[Mo(Tm™Me)(0),Cl]: An Alternative Functional Model of Sulfite Oxidase
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The hydrotris(methimazolyl)borate anion (Tm“¢) has been used
to synthesize an alternative functional model ([Mo(Tm"€)(0),Cl))
of the metalloenzyme sulfite oxidase. It has been shown that the
complex undergoes oxygen atom transfer chemistry and that it
performs the primary function of the enzyme, sulfite oxidation. A
method using ion chromatography has been developed to
definitively prove that sulfite is oxidized to sulfate. Employment of
a soft tripodal ligand has allowed us to tune the redox potentials
of our complex so that they are significantly closer to those reported
for sulfite oxidase.

The metalloenzyme sulfite oxidase is termed an oxotrans-
ferase, with its primary function being the catalytic oxidation
of sulfite to sulfate. The Mo center is square-pyramidal with
three S donors in the equatorial plane, one from a cysteinyl
side chain and two from a pyranopterindithiolate entity
(Figure 1)* There are also two cis MeO moieties, with
the equatorial O atom being transferred during the catalytic
cycle.

The proposed enzymatic cycle for the oxidation of sulfite
to sulfate involves the interaction of the sulfite anion with
the M0”'=0 moiety. Subsequently, an O atom is transferred
to form the sulfate anion, which is then displaced by
hydroxide from the solvent, giving a Moproduct? Finally,
deprotonation and electron transfer regenerates‘a déoter.

Many complexes have been synthesized as potential

mimics of the active site of sulfite oxida3ed number of

factors must be addressed. The complex must be able to[MO(Tp)(O

undergo O atom transfer (OAT). Also, the ligand should
preclude the irreversible-O dimerization that produces the
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Figure 1. Pyranopterin dithiolate anion (left) and a representation of the
active center of sulfite oxidase (right).

MoV species, [MUy(L)(O)s].t Finally, the ligand must
provide an appropriate coordination sphere for the Mo.

Tripodal N; donor ligands of the tris(pyrazolyl)borate (Tp)
family have frequently been used in the synthesis of models
for a number of different enzymes, including sulfite oxi-
dase’* Although the use of an Ndonor system would seem
a poor substitute for the three S donors, the models
synthesized are currently unmatched by any other system.
Nevertheless, these systems are not able to catalytically
function in the manner of the enzyme and have redox
potentials 0.4 to —1.67 V vs Ag/AgCl in various
solvents)® that are still vastly different from those of sulfite
oxidase (0.13-0.29 V vs Ag/AgCl)¢ hence, there is still
room for improvement. We were interested in using the softer
S analogue of the Tp ligands, hydrotris(methimazolyl)borate
(TmVe),” to synthesize a functional model of sulfite oxidase.
Utilization of this ligand allows us to simply replicate all
three S donors of the active center.

The dark-red, air-stable [Mo(TH§)(O),Cl] (Figure 2) was
synthesized from MogLl,(OPPh), and NaTn¢ in CHCl,
by adaptation of the method used in the synthesis of
).Cl].8° The complex has a distorted octahedral
geometry, with the ligand adopting«d (S,S,S) motif, with
two short and one long -SMo bonds. The two M&O
moieties adopt a cis conformation, which is consistent with
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Figure 2. X-ray crystal structure of [Mo(TH#)(O).Cl]. Selected bond
lengths (A) and angles (deg): M®&1 2.4964(10), Me-S2 2.6426(10),
Mo—S3 2.6607(10), MeOl1l 1.813(3), Me-O2 1.776(3), Me-Cl1
2.3459(11); SEMo—S2 86.06(3), StMo—S3 85.84(3), S2Mo—S3
83.16(3), Clt-Mo—01 100.33(9), Cl+Mo—02 98.43(9), O+Mo—02
104.78(12f

the active center of the enzyme complex. While one of the
M=QO groups in the enzyme is trans to the S donors, the
other is apically opposite to the vacant position in the square-
pyramidal coordination sphere. In comparison, our complex
has both of the ¥=O groups trans to the S donors. The IR
spectrum exhibits two strongMo=0) bands (948 and 902
cm™Y) that correspond to the symmetric and asymmetric
vibrations, respectively. To date, this complex is the highest-
oxidation-state Ti¢ complex reported.

The reaction of [Mo(Tr¢)(O),Cl] with aqueous sodium
sulfite produces a color change from red/oranigg,(= 460
nm) to blue/greeniax = 676 nm), and there is evidence
that this is essentially a two-step process. The addition of
water alone results in a small change in the color and
electronic spectrum of the solution, suggesting hydrolysis
to form a new MJ' species, possibly [Mo(TMf)(O)-
(OHy)]™, with the release of the chloride ion. Subsequent
addition of sulfite results in conversion, to a blue reduced
(probably Md¥) species. However, UVWvisible studies
suggest further subtleties that remain to be investigated.
Sulfate ions are detected in the resulting solutions (vide infra),
implying that the sulfite ions are oxidized at the metal center
with OAT and are then displaced, most probably by water
(egs 3).

Mo"'(Tm“®)(0),Cl] + H,0—
[Mo(Tm")(0),(OH,)] " + CI™ (1)

[Mo"' (Tm"*)(0),(OH,)]" + SO/ —
[Mo"(Tm")(0)(0SO)(OH,)] ™~ (2)

Mo"(TmM®)(0)(0SQ)(OH,)]~ + H,0—
[Mo" (Tm"*)(0)(OH,),]" + SO (3)

The oxidation of sulfite by sulfite oxidase models incor-
porating dithiolene ligands has been previously reported by
Sarkar et at® This reaction has been characterized by the
gravimetric analysis of BaSOHowever, the production of
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Figure 3. IC chromatogram of chloride (2.1 min), sulfite (5.2 min), sulfate
(5.8 min), and the reaction solution.

two anionic species (eqs 1 and 3) allows the proposed
mechanism of the reaction to be probed by ion chromatog-
raphy (IC). The identification of chloride and sulfate ions,
and the absence of sulfite ions, in the chromatogram of the
reaction solution is consistent with the proposed reaction
sequence (Figure 3). Oxidation of sulfite to sulfate in an
aqueous solution is not uncommon. Thus, to ensure that the
observed sulfate peak was generated by the action of the
OAT reaction rather than by the oxidation of sulfite in air,
the reaction was performed in dried, degassed solvents. In
addition, controls carried out in the absence of the Mo
complex do not show appreciable formation of sulfate.

In other studies, reoxidation of Moenzyme models to
the parent MY species has been carried by using suitable
O donors such as dimethyl sulfoxide (DMSO) or water. To
this point, we have not been able to reoxidize our complex.
The use of DMSO as an O donor is not successful because
of the formation of degradation products. However, the use
of RTmMe in future models is expected to eliminate this
degradation pathway.

The catalytic oxidation of sulfite to sulfate causes a
reduction from Md' to MoV. The E;, potential for the
enzyme is reported as 0.29 V (MéMoV couple) and 0.13
V (MoV/Mo"V couple, vs Ag/AgCI¥ The electrochemistry
of previously reported M8 complexes is wide-ranging and
is dependent on the ligand employed. Enemark et al. have
synthesized a series of Schiff base complexes incorporating
N, O, and S donor atonfsFew of these complexes exhibit
reversible electrochemical behavior, with the lowest reduction
potential being at-0.48 V (vs Ag/AgCl).

Many tripodal ligands have also been utilized in the
endeavor to produce redox-active Wspecies. Of particular
interest to us are the analogous family of Tp complexes. A
variety of complexes of the general formula [Mo(L)¢X)*
(where L= TpR and X = CI, Br, NCS, OMe, OEt, OPh,
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reactions often produce binuclear compleke$he use of
S donor atoms, however, facilitates OAT reactions, yielding
mononuclear MY complexes?

Tertiary phosphines are commonly used substrates in OAT
reactions, with many studies being carried out on systems
analogous to ours. Again, there is no published literature on
the use of the direct analogoue [Mo(Tp)tOl); however,
extensive work has been carried out using [Mo(Tp*}Q}°
and [Mo(T@")(0).X].** The utilization of the S-containing,
facially capping Trife ligand should alter the electronics of
5] the Mo complex, facilitating OAT. Thé'P NMR spectrum
Figure 4. Voltammogram of [Mo(Tr€)(O),Cl] in DCM at 100 mV s, of the reaction of [Mo(Tri¢)(O).Cl] with PPh; shows
Electrochemically quasi-reversible reduction wave-at39 V (Mo"'/MoY unreacted PRfatd —4.71 and the OPRIproduct at 28.16.

couple) and an irreversible reduction wave-#.71 V (Mo’/Mo" couple The NMR shows a modest 10% conversion of PRh
vs Ag/AgCl). OPPh

SPr, SPh, SCkPh) have been investigated. Again, com-  BY utilizing the tripodal ligand Te in our endeavor to
plexes show reversible and irreversible electrochemical model sulfite oxidase, we have successfully synthesized a
processes depending on the ligand used. Nevertheless, mangomplex that provides an appropriate coordination sphere
complexes reported have reversible behavid.54 to—1.17 or the active Mo center. In comparison to previous systems,
V vs Ag/AgCl in MeCN). Through the extensive studies of OUr co_mplex displays electrochemical behavior with rgdox
these compounds, it has been shown that the major requirefPotentials closer to those of the metalloenzyme. Direct
ments for reversible electrochemical reduction are (i) there feaction of [Mo(Tn#*)(O),Cl] with sulfite produces sulfate,
must be a minimal conformational change upon reduction, which is the key reaction of sulfite oxidase. The tentative
restricting substitution trans to the O group, and (ii) a steric Steps into OAT reactions have demonstrated the viability of
or electrostatic barrier must be present in order to eliminate this complex as an OAT substrate, although the reaction is
dimerization of the reduced species. More recently, Young slow and will require further optimization.

et al have reacted [Mo(Tf)(O).Cl] with phenols or thiols Acknowledgment. D.W. thanks the EPSRC and Univer-

in the presence of a bado yield complexes of the form sity of Strathclyde Doctoral Training Account for financial
[Mo(TpP)(O)X] (X = OAr, OSR). All complexes give one support.

electrochemically reversible reduction wave at potentials of

less than—0.73 V (vs Ag/AgCl in MeCN). Interestingly, Note Added after ASAP Publication. This paper was
there have been no electrochemical data reported for thereleased ASAP on April 10, 2007, with minor errors in eqs
direct Tp analogue of our complex, [Mo(Tp)#)]. 2 and 3. The correct version was posted on April 19, 2007.

The voltammogram _for [MO(TNP)_(O)ZCI] (Fl_gure 4) Supporting Information Available: Synthesis, characterization,
shows an electrochemically reverS|_bIe red_uctlon wave at ong crystallographic data for [Mo(T¥)(0),Cl] and UV—visible
—0.39 V (M0"/MoV couple) and an irreversible reduction  gpectroscopic, electrochemistry, and OAT data. This material is
wave at—0.71V (Mo'/Mo" couple vs Ag/AgClin dichloro-  available free of charge via the Internet at http:/pubs.acs.org.
methane, DCM). In comparison to the complexes previously

used as sulfite oxidase models, the reduction potential of
[Mo(TmMe)(O).CI] is more positive and closer to the redox
potential of the enzyme.

Dioxomolybdenum(VI) species containing S donor ligands
have been used extensively in the study of OAT chemistry.
It has been shown that MoSchiff base complexes with O
and N donor sets undergo OAT reactions, although these(14)
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