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Introduction

Despite the fact that the molecular structure of the iron–
molybdenum cofactor (FeMoco) in nitrogenase has been
known for over a decade,[1] a complete understanding of the
mechanistic details of dinitrogen reduction remains an elu-
sive goal.[2] Knowledge of the structure of the cofactor,
along with the emergence of density functional theory as a
quantitative tool for transition-metal systems, has inspired a
large number of theoretical studies in this area. The majori-
ty of these have focussed on the preferred binding site for
molecular nitrogen or its partially reduced derivatives,[3–10]

and the relative merits of Mo or Fe in this respect have
been hotly debated. Many authors have favoured the iron
cluster because of the highly unusual coordinative unsatura-
tion of the iron centres, although a recent higher resolution
study of the cofactor, which indicates the presence of a light
atom (probably N) at the centre of the cluster,[1c] has raised
doubts over this conclusion. The magnetic and spectroscopic
properties of the cofactor itself have also been the focus of
attention in recent years, most notably in the detailed stud-
ies by Noodleman and co-workers into the nature of the
magnetic coupling between the high-spin metal ions.[11]

The importance of iron and molybdenum in nitrogen fixa-
tion was appreciated long before the structure of the cofac-
tor was known, and the coordination chemistry of nitrogen
and its partially reduced derivatives has played a significant
role in enhancing our understanding of the process.[12] The
chemistry associated with nitrogen reduction is most com-
monly discussed in the context of the Chatt[13] and
Schrock[14] cycles, the key features of which are summarised
in Figure 1. The initial steps of the two cycles are similar, in-
volving two ligand-based one-electron reduction steps, ac-
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Abstract: Density functional theory has
been used to assess the role of the bi-
metallic core in supporting reductive
cleavage of the N=N double bond in
[Cp2Mo2(m-SMe)3(m-h1:h1-HN=NPh)]+ .
The HOMO of the complex, the Mo–
Mo d orbital, plays a key role as a
source of high-energy electrons, availa-
ble for transfer into the vacant orbitals
of the N=N unit. As a result, the metal

centres cycle between the MoIII and
MoIV oxidation states. The symmetry of
the Mo–Mo d “buffer” orbital has a
profound influence on the reaction
pathway, because significant overlap

with the redox-active orbital on the
N=N unit (p* or s*) is required for ef-
ficient electron transfer. The orthogon-
ality of the Mo–Mo d and N–N s* or-
bitals in the h1:h1 coordination mode
ensures that electron transfer into the
N–N s bond is effectively blocked, and
a rate-limiting h1:h1!h1 rearrangement
is a necessary precursor to cleavage of
the bond.
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Figure 1. Schematic representation of the Chatt and Schrock cycles for ni-
trogen reduction.
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companied by a two-electron oxidation of the metal centre,
leading to the formation of a hydrazido(2�) (-N-NH2) com-
plex. In the Chatt cycle, the third one-electron reduction
step is also ligand-based and is accompanied by a further ox-
idation of the metal centre, leading to the formation of a ni-
tride. Such high oxidation states are accessible only for elec-
tron-rich metal cores[15] such as the zero-valent M(PR3)4

(M = Mo, W) studied by Chatt and co-workers.[16] In the
Schrock cycle, the third one-electron reduction is metal-,
rather than ligand-centred, leading to a stable coordinated
hydrazide, and the N�N s bond is only cleaved following
the fourth one-electron reduction (possibly via a hydrazine
intermediate, M(NH2NH2)). The key difference in the con-
text of this work is that the metal oxidation state varies by
only two units in the Schrock cycle, and hence is more plau-
sible for high-valent metal cores such as Cp*MMe3 (M =

Mo, W). The stoichiometric conversion of N2 to ammonia
through both routes is well known,[17] but examples of cata-
lytic ammonia production are rare.[17a,18] Theory has also
played a key role in the context of model chemistry, enhanc-
ing our understanding of the key electronic requirements
for efficient cleavage of the N�N bonds in dinitrogen[19] and
its partially reduced derivatives.[20–22]

The polymetallic nature of the FeMoco has encouraged a
number of groups to expand the concepts embodied in the
Chatt and Schrock cycles into the realm of bimetallic
chemistry.[23,24] In a series of recent publications, Talarmin
and co-workers have reported the synthesis and electro-
chemical properties of a number of complexes containing ni-
trogenous ligands coordinated to a dimolybdenum core,
CpMoIII(m-SR)3MoIIICp (Figure 2).[23] The high metal oxida-
tion states in these systems invite obvious comparison with
the Schrock cycle for monometallic species. In the context
of nitrogen fixation, the electrochemical reduction of the
phenyldiazene species, [Cp2Mo2(m-SMe)3(m-h1:h1-HN=
NPh)]+ , is particularly relevant as it yields aniline, along
with an ammine ligand, clearly illustrating the capacity of
the bimetallic core to support N=N bond cleavage.[23d] More-
over, both reactants and products have been characterised
crystallographically, confirming that the structure of the di-
molybdenum core {CpMo(m-SMe)3MoCp} is conserved
throughout the reaction. The reaction pathway is, however,
clearly a complex one with a number of possible intermedi-
ates and transition states separating reactants from products.
By analogy with the monomeric systems in the Chatt and
Shrock cycles, we anticipate that the metal centres may act
as a reservoir, providing a source of electrons to facilitate
the reductive cleavage of the N=N bond. In this paper, we
use density functional theory to probe the intimate electron-
ic role of the bimetallic core in the reaction, paying particu-
lar attention to the transfer of electrons between metal and
ligand.

Results and Discussion

Geometric structure of [Cp2Mo2(m-SMe)3(m-h
1:h1-HN=

NPh)]+ : The fully characterised structure of [Cp2Mo2(m-
SMe)3(m-h1:h1-HN=NPh)]+ [23a] provides an opportunity to

benchmark the chosen theoretical model, and also to exam-
ine the extent to which simplifying the system affects the ge-
ometry. [Cp2Mo2(m-SMe)3(m-h1:h1-HN=NPh)]+ has been iso-
lated in two distinct conformers, syn and anti, differing only
in the relative orientation of the methyl groups on the bridg-
ing ligands cis to the coordinated diazene. In the syn con-
former, both methyl groups are directed towards the dia-
zene, while in the anti form they are oriented in opposite di-
rections. Of the two, only the syn conformer has been struc-
turally characterized, while the closely related species
[Cp2Mo2(m-SMe)3(m-NH2)] crystallizes in the anti conforma-
tion. For both model systems, [Cp2Mo2(m-SH)3(m-h1:h1-HN=
NH)]+ and [Cp2Mo2(m-SH)3(m-NH2)], the conformation of
the bridging ligands is found to have negligible impact on
the optimized structural parameters of the core. Moreover,
calculated energy differences between the syn and anti iso-
mers are uniformly small (<0.5 kcalmol�1), with the latter
the more stable. In light of the minor structural and energet-
ic differences between the two conformers, we consider only
the more stable anti isomer (shown in Figure 2) in this work.

The optimised structure of [Cp2Mo2(m-SMe)3(m-h2-HN=
NPh)]+ is shown in Figure 2 and pertinent structural param-
eters calculated using the gradient corrected BP86 function-
al are compared to the available experimental structural
data in Table 1. All calculated bond lengths are overestimat-

ed relative to experiment, the most significant discrepancies
being in the Mo�Mo and Mo�N bond lengths, where calcu-
lated values are in error by 0.07 M. Errors of this magnitude
are, however, typical of singly bonded bimetallic species,

Figure 2. Molecular structure of [Cp2Mo2(m-SMe)3(m-h1:h1-HN=NPh)]+ .

Table 1. Optimised structural parameters for [Cp2Mo2(m-SR)3(m-h1:h1-
HN=NR’)]+ . All distances in M.

R = Me R = H R = H
R’ = Ph R’ = Ph R’ = H

X-ray[a] [23] BP86 BP86 BP86

Mo–Mo 2.650(2) 2.72 2.72 2.72
Mo–NR’ 2.137(8) 2.19 2.19 2.11
Mo–NH 2.018(9) 2.09 2.09 2.11
N–N 1.324(11) 1.31 1.30 1.30
Mo–Scis 2.44 2.53 2.53 2.53
Mo–Strans 2.47 2.53 2.53 2.55
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particularly where counterions are present to perturb the
solid-state structure. The removal of the methyl substituents
(R = H, R’ = Ph) causes only small changes (0.02 M) in
the metal core, while further removal of the phenyl group
(R = R’ = H) causes a 0.08 M decrease in the Mo�N bond
length. Overall, however, the data collected in Table 1 sug-
gest that the simplest system, [Cp2Mo2(m-SH)3(m-h1:h1-
HN=NH)]+ , (Figure 3a) provides an adequate representa-
tion of the parent complex, and so this computationally ex-
pedient model (abbreviated as 1:1+) will be used to explore
the reduction pathway.

Ground-state electronic structure of [Cp2Mo2(m-SH)3(m-
h1:h1-HN=NH)]+ (1:1+): The three highest occupied molec-
ular orbitals of 1:1+ (Figure 4a) have Mo–Mo s, d* and d

symmetry, consistent with the formal Mo–Mo bond order of
one proposed by Schollhammer et al. based on electron
count.[23a] This simplified description, however, obscures a
number of significant details that impact on the electro-
chemical behaviour. In particular, the Mo–Mo d* orbital is
strongly mixed with the out-of-plane N=N p*, as a result of
which the bonding combination (46a, 69% Mo–Mo d*,
31% N=N p*) is significantly stabilized. The antibonding
combination forms the LUMO of the complex (48a), and
the mixing of ligand and metal orbitals (43% Mo–Mo d*
57% N=N p*) suggests that the initial reduction process
will be strongly delocalised over both metal and ligand. In
contrast, the HOMO (47a, Mo–Mo d) is completely local-
ized on the metal centres and is essentially non-bonding.
This orbital has the potential, therefore, to act as an elec-
tronic “buffer”, supplying electrons to the ligand without
significantly disrupting the structure of the metal core. The
Mo–Mo s orbital (45a), is, in contrast, strongly bonding and
therefore unlikely to participate in any redox-based chemis-

try. Instead, it plays a key role in maintaining the structural
integrity of the core throughout the reaction.

Before going on to consider the structural and electronic
consequences of the reduction process, it is important to em-
phasise that the N=N double bond in diazene has two dis-
tinct components, s and p, and reductive cleavage of both is
required to achieve the release of ammonia. In the following
discussion, we will discuss each of these two steps in turn,
and argue that the fundamentally different orientation of
the two redox-active orbitals (N–N p* and s*) dictates the
complex structural reorganisation involved in the reduction

pathway.

Reduction in the absence of
acid : Electrolysis of the cationic
diazene complex, [Cp2Mo2(m-
SMe)3(m-h2-HN=NPh)]+ , at
�1.8 V has been shown to yield
the neutral species [Cp2Mo2(m-
SMe)3(m-h1:h1-N=NPh)].[23c,d]

The structure of the model spe-
cies, [Cp2Mo2(m-SH)3(m-h1:h1-
HN=NH)] (1:1) arising from a
one-electron transfer to 1:1+ ,
was optimized starting from the
geometry of the cationic parent
(Figure 3b). The additional
electron causes a significant
elongation of both N�N
(0.06 M) and Mo�N (0.08 M)
bonds, consistent with the anti-
bonding character of the
SOMO shown in Figure 4b, and
the two substituents on the dia-
zene unit bend out of the Mo-
N-N-Mo plane. The net spin
densities of 0.39 and 0.10 on the

nitrogen and molybdenum centres, respectively, confirm that
this initial reduction is largely ligand-, rather than metal-
centred. The reduced product, 1:1, is unstable with respect
to loss of 1=2H2 and formation of [Cp2Mo2(m-SH)3(m-h2-N=
NH)] (DE=�0.4 eV). Thus, our calculations are in agree-
ment with experiment; in the absence of acid, the thermody-
namically favoured outcome is the reductive generation of
hydrogen, rather than cleavage of the N�N bond.[23d]

Reduction in the presence of acid : Before describing the re-
duction process in detail, we wish to comment on our inter-
pretation of the calculated electron affinities and protona-
tion energies. The absolute values of these two quantities
cannot be compared directly to experimental electrode po-
tentials and basicities because they take as their reference
point the energies of isolated gas-phase electrons and pro-
tons, clearly poor models for the electrode and solvated
proton, respectively. The calculated electron affinities can,
however, be used in a relative sense to assess the driving
force of successive reduction steps. Thus, if the calculated
electron affinity of the starting material, 1:1+ , (DE=

�4.89 eV) is taken as an internal standard, any intermediate

Figure 3. Optimised structures of minima involved in the initial ECE reaction (reduction of the p component
of the N=N bond). The gas-phase electron affinities for the reduction steps are reported relative to that for
1:1+ (DE=�4.89 eV) (see text). The energy of the protonation step is reported relative to the process H2O +

H+!H3O
+ .
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with a more exothermic electron affinity (i.e. , DE <

�4.89 eV) should also be spontaneously reduced at the
same potential. An important corollary of this interpretation
is that any such intermediate is unlikely to be isolated under
electrolysis conditions. In all subsequent sections, the elec-
tron affinity for a given intermediate, I, is therefore reported
relative to that of 1:1+ (i.e. , the calculated energy for the
process I+ + 1:1!I + 1:1+). In this way, negative values
imply that the intermediate in question should be spontane-
ously reduced at the potential required to reduce 1:1+ . Simi-
larly, the reported protonation energies are referenced to
the gas-phase protonation energy of water (i.e. , the calculat-
ed energy for the process I + H3O

+!IH+ + H2O).
In the presence of excess acid, the reduction of 1:1+ leads

to cleavage of the N�N bond rather than generation of
H2.

[23c,d] Although no intermediates have been isolated, the
accumulated experimental evidence suggests that the com-
plete process can be divided into two distinct phases, an ini-
tial two-electron-one-proton (ECE) step, separated from the
remaining reduction and protonation steps by a slow chemi-
cal step. In the following sections, each of these processes is
considered separately.

First ECE step—Reduction of the p component of the N�N
bond : The observed irreversibility of the electrode process
clearly indicates that the primary reduction product (1:1) is
protonated in acidic conditions. Three possible sites for this
protonation have been of considered (nitrogen and two dis-
tinct sulphurs) and, consistent with earlier extended HSckel
calculations,[23i] the nitrogen sites were found to be the most
basic. The optimised structure of the reduced and protonat-
ed product, 1:1H+ , is shown in Figure 3c, where the N�N
bond length of 1.43 M is characteristic of a single, rather
than double, N�N bond, and the Mo�N bonds are highly
asymmetric (2.30 and 2.10 M). The dramatic structural
changes induced by the protonation are indicative of a sub-
stantial redistribution of charge in the molecule. Protonation
at the nitrogen centre introduces N–H s character into the
N–N p* orbital, strongly stabilizing it relative to the metal-
based manifold (Figure 4b, c). As a result, a single electron
is transferred from the Mo–Mo d orbital (HOMO of 1:1+)
into N–N p*, leaving a vacancy in the former. In formal
terms, the diazene ligand has been reduced to the hydrazi-
do(1�) level (NH2-NH�), while the metal core has been oxi-
dised to MoIIIMoIV. Significant charge redistribution has also
been noted by Tuczek and co-workers upon protonation of
coordinated N2.

[21c] The oxidation of the core is strongly lo-
calised at a single MoIV centre, which can be effectively sta-
bilised by p donation from the negatively charged pole of
the hydrazido ligand (orbital 48a of 1:1H+), leading to the
marked asymmetry in the Mo–N distances. The calculations
therefore indicate that a combination of one-electron reduc-
tion and protonation of the complex 1:1+ results in the the
two-electron reduction of the diazene unit (to NH2NH�)
with concomitant one-electron oxidation of the molybdenum
core (to MoIIIMoIV).

As a result of the redistribution of charge induced by the
protonation, the second electron transfer step in the ECE
mechanism, leading to 1:1H, is metal- (MoIV to MoIII)

rather than ligand-centred. It is unsurprising, then, that the
calculated electron affinity of 1:1H+ is greater than that of
1:1+ (�5.71 vs �4.89 eV), and therefore that 1:1H+ has not
been isolated as an intermediate. The reduction of 1:1H+

also eliminates the p-donation pathway from the hydrazi-
do(1�) ligand to the metal, as a result of which the Mo�N
bond lengths are equalized, and the increased electron re-
pulsions within the NH2-NH� ligand cause a further elonga-
tion of the N�N bond (Figure 3d). In terms of the role of
the metal core, it is significant that the Mo-Mo separation
varies by less than 0.02 M across the series 1:1+!1:1!
1:1H+!1:1H, despite the extensive electronic redistribution
described above. This rigidity can ultimately be traced to
the non-bonding nature of the redox-active metal-based or-
bital (Mo–Mo d), which has little impact on the structure.
The s bonding orbital, in contrast, remains unperturbed
throughout the process and retains the integrity of the core
throughout the redox cycle (Figure 4a–c).

Subsequent reduction steps—Reduction of the s component
of the N�N bond : The electrochemical data indicate that
the initial ECE step, leading to 1:1H, is separated from fur-
ther reduction by a slow chemical step, which Le Grand
et al. have proposed to be a rearrangement from h1:h1- to
h1-coordination of the ligand.[23d] The optimised structures of
the h1:h1- and h1-coordinated isomers (1:1H and 1H) are
compared in Figure 5a and c. The switch in coordination
mode induces a contraction in the Mo�Mo and Mo�N
bonds (0.12 and 0.07 M, respectively), but the N�N bond
length is marginally shorter in 1H, indicating that the iso-
merisation does not in itself induce cleavage of the bond.

Figure 4. Evolution of the frontier orbitals in the reductive cleavage of
the p component of the N=N bond (1:1+!1:1!1:1H+). The Mo–Mo s

orbital is taken as the energetic reference point.
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The driving force for the h1:h1!h1 isomerisation (DE=

�0.57 eV) is provided by the preference of the negative
pole of the hydrazido(1�) ligand to occupy a bridging posi-
tion between the two MoIII centres rather than binding to
only one. In contrast, the corresponding h1:h!h1 rearrange-
ment is strongly endothermic at the previous step in the
cycle (1:1H+!1H+) because, as noted previously, the h1:h1-
mode allows the negatively charged pole of the hydrazi-
do(1�) ligand to bond exclusively to the localised MoIV

centre. A transition state, TSa, connecting the h1:h1 and h1

isomers has been located (Figure 5b), where the N2 unit is
tilted such that the negatively charged pole migrates to-
wards the opposite metal centre. The transition state lies
0.77 eV above 1:1H, a barrier that is fully consistent with
the proposal that this step is rate limiting.

Having established that the h1:h1!h1 isomerisation is both
thermodynamically favourable and kinetically feasible at the
doubly reduced, singly protonated level, we examine the
structural and electronic consequences of further reduction
on the h1 surface. Protonation of 1H gives the cationic prod-
uct, 1H2

+ (Figure 5d), where the N�N bond (1.49 M) is mar-
ginally elongated relative to 1H, but the structure is other-
wise affected to only a minor extent. 1H2

+ , however, lies in
a very shallow local minimum on the potential energy sur-
face, and is unstable with respect to cleavage of the N�N s

bond with formation of [Cp2Mo2(m-SH)3(m-NH)]+ , denoted
NH+ , and NH3. Following cleavage of the N�N bond, the
ammonia molecule remains hydrogen bonded to amide
ligand (Figure 5f). The low barrier (TSb, Figure 5e, lies only
0.07 eV above 1H2

+) suggests that N�N bond cleavage will
not be rate limiting.

The redistribution of electron density associated with the
1H!1H2

+!NH+ + NH3 processes is summarised in

Figure 6. Protonation of 1H introduces N–H s character
into the N–N s* orbital, and elongation of the N�N bond
causes this orbital to fall below the near degenerate Mo–Mo
d/d* pair (47a, 48a) orbital. A transfer of two electrons
from metal to ligand then results in cleavage of the bond,
with concomitant oxidation of the metal core to the
MoIVMoIV level, which is again strongly stabilised by p

donation from the bridging imido ligand. The redistribution
of electron density involved in the cleavage of the s compo-
nent of the N�N bond is, in fact, remarkably similar in qual-
itative terms to that described previously for the p bond,
where protonation of 1:1 induced electron transfer (in this
case a single electron) from the Mo–Mo d orbital into the
partially occupied ligand p* orbital. The central role of the
Mo–Mo d orbital as a source of electrons in both processes
also explains the need for the h1:h1!h1 rearrangement prior
to cleavage of the s component of the N�N bond. In the ab-
sence of such a rearrangement, protonation of 1:1H yields
the cationic species 1:1H2

+ , a hydrazine complex. By analo-
gy to the isoelectronic species 1H2

+ , N�N bond cleavage in
1:1H2

+ could, in principle, lead to formation of a MoIVMoIV

core, each metal centre being stabilised by a terminal NH2

ligand (Figure 7). We have, however, been unable to locate
a transition state for this process, or even a minimum corre-
sponding to the structure with a cleaved N�N bond. The
dramatic differences between the h1:h1- and h1-potential
energy surfaces can traced to the overlap of the frontier or-
bitals, shown schematically in Figure 7. In the h1-mode
(1H2

+) there is significant overlap between the Mo–Mo d

and N–N s* orbitals, as a result of which the two orbitals
mix along the reaction coordinate. An avoided crossing then
affords smooth transfer of electron density from the metal
to the ligand. In the h1:h1 mode, however, the Mo–Mo d and

Figure 5. Optimised structures of minima involved in the reduction of the s component of the N=N bond. The protonation energy is reported relative to
the process H2O + H+!H3O

+ .
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N–N s* orbitals are orthogonal, and so electron transfer is
formally forbidden. A similar situation was noted by Tuczek
and co-workers in their recent study of the MoIV species,
[MoF(PH3)4(N-NH3)]

2+ , where the orthogonality of the
doubly occupied Mo dxy orbital and N–N s* leads to an
estimated activation barrier in excess of 40 kcalmol�1

(~1.7 eV).[21d] The lack of overlap in the bimetallic system
could, in principle, be alleviated by twisting the hydrazine
ligand relative to the Mo–Mo axis, but only at the expense
of weakening the Mo�N bonds. The net result is that con-
certed transfer of two electrons from the metal core to the
s* orbital is symmetry forbidden on the h1:h1-surface, leav-
ing the h1:h1!h1 rearrangement as the only energetically ac-
cessible pathway. This analysis clearly illustrates the crucial

role of the Mo–Mo d orbital as an electron source: in cir-
cumstances where the ligand cannot access this electron
density for symmetry reasons, cleavage of the N�N bond is
effectively blocked.

Regeneration of MoIIIMoIII core—Reduction of [Cp2Mo2(m-
SH)3(m-NH)]+ : The reductive electrochemistry of the metal-
based product remaining following N�N bond cleavage,
[Cp2Mo2(m-SMe)3(m-NH)]+ has been the subject of a de-
tailed experimental study.[23g] In this section, we use theory
to shed light on some of the unusual observations reported
in that paper. Reduction of [Cp2Mo2(m-SH)3(m-NH)]+ (ab-
breviated as NH+) to NH results in a 0.09 M elongation of
the Mo�N bonds and a significant pyramidalisation at the
nitrogen centre, and the net spin densities of 0.29 (Mo) and
0.36 (N) confirm that the SOMO is strongly delocalised
over the whole Mo-N-Mo skeleton. The high spin density at
the nitrogen atom is fully consistent with the ability of NH
to abstract a hydrogen atom from solvent.[23g] In the context
of the overall reduction of the diazene complex, 1:1+ , it is
significant that the gas-phase electron affinity of NH+ is
0.71 eV more negative than that of 1:1+ , again consistent
with the fact that it has not been possible to isolate it as an
intermediate.

Whilst a potential of �1.25 V is required to reduce
[Cp2Mo2(m-SMe)3(m-NH)]+ , reoxidation of a daughter prod-
uct was observed at a significantly more positive potential,
�0.65 V. Talarmin and co-workers have rationalised this
result by proposing that the oxidation of the pyramidalised
imide, NH, produces a second isomer of NH+ , also with a
pyramidal nitrogen, rather than the planar structure shown
in Figure 8a.[23g] A survey of the singlet potential energy sur-
face has failed to reveal any low-lying minima other than
the NH+ , but a low-lying triplet state, 3NH+ , has been locat-
ed, with a pyramidal nitrogen and significant unpaired spin
density on both metal (0.89) and nitrogen (0.33). The calcu-
lated singlet–triplet gap of 0.76 eV is of the same magnitude
as the separation between the two redox processes (0.6 V).
Moreover, the calculated electron affinity of 3NH+ is very
similar to that of the protonated species, NH2

+ (see below),
which exhibits a reversible reduction at very similar poten-
tial to the daughter product (�0.64 V). Thus the formation
of a metastable triplet state, 3NH+ , with a bent imide unit,
provides an explanation for the observed electrochemical

Figure 6. Evolution of the frontier orbitals in the reductive cleavage of
the s component of the N=N bond (1H!1H2

+!NH+ + NH3). The
Mo–Mo s orbital is taken as the energetic reference point. Numbers in
parentheses indicate energies of high-lying orbitals.

Figure 7. Schematic comparison of electron transfer pathways for N�N s bond cleavage in the h1- and h1:h1-coordination modes.
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behaviour. In the presence of acid, NH is protonated to
form an amide species [Cp2Mo2(m-SH)3(m-NH2)]

+ (NH2
+).

This protonation step strongly stabilises the final nitrogen-
based lone pair, effectively eliminating any p donation into
the vacancy in the MoIIIMoIV core. As a result, the Mo�N
bonds are further elongated, and the unpaired electron den-
sity resides in an orbital with almost exclusively metal char-
acter [net spin densities: 0.50 (Mo), �0.02 (N)]. The final re-
duction step, leading to [Cp2Mo2(m-SH)3(m-NH2)] (NH2) is
therefore entirely metal based, and regenerates the
MoIIIMoIII core. The absence of p donation in NH2

+ results
in a very high electron affinity, 1.41 eV more negative than
that of 1:1+ , confirming that the final reduction process will
again be spontaneous at the potential required to induce re-
duction of the starting material.

Summary

The calculations reported herein indicate that the bimetallic
core plays a key role in mediating the reductive cleavage of
the N=N bond by providing a source of high-energy elec-
trons. External reduction and protonation induces electron
transfer from the d orbital to the ligand, and the resulting
vacancy in the metal core is stabilized by p donation from
the reduced ligand. In this way, the redox process is effec-
tively delocalised over the entire Mo2N2 skeleton, reducing
the barriers for consecutive electron transfers. A close ex-
amination of the electronic structure reveals that the highest
energy electrons (and therefore those most accessible to the
substrate) are located in the Mo–Mo d orbital, and the sym-
metry of this orbital plays a key role in determining the
course of the reduction process. The reductive cleavage of

the p and s components of the
N=N double bond in diazene
are fundamentally distinct pro-
cesses, each requiring a specific
orientation of the N–N unit rel-
ative to the metal core to allow
efficient electron transfer from
the Mo–Mo d orbital to the
ligand. The h1:h1-coordination
mode provides optimal overlap
between the N–N p* and Mo–
Mo d orbitals, and so the first
ECE step occurs without rear-
rangement. In the same h1:h1-
coordination geometry, howev-
er, the N–N s* orbital is or-
thogonal to Mo–Mo d, effec-
tively blocking the cleavage of
the s component of the bond.
Isomerisation to the h1-coordi-
nation mode reinstates the all-
important overlap between the
metal- and ligand-based orbi-
tals, and is therefore a necessa-
ry precursor to cleavage of the
N�N bond. It is interesting to

speculate that the complex structure of the FeMoco may
allow similar changes in coordination mode to occur during
the reduction of the N�N triple bond.

The key steps in the reduction cycle are collected in
Figure 9. Of the four reduction processes, only the first, 1:1+

!1:1, is significantly localised on the ligand itself. The next
two, 1:1H+!1:1H and NH+!NH, are essentially MoIV!
MoIII processes, although the oxidised metal centre is strong-
ly stabilised by p donation from a nitrogen-based lone pair
in each case. The final reduction process (NH2

+!NH2) is
almost completely metal-centred (MoIV!MoIII) as the
bridging amide ligand is unable to stabilise the oxidised
metal centre through p donation. The increasing metal char-
acter of the successive reduction events is reflected in pro-
gressively more exothermic electron affinities, ensuring that
the initial electron transfer to [Cp2Mo2(m-SMe)3(m-h2-HN=
NPh)]+ induces a cascade leading, ultimately, to complete
reduction of the nitrogenous ligand in acidic media.

Computational Methods

Calculations were performed using the Amsterdam Density Functional
(ADF) package, version 2002.01.[25] A triple-z + polarisation Slater-type
basis was employed for molybdenum and a double-z + polarisation basis
for carbon, nitrogen, sulphur and hydrogen. All core electrons (1s–3p for
Mo, 1s–2p for S and 1 s for C, N) were frozen. Calculations were per-
formed using the local density approximation,[26] in conjunction with the
gradient corrections to exchange (Becke)[27] and correlation (Perdew).[28]

Structures of transition states were initially optimised using the Gaussi-
an98 package[29] with the same functional and the LANL2DZ basis[30] on
all atoms, and characterised by the presence of a single imaginary fre-
quency. The optimised coordinates were then used as starting geometries
for an ADF calculation, where the transition state was characterized by a
single negative eigenvalue in the Hessian matrix.

Figure 8. Optimised structures of minima involved in the regeneration of the MoIIIMoIII core. The gas-phase
electron affinities for the reduction steps are reported relative to that for 1:1+ (DE=�4.89 eV) (see text). The
protonation energy is reported relative to the process H2O + H+!H2O.
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