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A new V"' complex (1) of 2,5-bis[N,N-bis(carboxymethyl)aminomethyl]hydroquinone (bicah®~) was syn-
thesized by reaction of Hgbicah with two equivalents of VCl; and six equivalents of base in aqueous solu-
tion. Crystallographic characterization shows the neutral complex to have a dinuclear hydroquinonate
bridged structure. The octahedral environment of vanadium is occupied by the four (N, O, O, O) donor
atoms in each binding site of the ligand and two H,0 oxygen atoms. Addition of 2,2-bipyridine (bipy)
in the reaction mixture resulted in the synthesis of a new dinuclear V"'-pi-bicah®~ complex (2) containing
Hydroquinone a bipy chelated to each vanadium center. The structure of 1 was compared with the respective dinuclear
Crystal structure structures of the bicah®~ complexes with VIV0?* (3) and VY0O," (4). Strong hydrogen bonds between the
EPR free, the ligated to vanadium water molecules and the carboxylate and hydroquinonate oxygen atoms
result in supramolecular 3D structures by self-assembly of the dinuclear units. These structures are con-
trolled by synthesis conditions and vanadium ion coordination environment. The cyclic voltammogram of
1 showed a reversible V"V + e~ V" process at 0.48 V versus NHE. The EPR spectra of 3 gave a broad peak
indicating magnetic interactions between the uncoupled electrons of the two vanadium centers through
the hydroquinone bridge. In acidic pHs bellow 2.0, EPR data reveal protonation of the hydroquinonate
oxygen and hydrolysis of the complex. The relation of these results with the reduction of V! and stabil-
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ization of V" ions is discussed.
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1. Introduction

Vanadium(Ill) (V") chemistry has attracted much attention of
the scientists in recent years [1-3] because of the presence of V"
in marine fanworm pseudopotamilla occelata [4]| and in ascidians
[5], the antidiabetic [6-9] and anticancer [10-12] properties of V!!!
complexes as well as the magnetic properties of V"' clusters [13-
17] and the C-H activation catalytic properties [18-20].

V! is readily oxidized under aerobic conditions to VO?* and
thus, the aqueous chemistry of V! has been investigated far less
than the corresponding aqueous chemistry of vanadium(IV) (V')
and vanadium(V) (VV) ions. Despite of the redox instability of V!,
marine organisms are able to take up vanadium from the sea water
as vanadate, then reduce VY to V!V and finally stabilize vanadium as
V" at highly acidic conditions (pH ~ 2) [21-25]. The mechanism
for the reduction of VIV to V" is still under debate. This reduction
process might proceed via a V!V, more likely via a non-oxo V!V
intermediate species, probably formed because of the weakening
of the V=0 bond in the strongly acidic environment of the
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ascidians’ blood cells. Spontaneous reduction of V'V model com-
plexes supports this mechanism [26-28]. Tunichromes (Scheme 1),
a group of phenol-rich organic molecules, present in high concen-
trations in the blood cells of ascidians, may play a role in the reduc-
tion of VIV to V!, In addition, aminocarboxylate donor atoms have
been suggested to provide an environment in proteins suitable for
the stabilization of V"' [21,23,29,30].

The investigation of the interaction of vanadium ions with phe-
nol redox active ligands, also referred to as “noninnocent”, provide
important information for the better understanding of the mecha-
nisms of these redox processes in biological systems [31-40]. p-
hydroquinones are key molecules in several redox biological pro-
cesses and recently it has been shown that the oxidation state of
vanadium in complexes with hydroquinone derivatives can be con-
trolled by the pH or the temperature [41,42].

Here in, we report the first examples of crystallographically
characterized dinuclear V' hydroquinonate complexes. Up to
now only one example of a V'-hydroquinonate polymeric com-
pound has been reported in the literature [43,44]. With this work
a series of dinuclear complexes of vanadium in oxidation states
Il (1, 2), IV (3) and V (4) with the ligand 2,5-bis[N,N-bis(carboxy-
methyl)aminomethyl]hydroquinone (bicah®~) (Scheme 1) is com-
pleted. Direct comparison of the crystal structures of these
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Scheme 1. Drawing of the ligand bicah®~ and of tunichromes.

compounds provide an insight of the vanadium-hydroquinone
bonding versus the vanadium oxidation states. The iminodiacetate
chelate group has been selected to stabilize the V!'-hydroquinone
coordination and the oxidation of V" to V!V from the air as well as
to mimic the environment around the metal ion in vanadium
reductase in ascidians [21]. In order to correlate the activity of
the proteins with the properties of the model compounds the re-
dox properties of V" and the respective VO?*-p-bicah®~ complexes
in acidic aqueous solutions were investigated by cyclic voltamme-
try. In addition, the EPR investigation of a stepwise acidified solu-
tion of 3 revealed protonation of the hydroquinonate oxygen and
hydrolysis of the complex. Finally, the role of the synthesis condi-
tions and the co-ligands in the formation of defined 3D hydrogen
bonded structures of the V! dinuclear complexes has been
explored.

2. Experimental

Reagent grade hydroquinone, iminodiacetic acid, 2,2’-bipyri-
dine (bipy), VO(SO4)-4.5H,0, Na,COs, guanidinium carbonate
(Guan,CO0s) and VCl; were purchased from Aldrich. All chemicals
were used without further purification. VOCl, and 2,5-bis[N,N-
bis(carboxymethyl)aminomethyl]hydroquinone (Hgbicah) were
synthesized as previously described by Drouza et.al [42,45]. UV
spectra were recorded on a Schimadzu UV-1601 Spectrophotome-
ter. Microanalyses for C, H, and N were performed by a Euro-Vec-
tor EA3000 CHN elemental analyzer. Magnetic measurements were
carried out on an MK1 MB magnetic susceptibility balance. All syn-
thesis, compound handling and solution measurements were per-
formed under an Ar atmosphere.

2.1. Synthesis of [V!"y(u-bicah),(H,0)4]-13H,0 (1a)

Hgbicah (0.57 g, 1.3 mmol) was dissolved in 10 mL H,O with the
addition of Et3N (0.80 g, 7.9 mmol). The solution was heated to boil
under continuous bubbling with Ar for 5 min. Then the heating was
stopped and solid VCl; (0.41 g, 2.6 mmol) was added. The solution
turned to brown (pH ~ 2.6) and kept at 4 °C for three days. A
brown crystalline precipitate was formed. The solid was filtered
off and dried. The yield was 0.51 g (55%). Anal. Calc. for C;gH4gN>.
0,7V, C, 23.95; H, 6.03; N, 3.49. Found: C, 23.87; H, 6.11; N,
3.42%. IR (KBr) 3248 (s, Y O-Hpree 120)) 3073 (S, A{O-Hiigated H20))

2973, 2937, 2924 (w, ®(C-H)), 1606 (vs ®(C=0)), 1479 (s), 1457
(m), 1447 (m), 1431 (s), 1415 (m), 1384 (s), 1356 (s), 1332 (s),
1260 (m), 1221 (m), 1199 (m, U Chydroquinone—0)), 1165 (m), 1110
(m), 1081 (w), 1019 (m), 957 (m), 948 (w), 942 (m), 912 (m),
897 (m), 865 (s), 802 (s), 743 (m), 726 (m), 677 (s), 614 (m), 567
(s), 551 (s), 499(m), 450 (w), 404 (m). 'H NMR & (H,0) (ppm):
8.24 (s, 2H, H53). Single crystals suitable for single crystal X-ray
analysis was obtained following the same procedure for 6-fold di-
luted solutions.

2.2. Synthesis of [V",(u-bicah),(H;0),]-H,0 (1b)

Hgbicah (0.20 g, 0.46 mmol) was dissolved in 5 mL H,0 with the
addition of Na,CO3 (0.15 g, 1.4 mmol). The solution was heated to
boil under continuous bubbling with Ar for 5 min. Then the heating
was stopped and solid VClz (0.15 g, 0.95 mmol) was added. The
solution turned to brown. Acetone (5 mL) was layered over the
solution and kept at 4 °C for three days. Brown crystals suitable
for single crystal X-ray analysis were formed. The crystals were fil-
tered off and dried under vacuum. The yield was 0.10 g (37%). Anal.
Calc. for C;gH24N,045V5: C, 32.78; H, 4.13; N, 4.78. Found: C, 32.51;
H, 4.30; N, 4.62%.

2.3. Synthesis of [V"y( u-bicah),(bipy),]-4H,0 (2)

Hgbicah (0.20 g, 0.46 mmol) was dissolved in 5 mL H,0 with the
addition of Na,COs (0.15 g, 1.4 mmol). The solution was heated to
boil under continuous bubbling with Ar for 5 min. Then the heating
was stopped and solid VCI; (0.15 g, 0.95 mmol) was added. Then
bipy (0.15 g, 0.96 mmol) dissolved in acetone (1 mL) was added
and the brown solution was turned to red. The solution was kept
at 4 °C for two days. Red crystals suitable for single crystal X-ray
analysis were precipitated out. The crystals were filtered off and
dried under vacuum. The yield was 0.25 g (62%). IR (KBr) 3232 (s,
7)(0_Hfree HZO))v 3080 (S: v(O_Hligated HZO)): 3080, 2989v 2924 (Wv
Y®(C-H)), 1658 (vs ©®(C=0)), 1600 (s, C-C)), 1473 (s), 1441 (s),
1421 (s), 1383 (s), 1341 (s), 1311 (s), 1215 (m), 1195 (m, A Chydro-
quinone—0), 1161 (w), 1049 (w), 1016 (w), 1011 (w), 969 (w), 930
(m), 902 (m), 884 (m), 862 (s), 794 (m), 763 (s), 733 (s), 668 (m),
621 (m), 539 (s), 495(m), 411 (m). Anal. Calc. for C3gH3gNgO14V>:
C, 49.10; H, 4.35; N, 9.54. Found: C, 49.02; H, 4.38; N, 9.49%.

2.4. Synthesis of Guan,[V'V,0,( u-bicah),(H,0)]-7H>0 (3)

Hgbicah (0.20 g, 0.46 mmol) was dissolved in 5 mL H,0 with the
addition of Guan,COs (0.08 g, 0.46 mmol). The solution was heated
to boil under continuous bubbling with Ar for 5 min. Then the
heating was stopped, the solution was cooled at room temperature
and VOCI; (1.3 mL of 0.75 M freshly prepared acetonitrile solution,
0.98 mmol) was added. The pH of the deep blue-green solution was
adjusted to 2.4 using 1 M HCI. Ethanol (5 mL) was added, and the
solution was kept at —18 °C for four days. A blue-green precipitate
was formed. The solid was filtered off washed with ethanol and
dried under vacuum. The yield was 0.22 g (59%)%). IR (KBr) 3400
(s, brm (O-Hfee H20, N-H)), 3173 (s, (O-Hiigated H20)), 2950,
2917 (w, ®C-H)), 1606 (vs ©®C=0)), 1496 (w), 1383 (s), 1318
(m), 1257 (W), 1202 (1‘1‘1, 7)(Chydroquinone_o)v 1128 (m), 1041 (W)v
1014 (w), 959 (vs ®V=0)), 904 (s), 858 (w), 781 (w), 732 (m),
714 (m), 610 (m), 561 (s), 481(s). Anal. Calc. for 1, C;gH44Ng0,V>:
C, 26.68; H, 5.47; N, 13.83, Found: C, 26.57; H, 5.44; N, 13.70%.

2.5. X-ray crystallography
Crystal structure refinement data of 1a, 1b and 2 are provided in

Table 1. The intensity data for all the complexes were collected on
a XCalibur SuperNova 4-cycle diffractometer, equipped with a CCD
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