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The complex formation of vanadium(IV) with 1,3,5-triamino-1,3,5-trideoxy-cis-inositol (taci) and 1,3,5-trideoxy-1,3,5-
tris(dimethylamino)-cis-inositol (tdci) was studied in aqueous solution and in the solid state. The formation constants
of [VVO(taci)]?*, [VVO(tdci)]?*, and [VV(tdci),]** and of the deprotonation product [V"(tdci),H-1]** were determined
(25 °C, 0.1 M KNOs3). Cyclic voltammetry measurements established a reversible one-electron transfer for the
[VV(tdci)H—m] =™V (tdci),H-] ™ couple (0 < n, m < 6) with a strongly pH-dependent EY?y, (+0.15 V at pH
5, —0.57 V at pH 13.5). Slightly more negative potentials were measured for the taci complexes. An additional
quasi-reversible electron transfer at strongly positive potentials (1.2-0.5 V) was assigned to the [VV(taci),H—nm] ™/
[VV(taci),H_]*™ couple. The structures of [V"(taci)2J(SO4)o*12H,0 (1), [VV(tdci);][V4'O1,)-14.5H,0 (2), and
[VV(tdci),H-1]Cl3-15H,0 (3) were determined by single-crystal X-ray analysis. The cations of 1-3 exhibit a structure
of approximate Dsq Symmetry. The vanadium centers have an almost regular octahedral geometry. The coordinated
oxygen donors are deprotonated, and their protons are transferred to the amino groups which act as internal
bases. For both ligands, EPR measurements support the formation of non-oxo V'V complexes, with a d,2 ground
state, in agueous solution above pH 7. The spectral features are indicative of hexacoordinated complexes with a
geometry distorted toward a trigonal prism. Finally, a mechanism is proposed for the decomposition of [VVL,H_,J¢=)
(L = taci and tdci) in strongly alkaline media (pH ~ 13).

Introduction complexes of this type were reported for amavadin, a low
The chemistry of vanadium(lV) is dominated by the molecular weight V¥ compound with mixed carboxylate

oxovanadium (V@) cation. Only a few non-oxo complexes ~hydroxylamine coordination, present in mushrooms of the
have been fully characterized. The biological significance 9eNusAmanit& and in the cofactor in vanadium nitrogenése.

of non-oxo vanadium centers was illustrated previotisigd Tris chelated non-oxo vanadium(lV) complexes with
coordination modes VH VOsS;,° VSg,° VOs,” and VN8
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hegetschweiler@mx.uni-saarland.de (K.H.); micera@uniss.it (G.M.).

1,3,5-Triamino-1,3,5-trideoxgis-inositol, a Ligand with a Remarkable (1) Bayer, E.; Koch, E.; Anderegg, @ngew. Chem., Int. Ed. Endl987,
Versatility for Metal lons. XI. Part X: ref 29. 26, 545.
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were reported. To our knowledge only five of them, all with Scheme 1
a VOyN, coordinatiorte8" are bis complexes of tridentate  a)
ligands. Generally, six-coordinate non-oxo complexes'éf V
exhibit a severe distortion from octahedral geometry. With
ligands forming a five-membered chelate ring such as
o-catecholsp-mercaptophenols, and dithiolenes, the geom-
etry is close to a trigonal prism and there is a switch of the
ground state from g to d2.° The twist angle between the
triangular faces of the coordination polyhedron is cairD
[VV(dithiolene}],®¢ 3.0° in [V "V (cis-1,2-diphenylethene-1,2-
dithiolato)],%4 44.5 in [V'V(maleonitriledithiolatoy]?~,%¢ and
56.0 in [V"V(acetylacetonatg)'.*°
1,3,5-Triamino-1,3,5-trideoxgis-inositol (taci) is a tri-
dentate ligand which can bind a metal center through an
{N,N,N}, {N,N,0}, {N,O,C}, or {O,0,0 mode (indicated
as i~ivin Scheme 1} The{0,0,3 donor set is somewhat
harder than th¢ N,N,N} set. Therefore, soft metal ions such
as Ni', Cu' and zd prefer an{N,N,N} coordinationt? while
a hard ion like Al' preferentially binds to the three oxygen

(i) (iv)

M?* with z = 1,2 (except Be?*) M with z = 3, Be?*

donors!3 Complexes of type iv with a highly charged cation
can further be stabilized by an intramolecular transfer of the
protons from oxygen to nitrogen donors (generation of a
zwitterionic form with the amino groups serving as a base).
For 1,3,5-trideoxy-1,3,5-tris(dimethylamino)s-inositol (tdci)

(2) (a) Carrondo, M. A. A. F. de C. T.; Duarte, M. T. L. S.; Costa Pessoa, the bulky dimethylamino groups enforce the conformation

%.; S"Vf' ﬁ]jA'crlT; Frr’ésto dg hSiIva,C J.J. FE.; glaai,l I\S/Ié %J)T.CA.: Vi(ljaS- with the —N(CHs). groups in an equatorial position. There-
oas, L. . em. Soc., em. Comm(@#8 . arrondo, .. . . .
M.A A F deC.T.Duarte, M. T. L. S.. Fiato da Silva. J. . R, Tore, tdci is a selective ligand for hard and highly charged

Struct. Chem1992 3, 113. (c) Berry, R. E.; Armstrong, E. M.;  metal ions'* Strong interactions with selective binding of

Beddoes, R. L.; Collison, D.; Ertok, S. N.; Helliwell, M.; Garner, C.
D, Angew. Chem.. Int, E4999 38, 795, the metal center to the alkoxo groups are thus expected for

(3) (a) Kim, J.; Rees, D. CSciencel992 257, 1677. (b) Kim, J.; Rees,  the VW —taci and W —tdci systems. We report here synthetic,

g_- |C _Naltusfe %993 3\6/50 53_3- (© E{idyé FIQ- _R-Llﬁfé'\gelfahlogs ifll potentiometric, spectroscopic, electrochemical, and structural
iological Systems: Vanadium and its Role in el, H., Sigel, . W tm i s )
A. E., Eds.; Marcel Dekker: New York, 1995: Vol. 31, Chapter 11, Studies on W —taci and W —tdci systems and describe the

p 363. first examples of a bis chelated non-oxo complex with the

(4) (a) Comba, P.; Engelhardt, L. M.; Harrowfield, J. MacB.; Lawrance, v ; ;
G. A: Martin, L. L.: Sargeson, A M.. White, A. HI. Chem. Soc.. VIV center bonded exclusively to six oxygen donors.

Chem. Commuri985 174. (b) Auerbach, U.; Della Vedova, B. S. P. . .
C.; Wieghardt, K.; Nuber, B.; Weiss, J.Chem. Soc., Chem. Commun  Experimental Section
199Q 1004.
(5) (1) Kang, B.-S.; Wang, X.-J.; Su, C.-Y,; Liu, H.-Q.; Wen, T.-B.; Liu, Materials, Instrumentation, and Analyses Taci and tdci were
Q.-T. Transition Met. Chenl999 24, 712. (b) Klich, P. R.; Daniher,  prepared as describ&dAll other chemicals were commercially

?égé; gga?l,lzzg, P.R.; McConville, D. B.; Youngs, W.lhorg. Chem. available products of reagent grade quality. IR spectra were recorded

(6) (@) Welch, J. H.; Bereman, R. D.; Singh, IRorg. Chem.1988 27, on a Bruker Vector 22 FT IR spectrometer equipped with a Golden
2862. (b) Broderick, W. E.; McGhee, E. M.; Godfrey, M. R.; Hoffman, ~ Gate ATR unit. The UV~vis spectra of the spectrophotometric
B. M.; Ibers, J. A.Inorg. Chem.1989 28, 2902. (c) Kondo, M.; itrations (next section) were recorded using a diode array spectro-
Minakoshi, S.; lwata, K.; Shimizu, T.; Matsuzaka, H.; Kamigata, N.; . . . .
Kitagawa, S.Chem. Lett1996 489. (d) Eisenberg, R.; Gray, H. B.  Photometer (J&M, Tidas-UV/NIR/100-1) combined with an im-
Inorg. Chem1967, 6, 1844. (e) Stiefel, E. I.; Dori, Z.; Gray, H. B. mersion probe (Hellma); the spectra of the solid samples were

Am. Chem. Socl967, 89, 3353. measured in kD using an Uvikon 941 spectrophotometer. C, H,
(7) (a) Cooper, S. R.; Koh, Y. B.; Raymond, K. N. Am. Chem. Soc.

1982 104, 5092. (b) Hambley, T. W.; Hawkins, C. J.; Kabanos, T. N-analyses were performed by H. Feuerhake (Instituorga-
A. Inorg. Chem1987, 26, 3740. (c) Karpishin, T. B.; Stack, T. D. P.; nische Chemie, Universitdes Saarlandes). ICP-MS measurements
Raymond, K. N.J. Am. Chem. S0d.993 115 182. (d) Karpishin, T. (determination of V and CI) were carried out by P. Weis (Prof. H.

?é;zgewey, T. M.; Raymond, K. NJ. Am. Chem. S0d993 115 P. Beck, Institut fu Anorganische und Analytische Chemie at the

(8) (a) Kabanos, T. A.; White, A. J. P.; Williams, D. J.; Woollins, J. D.  Universita des Saarlandes).
J. Chem. Soc., Chem. Comm@i892 17. (b) Kabanos, T. A.; Slawin, Potentiometric and Spectrophotometric Titrations. All titra-

A. M. Z.; Williams, D. J.; Woollins, J. DJ. Chem. Soc., Dalton Trans. ; —tdei —taci
1992 1423. (¢) Vergopoulos, V.- Jantzen, S.: Rodewald, D.; Rehder tions of the W—tdci and W —taci systems were performed at 25

D.J. Chem. Soc., Chem. Comm@@95 377. (d) Neves, A.; Ceccato, ~C/0-1 M KNO; in a batchwise mannéf. Each titration curve

A. S.; Vencato, |.; Mascarenhas, Y. P.; Erasmus-Buhd.QChem. consisted of 1824 data points, and each point corresponded to an
gg&hcﬁmA ?gwgvumﬁZFfSTZié(k?gﬂ?lgmgnq;h /S*t- /3-: é"ﬁé‘r',ff‘jég"'; individual 10-mL sample, sealed in a double-jacketed beaker. The
41, 453. (f) Bruni, S.; Caneschi, A.. Cariati, F.; Delfs, C.; Dei, A.; Samples were allowed to equilibrate for 74 days. The pH was
Gatteschi, D.J. Am. Chem. Sodl994 116, 1388. (g) Ludwig, E.; measured with a Metrohm 713 pH/mV-meter and a Metrohm
Hefele, H.; Uhlemann, E.; Weller, F.; Kig W. Z. Anorg. Allg. Chem. combined glass electrode (internal Ag/AgCl reference), which was

1995 621, 23. (h) Hefele, H.; Ludwig, E.; Uhlemann, E.; Weller, F. : : o :
Z. Anorg. Allg. Chem1995 621 1973, calibrated by acietbase titrations. For the Vtaci system, the total

(9) Raymond, K. N.; Isied, S. S.; Brown, L. D.; Fronczek, F. R.; Nibert,

J. H.J. Am. Chem. Sod.976 98, 1767. (13) Hegetschweiler, K.; Ghisletta, M.; §ser, T. F.; Nesper, R.; Schmalle,
(10) Morosin, M.; Montgomery, HActa Crystallogr., Sect. B969 B25 H. W.; Rihs, G.Inorg. Chem 1993 32, 2032.

1354. (14) Hegetschweiler, K.; Kradolfer, T.; Gramlich, V.; Hancock, R. D.
(11) Hegetschweiler, KChem. Soc. Re 1999 28, 239. Chem—Eur. J. 1995 1, 74.
(12) Hegetschweiler, K.; Gramlich, V.; Ghisletta, M.; Samaraslirdrg. (15) Hegetschweiler, K.; Erni, I.; Schneider, W.; SchmalleHglv. Chim.

Chem 1992 31, 2341. Acta199Q 73, 97.
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vanadium to total taci molar ratio in the two independent experi-
ments was 1:4. The ¥tdci system was investigated by three
independent batches with total vanadium to total tdci molar ratios
of 1:2, 1:3, and 1:4. Each sample of the 1:3¥dci batch was also
investigated spectrophotometrically (35000 nm)16

Calculation of Equilibrium Constants. All equilibrium con-
stants were calculated as concentration quotients withk-pHog
[H*] using the computer program HYPERQUAD.The Ky
(13.79)18 the K, values of tdci (5.93, 7.64, 9.68)and taci (5.95,
7.40, 8.90)2 and the total concentrations of V, L, and"hvere
treated as fixed values. The hydrolytic specie¥ OH)]* (log

Bro-1 = —5.94)2 [(VVO)(OH)]?>" (log B2 = —6.95)%°
[VIVO(OH)]~ (log f10-3 = —18.0)2* and [(MVO),(OH)s]~ (log
Bao-s = —22.07* were assumed with fixed formation constants.

For [VVO(OH)]" and [(VWWO),(OH),]?* the values of the formation

Morgenstern et al.

component of the anisotropic spectrum was taken as an approximate
measure of the species concentration.

Electrochemistry. Cyclic voltammograms were recorded in 0.1
M KNOg, using a BAS C2 cell, a BAS 100B/W 2 potentiostat, a
Pt counter electrode, and an Ag/AgCl reference at ambient
temperature (23t 3 °C). The pH was adjusted using 3-(cyclo-
hexylamino)propanesulfonic acid (CAPS) and 3-morpholinopro-
panesulfonic acid (MOPS) as buffers. The total vanadium concen-
tration was 0.01 M, and the total ligand concentration 0.04 M.
Measurements at positive potentiaisX 200 mV, W/VV couple)
were performed using a Pt working electrode. The range with
negative potentialdg < 200 mV, W/V'" couples) was investigated
using a Hg (hanging drop) working electrode. All potentials were
calculated relative to the normal hydrogen electrode (NHE), with
a value o0f+0.46 V for the [Fe(CNg]3~4~ couple (0.01 M NaOH).

constants were adjusted to the appropriate ionic strengths by use Preparation of [V (taci)z](SO,)-4H20. VOSOy5H,0 (85 mg,

of the Davies equatiof?. However, all the simple hydrolytic species
did not form to any significant extent. In the final evaluation the
three titration curves of the Vtdci system were combined to one

336umol) was added to a solution of taBHCI-1.5H,0 (200 mg,
638umol) in HO (2.5 mL). To the resulting blue suspension was
added aqueous KOH (0.1 M) until a clear yellow solution was

data set and evaluated together. Similarly the two curves of the Obtained (the amount of KOH was about-1P4 mL, and the final
V—taci system were evaluated in one step. The spectroscopic dat?H Was 7). The solution was refluxed for 30 min and then allowed

for the V—tdci system were evaluated using the computer program
SPECFITZ For this purpose, the spectrum of D (H,0)s]2" was

to cool slowly to room temperature. Yellow crystals formed
(98 mg, 43%), which were dried in vacuo. Anal. Calcd for

measured separately and was imported without refinement. FreeC12H3sNeO18SV (Mr = 669.54): C, 21.53; H, 5.72; N, 12.55.

tdci and its protonation products,dci*t do not absorb at the
investigated wavelengths. Due to very weak absorptio®,QV
(tdci)]>" was considered colorless as well.

EPR Measurements. All the solutions were prepared by
dissolving first VOSQ5H,0 in H,O (4 mM). The ligand was then

added until an appropriate ligand to metal molar ratio was reached.

The solutions were stirred and handled under a flow of Ar.

Anisotropic EPR spectra were recorded on aqueous solutions with

an X-band (9.15 GHz) Varian E-9 spectrometer at 120 K or at room

temperature. As usual for low-temperature measurements, a few
drops of DMSO were added to the samples to ensure a good glas

formation. The EPR spectra of the non-oxo complexes were
simulated with the computer program Bruker WinEPR SimFonia
at a microwave frequency of 9.15 GHz. The line widths in xhe

y, andz directions were 1, 5, and 1 mT for taci and 1, 5, and 0.8
mT for tdci. The Lorentzian/Gaussian ratio was 1.00 for both
systems.

The decomposition of the non-oxo complex\{{tdci),H_,]“>)
was studied using a solution of 0.05 mmol of VOS&H,0 in 50
mL of H,O. Tdci (0.2 mmol) was added, and the pH was adjusted
to 12.55, 13.00 or 13.55 witl M KOH. EPR spectra recorded at
120 K were used to monitor the [¥(tdci),H_,]*~ concentration
as a function of time. The intensity of thd = —5/2 perpendicular

(16) Kuppert, D.; Sander, J.; Roth, C.; Vi|g M.; Weyherniller, T.; Reiss,
G. J.; Schilde, U.; Mler, I.; Hegetschweiler, KEur. J. Inorg. Chem
2001, 2525.

(17) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739.

(18) Smith, R. M.; Martell, A. E.; Motekaitis, R. Lritically Selected
Stability Constants of Metal ComplexdsIST Standard Reference
Database 46version 6.0; NIST: Gaithersburg, MD, 2001.

(19) Gajda, T.; Dpre, Y.; Taok, |.; Harmer, J.; Schweiger, A.; Sander,
J.; Kuppert, D.; Hegetschweiler, Knorg. Chem 2001, 40, 4918.
(20) Henry, R. P.; Mitchell, P. C. H.; Prue, J. E. Chem. Soc., Dalton

Trans.1973 1156.

(21) Komura, A.; Hayashi, M.; Imanaga, Bull. Chem. Soc. Jpri977,
50, 2927.

(22) Davies, C. WJ. Chem. Soc1938 2093.

(23) (a) Binstead, R. A.; Jung, B.; Zubétber, A. D. SPECFIT/32version
3.0; Spectrum Software Associates: Marlborough, MA 01752, 2000.
(b) Gampp, H.; Maeder, M.; Meyer, C. J.; Zubéhler, A. D. Talanta
1985 32, 95.
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Found: C, 21.31; H, 5.89; N, 12.78. UV/vistmax (l0g €) = 369
nm (3.2), 289 nm (3.4), 216 nm (3.7). IR (cA): 2879 br, 1623,
1518, 1396, 1364, 1212, 1025, 887, 769.

Preparation of [V (tdci),][V V401,]-8H.0. Tdci-3HCI-2H,0
(100 mg, 246umol) was dissolved in a mixture of @ (2 mL)
and EtOH (6 mL). NgvO,4 (90 mg, 489umol) was added. The
mixture was stirred until complete dissolution. The clear yellow
solution was evaporated slowly in air to a final volume of 1 mL.
A small amount of yellow crystals formed (36 mg, 33%), which
could be used for the X-ray diffraction study. A vacuum-dried
sample was used for elemental analysis. Anal. CalcdfptfgdNeO26Vs

?M, = 1113.56): C, 25.89; H, 6.34; N, 7.55. Found: C, 25.75; H,

6.11; N, 7.63. IR (cmY): 3030, 1462, 1410, 1186, 1159, 1113,
999, 903, 768.

Preparation of [V (tdci),H_5]Cl»10H,0. To a solution of tdci
3HCI-2H,O (100 mg, 246umol) in H,O (5 mL) were added
VOSQO,-5H,0 (62 mg, 245:mol) and 2 mL 62 M aqueous NaOH
(pH ~ 10). A color change to orange was observed. The solution
was allowed to evaporate slowly at room temperature in air to a
final volume of 0.5 mL. A small amount of orange crystals (16
mg, 8%) formed which could be used for the single-crystal X-ray
diffraction study. The crystals disintegrated rapidly on air (loss of
water of crystallization). For the elemental analysis, a small sample
was dried in vacuo. The resulting powder was then allowed to
equilibrate open to the air at ambient conditions for a few days
until a constant weight was reached. Anal. Calcd foyHz--
CloNeO1gV (M, = 822.71): C, 35.04; H, 8.82; N, 10.21; V, 6.19;
Cl, 8.62. Found: C, 35.13; H, 10.10; N, 10.40; V, 6.39; Cl, 8.96.
IR (cm™1): 3316 br, 1634, 1462, 1402, 1359, 1284, 1182, 1155,
1108, 1000, 953, 886, 833, 543.

Crystal Structure Determination. X-ray diffraction data for
[VV(tacik](SOy)212H,0 (1), [VV(tdci)][V V4017 - 14.5H0 (2), and
[VV(tdci),H-1]Cl3-15H,0 (3) were collected with a STOE STADI4
four circle diffractometer, 2) or with a STOE IPDS diffractometer
(3), using graphite-monochromated MaKadiation ¢ = 0.710 73
A). Possible disintegration (loss of water of crystallization) was
prevented by sealing the crystals in a glass capillary. Additionally,
complex3 was cooled to 215 K. A compilation of the crystal-
lographic data is given in Table 1. No indication of decay was
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Table 1. Crystallographic Data for [V (taci%](SOs)2:12H,0 (1), [VV(tdci)][V V4012]-14.5H0 (2), and [VV(tdci),H-41]Cl3-15H0 (3)

1 2 3
empirical formula G2H54N60265V C24Hg3NgO32.8V5 C24Hg3ClsNeO21V
fw 813.67 1230.66 949.25
cryst system monoclinic monoclinic _trigonal
space group P2;/c (No. 14) 12/m (No. 12) R3 (No. 148)

a, 14.145(3) 13.720(3) 17.371(4)

b, A 11.361(2) 14.309(3) 17.371(4)

c, A 21.047(4) 14.430(3) 13.077(8)

o, deg 90 90 90

£, deg 91.98(3) 108.40(3) 90

y, deg 90 90 120

v, A3 3380.3(11) 2688.1(10) 3417(2)

4 4 2 3

T,K 293(2) 293 (2) 215(2)

Dealca g €T3 1.599 1.520 1.384

u, mmt 0.520 0.930 0.471

cryst size, mm 0.4 0.3x 0.3 0.5x 0.4x 0.4 0.15x 0.15x 0.15
Omin, Omax deg 1.94, 25.00 1.79, 25.00 2.06,24.12
transm (min, max) 0.9141, 0.9971 0.9256, 0.9979

data set —16/16; 0/13;—-25/0 —16/15; 0/17; 0/17 —19/19;—19/19;—14/14
tot./unique data 5965, 5965 2470, 2470 7218, 1196
params/restraints 640/0 260/0 108/0

R1,WR [I > 20(1)] 0.0360, 0.0946 0.0542,0.1688 0.0600, 0.1541
R1,WR; (all data) 0.0449, 0.1034 0.0636, 0.1814 0.1028, 0.1740
max peak/hole, e A3 0.397+0.385 1.034-0.361 0.292+0.843

observed for any of the crystals during data collection. All data
sets were corrected for Lorentz and polarization effects. Empirical
absorption corrections were applied to the data set$ and 2
(SADABS). The structures were solved by direct metibdsd
refined by full-matrix least-squares calculationsF&#°> Anisotropic
displacement parameters were used for all non-hydrogen atoms.
The H atoms ofl were located and refined with isotropic
displacement parameters. The-HE) positions in2 and 3 were
calculated using a riding model withlis, = 1.2U¢q of the pivot
atom.

Results and Discussion

Crystal Structures. Single crystals of [V (taci)](SOq),-
12H,0 (1), [VV(tdci)][V V4044 +14.5H0 (2), and [V (tdci)-
H_41]Cl3-15H,0 (3) were grown from aqueous solutions. The
tdci complex2 was obtained from N O, as vanadium
source. Obviously V was partially reduced to 'V in the
course of the reaction, probably with tdci acting as reducing
agent. A view of the [V (taci)]*" cation is shown in Figure _ , _ _

Figure 1. Molecular structure of [V (taci)]*" with numbering scheme

1. The tdci comp_leer and 3 have a Closely related and displacement ellipsoids at the 30% probability level. Hydrogen atoms
geometry. A selection of bond lengths and angles for all three are shown as spheres of arbitrary size. In addition, one of six water

cations is listed in Table 2. The three mononuclear bis molecules, which surround the equator region of the complex cation, is
complexes represent examples of the rather rare octahedral™"™

non-oxo compounds of'V, with the vanadium center bonded Table 2. Summary of Bond Distances (A) and Angles (deg) for the
exclusively to the oxygen donors of two tripodal ligand Vcl)\? Moyetlesvof [\/‘V(taCI)g](SO4)2'12HzOV(1),_

moieties. The alcoholic groups are deprotonated, and theirlY" (el 401214 510 (2), and [V¥(tdci)2H-1]Cla-15H0 (3)

protons transferred to the peripheral amino groups. In the O-v-0

two 4+ cations of compoundd and 2 the ligands are intraligand,  interligand,  interligand,
therefore present in their neutral zwitterionic forms (Scheme _€omplex Vo cis cs trans

1b). The protonated amino groups are, however, weakly 1 min 119923;((11)) 88%5;%((77)) 22-3(;54((77)) 1177%-27%((%))
ac_ldlc_ and can be furthe_r deprotona_ted in alkaline solution mean  1.929 8913 9087 17957
(vide infra). The [VV(tdci);H-1]*" cation of compound, 2 min  1.927(3) 88.52(14)  91.17(10)

which crystallized around pH 10, is an illustrative example mggn 11-%%%(2) %%'E;%(m) gi-gg(m) 1800

for such a partially deprotonated species. 3 1921(3) 88.73(11) 9127(11) 1800

(24) Sheldrick, G. MSHELXS-97Program for Crystal Structure Solution The cations of1—3 all exhibit a double-adamantane

University of Gdtingen: Gitingen, Germany, 1997. . - . .
(25) Sheldrick, G. MSHELXL-97, Program for Crystal Structure Refine- structure of approximatBzy symmetry, with the vanadium

ment University of Gadtingen: Gatingen, Germany, 1997. centers in an almost regular octahedral coordination environ-
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ment. The V*-Oakoxo bONd distances fall in the range 1:92  balanced by the well-known tetravanadate@y-]*~ anion.

1.94 A. These values are in good agreement with|s The entire packing can be derived from a cubic face-centered
valency for the vanadium centers (bond valence calculations(NaCl type) structure, with the cations and anions forming
indicate values of 4.06, 4.05, and 4.14 fbr3, respec- each a distorted densest sphere packing. Additional water
tively).?® In the corresponding [W(tdci),]*" cation, the \-O molecules are located along the tetrahedral holes of this
distance is— as expected- somewhat longet? the observed ~ packing. The [MO1,]*~ anion was located on@;, site. The
value of 1.965(2) A is consistent with a valency-bfil. crystallographic site symmetry did, however, not coincide

As it is known, an octahedron can be viewed as a special With the molecular symmetry, and consequently the anion
case of aDstrigonal antiprism, consisting of two parallel Was found to be disordered. The disorder was described by
and exactly staggered equilateral triangles. Several paramiWo centrosymmetric, superimposed models of the anion with
eters allow one to distinguish a trigonal prism from an Separate oxygen positions (occupanete8.5) but common
octahedror® Particularly, the twist angleb is 0° for a  Vanadium positions (occupancies 1.0; see Figure S2,
trigonal prism with the two triangles eclipsed and® 66r a Supporting Information). The cyclic structure of theu(]*"
regular octahedron with the two triangles staggered 1F@, anion with a centrosymmetric conformation is well estab-
the triangles are defined by the three oxygen donors of eachlished® In 2, one of the V-Orerm bonds appears to be
ligand molecule. The corresponding parameters are listed inunusually short (1.475(6) A). This value is probably an
Table S1 (Supporting Information). The calculations show artifact .of the disorder and does not correspond to the real
that the geometry is very close to a regular octahedron with VO distance. o o _

@ twist angles of 56.9, 55.3, and 55,4espectively. The crystal structure @ is isotypic with t_he chloride silts

The hydrophilic [V (taci)]** cation of1 is a versatile of the Al, Fe, Ga, and In complexes [Mdci),|Clz15H,0.
building block for hydrogen-bonded networksThe alkoxo In all these structures the Ctounterion and one of the water

. molecules share a position randomly. Since the charge of
groups serve as strong hydrogen acceptors, and the si

eripheral ammonium arouns. as hvdroaen donors. A totalxthe cation can be compensated either by partial deprotonation
perip groups, yarog ) of a zwitterionic tdci ligand or by incorporation of Glthe

of six water molecules are arranged around the equatorial .
g q amount of CI cannot be established by charge balance

; \Y N 14+ i
Le%'fon é):: E’Xoﬁaﬁl))zll c.oﬁlrl d?r:);t\ilxateaﬁk?fgecﬂis i%ga;ici tconsiderations alone. The diffraction data for the vanadium
az “a>?ial” hydrogen atom of an %mmoniugr]n gr%up (Figurep complex could be refined either as'Mtdci),]Cl4+13.5H0,
\% i o vV 1 .
1). The formation of such a [Mi]*"-6H,O entity was [V (tdci}H-1]Cls 15HO, or [V¥(tdci)oH ]Cl>-16H,0. Due
. : . to the rapid disintegration of the crystals, a direct analysis
previously observed for related taci and tdci complexes of ; ] . .

. 1314 L of Cl was not possible. The V:Cl ratio of the dried product
trivalent metal ion$3'4 Further hydrogen bonding id : . ) : .
resulted in a variety of catiohcation and catiorranion was in the range of 1:2:01:2.5 (see previous section)

y However, this value does not necessarily reflect the CI

't?]fr;dggns(') 'I;gehci:(aatl_c?s |2;eearé§2ﬂe§y|3;;§:f- ggrgllel to content in the crystals, since some loss of HCI was observed
y grap P ' 2 during the drying procedure. The assignment with 3 CI

entity has four nearest cationic neighbors with catioation counterions, as presented in Table 1, is based on a careful

Interactions consisting of NH'"O(H)_H'"O"""‘."X" bridges. inspection of the electron density and minimization of the
The catior-anion interactions lead to chains along the R factors

crystallographich axis. They are of the type NH---O— Potentiometry and UV—Vis Spectrophotometry. In

SQ;=0-+*H=N, Oakoxs**H=0—H--O(SQ)-+*H=O—H--- strongly acidic solution (pH< 3) vanadium(lV) exists as

Qakoo AN Qukare**H=0—H-+:O(Hy)-*H=O—H-*Oatoro the pale blue V@' (aq) and the ligands are fully protonated
Further cross-linking of these chains parallel to the crystal- (HaL3%). In slightly acidic solutions (& pH < 6), an almost

lographic ¢ axis is achieved by additional aniecation colorless 1:1 complex [VOLJ?* is formed. At higher pH,

interactions of the type NH:--0-S0,~O-H-Nviathe s shacies is converted into the yellow bis complex
(x, 0.5—y,z+ 0.5) glide plane. [VVL,]4, in which the ligands are present in the neutral
The [V"(tdci),]*" cation is somewhat less hydrophilic than  zwitterionic form (Figure 1). The noncoordinating am-
[V!"V(taci)]*" and, therefore, the hydrogen-bonded network monjum groups are then deprotonated stepwise, forming a
is less complex. In analogy to the taci complex)/ftci)]** series of products [VL,H_]@. The fully deprotonated
is surrounded by six water molecules which form a ring [V|V|_2H_6]2* Species is finally formed in strongly alkaline
structure around the equator. Six additional water moleculesso|ution (Scheme 2).
give rise to a second hydration sphere. They are hydrogen The formation constants and pH-dependent species dis-
bonded to the water molecules of the first sphéie.2, the  tribution of vanadium(1V) complexes were investigated by
4+ charge of the[ [V " (tdci),]**+6H.0} -6H,0 aggregate is  potentiometric titrations. Since the bis complexes were of
an intense yellow color, their formation could also be

(26) ggse, N. E.; Keeffe, M. OActa Crystallogr., Sect. B991 B47, followed spectrophotometrically. The absorption at 370 nm,
(27) Hegetschweiler, K. Zubieta, J. Unpublished work. with anemax value of about 4000 M cm™2, originates from
(28) Avdeef, A.; Fackler Jr., J. Pnorg. Chem 1975 14, 2002. a metal-reduction charge-transfer transition which dominates
(29) Hegetschweiler, K.; Finn, R. C.; Rarig Junior, R. S.; Sander, J.;
Steinhauser, S.; Wk, M.; Zubieta, JInorg. Chim. Acta2002 337, (30) zZhang, Y.; Zapf, P. J.; Meyer, L. M.; Haushalter, R. C.; Zubieta, J.
39. Inorg. Chem 1997, 36, 2159.
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Scheme 2. Reactions of the Vanadium(I\Vtaci and 100 5100
Vanadium(lV)-tdci Systems in Aqueous Solutidn ]
90
2+ ] 122
2 o Lo i
+ 121
0 704
|| pH3 // \ ]
/ — 60_
/l\OH2 B 0 NRH — ] 110
X
ore HRoN NRoH N 50_‘
2 2 ¢
(@] _
4 40 ]
304
1L pH’ _
204
5. |
ReN NR HRoN NRoH |4+ 101
| 0 v T v T T T T 1
RN O HFigN 3 4 5 6 7
0 o
\ e = PH
/V\ - / \ Figure 2. Species distribution in the vanadium(iv)dci system with a
o / o pH7-12 / molar ratio of total W:total tdci = 1:3 and total W = 0.5 mM. The

d NR, NRoH formation constants listed in Table 3 were used for the calculations. The
species are labeled as 100 ([VO)}, 110 ([VO(tdci)F"), 122 ([V(tdcip]*t),
RoN NR, HRoN NRoH and 121 ([V(tdcidH-1)]3").

“The formal charges on the protonated nitrogedXand deprotonated Table 4. Experimental Parameters and Evaluated Formation Constants

oxygen (1) atoms are omitted for clarity. for the Spectrophotometric Titration of the Vanadium{\ici System
Table 3. Experimental Data and Evaluated Formation Constants for the exptl params
Potentiometric Titration of the Vanadium(IV}dci and v dcimol - 13
Vanadium(lV)-taci System with 0.10 M KOH at 28C (0.1 M KNG3) :Jol—tll ra.rt%tét ci molar ratio 3.596 43
exptl param L =tdci L= taci wavelengths (nm) 3506700

tot. L:tot. V 2:1 31 4:1 4:1 xyZspecies evaluated consts |Bgx

tot. V, mM 0.9685 0.4867 1.9087 0.2734 o a

pH range 322600 3.60-606 294616 3.864 i;gﬁ{xf% ég.gl((lg)

no. of data pts 24 21 18 223 121 /[VL2H e 30.4(2)

equilibratn time, h 168 168 168 288 2 '

aThe 110 species ([VO(tdcA}) was considered as colorless.

evaluated consts lg,

xyZspecies L= tdci L =taci an unambiguous determination of the formation constants
110/[VOLJ?* 14.6(1) 13.1(1) of further species, although the formation of the bis
gi%t{r P gg-gg; 2672) complexes was clearly indicated at higher pH by s
22—2/[(6032L2(OH)2]2+ ' 20.3(3) spectroscopy. A variety of models were tested by least-

squares calculations, and the experimental data could be
satisfactorily fitted by more than one. The model shown in
Table 3, which includes [(YO),L,(OH);]?" as an additional
the electronic absorption spectra in the visible regirs! species, was finally selected to account for the formation of
However, the measurements were complicated by thea diamagnetic intermediate which was substantiated by EPR
observations that equilibration below pH 9 proved generally spectroscopy around pH 5 (vide infra).
to be slow, and solid products precipitate around pH 4 (tdci) ~ The elucidation of the vanadium(Iv¥}dci system was
or pH 6 (taci). Moreover, some slow decomposition of the more successful. The formation constants d¥ (Mtdci)[**
complexes was observed above pH 9, as indicated by fadingand [V (tdci),]** could be determined (Table 3) unambigu-
of the yellow color with the final product being colorless ously, and a K, of 6.6 was assigned to the first deprotonation
(vide infra). The rate of this decomposition strongly depended of [V " (tdci);]**. A pH-dependent species distribution plot
on pH and temperature. Due to slow equilibration, complex is shown in Figure 2. UV vis spectra further confirmed the
formation in the pH range-37 was investigated by batch ~selected model. The formation constants derived from the
titrations. Precipitation was suppressed by raising the total Spectrophotometric measurements (Table 4) are in reasonably
ligand to total metal molar ratios to 2, 3, and 4 for tdci and good agreement with the values obtained by pH-metric
4 for taci. Moreover, the total metal concentration in the methods. The spectroscopic data also allowed the calculation
vanadium(IV)-taci system was kept below 0.3 mM (Table of a spectrum for each individual species (Figure 3).
3). The formation of such [Mk]** complexes (L= taci and

The formation of [WO(taci)E"™ was unambiguously tdci) and of the corresponding deprotonation products is well
established around pH 4. However, the rather low metal established for a number of tetravalent metal ii4.The

concentration and the large excess of the ligand preventedPKa1 = 6.6 of [V'V(tdci)]*" is in good agreement with the
values found for [Ti(tdci]** (6.67), [Sn(tdci]** (6.76), and

(31) Von Dreele, R. B.; Fay, R. @. Am. Chem. Sod.972 94, 7935. [Ge(tdcik]*t (6.82)1* The following Kaz, pKaz, and pKas

apK, values for tdci: 5.93, 7.64, 9.68 pK, values for taci: 5.95, 7.40,
8.9012 b ﬁxyz = [(VO)XLyHZ][VO] _X[L] —y[H] 2
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Figure 4. Observed redox potential€/2,,sas a function of pH: (a) [V-
3000+ (tacipH ] E=m/[VV (tacilH-_n] ¢ system:; (b) [W (tdci)oH_n] ¢™/[V 1 -
(tdci)H-n] =" system; (c) [W (taciH—m] @/[V 1 (tacilH—n] G~ system.
¢ 2000+ H_] @ m/[V " (tdci)sH-r] G~ and [V (taci)H—] @ ™/[V"!-
] (tacipH-,]©™™ couples, with a cathodic peak current de-
1000 - pending linearly on the square root of the scan rate. The
quasi reversible behavior was maintained with increasing
1100 scan rates. Even at 800 mV/s the peak separatibrdid
o——7—7—71 T T T not increase significantly (depending on phE fell in the

350 400 450 500 550 600 650 700
wavelength [nm]

range of 76-150 mV). This behavior is only understandable
if the same coordination geometry is retained in the oxidized

Figure 3. (a) Spectral changes for the vanadiumthtici system during  anqd reduced form. For both complexes the observed redox
a titration experiment at total'V = 0.5 mM and total tdci= 1.5 mM. (b) ialEL2 v d ded on'tt . ith
Calculated individual spectra of [V(tdel}* (122) and [V(tdci)H_1]3* potentialE" s Strongly depended on“Honcentration wit

(121). a characteristic sigmoid shape for #&8%,sversus pH curve

values were reported for the subsequent deprotonation(Figure 4). This result is in agreement with a stepwise
steps: 8.06, 9.63, 11.17 forT| 8.04, 9.69, 11.02 for §n,  deprotonation of the six peripheral ammonium groups as
and 8.10, 9.44, 10.43 for Gel4 Complexes with a penta- a!ready indicated by the potentiometric studies. Dge to the
valent metal center such as [Ta(tdf§) are slightly stronger higher charge of the oxidized form, the vanadium(IV)
acids, and a complete set of siKpvalues (4.5, 5.7, 7.2, complexes have somewhat lowe{s:

9.3, 10.5, 11.2) could be determined (Z5, 0.1 M KCI)3? Ve o W 3t v )
[VV(tdci)]*" reacts in a similar way in alkaline solution. VLT +e =[VTL]™ pH=<pK, (V") ()
Evidence for the further deprotonation products was provided

by an overlapping buffer region from pH 7 upto pH 11 and [VVLH_]“ ¥ +e +yH" =

by the characteristic pH dependence of the redox properties i 3Hy—x v My g
(cyclic voltammetry; vide infra). Owing to the decomposition v LZHV‘X]( PRV <pH < PKe (V) (i)
above pH 9, a quantitative determination of the highefg

was not possible. Since the&kps of the peripheral am-  [V'LH_g* +e =[V"LH_* pH> pKg (V") (i)
monium groups are essentially dependent from the charge

of the metal center, the values of 8.1, 9.6, and 10.9, which  The reactions i and iii represent plateau regions with an
represent averages of the Ge, Ti, and Sn derivatives, canfE!2, independent of pH, assignable to an electron transfer
however, be regarded as reasonable estimatefarpKas, between the fully protonated and the fully deprotonated
and [Kaq of [VV(tdci)]**. Thus, in strongly alkaline media  species. For [V(tdci]**3* a redox potentiaEY2 of 0.15(2)

it is likely that [V'V(tacipH-_g]>~ and [VV(tdci),H_¢]?>~ are V (versus NHE) is observed. For [V(tagij™** this value

formed_. _ cannot be determined directly because the plateau region (i)
Cyclic Voltammetry. Cyclic voltammetry revealed a cannot be reached (the bis complexes are not enough stable
quasi-reversible redox behavior for both the™dci),- below pH 5).E¥2= 0.0+ 0.1 V (versus NHE) can only be
(32) Hegerschweler, K. Raber, T Reiss, G. - Frank, W.rla/on estimated by extrapolation. On the other hand, tHeL[M3*
egetscnweller, K.; Raber, 1.} Reilss, . J.; Frank, Ly . H
Currao, A.; Nesper. R.: Kradolfer, Angew. Chem1997 109, 2052: complexes could also not be fully deprotonated in aqueous
Angew. Chem., Int. Ed. Endl997, 36, 1964. solution and the plateaus corresponding to reaction iii are
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not accessible as well. This is in accord with the findings of
previous reports where thé&pvalues of the corresponding
complexes with other R and M*" centers were deter-
mined!3*The potentials for the fully deprotonated M. g%~
couples must thus again be estimated by extrapolation.
Approximate values are 0.8 and—0.7 V (versus NHE) for

the taci and tdci complexes, respectively. In the H <

13 range, the investigated vanadium complexes are partially
deprotonated, and the observed slajf&¥%n)/d(pH) of
—0.10 V/pH (taci) and-0.13 V/pH (tdci) can be explained

in terms of a combined proton and electron transfer as shown
in reaction ii with a ratio H/e~ of about 2 (Figure 4). In
comparison with taci, the plateau (i) of the tdci complex is
extended to higher pH. Obviously, (tdci);]*" is somewhat
less acidic than [V (taci)y]*". We also note that the slope
A(EY2,9/9(pH) is slightly more negative for the tdci system,
indicating that the difference in acidity between"[\;]3*

Figure 5. Anisotropic EPR spectra recorded on the vanadiumidgi

and [VWWVL]*t is higher for L= tdci. : :
. . " system at a molar ratio of 1:2 and totadM\¢oncentration of 4 mM: (a) pH
Efforts to verify a further reduction of ¥ to V" were not = 5.00 (“normal” oxovanadium(lV) spectrum of the mono chelated

successful. However, an extension of the CV measurementsomplex); (b) pH= 6.55 (non-oxo vanadium(lV) spectrum of the bis

to more positive potentials exhibited an additional quasi- chelated com_plex). Diphenylpicrylhydrazyl (dpph) is used as standard field
. — : NIy marker @gpph = 2.0036).

reversible one-electron oxidation of ¢taci)]*" in the range

5 = pH < 14. For scan rates up to 800 mVJs, the peak y js glightly higher than the value of 1.0 V reported for

separatiomAE remained approximately constant. This shows [VVO,]*/[VVO]?+.3* The subsequent deprotonation of the six

again tha’F [\W(ta_u)z]“'+ can be oxidized electrochemically peripheral ammonium groups reduced this value-50

to [V¥(taci)]>" with retention of the non-oxo structure. The \; |t can thus be expected that the direct oxidation of fV

corresponding oxidation of [V(tdci);]** was not observet?.
The oxidation of the ¥ —taci complex showed a similar
sigmoid pH profile as described above for the reduction to
V", In analogy to the equations-iii, the observed pH
dependence for the WV couple can be expressed by the
equations

(taciy]* by O, is difficult and could— if ever — only occur
in the narrow pH range H12 (Figure 4). [\ (taci)]®*" and
[V!"(tdci),]** are reducing agents of moderate strength; the
corresponding redox potentials of 0.0 ard.15 V are
somewhat lower than the potential reported for tHeO?#-

(aq)/\V¥*(aqg) couple 40.34 V)3* In the fully deprotonated
form, both complexes [V(tacipH_¢]*~ (E¥?= —0.8 V) and
[V (tdci)H_g]3~ (E¥2= —0.7 V) are strong reducing agents.

It is noteworthy that [V'(taci)]®" and its deprotonation
products are slightly stronger reducing agents than the

vV (taci),]" = [V (taci)]*" + e (iv)

vV (taci,H_ 4 =[vV(tacipH_, J® Y P +e +yH"

—x-

v) corresponding tdci complexes. This is rather unexpected
because tdci is more efficient in chelating metal cations with
[V'V(taci)ZH_G]z_ - [VV(taci)zH_ﬁ]_ +e (vi) a high positive charg&.However, it should be kept in mind

that redox potentials reflect the difference in stability of the
trivalent and tetravalent forms, whereas the formation
constants account for the stability in reference to the aqua
species. Indeed our potentiometric study substantiated that
[VV(tdci),]*" is more stable than [V(taci)]**.

EPR SpectroscopyThe complexation scheme elucidated
by potentiometric and spectrophotometric methods was
substantiated by EPR measurements. The spectra of vana-
dium(IV)—tdci and vanadium(l\A-taci systems recorded in
aqueous solution supported the formation of mono chelated
complexes [VOL(HO),]?" (L = taci or tdci) at a ligand-to-
metal ratio= 2:1, total VY = 4 mM, and 3.5< pH < 6
(tdci) or pH~ 5.5 (taci). The EPR spectra of these species
(Figure 5a) are very similar to each other. The measured
parameters, listed in Table 5, are comparable with those of
the mono chelated complex of catechg| € 1.943,g0 =

The increased positive charge of thé Species resulted
again in a further increase of acidityand — as a conse-
guence— in an additional shift of the two plateau regions
to lower pH. Because of this shift, the reduction potential
for reaction (vi) can now be determined directB? for
the fully deprotonated [Y(tacipH_g] /[V"V(taciH_g]*"
couple is+0.50 V (versus NHE). The value for the fully
protonated [V (taci)]>"/[V"V (taci)]*" system (iv) must again
be estimated by extrapolatiof£2 = 1.15 V (vs NHE). The
slope d(EY%,9/d(pH) is —0.14 V/pH and falls in a similar
range as observed for the'W"' couples, indicative of a
transfer of ca. 2.4 protons/electron in the intermediate range
(v) of the pH profile.

Our CV studies established that\{{faci),]>" is a rather
strong oxidizing agent. The correspondig value of 1.15

(34) Lide, D. R.CRC Handbook of Chemistry and Physi83rd ed.; CRC

(33) The free tdci ligand is electrochemically active at high pH. Press: Boca Raton, FL, 2062003
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Table 5. EPR Parameters of the Oxovanadium(lV) and Vanadium(IV)
Complexes of taci and tdci in Aqueous Solufion

and [V (maleonitriledithiolatoy]?~,*3 whose parameters are
reported in Table S2 (Supporting Information). A more or

%o A Oy o AcA A less evident anisotropy in the andy directions can be
[VO(taci)(H:0)]2* 1.965 98 1.978 1.978 1.940 61 61 171 observed, e.g. in [Y(2-mercapto-4-methylphenolatp),>®
MD(td_;:i])g'tz)o)z]2+ i-ggg 128 i-gg; i-gg% i-ggé gg gi 16171 characterized by the EPR parametgrs: 2.002,g, = 1.980,
taci); . . . . _ _ — — —
[V(tdci) )4+ ® 1.931 59 1.895 1.900 1.988 97 9517 gy =1.958andA, =17 x 10*cm*, A=75x 10 cm™,

, I A, =115 x 10* cm! (Table S2).
" Ao, A Ay, aNdA; measured in 1 em * units. * The EPR spectra of A simulation of the spectra of the non-oxo complexes of
the non-oxo complexes of taci and tdci do not change with increasing pH; p p

thus, the parameters reported are valid also for the deprotonated specied¢aci and tdci (Table 5) indicates that they belong to the second
[V (tacikH-J“ ™9 and [V (tdci}zH-{“™ (1 < x < 6). group and are therefore characterized byzaybund state.

B . B 4 s On the basis of the simulations, the predicted value&ypf
1.976, Ay = 170 x 107% and Ag = 63 x 107" cm™) 60 x 104 cm? (taci) and 58x 1074 cm? (tdci), are in

suggesting that tdci and taci chelate the vanadyl ion throughgood agreement with the experiment (Table 5).
the oxygen atoms by adopting tHeasal-apical—basal The twist angles® observed for the compounds-3
coordination mode (Scheme 2). According to the “additivity (56.9, 55.3, and 55% are very close to 60(Table S1
rule” proposed by Chasteéhthe apical oxygen donor does g 0ting Information), and the coordination geometry of
not contribute to the experimenid| value. The spectral data a6 complexes is close to a regular octahedron. Anisotropic
are conS|stent. with a complex with a geometry close to the pp parameters reported in the literature for non-oxo
square pyramid, &, symmetry and a.g ground state. complexes, together with the corresponding twist angtes
~Above pH 6 (tdci) or pH 7 (taci) the EPR spectra change which range from~0 to 44.3 (Table S2, Supporting
significantly and exhibit the distinctive features of non-oxo  |nformation), show that there is no direct correlation between
vanadium(lV) (Figure 5b). They substantiate the presencethe g and A values and the degree of distortion toward the
of a non-oxo species, with a vanadium(IV) atom coordinated trigonal prism observed in the solid state. In many cases the

by six deprotonated-OH groupg’ in an arrangement similar

g and A values along th andy axes are coincident; in

to that shown by the CryStallographiC analySiS in the solid other cases, the anisotropy of tgegy andAX7 Ayva'ues is
state. The EPR spectra of the non-oxo vanadium(IV) more evident. As an example, the difference betweand

complexes of taci and tdci do not change from pH 7 to 13.5,

although in this pH range the sixNHs;t or —NH(CHjz),"

A, of [VV(2-mercapto-4-methylphenolab)s 30 x 104
cm ! and that betweeg, andgy is 0.032%° In our case|A«

groups are stepwise deprotonated with concomitant trans-_— AJis 2 x 10 cmt and |g, — g,| is 0.005 for both

formation of [VV(tacip]*t and [WV(tdci)]*" into [V'V-
(tacipH_g]>~ and [VV(tdci),H_¢]?>", respectively. The find-

ings support that the amino and dimethylamino groups in

taci and tdci do not participate in the coordination of the
metal ion.

Six-coordinate vanadium(IV) complexes can be divided
into two groups: those with a@pground state, which display
0; << Ox ~ Oy < 2.0023 andA, > A, ~ A, and those with a
dz ground state which displagy ~ gy < g, ~ 2.0023 and
A, < A~ A28 The geometry of the latter species can be

complexes. The values are consistent with those of several
complexes listed in Table S2.

Finally, one must bear in mind that the geometry observed
in the crystal structure could be different from that in
solution. We cannot exclude that in the solution species the
twist angle® is considerably smaller. In the structures so
far reported for related bis-taci and bis-tdci complexes with
a MQs coordination,® values ranging from 59%4([Al-
(taciy]®")*? to 37.7 ([Ta(tdcipH-_2]")3? were observed
(Table S3, Supporting Information), indicating that a distor-

assigned as a distorted octahedron which is strongly shiftedtion toward a trigonal prism is tenable.

toward a trigonal prisni®

The first group includes non-oxo complexes suckrass
[VIVCly(salen)],*° amavadirt! and its models [V(RS
hidba}]?~ (R ,S-hidba= mese2,2-(hydroxyimino)dibutyric
acid)#? The second group includes all the tris chelated
complexes with @2 ground state like [\ (catecholatg)? 3°

(35) Branca, M.; Micera, G.; De§A.; Sanna, D.; Raymond, K. Nnorg.
Chem 199Q 29, 1586.

(36) Chasteen, N. D. IBiological Magnetic ResonancBerliner, L. J. J.,
Reuben, J., Eds.; Plenum Press: New York, 1981; Vol. 3; p 53.
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The EPR study confirmed the higher stability of the tdci
complexes compared with taci. The mono and bis chelated
species of tdci exist around pH 3.5 and 5, respectively,
whereas the formation of corresponding taci complexes was
observed at pH 5 and 7. Moreover, for the taci system, the
intensity of the EPR signal decreased around pH 6. We
interpret this result by taking into account a dimeric
diamagnetic oxovanadium(IV) species which is formed by
a hydrolytic condensation process. For the tdci system, the
addition of the second ligand occurred at considerably lower
pH, which suppressed the formation of such hydrolytic
products.

Attempts to obtain a non-oxo vanadium(I1V) complex with
all-cis-1,3,5-cyclohexanetriol were not successful, even in
the presence of a very large excess of the ligand (total L:total
VIV > 100:1). This result confirms previous reports, which

(43) Kwik, W. L.; Stiefel, E. I.Inorg. Chem.1973 12, 2337.



Complex Formation of V(IV) with a cis-Inositol
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described the low efficacy of the simple triol as a chelator

in aqueous solutioft This finding is attributed to the

unfavorable conformation (b) with the hydroxy groups in

axial position which is required for complex formation

(Scheme 3). In taci and, particularly, in tdci, this conforma- 800

tion corresponds to the minimum energy structure. Moreover, time (min)

taci and tdci are able to generate deprotonated oxygen donorsigure 6. Intensity of the anisotropic EPR signal of tdci),H—J ¢

by transferring the protons to the three amino groups. This as a function of t_img at _pH: 12.55. The vanadium_(IV) concentration was

. . . . . 1 mM, and the initial ligand to metal molar ratio was 4. Spectra were

intramolecular mechanism is in particular responsible for the ocorded at 120 K.

high effectiveness of these ligands. This report on complex

formation with vanadium(IV) further confirms the unique  The contribution of an Odonor of tdci can be calculated

ability of this system to stabilize mononuclear bis complexes yith this formula on the basis of th&, values of the mono

of highly charged metal ions. chelated speciesA{ = 171.2 x 1074 cm™%, with two O
Decomposition StudiesAs anticipated above, the yellow  groups of tdci and two water molecule in the equatorial

bis complexes [V (taci)H-]“ and [V (tdci}H-J“™ (x plane) and of the aqua io\{ = 179.8 x 104 cml). A

= 3) decomposed slowly at high pH, yielding colorless value of 40.65x 104 cm ! is calculated, corresponding to

species as the final product. The rate of decomposition 162.6 x 104 cm™* for four deprotonated oxygen atoms of

strongly increased with increasing pH and increasing tem- tdcj coordinated in the equatorial plane of oxovanadium-
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perature. At room temperature and pH 13 the degradation
of the yellow species was complete after a few hours,

(IV) ion and to 158.7x 104 cm? for the species with two
deprotonated oxygens of tdci and two OHons (the

whereas it took several days at pH 10. At higher temperaturesempjrical contribution of OH is 38.7 x 1074 cm2).36

(50 °C) the complexes decomposed rather rapidly (few
minutes at pH 13). The decomposition of other vanadium-
(IV) compounds was interpreted previously in terms of an
aerobic oxidation to vanadium(V) with formation of tetra-
hedral W—oxo species$24®>However, in our investigation,
bubbling a stream of oxygen through the solution did not
enhance the formation of the colorless species and, vice
versa, the addition of a reducing agent such ag?S@id

not suppress the reaction.

The kinetics of the decomposition of [(tdci),H_,]*
in strongly alkaline solution were followed by EPR spec-
troscopy at three different pH values (12.55, 13.00, and
13.55) (Figure 6).

A transient mononuclear oxovanadium(lV) species was
detected in the course of the reaction, with EPR signals
superimposed on the spectrum of\{{tdci),H_,]“™. This
new species is characterized by “normal” EPR parameters
(0; < g~ gy andA;, > A, ~ A), g, = 1.949 andA, = 161
x 1074 cm™L. The parallel hyperfine coupling constarmy, (
or A can be calculated as the sum of the contribution of
each donor atom in the equatorial plafie:

4

A,= ) A[i) = A(donor 1)+ A (donor 2)+ A (donor 3)+

A(donor 4) (vii)

(44) Husson, C.; Delangle, P.; Pecaut, P.; Vottero, P. Jnérg. Chem.
1999 38, 2012.
(45) Dean, G. A.; Herringshaw, J. Falanta1963 10, 793.

Therefore, either a bis complex [WO(tdci)H 1] G (x
= 4-6) with a tridentate and a bidentate tdci ligand or a
mono complex [WO(tdciH-,)(OH)]*~ (x = 2, 3) with two
additional hydroxo ligands would account for these findings.
However, in our previous investigation, a bidentate coordina-
tion mode of tdci was never observed and geometrical
reasons indicate that such a coordination mode would be
rather strained. As a matter of fact in all known cases the
coordination behavior of tdci must be described as an all-
or-nothing process. We therefore propose the dissociation
of one tdci or taci ligand with formation of [VO(LH-y)-
(OH)J* (x = 2, 3) as a transient species.

The final product of this reaction was EPR-silent. These
findings can be explained either by the oxidation of the
oxovanadium(1V) species to a vanadium(V) complex or by
the formation of hydroxo-bridged dinuclear oxovanadium-
(IV) species, e.g. [(VVO),(tdciH_)2(OH),]¢2) (x = 2, 3).
The observations that (i) [VL.H_,]*™ is rather difficult
to oxidize (Figure 4a), (ii) the presence of es not affect
the decomposition rate, and (i) the EPR signals of
[VV(tdci),H_]“*™ are completely restored if the pH is
lowered to 7 again are all supportive of the formation of an
EPR-silent vanadium(lV) species, whereas the formation of
a vanadium(V) complex is less likely.

The decrease in intensity of the EPR signal with elapsing
time follows a rate law which is of first order in total
vanadium(lV) concentration. The correspondi@g values
depend linearly on the OHconcentration (Table 6). The
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Scheme 4. Decomposition of [WL,H_5]~ 2
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aThe formal charges on the protonated nitrogeérl) and deprotonated oxygeﬁl.) atoms are omitted for clarity.

Table 6. Rate Constants of the Decomposition Process
pH Kobs min~t k, M~t min~!
12.55 0.0041 0.116
13.00 0.0118 0.118
13.55 0.0419 0.118

reaction rate can thus fit second-order kinetics:

df[v" (tdei),H_J“ ]
_ = =

KIOH ]IV " (tdci),H

— kobs
[OH]

_ O (viii)

(ix)

The observed kinetics suggest that the rate-determining
step of the whole process is the dissociation of one ligand
entity from [VVL,H_,]“™ yielding the intermediate [VO-
(LH_)(OH),]*~ (x = 2, 3, Scheme 4). This process is slow
because it involves a significant rearrangement of the
complex. Once formed, it may undergo hydrolytic condensa-
tion. The final species is an EPR-silent dimeric complex
[(VVO)(LH ) 2(u-OH);] %29 (x = 2, 3), as it usually occurs
upon hydrolysis of oxovanadium(lV) species with two
accessible adjacent equatorial sites.

Conclusions
The remarkable chelating properties of taci and tekdi)

have further been demonstrated by the easy formation of a

(46) Felcman, J.; Ffato da Silva, J. J. RTalanta1983 30, 565.

3126 Inorganic Chemistry, Vol. 43, No. 10, 2004

series of vanadium(lV) complexes of compositionV[\/
L,H_,J“™. The unique properties of the ligands are based
on a high degree of preorganization of the donor sets and
the presence of an internal base, which greatly facilitates
the generation of three negatively charged oxygen donors.
The reaction of the oxovanadium(IV) ion with a stoichio-
metric amount of the ligands resulted in the formation of
mononuclear non-oxo species in alkaline solution. This is
in marked contrast to other complexing agents such as
catechols, for which a 100-fold excess of the ligand is
required to replace the vanadittoxo group and form
[VV(catecholat@]?.%> The [VVL,H_,]*™ complexes have
been fully characterized in the solid state and in aqueous
solution. To the best of our knowledge, they represent the
first examples of bis chelated non-oxo derivatives of vana-
dium(lV) with VOs geometry.
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