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The reductive elimination of methane from 
[Me2Si(C5Me4)2]W(CH3)H and [Me2Si(C5Me4)2]W(CD3)D is 
characterized by an inverse kinetic isotope effect (KIE).  A 
kinetics analysis of the interconversion of [Me2Si(C5Me4)2]-
W(CH3)D and [Me2Si-(C5Me4)2]W(CH2D)H, accompanied by 
elimination of methane, provides evidence that the reductive 
coupling step in this system is characterized by a normal KIE 
and that the inverse KIE for overall reductive elimination is a 
result of an inverse equilibrium isotope effect (EIE), rather 
than being a result of an inverse KIE for a single step.  
Calculations on [H2Si(C5H4)2]W(Me)H support these results 
and further demonstrate that the interconversion between 
[H2Si(C5H4)2]W(Me)H and the σ-complex [H2Si(C5H4)2]-
W(σ–HMe) is characterized by normal kinetic isotope effects 
for both reductive coupling and oxidative cleavage. 
Interestingly, the temperature dependencies of EIEs for 
coordination and oxidative addition of methane to the 
tungstenocene fragment {[H2Si(C5H4)2]W} are calculated to 
be very different, with the EIE for coordination approaching 
zero at 0K, while the EIE for oxidative addition approaches 
infinity. 
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Introduction 
 
The oxidative addition and reductive elimination of C–H bonds at a transition 
metal center are reactions that are crucial to the functionalization of 
hydrocarbons.1 An important component of these transformations is that they are 
mediated by σ–complexes, [M](σ–HR), in which the hydrocarbon is coordinated 
to the metal by 3–center–2–electron M•••H–C interactions.2,3,4  Evidence for the 
existence of these σ–complexes includes: (i) low temperature spectroscopic and 
room temperature flash kinetics studies,3,5 (ii) the observation of deuterium 
exchange between hydride and alkyl sites, e.g. [M](CH3)D → [M](CH2D)H, and 
(iii) the measurement of kinetic isotope effects (KIEs).6  As a result of the 
existence of σ–complex intermediates, the terms “reductive elimination” (re) 
and “oxidative addition” (oa) do not correspond to elementary steps and 
additional terms are required to describe adequately the overall mechanism.  
Thus, reductive elimination consists of reductive coupling (rc) followed by 
dissociation (d), while the microscopic reverse, oxidative addition, consists of 
ligand association (a) followed by oxidative cleavage (oc), as illustrated in 
Scheme 1.   

 
 

Scheme 1.  Oxidative addition and reductive elimination mediated 
by σ–complex intermediates. 

 

The present article describes experimental and computational studies designed 
to determine the kinetic and equilibrium isotope effects of the individual steps 
pertaining to oxidative addition and reductive elimination of methane involving 
the ansa–tungstenocene complex [Me2Si(C5Me4)2]W(Me)H. 

 
Reductive Elimination of Methane from [Me2Si(C5Me4)2]W(Me)H 

 
Previous studies have indicated that reductive elimination of methane from the 
tungstenocene methyl–hydride complexes Cp2W(Me)H7 and Cp*2W(Me)H8 is 
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facile. The ansa–complex [Me2Si(C5Me4)2]W(Me)H likewise reductively 
eliminates methane; the tungstenocene intermediate so generated is trapped 
intramolecularly to give [Me2Si(η5–C5Me4)(η6–C5Me3CH2)]WH, or 
intermolecularly by benzene to give [Me2Si(C5Me4)2]W(Ph)H (Scheme 2).9 
 

 
 
 

Scheme 2. Reductive elimination of methane from [Me2Si(C5Me4)2]W(Me)H. 
 

By comparison with Cp*2W(Me)H, two noteworthy aspects of the reductive 
elimination of methane from [Me2Si(C5Me4)2]W(Me)H are: (i) the ansa bridge 
substantially inhibits the reductive elimination of methane, with kansa/kCp* = 0.03 
at 100˚C;10 and (ii) the ansa bridge promotes intermolecular C–H bond 
activation, with {[Me2Si(C5Me4)2]W} being capable of being trapped by 
benzene to give the phenyl–hydride complex [Me2Si(C5Me4)2]W(Ph)H, whereas 
reductive elimination of methane from Cp*2W(Me)H in benzene gives only the 
tuck-in complex Cp*(η6–C5Me4CH2)WH.  Kinetics studies, however, indicate 
that although intermolecular oxidative addition of benzene is thermodynamically 
favored, intramolecular C–H bond cleavage within {[Me2Si(C5Me4)2]W} to give 
[Me2Si(η5–C5Me4)(η6–C5Me3CH2)]WH is actually kinetically favored. 

 
Evidence for s–Complex Intermediates: Kinetic Isotope Effects and 

Isotope Scrambling for [Me2Si(C5Me4)2]W(CH3)H and its 
Isotopologues 

 
Evidence that reductive elimination of methane from [Me2Si(C5Me4)2]W(Me)H 
proceeds via a σ–complex intermediate is provided by the observation of H/D 
exchange between the hydride and methyl sites of the isotopologue 
[Me2Si(C5Me4)2]W(CH3)D resulting in the formation of 
[Me2Si(C5Me4)2]W(CH2D)H (Scheme 3).  Examples of such isotope exchange 
reactions are well known,6 and are postulated to occur by a sequence that 
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involves: (i) reductive coupling to form a σ–complex intermediate, (ii) H/D 
exchange within the σ–complex, and (iii) oxidative cleavage to generate the 
isotopomeric methyl-hydride complex (Scheme 3). 
 

 
 
 

Scheme 3. H/D Exchange via a σ–complex intermediate. 
 

Further evidence for the existence of a σ–complex intermediate in the 
reductive elimination of methane is obtained from the observation of an inverse 
(i.e. < 1) kinetic isotope effect of 0.45(3) for reductive elimination of CH4 and 
CD4 from [Me2Si(C5Me4)2]W(CH3)H and [Me2Si(C5Me4)2]W(CD3)D at 100˚C.  
Specifically, the rate constant for reductive elimination is a composite of the rate 
constants for reductive coupling (krc), oxidative cleavage (koc), and dissociation 
(kd), namely kobs = krckd/(koc + kd).  For a limiting situation in which dissociation 
is rate determining (i.e. kd << koc), the expression simplifies to kobs = krckd/koc = 
Kσkd, where Kσ is the equilibrium constant for the conversion of [M](R)H to 
[M](σ–RH).  As such, the kinetic isotope effect for overall reductive elimination 
is kH/kD = [Kσ(H)/Kσ(D)][kd(H)/kd(D)], where Kσ(H)/Kσ(D) is the equilibrium isotope 
effect for the conversion of [M](R)H to [M](σ–RH) (Figure 1).  If the isotope 
effect for dissociation of RH (i.e. [kd(H)/kd(D)]) is close to unity (since the C–H 
bond is close to being fully formed),6a the isotope effect on reductive elimination 
would then be dominated by the equilibrium isotope effect Kσ(H)/Kσ(D) for 
formation of the σ–complex [M](σ–RH). The latter would be predicted to be 
inverse on the basis of the simple notion that deuterium prefers to be located in 
the stronger bond, i.e C–D versus M–D.11  Consequently, an inverse KIE would 
be predicted for the overall reductive elimination, without requiring an inverse 
effect for a single step (Figure 1).12 Indeed, this explanation has been used to 
rationalize the inverse KIEs for a variety of alkyl hydride complexes, including  
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Figure 1. Origin of an inverse kinetic isotope effect for reductive elimination. 
 
Cp*Ir(PMe3)(C6H11)H (0.7),2 Cp*Rh(PMe3)(C2H5)H (0.5),12d Cp2W(Me)H 
(0.75),7b Cp*2W(Me)H (0.70),8 [Cp2Re(Me)H]+ (0.8),13 
[(Me3tacn)Rh(PMe3)(Me)H]+ (0.74),14 (tmeda)Pt(Me)(H)(Cl) (0.29),15 
[TpMe2]Pt(Me)2H (0.81), and [TpMe2]Pt(Me)(Ph)H (≤ 0.78).16 

It must be emphasized that whereas an inverse KIE is to be expected if 
the σ–complex is formed prior to the rate determining step, a normal KIE would 
be expected if the reductive coupling step is rate determining since reactions 
which involve X–H(D) cleavage in the rate determining step are typically 
characterized by kH/kD ratios greater than unity.  Thus, for a limiting situation in 
which reductive coupling is rate determining (i.e. kd >> koc), the rate constant for 
reductive elimination simplifies to kobs = krc.  Since the transition state for 
reductive coupling involves cleavage of the M–H bond, krc(H)/krc(D) might be 
expected to be > 1 and so a normal KIE would be expected for such a situation.  
Examples of complexes that exhibit normal KIEs include (Ph3P)2Pt(Me)H 
(3.3),17a (Ph3P)2Pt(CH2CF3)H (2.2),17b and (Cy2PCH2CH2PCy2)Pt(CH2But)H 
(1.5).17c 

While the preequilibrium explanation (Figure 1) has found common 
acceptance for the rationalization of inverse kinetic isotope effects for reductive 
elimination of RH, it must be emphasized that there is actually very little direct 
kinetic evidence to support it because the kinetic isotope effects for the 
individual steps are generally unknown.  Rather, the common acceptance is in 
large part due to the fact that inverse primary kinetic deuterium isotope effects 
for a single step reaction are not well-known, while inverse equilibrium isotope 
effects for reactions that involve the transfer of hydrogen from a metal to carbon 
are certainly precedented.18  The question, therefore, arises as to whether it is 
possible that the inverse KIE for reductive elimination could actually be a result  
of an inverse kinetic isotope effect on reductive coupling.  While it is not 
possible to address this issue by studying the kinetics of reductive elimination of 
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[Me2Si(C5Me4)2]W(CH3)H and [Me2Si(C5Me4)2]W(CD3)D, it is possible to 
address the issue by studying the elimination of CH3D from 
[Me2Si(C5Me4)2]W(CH3)D and [Me2Si(C5Me4)2]W(CH2D)H.9  Specifically, 
[Me2Si(C5Me4)2]W(CH3)D is observed to isomerize to 
[Me2Si(C5Me4)2]W(CH2D)H on a time-scale that is comparable to the overall 
reductive elimination of CH3D, and a kinetics analysis of the transformations 
illustrated in Scheme 3 permits the KIE for reductive coupling to be determined.  
However, it must be emphasized that not all rate constants can be determined 
uniquely, and only relative values may be derived for reactions pertaining to the 
σ–complex intermediates (oxidative cleavage or dissociation) since they are not 
spectroscopically detectable.  Thus, for the purpose of the analysis, the value for 
koc*(D) was arbitrarily set as unity and rapid interconversion between the various 
σ–complex intermediates was assumed such that they were modeled by a single 
species {[Me2Si(C5Me4)2]W(CH3D)} with a single rate constant for the 
dissociation of methane (kd).  The simulation is illustrated in Figure 2, with the 
derived free energy surface presented in Figure 3. Significantly, a normal 
isotope effect of 1.4(2) is observed for krc(H)/krc(D).  Assuming that secondary 
effects do not play a dominant role in the reductive coupling of 
[Me2Si(C5Me4)2]W(CH2D)H, the value of 1.4(2) provides an estimate of the 
primary KIE for reductive coupling of [Me2Si(C5Me4)2]W(Me)X (X = H, D) to 
form the σ–complex intermediate [Me2Si(C5Me4)2]W(σ–XMe). 
 

 
Figure 2. Kinetics simulation of isotope exchange within [Me2Si(C5Me4)2]W(CH3)D and 

reductive elimination of methane. 
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Figure 3. Free energy surface for interconversion of [Me2Si(C5Me4)2]W(CH3)D and 
[Me2Si(C5Me4)2]W(CH2D)H and elimination of methane at 100˚C.  Note that for each 
pair of isotopomers, it is the one with deuterium attached to the carbon in a terminal 

fashion that is the lower in energy. 

The observation of a normal kinetic isotope effect for reductive coupling 
within [Me2Si(C5Me4)2]W(Me)H is significant because it supports the notion 
that the inverse nature of the KIE for the reductive elimination of methane is not 
a manifestation of an inverse KIE for a single step in the transformation, but is 
rather associated with an inverse equilibrium isotope effect.  Of direct relevance 
to this issue, Jones, in the most definitive study performed to date, has recently 
demonstrated that the EIE for the interconversion of [TpMe2]Rh(L)(Me)X and 
[TpMe2]Rh(L)(σ–XMe) is inverse (0.5), even though the individual KIEs for 
oxidative cleavage (4.3) and reductive coupling (2.1) are normal (L = 
CNCH2But; X = H, D).19 

Although the notion that the reductive coupling of a methyl-hydride 
complex is characterized by a normal primary kinetic deuterium isotope effect is 
in line with the common understanding of KIEs,6 it has recently been proposed 
that the reductive coupling for [Tp]Pt(Me)H2 is characterized by an inverse KIE 
of 0.76.20  However, it has subsequently been recognized that the experiment 
performed is actually incapable of determining the KIE for reductive coupling 
unless the KIE for oxidative cleavage is known.6a,9  Furthermore, assigning the 
observed KIE to that for reductive coupling is only possible if the KIE for 
oxidative cleavage is unity.  It is, therefore, evident that the experiment 
purported to determine an inverse kinetic isotope effect of 0.76 for the reductive 
coupling of [Tp]Pt(Me)X2 (X = H, D) has been erroneously interpreted, and that 
the system does not provide the claimed unprecedented opportunity to study the 
initial step of reductive coupling in alkyl hydride compounds.21 
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Computational Determination of  
Kinetic and Equilibrium Isotope Effects 

 
In view of the experimental difficulty associated with determining the kinetic 
isotope effects for the individual steps comprising reductive elimination and 
oxidative addition, we have employed computational methods to determine 
these values for the reductive elimination of methane from 
[Me2Si(C5Me4)2]W(Me)H.22,23  The mechanism for the reductive elimination 
reaction was determined by first performing a series of DFT (B3LYP) linear 
transit geometry optimizations that progressively couple the CMe–H bond.  The 
result of these calculations was the generation of the σ–complex intermediate 
[Me2Si(C5Me4)2]W(σ–HMe) via a {[Me2Si(C5Me4)2]W(σ–HMe)}‡ transition 
state (Figure 4).   

 

 
 

Figure 4. Calculated enthalpy surface for reductive elimination of CH4 from  
[Me2Si(C5Me4)2]W(Me)H. 

 

Subsequent dissociation of methane from the σ–complex [Me2Si(C5Me4)2]W(σ–
HMe) generates the 16–electron tungstenocene intermediate, 
{[Me2Si(C5Me4)2]W}.  However, an important consideration relevant to the 
dissociation of methane from the σ–complex intermediate 
[Me2Si(C5Me4)2]W(σ–HMe) is that the parent tungstenocene [Cp2W] is known 
to be more stable as a triplet and thus dissociation of methane from singlet 
Cp2W(σ–HMe) involves a spin crossover from the singlet to triplet 
manifold.23a,b  Likewise, triplet {[Me2Si(C5Me4)2]W} is also calculated to be 
12.9 kcal mol–1 more stable than the singlet.  The geometry of the crossing point 
for the singlet–triplet interconversion during dissociation of methane from 
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[Me2Si(C5Me4)2]W(σ–HMe) was estimated by using a procedure analogous to 
that used for [H2C(C5H4)2]W(σ–HMe).23a  Specifically, a series of geometry 
optimizations were performed on singlet [Me2Si(C5Me4)2]W(σ–HMe) in which 
the W•••CMe distance was progressively increased.  At each point, the energy of 
the geometry optimized structure was determined in its triplet state, thereby 
allowing determination of the geometry for which the singlet and triplet states 
would be energetically degenerate.24  The derived crossing point for 
[Me2Si(C5Me4)2]W(σ–HMe) is observed to occur with a W•••CMe distance of 3.3 
Å, which is comparable to the value of 3.5 Å reported for [H2C(C5H4)2]W(σ–
HMe).23b  The computed enthalpy surface for the overall reductive elimination is 
illustrated in Figure 4. 

The computation of isotope effects requires knowledge of the vibrational 
frequencies of the participating species.  However, since frequency calculations 
are highly computationally intensive, it was necessary to perform such studies 
on a computationally simpler system in which the methyl groups of the 
[Me2Si(C5Me4)2] ligand are replaced by hydrogen atoms, i.e. 
[H2Si(C5H4)2]W(Me)H.  This simplification considerably facilitates the 
calculation, while still retaining the critical features of the molecules of interest. 

Kinetic isotope effects are conventionally determined by the expression KIE 
= kH/kD = SYM • MMI • EXC • ZPE or a modification that employs the Teller–
Redlich product rule KIE = SYM • VP • EXC • ZPE.25  In these expressions, 
SYM is the symmetry factor,26,27 MMI is the mass-moment of inertia term, EXC 
is the excitation term, ZPE is the zero point energy term, and VP is the 
vibrational product, as defined in Scheme 4.28   

 

 
 

Scheme 4. Definitions of SYM, MMI, VP, and ZPE.27,28 

 
The practical distinction between the two expressions is that the former 

requires the additional determination of the mass-moment of inertia term (MMI) 
for the structures of the molecules in question, while the latter requires 
determination of the vibrational product (VP) from the calculated frequencies.  
The two expressions should yield identical isotope effects given perfect data, but 
errors in computed frequencies may result in discrepancies.29 Therefore, we not 
only calculated the isotope effects by both of these methods, but also determined 
the isotope effects by using the thermodynamic values obtained directly from 
the DFT calculations.30  Significantly, the three methods yield very similar 
results, thereby providing an indication of the reliability of the calculations.  In 
view of the similarity of the results obtained by the three methods, we present 
here only those derived from the expression, KIE = SYM • MMI • EXC • ZPE, 
since this is the one that is more commonly featured in the literature. 
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Calculated primary and secondary KIE values for the individual 
transformations pertaining to the overall reductive elimination of methane from 
[H2Si(C5H4)2]W(Me)H are summarized in Table 1, illustrating several important 
points.  Firstly, the primary KIE for reductive coupling of 
[H2Si(C5H4)2]W(Me)X (X = H, D) to give the σ–complex [H2Si(C5H4)2]W(σ–
XMe) is small, but normal (1.05).  Likewise, the microscopic reverse, i.e. 
oxidative cleavage of [H2Si(C5H4)2]W(σ–XMe), is also normal (1.60).  The 
equilibrium isotope effect (EIE) for the interconversion of 
[H2Si(C5H4)2]W(Me)X and [H2Si(C5H4)2]W(σ–XMe), however, is inverse 
(0.65), a consequence of the fact that the KIE for oxidative cleavage is greater 
than that for reductive coupling.  Secondary isotope effects do not play a 
significant role, with values close to unity for the interconversion of 
[H2Si(C5H4)2]W(CX3)H and [H2Si(C5H4)2]W(σ–HCX3): krc(H)/krc(D) = 1.02, 
koc(H)/koc(D) = 1.09, and Kσ(H)/Kσ(D) = 0.94.  Analysis of the individual SYM, 
MMI, EXC and ZPE terms indicates that it is the zero point energy term that 
effectively determines the magnitude of the isotope effects for the 
interconversion of [H2Si(C5H4)2]W(Me)H and [H2Si(C5H4)2]W(σ–HMe) at 100 
˚C. 

The KIE for dissociation of methane from a σ–complex has been postulated 
to be small.7b  Dissociation of methane from [H2Si(C5H4)2]W(σ–HMe) would 
likewise be expected to exhibit a small KIE, especially since the C–H bond in 
the σ–complex is almost fully formed (dC–H = 1.17 Å).  Despite the complication 
that the transition state for dissociation occurs at the singlet–triplet crossing 
point,31 frequency calculations on singlet [H2Si(C5H4)2]W(σ–HMe) with the 
geometry of the crossing point demonstrate that the KIEs for dissociation of 
methane are indeed close to unity (Table 1). 

By predicting both a normal kinetic isotope effect for the reductive coupling 
step and an inverse kinetic isotope effect for the overall reductive elimination, 
the calculated isotope effects for reductive elimination of methane from 
[H2Si(C5H4)2]W(Me)H are in accord with the experimental study on 
[Me2Si(C5Me4)2]W(Me)H.  For example, the calculated inverse KIE for 
reductive elimination of methane from [H2Si(C5H4)2]W(CH3)H and 
[H2Si(C5H4)2]W(CD3)D (0.58)32 compares favorably with the experimental 
value for [Me2Si(C5Me4)2]W(CH3)H and [Me2Si(C5Me4)2]W(CD3)D (0.45).  
Analysis of the isotope effects for the various steps provides conclusive 
evidence that the principal factor responsible for the inverse nature of the KIE 
for the overall reductive elimination is the inverse equilibrium isotope effect for 
the interconversion of [H2Si(C5H4)2]W(Me)H and [H2Si(C5H4)2]W(σ–HMe).  
The calculations therefore reinforce the notion that inverse primary kinetic 
isotope effects for reductive elimination of alkanes imply the existence of a σ–
complex intermediate prior to rate determining loss of alkane.  In addition to 
examining the kinetic isotope effects for loss of methane, it is instructive to 
evaluate the related equilibrium isotope effects.  Interestingly, and in contrast to 
the neglible KIEs, the EIEs for dissociation of methane from the σ–complex 
[Kd(H)/Kd(D)] are large and inverse, as are those for complete reductive 
elimination [KH/KD] (Table 1). 
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Table 1. Primary (p) and secondary (s) isotope effects (IEs) pertaining 
to reductive elimination of methane from [H2Si(C5H4)2]W(Me)H at 100˚C.(a) 

 
  SYM MMI EXC ZPE IE 
 

krc(H)/krc(D) 

p 
s 

p & s 

1 
1 
1 

1.000 
0.996 
0.996 

1.047 
0.984 
1.035 

0.999 
1.040 
1.003 

1.047 
1.019 
1.035 

 
koc(H)/koc(D) 

p 
s 

p & s 

1 
1 
1 

1.006 
0.997 
1.003 

1.033 
1.052 
1.077 

1.538 
1.039 
1.597 

1.599 
1.090 
1.725 

 
Kσ(H)/Kσ(D) 

 

p 
s 

p & s 

1 
1 
1 

0.994 
0.999 
0.993 

1.014 
0.935 
0.961 

0.650 
1.001 
0.628 

0.654 
0.936 
0.600 

 
kd(H)/kd(D) 

p 
s 

p & s 

1 
1 
1 

1.003 
0.980 
0.983 

0.898 
0.924 
0.852 

0.975 
1.229 
1.148 

0.879 
1.114 
0.962 

 
kre(H)/kre(D) 

p 
s 

p & s 

1 
1 
1 

0.997 
0.979 
0.976 

0.911 
0.864 
0.819 

0.633 
1.231 
0.721 

0.575 
1.042 
0.577 

 
Kd(H)/Kd(D) 

p 
s 

p & s 

0.25 
0.25 

1 

0.688 
0.364 
0.276 

1.139 
1.802 
2.003 

0.944 
1.433 
1.246 

0.185 
0.235 
0.689 

 
KH/KD 

p 
s 

p & s 

0.25 
0.25 

1 

0.684 
0.364 
0.274 

1.155 
1.685 
1.925 

0.613 
1.435 
0.783 

0.121 
0.220 
0.413 

(a)  Primary effects (p) correspond to reductive elimination of CH3–H 
vs. CH3–D; secondary effects (s) correspond to reductive elimination 
of CH3–H vs. CD3–H; primary and secondary effects (p&s) 
correspond to reductive elimination of CH3–H vs. CD3–D. 

 
The inverse EIEs are a result of the SYM and MMI terms.  Thus, the EIE 

for dissociation of methane from [H2Si(C5H4)2]W(σ–HCH3) and 
[H2Si(C5H4)2]W(σ–DCD3) is inverse due to the small value of the MMI term 
(0.28), a consequence of the fact that isotopic substitution has a substantial 
effect on the mass and moments of inertia of a molecule as small as methane.  In 
addition to the MMI term, the SYM term also has a role in determining the EIE 
for dissociation of methane from [H2Si(C5H4)2]W(σ–HCH3) and 
[H2Si(C5H4)2]W(σ–DCH3) because the rotational symmetries of CH3D and CH4 
are different. 
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An alternative perspective of the data presented in Table 1 is that the EIEs 
for both coordination (1.45) and oxidative addition (2.42) of methane to 
{[H2Si(C5H4)2]W} are normal, such that the reactions of CH4 are 
thermodynamically more favored than those of CD4.  To our knowledge, there 
are no experimental reports of the EIEs for coordination and oxidative addition 
of methane to a metal center,33 although there are several conflicting reports of 
EIE’s for coordination of other alkanes.  Specifically, Geftakis and Ball reported 
a normal EIE (1.33 at –93˚C) for coordination of cyclopentane to 
[CpRe(CO)2],34 whereas on the basis of kinetics measurements, Bergman and 
Moore reported substantially inverse EIEs for the coordination of cyclohexane 
(≈ 0.1 at –100˚C) and neopentane (≈ 0.07 at –108˚C) to [Cp*Rh(CO)].35 

In view of these differing results, Bullock and Bender have commented that 
the issue of whether coordination of an alkane would be characterized by a 
normal or inverse EIE is not trivial.6b  Furthermore, Bender has calculated that 
the EIE for coordination of CH4 and CD4 to OsCl2(PH3)2 giving trans-(η2-
CH4)OsCl2(PH3)2 is almost unity at 27˚C, but becomes inverse upon lowering 
the temperature, with a value of 0.66 at –108˚C; Bender has also noted that this 
change is not intuitively obvious.36  Indeed, the inherent difficulty in predicting 
the EIE for coordination of an alkane is a consequence of the fact that isotopic 
substitution exerts different effects on the MMI, EXC, and ZPE terms, each of 
which have different temperature dependencies. 

While Bender’s calculations indicate that coordination of methane could be 
characterized by an inverse EIE, and thereby provide support for Bergman’s 
studies on [Cp*Rh(CO)],35 they do not address the issue of how coordination of 
cyclopentane to [CpRe(CO)2] could be characterized by a normal EIE.  
Specifically, because the EIE is unity at infinite temperature, it is not clear how 
a normal EIE could ever arise if EIE’s only become more inverse upon reducing 
the temperature.  Since we calculated a normal EIE for coordination of methane 
to {[H2Si(C5H4)2]W}, we were intrigued to study its temperature dependence 
and determine whether it would become inverse upon lowering the temperature. 

Most interestingly, rather than becoming inverse, the EIE at –100˚C (1.57) 
actually increased slightly from the value at 100˚C (1.45)!  However, the 
relative insensitivity of the EIE with respect to temperature over this 200˚C 
range is deceptive, as illustrated by the full temperature dependence illustrated 
in Figure 5.  Thus, while the MMI term is temperature independent, the EXC 
and ZPE terms are strongly temperature dependent,37 but with dependencies that 
oppose each other so that the product of EXC and ZPE does not vary markedly 
in the range –100˚C to 100˚C.  Indeed, the EIE does not become inverse in this 
system until very low temperatures (ca. –200˚C).38 

At all temperatures, the values of the ZPE and EXC terms are ≤ 1 and 
thereby favor an inverse EIE.  However, these terms are mitigated by the large 
temperature independent MMI term (3.62) that dominates at temperatures ≥ ca. 
–200˚C.  At low temperatures, the inverse EIE is a result of domination by the 
strongly inverse ZPE term.  While the ZPE term is typically normal when the 
bond being broken is stronger than the one being formed,11 the effect may 
become inverse when the reaction results in the creation of a species with a 
greater number of isotope sensitive vibrations,39 as illustrated by the inverse 



 
 
  98 

© 2004 American Chemical Society 

EIEs associated with the coordination and oxidative addition of H2 to a metal 
center.40  Since the ZPE term becomes zero at 0 K, the EIE likewise becomes 
zero. 
 

 
 

Figure 5. Calculated EIE as a function of temperature for coordination of methane to 
{[H2Si(C5H4)2]W} as determined by the individual MMI, EXC, and ZPE terms. 

 

At high temperatures, it is the EXC rather than ZPE term that becomes 
dominant in reducing the value of the EIE for coordination of methane.  
However, since EXC does not become zero at infinite temperature, but rather 
becomes 1/MMI, the EXC term is incapable of causing the EIE to become 
inverse because the product MMI•EXC approaches unity.41 

It is also instructive to analyze the temperature dependence of the EIE in 
terms of the combined SYM•MMI•EXC term (which influences the entropy 
factor) and the ZPE term (which influences the enthalpy factor). Since EXC is 
unity at 0 K and is 1/MMI in the limit of infinite temperature, the product 
MMI•EXC varies from MMI to unity over this temperature range, as illustrated 
in Figure 6. Thus, at all temperatures the SYM•MMI•EXC entropy factor favors 
a normal EIE, while the ZPE entropy factor favors an inverse EIE.  At high 
temperatures SYM•MMI•EXC dominates and the EIE is normal, while at low 
temperatures the ZPE term dominates and the EIE is inverse.  If the form of the 
temperature dependence illustrated in Figures 5 and 6 applies to other systems, it 
is evident that it provides a means to rationalize both normal and inverse EIEs 
for alkane coordination.  However, the precise form of the temperature 
dependence will depend critically on the structure of the σ–complex and its 
corresponding vibrational frequencies.  



 
 
  99 

© 2004 American Chemical Society 

 
 

Figure 6. Calculated EIE for coordination of methane to {[H2Si(C5H4)2]W} 
analyzed as a product of the combined [SYM•MMI•EXC] and ZPE terms. 
 

 

 
Figure 7. Markedly different temperature dependencies of the EIEs for 
coordination and oxidative addition of methane to {[H2Si(C5H4)2]W}. 

 

Most interestingly, whereas the EIE for coordination of methane to 
{[H2Si(C5H4)2]W} approaches zero at low temperature, the EIE for oxidative 
addition is normal at all temperatures and actually approaches infinity at 0K 
(Figure 7)!42 The dramatically different temperature dependencies of the EIEs 
for methane coordination and oxidative addition is associated with the ZPE 
terms:  the ZPE term for coordination of methane is inverse at all temperatures 
(and zero at 0K), while the ZPE term for oxidative addition is normal at all 
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temperatures and approaches infinity at 0K.  The ZPE term for coordination of 
methane is inverse because coordination results in the creation of additional 
isotope sensitive vibrations in the σ–complex [H2Si(C5H4)2]W(σ–HMe) that, in 
combination, are sufficiently strong to counter those associated with C–H bond 
in methane.  In contrast, the isotopically sensitive vibrations associated with the 
W–H bond of the methyl hydride complex [H2Si(C5H4)2]W(Me)H, namely a W–
H stretch and two bends, are of sufficiently low energy that they do not counter 
those associated with the C–H bond that has that has been broken.  As a result, 
the ZPE term for oxidative addition of the C–H bond is normal.  An alternative 
way of analyzing the situation is to recognize that the EIE for oxidative addition 
is a product of the EIEs for (i) methane coordination and (ii) oxidative cleavage 
of [H2Si(C5H4)2]W(σ–HMe) to [H2Si(C5H4)2]W(Me)H, thereby demonstrating 
that it is the latter EIEoc (i.e. EIEoc = 1/EIEσ = 1/[Kσ(H)/Kσ(D)] in Table 1) which is 
dominant in determining the EIE for the overall oxidative addition.  As indicated 
above, the normal EIE for the oxidative cleavage of [H2Si(C5H4)2]W(σ–HMe) 
and [H2Si(C5H4)2]W(Me)H is dictated by the σ–complex exhibiting the greater 
ZPE stabilization because the hydrogen is attached to carbon, rather than only to 
tungsten in [H2Si(C5H4)2]W(Me)H. 
 
 

Summary 
 
In summary, the reductive elimination of methane from 
[Me2Si(C5Me4)2]W(CH3)H and [Me2Si(C5Me4)2]W(CD3)D is characterized by 
an inverse KIE and calculations on [H2Si(C5H4)2]W(Me)H provide the first 
theoretical evidence that the origin of the inverse KIE is a manifestation of the 
existence of a σ–complex intermediate; thus, the inverse KIE is a consequence 
of an inverse equilibrium isotope effect for interconversion of 
[H2Si(C5H4)2]W(Me)H and [H2Si(C5H4)2]W(σ–HMe), with KIEs for both 
reductive coupling and oxidative cleavage being normal.  Interestingly, the 
temperature dependencies of EIEs for coordination and oxidative addition of 
methane to the tungstenocene fragment {[H2Si(C5H4)2]W} are calculated to be 
very different, with the EIE for coordination approaching zero at 0K, while the 
EIE for oxidative addition approaches infinity. 
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