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Cycloaddition Reactions of 16-Electron d* Metallocene Complexes with Cg:

A Theoretical Study

Jeng-Horng Sheu and Ming-Der Su*!*!

Abstract: The potential-energy surfaces
of the cycloaddition reaction Cp,M+
Cgo—CpM(Cq) (Cp=n’-CsHs; M=Cr,
Mo, and W) were studied at the
B3LYP/LANL2DZ level of theory.
Two competing reaction pathways were
found, which can be classified as [6,5]
attack (path A) and [6,6] attack
(path B). Given the same reaction con-
ditions, the [6,6]-attack pathway for cy-
cloaddition to Cg is more favorable

netically and thermodynamically. A
qualitative model, based on the theory
of Pross and Shaik, was used to devel-
op an explanation for the reaction bar-
rier heights. Thus, our theoretical find-
ings suggest that the singlet-triplet
splitting AEy (= Eyipier—Eginger) Of the
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16-electron d* Cp,M and C species
are a guide to predicting their reactivi-
ty towards cycloaddition. Our model
results demonstrate that the propensity
for cycloaddition to Cy, increases in the
order Cp,Cr<Cp,Mo<Cp,W. We
show that both electronic and geomet-
ric effects play a decisive role in deter-
mining the energy barriers and reaction
enthalpies.

than the [6,5]-attack pathway, both ki-

Introduction

Since macroscopic amounts of buckminsterfullerene (Cg,)"!
are becoming increasingly accessible through easier and
more economical methods of synthesis,? its derivatives have
become the current focus of research into possible or future
roles for fullerenes, especially in biological and materials sci-
ence.”] With twelve five-membered rings, twenty six-mem-
bered rings, and thirty double bonds in contiguous conjuga-
tion, buckminsterfullerene has the potential for varied or-
ganometallic chemistry.l*! In fact, organometallic derivatives
of Cy formed by addition reactions are highly attractive to
chemists.”! Many transition metal Cq4, complexes have been
synthesized and structurally characterized.”! The reason for
the fast development of organometallic complexes of Cy is
that they are expected to be new materials with intriguing
properties.” Indeed, synthesis, characterization, and proper-
ties of various organometallic 1/'-Cg (n=1-6) complexes
have been the subject of recent studies.”
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About a decade ago, Green et al. reported the first Cg, de-
rivatives of a metallocene, namely, [Mo(n>-CsH,R),(n*Cq)]
(R=H, nBu).”) They also proposed that such metallocenes
may bond to C4 at one of its 30 equivalent double bonds,
which occur at the fusion of two six-membered rings. How-
ever, to the best of our knowledge, no other experimental
data for such reactions, or the species involved, have been
reported in the literature. In addition, no theoretical study
concerning the cycloaddition of metallocene complexes to
Cy has appeared to date, let alone a systematic theoretical
study of geometrical effects on the reactivity of such metal-
locene species.

It is these unsolved problems that inspired this study.
What is the mechanism for the cycloaddition of metallocene
species to Cg? What are the energies and structures of the
transition states of the reactions? If a molybdocene can un-
dergo C—C bond addition with Cg, would it be possible to
extend this to other 16-electron d* metallocene-type com-
plexes? If this is possible, which transition metal center
bearing two cyclopentadienyl (Cp) ligands has the lowest ac-
tivation energy, and therefore can undergo cycloaddition re-
action with Cy, fastest? As mentioned above, neither experi-
mental nor theoretical studies have been performed on
these systems to date.

We thus undertook a systematic investigation of metallo-
cene additions to Cg, in order to estimate the energetic fea-
sibility of possible reaction pathways, and to assess the
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extent of involvement of the
transition metal fragments. We
investigated the addition of
chromocene (Cp,Cr), molybdo-
cene (Cp,Mo), and tungstocene
(Cp,W) to Cg. The most rele-
vant geometrical parameter 6
for these complexes is defined
in 1 (i.e., the Cp-M-Cp angle; Cp=centroid of the Cp ring).

Through this theoretical study, we hope 1) to obtain a de-
tailed understanding of Cg, addition to 16-electron d* metal-
locenes, 2) to investigate the influence of the bending angle
6 on the geometries and energies of the intermediates and
transition states, 3) to elucidate the differences among the
transition metals Cr, Mo, and W, and 4) to investigate the
factors controlling the activation barrier. This study is in-
tended to describe the most significant features of the po-
tential-energy surface of the systems. As the first compre-
hensive examination of the systems, this paper should pro-
vide a firm basis for further study, both experimental and
computational.

o(M M=cr Mo, w

<

1

Computational Details

All geometries were fully optimized without imposing any symmetry con-
straints, although in some instances the resulting structures showed vari-
ous elements of symmetry. Density functional theory (DFT) was em-
ployed with the three-parameter hybrid exchange functional of Becke!'"!
and the Lee, Yang, and Parr correlation functional,"! commonly known
as B3LYP. Calculations were carried out with relativistic effective core
potentials on group 6 elements modeled with double-zeta (DZ) basis
sets.'? Thus, the model compounds Cp,M-Cg, have 540 (444 electrons)
basis functions for M =Cr, Mo, and W. Moreover, the restricted B3LYP
approach was used in this work to describe all the stationary points,
except for the triplet states of the reactants, which were described by un-
restricted wave functions. Hence, all the B3LYP calculations are denoted
by B3LYP/LANL2DZ. Vibrational frequency calculations at the RHF/
LANL2DZ level were used to characterize all the stationary points as
either minima (no imaginary frequencies) or transition states (one imagi-
nary frequency). Then these stationary points were further calculated at
the B3LYP/LANL2DZ level by using the opt=readfc keyword. Due to
the limitation of both available CPU time and memory size, the B3LYP
zero-point energy (ZPE) could not be applied for all of the CP,M-Cy sys-
tems in the present work, that is, because frequencies were not calculated
for all species at the B3SLYP/LANL2DZ level of theory, ZPE corrections
were not performed. Nevertheless, the addition of these corrections
would not change our conclusions. All the calculations were performed
with the Gaussian03 package of programs.!'

Electronic Structure of Metallocenes

We analyzed the electronic structures of the d* C,, Cp,M.
The frontier orbitals of the 16-electron Cp,M fragment are
known!"*' and are shown in Figure 1. A block of three oc-
cupied levels, 1a, (y*—z%), 1b, (xy), and 2a, (z?) exist at low
energy. These are primarily made up of metal d orbitals.
Some metal d,._.. and s character from la; mixes into 2a;, so
that the torus of d,. is hybridized away from the Cp ligands.
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Figure 1. Walsh diagram for bending back of the Cp rings in the Cp,M
fragment.

Basically, the Dewar—Chatt-Duncanson model has been
used to describe the bonding of a side-on coordinated =
ligand to a transition metal fragment.”) Based on this
model, the bonding can be described in terms of donation of
an electron from a filled m ligand orbital into a suitable
vacant metal d orbital resulting in a o-donation effect. Also,
backdonation may occur from an occupied metal d orbital
to a vacant m* ligand orbital leading to a m-backdonation
effect. As a result, one may imagine that the major intersec-
tions between the frontier molecular orbitals of the d* C,,
Cp,M fragment and those of C4 should be mainly on the
1b, orbital of the transition metal fragment (see below).

Geometries and Energies of Metallocene+C,

We present computational results for four regions on the po-
tential-energy surfaces: 16-electron d* Cp,M (M =Cr, Mo,
and W) plus free Cy (Rea), the precursor complex (PC), the
transition state (TS), and the cycloaddition product (Pro).
The fully optimized geometries for these stationary points,
calculated at the BALYP/LANL2DZ level, are shown in Fig-
ures 2-5, respectively. To simplify comparison and empha-
size trends, we also give the energies relative to the two re-
actant molecules, Cp,M + Cy,, in Table 1. Cartesian coordi-
nates calculated for the stationary points at the B3LYP level
are available as Supporting Information.

The 16-electron d* Cp,M systems and Cg,: Reactants Cp,M
(M =Cr, Mo, and W) were calculated both as low-spin (sin-
glet) and as high-spin (triplet) species.'! Unfortunately, to
our knowledge, at present no experimental data for the
Cp,M and their derivatives are available for comparison.
Nevertheless, it is clear from Figure 1 that in the triplet state
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Table 1. Relative energies [kcalmol™] for singlet and triplet 16-electron
d* Cp,M fragments with Cg, and for the process Cp,M + Cq4 —precursor
complex —transition state —cycloadduct.”?!

A Esl[b] A Ecpx[c] A Em[dJ AHE

Cp,Cr

[6,5] attack —21.49 —0.8800 +28.58 +27.08
[6,6] attack —21.49 —0.8800 +16.83 +10.80
Cp,Mo

[6,5] attack —24.10 —10.78 —4.410 —21.25
[6,6] attack —24.10 -1078 —6.144 ~39.96
Cp,W

[6,5] attack —20.23 —5.942 —3.861 —29.94
[6,6] attack —20.23 —5.942 —4214 —49.92

[a] At the B3SLYP/LANL2DZ level; see text. [b] Energy relative to the
corresponding singlet state. A negative value means the triplet is the
ground state. [c] Stabilization energy of the precursor complex relative to
the corresponding reactants. [d] Activation energy of the transition state
relative to the corresponding reactants. [e] Reaction enthalpy of the
product relative to the corresponding reactants.

one electron is situated in the 2a, orbital, in which antibond-
ing interactions exist between the metal center and the Cp
ring, whereas this orbital is empty in the singlet state. The
distance r(M—X) between the metal atom and the center X
of the Cp ring and the angle X(X-M-L) are therefore ex-
pected to be larger for the triplet state than for the singlet.
This prediction agrees qualitatively with our B3LYP/
LANL2DZ results in all cases, as shown in Figure 2. For in-
stance, the B3LYP distances r(M—X) and bond angles ¥ (X-
M-L) are (1.911 A, 178.9°), (1.950 A, 149.6°), and (1.917 A,
152.6°) for singlet Cp,Cr, Cp,Mo, and Cp,W, respectively,
and (1.877 A, 178.7°), (2.028 A, 177.1°), and (1.991 A,
176.5°) for triplet Cp,Cr, Cp,Mo, and Cp,W, respectively. In
fact, as already shown in Figure 1, for a high-spin d* complex
with configuration (1a,)*(1b,)'(2a,)!, the Walsh diagram pre-
dicts that a parallel-ring structure is preferred, which has
been confirmed by some experimental observations,'” for
example, IR and UV matrix-isolation studies!'™ have shown
Cp,W to have a parallel sandwich structure with a °E,
ground state. Based on these results, it is thus expected that
the singlet state of the d* Cp,M system should be more bent
than its triplet analogue. Again, this prediction is in accord-
ance with our B3LYP/LANL2DZ results in all cases
(Figure 2). The preference of singlet metallocenes for the
bent structure is also consistent with the work of Green and
Jardine."™

Moreover, the DFT calculations indicate that all the 16-
electron d* Cp,M fragments have a triplet ground state with
the singlet—triplet splittings AEy (= Eyipter— Eginger) 0f —21.5,
—24.1, and —20.2 kcalmol™" for Cp,Cr, Cp,Mo, and Cp,W,
respectively. Again, the reason for this can be easily under-
stood from Figure 1. In the bent, singlet state, the HOMO
(1b,) is destabilized as the bending angle 6 decreases, the
LUMO (2a,) increases in energy, and the HOMO-LUMO
gap in the bent d* Cp,M complex widens. Thus, the energy
gap between HOMO and LUMO for the d* Cp,M singlet
species is strongly dependent on the bending angle 6. We
use the above results to explain the origin of barrier heights
for their cycloaddition to C4, below.
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triplet (—24 kcal mol™)

triplet (=20 kcal mol™)

singlet (0.0 kcal mol™")

Figure 2. B3LYP/LANL2DZ optimized geometries [A,°] of the reactants
(singlet and triplet) of Cp,Cr, Cp,Mo, and Cp,W.

Adoption of triplet ground states by the metallocene reac-
tants implies that they might add to a C=C bond of C¢, by a
diradical-type mechanism. Furthermore, it is well establish-
ed that whenever a reactant contains a heavy atom, which is
not necessarily directly involved in the reaction, strong
spin—orbit coupling (SOC) may occur.'*?! Thus, a triplet re-
actant, via the agency of the heavy atom, can undergo a
spin-inversion process to the singlet state and thence pro-
ceed along the singlet reaction pathway. Additionally, our
B3LYP results (Table 1) also indicate that reactants with a
triplet ground state would have a small excitation energy to
the first singlet state (AEy=—24 to —20kcalmol™' at the
B3LYP level of theory). Accordingly, since the Cp,M (M=
Cr, Mo, and W) species have small AE, and a heavy transi-
tion metal is involved, SOC is expected to be substantial,
and would obscure distinctions between singlet and triplet.
Therefore, the cycloaddition of d* Cp,M to Cg4, may proceed
on the singlet surface, even if the reactants start from the
triplet state. We thus focus on the singlet surface from now
on.

On the other hand, although every carbon atom in Cy, is
chemically equivalent, buckminsterfullerene has two differ-
ent types of C—C bonds.®®?"! One type occurs at the six—six
ring-fusion sites ([6,6] bond), and the other at the six—five
ring-fusion sites ([6,5] bond). There are no five—five ring-
fusion sites. Thus, two derivatives of Cg, could, in principle,
be obtained by addition of transition metal complexes to
buckminsterfullerene (see below). We thus performed a ge-
ometry optimization on the free buckminsterfullerene mole-
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cule under [, symmetry constraints. The computed values of
1.404 and 1.464 A for the [6,6] and [6,5] bonds, respectively,
are very close to the experimental values of 1.401 and
1.458 A from electron diffraction!” and 1.391 and 1.455 A
from neutron powder diffraction.'”™ Because of the good
agreement between DFT (B3LYP) and experimental data of
buckminsterfullerene, we are confident that the computa-
tional methods used in this study are reliable.

The precursor complex: As shown in Figures 3-5, all precur-
sor complexes (PC-Cr, PC-Mo, and PC-W) have very similar
Cp,M-C,, bonding characteristics. The buckminsterfullerene
ligand is coordinated to the transition metal atom in an 1’
fashion via two M—C o bonds. The distance between the
transition metal atom and the two Cp rings in the metallo-
cene moiety is elongated (1.917, 1.972, and 2.028 A for
Cp,Cr, Cp,Mo, and Cp,W, respectively, compared to 1.795,
1.950, and 1.917 A in the corresponding free metallocenes).

The M—C distance to Cg, in the precursor complexes PC-Cr,

PC-Mo, and PC-W is 4.523, 3.834, 4.587 A, respectively. As
shown in Table 1, in the first step the reactants yield a pre-
cursor complex with stabilization energies of 11 and
5.9 kcalmol ' at the B3LYP/LANL2DZ level for PC-Mo
and PC-W, respectively, which are much larger than that of
PC-Cr (0.88 kcalmol ™). Large M—C distances correlate with
low values of the intermediate stabilization energy. Due to
such low stabilization energies, it seems that experimental
detection of intermediates formed in the gas phase at room
temperature is quite challenging.

The transition state: The TS geometries for the additions of
d* Cp,M (M=Cr, Mo, and W) to buckminsterfullerene are
given in Figures 3-5, respectively. Since Cy, has two different
types of chemical bonds, the approaching metallocene may
attack either. Thus, it rearranges either into a [6,5] cycload-
duct via [6,5] attack (path A) or into a [6,6] cycloproduct via
[6,6] attack (path B).

For path A, we located transition states [6,5]-TS-Cr, [6,5]-
TS-Mo, and [6,5]-TS-W at the B3LYP/LANL2DZ level of
theory, along with the imaginary frequency eigenvector (see
Figures 3-5). These reactions appear to be concerted; we
were able to locate only one TS for each reaction, and have
confirmed that it is a true TS on the basis of frequency anal-
ysis. The RHF/LANL2DZ frequency calculations for the
transition states [6,5]-TS-Cr, [6,5]-TS-Mo, and [6,5]-TS-W
give single imaginary frequencies of 1657, 152i, and
260i cm™', respectively. As shown in Figures 3-5, the major
component of the [6,5]-TS vibrational mode is located at the
transition metal and two connected carbon atoms.

For path B, the TS geometries for [6,6] attack are depicted
in Figures 3-5, respectively. All these TSs have one imagina-
ry frequency and are true first-order saddle points. Our
RHF/LANL2DZ calculations gave frequencies of 1731,
2361, and 270i cm™ for [6,6]-TS-Cr, [6,6]-TS-Mo, and [6,6]-
TS-W, respectively. As shown in Figures 3-5, the main com-
ponent of the [6,6]-TS vibrational mode corresponds to dis-
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Cp-Cr-Cp
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J O=H
75.74°
= 1.404 PC-Cr

) (0.9 keal mol™)

[6,6]-TS-Cr
(17 keal mol™)

) . )
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A ) (11 keal mol™) e 27 keal mol™)
Sach O

Figure 3. BSLYP/LANL2DZ optimized geometries [A,°] of the precursor
complex, transition states, and products for Cp,Cr. The bold arrows indi-
cate the main atomic motions in the transition-state eigenvector.

placement of the metallocene towards a double bond in Cg,
with formation of a three-membered cycloadduct.

Of the two possible routes for Cg, cycloaddition reactions
with Cp,M, the most promising is path B ([6,6] attack),
which has a lower activation energy than path A ([6,5]
attack). For example, the barrier heights of paths A and B
show the following trend: [6,6]-TS-Cr (16 kcalmol ™) < [6,5]-
TS-Cr (28 kcalmol™), [6,6]-TS-Mo (4.6 kcalmol *) <[6,5]-
TS-Mo (6.4 kcalmol™"), and [6,6]-TS-W (1.7 kcalmol™") <
[6,5]-TS-W (2.1 kcalmol ™). Accordingly, our model calcula-
tions strongly indicate that cycloadditions of metallocenes to
Cg should produce a majority of the [6,6] cycloadduct via
[6,6] attack, with some [6,5] cycloproduct via [6,5] attack.

Furthermore, it is clear from Table 1 and Figures 3-5 that
the calculated activation energies for cycloadditions is sub-
stantially lower for W than for Cr and Mo. For instance, at
the B3LYP level of theory, the barrier height for metallo-
cene addition increases in the order: [6,6]-TS-Cr (16) >[6,6]-

Chem. Eur. J. 2007, 13, 6171-6178
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electronegative central atom ar-
rives relatively late. The former
is therefore predicted to under-
go a more exothermic addition,
which is borne out by our DFT
calculations (see below).
Furthermore, as shown in
Table 1 and Figures 3-5, the en-
ergies of the transition states
for [6,5] attack and [6,6] attack
lie below those of the corre-
sponding reactants only in the
cases of molybdenum and tung-
sten. This strongly implies that
a d* metallocene will undergo
cycloaddition to Cg in a con-
certed manner, especially for
Cp,Mo and Cp,W, and thus the
stereochemistry of their final
three-membered cycloproducts

JQ' % B6ITSMo . _ F}?Q 651 TS Mo should be preserved. A§ there
TR (—6.1 kcal mol™) o) (4.4 keal mol™) are no relevant experimental
1 and theoretical data on such
: systems, the above conclusion is

s Yo a prediction.

S

Hf\239s Ja4=‘ The cycloadducts: The opti-
M- 1,562 mized structures of products
L [6,5]-Pro-Cr, [6,6]-Pro-Cr, [6,5]-
A X Pro-Mo, [6,6]-Pro-Mo, [6,5]-
Jfﬁf Pro-W, and [6,6]-Pro-W are
~ [6.61-Pro-Mo 'HJSS oo shown in Figures 3-5. Calculat-
(.40 keal mol) : E—,21]_k02; m?)l") ed reaction enthalpies for cyclo-

Figure 4. BSLYP/LANL2DZ optimized geometries [A,°] of the precursor complex, transition states, and prod-
ucts of Cp,Mo case. The bold arrows indicate the main atomic motions in the transition-state eigenvector.

TS-Mo (4.6)>[6,6]-TS-W (1.7 kcalmol™") and [6,5]-TS-Cr
(28)>[6,5]-TS-Mo  (6.4)>[6,5]-TS-W (2.1 kcalmol™). Ac-
cordingly, our calculations suggest that the most favorable
reaction is Cg, cycloaddition with d* Cp,W.

In the [6,5]-TS in Figures 3-5, the forming M—C bond is
stretched on average by 1.2, 40, and 45% in [6,5]-TS-Cr,
[6,5]-TS-Mo, and [6,5]-TS-W, respectively, relative to its cor-
responding three-membered cycloadduct. Similarly, the
forming M—C bond is stretched on average by 23, 47, and
53% relative to its equilibrium value for [6,6]-TS-Cr, [6,6]-
TS-Mo, and [6,6]-TS-W, respectively; that is, the barrier is
encountered earlier in the reactions with Cp,Mo and Cp,W
than in the reaction with Cp,Cr. Additionally, these values
also suggest that the structures of the [6,6]-TS are more re-
actantlike, whereas those of the [6,5]-TS are more product-
like. Taken together, a metallocene with a more massive but
less electronegative central atom reaches the TS relatively
early, whereas a metallocene with a less massive and more
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addition are summarized in
Table 1.

The order of reaction enthal-
py for the cycloaddition of Cy,
to a metallocene follows a simi-
lar trend to that of the activa-
tion energy. For example, the enthalpy for [6,5] attack de-
creases in the order [6,5]-Pro-Cr (4-27.1 kcalmol™") > [6,5]-
Pro-Mo (—21.3 kcalmol ) > [6,5]-Pro-W (—29.9 kcalmol ™).
Similarly, for [6,6] attack the reaction enthalpy decreases in
the order [6,6]-Pro-Cr (—10.8 kcalmol™) > [6,6]-Pro-Mo
(—40.0 kcalmol™') > [6,6]-Pro-W (—49.9 kcalmol™"). Three
intriguing points follow from the above. Firstly, our compu-
tational results suggest that the reaction enthalpy of [6,6]
attack should be more exothermic than that of [6,5] attack.
Secondly, from both a kinetic and a thermodynamic view-
point, the chemical reactivity for Cg, cycloadditions increas-
es in the order: Cp,Cr < Cp,Mo < Cp,W. Thirdly, the ener-
gies of [6,6]-Pro-Cr and [6,5]-Pro-Cr are above those of
their corresponding starting materials. In consequence, we
expect Cp,Cr to be much more stable with respect to cyclo-
addition to a buckminsterfullerene than either Cp,Mo or
Cp,W.
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! [6,5]-TS-W

heel { (~50 keal mol™")

- [6.6]-Pro-W
T

Figure 5. BSLYP/LANL2DZ optimized geometries [A,°] of the precursor
complex, transition states, and products of Cp,W case. The bold arrows
indicate the main atomic motions in the transition-state eigenvector.

Overview of Cg, cycloaddition reactions with metallocenes:
For three metallocene systems studied here, one can draw
the following conclusions:

1) Based on the present theoretical calculations, a precursor
complex for the cycloaddition of Cq to a metallocene
will be difficult to observe.

2) The barriers for cycloaddition of both Cp,Mo and Cp,W
to Cy are low. This strongly implies that both cycloaddi-
tions with Cg, should be facile processes at room temper-
ature.

3) For a given metallocene species, the activation barrier
for [6,0] attack is smaller than that for [6,5] attack, that
is, the former is kinetically more favorable than the
latter. Accordingly, the yield of the product of [6,6]
attack should be much larger than that of [6,5] attack.

4) Cycloaddition of Cg, to metallocenes should produce a
three-membered cycloadduct in a single step (i.e., in a
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concerted manner) stereospecifically. Such cycloaddition
reactions favor products with stereoretention.

5) Given identical reaction conditions, [6,6] attack should
be more exothermic than [6,5] attack. Consequently, the
production of Cp,M(Cg,) compounds from on former
pathway is thermodynamically favored.

6) Electronic and steric factors should play an important
role in determining the chemical reactivity of metallo-
cenes with Cq from both a kinetic and thermodynamic
viewpoint.

In short, considering both activation barriers and reaction
enthalpies calculated here, we conclude that the order of
metallocene reactivity is Cp,Cr < Cp,Mo < Cp,W.

The configuration mixing model: A tool for interpreting the
relative reactivity of the reactants is provided by the config-
uration mixing (CM) model, which is based on the work of
Pross and Shaik.*? According to their conclusions, the
energy barriers governing processes, as well as the reaction
enthalpies, should be proportional to the singlet/triplet
energy gaps for both metallocene and Cy,, that is, AE; (=
Eripler—Esingter 01 CpM) +AE e (= Egipier—Egingier. T0r Cep).-
We therefore conclude that both the order of the singlet and
triplet states and their energy separation are responsible for
the existence and the height of the energy barrier.*? Bear-
ing these analyses in mind, we now explain the origin of the
following observed trends:

The W reaction is more favorable than the Cr and Mo re-
actions in the cycloaddition of Cy to metallocene The
reason for this can be traced back to the singlet-triplet gap
(AE,) of a 16-electron d* Cp,M. According to the available
experiments,”! both Cr and Mo atoms have a septet d’s!
ground state with high excitation energies of 22.1 and
31.4 kcalmol ™', respectively, to the quintet d‘s* state. On the
other hand, the ground state of the W atom is quintet d*s*
which has a relatively low excitation energy of 8.44 kcal
mol ™! to the septet d’s' state. This strongly implies that W
prefers to remain in a high-spin state, whereas both Cr and
Mo favor low-spin states. Indeed, if the bending angle 6 in 1
is fixed at 145.0° and the other geometrical parameters are
fully optimized, then our B3ALYP/LANL2DZ results indicate
that AE is —18.2, —20.7, and —22.4 for Cp,Cr, Cp,Mo, and
Cp,W, respectively, that is, AE, of the W complex is less
than those of the analogous Cr and Mo complexes. This sug-
gests that cycloaddition of Cg, to a metallocene should be
easier and more exothermic for the W system than for
either its Cr or Mo counterpart. This is what is observed in
the 16-electron d* Cp,M (M =Cr, Mo, and W) systems in
the present work. Accordingly, our theoretical findings are
in good accordance with the CM model.

Given identical reaction conditions, the [6,6]-attack path
is more favorable than the [6,5]-attack path, both kinetically
and thermodynamically. The driving force for this can be
traced to AE of C4. According to the CM model, a smaller
AE for the fused two-ring system results in a lower barrier
height and a larger exothermicity. Since Cg, is too large and
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complicated for calculation, we chose C,,Hg (naphthalene)
and CoH, ' to mimic the fusion of two six-membered rings
and a six- and a five-membered ring, respectively. Our
B3LYP/LANL2DZ calculations gave AE, of 59.0 and
55.4 kcalmol™! for C,yHg and C,H, ™!, respectively. This cor-
relates well with the trend in both barrier heights and reac-
tion enthalpies for [6,6] and [6,5] attack.

Conclusion

The CM approach gives extra insights into this relatively
poorly understood area of mechanistic studies. Regardless
of whether the metallocene or buckminsterfullerene is con-
sidered, knowledge of the singlet—triplet splitting is of great
importance in understanding their reactivity, since it can
affect the driving force for cycloadditions.

Although the relative reactivity of 16-electron d* metallo-
cenes is determined by the entire potential-energy surface,
the concept of the CM model, which focuses on the singlet—
triplet splitting in the reactants, allows one to assess quickly
the relative reactivity of a variety of metallocenes without
specific knowledge of the actual energies of the interactions
involved. Therefore, the energetic separation between the
lowest singlet and triplet electronic states of a metallocene
is perhaps the most critical parameter required for predic-
tion of its reactivity. In spite of its simplicity, our approach
can provide chemists with important insights into the factors
controlling the activation energies for cycloaddition reac-
tions to Cy,, and thus permit them to predict the reactivity
of some unknown substituted metallocenes. The predictions
may be useful as a diagnostic tool in future synthetic studies
and for indicating problems that merit further study by both
theory and experiment. We hope that the present work will
stimulate further research into this subject.
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