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Density functional calculations have been used to investigate oxygen atom transfer reactions from the biological
oxygen atom donors trimethylamine N-oxide (Me3NO) and dimethyl sulfoxide (DMSO) to the molybdenum(IV)
complexes [MoO(mnt)2]2- and [Mo(OCH3)(mnt)2]- (mnt ) maleonitrile-1,2-dithiolate), which may serve as models
for mononuclear molybdenum enzymes of the DMSO reductase family. The reaction between [MoO(mnt)2]2- and
trimethylamine N-oxide was found to have an activation energy of 72 kJ/mol and proceed via a transition state (TS)
with distorted octahedral geometry, where the Me3NO is bound through the oxygen to the molybdenum atom and
the N−O bond is considerably weakened. The computational modeling of the reactions between dimethyl sulfoxide
(DMSO) and [MoO(mnt)2]2- or [Mo(OCH3)(mnt)2]- indicated that the former is energetically unfavorable while the
latter was found to be favorable. The addition of a methyl group to [MoO(mnt)2]2- to form the corresponding
des-oxo complex not only lowers the relative energy of the products but also lowers the activation energy. In
addition, the reaction with [Mo(OCH3)(mnt)2]- proceeds via a TS with trigonal prismatic geometry instead of the
distorted octahedral TS geometry modeled for the reaction between [MoO(mnt)2]2- and Me3NO.

Introduction

The mononuclear molybdenum-containing enzymes con-
stitute a diverse class of enzymes involved in the sulfur,
carbon, and nitrogen metabolic cycles.1,2 They all share a
common cofactor, an organic pterin containing a dithiolene
moiety (molybdopterin, Figure 1).2 In general, these enzymes
are involved in transferring an oxygen atom to or from a
biological oxygen acceptor/donor.

The dimethyl sulfoxide (DMSO) reductase family is a
subgroup of the mononuclear molybdenum enzymes which,
apart from DMSO reductase, also contains enzymes such as
trimethylamineN-oxide (Me3NO) reductase and dissimilatory
nitrate reductase. There are a number of published crystal
structures of enzymes from this family, most of them being
of DMSO reductase from two different bacteria,Rhodobacter

capsulatus3-6 andRhodobacter sphaeroides.7,8 In addition,
the crystal structures of oxidized Me3NO reductase from
Shewanella massilia,9 dissimilatory nitrate reductase from
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Figure 1. Schematic structure of molybdopterin. In several prokaryotic
enzymes, nucleotides (AMP, GMP, IMP) are coordinated to the phosphate
side chain of the pyran (pyrene) ring.
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DesulfoVibrio desulfuricans,10 and formate dehydrogenase
H from Escherichia coli11 have been published. The active
sites of all members of the DMSO reductase family consist
of a molybdenum atom that is coordinated by two molyb-
dopterins through their dithiolene moieties. The molybdenum
atom is also coordinated to an amino acid residuesthe
oxygen atom of a serine residue in the case of DMSO
reductase and Me3NO reductase, and the sulfur atom of a
cysteine residue in the case of nitrate reductase. In the
oxidized form of DMSO reductase fromR. sphaeroidesand
nitrate reductase there is one oxo ligand coordinated to
molybdenum. In the corresponding reduced forms of the
enzymes, the molybdenum has no oxo ligand. In contrast,
in the structures of DMSO reductase fromR. capsulatusand
Me3NO reductase there is one more oxo ligand, giving a
dioxomolybdenum(VI)/monooxomolybdenum(IV) couple.
This would result in an unusual seven-coordinate molybde-
num(VI) site if both pterins were fully coordinated. Two
recent studies of DMSO reductase fromR. sphaeroides8 and
R. capsulatus6 suggest that this discrepancy in the crystal
structures might originate from a minor disorder in the
position of the molybdenum atom in some structures that
could have been interpreted as an extra oxo group. The
disorder is proposed to originate from an oxidation of the
active site by buffer solution(s), resulting in a five-coordinate
dioxomolybdenum with one coordinated pterin, one oxygen
from serine, and the other pterin at a nonbonding distance;
this coordination has been observed in three of the published
structures.3,6,8

The reaction between a reduced molybdenum center and
an oxygen-donating substrate has been proposed to proceed
via a transition state where the substrate oxygen atom binds
directly to the molybdenum atom.7,12 This proposal is
supported by a study using18O-labeled DMSO and dithionite-
reduced DMSO reductase fromR. sphaeroides.13 The labeled
oxygen atom could be quantitatively transferred to a water-
soluble phosphine, which implies a single labile oxo group
in the active site. Similarly, an18O isotope tracer experiment
has shown that the oxygen atom inserted in xanthine by
xanthine oxidase (a hydroxylase; vide infra) originates at the
molybdenum site.14 The proposed mechanism is also in
agreement with the structure of dimethyl sulfide-reduced
DMSO reductase fromR. capsulatus.5 In this structure, a
DMSO molecule is coordinated to the molybdenum atom in
the active site.

Several model systems have been investigated as mimics
of the mononuclear molybdenum enzymes. Many of them
possess a MoVIO2/MoIVO couple, but some recent model
systems contain two dithiolene ligands and a MoVIO(OR)/

MoIV(OR) couple (R) SitBuPh2
15,16 or Ph17,18), which may

serve as better models for the active sites of members of the
DMSO reductase family, in particular DMSO reductase from
R. sphaeroides. The molybdenum complex [MoO2(mnt)2]2-

(mnt ) maleonitrile-1,2-dithiolate) has previously been
reported to oxidize HSO3- to HSO4

-, thereby acting as a
functional model for sulfite oxidase,19-21 another mono-
nuclear molybdenum enzyme. It has been suggested that the
enzymatic mechanism for sulfite oxidation proceeds via
initial coordination of sulfite to the molybdenum atom
through one of the substrate oxyanion moieties,22 but kinetic
evidence23 indicates that the critical step in the sulfite
oxidation mechanism is the coordination of the substrate to
a ModO group. Similarly, oxyanion attack on the metal has
been suggested for the [MoO2(mnt)2]2- + HSO3

- reaction
system,19,20 but a computational study24 indicates that the
reaction proceeds via an attack of the electron lone pair of
the sulfur atom on one of the oxo ligands on the molybde-
num. In this study, the oxo transfer reaction was found to
occur with concomitant hydrogen atom transfer from hy-
drogen sulfite to the other oxo ligand. Upon product release,
a reverse hydrogen atom transfer from the resultant hydroxo
moiety back to the sulfate ion occurs.24 The biological
significance of this coupled electron-proton transfer mech-
anism is unclear as such a mechanism has, to our knowledge,
not been observed for sulfite oxidase even though hydrogen
sulfite is a naturally occurring substrate.25

Other computational studies of phosphine oxidation by
[MoO2(Et2dtc)2] (Et2dtc ) N,N-diethyldithiocarbamate)26 or
[MoO2(NH3)2(SH)2]27 have obtained similar results favoring
a direct attack on one of the oxo ligands on the molybdenum.
On the other hand, it has been suggested28,29 that substrate
oxidation (hydroxylation) in xanthine oxidase proceeds via
a mechanism which differs from those discussed above; this
mechanism involves the formation of a transient Mo-
C(substrate) bond as well as hydride transfer to form a Mo-
(V)-SH species. Several computational studies of models
for xanthine oxidase have been reported. These studies
investigate the structure of the active site in different steps
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of the catalytic cycle30-32 and possible reaction mechanisms
for the oxidation of substrates (e.g. formaldehyde,33,34 for-
mamide32). Two studies33,34favor the formation of a transient
Mo-C bond while a third32 indicates that such bond
formation is not favored.

While there have been several computational studies of
reductive half-reactions of mononuclear molybdenum en-
zymes, theoretical studies of oxidative half-reactions involv-
ing oxygen atom transfer from a substrate to a Mo(IV)
complex remain raresexamples include a computational
study of the reoxidation pathway for the Mo(IV) center in
xanthine oxidase32 and the very recently published investiga-
tion of a model reaction for DMSO reductase.35 In order to
study the intimate mechanism(s) of substrate reductions and
compare the intermediates and transition states for such
reactions to related reductive half-reactions, we have at-
tempted to model the oxidative half-reactions of trimethy-
lamineN-oxide reductase and DMSO reductase using density
functional theory. For computational reasons, we have used
mnt2- as a model for the molybdopterin. Here we wish to
present a computational study of the reductions of Me3NO
by [MoO(mnt)2]2- and of DMSO by [MoO(mnt)2]2- or
[Mo(OCH3)(mnt)2]-.

Results and Discussion

The starting geometries for [MoO(mnt)2]2- (1), [Mo(OCH3)-
(mnt)2]- (2), and the substrates were optimized separately.
The optimized structure of the molybdenum(IV) monooxo
complex was found to have a structure that is in good
agreement with published crystal structures.16,36 In the
optimized structure of [MoIV(OCH3)(mnt)2]- (2), which
compares well to the crystal structures of [Mo(OR)-
(S2C2Me2)2]- (R ) Ph, i-Pr)17,18 and [Mo(OSiPh2(t-Bu))-
(dithiolene)2]- (dithiolene2- ) benzene-1,2-dithiolate, eth-
ylene-1,2-dithiolate),15 the Mo-O distance is 1.85 Å and the
methyl group lies over one of the mnt ligands (Figure 2).
The same orientation was found for the recently published
computational model [Mo(OCH3)(S2C2Me2)2]-.35

Reduction of Me3NO by [MoO(mnt) 2]2-. The reduction
of Me3NO by [MoO(mnt)2]2- was found to have a reaction
energy of-63 kJ/mol. As a starting point for this reaction,
the substrate was placed about 4 Å from the molybdenum
complex with the oxygen pointing toward the molybdenum
atom. The Mo-O(NMe3) distance was then shortened in a
number of steps, at each of which the structure was
minimized, letting all degrees of freedom [except the Mo-
O(NMe3) distance] vary. When the oxygen atom of Me3NO
enters the coordination sphere of the molybdenum, the square
pyramidal structure of the starting complex, with the oxo

ligand in the apical position, shifts into a distorted octahedral
geometry. A transition state (TS,3) was located for an
Mo-O distance of 2.96 Å with an energy 72 kJ/mol above
the starting point. In this TS, one of the sulfur atoms
coordinated to the molybdenum has moved out of its position
in [MoO(mnt)2]2- to leave an open coordination space for
the entering oxygen atom; that Mo-S bond is also slightly
elongated compared to the structure of [MoO(mnt)2]2- (2.44
Å, Figure 3). Upon further reduction of the Mo-O distance,
an intermediate structure (4) was found with an Mo-ONMe3

distance of 2.17 Å and an energy 65 kJ/mol above the energy
at the starting point (cf. Figure 3). One of the sulfur atoms
of the mnt ligands in4 is trans to the oxo ligand with an
S-Mo-Ooxo angle of about 160°. The trans influence of the
oxo ligand makes this Mo-S bond about 0.2 Å longer than
the corresponding Mo-S bond trans to the entering oxygen
atom of Me3NO, 2.61 Å vs 2.39 Å, respectively. The Me3-
NO molecule coordinates with an N-O-Mo angle of 126°
and an almost unperturbed bond length (1.41 Å vs 1.38 Å
in free Me3NO).

On the basis of ab initio studies of hydrocarbon oxidation
by [MoO2Cl2], the second “spectator” oxo ligand, which does
not participate in the reaction, has been suggested to be
important.37 This ligand is suggested to stabilize intermediates
by achieving a partial triple bond during the reaction. The
spectator oxo ligand was found to play a similar role in
another computational study modeling the reaction of [MoO2-
(NH3)2(SH)2] with phosphines.27 The substrate attack was
directed so that it allowed for a partial triple bond between
the molybdenum and the spectator oxo ligand to be formed,
thereby stabilizing the intermediate formed in the reaction.
A partial triple bond may be stabilizing the intermediate in
the reaction of [MoO(mnt)2]2- with Me3NO as well, even if
the effect on the reaction energy might be to stabilize the
reactant compared to the product (vide supra).

Starting from the intermediate structure4, the MoO-NMe3

distance was increased in the same way as described above.
The energy of the system passed over a second maximum
point. A second TS (5) was located at an O-N bond distance
of 1.66 Å and a Mo-ONMe3 distance of 1.92 Å (Figure 3).
This TS has an energy of+71 kJ/mol relative to the starting
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Figure 2. Modeled structure of [Mo(OCH3)(mnt)2]- with selected distances
in Å (ε ) 78.8). Numbers in parentheses are from crystal structures.16,18

See text for details.
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point and lies only 6 kJ/mol above the energy of the
intermediate. The Mo-O and the O-N distances are both
typical of single bonds. The Mo-S bonds are elongated
compared to the intermediate; the Mo-S bond trans to the
entering substrate is 2.47 Å, and the relatively weak bond
trans to the oxo ligand is 2.68 Å. The Ooxo-Mo-S angle is
almost linear, which gives a maximal trans influence of the
oxo ligand on the sulfur atom. An energy profile for the
whole reaction is shown in Figure 4.

Reduction of DMSO. The complex [MoIVO(mnt)2]2- (1)
may be reoxidized to [MoVIO2(mnt)2]2- by Me3NO but not
by DMSO.38 Our computational modeling is in agreement
with this experimental observation. Thus, the reaction

between1 and DMSO was found to have a reaction energy
that is positive (+28 kJ/mol), but this value became slightly
negative (-7 kJ/mol) when the reaction was modeled using
[Mo(OCH3)(mnt)2]- (2), in which the methoxy group mimics
the serine residue in DMSO reductase. To evaluate whether
there are any differences in the reactions, the reduction of
DMSO by 1 or 2 was studied in the same manner as
described above for the reaction of [MoO(mnt)2]2- and Me3-
NO.

(a) Reaction with [MoO(mnt)2]2- (1). When the Mo-
OS(CH3)2 bond in the reaction between DMSO and1 is
decreased from a starting distance of approximately 4 Å,
the reaction does not proceed via a first transition state and
an intermediate as in the reaction with Me3NO (vide supra).(38) Lorber, C. Unpublished results.

Figure 3. Calculated structure of the two transition states and the intermediate for the reaction between Me3NO and [MoO(mnt)2]2- (ε ) 78.8). The
hydrogens and cyanides are left out for clarity. Distances shown are in Å.

Figure 4. Energy profile for the reaction between Me3NO and [MoO(mnt)2]2-.
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Instead, only one transition state (6) with a short Mo-OS-
(CH3)2 distance, 1.87 Å, could be located. The energy of6
is +150 kJ/mol relative to the starting point (Figure 5),
reflecting the greater bond dissociation energy for the oxygen
atom of DMSO compared to Me3NO.39 The bond length
between the oxygen and the sulfur atom in DMSO is
increased from about 1.53 Å in (DFT modeled) free DMSO
to 1.98 Å in the transition state, suggesting that (partial)
electron transfer has taken place at the transition state. The
partial charges of the molybdenum atom and the sulfur atom
at the transition state are in agreement with partial oxidation
of the molybdenum atom and partial reduction of the DMSO
sulfur atom.

(b) Reaction with [Mo(OCH3)(mnt)2]- (2). This model
reaction is closely related to the computational investigation
of the reduction of DMSO by [Mo(OCH3){S2C2(CH3)2}2]-

that has recently been published by Webster and Hall.35 Our
results are in qualitative agreement with those obtained by
Webster and Hall. The reaction between DMSO and2 was
modeled using the same approach as for the reaction with
1, i.e., starting at a long Mo-OS(CH3)2 distance that was
decreased in steps. Calculations were initially performed with
a dielectric constant of 78.8, and it was found that the
reaction proceeded via an initial transition state at+42 kJ/
mol, an intermediate at+17 kJ/mol, and a second transition
state at+92 kJ/mol, leading to an overall reaction energy
of -7 kJ/mol for the formation of the free products. To be
able to make a quantitative comparison to the results of
Webster and Hall, calculations were also performed in vacuo
as well as with a dielectric constant of 4 for the surrounding
medium; the discussion below is an account of the modeling
for ε ) 4.

The angle of attack of the DMSO molecule was optimized
by a random search, and the minimum was found for an
orientation in which the dimethyl sulfide moiety of the
substrate approaches a perpendicular orientation with respect
to the planes of the two dithiolene ligands; i.e., the attack is
more “side on” than that found in the reaction with
[Mo(OCH3){S2C2(CH3)2}2]-.35 The energy passed over a
maximum approximately 44 kJ/mol above the starting point
for an Mo-OS(CH3)2 distance of 2.92 Å. At an Mo-OS-
(CH3)2 distance of 2.15 Å, an intermediate structure (7),
which lies 16 kJ/mol above the energy at the starting point,
was identified. The corresponding distance in the modeled

[MoVI(OCH3)(DMSO){S2C2Me2}2]- complex (Webster and
Hall35) is 2.27 Å. The coordination geometry around the
molybdenum in7 is a twisted trigonal prism, with a twist
angle of 15°, which is markedly different from the distorted
octahedral intermediate found in the reaction of Me3NO and
[MoO(mnt)2]2- but similar to the active site structure of
DMS-reduced DMSO reductase fromR. capsulatus(Figure
6a), apart from the additional oxo ligand found in the
enzyme,5 which probably is a result of a disorder in the
crystal structure (vide supra).8 In the modeled intermediate
(7), the coordinated DMSO has an S-O distance of 1.56 Å,
comparable to free DMSO and virtually identical to the
distance obtained by Webster and Hall.35 All Mo -S bonds
are in the range 2.33-2.40 Å, and the Mo-OCH3 bond is
1.98 Å.

As shown in Figure 6b, the orientation of the coordinated
DMSO molecule in the intermediate is similar to that found
in [MoVIO(DMSO)(3,6-dbcat)2] (3,6-dbcat ) 3,6-di-tert-
butylcatecholate),40,41 the crystal structure of which reveals
that the Mo-OS(CH3)2 distance is 2.08 Å and the O-S(CH3)2

distance is 1.55 Å. In the structure of DMS-reducedR.
capsulatusDMSO reductase, the O-SDMSO distance is 1.7
Å and the Mo-ODMSO distance 2.0 Å but the orientation of
the DMSO molecule is different from the modeled reaction

(39) Donahue, J. P.; Holm, R. H.Polyhedron1993, 12, 571.

(40) Thapper, A.; Lorber, C.; Fryxelius, J.; Behrens, A.; Nordlander, E.J.
Inorg. Biochem.2000, 79, 67.

(41) Liu, C.-M.; Restorp, P.; Nordlander, E.; Pierpont, C. G.Chem.
Commun.2001, 2686.

Figure 5. Calculated transition state structure for the reaction between
[MoO(mnt)2]2- and DMSO (ε ) 78.8). The hydrogen atoms and cyanides
are left out for clarity. Distances shown are in Å.

Figure 6. (a) Calculated intermediate structure for the reaction between
[Mo(OCH3)(mnt)2]- and DMSO (ε ) 4, left; cyanides and hydrogen atoms
left out for clarity) and the coordination geometry of the molybdenum in
the X-ray structure of DMS-reduced DMSO reductase fromR. capsulatus
(right).5 Distances are given in Å. The Mo-Sdithiolene distances are 2.33-
2.38 Å in the calculated structure and 2.4-2.5 Å in the enzyme. (b) Overlay
plot of the coordination geometry of Mo in the crystal structure of [MoVIO-
(DMSO)(3,6-dbcat)2] (broken line) and in the modeled “unrotated” inter-
mediate in the reaction of [Mo(OCH3)(mnt)2]- with DMSO (solid line).
(c) Overlay plot of the coordination around Mo in DMSO reductase from
R. capsulatus(broken line) and in the modeled “rotated” intermediate in
the reaction of [Mo(OCH3)(mnt)2]- with DMSO (solid line). See text for
details.
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intermediate. By rotation of the DMSO molecule in the
model, a second structure of the complex between [Mo-
(OCH3)(mnt)2]- and DMSO was minimized and found to
be about 35 kJ/mol higher in energy than the “unrotated”
intermediate. A comparison of the enzyme structure and the
“rotated” model structure (7a) is shown in Figure 6c. It is
possible that the surrounding protein in the enzyme stabilizes
this alternative coordination of the DMSO molecule rather
than the orientation that is energetically most favorable in a
small inorganic molybdenum complex.

Starting from the intermediate (7), the O-S(CH3)2 bond
length was increased and a TS (8) was found, the structure
of which is still best described as a distorted trigonal prism
(Figure 7). None of the sulfur atoms of the mnt ligands are
directly trans to any oxygen atom, and the four Mo-S
distances remain approximately the same (2.38-2.43 Å). The
torsion angle for the four dithiolene sulfurs is 126.0°, and
the largest (dithiolene)S-Mo-S angle is 154.5°. In 8, the

O-S bond length of 1.91 Å and an Mo-OS(CH3)2 distance
of 1.87 Å are slightly longer and slightly shorter respectively
than those calculated by Webster and Hall.35 The energy of
8 is approximately 60 kJ/mol above the intermediate (7) and
76 kJ/mol above the initial reactants.

A similar reaction pathway as that described above was
derived for the in vacuo reaction; the energies of the
transition states and the intermediate detected in this reaction
are listed in Figure 8, in which the energy profiles for the
reactions with DMSO are shown. The final product of the
modeled reaction, [MoO(OCH3)(mnt)2]-, has a distorted
octahedral coordination environment with a clear elongation
of the Mo-S bond trans to the oxo ligand. In contrast, the
1.3 Å crystal structure of oxidizedR. sphaeroidesDMSO
reductase reveals that the active (six-coordinate) form has a
distorted trigonal prismatic structure with all Mo-S distances
being approximately equal.8

Using the transition state structure from the reaction
between DMSO and [MoO(mnt)2]2- (ε ) 78.8) as a starting
point and adding a methyl group to the oxo ligand led to the
identification of another transition state. The structure of this
transition state is distorted octahedral and approximately 50
kJ/mol higher in energy than the corresponding prismatic
transition state. It appears that exchanging the oxo ligand
for a methoxy group on the molybdenum not only lowers
the relative energy of the product compared to the reactant
but also permits the reaction to proceed via a pathway with
a different geometry at the transition state.

Furthermore, when a dielectric constant of 4 was main-
tained, but the “rotated” intermediate (7a) was used as a
starting point, the reaction was found to proceed via a

Figure 7. Calculated transition state structure for the reaction between
[Mo(OCH3)(mnt)2]- and DMSO. The hydrogen atoms and cyanides are
left out for clarity. Distances shown are in Å.

Figure 8. Energy profiles for the reactions between DMSO and [MoO(mnt)2]2- leading to transition state6: DMSO and [Mo(OCH3)(mnt)2]- (solid line);
DMSO and [Mo(OCH3)(mnt)2]- (“rotated” intermediate, broken line). Calculated energy values forε ) 1 are within parentheses. See text for details.
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transition state (8a) that lies 9 kJ/mol above the intermediate
which is about 15 kJ/mol lower than the energy for (8), while
the overall reaction energy remains the same. The relative
activation barrier for the conversion of the intermediate to
products is thus lowered significantly when a substrate
orientation that is similar to that detected in DMSO reductase
is used in the computational model reaction.

A preliminary study of the reaction between nitrate and
[MoO(mnt)2]2- was undertaken using the same methods
described for the other reactions and a dielectric constant of
78.8. This reaction was found to have a positive energy of
35 kJ/mol, but when [Mo(SCH3)(mnt)2]- (a model for the
active site of nitrate reductase) was used, the total energy
for the reaction became-27 kJ/mol. The reaction between
the latter complex and nitrate was not modeled in detail, but
it is plausible that it proceeds via a reaction pathway similar
to that described above for the reaction of [Mo(OCH3)(mnt)2]-

and DMSO.

Conclusions

The reaction between [MoO(mnt)2]2- and Me3NO has been
demonstrated in the laboratory.38 We have undertaken a
density functional study of this reaction and presented a
modeled reaction pathway. The reaction has an activation
energy of 72 kJ/mol and proceeds via two transition states
of approximately equal energy with an intermediate at 7 kJ/
mol lower energy. Along the reaction pathway, an Mo-O
bond is gradually forming and the N-O bond in Me3NO
gradually weakening, in keeping with the expected bridged
electron-transfer mechanism. There is also a gradual change
from the square pyramidal geometry of [MoO(mnt)2]2- to
the distorted octahedral geometry of [MoO2(mnt)2]2-. At the
second transition state, the Mo-S bond trans to the oxo
ligand is elongated by approximately 0.1 Å compared to
[MoO2(mnt)2]2-.

The similar reaction of [MoO(mnt)2]2- with DMSO was
calculated to have a positive reaction energy and an activation
energy of about 150 kJ/mol. However, when the reaction
was modeled with [Mo(OCH3)(mnt)2]-, where the methoxy
group mimics the serine residue found in the active site of
DMSO reductase, the relative energy of the products dropped
and became slightly lower than the reactants. The modeled
reaction pathway, which is in qualitative agreement with that
modeled by Webster and Hall (vide infra), begins such as
that for the reaction of [MoO(mnt)2]2- with Me3NO, but the
geometries of the intermediate and the second transition state
are more trigonal prismatic than octahedral. The activation
energy of the reaction is significantly lowered as a conse-
quence of this second pathway. It is possible that partial triple
bonds for thesingle oxo ligands in [MoIVO(mnt)2]2- and
[MoVIO(OCH3)(mnt)2]- can stabilize these structures with
respect to [MoIV(OCH3)(mnt)2]- and [MoVIO2(mnt)2]2-,
respectively, thereby favoring the oxidation of [MoIV(OCH3)-
(mnt)2]- over the oxidation of [MoIVO(mnt)2]2-. It should
be noted that experimental evidence shows that [MoIVO-
(mnt)2]2- is not capable of reducing DMSO,38 while
[MoIV(OPh)(S2C2Me2)2]- is capable of effecting deoxygen-
ation of DMSO (and Me3NO).17

In the active site of members of the DMSO reductase
family of mononuclear molybdenum enzymes there is often
an amino acid residue coordinated to the molybdenum, e.g.
serine or cysteine. This study indicates that this amino acid
residue may play a key role in stabilizing the oxidized form
of the enzyme as compared to the reduced enzyme. Further-
more, the coordinated amino acid residue might facilitate a
reaction mechanism involving less rearrangement of the
active site structure during catalysis. Two other computa-
tional studies have investigated the importance of the cysteine
residue coordinated to the molybdenum in the active site of
sulfite oxidase. They suggest that the cysteine residue may
modulate the redox-active d-orbital on the molybdenum
atom; this would affect the redox potential and reactivity of
the active site.42,43It is possible that the different amino acid
residues (serine, cysteine, and selenocysteine) found in the
active site of members of the DMSO reductase family of
molybdoenzymes play a similar role in affecting the specific-
ity of the enzyme.

Calculations on DMSO reduction by [MoIV(OCH3)-
(S2C2Me2)2]-,35 using geometries for the starting complex
[MoIV(OCH3)(DMSO)(S2C2Me2)2]- and the product, [MoVI-
(OCH3)(DMSO)(S2C2Me2)2]-, which are similar to those
observed for reduced and oxidized forms of DMSO reductase
as well as the calculated transition state (vide supra), show
that the ground states of the starting complex and the product
are raised with respect to the corresponding unrestrained
models. Webster and Hall35 point out that this is in agreement
with the entatic principle.44 Although we have not performed
calculations that directly corroborate these conclusions, we
note that the orientation of bound DMSO in the enzyme (vide
supra) may be due to the influence of the protein and that
our calculations on a model with a similar orientation of the
bound substrate give results that are in qualitative as well as
quantitative agreement with those of Webster and Hall. The
transition state found by Webster and Hall has a structure
which is closer to a regular trigonal prism than in our
calculations. The relatively minor differences in structure and
energies of these transition states may be due to the different
dithiolene ligands used in the models and the different
orientations of the substrate (DMSO).

In this study, a relatively crude model for the molybdop-
terin ligand, viz. mnt2-, has been used. Our results do not
support any involvement of the dithiolenes in any redox
activity, as was suggested in the report of the first crystal
structure of DMSO reductase.7 However, the relative sim-
plicity of our model ligand does not permit an analysis of
the possible involvement of the inherent potential redox
activity of the pterin ligand itself in the enzyme mecha-
nisms;45 a more advanced model ligand must be used for
such a study.
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Computational Details

The density functional calculations were performed with the
Amsterdam Density Functional (ADF) program, version 2000.01,46-49

using an uncontracted triple-ú STO basis set with frozen cores and
an added polarization function and were carried out on the
LUNARC parallel computer cluster. The implementation of the
local density approximation (LDA) uses the standard Slater
exchange term50 and the correlation term due to Vosko, Wilk, and
Nusair.51 Geometries were optimized at the LDA level using
analytical energy gradients49,52 within a spin-restricted formalism.
Total binding energies were calculated at the LDA geometries using
Becke’s 198853 and Perdew’s 198654 gradient-corrected functionals
for exchange and correlation, respectively. Transition state structures
were located using the transition state algorithm of the ADF
program package49,55 and had a single negative eigenvalue in the

Hessian matrix. For some of the calculations a COSMO type solvent
correction56-58 was applied by assuming a solvent dielectric constant
of 78.8 or 4 (see text for details). Default convergence criteria were
employed throughout.
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