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Recent EPR and EXAFS studies indicate the
presence of an OH ligand at the Mo center in the
reduced states of sulfite oxidase (SO) and nitrate
reductase (NR), and an SH ligand in the reduced
states of xanthine oxidase (XO) and xanthine
dehydrogenase (XDH) [1-3]. The observed super-
hyperfine coupling of a 'H in the Mo(V) EPR signal
of these enzymes is believed to arise from the OH or
SH proton* [1, 3].

The only nonenzymatic 'H EPR coupling of
an OH proton to Mo(V) is that observed upon photo-
lysis of single crystals of [RNH;]¢[M0,0.4]+3H,0
[4], while no nonenzymatic Mo(V) SH proton coupl-
ings have been reported.

We have synthesized new cis-dioxo-Mo(VI) com-
plexes (I-III) with sterically bulky ligands which
undergo one electron reversible electrochemical
reduction on both the cyclic voltammogramic and
coulometric time scales to give Mo(V) monomers
[5]. We report here EPR evidence for the formation
of [MoO;L]™, cis-MoO(OH)L, [MoO(S)L]™ and
cis-MoO(SH)L species obtained in solution by electro-
chemical reduction of these MoO, L compiexes under
appropriate conditions. The X-ray structure of 1
indicates a cis-dioxo structure with approximate
G, symmetry [6].
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The EPR spectra of frozen (77 K) solutions of
reduced I-III exhibit extreme rhombicity, with
exceptionally low (g) values and large *>*’Mo hyper-
fine splittings (Fig. 1, Table I). Room temperature
EPR spectra are correspondingly broad (~3.3 mT).

*The 'H coupling refers to the strongly coupled protons.
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TABLE I. Anisotropic EPR Parameters?

g1 &2 £} %9 Mo (mT)

A1 Ay A,

[MoO,L}~® 1980 1.908 1.777 3.6 3.7 100
[MoO(S)L]™® 1.978 1909 1.836 59 32 1.0

30btained directly from spectra, 77 K. °From Complex

II1, 0.10 M [(n-Bu)4N][BF,4], MeCN.

TABLE II. Isotropic EPR Parameters®

& 4> mT)
95,97M0 lH llF

[MoO,L]™ 1.885 5.5
[MoO(S)L]™ 1.904 5P
cis-MoO(OH)L 1.926 5.2 1.2
cisMoO(O’H)L  1.927 5.2
¢is-MoO(SH)L 1.936 4.8 1.0
cisMoO(S®H)L  1.935 48
cis-MoOFL® 1.920 5.7 1.5
xo¢ 1.27
so°® 0.95 0.53
NR? 1.20
NR® 0.85 0.77

3Room temperature, 0.10 M [(n-Bug)N] [g}F‘;], MeCN.
Except for cis-MoOFL, from Complex IIL Estimate only
because of large line width of signal. °From Complex I
dRapid type 1 signal [3]. ®Low pH form [3]. fSpinach
NR [2]. BE. coli NR [2}.

Treatment of the reduced solutions with an equiv-
alent of CF;COOH gives room temperature EPR
spectra typical of oxo-Mo(V) complexes (higher (g}
values, and much narrower line widths) [7], except
for the presence of doublets in both the /=0 and / =
5/2 features. The same treatment with CF;CO0,H
in the presence of *H,O results in collapse of the
doublet structures, indicating the splitting arises
from coupling of a single 'H (Fig. 2, Table II). Addi-
tion of an equivalent of CF;COOH followed by 5
equivalents of [(n-Bu);N]F gives a new doublet at
lower (g), exhibiting '°F splitting [8]. These results
are interpreted in Scheme 1. Similar reversible coupl-
ed electron—proton transfers involving pH depen-

2 H
MoO,L == [MoO,L]~ = cis-MoO(OH)L
-1.45V
vs. SCE

cis-MoO(0O?H)L cis-MoOFL

H/’H,0 |F~

Scheme 1.
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Fig. 1. X-band EPR signals in MeCN, 0.10 M [(n-Bu)4}[BF4], 77 K. (a) Electrolysis of 1.92 X 107 M M at —1.450 V (vs, SCE).
(b) Addition of 1.92 X 1073 M CF3;COOH followed by 3.27 X 1072 M [(n-Bu),N] SH to solution in {a).

dent equilibria occur in the Mo enzymes. Formula-
tion of the initial one-electron reduced species of
I-11T as [MoO,L] " is based on the reversible electro-
chemistry, unusual EPR signals, and reactions of
the reduced species with H', SH™ and F~*. The EPR
spectra of both MoO(OH)L and MoOFL are consis-
tent with cis structures {7, 8].

Treatment of the reduced solution of II with
an equivalent of CF;COOH followed by excess [(n-
Bu)4N] SH results in the formation of a second broad

*The interpretation of frozen oxo-Mo{V) EPR spectra
generally assumes octahedral or square pyramidal geometry
with the z axis along the Mo-oxo bond, and the unpaired
electron in the dy, orbital, orthogonal to the oxo group {7].
This is the first report of dioxo-Mo(V), however, and neither
the geometry nor the electronic structure is known; place-
ment of the dyy orbital in the plane of the two oxo groups
with octahedral geometry, e.g., might resuit in considerably
different EPR parameters. The extreme rhombicity indicates
the presence of large spin orbit coupling.
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1.926
(b)
Fig. 2. X-band EPR signals in MeCN, 0.10 M [(n-Bu)4N] [BF4], room temperature. (a) Electrolysis of 2.00 X 1072 M 1 at
—1.450 V (vs. SCE) followed by addition of 2.00 X 103 M CF3COOH. (b) Electrolysis as in (a) followed by addition of 2.00 X
1073 M CF3C00%H and 1.11 X 1072 M ?H,0.

room temperature signal, similar to that obtained in tion with CF;COOH/H,0 gives a new signal exhibit-
the reduction of MoO,L, but with higher {g); the ing a doublet in the major features. This spectrum,
frozen spectrum is also similar to that obtained from however, is complicated by the appearance of a
initial reduction of MoO,L, but with less rhombicity minor additional peak at higher {g). Identical treat-

(Fig. 1, Table I). Subsequent treatment of this solu- ment with CF;COO*H/*H,0 again results in collapse
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(b)

Fig. 3. X-band EPR signals in MeCN, 0.10 M [(n—Bu)4g[BF4], room temperature. (a) As in Fig. 1b, followed by addition of
5.89 X 107> M CF3COOH and 2.38 X 10”2 M H,0. As in Fig. 1b, followed by addition of 5.89 X 10 ° M CF;COO”H and
7.91 x1073 M %4, 0.
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[MoO(S)L] " ——= c¢is-MoO(SH)L

J [ 2H+/2H20

cis-MoO(S*H)L

Scheme 2.

of the doublet features of the major signal, indicating
the splitting arises from a single 'H, while the minor
peak is unaffected, (Fig. 3, Table I1)*. These results
are interpreted in Scheme 2. The protonated species
are formulated as cis-MoO(SH)L rather than cis-
MoS(OH)L. since {(g) is significantly higher than
for cis-MoO(OH)L. Substitution of sulfido for oxo
in MoYOCI, L’ to give MoVSCL,L' (L' = hydrotris(3,5-
dimethylpyrazolyl)borate) lowers (g} from 1.947 to
1.933 [9]. A similar result would be expected for
cis-MoS(OH)L, since the equatorial ligands remain
the same.

Comparison of the 'H splittings for cis-MoO(OH)L
and cis-MoO(SH)L with the corresponding parameters
for SO, NR and XO strongly supports the presence
of a cis OH (SO, NR) or SH(XO) ligand at the Mo
centers of these enzymes (Table IT). The '°F splitting
observed for cis-MoOFL is significantly larger, how-
ever, than that observed upon addition of F~ to SO
and NR [10] (Table II).

*The anisotropic parameters for [MoO,L]  and [MoO-
(S)L]™ were obtained directly from the frozen spectra. For
the other species, simulation and substitution with 95Mo will
be necessary to obtain accurate values of these parameters.
Loss of OH from a small amount of MoS(OH)L in equilib-
rium with MoO(SH)L would give {MoSL*], possibly the
source of the minor signal.
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