 0.01, 0.025, 0.05, 0.1, and
0.2 M (a-f, respectively). Amax of the corrected exciplex emission is 510
nm.

propyl proton in 1 appears at a relatively high field (6 2.03),
which indicates that it is strongly shielded by the aromatic ring
current of the anthracene moiety. The adduct 1 undergoes
thermal decomposition to its components as shown by gas
chromatography. In addition, the major cleavage in the mass
spectrometer is that leading to the radical cation of CP. The
structure of compound 1 is likely to be a reflection of the con-
figuration of the exciplex. For steric reasons stronger orbital
overlap is obtained from a configuration in which the cyclo-
propy! proton of CP faces the DCA moiety.

Reactions in Acetonitrile and Benzonitrile. In degassed ac-
etonitrile a plot of (¢o/®)n vs. [CP] for the fluorescence
quenching of DCA gives a slope of 235 L mol~'. The lifetime
of 'DCA* in this solvent is 15.2 ns.! Thus, the rate of
quenching of the fluorescence of DCA by CPis 1.55 X 1019L
mol~! s~!, which is approximately diffusion controlled. As
expected, no exciplex emission is observed in this polar solvent.
Irradiation in acetonitrile or benzonitrile leads to the isomeric
adduct 2 and the dimer of CP (3).12 In the NMR spectrum
(270 MHz) adduct 2 also shows two AA’BB’ systems different
from those of 1 for the aromatic protons of the anthracene
moiety. The cyclopropyl proton is not as shielded as in 1, but
the signal of the carbomethoxy group is not much shifted to
higher field either. In contrast to adduct 1, compound 2 does

H Ph
Me00C” N ih\
N hv (405, 436 nm) :
DCa + Cp CH,CN or C(H,CN
g CN Q
2
H
MeOOC — ph A1
+
/
ph B COOMe
H
3

not cleave thermally to its components. This compound re-
mains unchanged after heating it for 1 h at 250 °C in an
evacuated and sealed tube. Its structure is confirmed, however,
by x-ray crystallographic analysis to be the endo Diels-Alder
adduct.
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Dimerization Mechanism. The data presented below are best
explained in terms of the following mechanism for the dimer-
ization of CP.

|
IDCA* + CP 2> DCA-. + CP+. (1)

solvents

DCA™- + CP*. — DCA + CP and (°DCA* + CP) (2)

DCA~ + CP*. — DCA + 3CP* 3)
k
3CP* + CP —> dimer (3) and (2 CP) (4)
k
3CP* + DCA —> CP + 3DCA* (5)

Weller et al.2 have shown that the feasibility of an elec-
tron-transfer process, as in reaction I, can be determined from
the gain in free energy (—AG) as calculated from

AG) = (Ep® = Ex™) — AE('A%) M

Ep° and E a4 are the electrochemically determined poten-
tials for the one-electron oxidation of the donor and reduction
of the acceptor, respectively, AE('A*) is the zero-zero tran-
sition energy of the lowest excited singlet state of the accep-
tor.

Since an irreversible electrochemical oxidation wave is ob-
tained for CP, no accurate determination of AG can be made,
but a rough estimate on the basis of this irreversible potential
(1.69 V),!5 the reduction potential of DCA (—0.88 V),'6 and
the singlet excitation energy of DCA (68 kcal/mol) indicates
that reaction I is exothermic by ca. 9 kcal/mol.

In agreement with the proposed electron-transfer reaction,
compounds having low oxidation potentials, such as 1,4-di-
methoxynaphthalene (DMN),!7 substantially (>80%) quench
the dimer (3) and the adduct (2) formation at very low con-
centrations relative to that of CP (DMN:CP ~ 1:100), Under
these conditions direct quenching of 'DCA* by DMN is only
about 1% since CP reacts with IDCA#* at a diffusion-controlled
rate,

CP*-+ DMN — CP + DMN™. (6)

The triplet formation via recombination of radical ion pairs
is spectroscopically well established.!® The free energy asso-
ciated with such a process as reaction 3 (—AG3) can be cal-
culated from eq I1, derived by Weller et al.!?

AGy = AE(3D*) = (Ep™ — Ea™) (ID)

The second term of eq I1 gives the free enthalpy stored in the
solvated radical ion pair and is equal to the first termin eq L.
AE(3D#*) is the triplet energy of the electron donor. From the
electrochemical data and the triplet energy of CP (~53
kecal/mol),'® it can be estimated that reaction 3 is exothermic
(negative AG3) by ~6 kecal/mol.

Experimental evidence for the intermediacy of such a pro-
cess (reaction 3) is obtained from the fact that the dimer for-
mation decreases with increasing concentrations of DCA. The
triplet energy of DCA is expected to be lower or similar to that
of anthracene, i.e., about 40 kcal/mol, which is much lower
than that of CP; hence, the efficient quenching of 3CP* by
DCA (reaction 5).

A stronger support for the intermediacy of the triplet-excited
cyclopropene (3CP*) in the above-mentioned dimerization is
obtained from quantitative quenching experiments, which are
compared with those using Michler’s ketone (MK) as a triplet
sensitizer. 3,3,4,4-Tetramethyl-1,2-diazetine 1,2-dioxide (Q),
reported by Ullman20 as a suitable quencher for low-lying
triplets, is used in these experiments.

In the Michler’s ketone (MK) sensitized reactions, the
quencher (Q) can affect the quantum yield of dimerization at
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two stages, that is, interception of the triplet-excited sensitizer
(3S*), reaction 7, which competes with energy transfer to CP,
reaction 8, and interception of 3CP*, reaction 9, which com-
petes with the dimerization, reaction 4,

+
+

k

S* + Q—> S +3Q* (7)
k

38% + CP —> S + 3CP* (8)
k

3CP* + Q —> CP + 3Q* 9)

At high enough concentrations of CP, the unimolecular decays
of 3S* and 3CP* are negligible compared to the rate of the
bimolecular reactions 8 and 4, respectively.2! The quantum
yield dependence on [Q] is given by eq III, which can be
rearranged to eq IV,

= (i) (i) oo
CP
(3= G- @) o

The ratio of k7/kg is determined from flash photolysis ex-
periments by monitoring the decay rate of MK* in the pres-
ence of CP and in the presence of Q. The values of k5 and kg
so determined are 5 X 10° and 6.6 X 10° L mol™! s~!,'which
give a ratio of k7/ks of 0.76. By dividing each value of ¢g/¢ by
the corresponding (1 + 0.76[Q]/[{CP]) and plotting the
product, ¢o/¢’, vs. [Q]/[CP], a slope, which is equal to kg/ky,
of 10.1 is obtained (Figure 2).

To check the consistency of this experiment, the function
on the left side of eq IV is plotted vs. [Q]/[CP]. The intercept
and slope of this linear plot are equal to the sum of the two
ratios k7/kg and ko/k4 and to their multiple, respectively. The
experimentally determined intercept and slope are 11.1 and
7.7, respectively (Figure 3). From these data the two ratios are
equal to 0.74 and 10.4, which are in good agreement with the
values of 0.76 and 10.1 mentioned above.

In the DCA-sensitized reaction, the Stern-Volmer expres-
sion for the quantum yield of dimerization of CP is given by
eq V assuming that the unimolecular decay of 3CP* is negli-
gible2! compared to the bimolecular reaction (4).

%0 ko

¢ ! +k4[CP] + ks[DCA] [Q] V)
Addition of Q (up to 0.026 M) to acetonitrile solutions of CP
(0.1 M) containing solid DCA (solubility at room temperature;
~0.55 mM) has, as expected, negligible effect on the formation
of adduct 2, but it diminishes that of the dimer. The measured
quenching efficiency, ¢o/®, is subjected to a minor correction
to account for the interception of 'DCA* by Q, which takes
place at a rate one-third of the rate of quenching by CP. A plot
of the corrected ¢q/¢ vs. [Q] has a slope of 70 L mol~} (Figure
4).

According to eq V, a determination of k¢/k4 requires an
estimate for the ratio of ks[DCA] to k4[CP]. As shown in the
following discussion, this ratio is very small. Error in its esti-
mation is, therefore, not critical. The reaction constant for the
exothermic energy transfer from 3MK* to Q, kg, is 10 times
larger than k4 but is slightly smaller than reaction constants
for energy transfer from MK* to other molecules such as CP
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Figure 2. Plot of ¢o/¢’ for the dimerization of CP vs. {Q]/[CP], where
$o/d’ = ¢o/¢ (1 + 0.76 [Q]/[CP])~!, from irradiations of degassed
CH3CN solutions of CP (0.02 M), sensitized with MK (0.9 mM).

and p-cyanocinnamate esters (mentioned below). The reaction
constant for the exothermic energy transfer, ks, is expected,
therefore, to be between 10 and 20 times larger than kg,
However, since the concentration of CP (0.1 M) is much higher
than that of DCA (0.55 mM), then £5s[DCA] is only 8 + 3%
of k4[CP]. From this value and the slope of 70 L mol~! for the
plot of ¢g/ ¢ vs. [Q] (Figure 4), a value for kg/k40f 7.6 £ 0.2
is obtained. This ratio is somewhat smaller than the corre-
sponding ratio of 10.1 obtained from the MK-sensitized re-
action. The difference between the two values could be ac-
counted for, if ca. 10% of the dimer in the DCA-sensitized
reaction were formed via a nontriplet route, e.g., directly from
the radical cation. As a result of such an unquenchable fraction
of the dimer, the Stern-Volmer plot, which at low concentra-
tions of Q could still be approximated to a linear one, would
have a smaller slope; hence, the apparent lower value of kg/
ks.

These experiments and several others mentioned below
show, however, that the dimer is mainly formed via the pro-
posed electron-transfer/triplet mechanism.

Mechanism of Endo Adduct (2) Formation. In nonpolar
solvents the exciplex {(DCA/CP)* leads to the exo adduct 1,
which is an expected product from an intermediate having the
cyclopropyl hydrogen and not the carbomethoxy group of CP
facing the DCA moiety. An attractive rationalization for the
formation of the sterically unfavorable endo adduct (2) on
irradiation in polar solvents is that the radical cation CP*.,
from reaction 1, would enolize. The driving force for such a
process would be the higher stability of the resulting cyclic
two-electron radical cation (E*.). Reaction of such a radical

COOMe MeQ OH MeO . OH
H F ‘
— - @ > efc,
Ph Ph Ph Ph Ph
+

E™

Ph
cp™

E* + DCA™: —
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Figure 3. Plot of (¢0/¢ — 1) [CP]/[Q] for the dimerization of CP vs.
[Q]/ICP] from irradiations of degassed CH3CN solutions of CP (0.02
M), sensitized with MK (0.9 mM).
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Figure 4. Plot of ¢o/¢’ for the dimerization of CPvs. [Q], where do/¢" =

#o/¢ (1 +0.35[Q]/{CP])~1, from irradiations of degassed CH3CN so-
lutions of CP (0.1 M) sensitized with DCA (0.55 mM).

cation with DCA ™ would lead to an adduct in the enol form,
which upon ketonization would be protonated from the least
hindered side thus forcing the carbomethoxy group to the endo
position.

There are several observations in support of this enolization
hypothesis. Addition of nonnucleophilic protic solvents, such
as tert-butyl alcohol (10%), leads to an increase in quantum
yield of adduct 2 formation,?? which agrees with a solvent-
assisted keto-enol tautomerization. In 10% ¢-BuOD/CH;CN,
80% monodeuterated adduct 2 is formed. Furthermore, the
quantum yield of adduct 2 formation decreases with decreasing
temperature;23 an observed deuterium isotope effect indicates
that this is due to an activation barrier in the enolization step.
To measure this isotope effect, double labeling of the cyclo-
propene is necessary, since subsequently, the enolic interme-
diates will undergo D/H exchange with r-BuOH.

Equimolar amounts of CP and CP-d4 as well as of CP-d,
and CP-d; were irradiated in the presence of DCA at —10 °C
in 10% z-BuOH/CH3CN. In both cases the ratio of the adduct
derived from the ring-unlabeled to that from the ring-deuter-
ated cyclopropene is 2.3:1. The possibility that this deuterium
isotope effect could be in the reaction of 'DCA* with the cy-
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clopropene is excluded since the rate of fluorescence quenching
of DCA is the same for the labeled and unlabeled cyclopropene
isotopic isomers,

Multiple Electron Transfer and Cosensitization. An inter-
esting observation is made when the radical anion DCA™- is
intercepted with 1,2,4,5-tetracyanobenzene (TCNB). Re-
versible reduction potentials!® in acetonitrile vs, SCE of —0,88
and —0.64 V are measured for DCA and TCNB, respectively.
Electron transfer from DCA™- to TCNB is, therefore, exo-
thermic. Addition of TCNB to the reaction mixture quenches,
as expected, the formation of adduct 2 but leads to about a
15-fold increase in the quantum yield of dimerization of CP
(¢ = 0.025). These results can be explained in terms of a sec-
ondary electron-transfer reaction leading to TCNB™ (reaction
10), which then reacts with CP*- to give a higher yield of 3CP*
(reaction 11) than that from reaction 3.

DCA~- + TCNB= DCA + TCNB~- (10)
TCNB™ + CP*. — TCNB + 3CP* (1

However, if reaction 3 is exothermic by ~6 kcal/mol, as esti-
mated above, reaction 11 would be almost isoenergetic. This
apparent paradox, however, can be explained on the basis of
one or both of the following points: (a) The reaction of CP+.
with DCA™- can lead to much less 3CP*, owing to competing
formation of 3DCA* (reaction 2) as compared with the cor-
responding reaction of CP*. with the radical anion TCNB~-.
The formation of STCNB* in the latter reaction is energetically
unlikely. (b) In the absence of TCNB, 3CP#* is formed in the
vicinity or active sphere of DCA, which can lead directly to
non-diffusion-controlied “static quenching”,?* whereas in the
presence of TCNB, only the diffusion-controlled dynamic
quenching of DCA is competing with the dimerization.

Quenching experiments indicate that this effect of TCNB
is in fact mainly due to an increase of triplet formation.?? In
the presence of TCNB, the quencher Q suppresses the di-
merization by a magnitude similar to that obtained in the ab-
sence of TCNB. A detailed kinetic study of the sensitization
with DCA in the presence of TCNB is given below using a
p-cyanocinnamate ester as a reactant for 3CP*,

A similar effect to that of TCNB, namely, increase of ¢dimer
and quenching of adduct 2 formation, is achieved by using
1,4-naphthoquinone, which has a reduction potential26 similar
to that of TCNB.

It should be emphasized that the cosensitization effect of
TCNB and 1,4-naphthoquinone in this reaction is mechanis-
tically different from that reported earlier’® for endothermic
electron transfer, In both cases, however, increased quantum
yields, induced by the presence of non-light-absorbing com-
pounds (cosensitizers), are achieved by multiple electron-
transfer processes.

Reactions with Electron-Poor Olefins. To further confirm
the role of 3CP* in the dimerization reported above, we sought
to obtain a “‘chemical evidence” by trapping this intermediate
in the form of products, which could be compared with those
from a triplet-sensitized reaction.

No mixed adducts of the cyclopropene (CP) are reported;
Arnold,?” however, found that triplet-sensitized 1,2,3-tri-
phenylcyclopropene reacts with dimethyl fumarate (F) to give
adducts of cyclobutane structure. We investigated, therefore,
the triplet-sensitized reactions of CP with dimethyl fumarate
(F) and with other electron-poor olefins, such as p-cyanocin-
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namate esters (CNC). As shown below, these reactions yield
several cyclobutane adducts. In agreement with the triplet
mechanism in the DCA-sensitized reaction, addition of these
electron-poor olefins decreases the quantum yield of dimeri-
zation and leads to the formation of the cyclobutane adducts.
Unexpectedly, however, these reactions yield also other addi-
tion products, not formed in the conventionally triplet-sensi-
tized reaction.

A. Dimethyl Fumarate. Irradiation of a benzene or aceto-
nitrile solution of CP and dimethyl fumarate (F) sensitized
with Michler’s ketone (MK) leads to the dimer (3) and several
CP/F addition products, These include three isomeric cyclo-
butane derivatives (4, 5, and 6), with adduct 4 being the major
isomer. In addition, the substitution addition product 7 and one

COOMe
Ji

H COOMe

MeOOC™ y FOOMe H

hv, Michler’s ketone
C¢H, or CH,CN

MeOOC

COOMe

/
ph TP COOMe Ph

4
Pho H COOMe
H :lCOOMe CH)—COOMe
+ CH—COOMe
MeOQOC <COOMe

Ph H
6

COOMe

or two other minor, not yet identified, products are also formed.
Although there is no evidence that some of these compounds
may be secondary products, this cannot be ruled out conclu-
sively.

In accordance with the trans configuration of the carbo-
methoxy groups of the fumarate moiety in compounds 4 and
5, the cyclobutane protons and the carbomethoxy groups are
not equivalent. A weak coupling (ca. | Hz) between the cy-
clopropane proton and one of the cyclobutane protons in
compound 5 confirms the given structure,?® Such coupling is
absent in compound 4. In compound 6, the cyclobutane protons
and two of the COOMe groups appear as singlets in accor-
dance with a cis configuration. Only one of the four possible
cis configurations can be eliminated for compound 6, namely,
the one in which the cyclopropane and cyclobutane protons are
in exo positions, since no long-range coupling between these
protons is detectable. The structure of compound 7 is supported
by the unusual IR C==C frequency at 1812 em™!, which agrees
with literature data?® for phenylcarboxyl-substituted cyclo-
propenes. The absorption spectrum resembles that of methyl
cinnamate, and the NMR spectrum indicates that the phenyl
groups are not equivalent and supports the presence of a
CHCH), group with unequivalent CH; protons. Since this
molecule contains two asymmetric carbon atoms, two diaste-
reomers are possible. Only one isomer, however, has been
isolated and identified. Details of the NMR and mass spectral
data of compounds 4-7 are given in the Experimental Sec-
tion.

Addition of F to an acetonitrile solution of CP sensitized
with DCA leads, as expected, to a decrease in the quantum
yield of dimerization, although F does not quench the fluo-
rescence of DCA. Furthermore, compound 4, which is the
major product of the triplet-sensitized reaction of CP and F,
is also formed in the DCA-sensitized reaction. In fact the ratio
of compound 4 to dimer 3 at equimolar concentrations of CP
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Figure 5. Plot of 1/¢ of adduct 2 vs. [F] from irradiations of degassed 10%
1-BuOH /CH;CN solutions of CP (0.05 M) at varying concentrations of
F.

and F is about 1:3, which is the ratio of these products from the
corresponding MK-sensitized reaction. These data are in ac-
cordance with the proposed triplet mechanism (eq 1-4).
Surprisingly, however, the major products of the DCA-
sensitized reaction are three other CP/F addition products
(8-10); none of them is formed in the triplet-sensitized reac-

Ph Ph
hv, DCA H COOMe
CP+F —2+3 +

CH,CN
MeOOC H
COOMe

8

MeOOC@COOMe

COOMe

CH,—COOMe

CH—COOMe

ACOOMe
Ph Ph

10

tion. For structural elucidation see the Experimental Sec-
tion.

There are strong indications that compounds 8-10 share a
common intermediate with adduct 2. For example, the for-
mation of compounds 8-10, which increases with [F], is ac-
companied by quenching of adduct 2. In quantitative terms,
a plot of 1 /¢y vs, [F] gives a straight line with a slope of 210
L mol~! and an intercept of 22 (Figure 5) and a plot of 1 /¢s_10
vs. | /[F] gives a straight line with a slope of 2,7 mol L~! and
an intercept of 24 (Figure 6). These intercepts give the recip-
rocal of the quantum yield of adduct 2 in absence of F and that
of compounds 8-10 extrapolated to infinite [F], respectively.
The measured values for these intercepts are very similar, in-
dicating that with increasing [F], adduct 2 is simply replaced
by 8-10. In fact, the sum of ¢3 + ¢g_10 gives a constant value
of ca. 0.045 regardless of [F]. Furthermore, compounds 8-10
are similarly affected by the same reaction conditions which
influenced adduct 2 formation. As with 2, the quantum yield
of compounds 8-10 increases in the presence of protic solvents
such as 7-BuOH, and deuterium is incorporated in these
compounds on irradiation in the presence of 1-BuOD; a deu-
terium isotope effect of ca. 2.3 at =10 °C is observed on using
mixtures of the labeled cyclopropenes mentioned above.
Similarly, the overall yield of 8-10 increases with increasing
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Figure 6. Plot of 1/¢ of compounds 8-10 vs. 1 /[F] from irradiations as
described under Figure 5.

temperature,39 but the ratio (8 + 9):10 also increases with
temperature with the net effect that the quantum yield of 10
is virtually temperature independent.

These data indicate that the formation of compounds 8-10
is also preceded by enolization of CP*. to E*. as discussed
above for adduct 2 formation. Compounds 8-10 cannot be
formed, however, via reaction of E*- with F~- because the fu-
marate radical anion is unlikely to be formed in this reaction
owing to the strong endothermicity of electron transfer from
DCA™- to F.3! This view is further strengthened from the fact
that addition of TCNB leads to an increase 32 in the quantum
yield of compounds 8-10. As mentioned above, electron
transfer from DCA ™ to TCNB is exothermic and TCNB is
accordingly an efficient quencher for adduct 2 formation.
Electron transfer from TCNB~- to F would have been even
more endothermic than that from DCA™ to F.

A triplet mechanism in which 3E* would be produced via
reaction of E*. with DCA~ (or TCNB™) followed by addition
to F is also unlikely because no quenching of compounds 8-10
is observed when compound Q is added to the reaction mix-
ture.

A possible mechanism for the formation of compounds 8-10
MeOOC— CH MeOOC—CH

MeOOC—CH O

E-+F — {S\ e—»

MeOOC— CH

Ph
19'
Ph  Ph 10
HO
g4 9« >c ;OOMe
MeO

COOMe

is addition of E*- to F followed by electron transfer from
DCA~ (or TCNB™) to the intermediate radical cation. Al-
ternatively these compounds could be formed from the reaction
of E+. with a charge-transfer complex between F and DCA™
(or TCNB™). The electron density on the fumarate in such
a complex will be higher, which might increase its reactivity
toward the radical cation E*-.



4168

B. p-Cyanocinnamate Esters. From the Michler’s ketone
sensitized irradiation of CP and methyl p-cyanocinnamate
(CNC) in benzene or acetonitrile three cyclobutane addition
products (11-13) are obtained. Compounds 11 and 12 are

CN

COOMe

CN
12
CN
COOMe
A ‘ Hh
—

Ph Ph cooMe

12 — Me00C

primary photoproducts and can be detected in the NMR
spectrum of the reaction mixture prior to workup. The addition
product 13, however, is a secondary product; at 60-70 °C
compound 12 rearranges, almost quantitatively, to 13, whereas
compound 11 remains unchanged. Arnold?” observed a similar
rearrangement with triphenylcyclopropene/fumarate addition
products.

The stereochemistry of these products is elucidated from the
NMR spectra, The signals of H are differentiated from those
of Hy by a broadening of the H protons due to long-range
coupling with protons on the cyanophenyl group, as confirmed
by a decoupling experiment. A long-range coupling (0.9 Hz)
between H, and H¢ in compound 13 shows that these two hy-
drogen atoms are in exo positions of the bicyclopentane
structure.?® The lack of such coupling between H, and Hy, in
this compound indicates that Hy, is in an endo position; hence,
the trans configuration of the cyanophenyl and carbomethoxy
groups. Consequently, the structure of compound 12, the
precursor of 13, can be determined on the basis of the rear-
rangement mechanism,2’” which involves the cleavage of the
inter-ring bond of the bicyclopentane. The structure of 11 is
only tentatively reached from the lack of long-range couplings
with H, and the fact that the H,-H, coupling is very similar
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to those in 12 and 13. A cis configuration for compound 11,
although it cannot be ruled out entirely, is unlikely for a major
product.

Irradiation of an acetonitrile terr-butyl alcohol solution of
CP and CNC sensitized with DCA yields compound 14 as the

THJ—Q—CN

CH—COOMe
hv, DCA COOMe
CP+(CNC —> 2+ 3+
CH,CN
Ph Ph
14

major CP/CNC addition product. This compound is analogous
to compound 10 from the DCA-sensitized reaction of CP with
F and is probably formed in a similar mechanism, Compounds
with cyclopentene structures analogous to 8 and 9, however,
if formed, must be in very low yields. Electron transfer from
DCA™-to CNC is highly unlikely because of the high reduc-
tion potential of CNC (—1.46 V).16

We have shown that in the DCA-sensitized reactions of CP
in CH3CN the yield of 3CP* can be considerably increased in
the presence of low concentrations of TCNB. Consequently,
the “triplet products” of the CP/CNC reaction, namely, the
cyclobutane adducts 11, 12, and the thermolysis product of the
latter (13), become major products when the irradiation is
carried out in the presence of TCNB.

The kinetic analysis of this reaction gives a good quantitative
assessment of the cosensitization role of TCNB. As shown
below this study gives unambiguous evidence for the proposed
triplet mechanism via multiple electron transfer (reactions |
and 10) followed by radical ion recombination to give 3CP*
(reaction 11). Ethyl cyanocinnamate is used instead of the
methyl ester in the kinetic studies for it gives a better separation
of the peaks in the gas chromatographic analysis. As expected,
both esters behave otherwise very similarly.

k
38% + CNC —> S + 3CNC* (12)

k
3% + CP—> S + 3CP*

ki3 11-13 (a)
CP+CNC(l —a)

k4 dimer (3) (8)
3CP*+CP———--! >CP (1 -8)

In the MK-sensitized reaction the dependence of the
quantum yield of dimerization on [CNC] is given by

%o _ k> [CNC] ki3 [CNC]
¢ <1 * kg [CP] > <1 * k4 [CP] > (V)

The ratio of kyy/ks as determined by flash photolysis in 2%
tert-butyl alcohol/acetonitrile, the solvent mixture used for
this study, is 1.25.

Following the procedure mentioned above for quenching
with Q, each ¢g/¢ for dimerization is divided by the corre-
sponding value of (1 + 1.25[CNC]/[CP]), and the product
¢o/ ¢ is plotted against [CNC]/[CP] (Figure 7). A slope of
7.1, which is equal to ky3/k4, is obtained from this plot. Based
on this ratio of ky3/k4 and that of k,/kg determined by flash
photolysis, a plot of (¢g/¢ — 1)[CP]/[CNC] vs. [CNC]/[CP]
should have an intercept of 8.35 and a slope of 8.88. The ex-
perimentally determined values of this function agree well with
such a line (Figure 8).

In the DCA/TCNB-sensitized reaction, the dependence of
the dimerization quantum yield on [CNC] is given by

3CP* + CNC (13)
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Flgure 7. Plot of ¢o/¢’ for the dimerization of CP vs. [CNC]/[CP], where
do/d’ = ¢o/é (1 + 1.25[CNC]/[CP])~1, from irradiations of degassed
2% t-BuOH /CH3CN solutions of CP (0.04 M) at varying concentrations
of ethyl cyanocinnamate sensitized with MK (0.9 mM).
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Figure 8. Plot of (¢o/¢ — 1)[CP]/[CNC] for the dimerization of CP vs.
[CNC]/[CP] from irradiations as described under Figure 7.

Py kis
¢ k4[CP] + ks[DCA]

A plot of ¢g/¢ vs. [CNC] gives, at low concentrations of
[CNC], aslope of 142 L mol~! (Figure 9). From this slope, the
concentrations of CP (0.04 M) and DCA (5.5 X 10™% M) and
the estimate of ks/k4 of 16, mentioned above, a ratio of k3/k4
of 6.9 is obtained, which is in excellent agreement with the
value of 7.1 derived from the kinetics of the MK-sensitized
reaction.

At high [CNC] concentrations, however, some deviation
from linearity in the plot of ¢g/¢ vs. [CNC] (Figure 9) is ob-
served. This deviation can be rationalized in terms of a minor,
nontriplet path leading to dimerization. The data obtained
from two different sets of experiments (Figure 9) seem to fit
well curves calculated on the basis of a 0.5% and a 1,3% con-
tribution from such an unquenchable path to the dimer. These
curved plots are derived from eq VIII, where # is taken as 0.7
and 1.85, respectively.

¢o _ 1 + 142[CNC]

¢ 1 + n[CNC]
It is interesting to note that these data are consistent with
the observation mentioned earlier that, in the absence of
TCNB, ca. 10% of the dimer might be formed via a nontriplet

path. Since the yield of 3CP* increases by about an order of
magnitude on adding TCNB to the reaction mixture, one

[CNC] (VI

(VIII)
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Figure 9. Plot of ¢o/¢ for the dimerization of CP vs. [CNC] from irra-
diations of degassed 2% ¢t-BuOH/CH;CN solutions of CP (0.04 M) at
varying concentrations of ethyl cyanocinnamate sensitized with DCA (0.55
mM) in the presence of TCNB (5 mM). The circles and triangles represent
data from two sets of experiments. Tangent at low [CNC], slope 142 M1,
—; calculated curves for 0.5 and 1.3% dimerization via a path un-

quenchable with CNC, — — — — and - - - -, respectively.
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Figure 10. Plot of the product ratio (11-13)/3 vs. [CNC]/[CP] from ir-
radiations of degassed 2% r-BuOH/CH;3;CN solutions of CP (0.04 M) at
varying concentrations of ethyl cyanocinnamate sensitized with DCA (0.55
mM) in the presence of TCNB (5 mM) (circles) or with MK (0.9 mM)
(triangles).

would expect the contribution from a nontriplet path to drop
to ca. 1% in the presence of TCNB.

The product ratios from the reactions with CNC are also
in full agreement with the triplet mechanism when DCA/
TCNB is used as a sensitizing system. According to the pro-
posed mechanism the ratio (11-13)/3, using either DCA/
TCNB or MK33 as sensitizers, is given by

11-13 _ k3 [CNC]
3 ks [CP]

In both cases, therefore, similar slopes for the plot of 11-
13/3 vs. [CNC]/[CP] should be obtained; this does occur
(Figure 10). The slope of this plot, which gives the ratio
ki1sa/kaB, is 2.34; thus o/ = 2.34/7.1 = 0.33.

Reactions with Oxygen. When air or oxygen is bubbled
through an acetonitrile solution of DCA and CP during the
irradiation, the amount of adduct 2 formed is considerably

(IX)
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dirr_linished and several oxidation products are formed. The
major component of these products is the isomeric mixture
15a,b. Benzil, benzoic acid, and benzoic anhydride are also

hy, DCA Fh COOMe Rh H
CP + 0, ———> +
CHCN 6—¢" 0=C  COOMe
IIDh Ph
15a, b

+ benzil + benzoic acid + benzoic
anhydride + other products

formed besides several unidentified products. The structure
of 18a,b is confirmed by spectroscopic data, by their inter-
conversion, and by an independent synthesis (see Experimental
Section). Compounds 15a,b are also formed in high yields by
epoxidation of CP with m-chloroperbenzoic acid, a process
which probably involves the oxabicyclobutane34 as an inter-
mediate. These compounds are also formed by photooxyge-
nation using rose bengal as a sensitizer,

In the DCA-sensitized reaction the quantum yield of oxi-
dation increases with increasing [CP]. At a concentration of
CP of ca, 0.5 M, quantum yields for the conversion of CP of
ca. 20 are measured. This reaction seems, once initiated pho-
tochemically, to continue for several minutes after the irra-
diation is stopped. It is likely that this oxidation is initiated by
the reaction of CP*. with O,, similar to the mechanism we
proposed earlier!! for the photooxidation of diphenylacetylene
via electron transfer. In the present reaction, 1,4-dimethoxy-
naphthalene (DMN), which has a lower oxidation potential
than CP, is an efficient quencher for the oxidation. This agrees
with the proposed reaction of CP*- with O,. Other interme-
diates such as O, ™, which can be formed via electron transfer
from DCA™ to O,, singlet oxygen, and free radicals could also
be involved in this complex reaction. It is conceivable that
superoxide ion is produced via electron transfer from DCA~-
to O,.

Experimental Section

General. Acetonitrile (spectroquality, Matheson Coleman and Bell)
and benzonitrile (spectrograde, Eastman) were washed through col-
umns packed successively with basic (top), neutral, and acidic acti-
vated alumina. Benzene (spectrograde, Eastman) was used without
further purification. DCA (Eastman) was recrystallized twice from
pyridine, and TCNB (Eastman) was recrystallized from pyridine and
then from benzene/acetonitrile. Dimethyl fumarate (F) was recrys-
tallized from benzene. 3,3,4,4-Tetramethyl-1,2-diazetine 1,2-dioxide2®
and CP3* were prepared according to literature data. CP-d; was
prepared by refluxing the corresponding acid chloride in CD;OD and
recrystallizing the product from methanol, mp 83.5-84 °C, isomeric
ratios CD3 (90%), CHD; (6%), CHj3 (4%). CP-d| was prepared ac-
cording to the procedure described by DeBoer33 from the reaction of
phenylchlorodiazirine with methyl phenylpropiolate and reduction
of the resulting chlorocyclopropene with NaBDjy, mp 83-84 °C, 91%
deuterated. CP-d, was prepared in the same way as CP-d| starting
with trideuteriomethyl phenylpropiolate, mp 83-84 °C, isomeric ratios
d4 (87%), d3 (mainly the CHD; ester, 11%), d, (1%), do (1%). The
cyanocinnamate esters were prepared by the condensation of p-cya-
nobenzaldehyde with malonic acid in pyridine/piperidine followed
by esterification with the appropriate alcohol/ H,SO4: methyl ester,
mp 120-122 °C; ethyl ester, mp 67-69 °C (1it.36 67.5-68.5 °C).

Irradiations on preparative scale were done under continuous
bubbling of nitrogen or argon, saturated with the solvent, in an im-
mersion apparatus equipped with one of the following glass filters. For
the DCA reactions a GWV? filter was used to eliminate the 366-nm
line and shorter wavelengths. For the MK-sensitized reactions a
GWCa filter3” was used to eliminate the 334-nm line and shorter
wavelengths. The samples for kinetic studies were degassed by three
freeze-pump-thaw cycles and irradiated on a Merry-Go-Round
mounted on an optical bench. The output of a PEK 200-W sup-
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erhigh-pressure mercury lamp was filtered through water-cooled
Kodak Wratten ultraviolet 18A and Corning O-52 filters to isolate
the 366-nm line (for MK-sensitized reactions) or filtered through
Corning CS 5-58 and Corning CS 3-75 filters to isolate the 405- and
436-nm lines (for DCA-sensitized reactions). The irradiations of the
DCA-containing samples were interrupted several times for magnetic
stirring to ensure a constant concentration of DCA. The photoreaction
of 9,10-phenanthrenequinone (10~3 M) with trans-stilbene (0.1 M)
in benzene was used as an actinometer for irradiations at 405 and 436
nm. The quantum yield?8 for the disappearance of the quinone, which
is monitored by absorption spectroscopy (Amax 410 nm, e 1800}, is
0.065. The GC analyses were done on a Hewlett-Packard 7620A
chromatograph equipped with an HP 3380 A integrator, using a 1.5%
Dexsil on Chromosorb W 80/100 (1/8 in. X 6 ft) column.

Irradiation of DCA and CP in Benzene. A suspension of DCA (300
mg) in 50 mL of 0.04 M solution of CP in benzene was irradiated
(HPK, GWV filter) under nitrogen for 18 h. The solution was filtered
from unreacted DCA (80 mg). The solvent was distilled and 10 mL
of acetonitrile was added to the residue, where another 20 mg (mainly
DCA and a small amount of dimer 3) remained insoluble. The solvent
was distilled, and the residue was extracted with pentane and then
recrystallized from cyclohexane containing a small amount of acetone
to give 220 mg of adduct 1: decomposes to its components without
definite melting at ca. 240 °C. Injection of an acetonitrile solution of
1 into the GC (injection port at 300 °C) gave peaks of equimolar
amounts of DCA and CP corresponding to an almost quantitative
cleavage. NMR (CDCl3) 6 2.03 (s, cyclopropyl H), 3.48 (s,
-COOCH3), 6.82 (m, 4 H, ortho H of the two C¢Hs groups), 7.08-
7.29 (m, 6 H, meta and para H of the two C¢H;s groups), two AA’BB’
spectra, one centered at 8 7.43 and 7.58 and the other at 7.48 and 7.74
(two different, equivalently ortho-disubstituted benzene rings); mass
spectrum m/e (rel intensity) 478 (0.4, M*), 45] (1.8, M — HCN),
447 (3.4,M — OCHa), 392 (4.8), 391 (3.6), 314 (4), 250 (100, CP),
235 (77, CP — CHsj), 228 (35, DCA), 191 (45), 105 (81,
COC¢Hs).

Irradiation of DCA and CP in Acetonitrile. A suspension of DCA
(400 mg) in 50 mL of 0.04 M solution of CP in acetonitrile containing
10% t-BuOH was irradiated (HPK, GWYV filter) under nitrogen for
17 h. The solution was filtered from 140 mg of unreacted DCA. The
solution was distilled and the residue successively extracted with
pentane (total 150 mL). Recrystallization of the insoluble fraction
from cyclohexane/acetone yielded 250 mg of adduct 2 and from the
mother liquor another 150 mg of a 3:1 mixture of 2 and 3. Adduct 2:
NMR (CDCl3) 6 3.01 (s, cyclopropyl H), 3.33 (s, ~COOCH3),
6.94-7.27 (m, 10 H, two C¢Hs groups), two AA’BB’ spectra, one
centered at § 7.35 and 7.67 and the other at 7.45 and 7.75 (two dif-
ferent, equivalently ortho-disubstituted benzene rings); mass spectrum
mfe (rel intensity) 478 (100, M™*), 451 (11, M — HCN, m*), 447 (20,
M — OCHy3), 446 (39, M — HOCH3, m*), 419 (42, M — COOCH3;),
418 (32, M — HCOOCH;3, m*), 392 (22), 341 (28), 314 (15), 250 (22,
CP) 237 (49), 235 (27), 228 (15). An x-ray crystallographic analysis
of adduct 2 was done by Molecular Structure Corp., College Station,
Texas (see paragraph at end of paper regarding supplementary ma-
terial).

MK-Sensitized Reaction of CP and F. A benzene solution (50 mL)
of MK (0.2 mM), CP (0.05 M), and F (0.15 M) was irradiated (HPK,
UVG filter) under nitrogen for 3 h. The solvent was distilled and the
residue was taken into acetonitrile where the dimer of CP is sparingly
soluble and was filtered off, The solvent was distilled and the re-
maining F was sublimed at ca. 50 °C in vacuo. The residue was
chromatographed on Florisil (activated for 1 h at 120 °C) with ben-
zene. Unreacted CP and the rest of the dimer were eluted first followed
by compound 4. Further elution of the column with ether/benzene
(up to 1:9) yielded fractions enriched in compounds §, 7, and 6, re-
spectively, which were purified by rechromatography on smaller
columns. Compound 4: NMR (CDCl;) 6 3.47, 3.48, and 3.75 (s, three
-COOCH3), 2.94 (s, cyclopropyl H), 3.47 and 4.07 (AB spectrum,
J = 4 Hz, two cyclobutyl H); mass spectrum mi/e (rel intensity) 394
(1, M%), 362 (19, M — CH30H), 335 (34, M — COOCH3), 334 (21),
330 (11),303 (100, (M — COOCH3) — CH3;0H), 302 (24), 275 (83),
217 (38), 215 (46); exact mass 394.1375 (caled for C;3H250,
394.1415). Compound 5: NMR (CDCl3) § 3.53, 3.71, 383 (s, three
-COOCH3;), 2.79 (cyclopropyl Hx), 4.24 and 4.48 (cyclobutyl pro-
tons, Ha and Hp, respectively), Jap = 4.4 Hz, Jgx = | Hz. Compound
6: NMR (CDCl3) 6 3.47 (s, 6 H, two-COOCH3), 3.29 (s, 3 H,
-COOCH3), 2.68 (s, 1 H, cyclopropyl), 3.42 (s, 2 H, cyclobutyl); mass
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spectrum (through GC) m/e (rel intensity) 394 (15, M*), 362 (44,
M = CH;0H, m*), 335 (24), 334 (46), 303 (27, M — CH3;0H) -
COOCHj;, m#*), 275 (35), 243 (100, (303), — HCOOCH3, m*), 217
(64),216 (56), 215 (87); exact mass 394.1418 (calcd for C53H250s,
394.1415). Compound 7: NMR (CDCl3) 6 3.33, 3.65, 3.95 (s,
three —COOCH3), 2.57, 2.90, and 4.09 (ABX spectrum, -CHa-
Hp*CHx<, respectively, Jag = 17.2, Jax = 3.8, Jgx = 10.9
Hz), ca. 7.3 (m, 8 H, aromatic H), ca. 7.8 (m, 2 H, ortho H of the
CeHs group in conjugation with the COOCH; group); mass spectrum
(20 eV) m/e (rel intensity) 394 (0.6, M*), 363 (3, M — OCH3), 362
(5, M = CH30H), 335 (13, M — COOCH3), 334 (9), 321 (100, M
— CH>COOCH3), 303 (25), 302 (67), 289 (11), 275 (25), 274 (11),
249 (16), 243 (24), 221 (13), 217 (14), 216 (13), 215 (25); absorption
spectrum (cyclohexane) Apax 292 nm; IR (film) 1812 (cyclopropene
C=C), 1738, 1706, 1435, 1202, 1165 cm~!; exact mass 394.1410
(calcd for C23H2206, 394.141 5).

DCA-Sensitized Reaction of CP and F. A suspension of DCA (100
mg) in 40 mL of a solution of 600 mg of CP (0.06 M) and 690 mg of
F (0.12 M) in acetonitrile was irradiated (HPK, GWYV filter) under
nitrogen for 20 h. The solution was filtered from unreacted DCA (ca.
60 mg), the solvent evaporated, and the remaining F sublimed at 50
°C. The mixture was chromatographed on activated (120 °C for 1
h) Florisil. Elution with benzene gave 150 mg of unreacted CP fol-
lowed by the dimer (3), adduct 2, and compound 4, respectively.
Elution with 10% ether in benzene yielded 230 mg of a mixture of the
stereoisomers 8 and 9. The ratio 8:9 decreases with the progressing
elution. The ratio 8:9 of the tctal isolated product is 2.4:1. Further
elution with the same solvent mixture yielded 90 mg of compound 10.
Compound 8: NMR (CDCl;) 6 3.54, 3.57, and 3.77 (s, three
-COOCH3),4.11,4.47, and 4.85 (AMX spectrum, respectively, Jam
= 8.8, Jax = 9.2, JmMx = 2.7 Hz); IR (film) 1737 (broad) 1435 cm™1;
mass spectrum m/e (rel intensity) 394 (10, M*), 362 (49, M —
CH30H, m*), 334 (100, (M — CH30H) — CO, m*), 303 (31), 302
(22), 276 (16), 275 (37), 217 (30), 216 (30), 215 (80); exact mass
394.1349 (caled for Ci3H350¢, 394.1415). Compound 9: NMR
(CDCl3) 6 3.67 (s, 6 H, two -COOCH3 at C-3 and C-5),3.81 (s, 3 H,
-COOCH; at C-4),4.35and 4.11 (A;B spectrum, respectively, Jap
= 6.5 Hz). Compound 10: NMR (CDCl3) 6 2.35 (s, 3 H, -COOCH3),
3.60 (s, 6 H, two -COOCH3), 2.47, 2.63, and 4.07 (ABX spectrum,
-CHAHp*CHx<, respectively, IJABI =16.2,Jax=59,/px = 8.4
Hz); absorption spectrum (CH3CH) Ayax 324 and 308 nm (for
comparison, CP in CH3CN has Amax at 323 and 307 nm); mass
spectrum m/e (rel intensity) 394 (52, M*), 362 (17, M — CH3;0H,
m¥*), 347 (7), 335 (38), 321 (37, M — CH,COOCH;), 319 (35), 315
(18), 303 (18), 302 (24), 287 (13),275 (100), 261 (15), 259 (14), 249
(34, M — CH(COOCH3)CH,COOCH3), 105 (51, COPh); exact
mass 394.145] (caled for C53H2206, 394.1415).

Irradiation as above in the presence of 10% ¢-BuOD led to mono-
deuterated compounds 8-10. The NMR spectrum of 8-d indicates
that the H atom at & 4.47 is the one replaced by D; the signals at § 4.11
and 4.85 appear as an AB multiplet (J ~ 9Hz). In compound 10-d,
both geminal H and Hp are partially replaced by deuterium.

Triplet-Sensitized Reaction of CP and CNC. A. A toluene solution
(50 mL) of fluorenone (0.01 M), CP (0.1 M), and methyl p-cyano-
cinnamate (0.1 M) was irradiated (HPK, GWYV filter) under nitrogen
for 2 h. The solvent was removed in vacuo and the residue was tritu-
rated with acetonitrile (10 mL). A colorless solid (330 mg) was re-
moved by filtration and identified by GC and NMR as the dimer of
CP. The mixture of products in the filtrate was separated by ascending
column chromatography on 1:1 silica gel/cellulose powder using
toluene as eluent. The lower half of the column was divided into three
equal fractions, which were washed with ether. The major component
of the first fraction (most polar) was identified by NMR as compound
12. The third fraction contained methyl cyanocinnamate and com-
pound 11. Recrystallization of this fraction from ethyl acetate/hexane
enriched the filtrate in compound 11. These compounds were further
purified by thick layer chromatography (silica gel, 2-mm thickness)
using multiple development in toluene for compound 11 and 1:1 tol-
uene/chloroform for compound 12. Overnight reflux of a sample of
12 in CDCl; led to its conversion to compound 13, as indicated by the
NMR spectrum. Compound 11: NMR (CDCls) 8 3.35, 3.49 (s, two
-COOCH3;), 2.62 (s, Hy), 3.41 (d, Hyp), 4.62 (broad d, He) Jpe = 3.9
Hz; mass spectrum mj/e (rel intensity) 437 (6, M*), 405 (39, M —
CH30H), 378 (100, M — COOCH3), 377 (33), 346 (33), 319 (28),
318 (56), 240 (23); exact mass 437.1614 (caled for CygHy3NOy,,
437.1625). Compound 12: NMR (CDCls) 6 3.37, 3.69 (s, two

-COOCH3), 3.13 (s, Hp), 3.54 (d, Hy), 3.85 (broad d, H), Juc = 4.6
Hz: mass spectrum m/e (rel intensity) 437 (3, M), 405 (80, M —
CH;0H), 378 (100, M — COOCH3), 377 (31), 346 (44), 345 (12),
319 (33), 318 (70), 240 (30); exact mass 437.1628 (caled for
C,3H,3NOy, 437.1625). Compound 13: NMR (CDCl;) 6 3.25,3.53
(s, two -COOCH3), 2.83 (d, H,), 4.40 (d, Hy), 5.02 (broad q, He),
|Jac) = 0.9, Juc = 4.0 Hz; mass spectrum m/e (rel intensity) 437 (1.6,
M), 405 (82, M — CH;0OH), 378 (100, M — COOCH3), 377 (30),
346 (52), 319 (38), 318 (85), 240 (36); exact mass 437.1610 (caled
for C23H23NO4, 4371625)

B. An acetonitrile/10% terz-butyl alcohol solution (50 mL) of MK
(0.4 mM), CP (0.1 M), and methyl cyanocinnamate (0.1 M) was ir-
radiated (HPK, UVG filter) for 6 h under nitrogen. A product mixture
similar to that from the irradiation mentioned above, namely, com-
pounds 11 and 12, was obtained. The product was allowed to reflux
overnight in CDCl; whereupon the NMR signals of compound 12
disappeared and were replaced by those of compound 13.

DCA-Sensitized Reaction of CP and CNC. A suspension of DCA
(200 mg) in 50 mL of a solution of CP (0.06 M) and methyl p-cy-
anocinnamate) (0.06 M) in 10% ¢-BuOH/CH;CN was irradiated
(HPK, GWYV filter) for 24 h, Unreacted DCA was filtered off, the
solvent distilled, and the residue recrystallized twice from ether to yield
colorless crystals of 14: mp 214-216 °C; NMR (CDCls) 6 3.53 and
3.61 (s, two -COOCH;), 2.76, 2.78, and 4.05 (ABX spectrum,
-CHAHp*CHx<, respectively, splittings AX and BX = 6.8 and 8.2
Hz, respectively, Jaop could not be determined owing to very small
Aag), 7.17 (2H, AA’ part of an AA’BB’ spectrum of a para-substi-
tuted benzene ring, protons ortho to CH, group; irradiation at this
frequency leads to sharpening of the 2.76 and 2.78 signals but not that
at 4,05), 7.98 (2 H, two ortho protons of one of the phenyl groups; note
that owing to the asymmetric carbon atom in the molecule the phenyl
rings are not magnetically equivalent), 7.69-7.34 (remaining 10 ar-
omatic H); mass spectrum m/e (rel intensity) 437 (39, M), 422 (5,
M — CH3), 378 (64, M — COOCH3), 321 (100, M = CH,CcH4CN),
249 (30, M — CH(COOCH ;) CH,CgH4CN), 202 (22), 178 (16,
CeHsC=CC¢Hs), 116 (18, CH,CcH4CN), 105 (38, CeHsCO), 77
(18, CsHs). Anal. (Co3H,3NO4) C, H, N. A similar irradiation using
ethyl p-cyanocinnamate instead of the methyl ester led to the analo-
gous ethyl ester 14a: mp 168-170 °C; NMR (CDCl3) 6 1.02and 3.97
(tand q, CH3CH,0CO), 2.74 and 3.98 (ABX spectrum, very small
Aap, ~-CHAHp*CHx <, splitting AX =~ BX ~ 7.5 Hz), 7.13 (2 H,
ortho to CH; group), 7.89 (2 H, two ortho H of one of the C¢Hs
groups), 7.28-7.61 (remaining 10 aromatic H); mass spectrum my/e
(rel intensity) 451 (44, M*), 436 (5, M — CH3, m*), 392 (70, M —
COOCHs3), 378 (12, M — COOC,Hs), 335 (100, M -
CH,C¢H4CN), 307 (27, 335 -CH,=CH,, m*), 249 (41, M —
CH(COOC,Hs)CH,CgH4CN), 202 (22), 178 (20), 116 (18,
CH2C6H4CN) Anal. (C29H25NO4) C, H, N.

DCA -Sensitized Photooxygenation of CP. A suspension of DCA
in 35 mL of an acetonitrile solution of CP (1 g) was irradiated
(HPK/GWY filter) for 1 h while oxygen was continuously bubbled.
The excess DCA was filtered off. GC analysis showed that the com-
bined yield of 15a and 15b was ca. 25% based on consumed CP. The
yields of benzoic acid, benzoic anhydride, and benzil were ca. 20, 5,
and 2%, respectively. The solvent was removed under reduced pressure
and the residue was dissolved in 40 mL of CHCl; and extracted with
5% aqueous NaHCOj solution. The bicarbonate solution was acidified
with hydrochloric acid and reextracted with chloroform to give 120
mg of benzoic acid, which was identified by comparison with an au-
thentic sample using IR, NMR, and GC. The original chloroform
solution was chromatographed on an ascending column (1:1 silica
gel/cellulose) eluted with benzene. The lower %; of the column was
divided into four zones. The first zone (most polar) contained a small
amount of benzoic acid. The second zone gave almost pure 15a, re-
crystallized from methanol/water: mp 85-88 °C; mass spectrum m/e
(rel intensity) 266 (11, M*), 238 (13, M — CO, m*), 235 (3.1, M —
OCH3), 207 (2.6, M — COOCH3, m*), 206 (3.3), 105 (100,
CeHsCO™), 77 (26); NMR (CDCl3) 6 3.63 (s, -COOCH3), 6.50 (s,
>C==CH-), 7.47,7.97 (m, 10 aromatic H). Anal. (C;H403) C, H.
The third zone contained a mixture of 15a, 15b, and another com-
pound, which was isolated by recrystallization from MeOH
[C17H,40s, mass spectrum m/e 298 (M¥), 267, 121, 105; NMR
(CDCls) 6 3.92 (s, OCH3), 6.55 (s, | H), 7.53 (m, 6 H), 8.10 (m, 4
H); IR (KBr) vc—g 1765, 1730, 1693 cm~!]. Compound 15b: NMR
(CDCl3) 6 3.67 (s, -COOCH3), 6.27 (s, >C=CH-). The fourth zone
contained benzil and traces of DCA. When the extraction with bi-
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carbonate was eliminated from the workup, benzoic anhydride
(confirmed by GC retention time and IR spectrum) was present to-
gether with benzil in the least polar fraction of the chromatographic
column.

Photoisomerization of 15a to 15b. A solution of 15a (30 mg) and
thioxanthone (2 mg) in | mL of CDCl; was irradiated inside a Ray-
onet photoreactor equipped with 3500-A lamps. NMR analysis after
20 min irradiation indicated partial isomerization to 15b (ratio
15a:15b = 75:25). After 5 h irradiation this ratio changed to 53:47,
which was also confirmed by GC analysis.

Reaction of CP with m-Chloroperbenzoic Acid. A solution of CP
(2.5 g) and m-chloroperbenzoic acid (2.5 g) in 50 mL of methylene
chloride was refluxed for 48 h and successively washed with sodium
sulfite and sodium bicarbonate solutions. The NMR spectrum and
GC of the product are consistent with aimost complete conversion to
a 2:1 mixture of 15a and 15b.

Synthesis of 15a via Reformatsky Reaction. A solution of benzil (21
g) and methyl bromoacetate (15 g) in SO mL of benzene was added
over a period of 1 hto 7.8 g of zinc dust. The mixture was refluxed for
1 h, cooled, and extracted with 100 mL of 20% sulfuric acid. The
benzene solution was washed with a sodium bicarbonate solution,
dried, and evaporated. The residue was recrystallized from pentane
to give the alcohol methyl 3-benzoyl-3-hydroxy-3-phenylpropionate.
This compound was dissolved in 150 mL of acetic anhydride con-
taining 10 drops of concentrated sulfuric acid. After stirring at 60 °C
for 2 h, the mixture was poured onto ice and extracted with ether.
Evaporation of the ether left colorless crystals of the dehydrated
material, which was identical (NMR, IR, mass spectrum, GC) with
15a.
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