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Activation of methane, by oxidative addition of &€l bond to
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canonical variational transition state theory (CVT)Quantum

a transition metal complex, and the reverse process, reductiveeffects on the reaction dynamics were computed, using the small-
elimination of methane, are organometallic reactions of fundamental curvature tunneling (SCT) approximatiéhDirect dynamics cal-

importancé and great current intere3Kinetic and equilibrium H/D

culations were carried out with GAUSSRATEas the interface

isotope effects have been measured for a number of these redctionsbetween Gaussian &3and POLYRATE?®

Although calculations that include tunneling corrections have been

reported on a model oxidative addition reactfdn,the best of our

Without inclusion of tunneling, the CVT rate constant for
reductive elimination of methane frofrd at 248 K was computed

knowledge, there has been no consideration of how quantumto bek = 1.27 x 10~ s~%. However, inclusion of small-curvature

mechanical tunneling might affect the kinetic isotope effects (KIEs)
for these reactions.

In this Communication, we report the results of our calculations
on the reductive elimination of methane from hydridomethylbis-
(trimethylphosphine)platinuniL(l). We chose this reaction because
of its mechanistic simplicity. Through rate studies Teand 1b,

tunneling was found to give a CVF SCT rate constant d{(1d)

= 5.11 x 10* s7%, which is about a factor of 4 larger than the
CVT rate constant. The CVH SCT rate constant is in better
agreement than the CVT rate constant with Halpern’s experimental
value ofk(1a) = (4.5+ 0.5) x 10~ s~ for reductive elimination

of methane fromla at 248 K5

Halpern has shown that the reaction proceeds in one step, without At 248 K, 86.0% of the reductive elimination of methane from

prior phosphine ligand dissociatiérPrevious calculations ohc®@
and1d%® have confirmed that direct reductive elimination to form
a weak complex between {RLPt and methane is strongly

1d is computed to involve tunneling. Tunneling makes the CVT
+ SCT values of botlE, = 18.1 kcal/mol and log = 12.5 at 248
K smaller than the CVT values &, = 19.8 kcal/mol and log\ =

exothermic and favored by a significant margin over a mechanism 13.4 at this temperature. Thus, at 248 K, thermally activated

involving phosphine dissociation.

Halpern measured a primary H/D KIE &f1a)/k(1b) = 3.3 +
0.3 for reductive elimination fronta at 248 K in toluené.Despite
the modest size of this KIE, the calculations reported in this
Communication find that tunneling has a significant effect on not
only the rate of reductive elimination of methane frachbut also

tunneling through the reaction barrier lowers the calcul&ghy
1.7 kcal/mol but at the expense of reducing fkactor for reaction
by nearly an order of magnitude.

The amount of energy that is available for thermally activated
tunneling depends on the temperature. Therefore, the €\BCT
activation parameters for reductive elimination of methane from

the primary and secondary H/D KIEs for this reaction. The results 1d are temperature-dependent. They decrease Epm18.6 kcal/
of our calculations lead us to propose a purely experimental test of mol and logA = 13.0 at 300 K toE; = 17.4 kcal/mol and logA
our computational conclusion, that tunneling plays an important = 11.8 at 200 K. The temperature dependencE,cndA can be

role in the reductive elimination of methane frakd.
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As in our previous studiéscalculations were performed using
the B3LYP version of DFT, which is comprised of Becke’s hybrid
three-parameter functiofadnd the correlation functional of Lee,
Yang, and Parf.The relativistic, compact, effective core potential
and valence basis set of Stevens, Basch, Krauss, and Jasien
used for platinum. The polarized, Dunning/Huzinaga, double-

D95** basis set® was used for all of the other atoms, except for
the phosphine methyl hydrogens, for which the 2p polarization

seen in the change in the slope and intercept of the Arrhenius plot
of the CVT + SCT rate constants in Figure 1 of the Supporting
Information.

A curved Arrhenius plot is one signature of a reaction that
involves tunneling; but the importance of tunneling in a reaction
is more frequently inferred from the H/D KIES.For reductive
elimination of methane fromid, without inclusion of tunneling,
the primary KIE at 248 K is computed to be oritfld)/k(1f) =
2.26 by CVT calculations. However, because deuterium tunnels
less effectively than protiuf;*8our CVT + SCT calculations give
a primary KIE ofk(1d)/k(1f) = 4.12 at 248 K.

The measured, primary H/D KIE d&{1a)/k(1b) = 3.3+ 0.3 at
248 K® is about midway between the calculated CVT and CVT
SCT values fok(1d)/k(1f). Consequently, comparison with experi-
ment does not provide convincing evidence that the higher H/D
KIE, computed fok(1d)/k(1f) when tunneling is included, actually
is correct.

Is there a purely experimental way of verifying the importance
of tunneling in the reductive elimination of methane fraénwithout
having to rely on comparisons between calculated and observed
rate constants or KIEs? For example, we have recently pointé out

functions were omitted. Transition structures were located using that kq/kp = 0.1 exp(2.5 kcal moi/RT) for the measured
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temperature dependence of the primary H/D KIE on the rearrange- Since tunneling occurs 0.6 kcal/mol closer to the top of the barrier
ment of 5-methyl-1,3-cyclopentadiefeprovides prima facie in 1f than in1d, the effect of a CBgroup on the tunneling rate is
evidence for the importance of tunneling in this reaction. The small much smaller inlf than in1d.
ratio of Ay/Ap and the large value oE4(D) — E4(H) are both In summary, our CVH- SCT calculations predict that tunneling
indicative of tunneling?2! should result in a strong violation of the rule of the geometric mean,
Unfortunately, the CVT+ SCT expression for the calculated so that at 248 K the secondary KIE on the rate of reductive
temperature dependence of the primary H/D KIE on the reductive elimination of methane fronid [k(1d)/k(1e) = 1.35] should be
elimination of methane fronid is k(1d/1f) = 0.7 exp(0.9 kcal much larger than the secondary KIE for reactiorldfk(1f)/k(1g)
mol~Y/RT). The closeness of the computed ratioApfiA, to 1.0 = 1.06]. Experimental verification of the large predicted difference
and the relatively small difference between the calculated values between the secondary KIEs for the reductive elimination of
of E4D) and E4(H) do not hold out much promise that actual methane fronld and of methaneh from 1f would provide purely
measurement of the temperature dependence of the primary H/Dexperimental evidence of the importance of tunneling in the former
KIE for reductive elimination of methane frodd would provide reaction.

evidence for the importance of tunneling in this reaction.
However, our calculations do predict that measukifigl)/k(1e),
the secondary KIE on the reaction dfl, and comparing it with
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k(1f)/k(1g), the measured value of the secondary KIE on the reaction birthday.

of 1f, should provide a convenient and convincing demonstration
that tunneling does, in fact, play an important role in the reductive
elimination of methane frorid. Without tunneling, the rule of the

geometric mean predicts that these two secondary KIEs should be
the same; but, with tunneling, these KIEs can, at least in principle,

be different?1.22

In fact, as predicted by the rule of the geometric mean, our CVT
calculations do findk(1d)/k(1e) = 0.99 andk(1f)/k(1g) = 1.00 to
be nearly identical. However, our C\VAF SCT calculations, which
include tunneling, find that the two secondary KIEs k(Ed)/k(1€)
= 1.35 andk(1f)/k(1g) = 1.06. Thus, our calculations predict that
these two secondary KIEs will differ by enough for their experi-

mental measurement to show unequivocally that tunneling does play

an important role in the reductive elimination of methane frian
Why is the secondary KIE(1d)/k(1e) = 1.35, computed with
inclusion of tunneling, so much larger than the valuekgfd)/
k(1e) = 0.99, computed without tunneling? An animation of the
transition vector (the vibration with an imaginary frequency in the
transition structure) for the reductive elimination of methane from

1d?3 shows that there is motion of the three methyl hydrogens, as

the fourth hydrogen is transferred from platinum to carbon.
Consequently, replacement of €kh 1d by CD; in leincreases

the effective mass that moves along the reaction coordinate in the g,

reductive elimination reaction of CHGOrom le Since the rate
of tunneling decreases with increasing méghe rate of reaction
of 1eis significantly slower than that afd, and this is why our
SCT+ CVT calculations predict a rather large, secondary KIE of
k(1d)/k(1e) = 1.35 at 248 K.

Tunneling is not only the cause of the large CWTSCT value
of the secondary H/D KIE for reductive elimination frohd, but
tunneling is also the reason that the secondary H/D KIE for
reductive elimination is predicted to be much smaller fothan
for 1d. Consider the limit in which the effect of replacing H 1al
with D in 1f is so large that, in contrast fal, 1f reacts exclusively

by passage over the top of the barrier. If tunneling did not contribute

to the rate of the reductive elimination of methahdrom 1f, the
CVT + SCT secondary KIE would be the same as the CVT value
of k(1f)/k(1g) = 1.00, rather than the slightly larger valuekg1f)/
k(1g) = 1.06 that is actually computed.

In fact, at 248 K, replacement of the-Rl bond in1d by the
Pt—D bond in1f only reduces the percentage of the reaction that
is calculated to occur by tunneling from 86.0%1id to 80.6% in
1f. Nevertheless, the representative tunneling enérgesthis

temperature show that tunneling occurs 0.6 kcal/mol closer to the

top of the barrier in the reaction dff than in the reaction ofd.

Supporting Information Available: Optimized geometries, ener-

gies, thermal corrections, and harmonic frequenciesléhr2d, and

he transition structure connecting them, CVT and C¥TSCT rate
constants fodd—g from 100 to 500 K, an Arrhenius plot of the CVT

+ SCT rate constants fdrd, and the complete lists of authors for refs
14 and 15. This material is available free of charge via the Internet at
http://pubs.acs.org.
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