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A Water-Active Model of the Arsenite Oxidase Molybdenum Center
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Combined CEPT (coupled electron–proton transfer)/OAT
(oxygen atom transfer) reactions were accomplished in
(Bu4N)2[MoIVO(bdtCl2)2] (1) and (Bu4N)2[MoVIO2(bdtCl2)2]
(2) complexes in aqueous media. The reaction mechanism of
the CEPT reaction was analyzed electrochemically and the
conversion of 1 to 2 was revealed to proceed by a two-proton

One of the most challenging themes in the field of
bioinorganic chemistry is to develop active site models that
work in aqueous media. The molybdenum-containing oxo-
transferases typically utilize water as the ultimate source
or sink of oxygen in the overall catalytic reaction, and the
reaction is combined with coupled electron–proton transfer
(CEPT) and oxygen atom transfer (OAT) reactions.[1] Thus,
a model of the catalytic centers is an intriguing target.
Interestingly, in all members of the DMSO reductase fam-
ily, the molybdenum center consists of reduced (MoIV) and
oxidized (MoVI) states, and is essentially coordinated by
two dithiolene ligands.[1]

A large number of OAT reactions from the enzymatic
substrates, R3NO, R�2SO, or SeO4

2–, to the MoIV com-
plexes that have two dithiolene ligands have been used to
model some reductases.[2] Furthermore, OAT reactions
from MoVI complexes having two dithiolene ligands to sub-
strates have also been extensively explored.[3] However, the
CEPT process has yet to be accomplished with Mo com-
plexes having dithiolene ligands. Even in the large number
of mononuclear MoVI complexes reported,[4] only two com-
plexes have been reported to promote CEPT processes.
[LMoIVO(py)(SC6H5)] and [LMoIV(p-O-C6H4-OC2H5)2]-
NO3 [L = hydrotris(3,5-dimethyl-1-pyrazolyl-borato)] were
successfully converted to [LMoVIO2(SC6H5)] and
[LMoVIO(p-O-C6H4-OC2H5)2]NO3, respectively, in water-
containing solvents by two-step CEPT processes, and the
resulting MoVI complexes exhibited OAT reactions.[5]
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two-electron oxidative process. The structural and reaction
profiles provide a new model for the arsenite oxidase cata-
lytic center.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

We report herein the first example of chemistry that com-
bines CEPT/OAT reactions in molybdenum complexes hav-
ing dithiolene ligands. The (Bu4N)2[MoIVO(bdtCl2)2] com-
plex (1) (bdtCl2 = 3,6-dichloro-1,2-benzenedithiolate) is
readily converted to (Bu4N)2[MoVIO2(bdtCl2)2] (2) in aque-
ous media (CH3CN/H2O, 5:7) by a CEPT process, and 2
further transfers the oxygen atom to arsenite. The structures
and conversion process of 1/2 are very similar to those of
the molybdenum center in arsenite oxidase (A.O.)
(Scheme 1).[6] The reaction mechanism of the CEPT reac-
tivity of 1 and a difference in the reactivity of 1, 3 of bdt,
and 5 of mnt are discussed (Figure 1: bdt = 1,2-benzenedi-
thiolate and mnt = maleonitrile-1,2-ethylenedithiolate).

Scheme 1. Catalytic cycle mediated by the active site in arsenite
oxidase.

Figure 1. Structures of [MoIVO(dithiolene)2]2– and [MoVIO2(di-
thiolene)2]2– complexes.
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We have newly synthesized 1 because the solubility of

previously reported (Et4N)2[MoO(bdtCl2)2][3e] in aqueous
media is very low. Five coordinate complex 1 exhibited one
reversible MoV/IV redox couple at 0.04 V (versus SCE) in
CH3CN/H2O (5:7) solution (pH = 9.0).[7] As the pH of the
solution was increased from 9.0 to 12.5, the intensity of the
current for the anodic process (Epa) increased, whereas that
of the cathodic process (Epc) decreased (Figure 2, inset).
This observation indicates that 1 is irreversibly oxidized at
high pH. The electrolysis of the solution at pH = 12.0 and
E = 0.2 V was monitored by electronic spectral changes
(Figure 2). As the electrolysis proceeded, the band centered
at 540 nm increased in intensity and the color of the solu-
tion changed from yellow to red. The final spectrum was
consistent with the electronic spectrum of 2. A coulometric
measurement during the electrolysis confirmed this reaction
to be a two-electron oxidative process.

Figure 2. Electronic spectral changes during electrolysis of 1
(3.5·10–4 ) at 0.2 V (versus SCE) in CH3CN/H2O (5:7) pH = 12.0.
Spectra were recorded every six minutes. (inset) pH-dependent cy-
clic voltammograms (pH = 9.0, 11.3, 11.8, and 12.1, scan rate =
100 mVs–1) of 1 (5.4·10–4 ) in CH3CN/H2O (5:7).

Similarly, chemical oxidation of 1 with 2 equiv. of
K3[Fe(CN)6] in the presence of 2 equiv. of tBuOK in
CH3CN/H2O (5:7) yielded (Bu4N)2[MoO2(bdtCl2)2] (2).
Isolated 2 exhibited ν(Mo=O)asym at 836 cm–1 (IR: solid)
and an ESI-MS peak cluster attributed to
{[MoVIO2(bdtCl2)2]2– + Bu4N+}– (in CH3CN). When 98%
H2

18O was used instead of H2O, (Bu4N)2[MoVI-
O18O(bdtCl2)2] (2a) was stoichiometrically formed and iso-
lated in 95% yield, which exhibited ν(Mo=O)asym at
801 cm–1 (IR: solid) and gave an ESI-MS peak cluster at-
tributed to {[MoVIO18O(bdtCl2)2]2– + Bu4N+}– (in CH3CN,
Figures 3 and S1).

In nonaqueous CH3CN, 2 was obtained from 1 in the
presence of Bu4NOH by the CEPT process.[8] The reversible
MoV/IV couple at –0.07 V[3e] became an irreversible wave
upon addition of Bu4NOH to the CH3CN solution of 1,
increasing and decreasing the current intensities of Epa and
Epc, respectively. A plot of the ∆Ipa value against
[Bu4NOH]/[1] indicated that 2 equiv. of Bu4NOH was con-
sumed in the conversion of 1 to 2 (Figure S2). The coulo-
metric and UV/Vis measurements (Figure S3) during the
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Figure 3. IR (solid) and ESI-MS (in CH3CN) spectra of 2 (upper)
with those of 2a (lower).

electrolysis at 0.2 V also supported that the conversion of 1
to 2 was a two-electron oxidative process.

The above results obtained in aqueous and CH3CN solu-
tions of 1 clearly indicate that the conversion of 1 to 2 oc-
curs by a two-proton two-electron oxidative process. Be-
cause the irreversible structural change of 1 to 2 obeys the
electrochemical EC mechanism, OH– binding with [MoVO-
(bdtCl2)2]– is involved in the rate-determining step
(Scheme 2).[9] Stoichiometries of the conversions from 1 to
2 in CH3CN/H2O (5:7) and CH3CN solutions are described
in Equations (1) and (2). The reaction mechanism from 1
to 2 is quite different from that of the pyrazolylborate sys-
tem.[5] The MoO2 core having two bdtCl2 ligands is formed
in the MoVI state and a MoV species was not detected dur-
ing the CEPT process. However, both [LMoVIO2(SC6H5)]
and [LMoVIO(p-O-C6H4-OC2H5)2]NO3 are formed by two-
step CEPT processes, in which the MoO2 and MoO cores,
respectively, are formed in the MoV states; the intermediates
[LMoVO2(SC6H5)]– and [LMoVO(p-O-C6H4-OC2H5)2] have
been characterized.[5,10] Furthermore, the coordination
number of the molybdenum center changes from five to six
when 1 is converted to 2 in our system, whereas the molyb-
denum centers maintain their six coordination structures in
both the MoIV and MoVI complexes in the pyrazolylborate
system. The electrochemical behavior of 1 is similar to that
of the molybdenum center of arsenite oxidase; in both sys-
tems, five coordinate MoIVO is converted to six coordinate
MoVIO2 by a two-proton two-electron process.[6]

[MoIVO(bdtCl2)2]2– (1)+ H2O�
[MoVIO2(bdtCl2)2]2– (2)+ 2H+ +2e– (CH3CN-H2O) (1)

[MoIVO(bdtCl2)2]2– (1)+2OH– �
[MoVIO2(bdtCl2)2]2– (2)+ H2O+2e– (CH3CN) (2)

[MoIVO(bdt)2]2– (3) and [MoIVO(mnt)2]2– (5) exhibited
markedly different reactivities in the CEPT process from
that of 1 under the same conditions ([Mo] = 0.5 m). Com-
plex 3 was converted to [MoVIO2(bdt)2]2– (4) in CH3CN by
a CEPT process in the presence of 2 equiv. of Bu4NOH;
however, 3 did not afford 4 by the CEPT process in
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Scheme 2. Proposed mechanism for the conversion of 1 to 2 by the
CEPT process in CH3CN/H2O (5:7) [Equation (1)] and CH3CN
[Equation (2)] solutions, and further oxygen atom transfer.

CH3CN/H2O (5:7). An aspect of the reversible MoV/IV wave
at –0.20 V in CH3CN/H2O (5:7) was intact up to pH = 14,
and the electrolysis of the solution at 0.1 V resulted in the
formation of [MoVO(bdt)2]–. On the other hand, 5 decom-
posed to Mo2O7

2– by oxidative electrolysis at 0.55 V (versus
SCE) both in CH3CN/H2O (5:7) and CH3CN solutions.[11]

The drastic difference in the reactivities observed among 1,
3, and 5 may be based on the electron donating properties
of the dithiolene ligands employed, which controls the sta-
bility of each MoVO center. The values of the MoV/IV cou-
ples (0.04 for 1, –0.20 V for 3,[2a] and 0.45 V for 5[3a] in
solutions of CH3CN/H2O) indicate that the electron donat-
ing properties of the dithiolene ligands increases in the or-
der bdt � bdtCl2 � mnt. The comparison of the CEPT
reactivity of 1 with those of 3 and 5 suggests that bdtCl2
offers a MoVO center with suitable acidity to bind OH– to
afford a MoVO(OH) complex which undergoes successive
CEPT processes without decomplexation (Scheme 2).[12]

The bdt ligand probably provides a weaker acidic MoVO
center. Thus, the MoVO complex is stable, less reactive, and
does not readily bind to OH– in aqueous media, in where
the activities of both the MoVO center and the OH– anion
are decreased by the buffer action of H2O. Therefore,
MoVO can bind the OH– anion of Bu4NOH in the CH3CN
solution, in where the activities of both the MoVO center
and the OH– anion are increased by solvent effects. Con-
versely the mnt ligand provides a MoVO center with high
acidity. Because the MoVO center is too unstable, it can be
concluded that MoVO(OH) decomposes by oxidative hy-
drolysis before the complex undergoes the CEPT process,
although the decomplexation process is unclear at this
stage.

It was found that 2 stoichiometrically oxidized AsO2
–

and PPh3 to AsO3
– and OPPh3, respectively, and was con-

verted to 1 in the CH3CN/H2O solution (Scheme 2).[13]

The present study has achieved, for the first time, a com-
bination of CEPT/OAT reactions in aqueous media for mo-
lybdenum complexes having dithiolene ligands (Scheme 2).
The MoIVO complex of bdtCl2, 1, was converted into the
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MoVIO2 complex, 2, by a one-step CEPT process and the
reaction mechanism was analyzed electrochemically. The
similarity of the reaction profile of our system with that
of the molybdenum center of the arsenite oxidase system
suggests that this model can be very helpful in understand-
ing the reaction mechanism occurring at the molybdenum
center of the arsenite oxidase as well as to develop active
site models that work in water.

Experimental Section

General: All reagents and solvents were used as received unless
otherwise noted. CH3CN was dried with CaH2 and then P2O5 and
distilled under an atmosphere of nitrogen prior to use. A dry 10%
Bu4NOH/CH3OH solution was purchased from Tokyo Chemical
Industry (TCI) and stored in the presence of molecular sieve. Each
reaction was carried out under an atmosphere of argon in either a
Schlenk tube or a Miwa DB0–1KP glove box.

Preparations: All complexes were synthesized under an atmosphere
of nitrogen. Complexes 3 and 5 were prepared as described in the
literature.[2a,3a]

(Bu4N)2[MoIVO(bdtCl2)2] (1) was prepared in the same manner
as (Et4N)2[MoIVO(bdtCl2)2][3e] with the use of (Bu4N)2[MoVI-
O2(bdtCl2)2] (2) instead of (Et4N)2[MoVIO2(bdtCl2)2].[3e]

C44H76Cl4MoN2OS4 (1015.12): calcd. C 52.06, H 7.55, N 2.76;
found C 51.99, H 7.53, N 2.76.

(Bu4N)2[MoVIO2(bdtCl2)2] (2): Method A: 1 (13.9 mg,
0.014 mmol), K3[Fe(CN)6] (9.2 mg, 0.028 mmol), and tBuOK
(3.1 mg, 0.028 mmol) were dissolved in CH3CN/H2O (5:7, 300–
420 µL). The red solution was concentrated to about 300 µL. Red
microcrystalline powder precipitated out of the solution, which was
collected by filtration. Yield: 13.7 mg (95%). C44H76Cl4MoN2O2S4

(1031.11): calcd. C 51.25, H 7.43, N 2.72; found C 50.90, H 7.41,
N 2.61. Method B: 2 was prepared in the same manner as (Et4N)2-
[MoVIO2(bdtCl2)2][3e] with the use of Bu4NOH instead of Et4NOH.

(Bu4N)2[MoVIO18O(bdtCl2)2] (2a) was prepared by method A as
per 2 with the use of 98% H2

18O instead of H2O. Yield: 13.7 mg
(95%). C44H76Cl4MoN2O18OS4 (1033.11): calcd. C 51.15, H 7.41,
N 2.71; found C 51.29, H 7.58, N 2.74.

Physical Measurement: FTIR spectra were recorded with a Perkin–
Elmer Spectrum One. UV/Vis spectra were recorded with a Un-
isoku USP-801 spectrometer with an optical fiber attachment. Mo-
lar absorption coefficients were corrected by measuring [Ru(2,2�-
bipyridyl)3](PF6)2 as an authentic sample. GC- and ESI-MS spectra
were recorded with a Shimazu GC–MS-QP5050A and a JEOL
JMS-700S, respectively. Cyclic voltammograms were recorded un-
der an atmosphere of nitrogen with the use of a Hokuto Denko
HZ-3000 potentiostat. A three-electrode configuration consisting
of a glassy-carbon working electrode, a SCE reference electrode,
and a platinum counter electrode was used.

Supporting Information (see footnote on the first page of this arti-
cle): The isotope distribution pattern of the calculated mass spec-
trum as {[MoO18O(bdtCl2)2]2– +Bu4N+}– (Figure S1), cyclic vol-
tammograms of 1 in CH3CN in the presence of 0–2 equiv.
Bu4NOH and a plot of ∆Ipa versus [Bu4NOH]/[1] (Figure S2), and
electronic spectral changes during electrolysis of 1 in the presence
of 2 equiv. Bu4NOH at 0.2 V (versus SCE) in CH3CN (Figure S3).



Molybdenum Complex that Promotes CEPT and OAT Reactions SHORT COMMUNICATION

Acknowledgments

The authors are grateful to Professor Koji Tanaka of the Institute
for Molecular Science for valuable comments. This work was partly
supported by a grant for Scientific Research (No. 18750052 to
H. S.).

[1] a) R. Hille, Chem. Rev. 1996, 96, 2757–2816; b) S. J. N. Burg-
mayer, Prog. Inorg. Chem. 2004, 52, 491–537; c) J. Kuper, A.
Liamas, H. J. Hecht, R. Mendel, G. Schwarz, Nature 2004, 430,
803–806.

[2] a) S. Boyde, S. R. Ellis, C. D. Garner, W. Clegg, J. Chem. Soc.,
Chem. Commun. 1986, 1541–1543; b) D. Coucouvanis, A. Had-
jikyriacou, A. Toupadakis, S.-M. Koo, O. Ileperuma, M. Dra-
ganjac, A. Salifoglou, Inorg. Chem. 1991, 30, 754; c) H. Oku,
N. Ueyama, A. Nakamura, Inorg. Chem. 1995, 34, 3667; d) H.
Oku, N. Ueyama, A. Nakamura, Inorg. Chem. 1997, 36, 1505–
1516; e) E. S. Davies, R. L. Beddoes, D. Collison, A. Dinsmore,
A. Docrat, J. A. Joue, C. R. Wilson, C. D. Garner, J. Chem.
Soc., Dalton Trans. 1997, 3985–3995; f) B. S. Shim, R. H.
Holm, J. Am. Chem. Soc. 2001, 123, 1920–1930; g) H. Sugim-
oto, M. Harihara, M. Shiro, K. Sugimoto, K. Tanaka, H. Tsu-
kube, Inorg. Chem. 2005, 44, 6386–6392; h) H. Sugimoto, T.
Sakurai, H. Miyake, K. Tanaka, H. Tsukube, Inorg. Chem.
2005, 44, 6927–6929; i) K. Baba, T. Okamura, C. Suzuki, H.
Yamamoto, T. Yamamoto, M. Ohama, N. Ueyama, Inorg.
Chem. 2006, 45, 894–901; j) J.-J. Wang, C. Tessier, R. H. Holm,
Inorg. Chem. 2006, 45, 2979–2988; k) H. Sugimoto, R. Tajima,
T. Sakurai, H. Ohi, H. Miyake, S. Itoh, H. Tsukube, Angew.
Chem. Int. Ed. 2006, 45, 3520–3522.

[3] a) S. K. Das, P. K. Chaudhury, D. Biswas, S. Sarkar, J. Am.
Chem. Soc. 1994, 116, 9061–9070; b) N. Ueyama, H. Oku, M.
Kondo, T. Okamura, N. Yoshinaga, A. Nakamura, Inorg.
Chem. 1996, 35, 643–650; c) C. Lorber, M. R. Plutino, L. I.
Elding, E. Nordlander, J. Chem. Soc., Dalton Trans. 1997,
3997–4003; d) G. C. Tucci, J. P. Donahue, R. H. Holm, Inorg.
Chem. 1998, 37, 1602–1608; e) H. Sugimoto, M. Tarumizu, K.
Tanaka, H. Miyake, H. Tsukube, Dalton Trans. 2005, 3558–
3565.

[4] a) J. H. Enemark, C. G. Young, Adv. Inorg. Chem. 1993, 41, 1–
88; b) J. H. Enemark, J. J. A. Cooney, J.-J. Wang, R. H. Holm,
Chem. Rev. 2004, 104, 1175–1200; c) J. McMaster, J. M. Tun-
ney, C. D. Garner, Prog. Inorg. Chem. 2004, 52, 539–583.

[5] a) Z. Xiao, C. G. Young, J. H. Enemark, A. G. Wedd, J. Am.
Chem. Soc. 1992, 114, 9194–9195; b) Z. Xiao, M. A. Bruck,

Eur. J. Inorg. Chem. 2006, 4494–4497 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4497

J. H. Enemark, C. G. Young, A. G. Wedd, Inorg. Chem. 1996,
35, 7508–7515; c) V. N. Nemykin, S. R. Davie, S. Mondal, N.
Rubie, M. L. Kirk, A. Somogyi, P. Basu, J. Am. Chem. Soc.
2002, 124, 756–757.

[6] a) P. J. Ellis, T. Conrads, R. Hille, P. Kuhn, Structure 2001, 9,
125–132; b) T. Conrads, C. Hemann, G. N. George, I. J. Picker-
ing, R. C. Prince, R. Hille, J. Am. Chem. Soc. 2002, 124, 11276–
11277; c) K. R. Hoke, N. Cobb, F. A. Armstrong, R. Hille, Bio-
chemistry 2004, 43, 1667–1674.

[7] Because 1 still does not dissolve in H2O, mixed solvent,
CH3CN/H2O (5:7), was used instead. This ratio offered a maxi-
mized %volume of H2O.

[8] A dry 10% Bu4NOH/CH3OH solution was used.
[9] The MoIV center of 1 does not bind H2O or OH– because the

Epa value of the MoIV/V couple and the electronic spectrum did
not change at high concentrations of OH–. [MoVO(bdtCl2)2]–

that was characterized structurally and spectroscopically[3e] was
stable only in aqueous media at pH � 9 and in CH3CN.

[10] Recently, it was reported that [MoVI(bdt)3] was converted to
[MoVIOH(bdt)3]2– in the presence of H2O, and the two
[MoVI(OH)(bdt)3]– oxidized one PPh3 to give one OPPh3, one
H2O, and two [MoV(bdt)3]–. In that case, the six coordination
structure of [Mo(bdt)3]n– may require a MoVI center of strong
acidity to bind OH–, whereas in the case of [MoO(bdtCl2)2]n–,
the MoV center can bind OH– because of the five coordinate
structure. A. Cervilla, F. Perez-Pla, E. Llopis, M. Piles, Inorg.
Chem. 2005, 44, 4106–4108.

[11] Mo2O7
2– was identified by ESI-MS of the solution. Sarkar et

al. reported that the oxidation of [MoO(mnt)2]2– resulted in the
formation of MoO4

2–.[3a] In solution, Mo2O7
2– and MoO4

2– are
in an acid–base equilibrium.

[12] The ν(MoIV,V=O) stretching values (IR: solid) 910 and
941 cm–1 for the bdtCl2 complexes, 905 and 935 cm–1 for the
bdt complexes, and 928 cm–1 [ν(MoIV=O)] for the mnt complex
support that the order of acidity of the molybdenum centers is
bdt � bdtCl2 � mnt. The MoV complex of mnt is too unstable
to be isolated and characterized.[3a]

[13] The stoichiometric oxidations of PPh3 and AsO2
– by 2 were

confirmed by 1H NMR, UV/Vis, and ESI-MS spectroscopy.
However, the reaction mechanism of the oxidation of AsO2

– by
2 could not be analyzed because the reaction was too fast to
follow. The oxidation of PPh3 by 2 was kinetically analyzed in
ref.[3e]

Received: August 25, 2006
Published Online: October 12, 2006


