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The complex formation of vanadium(IV) with cis-inositol (ino) and the corresponding trimethyl ether 1,3,5-trideoxy-
1,3,5-trimethoxy-cis-inositol (tmci) was studied in aqueous solution and in the solid-state. With increasing pH, the
formation of [VO(H-,L)], [(VO),L,H-s]~, [VO(H-3L)]~ (L = ino) or [(VO),L,H—¢]*>~ (L = tmci), [V(H-3L)2]>", and
[VO(H—_3L)(OH),]*~ was observed. For the vanadium(IV)/ino system, [(VO),L,H_7]*~ was observed as an additional
dinuclear species. The formation constants of these complexes were determined by potentiometric titrations
(25 °C, 0.1 M KCI). In addition, the vanadium(IV)/ino system was investigated by means of UV-vis spectrophotometric
methods. EPR spectroscopy and cyclic voltammetry confirmed this complexation scheme. EPR measurements
indicated the formation of three distinct isomers of the non-oxo complex [V(H-3ino),>~ in weakly basic solution.
This type of isomerism, which is not observed for the vanadium(IV)/tmci system, was assigned to the ability of ino
to bind the vanadium(IV) center with three alkoxo groups having either a 1,3,5-triaxial or an 1,2,3-axial—equatorial—
axial arrangement. The structures of [V(H—3in0),][Kz(ino);]-4H,0 (1) and [NasV(H-3in0),](SO4)2-6H,0 (2) were
determined by single-crystal X-ray analysis. In both compounds, the coordination of each ino molecule to the
vanadium(IV) center via three axial deprotonated oxygen donors was confirmed. The centrosymmetric structure of
the coordination spheres corresponds to an almost regular octahedral geometry with a twist angle of 60°. The
crystal structure of the potassium complex 1 represents an unusual 1:1 packing of [V(H—3ino),J>~ dianions and
[Ka(ino),J?* dications, in which both K* ions have a coordination number of nine and are bonded simultaneously to
a 1,3,5-triaxial and an 1,2,3-axial—equatorial—axial site of ino. In 2, the [V(H-sino),]>~ complexes are surrounded
by six Na* counterions that are bonded to the axial alkoxo oxygens and to the equatorial hydroxy oxygens of the
cis-inositolato moieties. The six Na* centers are further interlinked by bridging sulfate ions. According to EPR
spectroscopy, the Dsy symmetric structure of the [V(H—sino),]>~ anion is retained in H,O, in dimethylformamide,
and in a mixture of CHClsy/toluene 60:40 v/v.

Introduction dependent haloperoxidases nitrogenase$? and is ac-
cumulated in concentrations of up to 0.3 M in the vana-
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it has been demonstrated that many vanadium compoundsscheme 1.

have therapeutic effects as insulin-enhancing agefits.

The chemistry of vanadium(lV) is dominated by the
vanadyl ion, VG', one of the most stable diatomic cations.
However, non-oxo vanadium centers hold important biologi-
cal functions and have also been reported for (i) amavadin,
a complex isolated by Bayer and Kneifel from Amanita
muscari&® and characterized by Carrondo et’shnd Garner
and co-workers? and (ii) the cofactor of vanadium nitro-

genasé:® This has stimulated the synthesis and investigation

of new non-oxo species in the last 10 ye&rslowever, the
number of such non-oxo complexes found within the
electronic Cambridge Structural Database still remains
relatively low!* This is due mainly to the stability of the
vanadium-oxygen double bond, which renders the synthesis
of octahedrally coordinated vanadium(IV) non-oxo species
rather difficult.

In a recent papel’ we demonstrated that 1,3,5-triamino-
1,3,5-trideoxyeis-inositol (taci}®*°and 1,3,5-trideoxy-1,3,5-
tris(dimethylamino)eis-inositol (tdci¥° are able to form bis-
chelated non-oxo vanadium(IV) species witbfa symmetric
VOg coordination. Unlike other complexing agents such as
the catecholate®,a stoichiometric amount of these ligands
was sufficient to generate quantitatively mononuclear non-
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Coordination Modes of ino and tmci
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0xo0 species in neutral and alkaline solutions. In contrast to
the polyamine-polyalcohol taci, which offers four different
coordination modes for metal binding, the pure polyalcohol
cis-inositol (ino) can bind a metal center only in two dif-
ferent ways, either via a 1,3,5-triaxial (@&x—ax) or an
1,2,3-axiat-equatoriat-axial (ax-eq—ax) coordination mode
(Scheme 1a). The adoption of a particular mode depends on
the size of the cation; metal ions with an ionic radius smaller
than 0.8 A are preferentially bound to the {eax—ax) and
larger ions are preferentially bound to the {ag—ax) site??
One would thus expect that a hexa-coordinatétign with
a radius of 0.58 A adopts an (amx—ax) structure?3
However, the transformation to an (ag&g—ax) coordination
would require a relatively low amount of energy. Such
considerations have been verified for*Féionic radius=
0.65 A), where both modes have been observed in the solid-
state structure of [OREN0)sH-»1]° .24

To shed light on the possibility of forming such different
vanadium(IV)/ino species, we prepared 1,3,5-trideoxy-1,3,5-
trimethoxy<is-inositol (tmci) as a new facially-coordinating
triol ligand, which is presented here for the first time (Scheme
1b). In contrast to ino, the binding properties of this
trimethylether are restricted to an (@aax—ax) mode, pro-
vided that the generation of negative oxygen donors is a
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prerequisite for the vanadium(lV) coordination. In this work, (OH);]?* the values of the formation constants were adjusted to
potentiometric, spectroscopic, electrochemical, and structuralthe appropriate ionic strength by use of the Davies equation.
data of the vanadium(lV)/ino system will be presented, and However, all of the simple hydrolytic species do not contri-

the relevant differences between the coordinating propertiesPute o any significant extent to the equilibrium composi-
of ino and tmei will be discussed tion. In the final evaluation, the three curves of each system were

combined to one data set and were evaluated together. The
spectroscopic data of the vanadium(lV)/ino system were evaluated
using the computer program SpedéfitFor this purpose, the
Materials, Instrumentation, and Analyses Ino was prepared ~ Spectrum of [VO(HO)s|*" was measured separately and im-
as described previousk. Other chemicals were commercially ~ Ported without refinement. Free ino, [VO(&ino)(OH)]*", and
available and were used as obtained. Dowex 50 W-X2 was [(VO)2(ino),H-7]3~ were treated as nonabsorbing species. The
purchased from Fluka. The resin was converted into tHe @am absorption data considered for evaluation were restricted to the
by elution with a 30% CaGlsolution followed by extensive rinsing ~ range of 350< 4 < 550 nm.
with HO. NMR spectra were recorded on a Bruker Avance EPR Measurements.Anisotropic EPR spectra were recorded
Ultrashield 400 spectrometer (resonance frequencies: 400.13 MHzwith an X-band (9.15 GHz) Varian E-9 spectrometer at 120 K.
for IH and 100.6 MHz fot3C). Chemical shifts (in ppm) are given ~ The spectra of the aqueous solutions were measured by dissolving

Experimental Section

relative to either sodium (trimethylsilyl)propionatiz-or tetram- VOSO,-5H,0 and the ligands at the appropriate molar ratio with a
ethylsilane; multiplicities are abbreviated as follows=singlet, concentration of vanadium(lV) of 4 mM. The solutions were stirred
d = doublet, t= triplet, m = multiplet. C-, H-, and N-analyses  and handled under a flow of Ar to avoid the oxidation of vanadium-
were performed by A. Zaschka and H. Feuerhake (Univérdia (IV). As usual for low temperature measurements, a few drops

Saarlandes). AAS measurements (determinatidg) efere carried ~ of dimethyl sulfoxide (DMSO) were added to the samples to
out by T. Allgayer (Prof. H. P. Beck, Universitdes Saarlandes). ~ ensure a good glass formation. The spectra of the solid complex
Potentiometric and Spectrophotometric Titrations. Al titra- [V(H —sino)][K »(ino),]-4H;0 (1) were recorded after dissolution

tions were carried out at 2 at an ionic strength of 0.1 M (KCl)  in dimethylformamide (DMF) or CHGItoluene 60:40 v/v and

in a batchwise mannéf. Three independent batches with total without the addition of other solvents. EPR spectra of the non-oxo
vanadium to total ligand (L) molar ratios of 1:3 were performed Complexes were simulated with the computer program Bruker
for each system (L= ino or tmci), and a total of 40 data points WInEPR SimFoni# at a microwave frequency of 9.15 GHz. The
was collected for each titration curve (38 pH < 8.3 for the line widths in thex, y, andz directions were 10, 50, and 10 G,
vanadium(lV)/ino system and 3.5 pH < 9.0 for the vanadium- respectively.

(IV)/tmci system). Each data point corresponded to an individual ~ Electrochemistry. Cyclic voltammograms (CV) were recorded
10 mL sample that was sealed in a double-jacketed beaker. Thein 0.5 M KCI, using a BAS C2 cell, a BAS 100B/W potentio-
samples were allowed to equilibrate for 404 days for the stat, a Pt counter electrode, and an Ag/AgCI reference electrode
vanadium(lV)/ino system and for 8 days for the vanadium(lv)/ at room temperature (2& 3 °C). The pH was adjusted by
tmci system. The pH was measured using a Metrohm 780 pH/mV- adding appropriate amounts of a 0.1 M KOH solution. The total
meter and a Metrohm glass electrode with an internal Ag/AgCl vanadium concentration was 4 mM and the total ino concentration
reference. The electrode system was calibrated by-dmide was 16 mM. Measurements at positive potential$/(#* couple)
titrations before and after the measurement of each curve. Ad- were performed using an Au working electrode. The range with
ditionally, UV—vis spectra in the range of 28000 nm were  negative potentials (V/V!"' couple) was investigated using a
recorded for each sample using a diode array spectrophotometeHg (hanging drop) and a Au working electrode. All potentials
(J&M, Tidas—UV/NIR/100—1) combined with an immersion probe ~ Wwere calculated relative to the normal hydrogen electrode (NHE),
(Hellma). The equilibration time was determined separately by With a value of+0.46 V for the [Fe(CNgJ**~ couple (0.01 M

UV —vis spectroscopy for four appropriate sample solutions. NaOH). _ _ _
Calculation of Equilibrium Constants. All equilibrium con- Preparation of tmci. Both ino (500 mg, 2.78 mmol) and
stants were calculated as concentration quotients witkpHog- p-toluenesulfonic acid monohydrate (150 mg, 0.79 mmol) were

[H+] using the computer program Hyperquidhe (K., (13.79)28 suspended in absolute MeOH (30 mL) unde, Nnd trimethy-_
and the total concentrations of V, L, and Meere treated as fixed ~ lorthobenzoate (1.7 eq, 0.8 mL) was added. The mixture was stirred
values. The hydrolytic species [VO(OH)[log f10-1 = —5.94)2° for 16 h and neutralized by the addition of solid®0Os. Volatiles

[(VO)o(OH)]2" (I0g fa0-2 = —6.95)2° [VO(OH)3]~ (log f10-3 = were removed on a rotary evaporator, and the residue was washed
—18.0)3°and [(VOR(OH)s]~ (10g Ba0-5 = —22.08%were considered ~ With ELO. The crude white product, which still contained some
with fixed formation constants. For [VO(OH)Jand for [(VO)- p-toluenesulfonic acid, was used without further purification (88%

yield). Formation ofcis-inositol-orthobenzoa®é was established
(25) Morgenstern, B.; Sander, J.; Huch, V.; Hegetschweileinétg. Chem by NMR spectroscopy*H NMR (D;0): 4 3.93 (m, 3H), 4.32 (m,
2001 40, 5307-5310. 3H), 7.50 (m, 3H), and 7.75 (m, 2H}C NMR (D;0): J 65.9,
(26) Steinhauser, S.; Heinz, U.; Bartholanvh; Weyherniller, T.; Nick, 79.6,110.9, 127.9, 131.2, 133.0, and 139.8. For elemental analysis

H.; Hegetschweiler, KEur. J. Inorg. Chem2004 4177-4192. ; ;
(27) Gans, P.; Sabatini, A.: Vacea, Aalanta 1996 43, 1739-1753. a small sample of the hemihydrate was crystallized from MeOH/

(28) Smith, R. M.; Martell, A. E.; Motekaitis, R. Lritically Selected
Stability Constants of Metal ComplexdsIST Standard Reference (31) Davies, C. WJ. Chem. Soc1938 2093-2098.

Database 46, version 8.0; NIST: Gaithersburg, MD, 2004. (32) (a) Binstead, R. A.; Jung, B.; Zubéfiler, A. D. SPECFIT/32Version

(29) Henry, R. P.; Mitchell, P. C. H.; Prue, J. E. Chem. Soc. Dalton 3.0, Spectrum Software Associates: Marlborough, MA 01752, 2000.
Trans.1973 1156-1159. (b) Gampp, H.; Maeder, M.; Meyer, C. J.; Zubéhber, A. D. Talanta

(30) (a) Komura, A.; Hayashi, M.; Imanaga, Bull. Chem. Soc. Jpri977, 1985 32, 95-101.
50, 2927-2931. (b) Vilas Boas, L. F.; Costa Pessoa JClompre- (33) WINEPR SimFoniaversion 1.25, Bruker Analytische Messtechnik
hensve Coordination ChemistryWilkinson, G.; Gillard, R. D; GmbH, Karlsruhe, Germany, 1996.
McCleverty J. A., Eds.; Pergamon Press: Oxford, 1987; Vol. 3, pp (34) A correspondingrtho-pentanoate has been described. See Biamonte,
453-583. M. A.; Vasella, A.Helv. Chim. Acta.1998 81, 695-717.
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Table 1. Crystallographic Data fot and2

1 2
chemical formula GuH50K 2028V C12H30Na6026S,V
fw 915.78 843.36
crystal system triclinic trigonal
space group P1(No. 2) R3 (No. 148)
a, 9.6731(5) 9.5480(10)
b, A 9.8194(5) 9.5480(10)
c, A 9.8842(4) 27.314(5)
o, deg 99.394(3) 90.00
B, deg 108.736(2) 90.00
y, deg 106.614(3) 120.00
vV, A3 817.63(7) 2156.5(5)
z 1 3
T, K 100(2) 200(2)
Pcalcd Mg/m3 1.860 1.948
u(Mo—Ka), mmt 0.675 0.690
refins 27708, 8136, 6423 4541, 752, 631
(measured, unique, observed)
parameters 350 84
Ry, | > 20(1) 2 0.0383 0.0557
WR; (all data)P 0.1024 0.1723

aRy = Y |Fo — Fel/Y|Fol. PWR, = [ZW(FOZ - FCZ)Z/ZWF04]l/2

H,O. Anal. Calcd for GsH1s065 (275.26): C, 56.73; H, 5.49.
Found: C, 56.84; H, 5.23.

Powdered KOH (3.24 g, 58 mmol) was suspended in 10 mL of
DMSO, and the mixture was stirred for 10 min and was cooled
with an ice bath. Theis-inositol-orthobenzoate (1.28 g, 4.81 mmol)
and iodomethane (1.79 mL, 6 eq) were then rapidly added in the

order presented. The ice bath was removed and the mixture was

stirred for 90 min at room temperature. A concentrated solution of

Morgenstern et al.

pH

b)

pH

3 T
1.5 2.0

T T
25 3.0 3.5 4.0

equiv. OH/ equiv. V

aqueous ammonia (10 mL) was then added and the mixture wasFigure 1. Titration data of a batch experiment a) for the vanadium(IV)/

stirred for 16 h. The suspension was poured onto 50 mL of water
and the mixture was extracted with @El,. After the usual workup,
1,3,5-trideoxy-1,3,5-trimethoxgis-inositol-orthobenzoate was ob-
tained as a white solid with a yield of 67%4 NMR (CDCl): 6

3.13 (m, 3H), 3.54 (s, 9H), 4.60 (m, 3H), 7.31 (m, 3H), and 7.71
(m, 2H).13C NMR (CDCk): 6 56.8, 70.9, 72.7, 107.9, 125.5, 127.7,
129.2, and 137.6.

A portion (900 mg, 2.92 mmol) of 1,3,5-trideoxy-1,3,5-tri-
methoxyeis-inositol-orthobenzoate was dissolved in a mixture of
5 mL of H,O and 10 mL of trifluoroacetic acid, and the resulting
solution was refluxed for 5 h. After volatiles were removed, the
remaining oily residue was ground and washed witfOEtwhich
yielded a white solid (87%) that was identified as 2-benzoyl-1,3,5-
trideoxy-1,3,5-trimethoxygis-inositol. 'H NMR (D,0): 6 3.38 (t,
3H,J = 3 Hz), 3.44 (s, 6H), 3.52 (s, 3H), 3.58 (t, 2Bl= 3 Hz),
4.51 (m, 2H), 6.12 (m, 1H), 7.53 (t, 2H,= 8 Hz,), 7.67 (t, 1H,
J= 8 Hz), and 8.00 (d, 2H] = 8 Hz).3C NMR (D;0): ¢ 58.8,

ino system and b) for the vanadium(IV)/tmci system with total vanadium-
(IV) = 1.5 mM and total L= 4.5 mM (25°C, 0.1 M KClI). Squares represent
experimental values; the fitting curves were calculated using the formation
constants evaluated from the potentiometric measurements (Table 2).

Preparation of [V(H —3in0),][K 2(ino),]-4H,0 (1). To a solution
of ino (200 mg, 1.12 mmol) in O (5 mL), VOSQ-5H,0 (142
mg, 0.56 mmol) was added. The resulting blue solution was adjusted
to pH ~ 10 by adding 25 mL of 0.1 M aqueous KOH. A color
change to yellow was observed. EtOH (80 mL) was then added to
the mixture. A yellow solid (150 mg, 27%) precipitated and was
dried on air at room temperature. Anal. Calcd for the octahydrate,
[V(H 73in0)2] [K 2(in0)2]-8H20, Co4HsgK 203V (98784) C, 29.18;

H, 5.92. Found: C, 29.20; H, 5.26.

The product was further dried in vacuo, and the resulting yellow
powder was suspended in boiling EtOH (50 mL). The mixture was
kept under reflux, and small portions of,® were added to the
mixture until a clear yellow solution was obtained. This solution

59.5,71.7,71.8,79.0, 79.2, 131.7, 131.8, 132.7, 136.9, and 171.1.was allowed to cool at room temperature to yield yellow crystals

The resulting 2-benzoyl-1,3,5-trideoxy-1,3,5-trimethmig-
inositol was finally dissolved in aqueous ammonia, and this solution
was stirred for 6 days. The reaction mixture was evaporated to

of 1, which were dried for a period of 2 days in vacuo. The crystals
(45 mg, 49%) were used for the X-ray diffraction study. Anal. Calcd
for CoyHs0K 028V (915.78): C, 31.48; H, 5.50; K 8.54. Found: C,

dryness, and the resulting residue was dissolved in a small amount31.70; H, 5.88; K, 8.49.

of H,O. This solution was sorbed on a Dowex 50 W {Cform)
column. Elution with HO yielded a first fraction that consisted of

some aromatic side products and unreacted 2-benzoyl-1,3,5-

trideoxy-1,3,5-trimethox\cis-inositol. Pure tmci was obtained as
a second fraction, and it was isolated as a white solid after
evaporation of the solvent with a yield of 62%. The overall yield
as referred to ino was 32% (500 mg). Anal. Calcd feHGOs
(222.24): C, 48.64; H, 8.16. Found: C, 48.52; H, 8.42.NMR
(D20): 6 3.28 (m, 3H), 3.46 (s, 9H), and 4.46 (m, 3F3C NMR
(D,0): 6 58.8, 71.2, and 79.7.
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Preparation of [NagV(H —3in0)2](SO4)2:6H,0 (2). To a solution
of ino (100 mg, 0.55 mmol) in kO (5 mL), VOSQ-5H,0 (71
mg, 0.28 mmol) was added. The resulting blue solution was adjusted
to pH~ 10 by the addition of 0.5 M aqueous NaOH. A color change
to yellow was noted. After the addition of EtOH (5 mL), a yellow
solid precipitated, which was isolated by filtration. The solid was
exposed to the air at ambient conditions for a few days until a
constant weight was reached. Anal. Calcd for the decahydrate,
[NaGV(H73in0)2](SO4)2-10H20, CioH3gNagO30,V (91543) C,
15.74; H, 4.18. Found: C, 15.79; H, 3.87. The solid was redissolved
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Table 2. Formation Constants lofky. (25 °C, 0.1 M KCI) of the

a) Vanadium(lV)/ino and the Vanadium(IV)/tmci System as Obtained from
Potentiometric and Spectrophotometric Measurenménts
l0gfxyz
I VOLyHAVxLyHz—2« L =ino L =tmci
XY, Z potent spectr potent
C
2 1,1,-2 —5.2(6) —5.2(3) —3.6(3)
o 1,1,-3 —9.6(2) —9.9(2)
3 2,2,-5 —10.2(1) -11.1(2) —7.9(3)
s 2,2,-6 ~14.0(3)
1,2,-4 —14.3(2) —14.0(2) —14.3(2)
1,1,-5 —26.3(2) —25.3(2¥ —26.8(2)
2,2,—7 —23.8(4) —25(2F
a Potentiometric= (potent), spectrophotometrie= (spectr).? fx,, =

[(VO)xLyH;] x [VO] ™ x [L] 7Y x [H] ~2or [VxLyHz—2] x [VO] ™ x [L] 7Y
x [H] 7% ¢ The species was considered as nonabsorbing.

a)

1004

O
~
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Figure 2. Determination of the formation constants of vanadium(lV)/ino
complexes by spectrophotometric batch-titrations. (a) Experimental spectra
of the individual sample solutions (corresponding to the points of Figure
la) with total vanadium(IV)= 1.5 mM and total L= 4.5 mM (25°C,

0.1 M KCI); (b) calculated spectra of the individual species [(MOH,]*™>

or [VxLyH, 2]?"2%36 Absorbance data of V& (1,0,0) were measured
separately and imported as fixed values; [VOIH~ (1,1,-5), [(VO),-
(L)2H-7]%" (2,2,-7) and ino (0,1,0) were treated as nonabsorbing species.

in a 1:1 mixture of EtOH/HO, and the solution was allowed to
stand at ambient conditions for a few days. A small amount of
yellow crystals of2 was formed, which was suitable for the X-ray
diffraction study.

Crystal Structure Determination. X-ray diffraction data forl 4.0 6.0 8.0
and 2 were collected at 100(2) and 200(2) K, using a Bruker X8 pH —
CCD ora Stoe IPDS diffractometer, respectively. There wer_e 21708 Figure 3. Species distribution in the vanadium(IV)/L system with total
(2.26 < © = 37.94) and 4541 (2.57 @ =< 23.89) reflections  yanadium(1v)= 1.5 mM and total L= 4.5 mM (25°C, 0.1 M KCl); (a)
collected for the structuresand2, using graphite-monochromated L = ino, (b) L = tmci. The formation constants evaluated from the
Mo—Ka radiation ¢ = 0.71073 A). A compilation of the crystal potentiometric measurements listed in Table 2 were used for the calculations.
data is given in Table 1. For both structures, application of an
absorption correction proved to not be necessary. The structurescalculated positions by using a riding model and by isotropic
were solved using direct methods (SHELXS-97) and refined by displacement parameters that were fixed atJ,2f the corre-
full-matrix least-squares calculations BA(SHELXL-97) 3% Aniso- sponding pivot atom. All other hydrogen atoms were located and
tropic displacement parameters were used for all non-hydrogenrefined with isotropic displacement parameters. A total of 8136
atoms. The hydrogen atoms H1 and H2 dfwere placed at and 752 unique data were used for the final refinement of 350 and

84 parameters fot and2, respectively.

(35) (a) Sheldrick, G. M.SHELXS-97 Program for Crystal Structure

Solution Gatingen, Germany, 1997. (b) Sheldrick, G. MHELXL- (36) Note that only four equivalents of base are required for the deproto-
97, Program for Crystal Structure Refineme@dtingen, Germany, nation of the six hydroxy groups according to the reactior?Ve® 2
1997. L — [V(H-3L)7]?> + 4 H' + H,0 with L = ino, tmci.
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Scheme 2. Structure of the Mononuclear Species in the Vanadium(IV)/ino System

HO
o}
kN O‘\U/OHZ o~ HO OH
on OH,
OH
OH O~ OH
OH
[VVO(H_5in0)(H,0),1" IV"(H_gino)l~ (1)
o}
OH Qo o‘\\lll/OH
OH —O/\‘/\_O o \OH
OH o OH O~
OH
V" (H_gino)1*~ () [V"YO(H_5in0)(OH),I*~ (1V)
Results and Discussion established by potentiometric methods. The evaluated forma-

tion constants are collected in Table 2, and the species
distribution diagrams are shown in Figure 3. The various
complexes formed are indicated &sY, z), referring to the
number of WO units ), of ligand entities (ino, tmci)y),

and of protonsZ) that are required for the formation of each
species according to the equation

Speciation in Aqueous Solution Complex formation of
the vanadium(lV)/ino and vanadium(lV)/tmci systems in
agueous solution was investigated as a function of pH by
means of potentiometric titrations. Because of sluggish
complex formation and the corresponding long equilibration
times, the titration experiments were performed in a batch-
wise manner. The kinetics of equilibration were followed 2+ _ -, otz
by UV—vis spectroscopic measurements. However, the XVOT 4L+ (790 — [(VOLLHI™+ ( z)HZOi
reaction proved to be very complex and we are currently far
from any conclusive understanding. In the range of final and accordingly for the generation of non-oxo species
pH < 6, addition of base to vanadium(lV)/ino samples _
resulted first in the formation of an almost colorless solution X0~ YL+ (-20H" —[V,L,H, 5>+ (x = 2H,0
that then turned to a pale yellow within a time span of several (i
days (Figure S1, Supporting Information). The samples with  Therefore, (1, 0, 0) stands for the aqua cation [VO-
a final pH > 6.5 immediately become a bright yellow after (H,O0)s]?", (1, 1,—3) for the complex [VO(HsL)]~, and (1,
the addition of base. However, this color faded away within 2, —4) for the non-oxo complex [V(HsL),]? .36
1-2 days. Moreover, UV vis spectroscopic measurements A tentative structural representation of the mononuclear
indicated some additional subsequent changes that could béno complexes is shown in Scheme 2. The formation of the
followed over a time span of several days. The vanadium- Dzg symmetric (1, 2,—4) speciesl( has been verified by
(IV)/tmci system behaved similarly. EPR spectroscopy and by crystal structure analyses of the

Because the use of glass tubes was problematic at highsodium and potassium salts (vide infra). Compared to the
pH for such a long equilibration time (dissolution of silica) previously described vanadium(lV)/taci system, formation
and because the use of plastic ware was also not suitableof this particularly interesting non-oxo complex occurred at
(slow diffusion of CQ through the tube walls) we restricted a higher pH:® Because of the 1:1 metal/ligand molar ratio,
the pH to a range of about 3®.0 (Figure 1). A total of the dinuclear species (2, 25) and (2, 2,-7) must obviously
three independent curves were measured for each system tbe interpreted as oxo-complexes. However, bridging via
ensure an unambiguous identification of the various species,hydroxo and/or by alkoxo groups is possible, and therefore,
and the three curves were combined to form one single dataa structural assignment is thus less conclusive.
set for evaluation. In addition, the vanadium(IV)/ino system  According to the spectrophotometric measurements, the
was also investigated by spectrophotometric methods. Fornon-oxo (1, 2,-4) speciesl( is primarily formed in freshly
each point of the titration curve, an UWis spectrum was  prepared solutions and predominates in the pH rargEs8
measured. The spectrophotometric data were evaluatedAt high OH™ concentration, however, the potentiometric and
separately (Figure 2) and further corroborated the model spectrophotometric measurements provided ample evidence

3908 Inorganic Chemistry, Vol. 46, No. 10, 2007
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Table 3. EPR Parameters of the Vanadium(lV) Complexes of ino, tmci, and Their Derivatives in Aqueous Solution

Ox gy 9z Axa Aya Aza |Ax - Ayl a ref
[VO(H-3ino)(H20),] ~ 1.982 1.982 1.941 61.2 61.2 169.4 0.0 this Work
[VO(H-2tmci)(H20).] 1.981 1.981 1.941 61.8 61.8 169.1 0.0 this Work
[VO(taci)(H.0).]?* 1.978 1.978 1.940 61.1 61.1 170.9 0.0 15
[VO(tdci)(H20),]%" 1.981 1.981 1.941 64.2 64.2 171.2 0.0 15
|bc 1.906 1.909 1.986 99.1 96.2 —24.8 2.9 this Work
|| bd 1.924 1.920 g 98.9 93.3 g 5.6 this Work
111 be 1.927 1.922 g ~97 ~90 g ~7 this Work
[V(H —stmci);]?~ ¢ 1.911 1.916 1.984 100.6 95.8 —23.0 4.8 this Work
[V(taci)y]** ¢ 1.902 1.907 1.988 99.4 97.2 —16.0 2.2 15
[V(tdci)2]** © 1.895 1.900 1.988 96.9 94.8 —17.0 21 15
Al g g 1.950 g g 159.1 g this Work
[VO(H —stmci)(OH),]3~ h h 1.950 h h 159.2 h this Work
[VO(H _staci)(OHY]*~ h h 1.949 h h 160.6 h 15
[VO(H _stdci)(OH)] 3~ h h 1.950 h h 160.1 h 15
aValues are measured in units of Facm=% [, I, andlll indicate the three isomers of [V(Hino),]?~ displayed in Scheme 2 (see also Figure 4).

¢ bis-(ax—ax—ax) coordinationd (ax—ax—ax)—(ax—eg—ax) coordination® bis-(ax-eg—ax) coordination! IV in Scheme 2 (see also Figure 3Parameters
not measurable due to the presence of the non-oxo conpleRarameters not measurable due to the presence of the non-oxo complex.

that, at room temperature, this non-oxo complex slowly

transforms into a colorless species of composition (33), / |dpph
within a time period of several days. We tentatively assign /\// y

the oxo-dihydroxo structure [VO(Hino)(OH)]®~ to this —

species IV in Scheme 2). \ 6.80
The species distribution of the vanadium(lV)/tmci v Y
system is generally similar to the vanadium(IV)/ino system *W W//W L 150
(Table 2 and Figure 3b). Remarkable differences are (i) the \ ﬁw@f‘

dinuclear nature of the complex (1, +3) which was b
observed as (2, 2;6) for tmci (Table 2 and Figure 3), and - /\JM4MVJN§/%
(ii) the non-observance of a (2, 2,7) species. i
atiiszcig?ncgoesljgi?; t|(r;dAtc)1ueous S.olutlonThe complex- ] o /\/ ) \ ﬂ,f“ﬂf\ 8.70
y potentiometry and spectropho T
tometry was substantiated by EPR measurements. The spectra . Y a0
of the vanadium(lV)/ino system recorded in aqueous solution - \ N AN j/ﬁif\/ﬂ
with a total vanadium:total ino ratio of 1:2 and a vanadium- J‘ o
(IV) concentration of 4 mM indicated formation of the \ AU AA 99
[(VO)a(ino)H ¢ -, [VO(H no)]~, [(VO)x(ino)oH 71", Y \f VT
[V(H -3in0),]?~, and [VO(H-3in0)(OH)]®~ species. In aque- / / = b 4060

ous solution below pH 4, vanadium(lV) exists as the pale # M\\L{f\rw

blue aqua ion [VO(HO)?". In the pH range 45 a
significant weakening of the EPR signal was observed, which
suggests the presence of a di- or a polynuclear species. These —_—
findings were confirmed by the measurements atpH of 2900 3100 3300 3500 3700 3900
an equimolar solution with vanadium(lV) and ino concentra-
t'F’”S of 10 or 50 mM, _WhICh favored the _formatlon Of_the Figure 4. X-band anisotropic EPR spectra as a function of the pH at 140
dinuclear complex (Figure S2, Supporting Information). kin the vanadium(IV)/ino system with total vanadium(I¥) 4 mM and
Anisotropic EPR spectra showed a broad unresolved absorp1otal ino= 40 mM.1, I, andlll indicate the resonances of the three isomers
tion centered ag = 2.098 in theAM = +1 region and a  ©f [V(H-sinokl*” with bis-(ax-ax-ax), (ax-ax—-ax)—(ax-eq-ax), and

. . . . bis-(ax—eq—ax) coordination mode, respectively (see Scheme 2). Diphen-
forbidden signal at 1550 G in thAM = £2 region. No ylpicrylhydrazyl (dpph) was used as standard field mariggs,t= 2.0036).

indications for monomeric species were verified in the

concentrated solutions. All of these features support a Inthe pH range 557 formation of [VO(H-3in0)(H,0),] -,
dinuclear arrangement and a ferromagnetic interaction be-which has two water molecules in the cis position to the
tween the two WO ions?’ with an alkoxo or hydroxo V=0 bond, occurred (Scheme 2). The experimental EPR
bridged structure such as those formed, for example, by inoparameters (Table 3) are comparable to those of the corre-
with Fé'24 and by taci with Ph,38 Bi' 38 La!" 39 and Gd' .3 sponding taci and tdci complex&sand they are consistent
with the additivity rule used for calculating the parallel hyper-
fine coupling constant with the'v nucleus? The ground

Magnetic field (Gauss)

(37) Smith, T. D.; Pilbrow, J. RCoord. Chem. Re 1974 13, 173-278.
(38) Hegetschweiler, K.; Ghisletta, M.; Gramlich, Morg. Chem 1993

32, 2699-2704. state is @, as is expected for aO complex.

(39) Hedinger, R.; Ghisletta, M.; Hegetschweiler, K tA,0E.; Merbach, : : _
A. E,; Sessoli, R.; Gatteschi, D.; Gramlich, Whorg. Chem.1998 Anlsptroplc EPR spe(.:tra. of the non OXO_ complex
37, 6698-6705. [V(H —sino);]?>~ are shown in Figure 4 as a function of pH.
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Figure 5. X-band anisotropic EPR spectra as a function of the time at pH -1000 -600 200
10.5 and at 140 K in the vanadium(IV)/ino system with total vanadium- E (mV)
(IV) = 4 mM and total ino= 8 mM. | andIV indicate the resonances of
[V(H _gino)]> (1,2~4) and [VO(H-sin0)(OH)]3~ (1,1,-5), respectively E (mV) b)
(see Scheme 2). Diphenylpicrylhydrazyl (dpph) was used as standard field 700 -
marker Qgpph = 2.0036). ]
) =
At a total ino:total vanadium ratio of 2:1 or higher, three ggg L
sets of resonances, (I, andlll in Figure 4), belonging to
three distinct non-oxo speciek (I, andlll in Scheme 2),
are observed simultaneously between pH 7 and 11. However,-400 -
due to the weak intensity of the signals attributable to the
speciedll , only approximate parameters can be extracted,
and theg, andA; values cannot be measured (Table 3). On -500 +
the basis of the EPR properties displayed by the solid samples
(vide infra) and in agreement with the corresponding -600 4
parameters of the analogous taci and tdci compléxes,

i - 1 -1 T T T T T 1T 1
species| was identified as a double adamantane type o0 10.0 1o 1.0 130
complex with a D3y symmetry and a bis-(axax—ax) pH
structure (Scheme 2): Because the resonan'CHSEde”I Figure 6. Cyclic voltammetric measurements of [V(ino),]>". (a) Cyclic
are clearly characteristic of non-oxo species as well, an voltammograms of the [V (H_zino);]>3~ couple at pH 11.0 as a function

. . mV/s (E vs Ag/AgCl-reference). (b) pH dependence of the midpoint
eq—ax) and bis-(axeqg—ax) coordination mode was postu-  pyentials of [WIV(H_gino)] 2 (squares) and [V (H-sino)]2-"3

lated for these species. In agreement with the above- (circles). Closed circles show the potentials (vs NHE) measured with an
mentioned steric requiremer?t’sj;he stability of the isomers Au-working electrode and open circles are those measured with a Hg
. . (hanging drop) electrode.
Il and Il , which have either one or two (aveq—ax)
arrangements of the ligand molecules, is decreasing. Theabove pH 11 (Figure S3, Supporting Information). As
increase of th¢A, — Ay| value from the isomet to Il is expected for a rapid equilibrium, the ratio of the three
also in agreement with a progressive distortion of the pseudo-components did not depend on the age of the samples and
octahedral geometry. The equilibrium between the three remained constant over a period of several days (Figure S4,
species was found to be dependent on pH: with increasingSupporting Information).
pH, the minor component$ andlll disappeared, and only As mentioned in the introduction, an (agg—ax) coor-
the isomer with the bis-(ax-ax—ax) structure was detected  dination of ino has previously been observed in the solid-
(40) Chasteen, N. D. 1Biological Magnetic R P—— state structure of KOFes(ino)H-»1].%* Furthermore, a
asteen, N. D. lological agnetic resonangeeriiner, L. J.; H H : : :
Reuben. .. Eds.: Plenum Press: New York. 1981 Vol. 3, pp53  corresponding isomerization reaction between the two modes
119. (ax—ax—ax) and (axeg—ax) has been elucidated for
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Table 4. Summary of Selected Bond Distances (A) for the Compleixaad 2

1 2

min max average min max average
V —Oalkoxo 1.9023(8) 1.9260(7) 1.9159 1.861(3)
Na—Osuiato 2.319(4) 2.606(4) 2.431
Na—oalkoxo 2.350(4) 2.397(4) 2.378
K —Oalkoxo 2.7118(9) 3.0050(9) 2.7938
K—OHy(term) 2.8482(9)
c-0 1.4172(13) 1.4317(13) 1.4241 1.421(5) 1.439(6) 1.430
c-C 1.5262(17) 1.5348(15) 1.5300 1.537(7) 1.538(7) 1.538

[Co" (tach)(H-,in0)]®™ by means ofH NMR spectroscopy  thus a diffusion controlled electron-transfer reaction. How-
(tach = cyclohexane-1,3,5-triaminé). It is thus not too ever, in agreement with the above-mentioned slow formation
surprising that vanadium(lV), having an ionic radius of oxo species such as (2, 2,7) and (1, 1,-5), an aging
(0.58 A) between high-spin Fe(0.65 A) and low-spin C8 process was observed for these samples, and after a waiting
(0.55 A)2 exhibits an analogous behavior. time of a few days the cyclic voltammograms did not reveal
To confirm this hypothesis, the vanadium(IV)/tmci system any interpretable signals.
has been included in our study. As noted above in Scheme The reduction of [V (H_zino),]?>~ was observed at strongly
1, the coordination mode of this ligand is restricted tofax negative potentials. At low scan rates 100 mV/s), the
ax—ax). The complexation process displayed by tmci is measurements indicated a partially irreversible process with
substantially comparable with that of ino. EPR spectra one single reduction wave and a series of several oxidation
recorded as a function of pH with total tmci:total vanadium waves (Figure 6a). This observation is indicative of a slow
ratios of 2:1 or 10:1 showed the formation of [VO@tmnci)] decomposition/rearrangement of the complex at the vana-
in weakly acidic solution, of di- or polynuclear species dium(lll) stage. At higher scan rates>600 mV/s), the
around neutrality, of a non-oxo [V(Htmci);]>~ complex in observed pattern can be assigned to the quasi reversible redox
the pH range 910, and of [VO(H.stmci)(OH)]® in very reactions of a major and a minor component, with the
basic solution. It is noteworthy that with tmci only one non- midpoint potentialE,, of the minor component appearing
oxo vanadium(lV) species was observed between pH 7 andas a slightly less negative potential. A possible explanation
11 (Figure S5, Supporting Information). The spectrum of for this observation would be the binding of the vanadium-
the Dy symmetric [V(H-stmci);]?~ (Figure S6, Supporting  (lll) and vanadium(lV) center to different alkoxo groups
Information) has been simulated and the parameters, which((ax—eqg—ax) vs (ax-ax—ax) coordination) of an ino mol-
are comparable to those displayed by non-oxo complexesecule (Schemes 1 and 2). This observation is in agree-
of taci, tdci, and ino, are reported in Table 3. ment with the EPR measurements, where also more than
As mentioned above, the potentiometric and spectrophoto-two non-oxo vanadium(lV) complexes were detected for
metric measurements provided evidence that above pH 10[V'V(H_3in0),]?>" in basic solutions. Below pH 9, the EPR
[V(H-3in0),]?" is slowly converted into a colorless™O data indicate formation of three different isomers of the
species within a period of several days. This transformation [V'V(H_3in0),]?~ species at comparable portions. In agree-
can also be followed by EPR spectroscopy. In Figure 5, the ment with these findings, these CVs were exceedingly
resonances oV, which are superimposed to those of the complex, and a straightforward interpretation proved to be
non-oxo complexl (see Scheme 2 and Figure 4), are not possible. Interestingly, a corresponding minor transition
indicated by dotted lines. EPR parameteays<{ gx ~ g, and was not observed for the [¥" (H_stmci)2]2 3~ complexes
A, > A~ Ay) are characteristic of a “normal”VO species ~ where the three equatorial methylated oxygen donors cannot
with tetragonal symmetry (Table 33.In analogy to be coordinated to the metal center.
[VO(H-staci)(OH)]*~ and [VO(H-stdci)(OH),]*", two of The peak separation for the™W"' couple remains
the alkoxo groups of ino occupy cis positions and one approximately constant at 8®0 mV up to a scan rate of
of them the trans position with respect to the=®@ bond. 2000 mV/s. The midpoint potentidk,,, of this couple is,
The two additional OH ligands are in the remaining cis however, pH-dependent, and it increases with decreasing
positions (Scheme 2}.Analogous behavior is observed in  pH (Figure 6b). Such a behavior can be explained by the
the vanadium(lV)/tmci system, where the corresponding possible protonation of a coordinated alkoxo group at the
[VO(H_stmci)(OH)]3 complex is formed (Table 3). vanadium(lll) stage, favored by the lower charge on the metal
Electrochemistry. In freshly prepared, strongly alkaline center.
solutions, cyclic voltammetric measurements established two
major one-electron transitions, which correspond to a reduc- [V'V(H_gino)z]zf +e +H — [V”'(H_3ino)(H_2in0)]27
tion and an oxidation of the [V(H-_ino),]2~ complex. For (iif)
both processes, the anodic peak current depended in a strictly
linear fashion on the square root of the scan rate, indicating Above pH~ 13, E;» remains constant and the reaction
occurs according to the following equation:

(41) Hausherr-Primo, L.; Hegetschweiler, K.;"&yger, H.; Odier, L.;

Hancock, R. D.; Schmalle, H. W.; Gramlich, ¥.Chem. Soc. Dalton v . o— _ m . 3— .
Trans 1994 1689-1701. [V (H_zino)]” +e —[V7(H_zino))] (iv)
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A value of —0.64 V (vs NHE) was assigned to the
reduction potentiall, ;) of the major componenD( isomer,
I in Scheme 2 and Figure 4) in the latter process.

The oxidation of [VW(H_3in0);]?> occurred at a potential
of +0.64 V (vs NHE), and it did not show any significant
pH dependence between pH 10 and 13.5 (Figure 6b).
Obviously, the W and W cis-inositolato complexes cannot
be protonated under these conditions:

[VY(H_gino),l* — [VY(H_gno)] " +e (V)

The quasi reversible electron transfer of this process
showed a constant peak separation of 80 mV for scan
rates in the range 22000 mV/s, which increased to a value
of 120 mV for a scan rate of 5000 mV/s.
Crystal Structures. As seen in the previous sections, the
clear yellow aqueous solutions, which are obtained by the
combination of VOS@5H,0 and ino in a 1:2 molar ratio
at a high pH, contain the mononuclear non-oxo species
[V(H _sino);]?~. Corresponding single crystals of composition
[V(H _3ino)2][K z(inO)z] '4H20 (1) and [NQV(H _3ino)2](SO4)2-
6H.0 (2) could be grown readily from these solutions, using
either KOH or NaOH as base, respectively. In both com-
pounds:-L and2, an almost exactly _OCtahedral coordination Figure 7. Crystal structure ofl. (a) Section of one of the chains aligned
sphere is observed for the vanadium(lV) centers. Because€along thec-axis, consisting of an alternating arrangement of [V4Ho),]2~
of the crystallographically imposed site symmetryf¢t 1 anions and [K(ino);]" cations. Only the Oy, part of the cations is shown,
and 3for 2), the coordination geometry is centrosymmetric and non—(_:oordinating hy(_iroxy groups of the anions are omittec_i for_clarity.
. L . . In the cation on the left side one cyclohexane backbone of an ino ligand is
and corresponds to a trigonal antiprism with a twist angle shown. Hydrogen atoms are omitted for clarity. Color code: V, blue; O,
(®) of 60°. These values correspond to the ideal angle that red; K, gray; the carbon skeleton is shown as a stick model in black. (b)
is expected for a regular octahedron. Similar twist angles Structure of the centrosymmetric ffino),]** cation. (c) Coordination
spheres of the Kcenters. (d) Representation of the packing ([V4iro),
were also observed for the analogous complexes formed byanjons in biue and [Kino),]?* cations in gray).
taci and tdcit>*2Furthermore, the difference for interligand
and intraligand ©-O distances is negligible (2.71/2.70 A represent two hydrophilic poles. As such rods, these units
for 1 and 2.66/2.60 A foR). The V—Oajoxo bond distances  can serve as interesting building blocks for a supramolecular
of the potassium derivativé fall in the range of 1.96 solid-state architecture. The alkoxo and hydroxo groups of
1.93 A (Table 4). These values are in good agreement with a cis-inositolato complex can either undergo multiple hy-
the previously described structures and clearly indicaté/a drogen bonding interactions or bind additional catié?s.
valence state for the vanadium center. The correspondinglnterestingly, both concepts are realized in the structures of
V—0aikoxo distance in the trigonal sodium derivativ& 1and2: in the potassium derivativé, a complex network
(1.86 A) is remarkably short, but the EPR study clearly of hydrogen bonds is formed, and as a consequence, the
established that vanadium is present in the vanadium(lV) rotational symmetry observed for isolated [V(}ho):]?>~
state. Moreover, the redox potential that has been determinedunits is not preserved within the crystal structure; in the
for the corresponding V/VV couple (Figure 6) is rather high,  sodium complex, a total of six Nd cations are coordinated
and a spontaneous oxidation is therefore unlikely. The to the alkoxo groups, leading to a [NAH _sino),]*" cation
vanadium(lV) state is also in agreement with charge-balancethat retains its threefold rotational symmetry.
considerations (the six coordinated alcoholic oxygen donors The crystal structure of the potassium complegorre-
are all deprotonated). sponds to an unusual 1:1 packing of [\/@ho);]?>~ dianions
The [V(H-3ino);]>~ anion can be regarded as gy and [Ky(ino),]?" dications (Figure 7). The anions and cations
symmetric rod having a bipolar shape; the six coordinated form linear chains along the crystallographi@xis. Each
and deprotonated alkoxo groups together with the six non- anion—cation interaction comprises two equatorial hydroxy
coordinating hydroxy groups form a hydrophilic equator, groups of a [V(H3ino),]>~ anion which coordinate a K
whereas the outside of the two cyclohexane residuescenter of the neighboring cation. Notably, these chains are
: - - - stacked in an eclipsed rather than a staggered arrangement
“2) A © examination of the t\clvrliétz?gtl?jcgjmagfl\)[zvac?)z]n?s[\ot)ﬁgl)ﬂ o with short anior-anion and catiorcation separations on
[VV(tdci)][V 2YO12]-14.5H0, and [V (tdci)H_1]Cla 15H.0 revealed the one hand and long catieanion separations on the other.
a value of 59.5for the taci complex and a value of exactly 60for This type of packing, not known for simple ionic solids,
the two centrosymmetric tdci complexes, provided that the two clearly shows that the structure is mainly held together by

triangles oriented perpendicular to the (pseudo) threefold rotational . ; ) -
axis are considered. hydrogen bonding interactions and not by the electrostatic
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Figure 8. Crystal structure of. (a) The [V(H-3ino)]2~ anion together . . .
with two of the six N& ions which surround the equator of the anion. Figure 9. X-band anisotropic EPR spectra at 140 K of the [V{iio),]*~
Hydrogen atoms are omitted for clarity. Color code: V, blue; O, red; Na, anioninseveral solvents. (a) DMF; (b) CH@luene 60:40 v/v; (c) aqueous
gray; the carbon skeleton is shown as a stick model in black. (b) View on Solution at pH 10.85 with total vanadium(I¥ 4 mM and total ino= 8
a layer, oriented parallel to thb-plane (sulfur atoms of the S& anions mM. (a) and (b) were recorded after dissolutioriéh DMF or in CHCk/
in yellow). (c) space filling model of the entir& symmetric [NaV(H_s- toluene 60:40 v/v. Diphenylpicrylhydrazyl (dpph) was used as standard field
ino),]++ cation. (d) Section of the three-dimensional network that can be Marker Gapph = 2.0036).
derived from a face centered cubic packing of thesfi{(al —zino),]** cations

(shown as blue spheres) with the sulfate counterions (yellow) in the _Compoundz crystallizes in the rhombohedral space group
tetrahedral holes of this packing. R3 with the [V(H_4ino);]2~ anion lying on threefold rotational
forces between the differently charged ions. The molecular inversion &) axes (Figure 8). The [V(Kino);]>~ complex

structure of the [K(ino)]>" dication with both K ions is surrounded by six Nacounterions that are bonded to the

bonded simultaneously to an (agg—ax) and an (axax— axial alkoxo oxygens and to the equatorial hydroxy oxygens
ax) site of the ino ligands is unprecedentédhe cations of thecis-inositolato moieties. The alkoxo oxygens undergo
lie on centers of inversion; they approach, howev@i, Na—O—Na bridging, whereas the hydroxy groups coordinate

molecular symmetry quite closely. In addition to the six in a terminal fashion. As a result of the interaction with the
alcoholic donor groups of the two ino ligands and the two equatorial hydroxy groups, the six sodium ions adopt a
above-mentioned hydroxy groups of the neighboring anion, puckered ring structure with a chair conformation and a Na
each K center is coordinated to a,8 molecule, arriving -Na distance of 3.33 A. The N&O distances are in good
thus to a coordination number of nine. Four of the eight agreement with the literature values (Table*®)This
coordinated alcoholic OH donors of j@no),]?* serve as puckering destroys the pseudo-mirror plains of theg
u-ROH bridges, and they form a slightly elongated square. symmetric [V(H-3ino),]?>~ core, and as a consequence, the
The coordination spheres of the twd I€enters can thus be  symmetry of the entire [N&(H_zino),]*" entity is . The
described as two slightly distorted, mono capped squaresix Na" centers are further interlinked by six sulfate moieties
antiprisms which share the{ROH)-square. Such a dimeric  forming in turn either OSgz-O); bridges or undergo
structure is rather unusual for'KWe are only aware of  bidentate chelation. The SO units are again placed on
one additional example (a-KTi calix[4]arene dimer) where  threefold rotational axes, and as a consequence, each of them
two fused, mono-capped antiprisms have a square face incoordinates a total of three [BNAH _sino),]*" entities (Figure

common®® In this K—Ti calix[4]arene dimer, the k-K 8b). The interlinking of [V(H.3in0),]>~ anions, N4 cations,
separation is 4.78 A, whereas inflio),]2" it is 3.64 A. and SQ? counterions results in the formation of a two-
This relatively short K:-K distance is clearly a consequence dimensional network that is oriented parallel to the crystal-
of the high rigidity of the ino ligand. A related short &K lographicab-plane. It is noteworthy that only three oxygen
distance (3.51 A) is observed for,RrFs, where two nine- atoms of the sulfate unit are incorporated in this network;

coordinate K centers also share their coordination polyhedra

(strongly distorted monocapped cubes) by a common square45) (a) Armstrong, D. R.; Clegg, W.; Drummond, A. M.; Liddle, S. T.;
Mulvey, R. E.J. Am. Chem. So200Q 122, 1111711124. (b) Geier,

44
face: J.; Gritzmacher, HChem. Commur2003 2942-2943. (c) Geier, J.:
Ruegger, H.; Gftzmacher, H.Dalton Trans.2006 129-136. (d)
(43) Petrella, A. J.; Craig, D. C.; Lamb, R. N.; Raston, C. L.; Roberts, N. Fischer, R.; Gds, H.; Walther, D Eur. J. Inorg. Chem2004 1243~
K. Dalton Trans.2003 4590-4597. 1252. (e) MacDougall, D. J.; Noll, B. C.; Henderson, K. WWorg.
(44) Bode, H.; Teufer, GActa. Crystallogr.1956 9, 929-933. Chem 2005 44, 1181-1183.
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Table 5. EPR Parameters of Non-Oxo Vanadium(lV) Complexes of ino and Its Derivatives in Several Solvents

solvent Ox Oy 9z Ac? A2 A2 [Ax— A2
[V(H —sino),]>~ H.O 1.906 1.909 1.986 99.1 96.2 —24.8 2.9
[V(H —sino)]>~ b DMF 1.911 1.915 e 100.7 94.2 e 6.5
[V(H —3ino),]2~ b CHCly/toluene 60:40 v/iv 1.910 1.913 1.988 99.2 942 —26.8 5.0
[V(taci)z]*" H.O 1.902 1.907 1.988 99.4 97.2 —16.0 2.2
[V(taci)y]** ¢ DMF 1.904 1.907 e 98.5 96.0 e 25
[V(taci)z]** © CHCly/toluene 60:40 v/iv 1.903 1.906 1.987 99.8 96.7 —18.6 3.1
[V(tdci)2]** H.O 1.895 1.900 1.988 96.9 94.8 —-17.0 2.1
[V(tdci)]4+ @ DMF 1.894 1.892 e 101.0 91.8 e 9.2
[V(tdci)o]4* d CHCly/toluene 60:40 v/iv 1.892 1.893 1.988 101.1 922 -—198 8.9

aValues are measured in units of Z&m~1. ® Spectrum obtained after dissolution bfn the solvent or in the mixture of solventsSpectrum obtained
after dissolution of [W (taci)](SOs)2 12H0 in the solvent or in the mixture of solventsSpectrum obtained after dissolution of Y\tdci)][V V4012 14.5H0
in the solvent or in the mixture of solventsParameters not measurable for the poor resolution of the spectrum.

the fourth oxygen atom is placed either directly above or solid complexl in a weakly coordinating solvent (DMF) or
directly beneath its parent sulfur atom and is not involved in a mixture of the non-coordinating solvents CH@hd
in any binding interaction at all. toluene (60:40 v/v). Analogous measurements were per-
The [NaV(H_sino);]** cations, which have an almost formed for the two cations [V(tagl'" and [V(tdcip]*". The
spherical shape (Figure 8c), approximately adopt a closedspectra of [V(Hsino)]*~ are shown in Figure 9, whereas
sphere packing with the sulfate counterions located in the those of [V(taci)]** and [V(tdcip]*" are reported in
tetrahedral holes of this packing. The crystal structur@ of Figures S7 and S8 of the Supporting Information. EPR
can thus be derived from the anti-Gaffructure type (space parameters are presented in Table 5. A better resolution in
group Fm3m) by a series of groupsubgroup relations, CHCly/toluene 60:40 v/v than in DMF is observed for all
namely, (a) a stretching of the structure along the trigonal three complexes.
axis Fm3m — R3m) and (b) the above-mentioned loss of Examination of Figure 9 reveals that the spectra of
mirror planes R3m— R3) due to the nonplanar arrangement [V(H-3in0);]>~ in DMF and in a mixture CHGltoluene 60:
of the Na ions. As a consequence, each fMéH _sino),]*" 40 v/v are comparable to that recorded in aqueous solution.
cation is surrounded by 12 additional cations, and the A slight increase of the anisotropy paramefr — Ay| can
stretching along the trigonal axis is indicated by two slightly be detected (Table 5). This means that the almost regular
different edge lengths (10.64 and 9.55 A) of the correspond- octahedral structure remained virtually unchanged in the three
ing cube octahedron (Figure 8d). systems. An analogous trend is observed for [V(tciand
EPR Characterization of Non-oxo Complexes in Weakly ~ [V(tdci)2]*" (Table 5 and Figures S7 and S8, Supporting
Coordinating Solvents Six-coordinate vanadium(lV) com-  Information), with the complex formed by tdci reaching the
plexes can be divided into two groups: (i) those withga d ~Maximum of anisotropy along theandy directions in the
ground state, ang, < gy ~ g, < 2.0023 andd, > A, ~ A,; organic solve_nts. For a complex with oc_tahedral geometry,
and (i) those with a g ground state, and, ~ gy < g; ~ the _observatlon of ad grou_nd state is not exp_ected.
2.0023 and, < A~ A, On the basis of the experimental waogsly_, the non-oxo vanadium(IV) complexes of ino and
parameters (Table 3), the non-oxo complexes of ino and tmcilts derivatives do not follow the proposed behavfoAt the
belong to the second group and havezagound state. In moment, the reason for this contradiction is not clear and
the literature, it is proposed that this electronic configuration Must be further examined. It is possible that other effects,
characterizes hexa-coordinated vanadium(lV) species withPeside the distortion of the complexes, could contribute to
a geometry distorted toward a trigonal pridfm’e determine the ground state of these complexes.

In accordance with simil.ar obseryations, reported recently ~gnclusions and Outlook
for [V(taci);]*" and [V(tdcip]*" cations!® the anomaly of _ _ o _
solution suggest @z ground state, whereas their geometry form non-oxo vanadium(lV) complexes of composition
in the solid-state is very close to a regular octahedron. Indeed,[V(H-aL)2]*" (L = ino, tmci) by using three_aX|aI2aIkoxo
the twist angles fot, 2, as well as for [V (taci)](SOu)2* groups for metal binding. The compound [V(#ho)]*" has
12H,0,5 [V V(tdci)][V V012 -14.5H0 .15 and [V (tdci)H_o- been thoroughly characterized in the solid-state and in
Cls+15H,0' all fall in the range of 59.560°.42 This could aqueous solution. In analogy to taci and ttfdhe favorable
imply that a rearrangement of the structures takes place inmetal binding properties of ino and tmci are based on the
water and that the angles in solution are lower than in the high degree of preorganization of the donor sets. However,
solid-state. To shed light on this problem, EPR spectra of in contrast to taci and tdci, [V(Kino)]?" forms three
the anion [V(H.ino)]>~ were recorded by dissolving the distinctisomers in weakly basic aqueous solution with a bis-
(ax—ax—ax), an (ax-ax—ax)—(ax—eq—ax), or a bis-(ax

(46) Jezierski, A.; Raynor, J. B. Chem. Soc. Dalton Tran$981, 1-7. eg—ax) structure. The non-observance of any-{ag—ax)
(47) Desideri, A.; Raynor, J. B.; Diamantis, A. &. Chem. Soc. Dalton  jsomers for the vanadium(lV)/taci and vanadium(lV)/tdci

Trans 197§ 423426, system obviously follows from the relatively low affinity of

(48) Olk, R. M.; Dietzsch, W.; Kirmse, R.; Stach, J.; Hoyer, E.; Golic, L. . . -
Inorg. Chim. Acta1987 128 251—259. the very hard vanadium(1V) ion for nitrogen donors.
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Compared to taci and tdci, which can coordinate as neutral such solid non-oxo vanadium(lV) complexes. They are
zwitterions with deprotonated oxygen donors and protonatedrelatively stable at the physiological pH and undergo
nitrogens, the generation of three deprotonated oxygen donorgonversion reactions to the\O di-hydroxo species only at
in ino and tmci requires the action of an external base. As a higher pH values (see Figure 5). They could be of particular
consequence, formation of the anionic non-oxo speciesinterest because ino and its derivatives are relatively nontoxic,
[V(H-sL)2]*>" (L = ino, tmci) occurs at a higher pH as and cell membranes have effective receptors for such
compared to the cationic [V]*" complexes (L= taci, tdci). polyalcohols. The investigation of taci, tdci, ino, and tmci
Because of the high number of coordinated alkoxo and non-complexes would allow us to study the effect of the overall
coordinating hydroxy groups, [V(Hino),]?>~ can serve asa charge of cationic and anionic species on the insulin-
versatile building block for supramolecular architectures. The enhancing action and to compare their efficacy with respect
interlinking of these building blocks can occur either by to that of VYO complexes. To the best of our knowledge,
hydrogen bonding, in which the [V(Hino),]?~ unit can serve no study on the insulin-enhancing activity of non-oxo
as a hydrogen donor or a hydrogen acceptor, or by binding vanadium(lV) complexes has been reported in the literature.

additional cations. The two complexésnd?2 are illustrative
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