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Cp* pentamethylcyclopentadienide(1 — )
DMF dimethylformamide

EXAFS extended X-ray absorption fine structure
FAB fast-atom bombardment

HB(Me,pz), hydrotris(3,5-dimethylpyrazolyl)borate(1 —)
1

L N, N’-dimethyl-N, N ’-bis(2-mercaptophenyl)ethylenediamine
2-)

L? N, N’-dimethyl-N, N "-bis(2-mercaptoethyl)ethylenediamine
(2-)

L-NS, 2,6-bis(2,2-diphenyl-2-sulfidoethyl)pyridine(2 — )

Me;,tacn N,N’, N”-trimethyl-1,4,7-triazacyclononane

Re p-CcH,F

sap 2-(salicylideneamino)phenolate(2 — )

solv solvent ligand

ssp 2-(salicylideneamino)benzenethiolate(2 — )

TFA trifluoroacetic acid

THF tetrahydrofuran

X reduced substrate (generalized)

XANES X-ray absorption near-edge spectroscopy

X0 oxidized substrate (generalized)

A. INTRODUCTION

The fundamental chemistry of which transition element has been most
rapidly and extensively advanced in the last decade? Such a question can
provoke a number of answers, perhaps limited only by the number of
transition elements and the subjectivity of the respondent! Highly viable
candidates include technetium, rhenium, and ruthenium. Yet I would argue
for molybdenum, and suggest that the case can be made by comparing the
state of contemporary molybdenum chemistry today [1] with that sum-
marized by Stiefel [2] in his 1977 treatment of the subject. With due
recognition of the oft-desirable tendency of the inorganic chemist to expand
his research activity into any perceived vacuum, there exist three clearly
identifiable forces that have impelled research in molybdenum chemistry in
recent times. Although discovered many years earlier, Mo—-Mo bonds of
different multiplicities have continued to present themselves both predict-
ably and serendipitously in a rich variety of relatively small binuclear and
trinuclear molecules and in larger clusters [3,4]. These interactions have
stimulated an enormous growth of the chemistry of the element in its lower
oxidation states in both molecular and solid state systems. A second force is
industrial catalysis [5-7], particularly the hydrodesulfurization process [7]
whereby organosulfur compounds in petroleum feedstocks are heteroge-
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MOLYBDENUM-CONTAINING ENZYMES

® Nitrogenase
catalytic site: FeMo-cofactor (MoFegSg 1p)

2NH, 1)

® Oxotransferases (hydroxylases)

N, + 6H" + 8¢

catalytic site: mononuclear Mo unit

X + HyOs=== XO + 2H' + 2¢~ (2)

Fig. 1. The two known classes of molybdoenzymes and the reactions catalyzed.

neously desulfurized with dihydrogen over a cobalt- or nickel-promoted
molybdenum catalyst. A third force is the role of molybdenum in biology,
which is summarized in Fig. 1. The element is present in two types of
enzymes: nitrogenase [8,9], which is found in free-living and symbiotic
microorganisms and catalyzes the reduction of dinitrogen to ammonia in
reaction (1); and hydroxylases [9-13] or, as we have termed them,
oxotransferases [14], which catalyze a variety of two-electron oxidation—re-
duction reactions (reaction (2)).

Here attention is directed toward a particular type of reactivity exhibited
by molybdenum, usually when in its higher oxidation states. The process in
question is oxygen (oxo) atom transfer, as defined by reaction (3):

Mo’O,L, + XO = Mo**20,, L, + X 3)

This is an example of primary oxo transfer [15] wherein XO is an oxygen
atom donor and X is an oxygen atom acceptor in a reaction that results in a
change of two units in the molybdenum oxidation state. An entirely com-
mon circumstance in such systems is the occurrence of the reversible or,
more frequently, irreversible electron transfer reaction (4) with concomitant
formation of a p,-oxo bridge:

Mo*O,L, + Mo™*20,,,L, = 2[L,M0o**'0,],0 (4)

In the great majority of such reaction systems, z =4 + and a = 1. The first
clear indication of molybdenum-mediated oxo transfer was found in the
work of Barral et al. [16] in 1972, who demonstrated the catalytic aerial
oxidation of tertiary phosphines in cycle (5):

MOOz(SzCNR2)2
PhaP
M°203(32CN Ro)s ( 5)
PhyPO
0,
MoO(SZCNRz)z
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As will be seen, the steps in this sequence have a more general significance.
In this article, molybdenum oxo transfer chemistry is summarized in an
attempt to relate the chemistry demonstrated in synthetic systems to enzyme
function.

Emphasis is placed on work from this laboratory, but other important
contributions related to models of other states in catalytic cycles are
included. An earlier version [14] of some of the considerations offered here
has appeared, as has a more general treatment of metal-centered oxo
transfer which includes a comprehensive summary of the oxo transfer
reactions of molybdenum [15].

B. OXOTRANSFERASES
(i) Reactions catalyzed

Over a dozen enzymes have been identified which catalyze the two-elec-
tron reaction (2) in which water is the source and sink of oxygen. This is an
overall reaction and does not imply direct transfer of oxygen from water to
substrate or the reverse. In an operational sense, reaction (2) is equivalent to
X +[0] = XO. Substrates and products of selected enzymes are included in
Table 1. Among the enzymes of particular interest here are xanthine oxidase,
which converts xanthine (1) to uric acid (2), and D-biotin S-oxide reductase,
which reduces the biologically inactive oxide (3) to the coenzyme sulfide (4).
A listing of most known enzymes is available [17], as are detailed accounts
of those in Table 1 [9-13,18-32]. Suffice it to say that these molybdo-
enzymes are usually multisubunit assemblies which contain, in addition to a
mononuclear catalytic site, one or more electron transfer units (flavin,
cytochrome, Fe-S cluster). Certain enzymes have broad substrate specificity,
especially xanthine and liver aldehyde oxidases [33]. For example, in ad-
dition to their oxidase function, aldehyde oxidases will reduce S-oxides to
sulfides and tertiary and aromatic N-oxides to the corresponding amines.
This profligate behavior will be of interest later.

(ii) Nature of the molybdenum site

Both types of molybdoenzyme contain dissociable cofactors, but these are
quite different. The nitrogenase cofactor is a cluster of the approximate
composition MoFe,S; ,,, whereas the oxotransferase cofactor [34] is a
mononuclear complex with oxo and sulfur ligation. Each contains the full
molybdenum content of its enzyme. The minimal structure 5 of Mo-co, as
deduced by the Duke group [35] in a singularly important contribution, is
presented in Fig. 2. The ligand, molybdopterin, contains a pterin nucleus
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Xanthine Oxidase (native, desulfo; milk)
Xanthine Dehydrogenase
Sulfite Oxidase
Aldehyde Oxidase (rabbit liver)
Formate Dehydrogenase (clostridia)
Nitrate Reductase (M crossa, £. coli)

lucid
- complementat -
NO3 - /pm N03

nitg-.

(chicken liver)

nitrate reductase r"éﬁ[.%%ﬁ
(N crassa)
NO; NO,
Hzl\i_
H
H
POy%
/ 5

Fig. 2. Schematic representation of the complementation reaction of N. crassa nit-1 nitrate
reductase to full activity by the molybdenum cofactor (5, Mo—co) obtained from the
indicated enzymes. Also shown is the structure of the molybdopterin (reduced) form in the
cofactor.

(shown in the fully reduced form) and a side-chain carrying an enedithiolate
chelate functionality, a chiral center, and a terminal phosphate group.
Mo-co is an oxygen-labile species and has not yet been isolated in sub-
stance.

On the basis of the evidence presented schematically in Fig. 2, Mo—co is
probably a “universal” cofactor [36]. When extracted from various enzymes
and incubated with the inactive assimilatory nitrate reductase isolated from
the nit-I mutant of Neurospora crassa, Mo-co complements the enzyme,
which otherwise lacks molybdenum, to full activity [36-38]. In every
molybdoenzyme in which it has been sought, molybdopterin has been found,
its detection being aided by its characteristic fluorescence spectrum. For
enzymes other than those in Fig. 2, cofactors have recently been detected in,
for example, formate dehydrogenase from a methanogen [39] and in carbon
monoxide dehydrogenase from Pseudomonas [40]. The cofactor from the
latter source appears to have a molecular mass more than twice that of
cofactors from others enzymes and has been named “bactopterin” to
emphasize the difference [40]. Its structure is unknown. Complementation of
cofactor-deficient nitrate reductase has succeeded in all cases except for



189

Mo-co from formate dehydrogenase. This anomalous behavior has not yet
been explained.

The coordination unit of molybdenum in the enzyme is at present not
completely defined, and thus it is not known if the entire unit is conserved.
Partial ligand identification has come from EPR [41,42] and EXAFS [43-47].
The combined information, much of which has been summarized by Cramer
[48], is consistent with the representations 6 and 7 for the fully oxidized and
dithionite-reduced forms respectively of sulfite oxidase, nitrate reductase
from Chlorella, and the cyanolyzed form of xanthine oxidase/dehydro-
genase. The unit MoO(OH)(SR), ; is indicated for the molybdenum(V) state
of sulfite oxidase. Similarly, 8 is the minimal coordination unit in oxidized
xanthine oxidase/dehydrogenase and 9 is that in the reduced form. The
presence of (at least) two sulfur atoms at 2.35-2.50 Aisin agreement with
cofactor structure 5. The other type of sulfur ligand is sulfido, in view of the
Mo=S distance near 2.15 A. Given the common prosthetic group composi-
tion of 2Mo + 4Fe,S, + 2FAD per dimeric molecule, it is probable that liver
aldehyde oxidase and carbon monoxide oxidase, as xanthine oxidase/dehy-
drogenase, contain the Mo" OS group when oxidized. Units 6—9 are coordi-
natively unsaturated, making it likely that Mo-co is held within the enzyme
by additional coordination to the protein.

§ o (“) j 1V
o-n!o‘"(sn)z;, nlo"’(smz.3 S=Mo"(SR), Hs-Mo"(SR),
6 7 8 9

C. SYNTHETIC ANALOGUE APPROACH

The methodology of this approach as practised in this laboratory has been
described at some length previously [49,50] and is summarized in Fig. 3.
There are three types of metal sites in metallobiomolecules. These are
subject to examination by spectroscopy or, ideally, are structurally defined
by crystallography. Many of the structures recently determined by metal-
loprotein crystallography have been collected [51]; regrettably, no
molybdoenzyme is among them. Utilizing the information from these tech-
niques, a target molecule is designed and synthesized. Ideally, this molecule
is obtainable in crystalline form and approaches or duplicates the metal site
in the attributes of a structural model. If the site in question is catalytic,
then a functional model—a model capable of executing stoichiometric or,
better, catalytic transformation of an enzyme substrate—may also have
been achieved. The advantage of this approach is the susceptibility of
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SYNTHETIC ANALOGUE APPROACH TO
METALLOBIOMOLECULE ACTIVE SITES

Structural Spectroscopy
Site: e Transfer o—— XANES/EXAFS
Catalytic Crystallography

PSynthesis

Synthetic Analogue
Structural Model

electronic features

oxidation state(s) =N {
ligand binding

stereochemistry

stoichiometric/catalytic
enzyme reaction

Fig. 3. Summary of the s&hthetic analogue approach showing the three types of metal-con-
taining sites and certain defining features of synthetic analogues that are structural and
functional models of these sites.

analogues to characterization of structural, electronic, and reactivity proper-
ties at the small-molecule level of detail.

With regard to catalysis, it is usual that far more is known about a given
reaction, namely, its binding and kinetics parameters, substrate specificity,
stereochemistry, inhibition, and related matters, than is known in detail
about the active site itself. Consequently, if in such a case a functional
model is desired, only a crude representation of the catalytic site can be
expected at the outset. Bray in 1988 observed that “Until a few years ago,
the impact of low molecular weight model compound work on understand-
ing molybdenum centers in enzymes was small. The situation has now
changed dramatically, however” [13]. Despite the imperfections of struct-
ural, and especially functional models, the synthetic analogue approach has
made, and will continue to make, effective contributions to the key matters
of active site structure and function. What follows is an account of the
progress made in applying this approach to the sites in molybdenum
oxotransferases, which draws largely on the experimental findings of this
laboratory [14,52-60].

(i) The oxo transfer hypothesis

The difference between substrates and products in Table 1 is one oxygen
atom. This is also the case for the substrate and metal in cycle (5) and in
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OXOTRANSFERASES
Cred Emd-ﬁom X0
Cox HY-e” \
Ereg"M3"-X®
E-M&—OH |
EoxMO=0-X
Cox Hie™ (R ‘//
EoxrMO=0 3
Crcd “’H 20
fw
E,Mo=0

XO + 2H"+ 26~ == X+ H,0

Fig. 4. Representation of the oxo-transfer hypothesis in the form of a catalytic cycle for
substrate reduction whose starting events are substrate binding, atom transfer, and product
dissociation, followed by electron transfer and protonation steps that recover the initial state
of the enzyme. A possible hydroxo ligand is not shown in the molybdenum(IV) state. An
analogous cycle may apply to an enzyme with sulfur ligands, there being an Mo=S bond in
the molybdenum(VI, V) state and an Mo-SH bond in the molybdenum(V, IV) states (see Fig.
8).

several other apparent molybdenum-mediated atom transfer reactions re-
ported through 1980 [15]. The '¥O tracer work of Halperin and Taube [61] in
the early 1950s demonstrated that sulfite and chlorate, later identified as
enzyme substrates, formed sulfate and chlorite by direct atom transfer,
albeit not involving a metal. These observations led J.M. Berg and myself to
consider the possibility that some or all of the enzymes in Table 1 operate by
an oxygen atom transfer mechanism and to design a reaction system that
might examine this proposition. After the initial demonstrations of atom
transfer reactions in that system, we offered the term “oxotransferases™ for
these enzymes, without, at the time, the results of experiments designed to
test the mechanism. This was to follow later for one enzyme.

The oxotransferase hypothesis is illustrated in schematic form in Fig. 4,
where the reaction cycle is written (arbitrarily) for substrate reduction. The
scheme is initiated by formation of an enzyme—substrate complex, followed
by oxo transfer to molybdenum, and dissociation of a possible
enzyme—product complex. Re-reduction to the Mo™ O state by an electron
carrier C_; (e.g. a cytochrome or ferredoxin) occurs in two one-electron
steps with accompanying protonations. In this way, an EPR-active
molybdenum(V) state is developed, which under this hypothesis is a compo-
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nent of that leg of the cycle which restores the initial catalytic form. When
applied to the mechanism of action of sulfite oxidase suggested by Raja-
gopalan [12], the cycle in Fig. 5 is obtained. Here the Mo"'0, group is
reduced by atom transfer to sulfite in the initial phase of catalysis. The
remaining steps are intraprotein electron transfer between molybdenum and
cytochrome b, and intermolecular electron transfer between an external
cytochrome ¢ and the enzyme. In both cycles, the bond-breaking and
bond-making steps of substrate and product are the early events in the
sequence and are those of primary interest here.

(ii) An analogue reaction system

Until about 1980, those molybdenum complexes that had been the most
thoroughly scrutinized in oxo transfer and closely related chemistry were the
dithiocarbamates. The pertinent complexes are MoO,(S,CNR,), (10),
MoO(S,CNR,), (11), and Mo,0,(S,CNR,), (12), whose structures have
been crystallographically established [62,63] and which are otherwise very
well characterized. In addition to cycle (5), the early observations by
Mitchell and Scarle [64], although not entirely correct, provided examples of
oxo transfer reactions with 10 and 11. The substrates known to be oxidized
or reduced in reaction (6) are indicated below:

o o o o
e hesy i
ls 9
10 . 12
Mo0,(S,CNR,,), + X = MoO(S,CNR,), + XO (6)
X = R,P [15,53] XO=R,SO [53,64-66]
RCO,H [67]
N-oxides [53,64,65]
Ph,AsO [65]
Ph,SbO  [65]
NO;  [68]

epoxides [69]

The systems are complicated to an extent by p-oxo molybdenum(V) dimer
formation (reaction (7)):

MoO,(S,CNR, ), + MoO(S,CNR, ), = Mo,0,(S,CNR, ), (7
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SULFITE OXIDASE
SOF + Hf0 — SO+ 2H" + 26"
2—

Fe-cyt-c SO5 + H0
E,y *MdT0,
Fem-cyt-b
Féoyt-c S04+ H*
Eox'M3"0, E red"M3O(OH)
FeS-cyt-b FeS-cyt-b
E-Md“0(OH) £+MJ“O(OH)
Fem-cyt-b Fen-cyt-b
Fe™cyt-c Fe™.cyt-c

Fig. 5. The mechanism of action of sulfite oxidase (adapted from ref. 12).

However, this reaction is a reversible equilibrium (K., = 500 M™!in 1,2-di-
chloroethane at 298 K) with known rate constants [70] and it does not
hinder stoichiometric or catalytic product formation. Another favorable
feature of reaction (6) is the availability of reaction enthalpies for several
substrates [67], a matter to which we will return.

The occurrence of reactions (6) and (7) in the same system considerably
complicates the kinetics analysis of the oxo transfer reaction. We have
provided a formal solution to this problem and applied it to the determina-
tion of the reduction of 10 with tertiary phosphines and the oxidation of 11
with Me,SO [53]. Neither the occurrence of reaction (7) nor the dithio-
carbamate ligand system is biologically realistic. We have sought a system in
which ligation corresponds to an extent found in minimal sites 6 and 7, and
p-oxo dimer formation is prevented. Toward that end, the tridentate ligand
L-NS, was designed and synthesized and from it the complexes MoO,(L-
NS,) (13) and MoO(L-NS, )(DMF) (14) were prepared [55]:

ox 2ME + X0 (8)

13 14

The X-ray structure of MoO,(L-NS,) reveals that one of the phenyl rings
in each gem-diphenyl group tends to overlie an Mo=O bond, thereby
providing a steric barrier to oxo bridge formation. Diffraction-quality crystals
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of MoO(L-NS,)(DMF) have yet to be obtained. The structure indicated is
derivative of 13 with a DMF solvate molecule occupying the position of an
oxo atom, but it has not been demonstrated. When prepared by reduction of
MoO,(L-NS,) with Ph,P in DMF, a purple solid analyzing as MoO(L-
NS, )(DMF) is obtained in good yield and is slightly soluble in DMF. When
the reduction is carried out in CHCl,-DMF (5:1 v/v), another modifica-
tion is obtained which contains, and is more soluble in, DMF. Both forms
give virtually the same absorption spectrum. It is possible that one or both
of them are not mononuclear, at least in the solid state. Recently, Kellogg
and coworkers [71] have prepared “Zn(L-NS,)” from the reaction of the
ligand and Zn(NOQ,), in acetonitrile. Despite the steric bulk of the ligand, it
is not surprising, given the relatively weak coordinating abilities of nitrate
and the solvent, that coordination is completed by a thiolate bridge at each
zinc(II) atom, to afford the dimer 1S. A similar bridged structure with five-
or six-coordinate molybdenum(IV) cannot be excluded for 14. Monomer or
not, the compound reacts smoothly with a number of oxo donors in the
reaction system (8). In this system, there has been no indication of the
formation of a p-oxo molybdenum(V) dimer. We will retain, for simplicity,
the monomeric formulation of the molybdenum(IV) complex.

(iii) Oxo transfer reactions

Reaction system (8) can proceed in either direction depending upon the
substrate. Listed in Table 2 are substrates that have been transformed in this
reaction system. Kinetics data for reactions of certain of these substrates are
collected in Table 3.

Substrate oxidation
Oxo transfer to substrate has been studied in detail for two tertiary
phosphines; certain others react similarly. The reaction is bimolecular and is
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TABLE 2
Substrates and products of analogue reaction system (8) *

Substrate (X /XO0) Product (XO/X)
Fh,P Ph,PO
R,S0 (R = Me, Ph, p-CeH,F) R,S
; "
° 2 o%’p/\/\
COOH COOH
3 4

0.
-0 X2 H st
I\d\i\.:t[‘\l\‘f) NlN’ §>

(PhCH,) ;NO (PhCH,) ;N
NO;™ NO,~
Ph,ASO PhAs

2 Results in DMF solutions from refs. 55-60.



196

TABLE 3
Kinetics of oxo transfer in reaction system (8) at 298 K
Substrate X/XO ky %103 AH? AS* (en) Ref.
LM 1sh (kcal mol 1)
Ph,P (1) ® - - 56
(p-CsH4F),P 9.7(4) * 11.7(6) —28.4(1.6) 59
Me,SO 1.50(3) - - 56
Ph,SO 1.43(3) - - 56
( p-CsH,F),S0O 1.40(7) 23.41.4) 7.2(2.0) 59
D-Biotin S-oxide 1.36(3) - - 56
Cbz-(§)-Met 1(S-0) 1.63(3) - - 56
Cbz-(S§)-Met d-(S-0) 1.70(3) - - 56
3-FCGH,NO 1.60(8) 22.1(1.3) 2.6(1.6) 59
NO; 1.49(5) 23.7(6) 8.0(2.0) 60

2 Second-order reaction, M~! s™1; all other rate constants in s~ 1.

about 10 times slower than the corresponding reduction of MoO,(S,CNEt,),
with Ph,P [53], indicating that 10 is easier to reduce than 13, a point that
will be of interest subsequently.

Substrate reduction

The remaining substrates in Table 2 have been reduced by oxo atom
transfer to MoO(L-NS, }(DMF). Comparison with Table 1 reveals that all
but Ph;AsO are compound types (N-oxide, S-oxide, nitrate) that are
enzyme substrates. More specifically, Me, SO, Ph,SO, D-biotin S-oxide, and
nitrate are known substrates of oxotransferases, and nicotinamide N-oxide
and adenine 1l-oxide are reduced with rat liver or milk xanthine oxidase
[29,72] (vide infra). The diastereoisomeric pair of N-protected methionine
S-oxides was investigated on the chance that one or more of the methionine
S-oxide reducing enzymes [73,74] is a molybdoenzyme. At present, it is still
not known if any of these enzymes is molybdenum dependent. These
reactions can be monitored spectrophotometrically because of the favorable
spectral differences between MoO,(L-NS,) and MoO(L-NS,)(DMF) [55].
Thus the course of reduction of nitrate in DMF solution is readily examined,
as illustrated in Fig. 6. As the reaction proceeds, the bands of the
molybdenum(IV) complex at 365, 528 and 734 nm are diminished in
intensity and are finally replaced by those of MoO,(L-NS;) at 385 and 449
nm. The tight isosbestic points at 386 and 473 nm indicate the presence of
only two chromophores. This behavior is found with all reducible substrates
in Table 2. Reactions are clean and uncomplicated and follow the same
kinetics scheme.
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The reduction of nitrate is typical of that of other substrates XO in that
the reaction velocity becomes independent of substrate concentration above
a certain level. This is a case of saturation kinetics, a familiar property of
enzymes. The substrate saturation behavior has been successfully analyzed
in terms of the first two steps in scheme (9). These are a reversible substrate
binding equilibrium followed by a rate-limiting intramolecular atom transfer
with rate constant k,, and departure of the reduced substrate. Substrate
binding is assumed to be fast compared with oxo transfer. To the extent to
which this assumption does not apply, the rate constants are lower limits of
the true values. Saturation behavior is reached when all molybdenum(IV)
species are complexed by substrate. In the case of S-oxide substrates, some
of which present rather different extents of hindrance around the sulfur
atom, the near-invariance of k; values suggests that substrate binds at the
oxygen atom of the sulfoxide group. The quantity k,/K, where K =
[DMF]/K, is in effect the second-order rate constant for substrate reduc-
tion. For Me,SO, the value is 0.5 M~! s, This is about 10> higher than the
rate constant for the reduction of the same substrate with MoO(S,CNEt,),
[53], a result consistent with the larger rate of reduction of 10 with phos-
phine. Further, it would seem unlikely that this rate difference would exist if
MoO(L-NS,)(DMF), as mononuclear 11, did not possess a labile binding
site such as is represented for the monomeric form 14.

(1%

au _ 9
N(__Nlb\g-ma §gx ( )
S
\ /ﬁ
RyP ( I o X
N—urgo
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528
MOO(L-NS,)(DMF) + NO; —= S04

MOOL(L-NS;) + NOj

400 500 600 700 800 900
A {(nm)

Fig. 6. Spectrophotometric time course of the reduction of nitrate by MoO(L-NS, )(DMF) in

DMF solution. Sulfamic acid was added to discharge nitrite, which undergoes further

reaction with the molybdenum complexes (reproduced with permission from ref. 60).

Transition states

The activation parameters for four reactions of system (8) are collected in
Table 3. A large negative activation entropy for the reaction of X (X = ( p-
C.H,F),P) is expected for a second-order reaction. Phosphine oxidation is
represented by the simplified scheme (eqn. (10)), in which the phosphine
interacts with the «#* orbital of an Mo=0O group:

PR PR. *
M%%: 3_—> [jo&‘o’i 3] . h(h?pm_,, PR, (10)

Coordination to the molybdenum atom as the initial event along the
reaction coordinate cannot be excluded in this case, owing to the possibility
of a labile binding site at five-coordinate molybdenum(VI). Other Mo"'0O,
complexes with this property are also readily reduced with tertiary phos-
phines [15]. However, there are a number of other Mo"'O, complexes that
lack such a site, among them 10, which are reduced by phosphines at
comparable or faster rates [15,53].
Substrate reduction is illustrated with a sulfoxide in scheme (11):

R

4 Rt
o [?of;—‘f }—’&'*Mzs a1

The relatively small activation entropies for the reduction reactions imply
transition states with structures similar to those of the ground state adducts
of the molybdenum(IV) complex and substrate. Recently, thermochemical
data have become available [15,75] that allow calculation of the enthalpy
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change for reaction (12):
CsH;NO(g) + Me,S(g) = C;H;N(g) + Me,SO(g)
AH = —14 kcal mol ™! (12)

If the substrates XO, where XO = ( p-C(H,F),S0 and 3-fluoropyridine
N-oxide, are likened to the reactants in reaction (12), the difference between
their S-O and N-O bond energies is about 14 kcal mol ™!, The essential
equality of activation enthalpies for the three oxidized substrates in Table 3
indicates no significant expression of these bond energies in achieving the
transition states. Rupture of these bonds is certainly excluded in that
process. It seems likely that the transition state represented in scheme (11)
may overstate the degree of substrate bond-breaking. It is also conceivable
that the transition state is different, perhaps involving a structural change of
the adduct complex prior to Mo-O bond strengthening and N-O or S-O
bond weakening. Any further interpretation of activation parameters re-
quires the solution structure of MoO{L-NS,)(DMF) and its adducts, in-
formation that is currently unavailable.

Catalysis

With the demonstration that reaction system (8) can be operated in either
direction, catalysis in the form of coupled reactions of oxo transfer to and
from substrate becomes possible. One example of the generalized reaction
(13) with R=p-C;H,F and XO = ( p-C;H,F),SO is illustrated in Fig. 7
[59]:

R,P+ X0 =R,PO+X (13)

There is no reaction between the phosphine and sulfoxide each at 1 M
concentration in DMF solution for at least 5 days at 298 K. The reaction
starts immediately upon the addition of the catalyst. The course of the
reaction can be effectively monitored by '*F NMR spectroscopy, owing to
the complete resolution of the resonances of the four components of the
reacting system. The system was allowed to proceed through 135 turnovers
over 880 min, and it showed no signs of degradation at the end of this
period. The catalytic velocity v is 3.6 X 107> s™1. From v/[Mo(VD)}, k =
7.2x1073M™! 571, close to the value of the rate constant for the reaction
of the same phosphine with MoO,(L-NS,) (Table 3). Consequently, the
catalytic rate is limited by the rate of oxo transfer from MoO,(L-NS,) to
phosphine, behavior that also applies when XO = Me,SO and 3-fluoropyri-
dine N-oxide [56,59].

The catalytic cycle is summarized in scheme (9) which depicts all the
discrete steps. Although relatively efficient, the catalyzed reduction of S-
oxides with tertiary phosphines is not likely to be a matter of practical
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Fig. 7. Time course (to 880 min and 135 turnovers) of the molybdenum-catalyzed oxo transfer
reaction between ( p-C4H,F);P and ( p-CH,4F),S0 in DMF solution at 30 ° C as observed
by 1°F NMR spectroscopy (reproduced with permission from ref. 59).

importance. In the context of analogue reaction systems, the main point is
that a catalytic system can be constructed. In enzymatic catalysis, the
oxidized and reduced forms of the active site are connected by reactions of
electron transfer and protonation (Figs. 4 and 5), processes that cannot be
applied to reaction system (8) because of solubility and stability limitations.
At the present stage of development of such catalytic systems, one must
accept the simulation of these steps by the two-electron reduction of
molybdenum(VI) with a tertiary phosphine when substrate reduction is
desired. If the substrate of interest were to be oxidized in the catalytic
system (8), the required two-electron oxidation of the reduced catalyst could
be effected by a number of oxo donors such as Me,SO. The system can be
extended to other substrates. Similarly, the use of ’F NMR as a means of
following catalyzed reactions has broad applicability. Other catalytic oxo
transfer reactions mediated by molybdenum complexes are summarized
elsewhere [15].

D. A THERMODYNAMIC REACTIVITY SCALE FOR OXO TRANSFER

It is evident to anyone familiar with oxygen atom transfer reactions that
high energy compounds such as iodosylbenzene, m-chloroperbenzoic acid,
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dinitrogen oxide, percarbonate, and hydrogen peroxide are thermodynami-
cally powerful, and for the most part, kinetically useful oxo donors. Simi-
larly, tertiary phosphines and cyanide are easily recognized as strong oxo
acceptors. What is considerably less evident are the relative reactivities of
other real or potential oxo donors and acceptors, including complexes of a
given metal in oxidation states that differ by one or two electrons. In an
attempt to redress this situation, we have devised a simple thermodynamic
scale of oxo transfer reactivity. Because the essential ideas and much of the
thermodynamic data have been set out in some detail elsewhere [15,57], we
provide a rather brief account, limiting considerations to analogue reaction
systems of molybdenum.

(i) The scale of oxidation enthalpies

The enthalpy changes for selected reactions (couples) of the type X +
10,(g) = XO are presented in Table 4. A more extensive listing is available
[15]. This table can be used for predicting reactions in a manner analogous
to the use of a table of standard redox potentials. Under the criterion of
exothermicity (many fewer AG data are available) and with favorable
kinetics, the reduced member of a given couple can reduce the oxidized
member of another couple with a larger AH, and conversely. For example,
the enthalpic driving force for the reaction ClO; + SO;™ = ClO; + SO~
(couples b, k) is huge (—57 kcal mol™") and the reaction proceeds. The

TABLE 4

Selected thermodynamic data for the reaction X+1,/20,(g) — XO

Couple X® X0 ® — AH (kcal mol 1) ®
a S;07” (aq) *S,0{" (aq) +12

b Cl105 (aq) *Q0;5 (aq) -8

c CsH,N(g) CsH NO(g) -13°¢

d C,H,(®) C,H,O(g) —-25

e NO; (aq) NOj (aq) -25

f Me,S(g) Me,SO(g) -27

g MoO(S,CNEt,), Mo0O,(S,CNEt,), —-354

h MoO(L-NS, XDMF) MoO, (L-NS,) <-35t0 >—54°¢
i Me,SO(g) Me, SO, (g) -52

J * MeCHO(2) MeCO, H(g) —64

k *S02~ (aq) SOZ~ (aq) —65

! Ph,P(g) Ph;PO(g) - 67

m *CO(g) CO,(g) - 68

* Enzyme substrates in bold face. ® Data from ref. 15 unless otherwise indicated. © Ref. 75.
4 Ref. 67; 1,2-dichloroethane solution. ¢ See text.
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driving force for the reduction of Me,SO with Ph,P (couples f, /) is also
very large (—40 kcal mol ') but this reaction, which is of the type shown in
eqn. (13), requires a catalyst. The enthalpy of couple g results from a direct
calorimetric measurement which is part of the thermochemical work of Watt
et al. [67] on the reactions, including oxo transfer, of complexes 10-12 in
1,2-dichloroethane solution. This pioneering research has aided materially in
the evolution of a reactivity scale.

There are no direct enthalpy data for couple 4. However, because of the
occurrence of the intermetal oxo transfer reaction (14) and the reduction
reaction (15) [57]

MoO(S,CNEt, ), (14)
MoO, (L-NS, ) + 2PhSH — MoO(L-NS, )(DMF) + PhSSPh + H,0  (15)

the AH value of this couple can be bracketed. This result, together with the
enthalpy of couple g, leads to an extremely interesting observation which we
have emphasized before [14,15,57]. The Mo(IV,VI) couples g, » are posi-
tioned so as to oxidize or reduce all enzymatic substrates for which thermo-
dynamic data are available. Thus MoO,(L-NS,) and MoO(L-NS,)(DMF)
are thermodynamically competent as site analogues, a property demon-
strated by the transformations of the unmarked enzymatic substrates in
Table 4. This necessary attribute could not have been securely predicted, but
as we have argued [14,57], it originates in large part because of the design
aspect of the L-NS, ligand which, as the enzymatic sites, contains thiolate
ligands.

(ii) Thermodynamic fitness of molybdenum complexes

The effect of thiolate ligands on oxo transfer reactivity is illustrated by
the following observations. (i) The bis(alkoxide) variant of 13 is not reduced
with Ph,P, in contrast to the ready reduction of 13 itself with this phos-
phine. (ii) The Schiff base complex MoO,(ssp)(solv) (16) is reduced with
Ph,EtP at a moderate rate (k=1.0x10"3 M~! s7! at 30°C) whereas
MoO,(sap)(solv) (17) does not react at any appreciable rate under the same
conditions [76,77]. (ii1) Complex 17 is reducible with the more basic Ph,RP
(R=Me, Et) but elevated temperatures (above 70°C) are required for
convenient reaction times [78,79]. The available evidence suggests that the
couples based on 16 and 17 are below couple 4 in Table 4. In this event, the
corresponding Mo"™ O complexes, which have not been isolated (vide infra),
will be relatively strong oxo acceptors and be capable of reducing all
oxidized enzymic substrates. In terms of thermodynamic fitness, a (hypo-
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thetical) Mo'vO site without anionic sulfur ligation will presumably be
competent to reduce oxidized substrates, but not necessarily catalytically. Its
oxidized (Mo"'0,) form may be too stable and thus not reducible by the
electron transfer and protonation pathway of Fig. 4 at the potentials of
physiological reductants. Similarly, a tungsten-substituted enzyme, even with
sulfur ligation to the metal, may not be catalytic owing to the relative
stabilization of tungsten(VI) vs. molybdenum(VI) in equivalent environ-
ments. Assuming analogous oxo species, the W!VO state, if accessible at all,
should be a powerful oxo acceptor, but the WY!0, state is likely to be too
stable to be reduced back to W'VO under physiological conditions. This
appears to be the case with rat liver tungsten sulfite oxidase [80,81], which is
inactive and can be reduced to tungsten(V) but presumably not lower.
Recent results in this laboratory bear out the greater difficuity of reducing
WVYI0, species by atom transfer [82]. For example, WO,(S,CN(CH,);), is
inert to Ph,;P and reacts only very slowly with Me,P and Et,P at 50°C in
1,2-dichloroethane. It is reduced with the very strong oxo acceptor (MeO),P
(AH = —90 kcal mol "), the product isolated being W,0,(S,CN(CH,);),.

Y\,jo 16 (Y =S, ssp)

e N,
o# l\o\b 17 (Y =0, sap)
solv 5
3

4

To proceed further with an assessment of the factors that influence oxo
transfer reactivity, potentials for the half-reaction MO,L, + 2H™" + 2¢~ =
MOL, + H,O or calorimetrically measured enthalpies of reactions such as
MOL, + XO =MO,L, + X, determined as a function of M and L, would be
ideal. Unfortunately, no such information is available. If one-electron reduc-
tion potentials are accepted as a measure of intrinsic reducibility, the
foregoing conclusions are upheld. Thus for complexes whose only significant
difference is in the ligand groups RS~ for RO~ (the only comparison
available), the sulfur-ligated complexes are more easily reduced than their
oxygen-ligated counterparts [57]. Potential differences do, however, depend
strongly on the nature of the remaining ligands.

Somewhat more striking is the effect of Mo/W substitution. While it is
axiomatic that, at parity of environment, molybdenum is less difficult to
reduce than tungsten, there has been little quantitative data to support this
until the last few years. The majority of available redox potentials have been
collected [57], and without exception they bear out the expected order of
reducibilities. In a particularly significant contribution, Heath et al. [83]
have determined the potentials for the successive reversible one-electron
reductions of the hexachlorometalates of 4d and 5d elements in dichloro-
methane. The results for molybdenum and tungsten are summarized as
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Ey, — E,,, (V) in series (16):
[MCI6]O -0.61 [MCI6]I— —0.65 [MCI6]2— -0.87 [MCI6]3— (16)

The potentials are especially interesting because chloride, but not NH; in
this regard, is nonetheless an innocent hard ligand that will not strongly
attenuate intrinsic differences between isoelectronic metal ions in their
complexes. In comparison, thiolate, phosphine, and carbonyl ligands do
markedly reduce potential differences [57]. While this same effect probably
operates in enzymes, because in cofactor structure 5 there are two anionic
sulfur ligands, it seems unlikely that a functional tungsten-substituted ver-
sion of most oxotransferases can be produced.

E. BIOLOGICAL OXO TRANSFER

The purpose of functional models and analogue reaction systems is to
provide, for biological reactions, feasible reaction pathways based on dem-
onstrated chemistry. One advantage of such a system is that a given reaction
can be inspected separately rather than as a transformation coupled to
others in a catalytic system. This reaction is then a counterpart of a single
turnover enzymatic reaction, the accomplishment and study of which is
usually a very demanding endeavor. The results of system (8) are considered
to provide the type of information sought from analogue reaction systems.
Consequently, direct atom transfer to the catalytic site is not only a
conceivable but also a feasible reaction pathway for the reduction of S-oxide
and N-oxide substrates. In the case of nitrate, this pathway had been
conceived earlier [84-86] but it lacked experimental support. Nearly all the
early work on the reduction of nitrate with molybdenum complexes involved
molybdenum(V), and in a number of these systems the initial reaction
product is not nitrite but nitrogen dioxide [15]. Abiological reduction of
nitrate has been accomplished with mononuclear [87] and binuclear
molybdenum(III) [88], and for the latter the oxo transfer pathway has been
proven by isotope labeling. However, there is no clear indication at present
that a binuclear site or molybdenum(III) is involved in nitrate reductase, but
the matter remains open.

(i) Initial experiments

The first evidence that an atom transfer mechanism might apply to any of
the enzymes in Table 1 was developed in experiments reported in 1966 by
Murray et al. [29]. They showed that liver xanthine oxidase when supplied
with xanthine and '®O-labeled nicotinamide N-oxide incorporated 0.67 atom
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Fig 8. Upper scheme: an interpretation of the 0 isotope transfer from nicotinamide
N-oxide (18) to xanthine (1) and the reduction of adenine 1-oxide (20) in the course of uric
acid (2) formation catalyzed by xanthine oxidase [29,72]. The scheme is based on the oxo
transfer hypothesis, but it is not necessarily the only catalytic pathway in the systems. Lower
reaction scheme: minimal mechanism for the oxidation of xanthine to uric acid.

fraction of O into xanthine in the course of forming uric acid. We have
interpreted that result under the oxo transfer hypothesis in terms of the
cycle in Fig. 8 [14,15,57]. The N-oxide (18) acts as an oxo donor to the
reduced enzyme, converting it to its oxidized form which reacts with the
natural substrate xanthine (1) to form uric acid (2). With milk xanthine
oxidase, the extent of incorporation was 0.54. It was further proven with
130, that the oxygen introduced did not come from dioxygen or from water,
a point confirmed by the use of ['*0OJH,0.

In the interpretive cycle in Fig. 8, 18 functions as an electron acceptor by
being an oxygen atom donor to molybdenum(IV), the atom transferred
being reduced to oxide and the donor converted to nicotinamide (19).
Adenine 1-oxide (20) was found to fulfill the same function [89]). In this
picture the oxo donor interacts directly with the molybdenum site, and is a
device for converting molybdenum(IV) to molybdenum(VI) in order that the
next turnover can occur. Thus xanthine oxidase is also an N-oxide re-
ductase. In the physiological mode of enzyme action, however, electrons
flow from the molybdenum site to a flavin, through the two Fe,S, clusters
present in the enzyme, to dioxygen, which is the terminal electron acceptor.
That water is the source of oxygen atoms transferred may be appreciated
from the minimal reaction scheme in Fig. 8, which is a summary of the
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considerations of several investigators but does not include all views
[13,14,18,90-93]. We will return to this scheme, but for now it is seen that
hydrolysis of reduced intermediates restores the oxygen atom in the Mo=0O
bond found in oxidized site 8 by EXAFS.

The appearance of 'O in 2 unambiguously requires that the isotope label
be transferred to the catalytic site and then to 1 when it is transformed to
product. Thus in xanthine oxidase both the molybdenum(IV) and
molybdenum(VI) states are capable of oxo transfer, in a manner that may be
likened to the behavior of the components of reaction system (8). The lack
of higher extents of incorporation of the isotope label in the product may
arise from oxygen exchange of 21 and/or 22 (Fig. 8) with bulk water.
Current evidence indicates that the reduced form of the enzyme exchanges
more rapidly [92,94]. Possibly some of the label was also lost in the reaction
ArNO + 2H" + 2e” = ArN + H,0 wherein the N-oxide is reduced and
molybdenum(IV) is oxidized by electron transfer. Oxo transfer capability is
probably not confined to xanthine oxidase, although no isotope tracer work
necessary to prove this statement has yet been carried out. As one example,
guinea pig liver aldehyde oxidase under anaerobic conditions will reduce
S-oxides such as diphenyl and dibenzyl sulfoxide in the presence of al-
dehydes or 2-hydroxypyrimidine as electron donors [28]. These results are
summarized in terms of the oxo transfer hypothesis in scheme (17) [57]:

O e S,
SIP P R
RpSO = PhySO, (PhCHo)SO, ngujo, D-biotin-d-SO

Me ester

Because of the absence of dioxygen, a non-atom transfer pathway would
appear to require reduction of the N-oxide or S-oxide by proton-coupled
electron transfer.

(ii) The Hille—Sprecher experiments

These highly significant experiments, which probed the occurrence of oxo
transfer in the mechanism of action of milk xanthine oxidase [92], are
schematically summarized in Fig. 9. Two separate experiments were con-
ducted. The uric acid product from each was silylated with N,O-bis(trimeth-
ylsilyl)acetamide to provide volatility for mass spectrometric analysis. One
experiment was conducted with an excess of enzyme such that it was
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Fig. 9. Schematic representation of the Hille—Sprecher experiments which demonstrated an
oxo transfer pathway for milk xanthine oxidase [92]; ® is the oxygen atom introduced in
oxidation and whose indicated isotopic contents were determined by mass spectrometry.

statistically improbable that a given enzyme molecule would encounter more
than one molecule of substrate. The reaction was carried out in 90%
[O]H,0 for a single turnover. More than 90% of the uric acid contained
180 at position 8. In the other experiment, the enzyme was reduced with an
excess of xanthine sufficient to maintain reduction while the oxygen atom
was exchanged with ['8OJH,0. It was then oxidized and separated from the
reaction mixture. The enriched enzyme was incubated with xanthine in
[**O]H,0. The product contained 79% '®O at position 8. The 21% isotope
dilution doubtless arises because of slow exchange of the oxidized enzyme
over the time course of the experiment. Controls established that the oxygen
atoms of uric acid do not exchange with water. The results prove that the
oxygen atom incorporated into uric acid in the event of oxidation arises
from the enzyme and not from the solvent. The most reasonable interpreta-
tion is that the reaction proceeds by oxo transfer from the molybdenum(VI)
atom, given the preceding body of demonstrated chemistry of this type. It is
improbable that the Mo"'OS group 22 (Fig. 8) would not have a similar
reactivity to the Mo"'Q, group. However, it is the case that no site analogue
containing this group has been synthesized. Indeed, the preparation of such
a complex remains one of the significant challenges in oxotransferase
analogue chemistry.
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F. SYNTHETIC MOLYBDENUM(IV, V) COMPLEXES AND THEIR RELATIONSHIP
TO ENZYME STATES

Current interpretations of the mode of action of oxotransferases implicate
three oxidation states, molybdenum(VI, V, IV). The relationship of synthetic
oxomolybdenum complexes in these oxidation states to states of the en-
zymes, primarily in terms of structures and electronic features, has been
examined by Garner and Bristow [17]. We add here other considerations
based on recent developments in molybdenum(IV, V) chemistry primarily
due to the experiments of Enemark, Spence, and their coworkers in the
United States, and Hanson, Pilbrow, Wedd, and their coworkers in Australia
[95-106].

(i) Oxo transfer

Oxidation of substrate in reaction system (8) is unexceptional in the sense
that the reactions are first order in the Mo"’O, complex and XO (Table 3).
All other reaction systems containing analogous components also exhibit
bimolecular kinetics [15,53,103]. However, reduction of substrate in other
systems does not necessarily follow the scheme of system (8) wherein
saturation kinetics are observed. Reaction (6) with XO = Me,SO is a rather
slow second-order process (k,=1.6x10"* M~! 57! 298 K) at the ratio
[Me,SO]: [Mo(IV)] = 500:1 {[53]; activation parameters were not de-
termined. Reaction (18) proceeds with second-order rate constant k, = 1.5
x 107> M~ 57! in toluene at 298 K (AH* =15.3(2) kcal mol™}, AS*=
~29(2) e.u.) [103]:

{HB(Me, pz), }MoO({S,P(OEt),} + Me,SO —
{(HB(Me, pz),) MoO,{S,P(OEL),} + Me,S (18)

Even at very large [Me,SO): [Mo'YO] ratios, the reaction remains bimolecu-
lar. The absence of saturation kinetics behavior is probably due to the lack
of a labile binding site on the molybdenum(IV) complex, whose X-ray
structure reveals the presence of bidentate dithiophosphate and tridentate
tris(pyrazolyl)borate ligands. While the number of systems studied is rather
limited, the present results indicate that a labile binding site (as in 11) does
not necessarily lead to saturation behavior and a first-order pathway.
Further, such a site, at least when recognized by being vacant or having
solvent or some other weak ligand present, is obviously not a general
requirement for substrate reduction. The large negative activation entropy of
reaction 18 implies an associative transition state with Me,SO bound. It is
considered that, because of the HB(Me,pz), ligand, the molybdenum(IV)
complex is too hindered to bind substrate without dissociation of one sulfur
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atom of the dithiophosphate ligand to give a six-coordinate transition state
[103]). The analogous complex containing the Et,NCS; ligand does not
react with neat Me,SO for at least 48 h, suggesting that an alteration in the
binding of the bidentate ligand is required for reaction. It is not known
whether the product Mo"'O, complex is six- or seven-coordinate.

(ii) Oxo / sulfido substitution

The presence of a terminal sulfido or hydrosulfido ligand in active sites of
xanthine oxidase/dehydrogenase, aldehyde oxidase, and possibly carbon
monoxide dehydrogenase places an imperative on an understanding of
Mo=S/SH interactions in those oxidation states where they occur in en-
zymes. The Mo"'OS fragment is present in species such as [M00O,S,]*™ [107]
and MoOS(R,NO), [108,109], which are derivatives of [Mo0S,]?> and can-
not be construed as site analogues. Very recently, Faller and Ma [110] have
prepared Cp* MoOS(CH ,SiMe;,) (23) as red crystals from the reaction of the
dioxo compound with H,S in CS, solution. The Mo"'OS group is thus far
unknown in any molecule in which the remaining binding sites are occupied
by 2e” ligands. The most likely mode of decomposition of the group, once
formed, is by autoreduction owing to an overly reducing ligand environment
or by reduction with the sulfiding reagent with likely formation of the bridge
unit 24. This group is known [111,112}; considerably more prevalent is the
analogous group Moy0, which is accessible by reduction of Mo''O, com-
plexes [15]. One possible means of stabilizing the Mo"'OS group is by its
generation in a complex, through O/S ligand substitution of an Mo"'0O,
group or oxidative addition from an Mo'VO or Mo'"'S species, whose ligand
steric properties and coordination saturation block the formation of bridge
24. In this event the Mo"?OS complex should be more resistant to reduction
unless, of course, there is some other feasible means of stabilizing
molybdenum(V). Complex 23 is not an acceptable site model. Given the
existence of compounds such as Cp3¥MoO,(u,-S), and CpjMoS,(u,-S),
[113], both of which have a transoid conformation, it seems unlikely that 23
owes its stability to steric impedance of dimerization.

T ped
Mo, Z
o’ E\CH,SiMe, s
24

23

Progress has been made in the introduction of sulfido ligands into
molybdenum(IV, V) complexes. Recent work by Young et al. [100] in
achieving the Mo'"Y=S group is summarized in reactions (19):
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MoO(S,CNR, ), + K[HB(Me, pz),] -
{HB(Me,pz),}MoO(S,CNR,) + KS,CNR, (19)
B,S,-CH,Cl,
Me
S

Me*{Nj(\u
e
=N / S
1

N

B
H N Me
M
Me
25

Here complex 11 serves as a precursor for the mixed-ligand oxo complex
which affords the gold-yellow product 25 in good yield. The complex with
R =Et has a distorted octahedral stereochemistry with an Mo=S bond
distance of 2.129(2) A. The complexes do not sustain a reversible oxidation
step. In a similar manner, the Mo'=S complex 26 was obtained by reaction
(20) as an orange-brown solid [101]:

Me

Me"(—N(

L/N:j‘g/Cl
B;S, /47// [ e
{HB(MGI pZ)3} MOOC12 w /IBI\N/N e (20)
H >\J
Me
26

Its structure has not been determined by X-ray analysis but is not in
question. An analysis of the EPR spectrum of 26 has been presented [101].
Both 25 and 26 exhibit weak near-IR absorption bands at 1000-1100 nm
which are likely to arise from d — d#* transitions. These may be of some
general utility in establishing the presence of Mo'""Y=S groups.

In a somewhat different approach starting from the Mo"'O, oxidation
level, sulfido and hydrosulfido groups have been introduced into complexes
containing the N,S, ligand 1. Following solution experiments that served to
demonstrate the insertion of these ligands [98,102], the preparative reactions
(21) starting from the fully characterized dioxo complex 27 [102] were

carried out [105]:

(s ?aps\ DHS N l‘g:g ~HS (ijé/; (1)
Mo oA \N— THF N—"1"=0
N\-ls-,;/N T \-is \-ls (21)

28 27 29
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Complex 28 was prepared by reaction with excess hydrosulfide followed by
treatment with excess trifluoroacetic acid to afford a deep purple product. It
is the only known synthetic compound containing the Mo O(SH) grouping.
Treatment of 27 with excess hydrosulfide but no acid gives a monoanion
formulated as 29, which was isolated as a Ph,P™* salt after the addition of
Ph ,PCl in methanol and then water. Protonation of 29 is reported to give a
transient blue color, attributed to the cis isomer of 28, followed by re-
arrangement to the trans form. The structures of 28 and 29 have not been
confirmed by X-ray crystallography but they have been examined by
molybdenum and sulphur K-edge XANES and EXAFS [105].

The structure of 28, with one Mo=0 bond at 1.66 A and 3-4 Mo-S bonds
at 2.39 A, is not exceptional. The near-edge spectrum of 29 provides no
evidence for a short (ca. 2.15 ;\) Mo=S bond whereas it is clearly detected in
26 by such means. Further, the EXAFS transform indicates the presence of
one Mo=0 bond at 1.68 A, and 2-3 Mo-S distances at or near 2.36 A with
some heterogeneity. Elemental analysis of the Ph,P™ salt is accurate for an
S: P atom ratio of 3:1 and the sulfur content is such that a difference of +1
atom would be detectable. Provided the solid is not a mixture, this rules out
certain alternatives such as binuclear u,-S and (p,-S,), and mononuclear
n*-S, structures involving sulfido or persulfido ligands. In addition to the
proton-linked conversion 29 — 28, the two compounds have different EPR
spectra and cyclic voltammetric behavior, showing that they are indeed
different compounds. One conclusion is that 29 contains a terminal Mo-S
single bond of length ca. 2.36 A [105], although an Mo-Cl bond would be
indistinguishable by molybdenum EXAFS. Terminal M-S single bonds are
not unknown but are extremely rare, and are expected to be strongly
polarized with the sulfide atom highly nucleophilic. Examples are found in
the compounds Na FeS, [114] and Na,FeS; [115], both prepared by high
temperature synthesis. In these compounds the sulfido atoms are surrounded
by sodium ions, providing some stabilization by charge neutralization. A
similar effect is absent in the isolated salt of 29, which, moreover, was
separated from its reaction mixture by the addition of water. The elemental
composition and the Mo-S distance are compatible with bridge unit 24,
which would be expected to have an Mo-Mo separation near 2.8 A
[111,112]. No evidence for this feature in the EXAFS was reported [105]. At
the time of writing, the exact nature of this compound remains open. It may
be noted that this complex, being a six-coordinate d' species, is a potential
candidate for bond stretch isomerism [116]. Further, because of the hetero-
geneity in Mo-S bond distances, the difference between the actual distance
in 29 and a normal Mo=S bond may be less than ca. 0.2 A and thus in the
range of known cases of bond stretch isomerism. As yet, no metal-sulfido
bond has been implicated in this type of isomerism.



212
(iii) Relation to enzyme sites

The potential importance of model structural work on molybdenum(V)
complexes is the deduction of at least some of the ligands present in
enzymes of the same oxidation state. Enzymes, particularly xanthine oxidase,
have been the subjects of extensive EPR studies [9-13,48,91,117-122]. Bray
and coworkers have provided highly significant information through de-
tailed spectroscopic analysis, including determination of hyperfine interac-
tions in different states of the enzymes by introduction of appropriate
isotopes of molybdenum, sulfur, oxygen, carbon and hydrogen. While a
detailed consideration of these results in relation to model compounds is
beyond the purview of this report, some pertinent conclusions are sum-
marized.

The proton-coupled redox series (22) has been established in aprotic
solvents with complexes derived from tetradentate N,S, ligands L = L' and
L2 [97,102,104]. The reduction of Mo"' O, complexes is usually not reversible
on the cyclic voltammetry time scale but these complexes are exceptions;
potentials in THF vs. the standard calomel electrode (SCE) are given
[102,123]:

[LMo"0,] "2 [LMe"0,]'~ & [LMo"O(0H)] (22)
~10V (1), 13V (12)

Upon reduction, the intensely basic Mo'O, group is protonated by added
water. Neither molybdenum(V) species has been isolated. However,
L>MoO(OSiMe;,) has been prepared and its X-ray structure shows a cis
arrangement of oxo and trimethylsiloxo ligands [104]. The close agreement
between its EPR spectrum and that of the generated oxo-hydroxo complex
supports a cis stereochemistry for the latter. These observations enhance the
viability of the Mo'O(OH) unit in the overall catalytic cycle of those
enzymes which do not contain sulfido or hydrosulfido ligands (Figs. 4 and
5).

The recently developed four-membered series (23) [98,102,105] is relevant
to xanthine oxidase and other enzymes that contain unit 22 in their oxidized
forms:

+

< -5 R e a
[L'Mo0S] = [L'Mo'0S] ool [L'Mo"O(SH)] =~

_0&v
[L'Mo™O(SH)] (23)
Here the entry point is complex 29, which may be oxidized to
molybdenum(VI) or protonated to a cis form that rapidly rearranges to the
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trans isomer. Reduction of the latter to the molybdenum(IV) level occurs in
a step that is not strictly reversible. Potentials were determined in DMF
solutions vs. SCE [105]. The existence of members of this series adds some
credibility to the minimal mechanism of action of xanthine oxidase in Fig. 8.
The well-known Very Rapid and Rapid EPR signals during turnover are
attributed to intermediates 30 and 31 respectively. While the scheme is
indeed minimal, it is nonetheless contentious in certain respects except
direct oxo transfer from the catalytic site to substrate. If structure 29 and the
non-protonated intermediate 30 were to be accepted, one of the Mo-O or
Mo-S bonds could be abnormally long. In one example of bond stretch
isomerism, both isomers of [(Me,-tacn)WOCI,]'* were prepared and iso-
lated by separate routes under thermal conditions [124,125].

(iv} A biologically irrelevant but otherwise pervasive reaction

As far as is currently known, the catalytic sites of oxotransferases are
mononuclear. At first glance, this might appear to be an uneventful matter,
but not so in the context of the synthetic analogue approach. The reason is
the widespread occurrence of the p-oxo molybdenum(V) dimerization reac-
tion (4), of which the well-studied reaction (7) [67,70] is a particular case.
Indeed, this is one of the few such reactions that is a reversible equilibrium;
the others also involve complexes of bidentate sulfur ligands [70,126,127). In
synthetic systems, this reaction proceeds unless impeded and is frequently
irreversible. Such a reaction is absent in the enzymes owing to the dilution of
sites by protein structure. Depending on the relative rates of reactions (24)
and (25)

Mo"'0,L, + X - Mo'VOL, + XO (24)
T
Mo"'0,L, + Mo"VOL,, = L, Mo' -O-Mo' L, (25)

even stoichiometric product formation might not be possible. These consid-
erations led to the design of reaction system (8) with its sterically obstruct-
ing ligands.

Reaction (25) is in effect an inner-sphere electron transfer reaction in
which the bridged intermediate persists as product, or, alternatively, it is an
incomplete intermetal oxo transfer reaction [15]. The Mo}O; group in the
product has been structurally confirmed by X-ray analysis in over 20
compounds.

In view of the foregoing information, the reported reduction of Schiff
base complexes 16 and 17 in reaction (24), where X = Ph,EtP, to afford the
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FORMATION OF p-OXO Mo(V) DIMERS
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Fig. 10. Schematic depiction of the formation of p-oxo molybdenum(V) dimers by reaction
(25) involving chiral molybdenum(VI, IV) complexes (L = solv). The molybdenum(IV) com-
plex has the stereochemistry of MoO(3-‘Bussp)(bipy) [79] where 2L = bipy (reproduced with
permission from ref. 79).

molybdenum(IV) products MoO(ssp)(solv) and MoO(sap)(solv) [78] is
anomalous. Product formulations were supported by analytical data and
electrochemical behavior. Subsequently, Topich and Lyon [76,77], in their
valuable work on the kinetics of reaction (24) with this same phosphine,
adopted the molybdenum(IV) product formulation. In these studies, very
clean isosbestic points in the visible region were observed. The lack of an
evident steric and /or electronic barrier to the occurrence of reaction (25)
caused us to re-examine reaction (24) using several substituted Schiff base
ligands to improve solubility and crystallinity. The results of that investiga-
tion are schematically summarized in Fig. 10 for ssp complexes; the behav-
ior of sap complexes is the same.

We have verified the reduction of complexes 16 and 17 with Ph,RP
(R = Me, Et) in reactions that afford sharp isosbestic points corresponding
to those previously observed. The products were shown to be of the
Mo,0,L, type, ultimately by X-ray diffraction. However, this study served
to develop several criteria for the detection of p-oxo complex formation
without the necessity of X-ray structural analysis: (i) parent ion peaks in
mass spectra; (ii) reaction stoichiometry; (iii) absorption spectral properties;
(iv) product stereochemistry. No single criterion is necessarily adequate but
the set is persuasive. We consider briefly the results for complexes where
L = ssp [79].
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The FAB mass spectrum of Mo,0,(ssp), contained the proper parent ion
peaks with the correct relative intensities arising from isotope distributions.
Determination of the mole ratio [R;PO}: [Mo(V1)], = 0.46 at the completion
of the reaction of MoQO,(ssp)(DMF) with Ph,MeP is consistent with reac-
tion (26), the sum of reactions (24) and (25), rather than reaction (24)
occurring separately:

2Mo"'0,L, + X = MoYO,L,, + XO (26)

However, a distinction between these two reactions can be made only if the
forward reaction (25) is fast and irreversible. This has proven to be the case
for all complexes 16 and 17 examined as well as for MoO,(acac),, which
affords Mo,0,(acac), upon reduction with phosphine. Reduced compounds
of ssp and sap exhibit an intense absorption band at 440-490 nm and a
band or shoulder at 300-340 nm which appear to be diagnostic for mole-
cules containing the Mo3y0O, group with combinations of nitrogen and
anionic oxygen and sulphur ligands. As an example, the spectrum of
Mo,0;(ssp), in DMF has A_,, =319 nm, €,=24700 M~ ! cm™! and
A max = 464 nm, €y, = 20200 M~! cm ™. For complexes of bidentate anionic
sulphur ligands such as 12, which are usually purple, the principal bands are
at 330-380 and 500-520 nm. In the formation of p-oxo dimers depicted in
Fig. 10, each half-dimer is chiral. In this case, the products can be formed as
meso and racemic diastereoisomers, which are not interconvertible by ro-
tation about an Mo-O bridge bond. Most are detectable by small dif-
ferences in chemical shifts in '"H NMR spectra. For example, in THF
solution the two azomethine proton signals of Mo,0O;(ssp), appear at 9.31
and 9.39 ppm. The spectrum of Mo,0;(acac), is particularly impressive in
this regard, containing two sets of six signals each, in an intensity ratio of ca.
2:1. There are, of course, numerous complexes which upon p-oxo bridge
formation do not generate diastereoisomers. Final confirmation of the
stuctures of the bridged complexes was obtained by X-ray analysis of
Mo,0,(3-Rssp),(DMF), (R = EtO, ‘Bu) [79].

It is unlikely that any mononuclear molybdenum(IV) complex of the type
MoOL(solv) (L = sap, ssp) has ever been isolated. However, it is entirely
probable that the Mo'"YOL entity is the instantaneous product of oxo
transfer to substrate. The isosbestic points in the spectrophotometry of the
reaction arise because the forward reaction (25) is much faster than reaction
(24). To address the point of Mo'"YOL formation in these systems, the
product of reaction (27) (L = 3-‘Bussp)

Mo0,L(solv) + Ph,MeP + bipy-—2; MoOL(bipy) + Ph,MePO + solv
(27)
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with excess bipyridyl was examined crystallographically and found to have
the indicated formulation with the bipyridyl ligand occupying positions cis
and trans to the oxo atom {79]. An earlier description of the unsubstituted
ssp compound is correct [78]. This trapping experiment supports the pro-
position that molybdenum(IV) is the initial product of reaction with phos-
phine. It offers justification for the molybdenum(IV) formulations given
elsewhere by ourselves and others for the instantaneous reaction product of
oxo transfer from MoVIO2 species [14,15,57,76,77].

The structures of molybdenum(VI, V, IV)-ssp complexes provide a clear
indication of the facility of the dimerization reaction (25) for tridentate
Schiff base complexes. With reference to Fig. 10, the ssp ligand has the same
mer disposition in the two reactants and in the product. If L = solv in the
molybdenum(IV) complex, dimer formation requires only dissociation or
displacement of the solv ligand cis to oxo followed by the lengthening of
one Mo-O bond originating in the molybdenum(VI) complex and the
formation of a bridge Mo-O bond in concert with electron transfer. Clearly,
reaction (25) is generally favorable. There are no oxo transfer systems in
which the p-oxo dimerization reaction does not occur, either irreversibly or
as an equilibrium, unless suppressed by steric factors or added ligands [79].
In addition to those in reaction system (8), sterically embellished Mo"'O,
complexes designed to suppress reaction (25) have been synthesized
[95,103,128]. The spatial properties of the HB(Me, pz); ligand appear to be
largely responsible for the occurrence of oxo transfer reaction (18) without
p-oxo dimer formation.

Lastly, while Mo} O, complexes are not usually desirable products in oxo
transfer systems, they are not necessarily devoid of oxo transfer reactivity.
The reverse of reaction (26) has been observed with L =ssp and sap
complexes and XO = R,SO and NO;™ and its stoichiometry established [79].
Certainly any Mo O complex present would be expected to reduce these
substrates. However, it was not possible to detect the known 'H NMR
resonances of the corresponding Mo"'O, species in any solution prepared
from a number of MoyO, complexes in solvents such as DMF, methanol,
THF, and pyridine [79]. If, as seems likely, the substrate reacts directly with
the molybdenum(V) complex, the following sequence of reactions (28) and
(29) is probable:

Mo,0,L, (solv), + XO = Mo,0,L,(solv)(XO) + solv (28)
Mo,0;L, (solv)(XO) + solv = 2MoO, L(solv) + X (29)
CONCLUSION

It is hoped that this brief chronicle of events in this laboratory, together
with selected recent developments in the laboratories of others, has conveyed
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some of the progress and excitement in oxo transfer chemistry related to the
mode of action of a broad class of molybdoenzymes. It is gratifying that our
endeavors and those described in Sections F(i)-F(iii) are at once comple-
mentary in providing information that may ultimately lead to a satisfactory
definition of all enzyme states over a catalytic reaction cycle. Certainly, the
synthetic analogue approach to the reactivities, stereochemistry, and elec-
tronic properties of oxomolybdenum(VI, V, IV) units in enzymes has been a
beneficial contributor. However, it must be remembered that, for analogue
reaction systems in particular, this approach can only reveal what is possible
—founded on demonstrated chemistry and the correctness of the model.
What is true must be elicited from the natural system, but with less tribute
to the conjectural than to the possible.

While the elucidation of the structure and mechanism of action of
nitrogenase remains one of the great scientific challenges of this and the next
decade, the accelerating evolvement of the fundamental chemistry and
biology of the oxotransferases, or hydroxylases, is an achievement of some
magnitude. At the center of this is the “universal” cofactor and its structure
and reactivity. Surely we will see before long the total synthesis of molyb-
dopterin [129] in quantities sufficient to allow synthesis of the cofactor and
interrogation of all its properties. It is perhaps an irony of nature that in the
pursuit of understanding of the two classes of large complex molybdoen-
zymes, one of their smaller integral components, their cofactors, present
major obstacles at the same time. Finally, this account may have dispensed
some modicum of evidence in favor of the answer proffered to the question
posed at the outset of this contribution to the Centennial Volume of
Coordination Chemistry Reviews.
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