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A Linear Tetranuclear Vanadium—-Oxygen Assembly

Adrian Hills, David L. Hughes, G. Jeffery Leigh* and J. Roger Sanders
AFRC IPSR Nitrogen Fixation Laboratory, University of Sussex, Brighton BN1 9RQ, UK

The reaction of [VO(salen)] with controlled quantities of species able to extract the oxygen atom, such as trityl
fluoroborate or fluoroboric acid—diethyl ether (1/1) leads to the novel tetranuclear cation [{V(salen)},(u-O)3]2+, which

contains a linear vanadium—oxygen chain.

A large number of complexes containing VO(Schiff base
dianion)”* (n = 0 or 1) moieties has been reported.! To date
these have always been mononuclear or polymeric with single
oxygen bridges, although a few dinuclear species with single
oxygen bridges are known for VO systems with anions other
than Schiff-base dianions.?

Recently, we showed? the first exception to this generaliza-
tion, [{V(salen)}{VO(salen)}(u-O)]* (Hasalen = N,N’-bis-
(salicylidene)ethylenediamine), a compound best formulated
as [VIV=0—-VV=0]+. This exists only in the solid state, and
dissociates in solution. We now report a novel tetranuclear
species.



828

Reaction of [VO(salen)] with trityl tetrafluoroborate or
with HBF,-Et,O in the molar ratio of 2:1 (in an attempt to
abstract an oxygen atom) vyielded not the expected
[{V(salen)}{VO(salen)}(u-O)]BF, but black crystals of what
proved to be [{V(salen)}4(n-O)3](BF,), (Fig. 1). The mag-
netic susceptibility measured between 294 and 90 K shows a
roughly linear dependence of 1/y4 upon T, with an extrapol-
ated value of 0 of ca. —10 K. Using the spin-only formula, the
data are consistent with peg = 1.53 ppg per vanadium at 294 K,
dropping to 1.33 ug at 90 K. The anti-ferromagnetic coupling
is not very extensive at room temperature. We have so far
been unable to obtain crystals suitable for EPR spectroscopy,
and dispersion to make a magnetically dilute solid is not
feasible as yet. The compound shows v(V=0) at 945 and 910
cm~1in the IR spectrum in the solid state. In both [VO(salen)]
and [VO(salen)]* this band is observed at 981 cm~1,4 and it is
observed at 870 cm~! in [{V(salen)}{VO(salen)}(u-O)]*.3
The tetranuclcar species is clearly very diffcrent from any of
these.

The X-ray crystal structure reveals a centrosymmetric linear
tetranuclear chain,t in which the outer vanadium atoms can be
regarded as part of {VVO(salen)} units, bound to a central
{V(salen)},O2+ unit. This is supported by the following
observations. In the almost linear V(1)-O(1)-V(2)-O(2)-
V(2')-O(1")-V(1’) chain, V(1)-O(1) is 1.625(2) A. This
compares with 1.67(5) A for the VIV=O separation in the
VIV=0—VV=0 chain in [{V(salen)}{VO(salen)}(n-O)]+.3
Similarly, O(1)-V(2) is 2.059(2) A, compared with 2.06(5) A
for O—VV in the dinuclear entity. The square-pyramidal
geometry around the vanadium atoms in these {VO(salen)}
units is very similar to that in [VO(salen)] (VIV=0 = 1.588 A)
and in [VO(salen)]ClO, (VV=0=1.576 A).4

The central {V(salen)},O2* unit is not so easily defined.
V(2)-O(2) is 1.763 A, longer than the VV=0O separation of
1.58(3) A, and its essential structure is best represented by
V=0=V, V-O bond order 1.5, with nearly ideal octahedral
coordination about each vanadium.

T Crystal structure analysis of [{V(salen)}4(u-O);](BF4),2MeCN.
Crystal data: CegHegaBoFgN0O11Vy, M = 1572.7. Triclinic, space
group PT (no. 2),a = 10.511(1), b = 13.349(1), c = 14.831(1) Aa=
70.489(9), B = 109.413(7),y = 79.442(7)°, V=1745.7A3. Z =1, D. =
1.496 g cm—3, F(000) = 802, w(Mo-K«) = 5.9 ecm~!, MMo-Ka) =
0.71069 A.

Crystals are air-stable, very dark, thick needles. After photographic
examination, one was transferred to an Enraf-Nonius CAD4 dif-
fractometer for determination of accurate ccll parameters (by
refinement from settings of 25 reflections, 0 ca. 10.5°, each centred in
four orientations) and measurement of diffractionintensities (t0 0, =
25°).

During processing, intensities were corrected for Lorentz-polarisa-
tion effects, slight deterioration, absorption and to ensure no
negative net intensities. 6138 Unique reflections were entered into the
SHELX system.®

The structure was determined, eventually, by direct methods (in
SHELXS?) in the space group P1. After conversion to the centrosym-
metric symmetry, refinement (by full-matrix least-squares methods in
an extended version of SHELX?®) to convergence was rapid, giving R
= 0.053, R, = 0.050¢ for all data weighted equally. In the cation, all
non-hydrogen atoms were refined anisotropically and H atoms were
included in idealised positions with independent isotropic thermal
parameters. The BF,~ ion is disordered in several orientations; four
idealised BF, tetrahedra, with a common B atom and equal
occupancies but with independent atomic isotropic thermal para-
meters, were included in the refinement. The acetonitrile molecule is
disordered equally in two orientations, sharing a common centre C
atom. In a final difference map the only peaks of significance (ca. 0.6
eA-3) are in the region of the anion.

Scattering factors for neutral atoms were taken from Ref. 8.
Computer programs have been noted above or in Table 4 of Ref. 9,
and were run on the MicroVAXII machine in this laboratory.

Atomic coordinates, bond lengths and angles, and thermal
parameters have been deposited at the Cambridge Crystallographic
Data Centre. See Notice to Authors, Issue No. 1.
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Fig. 1 The structure of the ion [{V(salen)}4(n-O);]2+. The angle
V(D)-O(1)-V(2) is 162.2(1)°. The ion is centrosymmetric. and hence
V(2)-0(2)-V(2') must be 180°.

The EPR spectrum of the tetranuclear salt when dissolved
in acetonitrile at 20°C shows signals assignable only to
[VO(salen)], with an intensity corresponding to two
[VO(salen)] molecules for each of the four vanadium atoms
initially prescnt. The addition of water to this acetonitrile
solution yields altogether four moles of [VO(salen)], as judged
by EPR and UV spectroscopy. The addition of 2 equiv. of
[PPhy]Br converts the acetonitrile solution to a mixture of
three molecules of [VO(salen)] and one molecule of
[VBry(salen)],5 again determined by UV and EPR spectro-
scopy.

The reason for the formation of our tetranuclear cation
would appear to be that the preparative reaction protonates a
V=0 moiety to yield a labile coordinated water molecule
V<—OH,2+ in the absence of any strongly coordinating anion.
What crystallises is the least soluble species. It is already
known that if an acid with a more strongly coordinating anion.
such as HCl, is used then the oxygen is similarly protonated
and an excess of this acid produces [VCly(salen)].4 If we use a
1:2 molar ratio of [VO(salen)] : HBF,-Et,O (rather than 2: 1,
as above) we obtain a 90% vyield of a material with
spectroscopic and analytical properties consistent with the
formulation [V(H,O)(salen)](BF,),. With a molar ratio of
1:1, the product is formulated on the basis of analysis and
spectroscopic properties as [{V(salen);}O](BF,),. This last
material contains a cation corresponding to the central unit of
our tetranuclear species. We are currently attempting to
obtain suitable crystals to confirm these formulations.

Our tetranuclear species, like the [{V(salen)} {VO(salen)}-
(u-O)]2+, is labile in solution but stable in the solid. We have
evidently established a new area of vanadium-oxygen
chemistry of polynuclear species, which we are currently
exploring.
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