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Density functional theory calculations at the B3LYP level were performed to study the

electronic structure of a recently synthesized zirconocene complex, Cp,ZrCHRCCCHR (R =
SiMe3). Through detailed bonding analyses and stability studies, we conclude that the
originally proposed metallacyclopentyne form cannot adequately describe the complex.
Instead, a resonance hybrid between a cumulene complex form and a metallacyclopentyne
Lewis structure is required to account for the structure and stability of the complex.

Introduction

Recently, Suzuki and co-workers reported the syn-
thesis and characterization of a five-membered metal-

1
lacyclic complex,! Cp2ZrCHRCCCHR (R = SiMe3). On
the basis of the X-ray structural data, NMR spectro-
scopic investigation, and reactivity studies, the complex
has been considered as 1-zirconacyclopent-3-yne (A), a

five-membered cyclic alkyne. The isolability of such a
complex is remarkable, because cyclic alkynes are highly
strained and tend to be unstable.? Theoretically, the
strain energies of cyclopentyne and cyclohexyne have
been estimated to be 74.8 and 41.2 kcal/mol, respec-
tively.2

Questions can immediately be raised. Where does the
stability of the complex originate in view of such a
highly strained structure? How important are other
Lewis structures in addition to the metallacyclopent-3-
yne (A) to the stability? What would the strain energy
be if the complex were classified as a cyclic pentyne? In
this paper, we attempt to answer these questions with
the aid of density functional theory calculations. For
comparison, we will also report our results on a related

] .
complex, Cp*2ZrCRCCCR (R = SiMej3), reported as
zirconacyclocumulene, by Rosenthal and co-workers.3#
Computational Methods

In the calculations, SiMe; and Cp* have been modeled by
SiH3; and Cp, respectively. Full geometry optimizations and
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frequency calculations of the model complexes have been
performed at the Becke3LYP (B3LYP) level of density func-
tional theory.5 The effective core potentials (ECPs) and basis
sets (sddall)® of Stuttgart/Dresden were used to describe Ti,
Zr, Hf, and Si. The 6-31G basis set was used to describe the
atoms in the Cp ligands, while the 6-31G** basis set was used
for all other atoms.” All the calculations are performed with
the Gaussian 98 software package.? Molecular orbitals ob-
tained from the B3LYP calculations were plotted using the
Molden v3.5 program written by Schaftenaar.® The electron
density analysis was carried out with MOPLOT 2.4.10

Results and Discussion

Structural Aspects. To answer the questions raised
in the Introduction, we performed B3LYP density
functional theory calculations on the model complex

1
Cp2ZrCH(SiH3)CCCH(SiH3). The important structural
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1a (Calculated)

1b (Experimental)

. I
Figure 1. Selected structural parameters of Cp,ZrCHR-

ECHR (R = SiH3 (calculated, 1a), SiMe; (experimental,
1b)). For the purpose of clarity, hydrogen atoms on the Cp
rings and methyl groups are omitted. Bond lengths are in
angstroms, and bond angles are in degrees.
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Figure 2. Selected structural parameters of (SiH3)CH,C=
CCH(SiHs3) (calculated, 2a), (SiMe3);CC=CC(SiMe3); (ex-
perimental, 2b), (SiH3)CH=C=C=CH(SiH3) (calculated,
3a) and (SiMe3),C=C=C=C(SiMe3), (experimental, 3b).
Bond lengths are in angstroms, and bond angles are in
degrees.

parameters of the B3LYP-optimized geometry of the
model complex are summarized in Figure 1, structure
la. For comparison, the corresponding structural pa-

—_—
rameters of the X-ray structure of Cp,ZrCH(SiMes)-

ECH(SiMeg) are shown by structure 1b.! The calcu-
lated bond lengths and bond angles are in good
agreement with the experimental values. Both the X-ray
and calculated structures show some interesting struc-
tural features. The Zr—C1 and Zr—C4 bond distances
are much longer, by 0.2 A, than the Zr—C2 and Zr—C3
distances, suggesting that the Lewis structure (A)
representing the metallacyclopent-3-yne cannot ad-
equately describe the structure. Figure 2 gives the X-ray
structures of (SiMe3)sCC=CC(SiMe3):!! and (SiMes),-
C=C=C=C(SiMej3),1? together with structures of the
corresponding calculated model molecules. Comparing
the structures in Figures 1 and 2, we can see that the
carbon—carbon bond distances in the metallacyclic ring
of the zirconocene complex have values between the
alkyne and cumulene structures shown in Figure 2.
Therefore, a resonance hybrid (B) between a cyclopen-
tyne form and a cumulene complex is likely the best
description of the X-ray and calculated structures of the
title compound.

(11) Fronczek, F. R.; Lickiss, P. D. Acta Crystallogr. 1993, C49, 331.
(12) Morimoto, Y.; Higuchi, Y.; Wakamatsu, K.; Oshima, K.; Utim-
oto, K.; Yasuoka, N. Bull. Chem. Soc. Jpn. 1989, 62, 639.
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Ring Strain for a Metallacyclopent-3-yne. If the
title compound were considered as 1-zirconacyclopent-
3-yne (A), what would the ring strain energy be for such
a highly strained species? To answer this question, we
designed an isodesmic reaction! (eq 1) to calculate the

HR
CHs
AE(1)
Cp, + 2CH, — Cp2 (1)
CHs

dH

R M AE(1)(kcal/mol) R M  AE(1)(kcal/mol)

SiHg Ti 119 CH; Ti 9.6
Zr 183 Zr 134
Hf 12.8 Hf 7.8

reaction energy (AE). In view of eq 1, one would expect
that AE(1) could give the information regarding the ring
strain energy and should be negative, because the
species on the right-hand side of the equation are free
of ring strain. Surprisingly, our calculations give un-

1
expected results. AE(1) for Cp,ZrCH(SiH3)CCCH(SiH3)
was calculated to be positive and has a value of 18.3
kcal/mol. To validate the isodesmic reaction designed
above, we also calculated AE(2) for the isodesmic
reaction given by eq 2. The AE(2) reaction energy was

H, SiH;

@

HsSi® H

calculated to be —5.9 kcal/mol, which is negative and
small. This result is understandable, because the ring
strain energy of the zirconocene complex on the left-
hand side of eq 2 is expected to be small.

The large positive AE(1) calculated for eq 1 would
imply that the metallacyclopent-3-yne in the equation
has no ring strain if one views it as a metallacyclopent-
3-yne. The results of calculations suggest that the title
compound is highly stable. Once again, we cannot
explain the stability if we do not invoke the concept of
a resonance hybrid (see B). The calculations suggest
that the resonance energy derived from the resonance
hybrid makes significant contribution to the stability
of the title compound. Invoking the concept of a reso-
nance hybrid to describe bonding in organometallic
compounds is quite common, in particular for those
involving metal— interactions: e.g., Cp2Zr(diene) and
Fe(CO)s(diene).1#15 Following the notation used by

(13) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J. A. J. Am.
Chem. Soc. 1970, 92, 4796.

(14) Erker, G.; Engel, K.; Krtger, C.; Chiang, A. P. Chem. Ber. 1982,
115, 3311.
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Rosenthal and co-workers,3* we can also have an
alternative Lewis structure (C), which emphasizes the

Cc

interaction between the metal center and the alkyne
bond of the metallacyclopentyne ring, to describe the

1

bonding in Cp,ZrCH(SiMe3)CCCH(SiMe3). However, if
we employ such a Lewis structure (C), we would expect
an incredibly large Zr—alkyne interaction energy in
order to give the very large positive AE(1), because there
is a substantially large ring strain energy that could be
derived from a five-membered ring containing a C=C
bond.

We also expanded our calculations by examining the
influence of the metal center and the substituent on
AE(1). The results are presented in eq 1 for comparison.
Complexes having silyl substituents apparently have
greater AE(1) values in comparison to those having
alkyl substituents, suggesting that silyl substituents
have a stabilizing effect on the ring complexes. Interest-
ingly, the Zr complexes have significantly larger reac-
tion energies AE(1) in comparison to the Ti and Hf
complexes. This seems unexpected, in view of the known
periodic trend that metal—ligand interactions usually
increase down a group of transition metals.* A tentative
explanation is given below, though other explanations
are also possible. The magnitude of the reaction energy
AE(1) reflects a balance between the metal—ligand (the
four ring carbons) interaction energy and the ring strain
energy of a given ring complex. For the Ti complexes,
the metal—ligand interaction energy is expected to be
smaller, on the basis of the periodic trend mentioned
above. For the Hf complexes, the metal—ligand inter-
action is expected to be the strongest. However, the ring
strain energy increases at the same time as the increase
in the metal—ligand interaction. This is because the
stronger the metal—Iligand interaction, the more dis-
torted the structural unit of the organic ligand. The
results shown in eq 1 indicate that the Zr metal center
provides the optimal balance between the two types of
energies.

1
Cp*2ZrC(R)CCC(R). In 1994, Rosenthal and co-
workers reported the synthesis and structure of a

. . .
related five-membered zirconacyclocumulene, Cp*,ZrC-

1

(R)CCC(R) (R = SiMej3).2* Instead of using a resonance
hybrid, Rosenthal et al. used a different Lewis structure
(see D), emphasizing the interaction between the metal
center and the z-bond between the two -carbons. 1718

(15) Yasuda, H.; Tatsumi, K.; Nakamura, A. Acc. Chem. Res. 1985,
18, 120.

(16) Mingoes, D. M. P. Essential Trends in Inorganic Chemistry;
Oxford University Press: Oxford, U.K., 1998.

(17) Rosenthal, U.; Pellny, P.-M.; Kirchbauer, F. G.; Burlakov, V.
V. Acc. Chem. Res. 2000, 33, 119.

(18) Rosenthal, U.; Arndt, P.; Baumann, W.; Burlakov, V. V,
Spannenberg, A. J. Organomet. Chem. 2003, 670, 84.
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This type of interaction has been confirmed by a recent
molecular orbital study of Jemmis and co-workers.19-21
We designed an isodesmic reaction, based on the model

1
complex Cp,ZrC(SiH3)CCC(SiHs3) (eq 3), to evaluate the
ring strain energy if the zirconocene complex is consid-
ered as a metallacyclocumulene.

SiHg H_ SiH,
AE(3) CHs \T
CpoZr j + 2CH, —— > szZ< @
CH,
SiHa H™ SiHg

AE(3) was calculated to be 23.1 kcal/mol. Again, the
large positive value of AE(3) indicates that the zir-
conocene complex does not have a ring strain if it is
described as a metallacyclocumulene. Even taking into
account the additional interaction between the metal
center and the z-bond between the two j carbons, i.e.,
the Lewis structure D, one still cannot understand the
large positive value of AE(3). One does not expect that
the additional interaction is large enough to offset the
ring strain energy and at the same time give that
amount of extra stabilization energy. In 1984, Johnson
and co-workers analyzed the strain energy of a bent
butatriene. The strain energy is about 28 kcal/mol when
the angles C1-C2—C3 and C2—C3—C4 are about 150°.22

1
Therefore, the stability of Cp*,ZrC(R)CCC(R) can only
be described by the hybrid resonance E. The importance

otz - e *z/\\
P2 ] P2 \//

E

of the diyne complex form, i.e., the Lewis structure on
the right-hand side of E, cannot be overlooked. As
pointed out by Jemmis and co-workers, the power of
Cp2M (M = Ti, Zr) in stabilizing strained s bonds is
remarkable.1®

Electron Density Analyses. To further understand
the nature of bonding between the bent-zirconocene
fragment (Cp,Zr) and the cumulene or diyne ligand for
the two interesting organometallic compounds discussed
above, analyses of the Laplacian, V2p, of the B3LYP
electron density were performed on the basis of Bader’s
atoms-in-molecules theory.?3 Parts a and b of Figure 3

(19) Jemmis, E. D.; Phukan, A. K.; Giju, K. T. Organometallics 2002,
21, 2254.

(20) Jemmis, E. D.; Giju, K. T. 3. Am. Chem. Soc. 1998, 120, 6952.

(21) Jemmis, E. D.; Phukan, A. K.; Rosenthal, U. J. Organomet.
Chem. 2001, 635, 204.

(22) Angus, R. O.; Jr.; Johnson, R. P. J. Org. Chem. 1984, 49, 2880.
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Figure 3. Laplacian plots of electron density for (a, top)

1 1
Cp2ZrCHRCCCHR (R = SiHs), (b, middle) Cp,ZrCRCCCR
(R = SiH3) on the plane defined by Zr—C2-C3, and (c,

1
bottom) Cp,ZrCHRCH,CH,CHR (R = SiH3) on the plane
defined by Zr—C1—CA4.

1
show the Laplacian plots for Cp,ZrCH(SiH3)CCCH-

1
(SiH3) and Cp2ZrC(SiH3)CCC(SiH3), respectively. In the
contour plots, solid lines represent local electron density
concentration (V2p < 0) and dashed lines represent local
electron density depletion (V2p > 0). Parts a and b of
Figure 3 show similar features of the electron density
around the metal centers. Four concentrations appear
around the Zr center for each of the two complexes. This
feature of electron density is very common for a bent
group 4 metallocene complex having a formal d? electron
configuration at the metal center: e.g., Cp,Ti(y?>-HB-
cat'),,242” Cp,Ti(PMes)(n?-HBcat'),?5~27 and Cp,Ti(n?-
trans-RC=CSiHR;).?8:2° The four concentrations can be
associated with an occupied a; (dx2-y?) orbital of a bent
Cp2Zr fragment.?®3° Clearly, the Laplacian electron
density plots given here provide additional support to

(23) Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Oxford
University Press: New York, 1990.

(24) Hartwig, J. F.; Muhoro, N.; He, X. M.; Eisenstein, O.; Bosque,
R.; Maseras, F. 3. Am. Chem. Soc. 1996, 118, 10936.

(25) Muhoro, N.; Hartwig, J. F. Angew. Chem., Int. Ed. 1997, 36,
1510.

(26) Muhoro, N.; He, X. M.; Hartwig, J. F. J. Am. Chem. Soc. 1999,
121, 5033.

(27) Lam, W. H.; Lin, Z. Y. Organometallics 2000, 19, 2625.

(28) Ohff, A.; Kosse, P.; Baumann, W.; Tillack, A.; Kempe, R.; Gorls,
H.; Burlakov, V. V.; Rosenthal, U. J. Am. Chem. Soc. 1995, 117, 10399.

(29) Fan, M. F,; Lin, Z. Y. Organometallics 1997, 16, 494.
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Figure 4. Spatial plots of the highest occupied molecular

. .
orbital (HOMO) for the Cp,ZrCHRCCCHR (R = SiH3). The
molecular orbital was obtained from the B3LYP calcula-
tions.

the claim that Lewis structures having a cumulene
complex or a diyne complex formulation make signifi-
cant contributions to the structural stabilities of the two
complexes studied in this paper. The similarity in the
bonding situations in the two metallacyclic complexes
was also emphasized by Jemmis and co-workers.1° For
comparison, we also calculated the Laplacian of electron

density for Cp,ZrCH(SiH3)CH2CH,CH(SiHs), a metal-
lacyclopentane which does not have an alternative
Lewis structure in its bonding description, except for
the metallacyclopentane formulation. Part c of Figure
3 illustrates the Laplacian plot. Interestingly, there are
also four concentrations around the metal center. How-
ever, these four concentrations are associated with the
b, (dyy) orbital of a bent Cp,Zr fragment instead of the
ay (dy—y?) orbital discussed above for the other two
complexes, in which resonance hybrids of two Lewis
structures have to be invoked. Two of the four concen-
trations around the metal center appear along the Zr—C
o-bonding directions, indicating covalent bonding inter-
actions between Zr and the two o-carbon atoms. The
difference in the feature of electron density around the
metal centers reflects a fundamentally different bonding

[ |
nature between Cp,ZrCH(SiH3)CH,CH,CH(SiH3) and
the two complexes discussed above. We have to invoke
the concept of resonance to describe the bonding in the

i —
two complexes discussed above. For Cp,ZrCH(SiH3)CHo-

ECH(Sng), the metallacyclopentane Lewis structure
is enough to describe the bonding situation.
Comments on the Structural and Reactivity
Aspects. The X-ray and calculated structures show that
the C1-C2 and C3—C4 bonds (Figure 1) are shorter
than the single C—C bonds of (SiMe3);CC=CC(SiMe3)3
(Figure 2),1112 further suggesting that a metallacyclo-
pent-3-yne description is not enough, because one would
expect a ring strain in the metallacyclic structure to
cause a bond lengthening. The C2—C3 bond (Figure 1)
is only slightly longer than the C=C bond of (SiMej3)s-
CC=CC(SiMe3)3 (Figure 2). Nevertheless, the bond is
not much longer than the central C=C bond of a silyl-
substituted butatriene, (SiMe3),C=C=C=C(SiMe3),. On
the basis of the cumulene complex description (B), it is
expected that the metal (d)—x* back-bonding inter-
action between the d? Cp,Zr fragment?®30 and the

(30) Albright, T. A.; Burdett, J. K.; Whangbo, M. H. Orbital
Interactions in Chemistry; Wiley: New York, 1985.
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cumulene ligand should increase the z-bonding interac-
tion in the central C=C bond of the cumulene ligand.
Figure 4 shows the plot of the HOMO, illustrating the
metal (d)—x* back-bonding interaction.1®
Experimentally, it has been shown that hydrolysis of

1

Cp2ZrCHRCCCHR by acid gave a but-3-yne, H,RCC=
CCH2R.1 As mentioned above, a resonance hybrid
between a cumulene complex form and a metallacyclo-
pentyne Lewis structure is the most reasonable descrip-
tion of the structure. Therefore, it is not surprising that
the reactivity displayed in the hydrolysis is related to
the metallacyclopentyne form.

Conclusion

. . . I
Detailed electronic structure studies of Cp,ZrCHR-

—
CCCHR (R = SiMej3) suggest that the zirconocene
complex can be well described by a resonance hybrid

Lam and Lin

between a metallacyclopentyne form and a cumulene
complex Lewis structure. An approach based on iso-
desmic reactions suggests that the cumulene complex
form contributes significantly to the stability of the
zirconocene complex. The originally proposed metalla-
cyclopentyne form cannot describe well the structural
behavior and the stability of the complex. In a parallel

1
study on the related complex Cp*,ZrC(R)CCC(R) (R =
SiMe3), one finds that a resonance hybrid between a
metallacyclocumulene and a diyne complex is also
required to adequately describe its structure and stabil-

ity.
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