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Summary

Rates of reaction of the hydrides of tungsten and molybdenum of the form
HM(15-CsHs)(CO),, with a-methylstyrene have been determined. The rate law
is first order in olefin and in hydride. A mechanism involving a rate limiting
step of hydrogen atom transfer to the olefin is consistent with the rate law, iso-
tope effect and the absence of CO inhibition. The activation enthalpy for the
reactions of HW(n*-CsH;){CO); and HMo(n°-CsH;)(CO); are 97.5 + 4.2 and
89.1 £+ 3.3 kJ/mol, respectively. The rate constant for the reaction of styrene
and HW(7°-CsHs)(CO); is approximately that of a-methylstyrene, while 8-meth-
ylstyrene was not observed to react under the conditions of the previous deter-
minations. This suggests that attack by the hydride occurs at the f-carbon and
this process is inhibited by substituents at that location.

Introduction

Mechanisms which have been proposed for hydrogenation reactions of ole-
fins by transition metal hydrides have occasionally included hydrogen atom
transfer reactions which yield free radical intermediates [1—5]. Experimental
evidence for such hypotheses is not always available. However, the reaction of
HMn(CO); and a-methylstyrene produces CIDNP in NMR spectra at 60 MHz
which is consistent with such a process [2]. Other evidence has also been cited
to justify the use of similar mechanisms. Roth and Orchin proposed a radical
mechanism involving hydrogen atom transfer for the reaction of HCo(CO), and
1,1-diphenylethene [3]. The reaction exhibits no CO dependence in the rate
law and an inverse isotope effect for the deuteride. The first observation was
essential for eliminating from consideration a coordinatively unsaturated spe-
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cies. The second observation can be rationalized by postulating the transfer of a
hydrogen atom from the metal to the olefin in the rate limiting step. The zero-
point energy of the hydrogen—metal stretching vibration in the reactant is rea-
sonably less than that of the hydrogen—carbon stretch in the transition state,
even presuming that the transfer of hydrogen is not complete. Similar behavior
was noted for the above-cited reaction of HMn(CO); and a-methylstyrene.

The hydrogenation reaction between 9,1 0-dimethylanthracene and HMn-
(CO)s shows virtually no stereospecificity in the hydrogens added at the 9 and
10 positions, which is consistent with a two-step hydrogen atom transfer reac-
tion [4]. Feder and Halpern [5] noted this same lack of specificity in the reac-
tion of HCo(CO), and 9,10-dimethylanthracene [6] as an indication of a radi-
cal mechanism. In addition, it was noted that other polycyclic aromatic hydro-
carbons which were hydrogenated by HCo(CO), varied in their reactivity in the
same manner as the radical localization energies. Such behavior is consistent
with a mechanism in which a rate limiting, hydrogen atom transfer reaction
occurs as the initiating event.

The reactions of HM(775-CsH5)(CO);, where M = Cr, Mo, and W, with
isoprene yields 2-methyl-2-butene [7]. This behavior suggests the possibility of
similar free radical chemistry. The carbon-centered radical is stabilized by the
 system in an allylic fashion, whereas the hydrogenation leading to an alkane
is afforded no similar stabilization. The work which is reported herein supports
such a possibility in that the reactions of these hydrides with a-methylstyrene
exhibits strong evidence of a radical mechanism which is analogous to that of

HMn(CO)s.
Experimental

HM(7*-CsH;5)(CO),, where M = Mo and W, was prepared by standard meth-
ods [8]. The HMo(7°-CsH;s)(CO); which had been purified only by sublimation
contained an impurity which caused exchange broadening of the proton signal
due to the hydridic proton. This impurity could be removed satisfactorily by
recrystallization from hexane followed by sublimation. The presence of the im-
purity did not affect the kinetics of the reaction with a-methylstyrene to a sig-
nificant extent.

DM(1;3-CsHs)(CO); was prepared from HM(n3-CsH;)(CO),; by exchange with
a large excess of CH,OD. The exchange process is rapid and immediately after
mixing, the methanol may be vacuum distilled from the deuteride. Enrichments
in excess of 95% were attained as determined by NMR. Styrene, a-methyl-
styrene, S-methylstyrene, and the several anthracenes were obtained from
Aldrich Chemical Co. The former three were distilled before use o remove
trace radical inhibitors.

Mixtures of the reactants were prepared in a N,-filled inert atmosphere box
in C¢Ds. The mixtures were then vacuum sealed in NMR tubes. The NMR spec-
trum of the solutions was observed at intervals at ambient conditions using
either an Hitachi R20B 60 MHz or a JOEL FX90Q spectrometer. The quench-
ing and subsequent reheating of the solutions occur essentially in a minute so
that the time during which the mixture is not either stopped or at reaction tem-
perature is small with respect to the total time of the experiment. The tubes
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were maintained at reaction temperature to +1°C at temperatures from 65 to
120°C. As the reaction proceeds, the concentration of M,(1°-CsHs)(CO)e
exceeds its solubility, especially at the measurement temperature. The presence
of solids did not adversely affect the tuning of the spectrometer. Reactions
which were to be run under a CO atmosphere used samples which were filled
with one atmosphere of CO at room temperature and then closed by a valve
located above the spot which was to be heat-sealed. The NMR tube was then
cooled to 196 K. This caused the gas pressure in the tube to become small
enough that the glass collapsed on heating as it normally would under more
conventional conditions for making a seal.

The rate constant for the reactions were calculated by use of a least-squares
fitting of the intensity data, assuming first order kinetics in each reactant and
an overall 2 : 1 stoichiometry consistent with equations 1 and 2. The effective
NMR sensitivity varied from spectrum to spectrum and the data was smoothed
by requiring that the integral of the methyl resonance of a«-methylstyrene plus
half the intensity of the methyl resonance of the product, cumene, be constant
throughout all spectra of a given sample. The intensities of all the signals in a
particular spectrum were adjusted by a factor which would result in the above
sum being constant. Implicit in this treatment is the assumption that the only
product of a-methylstyrene is cumene, a fact which is consistent with NMR

and GLC data.
Results

The reaction stoichiometries were found to conform to eq. 1.
2 HM(1°-CsHs)(CO)s + Ph(CH3)=CH, — M,(°-CsHs),(CO)e + PhnCH(CH;), (1)

The second order kinetic plots of the intensity data were linear over two half-
lives. The rate law which fits the data is shown in eq. 2.

rate = kops [HM(7°-CsHs)(CO)s ] [Ph(CH3)=CH,] (= —d[Ph(CH3)=CH.]/dt) (2)

Values of &, are shown in Table 1. The principal reason for scatter among the
replicate determinations is the uncertainty in integral calibrations in the NMR
spectra. The results of Eyring plots of the data showed the activation enthalpies
to be 97.5 + 4.2 and 89.1 + 3.3 kd/mol for tungsten and molybdenum, respec-
tively. The corresponding activation entropies are —54 + 4 and —58 * 4 J/K
mol. Rate constants from only the vacuum filled tubes were used in the deter-
mination of the activation parameters. The rates of reaction were not signifi-
cantly affected by the presence of carbon monoxide at one atmosphere pres-
sure. The deuterides of HM(77°-CsHs)(CQO)s react faster with a-methylstyrene
than their protic forms. The deuterium adds across the double bond with no
NMR evidence of deuterium incorporation in the methyl group of ¢-methyl-
styrene nor is there any evidence of protium substitution for deuterium in DM-
(173-CsHs)(CO)s. The reaction of styrene with HW(55-CsH5)(CO); proceeds at
nearly the same rate as does a-methylstyrene. However, reactions of 8-methyl-
styrene, anthracene, 9-methylanthracene and 9,10-dimethylanthracene could
not be detected. Typically, small smounts of the metal—metal-bonded dimer
were detected in these reactions but no organic products were detected by
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TABLE 1

RATE CONSTANTS OF THE REACTION

2 HMCp(CO)3 ¢ + c-methylstyrene &

Temp. kobs . Extreme values

Cco) (X105 m™1l s71) (X105 m™1 71y
HWCp(CO)3 100 4.01(10%) € 3.48—4.48
DWCp(CO)3 100 6.14(6%) 5.73—6.50
HWCp(CO)3 with CO 100 3.92(<1%) 3.91—3.92
HWCp{CO)3 110 8.64(6%) 8.12—9.32
HWCp(CO)3 120 21.2(12%) 18.5—23.6
HWCp(CO)3 and styrene 100 3.07¢d —
HMoCp(CO)3 65 8.04(11%) 8.45—8.97
DMoCp(CO)3 65 16.9(8%) 16.9—17.0
HMoCp(CO)3 with CO 65 7.99(3%) 7.71—8.22
HMoCp(CO)3 77 29.4(5%) 28.3—30.5
HMoCp(CO)3 80 31.6(4%) 30.6—32.5
HMoCp(CO)3 90 75.6(10%) 66.6—85.2

¢ Concentrations range from 0.286 to 1.512 m. b Concentrations range from 0.142 to 0.337 m. € One stan-
dard deviation of the data relative to the mean. ¢ Single determination.

NMR. These observations can be accounted for by the decomposition of the
hydride, independent of the presence of the organic substrate.

Discussion

The reactions of HM(n*-CsH;)(CO);, where M = Mo and W, and «-methyl-
styrene are analogous to that of HMn(CO)s and a-methylstyrene [2] and are
consistent with the following mechanism:

k
HM + Ph(CH,)=CH, :—i M* + Ph(CH,),C" (3)
2
k3
HM + Ph(CH,),C’ = M’ + PhCH(CH,), 4)
q
ks
M +M =M,
ke
M= MO(')‘)S-CSHS-) (Co)a and W('ns-CSHs) (CO)a (5)

In this scheme, k4 and k¢ are considered negligible because of the endother-
micity of the processes. The absence of deuterium isotope exchange between
hydride and «-methylstyrene indicates that the &, process is kinetically slow
relative to the k5 process. Both the %5 process and the ks process are presumed
to be fast relative to the k; process. These assumptions are amply supported by
work on the metal—metal-bonded species and analogous systems [9]. The ob-
served rate constant of the reaction is therefore k, for most concentrations of
hydride. This mechanism indicates a rate law which is first order in each reac-
tant which is consistent with the observed behavior. In addition, the negative
activation entropies are consistent with a rate limiting step which involves the
formation of an activated complex from two discrete species. In the analogous
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reaction with HMn(CO); the &k, step was competitive with the k; step. This fea-
ture was an important aspect in the formulation of a model which is consistent
with the radical pair mechanism for CIDNP. That such a process is not observed
for HM(1°-CsH5)(CO); is sufficient reason for not seeing CIDNP in these reac-
tions [10]. This behavior suggests that the transition state is more crowded
than for HMn(CO)s. As the transition state is passed along the reaction coordi-
nate, there is significant relaxation of crowding with the formation of the radi-
cal pair (eq. 3).

The deuterium isotope effect which is observed for these reactions is
described qualitatively by Bigeleisen and is consistent with a rate limiting step
which inveclves hydrogen atom transfer from a metal to carbon [11]. Because
of the relative weakness of the metal—hydrogen bond, the zero point energy of
the reactant is less than that of the transition state, in which a carbon—hydro-
gen bond is substantially formed. Although the mechanism which has been pro-
posed does not actually formulate the transition state for eq. 3, it is expected
to resemble the intermediate free radicals, according to Polyani’s rule [12]. The
enthalpy change for reaction 3 is quite positive. An estimate for this enthalpy
can be made based on the heat of hydrogenation of a«-methylstyrene, the a car-
bon—hydrogen bond energy of toluene (as an estimate for that of cumene)
[13], and an estimated metal—hydrogen bond energy of 250 kJ/mol {14].
These inputs lead to an estimate for the enthalpy of equation 3 of 62 kd/mol.
If the carbon—hydrogen bond is substantially formed in the transition state the
zero-point energy associated with that stretching vibration will be that associ-
ated with a fundamental frequency of 2900 cm™!. The metal—hydrogen
stretching frequencies occur at 1790 and 1836 cm™!, for molybdenum and
tungsten, respectively [15]. Normally one expects the zero point energy of the
transition state to exceed that of the reactants. The opposite is the case in reac-
tion 3 and the prediction of an inverse isotope effect follows naturally from the
proposed mechanism. Due regard should be paid to the more complex nature
of reaction 3 than what is usually treated in descriptions of simple hydrogen
atom transfer reactions. Here, for example, is a loss of bond order in the carbon
skeleton as well as the breaking of a metal—hydrogen bond.

Alternative mechanisms which require the metal center to become unsatu-
rated are not consistent with the lack of CO dependence on the rates of reac-
tion. The possibility that the cyclopentadienyl ring might become partially un-
coordinated to allow the olefin to form a 7 complex is also not indicated. Car-
bon monoxide should act in this instance as a competitive inhibitor and still
siow the rate of reaction.

Of interest is the very low reactivity of f-methylstyrene with HM(7°-CsHs)-
(CO); or with HMn(CO)s [16]. The methyl group in the 8 position successfully
blocks the reaction from occurring. The small difference in the rate of hydro-
genation of styrene with respect to a-methylstyrene suggests that the a-methyl
group does not drastically alter the energetics of the reaction.The stabilization
which the methyl group affords the radical-like transition state is presumably
cancelled by crowding. When the methyl group is switched to the 8 position,
the electronic stabilization of the transition state is reduced but to no lesser
degree than found in styrene itself. The slow rate of hydrogenation of g-meth-
ylstyrene must be due to steric crowding in the transition state. The approach
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of the hydride may be presumed to occur via a path along the 7* orbital of the
§ carbon. The hydregen atom of the hydride is presumed to carry a large nega-
tive charge and behave as a nucleophile [17]1. The ©* orbital of the olefin func-
tions as an acceptor orbital. As charge is added to the 7 orbital a new bond is
formed with a concomitant weakening of the carbon—carbon 7 bond. Substitu-
tion on the § carbon interferes with the ligands of the metal hydride. Such an
interaction has been reported prior to the postulation of the radical mechanism
but was not believed to lead to products [18].
One would like to obtain from these data some information about the rela-
tive metal—hydrogen bond energies in HM(n3-C5H;s)(CO); and HMn{CO)s from
- the activation parameters. Simplistically, this is possible if one assumes that the
intermediates are the transition state. Then the activation enthalpy could be
related to the energetics of hydrogen—metal bond breaking in the metal hy-
drides and to the hydrogen—carbon bond making process in the olefin. This
latter process would be the same in all three reactions so that differences in the
activation energies would reflect differences in the bond breaking process,
alone. That this is not the case is evidenced by the absence of a deteciable
reverse reaction in equation 3. There is a sufficiently large activation barrier to
the back reaction that the forward reaction in equation 4 successfully competes
with the back reaction. If the barrier to this back reaction reflects the degree of
crowding in going from the separated radical pair to the transition state, then
the meaningful comparison can still be made between HMo(1°-CsHs)(CO); and
HW(n°-CsHs)(CO); because the metal sizes are not greatly different. From these
assumptions it must be concluded that the metal—hydrogen bond energies are
not greatly different. Estimates of these bond energies from thermochemical
data of H,M(75-CsHs), have been made in two instances for M = Mo and W.
They are 251 and 305, and 259 and 287 kd/mol, respectively [14,19]. A differ-
ence of 54 kd/mol in bond energy for the two metal—hydrogen bond energies is
difficult to reconcile with the kinetic evidence reported herein. The 9 kd/mol
difference in activation energies which is ascribed to differences in the metal—
hydrogen bond energies still is less than the 28 kd/mol difference derived from
the data of Tel’noi but is close to agreement within experimental error [19].
The effects of bond strengths on the position of the transition state have not
been included in this analysis and may account for some of the difference
between the kinetic and thermochemical evaluations of the bond energies. Both
estimates of the molybdenum—hydrogen bond energy and estimates of the
manganese—hydrogen bond energy in HMn(CO); are quite similar {20]. Fortu-
itously, the activation energies for the hydrogenation reactions of a-methyl-
styrene and these hydrides are also nearly identical [2]. Because the back reac-
tion analogous to that of equation 3 is observed for HMn(CO)s, the activation
energy will contain a contribution from the activation barrier for the back reac-
tion. Thus, it would appear that the activation energies cannot be directly com-
pared.
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