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The reaction of [Ni(COD),] with [Cp*,NbTe,H] (1; Cp* =n-
CsMe;) in the presence of Ph,PCH,PPh, (dppm) in boiling
toluene gives black-violet [(Cp*,Nb),NiTe,] (3). If
[Cp'2NbTe,H] (2; Cp’ = tBuCsH,) is used under similar condi-
tions dark-brown [(Cp'Nb),NisTe;(dppm),] (4) is formed. The
structures of 3 and 4 have been determined crystallographi-
cally. Complex 3 contains a severely distorted NiTe, tetrahe-
dron to which two niobocene groups are coordinated. Den-
sity functional analysis of the electronic structure of the NiTe,
building block shows that it is best described as an [Ni(n?2-
Te,),]* fragment. The structure of 4 reveals the presence of
two Nis and Tes tetragonal pyramids stacked into each other
in an opposite way. Six of the Te bridges form two triangular
faces, each of which is capped by a Cp’Nb fragment. Ad-
ditionally, two dppm ligands bridge the long Ni-Ni edges of

the Niy bases. Oxidation of 3 with [(CsHs),Fe|BPh, gives
paramagnetic [(Cp*,Nb),NiTe,|BPh, (6), whereas oxidation
with [(CsHs),Fe]PFg¢ proceeds with fluoride transfer to give
[Cp*2NDbF,]PFg (5). Electrochemical studies of 3 reveal the
existence of the redox couples [3]%*/[3]*/[3]°/[3]/[3]*. Den-
sity functional calculations carried out on the different oxi-
dation states of 3 reveal the following main features: the per-
sistent presence of Nb-Ni bonds and the retention of Te-Te
bonds in cationic and neutral species and their breaking off
in reduced forms. Irrespective of the initial site of electro-
chemical attack, the Te atoms and Cp rings are principally
affected in the final products.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The idea of employing tetrachalcogeno metallate anions
[MX,]* as ligands for the synthesis of heterodimetallic
chalcogenido clusters was first elaborated by Miiller et al.
with M =V, Mo, and W and X = S and Se.!'! Such com-
pounds are of interest as building blocks in extended struc-
tures that possess nonlinear optical properties.’! Little is
known about telluro metallates with coordination number
four, however.®l Whereas bis(niobocene)tetrathio and
-seleno metallates of formula [(Cp*,Nb),MX,;] (M = Cr,
Mo, Fe, Co; X = S, Se) are easily formed in the reaction
between [Cp*,NbE,H] derivatives and the corresponding
metal carbonyls,*3 [{(Cp’,Nb),WTe,} W(CO),] has been
synthesised only recently from W(CO)4 and [Cp’,NbTe,H]
(2; Cp' = tBuCsHy). This complex contains the hitherto
unknown [WTe,> moiety.!) The versatile abilities of
[Cp*,NbTe,H] (1) and 2 to serve as tellurium transfer rea-
gents towards transition metal carbonyls has already been
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reviewed.ll In this work, we report on the reactions of 1
and 2 with [Ni(COD),] in the presence of Ph,PCH,PPh,
(dppm). The structures and properties of the mixed early-
late transition metal telluride clusters obtained are investi-
gated and the electronic structure of the hitherto elusive
NiTe, structural moiety is investigated in a theoretical
study.

Results and Discussion
Syntheses, Properties and Structural Characterisation

Addition of 1 to a yellow solution of [Ni(COD),] and
half an equivalent of dppm in toluene at room temperature
results in an immediate darkening. Attempts to isolate a
well-defined product from this solution failed. After re-
fluxing the solution for 18 h black-violet [(Cp*,Nb),NiTe,]
(3) was isolated in 20% yield after chromatographic work-
up. The analogous reaction of 2 with [Ni(COD),]/dppm in
boiling toluene gave brown crystals of [(Cp'Nb),NisTe;-
(dppm),] (4) after filtration and cooling to —24 °C in a total
yield of 11%.

The field desorption (FD) mass spectrum of 3 exhibits
the parent ion along with another peak at m/z 619 (intensity
ratio 3:10), which may be attributed to the [Cp*,NbTe,]
fragment. The composition of compound 3 is in agreement
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with the elemental analysis. The 'H NMR spectrum of 3
shows a singlet at 6 = 1.89 ppm (C4¢Dg) for the CsMes rings.
Complex 4 was characterised by means of elemental analy-
sis, FD-MS, and X-ray crystallography. The FD mass spec-
trum shows the molecular peak of 4 after focussing the scan
range at 2380 %= 50 amu. This was necessary to avoid de-
composition during routine registration and to increase the
sensitivity of the detector (Figure 1). No satisfactory NMR
spectra were obtained because of the low solubility of the
cluster.
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Figure 1. FD mass spectrum of 2 in CH,Cl, (scan range up to 3000
amu). The inset shows the experimental (left) and simulated (right)
spectra for a scan range of M * 50 amu.

Oxidation of 3 with excess [(CsHs),Fe]PFg4 in thf gave
yellow [Cp*,NbF,]PF (5) [Equation (1), path a] according
to the FD mass spectrum and elemental analysis. The
closely related salt [(CsMe4Et),NbF,]PF¢ has been pre-
pared previously from [(CsMe4Et),NbCl,] by reduction
with Na/Hg and subsequent reaction with HPF¢.[®! Similar
fluoride-transfer reactions from hexafluorophosphate anion
to reactive niobocene derivatives are known. 5]

[Fc]PFg
= [Cp*;NbF;]"
a){  -Fe
[(Cp*;Nb);NiTey]—|
)\ [Fc]BPh,
3 L [(Cp* Nb)NiTe,)"
Fc= [CjHj}ZFE (1)

Reaction of 3 with [(CsHs),Fe]BPhy, which contains the
large and non-coordinating tetraphenylborate anion, was
therefore attempted. Black-green [(Cp*,Nb),NiTe,]BPh, (6)
was formed in 37% yield in thf at room temperature [Equa-
tion (1), path b]. The composition was determined by ele-
mental analysis and ESI-MS. The '"H NMR spectrum exhi-
bits a broad singlet at & = 11.15 ppm, which is in agreement
with the expected paramagnetic nature of the new com-
pound. Three multiplets at 6 = 7.31, 7.03, and 6.88 ppm
may be assigned to the tetraphenylborate anion. Attempts
to measure an ESR signal were not successful due to a de-
localisation of the unpaired electron over the trimetallic
core including the telluride bridges (see below). Unfortu-
nately, single crystals of 6 could not be obtained either.

In another experiment we tried to methylate the Te brid-
ges of 3 with Mel, but [Cp*,NDbI,] was obtained as the only
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product. This means that the lone pairs of the Te bridges
are less accessible for methyl electrophilic attack than those
in the dinuclear complex [Cp’4Nb,(p-Te),], which gives
[Cp’4Nby(u-CH;Te),]** upon methylation.['%!

Structure of [ Cp*;Nb,NiTe,] (3)

Compound 3 crystallises as monoclinic black rods. Its
molecular structure contains a distorted NiTe, tetrahedron
to which two mutually perpendicular niobocene units are
coordinated (Figure 2). Thus, complex 3 is one of the ex-
tremely rare coordination compounds incorporating an
MTe, structural unit and is the first tetratelluronickelate de-
rivative. Another example of a tetratelluro metallate com-
plex is [(Cp’>Nb),WTeys W(CO)4,1 in which a central
WTe, tetrahedron is surrounded by two niobocene frag-
ments. Interestingly, tetrathionickelates like [Ni(MoS,),]i'!
and [Ni(WS,),]l!! prefer a square-planar arrangement of the
sulfur ligands around Ni*".

Figure 2. Structure of [(Cp*,Nb),NiTe,] (3). Selected bond lengths
[A] and angles [°]: Ni-Te 2.470(1)-2.481(1), Nb-Te 2.757(1)-
2.766(1), Tel-Te3 3.122(1), Te2-Te4 3.201(1), Ni--Nbl 3.100(4),
Ni-Nb2 3.147(4), Tel-Te2 4.212(1), Te3--Ted 4.169(1); Tel-Nbl-
Te2 99.2(1), Tel-Ni-Te2 116.4(1), Tel-Ni-Te3 78.2(1), Te2-Ni—
Te4 80.5(1), Tel-Ni-Te4 138.2(1), NbI-Ni-Nb2 178.6(1).

The core of the molecule is characterised by a nearly lin-
ear Nb-Ni-Nb arrangement. The Ni-Te distances range
from 2.467(1) to 2.481(1) A and the Nb-Te distances are
between 2.757(1) and 2.774(1) A (see Table S1 in the Sup-
porting Information). The Te-Te distances around Ni merit
a more detailed discussion. Taking into account that two
NbTe,Ni rings are linked together by nickel one may distin-
guish sets of two short and four long Te-Te distances. The
latter range between 4.190 and 4.632 A and are typical of
nonbonding intra- and interannular interactions. However,
it is striking that the short distances (mean: 3.161 A) are
found between (interannular) Tel and Te3 and Te2 and Te4
of two different rings.

The geometrical parameters found in both Cp’,NbTe,
moieties of 3 differ considerably from those observed in
[Cp’2Nb(Te,)H-Cr(CO)s]).l'Y The Te-Nb-Te angle in this
compound is contracted to 55.4(1)° and the distance of
2.695(1) A corresponds well to those reported for side-on
terminal m>-Te, ligands in mononuclear complexes for
which a Te-Te bond order of between 1 and 2 has been
suggested.[!?]

www.eurjic.org 995



FULL PAPER

J. Wachter et al.

The Te-Te distances considered as bonding interactions
in a series of complexes comprising the NiTe,Ni unit vary
from 2.802(1) A in [{(triphos)Ni},(u-Te),]'3 to 3.052(5) A
in [{(CsHiPry)Ni}>(u-Te),]'¥ and even up to 3.28 A in
[{CpNi}s(us-Te), {Ni(PPh3)Cp},].l'31  Consequently, the
short interannular Te-Te distances observed close to
3.161 A in the structure of 3 may be considered as long
single Te-Te bonds. The question of coupling of two Te
atoms coming from two different fragments (interannular)
through Ni** will be discussed in the calculations section
below.

(CO),

P

Ie  Te
Cp,Nb. W NbCp',
Y 1€

Structure of [ (Cp' Nb),NisTe,(dppm),] (4)

Compound 4 crystallises directly from the filtered reac-
tion mixture as dark prisms. The molecular structure con-
tains a tetragonal pyramid of five nickel atoms at its centre,
the basal plane of which is formed by two short (av.
2.637 A) and two long (av. 3.540 A) Ni-Ni linkages (Fig-
ure 3, Table 1). Six edges of the nickel pyramid are bridged
by Te ligands such that they form two triangular faces that
serve as tridentate chelate ligands for the coordination of
both niobium centres (Figure 4). Another tellurium ligand
(Tel) bridges the nickel base in a py-fashion and thus serves
as the top of a tetragonal Tes pyramid which is inverted
with respect to the Nis pyramid. The molecule is completed
by two dppm ligands that bridge the long Ni—Ni edges of
the rectangular nickel base. The axial phenyl rings of these
ligands are arranged in two parallel pairs. The loss of one
of the tBuCsH, ligands from the niobocene unit in this re-
action is not new as it has been observed previously during
the thermal conversion of [(Cp’,NbS,),(i-Ss)] into
[Cp'3Nb3S;,].[16]

Figure 3. Structure of [(Cp'Nb),NisTe;(dppm),] (4).

The combination of niobium and nickel atoms together
in a polymetallic architecture such as that in 4 is, to the best
of our knowledge, unique. The structural motif of
the tetragonal d'-metal pyramid is extremely rare; it has
996
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Table 1. Selected bond lengths [A] and angles [°] for [(Cp'Nb),-
NisTe7'2C7H8] (4)

Nil-Te2 2.563(6) Ni5-Tel 2.482(5)
Nil-Te3 2.700(6) Ni5-Te6 2.551(5)
Nil-Te5 2.551(6) Ni5-Te7 2.436(5)
Nil-Te6 2.634(6) Ni5-P4 2.252(10)
Ni2-Ni3 2.631(7) Nb1-Te2 2.640(4)
Ni2-Nbl 2.832(6) Nbl-Te3 2.686(4)
Ni2-Te2 2.529(5) Nbl-Ted 2.699(4)
Ni2 Tel 2.549(5) Nb2-Te5 2.629(4)
Ni2-Ted 2.570(5) Nb2-Te6 2.722(4)
Ni2-Pl 2.120(10) Nb2-Te7 2.676(5)
Ni3-Nbl 2.793(6) Nil-Ni2 2.948(6)
Ni3-Tel 2.457(5) Nil-Ni3 3.000(6)
Ni3-Ted 2.469(5) Nil-Ni4 2.988(6)
Ni3-Te3 2.527(5) Nil-Ni5 2.937(6)
Ni3-P3 2.224(10) Ni2-Ni4 3.530(6)
Ni4-Ni5 2.644(7) Ni3++Ni5 3.530(6)
Ni4-Nb2 2.820(5) Nil-Tel 3.184
Ni4Tel 2.559(5) Te2-Te3 4.019
Ni4-Te5 2.487(5) Te2-TeS 3213
Ni4-Te7 2.519(5) Te3Te6 3.228
Ni4-P2 2.079(10) Te5Te6 4.027
Ni5-Nb2 2.806(6)

Ni2 Tel Ni3  63.4(2) Nbl-Te3-Nil 76.2(2)
Ni2 Tel-Ni4  87.4(2) Nil-Te3-Ni3  70.0(2)
Ni2-Tel Ni5  121.6(2) Nbl-Ted Ni2 65.0(2)
Nbl-Te2-Nil  79.4(2) Ni2 Ted Ni3  62.9(2)
Nbl-Te2- Ni2  66.4(2) Nb2-Te5-Nil 78.6(2)
Nb2-Te5-Nid  66.8(2) Te2-Nil-Te5 77.8(2)
Nb2 Te6 Nil  75.5(2) Te2 Nil-Te6 158.1(2)
Nb2 Te6 Ni5  64.2(2) Te2 Ni2 Pl 107.1(3)
Nb2-Te7-Nid  65.7(2) Ted4 Ni2-P1  113.2(3)
Te2 Nbl-Te3  97.9(2) NbI-Ni2 Pl  145.1(3)
Te2 Nbl-Ted  108.2(2) Te3-Ni3-P3  97.8(3)
Ni2 Nbl-Ni3  55.8(2) PI-CI-P2  126.7(10)
Te2 Nil-Te3  99.5(2) P3-C2P4  110.4(7)

Figure 4. The Nb,NisTe;(P,CH,), core of 4 with labelling scheme.

been realised previously only in [PdsSes(PPhs)s]l!”1 and
[NisS4(CH5CO,)(PPh)s]* (18

The cluster core of 4 contains three different ranges of
Ni—Ni distances around 2.64 (Ni2-Ni3, Ni4-Ni5), 2.80
(Nil-Ni2-5), and 3.53 (Ni2-Ni4, Ni3-Ni5)A. A wide
range of Ni-Ni distances (2.49-2.87 A) of more or less
bonding character has been described in the literature, for
example in Nijy, and Ni;; polyhedra.['”l Due to the small
covalent radius of nickel (1.15 A), no bonding interactions
are to be expected between Ni2-Ni4 and Ni3-Ni5. On the
other hand, the Ni-Nb distances (2.80 A mean) may be
short enough to exhibit a bonding character. Consequently,
considering six Ni—Ni and four Ni-Nb metal-metal con-
tacts, each metal centre formally fulfils the 18-electron rule,
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although a delocalised bonding situation may be envisaged.
Density functional calculations are planned in order to elu-
cidate the electronic structure within the cluster core.

Electrochemical Investigations

The trimetallic sulfido and selenido compounds
[(Cp*,Nb),MX,] are distinguished by a pronounced redox
activity.*>! Therefore, and in order to understand the chem-
ical oxidation of 3 by ferricinium salts (see above), we exam-
ined the electrochemical behaviour of 3 and 6 in thf solu-
tion by rotating disk electrode (RDE) voltammetry, cyclic
voltammetry and electrolysis.

The RDE voltammogram of 3 (thf/NBuyPF¢) exhibits
two oxidation waves E' (Ej, = -0.22V) and F' (E|, =
+0.420 V) and three reduction waves A, B, and C (-1.61,
—2.12 and -2.25V, respectively). The heights of waves E’,
F’, A and B are nearly equal, whereas wave C is twice as
high as B (Figure 5).

i (uA)

V (SCE)

f_JE‘
20 1 e

Figure 5. RDE voltammogram of 3 (thf/NBuyPF¢) at a carbon
electrode vs. SCE.

Three reversible systems A/A’, E/E’ and F/F' are ob-
served at room temperature by cyclic voltammetry (Fig-
ure 6). The current ratio i, /i, . for each system is equal to
unity (or very close to it) for sweep rates v between 20 and
200 mVs! and the peak current increases linearly with
v, The half-wave potential scan rate and the peak shape
are characterised by |E, , — E, | = 60 mV, in agreement with
a one-electron transfer controlled by diffusion.[?%-21]

Peak B is not reversible at room temperature and an oxi-
dation peak appears at —1.74 V during the anodic scan. At
0 °C a low reversibility (system B/B’) is observed and the
intensity of peak B’ increases with the scan rate. These re-
sults indicate that the species electrogenerated by one-
([3]") or two-electron oxidation ([3]**) and one-electron re-
duction ([3]) are stable, whereas the product obtained by
two-electron reduction ([3]%) is relatively unstable.

Electrolysis at —1.8 V (plateau of wave A) consumes more
than one electron equivalent. After reduction with two elec-
trons the RDE voltammogram of the resulting solution
shows the reduction waves A and B and the oxidation waves
A’, E’ and F' (Figure 7, b). After reduction with two and
a half electrons wave A decreases and oxidation wave A’
increases (Figure 7, c). It is interesting to note that waves
F’, A, A’ and B are nearly as high as the corresponding
initial waves, whereas wave E’ is higher. No ESR signal is
detected during the electrolysis. The solution shows a slow
evolution towards partial regeneration of 3 from [3]” upon
standing under argon. This means that wave A increases
while wave A’ decreases and the height of oxidation wave
E’ grows considerably (Figure 7, d). It is still unclear why
the formation of [3] consumes more than 1 F. It may well
be that this reduction concerns one of the Nb atoms, which
means that the anionic charge can be transferred by an in-
tramolecular process to a ligand atom (probably tellurium).
Consequently, subsequent oxidation at the potential of
wave E’ may give rise to an increase of the height of the
concerned oxidation wave.

When oxidative electrolysis is performed at —0.1 V (pla-
teau of wave E’) the current drops to zero after a quantity
of electricity of 0.2 F. The RDE voltammogram shows oxi-
dation wave F’ and reduction waves E, A and B (Figure 8).
Whereas these waves are in agreement with the formation
of the cation [3]*, two additional reduction waves E; and
A are observed at —0.86 and —1.86 V, respectively. A similar
result has been obtained in CH,Cl,/NBu,PF4 solution. Un-
der these conditions, 0.2 F was consumed and a 0.2-V shift
to more negative potentials is observed for all waves.
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Figure 6. Cyclic voltammogram of 3 (thf/NBuyPF): a) starting potential: —0.5 V; sweep

—1'V; sweep rate: 50 mVs.
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rate: 20 and 100 mVs™!; b) starting potential:
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Figure 7. RDE voltammogram of 3 (thf/NBuyPFy): a) before electrolysis; b) after two-electron reduction at —1.8 V; ¢) after consumption
of 2.5 F; d) evolution of the reduced solution at room temperature after 1 h.

(b)
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Figure 8. RDE voltammogram of 3 (thf/NBuyPFj): a) before electrolysis; b) after oxidation at —0.1 V and consumption of 0.2 F.

It is still unclear why the electrolysis of 3 at 0.1 V con-
sumes 0.2 F instead of the required amount of 1 F for the
formation of [(Cp*,Nb),NiTe,]*. However, if the oxidation
is carried out at +0.35 V (CH,Cl,/NBu,PF), 2 F are con-
sumed and the subsequent cyclic voltammograms exhibit
two new reversible systems E,/E,” and F,/F," at 0.28 and
—-0.45V, respectively. These systems may be assigned to the
redox couples [Cp*,NbF,]/[Cp*,NbF,]*/[Cp*,NbF,]*".
The first oxidation potential of [(CsMe4Et),NbF,] in
CH,Cl, has been determined to be E;, = —0.38 V.8I

The electrochemical behaviour of [(Cp*,Nb),NiTe,]BPhy
(6), which contains the cation [3]*, was also studied. RDE
voltammetry (CH,Cl,/NBuy4PF4) gave the expected oxi-
dation wave F’ at +0.28 V and the reduction wave E at
—-0.42 V. An additional reduction wave E; at —0.86 V is pres-
ent, as in the case of the electrogenerated cation [3]*. The

998 www.eurjic.org
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heights of waves F’' and E are nearly equal and are twice as
high as wave E; (see Figure S1 in the Supporting Infor-
mation). Two reversible systems F'/F and E/E’ are observed
in the cyclic voltammogram.

Density Functional Calculations

The X-ray structure analysis of 3 shows that, contrary to
the nearly tetrahedral WTe,>~ bridging fragment in
[{(Cp',Nb),WTe,} W(CO),], the NiTe, moiety is highly dis-
torted with short and long Te-Te distances. It is evident
that the nickel atom is unable to reach the formal oxidation
state +6 that is plausible for group 6 metals. In order to get
an insight into the electronic structure of 3 and of its cat-
ionic and anionic species we have carried out DFT calcula-

Eur. J. Inorg. Chem. 2007, 994-1003



The Quest for Tetratelluronickelate Clusters

FULL PAPER

tions with the Gaussian03 package by using the B3PW91/
3-21G (SDD for Nb and Te) functional/basis set couple.[*?!
The molecular geometries of all systems studied were op-
timised first and then frequency calculations were per-
formed to confirmation that the optimised geometries
correspond well to energy minima. Cp (CsHs) replaces Cp*
as a ligand in the models.

A preliminary analysis of the electronic properties of
[Cp.NbTe,]” and the hypothetical [NiTey]*>~ anionic frag-
ments derived from 3 will be useful for understanding the
nature of 3, and, in particular, why two pairs of Te atoms
from two different niobocene ditelluride fragments form
Te-Te bonds in the presence of Ni**.

Formally, complex 3 is built from Ni** and two chelating
[Cp*,NbTe,] anions. The electronic structures of bent
metallocenes are well known.[?3! We should recall, however,
the main features of [Cp,NbTe,] together with the shapes
of the frontier molecular orbitals depicted in Figure 9.
HOMO-5 to HOMO-3 are responsible for the 6 and © Nb—
Te bonds based on classical 1a;, b, and 2a; bent metallo-
cene molecular orbitals,?¥ respectively, while HOMO-2 to
HOMO are representative of Te lone pairs. Both LUMOs
contain a large contribution from Nb atomic orbitals. All
depicted orbitals may be involved in Te-Ni and Nb-Ni in-
teractions upon formation of the trimetallic complex 3. The
optimised Nb-Te (2.722 A), Te-Te (4.193 A, labelled in-
traannular in 3) and Te-Nb-Te (101.6°) parameters for
[CpoNbTe,] are close to the corresponding values found in
the crystal structure of 3.

As shown above, the central [NiTes> moiety in the
structure of 3 is severely distorted. In an attempt to clarify
this feature we looked at the behaviour of the hypothetical
[NiTe,]* anion in planar (Dy, and D-y), tetrahedral (T)
and distorted tetrahedral (D,q) symmetries in the singlet (s)
and triplet (tr) spin states. The Dy, initial geometry was
ruled out because no convergence could be reached upon
its optimisation. Remember that the [NiX;]" moiety (X =
chalcogen) is extremely electron rich and is not known in
classical mineral salts. Its stabilisation may occur with elec-
tron-withdrawing counterions like selected organometallic
buffers. A niobocene seems to be a good candidate, as
shown in this paper. Ni>* may exhibit its spin flexibility in
distorted polyhedra, which is why both the singlet and trip-
let states were calculated. The geometry optimisations led
to slightly Cs, distorted (singlet) and to severely distorted
C; (triplet) symmetries starting from tetrahedral 74, and to
approximately D,-symmetric structures starting from D,y
and D,q4 for both the singlet and triplet states. The total
energies of the four main species obtained from geometry
optimisations increase in the order D,(tr) (0) < C(tr) (0.71)
< D5(s) (1.98) < C3(s) (2.84 eV). The triplet paramagnetic
states are therefore more stable than the diamagnetic sing-
lets. Due to the lack of experimental (e.g. magnetic) data
for hypothetical [NiTey]> we did not look at the nature of
its singlet and triplet states and can therefore only state that
the metal (Ni) must be responsible for them. In fact, in both
the singlet and triplet D, optimised structures there are two
short Te-Te bonding distances [mean: 2.970 (singlet) and

Eur. J. Inorg. Chem. 2007, 994-1003

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

HOMO-5

HOMO-3 HOMO-2

HOMO-1 HOMO

HOMO-4

LUMO

LUMO+]

Figure 9. Shapes orbitals of the

[Cp,NbTe,] anion.

of significant molecular

2.987 A (triplet)] corresponding to the short interannular
ones in 3 and two sets of long separations (mean: 4.482/
5.138 A and 5.038/5.137 A for singlet and triplet, respec-
tively) that correspond to pairs of two long inter- and of
two intraannular Te-Te distances in 3. Thus, we can con-
clude that there are two ditelluride (Te,?") ligands bound to
the Ni?* centre in [NiTey]*".

Such an intrinsic property of the [NiTe,]>~ anion, which
is better described as bis(ditelluro)nickelate [Ni(Te,),]*, in
either the singlet or triplet spin state corroborates well the
crystal structure of 3. Selected molecular orbitals of
[Ni(Te,),]*>" (singlet) are shown in Figure 10. The HOMO-
11 and HOMO-3 are the Te-Te bonding orbitals, whereas
the HOMO-7 and HOMO-2 may be considered as the
non-bonding lone pairs of the Te atoms. Their shapes corre-
spond to the HOMO-2 and HOMO-1 of the [Cp,NbTe,]
anion (Figure 9).

What do we know about the covalency of the Te-Te in-
teraction in pertelluride (Te,?")? X-ray data suggest a range
of 2.67 to 3.05 A for Te-Te bonds in Te,2,[1214241 and co-
valent Te-Te bonds in the range of 2.74 to 2.93 A have been
reported from theoretical studies carried out on H,Te, and
Me,Te,.>271 We have calculated (B3WP91/SDD func-
tional/basis set used in this paper) the Te-Te bond lengths
for the singlet (2.946 A) and triplet (3.364 A) states of free
999
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HOMO-11 HOMO-7

HOMO-3

HOMO-2

Figure 10. Shapes of selected molecular orbitals of [Ni(Te,),]* .

ditelluride Te,?>". The triplet state consists of excitation of
one electron from a n* antibonding to the high energy o*
orbital of Te,?. The calculated Te-Te distance of 2.946 A
in the free diamagnetic molecule increases slightly to
2.970 A in the diamagnetic complex [Ni(Te,),]* (vide su-
pra) and up to 3.16 A in trimetallic 3 (X-ray). In such a
trimetallic environment of Te,> a lengthening and weaken-
ing of the Te-Te bond with retention of its covalent nature
is acceptable for 3. However, one may easily formulate a
doubt about its existence at the distances (as long as 3.36 A)
calculated for the triplet state of free Te,> and the [3]
anion (3.34 A; vide infra). We checked this last question in
the frame of Bader’s AIM theory®® for Te,?" singlet and
triplet states by using a full electron polarised 3-21G* basis
set (needed for topological analysis of the wave function)
coupled with the B3WP61 functional. The new optimised
Te-Te distances are 2.865 (singlet) and 3.400 A (triplet). Lo-
cal topological properties such as electron density (p, e A3),
laplacian (V2p, e A %), density of total energy H (H,, A3)
and derived “bond degree” —H/p (H,/e) at bond critical
points (BCP) are useful for our purpose. In a simplified
approach the covalent interaction needs accumulation of p
and a negative value of H at the BCP. The V?p may be
negative (pure covalent shared—shared interaction) or posi-
tive [partially covalent shared—closed interaction; the
closed—closed one (H positive) is of a van der Waals or ionic
nature]. All considerations of atom-atom interactions need
the detection of a BCP. This is the case for both the singlet
and triplet states of Te,?>". The numerical values of p, V2p,
H and —H/p at BCPs for the singlet/triplet are 0.37/0.17,
-0.02/+0.72, -0.105/-0.012 and 0.28/0.07, respectively.
These values also suggest a clearly covalent Te-Te bond in
the singlet as some of its covalent nature is retained at a
distance as long as 3.4 A.

The initial geometry obtained from the DFT calculations
on [3]% is that of the X-ray structure of 3. The optimisation
of [3]* leads to one imaginary frequency (excited transition
state) and will be only briefly mentioned below. The fact
that we were not able to optimise the geometry of the
ground state for [3]> agrees with the electrochemical evi-
dence for its relative instability. Some metric, charge and
1000
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energy data for the optimised structures of 3 in different
oxidation states are given in Table S2 (see Supporting Infor-
mation). On comparing the calculated and experimental
metric parameters one can clearly see that the NbTe,Ni
rings in [3]° are compressed along the Nb-Ni vector by
some 0.4 A and stretched by 0.35 A along the Te-Te inter-
annular vector with respect to 3 (X-ray). Thus, the direct
Nb-Ni bonding interaction is favoured in the isolated mole-
cule over the same molecule packed in the crystal. The
shape of the HOMO-4 of 3, which is clearly an Nb-Ni
bonding orbital, is shown in Figure 11. The differences of
other heavy atom distances between the calculated [3]° and
experimental 3 (X-ray) structures are close to 0.05 A for
mean values.

Figure 11. Shape of the HOMO-4 (Nb-Ni-Nb bonding) in the
neutral complex 3.

In the optimised [3]" (n = +2, +1, 0, —1) structures the
calculated Nb-Ni, Nb-Te, Ni-Te, Te-Te (intra) and long
Te—Te (inter) distances vary in an irregular manner, whereas
the short Te-Te (inter) (ditelluride Te,?") bonds increase
regularly on going from [3]** to [3]". A smooth increase is
also observed for cationic and neutral species (mean values
of 2.961, 3.040 and 3.105 A), while a spectacular lengthen-
ing of the Tel-Te3 distance up to 3.908 A is calculated for
the anion. Note that the second interannular (Te2-Te4)
bond in [3] is also elongated, but “only” to 3.328 A (Fig-
ure 12).

In all [3]" species the Nb atoms bear a high positive
charge, while the Ni atoms are negatively charged (except
in [3]*). However, the variations of these charges (like those
of metric parameters including Nb and Ni) do not correlate
with the overall charges. It is, however, worth noting that
the sums of metallic charges for all [3]* (n = +2, +1, 0, —1)
species cover a narrow range of 2.38 ([3]") to 2.08 A ([3]°).
On the other hand, the evolution of Mulliken charges on
four Te atoms and four Cp rings follows the overall charges
of [3]** to [3] species well. This is not surprising for the
rings because of their well-known buffer properties. In the
case of Te atoms, the observed trend strongly suggests that,
whatever the first site of redox processes, the Te atoms are
most affected in the final reduced or oxidised structure.
Such an overview of the main metric and charge properties
of [3]" species argues well for the presence of two ditelluride
Te,> ligands in complexes with n = +2, +1 and 0, where

Eur. J. Inorg. Chem. 2007, 994-1003
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Figure 12. Evolution of the Te-Te distances in differently charged 3: B Te2-Te4 interannular short; @ Tel-Te3 interannular short; A
mean of two interannular long (Tel-Te4 and Te2-Te4); 4 mean of all six Te-Te; X mean of two intraannular (Tel-Te2 and Te3-Te4).

the calculated Te-Te distances range between 2.894 and
3.186 A. The presence of one ditelluride (calculated
3.328 A) is also expected in the reduced [3]" anion from
both the tendencies observed in Figure 12 and from the
AIM calculations. It is worth noting that the shortest Te—
Te distances calculated for the transition state of doubly
reduced [3]* are 3.896 and 3.929 A, thus excluding any co-
valent Te-Te bonding interaction.

Electrochemical studies have revealed the presence of the
redox-couples [3]>*/[3]*, [3]*/[3] and [3]/[3]” with E,,, poten-
tials of +0.42, —0.22 and —1.61 V, respectively. These values
should correlate with the energies (total, HOMO, LUMO)
of the implied species. Taking the total energy of neutral
[3]° as the origin, those of [3]**, [3]* and [3] are equal to
+13.979, +4.614 and —1.761 eV, respectively. There is a very
good linear correlation between the total energy difference,
AE,, values (+9.365, +4.614 and —1.761 eV) and E;), po-
tentials (linear regression R?> = 0.997) for the three redox
systems. On the other hand, the linear correlation does not
hold too well for Ej,, or the energies of the HOMOs (oxi-
dation, three points, [3]", [3]° [3], R° = 0.927) or the
LUMOs {reduction, four points, [3]**, [3]*, [3]° and [3]
(with Eyp» [3]/[3% = -2.12 V), R? = 0.953}. This may sug-
gest that the one-electron oxidation of [3]° does not neces-
sarily operate on its HOMO similar to the one-electron re-
duction on its LUMO. Other occupied or empty orbitals
may contribute to redox processes.

Conclusions

The novel heterometallic telluride clusters [(Cp*,Nb),-
NiTey] (3) and [(Cp'Nb),NisTe;(dppm),] (4) have been ob-
tained by the reaction of [Ni(COD)], with [Cp*,NbTe,H]
and [Cp’,NbTe,H], respectively. Whereas the presence of
the chelating phosphane dppm seems to increase the yields
of 3, it is essential for the formation of cluster 4. The struc-
ture of the latter compound is characterised by two tetrago-
nal Nis and Tes pyramids stacked into each other.
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Complex 3 is the first example of the trimetallic series
[(Cp*,Nb),MX,] to contain a formally electron-rich tetra-
telluronickelate bridge. Contrary to some other experimen-
tally observed tetrahedral MX, systems (M = Mo, W; X =
S, Se, Te), the DFT calculations provide evidence for the
presence of ditelluride ligands as an intrinsic property of
the [NiTe,]>" anion. The calculated Te-Te single bond
lengths cover the range from 2.946 to 3.186 A for [3]2*,
[3]* and [3]°, and are as high as 3.328 A for the [3] anion.
It follows from these calculations that the neutral complex
3 does not result from a simple chelation of two
[Cp*,NbTe,]” anions by Ni**. Instead, its formation is as-
sisted by direct Nb—Ni interactions and bonding Te-Te in-
teractions between both [Cp*,NbTe,] anions (interannular
bonds). A good linear correlation between the E;, redox
potentials and total energies of different oxidation states of
3 indicates that the electronically delocalised heavy atom
core governs these reactions. However, the Te-Te bonding
is most affected and thus plays a crucial role in redox pro-
cesses involving 3.

Experimental Section

All manipulations were carried out under inert atmosphere using
Schlenk line and/or glovebox techniques and dry solvents. Elemen-
tal analyses were performed at the Mikroanalytisches Laborator-
ium, University of Regensburg. IR spectra were obtained with a
Mattson Genesis Series FTIR instrument; ESI mass spectra and
FD mass spectra were measured with Finnigan TSQ 7000 and
MAT 95 instruments, respectively. The '"H- NMR spectra were re-
corded with a Bruker ARX 250 instrument. [Cp*,NbTe,H] (1),1*]
[Cp’sNbTe,H] (2),1% [Ni(COD),]*% and [(CsHs),Fe]BPh,3!! were
prepared as described in the literature. Electrochemical experiments
were carried out as described previously.[']

Synthesis of [(Cp*,Nb),NiTey] (3): [Ni(COD),] (110 mg, 0.4 mmol)
and dppm (80 mg, 0.2 mmol) were dissolved in toluene (120 mL)
and a solution of 1 (250 mg, 0.4 mmol) in 15 mL of toluene, was
added. The resulting mixture was stirred for 18 h at 110 °C. After
cooling, the solvent was evaporated and the dark residue dissolved
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in toluene/pentane (2:1, 15 mL). Chromatography on SiO, (col-
umn: 15 cm; diameter: 3 cm) gave an orange band containing some
1 upon elution with toluene/pentane (2:1) and then a broad black-
violet band containing 3 (100 mg, 20% yield) with toluene.
Recrystallisation from toluene/pentane (1:1) gave black crystals.
Complex 3: C4oHgoNb>NiTe, CsHg (1387.98): caled. C 40.67, H
4.94; found C 40.94, H 4.96. FD-MS (from toluene): m/z 1296.7
(centre; M™¥). "TH NMR (C¢Dy): 6 = 1.89 (s) ppm.

Synthesis of [(Cp'Nb),NisTe,(dppm),] (4): A solution of 2 (160 mg,
0.27 mmol) in toluene (20 mL) was added to a yellow solution of
[Ni(COD),] (150 mg, 0.55 mmol) and dppm (104 mg, 0.27 mmol)
in toluene (100 mL). The dark mixture was stirred for 18 h at
110 °C. After cooling, the solution was concentrated to 20 mL and
filtered through a frit charged with dry kieselguhr. Then filtrate
was then layered carefully with pentane (20 mL). Crystallisation at
—20 °C gave several crops of black crystals with a total yield of
11%. Complex 4: CggH7oNb,NisP,Te;-2C;Hg (2567.94): caled. C
38.35, H 3.38; found C 37.54, H 3.34. FD-MS (from CH,Cl,): m/z
2383.4 (centre; M™).

Reaction of 3 with [Cp,Fe]PFg: A solution of 3 (200 mg, 0.15 mmol)
in thf (20 mL) was mixed with a suspension of [(CsHs),Fe]PFg
(100 mg, 0.30 mmol) in 15 mL of thf. After stirring for 2 h at room
temperature a black precipitate separated from the yellow solution.
After evaporation of the solvent the residue was suspended in tolu-
ene, transferred to a frit charged with Celite® and washed several
times with toluene. Dissolving the residue in thf and evaporation
of the solvent gave 40 mg (24 %) of yellow [Cp*,NbF,]PFg (5). The
product is identical with a sample prepared from [Cp*,NbCl,] by
reduction with Na/Hg and subsequent reaction with HPF;.[8) Com-
plex 5: CyoH30FsNbP (546.32): caled. C 43.97, H 5.53; found C
43.83, H 5.43. FD-MS (from CH,Cl,): m/z 401.3 [Cp*,NbF,]*. 'H
NMR (CD,Cl,): 0 = 2.13 (s) ppm.

Synthesis of [(Cp*,Nb),NiTey]BPh; (6): Complex 3 (250 mg,
0.24 mmol) was dissolved in thf (50 mL) and then added to a sus-
pension of [(CsHs),Fe]BPh, (250 mg, 0.49 mmol) in 40 mL of thf.
During the reaction the colour changed from black-violet to black-
green. After stirring for 4 h at room temperature the solvent was
removed. The residue was then washed with toluene (20 mL) to
remove [(CsHs),Fe] (50 mg, 0.27 mmol). The black residue was sus-
pended in thf, filtered and the solvents evaporated to dryness to
give 120 mg (37%) of 6. Repeated recrystallisation from thf gave
only microcrystalline material. Complex 6: CgHgoBNb,NiTey
(1615.06): calcd. C 47.60, H 5.00; found C 47.31, H 4.84. ESI-MS
(from CH,Cl,): Positive ion ESI: m/z 1295.7 [6]*; negative ion ESI:
m/z 319.0 [BPhy]". 'H NMR (CD,Cl,): 6 = 11.15 (br. s, 60 H,
CsMes), 7.31 (m, 8 H, C¢Hs), 7.03 (m, 8 H, C¢Hs), 6.88 (m, 4 H,
CsHs) ppm.

Crystal Structure Determination

Complex 3: Black rods were grown from a toluene solution at
—24 °C. Data were collected at 173 K on a STOE imaging plate
diffraction system (IPDS) using Mo-K, radiation (1 = 0.71073 A).
Crystallographic details are listed in Table 2. The structure was
solved by direct methods and refined by full-matrix least-squares
(SHELXL-97) with all reflections. All non-hydrogen atoms were
refined with anisotropic displacement parameters. The H atoms
were calculated geometrically and a riding model was used during
the refinement process.

Complex 4: Crystal data were collected at 123 K on a STOE IPDS
instrument using Mo-K, radiation (1 = 0.71073 A). Crystallo-
graphic details are listed in Table 2. The space group determination
following systematic extinction rules for the reflections together
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Table 2. Crystal data for compounds 3 and 4.

[3]-C/Hg [4]-2C;Hg
Formula C4oHgoNb,NiTey,CsHg  CegH7oNb,NisP,Tes2C,Hg
M, 1387.9 2568.0
Crystal system monoclinic orthorhombic

Crystal size [mm]
Space group

0.30 X0.13X0.12
P2,/c

0.24<0.12x0.08
Pc2\n

a[A] 9.888(1) 16.156(2)
b [A] 15.070(1) 21.695(2)
c[A] 32.416(2) 23.568(2)
Bl 97.54(1)

v [A3] 4788.4(4) 8260.6(2)
7z 4 2

Peated. [2em 3] 1.925 2.065

/. Mo-K,, [mm] 0.71073 0.71073
T [K] 173 123

O range 2.54-25.92 2.34-25.87
Reflections collected 43147 83476

Unique reflections
Observed reflections
1 > 20(1)]

8839 [R(int) = 0.023]
7469

15897 [R(int) = 0.100]
6321

Parameters refined 487 416
Absorption correc-  numerical analytical
tion

Transmission 0.649/0.588 0.613/0.445
Max./min. residual  1.006/-0.624 1.548/-0.854
density [eA 3]

R1 0.026 0.053

WwR2 0.067 0.110

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with the orthorhombic lattice constants led to space group Pccn
(no.56). First attempts to solve the structure by direct methods
(SIR-97) immediately showed all heavy atoms. Searching for the
carbon atoms by difference Fourier synthesis (SHELX-97) revealed
that the chosen symmetry was too high. Inspection of the system-
atic absence violations of the reflections showed that all violations
concern 40/ reflections. Therefore, all following calculations were
carried out in the acentric space group Pc2,n, the unconventional
setting of Pna2; (no. 33). In this space group there was no problem
to locate all atoms by difference Fourier synthesis. Due to the high
degree of pseudo-centrosymmetry and the fact that the crystal was
an inversion twin with a ratio of 44:56, the correlation factors be-
tween a great number of atomic parameters made several con-
straints during the refinement calculations necessary. All carbon
rings were fitted by the suitable AFIX instruction to a regular hexa-
gon or pentagon, respectively. In particular, the C—C distances of
one tert-butyl group had to be fixed. Despite including a damping
factor during the least-squares refinements, all carbon atoms had
to be refined with isotropic displacement factors. In addition, the
solvent molecules showed severe positional disorder and could only
be refined as a cloud of electron density. The shape of that cloud
and the found electron numbers suggested that the solvent mole-
cules are toluene. Despite these difficulties a reliable structure de-
termination was obtained but with slightly increased estimated
standard deviations for the interatomic distances.

CCDC-610345 (for 3) and -610346 (for 4) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Selected bond lengths, angles, interatomic distances
and energies for redox species for 3; RDE voltammogram of 6 on
carbon electrode.
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