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The complex [VCl2(tmen)2 ] (tmen = N,N,N9,N9-tetramethylethane-1,2-diamine) changes spontaneously into a
triangulo-trinuclear species [V3(µ-Cl)3(µ3-Cl)2(tmen)3 ]1 in solution in tetrahydrofuran upon addition of salts of
suitable counter ions. The apical (µ3 ) chlorides can be replaced by methoxide, and the tmen by diphosphines.
Several related materials, all containing the triangulo-V3X3 (X = Cl or Br) motif, were characterised by mass
spectroscopy, X-ray diffraction and other techniques. These clusters are antiferromagnetic both in solution and in
the solid state. Thermogravimetric analysis of trans-[VCl2(tmen)2 ] and of [V(MeOH)6 ]Cl2 implied the formation
of similar triangulo-V3Cl3 species, which appear to be of common occurrence in vanadium() chemistry.

We have recently been working on the chemistry of vanadium,1

inspired partly by the work of Gambarotta and co-workers 2

who described the first dinitrogen complex of vanadium that is
stable at room temperature, and partly by the discovery of the
vanadium-containing nitrogenases.3 We needed to synthesize

the dinitrogen complex [{V(C6H4CH2NMe2 )2(C5H5N)}2(µ-
N2 )] by the reaction of Li(C6H4CH2-1-NMe2-2 ) with [VCl2-
(tmen)2 ] (tmen = N,N,N9,N9-tetramethylethane-1,2-diamine)
under N2, and had difficulty in obtaining reproducible results,
despite following the prescribed procedure 2 as closely as we
could. We satisfied ourselves that the problem did not arise
from the lithium salt, which was recommended 2 to be freshly
sublimed, but which is nevertheless quite stable over consider-
able periods, and concluded that the problem unexpectedly
concerns the well defined vanadium complex. The work
described here shows that this is probably the case. Some of
these results have been published in preliminary form.4

Results and Discussion
Preparative studies

In our search for suitable vanadium() starting materials to
synthesize vanadium–dinitrogen complexes we attempted to
prepare [VI2(tmen)2 ] by the reaction of the corresponding
dichloride with SiMe3I in tetrahydrofuran (thf).4 Although the
product analysed (C, H, N) precisely for the required material,
an admittedly incomplete X-ray analysis (due to poor-quality
crystals) showed that our product was actually [V3(µ-Cl)3(µ3-
Cl)2(tmen)3]I A,5 which has percentage contents of C, H and N
the same as those of the diiodide to the second decimal place!
Apart from our surprise at this extraordinary coincidence, we
also wondered how the trinuclear cation had arisen. It was not
new, having been isolated in salts from the reactions of [VCl2-
(tmen)2 ] with NaNPh2

6 and of the former complex with
[VCl3(thf)3 ].7 Its appearance was ascribed to disproportion-
ations and halide abstractions.

The trinuclear vanadium cation is bluish green (turquoise),
whereas the starting [VCl2(tmen)2 ] is a beautiful clear blue. Dur-

† Non-SI unit employed: µB ≈ 9.27 × 10224 J T21.

ing the preparation of complex A we observed that upon heat-
ing the reaction mixture in thf to boiling it turned reversibly
turquoise. Upon cooling to 220 8C the blue colour reappeared.
This suggested the equilibrium (1) (see experimental section).

3[VCl2(tmen)2 ] [V3Cl5(tmen)3 ]1 1 Cl2 1 3tmen (1)

Addition of a cold thf solution of Na[BPh4 ] to a cold thf solu-
tion of the dichloride also provoked a colour change to green.
On cooling this mixture to 220 8C the blue dichloride crystal-
lised out, whereas at room temperature the addition of hexane
allowed turquoise [V3Cl5(tmen)3 ][BPh4 ] B, of  which the struc-
ture was determined (Fig. 1 and Table 1), to crystallise. The way
in which the tetraphenylborate provokes this change is not
obvious. The isolated tetraphenylborate salt was apparently
unchanged in solution in thf at any temperature between
220 8C and the boiling point, but upon addition of both extra
chloride as the benzyltri-n-butylammonium salt and of extra

Fig. 1 Structure of the triangulo-trivanadium() cation in complex B,
showing the atom numbering scheme
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tmen, blue crystals of the dichloride were formed upon cooling.
The trinuclear compound has a magnetic moment in solution in
[2H8] thf of 2.14 µB per vanadium atom, considerably less than
the spin-only value, indicating coupling between the vanadium
atoms. Solid-state magnetic susceptibility measurements on the
corresponding iodide between 113 and 293 K showed that it is
antiferromagnetic in the solid state, with a surprisingly high
Neel temperature of 230 K (Fig. 2).

This particular trinuclear structure was, at the time, the sole
example with a triangulo-V3Cl3 basis and we have yet to dis-
cover the mechanism of formation. However, it is known that
[VCl2(tmen)2 ] is formed from the reaction of dinuclear vana-
dium() species such as [V2Cl3(thf)6 ]1 with tmen.8 This suggests
that there may well be a series of equilibria (2) involving

[VCl2(tmen)2 ] [V2Cl4(tmen)2 ] [V3Cl5(tmen)3 ]1 (2)

all three states of aggregation. There are precedents for the
binuclear species in copper,9 chromium 10 and iron 12 chemistry,
and the reaction of a binuclear compound with a mononuclear
one may well be the route to the trinuclear. We have attempted
to exploit this to synthesize mixed-metal species.11

Table 1 Selected molecular dimensions in [V3Cl5(tmen)3][BPh4] B
(bond lengths in Å, angles in 8) with estimated standard deviations
(e.s.d.s) in parentheses; angles marked with an asterisk have e.s.d.s less
than 0.058

About the vanadium atoms

V(1) ? ? ? V(2)
V(1) ? ? ? V(3)
V(1)]Cl(2)
V(1)]Cl(3)
V(1)]Cl(4)
V(1)]Cl(5)
V(1)]N(11)
V(1)]N(12)
V(2)]Cl(1)
V(2)]Cl(3)
V(2)]Cl(4)

3.155(1)
3.134(1)
2.482(1)
2.507(1)
2.524(1)
2.515(1)
2.220(3)
2.217(3)
2.505(1)
2.504(1)
2.537(1)

V(2) ? ? ? V(3)

V(2)]Cl(5)
V(2)]N(21)
V(2)]N(22)
V(3)]Cl(1)
V(3)]Cl(2)
V(3)]Cl(4)
V(3)]Cl(5)
V(3)]N(31)
V(3)]N(32)

3.136(1)

2.497(1)
2.216(3)
2.213(3)
2.499(1)
2.501(1)
2.532(1)
2.510(1)
2.206(3)
2.214(3)

V(2) ? ? ? V(1) ? ? ? V(3)
V(1) ? ? ? V(2) ? ? ? V(3)
Cl(2)]V(1)]Cl(3)
Cl(2)]V(1)]Cl(4)
Cl(3)]V(1)]Cl(4)
Cl(2)]V(1)]Cl(5)
Cl(3)]V(1)]Cl(5)
Cl(4)]V(1)]Cl(5)
Cl(2)]V(1)]N(11)
Cl(3)]V(1)]N(11)
Cl(4)]V(1)]N(11)
Cl(5)]V(1)]N(11)
Cl(2)]V(1)]N(12)
Cl(3)]V(1)]N(12)
Cl(4)]V(1)]N(12)
Cl(5)]V(1)]N(12)
N(11)]V(1)]N(12)
Cl(1)]V(2)]Cl(3)
Cl(1)]V(2)]Cl(4)
Cl(3)]V(2)]Cl(4)
Cl(1)]V(2)]Cl(5)
Cl(3)]V(2)]Cl(5)
Cl(4)]V(2)]Cl(5)
Cl(1)]V(2)]N(21)
Cl(3)]V(2)]N(21)
V(2)]Cl(1)]V(3)
V(1)]Cl(2)]V(3)
V(1)]Cl(3)]V(2)
V(1)]Cl(4)]V(2)
V(1)]Cl(4)]V(3)

59.8*
59.8*

162.0*
84.0*
83.0*
84.0*
83.2*
87.9*
96.1(1)
97.6(1)

176.8(1)
95.3(1)
96.5(1)
96.8(1)
94.5(1)

177.6(1)
82.3(1)

161.8*
83.1*
82.8*
84.5*
83.6*
88.0*
97.0(1)
97.4(1)
77.6*
77.9*
78.0*
77.1*
76.6*

V(1) ? ? ? V(3) ? ? ? V(2)

Cl(4)]V(2)]N(21)
Cl(5)]V(2)]N(21)
Cl(1)]V(2)]N(22)
Cl(3)]V(2)]N(22)
Cl(4)]V(2)]N(22)
Cl(5)]V(2)]N(22)
N(21)]V(2)]N(22)
Cl(1)]V(3)]Cl(2)
Cl(1)]V(3)]Cl(4)
Cl(2)]V(3)]Cl(4)
Cl(1)]V(3)]Cl(5)
Cl(2)]V(3)]Cl(5)
Cl(4)]V(3)]Cl(5)
Cl(1)]V(3)]N(31)
Cl(2)]V(3)]N(31)
Cl(4)]V(3)]N(31)
Cl(5)]V(3)]N(31)
Cl(1)]V(3)]N(32)
Cl(2)]V(3)]N(32)
Cl(4)]V(3)]N(32)
Cl(5)]V(3)]N(32)
N(31)]V(3)]N(32)

V(2)]Cl(4)]V(3)
V(1)]Cl(5)]V(2)
V(1)]Cl(5)]V(3)
V(2)]Cl(5)]V(3)

60.4*

178.3(1)
93.7(1)
95.3(1)
97.4(1)
95.5(1)

176.4(1)
82.8(1)

162.4*
83.3*
83.4*
84.3*
83.7*
87.8*
98.3(1)
95.4(1)

177.7(1)
94.1(1)
95.8(1)
96.8(1)
95.0(1)

177.2(1)
83.2(1)

76.4*
78.0*
77.2*
77.5*

Torsion angles in the tmen ligands

N(11)]C(11)]C(12)]N(12)
N(21)]C(21)]C(22)]N(22)
N(31)]C(31)]C(32)]N(32)

239.3(9)
260.8(4)

59.8(5)

We showed subsequently using thermogravimetric analysis
that [VCl2(tmen)2 ] loses weight on heating under N2 to about
215 8C, corresponding to the loss of one molecule of tmen, and
implying an empirical formula for the product consistent with
both the tri- and bi-nuclear formulations. At this stage the resi-
due is turquoise. By about 430 8C another tmen molecule has
been lost, and the residue above ca. 600 8C corresponds to VCl
(or conceivably VO2 if  the material had scavenged oxygen).11

Parallel behaviour was observed upon heating in vacuo and the
turquoise solid obtained at 180 8C analysed for [VCl2(tmen)].12

We also studied some other vanadium() species. Though there
was no strong indication of stable species [VCl2(py)2 ] (py = pyrid-
ine) upon heating [VCl2(py)4 ],13,14 [V(MeOH)6 ]Cl2

15 does
appear to form stable VCl2(MeOH)2 (compare with the reports
in refs. 14 and 16). The final weight loss always corresponds
to the formation of VCl (or VO2 ), though we were unable to
characterise this species by chemical means.

It is tempting to infer that all the vanadium species VCl2-
(monodentate ligand)2 are actually polynuclear. That this may
be so was shown by an attempt to synthesize [VI2(tmen)2 ] from
the compound VCl2(EtOH)2

17 which is antiferromagnetic in
the solid state, implying some kind of polynuclear interaction.
Treatment of this last material with KI in methanol {expected
to generate [V(MeOH)6 ]I2 }, followed by tmen in thf, produced
not [VI2(tmen)2 ] but crystals containing the two cationic species

Fig. 2 Plot of the inverse of the atomic magnetic susceptibility (m)
and effective magnetic moment (s) versus temperature for [V3Cl5-
(tmen)3 ]I A

Fig. 3 View of the [V3(µ-Cl)3(µ3-OMe)2(tmen)3 ]1 cation in the co-
crystallised iodide salts C and D
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[V3(µ-Cl)3(µ3-OMe)2(tmen)3 ]1 C and [V3(µ-Cl)3(µ3-Cl)(µ3-OMe)
(tmen)3 ]1 D (Fig. 3, Table 2). This result also showed that it is
possible to replace the apical chlorides of the cluster by methox-
ides, but hardly constitutes a rational synthesis of such
materials. This we now developed.

Fig. 4 A CAMERON 18 plot of the molecular structure of one of the
crystallographically independent cations in the crystal of F, [V3(µ-Cl)3-
(µ3-OMe)2(depe)3 ]1, showing the atom labelling scheme

Table 2 Selected molecular dimensions (length in Å, angles in 8) in
[V3Cl3(OMe)2(tmen)3]I C with [V3Cl4(OMe)(tmen)3]I?MeOH D

About the vanadium atoms

V(1) ? ? ? V(2)
V(1)]Cl(2)

V(1)]O(4)
V(1)]O(5)
V(1)]N(11)
V(1)]N(12)

2.999(4)
2.491(4)

2.142(13)
2.149(14)
2.263(17)
2.242(18)

V(2) ? ? ? V(29)
V(2)]Cl(1)
V(2)]Cl(2)
V(2)]O(4)
V(2)]O(5)
V(2)]N(21)
V(2)]N(22)

3.008(6)
2.512(5)
2.489(5)
2.136(10)
2.125(10)
2.298(16)
2.271(16)

V(2) ? ? ? V(1) ? ? ? V(29)
Cl(2)]V(1)]Cl(29)
Cl(2)]V(1)]O(4)

Cl(2)]V(1)]O(5)

O(4)]V(1)]O(5)
Cl(2)]V(1)]N(11)

O(4)]V(1)]N(11)
O(5)]V(1)]N(11)
Cl(2)]V(1)]N(12)

O(4)]V(1)]N(12)
O(5)]V(1)]N(12)
N(11)]V(1)]N(12)
V(2)]Cl(1)]V(29)

60.2(1)
166.0(2)
84.4(1)

84.2(1)

71.1(5)
95.5(1)

104.4(6)
175.5(6)
95.3(1)

176.3(6)
105.2(6)
79.3(6)
73.6(2)

V(1) ? ? ? V(2) ? ? ? V(29)
Cl(1)]V(2)]Cl(2)
Cl(1)]V(2)]O(4)
Cl(2)]V(2)]O(4)
Cl(1)]V(2)]O(5)
Cl(2)]V(2)]O(5)
O(4)]V(2)]O(5)
Cl(1)]V(2)]N(21)
Cl(2)]V(2)]N(21)
O(4)]V(2)]N(21)
O(5)]V(2)]N(21)
Cl(1)]V(2)]N(22)
Cl(2)]V(2)]N(22)
O(4)]V(2)]N(22)
O(5)]V(2)]N(22)
N(21)]V(2)]N(22)
V(1)]Cl(2)]V(2)

59.9(1)
166.0(2)
83.1(3)
84.6(3)
85.0(3)
84.8(3)
71.7(5)
96.2(6)
95.3(5)

173.4(7)
101.8(7)
96.0(4)
93.2(4)

102.5(5)
173.9(6)
84.1(7)
74.1(1)

In the methoxo ligands

O(4)]C(4) 1.414(24) O(5)]C(5) 1.417(30)

V(1)]O(4)]V(2)
V(2)]O(4)]V(29)
V(1)]O(4)]C(4)
V(2)]O(4)]C(4)

89.0(4)
89.5(6)

125.4(13)
126.0(6)

V(1)]O(5)]V(2)
V(2)]O(5)]V(29)
V(1)]O(5)]C(5)
V(2)]O(5)]C(5)

89.1(5)
90.1(6)

125.0(17)
126.0(9)

Torsion angles in the tmen ligands

N(11)]C(11)]C(12)]N(12)
N(21)]C(21)]C(22)]N(22)

66(2)
47(5)

The reaction of [VCl2(tmen)2 ] with Na[BPh4 ] in methanol
produced a heavy white precipitate, which contained both tmen
and tetraphenylborate. From the filtrate we isolated in low yield
a crystalline compound formulated as [V3Cl3(OMe)2(tmen)3 ]-
[BPh4 ]?2MeOH E. No extra tmen had been added and no
attempt was made to optimise the yield. There was no indica-
tion of the formation of a pentamethoxo complex. However,
reaction of [V3Cl5(tmen)3 ][BPh4 ] with depe (Et2PCH2CH2PEt2 )
in methanol gave a good yield of [V3Cl3(OMe)2(depe)3 ][BPh4 ]
F, characterised by X-ray analysis (Fig. 4 and Table 3), as
well as (H2tmen)(OMe)[BPh4 ] and some of the known [VCl2-
(depe)2 ].19 The trinuclear nature was confirmed by positive ion
FAB mass spectroscopy. The addition of more depe increased
the yield of the mononuclear species at the expense of the tri-
nuclear complex.

The effective magnetic moment per vanadium atom in a solu-
tion of the deep green-blue crystals of complex F in [2H8]thf is
within the range 2.25–1.90 µB, decreasing with temperature
between 323 and 172 K. The magnetic susceptibility also
decreases with temperature. This may be due to antiferro-
magnetic coupling, as observed for both [V3Cl3(OMe)2(tmen)3 ]I
C in solution and for the depe complex F in the solid state
(Fig. 5). Presumably there is a superexchange interaction
between the vanadium atoms, mediated by the bridging chlor-
ide and/or methoxide ligands, because the metal–metal separ-
ations obtained from the X-ray analysis (see below) are too
large to allow extensive direct interactions. Nevertheless, there
is a difference between chloride and methoxide in that the Neel
temperature in the methoxide case appears to be below liquid-
nitrogen temperature, indicating stronger antiferromagnetic
coupling in the pentachloro cation.

The isolation of [VCl2(depe)2 ] from the reaction mixture that
also generates the trinuclear species is consistent with the prop-
osition that the driving force for the formation of the trinuclear
species is the bulk of the bidentate ligand. There are no
examples of three tmen molecules co-ordinated to a single first-
transition-series metal() ion, whereas corresponding deriv-
atives of ethane-1,2-diamine are common. Substituted amines
are usually somewhat weaker complexing agents than unsubsti-
tuted amines. Other experiments showed that N,N,N9-

Table 3 Selected bond lengths (Å) and angles (8) for one of the crystal-
lographically independent molecules in [V3Cl3(OMe)2(depe)3][BPh4] F

About the V atoms

V(1)]V(2)
V(1)]V(3)
V(1)]Cl(1)
V(1)]Cl(3)
V(1)]O(1)
V(1)]O(2)
V(1)]P(1)
V(1)]P(2)
V(3)]O(1)
V(3)]O(2)
V(3)]P(5)
V(3)]P(6)

2.961(4)
2.950(4)
2.455(6)
2.484(5)
2.114(11)
2.100(11)
2.525(6)
2.521(6)
2.098(12)
2.103(11)
2.524(6)
2.538(6)

V(2)]V(3)

V(2)]Cl(2)
V(2)]Cl(1)
V(2)]O(1)
V(2)]O(2)
V(2)]P(3)
V(2)]P(4)
V(3)]Cl(2)
V(3)]Cl(3)
O(2)]C(01)
O(1)]C(02)

2.982(4)

2.480(5)
2.478(5)
2.071(12)
2.119(11)
2.525(6)
2.538(6)
2.466(6)
2.505(5)
1.42(2)
1.39(2)

About V(2) and some Cl ligands in the cation (the angles about the
other V and Cl atoms are very similar)

Cl(1)]V(2)]Cl(2)
O(1)]V(2)]P(3)
O(2)]V(2)]P(4)
O(2)]V(2)]Cl(2)
Cl(1)]V(2)]P(3)
O(2)]V(2)]P(3)
Cl(2)]V(2)]P(4)
P(3)]V(2)]P(4)
C(01)]O(2)]V(2)
V(2)]O(1)]V(1)
V(3)]O(2)]V(2)
V(3)]Cl(2)]V(2)

164.6(2)
103.1(4)
106.1(4)
82.1(3)
95.7(2)

174.2(4)
97.4(2)
79.7(2)

123.2(10)
90.1(5)
89.8(4)
74.1(2)

O(1)]V(2)]Cl(1)
O(1)]V(2)]Cl(2)
O(2)]V(2)]Cl(1)
O(1)]V(2)]O(2)
Cl(2)]V(2)]P(3)
Cl(1)]V(2)]P(4)
O(1)]V(2)]P(4)
C(02)]O(1)]V(2)
V(2)]O(1)]V(3)
V(2)]O(2)]V(1)
V(1)]Cl(1)]V(2)

85.0(3)
84.8(3)
83.7(3)
71.1(5)
97.9(2)
92.3(2)

176.3(4)
126.2(11)
91.3(5)
89.1(4)
73.8(2)
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trimethylethane-1,2-diamine and N,N9-dimethylethane-1,2-
diamine (dmen) form mononuclear vanadium() adducts (see
Experimental section) that have no tendency to form spon-
taneously trinuclear species.5,11 Presumably depe as a ligand to
vanadium() is less sterically demanding than tmen, but more
demanding than the other two diamines.

We have also prepared and characterised the related complex
[V3Br3(OEt)2(tmen)3 ]1 as the tetraphenylborate salt G, but have
not, as yet, explored its chemistry. For this we required the new
complex [VBr2(tmen)2 ] H, prepared as described in the
Experimental section. We also characterised this structurally,

Fig. 5 Plot of the inverse of the atomic magnetic susceptibility (m)
and effective magnetic moment (s) versus temperature for (a)
[V3Cl3(OMe)2(tmen)3 ]I C in the solid state and for [V3Cl3(OMe)2-
(depe)3 ][BPh4 ] F in solution (b) and in the solid state (c)

and the data are presented in Fig. 6 and Table 4. The trans
structure and magnetic properties are very similar to those
demonstrated for the isostructural [VCl2(tmen)2 ].8

A plot of the reciprocal of the atomic susceptibility of van-
adium in [VBr2(tmen)2 ] against absolute temperature (Fig. 7) is
a straight line which passes through the origin upon extrapol-
ation. The complex therefore follows the Curie law with θ = 0,
and µeff = 3.8µB, independent of temperature between 89 and
259 K. As expected, this is close to the expected spin-only
value, and is consistent with a mononuclear formulation.

Structural studies

Comparative structural data for the three trinuclear complexes
described here are presented in Table 5. In each case the V ? ? ? V
separation is too long for there to be significant direct metal–

Fig. 6 View of the molecular structure of trans-[VBr2(tmen)2 ] H, with
the atom numbering scheme. The vanadium atom lies on a centre of
symmetry. The alternative sites for the tmen ligands are indicated

Fig. 7 Plot of the magnetic moment (m) and reciprocal magnetic
susceptibility (s) versus temperature for trans-[VBr2(tmen)2 ] H, show-
ing Curie-type behaviour

Table 4 Selected interatomic distances (Å) and angles (8) for trans-
[VBr2(tmen)2] H

V]Br
V]N(1)

2.565(1)
2.313(7) V]N(2) 2.324(7)

Br]V]N(1)
N(1)]V]N(2)

89.9(2)
81.0(3)

Br]V]N(2) 90.1(2)

http://dx.doi.org/10.1039/a607225i
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metal interactions. They are also consistent with depe being less
demanding sterically than tmen. The metal–metal separations
are also paralleled by the V]Cleq separations. The depe com-
pound appears to be the most compact of the three, though it
should be noted that the data sets were not all collected at the
same temperature.

Compared to the corresponding starting materials [VCl2-
(tmen)2 ] 8 and [VCl2(depe)2 ],19 the V]Cleq separations are all
increased, from 2.487(1) Å in the former and from 2.444(2) Å in
the latter. The changes are larger for the tmen complexes. Simi-
larly, the V–N separations decreases, from 2.319(1) Å, but the
decrease in the phosphine case is less, from a mean of 2.558(2)
Å. What this means in any absolute sense is not clear, but the
greater readjustments in the case of the tmen complexes are
consistent with a comparatively greater driving force for their
formation. Consistent with this, the addition of Na[BPh4 ] to a
purple methanolic solution of [VCl2(depe)2 ] at room temper-
ature does not produce a trinuclear complex and unreacted
starting material was isolated.11

The replacement of the capping chlorides by methoxides has
a significant effect on the overall topology of the triangulo
structure, increasing the Cleq]V]Cleq angles and decreasing the
V]Cleq]V angles. The V](µ3-O) bonds are shorter than the cor-
responding V](µ3-Cl) bonds. Consequently the core of the
triangulo-methoxide ions is ‘flatter’ than that in the V2Cl5 spe-
cies and the distortion of the octahedral geometry about each
vanadium is altered. As the trinuclear core becomes more com-
pact the tmen ligands are pushed away from their vanadium
partners. This may mean that the tmen ligands are more labile
in the methoxide complexes, and this we are hoping to test.

Comparative structural data for the complexes [VX2(tmen)2 ]
(X = Cl or Br) are presented in Table 6. It is evident that there is
very little difference between the structures. There is consider-
able disorder in the ethylene bridges in both compounds, but
the vanadium–nitrogen bond lengths are the same, as are the
N]V]N bite angles. The V]Br separation [2.656(1) Å] differs
from the V]Cl separation [2.487(1) Å] by the difference between
the halide ionic radii (0.15 Å) so that there are probably no
unusual electronic or steric pressures at work.

Experimental
All operations were carried out under an inert atmosphere in a
dinitrogen-filled dry-box (Faircrest Engineering, Croydon) or
using standard Schlenk techniques. Solvents were dried by
standard procedures and distilled under N2 prior to use.

The commercial products diethylaluminium ethoxide (25%
solution in toluene), sodium tetraphenylborate, trimethylsilyl
iodide, vanadium tribromide and vanadium trichloride
(Aldrich) were used without further purification. 1,2-
[Bis(diethylphosphino)]ethane (depe) was prepared by pub-

Table 5 Comparison of mean principal dimensions (lengths in Å,
angles in 8) in the triangulo-V3Cl3 complexes

Complex B C/D F

V ? ? ? V
V]Cleq

V]Clax/O
V]N/P
Clax/O ? ? ? Clax/O

3.142(7)
2.500(4)
2.519(6)
2.214(2)
3.497(1)

3.002(4)
2.496(7)
2.136(5)
2.270(11)
2.496(19)

2.965(9)
2.475(5)
2.101(7)
2.531(3)

Cleq]V]Cleq

Clax/O]V]Clax/O
N/P]V]N/P
Cleq]V]Clax/O
Cleq]V]N/P
N/P]V]Clax/O (trans)
N/P]V]Clax/O (cis)
V]Cleq]V
V]Clax/O]V

162.1(2)
87.9(6)
82.8(3)
83.6(2)
96.7(3)

177.3(3)
94.7(3)
77.8(1)
77.1(2)

166.0(0)
71.4(4)
81.3(24)
84.3(1)
95.4(2)

174.9(7)
103.5(8)
74.0(2)
89.3(2)

166.3(5)
70.9(5)
79.8(2)
84.7(3)
94.4(2)

174.5(4)
104.5(4)
73.6(3)
89.7(5)

lished methods.20 N,N,N9,N9-Tetramethylethane-1,2-diamine
(tmen) was refluxed over molten sodium for ca. 1 h and then
distilled under N2. The complexes [VCl2(tmen)2 ] and
VCl2(EtOH)2 were prepared as described.8,17

Microanalyses were by Mr. Colin Macdonald (Nitrogen Fix-
ation Laboratory) or Ms. Nicola Walker (Department of
Chemistry, University of Surrey), using Perkin-Elmer 2400 and
Leeman CE 440 CHN elemental analysers, respectively. Chlor-
ine and iodine contents were determined by Butterworth
Laboratories (Teddington, Middlesex), while vanadium analy-
ses were performed by Southern Science (Sussex Laboratory),
by inductively coupled plasma optical emission spectroscopy.

The NMR solvents, supplied by Goss Scientific Instruments,
were dried over molecular sieves before use and kept under
dinitrogen in Schlenk tubes equipped with grease-free taps.
Spectra were obtained in the appropriate deuteriated solvents
using JEOL GSX-270 equipment. Tetramethylsilane was used
as reference for 1H NMR spectra. The IR data were recorded
on a Perkin-Elmer 883 instrument, from Nujol mulls prepared
under dinitrogen and spread on KBr plates. Conductivity
measurements were carried out in tetrahydrofuran, nitrometh-
ane, or dichloromethane solutions (ca. 1023 mol dm23 ) using a
V-shaped cell (cell constant = 1.54) connected to a Portland
Electronics bridge. Mass spectra were recorded by Dr. A. Abdul
Sada (University of Sussex) on a VG Autospec spectrometer
(Fisons Instruments) equipped with a CsI gun at 25 kV [second-
ary ion (SIMS) technique] or on a Kratos MS80RF machine
with xenon at 8 kV [fast atom bombardment (FAB) technique].
In both cases 3-nitrobenzyl alcohol was used as the matrix.

Thermogravimetric analyses were run on Perkin-Elmer TGA7
equipment using N2 as the purging gas in the temperature range
20–800 8C, with the collaboration of Dr. Steve Armes and Mr.
Stuart Lascelles, University of Sussex.

Magnetic susceptibility determinations were carried out in
solution by variable-temperature NMR spectroscopy using the
Evans method 21 with tetramethylsilane as the marker molecule.
Samples were carefully weighed under N2, dissolved in the
appropriate solvent mixture (deuteriated solvent 1 marker) in a
glove-box, and transferred to the outer tube of the coaxial
NMR tube system. Spectra were recorded in the temperature
range 2100 to 50 8C (173–323 K) for [2H8]thf solutions. Two
resonance lines were normally produced by each magnetically
distinct proton of the solvent/marker molecules. Diamagnetic
corrections were made using Pascal’s constants.22 Measure-
ments in the solid state for the same samples were carried out at
the University of Surrey, using a Newport variable-temperature
Gouy balance over the range 90–295 K. The field strength
was calibrated by measurements on Hg[Co(NCS)4 ] and [Ni-
(NH2CH2CH2NH2 )3 ][S2O3 ]; the temperature scale was checked
with CuSO4?5H2O. Corrections were applied for the diamagnet-
ism of the sample tubes.

Syntheses

[V3Cl5(tmen)3]I A. To a light blue solution of [VCl2(tmen)2 ]
(5.5 g, 15.5 mmol) in thf–tmen (20 :1, 200 cm3 ) kept under reflux
was added an excess of trimethylsilyl iodide (9.1 g, 6.5 cm3, 45.7
mmol) by syringe, producing an immediate precipitation of a
bright bluish green powder. At that temperature (ca. 70 8C) the
mother-liquor was light green. The suspension was concentrated

Table 6 Mean dimensions (lengths in Å, angles in 8) in [VX2(tmen)2]
(X = Cl or Br)

C [VCl2(tmen)2]
8 [VBr2(tmen)2]

V]X
V]N

2.487(1)
2.319(1)

2.656(1)
2.318(6)

N]V]N
X]V]N

81.44(7)
89.96(1)

81.0(3)
90.0(1)
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by solvent distillation at atmospheric pressure to a final volume
of 80 cm3 and then filtered at room temperature. The green solid
was washed with thf (100 cm3 ) and hexane (80 cm3 ) and dried
for 4 h in vacuo. Yield: 1.5 g (36%). The filtrate (plus thf wash-
ings) was light blue at room temperature, but when heated again
under reflux showed the same change to light green and pro-
duced once more a small amount of the green powder (ca. 0.1 g
isolated) upon concentration. Allowing the system to cool again
to 20 8C reversibly restored the blue colour to the mixture.

The bluish green [V3Cl5(tmen)3 ]I A was also prepared from
[V2(µ-Cl)3(thf)6 ][AlEt2Cl2 ] (3.8 g, 4.8 mmol) in refluxing thf,
after addition of a large excess of tmen (8.0 cm3, 6.2 g, 53.0
mmol) and SiMe3I (3.0 cm3, 4.2 g, 21.0 mmol). The yield was
similar (32%) (Found: C, 26.6; H, 6.2; Cl, 21.1; N, 10.1.
C18H48Cl5IN6V3 requires C, 26.8; H, 6.0; Cl, 22.0; N, 10.4%).
Conductivity in nitromethane solution, Λm = 97 ± 8 µS cm2

mol21 (1 :1 electrolyte).23 Note that the required values for
[VI2(tmen)2 ], C12H32I2N4V are: C, 26.8; H, 6.0; N, 10.4%.

[V3Cl5(tmen)3][BPh4]?thf B. A light blue solution of [VCl2-
(tmen)2 ] (1.2 g, 3.5 mmol) in thf (60 cm3 ) was slowly mixed with
Na[BPh4 ] (0.40 g, 1.2 mmol, dissolved in 15 cm3 thf). Immedi-
ately after addition a turquoise (light bluish green) solution was
produced. The reaction mixture was concentrated to ca. 30 cm3

in vacuo, filtered through Celite to eliminate sodium chloride
and carefully layered with hexane (20 cm3 ). Thin green needles
started to crystallise soon after the addition of hexane. The
mixture was then allowed to stand at room temperature for 3 d
to give turquoise crystals (needle-like 1 thick plates) which were
filtered off, washed with thf (5 cm3 ) and hexane (20 cm3 ) and
dried in vacuo for ca. 8 h. Yield: 0.6 g (54%). Both forms gave
very similar microanalytical results (Found: C, 51.6; H, 7.25;
Cl, 16.2; N, 7.8. C42H68BCl5N6V3?thf requires C, 51.6; H, 7.15;
Cl, 16.6; N, 7.9%). Positive-ion FAB mass spectrum: m/z 678
{42%, [V3Cl5(tmen)3 ]1}.

This product sometimes crystallises without the solvating thf;
the reason may be minor changes in the composition of the
crystallisation mixture (concentration of the solution and
slightly different thf–hexane proportion) (Found: C, 50.4; H,
7.0; N, 8.5. C42H68BCl5N6V3 requires C, 50.5; H, 6.9; N, 8.4%).

[V3Cl3(ì3-OMe)2(tmen)3]I C and [V3Cl3(ì3-Cl)(ì3-OMe)-
(tmen)3]I?MeOH D. The ethanol adduct VCl2(EtOH)2 (1.9 g,
8.9 mmol) was dissolved in methanol (70 cm3 ) forming a purple
solution to which precisely 2 equivalents of potassium iodide
(3.0 g, 17.8 mmol) in methanol (30 cm3 ) were added. A white
precipitate, presumed to be KCl, formed immediately but the
mixture was left to stir for 3 h. The white solid was then filtered
off but, on filtration, more white powder began to form. Com-
plete removal of the salt proved extremely difficult, therefore
the solution was evacuated to dryness yielding a mixture of two
solids, one purple and one white. Tetrahydrofuran (50 cm3 ) was
added to this, forming a bright green solution instantly. The
white powder was insoluble in thf and was filtered off  success-
fully. The compound tmen (5.0 cm3, 33 mmol) was then added
to the green solution forming a deep red solution with immedi-
ate precipitation of another white solid. The mixture was left to
stir overnight. The precipitate was filtered off  and analysed as
(H2tmen)I3?MeOH (Found: C, 20.9; H, 5.4; N, 7.6. C7H22I2N20

requires C, 20.8; H, 5.0; N, 6.9%). Magnetic moment measure-
ments carried out on this white solid showed it to be dia-
magnetic. The red solution was taken to dryness giving a red-
brown powder mixed with crystals (58% yield), which were
washed with diethyl ether and dried in vacuo. The powder was
used for analysis, which suggested considerable contamination
with (H2tmen)I2 (Found: C, 27.3; H, 6.75; N, 9.2; V, 17.5.
C20H54Cl3IN6O2V3 C requires C, 30.3; H, 6.8; N, 10.6; V, 19.3.
C19H51Cl4IN6OV3 D requires C, 28.5; H, 6.4; N, 10.5; V, 19.2%).
µeff (solid state) 2.06 (293) and 1.66 µB (89 K). The crystals were
subjected to X-ray analysis, as described below.

[V3Cl3(OMe)2(tmen)3][BPh4]?2MeOH E. The complex
[VCl2(tmen)2 ] (2.0 g, 5.6 mmol) was completely dissolved in
methanol (40 cm3, purple solution) and then mixed with a col-
ourless solution of Na[BPh4 ] (0.6 g, 1.8 mmol) in methanol (5.0
cm3 ). There was no significant change of colour in the mother-
liquor after the addition, but a heavy precipitation of a bluish
white powder was observed. The mixture was allowed to react
for 30 min and then concentrated in vacuo to ca. 20 cm3 and
filtered. The filtrate was a clean purple solution, which was left
at room temperature for 3 d. The bluish white powder (probably
a mixture of (H2tmen)(OMe)[BPh4 ] and E) was washed with
methanol (20 cm3 ), dried for 1 h in vacuo and analysed by IR
and 1H NMR spectroscopies. [H2tmen][OMe][BPh4 ]: 1H NMR
([2H8]thf): δ 2.19 (s, 12 H, NCH3 ), 2.42 (s, 4 H, NCH2 ), 6.75,
6.89 and 7.32 (t, t, m, 20 H, C6H5 ). From the filtrate a light
purplish blue crystalline solid was formed. This was then fil-
tered off, washed with methanol (30 cm3 ) and dried in vacuo for
2 h. Yield: 0.3 g (16%) (Found: C, 52.8; H, 7.7; N, 7.8. C44H74-
BCl3N6O2V3?2MeOH requires C, 52.4; H, 7.85; N, 8.0%).

[V3Cl3(OMe)2(depe)3][BPh4]?MeOH F. The complex
[V3Cl5(tmen)3 ][BPh4 ] (2.3 g, 2.3 mmol) was suspended in
methanol (90 cm3 ) at room temperature. To this suspension was
added depe (1.6 cm3, 1.4 g, 6.8 mmol) producing a purple solu-
tion with some green solid in suspension. The reaction was car-
ried out for about 20 h in a glove-box and the mixture was then
filtered, giving a deep greenish blue powder (1.2 g, 41% yield)
and a purple filtrate. {The yield can be increased by careful
solvent evaporation from the filtrate, to about half  of the initial
volume, and standing at room temperature for some days. If  the
filtrate is cooled to 220 8C instead of being left at room tem-
perature, a mixture of F, (H2tmen)(OMe)[BPh4 ] and [VCl2-
(depe)2 ] is obtained.} The powder was washed with methanol
(90 cm3 ) and the blue washings were collected and cooled to
220 8C for 2 d to produce small deep greenish blue prisms of
[V3Cl3(OMe)2(depe)3 ][BPh4 ]?MeOH (Found: C, 53.0; H, 8.05;
N, 0.0. C56H98BCl3O2P6V3?MeOH requires C, 53.0; H, 8.0; N,
0.0%). From the purple filtrate, colourless crystals of
(H2tmen)(OMe)[BPh4 ] (Found: C, 79.2; H, 8.35; N, 6.2.
C31H41BN2O requires C, 79.5; H, 8.85; N, 6.0%) and purple
needles of [VCl2(depe)2 ] (Found: C, 45.0; H, 9.0; N, 0.0.
C20H48Cl2P4V requires C, 45.0; H, 9.05; N, 0.0%) were isolated
by fractional crystallisation. Mass spectra (positive ion FAB),
m/z 937 {3, [V3Cl3(OMe)2(depe)3 ]1 }; {SIMS) for [VCl2(depe)2 ]},
m/z 533 (100%).

[V3Br3(OEt)2(tmen)3][BPh4] G. This compound was syn-
thesized from [VBr2(tmen)2 ] H which is itself  attainable by two
routes.

(a) The compound VBr3 (5.0 g, 0.02 mmol) was heated in thf
(40 cm3 ) under reflux for 24 h. This generates [VBr3(thf)3 ].
Diethylaluminium ethoxide (10 cm3, 0.07 mmol, 25% w/w in
toluene) was then added to the red suspension of [VBr3(thf)3 ]
which formed a green solution upon stirring at room temper-
ature for 4 d. Upon reducing the volume slightly in vacuo green
crystals of [V2Br3(thf)6 ][AlEt2Br2 ] appeared. These were fil-
tered off  and suspended in thf (100 cm3 ). The amine tmen (2.9
cm3 ) was then added and the mixture heated under reflux for 1
h. After cooling, the mixture was stored at 4 8C for 12 h, yield-
ing blue crystals of [VBr2(tmen)2 ] which were washed with
diethyl ether and dried in vacuo. Yield 59% (Found: C, 31.8; H,
6.85; N, 11.9. C12H32Br2N4V requires C, 32.5; H, 7.3; N, 12.6%).

(b) Purple crystals of VBr2(EtOH)2 (5.0 g) were heated at
100 8C in vacuo to remove as much of the ethanol as possible,
though the IR spectrum indicated that some alcohol was
retained in the final product. Freshly distilled thf (40 cm3 ) was
added to this powder to produce a green solution, to which
tmen (8.0 cm3, 61 mmol) was added. This gave a light blue
suspension in a green solution. After heating for 1 h under
reflux the mixture was held at 4 8C for 12 h. The resulting mix-
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ture of blue crystals and powder was filtered off, washed with
diethyl ether, and dried in vacuo. Yield 72% (Found: C, 32.6; H,
7.3; N, 12.7; V, 11.4. C12H32Br2N4V requires C, 32.5; H, 7.3; N,
12.6; V, 11.5%). The green filtrate was used for further work as
detailed below.

The required material (G) was then prepared as follows: to
the green filtrate from (b) above estimated to contain [VBr2-
(tmen)2 ] equivalent to (0.55 g, 1.24 mmol) in thf (60 cm3 ) was
added Na[BPh4 ] (0.43 g, 1.26 mmol). Heating to reflux for 1 h
produced a white precipitate in a red solution. After filtration,
the filtrate was allowed to stand for 1 week, yielding a brown
crystalline solid that was filtered off  and dried in vacuo (Found:
C, 48.2; H, 7.0; N, 7.0. C46H78BBr3N6O2V3 requires C, 48.0; H,
6.85; N, 7.3%). µeff (solid state) 1.65 µB at 295 K, 1.27 µB at 89 K. A
further red material that precipitated from the filtrate was not
investigated.

[VCl2(dmen)2]. N,N9-Dimethylethane-1,2-diamine (2.9 cm3,
27 mmol) was added with stirring to a green solution of
VCl2(EtOH)2 (2.82 g) in thf (100 cm3 ). A pink precipitate
separated from a purple solution. After stirring for 30 min, the
solid was filtered off, washed with diethyl ether, and dried in
vacuo. Yield 87% (Found: C, 32.3; H, 8.3; N, 18.6; V, 16.7.
C8H24Cl2N4V requires C, 32.2; H, 8.1; N, 18.8; V, 17.1%). µeff

(solid state, independent of temperature 87–295 K) 3.83
µB.

[VBr2(dmen)2]. This complex was prepared similarly as a lilac
solid in 81% yield from VBr2(thf)2 (2.36 g) and dmen (1.70
cm3, 16.0 mmol) (Found: C, 24.4; H, 6.25; N, 14.5; V, 13.2.
C8H24Br2N4V requires C, 24.0; H, 6.55; N, 14.1; V, 12.7%). µeff

(solid state, independent of temperature 87–295 K) 3.77 µB.

[VI2(dmen)2]?CH2Cl2. Trimethylsilyl iodide (2.1 cm3, 14.8
mmol) was added to a stirred pink suspension of [VCl2(dmen)2 ]
(2.14 g, 7.2 mmol) in dichloromethane (100 cm3 ). The mixture
formed a deep purple precipitate, and was heated to reflux for
14 h. The precipitate was filtered off, washed with diethyl ether,
and dried in vacuo. Yield 82% (Found: C, 17.7; H, 4.65; N, 10.3;
V, 12.5. C8H24I2N4V?CH2Cl2 requires C, 19.1; H, 4.6; N, 9.9; V,
9.0%). µeff (solid state, independent of temperature 87–295 K)
3.48 µB.

X-Ray crystallographic analyses

Crystal data for the four complexes are summarised in Table 7,
in which some of the experimental details and results are also
listed. The analyses followed similar procedures; that for com-
plex B is described below, and the variations for the other
analyses follow.

[V3Cl5(tmen)3][BPh4] B. Crystals were large, thick green
plates which had to be cut to a suitable size. Five air-sensitive
fragments were sealed inside capillary tubes in a glove-box, and
were examined photographically for crystal quality and
determination of approximate unit cell dimensions. One (ca.
0.30 × 0.45 × 0.50 mm) was then mounted on an Enraf-Nonius
CAD4 diffractometer (with monochromated radiation); accur-
ate cell parameters and the orientation matrix (from the settings
of 25 representative reflections in the range 12 < θ < 148, each
centred in four orientations) were determined.

Diffraction intensities were measured to θmax = 258. The
intensities of three representative reflections were monitored
throughout the data collection, and a plot of those intensities
against time showed an overall crystal decomposition of 7.7%.
During processing, data were corrected for Lorentz-
polarisation effects and decomposition, and negative intensities
were eliminated by Bayesian statistical methods. No absorption
correction was applied. 8838 Unique reflections were entered
into the SHELX system.24

The structure was solved by direct methods using SHELXS 26

(which showed all the non-hydrogen atoms), and refined in the
SHELXN 24 program. All the hydrogen atoms, including the
methyl H atoms in the tmen ligands, were located from differ-
ence maps. No structural disorder was detected.

All non-hydrogen atoms were refined with anisotropic ther-
mal parameters. The hydrogen atoms of the methylene groups
and the phenyl rings were fixed in idealised positions, and the
coordinates of the methyl hydrogen atoms were refined with
geometrical constraints; the isotropic thermal parameters of all
the hydrogen atoms were refined freely. The final refinement
cycles, by large-block-matrix least-squares methods, were based
on all 8838 reflections and 689 parameters.

Scattering-factor curves for neutral atoms were taken from
ref. 27. Computer programs used in this analysis have been
noted above or listed in ref. 28 and were run on a DEC Micro-
VAX II machine at the Nitrogen Fixation Laboratory.

[V3Cl3(OMe)2(tmen)3]I C with [V3Cl4(OMe)(tmen)3]I?MeOH
D. Crystals were long, very dark square prisms. Several were
mounted in sealed Lindemann capillaries and, after photo-
graphic examination, one was transferred to the CAD4 dif-
fractometer for determination of accurate cell parameters
(from the settings of 25 reflections, θ = 10–118) and for meas-
urement of diffraction intensities.

The intensities were corrected for Lorentz-polarisation
effects, slight deterioration (3% overall), absorption (by semi-
empirical ψ-scan methods) and to remove negative net inten-
sities (by Bayesian statistical methods). The space group was
determined to be Pmnb (or P21nb) but it was noted that several
of the systematically absent reflections had small but significant
intensities suggesting some not-totally-random disorder in the
crystal.

The structure of complex C was solved by direct methods,
using the TREF (direct methods) routines of SHELXS.26 The
[V3Cl3(OMe)2(tmen)3 ]1 cation lies about a mirror plane of
symmetry which passes through one V atom, V(1); the tmen
ligand of this V atom lies in one orientation or its mirror image,
with N(11) and N(12) lying on (or very close to) the mirror
plane. Refinement by full-matrix least-squares methods and
successive difference maps showed disorder in the crystal and a
minor component, believed to be [V3Cl4(OMe)(tmen)3]I?
MeOH D, occupying ca. 17% of the sites in the crystal. No
hydrogen atoms were included in the refinement. All the atoms
(except the carbon atoms of a tmen ligand disordered about a
mirror plane, and the atoms of the partially occupied methanol
molecule) were allowed anisotropic thermal parameters. In the
final difference map the principal peaks, ca. 1.0 e Å23, were
located close to the major iodide position.

In the major component the iodide anion I(1) lies close to
and straight out from a µ3-OMe ligand, with I(1) ? ? ? C(5) 3.58(3)
Å and O(5)]C(5) ? ? ? I(1) 180(2)8. In the minor component, that
methoxy group is replaced by a µ3-Cl group [not resolved from
O(5)], the iodide anion, as I(2), moves in toward the cation and
a space is left for a solvent, MeOH, molecule which is hydrogen
bonded to the iodide: O(7) ? ? ? I(2) 3.62(13) Å and C(7)]
O(7) ? ? ? I(2) 102(7)8.

[V3Cl3(OMe)2(depe)3][BPh4] F. Crystals were small, short
greenish blue prisms (air-sensitive). Several were quickly trans-
ferred to a drop of oil under the microscope; one, ca.
0.20 × 0.20 × 0.05 mm, was selected, collected on a glass fibre
and mounted on a CAD4 diffractometer where it was cooled to
173 K to minimise structural disorder and crystal decom-
position. After the determination of the cell parameters, the
diffraction intensities were measured to θmax = 208; further col-
lection (to θ = 258) was not possible because of the weak dif-
fraction from the crystal.

The structure was solved by automated Patterson routines in
SHELXS,26 which revealed two crystallographically independ-
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ent ion pairs with no significant differences in the correspond-
ing bond distances and angles. Refinement was by full-matrix
least-squares methods on the intensities (F2 ) of all independent
reflections using SHELXL 93.25 The non-hydrogen atoms in the
cations were refined anisotropically, but the B and C atoms of
the tetraphenylborate anions were treated isotropically with the
phenyl groups as rigid bodies of idealised D6h symmetry. The H
atoms were included in riding mode with Uiso (H) equal to
1.2Ueq (C) or 1.5Ueq (C) for methyl groups.

At the completion of the refinement cycles the final R1 28

indices were 0.099 and 0.217 for the ‘observed’ reflections and
all data (938 parameters), respectively. These high R factors are
a consequence of weak diffraction.

[VBr2(tmen)2] H. A single crystal (0.7 × 0.7 × 0.4 mm) pre-
pared from VBr2(EtOH)2 and tmen was mounted under dini-
trogen in a Lindemann capillary and examined on a CAD-4
diffractometer. The heavy atoms were located by Patterson
methods and the remaining atoms by Fourier methods. The
disordered atoms of the ethylene bridges were resolved only
with difficulty, and finally the isotropic refinement converged to
R = 0.22 with 50% occupancy assigned to two different orienta-
tions of each bridge. An absorption correction was then made
using DIFABS,29 when R decreased to 0.097. Anisotropic
treatment of the non-hydrogen atoms and full-matrix least-
squares methods were used in the final stages of refinement.

Atomic coordinates, thermal parameters, and bond lengths
and angles have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC). See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1997, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 186/388.

Acknowledgements
We gratefully acknowledge financial support from the British
Council and Brasilian Research Council (CNPq) to J. S. de S.,
and from the BBSRC (including a CASE award to C. J. M.).

References
1 G. J. Leigh and J. S. de Souza, Coord. Chem. Rev., 1996, 154, 71.
2 J. J. H. Edema, A. Meetsma and S. Gambarotta, J. Am. Chem. Soc.,

1989, 111, 6878.
3 R. L. Robson, R. R. Eady, T. H. Richardson, R. W. Miller,

M. Hawkins and J. R. Postgate, Nature (London), 1986, 322, 388.
4 D. L. Hughes, L. F. Larkworthy, G. J. Leigh, C. J. McGarry,

J. R. Sanders, G. W. Smith and J. S. de Souza, J. Chem. Soc., Chem.
Commun., 1994, 2137.

5 C. J. McGarry, PhD thesis, University of Surrey, 1994; P. B. Hitch-
cock, D. L. Hughes, G. J. Leigh, J. R. Sanders, J. de Souza, C. J.
McGarry and L. F. Larkworthy, J. Chem. Soc., Dalton Trans., 1994,
3683.

6 J. J. H. Edema, A. Meetsma and S. Gambarotta, J. Chem. Soc.,
Chem. Commun., 1990, 951.

7 J. J. H. Edema, R. Duchateau, S. Gambarotta and C. Bensimon,
Inorg. Chem., 1991, 30, 3585.

8 J. J. H. Edema, W. Stauthamer, F. van Bolhuis, S. Gambarotta,
W. J. J. Smeets and A. L. Spek, Inorg. Chem., 1990, 29, 1302.

9 P. Sobota, J. Utko, S. Szafert, Z. Janas and T. Glowiak, J. Chem.
Soc., Dalton Trans., 1996, 3469.

10 B. Bachmann, J. Heck, F. Hahn, W. Massa and J. Pebler, Z. Anorg.
Allg. Chem., 1995, 621, 2061.

11 J. S. de Souza, D.Phil. Thesis, University of Sussex, 1995.
12 G. J. Leigh and J. R. Sanders, unpublished work.
13 D. J. Brauer and C. Krueger, Cryst. Struct. Commun., 1973, 2, 421.
14 M. M. Khamar, L. F. Larkworthy, K. C. Patel, D. J. Phillips and

G. Beech, Aust. J. Chem., 1974, 27, 41.
15 H. J. Seifert and T. Auel, Z. Anorg. Allg. Chem., 1968, 360, 50;

J. Inorg. Nucl. Chem., 1968, 30, 2081.
16 D. G. L. Holt, L. F. Larkworthy, D. C. Povey, G. W. Smith and

G. J. Leigh, J. Chem. Soc., Dalton Trans., 1990, 3229.
17 L. F. Larkworthy and M. W. O’Donoghue, Inorg. Chim. Acta, 1983,

71, 81.
18 D. J. Cameron and L. J. Pearce, CAMERON, An Interactive Graph-

ics Editor, University of Oxford, 1993.
19 D. G. L. Holt, L. F. Larkworthy, D. C. Povey, G. W. Smith and

G. J. Leigh, Inorg. Chim. Acta, 1993, 207, 11.
20 R. J. Burt, J. Chatt, W. Hussain and G. J. Leigh, J. Organomet.

Chem., 1979, 182, 203.
21 D. F. Evans, J. Chem. Soc., 1959, 2003; D. F. Evans, G. V. Fazakerley

and R. F. Phillips, J. Chem. Soc. A, 1971, 1931; D. F. Evans and
T. A. James, J. Chem. Soc., Dalton Trans., 1979, 723; M. V. Baker,
L. D. Field and T. W. Hambley, Inorg. Chem., 1988, 27, 2872;
D. H. Grant, J. Chem. Educ., 1995, 72, 39.

22 A. Earnshaw, Introduction to Magnetochemistry, Academic Press,
London, 1968, p. 4.

23 W. J. Geary, Coord. Chem. Rev., 1971, 7, 81.
24 G. M. Sheldrick, SHELX 76, Program for Crystal Structure

Determination, University of Cambridge, 1976; also SHELXN, an
extended version of SHELX, 1977.

25 G. M. Sheldrick, SHELXL 93, Program for Crystal Structure
Refinement, University of Göttingen, 1993.

26 G. M. Sheldrick, Acta Crystallogr., Sect. A, 1990, 46, 467.
27 International Tables for X-Ray Crystallography, Kynoch Press,

Birmingham, 1974, vol. 4, pp. 99, 149.
28 S. N. Anderson, R. L Richards and D. L. Hughes, J. Chem. Soc.,

Dalton Trans., 1986, 245.
29 N. Walker and D. Stuart, Acta Crystallogr., Sect. A, 1983, 39, 158.

Recieved 23rd October 1996; Paper 6/07225I

http://dx.doi.org/10.1039/a607225i

