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Reaction between [VO(acac),] and the ONN donor Schiff base Hsal-ambmz (1) (Hsal-ambmz = Schiff base obtained
by the condensation of salicylaldehyde and 2-aminomethylbenzimidazole) resulted in the formation of the complexes
[VVO(acac)(sal-ambmz)] (1), [VYO,(acac-ambmz)] (2) (Hacac-ambmz = Schiff base derived from acetylacetone
and 2-aminomethylbenzimidazole), and the known complex [VVO(sal-phen)] (3) (Hzsal-phen = Schiff base derived
from salicylaldehyde and o-phenylenediamine). Similarly, [V"VO(acac)(sal-aebmz)] (7) has been isolated from the
reaction with Hsal-aebmz (Il) (Hsal-aebmz derived from salicylaldehyde and 2-aminoethylbenzimidazole). Aerial
oxidation of the methanolic solutions/suspensions of 1 and 7 yielded the dioxovanadium(V) complexes [VVO,(sal-
ambmz)] (4) and [VYO,(sal-aebmz)] (8), respectively. Reaction of VOSO, with Il gave [{ VVO(sal-aebmz)},S0,] (9)
and [VVO(sal-aebmz),] (10), along with 3 and 8. Under similar reaction conditions, | gave only [{ VVO(sal-ambmz)} ,-
SO4] (5) and 3 as major products. Treatment of 1 and 7 with benzohydroxamic acid (Hbha) yielded the mixed-
chelate complexes [VVO(bha)(sal-ambmz)] (6) and [VVO(bha)(sal-aebmz)] (11). The crystal and molecular structures
of 2, 3-1/2DMF, 7-1/4H,0, 8, 9-2H,0, 10, and 11 have been determined, confirming the ONN binding mode of the
ligands. In complex 10, one of the ligands is coordinated through the azomethine nitrogen and phenolate oxygen
only, leaving the benzimidazole group free. In the dinuclear complex 9, bridging functions are the phenolate oxygens
from both of the ligands and two oxygens of the sulfato group. The unstable oxoperoxovanadium(V) complex
[VYO(0O,)(sal-aebmz)] (12) has been prepared by treatment of 7 with aqueous H,O,. Acidification of methanolic
solutions of 7 and 10 lead to (reversible) protonation of the bemzimidazole, while 8 was converted to an oxo-
hydroxo species. Complexes 2, 4, and 8 catalyze the oxidation of methyl phenyl sulfide to methyl phenyl sulfoxide
and methyl phenyl sulfone, a reaction mimicking the sulfideperoxidase activity of vanadate-dependent haloperoxidases.
These complexes are also catalytically active in the oxidation of styrene to styrene oxide, benzaldehyde, benzoic
acid, and 1-phenylethane-1,2-diol.

Introduction of amino acid homology in their active centers and have

Interest in the coordination chemistry with particular 2/most identical structural features, with vanadium(V) in a
emphasis on the model character of vanadium(V) complexestfigonal-bipyramidal coordination environment. Vanadium
having O and N functionalitiésstems from the structural 1S covalently linked to three nonprotein oxo groups in the
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Properties of Model Vanadium(lV, V) Complexes
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served for the reduced form of vanadate-dependent bromo-
peroxidase. Electron SpitEcho Envelop Modulation
(ESEEM) studies, however, suggested that the azomethine
nitrogen of the Schiff base of [VO(acac)(sal-im)] is proto-

Figure 1. Active-site structure of vanadate-dependent haloperoxidase from Nated and detached from vanadium upon addition of 1 equiv

Ascophyllum nodosuifin Curzularia inequalis the His; is replaced by
PhQ97).

equatorial plane, to the protein backbone througlofNan
imidazole moiety of a proximal histidine, and to an axial

of acid°In the histidine-derived dioxovanadium(V) complex
[VO2(naph-his)] (Hnaph-his= Schiff base derived from
2-hydroxy-1-naphthaldehyde and histidine), the imine nitro-
gen of the histidine moiety is protonated and thus not

OH group trans to the histidine, further hydrogen bonded to iNvolved in coordinatiort: Oxovanadium(lV) and dioxova-
a distal (catalytic) histidine and water molecules (Figure 1). nNadium(V) complexes reported by Crans et al., having the
These enzymes, as well as various model complexes, Cata|yzgen2|m|dazole unit in the ligand system, provide models for

the oxidation, by peroxide, of halide to hypohalous aaiad
of (prochiral) sulfides to (chiral) sulfoxides (eqs 1 andf 2),
and of several other organic substrates.

Hal™ + H,0, + H* — HOHal+ H,0 (Hal” = halide) (1)

RSR + H,0, — RS(O)R + H,0 )

Vanadium complexes containing imidazole or imidazole ligands | and II

the coordination of histidine in the enzyrfeOther com-
plexes containing imidazole (or its derivatives) have also
been described where the imidazole either acts as a co-ligand
or, in its protonated form, as a counterion for the compfex.

In continuation of our efforts on the characterization of
structural and functional models of VHP®we report here
the syntheses of oxovanadium(lV), oxovanadium(V), and
dioxovanadium(V) complexes of the benzimidazole-derived
formed from salicylaldehyde (Hsal) and

derivatives as ligands can be considered structural m0d9|52-aminomethylbenzimidazole (ambmz) or 2-aminoethylben-

of VHPO. The first structural characterization of an imida-
zolvanadium compléxwas followed by reports on the
characterization and reactivity of oxovanadium(lV) and (V)
complexes containing the imidazole moi&§pectral changes
observed for V@ complexes treated with acid suggested
the protonation of either coordinated imidazole (in [VO-
(acac)(sal-im)] and [VO(sal)(sal-im)]) or noncoordinated
imidazole (in [VO(sal-imj]) (Hzsal-im = 4-(2-(salicylide-

neamino)ethylimidazole) and were correlated to those ob-
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VHPO and for the oxidation of styrene by peroxide has also 12.90(b, 1H,—OH), 8.95(s, 1H;-~CH=N-); 6.98(d, 3H), 7.41(m,

been studied. 4H), 7.67(d, 1H) (aromatic); 5.05(s, 2H,CH,—).
(i) Hsal-aebmz (II). This ligand was synthesized by following
Experimental Section the procedure outlined fdr. Yield = 0.990 g (74%). Anal. Calcd

. . . ) . for CigH1sN30 (265.12): C, 72.43; H, 5.70; N, 15.84. Found: C,

Materials. Glycine, -alanine (Spectrochem, Mumbai, India), 71.88; H, 5.83; N, 15.73. Selected IR data (KBa/cm2): 3400-
benzohydroxamic acid (Merck, Germanp—,phenylene.diami.ne (OH), 2506-2700 (NH-+0), 1634 (C=N). UV—Vis [MeOH, Ama/
(phen), VOS@SH,O, V;0s (Loba Chemie, Mumbai, India), — nm /M-t cmry); 208(25 760), 252(9404), 273(6240), 281(6278),
acetylacetone (Hacac, Aldrich, Milwaukee, WI), methyl phenyl 318(2239)H NMR (DMSO-ds, /ppm): 13.2(b, 1H, OH), 8.61-
sulfide (Alfa Aeaser, Ward Hill, MA), styrene (Acros Organics, (s, 1H,—~CH=N-); 6.80(t, 2H), 7.12(d, 2H), 7.31(t, 1H), 7.40(d,
Morris Plains, NJ), salicylaldehyde (sal), and 30% aqueos3,H 1H), 7.50(d, 2H) (aromatic); 4.12(b, 4H;CH,—).
(Qualigens, Mumbai, India) were used as obtained. [VO(ak&kt) Preparation of Complexes. (i) [VO(acac)(sal-ambmz)] (1),
2-aminomethylbenzimidazole dihydrochloride (amb2tiCl),'? and [VO,(acac-ambmz)] (2), and [VO(sal-phen)] (3).A stirred
2-aminoethylbenzimidazole dihydrochloride (aeb2tCl)1® were solution of Hsal-ambmz (1.26 g, 5 mmol) in dry methanol (10 mL)

prepared according to methods reported in the literature. was treated with [VO(acag)(1.33 g, 5 mmol) dissolved in dry
Instrumentation. Elemental analyses of the ligands and com- methanol (10 mL), and the resulting reaction mixture was refluxed
plexes were obtained from the Sophisticated Analytical Instrument o 2 . Brown crystals of along with some green solid separated
Facility section of the Central Drug Research Institute, Lucknow, ot After cooling to ambient temperature, the mixed solids were
India. IR spectra were recorded as KBr pellets on a Nicolet NEXUS fijtered off and thoroughly washed with GEI, (5 x 10 mL) to
Aligent 1100 FT-IR spectrometer. UWis spectra were recorded  remove the green constituents and dried in a desiccator over silica
in methanol or DMF with a Shimadzu UV-1601 PC UVis gel. Yield = 0.98 g (47%). Anal. Calcd for £gHigNsO.V
spectrophotometefH NMR spectra were recorded on a Bruker (416 08): C, 57.68: H, 4.60; N, 10.10. Found: C, 56.93; H, 4.70;
200 MHz spectrometer, aréC and>V NMR spectraona Bruker N 9.g6. Selected IR data (KBmma/cm™): 1632, 1600 (&
Avance 400 MHz spectrometer with the common parameter settingsNazomethiné,\]ring) 920 (V=0). UV—vis [MeOH, Ama/nm (/M1
in DMSO-ds. 6(°1V) values are quoted relative to VOGIs external cmD)]: 207(13 876), 239(10 609), 273(8617), 280(8141), 382-
standard. EPR spectra were recorded with a Bruker ESP 300E(1046), 554 (20)uef (293 K) = 1.62 .
spectrometer between 9.42 and 9.47 GHz, and EPR parameters were |4 fiirate and washings obtained frolwere left open at
adjusted by simulation with the Bruker program system SimFonia.

Thermograms of the complexes were recorded under Oxygen iqation, for ca. 2 days. During this period of time, green crystals
atmosphere using a TG Stanton Redcroft STA 780 Instrument. gonarated out, which were collected by filtration and dried. Yield
Magnetic susceptibilities of oxovanadium(lV) complexes were 3oy The major product obtained by this way was identifie@ as
determined at 298 K with a Vibrating Sample Magnetometer model along with minor amount c. 2 and3 were separated by extracting
155, using nickel as a standard. Diamagnetic corrections were g ity CH,Cl,. Structures of both complexes were confirmed by
carried out with Pascal’s incremerifs. single-crystal X-ray studies.

Crystal Structure Determinations. Data were collected on a Alternate method for 2. A suspension of ambm2HCI (1.10
Bruker SMART Apex CCD diffractometer at 153(2) K using @ 4 5 mmol) in 10 mL of absolute ethanol was treated with anhydrous
graphite monochromator and Mo, adiation ¢ = 0.71073 A). CHsCOONa (0.82 g, 10 mmol) with stirring. After 1 h, the white
Hydrogen atoms were found or placed into calculated positions and gyjig which had separated out was filtered off, and the filtrate was
included in the last cycles of refinement. Absorption corrections ,q4ed to a solution of [VO(acag)1.59 g, 6 mmol) dissolved in
were carried out with SADABS. The program systems SHELXS 10 mL of methanol. Afte6 h of refluxing, the green solution was
86_and SHELXL 93 were used throughout for the treatment and kept overnight at room temperature to yield green s@lid his
refinement of the data. CCDC number; 602598;7, 27515238, was filtered off, washed with methanol, and dried. Green X-ray-
284222;9-2H,0, 602599;10, 284221;11, 275153. Crystal data  quajity crystals of2 were obtained upon crystallization from
and details of the data collection and refinement for the new ichioromethane. Yield= 0.855 g (55%). Anal. Calcd for

complexes are collected in Table 1. CiH1N30sV (311.21): C, 50.17; H, 4.53; N, 13.50. Found: C,
Preparation of Ligands. (i) Hsal-ambmz (I). Ambmz2HCI 50.11; H, 4.70; N, 13.33. Selected IR data (KBfa/cm™2): 1627,

(1.10 g, 5 mmol) was dissolved in 15 mL of water and neutralized 1593 (C=NazometninfNring), 958 (C=V=Ouniisyn), 888(C=V=0gn).

by adding agueous #C0; solution (0.83 g, 6 mmol). A stirred Yy —vis [MeOH, Ana/nm (/ML cmL)]: 221(26 710), 271(8263),

solution of salicyaldehyde (0.61 g, 5 mmol) in 8 mL of methanol 279(8145), 323(4785§2v NMR (DMSO-ds, 8/ppm): —558.1.

was added dropwise to the above solution with stirring within L h. A ternate method for 3. To a stirred solution of Hsal-ambmz

During this period, yellow solid slowly separated out. The solid (1.26 g, 5 mmol) in 20 mL of methanol was added a hot solution

was filtered off, washe_d thoroughly with water followed by o vosQ, (0.633 g, 2.5 mmol) dissolved in 40 mL of methanol,

petroleum ether, and dried in vacuo at room temperature. It was g the reaction mixture was refluxed for 1 h. After the solution

ambient temperature for slow evaporation, as well as aerial

finally recrystallized from acetonitrile. Yielek 0.880 g (70%). Anal. was filtered, it was kept at room temperature for 2 days. Green
Caled for GsHiNsO (251.29): C, 71.70; H, 5.21; N, 16.72.  goid 3 slowly separated out. This was filtered off, washed with
Found: C, 70.89; H, 5.37; N, 16.52. Selected IR data (KBg/ methanol, and dried. To remove minor byproducts, the solid was
cm™t): 3430(0H), 2506-2700 (NH-+0), 1636, 1617 (EN). UV~ taken up with CHCI, and filtered. Evaporation of the filtrate to

vis [MeOH, lmaJnm (E/M_1 cm‘l)]: 207(17 441), 256(8281), dryness gave pUI’@. Yield = 0.429 g, (45%)
274(7334), 281(6593), 324 (4068H NMR (DMSO-ds, 6/ppm): This complex was also prepared by the reaction of [VO(atac)

and Hsal-phen in dry refluxing methanol. In a typical reaction, a
83 Eg\;v(;an'_AAj _‘]ggistM'R'f]/'lrgrg' g%gmfggg 25,5*7 lég’lilSleGG solution of Hsal-phen (1.58 g, 5 mmol) in 10 mL of dry methanol

(17) Dutta, R. L.; Syamal, AElements of Magnetochemistrgnd ed.; was added to a solution of [VO(acak{1.59 9,6 mmol) dissolved
Affiliated East-West Press: New Delhi, 1993; p 8. in 10 mL of the same solvent and the reaction mixture was refluxed
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Table 1. Crystal Data and Structure Refinement Parameters

2 7-Y4H,0 8
empirical formulda 013H14N303V Co H21_5 N3 O4_25V C16H14N303V
fw,2g mol?! 311.21 435.36 347.24
cryst syst monoclinic triclinic monoclinic
space group P2(1)lc P1 C2lc
unit cell dimensions:

a A 9.3698(10) 10.0544(17) 27.414(4)

o, deg 84.617(3)

b, A 10.5432(11) 14.279(2) 10.0644(16)

f, deg 103.519(2) 80.627(3) 109.626(3)

c, A 13.5561(15) 15.354(3) 11.1461(18)

y, deg 76.181(3)

volume, & 1302.1(2) 2108.4(6) 2896.6(8)

z 2 4 8

calcd density, g cr? 1.588 1.371 1.593

absorption coefficient, mn# 0.772 0.503 0.704

F(000) 640 904 1424

crystal size, mm 0.60x 0.22x 0.07 0.4x 0.1x 0.1 0.26x 0.24x 0.14

6 range for data collection, deg 2:227.49 1.94-26.50 2.1#27.50

index ranges —11<h=<11 —10=<h=12 —21<h=<35
—13<k=12 -12<k=17 —12<k=13
—-17=<1=<16 -19=<1=<17 —14=<1=<12

reflns collected 8353 12726 9407

independent reflns 288K(int) = 0.0321] 8412 R(int) = 0.0348] 3261 R(int) = 0.0523]

completeness t6 (max), % 96.5 96.1 97.9

data/restraints/params 2885/0/226 8412/2/543 3261/0/208

GOF onF? 1.051 1.095 0.848

final Rindices | > 20(lo)] R1=0.0408, R1= 0.0825, Ri1= 0.0467,
wR2=0.1069 WR2=0.2221 WR2=0.0846

Rindices (all data) R* 0.0447, R1=0.1077, R1=0.0771,
wR2 =0.1100 WR2=0.2347 wR2=0.0913

largest diff. peak/hole, e/ 0.599 and-0.316 1.244 and-0.835 0.567 and-0.534

9 10 11
empirical formul@ C32H32N60105V2 C30H20N603V2 023H19N404V
fw,2 g mol? 794.58 614.40 466.36
cryst syst monoclinic triclinic monoclinic
space group C2lc P1 P21fc
unit cell dimensions:

a A 17.5500(14) 9.850(5) 12.0354(5)

a, deg 80.374(9)

\ 9.4055(7) 11.223(6) 18.7761(18)

p, deg 109.505(2) 83.382(9) 90.1990(10)

C, 21.3903(17) 13.558(7) 18.7346(8)

y, deg 73.994(8)

volume, & 3328.2(4) 1416.5(13) 4233.6(3)

z 4 2 8

calcd density, g crm? 1.586 1.440 1.463

absorption coefficient, mnt 0.693 0.702 0.507

F(000) 1632 624 1920

crystal size, mm 0.55x 0.26x 0.22 0.72x 0.1x 0.05 0.50x 0.17x 0.05

6 range for data collection, deg 2487.00 1.53-28.01 1.69-27.50

index ranges —22=<h=<14 —12=<h=<12 —15=<h=<15
—1l1<k=<11 —1l4<k=14 —24<k=24
-15<1=<27 -17=<1=<17 —24<1<23

reflns collected 10377 15696 50372

independent reflns 3594(int) = 0.0320] 6332 R(int) = 0.1508] 9675 R(int) = 0.0692]

completeness t6 (max), % 98.9 28.01 99.5

data/restraints/params 3594/3/237 6332/0/384 9675/0 /577

GOF onF? 1.026 0.901 0.830

final Rindices [ > 20(lo)] R1=0.0421, R1=0.0809, R1=0.0431,
wR2=0.1139 wWR2=0.1681 wR2=0.0717

Rindices (all data) R* 0.0541, R1=0.1653, R1=0.0818,
wR2=0.1188 WR2=0.2142 wR2=0.0785

largest diff. peak/hole, e 0.865 and-0.338 0.933 and-0.708 0.708 and-0.441

92.8%

aper formula unit.

for 1 h. Keeping the green solution thus obtained for 2 days resulted (i) [VO ,(sal-ambmz)] (4). Method A.Compoundl (2.08 g, 5

in the separation of green crystalline saidThis was filtered off, mmol) was suspended in methanol (200 mL), and air was slowly
washed with methanol, and dried in vacuo. Yield..105 g (55%). passed through the suspension for ca. 3 days with occasional
Anal. Calcd for GoH14N203V (381.28): C, 63.0; H, 3.70; N, 7.55. shaking. During this time, the brown suspension slowly disappeared,
Found: C, 63.13; H, 3.83; N, 7.34¢ (293 K)= 1.75uz. IR data and light yellow solid4 separated out. This was filtered off, washed
(KBr, vma/cm™1): 1606, 1579 (&Nazomething: 986 (V=0). with hot methanol, and dried at ambient temperature. Finally, it
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was purified by recrystallization from hot methanol. Yietd1.67 (347.3): C, 55.34; H, 4.06; N, 12.10. Found: C, 54.94; H, 3.98;
g (80%). Anal. Calcd for @H12N303V (333.22): C, 54.07; H, 3.63; N, 12.26. Selected IR data (KBrma/cm™1): 1624 (C=Nazomethink

N, 12.61. Found: C, 53.76; H, 3.76; N, 12.42. Selected IR data Ning), 948 (C=V=0uaniisym), 917(C=V=0gyn). UV—vis [MeOH,
(KBr, vmadcm™2): 1624, 1599 (E=NazomethindNring), 940 (O=V= JmadNM €/M~Lcm)]: 212(24 092), 252(13 494), 273(9127), 281-
Oantisym), 908(G=V=0sy). UV—vis (MeOH, ima/nm): 210, 237, (8726), 313(3152), 405(452%H NMR (DMSO-dg, 6/ppm): 8.87-
273, 280, 388H NMR (DMSO-ds, 6/ppm): 9.10(s, 1H~CH= (s, 1H,—CH=N-); 6.80(t, 2H), 7.12(s, 1H), 7.43(d, 2H), 7.54(t,
N-); 6.86(d, 3H), 7.38(s, 1H), 7.50(t, 1H), 7.60(d, 1H), 7.66(d, 2H), 8.92(d, 1H) (aromatic); 4.17(b, 4H;CH,—). 5V NMR
1H), 8.10(d, 1H) (aromatic); 5.52(s, 2H;CH,-). IV NMR (DMSO-ds, 6/ppm): —540.3. Complex8 was also prepared fol-
(DMSO-ds, d/ppm): —567.8. lowing the method B outlined fo4.

Method B. A solution of [VO(acag) (1.33 g, 5 mmol) in (vii) [{VO(sal-aebmz} ,SO4]-2H,0 (9). A methanolic solution
methanol (50 mL) was stirred overnight in air, where the solution of VOSQO,-5H,0 (0.506 g, 2 mmol in 40 mL) was added to a
slowly changed to orange-red. A solution of Hsal-ambmz (1.03 g, solution of Hsal-aebmz (1.060 g, 4 mmol) dissolved in 20 mL of
5 mmol) in methanol (10 mL) was added, and the reaction mixture methanol, and the resulting reaction mixture was refluxed for 1 h.
was stirred at ambient temperature for 6 h. The light yellow solid After being kept at room temperature for ca. 12 h, the solution
that precipitated slowly during this period of time was filtered off, was filtered to give a cream-colored solid and a brown filtrate with

washed with methanol, and dried. Yietl0.866 g (52%). IR and
electronic spectroscopic data matched well wdtiprepared ac-
cording to method A.

(iii) [{VO(sal-ambmz},SO,] (5). A methanolic solution of
VOSQO,-5H,0 (0.506 g, 2 mmol in 40 mL) was stirred with Hsal-
ambmz (1.0 g, 4 mmol) dissolved in 15 mL of methanol at room
temperature for 6 h. Thereafter, the reaction mixture was kept
overnight at room temperature. A blue precipitate was filtered off,
washed with methanol, and dried. Yietd 0.31 g (37%). Anal.
Calcd for GoH24NgOsS V> (76653) C, 49.28; H, 3.29; N, 11.49.
Found: C, 48.73; H, 3.01; N, 11.37. Selected IR data (KBg/
cm™): 1630, 1594(GNazomethintNring), 970 (V=0). UV-—vis
(MeOH, Amaynm): 211, 238, 273, 281, 39Les (293 K) = 1.53
Ue-

The filtrate was allowed to slowly evaporate at room temperature.
A green solid which had formed within 24 h was filtered off and
washed with methanol. After recrystallization from g, it was
identified as3. Yield = 0.37 g (48%).

(iv) [VO(bha)(sal-ambmz)] (6). A stirred solution ofl (0.832
g, 2 mmol) in hot methanol (60 mL) was treated with benzohy-
droxamic acid (0.274 g, 2 mmol), and the reaction mixture was
refluxed on a water bath for 4 h. After the volume of the solvent
was reduced to ca. 20 mL and the mixture was cooled to room
temperature, blackisé separated out overnight. This was filtered
off, washed with methanol, and dried in vacuo. Yietd0.38 g
(42%); Anal. Calcd for GH;17/N4,O4V (452.34): C, 58.42; H, 3.79;

N, 12.39. Found: C, 57.89; H, 4.05; N, 12.02. Selected IR data
(KBr, vma/cm1): 1654, 1604 (E-NazometnintNring), 970 (V=0).
UV—vis [MeOH, Ana/nm (/M1 cm™1)]: 210 (17 885), 220
(16 750), 282 (7373), 382 (1860), 600 (435).NMR (DMSO-ds,
dlppm): 8.67(s, 1H,-~CH=N-); 6.60(d, 1H), 6.76(t, 1H), 7.40-
(m, 5H), 7.49(q, 2H), 7.63(d, 2H), 8.41(d, 2H) (aromatic); 4.37(t,
2H), 4.16(t, 2H)CH,—).

(v) [VO(acac)(sal-aebmz)](7)A stirred solution of Hsal-aebmz
(2.33 g, 5 mmol) in dry methanol (10 mL) was treated with a
methanolic solution of [VO(acag)(1.33 g, 5 mmol). The resulting
reaction mixture was refluxed on a water bath for 2 h. After the
mixture cooled to room temperature, a brown crystalline solid of
was obtained, which was filtered off, washed with methanol, and
dried in vacuo. Yield= 1.35 g (63%); Anal. Calcd for £H2i:N3O4V
(430.36): C, 58.61; H, 4.92; N, 9.76. Found: C, 58.66; H, 5.10;
N, 9.55. Selected IR data (KBmma/cm™1): 1630, 1597 (&
NazomethindNring), 950 (V=0). UV—vis [MeOH, Ama/nm (/M1
cm1)]: 208(18 669), 239(10 647), 273(8600), 279(8165), 322-
(1532), 382(1046), 540(35), 700(225 (293 K) = 0.59 uz.

(vi) [VO y(sal-aebmz)] (8).Complex8 was prepared fron?,
using the method mentioned féyreplacing Hsal-ambmz for Hsal-
aebmz. Yield= 1.47 g (85%). Anal. Calcd for fgH14N303V
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a touch of blue. The filtrate was kept for 24 h, during which time
blue solid9 separated out. This was removed by filtration, and the
filtrate was kept safely. The blue solid was washed with water,
followed by methanol, and dried. Yietd 0.30 g (30%). Anal. Calcd
for CsH3NgO10SV2 (794.58): C, 48.37; H, 4.06; N, 10.58.
Found: C, 48.56; H, 3.93; N, 10.64. IR data (KBfma/cm™1):
1627, 1573(€NazomethindNring), 968 (V=0). UV—Vvis (MeOH, Amal
nm): 242, 273, 281, 325 (293 K) = 1.69 ug. The original
reaction mixture (before workup for the recovery®fvas allowed

to stand for a couple of days to give a heterogeneous mixtures of
crystals of blue9 and light-yellow 8, both suitable for X-ray
structural analyses.

(viii) [VO(sal-aebmz),] (10). Keeping the filtrate from the above
reaction (i.e., after removing) for ca. 24 h gave a light-yellow
solid along with contamination of a green solid. The solids were
separated by filtration, and the brown filtrate was kept at room
temperature overnight to afford brown soliff, which was filtered
off, washed with water followed by methanol, and dried. X-ray-
quality crystals of10 were obtained by recrystallization from
methanol. Yield= 1.43 g (63%). Anal. Calcd for £H2gNgO3V
(595.55): C, 64.54; H, 4.74; N, 14.11. Found: C, 64.51; H, 4.80;
N, 14.02. Selected IR data (KBpma/cm™): 1643, 1625 (&
NazomethiniNring), 970 (V=0). UV—vis [MeOH, Ana/nm (e/M~*
cm1)]: 207 (13 894), 241(8052), 274 (4844), 279 (4677), 318
(1450), 378 (1079), 532 (132), 754 (3@ (293 K) = 1.78 ug.

The co-mixture of light yellow and green solid was thoroughly
washed with CHCI, and dried. The complex obtained in 23% yield
was identified a88. On evaporating the filtrate, green compigx
was obtained just in sufficient amounts to establish its identity by
IR and electronic spectra.

(ix) [VO(bha)(sal-aebmz)] (11). Complex 11 was prepared
following the procedure outlined foB. After the volume of the
solvent was reduced to ca. 20 mL and the mixture was cooled to
room temperature, blackish crystals bf slowly separated out
within 2 days. This was filtered off, washed with methanol, and
dried in vacuo. Yield= 1.43 g (63%). Anal. Calcd for H19N4O,V
(466.37): C,59.23; H, 4.11; N, 12.01. Found: C, 59.26; H, 3.79;
N, 11.53. Selected IR data (KBpma/cm™2): 1640, 1611 (&
NazomethindNring), 967 (V=0). UV—vis [MeOH, Ama/nm (/M1
cm1)]: 215(25 587), 223(25 623), 251(17 850), 274(13 823), 282-
(13 832), 318(5547), 390(1431), 480(422), 643(674. NMR
(DMSO-ds, 6/ppm): 8.87(s, 1H-CH=N-); 6.73(d, 1H), 6.84(t,
1H), 7.54(t,1H),7.45(m, 5H), 7.55(q, 2H), 7.73(d, 2H), 8.36(d, 1H)
(aromatic); 4.12(t, 2H), 4.34(t, 2H}CH,—). 5V NMR (DMSO-
ds, d/ppm): 71.2 and-542.3 (very weak signal corresponding to
6).

(x) [VO(Oy)(sal-aebmz)](12). Complex7 (0.430 g, 1 mmol)
was dissolved in hot methanol (60 mL). This solution was cooled
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to ca. 10°C and treated, under stirring, dropwise within 15 min Chart 1
with a solution of aqueous 30%,8, (0.5 mL) in 5 mL of methanol.
A cream solid slowly separated. After 30 min, this was filtered Q\‘J

off, washed with cold methanol, and dried in vacuo. Yield.29 0—v\—w© O_V\\N N N

g (80%). An elemental analysis of the complex could not be g o M

obtained due to its decomposition at room temperature. Selected & ~

IR data (KBr,vma/cm2): 1625 (C=NazomethiniNring), 965 (V=0). 1 7 3

878 (0-0), 755 [V(Q) antisyn], 614 [V(Oy) syn]. UV —vis (MeOH,

Amadnm): 212, 256, 269, 276, 279, 321, 405. ! \II\I/O/ \’,"/>\NH \],“/>\NH

Catalytic Reactions. (i) Oxidation of Methyl Phenyl Sulfide. 0—\\/\/\1\1 W 0NN O— XN
The oxidation of methyl phenyl sulfide was achieved with the o) @ SARY \O SERY
complexe<, 4, and8 as catalysts. The reaction was carried out at 5 4 8
ambient temperature in a 50 mL flask equipped with a magnetic Q
stirrer. In a typical reaction, methyl phenyl sulfide (0.62 g, 5 mmol) N QA\ NH
was dissolved in 20 mL of acetonitrile. After addition of aqueous O_O\\VII\I:]\?/\NH OB@}/\NH N N@
30% HO, (0.57 g, 5 mmol) and catalyst (15 mg), the reaction 7\ D \ N@ Qq;

. . . ) . . . g o 0 0 v—0
mixture was stirred for 3 h. During this period of time, the formation = = SN
of reaction products was monitored by GC, withdrawing small b b \O//L
aliquots from the reaction mixture after specific intervals of time 6 1 10 E
and confirming the identity of the products by GC-MS.

(if) Oxidation of Styrene. Complexe2, 4, and8 were also tested Q 0,0 Q 0, 0
as catalysts in the oxidation of styrene. Styrene (0.51 g, 5 mmol) O/S\ HN O/s\ @NH
and aqueous 30%4®, (0.57 g, 5 mmol) were taken in 25 mL of HNN / QN NH tN\ / 0\ N

- ) ) ; “V—0<\ £ =V O~\ £
acetonitrile, and the reaction mixture was heated t6@ an oil KO 7 o= W j ?\1/ \0‘/V\’0j
bath while stirring. Catalyst (20 mg) was added to the reaction \ >N \ N
mixture. The formation of the oxidation products was monitored
by GC, and the identity of the products analyzed as noted above. 5 0
To find out the effect of HO, on the oxidation of styrene, its Q/\I
concentration was varied while keeping the other conditions o—\'/\/ NH
constant. 0//(\)\,0N
Results and Discussion 12

Synthesis, Reactivity, and Solid-State Characteristics. g ome 2

Chart 1 provides an overview of the complexes described

in this contribution. Structures of these complexes are basedi:g %NDM [VVO(acac)(sal-ambmz)]  Hacac

on spectroscopic (IR, UMvis, EPRH, 13C, and®V NMR) N N M 1

data, elemental analyses, and X-ray diffraction analyses of Hsal-ambmz, T

complexes, 3,7, 8, 9, 10, and11 @
Reaction between equimolar amounts of [VO(ageemd

the ligandd or Il (cf. Scheme 1) in dry, refluxing methanol @C’“ . /—</NI> M [VVO,(acac-ambmz)]

yields the brown oxovanadium(lV) complexes or 2, Lo TN N @ 2

respectively. The formation df and2 is accompanied by a Hsal @ ambmz

complex reaction pattern depicted forin Scheme 2:

Keeping the filtrate obtained after separatihg@xposed to HZN:© + 2Hsal C;OH HC;©
air, resulted in the formation d and the known complex e lN [vogac)ﬂ VVO(salphen]
3

H,0

3. Apparently, while part of Hsal-ambmz reacted with [VO- N
(acac)] to give 1 (reaction step 1 in Scheme 2), Hsal-ambmz @
was concomitantly split hydrolytically (step 2) to give Haysal-phen

2-aminomethylbenzimidazole (ambmz) and salicylaldehyde ) o ) ) )
(Hsal). Part of the ambmz thus produced reacted with [VO- On aerial oxidation ofl in methanol, the dioxovanadium-
(acac)], accompanied by aerial oxidation, to gie(step (V) complex4 was obtained (eq 3). Similarly, compléxk
3), while the remaining part further decomposed cto can be oxidized in methanol . Further,4 and 8 were
phenylenediamine (step 4). Theohenylenediamine, forming obtained from the reaction of aerially oxidized solutions of
the Schiff base bal-phen with salicylaldehyde (step 5), [VO(acac)] with I andll, respectively, in methanol.
further reacts with [VO(acag))to yield 3 (step 6). The nature

of the second product of decomposition of ambmz in step 4
is not clear. In crystals of3, dimethylformamide co-
crystallizes, suggesting intermediate formation of amino-
acetaldehyde, followed by rearrangement of the-QN
skeleton. Comple® can also be prepared directly by reacting  Reaction of VOS@5H,0 with these ligands in the ratio
[VO(acac}] with aebmz followed by aerial oxidation. 1:2 (metal/ligand) provided a series of complexes. Ligand

2[vO" (acac)(sal-ambmz)t 7,0, + H,0 —
1

2[VO,(sal-ambmz)H- 2Hacac (3)
4
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Figure 2. Structure representations of comple2$8, and8. Red, O; magenta, V; blue, N.

Table 2. Selected Bond Lengths (A) and Angles (deg) 207 (Only One of the Two Molecules in the Asymmetric Unig), and10

2 8

7 10

bond lengths (&)

V=0 V—02 1.6104(16) V031 1.6276(18)
V=0 V—011.6732(16) 011 1.6089(19)
phenolate-O V—03 1.9266(16) V021 1.9300(19)
azomethine-N V—N1 2.1588(17) V-N21 2.114(2)
imidazole-N V—N3 2.0653(17) VN112.121(2)

V4011 1.601(4) V=011 1.594(3)
V021 1.981(4)
VEN21 2.068(5)
VEN11 2.133(5)

V1-031 1.995(4)

V1-041 2.158(4)

V-021/022 1.966(4)/2.054(4)
V-N21/N22 2.1124(4)/2.124(4)
V-N11 2.103(4)

bond angles (deg)

02-V—N1 107.58(7)
03-V—N3 150.48(7)
03-V—N1 83.10(7)
N1-V—N3 75.48(7)
01-V—02 107.82(8)

013V —N21 127.45(10)
021V —N11 5163.20(9)
021V—N21 81.79(9)
N21-V—N1 81.45(9)
014V—-031 110.29(10)

Il, e.g., gave9, 10, 8 (egs 4-6), and3 along with [Hsal-
aebmzj[HSO,]~ in small amount. These complexes can be

separated one by one from the reaction mixture and crystal-

lized with suitable solvents. Similarly, ligangdwhen reacted
with VOSQ, in methanol at room temperature gévas the
major product, while heating of the reaction mixture yielded
a mixture of3 and the dinuclear compléx From the filtrate,

011V1-041 173.52(18)
012V1-N11 94.32(19)
N1+V1-N21 88.62(18)
N21+V1-021 87.13(17)
024V1-N11 162.93(17)

012V —022 173.82(17)
023V —N11 166.54(15)
013V-N11 92.91(17)
023V —N21 87.35(16)
022V—N22 82.14(15)

N11-V—N21 87.90(17)

Complexes4, 5, and9 are soluble in DMSO and DMF
only; others also dissolve in methanol, wh@és soluble in
CH.Cl,. Complexesl and7 exhibit a magnetic moment of
1.62 and 0.5%s, respectively. The comparatively low value
for 1 and the very low value for are due to partial oxidation
to the dioxo species. Compl&xs, in fact, sufficiently more
susceptible to aerial oxidation thdn Complexess and 9

small amounts of cream-colored and brown solids were also exhibit subnormal magnetic moment value of 1.53 and 1.69

isolated which are likely to be [V&sal-ambmz)] and [VO-
(sal-ambmz)], respectively.

2V0SQ, + 2Hsa|||—aebmr

[{VO(u-sal-aebm3),u-SQ)] + H,SO, (4)
9

VOSQ, + 2Hsa|||—aebmr

[VO(nz—sal—aebT()z)1(3—saI-aebmz)]-l- H,SO, (5)

2VOSQ, + 2Hsal-aebmz- 7,0, + H,0 —
[
2[VO,(sal-aebmz)}- 2H,SO, (6)
8

Treatment ofl and 7 with benzohydroxamic acid in
methanol under aerobic conditions resulted in the formation
of the mixed-ligand complexe&and11, as represented by
eq 7.

2[VO(acac)(L)]+ 2H,bha+ 7,0, + 2H" —
2[VO(bha)(L)] + 2Hacact+ H,O
HL=1,6;HL =11, 11 (7)
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us, respectively, possibly due to magnetic exchange interac-
tion between two vanadium(lV) centers through bridging
phenolato and sulfato groups. Other complexes, 8.gnd
10, exhibit normal magnetic moment values of 1.75 and 1.78
Us-

Structure Descriptions. The dioxo complexe® and 8
are depicted in Figure 2, bonding parameters in Table 2. The
two complexes represent distorted trigonal bipyramids; the
7 values are 0.71 fo2 and 0.60 for8 (r = 1 for an ideal
trigonal bipyramid,r = O for an ideal square pyramid). The
phenolate O (O3 and 021, respectively) and the imidazole
N (N3 and N11) are in the axial positions. The arrangement
of the QN donor sets in these two dioxovanadium(V)
complexes, in particular i, thus compares with the active
site in VHPO (Figure 1). In the crystalline assemi@yorms
one-dimensional chains via hydrogen-bonding contacts be-
tween one of the doubly bonded oxo groups and the
imidazole NH,d(O1—N2) = 2.754 A. Consequently, the
d(V—01)=1.673 Ais clearly longer thag(V—02) = 1.610
A, and “normal” V=0 bonds in other oxovanadium com-
plexes, commonly ranging from 1.57 to 1.621820

The knowrt! oxovanadium(lV) comples, also shown in
Figure 3, is an ideal square-planar complex. One molecule

(18) Santoni, G.; Rehder, O. Inorg. Biochem2004 98, 758-764.
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N —t{ -,

@-*31 Q7 @3111 @216“ 21. @32_@?-
o' oji%” e

Y &31.,..., .

Figure 3. Structures off (left) and10 (right). For7, only one of the two Figure 4. Structures 0B-2H,0 (left), including hydrogen bonds (dashed
independent molecules in the asymmetric unit is shown. 0100 represents 3ines) and theC enantiomer ofL1 (right).

water molecule with an occupancy of 25%.
04 (d(05:-04) = 2.803 A) and to the imidazole N31
I(d(OS---HN31) = 2.803 A).

Complex11 (Figure 4, right), which contains a hydroxa-
mato ligand along with sal-aebmz, crystallizes in the cen-
trosymmetric space group2l/c. There are two molecules
in the asymmetric unit, with the asymmetric vanadium center
in the A and theC configuration, respectively. The oxo group
011 and the benzohydroxamate oxygen O41 are in the axis.
The remaining functions form a plane, from which V1 (the
center of theC enantiomer) is displaced by 0.2553 A. The
corresponding displacement of V2 in theenantiomer is
0.2833 A. The geometry of the coordination sphere, a
distorted octahedron, and the bonding parameters compare
to those of other hydroxamato-oxovanadium complexes with
hydroxamate in a mixed-ligand coordination sph&ré.

TGA Studies. All complexes were dried at ca. 12C

of dimethylformamide co-crystallizes with two molecules of
3, the closest contact, 3.217 A, being that between the axial
oxo group and one of the methyl carbons. The origin of the
DMF is unclear; it may arise from the decomposition of
2-aminomethylbenzimidazole; cf. step 4 in Scheme 2.

The oxovanadium(lV) complexes containing the Schiff
base sal-aebmZ @nd10) are shown, with the octahedrally
coordinated vanadium moiety high-lighted, in Figure 3.
Bonding parameters are contained in Table 2. One of the
ligands in10 mordinates in the tridentate mode, the other
one in the bidentate mode, leaving the benzimidazole moiety
dangling. The axis of the octahedron is defined by the doubly
bonded oxygen and the phenolate O (022) of the bidentate
ligand. The corresponding ligand functions7rare the oxo
group and the acac oxygen, O41. Vanadium is displaced

(toward the axial oxo group) from the plane spanned by the before running their thermograms under oxygen atmosphere
four equatorial ligands by 0.2767) and 0.226 A 10). The TGA profiles of complexed, 7, and 11, i.e., the

Bonding parameters are in the usual range; the bond IengthsCom lexes with the co-ligands acac or bha. show three
to the functions trans to the oxo group, O41 and 022 P g '

respectivelv. are somewhat elonaated as a conse uence'oqverlapping decomposition steps. The first weight loss starts
P - 9 q at ca. 220 and7) or 190°C (11) and is completed at ca.
the trans influence.

: ) ) ) 395 °C. On comparing these decomposition patterns with
The asymmetric unit of7 contains two independent

: i , o those of the dioxo analoguéls 4, and 8, it is clear that
molecules in hydrogen-bonding contact via the imidazole NH

a A decomposition involves the co-ligand. However, the observed
and the phenolate @}(021---N32) = 2.793 A andd(O22 35 always are less than the calculated ones. The two
-:N31) = 2.742 A. Two waters of crystallization, each with

i i ' following decomposition steps, completed at ca. 300are
an occupancy of 25%, are involved in H-bonding contacts

A _ _ > not clearly distinct. The total mass loss, including the first
(2.886 A) to oxo functions of the acac co-ligand. There is gioh corresponds to the value calculated for the loss of the
an intramolecular hydrogen bond1, linking the phenolate

. : , entire organic moieties. The remaining residues correspond
021 of the tridentate ligand to N32 of the dangling part of 4 the formation of \Os as the final product (found/calcd:

the bidentate ligandi(021-+-HN32) = 2.794 A. In addition, 4 5 0/21.9967, 20.5/21.1%39, 18.4/19.5%). The dioxo-
intermolecular Eydroger}l\ bonds between N12 and N31,5n44ium(V) complext decomposes in a single step in the
d(le"'HN31) = 2.803 A, give nse to infinite chains. narrow temperature range 26820°C, while 8 decomposes
In the dinuclear comple® (Figure 4 left, and Table 3),  in two overlapping steps in the 26@70 °C range, again
with the two halves of the molecule related by a 2-fold axis, yjelding \,0s as the final product.
the two V=0 groups, bridged by the sulfate-oxygens O3 ~ |r gpectral Studies. The oxovanadium(lV) complexes
and O3 and the phenolate-oxygens O21 and Qzre 1 5 7 9 and10and the oxovanadium(V) complexésnd
oriented anti-coplandf. The distance of V from the plane 11 gisplay one sharp band in the 92870 cni? region due
spanned by O3, 021, N11, and N21 amounts to 0.263 A to the »(V=0) mode. There are two such bands between
Two waters of crystallization (O5) interlink the molecules ggg and 958 cmt in the dioxovanadium(V) complexe
in the crystal lattice by forming hydrogen bonds to the sulfate 4, and8, corresponding to theanisy(O=V=0) andveyr
(0=V=0) modes. The peroxo complé? shows three IR

(19) Cornman, C. R.; Geiser-Bush, K. M.; Rowley, S. P.; Boyle, P. D. ; ; ; ; ; ;
Inorg. Chem 1997 36, 64016408, active vibration modes associated with the peroxo moiety

(20) Mahroof-Tahir, M.; Keramidas, A. D.; Goldfarb, R. B.; Anderson, O.

P.; Miller, M. M.; Crans, D. Clnorg. Chem1997, 36, 1657—-16668. (23) Cornman, C.R.; Colpas, G. J.; Hoeschele, J. D.; Kampf, J.; Pecoraro,
(21) Wang, X.; Zhang, X. M.; Liu, H. XPolyhedron1995 13, 293-296. V. L. J. Am. Chem. S0d.992 114, 9925-9933.
(22) Plass, WAngew. Chem., Int. EA996 33, 627-631. (24) Gao, S.; Weng, Z.-Q.; Liu, S.-XRolyhedron1998 17, 3595-3606.
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Table 3. Selected Bond Lengths (A) and Angles (deg) $oand 11 (C Isomer Only)

9 11
bond lengths (A) bond angles (deg) bond lengths (&) bond angles (deg)
V—011 1.5891(18) O11V—021 174.15(8) V1011 1.5898(15) 011V1-041 170.15(7)
V—031.9893(16 03V—N21 167.46(7) V041 2.1274(16) 031V1-N2195.79
V—021 1.9826(17) 0214V—N11 162.69(8) V+031 1.8440(15) 024V1-N11 163.17(7)
V—021 2.2506(17) 02+V—N21 87.20(7) V021 1.8995(15) 031V1-041 76.33(6)
V—N112.115(2) N1+V—N2190.16(7) VEN11 2.0901(18) 021V1—N21 84.14(7)
V—N21 2.1039(19) VEN21 2.1514(18) N13V1-N21 84.40(7)
Table 4. EPR Parametetof DMSO Solutions of Complexes, 7, and ranges from 40 (parallel) to 45 10~ cm™* (perpendicu-
9 lar).242% In our complexes, the dihedral angles are 92.32
Giso Aso Oy 9 Ay A Aycalcd) and 93.93 for 7 (and we presuppose that the situation is
1 198 90 198 1945 60 165 169 comparable forl) and 97.88 for 9. For sulfate O, the
7198 90 198 195 60 166 169 contribution of which toA, does not seem to have been
9 198 90 1.98 1945 60 168 169 4 1
reported, we have employed a value of #4104 cm™?,
2 Units for A: 107 cm™. assuming a coordinating strength between water and car-

o ) boxylate. Within the limits of error, the experimentglagree
{V(02)*'} at 878, 755, and 614 cry and these are assigned  yjth the calculated ones, suggesting that the solution structure

to the O-O intra-stretch«y), the antisymmetric V(@) stretch ¢ |ow temperature does not significantly deviate from the
(v3), and the symmetric V(§) stretch ¢»), respectively. The  gstrycture in the crystalline solid state.

presence of these bands confirms the comnfecoordina-  Ejectronic Spectral Studies Electronic absorption spec-
an intensev(V=0) stretch at 965 crt.?® Experimental Section. The UV spectra of the ligands show

IR spectra of the ligandsandll exhibit one or two sharp  five sharp absorption maxima. The most probable assignment
bands between 1615 and 1636 ¢mdue to »(C=N) of the first two bands ig — ¢* and z — z*, while the last

(azomethine/ring stretch). These bands move toward lowerpand is assignable to the * transition. Assignment of
wavenumbers on coordination, indicating coordination of the other intraligand bands was not possible. A weak shoulder
azomethine/ring nitrogen to the vanadium. The presence ofdue to hydrogen bonding appears a|ong with these bands.
several medium intensity bands between 2500 and 2706 cm On complexation, thes — ¢* and x — z* transitions shift

in the ligands, as well as in most of the complexes, hints toward higher wavelengths while the - z* transition
toward the existence of hydrogen bonding between NH of merges with an additional broad band due to the ligand-to-

benzimidazole and other electronegative atoms. In addition, metal charge transfer (LMCT) from the phenolate oxygen
complexes and9 exhibit two bands (1125 and 1050 cin to an empty d orbital of vanadium. As vanadium(V)

in 5; 1130 and 1034 cnt in 9) in thevs and one band (613 complexes have 3dconfiguration, d— d bands are not
cmtin 5and 606 cm'in 9) in thev, regions of the sulfate  expected. There is, however, a strong band at ca. 600 nm
group, and these are well within the range reported for for the oxovanadium(\A-benzohydroxamato complexés
complexes bridged by the bidentate sulfato ligafid. and 11, which we assigned to an LMCT originating from
EPR Studies.EPR parameters have been obtained for the the lone pairm a p orbital on the hydroxamato oxygen into
complexes1, 7, and 9. The isotropic and anisotropic an empty d orbital of the vanadium ion. For these complexes,
parameters are listed in Table 4. The anisotropic spectra areadditional bands also appear in the UV region. In vanadium-
axial. Also listed in Table 4 are calculated parallel hyperfine (IV) complexes, broad, unresolved-dd bands are present.
coupling constantsA,. The calculations were carried out IH, 3C, and *vV NMR Spectral Studies. The coordinat-
according to the additivity rule, employing recent listings ing modes of the ligands were confirmed by recordthig
of the partial contributions of the equatorial ligand func- NMR spectra of the ligands and selected complexes, i.e.,
tions?” The following partial contributions were used. those which are soluble in suitable solvents. The spectral
Phenolate 38.%,acac 43.3%imino N 41.62"*and imidazole  data are presented in the Experimental Section. Both ligands
N 45 x 104 cm %% The contribution of imidazole, show a broad signal at 12.9)@nd 13.2 ppml() due to the

depending on its orientation with respect to the-® bond, phenolic OH. The absence of this signal in the complexes is
in conformity with the coordination of the phenolate oxygen
(25) g) ;’gg;ﬂgg%gA(-b?éHé}w, E-;r%oucgegd]tlwrbrg- CZ%%T éggq to vanadium. A significant downfield shiftAg = 0.15-
A . ashywvl.; kenaer, alton frans . _ . .
846. (c) Sivk, M.; Mad'orova M.; Taatiersky, J. Marek, Eur. J. 0.26 ppm) of the azomethme_CH_N_) proton s!gnal_ in
Inorg. Chem 2003 2075-2081. the complexes with respect to the corresponding ligands

(26) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor- inati ; ;
dination CompoundsSrd Ed.; John Wiley and Sons: New York, 1978; demonstrates the coordination of the azomethine nitrogen

p 241. atom. The signals due to the NH group could not be located
(27) (&) Smith, T. S., II; LoBrutto, R.; Pecoraro, V. ICpord. Chem. Re in the & = 0—15 ppm region, neither in the spectra of the
2002 228 1-18. (b) Garribba, E.; Lodyga-Chruscinska, E.; Micera, . . .
G.; Panzanelli, A.;; Sanna, [Eur. J. Inorg. Chem2005 1369-1382. I|gands nor in the complexes. Aromatic and mﬂomns of
(28) Tasiopoulos, A. J.; Troganis, A. N.; Evangelou, A.; Raptopoulou, C.
P.; Terzis, A.; Deligiannakis, Y.; Kabanos, T. 8hem. Eur. J1999 (29) Saladino, A. C.; Larsen, S. @, Phys. Chem. 2002 106, 10444~
5, 910-921. 10451.
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Table 5. 13C NMR Spectroscopic Data

e OH ¢ | N3
4
6’N/\9/< 14
5 7 El 5

compound c1 c7 C10 (o:} c9 c11 C16 GX6, C12-C15
Hsal-ambmz 1656  162.0 1439  58.0 1341 1351  118.3,120.7,121.4,123.3,129.4
Hsal-aebma 166.3 1604 1527 563  30.1 1315 1322  116.3,118.3,118.5 121.1
[VO(sal-aebmz)B 1684 1660 1650 622 273 1336 1339  116.8,118.9,120.4, 121.1, 1235, 135.3
(OA) (2.1) (56) (12.3)
[VO(bha)(sal-acbmz)]1  168.2  166.8 1658  57.0 307 1323 1321  111.7,117.4,117.6,118.8, 120.9, 123.0, 128.1,
(OA) (1.9) (6.4)  (13.1) 128.3,130.7, 133.7, 135.5, 140.1, 154.2

aFor atom labeling, see scheme above.

the ligands, as well as complexes, appear well within the 06

expected range.
We have also recordeiC NMR spectra of the ligands

and some selected complexes, where solubility permitted. 8 0ag
Table 5 contains spectral data along with the assignment of _§
characteristic peaks and coordination induced shifis—= =)
o(complex)— d(ligand) of the signals for the carbon atoms =

=
ta
L

in the vicinity of coordinating functions. Larg&d values
for the carbon atoms attached to the phenolic oxygen (C1),
azomethine nitrogen (C7), and ring nitrogen (C10) suggest
coordination of these atord$Complex11 exhibits additional 001 . e
signals in the aromatic region due to the coordinated 300 30 400 430 300
benzohydroxamato ligand. . o _ Wa’\_’de"gm (om)

The®V NMR spectral data of the complex@s4, and8 e Lo C T e e 0 20 L of ca10
show one strong resonance in the rarge= —540.3 to M solution of 7.
—567.8 ppm, expected values for dioxovanadium(V) cOm- reaction can be reversed by treatment with KOH dissolved
plexes having a mixed O/N donor $étThe existence of ;. methanol. The unchanged 700 nm-dd band and the

one strong low-field resonance at= —71.2 ppm in11 reversibility of the reaction suggest that protonation of the
reflects the effective charge transfer from the noninnocent o 2imidazole N occurs during titration with HCI.

benzohydroxamato ligand to the vanadium(V) ceftdn
addition,11 displays a very weak signal at= —547.2 ppm,

which belongs to the dioxovanadium(V) spedeapparently  g|,tion of10 with very dilute HCI in methanol. The region

formed by partial decomposition afl. The intensity of this  3in1y sensitive to observe these changes is between 300
absorption increases with time at the expense of that of the 3,4 450 nm. In the first set presented in Figure 6, top, the
hydroxamto complex (see also the BVis section). Allof 4304 4t 378 nm loses intensity while the band at 321 nm
these rejsonalmf:es are somewhat broadened due to quadrupolgging intensity. Further addition of HCI causes a considerable
interaction ¢ \gé m;c_lea_r spin=7/2, quadrupole moment reduction in intensity of the 321 nm band, followed by the
—0.05 x 10" m )'2W'th line widths at half-height ap-  5phearance of a weak band (Figure 6, middle), while position
proximately 200 HZ and intensity of the 378 nm band remain constant. Figure 6,
Reactivity of [VO(acac)(sal-aebmz)], [VO(sal-aebmz), bottom, shows the generation of a third species on addition
and [VOy(sal-aebmz)] toward HCI. Solutions of7 and 10 of further HCI, where the 379 nm band slowly shifts to 371
in methanol are sensitive toward HCI, as monitored by nm with a slight decrease in intensity, while the 318 nm
electronic absorption spectroscopy. Addition of HCI dis- pand slowly moves to 325 nm, along with a slight broadening
solved in methanol to a methanolic solutionfesults in and increase in intensity.
a reduction in intensity of the 382 nm band, while the  The first step reflects the protonation of the ring nitrogen
shoulder band at 322 nm slowly gains intensity; Figure 5. of the dangling benzimidazole, while the second step possibly
The intensities Of the Other bandS appearing in the uv I’egion iS due to protonation of the benzimidazo'e NH Of the
go down (not shown), maintaining their position; a weak coordinated benzimidazole. This interpretation is reasonable,
shoulder appearing at ca. 700 nm maintains its intensity. Theas the spectral patterns corresponding to both protonation
steps are reversible on treatment with the methanolic KOH.
(30) BKeramngs_v,G- kD:? PaPaiC’:r_‘”Fg’“' A. B-?l V'afgsbA_-?TKa‘?angv T. A5 Our suggestion differs from that of Pecoraro et &r the
Cﬁgﬁi’lggé 33 gg?fg'g}. » RApropouiot, . . TerzIs,Irerg. complex [VO(sal-im)], where reversible breaking of the
(31) ?9eshad§r% lgél\kl\/%c;emann, C.; Duch, A.; Priebsch, IMarg. Chem V—N(imidazole) bond has been proposed. Breaking of the
(32) Rehder,’ D.; InTransition Metal Nuclear Magnetic Resonance V—N(azomethine) bond on addltlon of 1 equiv of acid has
Pregosin, P. S., Ed.; Elsevier: New York, 1991; pp5SB. been suggested on the basis of the three-pulse ESEEM

At least three different sets of electronic spectral patterns
were observed during titration of ca. FOM methanolic
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Figure 7. Titration of [VOy(sal-aebmz)](8) with HCI in MeOH. The
spectra were recorded after successive addition of 1-drop portions of HCI
to 10 mL of ca. 16* M solution of 8.

with a slight decrease in intensity, while the 276 and 280
nm bands shift to 270 and 276 nm, respectively, along with
a slight increase in intensity. The band at 313 nm remains
unchanged. Addition of further HCI causes a decrease in
intensity of the 313 and 255 nm bands along with broadening.
The intensity of the 270 nm band decreases, while that of
the 276 nm increases; both bands remain in their positions.
300 350 400 450 500 We interpret these spectral changes in terms of the formation
Wavelength (nm) of an oxohydroxo complex of composition [VO(OH)(sal-
Figure 6. Titration of [VO(sal-aebmz) (10)with HCI. The spectrawere  aebmz)}* via [VO,(sal-aebmzH)j, eq 8.
recorded after successive addition of 1-drop portions of HCI to 10 mL of

3 i i + +
ca. 103 M solution of 10 in MeOH. [VOz(saI-aebmz)]H—' [\/Oz(sal-aebmzHﬂ H
[VO(OH)(sal-aebmzHY]" (8)

Absorbance

0.0

spectrum of [VO(acac)(sal-imJf. The presence of an isos-

bestic point at 369 nm in the third set of the titration1df The solution acquired the original spectral pattern upon
may be due to ¥-N bond breaking through protonation; this - addition of a methanolic solution of KOH; the reaction is
step is not completely reversible. thus reversible. This reversibility is an important observation

At least two sets of spectral patterns were observed, asin the context of the active-site structure and the catalytic
shown in Figure 7, upon addition of methanolic HCI to a activity of vanadate-dependent haloperoxidases, for which
solution of8. The band at 405 nm shows a Sllght broadening a hydroxo ||gand at the vanadium center has been made
with a decrease in intensity (inset in Figure 7, top), while plausible on the basis of X-ray diffraction d&8#*We have
the band at 313 nm registers no change in intensity. The previously demonstrated the generation of oxo-hydroxova-
band at 252 nm remains constant with an increase in nadium complexes upon acidification of [K{BI),][VO »(pydx-
intensity, the 273 nm band shifts to 276 nm, with increase inh)] (H,pydx-inh= Schiff base derived from salicylaldehyde
in intensity, while the 281 nm band exhibits a gradual shift
toward 280 nm and decreases in intensity. Addition of more (33) Messerschmidt, A.; Prade, L.; Wever,BRol. Chem 1997, 378 309~
HCI results in a considerable change in bands position (34) Maéedo—Ribeiro, S.; Hemrika, W.; Renirie, R.; Wever, R.; Messer-
(Figure 7, bottom). Here, the 252 nm band shifts to 255 nm schmidt, A.J. Biol. Inorg. Chem1999 4, 209-219.
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Absorbance

500
Wavelength(nm)

600

Figure 8. Decomposition of [VO(bha)(sal-aebmz}]1) in 5 mL of DMSO
after addition of 2 drops of water as a function of time.

and isonicotinic acid hydrazidé&j An oxo-hydroxo complex,
[VO(OH)(LH)]" (where LH = N-{(o-hydroxyphenyl)-
methy} -N'-(2-hydroxyethyl)ethylenediamin&)has been re-
ported to form from a dinuclear dioxovanadium(V) precursor
in a similar manner. [VO(OH)(8-oxyquinolinate)®® and
[VVO(OH)Tp(HO)] [Tp = tris(3,5-diisopropyl-1-pyrazolyl)-
borate}” have been characterized in the solid state.
Stability Studies. As already evidenced by t&/ NMR,
complexess and 11 slowly decompose in DMF or DMSO
into dioxo species. The decompositionGdind11 into their
corresponding dioxovanadium(V) complexes with the loss
of the bidentate benzohydroxamate{2vas also established
by electronic absorption spectroscopic studies in DMSO. This
conversion is rather slow and takes about 20 h. Addition of
a few drops of water accelerates this conversion, leading to
completion within 3 h, as shown in Figure 8 fbt. During
this period, a gradual loss in intensity of the LMCT bands
at 480 and 643 nm, which is due to coordinated benzohy-

Conversion / selectivity (%)

[VOo(sal-aebmz)]

[VOp(sal-ambmz)]  [VOj(acac-ambmz)]

Figure 9. Bar diagram showing the percent conversion (black) of methyl
phenyl sulfide and the selectivity with respect to sulfoxide (light gray) and
sulfone (dark gray).

Scheme 3
O
S ”S O%S//O
© CH; H,0, 3 CH, ~SSeh,
catalyst +
Scheme 4
@ _H
O

T wo, 1 o
V=0 22 V<6—> K \@
H,0 0~H
O if QSO
N,
P CH, Ph T CH,

sulfoxide) of 98% 4), 93% @), and 88% ). About 3 h

droxamate, and finally their disappearance was observed. Thevere required to acquire the steady state with all the

final spectrum takes the pattern of the dioxovanadium(V)
complex8. Complex6 behaves correspondingly. Equation
9 represents the decomposition reaction.

[VO(bha)(sal-aebmz)} H,O —
[VO,(sal-aebmz)i- H,bha (9)

Catalytic Activity Studies. As vanadate-dependent ha-
loperoxidases catalyze the oxidation byQd of sulfides
(thioethers) to sulfoxides and further to sulfoié%we have
also tested the catalytic potential of compleZegl, and8
to mimic the sulfide-peroxidase activity of the enzyme. The
oxidation of methyl phenyl sulfide gave a mixture of methyl
phenyl sulfoxide and methyl phenyl sulfone (Scheme 3) with
a maximum conversion of 91% (wid), 81% @), and 68%

(2) and a selectivity with respect to the major product (the

(35) Colpas, G. J.; Hamstra, B. J.; Kampf, J. W.; Pecoraro, Mnarg.
Chem 1994 33, 4669-4675.

(36) Giacomelli, A.; Floriani, C.; De Souza Duarte, A. O.; Chiesi-Villa,
A.; Guastino, Clnorg. Chem 1982 21, 3310-3316.

(37) Kosugi, M.; Hikichi, S.; Akita, V.; Moro-oka, Ylnorg. Chem 1999
38, 2567-2578.

(38) (a) Bolm, C.; Bienewald, FAngew. Chem1995 34, 2883-2885.
(b) Santoni, G.; Licini, G.; Rehder, @Chem. Eur. J2003 9, 4700~
4708.

complexes. A blank reaction under similar conditions resulted
in 37% conversion of methyl phenyl sulfide, with the percent
selectivity for sulfoxide=69.3 and sulfone=30.7. Thus,
these complexes not only enhance the percent conversion
of substrate, they also improve the selectivity for sulfoxide.
The results are presented in Figure 9 in the form of a bar
diagram. The turnover rates (mol of product/mol of catalyst
h=1) are 28 for2, 30 for 4, and 31 for8.

The sulfur atom of methyl phenyl sulfide is electron rich
and undergoes electrophilic oxidation giving sulfoxide. As
the dioxovanadium(V) complexe? 4, and 8 are able to
generate peroxo species [VOJQ@)] (LH = ligandsl and
II') on treatment with BKD,, an intermediate peroxo complex
is likely to form followed by a hydroperoxovanadium(V)
complex in the presence offiHenhancing the electrophilicity
of the peroxo intermediaf@:*° The peroxide thus activated
is subjected to a nucleophilic attack by the sulfide, as shown
in the catalytic cycle proposed in Scheme 4.

Oxidation of Styrene. Complexe<2, 4, and8 were also
found to be suitable for the catalytic oxidation of styrene.

(39) Zampella, G.; Fantucci, P.; Pecorao, V. L.; De Gioia]LAm. Chem.
Soc 2005 127, 953-960.
(40) Smith, T. S., II; Pecoraro, V. llnorg. Chem2002 41, 6754-6760.
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The major oxidation products obtained are styrene oxide, 0 100 200 300 400

benzaldehyde, benzoic acid, and 1-phenylethane-1,2-diol; see Time (min)

Scheme 5. Epoxidations of alkenes, using model complexesgigyre 10. Effect of ratio HO4/styrene on the conversion of styrene.

of VHPOs, have been reported previou§ly. Conditions: styrene (0.51 g, 5 mmol), catal$s20 mg), temperature (80

To obtain maximum conversion, we have varied the °C). CHCN (25 mL).
concentration of the oxidant, using as a representative
catalyst under the foIIowing Operating conditions: styrene Table 6. Percentage Conversion of Styrene and Selectivity for Various
Oxidation Products afte6 h of Reaction Time
(0.51 g, 5 mmol), catalyst (20 mg), temperature (€5, —
acetonitrile (25 mL), and aqueous 30%®4 (0.5:1, 1:1, 2:1, product selectivity
3:1, and 4:1 (HO./styrene) molar ratios). The results are catalyst oxidant conv.(%) TOFA BzA® SO BzAA® PhED

presented in Figure 10. At a 1:1,6; ratio, the conversion 2 H20, 51 8.5 90 55 05 4
is 42% in 6 h ofcontact time. Increasing the ratio to 2:1 4 HOp 55 7.6 4 11 9 6
. ! . : 8 H.0, 59 6.6 82 10 5 3
increases the conversion to 55%. This conversion couldonly 5 1P 20 2.6 52 47 1 ;
be improved by about-23% upon further increasing the 4 TBHP 31 4.3 50 43 5 2

8  TBHP 35 5.1 53 37 8 2

H,O,/styrene ratio. Increasing the ratio results in a reduction
of the selectivity for styreneoxide from 21% to 4% and an 2 Styrene oxide? Benzaldehyde® Benzoic acid? 1-Phenylethane-1,2-
increase in selectivity for benzaldehyde from 64% to 80%. diol.

The dilution of the reaction mixture with water on addition

of larger amounts of k. at higher molar ratios may be  Taple 6. Although the conversion of styrene is low with

responsible for the leveling out of the % conversion. TBHP, the selectivity for styrene oxide is much better{37
Under the optimized reaction conditions (i.e., 5 mmol of 4794) than in the case of 8., while the yield of benzal-

styrene, 10 mmol of aqueous 30%®4, 20 mg of catalyst,  dehyde goes down considerably.

25 mL of acetonitrile, 80C), complexe® and8 gave 51%

and 59% conversion, respectively. Table 6 summarizes theConclusions

percentage conversion of styrene, the turnover rates, and the The active center of VHPO is constituted by vanadate(V)

selectivities for the various reaction products. All of the oy qjently linked to the imidazole moiety of a histitine side-
catalysts are more selective toward benzaldehyde 040), chain of the protein. Vanadium is in a trigonal-bipyramidal

while selectivity for styrene oxide, an expected product, iS snyvironment. with the imidazole N and an HGn the axial
rather low (5.5-11%). Due to the strong oxidizing nature  sitions?-4 By using Schiff bases containing the benzimi-
of H:0,, the styrene oxide formed in the first step by gaz0le (bmz) moiety, we have prepared and characterized a
epoxidation is mainly converted into benzaldehyde via the variety of dioxovanadium(V) and oxovanadium(lV) com-
intermediate hydroperoxistyrene. Benzaldehyde formation plexes, at least two of which, the dioxovanadium(V)
may also be facilitated by direct oxidative cleavage of the ¢omplexes2 and8, can be considered to be structural models
styrene side-chain double bond via a radical mechafism. ot \vHPO. These two complexes attain the geometry of a

Water present in b0, is probably responsibly for the tigonal bipyramid, distorted toward the square pyramid. The
hydrolysis of styrene oxide to form 1-phenylethane-1,2-diol parameters amount to 0.71 and 0.60, and the bzm-N and

to some extent. Formation of other products, e.g., benzoic R - of the acac/sal moiety are in the axis. The model

acid through oxidation of benzaldehyde, is extremely slow. character extends to functional similarities, in that complexes
Using tert-butyl hydroperoxide (TBHP) under optimized 5 andg (and4) also model the sulfideperoxidase activtty

reaction conditions (5 mmol of styrene, 10 mmol of aqueous 4 vHPQ. In addition, these complexes catalyze the oxidative

70% TBHP, 20 mg of catalyst, 25 mL of acetonitrile, 80 ¢onyersion, by KO, of styrene to styrene oxide and
°C), the performance of the catalysts toward the conversion g ,ccessive products derived from styrene oxide.

of styrene follows the orde8 (35%) > 4(31%) > 2(20%),

(43) Andersson, M. A.; Allenmark, S. GTetrahedron1998 54, 15293~

(41) Bryliakov, K.P.; Talsi, E. P.; Kun, T.; Bolm, C.New. J. Chen2003 15304. (b) ten Brink, H. B.; Holland, H. L.; Schoemaker, H. E.; van
27, 609-614. Lingen, H.; Wever, RTetrahedron: Asymmetr§999 10, 4563-
(42) Hulea, V.; Dumitriu, EAppl. Catal., A2004 277, 99-106. 4572.
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The oxovanadium(lV) complexes of the general formula axial peroxo grouff of the peroxo intermediate, become
[VO(co-ligand)(Schiff-base)] (co-ligand= acac, *-(sal- reversibly protonated. This protonation has been proposed
aebmz) or sulfate) can be considered to model the reduced{o be mediated by an active-site amino acid such as lysine
inactive form of VHPO, for which a coordination number and/or (distal) histidine. We present here model studies for
of six with participation of two nitrogen functions (from His) this situation by protonating and deprotonating com@ex

has been proposed on the basis of XAS/EXAFSs well revealing protonation of the bmz moiety in a first step and
as EPR and ESEERF;*¢ data. one of the oxo to a hydroxo group in a second protonation
The complexX8 can be converted, by treatment with®3, step.

to the peroxo complet2 and thus to an intermedi&tein
the catalytic cycle representing the activity of VHPO. During
turnover, the axial oxo/hydroxo ligand, as well as the pseudo-
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