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Abstract: The synthesis, structural and
magnetic characterisation of [V™,0-
(tmme),(diimine),Cl] [diimine =2,2"-bi-
pyridine (1) or 1,10-phenanthroline
(2)] and (HNEt,),[V™,O(tmme),] (3) is
reported, in which Hstmme is tris(mer-
captomethyl)ethane, = MeC(CH,SH)j,
the thiol analogue of the famous tripo-
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(CH,0H);]. Complexes 1 and 3 have
“T-shaped” and square topologies, re-
spectively, and the latter is centred on
a rare example of a square-planar
oxide. The tri-thiolate ligands bind the
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periphery of the clusters and provide
such strong antiferromagnetic exchange
pathways that in both cases only a
single total spin state is occupied up to
room temperature, in the absence of
metal-metal bonding. Magnetic data,
electronic structure calculations and
electrochemical data are reported.

dal alcohol ligands typified by Hithme
[tris(hydroxymethyl)ethane, MeC-

Introduction

Tripodal tris-alcohols such as the archetypal tris(hydroxyme-
thyl)ethane [Hs;thme; MeC(CH,OH);] have long been used
to template cluster formation in polyoxometallate chemis-
try!! and more recently in later transition-metal ion clus-
ters,? particularly with a view to molecular magnets.”) The
ligand can be mono-, di- or tri-deprotonated such that sever-
al metal ions can be bound, and the trigonal disposition of
the three alcohol/alkoxide arms tends to direct formation of
triangular fragments."” These ligands have also been ex-
ploited to allow formation of reduced [vanadium(IV)] poly-
oxovanadates by reduction of charge density (compared to
naked oxide clusters),"? and we have recently extended this
idea to lower-valent, vanandium(III) clusters.*! In the con-
text of molecular magnets the triangular arrangement of
metal ions tends to lead to competing antiferromagnetic in-
teractions, which in turn can lead to exciting magnetic be-
haviour.”! In contrast, although the tris-mercapto analogue
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tripodal ligands - vanadium

of Hjthme, tris(mercaptomethyl)ethane [Hitmme; MeC-
(CH,SH);], has been known®! since the 1970s, its cluster
chemistry is little explored. The notable exception is in Pick-
ett’s hydrogenase mimics in which Hstmme and derivatives
have been used to form low-valent Fe,S -based clusters that
are active in electrocatalytic hydrogen evolution.*” We are
now beginning to explore Hstmme as a ligand for molecular
magnets to investigate its potential for a) structure directing,
as demonstrated for Hsthme; b) stabilizing lower-valent clus-
ters, as exemplified by Pickett’s work; and c) mediating
much stronger exchange interactions than the equivalent O-
donor ligands, leading to, for example, much better isolated
spin ground states. Some potential advantages and disadvan-
tages of this ligand in this context are hinted at by Pickett’s
work. For example, [Fe,(tmme),(CO);] has formal oxidation
states {Fe,Fel)), illustrating the stabilization of low-valent
clusters, but is also diamagnetic because of the formation of
metal-metal bonds.’! We have chosen to start by investigat-
ing the cluster chemistry of Hstmme with the vanadium(I1I)
ion because we have already been exploring the equivalent
chemistry with Hsthme,”! and also because there is a sub-
stantial literature with simpler dithiolates,®® particularly
from the work of Christou,® initially inspired by the rele-
vance to early transition-metal sulfide materials. Here we
report our initial results with the surprising formation of
molecules based on square cluster geometries (“T-shaped”
and square), which are based on a single binding mode of
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tmme®~. We also report their magnetic and redox properties,
supported by theoretical calculations to address the issue of
potential metal-metal bonding that was a feature of the ear-
lier V"™ thiolate work.

Results and Discussion

Synthesis, structural and electrochemical studies: Solvother-
mal and anerobic reaction of [VCls(thf);] with 2,2"-bipyri-
dine (bipy; 1:1) in MeCN at 100°C, followed by addition of
Hitmme (2 equiv) and Et;N and further heating at 150°C
gave deep-purple crystals of [V™,0(tmme),(bipy),Cl] (1;
Figure 1) in reasonable yield (23%) directly on cooling to
room temperature. The bipy can be readily replaced with
other chelating diimines, for example, an analogous reaction
with  1,10-phenanthroline (phen) gives [V;O(tmme),-
(phen),Cl] (2) in excellent yield (85 %).

Figure 1. Crystal structure of 1 (C=black spheres, H atoms are omitted
for clarity).

Complex 1 crystallises in P1
(Table 1 and Table S1 in the

Supporting Information). The Table 1. Crystal data for 1-3.
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to V2 coordinates to V2. Hence, V2 has a {VOSs} coordina-
tion sphere. The terminal thiolate arm of the other tmme*~
coordinates to V3. V1 and V3 are both chelated by a mole-
cule of bipy, and the remaining coordination site at V1 is oc-
cupied by a terminal chloride trans to O1. Hence, V3 and
V1 have {VOS;N,} and {VOS,N,Cl} coordination spheres,
respectively. V1, V2, V3, O1 and the terminal thiolates (S3,
S6) and chloride are near planar with respect to one anoth-
er, with the bridging thiolates sitting above and below the
plane. Bond valence sum (BVS) analysis gives all three va-
nadium ions as V' (mean valence sum 3.10), as also re-
quired by charge balancing, and is confirmed by the magnet-
ic properties (see below).

Complex 1 is formed by a two-step solvothermal reaction.
The first step, reaction of [VCl,(thf);] with bipy, forms mer-
[VCl4(bipy)(MeCN)]. We have previously ioslated this ma-
terial and used it as a precursor for larger V" clusters by re-
action with Hsthme and analogues.**" Here, we have simply
generated it in situ and treated it with Hstmme and base.
The incorporation of oxide in the structure of 1 is adventi-
tious, presumably arising from water in the triethylamine, al-
though attempts to dry this reagent made no significant dif-
ference to the reaction. If the reactions were performed
without addition of Et;N, deep-purple solutions were ob-
tained from which we have been unable to isolate any crys-
talline products. Attempts to replace O1 with a p;-sulfide by
including Li,S in the reaction failed, giving only 1.

The T-shaped {V;0} core and the binding pattern of the
two tmme’~ ligands (two p,-arms and one terminal arm, in
the same sense of rotation with respect to the {V;0} core)
suggested that a complete {V,0} square should be isolable if
the chelating bipyridine ligands could be replaced. Hence,
we replaced bipy in the first stage of the reaction with a
“poorer” ligand, 2-aminopyridine (ampy), which generally

molecule consists of three dis- 1 2 3
torted-octahedral V' ions ar- forog CyHyssCIN, ;08,V; CyH;,CIN;OS,V5 CyHyN,08,,V,
ranged in a T-shape around a M, 867.77 936.34 1167.47
ys-oxide (O1). In the tri-metal- crystal dimensions [mm] 0.4x0.1x0.05 0.4x0.4x0.4 0.4x0.2x0.1
lic core V1 and V3 bridge crystal system tri_clinic monoclinic tri_clinic
. . space group P1 P2(1)/n P1
through a linear V-O-V interac- alA] 14.0223(6) 9.7021(4) 10.7210(2)
tion [179.1(3)°], and V2 con- [4] 16.2024(7) 12.6805(4) 11.8046(2)
nects to V1 and V3 through c[A] 17.2379(7) 31.3895(11) 20.6460(4)
right-angled V-O-V connections g[[]] ;zgg;g; 3(7“7)8(()0) 522323%?
o . . .
[88.19(18) and 90.96(19)°, re- (o 67.221(4) 90.000 96.462(2)
spectively]. There are two triply ¢y [A%] 3545.0(3) 3826.1(2) 2529.68(8)
deprotonated tmme®” ligands, z 4 4 2
each with two py-thiolate arms, P 1.626 1.625 1.533
one ligand bridging V2 to V1 T'K] 100 100 100
L. 260 nax 23.26 26.37 30.51
the other bridging V2 to V3, .0 collected 14857 16005 34305
and one terminally binding arm  (unique reflns) (9571) (7732) (15229)
that binds frans to O1 in each no. of parameters 842 687 522

final R1, wR2
[I>20(1)] (all data)

case. The terminal thiolate arm

0.0551, 0.1208
(0.11210, 0.1405)

0.0405, 0.0928
(0.0608, 0.1003)

0.0351, 0.0836
(0.0592, 0.1004)

of the tmme®~ that bridges V1

Chem. Eur. J. 2010, 16, 1108211088

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 11083


www.chemeurj.org

CHEMISTRY

E. J. L. Mclnnes et al.

A EUROPEAN JOURNAL

binds terminally™” although there is one example in which it
chelates.!"!

Solvothermal reaction of [VCl,(thf);] with ampy (1:1) in
MeCN at 100°C gave a pink solution. We have not been
able to isolate this intermediate, although given the
common binding mode of ampy it is likely to be [VCls-
(ampy),(MeCN)]. Addition of Hjtmme (1.08 mmol) and
Et;N (3.24 mmol) to this pink solution, with further heating
at 150°C then cooling to room temperature, gave a deep-red
solution. Dark-red crystals of (HNEt;),[V™,O(tmme),] (3,
Figure 2) form after standing (in a glove box) for several
days (overall yield 16 %, based on [V Cls(thf);]).

Figure 2. Crystal structure of the cluster anion 3*~. The labelling scheme
is the same as for Figure 1.

Complex 3 crystallises in P1 (Table 1 and Table S1 in the
Supporting Information) and is a salt. The 3*~ cluster anion
contains four distorted-octahedral V™" ions centred on a -
oxide (O1), which lies in the {V,} plane [V1-O1-V3 and V2-
0O1V4 176.82(8) and 178.84(9)°, respectively], thus forming
the targeted {V,0} square. Although there is precedent for
square-planar geometry for oxides in molecular species, ex-
amples are rare.’*'?l Four triply deprotonated tmme’~ lig-
ands bind in the same manner as in 1, and all in the same
sense such that they are related by a pseudo four-fold axis.
Hence, 3% has pseudo-C, point symmetry. All metal ions
are V" as determined by BVS (mean valence sum 3.12,
which is also consistent with the magnetic data) with the
charge balance being provided by two HNEt;* cations.

It is instructive to compare the chemistry that leads to 1-3
with equivalent reactions that use Hsthme. Solvothermal re-
action of [VCl,(thf);] with bipy, to form mer-[VCl;(bipy)-
(MeCN)], then with Hsthme gives [V™,(thme),(bipy);Cly]
(4; Scheme S1 in the Supporting Information).**! The struc-
ture of 4 is a {V,}-centred triangle, in which both thme*~ li-
gands cap the central metal ion and each alkoxide arm
forms p,-bridges to one of the peripheral metal ions. The
molecule has pseudo-C; point symmetry. A similar reaction
by using pyridine instead of bipy (allowing larger cluster
growth, as argued above) gives the hexametallate structure
[V"O(thme),Cl,]*~ (5*"; Scheme S1 in the Supporting In-
formation), in which a {V¢} octahedron is centred on a pg-
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oxide.* The four thme® ligands in 5*~ cap alternate {V;)
faces of the {V4} octahedron (each arm p,-binding) to give
pseudo-7,; point symmetry. It could be argued that the
{V,O} core of 3*" is a fragment of this structure. However,
this ignores the very different binding mode of the tripodal
ligand, which would not allow completion of the {V} octa-
hedron.

Hence, in these compounds tmme®~ does not bridge as ex-
tensively as thme®~. Each thme®~ binds four (p, p, p-binding
mode, or 4.222 in Harris notation)!" or three (p,p, - or
3.222) metal ions in 4 and 5°7, respectively. Each tmme*~
binds two metal ions (p,p, - or 2.221) in 1 and 3*". This
leads to the square-based, rather than trigonal-based, cluster
topologies.

In the dithiolate chemistry of Christou® and others,” the
most common bridging mode for the dianion of 1,2-ethane-
dithiol (H,edt) is a simple 1, (2.22 in Harris notation), al-
though it often also acts as a simple chelate.®*) This bridging
mode has some similarity to that of tmme*~ observed in this
work, in which the third arm acts as a simple terminal
ligand. In fact 3*~ has a close precedent in [V,O(edt),Cls]*,
formed from reaction of VCl, with Na,edt.®¥ In this species,
two opposite edges of a {V,} square are bridged by p,,u,-
edt?” with the other edges both bridged by two p,-Cl~, and
each V™ ion has a terminal chloride.

Complexes 1-3 oxidise readily on exposure to air. Cyclic
voltammetry studies on 2 (which is more soluble than 1) in
CH,(Cl, solution reveal a reversible one-electron oxidation
at —0.05V vs. Ag/AgCl, whereas 3~ undergoes reversible
oxidation at —0.43, —0.01 and +0.61 V in the available po-
tential window (Figure S1 in the Supporting Information). It
seems likely that this redox activity is associated with the
{VS;0} centres. Attempts to chemically isolate the oxidation
products have not been successful to date.

Magnetic studies: 7 for 1 (i is the molar magnetic suscepti-
bility) is much lower than the value calculated for three in-
dependent V"' (s=1) ions (Figure 3). It varies little on cool-
ing between 300 and 20K, ranging from 14 to

1.4: st
1.2

1.0+

—1

08+

0.6

xT/emu K mol

0.4

0.2+

0.0 T T T T T 1
0 50 100 150 200 250 300
T/IK

Figure 3. A plot of x7(T) for 1 measured in an 0.5 T applied magnetic
field (M); calculated curve for the parameters in the text (—).
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1.0 emuK mol™'. This variation is linear, which is indicative
of a significant temperature-independent paramagnetism
(TTP) contribution rather than of depopulation of excited
spin states. A linear fit to the 300-50 K data gives yrp=
0.5x107* emumol ' per metal ion, which is in the range
found for many vanadium materials.**¥! Correcting for
this!"®! gives an essentially temperature-independent (down
to ca. 20 K) T value of 0.95 emuKmol™', which implies a
spin triplet. This is consistent with magnetisation (M) versus
applied magnetic field (H) data (tending to saturation at
2 pg; Figure 4). Below 10 K, T collapses owing to zero-field
splitting (zfs) effects within the triplet (see below).

2.0

1.54

1.0 1

Mip,

0.5

0.0 —— v —— v .
0 1 2 3 4 5 6 7
HIT

Figure 4. A plot of M(H) for 1 measured at 2 K (H); calculated curve by
using the parameters in the text (—).

The magnetic response of the tetrametallic 3 is diamag-
netic from 300 to 27 K (in a 5kG applied field), which is
consistent with a spin singlet. At lower temperatures a weak
paramagnetic signal is observed that is smaller in magnitude
than the diamagnetic contributions of the sample and
holder. This is presumably due to a paramagnetic impurity
(both 1 and 3 are very air sensitive).

The magnetic behaviour of both 1 and 3 are consistent
with essentially exclusive population of only a single spin
state up to room temperature in each case, implying very
strong antiferromagnetic (AF) exchange coupling between
the V™" ions.

Metal-metal bonding has been implicated in a number of
thiolate-bridged species. For example, [V™,(edt),]*” (two
bridging edt’ ; V-V 2.60 A)’l and [V",O(SPh),(Me,bipy),]
(V=V 258 A)¥l are both proposed to have V-V single
bonds. This “ties up” one electron each from the d* ions and
the magnetic data were modelled as simple s="'/, dimers in
both cases with J < —350 cm " However, because |J| is
so large, identical fits with the same values could be ob-
tained based on s=1 dimer models (i.e., the fits only de-
pended on the ground to first excited state gap). The pres-
ence of V=V bonding was supported by extended Hiickel
calculations.
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The neighbouring cis metal ions in both 1 and 3*~ have
similar bridging arrangements to [V",O(SPh),(Me,bipy).],
namely, two thiolate ligands and an oxide. However, their
V-V (cis at the oxide) distances (2.70 and 2.74 A in 1; 2.80-
2.84 A in 3°") are considerably longer and out of the range
considered typical for a V"=V™ bond. Hence, we have in-
terpreted our magnetic data by assuming that there is no
metal-metal bonding. We return to this subject in the com-
putational studies section.

Complex 1 can then be approximated to the topology of
an isosceles triangle, giving the spin Hamiltonian described
in [Eq. (1)] with s;=s,=s3=1.

H o= =20,(3:83) — 21,(18, + 8:85) + Y gusdiB + (O Dis.)
(1)

This allows two distinct possibilities for a well-isolated
triplet ground state:

1) The |0,1>triplet (] S;3,S>, in which S is the total spin
and §;; is the intermediate spin from coupling s; and s3),
resulting from strongly AF J, (linear through the oxide)
and |J;|>|J,|. This state is localised on V2.

2) The |2,1> triplet, resulting from strongly AF J, (through
the thiolate bridges) with |J,|>|J;|. This state is local-
ised on all three metal ions.

We have previously studied a related all-oxygen-bridged
T-shaped V" trimer [V;0(0,CPh),(OEt),(bipy),Cl;] and de-
termined the analogous J, interaction to be —68 cm™L.M
This is not nearly strong enough to account for the magnetic
behaviour of 1 (i.e., insignificant excited-state population at
300 K) based on model 1, hence we favour model 2 in which
the thiolate pathway dominates. Again, we discuss this fur-
ther in the computational studies section.

The exchange part of the Hamiltonian in [Eq. (1)] can be
solved by Kambé methods: this gives the separation be-
tween the |2,1> ground state and the |1,0> first excited
state (a singlet) as —2J,+4J,. Because of the negligible ex-
cited-state population at all temperatures, we are restricted
to estimating a lower limit for this energy gap. Furthermore,
in order to estimate J, we must assume a value for J,.
Hence, we have fixed J,=—70cm™' from the value found
for [V;0(0O,CPh),(OEt),(bipy),Cl;], and have also fixed yrp
(see above) and g=1.96. We find when J,>—580 cm™!, the
calculated curve starts to decrease with increasing tempera-
ture at high temperatures: this is due to population of the
first excited spin state, which is diamagnetic. Hence, with
these approximations, we find a lower limit for the strength
of the strong AF interaction through two p,-thiolate arms of
tmme*, J,< —580 cm™'. The calculated % 7(T) curve for J,=
—580 cm™ is in Figure 3 [see Figure S2 in the Supporting In-
formation for (7T) and x'(T)]. These J values give a lower
limit for the energy gap to the first excited state of
880 cm ™, hence an upper limit to its population at 300 K of
0.5%.
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Modelling the M(H) data and the low-temperature col-
lapse in T for 1 (Figure 3 and Figure 4) requires significant
anisotropy in the ground state. This could be due to local zfs
effects or, given the very large |J,|, an anisotropic compo-
nent of the exchange. We have chosen to model the data by
inclusion of the local zfs terms that are described by the
Hamiltonian in [Eq (1)]. For simplicity these were assumed
to be axial and equal at each V' site: this gives D, ;=
5.2 cm™, which corresponds to a zfs in the |2,1> ground
state of 4.1 cm™". Clearly this is a simplistic argument, but a
large anisotropy is consistent with W-band (95 GHz) EPR
data (Figure S3 in the Supporting Information), which show
that the zfs must be substantially greater than the micro-
wave energy (>3 cm™'); higher frequency measurements
would be necessary to determine this number precisely.

Extending the model for 1 to 3*~, we have the exchange
part of the spin given by the Hamiltonian in [Eq. (2)].

H = —2J1(5:83 + $354) — 2J5(818; + 5285 + 8384 + 3154) (2)

This can also be solved by Kambé methods and, by as-
suming |J,|>|J;| as above, the ground state is the |22,0>
singlet (|S;35,,5>), with the first excited state being the
|22,1 > triplet at a relative energy of —2J/, (note this is inde-
pendent of J;). If we assume the same lower bound for |/, |
as for 1 (given the identical chemical arrangement), this
gives an energy gap of at least 1160 cm ™. This corresponds
to a population of the lowest paramagnetic state of 1% at
300 K, consistent with the observed diamagnetism.

The J,<—580 cm™! value estimated for 1 can be com-
pared with J=—419cm™ reported for (NEt,),[V,(edt),]
(through two p,p,-edt’™) and J=-355cm™" reported for
[V",0(SPh),(Me,bipy),] (through two p,-thiolates and an
oxide).® The only magnetic data reported for (NBu,),-
[V,O(edt),Clg] are Evans NMR measurements (CD;CN so-
lution), which give a magnetic moment of 2 pg per V"
ionl®™¥, This is in stark contrast to our findings on 3, and is
presumably due to the much weaker exchange facilitated by
the four p,-chloride bridges. The cis V-V distances in [V,0-
(edt),Clg]* (2.81-2.86 A) are comparable to those in 3%
However, the triangular [V"3(S)(S,);(bipy);](PF,) has V-V
distances as long as 2.75 A and is reported to be diamagne-
tic,*! and this was explained as being due to V-V bonding.
Hence, in order to test our assumptions of the lack of V-V
bonding, and on the identity of the ground states, we have
performed electronic structure calculations on 1 and 3°~.

Computational studies: To investigate the electronic struc-
tures of 1 and 3° density functional calculations!"” by using
the Def2-SVP basis sets!" and the B3LYP exchange-correla-
tion functional™ were performed. Both systems yielded
symmetry-broken solutions to the Kohn-Sham equations
and hence all geometries were fully optimized, starting from
the crystallographically determined structures, by using the
spin-unrestricted formalism. All structures were confirmed
as stationary minima by vibrational analysis. Based on the
optimized geometries the lowest energy triplet (S,=1) and
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singlet (S,=0) states of 1 were calculated; the triplet was at
significantly lower energy. Mayer bond-order analysis®! of
the triplet structure shows pronounced V—S interactions
with bond orders for the sulphur atoms in the plane of the
V; unit of 1.15 and 1.19 and those outside the V; plane rang-
ing from 0.57-0.73. There are also significant V—O interac-
tions with bond orders of 0.67 (V3), 0.50 (V2) and 0.82
(V1). However, there is very little indication of V=V bond-
ing (maximum calculated bond order of 0.14). The calculat-
ed spin-density map for 1 shows the spins to be distributed
equally over all three V™ centres (Figure 5), with the Mul-
liken spin densities being +2.08 (V3), —2.14 (V2) and +2.03
(V1). Thus the calculations support the coupling scheme 2
used above with dominant thiolate exchange pathways.

Figure 5. B3LYP/Def2-SVP spin density of the optimized triplet (S,=1)
structure of 1 (light shading indicates positive spin and dark shading rep-
resents negative spin).

Similar calculations for 3*~ yield an equivalent picture;
the optimized broken symmetry (S,=0) ground state struc-
ture of 3*~ and the corresponding spin density are shown in
Figure 6. The vanadium ions show Mulliken spin densities of
|2.13]| (alternating in sign on each atom). The V—S bonding
appears similar with the in-plane sulfur atoms having bond
orders (with the adjacent V atom) of 1.05, whereas the out-
of-plane V—S bond orders range from 0.60-0.64. The V-O
bond orders are essentially all 0.47. Once again the V-V
bonding is negligible with a maximum bond order of 0.12.

Conclusion

In conclusion, tmme*~ exhibits significantly different binding
modes to its all-oxygen-donor analogues by not having the
same tendency to template trigonal metal fragments. Never-
theless, this work shows that it is a promising ligand for
future studies in molecular magnetism. In both 1 and 3 it
gives AF exchange pathways, which are so strong that only
a single spin state is populated up to room temperature.
This is a desirable property for molecular nanomagnets in
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Figure 6. B3LYP/Def2-SVP spin density of the optimized singlet (S,=0)
structure of 3*~ (light shading indicates positive spin and dark shading
represents negative spin).

the context of both single-molecule magnet behaviour™
and proposed applications in quantum information process-
ing,®! with consequences for relaxation mechanisms and
lifetimes. An obvious target then is to prepare larger clusters
with a ferrimagnetic-like spin structure (i.e., AF coupling
between unequal sub-lattices) to give non-zero spin ground
states, as with 1. The reversible redox behaviour of 1 and 3*~
at mild potentials is also an attractive feature because this
could allow facile redox-switching between, for example,
paramagnetic and diamagnetic states. Attempts to isolate
the oxidation products of 1 and 3*~ are ongoing.

Experimental Section

General: Solids 1, 2 and 3 degrade in air and all manipulations, in synthe-
sis, and magnetic and spectroscopic measurements, were performed
under an inert atmosphere (dinitrogen-purged glove box and Schlenk
line). All chemicals were purchased from Aldrich. Solvents were from
BDH and were distilled before use. [VCly(thf);]?" and Hytmme™ were
prepared by following reported procedures.

Synthesis of [V;0(tmme),(bpy),Cl]-MeCN (1): A mixture of [VCls(thf);]
(0.200 g, 0.54 mmol) and bpy (0.084 mL, 0.54 mmol) in MeCN (8 mL)
was heated in a Teflon-lined autoclave at 100°C for 12 h under autoge-
nous pressure, then cooled to room temperature. Hytmme (0.155 mL,
1.07 mmol) and Et;N (0.443 mL, 3.21 mmol) were added to the mixture,
which was heated in the Teflon-lined autoclave at 150°C for a further
12 h. Cooling to room temperature (0.05°C min") gave deep-purple crys-
tals of 1, which were washed with MeCN and Et,0. Yield: 36 mg, 23 %;
IR (Nujol): 7=1634 (m), 1597 (s), 1471 (m), 1441 (s), 1408 (w), 1384 (w),
1312 (m), 1293 (m), 1246 (m), 1155 (m), 1113 (w), 1058 (w), 1042(m),
1026 (m), 910 (w), 873 (w), 812 (w), 768 (s), 734 (m), 671 (w), 654 (W),
636 (W), 526 (m), 481 (w), 441 (w), 416cm™"' (m); elemental analysis
caled (%) for V;C3,H3N;OS(Cl: C 43.26, H 4.19, N 7.88, C1 3.99, S 21.65;
found: C 43.18, H 4.01, N 7.37, C1 4.07, S 21.73.
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Synthesis of [V;0(tmme),(phen),Cl]-MeCN (2): A similar reaction as for
1, but substituting phen (0.096 g, 0.54 mmol) for bpy, gave deep-purple
crystals of 2. Yield: 143 mg, 85%; IR (Nujol): 7=1634 (w), 1624 (w),
1509 (m), 1450 (w), 1421 (m), 1376 (w), 1313 (m), 1298 (m), 1244 (s),
1194 (m), 1135 (m), 984 (m), 868 (w), 852 (w), 839 (m), 808 (w), 780 (W),
766 (w), 744 (w), 721 (s), 670 (w), 645 (m), 627 (w), 534 (m), 497 (w), 441
(w), 426 (w), 408cm™ (w); elemental analysis caled (%) for
V;C3H3N;OS(Cl: C 46.18, H 3.98, N 7.47, Cl 3.78, S 20.54; found: C
46.36, H 3.84, N 7.23, Cl 3.06, S 20.23.

Synthesis of [HEt;N],[V,0(tmme),]-2MeCN (3): A mixture of [VCls-
(thf);] (0.200 g, 0.54 mmol) and ampy (0.050 mL, 0.54 mmol) in MeCN
(8 mL) was heated in a Teflon-lined autoclave at 100°C for 12 h then
cooled to room temperature. Hytmme (0.155 mL, 1.07 mmol) and Et;N
(0.443 mL, 3.21 mmol) were added to the mixture, which was heated fur-
ther at 150°C for 12 h. Cooling the solution to room temperature (0.05°C
min~') gave a deep-red solution. Slow evaporation of this solution (in a
glove box) gave dark-red crystals of 3, which were washed with a small
amount of MeCN followed by Et,0. Yield: 25 mg, 16 %; IR (Nujol): 7=
1462 (m), 1432 (w), 1406 (m),1366 (m), 1287 (s), 1247 (m), 1154 (w), 1111
(m), 1058 (w), 1037 (w), 1012 (m), 917 (w), 874 (m), 861 (w), 831 (w),
813 (m), 719 (m), 576 (s), 479 (m), 413 cm™' (m); elemental analysis calcd
(%) for V,C;H,N,OS),: C 37.03, H 6.38, N 4.79, S 32.90; found: C
36.88, H 6.43, N 4.73, S 31.81.

Physical measurements: Magnetic data were measured on powdered
samples in 1, 0.5 and 0.1 T applied magnetic fields on a Quantum Design
XL7 SQUID magnetometer. Data were corrected for the diamagnetism
of the sample holder and the sample (Pascal’s constants). Modelling of
magnetic data was by matrix-diagonalization methods by using MAG-
PACK software.”” W-band EPR spectra were measured on a Bruker
ES00 CW spectrometer. Cyclic voltammetry measurements were per-
formed on an Autolab PGSTAT30 potentiostat with an Ag/AgCl refer-
ence electrode, glassy carbon working electrode and a Pt wire auxiliary
electrode. Ey, values are referenced to the Ag/AgCl electrode, on which
the ferrocinium/ferrocene couple was measured at 0.46 V.

X-ray crystallography: Single-crystal X-ray diffraction data were mea-
sured on an Oxford Diffraction Xcaliber2 Bruker APEX II CCD diffrac-
tometer. Structure solution and refinement were performed by using
SHELXTL. The structures were refined by direct methods. Refine-
ment of F° was against all reflections. All of the structures required sub-
stantial work to model disorder, although primarily this was limited to
the solvent molecules, which were restrained appropriately. Crystallo-
graphic disorder in the structure of 4.2 required that both tmme*- ligands
and the chloride ligand were split entirely over two sites. Displacement
and geometric restraints were applied to the thermal parameters of these
atoms. All H atoms were added geometrically except for the H atoms on
the protonated amine in 4.3. CCDC-771566 (1), 771567 (2) and 771568
(3) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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