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Well-known vanadium(lV)— and vanadium(V)—citrate complexes have been employed in transformations involving
vanadium redox as well as nonredox processes. The employed complexes include Ky[V,04(CsHsO7)2]-4H,0, Ky
[V204(CsHs07),]+5.6H20, Ko[V202(02)2(CsHsO7)z]2H20, Ka[V202(CsH407)s]+6H0, Ks[V202(CeHa07)(CeHsO7)]- 7H,0,
(NHg)4[V202(CsH407)2]-2H,0, and (NH,)s[V204(CsH407),]-6H,0. Reactions toward hydrogen peroxide at different
vanadium(IV,V):H,0, ratios were crucial in delineating the routes leading to the interconversion of the various
species. Equally important thermal transformations were critical in showing the linkage between pairs of dinuclear
vanadium—citrate peroxo as well as nonperoxo complexes, for which the important vanadium(V)-assisted oxidative
decarboxylation, leading to reduction of vanadium(V) to vanadium(lV), seemed to be a plausible pathway in place
for all the cases examined. FT-IR spectroscopy and X-ray crystallography were instrumental in the identification of
the arising products of all investigated reactions. Collectively, the data support the existence of chemical links
between different and various structural forms of dinuclear vanadium(lV,V)—citrate complexes in aqueous media.
Furthermore, in corroboration of past studies, the examined interconversions lend credence to the notion that the
involved species are active participants in the respective aqueous distributions of the metal ion in the presence of
the physiological ligand citrate. The concomitant significance of structure-specific species relating to soluble and
potentially bioavailable forms of vanadium is mentioned.

The latter action is one that has received considerable
attention in recent years due to the extent and severity of
the physiological aberration with which it is associated.

Introduction

Vanadium has been linked with a number of enzymic and
nonenzymic systems relevant to physiological functions in
lower and higher organisnidn all of those cases, vanadium (2 (a) Bayer, E. InMetal lons in Biological Systems: Amadin, the
is either an indispensable part of an active site in a regulatory \éaﬂﬁdlumNComellini g;gm\?qltﬁg%hH-,tslgleg A, Eds.; i/la(LC)el

. . . ekker: New York, ; Vol. , apter 12, pp 40421.
b!omqlecule or a necessary extgrnal inorganic cofactor  gpjith M. 3 Ryan, D. E.; Nakanishi, K. Frank. P.; Hodgson, K. O.
directing catalytic action$Outstanding among the systems In Metal lons in Biological Systems: Vanadium in Ascidians and the
in which vanadium is an integral part of enzymic active sites Chemistry in Tunichromesigel, H., Sigel, A., Eds.; Marcel Dekker:
are the alternative nitrogenadesd haloperoxidasesNo-

New York, 1995; Vol. 31, Chapter 13, pp 42390. (c) Frausto da
Silva, J. J. RChem. Speciation Bioailability 1989 1, 139-150.
table, on the other hand, are the roles that vanadium can (3) '6'5137“7% gég';"adde“r M.; Shah, V. K.; Burris, R. Biochem199Q 29,

exhibit in physiological pathways, including those in humans, 4y (a) weyland, M.; Hecht, H.: Kiess, M.; Liaud, M.; Vilter, H.:

reflecting mitogeni@, antitumorigenic, inhibitory action Schomburg, DJ. Mol. Biol. 1999 293 595-611. (b) Vilter, H. In
toward phosphoglucomutaséand insulin mimetic activity.
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Chapter 10, pp 325362. (c) Butler, ACurr. Opin. Chem. Biol1998

2, 279-285.

(5) (a) Klarlund, J. K.Cell 1985 41, 707-717. (b) Smith, J. BProc.

Natl. Acad. Sci. U.S.A1983 80, 6162-6167.

(6) (a) Djordjevic, C. InMetal lons in Biological Systems: Antitumorigenic

Activity of Vanadium CompoungdSigel, H., Sigel, A., Eds.; Marcel
Dekker: New York, 1995; Vol. 31, Chapter 18, pp 59516. (b) Kipf-
Maier, P.; Kgf, H. In Metal Compounds in Cancer Therggricker,
S. P., Ed.; Chapman and Hall: London, 1994; pp.-1086. (c)
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Specifically, vanadium has been found to display insulin properties. A number of such complex vanadium(lV,V)
mimetic activity in cases of the heterogeneous metabolic synthetic complexes have since been synthesized and struc-
syndrome of diabetes mellitds* turally characterized*” Among those included are vana-
A number of epidemiological and related studies have dium(lV,V)—citrate complexes, a series of which have been
shown a linkage between the disease and the phenotypidsolated from aqueous solutions and structurally charac-
changes in insulin mimetic activity upon administration of terized'® '8 The interconnections of all these complexes,
vanadiumt2 The details, however, of how the metal ion acts, however, in the context of reactivity patterns has remained
in what form(s), and what its targets are in biological fluids a question, the answer to which could be related not only to
still remain research subjects in need of perusal. It is their participation as components of distribution diagrams
important to note that the two predominant oxidation states but also to their potential bioavailability in biologically
of the metal ion purported to play a biologically relevant relevant media.
role are W and V. Aside, though, from this, the equally The paucity of such studies at the synthetic level has
significant aspects of solubility and bioavailability of vana- prompted us to pursue a series of investigations targeting
dium have been targets of scientific conjecture that is difficult potential chemical relationships among different species in
to delineate. aqueous media. Hence, in the present study we report on
Attempts to shed light onto these questions resulted overthe connections among well-known dinuclear vanadium-
the years in a plethora of speciation studies for vanadium (IV) — and vanadium(V)citrate complexes in agueous
systems in the presence of physiological or physiologically media and the types of transformations linking the various
relevant ligand43 To the benefit of the proposed species, vanadium-citrate complexes containing two different oxida-
purported to exist in aqueous media as a function not only tion states of the same metal ion. Key tools in the identifica-
of concentration but also of pH, synthetic studies were carried tion of the arisen species are FT-IR spectroscopy and X-ray
out that targeted such species and their physicochemicalcrystallography. The investigated transformations include (a)

(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) Brand, R. M.; Hamel, F. Gnt. J. Pharm.1999 183 117-123.
(b) Drake, P. G.; Posner, B.Mol. Cell Biochem1998 182, 79—89.

(c) Drake, P. G.; Bevan, A. P.; Burgess, J. W.; Bergeron, J. J.; Posner,
B. I. Endocrinology1996 137, 4960-4968. (d) Eriksson, J. W.;
Lonnroth, P.; Posner, B. |.; Shaver, A.; Wesslau, C.; Smith, U. P.
Diabetologial996 39, 235-242. (e) Stankiewicz, P. J.; Tracey, A.

S. O. InMetal lons in Biological Systems: Stimulation of Enzyme
Activity by Oxaanadium ComplexesSigel, H. and Sigel, A.; Eds.;
Marcel Dekker: New York, 1995; Vol. 31, Chapter 8, pp 2485.

(9) (@) Zimmet, P.; Alberti, K. G. M. M.; Shaw, Nature 2001, 414,
782—787. (b) Brownlee, MNature 2001, 414, 813-820.

(10) (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, YJ. 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.

(11) Moller, D. E.Nature2001, 414, 821-827.

(12) (a) Rehder, D.; Costa Pessoa, J.; Geraldes, C. F. G. C.; Kabanos, T.

Kiss, T.; Meier, B.; Micera, G.; Pettersson, L.; Rangel, M.; Salifoglou,
A.; Turel, I.; Wang D.J. Biol. Inorg. Chem2002 7, 384-396. (b)
Marita, A. R.; Anilkumar, K. L.Diabetes Obes. MetaB001, 3, 271~
278. (c) Cusi, K.; Cukier, S.; DeFronzo, R. A.; Torres, M.; Puchulu,
F. M.; Redondo, J. CJ. Clin. Endocrinol. Metab2001, 86, 1410~
1417. (d) Goldfine, A. B.; Patti, M. E.; Zuberi, L.; Goldstein, B. J.;
LeBlanc, R.; Landaker, E. J.; Jiang, Z. Y.; Willsky, G. R.; Kahn, C.
R. Metabolism200Q 49, 400—-410. (e) Takeshita, S.; Kawamura, |.;
Yasuno, T.; Kimura, C.; Yamamoto, T.; Seki, J.; Tamura, A.; Sakurai,
H.; Goto, T.J. Inorg. Biochem2001, 85, 179-186. (f) Setyawati, I.
A.; Thompson, K. H.; Yuen, V. G.; Sun, Y.; Battell, M.; Lyster, D.
M.; Vo, C.; Ruth, T. J.; Zeisler, S.; McNeill, J. H.; Orvig, G. Appl.
Physiol. 1998 84, 569-575. (g) Cohen, N.; Halberstam, M.; Shli-
movich, P.; Chang, C. J.; Shamoon, H.; RossettiJ.LClin. Invest.
1995 95, 2501-2509.
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nonredox chemistry, involving #, addition to solutions

of dinuclear vanadium(V)-citrate complexes as well as mild
thermal treatment of solutions of vanadium(V)-peroxo-citrate
complexes, followed by isolation of the arisen species; (b)
oxidative action on vanadium(lV) complexes due to the
presence of hydrogen peroxide; and (c) thermally induced
vanadium(V)-assisted oxidative decarboxylations leading to
reduction of vanadium(V) to vanadium(IV)-containing di-
nuclear species. Collectively, these effects appear to con
tribute significantly to the understanding of the reactivity of
vanadium-citrate species in aqueous solution.

Experimental Section

Materials and Methods. All experiments were carried out in
the open air. Nano pure quality water was used for all reactions.
H,0, 30% was purchased from Aldrich. Authentic samples of the

(13) (a) Ehde, P. M.; Andersson, |.; Petterssoritta Chem. Scand 989
43, 136-143. (b) Kiss, T.; Buglyo, P.; Sanna, D.; Micera, G.; Decock,
P.; Dewaele, DInorg. Chim. Actal 995 239, 145-153. (c) Elvingson,
K.; Keramidas, A. D.; Crans, D. C.; Pettersson|iorg. Chem1998
37, 6153-6160. (d) Elvingson, K.; Fritzsche, M.; Rehder, D.;
Pettersson, LActa Chem. Scand.994 48, 878-885. (e) Crans, D.
C.; Jiang, F.; Boukhobza, |.; Bodi, |.; Kiss, Thorg. Chem1999 38,
3275-3282.

(14) (a) Tsaramyrsi, M.; Kaliva, M.; Giannadaki, T.; Raptopoulou, C. P.;
Tangoulis, V.; Terzis, A.; Giapintzakis, J.; Salifoglou, lAorg. Chem.
2001, 40, 5772-5779. (b) Crans, D. C.; Jiang, F.; Anderson, O. P.;
Miller, S. M. Inorg. Chem.1998 37, 6645-6655.

(15) (a) Tsaramyrsi, M.; Kavousanaki, D.; Raptopoulou, C. P.; Terzis, A;
Salifoglou, A.Inorg. Chim. Acta2001 320, 47-59. (b) Jiang, F.;
Anderson, O. P.; Miller, S. M.; Chen, J.; Mahroof-Tahir, M.; Crans,
D. C.Inorg. Chem1998 37, 5439-5451. (c) Crans, D. C.; Jiang, F.;
Chen, J.; Anderson, O. P.; Miller, S. Mhorg. Chem1997, 36, 1038~
1047.

(16) (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.Chinese Sci. Bull1995 40, 749. (c) Velayutham,
M.; Varghese, B.; Subramanian, Biorg. Chem.1998 37, 1336-
1340. (d) Djordjevic, C.; Lee, M.; Sinn, Bnorg. Chem.1989 28,
719-723.

(17) Kaliva, M.; Giannadaki, T.; Raptopoulou, C. P.; Terzis, A.; Salifoglou,
A. Inorg. Chem.2002 41, 3850-3858.

(18) Kaliva, M.; Raptopoulou, C. P.; Terzis, A.; Salifoglou, A.Inorg.
Biochem.2002 in press.



Agueous Vanadium-Citrate Interconversions

well-characterized compounds K ,04(CsHgO-)2] -4H,0,152.16a
K[V 204(CsH507)2] -5.6H0, Y K[V 205(02)2(CeHeO7)2] - 2H,0 152164
K4V 202(CsH407)5] -6H,0 M2 K 5[V 205(CsH407)(CsHs07)] - 7TH0 142
(NH4)4[V202(C6H4O7)2]‘2H20,14a and (NH;)s[V204(C6H4O7)2]‘
6H,0'8 were prepared as previously described. Ammonia and KOH

was identical to that of an authentic sample QPKO4(CeHs07)4]
5.6H,0. Further identification of the product was afforded by the
unit cell determination of a single-crystal probed by X-ray diffrac-
tion. Yield: 0.032 g (30%).

From K 4[V 204(CgH507)2]+5.6H,0 t0 K[V 205(02)2(CeHeO7)2] *

were purchased from Fluka. In all cases of synthetic reactions 2H,0. A quantity of 0.26 g (0.32 mmol) of {V ,04(CsHs0)2]*
employed in this work, use of the rotary evaporator was made at 5.6H,0 was placed in a 25 mL flask and dissolved in 2 mL of

around 45°C.
Physical MeasurementsFT-infrared measurements were taken

water, affording a yellowish solution with pH5. To that solution,
in an ice bath, was added slowly and under continuous stirring 0.51

on a Perkin-Elmer 1760X FT-infrared spectrometer. X-ray crystal- mL (5.0 mmol) of a 30% hydrogen peroxide solution, further diluted
lographic unit cell determination of derived compounds from with cold water 1:1. The resulting solution became orange-like and
chemical transformations was carried out on a Crystal Logic dual- was allowed to stir on ice for about 10 min. Concomitantly, ethanol
goniometer diffractometer, using graphite monochromated Mo K was added and the reaction flask was placed 4 4A few days
radiation. GC-mass spectroscopic measurements were taken on alater, a red crystalline material was deposited and was isolated by
Shimatzu GC-17A gas chromatograph equipped with a 50 m HP-5 filtration and dried in vacuo. The FT-IR spectrum of the crystalline
column and a 5971A MS detector. Electron-impact (El) ionization product was identical to that of an authentic sample giVKO,-
was employed. (02)2(CeHe07)2]-2H,0. Yield: 0.071 g (32%).

Transformation Reactions. From K[V ;02(CeH407)(CsHsO07)] From K 5[V 202(02)2(CeHeO7)2] :2H20 to K[V 204(CeHs07)2]*
7H20 to K[V 202(02)2(CeHeO7)2]-2H,0O. A quantity of 0.10 g 5.6H,0. A quantity of 0.20 g (0.29 mmol) of KV ,0,(0,).-
(0.13 mmol) of K[V 20,(CsH407)(CeHsO7)]-7H,O was placed in (CsHs07)2]2H,0 was placed in a 25 mL flask and dissolved in 8

a 25 mL flask and dissolved in 2 mL of water, affording a bluish
solution. To that solution, in an ice bath, was added slowly and
under continuous stirring 0.27 mL (2.6 mmol) of a 30% hydrogen
peroxide solution, further diluted with cold water 1:1. The resulting

mL of water, affording a reddish solution with pH3. The resulting
solution was heated mildly to 5TC for approximately 2 h, finally
becoming yellowish in color. Subsequently, the solution was taken
to dryness by means of a rotary evaporator. The resulting residue

solution became orange-like and was allowed to stir on ice for about was redissolved in 2 mL of water. The pH of the solution wds

1 h. At the end of this period, the solution was orange-like and Then, the reaction flask was placed in the refrigerator. Addition of
stayed as such. Subsequently, the reaction flask was placed at &thanol afforded a yellow crystalline material at the bottom of the
°C. Addition of ethanol resulted in the precipitation of a red flask after a few days. The crystalline product was isolated by
crystalline material at the bottom of the flask a few days later. The filtration and dried in vacuo. The FT-IR spectrum of the product
red crystals were isolated by filtration and dried in vacuo. The FT- was identical to that of an authentic sample Q\&O4(CsHs07)2]-

IR spectrum of the product was identical to that of an authentic 5.6H,0. The X-ray cell parameter determination for one of the

sample of K[V ,0,(0,)2(CesHesO7)2]-2H,0. The X-ray determination

isolated single crystals offered further evidence of the identity of

of the cell parameters for one of the isolated single crystals provided the product. Yield: 0.20 g (86%).

further evidence of the identity of the product. Yield: 0.050 g
(55%).

From K 4[V202(CeH407)2]:6H20 to K[V 205(02)2(CeHeO7)2]
2H,0. A quantity of 0.25 g (0.32 mmol) of KV ,02(CsH407)2]*
6H,0 was placed in a 25 mL flask and dissolved in 2 mL of water,
affording a bluish solution. To that solution, in an ice bath, was
added slowly and under continuous stirring 0.72 mL (7.1 mmol)
of a 30% hydrogen peroxide solution, further diluted with cold water

From K2[V202(02)2(C6H607)2]'2H20 to K4[\/202(C5H407)2]'
6H,0. A quantity of 0.18 g (0.26 mmol) of KV.0,(0O,),-
(CsHs07)2]-2H,0 was placed in a 25 mL flask and dissolved in 3
mL of water, affording a reddish solution with pH3. The flask
was heated te~50 °C, in a water bath, for 1 day. The resulting
green solution was filtered and the pH of the filtrate was adjusted
to ~8 with aqueous KOH. The reaction solution was then heated
to 50 °C for an additional 2 days. Then, the heat was turned off

1:1. The resulting solution became orange-like and was allowed to and the green-blue reaction mixture was allowed to return to room
stir on ice for about 30 min. At the end of this period, the solution temperature. Subsequently, the reaction flask was placed in the
became orange and stayed as such. The pH of the solution wagefrigerator. Addition of 2-propanol afforded a blue crystalline
~4. The reaction flask was placed in the refrigerator overnight. material at the bottom of the flask after a few days. The crystalline
The following day the color of the solution was red. Addition of product was isolated by filtration and was dried in vacuo. The FT-
ethanol was added and the reaction flask was returnec’@ A IR spectrum of the product was identical to that of an authentic
couple of days later red crystals formed at the bottom of the flask. sample of K[V ;0,(CsH407),]-6H,0. Yield: 0.020 g (20%).

The crystalline product was isolated by filtration and dried in vacuo. From K 4[V204(CeHs07)2]5.6H.0 to K[V 205(CeH407)4]*

The FT-IR of the red product was identical to that of an authentic 6H,0. A quantity of 0.20 g (0.25 mmol) of V ,04(CsHs07)2]*
sample of K[V ,05(02):(CsHs07)2]-2H,0. Yield: 0.10 g (45%). 5.6H,0 was placed in a 25 mL flask and dissolved in 2 mL of
From K 3[V ;04(CeH407)(CeHs07)]- 7H,0 to K4V ,04(CeHs07)7]* water, affording a yellowish solution with pH5. The resulting

5.6H;0. A quantity of 0.10 g (0.13 mmol) of §V ,0,(CeH407)- flask was heated to 70C, in a water bath, overnight. On the
(CeHs07)]-7H,0 was placed in a 25 mL flask and dissolved in 2 following day, the solution was blue. The heat was turned off and
mL of water, affording a bluish solution. To that solution, in an the reaction mixture was allowed to stir further until the temperature
ice bath, was added slowly and under continuous stirring 0.09 mL of the solution returned to room temperature. Subsequently, the
(0.9 mmol) of a 30% hydrogen peroxide solution, further diluted pH of the solution was adjusted to p+B with aqueous KOH, and
with cold water 1:1. The resulting solution became orange-like and the reaction was allowed to stir for 30 min. Then, the reaction flask
was allowed to stir on ice for about 30 min. Subsequently, the was placed in the refrigerator and addition of 2-propanol resulted
reaction flask was placed in the refrigerator. Addition of ethanol in a blue crystalline material after a few days. The crystalline
at 4°C resulted in the deposition of yellow crystals at the bottom product was isolated by filtration and was dried in vacuo. The FT-
of the flask a few days later. The crystalline material was isolated IR spectrum of the product was identical to that of an authentic
by filtration and dried in vacuo. The FT-IR spectrum of the product sample of K[V ,0,(CsH407);]-6H,0. Yield: 0.080 g (83%).
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From K2W204(C6H607)2]‘4H20 to K4[V202(C6H407)2]'6H20.
A quantity of 0.25 g (0.36 mmol) of KV ,04(CeHesOr),]-4H,0 was
placed in a 25 mL flask and dissolved in 5 mL of water, affording
a light yellow solution with pH~3.5. The resulting flask was heated
to 70 °C, in a water bath, overnight. On the following day, the Both starting materials are dinuclear complexes containing
solution was blue and the pH wast. The heat was turned offand  vanadium(lV) ions. Therefore, hydrogen peroxide acts both
the reaction mixture was allowed to stir further until the temperature as a one-electron oxidant per vanadium(lV) as well as a
of the solution returned to room temperature. Subsequently, the reagent providing peroxo ligands capable of binding vana-

[V,0,(CsH,0,),1* (2) + 3H,0,—
[V205(0,),(CeHg0),1* (3) +2 OH

pH of the solution was adjusted to pH7.5 with aqueous KOH
and the reaction was allowed to stir for 30 min. Then, the reaction
flask was placed in the refrigerator and addition of 2-propanol
resulted in a blue crystalline material after a few days. The
crystalline product was isolated by filtration and was dried in vacuo.
The FT-IR spectrum of the product was identical to that of an
authentic sample of KV ,0,(CsH407),]-6H,0. Yield: 0.090 g
(65%).

From K2W204(CGH607)2] -4H,0 to K3[\/202(C6H407)(CGH507)]‘
7H,0. A quantity of 0.16 g (0.23 mmol) of {V ,04(CeHsO7)2]"
4H,0 was placed in a 25 mL flask and dissolved in 5 mL of water,
affording a light yellow solution with pH-3.5. The resulting flask
was heated to 56C, in a water bath, for 1 day. On the following

dium(V). The common product of both reactions, complex
3, is a dinuclear complex containing the J3,(0)x(0,),]°
core, bearing two peroxo moieties attached to two corre-
sponding vanadium(V) ions, with an additional two coordi-
nated citrates that are doubly deprotonated. ComBlbas
been reported before and was well characterized spectro-
scopically and crystallographically216d The presence of
excess hydrogen peroxide in both reactions neutralizes the
produced hydroxide ions and provides a fairly acidic solution
from which complex3 was isolated.

The reactivity of complexXl. was also investigated in the
presence of lower than excess quantities of hydrogen

day, the heat was turned off and the blue reaction mixture was peroxide. In this case, a little more than 3 equiv of hydrogen

allowed to stir further until the temperature of the solution returned

to room temperature. Then, the reaction mixture was filtered and

the flask was placed in the refrigerator. Addition of 2-propanol
resulted in a blue hair-like crystalline material after a few days.
The crystalline product was isolated by filtration and was dried in
vacuo. The FT-IR spectrum of the product was identical to that of
an authentic sample of J ,0,(CsH407)(CsHs07)]- 7H,0. Yield:
0.020 g (23%).

From (NH 4)6[\/204(C6H407)2]‘6H20 to (NH4)4[\/202(C6H407)2]‘
2H,0. A quantity of 0.51 g (0.67 mmol) of (NB[V 204(CsH407)2]
6H,0 was placed in a 25 mL flask and dissolved in 3 mL of water,
affording a greenish solution with pH7. The resulting solution
was heated to 80C, in a water bath, overnight. On the following

peroxide per vanadium resulted in the formation and isolation
of complex K[V 204(CsHs07),]-5.6H0" (5). The stoichio-
metric description of the reaction and the isolated product
are given below:

[VZOZ(C6H507)(C6HAO7)]3_ (1) +H,0,—~
[V204(CeHsOy),1* (8) + H'
Here too, the starting material contained vanadium(IV),

which was oxidized by hydrogen peroxide to vanadium(V).
The product was a dinuclear vanadium{\fjtrate complex

day, the solution was blue. The heat was turned off and the reactioncoNtaining triply deprotonated citrate ligands attached to the

mixture was allowed to stir further until the temperature of the

two metal ions. Comple& has been shown to be a dinuclear

solution returned to room temperature. The solution was then species with the two coordinated citrate ligands exhibiting
reduced to dryness by means of a rotary evaporator. Warm protonated terminal carboxylates (not bound to vanadium
2-propanol mixed with warm water was subsequently added to the ions), one for each ligant.

residue, ultimately affording a blue oil. The reaction mix was placed

The reactivity of complexXs was further investigated in

in the refrigerator. A few days later blue crystals appeared at the the presence of hydrogen peroxide. Specifically, hydrogen

bottom of the flask. The crystalline product was isolated by filtration
and dried in vacuo. The FT-IR spectrum of the product was identical
to that of an authentic sample of (MHV 202(CesH407)2]-2H,0.
Yield: 0.10 g (48%).

Results

Chemical Transformations. In a fashion reminiscent of

their expedient syntheses, a number of key dinuclear

vanadium-citrate complexes were transformed by simple
chemical reactions. Specifically, the complexeg\WO,-
(C(5H507)(C6H4O7)]'7H2014a (1) and K4[V202(CGH407)2]'
6H,02 (2) reacted easily with hydrogen peroxide, on ice,
affording orange-red solutions from which, upon addition
of ethanol, complex KV ,0,(02)x(CsHe0-),] - 2H,052.169(3)

was isolated. The stoichiometric reactions describing these

transformations are shown below:
[V ,0,(CeHs0,)(CeH,0)1° ™ (1) + 3 H,0, —
[\/202(02)2(C6H607)2]27 3) +H,O0+OH"
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peroxide reacted in a facile manner with comgeaffording
the isolation of a crystalline product, which was identified
as complex3. The stoichiometric reaction between the two
complexes is given below:

v 204(C6H507)2]47 (5) +2H,0,—
[V 204(0,)(CeHs0),1* (3) +2 OH

The presence of hydrogen peroxide in more than the
predicted stoichiometric equivalents renders the solution
acidic enough for the product to be isolated. In this case,
both the starting material and the derived product were
dinuclear complexes containing vanadium(V) in their respec-
tive cores. Therefore, in the absence of any vanadium(lV)
in need of being oxidized to vanadium(V), hydrogen peroxide

acted merely as the source of peroxo moieties capable of
binding vanadium(V). Finally, in the presence of the acidic

hydrogen peroxide the coordinated citrates to vanadium(V)
ions are doubly deprotonated, in contrast to the corresponding
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citrates in complexs, in which these ligands are triply In the case of complexed4 and 5, the K" salts of the
deprotonated. Here too, protonation of the coordinated citraterespective dianionic and tetraanionic assemblies were used.
ligands is directed toward the uncoordinated terminal car- In all three cases, the isolated crystalline material was
boxylate groups, which do not participate in binding to the identified as comple2.
metal ion. It should be noted that the starting materials are all
In a reverse reactivity investigation, compl@was heated = complexes containing vanadium(V), whereas the derived
to 50°C for 2 h and resulted in decolorization of the reddish product, comple2, contains vanadium(lV). Therefore, what
color of the peroxo starting material. Addition of ethanol in essence takes place here is a reaction leading to the
afforded a yellow crystalline material, which was identified reduction of the vanadium(V) dimer (vide supra). A sug-
as complexs. Schematically, this thermal transformation is gested plausible reaction (in each case of compldxés
shown below: and6) consistent with the observations made here is shown
N above. In a similar fashion, comple% transformed to
[V,0,(0,),(CsHeO,),)*~ (3) + 2H,0— complex1. A plausible rendition of the process is shown

[V ,0,(CsH=0,),1* () + 2H,0, + 2H" below:

In this thermally induced transformation, the peroxo ;,o,c.,0,,> ) + 50H- _ =
moiety departs from the anionic assembly, affording most
likely hydrogen peroxide, which under the experimental
co_nditions_ deg_rades furth_er. The isolation qf comrﬂévom_ NV0LCHONCHON () + C=0 + CO, + V;04CHONH0)]+ + 4 H,0
this reaction, in connection with the previously described
forward reaction, does establish a two-way conversion CH,C00-
between the two species. Under the optimally employed
experimental conditions of this transformation, no other Along the same lines, having established a stepwise
species could be isolated. connection between compl®and complex, the possibility

In the case of dinuclear nonperoxo containing vanadium- was explored to directly connect the two species through a
(V)—citrate complexes bearing citrate ligands of differing single conversion. Thus, compléwas heated in water,
protonation states, there was an interesting reactivity basedresulting in a color change of the solution to blue. The color
on thermally induced transformations. Specifically, com- stayed as such and did not change any further, even when
plexes 4,1%216a5 and 6'® afforded a blue solution upon the solution was allowed to return to room temperature after
heating. Adjustment of that solution to pH8 followed by some time. Adjustment of the solution pH+@ afforded a
addition of 2-propanol at 4C yielded a blue crystalline  blue crystalline product at 4C, following addition of
product. 2-propanol. The overall chemical transformation can tenta-

tively be depicted as shown below:

CH,CO0 -

2[V;0,(CeHg0;)]# (4) + BOH- ——— A

CH,CO0- 2 [V;0,(0,),(CHs07)1 * (3) + 6OH- —_——

CH,COO0 -

NV0,CH,O),1* (2)+  C=0 + CO, + [N,05(CeH,0)(H, Q)]+ + 5H,0
[V,0,(CeHs0),1+ (2) + C=0 + CO, + [V,05(CeH,0)(H,0),1 + 20, + 5H,0

CH,CO0-

CH,CO0 -
A . . . .

2[V,0,(CeH:O),1 + (5) + 20H-  ———» On the basis of the herein observations and literature

CH,C00- reports, the results are consistent with a reactivity pattern

similar to those seen with complexés 6, where oxidative
decarboxylation (vide supra) was the source of reducing
equivalents for the vanadium(V) ions in compl&x The
peroxo moiety very likely departs early on from the assembly
upon heating, and eventually the evolved hydrogen peroxide
A degrades to give off oxygen upon pH adjustment.
2[V;0,(CHO),1% (6) + 3HO0 ~ ——— In all of the transformations attempted in this work, the
derived products were single crystalline in nature. Precipita-

M20,(CeH, 0., (2)+ C=0 + CO, + [V,05(CH,0;,)(H,0)] + + H,0

CH,CO0-

‘CHzCOO tion of these crystalline products was achieved by addition

V20,CHO)I* (@) + C=0 + CO, + [V,04(CH,Or)H,0),]+ +20H- of alcohols (ethanol and 2-propanol) to the reaction mixtures
of the investigated reactions. The identity of the products

CH,C00- was confirmed by FT-IR spectroscopy, in light of the fact

that these materials had been previously synthesized and their
In the case of compleX, the ammonium salt of the distinct FT-IR spectroscopic signatures were known. Specif-
hexaanionic assembly was employed for the transformation.ically, (a) the antisymmetric and asymmetric vibrations for
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the carboxylate groups of the citrate ligands coordinated to
vanadium(lV) and vanadium(V); (b) the difference between
the symmetric and antisymmetric stretch&g;,{COO") —
v5(COQ")), which was greater than 200 cf and (c) the
O—O stretch, where applicable, in the case of peroxo-
containing species were all useful in the identification of the
product®® The FT-IR signatures for the individual complexes
were in line with previous assignments in dinucledy-¥/
complexes?1%-2! and consistent with past infrared frequen-
cies attributed to carboxylate-containing ligands bound to
different metal iong? Furthermore, on a number of occa-
sions, X-ray crystallography was used, in addition to FT-IR
spectroscopy, for the identification of the product(s). Unit
cell determination of a single-crystal derived from the
investigated reaction(s) confirmed the identity of the materi-
al(s), thus certifying the results of FT-IR spectroscopy.

Discussion

The synthetic challenge of vanadium(lVVgitrate com-
plexes in agueous solutions has led to the successful isolatio

Kaliva et al.

peroxo moiety to vanadium(V). While these changes oc-
curred, the nuclearity of the product structure was retained.
The derived peroxo vanadium(¥titrate dinuclear complex
3 contained bound citrate ligands in the doubly deprotonated
form. Complex3 is a well-known species that has been
independently synthesized, isolated, and structurally char-
acterized in the form of its K and ammonium salf$216d
Addition of a little more than 3 equiv of hydrogen peroxide
to 1 also resulted in the oxidation of vanadium(lV) to
vanadium(V), while the initial nuclearity of the derived
product was maintained. In this case, com@eaxas isolated
and identified by FT-IR spectroscopy. This reactivity toward
hydrogen peroxide differs from the one mentioned above in
that the lack of excess equivalents of hydrogen peroxide did
not afford peroxo binding to vanadium(V) in addition to the
initial oxidation from vanadium(IV). This observation, in
fact, prompted further assessment of the reactivity of complex
5 toward hydrogen peroxide. Indeed, when a separate
reaction was run on compléxwith hydrogen peroxide, the

r{eddish peroxo vanadium(¥itrate complex3 was ob-

and characterization of a series of new species with tained. This series of two stepwise reactions was quite useful

characteristic structural and chemical attribdte$’:2324Their
position, in agueous vanadium(lV,¥Eitrate speciation,
however, demanded that interspecies correlations be esta
lished for them to be considered viable participants in the
respective distribution schemes. To this end, efforts to
unravel such relations were made in the recent past, revealin

limited connections between structurally characterized spe-

cies in aqueous solutiod$!®2?5 In the present work, a
systematic effort was made to link the existing dinuclear
species through transformations consistent with their chemi-
cal and structural properties.

Complexedl—6 are all dinuclear vanadiurrcitrate species
containing vanadium in two different oxidation states.
Therefore, they could be grouped into two categories of
species, namely those containing vanadium(1¥))2) and
those containing vanadium(VB<{6) (Figure 1).

In the case of complexesand?2, interaction with excess
hydrogen peroxide resulted in the oxidation of vanadium-
(IV) to vanadium(V) and the concurrent binding of the

(19) Deacon, G. B.; Philips, R. Coord. Chem. Re 198Q 33, 227—250.

(20) Griffith, W. P.; Wickins, T. D.J. Chem. Soc. A968 397-400.

(21) Vuletic, N.; Djordjevic, CJ. Chem. Soc., Dalton Trans973 1137
1141.

(22) (a) Matzapetakis, M.; Raptopoulou, C. P.; Terzis, A.; Lakatos, A,;
Kiss, T.; Salifoglou, A.Inorg. Chem.1999 38, 618-619. (b)
Matzapetakis, M.; Raptopoulou, C. P.; Tsochos, A.; Papefthymiou,
B.; Moon, N.; Salifoglou, AJ. Am. Chem. S0d.998 120, 13266~
13267. (c) Matzapetakis, M.; Dakanali, M.; Raptopoulou, C. P.;
Tangoulis, V.; Terzis, A.; Moon, N.; Giapintzakis, J.; Salifoglou, A.
J. Biol Inorg. Chem.200Q 5, 469-474. (d) Matzapetakis, M.;
Karligiano, N.; Bino, A.; Dakanali, M.; Raptopoulou, C. P.; Tangoulis,
V.; Terzis, A.; Giapintzakis, J.; Salifoglou, Anorg. Chem.200Q
39, 4044-4051. (e) Matzapetakis, M.; Kourgiantakis, M.; Dakanali,
M.; Raptopoulou, C. P.; Terzis, A.; Lakatos, A.; Kiss, T.; Banyai, |.;
lordanidis, L.; Mavromoustakos, T.; Salifoglou, #org. Chem2001
40, 1734-1744.

(23) Burojevic, S.; Shweky, I.; Bino, A.; Summers, D. A.; Thompson, R.
C. Inorg. Chim. Actal996 251, 75-79.

(24) Zhou, Z.-H.; Wan, H.-L.; Hu, S.-Z.; Tsai, K.-Rnorg. Chim. Acta
1995 237, 193-197.

(25) Zhou, Z.-H.; Zhang, H.; Jiang, Y.-Q.; Lin, D.-H.; Wan, H.-L.; Tsai,
K.-R. Trans. Metal Chem1999 24, 605-609.
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in establishing the sequence of events unfolding in the course
of the oxidation of vanadium(lV) to vanadium(V) and

bgoncomitant peroxo binding to that metal ion. It showed that

the direct reaction betweeh and hydrogen peroxide was
indeed a more complex reaction. The data here suggest that
he events follow the order (a) oxidation of vanadium(IV)

o vanadium(V) and (b) binding of peroxo,®© group to
vanadium(V).

In view of the fact thats affords 3 in the presence of
hydrogen peroxide, the reactivity ¢f toward the same
reagent appears now to follow the same route. It was
previously shown tha yields5 in the presence of hydrogen
peroxide!” Given the immediately ensuing reaction 5f
affording 3, the data suggest that a similar route can be
envisaged fo2 as well.

Overall, it was shown that vanadium(l¥gitrate com-
plexes can interconnect with their vanadium(V) congeners
with or without peroxo groups bound to the metal ion,
through pathways involving either stepwise or direct reac-
tions of the respective complexes with varying amounts of
hydrogen peroxide.

The fact thab appears to be a key species of the chemical
reactivity investigated herein was also shown by the reverse
reactivity toward that complex starting frog Heating the
latter resulted in the isolation &, thus providing a two-
way conversion betweedand5. This linkage also provided
a new opportunity for further exploration of the reactivity
of 3 toward 2.

Thus far, the explored reactivity pathways led from
vanadium(IV)-containing dimers to vanadium(V)-containing
dimers. In view of the reverse reactivity relationship between
3 and5 through a thermal transformation, potential pathways
were sought leading from the vanadium(V)-containing dimers
to the vanadium(lV)-containing ones. This reverse reactivity
perusal started with the conversion3io 5. The next logical
step included the transformation &fto 2. A thermally
induced transformation was attempted that led tgpon pH
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Figure 1. Reactivity scheme of transformations among different vanadium(I¢ifjate anionic complexes. Dashed arrows reflect previously established
interconversions between vanadititrate specie?a18

adjustment of the final solution. Bearing in mind that the observed reactivity pattern was the reduction of vanadium-
starting material was a vanadium(V) species and the finally (V) to vanadium(IV) and the retention of the dinuclear nature
isolated product was a vanadium(lV) species, it was apparentof the derived complex. It should be mentioned that
that reduction had taken place. It is worth noting that the complexed}, 5, and6 were previously shown to interconvert,
reverse reaction leading froéhto 5 was previously shown in a pH dependent manner, in aqueous solutihsnkage
to take placé’ Thus, a two-way connection was in place with complex1 was also established in a similar fashion. A
here as well. representative example of that was the transformatiof of
Furthermore3 was employed in a thermal transformation with 1 by heating aqueous solutions of the former.
reaction directly linking it with2. The reaction proceeded Overall, the chemical transformations examined in this
uneventfully and pH adjustment and addition of 2-propanol work established firmly the stability of the @, unit in all
afforded once again complef. In this case too, the of the employed and product dinuclear complexes, at both
interconnection o8 and2 was largely established and was oxidation states IV and V for the vanadium ions. This
supported by the stepwise conversiorBdb 5 and then on  conclusion is one of the fundamental aspects of the aqueous
to 2. The experimental conditions employed to achieve both chemistry of vanadium and its aqueous speciation in the
stepwise and direct transformation betw@and2 revealed  presence of citrate. Concurrently, the data (a) are entirely
the complex nature of events unfolding in the process: (a) consistent with the literature reports suggesting the presence
departure of the peroxo group,© and (b) subsequent of the V»O, core unit (similar to the one found in the
reduction of vanadium(V) to vanadium(lV), which at pH 8  synthetic complexes isolated and structurally characterized)

led to 2. _ _ in aqueous medit&g2® and (b) confirm the results of the
As a continuation of the above approach, the second groupvanadium(1V,V)-citrate chemistry investigated thus far.
of complexes, namel—6, all containing vanadium(V) were Vanadium(V)-Assisted Oxidative Decarboxylation of

examined as to their potential linkage to vanadium(lV) citrate. In a number of the investigated transformations a
species. In all three cases, the thermally induced transforma-

tions upon SUbsequent pH adeStmenmled to the well- (26) Hati, S.; Batchelor, R. J.; Einstein, F. W. B.; Tracey, A.li®rg.
known complex2. Here too, the predominant feature of the Chem.2001, 40, 6258-6265.
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prevailing feature was the reduction of vanadium(V) to ciation of the vanadium(\/}citrate system proposing similar
vanadium(lV). In all of these cases, no external reducing species in the same pH rardégeand (b) previous findings
agents were employed. Therefore, the hypothesis wasfrom our work supporting the existence of fully deprotonated
examined that internal redox reactions could take place, citrate ligand(s) coordinated to vanadium®Overall, this
leading to the reduction of vanadium(V) to vanadium(lV). tentative scheme was adopted for a number of such trans-
Having all starting materials containing vanadium(V), the formations presented in the Experimental Section of this
thought was that vanadium(V) could act as an oxidizing agent Work. Alternatively, the components,0,~, CsHsO-*, and
with the target being the coordinated citrate ligand(s) inside OH™ could also reflect products of the “decomposed” species
the anionic complex i8—6. To this end, previous reports [V 205(CsHsO7)(H20)]*~ in an overall reaction scheme
of such reactivity in the literature cited decarboxylation as shown below for compoun@:
the prevailing process in which redox-active metal ions were A
involved?2d27n this case, with the vanadium being in the = 2[V;04(CeH.0n,1* + 3H,0 —
+5 oxidation state, the possibility of the coordinated citrate CH,C00 -
being decarboxylated was very likely. Reports in the
literature had previously shown that citrate can be decar- v,0,cH,0,),]+ + C=0 + CO, + 2[HNOJ- + [CHO,]% + OH-
boxylated to give the ketonic species acetone dicarboxylate
and carbon dioxide in a two-electron procés&/arious CH,CO0-
reports, in fact, had cited the likely oxidative decarboxylation
of hydroxycarboxylic acids in the presence of vanadium(V)  The aforementioned proposal, albeit logical, needs further
in both aqueous and nonaqueous solvéh@n these facts,  perusal and unequivocal identification of the pathway(s) for
attention was directed toward the identification of the product all the species derived.
of such a likely process during the thermal transformations  The establishment of the vanadium(V)-assisted oxidative
mentioned above, all of which had taken place in aqueous decarboxylation, operating in the examined transformations,
solutions. Indeed, in all cases examined, the presence of thedffers a good insight into the interconversion relations
ketonic species was confirm@d2°thus lending credence to  between pairs of dinuclear vanaditmitrate complexes
the previous literature reports on vanadium(V)-assisted bearing vanadium at different oxidation states, with the
oxidative decarboxylation. On the basis of this finding, a individual participant complexes purported to exist as viable
reasonably logical proposal was put forward to account for components in the aqueous distribution schemes of vana-
the transformations occurring in solution for all complexes dium(lV)— and vanadium(Vj-citrate systems.
3—6 (Figure 1). The proposal invokes the participation of
two dinuclear complexes in the unfolding reaction. During
this thermal transformation, vanadium(V)-assisted oxidative A variety of transformations linking dinuclear vanadium-
decarboxylation of citrate provides the necessary electrons(V) complexes with their vanadium(lV) counterparts, and
for the reduction of one complex with the concurrent vice versa, were explored and established in a pairwise
decomposition of the other. The reaction affords the reducedfashion. The observed chemical reactivity revealed the
product [V,0,(CsH407),],4~ acetone dicarboxylate, carbon presence of intermediate dinuclear complexes as part of the
dioxide, and a transformed vanadium(V) species, such asroute(s) followed in the investigated transformations. It also
[V 205(CsH407)(H20),).4~ The presence of the latter vana- unraveled potential chemical pathways involving key di-
dium(V) species was based on (a) reports on aqueous spenuclear species the conversion of which to other forms, with
the same or different vanadium oxidation state, could
(27) (a) Urzua, U.; Kersten, P. J.; Vicuna,Rch. Biochem. Biophy4998 contribute to the understanding of the discrete speciation
gg%erzjéngzéén(.b\)]. “é‘;';?ﬁfggg‘%af 'zfg&czhlagiug‘fh(‘é;yb ;ig’%ésbf-? equilibria in which the individual species participate. Oxida-
Grzybowski, A. K.; Tate, S. SNature1965 1047-1049. (d) Li, X.; tive reactions were observed involving hydrogen peroxide,
Eecg;alljroér\]/- é’”359'B?o*}e“c“ﬁfﬁgléﬁffﬁff& ﬁ) Friedman, T.  whereas vanadium(V)-assisted oxidative decarboxylations led
©28) (3 Jongs, J.R.: Waters, W. A- Littler, J.J5.Chem. Soc. London {0 the reduced vanadium(IV)-containing dinuclear species.
1961 630-633. (b) Meier, I. K.; Schwartz, d. Org. Chem199Q Collectively, the data derived from this work shed consider-
(29) SBSr’ieSfI?/],-?r_ms(iinz\féstigated reaction mixture was acidified with HN® able light into the chemical reaCtIVItY of species, preVIOUSIy,
pH ~1. Subsequently, an ethyl acetate extraction took place followed reported and structurally characterized, as components in
by removal of the organic solvent in vacuo. The residue was yanadium(IV)- and vanadium(\A-citrate speciation. Having
redissolved in water. The reaction leading to the identification of the . .
ketonic species included treatment of the resulting aqueous extract P€€n aware of the importance of the properties of such well-
with a phenylhydrazine solution in HCI, followed by additional  characterized species in the assessment of the solubility and
gfﬂjgi;’g't\t‘vgsz';ynHign'}'ljoéurgg?é: Tﬁarnei‘f‘;ée?rgt;?ic\’/;batgcfhrg“o bioavailability of vanadiur-citrate species in biologically
appropriate control) and consistent with the presence of the ketonic relevant processes, further inquisition into reactivity patterns
species in the reaction medilthGas chromatographymass spec-  and pathways involving these and similar species is in order.
troscopy (electron impact) further confirmed the chemical findings. : . e .
Specifically, the mass spectrum of the dimethyl ester derivative Res€arch directed toward the identification and characteriza-
(formed by addition of diazomethane to the reaction solution) of the tion of new species, thus far elusive, as well as their
putative acetone dicarboxylic acid product of the oxidative decar- properties and their relation to already known vanadium

boxylation of citrate showed peaksve 174 [M*], 143 [M* — OCHg], ’ ; -eEy R
101 [M* — CH,COOCHj], 59 [M* — CH,COCH,COOCHj]. complexes is currently under investigation in our lab.

Conclusions
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