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Vanadium interactions with low molecular mass hinders in biological fluids entail the existence of vanadium species
with variable chemical and biological properties. In the course of efforts to elucidate the chemistry related to such
interactions, we have explored the oxidative chemistry of vanadium(lll) with the physiologically relevant tricarboxylic
citric acid. Aqueous reactions involving VCl; and anhydrous citric acid, at pH ~ 7, resulted in blue solutions.
Investigation into the nature of the species arising in those solutions revealed, through UV/visible and EPR
spectroscopies, oxidation of vanadium(lll) to vanadium(IV). Further addition of H,O, resulted in the oxidation of
vanadium(IV) to vanadium(V), and the isolation of a new vanadium(V)—citrate complex in the form of its potassium
salt. Analogous reactions with K4[V,02(CsH407);]-6H,0 and H,0, or V,0s and citrate at pH ~ 5.5 afforded the
same material. Elemental analysis pointed to the molecular formulation K4[V,04(CsHs07)]+5.6H,0 (1). Complex 1
was further characterized by FT-IR and X-ray crystallography. 1 crystallizes in the triclinic space group P1, with a
=11.093(4) A, b = 9.186(3) A, ¢ = 15.503(5) A, oe = 78.60(1)°, B = 86.16(1)°, y = 69.87(1)°, V = 1454.0(8)
A3, and Z = 2. The X-ray structure of 1 reveals the presence of a dinuclear vanadium(V)—citrate complex containing
a VY,0, core. The citrate ligands are triply deprotonated, and as such they bind to vanadium(V) ions, thus generating
a distorted trigonal bipyramidal geometry. Binding occurs through the central alkoxide and carboxylate groups, with
the remaining two terminal carboxylates being uncoordinated. One of those carboxylates is protonated and contributes
to hydrogen bond formation with the deprotonated terminal carboxylate of an adjacent molecule. Therefore, an
extended network of hydrogen-bonded VV,0,-core-containing dimers is created in the lattice of 1. pH-dependent
transformations of 1 in aqueous media suggest its involvement in a web of vanadium(V)—citrate dinuclear species,
consistent with past solution speciation studies investigating biologically relevant forms of vanadium.

Introduction alternative nitrogenaséshe haloperoxidases catalyzing the
first step of the insertion of halogens into organic substrates,
and nonenzymatic systems such as those encountered in

d ascidians and Amanitae (e.g., amavaditi)\was also found

to exhibit a variety of biological activities as an external

The importance of vanadium in biological fluids has
attracted a lot of interest in recent ye&r$o this end,
vanadium in a number of biological loci has been earmarke
as essential for the physiological function of lower and higher
organisms. Vanadium has been found in metalloenzymic

(2) Liang, J.; Madden, M.; Shah, V. K.; Burris, R. Biochemistry199Q

systems, including the metal cofactors of the nitrogen fixing 29, 8577-8581.
(3) () Weyand, M.; Hecht, H.; Kiess, M.; Liaud, M.; Vilter, H.;
* Author to whom correspondence should be addressed. F8D-81- Schomburg, DJ. Mol. Biol. 1999 293 595-611. (b) Vilter, H. In
0393-652. Fax:+30-81-0393-601. E-mail: salif@chemistry.uoc.gr. Metal lons in Biological Systems: Vanadium and its Role in;Life
(1) Wever, R.; Kustin, K. IPAdvances in Inorganic Chemistry: Vanadium, Sigel, H., Sigel, A., Eds.; Marcel Dekker: New York, 1995; Vol. 31,
a Biologically Releant ElementSykes, A. G., Ed.; Academic Press: Chapter 10, pp 325362. (c) Butler, ACurr. Opin. Chem. Biol1998
New York, 1990; Vol. 35, pp 103137. 2, 279-285.
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cofactor, effecting antitumorigenfanitogenic® and enzyme  resulted in a number of biodistribution schemes and potential
inhibitory functions’ Lately, it has been shown to act as an structural features for participating vanadium species pur-
activator of insulin-linked processes in diabetes mellitus, thus ported to exist in them. The importance of the derived

establishing its potential as an effective insulin mimetic
agentt

In the form of two predominant oxidation states, V(IV)
and V(V), vanadium is thought to exert its influence by
interacting with a plethora of molecules in biological fluids.

information is reflected into the systematic investigations
aimed at comprehending the nature and the chemical and
biological properties of low molecular mass vanadium
species of reasonable aqueous solubility and bioavailability,
all arisen through the interactive complexation chemistry with

Such molecules include both high molecular mass (e.g., organic substrates, like citrate. Synthetic efforts along these
proteins) as well as low molecular mass (e.g., organic acids,lines have resulted in a number of vanaditcarboxylate
amino acids, etc.) ligands. Among the potential low molec- complexes with variable coordination geometries and vana-
ular mass binders found in biological fluids such as human dium oxidation numbers;*® Despite these efforts, numerous
plasma, the tricarboxylic acid, citric acid, is preval@iis aspects of the chemistry of vanadium with tricarboxylic acids
abundance in plasma, at concentrations reaching 0.1 mM,have yet to be elucidated. To that end, we have launched
enables it to promote aqueous chemistries with different systematic synthetic studies targeting vanadium(lV) and
metal ions, including vanadium, thereby increasing their vanadium(V) complexes bearing the physiologically relevant
solubility and potential bioavailability. Furthermore, depend- citric acid. Herein, we report on the pH-specific synthesis
ing on the redox conditions prevailing at various intracellular of a new dinuclear vanadium(¥itrate complex by three
and extracellular sites in human fluids, citric acid has the different methods, its isolation from aqueous solutions, and
potential to develop its interactive chemistry with vanadium its spectroscopic and structural properties. Furthermore, pH-
at either oxidation state (IV or V). Therefore, a rich dependent transformations on this new dimer have been
vanadium-citric acid chemistry is expected to arise in carried out and reveal its involvement in a web of intercon-
biologically relevant media, numerous aspects of which necting equilibria encompassing other known vanadium(V)

remain unexplored. Efforts to delineate such chemistries in citrate species.

aqueous media have been carried out in the'pastl have

(4) (a) Bayer, E. InMetal lons in Biological Systems: Amedin, the
Vanadium Compound of Amaniteg®igel, H., Sigel, A., Eds.; Marcel
Dekker: New York, 1995; Vol. 31, Chapter 12, pp 40421. (b)
Smith, M. J.; Ryan, D. E.; Nakanishi, K.; Frank, P.; Hodgson, K. O.
In Metal lons in Biological Systems: Vanadium in Ascidians and the
Chemistry in TunichromesSigel, H., Sigel, A., Eds.; Marcel Dekker:
New York, 1995; Vol. 31, Chapter 13, pp 42390. (c) Frausto da
Silva, J. J. RChem. Speciation Bieailability 1989 1, 139-150.

(5) Djordjevic, C. InMetal lons in Biological Systems: Antitumorigenic
Activity of Vanadium CompoundSigel, H., Sigel, A., Eds.; Marcel
Dekker: New York, 1995; Vol. 31, Chapter 18, pp 59516.

(6) (a) Klarlund, J. K.Cell 1985 41, 707-717. (b) Smith, J. BProc.
Natl. Acad. Sci. U.S.A1983 80, 6162-6167.

(7) (a) Walton, K. M.; Dixon, J. EAnnu. Re. Biochem1993 62, 101—
120. (b) Lau, K.-H. W.; Farley, J. R.; Baylink, D.Biochem. J1989
257, 23—-36.

(8) (a) Sakurai, H.; Kojima, Y.; Yoshikawa, Y.; Kawabe, K.; Yasui, H.
Coord. Chem. Re 2002 226, 187—198. (b) Sasagawa, T.; Yoshikawa,
Y.; Kawabe, K.; Sakurai, H.; Kojima, YJ. Inorg. Biochem2002
88, 108-112. (c) Kanamori, K.; Nishida, K.; Miyata, N.; Okamoto,
K.; Miyoshi, Y.; Tamura, A.; Sakurai, HJ. Inorg. Biochem2001
86, 649-656. (d) Takino, T.; Yasui, H.; Yoshitake, A.; Hamajima,
Y.; Matsushita, R.; Takada, J.; Sakurai,HBiol. Inorg. Chem2001,

6, 133-142. (e) Melchior, M.; Rettig, S. J.; Liboiron, B. D
Thompson, K. H.; Yuen, V. G.; McNeill, J. H.; Orvig, Gorg. Chem.
2001, 40, 4686-4690. (f) Sun, Q.; Sekar, N.; Goldwaser, |.; Gers-
honov, E.; Fridkin, M.; Shechter, YAm. J. Physiol. Endocrinol. Metab.
200Q 279 E403-E410. (g) Goldwaser, I.; Gefel, D.; Gershonov, E.;
Fridkin, M.; Shechter, Y.J. Inorg. Biochem200Q 80, 21—-25. (h)
Woo, L. C.; Yuen, V. G.; Thompson, K. H.; McNeill, J. H.; Orvig,
C. J. Inorg. Biochem1999 76, 251-257. (i) Brand, R. M.; Hamel,
F. G.Int. J. Pharm.1999 183 117-123. (j) Yuen, V. G.; Caravan,
P.; Gelmini, L.; Glover, N.; McNeill, J. H.; Setyawati, I. A.; Zhou,
Y.; Orvig, C.J. Inorg. Biochem1997, 68, 109-116.

(9) (a) Crans, D. C. IMetal lons in Biological Systems: Vanadium and
its Role in Life Sigel, H., Sigel, A., Eds.; Marcel Dekker: New York,
1995; Vol. 31, Chapter 5, pp 14209. (b) Martin, R. B.J. Inorg.
Biochem.1986 28, 181-187.

(10) (a) Kiss, T.; Buglyo, P.; Sanna, D.; Micera, G.; Decock, P.; Dewaele,
D. Inorg. Chim. Actal995 239, 145-153. (b) Crans, D. C.; Ehde, P.
M.; Shin, P. K.; Pettersson, LJ. Am. Chem. S0d.991 113 3728~
3736. (c) Crans, D. C.; Felty, R. A.; Miller, M. Ml. Am. Chem. Soc.
1991 113 265-269. (d) Tracey, A. L.; Li, H.; Gresser, M. horg.
Chem.199Q 29, 2267-2271. (e) Crans, D. C.; Bunch, R. L.; Theisen,
L. A. J. Am. Chem. S0d.989 111, 7597-7607.

Experimental Section

Materials and Methods. All experiments were carried out in
the open air. Nanopure quality water was used for all reactions.
VCl3, V,0s, anhydrous citric acid, and 30%,8, were purchased
from Aldrich. K4[V 20,(CsH407)2]-6H,0 was prepared as previously
described? An authentic sample of £V ,04(CeHeO-)2] -4H,0 was
prepared according to the literatd#e13 KOH was supplied by
Fluka.

Physical MeasurementsFT-infrared measurements were taken
on a Perkin-Elmer 1760X FT-infrared spectrometer. UV/visible
spectra were recorded on a Hitachi U-2001 spectrophotometer in
the range 206900 nm. The EPR spectra of the intermediate blue
solutions derived from reactions leadingtavere recorded on a
Bruker ER 200D-SRC X-band spectrometer, equipped with an
Oxford ESR 9 cryostat at 9.174 GHz, 10 dB, and at 4 K. Elemental
analyses were performed by Quantitative Technologies, Inc.

Preparation of Complexes. (a) K[V 204(CsHs07)5]-5.6H0 (1).
Method 1. VCI; (0.09 g, 0.57 mmol) and anhydrous citric acid
(0.11 g, 0.57 mmol) were placed in a flask and dissolved in 5 mL
of H,O. To the resulting reaction mixture was added 0.10 M KOH
dropwise with stirring, until the color of the solution became dark
green and the pH was9. Subsequently, the reaction mixture was
stirred overnight. On the following day, the solution was blue and
the pH was~7. The reaction mixture was taken to dryness by means
of a rotary evaporator, and the residue was redissolvee3imL
of water. The flask was placed in an ice bath, and to it was added

(11) (a) Wright, D. W.; Humiston, P. A.; Orme-Johnson, W. H.; Davis,
W. M. Inorg. Chem.1995 34, 4194-4197. (b) Zhou, Z.-H.; Wan,
H.-L.; Tsai, K.-R. Chin. Sci. Bull.1995 40, 749. (c) Velayutham,
M.; Varghese B.; Subramanian, 8iorg. Chem.1998 37, 1336-
1340. (d) Djordjevic, C.; Lee, M.; Sinn, Bnorg. Chem.1989 28,
719-723.

(12) Tsaramyrsi, M.; Kaliva, M.; Giannadaki, T.; Raptopoulou, C. P.;
Tangoulis, V.; Terzis, A.; Giapintzakis, J.; Salifoglou, lAorg. Chem.
2001, 40, 5772-5779.

(13) Tsaramyrsi, M.; Kavousanaki, D.; Raptopoulou, C. P.; Terzis, A,
Salifoglou, A.Inorg. Chim. Acta2001, 320, 47—59.
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H,0, 30% (~0.19 mL, 1.84 mmol) dropwise with continuous
stirring. The color of the reaction mixture became orange, and
stirring was continued for an additional 35 min. Subsequently,
ethanol was added and the flask was placed in the refrigerator. A
week later, yellow crystalline material precipitated, which was
isolated by filtration and dried in vacuo. Yield: 0.16 g (69.9%).
Anal. Calcd forl, K4[\/204(C6H507)2]'56H20 (C12H21.2(023.6d‘<4V2,

MW = 801.37): C, 17.97; H, 2.64; K, 19.47. Found: C, 17.43; H,
2.61; K, 18.99.

(b) Method 2: From K4[V202(C6H4O7)2]'6H20. K4[V202-
(CeH407)2]-6H,0 (0.074 g, 0.10 mmol) was dissolved in 3 mL of
water. The solution was blue, and the pH wag. The reaction
flask was then placed in an ice bath, and 30%®4(0.043 mL,
0.42 mmol) was added dropwise with continuous stirring. The color
of the solution turned orange, and stirring was continued for an

additional 35 min. Subsequently, ethanol was added and the reaction

flask was placed at 4C. A few days later, yellow crystals formed,
which were isolated by filtration and dried in vacuo. Yield: 0.02
g (26%). Positive identification of the crystalline material as
complex1 came from the FT-infrared spectrum and the X-ray unit
cell determination carried out on a single crystal.

(c) Method 3.V;05 (0.20 g, 1.10 mmol) was placed in 6 mL of
water. To that was added KOH (0.25 g, 4.46 mmol) with continuous
stirring. The slurry was stirred overnight with heating at BD.

Kaliva et al.

Table 1. Summary of Crystal, Intensity Collection, and Refinement
Data for K[V 204(CsH507)2]-5.6H,0 (1)

formula Gi2H21.2d023.6K4V 2
fw 801.37

temp, K 298

wavelength Mo K. 0.71073
space group P1

a(A) 11.093(4)

b (A) 9.186(3)

c(A) 15.503(5)

o (deg) 78.60(1)

p (deg) 86.16(1)

y (deg) 69.87(1)

V (A3) 1454.0(8)

z 2

Dcalcd Dmeasd(Mg m=3) 1.830/1.81

abs coeff ) (mm~1) 1.309

range ofh, k, | -13—13,-10—10,0— 18
GOF onF? 1.063

R 0.0510

Ru? 0.1392

aRvalues are based dfis; Ry values are based df?. R = 3 ||Fo| —
[Fel /S (IFol); Ry = { S[W(Fo? — F2)2/ 3 [W(Fd)Z} 2. b For 4619 reflections
with | > 20(1).

X-ray Crystallography. Crystal Structure Determination.
X-ray quality crystals of compound were grown from water

The next day, the solution was colorless. To that solution was added€thanol mixtures. A single crystal, with dimensions 0:30.40 x

anhydrous citric acid (0.80 g, 4.16 mmol) with stirring. Following
dissolution of the tricarboxylic acid, the pH was adjusted, with 0.1
M KOH, to ~5.5, and the color of the solution turned yellow-
green. Stirring was continued for an additional 1 h, and the color

0.50 mm (), was mounted on a Crystal Logic dual-goniometer
diffractometer, using graphite-monochromated Ma Kadiation.
Unit cell dimensions forl were determined and refined by using
the angular settings of 25 automatically centered reflections in the

of the reaction mixture stayed the same. Subsequently, ethanol wadange 11 < 26 < 23°. Relevant crystallographic details are given

added and the reaction flask was placed &4A couple of days
later, yellow crystals appeared at the bottom of the flask. The
crystalline material was isolated by filtration and dried in vacuo.
Yield: 0.40 g (45.5%). The crystals were positively identified as
complex1 by the FT-infrared spectrum and the determination of
the unit cell dimensions for a single crystal by X-ray crystal-
lography.

pH-Dependent Interconversions. From K[V ,04(CeHs07).]*
5.6H;0 to K[V 204(CsHeO7),]-4H,0. A quantity of complexl
(0.95 g, 1.19 mmol) was placed in a 25 mL round-bottom flask
and dissolved in 4 mL of water. The pH of the solution was adjusted
with dilute hydrochloric acid to pH- 3.5, and the resulting solution
was stirred for approximately 30 min. The color of the solution

in Table 1. Intensity data were measured by usineR6 scans.
Three standard reflections were monitored every 97 reflections, over
the course of data collection, and showed less than 3% variation
and no decay. Fot, Lorentz and polarization corrections were
applied by using Crystal Logic software. Further experimental
crystallographic details: fot, 26max = 50°; scan speed 4°Mnin;
scan range 2.2 o0, Separation; reflections collected/unique/used,
5292/5088 Ry = 0.0101)/5088; 448 parameters refinefl/d)max
=0.701; Ap)mad (Ap)min = 1.310/~1.055 e/&; RIR, (for all data),
0.0553/0.1442.

The structure of compled was solved by direct methods
using SHELXS-88' and refined by full-matrix least-squares
techniques orF?2 with SHELXL-9315 All non-H atoms in the

turned light green and stayed as such. Subsequently, the reactiorstructure of1 were refined anisotropically. Four water solvate

mixture was placed in the refrigerator. A few days later, light

molecules were refined each with occupancy factor 1. The

greenish crystals appeared at the bottom of the flask. The crysta|sremainder three solvate water molecules were refined with oc-

were isolated by filtration and dried in vacuo. The yield was 0.74
g (89.6%). The FT-IR spectrum of the crystalline material was
identical to that of an authentic sample 0§[¥,04(CeHeO7)2]*
4H20'11a,13

From K2[V204(C6H 607)2] -4H,0 to K4[V204(C(5H 507)2]'56H20
A quantity of K[V ;04(CsHsO7)2]-4H,0 (0.25 g, 0.36 mmol) was
dissolved in 4.0 mL of water, in a 25 mL round-bottom flask, with
brief and mild heating. Addition of KOH helped adjust the pH of
the solution to approximately pH 5.5. The resulting reaction
solution was stirred for 30 min at room temperature. The color of
the solution turned oily yellow and stayed as such. Subsequently,
ethanol was added and the reaction mixture was placed@t A
couple of days later, yellowish crystals appeared at the bottom of
the flask. They were isolated by filtration and dried in vacuo. The
yield of the transformation was 0.13 g (45.2%). The FT-infrared
spectrum of the crystalline material revealed that the product of
the transformation was £V ;04(CsHs07)7] -5.6H,0.

3852 Inorganic Chemistry, Vol. 41, No. 15, 2002

cupancy factors less than 1, totalling 1.6 molecules. Most of the H
atoms of the water molecules were not included in the refinement.
All the H atoms of the anion i1 were located by difference maps
and were refined isotropically.

Results

SynthesesThe primary synthesis of compléxwas based
on simple starting reagents, including @Ind citric acid.
Reaction of these reagents in water, in the presence of a base,
led, upon overnight stirring, to a blue solution. KOH was
used as a base in the reaction mixture. It helped establish
the pH of the solution (pH- 7), to which hydrogen peroxide

(14) Sheldrick, G. MSHELXS-86: Structure Sehg Program University
of Gattingen: Gitingen, Germany, 1986.
Sheldrick, G. MSHELXL-93: Structure Refinement Prograbmni-

versity of Gdtingen: Gitingen, Germany, 1993.

(15)
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would subsequently be added, and concurrently provided thepH ~ 5.5 and afforded a yellow crystalline material upon
necessary counterions needed to balance the charge generateddition of ethanol at 4C. The reaction was equally facile

on the final complex anion of. In order to gain insight
into the nature of species forming in the blue solutions, the
UV/visible spectra of these solutions were investigated. The

to the ones mentioned previously. In this case, both the
starting material and the isolated product contained vanadi-
um(V) (reaction 3). The crystalline product was positively

spectra, in the visible range, were consistent with the presencadentified by FT-IR spectroscopy, and the crystal cell unit

of vanadyl-containing moieties in the initial reaction mix-
ture!? This contention was further confirmed by the EPR
spectra of the same solutions taken at ¥ K.appears, then,

that under the employed experimental conditions, vanadium-

(1) was oxidized to vanadium(IV). Collectively, the spectral

data on the blue solutions suggested that the intermediate

species forming in the initial reaction mixture was the
[V 202(CsH407)2]*. This complex contains vanadium(1V) in
the form of two vanadyl (¥ =0)?" moieties linked together
in a dinuclear W,0, unit.*2 The [V,0,(CsH407)2]*~ species
very likely serves as the intermediate complex upon which
hydrogen peroxide is added. Concomitant oxidation of
vanadium(IV) to vanadium(V) afforded the anionic complex
1 (reaction 1). Complext was then crystallized out of
solution in the form of its potassium salt.

The overall stoichiometric reaction leading to complex
is shown schematically below:

COOH

pH~7
—_—

CHz

2VCl3 + 2 + 1203 + 100H- + IOy

HO—C —COOH

CHp

COOH

[V204(CeH507)21¢- (1) + 6CI- + 9H20

(Reaction 1)

On the basis of the derived nature of the species forming
in the intermediate blue solutions of reactibrit was decided

to use such a species as a starting material for the synthesi

of complex1 (reaction 2).

pH~7
[V202(C6H4O72]4- +  H202 -
[V204(Cels07)2¢ (1) (Reaction 2)

Thus, reaction of KV .0,(CeH407):]-6H0, in water
(pH ~ 7), with hydrogen peroxide led to the oxidation of
vanadium(lV) to vanadium(V), finally affording yellow
crystals of complexl. The isolated crystalline material
was identical to that obtained by the direct method of
synthesis (method 1), as that was confirmed by FT-IR
spectroscopy and X-ray unit cell determination for a single
crystal of1.

In both routes employed for the synthesis of complex
oxidation of vanadium(lll)/vanadium(lV) to vanadium(V)
took place. Precipitation of the products from the reaction
mixture, in crystalline form, was achieved by addition of
ethanol at 4°C.

In a third approach, employing vanadium(V) as a starting
material, \4Os and citric acid reacted in water at optimal

constants were determined by X-ray crystallography for one
of the isolated single crystals.

COOH
| pH~5.5
+ ) CHy + 4 OH- _—
HO— C —COOH
CH3
COOH
Vr04(CeH50 4- (1 + 5 HyO .
[V204(CeH507)214 (D) 2 (Reaction 3)

Elemental analysis on the'ksalt of the isolated crystalline
material suggested the formulation ¥ ,04(CsHs07)2]*
5.6H:0 (1). Complex1 in the crystalline form appears to
be stable in air indefinitely. It is insoluble in alcohols
(CH3OH, i-PrOH, etc.), acetonitrile, and dimethyl sulfoxide
(DMSO), but it dissolves readily in water.

Interconversions. A pH-dependent transformation of,K
[V 204(CsHs07),] 5.6 H0O (1) in an aqueous solution resulted
in the isolation of K[V ;04(CeHsO7)2]-4H-0 (2). A simple
dissolution of complext in water and adjustment of the
reaction solution pH with acid te-3.5 was sufficient to lead
to the facile isolation of the well-known dinuclear complex
K[V 204(CsHs07)2]-4H,0. Structural evidence for complex
2 was amply provided in the literatut&®® The reverse
transformation, starting from R ;04(CeHeOr7),] -4H,0, pro-
ceeded equally well, affording compléxK[V 204(CsHs07)] -
5.6H,0. Specifically, adjustment of the solution pH of
?(2[V204(CGH607)2]-4H20 in water, with a base, te'5.5 led
to the isolation of compleg by addition of the precipitating
solvent ethanol at 4C. The overall reversible transformation
between &[\/204(C6H507)2]'4H20 and K4[V204(C6H507)2]'
5.6H,0 suggested that the two complexes interconvert in a
pH-dependent manner, and are consequently linked as
participating species in a speciation scheme for the vanadi-
um(V)—citrate system in aqueous medium.

It is worth pointing out that, from the synthetic point of
view, the aforementioned transformation could very well be
considered as a fourth method of synthesis and isolation of
complex1 from the well-known dinuclear species[K ,O,-
(C6H607)2] '4Hzo.

X-ray Crystallographic Structure. K 4[V 204(CeHs07)7]
5.6H,O (1). The X-ray crystal structure of consists of
discrete anions and cations. Complkxrystallizes in the
triclinic systemP1 with two molecules (heretofore referred
to as A and B) per unit cell. The ORTEP diagram of the
anion in 1 is shown in Figure 1. Selected interatomic

(16) zZhou, Z.-H.; Yan, W.-B.; Wan, H.-L.; Tsai, K.-R.; Wang, J.-Z.; Hu,
S.-Z.J. Chem. Crystallogr1995 25, 807—811.
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Figure 1. ORTEP structure of the MD4(CeHs07)2]*~ anion with the atom-labeling scheme InThermal ellipsoids are drawn by ORTEP and represent
50% probability surfaces.

Table 2. Selected Bond Distances (A) and Angles (deg) for

distances and bond angles fbrare listed in Table 2. The K[V 204(CoHe0)2]-5.6HO

anion inl is a dimer of two vanadium(V) ions with two

citrate ]igands. The central core cqnsists of a rhombﬁﬂ x&g:gggg igiggg xg;g&gg i:ggggg
unit, with the two vanadium ions, in the oxidation st&t8, V(1)—0(3) 1.970(2) V(2>-0(13) 1.974(3)
bridged by the alkoxide oxygens of the coordinated citrates. x(i)*g(? i-gég(g) x(g%g(ig): i-gg?(g)
The \szz core is planar, and the coordinated ci'Frate ligands 021)):08 1‘_282(( 4)) C((l);—)(g(li) 1'_221((5))
around it are triply deprotonated. As such, the citrates create c(1)-0(2) 1.225(5) C(110(12) 1.298(5)
a distorted trigonal bipyramidal coordination environment g(i):g(i) 1-‘213‘51(21) 8(13}8(1‘31) i-g%g(g)
arOL_md the vanadium iops of theVdD, core. In this CE4§—OE53 1:290243 Cﬁlﬁoﬁlsi 1130355%
environment, the equatorial donor atoms include the two  c(6)-0(6) 1.288(4) C(16Y0(16) 1.286(5)
VO, doubly bonded oxygens O(8) and O(9), and O(18) and 88:8(%) ﬁigggg g&gg((g)) igggg
O(19) for A and' B, respectively. The third donor atom is C@)-C(3) 1.533(4) C(12yC(13) 1.537(5)
the citrate alkoxide oxygen O(3for A, and O(13) for B, C(3)-C(4) 1.537(5) C(13)C(14) 1.533(6)
which also serves as the bridge between the two vanadium C(3)-C(5) 1.527(4) C(13yC(15) 1.534(5)

C(5)-C(6) 1.508(5) C(15)C(16) 1.513(5)

ions in the \¥,0, core. The axial ligand donor atoms include
the central carboxylate oxygen of the coordinated citrate o(9)-v(1)-0(8) 106.9(2)  O(19)}V(2)—0(18) 108.5(2)

ligand and the second alkoxide oxygen of th&®, core. 0(O)-Vv(1)-0@Ey  129.1(1)  O(QA9V(2)-O(3y  127.0(2)
The calculated trigonality index, for both crystallographi- 822;:&8;:8% 15;‘:28)) 888;%2:883 192,2.'28))
cally independent molecules is 0.41%€ @1 — ¢./60, where 0(9)-V(1)—0(5) 98.1(1)  O(18)V(2)—0O(15)' 98.4(1)

@1 and ¢, are the two largest angles in the coordination 8§g§_—\\//((11))_—&g3)7 1271-82((11)) %((11?37}:/\(/2()21—;(%?)' 170%28((11))
spherex = 0 for a perfec;t square pyramid, am.d= '1 for'a 0(9)-V(1)-0(@3) 100.3(1)  O(19)V(2)-0(13) 99.9(2)
perfect trigonal bipyramid)’ Beyond the two binding sites O(3)-V(1)—0O(3) 70.9(1)  O(13)V(2)—0(13)' 71.2(1)
of the citrate ligand attached to vanadium, there remain two 823’:&/((11)):&(1?;) igg-ggg 883%%)1;0&% 11‘;%?5((13))
more _terminal carboxylate groups. These groups are n_ot 0(2)-C(1)-C(2) 1212(3) O(11C(11)-C(12) 123.3(3)
coordinated to the central core and thus move away from it. o(1)-c(1)-c(2) 115.3(3) O(12}C(11)-C(12) 113.7(3)
One of the carboxylate groups is deprotonated, while the C(1)-C(2-C(3)  115.0(3) C(11yC(12)-C(13)  114.3(3)

second one is protonated. This is a novel feature in the 883:88;:2% ﬂg?g; 883883)):283 ﬂg:gg;

structural chemistry of vanadium(¥xitrate dimers, whereby C(2)-C(3)-C(5) 108.4(3)  C(12}C(13)-C(15) 108.3(3)
the two terminal carboxylate groups are either both O®-C(3)-C(4)  106.1(2)  O(13yC(13)-C(14)  106.5(3)

protonated13.1%r both deprotonatet.In all cases, how- 8§§§:§§§§i§§§3 }38;?8; 883282?883 ﬁg;ﬁgg

ever, the terminal carboxylates do not appear to exhibit a o(4)-c(4)-0(5) 123.8(3)  O(14)yC(14)-0O(15) 123.3(4)

preference for binding to the WO, core. As a result, they ~ O#)-C(4)-C(3)  120.5(3)  O(14yC(14)-C(13)  120.9(4)
tay away from it O(5)-C(4)-C(3)  115.7(3) O(15¥C(14)-C(13)  115.8(3)
stay Yy . _ C(6)-C(5-C(3)  116.5(3) C(16YC(15-C(13)  114.7(3)
Moreover, the protonated terminal carboxylate group of 0(7)-C(6)-0(6) 124.03) O(17C(16)-0(16) 123.4(4)
each citrate irl offers an additional novelty to the structure ~ O(7)-C(6)-C(5)  121.7(3)  O(17}C(16)-C(15)  122.4(4)

. . O(6)—C(6)—C(5 114.3(3 0O(16)C(16)-C(15 114.1(4
of 1. Through its proton, it serves as a scaffold for hydrogen (©)-Ce-c) ) (16yC16)-C19) “)
a Symmetry transformations used to generate equivalent atohns:x (

(17) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, . T 1 -y+1,-z+1 () —x+2,-y -z

(18) ghgucgeﬂsvsgn D,i'_tf_r.‘ E{f‘”é%g‘ﬁ #ii?&%?aibrg. chim. Acta 0ond formation with the deprotonated terminal carboxylate

1995 237, 193-197. group of an adjacent dimer. This way, a 1:1 interaction occurs
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Table 3. Bond Distances (A) and Angles (deg) in Dinuclear Vanadium{@arboxylate Compounds

distances (A) angles (deg)
compound =0 V-0 VeV (O—V—0)eg/ (O—V—0)ap
K[V 204(CeHs07)5] *5.6H,O (1)20 1.618(3)-1.634(3)  1.966(2)2.017(2) 3.236(1y3.247(1)  106.9(2)129.1(1)  70.9(1)y101.2(1)
K[V 204(CsHs07)2] -4H,0 (2) e11a6 1.611(2)-1.623(2)  1.957(2)2.013(2)  3.211(2) 106.4(3130.5(1)  72.0(1)}101.6(1)
Nap[V 204(CgHeO7)2] - 2H,0013 1.605(4)>-1.642(3)  1.957(3)2.000(3)  3.225(1) 106.8(2)137.3(2)  71.3(1)}101.5(2)
(NH_)2[V 204(CeHsO7)2] - 2H,0°16 1.607(3)-1.636(2) 1.964(2)2.012(2) 3.223(1) 107.3(H)133.9(1)  71.7(1)101.1(1)
(MesN)2[V 204(CeHsO7)2] - 4H,0%13 1.600(2)-1.624(2) 1.972(2)2.026(2) 3.265(1) 107.2(3137.7(1)  70.5(1)102.4(1)
K2(NHa)a[V 204(CsH407)2]-6H20 (3)418  1.620(2)-1.625(2)  1.961(2)2.005(2)  3.219(1) 106.6(3)128.3(1)  71.5(1)101.4(2)
(NH4)2[V(O)2(OC(CHCH3),COO)Le?t  1.605(2)-1.617(2)  1.973(131.984(2)  3.204(2) 108.5(1)126.7(1)  71.9(1)}100.6(1)
Nag[V 204(C4He03)2]- 7TH0 22 1.619(2)-1.624(1)  1.990(1)}2.004(1) 3.210 108.0(H131.8(1)  71.8(1)}104.4(1)
RV 204(OCH,CO0)] 923 1.614(2) 1.944(2)1.998(2)  3.206(2) 107.9(1128.6(1)  71.1(1)}100.4(1)
C[V 204(C4H40s);] - 2H,0N23 1.610(4)»-1.619(5)  1.963(4)2.016(4)  3.241(2) 107.8(3)131.2(2)  70.9(21102.2(2)
Cs[V 204(C3H403)2] - 2H,0123 1.599(5)-1.635(5)  1.949(3}2.004(4) 3.214(2) 107.9(P130.9(2)  71.2(1)102.2(2)

aThis work.P CeHsO7*~ = citrate.® CeHeO7?~ = citrate.? CeHsO7*~ = citrate.® ("OC(CH.CH3).,COO") = 2-ethyl-2-hydroxybutyrate’.CsHeOs*~ =
2-hydroxy-2-methylpropanoaté. "OCH,COO™~ = glycolate." C4H40s2~ = malate.’ C3H,032~ = lactate) O—V—0O angle range in the equatorial plane.
kO—V—0 angles between the axial and equatorial ligands.

Table 4. Hydrogen-Bonding Interactions in
K[V 204(CeHs07)2] 5.6 H:0 (1)

DA He-A D—H---A

between adjacent dimers that results in the formation of
chains of hydrogen-bonded"%O, dimers. This additional
feature rlnay1 provide further stabilization of the crystal lattice interaction A A (deg)  symmetry operation
N complex-. L 06-HO16+-016 2468 1658 1612 —14+x1+y,z
It is also noteworthy that the mode of coordination of the op12-HO12--01 2502 1602 1743 xy,—-l+z

citrate ligands around the vanadium(V) ionsliis relevant 8&;:%;2-"82 3'%‘2 %-ggg igg-g XY,z

L g ; . _ ) . 0 xXyz
to the coordination mode of the R-homocitrate _I|gand OW2—HW2B--015 2943 2171 1693  2x —y,—z
attached to the FeMo—S cofactor of the conventional

nitrogenase enzymes, and to the coordination of the citrate ggpectively. These values are congruent with those seen in
ligand in the corresponding active site heterometallic cofactor yiher vanadium(\4-citrate complexes, suggesting a similar
in the NifV™ nitrogenase enzymé$.A model species  ghnroach of the citrate to the metal ion in all cases of
displaying the coordination mode of homocitrate to a complex assemblies.

vanadium(V) ion is the dinuclear complex 4(i20)]- The V--+V distance in the anion of is 3.247(1) and
[(VO2)2(R,S-homocitrate)-HzO, previously reported in the 3 536(1) A for A and B, respectively, similar to those

i 20 . . . .
literatures ] ) N observed in previously reported vanadium{\¢jtrate di-
Comparisons of the bond distances and anglekwith nuclear compounds.

corresponding distances and angles in other vanadium(V)- gqur potassium counterions are also preseft and they

containing dimer:1e:%2*2*are given in Table 3. Itappears o nterbalance the—4 charge generated on the complex
that similar distances and angles are observed in a numbetion. The potassium cations Inare in contact with the

of VV;0,-core-containing dimers, exhibiting distorted trigonal carboxylate oxygens of the citrate anion as well as the
bipyramidal geometry of the bound citrates around the VO, and lattice water oxygens at distances in the range

vanadium(V) ions. 2.741(3)-3.141(3) A (eight contacts for K1 and K2), and
The citrate ligands in the anion dfadopt an extended 2 659(7)-3.294(4) A (seven contacts for K3 and K4). The
conformation upon binding to the vanadium ion. The carbon presence of water molecules of crystallizatioriiis respon-
atoms C(1), C(2), C(3), C(5), and C(6) in A, and C(11), sjple for the establishment of an extensive hydrogen-bonding
C(12), C(13), C(15), and C(16) in B of the citrate backbone petwork (Table 4).
are coplanar, with the largest standard deviation being 0.061 1R Spectroscopy. The FT-infrared spectrum df in
for C(3) in A and 0.098 for C(13) in B. The central gy revealed the presence of vibrationally active carboxylate
carboxylate planes O(4)C(4)-O(5) in A and O(14y groups. Specifically, both antisymmetric and symmetric
C(14)-0O(15) in B are rotated-1.9" out of the O(3)-C(3)— vibrations for the carboxylate groups of the coordinated
C(4) plane and 29out of the O(13)-C(13)-C(14) plane,  itrate ligands dominated the spectrum. Thus, antisymmetric
: : — ) _ stretching vibrations,{COO") were present for the car-
(19) ((;)msbrglg KB_'L'_E"C_'?ﬂ;'&térg"dn’cﬁ_F:_'Pfgf;hi%"g'_’ E?T;a'éaﬁ: ¢_';' boxylate carbonyls in the range 1748649 cntt. Symmetric
Pickett, C. J.Coord. Chem. Re 1999 185-186 669-687. (b) vibrationsv(COQO") for the same groups were present in

Gronberg, K. L. C.; Gormal, C. A.; Durrant, M. C.; Smith, B. E.; 1 i
Henderson R, AJ. Am. Chem. Sod998 120, 10613 10621. (c) the range 14081371 cm™. The frequencies of the observed

Howard, J. B.. Rees, D. Chem. Re. 1996 96, 2965-2982. carbonyl vibrations appeared to be shifted to lower values

(20) BNrri]ght. D-VY/V-:HCJh%ngi |T~ T Mgﬁdal'lgég';l Arlrggt_rgg% W.H.;Orme-  in comparison to the corresponding vibrations in the free
nson . . . Inorg. m . . . . . . . . .
(21) Hambley, T. W Judd, R. 3 Lay. P. Iorg. Chem 1002 31, 343 citric acid, indicating changes in the vibrational status of the

345. citrate ligand upon coordination to the vanaditfirlrhe

@2 52?2%‘0?’28& uywagen, J. J.; Kleinhorst Afta Crystallogr1999 difference between the symmetric and antisymmetric stretches,
(23) Biagioli, M.; Strinna-Erre, L.; Micera, G.; Panzanelli, A.; Zema, M.
Inorg. Chim. Acta200Q 310, 1-9. (24) Deacon, G. B.; Philips, R. Coord. Chem. Re 198Q 33, 227-250.
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vel, V,0, similar to those encountered in other vanadium{¥ifrate
dimers!1316.18thys attesting to the stability of theY%O,
core. The latter notion is further supported by the fact that,
under diverse experimental conditions involving different
C.H.O vanadium starting materials, the same [(3$).0,]° scaf-
folding unit was assembled and eventually isolated in the
pH ~5.5 presence of citrate. Hence, th&D, core emerges as a unit
integrally connected with the overall stability of the anionic
H.O complex surrounded by the organic citrate ligands. This is
pH~7 in line with previous observations on the core structure of
H,0, dinuclear vanadium speciék!316.18
Direct comparison ofl with K[V ;04(CsHsO7)2]-4H,0O
4- (2)11’13 and Kz(NH4)4[V204(C6H407)2]'6H20 (3)18 leads to
[V,0,(C,H,0,),] R ; ; . ST
significant observations regarding differences and similarities
Figure 2. Variable synthetic routes leading to the[W(CeHsO7)2]*~ in the respective species. Specifically, the structural features
anionic complex. . .
that remain constant in all three classes of complexes are
(a) the planar [V,0,] core unit, (b) the [VO,]* basic
A(vadCOO") — v(COQ)), was greater than 200 cth scaffolding unit of the dinuclear core, (c) tHe5 oxidation
indicating that the carboxylate groups of the citrate ligand state of vanadium in the [X40,] core, (d) the trigonal
were either free or coordinated to the metal ion in @ mono- bipyramidal (TBP) coordination sphere around each vana-
dentate fashioff: This was further confirmed by the X-ray  dium(V), (e) the mode of coordination of the citrate ligand
crystal structure of. Thev(VO;") vibrations for the VQ* around each vanadium (citrate utilizes its central alkoxide
groups inl were present in the range 93868 cnt. All of and carboxylate groups to bind vanadium), (f) the 1:1
the aforementioned assignments were in agreement withvanadium(V) to citrate stoichiometry in the anionic assembly,
previous assignments in dinuclear V(V) complek&®;232526 and (g) the anionic charge on the vanadium{dirate
and in line with prior reports on carboxylate-containing complex(es).

ligands bound to different metal iofis. The structural features in which the complexes differ from
_ _ one another are (a) the protonation state of the citrate ligands
Discussion bound to the [V,0,] core and (b) the overall charge on the

complex anionic assembly. Hence »f¥%(CsHsO7),]?~ in 2
nuclear \¥,0, variant of the vanadiumcitrate family of ~ Pars a2 charge, whereas pO4(CsHsO7)]*" in 1 bears a
species, complexl, was achieved through a variety of 4~ charge, and [YOu(CeH4Oy):]°" in 3 bears a 6 charge.
synthetic approaches (Figure 2). Specifically, redox reactions Enhancement of the stability of the entire latticelifs
involving vanadium(lll) and vanadium(IV) as well as non- likely achieved through hydrogen bonds generated (a)
redox reactions involving vanadium(V) led to the formation Petween the protonated termini of the uncoordinated car-
and ultimate isolation of complet in the form of its boxylates in the citrate ligands bound to vanadium and the
potassium salt. Regardless, therefore, of the vanadiumanalogous deprotonated carboxylates of adjacent vanadium
oxidation state in the starting reagents used, the ultimateCitrate anionic complexes and (b) between the water mol-
vanadium oxidation state achieved and consistently exhibited€cules in the crystal lattice and the YOand carboxylate
by the isolated crystalline product of reactions3dlwas that ~ 0xygens in the bound and unbound citrates. Similar hydrogen-
of vanadium(V). bonding networks were observed in numerous other vana-
The basic structural features of the anionic compleg in ~ dium—citrate and vanadiurncarboxylate complexes reported
involve a planar V,0, core supported by the central alkoxide 1N the pash213:28
oxygens of the citrate ligands bound to vanadium(V) ions.  In @ pH-dependent fashiofi,was reversibly converted to

Moreover, the geometrical data on this central core unit are 2, @ well-known dinuclear species with a structure similar
to that in 1,'12 yet a complex with both of its terminal

The Aqueous Chemistry. The synthesis of a new di-

(25) Griffith, W. P.; Wickins, T. D.J. Chem. Soc. A968 397-400. carboxylate citrate groups protonated. This reversible inter-
(26) l’fﬁ“‘:’ N.; Djordjevic, CJ. Chem. Soc., Dalton Tran973 1137~ conversion denoted the linkage between the two species via
(27) (a) Matzapetakis, M.; Raptopoulou, C. P.; Terzis, A.; Lakatos, A; protonation-deprotonation processes. Practically, adjusting
’l\</|lsts, T.:t iallf&glf;x {j\. Inolrg- ghgm-TlgSLQ 3% %1&6ﬁ1h9- (b) 5 the pH of the solution containing one species or the other
atzapetakis, M.; Raptopoulou, C. P.; Isonos, A.; Papeltthymiou, b.; . . .
Moon, N.: Salifogiou, AJ. Am. Chem. S06998 120 13266-13267. mduged protonation or deprotqnatlon of only one of the
(c) Matzapetakis, M.; Dakanali, M.; Raptopoulou, C. P.; Tangoulis, terminal carboxylates on both citrates attached to thgy
V.; Terzis, A.; Moon, N.; Giapintzakis, J.; Salifoglou, &. Biol. Inorg. core. Evidently, the (de)protonation process occurred at a

Chem.200Q 5, 469-474. (d) Matzapetakis, M.; Karligiano, N.; Bino, . )

A.; Dakanali, M.; Raptopoulou, C. P.; Tangoulis, V.; Terzis, Giap- SPecific site; that of an uncoordinated carboxylate group. It

intzakis, J.; Salifoglou, Alnorg. Chem.200Q 39, 4044-4051. (e) is worth noting that an analogous pH-dependent chemistry
Matzapetakis, M.; Kourgiantakis, M.; Dakanali, M.; Raptopoulou, C.
P.; Terzis, A.; Lakatos, A.; Kiss, T.; Banyai, I.; lordanidis, L.;

Mavromoustakos, T.; Salifoglou, Anorg. Chem.2001, 40, 1734~ (28) Burojevic, S.; Shweky, |.; Bino, A.; Summers, D. A.; Thompson, R.
1744. C. Inorg. Chim. Actal996 251, 75-79.
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Figure 3. pH-dependent interconversion of complexXeand?2 in aqueous solution.

was also observed in the case of vanadium{isfjrate example of such chemistry is that unfolding at the nitrogenase
complexes in aqueous solutiol here, however, the impact  enzyme active site, in which a proton shuttle purportedly
of pH acid-base chemistry was felt not only on the associates the R-homocitrate ligand (congener to citrate),
conformational state of the 'X4O, core but also on the attached to the ironmolybdenum(vanadium) cofactor as-
protonation state of the vanadium-bound citrate ligands. sembly (FeMoco or FeVco), with the catalytic reduction of

Interspecies Structural Correlations. Taking into con- hydrazine to ammoni#.
sideration the known structures of vanadium{¥¢jtrate Potential Links to Biologically Related Vanadium(V)
dinuclear complexes, there seems to be a correlation betweerChemistry. A number of solution speciation studies were
the (de)protonation state of citrateslinV ,04(CsH407)2]¢", carried out in the past on vanadium@arboxylate systems,

and [V>04(CsHsO7)2]2~ on one hand and the overall charge including vanadium(\V)-citrate3® The studies had proposed
on the respective complexes on the other. Full deprotonationthe existence of dinuclear vanadium@&itrate species

of bound citrates is linked with an overall charge of & bearing a V,0, core. Even though scant data on such
3. Double deprotonation of bound citrates is linked with an structures were available at that time, the synthetic chemistry
overall charge of 2 in 2. Thus, the anion irl resides in in the area offered a significant insight, with a number of

the middle, with triply deprotonated citrate ligands affording such dinuclear V,0, species, including the one presented

a total charge of 4. It appears, therefore, thatmay be an in this work, isolated from aqueous media and spectroscopi-
intermediate species in a series of vanadium(V) structural cally and structurally characterized. In view of the collective
forms, which interconvert in a pH-dependent fashion. For progress made over the years, it appears that the aqueous
at least one of those species lying at low pH values, complexchemistry of simple vanadium(Wcitrate complexes may

2, chemical interconnection with was finally established  be linked to species in (bio)distribution schemes of vana-
(Figure 3). This interconversion signifies the importance of dium(V) in the presence of citrate. To this end, the pH-
pH in the aqueous chemistry of vanadium with citric acid. dependent transformations reported here betwieand 2
Apparently, pH is a pivotal factor dictating structural changes (albeit reflecting changes removed from the physiological
upon the species forming in aqueous solutions betweenpH value and covering a fairly wide pH range) point to such
vanadium and citrate at variable pH values (vide supra). It a potential linkage between related vanadium species,
can be envisaged that pH, acting like a molecular switch, interconverting within the prevailing pH range(s) provided
could conceivably “allow” protons to be attached on or taken for in biological fluids.

off the basic \';0.-core-containing citrate dimers in aqueous  Furthermore, given that citric acid is a physiological ligand
media. Such an activity, though, would require a very stable capable of binding and solubilizing vanadium, it would be
vanadium-citrate assembly in a wide pH range (e.g= 3. helpful to know if species emerging from such chemistry
The stability of an assembly of this kind has already been represent vanadium forms capable of eliciting interactions
shown and has been established crystallographitel®®'®  from molecular targets at the cellular level. Thus, the
Hence, under the employed experimental conditions, a pH-
dependent acidbase chemistry, in a stableVMD,-core- (29) (a) Coucouvanis, DJ. Biol. Inorg. Chem.1996 1, 594-600. (b)
containingzanadium(V)-citrate structure, deelops around ?;S“gr?’“m‘”:; Eéhgrﬁméﬁl.sﬁ' |v[|)c'>;|.'\gtlgﬁk/&:sbwéhq'\fgggrio? E.
the core and is centered on the periphery of the attached 123-135.

organic ligand in the anionic complex. The specific site of (30) @& Frlsche, i Ehingeon ¢ Retder ) Peterssond Clem,
action involves consistently uncoordinated terminal car- L. Acta Chem. Scand1991 45 998-1005. (c) Ehde, P. M.:
boxylic groupsThe potential implications of such a conten- Andersson, |.; Pettersson, Acta Chem. Scand.989 43, 136-143.
tion may be reflected on the chemistry of metallosites bearing (@) Caldeira, M. M., Ramos, M. L; Oliveira, N. C.; Gil, S. V. M.

) . o . ’ . Can. J. Chem1987, 65, 2434-2440. (e) Preuss, F.; Rosenhahn, L. J.
organic acid moieties in biological systems. A relevant Inorg. Nucl. Chem1972 34, 1691-1703.

Inorganic Chemistry, Vol. 41, No. 15, 2002 3857



Kaliva et al.
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