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The Role of Axial Ligation in Nitrate Reductase: A Model Study by DFT
Calculations on the Mechanism of Nitrate Reduction
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The reactivity differences of the model anionic complexes
[Mo(mnt)2(X)(PPh3)]– [mnt2– = 1,2-dicyanoethylenedithiolate;
X = SPh (1a), SEt (1b), Cl (1c), Br (1b)] towards oxygen atom
transfer from nitrate, which is a key step performed by nitrate
reductase, has been investigated by density functional theory
calculations. Unlike complexes 1a and 1b, complexes 1c and
1d do not react with nitrate. Thermodynamically, all these
complexes have a similar ability to generate the pentacoordi-
nate active state [Mo(mnt)2(X)]– by dissociation of PPh3, al-
though the inaccessibility of the dxy orbital in 1c,d and the
instability of the corresponding nitrate-bound enzyme sub-

Introduction

A large number of mononuclear molybdoenzymes (and
tungstoenzymes)[1] contain a molybdenum (or tungsten)
atom coordinated to an organic cofactor classically known
as molybdopterin (MPT) and presently as pyranopterindi-
thiolene.[2] These enzymes mainly catalyze important redox
reactions that maintain the global carbon, sulfur and nitro-
gen cycles. An oxygen (atom) transfer reaction (OAT),[3]

where the oxygen atom is ultimately derived from, or incor-
porated into, water to or from a substrate in a two-electron
redox reaction, dominates in these redox reactions. Accord-
ing to Hille’s classification,[4] the majority of molybdoen-
zymes can be classified into three families represented by
xanthine oxidase (XO),[5] sulfite oxidase (SO)[6] and DMSO
reductase.[7] This classification closely follows the composi-
tion of molybdopterin at the metal centers and the catalytic
activity. Nitrate reductase,[7,8] which belongs to the DMSO
reductase family, plays an important role in respiration,
where it catalyzes the reduction of nitrate to nitrite via an
OAT reaction [Equation (1)].

NO3
– + 2 H+ + 2 e– h NO3

– + H2 (1)
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strate (ES) type complex contributes to their failure to reduce
nitrate. The nature of the ES complex for 1a,b is described.
The variation in the experimental data due to the change of
axial ligation from SPh to SEt on the catalytic pathway has
also been addressed. The gas-phase and solvent-corrected
potential energy surface for the reaction of 1a,b with nitrate
are established with fully optimized minima and transition
states.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Several synthetic (deoxo)MoIV complexes[9] with dithi-
olene chelating ligands have been reported as proposed
models of the active site of nitrate reductase. However, these
models do not show a functional property similar to the
OAT reaction (Scheme 1).

Scheme 1. Simplified nitrate reductase catalytic cycle.[8a]

We have recently reported[10] a functional nitrate re-
duction (Scheme 2) using 1,2-dicyanoethylenedithiolate
(mnt2–) as a model ligand of molybdopterin. The resulting
complex, [Mo(mnt)2(SPh)(PPh3)]– (1a), readily responds to
the OAT reaction (Scheme 2) with nitrate and follows Mi-
chaelis–Menten kinetics,[10] which is a characteristic signa-
ture of an enzymatic-type reaction [Equation (2)].

E + S h [ES]� h [ES] � [EP]� � E� + P (2)
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Scheme 2. Reaction scheme of synthetic model complexes.

We proposed[10a] that 1a is in equilibrium with [Mo(mnt)2-
(SPh)]– (2a) in solution and that the reaction starts upon
dissociation (as shown by 31P NMR spectroscopy) of PPh3

from 1a to form the active pentacoordinate species 2a,
which is responsible for nitrate reduction. Interestingly, we
also observed that when the thiolate group is replaced by
halide, both the chlorido analog [Mo(mnt)2(Cl)(PPh3)]– (1c)
and the bromido derivative [Mo(mnt)2(Br)(PPh3)]– (1d) are
inactive in the nitrate reduction reaction. Hofmann has re-
cently reported[11] a detailed DFT study on several model
complexes of Mo-dependent nitrate reductases. He ad-
dressed the reactivity difference in 1a and 1c with nitrate
towards the OAT reaction.[10a] Nevertheless, these calcula-
tions failed to provide a plausible explanation for the reac-
tivity difference that occurs upon simply changing the axial
ligation at the Mo center from thiolato to chloride
(Scheme 2).

To understand this different reactivity of very similar Mo
complexes toward nitrate, we decided to extend our experi-
mental work.[10b] Thus, we found that [Mo(mnt)2(SEt)-
(PPh3)]– (1b) behaves similarly to 1a by also generating
[Mo(mnt)2(SEt)]– (2b) upon dissociation of PPh3, thereby
creating the all-important vacant site for nitrate to bind,
although it reacts faster than 1a. Complex 2b therefore con-
tains an aliphatic thiol close to the cysteinyl thiolate coordi-
nation site of the native protein. The presence of nitrate or
another such ionic ligand allows complete dissociation of
the bound PPh3 from the molybdenum center in complexes
1, whereas in the absence of any such external ion or ligand,
the bound PPh3 is only partially dissociated, and the com-
plexes containing bound and unbound PPh3 remain in equi-
librium. We have reported[10b] previously that the addition
of nitrate promotes the release of bound PPh3 to produce
free pentacoordinate species of the type [MoIV(X)(mnt)2]–

[X = Cl (2c), Br (2d)], although these complexes do not go
on to promote nitrate reduction even upon binding of ni-
trate at the available vacant site. To understand the cause
of this difference in activity we extended our studies; the
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results obtained are presented herein. All the complexes
containing bound and unbound PPh3 considered in the
present theoretical calculations, along with their respective
compound numbers, are tabulated in Table 1.

Table 1. Lists of structures and compound numbers.

Complex Compound number

[MoIV(mnt)2(SPh)(PPh3)]– 1a
[MoIV(mnt)2(SEt)(PPh3)]– 1b
[MoIV(mnt)2(Cl)(PPh3)]– 1c
[MoIV(mnt)2(Br)(PPh3)]– 1d
[MoIV(mnt)2(SPh)]– 2a
[MoIV(mnt)2(SEt)]– 2b
[MoIV(mnt)2(Cl)]– 2c
[MoIV(mnt)2(Br)]– 2d
[MoVIO(mnt)2(SPh)]– 3a
[MoVIO(mnt)2(SEt)]– 3b

It is thought that the nature of the axial ligand may tune
the reactivity of the model complexes and thereby affect
their OAT reaction. To understand the mechanistic aspects
of this reaction with specific axial ligation, we extended our
work to include density functional theory (DFT) calcula-
tions. Several previous reports have dealt with model sys-
tems for the active sites of molybdoenzymes, especially
DMSO reductase and TMNO reductase.[12] Furthermore,
we have recently shown the nature of the Michaelis complex
and the mechanistic pathway for the oxidation of sulfite to
sulfate by sulfite oxidase[13] using DFT methods. A DFT
investigation has been reported[12c] for nitrate reductase by
using [Mo(SMe)(S2C2Me2)]– as a model complex and with
a protein environment model, although the nature of the
first transition state – [ES]� in Equation (2) – prior to the
ES formation was not discussed. We have computed the
nature of the Michaelis complexes and the gas-phase poten-
tial energy surface for the nitrate reduction by synthetic
model complexes (1a and 1b) and evaluated the effect of
the medium’s dielectric constant on the reaction pathway.
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Results and Discussion

Electronic Structure Calculation on the PPh3 Dissociation
Step

Based on evidence obtained from the experimental work,
we considered that complexes 1a–d undergo PPh3 dissoci-
ation and are in equilibrium with 2a–d, respectively, in solu-
tion. As they contain the free binding site, which is neces-
sary for the OAT reaction to occur, pentacoordinate com-
plexes 2a–d should be capable of binding nitrate and reduc-
ing it. However, we found that only 1a and 1b react with
nitrate following Michaelis–Menten kinetics, which indi-
cates that the reaction proceeds via a stable intermediate
like ES [see Equation (2)]. Complexes 1c and 1d, in con-
trast, do not react with nitrate. To understand this reactivity
difference, we performed electronic structure calculations
on 1a–d and 2a–d. The initial geometries of 1a–d were ob-
tained from their crystal structures and the geometries of
2a–d were assumed to involve a square-pyramidal coordina-
tion environment of the Mo center with axial ligation of X
(X = SPh, SEt, Cl and Br). The two mnt ligands are located
in the basal plane and maintain the geometrical parameters
of mnt found in 1a–d. The geometries were optimized to
local minima by several optimization procedures in the gas
phase, and the lowest energy minima were then considered
for further calculations. The optimized gas-phase geome-
tries of 1a–d and 2a–d are shown in Figures 1 and 2, respec-
tively. The changes in energy (∆G and ∆H) for the PPh3

dissociation steps of 1a–d are listed in Table 2.
The DFT (B3LYP) optimized gas-phase geometries of 1a

and 1b were found to be in agreement with the geometries
obtained from the respective crystal structures (see Fig-
ure 1). Both 1a and 1b adopt a trigonal-prismatic geometry
with Mo–S(dithiolene) bond lengths in the range of 2.402–
2.418 Å and Mo–P bond lengths of 2.664 and 2.669 Å for
1a and 1b, respectively. The Mo–SPh bond (2.455 Å) is
slightly longer than the Mo–SEt bond (2.416 Å), and the
P–Mo–SR angle is around 75° in both cases. The optimized
gas-phase geometries of 1c and 1d (Figure 1) also match
well with the geometries obtained from the crystal struc-
tures and are very similar to that of 1a. The only difference
lies in the Mo–P distance (2.619 Å), which is slightly shorter
than that in 1a. The optimized Mo–Cl and Mo–Br bond
lengths are 2.519 and 2.667 Å, respectively, which are longer
than normal.[14]

The optimized gas-phase geometries of 2a–d show a
highly symmetrical square-pyramidal coordination environ-
ment around the Mo center, with axial Mo–SPh and Mo–
SEt bond lengths of 3.322 and 2.304 Å, respectively. The
optimized geometries of 2c and 2d are very similar to that
of 2a, the only difference being the axial Mo–X [X = Cl
(2.283 Å) and Br (2.421 Å)] bond lengths. All the active
states for 2a–d, as generated by phosphane dissociation, are
very similar as regards the {Mo(mnt)2} unit but vary in
their axial ligation. The dihedral angle of the four dithi-
olene sulfur atoms is zero, thus indicating the symmetric
disposition of the two mnt ligands, with Mo around 0.77 Å
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Figure 1. Optimized gas-phase structures of: (a) [Mo(mnt)2-
SPh(PPh3)]– (1a; average Mo–Sdithiolene: 2.410 Å; Mo–SSPh:
2.455 Å; Mo–P: 2.664 Å); (b) [Mo(mnt)2SEt(PPh3)]– (1b; average
Mo–Sdithiolene: 2.415 Å; Mo–SSet: 2.416 Å; Mo–P: 2.669 Å; (c)
[Mo(mnt)2Cl(PPh3)]– (1c; average Mo–Sdithiolene: 2.392 Å; Mo–Cl:
2.519 Å; Mo–P: 2.619 Å); (d) [Mo(mnt)2Br(PPh3)]– (1d; average
Mo–Sdithiolene: 2.401 Å; Mo–Br: 2.667 Å; Mo–P: 2.619 Å).
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Figure 2. Optimized gas-phase molecular structures of: (a)
[Mo(mnt)2SPh]– (2a; average Mo–Sdithiolene: 2.365 Å; Mo–SSPh:
2.322 Å); (b) [Mo(mnt)2SEt]– (2b; average Mo–Sdithiolene: 2.367 Å;
Mo–SSEt 2.304 Å); (c) [Mo(mnt)2Cl]–, (2c; average Mo–Sdithiolene:
2.361 Å; Mo–Cl 2.283 Å); (d) [Mo(mnt)2Br]– (2d; average Mo–
Sdithiolene: 2.363 Å; Mo–Br 2.421 Å). C and H atoms are not labeled
for clarity.

above the plane of these atoms. The Mo–S(dithiolene) bond
lengths vary in the range 2.362–2.371 Å. The phenyl group
is oriented parallel and the ethyl group bisects one dithi-
olene ligand. This is due to weak hydrogen-bonding interac-
tions between ethyl or phenyl hydrogen atoms and the dithi-
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Table 2. Energy change during the PPh3 dissociation steps of 1a–
d.

Complex ∆H [kcalmol–1] ∆G [kcalmol–1]

1a + NO3
– 0.00 0.00

2a + NO3
– + PPh3 –0.06 –16.3

1b + NO3
– 0.00 0.00

2b + NO3
– + PPh3 –0.06 –15.8

1c + NO3
– 0.00 0.00

2c + NO3
– + PPh3 0.09 –14.8

1d + NO3
– 0.00 0.00

2d + NO3
– + PPh3 –0.13 –15.1

olene sulfur atoms. The geometries of 2a–d are in good
agreement with that of the previously reported enzyme
model.[11,12c]

The most interesting result obtained for complexes 1a–d
after dissociation of PPh3 concerns the enthalpy change
(∆H, Table 2), which is very small (nearly zero) in all cases,
and the free energy changes, which are much more negative.
This indicates that the PPh3 dissociation step is an equilib-
rium process and that this dissociation is energetically fa-
vorable due to this entropy change. Thus, the PPh3 dissoci-
ation process is energetically equally accessible for all com-
plexes 1a–d. The structural similarity of 1a–d, as obtained
from the crystal structures and the optimized gas-phase
geometries, strongly suggests that they are likely to have
similar structures in solution and that the long Mo–P bond
can easily be dissociated, which is in agreement with the
experimental findings.[10] If the optimized gas-phase geome-
tries of 2a–d retain a similar geometry in solution to 2a and
2b after PPh3 dissociation, they can be considered as the
best analogue of the active site of nitrate reductase (Fig-
ure 2).

The structural and energetic similarities of 2a–d found
by gas-phase geometry optimization suggest that their elec-
tronic environment is not affected by the spatial arrange-
ment of the dithiolene ligand, therefore the active states of
1c and 1d formed after PPh3 dissociation should undergo
an OAT reaction with nitrate with the same ease as those
species formed by PPh3 dissociation from 1a and 1b. The
experimental 31P NMR spectroscopic results indeed show
that 1a–d undergo PPh3 dissociation with equal ease, there-
fore the reactivity difference must be due to differences in
their electronic structures governed by changes in axial lig-
ation. To understand this aspect of the reactivity difference,
additional single-point population analysis calculations
were carried out in the gas phase by using the same method
and a higher level basis set (6-311G*+ for the C, H, N, O,
P, Cl and Br atoms and LANL2DZ for the Mo atom). A
calculation with the 6-31G*+/LANL2DZ basis set also
generates very similar results (see Figure S1 in the Support-
ing Information). It is known that for the OAT reaction in
the family of DMSO reductases, the active species responsi-
ble for ES formation is a pentacoordinate MoIV species, and
the potential electron-donor orbital is the dxy(MoIV) or-
bital. This suggests a one-step two-electron coupled OAT
reaction leading to full oxidation of MoIV to MoVI. The
assignment of this electron-donating MO was made on the
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basis of its composition and by visual inspection of its lo-
calized orbital. The coordinate frames for all the com-
pounds were assigned by visual inspection of the dz2 and
dxy orbitals. Selected frontier molecular orbitals estimated
from a Mulliken population analysis calculation in the gas
phase are shown in Figure 3.

Figure 3. Relative molecular orbital energy level diagram and FMO
plot (only the HOMO and HOMO-1 are shown). Basis sets: 6-
311G*+ for the C, H, N, O, P, Cl and Br atoms and LANL2DZ
for the Mo atom.

The molecular orbital analysis produced interesting re-
sults. Thus, the HOMOs of 1a and 1b are predominantly
the dxy(Mo) orbital, which is the potential electron donor,
and the HOMO-1 of 1a and 1b originate from an antibond-
ing interaction between the π(S) and π(C=C) orbitals of the
dithiolene ligand. The HOMO-1 orbitals of 1a or 1b have
nearly the same energy, and the HOMOs of 1a and 1b are
destabilized by 5.8 and 7.3 kcal, respectively, with respect
to their HOMO-1 orbitals. These results indicate that when
an oxo group of nitrate binds to the Mo center, electron
transfer from the HOMO (dxy) to the nitrate coupled with
atom transfer (oxygen) from nitrate to Mo can take place.
The destabilization of the HOMO of 1b by 1.4 kcal with
respect to that of 1a supports the experimental findings that
1b undergoes a faster OAT reaction than 1a. The situation
with the corresponding chlorido (1c) and bromido (1d) de-
rivatives is rather different, however. Thus, there is an alter-
ation of the population between the two consecutive
HOMOs with respect to 1a: the HOMOs of 1c and 1d are
π(dithiolene) orbitals and are stabilized by 5.7 and 4.1 kcal,
respectively, with respect to the HOMO of 1a. The HOMO-
1 orbitals of 1c and 1d are predominantly dxy(Mo) orbitals
and are stabilized by 2.8 and 2.5 kcal, respectively, with re-
spect to their respective HOMOs. The potential donor re-
dox orbital is the dxy(MoIV) orbital, which is responsible
for the two-electron enzymatic redox reaction. The accessi-
bility of this orbital is the most important issue, however,
and the changes in the energy order of the HOMO and
HOMO-1 for 2c,d clearly indicate their lack of accessibility.
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These changes in the positions of these orbitals are retained
even when using a solvent dielectric with additional single-
point calculations. This type of population alteration is
caused by the atomic orbital energy only because all the
active states are structurally similar. Using DFT calcula-
tions, Holm and Kirk recently observed[15] similar changes
in the energy order of the HOMO(ligand) and HOMO-
1(dxy, Mo) for [Mo(OMe)(dithiolene)2]–, a square-pyrami-
dal model complex of DMSO reductase. The twisting of the
dithiolene ligand was found to be a property of the protein
environment, which induces an interaction between the li-
gand and dxy(Mo) orbital that destabilizes the latter,
thereby facilitating oxidation of the reduced active site and
providing substrate access to the redox orbital.

There is no protein environment in our synthetic model
system. The experimental results were evaluated in a non-
coordinating less polar solvent (dichloromethane), so it is
likely that the active states of all the model complexes 2a–
d exhibit a similar structure in solution to that we have es-
tablished by gas-phase optimization. The thiolate ligation
in the axial position of square-pyramidal complexes 2a,b
satisfies the electronic requirement whereby the redox or-
bital [dxy(Mo)] in the HOMO must be easily accessible for
2a,b to undergo a facile enzymatic OAT reaction with ni-
trate. When the apical ligation is changed from thiolate to
halide (Cl or Br), however, the orientation of the electronic
population is changed in such a way that the redox orbital
[dxy(Mo)] is now the HOMO-1 and so is not accessible. This
may be the main reason why 2c,d do not undergo an OAT
reaction with nitrate despite possessing a structure similar
to 2a,b. Thus, the nature of the axial ligation tunes the elec-
tronic criteria and also the reactivity.

Searching for the Michaelis Complex

During our search for the Michaelis complex in the reac-
tion of 1a–d with nitrate, we carried out several optimiza-
tion processes to identify the stationary point of the nitrate-
bound ES complex with respect to the native enzyme. We
found that 2a and 2b form a stable intermediate (ESa and
ESb, respectively; Figure 4). Complexes ESa (∆G = 11.4
and ∆H = 14.4 kcalmol–1) and ESb (∆G = 17.6 and ∆H
= 19.0 kcalmol–1) are relatively stable intermediates where
nitrate is weakly bonded to the Mo center with an Mo–
ONO2 distance of 2.122 Å for ESa and 2.149 Å for ESb
and an O–NO2 distance of 1.334 and 1.327 Å, respectively,
which represent an elongation of around 0.05 Å. Because
of the direct coordination of nitrate to the Mo center
through its oxo group, the coordination number around the
Mo center increases to impose a distorted octahedral geom-
etry to ESa and ESb with all the Mo–S(dithiolene) dis-
tances falling in the range 2.414–2.477 Å, an Mo–SPh bond
length of 2.444 Å in ESa and an Mo–SEt bond length of
2.401 Å in ESb. The S(Ph/Et)–Mo–ONO2 angles are
around 79°. The greater stability of ESb with respect to ESa
is imposed by the additional O2NO···HCH(Me)S hydrogen-
bonding interaction of 2.222 Å. Thus, ESa and ESb could
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be considered to be the best representative synthetic models
of the substrate-bound enzyme–substrate complex, or Mi-
chaelis complex, before the OAT reaction for nitrate re-
ductase. The geometries of ESa and ESb are in good agree-

Figure 4. Gas-phase-optimized molecular structures of: (a) ESa
[average Mo–Sdithiolene: 2.434 Å; Mo–SSPh: 2.445 Å; Mo–O(NO2):
2.122 Å]; (b) ESb [average Mo–Sdithiolene: 2.441 Å; Mo–SSet:
2.401 Å; Mo–O(NO2): 2.414 Å]; (c) Esc [average Mo–Sdithiolene:
2.449 Å; Mo–Cl: 2.542 Å; Mo–O(NO2): 2.091 Å]. C and H atoms
are not labeled for clarity.
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ment with that of the previously reported[11,12c] enzyme–
substrate complex [Mo(S2C2Me2)2SCH3]– for the reduction
of nitrate obtained computationally.

After several optimization attempts, a gas-phase station-
ary point was found for nitrate-bound 2c, albeit at high
energy (Esc; ∆G = 225.4 and ∆H = 229.8 kcalmol–1; Fig-
ure 4). ESc adopts a distorted octahedral geometry with an
average Mo–S(dithiolene) bond length similar to that in
ESa and an Mo–ONO2 distance of 2.091 Å, which is
slightly shorter than that in ESa, thus indicating that the
substrate is strongly bound to the Mo center. Despite sev-
eral optimization attempts, however, we failed to obtain the
optimized geometry of nitrate-bound 2d, which indicates
that a stationary point, even one with high energy, does not
exist for the ES of 2d.

Any enzymatic reaction requires a stable enzyme–sub-
strate complex to be formed as the first step. Although 2c
forms such a complex (ESc) that is structurally similar to
ESa,b, it is energetically very unstable. This result indicates
that, because of this high destabilization, if ESc is formed
upon attack of the substrate it will rapidly decompose be-
fore onset of the OAT reaction. This type of ES complex
may be a good example of a non-productive ES because the
redox orbital needed for a reaction to occur is also inaccess-
ible. The population analysis and the energetics of the reac-
tion of 1c,d with nitrate are in good agreement with the
previous experimental results,[10] where 2c,d are immedi-
ately converted into the tris(complex) upon addition of ni-
trate to a dichloromethane solution due to the highly un-
stable nature of ES and the poor accessibility of the redox
orbital.

Reaction Pathway for the Reaction of [MoIV(mnt)2(SPh)-
(PPh3)]– and [MoIV(mnt)2(SEt)(PPh3)]– with Nitrate

The population analysis of the molecular orbital and the
nature of the ES complexes have clearly established that
1a,b form stable ES complexes towards the OAT reaction
but that 1c,d cannot undergo such an OAT reaction with
nitrate. This is in good agreement with our previously re-
ported experimental results. At this stage, we extended our
calculations with systems 1a,b in order to determine the
complete mechanistic pathway and all the intermediate
transition states and intermediates in the OAT reaction with
nitrate. The complete reaction pathway for nitrate reduction
by the synthetic model complexes 1a and 1b was carried
out with respect to nitrate reductase. The relative energy
profile for the reaction of 1a with nitrate was computed
with the fully optimized reaction coordinates in the gas
phase (see Figure 5). The optimized geometries are shown
in Figure 6. The reaction of 1a with nitrate involves an ini-
tial dissociation of 1a to form 2a and PPh3. This step gener-
ates the active state, which passes through the transition
state TS1a, a substrate-bound intermediate (ESa), a second
transition state (TS2a), and finally produces 3a and nitrate.
The reaction of 1b with nitrate occurs in a similar manner.
The relative energy profile for the reaction of 1b with nitrate
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was computed with the fully optimized reaction coordinates
in the gas phase (see Figure 7). The optimized geometries
are shown in Figure 8. The optimized values of selected
bond lengths in these states are listed in Table 3.

Figure 5. Gas-phase-calculated reaction pathways for the reaction
of [Mo(mnt)2SPh(PPh3)]– with NO3

– at 298 °K.

The first step for model complex 1a is the reversible
dissociation of PPh3 to generate the active state. For the
reaction of 1a (∆G = 0.0 and ∆H = 0.0 kcalmol–1) with
nitrate, complex 2a (∆G = –15.8 and ∆H = –0.06 kcalmol–1)
is the active state for the atom-transfer reaction relevant to
nitrate reductase. The first step of the OAT reaction is then
followed by the binding of nitrate to the molybdenum cen-
ter of 2a to form a stable intermediate ESa (∆G = 11.4 and
∆H = 14.4 kcalmol–1) through a potential energy barrier
for the first transition state TS1a (∆G = 26.8 and ∆H =
31.1 kcalmol–1; Figure 6). TS1a is 12 kcalmol–1 higher in
energy (∆G = 72.2 kcalmol–1) than the active state 2a. The
geometry of TS1a does not affect the active state 2a, where
nitrate is weakly bound (Mo–ONO2: 3.093 Å; O–NO2:
1.281 Å) to the Mo center, and all the Mo–S bond lengths
are essentially the same as in the reactant, very much – only
the axial SPh group is moved by 12° from the perpendicular
position of the basal plane of the square-pyramidal geome-
try of 2a. The formation of TS1a is facilitated by the special
orientation of nitrate due to the O2NO···HC6H4S hydrogen-
bonding interaction (2.147 Å). No information regarding
the geometry of the first transition complex before ES for-
mation[12c] could be established for this model complex.

The second step of the OAT reaction of 2a passes
through the transition state TS2a (∆G = 24.2 and ∆H =
28.3 kcalmol–1; Figure 6), which has Mo–ONO2 and O–
NO2 bond lengths of 1.816 and 1.871 Å, respectively. TS2a
adopts a distorted octahedral geometry with an Mo–SPh
bond length of 2.664 Å and has only one imaginary fre-
quency of –175 cm–1, which confirms the first-order saddle-
point character between the two minima. This imaginary
frequency corresponds to the stretching vibration mode of
the Mo–ONO2 and O–NO2 bonds. TS2a forms the product
(3a; ∆G = –13.2 and ∆H = 2.83 kcalmol–1; Figure 6)
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Figure 6. Gas-phase-optimized molecular structures of: (a) Ts1a
[average Mo–Sdithiolene: 2.378 Å; Mo–SSPh: 2.368 Å; Mo–O(NO2)
3.090 Å]; (b) Ts2a [average Mo–Sdithiolene: 2.463 Å; Mo–SSPh:
2.664 Å; Mo–O(NO2): 1.816 Å]; (c) [MoVIO(mnt)2SPh]– [3a;
average Mo–Sdithiolene: 2.451 Å; Mo–Sdithiolene (trans to oxo):
2.632 Å; Mo–SSPh: 2.470 Å; Mo–Ot: 1.712 Å]. C and H atoms are
not labeled for clarity; subscript t: terminal.

through an energy barrier of 13.9 kcalmol–1 (∆G =
12.8 kcalmol–1), which consists of the breaking of the O–
NO2 bond and the formation of the Mo–ONO2 bond.
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Figure 7. Gas-phase-calculated reaction pathways for the reaction
of [Mo(mnt)2SEt(PPh3)]– (1b) with NO3

–.

Complex 3a has a distorted octahedral geometry with a ter-
minal double-bonded oxo group (Mo–Ot: 1.712 Å) cis to
the thiolato ligand at the molybdenum center, thus indicat-
ing that the atom-transfer reaction is complete.

The OAT reaction of 1b with nitrate is very similar in
nature to that between 1a and nitrate (Figure 7). The geom-
etry-optimized molecular structures are shown in Figure 8.

The first step is, once again, the reversible dissociation of
PPh3to produce the active state 2b (∆G = –15.8 and ∆H =
–0.06 kcalmol–1), the geometrical features of which have
been discussed above. The enzymatic OAT reaction starts
upon initial attack of the nitrate at the Mo center of 2b,
passing through an energy barrier of ∆H = –28.8 (∆G =
49.0 kcalmol–1), to form the first transition state TS1b (∆G
= 29.4 and ∆H = 33.2 kcalmol–1; Figure 8). Nitrate is
weakly bound in TS1b, with an Mo–ONO2 bond length of
3.148 Å, Mo–S(dithiolene) bond lengths ranging from
2.353 to 2.396 Å, and an apical Mo–SEt bond length of
2.368 Å. The structural parameters of TS1b are very similar
to those of TS1a, with a similar type of hydrogen-bonding
interaction between nitrate and the hydrogen atom of the
SEt group. After crossing the transition state TS1b, the re-
action path leads to the stable intermediate ESb (∆G = 17.6
and ∆H = 19.0 kcalmol–1), the nature of which has also
been discussed in the previous section (Figure 4).

The next step of the OAT reaction of 2b gives the prod-
uct (3b; ∆G = –5.5 and ∆H = 8.9 kcalmol–1) through a sec-
ond energy barrier of ∆H = 14.2 (∆G = 10.6 kcalmol–1)
for the second transition state TS2b (∆G = 28.2 and ∆H =
32.2 kcalmol–1; Figure 8). TS2b has a distorted octahedral
geometry with an Mo–SEt bond length of 2.505 Å and all
the Mo–S(dithiolene) bond lengths in the range 2.446–
2.528 Å. TS2b has only one imaginary frequency of
–228 cm–1, which confirms the first-order saddle-point
character between the two minima. This imaginary fre-
quency corresponds to the stretching vibration mode of the
Mo–ONO2 and O–NO2 bonds. TS2b goes on to form the
product by a breaking of the O–NO2 bond and formation
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Figure 8. Gas-phase-optimized molecular structures of: (a) Ts1b
[average Mo–Sdithiolene: 2.399 Å; Mo–SSet: 2.328 Å; Mo–O(NO2):
3.148 Å]; (b) Ts2b [average Mo–Sdithiolene: 2.481 Å; Mo–SSet:
2.505 Å; Mo–O(NO2): 1.838 Å]; (c) [MoVIO(mnt)2]– [3b; average
Mo–Sdithiolene: 2.465 Å; Mo–Sdithiolene (trans to oxo): 2.648 Å; Mo–
SSet: 2.439 Å; Mo–Ot 1.716 Å]. C and H atoms are not labeled for
clarity; subscript t: terminal.

of the Mo–Ot bond. The geometry of complex 3b is very
similar to that of 3a, with a terminal Mo–Ot bond length
of 1.716 Å.

The enthalpy changes resulting from the overall reaction
of 1a and 1b with nitrate are slightly positive (2.83 and
8.9 kcalmol–1, respectively) and the free-energy changes
more negative (–13.2 and –5.5 kcalmol–1, respectively),
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Table 3. Selected bond lengths in the optimized geometries.

Distances [Å]
Mo–S1 Mo–S2 Mo–S3 Mo–S4 Mo–S5 (SR) Mo–ONO2 O–NO2 Mo–Ot

Reaction of [Mo(mnt)2(SPh)(PPh3)]– with nitrate

1a 2.407 2.417 2.414 2.403 2.455 – – –
2a 2.362 2.362 2.368 2.368 2.322 – – –
TS1a 2.392 2.362 2.378 2.381 2.368 3.090 1.281 –
ESa 2.423 2.414 2.477 2.423 2.444 2.122 1.334 –
TS2a 2.450 2.465 2.470 2.468 2.664 1.861 1.871 –
3a 2.477 2.456 2.632[a] 2.422 2.470 – – 1.712

Reaction of [Mo(mnt)2(SEt)(PPh3)]– with nitrate

1b 2.412 2.422 2.418 2.408 2.416 – – –
2b 2.363 2.363 2.371 2.371 2.304 – – –
TS1b 2.387 2.406 2.353 2.396 2.328 3.148 1.278 –
ESb 2.428 2.438 2.430 2.467 2.401 2.149 1.327 –
TS2b 2.528 2.446 2.468 2.485 2.505 1.838 1.830 –
3b 2.423 2.483 2.648[a] 2.491 2.439 – – 1.716

[a] trans to terminal oxo group.

which suggests that each step of this atom-transfer reaction
is highly dependent on the entropy factor. The stable inter-
mediates ESa and ESb are in equilibrium with the active
states (2a and 2b, respectively) in a high-energy process that
is driven by the entropy factor and the concentration of the
substrate. The product-formation step from ESa to 3a is
energetically a highly favorable process (∆G = –24.6 and
∆H = –12.1 kcalmol–1). Similarly, the product-formation
step from ESb to 3b is also energetically highly favorable
(∆G = –23.1 and ∆H = –10.1 kcalmol–1). This product-for-
mation step is unidirectional and influences the forward re-
action rate constant of the previous equilibrium (ESa and
ESb formation steps) in such a manner that this rate con-
stant increases. Once ESa and ESb have formed, they im-
mediately go on to form the respective products by the
atom-transfer reaction step due to the endothermic nature
of this step. The stability of ES also influences the rate of
the overall reaction – 1b reacts faster as the lower stability
of ESb than ESa means that it has to overcome a lower
potential energy barrier to form the products.

Figure 9. Solvent-corrected energy profile for the reaction of 1a and 1b with nitrate at 298 K obtained with the COSMO solvent model
by the same method but with the LANL2DZ basis set for Mo and the 6-311G*+ basis set for the remaining atoms. The solvent is
dichloromethane.
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Finally, we evaluated the dielectric effect of the medium
on the potential-energy surface by additional single-point
calculations using the same method and a higher-level basis
set (6-311G*+ for C, H, N, O, P, Cl, and Br and LANL2DZ
for Mo). The corrected solvation/energy profiles obtained
with the conductor-like screening model[16] (COSMO), with
dichloromethane (ε = 8.93) as solvent, for the gas-phase-
optimized structures calculated for the reaction of 1a and
1b with nitrate are shown in Figure 9. A similar calculation
with the 6-31G*+/LANL2DZ basis set generates very sim-
ilar results (see Supporting Information, Figure S2).

We found that all the intermediates and transition states
where an anionic substrate is bonded to an anionic model
complex were stabilized by the solvation energy relative to
their reactants and products. Both the reactant and product
molecules are negatively charged ions in our model system –
the reactions involve the association of two negatively
charged reactants (2a or 2b and nitrate) – therefore their
energies were calculated separately. Although such a reac-
tion proceeds through a localized orbital interaction, the
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Figure 10. Solvent-corrected energy profile for the reaction of 1a and 1b with nitrate at 298 K obtained by the COSMO method with the
LANL2DZ basis set for Mo and the 6-311G*+ basis set for the remaining atoms. The solvent dielectric is 5.

association of two negatively charged ions increases the
overall energy of the reaction pathway in the gas phase due
to the presence of additional intramolecular repulsive inter-
actions in the gas phase. This repulsive interaction between
two similarly charged species is stabilized in the continuum
model.

The protein environment plays a significant role in the
overall reaction pathway by minimizing the potential energy
barrier in native proteins. To address this, we evaluated the
effect of the dielectric of the medium under study. Medium
dielectrics[16] in the range 3–5 are often employed to mimic
the protein environment, therefore we chose a value of 5
and performed additional single-point calculations (CO-
SMO) to mimic the effect of the protein environment in
the reaction system for our model complexes. The corrected
solvation-energy profile obtained with COSMO,[16] by using
the LANL2DZ basis set for Mo and the 6-311G*+ basis
set for the remaining atoms, for the gas-phase-optimized
structures for the reaction of 1a and 1b with nitrate are
shown in Figure 10. The overall nature of the potential-en-
ergy surface and relative energies for all the intermediates,
transition states, and products are very similar to those ob-
tained in the reaction medium [dichloromethane (ε = 8.93);
Figure 9].

To check the validity of the single-point calculation we
carried out additional single-point calculations with the
PCM[17] and dipole models[18] using the same method and
higher-level basis sets (6-311G*+ for C, H, N, O, P, Cl, and
Br and LANL2DZ for Mo). A comparison of the solvent-
corrected energy of the reactants, intermediates, transition
states, and products with different solvent models is shown
in Table 4. A similar calculation with the 6-31G*+/
LANL2DZ basis sets generated very similar results (Sup-
porting Information, Table S1).

The PCM model provides a similar stabilization to the
continuum model. However, a similar stabilization was not
observed in the dipole model because of the inherent con-
sideration of the solute surface in this model. A similar type
of solvent-interaction phenomenons has been observed pre-
viously for the potential energy surface of sulfite oxidation
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Table 4. Relative single-point energies [kcalmol–1] of reactants, in-
termediates, TSs, and products for the reaction of 1a and 1b with
nitrate obtained with different solvent models and in the gas phase
for gas-phase-optimized geometries with the LANL2DZ basis set
for Mo and the 6-311G*+ basis set for the remaining atoms.

Gas phase COSMO PCM DIPOLE
Reaction of [Mo(mnt)2(SPh)(PPh3)]– with nitrate

1a + NO3
– 0 0 0 0

2a + NO3
– + PPh3 –0.56 2.56 1.47 2.19

TS1a + PPh3 30.5 10.7 9.90 33.4
ESa + PPh3 15.1 –0.89 –1.74 17.3
TS2a + PPh3 30.1 14.5 0.58 33.6
3a + PPh3 + NO2

– 5.32 5.015 4.51 8.48

Reaction of [Mo(mnt)2(SEt)(PPh3)]– with nitrate

1b + NO3
– 0 0 0 0

2b + NO3
– + PPh3 –0.10 0.91 0.91 1.79

TS1b + PPh3 33.4 10.2 10.3 36.89
ESb + PPh3 19.34 0.40 –0.09 23.5
TS2b + PPh3 34.5 16.5 16.0 37.85
3b + PPh3 + NO2

– 13.3 10.3 10.5 16.35

by a model complex of sulfite oxidase.[13] In the case of the
native enzyme, it is expected that the protein environment
may play a similar role in minimizing the energy of the cata-
lytic pathway.

Conclusions

DFT calculations on the synthetic functional model
complexes of nitrate reductase are in good agreement with
the experimental findings and show that axial thiolate lig-
ation at the Mo center is essential for nitrate reduction ac-
tivity. A change in axial ligation from thiolate to halide at
the molybdenum center causes the participating redox or-
bital to become energetically less accessible, which means
that the reaction with nitrate does not occur. The nature of
the ES of all the model complexes has been established, and
the reason why halide derivatives do not react with nitrate
explained. The higher reaction rate of 2b with respect to
that of 2a is found to be due to the lower stability of the
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ES of 2b. The complete reaction pathways for the reduction
of nitrate with aliphatic and aromatic thiolato-ligated
model complexes have been calculated in the gas phase and
also with a continuum solvent model. It is expected that the
reactivity of the native protein may also be influenced by
the nature of the axial ligation. It has been found for the
DMSO reductase class of enzymes, for instance, that Nature
has chosen different apical (axial) ligation with different do-
nor atoms for different substrates. Thus, DMSO reductase
shows reactivity towards both DMSO and TMANO (tri-
methylamine N-oxide), but TMANO reductase does not re-
act with DMSO. The inactivity of any member of this fam-
ily could be governed by a change in the axial ligation of
the Mo cofactor.

Computational Methods
All calculations were performed with the Gaussian 03 package (re-
vision B.04).[19] Molecular orbitals were visualized by using “Gauss
View”, and geometry-optimized molecular structures were gener-
ated by using Diamond 3.1e. All the geometry optimizations were
carried out at the density functional theory level. The method used
was Becke’s three-parameter hybrid exchange functional,[20] with
the non-local correlation provided by the Lee, Yang, and Parr ex-
pression (B3LYP), and the Vosko, Wilk, and Nuair 1980 corre-
lation functional (III) for local correlations (B3LYP). The 6-311g*+
basis set[21] was used for C, N, S, and H atoms, and the
LANL2DZ[22] basis set and LANL2 pseudo potentials of Hay and
Wadt[23] for the Mo atom. Transition states were optimized by
using the synchronous transit-guided quasi-Newton (STQN)
method.[24] The optimized minima and transition-state structures
were characterized by harmonic vibration frequency calculations
using the same method, where a minimum has no imaginary fre-
quency and a transition state has only one imaginary frequency.
The additional single-point calculations were carried out on the
gas-phase-optimized geometry for population analysis of the mo-
lecular orbital and the dielectric effect of the medium using the
same method but higher level basis sets (6-311G*+ for C, H, N, O,
P, Cl, and B, and LANL2DZ for Mo). For the medium effect, a
solvation correction was carried out with the conductor-like screen-
ing model[16] (COSMO) by using dichloromethane as solvent and
a temperature of 298 K. Dielectric constants[16] of 3–5 are often
employed to mimic the protein environment. We chose a value of
5 for the additional single-point calculations (COSMO) to deter-
mine the effect of the protein environment on the synthetic model
complexes. The validity of single-point energy calculations with the
solvent model was checked with other solvent models such as the
PCM[17] and dipole models.[18]

Supporting Information (see footnote on the first page of this arti-
cle): Molecular orbital counter plot, solvent-corrected energy pro-
file, relative single-point energies with different solvent models and
coordinates for the gas-phase-optimized molecular geometry using
the DFT method and the 6-31G*+ basis set for C, H, N, O, P, Cl,
and Br, and LANL2DZ for Mo.
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