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Abstract 

The preparation, characterization and electrochemical properties are reported for monooxo Me( V! ) complexes, MoO(cat) (ssp), containing 
bidentate catecholate ( c a t : -  3,5.di-tert.butylcatecholate, naphthalene-l,2-diolate, phenanthrene-9,10-diolate) and tridentate NOS-donor 
Schiff base ( ssp" = N-salicylidene-2-aminobenzenethiolate) ligands. The intensely colored compounds are formed by oxo abstraction from 
MoO.,(ssp) with EtPh.,P in THF followed by oxidative addition of the appropriate quinone. Oxo abstraction leads to a mixture of MoO(ssp) 
and Mo.,Od ssp): rather than either of these sihgle products under the experimental conditions. The s!x-coo,'~line:r. ~ MOO** species exhibit 
reversible Mo(Vi/V) electrochemistry at a potential ~ 0. I V more positive than that for analogous comv~,~xes with the NOO°-donor Schiff 
base ligand N-salicylidene-2-aminophenolate ( s a p : ) .  © 1998 Elsevier Science S.A. All rights reserved. 
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I. Introduction 

Oxomolybdenum( Vl ) complexes ;ire el'interest as models 
for the active sites of oxotransferase enzymes 11=3 I. The cis. 
dioxo MOO., -̀ + unit, which is found in oxidized sultite 
oxidase and analogously in a ('is-oxothio MoOS-, + format in 
oxidized xanthine oxidase, is a common structural feature in 
Me(VI) coordination chemistry [ 4-6 l. Thus, recent discov- 
ery of a monooxo Mo(VI) center in the oxidized form of 
dimethylsulfoxide (DMSO) reductase [ 7,8 ] is unexpected. 
Although MoO 4 + complexes exist, they are less numerous 
than MOO.," + species and almost always exhibit a coordina- 
tion n~mber of seven. The molybdenum coordination number 
in oxidized DMSO reductase is thought to be five orsix [ 7,8]. 
Recently, we reported the preparation and characterization of 
several six-coordinate MoO 4+ complexes containing a 
bidentate catecholate (cat"-) and a tridentate Schiff base 
ligand with an NOO' donor atom set [9]. An interesting 
property of these species is their ability to sustain reversible 
Mo(VI/V) electrochemistry [10.Ill .  By contrast, seven- 
coordinate MoO 4+ complexes undergo irreversible metal- 
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ligand bond cleavage reactions in conjunction with electron 
transfer 112], and the electrochemistry of six-coordinate 
MoO~' species generally is not reversible [ 5 I, Becau~ sul- 
fur is an important component of molyt~lenum's biological 
coordination environment [ i 3 ], its influence on the electron 
transfer properties of monooxo Me( VI ) centers is of interest. 
The present paper reports the preparation and electrochemical 
characterization of several six-coordinate MoO(cat) (ssp) 
complexes (Fig. I ) containing the NOS.donor Schiff base 
ligand N.salicylidene-2-aminobenzenethiolate (ssp -'~, la) 
and a comparison of their properties with analogous 
MoO(cat) (sap) ( sap: - = N.salicylidene-2-aminopheno- 
late, lb) complexes. 

2. Experimental  

2. I. General procedures 

Synthetic procedures were pertbrmed under inert atmos- 
phere using standard Schlenk techniques. Solvents were dried 
by standard methods and purged with nitrogen gas prior to 
use. Tetrahydrofuran (THF) was distilled from sodtum/ben- 
zophenone, CH2C!2 from !)40.) and acetonitrile and hexane 
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Fig, I, Smmur~s of liBands and complexes. 

from Calla. The Hassp ligand and its c/s-dioxo Mo(YI) com- 
plex, MoO=(~), were ~ as described by Topich and 
Lyon [ 14]. Other synthetic reagents were purchased com- 
mercially and used without further purification. IR spectra 
wc~e recmded in KBr pellets on a Bruker IFS 55 q)ectro- 
meter. UV-Vis spectra wore recorckd in CH=CI~ solution 
usin8 a Beckman DU 640 spectrophmommer. Elemental 
analyses were performed by Oalbralth L~boratortes, Inc., 
Knoxville, TN. 

Cyclic volmmmeury measurements were carded out with 
a BAS-100A potentiomt employi~ a three~elec~ cell 
confiSuratton with a 0,071 em ~ 81auy carbon (OC) or 0.02 
era= IN disk workinl elector, The refereige electrode was 
an aqueous AS/ASCI half.cell, which was placed in a salt 
bridp contalnin8 the ,on-aqueous solvent and supporting 
electrolyte, Burcltck and Jackson acelonitrile ~nd Aldrich 
EIPLC Fade dicldorom~me were used as received as elec- 
tmcMmical ~ivem, Te~ra~.butylamnmium hexafluoro- 
pboq)h~ (TBAPF6) from SACHEM, Austin, TX was used 
as received us suppmting electrolyte. The potential of the 
~ / f e n i e e n i u m  couple (F~ + ~o) [ I S ] was determined 
to be 0,421 V in CH~CN (0,1 M TBAPF~) and 0,487 V in 
CH=CI2 (0,1 M TBAPF~). 

2,2,1, M o O r ~ X s W )  
To0,80 8 (2,25 mmol) of MoO=(ssp) in 100 ml bet THF 

w¢~ added 2,0 ml (9,'/8 retool) of Etl~aP in 30 ml THF, 
The mixture was refluxed for 1,5 h during which time the 
color of the solution dinged from brown to reddish brown. 
The solution w-d allowed to cool, and a dark red-brown solid 

was collected by filtration. This solid was washed with THF 
and dried under vacuum. To a hot solution containing 0.40 g 
of the above solid in 70 ml CH=CI= was added 0.25 g ( 1.13 
retool) of 3,$-di-tert-butyi-l,2.benzoquinone in 20 ml 
CH=CI=. The reaction mixture was refluxed for 2.0 h doting 
which time its color changed from red-brown to deep purple. 
A light brown solid was identified as Mo~O~(ssp)= by ele- 
mental analysis. Anal. Cal¢. for C=~H ~,N=OsS=Mo=: C, 44.97; 
H, 2.61; N, 4.03. Found: C, 43,46; H, 2.87; N, 4.03%. This 
was separated by filtration, and the purple solution was 
layered with hexane. After 3 days, 0.24 g of purple 
MoO( dtbcat ) (ssp) was collected by filtration. 

2.2.2. MoOf l.2.naphcatXssp) and MoO~phencat)(ssp) 
These compounds were prepared following the method 

described for Moo(dtbcat)(ssp) employing 1,2-naphtho- 
quinone and 9,10-phenanthrenoquinone resp~tively. The 
compounds were recrystallized from CH2Cl=/hexane as blue 
and burgundy solids respectively. 

& Remits u d  dbeuuion 

3, I. Preparation and spectroscopic properties 

MoO(cat) (ssp) complexes with catecholate ligands 2a.- 
?,e were prepared by axe abstraction from MoO=(ssp) with 
EtPh2P in THF followed by oxidative addition of the appro- 
priate quinone. 
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Table I 
Analytical and spectroscopic data for MoO(cat)(ssp) complexes 

Compound Anal. Calc. (found) (%) 

C H N 

IR 
]~Mo,-O (cm- I ) 

UV-Vis" 
Am~ (rim) (~ (M-' cm- ')) 

MoO(dtbcat) (ssp) 57.96 (57.08) 5.22 (5.56) 

MoO( 1,2-naphcat ) (ssp) 55.54 (53.21 ) 3.04 (2.77) 

MoO(phencat) (ssp) 59.23 ( 59.07 ) 3.13 ~ 3.34 ) 

2.50 (2.36) 922 

2.82 (2.47) 940 

2.56 (2.29) 9~7 

552 (8000) 
470sh (5400) 
352 (17500) 

620 (9900) 
472 (8400) 
328 (17000) 

612 (15000) 
478 (8300) 
352 (21300) 

"In CH:CI2 solution. 

MoVZO2(ssp) + EtPh.,P-,. Mo'VO( ,,;sp) + EtPh.,PO. ( I ) 

MoiVO(ssp) -F MoVlO,(ssp) -"* MAYO3(ssp) 2 (2) 

MoIVO(ssp) + Q "* MaY'O( cat ) ( ssp ) ( 3 ) 

The product of the oxo abstraction reaction was a reddish 
brown solid which did not give a satisfactory elemental anal- 
ysis for MoO(ssp) or Mo~.Os(ssp)2 and was assumed to be 
a mixture of these two species. When quinone was added to 
this material in refluxing CH2Ci2, a light brown solid formed. 
The solid was separated by filtration and identified by ele- 
mental analysis to be Mo2Os(ssp)2. The filtrate yielded pur- 
ple MoO(dtbeat) (ssp), blue MoO(1,2-naphcat) (ssp) and 
burgundy MoO(phencat) (ssp) when layered with hexane. 

Eqs, ( I ),~( 3 ) are of interest with regard to the observations 
of Topich and Lyon [ 16] suggesting that the rate constant of 
Eq, (2) is very small compared with thxat of Eq. (I)  which 
results in the formation of MoO(ssp) as the only product, In 
contrast, the work of Holm and coworkers [ 17 ] demor,~trates 
that Mo2Os(ssp)2 is formed stoichiometrically by the sum of 
FAIS, ( I ) and (2) from MoO2(ssp) and MePhaP in DMF, In 
our work, which differs from that of Topich a,d Lyon and of 
Holm and coworkers with regard to solvent, phosphine sub- 
stituent and reactant ratio, we observe that the product of 
Eqs. (1) add (2) is a non-stoichiometric mixture of 
MoO(ssp) and Mo20.~(ssp) 2. We conclude that some 
MoO(ssp) must be produced by reaction of MoO2(ssp) with 
EtPh2P under our conditions to afford the formation of 
MoO(cat)(ssp) via oxidative addition. This is consistent 
with the idea that Eq. (2) goes to equilibrium [ 18] allowing 
isolation of a mixture of MoO(ssp) and Mo203(ssp)2, Oxi- 
dative addition ( Eq, (3) ) has been used previously to prepare 
MoO 4 +.catecholate species from o.quinones and oxomolyb- 
denum(IV) complexes [19]. An alternative route to these 
compounds is neutralization of an MoO 2 + center with pro- 
tonated catechol [19,20]. This approach was followed in 
preparing MoO(cat) (sap) [9], but was not successful in the 
synthesis of MoO (cat) (ssp). 

Analytical and spectroscopic data for the compounds are 
collected in Table I. MoO(cat) (ssp) complexes exhibit an 
IR absorption band between 922 and 947 cm- i  which is 
assigned to the Mo-O stretching vibration. This absorption 
falls at similar energies (930 to 939 cm -t  ) in six-coordinate 
MoO(cat)(sap) complexes [9] and is slightly higher than 
the range of values (906 to 931 cm- t )  found in seven- 
coordinate MoO 4+ species [ 19,20]. The MoO(cat)(ssp) 
complexes also exhibit a series of three electronic absorp- 
tions, among which the intermediate transition is the one of 
lowest intensity. The intense long-wavelength absorption at 
552 to 620 nm parallels the observation of a similar feature 
(~,,,~ ~500 nm) in other MoO4÷-catecholate complexes 
which has been attributed to catechol-to-Mo charge transfer 

19,19,201. 

3.2. ElectnJchemist~ 

The cyclic voltammetric behavior of MoO(cat)(ssp) 
complexes is illustrated in Fig. 2. In acetonitrile all three 
compounds exhibit a chemically reversible reduction at 

• o.o0o ff'~ -o.s "~'--z.o -z.s -2.000 

(b)"~/  
Fig. 2. Cyclic voltammetric reductions at a GC electrode in CH~CNI0.1 M 
TBAPF,: (a) 0.50 mM MoO(dlbcat)(ssp), vm0.2 V s " ': (b) 0.54 mM 
MoO(1,2.naphcat)(ssp), u-0.1 V s-'. The voltammograms are plotted 
vs. an aqueous Ag/AgCI reference electrode, which exhibits a potential of 
- 0.421 V vs. Fc +/o under the experimental conditions. 
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Table 2 
Cyclic voltammetric data for MoO(cut) (ssp) and MoO(cat) (sap) complexes" 

Cmnpound 54o(Vi/V) 

E ~' ( V )  ( A E p  ( m V ) )  i~lir~ 

M o ( V / I V )  

~ ( v )  
cat-" - / sq. - 

E~(v) 

CHjCN (0. i M TBAPF, O 
MoOOMgat) (ssp) -0.162 (74) 0.80 t' 
M o O ( 1 . 2 ~ )  (ssp) -0.t57 (75) 0.94 
MoO(phencat) (ssp) -0.240 (104) 0.88 
~ d d g a t )  (sap) ': -0.270 (68) 0.97 

CH..,CI: (0. I M TBAPF, d 
MoO(d0gat) (~p) -0.238 (78) 0.95 
MoO(1,2.naplgat) ( s~p ) - 0.194 (67) 0.90 
MoO(pheacm) (SSlp) -0.293 (86) 0.q0 

- 1.57 

- ! .03,  - ! .48 

- 1.47 

1.24 

1.01 

0.91 

1.08 (150) d 
I.II 
1.03 

, ~ at a Gc (CH~CN) or IN (CH2CI:) working electrode at i,.-0.2 V s - *. 
b Value influenced by ~ adsorption (see text). 
IN working electrode, from Ref. [91. 

d Reversible f °' and ,XF~. 

~ - 0.2 V versus Ag/AgCi which is assigned to Mo(Vl/V) 
electron transfer and an irreversible oxidation at more posi- 
tive potentials (not shown) which is attributed to removal of 
an electron from the coordinated catecholate iigand. 
Moo(dthcat) (ssp) and MoO(1,2-naphcat) (ssp) also 
exhibit one or more quasi, to irreversible reductions at more 
negative potentials which are assignedm Me(V/IV) electron 
transfer. These data are summarized in Table 2. 

Plots of voltammetric peak current (ip) versus square root 
of ~em rate (v */=) for the first MoO(l,2-naphcat)(ssp) 
reduction in CH~CN/0.1 M TBAI~6 are linear and pass 
through the origin. The slope of these plots yields a peak 
current parameter of trt v I~AC-  870 IrA s* ~= V = */= mM-- 
t~m = ~, which is (:onsistent with a one-electron transfer in this 
solvent [12]. In addition, the peak current ratio te,/i ~ is 
nearly equal to unity, and the peak potential separation ot ~ 
&£p- ?$ mV is only nominally larger than the 57 mV value 
aa~tlstted for reversible one-electron transfer [211. 
MoO(dtlxat) (ssp) and MoO(phencat) (ssp) exhibit similar 
behavior, For the l o n e r  compound, values of iplt,*~=AC 
increase and those of  ip, lip~ c l e c ~  with increasing scan 
rate, results that are consistent with a small amount ofreactant 
~ on the electrode surface [21 ], Quantitativecurrent 
data were not obtained for Moo(phencat) (ssp), which 
exhibits low solubility in CH~CN, All three complexes are 
more soluble in CHzCI=. A chemically reversible, one-elec- 
tron transfer flee of reactant adsorption is observed for the 
primary n~luction of all three compounds in this solvent 
(Table 2), 

The above results indicate that metal~,'entered reduction of 
MoO(cat) (ssp) complexes proceeds by the following one,. 
elecmm transfer: 

MorrO(cat) (ssP) +e  ~ ** MoVO(cat) (ssp) ~ (4) 

in contrast to seven-coordinate MOO '~+ complexes, this 
M o ( V I / V )  electrode tv'~tction exhibits a high degree of  
chemical end electrochemical reversibility. Molybdenum 

4d~ is the redox orbital for MoO 4 ÷/3 + electron transfer, and 
in the pseudo-octahedrai geometry of MoO(cat)(ssp) and 
MoO(cat) (sap) (3, Fig. I ) partial filling of this orbital does 
not invoke destabilizing interactions with equatorial metal- 
ligand bonds. However, this occurs for seven-coordinate 
MOO 4. species which have pentagonal bipyramidal geo- 
metry [ II]. Thus, the reversibility of electron transfer is 
influenced by the geometric disposition of ligands around the 
metal center. 

The potential of M o ( V i / V )  reduction is about 100 mV 
more positive for MoO(dthcat ) (ssp) than for MoO(dt lgat) - 
(sap) (Table 2). This result is in qreement with previous 
observations following replacement of O by S donors in tran. 
sition metal compounds: positive shifts of 0.1~4).3 V in ~ '  
are common [ 22=24 I. The direction of the shift is consistent 
with greater stabilization of the lower oxidation state by S 
donor ligands. 

Another effect of ligand cotnposition on electrochemical 
behavior is illustrated in Fig. 2. Here, the initial electrode 
reaction of MOO( dtbcat ) (~p)  is followed by a second elec- 
tron transfer at a much more negative potential (Fig, 2(a) ). 
This reaction is assigned to the irreversible one-electron 
reduction of MoO(dtbeat) (ssp) =: 

MoVO(dtbcat) (ssp) ° + e -  -~ M e ( I V )  ( 5 )  

An analogous reaction is observed in the electrochemistry 
of MoO(cat)(sap) complexes [9,]0]. However, Fig. 2(b) 
and Table 2 show that MoO(1,2.naphcat)(ssp) °~- reduc- 
tion is followed by two such waves, the first of which exhibits 
a degree of chemical reversibility. The current magnitude of 
each more negative wave is approximately one-half that of 
the initial one-electron reduction. An interpretation consistent 
with these observations is the formation in roughly equal 
proportions of two forms of MoVO(I,2-naphcat)(ssp) - 
wtdch are reduced at much different potentials. Although the 
additional wave could arise from an isomer of 3. a more 
plausible explanation is that the reaction at ~ - 1.0 V in 
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Fig. 2(b) corresponds to reduction of a species in which one 
donor atom has been detached or replaced by solvent, A 500 
mV difference in reduction potentials is consistent with this 
structural change [ 12]. A similar process at about the same 
potential is discerned upon careful inspection of the 
MoO(dtbcat) (ssp) voltammogram. Thus, it is possible that 
the presence of an S donor ligand labilizes coordination reac- 
tions following reduction to Me(V). 

Acknowledgements 

The authors gratefully acknowledge support of this 
research by the Robert A. Welch Foundation and University 
of Texas-Pan American Faculty Research Council (J.U.M.) 
and by the National Science Foundation (F.A.S.). 

References 

[ I I R. Hille, Biochim, Biophys, Acta 1184 (1994) 143. 
121 J.H. Enemark, C,G, Young, Adv. lnorg. Chem. 40 ( 1993} I. 
131 R.H. Holm, Cooed. Chem. Rev. 100 (1990) 183, 
141 M,T, Pope, Ping, lnorg, Chem, 39 { 1991 ) 181. 
151C.D. Garner, S Bristow, in T,G, Spire (ed.), Molybdenum Enzymes, 

Wiley-lnterscience, New York, 1985, Ch. 7. 
161 E,I, Stiefel, Ping. Inorg, Chem. 22 (1977) I. 

171 H, Schindelin, C, Kisker, J. Hilton, K.V, Rajagopalan, D.C. Rees, 
Science 272 (1996) 1615, 

181G,N. George, J, Hilton, K.V. Rajagopalan, J. Am, Chem. Soc. I18 
(1996) 1113. 

[ 9 ! J,U. Mondal, F,A. Schultz, T.D. Brennan, W,R. Scheidt, Inorg. Chem. 
27 ( ! 988) 3950. 

[ I01 J.U, Mondal, F.A. Schultz, lnorg. Chim. Acta 157 (1989) 5. 
[ I ! i F.A. Schultz, in AJ.L. Pombeiro, J.A. McCleverty (eds.), Molecular 

Electroche,~istry of Inorganic, Bioinorganic and Organometailic 
Compound~, NATO ASI Series C, Vol. 385, Kluwer, Dordrecht, 1993, 
pp. 179--191. 

[ 12l J.R. Bradbury, F.A. Schuitz, Inorg. Chem. 25 (1986) 4408. 
[ 13l (a) I.K. Dhawan, J.H. Enemark. Inorg. Chem, 35 (1996) 4873: (b) 

J.P. Hill, L.J. Laughlin, R.W. Gable, C.G. Young, Inorg. Chem. 35 
(19%) 3447. 

[ 14] J. Topich, J.T, Lyon I11, Polyhedron 3 (1984) 55. 
[151 R.R. Gagn6, C,A. Koval, G.C, Lisensky, inorg. Chem. 19 (1980) 

2854. 
1161 J. Topich. J.T. Lyon 111, lnorg. Chem. 23 (1984) 3202, 
[ 171 J.A, Craig, E.W. Harlan, B.S. Snyder, M.A. Whitener, R.H. Holm, 

Inorg. Chem. 28 (1989) 2082. 
[ 18] GJ,-J. Chen, J.W. McDonald, W.E. Newton, lnorg. Chem. 15 (1976) 

2612. 
1191 J.R, Bradbury, F.A. Schultz. lnorg. Chem. 25 (1986) 4416. 
1201 S.F. Gheller, J.R. Bradbury. L. Pabon de Majid. W.E. Newton, F.A. 

Schultz, lnorg. Chem. 27 (1988) 359. 
[ 211 A.J, Bard, L.R. Faulkner. Electrochemical Methods: Fundamentals and 

Applications, Wiley, New York, 1980. 
122 ! A.M. Bond, R.L. Marlin. A,F. Masters, lnorg. Chem. 14 ( 1975 ) 1432. 
[ 23 ] W.E. Cleland, Jr., B.A. Averill, lnorg. Chim. Acta 107 { 1985 ) 187. 
1241 G.M. Olson, F.A. Schultz, lnorg. Chim. Acta 225 (1994) I. 


