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The uni- and bimolecular €H bond metathesis reactions afisa[bis(#°-2-indenyl)methane]ML (M
=S¢, Y, Lu; L= CHs, CH,C(CHg)3) with four ansaindenyl ligands having various degrees of aromatic
ring methylation were modeled with the MPW1K density functional and a relativistic effective core
potential basis set. Analysis of theoretical trends as a function of metal and ligand indicates that, in
contrast to the situation with analogous (CGpgandwich complexes, unimolecular metathesis reactions
proceeding through tuck-in intermediates have significantly higher enthalpies of activation compared to
alternative bimolecular pathways, so that the latter dominate metathesis reactivity in every case under
typical experimental conditions; taking account of quantum mechanical tunneling through the reaction
coordinate does not change this situation. Narrow bite angles enforced agpsamethylene bridge on
the bis(indenyl) ligands cause the steric differences between methyl and neopentyl ligands to have reduced
influence on either structural parameters or enthalpic barriers compared to analogouysséDgityich
complexes. The degree of methylation of the bis(indenyl) ligand was found to play no significant role in
complex structure and reactivity.

Introduction increasingly amenable to full quantum mechanical treatment (as
compared to, say, modeling via hybrid quantum mechanical/
molecular mechanical techniques or through use of a smaller
ligand model such as unmethylated Gpndeed, metallocenes
as large as bis-indenyl sandwich complexes are now well within
the realm of theoretical study. Of thesansa bis-indenyl
complexes, joined by various bridging groups at the 1 or 2
position of the indenyl moiety and potentially exhibiting
_chirality, depending on ring or bridge substitutions, are of special

é'nterest due to their enhanced activity and possible use for stereo-
and enantioselective catalytic transformatiéfg. 6

The use of formally 8 metallocenes as catalytic species is
well established in olefin polymerization and is increasingly
important in selective alicyclic and aliphatic & bond
activation in organic syntheslts® Among the strongest orga-
nometallic C-H bond activators are the group Ill metallocenes
incorporating scandium, yttrium, and lutetium metal centérs.
We and othershave been interested in the theoretical modeling
of these species. Ongoing advances in computational technol
ogy® have made large metallocene complexes, such as thos
including the pentamethylcyclopentadienide (Cp*jgand,
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@ @ @ optimized to best reproduce a set of experimental activation energies
for hydrogen atom transfer reactions, MPW1K is a particularly
M, M O appropriate functional for the study of- bond metathesis
M e _CH3 reactions. In addition, the MPW1K functional has also been

\s demonstrated to do well in predicting a wide variety of other
structural and thermochemical d&téith respect to basis sets, we
tuck-in intermediate employed the relativistic effective core potentials and valence basis
sets of Stoll et af3 for Sc, Y, and Lu and the 6-31G(d,p) basis
CHs CHoC set4 for H and C.

- Stationary points on the potential energy surface (PES) were
verified as minima or transition-state (TS) structures by analytic
frequency calculations. The real frequencies, scaled by a factor of
0.9515%% were additionally employed to compute molecular parti-
tion functions and thermal contributions to the enthalpy using the
standard rigid-rotor harmonic-oscillator approximation at 299 K.
Scaled imaginary frequencies in TS structures were used in the
calculation of quantum mechanical transmission coefficients.

bimolecular transition-

state structure Because structures incorporating methylated aromatic rings typically
Figure 1. Uni- and bimolecular metathesis reactions available to had one or more very small vibrational frequencies (e.g., below 20
a neopentybnsametallocene. cm1), we avoid for the most part discussion of molecular free

energies, since absolute entropies predicted by the rigid-rotor

In prior work* we characterized the uni- and bimolecular harmonic-oscillator approximation tend to be unreliable in such
metathesis reactions of (CpNIL for M = scandium, yttrium, instances.
and lutetium, and alkyl group & methyl and neopentyl. We Since the reaction coordinates for the-B bond metatheses
found that bimolecular reaction with methane was kinetically examined here involve substantial hydrogenic motion near the
the most favorable process under typical reaction conditions, transition state, one expettiat the reaction rate will include a
although with metals having a smaller radius (e.g.=\&c) or significant contribution from light-atom tunneling even at reaction
more sterically demanding alkyl groups (e.g.=.neopentyl), temperatures of about 350 K. Within the context of transition-state
unimolecular reactions proceeding through a tuck-in complex theory, the observed rate constégi may be written &
became increasingly competitive. We also established that
quantum mechanical tunneling along either uni- or bimolecular Kobs = #(T)Kelass (1)
H atom transfer coordinates increases the corresponding reaction

rate constants by 2 to 3 orders of magnitude at typical reaction Wherex is the temperature-dependent quantum mechanical trans-
temperatures of 306400 K. mission coefficient andk.ass is the rate constant that would be

In this article, we extend our prior studies to address observed in thebsenceof quantum effects, i.e., the classical rate

analogous, larger complexes supported by the dianionic ligand ¢onstant. o _ ,

derived from bis(2-indenyl)methane. We assess the effect of __EXPerimentally, activation enthalpies and entropies are often
the methylene-bridgednsaligand on metallocene geometries derived from the Eyring relationstfig®

and activation enthalpies (again, for both uni- and bimolecular N

reactions, see Figure 1), and we quantify the degree to which |n(k°b5) — A_H(l) + ﬁt + |n(kB)
guantum mechanical tunneling contributes to overall reaction R

rates. In addition, we examine the degree to which methylation
of the indenyl ligands affects these various phenomena.

- @

T R \T

whereT is temperature in degrees kelviR,is the universal gas
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Chart 1

T

constantkg is Boltzmann’s constant, arfulis Planck’s constant.

A plot of In(kopd T) Versus 1T provides a best-fit line having a slope
—AH*/R and an intercepAS/R. However, the determination of
these thermodynamic activation parameters using eq 2 is only
appropriate when the transmission coefficiens equal to 1, i.e.,

in the absence of tunneling contributions so that the observed rate
constant corresponds to tekassicalrate constamt.When eq 2 is
used with observed rate constants from reactions whose rates include
substantial contributions from tunneling, the derived activation
enthalpies and entropies tend to values considerably less positive
and more negative, respectively, than those more properly deter-

1 2

mined from the statistical-mechanical partition functions of the

relevant reactants and transition-state structures. In such instances,

the comparison of “experimental” and computed thermodynamic
activation parameters is not particularly meaningful, since the latter
are indeed computed properly from the molecular partition functions
and are not masked by tunneling contributions.

With the experimental data in hand, however, one can compute
the classical rate constat.ssat a given temperature &g,sdivided
by «(T) (cf. eq 1) provided one has some means of estimatigy
subsequent plot of likasdT) versus 1T then provides a best-fit
line having a slope-AH*/R, where the new, classicAH* may be
compared directly to the value derived from computation of the
relevant partition functions. Sherer and Cramer have previously
demonstrated that this protocol resolves an otherwise large differ-
ence of 7.6 kcal molt in the “experimental” and computed
enthalpies of activation for methane metathesis involving (€p*)
LuCHgz.“aIn order to estimate, we employ the truncated parabola
method of Skodje and Truhl&f.In this one-dimensional ap-
proximation, the transmission coefficient associated with quantum
effects on the reaction coordinate is computed as

prla p

) = GGaiey ~ a—p OB~ AV = V)] B s(;xa)
(N =L {0l - @V -VI-13  «sp
poo (30)
where
_ 27
~ h{Im()} @
1
F=iT (5)

AVF is the zero-point-including activation potential eneryyis
the zero-point-including potential energy difference between reac-

Table 1. D Parameter Values (A) inansalndenyl and Cp*
Metallocenes at the MPW1K Level

ligand system

metal (Cp*p2 1 2 3 4

L =Me

Sc 0.676 1.085 1.103 1.071 1.084
Y 0.754 1.320 1.313 1.312 1.324
Lu 0.697 1.235 1.227 1.223 1.239
L =Np

Sc 0.784 1.124 1.124 1114 1.122
Y 0.856 1.341 1.330 1.326 1.341
Lu 0.829 1.263 1.249 1.250 1.263

aValues computed from data in ref 4b, included for comparison.

Each metallocen&—4 was further substituted by a methyl
(Me) or neopentyl (Np) ligand L. In this work a particular
species will be referred to as cardinal number-metal-alkyl
fragment (or tuck-in), for exampl&-Sc-Me refers to [bis(1,3-
dimethyl-2-indenyl)methane]scandium methide. Transition-state
structures are indicated by the inclusion immediately after the
cardinal of uni or bif for uni- and bimolecular metathesis
transition states, respectively, e.tuni*-Sc-Me for the unimo-
lecular TS structure of-Sc-Me.

ansaMetallocene Structures Selected geometrical param-
eters for the equilibrium minimum-energy structureslef4
are shown in Table S1 of the Supporting Information; data for
the analogous (Cp3ML system$ are included for comparison.
Optimized geometries d-Sc-Me, chosen as a representative
example, are shown in Figure 2.

We find that there is relatively little variation of geometry
as a function oinsaligand for a given metal and alkyl ligand.
However, there is a consistent, small increase in the metal
alkyl carbon bond length proceeding fralrto 2 to 3. This is
consistent with increased methylation in the progression, making
the ansaligand increasingly electron donating. Of course, the
bite angle enforced by the bridging methylene reduces the ability

tants and products (zero in the case of a symmetric metathesisof the aromatic rings to overlap with metal orbitals as efficiently

reaction, nonzero otherwise), and bf(is the (scaled) magnitude
of the imaginary vibration.

Results and Discussion

Nomenclature We consider four distinctansa ligands
differing in the degree of methylation of the indenyl rings. In
particular, we employ the dianionic ligands derived from bis-
(1,3-dimethyl-2-indenyl)methane, bis(1,3,4,7-tetramethyl-2-in-

denyl)methane, bis(1,3,4,5,6,7-hexamethyl-2-indenyl)methane,

and bis(4,5,6,7-tetramethyl-2-indenyl)methane. We refer to
metallocenes derived from these ligandslas?, 3, and 4,
respectively (Chart 1). Note that ligardidis unique inasmuch
as the five-membered ring ot methylated, and metallocenes
4 thus cannot form tuck-in complexes from unimolecular
methathesis.

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

as they do in the unconstrained (Cg¥L, and consistent with
this analysis the metalalkyl carbon bond lengths are the longest
of all in the (Cp*pML compounds. The difference is particularly
large for L = Np, where steric interactions between the
neopentyl ligand and the Cp* rings appear to develop, so that
the bite angle of the two Cp* rings is reduced in (GMNp
relative to (Cp*}MMe, but the metatNp bond length is
lengthened as well so as not to sacrifice too much overlap of
the aromatic rings with the metal d orbitals.

Trends as a function of metal are consistent for eacba
ligand set: shorter liganemetal bond lengths and larger bite
angles are observed for scandium compared to yttrium, con-
sistent with a typical third-row to fourth-row progression.
Relativistic effects and the lanthanide contraction come into play
for lutetium compared to yttrium, and slightly shorter ligand
metal bond lengths and slightly larger bite angles are observed
for the former compared to the latter.
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Figure 2. Optimized structures (MPW1K) shown in side-on (left and right) and top (center) views for (from top to b&BmMe,
3uni*-Sc-Me, 3bi*-Sc-Me, and3-Sc-tuck-in. Hydrogen atoms not attached to or being transferred from carbon atoms bonded to scandium
have been removed for clarity.

D parame ter

Figure 3. Definition of the D parameter (A) in a generiansa Figure 4. Coordinate definitions used for discussion of tuck-in

metallocene system. The position of the 5-membered ring centroid TS Structures.
definesQ.

o ) o the trigonometric relationship betweemMQ and /-
The bridging methylene induces a reduction in&eM—Q (0QMQ);814.15see Figure 3 and Table 1.

angle from about 143in the unconstrained metallocenes to T gifference between Cp* and thasaindenyl ligand is
about 120, 112, and 114 for theansaSc, Y, and Lu systems,  most pronounced in the = Me cases, where the average
respectively. The effect of thensabridge can also be quantified percent change ib ranges from 61% in scandium species, to
by the D parameter, defined as the perpendicular distance of 75% in yttrium, to 77% in lutetium. The change is smaller in
the metal atom from the imaginary line connecting the centroids the L = Np complexes, as the bulky neopentyl group forces a
of the two five-membered rings, which may be computed from longerrMQ distance and smalléetQMQ in the (Cp*), system
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Table 2. Relative Enthalpies (kcal mof?, 299 K) for Stationary Points on the Unimolecular Reaction Coordinates foransa
Ligands 1-3 and Quantum Mechanical Transmission Coefficients (unitless) for Their Rate-Determining Steps

ligand metal Me urdi tuck-in reversé Me K299
L = methyl
(Cp*)2 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
1 Sc 0.0 34.1 19.9 34.1 0.0 56
Y 0.0 34.5 16.6 34.5 0.0 150
Lu 0.0 36.0 21.1 36.0 0.0 75
2 Sc 0.0 34.0 20.0 34.0 0.0 61
Y 0.0 34.2 17.2 34.2 0.0 150
Lu 0.0 35.6 21.4 35.6 0.0 76
3 Sc 0.0 34.0 194 34.0 0.0 59
Y 0.0 35.0 17.1 35.0 0.0 180
Lu 0.0 35.7 20.9 35.7 0.0 79
ligand metal Np urii tuck-in reversiardRetuniyy/CHy) Me K299

L = neopentyl
(Cp*)2 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
1 Sc 0.0 31.6 119 26.2 —-7.9 58
Y 0.0 33.5 12.3 30.2 —4.3 260
Lu 0.0 34.1 15.9 30.8 —5.2 97
2 Sc 0.0 315 119 25.9 —8.2 70
Y 0.0 334 12.8 29.8 —-4.4 240
Lu 0.0 34.0 16.4 30.6 —-5.1 100
3 Sc 0.0 31.8 11.9 26.6 -7.5 63
Y 0.0 34.0 13.0 30.9 —-4.1 300
Lu 0.0 34.3 16.1 30.8 —-4.9 110

aValues taken from ref 4b.

as noted above, but the difference is still substantial. The bond lengths to the H atom in flight, the unimolecular reactions
overriding structural constraints of the methylene bridge are involving M = Lu exhibit late transition states (with the forming
manifest in the similaD values of the methyl- and neopentyl- bond to C1 substantially shorter than the breaking bond to C2;
alkylatedansacomplexes, which contrasts with the situation see Figure 4), consistent with formation of the tuck-in complex
in the free Cp* metallocenes, where variatiorDoés a function for M = Lu being more endothermic than for either Sc or Y in
of the alkyl ligand is about 5 times larger. Tievalues and  each case df—3 (see below). The earliest transition states (short
bite angles computed here are consistent with those from X-ray preaking bond to C2, long forming bond to C1) are associated
crystal structural data reported by Agarkov et®for isomeric with 1uni*-Y-Np and 3uni*-Y-Np, for which cases formation
ansaf[bis(y>-1-indenyl)methane]MGlcompounds. With M= of the tuck-in complex is 34 kcal/mol less endothermic than
Ti, Zr, and Hf, these authors observed average bite angles offor the Lu cases. Interestingly, when#Sc, the unimolecular
122,117, and 118, respectively, and values of 1.028, 1.149,  Ts structures show little difference in forming and breaking
and 1.126 A, respectively; the slightly smalvalues in this  c—H hond lengths, even though the endothermicity of formation
case are consistent with the slightly smaller radii of the group of the tuck-in complex for M= Sc is slightly smaller than for

IV metals. Data are also available for metallocenes carring bis- \; = v_ 1t is possible that this results from a much stronger
(indenyl)silane ligands? but as there is a significant difference  nteraction between the metal and the H atom in flight in the
in the bond length to the bridgi_ng silicon compared to carbon 556 of M= Sc; the average ScH bond length is about 1.86
atom, we do not make comparisons here. A compared to 1.97 A for M= Lu and 2.03 A for M= Y.

Geometrical parameters for the uni- and bimolecqlar TS Compared to the unimolecular TS structures, the bimolecular
structures are compiled n Tablgs S2 and S3, respectively, OfTS structures tend to have much shorter making and breaking
the Supporting Information. While the data are for the most bond lengths between the H atom in flight and the incoming

part routine (and thus left to languish in the Supporting and outqoi . I .
. going alkyl groups, suggesting a significant reduction
Information), a few featureare noteworthy. Metat-alkyl bond of strain in the geometry of the bimolecular TS structures. For

distances show the same trends as a fun_ct_lc&n'eiallgand in 2 Me, structuresibi*—4bi* are symmetric for M= Sc and
the TS structures as are observed in the minima: more alkylation . . ; .
Lu. However, in the case of M= Y the two indenyl rings in

of the indenyl rings leads to increased bond lengths. In the the ansaligand do not eclipse one another perfectly. so that
unimolecular TS structures, the bond length from the metal to the TS tg fwre | pt This twisti pfth Y, linand
the ring methyl group does not show such variation, presumably . eb S ﬂélc_ ure s aslyn]jtrze ric. This twisting Ot etansa |gan”
because of the dominance of geometric constraints associatedsl?] seri\:g In severa 0” Ie m|hn|mum-energyz ructures as we d
with ansaligation of the metal itself. Focusing on the-Ei although itis quite small. In other cases, any barrier associate
with a conversion between formally enantiomesitsatwists
(28) Agarkov, A, Y.: lzmer, V. V.- Riabov, A. N.: Kuzmina, L. G. is sufficiently _small tha_t this motion is included in the H atom
Howard, J. A. K.; Beletskaya, |. P.; Voskoboynikov, A. Z.Organomet. transfer reaction coordinate, but that is not the case fer M.
Chem.2001, 619, 280. However, relaxation of thensarings will obviously not be
(29) (a) Giardello, M. A.; Conticello, V. P.; Brard, L.; Sabat, M; ini i
Rheingold, A. L.; Stern, C. L.; Marks, T. J. Am. Chem. S0od.994 116, rate determmm.g for the metathe_SIS step wh_en=NV, SO we
have not examined this process in any detail. Fex Np, the

10212. (b) Herrmann, W. A.; Eppinger, J.; Spiegler, M.; Runte, O.; ) ) - )
Anwander, R.Organometallics1997, 16, 1813. TS structures are noticeably early in every case: differences in
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forming and breaking €H bond lengths are as large as 0.1 A. Table 3. Relative Enthalpies (kcal mot?, 299 K) for
This observation is consistent with the strain release associated Stationary Points on the Bimolecular Reaction Coordinates
with the replacement of = Np by L = Me, and an even larger fo;rgpé?nli_gs?onr?%g;%c?ggtscgzjui?ttllgs;wfg(r:h‘rahné(i:ral
effect was observed preV|c_)ust for the unconstraln(_ad case of Rate-Determining Steps

(Cp*).MNp,* where the steric clash between the Np ligand and

the Cp* rings is increased relative to thesaligands examined ligand metal Me b Me k299
here. L = methyl
Tables S2 and S3 also include the imaginary frequencies (Cr)e? $C (%) f93_§ 8'(? 252
characterizing the TS structures. The magnitudes of the imagi- Lu 0.0 20.9 0.0 44
nary frequencies associated with the unimolecular TS structures 1 Sc 0.0 19.6 0.0 46
range from 1350 to 1450 cmy, and in every case these Y 0.0 18.9 0.0 46
: ; : : Lu 0.0 18.9 0.0 58
frequencies are larger in magnitude than are those associated , Sc 0.0 19.9 0.0 52
with the corresponding bimolecular transition states. That is, v 0.0 18.9 0.0 47
the unimolecular transition states are “tighter”, which is not Lu 0.0 18.5 0.0 62
surprising given the geometric constraints associated with the 3 Sc 0.0 204 0.0 57
unimolecular reaction. All other things being equal, tighter Zu 8‘8 ig'? 8‘8 ‘ég
transition states permit quantum mechanical tunneling to occur 4 Sc 0.0 20.6 0.0 55
to a greater extent than for looser transition states, as quantified Y 0.0 19.6 0.0 49
in more detail below. Lu 0.0 194 0.0 64
Table S4 of the Supporting Information provides selected ligand metal Np G Me K200
geometrical parameters for the tuck-in complexes of ligand —
. L = neopentyl
systemsl—3. In all cases the tuck-in complexes feature longer (¢ Sc 0.0 197 —158 32
rMC and shorterMQ distances, as well as slightly larger Y 0.0 17.0 -10.6 45
Q—M-—Q angles than the corresponding Me- or Np-alkylated Lu 0.0 18.1 —12.2 44
parent systems. In theirMC and rMQ distances, these 1 Sc 0.0 17.5 —7.9 60
complexes resemble their Cp* metallocene analogulesugh Zu 8'8 12‘% :g'g gg
the change induced iIIQMQ by the tuck-in (which may be 2 Sc 0.0 18.6 —892 36
>10° in (Cp*),) is much reduced due to the structural rigidity Y 0.0 18.0 —4.4 72
imposed by the bridginginsa methylene group® D values Lu 0.0 18.2 5.1 60
decrease by roughly 0.1 A, which is again unsurprising given 3 3‘3 (%’ 11:? :Z'? gg
the steric demands of the tuck-in complex. Lu 0.0 18.6 —4.9 70
Unimolecular Alkane Displacement Table 2 contains 299 4 Sc 0.0 19.3 —7.6 47
K enthalpies for stationary points on the two unimolecular Zu 3-8 13-3 :‘5‘-8 gg

metathesis pathways, relative to starting methyl and neopentyl

complexes, for all combinations of ligand and metal, with Cp* ~ *Values taken from ref 4b.

data included for comparisdhFor L = Me, the tuck-in

complexes derived fromi—3 are about 10 kcal mot less the transmission coefficients computed fbr3 relative to
enthalpically stable than those formed from (GMMe. (Cp*)2MNp by factors of 5 to 10 depending on the particular
However, this difference in product enthalpies is only partially case.

included in the enthalpies of activation: differences between Bimolecular Alkane Metathesis Table 3 contains 299 K
1-3and (Cp*sMMe for the latter quantity are only about-2 enthalpies of activation for all metaligand combinations, again
kcal molt. These trends are amplified somewhat in the case with (Cp*), included for comparisofiFor L = Me and M=

of L = Np. The tuck-in complexes derived frotr-3 are now Sc or Lu, activation enthalpies with tlensaligands1—4 are
10—20 kcal mot? less enthalpically stable than those formed reduced by 24 kcal mol* compared to (Cp¥MMe, consistent
from (Cp*):MNp. Note that the tuck-in complex enthalpies are with the increased accessibility to the metal afforded by the
relative to educts, so the larger differences predicted for Np narrow bite angle associated with thesaligand’51In the
compared to Me simply reflect the greater steric clash betweencase of L= Me and M =Y, the larger ionic radius of Y
the Np ligand and the Cp* rings compared to #Hresaligands. mitigates this effect so that the activation enthalpies are
Again, differences in tuck-in complex stabilities are only insensitive to the nature of the ligand. In no case does
partially reflected in activation enthalpies; those computed for methylation of the ligand have much influence on the activation

1-3are about 45 kcal mol™ larger than those for (Cp3MNp. enthalpies.
As noted above, in the case of £ Me the enthalpies of For L = Np, the exothermicity of metathesis iS—B kcal
activation for1—3 are slightly higher than those for (CpiMe. mol~* larger for (Cp*)MNp compared to theansa ligated

However, the magnitudes of the imaginary frequencies in the systemsl—4, again consistent with greater steric release in the
ansaligated TS structures are slightly larger than those previ- free Cp*-ligated system. The influence of this greater exother-
ously computed for (CpsMMe.* Because quantum mechanical micity on the activation enthalpy acts to counterbalance the
tunneling is more efficient when (1) barriers are lower and (2) increased accessibility afforded by thesaligands so that in
barriers are tighter, the variations in barrier heights and most instances the activation enthalpies Ter4 are within 1
imaginary frequencies have opposite effectsqof. eqs 3and ~ kcal mol! of those for (Cp*)MNp. Again, there is little

4), and indeed the two effects roughly cancel one another soinfluence from ring methylation.

that computed transmission coefficients are fairly insensitive  With respect to quantum mechanical tunneling, the similarities
to the nature of the aromatic ligand wher=LMe (Table 2). in activation enthalpies and imaginary frequencies between all
This is not the case, however, for & Np. In that case the  of the various systems are such tkatanges only from 32 to
substantially larger increase in the enthalpy of activation reduces93 for the bimolecular methathesis. This is in contrast to the
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unimolecular reaction leading to a tuck-in complex, where of group Il methyl metallocenes with methane by 4 kcal
tunneling for theansaligands is substantially reduced compared mol~%. The reactivities of corresponding neopentyl metallocenes,
to (Cp*),ML. however, are largely unaffected because greater accessibility
If we now consider the uni- and bimolecular reaction to metal centers with thensaligands is largely offset by relief
pathways in a reacting system, we see that the enthalpies ofof reactant strain associated with the sterically demanding
activation for the bimolecular reactions o3 are in general neopentyl ligand. Activation enthalpies for unimolecular loss
about 15 kcal mal' more favorable than those for the analogous of methane or neopentane via the formation of a tuck-in complex
unimolecular reactions leading initially to tuck-in complexes are 4-6 kcal mol? larger with theansaligands studied here
(4 has similar reactivity in the bimolecular case but cannot than with Cp*, so that this pathway cannot compete kinetically
undergo unimolecular reaction since it lacks methyl groups on with bimolecular reaction. Quantum mechanical tunneling along
the indene five-membered ring). To compute rates from first the H atom transfer coordinates is predicted to accelerate all of
principles, we must additionally consider the contribution of the metathesis reactions studied here by about an order of
entropy to free energies of activation. There is some uncertainty magnitude at 299 K.
in the computation of the absolute entropies for systems like  Significance To the extent that we are interested in qualita-
those studied here, which are characterized by many low- tive trends associated withnsa ligation compared to less
frequency normal modes not well represented as harmonicconstrained metallocenes, the theory employed in this work
oscillator$ (a particular example of this inadequacy has been should be secure. With respect daantitatie accuracy, it is
provided by Raynaud et &%who observed significant devia- informative to consider some results from other studies. In
tions between the harmonic-oscillator approximation and free particular, Barros et @1 examined the bimolecular methane

energies of activation computed directly from E&arrinello metathesis reaction of (CpNIMe with M = Sc, Y, and Lu
dynamics for the reaction of Hwith Cl,LaH and CjLaMe). (i.e., the exact unconstrained systems considered here) and
Moreover, the gas-phase entropy of activation is not always an predicted enthalpies of activation of 22.8, 19.5, and 21.3 kcal
accurate predictor of the equivalent quantity in solufioft mol~1, respectively, at the B3PW91 level of density functional

Nevertheless, with all of these caveats in mind we compute theory with a basis set similar to that used here. These barriers
the 299 K entropy of activation for the bimolecular reaction to are about 4 kcal mol smaller than those that we compute with
be about 27 eu higher than that for the unimolecular process.MPW1K,* which difference is expected given the greater

Such a difference corresponds to about 8 kcal that free percentage of exact HF exchange in the MPW1K functional.
energy at 299 K. Thus, on the basis of a remaining difference As the MPW1K functional was specifically optimized for H
in free energy of 7 kcal mol (H — TS and assumiga 1 M atom exchange reactiofsthere is good reason to expect that

concentration of methane as a reactant, transition-state theonjt will be more accurate for the metathesis reactions studied
predicts that the rate of the bimolecular reaction will in every here.
instance exceed the rate of the unimolecular reaction by about This point may be evaluated in additional detail, as may the
5 orders of magnitud®As transmission coefficients for the uni-  accuracy of the SkodjeTruhlar tunneling approach, by com-
and bimolecular reactions fail to differ by even 1 order of paring the semiclassical enthalpies of activation computed from
magnitude at this temperature, the unimolecular pathway is an Eyring plot of tunneling-corrected experimental rate constants
clearly of no consequence with trensaligands, and even  to those computed directly from theory at the MPW1K level.
significantly reduced concentrations of reactive methane would Using the rate constants of Sadow and T#leyor the
not be expected to change this situation. We note the contrastbimolecular reaction of (Cp3BscNp with methane, the enthalpy
with the case of, say, (Cp3$cNp, where the difference in uni-  of activation after correcting for tunneling is 20.5 kcal migtP
and bimolecular activatioenthalpiesis only 7.5 kcal maf?! which is in excellent agreement with the MPW1K value of 19.7
and tunneling is about 1 order of magnitude more efficient for kcal mol! (Table 3). On the basis of this analysis, we expect
the unimolecular reaction at 299 K. In that case, even methanethe results reported here to have quantitative utility as well.
concentrations fol M would be expected to permit reaction
via both pathways to be simultaneously operative. Acknowledgment. We thank Don Tilley for stimulating
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