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We report the first structures of simple acetate complexes of
vanadium(lll) formed in agueous solution. Paramagnetic ‘H NMR
spectroscopy titration experiments indicate the formation of two
major V(lll)/acetate complexes in acidic aqueous solution for
acetate/V(Ill) <4, pD 3.50. A novel tetranuclear cluster and a
trinuclear cluster have been characterized by X-ray diffraction
studies. Mass spectrometry measurements show these clusters
retain their integrity in solution.

Vanadium(lll) plays an important role in several environ-

unusual spectroscopic and magnetic properties. In contrast,
very little is known about the formation, structures, and prop-
erties of vanadium(lll)/carboxylate complexes in aqueous
solution?1%2%25 |n this communication, mass spectrometry
and X-ray structural data are presented as evidence for the
formation of trinuclear and tetranuclear vanadium(lll)/acetate
clusters in acidic aqueous solution. In addition, the formation
of the clusters can be monitored by NMR spectroscopy.
Figure 1 gives paramagnetiel NMR spectra of equili-
brated aqueous solutions of \W&ind 7.0x 102 to 4.0 mol
equiv acetate at pD 3.50. The chloride ligands of M€&adily
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mental systems, ranging from redox-active vanadium impuri- dissociate upon dissolution of VEin water:® It is clear

ties in crude oils to sulfatevanadium(lll) complexes in as-
cidians and marine fanwormg£.The aqueous chemistry of
vanadium(lll) is often complex due to the formation of

monomers, dimers, and species of high nuclearities, which
can lead to ambiguity on the actual species present. Analysis )
of the species present in solution is further complicated by

the fact that paramagnetic?jdranadium(lll) complexes are

from these spectra that at least two distinct V(lll)/acetate
complexes are formed in solution (labeled Species A (44.3
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complexes isolated from organic solvents and/or neat car-
boxylic acid solutions have led to the characterization of

dinucleart™*? trinuclear:'318 tetranucleat??® and octa-
nucleat® V(lll)/carboxylate clusters with interesting and

*To whom correspondence should be addressed. E-mail: nbrasch@

kent.edu.
T Australian National University.
*Kent State University.
§ University of Akron.

(1) Castro, S. L.; Streib, W. E.; Sun, J.-S.; Christou,|I@rg. Chem.
1996 35, 4462-4468.

(2) Tracey, A. S.; Crans, D. C.; Ed&anadium Compounds: Chemistry,
Biochemistry, and Therapeutic ApplicatiodeCS Symposium Series
711, American Chemical Society: Washington, DC,1998.

(3) Drago, R. SPhysical Methods for Chemis@nd ed.; Saunders College
Publishers: Forth Worth, TX, 1992; p 578.

(4) Bond, M. R.; Czernuszewicz, R. S.; Dave, B. C.; Yan, Q.; Mohan,
M.; Verastegue R.; Carrano, C.ldorg. Chem1995 34, 5857-5869.

(5) Carrano, C. J.; Verastgue R.; Bond, M. [Rorg. Chem.1993 32,
3589-3590.

(6) Wieghardt, K.; Koeppen, M.; Nuber, B.; Weiss,Chem. Commun.
1986 1530-1532.

(7) Knopp, P.; Wieghardt, Kinorg. Chem.1991, 30, 4061-4066.

10.1021/ic050336f CCC: $30.25
Published on Web 06/25/2005

© 2005 American Chemical Society

Chem.1975 101, 321-330.

(12) Larin, G. M.; Kalinnikov, V. T.; Aleksandrov, G. G.; Struchkov, Y.
T.; Pasynskii A. A.; Kolobova, N. EJ. Organomet. Cheni971, 27,
53-58.

(13) Cotton, F. A.; Extine, M. W.; Falvello, L. R.; Lewis, D. B.; Lewis,
G. E.; Murillo, C. A.; Schwotzer, W.; Tomas. M.; Troup, J. Morg.
Chem.1986 25, 3505-3512.

(14) Cotton, F. A.; Lewis, G. E.; Mott, G. Nnorg. Chem1982 21, 3316~
3321.

(15) Cannon, R. D.; White, R. PProg. Inorg. Chem1988 36, 195-298.

(16) Jezowska-Trzebiatowska, B.; Pajdowski,Rocz. Chem1958 32,
1061-1072.

(17) Allin, B. J.; Thornton, Plnorg. Nucl. Chem. Lettl973 9, 449-452.

(18) Kumagai, H.; Kitagawa, SChem. Lett1996 471-472.

(19) Castro, S. L.; Sun, Z.; Bollinger, J. C.; Hendrickson, D. N.; Christou,
G. Chem. Commuril995 2517-2518.

(20) Castro, S. L.; Sun, Z.; Grant, C. M.; Bollinger, J. C.; Hendrickson, D.
N.; Christou, GJ. Am. Chem. S0d.998 120, 2365-2375.

(21) Kristine, F. J.; Shepherd, R. E. Am. Chem. S0d.977, 99, 6562—
6570.

(22) Kanamori, K.; Ino, K.; Maeda, H.; Miyazaki, K.; Fukagawa, M.;
Kumada, J.; Eguchi T.; Okamoto, K.thorg. Chem1994 33, 5547
5554,

(23) Meier, R.; Boddin, M.; Mitzenheim, S. IBioinorganic Chemistry:
Transition Metals in Biology and their Coordination Chemistry
Trautwein, A. X., Ed.; Wiley-VCH Verlag GmbH: Weinheim,
Germany, 1997; pp 6997.

(24) Shepherd, R. E.; Hatfield, W. E.; Ghosh, D.; Stout, C. D.; Kristine,
F. J.; Ruble, J. RJ. Am. Chem. S0d.981, 103 5511-5517.

(25) Kanamori, K.Coord. Chem. Re 2003 237, 147-161.

Inorganic Chemistry, Vol. 44, No. 15, 2005 5197



COMMUNICATION

Species B
Species A

Figure 1. H NMR spectra, showing the 460 ppm region, of anaerobic
solutions of 0.010 M Vd in D,O with (a) 0.070, (b) 0.090, (c) 0.50, (d)
0.87, (e) 1.0, (f) 2.0, and (g) 4.0 equiv of @O0 at pD 3.50 (HEPES
buffer) at 25.0°C. All signals are attributable to acetate’s methyl protons
in V(lll)/acetate complexes. Chemical shifts are referenced against an
external sample of TSP.

+ 0.2 ppnt’) and Species B (46.6% 0.05 ppm) and both
complexes have either one or several chemically equivalent
acetate ligands. Extremely small signals are also observed
at 43.6, 45.9, and 47.6 ppm in some of these spectra (not
shown). ParamagnetiéH (methyl) NMR spectroscopy Faure . Th L ellinsoid blots (359%) of th OHL(LOOCE
signals have also been observed in.'tm—SO ppm region. (Cl)glhjzr)i]“; corgraq)asﬁolv?/?r?gl] t\?vgtzigfere(ztovigvis%—he f)églr—vanadi:hrﬁzlll)
for V(lll)/acetate (and V(lll)/propionate) complexes in  atoms are bridged by onehydroxo ligand and ong-acetato ligand. The
CDCls.r The observation of signals is a consequence of a remaining coordination sites are occupied by water ligands.
direct z-delocalization pathway for the unpaired spin of core consists of four equivalent distorted octahedral V(lII)
vanadium(li)?® centers, each center coordinated to fwhydroxo ligands,
Figure S1 in the Supporting Information gives the corre- two u-acetato ligands, and two aqua ligands. The four
sponding plots of the relative peak areas of Species A andvanadium(lll) centers lie within a plane, with theacetato
B as a function of the mole equivalent of acetate added. Fromand u-hydroxo ligands lying above and below the plane,
Figure S1, it can be seen that, while Species A is only found respectively, in an alternate arrangement around the ring.
in solutions containing<1 equiv of acetate, maximum  There are eight disordered chloride positions per tetramer
concentrations of Species B are obtained aft@requiv of in the asymmetric unit, each with 50% occupancy for a total
acetate have been added, after which the concentration off four chlorides per tetramer. These positions, when not
Species B remains unchanged up to 4 equiv of acetate.occupied by a chloride, are filled with disordered solvent
(Similar conclusions were reached from a YMsible water that forms hydrogen bonds to the cluster-bound water.
spectroscopy titration experiment, details of which are given There is additional solvent water present in the cell which
in the Supporting Information.) This suggests that Speciesis also engaged in hydrogen bonding with the vanadium-
B has a V(lll)/acetate ratio of1:2, whereas Species A has bound water. There is also a solvent acetic acid molecule
a lower V(lll)/acetate ratio. per cluster present in the asymmetric unit, which is disordered
Two clusters were found to crystallize from deep green over two positions and is engaged in symmetric hydrogen
aqueous V(lll)/acetate solutions at different V(lll)/acetate bonding with two bridging hydroxides on the same face of
ratios. Blue hexagonal-shaped crystals o ffOOCCH;)- the tetramer. The VO(OH,) bond length of 2.038 A is
(u-OH)4(OH)s]Cl4-CH;COOH12H,0 (1) crystallized from  typical for that found for aqua ligands of V(Ill) complex#&s.
a solution of 1:1 V(II)/CHCOO(H) with the space group Another crystal form whose core is isostructurali§V -
I-42m X-ray diffraction studies on clustérrevealed a novel,  (4,-OOCCH})4(u-OH)4(OH,)elCl4-3H:0, 1a(space groujp4-
previously unknown tetranuclear vanadium/carboxylate struc- (2)/mnn), was also structurally characterized. Sufficiéat
ture. Thermal ellipsoid plots df are given in Figure 2. The  was obtained for elemental analysis, and the oxidation state
(26) Meier, R.; Boddin, M.; Mitzenheim S.; Kanamori, Kletal lons Biol. of the V?'n.?‘dlum centers was further Cor.]flrmed by m.agnetlc
Syst.1995 31, 45-88. susceptibility measurements (see Experimental Section, Sup-
(27) The chemical shift of Species A does vary slightly, which could porting Information). Importantly, electrospray mass spec-
indicate that Species A may be better assigned as more than Onetrometry measurements demonstrate that\; core retains

species. There is, however, no obvious trend in the data. o o . . -
(28) Rdhrscheild, F.; Emst, R. E.; Holm, R. fthorg. Chem1967, 6, 1315. its integrity in solution(see Supporting Information).
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Figure 3. Thermal ellipsoid plots of the [Yus-O)(u-OOCCH;)s(OHy)3] *
core @), showing two different views2 has a triangular \{(s-oxo) core,
with two u-acetates bridging the V centers on opposite sides of g@ane.

The structures of andlaare significantly different from
the other known tetranuclear, butterfly-type V(lIl)/carboxy-
late clusters recently isolated by Christou et al. from acetone,
in which two of the V(lll) centers are bound to&-0xo
ligand, threeu-carboxylate ligands, and a bidentate'2,2
bipyridine ligand!®2° They are also significantly different
from reported structures of tetranuclear V(V)/carboxylate
clusters with \4(u-oxo)(u-carboxylate) cores3®-36

Deep green block-shaped crystals of a further clustey, [V
(uz-O)(u-OOCCH;)s(OH,)3]CI-3.5H,0, 2, were obtained
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Schultz, A. J.; Williams, J. MJ. Am. Chem. S0d.984 106, 5319-
5323.
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from an aqueous solution of 1:2 V(lII)/GEOO(H) with

the space group2(1)2(1)2 Thermal ellipsoid plots of the
core of 2 are given in Figure 3. [Mus-O)(u-OOCCH)e-
(OHy)3]t has a planar triangular arrangement of three
equivalent vanadium(lll) atoms, with each vanadium center
coordinated to as-oxo ligand, fouru-acetato ligands, and
an aqua ligand. Thes-oxo ligand lies on the Yplane, while

the twou-acetato ligands which bridge to an adjacent V(lII)
center lie on opposite sides of theg plane. The asymmetric
unit is completed by a chloride anion and water molecules.
Hydrogen bonding occurs between the one of vanadium-
bound water molecules and an acetate oxygen of a neighbor-
ing trimer, forming one-dimensional chains of clusters. A
range of triangular [V(I11}(us-O)(u-OOCR)}L3]™" clusters
(including complexes where R CHs) have been isolated
either from organic solvents or neat carboxylic a3’
Indeed, this structure has also been observed for a wide range
of transition metal/carboxylate complexésThere is ex-
cellent agreement between the reported®bond lengths
and V-—0-V bond angles for2 and those reported
for [V(I1) 3(us-O)(u-OOCCH;)s(CH;COOHL(THF)][VCl -
(CHCOOHY] and [V(I1) 3(usz-O)(u-OOCCH)s(THF ][V 206~
Clg].*314 Electrospray mass spectrometry measurements of
crystals of2 in anaerobic water demonstrate the presence of
2 in solution.

To summarize, two major V(lll)/acetate clusters form in
aqueous acidic solution for acetate/V(IH§, pD 3.50, with
H NMR spectroscopy methyl proton signals at 443.2
and 46.65t 0.05 ppm. Two clusters have been characterized
by single-crystal X-ray diffraction studies from acidic
aqueous solutiorl is a new, novel structural type consisting
of four coplanar V(IIl) atoms bridged by-hydroxo and
u-acetato ligand< has a triangular V(I1E(us-0x0) core with
two u-acetates bridging the V centers. Structurally similar
clusters to2 have been previously isolated from organic
solvents or neat acetic acid. We are currently carrying out
variable-temperature magnetic susceptibility measurements
to investigate single-molecule magnetic properties of these
clusters containing the orbitally degenerate V(I#l),4 (S=
1), centerg? in addition to probing the nature of the
complexes formed between V(III) and carboxylates for a
range of other carboxylate ligands.
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