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Metal- Hydrogen Bond Cleavage Reactions of 
Transition Metal Hydrides: Hydrogen Atom, Hydride, 

and Proton Transfer Reactions 

R. MORRIS BULLOCK 
Department of Chemistry, 

Brookhaven National Laboratory, 
Upion, New York 11 973 

Cleavage of the M-H bond of transition metal hydrides can result in delivery of 
a hydride (H-), hydrogen atom (H.) ,  or proton (H') to an organic or organo- 
metallic substrate. Hydrogen atom transfer from a metal hydride to an olefin is an 
endothermic reaction; the rate at which different metal hydrides carry out this 
reaction is mainly dependent on the bond dissociation energy of the M-H bond. 
Hydrogen atom transfer from a metal hydride to a carbon-centered radical is an 
exothermic reaction in which the rate is largely determined by steric demands of 
the ligands of the metal hydride, with thermodynamics playing a less important 
role. Some neutral metal hydrides can function as hydride donors to carbocations. 
Anionic metal hydrides also exhibit hydridic reactivity, but in some cases the actual 
M-H bond cleavage step involves hydrogen atom transfer as a part of a radical 
chain reaction. Neutral metal hydrides can function as nucleophiles and as weakly 
coordinating ligands to coordinatively unsaturated metals. 

Key Words: metal hydrides, hydrogen atom transfer, proton transfer, hydride trans- 
fer, olefin hydrogenation 

Abbreviations Used: Cp = q5-C,H,, Cp* = q5-C,Me,, BDE = bond dissociation 
energy, bpy = 2,2'-bipyridine 

Synthetic, structural and mechanistic studies of transition metal 
hydrides have been critically important to the development of con- 
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temporary inorganic chemistry and homogeneous catalysis. Metal 
hydrides are involved in one or more steps of numerous homo- 
geneous catalytic reactions,’ including olefin hydrogenation, hy- 
droformylation, hydrosilylation, hydrocyanation, polymerization, 
etc. Since cleavage of the M-H bond of metal hydrides is involved 
as an essential step in these reactions, it is important to obtain 
detailed mechanistic information about the factors governing such 
reactions. Careful mechanistic studies of stoichiometric reactions 
of metal hydrides can provide valuable insight into the details of 
similar reactions that occur under catalytic conditions. An under- 
standing of the factors contributing to the diverse reactivity pat- 
terns of metal hydrides may eventually lead to more efficient uses 
of metal hydrides in applications to organic synthesis as well as 
catalytic reactions of industrial utility. 

All complexes that have an M-H bond are called “hydrides.” 
The electronegativity of hydrogen is larger than that of transition 
metals, so the assignment of formal oxidation state of the metal 
is also based on the presumed polarization (Ms+ and H”) of the 
M-H bond. Jolly and co-workers have studied the charge distri- 
bution in the M-H bond of several organometallic complexes, 
including metal carbonyl hydrides.2 The results of their x-ray pho- 
toelectron spectroscopy data suggest that the approximate charges 
on hydrogen are -0.8 for HMn(CO), and -0.75 for HCo(CO),. 
Sweany and Owens compared infrared data from matrix isolation 
experiments of metal hydrides and the corresponding metal radi- 
cals, and their conclusions also suggest a negative charge on the 
hydrogen of metal carbonyl c ~ m p l e x e s . ~  These experimental re- 
sults and the formalisms of nomenclature and oxidation state as- 
signment do not, however, mean that all metal hydrides will exhibit 
hydridic reactivity. This Comment will highlight the diversity of 
metal- hydrogen cleavage modes exhibited by organometallic hy- 
drides in olefin hydrogenation and other reactions, with an em- 
phasis on studies that provide comparisons of the relative reactivity 
of metal hydrides as the metal and ligands are systematically changed. 

Scheme 1 shows the three elementary pathways for M-H bond 
cleavage. When the hydrogen leaves the metal and takes both of 
the electrons in the M-H bond, it obtains a negative charge, leav- 
ing the metal fragment as a cation. The second mode of M-H 
bond cleavage shown in Scheme 1 involves homolytic cleavage of 
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hydride 
M +  + H:- 

hydrogen atom 
M-H w M *  + H. 

SCHEME 1 Modes of metal-hydrogen bond cleavage. 

the M-H bond and results in delivery of a hydrogen atom (He) 
to the organic or organometallic substrate. If the metal retains 
both of the electrons in the M-H bond, the hydrogen leaves as a 
proton, as shown in the last line of Scheme 1. The intent of these 
distinctions made for the various modes of M-H bond cleavage 
is to emphasize the formal differences in the three elementary steps 
in which the M-H bond is broken. It is not intended to imply that 
in an actual reaction, the bond between the metal and hydrogen 
is completely cleaved prior to any interaction with the reacting 
substrate. It is also recognized that some important reactions of 
metal hydrides, such as olefin insertion into the M-H bond, gen- 
erally involve a more concerted pathway that may not fit un- 
equivocally into any of the three reaction types above. Notwith- 
standing the simplifications implied by Scheme 1, the remarkable 
diversity of reactivity patterns of metal hydrides is attested to by 
the fact that some metal hydrides (e.g., HW(CO),Cp, HMo(CO),Cp, 
HMn(CO),, HRe(CO),, etc. have been observed to undergo all 
of these three reaction types, in reactions with pifferent substrates. 

HYDROGEN ATOM TRANSFER REACTIONS OF 
METAL HYDRIDES 

Hydrogen atom transfer reactions of metal hydrides are one of the 
most prominent examples of organometallic radical  reaction^.^ The 
study by Sweany and Halpern cJf the hydrogenation of cr-methyl- 
styrene by HMn(CO), (Eq. (1)) 
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demonstrated that the reaction involved sequential hydrogen atom 
transfers from the metal hydride to the organic ~ubstrate .~ An 
initial hydrogen atom transfer from HMn(CO), to a-methylstyrene 
produces a carbon-centered radical which then forms the hydro- 
genated organic product by abstracting a hydrogen atom from a 
second equivalent of HMn(CO),. The organometallic product, 
Mn,(CO),,, forms by dimerization of two [(CO),Mn -1 radicals. 
Analogous hydrogenation mechanisms involving sequential hydro- 
gen atom transfers have been found for other substituted styrenes,6 
for anthracene ,7 and for substituted allenes.* Baird and co-workers 
examined the reaction of conjugated dienes with HMn(C0),9 and 
with HFe(CO),Cp. lo These reactions also proceed by a hydrogen 
atom transfer mechanism (Eq. (2)). 

Following the first hydrogen atom transfer, the organic radical can 
either abstract a hydrogen atom from a second equivalent of metal 
hydride (leading to the hydrogenated organic product) or combine 
with the metal radical, leading to formation of the metal ally1 
complex. 

While the generality of H . transfer to substituted anthracenes, 
allenes, dienes and styrenes had been established, several ques- 
tions remained unanswered when we began our work in this area 
a few years ago. Although the variety of organic substrates em- 
ployed in these studies had the benefit of giving some idea of the 
scope of C - C  bond types that could be hydrogenated in this way, 
only limited kinetic data were available for the reaction of any 
single substrate with a systematically varied series of metal hy- 
drides. The initial hydrogen atom transfer is generally rate-deter- 
mining in these reactions. This means that the second hydrogen 
atom transfer, from the metal hydride to the carbon-centered rad- 
ical, occurs after the rate-determining step. As a result, there was 
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very little information about the relative rates at which different 
metal hydrides could donate a hydrogen atom to a carbon-centered 
radical. We were interested in finding out whether metal hydrides 
that were efficient at the first step would also be competent at the 
second hydrogen atom transfer. Another goal was to identify the 
steric and electronic factors that helped determine the relative 
reactivity of different hydrides toward an alkene, and toward car- 
bon-centered radicals. The observation of an inverse isotope effect 
(k,/kD < 1, i.e., the metal deuteride reacting faster than the metal 
hydride) had been observed in many reactions of this type, so it 
was of interest to determine the isotope effect for the product- 
forming hydrogen atom transfer for comparison. 

In an effort to address these questions, we carried out a study 
of the hydrogenation of a-cyclopropylstyrene by a series of metal 
carbonyl hydrides.l’ A substituted styrene was chosen since pre- 
vious work6 established them as prototypical substrates for hydro- 
genation by the free-radical pathway. The cyclopropyl substsituent 
was selected in order to utilize the radical ring-opening rearrange- 
ment in the evaluation of the relative rates of hydrogen atom 
transfer from the different metal hydrides to the same carbon- 
centered radical. By systematically changing the metal it was pos- 
sible to evaluate the influence of the metal when the ligand set 
was kept the same (e.g., Cr vs. Mo vs. W in the CPM(CO)~H 
series). Information about the effect of changing a ligand (Cp vs. 
Cp*, or CO vs. phosphine) on a given metal is separately evalu- 
ated. The mechanism for the hydrogenation is shown in Scheme 
2. The k, values obtained from the kinetic study ranked the dif- 

c PS 

H 
Ph H 

CH3 ‘CHZCH, 

\ /  ,c=c I 
CHj-C-Ph 

k5 A 
2 M - M-M - 

SCHEME 2 
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ferent hydrides according to how efficient they were at donating 
a hydrogen atom to a-cyclopropylstyrene. Use of the radical ring- 
opening rearrangement enabled us to obtain information about the 
subsequent hydrogen atom transfer process ( k3), which occurred 
after the rate-determining step of the reaction. The competition 
between first-order rearrangement (k2) and second-order trapping 
(k3) predicts that the unrearrangedhearranged product ratio should 
increase linearly with [MH], and this was verified experimentally. 
(All of these experiments were carried out with excess metal hy- 
dride.) The results of this kinetic and mechanistic study allow a 
comparison of how the two hydrogen atom transfer steps, k, and 
k,, vary among the different hydrides. 

The second-order kinetics found in the hydrogenation of sub- 
stituted styrenes, conjugated dienes and anthracenes discussed ear- 
lier was used as evidence for the free-radical pathway, as opposed 
to even-electron pathways that might be initiated by loss of CO, 
for example. The rate law for the hydrogenation reaction shown 
in Scheme 2 is - d[CPS]/dt = k,,,[CPS], where a-cyclopropyl- 
styrene is abbreviated as CPS and kobs is defined as shown in Eq. 
(3). 

( 3 )  
k2 + k,[MHI 

kobs = kl[MH1 k-,[M.] + k, + k,[MH] 

The crucial intermediate in the hydrogenation of CPS is the tertiary 
benzylic carbon-centered radical. The k,[MH] term in Eq. (3) is 
the rate constant for generation of this intermediate. This term is 
multiplied by a partitioning ratio (productive pathways divided by 
all pathways) that has to do with how fast this intermediate is 
consumed. The k, and k,[MH] terms in Eq. (3) are the productive 
pathways for the intermediate, the first of these leading to rear- 
ranged product and the latter leading to unrearranged product. 
The denominator in Eq. ( 3 )  includes contributions from all of the 
reaction pathways for the intermediate, the two productive path- 
ways (k, and k,) as well as the back hydrogen atom transfer (k-,) 
that takes the metal radical and carbon-centered radical back to 
starting materials. The second-order kinetics observed in nearly 
all cases result from a further simplification which is appropriate 
in all cases studied to date, with the exception of HCr(CO),Cp 
(vide infru). When the k-,[M.] term in the denominator is small 
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compared to the other terms in the denominator, then the parti- 
tioning ratio becomes equal to unity, and consequently kobs = 
k,[MH]. When this occurs, then substitution of this simplified kobs 
back into the rate law gives -d[CPS]/dt = k,[MH][CPS], ac- 
counting for the straightforward second-order kinetics observed 
when MH = HMo(CO),Cp, HW(CO),Cp, HMo(CO),Cp*, 
Hh40(CO),(PMe3)Cp, HMn(CO), , HMn(CO),PPh,, HFe( CO),Cp, 
and HFe(CO),Cp*. 

We have found one exception to the commonly observed second- 
order kinetics. When a-cyclopropylstyrene is hydrogenated by 
HCr(CO),Cp, the rate of the hydrogenation slows down as it pro- 
ceeds, due to inhibition by the [Cp(CO),Cr.] radical which builds 
up in solution. This is precisely the behavior predicted by Eq. (3): 
an increasing [M a ]  results in a decreasing value for kobs. The metal- 
metal bond length of 3.281(1) A in the Cr-Cr bonded dimer, 
[Cp(C0),CrI2, is surprisingly long (0.06 longer than an :. the anal- 
ogous Mo-Mo dimer) and suggests a weak Cr-Cr bond." Mc- 
Lain's quantitative study13 of the temperature dependence of the 
equilibrium constant between the chromium radical and dimer 
indicated that AW = 15.8 (k 0.4) kcal/mol and ASo = 37.1 (k 1.4) 
cal/K . mol for Eq. (4). 

When the hydrogenation of a-cyclopropylstyrene by HCr(CO),Cp 
is carried out in a solution that is saturated with the chromium 
dimer [Cp(CO),Cr],, the rate of disappearance of a-cyclopropyl- 
styrene is pseudo-first-order. The effect of carrying out these ex- 
periments in solutions saturated with the dimer is to maintain a 
constant concentration of the chromium radical. In toluene solu- 
tions at 22"C, the concentration of a saturated solution of 
[Cp(CO),Cr], is 1.1 x lo-' M, and under these conditions the 
concentration of the chromium radical is about [Cp(CO),Cr.] = 
1.6 x lo-, M. The values of the forward (k, = 3.4 x lo-, M-' 
s-') and reverse (k-, = 3.1 x lo9 M-' s-l ) hydrogen atom 
transfers were determined for the reaction of HCr(CO),Cp with 
a-cyclopropylstyrene. The resultant equilibrium constant (Keq = 
1 X 10-l2) allows calculation of the free energy change (AGO = 
16 kcal/mol) for the first hydrogen atom transfer reaction (k,) from 
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HCr(CO),Cp to a-cyclopropylstyrene. 
Accurate values of M-H bond dissociation energies (BDE) for 

metal hydrides are immensely important. They are, however, dif- 
ficult to measure, and there has been no shortage of controversy 
over the reported results. l4 Tilset and Parker15 reported the BDE’s 
of the M-H bonds of many of the common metal carbonyl hy- 
drides. Since their measurements provide the most comprehensive 
single source for M-H BDE’s of metal carbonyl hydrides, their 
reported values will be utilized as a basis for the ensuing discussion. 
Experimental uncertainties stated by Tilset and Parker for their 
measurements are 5 1 kcal/mol. Comparisons of their measure- 
ments with other thermochemical data, and with kinetic data from 
hydrogen atom transfer reactions, will focus on several of the ques- 
tions and controversies still surrounding M-H BDE values. 

The reported BDE of the Cr-H bond of HCr(CO),Cp (62 kcal/ 
mol) is much lower than that of the W-H bond of HW(CO),Cp 
(73 kcal/mol), providing support for the long-held belief that 
M-H bond dissociation energies increase significantly in moving 
from first row hydrides to their third row analogues. In agreement 
with this, we have found such a dramatic difference in the rate of 
hydrogenation of a-cyclopropylstyrene by these two hydrides that 
it was not possible to measure them at the same temperature-k, 
for HCr(CO),Cp at 22°C is about 50 times larger than k, for 
HW(CO),Cp at 100°C. 

Informative comparisons can also be made when data are avail- 
able for different hydrides at the same temperature. Table I sum- 
marizes the relative rate constants (k, and k3) for four different 
metal hydrides at 60°C. The relative rates are normalized, with 
those for HMo(CO),Cp* being set equal to unity. The M-H bond 
dissociation energies reported by Tilset and Parker15 are also listed 
in Table I. The relative k, values for the first three hydrides in 
Table I are quite similar. These hydrides have comparable M-H 
bond dissociation energies, but differing steric factors. We suggest 
that the BDE of the M-H bond is the predominant factor influ- 
encing how fast different metal hydrides can hydrogenate C=C 
bonds by a sequential hydrogen atom transfer mechanism. Our 
data support the results of Tilset and ParkeP that the M-H BDE’s 
are similar for HMo(CO),Cp, HMo(CO),Cp* and HMn(CO),PPh,. 
Further demonstration of how differences in M-H bond dissocia- 
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TABLE I 

Relative rates of hydrogen atom transfer at 60°C 

HMo(CO),Cp* 69 1 1 

HFe(CO),Cp* -58 15 23 

HMo(CO),Cp 70 1.3 23 
HMn(CO),PPh, 69 1.4 0.25 

tion energies influence the rate of the first hydrogen atom transfer 
comes from a comparison (not shown in the Table) of the k, values 
of two metal hydrides with nearly identical structures, but different 
M-H BDE values. At 100°C, the k, for HMo(CO),Cp (Mo-H 
BDE = 70 kcal/mol) is about 40 times higher than that for 
HW(CO),Cp (W-H BDE = 73 kcalimol). The AAG* = 2.8 
kcal/mol at this temperature is comparable to the AAH" of 3 
kcal/mol determined from the differences in M-H BDE's. 

In contrast to the good correlation between the M-H BDE 
values and the relative rates of hydrogen atom transfer (k,) for 
the metal hydrides from groups 6 and 7, several questions arise 
when similar comparisons are made with the group 8 (Fe and Ru) 
hydrides. An anomaly regarding HFe(CO),Cp comes from a com- 
parison of its k, for hydrogenation of a-cyclopropylstyrene with 
that of HCr(CO),Cp (both at 22°C). The fact that kl for HFe(CO),Cp 
(reportedI5 Fe-H BDE = 58 kcal/mol) is about ten times smaller 
than the k, for HCr(CO),Cp ( rep~r ted '~  Cr-H BDE = 62 
kcal/mol) does not agree with our conclusion that M-H BDE's 
are the main influence on k,. This raises the possibility that the 
actual Fe-H BDE of HFe(CO),Cp is significantly higher than the 
reported value. 

There is also uncertainty about the Fe-H BDE of the permeth- 
ylcyclopentadienyl analog, HFe(CO),Cp*. The Fe-H BDE of 
HFe(CO),Cp* was not reported by Tilset and Parker; the estimate 
of -58 kcaVmol given in Table I is that reported15 for HFe(CO),Cp. 
The assumption that changing Cp to Cp* has a negligible effect 
on the BDE is based on the lack of a significant change for 
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HMo(CO),Cp* (BDE = 69 kcal/mol) vs. HMo(CO),Cp (BDE = 
70 kcal/mol).lS Qualitatively, the increased k, value for the iron 
hydride is expected from its lower M-H BDE compared to the 
other three hydrides in Table I. On the other hand, the fact that 
the increase in rate constant is only an order of magnitude for a 
-10 kcal/mol difference in M-H BDE is difficult to rationalize. 
This is particularly true when we recall the striking difference in 
kl values for HCr(CO),Cp vs. HW(CO),Cp cited above, two metal 
hydrides that also differ in M-H BDE by -10 kcal/mol. The 
surprisingly small increase in k, for HFe(CO),Cp* compared to 
such a large difference in BDE leads us to suggest the possibility 
that the Fe-H BDE of HFe(CO),Cp* may be significantly higher 
than 58 kcal/mol. 

Another question concerns the related Ru hydride. We find little 
hydrogenation of a-cyclopropylstyrene by HRu(CO),Cp, even after 
a week at 100°C. The reported15 Ru-H BDE of HRu(CO),Cp is 
65 kcal/mol, which is significantly lower than several other metal 
hydrides shown in Table I which hydrogenate a-cyclopropylstyrene 
at 60°C. This suggests to us that the Ru-H bond may also be 
significantly stronger than reported. 

The conspicuous discrepancies between our kinetic data and the 
reported M-H BDE values for HFe(CO),Cp and HRu(CO),Cp 
(and that inferred for HFe(CO),Cp*) do not disprove the validity 
of the reported M-H BDE values. Collectively, however, these 
points do raise some questions about the accuracy of the reported 
values for the group 8 metal hydrides. Based on the results and 
assumptions presented above, a rough estimate indicates that ad- 
dition of as much as 7-9 kcal/mol to the reported15 Fe-H and 
Ru-H BDE values might be needed to bring these BDE values 
into reasonable agreement with their relative k, values for reaction 
with a-cyclopropylstyrene. 

Along with the questions about BDE’s of individual metal hy- 
drides, there is conflicting evidence regarding the more general 
question of whether substitution of a CO by a phosphine causes 
a significant increase in M-H BDE. Tilset and Parker reportedlS 
the W-H BDE of HW(CO),Cp as 73 kcallrnol, and that of the 
phosphine-substituted hydride HW(CO),(PMe,)Cp as 70 kcaVmo1. 
Accounting for the experimental error, however, it was concluded 
that their study detected “no effect of phosphine or phosphite 
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substitution on M-H BDE’s.” Hoff and co-workers foundlb 
that the Cr-H BDE of the phosphine-substituted complex 
HCr(CO),(PEt,)Cp (59.9 kcal/mol) was similar to that of 
HCr(CO),Cp. The Cr-H BDE of HCr(CO),Cp was reported by 
Hoff as 61.5 kcal/mol, in good agreement with the 62 kcal/mol 
reported by Tilset and Parker. The conclusion that phosphine sub- 
stitution has a negligible effect on M-H BDE values is at odds 
with the evidence from Brown’s classic radical chain mechanism 
for phosphine substitution of HRe(CO),, HW(CO),Cp, and other 
hydrides. l7 A key propagation step in this mechanism involves 
a hydrogen atom transfer between the two metals, as shown in 
Eq. (5) .  

[CpW(CO),PBu,] . + CpW(CO),H 

* CpW(CO),PBu3H + [CpW(CO),] * ( 5 )  

As discussed in detail by the implication is that the 
W-H BDE of the phosphine-substituted hydride is at least at large 
as that for HW(CO),Cp (and probably larger). This conclusion 
conflicts with the results of the thermochemical experiments. A 
potential resolution to this enigma is the possibility that hydrogen 
atom transfer reactions (such as Eq. ( 5 ) )  are thermoneutral but 
extremely fast; further kinetic and thermochemical experiments 
would be useful in resolving this problem. 

Following this digression on the importance of reliable M-H 
BDE data, we now return to the discussion of how rates of hy- 
drogen atom transfer reactions are influenced by thermochemical 
and steric factors. In contrast to the relationship between M-H 
BDE and k, in the hydrogenation of a-cyclopropylstyrene, there 
is little correlation of k, (Scheme 2) with M-H BDE. Indeed, an 
alternate explanation is required by the fact that k3 varies widely 
among hydrides that have similar M-H BDE values. Considera- 
tion of the relative k, values and the steric properties of the ligands 
on the metal hydrides in Table I strongly supports the contention 
that steric factors are the dominant influence on the relative k3 
values. Substitution of the Cp ligand with the more sterically de- 
manding Cp* ligand in the molybdenum hydride results in a k, 
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value that is lower by more than an order of magnitude. Com- 
parison of k, values for HMo(CO),Cp and cis-HMn(CO),PPh, 
also supports this argument-although these two hydrides have 
nearly identical k, values, their relative k, values differ by about 
two orders of magnitude. This is consistent with the steric prop- 
erties of the large PPh, ligand on the mangenese complex. 

Norton and co-workers have been able to directly measure the 
rates of hydrogen atom transfer from metal hydrides to a carbon- 
centered r a d i ~ a l . ~ ~ J ~  The substituted trityl radical shown in Eq. 
(6) abstracts a hydrogen atom from metal hydrides, and the re- 
sultant metal radicals combine with each other to give the metal 
dimer as the organometallic product. 

t 
M2 

The kinetics of this reaction were determined by stopped-flow 
measurements for a series of neutral metal hydrides. Table I1 lists 
the second-order rate constants k, at 25°C for several metal car- 
bony1 hydrides. As was found in the case of hydrogen atom transfer 
from metal hydrides to the tertiary benzylic radical discussed above 
(k, of Scheme 2), the rate constant k, is highly dependent on steric 
factors. Substitution of Cp* for Cp slowed the rate of hydrogen 
atom transfer from HFe(CO),Cp by a factor of about 40; a similar 
effect on k, was found for HMo(CO),Cp* vs. HMo(CO),Cp. 

TABLE I1 

Metal Hydride 

~~ 

k, ( 2 5 0 ~ ) ~  Reported15 M-H 
M-1 s-1  BDE, kcal/mol 

HFe(CO),Cp 
HRu(CO),Cp 
HMn(CO), 
HMo(CO),Cp 
HCr(CO),Cp 
HFe( CO),Cp * 

HMo(CO),Cp* 
HW(CO),CP 

12000 
1020 
640 
514 
335 
300 
91 
14 

58 
65 
68 
70 
62 

73 
69 
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SIMILARITIES AND DIFFERENCES IN THE FIRST AND 
SECOND HYDROGEN ATOM TRANSFER STEPS IN 
OLEFIN HYDROGENATION BY METAL HYDRIDES 

The data discussed above indicate that the rate at which a hydrogen 
atom is donated from a metal hydride to an olefin is largely influ- 
enced by the strength of the M-H bond. In contrast, the product- 
forming step of the hydrogenation, involving a hydrogen atom 
transfer from a metal hydride to a carbon-centered radical, is in- 
fluenced more by steric factors than by enthalpic differences. This 
means that certain metal hydrides can be much more efficient at 
one step than the other. For example, although we find little re- 
action between HRu(CO),Cp and a-cyclopropylstyrene, this same 
hydride was found by Norton and co-workers to be proficient at 
donating a hydrogen atom to the carbon-centered radical. On the 
other hand, metal hydrides such as HMn(CO),PPh,, with bulky 
ligands but relatively weak M-H bonds, are able to convert an 
olefin to a carbon-centered radical fairly readily, but are less ef- 
ficient at donating a hydrogen atom to the radical. 

A similarity in the two steps of the olefin hydrogenation is that 
both the first (k,) and subsequent hydrogen atom transfer (k, and 
k4) steps involve rupture of a relatively weak M-H bond and 
formation of a comparatively strong C-H bond. Substantial dif- 
ferences in the thermodynamics of the two steps (endothermic for 
k, vs. exothermic for k, and k4) are primarily due to the fact that 
the first step also involves conversion of a C=C double bond (-146 
kcal/mol) to a C-C single bond (-84 kcal/mol). The strength of 
the M-M bond formed in the organometallic product will influence 
the AH" for the overall reaction, but the increase in thermodynamic 
driving force for the overall reaction that is provided by forming 
a stronger M-M bond is partly offset by the fact that the metals 
that form strong M-M bonds are generally the same as those that 
form relatively strong M-H bonds that must be cleaved in the 
rate-determining step. 

Isotope effects for the hydrogenation of a-cyclopropylstyrene 
by HW(CO),Cp (vs. DW(CO),Cp, at 100°C) give additional in- 
formation about the differences in the first and second steps. The 
endothermic first step has an inverse isotope effect (kH/kD = 0.55) 
while the normal isotope effects observed for product-forming hy- 
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drogen atom transfer steps (k,/k, = 2.2 for k3 and kH/k, = 1.8 
for k4) are interpreted in terms of an early transition state for this 
exothermic reaction, l9 

A CLOSER LOOK AT HYDROGEN ATOM TRANSFER 

INFLUENCE OF CAGED RADICAL PAIRS 
FROM METAL HYDRIDES TO OLEFINS-THE 

The first hydrogen atom transfer step, k, of Scheme 2, is written 
as if it were an elementary step, but definitive evidence in several 
closely related systems supports the assertion that caged radicals2' 
are initially formed. The k, and k - ,  steps (of Scheme 2) are sep- 
arated in Eq. (7) to explicitly show the elementary steps, formation 
of the caged radical pair (klA) and diffusive cage escape (klB) to 
produce free radicals. The data obtained for the wcyclopropyl- 
styrene hydrogenation give k, (and k-, in the case of HCr(CO),Cp) 
but do not provide values of the rate constants for the elementary 
steps shown in Eq. (7). 

Ph I A  

- l A  

Ph 

Caged Radical Pair Free Radicals CPS 

It is possible, however, to deduce useful comparative information 
about the kinetics and energetics of these elementary steps. 

The reversibility of the initial hydrogen atom transfer has been 
verified by experiments using metal deuterides. In these experi- 
ments, deuterium is incorporated into the recovered starting ma- 
terial, and the metal deuteride is converted to a metal hydride. 
These H/D exchange experiments are commonly observed in hy- 
drogenations of substituted styrenes.6 A case of remarkably fast 
H/D exchange was reported by Jacobsen and Bergman in the hy- 
drogenation of a Copinylidene complex by HMo(CO),C~.~~ Their 
reaction (Eq. (8)) 
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H H  
'C' 

I I  + HMo(C0)3Cp - 
C 

cp(co)co'-'co(co)cp 

H, 4. , w 3  

cP(co)co'-'co(co)cp 

CH3 
I 

'c + 

gives a mixture of the C=C bond hydrogenation product and the 
trinuclear cluster product, and was convincingly shown to proceed 
by a hydrogen atom transfer mechanism. The H/D exchange ob- 
served for this reaction (using DMo(CO),Cp) was found to occur 
at least two orders of magnitude faster than product formation, 
and it was suggested that the back hydrogen atom transfer (k-, 
in Eq. (9)) had a rate constant of k-, > 1013 s - l .  

U H  

"Y k9A CHzD 
11 + DMo(CO)?Cp - . I  M o ( C O ) ~ C ~  c- 

/c\ 
-yA c p ~ c o ) c o - c o ( c O ) c p  

c p ~ c o ) c o - c o ( c o ) c p  /"\ 

(Equation (9) separately shows two back hydrogen atom transfers, 
k - which takes the caged radical pair back to isotopically iden- 
tical starting material, and k-9B which accomplishes the H/D ex- 
change by hydrogen atom transfer following partial rotation of the 
CH,D group.) This extraordinarily large first-order rate constant 
invites comparison to the second-order rate constant determined 
for the overall k - process in the reaction of a-cyclopropylstyrene 
with HCr(CO),Cp. The value of k-, = 3.1 x lo9 M-l s - l  de- 
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termined for the latter process indicates that the reaction is essen- 
tially diffusion controlled. This large rate constant is not surprising, 
in view of the similar rate constants found for the combination of 
other metal- and carbon-centered radicals. For example, the rate 
constant for the combination of two [Cp(CO),Mo.] radicals to 
form [Cp(CO),Mo], is k = 3.1 X lo9 M-l  at 22°C in cy- 
clohexane,22 and rate constants of the same order of magnitude 
are found for the combination of two organic radicals.23 The re- 
markably large rate constant suggested for k -9 indicates that re- 
actions of this type can have an even lower barrier than the small 
diffusional barrier to reactions such as k-lB (Eq. (7)). The con- 
clusion that k- lA >> k - l B  in Eq. (7) is interesting since it means 
that the reaction having the larger (albeit still small) barrier in- 
volves no bonds being broken or made but only bringing together 
the two radicals into the cage. 

The large range of rate constants kl for the hydrogen atom 
transfer from metal hydrides to a-cyclopropylstyrene is therefore 
almost solely due to the differences in rate constants of the ele- 
mentary step klA, since the rate constants for diffusive cage escape 
(klB) are expected to be similar for the different metal radicals. 
The slowest elementary step in the overall back reaction (k - is 
formation of the caged radical pair (k-lB) since the actual back 
hydrogen atom transfer step (k- lA) involves an exothermic re- 
action between two radicals that have already overcome the en- 
tropic barriers to assembling themselves close enough for efficient 
reaction. 

PHOTOCHEMICAL OLEFIN HYDROGENATION WITH 
METAL HYDRIDES 

A recent report by Kochi and c o - ~ o r k e r s ~ ~  documented a stoi- 
chiometric photochemical route to olefin hydrogenation and hy- 
drometalation that accomplishes a similar transformation to those 
discussed above, but which exhibits some unique features not ob- 
served in the aforementioned systems. The electron-rich metal 
hydride complexes Cp,MoH2, Cp2WH2, and Cp2ReH form elec- 
tron donor-acceptor complexes with electron-deficient olefins such 
as fumaronitrile and maleic anhydride. The charge-transfer ab- 
sorption band for the complex between Cp2WH2 and fumaronitrile 
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has A,,, = 516 nm (E = 140 M-l cm-l). A solution of Cp2WH2 
and excess fumaronitrile showed no thermal reaction at loO°C, 
but photolysis led to hydrogenation of the fumaronitrile and for- 
mation of the fumaronitrile adduct of tungstenocene (Eq. (10)). 

H 

A similar photochemical reaction with Cp,MoH, gave the hydro- 
metalation product shown in Eq. (11). 

As shown in the proposed mechanism (Scheme 3), the pre- 
equilibrium step (a) assembles the hydride and olefin together to 
form the electron donor-acceptor complex that gives rise to the 
charge transfer absorption. Photolysis into the charge transfer band 
(step (b)) produces the ion radical pair by electron transfer from 
the metal to the olefin. Step (c) is a proton transfer from the cation 
radical of the metal hydride to the anion radical of the olefin. This 
step will be discussed in more detail later, but first it is important 
to recognize that the intermediate that results from the proton 
transfer of step (c)  is a caged radical pair containing a metal- 
centered radical and an organic radical, reminiscent of those pro- 
duced in the olefin hydrogenations discussed earlier. The pathway 
for generation of this radical pair is clearly distinct from those 
formed earlier by hydrogen atom transfer processes, but the sub- 
sequent chemistry bears notable similarities. Step (d) of the mech- 
anism shown in Scheme 3 involves geminate combination of the 
carbon- and metal-centered radicals, a step that parallels the for- 
mation of the manganese ally1 complex in Eq. (2) and the cluster 
formation step in Eq. (8). In the case of the reaction of Cp,MoH, 
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I 
SCHEME 3 

with fumaronitrile (Eq. (ll)), this is the final step, leading to the 
isolated molybdenocene alkyl hydride complex. 

The analogous reaction with Cp2WH2, however, led to the hy- 
drogenation of fumaronitrile and isolation of the olefin complex 
of tungstenocene (steps (e) and (f) in Scheme 3). It was suggested 
that the different stoichiometries and products for Mo vs. W re- 
sulted from further reaction of the initially formed alkyl hydride 
complex of W, which underwent reductive elimination and trap- 
ping of the reactive Cp2W fragment by fumaronitrile. Mechanistic 
details of the thermal and photochemical reductive elimination of 
alkanes from alkyl hydride complexes such as Cp2W(CH3)H have 
been so the elimination of alkane and subsequent trap- 
ping of the highly reactive [Cp2W] fragment have ample precedent. 
The fact that the alkyl hydride of Mo was isolable whereas the 
analogous tungsten species underwent further reaction is somewhat 
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surprising in view of the higher stability expected for the third row 
compared to the second row metal complexes. The answer to this 
dilemma is most likely due to the fact that the molybdenum com- 
plex precipitated from solution during the reaction, thereby pre- 
cluding further reaction. 

PROTON TRANSFER FROM METAL HYDRIDES 

Proton transfer reactions of metal hydrides26 are a commonly en- 
countered mode of M-H bond cleavage which can be compared 
to the hydrogen atom transfer reactivity discussed above. A sub- 
stantial body of quantitative data on the kinetic and thermody- 
namic acidity of metal hydrides has been reported by Norton and 
co-workers.26 The thermodynamic acidities of metal carbonyl hy- 
drides decrease in going from first to second to third row metals, 
as exemplified by the pK, data in CH,CN for HCr(CO),Cp (pK, 
= 13.3), HMo(CO),Cp (pK, = 13.9), and HW(CO),Cp (pK, = 
16.1). The pK, of HW(CO),(PMe,)Cp is 26.6, indicating that sub- 
stitution of a CO by the strongly electron-donating ligand PMe, 
dramatically decreases the acidity. This effect is understandable in 
terms of the lower stability of the metal anion containing the elec- 
tron-donating phosphine ligand. 

The acidity of Cp2WH, or Cp,MoH, is much lower than the 
acidity of the metal hydrides discussed above which contain elec- 
tron-accepting carbonyls that can stabilize the negative charge of 
the metal anion resulting from deprotonation, although these more 
electron-rich metal hydrides can be deprotonated by strong bases 
such as BuLi. In the case of the proton transfer (step (c)) in Scheme 
3, it is not a neutral metal hydride but the radical cation of the 
metal hydride that is the proton donor. In the reactions of Cp,MoH, 
and Cp,WH, with fumaronitrile, the higher overall reaction rate 
observed for the molybdenum hydride was attributed to the higher 
acidity of [Cp2MoH,] + compared to that of the tungsten analogue. 
More striking than the differences in acidity of second compared 
to third row hydrides is the huge enhancement in acidity of metal 
hydrides upon one-electron oxidation. Also related to the proposal 
of proton transfer from the [Cp2MH2].+ complex in step (c) of 
Scheme 3 is the quantitative determination of pK, data for radical 
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cations of several metal carbonyl hydrides recently reported by 
Ryan, Tilset and Parker.z7 The radical cations formed by one- 
electron oxidation of metal hydrides are exceptionally strong acids. 
For example, the pK, of [HMo(CO),Cp]*+ in CH,CN is -6.0. 
Another intriguing result to emerge from this study is that the 
decrease in pK, from MH to [HM].+ is a relatively constant 20.6 
k 1.5 pK, units for the Cr, Mo and W hydrides reported thus far 
[HM(C0)3Cp for M = Cr, Mo and W, along with HMo(CO),Cp* 
and HW(CO),(PMe,)Cp]. 

The dramatic difference in acidity caused by a one-electron change 
has precedent in organic chemistry. For example, the pK, of the 
radical cation of benzenez8 is estimatedz9 to be -3 .8  2 2.0 in 
CH3CN. Similar effects are also observed in the basicity of 2,2'- 
bipyridine30 (abbreviated bpy). In aqueous solution, the pK, of 
bpyH is about 24.One-electron oxidation of bpyH * to give bpyH+ 
produces a much strong acid: the pK, of bpyH+ in aqueous solution 
is 4.4. 

HYDRIDE TRANSFER REACTIONS OF 
METAL HYDRIDES 

Along with the hydrogen atom transfer and proton transfer reac- 
tivity discussed above, hydridic reactivity of metal hydrides is ob- 
served for many metal hydrides.,l Labinger and Komadina re- 
ported the qualitative rates of the reduction of ketones by differ- 
ent metal hydrides, and they identified the position of the metal 
in the periodic table as one of the main factors influencing the 
tendency of metal hydrides to exhibit hydridic r e a c t i ~ i t y . ~ ~  The 
group 4 hydride Cp,ZrHz reacts quickly with acetone to produce 
Cp,Zr(OCHMe,),, which then gives isopropanol upon hydrolysis. 
The group 5 hydride CpzNbH3 reacts more slowly with acetone, 
consistent with the general trend that metals on the left side of the 
periodic table exhibit enhanced hydridic character compared to 
similar compounds farther to the right side of the periodic table. 
The group 6 hydride CpzMoHz is reported to be unreactive towards 
acetone, but it does react with the more electrophilic ketone 
CF,(C=O)CH3. While these comparisons give useful information 
about the change in hydridic behavior for related hydrides from 
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rows 4 , 5  and 6 of the periodic table, these qualitative observations 
should not be interpreted as a direct measure of “inherent hy- 
dricity” since the ketones very likely coordinate to the metal prior 
to the actual hydride transfer step. 

Along with the position in the periodic table, the ligands also 
have a profound influence on the hydridic behavior. For example, 
HMo(CO),Cp, which has electron-accepting carbonyl ligands, does 
not reduce CF,(C=O)CH3, and clearly has greatly diminished 
reactivity in terms of hydride donation compared to the electron- 
rich molybdenum hydride Cp,MoH,. 

As would be expected based on their negative charge, anionic 
metal carbonyl hydrides,, exhibit enhanced hydridic reactivity 
compared to neutral metal carbonyl hydrides. Nucleophilic transfer 
of hydride from many anionic metal hydrides has been used to 
convert alkyl halides to alkanes as generalized in Eq. (12). 

MH- + RBr + MBr- + RH (12) 

In some cases, the mechanism of this reaction involves direct hy- 
dride transfer (H-) by an sN2 nucleophilic substitution mechanism. 
In many cases, however, a radical chain mechanism (SH2, shown 
in Scheme 4) competes with the sN2 mechanism. Kinney, Jones 
and Berg~nan,~ initially established the radical chain mechanism 
for conversion of organic halides to alkanes by the anionic vana- 
dium hydride CpV(CO),H- , but they also argued for the presence 
of a direct displacement S,2 pathway for some substrates. More 
recently, Darensbourg and co-workers reported extensive studies 
using a series of anionic Cr, Mo and W hydride~.,~ A study utilizing 

Chain Initiation 
0 

MH- + Initiator- - M -  + Initiator-H 

RBr + Initiator. - R *  + Initiator-Br 

Chain Propagation . 
M -  + RBr - MBr- + R *  

M H - +  R. - M~ + RH 

SCHEME 4 
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two different radical rearrangements not only confirmed that both 
pathways are available, but also established the relative reactivity 
of a series of anionic metal carbonyl hydrides. The reaction of the 
5-hexenyl bromide in Eq. (13) proceeds by both 

radical chain (S,2) and direct hydride transfer (SN2) pathways, 
but only the radical chain pathway was throught to occur in Eq. 
(14), since sN2 reactivity of the neopentyl-like bromide was as- 
sumed to be precluded. One of the conclusions of this study was 
that the direct nucleophilic hydride transfer (S,2) pathway was the 
predominant mechanism for the reaction of the primary bromide. 
The approximate percentage of the reaction proceeding by the 
radical chain (S,2) pathway was 10% for HCr(CO);, 0.3% for 
HW(CO);, and only 0.03% for HW(CO),P(OMe);. The order 
of relative reactivity of several anionic metal hydrides with n-BuBr 
is HW(CO),P(OMe); > HCr(CO),P(OMe); > HW(C0); > 
HV(CO),Cp- > HCr(C0); > HRu(C0);. The propensity for 
the direct hydride transfer (sN2) pathway correlated with increas- 
ing tendency to form Na+ . . HM interaction in IR ion pairing 
studies. Conversely, the hydrides exhibiting greater radical chain 
reactivity were those which exhibited (in IR ion pairing studies) 
more interaction of Na+ with the carbonyl oxygens, which was 
suggested to be indicative of greater delocalization of the negative 
charge. The iron hydride truns-HFe(CO),P(OMe); was far less 
reactive with alkyl bromides, and it was suggested that a third 
mechanism (sN2, metal site nucleophilicity, as opposed to hydride 
site nucleophilicity) involving an oxidative addition of the substrate 
to the metal was occurring. 

Many of the neutral metal carbonyl hydrides that were shown 
to be efficient proton donors and hydrogen atom donors can also 
function as a source of hydride, H-.  A low-temperature ionic 
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hydrogenation of substituted olefins which utilizes neutral metal 
carbonyl hydrides as the hydride source is shown in Eq. (15).36 

(15) 
+ M-OSO*CF, 

CF,SO,H >=< + M H  - 
- 80 'C. 5 rnm 

Yields of hydrogenated products from 90-100% were found for 
Eq. (15) for MH = HMo(CO),Cp, HW(CO),Cp, and HRe(CO),. 
The mechanism involves protonation of the olefin to give a car- 
bocation, which is subsequently converted to the alkane by a hy- 
dride transfer from the metal hydride. 

methyl 
migration 

HMo(CO)@ x- b- 1 

The intermediacy of a carbocation was demonstrated (Eq. (16)) 
by the rearrangement of a secondary to tertiary carbocation in the 
ionic hydrogenation of t-butylethylene, which gives the rearranged 
product, 2,3-dimethylbutane. The reaction proceeds rapidly at low 
temperature to give high yields of hydrogenation products for 
tetrasubstituted olefins, trisubstituted olefins, and 1 ,l-disubsti- 
tuted olefins. We have not had any success in hydrogenation of 
1,2-disubstituted olefins such as cyclohexene, so this olefin hydro- 
genation method is limited to cases where a tertiary carbocation 
can be formed, either by direct protonation or (as in Eq. (16)) by 
rearrangement following protonation. The rate of this reaction can 
be contrasted to a related ionic hydrogenation process developed 
by Kursanov and c o - ~ o r k e r s , ~ ~  in wbich olefins are hydrogenated 
by CF,C02H/HSiEt3. Typical conditions quoted for hydrogena- 
tions using CF3C02H and HSiEt, are a few hours at 50"C, com- 
pared to a few minutes at -80°C using CF,S03H and transition 
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metal hydrides. Since the acid (CF,SO,H vs. CF,CO,H) and the 
hydride (transition metal hydride vs. triethylsilane) are different 
in these two procedures, it was initially unclear which of these two 
changes resulted in the huge differences in hydrogenation rates. 
Our demonstration that use of CF,SO,H/HSiEt, gives rapid, high 
yield hydrogenations at - 80 “C is therefore important for synthetic 
and mechanistic reasons. For synthetic purposes, it means that 
commercially available HSiEt, can be used in conjunction with 
CF,SO,H for rapid olefin hydrogenations (subject to the limitation 
of being able to form a tertiary carbocation, a limitation also en- 
countered in the more extensively studied CF3C0,H/HSiEt, 
method). The fact that similar results can be obtained whether the 
hydride source is HSiEt, or a transition metal hydride means that 
the profound increase in hydrogenation rate for CF,SO,H/HSiEt, 
over CF,CO,H/HSiEt, is clearly due to the much higher acid strength 
of CF,SO,H compared to CF,C02H, leading to much faster car- 
bocation formation with the stronger acid. 

The success of the ionic hydrogenations using CF,SO,H/HSiEt, 
is surprising, since it had been stated in a review of the CF,CO,H/ 
HSiEt, method that “stronger acids cannot be used in conjunction 
with silanes because they react with the latter.”37 The rapid re- 
action between CF3S03H and HSiEt, does not preclude their utility 
in the ionic hydrogenations, but instead provides qualitative in- 
formation about the reactivity of the carbocation. The success of 
the ionic hydrogenation is clearly dependent on the fact that under 
appropriate reaction conditions, the carbocation is converted to 
the product by hydride transfer (from either HSiEt, or transition 
metal hydride) faster than the carbocation can react with the olefin 
to begin polymerization. 

Although it is clear that the overall hydrogenation sequence 
involves protonation followed by hydride transfer, further details 
of the mechanism are presently unanswered (but under investi- 
gation.) It is clear that the strong acid, CF,SO,H, is the source of 
the protons, but it has not been confirmed that the acid protonates 
the olefin directly. An interesting possibility is that the metal hy- 
dride is initially protonated to give a cationic dihydrogen complex, 
Cp(CO),Mo(q2-H,) + , which then protonates the olefin. The pos- 
sibility of high acidity of this complex is supported by quantitative 
measurements on the acidity of dihydrogen complexes that have 
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been reported by Heinekey and c o - ~ o r k e r s . ~ ~  They recently found 
that the cationic rhenium dihydrogen complex Cp* (NO)(CO)Re(q2- 
H,)+ is a surprisingly strong acid (pK, = -2  in CH,Cl,). The 
utility of cationic dihydrogen complexes of Os39 and Ir40 in olefin 
hydrogenation has been demonstrated by Caulton and co-workers. 
Their proposed mechanism involves loss of coordinated H,, co- 
ordination of the olefin to the metal, etc., so the way in which 
hydrogen is delivered to the olefin is distinctly different from the 
mechanism involving protonation of the olefin that we consider 
here. 

A second unanswered question concerns the details of the hy- 
dride transfer, which could occur by direct hydride transfer (as 
shown in the upper pathway of Scheme 5 )  or by a two-step path- 
way. The two-step pathway, shown in the lower part of Scheme 
5 ,  involves an initial electron transfer (oxidation of the metal hy- 
dride by the carbocation) followed by fast hydrogen atom transfer 
from the radical cation of the metal hydride. There is precedent 
for an electron transfer followed by hydrogen atom transfer in 
reactions of transition metal dkyZ complexes with carbocations. 
Cooper and co-workers reported41 that Cp,W(CH3), and related 
complexes react with Ph3C+ by initial electron transfer followed 
by hydrogen atom transfer, to generate reactive cationic alkylidene 
complexes that undergo a variety of interesting insertion and trap- 
ping reactions. Reaction of Ph,C+ with rhenium alkyl complexes 
such as Cp(PPh,)(NO)ReCH,Ph results in stereospecific a-hy- 
dride abstraction and produces isolable alkylidene complexes, 
[Cp(PPh,)(NO)Re=CHPh]. +42 Gladysz, Parker and co-workers 

hydrogen 

transfer 

electron MH 
transfer 1 hydrogen 

transfer 

electron MH 
transfer 1 

M' 
+ M H f o  

SCHEME 5 
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examined the details of this reaction using electrochemical tech- 
niques, and they suggested a two-step mechanism involving initial 
electron transfer followed by hydrogen atom transfer.43 On the 
other hand, hydride abstraction from Cp(PMe,)(CO),hloH by 
Ph,C+ was studied by Ryan, Tilset and Parker, and was proposed 
to occur by direct hydride transfer rather than the two-step mech- 
a n i ~ m . * ~  Literature precedents therefore indicate that either of the 
two pathways shown in Scheme 5 may be reasonable, and the data 
presently available are insufficient to distinguish between them. 

Hydride transfer has also been proposed to occur from neutral 
metal hydrides to substrates less electrophilic than the carbocations 
discussed above. Sullivan and M e ~ e r ~ ~  reported the formation of 
(CO),(bpy)ReOC(=O)H by insertion of CO, into the Re-H bond 
of (CO),(bpy)ReH. They suggested that this reaction involved a 
hydride transfer from Re to carbon in a highly polarized transition 
state or intermediate. An inverse kinetic isotope effect (k,/k, = 
0.52 +- 0.05 in CH,CN) was found when the metal deuteride, 
(CO),(bpy)ReD, was used. Further evidence for the hydride trans- 
fer mecahnism was provided by the observation of a large solvent 
effect in which the rate of the reaction increased with the dielectric 
constant of the solvent-the reaction was over two orders of mag- 
nitude faster in acetonitrile than in tetrahydrofuran. 

HYDRIDIC VS. ACIDIC REACTIVITY45- 
EXPERIMENTAL AND THEORETICAL EVIDENCE 

The kinetic (and thermodynamic) acidity of a metal carbonyl hy- 
dride decreases when a ligand on the metal is replaced by a more 
electron-donating ligand (e.g., Cp* vs. Cp, or phosphines vs. CO). 
In a qualitative sense, a metal hydride that produces hydrogen 
upon reaction with acids may be thought to exhibit hydridic char- 
acter. We have found that the rate of reaction of HMo(CO),Cp 
with CF,SO,H is much slower than that of the phosphine substi- 
tuted hydride HMo(CO),(PPh,)Cp, in agreement with the ex- 
pected higher “hydricity” of the phosphine substituted hydride. 
The potential utility of the relative rates of reaction of metal hy- 
drides with acid as an attempt to measure relative “hydricity” is 
compromised by the possible intermediacy of cationic dihydrogen 
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complexes [M(q2-H,) + ] or dihydrides [MH,+] which could result 
from protonation of the neutral metal hydride. The relative rate 
of hydrogen evolution from reaction of metal hydrides with acids 
might be reflective of the stability of a dihydrogen complex or 
dihydride complex, rather than of the actual hydricity of the 
M-H bond. 

Considerable differences in hydride transfer reactivity can result 
from supposedly similar complexes. Legzdins and Martin reported 
that Cp(NO),WH exhibited hydridic behavior, since it produced 
Cp(N0)2WOS02C6H4CH3 upon reaction with p-toluenesulfonic 
acid.46 The relatively acidic tungsten carbonyl hydride complex, 
Cp(CO),WH (pK, = 16.1 in CH,CN) was unreactive with p -  
toluenesulfonic acid under identical conditions. Bursten and Gatter 
have utilized molecular orbital calculations to evaluate the reasons 
for the acidic vs. hydridic behavior of metal h y d r i d e ~ . ~ ~  They found 
that the electronic stability of the organometallic fragment result- 
ing from the loss of H +  (or H-) from the metal hydride was a 
key factor in determining !he reactivity. Calculations on the 
Cp(NO),CrH/Cp(CO),CrH species were carried out as a model 
for the related tungsten systems. The instability of the hypothetical 
anion Cp(NO),Cr - (which would result from deprotonation of 
Cp(NO),CrH) was suggested to account for the low acidity of 
Cp(NO),WH. In contrast, hydride donation from Cp(NO)*WH 
would produce Cp(NO),W+, which would give Cp(NO),W(solv) + 

in a coordinating solvent. The stability of this cation was proposed 
to account for the hydridic behavior of Cp(NO),WH. It was also 
pointed out that this Welectron cation has a d6 three-legged piano 
stool structure similar to that observed for CP(CO)~W-, which is 
the stable product resulting from proton loss from Cp(CO),WH. 

Hydride donation to metal carbonyl complexes is another probe 
of hydride transfer reactivity. The formation of formyls by hydride 
transfer does not always indicate direct hydride transfer, however, 
since Kochi and co-workers have shown that metal formyls can be 
formed by electron transfer to metal carbonyls to give 19-electron 
radical anions which subsequently produce formyls by hydrogen 
atom abstraction from ~ - B U , S ~ H . ~ ~  The neutral tungsten nitrosyl 
complex Cp(NO)*WH does not react with Fe(C0)5,46 but the an- 
ionic chromium complex HCr(C0); does, forming the iron formyl 
complex (CO),FeCHO- as one of the products.49 Curtis and DuBois 
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recently reported that a nickel hydride complex, (dmpe),NiH+ , 
[dmpe = 1,2-bis(dimethylphosphino)ethane] donates H- to cat- 
ionic metal carbonyl complexes to generate metal f o r m y l ~ . ~ ~  The 
observation that this cationic complex can donate a hydride is a 
compelling reminder that the overall charge on a hydride complex 
is only one of several factors that determine its reactivity towards 
a particular substrate. The hydridic reactivity of (dmpe),NiH + is 
most likely due to the very electron-rich nickel center (with 2 dmpe 
ligands) and the high stability of the Ni+* product. 

NEUTRAL METAL HYDRIDES AS NUCLEOPHILES 
AND LIGANDS 

The hydridic reactivity discussed above involved cases where the 
M-H bond was (at least formally) cleaved to produce a hydride 
(H-). Related to this hydridic reactivity of metal hydrides is the 
concept that the two electrons in the M-H bond can behave as a 
nucleophile towards some substrates, as in Darensbourg's results 
of hydride-site nucleophilicity of anionic metal hydride~.,~. ,~ A 
quantitative evaluation of the relative nucleophilicity of several 
neutral metal carbonyl hydrides was reported by Martin, Warner 
and Norton.,' A solvated acyl complex, Et(C==O)Re(CD,CN)- 
(CO),, was directly observable from the reaction of EtRe(CO), 
with CD,CN. Metal hydrides react with this acyl complex to pro- 
duce EtCHO in a reaction proposed to proceed through a hydride- 
bridged intermediate (or transition state) depicted in Scheme 6. 
The relative rate constants for this reaction were suggested to 
provide a measure of the relative nucleophilicity of the metal hy- 
drides. The order of nucleophilicity established in this way was 
HRe(CO), (krel = 139), HMn(CO), (kre, = loo), H,Os(CO), (krel 

HCr(CO),Cp (krc, = 1). An intriguing observation made by Nor- 
ton is that, to some extent, the order of nucleophilicity is the 
opposite of the order of the relative acidities of these metal hy- 
drides. Note, however, that the range spanned by the nucleophil- 
icity scale is only about two orders of magnitude, whereas the 
range in kinetic acidities of these complexes encompasses nearly 
eight orders of magnitude from HRe(CO), to HCr(CO),Cp. 

= 58) ,  HW(CO),Cp &re, = 9), HW(CO),(PMe,)Cp (kre1 = 51, 
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0 
II 

E~-C-H 
+ M-Re(CO)pS 

SCHEME 6 

The bridging hydride intermediate shown in Scheme 6 has a 
3-center, 2-electron interaction of the type found in numerous 
polynuclear hydride complexes. The use of metal hydrides as 
2-electron donor ligands towards organometallic complexes with 
weakly coordinated ligands has been very successfully used in the 
preparation of a variety of M(p-H)M' c ~ m p l e x e s . ~ ~  In contrast to 
the demonstrated synthetic utility of such reactions, less is known 
about the quantitative aspects of metal hydrides as ligands. Nor- 
ton's data cited above indicated that HRe(CO), was more reactive 
kinetically as a nucleophile than HMn(C0)s.51 Recent work dem- 
onstrates a considerable thermodynamic binding preference of the 
Re hydride compared to the analogous Mn hydride. The weakly 
bound aldehyde ligand in Mn,(CO),(q'-tolualdehyde) is readily 
displaced (Eq. (17)) by HRe(CO),, giving free tolualdehyde and 
Mn,(CO),(p-H) Re(C0)5.53 

\ 

+ HRe(C0)5 -- (17) /"=' H 
(CO)5Mn-Mn(CO)q 
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This established the preference of HRe(CO), compared to tolu- 
aldehyde to bind to coordinatively unsaturated Mn2(CO),. Ther- 
modynamic data (AGO = - 2.5 kcal/mol) for the equilibrium shown 
in Eq. (18) indicates that Mn,(CO), binds the aldehyde more strongly 
than it binds HMn(C0)5.54 The combined results of these exper- 
iments reveal that the relative thermodynamics of binding to 
Mn,(CO), is HRe(CO), > q'-aldehyde > HMn(CO),. 

SUMMARY 

Transition metal hydrides are remarkably versatile in their reac- 
tions, functioning as donors of protons, hydrogen atoms, and hy- 
dride. Early metal hydrides with electron-donating ligands, such 
as Cp,ZrH,, tend to exhibit hydridic reactivity. Neutral metal car- 
bony1 hydrides such as HW(CO)&p exhibit all three of the modes 
of metal-hydrogen bond cleavage listed in Scheme 1: several of 
them are moderately strong acids, they have been shown to readily 
donate a hydrogen atom to some substrates, and they can donate 
hydride to sufficiently electrophilic substrates such as carbocations. 
Anionic metal carbonyl hydrides often exhibit stoichiometric hy- 
dridic reactivity, but the actual mechanism is frequently a radical 
chain reaction in which the actual M-H bond cleavage step in- 
volves donation of a hydrogen atom from the anionic metal hy- 
dride . 

The reactions of metal hydrides are influenced by numerous 
factors, including the position in the periodic table, the ligands 
(which influence both the electronic and steric properties of the 
metal hydride), the charge (negative, neutral, or cationic) and the 
stability of the resulting organometallic (and organic) products. 
The fascinating diversity of descriptive chemistry of metal hydrides 
which has been explored for over three decades has been comple- 
mented in recent years by an increasing number of quantitative 
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kinetic studies which facilitate interpretation and understanding of 
some of the observed reactivity patterns. Along with new kinetic 
and mechanistic studies, recent thermochemical data, while not 
without controversy, have added an important component to our 
understanding (or lack thereof!) of metal hydride reactivity. 
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