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The effect of the halide ligand on the bonding of niobium in niobocene dichloride and niobc
diiodide was investigated. The electronic absorption spectra of the two compounds in the ra
d—d transitions were resolved into four bands corresponding to transitions dfeteetdon between
five frontier orbitals in a molecule of symmetry point groDg,. The energies of the frontier mole
cular orbitals were determined relatively to the energy of the orbitals in the spherically symr
ligand field formed by the appropriate halide ligands. The effect of the halide ligands on the spin-
interaction of the HOMO orbital is discussed qualitatively on the basis the ESR spectra.

Key words: Sandwich complexes; Metallocenes; Niobocene dihalides; Electronic structure; d—d Sy
ESR; EPR spectroscopy.

Bent metallocenes are a class of organometallic compounds which are studied fra
theoretical point of view as well as for their catalytic and potential cytostatic prope
The electronic structure of bent metallocenes has been the subject of a number
oretical and experimental studle$ A concept of the electronic structure of met:
locenes of the CIL , type (1 = 1-3) based on qualitative MO calculations has b
proposed by Lauher and HoffmanrSteward and Poriestudied UV-VIS spectra of
bent metallocenes of the X, type. On the basis of analysis of ESR spectra
frozen solutions, they proposed an electronic structure of the compounds. For t
gion of d—d transitions (transitions of the unpaired electron between five frontier
tals of the &, b;, b,, 28;, anda, symmetry) they suggested the order of the orbit
and, using Hickel MO LCAO calculations, they found the theoretical energies o
transitions. The authors, however, did not analyze the experimental spectra obtal

One of metallocenes, which are of theoretical as well as practical interest, |
cytostatically activéniobocene dichloride (NBC), which can serve as a suitable
model for studying the bonding at the central atom. The present paper describes
of electronic absorption and ESR spectra of niobocene dichloride and niobc
diiodide (NBI) to assess the effect of the halide ligands on the bonding relations
niobium atom.
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EXPERIMENTAL

Polycrystalline niobocene dichloride was a commercial product of Fluka, of purity better than
Polycrystalline niobocene diiodide was prepared from the dichloride by a published précedure

Electronic absorption spectra were measured in the region of 8 000-45 0boncen Hewlett—
Packard HP-8435 UV-VIS-NIR spectrometer. The samples were dissolved under dry argon in |
redistilled dichloromethane (dried with calcium chloride and 4A molecular sieve and subseq
redistilled under argon). An OPUS software (Bruker) was employed for computer processing
spectra.

EPR spectra were run on an ERS 221 instrument (ZWG Berlin) in the X-barsl GHz). Mag-
netically diluted niobocene dichloride was measured in the solid state at liquid nitrogen tempe
A sample for such measurements was prefargccrystallizing a mixture of niobocene dichlorid
and titanocene dichloride from a dichloromethane solution at a reduced pressure to get the col
tion of the former in the resulting polycrystalline sample 2% (w/w). The EPR spectrum of niobc
diiodide was measured in a frozen dichloromethane solution at a concentration of 0.075 fratl
liquid nitrogen temperature. A SimFonia v.1.2 (Bruker) software was used for ESR spectra s
tion.

RESULTS AND DISCUSSION

The experimental results were analyzed using the usual assumption that the com
belong to symmetry point group,, (ref.?) and that the orientation of molecules in tt
coordinate system is as shown in Fig. 1.

Electronic Spectra

The electronic spectra of thé@mplexes CfNbCl, and CgNbl, are shown in Figs 2 and 3
respectively. The spectra consist of two parts exhibiting different absorption inten:
The region with intensities not exceeding approximately 4’mw, 11 000-25 000 cmh
for niobocene dichloride and 9 000-17 500 tfor niobocene diiodide, corresponds
the d—d transitions. The intense absorptions at energies above 25H0ONBC and 17 000 crh
for NBI are due to ligand-to-metal charge transfer transitions (LMCT) which have
any major importance in the context of this work.

Fc. 1
Orientation of the metallocene molecule in the coordinate
system z
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In agreement with the assumption of five frontier orbitatke spectra in the d—
transition region can be resolved into four absorption bands, as shown in Figs 2
and Table I. On the basis of the theoretical reahs with regard to the orientation c
the molecule in the Cartesian coordinate system (Fig. 1), an assignment of the a
tion bands is suggested as given in Table I. The highest excitation energy band
biting the lowest integral intensity, is attributed to ##g - 2A, transition, which is
forbidden inC,, symmetry point group.

On the basis of the observed excitation enerfyigsind the centre-of-gravity consel
vation rule,Z;E; = 0, the relative energies of the frontier orbitals were estimated fol
two niobocene dihalides. The energies are given relatively to the energy of the ol
degenerate molecular orbitals in the isotropic ligand field of the halide ligands (Fi
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The term “isotropic ligand field” denotes a field which changes the energy of the
bium orbitals in contrast to that in the free ion, while not removing their degenere
The difference between the highest-energy d-orbifahd the lowest-energy d-orbi
tal 1a,, i.e. Ha,) — E(1a;) = AE,,, iS @ measure of the overall splitting in the liga
field. The AE,,, values for NBC and NBI are 23 490 and 16 440'cmespectively.
The fact that theAE,,, value is considerably lower for NBI than for NBC can |
explained in terms of a larger destabilization of taedtbital of the CpNb moiety by
two strongm-donor iodide ligands, in agreement with the positions of the iodide
chloride ligands in the spectrochemical series. Due to a larg@nor interaction of
the iodide ligands, theal MO, which has a larger antibonding character, is more d
calized with respect to the iodide ligands in the diiodide complex compared wit
same orbital in CMNbCI,. This delocalization tendency correlates well with the ¢
served mean values of the hyperfine interaction con&kdnfThis value is higher for

TasLE |
Parameters of the d—d bands of,BpX,

Electron transition

AE,, e wi2, enr*? Band shape (orbital excitation)
Cp,NbCl,
13 860 2 695 Gaussian A 2B,
(1a;-by)
17 060 7 060 Gaussian A, 2B,
(1a; - by)
21310 4492 Gaussian n - 2A
(1a; - 2ay)
23 490 642 Gaussian a2,
(1a;-ay)
Cp,Nbl,
10 718 2 061 Lorentzian A 2B,
(1a; - by)
13 104 2510 Gaussian A, 2B,
(1a; - by)
15 444 2 057 Gaussian n - 2A
(1a; - 2ay)
16 440 1336 Gaussian n 20,
(1a; - ay)

2 Excitation energy (band position in the spectrufand half-width.
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Cp,NbCl,, [ACE= 108.2 . 10*cnT?, suggesting a larger localization of theg HOMO at

the central atom in the
values in Table II).

dichloride complex (fA¢lvalues were calculated from tie

Electron Spin Resonance Spectra

The ESR spectra of the

two niobocene dihalides are shown in Figs 5 and 6 alon

the results of computational simulation. The difference between the observed and
lated spectra for niobocene diiodide is due to the measurement in a frozen so

TasLE Il
Parameters of EPR spectra of,NpX,
Direction
Parameters
X y z

Cp,NbCl,
g® 1.983 1.950 2.010
1Al . 10% en® (Inp = 972 107.0 162.0 55.5
A . 10% e P (I = 3/2f 6.5 2.0 4.8
AHpp . 1074 T¢ 4.2 45 3.0

Cp,Nbl,
g® 2.070 2.145 1.999
1Al . 10% en® (Inp = 972 69 125.0 66.1
AH,, . 10*T° 2.5 2.0 3.0

2 Diagonal component af-tensor;® absolute value of the diagonal componenfetensor of hyper-
fine splitting; ¢ band half-width in the derivative spectrufhnuclear spin values.
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FG. 4
Order of frontier orbital energies in niobocene @
chloride @) and diiodide i) relative to the corre-
sponding energies in the isotropic ligand field
1a the halide ligands. The MO orbital energies we
obtained by analysis of the electronic absorpti
spectra using the excitation energi&s; given in
Table |
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which had to be used due to lack of any suitable diamagnetic matrix. Interacti
components tensor in associates possibly formed in a frozen solution of NBI cé
crease the ESR spectral resolution. This, along with the unresolved superhyy
splitting, which probably occurs (interaction of thketectron with the nuclear spin o
the iodide ligands), can bring about an appreciable band half-width increase (Tal
and distortion of the ESR spectrum. Thdensor andA-tensor components of hypel
fine splitting obtained by computer simulation of the EPR spectra are given in Tat

From the order of the frontier orbitals (Table I, Fig. 4), the orientation ofjttemsor

components can be determined. For the spin-orbital interaction of the ground ai

cited states, we have

dY/dB, a.u.

FGc. 5
Experimental {) and simulated Q) ESR
spectra of niobocene dichloride in a tita-
nocene dichloride matrix (liquid nitrogen

temperature; microwave frequency 9.283
GHz)

dY/dB, a.u.

Fic. 6
Experimental {) and simulated Q) ESR
spectra of niobocene diiodide in a frozen
dichloromethane solution (liquid nitrogen
temperature; microwave frequency 9.282
GHz)
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w, fjwzo, @)

where; andy; are the wave functions of the ground and excited states, respect
and( is the angular momentum operator. If the HOMO orbital symmetrg,isthen,
for the C,, symmetry point group, the, orbital will be affected by the spin-orbita
interaction between the, or b, or b, orbitals during rotation around tlzeor y or x axis,
respectively. Sincég is inversely proportional to the energy difference between the gre
and excited statdsthen, taking into account the energy order of the frontier orbitals,
have |Ag, | > |Agy| > |Ag, | whereAg, = g; —0. (i =X, Y, Z, ge = 2.00232).

The absolute values of the difference betweenztbemponent of they-tensor for
the niobocene dihalides and the corresponding value for a free elegtro2.00232)
are different for the dichloride and diiodide but are very low in either case. Sinc
orbital magnetic moment of thezdrbital is zero in ta zdirectior?, the similarg, and
ge values implies that the molecular orbital of th& &ymmetry, at which theldn-
paired electron is localized, is mainly formed by the contribution of therlital.

The above conclusions are also borne out by the values of mixing coefficiemts
c5 as defined by Eq.2j, describing the participants of the dnd ¢z_ 2 orbitals in the
resulting molecular orbitalél:

Whomo = € |dzlH ¢, [de 20 @

Coefficientsc, andc, can be calculated by spectral parameter analysis using eqdat
derived on the basis of second-order perturbation theory. Our experimental data s
an appreciable dnature (about 93%) of the resulting HOMO for NBC. For NBI, t
contributions of the two atomic orbitals are changed (about 83 and 17% fancd
de2, respectively).

The difference between the two niobocene dihalides can be explained in terms
fact that the iodide ligands are bulkier than the chloride ligands, so that the I-
bond angle can be expected to be larger than the CI-Nb-CIl angle, bringing al
certain increase in the contribution of the @dcomponent to thed, orbital.

The fact that the signs of the maximum difference betweeggtbemponent of the
g-tensor and the, value are different for the two niobocene dihalides (Table I) s
gests a change in the sign of the spin-orbital interaction of the HOMO orbital witl
nearest localized MO (réj. For niobocene dichloride, this difference is negati
which can be explained by the spin-orbital interaéiminthe HOMO orbital &, with
the higher-lying unoccupied orbital, whereas for niobocene diiodide, the differen
has an appreciable positive valig, = 2.1450 — 2.0023 = 0.1427, which can be intt
preted in terms of the spin-orbital interaction of tlag drbital with the nearest lower:
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lying occupied molecular orbital Due to the higher principal quantum number
iodine and its lower electronegativity compared with chlorine, the energy of the s
po and pt orbitals of the iodide ligands will be raised to the energy level of th&)C|
orbitals of the cyclopentadiene ligands or even above it. Thus it can be inferrec
compared with niobocene dichloride, the energy diference between the molecular
1a, and the nearest lower-lying occupied molecular orbital, which mainly consis
the atomic orbitals of the halide ligands (presumably one of the three molecular ot
b,, a,, b,, with energies approaching each other cld3elyill be lower in niobocene
diiodide. The observed effect of the halide ligands on the energy of the valence «
set correlates with the energy trend inferred from the photoelectron spectra of
chemically related compounds and with the qualitative MO schemes of metallc
dihalides suggested on the basis of the sp€ctra

Stewart and Portestimated energies of the one-electron d-d transitions of bent metallo
of the CpMX, type (M = V or Nb, X = Cl, SCN, or CN) by MO calculations. The
conclusions are in a good agreement with our experimental data.

This work was supported by the Grant Agency of the Czech Republic, grants No. 203/97/05
No. 203/96/0876.
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