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1. Introduction

Enzymes containing molybdenum or tungsten at
their active sites appear to be present in all forms of
life, from ancient archaea to man. These enzymes
catalyze a wide range of reactions in carbon, sulfur,
and nitrogen metabolism, and at least 50 enzymes
are now known.'~2 In general, these enzymes utilize
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water as the ultimate source or sink of oxygen in the
overall catalytic reaction 1, and the reaction coupled

X + H,0 = X0 + 2H" + 2e~ (1)

to electron transfer between substrate X/XO, an
Fe—S center, heme, or flavin. Representative ex-
amples of reactions catalyzed by molybdenum and
tungsten enzymes are collected in Table 1. The
enzymes are referred to as oxotransferases when the
substrate is transformed by primary oxygen atom
transfer,* and as hydroxylases when bound or un-
bound water or hydroxide is directly involved in the
substrate transformation reaction. Among others, the
oxidation of sulfite to sulfate and the reduction of
Me,SO to Me,S can be viewed as oxygen atom (0xo)-
transfer reactions. The term “oxotransferase”® is not
universally accepted, and the nomenclature of mo-
lybdenum and tungsten enzymes and the associated
pyranopterindithiolate remains an active area of
discussion.®

The first crystal structure of a tungsten enzyme
appeared in 1995.7 Since that time, about 20 X-ray
crystal structures of additional molybdenum and
tungsten enzymes have been reported.® Further
information about the nature of the ligands coordi-
nated to the metal centers has been provided by
molybdenum and tungsten XAS investigations.
EXAFS analysis generally has afforded more precise
metal—ligand bond distances than crystallography.
From the combined structural information, Hille?3°
has classified molybdenum enzymes into three fami-
lies based upon their protein sequences and the
structures of their oxidized active sites. The families
are named for their most prominent member. Shown
in Figure 1 are schematic representations of active
sites in the xanthine oxidase (2, 3), sulfite oxidase
(4), and DMSO reductase (5—7) families in the
oxidized (Mov'") and reduced (Mo'V) states. Members
of the XnO family are characterized by one pyran-
opterindithiolate entity 1 (also referred to as molyb-
dopterin® or pterindithiolene!?), which closes a five-
membered ene-1,2-dithiolate chelate ring, and a cis-
MoV'OS group. The family is represented by aldehyde
oxidoreductase'?~1* and xanthine oxidase/dehydrog-
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enase>15~18 with the sites 2ab. Also classified in this
family are certain carbon monoxide dehydrogenases,
including that with site 3. Here, the sulfido ligand is
coordinated by Cu' in what is thus far a unique
structure in biology.™ Chicken liver SO is character-
ized by one ligand 1, a cis-MoV'O, group, and a highly
conserved cysteinate ligand.?°=2? Active sites in the
SO family, which also includes assimilatory nitrate
reductase,? are 4ab. Members of the DMSOR family
bind two pyranopterindithiolate ligands and in the
oxidized forms have one protein ligand and a termi-
nal oxo (as shown) or hydroxo ligand. Among the best
characterized structurally are DMSOR from Rhodo-
bacter sphaeroides (5ab),?*?® dissimilatory nitrate
reductase from D. desulfuricans (6ab),?® and formate
dehydrogenases from Escherichia coli.?”?8 Sites 7ab
were crystallographically determined. A modified
oxidized site has been detected by Se EXAFS, in
which selenocysteinate and one pyranopterindithio-
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late ligand are connected by an Se—S bond (2.12 and
2.19 A in two different enzymes).223° The reduced
forms of enzymes in the DMSOR family are charac-
terized by desoxo structures (no Mo=0 group), unlike
those in the other families.®° Structurally character-
ized tungsten enzymes contain two pyranopterin-
dithiolate ligands per metal atom.31:32

Prior to the availability of detailed knowledge of
active site structures, extensive research was per-
formed on molybdenum-mediated oxo transfer,*3334
often with the explicit desire that it ultimately be
relevant to enzyme action. One highly significant
consequence of that research and continuing inves-
tigations is that the atom-transfer chemistry of
molybdenum is the best defined—synthetically, struc-
turally, and mechanistically—of any element. Nearly
all early studies focused on the minimal primary oxo-
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Table 1. Representative Examples of the Reactions Catalyzed by Molybdoenzymes

enzyme

reaction catalyzed

carbon monoxide oxidoreductase (dehydrogenase)
dimethyl sulfoxide reductase

nitrate reductase

arsenite oxidase

sulfite oxidase

xanthine oxidase

aldehyde oxidoreductase

CO + H,O = CO,+ 2H" + 2e~

Me,SO + 2H* + 2e~ = Me,S + H,0
NOz~ 4 2H* + 26~ = NO,™ + H,0
H2AsO3™ + HoO == HAsO42~ + 3H™ + 2e~
5032_ + H,O= 8042_ + 2H" + 2e~
xanthine + H,O = uric acid + 2H* + 2e~
RCHO + H,0 = RCO;H + 2H" + 2e~

Pyranopteringithiolate
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Figure 1. Structure of pyranopterindithiolate (1, R absent or a nucleotide) and schematic active site structures of members
of the xanthine oxidase (2, 3), sulfite oxidase (4), and DMSO reductase (5—7) enzyme families. Except for 6a, bond lengths

are from EXAFS determinations.

transfer reaction 2, in which atom transfer proceeds
by direct interaction of substrate and metal center.
Systems that were intended to be biologically realistic
were sterically constructed so as to repress or elimi-
nate the usually irreversible u-oxo “dimerization”
reaction 3. At that time, the reaction couple Mo'VO/

Mo'VO + XO = Mo"'0, + X (2)
Mo'VO + Mo"'0, — Mo",0, (3)

MoV'O, was a natural choice because of the high
frequency of occurrence of these groups in conven-

tional molybdenum chemistry. The need to utilize the
Mo'V/MoV'O couple became evident only after site
structures were known. The structures of Figure 1
pose additional challenges for the synthetic bioinor-
ganic chemist in that several of the features of these
centers were not known for complexes of molybde-
num prior to the determination of the enzyme crystal
structures. Specific synthetic problems are (i) forma-
tion of the uncommon MoY'OS group in the ligand
environment of site 2a; (ii) stabilization of the five-
coordinate MoV'O, center 4a of sulfite oxidase in the
presence of a strongly reducing ligand environment
of three thiolates; and (iii) synthesis of monooxo and
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desoxo sites with appropriately simulated protein
ligands, there being little or no precedent for these
structures. These challenges also apply to the syn-
thesis of analogues of tungstoenzyme sites. The
pyranopterindithiolate ligand 1 itself provides an
additional synthetic challenge beyond the immediate
coordination sphere, although recently the ligand has
been synthesized in protected form.3> Synthetic ana-
logues of the pyranopterin have been previously
reviewed®®3” and are not considered here.

This review will focus primarily on research that
has appeared since the structures of the active sites
of representative enzymes have become known, i.e.,
research since about 1995. Existing sources*33:34.37-44
provide background to earlier work in this area. The
enzymology and other aspects of molybdenum and
tungsten enzymes have been extensively considered
elsewhere!™® and are beyond the purview of this
review. Chemical approaches to molybdenum and
tungsten enzyme sites have been directed toward
mimicking a portion of the structural center in order
to ascertain the role of that particular feature of the
center on the chemical reactivity and the spectro-
scopic properties of the center. Here we attempt to
dissect the contributions of the various features of
each site as well as analyze the overall progress on
synthetic analogues of these enzyme centers. The
discussion is divided into two main parts. The first
part deals with systems in which coordination spheres
contain nonphysiological ligands and manifest the
effects of ene-1,2-dithiolate ligands on the electronic
structure of the metal center. The second describes
molecules which contain one or two ene-1,2-dithiolate
ligands and, where appropriate, simulated protein
ligands, and are closer approaches to the sites in
Figure 1. For simplicity in nomenclature, we refer
to non-dithiolene systems in the first part and
dithiolene systems in the second part. Dithiolene is
a general ligand descriptor widely understood to refer
to an ene-1,2-dithiolate or a benzene-1,2-dithiolate
dianion in classical complexes, and to a radical
monoanion or a dithione in more oxidized molecules.
Dithiolenes are notorious noninnocent ligands as in,
e.g., the electron-transfer series [Ni(S,C,Me;),]? 0
whose two oxidized members have nonclassical elec-
tronic structures.*® However, in enzymes and their
site analogues, all evidence points to a classical
description.

Throughout this review we utilize the term “ana-
logue” in describing certain molecules or reaction
systems when they resemble or are comparable to
enzyme sites and reactions in certain respects. The
term is not intended to imply different extents of
fidelity to a native property.

2. Non-Dithiolene Systems

2.1. Systems Related to the Sulfite Oxidase
Family

Considered here are the structures and properties
of various molecules that bear a relationship to the
active site of SO, primarily because of the presence
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Figure 2. Structures of non-dithiolene oxo-molybdenum
complexes.

of the MoVY'O; group. Structural formulas are set out
in Figure 2.

2.1.1. Structural Analogues

The molybdenum center of SO (4a, Figure 1) has
five-coordinate square pyramidal coordination with
three thiolate donors in the equatorial plane, one
from a cysteinyl side chain and two from the ene-
dithiolate of the pyranopterin moiety.?* EXAFS shows
that two oxo groups are present in the fully oxidized
enzyme.? This coordination geometry had not been
previously seen for a discrete MoY'O, molecule. Also
having three anionic thiolate donors in the equatorial
plane are the cis,trans-[MoYO(L-N,S,)(SR)] com-
plexes, illustrated with R = CH,Ph (8).%6 These six-
coordinate molecules do not contain an ene-dithiolate
ligand in the equatorial plane, but the orientations
of the Sz orbitals of the monodentate SR ligand and
one of the Sur orbitals of the L-N,S; ligand mimic that
of an ene-dithiolate (9). The steric constraints of the
L-NS; ligand in this isomer4’=4° orient the third
equatorial sulfur atom for participation in strong dz—
pzr bonding with the half-filled Mo d,, orbital, and
this interaction accounts for the intense absorption
of these compounds near 650 nm.*6%0 The EPR
parameters of these complexes more closely approach
those of SO than do those of MoYO compounds with
two or four thiolate sulfur atoms in the coordination
sphere.5!

2.1.2. Reactivity Analogues

In some respects the chemistry of the SO family
should be relatively simple to mimic. The oxidation
state changes proposed for the enzymic catalytic cycle
are shown in Figure 3. Complexes with the MoV'O,,
MoV0O, and Mo'VO groups are well known.527%5 How-
ever, oxo-transfer chemistry between substrate and
MoV'O, or Mo'VO centers in the form of reaction 2 is
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Figure 3. Proposed reaction cycle for sulfite oxidase.
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complicated by competing comproportionation reac-
tion 3 to form binuclear MoVO species containing the
[M0,03]*" core.#333456 Similar dimerization reactions
can occur for MoVO centers in the presence of trace
amounts of water.3* Thus, an essential requirement
for reactivity analogues of sulfite oxidase (and other
molybdenum enzymes) is inhibition of the formation
of dinuclear MoV centers. The general approach has
been to incorporate steric constraints into the ligands
to restrict the approach of the metal centers so that
the equilibrium of reaction 3 will lie far to the left.
One of the first sulfur-containing ligands to be
specifically designed to favor oxygen-atom-transfer
chemistry while inhibiting dimer formation was
described by Berg and Holm.>5” The X-ray structure
of [Mov'02(L-NS;)] (10) suggested that dimerization
of the molybdenum center would be unlikely. Com-
plex 10 cleanly oxidizes tertiary phosphines and
catalyzes the oxidation of PhsP to PhzPO by Me,SO.
However, subsequent reinvestigation of this system
has shown that reorientation of the ligands after
oxygen atom transfer does enable a dinuclear Mo,O3
center to form, and that the overall stoichiometry of
the oxidation of phosphines involves 2 equiv of 10
per equivalent of phosphine.58

A second-generation analogue system incorporated
sterically encumbered chelating ligands with N/S
coordination.5%° The structures of six-coordinate
[MoV'Oy(ButL-NS);] (11) and five-coordinate [Mo'VO-
(BUutL-NS);] were both established by X-ray crystal-
lography, and their interconversion by oxo-transfer
reaction 4 was demonstrated by 80 labeling experi-
ments. In nonpolar solvents, the MoV'O, and Mo'VO

[Mo¥'0,(BU'L-NS),] + X =
[Mo"VO(BU'L-NS),] + XO (4)

complexes did comproportionate to form MoY,0;
centers according to eq 3. However, in the polar
solvents used for atom-transfer experiments there
was no evidence for dimer formation.®® This func-
tional analogue system enabled oxo-transfer reac-
tions to be investigated for a wide range of substrates
X/XO, including EtzP, S-oxides, N-oxides, and Ph,-
SeO, and contributed to the development of a ther-
modynamic scale for oxo transfer.®! Reaction 4 was
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shown to be second-order with an associative transi-
tion state; a reaction pathway was proposed on the
basis of kinetics data.’? These complexes were also
instrumental in the initial theoretical analysis of oxo
transfer of MoY'O, centers by Pietsch and Hall,%
which has been extended subsequently.*6¢ The
theoretical calculations support an associative transi-
tion state that proceeds through a two-step mecha-
nism.%¢ The initial step in phosphine oxidation is
nucleophilic attack of the phosphine on a 7* Mo=0
orbital. This weakens that Mo—O bond while strength-
ening the remaining Mo=0 bond through the “spec-
tator oxo” effect.6” Rotation of the RzPO ligand about
the Mo—0 bond and hydrolysis (or solvolysis) of the
phosphine oxide completes the reaction to yield the
final Mo'VO product.

2.1.3. Hydrotris(pyrazolyl)borate Complexes

Another family of ligands that minimize compro-
portionation is the 3,5-disubstituted trispyrazolylbo-
rates. The most extensively studied compounds con-
tain the readily accessible hydrotris(3,5-dimethyl-
pyrazolyl)borate ligand (Tp*). Compounds of the type
[(Tp*)MoV'O,X] exhibit oxo transfer to phosphines for
X = ClI, Br, OPh, and several thiolates.%®° For X =
SPh, the resultant [(Tp*)Mo'VO(SPh)(py)] complex
has been isolated in the presence of pyridine and
structurally characterized. The Mo'VO species can be
reoxidized upon addition of Me,SO, and it has been
shown that these compounds catalyze the oxidation
of tertiary phosphines to phosphine oxides by Me,-
S0.7° Even more interesting than this reversible two-
electron oxygen-atom-transfer chemistry is the cycle
of reactions that is observed when phosphines are
reacted with [(Tp*)MoO2(SPh)] in the presence of
small amounts of water.%86° These conditions result
in the formation of [(Tp*)MovYO(OH)(SPh)] (12), which
can be detected by its EPR spectrum. Oxidation
regenerates the starting MoY'O, compound, which
can then react with additional phosphine. When the
reaction is carried out in labeled water, the label is
incorporated into the phosphine. This analogue sys-
tem remains the only one that catalyzes a two-
electron oxidation of the substrate by an oxygen-
atom-transfer reaction with the subsequent regen-
eration of the oxidized molybdenum center by incor-
poration of water and successive one-electron trans-
fers, passing through MoV. Thus, this minimal system
incorporates the key components of the reaction
proposed for SO (Figure 3), in that the oxygen atom
that is incorporated into substrate ultimately comes
from water and reoxidation of the molybdenum
center proceeds through two sequential one-electron
steps.

The [(Tp*)Mov'Ox(SAr)] compounds undergo re-
versible electrochemistry in rigorously anhydrous
solvents to give [(Tp*)MoVO,(SAr)]~ complexes with
distinctive EPR spectra.”* Addition of water leads to
protonation of one of the oxo groups to form [(Tp*)-
MoVO(OH)(SAr)] (12), whose EPR spectra show a
splitting from the exchangeable proton of ~10 x 107
cm™1, a value comparable to that observed for the
Mo—OH proton in the low-pH form of sulfite oxi-
dase.”? The monoanions can also be generated by
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reaction of the dioxo compound with Cp,Co.”* When
Tp* is replaced by the related tripodal ligand hydro-
tris(3,5-dimethyl-1,2,4-triazolyl-1-yl)borate (L"), the
resultant [Cp,Co][L'MoVO,(SPh)] species was isolated
and its X-ray structure determined.”®"4

More recent studies of the reaction of [(Tp*)MoO.X]
(X = CI, Br, OPh, SPh) with PhsP have detected
[(Tp*)M0oOX(OPPhg)] intermediates by FAB mass
spectrometry.”® The compound [LP"MoO(OPh)(O-
PEt;)] has been isolated and its crystal structure
determined. These data support the theoretical de-
scriptions for oxygen-atom-transfer reactions with
phosphines in MoY'O, centers that were discussed
above.

In addition to the chemistry described above,
reactions of phosphines with [(Tp*)MoO,X] and re-
lated L' complexes can generate other compounds,
depending on the solvent. The nascent Mo'VO species
abstracts halogen from halogenated solvents to gen-
erate [(Tp*)MoVOX(halogen)].”®"” This reaction is
useful for synthesizing MoVO complexes with two
different halide ligands. Comproportionation to give
binuclear compounds with Mo,O3; cores has been
observed in dry toluene.”®

The complexes [(Tp*)Mo'VO(S;PR,)] (R = Me, Et,
Pri, Ph) possess a bidentate S,PR; ligand and ab-
stract an oxygen atom from Me,SO or pyridine
N-oxide to form [(Tp*)MoV'O,(*-S2PR;)] in a bimo-
lecular process.” The reverse reaction of [(Tp*)-
MoV'0,(171-S,PR2)] with PhsP in dry toluene produces
[(Tp*)M0'VO(S2PRy)], but side reactions complicate
kinetic analysis. Reduction of [(Tp*)MoY'O,(7*-S,PR))]
by HS™ leads to [(Tp*)MoVO.(n*-S,PR2)]-, which
converts to [(Tp*)MovYOS(n*-S,PR,)]~. Ferricinium
oxidation of [(Tp*)Mo'VO(S2PR,)] in moist solvents
produces [(Tp*)MoVO(OH)(S,PR,)]. The MovYO com-
pounds were characterized by EPR spectroscopy. For
the analogous tris(isopropylpyrazolyl)borate com-
pound, reaction with boron sulfide produces [L"'-
Mo'VS(S,PR,)], which undergoes oxo transfer to give
[LP"MoV'OS(5-S,PR)] species.” Compounds with a
MoV'OS core are considered below.

The Tp* ligand also provides a vehicle for preparing
a wide range of stable MoVO complexes. Indeed, the
[(Tp*)M0O(X),] complexes provided the first exten-
sive library of monomeric MovO species that could
be structurally characterized and investigated by
EPR.8 These compounds clearly showed a correlation
of g and A(®®*Mo) parameters with the nature of X and
indicated that SO should have at least two sulfur
atoms in the inner coordination sphere. These com-
pounds also provided evidence that ligand-based
protons could give the large splittings for exchange-
able protons that are observed in SO.8

In summary, Tp* and related tripodal ligands
enable stable mononuclear MoY"V'V complexes to be
isolated. These ligands contain no anionic sulfur
donors, but their complexes have mimicked the
overall reaction cycle of SO that involves incorpora-
tion of oxygen from water into the substrate via both
two-electron and one-electron steps (Figure 3).68.69
These complexes also provide vehicles for investigat-
ing individually the effects of mono- and dithiolate
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ligands on the electronic structure of the molybde-
num center.

2.1.3.1. Effects of Monothiolate Ligands. The
covalency of the Mo—SR interaction has been inves-
tigated by sulfur K-edge spectroscopy and DFT
calculations for [(Tp*)MoO,(SR)] compounds. It was
suggested that the Mo—SR torsional angle plays a
role in selecting the equatorial oxo group for trans-
fer.8* However, Kirk and co-workers®! have proposed
that the primary role of the Mo—SR torsional angle
is to modulate the potential of the molybdenum site
of SO and perhaps provide a superexchange pathway
for electron regeneration of the active site. Support
for this proposal has been provided by DFT calcu-
lations on the SO active-site analogue [MoY'O,-
(S2C2Mez)(SMe)], which show that at all values of
the O—Mo—S—C dihedral angle, the contribution to
the LUMO from the equatorial oxo ligand is 15—20%,
substantially greater than that from the axial oxo
ligand (<5%).82

2.1.3.2. Effects of Dithiolate Ligands. The con-
tributions of a dithiolate ligand to the electronic
structure of an oxo—Mo center have been investi-
gated by MCD, resonance Raman, and electronic
absorption spectroscopy of [(Tp*)MoO(dithiolate)]
compounds.88 These studies show that the lowest
energy transitions are from out-of-plane filled sulfur
pz orbitals to the in-plane metal d orbital. The
relatively poor overlap makes the bands near ~10 000
cm~t unusually weak for charge-transfer transitions.
The more intense absorption near ~19 000 cm™1 is
assigned to a charge-transfer band that involves a
pseudo-o contribution, as shown in Figure 4. This
feature mixes in-plane sulfur and molybdenum orbit-
als and should facilitate electron transfer through the
o-bonding system of the ligand.®*

The EPR spectra of [(Tp*)MoVO(dithiolate)] com-
plexes are essentially identical,5® as would be
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tion (S, ") of sulfur out-of-plane orbitals with the metal in-
plane d orbitals upon folding of the dithiolate.%

expected, because the EPR parameters are primarily
determined by the first coordination sphere of the
MovO center,8® which is the same for these com-
pounds. The electronic effects of dithiolate ligands
have also been investigated by gas-phase photoelec-
tron spectroscopy. For [(Tp*)MoE(tdt)] compounds
(E = O, S, NO), the lowest energy ionization is
essentially the same (6.88—6.95 eV), even though the
formal d-electron configurations of the metal differ
(4d! for E = O, S; 4d* for E = NO).%” This result
contrasts with the PES data for [(Tp*)MoE(OEt);]
(E = O, NO), where the NO compound is ~0.8 eV
more difficult to ionize than the compound with E =
0.8 These PES results demonstrate the ability of an
ene-dithiolate ligand to act as an “electronic buffer”
of the charge at the metal center.8” For [(Tp*)MoVO-
(dithiolate)] complexes, the lowest energy ionization
does show some dependence upon the nature of the
arenedithiolate, with compounds possessing electron-
withdrawing groups being somewhat more difficult
to ionize.®® In 1,2-dichloroethane solution, cyclic
voltammograms of [(Tp*)MoVO(dithiolate)] complexes
show two reversible waves due to one-electron oxida-
tion and reduction reactions to the corresponding
MoV! and Mo'V species.®® The potentials depend on
the substituents on the arenedithiolate, and the
oxidation potential correlates with the lowest energy
gas-phase ionization energy.8> The heterogeneous
electron-transfer rates are essentially independent
of the substituents,®® in contrast to the [(Tp*)MoVO-
(p-OCsH4X)CI] and [(Tp*)MoVO(p-OCeH4X)2] com-
plexes, in which both the potentials and the hetero-
geneous electron-transfer rates show a dependence
on the para substituent of the phenoxy group.8” These
heterogeneous electron-transfer rate results are con-
sistent with a smaller reorganization energy for
electron transfer in [(Tp*)MoVO(dithiolate)] com-
pounds compared to [(Tp*)MoVO(p-OCsH4X)CI] and
[(Tp*)MoVO(p-OCsH,X).], which do not have sulfur
ligation.

A structural feature of interest for dithiolate com-
plexes is the fold angle of the dithiolate metallacycle
along the S---S vector. Some years ago it was noted
by Lauher and Hoffmann®! that for Cp,M(dithiolate)
compounds, this angle varies with the d-electron
configuration of the metal. Compounds with a formal
d° configuration have large fold angles, whereas those
with a d? configuration show a fold angle closer to
0°. Large fold angles occur due to the stabilizing
interaction of the filled symmetric sulfur ps orbital
with the empty in-plane metal orbital, as shown
schematically in Figure 5. The [(Tp*)MoVO(dithiolate)]
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Figure 6. Gas-phase photoelectron spectra of Cp,Mo(bdt)
with He' and He" excitation. The substantial relative
increase in intensity of the middle peak (Mp) upon going
from He'! to He!' excitation indicates that it is primarily
metal-based. The lowest energy peak (S,") is primarily
sulfur, but also has significant metal character.”

complexes have a 4d* electron configuration, and the
in-plane metal orbital is singly occupied. Dithiolate
fold angles for these compounds range from 6.9 to
29.5°.8592 However, for (Tp*)Mo(NO)(dithiolate) com-
pounds the fold angles are larger (41.4—44.4°).%3
These large fold angles can be traced back to the
electronic structure of the nitrosyl compounds. The
presence of the {MoNO}* group results in the in-
plane d, orbital being empty,® thereby favoring the
folding interaction (Figure 5). The availability of
planar and folded geometries for dithiolate ligands
provides a mechanism for the “electronic buffering”
by these ligands,®” described above. Figure 6 shows
the high-resolution He' and He'' gas-phase PES data
for [Cp2Mo(bdt)], which has the 4d? electron config-
uration and nearly planar Mo(bdt) geometry.®® The
first (lowest energy) ionization has primarily sulfur
character with some additional Mo 4d or C 2p
character.®®* For Cp;Ti(bdt), which has a “folded”
dithiolate geometry and a 3d° electron configuration,
the first band shows significantly mixed metal and
sulfur character. These gas-phase PES results sup-
port substantial covalency for the Mo—S bonds of the
dithiolate centers of Figure 1, and it has been
suggested that fold angle changes triggered by sub-
strate binding, formation of protein—protein com-
plexes, or protein dynamics may play a role in the
catalytic reactions of molybdenum and tungsten
enzymes.®3

2.1.4. Other Ligand Systems

Cervilla and co-workers® have exploited the steri-
cally hindered 2,2-diphenyl-2-mercaptoacetate ligand
to prepare [MoY'O,(0,CC(S)Ph,),]?>~ (13). Reaction of
13 with thiols produces disulfides and 2 equiv of
square-pyramidal [MoYO(O,CC(S)Ph,),]~, which was
characterized by X-ray crystallography.®” The product
MoV complex is stable in acidic solution, but in
neutral solution it slowly converts to the non-oxo
[Mo'V(O,CC(S)Phy)s]?~, which has trigonal prismatic
geometry.%® Electrochemical studies in methanol and
water show an irreversible proton-assisted reduction
to give two Mo'VO species, formulated as [Mo'VO(O,-
CC(S)Ph,),]>~ and [Mo'VO(O,CC(S)Ph,)(solvent),]. Both
Mo'V species undergo reversible oxidation to the
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Figure 7. X-ray structure of [MoOS(OSiPhsz);(phen)]
showing 50% probability ellipsoids. Reprinted with permis-
sion from ref 104. Copyright 1999 American Chemical
Society.

corresponding MoVO complexes, with no apparent
formation of binuclear complexes.®® Incorporation of
13 into a layered double-hydroxide host is another
strategy for keeping molybdenum reactive centers
well separated from one another,'® and evidence was
presented that this system catalyzes the reduction
of nitrobenzene to aniline by benzenethiol 1% How-
ever, subsequent investigation of this heterogeneous
system by XAS suggested that the system contained
MoV'O; centers.19?

Last, one of the simplest complexes that catalyzes
the oxidation of PPh; by DMSO is cis-[Mov'O,-
(NCS),4]>~, which contains N-bonded thiocyanate
ligands.1%® Stoichiometric oxidation of PhsP to Phs-
PO by this anion produces a yellow-red material
formulated as [Mo'VO(NCS)4]?~. Comproportionation
reaction 3 appears to be inhibited by the anionic
nature of both the MoY'O, and Mo'VO species.

2.2. Systems Related to the Xanthine Oxidase
Family

The oxidized active site of xanthine oxidase/dehy-
drogenase possesses a terminal oxo group, a terminal
sulfido group, one pyranopterindithiolate 1, and a
water or hydroxide ligand (2a, Figure 1). The major
challenge of incorporating all of these groups on a
single molybdenum atom has not yet been met. In
this section we address progress on five- and six-
coordinate molecules with the cis-[MoY'OS]?" core and
those with a single Mo=S group.

2.2.1. [MoV'0S] Complexes

Molecules containing this target group have proved
elusive because of the reactivity of the terminal
sulfido group. In one approach, using the preformed
group in the anions [MO3S]?~, the complexes [MV!-
0OS(0SiPhs),(Megphen)] (M = Mo,*0* W1%) are readily
prepared by reaction 5; [MoV'OS(OSiPhs).(Mezbpy)]

[MO,S]* + 2Ph,SiCl + Me,phen —
3 3 4
[MY'0S(0SiPh,),(Me,phen)] + 2CI~ (5)

is available by an analogous method.®* The crystal
structure of [MoOS(OSiPhs),(phen)] in Figure 7
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exhibits O/S disorder. However, analysis of the
EXAFS data at the Mo K-edge clearly showed the
presence of both Mo=0 (1.71 A) and Mo=S (2.19 A)
interactions. Reaction of the Mov'OS center with
PhsP resulted in the formation of PhzPS and no
Phs;PO, a result that reflects the relative energies of
the Mo=0 and Mo=S bonds.%

The synthesis and properties of [MoV'OS]?* centers
have also been investigated using trispyrazolylborate
ligands. Reaction of [LP"MoO,(OPh)] with EtsP, fol-
lowed by propylene sulfide, generates red-brown
[LP"MoV'OS(OPh)].1% In the solid state the compound
is a dimer which has been shown by X-ray crystal-
lography to contain a disulfido ligand bridging the
two molybdenum centers. This species can be viewed
as formed by the internal redox*? reaction 6. How-

2[LP"Mo¥'0S(0OPh)] =
[LP"M0YO(OPh)(S—S)LP"MoYO(OPh)] (6)

ever, in solution the dimer cleaves, as evidenced by
IR bands at 917 and 483 cm™! that are assignable to
Mo=0 and Mo=S vibrations, respectively. In addi-
tion, the sulfur K-edge XAS spectrum of the solution
shows a sharp pre-edge feature characteristic of a
transition from the sulfur 1s orbital to the Mo=Sx*
orbital 196197 Electrochemical or chemical reduction
of [LP"Mov'OS(OPh)] affords [LP""MoVOS(OPh)]~, which
is readily protonated to give [L""MoVO(SH)(OPh)].
Solutions of the latter compound exhibit a sharp EPR
spectrum with [gC= 1.948 and Ay =11.3 x 10 cm™1.
Treatment of [LP"MoV'OS(OPh)] with CN~ in aceto-
nitrile produces [LP"Mo'VO(MeCN)(OPh)] and SCN™.
When the reaction is carried out in moist solvents in
the air, the products are [LP"MoY'O,(OPh)] and
SCN™.1% This reaction simulates the deactivation of
molybdenum hydroxylases by cyanide.?

Earlier systems with MoY'OS units include the
organometallic compound [(CsMes)MoOS(CH,Si-
Me3)],2%8 the hydroxylamido complexes [MoOS-
(R2NO);] (R = CHyPh, Et),3*1%° bi- and trinuclear
oxothiomolybdates(V1),11%111 and [(LP)MoOS(5*-S,-
PR,)].7®'12 For the latter molecule, the Mo=S unit
appears to be stabilized by an S---S interaction of
2.396(3) A between the Mo=S group and the unco-
ordinated sulfur of the »-S,PR; ligand.

The multiple EPR signals observed for xanthine
oxidase in freeze—quench experiments'!® stimulated
substantial analogue chemistry, especially by Spence,
Wedd, and their co-workers.#"114-118 This research
has been reviewed previously.3* Reduction of the
MoV'0, complexes of tetradentate N,S; ligand dian-
ions has produced complexes formulated as contain-
ing [MoVO,]", [MovYO(OH)]?", [MoYO(OSiMes)]?H,
[MoVOS]*, and [MoYO(SH)]?" cores from elegant mul-
tifrequency EPR experiments using isotopic labeling
with 99"Mo,*” 1H,* 170,15 and 33S.1%6 For the com-
plexes of the [MoVOS]™ and [MoVO(SH)]?* cores, the
Mo K-edge EXAFS and sulfur K-edge XAS data show
no evidence for a Mo=S bond, but rather are typical
of Mo—S single bonds to thiolate ligands.*® Aqueous
micellar solutions of MoY'O, complexes of tetraden-
tate N,S; ligands show quasi-reversible electrochem-
istry with midpoint potentials that decrease linearly
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with increasing concentration of DMF and with
decreasing pH.1*°

2.2.2. Mo=S Complexes

An early suggestion that the MoV state of XnO
possesses a terminal sulfido ligand?® stimulated the
synthesis of [(Tp*)MoSCl;] by the reaction of boron
sulfide with [(Tp*)MoOCI;]. Electronic spectra showed
that an axial sulfido has a much weaker ligand field
than a terminal oxo ligand and that the isotropic
g-value for the sulfido compound is actually smaller
than that for the oxo compound.*?* The sulfur K-edge
XAS spectrum of [(Tp*)MoSCl;] exhibits a sharp pre-
edge feature near 2467 eV.* Examples of compounds
containing the [Mo=S]3* unit remain relatively rare.
Reaction of [(Tp*)MoSCl;] with anionic monodentate
or bidentate ligands produces a variety of [(Tp*)-
MoSX;] complexes, including [(Tp*)MoS(bdt)].*?* All
of these compounds exhibit a sharp pre-edge feature
in the sulfur K-edge XAS spectrum. The four-
coordinate complex [MoS(N[R]Ar)s] (R = C(CD3),CHs,
Ar = 3,5-CgHsz;Me;) has been prepared by reacting
three-coordinate Mo(N[R]Ar); with Sg.12?

From the brief considerations in this section, it is
evident that general methods for the formation of
MoV'OS and Mo'V~VIS groups in desired ligand envi-
ronments, or the insertion of these groups in such
environments, would be a major contribution to
synthesis of site analogues of the XnO family.

2.3. Systems Related to the DMSO Reductase
Family

A common feature of sites in the DMSOR family
is the presence of four thiolate donors from the two
pyranopterindithiolate ligands (5—7, Figure 1). Long
before the site structure was known, Wedd and co-
workerst?3124 synthesized [MoYO(SPh),]~. This in-
tensely blue-colored square pyramidal MoY compound
stimulated considerable research on [MoO(SAr)4]~
complexes that has been previously summarized.®*
These anions and related bidentate dithiolate deriva-
tives!® have been important spectroscopic bench-
marks for understanding the bonding of MoV sur-
rounded by four thiolate sulfur atoms. Electronic
absorption, MCD, resonance Raman, and EPR spec-
tra and DFT calculations all support a model in
which the unpaired electron is localized in an in-
plane orbital that is primarily Mo 4d,, in character
and which is well separated from the filled sulfur p
orbitals that occur at lower energy.8-1?6 The intense
absorption band at ~600 nm results from charge-
transfer transitions from the filled sulfur orbitals to
this half-filled orbital (SOMO). The structures of
these anions have O=Mo—S—C dihedral angles of
~57°.124 DFT calculations on [MoVO(SMe)4]~ show
that the total binding energy is minimized at an O=
Mo—S—C dihedral angle of 62.8°, similar to the
experimental value.'?® The z-interactions between
the filled Sz orbitals and the in-plane dy, orbital of
the metal are very dependent on the dihedral
angle.®1%6 An angle of ~0° maximizes the d,,—Sn
interaction, whereas for a dihedral angle near 90°,
as occurs in square pyramidal [MoVO(dithiolate),]~
compounds,*?7128 the energies of the highest occupied
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Figure 8. Walsh diagram derived from DFT calculations
for [MoO(SMe)4]~, showing (a) the variation in the energy
of the frontier orbitals and (b) the variation in total energy
as a function of the O—Mo—S—C(R) dihedral angle (0),
which varies between 0° (C4y) and 90° (C,). The sense of
the synchronous rotation of the four MeS ligands used to
derive the Walsh diagram is shown by the projection along
one of the Mo—S bonds at the bottom of the figure. The
b*(dyy) level is the SOMO. The dashed line gives the
experimental value of 6 for [MoO(SPh),]~. Adapted with
permission from ref 126. Copyright 2001 American Chemi-
cal Society.

Sz orbital and the SOMO become similar. The
situation is described by Figure 8. Electronic spectral
studies and DFT calculations for [MoO(edt),]~, which
contains bis(dithiolate) coordination, indicate that the
SOMO and the filled sulfur z orbitals are much closer
together in energy than for [MoO(SPh),]~ and related
complexes of monodentate thiolates.'?® In fact, un-
restricted DFT calculations in rigorous C,, symmetry
suggested that the metal-based SOMO was actually
slightly lower in energy than the filled Sz orbitals.?6

Recent gas-phase anion PES spectroscopy experi-
mentally probed the electronic structures of several
compounds with [MoYOS4]~ coordination.'?® For
[MoO(SPh),]~ and related complexes of monodentate
thiolates, the first ionization can be assigned to a
metal-based orbital of MoV (4d') that is well sepa-
rated from the filled sulfur p orbitals. However, for
[MoVO(edt);]~ and other complexes of dithiolate
ligands, the first ionization, while still assignable as
primarily metal-based, is much closer to the sulfur-
based ionizations (Figure 9). The metal nature of the
first ionization of [MoVO(dithiolate),]~ complexes was
experimentally verified by comparison with the analo-
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Figure 9. Photoelectron spectra of the [MoO(SPh),]~ and
[MoO(bdt),]~ anions at 193 nm (6.424 eV). The peak labeled
X is primarily metal based; peaks A—E are primarily sulfur
based. Note that the energy separation between X and A
is much smaller for the bis(dithiolate) complex. Adapted
with permission from ref 129. Copyright 2002 American
Chemical Society.

gous [VVO(dithiolate),]~ complexes. The VV species,
which have a 3d° electron configuration, do not show
this low-energy feature. DFT calculations reveal that
the relative metal and sulfur composition of the
highest energy occupied molecular orbital is sensitive
to small conformational changes of the dithiolate
ligand that substantially improve the overlap of
the S and Mo d,y orbitals. Thus, the distorted or
nonplanar structures observed for [MoO(dithio-
late),]” 27130 may be electronic in origin.'?® The
electronic structure results deduced from the anion
PES spectra are complementary to those derived
from MCD studies of [MoO(bdt),].13!

The electronic and EPR spectra of [MoVO(SAr)4]~
complexes are relatively insensitive to arene substit-
uents.1?6132 However, early studies showed a correla-
tion of their MoV"V and MoY'"V potentials with Ham-
mett parameters of the substituents on the arene
thiolate.**> Nakamura and co-workers!3 showed that
the reduced compound (Et4N)2[Mo'VO(S-p-CsH4Cl)4]
exhibits O=Mo—S—C dihedral angles of 74-91°,
in agreement with extended Huckel molecular or-
bital calculations. This stereochemistry is topologi-
cally similar to that of [MoO(dithiolate),] >~ com-
pounds.t?7:128 Incorporation of ortho NH groups into
arenethiolate ligands leads to intraligand N—H---S
hydrogen bonds and an O=Mo—S—C dihedral angle
of ~0°, with all of the NH groups pointed toward the
terminal oxo group. The MoY""V reduction potentials
of these arenethiolate complexes with ortho amide
groups increased by +450 mV relative to that of
[MoVO(SPh)4]~.13* More recently, Mondal and Basu®®®
showed that encapsulating a [MoVO(SAr),]~ complex
into a dendrimer (to mimic the change in dielectric
constant and solvent exposure of a protein) increased
the MoY""V potential by ca. 100—300 mV, depending
on the solvent. The electronic and EPR spectra were
little different from those of the parent [MoVO(SPh)4]~
anion, 81126

Another structural feature of active sites in the
DMSOR family (Figure 1) is the ligand contributed
by the protein backbone. For DMSOR itself, this is
the oxygen atom of a serinate residue. Other mem-
bers of the family have sulfur from cysteinate®® or
selenium from selenocysteine?” as the additional
ligand. Complexes of modified trispyrazolylmethane
that contain a phenoxide group on one arm form six-
coordinate [(L1O)MoVOCI,] complexes in which the
phenoxide oxygen atom is either cis or trans to the
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terminal oxo group (14, 15; Figure 2). The trans
isomer is ~200 mV easier to reduce. It has been
suggested that, in DMSOR, the position of the
serinate relative to the oxo group may be important
in determining the reduction potential of the site.136

Another unusual feature of the DMSOR site is that
the oxidized resting state contains the monooxo group
MoV'O. The description of the site was initially
controversial owing to crystallographic disorder,?* as
has been reviewed elsewhere.’® The oxygen-atom-
transfer chemistry of DMSOR thus involves MoV'O
and desoxo Mo'Y centers (vide infra). Six-coordinate
complexes containing the monooxo group are rare.**8
Seven-coordinate species are more common; one
instance of oxo-transfer reactivity has been re-
ported.’®® Recently, Basu and co-workers'® have
shown that oxidation of [(Tp*)MoVO(O-p-CsH4OEL),]
by (NH,4),[Ce(NO3)s] produces a MoV'O species that
undergoes oxo-transfer chemistry with tertiary phos-
phines. Mass spectral studies showed that, in H,'%0,
this system will catalyze the incorporation of 20 into
the Ph3zPO product.

2.4. Tungsten Complexes

All known tungstoenzymes have two pyranop-
terindithiolate ligands.®3? Chemical and EXAFS stud-
ies suggest that W=0, W=S, and/or W—SH groups
may also be present.#1~143 Several compounds with
these terminal functions have been prepared and
investigated. These include the cis,trans forms of
[WVIOz(L-stz)], [WVIOS(L-stz)], and [WVISz(L'
N,S,)], cis,cis-[WVYOX(L-N,S,)], and cis,trans-[WYOX-
(L-N2S2)] (X = NCS—, Cl~, OPh~, SPh) (all from ref
144), [WV'O,(0,CCSPh,),]27,1*° and [(Tp*)WV'OSX]
and [(Tp*)WVIS,X].107.146 In general, tungsten com-
plexes are more difficult to reduce than their molyb-
denum counterparts at parity of ligation.'*” For
example, the WYY and WYV potentials of [(Tp*)WO-
(tdt)] are 382 and 272 mV more negative, respec-
tively, than the potentials of the corresponding
couples of [(Tp*)MoO(tdt)].®°® Tungstoenzymes are
considered more fully in section 3, together with their
bis(dithiolene) site analogues.

3. Dithiolene Systems

The two fundamental types of dithiolene ligands
are depicted in their classical, fully reduced forms,
ene-1,2-dithiolate (16) and benzene-1,2-dithiolate (17,
bdt), in Figure 10. Both ligand types are available
with a variety of substituents. While 17 and its
derivatives have been isolated in substance as alkali
metal salts, only a few isolated compounds of dianion
16 are known. These include ligands with R = H18
and CN*° (mnt) substituents. Those with R = alkyl,
the most physiologically realistic when compared
with pyranopterindithiolate 1, are practically un-
known in isolated form. One ligand with a bicyclic
aliphatic backbone has been prepared as the sodium
salt.'50 While not available as reagents, ligands with
R = alkyl and phenyl substituents are obtainable in
protected forms in solution and may be deprotected
in the presence of metals to form complexes!5:~154 In
some cases, the ligand may be transferred from one
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Figure 10. Structures of the two fundamental types of dithiolene ligands in the dithiolate oxidation state (16, 17). The
use of the bdt ligand in stabilizing site analogues 19 and 22 in the SO enzyme family is illustrated. Adapted with permission

from ref 159. Copyright 2001 American Chemical Society.

metal to another (vide infra). As noted as the outset,
the available evidence, particularly structural infor-
mation, for all analogue complexes in the M'V~VI
oxidation states indicates that ligands function as
classical dianions. For example, in [WYO(S,C,Me,),],
the mean chelate ring C—C (1.329 A) and C—S (1.790
A) distances are consistent with standard C=C
double bond (1.33 A) and C—S single bond (1.82 A)
lengths.'®® The principal effect of variant R substit-
uents in 16 is modulation of electron distribution and
attendant redox potentials. Given the classical be-
havior of the ligands, electron-transfer reactions are
metal-centered. The effect on potentials can be quite
large, as in the couple [MoO(S,C:R,).]?~, where
R = Me (—0.62 V) < Ph (—0.46 V) < CF3 (0.18 V) <
CN (0.48 V) in acetonitrile.1301% (Here and elsewhere,
potentials are referenced to the SCE.) Because of the
strong inductive effect of the cyano group, the mnt
ligand is the least physiological in the set. The ligand
with R = Me is far more satisfactory in simulating
the electron distribution within the chelate rings
formed by 1 and, as will be seen, has assumed a
prominent role in molybdenum and tungsten ana-
logue chemistry.

Metal dithiolene complexes were first prepared in
the early 1960s, and non-innocent ligand behavior
in oxidized species was quickly recognized. An ac-
count of early developments is available.’®” In the
ensuing 20-year period prior to elucidation of the
pyranopterin structure by chemical means and the
proposed ene-1,2-dithiolate chelation to molybde-
num,%:158 there was no indication—perhaps not even
a hint—that metal—sulfur binding implicated an
unacknowledged specialized group instead of con-
ventional cysteinate ligands, an issue placed beyond
doubt by the crystal structure of a tungsten aldehyde

oxidoreductase in 1995.7 It is, therefore, a matter of
some satisfaction to the inorganic chemist interested
in dithiolenes that this ligand type should present
itself in biology against a background of extensive
investigations of synthetic molecules. Indeed, the
discovery of the pyranopterindithiolate 1 has gener-
ated a new imperative in the investigation of molyb-
denum and tungsten dithiolenes. In the sections that
follow, we describe leading developments in struc-
tural and functional analogue chemistry involving
both elements.

3.1. Molybdenum

With molybdenum, meaningful site analogues and
analogue reaction systems of the SO and DMSOR
families (Figure 1) have been achieved, but not yet
in the XnO family, which is not further considered.

3.1.1. Analogues of the Sulfite Oxidase Family Sites

These site analogues require the preparation of
monodithiolene species, an uncommon type of com-
plex (excluding organometallic compounds). The prob-
lem has been approached by the two reaction se-
guences in Figure 10. Sequence 7 affords directly
analogue 19 of site 4a of oxidized SO and assimila-
tory nitrate reductase. The first step involves sub-
stitution of one silyloxide anion in [MoO,(OSiPhs)]
by bdt to give 18, followed by replacement of the
second anion by proton transfer from the hindered
thiol to afford the desired analogue 19.%%° Sequence
8 illustrates the preparation of two of six monodi-
thiolene MoV complexes obtained in this work. Here
the key step is formation of the monodithiolene
complex 21 by removal of one bdt ligand from 20 with
the strong electrophile PhSeCl. Chloride substitution
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of 21 produces new complexes, including square
pyramidal 22, which approaches the proposed struc-
ture of the high-pH form of SO.

Complex 19 has a square pyramidal structure with
the molybdenum atom displaced 0.74 A from the OS;
equatorial plane.’® The equatorial oxo ligand has a
trans influence of 0.06 A on one Mo—S distance; the
two other Mo—S distances are indistinguishable.
Analysis of the positional deviations of the M00O,S;
coordination spheres of 19 and oxidized chicken liver
SO determined at 1.9 A resolution? affords a weighted
rms deviation of 0.26 A. The Mo K-edge spectra and
the EXAFS of the analogue and the enzyme are
practically superimposable.1® The collective evidence
supports complex 19 as an accurate structural ana-
logue of enzyme site 4a. Current observations suggest
that it is not sufficiently robust in solution to act as
a functional analogue. While complex 19 most closely
approaches the site, we have observed that 8 (Figure
2) shares the property of three anionic sulfur ligands
in the equatorial plane. Also, the EPR spectrum of
the monodithiolene complex [(Tp*)MoVO(bdt)] is re-
ported to resemble that of the low-pH form of SO.16!

Prior to crystallographic definition of the SO
site, the bis(ditholene) complexes [Mo'VO(mnt),]?,
[MovYOCI(mnt),]>~, and [MoV'O,(mnt),;]>~ were pre-
pared as possible models of the active sites of SO.16?
Like all [Mo'VVOL4]* species, [MoO(mnt),]?" is square

Enemark et al.

pyramidal;**® similarly, [MoV'O,(mnt),]>~ adopts a
highly distorted cis-octahedral structure'®? always
observed for [MoV'O,L 3 4]* complexes, several of which
are shown in Figure 2. [MoV'O,(mnt),]>~ was found
to be cleanly reduced by bisulfite in acetonitrile
containing a small amount of water according to
reaction 9, which follows Michaelis—Menten Kinetics
with Ky = 0.010 M and k, = 0.87 s~ for the rate-
determining step.%? Formulation of the intermediate
is speculative.

[MoO,(mnt),]*” + HSO,” =
[M0O,(HSO,)(mnt),]*” —
[MoO(mnt),]*” + HSO,  (9)

The reaction was followed spectrophotometrically;
product sulfate was verified by BaSO, precipitation.
In a subsequent investigation in 1:1 acetonitrile/
water (v/v), the same Kinetics scheme was established
with similar parameters (Ky = 0.039 M, k, = 1.02
s71).183 Sulfite oxidation is inhibited by the structur-
ally similar ions SO,?~, H,PO,~, and H,PO3 ", and the
inhibition kinetics have been examined.'%* Reaction
9 is a specific expression of minimal reaction 2.
Strictly speaking, it is not an analogue system
because it utilizes bis(dithiolene) complexes. It is,
however, a functional system which provides the

Table 2. Methods of Synthesis of Bis(dithiolene)Mo'VO Complexes

R__S'Na'

o 2
I . / H,0:EtOH 1
. H™S'Na §—Mo—g (10)
[MoO(CN)s] R=ayl RH—LS/ Ng _QEH
Ha(bdt)
o 2
[MoO(SANJ2 MeCN /|U|o
_~_SH s MRS (11)
—_ 7. \ AR
R (j[ R-Z= S S =g
N sH
R = Me, Ph3Si, H
B i =
—Mo— R—C=C—R —Mo—
-S S S S
s ~s (12)
s Nl R=cioome copn . R/ N R
s S C(ONH, R R
S._SNa*
o 2
s= I e [
S” "S'Na

[MoOCls]%", [MoOCl3]

s—Ms 13
J\S_L/ \, S (13)

[MoO,Cly] s L g
ﬁ 12-
. . Naz(mnt), A — Mo—
[Mo7024]%", [MoO,J2 NS 7SS oy (14)
ROH / H,0 s g7 Vg
NC CN
sLit
L, P
sLit s—Mo—g
U+ THF / MeCN @/—s/ \s—@
e dlv
MeNC o CNMe ) (15)
MeNC” | “CNMe R, S'Na o l2-
Cl I 1
R “S'Na* s—Mo—g
MeCN / MeOH R_Ls/ Ng_ R
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Table 3. Kinetics Data for Oxo-Transfer Reactions Mediated by Bis(dithiolene)molybdenum Complexes

complex substrate solvent kaes k) (M™1s71) AH¥ (kcal/mol) AS* (eu) ref
[MoO,(mnt),]> EtsP MeCN 0.109 15(1) —13(5) 163
PhsP MeCN 0.0559 11(1) —28(2) 163
(MeO),PhP DMF 0.45 8.2(4) —33(1) 147
(MeO)sP DMF 0.025 10(1) —32(1) 147
[Mo(OPh)(S>CoMe»)2]~ Me3NO MeCN 2.0 x 10? 8.1(6) —21(2) 176
(PhCH_)sNO MeCN 16 9.5(1) —21(1) 176
(CH3)4SO MeCN 1.5 x 107 10.1(4) —39(1) 179
Me,SO MeCN 1.3 x 1076 14.8(5) —36(1) 179
[Mo(OCsFs)(S2CoMe;).] (CH3)4SO MeCN 52 x 1073 11.8(3) —30(5) 176
cleanest demonstration of the molybdenum-mediated . ?’Se’ I|
oxidation of sulfite. I s—M3_g
I He” S\CH3 \\is/ \s%ﬂ’f "W\/\'L
3.1.2. Analogues of the DMSO Reductase Family Sites . LN/
€SOX0
3.1.2.1. The Mo'VO/MoV'O, Reaction Couple. °- %
Active sites in this family (5—7, Figure 1) require as
analogues bis(dithiolene) complexes. Initial work that @ Oser

may be considered relevant to DMSOR systems
utilized minimal reaction 2 in both directions with
[MoO(S,C2R>),]>~ complexes as reactant or product.
Principal routes to these complexes are summarized
in Table 2. Reaction 10 involves cyanide substitution
and concomitant elimination of water.*?":153 |n reac-
tion 11, proton transfer from the dithiol leads to
substitution of the monodentate arenethiolate lig-
ands.'?7.165 Reaction 12 results in formation of dithio-
lene rings by suitably activated acetylenes and
elimination of sulfur.1%6-168 Reaction 13 proceeds with
chloride substitution and reduction of MoVV' by
excess ligand.*®%170 |n reaction 14, oxo substitution
by elimination of water in a protic medium and
reduction of MoV! by ligand or an added reductant
affords product.'62171 Reaction 15 involves substitu-
tion of isonitrile ligands by dianions and appears to
be a general procedure.**°

With bis(dithiolene)Mo'VO complexes in hand, the
corresponding MoV'O, species are accessible by oxo
transfer, as illustrated in reaction 16 with the strong
oxo donor trimethylamine N-oxide.185172173 The trans-
formation is reversed by reaction 17 (R = CN; R'3 =
Ets, PhEtz, thEt, Ph3163 and (MeO)zPh, (MEO)3147).

[Mo"O(S,C,R,),]* + Me;NO —
[M0"'0,(S,C,R,),]*” + Me;N (16)

[M0"'0,(S,C,R,),1*” + R'sP —
[Mo'O(S,C,R,),]* + R';PO (17)

These reactions are not complicated by the compro-
portionation reaction 3, which is not observed, prob-
ably because of the negative charges of both com-
plexes. Reduction of non-dithiolene Mo¥'O, complexes
by tertiary phosphines is a common reaction. Its use
in dithiolene systems is limited because few bis-
(dithiolene)MoV'O, species are sufficiently stable for
isolation. [MoO,(mnt),]?~ 62 and [MoO,(bdt),]>~ 165172
have been isolated as crystalline salts of known
structure. Other species, such as [M0oO,(S,C(CO,-
Me),).]>~ and [MoO,(S,C,Me,),]>~, have not been
obtained in substance, presumably because of au-
toredox reactions promoted by relatively electron-rich

_/

P4

/\Mé"\ |/P
Hie” S\CH3 \\ﬁ:/ \Sf%f N~N(\/

monooxo

L

single turnover:
90% isotope transfer

Figure 11. Double oxo-transfer reaction of R. sphaeroides
DMSO reductase under single turnover or catalytic condi-

tions using 80 labeling. Note the essentially quantative
transfer of the label from Me,SO to the phosphine.

catalytic reaction:
ca. 100% isotope transfer

ligands. Reactions 16 and 17 are examples of minimal
reaction 2, i.e., of oxo transfer from and to substrate.
Rate constants and activation parameters for reac-
tion 17 are given in Table 3. Oxo transfer is second-
order; saturation kinetics were not observed at high
concentrations of tertiary phosphine. The substantial
negative activation entropies are consistent with an
associative transition state. Rate constants do not
vary significantly with the cone angle of the phos-
phine. The range is restricted (132—145°), and the
results are consistent with attack by the phosphine
on the oxo ligand rather than at the metal center.

3.1.2.2. The Mo'"Y/MoV'O Reaction Couple. The
operation of this couple as minimal reaction 18 in
DMSOR was demonstrated by the double-oxo-trans-
fer reaction in Figure 11 with isotope labeling.'”* The

Mo" + XO = Mo"'0 + X (18)

structure of the active site of R. sphaeroides DMSOR
was not known at the time of the experiment, and
the result was originally interpreted in terms of the
Mo'VO/MoY'O, reaction couple. That view is revised
in Figure 11.

Synthesis. With the crystallographic structure de-
termination of the foregoing enzyme?* and other
members of the DMSOR family, including trimeth-
ylamine N-oxide reductase (TMAOR),'"® it followed
that any further meaningful development of analogue
systems in terms of minimal reaction 18 must involve
bis(dithiolene) desoxo MoV and monooxo MoVY!' com-
plexes. Synthetic access to these complexes, none of
which was previously known, was accomplished by
reactions 19 and 20 (R = Me, Ph; M = Mo?®6:176),
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Figure 12. Synthetic pathways based on [Mo(SZCZRz)z(CO)Z] (23) leading to oxo (24, 25), desoxo (26, 29, 30, 32—34), and
thiolate and selenolate monocarbonyl (27, 28, 31) bis(dithiolene) complexes.

[M(CO)3(MeCN),] + 2[Ni(S,C;R,),] —
[M(S;C,R,)5(CO),] + 2[Ni''5(S,C5R,) ], +
3MeCN + CO (19)

[M(S,C,R,),(CO),] + L —
[M(S,C,R,),L(CO),_, ] +nCO (20)

The former reaction is an improvement over the
original method of Schrauzer et al.,*”” which required
photolysis of a mixture of M(CO)s and [Ni(S2C2Ry).].
Reaction 19 can be interpreted as a four-electron
oxidation of the metal by transfer of two dithione
ligands from the nickel reactant. The product dicar-
bonyl 23 is a nonclassical molecule with possible
oxidation state M" or M"Y, and is part of the three-
member electron-transfer series [M(S2C,R2)2(CO).]° 2~
which has been fully characterized.'”®

The carbonyls in 23 are labile, and one or two are
displaced in reaction 20. The synthetic scheme for
molybdenum complexes is set out in Figure 12. All
complexes are products of reaction 20. Reaction with
hydroxide yields 24, which cannot be obtained by the
methods of Table 2, owing to the unavailability of the
ligand in the free or noncomplexed form. This com-
plex is readily oxidized to 25. Anionic oxygen ligands
displace both CO groups to give 26, 29, and 32.

Hindered thiolates form 30 and 33 as opposed to the
monocarbonyl 27 when benzenethiolate is used. Ar-
ylselenolates produce monocarbonyls 28 and 31,
reflecting the behavior found with molybdenum and
tungsten that displacement of both carbonyls does
not proceed, presumably because the longer M—Se
bond lengths lead to less steric interaction of the
ligand with the carbonyl. These complexes simulate
the protein ligation of reduced sites 5b, 6b, and 7b.
Excluding the oxo and monocarbonyl species, the
complexes are models of desoxo Mo'V sites. Included
is the aesthetically pleasing set of structural ana-
logues 32—34 obtained with the sterically demanding
2-adamantyl group.'’® In earlier experiments, first-
generation desoxo complexes had been obtained by
silylation reactions such as 21.13° All complexes

[MoO(bdt),]*~ + Bu'Ph,SiCl —
[Mo(OSiPh,Bu")(bdt),]” + CI~ (21)

[Mo(S,C2R5),L]™ are square pyramidal with normal
metric parameters, molybdenum atoms displaced
ca.0.7—0.8 A above the S, plane toward the axial
ligands, and dihedral angles between MoS, planes
near 130°.

While desoxo MoV complexes are now readily
accessible, analogues of monooxo sites 6a and 7a are
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not. Reaction 22 affords a monooxo product, which
has an irregular cis-octahedral structure and is
extremely sensitive to traces of water.'3 [Mo(OSiPh,-

[MoO,(bdt),]*~ + Bu'Ph,SiCl —
[MoO(OSiPh,BuY)(bdt),]” + CI~ (22)

But)(bdt),;]~ does not sustain clean oxo-transfer reac-
tions, probably because of steric bulk of the axial
ligand. The behavior of [MoO(OSiPh,BuY)(bdt),]~ was
also not promising. For example, no reaction was
observed with 50 equiv of (CH;),S at 50 °C for 5 h.
The complex was reducible with PhzP but with
apparent byproduct formation. Steric effects and
intrinsic instability are likely responsible for the lack
of clean reactivity. Reaction of [Mo(OPh)(S,C:Me;),]~
(26) with N-oxides or S-oxides forms [MoO(OPh)-
(S2C2Mey)2]~, which can be detected in solution but
is too unstable to be isolated.'’® The majority of
synthetic reactions in Figure 12 also apply to tung-
sten (vide infra). One conspicuous difference is the
stability of WY' complexes. Salts of both [WO-
(OPh)(SzC2M92)2]7 179,180 gnd [W02(82C2Mez)2]27 181
have been isolated and structurally characterized.

Oxo Transfer. Examination of a series of complexes
[Mo(OR")(S2C2R2)2]™ led to the selection of phenoxide
complex 26 and its R = Ph variant as suitably stable
yet reactive analogues of reduced DMSOR site 5b.
Complexes such as 29 and 32 with large axial
substituents react more slowly. The majority of
kinetics data were collected with 26. This species
undergoes oxo-transfer reaction 23 (M = Mo) with
XO = R3NO and R,S0.17617% Reactions are clean but
slow; direct oxo transfer has been proven by isotope
labeling with Ph,Se'®0 as the substrate. The systems
are complicated by the autoredox follow-up reaction
24, whose occurrence is consistent with the observed
formation of [M0oO(S,C;R2),]~ and phenol. The reac-
tions follow rate laws 25 (M = Mo) and 26.

[M(OPh)(S,C,R,),] + XO —
[MO(OPh)(S,C,R,),] + X (slow) (23)

[MoO(OPN)(S,C,R,),] —
[MoO(S,C,R,),]” + PhO’ (fast) (24)

—d[M"/dt = k,[M"][XO] (25)

—d[Mo"'0J/dt = k,[M0"'0] (26)

Representative kinetics data are provided in Table
3. The large negative activation entropies indicate
an associative transition state. Second-order kinetics,
associative transition states, and significant enthal-
pies of activation are found as well in non-dithiolene
molybdenum-mediated oxo transfer.433346062.78 The
proposed sequence of events in coupled reactions 23
and 24 is depicted in Figure 13. The rate constant
for (CH)4,SO (TMSO) reduction is ca. 100 times
larger than that for Me,SO, presumably because of
reduced steric hindrance in binding to the molybde-
num atom. The rate constant for Me3sNO vs Me,SO,
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Figure 13. Summary of the oxo-transfer analogue reaction
systems based on [Mo'V(OR')(S,C2R2)2]~ (XO = N-oxide,
S-oxide), including the conversion of the MoY'O intermedi-
ate to the MoVO final product.

both biological substrates, is ca. 108 larger. While
bond dissociation energies are not likely to be the
only relevant factor, the rate constants follow the
expected order MesNO (61 kcal/mol)8 > Me,SO (87
kcal/mol).* The nature of the transition state, as
deduced from the corresponding tungsten analogue
reaction systems, as well as the relevance of reaction
23 to enzymes, will be considered in a following
section.

3.2. Tungsten

The discovery of tungstoenzymes in thermophilic
bacteria and hyperthermophilic archaea'#%'83 is one
of the most fascinating developments in contempo-
rary bioinorganic chemistry. Because of the existence
of such enzymes and of Mo/W isoenzymes,'#* molyb-
denum and tungsten dithiolene chemistry, insofar as
possible, has been developed in parallel in the Har-
vard laboratory.

3.2.1. Tungstoenzymes

Summarized in Table 4 are the types of tungsto-
enzymes and the reactions catalyzed by them. The
organization into types or families follows that put
forward by Johnson et al.’*? The three main families
are recognized. Members of the AOR and F(M)DH
families catalyze redox reactions. In contrast, AH
catalyzes the hydration of acetylene. The enzyme
from P. acetylenicus contains one tungsten center and
one Fe,S, cluster per molecule.*® It should be noted
that the protein-bound clusters [Fe;S4(S-Cys)s;(OH/
OHy)] can effect hydration of olefins, as with aconi-
tase.'® Crystal structures of two enzymes in the AOR
family, P. furiosus AOR’ and formaldehyde oxido-
reductase,*®” have been determined. The active sites
of these and other tungstoenzymes for which there
is compositional information contain two pyranop-
terindithiolates per metal atom. Additional ligands
in the first two enzymes are not well-defined but do
not appear to derive from the protein backbone. It
has been suggested that the oxidized site contains
the grouping WY'O(OH).2 D. gigas FDH is reported
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Table 4. Types of Tungstoenzymes and Reactions Catalyzed

Sources: thermophilic bacteria and hyperthermophilic archaea

two pterin dithiolene cofactors/W

all contain Fe-S clusters

|

l

| AOR type

F(M)DH type

AH type

Aldehyde Oxidoreductase

RCHO + H,0 ==
RCOOH + 2H* + 2¢”

CO, activation

Acetylene Hydratase

HC=CH +H,0 ==
CH3CHO

FDH

Formate Dehydrogenase

HCO,===CO0, + H" + 2¢

FMDH

N-Formylmethanofuran Dehydrogenase

o
U/\NHCHO +H,0 ==
O +, +
7 NHg™+ CO,p + H* + 2¢7

to bind one selenocysteinate and one hydroxyl or
sulfide ligand.18818 W-DMSOR is an isoenzyme of R.
capsulatus Mo-DMSOR, obtained when the organism
was cultured in a medium containing a much higher
concentration of tungstate than molybdate. Its active
site structure appears to resemble that of Mo-
DMSOR, which, after some initial uncertainty, seems
to be similar to that in R. sphaeroides DMSOR (5a,
Figure 1). Isoenzymes of E. coli TMAOR are known,
and their relative reactivities have been examined.%

The properties of molybdenum and tungsten iso-
enzymes have been summarized elsewhere, 32180.184
Those of the DMSOR and TMAOR types do not
readily fit into the classification scheme of Table 4,
and may be viewed as “unnatural” in the sense that
their formation was impelled by tungsten-biased
growth media. As will be seen, these enzymes serve
an interesting function by providing information
about relative reactivities, a behavior that can be
incisively assessed in analogue systems. It is against
this background of tungsten enzymes and isoenzymes
that structural and reactivity analogues have been
pursued with bis(dithiolene) systems.

3.2.2. Analogue Systems

In general terms, tungsten-mediated oxo transfer
and related synthetic chemistry are far less developed
than for molybdenum. Summaries are available of
leading results on oxo transfer through 1997,4147
about the time interest in the subject increased
markedly as tungstoenzymes assumed a more visible
position. Relevant dithiolene chemistry began in
1992, with the preparation of [WO(mnt),]>~ 1% and
the set [WO(bdt),] 2~ and [WO,(bdt),]>~.%°2 In 1996,
[WO,(mnt),]>~ was reported,*®® as were the naphtha-
lene-2,3-dithiolate complexes [WO(ndt),]?>~ and [WO,-
(ndt),]>~.1% The mnt complexes and [WO(bdt),]*~
were prepared by methods related to reactions 14 and
11, respectively, in Table 2. Two years later, a series
of [WO(S,C2R»)2]?>~ complexes was prepared using a
method related to reaction 10.1%* All tungsten com-
plexes are isostructural and isoelectronic with their

molybdenum counterparts. Results for minimal reac-
tions 27 and 28 are summarized in the following
sections.

wvo + xo=w"'0, + X (27)
w"v + X0 =w"'0 + X (28)

3.2.2.1. The WVO/WV'O, Reaction Couple. Ex-
amples of reaction 27 in both directions have been
documented as reactions 29—31. Substrate is reduced
in reaction 29, which is the preparative method for
[WOz(bdt)g]z_ and [W02(32C2Mez)2]2_.179’181‘192 Reac-
tion 30 produces the substrate of FDH enzymes; few
details were reported.'® Substrate oxidation reac-
tions 31 (n = 0, 1) are very slow and show second-
order kinetics.'” Rates of these reactions and reac-
tion 17 are compared in a later section. Compropor-
tionation reaction 3 is not observed. [WO,(mnt),]?>~
is also reduced by dithionite, H,S, and thiols in
reactions that apparently involve intermediate com-
plexes with substrates.'®® Reaction of [WO(mnt)2]?~
with elemental sulfur yields [WO(S)(mnt)2]?~, con-
taining the well-precedented side-on bound persulfide
group located in the approximate position of an oxo
ligand in [WO2(mnt),]>". This complex undergoes
sulfur abstraction in reaction 32; addition of 1 equiv
of phosphine leads to 50% formation of the W'VO
product. Reaction kinetics were analyzed as a single-
step second-order process.*®® Kinetics data for reac-
tions 31 and 32 are given in Table 5. [WO(S,)(mnt),]>~
displays some reactivity toward aldehydes accompa-
nied by the formation of [WO(mnt),]?>~;*°® however,
the course of the reactions and the nature of the
organic products are unclear. At this point, it is not
known if persulfide is a physiological ligand. The
WVO/WV'O, reaction couple itself is unestablished in
enzymes.

[WO(S,C,R,),]°~ + Me;NO —
[WO,(S,C;R,),1*~ + Me;N (29)
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Table 5. Kinetics Data for Oxo-Transfer Reactions Mediated by Bis(dithiolene)tungsten Complexes

complex substrate solvent Kapes k) (M™1s71) AH* (kcal/mol) AS* (eu) ref
[WO.(mnt),]> PhsP DMF 4.5 x 1074 11(1) —-33(2) 147
(MeO)sP DMF 9.7 x 107® 14(1) —33(2) 147
[WO(S,)(mnt),]2~ PhzP MeCN 4.30 5.1(5) —38(2) 193
[W(OPh)(S2C2Me;),]~ (CH2).SO MeCN 9.0 x 107 11.6(4) —33(1) 179
Me,SO MeCN 3.9 x10°5 14.4(2) —-30(2) 179
PhsAsO MeCN 3.2(1) 9.4(5) —24(2) 180
CsHsNO MeCN 0.34 9.9(9) —-27(4) 180
[W(OR?)(S2CoMey),]~ 2 (CH2).SO MeCN 3.5 x 1072 10.8(1) —29(1) 180
[W(OR?)(S2C2Mey);]~ ° (CH,),SO MeCN 3.8 x 10 15(1) —24(4) 180
[W(OPh)(S2C2Phy),] (CH2)4SO MeCN 3.0 x 1073 9.0(4) —40(8) 152
[W(OPh)(S:C2R2)] © (CH2)4SO MeCN 1.4 x 1072 8.6(7) —38(5) 152
[W(OPh)(S;C2R'2)] ¢ (CH2)4SO MeCN 2.1x107 10.9(1) —34(4) 152
W(OPI)(S,CoMey),] MesNO MeCN 0.93(5) 12(5) —19(3) 180
NMMO MeCN 0.71 11(6) —23(5) 180
aRl = C6H4-p-CN. bRZ = C5H4-p-NH2. ‘R = C6H4-p-Br. dR = CGH4-p-OMe.
2— - Table 6. Functional Groups in Mononuclear
[WO(mnt),]” + HCO, Bis(dithiolene)tungsten(1V,V,VI) Complexes
[WO,(mnt),]* + HCO,” (30) o
State Group Refs
[\Noz(mnt)z]z_ + (MeO);_,Ph,P — 0 o o
2— W(VI) I I I I 11,179, 180,
[WO(mnt),]” + (MeO),_,Ph,PO (31) W=0 W—Cl W—OR W—OSiR; 192-194
2— . o o ¢ s S o
[WO(S(mnt),]™ + 2Ph,P vl\ll O)j\R vl\ll OR vl\ll OSiR vl\ll/lS 11,193
_ - — —OSi ,
[WO(mnt),]*” + 2Ph,PS (32) * s
SR SeR
3.2.2.2. The W'V/WV!IO Reaction Couple. Mini- WV o der W—ser 11, 155, 195
mal reaction 28 with dithiolene complexes was un-
explored prior to the recent emergence of tungsto- e 1154 155
enzymes. Because of the relative stability of WV'O WIV) W=0  W—OSR; W—OR W D—R 1gi'i05
complexes, analogue reaction systems have proven ©
more amenable to investigation than those involving co
MoV'O species. w=s  W—sr 155 195
Synthesis. Substantial effort has been investigated
in exploratory synthesis in order to establish stable co
ligation modes in bis(dithiolene) complexes. A second W=se® Vlv—SeR 155, 195
phase of synthesis began in 1998, with the prepara-
- h . 1
tion of a wide variety of bdt complexes.!! These WEOR? WONRY?  WPOR))? 11,155, 178

includes several desoxo and monooxo complexes
[W(OSiRgz)(bdt);]- and [WO(OSiR3)(bdt),;]~, respec-
tively, obtained by reactions analogous to 21 and 22.
Also synthesized were [WOCI(bdt);]~, from [WO-
(OSiR3)(bdt),]~ and MesSiCl, and the monosulfido
complex [WS(OSiR3)(bdt),]~, most readily obtained
from [W(OSiR;)(bdt),]~ and (PhCH,S),S. Like their
molybdenum counterparts, these are first-generation
site analogues.

To approach more closely the coordination environ-
ment in enzymes, the reaction scheme in Figure 14
has been implemented. It is based on reactions 19
and 20 (R = Me, Ph; M = W?152.155,179-181,195) ' some of
which are parallel to reactions in the molybdenum
scheme of Figure 12. The key compound is the
dicarbonyl 35, which can be converted to monooxo
(36, 37, 41), dioxo (38), desoxo (39,40), monosulfido
(42), and thiolate and selenolate monocarbonyl (43,
44) complexes. Five-coordinate thiolate and seleno-
late complexes are presently unknown. Reactions of
35 with the strongly hindered ligands AdQ~ or 2,4,6-
PrisCsH.Q~ (Q = S, Se) in excess afford stable
monocarbonyl complexes.®1:1% Figure 14 provides a
partial accounting of the bis(dithiolene) complexes

aNot proven by a structure determination. ® Ambiguous
oxidation state. ¢ Jiang, J.; Holm, R. H., submitted for
publication.

that have been prepared. The full inventory is
contained in Table 6, which lists complexes in terms
of their non-dithiolene ligands. Among the additional
entries are terminal sulfide and selenide,!55:181 412
carboxylate,'8! bis(thiolate) and bis(selenolate)®?, and
the n?-persulfide species'®® encountered earlier. It
remains to be learned which of these ligation modes
are physiologically relevant. However, contained
within this extensive set are the desoxo W' and
monooxo WV! required for examination of reaction 28.

Oxo Transfer. The reaction system [W(OSiPh,But)-
(bdt),] /XO in acetonitrile provided the initial ex-
amples of the W'V/WV'O reaction couple.!! Substrates
XO = N-oxides, S-oxides, Ph,SeO, Ph;PO, and Phs-
AsO, often present in large excess in systems at 60
°C for =215 h, are reduced. Except for MesNO and
N-morpholine-N-oxide, reactions are sluggish and
incomplete. In particular, Me,SO and (CH;),SO were
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Figure 14. Synthetic pathways based on [W(S,C;R;),(CO),] (35) leading to monooxo (36, 37, 41), dioxo (38), desoxo (39,
40), monosulfido (42), and thiolate and selenolate monocarbonyl (43, 44) bis(dithiolene) complexes.

only partially reduced under these conditions. Slow
reaction rates, especially for the S-oxides, presumably
arise in large part from the bulky silyloxide axial
ligand. However, it is clear that with the same
substrate the tungsten system is far more active than
the molybdenum system in substrate reduction, a
behavior found to be general (vide infra).

Reaction 23 (R = Me, Ph; M = W) represents well-
behaved oxo-transfer systems which are conveniently
monitored spectrophotometrically.'5>18° Like their
molybdenum analogues, the complexes [W(OPh)-
(S2C2R2)2]™ (40) are readily accessible. Product com-
plexes [WO(OPh)(S,C2R2),]~ (41) have been indepen-
dently prepared. While they are extremely sensitive
to dioxygen and water, they do not exhibit the
tungsten counterpart of reaction 24, thereby simpli-
fying the Kkinetics analysis. With XO = N-oxides,
S-oxides, and Ph3AsO, reactions proceed to comple-
tion. Direct oxo transfer was proven with use of Ph,-
Se'80. When the axial ligand is changed to isopro-
poxide, the reactivity is diminished. The reaction of
[W(OPTr)(S2CoMe,)2]~ (39) in neat (CH>)4SO is ca. 200
times slower than the reaction of 40 with the same
substrate, allowing spectrophotometric rate measure-
ments with the more reactive N-oxide substrates.
Kinetics data are summarized in Table 5. Second-
order rate law 25 (M = W) is observed, and activation

entropies indicate an associative pathway. Hence, the
kinetics behavior is the same as for molybdenum-
mediated reaction 23 (Table 3), but the reactions are
faster.

Tungsten-mediated reaction 23 is an analogue
reaction system of W-DMSOR, and the WY'O product
complex is a structural analogue of the active site of
the oxidized enzyme. Molecule 41 (R = Me) exhibits
an irregularly distorted octahedral structure with cis
oxo and phenolate ligands.® This structure and that
of R. capsulatus W-DMSOR, determined with data
up to 2.0 A 1% have the common feature of cis oxygen
ligands. The bond distances W—0 = 1.76 and 1.89 A
and W—S = 2.44 A from tungsten EXAFS correspond
fairly closely with the crystallographic distances of
41 (1.728, 1.994, and 2.43 A (mean of 4)), When the
two structures are superimposed, analysis of the
positional deviations of the WO,S,; coordination
spheres leads to a weighted rms deviation of 0.39 A.
While it is difficult to be exact about the structural
differences at this stage of resolution of the protein
structure, it is evident that the synthetic complex and
the protein site have a similar overall stereochem-
istry and bond lengths. This is currently the only
meaningful comparison that can be made between a
synthetic complex and the complete coordination
sphere of a tungstoenzyme site.
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3.3. Mechanistic Aspects of Oxo Transfer

The distinction most likely to be required in
interpreting oxo-transfer reaction pathways is be-
tween saturation and nonsaturation kinetics, i.e.,
between reactions 33 and 34.

M"Y + X0 =M"(x0)— MO +X (33)
M"Y + X0 =Mm"'0 + X (34)

In the former,® a pre-equilibrium substrate binding
reaction is followed by oxo transfer in a rate-
determining first-order reaction; at sufficient [XO],
the rate is independent of [XO]. In the latter, the
reaction is first-order in both reactants, and no pre-
equilibrium binding influences the kinetics. A few
cases of apparent saturation kinetics have been found
with non-dithiolene complexes,>1977200 and one ex-
ample, reaction 9, has been found with a bis(dithio-
lene) Mo'VO/MoV'O, couple. In either pathway, a
principal issue is the nature of the intermediate or
transition state. There is no experimental informa-
tion bearing on this matter for reactions of type 33.
However, Thapper et al.?! have examined possible
intermediates in the sulfite oxidase analogue reaction
9 by a combination of extended Huckel and DFT
calculations. Intermediates were considered arising
from direct attack of HSO3;~ on the molybdenum
center to produce a seven-coordinate intermediate or
on one of the terminal oxo groups in a six-coordinate
intermediate. In both cases, the attack is by the lone
pair of electrons on the sulfur atom. The calculations
indicate a six-coordinate intermediate formed over a
barrierofca. 22 kcal/mol aboveground-state [MoO,(mnt),>.
The alternate pathway was higher in energy by 12
kcal/mol. On this basis, the intermediate in reaction
9mightbemorespecificallydescribedas[MoO(OSOsH)(mnt),]* .
The proposal of substrate attack at an oxo group was
offered earlier for sulfite oxidase? and for reaction
9.163 It finds substantial precedence in proposals for
the mechanism of oxo transfer from MoV'O, groups
to tertiary phosphines*?°2 and in theoretical calcula-
tions on non-dithiolene systems.36 This is the likely
pathway for oxidation of phosphorus substrates in
Tables 3 and 5.

Reactions of general type 34 are more common
than 33. The operation of this pathway for bis-
(dithiolene) complexes of molybdenum and tungsten,
with attendant second-order rate constants and
negative activation entropies, is documented by the
data in Tables 3 and 5. Hereafter, we consider
substrate reductions which serve as analogue reac-
tion systems for DMSOR and TMAOR. It should be
noted that, for the most part, enthalpic and entropic
contributions to activation free energies are compa-
rable. Thus, for the prototypic reaction systems
[M(OPh)(S2C,Me,)2] /(CH2),SO, TIASH is 53% (Mo)
and 46% (W) of AG*. Against a background of
significant entropic contributions, mechanistic con-
siderations reduce to identification of the enthalpic
factors that control reaction rates. Rates are sensitive
to substrate type, covering ranges of ca. 108 and 10°
for molybdenum- and tungsten-mediated reactions.
The distinction between the fast N-oxide and slow
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S-oxide substrates is clearly evident. Relevant sub-
strate properties—bond dissociation energies D, pro-
ton affinities PA, and solution basicity constants—
fall in the order of series 35—37. Numerical values
are given elsewhere.’® These series may be compared
to the experimental rate constant orders 38 and 39
for one Mo'v (26) and two W'Y complexes (39, 40). In
series 39, Me3NO is designated the fastest substrate
because its reaction with 40 under the same condi-
tions as Ph3AsO was too fast to measure by the
spectrophotometric technique used. No bis(dithiolene)
molybdenum or tungsten complex was observed to
reduce PhsPO, for which D = 133 kcal/mol.

D: Ph,PO > Ph,AsO > R,SO >
Me;NO, pyO (35)

PA: Me;NO > pyO 2 Ph;PO =~
Ph;AsO > R,SO (36)

pK,: Me;NO > Ph;AsO z pyO >
R,SO 2 Ph;PO (37)

R,NO > R,SO (38)

Me;NO > Ph;AsO > pyO >
R,SO > Ph;PO (39)

K, (26,39):
K, (40):

The inverse of series 35 would be expected to apply
to k, if substrate X—O bond weakening were the
dominant feature of the transition state. However,
Ph3;AsO reacts more rapidly than would be expected
on this basis (Table 5). (The rate order Ph3;AsO >
R,SO is also found for reaction 4.52 The source of this
order is unclear.) Series 36 or 37 is relevant if proton
affinities in the gas or aqueous phase convey binding
affinities toward M' centers. Series 38 and particu-
larly 39 parallel this order, suggesting an early
transition state with substantial M':--«OX bond-
making.

In an attempt to provide further information on the
transition state involved in substrate reduction, the
kinetics of reaction 40 in Figure 15 were determined
at 298 K in acetonitrile.’>? Here, the electron density
at the tungsten atom can be modulated in a predict-
able way by variation of axial and equatorial substi-
tutents X' and X, respectively, in the essentially
constant stereochemistry of reactants 45 and prod-
ucts 46. A set of 25 complexes designated by the
matrix [X4,X'] was examined. Relative to the refer-
ence complex [W(OPh)(S,C.Ph,),]~, substituents are
electron-withdrawing groups (EWGs) or electron-
donating groups (EDGS). Linear free energy relation-
ships (LFERS) between E;/, values and the Hammett
constant g, for the reversible electron-transfer series
[Ni(SzCz(CeH4-p-X)2)2]O'_’2_ and [W(CO)2(S2C2(CsHy-
p-X),).]% 2~ demonstrate a substituent influence on
electron density distribution at the metal center. The
substituent effects are propagated through phenyl
groups to the unsaturated chelate rings of the nickel
and tungsten complexes to measurable extents which
are manifested as LFERs.

The reactions 40 with constant (CH,),SO substrate
are second-order, with large negative activation
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Figure 15. Depiction of generalized reaction 40 used to investigate the effects of electronic properties of W'Y complexes
on the rates of reduction of the constant substrate (CH,),SO. Substituents X (equatorial) and X' (axial) in the reactants 45
and the products 46 are shown in the matrix [X4,X'], which describes 25 substituent combinations.

entropies indicative of an associative transition state
(Table 5). Rate constants at 298 K adhere to the
Hammett equations log(kX«XV/kX«Hl) = p. 0, and
log(kXeX1/kHaX1) = 4p.q0,. EWGs and EDGs have
opposite effects on rates such that kEW¢ > kEPG, The
effect of X' on reactivity is found to be ca. 5 times
greater than that of X (pa = 2.1, pe = 0.44) in the
Hammett equation. EWRs increase redox potentials.
This property is expected to extend to W'Y complexes,
but it cannot be directly established because the
complexes 45 do not, in general, support reversible
redox reactions. The order kEWG > KEDG js opposite
to the expected ease of oxidation of W', Egws > Eepe.
This lack of correlation between rate constant and
oxidizability suggests that electron transfer, as it
occurs with transfer of an oxygen atom to the metal
center and accompanying oxidation to WV', is not
dominant in the rate-determining step. A stepwise
oxo-transfer reaction pathway is proposed in the form
of the qualitative reaction coordinate in Figure 16.1%2
An early transition state T4, of primary W'V—O(sub-
strate) bond-making character, is rate-limiting. This
is followed by a six-coordinate substrate complex |
and a second transition state T, proposed to involve
atom and electron transfer, leading to the develop-
ment of the WY'=0 group present in the products 46.
EWGs tend to make the W'V center more electrophilic
than do EDGs, promoting substrate binding and
lowering AG*. In the limit of an infinitely strong
EWG, intermediate | and T, are suppressed, and the
situation devolves to a single transition state. In the
proposed interpretation, the rate-limiting transition
state is early. Its exact structure cannot be specified;
the Hammond postulate presumably requires reduc-
tion of the dihedral angle of 128° between chelate
rings in [W(OPh)(S.C2:Me,),]~ to ca. 100° found in
[WO(OPh)(S,CoMe,),] .1 A DFT analysis of the
reaction system [M(OMe)(S,C.Me,),] /Me,SO has led
to a transition state, based on theoretical M—OSMe,
and O—S bond lengths, that is biased toward the T,
description.?® In this analysis and that for [MoO,-
(SCH,CH=NH),]/Me3P,%¢ a model for a real system,®?
a single transition state is considered. The proposal
for two transition states (Figure 16) has been made
because of a lack of correlation between oxidizability
of WV and rate constants. The kinetics work based
on reactions 2376180 and 4052 is the most detailed
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Figure 16. Proposed reaction coordinate for reaction 40
(Figure 15) with schematic representations of transition
states (T1, T2) and intermediate (I). The thick line refers
to a system initially containing reference complex [W(OPh)-
(S2C,Phy),]~, and other lines refer to complexes [W(OR’)-
(S2C2R2)2]~ containing electron-donating groups (EDG) or
electron-withdrawing groups (EWG) X/X' in the substitu-
ents R' = p-CgH4X' and R = p-CgHyX.

mechanistic investigation of oxo transfer mediated
by a biological metal.

3.4. Relative Reactivity of Molybdenum and
Tungsten

The emergence of molybdenum and tungsten iso-
enzymes'® and the recent synthesis of corresponding
bis(dithiolene) complexes of these elements has per-
mitted the first examination of relative reactivities
in natural and synthetic systems. While the results
are not yet extensive, they merit consideration at this
stage. Collected in Table 7 are relative reactivi-
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Table 7. Relative Reactivities of Molybdenum and Tungsten Isoenzymes

isoenzyme reaction W/Mo reactivity ratio  ref
© — 0.22
FMDH WNHCHO +H0 204-206
o + + _ b
(\_,7/‘NH3 +CO, + H* + 2e 0.3
X0
Me3NO 22
— .0
O N 4.1
— 'Me
Cro "
XO + 2H" + 2™ X + Hp0° Me
TMAOR *NO 20 190
Me»SO no reaction for Mo
2 keadK= 5.0 x 104 M for W
Ph,SO no reaction for Mo
keatKni=2.7x 104 M 157! for W
CSO no reaction for Mo
kel Kp=2.0 x 100 M5! for W
. 17 (forward reaction)
DMSOR Me,SO + 2H" +26"== MeS + szj 0.06 (backward reaction) 196

a M. thermoautotrophicum. ® M. wolfei. ¢ E. coli. ¢ R. capsulatus.

Table 8. Relative Reactivities of Molybdenum and
Tungsten Bis(dithiolene) Complexes in Oxo Transfer
at 298 K

reaction substrate koW/koMo refs
MV'O, — Mo'VO
(17) (R,C:S; = mnt)  (MeO),PhP  0.001 147
(MeO):P 0.0004 147
(EtO);,MeP  0.003 147
M'VO — MV'O,
(16) (RzCzSz = bdt) MesNO 25 192
MIV — MVIO
(23) (R = Me) Me,SO 30 179, 180
(23) (R = Me) (CH,),SO 6 179, 180
(23) (R = Ph) (CH,)4SO 8.8 176, 179

ties as ratios of rate constants for three isoen-
Zymes,190.196,204-206 Stryctural information is available
only for R. capsulatus Mo- and W-DMSOR, which
have oxidized site 5a (Figure 1). In the FMDH case,
the reaction is substrate oxidation, possibly involving
the MVIO/M" couple. Here the molybdoenzyme is
more reactive. N-Oxide substrates are reduced by
TMAOR, but S-oxides are reported to be unreactive.
With DMSOR, the indicated reaction has been ex-
amined in both directions. These enzymes utilize the
M'V/MVIO reaction couple. Table 8 contains the small
database of relative reactivities of bis(dithiolene)
complexes in substrate oxidation and reduction reac-
tions under the same experimental conditions. Com-
parison of relative reactivities of Mo/W isoenzymes
and pairs of isostructural Mo/W complexes at strict
parity of ligation reveals that oxo transfer from
substrate to metal (M"Y — MVY'O) is faster with
tungsten and that to substrate from metal (MV'O —
M"™) is faster with molybdenum. These results dem-
onstrate a kinetic metal effect on direct oxo transfer
for the analogue complexes and for isoenzymes,
provided the catalytic sites are isostructural. The
effects are not large for N-oxide and S-oxide sub-

strates, but for reasons that are unclear, rate con-
stants are orders of magnitude different for phos-
phorus substrate oxidation.

Factors that might influence the relative activation
energies of transition states have been pointed out.'4’
These include bond energies, although experimental
data are sparse. For MOCl,, Dwo — Dmoeo ~ 26—29
kcal/mol from thermochemical data and theoretical
estimates. For strictly analogous redox couples,
Ew < Emo, With the potential difference decreasing
as bond covalency increases. There are no exceptions
to this periodic property. In oxo transfer from sub-
strate, both of the these effects would favor more
rapid reactions for the tungsten-mediated reaction
if they contributed significantly to AG*. While a
corresponding study for molybdenum complexes has
not been carried out, it seems intuitively reasonable
that the reaction coordinate of Figure 16 would apply
to molybdenum-mediated reactions. If so, the binding
of the same substrate to Mo' is weaker than that to
WYV, The kinetic metal effect is quite small for
substrate reduction, but it does imply a highly
concerted transition state with X—0O bond-weakening
and W—0 bond-making, with incipient atom transfer
and metal oxidation. The proposed reaction pathway
is attractive because of the substantial body of results
that support it.*>2 As always, the best mechanism is
that with the least evidence against it. Whether or
not the observed kinetic metal effect is evidence
against the proposed pathway remains to be seen.
The matter of mechanism remains open. Further
consideration of the nature of the transition state
may be helped by theoretical studies of the molyb-
denum and (if possible) tunsgsten reaction coordi-
nates, as has been done for the systems MoV'O,/
R3P,6366 MoV'0,/HSO3™,%°t and Mo'V/Me,SO/Mes-
NO.203'207
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Figure 17. Comparison of bond distances between sites of DMSOR enzymes and analogues of those sites.

3.5. Relation to Enzymes

In research related to enzymes, the intention has
been to disclose with accurate minimal active site
representations intrinsic structural, electronic, and
reactivity features, unmodified by protein structure
and environment. In this way, the fundamental
behavior of metal sites can be revealed. Meaningful
synthetic analogues of a protein site must have the
attributes of approaching or achieving the structure
and function of that site.

3.5.1. Structure

Complexes synthesized prior to the proposal of an
ene-1,2-dithiolate chelate ring in 1982,'%8 or before
crystallographic proof of that structural unit in 1995,7
could not be expected to be accurate structural
models. Yet, as mentioned below, certain of these
non-dithiolene complexes played a significant role in
the development of function. With the preparation
of molybdenum and tungsten bis(dithiolene) species
starting in 1986,'>” more accurate analogues came
into reach. The first group of complexes, of which
[MVO(bdt),]>~ and [MV'O(bdt),]?~ are representative,
contain the indicated monooxo and dioxo groups, and
support oxo-transfer reactions 2 and 27. They are
possibly relevant to the site in A. faecalis arsenite
oxidase,?® which is a molybdoenzyme with two
pyranopterindithiolate and one or two oxo ligands,
and no protein ligand. In the crystal form reported,
the site has a square pyramidal unit with an apical
oxo ligand, for which 24 (Figure 12) should be a good
structural model. The protein structure is insuf-
ficiently accurate for a detailed comparison with
synthetic complexes. Thereafter, a large array of bis-
(dithiolene) species was synthesized, primarily of the
desoxo M"Y and monooxo MV'O types (Figures 12 and
14). The complexes 26, 29, 30, and 32—34 provide

representations of site structures 5b—7b (Figure 1)
and, together with analogous tungsten complexes,
allow access to oxo-transfer reactions 18 and 28.
Figure 17 provides bond length comparisons between
molybdenum and tungsten sites in the DMSOR
family and crystallographic values for analogues of
the reduced (26, 32, 40, 47) and oxidized (41, 48)
sites. Protein bond lengths were determined by
EXAFS analysis.1®620% The agreement is in general
very good, in all cases <0.1 A. Taking the analogues
as unconstrained versions of the protein sites, there
does not appear to be significant bond length distor-
tion induced by protein structure. Assessment of
angular distortions requires accurate protein crystal
structures. We have described earlier the superposi-
tion of the W-DMSOR site and 41 and of the sulfite
oxidase site and the monodithiolene complex 19. In
both cases, the analogue complexes have the same
overall stereochemistry as the protein site. We con-
clude that the aforementioned complexes are mean-
ingful structural analogues.

An extensive set of molybdenum and tungsten
complexes has been examined by XAS using Mo
K-edge and W L-edge spectra.t60210211 Agreement
between EXAFS and X-ray crystallographic bond
lengths is excellent. The results provide an inventory
of edge and EXAFS data that should prove useful in
characterizing and refining metric features and
structures of enzyme active sites, especially for those
investigated prior to crystallographic analysis.

3.5.2. Function

The number of functional analogue systems—those
that transform substrates as do enzymes (although
not necessarily at comparable rates) with replicate
chemical apparatus—is very small compared to the
number of static structural analogues. The develop-
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ment of such systems is clearly a forefront goal in
the bioinorganic field. An enzyme mechanism can
only be won from the enzyme. Properly designed
analogue systems can reveal what is possible. Such
systems have the potential of isolation and charac-
terization of individual steps in a catalytic cycle,
information that is forthcoming only by single-
turnover experiments in enzyme systems. While this
goal has not been achieved, there has been conse-
guential progress in analogue reaction systems.

In non-dithiolene systems, significant advances in
reactivity have been made. Systems have been de-
veloped for the molybdenum-mediated catalytic oxi-
dation of PhsP by dioxygen where water is the source
of the oxygen atom transferred to substrate. These
systems utilize both the Mo'VO/MoVY'0,58% and Mo'V/
MoV'O0 reaction couples in Tp* complexes. Water
assumes this role in enzymatic reactions. Reaction 4
represents a system of broad specificity in substrate
reduction, including N-oxide and S-oxide enzymatic
substrates.>®6062 |t illustrates the use of steric hin-
drance in suppressing nonphysiological compropor-
tionation reaction 3, at least in polar solvents. Protein
structure eliminates this reaction in enzymes. In the
reaction systems MoY'O,/RsP”®> and Mov'O/PhsP,40
the intermediates Mo'VO(OPR3) and Mo'V(OPPhj3),
respectively, have been detected by mass spectrom-
etry. Further, the complex [(LP")MoO(OPh)(OPEt;)]
has been isolated and structurally characterized.
Tertiary phosphines are common substrates in non-
biological oxo transfer. In the present context, they
simulate nucleophiles such as sulfite that are pro-
posed to attack Mo=0O groups in substrate oxidation.
These are examples of incomplete oxo-transfer reac-
tions, allowing recognition of an intermediate. Crys-
tals of R. capsulatus DMSOR soaked in Me,S mani-
fest in the X-ray structure a Me,SO—Mo interaction
in an apparent intermediate in the formation of
Me,S0.21?

Functional aspects of bis(dithiolene) systems have
been summarized (sections 3.1 and 3.2). Reaction 9
constitutes a notable result, for it was the first
demonstration that a molybdenum dithiolene com-
plex could mediate the transformation of a biological
substrate. It remains now to develop monodithiolene
complexes, more faithful to the SO sites 4ab (Figure
1), which are capable of sulfite oxidation.

The most realistic functional systems are repre-
sented by reaction 23, which exhibits DMSOR and
TMAOR activity. The systems utilize the M'V/MV'O
reaction couple with complexes whose ligands, espe-
cially with R = Me, are very closely related to the
pyranopterindithiolate 1 and whose square pyrami-
dal and distorted cis-octahedral structures are con-
sistent with protein structural information. The
phenolate ligand in complexes 26, 40, and 41 is a
credible simulator of serinate coordination in sites
5ab. Several interesting aspects of reactivity emerge.
First, it has been reported that Mo-DMSORs such
as the E. coli enzyme ?'3 reduce both Me,SO and
Me3zNO.?* In contrast, E. coli Mo-TMAOR reduces
N-oxides but not S-oxides, including Me,SO and
(CH,)4SO0, at detectable rates.*® However, the isoen-
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zyme W-TMAOR is capable of reducing both N-oxides
and S-oxides (Table 7). Molybdenum complex 26 is
intrinsically competent to reduce both substrate
types, although the rate constants are very different
(Table 3) and reflect another intrinsic property, the
substrate rate order RsNO > R,SO (series 38).
Tungsten complex 40 reduces both types, as does the
isoenzyme. Whatever is the cause of the behavior of
Mo-TMAOR, it is not likely to be the inherent
reactivity of the site, provided the structures 5ab
apply.

Second, the conclusion is inescapable that rates of
reaction of analogue and enzyme are markedly dif-
ferent. Using k../Ku values for substrate reduction
under steady-state conditions, the following values
(M~ s71) have been reported for E. coli enzymes and
the indicated substrates:1°0214 MesNO, Mo-TMAOR,
3.7 x 108, Me3NO, W-TMAOR, 8.5 x 108, Mo-DMS-
OR, Me,S0, 1.9 x 108. Comparison with rate con-
stants in Tables 3 and 5 indicates that enzyme rate
constants are orders of magnitude greater than
values for molydenum complex 26 and tungsten
complexes 39 and 40. For R. sphaeroides DMSOR,
resonance Raman spectroscopy indicates retention of
binding of pyranopterindithiolate and serinate ligands
over the catalytic cycle. It is probable that features
extrinsic to the coordination unit of the catalytic
site influence rates. Enzymes possess a crevice or
funnel from the protein surface to the active cen-
ter,175212216-218 nyrasumably for efficient entrance of
substrate and access to the active site, thus enhanc-
ing rate. It is also possible that site structure is
influenced by protein structure such that it is biased
toward the transition-state geometry, a point that
has been raised on several occasions.?’62% The oxi-
dized site 5a in R. sphaeroides DMSOR is described
as a distorted trigonal prism,?* whereas tungsten
complex 41 is nearer to the (distorted) octahedral
limit.*® Further, the molybdenum cofactor is held in
the various proteins by a hydrogen bond network
involving the pterin nucleus and phosphate—nucleo-
tide side chains. Consequently, there are certainly
environmental and possibly structural differences
between analogues and enzyme sites that contribute
to the large variances in rates.

Under steady-state conditions, all steps in a cata-
lytic cycle proceed at the same rate but not neces-
sarily with the same rate constants. With enzymes,
there is very little information that allows deduction
of which step—substrate binding, oxygen atom trans-
fer, product release, or proton-coupled electron
transfer—sets the turnover rate. Properly constructed
analogue systems may allow separate measurement
of certain steps, in particular oxo transfer and
electron transfer, thereby providing information that
may be useful in an eventual interpretation of
enzyme mechanism. This is part of the challenge in
understanding the large rate differences between the
unconstrained oxo transfer executed by analogues
and what we consider the highly perturbed oxo-
tranfer reactions of enzyme sites. The question is,
what are the perturbations and how do they acceler-
ate rates?
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5. Abbreviations

Ad 2-adamantyl

AH acetylene hydratase

AOR aldehyde oxidoreductase

bdt benzene-1,2-dithiolate(2—)

BU'L-NS  bis(4-tert-butylphenyl)-2-pyridylmethanethio-
late(1-)

cyt cytochrome

DFT density functional theory

DMSOR  dimethyl sulfoxide reductase

EDG electron-donating group

edt ethane-1,2-dithiolate(2—)

EPR electron paramagnetic resonance

EWG electron-withdrawing group

EXAFS extended X-ray absorption fine structure

FDH formate dehydrogenase

FMDH N-formylmethanofuran dehydrogenase

L ligand (generalized)

L' hydrotris(3,5-dimethyl-1,2,4-triazolyl-1-yl)bo-
rate(1-)

LPr hydrotris(3-isopropylpyrazolyl)borate(1—)

LFER linear free energy relationship

L-NS; 2,6-bis(2,2-diphenyl-2-mercaptoethyl)pyridine-
(2-)

L-N,S; N,N'-dimethyl-N,N'-bis(mercaptophenyl)ethyl-
enediamine(2—)

L10OH 3-tert-butyl-2-hydroxy-5-methylphenyl-bis(3,5-
dimethylpyrazolyl)methane

MCD magnetic circular dichroism

Me,bpy 4,4'- or 5,5'-dimethyl-2,2'-bipyridine

Mesphen  3,4,7,8-tetramethyl-1,10-phenanthroline

mnt cis-1,2-dicyano-1,2-ethylenedithiolate(2—) (ma-
leonitriledithiolate(2—))

ndt naphthalene-2,3-dithiolate(2—)

NMMO N-methylmorpholine N-oxide

PA proton affinity

PES photoelectron spectroscopy

phen 1,10-phenanthroline

R,C,S, generalized dithiolene ligand, including bdt

SCE standard calomel electrode

SO sulfite oxidase

SOMO singly occupied molecular orbital

tdt toluene-3,4-dithiolate(2—)

TMAOR  trimethylamine N-oxide reductase

TMSO tetramethylenesulfoxide

Tp* hydrotris(3,5-dimethylpyrazolyl)borate(1—)

XAS X-ray absorption spectroscopy

XnO xanthine oxidase
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