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Oxovanadium complexes with Hjbzimpy (2,6-bis[benzimidazol-2'-yllpyridine) and Mesbzimpy (2,6-bis[N'-methyl-
benzimidazol-2'-yl|pyridine), and Hsntb (tris[benzimidazol-2'-yl-methyllamine) and Mesntb (tris[N’-methylbenzimidazol-
2'-yl-methyllamine) have been synthesized. Dioxovanadium(V) and oxovanadium(lV) complexes prepared from
Hobzimpy and Mejbzimpy are [VVOy(Hbzimpy)]-1.25H,0 (1), [VYO(Mezhzimpy)](ClO4)-H,0 (3), [VVO(H2bzimpy)-
(H20),])(CF3S03),+2H,0 (2), and [VVO(Mezhzimpy)(H20)2)(CF3S03); (4). Hantb and Mesntb afforded oxovanadium-
(IV) complexes, [VVO(Hntb)]-2MeOH (5), [VVO(Hsntb)CI|CI-H,0 (7), [VVO(Mesntb)SO4)-H,0 (9), [VVO(Mesntb)CI]-
Cl-H,0 (10), and mixed-valence complexes, [(Hsntb)VVO(u-O)VVO(Hsntb)](CF3S0s)s+2H,0 (8) and [(Mesnth)VVO-
(u-O)VVO(Mesnth)](CF3S03)3-3H,0 (11). Crystal structures of 2, 7, and 11 are reported. The mixed-valence complexes,
8 and 11, show 15-line isotropic ESR spectra in fluid solutions at room temperature. These compounds also exhibit
an intervalence transfer band around 1015 nm which is essentially independent of solvent, so these compounds
are stable, mixed-valence species where the single unpaired electron is delocalized over the two vanadium centers
at ambient temperature. With respect to one-electron reduction, the dioxovanadium(V) complexes are redox-potential
equivalent with their monooxovanadium(IV) counterparts.

Introduction important physiological effect produced by vanadium is an

The discoveries of vanadium-containing enzymes and of InSulin-mimetic property>it A recent repoff reveals the
activities of vanadium in biological systems have led to structure of an azide derivative of the chloroperoxidase from
increased interest in the coordination chemistry of vanadigm. ~ the fungusCurvularia inzequalis wherein the vanadium(V)
Vanadium is a bioessential element found in high concentra- CENter is bound to three oxygen donors and an azide, while
tions in ascidiané,in some mushroorfsand in polychzete & histidine imidazole acts as the sole protein-derived ligand.
worms® but its role is still not well understood. Two families "€ '?VOIVe["e”t of vanadoenzymes in both reductive (N
of vanadium-containing enzymes, nitrogenaéesd halo- T 6H" + 66" — 2NHs) and oxidative (RH H.0, + HX

peroxidase&have been isolated and characterized. The most ~ RX + 2H.0) transformations signifies the importance of
the +3, +4, and+5 oxidation states. The synthesis as well
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Mezbzimpy (2,6-bisN’-methylbenzimidazol-2yl]pyridine) [VVO(H2bzimpy)(H20)2](CF3S0s),-2H,0 (2). A mixture of

and (i) Hsntb (tris[benzimidazol-2yl-methyllamine), Hzbzimpy (0.311 g, 1 mmol) and VO(GEG;), (1 mmol) in 50
Mesntb (tris]N'-methylbenzimidazol‘2yl-methylJamine). Ben- mL of MeOH was refluxed overnight. The resulting bright green
zimidazoles have attracted attention as histidine-imidazole Solution was rotary evaporated to dryness. The solid residue was
mimics22 while tripodal ligands such asshtb have emerged recrystallized from acetonitritetoluene (5:1) by slow evaporation

e 0
as a growing and important class of biomimetic chelating ?orl %stl_e'ar’z Eaé)h-s\;?- ldé Oé4357g Sre; g.c’:lys;als l(:?)%fc)j.- Agagfglw
agents over the past few yeafds e AR e NN

H, 2.6; N, 9.5. MS(FAB): miz = 527 ([VO(H:bzimpy)-

(CRSOy)z] ).
R | = R [VVO,(Mezbzimpy)](ClO 4)-H,0 (3). Solid VO(acac) (0.265 g,
N NG N 1 mmol) was added to a stirred solution of Meimpy (0.34 g, 1
@/k ,\}\@ mmol) in 50 mL of MeOH. A yellow color developed 5 min.
After 1 h, solid NaCIQ (2 g) was added. Stirring continued
overnight, and the resulting yellow precipitate was filtered off and
R = H, Hobzimpy recrystallized from a large volume of MeOH. Yield: 0.1 g (40%).

R = Me, Mesbzi
e, Meabzimpy Anal. Calcd for GiH;N<CIOV: C, 46.7: H, 3.5; N, 13.0. Found:

C, 46.9; H, 3.3; N, 13.0. MS(FAB):m/iz = 422 ([VO.-
R (Mezbzimpy)]").
RN /\(N [VVO(Mesbzimpy)(H20)2](CF3SOs), (4). This compound was
\IK\N F"‘D synthesized in 65% yield from VO(GEG;), and Mebzimpy using
Q/N S;N a procedure similar to that f& The solvent used for recrystalli-
N zation was CHNO,—MeOH (2:1). Anal. Calcd for gH,;Ns-
R” FeOoS,V: C, 37.3; H, 2.9; N, 9.5. Found: C, 37.0; H, 2.9; N, 9.7.
MS(FAB): m/z = 555 ([VO(Mebzimpy)(CRSO)]™).
R = H, Hgntb [VVO(Hntb)] -:2MeOH (5). VO(acac) (0.265 g, 1 mmol) and
R = Me, Mesnib Hsntb (0.407 g, 1 mmol) were refluxedrf@ h in 150 mL ofMeOH.
The violet crystalline precipitate was filtered off, washed with hot
MeOH, and dried under vacuum over CaQlield: 0.375 g (70%).
Anal. Calcd for GgH7N7OsV: C, 58.2; H, 5.0; N, 18.3. Found:
Reagents from commercial sources were used as received. TheC, 57.9; H, 4.9; N, 18.2. MS(FAB):/z = 473 ([VO(Hntb) +
syntheses of bbzimpy, Mebzimpy16:17Hzntb 18 and Mentb® were HI™).
as reported previously. Acetonitrile amdN-dimethylformamide [VVO(H3ntb)(H 20)](CIO 4),+0.5H,0-0.33CH;COCH3; (6). A
(DMF) were purified by distillation off gO;o (under N) or CaH, solution of VOSQ-2H,0O (0.2 g, 1 mmol) in 50 mL of MeOH was
(under vacuum), respectively. Elemental analyses were performedadded to a MeOH solution (30 mL) of Ba(Cffg3H,0 (0.4 g, 1
by Robertson Microlit Inc. (Madison, NJ). mmol) and Hntb (0.407 g, 1 mmol). After overnight stirring, the
VO(CF3S0;),. An aqueous solution of Ba(GE0s),, generated reaction mixture was rotary evaporated to dryness. The solid was
in situ from CRSO;H and excess BaC{was allowed to react  extracted with~50 mL of MeOH and filtered to separate any
with an equivalent amount of VOSEH,0. Stoichiometry was precipitated BaS@) along with some green solid. The blue fil-

Experimental Section

judged turbidimetrically, and the precipitated BaS@as filtered trate was evaporated to dryness, and the solid mass was dis-
off. This VO(CRS0;), solution was standardized by referring its  solved in acetone. Diethyl ether diffusion to this blue acetone
absorbance to that of a VO%Q@H,O solution ¢ = 13.8 M1 cm? solution led to the formation of large blue crystals, which were
at 780 nm). filtered off, washed with ether, and dried over Cai@lvacuo. The

[VVO,(Hbzimpy)] -1.25H,0 (1). Solid vanadyl acetylacetonate ~ crystals rapidly effloresce on drying. Yield: 0.25 g (35%). Anal.
(Aldrich) VO(acac) (0.265 g, 1 mmol) was added to a stirred Calcd for GsHzeN7Cl20108V: C, 41.7; H, 3.6; N, 13.6. Found:
solution of Hbzimpy (0.311 g, 1 mmol) in 40 mL of warm MeOH.  C, 41.8; H, 3.4; N, 13.5. MS(FAB):m/z = 573 ([VO(Hzntb)-
The initial green color changed to yellow4nl5 min, and ayellow  (ClIO4)] ).
precipitate formed. After 3 h, the solid was filtered off, washed  [V'VO(Hsntb)CIICI -H,O (7). To a stirred solution of ghtb
with MeOH, recrystallized from a large volume of @El,, and (0.407 g, 1 mmol) in 70 mL of absolute EtOH was added VOCI
air-dried to yield 0.17 g (40%) of yellow microcrystals. Anal. Calcd (0.173 g, 1 mmol). The initially pale yellow solution turned blue
for CigH14Ns032:5V: C, 54.9; H, 3.5; N, 16.8. Found: C, 54.8; on overnight reflux, and blue crystals were deposited on slow

H, 3.4; N, 16.6. MS(FAB):m/z = 394 ([VO,(Hbzimpy) + H]™). evaporation at 50C. These were filtered off and dried in vacuo
over CaC}. The crystals lose their luster upon desiccation. Yield:
(13) Gilbert, J. G.; Addison, A. W.; Butcher, R.li#org. Chim. Acta200Q 0.26 g (45%). Anal. Calcd for £H,3N;Cl,O,V: C, 51.2; H, 4.1;
308 iZ- ch _ _ o N, 17.4. Found: C, 51.3; H, 4.1; N, 17.2. MS(FABjvz = 509
(14) ‘l:/(I)ly§5§4H Chen, K.; Lange, S. J.; Que, L., itorg. Chem.2001, (VO(Hantb)CIT*).
(15) (a) Nazikkol, C.; Wegner, R.; Bremer, J.; Krebs,ZB.Anorg. Allg. [(H3ntb)VV O(u-O)VVO(H3nth)](CF 3S05)3-2H,0 (8). A solu-

Chem 1996 622 329. (b) G. J. Colpas, G. J.; Hamstra, B. J.; Kampf,  tjon of Hantb (0.407 g, 1 mmol) and VO(GBQO;), (1 mmol) in 50
J. W.; Pecoraro, V. LJ. Am. Chem. S0d.996 118 3469.

(16) Addison, A. W. Burke, P. 1. Heterocycl. Chemi981, 18, 803. mL qf MeOH was stirred for 2 days. The resulting_dark green
(17) Addison, A. W.; Rao, T. N.; Wahlgren, C. G. Heterocycl. Chem. solution was rotary evaporated to dryness and the residue recrystal-
1983 20, 1481. lized twice from acetonitriletoluene to give brown crystals.
(18) Thompson, L. K.; Ramaswamy, B. S.; Seymour, ECan. J. Chem. yjeld: 0.25 g (35%). Anal. Calcd for GHaN1Fs01S:V2: C, 42.3;
(19) Hendriks, H. M. J.: Birker, P. J. M. W. L.; Verschoor, G. C.; Reedik, H 3.2; N, 13.5. Found: C, 42.0; H, 3.3; N, 13.6. MS(FABjVz

J.J. Chem. Soc., Dalton Tran$982 623. = 1262 ([(VOXR(O)(Hantb)(CR:SO;),] 1).
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[VVO(Meznth)SO4]-H,0 (9). A solution of VOSQ-2H,0 (0.2 Table 1. Crystallographic Data for
g, 1 mmol) in 30 mL of MeOH was added dropwise to a stirred [V'"YO(Hzbzimpy)(HO)](CFsS0;)2-3H;0 (2), [V O(Hsntb)CIICl-H20
solution of Mentb (0.447 g, 1 mmol) in 40 mL of MeOH. A blue () and [(HNt)V¥O@u-O)VO(Hantb))(CRSOy)3-4H:0 (8)

precipitate formed in-5 min. After 1 h, the solid was filtered off, 2 7 8
}NascheE' W,i\tlhoMg\?Hban5dla;r_dHrii{jéY:\?ldlz5065 g (SOZ))én:i $all_|cd formula GoH21FeNs011SV  CogHorCloN704V  CsiHsoFoN 1401653V
or . C,51.4; H, 4.6; N, 15.6. Founa: C, 51.7; H, fw 748.49 599.37 1484.09
4.4; |i17 129567 KAS(FAB): m'z = 613 ([VO(Me;ntb)SQ, + H]T). cryst syst orthorhombic triclinic monoclinic
[VVO(Mesntb)CIICI -H,0 (10). This compound was synthesized Cry;trflg'ze’ O'SSB 2'668 0'156 2.30 0.133 gf4
in 40% yield from Megntb and VOC} using a procedure similarto  space group Fdd2 ' P1 P2,/m '
that for7 and recrystallized from MeOH. Anal. Calcd fogEl,oN7- a A 31.271(3) 7.981(2) 11.505(2)
ClLO,V: C,53.6;H,4.8; N, 16.2. Found: C,53.6;H,4.9;N,16.0. bA 12.934(2) 9.842(2) 21.376(4)
MS(FAB): m/z = 551 ([VO(Mentb)CIJ*). géeg 14.625) %jggiﬁ‘l‘)z) 135470
[(Mesntb)VV O(u-0)VVO(Mesntb)](CF 3503)3+3H,0 (11). This B, deg 90 78.91(2) 109.274(14)
compound was synthesized in 40% yield from Jtb and VO- y, deg 90 79.277(14) 90
(CFsSOy), using a procedure similar to that f8r Anal. Calcd for v, AS 2915-4(11) 21350-3(6) 23145-1(10)
Cs7HeoN14F0O015:V,: C, 44.2; H, 3.9; N, 12.6. Found: C, 44.1; Dealca 1.681 1.463 1.567
H, 3.7; N, 12.5. MS(FAB): Mz = 1345 ([(VOX(O)(Mesntb)- g o3
(CRSOY1"). o o9 505 4o
Physical Measurementslnfrared spectra were recorded on a  # ¢ : : :
Perkin-Elmer 1610 FT-IR using KBr disks. ESR spectra were “'\Aﬂo Ka), 0.71073 0.71073 0.71073
obtained with a Varian E-12 X-band spectrometer calibrated near 1, 293 293 203
g = 2 with diphenylpicrylhydrazyl radicaly-Values aret+0.005; Ra R 0.0425, 0.1035 0.0632,0.1428  0.0942, 0.2245

isotropic g-values are designated gs Magnetic susceptibilities
were determined at ambient temperature using a Johnson-Matthey
Mark-II susceptometer. Electronic spectra are from a Perkin-Elmer (cr,50;);-2H,0 (8), respectively, of which 2235, = 0.0000),
330 spectrophotometer, equipped with an integrating sphere forgpg3 R, = 0.0325), and 7406R,, = 0.0632) were unique;

diffuse reflectance or from a Perkin-Elmer Lambda-2B spectro- gquijvalent reflections were averaged. The structures were solved
photometer. Mass spectra were obtained either on a ZABHF or py girect methods and refined by full-matrix least-squares meth-

Finnigan-4500 mass spectrometer operating in FAB or Cl mode. o4s22 Hydrogen atoms were included in structure factor calculations
Electrochemical measurements were made 4C26 deoxygenated i jgealized positions.

CH;CN or DMF solutions using a BAS 100A electrochemical
analyzer. The three-electrode assembly comprised the working Results and Discussion

electrode, a Ag(0.01 M, 0.1 M NE4CIO,4, CH;CN)/Ag reference . . .
electrode, and a Pt auxiliary electrode. The working electrodes were Synthesis. The reaction between JHzimpy and \WO-

Pt disk, beads, or wires for voltammetry at scan rates from 20 to (2¢ac in MeOH yields the molecular dioxovanadium(V)
2000 mV s, and a Pt disk for rotating electrode (rde) polarography COmplex, [WOo(Hbzimpy)}1.25H0 (1), wherein the ligand

AR = Y||Fo| — IFc/l/3|Fol. ° Ry = [IW(IFol — [Fe)Z/IW(Fo)?*2,

(whereinEy, is defined as the potential at which= i./2 29). The is singly deprotonated from a benzimidazole’s pyrrolic N.

supporting electrolyte was 0-D.2 M NEClO,, and solutions for In the case of Mgbzimpy, a similar reaction generates a cat-

voltammetry and polarography werel mM in complex. ionic dioxovanadium(V) complex, the absence of ionizable
X-ray Crystallography. Single crystals of [\ O(Hzbzimpy)- protons in the ligand necessitating the addition of excess

(H20)2](CF3S05)2:2H,0 (2), [VVO(Hsnth)CIICIFHO (7), and ClOs~ to precipitate the cationic complex as @
[(Hantb)VV O (u-O)VVO(Hsnth)(CRSOs)5-2H;0 (8) were obtained  (Me,bzimpy)](ClOy)-H20 (3). The infrared spectra df and
from DMF, acetonitrile/toluene, EtOH and acetonitrile, respectively. 3 show two \=0 stretches at 890 and 965 chin each?324
The crystals o and8 effloresce, so the ones used for X-ray crystal- Oxovanadium(lV) complexes of Hzimpy and Mgbzimpy,
lographic study were sealed in capillary tubes with mother liquor. [VVO(Hobzimpy)(HO)](CFsS0s)»+2H,0 (2) and [VWO-
All measurements were made as previously desctibed a . . .
Siemens P4S diffractometer with graphite-monochromated ko K 'Ef,\l/(la eﬁzgrrlgzygv(i:ﬁc\)/)zo]((g;gz?i).zlE]At%rzrs?is;&lgsgnbgrgﬁgﬁgzg

radiation. Pertinent crystallographic data are summarized in Table fl fth fi it d t vield
1. Cell constants and an orientation matrix for data collection were 'S/'UX OF tne reaction mixfure does not yield any oxovana-

obtained from a least-squares refinement of setting angles of 25dium(V) complexes, while, by contrast, the reactior2air
reflections. The intensities of three standard reflections measured4 With imidazole simply yields the corresponding dioxova-
after every 150 reflections showed no greater fluctuations than hadium(V) complexes, without the incorporation of imidazole
expected from Poisson statistics. Lorentz polarization and absorptioninto the molecule. This suggests that, in the reactions yielding
corrections were applied. A total of 2235, 6526, and 7760 reflections the vanadium(V) compoundsand3, basicity in the medium

were collected for [V O(Hzbzimpy)(H:O)](CFsSOs)2:2H,0 (2), (via acetylacetonate) is a relevant factor in the oxidation to
[VVO(Hzntb)CIICI-H,0 (7), and [(Hntb)VY O (u-O)VYO(Hantb)]- WO

(20) (a) Adams, R. N.Electrochemistry at Solid Electrodedarcel (22) SHELXTLPC suite of crystallographic progran&@emens Analytical
Dekker: New York, 1969; p 83. (b) The A¢0.01 M, 0.1 M NE%- Instruments: Madison, WI. The space group assignmeng faas
ClO4, CHCN)/Ag reference electrode is taken to bet&#96 mV vs based on the systematic absences Fald2. For 7 and 8, the
the SCE: Pavlishchuk, V. V.; Addison, A. Whorg. Chim. Acta200Q assignments were supported by the intensity statistics and the
298 97. successful refinements, as favoured over the alternatives (PR2and

(21) Palaniandavar, M.; Butcher, R. J.; Addison, A. Mbrg. Chem1996 (23) Griffith, W. P.; Wickins, T. D.J. Chem. Soc. A968 400.

35, 467. (24) Amos, L. W.; Sawyer, D. Tinorg. Chem.1972 11, 2692.
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Table 2. Electronic and IR Spectral Data for Complexes

Ghosh et al.

compound

IR (cm?) UV —ViS Amax, NM (€, M~1cm™1)

[VVOy(Hbzimpy)]1.25H0 (1)P
[VVO(Hzbzimpy)(H:0)2](CF3SOs)2:2H,0 (2)¢

[VVOz(Mezbzimpy)](ClOs)-H20 (3)°
[VVO(Mebzimpy)(HO):l(CFsSOy)2 (4)°
[VVO(Hntb)}2MeOH )¢
[V'VO(H3ntb)(H:0)](ClO4)2+0.5H0-0.33MeCO (6)°

[VVO(Hanth)CIICI-H,0 (7)¢

[(Hantb)\VV O u-O)VVO(Hantb)](CF:SOs)s-2Hz0 (8)°

[VVO(Mesntb)SQJ-H,O (9)

890, 965 (V=0)]
985 p(V=0)],

1250 (br) p(CRSOs)]
890, 960 j(V=0)],
1100 (br) (CIO)]
980 p(V=0)],

1250 (br) p(CFS0s)]

985 [y (V=0)]
990 [y (V=0)], 1710 (C=0)]

990 [(V=0)]

985 [y(V=0)], 760 p(V—0—V)],
1250 (br) p(CRSOs)]

950 p(V=0)], 1180, 1140,

392 sh (16000), 320 (23000)

754 (50), 493 (70), 363 sh (15000),
321 (28000), 230 sh (27000)

380 sh (13000), 368 sh (4000),
322 (35000)

764 (53), 581 (28), 398 sh (16000),
320 (26000), 299 (22000),

216 sh (45000)

772, 555, 362 sh

754 (75), 535 sh (22), 403 sh (85),
302 sh (2500)

752 (61), 569 sh (19), 426 sh (15),
279 sh (23000), 266 sh (22000),
239 sh (16500)

1014 (1659), 829 sh (1000),
715 sh (790), 386 (3200),
279 sh (37000), 266 sh (34000),
240 sh (25000)

780, 568, 362 sh

610, 660 P(SQy)]

[VVO(Mesntb)CIICl-H,0 (10)°

[(Meantb)VV O (u-0)VVO(Mesnth)](CRSOs)s-3H20 (11)¢

aln KBr pellets.? In DMF. ¢In MeOH. ¢In MgCOQ;s (solid). € In CHsCN.

Hsntb forms a molecular oxovanadium(lV) complex,
[VVO(Hntb)2MeOH ), when refluxed with VO(acag)
in MeOH. This complex, in which the ligand is doubly
deprotonated, is only poorly soluble in DMF. A soluble
complex, [V O(Hsntb)(H0)](ClO4),-0.5H0-0.33CHCOCH;

990 [(V=0)]

995 [y(V=0)], 770 p(V—0—V)],
1250 (br) p(CFS0s)]

756 (67), 548 sh (25), 417 sh (26),
280 sh (24000), 266 sh (21000),
241 sh (17000)

1013 (2170), 842 sh (1300),

693 sh (870), 419 sh (4400),
380 sh (4800), 280 sh (34000),
266 sh (20000), 247 sh (10000)

Electronic Spectra. The electronic absorption spectra of
the complexes are summarized in Table 2. The oxovanadium-
(IV) complexes of Hbzimpy and Mebzimpy, 2 and 4,
respectively, exhibit two €d transitions of moderate
intensity. For vanadium(lVV) complexes, it is generally re-

(6), where the benzimidazole protons are not dissociated, isgarded that the unpaired electron is in g drbital and
obtained via initially forming a sulfato complex. Treatment transitions occur to [g, d,] (v1), de-y2 (v2), and & (v3) with

of the reaction mixture with Ba(CIg-3H,O replaces the

increasing energied Thev; band usually lies in the charge-

sulfate by perchlorates. It should be noted that a small amounttransfer region, and so, id and4, v, andv, are observed

of a brown compound, possibly a mixed-valenc& W’
complex, is also formed along with. A blue insoluble
sulfato compound, [V O(Mesnth)SQ]-H,O (9), is obtained
from the reaction of Megntb and VOS@2H,O. Sulfate
coordination to vanadium i® is evident in the infrared
spectrum from the splitting af3(SQy) into two components
(1180, 1140 cm?) as well asv4(SQy) (610, 660 cm?).2>26
Reaction of VO(acagynd Mentb did not produce a cleanly

distinctly, whereas the; transition indeed appears to be
obscured by charge-transfer transitions. Solution spectra of
the oxovanadium(lV) complexes of;htb and Megntb, 6, 7,

and 10, show all three e&d transitions. Because of the
insoluble nature of the tripodal oxo complexgsnd9 in
common organic solvents, solution spectra could not be
obtained, but the solid-state reflectance spectra of these two
complexes also exhibit three-dl transitions. The data given

isolable product, and attempts to prepare oxovanadium(V)in Table 2 indicate that although the energy of is

complexes of Bhtb or Megntb using VOC} were unsuc-

practically the same fa2—7, 9, and10, thev,-band energy

cessful. Instead, the chloride-coordinated oxovanadium(lV) varies in the ordeR > 6 > 10> 5 > 9~ 7 > 4. None-

complexes, [W O(Hzntb)CI|CI-H,0 (7) and [V O(Mesntb)-
CI]CI-H,0 (10), were obtained. Although mononuclear oxo-
vanadium(V) complexes of jatb and Mentb could not be
isolated, reaction of these ligands with VO#SK), yields
the oxo-bridged mixed-valencé"WV complexes, [(Hntb)-
VVO(u-O)VVO(H3nth)](CRSOs)s2H.0 (8) and [(Mentb)-
VVO(u-O)VVO(Mesnth)|(CRSOs)s-3H0 (11), in ~40%
yield. The IR spectra 08 and 11 show /=0 stretches at
985 and 990 cmt, respectively’

(25) Das, R.; Nanda, K. K.; Mukherjee, A. K.; Mukherjee, M.; Helliwell,
M.; Nag, K.J. Chem. Soc., Dalton Tran&993 2241.

(26) Nakamoto, K.Infrared Spectra of Inorganic and Coordination
Compounds2nd ed.; Wiley-Interscience: New York, 1970.

(27) Mondal, S.; Ghosh, P.; Chakravorty, horg. Chem.1997, 36, 59.
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theless, at this point, we cannot establish any clear correlation
between the,-band energy and another molecular parameter.
The electronic spectra of [@Atb)VVO(u-O)VVO(Hsntb)]-
(CRSGy)3+2H,0 (8) and [(Mentb)VV O (u-O)VVO(Mesntb)]-
(CRSG;)3+3H,0 (11) exhibit intense absorption in the near-
IR region around 1015 nm. This absorption, which is absent
from the oxovanadium(lV) complexes, is assigned to the
intervalence transfer (IT) transition observed in some of the
known mixed-valence vanadium complexX&s® The band’s
position is insensitive to variations in the solvent (MeOH,

(28) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier:
Amsterdam, 1984.

(29) Holwerda, R. A.; Whittlesey, B. R.; Nilges, M. lhorg. Chem1998
37, 64.
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Table 3. ESR Data for the Complexgs

compound gy 104A | oo 104Aq| Jiso |Asol av

[V O(Hzbzimpy) (HO)2](CF3SOs)2: 2H,0 (2)° 1.943 190 1.972 59 1.985 99

1.944 180 1.981 69
[VVO(Mesbzimpy)(H0O),](CFsSOy)2 (4)° 1.939 180 1.979 66 1.988 97

1.943 170 1.981 62
[VVO(Hntb)}2MeOH )¢ 1.982
[V'VO(Hsntb)(H0)](ClO4)2+0.5H,0-0.33MeCO (6)° 1.951 170 1.977 63 1.971 92
[VVO(Hsntb)CIICI-H,0 (7)! 1.955 165 1.978 55 1.965 90
[(Hantb)V'Y O(u-O)VVO(Hanth)](CRSOs)3-2H,0 (8)¢ 1.957 46
[VVO(Mesntb)SQ]-H,0 (9)¢ 1.998
[VVO(Mesntb)CIICI-H20 (10)f 1.945 165 1.983 55 1.969 94
[(Mesntb)V!V O (u-0)VVO(Mesntb)](CF:SOs)s:3H,0 (11) 1.965 47

aValues forg;, Ay, g, A, av from cryogenic glass at 77 Kjiso, Aiso from fluid solution at 298 K and\ in cm™, simulations performed on a Macintosh
G3 platform using software routines by Addison, A. W.; Cain, M. Drexel University, 1992, as derived from Lozos, G. P.; Hoffman, B. M.; Fronz, G. C.

QCPE 1974 11, 265.° Cryogenic glass in DMF and fluid solution in GEN.
DMF. " CHsCN.

CH3CN, DMF), suggesting that these mixed-valence com-
plexes fall into class-IlI of the Robin and Day classificatin.
ESR and Electrochemical StudiesThe X-band ESR data
are summarized in Table 3. The spectra of the oxovanadium-
(IV) complexes?2, 4, 6, 7, and 10 were recorded in fluid
solutions at ambient temperature as well as in cryogenic
glasses at 77 K. ESR spectra of the ntb-chel&atesd 9
were recorded only in their polycrystalline state because of
their insolubility in common organic solvents. The complexes
assigned as vanadium(\) &nd3) are ESR-silent. The eight-
line fluid solution spectra of the oxovanadium(lV) com-
pounds are accounted for by a sin§le= ¥/, species in which
the unpaired electron in gybrbital is coupled to the nuclear
spin of the vanadium nucleuk= 7/,). Their cryogenic glass
spectra are characterized by two overlapping sets of eight
lines corresponding to thg-anisotropy of an axial system.
The ESR data show that thg, values for the bzimpy-
containing complexes are lower than for the ntb-containing
ones, whereas th&, values show the opposite trend. This
is generally observed for vanadium(lV), the numbers and
types of the equatorial donors being directly correlated with
the g- and A-values?” benzimidazole-N and pyridine-N
having similar contribution® For instance, the valuegy
= 1.954, A, = 166,97 = 1.982, andAy = 59 predicted on
these basé%for the (Nyom)sCl equator in7 are quite close
to the values observed in DMF/MeOH. For the\@-
(Hzbzimpy)(HO);]?" salt 2 (Figure 1) and its Mgozimpy
analoguet, additional lines in the cryogenic spectra indicate

(30) Dutta, S. K.; Samanta, S.; Kumar, S. B.; Han, H. O.; Burckel, P.;
Pinkerton, A. A.; Chaudhury, Minorg. Chem.1999 38, 1982.

(31) Copeland, E. P.; Kahwa, I. A.; Mague, J.; McPherson, G. Chem.
Soc., Dalton Trans1997 2849.

(32) Fukuda, I.; Matsushima, H.; Maeda, K.; Koikawa, M.; TokiiChem.
Lett. 1997 463.

(33) Launay, J.-P.; Jeannin, Y.; Daoudi, Morg. Chem1985 24, 1052.

(34) Kojima, A.; Okazaki, K.; Ooi, S.; Saito, Knorg. Chem.1983 22,
1168.

(35) Nishizawa, M.; Hirotsu, K.; Ooi, S.; Saito, K. Chem. Soc., Chem.
Commun1979 707.

(36) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochem967, 10, 247.

(37) Chasteen, N. D. IBiological Magnetic Resonanc&euben, J., Ed.;
Plenum Press: New York, 1981; p 53.

(38) Crans, D. C.; Keramidas, A. D.; Amin, S. S.; Anderson, O. P.; Miller,
S. M. J. Chem. Soc., Dalton Tran&997 2799.

(39) Zah-Letho, J.; Samuel, E.; Livage,ldorg. Chem 1988 27, 2233.
These ESR parameters fors@quators on V(IV) are not completely
independent of the axial ligands.

¢ DMF. 4 Polycrystalline & 2-Methoxyethanol! DMF—MeOH. 9 CHzCN/

I i I
2900 3200 3500

H (Gauss)

Figure 1. First-derivative cryogenic ESR spectrum of YO (Hzbzimpy)-
(H20)2](CFsS0s)2-2H,0 (2) in DMF at 77 K.

1 ! L
2600 3800 4200

the presence of two species. The similarity between water
(9o =1.985,A, = 113 x 104cm™t) and DMF @, = 1.983,

A, = 109 x104 cm™!) as solvents for oxovanadium(IV)
sulfate gainsays the second species as arising from displace-
ment of coordinated water by solvent DMF, though the
differences ing, and A, are consistent with the possibility

of a V=0 versus V-OH, tautomerism (NO vs N;Oy) in
solution.

The mixed-valence oxovanadium(IV/V) complexes show
15-line isotropic spectra in fluid solutions at room temper-
ature (Figure 2), indicating that the single unpaired electron
is delocalized over the two vanadium centers on the ESR
time scale. These resonances for thathl complex8 (giso
= 1.957 andAis, = 46 cnml) and its Mentb analoguel1
(giso= 1.965 andAiso = 47 cn't) are comparable with those
reported for the mixed-valence complex [tmpap(O)s]-
(ClOy4)3.2° This mixed-valence nature is also clearly evi-
denced by the dimer paramagnetisp¥ = 0.454+ 0.1 cn?
mol™t for 8 (u = 1.9 £ 0.3 ug per dimer at 294 K).
Unambiguous assignment of the cryogenic glass spectra for
the VV—-0—-VV systems has proved evasive.

Cyclic voltammograms of bzimpy chelates-4 and
Hsntb chelateé show irreversible redox processes. These are
observed for (scan rate 100 mV*s1 (in DMF, E, .= —1.53
V), 2 (in DMF, E, .= —1.47 V), 3 (in MeCN, E, .= —1.59
V), 4 (in MeCN, Epa= 1.33 V,Ey,c = —1.42 V), and6 (in

Inorganic Chemistry, Vol. 41, No. 8, 2002 2247
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Figure 2. First-derivative ESR spectrum of dinuclear fith)V'VO-
(u-O)VVO(H3nth)](CRSOs)3:2H,0 (8) in MeCN—DMF at ambient tem-
perature.

Figure 3. ORTEP representation (50% probability ellipsoids) oM®@-
(Hzbzimpy)(HO)2]2" in [VVO(Hzbzimpy)(H0)2](CFsS0s)2:2H0 (2).

MeCN, E, o= +1.36 V,E,c = —1.43 V). It is noteworthy
that all the experimentally observed reductions occurred at
ca.—1.5V (ca.—1.2 V vs SCE), regardless of whether the
electroactive species is "W or VV. This difference in

oxidation state is compensated by the presence of the addi-

tional oxo ligand in the V systems; that is, the dioxovana-
dium(V) and monooxovanadium(lV) complexes are redox-
potential equivalent. The mixed-valence complegeand

11 show reversible cyclic voltammograms in MeCN. The
potentials for these mixed-valence complexes at 100 mV s
are given in parentheses ®(Ey»(0x) = +1.13 V, Eyx(red)

= —0.41 V) andl1 (Eyx(0x) = +1.12 V,Eyp(red)= —0.41

V). Reversible electron transfer for the redox processes
VVVY — yVYWY and WYY — VVVWV is of course implied

by the observed electron delocalization over both vanadium
centers. These data, along with the ESR spectra in fluid
solutions and electronic spectra imply that the mixed-valence
compounds persist in the solution phase.

Description of Crystal Structures. ORTEP diagrams of
the complex cations [VO(H:bzimpy)(H:O),]?" in 2,
[VVO(Hsntb)CII* in 7, and [(Hntb)VVO(u-O)VVO-
(Hsntb)** from 8 are shown in Figures-35, respectively.
Selected bond distances and angles are listed in Table 4.

The Hbzimpy-ligated vanadium(lV) cation &has a six-
coordinate vanadium atom with ans@® coordination en-

2248 Inorganic Chemistry, Vol. 41, No. 8, 2002

Ghosh et al.

Figure 4. ORTEP representation (50% probability ellipsoids) of[U-
(H3ntb)CIT* in [VVO(Hsntb)CIICI-H0 (7).

Figure 5. ORTEP representation (50% probability ellipsoids) of the
dinuclear [(Hintb)V'VO(u-O)VVO(Hzntb)PP™ cation in [(Hentb)VVO-
(u-O)VVO(Hanth)|(CRSOs)3-2H20 (8).

vironment. The oxygens come from the oxo group and two
water molecules, whereas the nitrogens belong to the
obligatorily meridianal Hbzimpy ligand. The short ¥O(1)
bond distance (1.59 A) is typical of'\/=0 which indicates
considerables-bond character. The YOH, distances
(V—0(2) = 2.053 A) are somewhat longer than those
reported for [VO&-peida)(H0O)]** (2.018 A) and for [VO-
(Hhida)(H0)]*° (2.021 A). The geometry around the vana-
dium atom is distorted octahedral. In the plane comprising
N(1)—O(2—N(1#1)—O(2#1) atoms, the donor atoms lie
within 0.190 A of the least-squares plane, and V is displaced
toward the vanadyl oxygen by 0.445 A. The cisoid angles
in this plane lie between 88.3and 87.4, whereas the
transoid angles lie between 14%54nd 180. If we consider

(40) Mahroof-Tahir, M.; Keramidas, A. D.; Goldfarb, R. B.; Anderson, O.
P.; Miller, M. M.; Crans, D. Clnorg. Chem.1997, 36, 1657.
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Table 4. Selected Bond Lengths (A) and Angles (deg) for Compounds  displaced toward the vanadyl oxygen (O(1)) by 0.457 A. The
2,7, and8 bond distances are comparable to those liste@fot(ben-
[VVO(Hzbzimpy)(HO)](CF3S0s)2-2Hz0 (2) zimidazole)}-V bond distances are similar to other reported

xjﬁ(l) 21-322((5)) &Sg)) ggfgg’)) benzimidazole-containing oxovanadium compleXdgigure
' ' 4 also illustrates that theatb ligand flexes quite adequately
O(1)-V-N 180.0 N(L)-V-N(1#1)  145.1(2) to accommodate the tetragonal or pseudo-octahedral coor-
O(2)~v—0(2#1) 165.8(2) N(yV—0(2) 88.31(12) dination at vanadium, although it is seen to impose trigonal
N(1)—-V—0(2#1) 87.43(13) O(DV-N(1#1)  87.44(13) '
N(1#1-V—0(2#1)  88.31(12) O(BHV-N(1) 107.44(8) stereochemistry in other cas@g? At the same time, the fact
O(1)-V-0(2) 97.12(9)  O(yV-N(1#1)  107.44(3) that Hsntb forms a set of five-membered chelate rings leads
O)y-v=0(2#1) 97.12(9) to N—V—N angles (73.3-87.5") which are reduced from
[VVO(Hsntb)CIICI-H20 (7) the normal octahedron 9@alues.

x:ﬁ((ﬂ) é'ggggg &H(Zl) 22"&2((1)) Crystals of Hntb complex8 contain binuclear [(khtb)-

V—N(31) 2:078(4) \=Cl 2:353(2) VVO(u-O)VVO(Hsntb)™ units. The bridging oxygen atom
NRI-V-NAL) 147.72(14) NV—O() 172:6(2) in the binuclear cation is part of an obligatorily antilin€ar
N(31)-V—Cl 16229(10) NV —N(31) 75.15(13) V—0-V system as a result of its occupying the crystal-
N—-V—Cl 87.14(10)  N(31}V-0(1) 97.5(2) lographic inversion center that relates the two halves of the
O(1)-v—Cl 100.25(13)  N(21yV-N(31)  85.6(2) complex cation. In each half of the binuclear unit, aimt
Hggiﬁgm 1?}'_21?%4) Ngg\\;:ﬁl ?Zjﬁ?ﬁ}& acts as a tetradentate ligand with a terminal and a bridging
N(11)-V—N(31) 87.5(2) N(11)}V—-0(1) 105.1(2) oxo ligand completing the distorted octahedral coordination
N(11)-V—Cl 87.88(12)

sphere. For the equatorial plane defined by NN(1A)O(1)O

[(Hantb)VV O (u-0)VVO(Hsntb)](CRS03)3-2H:0 (8) (leaving two benzimidazoles axial), the donor atoms lie
V-0

x:g(l) 212361(55) VIR ;-fﬁ%(ll) within 0.0046 A of the least-squares plane, and the V atom

V-N(1B) 2'.048(((% V—N§1c)) 2'.043((6)) is displaced towarq O(1) by 0.0103 A. Bond distances
between the vanadium atom and the vanadyl oxygen atom

(,\)I((B_\_)\_/\_/T o ggg(é)) N(éi?\v/iﬁ(é% 1;‘2-2((22)) (1.594 A) and between the bridging oxo group and the vana-

N(1A)-V—-N(1C)  87.9(2) N(1B}-V—0 87.3(2) dium atom (1.841 A) are comparable with those of other

N(1C)-V—-0 87.7(2) O(1yV—-N(1A) 95.9(2) mixed-valence oxo-bridged\/VVV complexeg?®-30:32.40

O(1)-V—N(1B) 105.1(2) O(1}V—N(1C) 105.3(2)

0(1)-V-0 104.2(2) N-V—N(1A) 74.7(2) Acknowledgment. We thank Drexel University for sup-
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the equatorial plane for the distorted octahedron as Supporting Information Available: X-ray crystallographic files
N(1)—N—N(1#1)-0(1), the Hbzimpy—oxo plane, then in CIF format for the structure determinationsf7, and11. This
these four donor atoms and the V form a perfect plane. The material is available free of charge via the Internet at http://
cisoid angles in this plane lie between 72&hd 107.4. pubs.acs.org.

The structure of the kitb chloro catior7 shows that the  |co10945x
vanadium atom possesses a distorted octahedral geometry
with an N,OCI donor set, the molecule being devoid of (41) Hendriks, H. M. J.; Birker, P. J. M.; Verschoor, G. C.; Reedijk].J.
symmetry. Relative to the mean equatorial plane comprising (., Chem. Soc,, Dalton Trand982 623.

. - Addison, A. W.; Henriks, H.; Reedijk, J.; Thompson, L.X.Chem.
the N(11)-N(31)—N(21)—Cl atoms, the vanadium atom is Soc., Dalton Trans1981 103.
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