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VANADYL(1V) COMPLEXES OF SULFUR-
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AND PHARMACOLOGICAL RELEVANCE
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The behavior of thiosalicylic acid (H,TSA) and 6-mercaptopurine (MP) with vanadyl(IV)
cation has been studied in solution at different ligand-to-metal ratios and pH values. The pre-
paration and characterization of VO/TSA(I) and VO/MP(II) complexes in the solid state is
reported. The chemical environment of V in (I) is consistent with § and O atoms of TSA and
two hydroxy bridges between two metal centers. The nearest neighbor atoms to V in (II} are S
and N provided by the ligand and O atoms from hydroxyl groups. These results have been
supported by physicochemical studies.

Keywords: Vanadyl(IV); thiosalicylic acid; 6-mercaptopurine; spectroscopy;
thermal behavior; magnetic properties

INTRODUCTION

To obtain more information on the behavior of ligands that have biological
and pharmacological activity, thiosalicylic acid (H,TSA) and 6-mercapto-
purine (MP) were chosen. Complexes generated from Ag(I) and Au(IIl)
with H,TSA showed antimicrobial activity for some bacteria.' ™ The thio-
analogue of the natural purine hypoxanthine, 6-MP is used as an established
clinical agent for the therapy of human leukemias. In some cases, metal
complexes of this base (Pt, Pd) showed higher anticancer activity than the
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free ligand. Some authors have speculated that the anticarcinogenic activity
of 6-MP may be related to its metal-binding properties. This ligand also has
a pronounced effect on the metabolism of Zn, Cu, Fe, Ca and Mg.4

There is much evidence showing that vanadium is an essential trace ele-
ment for both plants and animals. In biological systems there are examples
of enzymes which contain vanadium in the active site. The metal is bonded
to, among others, S, O (homocitrate) and N (histidine residue) atoms in
vanadium nitrogenase and carboxylate in vanadate-dependent haloperoxi-
dases.>® This is controversial because Messerschmidt et al.” recently demon-
strated that this interaction does not occur. The insulin-like effect of
vanadium compounds was also demonstrated. In the vanadyl cysteine
methyl ester complex with S and NH; groups interacting through the metal,
the lowering blood glucose power was established.®

There exist several structural model compounds in which sulfur atoms are
involved in the coordination sphere. In these complexes the oxidation num-
bers of vanadium, coordination geometry and nuclearity are different. Such
complexes are involved in biological processes where N is reduced to NoHy
or NH;.® Several studies concerning a-mercaptoacids were performed in
aqueous solution using ESR and UV-VIS spectroscopy’ '* but the infor-
mation about solid complexes is very scarce.

In previous work we reported formation of a new Cu/H,TSA/py com-
plex.'* In the present study we examine vanadium species. The systems
VO(IV)/H,TSA and VO(IV)/MP were investigated both in solution
and solid state. We demonstrate solid green complexes of vanadyl(IV)
cation with: (a) H,TSA presents metal sulfide and carboxylate interactions
together with the formation of two hydroxy bridges between two metal
centers; (b) MP shows coordination through S and NH, groups.

EXPERIMENTAL

Chemicals

H,TSA and MP were purchased from Sigma; VOCl, (50% aqueous solu-
tion) was purchased from Carlo Erba. They were used without further puri-
fication. The solvents used were reagent grade.

Instrumentation

The electronic absorption spectra were obtained with a Hewlett-Packard-
8452 diode-array spectrophotometer using 1 cm-quartz cells.
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Infrared spectra were obtained with a Perkin Elmer 580B spectro-
photometer using the KBr pellet technique.

Room temperature magnetic susceptibilities were determined with a
Cahn-2000 instrument, calibrated with Hg[Co(SCN),] in the usual way, and
magnetic field strength, 6kG. Thermogravimetric (TG) and differential
thermal analysis (DTA) were performed on a Shimadzu thermoanalytical
system (models TG50 and DTAS50, respectively), working with Pt crucibles
in an oxygen flow (60 mL/min) and heating rate of 10°C/min. Alumina was
used as a DTA standard.

Diffuse reflectance spectra were recorded on a Shimadzu UV-300 spectro-
photometer using MgO as an internal standard.

Spectrophotometric Titrations

Spectrophotometric titrations were performed at pH 7, A = 596 nm (system I)
in aqueous solution and pH 4, A=796nm (system II) in absolute ethanol
solution, under nitrogen, monitoring the absorbance changes as a function
of the metal-to-ligand ratio.

Preparation of Na,TSA

Na,TSA was obtained by mixing H,TSA (pK.; =5.44; pK.»=9.52)" in 1/2
ratio in aqueous solution adding 1M NaOH until a final pH value of 12.
The disodium salt was precipitated and washed with methanol, filtered and
dried at 60°C.

Preparation of (NH,)4(VO)(TSA),(OH),|

An aqueous solution of 2mmol of VOCI, and 12mL of 6 N HCI was pre-
pared. The above mixture was added dropwise to a solution of 4mmol of
H,>TSA in 12mL of a 0.025M NH,Cl in NH;. After 30 min of constant stir-
ring under an N, atmosphere, a green precipitate was observed. The solid
was filtered, washed with ethyl ether and dried in an oven at 60°C.

Anal. Caled. for Cj4H2gN4010S;Va(%): C 29.1, H 4.8, N 9.7, S 11.1,
V 17.6; found: C29.6, H49,N9.2,S11.2,V17.3.

The magnetic moment at room temperature is pegr=0.75 BM.

Preparation of Na,| VO(MP)(OH);}

To a solution of 2mmol of MP in hot absolute ethanol (30 mL), 1 mmol
of VOCI, was added. The pH was adjusted to a final value of 4 by adding
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concentrated NaOH solution. After 1h of refluxing in inert atmosphere, a
green powder formed. It was filtered and washed several times with water
and absolute ethanol and dried at 60°C.

Anal. Caled. for CsHgN4Na,O4,8V(%): C 14.8, H 3.9, N 13.8, S 7.9,
V 12.6; found: C14.9, H3.5,N 13.3,S7.6, V 12.1.

The magnetic moment at room temperature is peer=1.35 BM.

RESULTS AND DISCUSSION

Solution Studies

Table I shows the UV—VIS spectra of an aqueous solution of H,TSA/VO
complex (I) and an absolute ethanolic solution of the MP/VO complex (1I).
In both cases the ligand-to-metal ratio was 2/1 and pH values 7 and 4,
respectively.

The spectral pattern of the electronic spectrum of (I) is similar to those of
vanadyl(IV) complexes with other a-mercaptoacid ligands (thioglycolic and
thiolactic,”™ "' 2-mercaptosuccinic,” 13 and meso-Z,3-dimercaptosuccinic11
acids). Based on these data we postulate formation of a bis chelate complex
where the coordination occurs through both COO™ and S~ groups.

The same comparison has been done with the spectrum of complex II.
Taking into account the position of the bands of vanadyl(IV) and ami-
date,'® glutathione and some related ligands'"'® we conclude that the coor-
dination sphere is formed by the N and S donors of 6-MP and the oxygen
provided by the hydroxyl group.

Spectrophotometric titrations for system (1I) leads to a 2/1 L/M ratio (see
Figure 1). For system (I) and pH 7 it was impossible to complete the
titration due to the hydrolysis of vanadyl cation in the L/M < 2/1 ratio.
Nevertheless the absorbance vs. L/M ratio plot gives a straight line up to
2/1, confirming the presence of a single species.

TABLE I Electronic absorption bands of H,TSA/VO, 2/1 aqueous solution and MP/VO,
2/1 ethanolic solution and diffuse reflectance bands of both solid complexes

Assignments H,TSA/VO (nm) MP/VO (nm)
Agqueous solution  Diffuse reflectance  Ethanolic solution  Diffuse reflectance
2B, — E(1) 686 (96) 740 (sh), > 840 796 (89) > 840
2B, — 2B, 596 (72) 570 598 (84) 560
B, A, 484 (sh, 98) 380

Parenthesis: £ (M~ -cm™"); sh: shoulder.
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Absorbance

0 2 4 6 8 10
[MP}/[VO™2]

FIGURE 1 Spectrophotometric titration of VO?** with 6-MP (2.5 x 107> M) at pH 4, under
N, atmosphere, and at A =796 nm. Absolute ethanol was used as the solvent.

Solid State Studies
Diffuse Reflectance Spectra

The °B, — E(1) transition of the vanadyl(IV) cation is displaced to red in
both solid complexes (see Table I). The difference of solution and solid state
electronic spectra for complex (II) is in agreement with a different
coordination sphere and M/L ratio observed in solid (1/1, see below) and in
solution phase (1/2). The different behavior of complex (I) cannot be
explained in these terms because in solution it was not possible to determine
the stoichiometry of the complex formed. A probable explanation of this
behavior is that vanadyl(IV) forms monomer complexes with a-mercapto-
acids in solution,” ® we could demonstrate the formation of a dimeric
complex in the solid state (see below).

IR Spectra

Table II shows the IR spectra of H,TSA, Na,TSA and the VO/TSA system.
The IR spectrum of the ligand shows an absorption at 2520cm ™", assigned
to v(SH), which is absent in the spectra of the sodium salt and the solid
complex. This clearly indicates deprotonation of the SH group. Interaction
of the S~ group with VO?* could not be established.
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TABLE II IR vibrational data of thiosalicyclic acid (H,TSA), its sodium salt (Na,TSA) and
the vanadyl(IV) complex (VO/TSA) (Wavenumbers in cm ~ ')

Assignments H,TSA Na,TSA4 VO|TSA
(S-H) 2520 (w)

v(COOH) 1678 (s)

1,(COO0™) 1575 (w) 1577 (s)
r(CO0™) 1449 (m) Masked by v4(NHJ)
S(HNH) 1403 (vs)
Ring vibrations* 1038 (m) 1038 () 1038 (m)
v(V=0) 962 (s)
&V-OH) 948 (sh)
V-0-V) 730 (s)
¥(V-OH) 691 (m)

*Vibrational modes for o-substituted benzenes. vs = very strong, s = strong, m = medium, w = weak.

The absence of the band at 1678 cm™' (v (COOH)), in Na,TSA and in the
VO/TSA system as well denotes deprotonation of this group. Two new
bands assigned to v,(COO™) and v{(COO™) replace this band. The differ-
ence between these two bands is a criterion of the mode of binding of the
carboxylate group.'® The presence of an ionic carboxylate group in the salt
is suggested by the A(¢,(COO™) — »(COO™)) value. The difference between
the anti and symmetric stretching frequencies of carboxylate complexes has
a similar value for monodentate COO™, with hydrogen bonding between the
uncoordinated carboxylate O atom and possible H atoms and in bridging
COO™ groups.'’

The decrease of the magnetic moment value of the VO/TSA system com-
pared with a @' vanadium(IV) atom (1.73 BM) is indicative of formation of
a dimer between the two metal centers which are held together by double
bridges. In previous work®® on the interaction of Captopril with VO** we
showed the formation of two carboxylate bridges with p.r=1.76 BM. This
demonstrates that the distance between the cations does not allow interac-
tion. In this case the distance between the two vanadium atoms must be
smaller. The complex might be hydroxy bridged where a direct exchange
becomes possible between the metal centers in the xy plane.?' "2

A new band that appears at 730cm ™' related to (V-O-V)** supports
the presence of the OH™ bridge. The characteristic bands of the terminal
hydroxy groups are shown in Table 11.%°

The v4(NHJ) vibration observed in the IR spectrum of the solid complex
masks the stretching v(COO™). The v; band of the NH] cation is located
at 3145cm™'. The position of the antisymmetric (v3) and bending (v4)
vibrations of the ammonium cation is indicative of its Ty symmetry. The
band at 1038 cm™" is related to o-substituted benzenic ring vibrations.?® The
v(V=0) band appears at 962cm ',
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It was concluded on the basis of infrared evidence that the complex has
the following structure:

0
N\ H OH
C-O\?,é\ | /S
s’ V\Q/ g\o—c
HO ) %

In Table III the characteristic frequencies for MP and the MP/VO system
are presented. For MP the bands associated with i{INH) are observed in the
range 3500-3000cm™'.?” The band located at 1274cm™" indicates the
presence of the thione tautomeric form (C=S) in the ligand. The character-
istic vibrations of the purine ring appear in the 1620-1500cm™" range.?®
Between 1500—1300cm ™' the bands correspond to the (C-N) stretching
because they are not affected by deuteration.” The OH vibration of the
water molecule masks the stretching of the N-H group for the MP/VO
system. The observed shift of the bands related to the vibrations of the ring
(see Table III) is due to coordination of the metallic center with a nitrogen
atom of the ring.

The striking disappearance of the thione vibration indicates the presence
of the N=C-S form in the complex. Other marked changes can also be
observed in the spectrum of VO/MP with a new band at 615cm™". This
band is assigned to the C—S bond, which has predominantly single bond

TABLE HI IR vibrational data of 6-mercaptopurine (MP) and its
vanadyl(IV) complex (VO/MP) (Wavenumbers in em™h)

Assignments MP VO/MP

(N-H) 3431 (s)

v(N-H) + (OH) 3439 (br, s)

S(N-H) + (C=C)+ (C=N) 1612 (vs) 1613 (s)

HC=C) +C=N) 1575 (s) 1577 (sh)

Y(C-N) + §C-H) 1528 (m) 1547 (m)

Purine ring vibrations 1407 (vs) 1387 (s)

(C-C)+v(C-N) 1376 (sh)

Y(C-N)+8(N-H) 1343 (s) 1330 (w)

S(N-H) + 6(C=S) 1274 (m)

Imidazol ring vibrations 1225 (s) 1230 (w)
1210 (sh)

V=0) 967 (s)

HV-OH) 938 (sh)

»(V-OH) 659 (w)

y(C-S) 615 (sh)

vs = very strong, s = strong, m = medium, sh = shoulder, w = weak, br =broad.
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character with coordination of the metal through the S atom.?” The band
located at 967 cm ™' is associated with V=0 stretching.

The deformation and stretching (V-OH) bands which appear at 938 and
659cm ™', respectively, support the presence of hydroxo ligands in the coor-
dination sphere of the vanadium atom.?

The spectroscopic characteristics suggest that coordination to the metal
take place through the S and N-7 atoms by formation of a five-member
chelate ring.

The magnetic moment (u.;=1.35 BM) is somewhat smaller than the
expected value for free vanadyl(IV) but in agreement with the presence of
ad atom.?' %

Thermogravimetric Studies

The thermal behavior of the two complexes was investigated by means of
TG and DTA measurements under an oxygen flow.

H),TSA[VO System

The degradation starts at ca. 221°C with a theoretical loss of 24.5% asso-
ciated to the loss of ammonium and hydroxide groups, in good agreement
with the Aweyp =25.0%. A weak endothermic peak located at 250°C (DTA
signal) accompanies this process (see Figure 2).

exo
endo
DTA
100 -
Am (%)
50 -
TGA
i T T
250 500 750 1%

FIGURE 2 Thermogram of the solid (NH4),[(VO)(TSA)(OH),] complex. O, flow:
60 mL/min; heating rate: 10°C/min.
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The last pyrolysis step occurs between 270--350°C, involving two exo-
thermic DTA signals located at 284°C (lower intensity) and 324°C (higher
intensity).

The final residue was characterized by X-ray spectroscopy as V,0s and
V3S (PC-PDF 41-1426 and PC-PDF 29-1384, respectively).

The total weight loss of 76.5% agrees with the theoretical value of 76.2%.
The total stoichiometry of this process is proposed as follows:

4(NH,),[(VO),(TSA),(OH),] 23 V,05 + 2V3S + volatile products

MP|VO System

Thermal degradation occurs in several overlapping steps (see Figure 3).
The dehydration begins earlier and covers the range 25-320°C with the
elimination of three water molecules in three successive stages (endothermic
DTA signals: 97°C, 177°C and 304°C; Aw%caic 13.3 and Aw%eyp, 13.6).
Na,[VO(MP)(OH),] - SH,0 2% Na,y[VO(MP)(OH),] - 2H;0 + 3H,0
Immediately after, the remaining water molecules are lost together with
decomposition of the complex. The degradation product at this step is
found to be VOSQ, (detected by the IR spectrum). This behavior was
also observed in Cd(MP),-2H,0.>® Two exothermic DTA signals were

endo

100 -

Am (%)

TGA

T T L
250 500 750 e

FIGURE 3 Thermogram of the solid Na,[VO(MP)(OH);} complex. O, flow: 60 mL/min;
heating rate: 10°C/min.
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observed at 359°C and 406°C (the latter was very strong; Aw%cqc 59.8 and
Aw%exp 59.4).

Na,[VO(MP)(OH),]- 2H,0 *% vo0so, + 2H,0

+ other volatile products

Finally, subsequent degradation of the complex reveals a relatively stable
intermediate that is a mixture of VOSQ,4 and V,0s5 of unknown stoichio-
metry. This solid residue is confirmed, unambiguously, by IR spectroscopy.

The very weak endothermic DTA signal observed in the two cases around
660—-670°C, corresponding to the melting point of V,0s (658°C),*! confirms
the presence of this oxide.

CONCLUSIONS

The two solid complexes obtained in this study between VO** and H,TSA
and 6-MP: (NH4)4[(VO)2(TSA)(OH),] (I) and Na,{VO(MP)(OH),]- 5H,O
(II) could be characterized both in the solid state and in solution. The UV—
VIS, diffuse reflectance and IR spectroscopies, together with magnetic, ther-
mogravimetric and elemental analyses allow us to propose laboratory
potential models having the same functional groups as in vanadium-
containing nitrogenases. In system I the interaction of the metal occurs with
the sulfur and oxygen atoms and system II also interacts with a nitrogen
donor atom.
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