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We have chosen eightfmetallocenophane complexes to investigate the oxidative additions with methane
using the B3LYP/LANL2DZ level of theory. Considering the effects from the geometry and the nature of the
metal center, the following conclusions emerge: the less bent 16-elecfromefallocenophane complex

with the transition metal center W should be a potential model for the oxidative addition of saturakéd C
bonds. Our model calculations suggest that a methawemplex intermediate formed between the
[n]-metallocenophane and methane plays a major role in the oxidative additions. Moreover, we show that
both electronic and geometric effects play a significant role in determining the energy barriers.

I. Introduction explained on the basis of conventional molecular orbital (MO)
theory!” In a parallel sandwich GV complex, the HOMO
(see details below) is sheltered between the two Cp rings. On
the contrary, when tungstenocene is preorganized into a bent
state by linking the two Cp rings with an ansa bridge, its HOMO
extends into space, apparently more appropriately oriented for
oxidative addition to €&H bonds. In other words, a bent
geometry may allow more facile oxidative additions to thekC
bonds of an alkane than the parallel ring structure. Besides this,
according to Labella, Chernega, and Green’s wérk, was
suggested that the driving force for elimination reaction in these
group 6 metallocene derivatives is the existence of the favored
dparallel ring structure for the“dconfiguration metallocene.
Similar experimental evidence and conclusions can also be found
in Green’s work!l However, there is as far as we know no
experimental evidence that parallel ring metallocenes are more
reactive to oxidative addition than bent ones.

This paradox aroused our interest to investigate the potential
energy surfaces of such reactions using density functional theory
(DFT). A study of the important €H activation reaction, eq
1, was thus undertaken:

Theoretical and computational studies of the activation of
unreactive carbonhydrogen bonds have attracted great attention
ever since the first demonstration of the intermolecular oxidative
addition of alkane &H bonds to transition-metal centérén
a continuing effort to explore the nature of the activation process
in the past two decad@s, the unsaturated transition-metal
fragments of different structural types have been the subjects
of numerous quantum chemical calculations, employing theo-
retical models ranging from, for example, semiempirical meth-
ods' and various ab initio technigueso density functional
theory® The results of these calculations provide excellent,
gualitative accounts for a large range of experimentally observe
properties. In fact, we have gained a great deal of insight into
the complex nature of the electronic structures of these
complicated molecular systems, and qualitative explanations and
predictions are found to be very reliable.

Recently, there has been considerable commercial interest in
ansa-bridged metallocene complék&due to their use in the
catalysis of stereoregular olefin polymerization react@n
a more fundamental level, several groups have reported ansa
bridged metallocene complexes which show interesting changes
in structure or reactivity compared to the corresponding un- [Nl-metallocenophane- H—CH; —
bridged metallocene complex¥s-2Green and co-workers have [n]-metallocenophane(H)(CH (1)
investigated the influence of the ansa bridge on several group

6 metallocene complexes and have noted dramatic reactivity T [n]-metallocenophanes studied areifiHCsHs)a, [1]-M(5-
differences in comparison to the unbridged apal_o@uE_sr CsHa)2CHa, [2]-M(375-CsHs)2C2Ha, and [3]-M(5-CsHs)2SCoHa,
example, photolysis of G(H)CH; under matrix isolation  \here M= Mo and W, as shown id. Also, the most relevant

conditions has been found to generate tungstenocen¥ 8 geometrical parametef) for these complexes is defined In
and Green and co-workers had reported that, upon thermoly5|s(i_e_ the cp-M—cp angle; cp= centroids of the Cp ring).

in solution, CpW(H)CH;z generated a species capable of reacting
with aromatic G-H bonds!4-16 In contrast, the ansa-bridged
analogue WI[5-CsH4),CMey]H; is photochemically inert? @
By analogy to the well-known chemistry of photogenerated

b

b

. . : . ] S 0( a(f a( M
tungstenocent,13an interesting chemistry for the ansa-bridged % / /
tungstenocene can be anticipated. At first sight, it seems that < \
the relative reactivity of these 16-electron fragments can be

M M-[3] M-[2] M-[1]
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Figure 1. Walsh diagram for bending back the Cp rings in theNIp
fragment.

Mo-[3]-PC
-1.9 kcal/mol

The reasons for choosing eq 1 as the model are the
following: (i) Many theoretical studies have been performed
on a C-H oxidative addition to Rh, Ir, Pd, and Pt organometallic
species 7 However, only a few have actually been carried out
on oxidative additions by other transition-metal complexes.
Especially little is known about how much the-El oxidative
addition is influenced by Mo and W metals. (ii) To the best of
our knowledge, there are no systematic theoretical calculations
concerning geometrical effects on the 16-electrdh [ul-
metallocenophane systeA?s?In the present work, we thus use
the number of bridging atoms to adjust the bending argle
As will be shown later,§ decreases along the series,#®4(
C5H5)2, [3]-M(775-C5H5)25C2H4, [2]-M(1]5-C5H5)2C2H4, and
[1]-M(75-CsH4)2,CH,, as expected. Through this theoretical
study, we hope (a) to obtain a detailed understanding of the
C—H oxidative addition to 16-electrorf'{in]-metallocenophane
type complexes, (b) to investigate the influence of the ansa -
bridge upon the geometries and energies of the intermediatesFigure 2. B3LYP/LANL2DZ optimized geometries (in A and deg)

Mo-[3]-TS
+1.7 kcaVmol

Mo-[3]-Pro

-9.7 kcal/mol -9.6 kcal/mol

as well as on the transition states, (c) to elucidate the differences

of the reactants (singlet and triplet), precursor complex, transition state,

between Mo and W, and (d) to investigate those factors
controlling the activation barrier for oxidative reactions. It will
be shown that the reactivity of the 16-electrgh[d]-metallo-
cenophane complex is correlated strongly to its sinefiéplet
splitting.

Il. Electronic Structure of [ n]-Metallocenophane+ CHg4

It is convenient to divide the reactants inth@, Cp.M and
CH, fragments and begin a discussion of the bonding by looking
briefly at the valence orbitals of the ey and CH; units. The
orbitals of the CpM fragment are known and have been studied
extensively by Hoffmann et &f.2° and Ziegler et at! using
different approaches. Figure 1 shows a qualitative Walsh
diagram for changing the bending angle The d CpM
fragment has three characteristic frontier orbitals(da »2),
1by(dy,), and 2a(d2), which are primarily metal d orbitals. It
should be emphasized here that some metalzdand s
characters from 4amix into 2g so that the torus of Zlbecomes
hybridized away from the Cp ligands.

Ill. Geometries and Energetics of jh]-Metallocenophane
+ CHy

In this section the computational results for four regions on

and product oMo-[3] andMo cases. Values in parentheses are at the
triplet state. The heavy arrows indicate the main atomic motions in the
transition state eigenvector.

(Pro) [n]-metallocenophane(H)(CH The fully optimized
geometries for those stationary points calculated at the B3LYP/
LANL2DZ level are given in Figures-25, respectively. Total
and relative energies are collected in Table 1.

(A) Reactant. A general outline of the valence MOs in the
bent metallocene has been given in section Il. Reactdots
Rea-Mo-[3]-ReaandW-Rea-W-[3]-Reahave been calculated
both as low-spin (singlet) and as high-spin (triplet) complexes.
As expected, no matter what multiplicity the bent metallocene
adopts, our computations suggest that the bending &refieuld
always decrease in the following ordéfo-[3]-Rea > Mo—

Rea > Mo-[2]-Rea > Mo-[1]-Rea andW-[3]-Rea > W-Rea

> W-[2]-Rea > W-[1]-Rea. Additionally, our DFT calculations
indicate that they all possess a triplet ground state. As one can
see in Figure 1, for a high-spirt domplex, configuration (Lg-
(1bp)1(2a)t, the Walsh diagram predicts that a parallel ring
structure is preferred, which has been confirmed by some
experimental observatiodd.For instance, infrared and UV
matrix-isolation studie$” have shown CjW to have a parallel
sandwich structure with #;, ground state. On the basis of these
results, it is therefore expected that the singlet state of the d

the potential energy surfaces will be presented: 16-electron Cp,M system should be more bent than its triplet analogue. This

[n]-metallocenophane plus free GHRed); a precursor complex
(PC); the transition stateT(S); the oxidative addition product

prediction agrees well with our B3LYP/LANL2DZ results for
all cases as shown in Figures-2. Our theoretical results for
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TABLE 1: Relative Energies for Singlet and Triplet [n]-Metallocenophane Fragments and for the Process]-Metallocenophane
+ H—CHj3; — Precursor Complex— Transition State — Product?

systems 0 (Cp—M—Cp) (deg)  AEsP (kcal/mol) reactant (kcal/mol)  AEc,¢ (kcal/mol) AEf (kcal/mol) AE® (kcal/mol)

Mo 151.2 —22.6 0 —2.55 +2.95 —9.65
Mo-[3] 153.2 —23.1 0 —1.86 +1.74 —9.58
Mo-[2] 139.2 —9.15 0 —3.48 +6.65 —6.66
Mo-[1] 125.8 —4.64 0 —4.52 +7.90 —5.11
w 154.9 —18.9 0 —4.70 —0.278 —23.7
W-[3] 161.7 —19.4 0 —7.57 —3.80 —26.4
W-[2] 140.7 —7.76 0 —-1.61 +4.25 —22.4
W-[1] 126.9 —5.17 0 —1.28 +4.21 —22.1

3 At the B3LYP/LANL2DZ level.® AEs = Egipiet — Esingler A Negative value means the triplet is the ground stalde stabilization energy of
the precursor complex, relative to the corresponding reactéfitee activation energy of the transition state, relative to the corresponding reactants.
¢ The exothermicity of the product, relative to the corresponding reactants.

ol UM, Ml
0.0 kcal/mol -0 kcal/mo W-Rea W-[3]-Rea
(9.2 kcal/mot) (-4.6 kca/mol) 0.0 kcal/mol 0.0 k]canol
HaC+ | (-19 keal/mol) (-19 kcal/mol)

+CH4

Mo-[2]-PC ® Mo-[1]-PC

-3.5 kcal/mol -4.5 kcal/mol W-[3]-PC

-7.6 kcal/motl

W-[3]-TS

Mo-[11-
o-[1]-TS -3.8 kcal/mol

+7.9 kecaV/mol

S C
1.909 G)“I y
SR NIy

Mo-[2]-Pro Mo-[1]-Pro W-[3]-Pro
-6.7 kcal/mol -5.1 kcal/mol -24 kcal/mol -26 kcal/mol
Figure 3. B3LYP/LANL2DZ optimized geometries (in A and deg)  Figure 4. B3LYP/LANL2DZ optimized geometries (in A and deg)
of the reactants (singlet and triplet), precursor complex, transition state, of the reactants (singlet and triplet), precursor complex, transition state,
and product oMo-[1] andMo-[2] cases. Values in parentheses are at and product ofW-[3] andW cases. Values in parentheses are at the
the triplet state. The heavy arrows indicate the main atomic motions in triplet state. The heavy arrows indicate the main atomic motions in the
the transition state eigenvector. transition state eigenvector.

singlet metallocene preferring the bent structure are also DFT results are in accord with this prediction. That is to say,
consistent with those of Green and Jardine. the magnitude of the singletriplet splitting of the bent
Moreover, in a bent geometry at the singlet state, the HOMO metallocene reactant follows the same trend as the bending angle

(1by) is destabilized as the bending anglelecreases and the  0: Mo-[3]-Rea (—23.6 kcal/mol)< Mo—Rea(—23.1 kcal/mol)
LUMO (2&) increases in energy, resulting in an opening of a < Mo-[2]-Rea (—9.15 kcal/mol)< Mo-[1]-Rea (—4.64 kcal/
HOMO—-LUMO gap in the bent  Cp,M complex. In other mol) andW-[3]-Rea (—19.4 kcal/mol)< W-Rea (—18.9 kcal/
words, the energy gap between the HOMO and LUMO levels mol) < W-[2]-Rea (—7.76 kcal/mol)< W-[1]-Rea (—5.16 kcal/

for the d* CpM singlet species is strongly dependent on the mol). We shall use the above results to explain the origin of
bending angl® as shown in Figure 1; i.e., the larger the bending barrier heights for their oxidative additions in a latter section.
angled, the smaller (i.e., the more negative) the singleiplet Furthermore, since the B3LYP/LANL2DZ calculations sug-
splitting (AEst = Exiplet — Esingle) Of the d* Cp,M complex. Our gest that thesen]-metallocenophane reactants should adopt a
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Figure 5. B3LYP/LANL2DZ optimized geometries (in A and deg)
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Figure 6. Potential energy profile of the reaction ofij{metallo-
cenophane with CiH All of the energies were calculated at the B3LYP/
LANL2DZ level. See the text.

nated to the metal center in gAfashion via two G-H ¢ bonds

with the H-C—H plane nearly orthogonal to the Cp-M-Cp
coordination plane. Calculated vibrational frequencies for the
precursor complexes reveal that these structures are true minima
on the potential energy surface. Moreover, as shown in Figures
2—5, the M—C distances to Clfin these precursor complexes

of the reactants (singlet and triplet), precursor complex, transition state, range from 2.98 to 2.83 A. Such large bond distances between
and product ofW-[1] and W-[2] cases. Values in parentheses are at [n]-metallocenophane and methane are expected to be reflected
the triplet state. The heavy arrows indicate the main atomic motions in in small values for the complex stabilization energy. Indeed, it

the transition state eigenvector.

was estimated that the energy of the precursor complex relative

triplet ground state, this implies that these complexes might t0 its corresponding reactants is +.8.6 kcal/mol as shown in

insert into the saturated -€H bond via a diradical-type

Table 1. Hence, it seems that experimental detection of

mechanism. Nevertheless, it is well established that wheneverintermediates formed in the gas-phase at room temperature is
a reactant contains a heavy atom center, which is not necessarilychallenging.

directly involved in the reaction, a strong spiarbit coupling

(SOC) may occu#?231In other words, a triplet reactant, via the

(C) Transition State. The optimized transition state structures
(Mo-TS, Mo-[3]-TS, Mo-[2]-TS, Mo-[1]-TS, W-TS, W-[3]-

agency of the heavy atom, can undergo a spin-inversion processl'S, W-[2]-TS, andW-[1]-TS) together with arrows indicating
for transformation to the singlet reactant and then proceed alongthe main atom motion in the transition state eigenvector are
the singlet reaction. In addition, our DFT results in Table 1 shown in Figures 25, respectively. All these transition state
also suggested that those reactants with the triplet ground statestructures show the same three-center pattern involving metal,
would have a small excitation energy to the first singlet state; carbon, and hydrogen atoms. The transition state vectors

i.e., AEsy = —23 — —4.6 kcal/mol. Thus, due to the fact that

[n]-metallocenophane has a small singlgtplet splitting AEs;

represented by the heavy arrows in the transition state structures
all are in accordance with the insertion process, primarily the

and a heavier transition metal involved, and the SOC is expectedC—H bond stretching with a hydrogen migrating to the metal
to be substantial in those oxidative additions and would wash center. It is noted that such characteristic three-center transition
out differentials based on singlet, triplet distinctions. For these states have been observed in oxidative additions-efi@onds
reasons, it could well be that the oxidative addition reactions to 16-electron CpME>* and CpML?® and to 14-electron M426
proceed on the singlet surface, even if the reactants start fromand ML?’ systems.

the triplet state. We shall therefore focus on the singlet surface

from now on?*

(B) Precursor Complex. The structures of precursor com-
plexes Mo-[3]-PC, Mo-PC, Mo-[2]-PC, Mo-[1]-PC, W-[3]-
PC, W-PC, W-[2]-PC, and W-[1]-PC) optimized at the
B3LYP/LANL2DZ level are shown in Figures-3, respec-
tively. Allthe precursorcomplexesdisplay simildrnetallocenopharne

Furthermore, as seen in Table 1, the energies of W6{RS
andW-[3]-TS transition states for methane insertion are below
those of their corresponding reactants. This indicates that the
rearrangement shown #hcan take place without the dissociation
of methane from the Wif-CsHs), and [3]-W@>-CsHs).SGH4
fragments. Consequently, the intermedigteomplex we found
in this work may correspond to the methaneomplex proposed

=(CHy) bonding characteristics. The methane ligand is coordi- by Norton et af® and Bercaw et &2 Moreover, as shown in
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Figure 4, our DFT calculations suggest that the W agostic (23.4 kcal/mol)< W-[2]-TS (23.6 kcal/mol)< W-[1]-TS (26.3

complex W-PC andW-[3]-PC) should be a structure in which

kcal/mol). Note that the barriers to reductive elimination for W

methane is bound in an end-on fashion through two hydrogen systems are apparently much higher in energy than those for
atoms, which is again in accordance with the mechanism Mo analogues. Basically, these computational results are

postulated by Norton et &f. and Bercaw et a° For these

qualitatively consistent with some experimental observafiyris.

reasons, our theoretical results provide strong support for theFor example, it was experimentally found that #M4CsHs),-

existence of alkanes*complex” intermediates, which intervene

MeH thermally eliminates methane at °60vhereas Wg°-

in the saturated hydrocarbon oxidative addition process before CsHs).CMe]MeH is thermally stable at 1200

full C—H bond cleavage occurs. A similar theoretical calculation

Fourth, the DFT results show that the reductive elimination

of such exchange reactions is also reported by Green andof methane from rf]-metallocenophane may proceed through

Jardinet®
¢ b cp C® _coH
— ‘W..-- H -—
cg “~CHa cg S 2 Cf“(H

2

(D) Product. The optimized product geometries1§-Pro,
Mo-[3]-Pro, Mo-[2]-Pro, Mo-[1]-Pro, W-Pro, W-[3]-Pro,
W-[2]-Pro, andW-[1]-Pro) are also collected in Figures-5,
respectively. With examination of these product conformations,
it is obvious that the methane fragment(€Hs) is poised in a

the reversible formation of a methanecomplex, in particular

for the [3]-W(@;°-CsHs),SGH,4 and Mog5-CsHs), species. Our
model calculations are in accordance with some experimental
findings2829For instance, Norton and co-workers had reported
that the reversible formation of@complex of methane as an
intermediate in the elimination process is the most plausible
explanation for the H/Ckiscrambling and for the inverse isotope
effect?8

V. Theoretical Model for the Reaction Barrier

In this section, an interesting model for interpreting the
reactivity of oxidative addition reactions is provided by the so-

fashion consistent with the transition states. Thus, the reactioncalled configuration mixing (CM) model, which is based on

trajectory for C-H insertion appears to be set in motion into
the final product.

IV. Discussion of the Potential Energy Surfaces

Pross and Shaik’s wor®:3! According to the conclusions of
this model, the energy barriers governing processes as well as
the reaction enthalpies should be proportional to the energy gap
AEst (=Euiplet — Esingley between the singlet and the triplet states

The potential energy profiles based on the data in Table 1 Of 16-electron fi]-metallocenophane complex. In other words,
are summarized in Figure 6. Four intriguing results can be drawn the smaller theAE of [n]-metallocenophane, the lower the

from this figure.
First, considering the geometrical effect, our theoretical

barrier height and the larger the exothermicity and, in turn, the
faster the oxidative addition reaction.

findings suggest that, for the same metal center, complexes Bearing the above conclusion in mind, we shall explain the
containing less bent sandwich structures are considerably morerigin of the observed trends as shown previously in the

reactive. Namely, this may lead to the lower activation energy
and the larger exothermicity for the oxidative addition of
H—CHjs to 16-electron fi]-metallocenophane complexes (left

to right in Figure 6). For instance, as demonstrated in Table 1,

the barrier height for HCHs activation increases in the
following order: M= Mo, Mo-[3]-TS (3.60 kcal/mol)< Mo-

TS (5.50 kcal/mol)< Mo-[2]-TS (10.1 kcal/mol)< Mo-[1]-

TS (12.4 kcal/mol); M= W, W-[3]-TS (3.77 kcal/mol) <
W-TS (4.42 kcal/mol)< W-[1]-TS (4.49 kcal/mol)< W-[2]-

TS (5.86 kcal/mol). It should be noted that the activation barriers

following discussion:

(2) Why is the oxidatie addition reaction ofn]-metallo-
cenophane with parallel ring structure more facile than that of
bent sandwich complex?

The reason for this can be traced back to the sirglatlet
gap (AEs) of 16-electron fi]-metallocenophane. It was found
that a bent sandwich complex should result in a larger singlet
triplet energy gap than a parallel ring one due to the MO analysis
as discussed earlier. From Figures3 it is obvious that the
bending angled decreases in the ordédo-[3]-Rea > Mo-

for the W reactions are generally smaller than those for their Rea> Mo-[2]-Rea > Mo-[1]-Rea andW-[3]-Rea > W-Rea

Mo analogues.

Second, as shown in Table 1, all the oxidative addition
reactions are thermodynamically exothermic. The order of
exothermicity follows a similar trend to the activation energy:
M = Mo, Mo-Pro (—9.65 kcal/mol)< Mo-[3]-Pro (—9.58 kcal/
mol) < Mo-[2]-Pro (—6.66 kcal/mol)< Mo-[1]-Pro (—5.11
kcal/mol); M = W, W-[3]-Pro (—26.4 kcal/mol)< W—Pro
(—23.7 kcal/mol)< W-[1]-Pro (—22.4 kcal/mol)< W-[2]-Pro
(—22.1 kcal/mol). Again, it is obvious to see that the W reactions
are much more exothermic than their Mo counterparts.

> W-[2]-Rea > W-[1]-Rea. This strongly implies that the
singlet-triplet gap of the reactant becomes larger as one
proceeds along the series fravii[3]-Rea to M-Rea to M-[2]-
Reato M-[1]-Rea (M = Mo and W), which has been confirmed
by our DFT calculations as given in Table 1. Moreover, it is
readily seen that this result is in accordance with the trend in
activation energy and enthalppEae, AH) for Mo insertion,
which are (3.60,-9.58), (5.50,-9.65), (10.1,-6.66), and (12.4,
—5.11) kcal/mol, and for W insertion, which are (3.7726.4),
(4.42, —23.7), (5.86,—22.4), and (5.49,—22.1) kcal/mol,

Third, consider the reverse process, that is, the reductive respectively. Consequently, our model calculations provide

elimination from the alkyl hydride for then[-metallocenophane
species (right to left in Figure 6). Our computational results
indicate that the driving force for reductive elimination in these
group 6 metallocene derivatives is the formation of the favored
parallel ring structure for the “dconfiguration metallocene
product. For instance, the activation energy for,@Hmination
increases in the following ordeMo-[3]-TS (11.3 kcal/mol)<
Mo-TS (12.6 kcal/mol)< Mo-[1]-TS (13.0 kcal/mol)< Mo-
[2]-TS (13.3 kcal/mol);W-[3]-TS (22.6 kcal/mol) < W-TS

strong evidence that the electronic factor resulting from the ansa-
bridged structure should play a decisive role in determining the
reactivity of [n]-metallocenophane.

(b) Why is the W reaction more darable than the Mo
reaction in the actation of the C-H bond?

The reason for this can also be simply understood in terms
of the singlet-triplet gap AEs) of 16-electron fi]-metallo-
cenophane. According to the experimefitidie Mo atom has a
seventet es! ground state with a high excitation energy of 31
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kcal/mol to the quintet & state. For the W atom, the ground Hence, all the B3LYP calculations are denoted by B3LYP/
state is quintet &2 but with a relatively low excitation energy ~ LANL2DZ.3°

of 8.4 kcal/mol to the seventebst state. This implies that W
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