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The geometrical parameters of the bis(pentalene) complexes of titanium, zirconium, and
hafnium (3a-c) have been calculated by applying the RHF method. For 3a a structure with
C1 symmetry results, whereas for 3b,c D2 symmetry is predicted. The torsional angles
between the two pentalene ligands are calculated to be 56° (3a), 51° (3b), and 50° (3c). The
orbital sequence of the six highest occupied molecular orbitals agrees very well with the
ionization energies measured by PE spectroscopy of 3a-c. These measurements support a
structure with D2 or closely related symmetry.

Introduction

Complexes with cyclopentadienyl ligands are legion
and very well established in transition metal and main
group metal chemistry. Much less studied are complexes
with coordinated pentalene, having a bicyclic structure
with two fused five-membered carbocycles. Among the
first pentalene complexes reported were compounds
with two transition metal nuclei such as the dinickel
and dicobalt compounds 1a and 1b.1 Recently Jonas et
al.2a-c as well as Cloke et al.3,4 reported some complexes
with one or two pentalene ligands coordinated to a
single metal center. Jonas et al. succeeded in synthesiz-
ing complexes with the parent pentalene such as 2 and
3,2b whereas Cloke et al. were successful in preparing

compounds with R3Si-substituted pentalene ligands, i.e.,
Ta{η8-C8H4(1,5-SiMe3)2}Cl3

3 and M{η8-C8H4(1,4-Sii-
Pr3)2}2 (M ) Th, U).4 X-ray studies of single crystals of
the thorium complex reveal the presence of two isomers
in the solid state, one with near S4 symmetry and one
with D2 symmetry.4a The mononuclear pentalene com-
plexes comprise a new type of bonding of the pentalene
ligand.2a,5,6 Thus, the complexes justify a detailed
investigation of their electronic structure. Such studies

on the thorium and uranium compounds have been
published recently.4b In this paper we report the He(I)
and He(II) photoelectron (PE) spectra of 3a-c together
with ab initio calculations in order to study the orbital
energies and the structural parameters of the com-
plexes.

Results

Structures of 3a-c. Experimental values for the
geometrical parameters of 3a-c are not available, but
these compounds and the closely related bis(2-methyl-
pentalene) complexes have been studied in detail by
NMR spectroscopy. Selected NMR data for Ti(2-meth-
ylpentalene)2 have been published as a preliminary
report.2b

The 1H and 13C NMR spectra of the bispentalene
complexes and their dimethyl derivatives are temper-
ature dependent. The spectra of 3a measured at -80
°C are consistent with its having D2 symmetry. In
general, the NMR spectra of these complexes indicate
that the torsional angle between the pentalene ligands
is neither 0 nor 90°, but somewhere in between. At
higher temperature a libration of the pentalene ligands
occurs (see ref 2b). The barrier of this process is higher
for the titanium complexes than for the corresponding
zirconium and hafnium compounds.2d
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DFT ab initio calculations on 3a suggest D2d sym-
metry.6 To obtain the energies of the highest occupied
molecular orbitals, we have carried out quantum chemi-
cal calculations on 3a-c, using the RHF method and
the LANL2DZ basis set7 including pseudopotentials,
and relativistic corrections8 were applied. The calcula-
tions were carried out with the Gaussian 94 program.9
Especially for late transition metal complexes the RHF
method could have difficulties due to insufficient inclu-
sion of electron correlation. However, calculations on the
structurally related compounds CpMCl(η8-C8H6) with M
) Ti (2a) and M ) Zr (2b) reproduced the geometrical
parameters obtained by X-ray investigations2b with high
accuracy.10 The minimization of all geometrical param-
eters of 3a-c as well as the free pentalene ligands
yielded the relative energies of Table 1.

For 3b and 3c the calculations predict D2 symmetry
of the mononuclear complexes. The torsional angles θ
between the C1-C5 and C9-C13 bonds were calculated
to be 51° (3b) and 50° (3c). In the case of 3a our
calculations predict that the global minimum has C1
symmetry. The torsional angle θ was calculated to be
56°. The C1 minimum is only 2.2 kcal/mol lower than
the energy predicted for the structurally related con-
formation having D2 symmetry. The most important
distances and angles calculated for 3a-c are sum-
marized in Table 2. The calculated bond lengths in the
pentalene skeleton of 3a-c differ only slightly. The
variation is largest in 3a (1.39-1.45 Å) and smallest in
3b and 3c (1.40-1.45 Å). In all three cases the pental-
ene ligands deviate from planarity. The angle D1-D3-
D2 (see formulas) is calculated to be 152° for 3b and
151° for 3c. In the case of 3a one pentalene ligand is
found to be bent by 157°, the other by 149°. Due to this
bending the overlap between the metal and ligand
orbitals is enhanced.

In view of our spectroscopic investigations discussed
below, the sequence of the six highest occupied molec-
ular orbitals as a function of the torsional angle θ was
of some interest. As an example we show in Figure 1 a
correlation diagram of the six highest occupied MOs of

3a as a function of θ. It should be noted that the
correlation diagrams for 3b and 3c look very similar.
From Figure 1 it follows that the highest occupied MO
(HOMO) shows a minimum at θ ) 50° (D2 point group),
whereas 5b3g shows a maximum at the same value of
θ. In contrast to these two MOs, the 11 b3u orbital is
stabilized when going from point group D2h to D2d. The
remaining three D2h MOs (11ag, 7b1u, 6b2g) correlate
smoothly with their D2d counterparts, 11a1 and 14e. As
a result of the changes just described, for point group
D2 two groups of equally spaced MOs result which are
separated by quite a substantial gap between the third
and the fourth MO shown in Figure 1.

To elaborate the reasons for the change in energy of
the 5au, 11b3u, and 5b3g MOs as a function of θ, we
consider the corresponding wave functions. To support
our qualitative arguments, we usesin addition to sym-
metry criteriasthe results of a Mulliken population
analysis for 3a in the point groups D2h, D2, and D2d. The
metal character of the wave function is given in Table
3 (see below). In Figure 2 we have shown the four linear
combinations which result from the ligand orbitals π5
and π4. The HOMO can be described as the antibonding
linear combination of the π5-pentalene orbitals. For
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Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian
94; Gaussian, Inc.: Pittsburgh, PA, 1995.

(10) RHF/6-311G* calculations for 2a compared to geometrical
parameters obtained by X-ray investigations2b yielded deviations in
Ti-C bond lengths between 0.05 and 0.00 Å, deviations of C-C-C
angles between 0° and 2°, and a deviation of the dihedral angle
describing the ligand folding of 2°. RHF calculations for 2b with the
basis set [622211/4221/4111] for Zr and 6-311G* for C and H yielded
deviations in Zr-C bond length between 0.06-0.02 Å and deviations
of C-C-C angles between 0° and 2°.

Table 1. Relative Energies for M ) Ti, Zr, Hf
(3a-c)a

M D2h D2 D2d C1

Ti 39.9 2.2 15.3 0.0
Zr 28.5 0.0 8.0
Hf 28.3 0.0 7.6

a All values in kcal/mol.

Table 2. Most Relevant Distances and Angles
Calculated for 3a-ca

3a (C1) 3b (D2) 3c (D2)

M-C1 2.15 2.34 2.32
M-C5 2.19 2.34 2.32
M-C2 2.35 2.56 2.59
M-C4 2.41 2.60 2.52
M-C6 2.55 2.56 2.59
M-C3 2.54 2.75 2.73
M-C7 2.68 2.75 2.73
M-C8 2.35 2.60 2.52
C1-C2 1.45 1.44 1.45
C1-C8 1.44 1.45 1.45
C3-C4 1.42 1.41 1.44
C6-C7 1.39 1.43 1.40
C1-C5 1.45 1.45 1.44
D1-M-D2b 55.97 51.37 52.01
θc 55.56 50.60 49.29
D1-D3-D2b 149.46 152.28 151.11
D3-M-D3′b 166.79 180.00 180.00

a The distances are given in Å, the angles in deg. The results
were derived with the LANL2DZ basis. b For the definition see
formula. c C1 C5 C9 C13 (see also Figure 1).

Figure 1. Correlation diagram of the six highest occupied
molecular orbitals of 3a as a function of the torsional angle
θ. The energies were derived with the LANL2DZ basis.
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reasons of symmetry none of the metal orbitals can
interact with the HOMO for either D2h or D2d symmetry.
By reducing the symmetry to D2, however, a mixing
with metal 3dxy AOs in a bonding fashion is possible. A
Mulliken population analysis yields 5% metal character
for 16b2 (in D2) and 14% in the C1 symmetry case. As a
result, there is considerable stabilization. In the point
group D2d the HOMO transforms according to A2 and
thus again a linear combination with a metal-centered
atomic orbital is prevented by symmetry. The HOMO-1
(11b3u in D2h) can be described as the antibonding linear
combination of the π4-pentalene orbitals (Figure 2). For
reasons of symmetry 11b3u can interact with 4px;
however, this interaction is small due to the large
energy difference between both basis orbitals. Thus a
Mulliken population analysis yields an admixture of
only 2.5% of the metal. By lowering the symmetry to
D2, an interaction with 3dyz is possible. This leads to a
stronger mixture of ligand and metal orbitals (9% metal
character D2, 15% C1), and accordingly a further stabi-
lization below orbital 16a results. In point group D2d

the 3dx2-y2 and the 3dxy can interact with the π4-π4′
linear combination (11b2). The (π5 + π5′) linear combi-
nation of the pentalene MOs transforms according to
5b3g in point group D2h. This allows a strong bonding
interaction with the 3dyz orbital of the metal (18% metal
character). By reducing the symmetry the metal-ligand
interaction is reduced and corresponds to a minimum
at D2 (13%) and 14% C1. A further rotation of the two
ligands leads to point group D2d in which now the ligand
MO transforms according to 5b1 and interacts with the
3dxy metal orbital. This interaction (14%) is weaker than
in D2h but still stronger than in D2 for overlap reasons.
The fourth orbital from the top can be described as a
linear combination of the 11ag ligand orbital (π4 + π4′)
with the 3dx2-y2 orbital (13%) of the metal center. By
changing the symmetry to either D2 or D2d the metal
participation is only slightly reduced (12%, D2; 15% C1,
12% D2d), and thus a slight destabilization results. The
other two MOs, 7b1u and 6b2g, correlate with 14e. Both
show a moderate metal character of 5-11% during the
process of rotation of the ligands, therefore leading to
only minor differences. The correlation diagram in
Figure 1 suggests that the dication of 3a should prefer
D2d structure. This prediction is in line with the results
of DFT calculations on 3a.6

Photoelectron Spectroscopic Investigations. In
those cases where the validity of the Koopmans’ pic-
ture11 can be assumed and where orbital energies are
dependent on conformational changes, PE spectroscopy
has been used as a tool to elucidate the conformation of
molecules in the gas phase.12 Therefore we measured
the He(I) PE spectra of 3a-c. In addition also the He(II)
PE spectra were recorded (Figure 3). To assign the PE
bands to ionization events, we rely on MO calculations
and we compare the band intensities of the He(I) PE
spectra with those of the He(II) spectra, making use of
the observation that the PE cross sections of metal d
orbitals and ligand MOs differ significantly.13 Bands
associated with ionizations from MOs of strong d
character are considerably enhanced in the He(II)
spectra relative to those bands that originate from
ligand orbitals. This is usually observed for “late”
transition metal derivatives, such as in the case of the
metallocenes of Cr, Mn, Fe, Co, and Ni,14 whereas in
the biscyclopentadienylmetal derivatives of group IVb
the intensity differences for bands originating from the
metal and the Cp ligand are rather small.15

The spectra are displayed in Figure 3 and the vertical
ionization energies, Iv,j, are collected in Table 3. In all
three He(I) spectra we recognize between 6.6 and 10 eV
six bands. In the He(II) spectra the bands at higher
energy (4-6) overlap stronger due to the lower resolu-
tion (ca. 180-200 cps) compared to the He(I) spectra

(11) Koopmans, T. Physica 1934, 1, 104-113.
(12) Klessinger, M.; Rademacher, P. Angew. Chem. 1979, 91, 885-

896; Angew. Chem., Int. Ed. Engl. 1979, 18, 826-837. Brown, R. R.;
Jorgensen, F. S. Electron Spectroscopy: Theory, Techniques, and
Applications; Brundle, C. R., Baker, A. D., Eds.; Academic Press:
London, 1984.

(13) Connor, J. A.; Derrick, L. M. R.; Hall, M. B.; Hillier, I. H.; Guest,
M. F.; Higginson, B. L.; Lloyd, D. R. Mol. Phys. 1974, 28, 1193-1205.

(14) Cauletti, C.; Green, J. C.; Kelly, M. R.; Powell, P.; van Tilborg,
J.; Robbins, J.; Smart, J. J. Electron Spectrosc. Relat. Phenom. 1980,
19, 327-353. Cooper, G.; Green, J. L.; Payne, M. P. Mol. Phys. 1988,
63, 1031-1051.

(15) Cauletti, C.; Clark, J. P.; Green, J. C.; Jackson, S. E.; Fragala,
I. L.; Ciliberto, E.; Coleman, A. W. J. Electron Spectrosc. Relat. Phenom.
1980, 18, 61-73.

Table 3. Listing of the Vertical Ionization
Energies, Iv,j, Calculated Ionization Energies

(∆MP2), and Relative Band Intensities from He(I)
and He(II) PE Spectra of 3a-ca

compound band Iv,j assignmenta ∆MP2b
relative

He(I)
intensities

He(II)

3a 1 6.7 16b2 6.60 1.0 1.0
2 7.3 16a 7.83 1.0 1.0
3 7.8 15b2 8.04 1.0 1.0
4 8.8 15a 8.87 0.8 0.9
5 9.4 14b1 d 0.7 0.9e

6 9.6 14b3 9.65 0.7 0.9e

3b 1 6.7 16b2 6.62 0.9 0.9
2 7.4 16a 7.39 1.0 1.0
3 7.9 15b2 7.61 1.0 1.0
4 8.9 15a 8.65 0.9 0.7e

5 9.3 14b1 9.18 0.8 0.6e

6 9.8 14b3 9.75 0.8 0.6e

3c 1 6.6 16b2 6.66 0.9 0.9
2 7.3 16a 7.15 1.0 1.0
3 7.9 15b2 7.72 1.0 1.0
4 9.0 15a 8.83 0.8 0.8e

5 9.3 14b1 9.44 0.7 0.9e

6 9.8 14b3 9.85 0.7 0.9e

a The ionization energies and orbital energies are given in eV.
b The assignment of the bands to MOs is based on the assumption
of D2-symmetry for all three molecules. The numbering refers to
the results of the HF calculations. c The results of the ∆MP2
calculations are based on the geometries of lowest energy. d No
convergence could be achieved. e Average value.

Figure 2. Schematic drawing of linear combinations
arising from the ligand orbitals π4 and π5 assuming point
group D2h.
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(400 cps). We assign each of the six bands to a single
ionization event due to the observation that the areas
below the bands are very similar (see Table 3). A
comparison between the intensities of the He(I) and
He(II) spectra (columns 6 and 7 of Table 3) show slight
variations of the intensity ratios between the first six
peaks. This indicates very similar d character for the
highest six MOs. In the last column of Table 4 the metal
d character is listed. In the case of 3b, the ionization
events from the three highest occupied orbitals (corre-
sponding to bands 1-3) increase by ca. 30% when
comparing the He(II) spectrum with the He(I) spectrum
relative to bands 4-6. This correlates well with the
metal d character of the respective orbitals. The sum of
the metal d character for the orbitals 1-3 is 26.7 and
20.1 for orbitals 4-6. This yields a ratio of 0.57:0.43 or
1.33:1.00. For 3b and 3c the calculations predict a low
d character for the HOMO (ca. 4-5%). This, however,
is restricted to D2 symmetry only and not to C1. In the
latter case values similar to 3a are obtained due to a

strong mixing of metal and ligand orbitals. This result
is in line with detailed calculations of Koopmans’ defects
for ionization processes of complexes of transition ele-
ments of groups IIIb-Vb.16

Our assignment of the PE bands to individual ioniza-
tions is based on the assumption that the Koopmans’
picture16 is valid. Effects of electron correlation and
relaxation of orbitals can spoil the validity of Koopmans’
theorem. To probe this, we have calculated the energy
difference between the various ionic states and the
ground state of 3a-c using Møller-Plesset second-order
perturbation theory (∆MP2)17 and the Hartree-Fock
wave functions as reference functions. A comparison
between the recorded ionization energies and the ∆MP2
values is very good. A comparison with the calculated
orbital energies (Table 4) and the ∆MP2 energies (Table

(16) Böhm, M. C. Inorg. Chem. Acta 1982, 62, 171-182; J. Chem.
Phys. 1983, 78, 7044-7064.

(17) Møller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618-622.

Figure 3. He(I) (right) and He(II) (left) photoelectron spectra of 3a (top), 3b (center), and 3c.
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3) confirms the validity of the Koopmans’ picture since
the order of the orbitals is the same.

As pointed out in the previous paragraph we expect
for 3a-c a symmetry close to D2. For such a case two
groups of bands (1-3 and 4-6) should be separated by
a larger gap (see Figure 1). This is indeed the case.
Bands 1-3 are separated by 0.5-0.7 eV, bands 4-6 by
0.2-0.6 eV, whereas both groups are separated by 1.0-
1.1 eV.

Conclusion

The combination of high-level ab initio calculations
and PE spectroscopy has allowed us to assign the orbital

sequences of the homoleptic parent pentalene complexes
3a-c. Furthermore, the studies have shown that the
conformation of the ligands in the gas phase is at least
reasonably close to D2. The main driving force for this
conformation can be traced back to electronic effects.
The weakly antibonding character of the HOMO in D2h

and D2d symmetry is turned into a bonding one when
the symmetry is reduced. This effect is enforced by a
mixing between antibonding ligand orbitals of 11b3u and
metal orbitals.

Experimental Section

The preparation of 3a-c has been reported in the literature.2b

The photoelectron spectra were recorded with a PS18 spec-
trometer (Perkin-Elmer) at 175 °C (3a) and 160 °C (3b,c). The
spectrometer was equipped with a Helectros lamp capable of
giving both He(I) and He(II) radiation. Where a clear separa-
tion of bands was found, relative intensities were estimated
by dividing the band areas. The spectra were recorded at least
twice for each complex. The count rates for He(I) were 400
cps, for He(II) 180-200 cps. The spectra were calibrated with
Ar and Xe. A resolution of 20 meV was obtained for the 2P3/2

line of Ar.
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Table 4. Calculated Orbital Energies, Ej,
Composition Wave Functions, and Metal

Character (%) of the Wave Functionsa

compound -εj
b symmetry

wave
functions

metal
char. (%)c

3a 6.62 62a π5
-/yz 13.5

(C1) 7.75 61a π5
+/z2 14.0

7.91 60a π4
-/yz 14.7

6.69 59a π4
+/x2-y2 15.1

10.46 58a π3
+/xz 15.8

10.59 57a π3
-/yz 16.0

3b 6.71 16b2 π5
-/yz 4.2

(D2) 7.61 16a π5
+/z2 12.5

8.03 15b2 π4
-/yz 10.0

8.59 15a π4
+/x2-y2 12.1

10.30 14b1 π3
+/xz 8.2

10.85 14b2 π3
-/yz 9.8

3c 6.77 16b2 π5
-/yz 4.6

7.62 16a π5
+/z2 19.6

8.09 15b2 π4
-/yz 7.6

9.65 15a π4
+/x2-y2 7.4

10.44 14b1 π3
+/xz 10.9

10.89 14b2 π3
-/yz 10.9

a The orbital energies are given in eV. b The calculated values
correspond to the geometries of lowest energies for 3a-c. c The
metal contribution to the wave function results from a Mulliken
overlap population analysis.
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