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Summary: The kinetics of hydride transfer from a series
of metal hydrides (MH) to Ph3C*BF4 (producing Phs-
CH and M- - -FBF3) have been studied by stopped-flow
methods in CH3Cly solution. Second-order rate con-
stants at 25 °C span 5 orders of magnitude in kinetic
hydricity, ranging from k = 5.0 x 10! M~1 s~ for HMn-
(CO)s to b = 4.6 x 106 M1 s~ for trans-HMo(CO)s-
(PMey)Cp.

Transition-metal hydrides are key reagents in many
homogeneous catalytic reactions, and M—H bond cleav-
age is a requisite step in both catalytic and stoichio-
metric reactions of metal hydrides. A knowledge of the
factors governing cleavage of the M—H bond may assist
in the rational design of catalytic cycles employing metal
hydrides. As might be expected due to their negative
charge, anionic metal hydrides exhibit hydridic reactiv-
ity. Darensbourg and co-workers have reported exten-
sive studies! demonstrating the utility of HW(CO)s~ and
other anionic metal hydrides in the reduction of organic
substrates. Neutral metal carbonyl hydrides such as
HW(CO0)3Cp (Cp = 15-C5H;) undergo diverse reactivity
patterns?—cleavage of the M—H bond can occur as a
proton,® a hydrogen atom,* or a hydride.® In contrast
to the detailed information available on the kinetics of
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proton transfer®® and hydrogen atom transfer*”2 reac-
tions of these hydrides, little information is available
on the kinetics of their Aydride transfer reactions. The
mechanism of ionic hydrogenation of olefins was shown
to involve hydride transfer from metal hydrides to
carbenium ions,® but a determination of the relative
hydricity of the metal hydrides was not feasible from
these reactions. We now report the kinetics of hydride
transfer from a series of metal hydrides to a common
carbenium ion, including kinetic hydricity data span-
ning 5 orders of magnitude.

The synthetic chemistry (eq 1) of organometallic
complexes containing BF,~ and other weakly coordinat-
ing ligands has been developed by Beck and others.!0

k-
PhyC* BF,” + MH —

)
Ph,C—H + M---F-BF,

We determined the kinetics of these hydride transfer
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Table 1. Rate Constants® for Hydride Transfer
from Metal Hydrides to PhyCBF,~ (CH:Cl;, 25 °C)

metal hydride ky- M 1s7D) Emu/kyvp
HMn(CO); 5.0 x 10!
HCr(CO)3Cp* 5.7 x 10!
HW(CO0)3Cp 7.6 x 10!
HSiEt; 1.5 x 102
cis-HMn(CO)4(PPhs) 2.3 x 102
HMo(CO);Cp 3.8 x 102 1.8
HW(CO)sCp* 1.9 x 103 1.7
HRe(CO)s 2.0 x 103
HMo(CO)sCp* 6.5 x 103 1.7
cis-HRe(CO)4(PPhg) 1.2 x 10
trans-HMo(CO)z(PCy3)Cp 4.3 x 105 1.7
trans-HMo(CO)(PPh3)Cp 5.7 x 105
trans-HMo(CO)x(PMes)Cp 4.6 x 108

¢ +10% estimated uncertainty for all rate constants.

reactions (eq 1) using stopped-flow methods in CHsClp
solution.!! Experiments carried out with an excess of
metal hydride ((MH], = 10[PhsC*BF4 1y) established
the rate law: —d[Phs;C*BF4~Vd¢t = k[PhsC*BF, " ][MH].
Second-order rate constants are given in Table 1 and
are listed in order of increasing kinetic hydricity.

Comparisons of these transition-metal hydrides with
a main-group hydride donor'?!? show that several
transition-metal hydrides are much faster hydride
donors than HSiEts, which is frequently used!* as a
hydride donor. Despite their higher homolytic bond
dissociation energies,'® third-row metal hydrides are
faster hydride donors than their first-row analogs in
these heterolytic reactions; e.g., kure > kumn. Similarly,
HW(CO);Cp* (Cp* = 55-CsMes) is more hydridic than
HCr(CO);Cp*, but in this series of group 6 hydrides the
second-row hydride HMo(CO);Cp* exhibits the fastest
rate of hydride transfer of the three. For the Mo and
W hydrides, the kinetics of hydride transfer are appar-
ently influenced more strongly by electronic effects than
by steric effects. For example, replacement of one CO
in HMo(CO)3Cp by the electron-donating but sterically
demanding PPh; ligand results in a rate enhancement
of about 103.

An interpretation of the kinetics of hydride transfer
from the phosphine-substituted hydrides HMo(CO).-
(PR3)Cp is complicated by the existence of cis and trans
isomers.i%17 The Mo hydride HMo(CO)(PCy3)Cp was
found to exist as an 89:11 mixture of cis and trans
isomers!® in CD3Cly. Activation parameters for the cis-
HMo(CO)o(PCy3)Cp — trans-HMo(CO)o(PCy3)Cp isomer-
ization evaluated from NMR line-broadening experi-
ments at seven temperatures between —45 and +11 °C
in CD3Cly, were AH* = 11.3 £ 0.3 keal mol~1, AS* = —7.0
+ 1.2 cal K-! mol~!, and AG*(298 K) = 13.4 kcal mol~!.
As described above, second-order kinetics were deduced
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from experiments using excess [HMo(CO)2(PCys)Cpl. In
contrast, the kinetics of hydride transfer from HMo-
(CO)o(PCy3)Cp at —55 °C using excess [PhsC*BF4~]
(4.5—13 mM) showed an observed first-order rate con-
stant (0.82 s71) that was independent of [PhsCtBF,].
This rate constant agrees with the rate constant of 0.67
s~ ! for cis — trans isomerization of HMo(CO)3(PCy3)Cp
measured by NMR line broadening (and extrapolated
to —55 °C). Following consumption of the first 11% of
the hydride (the equilibrium amount of trans isomer),
the rate-limiting step under these conditions is cis —
trans hydride isomerization. From the observed rate
constant at the highest [PhsC*BF4~], an upper limit of
k <63 M1s1(at —55 °C) can be determined for the
rate constant for hydride transfer from cis-HMo(CO)s-
(PCys)Cp.

These kinetics results in CH3Cly corroborate the
conclusions reached by Tilset and co-workers from their
studies of related reactions in MeCN.1°~21 They found
that oxidation of HMo(CO)2(PPh3)Cp?° in MeCN in the
presence of a base led to cis-[(MeCN)Mo(CO)o(PPhs)-
Cpl*. In contrast, hydride transfer to (p-MeOCgHy,)-
PhyC™* from HMo(CO)o(PPh3)Cp?° in MeCN led to initial
formation of trans-[(MeCN)Mo(CO)(PPh3)Cpl*, fol-
lowed by a slow isomerization to the thermodynamically
favored cis isomer. They concluded that trans-HMo-
(CO)o(PPh3)Cp was more reactive than cis-HMo(CO).-
(PPh3)Cp as a hydride donor. We assume that the trans
isomers are similarly much more reactive than cis
isomers for HMo(CO)2(PMe3)Cp and HMo(CO)o(PPhj)-
Cp in our experiments as well. Accordingly, the second-
order rate constants reported in Table 1 are the specific
rate constants for hydride transfer from trarns-HMo-
(CO)2(PR3)Cp. The activation parameters for hydride
transfer from trans-HMo(CO)o(PCy3)Cp to PhsC+BF,~
determined from the temperature dependence of the
rate constants at five temperatures between —20 and
+25 °C are AH* = 4,47 £ 0.09 keal mol™!, AS* = -17.8
+ 0.3 cal K" mol~1, and AG*(298 K) = 9.78 kcal mol~1.
Extrapolation to —55 °C gives k = 1.9 x 104 M1 s~! for
hydride transfer from trans-HMo(CO)o(PCy3)Cp; com-
parison of this rate constant with the upper limit
estimated above for cis-HMo(CO)o(PCy3)Cp indicates
that the trans isomer of HMo(CO)(PCy3)Cp is >300
times faster as a hydride donor than the cis isomer. The
rate constant reported in Table 1 for trans-HMo(CO),-
(PMe;)Cp at 25 °C was extrapolated from an Eyring plot
of the temperature dependence of the rate constants
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determined at four temperatures between —55 and —25
°C (AH* = 2.95 £ 0.01 kcal mol™!, AS* = -18.1 + 0.1
cal K71 mol~!, and AG¥298 K) = 8.36 kcal mol™1).

While these reactions clearly involve overall hydride
(H") transfer, the detailed mechanism might involve
initial oxidation of the hydride by Ph3C*, followed by
hydrogen atom transfer from the resultant radical
cation of the metal hydride, as opposed to a single-step
hydride transfer mechanism. Analogous questions have
received intensive scrutiny in the context of hydride
transfers related to NAD" models.22 On the basis of
electrochemical data, however, oxidation of HMo(CO)s-
Cp by Ph;C* appears unlikely, since it is thermody-
namically unfavorable by about 0.9 V (AG°® ~ 21 kcal
mol~1).1923.2¢ Kinetic isotope effects (Amu/emp = 1.7—
1.8) found for some hydride/deuteride pairs are large
enough to argue against rate-determining electron
transfer. We interpret the data to indicate single-step
hydride transfer.

A comprehensive understanding of the factors gov-
erning the kinetic hydricity of metal hydrides will
require further study, but the data reported here
provide some preliminary insights on the steric and
electronic factors influencing the propensity of metal
hydrides to function as hydride donors. Even in the
absence of precise structural data on the octahedral
HMn(CO)4(PPhj3) vs the four-legged piano stool geom-
etry of the HMo(CO)(PR3)Cp compounds, some useful
comparisons can be made. For the trans-HMo(CO);-
(PR;3)Cp compounds, which probably have trans P-M—H
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angles >100°, the added steric bulk due to the phos-
phine has a relatively small effect on the hydride
transfer kinetics. The threshold P-M—H angle below
which steric effects have a substantial effect on the
kinetics (steric hindrance from the PR; ligand offsetting
the enhanced hydricity due to the electronic effect of
the phosphine) is apparently reached by the time the
P-M-H angles decrease to ~90° in the cis-HM(CO),-
(PPhg) complexes. This interpretation is congruent with
the low reactivity of the cis-HMo(CO)s(PR3)Cp com-
plexes, since the expected P-M—H angles of ~80° or
less in these cis isomers would entail substantial steric
interference upon approach of Ph3C*.

Since data on the kinetics of proton transfer®® and
hydrogen atom transfer*”® reactions of several of the
hydrides in Table 1 are already available for compari-
son, this series of metal carbonyl hydrides emerges as
a group for which kinetic data are now available for all
three modes of formal M—H bond cleavage (hydride,
proton, and hydrogen atom).
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