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The uni- and bimolecular €H bond metathesis reactions of GML (Cp* = pentamethylcyclopen-
tadienide; L= CHs, CH,C(CHs)s; M = Sc, Y, Lu) were modeled with the MPW1K density functional
and a relativistic effective-core-potential basis set. This level of theory, when combined with a one-
dimensional tunneling model, provides enthalpies of activation that are in good agreement with experiment
for known bimolecular reactions of methane with GpECHC(CHs)s and Cp%LuCHs;. Analysis of
theoretical trends as a function of metal and ligand indicates that bimolecular reactions dominate in
every case under typical experimental conditions. However, unimolecular reactions proceeding through
tuck-in complexes become increasingly competitive with increased steric bulk of the metal alkyl and
also with metals having smaller ionic radii. For all of the-B bond metatheses, quantum-mechanical
tunneling is predicted to increase overall reaction rates by 1 to 3 orders of magnitude over the temperature
range 284323 K.

Introduction Scheme 1

The catalytic functionalization of saturated hydrocarbons has
been a long-standing goal of organometallic chemistry. Alkyl-,
aryl-, and hydridometallocenes of formally mietals have shown | Sc—CHs
potential utility in this regard, as their ability to activate alicyclic ﬁ
and aliphatic G-H bonds has been demonstrated in several
instanced > Recently, Sadow and Tilléyreported a catalytic

variation on this theme: isobutane is produced whenSgEH;
is reacted with propene in the presence of excess methane,

&

presumably by initial carbometalation and subsequent non- ce /27(
degenerate metathesis with excess methane (Scheme 1). To 4
better understand the nondegenerate metathesis step, Sadow and | sc
Tilley® studied the kinetics of the reaction of methane with S
Cp*,ScCHC(CHg)s (i.e., replacing the isobutyl group of the unimolecular path

intermediate in the catalytic cycle with a neopentyl). Among

other data, they reported an enthalpy of activation (derived from  Sherer and one of the present autAgneviously employed

an Eyring plot over the temperature range 284 to 323 K) of density functional theory (DFT) to theoretically characterize the
11.4(1) kcal mot? for a process that followed a bimolecular degenerate methane metathesis reactions osNIpH; for M

rate law, a primary kinetic isotope effect of 10.2 for methane = Sc, Y, and Lu. From a chemical perspective, key conclusions
compared tas-methane at 299 K, and a variety of observations of that study included that (i) the activation enthalpies of uni-

indicating a lack ofo-agostic interactions in CpScCHC- and bimolecular processes were sensitive to the ionic radii of
(CHg)s. Isotopic labeling experiments established that the the metals, with the small size of Sc playing a significant role
nondegenerate metathesis reaction dugsnvolve the inter- in modifying its reactivity compared to the experimentally very

mediacy of a tuck-in complex (i.e., reaction with one of the well studied1° Lu case, and (ii) the contribution of tunneling
Cp* methyl groups in a unimolecular process) at or below the to metathesis rates remains quite significant even at temperatures
highest experimental temperature. Scheme 2 illustrates the uni-as high as 400 K. The latter observation implies that simple
and bimolecular reaction paths. interpretation of Eyring plots to derive activation parameters is
not strictly valid, since classical transition-state theory does not
account for quantum-mechanical tunnelifg.
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In this work, we extend that prior theoretical analysis to the metal atoms we used the relativistic effective core potential basis
analogous CpfMCH,C(CHg)s compounds in order to quantify ~ of Stoll et al.1® while the 6-31G(d,p) basis $étwas used for H
effects deriving from the introduction of the more sterically and C. All restricted KohsrSham determinants were verified to
demanding neopentyl group in place of methyl. It is clear that be stable to spin-symmetry breaking.

the design of successful catalytic systems involving-Chond Analytic frequency calculations were carried out in order to verify
metathesis will ultimately require the careful balancing of such the nature of all stationary points_as either minima or transition-
steric, as well as electronic, contributions to reactivity. state (TS) structures. The frequencies, scaled by a factor of (28515,

were also employed to compute molecular partition functions and
Methods thermal contributions to the enthalpy using the standard rigid-rotor-
harmonic-oscillator approximatidfiBecause structures incorporat-
All structures were fully optimized at the density functional level ing Cp* typically had many very small vibrational frequencies
of theory?? using the Gaussian03 suite of electronic structure (below 20 cnt?), we avoid discussion of molecular free energies,
programs3 In this work we employ the hybrid MPW1K func-  since absolute entropies predicted by the rigid-rotor-harmonic-
tional 24 which includes 42.8% Hartreg=ock (HF) exchange in oscillator approximation tend to be unreliable in such instances.
Adamo and Barone’s modificatihof the generalized gradient The reaction coordinates for the various-8 bond metatheses
approximation exchandand correlatio# functionals of Perdew  €xamined herein show substantial hydrogenic motion in their
and Wang. The amount of HF exchange in the MPW1K functional associated TS structures, so that it is reasonable to expect the
was optimized against a training set of hydrogen-atom transfer reaction rate to include a substantial contribution from light-atom
activation energies, and thus this functional represents a particularlytunneling even at reaction temperatures on the order of 350 K. In
good choice for the study of €H bond metathesis reactions. ~Such cases, the observed rate constgitmay be writtef18
MPW1K has also been demonstrated to do well in predicting a
wide variety of other structural and thermochemical d&teor all Kops = K (T)Kqjass Q)
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Note, however, that the use of eq 2 to determine thermodynamic
activation parameters is appropriate only witfassical rate

Woodrum and Cramer

Table 1. Selected Bond Distances (A) and Bond Angles (deg)
in 1 and 2 at the MPW1K Level

constants. When observed rate constants from reactions whose rates compound

include substantial contributions from tunneling are used in eq 2,

derived activation enthalpies and entropies tend to values consider-

ably less positive and more negative, respectively, than those
determined from the statistical mechanical partition functions of

the relevant reactants and transition-state structures. In such
instances, the comparison of “experimental” and computed ther-
modynamic activation parameters is not particularly meaningful,

since the latter are indeed computed directly from the molecular
partition functions.

One can, however, compute classical rate constaptsat a
given temperature dgps divided by« (T) (cf. eq 1). A subsequent
plot of In(kyasdT) vs 1IT then provides a best-fit line having slope
—AH*/R where the new, classicAlH* may be compared directly
to the value derived from computation. Sherer and one of us have

M rmMC rmQp OQMQ

1 Sc¢ 2.233 2.176 143.8
(2.243) (2.171) (144.6)

Y 2.396 2.363 142.8

Lu 2.340 2.291 143.2

2 Sd 2.283 2.208 138.4
(2.286) (2.213) (138.8)

Y 2.434 2.389 138.0

Lu 2.385 2.314 138.0

aIn columns, C refers to the metal-bound carbon &hdefers to the
centroid of a Cp* ring? Average of two distance$.Values in parentheses
are from a single-crystal X-ray structure; see ref®8alues in parentheses
are from a single-crystal X-ray structure; see ref 6.

Table 2. Selected Bond Distances (A) and Bond Angles (deg)
in 1uni¥, 2uni¥, 1bi*, and 2bi* at the MPW1K Level2

previously demonstrated that this approach resolves an otherwisecompound M rMC® rMQ  rMH  rCHe OCMC 0QMQ
Iarge difference of_about 8 kcal mél_bet_ween the Eyring-plot T 1un So 2350 2146 1912 1444 733 1247
.derlve.d and theoretical enthalpy of activation for methane metathesis 1369.5 2.431 1.467
involving Cp*LUCHs.” Y 2525 2326 2.081 1.448 69.0  145.0
To estimatex, we employ the truncated parabola method of 1419.4 2.593 1.485
Skodje and Truhlat®22 In this approximation, the transmission ig% 5 %ggg 2251 2.015 1143?)4 70.9 145.3
cpefflmen_t associated with quantum effects on the reaction coor ounit Se 5433 2170 1959 1533 729 1385
dinate,x, is computed as 1384.4 2457 1411
8 ” Y 2,541 2.341 2115 1.526 69.6 140.0
{ (B~a)AV-V)] _ < 1455.3 2.612 1.444
Kt ¢ e a=p 3 Lu 2.484 2270 2.053 1.519 71.1 139.5
K(M) = o B eV ®) 14409 2.558 1.446
sin@Brlo) o — B azp 1bi* %92 o 2.380 2.205 1.881 1.417 73.1 141.5
where Y 2532 2373 2.045 1431 688  141.7
1325.3
_ 2x Lu 2.465 2.308 1.983 1.433 71.1 141.9
- + (4) 1319.2
him(v™) 4 :
2bi Sc 2.430 2.230 1.910 1.522 73.8 137.2
1 1277.4 2.386 1.372
p=—— (5) Y 2,525 2.393 2.064 1.522 703 137.8
ke T 1343.9 2.543 1.396
Lu 2.482 2.325 2.002 1.519 72.1 137.6
AVF is the zero-point-including activation barriey,is the zero- 1335.0 2.472 1.397

point-including potential-energy difference between reactants and
products (zero in the case of the symmetric metathesis reaction,
nonzero otherwise), and Imi{) is the (scaled) magnitude of the
imaginary vibration.

With respect to the experimental rate constants, Sadow and
Tilley® measuredk,ps values at 284.15, 299.15, 313.15, and 323.15
K. They report specific values of 4.%¥ 10% and 2.0x 1073
M~1 s at 299.15 and 232.15 K, respectively. We infer values
of 1.29 x 104 and 6.72x 104 M1 s71 for the remaining two

rate constants at 284.15 and 313.15 K, respectively; these values

best reproduce the reported enthalpy and entropy of activation
derived from the Eyring plot over all 4 pointaH* (kcal mol?)

of 11.41 vs reported 11.4(1) amiiS* (eu) of —36.2 vs reported
—36(1)).

Results and Discussion

Nomenclature We will refer to Cp%»MCH; and
Cp*2MCH,C(CHg)3 equilibrium structures a% and2, respec-
tively. Their uni- and bimolecular metathesis transition-state
(TS) structures will be indicated by the suffixasi* and bi*,
respectively. The unimolecular reaction of eitleor 2 leads
to a tuck-in complex which will be referred to & Note that,
by microscopic reversibility, the subsequent reactio wfith
methane passes through TS structdmeni* to produce 1
irrespective of whethe3 was derived froni or 2 initially. When
only a cardinal is specified for a structure, the reference is

(22) Skodje, R. T.; Truhlar, D. Gl. Phys. Chem1981, 85, 624.

aIn columns, C refers to the incoming and outgoing metal-bound carbon
atoms,Q refers to the centroid of a Cp* ring, and H refers to the hydrogen
atom in flight between the two alkyl groups in the metathesEhe scaled
imaginary frequency associated with the TS structure is also liStEe
first number refers to the C atom to which H is being transferred and the
second to the C atom from which it is being taken. These two values are
equal by symmetry folbi*.

Table 3. Selected Bond Distances (A) and Bond Angles (deg)
in 3 at the MPW1K Level?

M rMC rMmQpP oeMQ

2.322 2.090 155.2
Y 2.498 2.289 151.7
Lu 2.434 2.210 153.6

aIn columns, C refers to the metal-bound carbon &hdefers to the
centroid of a Cp* ring® Average of two distances.

generic. If a particular metal is implied, the cardinal will be
modified with a suffix, e.g.2-Sc refers to Cp3ScCHC(CHg)s.

Metallocene Structure. Selected geometrical parameters
for 1-3, respectively, are collected in Tables-3 (see
Scheme 2 for reactions). The optimized structures Z@c,
2uni*-Sc, 2bi*-Sc, and3-Sc are shown in Figure 1 as ball-and-
stick models. The gross structural details are not sufficiently
different with other metals to warrant additional figures; full
geometries for all species are available as Supporting Infor-
mation.

All structuresl and?2 exhibit expected trends: Ligardanetal
bond lengths are shorter for Sc than for Y, as expected for a
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Table 4. 299 K Relative Enthalpies (kcal mot?) for

\_’ Stationary Points on the Reaction Paths of 1 and 2 and
Quantum-Mechanical Transmission Coefficients (unitless)
for Their Rate-Determining Steps
./.‘.. Unimolecular Reactions
relative enthalpies

metal 1 1uni 3 Luni¥ 1 K299
Sc 0.0 30.6 8.0 30.6 0.0 110
Y 0.0 32.3 13.3 32.3 0.0 190
Lu 0.0 32.8 14.1 32.8 0.0 120
o]
relative enthalpies
metal 2 2uni* 3 1uni® 1 K299
Sc 0.0 27.2 —-7.8 14.8 —15.8 280
Y 0.0 29.4 2.7 21.7 -10.6 1200
Lu 0.0 29.8 1.8 20.5 —-12.2 1000
Bimolecular Reactions
relative enthalpies
.ﬁ. metal 1 :|.b|h1t 1 K299
Sc 0.0 23.2 0.0 32
Y 0.0 19.6 0.0 45

Lu 0.0 20.9 0.0 44
Bs relative enthalpies
metal 2 Zli)it 1 K299
M_. .ﬁ. sc 0.0 19.7 ~15.8 24
Y 0.0 17.0 —10.6 48

Figure 1. Side (left), top (center), and front (right) views of, from Lu 0.0 18.1 122 47

top to bottom, structures fo2-Sc, 2uni*-Sc, 2bi*-Sc, and3-Sc

optimized at the MPW1K level. For clarity, all hydrogen atoms With ejection of the bulky neopentyl group compared to a methyl

have been removed except those attached to or being transferregjroup.

between carbon atoms bonded to Sc. With respect to comparingni* andbi* structures, the former
appear to be somewhat more strained than the latter in every

third-row/fourth-row progression; ligaremetal bond lengths instance, as judged by longer distances between the H atoms in

for Lu are slightly shorter than for Y, also as expected from a flight and the C atoms between which they are being transferred

combination of the lanthanide contraction and relativistic effects. for analogous uni- and bimolecular TS structures. The H atoms

The steric influence of the neopentyl group compared to a in flight are also further from the metal in the unimolecular TS

methyl makes itself felt in a roughly 5 deg smaller bite angle structures compared to their bimolecular counterparts. Computed

between the two Cp* rings and a metalarbon bond length  imaginary frequencies are consistent with this assignment of

that is about 0.05 A longer. greater strain as well, being larger in magnitude foruali*
Comparisons between the computed structured48c and structures compared to thedi* analogues.
2-Sc and available X-ray crystal structures for these speties The tuck-in complexe8 are not especially remarkable. Their

demonstrate the excellent performance of the MPW1K method st noteworthy features are ligand bite angles in excess of
for these geometries. Consistent with the analysis of Sadow and 5 3nd a metatcarbon bond length that is always about 0.1
Tilley noted above, there is no evidenceosigostic interactions & onger than that in the corresponding structurd.dfhis latter

in the MPWIK structure fOQ_'SC- _ _ feature presumably introduces considerable strain energy into
In the TS structures, the primary difference between stationary the system (vide infra).
points derived froni and?2 is that both kinds of transition states, Unimolecular Alkane Displacement.Table 4 provides 299

e o i
uni* andbi®, are earlier in the neopentyl cases compared 0 the i gnthapies for all stationary points on all alkane metathesis
methyl cases. This is most easily seen in therCdistances,  aaction pathways (the enthalpies are stoichiometrically bal-
where the breaking €H bonds are shorter for structures derived ;.o thus. for instance. relative enthalpies3fatways include
from 2 compared to analogous structures derived flband a contribution from isolated methane or neopentane). Quantum-
the forming bonds are correspondingly longer. The same trend o chanical transmission coefficients are also provided. Note
is true for changes in metatarbon bond lengths compared to -+ the reaction of a tuck-in compléwith methane always
reactants (one must focus on changes rather than absolute bo”éjroceeds throughuni* to generatel irrespective of whether
lengths because of the 0.05 A difference in th_e reactant lengths o+ tuck-in complex originated fromor 2 (although obviously
noted above). The carbon atoms for dep_a”'”g r_nethane frag-if it originated from1, the net reaction is thermoneutral, being
ments have progressed further toward dissociation than ha"esolipsistic).

the metal-bound carbon atoms for departing neopentanes in
analogous TS structures. The earlier transition states in the
reaction paths foP reflect the greater exothermicity associated

For all three metals, the activation enthalpiesZ@re about
3 kcal mof® lower than forl, reflecting the steric strain from
the neopentyl group released in the TS structure. In the case of
(23) Thompson, M. E.. Baxter, S. M.. Bulls, A. R.- Burger, B. J.. Nolan, Sc, the tuck-in structurd-Sc is substantially lower in entha}lpy
M. C.: Santasiero, B. D.: Schaefer, W. P.: Bercaw, IL&m. Chem. Soc. ~ than the reactar#-Sc. For the other two metals, the larger ionic
1987, 109, 203. radii destabilize the tuck-in complexes sufficiently that the
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unimolecular reactions generatidgfrom 2 are endothermic, Table 5. Transmission Coefficients Predicted for Reaction
but only by a small margin, and much less so than is com- through 2bi*-Sc and Observed and Classical Rate Constants
at Different Temperatures?

puted forl.

Interestingly, the 299 K transmission coefficients for the _ T.K Kobs x 1CP, s K Kelass x 10%, 57
unimolecular reactions df are relatively large, on the order of 284 12.9 64.9 0.199
100, and those fa2 are larger still, reaching in excess of 1000. 299 41.0 23.9 1.71
These significant values reflect the high degree of hydrogenic 323 ot Z o 2

motion in the reaction coordinate (which gives rise to an

imaginary frequency that is relatively large in magnitude) as  *See egs +5 and Computational Methods.

well as a large potential-energy barrier to reaction. The larger . ]

magnitude of thec values for2 compared tal derives from although not possible to characterize completely, hédi MR

two factors. First, the greater endothermicity associated with SPectrum consistent with it beirgSc. .
the reactions ol prevent tunneling from energy levels below ~ Note that although we do not consider our computed entropies
the ground state @. Second, the larger imaginary frequencies of activation to be quantitatively accurate owing to the presence
associated witl2 compared tdl imply narrower barriers. The ~ ©f many, many low-frequency normal modes, and thus refrain

former effect contributes about twice as much to the computed from discussing them, nevertheless the entropy of activation
differences as the latter. for the bimolecular process will clearly be much more negative

than that for the unimolecular one. As such, modification of
the reaction temperature could also be used to tune between
the two pathways, particularly in the case of Sc, where the

Bimolecular Alkane Metathesis.The data in Table 4 show
that the activation enthalpy & for reaction with methane is
always lower than the corresponding value fpwhich is not . . > o
surprising given relief from the greater steric bulk of the difference in activation enthalpies is the smallest.

neopentyl ligand compared to the methyl in the TS structure A final feature discriminating the bimolecular processes from
The difference is 3.5. 2.6. and 2.8 keal mbfor Sc. Y. and " their unimolecular counterparts is that the computed 299 K

Lu, respectively, tracking inversely with the ionic radii of the transmission coefficients are nearly 2 orders of magnitude larger

metals, which affects the steric sensitivity of the reaction. The fhor the latter 1%%mfp%re_d to the f_ormetr. At that_te:np?r?ture,
trend in differential activation enthalpies is also directly OWEVer, a -lold increase in rate IS equivaient 10 an

i i0N- i 18
proportional to the exothermicities of the overall reactions for activation en.thalpy' Iovyerlng of on!y 2.7 keal méFs As the
2, consistent with the CurtinHammett principlé2? differences in activation enthalpies between the uni- and

o L. . bimolecular processes are significantly larger than this value,
At 299 K, the transmission coefficients for all six bimolecular P 9 y larg

. S ... differential tunneling is not sufficient to reverse the reactivity
metatheses are between 2(.) a_md 50 Th'_s relative Inse_ns't'v'typreference, at least not at experimental temperatures and
reﬂects_ the rathgr small variation in imaginary frequencies for methane concentrations.
the various reactions as well ;s the mo.d.est height of the parrlers. Tunneling Effects on Eyring Analysis for 2-Sc.From an

To probe further the quantitative utility of the calculations, Eyring plot, Sadow and Tilldydetermined the enthalpy and
we note that Watson and ParsRatheasured 343 K rate  engropy of activation for methane exchange throdgH-Sc to
constants for the bimolecular reactions of all three casels of pe 11,4 kcal moil and—36 eu, respectively. While we have
with methane. The ratio of rate constants that they reported wasemphasized above the excellent performance of theory with
5.7:1:0.022 for Y:Lu:Sc. We may use transition-state theory respect to predicting theelative activation enthalpies for Sc
(rearranging eq 2 and making the mild assumptions of identical g v ys Lu, the “experimental” value fa-Sc is in very poor
entropies of activation and transmission coefficients) to deter- agreement with the computed value of 19.7 kcal Thol
mine that this implies activation enthalpy differences of 1.2 kcal However, as noted in the Computational Methods section, the
mol~* between Y and Lu, 3.8 kcal mol between Y and Sc,  problem lies in the use of an Eyring plot to determine activation
and 2.6 kcal mol* between Lu and Sc. The theoretical parameters when quantum-mechanical tunneling plays a variable
predictions in Table 4 for these comparisons at 299 K (the rgle over the experimental temperature range. In particular, since
temperature dependences of the activation enthalpies are veryynneling becomes increasingly important at lower temperatures,
very small) are 1.3, 3.6, and 2.3 kcal mblrespectively, which  Eyring plots over temperature ranges where tunneling makes
is an average error of only 0.2 kcal mél Such outstanding  sjgnificant contributions to the rate tend to predict, as artifacts,
agreement is further validation of the MPW1K method for enthalpies of activation that are lower than those associated with
hydrogen-atom transfer reactions. the zero-point-including potential-energy surface.

Table 4 further indicates that for all metals and either choice  |f tunneling contributions are removed frokg,s using eq 1,
of alkyl ligand the bimolecular process is favored over the the remainingiassvalues may themselves be employed in an
unimolecular one, with the difference being largest for Y and Eyring plot. Using the data in the right-hand column of Table
Lu and somewhat smaller for Sc. Of course, any analysis of 5 for such a plot R2 = 0.989) results in a “corrected
rates for a unimolecular process compared to a bimolecular oneexperimental’semiclassicaénthalpy of activation of 20.5 kcal
must take into account the concentration of the reacting partnersmol~* and entropy of activation of12.3 eu. Thus, accounting
in the bimolecular process. Clearly at sufficiently low methane for quantum-mechanical tunneling corrects the apparent activa-
concentrations one would eventually find the unimolecular tion enthalpy by 9.1 kcal mot. Moreover, the corrected value
processes to be kinetically dominant, although in such instancesis in excellent agreement with the theoretically predicted value
it would also be the case that the tuck-in complexes would be of 19.7 kcal mot? in Table 4.
free energy sinks rather than simply intermediates in net Kinetic Isotope Effects. Sadow and Tille§ also measured
metatheses. Indeed, in the caselec Thompson et &F kinetic isotope effects for the reaction &fSc with CD, and
observed that prolonged heating of the molecule at 353 K led CH,D,. At 299 K they foundka/kp = 10.2 for reaction o2-Sc
to methane production and a yellow, crystalline solid that, with CH,vs CDy. At the MPW1K level, we predict the change
in zero-point-vibrational energy (ZPVE) on going from reactants
(24) Curtin, D. Y.Rec. Chem. Progl954 15, 111. to the TS structure to be 0.4 kcal mbélgreater for reaction
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with CD4 compared to Cll which difference would lead to a  1.78 times slower than the equivalent reaction withyOHwe

KIE of 2.0. In addition, we predict 299 K values for reaction assign the relative reaction rate of an individual H-atom
with CH4 and CD, of 23.9 and 2.86, respectively. Differential  abstraction in Chl to be 1.00 and arbitrarily assume the
tunneling is thus predicted to increase the primary KIE to 16.4, secondary KIE to increase that rate in ££Hto 1.05, the relative

a value that is somewhat larger than the measured value of 10.2rate for an individual D-atom abstraction must be 0.074 to result
The difference between theory and experiment may simply in a 1.78-fold decrease (i.e., rate for £id statistical 4x 1.00
reflect the difficulty in accurately computing the quantum- = 4.00 and rate for ChD; is statistical 2x 1.05 + statistical
mechanical transmission coefficients it becomes large, asit 2 x 0.074= 2.25; ratio of 4:2.25 is 1.78). The ratio of 1.05 to
does for H. In addition, the harmonic approximatibnsed in 0.074 corresponds to a primary KIE of 14.2.

the computation of the vibrational frequencies and ZPVEs may  If one applies this simple algebraic analysis in reverse,
not be entirely adequate for the extremely sterically congested accepting the primary KIE to be 5.2, the predicted rate of an
TS structure for H-atom transfer. Potentials steeper than individual H-atom abstraction becomes 0.897, while that for a
harmonic would favor D substitution over H (because of the D-atom abstraction becomes 0.173. This leads to the puzzling
increased difference in ZPVE between the two) and move the conclusion that the rate of H-atom abstraction is suppressed by
predicted KIE into better agreement with experiment. However, roughly 10% by replacig 2 H atoms of CHwith D, while the

the very high dimensionality of the potential energy surface for rate of D-atom abstraction is accelerated by 175% or more by
this reaction does not make further exploration of this detail replacirg 2 D atoms of CQ with H (the magnitude of the

practical. acceleration depends on whether one uses the experimental or
With respect to reaction a2-Sc with CHD,, in this case computed primary KIE for Chlvs CDy).
Sadow and Tille§reported the “internal” primary kinetic isotope One possible solution to this apparent paradox is that product

effect by measurement of the ratio of produtit<l-Sc, deriving analysis was complicated by continued metathesis of the initially
from H-atom transfer to neopentane,dis1-Sc, deriving from formed d,-1-Sc andd;-1-Sc isotopomers with excess Gb.
D-atom transfer to neopentane. Their reported value of 5.2, We predict arequilibriumisotope effect very close to 1.0, so
however, is somewhat puzzling at first glance given the any degree of continuing metathesis would be expected to reduce
measured KIE for Cilvs CD,. Abstraction éa H or D atom the apparent KIE. However, the description of the original
from CH,D, should be accelerated relative to £ decelerated  experimental protoc®l does not permit us to assess this
relative to CD, respectively, by a normal secondary K¥E.  hypothesis further.
Thus, one might expect thprimary KIE for CH,;D, to be
increasedrelative to that for CH vs CD,. Indeed, after Acknowledgment. This work was supported by NSF CHE-
accounting for differential tunneling we predict a primary KIE 3203446,
of 18.2 at the MPWI1K level.

This issue is subject to additional analysis because Sadow
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all optimized theoretical structures. This material is available free
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