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kecal/mol)? by ~45 kcal/mol, as is silane (372.2 kcal/mol)?' than
methane (416.8 kcal/mol).?! This trend reflects the greater ability
of the silicon radical to stabilize the negative charge, as is indicated
by the 31 kcal/mol higher electron affinities of CH,==SiH (46.4
% 0.2 kcal/mol) than CH,=CH (15.4 % 0.6 kcal/mol)?’ and of
SiH; (32.4 £ 0.3 keal/mol)®® than CH;, (1.8 % 0.7 kcal/mol).?
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The molybdopterin enzymes catalyze a variety of two-electron
redox reactions involving net exchange of an oxygen atom between
substrate and water.!™* EPR studies® support the regeneration
of the active site by two one-electron processes, the first of which
produces transient MoV states. Many of these enzymes feature
[MoV'0,]?* resting centers, and Scheme I presents a minimal
catalytic cycle, based upon current physical and chemical evidence,
for an enzyme such as sulfite oxidase.!”* In this and similar
systems, transfer of the oxygen atom from Mo to substrate and
its replacement from water appear to occur in the Mo"! to Mo!¥
transformation.**

No single model system which incorporates all of the species
and processes shown in Scheme I has been described. Oxygen-
atom-transfer reactions which interconvert [Mo"'0,]?* and
[Mo!VO]?* centers are well-established.*”® In contrast, the re-
generation of a [MoY'0,]?* center by two one-electron processes
initiated on a [MoVO(X)]™ (X = OH" or H,O from water) center
has not been demonstrated. Progress in ligand design has been
able to inhibit the condensation of mononuclear MoV (4d')
species’"!2 and has allowed characterization of the enzymatically
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relevant [MoY0,]* and [MoVO(OH)]?* centers in solution.!!:12
However, a combination of redox potentials and reaction rates
which allows observation of the full cycle has not been found to
date. This communication reports that a model based upon
LMo"10,(SPh) [L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate
anion] has that necessary combination: observed reactions are
outlined in Scheme II. The facially tridentate pyrazolylborate
ligand inhibits dinucleation and restricts chemistry to the re-
maining facial sites; an accurate model of the crucial oxo-ligand
based chemistry taking place at the enzyme active site is thereby
facilitated. In addition, a [MoYO,]* center has been isolated in
substance for the first time.

Brown LMo"!0,(SPh) is produced conveniently from the re-
action of LMoO,Br, HSPh, and NEt; in dichloromethane.!> In
DMF or MeCN, oxygen atom abstraction by PPh,® leads to an
intermediate which behaves as if it were coordinatively-unsaturated
LMo'VO(SPh) or weakly solvated LMo'YO(SPh)(solvent). It can
be trapped as LMo'YO(SPh)(py) in pyridine (85% yield) or,
oxidatively, as mononuclear LMoVOCI(SPh) in CH,Cl, (52%
yield) or as binuclear [LMoYO(SPh)],0 in dry toluene (13%
yield). Unreacted LMo"'O,(SPh) is the source of oxidizing
equivalents in the latter case:

“LMo!O(SPh)” + LM0"!0,(SPh) — [LMo"O(SPh)],0

Addition of Me,SO to the Mo!Y complexes above regenerates
LMoO,(SPh) in greater than 90% isolable yield.
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spectroscopic properties identical to those previously reported.
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However, in wet tetrahydrofuran or toluene, the reaction takes
a different course: LMoYO(OH)(SPh) is detected directly via
its EPR spectrum (g, 1.953; a(>**"Mo), 43.3 X 10™* cm™; a('H),
13.1 X 10 cm™! in toluene; cf. refs 11 and 12). This species
cannot be generated from preformed [LMoYO(SPh)],0 under
the same conditions, and the reaction would appear to involve an
intermediate aquo—Mo(IV) complex:

LMo!YO(OH,)(SPh) + LMo"'0,(SPh) —
2LMoYO(OH)(SPh)

Certainly, LMoYO(OH)(SPh) can be trapped oxidatively as
LMo"!'0,(SPh) with O, in 85% isolated yield. Water, not di-
oxygen, is the source of the oxo ligand: use of H,'®0 (95 atom
% 130) under anaerobic conditions with a prolonged incubation
at the MoV level followed by admission of *O, provides material
enriched with 80 atom % '*0.!* Use of H,’O (51.5 atom % '70)
leads to clearly resolved 7O structure in the EPR spectrum of
the LMoYO(OH)(SPh) intermediate (2('’0), ca. 7 X 10 cm™;
cf. ref 15). The two-electron Mo"! to Mo!V step is slower than
the one-electron Mo!Y to MoV step preventing direct access to the
putative LMo!YO(OH,)(SPh) intermediate. In the presence of
dioxygen and an excess of PPh;, production of OPPh, is catalytic
in Mo. Initial experiments indicate that at least 100 turnovers
are possible with 98% isolated yields of OPPh;.!6

We have also achieved the first isolation of a dioxo~Mo(V)
complex by the one-electron reduction of LMoO,(SPh). Estimates
of the relevant one-electron couples in MeCN suggested that the
right-hand side is favored in the following equilibrium:

LMoY'0,(SPh) + CoCp, <= [LM0YO,(SPh)]" +

[CoCpy]* K, ca. 10°

In acetonitrile, mixing of the reactants on the left-hand side leads
to the rapid precipitation of green, microcrystalline, air-sensitive
[CoCp,] [LMoYO,(SPh)] (Cp = °-CsHs).!”  Isotope (‘*0)
labeling studies unambiguously identify a strong v(MoO) band
at 767 cm™ in the anion and provide evidence for a second »(MoO)
band at 864 cm!, the assignment of which is complicated by
interfering [CoCp,]* and "SPh bands. These values are extremely
low in energy relative to those observed in LMo"!O,(SPh) (922
and 889 cm™) and are consistent with the weakening of the Mo-O
bonds expected due to population of the three-center 7* component
of a cis-MoQO, bonding scheme. In MeCN, cyclic voltammetry
reveals the separate and characteristic Mo"'0,/MoY0, and
[CoCp,]*/CoCp, couples associated with the component ions.

Dissolution of [CoCp,][LMoY0,(SPh)] in CH,Cl, at room
temperature initially produces a broad EPR signal (g, 1.920;
a(®***"Mo), 41 X 107* cm™; W,;, 1 mT) characteristic of
[MoV0,]* centers.!"'2 Over time, the signal is replaced by that
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of the conjugate acid LMoVO(OH)(SPh) via reaction with trace
H,0. Upon freezing this solution at 77 K, the highly anisotropic
spectrum of [LMoYO,(SPh)]~ (g values; 1.991, 1.931, 1.843)
appears, presumably due to the equilibrium being shifted toward
the conjugate base by freezing out of H,0.

Dioxygen rapidly and quantitatively oxidizes [LMoYO(SPh)]"
to LMo"!O,(SPh). Reaction of [LMoYO,(SPh)]~ with Me,SiCl
produces LMoVO(OSiMe;)(SPh) in 92% isolated yield. When
these reactions are performed on 20 labeled anion there is no
significant loss of the label in the products. The related
LMoYO(0SiMe;)(SCH,Ph) complex may be similarly produced
and has been characterized by X-ray crystallography.’® In turn,
LMoO(OSiMe;)(SPh) can be reduced to LMo'YO(SPh)(py)
(Scheme II) by reaction with CoCp,. Notably, we have been
unable to observe any two-electron (i.e., oxygen atom transfer)
chemistry with [LMoVO,(SPh)]~. This may be the reason that
[MoYO,]* centers have never been detected during enzyme
turnover.
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The oxothio-molybdenum(VI) active site proposed! for oxidized
xanthine oxidase and related enzymes is supported by EXAFS
studies? and, indirectly, by strong EPR evidence for [MoYOS]*
and [MoYO(SH)]?* centers in enzyme'?¢ and model systems.>*
However, [MoOS]?* complexes are extremely rare and are gen-
erally quite unstable.* Thus, the synthesis of a model for the

(1) (a) Williams, R. J. P.; Wentworth, R. A. D. In Proceedings of the First
Climax Conference on the Chemistry and Uses of Molybdenum; 1973;p 212,
(b) Molybdenum Enzymes; Spiro, T. G., Ed.; Wiley: New York, 1985. (c)
Bray, R. C. Quart. Rev. Biophys. 1988, 21, 299.

(2) (a) Bordas, J.; Bray, R. C.; Garner, C. D.; Gutteridge, S.; Hasnain,
S.S. J. Inorg. Biochem. 1979, 11, 181. (b) Bordas, J.; Bray, R. C.; Garner,
C. D.; Gutteridge, S.; Hasnain, S. S. Biochem. J. 1980, 191, 499. (c) Tullius,
T. D.; Kurtz, D. M.; Conradson, S. D.; Hodgson, K. O. J. 4m. Chem. Soc.
1979, 101, 2777. (d) Cramer, S. P.; Hille, R. J. Am. Chem. Soc. 1988, 107,
8164. (e) Turner, N. A,; Bray, R. C.; Diakun, G. P. Biochem. J. 1989, 260,
563. (f) Cramer, S. P., Wahl, R; Rajagopalan, K. V. J. Am. Chem. Soc.
1981, 103, 7721. (g) Hille, R.; George, G. N.; Eidsness, M. K.; Cramer, S.
P. Inorg. Chem. 1989, 28, 4018.

(3) (a) Wilson, G. L.; Kony, M; Tiekink, E. R. T.; Pilbrow, J. R.; Spence,
J. T.; Wedd, A. G. J. Am. Chem. Soc. 1988, 110, 6923. (b) Wedd, A. G;
Spence, J. T. Pure Appl. Chem. 1990, 62, 1055. (c) Singh, R.; Spence, J. T.;
George, G. N.; Cramer, S. P. Inorg. Chem. 1989, 28, 8. (d) Wilson, G. L.;
Greenwood, R. J; Pilbrow, J. R.; Spence, J. T.; Wedd, A. G. J. Am. Chem.
Soc. 1991, 113, 6803.

(4) Xiao, Z.; Enemark, J. H.; Wedd, A. G.; Young, C. G. Work in
progress. Complexes such as [{HB(Me;pz);}MoOSX]~ and {HB(Me,pz),}-
MoO(SH)X (X = SR") may be generated in solution and have been char-
acterized by EPR spectroscopy.

0002-7863/92/1514-9195$03.00/0 © 1992 American Chemical Society



