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afforded (70%) 141322 which gave, after reduction with 3 equiv
of Dibah (THF, =78 °C, 2 h), the homoallylic alcohol epimers
1524 in 85% yield. The latter, upon further reduction (Li, NH3,
and methanol) affords quantitatively 16,2 bearing the more
stable a alcohol in the A ring. Epoxidation of 16 (MCPBA,
methylene chloride, room temperature, 10 min) clearly pro-
vides 17.24 The desired (3 sense of this epoxidation could be
predicted with confidence since the alternate and undesired
o mode would result in an energetically unacceptable trans
fusion of the A and B rings.

Selective oxidation of the more accessible alcohol according
to Corey and Suggs?’ affords 18.!324 Treatment of 18 with (4
mmol, i.e., 1.3 equiv) of lithium diisopropylamide from —30
— 0 °C, followed by quenching at 0 °C with phenylthio-
phenylsulfonate,® affords 1913 in 40% yield. This key trans-
formation was shown to first proceed through 3 elimination
of the epoxide. This is then followed by in situ enolization of
the enone dialkoxide in the o’ sense.2’ In this way, no pro-
tecting groups are employed in the entire synthesis. Oxidation
of 19 (MCPBA, methylene chloride, —78 °C) gave 20 which
suffers smooth elimination (ethyl acetate, reflux, 30 min)?’
to afford 21.!3 Finally, treatment of 21 with alkaline hydrogen
peroxide affords d/-coriolin (1), along with its spiroepoxide
epimer 22!32 in an ~7:5 ratio. These were readily separated
by preparative LC to provide d/-coriolin, mp 151-154 °C,
whose chromatographic mobility and infrared and NMR (600
MHx) spectra were identical with those of a specimen of
natural coriolin kindly furnished by Drs. Umezawa and
Takita.

Experiments addressed to improving the yields of this 19-
step total synthesis, attainment of stereospecificity in the
creation of the spiroexpoxide, and suitable modifications to
embrace several active coriolin congeners are well in progress
and their outcome will be disclosed in due course.
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Reactions of Arc Generated Carbon Atoms with Benzene
Sir:

The reaction of atomic carbon with benzene is of interest in
that it provides a potential entry onto the interesting C;Hsg

energy surface. Two possible pathways for this reaction are
C-H insertion to generate phenylcarbene (1) and addition to

© 1980 American Chemical Society
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the double bond to produce the novel norcaradienylidene (2),
which may open to cycloheptatrienylidene (3) 2

C—H
insertion
1

____i—) ; — :
addition

2 3

Previous studies of this reaction have generally employed
nucleogenic carbon-142 or carbon-113 atoms produced under
energetic conditions, or high energy carbon-14 ions which are
neutralized prior to reaction.# To investigate this reaction
under conditions which may be less energetic, we have used the
method developed by Skell and co-workers in which atomic
carbon is generated in a carbon arc and reacted in the con-
densed phase at —196 °C.?

The reaction of arc generated carbon with benzene yields
the products shown in eq 1.6 An examination of eq | reveals

0" O

A%, 174% 4.108%
—Q + PhCH,Ph + ©=Q
62%
20.8% 5,16.7%

two interesting compounds, benzocyclopropene (4) and hep-
tafulvalene (5), which have not been previously identified in
this reaction.

The heptafulvalene undoubtably results from the dimeri-
zation of cycloheptatrienylidene (3)8 and is the first definitive
evidence that this carbene is an intermediate in the reaction
of carbon with benzene. The phenylcycloheptatriene and di-
phenylmethane, which have been reported previously, are most
likely products of the reaction of phenylcarbene (1) with
benzene. This reaction has been observed when phenylcarbene
is generated by conventional methods.?

An interesting CsHg product of this reaction is benzocy-
clopropene (4). To generate 4, two carbon-carbon bonds and
two carbon-hydrogen bonds must be formed. Two limiting
mechanistic possibilities are presented in eq 2 and 3. The

H
Q+—~Q ~O<
+C — —
H
H
4
H
. _H
[:j+c-—>E:i%o—»i:I?/ — 4 (3
H H

process in eq 2 involving two consecutive C-H insertions may
seem unattractive as 1, generated by conventional methods,
does not undergo intramolecular C-H insertion to generate
4. However, production of 1 by a C H insertion is exothermic
by over 100 kcal/mol and it is possible that a second C-H in-
sertion occurs before the ground-state geometry of 1 is reached.
In other words, a second C-H insertion may begin before
carbene 1 is fully formed and 4 may be generated without ever
going through carbene 1 in its ground-state geometry. Equation
3 depicts a process in which formation of the two C-C bonds
is followed by the formation of the two C-H bonds. The com-
pletely concerted alternative to eq 2 and 3 is generation of 4
by two simultaneous C-H insertions; it seems probable that
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the mechanism of the formation of 4 lies somewhere between
that depicted in eq 2 and 3 and this concerted process.
Toluene (6) and cycloheptatriene (7), products that are
always observed in the reaction of carbon with benzene,?:10
are also generated in the present study. Possible mechanisms
for the formation of 6 and 7, which are the result of the addition
of two hydrogens to the carbon plus benzene system, are shown

in eq 4-6, The mechanism in eq 4 does not appear likely as
= +
! ——
C+ @ abstraction 7 (4)

Ot v
abstraction
CH, u
NOf +©-——,——>s+7 ®
abstraction
8 9

H H ) PhH
C+ - - :CH,
abstraction abstraction 1

6+7 (8
H
abstraction

PhH
CH, —> 6

hydrogen abstractions by carbene 1 to generate toluene!! and
by 3 to produce cycloheptatriene® have not been observed. Also,
the hydrogen abstractions by benzyl radical (8) and cyclo-
heptatrienyl radical (9) from benzene should be thermody-
namically unfavorable. The mechanism in eq 5 again suffers
from the fact that radicals 8 and 9 are required to perform
thermodynamically unfavorable hydrogen abstractions.
However, a series of hydrogen abstractions by atomic carbon
to generate methylene is thermodynamically attractive and
would provide a convenient rationale for the formation of 6 and
7 by reaction of methylene with benzene, a process with ample
analogy.!?2 A further hydrogen abstraction by methylene
generates methyl radicals which also may react with benzene
to produce toluene,'3 This formation of toluene by methylation
of benzene rationalizes the fact that more toluene than cy-
cloheptatriene is formed, a situation that would not be expected
if 6 and 7 were formed solely by the addition of methylene to
benzene.!2 Lemmon, in his studies of the reaction of '4C with
benzene, has reached the conclusion that 7 is the result of a
methylene reaction!4 while 6 arises by the reaction of both
methylene and methyl radicals with benzene.!?

To establish if hydrogen abstractions are stepwise, we have
reacted carbon with a 1:1 mixture of benzene and benzene-ds.
Table I gives the ratio of several deuterated toluenes and cy-
cloheptatrienes obtained from this reaction. It can be seen that
the cycloheptatriene-dg:-ds:-d ratio is consistent with a series
of stepwise abstractions by carbon to generate methylene which
reacts with benzene to give 7. The toluene, however, contains
appreciable amounts of the ds compound and shows an isotope
ratio that is qualitatively consistent with formation of toluene
by methylation and methylene insertion. Table I also gives the
ratio of toluene-ds:-d7:-d¢:-ds when benzene-dg is reacted with
carbon atoms in the presence of an equimolar amount of pro-
pane. Since the hydrogens on propane are more readily ab-
stracted than those on benzene, there is a larger amount of
toluene-ds than is formed in the 1:1 benzene and benzene-dg
case.

The multiplicity of the methylene and its precursors is not
certain at this time. However, the fact that methylene is formed
and partially reacts by hydrogen abstractions raises the pos-
sibility that it is in the triplet state. In this connection, it is in-
teresting to note that reaction of carbon with benzene and
propane does not produce detectable amounts of cyclohepta-
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Table I. Partial Isotopic Composition of Toluenes and
Cycloheptatrienes Produced in the Reaction of Carbon with
Benzene?

deuterated percent of deuterated species in product
species cycloheptatriene toluene toluene?
C7DsH3 0+4.1 14.1 £8.0 433+ 1.6
C7DgH> 253 +6.2 31.1+£5.0 306 1.4
C,D7H 495+ 35 369 +6.1 19.1+1.0
C.Dg 252 +£3.7 179+ 49 7.0+08

@ Only toluenes and cycloheptatrienes containing five or more
deuteriums are reported; quantitative determination of the others was
not possible owing to the presence of some of the benzocyclopropenes
which were incompletely separated by GC in this experiment.
b Toluene from reaction of carbon with benzene-dg and an equimolar
amount of propane.

triene. This observation may be rationalized if one assumes that
the reactant is triplet methylene which prefers to abstract
hydrogen from propane rather than react with benzene.

The fact that biphenyl is formed is indicative of hydrogen
abstractions from benzene to yield phenyl radicals, An analysis
of the biphenyl produced in the reaction of carbon with benzene
and benzene-dg reveals biphenyl-do, -ds, and -d g in a ratio of
1:2:1. Similarly, an analysis of phenylcycloheptatriene reveals
an isotope distribution of dg:ds:dy of 1:2:1, the ratio expected
from the reaction of phenyl carbene with benzene.

In summary, atomic carbon reacts with benzene to produce
both carbenes 1 and 3 as primary products. An additional
C-Hg product is benzocyclopropene which may result from
rearrangement of energetic 1 or 2 or by a direct addition of
carbon to benzene. A competing process in the reaction of
carbon with benzene is a series of hydrogen abstractions to
generate methylene and methyl radicals which may react with
benzene to produce cycloheptatriene and toluene.
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Transition-State Binding Energies and the

Nature of the Reaction Coordinate in Inner-Sphere
Electron-Transfer Reactions: A Unified Approach
to Methyl- and Halogen-Bridged Reactions!

Sir:

While cobalt mediated methylations are of considerable
biological significance,? they present many puzzling
mechanistic features. This has even been the case for methyl-
transfer reactions between transition metals in aqueous solu-
tion.%* These reactions are best described as inner-sphere
electron-transfer reactions; yet they are orders of magnitude
slower than the halide or pseudohalide analogues. The common
mechanistic description of halide and methyl-bridged elec-
tron-transfer reactions has been particularly challenging since
the coordinated methyl group lacks a nonbonding pair of
electrons believed necessary for bonding to the reducing metal
in the precursor complex.?

Much of the advance in understanding of outer-sphere
electron-transfer reactions can be attributed to the systematic
separation of “intrinsic’, AG¥;, from free-energy, AG®, de-
pendent components of the reactivity.>8 A similar level of
understanding of inner-sphere electron-transfer reactions has
been difficult to achieve in large part because these factors are
much more difficult to separate. However, very recent work®
has shown that intrinsic factors can be systematically examined
for inner-sphere electron-transfer reactions in which the metal
centers are coordinated to macrocyclic ligands. In such cases
an inner sphere self-exchange reaction (a = b) can be investi-
gated (eq 1). Although the inner-sphere self-exchange rate

OHz 2+ X 24 X 24 OHz 24
—_—
o=
a b a b
OHz OHz OHz OH,

(1)

constants are ~107 timeslarger (X = Cl, Br, or N3) than the
corresponding outer-sphere self-exchange rate constant (i.e.,
AGi(IS) « AG;(08S)), the halide and pseudohalide-bridged
reactions still exhibit sensitivity to variations in structural
parameters.’

We have now used reactions of macrocyclic cobalt com-
plexes (1) to isolate the intrinsic reactivity factors for
methyl-bridged electron-transfer reactions.!® We find that for
these reactions AG;(IS, X = CH3) » AG;(IS, X = Cl, Br, or
Nj); see Table I. The ~10¢-fold slower methyl- than halide-
bridged self-exchange reactions are not easily rationalized in
terms of the simple reorganizational argument presented
previously 92.11.12

The reaction coordinate in the inner sphere electron-transfer
reactions involves bond breaking and should be described by
a potential energy function which takes this into account (e.g.,
a Morse function). This requires that the Co-X homolysis
energy be a factor in the mechanistic analysis, The consider-
ation of homolysis energies in addition to the usual kinetic
parameters permits a unified description of methyl- and ha-
lide-bridged electron-transfer reactions.
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