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binding of the nucleophile to the acyl-enzyme, formation and
subsequent decomposition of the tetrahedral intermediate, and
product release.? The very fact that a substantial isotope effect
is observed in subtilisin-catalyzed transesterification | indicates
that the second step, namely, the abstraction of the proton from
the hydroxyl group of the nucleophile by the catalytic triad’s
histidine,!% is rate-limiting. Furthermore, since the magnitude
of the primary deuterium kinetic isotope effect is related to the
degree of proton transfer in the transition state,! the fact that
this parameter is the same within experimental error for the
subtilisin catalysis in different organic solvents (Table I) suggests
a marked independence of the transition-state structure for the
deacylation process on the nature of the reaction medium.

In order to test the generality of our findings with subtilisin,
we have applied the deuterium kinetic isotope effect approach to
transesterification | catalyzed by the lipase from Pseudomonas
Sfluorescens in acetonitrile and in cyclohexane. As can be seen
in the last two lines of Table I, for this (nonproteolytic) hydrolase,
the magnitude of the isotope effect is nearly the same in both
solvents, as is the case for the protease subtilisin. Therefore,
combined with the results of Hammett analysis of the acylation
of subtilisin,* the deacylation data obtained in this study support
the notion of great similarities in the mechanism of enzymatic
catalysis in different anhydrous solvents, whether the latter are
miscible or immiscible with water and regardless of their chemical
structure and physicochemical properties.
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Fischer carbene complexes! can be described as complexes of
singlet carbenes with transition-metal centers in which ¢-donation
from an sp? orbital is counterbalanced by w-donation into a vacant
carbon p orbital (Scheme 1).12 In the archetypical carbene
complexes of the group 6 metals, the carbene replaces an isolobal
CO in a zero-valent hexacarbonyl to give a complex [M(CO)s-
{C(ER, )R] (M = Cr, W: ER,, = heteroatomic substituent such
as an alkoxy or amino group; R’ = alkyl or aryl group) whose
reactivity is dominated by the electrophilicity of the carbenoid
carbon.! We recently became intrigued by the possibility that
the m-accepting ability of heteroatomic carbenes might be sufficient
to allow formation of stable complexes in which carbene ligands
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Scheme 1. Coordination of the Ligand in a Fischer Carbene
Complex?

9E =0, N, or S.

replaced a CO within a carbonylmetalate (such as [Cr(CO)s]*)
and by the further possibility that the increased back-donation
to the unsaturated carbon would then change the carbenoid carbon
into a nucleophilic center (similar to the unsaturated carbon in
a Schrock alkylidene complex®). We now report (Scheme 11)
that dianionic carbene complexes such as [Cr(CO)C(OMe)Phj)*
(1%) are synthetically accessible, and that the anticipated um-
polung* does induce a fundamentally new reactivity pattern.
The synthesis of 12~ utilizes a strategy similar to that which
we have used to prepare phosphine-substituted,’ arene-substituted,®
and cyclopentadienyl-substituted’ carbonylmetalates: one CO of
the neutral carbene complex [Cr(CO)s{C(OMe)Ph}] (2) is re-
placed with an alkylphosphine,® and the substituted complex is
reduced with an alkali-metal naphthalenide at -78 °C. Low-valent
Cr complexes with w-acceptor ligands tend to obey the 18-electron
rule, and we anticipated that electron transfer would lead to
phosphine loss and give a dianionic carbene complex.
Reductions utilized a mixture of cis- and trans-[Cr(CO),-
(PBu;){C(OMe)Phi] (3) prepared in 61% yield by PBu, substi-
tution of 2.2 Solution IR data suggested that potassium I-
methylnaphthalenide reduction (2.0 equiv of 2 0.2 M THF so-
lution) of 3 (0.62 g, 1.27 mmol in 30 mL of THF) at -78 °C
resulted in formation of the desired dianionic carbene complex,
since the carbonyl absorptions of the starting material at 2018
(s) and 1900 (vs) cm™! were replaced by absorptions at 1859 (s)
and 1737 (s, br)® cm™, consistent with the formation of a highly
reduced carbonyl complex. This dianion was isolated by addition
of 18-crown-6 (18-C-6) to complex the K* cation. After 12 h
at room temperature the solvent was removed under vacuum to
give a red oil, which solidified when washed with hexanes (2 X
30 mL). The solid was redissolved in THF (30 mL), and 60 mL
of hexanes was mixed with the solution to give a purple precipitate.
13C and '"H NMR spectra of the product!® could be obtained by
dissolving the purple solid in CD;CN at 240 K and recording
spectra of the solution at 243 K.!!  These spectra are consistent
with the proposed formulation of the reduction product as [Cr-
(CO){C(OMe)Ph}]? (1%) and include a '3C resonance at § 171.7
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(11) IR spectra of a cold (ca. 240 K) CH;CN solution of [K(18-C-6)],1
are very similar to those of a THF solution, with bands at 1850 (s) and 1720
(vs) em~'. NMR spectra were recorded at 240 K because the complex un-
dergoes a reaction or isomerization in CH,;CN at room temperature to gen-
crate two new species with bands at 1890 (s) and 1755 (s) cm=! and at 1860
(s) and 1720 (vs) cm™!. When CD,CN solutions of [K(18-C-6)]y1 are
warmed above 240 K, changes in 'H and ¥C NMR spectra are observed
which correlate with the changes in the IR spectra.
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assigned to the carbenoid carbon. This is above the usual range
for Fischer carbene complexes!? (cf. § 352.2 for the carbenoid
carbon in 2), as might be anticipated for an extremely electron
rich carbene complex.!* There is also a single carbonyl resonance,
consistent with 12~ having a low barrier to rearrangement within
a fluxional five-coordinate geometry.'?

A crystalline salt of 1>~ was obtained by redissolving the purple
solid in THF (50 mL) and concentrating the filtered THF solution
to give dark purple rectangular cubes of analytically pure [K-
(18-C-6)],[Cr(CO)4C(OMe)Phj]'6 ([K(18-C-6)]1.,0.59 g, 0.66
mmol = 52%). These crystals would not redissolve in THF, but
when dimethoxyethane (DME) was added the resulting solution
had an IR spectrum with bands at 1860 (s) and 1730 (vs br) cm™
similar to those of the freshly reduced THF solution and of the
Nujol mull of the crystals.®!¢ This confirmed the identity of the
crystals.

The dianion 1% is the most highly reduced carbene complex
reported to date. The only previous report of carbene complexes
of a metal in a negative oxidation involved direct alkali-metal
reduction of Fisher carbene complexes.!”” Reduction of 2, for
example, results in one-electron reduction to give unstable [Cr-
(CO)s{C(OMe)Ph}]™ (27). but does not lead to addition of a second
electron,'” presumably because the m-acceptor CO ligands are
tightly bound (this emphasizes the importance of the non-r-ac-
ceptor PR, ligand in the reduction of 3). Winter has also reported
the reduction of iodide-substituted carbene complexes: this led
to highly rcactive anionic carbene complexes of the type [M(n-
C;H;)(CO),(CRR)]™ (M = Mo, W), containing zero-valent
metals. '

As anticipated, w-back-donation from the highly reduced metal
center in 1>~ renders the unsaturated carbon nucleophilic, as
established by the reaction of K,-1 with CO,. This electrophile
was selected because CO, is not prone to single electron transfer
reactions with highly reduced transition metal complexes,!? and
we have obscrved that cxcess CO, reacts readily with a solution
of 12~ (prepared from 0.72 g, 1.48 mmol of 3) at =78 °C. The
solvent was removed under reduced pressure and CH,OH added
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to the washed (hexanes) orange residue to give a white solid and
an orange solution. The solid was collected by filtration to give
0.35 g (1.22 mmol = 82%) of spectroscopically pure K,[Ph-
(MeO)C(CO,),] (K»4).2 This material was characterized by
a conventional diazomethane esterification of the freshly prepared
acid to give Ph(MeO)C(CO,Me), (5)*! in 85% yield after
chromatography. Neither K,4 nor 5 has been previously reported,
and methoxy-substituted malonates and malonate esters would
be difficult to synthesize by conventional deprotonation of ma-
lonate diesters.

The biscarboxylation of 12~ is unique, but the mechanistic details
of the reaction remain unclear. The reaction most probably
involves an initial carbon dioxide/carbene coupling similar to that
reported by Bergman?? (in which CO, addition to an electron-rich
iridium methylidene complex leads to a metalloheterocycle), but
in our system the initial coupling product is still so electron rich
that the carbenoid-derived carbon adds a second CO, to form a
second C-C bond. A second model for the initial CO, addition
comes from Fischer's report of metalloheterocycle formation by
CO, addition to an anionic carbyne complex.??> The only other
report of a reaction of CO, with a carbene or alkylidene complex
involves a reaction manifold complementary to that in Scheme
IT: Schrock has briefly stated that [Ta(=CHCMe,)(CH,CMe,),]
gives bis-tert-butylallene with CO,?* in a reaction that is probably
driven by the oxophilicity of the high-valent Ta.

Our observation that 1" is synthetically accessible and can be
biscarboxylated significantly extends the known reactivity of
Fischer carbene complexes. The carboxylation is an interesting
addition to the reactions of carbene complexes with potential
applications in organic synthesis,”® and we have already established
that K;4 can be prepared from readily available 2 in a single pot
(without isolation of 3) in good (53%) overall yield. The synthetic
implications of this reaction are currently being explored in our
laboratories.
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