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Scheme II. In summary, this study has provided another striking
example of the unique capabilities of chiral transition-metal centers
in stoichiometric asymmetric synthesis and foreshadows a much
broader range of reactions that will be possible with (n-CsH;)-
Re(NO)(PPh,) systems.
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The addition of element-to-hydrogen bonds to alkenes is a
fundamental step in many catalytic and stoichiometric trans-
formations.! The synthetic utility of this general reaction type
is exemplified by the hydroboration® and hydrozirconation® re-
actions. Here we report that the bridging iron-methylidyne
complex [cis-Cp,Fey(CO),(u-CO)(u-CH)]*PF, (1)* (Cp = 7-
CsH;) reacts with a variety of alkenes to add the methylidyne
carbon-hydrogen bond across the carbon—carbon double bond.
This “hydrocarbation” reaction provides an unprecedented method
for carbon—carbon bond formation. Metal-bound methylidyne
ligands have been proposed as intermediates in the catalytic re-
duction of CO,* and addition of a methylidyne C-H bond to an
alkene is a potential homologation step in these processes.

The cationic iron-methylidyne complex 1 can be viewed as a
relatively stable secondary carbonium ion stabilized by electron
donation from the two iron centers.5 Complex 1 is synthesized

t National Science Foundation Postdoctoral Fellow.
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from the bridging methylene complex Cp,Fe,(CO),(u-CO)(u-
CH,)*7 by hydride abstraction with (C¢H;);C*PF,~ and is con-
sequently a more stable cation than the triphenylmethyl cation.
In spite of its relative thermodynamic stability, the methylidyne
complex 1 is a very reactive electrophile and forms stable adducts
with N(CH,);, (CH3);CO", and CO by addition of the nucleophile
to the methylidyne carbon”™? as well as reacting with alkenes as
described here.

When a slurry of the red iron-methylidyne complex 1 in CH,Cl,
was stirred under an ethylene atmosphere and warmed from -78
°C to room temperature, a maroon crystalline product was formed.
Evaporation of solvent in vacuo followed by recrystallization of
the product from acetone-ether gave the propylidyne complex
[¢is-Cp,Fey(CO),(u-CO)(u-CCH,CH3)1*PF, (2) in 65% yield.>10
The spectroscopic properties of 2 are comparable to those of related
cationic iron carbyne complexes which were first prepared by
Nitay et al.6

The reaction of 1 with excess ethylene in CD,Cl, at =20 °C
was monitored by 'H NMR spectroscopy. The time for 50%
conversion of 1 to 2 was approximately 15 min at -20 °C, and
no detectable intermediates or side reactions were noted. Fur-
thermore, we have never observed further reaction of alkenes with
the alkylidyne hydrocarbation products (vide infra).!! Thus, the
methylidyne C-H bond of 1 has unique reactivity not possessed
by the C—CH,CH, bond of 2; similar observations have been made
in the cases of hydroboration and hydrozirconation.??

The reaction of 1 with CD,=CD, (>95% deuterated) in
CD,Cl, gives 2-d, in which >90% of the proton originally bonded
to the methylidyne carbon of 1 has been delivered to the methyl
group of 2-d, as determined by 'H NMR spectroscopy.!? This
establishes that 2 is formed by 1,2-addition of carbon and hydrogen
to ethylene and rules out the possibility that 2 arises by electrophilic
addition of 1 to ethylene followed by two sequential 1,2 hydrogen
shifts in an intermediate such as I.
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Complex 1 reacts with propene and isobutylene regiospecifically
to add the electron-deficient carbon of 1 to the least substituted
carbon of the alkene and the hydrogen to the most substituted
alkene carbon. Thus, the regiochemistry of C-H addition to
alkenes in hydrocarbation is the same as that observed for B-H
addition in hydroboration reactions.> Reaction of 1 with propene
and isobutylene gave [cis-Cp,Fe;(CO),(u-CO)(u-
CCH,CH,CH;)]*PF¢" (3) and |{cis-Cp,Fe,(CO),(u-CO)[u-
CCH,CH(CH,),}}*PF¢~ (4) in 72% and 70% isolated yields,
respectively.1?b

The reaction of 1 with 2,3-dimethyl-2-butene gives {cis-
Cp,Fe,(CO),(u-CO) [u-CC(CH,),C(CH,),H*PFs” (5) in 74%
yield.'* The 13C chemical shift of the bridging carbyne carbon
of §is 6 526.4 and is the lowest field 1*C chemical shift reported
for a diamagnetic complex. The formation of § again demonstrates
that hydrocarbation involves a 1,2-addition of a C-H bond across
an alkene and shows that hydrocarbation of sterically crowded
alkenes is possible.

In an attempt to determine the stereochemistry of hydro-
carbation, we examined the reaction of the methylidyne complex
1 with 1-methylcyclohexene. However, we were surprised to find
that none of the expected hydrocarbation product 6 was obtained.
Instead, a complex rearrangement occurs to give the cationic
u-vinyliron complex [cis-Cp,Fe,(CO)y(u-CO)(trans-u-CH==
CH—C(CH;)CH,CH,CH,CH,)]*PF,” (7). Variable-tem-
perature 'H and 3C NMR studies establish a fluxional process

in which the u-vinyl group migrates from one iron center to the
other.!’
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(m) em™.. Anal. Calcd for C, H,;05PF¢Fey: C, 43.48; H, 4.00; P, 5.34.
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The ring contraction to give 7 is reminiscent of carbonium ion
skeletal rearrangements'é and might proceed via the intermediate
carbocation II. Thus carbon—carbon bond migration in IT would
lead directly to the #-bonded u-vinyl cation 7. It seems unlikely
that a similar cation (I) could be involved in the hydrocarbation
of ethylene, since this would involve formation of a primary
carbonium ion center. Moreover, if the addition of 1 to 2,3-di-
methyl-2-butene to give § proceeded through a cation, then
products arising from methyl group migration might have been
expected but were not observed.

One possible mechanism for hydrocarbation is concerted 1,2-
addition of the methylidyne C-H bond to the alkene proceeding
via a four-center transition state in which the C-H bond is aligned
along the C==C bond of the alkene as in ITL.Y” For alkenes such
as ethylene, propene, 3,3-dimethyl-1-butene, styrene, isobutylene,
and 2,3-dimethyl-2-butene where the least substituted carbon of
the alkene is symmetrically substituted, we have seen clean hy-
drocarbation. However, for 1-methylcyclohexene and other al-
kenes,'” which are unsymmetrically substituted at the least sub-
stituted carbon of the alkene, a carbocation-like rearrangement
to give u-vinyl products was observed. Possibly, unsymmetrical
substitution sterically interferes with the alignment of the C-H
bond along the C==C bond, which is required for hydrocarbation,
and reaction occurs via a conformation in which the C-H and

==C bonds are not aligned. This could lead to the formation
of a cation such as IT and the observed rearrangement product
7.

We are continuing to examine the mechanistic features of this
hydrocarbation reaction and the competing rearrangement pro-
cesses. Whatever the mechanistic details, the feasibility of formally
inserting an alkene into 2 C-H bond has been demonstrated, and
many significant parallels to hydroboration chemistry have been
established.
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