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2 or cleave to form 3 and the carbonyl oxide. Experiments!! with
electrochemically generated 1*- have demonstrated that 3 may
also result from C-O bond rupture in 17,

The catalysis of the photooxygenation of 1 by BP presents a
more interesting mechanistic question. We have previously re-
ported that the rate of DCA-sensitized photooxygenation of
2,3-bis(p-methoxyphenyl)-1,4-dioxene (4, E*,, = 0.73 V vs. SCE,
in MeCN) was increased in the presence of 2,3-bis(p-methyl-
phenyl)-1,4-dioxene (5, E™;;, = 0.84 V vs. SCE, in MeCN) %
It was proposed that the enhanced reactivity for 4 results from
an exothermic electron exchange with 5%.. Similar results have
recently been described by Foote for the indirect photooxygenation
of tetraphenylethylene in the presence of trans-stilbene.!? Distinct
from these two cases is the present example of cosensitization by
BP and DCA. BP is more easily oxidized than epoxide 1 (E*,
of BP = 1.85 V vs. SCE, in MeCN!* and consequently quenches
'DCA* more efficiently (kg = 3.1 X 10° M™! s™) to generate BP*.,
However, subsequent electron transfer from 1 to BP* is highly
endothermic. Nevertheless, this secondary electron transfer is
the key step in the BP-catalyzed photooxygenation of 1 (Scheme
[).'* An important factor in the enhanced rate of formation of
intermediate 17 is certainly the much longer lifetime for BP*.
compared to 'DCA*. Additional insight into the mechanism of
this reaction is obtained by considering the analogous process in
the homogeneous redox catalysis of electrochemical reactions.!®
For example, direct electroreductions of aliphatic halides (RX)
generally occur at very slow rates and require large overvoltages.
However, electrochemically generated radical anions of aromatic
hydrocarbons can be employed as catalytic agents. Electron
transfer from this species to RX forms the unstable RX™ and
regenerates the hydrocarbon. Although this reversible step is
energetically unfavorable, it is driven by the subsequent irreversible
cleavage of RX™. Similarly, we suggest that the opening of
epoxide 1 to give 1%+ and trapping by O,™ to form ozonide 2
provides the driving force for the catalysis by BP of the DCA-
sensitized photooxygenation of 1.

We have found that biphenyl can be used as a cosensitizer for
the photooxygenation of various epoxides that are inefficiently
oxidized by DCA alone. Other types of substrates can also be
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photooxidized under these conditions.'® These results will be
reported shortly.
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Halomethylenecycloalkanes 1 (n = 2-4, 6, 7, 9, 11) yield
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ring-expanded products upon treatment with bases, and cyclo-
alkynes, 3, have been proposed as sources of these substances (eq
1).%2 The cycloalkynes presumably arise from a carbenic species
derived from the intermediate 2. Direct evidence for conversion
of 1 to 3 exists since isolation of the cycloalkyne is sometimes
possible, as with cyclononyne (3, n = 7).!1* With systems having
n < 4, intermediacy of the cycloalkynes is based exclusively on
the observation of trapping products. Specifically, generation of
(2 4+ 4) and (2 + 2) cycloadducts such as 4! and §,'¢ respectively,
from the cyclobutyl precursor 1 (n = 3) is taken as being diagnostic
for the intervention of cyclopentyne (3, n = 3).
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Ph Ph

Mechanisms exist that do not require the originally chemically
differentiated vinylic carbon atoms of 1 to become equivalent prior
to reaction with the trapping agent, as is demanded if the cy-
cloalkyne is an intermediate. In fact, data for the cyclobutyl
system 1 ( n = 3, E = H, Hal = Br) indicate that the pathway
for formation of 1-bromocyclopentene, the major isolated product
arising from ring expansion, is not derived from cyclopentyne.'®#
Consequently, it is of paramount importance to establish that ring
expansion of carbenic intermediates of the alkylidenecycloalkane
variety involves species having the symmetry expected for a cy-

(1) Erickson, K. L.; Wolinsky, J. J. An. Chem. Soc. 1965, 87, 1142. (b)
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1031. () Fitjer, L.; Kliebisch, U.; Wehle, D.; Modoressi, S. Tetrahedron Lett.
1982, 23, 1661.
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butylcarbene(oid).
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Figure 1. Possible mechanisms for formation of 7a.

cloalkyne. The present communication addresses this question
in the case of expansion of the four-membered to the five-mem-
bered ring.

Base-promoted reaction at 0 °C between cyclobutanone and
diethyl (diazomethyl)phosphonate (6)° in 1-butanol afforded
1-(butyloxy)cyclopentene (7a) in 43% isolated yield (Figure 1).°
The formation of 7a finds close analogy in the production of enol
ether 7b, in 2-4% yield, from a-elimination of bromo-
methylenecyclobutane (1, n = 2, E = H, Hal = Br), with po-
tassium terz-butoxide.!* For the present case, work by ourselves’
and others® suggests scenarios like those outlined in Figure 1. The
diazoethene 8, a chemical relative of 2 (n = 3), is generated by
reaction between cyclobutanone and 6 and is subsequently con-
verted to 7a by pathways that involve either (a) chemical equi-
valency of the vinylic carbon atoms in the form of cyclopentyne
or (b) nonequivalency of these atoms at the time of interaction
with 1-butanol.®

Repetition of the reaction between cyclobutanone and 6, the
latter now containing approximately 5% excess '*C at the dia-
zomethyl carbon atom,'® produced 7a, in which the label was
equally distributed between atoms C-1 and C-2.1> This is precisely
as expected from a mechanism in which the vinylic carbon atoms
of 7a have become chemically equivalent before trapping by
alcohol. The result can be accommodated by path b or b’ (Figure
1) with the proviso that nucleophilic attack occur with equal
facility at both vinylic carbon atoms of 8 or 9, but this impresses
us as chemically untenable. The data are most economically
rationalized by intervention of cyclopentyne as the exclusive
precursor to 7a.'4

The question of whether cyclopentyne is formed under reaction
conditions that yield cycloadducts has also been addressed. Ex-
ecution of the base-promoted reaction between cyclobutanone and
6 in the presence of dihydrofuran gave the tricyclic adduct 10'¢
in 28% yield (eq 2). Statistical analysis of the integrated *C
NMR spectrum of 10 derived from '3C-enriched 6 showed that
the excess label again was equally distributed between the vinylic
carbon atoms.!? This result also clearly implicates cyclopentyne

ﬁ)+§QOD:G> @)
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as the reactive intermediate responsible for formation of the cy-
cloadduct 10. Consequently it is concluded that the products
resulting from ring expansion of cyclobutylidenecarbene (9, Figure
1) in both protic and aprotic media arise from the cycloalkyne.
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Current interest in heterobimetallic complexes incorporating
both early and late transition metals stems from their potential
importance in catalysis' and organic synthesis.2 Among group
4 heterobimetallic complexes reported to date are complexes
containing two different metal fragments linked by a bridging
ligand,’ complexes in which the group 4 metal bonds to a carbonyl
oxygen of a second organometallic fragment*® such as 1-Ti* and
CgMes.. /_Hz CSHS'“zr/@CH] CeHg
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(C=C); molecular ion, m/e 140.1203 (calcd for CyH¢O, 140.1201. Treat-
ment of 7a with 2,4-dinitrophenylhydrazine reagent afforded a 2,4-DNP
derivative identical (mixture mp) with that from cyclopentanone.
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