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Abstract: A family of high nuclearity
oxo(alkoxo)vanadium clusters in un-
precedentedly low oxidation states is
reported, synthesised from simple
vanadium diketonate precursors in al-
cohols under solvothermal conditions.

mantyl (3) or Ph;C (4), and [V;(O),-
(EtO)5(EtOH)(Ph;CCO,),(MePO;)]

(5) are reported, revealing these to be
VIV (@), (VT VY3VY) (3 and 4)
and [V, V) (5) clusters, while 2 con-
sists of isolated {V™,V'V,} clusters

[a]

bridged into polymeric chains by {Na,-
(OEt),} fragments. Solvothermal condi-
tions are essential to the formation of
these species, and the level of oxidation
of the isolated clusters is in part con-
trolled by the crystallisation time, with

Crystal structures of [V3(O),(OH),-
(H,0)4(EtO),,(0,CPh)4(acac),] (D),
[V16Nay(0)5(EtO);6(EtOH),(O,CPh),-
(HO,CPh),l.  (2), [Vis(O)is(EtO)s-
(EtOH)(RCO,);] in which R=ada-

Introduction

There is a remarkable lack of literature on low-valent vana-
dium cluster chemistry, in stark contrast to the very mature
fields of metal(II/IIT) clusters of later transition ions,!) and
of high-valent vanadium(IV/V) cluster chemistry in the
form of the polyoxo(alkoxo)vanadates.* The latter species
have found much interest for their redox, electrical and
magnetic properties, recent examples including Daniel and
Hartl’s [V,O,(OR);,]"* ion, which displays five discrete oxi-
dation states ranging from {V™¥,VY,} to {V?V¢},™ and hybrid
conducting materials, such as Coronado’s [BEDT-TTF]s-
[H;V,04] (BEDT-TTF =bis(ethylenedithio)tetrathiafulva-
lene).P! So-called “fully reduced” examples® defined as
those that contain only vanadium(IV) ions, have been of
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the lowest mean-oxidation-state species
being isolated by direct crystallisation
on controlled cooling of the reaction
solutions.

compounds

particular interest for their magnetic properties,””! with nota-
ble examples including a rare ferromagnetically coupled,
large-spin ground-state vanadyl {V'Vy} cluster,® and Miiller’s
layered {V'V,;} species,”) which has been important in studies
of spin frustration and phonon bottleneck phenomena.
Given these exciting properties it seems a logical step to
extend this chemistry to vanadium(III), particularly given
the potentially useful properties of this ion!'”! for materials
such as single-molecule magnets.'""” However, to the best of
our knowledge there are only three reported homovalent
tetrametallic V' clusters,"! and only four larger examples—
the cyclic structures (R,NH,)[V;MF(O,CR);s] (M =divalent
metal ion),'”? [V4(OH),(OEt)s(O,CR),,]!** (R=Me, Ph)
and [V;4(OMe),,(0,CMe),,]."*! Even for mixed low-valence
V"V species, there is only one tetrametallic, {V",V'V,},1%
and two larger examples, [Ph,P],[Bu,N]J[(VVO),V"-
{BuP(0),0P0;},]'"  and [VI',(VIYO)s(OH),(Me;bta)-
(OMe),o] (Me,btaH = 5,6-dimethylbenzotriazole).l”]

In contrast to the dearth of discrete molecular species, a
number of VI and V"V extended lattice oxide, phosphate
and organophosphate materials are known.'®! Zubieta has
suggested that the preference of the V"' ion for extended
lattices is partly explained by its regular octahedral geome-
try favouring more extensive connectivity between metal (or
heteroatom) centres, in contrast to the highly distorted
[VO4} or {VO,s} geometries characteristic of V'V due to
multiply bonded oxo groups.'” Nevertheless, the existence
of these extended lattices suggests that more molecular clus-
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ters should be isolable, and the evident explanation for the
lack of examples is the easily oxidisable nature of V', par-
ticularly to the stable vanadyl ion, {V'Y=0}**. Therefore, the
first challenge in the study of such species is how to prepare
them.

Our approach to this problem has been to exploit solvo-
thermal synthetic techniques under reducing conditions in
order to stabilise the low oxidation states.” Solvo- (specifi-
cally, hydro-)thermal techniques have long been used in poly-
oxovanadate synthesis,**?!! and Zubieta has also isolated
V!_containing organophosphate extended lattices from V'V
reagents in the presence of organoamines as reducing
agents.'® We have used alcohols as solvents under solvo-
thermal conditions, since this not only provides a reducing
environment, but also provides a good source of bridging
ligand in the form of alkoxides. [The use of alkoxides has
previously been observed to aid isolation of “fully reduced”
V!V clusters by reducing the negative charge density cf.
“naked” polyoxovanadates.]® This route led to the {V'L},
(VUL and {VILVIY)8 clusters above. While the fist two
species contain little or no inorganic oxide, the last example
is intriguing since it has a 10:12 V/O(H) ratio (including
eight vanadyls); hence, this cluster is an example of a
polyoxo(alkoxo)vanadium cluster that is more highly re-
duced than the “fully reduced”, all d' polyoxo-
(alkoxo)vanadates.

In this work we report the extension of this chemistry to
solvothermal reactions in alcohols of simple vanadium diket-
onate starting materials to isolate new {V™ VIV,}
(VI VYV.VY} and {V'™,VV} molecular clusters, as well as a
[V, VIYe) cluster bridged into a polymeric chain by {Na,-
(OEt),} fragments. These species can be considered to
derive from simple building blocks, which themselves have
analogues (structurally but not in oxidation state) in conven-
tional high-valent polyoxo(alkoxo)metallate chemistry. One
of these complexes has appeared in a preliminary communi-
cation.®!

Results
Synthesis and structural studies

[Vi15(0)12(OH),(H,0)4(EtO)5,(O,CPh)s(acac),] (1): Heating
a solution of [V(acac);], [VO(acac),] (acac™ =acetylaceto-
nate) and PhCO,H (8:1:3) in EtOH at 150°C for 12 h under
an inert atmosphere, followed by slow cooling, gives brown
crystals of 1 direct from the reaction solution (ca. 30%).
Single-crystal X-ray diffraction analysis shows 1 to be
[V15(0)12(OH),(H,0)4(EtO),,(O,CPh)s(acac),],  containing
sixteen VI and two V' ions, the latter present as vanadyl
(see below). Hence, 1 can be alternatively formulated as
[V16(VIYO),(0)19(OH),(H,0)4(EtO),(O,CPh)4(acac),].
Molecules of 1 are centrosymmetric and the structure can
be described as two opened-tetrahedral {V™,} units linked
to two square-based pyramidal {V"™,V'V} fragments
(Figure 1). All vanadium ions have a {VOg} coordination en-

6330

www.chemeurj.org

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

Figure 1. Molecular structure (top), vanadium oxygen core (middle) and
{VO4} polyhedral representation (bottom) of [V (VV0),(0),,(OH),-
(H,0),(EtO),,(OCPh)g(acac),] (1). Selected bond length ranges (A): V2—
015 1.619(9), V—(uy-)O5 1.923(5)-2.015(5), V—(ps-)O4(H) 2.092(5)-
2.305(5), V—(p3-)O6 1.919(5)-1.947(5), V—(ps-)O1 2.077(6)-2.191(6), V—
(15-)02,03 1.871(6)-2.015(5), V—(u5-)O6 1.919(5)-1.947(5), V—(us-)-
O4(H) 2.092(5)-2.305(5), V-O(Et) 1.879(9)-2.098(6), V3,V4—O(H,)
2.288(9) and 2.291(9), V—O(carboxylate) 2.018(7)-2.044(6). Green (V),
red (O), black (C), H omitted for clarity. Atoms labelled “A” indicate
atoms at (1—x, 1—y, 1-z2).
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vironment. The {V™,} units (V6-V7-V8A-V9 and symmetry
equivalents (s.e.)) consist of four edge-sharing {VO,} octahe-
dra (Figure 1, bottom), centred on a py-oxide (O5A and s.e.)
and bound by five p,-ethoxide groups. The V-OS5-V angles
range from 98.1(2)-102.2(2)° with the exception of
148.9(3)°, which opens the V7-O5A-V8A edge. The two
{V™,} units fuse along the O4--O6 and symmetry equivalent
edges (also bridged by two p,-benzoates) to form an octa-
metallic core. The {V™,V"V} units (V1-V5 and s.e.) consist
of five edge-sharing {VOq} octahedra defining a square-
based pyramid with V2 at the apex, bound by a ps-oxide
(01). Six p,-ethoxides span each apex-basal edge of the
square-based pyramid and two of the basal edges. V2 and
symmetry equivalents have a terminal oxide (V2—0015
1.619(9) A); these are the only terminal oxides in the struc-
ture. One of the basal ions (V1) has a chelating acac™; these
are the only diketonates in the structure despite their pre-
ponderance in the starting materials, and presumably acac™
is acting as the base for the deprotonation of solvent to pro-
vide the 22 bridging alkoxides. V3 and V4 have terminal
waters (O16 and O17) at distances of 2.288(9) and
2.291(9) A, respectively. Cluster 1 is much more air sensitive
than 2-5 (see below) and we presume this is a consequence
of these four V**-bound terminal water molecules, exposing
these ions to easy oxidation by loss of protons to form V=0.
Clusters 2-5 do not contain terminal water molecules.

One basal vanadium ion (V5) in each of the pentametallic
units links to the octametallic core through four vertex-shar-
ing interactions (02, O3, O4 and O6A). The oxygen atoms
O2 and O3 are p;, lie virtually in their respective V;0
planes and each link one tetrametallic unit (through V6 or
V9, respectively) to an edge of a pentametallic unit (V3--V5
or V4--V5, respectively). The oxygen atoms O4 and O6A
are also ; and bind both tetrametallic units to V5 or sym-
metry equivalent. Atom O4 does not lie in the V;0 plane
(0.643 A mean deviation from the plane), and the V—-O4
bond lengths (2.092(5)-2.305(5) A) are significantly longer
than V—02,3,6 (1.871(6)-2.015(5) A). These longer distances
are consistent with protonation of O4 and indeed bond va-
lence sum (BVS) analyses™® of all these oxide environments
indicate that O4 is in fact hydroxide, while O1, O2, O3 and
06 are oxide (see Supporting Information).

Atom V2 and its symmetry equivalent have terminal
oxides (015 and s.e.) at 1.619(9) A, characteristic of the
vanadyl ion (VY=0). BVS analysis®" is consistent with this
(valence sum 4.00, see Supporting Information for full de-
tails), and with the assignment of all the remaining metal
ions as V"' (mean valence sum 2.91) as expected given their
regular octahedral geometry. These assignments are also
consistent with charge balance requirements. Six benzoates
bridge between the {V",} and {V"™,V"V} fragments: two bind
the two {V™,} fragments along the V7-+V8 and the symme-
try equivalent edge, with a further four connecting the
{(V',} and {V™,V"} fragments along the V3--V6, V4A--V9
and symmetry equivalent edges.
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[V1sNax(0)15(EtO) ,5(EtOH ),(O,CPh)s(HO,CPh),[ . (2): A
similar reaction to that which gives 1 but in the presence of
Na(OEt)—solvothermal heating of [V(acac);], [VO(acac),],
PhCO,H and Na(OEt) (5:3:4:6)—yields the structurally re-
lated coordination polymer [V,Na,(O);(EtO);((EtOH),-
(O,CPh)((HO,CPh),],, (2) in approximately 25% yield.
Cluster 2 contains eight V" and eight V' ions, six of which
are present as vanadyl, hence it can be formulated as
[VIHVIY,(VIYO)Nay(0) 1,(EtO) 1s(EtOH),(0,CPh),-
(HO,CPh),]...

The repeating vanadium cluster of 2 is centrosymmetric
and consists of two opened-tetrahedral {V''} units linked to
two puckered planar (or, alternatively, flattened tetrahedral)
{V.,} fragments (Figure 2). The {V™,} units (V5-V7,V8A and
s.e.) are analogous to those of 1, together forming an identi-
cal octa-metallic core (mean BVS at vanadium, 3.06).

The {V,} units (V1-4 and s.e.) consist of four {V'VOs} poly-
hedra that edge-share, centred on a compressed tetrahedral
ps-oxide (O1) and bound by two p,-ethoxides (020, O21)
and two ps-oxides (02, O6A). The vanadium ions V1-V4 all
have one short V—O distance, indicative of a degree of mul-
tiple bond order, and these alternate between pointing
above and below the V4 “plane”. The vanadium ions V1,
V2 and V4 (mean valence sum 4.12) have slightly distorted
square-based pyramidal {VOs} geometries with terminal
oxides O15, O16 and O17, respectively. Atom V1 has a fur-
ther long contact to a benzoic acid trans to O15 (V1-08
2.557 A). Atom V3 (valence sum 3.84) also has a near
square-pyramidal {VOs} geometry with O3 at the apex and,
although it does not have a terminal oxide, the V3—O3 bond
length is short at 1.698(4) A. Atom V3 links to the octa-met-
allic core through four vertex-sharing interactions (O2, O3,
O4A and O6A, all u;-O*" by BVYS).

The oxygen atoms O2 and O6A each link one {V'™,} unit
(through V6 or V7, respectively) to an edge of a {V',} unit
(V2--V3 or V3:--V4, respectively). The oxygen atoms O3
and O4A also bind both {V™,} units to V3. The V"-03
bond lengths are 2.103(3) and 2.102(3) A, with the V'V—03
length significantly shorter at 1.698(3) A. The same trend is
observed for O4A. As with 1, six benzoates link the {V'™,}
and {V",} fragments to each other.

The {V',VVy} clusters are linked into chains along the
crystallographic ¢ axis through {Na,(OEt),} bridges
(Figure 3). The vanadyl oxides O16 and O17 bind to Nal,
while a benzoic acid links V1 to Nal (Nal—08 2.231(5) A).
The sodium ions Nal and NalA are bridged by two p,-eth-
oxides (Nal-O(Et)-NalA 81.91(16)°). A bound ethanol
(018) molecule completes the octahedral coordination ge-
ometry around Na.

[V13(0)13(EtO);5(EtOH) (AdCO,)5] (3) and [V 3(0)3(EtO) 5-
(EtOH)(Ph;CCO,);] (4): Heating [V(acac);], [VO(acac),]
and either adamantyl carboxylic (AdCO,H) or triphenylace-
tic (Ph;CCO,H) acid (9:4:3) at 150°C followed by slow cool-
ing and then standing of the reaction mixtures for a period
of weeks gives crystals of 3 (28%) or 4 (11 %), respectively.
Single-crystal X-ray diffraction analysis reveals them to be
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Figure 2. Molecular structure (top), {VO4} and {VOs} polyhedral repre-
sentation (middle) and vanadium oxide core (bottom) of [V V',-
(VVO)eNa,(0),(EtO),,(EtOH),(OCPh)s(HOCPh),], (2). Selected bond
length ranges (A): V—(u,-)O5 1.943(5)-1.986(5), V—(us-)O1 1.995(3)-
2.055(3), V—(u;-)02,06 1.858(3)-1.998(3), V1,V2,V4—015,016,017
1.571(4)-1.605(4), Nal—016,017 2.479(4) and 2.348(4). Selected angles:
cis V-O1-V angles 95.44(15)-97.68(15)°, trans V-O1-V angles 146.43(18)
and V2-O1-V4 133.39(18)°. Colour Scheme as in Figure 1, with Na
(yellow).

the tridecametallic species [V3(0)3(EtO),5(EtOH)(RCO,);]
[R=Ad (3), Ph;C (4)] or, alternatively, [V™,-
(VV0),V¥(0)y(EtO),5(EtOH)(RCO,),].

Complex 3 crystallises in the monoclinic space group P2,/
n and possesses pseudo-threefold symmetry (Figure 4). The
structure of 3 can be described in several ways. The vanadi-
um ions V1-V12 can be viewed as consisting of three
vertex-sharing {V",V!V} square-based pyramidal fragments

www.chemeurj.org
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Figure 3. Chains of [V"{V'V,(VIVO)¢Na,(0),,(EtO)s(EtOH),(OCPh),-
(HOCPh),].. (2) along the crystal ¢ axis.

(in which V1, V2 and V6 are the shared vertices), analogous
to those in 1, each centred on a us-oxide and bound by five
W-ethoxides, with carboxylates bridging between the frag-
ments analogous to their role in 1 and 2. The vanadium ions
V5, V9 and V12 (all VYV with terminal oxides at 1.661(4)—
1.675(5) A, mean valence sum 3.7) are at the apices of the
square-based pyramids, and V1-V4, V6-V8, V10 and V11
(all V', mean valence sum 3.06) make up the basal planes.
The shared vertices V1, V2 and V6 are bound by p;-O4, and
the three V5, V9 and V12 apices fold away from each other
such that V1, V2, V5, V6, V9 and V12 lie on a plane
(Figure 5) with the three V¥ ions (V5, V9, V12) defining an
{VYV,VIL}) equilateral triangle. Hence, 3 is actually far better
described as a layered structure: V3, 4, 7, 8 10, 11 lie on a
second, {V"}, plane in a distorted hexagon (Figures 5 and
6, top). The two {V,} planes are bridged by three ps- and
three ps-oxides (O1-O3 and O5-07, respectively) and six
W-alkoxides.

A single vanadium ion, V13, makes the third layer in 3
(Figure 5). This is four-coordinate tetrahedral {VO,}. Atom
V13 is linked to the each member of the {V™} layer by
three ps-oxides O11-O13 (Figures 4 and 6, top). Atom V13
is V¥ as indicated by its tetrahedral geometry and short
V13-011,012,013 bond lengths (1.690(3)-1.694(3) A, va-
lence sum 5.21) in contrast to the significantly longer V"'~
011,012,013 distances (2.090(3)-2.113(3) A). The coordina-
tion at V13 is completed by a terminal EtOH (V13—014
1.738(4) A).

A final alternative description of 3 is as four condensed
V; triangles (V3-V5, V7-V9, V10-V12 (all V', VV) and V1,
V2, V6 (V1)) and a {VO,} unit (Figures 4-6, top).

Complex 4 is analogous to 3, but with different carboxyl-
ate groups; it crystallises in the triclinic P1 space group such
that there are a pair of molecules in the asymmetric unit.

[V11(0)12(EtO) ;5(EtOH) (Ph;CCO,),(MePO;) - EtOH  (5):
Solvothermal  reaction of [V(acac);], [VO(acac),],
Ph;CCO,H and methylphosphonic acid [MeP(O)(OH),] in a
ratio of 9:3:3:3 in EtOH at 150°C yields [V;;(O),(EtO);5-

Chem. Eur. J. 2007, 13, 6329-6338
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Figure 4. Molecular structure (top) and vanadium oxygen core (bottom)
of [VI,(VIVO),VY(0),(EtO),5s(EtOH)(AdCO,);] (3). O11, O12 and O13
are eclipsed by V1, V6 and V2, respectively. Selected bond ranges (A):
V-01,2,3 2.075(3)-2.174(3), VV-02 2.177(3), V—-04 1.888(4)-1.919(7),
V—05,6,7 1.862(4)-1.935(4). Selected inter-bond angle ranges (°): cis V-
01,02,03-V  88.91(13)-95.40(14), V-O4-V 105.04(16)-06.64(18), V"
011,012,013-V" 92.19(15)-92.80(13), Vv"-011,012,013-V"
127.16(19)-127.7(2).

(EtOH)(Ph;CCO,),(MePO;)|'EtOH (5) or, alternatively,
[VIVY5(VY0)5(0)5(EtO),5(EtOH) (PhsCCO,),-
(MePO;)]'EtOH, in 9% yield after prolonged standing of
the cooled solution for several months. Attempts to increase
this yield were unsuccessful even when the correct ratio of
V™ to V'V ions is used.

Complex 5 crystallises in the triclinic space group P1 with
a pair of molecules in the asymmetric unit (labelled 5 and
5’). The metric parameters are very similar and only 5 will
be discussed in detail here. The structure of 5 (Figure 6) is
closely related to that of 3, but with replacement of the
{(EtOH)VYO;} component with a doubly deprotonated
phosphonate residue {MeP(O);}*". In addition, one vanadi-
um vertex is missing from the middle {V,} layer of the struc-

Chem. Eur. J. 2007, 13, 6329-6338
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Figure 5. {VO,} and {VO,} polyhedral representation of [V"L-
(VV0O);VY(0),o(EtO),s(EtOH)(AdCO,);] (3) viewed perpendicular to
the layers of metal ions (top), with the four coordinate {VYO,} ion to the
rear, and within the layers (bottom).

ture (Figure 7, bottom) and as a consequence the complex is
considerably more oxidised than 3 or 4 (see later).

The same layered structure as 3 and 4 is maintained. The
vertices of the “top”, triangular layer (V5, V9, V11; mean
bond valence 3.96) are V'V as before with terminal oxides
08, 09, O12. In contrast to 3 and 4, the three inner vanadi-
um ions in this layer (V1, V2, V6) are also V'V (mean bond
valence 3.90), each having a single short distance to one of
the bridging oxides (V1-04 1.821(10), V2—06 1.745(10),
V6—07 1.682(9) A) indicating partial multiple bond order.
Atom O4 is significantly asymmetric with respect to the
three metal ions as a result. In the “middle” layer of the
structure (all V" in 3 and 4) one of the vanadium vertices is
missing with respect to complexes 3 and 4, leaving an open
face in the structure. The vanadium ions neighbouring the
missing vertex are now oxidised to VY, both with terminal
oxides (V10—O11, V7—09; mean valence sum 4.04). The
vanadium ions V3, V4 and V8 are the only remaining V'
ions in the molecule (mean valence sum 3.01) with similar
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Figure 6. Molecular structure (top) and vanadium oxide core (bottom) of
[VILVY(VIVO)5(0),(EtO),5(EtOH) (Ph;CCO,),(MePO;)]-EtOH (5). Se-
lected bond lengths (A): V5,V9,V11-08,09,012 1.581(11)-1.616(11),
VI(V3,V4,V8)-01,02 2.024(10)-2.092(9), V'V(V5,V7,V9)-01,02 (trans
to vanadyl) 2.183(9)-2.471(7), VV(V1,V2,V6)~01,2 2.116(6)-2.152(10),
V—-03 1.958(9)-2.038(9) and 2.198(9) (trans to V11,V12), V'V=O(PMe)
2.021(10) and 2.053(10), V"-O(PMe) 2.090(1)-2.131(9).

structural parameters to 3. The ps-oxides O1 and O2 per-
form the same role as in 3, while O3 is now only p, due to
the “missing” vanadium vertex.

Finally, the tetrahedral vanadium ion of 3 and 4 has been
replaced by a doubly deprotonated tetrahedral phosphonate
unit which bridges the five vanadium ions by O13-O15 (,,
W, ). There are now only two carboxylates, both p,, linking
V3 and V10, and V4 and V8, analogous to their role in 3
and 4. There is a carboxylate “missing” (cf. 3 and 4) at the
open face of the cluster, and there is now a terminal EtOH
bound at V11 (033 at 2.001(11) A).

Magnetic studies: Magnetic susceptibility data for 1, 2, 4
and 5 are presented in Figure 8. A full quantitative analysis
is not possible at this stage given the size and complexity of
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Figure 7. {VOg}, {VO,} and {PO;C} polyhedral representation of [V"\-
(VV0);VY(0),4(EtO),5(EtOH)(AdCO,);] (3) and [V';VVy(VIVO)5(0)-
(EtO),3(EtOH)(Ph;CCO,),(MePO3)] (5) viewed perpendicular to the
layers of metal ions, with the four coordinate centre to the front. Colour
scheme as in Figure 1 with {MePO;} represented as purple. The oxidation
state of the metal ions is indicated in Roman numerals, highlighting the
oxidation of the ions at the open face in 5.
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Figure 8. yT versus T plots for 1, 2, 4 and 5.

the spin systems. However, a few qualitative comments can
be made. For all clusters y 7T (y =molar magnetic susceptibili-
ty) decreases with decreasing temperature, indicating domi-
nant antiferromagnetic exchange interactions within the
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clusters. In all cases }7(7) is still decreasing at base temper-
ature, indicating a small or zero ground-state spin with low-
lying excited states that are still populated at the base tem-
peratures. For 1 the room temperature value of x7T is
10.7cm*Kmol™" and is already decreasing. A plot of y'
versus 7 for 1 gives Curie—Weiss behaviour in the high-tem-
perature region (300-150 K) with a Curie constant of
16.8 cm®*Kmol ™, which is in excellent agreement with that
expected for 16 V' and two VY uncorrelated spins
(16.8 cm®*Kmol~! with g=2.0), supporting the assignment of
oxidation states. Similar analyses for 2, 4 and 5 (room tem-
perature xT of 6.7, 5.5 and 3.9 cm*Kmol™, respectively)
give Curie constants of 9.5, 6.0 and 4.3 cm*Kmol™, respec-
tively. Although these values are significantly smaller than
those expected for the uncorrelated spins, the trend (1>2>
4>5) is consistent with that expected from the oxidation
state assignments.

Discussion

We initially isolated the {V™;V'V,} cluster 1 by heating a so-
lution of [V(acac);] and benzoic acid (4:1) in EtOH at
150°C for 12 h. This gives crystals of 1 directly on slow cool-
ing of the reaction mixture to room temperature, albeit in
low yield (ca. 8%). The presence of two {VO}** ions in 1 in-
dicates either the presence of an impurity, most likely [VO-
(acac),], in the starting material or serendipitous oxidation
of VI during the course of the reaction. The former explan-
ation is favoured by the fact that a much higher yield of 1
(ca. 30%) is obtained from the post-rationalised reaction
stoichiometry of 8:1:3 [V(acac);]/[VO(acac),]/PhCO,H.
Cluster 1 contains 22 ethoxide groups, which derive from
the solvent. Hence, in an attempt to increase the yield of
this reaction Na(OEt) was added to the reaction mixture.
However, the otherwise identical reaction of 8:1:3 [V-
(acac);)/[VO(acac),]/PhCO,H with two equivalents of Na-
(OEt) instead gives the structurally related coordination
polymer 2 in low yield. As with 1, the yield of this product
can be improved dramatically by post-rationalisation of the
ratio of reagents—5:3:4:6 gives 2 in approximately 25%
yield.

The structures of 1 and 2 contain common features—they
have identical {V™} cores formed from two opened-tetrahe-
dral {V™,} fragments. This tetrametallic fragment, formed
from four edge-sharing {MOy} polyhedra (Figure 1, bottom),
is a common building block in polyoxometallate chemis-
try—a type IVb structural unit in Zubieta’s classification.!
The octametallic core itself is closely related to the known
edge-sharing bioctahedral decametallate {M,,O,} structure!
with removal of two metal ions from the shared edge. This
has been observed previously for Mo in [Mg,MogO,-
(OMe)s(MeOH),J*".1 V5 and V5A have “slipped” away
from the {V"%} core in 1 (V3 and V3A in 2) freeing two co-
ordination sites to bridge further to other metal ions. In 1
these secondary fragments are square-based pyramidal
(VI,V} formed from five edge-sharing {VO} polyhedra
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(Figure 1, bottom); again this is a known polyoxometal-

late structural unit (type V in Zubieta’s classification, de-
rived from the Lindqvist structure).®! In 2, these secondary
units have oxidised, now consisting of four {VO;} edge-shar-
ing polyhedra forming a puckered, alternating “up and
down” {V",} plane (or very flattened tetrahedron). The Na*
ions can be considered to have replaced one of the peripher-
al vanadium ions in 1 and serve to link the clusters into
chains (Figure 2). Miiller and co-workers have observed sim-
ilar Na-bridged chains of high-valent polyoxovanadate clus-
ters.”

A further common feature of 1 and 2 is that these well-
defined {V,} and {Vs} structural units are bridged by the car-
boxylates (Figures 1, bottom, and 2, bottom), between the
two {V™,} units in both 1 and 2, and between these units
and the secondary {V™,V?} or {V"V,} fragments in 1 and 2,
respectively. Therefore, we explored the effect of changing
the carboxylic acid in the reaction.

Replacement of benzoic acid in the preparation of 1 with
bulkier acids (adamantyl or triphenyl acetic) gives the tri-
decametallic {V",V'V;V"} species 3 and 4, rather than the
direct analogues of 1. In contrast to 1, complexes 3 and 4
only crystallise after standing of the cooled reaction solu-
tions for several weeks. The yields of 3 and 4 can be opti-
mised to 10-30% by post-rationalisation of the reaction sto-
ichiometry. The {V",V'"} building block of 1 can be identi-
fied in the structures of 3 and 4, with the three carboxylates
bridging between them. However, this analogy is probably
limited since the three {V™,V™} units share vanadium verti-
ces. Alternatively, it can be considered as four condensed
{V3} triangles (themselves formed from three condensed
{VOq} polyhedra)—Miiller has recently highlighted the im-
portance  of this  building block in  polyoxo-
(alkoxo)vanadates®™ —with a tetrahedral {VO,} unit (Fig-
ures 5 and 6, top). This description has some similarities
with a Keggin ion, consisting of the same building blocks,
but with one of the {V;} triangular faces pushed towards the
cluster centre and the tetrahedral {VO,} unit pulled out
from the cluster centre. However, the cluster is probably
best described as layered with {V'L,V™Y.)l (V] and {VV}
layers (Figure 5).

Given the crude similarity between the structures of 3 and
4 and a Keggin ion in terms of the building blocks, we at-
tempted to replace the {VYO,} unit with a tetrahedral main
group fragment. Indeed, solvothermal reaction of [V-
(acac);], [VO(acac),], Ph;CCO,H and [MeP(O)(OH),] gives
the {V",VV(P} cluster 5, in which the phosphonate has subs-
tituted for {VO,}. It is not clear why there is a missing
vertex in the middle layer of the structure, but an important
consequence is that there is much more extensive oxidation
of the cluster, particularly of those ions at the open face
(Figures 6 and 7). Crystals of 5§ are only obtained in low
yield and only after prolonged standing (a period of
months) of the reaction mixture after cooling.
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Conclusions

We have isolated a family of low-valent oxo-
(alkoxo)vanadium(ITII/IV) clusters that include {V'",;V'V,}
D), {V",VY,VY} (3 and 4) and {V'™VYV) (5), as well as a
[V VIVe) cluster bridged into a polymeric chain by diamag-
netic {Na,(OEt),} fragments (2). These are by far the largest
low-valent vanadium clusters reported to date, having mean
oxidation states of V*!'* (1), V*3* (2), V*** (34) and V*'*
(5). This was possible by the combined use of solvothermal
conditions and alcohols as solvent. All clusters 1-5 contain a
large number of alkoxides, further emphasizing the role of
this bridging unit in stabilizing lower valent vanadium clus-
ters.”Yl However, the carboxylates also play a key role; anal-
ogous reactions in the absence of a source of carboxylate do
not give any isolable products, and presumably polymeric
metal alkoxides are formed. Solvothermal conditions are es-
sential; we failed to isolate any of 1-5 from analogous reac-
tions at room temperature or even under reflux. Even
though 3-5 do not crystallise directly from controlled cool-
ing of the solvothermally heated reaction solutions, these
fail to crystallise if the initial reaction is not performed
solvothermally.

The crystallisation stage appears to be vital in determining
the level of oxidation of the clusters isolated. The least oxi-
dised cluster, 1, crystallises directly on controlled cooling of
the reaction solution, and is almost entirely V"' (mean oxi-
dation state V*'*). Clusters 3 and 4 (mean oxidation state
V34+) crystallise only after standing of the solutions for a
period of weeks, while 5 (mean oxidation state V37%) re-
quires months to crystallise. Presumably it is this standing
time that gives the opportunity for more extensive oxidation
of vanadium in solution, reflected by the mean oxidation
state. The crystallisation time seems to be related to the
nature of the carboxylate—the much bulkier, more soluble
carboxylic acids in 3-5 presumably result in more soluble re-
action intermediates, leading both to different products and
to slower crystallisation.

All of 1-5 contain a high proportion of inorganic oxide
(i.e. O*, OH, OH,, and neglecting the bridging alkoxides
and carboxylates), with close to 1:1 ratios of V/O
[{VisO12(OH),(OH,)4} (1), {VieOus} (2), {V1:013} (3 and 4)
and {V;0y,} (5)]. Thus, we propose that they are well de-
scribed as new members of the family of the known
polyoxo(alkoxo)vanadates, but represent a new branch of
this family existing in highly reduced states.

Experimental Section

Synthesis: All manipulations were conducted under anaerobic conditions
(dinitrogen purged glove box and argon served Schlenk line). Ethanol
was dried by refluxing over iodine-activated magnesium turnings. All of
the crystalline products 1-5 were isolated from brown solutions, which
sometimes also contained a small amount of insoluble and amorphous
brown powder, presumably vanadium oxides.

[V15(0)12(OH),(H,0),(EtO),,(OCPh)¢(acac),] (1): [V(acac);] (0.25g,
0.72 mmol), [VO(acac),] (0.024g, 0.09 mmol), PhCO,H (0.033¢g,
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0.27 mmol) and EtOH (9 mL) were heated at 150°C in a Teflon-lined
autoclave for 12 h followed by slow cooling to room temperature to yield
brown, plate-like crystals of 1 that were separated by decanting, washed
with EtOH and dried in a stream of argon (ca. 30%). Selected IR data
(KBr): 7=2923.56 (w), 1596.17 (s), 1557.08 (s), 1415.09 (s), 1100.78 (s),
1058.37 (s), 969.96 (w), 898.37(w), 717.05 (s), 597.26 cm™"' (s); elemental
analysis calcd (%) for CyeH505Vis: C 36.82, H 5.28, V 29.28; found:
C37.38,H 522,V 29.03.

[V16N2a,(0)15(EtO),(EtOH),(0,CPh)(HO,CPh),].. 2): [V(acac),]
(0.150 g, 0.43 mmol), [VO(acac),] (0.069 g, 0.26 mmol), PhCO,H (0.042 g,
0.34 mmol), [NaOEt] (0.018 g, 0.26 mmol) and EtOH (9 mL) were treat-
ed similarly to the procedure given for 1 to give brown, plate-like crystals
of 2 (ca. 26%). Elemental analysis calcd (%) for Cy,H;3,05,Na,Vi4:
C 37.67, H 4.60, Na 1.57, V 27.79; found: C 36.86 , H 4.35 , Na 1.65,
V 27.76.

[V13(0)13(EtO),5(EtOH)(AdCO,);] (3): [V(acac);] (0.25g, 0.72 mmol),
[VO(acac),] (0.085¢g, 0.32 mmol), AdCO,H (0.043 g, 0.24 mmol) and
EtOH (9 mL) were treated similarly to the procedure given for 1. Brown,
block-like crystals of 3 (ca. 11 %) grew from the solution over a number
of months. Selected IR data (KBr): 7#=3466.44, 2920.85, 1522.94, 1408.02,
1095.70, 1057.14, 971.09, 840.67, 677.92, 593.61 cm™'; elemental analysis
caled (%) for CgsH 2035V 50 C 36.65, H 7.111, V 31.09; found: C 36.05,
H 6.14, V 31.71.

[Vi(0):(0)1y(EtO) <(EtOH) (Ph,C,0,),]  (4):  [V(acac);] (025 g,
0.72 mmol), [VO(acac),] (0.085g, 0.32mmol), Ph;CCO,H (0.069 g,
0.24 mmol) and EtOH (9 mL) were treated similarly to the procedure
given for 1. Brown, needle-like crystals of 4 (ca. 28 %) grew from the so-
lution over a number of weeks. Selected IR data (KBr): #=3448.51,
2924.79, 1546.38, 1376.08, 1093.92, 970.42, 736.49, 698.69, 605.93 cm™';
elemental analysis caled (%) for Co,H, 5,035V 3: C 45.02, H 5.17, V 26.98;
found: C 44.46, H 5.36, V 26.85.

[V11(0)12(EtO)3(EtOH) (Ph;C,0,),(PO;Me) [ EtOH  (5): [V(acac)s]
(025 g, 0.72mmol), [VO(acac),] (0.063g, 0.24 mmol), Ph;CCO,H
(0.069 g, 0.24 mmol), MeP(O)(OH)2 (0.023 g, 0.24 mmol) and EtOH
(9 mL) were treated similarly to the procedure given for 1. Brown, plate-
like crystals of 5 (ca. 9%) grew from the solution over a number of
months. Selected IR data (KBr): 7#=23448.14, 2923.75, 1554.99, 1377.70,
1095.30, 1041.26, 970.46, 894.11, 698.53, 581.07 cm™!; elemental analysis
caled (%) for C;;H;0O5,PV,: C 40.65, H 5.24, P 1.48; found: C 41.51,
H 6.28, P 1.87.

Assignment of oxidation states: Unfortunately, 1-5 are either insoluble
or unstable in solution, thus preventing direct determination of mean oxi-
dation states by redox titration methods. Hence, assignment of oxidation
states has been on the basis of bond valence sum calculations® and
charge balance. Full results of the BVS analyses are in Supporting Infor-
mation. The coordination chemistry of vanadium is particularly charac-
teristic of its oxidation states since V' favours regular octahedral {VOq)
geometry, while V'V and V¥ form highly distorted {VOy}, square-pyrami-
dal or trigonal-bipyramidal {VOs}, or tetrahedral {VO,} geometries due
to multiply bonded oxo groups."”” As there are no counterions in the
crystal structures, the only real ambiguity regarding charge balance arises
from the protonation states of the oxides in the structures. These have
also been assessed by BVS methods (see Supporting Information), and
only in 1 are some of these found to involve any level of protonation.
Even if some the “naked” oxides in 1-5 were protonated, this would re-
quire lower vanadium oxidation states to satisfy charge balance.

X-ray crystallography: Single-crystal X-ray diffraction data were mea-
sured on Bruker SMART 1K CCD (3) and Oxford Diffraction
XCalibur2 (1, 2, 4 and 5) diffractometers. Unit cell details are given in
Table 1, and full tables of structural parameters are given in Supporting
Information. Selected parameters or ranges are given in the text and
figure captions. Structural solution and refinement were preformed with
SHELXTL.?" The structures were solved by direct methods. Refinement
of F2 was against all reflections. All non-hydrogen atoms were refined
anisotropically except for those of disordered atoms in 4, which were left
isotropic to preserve the data-to-parameter ratio. Hydrogen atoms were
added in geometrically calculated positions except for the hydroxide
(O4) and water protons (016, O17) in 1, the carboxylic acid protons in 2
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Table 1. Crystallographic details for 1-5.

FULL PAPER

1 2

formula CosH 64056 V15 Cy,H,3,05,Na, Vg
M, 3131.19 2933.01
crystal size [mm] 0.39x0.23x0.03 0.18x0.12x0.04
crystal system triclinic triclinic
space group P1 P1

a[A] 14.0361(13) 13.6973(9)

b [A] 16.0288(13) 14.6672(10)
c[A] 16.2151(12) 16.6194(12)
a [°] 74.367(7) 96.358(6)

£ 1°] 87.552(7) 90.326(6)

v [°] 65.633(9) 114.511(6)

vV [AY] 3190.4(5) 3014.4(4)

Z 1 1

Pealed 1.630 1.616

T [K] 100 100

20 [°] 64.0352 63.9218

data collected (unique) 15920 (7765) 17230 (8568)
data used [I>20(1)] 4785 5307
parameters 845 811

R(F) 0.0902 0.0445

wR2 0.2386 0.1075

Apmin [eA7Y] —0.0857 —0.425

AP [6 A7) 1.330 1.084

3 4 5

CesH 126035V 13 CoH 26055V 13 CyH 00034 Vyy
2129.88 2454.15 2097.89
0.10x0.10x0.05 0.40x0.22x0.13 0.38x0.24x0.03
monoclinic triclinic triclinic
P2,/n Pl P1

14.8094(6) 14.7862(16) 14.2988(6)
22.0783(9) 27.784(3) 23.0484(13)
27.1619(11) 28.623(3) 28.2692(13)
90 113.370(14) 71.995(5)
90.1750(10) 104.636(9) 89.688(4)

90 93.319(9) 89.092(4)
8881.0(6) 10277(2) 8859.2(7)

4 4 4

1.593 1.586 1.573

100 100 100

49.24 56.4686 63.7952
36015 (10804) 67225 (25081) 44765 (21494)
6916 14008 14779

1033 2383 2099

0.0459 0.0819 0.1075

0.1101 0.2043 0.2666
—0.399 -0.779 -1.067

0.666 1.606 2.229

(O7), the bound ethanol protons in 3, 4 (O14) and 5 (O33), none of
which were found from the data and were therefore omitted from the re-
finement.

Some of the structures required substantial modelling to resolve disorder.
In particular, for S the final R and wR?2 values are higher than would usu-
ally be acceptable, resulting from a lack of data at higher resolutions.

CCDC 299653 (1) and 636594-636597 (2-5) contain the supplementary
crystallographic 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.

Magnetic measurements: Variable-temperature magnetic data were mea-
sured with a Cryogenic S600 SQUID magnetometer on polycrystalline
samples at 1 (300-35 K) and 0.1 T (<35 K). The data were corrected for
the contribution of the sample holder and for the diamagnetism of the
sample estimated from Pascal’s constants.
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