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Approaches to Homogeneous Reduction of 
Carbon Monoxide. 2. Reactions of (jjs-CsHs)2NbH3 with 
Metal Carbonyls: Selective Reduction of CO to Ethane 

Sir: 

A potential route to homogeneous CO reduction involves 
initial C-H bond formation by attack of a nucleophilic tran
sition metal hydride on an electrophilic metal carbonyl.1 We 
have previously reported that the reaction of (^-C5Hs)2NbH3 
(I) with Fe(CO)5 yields an intermediate with a new C-H 
bond,2 although the final product, (r/5-C5H5)2(CO)Nb(ju> 
H)Fe(CO)4 (II),4 does not contain reduced CO.5 We have 
extended this study to include other metal carbonyls and find 
that, in certain cases, product-selective alkane formation can 
be observed under very mild conditions. 

I reacts with several first-row binary metal carbonyls under 
Ar in benzene solution to give organometallic products ac
companied by hydrogen evolution. The rate depends signifi
cantly on the identity of the metal carbonyl, exhibiting an in
teresting correlation with position in the periodic table. The 
approximate times for complete reaction6 and organometallic 
products for each carbonyl follow. Cr(CO)6, 2 h, 45 0C, 
(775-C5Hs)2NbH(CO) (III); Mn2(CO)10, 30 min, 40 0C, III; 
Fe(CO)s 20 min, 25 0C, II; Co2(CO)8, instantaneous, 25 0C, 
(T)5-C5H5)2(CO)Nb(M-CO)Co(CO)3 (IV).7 The significance 
of the trend in reactivity is not clear; IR stretching frequencies 
for these carbonyls8 do not indicate any substantial changes 
in CO electrophilicity (such as in going from III to Fe(CO)5, 
for example2) which would be expected to affect reactivity.9 

No organic products can be detected in solution or in the gas
eous phase. 

When the reaction of I with Cr(CO)6 is carried out under 
an atmosphere of H2 instead of Ar, disappearance of I proceeds 
at roughly the same rate. However, large amounts of dark 
precipitates form (only traces are observed under Ar) and the 
yield of III is lowered considerably. The solids are soluble only 
in mineral acids and thus appear to consist of metal oxide 
species. The gas phase, sampled after 3 h or longer, contained 
ethane in ~10% yield (based on Nb). Only traces (=£1% yields) 
of methane, ethylene (but see below), and propane could be 
detected.10 The reactions of I with Cr(12CO)6-XC 3CO)* leads 
to l3C-labeled ethane.1' For all the other metal carbonyls listed 

above, no difference in reactivity or products was found for 
reactions under H2 compared with under Ar. 

The selective formation of a C2 hydrocarbon is highly sig
nificant; with few exceptions, hydrocarbon formation from CO 
is generally selective for methane or else not very selective at 
all. It is notable that the reaction OfAlH3 with group 6 metal 
carbonyls is selective for C2, but the major product is ethylene 
(C2H4IC2H6 ~ 95:5). A mechanism involving a carbenoid 
intermediate was proposed.13 The observation here of a C2 
product with a group 6 metal suggests possible mechanistic 
similarity: i.e., that C2H4 is the initial product (either free or 
complexed) which is efficiently hydrogenated by the system 
involving I but not by AlH3. In fact, when the gas phase is 
monitored during the course of the reaction,14 ethylene com
prises a substantial fraction of the C2 product during early 
stages. (In a typical run, the ratio of C2H4/C2H6 was 0.23 after 
1 h, 0.09 after 2 h, 0.006 after 5 h.) Similarly, if 1 equiv of 
C2H4 is added to the original reaction atmosphere, it is grad
ually hydrogenated during the reaction. The fact that hydro-
genation continues after all starting material is consumed in
dicates that the reaction byproducts are responsible for cata
lytic hydrogenation.15 Furthermore, when I and Cr(CO)6 are 
reacted under D2 the ethane contains zero, one or two deute
rium atoms per molecule;10 this would be consistent with a 
mechanism where in C2H4 is formed initially using only hy
drogen derived from I, while hydride derived from atmospheric 
D2 becomes involved only in the subsequent hydrogena
tion.17 

Reaction of I with Cr(CO)6 under a mixed H2-CO atmo
sphere does not lead to any catalysis; instead (as with H2-
C2H4)15 formation of ethane and insoluble metal oxides are 
both suppressed, and III is formed nearly quantitatively.17 I 
reacts with Mo(CO)6 and W(CO)6 in similar fashion (com
parable rates and precipitate formation), but with notable 
differences: the gaseous products (in trace amounts only) are 
methane for Mo and a mixture of methane and ethane for W; 
the soluble organometallic product in each case is clearly not 
III but appears to be a bimetallic species.20 

Catalytic CO reduction does not appear to be possible with 
this combination of reagents, because of both the tendency to 
form unreactive III and the formation of metal oxides rather 
than free H2O from the O atom. However, the selective for
mation of ethane under conditions where the metal hydride 
species is potentially stable to CO reduction products1 offers 
encouragement for further studies along these lines. 
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Evidence for an Intermediate in Nucleophilic 
Substitution of a Thiamin Analogue. Change from 
First- to Second-Order Kinetics in Sulfite Ion 

Sir: 

A hallmark reaction of thiamin (I) is nucleophilic substi
tution by sulfite ion. We recently provided kinetic evidence to 
show that this process takes place not by an S N 2 but rather by 
a multistep process:1 sulfite ion adds to protonated substrate 
which then eliminates the leaving group (L = a thiazole) to give 
a resonance stabilized carbocation intermediate III.2 Addition 
of a second sulfite ion to III followed by expulsion of the first 
gives product. For thiamin this sequence is first order in sulfite 
ion, reactions of the intermediate taking place after the rate 
limiting step (Scheme I). 

Now we provide evidence to show that an analogue of 
thiamin undergoes nucleophilic substitution by a similar 

Scheme I 

N ^ : H2L 

J G+ 1,1,12 

NH-
N ^ r C H 2 S O g 

C H ^ N f 

K1 S O 3 

WZ. , ^2 S 0 3 NHo 
N^VCH 2 L K2 ^ N ^ f C H 2 kg ^ ^ H 2 S O ^ , 

CH^N^Q^ k-2 c4 j rS05 C H W ^ 5 5G 

in 

1,O = H, V T _U? 11,G=CH3, L = 
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Table I. Apparent Second-Order Rate Constants for Substitution 
of II by Sulfite Ion at 25.0 °C and 1.0 Ionic Strength" 

104[II]0, 
M 

0.18 
1.87 
1.85 
2.00 

102[SO3
2-] 

M 

9.80 
9.53 
9.40 
4.86 

free,* 104[4-th iopyridone]tot/ 
M 

3.66 
7.24 
8.10 

103fc, 
M-' 
s-irf 

8.50 
3.99 
2.79 
1.65 

" At pH 9.41 ± 0.02. Reactions followed at 260 nm. * Calculated 
using P^3 = 6.59 (1.0 ionic strength). c May be converted into the 
concentration of anion using pK2 = 8.66 (1.0 ionic strength). 
d fcobsd/[S032-]free. 

pathway and that reaction of the second sulfite ion may be rate 
limiting. 

Substrate II has a methyl group bonded to nitrogen (G = 
CH3) instead of a proton.3 The leaving group is the anion of 
4-thiopyridone. At low substrate concentration (Table I), the 
rate of substitution is first order both in substrate and in sulfite 
ion. Either at high substrate concentrations or when leaving 
group is added at the start, the rate is retarded.4 Adding more 
thiolate ion at the start leads to progressively larger retarda
tions, as much as a 5.2-fold reduction in the apparent second-
order rate constant, ^0bsd/[S032_]free (Table I).5 

The hetarenethiolate ion leaving group is a powerful 
nucleophile and competes with sulfite ion for intermediate. 
That is, formation of intermediate becomes reversible and its 
capture by a second sulfite ion becomes rate limiting. The 
equation expressing the pseudo-first-order rate constant for 
such a sequence may be rearranged to produce eq 1 which is 
linear. 

[SQ3
2-] f_ * - , * - 2 [ L ] f 

*obsd M 2 ^ 3 [ S O 3
2 - ] + : + k2 

k,k 1*2 
U) 

Figure 1 shows a plot of the results in Table I in the form of 
eq 1. As required by our mechanism, this plot indeed is linear. 
Moreover, the slope to intercept ratio is a quantity of some 
significance, being the ratio of the rate constants expressing 
the ability of thiolate and sulfite ions to compete for interme
diate III. Thus, the anion of 4-thiopyridone traps intermediate 
250 times faster than sulfite ion.6 

The good fit of our results to eq 1 allows us to reach another 
conclusion: thiolate ion does not add in significant amounts to 
C6 of II. Hence, thiolate ion successfully competes with sulfite 
ion for intermediate but not for aromatic substrate, reflecting 
a difference in kinetic and equilibrium affinities. Such an 
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