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Abstract The performance of quantum chemical methods
for geometry prediction of hafnocenes was evaluated. HF,
B3LYP and MP2 in combination with nonrelativistic (MHF)
and relativistic (MWB and LANL2DZ) basis sets for haf-
nium together with standard basis sets 3-21G*, 6-31G* and
6-311G** for other elements were applied. Five basic struc-
tural parameters of the optimized structures of the hafno-
cenes were compared with experimental crystal structures
obtained from the Cambridge structural database. Altoge-
ther 80 hafnocenes were included in the analysis. The results
show that relativistic corrections are necessary for Hf atom.
However, even the Hartree—Fock (HF) method, when combi-
ned with relativistic pseudopotentials, reproduces the experi-
mental crystal structures with significant accuracy. The good
performance of the HF method can be understood to origi-
nate from the absence of significant near-degeneracy correla-
tions for hafnium. On average, the B3LYP and MP2 methods
provide structural parameters somewhat closer to the expe-
rimental ones.

Keywords Ab initio calculations - Metallocenes -
Hafnium - Geometry

1 Introduction

Group IV metallocene catalysts are applied in the polymeri-
zation of olefins, and in particular of ethylene and propylene.
The single site nature of the metallocene catalysts strongly
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influences the properties of the polymer, such as polymer
structure and molecular weight distribution. The single
site catalyst center also makes it practical to study
metallocene catalyzed polymerization processes by quan-
tum chemical methods, for recent reviews see, e.g., [1,2].
In addition to enabling the control of polymer properties, the
metallocenes can provide enhanced catalytic activities com-
pared with the traditional Ziegler—Natta catalysts [3]. The
catalytic activity is sensitive to several factors, such as reac-
tion conditions and the nature of the cocatalyst [4] activating
the catalyst precursor. Nevertheless, the mere geometry of
the metallocene catalyst precursor has been shown to corre-
late with catalytic activity due to both steric and electronic
effects [5-8]. Most theoretical studies of group IV metal-
locene complexes have focused on zirconocenes, for recent
articles, see, e.g., [9-19], fewer on hafnocenes, see, e.g., [20—
27]. The zirconocenes and the hafnocenes are isostructural
due to the stronger relativistic contraction of the orbitals of
Hf, resulting in practically the same atomic radii, [28]. In the
polymerization process, however, the two behave differently:
Whereas zirconocenes generally have higher activity, hafno-
cenes produce polyolefins with higher molecular weights [3].
Generally, the theoretical treatment of transition metal
complexes is not straightforward, owing to the near-
degeneracy and relativistic effects. In this respect, zircono-
cenes have been shown to be a special case, HF/3-21G*
method producing geometries close to the experimental
ones [29]. This is due to the location of Zr at the beginning of
the second transition row, where both near-degeneracy cor-
relation and relativistic effects are relatively weak [30,31].
Near-degeneracy effects become weaker when moving down
in the periodic table, while the relativistic effects become
stronger. Hence, one could suggest that relatively low level
quantum chemical methods would also perform well for haf-
nocenes, if relativistic effects are taken into account.
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Fig. 1 Schematic structure of hafnocene with two cyclopentadienyl
ligands and two additional ligands

The ligand structures of the metallocene catalysts have
significant influences on the polymerization process. Proper
clarification of the ligand structure — polymerization behavior
relationships requires plenty of experimental and theoretical
data. Hence, the level of theory selected for the calcula-
tions is critical, having to be both practical and sufficiently
accurate to produce correct trends. In this paper, we eva-
luate the performance of various quantum chemical methods
for geometry prediction of hafnocene polymerization cata-
lysts. The molecular structures of 80 crystallographically
characterized hafnocenes are optimized and compared with
the experimental structures to draw conclusion on the
optimal cost/performance ratio for hafnocene polymerization
catalysts.

2 Computational methods

The hafnocenes were fully optimized without any constraints
and five basic geometry parameters (see Fig. 1), Hf—X dis-
tance (X = first atom connected to Hf in the leaving group),
Hf-Cp distance (Cp = centroid of the five-ring for any
cyclopentadienyl-based ligand), X-Hf-X angle, Cp—Hf-Cp
angle and Cp—Cp plane angle were measured and compa-
red with the experimental crystal structures. Geometry opti-
mizations were carried out with the Gaussian03 program
package [32]. Hartree-Fock, hybrid density functional
B3LYP [33,34] and MP2 methods in conjunction with
standard 3-21G*, 6-31G* and 6-311G** basis sets were
applied for all elements except Hf and Sn. For Hf, the
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Stuttgart/Dresden small core nonrelativistic MHF, relativistic
MWB ECPs [35] and Los Alamos ECP [36,37] (LANL2DZ)
were employed. The LANL2DZ basis set was used for Sn.

3 Results and discussion
3.1 Choice of the hafnocenes

The evaluation includes all successfully characterized haf-
nocenes found in a search from Cambridge Structural data-
base.! The criteria for selection were the following: (1)
exactly one Hf atom, (2) at least two cyclopentadienyl rings
attached to Hf and (3) altogether four ligands bound to Hf.
Furthermore, the structures containing other transition metals
than Hf were omitted. These criteria were fulfilled for a total
of 80 hafnocenes, which were all taken under consideration.
The R1 factor was below 5% for 63, between 5 and 7% for
12, and between 7 and 10% for five structures. Five structures
in the present of solvent were included. Each of those had
R1 factors below 5%.

The ancillary ligands of the hafnocenes consisted of cyclo-
pentadienyls, indenyls and fluorenyls in their different com-
binations, combined with various ligand substituents and
bridging units. The most common bridging atoms were car-
bon and silicon, and a few other elements were represented:
N, O, P and Ge. Most ligand substituents were alkyl groups,
but several elements were present in addition to carbon: B, N,
0O,F, Si, P, S, Ca, As, Se and Sn. The leaving groups consisted
mostly of halogens and alkyl groups. Schematic pictures of
the whole data set are given in the Appendix 1.

3.2 Evaluation of the methods

The calculations were initiated by optimizing three typi-
cal hafnocene dichlorides (Table 1) by each combination of
methods and basis sets, excluding MP2/3-21G*. This resul-
ted in 24 method/basis set combinations. Comparisons of
the geometry parameters of the experimental structures and
the optimized structures are given in Table 1. The Hf-CI
bond distances are overestimated with all method/basis set
combinations, except BALYP/LANL2DZ 3-21G* and MP2/
LANL2DZ 6-311G**. The deviations range from —0.01 to
0.08 A. Inclusion of relativistic pseudopotentials (MWB and
LANL2DZ) clearly improves the structure prediction by
shortening the Hf-Cl bond distances by approximately
0.04 A, LANL2DZ generally providing structures closest to
the experimental ones. Within the Hartree-Fock method,
the HF/LANL2DZ 3-21G* combination produces the best
Hf-CI bond distances, deviations from the experimental
structures being just 0.02-0.03A. The B3LYP method
improves the structure prediction over HF, and is at its best

! The search was done in February 2004.



Theor Chem Account (2007) 118:899-913

901

Table 1 Deviations of optimized structures from experimental structures for three typical hafnocene dichlorides

Ligand structure =~ Method AHf-C1 (/&) AHf-Cp (A) ACI-Hf-C1 (°) ACp-Hf-Cp (°) ACp-Cp(°) CPU?
Experimental [38] 2.4235 2.181 96.17 129.14 52.37

@ HF/MHF 3-21G* 0.07 0.12 4.47 0.47 0.66
HF/MHF 6-31G* 0.08 0.11 3.73 0.41 0.14

@ HF/MHF 6-311G** 0.08 0.10 3.62 0.41 0.06 17
HF/MWB 3-21G* 0.04 0.10 2.69 —0.33 0.54 1
HF/MWB 6-31G* 0.05 0.09 2.17 0.16 0.15 7
HF/MWB 6-311G** 0.05 0.09 1.89 0.09 0.10 15
HF/LANL2DZ 3-21G* 0.02 0.07 2.19 0.05 0.27 1
HF/LANL2DZ 6-31G* 0.04 0.07 2.11 0.55 —-0.12 5
HF/LANL2DZ 6-311G** 0.04 0.06 1.77 0.65 —0.58 12
B3LYP/MHF 3-21G* 0.03 0.10 491 —-0.29 1.12 2
B3LYP/MHF 6-31G* 0.05 0.10 4.26 0.15 0.71 15
B3LYP/MHF 6-311G** 0.05 0.10 4.13 0.13 0.00 10
B3LYP/MWB 3-21G* 0.01 0.08 3.24 —0.40 0.88 1
B3LYP/MWB 6-31G* 0.02 0.09 2.64 —0.06 0.63 4
B3LYP/MWB 6-311G** 0.02 0.08 2.43 0.11 0.00 14
B3LYP/LANL2DZ 3-21G* —0.01 0.05 2.27 —0.18 0.51
B3LYP/LANL2DZ 6-31G* 0.00 0.06 2.29 0.31 0.30
B3LYP/LANL2DZ 6-311G** 0.01 0.05 2.03 0.55 0.00
MP2/MHF 6-31G* 0.04 0.05 3.51 —0.43 1.02 14
MP2/MHF 6-311G** 0.03 0.04 4.55 —1.11 1.49 43
MP2/MWB 6-31G* 0.01 0.02 1.41 -0.49 0.71 14
MP2/MWB 6-311G** 0.00 0.02 1.79 —1.09 0.93 78
MP2/LANL2DZ 6-31G* 0.01 0.02 1.91 —0.38 0.63 11
MP2/LANL2DZ 6-311G** 0.00 0.00 2.06 —0.76 0.25 61
Experimental [39] 2.421 2.182 97.64 127.63 57.74

N HF/MHF 3-21G* 0.07 0.11 7.35 —4.43 5.66

/Si HF/MHF 6-31G* 0.08 0.11 4.11 —-3.96 4.68
HF/MHF 6-311G** 0.08 0.10 4.41 —-3.90 4.71 16
HF/MWB 3-21G* 0.04 0.10 5.06 —4.19 4.99
HF/MWB 6-31G* 0.05 0.09 2.16 —-3.60 3.96
HF/MWB 6-311G** 0.05 0.09 2.21 —3.57 4.03 16
HF/LANL2DZ 3-21G* 0.02 0.07 4.24 —3.58 4.09
HF/LANL2DZ 6-31G* 0.04 0.07 2.04 —2.85 3.35
HF/LANL2DZ 6-311G** 0.04 0.06 2.19 —2.56 3.19 11
B3LYP/MHF 3-21G* 0.03 0.10 8.61 —-3.25 4.21 6
B3LYP/MHF 6-31G* 0.05 0.10 4.61 —-3.37 3.93 9
B3LYP/MHF 6-311G** 0.05 0.10 4.80 —-3.52 4.19 20
B3LYP/MWB 3-21G* 0.01 0.08 6.23 —2.93 3.36
B3LYP/MWB 6-31G* 0.02 0.08 2.59 —2.98 3.02
B3LYP/MWB 6-311G** 0.02 0.08 2.58 —-3.14 3.30 19
B3LYP/LANL2DZ 3-21G* —0.01 0.05 4.83 —2.54 2.52 3
B3LYP/LANL2DZ 6-31G* 0.00 0.06 2.06 —2.41 2.60 6
B3LYP/LANL2DZ 6-311G** 0.01 0.05 2.24 —2.16 2.47 16
MP2/MHF 6-31G* 0.04 0.05 3.45 —2.14 1.51 34
MP2/MHF 6-311G** 0.03 0.04 4.73 —2.35 0.91 89
MP2/MWB 6-31G* 0.01 0.03 0.84 —1.64 0.73 28
MP2/MWB 6-311G** 0.00 0.02 1.35 —1.84 0.06 91
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Table 1 continued

Ligand structure  Method AHf-CI (&) AHf-Cp(A) ACI-Hf-Cl(°) ACp-Hf-Cp(°) ACp-Cp(°) CPU?
MP2/LANL2DZ 6-31G* 0.01 0.02 1.10 —1.28 0.85 26
MP2/LANL2DZ 6-311G**  —0.01 0.00 1.25 —0.85 —0.33 65
Experimental [40] 2.396 2.217 96.4 125.71 60.18
HF/MHF 3-21G* 0.08 0.09 4.66 —~1.98 2.92 2

OO HF/MHF 6-31G* 0.10 0.10 2.68 —1.80 3.13 9
HF/MHF 6-311G** 0.09 0.09 3.05 —~1.83 2.95 23

@@ HF/MWB 3-21G* 0.05 0.08 3.11 —-1.82 2.37 2
HF/MWB 6-31G* 0.06 0.09 1.34 —-1.57 2.60 10
HF/MWB 6-311G** 0.06 0.08 1.47 —1.61 2.46 20
HF/LANL2DZ 3-21G* 0.03 0.05 2.39 ~1.06 1.80
HF/LANL2DZ 6-31G* 0.05 0.06 1.26 —0.06 2.23
HF/LANL2DZ 6-311G** 0.05 0.05 1.23 —0.53 1.73 14
B3LYP/MHF 3-21G* 0.04 0.08 6.48 ~1.14 2.13 3
B3LYP/MHF 6-31G* 0.06 0.10 4.12 -1.23 3.03 12
B3LYP/MHF 6-311G#* 0.06 0.10 4.46 ~1.39 3.03 28
B3LYP/MWB 3-21G* 0.02 0.06 4.72 ~1.00 1.56 4
B3LYP/MWB 6-31G* 0.03 0.08 2.65 —0.85 2.37 11
B3LYP/MWB 6-311G** 0.03 0.08 2.80 —-1.07 2.40 26
B3LYP/LANL2DZ 3-21G*  —0.01 0.04 3.69 —0.36 1.06
B3LYP/LANL2DZ 6-31G* 0.01 0.06 2.33 —0.09 2.22
B3LYP/LANL2DZ 6-311G**  0.02 0.05 2.26 —0.02 1.74 16
MP2/MHF 6-31G* 0.06 0.02 1.22 —0.95 0.24 69
MP2/MHF 6-311G** 0.04 0.00 2.59 —-1.36 —0.44 315
MP2/MWB 6-31G* 0.03 0.00 —0.65 —0.62 —0.53 58
MP2/MWB 6-311G** 0.01 —0.02 0.19 —0.96 —-1.27 232
MP2/LANL2DZ 6-31G* 0.02 —0.01 -0.52 —0.04 —0.42 45
MP2/LANL2DZ 6-311G** 0.01 —0.03 —0.39 —0.07 —-2.01 272

4 Relative CPU times for the calculations

in the B3ALYP/LANDL2DZ 6-31G* combination, where the
deviations range from 0.00 to 0.01A. The MP2/MWB
6-311G** and MP2/LANL2DZ 6-311G** methods provide
accuracy comparable with that of B3LYP/LANDL2DZ
6-31G*, the deviations ranging from —0.01 to 0.01 A.

The Hf—Cp bond distances are mostly overestimated, with
the deviations of —0.03 to 0.12 A from the experimental
values. The relativistic pseudopotentials shorten the
distances, by ca. 0.02A with MWB and ca. 0.04 A with
LANL2DZ, the latter thus producing Hf—Cp bond distances
closer to the experimental ones. The bond distances are rela-
tively insensitive to the standard basis sets, the deviations
within HF/LANL2DZ varying between 0.05 and 0.07 A. The
B3LYP method provides slight improvements over HF, the
respective deviations being 0.04-0.06 A. Here the compu-
tationally expensive MP2/LANL2DZ 6-311G** reproduces
the crystal structure most accurately, with deviations for the
three hafnocenes being 0.00, 0.00 and —0.03 A. Overall, the
LANL2DZ basis set produces 0.03-0.05 A shorter metal—
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ligand bond distances than the nonrelativistic MHF basis set.
This is in good agreement with the previous studies, sugges-
ting relativistic bond-length contraction of 0.04-0.05 A for
Hf [28].

The deviations in the angular parameter vary between
—4.43° and 8.61°. The Cl-Hf-Cl angles and the Cp—Cp plane
angles are generally overestimated, whereas the Cp—Hf-Cp
angles are mostly underestimated. The relativistic pseudo-
potentials provide systematic improvements, by approxima-
tely 1° on average, LANL2DZ generally producing angles
in better agreement with the crystal structures than MWB.
The B3LYP method does not improve the accuracy over the
HF method. MP2/LANL2DZ 6-31G* gives angles in best
agreement with the experimental data, the average deviation
being 0.8°. By way of comparison, the respective average
deviation for B3SLYP/LANL2DZ 6-311G* is 1.5°.

It should be noted that crystal packing effects and the
uncertainties in the determination of the crystal structures
introduce slight errors to the comparisons of the crystal
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Table 2 Statistics of geometry optimizations of hafnocenes with the HF/LANL2DZ 3-21G*, the B3LYP/LANL2DZ 6-31G* and the

MP2/LANL2DZ 6-31G* methods

Deviation Hf-X (A) Hf-Cp (A) X-Hf-X (°) Cp-Hf-Cp (°) Cp—Cp (°)
HF/LANL2DZ 3-21G*

Maximum 0.078 0.099 5.71 0.81 4.17
Minimum —0.080 0.018 —2.00 —3.96 —-2.95
Average 0.023 0.064 1.01 —1.39 0.77
Standard 0.026 0.017 1.64 1.02 1.49
Absolute average 0.031 0.064 1.54 1.47 1.34
Absolute average (corrected) 0.015 0.016 1.30 0.73 0.90
B3LYP/LANL2DZ 6-31G*

Maximum 0.077 0.109 4.64 1.06 4.97
Minimum —0.089 0.023 —2.74 -2.72 —2.51
Average 0.014 0.056 1.13 —0.39 0.71
Standard 0.019 0.013 1.29 0.74 1.62
Absolute average 0.019 0.056 1.42 0.70 1.39
Absolute average (corrected) 0.012 0.009 1.01 0.55 0.87
MP2/LANL2DZ 6-31G*

Maximum 0.026 0.026 3.56 0.66 2.29
Minimum —0.088 —0.033 —1.50 —3.47 —2.46
Average 0.003 0.005 1.00 —0.74 —0.05
Standard 0.024 0.005 1.60 1.10 1.31
Absolute average 0.018 0.010 1.48 0.94 1.01

structures and the gas-phase geometry optimizations. Howe-
ver, the errors due to crystal structure determinations are
generally smaller than those obtained from the optimizations,
the R1-factors mostly being <5%.

The evaluated combinations of methods and basis sets
perform relatively well with no major failures in any par-
ticular case. Overall, taking into consideration both accu-
racy and cost of calculations, the HF/LANL2DZ 3-21G¥*,
B3LYP/LANL2DZ 6-31G* and MP2/LANL2DZ 6-31G*
methods are the most promising candidates for the geometry
prediction of hafnocenes. These three levels of methods were
accordingly selected for the more extensive evaluation car-
ried out for the whole data set of 80 hafnocenes. The statistics
of the comparison are summarized in Table 2. As an example,
graphical comparison of the structural parameters is presen-
ted in Fig. 2 for the BALYP/LANL2DZ 6-31G* method.

With the B3LYP/LANL2DZ 6-31G* method, the devia-
tions range from —0.089 to 0.077A for the Hf-X bond
distances and from 0.023 to 0.109 A for the Hf~Cp bond
distances. The Hf-Cp distances are thus systematically
overestimated with an average deviation of 0.056A.
The X-Hf-X angles and Cp—Cp plane angles are, on average,
overestimated, the deviations ranging from —2.74° to 4.64°
and from —2.51° to 4.97°, respectively. The deviations in Cp—
Hf-Cp angles range from —2.72° to 1.06° being, on average,
slightly underestimated the absolute average deviations for

X-Hf-X angles, Cp—Hf-Cp angles and Cp—Cp plane angles
are 1.42°,0.70° and 1.39°, respectively.

Overall, atypical for transition metal complexes, the HF/
LANL2DZ 3-21G* method produces structural parameters
nearly as close to the experimental ones as does the
B3LYP/LANL2DZ 6-31G* method. The good performance
of the HF method is due to the absence of near-degeneracy
correlations in hafnocenes. The accuracy of the HF method
is clearly worse in Hf=X distances and Cp—Hf-Cp angles,
the respective absolute average deviations being 0.031 A
(0.019 A with B3LYP) and 1.47° (0.70° with B3LYP). The
performance of the HF method is the worst for complexes
with sterically crowded X ligands, when X = C, Si. In those
cases the bond distances become overestimated by
0.06-0.07 A. The performance of the B3LYP method remains
unaffected by the bulk ligands.

In the case of the MP2/LANL2DZ 6-31G* method, the
data set was limited to 20 randomly selected hafnocenes (see
the Appendix). The statistics given in Table 2 must there-
fore be considered indicative only. It appears that the MP2
method significantly improves the prediction of the Hf-Cp
distances, while elsewhere providing about the same accu-
racy as the BALYP/LANL2DZ 6-31G* method. It should be
noted that the MP2 method would likely perform better in
combination with larger basis sets. Such calculations would
not be practical, however.
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Fig. 2 Comparison of experimental and B3LYP/LANL2DZ 6-31G*
optimized structural parameters. a Hf—X distance (A), b Hf—Cp dis-
tance (A), ¢ X-Hf-X angle (°), d Cp—Hf-Cp angle (°), e Cp—Cp plane

The accuracy of the geometry prediction can be impro-
ved by removal of systematic errors. Although the improve-
ment is greatest for the systematically overestimated Hf~Cp
distances, corrections were performed for each parameter
and for both HF/LANL2DZ 3-21G* and B3LYP/LANL2DZ
6-31G* using a linear regression scheme. By way of example,
equations for obtaining structural parameters free of syste-
matic errors are given for the BALYP/LANL2DZ 6-31G*
method as Egs. (1)-(5). The removal of systematic errors
clearly decreases the absolute average error for all five para-
meters, and in particular for the systematically overestima-
ted Hf=Cp distances (Table 2). In the case of the B3LYP/
LANL2DZ 6-31G* method, the absolute average deviation
in Hf~Cp distances is decreased from 0.056 to 0.009 A.

B3LYP -+ 0.09
HE-X : B3LYP(corr) = —o2 - 0% (1
1.04
B3LYP + 0.13
Hf-Cp : B3LYP(cort) = ———— (2)
1.09
B3LYP + 4.53
X-Hf-X : B3LYP(corr) = % 3)
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Cp—Hf-Cp: B3LYP(corr) = 095 “4)
B3LYP +6.92

Cp—Cp: B3LYP(corr) = + 5)

Statistically, the deviations are similar to those calculated
previously for zirconocenes [29]. The comparable perfor-
mance of the methods for zirconocenes and hafnocenes is
understandable, both having d orbitals of the same size and
insignificant near-degeneracy effects. The main difference
comes from the relativistic effects, which are insignificant
for the zirconocenes but must be taken into account in the
case of hafnocenes.

4 Conclusions

The applicability of various quantum chemical methods for
geometry prediction of hafnocenes was evaluated. Generally,
the theoretical treatment of hafnocenes is straightforward.
Comparison of the nonrelativistic MHF and the relativistic
MWB and LANL2DZ basis sets showed that the relativistic
effects cannot be ignored in the case of Hf atom. On the
other hand, owing to the absence of the near-degeneracy cor-
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relation, relatively low-level methods, even Hartree—Fock,
in combination with relativistic pseudopotentials for Hf, are
capable of producing realistic structures for hatnocenes. Ove-
rall, the LANL2DZ basis set provided geometries closer to
the experimental ones than did MWB. B3LYP method impro-
ved the accuracy over the HF method with slightly increased
computational resources. The MP2 method provided only
marginal improvements over B3LYP. Taking its expensive-
ness into consideration, it appears less reasonable choice for
the hafnocenes.

The combination of low cost and significant accuracy
of the BBLYP/LANL2DZ 6-31G* geometry optimizations

for hafnocenes is expected to assist in the development of
new high-performance catalysts via rationalization of the
influence of the ligand structure for the polymerization pro-
cess. The capability of predicting the polymerization beha-
vior of the catalyst before their synthesis would reduce the
experimental workload. Prior to drawing the correlations bet-
ween the ligand structure and the polymerization behavior,
the catalytic steps—activation, chain propagation and chain
termination—have to be carefully studied for a large set of
hafnocene polymerization catalysts.

Appendix: Hafnocene structures

Structure Bridge/ligand/substituent Reference
X, X, L =Cl, X, = CH,—CH3 X, = CH,—CH; Ttal
L = Cl, X7 = C(Me),~C(Me),, 142a]
X, = C(Me),-C(Me), )
L =CH; -
X3 X, L=Cl, X, 5= CH, f44a)
L = CH,~CH; L = O-O-tButyl, X, ;o= CH; !
X, L-L =S-S-S-S-S 6a)
L = Cl, X, = Si(CH3),Cl. X; = Si(CH;),Cl 7]
L Hf L L = CH,~CH3, X 440 = tButyl 1481
X L = S—(CH,);~CH3, X,_jo = CH; 9]
6 L = S—Ph, X,_jp= CH;
L = S-Ph-O-CHs, X,_jo = CH; 1l
X7 X10 L=Cl X;5=CH; il
L = Si-Ph 1501
L =Cl, X;—X5=—(CH) 0, X¢X7=— 511
(CHa)10—
X5 X L-L = Se-Se-Se—Se-Se (52a)
L = —CC-Ph, X, = Si(Me); 153
L =Br, X,_s = CHs (54a)
L =Br, X,,4=CH; 154a]
L =Br [54a]
L =Cl, L = —Cl-Ca(Cp*),, X,_p = CH; 153
L =F, X, = Si(Me); X¢_1o = CH; 1361
L = Cl, X, = Si((-Ph), —(Flu)) 1571
L = CL L = As(Si(Me)3), X» 1o = CH, 158]
@ L= [59a]
7\
N
L—Hf——L L= 60a]
@ [61a]
L-L=
H20\ /CH2
[62]
L-L=
L = CH,—CHj, 163]

L=

~——FPPh,
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[64]

[65]

[66]

[67]

[68]

@ Springer



Theor Chem Account (2007) 118:899-913

907

X3 = CH} Xg = CH";
L =
Cl

o)

L= Cl, X1_5 = CH;
L =

[69]

[70]

[71]

[72]

[73]

[74]
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L=Cl,

[75]
[76]

[771

[78]

[79]

[80]

[81a]
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Hf

[82]

B=CH,—CH,, L =Cl, X5 6=H,
B=Si—(Me),, L =N(Me),
B=CH2, L= Cl, X2= tButyl
B=CH,, L=Cl

[83a]
[84]
185
[86a]

—(Me),

—(Ph),

—(Me),, X = Si(Me);
—(Me),, X=Me

FTETR
o¥e¥o¥e!

[87a]
[88]
[89]
[90]

L=
CH

~ |
a"sj—CH,

b_N—iPr

[91]
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L= 192]
B
IO
B—B B
7
—L\B/—B
L\ v
B
—T~CH,
CH,
)(2 X3 B= Si(Me),—Si(Me),, L = Cl [93a]
B=C(Me),, L=Cl [94a]
B= P—Ph, L= CH3, Xl,g = CH3 [95]
B= P—Ph, L= Cl, Xl_g = CH3 [95]
X X B = Si(Me),—[N—(CH,);—CH;]-Si(Me),, L = 196]
1 4 Cl 7]
L B= GC(Me)z, L= Cl, X1_4 = CH‘; [98]
B Hf< B= C(=CH,)-CH=C(-N(Me),), L =Cl 1991
L B= SI(MC)2 s L= Cl, Xl,g = CH3 [99]
B= SI(CH—CH2)2 s L= Cl, Xl_g = CH; [99]
X Xg B=Si(Et),, L = Cl, X, 5 = CH; 1991
B= GC(MC)2 . L= Cl, Xl,g = CH3 [100a]
B=(CH,);,L=Cl [101]
B=Si(Me),, L =Cl, X;4=CH;
XG X7
L =CH;, [102a]
L=Cl X=Ph [103]
L=Cl X=Ph [104]
X L=Cl, X=Ph [104]
L=Cl, [104]
X =
Hf<-
L F
F—| F
X
F
F
F
L=Cl,X= [103]
0]
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__Cl
Hf
~cl

[106]

[107]

L=Cl
L=CH;

[108]
[108a]

Q

[109]

* Structures calculated with MP2 method

@ Springer



912

Theor Chem Account (2007) 118:899-913

References

AN L bW [\

~

17.

18.

19.
20.

21.

22.
23.
24.
25.

26.
217.
28.

29.
30.

31.
32.

. Coates GW (2000) Chem Rev 100:1223
. Resconi L, Cavallo L, Fait A, Piemontesi F (2000) Chem Rev

100:1253

. Alt HG, Koppl A (2000) Chem Rev 100:1205

. Chen EY-X, Marks TJ (2000) Chem Rev 100:1391

. Hortmann K, Brintzinger H-H (1992) New J Chem 16:51

. Janiak C, Lange KCH, Versteeg U, Lentz D, Budzelaar PHM

(1996) Chem Ber 129:1517

. Mohring PC, Coville NJ (2006) Coordin Chem Rev 250:18
. Linnolahti M, Pakkanen TA (2000) Macromolecules 33(25):

9205-9214

. Petitjean L, Pattou D, Ruiz-Lopez MF (2001) Tetrahedron

57(14):2769-2774

. Moscardi G, Resconi L, Cavallo L (2001) Organometallics

20(10):1918-1931

. Hoelscher M, Keul H, Hoecker H (2002) Macromolecules

35(21):8194-8202

. Talarico G, Blok ANJ, Woo TK, Cavallo L (2002) Organome-

tallics 21(23):4939-4949

. Hoelscher M, Keul H, Hoecker H (2003) Organometallics

22(5):1055-1064

. Maekelae-Vaarne NI, Linnolahti M, Pakkanen TA, Leskelae MA

(2003) Macromolecules 36(11):3854-3860

. Borrelli M, Busico V, Cipullo R, Ronca S, Budzelaar

PHM (2003) Macromolecules 36(21):8171-8177

. Belelli PG, Damiani DE, Castellani NJJ (2004) Mol Catal

A-Chem 208(1-2):147-158

Sakaki S, Takayama T, Sumimoto M, Sugimoto M (2004) J Am
Chem Soc 126(10):3332-3348

Jensen VR, Koley D, Jagadeesh MN, Thiel W (2005) Macromo-
lecules 38(24):10266-10278

Yang S-Y, Ziegler T (2006) Organometallics 25(4):887-900
Yoshida T, Koga N, Morokuma K (1996) Organometallics
15:766

Deng L, Ziegler T, Woo TK, Margl P, Fan L (1998) Organome-
tallics 17:3240

Margl P, Deng L, Ziegler T (1998) J Am Chem Soc 120:5517
Margl P, Deng L, Ziegler T (1998) Organometallics 17:933
Margl P, Deng L, Ziegler T (1999) J Am Chem Soc 121:154
Wang X, Lu C, Endou A, Kubo M, Miyamoto A (2003) J Orga-
nometChem 678:156

Tobisch S, Ziegler T (2004) Organometallics 23:4077

Tobisch S, Ziegler T (2005) Organometallics 24:256

Pyykko P, Snijders JG, Baerends EJ (1981) Chem Phys Lett
83:432

Linnolahti M, Hirva P, Pakkanen TA (2001) J Comput Chem
22:51

Siegbahn PEM (1996) Adv Chem Phys 93:333

Pyykko P (1988) Chem Rev 88:563

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery JA, Vreven Jr.T, Kudin KN, Burant
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,
Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada
M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M, Naka-
jima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox JE,
Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador
P, Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD,
Strain MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S, Cioslowski
J, Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I,
Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng CY,

@ Springer

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.

48.
49.

50.
51.
52.
. Lang H, Herres M, Imhof W (1994) J Organomet Chem 465:283
54.
55.
56.

57.

58.
59.
60.
61.
62.
63.
64.
65.

66.
67.

Nanayakkara A, Challacombe M, Gill PMW, Johnson B, Chen
W, Wong MW, Gonzalez C, Pople JA (2003) Gaussian, Inc.,
Pittsburgh Gaussian 03, Revision A.1

Becke AD (1993) J Chem Phys 98:5648

Lee C, Yang W, Parr RG (1988) Phys Rev B 37:785

Andrae D, Haeussermann U, Dolg M, Stoll H, Preuss H (1990)
Theor Chim Acta 77:123

Hay PJ, Wadt WR (1985) J Chem Phys 82:270

Wadt WR, Hay PJ (1985) J Chem Phys 82:284

Soloveichik GL, Arkhireeva TM, Bel’skii VK, Bulychev BM
(1988) Metalloorg Khim Russ Organomet Chem USSR 1:226
Xiu-Zhong Zhou, Ying Wang, Shan-Sheng Xu, Hong-Gen Wang,
Xin-Kai Yao (1992) Chem Res Chin Univ 8:239

Ewen JA, Haspeslagh L, Atwood JL, Hongming Zhang (1987)
J Am Chem Soc 109:6544

Yicheng D, Shen W, Rongguang Z, Shoushan C, Tongbao K
(1982) Chin Sci Bull 27:1436

Grimmond BJ, Corey JY, Rath NP (1999) Organometallics
18:404

Hunter WE, Hrncir DC, Bynum RV, Penttila RA, Atwood JL
(1983) Organometallics 2:750

Rogers RD, Benning MM, Kurihara LK, Moriarty KJ, Rausch
MD (1985) J Organomet Chem 293:51

van Asselt A, Santarsiero BD, Bercaw JE (1986) J Am Chem
Soc 108:8291

Shaver A, McCall JM, Day VW, Vollmer S (1987) Can J Chem
65:1676

Churakov AV, Kuz’mina LG, Lemenovskii DA (1999) Obtained
from CSD, name GOSWAM

Bohme U, Gunther B (2000) Inorg Chem Commun 3:136
VWing-Wah Yam, Gui-Zhong Qi, Kung-Kai Cheung (1998)
Organometallics 17:5448

Woo H-G, Heyn RH, Tilley TD (1992) J Am Chem Soc 114:
5698

Kim MW, Hong E, Han TK, Woo SI, Do Y (1996) J Organomet
Chem 523:211

Albrecht N, Weiss E (1988) J Organomet Chem 355:89

Gassman PG, Winter CH (1991) Organometallics 10:1592
Sockwell SC, Tanner PS, Hanusa TP (1992) Organometallics
11:2634

Schormann M, Roesky HW, Noltemeyer M, Schmidt H-G
(2000) J Fluorine Chem 101:75

Izmer VV, Agarkov AY, Nosova VM, Kuz’mina LG, Howard
JAK, Beletskaya IP, Voskoboynikov AZ (2001) A1l.J Chem Soc
Dalton Trans 1131

Lindenberg F, Muller U, Pilz A, Sieler J, Hey-Hawkins E (1996)
Z Anorg Allg Chem 622:683

Rogers RD, Bynum RV, Atwood JL (1984) J Crystallogr Spec-
trosc Res 14:21

Rogers RD, Bynum RV, Atwood JL (1981) J Am Chem Soc
103:692

Bristow GS, Lappert MF, Martin TR, Atwood JL, Hunter WF
(1984). J Chem Soc Dalton Trans 399

Atwood JL, Hunter WE, Alt H, Rausch MD (1976) J Am Chem
Soc 98:2454

Erker G, Czisch P, Kruger C, Wallis JM (1985) Organometallics
4:2059

Beshouri SM, Chebi DE, Fanwick PE, Rothwell IP, Huffman JC
(1990) Organometallics 9:2375

Cardin CJ, Cardin DJ, Morton-Blake DA, Parge HE, Roy A
(1987) A1.J Chem Soc Dalton Trans 1641

Erker G, Dorf U, Rheingold AL (1988) Organometallics 7:138
Sabade MB, Farona MF, Zarate EA, Youngs WJ (1988) J Orga-
nomet Chem 338:347



Theor Chem Account (2007) 118:899-913

913

68.

69.

70.
71.

72.
73.
74.
75.
76.
71.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.

88.
89.

Kayser C, Frank D, Baumgartner J, Marschner C (2003) J Orga-
nomet Chem 667:149

Shiqi D, Shoushan C, Xuexiao G, Xuebao H (1984) Chin Chem
J Chin Uni 5:812

‘Woo H-G, Heyn RH, Tilley TD (1992) J Am Chem Soc 114:5698
Wang J-X, Chen S-S, Wang X-K, Wang H-G, Xuebao H (1993)
Chin Acta Chim Sinica 51:506

Raab M, Sundermann A, Schick G, Loew A, Nieger M,
Schoeller WW, Niecke E (2001) Organometallics 20:1770
Kayser C, Kickelbick G, Marschner C (2002) Angew Chem Int
Ed Engl 41:989

Lappert MF, Raston CL, Skelton BW, White AH (1997) J Chem
Soc Dalton Trans 2895

Kekia OM, Rheingold AL (1997) Organometallics 16:5142
Kekia OM, Rheingold AL (1997) Organometallics 16:5142
Lutz M, Findeis B, Haukka M, Pakkanen TA, Gade LH (2001)
Organometallics 20:2505

Yousaf SM, Farona MF, Shively Junior RJ, Youngs WJ (1989)
J Organomet Chem 363:281

Neale NR, Tilley TD (2002) J Am Chem Soc 124:3802
Kloppenburg L, Petersen JL (1995) Polyhedron 14:69

Jany G, Repo T, Gustafsson M, Klinga M, Abu-Surrah AS,
Leskela M (2000) Z Anorg Allg Chem 626:1897

Bulls AR, Schaefer WP, Serfas M, Bercaw JE (1987) Organo-
metallics 6:1219

Ewen JA, Haspeslagh L, Atwood JL, Hongming Zhang (1987)
J Am Chem Soc 109:6544

Christopher JN, Jordon RF, Peterson JL, Young VG Jr (1997)
Organometallics 16:3044

Resconi L, Balboni D, Baruzzi G, Fiori C, Guidotti S,
Mercandelli P, Sironi A (2000) Organometallics 19:420
Agarkov AY, Izmer VV, Riabov AN, Kuz’'mina LG, Howard
JAK, Beletskaya IP, Voskoboynikov AZ (2001) J Organomet
Chem 619:280

Razavi A, Ferrara J (1992) J Organomet Chem 435:299

Razavi A, Atwood JL (1993) J Organomet Chem 459:117
Razavi A, Thewalt U (2001) J Organomet Chem 621:267
Razavi A, Atwood JL (1995) J Organomet Chem 497:105

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

Okuda J, Amor F, du Plooy KE, Eberle T, Hultzsch KC, Spaniol
TP (1998) Polyhedron 17:1073

Hong E, Jang H, Kim Y, Jeoung SC, Do Y (2001) Adv Mater
13:1094

Zhou X-Z, Wang Y, Xu S-S, Wang H-G, Yao X-K (1992) Chem
Res Chin Univ 8:239

Shaltout RM, Corey JY, Rath NP (1995) J Organomet Chem
503:205

Jun Ho Shin, Hascall T, Parkin G (1999) Organometallics 18:6
Alt HG, Fottinger K, Milius W (1998) J Organomet Chem
564:109

Alonso-Moreno C, Antinolo A, Lopez-Solera I, Otero A,
Prashar S, Rodriguez AM, Villasenor E (2002) J Organomet
Chem 656:129

Bai S-D, Wei X-H, Guo J-P, Liu D-S, Zhou Z-Y (1999) Angew
Chem Int Ed Engl 38:1926

Suzuki N, Masubuchi Y, Yamaguchi Y, Kase T, Miyamoto TK,
Horiuchi A, Mise T (2000) Macromolecules 33:754
Saldarriaga-Molina CH, Clearfield A, Bernal I1(1974) Inorg
Chem 13:2880

Tian G, Wang B, Dai X, Xu S, Zhou X, SunJ (2001) J Organomet
Chem 634:145

Atwood JL, Hunter WE, Hrncir DC, Samuel E, Alt H, Rausch MD
(1975) Inorg Chem 14:1757

Bazhenova TA, YuAntipin M, Babkina ON, Bravaya NM,
Lyssenko KA, Strelets VV (1997) Izv Akad Nauk SSSR Ser-
Khim Russ Russ Chem Bull 2161

Bruce MD, Coates GW, Hauptman E, Waymouth RM, Ziller J'W
(1997) J Am Chem Soc 119:11174

Dreier T, Erker G, Frohlich R, Wibbeling B (2000) Organome-
tallics 19:4095

Alt HG, Jung M, Milius W (1998) J Organomet Chem 558:111
Warren TH, Erker G, Frohlich R, Wibbeling B (2000) Organo-
metallics 19:127

Erker G, Psiorz V, Frohlich R, Grehl M, Kruger C, Noe R,
Nolte M (1995) Tetrahedron 51:4347

Psiorz C, Erker G, Frohlich R, Grehl M (1995) Chem Ber
128:357

@ Springer



	Geometry prediction of hafnocenes by quantum chemical methods
	Abstract 
	Introduction
	Computational methods
	Results and discussion
	Choice of the hafnocenes
	Evaluation of the methods
	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


