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Enediyne chemistry has gained prominence in recent
years in view of the presence of the moiety in several
naturally occurring antitumor antibiotics.® Thermally
activated cycloaromatization to form 1,4-dehydrobenzene
diradical (Bergman cyclization) is of special interest as
the process has been implicated in the DNA-cleaving
ability of many natural products and synthetic ana-
logues.? Photoinduced dimerization,® cis—trans isomer-
ization,* and cycloaromatization® as well as photochem-
ically triggered cyclization of enediynes® have also been
studied. Recently, 1,5-cyclizations have been reported in
a cyclic, dimeric derivative of 1,2-diethynylbenzene” and
in tetrabenzocyclyne,® induced by iodine and lithium,
respectively. The former presumably proceeds through
a radical cyclization pathway, while the latter involves
a radical anion. We now report electron transfer-medi-
ated cyclization of aromatic enediynes. Of the three
possible modes of cyclization (Scheme 1), the radical
cations of aryl derivatives generated through chemical,
photochemical, and electrochemical oxidation are shown
not to follow the Bergman cyclization mode. The ob-
served 1,5-cyclization process has been interpreted in
terms of the symmetry of electronic states of the species
involved.

Results and Discussion

Photooxidation of enediynes 4a,b in acetonitrile in the
presence of oxygen using 2,4,6-triphenylpyrilium tet-
rafluoroborate (TPP*BF,") as the sensitizer® yielded the
corresponding indenone derivatives 5a,b, respectively
(Scheme 2).
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Figure 1. ORTEP diagram of the molecular structure of 6a
in the crystal.
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a. TPP*BF4", CH3CN, O2, pyrex, hv;
b. 10 mole % TBPA'SbClg~, CH2Cl2, -78 °C, 02
c. onodic oxidation, Pt, CH3CN, 02, TEAP
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Photonitration of 4a with tetranitromethane (TNM) in
dichloromethane using a Pyrex filter yielded red orange
crystals after column chromatographic purification of the
crude material.’® The product was identified as 3,8-
dinitro-2,8-diphenylbenzofulvene (6a) from the X-ray
crystal structure!® shown in Figure 1 (Scheme 3). The

(10) For the mechanism of photonitration of arenes with TNM see
Sankararaman, S.; Kochi, J. K. J. Chem. Soc., Perkin Trans. 2 1991,
1, 165 and references cited therein. Further details of the photochem-
istry of enediyne—TNM system will be published separately.
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crystal structure of 6a unequivocally establishes that the
product arises from the 1,5-cyclization mode to yield the
benzofulvene structure.

Chemical oxidation of 4a,b, by Barton's procedure,*!
using tris(p-bromophenyl)aminium hexachloroantimonate
(TBPA*'SDbCIg™) as the catalytic oxidizing agent in the
presence of oxygen yielded 5a,b, respectively (Scheme 2)
in 60—70% isolated yields.

Electrochemical oxidation of 4a,b was examined by
cyclic voltammetry in acetonitrile which showed a single
irreversible anodic peak at +1.49 V for 4a and +1.31 V
for 4b, vs SCE, at 100 mV s~ ! scan rate. The bulk
electrolysis of 4a,b at a constant potential corresponding
to the anodic peak potential under oxygen atmosphere
yielded 5a,b, respectively, in good yields. Coulometric
studies revealed that the reaction was a catalytic one-
electron transfer process. Thus, for the electrolysis of 0.3
mmol of 4b, only 4 C of current was consumed to yield
0.27 mmol of 5b.

We propose a common pathway involving the enediyne
radical cation in all the cases. Photoinduced electron
transfer from 4a,b to the singlet excited state of TPP™ is
feasible since the latter is a powerful oxidant.® This is
further supported by the diffusion-controlled quenching
of the fluorescence of TPP* by 4a,b and also by the
calculated AG.; values based on the redox potentials of
the reactants.’?> The radical cation of the enediyne (I)
cyclizes to the fulvenyl form (I1) which further reacts with
the neutral enediyne to yield the fulvenyl diradical (111)
and the enediyne radical cation (1) (egs 6—8, Scheme 4).
Thus, the radical cation of the enediyne is the chain
carrier. Such a mechanism is akin to the photoinduced
electron transfer-mediated valence isomerization of hex-
amethyldewarbenzene radical cation.** Evidence for the
formation of the fulvenyl diradical (111) comes from the
isolation of cis- and trans-2,8-diphenylbenzofulvene (7a)
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Figure 2. ESR spectrum of the adduct of the radical formed
during photolysis of 4a with N-tert-butyl-a-phenylnitrone in
CHsCN at rt.
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from the photolysis of 4a in the presence of TPP*BF,~
when carried out in acetonitrile-isopropyl alcohol (IPA)
mixture under nitrogen atmosphere (eq 12, Scheme 5).
Formation of 7a can only be explained by invoking the
diradical 111 which undergoes hydrogen abstraction with
IPA (eq 11). The lack of formation of products arising
from the addition of IPA as a nucleophile to I and 11
suggests that the cyclization and the subsequent electron
transfer processes (eqs 7 and 8) are very rapid. This also
explains the absence of products arising from the addition
of trinitromethide anion to | and Il in the TNM reaction
(eq 5), which is in sharp contrast to the previously
reported photochemistry of arene—TNM complexes.'©
Furthermore, the ESR spectrum shown in Figure 2 arises
from the trapping of a radical intermediate from the
photolysis of 4a with TPP*BF,~ in CH3CN under argon
atmosphere, by N-tert-butyl-a-phenylnitrone as the spin
trap. Even though the ESR spectrum does not provide
any structural information on the radical intermediate,
it clearly demonstrates the formation of such an inter-
mediate from the enediyne in the photochemical reaction.
A control experiment under identical conditions but
without the enediyne 4a did not show any ESR signal,
thus clearly demonstrating that the observed ESR signal
in the presence of 4a is only due to a free radical
intermediate formed by the oxidation of 4a (Scheme 4,
eq 8).

Similar steps (Scheme 4, eqs 6—9) are likely in the
chemical and electrochemical oxidation reactions too after
the initial generation of the enediyne radical cation. On
the basis of these studies, we conclude that the radical
cations of 4a,b, irrespective of the mode of generation,
show preponderant tendency to undergo 1,5-mode of
cyclization, rather than Bergman cyclization.

The preferred 1,5-mode of cyclization of the radical
cation is in sharp contrast to 1,6-Bergman cycloaroma-
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tization found in neutral enediynes. Semiempirical
(UHF/AM1)* and ab initio calculations (PMP2/6-31G*
using 3-21G optimized geometries)*>6 on CgH4t isomers
suggest a deeper electronic origin. To ionize the ene-
diyne, it is preferable to remove an electron from a x MO
of the hexatriene moiety rather than from an in-plane &
orbital of the triple bonds. Thus the ground electronic
state is derived from a 5 & configuration. The radical
cation of 1,4-dehydrobenzene prefers to retain an aro-
matic & sextet. The SOMO of the system is the anti-
symmetric combination of the hybrid orbitals at the 1-
and 4- carbon centers. Hence cycloaromatization of the
enediyne radical cation to 1,4-dehydrobenzene radical
cation is an electronically forbidden process. On the
other hand, formation of the 1,5-cyclization product, viz.,
3,6-dehydrofulvene radical cation is predicted to be
allowed. The ground state of the latter is computed to
have 5 =z electrons. An alternative 6 =z state was
computed to be consistently higher in energy at all
theoretical levels used (AE AM1: 25.4, PUHF/6-31G*:
36.8, PMP2/6-31G*: 20.7 kcal/mol).” The reduced aro-
maticity in the 6 & form of fulvene as well as the
possibility of reduced electron repulsion due to more
effective Fermi correlation in the 5 & state probably
contribute to the preferred electronic configuration.
Consistent with the above electronic structures, attempts
to locate a transition state for the 1,6-cyclization mode
led to discontinuous surfaces and convergence difficulties,
while a smooth energy surface with a productlike transi-
tion state could be located at both AM1 and 3-21G levels
for the allowed 1,5-cyclization process.'”

Conclusions

The radical cations of aryl-substituted enediynes 4a,b
generated by a variety of methods prefer to undergo 1,5-
cyclization unlike their neutral counterparts. The 1,5-
cyclization mode of the radical cation is suggested to be
determined by electronic state symmetry.

Experimental Section

Photooxidation. A solution of 4a (0.2 g, 0.72 mmol) and
TPP™BF,~ (0.028 g, 0.072 mmol) in CH3CN (10 mL) was
photolyzed in a Pyrex tube using the output from a 450 W
Hanovia lamp with continuous bubbling of oxygen. During
photolysis, the solution turned from yellow to dark red. After
30 h, solvent was evaporated and the crude was separated by
column chromatography on silica gel (60—120 mesh). Elution
with hexane yielded the unreacted 4a (0.12 g, 0.43 mmol)
followed by elution with hexane—ethyl acetate (95:5 v/v) gave
5a (0.067 g, 0.22 mmol, 76% based on unrecovered 4a). Photo-
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oxidation of 4b was also carried out by the same procedure to
yield 5b in 78% yield.

Chemical Oxidation. A blue-colored solution of TBPA*ShClg™
(0.006 g, 7.4 x 10 mol) in dry CH,CI, (15 mL) was cooled to
—78 °C, and then 4b (0.025 g, 0.075 mmol) was added. The
mixture was stirred at —78 °C with continuous bubbling of
oxygen for 3 h to yield 5b in 60% yield.

Electrochemical Oxidation. Cyclic voltammetry and bulk
electrolysis of 4a,b were studied on a BAS 100A Electrochemical
Analyzer using platinum electrodes and SCE as reference
electrode. In a divided cell a solution containing 4b (0.1 g, 0.3
mmol) and tetraethylammonium perchlorate (TEAP) (0.7 g) in
CH3CN (30 mL) was electrolyzed with continuous bubbling of
oxygen at a constant potential of +1.5 V vs SCE until the current
dropped to a low constant value (1 h). During electrolysis, the
yellow solution turned dark red. Usual workup followed by
purification by preparative TLC on silica gel yielded 5b (0.098
g, 0.26 mmol, 88%) as dark red gummy solid. From the
coulometry the actual current consumed was found to be 4 C.
Similarly, the oxidation of 4a was carried out at a constant
potential of +1.8 V vs SCE.

3-Benzoyl-2-phenylindenone (5a): IR (CCl,) 1715, 1669
cm~?; UV-vis (CHClIs) Amax(€) = 435 (585), 330 (sh, 1800), 260
(31769), 235 nm (sh, 21660); *H NMR (CDCls) 6 = 7.9 (m, 2H),
6.8—7.6 (m, 12H); 13C NMR (CDCl3) 6 = 196 (s), 194.6 (s), 150.4
(s), 144.0 (s), 134.4 (d), 131.2 (d), 130.3 (s), 130.2 (d), 129.7 (s),
129.5(s), 129.3 (d), 128.9 (d), 128.8 (d), 128.7 (s), 128.3 (d), 127.9
(d), 123.9 (d), 121.8 (d); MS (70 eV) m/z 310 (100) [M**], 282 (56),
253 (24), 205 (72), 177 (65), 151 (45), 125 (38), 105 (63), 77 (61);
HRMS calcd for Cz2H140, 310.09938, found 310.09948.

3-(4-Methoxybenzoyl)-2-phenylindenone  (5b): IR
(CCly): 1712, 1654 cm~L; UV-vis (CHCI3) Amax (€) = 465 (1899),
270 (33636), 235 nm (15037); *H NMR (CDCls) 6 = 7.92 (d, 2H,
J =9.3 Hz), 7.57 (d, 1H, 3 = 6.9 Hz), 7.43 (d, 2H, J = 9.0 H2),
7.34 (apparent t, 1H, J = 8.0 Hz), 7.25 (apparent t, 1H, J = 7.3
Hz), 6.97 (d, 1H, J = 7.3 Hz), 6.83 (d, 2H, J = 9.3 Hz), 6.77 (d,
2H, J = 9.3 Hz), 3.82 (s, 3H), 3.75 (s, 3H); 13C NMR (CDCl3) ¢
= 196.7 (s), 193.2 (s), 164.6 (s), 160.1 (s), 149.1 (s), 144.6 (s),
134.4 (d), 133.4 (s), 131.9 (d), 130.8 (d), 129.5 (s), 128.9 (d), 128.2
(s), 123.7 (d), 122.4 (s), 121.4 (d), 114.2 (d), 113.9 (d), 55.5 (q),
55.2 (9); MS (70 eV) m/z 370 (6.5) [M**], 194 (16), 163 (100), 149
(24), 135 (15), 85 (18), 83 (29), 77 (16); HRMS calcd for C24H1504
370.12054, found 370.11976.

Photoreduction of 4a to 2,8-Diphenylbenzofulvene (7a).
A mixture of 4a (0.2 g, 0.72 mmol) and TPP*BF,~ (0.02 g, 0.05
mmol) in CH3CN (10 mL) and isopropyl alcohol (5 mL) was
photolyzed in a Pyrex tube for 26 h under N, atmosphere.
During the photolysis, the solution turned dark yellow. After
removal of the solvent, the crude product was purified by column
chromatography on silica gel using hexane as the eluant to yield
unreacted 4a (0.075 g), cis-2,8-diphenylbenzofulvene (cis-7a)
(0.02 g) as a yellow solid [mp 129 °C (lit.}8 129—131 °C)] and
trans-2,8-diphenylbenzofulvene (trans-7a) (0.04 g) as a yellow
liquid. The products were characterized by the comparison of
the IR, UV, 'H-NMR spectral data with the literature!® and also
by mass spectral data.

Spin Trapping Experiment. A solution of 4a (0.01 g, 0.035
mmol), TPPTBF,~ (1 mg, 0.0026 mmol), and N-tert-butyl-o-
phenylnitrone (0.05 g, 0.28 mmol) in CH3CN (5 mL) was
photolyzed for 1 h in a Pyrex tube under Ar atmosphere, and
the ESR spectrum of the photolysate was recorded at rt. From
the ESR spectrum of the radical adduct (Figure 2) the g value
and an were calculated as 2.00416 and 12.0 G, respectively. A
control experiment was carried out under identical conditions
as above but without the enediyne 4a. The photolysate under
this condition did not show the ESR spectrum.
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