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The electronic structure, conformation, synthesis, and thermal decomposition pathways of the recently characterized
dimolybdenum µ-nitrido complex (AdS)3Mo(µ-N)Mo(N[tBu]Ph)3 (1exp, Ad ) adamantyl) are investigated by means
of DFT calculations carried out on the model system (HS)3Mo(µ-N)Mo(NH2)3 (1). The observed asymmetry of the
Mo(µ-N)Mo core is reproduced in the optimal conformation of 1 and assigned to the tendency for the electron
density of the metal atoms to be preferably accommodated in the π orbitals of Mothiolate. The balance in the metal−
ligand and ligand−ligand interactions conditioning the flow of the electron density along the Mos(µ-N)sMo framework,
and eventually the relative activation of the molybdenum−nitrido bonds, appears very sensitive to the nature of the
ancillary substituents on both the thiolate and the amido sides. On one hand, replacing HS by AdS in 1 increases
the calculated value of ∆µ-N-Mo from 0.053 to 0.094 Å, close to the experimental value of 0.111 Å. The µ-nitrido
complex with bulky thiolates 1a is also less stable than 1 by 7.3 kcal‚mol-1 with respect to its monometallic
constituents. On the other hand, substituting the bulky N[tBu]Ph for NH2 in the model complex 1b induces an
important charge transfer toward the thiolate moiety resulting in structural and energetic consequences of similar
magnitude. Even though these substitutional effects are not likely to be fully additive in the real complex, both
should contribute to an increase of the µ-N−Mothiolate bond activation in 1exp. The importance of this activation
conditions the feasibility of the thermal decomposition of 1exp promoted by benzonitrile which eventually yields the
molybdenum thiolate dimer (RS)3MotMo(SR)3. The energy profile calculated for this reaction with model complex
1 in the presence of one or two molecules of acetonitrile shows that the axial fixation of the promoter on one or
both molecular ends forms intermediates in which the µ-NsMothiolate bond is further activated with respect to the
original complex. The consequence is an important, but still insufficient, decrease of the barrier to MosN bond
breaking, from 53 to 37 kcal‚mol-1. Furthermore, the thermodynamic balance of the reaction leading from the
acetonitrile adducts of 1 to (HS)3MotMo(SH)3 remains endothermic by 6.5 kcal‚mol-1 for the monoadduct, and
more for the diadduct. It therefore appears that bulky substituents on both ends of the dinuclear complex are
essential to the completion of the reaction, from both the thermodynamic and the kinetic viewpoints.

1. Introduction

The development of efficient routes toward the fixation
and the reductive cleavage of N2 involving the formation of
binuclear complexes of molybdenum,1 niobium,2 or vana-
dium3 has provoked a surge of activity for understanding,
by means of experiment4 or theory,5,6 the mechanism of these

reactions. Efforts have also been made to expand the class
of complexes susceptible to activate and break the NN bond
in order to improve the selectivity and obtain better control
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of the reaction conditions. Concerning theN-tert-butylanilide
complexes of Mo(III),1,4 the possibility of replacing Mos
amido by Mosthiolate linkages was found particularly
attractive in this context, because the MosSR linkage is
expected to be more stable than Mosamido in the presence
of Brønsted acids.7 Only one example of a stable, well
characterized, monomeric Mo(SR)3 complex is known,8 in
probable relation with the tendency of the MoIIIL3 fragment
to dimerize into dinuclear complexes exhibiting a metal-
metal triple bond.9 The formation of these strongly bonded
and stable dimeric complexes could, however, imply the
transient existence of the monomeric species which could
then be trapped into N2 chemistry assuming favorable
conditions. Starting from NtMo(SAd)3 (Ad ) 1-adamantyl),
Cummins et al. recently reported the synthesis and charac-
terization of the dimolybdenumµ-nitrido complex (AdS)3Mo-
(µ-N)Mo(N[tBu]Ph)3 (1exp).7 At variance with the structure
of the related (µ-nitrido)dimolybdenum hexakis(amide)
complexes,10 the MosNsMo linkage in 1exp is unsym-
metrical. Similarµ-nitrido-bridged systems, either homo-11,12

or heterobimetallic,11,13 are believed to play important roles
in metal-centered nitrogen atom transfer reactions and could
be considered as the stable result of an incomplete nitrogen
transfer.10,14In 1exp, the MosN bond length is substantially
longer on the tris(thiolate) fragment side, suggesting that this
bond could be preferentially cleaved, thus completing the
nitrogen transfer to yield the anticipated Mo(AdS)3 fragment.
The longest MosN bond was indeed broken by thermal
decomposition in the presence of benzonitrile at room tem-
perature, releasing species containing the Mo(AdS)3 fragment
and eventually yielding the molybdenum tris(thiolate) dimer
(AdS)3MotMo(AdS)3.2 The goal of the DFT calculations
reported in the present work is to propose a mechanism and
an energy profile for the fragmentation of theµ-nitrido
complex and the dimerization of the molybdenum tris(thio-
late), to specify the role of benzonitrile, and to characterize
the transient species containing Mo(AdS)3. The discussion
concerning the electronic structure of1exp and the origin
of the dissymmetry of the MosNsMo core and its conse-
quences concerning the relative strengths of the two molyb-
denum-nitrido bonds is also supported by extended Hu¨ckel
(EHT) calculations.

2. Computational Details
In most calculations reported here, the bulky adamantyl and

tertiobutyl substituents were replaced by hydrogens. The same

model, (HS)3Mo(µ-N)Mo(NH2)3 (1, Figure 1), was used by
Cummins et al. to carry out geometry optimizations on theµ-nitrido
complex. However, the influence of the bulky substituents has been
investigated by optimizing, with the same basis set, the geometries
of two nitrido complexes closer to the real system, (AdS)3Mo(µ-
N)Mo(NH2)3 (1a) and (HS)3Mo(µ-N)Mo(N[tBu]Ph)3 (1b), together
with those of the mononuclear fragments (AdS)3Mo (4a) and
NtMo(N[tBu]Ph)3 (5b). All calculations and geometry optimiza-
tions performed on model complexes1, 1a, 1b, 4a, and5b, on the
association products of complex1 with one or two acetonitrile
molecule(s), on all fragments resulting from the various possible
dissociation pathways of1, and on the complexation of these
framents with CH3CN have been carried out using the formalism
of the density functional theory (DFT) within the generalized
gradient approximation (GGA), as implemented in the ADF
program.15 The formalism is based upon the local spin density
approximation characterized by the electron gas exchange (XR with
R ) 2/3) together with Vosko-Wilk-Nusair16 parametrization for
correlation. Nonlocal corrections due to Becke for the exchange
energy17 and to Perdew for the correlation energy18 have been added.
For first row atoms, the 1s shell was frozen and described by a
single Slater function. The frozen core of heavier atoms, neon-like
for S and krypton-like for Mo, was also modeled by a minimal
Slater basis. For all nonmetal atoms, the Slater basis set used for
the valence shell is of triple-ú quality and supplemented with one
polarization function.19 The 4s and 4p shells of molybdenum are
described by a double-ú Slater basis; the 4d and 5s, by a triple-ú
basis, and the 5p shell is described by a single orbital. Relativistic
corrections were not included. Complex1exp and its models, as
well as fragments MoS3H3 (4), MoN3H6 (2), and their associations
with acetonitrile are open-shell systems with a doublet ground state.
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Figure 1. XMOL representation of the model complex (HS)3Mo(µ-N)-
Mo(NH2)3 (1), in the optimal structure obtained from DFT calculations.
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Calculations on these systems have therefore been carried out using
the unrestricted formalism. Molecular bonding energies are reported
with respect to an assembly of neutral atoms assumed isolated and
in their ground state. The basis set superposition error (BSSE) has
been estimated by the counterpoise method.20 This means that
single point calculations have been carried out on all fragments
in their optimal geometry, taking advantage of the “ghost” orbital
basis generated by the largest considered complex, that is, either
CH3CNs(HS)3Mo(µ-N)Mo(NH2)3sNCCH3 or CH3CNs(HS)3-
MotMo(HS)3sNCCH3 for the dimerization part of the reaction.
However, the BSSE corrections were found never to exceed 0.1
eV and were not taken into account in the reported results. The
geometry optimization processes have been carried out by minimiz-
ing the energy gradient by the BFGS formalism21 combined with
a DIIS-type convergence acceleration method.22 The optimization
cycles were continued until all of the three following convergence
criteria were fulfilled: (i) the difference in thetotal energybetween
two successive cycles is less than 0.001 hartree; (ii) the difference
in the norm of the gradientbetween two successive cycles is less
than 0.001 hartree‚Å-1; and (iii) the maximal difference in the
Cartesian coordinatesbetween two successive cycles is less than
0.01 Å.23

3. Structure and Bonding in 1 and in Related
µ-Nitrido Complexes

Both the molybdenum (tris)thiolate and the molybdenum
(tris)amido fragments are ML3 moieties with approximate
C3 symmetry24 and a formal d3 population for each Mo(III)
metal atom. In the isolated fragments, these electrons are
accommodated in the set of t2g-like metal orbitals.25 The
nature of the interactions with the equatorial ligands, how-
ever, introduces an important dissimilarity between the two
sets of metal orbitals. The amido ligands are bothσ andπ
donors. Both donation processes are effective through the
metal eg orbitals (mainly dxy and dx2-y2 combinations) while
the t2g-like orbitals retain a pure metal character. At variance
with the (NH2)- or (NRR′)- ligands, the thiolate fragments
display some acceptor character because of the dsp hybrids
of sulfur. These high-energy ligand orbitals mainly interact
with the metalπ orbitals (dxz and dyz) which become lower
in energy than their counterparts of the amide moiety. When
both molybdenum fragments are connected through the
nitrido bridge, they formally undergo a three-electron oxida-
tion, which leaves only three d electrons in the metal
framework. These electrons are shared between the two metal
atoms via the Mo-N-Mo nonbonding pair of molecular

orbitals with π character. If the two ML3 fragments were
identical, then these MOs would be antisymmetric and
nonbonding with respect to the bridging nitrogen, leading
to an equal share of theπ density between metal atoms and
to a strictly symmetric structure as represented in Scheme
1. This situation, with a possible deviation from 3-fold sym-
metry because of Jahn-Teller distortion, is encountered in
the nitrido- and phosphido-bridged compounds characterized
by Johnson et al. and linking two equivalent Mo(NR2)3

moieties.10 Because of the distinct nature of the metal-ligand
interactions in both moieties of1, theπ orbitals of the thiolate
moiety, stabilized by the back-donation interactions, are
lower in energy than the pure metal orbitals of the amide
fragment and tend to attract a larger share of the electron
density. This leads to a pair of equivalent molecular orbitals
similar to that pictured in Scheme 2 and which form the
HOMO set of complexes1, 1a, and1b, populated altogether
with 3 electrons. The relative depopulation of Moamidemakes
theπ donation from the bridging nitrogen more efficient in
that direction and accounts for the origin of the structural
dissymmetry along the Mo-N-Mo axis. The balance in the
distribution of the metalπ electron density, however, appears
extremely sensitive to changes affecting either the orientation
of the thiolate ligands or the donor strength of the amide
ones. Because these factors are governed by the nature of
the ancillary substituents grafted on the equatorial ligands,
these substituents will have an important influence on the
structure of the Mo-N-Mo framework and on the energetics
of the process leading to Mo-N bond breaking.

The orientation of the thiolate ligands, that is, theµ-N-
Mo-S angle, can activate theµ-N-Mothiolate bond through
the nonbonding interaction between the thiolate lone pairs
and the occupiedπ orbitals of N3-. The thiolate lone pairs
form a torus of high electron density below the plane of the
three sulfur atoms, and its overlap with the orbitals of the
bridging nitrogen is not negligible. It increases as the
pyramidality of the Mo(SR)3 fragment vanishes or becomes
inverted because of steric crowding or axial coordination,
and this interaction is unfavorable, both electronically and
electrostatically. The system responds to the destabilizing
interactions by a displacement ofµ-N toward Moamide, which
enhances the symmetry breaking of the Mo-N-Mo core.
The shift of the bridging nitrogen away from Mothiolate

remains moderate as long as the Mo(SR)3 fragment is
pyramidalized opposite toµ-N, but the replacement of H by
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Scheme 2
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bulky substituents tends to flatten the MoS3 group and,
therefore, enhances the unfavorable interactions withµ-N.
Geometry optimizations carried out at the DFT level illustrate
this influence. In complex1, in which all bulky substituents
are modeled by hydrogens, the difference∆µ-N-Mo between
the two µ-N-Mo bond lengths amounts to 0.053 Å only
(Table 1). Replacing S-H ligands by the real S-Ad ligands
in 1a induces a significant stretching of the N-Mothiolatebond,
from 1.847 to 1.874 Å, and a consecutive shortening of the
N-Moamide bond (Table 1). The value of∆µ-N-Mo in 1a,
0.094 Å, becomes close to, but still lower than, the difference
observed in the real complex1exp, 0.111 Å. The grafting
of tertiobutyl and phenyl substituents on the amide groups
enhances the donor ability of the ligands, and especially the
π donor strength: EHT calculations show that the lone pair
orbital energy of (N[tBu]Ph)- is shifted up by more than 1
eV with respect to that of (NH2)-. As shown in Table 1, the
donated density does not remain localized on Moamidebut is
shifted first toward the nitrido ligand, and then, via the partly
occupiedπ frontier orbitals, toward the thiolate fragment.
The main consequence is indeed a change in the relative
polarities of the molecular moieties separated by the nitrido
ligand: the thiolate fragment becomes negatively charged
in 1b (-0.10e) while it is undoubtedly positive in1 and1a
(+0.21e). Because this reorganization of the charge density
is mainly concentrated on Mothiolate whose positive charge
decreases by 0.26e with respect to1, the interaction with
µ-N becomes less favorable electronically and electrostati-
cally, and the main structural consequence of the incorpora-
tion of bulky substituents to the amide moiety is again a
stretching of theµ-N-Mothiolate bond. Theµ-N-Mothiolate

bond length calculated in1b is indeed 1.883 Å, com-
pared to 1.847 Å in1. Because a similar activation of the
µ-N-Mothiolate bond can be induced for different reasons by
the ancillary substituents either on the thiolate ligands or on
the amide moiety, it is probable that both effects should be
at least partly additive in the real complex1exp. This
conjecture is supported by the experimental value of∆µ-N-Mo

being larger for1exp(0.111 Å) than for either1a (0.094 Å)
or 1b (0.075 Å) (Table 1).

4. Dissociation Pathways and Associated Fragments

Various pathways have been considered for the dissocia-
tion of the (µ-nitrido)dimolybdenum model complex1.
Assuming first that the dissociation of1 is not assisted by
CH3CN, two processes are possible in theory, depending on
the Mo-N linkage that will be cleaved:

Assuming now that acetonitrile has been added to the solu-
tion, one should characterize first the adducts of CH3CN to
complex 1. Two different monoadducts result from the
fixation of CH3CN either on the molybdenum supported by

thiolate ligands or on the metal supported by amide ligands.
A third possibility corresponds to the fixation of two
acetonitrile molecules:

For each of these possibilities, different modes of fixation
could be envisioned for acetonitrile, namely (i) an approach
along the molecular axis, eventually leading to an axial,η1

ligation and to a trigonal bipyramid coordination for the
considered metal(s) (Scheme 3, right); and (ii) an approach
and a coordination along the equatorial plane, yielding an
approximate square pyramid conformation and anη1 coor-
dination mode for the acetonitrile adduct (Scheme 4, left).
Variants of the latter case might lead toη2 coordination
modes in which acetonitrile could be either coplanar with
the average equatorial plane (Scheme 4, right) or perpen-
dicular to it (Scheme 4, center).

As for the naked complex1, each of the acetonitrile
adducts could in principle dissociate along pathways similar
to pathway 1 or 2 involving the breaking of one Mo-N bond.
Because the Mo-N bond close to the amide ligands is
shortest in1 and less liable to be broken in the unperturbed
complex, the cleavage of this bond was only considered after
an activation induced by the axial complexation of Moamide

by CH3CN, yielding (1ac)am:

The cleavage of the longest Mo-N bond, further activated
by the coordination of acetonitrile on the thiolate side, was
therefore the only process investigated when starting from
either (1ac)th or (1ac)2:

The geometry of complex (1ac)th was optimized assuming
either the axial or the equatorialη1 andη2 coordination modes
of CH3CN. The side-on conformations were found dissocia-
tive, and the equatorial, end-on isomer, is higher in energy
than the axial form (Figure 3). This isomer leads to
dissociation products in a high-energy conformation and is
not expected to take part in process 7. The axial conformation
of (1ac)th was therefore assumed to study the dissociation
process. Reactions 7 and 8 yield the mononuclear tris-
(thiolate) fragment4ac complexed with one acetonitrile
molecule. By identifying this complex with the “species

(HS)3Mo(µ-N)Mo(NH2)3 (1) f

Mo(NH2)3 (2) + NtMo(SH)3 (3) (1)

(HS)3Mo(µ-N)Mo(NH2)3 (1) f

Mo(SH)3 (4) + NtMo(NH2)3 (5) (2)

(HS)3Mo(µ-N)Mo(NH2)3 (1) + CH3CN f

CH3CN-(HS)3Mo(µ-N)Mo(NH2)3 (1ac)th (3)

(HS)3Mo(µ-N)Mo(NH2)3 (1) + CH3CN f

(HS)3Mo(µ-N)Mo(NH2)3-NCCH3 (1ac)am (4)

(HS)3Mo(µ-N)Mo(NH2)3 + 2CH3CN f

CH3CN-(HS)3Mo(µ-N)Mo(NH2)3-NCCH3 (1ac)2 (5)

(HS)3Mo(µ-N)Mo(NH2)3sNCCH3 (1ac)am f

Mo(NH2)3sNCCH3 (2ac) + NtMo(SH)3 (3) (6)

CH3CNs(HS)3Mo(µ-N)Mo(NH2)3 (1ac)th f

CH3CNsMo(SH)3 (4ac) + NtMo(NH2)3 (5) (7)

(1ac)2 f Mo(SH)3sNCCH3 (4ac) +
NtMo(NH2)3 (5) + CH3CN (8)

Mo-N Bond in (µ-Nitrido)dimolybdenum Complex
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containing the molybdenum tris(thiolate) fragment” which
appears as a transient intermediate in the reaction reported
by Cummins, it should be possible to dimerize it into the
triply bonded dimetal compound (HS)3MotMo(SH)3:

The two acetonitrile molecules can be either released or kept
loosely attached in the coordination sphere of the metal
atoms. Calculations suggest that such weak associations in
axial position between complexes5 or 6 and acetonitrile
might contribute to make reaction 9 slightly easier both
thermodynamically and kinetically.

5. Energy Profiles

5.1 Formation of 1 and Coordination of Acetonitrile.
The energetic profiles calculated for reactions 1-9 are
summarized in Figure 2, and the corresponding fragment
energies are reported in Table 1. Assuming first the dis-
sociation, or the formation, of1 not to be assisted by
acetonitrile, the energy of fragments2 and3 was found to
be 61 kcal‚mol-1 in excess of that of the (µ-nitrido) complex.
The strongly exothermic process corresponding to the inverse
of reaction 1 represents in fact the route that was followed
to synthesize complex1exp. As expected from the relative
lengths and from the assumed strengths of the two molyb-
denum-nitride bonds, the decomposition of1 into the
molybdenum (tris)thiolate and the nitrido (tris)amide frag-
ments (reaction 2) is somewhat easier than process 1. The
activation energy (53 kcal‚mol-1) however remains very
high, and this should explain why a clean decomposition
process along reaction path 2 could not be observed at room
temperature.7 According to the operation mode described by
Agapie, Odom, and Cummins, such a clean thermal decom-
position, eventually leading to NtMo(NR)3, and to the
molybdenum (tris)thiolate dimer, was only obtained when
adding benzonitrile, either in excess or in a substoichiometric
amount, to a toluene solution of1expat room temperature.7

To investigate the role of the cyanide group in the decom-
position process, acetonitrile was coordinated to molybdenum
in 1 either on the thiolate side (reaction 3) or on the amide
side (reaction 4), or on both metal atoms (reaction 5). The

influence of the coordination mode on the structure and on
the energy of the acetonitrile monoadduct was investigated
in some detail for (1ac)th. Both types ofη2 coordination
(Scheme 4) were found to be dissociative. Only theη1

coordination mode, either axial or equatorial, leads to stable
minima (Figure 3). The acetonitrile fixation is stabilized by
17.0 kcal‚mol-1 in the axial form and by 9.2 kcal‚mol-1 in
the equatorial, square pyramid conformation (Figure 3). It
seems, however, that the latter form represents a dead end
as far as the Mo-N bond breaking is concerned, because
the dissociation of the equatorial monoadduct yields a very
high energy isomer of4(acet) (+36 kcal‚mol-1) with
approximate square planar conformation. We will, therefore,
refer to the axial,η1 conformation of (1ac)th as the only
isomer that could be involved in the dissociation process.

The axial fixation of CH3CN on the amide moiety yields
another monoadduct, (1ac)am, stabilized by 13.5 kcal‚mol-1,
instead of 17 kcal‚mol-1 for (1ac)th. The coordination of two
CH3CN molecules further stabilizes the complex, but the
energy balance in (1ac)2 with respect to1 (-26 kcal‚mol-1)
is less favorable than the stabilization resulting from the
single-site coordination of two CH3CN molecules on separate
molecules of1, either both on the (tris)thiolate side (-34
kcal‚mol-1) or on opposite sides (-30.5 kcal‚mol-1) (Figure
2). The geometries optimized for (1ac)th, (1ac)am, and (1ac)2
(Table 1) allow us to readily interpret the relative values of
these stabilization energies in terms of the trans effect. The
shortest and strongest single association of1 with acetonitrile
(Mothiolate-Nacet) 2.14 Å) occurs on the (tris)thiolate moiety.
The coordination of CH3CN further activates the longest
µ-N-Mo bond, whose length increases from 1.85 to 1.99
Å. Note that the conformation of MoS3 has become nearly
planar, which enhances the unfavorable four-electron in-
teractions between S andµ-N and contributes to the
stretching of theµ-N-Mothiolatebond. The weakening of the
µ-N-Mothiolate bond induces a contraction of the opposite
µ-N-Moamide bond, from 1.79 to 1.73 Å. The approach of
one acetonitrile molecule on the Moamide side results in a
weaker complexation (Moamide-Nacet ) 2.25 Å) and to a
lower stabilization energy but leads to an inversion of the
two µ-N-Mo distances. In (1ac)am, the most activated
µ-N-Mo bond (1.87 Å) belongs to the amide moiety,
whereas the oppositeµ-N-Mothiolatedistance is shortened to
1.80 Å (Table 1). As∆µ-N-Mo significantly increases with
substituted equatorial ligands, the inversion of theµ-N-Mo
distances could be less dramatic, if occurring at all, in the
Moamide-cyanide monoadducts derived from complexes1a,
1b, and principally1exp. The trend is expected, however,
to be similar. In the dicyanide complex (1ac)2, the presence
of two CH3CN molecules opposite to each other at the axial
ends of the complex inhibits the propagation of the trans
effect along the molecular axis. As a consequence, the
coordination of the CH3CN molecules is weaker than in
either monoadduct (N-Mothiolate ) 2.23 Å; N-Moamide )
2.33 Å), and bothµ-N-Mo distances are slightly activated.
As expected, theµ-N-Mothiolate bond is more sensitive to
the axial coordination of CH3CN because of the reduced

Scheme 3

Scheme 4

2Mo(SH)3sNCCH3 (4ac) f

(HS)3MotMo(SH)3 (6) + 2CH3CN (9)
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pyramidality at Mothiolate and∆µ-N-Mo eventually increases
from 0.053 to 0.084 Å (Table 1).

5.2 Decomposition Pathways of the Acetonitrile Ad-
ducts.The preceding discussion of the geometry of the three
acetonitrile adducts already provides a hint about the
decomposition pathway preferred by model complex1: the
less endothermic route should involve the adduct displaying
the most activatedµ-N-Mo bond, namely the monoadduct
on Mothiolate (1ac)th. According to reaction 7, the cleavage
of the activatedµ-NsMothiolate bond leads to the fragments
Mo(SH)3sNCCH3 (4ac) and NtMo(NH2)3 (5). The energy
requested to complete this cleavage amounts to 37 kcal‚mol-1,
to be compared with the 53 kcal‚mol-1 necessary to break
the sameµ-N-Mothiolate bond in the absence of acetonitrile
(Figure 2). In fragment4ac, the acetonitrile ligand is strongly
attached to molybdenum (MosN ) 1.972 Å), inducing a
slight elongation (0.025 Å) of the MosS bonds with respect

to Mo(SH)3. Furthermore, the strong attachment of CH3CN
has induced a large opening of the thiolate ligand umbrella
and an inversion of the pyramidality at Mothiolate (Table 1,
Scheme 3).

The value of 37 kcal‚mol-1 calculated for the activation
energy, however, remains too high to account for the
spontaneous dissociation of1expobserved at room temper-
ature. It is important to note that the substitutions of S3H3

by S3Ad3 and of (NH2)3 by (N[tBu]Ph)3 will both contribute
to further activate theµ-N-Mothiolate bond and to lower the
energy barrier. The bulky substituents at both molecular ends
were shown to reduce the relative stability of theµ-nitrido
complex with respect to the mononuclear species and to make
still easier theµ-N-Mothiolatebond cleavage. This activation
of the binuclear complex with respect to its monometallic
fragments was calculated to be 7.4 kcal‚mol-1 for 1a, and
8.8 kcal‚mol-1 for 1b (Figure 2). The effects induced at each

Figure 2. Calculated energy profile corresponding to the formation of the dimolybdenum model complexes1, 1a, and1b from the monometallic fragments
and to the thermal decomposition of1 promoted by acetonitrile and leading to the (tris)thiolate dimer6.

Figure 3. Optimized structures and relative energies (kcal‚mol-1) of the two stable isomers of the acetonitrile monoadduct obtained from an axial or from
an equatorial approach of CH3CN to Mothiolate in 1.
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molecular end are expected to be at least partly additive.
This upward energy shift should be transmitted to the
acetonitrile adducts. It is also expected that the sterically
crowded ligand restricts the accessibility of Mothiolate to the
cyanide promoter, which will destabilize further the (1ac)th
intermediate. Then, the cleavage of theµ-N-Mo bond is
concerted with (i) the opening of the (SAd)3 ligand umbrella
(Scheme 3), which enhances the destabilizing interactions
between S andµ-N, and (ii) the strengthening of the
coordination with the cyanide ligand.

If the thermal cleavage could be initiated from the mono-
adduct of CH3CN on Moamide, a hypothesis which appears
unlikely with model system1 because (1ac)am is signifi-
cantly less stable than (1ac)th (Figure 2), theµ-N-Mo bond
in a position to be broken would in such a case be the
µ-N-Moamide bond, which has become the most activated
one as a consequence of the propagation of the trans effect
(reaction 6). The energy requested to achieve the reaction,
however, remains high (46.5 kcal‚mol-1 with model1) with
respect to that of the converse process 7 leading to the (tris)-
thiolate species.

If monoadduct (1ac)th is likely to be the reactant when
the cyanide promoter is added in substoichiometric amounts,
the use of the same adjunct in large excess should yield the
more stable dicyanide complex (1ac)2 (Figure 2). As noted
above, the activation of theµ-NsMothiolate bond in (1ac)2 is
hardly greater than in unsubstituted complex1, and the
reduction of the energy barrier with respect to unpromoted
reaction2 mainly results from the strong coordination of
CH3CN to the monomeric (tris)thiolate fragment. When the
cleavage reaction is completed, the second acetonitrile
molecule is only loosely attached to the NtMoN3H6

fragment because of the very strong trans effect induced by
the nitrido ligand. A MosNcyanide equilibrium distance of
2.83 Å was found from direct geometry optimization of
NtMoN3H6sNCCH3, and the associated stabilization ener-
gy amounts to 3.2 kcal‚mol-1. To summarize, the energy
barrier associated with the dissociation of (1ac)2 into
CH3CN-Mo(SH)3 and NtMoN3H6 loosely associated with
an acetonitrile molecule, according to reaction 8, is 43
kcal‚mol-1, instead of 37 kcal‚mol-1 for the similar cleavage
reaction carried out from the most stable cyanide monoad-
duct. One should predict from these results the cleavage
reaction of1 to be significantly easier when using strictly
stoichiometric or substoichiometric amounts of the cyanide
promoter. In fact, the results obtained with1exp lead to a
rather different interpretation: the dimerization of the (tris)-
thiolate fragment seems to be faster, and the ratio of
NtΜï(N[tBu]Ph)3 to (AdS)3MotMo(SAd)3, closer to that
of a stoichiometric reaction when benzonitrile is used in
excess.7 We, therefore, suspect that the bulky adamantane
substituents reduce the accessibility of Mothiolate to benzoni-
trile, so that the monoadduct on Moamide becomes predomi-
nant and leads to uncontrolled decomposition processes when
benzonitrile is added in substoichiometric quantities to a
solution of1exp.

5.3 Dimerization of the (Tris)thiolate Fragment. We
have considered the formation of the tris(thiolate) dimer6

from the condensation of two molecules of CH3CNMoS3H3

(4ac) (reaction 9). This mononuclear complex has been
obtained from the thermal cleavage of the activated
µ-N-Mo bond either in (1ac)th or in (1ac)2. The dimerization
energy profile represented in Figure 2 refers to a single
molecule of4ac, which means that the energy released in
the formation of one molecule of dimer is twice as much,
namely 59 kcal‚mol-1. The formation of a triple bond
between molybdenum atoms generates a strong trans effect
which considerably attenuates the strength of axial coordina-
tion, as observed in most compounds with a multiple
Mo-Mo bond.9 Weak associations between dimer6 and two
molecules of acetonitrile (dMo-N ) 3.21 Å) are, however,
obtained from the calculations and contribute∼5.5 kcal‚mol-1

to the overall stability of the dimer.
It is important to note that the dimerization reaction

observed by Agapie et al.starting from complex1expcould
probably not be observed with model complex1. Figure 2
shows that the energetic balance of the dimerization reaction,
even considering the weak axial interactions, isendothermic
with respect either to the CH3CN monoadduct on Mothiolate

(by 7.5 kcal‚mol-1), or, still more conspicuously, to the
dicyanide complex(1ac)2. These cyanide intermediates
should be made less stable for the reaction to proceed toward
the molybdenum (tris)thiolate dimer. The presence of bulky
ligandson the two metalsshould contribute to reduce by as
much as 10-15 kcal‚mol-1, according to the amount of
additivity in the influence of ancillary substituents, the
relative stability of theµ-nitrido dinuclear complex with
respect to its decomposition fragments. This activation should
be still enhanced in the mono- and dicyanide intermediates
by weakening the axial Mo-NCR bonds due to steric
contacts. Reducing the stability of the mono- and dicyanide
intermediates will make the dimerization reaction thermo-
dynamically possible and also kinetically easier by decreasing
the energy barrier associated with the formation of the
mononuclear (tris)thiolate species CH3CNMoS3R3.

6. Summary and Conclusion

Modeling the energy profiles associated with various
pathways for the thermal decomposition of S3H3Mo(µ-N)-
MoN3H6 provides hints to explain the mechanism of the
µ-N-Mothiolate bond cleavage observed with complex1exp
in the presence of benzonitrile. The asymmetry of the
Mo-N-Mo core in theµ-nitrido complex 1exp and its
model is interpreted as a consequence of the different
interactions that develop between the equatorial ligands and
the metalπ orbitals in the thiolate and in the amide moieties.
The relative stabilization of theπ orbitals in Mothiolateprovides
these orbitals with a larger share of the d valence electrons,
which impedes theµ-N f Mothiolate π donation and yields a
longer Mo-N bond. Metal-ligand and ligand-ligand in-
teractions involving both types of equatorial surroundings
were shown to strongly influence the structure of the
Mo-N-Mo framework and to be sensitive to the effects of
ancillary substituents on the thiolate and on the amide
moieties. The presence of bulky ligands on both molec-
ular ends contributes to enhance the activation of the
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µ-N-Mothiolate bond. A brute force cleavage of this bond,
however, remains a high energy process (53 kcal‚mol-1 from
1, 46 kcal‚mol-1 from 1a, 44 kcal‚mol-1 from 1b, probably
less from1exp). Adding acetonitrile or benzonitrile will yield
intermediates in which one or two cyanide molecules weakly
coordinate to the metal atoms of theµ-nitrido complex. The
relative stabilities of these intermediates depend on the
pyramidality at Mothiolate and also probably on the axial
accessibility of the metal atoms. Both factors are monitored
by the nature of the thiolate substituents. A tuning of theπ
donor ability of the amide ligands, also governed by the
substituents, equally contributes to activate theµ-N-Mothiolate

bond. The cleavage of this bond from the cyanide intermedi-
ates then requires a much reduced energy barrier due to the
combination of two effects: (i) an increased activation of
the µ-N-Mothiolate bond either in the RCN monoadduct on
Mothiolateor in the diadduct and (ii) an important stabilization
of the monomeric Mo (tris)thiolate fragment due to a stronger
coordination of RCN. The thermodynamic achievability of
the reaction is then conditioned by the amount of energy
recovered from the dimerization of Mo(SR)3 and the concur-
rent detachment of the cyanide ligands.

If the salient features of the reaction pathways displayed
in Figure 2 are likely to be general, the thermodynamic
balance of the reaction appears to be delicate, and its
successful achievement might eventually be conditioned by
electronic and steric factors related to the nature of the
equatorial ligands. Calculations carried out on system1 in
which all ancillary substituents are modeled by hydrogens
conclude that the dimerization of the molybdenum (tris)-
thiolate complex is an endothermic process. It was, however,
evidenced that (i) the flattening of the MoS3 pyramid induced
by bulky substituents such as adamantane enhances the S
T µ-N repulsion and that (ii) the enhancedπ donation

induced by the combined acyl and aryl substitution on the
amide ligands initiates a charge transfer toward the thiolate
moiety. Both effects contribute to activate theµ-N-Mothiolate

bond. A greater bond activation decreases the relative
stability of the dimolybdenumµ-nitrido complex and dis-
places the thermodynamic balance of the system toward the
formation of the Mo (tris)thiolate dimer.

After this article had been accepted for publication, we
became aware of the very recent work by Solari et al.
reporting the four-electron reduction of the NtN bond
leading to the dinuclear complex [(Mes)3ModNsNdMo-
(Mes)3] (Mes ) 2,4,6-Me3C6H2), followed by the cleavage
of the central NsN bond.26 In the process reported by Solari,
the N-N bond cleavage is not thermal but photoinduced and
yields the symmetric,µ-nitrido complex [(Mes)3MosNs
Mo(Mes)3].
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