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INTRODUCTION

The transfer of hydrogen from metal-hydrogen bonds (M-H) to closed-shell molecules or free
radicals, from metal-activated organic structure (MC-H) and from metal-activated heteroatom-
hydrogen bonds (MS-H) are primary processes involved in catalytic hydropyrolysis of organic
structure. The characterization of the reactivity of transition metal hydride u- and c-bonds and
agostic M-H; bonds in fundamental catalysis steps is of wide interest. Whereas a substantial
body of data now exists describing the kinetics of reactions of alkyl organic free radicals with
main group hydrides (e.g., $-H', Se-H?, Sn-H and Si-H), few kinetic studies of the reactions of
transition metal hydrides®, and particularly hydrides involving novel metal bonding
arrangements, exist. Relatively few kinetic studies of the reaction of benzylic radicals with
either main group or transition metal hydrides exist. In previous work we have determined
families of basis rate expressions for abstraction of hydrogen atom by alkyl and benzylic radicals
from a variety of hydrogen donors for use in competition kinetic studies to measure rate
constants for homolytic molecular rearrangements related to coal and biomass hydropyrolysis.®
Recently, we have carried out kinetic studies to determine the homolytic hydrogen transfer
properties of hydrogen bonded in novel arrangements in metal clusters and other catalyst related
systems. In this paper, we review recent results from application of competition kinetic methods
to determination of absolute rates of abstraction of hydrogen atom from M-H, C-H and S-H
bonds to the benzyl radical, where M = Mo, Os, Ru, Ir, and Rh.

KINETIC APPROACH

The kinetic:method used in studies in this laboratory to determine rates of reaction of stabilized
organic free radicals makes use of the competition of self-termination of the radical of interest
with abstraction of hydrogen from the donor (DH) of interest. The competition of self-
termination of benzyl radical to form bibenzyl (BB) versus hydrogen abstraction to form toluene
(Tol) is depicted in Scheme 1. Thus, photolysis of a convenient photoprecursor (DBK) to form
benzyl radical under conditions of constant rate of photolysis of DBK is followed by abstraction
of hydrogen to form toluene (kqs) versus self-termination (2k,) to form bibenzyl.

Scheme 1
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The rate of formation of bibenzyl and toluene are given by the differential equations ([PhCHze] =
[Be]): '

ﬂTT(f(t)l=k,b,[DH(t)][B'] ?
a A .

. Note that for constant benzyl radical concentration and short extent of consumption of donor,
DH, integration of eq | and eq 2 yield expressions that are linear in toluene and bibenzy! with
time.

Combining egs 1 and 2, for DH(t) = DH(0) — Tol(t) leads to eqs 3 and 4:

J[_d[Tel(_fL,)=k,, (BB

[DH(0)]-[Tol(1)] k,
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Eq. 4 provides the time dependence of formation of toluene in terms of self-termination product,
bibenzyl (BB), the elapsed time of the photolysis in seconds (At), the initial hydrogen donor
concentration, DHy, and the rate constants for abstraction, kaps, and self-termination, k.

At short extent of conversion of the donor, DH, and DBK, the exponent in eq 4 is small and the
expression reduces to:

k,, .
Tol(t) =D1-1w( J‘}cT(,IBB(r)J'A?)] . )

or
(Tonl  Jk,
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Short extent of conversion of photoprecursor, DBK, and hydrogen donor DH, results in constant
benzyl radical concentration and linear formation of toluene and bibenzyl with duration of
phototysis. If DBK is photolyzed at a constant rate of photolysis to short extent of conversion,
but the donor DH is appreciably consumed, the time dependence of toluene and bibenzyl
production will exhibit curvature described by eq 4. Providing values of k, are available for a ’
given solvent system, the method is a particularly convenient method for the determination of
rate constants for abstraction, Kaps, by stabilized radicals from donors.

Experimental rate constants for self termination of organic free radicals are available from the
work of Fischer and coworkers.® Rate constants can be estimated using the empirical method
recommended by Fischer using the von Smoluchowski equation (eq 7) with diffusion
coefficients derived from the Spernol-Wirtz modification of the Debye-Einstein equation (eq 8),
or estimated by measurement of the diffusion coefficient of a model of the radical of interest
(e.g., toluene for benzyl radical) in the solvent of interest by the Taylor method.”

2k, =(87/1000)0pD ;N )
D, =kT/6ar,nf ®

Ineq 7, N is Avogadro’s number, Dag is the diffusion coefficient of the radical A in solvent B, o
is a spin statistical factor describing the percent of singlet radical encounter palrs formed (1/4)
and p is the diameter of the diffusing radical. Eq. 8 is the Spernol-Wirtz (SW)® modification of
the Debye Einstein equation (f = SW microfriction factor, 1 is the viscosity of the solvent). A
number of the assumptions inherent in this semiempirical approximation are subject to challenge.
The assumption that 100% of singlet encounter radical pairs react in the solvent cage and the
assumption that the diffusion constants for the parent hydride can be used as a model’ for the
radical can be challenged. Empirically it has been established by Fischer and coworkers that
self-termination rate constants k. for small carbon-centered radicals in non-associating solvents
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can be estimated with errors less than about 20%. For benzyl radical in alkanes and in toluene,
the errors in estimation of the rate constant for self termination of benzyl are less than 15%.
Details of the procedure for estimation of values of k, have been presented elsewhere. For self-
termination of benzyl radical in benzene, the procedure provides the expression:

In(2k/M"'s") = 26.94 — 2733/RT, RT in calories. ©)
The competition kinetic method is must suitable for rate constants in the range 10°-10° M's™".

EXPERIMENTAL APPROACH

Samples of dibenzy! ketone (DBK), ~0.01 M, hydrogen donor, 10*-10% M, and internal gas
chromatography standard are dissolved in benzene in 5-mm x 6-cm diameter pyrex tubes. The
solutions are freeze-thaw degassed in three cycles and sealed on a vacuum line. The samples are
temperature-equilibrated in an aluminum block equipped with thermocouples in a temperature-
controlled oven equipped with a quartz window to allow photolysis. The samples are photolyzed
with the water-filtered light of a |-k W Hanovia high pressure xenon arc lamp for periods of 0.5
second to typically 30 seconds, to short extent (e.g., < 1-2%) of conversion of DBK and donor.
Samples are opened and the yields of toluene and bibenzyl are determined by gas
chromatography. Care is taken to ensure that the temperature of the sample remains constant
during the photolysis. To verify that equation (6) is appropriate, the time dependence of
production of toluene and bibenzyl is measured using constant lamp power levels and carefully
reproducible sample positioning. The use of eq 6 is appropriate for linear production of toluene
and bibenzyl, as predicted by eqs 1 and 2, where benzyl radical concentration is a constant. For
extensive conversion of donor, but constant photolysis rate of the photoprecursor, eq. 4 may be
employed. For very fast donors, where significant consumption of donor occurs, very short
photolysis times are necessary to operate in the linear range of toluene/bibenzyl concentration.
A Uniblitz computer-controlled optical shutter was employed to allow accurate, short photolysis
times. Hydrides were synthesized or purchased from Strem Chemical.'

RESULTS AND DISCUSSION

Rate expressions for hydrogen atom abstraction from a selection of osmium mono- and
trimetallic clusters were determined, as well as rate constants for ruthenium and rhodium
hydrides have been examined. Rate constants for reaction of benzyl radical with metal hydrides
in benzene are shown in Figure 1. The immediate observation is that p-bonding does not render
the hydrogen atom inaccessible to abstraction by benzyl radical. Structure 1 is only 2-10 times
less reactive than ¢ dihydride 3, and only a factor of ten slower than mixed o- and n-hydride 2.

Figure 1. Hydrogen Abstraction from Mono- and Triosmium hydrides. Rate constants are in
benzene at 298K.
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The highly congested and electron deficient structure of 4 results in a rate constant an order of
magnitude less than 1. This rate constant is near the practical lower limit of the
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termination/abstraction competition kinetic method, due to the formation of trace levels of
toluene in the absence of a hydrogen donor. In each of the above cases, steric congestion
appears to be an important factor in the observed reaction rates. The reaction of carbon
monoxide with 4 results in the formation of electron-precise compound 5 and the rate of
hydrogen abstraction increases by a factor of 3. The reaction of compound 4 with a more
electron-donating phosphine ligand to form compound 6, which is analogous in structure to 5
also results in a significant rate increase.

The above rate constants can be compared to the reaction of benzyl radical with ruthenium,
rhodium and iridium analogues 7-10.

Figure 2, Rate Constants, 298 K, for Reaction of Ruthenium and Rhodium Hydrides with
Benzyl Radical in Benzene.
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The ruthenium dihydride 7 is an order of rhagnitude more reactive than the osmium analogue.
Square planar 16-electron rhodium hydride 9 is nearly two orders of magnitude slower than 18-
electron hydride 8.

The importance of steric effects in the hydride systems becomes apparent by examination of
reactivity trends of transition metal hydrides with alkyl vs. benzyl radical. We have reported'' a
dramatic example of that of the molybdenum hydride, Cp*Mo(CO);H, Cp* = n’-
pentamethylcyclopentadienyl. At ambient temperature, the relative reactivity is found , for 1°: 2°
:3°: benzyl (see figure 3), tobe 26 : 7.0 : 1 : 1.4 at room temperature. The rate constant for
abstraction of hydrogen atom from the molybdenum hydride at room temperature by benzyl
radical in benzene is 1.4 x 10’ M"'s™. By comparison, the reaction of benzyl radical with
thiophenol (PhSH) occurs with a rate constant of 3 x 10° M5, nearly three orders of magnitude
slower than reaction of alkyl radicals with PhSH, the relative reactivity of 1°: 2°: 3° alkyl:benzyl
radicals is 1:0.9:1:0.027. That is, the molybdenum hydride has much greater selectivity than
thiophenol, even though the hydrogen transfer reactions are much more exothermic. This
observation underscores the complications in attempting to interpret the kinetic reactivity of the
transition metal hydrides.

Figure 3. Reactions of Primary, Secondary, Tertiary Alkyl Radicals and Benzyl Radical with
Cp*Mo(CO);H.
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In related work, we have examined the kinetic reactivity of the thiyl (SH) functional group in
catalyst prototypes. Kinetic studies of the novel structure 11' in this laboratory have revealed
appreciable enhancement of the reactivity of the SH group in hydrogen atom abstraction
reactions involving stabilized free radicals (Figure 4). The rate constant for abstraction of
hydrogen from the n-SH hydrogen of 11, kyps = 2.5 x 10° M''s™ at 298K, shows an enhancement
by nearly a factor of ten over thiophenol (kg = 3.1 x 10° M'!s™!).
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The results illustrate the surprising effects on homolytic reactivity that can be imparted by
incorporation of the heteroatom function in the Mo,S4 cluster.

CONCLUSIONS

We have presented a preliminary account of characterization of the homolytic kinetic reactivity
of a selection of transition metal hydrides, including a selection of triosmium clusters that
include o- and p-bonding of hydrogen to electron-deficient and electron-precise (18-electron)
trimetallic clusters, and we have presented new rate constants for reaction of rhodium,
ruthenium, iridium and molybdenum hydrides. The results show that p-bonded hydrogen is
reduced only moderately in reactivity compared to o- bonded hydrides for non-fluctional
systems, in which migration of the hydrogen about the triosmium skeleton appears to be slow.
The rate constants are sensitive to steric bulk about the cluster, and are sensitive to the degree of
electron-deficiency or lack thereof. Work to characterize the reactivity of homolytic
intermediates arising from mononuclear and cluster organometallics is underway. Finally, this
work has provided quantitative insight into the homolytic reactivity of metal-hydrogen bonding
configurations in catalyst intermediates and a view of the enhancement of heteroatom reactivity
resulting from incorporation in small clusters.
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