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Introduction 
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(dimethylglyoximato)cobalt (or cobaloxime). They find, that 
with an axial tri-n-butylphosphine base, the pKa for trans­
formation of H(Co)B to (Co)B - is ~10.5 in 50% aqueous 
methanol (eq 1). 
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weak.34 While we have been unable to isolate a suitable sample of this 
complex for x-ray structural studies, the Co-OH2 bond in Co([14]tetra-
eneN4)(OH2)2

2+ is about 0.15 A longer, and presumably weaker, than the 
Co-OH2 bond in Co([14]tetraeneN4XOH2)CH3

2+.14'34 
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These two cobalt complexes are capable of independent 
existence and reactivity. For example, at pH ^ l 1 reaction with 
C H 2 = C H X (X = CN, CO2R, etc.; B = py) produces 
XCH 2CH 2Co(dmgH) 2B, whereas in neutral solution 
CH3CH(X)Co(dmgH)2B is formed.2-3 Similarly phenylac-
etylene reacts with DCo(dmgH)2py to give stereospecific cis 
addition (eq 2), in contrast to the trans addition of the nu-
cleophilic cobalt(I) anion.4 

The deuterated complex, prepared from B D 4
- + 

ClCo l n(dmgH)2py in MeOH, not MeOD, nevertheless 
transfers D to the organic substrate in reaction 2. This estab-
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PhC^CH + DCo(dmgH)2py 
MeOH 

> 
pH7 

H Ph 

ET X(Co)py 

H Ph 

K (Co)py 
(2) 

lishes that exchange of hydrogen bound to cobalt with the 
acidic proton of the methanol solvent occurs more slowly than 
does the overall chemical reaction under these approximately 
neutral conditions. 

We are concerned here with the acidity of hydrogen bound 
to cobalt, and more directly in the present paper with the 
mechanism of evolution of molecular hydrogen and formation 
of cobalt(II) cobaloxime as in eq 3. This equilibrium is drawn 
to completion at high [H+] owing to the very rapid5 conversion 
of the cobalt(II) cobaloxime to Co a q

2 + and free H2dmg. 

2HCo(dmgH)2P(n-Bu)3 ^ H2 

+ 2Co(dmgH)2P(«-Bu)3 (3) 

The purpose of this work is to study the mechanism of this 
reaction, by determining both the rate expression for disap­
pearance of the hydride complex and the isotopic composition 
of hydrogen evolved from protiated starting material upon 
reaction in deuterated solvent. 

Three studies in the literature bear on the mechanism of 
reaction 3: (1) Tackett, Collat, and Abbott6 have studied the 
rate of decomposition of Bi2s, cobalt(I) cobalamin, or, in 
strongly acidic solution, hydridocobalamin, by virtue of a 
protonation equilibrium analogous to eq 1 but with pKa ~ 1 ;7 

(2) DeVries8 and Burnett, Connolly, and Kemball9 have 
measured the forward and reverse rates of reaction for the 
pentacyanocobalt complexes HCo(CN)s 3 - and Co(CN)5 3 - , 
analogous to the cobaloximes of reaction 3; (3) Simandi et al.10 

have determined the rate of reaction of cobalt(II) cobaloxime 
with H2 in aqueous methanol solutions containing pyridine. 

The most fundamental of questions concerning the overall 
transformation of the hydrido complex shown in eq 3 is whether 
a so-called hydrogen atom transfer or one-electron pathway 
is preferred, in which case "direct" formation of H 2 from a 
bimolecular reaction between two molecules of the hydride is 
expected, or whether a hydride transfer or two-electron 
pathway ( H - —• H + ) is preferred. In the latter case a Co(III) 
complex would be formed as a reaction intermediate and would 
react in a subsequent rapid reaction." The first of these 
mechanisms corresponds to reaction 3 being an elementary 
step, and we show the essence of the second in eq 4 and 5. 

HCo(dmgH)2PBu3 + H 3 O + 

— H2OCo(dmgH)2PBu3
+ + H 2 (4) 

HCo(dmgH)2PBu3 + H2OCo(dmgH)2PBu3
+ 

— 2Co(dmgH)2PBu3 + H 3 O + (5) 

Experimental Section 

Materials. Chloro(tri-n-butylphosphine)cobaloxime was prepared 
by Schrauzer's general procedure.12 The reduced cobaloxime 
(Co(dmgH)2B~ and/or HCo(dmgH)2B, depending on pH) was 
prepared by reduction of ClCo(dmgH)2P(«-C4H9)3 with sodium 
borohydride under an atmosphere of nitrogen purified by passage 
through a scrubbing tower containing Cr(II). For kinetic experiments 
the complex was prepared in solution by reduction with a roughly 
equimolar quantity of borohydride at ~10 - 4 M OH - in 40% metha-
nol-water. 

The solid hydrido complex, HCo^iTIgHhP(H-C4Hg)3, was pre­
pared for use in the isotopic labeling experiments by the published 
method,' with an additional rapid washing of the solid by oxygen-free 
1 M perchloric acid to decompose any borohydride possibly remaining. 

The solid was then quickly filtered and dried under vacuum for 1 h, 
and used the same day for the isotopic determinations. 

Deuterated methanol-*/) (CH3OD) was prepared from D2O and 
solid sodium methoxide, and was collected by distillation. Its purity 
was confirmed by an NMR measurement. 

Methods. The kinetic runs were monitored by following the decrease 
in concentration of HCo(dmgH)2P(«-C4H9)3 at its absorption 
maximum at 610 nm (e ~1 X 104 M - 1 cm -1). Depending upon the 
anticipated reaction rate, this determination was made using a Cary 
14 recording spectrophotometer or a Canterbury SF-3A stopped-flow 
spectrophotometer. The reaction was initiated by mixing with a dilute, 
oxygen-free solution of perchloric acid. 

The isotopic composition of the hydrogen gas evolved from de­
composition of HCo(dmgH)2P(n-C4H9)3 in MeOD/D20 was de­
termined mass spectrometrically.13 The freshly prepared solid hydride 
was placed in the side arm of an evacuable vessel containing 
MeOD/D20 in the main chamber and dilute HCIO4 in deuterated 
solvent in the other. (Although HCIO4, not DClO4, was used, the mole 
fraction of acidic protio hydrogen is so low, <0.01, that the solvent 
and acid are effectively all deuterated.) Depending on the purpose of 
the experiment at hand, the complex was either first dissolved with 
stirring in the neutral solvent, followed by addition of D+ from the side 
arm, or else this order of addition was reversed. The solution was then 
frozen in liquid nitrogen and the noncondensable gases were allowed 
to flow into the mass spectrometer. The ion currents for H2+, HD+, 
and D2+ were recorded and corrected for background contribu­
tions. 

Results 

Kinetic Determinations. The pattern of kinetic behavior in 
many experiments proved to be complex, although in some 
circumstances, notably a low concentration of hydridocob-
aloxime and high [H+ ] , 4.6 X 1(T5 M cobalt and >0.02 M H + , 
the kinetics during the larger part of each run conformed to 
the simple pseudo-first-order rate expression 

-d [H(Co) ] /d /= Zt1[H(Co)] (6) 

Values of k\ were computed from the absorbance (D) 
readings by a standard plot of log (D, - Z)„) vs. time. The rate 
constant was determined over a modest range of concentrations 
and ionic strengths, and proved to be independent of these 
variations, the average value being ^i = 6.4 ± 0 . 3 X 1O - 3 S - 1 

at 25.0 0 C. 
The complications became apparent from the analysis of 

data in this range of [H+] for runs with higher initial concen­
trations of the hydrido complex, as well as in all the runs at 
[H+] <0.02 M. The attempted pseudo-first-order rate plots 
were curved upward at the start of each run, although in most 
cases (except at the very lowest [H + ] , <0.007 M) the latter 
20% or so of reaction again followed a linear relationship be­
tween log (D, - D„) and time, with the same (±10%) limiting 
rate constant, ~6.4 X 1O-3 s - 1 , as in the family of runs which 
followed pseudo-first-order kinetics throughout. This suggested 
to us that a mixed first-order and second-order rate expression 
was needed to describe the kinetics over the entire range: 

-d [H(Co) T ] 
df 

= * I [ H ( C O ) T ] + * 2 [ H ( C O ) T ] (7) 

where the designation [H(Co)T] is used to indicate the sum of 
the concentrations of two forms of the hydridocobaloxime as 
shown in the equilibrium 

HCo(dmgH)2P(«-C4H9)3 

Ku 
+ H + ^ = ± HCo(dmgH)(dmgH2)P(n-C4H9)3

+ (8) 

Confirmation of eq 7 is found in the plots of log (rate), vs. 
log [H(Co)j] , • The "rate" was evaluated at various intervals 
during the run as A(D)/2At, and the concentration used was 
that of the hydride complex at the midpoint of that interval. 
Two runs are shown14 in Figure 1, both at 0.0755 M H + , the 
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Table I. Kinetic Data" for Mixed First-Order-Second-Order 
Kinetics 

Time, s (A)* (eay 

0 
8.4 

12.4 
16.4 
20.4 
24.4 
28.4 
32.4 
36.4 
40.4 
44.4 
48.4 
52.4 
56.4 
60.4 
64.4 
68.4 
72.4 
76.4 
84.4 
92.4 

100.4 
108.4 
124.4 
144.4 
152.4 

1.331 
1.105 
1.010 
0.950 
0.875 
0.820 
0.768 
0.722 
0.678 
0.640 
0.605 
0.575 
0.543 
0.516 
0.490 
0.470 
0.448 
0.429 
0.410 
0.377 
0.347 
0.320 
0.296 
0.260 
0.220 
0.210 
0.031 

1.000 
0.871 
0.815 
0.785 
0.740 
0.710 
0.680 
0.654 
0.628 
0.607 
0.587 
0.572 
0.551 
0.535 
0.520 
0.510 
0.497 
0.487 
0.475 
0.457 
0.439 
0.423 
0.408 
0.391 
0.366 
0.365 

" In 40% CH3OH-H2O at 25.0 0C with [H(Co)T]o = 7.38 X IO"5 

M. [H+] = 0.0755 M, ionic strength 0.0755 M. * Absorbance read­
ings at X 610 nm in a cell of 2.00 cm optical path. c a = In [(A -
D„)/(D0 - £>„)] + kit, calculated using A:, = 6.4 X 10~3 s_1. 

one with [H(Co)T]o = 7-38 X 1(T5 M, the other with 
[H(CO)T]O = 1.6 X 10-5 M. For purposes of comparison lines 
of slopes 2 and 1 are shown, and it is readily seen that the ap­
parent reaction order progresses between these limits as ex­
pected for a reaction following eq 7. 

The existence of the equilibrium shown in reaction 8, and 
the value KH = 1.3 X 10 2M - ' , are justified from the kinetic 
data, as indicated later. For the moment, however, we can 
analyze the kinetic data according to eq 7, using a constant 
value of 6.4 X 10 -3 s_1 for Ac1 and computing a value for Ac2. 
(The ultimate data analysis is such that Ac1 should in fact be 
a function of [H+], and therefore vary from run to run, as in 
the expression k\ = Aci°[H+]/(l -I- KH[H+]). In some runs 
^ H [ H + ] » 1, such that Ac1 ~ Ac1

0/A:H, independent of [H+]; 
in others at lower [H+], <0.02 M, the k2 term becomes so 
dominant that the k\ term is of minor importance.) 

Integration of the rate expression in eq 7 yields 

[[H(Co)x]0(Aci +Ac2[H(Co)x]) 

[[H(Co)xKkI+/C2[H(CO)T]O). 
which, after expression in terms of absorbance readings, can 
be rearranged to 

In = ktt (9) 

exp In D1 - Z ) . 
D0-Dx 

+ k\t\ = exp a = 

+ • 

*,+ *2[H(Co)T]o 
MH(Co)xJ0(D, - D.) 

(10) 
(Ac1 +k2[H(Co)T]0)(D0-D„) 

such that the plot of the left-hand side vs. D1 - Z) „ is linear. 
The value of Ac2 is calculated from the relation 

_ (slope)(Ac1)(Z)0-Z)m) 
(intercept) [H(Co)T]o 

Data for a particular run are shown in Table I, with the cor­
responding kinetic plot given in Figure 2. For this run as well 

* ? = • (H) 

IO 
O 

40 

20 

IO 
8 

6 

4 

2 

8 

.6 

.4 

I I I I I I I 

_ Slope = 2, Second order 
Rx Qt high [H (Co)K 

— F 

— Slope - I o / »T 
First order Rx <y •/ 
at low [H ( C o ) P ^ / . y 

i i i i i i i 

I I 

-

-

I I 
.2 .4 .6 .8 I 2 4 6 8 IO 

I05[H (Co)]t/M 

Figure 1. Log-log plot of average reaction rate, expressed as A absorb-
ance/2A time, with the mean concentration of hydridocobaloxime in the 
interval over which the rate was evaluated. The two runs have [H+] = 
0.0755 M, with initial concentrations of 7.38 X 10"5and 1.63 X 10"5M 
HCo(dmgH)2P(H-C,,H9)3. (The absorbances were measured in cells of 
2- and 5-cm optical path, respectively, which accounts for a factor of 2.5 
difference in the rate of absorbance change between runs.) 

a 

Figure 2. Plots for mixed first-order and second-order kinetics according 
to eq 10 for the data of Table I; the line shown yields ki = 240 M -1 

s-1. 

as all the others, the data were fit quite well by the rate law eq 
7. An alternative method based on a nonlinear least-squares 
computation15 was used to analyze the kinetic data according 
to the expression of eq 12, fitting absorbance readings as a 
function of time to the relation given, calculating k2 with Ac1 
fixed at the desired value. 

D1 = D0 + 
(Ac1+Ac2[A]0)[exp(Ac2f)-I](Z),-Z)0) 

(*,+Ac2[A]0) exp(* 20-*2[A] 0 

(12) 

Both methods gave comparable results. The graphical treat­
ment for the run shown in Figure 2 gave Ac2 = 2.40 X 102 M - 1 

s_1, and the computer calculation with the value of Ac i fixed 
at 6.4 X 10~3 S-1 gives Ac2 = 2.46 ± 0.04 X 102 M- ' s~!. 
Similarly good agreement was obtained in all other reactions. 
The case shown is one for which both the first-order and sec­
ond-order terms contribute appreciably, and the value of Ac2 
was dependent upon the choice of Ac1. The first-order kinetic 
term becomes of declining importance at lower [H+], and al-
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Table II. Kinetic Data" for Reaction of Hydridocobaloxime 
According to the Equation -d[H(Co)T]/dr = fci[H(Co)T] + 
^2[H(Co)1]

2 

001 002 003 005 0.075 0.10 

[H*] / M 

Figure 3. Hydrogen-ion dependence of ki shown in the linear variation 
of 1/(A2)'/

2 with [H+] according to eq 13. 

though our ultimate formulation leads us to expect that k \ will 
decline with decreasing [H+] as [H+]/(l + 130[H+]), the 
choice of the k\ value becomes immaterial at low [H+]. At 
0.0189 M H+, for example, the values of Id^k2 are 5.12, 5.19, 
and 5.38 M - 1 s_l for respective values of 103A;] = 5.5, 4.0, and 
Os-1. 

The values of k2 for each experiment are summarized in 
Table II, and we wish now to formulate its functional depen­
dence upon [H+]. A number of forms were tried, but the only 
simple (i.e., two-parameter) function which gives a satisfactory 
fit is given by 

k2 = k2°/(\ + -KH[H + ] ) 2 (13) 

a relation which offers the further advantage of a ready 
mechanistic interpretation (see Discussion). A test of this 
relation is the linearity of the plot of (k2)~

1^2 vs. [H+], shown 
in Figure 3. Least-squares fit15 of the data yields the values k2° 
= 3.43 ± 0.24 X 104 M- ' s"1, KH = 1.3 ± 0.1 X 102 M"1. 

Deuterium Tracer Determinations. The isotopic composition 
of the hydrogen evolved from decomposition of the exclusively 
protio complex in exclusively (>0.99) deuterio solvent 
(CH3OD/D2O) was determined. Experiments were done 
under two separate sets of conditions, each designed to eluci­
date the isotopic course of one reaction pathway over the 
other. 

The experiment designed to emphasize the second-order 
kinetic term was performed by dissolving a relatively high 
concentration, ~7 X 10~3 M, of the hydride in neutral meth­
anol-^! then adding the dilute solution of DCIO4 in D2O to 
provide ~3 X 1O-3 M D+. The dihydrogen produced was 
mainly H2, the mass spectrometrically determined ratios being 
H2:HD:D2 = 400:20:1. 

The experiment designed to emphasize the first-order kinetic 
term was conducted at high [D+], 0.3 M, and low [H(Co)]. 
The solution of DCIO4 in CH3OD/D2O was first prepared; 
then the solid hydride was added in small increments from the 
side arm of the reaction vessel, such that one portion was 
largely decolorized before the next was added. The ratio of 
gases was H2:HD:D2 ~ 1:3:3. 

Interpretation and Discussion 
The second-order kinetic term and the functional form of 

the variation of k2 with [H+] as shown by eq 13 are consistent 
with a mechanism having the bimolecular reaction of an un-
protonated hydridocobaloxime as the rate-limiting step. The 
postulation of the equilibrium of eq 8 for hydridocobaloxime 
is exactly parallel to known and analogous processes for alk-
ylcobaloximes.16^19 Provided that only the unprotonated form 

[H + ] , M 

0.100 
0.100 
0.100 
0.100 
0.0755 
0.0755 
0.0755 
0.0755 
0.0755 
0.0755 
0.0755 
0.0750 
0.0750 
0.0750 
0.0550 
0.0550 
0.050 
0.050 
0.050 
0.037 
0.037 
0.0283 
0.0283 
0.0283 
0.0382 
0.0382 
0.0283 
0.0189 
0.0070 
0.0070 
0.0050 
0.0030 
0.0030 

M, M 

0.100 
0.100 
0.100 
0.100 
0.100 
0.0755 
0.0755 
0.0755 
0.0755 
0.0755 
0.0755 
0.100 
0.100 
0.100 
0.055 
0.055 
0.100 
0.100 
0.100 
0.037 
0.037 
0.0650 
0.0283 
0.0283 
0.0283 
0.0650 
0.101 
0.0189 
0.0070 
0.0070 
0.0050 
0.0030 
0.0030 

105[H(Co)T]o, M 

0.20 
4.86 
7.60 
7.60 
0.20 
1.63 
3.04 
5.13 
5.13 
7.38 
7.38 
0.20 
4.86 
7.6 
8.5 
8.5 
0.20 
4.86 
7.60 
8.64 
8.65 
1.63 
1.63 
5.00 
7.80 
7.80 
7.80 
8.80 
5.38 
5.38 
5.38 
5.38 
5.38 

1O3^i, 
s - ' k 

6.2 
(6.4) 
(6.4) 
(6.4) 
6.2 
6.8 

(6.4) 
(6.4) 
(6.4) 
(6.4) 
(6.4) 
(6.4) 
(6.4) 
(6.4) 
(6.4) 
(6.4) 
6.1 

(6.4) 
(6.4) 
(6.4) 
(6.4) 
6.8 
6.5 

(6.4) 
(6.4) 
(6.4) 
(6.4) 
(6.4) 

1 0 - ^ 2 , M - 1 S - ' 

1.9 
1.8 
1.9 

2.62 
2.48 
2.71 
2.46 
2.47 

3.4 
4.1 
4.2 
5.6 

6.7 
8.1 

10.9 
9.9 

15.8 
15.0 
14.7 
21.0 
50.5 
83.7 
84.8 

125. 
156. 
222. 

" At 25.0 0C in 40% methanol-water. * Values of fc] determined 
in a given experiment are shown; a value of k\ shown in parentheses 
was not determined, but was set at the value shown for the calculation 
of ki, no entry for k \ is made in runs where k \ was not included. 

reacts, this formulation then agrees with eq 13 in that the 
fraction of the total hydridocobaloxime which is unprotonated 

[HCo(dmgH)2P(«-C4H9)3 
[HCo(dmgH)2P(«-C4H9)3] 

+ [HCo(dmgH)(dmgH2)P(n-C4H9)3] 

= (14) 
1 + A H [ H + ] ( l V 

The rate-limiting step in the second-order path thus appears 
to be that of eq 15, with A:,5 = k2°/2 = 1.7 X 104M-' s"1. 

2HCo(dmgH)2B—^H2 + 2Co(dmgH)2B (15) 

This suggests to us an activated complex in which the bond 
between the two hydrogen atoms is being formed directly, as 
in the configuration 

[ R 3 P - C o - H - H - C o - P R 3 I + 

The tracer determination provides strong support for this 
formulation in that H2 rather than HD or D2 is the major 
product in an experiment in which >99% of the acidic hydro­
gens are deuterium. 

The value of A"H also deserves comment. Hydridocobaloxime 
with A"H = 1-3 X 102 M - 1 is considerably more basic than are 
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the structurally similar alkylcobaloxime, RCo(dmgH)2H20 
(R = CH3, KH = 3.5 M"1; R = C2H5, KH = 4.2 M"1; 
etc.16-17'19). We assume that the analogous chemistry, namely, 
protonation of an oxime oxygen, is occurring. The larger value 
of Â H seems consistent with the NMR assignment for hydri­
docobaloxime,2 the resonance at 8 6.0 ppm suggesting a po­
larization H6 +-Co5 - of the cobalt-hydrogen bond. 

A further point of comparison concerning the second-order 
kinetic term should be noted. The cobalt(II) complexes 
Co(CN)5

3- and pyCo(dmgH)2 both react with H28~10 at a rate 
given by /V[H2][Co(II)],2 and in the case of the cobalt(II) 
cobaloxime only the five-coordinate form proved reactive.10 

The rate thus passes through a maximum with variation of 
pyridine concentration, as both the dipyridine and the pyri-
dine-free forms proved largely unreactive. The hydrogenation 
equilibrium for the pentacyanocobaltate system at 25 0C has 
A:eq = 6.2 X 10"6M for 

2HCo(CN)5
3-= H2 + 2Co(CN)5

3" (16) 

and the reaction rate law is 

-d[HCo(CN)5
3-]/d? = Zt16[HCo(CN)5

3-]2 

-*-16[Co(CN)5
3-]2[H2] (17) 

The value of the rate constant Ac16 is 5 X 10~3 M"1 s_ l , con­
siderably smaller than the value Zc2

0 = 3.4 X 104 M - 1 s_1 

found in the present work for HCo(dmgH)2P(n-C4H9)3. 
Ignoring for the moment any difference between the phos-

phine and pyridine axial bases on the cobaloxime, the equi­
librium constant for the reaction 

2HCo(dmgH)2B = H2 + 2Co(dmgH)2B (18) 

can be estimated from the quotient of forward and reverse rate 
constants, using k-p/2 determined in the present work for A:is 
and Simandi's value10 for Jk_i8. Thus Kxi = 1.7 X 104 M"1 

s-'/2.2 X 103 M-2S-1 = 8 M. Even if the difference between 
B = py and P(Zi-C4Hg)3 is not negligible, these data are suf­
ficient to show that hydridocobaloxime is considerably less 
stable (by ~4.3 kcal/mol Co-H) to dissociation to H2 and 
(Co") than is HCo(CN)5

3-. 
We now return to a consideration of the first-order pathway, 

for which the rate was found to be independent of [H+] in the 
region [H+] > I/KH; where the predominant species of hy­
dridocobaloxime is the protonated form. Thus the first-order 
dependence upon [H(CO)T] under these conditions, eq 6, is 
really to be interpreted in terms of either of the equivalent rate 
expressions of eq 19. 

-d[H(Co)T]/d? = /ti[HCo(dmgH)(dmgH2)P(n-C4H9)3
+] 

(19a) 

-d[H(Co)T]/df = A:1'[HCo(dmgH)2P(n-C4H9)3][H
+] 
(19b) 

The latter suggests a hydride transfer process forming 
Co(III): 

R 3 P - C o — H - H O + H 2 ^ * R3P—Co—OH2
+ + H2 (20) 

If this mechanism is correct, k\ = k\Kn/2 = 0.42 M - 1 s_1. 
Two further results bear on this proposal, the first being the 
rate of reaction between Co(III) and Co(I). If eq 20 is indeed 
the rate-limiting step along this pathway, then it must be fol­
lowed by a still more rapid conversion of (Co1") to Co(dmgH)2 
by reaction with a second reduced cobaloxime as shown in eq 
5. We have determined the rate of this reaction, and find a 
second-order rate constant of 3.6 X 105 M - 1 s_1 (at 25 0C in 

20% acetone-methanol with [OH-] = 5 X 1O-5 M) for reac­
tion of ClCoII1(dmgH)2P(«-C4H9)3 and the anionic cobalt(I) 
complex, Co'(dmgH)2P(nC4H9)3- (see also ref 11). 

A second result related to this pathway concerns the isotopic 
tracer result at high [H+]. According to eq 20, we expect only 
HD, whereas comparable quantities of H2 and D2 are found 
as well. The H2 may arise from residual contributions from the 
second-order pathway, whereas D2 may be produced if slow 
exchange between complex and solvent occurs prior to hy­
drogen evolution. The exchange rate of HCo(dmgH)2B and 
solvent has not been determined, but an exchange rate com­
parable to that of hydrogen evolution is not unreasonable 
considering the relatively low rate of the latter under compa­
rable conditions. We note that HCo(CN)5

3- reacts with OH -

only rather slowly,20 and similar chemistry could apply to 
hydridocobaloxime as well. 

A direct comparison between k\ or k\ and the corre­
sponding term for Bi2s would be interesting, but the existing 
kinetic data6 are rather limited. Moreover, the major species 
of Bns is the Co(I) anion since pK^ ~ 1 for hydridocobalam-
in.7 

Finally it is interesting to consider that the answer we have 
found to the question of one-equivalent vs. two-equivalent 
mechanisms for hydrogen evolution is a dual one. Both 
mechanisms operate under suitable conditions. Considering 
the reverse reaction dealing with the activation of the H2 
molecule for cleavage, our finding in the light of the principle 
of microscopic reversibility is that both heterolytic and 
homolytic pathways for hydrogen activation function in par­
allel. This situation is analogous to the reaction of Ag+(aq) 
with H2 for which Webster and Halpern21 find similar parallel 
pathways. 

Acknowledgment. This work was supported by the U.S. 
Department of Energy, Division of Basic Energy Sciences. 
Helpful discussions with Dr. M. D. Johnson and partial support 
from a joint NATO Research Grant are gratefully acknowl­
edged. 

References and Notes 
(1) G. N. Schrauzer and R. J. Holland, J. Am. Chem. Soc, 93, 1505 (1971). 
(2) G. N. Schrauzer and R. J. Windgassen, J. Am. Chem. Soc, 89, 1999 

(1967). 
(3) M. D. Johnson, M. L. Tobe, and L. Y. Wong, J. Chem. Soc. A, 929 

(1968). 
(4) M. Naumberg, K. N. V. Duong, and A. Gaudemer, J. Organomet. Chem., 

25, 231 (1970). 
(5) A. Adin and J. H. Espenson, lnorg. Chem., 11, 686 (1972). 
(6) S. L. Tackett, J. W. Collat, and J. C. Abbott, Biochemistry, 2, 919 

(1963). 
(7) (a) D. Lexa and J. M. Saveant, J. Am. Chem. Soc, 98, 2652 (1976); (b) J. 

Chem. Soc, Chem. Commun., 872 (1975). 
(8) B. DeVries, J. Catai, 1, 489 (1962). 
(9) M. G. Burnett, P. J. Connolly, and C. Kemball, J. Chem. Soc. A, 800 

(1967). 
(10) L. I. Simandi, E. Budo-Zahonyi, and Z. Szeverenyi, lnorg. Nucl. Chem. Lett., 

12, 237 (1976). 
(11) E. J. Kaufmann and J. H. Espenson, J. Am. Chem. Soc, 99, 7051 

(1977). 
(12) G. N. Schrauzer, lnorg. Synth., X1, 61 (1968). 
(13) Mass spectrometry determinations were made by Mr. G. D. Flesch. 
(14) Note that the actual rates at [H(Co)] concentrations where the two runs 

overlap differ by a factor of 2.5, consistent with absorbance readings for 
the two runs in cells having 2- and 5-cm optical paths. The path length 
difference was not divided out so as to separate the two runs in this 
graphical display. 

(15) The nonlinear least-squares program was based upon the report from Los 
Alamos Scientific Laboratory, LA-2367 + addenda. 

(16) A. Adin and J. H. Espenson, Chem. Commun., 653 (1971). 
(17) P. Abley, E. R. Dockal, and J. Halpern, J. Am. Chem. Soc, 95, 3166 

(1973). 
(18) A. L. Crumbliss, J. T. Bowman, P. L. Gaus, and A. T. McPhail, J. Chem. Soc, 

Chem. Commun., 415 (1973). 
(19) J. H. Espenson and T.-H. Chao, lnorg. Chem., 16, 2553 (1977). 
(20) H. S. Lim and F. C. Anson, lnorg. Chem., 10, 103 (1971). 
(21) A. H. Webster and J. Halpern, J. Phys. Chem., 61, 1239 (1957). 


