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The sulfide-containing ligand 2;2hiobis(4-methyl-6tert-butylphenol), HmbpS, coordinates facially to vanadium
forming six-coordinate alkoxide-1j or hydroxide-bridged?) dimers that have been structurally characterized.

51V NMR indicates that structural isomers are present. Electrochemical studies indicate that the metal centers in
1 are strongly coupledKom ~ 10°). The corresponding sulfoxide,mbpSO, coordinates to vanadium(V) to

form a six-coordinate complex with a 2:1 L:M stoichiometry. Under the conditions of this study, direct oxygenation
of the coordinated sulfide ifh and2 has not been observed. Crystal datalf¢CssH740sS,V2): space groufR-3,

a = 35.6184(2) Ab = 35.6184(2) Ac = 13.52170(10) Aa, 8 = 90°, y = 12(F, Z = 18. Crystal data fol
(Ca6H35N204SV): space grou@2(1)h, a = 13.2894(2) Ab = 12.9652(2) Ac = 16.3639(2) Ao,y = 90°, 8

= 102.43, Z = 4. Crystal data foB (CsoH7007S,V): space grougP-1, a = 9.1567(5) Ab = 13.9314(8) Ac

= 19.7196(11) A = 79.1460(10), B = 86.5840(10), y = 82.7570(10), Z = 2.

Introduction

Metal-catalyzed reactions of organosulfur compounds are o

biological and industrial importanéeRecently, catalytic oxy-

genation of organosulfur compounds has found increase

application in asymmetric synthegi&kagan has reported the

oxidation of sulfides to sulfoxides using a modification of the
Sharpless epoxidation reaction, which uses titanium tartrates a
the chiral catalyst$.Several workers have shown that under

general conditions VO(acadhn association with a chiral Schiff

base ligand is an effective catalyst for the asymmetric oxygen-
ation of prochiral sulfide4-® Vanadium proteins, such as the
vanadium adduct of phytase and vanadium haloperoxidases, ca

also catalyze the asymmetric oxidation of sulfidédn both

the titanium and vanadium systems, peroxide is activated by

coordination to the high-valent metal center.

the five-coordinate vanadium has a trigonal bipyramidal geom-

§ etry in which the oxo ligand is equatorial and the thiolate sulfur

is axial1*~15 It has also been shown that peroxovanadium com-

dplexes can oxidize the active site cysteine of PTPs, thereby

causing irreversible inhibitio#f
Despite this research activity, well-characterized oxovanadi-
um(V) complexes containing organosulfur ligands are ¥ar¥.

SThis is due, at least in part, to the tendency of vanadium(V) to

oxidize low-valent sulfur. We have reported the synthesis and
structure of two oxovanadium(Wthiolate complexes, in which
the thiolate ligand is one arm of a tripodal, tetradentate

rl|igand.18vlg The coordinated thiolate can be quantitatively

oxygenated with peroxides to form the corresponding oxova-
nadium-n?-sulfenate complexes as shown in eq la. In this

Vanadium(V)-sulfur interactions are also important in a po-on o
biological context since the vanadiufthiol structural unit is - -
believed responsible for the potent reversible inhibition of M—S —= M—S_+H0 (1a)
protein tyrosine phosphatases (PTPs), enzymes that regulate R R

phosphate-based intracellular signal transductidd Protein
crystallography of three vanadiuaP TP adducts confirms that

reaction, it is likely that direct electrophilic attack of the peroxide
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on the coordinated thiol is responsible for the oxygen atom trans- derived from aerobic moisture or residual moisture in the solvent
fer. A similar mechanism has been proposed for the oxygenation(<0.3% water in Aldrich reagent grade @EN). The crystals were

of nickel-thiolates to nicket#l-sulfenateg92! however, it filtered from the solution and rinsed with water. Crystals suitable for
should be noted that vanaditrperoxide coordination has not X-ray crystallography were grown over 48 h from a dilute and unstirred

T . e g a h
been ruled out by kinetic studies. Rehder and co-workers have2¢etonitile solution. Yield: 0.375 g, 92%(V=0) 995 cnr.
ined th di talvzed fi f sulfides t Calculated for [VO(mbgS)(OH)L:2.5H0, CiyHs301055:V2 (Found):
examined the vanadium-catalyzed oxygenation orf Sullides 10 o~ 57 g7 (57.13); %H, 6.86 (6.47); %N, 0.00 (0.40); %S, 6.92 (6.97).
sulfoxides and sulfones (eq 1¥)Spectroscopic studies of the |,/ _yis spectrum (CECl,, energy/18cmt (/10° M-tem3): 12.7

(6.5), 19.6 (12.3), 21.7 (sh).

B ROOH . N\« N AP (b) VO(mbp,SO)(HMbp,SO) (3) The HmbpSO ligand (0.302 g,
r /'S'\R” R,/S\R,, * R'/S\R” 0.806 mmol) was stirred with VO(®Pr) (0.190 mL, 0.806 mmol) in

about 10 mL of absolute ethanol. The stirring was stopped after a few
. ) ) ) minutes and the solution allowed to sit undisturbed. After 24 h dark
catalytic vanadium Schiff base complexes in the presence of pyrple crystals were filtered from the solution and washed with 2
excess sulfide or sulfoxide have indicated interactions betweenmL of H,O and a small amount of cold ethanol. The crystals were
the vanadium complex and both the sulfide (weak) and sulfoxide dried by vacuum aspiration. Yield: 0.184 g. X-ray quality crystals
(stronger). In this contribution, we report the synthesis, structure, were grown from a hexane solution. Calculated for VO(pStp)-
and reactivity of vanadium complexes of sulfides and sulfoxides (HMbp:SO), GaHs:O:S;V (Found): %C, 65.00 (65.04); %H, 7.07
in which the S/SO groups are the central donor of the tridentate (7-16); %S, 7.89 (7.89). U¥vis spectrum (CHLl;, energy/10 cm™
ligands 2,2thiobis(4-methyl-eert-butylphenol) (HmbpS) and ~ (€/10° M~lem™)): 19.1 (7.7), 24.8 (5.1). , ,
its oxygenation product 2&ulfinylbis(4-methyl-6tert-bu- X-ray Crystal Structure Analysis. Crystallographic data and details

' of the data acquisition for complexels-3 are shown in Table 1.
tylphenol) (Hmbp,SO, eq 2).

Structural determinations were performed using a Siemens SMART
CCD-based X-ray diffractometer equipped with a normal focus Mo-

OH OH o OH target X-ray tube{ = 0.71073 A) operated at 2000 W power (50 kV,
M (0] S X @) 40 mA). X-ray intensities were measured at 158 K and the frames
| _ _ integrated with the Siemens SAINT software package with a narrow

T frame algorithm. Analysis of the data showed negligible decay during
H,mbp,S H,mbp,SO data collection. FinaR-values based on refinement Bhare provided
in Table 1. Selected bond distances and angles are provided in Tables
2 and 3.
For complexl, a full sphere of data consisting of a total of 2132
All chemicals were used as received from commercial sources unlessframes was collected with a scan width of 0i8 w and an exposure
otherwise noted. Toluene was distilled from sodium. Thenb{pS time of 60 s/frame. The integration of the data using a trigonal unit
ligand was prepared following the procedures of Prakasha and cell yielded a total of 103 904 reflections to a maximum\&lue of
co-workers® The HmbpSO ligand was prepared following the  49.7 of which 16 849 were independent. Due to the paucity of high-

w

Experimental Procedures

procedures of Okuda and co-workéts. angle data, reflections 02> 45° were excluded from the refinement.
[VO(mbp,S)(OEt)],-1.2tol (1). The Hbmbp:S ligand (0.400 g, 1.12 The final cell constants (Table 1) were based onxjecentroids of
mmol) was dissolved in 10 mL of dry, distilled toluene under MO- 8192 reflections above 4Ql). The structure was solved and refined

(O4-Pr); (0.263 mL, 1.12 mmol) was added, and the mixture was stirred using the space grouR-3 with Z = 9 for the formula GsH740sS,V >,
at room temperature for 30 min. The reaction mixture turned dark which includes 0.5 molecule of toluene solvate per asymmetric unit.
purple immediately upon addition of VO(BPr). The mixture was All non-hydrogen atoms were refined anisotropically with the hydrogen
exposed to air, layered with 10 mL of absolute ethanol, and allowed atoms placed in idealized positions.
to sit. After approximately 18 h, dark purple crystalline needles, For 2, a full sphere of data consisting of a total of 2132 frames was
suitable for X-ray crystallography, were filtered from the solution. collected with a scan width of 03n w and an exposure time of 60
Crystals lose solvent and easily splinter upon removal from the mother s/frame. The integration of the data using a primitive monoclinic unit
liguor. Yield 0.393 g, 75%v(V=0) 985 cn1'. Calculated for [VO- cell yielded a total of 27 979 reflections to a maximuit 2alue of
(mbp:S)(OEL)E-1.2tol, G4.H750sSV2 (Found): %C, 64.52 (64.66); 56.7 of which 7006 were independent. The final cell constants
%H, 7.24 (7.27); %S, 6.24 (6.12); %V, 9.61 (9.72). YVis spectrum (Table 1) were based on theyz centroids of 6940 reflections
(CH,Cly, energy/18 cm? (¢/10° M~tcmY)): 12.5 (5.1), 19.4 (10.0), above 16(l). The data were corrected for absorption using an em-
20.8 (sh). pirical correction. The structure was solved and refined using the space

[VO(mbp2S)(OH)]2:2CH3CN (2). The HHmbp:S ligand (0.302 g, group P2(1),h with Z = 4 for the formula GsH3sN204,SV, which
0.842 mmol) was dissolved in 10 mL of reagent grade acetonitrile in includes two molecules of acetonitrile solvate per asymmetric unit.
air. VO(O+-Pr) (0.199 mL, 0.842 mmol) was added, and the mixture All non-hydrogen atoms were refined anisotropically with the hy-
was stirred at room temperature for 90 min. The reaction mixture turned drogen atoms located on a difference map and allowed to refine
dark purple immediately upon addition of VO(@Rr), and after about isotropically.
10 min of stirring a dark purple microcrystalline solid began to For complex3, a full sphere of data consisting of a total of 2132
precipitate from solution. The hydroxide ligandsdrare presumably frames was collected with a scan width of 0i8 w and an exposure
time of 75 s/frame. The integration of the data using a triclinic unit
(19) Cornman, C. R.; Stauffer, T. C.; Boyle, P. Bynthesis, Structure, cell yielded a total of 25 069 reflections to a maximui 2alue of

and Reactiity of W-Thiolate and V-p2-Sulfenate Complexes  53.7 of which 9891 were independent. The final cell constants (Table

Tracey, A. S., Crans, D. C., Eds.; American Chemical Society: ; ;
Washington. DC, 1998: pp 7481 1) were based on theyz centroids of 5058 reflections aboved(0).

(20) Grapperhaus, C. A.; Darensbourg, M.Atc. Chem. Re€.998 31, The data were not corrected for absorp_tion. The structure was solved
451—459. and refined using the space gropl with Z = 2 for the formula

(21) Maroney, M. J.; Choudhury, S. B.; Sherrod, Minbrg. Chem1996 CsoH7007,S:V2, which includes a hexane solvate molecule. All non-
35, 1073-1076. hydrogen atoms were refined anisotropically with the exception of the

(22) Schmidt, H.; Bashirpoor, M.; Rehder, D.Chem. Soc., Dalton Trans.  gplvate. Hydrogen atoms were placed in idealized positions except for
1996 3865-3870. the assumed hydrogen on O6 (based on charge balance), which was

(23) Prakasha, T. K.; Day, R. O.; Holmes, R.RAm. Chem. S0d.993 . .
115, 2690-2695. not used in this model.

(24) Okuda, J.; Fokken, S.; Kang, H.-C.; Massa,Rtllyhedron1998 17, Spectroscopy Infrared spectra were obtained on KBr pellets using
943-946. a Bio-Rad FTS 6000 spectrometer. Electrochemical data was obtained



Table 1. Crystallographic Data for Complexds-3

Vanadium(V) Complexes of #inbp,S and Hmbp,SO

Inorganic Chemistry, Vol. 38, No. 19, 19994305

1 2 3
empirical formula @5H740352V2 C25H35N204SV CsoH7oO7SgV
formula weight (calcd) 514.57 552.56 898.12
temperature (K) 158 (2) 158 (2) 158 (2)
wavelength (A) 0.71073 0.71073 0.71073
crystal system trigonal monoclinic triclinic
space group R-3 P2(1)n P-1
a(h) 35.6184 (2) 13.2894 (2) 9.1567 (5)

b (A) 35.6184 (2) 12.9652 (2) 13.9314 (8)
c(A) 13.52170 (10) 16.3639 (2) 19.7196 (11)
o (deg) 90 90 79.1460 (10)
p (deg) 90 102.4300 (10) 86.5840 (10)
y (deg) 120 90 82.7570 (10)
volume (A8) 14856.3 (2) 2753.41 (7) 2449.2 (2)

z 18 4 2

density (calcd, mg/f) 1.035 1.261 1.218
absorption coeff (mmt) 0.388 0.468 0.336

R1[l > 20(l)] 0.0996 0.0536 0.1448

WR2 [I > 20(1)] 0.2359 0.0996 0.3081

*R1= 3 |[Fo| — IFcll/X|Fol. ®WR2 = (F[W(Fo* — F)7/ 3 [wF]) Y2

Table 2. Selected Bond Lengths (A) and Angles (deg) for Table 3. Selected Bond Lengths (A) and Angles (deg) for

Complexesl and2 Complex3

1 2 V-01 1.569(7)
v—01 1.588(6) 1.593(2) x_g% iggggg
V-02 1.985(5) 1.973(2) V—04 2‘229(7)
V—02a 1.974(5) 1.973(2) V—0F 1888(7)
V-03 1.828(6) 1.838(2) V—07 2‘050(7)
V-04 1.845(6) 1.861(2) 01-V—02 97 93)
V-S 2.797(2) 2.7953(7) 01-V-03 99-8(3)
01-V-02 102.7(3) 101.85(8) O1-V—04 1748 3)
01-V-02a 102.6(3) 103.76(8) O1-V—05 93 5'(3)
01-V-083 100.0(3) 97.89(8) 01-V—-07 98'1(3)
01-V-04 98.4(3) 99.79(8) 02-V-03 92'7(3)
01-V-S 173.8(2) 172.33(7) 02-V—04 84'4(3)
02-V—-02a 72.5(2) 73.49(8) OrV—08 96.7(3)
02-vV-03 91.0(2) 157.27(7) 02-\V—07 163 83)
02-V—-04 156.6(2) 91.39(7) O3-V—04 84.6(3)
02-V-S 82.7(2) 84.96(5) 03-V—-05 16'2 6(3)
02a-V-03 154.4(2) 91.01(7) 03-V—07 81 9'(3)
O2a-V—-04 93.3(2) 154.12(7) 04—V —05 81'6(3)
02a-V-S 81.9(2) 81.43(5) O4V—07 70.9(3)
03-Vv-04 95.2(2) 96.28(7) O5-V—07 85.0(3)
03-V-S 76.6(2) 76.18(5) :
04-V-S 76.9(2) 76.31(5)
V—-02-Va 107.5(2) 106.50(8) distorted octahedral geometries, while Cu(ll) can form octahe-

draf® or square plandF complexes. In all cases, the [miSF~
using an EG&G Model 273 electrochemical system. Cyclic voltam- dianion coordinates using both phenolate oxygen donors and
mograms were obtained on @El, solutions with 0.1 M TBAPE as the sulfide sulfur donor. The [mbS~ ligand also forms
supporting electrolyte, using a standard three-electrode configuration complexes with phosphorus(V) yielding trigonal bipyramidal
with a nonaqueous Ag(s)/AgNQeference electrode (0.01 M AgNO structures?
in 0.1 M TBAPK in CH3CN) and a glassy carbon working electrode.

Under these conditions, the reversible ferrocene/ferrocinium couple Reaction of an equivalent of the-MbpS ligand with an

occurred at 0.222 0.001 V AE = 80—91 mV; idia ~ 1). Vanadium- equivalent o_f \)’O(O4'_—If>r)3 in toluene immediately yields a _de_ep
51 NMR spectra were obtained on a GE Omega 300 instrument Purple solution. Addition of ethanol yields a purple precipitate
operating at 79 MHz and ambient temperature~28 °C). External that has been assigned the ethoxide-bridged dimeric structure

VVYOCl (0 = 0 ppm) was used as reference. Errors in the observed [VO(mbp,S)OELt}, 1, based on elemental analysis and X-ray
chemical shift are estimated to he0.3 ppm. UV-vis spectra were  crystallography. If the reaction is carried out in &N and

obtained from ca. 0.05 mM solutions in @Ei; using a Hewlett-Packard  ethanol is excluded, the corresponding hydroxide-bridged
8452A diode array spectrophotometer.

(27) Berges, V. P.; Hinrichs, W.; Holzmann, A.; Wiese, J.; Klar, JG.
Chem. Res. (M1986 201-215.

Syntheses and StructuresThe structures of several transition (28) CBﬁ;gn?.S'F{ZQZgGHHQZSé;;W" Holzmann, A.; Wiese, J.; Klar, 1G.

metal complexes of kinbpS (or similar ligands) have been  (29) Muller, H.; Holzmann, A.; Hinrichs, W.; Klar, &. Naturforsch1982

i 26 27 8,29 37h, 341-347.

reported. Complexes of Ti(IV;2*W(VI), >’ and Co(lly***have (30) Holzmann, A.; Berges, P.; Hinrichs, W.; Klar, G.Chem. Res. (S)
1987, 42—43.

(25) Fokken, S.; Spaniol, T. P.; Kang, H.-C.; Massa, W.; Okuda, J. (31) Chaudhouri, P.; Hess, M.; Fl®, U.; Wieghardt, KAngew. Chem.,
Organometallics1996 15, 5069-5072. Int. Ed. 1998 37, 2217-2220.

(26) Porri, L.; Ripa, A.; Colombo, P.; Miano, E.; Capelli, S.; Meille, S. V.  (32) Sherlock, D. J.; Chandrasekaran, A.; Day, R. O.; Holmes, Ridrg.
J. Organomet. Chen1996 514, 213-217. Chem.1997 36, 5082-5089.

Results and Discussion
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shared octahedra in which the [mB&F~ ligand coordinates
facially with the sulfur donor positioned trans to the oxo donor
atom. Two ethoxide groups bridge the vanadium atoms, in
while two hydroxide ligands bridge the vanadium atomg.in
The V-V distance in the ethoxide-bridged comptex3.19 A)

is nearly the same as the corresponding distance in the
hydroxide-bridged comple® (3.16 A). The bridge inl is
asymmetric with V-O(2) at 1.985(5) A and VO(2A) at 1.974-

(5) A. In 2, the bridge is symmetric with ¥O(2) at 1.973(2)

A. The axial V=S distance is 2.797(2) A and 2.7953(7) Alin

and 2, respectively. This is significantly longer than the
equatorial V=S in oxovanadium(\Arthiolate complexes¥¢2.25
A)181933 35 one would expect based on a structural trans
influence for the S donor trans to the oxo ligand. One would
further expect the neutral diaryl sulfide sulfur to be a weaker
donor than anionic thiolate sulfur; however, direct comparison
between equatorial and axial sulfides could not be made due to
the absence of appropriate, structurally characterized complexes.
The mean displacements from the equatorial planes are 0.34
and 0.33 A inl and 2, respectively.

The mononuclear sulfoxide compl&xs best described as a
distorted octahedron with two mppO ligands per oxovanadi-
um(V). This structure is similar to that proposed (but not fully
characterized) for a titanium(IV) complex of this ligaffdin
3, the first [mbpSOE~ ligand coordinates facially in the manner
seen forl and 2 exceptthat the axial donor is a sulfoxide
oxygen, not a sulfide sulfur. The second ligand occupies the
remaining two equatorial coordination sites using phenolate
oxygen and sulfoxide oxygen. The second phenol of the
mbpSO ligand is uncoordinated, and it is assumed that it
remains protonated. The vanaditphenolate oxygen bond
distances for the facially coordinated ligandBi(V —0O(2) 1.849-

Figure 1. Molecular structures ol (top) and2 (bottom). Thermal

ellipsoids are at 50% probability. (7) A, v—0(3) 1.862(7) A) are similar to those In(V—0(3)
1.828(6) A, V-0(4) 1.845(6) A) an® (V—0O(3) 1.838(2) A,
@ V—0(4) 1.861(2) A). The vanadiurphenolate oxygen bond
o f distance in the second, bidentate ligand3inis longer with
\ @’Q V—0(5) at 1.888(7) A. These distances (averagé.856 A)
Q—D G/D are shorter than the mean for currently characterized oxovana-
Q/ AN @ dium—phenolate oxygen bonds (1.912 A), but still within the
{ €= ‘¢/ range of \\-O(phenoxide) bond distances (1.735460 A)3°
/ 06 @03 \@51 /0 O The vanadium-to-axial sulfoxide oxygen \04) distance
/@\ Qo 04,/ i e is 2.229(7) A, which is considerably shorter than the corre-
? o7 | 05 "“’@ sponding VS distances inl and 2, consistent with the
A /@\ /- ~g—® expectation that the sulfoxide oxygen is a better ligand than
5 N N 2. vii oz | sulfide sulfur for oxovanadium(V). The vanadium-to-equatorial
S?\ 05 ® sulfoxide oxygen (V-07) distance is 2.050(7) A, which4s0.1
M\ © 3 A longer than the V-Oprigge distances inl and2. To the best
/ of our knowledge, this is the only example of this structural
motif. It is interesting to note that the \{lcomplex is the only
© isolated material, even under conditions that should favor

dimer formation as seen fdr and 2. This suggests that the
Figure 2. Molecular structure o8. Thermal ellipsoids are at 50%  pjdentate sulfoxidephenolate fragment of [HmbBOJ~ is
Z:ggiabr"'tgiZeeXZ%Fr’tcrgrritt;‘ae”‘b“ty' carbons which are spheres of  giape relative to the potential alkoxide-bridged dimeric structure.
y Y)- It is noted that the sulfoxide ligand forms six-membered chelates
whereas the sulfide ligand df and 2 forms five-membered
chelates.

The purple color of these complexes (see Experimental
Section) is presumably due to the phenolate-to-metal charge
transfer as is seen for other oxovanadium (V) complexes of
phenolate-derived ligands. The absenc8 of the low-energy

structure,2, is formed. The hydroxide ligands are presumably
derived from air or residual water in the solvent. When the
corresponding sulfoxide ligand kbSO is used, the deep
purple mononuclear complex VO(mi§0)(HmbpSO) is iso-
lated in which one of the phenol groups is protonated and
pendant.

The X-ray structures ot and2 are shown in Figure 1 and - -
the structure o81is shown in Figure 2. Important bond distances gzg giﬂgg: JK 'éoki'gr’]‘ g_-;? ?gﬁ'gs,oﬁ,’.’éj;ﬁ%ﬁ@%’fﬁéﬁ%ﬁfﬁéé}%
and angles are presented in Tables 2 and 3. Complefegure 943-946.

1, top) and2 (Figure 1, bottom) are composed of two edge- (35) Allen, F. H.; Kennard, OChem. Des. Autom. New$993 8, 31-37.
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CH,CL. plex 1 (by >V NMR), indicating that the hydroxide ligands are
labile.
3
+H,0 Complex3 also shows twdV NMR resonances with the

major peak at-416.1 ppm and a minor peak at391.0 ppm;
however, the chemical shift difference b = 25 ppm indicates

that these complexes are less closely related than the isomers
of 1 (A6 = 6 ppm) and2 (Ao = 2 ppm). The ratio of the two
resonances in solutions &fis sensitive to the purity of the

+ EtOH solvent with “dry” solvents giving less of the resonance at
—391.0 ppm. Addition of water to a Gl solution of3 causes

an increase in the resonance-a891.0 ppm consistent with
hydrolysis of the equatorial mbpO ligand in3 to give a

2 hydroxide-bridged dimer as shown in eq 3.

i

2VO(mbp,SO)(HMbRSO) + 2H,0 —

+ EtOH [VO(mbp,SO)OH}, + 2H,mbp,SO (3)

The line width of3 (approximately 395 Hz) is significantly
greater than that observed fbior 2. This increased line width
probably arises from a combination of quadrupolar broadening
and chemical exchange effects. While all three complexes are
six-coordinate, the three phenolate and sulfoxide equatorial
) - ) donors of3 should impose a greater electric field gradient at
Figure 30. 5/ NMR spectra ofl—3. Conditions: ambient temperature  tne vanadium nucleus as compared to the two phenolate, two
(20-25°C), ca. 1 mM, in CHC alkoxide/hydroxide equatorial donors inand 2. Addition of
water or alcohol to a solution & gives rise to a similarly broad
resonance ai = —391 ppm, indicating that a ligand exchange

=

-380 -400 -420 ppm

transition 800 nm) suggests that this transition may be
indicative of the trans O~ SAr, chromophore. This possibility path exists that may contribute to the line width. Slight changes

has not been investigated further. in the chemical shift o8 upon addition of water may be due to

51V NMR Spectroscopy.Complexesl—3 have well-resolved solvent effects.
%V NMR spectra as one would anticipate for diamagnetic  Egjgcirochemistry. Cyclic voltammetry supports the presence
vanadium(V) complexes. However, in solution at least tWo of dimer structures in solution for the mish complexes, as
species are present for each complex. As shown in Figure 3,ghown in Figure 4. In CbCl, solution, two cathodic waves are
complexl in CH,ClI, solution gives four resonances-a878.0, observed fol (—452 and—788 mV). Upon reversing the scan
—379.0,—381.0, and—383.6 ppm. These four resonances are (jrection, two anodic waves{364 and—668 mV) are observed
most likely due to syn/anti and ligand exchange isomers as nat have approximately the same intensity as the cathodic sig-
discussed below. Additionally, two minor resonances (due to nais, consistent with two quasi-reversible single-electron reduc-
2) occur—395 and—396 ppm in the spectrum dfin CH,Cl, tions of the W —V/V dimer 1> = —408 and—728 mV). Com-
_solutio_n. Complex2 gives two resonances of nearly equal plex 2 exhibits two cathodic waves-424 and—723 mV) at
intensity at—395.0 and—396.7 ppm. about the same potential as observedifohowever, the cor-

The four downfield resonances in the solutioriohay result responding anodic waves-816 and—619 mV) are much less
from (a) bridge exchange and (b) syn/anti isomerization of the intense, consistent with irreversible electrochemistry under these
structurally characterized ethoxide-bridged dimer as shown in conditions. The cyclic voltammograms of bothand 2 also
Scheme 1. The key step in these equilibria is the hydrolysis of have a relatively intense anodic wavesat—180 mV. This is
one of the ethoxide bridges. Even with dry solvent (Aldrich tentatively attributed to decomposition of th&/\(or VIV— V!V)
99.9% CHClz; H,O = 0.02%), the water concentration is  forms of1 and2. As in the5V NMR experiments, addition of
approximately 15 mM, which is several times the approximate ethanol to CHCI, solutions of1 or 2 yields voltammograms
concentration of the vanadium complexes in solutiond'nM). (dashed voltammograms) for the pure ethanol bridged dimer.
Itis noted tha® is synthesized using VO(GPry and usinga  The differences in the peak separatidxE(= 320 mV for 1)
freshly opened bottle of spectroscopic-grade acetonitrile. Underimply that the two redox processes are for a single dimeric
these conditions, the isopropoxide ligands do not compete with species in which the redox centers are communicating, as one
residual water in forming the bridges. Only when excess alkox- would expect for two vanadium(V) centers bridged by alkoxide
ide is added, as in the caselfis the alkoxide bridge complex  or hydroxide bridges. These data give a comproportionation
formed. Thus, hydroxide is a competitive ligand in these constant oKgom~ 1CP. Only a single redox feature is observed
systems. in the cyclic voltammogram a3, as expected for a monomeric

In the absence of competing ethoxide ligands, the two reso- complex. The potentiak;, = —502 mV, suggests that the ML
nances ir2 are due to syn/anti isomerization. Variation in the coordination sphere & where L provides the harder sulfoxide
concentration o (2.0—0.13 mM) has no effect on the ratio of oxygen donor, stabilizes theWoxidation state relative td
the two peaks, indicating the two resonances are not due to aand 2.
monomet-dimer equilibrium. Alternatively, linkage isomerism, Oxygenation Studies.Several attempts have been made to
in which the bridging and terminal ligands exchange, could oxygenate the coordinated sulfide of complekesd2 to form
explain these two peaks. We cannot distinguish these possibili- sulfoxide complexes such &sin a two-phase system analogous
ties with the data currently available; however, we note that to that used by Bolm and Bienewald for the catalytic oxygen-
addition of excess ethanol to a @Fl, solution of2 yields com- ation of sulfides (i.e., using Ci&l, as the solvent fod or 2
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Scheme 1
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Figure 4. Cyclic voltammograms ol—3 in CH,Cl, solution.

and aqueous #D- (3%)) 5V NMR indicates only slow for-
mation of3. During the course of the reaction, the purple organic
phase becomes pale yellow and ¢ NMR signal decreases,

consistent with extraction of the vanadium into the aqueous per-

Cornman et al.

mixed bridge
(syn or anti)

iy

R

Conclusions

or anti-2

The sulfide-containing ligand [mbS]>~ coordinates facially
to vanadium forming six-coordinate alkoxide- or hydroxide-
bridged dimers1 and2, respectively). In these complexes, the
sulfur donor is weakly coordinated trans to the oxo ligand.
Vanadium-51 NMR indicates that structural isomers are present,
and these have been assigned the syn and anti complexes of
the dimers and mixed-bridge (alkoxide/hydroxide) species.
Electrochemical studies indicate that the metal centetsaind
2 are strongly coupledom~ 10). Oxygenation of the sulfide-
containing ligand yields the corresponding sulfoxidgrBp,-
SO, which also coordinates to vanadium(V) to form six-
coordinate complexes. However, the sulfoxide complexes have
a 2:1 L:M stoichiometry in which one of the sulfoxide oxygens
is coordinated trans to the oxo ligand and the other sulfoxide
oxygen is coordinated in an equatorial site. This suggests that
the sulfoxide oxygen oB is a better ligand than the sulfide
sulfur of 1 or 2. Under the conditions of this study, direct oxy-
genation of the coordinated sulfide Irand2 has not been ob-
served; however, the presence of excess hydrogen peroxide in
solutions of1 and 2 leads to the formation o8 via oxoper-
oxovanadium(V) oxygenation of free,hibp,S.
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oxide layer. The colorless aqueous phase becomes red, consistent Supporting Information Available: - Figure S1, UV-visible spectra

with the formation of an oxoperoxovanadium(V) solutfSihe

of complexesl—3 in CH,Cl, (1 page). X-ray crystallographic files for

oxoperoxovanadium complexes can then oxygenate the sulfidel' 2, and3, in CIF format, are available on the Internet only. This

to give Hmbp,SO. Upon catalytic decomposition of the excess

material is available free of charge via the Internet at http://pubs.acs.org.

peroxide, the sulfoxide ligand can re-ligate the vanadium to give 1C9900253

3. In homogeneous systems using eitire€PBA ort-BuOOH
(in hydrocarbon), slow decomposition dfor 2 gives multiple
products that have not been characterized.
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