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Introduction

“Unless supported by cyclopentadienyl ligands, […]
vanadium(iii) alkyls and aryls remain rare”. This statement
can be read in a comprehensive review on the organometal-
lic chemistry of vanadium and is still valid today.[1] Even
rarer, however, are those organovanadium(iii) derivatives in
which a given alkyl or aryl group R is the only ligand coor-

dinated to the metal and hence solely responsible for the
stability of the complex species. These homoleptic s-organyl
compounds[2] are of fundamental interest and should have
the general formula [VRn]

(n�3)�, n being a small integer. As
far as we know, the only stoichiometries for which homolep-
tic s-organovanadium(iii) derivatives have been isolated to
date are [VR4]

� (R=2,4,6-trimethylphenyl (mes),[3] 2-meth-
ylphenyl[4] or 2,6-dimethoxyphenyl[5]) and [VR3] (R=mes[6]

or CH(SiMe3)2
[7]), with no unequivocal structural informa-

tion available for any of them. The neutral compound
[V{C(CN)3}3] was assigned a polymeric structure based on
octahedral VN6 motifs and so cannot be regarded as an or-
ganometallic derivative.[8] In fact, the coordination behav-
iour of the tricyanomethanide anion, despite its formula,
[C(CN)3]

� , bears a greater resemblance to a triple nitrile
than to an organyl group—as documented in several other
transition-metal derivatives.[9]

Further to a previous communication,[10] we now report
on a series of electrochemically related couples of organova-
nadium compounds [VIV(RCl)4]/[V

III(RCl)4]
� , where RCl is a

polychlorophenyl group (C6Cl5, 2,4,6-trichlorophenyl (tcp),
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or 2,6-dichlorophenyl (dcp)). The characterisation of these
paramagnetic (d1/d2) species includes a detailed EPR study.
Finally, the use of the C6F5 ligand has allowed us to obtain
the [VR5]

2� stoichiometry, unprecedented in organometallic
chemistry.

Results and Discussion

Synthesis and structural characterisation of the [VIII(RCl)4]
�

salts : The arylation of [VCl3(thf)3] with different LiRCl re-
agents in Et2O at �78 8C, followed by appropriate treat-
ment, enabled us to obtain the compounds [Li(thf)4]-
[VIII(RCl)4] (RCl=C6Cl5 (1), tcp (2), dcp (3)) as highly hygro-
scopic, green solids in moderate to poor yields (Scheme 1).

These compounds were characterised by using analytical
and spectroscopic methods.
The mass spectra (FAB�) of compounds 1–3 all contain

the peaks associated with the corresponding [V(RCl)4]
�

anions, together with several fragments of general formula
[V(RCl)4�nCln]

� resulting from the sequential replacement of
RCl groups by Cl atoms. Some other fragments could also
occasionally be observed, and these were easily related to
the parent [V(RCl)4]

� species by different degradation pro-
cesses. In no case were peaks that might suggest the coordi-
nation of thf to vanadium observed.
The IR spectra of compounds 1–3 contain absorptions at-

tributable to the symmetric and asymmetric stretching
modes of the C�O�C unit (ether link) in the thf molecule.[11]
The IR spectrum of 1 also contains the characteristic ab-
sorptions of the metal-coordinated C6Cl5 group, the most
significant of which is the X-sensitive mode appearing at
829 cm�1.[12] No absorption could be assigned to the n(M�C)
mode. The lack of appropriate spectroscopic studies involv-
ing the tcp and dcp groups makes the IR spectra of com-
pounds 2 and 3 less useful, though they still retain their fin-
gerprint function.
The formulation suggested for compounds 1–3, in which

all four thf molecules are bound to the Li+ cation with no
coordination of any of them to the VIII centre, was support-
ed by cation-exchange experiments. Thus, addition of

NBu4Br to solutions of 1 in iPrOH allowed [NBu4][V
III-

(C6Cl5)4] (1’) to be obtained in moderate yield (Scheme 1).
This salt behaves as a 1:1 electrolyte in acetone (LM=

108.1 Scm2mol�1)[13] and, in contrast with the hygroscopic
character of its parent species 1, complex 1’ is air- and mois-
ture-stable. The IR and mass spectra of 1’ show features
similar to those just discussed for 1, except for the peaks
and absorptions due to the cation.
The crystal structure of 1’ was determined by using X-ray

diffraction methods. As far as we know, this is the first struc-
tural characterisation of a homoleptic s-organovanadium(iii)
compound. The structure of the anion [VIII(C6Cl5)4]

� is de-
picted in Figure 1, and selected interatomic distances and

angles appear in Table 1. The vanadium centre is located in
an approximately tetrahedral (T-4) environment with almost
identical V�C bond lengths (mean value: 214.9(5) pm) and
C�V�C angles ranging from 98.1(2)8 to 117.6(2)8. Two of
these angles are smaller than the ideal tetrahedral value
(109.58), while the remaining four are larger, thus resulting
in a slight elongation of the tetrahedron. These angular dis-
tortions can reasonably be ascribed to the highly anisotropic
character of the C6Cl5 rings, a feature noticed earlier not
only in related organometallic species,[14] but also in simple
main-group ER4 derivatives with various polyatomic, mono-
dentate R substituents.[15] The small value of the T-4 shape
measure[16] obtained for 1’ (S(T-4)=0.805[17]) denotes that
the angular distortions around the vanadium centre are of
minor importance. It is also interesting to note that the over-
all geometry of the [VIII(C6Cl5)4]

� anion (d2) is closely relat-
ed to those found in the isoleptic species [TiIII(C6Cl5)4]

�

(d1)[18] and [TiIV(C6Cl5)4] (d
0),[14] regardless of their different

electron configurations. The local geometry around the V
centre in 1’ is also similar to that found in the neutral spe-
cies [VIV(mes)4] (d

1):[19] the C�V�C angles in this species
take values between 96.4(3)8 and 117.8(3)8 and the V�C dis-
tances are slightly shorter (207.1(6)–209.5(7) pm) than those
found in 1’, as would be expected with an increase in the ox-
idation state of the metal centre. All the C6Cl5 rings in the

Scheme 1. Production of the homoleptic arylvanadate(iii) compounds 1–
3, 1’, and 7.

Figure 1. Thermal ellipsoid diagram (50% probability) of the anion of 1’.
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[VIII(C6Cl5)4]
� anion show marked swings about the ipso-C

atom, as evidenced by the two significantly different V�
Cipso�Cortho angles within each ring: for example, 130.6(4)8
versus 115.2(2)8 for the C(1)�C(6) ring. As a result, two
clearly distinct V···Clortho distances are also observed (311.6
vs 364.5 pm for the same ring as before, for example). We
suggest that this swing does not per se necessarily imply any
bonding interaction between the metal centre and the near-
est ortho-Cl atom. Claims for the existence of such secon-
dary bonding interactions, which have been documented in
the chemistry of CrIII (d3),[20] RhIII (d6)[21] and PtIV(d6),[22]

should require some additional supporting evidence, such as
1) sufficiently short ortho-Cl···M distances, and 2) major an-
gular distortions in the metal coordination environment,
suggesting a higher coordination index as more appropriate.
Since the ortho-Cl···V distances in 1’ are too long to be con-
sidered to arise from bonding interactions and, moreover,
the geometry around the metal centre is satisfactorily de-
scribed as a slightly elongated T-4 (cf. the S(T-4) value), the
existence of ortho-Cl···V secondary bonding interactions in
the homoleptic species [VIII(C6Cl5)4]

� can be ruled out.
Moderate swings in the C6Cl5 rings had already been ob-
served both in titanium and in main group nearly T-4 [M-
(C6Cl5)4]

q� compounds (q=0, M=Ti, Sn; q=1, M=Ti, Tl),
and this feature was attributed to steric problems in the tet-
rahedral arrangement of these bulky ligands around the
metal centre.[14]

The [VIII(C6Cl5)4]
� anion is remarkably stable, not being

affected by the action of air or moisture. The V�C6Cl5
bonds do not undergo solvolytic processes in the presence
of iPrOH or water. Complex 1 was treated with an equimo-
lar amount of [VCl3(thf)3] in thf at reflux, but no ligand ex-
change was observed to occur, at least over 10 h. No coordi-
nation of small molecules such as CO or NO to the [VIII-
(C6Cl5)4]

� anion was detected at room temperature and
1 bar pressure: no IR absorptions assignable to coordinated
CO or NO could be observed, and starting product was re-
covered from the reaction media. The halide anions Cl� or
Br� did not coordinate either. This failure to expand the co-
ordination number of the vanadium centre in the [VIII-
(C6Cl5)4]

� anion is in keeping with the absence of any de-
tectable ortho-Cl···V interaction in the molecular structure
of 1’ (vide supra).

EPR spectra of the [VIII(RCl)4]
� salts : As far as we know,

EPR data currently available for the non-Kramers paramag-
netic VIII entity (d2, S=1) are extremely scarce. This paucity
might well have been conditioned by the widespread belief
that VIII is an “EPR-silent” system. In fact, the only reliable
data of which we are aware have been obtained for VIII oc-
cupying high-symmetry sites in host lattices, such as cuboidal
sites in highly ionic solids (e.g., CaF2/V

III, g=1.933 and
CdF2/V

III, g=1.937)[23] or tetrahedral sites in ZnS-like semi-
conductors (VIII, g=1.92–1.99).[24] Only recently has it been
possible to obtain EPR spectra of the six-coordinate species
[V(acac)3], [VX3(thf)3] (X=Cl, Br) and [V(OH2)6]

3+ by use
of high-frequency techniques.[25,26]

Quite unexpectedly, well-defined X- and Q-band EPR
spectra were obtained for powder samples of 1–3. The
room-temperature X-band spectra are similar for all three
compounds (Figure 2), with four dominant features at mag-

netic field values lower than 1 T and no further signals de-
tected up to 1.5 T (the upper limit of our spectrometer). The
corresponding room-temperature Q-band spectra obtained
from powder samples of 1–3 are to be found in the Support-
ing Information. The signal at g�2 observed in some of
these measurements can be assigned to small amounts of
oxidised VIV species (see below).

Table 1. Selected bond lengths (pm) and angles (8) and their estimated
standard deviations for the anion of 1’.

Bond lengths

V�C(1) 214.4(5) C(2)�Cl(2) 174.6(6)
V�C(7) 215.8(5) C(6)�Cl(6) 174.3(6)
V�C(13) 215.2(5) C(7)�C(8) 138.7(7)
V�C(19) 214.2(5) C(7)�C(12) 139.6(7)
V···Cl(2) 364.6(2) C(8)�Cl(8) 173.4(6)
V···Cl(6) 311.6(2) C(12)�Cl(12) 174.4(6)
V···Cl(8) 311.5(2) C(13)�C(14) 139.3(7)
V···Cl(12) 366.3(2) C(13)�C(18) 139.2(7)
V···Cl(14) 366.3(2) C(14)�Cl(14) 174.8(6)
V···Cl(18) 313.6(2) C(18)�Cl(18) 174.2(6)
V···Cl(20) 304.9(2) C(19)�C(20) 138.0(7)
V···Cl(24) 368.3(2) C(19)�C(24) 138.9(7)
C(1)�C(2) 139.2(7) C(20)�Cl(20) 174.5(6)
C(1)�C(6) 138.7(7) C(24)�Cl(24) 174.5(6)

Bond angles

C(1)�V�C(7) 112.1(2) C(8)�C(7)�C(12) 114.4(5)
C(1)�V�C(13) 117.6(2) C(7)�C(8)�Cl(8) 117.1(5)
C(1)�V�C(19) 101.1(2) C(7)�C(12)�Cl(12) 119.7(4)
C(7)�V�C(13) 98.1(2) V�C(13)�C(14) 130.7(4)
C(7)�V�C(19) 116.1(2) V�C(13)�C(18) 115.6(4)
C(13)�V�C(19) 112.6(2) C(14)�C(13)�C(18) 113.5(5)
V�C(1)�C(2) 130.6(4) C(13)�C(14)�Cl(14) 119.7(4)
V�C(1)�C(6) 115.2(4) C(13)�C(18)�Cl(18) 116.9(4)
C(2)�C(1)�C(6) 114.2(5) V�C(19)�C(20) 113.8(4)
C(1)�C(2)�Cl(2) 119.2(4) V�C(19)�C(24) 132.0(4)
C(1)�C(6)�Cl(6) 117.0(4) C(20)�C(19)�C(24) 114.2(5)
V�C(7)�C(8) 114.8(4) C(19)�C(20)�Cl(20) 116.5(4)
V�C(7)�C(12) 130.4(4) C(19)�C(24)�Cl(24) 119.5(4)

Figure 2. Room-temperature X-band EPR spectra of polycrystalline sam-
ples of 1, 1’, 2 and 3.
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In order to analyse the EPR spectra of 1–3, we will
assume slightly elongated T-4 structures for the complex
anions [VIII(RCl)4]

� , as is actually found in 1’. The stepwise
splitting suffered by the 3F ground term of the free VIII ion
(spherical symmetry) when subjected to ligand fields of de-
creasing symmetry Td>D2d>C2v is given in Figure 3. The
spin-Hamiltonian parameter properly describing the mag-

netic behaviour of VIII in the last two site symmetries will
necessarily include a term accounting for the zero-field split-
ting (ZFS) contribution. In our particular case, the spin
Hamiltonian, shown in Equation (1), was used:[27]

H ¼ gmB B
!� S
!þD½S2

Z�1=3SðSþ 1Þ
 þ EðS2
X�S2

YÞ ð1Þ

in which (X, Y, Z) are the principal axes of the ZFS tensor
D̃ and all other terms and components are according to
standard notation. No anisotropy of the g̃ tensor has been
considered. Only a small anisotropic contribution, if any,
would be expected for a ground term deriving from a 3A2

one. Moreover, no clear evidence for g̃ anisotropy could be
observed in the experimental spectra. The omission of any
hyperfine-contribution term in Equation (1) is justified be-
cause of the absence of well-resolved hyperfine structure in
the experimentally measured spectra. An estimate of the
spin-Hamiltonian parameters describing these VIII entities
could be made by iterative comparison of EPR spectra cal-
culated by exact diagonalisation of Equation (1) with the ex-
perimentally obtained ones. Satisfactory agreements were
achieved with the spin-Hamiltonian parameters given in
Table 2, as illustrated for complex 1 in Figure 4 (X-band). It
is worth noting that the same set of parameters allows both
the X- and the Q-band spectra to be reproduced (Fig-
ures S1–S6 in the Supporting Information). Noticeable dif-
ferences between the experimentally measured EPR spectra
of 1 and 1’ were found (Figure 2); this can be ascribed not

so much to important structural changes in the common
[VIII(C6Cl5)4]

� anions but rather to lattice effects caused by
the different cations present in each case ([Li(thf)4]

+ vs
[NBu4]

+ ).
As shown in Table 2, the values of the ZFS D parameter

obtained for compounds 1–3 (D ca. 15 GHz) are of the
same order of magnitude as the exciting frequency used in
our EPR experiments (ca. 9.5 GHz in X band, ca. 35 GHz in
Q band), allowing us to observe defined EPR spectra for
compounds 1–3 and 1’. The fact that D and hn are compara-
ble in magnitude in these systems should be intimately relat-
ed to the particular distribution of energy levels obtained
for the slightly distorted T-4 geometry assumed for all the
[VIII(RCl)4]

� anions (cf. the much higher D values obtained
for the OC-6 species [V(acac)3], [VX3(thf)3] and [V-
(OH2)6]

3+ mentioned above, which could be detected only
under high-field and high-frequency conditions: hn up to
700 GHz).[26] In order to check the validity of this conclu-
sion, we measured the EPR spectrum of a related tetrasub-
stituted homoleptic vanadium(iii) species for which a similar
T-4 structure could also be reasonably assumed: the salt [Li-
(thf)4][V

III(mes)4].
[3] The room-temperature EPR spectrum

of a polycrystalline sample of [Li(thf)4][V
III(mes)4] (Fig-

ure 5a) was indeed found to be similar to those just dis-
cussed for 1–3 (Figure 2). The spin-Hamiltonian parameters
derived from analysis of this spectrum by use of Equa-
tion (1) are given in Table 2 (simulated spectrum in Fig-
ure 5b), and also show remarkable similarities to those cor-
responding to the polychlorophenyl derivatives 1–3. A par-
ticularly small value of h=0.020 denotes the lowest degree
of orthorhombicity within the series.
The electronic absorption spectra of 1 and [Li(thf)4]-

[VIII(mes)4]
[28] were also measured (Figure 6), with the goal

of obtaining more information about the actual energy-level

Figure 3. Electronic triplet spin states for the VIII ion under local fields of
decreasing symmetry: Td>D2d>C2v.

Table 2. Spin-Hamiltonian parameters for the different salts of the ho-
moleptic organovanadium(iii) anions [VR4]

� .

Compound g D [GHz] E [GHz] h=E/D

[Li(thf)4][V(C6Cl5)4] (1) 1.96 15.38 1.32 0.086
[NBu4][V(C6Cl5)4] (1’) 1.98 13.59 2.10 0.155
[Li(thf)4][V(tcp)4] (2) 1.95 15.93 1.46 0.092
[Li(thf)4][V(dcp)4] (3) 1.96 17.69 2.75 0.155
[Li(thf)4][V(mes)4] 1.95 15.02 0.30 0.020

Figure 4. Room-temperature X-band EPR spectra of a polycrystalline
sample of 1: a) experimentally measured; b) calculated with the spin-
Hamiltonian parameters given in Table 2.
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distribution for the [VIIIR4]
� species. These spectra can be

explained by use of a standard ligand field potential with
the absorption band assignment shown in Table 3. The two,
in principle, equally valid assignments for the 3A2(

3A2)!3B1-
(3T2) and

3A2(
3A2)!3A2(

3T1) transitions are also given in
Table 3. The values of the Racah B and crystal-field parame-
ters deduced from these assignments are shown in Table 4.
A reasonably good agreement is observed between the spin-
Hamiltonian parameters obtained for the mesityl and penta-

chlorophenyl derivatives from EPR measurements and
those derived from electronic absorption spectra (see Sup-
porting Information); this can be taken as evidence of the
suitability of our approach for analysis of these systems.
Moreover, the fact that Dt/Dq>0 in the two referred com-
pounds, as to be expected for an elongated distortion,[29]

lends further support to our initial structural proposal for all
the [VIIIR4]

� species under study. These results underline the
usefulness of EPR spectroscopy as a valuable structural tool
in the chemistry of open-shell organometallic compounds
(S� 1=2). It also becomes clear that the widespread idea of
VIII being an “EPR-silent” entity, under conventional meas-
uring conditions of field and frequency, should be aban-
doned.

Synthesis and characterisation of the [VIV(RCl)4] com-
pounds : In our experience, the C6Cl5 group has been shown
to be a ligand especially suitable for stabilising homoleptic
compounds with the metal in different oxidation states. Tet-
rasubstituted homoleptic compounds with different geome-
tries have thus been prepared for the following series of
metal centres: TiIV/TiIII,[14] CrIV/CrIII/CrII,[20a] RhIII/RhII[21] and
PtIV/PtIII/PtII.[30] It therefore seemed advisable to study the
redox behaviour of compounds 1–3 by electrochemical
methods. The room-temperature cyclic voltammogram (CV)
of solutions of [VIII(C6Cl5)4]

� in CH2Cl2, scanned at
100 mVs�1 from �1.6 to 1.6 V and then back to �1.6 V,
shows a single oxidation wave ((Ep)ox=0.88 V), which is re-
covered in the returning scan ((Ep)red=0.79 V), correspond-
ing to an electrochemically reversible semisystem (E1=2

=

0.83 V, DEp=0.09 V, ipa/ipc=0.99). Solutions of 2 and 3 in
CH2Cl2 showed qualitatively similar behaviour. However,
the mean potential of the electrochemically reversible semi-
system was observed to decrease distinctly in the following
order: 1>2>3 (Table 5). It becomes apparent that the
degree of chlorination of the RCl group has a great effect on
the stability of the VIV species relative to the VIII one. A de-
crease in the degree of chlorination of RCl should enhance
its donor ability, thereby favouring the stabilisation of the
oxidised (and more acidic) species. This effect is even more
pronounced if the highly electronegative Cl substituents on

Figure 5. Room-temperature X-band EPR spectrum of a polycrystalline
sample of [Li(thf)4][V

III(mes)4]: a) experimentally measured; b) calcu-
lated with the spin-Hamiltonian parameters given in Table 2. The signal
marked *, showing hyperfine structure, is attributed to a comparatively
small quantity of [VIV(mes)4].

Figure 6. Room-temperature electronic absorption spectra of 1 in
CH2ClCH2Cl (a) and of [Li(thf)4][V(mes)4] in thf (b).

Table 3. Band positions (cm�1) in the electronic absorption spectra of the
[Li(thf)4][VR4] derivatives (R=C6Cl5, mes) with their corresponding
transition assignments.[a]

Transition[b] 2A2(
3A2)! [Li(thf)4][V

IIIR4]
(I) (II) R=C6Cl5 R=mes

3A1(
3T2) 9400 9139

3B2(
3T2) 12550 11610

3A2(
3T1)

3B1(
3T2) 14970 13680

3B1(
3T2)

3A2(
3T1) 15925 14840

3B1(
3T1) 20070 18550

3B2(
3T1) 24525 23460

[a] Assignments made with the aid of the following effective crystal-field
potential: HCF=h2,0C̃2,0+h2,2(C̃2,+2+C̃2,�2)+h4,0C̃4,0+h4,2(C̃4,+2+C̃4,�2)+
h4,4(C̃4,+4+C̃4,�4), where C̃k,q is the sum extended to all the d electrons of
the monoelectronic Racah operator C̃(q,f) and the hk,q parameters ac-
count for the interaction strength; for further details see Supporting In-
formation. [b] Energy levels labelled as in Figure 3.

Table 4. Values (cm�1) of the Racah B and crystal-field parameters[a] best
fitting the electronic absorption spectra of [Li(thf)4][VR4] (R=C6Cl5,
mes).

[Li(thf)4][V
III(C6Cl5)4] [Li(thf)4][V

III(mes)4]
(I) (II) (I) (II)

B[b] 720 707 680 650
Dq[c] �1290 �1290 �1215 �1200
Dt[c] �355 �350 �300 �300
h2,0 9870 7760 10110 7415
h2,2 �3750 �2944 �2170 �1220
h4,4 �5510 �6227 �5420 �6350

[a] Parameters named according to Table 3, footnote [a]. [b] For the free
V3+ ion, B0=860 cm

�1. [c] The Dq and Dt parameters are introduced in
a conventional way and are related to h4,0 and h4,4 by the following ex-
pressions: h4,0=21(Dq+Dt), h4,0=�105(Dq�Dt)/

ffiffiffiffiffi
70
p

; in Td symmetry,
Dt=0 and Dq is the standard crystal-field splitting parameter.
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the phenyl ring are replaced by positively inductive methyl
groups; thus, in the [VIV(mes)4]/[V

III(mes)4]
� semisystem, the

neutral VIV species is known to be the more stable.[31]

In view of these results we sought to prepare the oxidised
species involved in the redox systems by chemical methods.
Indeed, the homoleptic neutral compounds [VIV(RCl)4]
(RCl=C6Cl5 (4), tcp (5), dcp (6)) were obtained in reasona-
ble yields by treatment of the corresponding vanadium(iii)
precursor with the appropriate oxidising agent
(Scheme 2).[32] Compounds 4–6 were isolated as blue solids

of rather limited thermal stability. Complex 4 dissolved in
thf undergoes spontaneous reduction to the anionic parent
species [VIII(C6Cl5)4]

� . Special caution must be taken with
compound 6, because it has been observed to explode vio-
lently by percussion even at low temperatures. This instabili-
ty notwithstanding, the characterisation of compounds 4–6
could be carried out by analytical and spectroscopic meth-
ods.
The mass spectra (FAB�) of 4 and 5 are similar to those

of their corresponding precursors 1 and 2. However, neither
positive nor negative ions could be detected in the mass
spectra of 6 run under different ionisation conditions and
with use of various types of matrices. In the IR spectrum of
4, the band attributable to the X-sensitive vibration of the
C6Cl5 group

[12] appears as a strong absorption at a signifi-
cantly higher wavenumber (842 cm�1) than observed in the
vanadium(iii) species 1 or 1’ (ca. 829 cm�1).
Cyclic voltammetry experiments on 4–6 gave results simi-

lar to those observed for 1–3 (Table 5), thus confirming the
electrochemical relationship between the two triads of com-
pounds.
Although no unequivocal structural information for com-

pounds 4–6 is yet available, we suggest elongated T-4 struc-
tures, as have been established for the isoelectronic [TiIII-
(C6Cl5)4]

� species,[18] as well as for the related compound [V-

(mes)4].
[19] The EPR spectroscopic data of compounds 4–6,

which can be satisfactorily explained by this structural pro-
posal (see below) are in keeping with this assumption.

EPR spectra of the [VIV(RCl)4] compounds : The EPR spec-
tra of the neutral compounds 4–6, containing the Kramers
paramagnetic VIV entity (d1, S= 1=2) were measured under
various conditions. Similar spectra were observed in all
three cases, so only the results obtained for [VIV(C6Cl5)4] (4)
are described in detail. The room-temperature EPR spec-
trum of a polycrystalline sample of 4 (Figure 7a) shows a
broad signal centred at g�2 with a poorly resolved hyper-

fine structure due to the 51V nucleus (I= 7=2, 99.75% natural
abundance).[33] Better resolution is achieved by working on
chilled (Figure 7b) or fluid (Figure 7c) solutions of 4 in
CH2Cl2/CH2ClCH2Cl (1:1) mixtures. If orbitally nondegener-
ate electronic ground states are assumed for compounds 4–
6, their magnetic properties should, in general, be given by
the spin Hamiltonian shown in Equation (2):

H ¼ mB B
!� ~g � S

!þ I
!� ~A � S

! ð2Þ

in which g̃ and ffi represent the gyromagnetic and hyperfine
coupling tensors, respectively. In fluid solution, the molecu-
lar tumbling should smear out the anisotropic contributions
of the g̃ and ffi tensors and so the spectra obtained under
these conditions should be described by an isotropic spin
Hamiltonian shown in Equation (3):

H ¼ mBgB
!� S
!þ a I

!� S
! ð3Þ

in which the scalar g factor and the hyperfine coupling con-
stant a are related to the preceding tensors by: g= tr(g̃)/3
and a= tr(ffi)/3. A single set of g and a values was obtained
from the EPR spectra of the three [VIV(RCl)4] compounds
(4–6) in fluid solution: g=1.965(5), a=185(1) MHz.

Table 5. Electrochemical data (cyclic voltammetry) obtained for the
polychlorophenylvanadate(iii) compounds [Li(thf)4][V(RCl)4] (1–3).

[a]

Compound RCl (Ep)ox (Ep)red DEp E1=2
ipa/ipc

[V] [V] [V] [V]

1 C6Cl5 0.88 0.79 0.09 0.83 0.99
2 tcp 0.47 0.37 0.10 0.42 1.05
3 dcp 0.30 0.21 0.09 0.25 1.10

[a] In CH2Cl2; scan rate=100 mVs�1.

Scheme 2. Production of the homoleptic neutral compounds arylvanadiu-
m(iv) compounds 4–6.

Figure 7. X-band EPR spectra of 4 : a) polycrystalline sample measured
at room temperature; b) solution in CH2Cl2/CH2ClCH2Cl (1:1) measured
at 77.3 K; c) solution in CH2Cl2/CH2ClCH2Cl (1:1) measured at room
temperature.

O 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4713 – 47244718

B. MenjJn et al.

www.chemeurj.org


The EPR spectrum of 4 in frozen solution (Figure 7b) de-
notes that the hyperfine tensor ffi is markedly anisotropic,
with one of the principal values, namely Az, being dominant.
This is in keeping with the elongated T-4 structure (approxi-
mately C2v) suggested for compounds 4–6 (see above). In
this particular case, the outer features are determined by the
corresponding principal values of the g̃ tensor and the hy-
perfine coupling constant (gz and Az); these values are, in
practice, independent of the other components. This has al-
lowed us to make estimates of the Az and gz values, which
have been found to be virtually identical for all three com-
pounds 4–6 : gz=1.925(5), Az =385(2) MHz. Moreover, as
gz<g<ge (ge=2.0023 for the free electron), it can be con-
cluded that the ground-state orbitals for compounds 4–6 are
each a2(xy)—as to be expected for elongated T-4 coordina-
tion environments.[34] The electronic energy levels for VIV in
such a local symmetry are shown in Figure 8. The admixture

of the jz2> and jx2�y2> levels, which is given by the value
of a, is a consequence of some degree of orthorhombic dis-
tortion. If these low-symmetry contributions are considered
only up to a first order referring to the tetrahedral and tet-
ragonal energy splittings, such an admixture can be neglect-
ed (a=0). In this case, and according to conventional
theory,[27] the principal values of the g̃ tensor are given by
Equation (4):

gx ¼ ge�
2l

Dx
, gy ¼ ge�

2l

Dy
, gz ¼ ge�

8l

Dz
ð4Þ

and those of the hyperfine ffi tensor by Equations (5x–z):

Ax ¼ �P
�
kþ ðge�gxÞ�

3
14
ðge�gyÞ�

2
7

�
ð5xÞ

Ay ¼ �P
�
kþ ðge�gyÞ�

3
14
ðge�gxÞ�

2
7

�
ð5yÞ

Az ¼ �P
�
kþ ðge�gzÞ þ

3
14
ðge�gxÞ þ

3
14
ðge�gyÞ þ

4
7

�
ð5zÞ

where P is defined according to Equation (6):

P ¼ gegnmBmnhr�3i ð6Þ

and k is related to the spin density in the metal nucleus, c,
by Equation (7):

c ¼ � 2
3
khr�3i ð7Þ

As the only data available for compounds 4–6 are those cor-
responding to the isotropic contributions of the g̃ and ffi ten-
sors, g and a, together with their axial components, gz and
Az, it is more convenient to use the following expressions
[Eqs. (8)–(10)], which are straightforwardly obtained from
those given above:

a ¼ �Pfkþ ðge�gÞg ð8Þ

Az ¼ �P
�
kþ 11

14
ðge�gzÞ þ

9
14
ðge�gÞ þ 4

7

�
ð9Þ

Az�a ¼ �P
�

11
14
ðge�gzÞ�

5
14
ðge�gÞ þ 4

7

�
ð10Þ

By introducing the experimentally determined values of g,
gz, a and Az (see above) in these equations, the following
values are obtained: jP j=323(4) MHz, jk j=0.54(1), hr�3i=
2.32(3) a.u.

The electronic absorption spectrum of a solution of 4 in
CH2ClCH2Cl (Figure 9) shows three bands at 14950, 16680
and 21400 cm�1, the first two being strongly overlapped.
These absorptions correspond to the Di (i=x, y, z) transi-
tions in Equation (4). Although no unequivocal assignment
can, in principle, be made, we attribute the experimentally
observed absorption bands in order of increasing frequency

Figure 8. Electronic energy levels corresponding to the VIV ion under
local fields of decreasing symmetry: Td>D2d>C2v. The inset shows the
coordinate axes chosen for the orbital labelling (see Supporting Informa-
tion for details).

Figure 9. Room-temperature electronic absorption spectrum of 4 in
CH2ClCH2Cl.
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to the transitions from the a2(xy) ground state to the a1-
(x2�y2), b2(yz) and b1(xz) excited states, respectively
(Figure 8). This assignment has been made by taking ac-
count of the fact that the EPR data strongly suggest a prac-
tically axial g̃ tensor. From Equation (4) it would be possible
to estimate the principal values of the g̃ tensor should the
value of the spin-orbit coupling constant (l) be known. For
the V4+ free ion, l0=250 cm

�1,[35] but the actual value of l

in any real chemical species is usually reduced due to cova-
lency effects. In particular, taking l=198 cm�1 (ca. 80% of
l0), we obtain:

gx=1.976, gy=1.978, gz=1.928, g=1.961,

which is in good agreement with the experimentally ob-
tained EPR data. It is worth noting that the difference
gy�gx=0.002 lies within the experimental error involved in
determining these parameters and denotes a small degree of
orthorhombicity in the systems, as pointed out above.
The relevant EPR parameters obtained for compounds 4–

6 are presented in Table 6, together with those correspond-

ing to other known [VR4] species in which R is a singly
charged, monodentate ligand.[36–39] The value of the hr�3i/
hr�3i0 quotient, where hr�3i0=3.67 a.u., as calculated for free
VIV from the Clementi and Roetti wave functions,[40] seems
of particular importance to us, as it is related to the covalent
character of the VIV�R bond. The hr�3i/hr�3i0 values for the
different [VR4] species shown in Table 6 follow the se-
quence C6Cl5�NEt2>OCMe3>mes>SCMe3, and so it can
be concluded that the VIV�C6Cl5 bond is in the upper range
of ionic character for such homoleptic species. The behav-
iour of the perchlorinated and partially chlorinated phenyl
groups is, however, indistinguishable in these d1 (S= 1=2) sys-
tems 4–6, from the EPR point of view.

Synthesis and characterisation of [NBu4]2[V
III(C6F5)5] (7): In

contrast to the behaviour observed with the polychlorophen-
yl ligands RCl, treatment of [VCl3(thf)3] with LiC6F5 at
�78 8C, followed by the addition of NBu4Br at �30 8C, re-
sulted in the formation of [NBu4]2[V

III(C6F5)5] (7), which
was isolated as an air- and moisture-sensitive, light green
solid (Scheme 1). To the best of our knowledge, the [VR5]

2�

stoichiometry is unprecedented in organometallic chemistry.
Compound 7 must be handled with great caution and kept

at low temperature (�30 8C) because it is prone to explode
by percussion and easily undergoes thermal decomposition.
Nonetheless, analytical and spectroscopic data could be ob-
tained for 7 and its crystal structure was established by using
X-ray diffraction methods.
In the mass spectra (FAB�) of 7, the peak with the high-

est mass (m/z 905) can be assigned to the [V(C6F5)5F]
� ion.

The origin of the extra fluoro ligand is uncertain. No sign of
the uptake of any further ligand is observed in any of the
lower-mass peaks, the formulas of which conform simply to
the sequential loss of C6F5 groups: [V(C6F5)n]

� (n=4, 3, 2).
The IR spectrum of 7 contains a broad and weak absorp-

tion at 800 cm�1, which can be assigned to the X-sensitive vi-
bration mode of the C6F5 group.

[12] Similar features were ob-
served in the isoleptic [M(C6F5)5]

2� species of the neighbour-
ing elements Ti and Cr, for which trigonal bipyramidal
(TBPY-5)[41] and square pyramidal (SPY-5)[42] structures, re-
spectively, were established. These related species both gave
single, sharp absorptions at approximately 946 cm�1 due to
the n(C�F) vibration modes, while two very strong bands at
937 and 949 cm�1 were observed in the IR spectrum of 7.
The origin of this different vibrational behaviour is still not
clear.
Crystals of 7 are composed of discrete [NBu4]

+ and [VIII-
(C6F5)5]

2� ions (in 2:1 ratio) as determined by using single-
crystal X-ray diffraction analysis. A selection of relevant in-
teratomic distances and interbond angles is given in Table 7.
The structure of the vanadium(iii) complex anion
(Figure 10) can be described as slightly distorted TBPY-5,
according to the continuous shape measure for this geome-
try: S(TBPY-5)=0.977.[17] The mutual arrangement of the
V�Cax bonds departs only slightly from linearity (C(19)�V�
C(25) 176.3(2)8). Axial C6F5 groups are observed to adopt a
staggered conformation. The sum of the Ceq�V�C0eq angles
amounts to 359.89(2)8, denoting no pyramidalisation around
the V centre. The failure of the equatorial C6F5 groups to
adopt a helicoidal arrangement can be taken as the primary
source of the pronounced Y-distortion: Ceq�V�C0eq angles of
approximately 1268 are observed between disrotatory rings,
while the angle between the two conrotatory rings is signifi-
cantly more closed: C(1)�V�C(13)=107.3(2)8. The V�Cax
bonds (221.7(5) and 219.3(5) pm) are significantly longer
than the V�Ceq ones (213.6(5)–216.8(5) pm), according to
the behaviour theoretically predicted for transition-metal
(TBPY-5)-[ML5] species with d

n (n<5) electron configura-
tion.[43] The mean VIII�C bond length in 7 (217.2(5) pm) is
slightly longer than that found in 1’ (214.9(5) pm). This dif-
ference can reasonably be ascribed to the different coordi-
nation numbers and global charges in the two anionic spe-
cies compared ([VR5]

2� vs [VR4]
�).

The overall geometry of the d2 anion [VIII(C6F5)5]
2� is sim-

ilar to, but more regular than, that found in the d1 isoleptic
species [TiIII(C6F5)5]

2�, for which not only a Y distortion but
also an appreciable departure of the Cax�V�C0ax angle from
linearity (164.6(2)8) have been observed, thus resulting in a
totally reversed Berry distortion.[41] The more regular geom-
etry of the VIII species 7 can be related to the orbitally non-

Table 6. Spin-Hamiltonian parameters for neutral, homoleptic [VIVR4]
species derived from the analysis of available data under a local C2v sym-
metry.

Compound gz giso Az

[MHz]
aiso

[MHz]
hr�3i/hr�3i0 Ref.

[V(C6Cl5)4] (4)
[a] 1.925 1.965 385 185 0.63 –[b]

[V(NEt2)4] 1.949 1.961 369 175 0.63 [36]
[V(OCMe3)4] 1.940 1.969 374 190 0.59 [37]
[V(mes)4] 1.925 1.968 370 190 0.56 [38]
[V(SCMe3)4] 1.961 1.970 297 151 0.48 [39]

[a] The same values are obtained for compounds 5 and 6. [b] This work.
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degenerate e’’(xz,yz)2 electronic structure expected in an
ideal TBPY-5 coordination environment, not violating the
Jahn–Teller theorem.[44] The mean VIII�C bond length in 7
(217.2(5) pm) is slightly shorter than the mean TiIII�C bond
length (223.1(7) pm) found in its TiIII homologue, according
to the small contraction generally observed on going from
Ti to V. It is also interesting to note that the d3 species [CrIII-

(C6F5)5]
2� has, in turn, a SPY-5 geometry with even more

contracted M�C bonds (average CrIII�C bond length:
214.7(2) pm).[42]

In contrast to the behaviour discussed above for the four-
coordinate [V(RCl)4]

� species 1–3, no EPR spectrum was ob-
served for 7 either in X or in Q band, most probably be-
cause the ZFS is much higher than the microwave frequency
in this five-coordinate compound. Problems arising from in-
adequate relaxation times of the excited electron spin states
cannot be excluded either. The electrochemical behaviour
of compound 7 was studied by CV, but no defined electron-
exchange process was observed between �1.6 and +1.6 V
in CH2Cl2.

Conclusion

Important structural and spectroscopic differences have
been found in homoleptic organovanadium(iii) compounds
containing s-bound polyhalophenyl groups R. The spectro-
scopic and redox behaviour is also strongly dependent on
the nature of R.
Polychlorophenyl groups, in which the ortho positions are

invariably occupied by Cl atoms (RCl=C6Cl5, tcp, dcp) have
been found to yield a series of electrochemically related
[VIV(RCl)4]/[V

III(RCl)4]
� systems. The potentials of these VIV/

VIII redox couples depend on the electron-withdrawing char-
acter of the RCl group, which is directly related to the
degree of chlorination of the phenyl ring. Defined EPR
spectra have been obtained for all these homoleptic species
(1–6). The fact that the non-Kramers (d2, S=1) anions [VIII-
(RCl)4]

� in 1–3 are not EPR-silent—as generally accepted
for VIII compounds—is attributed to the particular distribu-
tion of energy levels originating from the slightly distorted
T-4 geometry found in the 10-electron species [NBu4]
[VIII(C6Cl5)4] (1’) by using X-ray diffraction methods. For
the d1 neutral compounds [VIV(RCl)4] (4–6), approximately
T-4 structures can also be reasonably assumed (9-electron
species).
With the less sterically demanding C6F5 group, a higher

coordination number was achieved for VIII and so the five-
coordinate, 11-electron compound [NBu4]2[V

III(C6F5)5] (7)
was obtained, with a stoichiometry unprecedented in orga-
novanadium chemistry. No EPR spectrum was observed for
this non-Kramers (d2, S=1) species, for which a TBPY-5
structure has been established (X-ray diffraction). The dif-
ferent coordination numbers expected for the adjacent oxi-
dation states (most commonly 6 for VII and 4 for VIV)
would justify the absence of any reversible electron-ex-
change process in the CV of 7.
C6F5 and C6Cl5, reportedly possessing similarly electron-

withdrawing characters,[45] show sharply different behaviour
in their vanadium chemistry. In contrast, fairly homogene-
ous behaviour was observed within the series of RCl ligands
essayed, for which differently electron-withdrawing charac-
ters depending on the degree of chlorination of the phenyl
ring were to be expected. In view of these results, we con-

Table 7. Selected bond lengths (pm) and angles (8) and their estimated
standard deviations for the anion of 7.

Bond lengths

V�C(1) 214.5(5) C(13)�C(14) 139.7(7)
V�C(7) 216.8(5) C(13)�C(18) 138.4(6)
V�C(13) 213.6(5) C(14)�F(14) 135.7(5)
V�C(19) 219.3(5) C(18)�F(18) 136.3(5)
V�C(25) 221.7(5) C(19)�C(20) 138.1(7)
C(1)�C(2) 137.5(6) C(19)�C(24) 138.4(7)
C(1)�C(6) 136.3(6) C(20)�F(20) 138.0(5)
C(2)�F(2) 135.9(5) C(24)�F(24) 137.0(5)
C(6)�F(6) 136.8(5) C(25)�C(26) 138.4(7)
C(7)�C(8) 137.7(7) C(25)�C(30) 137.1(7)
C(7)�C(12) 139.0(7) C(26)�F(26) 137.3(6)
C(8)�F(8) 136.9(5) C(30)�F(30) 137.1(5)
C(12)�F(12) 135.4(5)

Bond angles

C(1)�V�C(7) 127.1(2) C(8)�C(7)�C(12) 111.6(4)
C(1)�V�C(13) 107.3(2) C(7)�C(8)�F(8) 120.0(4)
C(1)�V�C(19) 99.5(2) C(7)�C(12)�F(12) 120.0(4)
C(1)�V�C(25) 82.1(2) V�C(13)�C(14) 124.6(4)
C(7)�V�C(13) 125.4(2) V�C(13)�C(18) 122.9(4)
C(7)�V�C(19) 89.3(2) C(14)�C(13)�C(18) 112.4(5)
C(7)�V�C(25) 87.1(2) C(13)�C(14)�F(14) 117.9(4)
C(13)�V�C(19) 84.5(2) V�C(19)�C(20) 117.4(4)
C(13)�V�C(25) 98.2(2) V�C(19)�C(24) 131.8(4)
C(19)�V�C(25) 176.3(2) C(20)�C(19)�C(24) 110.7(5)
V�C(1)�C(2) 122.6(4) C(19)�C(20)�F(20) 119.0(4)
V�C(1)�C(6) 123.9(3) C(19)�C(24)�F(24) 119.3(4)
C(2)�C(1)�C(6) 113.0(4) V�C(25)�C(26) 115.9(4)
C(1)�C(2)�F(2) 120.1(4) V�C(25)�C(30) 131.2(4)
C(1)�C(6)�F(6) 119.6(4) C(26)�C(25)�C(30) 112.6(5)
V�C(7)�C(8) 124.1(4) C(25)�C(26)�F(26) 119.6(5)
V�C(7)�C(12) 124.2(4) C(25)�C(30)�F(30) 120.6(4)

Figure 10. Thermal ellipsoid diagram (50% probability) of the anion of 7.
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clude that the documented ability of the C6Cl5 group to
enable the formation of homoleptic s-organyl derivatives in
different oxidation states for a given metal (M=Ti,[14] V,
Cr,[20] Rh[21] and Pt[30]) relies more on the shielding effect ex-
erted by the ortho-Cl substituents than on the groupXs elec-
tron-withdrawing properties. This would also explain the
close relationship between the metal chemistries of the
C6Cl5 and the mesityl ligands, given that similar van der
Waals volumes are ascribed to the Cl and CH3 substituents
(0.0195 and 0.0222 nm3, respectively).[46]

Experimental Section

General procedures and materials : All reactions and manipulations were
carried out under purified argon by use of Schlenk techniques. Solvents
were dried by standard methods and distilled prior to use. The vanadium
complexes [VCl3(thf)3]

[47] and [Li(thf)4][V(mes)4]
[3] were prepared by lit-

erature methods. Ethereal solutions of the organolithium reagents Li(tcp)
and Li(dcp) were prepared by low-temperature treatment of 1,3,5-tri-
chloro-2-iodobenzene[48] or 1-bromo-2,6-dichlorobenzene (Acros Organ-
ics) with nBuLi by procedures similar to those described for the synthesis
of LiC6F5

[49] and LiC6Cl5.
[50] The aminium salt [N(C6H4Br-4)3][SbCl6] was

purchased (Aldrich) and used as received. Solutions of chlorine were pre-
pared by bubbling a stream of the dry gas through CCl4 and were titrated
by standard redox methods[51] before use. Electronic absorption spectra
were measured in a Cary 500 spectrophotometer (Varian), in quartz
sample holders. Elemental analyses were carried out with a Perkin–
Elmer 2400-Series II microanalyzer. IR spectra (KBr discs) were record-
ed on a Perkin–Elmer Spectrum One spectrophotometer (4000–
350 cm�1). Mass spectra were recorded on a VG-Autospec spectrometer
by standard Cs ion FAB (acceleration voltage: 35 kV). Electrochemical
studies were carried out with an EG&G model 273 potentiostat in con-
junction with a three-electrode cell, in which the working electrode was a
platinum disc, the auxiliary electrode a platinum wire and the reference
an aqueous saturated calomel electrode (SCE) separated from the test
solution by a fine-porosity frit and an agar bridge saturated with KCl.
Where possible, solutions were 5Y10�4 moldm�3 in the test compound
and 0.1 moldm�3 in [NBu4][PF6] as the supporting electrolyte. At the end
of each voltammetric experiment, [Fe(h5-C5H5)2] was added to the solu-
tion as an internal standard for potential measurements. Under the con-
ditions used, the Eo value for the [Fe(h5-C5H5)2]

+/[Fe(h5-C5H5)2] couple
was 0.47 V.

Caution : Powder samples of 6 and 7 explode by percussion. All attempts
to isolate these compounds should be carried out with great caution.

Synthesis of [Li(thf)4][V
III(C6Cl5)4] (1): [VCl3(thf)3] (0.77 g, 2.06 mmol)

was added at �78 8C to a solution of LiC6Cl5 (ca. 10 mmol) in Et2O
(60 cm3). The suspension was allowed to warm up to 0 8C and was stirred
at that temperature for about 4 h. A green solid formed, and this was fil-
tered at 0 8C and extracted in CH2Cl2 (50 cm

3) at the same temperature.
The solvent in the extract was replaced by thf (10 cm3) and the slow dif-
fusion of an Et2O layer (40 cm3) into it at �30 8C yielded 1 as a green
solid (1.47 g, 1.09 mmol; 53% yield). IR (KBr): ñ=1321 (s), 1312 (s),
1284 (vs), 1224 (m), 1145 (m), 1063 (s), 1043 (s; C�O�Casym),

[11] 915 (sh),
887 (m; C�O�Csym),

[11] 829 (s; C6Cl5: X-sensitive vibr.),
[12] 668 cm�1 (s);

MS (FAB�): m/z : 1039 [V(C6Cl5)4]
� , 827 [V(C6Cl5)3Cl]

� , 615 [V-
(C6Cl5)2Cl2]

� , 403 [V(C6Cl5)Cl3]
� ; elemental analysis calcd (%) for

C40H32Cl20LiO4V: C 35.8, H 2.4; found: C 34.8, H 2.8.

Synthesis of [NBu4][V
III(C6Cl5)4] (1’): [VCl3(thf)3] (2.54 g, 6.80 mmol)

was added at �78 8C to a solution of LiC6Cl5 (ca. 55 mmol) in Et2O
(60 cm3). The suspension was allowed to warm up to room temperature
and, after 15 h of stirring, the now deep green solid was filtered, washed
with Et2O (3Y5 cm3) and extracted in CH2Cl2 (50 cm

3). The extract was
evaporated to dryness and the resulting residue was redissolved in iPrOH
(80 cm3) and filtered. The addition of NBu4Br (4.4 g, 13.6 mmol) to the

filtrate caused the precipitation of a first fraction of 1’ as a deep green
solid. On standing of the mother liquor at �30 8C overnight, a second
crop of 1’ was obtained (45% overall yield). IR (KBr): ñ =1482 (m),
1458 (w), 1379 (w), 1321 (s), 1312 (s), 1283 (vs), 1224 (m), 1145 (w), 1063
(s), 1025 (w), 883 (w; NBu4

+), 828 (s; C6Cl5: X-sensitive vibr.),
[12] 740 (w;

NBu4
+), 669 (s), 346 cm�1 (w); MS (FAB�): m/z : 1039 [V(C6Cl5)4]

� , 827
[V(C6Cl5)3Cl]

� , 792 [V(C6Cl5)3]
� , 615 [V(C6Cl5)2Cl2]

� , 545 [V(C6Cl5)2]
� ;

LM(acetone)=108.1 Scm
2mol�1; elemental analysis calcd (%) for

C40H36Cl20NV: C 37.2, H 2.8, N 1.1; found: C 37.3, H 2.8, N 0.65.

Crystals suitable for X-ray diffraction analysis were obtained by slow dif-
fusion of a layer of iPrOH (10 cm3) into a solution of 1’ (20 mg) in
CH2Cl2 (2 cm

3) at �30 8C.
Synthesis of [Li(thf)4][V

III(tcp)4] (2): Complex 2 was prepared from
[VCl3(thf)3] (1.07 g, 2.86 mmol) and Li(tcp) (ca. 16 mmol) by the proce-
dure described above for synthesising 1. Complex 2 was obtained as a
green microcrystalline solid (1.78 g, 1.67 mmol; 58% yield). IR (KBr):
ñ=2979 (m), 2881 (m), 1551 (s), 1520 (vs), 1459 (w), 1374 (m), 1342 (vs),
1294 (w), 1238 (s), 1178 (w), 1148 (s), 1120 (m), 1092 (w), 1042 (vs; C�
O�Casym),

[11] 915 (sh), 886 (m; C�O�Csym),
[11] 850 (m), 798 (vs), 773 (vs),

685 (w), 547 (m), 430 cm�1 (m); MS (FAB�): m/z : 767 [V(C6H2Cl3)4]
� ,

623 [V(C6H2Cl3)3Cl]
� , 479 [V(C6H2Cl3)2Cl2]

� ; elemental analysis calcd
(%) for C40H40Cl12LiO4V: C 45.0, H 3.8; found: C 44.5, H 3.95.

Synthesis of [Li(thf)4][V
III(dcp)4] (3): Complex 3 was prepared from

[VCl3(thf)3] (1.40 g, 3.74 mmol) and Li(dcp) (ca. 22 mmol) by the proce-
dure described above for synthesising 1 and was obtained as a green mi-
crocrystalline solid (0.54 g, 0.58 mmol; 15.5% yield). IR (KBr): ñ =1578
(w), 1558 (m), 1540 (s), 1462 (w), 1400 (vs), 1247 (m), 1162 (m), 1122 (s),
1091 (m), 1043 (s; C�O�Casym),

[11] 1012 (m), 915 (sh), 888 (m; C�O�
Csym),

[11] 768 (s), 752 (s), 685 cm�1 (m); MS (FAB�): m/z : 631 [V-
(C6H3Cl2)4]

� , 521 [V(C6H3Cl2)3Cl]
� , 411 [V(C6H3Cl2)2Cl2]

� , 306 [V-
(C6H3Cl2)(C6H3Cl)]

� ; elemental analysis calcd (%) for C40H44Cl8LiO4V:
C 51.6, H 4.8; found: C 51.4, H 5.0.

Synthesis of [VIV(C6Cl5)4] (4): Cl2 dissolved in CCl4 (0.62 mmol) was
added at 0 8C to a solution of 1 (0.33 g, 0.25 mmol) in CH2Cl2 (15 cm

3).
The initially green solution turned deep blue-green. After 30 min of stir-
ring, the solution was cooled at �30 8C and allowed to stand at that tem-
perature overnight. A blue-green solid formed, and this was filtered,
washed with CH2Cl2 (3Y3 cm

3) at �30 8C and vacuum dried (4·CCl4:
0.20 g, 0.17 mmol; 68% yield). IR (KBr): ñ =1487 (m), 1313 (s), 1286
(vs), 1146 (s), 1132 (vs), 1072 (s), 842 (vs; C6Cl5: X-sensitive vibr.),

[12] 782
(s), 758 (s), 678 cm�1 (vs); MS (FAB�): m/z : 1039 [V(C6Cl5)4]

� , 827 [V-
(C6Cl5)3Cl]

� , 757 [V(C6Cl5)2(C6Cl4)]
� ; elemental analysis calcd (%) for

C25Cl24V: C 24.9; found: C 25.0.

Synthesis of [VIV(tcp)4] (5): Cl2 dissolved in CCl4 (0.73 mmol) was added
dropwise to a solution of 2 (0.65 g, 0.61 mmol) in CH2Cl2 (15 cm

3) at 0 8C,
whereupon the initially green solution gradually turned deep blue. After
30 min of stirring, the solution was concentrated to dryness and the re-
sulting residue was extracted in Et2O (60 cm3) and filtered. Evaporation
of the filtrate solvent yielded a blue solid that was vacuum dried and col-
lected (5·CCl4: 0.28 g, 0.30 mmol; 50% yield). IR (KBr): ñ=1548 (vs),
1516 (s), 1406 (w), 1375 (w), 1345 (s), 1238 (w), 1156 (m), 1124 (s), 1101
(m), 1089 (m), 1010 (m), 851 (s), 815 (s), 784 (s), 686 (m), 662 (w), 598
(w), 552 (m), 501 (m), 432 cm�1 (m); MS (FAB�): m/z : 767 [V-
(C6H2Cl3)4]

� , 623 [V(C6H2Cl3)3Cl]
� , 479 [V(C6H2Cl3)2Cl2]

� ; elemental
analysis calcd (%) for C25H8Cl16V: C 32.4, H 0.9; found: C 31.75, H 1.25.

Synthesis of [VIV(dcp)4] (6): [N(C6H4Br-4)3][SbCl6] (0.23 g, 0.28 mmol)
was added at 0 8C to a solution of 3 (0.52 g, 0.56 mmol) in CH2Cl2
(10 cm3). The initially green solution turned deep blue. After 1 h of stir-
ring, a deep blue solid formed. This was filtered, washed with CH2Cl2
(3Y3 cm3) at 0 8C and vacuum dried (6 : 0.23 g, 0.36 mmol; 64% yield).
IR (KBr): ñ=1652 (s), 1552 (s), 1540 (s), 1402 (vs), 1373 (s), 1247 (m),
1169 (s), 1135 (s), 1094 (s), 1062 (m), 1010 (s), 784 (m), 774 (vs), 763 (s),
692 (m), 433 (m), 389 (m), 344 cm�1 (m); MS (FAB�): no ions observed;
MS (FAB+): no ions observed; elemental analysis calcd (%) for
C24H12Cl8V: C 45.4, H 1.9; found: C 45.3, H 1.7.

Synthesis of [NBu4]2[V
III(C6F5)5] (7): [VCl3(thf)3] (1.44 g, 3.85 mmol) was

added at �78 8C to a solution of LiC6F5 (ca. 23 mmol) in Et2O (50 cm3).
The suspension was allowed to warm up to �30 8C and, after the addition
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of NBu4Br (1.24 g, 3.85 mmol), the temperature was further allowed to
rise to 0 8C. After 3 h of stirring at this temperature, a green solid had
formed; this was filtered and extracted in CH2Cl2 (70 cm

3) at 0 8C. The
solvent in the extract was concentrated to a final volume of 20 cm3 and
the slow diffusion of an Et2O layer (60 cm3) into it at �30 8C yielded 7 as
a microcrystalline green solid (1.67 g, 1.22 mmol; 31.6% yield based on
the vanadium precursor). IR (KBr): ñ=2967 (s), 2879 (m), 1628 (m),
1493 (vs), 1439 (vs), 1425 (s), 1382 (w), 1365 (w), 1325 (w), 1277 (w),
1245 (w), 1230 (w), 1173 (w), 1151 (w), 1056 (s), 1035 (s), 996 (w), 949
(vs; C6F5: C�F),[12] 937 (vs; C6F5: C�F),[12] 881 (w; NBu4+), 799 (w), 756
(w; C6F5: X-sensitive vibr.),

[12] 740 (w; NBu4
+), 711 (w), 595 (w), 482 cm�1

(w); MS (FAB�): m/z : 905 [V(C6F5)5F]
� , 719 [V(C6F5)4]

� , 553 [V-
(C6F5)3]

� , 386 [V(C6F5)2]
� ; elemental analysis calcd (%) for

C62H72F25N2V: C 54.3, H 5.3, N 2.0; found: C 53.8, H 4.9, N 2.4.

Crystals suitable for X-ray diffraction analysis were obtained by slow dif-
fusion of a layer of Et2O (5 cm3) into a solution of 7 (25 mg) in CH2Cl2
(1 cm3) at �30 8C.
X-ray structure determinations : Crystal data and other details of the
structure analyses are presented in Table 8. Suitable crystals of 1’ and 7
were obtained as indicated in each synthetic procedure. Crystals were
mounted at the end of a glass fibre and held in place with epoxy adhe-
sive.

Complex 1’: Unit-cell dimensions were determined by use of 25 centred
reflections in the range 22.2<2q<31.48. An absorption correction was
applied on the basis of 548 azimuthal scan data (maximum and minimum
relative transmission factors: 0.767 and 0.737, respectively). Reflections
were collected on a Enraf–Nonius CAD4 diffractometer in an octant of
reciprocal space for 4.0<2q<50.08 by w/q scans.

Complex 7: Unit-cell dimensions were initially determined from the posi-
tions of 61 reflections in 60 intensity frames measured at 0.38 intervals in
w and subsequently refined on the basis of positions for 929 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three w-scan runs (starting w=

�288) at values f=08, 908 and 1808 with the detector at 2q=288. For
each of these runs, frames were collected at 0.38 intervals and 10 seconds

per frame. An absorption correction based on 5734 symmetry equivalent
reflection intensities (maximum and minimum transmission factors: 1.000
and 0.873, respectively) was applied. The diffraction frames were inte-
grated by use of the SAINT package[52] and corrected with SADABS.[53]

The structures were solved by Patterson and Fourier methods. The re-
finements were carried out with the programs SHELXL-93[54] (1’) or
SHELXL-97[55] (7). All non-hydrogen atoms were assigned anisotropic
displacement parameters and were refined without positional constraints
except as noted below. All hydrogen atoms were constrained to idealised
geometries and assigned isotropic displacement parameters 1.2 times the
Uiso value of their attached carbon atoms (1.5 times for methyl hydrogen
atoms). Full-matrix, least-squares refinement of these models against F2

converged to final residual indices given in Table 8. Lorentz and polarisa-
tion corrections were applied for all the structures.

CCDC-167901 and CCDC-256010 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

EPR measurements : EPR data were taken in a Bruker ESP 380 spec-
trometer. The magnetic field was measured with a Bruker ER035M
gaussmeter. A Hewlett–Packard HP5350B frequency counter was used to
determine the microwave frequency. The samples were introduced in
fused quartz tubes.
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