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A Unique Coordination Mode for Citrate and a Transition Metal:

K>[V(0)2(CsHs07)]24H,0
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Investigation of the aqueous coordination chemistry for citrate and vanadium(V) resulted in the isolation and
characterization of K»[V(0)2(CsHsO7)]24H20 (1). Complex 1 represents the first model of the tricarboxylic acid
coordinated to the heteroatom found in the cofactor of nitrogenase and may be relevant to other physiological
forms of metabolized vanadium(V). 1 was characterized by elemental analysis, IR, UV—vis, and 'V NMR
spectroscopy, and X-ray crystallography. Complex 1 crystallizes in the space group P2;/n (No. 14) with a =
9.3206(8) A, b = 11.739(1) A, ¢ = 11.913(1) A, 8 = 111.65(1)°, V = 1211.4(4) A3, and Z = 4. Full-matrix
least-squares refinement resulted in residuals of R = 0.041 and R,, = 0.049. The citrate ligand displays a unique
bidentate coordination to the vanadium via the bridging hydroxyl group and a unidentate carboxylate group. The
structure is best described as a dimer of two five-coordinate vanadium centers doubly bridged by hydroxyl oxygen

atoms.

Introduction

Tricarboxylic acids serve as important substrates in many
biochemical processes.! Many of these reactions are catalyzed
by metalloenzymes. Perhaps the best known of these enzymes
is aconitase, which catalyzes the isomerization of citrate to
isocitrate via the subsequent dehydration/rehydration of cis-
aconitate.” Similar reactions are catalyzed by the [4Fe-4S]-
containing enzyme maleic acid hydratase® and by the mono-
nuclear Fe-containing enzymes mannonic* and altronic acid
hydratases, presumably by similar mechanisms. Another
enzyme system in which a tricarboxylic acid plays a critical,
but poorly understood, role is in the enzyme nitrogenase with
its active site MoFe,;Sothomocitrate cluster, FeMo-co.>~8 The
octahedral coordination sphere of the Mo within the cluster
consists of three sulfides, a nitrogen atom from the imidazole
group of a histidine residue, and two oxygen atoms from the
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hydroxyl group and one carboxyl moiety of the otherwise fully
extended homocitric acid.’~"" Given the spectroscopic evidence,
homocitrate is presumed to bind to vanadium and iron in the
alternative nitrogenases in an analogous fashion.'?~'% Citrate
and other common polycarboxylic acids have also been postu-
lated to play important physiological roles in the metabolism
of metals such as iron and vanadium.>” The variety of possible
functions exhibited by citrate in its interactions with vanadium,
a metal whose biological relevance is increasingly appreciated,
prompted an investigation of the coordination chemistry of
vanadium citrate complexes.

Experimental Section

NMR spectra were recorded on D,O solutions that were 40 mM in
1 on either a Varian XL-300 or a Unity-300 spectrometer. IR spectra
were recorded on KBr pellets on a Perkin Elmer 1600 FTIR spectrom-
eter. Electronic absorption spectra were recorded on a Hewlett Packard
8452A spectrophotometer. Elemental analysis was performed by
Robertson Analytical Laboratory.

Synthesis of Kz[V(0)2(CeHs07)14H20 (1). K3[V(0)2(CeHsO7) 12
4H,0 was prepared by modification of previously described methods.'*
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Coordination of Citrate to a Transition Metal

Table 1. Crystallographic Data for Ky[V(0),(CsHsO7)1:4H,0 (1)

empirical formula CsH0011KV
fw 348.18
crystal color, habit colorless, parallelpiped
crystal dimens 0.240 x 0.320 x 0.300 mm
crystal system monoclinic
no. of reflns used for 23 (17.0—28.0°)

unit cell determn (26 range)
w—scan peak width at half—height ~ 0.33° .
lattice parameters: a =9.3206(8) A
b=11.739(1) A
c=11913(1) A
B =111.65(1)°
V=1121.5(4) A3
P2y/n (No. 14)

space group

Z value 4

Deate 2.063 g/cm?

Fooo 704

« Mo Ka) 11.86 cm™!
diffractometer Enraf—Nonius CAD—-4
radiation Mo Ka (A = 0.710 69 A)
temperature 23°C

attenuator Zr foil (factor = 17.9)
takeoff angle 2.8°

3.0—4.0 mm horizontal
3.0 mm vertical

detector aperture

crystal to detector distance 17.3¢cm

scan type w—20

scan rate 1.9-16.5%/min (in w)
scan width (1.10 + 0.35 tan 8)°
20 max 54.6°

total: 3090
Unique: 2920 (Ri, = 0.039)

no. of reflns measd

A colorless solution of potassium vanadate(V), prepared by dissolving
V,0s in an aqueous solution of KOH at 40 °C overnight, was cooled
in an ice bath, and 1 equiv of aqueous citric acid was added dropwise.
X-ray-quality crystals were obtained by cooling the solution to 4 °C
for 2 days. Occasionally, when crystal growth was not forthcoming,
a small quantity of cooled ethanol would be slowly added to the
solution. Yield: 80%. Due to the efflorescence of crystals of complex
1, elemental analysis was obtained for a sample exhaustively dried in
vacuo. Anal. Caled for KVC¢He¢Oo: K, 12.5; V, 16.3; C, 23.1; H,
1.9. Found: K, 12.41; V, 16.25; C, 23.04; H, 1.89. IR: v,(COO)
1688; 1(CO0) 1396, 1332; v(VO,) 955; v,(VO,) 889 cm™!. SV
NMR: a single broad peak at —545.27 ppm relative to VOCls.

Structure Determination. A colorless parallelepiped crystal of K»-
[V(0)2(CsHsO7)]24H20 having approximate dimensions of 0.240 x
0.320 x 0.300 mm was mounted on a glass fiber. The intensity data
were collected on an Enraf-Nonius CAD-4 diffractometer with graphite-
monochromated Mo Ka (4 = 0.710 69 A) radiation. Pertinent crystal
data are given in Table 1. Cell constants and an orientation matrix for
data collection, obtained from a least-squares refinement using the
setting angles of 23 carefully centered reflections in the range 17.00 <
26 < 28.00,° corresponded to a monoclinic cell. On the basis of the
systematic absences of #01, & + 1 = 2n, and 0k0O k = 2n, and the
successful solution and refinement of the structure, the space group
was determined to be P2;/n (No. 14). The data were collected at a
temperature of 23 £ 1 °C using the w—28 scan technique to a maximum
26 value of 54.9°. Of the 3090 reflections which were collected, 2920
were unique; equivalent reflections were merged. The intensities of
three representative reflections which were measured after every 60
minutes of X-ray exposure remained constant throughout data collection,
indicating crystal and electronic integrity.

The structure was solved by direct methods. The non-hydrogen
atoms were refined anisotropically. The final cycle of full-matrix least-
squares refinement was based on 2365 observed reflections and 173
variable parameters. The refinement converged with R = 0.041 and
Ry =0.049. The final difference Fourier map showed residual maxima
and minima of 0.73 and 0.80 /A3, respectively. Neutral atom scattering
factors were taken from Cromer and Waber.'® * Anomalous dispersion
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Figure 1. ORTEP drawing of K;[VO,CsHsO7],4H,O (1). Distances
(A) and angles (deg): V-V’ =3.211(2), V-0O(1) = 2.013(2), V-0(1)
= 1.957(2), V-0(2) = 1.980(2), V-0(3) = 1.623(2), V-04) =
1.611(2); O(1)—V—(01") 72.00(8), O(1)—-V~0(2) = 77.29(7), O(1)—
V-0(3) = 130.5(1), O(1)-V—-0(4) = 123.0(1), O(1)=V-0(2) =
149.20(7), O(1)—V—0(3) = 100.07(9), O(1)—=V—-0(4) = 101.55(9),
0(2)—V—-0(3) =97.92(9), 0(2)—V—-0(4) = 97.02(9), O(3)-V—-04)
= 106.4(1).

effects were included in F;'® the values of Af’ and Af” were those
of Cromer.'® All calculations were performed using the TEXSAN!
crystallographic software package of the Molecular Structure Corp.

Results and Discussion

The structure of 1 (Figure 1) is best described as a dimer of
two five-coordinate vanadium centers doubly bridged by hy-
droxyl oxygen atoms. The coordination sphere of the vanadium
consists of the O(1") and O(1) hydroxyl groups and an oxygen
atom, O(2), from the C(1) carboxylate group of citrate as well
as two oxo ligands, O(3) and O(4) (Table 2). The bidentate
citrate ligand itself is fully extended, leaving the two terminal
COOH groups uncoordinated. The vanadium atoms are related
by an inversion center in the V,0; core and are separated by a
V—V’ distance of 3.211(2) A. The core is further defined by
the O(1)—V—0(1) angle of 72(8)° and the V—0O(1)—V’ angle
of 108(8)° (Table 3).

(16) (a) Cromer, D. T.; Waber, J. T. International Tables of X—ray
Crystallography; The Kynoch Press: Birmingham, England, 1974;
Vol. IV, Table 2.2A. (b) Ibers, J. A.; Hamilton, W. C. Acta Crystallogr.
1964, 17, 781. (c¢) Cromer, D. T. International Tables for X—ray
Crystallography; The Kynoch Press: Birmingham, England, 1974;
Vol. IV, Table 2.3.1.
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Structure Corp.
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Table 2. Selected Atomic Coordinates and Thermal Parameters®?
for Compound 1

atom X y z Beg, A?
V(1) 0.12520(5) 0.09114(4) 0.07872(4) 1.49(2)
K 0.04308(8) 0.38934(6) 0.17346(7) 3.12(3)
O(1W) —0.1999(4) 0.5510(3) 0.0920(3) 6.00(2)
Oo(1) —0.0693(2) 0.0072(1) 0.0637(2) 1.42(6)
0(2) 0.0857(2) 0.1436(2) 0.2227(2) 1.78(7)
oR2w) 0.1166(4) 0.5871(3) 0.0781(3) 5.50(1)
0(3) 0.3050(2) 0.0557(2) 0.1463(2) 2.77(8)
04) 0.1248(3) 0.2149(2) 0.0203(2) 3.09(9)
0(5) —0.0467(2) 0.1215(2) 0.3420(2) 2.61(8)
O(6) —0.2248(2) 0.2513(2) 0.0823(2) 3.4709)
o) —0.4413(3) 0.1817(2) —0.0519(2) 2.97(8)
0O(8) 0.0064(4) —0.2554(3) 0.3124(4) 8.10(2)
0(9) 0.1400(3) —0.1228(2) 0.2647(3) 4.60(1)
C(l) —0.0241(3) 0.1002(2) 0.2491(2) 1.65(9)
C@2) -0.1306(3) 0.0158(2) 0.1568(2) 1.32(8)
C(3) —0.2970(3) 0.0595(2) 0.1035(2) 1.67(9)
C4) —0.3143(3) 0.1742(2) 0.0444(3) 2.00(1)
C(5) -0.1316(3) —0.0992(2) 0.2162(2) 1.68(9)
C(6) 0.0212(4) —-0.1573(3) 0.2669(3) 2.70(1)
H() — —0443 0.251 —0.072 5.0
H(1wW) -0.293 0.569 0.091 13.0
H2w) —0.210 0.592 0.047 13.0
H(2) —0.360 0.006 0.048 2.3
H(3W) 0.095 0.651 0,118 6.7
H(@3) —0.338 0.064 0.166 2.3
H4) -0.176 —0.089 0.278 2.6
H4W) 0.226 0.586 0.094 6.7
H(5) —-0.192 —-0.152 0.164 2.2
H(6) 0.013 —0.300 0.285 6.2

@ Estimated standard deviations in the last significant digits, as
observed from the least-squares refinements, are given in parentheses.
5 B values for anisotropically refined atoms are given in the form of
the equivalent isotropic displacement parameter defined as B, =
V32,2 Byaa;.

Table 3. Selected Bond Angles (deg) for 1

o(1)-V—-0(1" 72.00(8) C3)—C(2)~C(5) 108.1(2)
o(1)-V-0(2) 77297 CQ)—C(3)—C(4) 114.4(2)
0(1)-V-0(3) 130.5(1)  O(6)~C@4)—0(7)  123.8(3)
0O(1)-V—0(4) 123.0(1)  O(6)-C(4)—-C(3)  124.1(3)
0(1)-V-0(2) 149.20(7) O(7)-C(4)—-C(3)  112.12)
0(1)-V-0(3) 100.07(9)  C(2)—C(5)—C(6) 115.1(2)
0(1)-V—-0(4) 101.55(9) O(8)=C(6)-0(9)  123.6(3)
0(2)-V-0(3) 97.92(9) O(8)—-C(6)—-C(5)  110.0(3)
0(2)-V—0(4) 97.029) O(9)—C(6)~C(5)  126.4(3)
0(3)—V-0(4) 106.4(1)  O(1W)—K—0(2) 139.12(8)
V-0(1)-V’ 108.00(8) O(IW)-K—OQW)  65.6(1)
V-0(1)-C(2) 120.1(1)  O(IW)—K—0(4) 126.44(9)
V—0(H—C(2) 131.4(1)  O(I1W)—K—0(6) 76.84(9)
V-002)—C(1) 120.6(2)  O(2W)—K—0(4) 99.45(8)
V-0(4)-K 108.1(1)  OQ2W)—K—0(6) 129.51(8)
02)—-C()~-0(5) 1240(2) OQ2W)—K—0(4) 64.99(9)
02)-C(H)-C(2) 116.3(2)  OQW)—K—0(6) 66.73(8)
0(5)—-C(H)-C(2) 1197(2)  O(2)-K—0(4) 53.86(6)
O(1)-C(2)~C(l) 1053(2)  O(Q)—K—0(6) 63.30(6)
O(1)-C(2)~C(3) 109.6(2) OQ2)—K—0OQW) 149.92(8)
O(1)-C(2)—C(5) 111.8Q2)  O(4)—K—-0(6) 76.35(7)
C(H)-C(2)-C(3) 111.62) K—06)—C(4) 165.1(2)
C(H)-C2)—CS)  110.52)

The carboxylate group a to the hydroxy group is clearly
monodentate through O(2) with a V—0(2) bond length of 1.980-
(2) A. The V=0 bond lengths are 1.623(2) and 1.611(2) A,
respectively (Table 4). The structure of 1 is one of a handful
of examples of a vanadium(V) species with a dioxo moiety and
three other oxygen donors.'® When compared to those of other
vanadium(V) alkoxides such as (NH4),[V(OC(CH.CH3),COQ)-
(012 (2),"® Ka[VO(02)(CsHgO7)]:2H20 (3),'S VO(OCH,CH,-
Cl); 4),"° and [u-n*-CsMes03)V(0)]2 (5),2° the V=0 bonds

(18) Hambley, T. W.; Judd, R. I.; Lay, P. A. Inorg. Chem. 1992, 3], 343.
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Table 4. Selected Bond Distances (A) for 1

vV—0(1) 20132)  CR)-C@) 1.500(4)
V—-0(1") 19572)  C(5)—C(6) 1.492(4)
V-0(2) 1.980(2) ~
32 cme
V=04 L6112 (5)-H(4) 0.971
V-V’ 32112)  C(5)-H() 0.910
0()-CR)  14263)  V—-K 3.8407(9)
0Q)-C(1) 12823  K-0Q) 2.942(2)
0(5)-C(1)  12273)  K-O4) 3.0212)
06)-C(#)  12004)  K-0(6) 2.836(2)
O)-Cdy  1312(4) .
SUED I com e
009)-C(6)  1.189(4) '
OUW)—H(IW)  0.889
C()~C2) 15403)  OUW)=H2W)  0.701
C2)~C(3) 15313)  OQW)—H(W)  0.945
C2)~C(5) 15263)  OQW)—H(4W) 0968

of 1 (1.623 and 1.611 A) are quite similar to those of 2 (1.617
and 1.611 A) and 3 (1.601 A) but longer than the same bonds
in 4 (1.584 A) and 5 (1.581 A). Further, the bridging
V—Oc(alkanolate) distances of 1 (2.013 and 1.957 A) are
consistent with the corresponding V—0 bond lengths in 2 (1.973
and 1.984 A), 3 (1.991 and 2.031 A), and 5 (1.957 A). These
short V—O bonds from the hydroxyl ligands forming the O(1")—
V—0O(1)—V’ core of 1 suggest that the hydroxyl oxygens are
deprotonated. Such a substantial decrease in the pK, of the
citrate hydroxyl group upon coordination to vanadium has been

similarly noted for a number of other transition metals.!5-2!=23
26227

Complex 1 represents a unique example of a structurally
characterized 1:1 metal—citrate complex which exhibits biden-
tate coordination of the polycarboxylic acid to the metal.?*
Furthermore, the extended conformation of citrate is analogous
to the unique coordination of homocitric acid to the
molybdenum—and by extension the vanadium—site within the
cofactor of nitrogenase.'®~'2 Interestingly, the X-ray crystal-
lographic analysis of the enzyme aconitase with both substrate
and substrate inhibitors demonstrates that citrate is bound to an
Fe corner of the active site [4Fe-4S] cubane in a similar bidentate
fashion.”® Nevertheless, all of the previously reported structures
of biologically related metals and citrate demonstrate tridentate
coordination via the hydroxyl group, the carboxylate o to the
hydroxyl group, and one of the terminal carboxylates,2!-24.26 ©.27
342 Such is the case in the closely related peroxide adduct K»-
[VO(O,)(C¢Hg07)]22H,0, prepared by Djordjevic et al., in
which the citrate ligand is tridentate, resulting in a crowded
seven-coordinate vanadium center.'> Additionally, the remain-
ing free carboxylates will often coordinate to a second metal,

(19) Preibsch, W.; Rehder, D. Inorg. Chem. 1990, 29, 3013.

(20) Bottomley, F.; Magill, C. P.; White, P. S. J. Am. Chem. Soc. 1989,
111, 3070.

(21) Herrman, W. A_; Herdtweck, E.; Pajdla, L. Inorg. Chem. 1991, 30,
2579.

(22) Pedrosa de Jesus, J. D. In Comprehensive Coordination Chemistry,
Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon
Press: New York, 1984; Vol. 2, p 461.

(23) (a) Alcock, N.; Dudek, M.; Gyrbos, R.; Hodorowicz, E.; Kanas, A.;
Samotus, A. J. Chem. Soc., Dalton Trans. 1990, 707. (b) Feng, T. L.;
Gurian, P. L.; Healy, M. D.; Barron, A. R. Inorg. Chem. 1990, 29,
408.

(24) Job, R.; Kelleher, P. 1.; Stallings, W. C., Ir.; Monti, C. T.; Glusker, J.
P. Inorg. Chem. 1980, 21, 3760.

(25) (a) Lauble, H.; Kennedy, M. C.; Beinert, H.; Stout, C. D. Biochemistry
1992, 37, 2735. (b) Zheng, L.; Kennedy, M. C.; Beinert, H.; Zalkin,
H. J. Biol. Chem. 1992, 267, 7895.

(26) (a) Glusker, J. P. Acc. Chem. Res. 1980, 13, 345—352. (b) Strouse,
J.; Layten, S. W.; Strouse, C. E. J. Am. Chem. Soc. 1977, 99, 562.
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J. W. J. Am. Chem. Soc. 1993, 115, 3344.
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forming higher nuclearity species as in the case of the iron citrate
and nickel citrate complexes [Fel'(H,0)s][Fe'(CsHsO7)(H.0)]2
2H,0 and {[N(CH3)4]s[Ni'4(CsH40)3(OH)(H0))-18H,0}, re-
spectively.?® Coucouvanis et al. recently reported an infrared
study which demonstrates that citrate can coordinate to the Mo
in an MoFe;Ss cubane through two carboxylates and the
deprotonated hydroxyl moiety.”’ These cubanes have been
shown to be catalytically active toward the reduction of
hydrazine to ammonia only if the hapticity of the tridentate
citrate changes to bidentate in order to form an open coordina-
tion site for the substrate.?®

It has been suggested that a possible function of the
tricarboxylic acid in the biosynthesis of the cofactor of nitro-
genase is to mobilize molybdenum or vanadium from the
appropriate storage enzyme.®® Molybdenum and vanadium are
believed to be taken up by organisms as MoO42~ or V043,812
yet reports of the oxidation states of the heteroatom within
FeMo-co and FeV-co in the resting state range from +3 to +4,
thereby, requiring a one-, two-, or three-electron reduction
during assembly into the final cluster.>'>!4 It has been found
that while molybdate readily undergoes electroreduction below
a pH of 5, it is polarographically inactive at higher pH with
common inorganic supporting electrolytes.?® Yet, in a citrate
medium at pH 7, molybdate reduction most likely proceeds from
Mo(VI) to Mo(V) to Mo(I1).3%3!  Potentiometric studies of the
speciation of the oxomolybdenum—citrate system have shown
that at neutral pH the dominant oxomolybdenum—citrate species
are formulated as [MoOHCit}*~ 32 and [MoQO4H,Cit}>~.33
Similar studies of MoQ,(catecholate) not only demonstrate a
similar reduction sequence but also reveal the binding of ligands
at coordination sites made available by the reduction of the
oxomolybdenum groups.’'® Such structural changes would be
essential for the assembly of the final cofactor cluster from an
oxomolybdenum— or oxovanadium—citrate precursor. This
redox behavior suggests that the tricarboxylic acid might be
involved not only in mobilization of needed metals from their
storage enzymes but also in facilitating the requisite oxidation
states of the mobilized metals for subsequent processing and
assembly. Therefore, complex 1 may represent an early
mobilized species utilized in the assembly of FeV-co.

It is interesting to note that one of the essential features of
the chemistry of high oxidation state vanadium complexes is
the V(V)/V(IV) redox process. In aqueous solutions, the redox
properties of V(V) can be tuned by the composition and
stereochemistry of its ligand environment, resulting in reports
of V(V) acting as a mild oxidant in aerobic aqueous solu-
tions.'>34 25 Such solution behavior is observed for 1, which
upon standing changes color from a pale green/yellow to an
intense blue (Ama= 600 nm), indicative of reduction to V(IV).3%*
Although the precise nature of this reduction has yet to be

(28) Coucouvanis, D.; Moiser, P. E., Demadis, K. D.; Patton, S.; Malinak,
S.M.; Kim, C. G.; Tyson, M. A. J. Am. Chem. Soc. 1993, 115, 12193.

(29) (a) Wolton, M.; Wolf, D. O.; Von Stackelberg, M. J. Electroanal.
Chem. Interfacial Electrochem. 1969, 22, 221. (b) Hull, M. N. J
Electroanal. Chem. Interfacial Electrochem. 1974, 51, 57.

(30) Meites, L. Anal. Chem. 1953, 25, 1752.

(31) (a) Paffet, M. T.; Anson, F. C. Inorg. Chem. 1981, 20, 3967. (b)
Charney, L. M.; Schultz, F. A. Inorg. Chem. 1980, 19, 1527.

(32) Creager, S. E.; Aikens, D. A.; Clark, H. M. Electrochim. Acta. 1982,
27, 1307.

(33) Cruywagen, J. I.; Vand de Water, R. F. Polyhedron 1986, 5, 521.

Inorganic Chemistry, Vol. 34, No. 16, 1995 4197

elucidated, similar chemistry occurring at a variety of rates has
been reported for a number of organic acids coordinated to
vanadium(V) in aqueous solution.'>3* Such redox behavior
stands in contrast to the apparent solution stability of the
2-hydroxy acid ligand complex of vanadium(V) (NH),-
[V(OC(CH,CH;),C00)(0),],."®

Complex 1 is also of note in light of reported interactions
between vanadium(V) and the iron transport protein transferrin.
3% Chasteen et al. have demonstrated that in humans vanadium-
(V) is exclusively bound to transferrin.®6 Further, ultraviolet
difference analysis of vanadium(V) transferrin suggests that the
VO," moiety is the most likely vanadium(V) species bound to
the protein.’” Insomuch as citrate ligands within the cells and
serum are known to compete for iron and aluminum ions bound
to transferrin®® and that citrate has long been proposed as a
possible chelator to accelerate the release of iron within the cell’s
endosomal compartment,® citrate might, by analogy, be in-
volved in the metabolism of vanadium transferrin proteins.
Consequently, complex 1 could represent a physiologically
relevant metabolized form of vanadium(V). If this is indeed
the case, previously reported speciation studies using NMR and
potentiometric techniques which suggest the existence of three
ternary (H")(H2VO4™)(CsHsO7) complexes of 1:2:1, 2:2:1, and
3:2:1 formulations in aqueous solution*® should be reexamined.

Tricarboxylic acids interact with a number of biological
metals in essential processes of metabolism.!* Yet, despite the
potenial for polymerization or tridentate coordination, these
tricarboxylic acids appear to interact with the requisite metals
solely in a bidentate fashion.>*!%25 Complex 1 represents a
potentially useful structural model for this type of coordination
as exhibited at the heterometallic site of the cofactor of
nitrogenase. The fully extended citrate is coordinated to the
vanadium by the deprotonated hydroxyl group and the carboxy-
late o to the hydroxyl group. In addition, 1 may provide useful
insights into the mobilization of vanadium, as it represents a
possible early intermediate in the biosynthesis of FeV-co as well
as a physiologically relevant form of metabolized vanadium-
(V).
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