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Ion 1 reacts with either CO2 or SO2 to give a single product 
ion at m/z 75. We formulate a structure for this product as the 
2-silaacetate anion 3, which can be derived by a metathesis 
mechanism reminiscent of the Wittig reaction21 (eq 2). In 

C H 3 - S i - C H 2 + CO2 ? = * H3-Si-T-CH2 

anion (m/z 92) which undergoes a single H/D exchange on oxygen 
in subsequent encounters with the deuterated alcohol. Further
more, (CD3)2CDOD initially produces only the dideuterated anion 
(m/z 93), which undergoes no further exchange. 

The foregoing results illustrate the rich chemistry of di-
methylsilanone enolate. The full details of these experiments as 
well as additional results for other unsaturated group 4 anions 
will appear in future publications. 

Acknowledgment. B.S. F. acknowledges the National Science 
Foundation (CHE-8310039) for supporting the advancement of 
FTMS methodology. 

CH 3 -S i -O + CH2CO (2) 

contrast, acetone enolate undergoes no reaction with either CO2 

or SO2 under the low-pressure conditions of the FTMS and only 
slowly associates with CO2 at higher pressure in a flowing aft
erglow.22 As with 1, CH3SiO2" also fragments by methyl cleavage 
when collisionally activated, in this case forming SiO2" (m/z 6O).23 

Reactions of 1 with a series of Bronsted acids have been ex
amined in order to derive a quantitative measure of its basicity. 
From the observations summarized in Table I, we assign the proton 
affinity of 1 to be 366 ± 3 kcal/mol, which is slightly less than 
the measured value for acetone enolate of 368.8 kcal/mol.24 This 
observation is consistent with the relative acidity enhancements 
noted for other a-silicon acids.16,25 

Given that this proton affinity estimate is correct, we were 
surprised to discover that when 1 is allowed to react with either 
CH3OD, CH3CH2OD, or (CH3)2CHOD, no H/D exchange oc
curs in the anion. This is in striking contrast to acetone enolate, 
which undergoes five rapid H/D exchanges in the presence of each 
of these reagents.26 Consideration of the other ionic products 
from the alcohol reactions listed in Table I suggests a reason for 
the absence of exchange. Each of the alcohols bearing /3-hydrogens 
yields a product ion at m/z 91 which shifts to m/z 92 in the case 
of CH3CH2OD and (CH3)2CHOD. Moreover, benzyl alcohol 
and neopentyl alcohol, which do not possess /3-hydrogens, produce 
only products corresponding to addition with loss of methane. A 
unified mechanism that accounts for these results is shown in 
Scheme I. An endothermic proton transfer from alcohol to enolate 
initially occurs within the energy-rich collision complex (4 —* 5). 
With carbon enolates and deuterated alcohols, this is a reversible 
process which leads to H/D exchange.27 However, in the present 
case, the nascent alkoxide is irreversibly trapped by the formation 
of a strong silicon-oxygen bond28 in adduct 6. Subsequent de
composition of this intermediate occurs either by methane loss 
to give the observed silaester enolates (entries j and k, Table I) 
or by olefin cleavage to produce the silanone hydrate anion at m/z 
91. We view this latter process as occurring via a cyclic elimination 
mechanism (7 —* 8), similar to ester pyrolysis.29 The results for 
the deuterated alcohols offer strong support for this hypothesis. 
(CH3J2CHOD produces the carbon-deuterated silanone hydrate 
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Nickel has been identified as an integral component of hyd-
rogenases from a number of different microorganisms, including 
Chromatium vinosum,1 Desulfovibrio gigas,2 and several Meth-
anobacterium species.3,4 All of these enzymes also contain one 
or more Fe-S clusters, and the Methanobacterium thermoauto-
tophicum enzyme contains a flavin prosthetic group as well. 
Although the detailed nature of the active sites in these hyd-
rogenases varies among sources, they are all characterized by 
electron paramagnetic resonance (EPR) signals assignable to a 
Ni(III) site in some form of the enzyme. There is also evidence 
for two of the hydrogenases exhibiting magnetic interaction be
tween the Ni(III) site and one or more of the Fe-S clusters. In 
D. gigas, partial reoxidation of the H2-reduced enzyme generates 
an EPR signal with g' = 11.35 (at X-band)2 which is reminiscent 
of the "gl2" signal observed in some oxidized forms of cytochrome 
c oxidase. In the latter case, this signal has been suggested to 
arise from coupling of two paramagnetic centers (Fe03

3+ (S = 5/2) 
and Cu8

2+ (S = 1Z2)) resulting in a non-Kramers system.5 

We have initiated an X-ray absorption spectroscopic (XAS) 
study of the Desulfovibrio gigas enzyme. Our preliminary results 
reported here indicate that the nickel is reduced from Ni(III) to 
Ni(II) upon H2 reduction of the oxidized enzyme and that the 
ligands are bound to the nickel through sulfur atoms. 

The hydrogenase from Desulfovibrio gigas (grown on a medium 
described by LeGaIl et al.6) was purified by ion exchange chro
matography as previously described2 except that the crude extract 
was obtained by breaking the cells with use of a Gaulin Laboratory 
Homogenizer rather than with washing. The protein exhibited 
a single band on disc acrylamide gel electrophoresis.7 Hyd-
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Figure 1. Nickel K-absorption edge spectra for oxidized "as isolated" and 
H2-reduced D. gigas hydrogenase. The -2-eV shift indicates a decrease 
in the average nickel oxidation state upon H2 reduction. 

R + a (A) 
Figure 2. Fourier transform (k = 3.5-10.5 A"1, k* weighting) of Ni 
EXAFS of oxidized D. gigas hydrogenase. The dashed curve represents 
the filter window used to generate the data in Figure 3. The bold line 
is the extracted FT peak (i.e., product of window and FT). 

rogenase activity was determined by the H2 evolution assay8 with 
H2 determined by a Varian 4600 gas chromatography2 A typical 
yield from 4 kg of cells is 800 mg of pure hydrogenase with a 
specific activity of 400. Plasma emission spectroscopy with a 
Jarrell-Ash Model 750 Atomcomp was used to determine a nickel 
content of 0.73 g-atom of nickel per 89 500 g-atom of protein. 

The XAS data were collected at the Stanford Synchrotron 
Radiation Laboratory (SSRL) on the focused beam line II-2 under 
dedicated conditions (3.0 GeV, ca. 60 mA) with Si[220] mono-
chromator crystals. AU protein data were collected by fluorescence 
excitation with use of scintillation detectors9 and Co filters. In 
order to properly analyze the EXAFS data, two model compounds 
were examined. [Ni(mnt)2](«-Bu4N)2 and [Ni(mnt)2](n-Bu4N) 
(mnt = maleonitriledithiolate) were prepared by literature pro
cedures.10 XAS data were collected by standard transmission 
techniques on SSRL beam line VII-3 under parasitic conditions 
(1.9 GeV, ca. 15 mA) with Si[220] monochromator crystals. In 
all cases, internal calibration11 using a nickel foil standard yielded 
a 0.2-eV accuracy of the energy scale. 

The Ni K-absorption edge spectra of oxidized and H2-reduced 
D. gigas hydrogenase are shown in Figure 1. The main difference 
between the two spectra is the ca. 2 eV shift to lower energy of 
the H2-reduced edge compared to the oxidized edge. The two 
model compounds examined consist of Ni(II) and Ni(III) in an 
essentially square-planar NiS4 arrangement.12 The shift observed 
between the edges of these two compounds is also ca. 2 eV (not 
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Figure 3. First-shell EXAFS (solid line) extracted as shown in Figure 
2 and best fit (dashed line) for oxidized D. gigas hydrogenase. The fit 
corresponds to ca. 4.5 Ni-S interactions with R(Ni-S) = 2.20 A and Aa2 

= 0.0052 A2 (relative to [Ni(mnt)]-). 

shown). Our conclusion is that a substantial fraction of the nickel 
in the hydrogenase is reduced from Ni(III) to Ni(II) upon H2 

reduction. 
The Fourier transform (FT) of the Ni extended X-ray ab

sorption fine structure (EXAFS) data of the oxidized form of D. 
gigas hydrogenase (collected at ca. -60 0C) is shown in Figure 
2. The first shell peak was extracted and backtransformed by 
using a filter window represented by the dashed line in Figure 
2. Curve fitting of this filtered data was performed by using phase 
and amplitude functions derived from complex backtransforms13 

of the nickel model compounds.14 The resultant fit for oxidized 
D. gigas hydrogenase is compared to the filtered data in Figure 
3. Acceptable fits were only obtained by assuming a Ni-S 
interaction. The best fit Ni-S distance for both oxidized (Figure 
3) and H2-reduced enzyme (not shown) was found to be 2.20 (2) 
A. The coordination number calculated from the best fits is ca. 
4 for both enzyme derivatives. Although the observed data can 
be explained by assuming only Ni-S interactions, the presence 
of a smaller number of low atomic number scatterers in addition 
to the sulfur atoms cannot be completely ruled out. 

A nickel-containing hydrogenase from Methanobacterium 
thermoautotrophicum has recently been examined by XAS.15 

These workers observed Ni-S interactions in the oxidized form 
of this enzyme as well, raising the possibility that a common nickel 
active site structure exists in hydrogenases from different sources. 
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