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Abstract

The interaction between vanadyl(IV) cation and creatine phosphate could be detected in aqueous solution. Spectral (electronic

and vibrational) measurements of the solid complex obtained at pH� 4 showed that the interaction occurs through the phosphate

group. The solid complex formed between creatinine and vanadyl(IV) could only be isolated from organic solvents. Re¯ectance and

IR spectra demonstrated the coordination to the vanadium through the endocyclic nitrogen atom in creatine phosphate. The pro-

posed stoichiometries were supported by elemental analysis and magnetochemical measurements. A complex between creatine and

the metal could only be observed in organic solvents. The interaction occurred through the carboxylate group of the ligand. This

complex was characterized by UV±VIS spectroscopy. Ó 1998 Elsevier Science Inc. All rights reserved.
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1. Introduction

Creatine and creatine phosphate are muscle constitu-
ents. The latter is one of the high energy compounds and
plays an important role in muscle contraction. When
creatine phosphate is used physiologically, the creatine
is transformed in its anhydride (creatinine) spontaneous-
ly and irreversibly (Fig. 1). The creatinine di�uses from
the muscle to the blood and it is excreted in the urine [1].

Vanadium is a trace element that plays an important
role in several metabolic and mitogenic processes in vi-
vo, in vitro and in cell free systems [2]. On the other
hand, complexes between vanadium in di�erent oxida-
tion states and biologically interesting ligands may have
potential pharmacological applications.

Previous studies have shown that in several cellular
types vanadyl(IV) cation binds to di�erent phosphate
containing ligands (ATP, ADP, AMP and Pi) [3]. In
muscle skeletal cells, which contain 30 mM creatine
phosphate, this ligand is able to bind up to 61% of total
1 mM added vanadyl. This observation is in agreement
with several ``model'' studies about the interaction of
vanadyl with phosphate containing ligands [4±6]. On
the other hand, it has also been demonstrated that van-

adyl(IV) cation interacts with amide and phenolate or
thiolate containing ligands [7±9].

As a part of our program in studies of the bioinor-
ganic chemistry of vanadium with biologically active
compounds, we present the results obtained on the inter-
actions between the title compounds and vanadyl(IV)
cation.

2. Experimental

Creatine, creatine phosphate and creatinine (Sigma)
and VOCl2 (50% solution, Carlo Erba) were used as sup-
plied for the preparation of the title complexes. Analyt-
ical grade organic solvents were used.

2.1. General methods

Electronic absorption spectra were obtained with a
Hewlett-Packard-8452 diode-array spectrophotometer
using 1 cm-quartz cells. Di�use re¯ectance spectrum of
the solid complexes were registered with a Shimadzu
UV-300 spectrophotometer using MgO as a standard.
Room temperature magnetic susceptibilities were deter-
mined with a Cahn-2000 instrument, calibrated with
Hg[Co(SCN)4] in the usual way [10], and magnetic ®eld
strength, 6 kG. Infrared spectra were obtained with a
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Perkin Elmer 580B spectrophotometer using the KBr
pellet technique.

2.2. Synthesis of the complexes

2.2.1. Creatinine/VO complex (creat/VO) [VO(creat)2]
Cl2á4H2O

To a suspension of creatinine (0.5 mmol, 0.056 g) in
10 ml of CH3CN, 0.25 mmol (0.087 ml) of VOCl2 were
added with constant stirring until a green oil at the bot-
tom of the beaker was formed. The supernatant was dis-
carded. The green oil was treated several times with
successive additions of CH3CN until a green solid was
obtained. The precipitate was dried and kept in an oven

at 60°C. Yield: 60%. Anal. calc. (for
C8H22N6O7VCl2)�C: 22.02%; H: 5.05%; N: 19.26%;
V: 11.70%. Found�C: 21.38%; H: 4.52%; N: 19.03%;
V: 11.54%. Magnetic moment: leff (at room tempera-
ture)� 1.79 BM.

2.2.2. Creatine phosphate/VO complex (crea-P/VO).
[VO(crea-P)(H2O)3]

To a solution of the ligand (0.5 mmol, 0.128 g) in 10
ml of distilled water, 0.25 mmol (0.087 ml) of VOCl2

were added with constant stirring. A light blue crystal-
line precipitate was formed at a ®nal pH value of 4.
The precipitate was ®ltered, washed with water and
dried at 60°C. Yield: 80%. Anal. calc. (for
C4H14N3O9PV)�C: 14.54%; H: 4.24%; N: 12.72%; V:
15.45%. Found�C: 14.11%; H: 3.83%; N: 12.70%; V:
15.02%. Magnetic moment: leff (at room tempera-
ture)� 1.66 BM.

3. Results and discussion

3.1. Creatinine/VO complex

This complex was obtained only in solid phase and it
was characterized through studies of re¯ectance and IR
spectroscopy. The magnetic moment (leff � 1.79 BM) of
this compound indicates that vanadium is in a d1 elec-
tronic con®guration. The experimental leff is close to
the spin-only value, 1.73 BM at room temperature.

The re¯ectance spectrum shows two bands located at
570 nm (b2 ® b1) and above 850 nm (b2 ® e). The
b2 ® b1 transition shifted to the blue and the b2 ® e
band shifted to the red in comparison with the vanadyl
sulfate.

Table 1 shows the IR spectra of the creatinine and
the creatinine/VO complex. The band of the free ligand
at 3254 cmÿ1 shows the presence of the N1 protonated
tautomer [11]. In the complex, a broad band with char-
acteristic components of the NH2 group is observed.
This band indicates the presence of the amino tautomer

Table 1

IR spectra of creatinine and creatinine/VO

Creatinine Assignments Creatinine/VO Assignments

3254 (s) mcyclic NH/ mas NH2 3384 (br,s) 3252 (br,s) 3080 (br,s) mNH, H-bond see text

3037 (s) mimino NH/ msNH2

1808 (vw) 1794 (m) 1768 (m) Fermi resonance

1692 (s) mC5@O 1698 (s) mC5@O

1668 (vs) mC@N 1671 (m) mC@N

1627 (m) NH2 scissoring

1589 (m) mC@N 1600 (sh) mC@N

1500 (s) 1544 (s)

1418 (m) mC@N 1505 (w) mC@N

1331(s) contributions 1471, 1419, 1408 (w) contributions

1340 (m)

988 (s) mV@O

vs: very strong; s: strong; m: medium; w: weak; vw: very weak; sh: shoulder.

Fig. 1. Schematic structure of creatine (I), creatine phosphate (II) and

creatinine (III).
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[12,13]. As a consequence of the unsaturation of the cy-
clic lactam, the carbonyl group shows a set of multiple
absorptions that originate in Fermi resonance [14]. In
the same region, in the free ligand a very weak band
can be observed at 1808 cmÿ1. The fact that the band
corresponding to m(C5@O) does not shift upon complex
formation [15±17] together with the presence of the two
bands due to Fermi resonance point out the lack of in-
teraction of the C@O group.

On the other hand, the decrease in intensity of the
band at 1668 cmÿ1 and the modi®cations in intensities
and positions of the bands in 1600±1300 cmÿ1 range
(m(C@N)), imply an interaction through the endocyclic
N atom of creatinine [18]. Moreover, in this complex,
a new band at 988 cmÿ1 corresponds to m(V@O).

3.2. Creatine phosphate/VO complex

3.2.1. Solution studies
The interaction between vanadyl(IV) cation and the

ligand starts at pH� 1.5 in aqueous solution. The elec-
tronic spectrum shows the transitions (b2 ® b1) and
(b2 ® e) at 640 nm (e� 21.6 Mÿ1cmÿ1) and 804 nm
(e� 31.0 Mÿ1cmÿ1), respectively. This pattern of bands
suggests that the interaction takes place through the
phosphate group [19]. Between pH 2 and 7 a precipitate
is formed. It is redissolved at pH� 8 where the electron-
ic spectrum shows two bands: 600 nm (e� 27.0
Mÿ1cmÿ1) and 870 nm (e� 24.5 Mÿ1cmÿ1). The hydroly-
sis of the complexed vanadyl cation starts at higher pH
values.

A previous study in aqueous solution has demon-
strated that the binding of VO2� to creat-P occurs with
less a�nity than to Pi, ATP, ADP and AMP due to the
repelling action of the adjacent amino group of creat-P
[3]. The greater a�nity of VO2� for ATP, ADP and
AMP can be explained because of the chelation by both
the phosphate group and functionality on the adenosine
part of the molecules [5,6].

3.2.2. Solid state studies
The magnetic moment of 1.66 BM indicates that the

vanadium has one unpaired electron, d1 electronic con-
®guration, without spin-orbital coupling. The re¯ec-
tance spectrum shows a band at 610 nm and the
second one at a wavelength higher than 850 nm indicat-
ing again the coordination through phosphate group.

3.2.3. IR spectra
Table 2 shows the main vibration absorption bands

for the disodium salt of creatine phosphate and the van-
adyl complex. For the free ligand, the bands at 1679 and
1656 cmÿ1 correspond to m(C@N�) and d(NH) respec-
tively [20,21]. In the solid complex, a shift to 1710 and
1650 cmÿ1 can be seen. The IR vibrations of the carbox-
ylic group are seen for the free ligand at 1618 cmÿ1 (mas)
and 1394 cmÿ1 (ms). These bands do not change their po-
sition upon complexation.

The range between 1200±900 cmÿ1 is masked because
of the strong vibrations of the phosphate group. The m3

band corresponding to the antisymmetric stretching of
phosphate group splits into two components (1171 and
1102 cmÿ1) because of the lower symmetry of this group
in the ligand. The ms vibration is placed at 984 cmÿ1 [22].
In the complex, m3 shows an important broadening with
components of strong intensity in 1170, 1151 and 1101
cmÿ1. The m1 vibration of phosphate group is overlapped
by the strong m(V@O) of vanadyl(IV) (1014 and 980
cmÿ1, respectively).

3.3. Creatine/VO

The preparations in aqueous solution failed because
of the hydrolysis of vanadyl cation when the pH was
raised to pH� 4 with 1 M NaOH. With organic solvents
like N,N0-dimethylformamide (DMF), N,N0-dimethyl-
acetamide (DMA) and dimethylsulfoxide (DMSO), in-
teractions were observed in solution by electronic
spectroscopy. Nevertheless, solid complexes were not
successfully isolated.

UV-VIS spectrum of vanadyl cation in DMF shows
bands at 795 and 650 nm. The addition of the ligand
causes a shift to the red (865 and 715 nm, respectively).
This fact would imply the coordination through the car-
boxylate group of the creatine [23]. The complex ob-
tained in solution was stable at least for 15 days.
Attempts to precipitate a solid complex failed.

Moreover, a similar behavior was observed for com-
plexes in DMSO and DMA, but in these solvents the
complex was stable for 24 h.

4. Conclusions

The creatine, creatine phosphate and creatinine inter-
act with vanadyl(IV) cation under di�erent conditions.
Creatine phosphate is the only creatine-based ligand
able to coordinate with the metal in aqueous solution
in a wide pH range where a solid complex was obtained.
The interaction with creatine and creatinine was demon-

Table 2

IR vibrational data of creatine phosphate and creatine phosphate/VO

Creatine-P (sodium salt) Creatine-P/VO Assignment

1679 (s) 1710 (m) mC@N�

1656 (s) 1650 (s) dN±H

1618 (s) 1614 (s) mas(COOÿ)

1541 (m) 1535 (m) dN�H2

1445 (s) 1462 (w) 1428 (mw) dCH2

1394 (s) 1391 (m) ms(COOÿ)

1310 (w) 1292 (m)

1253 (w) 1235 (w)

1171 (m) 1170 (br,s)

1102 (s) 1151 (br,s) mas(PO3)

1101 (br,s)

1014 (s) 980 (sh) ms(PO3) + m(V@O)

984 (s) ms(PO3)

s: strong; m: medium; mw: medium-weak; w: weak; br: broad; sh:

shoulder.
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strated in organic solvents. A solid complex could be
isolated only with the latter ligand.
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