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Vanadium phosphate systems have attracted much attention 
because of their unusual properties in the extended solid. Layered 
vanadium organophosphonates in particular have found applica- 
tions as size selective inorganic hosts, catalyst supports, and ion 
exchangers.I4 Zubieta and others have successfully exploited 
hydrothermal synthetic techniques to obtain a wealth of anionic 
cluster and layered oxovanadium organophosphonates that arise 
from a complex and incompletely understood chemistry.&' The 
biological effects of vanadium phosphates are also of current 
interest. Vanadocene dichloride, for example, has long been 
known as a potent anticancer agents and its cis-dichloro structure 
suggests a similarity to the widely studied cis-dichlorodiam- 
mineplatinum(I1). However, Marks et alas have shown that unlike 
the latter complex the vanadocene reacts with the phosphate 
backbone of DNA rather than at the organic bases, indicating 
an entirely different mechanism of action. 

Considering the fundamental interest in vanadium phosphate 
chemistry in terms of its solid-state and biological properties, it 
is surprising that little effort has been focused on its systematic 
development. Previous syntheses have relied primarily on extreme 
reaction conditions in which synthetic control is coarse and 
relatively unpredictable. It is only recently that more rational 
synthetic methods have begun to be e~plored .~  In thiscontribution 
we report on a series of vanadium phosphate clusters of varying 
nuclearities that, while differing widely in their structures, allow 
insight into a means for the rational design of such compounds. 
Specifically, by controlling the availability of open coordination 
sites on the metal (through variations in oxidation state and/or 
the ancillary organic ligation) and the denticity of the bridging 
phosphates, we have been able to achieve some influence over the 
nuclearity and structure of the resulting vanadium phosphate 
clusters. 

All of the compounds reported in this study are readily obtained 
using standard synthetic techniques in organic or aqueous organic 
solvents. The divanadium(1V) complex L ~ ( V O ) ~ [ ( P - C ~ H ~ O ) ~ -  
POZ]~,  1 (where L is the tridentate hydridotris(pyrazoly1)borate 
ligand, HB(pz)3-), can be prepared by a number of routes. These 
include the aerobic oxidation of L2V2(p-O) [ ( P - C ~ H ~ O ) ~ P O ~ ] ~ ~ ~  
or the direct reaction of diphenyl phosphate with LVO(acac)Ilor 
LVO(DMF)Clll in dichloromethane. In an attempt to prepare 
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the vanadium(II1) analogue of 1 from the corresponding diac- 
etate12 using an excess of diphenyl phosphate the trimetallic 
complex ~LV[(C6H50)2P02]332Mg9 2, was isolated. The mag- 
nesium(I1) ion comes from magnesium sulfate used as drying 
agent. The reaction of the vanadium(II1) precursor, LVC12- 
DMF," with the disodium salt of monophenyl phosphate in 
aqueous acetonitrile yields bright green crystals of the neutral 
tetravanadium(II1) complex, L ~ V ~ [ ( C ~ H S O ) P O ~ ] ~ ,  3. The reac- 
tion of [(~-BU~Z)~VO(H~O)~]CL~~~ (where t-Bupz is 3(5)-tert- 
butylpyrazole) and the sodium salt of monophenyl phosphate in 
water followed by recrystallization of the product from ethanol 
yielded blue crystals of the hexavanadium( IV) species, ( r -B~pz)~-  

The series of compounds containing vanadium capped by the 
facially coordinating tridentate hydridotris(pyrazoly1)borate 
ligand, 1-3, shows the highest degree of synthetic control since 
only three cis coordination sites are open and available for ligation. 
The structure of the linear, centrosymmetric trimetallic cluster, 
2,14 illustrates this idea. Here the Mg(I1) ion occupies the central 
position and is octahedrally coordinated to six bridging diphenyl 
phosphates. It is flanked on either side by V(II1) ions which are 
also octahedrally coordinated with three facial sites occupied by 
oxygens from the bridging phosphates with the remaining three 
sites occupied by the tris(pyrazoly1)borate nitrogens. The 
rationale behind this structure is quite straightforward. Only 
three bridging ligands, at most, can coordinate to the LV(III)*+ 
precursor because of the presence of the capping ligand. The 
resulting LV[(C6H50)2P02]3- anion acts as a tridentate chelate, 
much like the K l h i  ligand,ls two of which are perfectly suited 
for encapsulating a divalent metal atom. 

The interplay between open metal coordination sites and 
bridging ligand denticity is underscored by the structure of the 
tetrametallic species 3,'6 obtained when the potentially tridentate 
monophenyl phosphate is used as a bridging ligand. Once again 
only three open coordination sites are available on the LV(III)2+ 
precursor but now each coordinating phosphate is capable of 
bridging to two other LV(III)2+ moieties. The result is a cubane- 
type structure (Figure 1) in which each phosphate coordinates 
three different V(II1) centers and each V(II1) center is, in turn, 
coordinated by three different phosphates. The cubane aspect 
of the structure is easily visualized in the polyhedral representation 
by placing four V(II1) octahedra and four phosphate tetrahedra 
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(12) Carrano, C. J.; Verastgue, R.; Bond, M. R. Inorg. Chem. 1993, 32, 
3589. 

(13) Mohan, M.; Otieno, T.; Bond, M. R.; Carrano, C. J. Submitted for 
publication. 

(14) Crystal data for ([HB(pz),]V[(C H S O ) ~ P O ~ ] ~ ] ~ M  ,2 :  triclinic, space 

a = 112.22(3)', 6 = 101.31(3)', 7 = 106.15(3)', Y = 2496.5(9) A), 
pollc = 1.412 g cm-), Mo KaA = 0.710 73 A, p = 0.369 "-1, 5811 
unique data collected (8-28 technique, 3.5 5 28 I 45.0°) of which 4299 
have I > 241)  and were used for structure solution and refinement, R 
= 0.0589, Rw = 0.0820. Detailsof this and the other structurm reported 
herein will be reported elsewhere. 

(15)  KIHui, W.; Miiller, A.; Eberspach, W.; h e ,  R.; Goldberg, I. J .  Am. 
Chem. SOC. 1987,109, 164. Shinar, H.; Navon, G.; KIHui, W. J .  Am. 
Chem. Soc. 1986,108,5005. 

(16) Crystal data for [HB(~Z)~],V,[(C,HJO)PO~] 3: triclinic, spacegroup 

1.382 g cm-3, Mo Ka A = 0.710 73 A, p = 0.536 mm-I, 12039 unique 
data collected (fl-28 technique, 3.5 5 28 5 45.0') of which 9083 have 
I > 2 4 I )  and were used for structure solution and refinement, R = 
0.0504, R, = 0.0692. 

group pi, z = 2, a = i3.410(3) it, b = 14.179(3) fi, c = 15.694(3) A, 

pi, z = 2, a = 15.495(3) A, b = i7.000(3) 1, c = 17.949(4) A, a = 
89.17(3)', fi  = 86.00(3)', 7 78.60(3)', V = 4623.5(16) A3, p d  = 

0020-1669/94/ 1333-2705$04.50/0 0 1994 American Chemical Society 



2706 Inorganic Chemistry, Vol. 33, No. 13, 1994 Communications 

Figure 1. Ball and stick diagram of the core structure of 3 (V, solid; 0, 
open; P, shaded; N, hatched; H, small open). 

at alternate corners of a cube in a corner sharing arrangement. 
Vanadium(II1) phosphates are in general u n ~ o m m o n , ~  and 
discrete molecular complexes like 3 are to our knowledge 
unprecedented. 

Limiting the availability of coordination sites on the metal by 
oxidation of V(II1) to vanadyl appears to produce a concomitant 
reduction in cluster nuclearity. In this case three coordination 
sites are now occupied by the capping ligand and one by the 
vanadyl oxygen. Reaction with diphenyl phosphate therefore 
produces a simple bis(p-phosphato) dimer, 1,'' very much like 
one recently reported by Zubieta et al.? where the restrictions 
on both the vanadium coordination sphere and the denticity of 
the bridging ligand combine to suppress the condensation into a 
larger polynuclear cluster. 

Conversely, cluster size can be increased when the V(1V) 
coordination sphere is opened up and a potentially tridentate 
bridge is employed. Thus the reaction between aquotetrakis- 
(3(5)-tert-butylpyrazole)vanadyl chloride and monophenyl phos- 
phate yields a unique hexanuclear cluster, 4 (Figure 2).'* 
Although the starting compound would appear to have all of its 
coordination sites filled, the individual pyrazole ligands are easily 
displaced, and consequently, the cluster contains three distinctly 
different V(1V) coordination spheres. The structure of 4 is by 
far the most complicated of the discrete vanadium organophos- 
phate compounds reported here. Nevertheless, the cluster exhibits 
a high degree of organization in which several diverse structural 
elements are pieced together with great efficiency. The cluster 
is on a site of 2-fold symmetry; thus, only half the cluster is 
unique. The three vanadyl coordination octahedra within the 
unique portion can be characterized as follows: (i) V(1), a tris- 
(p-phosphato)(p-aqua)vanadyl hydrate with no coordinated 
pyrazoles, (ii) V(3), a tris(p-phosphato)(pyrazolyl)vanadyl in 
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Figure 2. Ball and stick diagram of the core structure of 4. Heavy 
dashed lines denote interactions with the included water; single and double 
dashed lines denote hydrogen bonding interactions with coordinated water 
at equatorial position V(1). 
which one phosphate ligand is coordinated in a rare bidentate 
chelate bridging mode,19 and (iii) V(2), a tris(p-phosphato)bis- 
(pyrazoly1)vanadyl species. Symmetry generation of the other 
half of the cluster produces a vaselike structure in which the 
symmetry related pair of V( 1) octahedra from the base, the V(3) 
octahedra define the walls, and the V(2) octahedra define the 
mouth. The water molecule that bridges between the V(1) 
octahedra is actually found within the cavity of the vase with 
each oxygen lone pair coordinated to a different V(1V) ion (and 
trans to the vanadyl oxygens) and each hydrogen atom linked to 
a bridging phosphate (P(4)) oxygen. In addition the terminal 
water molecule of the V(l) octahedra also forms a bidentate 
hydrogen bond to oxygens on the same bridging phosphate to 
finish tying the cluster together. 

Despite the serendipitous formation of this last cluster it in 
fact supports the basic ideas of vanadium phosphate cluster 
formation that we have formulated, Le. use of a precursor V(1V) 
complex with a moreopen coordination sphere and of a tridentate 
bridging ligand leads to the largest cluster of this series. The 
manner in which the various pieces are fit together suggests a 
selectivity that could be controlled through a judicious choice of 
starting reagents or reaction conditions. For example most 
reactions reported here were carried out in organic media, resulting 
in a strong preference for neutral species over the anionic clusters 
typically found in oxovanadium organophosphate systems. The 
predictive utility of these synthetic ideas is still at  an early stage; 
nonetheless, we have been able to use them to prepare a series 
of metal complexes with metal nuclearities ranging from 2 to 6 
and to account for their structures in a rational way. The synthetic 
possibilities of this approach are now being examined by us. 
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