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The electronic structure, conformation, synthesis, and thermal decomposition pathways of the recently characterized
dimolybdenum u-nitrido complex (AdS)sMo(u-N)Mo(N[Bu]Ph); (1exp, Ad = adamantyl) are investigated by means
of DFT calculations carried out on the model system (HS)sMo(z-N)Mo(NH,); (1). The observed asymmetry of the
Mo(u-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 sz orbitals of Mogeae. The balance in the metal—
ligand and ligand—ligand interactions conditioning the flow of the electron density along the Mo—(-N)—Mo framework,
and eventually the relative activation of the molybdenum~—nitrido bonds, appears very sensitive to the nature of the
ancillary substituents on hoth the thiolate and the amido sides. On one hand, replacing HS by AdS in 1 increases
the calculated value of A,—y—uo from 0.053 to 0.094 A, close to the experimental value of 0.111 A. The w-nitrido
complex with bulky thiolates 1a is also less stable than 1 by 7.3 kcal-mol~—* with respect to its monometallic
constituents. On the other hand, substituting the bulky N['Bu]Ph for NH, 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 u-N—Mowisae bONd activation in lexp. 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);Mo=Mo(SR)s. 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 u«-N—Momisae bond is further activated with respect to the
original complex. The consequence is an important, but still insufficient, decrease of the barrier to Mo—N bond
breaking, from 53 to 37 kcal-mol~*. Furthermore, the thermodynamic balance of the reaction leading from the
acetonitrile adducts of 1 to (HS)sMo=Mo(SH); remains endothermic by 6.5 kcal-mol~* 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 reactions. Efforts have also been made to expand the class
The development of efficient routes toward the fixation of complexes susceptible to activate and break the NN bond
and the reductive cleavage of Mvolving the formation of in order to improve the selectivity and obtain better control
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of the reaction conditions. Concerning tReert-butylanilide
complexes of Mo(lll)}* the possibility of replacing Me
amido by Mo—thiolate linkages was found particularly
attractive in this context, because the ™8R linkage is
expected to be more stable than Mamido in the presence
of Brgnsted acid$.Only one example of a stable, well
characterized, monomeric Mo(SRjomplex is knowr?, in
probable relation with the tendency of the Mo; fragment

to dimerize into dinuclear complexes exhibiting a metal
metal triple bond. 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 Nchemistry assuming favorable
conditions. Starting from &#Mo(SAd); (Ad = 1-adamantyl),

Cummins et al. recently reported the synthesis and charac-

terization of the dimolybdenum-nitrido complex (AdSiMo-
(u-N)Mo(N['Bu]Ph) (1exp).” At variance with the structure
of the related g-nitrido)dimolybdenum hexakis(amide)
complexes?® the Mo—N—Mo linkage in lexp is unsym-
metrical. Simila-nitrido-bridged systems, either horb!?
or heterobimetallié>*3are believed to play important roles

Figure 1. XMOL representation of the model complex (H8p(«-N)-
Mo(NH2)s (1), in the optimal structure obtained from DFT calculations.

model, (HS)Mo(u-N)Mo(NH,); (1, Figure 1), was used by
Cummins et al. to carry out geometry optimizations onthrétrido
complex. However, the influence of the bulky substituents has been
investigated by optimizing, with the same basis set, the geometries

in metal-centered nitrogen atom transfer reactions and couldof two nitrido complexes closer to the real system, (AN&)(u-
be considered as the stable result of an incomplete nitrogenN)Mo(NH,); (18) and (HS}Mo(«-N)Mo(N['Bu]Ph); (1b), together

transferl®14In 1exp the Mo—N 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(Ad8agment.
The longest Me-N bond was indeed broken by thermal
decomposition in the presence of benzonitrile at room tem-
perature, releasing species containing the Mo(A&t&yment
and eventually yielding the molybdenum tris(thiolate) dimer
(AdS):Mo=Mo(AdS).? The goal of the DFT calculations

with those of the mononuclear fragments (A¢N%) (4a) and
N=Mo(N[Bu]Ph) (5b). All calculations and geometry optimiza-
tions performed on model complex&sla, 1b, 4a, and5b, on the
association products of compleixwith one or two acetonitrile
molecule(s), on all fragments resulting from the various possible
dissociation pathways of, and on the complexation of these
framents with CHCN 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!® The formalism is based upon the local spin density

reported in the present work is to propose a mechanism andapproximation characterized by the electron gas exchangeni

an energy profile for the fragmentation of thenitrido
complex and the dimerization of the molybdenum tris(thio-
late), to specify the role of benzonitrile, and to characterize
the transient species containing Mo(AeShhe discussion
concerning the electronic structure déxp and the origin

of the dissymmetry of the MeN—Mo core and its conse-
quences concerning the relative strengths of the two molyb-
denum-nitrido bonds is also supported by extendédkeli
(EHT) calculations.

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

tertiobutyl substituents were replaced by hydrogens. The same

(7) Agapie, T.; Odom, A. L.; Cummins, C. @norg. Chem.200Q 39,
174.
(8) Buyuktas, B. S.; Olmstead, M. M.; Power, PGhem. Commuri.998
1689.
(9) Cotton, F. A.; Walton, R. AMultiple Bonds between Metal Atoms;
Oxford University Press: New York, 1993.
(10) Johnson, M. J. A.; Lee, P. M.; Odom, A. L.; Davis, W. M.; Cummins,
C. C.Angew. Chem., Int. Ed. Engl997, 36, 87.
(11) (a) Dehnicke, K.; Sttde, J.Angew. Chem., Int. Ed. Engl981, 20,
413. (b) Dehnicke, K.; Sttde, J.Angew. Chem., Int. Ed. Endl992
31, 955. (c) Newton, C.; Edwards, K. D.; Ziller, J. W.; Doherty, N.
M. Inorg. Chem.1999 38, 4032 and references therein.
(12) Bendix, J.; Weyheriiller, T.; Bill, E.; Wieghardt, K. Angew. Chem.,
Int. Ed. 1999 38, 2766.
(13) Zheng, H.; Leung, W.-H.; Chim, J. L. C.; Lai, W.; Lam, C.-O;
Williams, I. D.; Wong, W.-T.Inorg. Chim. Acta200Q 306, 184 and
references therein.

o = ?/3) together with Voske-Wilk —Nusaif® parametrization for
correlation. Nonlocal corrections due to Becke for the exchange
energy’ and to Perdew for the correlation enefgyave 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 tripl&é-quality and supplemented with one
polarization functior? The 4s and 4p shells of molybdenum are
described by a doublé-Slater basis; the 4d and 5s, by a trifgle-
basis, and the 5p shell is described by a single orbital. Relativistic
corrections were not included. Compléexp and its models, as
well as fragments Mosbi; (4), MoNzHg (2), and their associations
with acetonitrile are open-shell systems with a doublet ground state.
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Baerends, E. JJ. Comput. Phys1992 99, 84. (d) Fonseca-Guerra,
C.; Visser, O.; Snijders, J. G.; te Velde, G.; Baerends, Eethods
and Techniques in Computational Chemistry: METECC&Bmenti,
E., Corongiu, G., Eds.; STEF: Cagliari, Italy, 1995; pp 3@95.
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(17) (a) Becke, A. DJ. Chem. Phys1986 84, 4524. (b) Becke, A. D.
Phys. Re. 1988 A38 3098.

(18) Perdew, J. PPhys. Re. 1986 B33 8882;1986 B34, 7406.
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Tables1982 26, 483. (b) Vernooijs, P.; Snijders, J. G.; Baerends, E.
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Calculations on these systems have therefore been carried out usingcheme 1
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 mettfo@ihis means that
single point calculations have been carried out on all fragments
in their optimal geometry, taking advantage of the “ghost” orbital S

i : . . cheme 2
basis generated by the largest considered complex, that is, either
CH3;CN—(HS):Mo(u-N)Mo(NH;)s—NCCH; or CHsCN—(HS)-
Mo=Mo(HS);—NCCH; 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 N Mo
geometry optimization processes have been carried out by minimiz- Mo (amido)
ing the energy gradient by the BFGS formaltdmombined with (thiolate)

a DIIS-type convergence acceleration methbdhe optimization
cycles were continued until all of the three following convergence
criteria were fulfilled: (i) the difference in thetal energybetween

orbitals withz character. If the two Mk fragments were
identical, then these MOs would be antisymmetric and
two successive cycles is less than 0.001 hartree; (ii) the differencenonbondmg with respect to t_he bridging nitrogen, leading
in the norm of the gradienbetween two successive cycles is less toan equal share of th’e density between metal atpms and
than 0.001 hartreA~; and (iii) the maximal difference in the [0 @ strictly symmetric structure as represented in Scheme
Cartesian coordinatebetween two successive cycles is less than 1. This situation, with a possible deviation from 3-fold sym-

0.01 Az3 metry because of JahiTeller distortion, is encountered in
the nitrido- and phosphido-bridged compounds characterized

3. Structure and Bonding in 1 and in Related by Johnson et al. and linking two equivalent Mo(R

p-Nitrido Complexes moieties'® Because of the distinct nature of the metigand

Both the molybdenum (tris)thiolate and the molybdenum interactions in both moieties df thes orbitals of the thiolate
(tris)amido fragments are MLmoieties with approximate ~ Mmoiety, stabilized by the back-donation interactions, are
Cs symmetry* and a formal & population for each Mo(lll) lower in energy than the pure metal orbitals of the amide
metal atom. In the isolated fragments, these electrons arelfagment and tend to attract a larger share of the electron
accommodated in the set ofdike metal orbital®5 The density. This leads to a pair of equivalent molecular orbitals
nature of the interactions with the equatorial ligands, how- Similar to that pictured in Scheme 2 and which form the
ever, introduces an important dissimilarity between the two HOMO set of complexes, 1a, and1b, populated altogether
sets of metal orbitals. The amido ligands are botand with 3 electrons. The relative depopulation of Mgemakes
donors. Both donation processes are effective through thethe donation from the bridging nitrogen more efficient in
metal g orbitals (mainly ¢y and dz_2 combinations) while that direction and accounts for the_orlgm of the stiuctural
the like orbitals retain a pure metal character. At variance dissymmetry along the MeN—Mo axis. The balance in the
with the (NHb)~ or (NRR)" ligands, the thiolate fragments ~ distribution of the metadr electron density, however, appears
display some acceptor character because of the dsp hybrid§xtremely sensitive to changes affecting either the orientation
of sulfur. These high-energy ligand orbitals mainly interact Of the thiolate ligands or the donor strength of the amide
with the metalr orbitals (d, and d,) which become lower ~ Ones. Because these factors are governed by the nature of
in energy than their counterparts of the amide moiety. When the ancillary substituents grafted on the equatorial ligands,
both molybdenum fragments are connected through thethese substituents will have an important influence on the
nitrido bridge, they formally undergo a three-electron oxida- Structure of the Me-N—Mo framework and on the energetics
tion, which leaves only three d electrons in the metal Of the process leading to MeN bond breaking.
framework. These electrons are shared between the two metal The orientation of the thiolate ligands, that is, fN—

atoms via the Me-N—Mo nonbonding pair of molecular ~M0—S angle, can activate theN—Moiae bond through
the nonbonding interaction between the thiolate lone pairs

(20) Boys, S. F.; Bernardi, Alol. Phys.197Q 19, 553. and the occupied orbitals of N=. The thiolate lone pairs

(21) Fisher, T. H.; Almié, J. J. Phys. Chem1992 96, 9768. ; ;

(22) Versluis, L. Ph.D. Thesis, University of Calgary, Calgary, Alberta, form a torus of hlgh eleCt,ron denSIty b,eIOW the p,lane of the
Canada, 1989. three sulfur atoms, and its overlap with the orbitals of the

(23) The convergence criterion concerning the norm of the gradient has bridging nitrogen is not negligible. It increases as the
been tightened by a factor of 10 with respect to the default options of idali fth f ish b
the program (0.01 hartre&=%). In practice, with this restrictive pyramidality of the Mo(SR)fragment vanishes or becomes

condition, the energy difference in the two last iteration steps was of inverted because of steric crowding or axial coordination,

the order of 10 hartree, that is;~0.06 kcaimol™2. e PSR :
(24) In the tris-amido fragment, the amide planes are not strictly parallel and this m_teraCtlon is unfavorable, both eleCtromca”y_ and
to the molybdenumnitrido axis. To reduce the repulsion between e€lectrostatically. The system responds to the destabilizing

the nitrogen lone pairs, the-HN—H or the C-N—C planes deviate i i i . i
by ~20° from this axis. For model compleX, two conformations, interactions by a displacement;of N toward Maumiae which

with respective symmetrie@s andCx,, correspond to similar energies.  €nhances the symmetry breaking of the M&—Mo core.
In 1b, the C; form more efficiently accommodates the bulky The shift of the bridging nitrogen away from M@iate

substituents. - .
(25) Albright, T. A.; Burdett, J. K.; Whangbo, M. HDrbital Interactions remalns r_nOderate "’_‘S Iong as the Mo(&ﬂ)agment IS
in Chemistry Wiley-Interscience: New York, 1985. pyramidalized opposite t@-N, but the replacement of H by
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bulky substituents tends to flatten the Mo§roup and,
therefore, enhances the unfavorable interactions sl

thiolate ligands or on the metal supported by amide ligands.

A third possibility corresponds to the fixation of two

Geometry optimizations carried out at the DFT level illustrate acetonitrile molecules:

this influence. In compleg, in which all bulky substituents
are modeled by hydrogens, the differerge n—mo between
the two u-N—Mo bond lengths amounts to 0.053 A only
(Table 1). Replacing SH ligands by the real SAd ligands

in lainduces a significant stretching of theN10olae ONd,

from 1.847 to 1.874 A, and a consecutive shortening of the

N—Mo0amise bond (Table 1). The value ok, n-mo in 1a,

(HS);Mo(u-N)MOo(NH,), (1) + CH,CN —
CH,CN—(HS),Mo(u-N)Mo(NH,), (1ac), (3)

(HS);Mo(u-N)Mo(NH,), (1) + CH,CN —
(HS),Mo(u-N)Mo(NH,),~NCCH, (1ac),, (4)

0.094 A, becomes close to, but still lower than, the difference (HSkMo(u-N)Mo(NH,); +2CH,CN —

observed in the real complebexp 0.111 A. The grafting

CH,CN—(HS),Mo(u-N)Mo(NH,),~NCCH, (1ac), (5)

of tertiobutyl and phenyl substituents on the amide groups

enhances the donor ability of the ligands, and especially the For each of these possibilities, different modes of fixation
7 donor strength: EHT calculations show that the lone pair could be envisioned for acetonitrile, namely (i) an approach
orbital energy of (NBu]Ph)" is shifted up by more than 1 along the molecular axis, eventually leading to an axjal,

eV with respect to that of (N))~. As shown in Table 1, the ligation and to a trigonal bipyramid coordination for the
donated density does not remain localized on,Mgbut is considered metal(s) (Scheme 3, right); and (ii) an approach
shifted first toward the nitrido ligand, and then, via the partly @nd a coordination along the equatorial plane, yielding an
occupieds frontier orbitals, toward the thiolate fragment. approximate square pyramid conformation and,aeoor-

The main consequence is indeed a change in the relativedination mode for the acetonitrile adduct (Scheme 4, left).
polarities of the molecular moieties separated by the nitrido Variants of the latter case might lead 48 coordination
ligand: the thiolate fragment becomes negatively charged Modes in which acetonitrile could be either coplanar with
in 1b (—0.10e) while it is undoubtedly positive thandla  the average equatorial plane (Scheme 4, right) or perpen-
(+0.21e). Because this reorganization of the charge densitydicular to it (Scheme 4, center).

is mainly concentrated on Mgae Whose positive charge As for the naked compled, each of the acetonitrile
decreases by 0.26e with respectlfothe interaction with ~ @dducts could in principle dissociate along pathways similar
u-N becomes less favorable electronically and electrostati- 10 Pathway 1 or 2 involving the breaking of one M bond.

cally, and the main structural consequence of the incorpora-Because the MeN bond close to the amide ligands is
tion of bulky substituents to the amide moiety is again a Shortestinl and less liable to be broken in the unperturbed

stretching of theu-N—Moioiate bONd. Theu-N—Moioiate complgx, t_he c;leavage of this bopd was only cpnsidered after
bond length calculated iib is indeed 1.883 A, com- an actlvatlon. md_uced by the axial complexation of JMa
pared to 1.847 A irl. Because a similar activation of the Py CHCN, yielding (lachm:

u-N—Momisiate DONd can be induced for different reasons by (HS);Mo(u-N)Mo(NH,),—NCCH,; (1ac),, —
3 m

the ancillary substituents either on the thiolate ligands or on -
the amide moiety, it is probable that both effects should be Mo(NH,);—NCCH; (2ag + N=Mo(SH); (3) (6)

at least partly additive in the real complebexp. This
conjecture is supported by the experimental valu&, of—mo
being larger forlexp (0.111 A) than for eitheta (0.094 A)
or 1b (0.075 A) (Table 1).

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

4. Dissociation Pathways and Associated Fragments CH,CN—(HS),Mo(u-N)Mo(NH,), (1ac), —

Various pathways have been considered for the dissocia- CH,CN—Mo(SH); (4ad) + N=Mo(NH,), (5) (7)
tion of the (-nitrido)dimolybdenum model comples.
Assuming first that the dissociation @fis not assisted by
CH3CN, two processes are possible in theory, depending on

the Mo—N linkage that will be cleaved:

(1ac), —~ Mo(SH);—NCCH; (4a0 +
N=Mo(NH,); (5) + CH,CN (8)

The geometry of complexiéc), was optimized assuming
either the axial or the equatorigt and»? 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
Assuming now that acetonitrile has been added to the solu-of (lac), was therefore assumed to study the dissociation
tion, one should characterize first the adducts o5CMN to process. Reactions 7 and 8 yield the mononuclear tris-
complex 1. Two different monoadducts result from the (thiolate) fragment4ac complexed with one acetonitrile
fixation of CH;CN either on the molybdenum supported by molecule. By identifying this complex with the “species

(HS):Mo(u-N)Mo(NH,); (1) —
Mo(NH,); (2) + N=Mo(SH), (3) (1)

(HS)Mo(u-N)Mo(NH,), (1) —
Mo(SH), (4) + N=Mo(NH,), (5) (2)
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Scheme 3 influence of the coordination mode on the structure and on
S S the energy of the acetonitrile monoadduct was investigated
N Mo in some detail for 1ac),. Both types ofy? coordination
Mo\ s N CcC (Scheme 4) were found to be dissociative. Only #ie
AN coordination mode, either axial or equatorial, leads to stable
3 dac minima (Figure 3). The acetonitrile fixation is stabilized by

17.0 kcaimol™ in the axial form and by 9.2 kcahol™? in
the equatorial, square pyramid conformation (Figure 3). It
\\C_ seems, however, that the latter form represents a dead end
c SN as far as the MeN bond breaking is concerned, because
N
M
s

Scheme 4

S

S

N V ¢ c e the dissociation of the equatorial monoadduct yields a very
o N MO& Mo N Mo \g high energy isomer of4(acet) (36 kcatmol™t) with

s

S

Mo N Mo approximate square planar conformation. We will, therefore,

refer to the axialy* conformation of fac), as the only
isomer that could be involved in the dissociation process.
containing the molybdenum tris(thiolate) fragment” which  The axial fixation of CHCN on the amide moiety yields
appears as a transient intermediate in the reaction reportethnother monoadductl&c)m, stabilized by 13.5 kcatnol 2,
by Cummins, it should be possible to dimerize it into the jnstead of 17 kcamol* for (1ac),. The coordination of two
triply bonded dimetal compound (H3)Jo=Mo(SH)s: CHsCN molecules further stabilizes the complex, but the
2Mo(SH),—NCCH, (4ad — energy balance inl@c) with respgct tQL (—26 kc.akmol‘l)
is less favorable than the stabilization resulting from the
(HS)MO=Mo(SH); (6) + 2CH,CN (9) single-site coordination of two G} &N molecules on separate
molecules ofl, either both on the (tris)thiolate side-84
kcalmol™) or on opposite sides+30.5 kcaimol™) (Figure
). The geometries optimized fatgc),, (lackm, and (ac)
Table 1) allow us to readily interpret the relative values of
h these stabilization energies in terms of the trans effect. The
shortest and strongest single associatiohwith acetonitrile
(MOiolate—Nacer= 2.14 A) occurs on the (tris)thiolate moiety.
5. Energy Profiles The coordination of CECN further activates the longest
5.1 Formation of 1 and Coordination of Acetonitrile. #-N—Mo bond, whose Iength increases from 1.85 to 1.99
The energetic profiles calculated for reactions9l are A. Note that the conformation of MeSias become nearly

summarized in Figure 2, and the corresponding fragmentplana_r’ which enhances the unfavorable _four-electron in-
energies are reported in Table 1. Assuming first the dis- (€ractions between S and-N and contributes to the
sociation, or the formation, ol not to be assisted by Strétching of the:-N—Mouioae bond. The weakening of the
acetonitrile, the energy of fragmersand3 was found to ~ #"N~M0wmioae bond induces a contraction of the opposite
be 61 kcaimol* in excess of that of thenitrido) complex. ~ #"N—~MOamige bONd, from 1.79 to 1.73 A. The approach of
The strongly exothermic process corresponding to the inverse®N€ acetonitrile molecule on the Mg side results in a

of reaction 1 represents in fact the route that was followed Weaker complexation (Mgige~Nacet = 2.25 .A) and to a

to synthesize complekexp As expected from the relative lower stablllzatlc_)n energy but leads to an inversion of the
lengths and from the assumed strengths of the two molyb- W0 #-N—Mo distances. In Xac)m, the most activated
denum-nitride bonds, the decomposition df into the =~ 4-N—Mo bond (1.87 A) belongs to the amide moiety,
molybdenum (tris)thiolate and the nitrido (tris)amide frag- whereas the opposiieN—Mormioate distance is shortened to
ments (reaction 2) is somewhat easier than process 1. Thel-80 A (Table 1). AsA,—n-wo significantly increases with
activation energy (53 kC&hOI_l) however remains very substituted equatorial |igandS, the inversion OfﬂhN_MO
high, and this should explain why a clean decomposition distances could be less dramatic, if occurring at all, in the
process along reaction path 2 could not be observed at roomMOamice—Cyanide monoadducts derived from completas
temperaturé.According to the operation mode described by 1b, and principallylexp The trend is expected, however,
Agapie, Odom, and Cummins, such a clean thermal decom-to be similar. In the dicyanide complekdc), the presence
position, eventually leading to 38Mo(NR)s;, and to the of two CH;CN molecules opposite to each other at the axial
molybdenum (tris)thiolate dimer, was only obtained when ends of the complex inhibits the propagation of the trans
adding benzonitrile, either in excess or in a substoichiometric effect along the molecular axis. As a consequence, the
amount, to a toluene solution @&xpat room temperature.  coordination of the CECN molecules is weaker than in
To investigate the role of the cyanide group in the decom- either monoadduct (NMoigiate = 2.23 A; N—M0amige =
position process, acetonitrile was coordinated to molybdenum2.33 A), and bothi-N—Mo distances are slightly activated.
in 1 either on the thiolate side (reaction 3) or on the amide As expected, the-N—Momicate DONd is more sensitive to
side (reaction 4), or on both metal atoms (reactipnThe the axial coordination of CECN because of the reduced

S
S

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 i
axial position between complexésor 6 and acetonitrile
might contribute to make reaction 9 slightly easier bot
thermodynamically and kinetically.
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70 _A keal/mol 1 = (SH)3MoNMo(NH,);
243 [+61] la = (SAd)3MONMO(NH2)3
+60 - 1b = (SH);MoNMo(N['Bu]Ph);
+50-] 445 ac = CH;3CN
(4a+5)
+40 - (44+5b) 2ac+3
[+53] % s [133] 2 =Mo(NH);
+30 - Mo-N bond 3 = NMo(SH);
breaking /| d4ac+5 4=Mo(SH)
+20- Vi NGl d4a=M (SA::i
A UL, a = Mo
o~ e 1D /+8.8] ; "l: W [+17] o NM NH)3
\“— 1a [+7.4] .', N Y Dimerization - o( 2t)3
0- 170] = W, 642CH,CN 56" =;‘M°(Nl BulPh),
RS II' ,' \“— =
10- CCHONSy, (1800, S 7] (HS);MoMo(SH)s
@) ey [135] "IN 2957
-20 - *\ . mnn ;. Weak bonds
(tac), s W (1ac)g, -12.5] : We

0. [-26] — [-17] with CH;CN

Figure 2. Calculated energy profile corresponding to the formation of the dimolybdenum model complé&eeandl1b from the monometallic fragments
and to the thermal decomposition dbfpromoted by acetonitrile and leading to the (tris)thiolate diger

E =00

Figure 3. Optimized structures and relative energies (koal~1) of the two stable isomers of the acetonitrile monoadduct obtained from an axial or from

an equatorial approach of GEN to Moiolate in 1.

pyramidality at M@hioiaee aNd A,—n-mo €Ventually increases
from 0.053 to 0.084 A (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 comdesthe
less endothermic route should involve the adduct displaying
the most activateg-N—Mo bond, namely the monoadduct
on Momiolate (lack,. According to reaction 7, the cleavage
of the activatedi-N—Moyioiae bONd leads to the fragments
Mo(SH):—NCCH; (4ag) and N=Mo(NHy)s (5). The energy
requested to complete this cleavage amounts to 37nkoht,
to be compared with the 53 kealol™! necessary to break
the same-N—Mowioiate bONd in the absence of acetonitrile
(Figure 2). In fragmendac, the acetonitrile ligand is strongly
attached to molybdenum (MeN = 1.972 A), inducing a
slight elongation (0.025 A) of the MeS bonds with respect
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to Mo(SH). Furthermore, the strong attachment of LNl

has induced a large opening of the thiolate ligand umbrella
and an inversion of the pyramidality at Mg@ae (Table 1,
Scheme 3).

The value of 37 kcamol™! calculated for the activation
energy, however, remains too high to account for the
spontaneous dissociation béxp observed at room temper-
ature. It is important to note that the substitutions efl$
by SAd; and of (NHy)3 by (N['Bu]Ph) will both contribute
to further activate th@-N—Mowioae bONd and to lower the
energy barrier. The bulky substituents at both molecular ends
were shown to reduce the relative stability of phaitrido
complex with respect to the mononuclear species and to make
still easier thei-N—Mouioiate bONd cleavage. This activation
of the binuclear complex with respect to its monometallic
fragments was calculated to be 7.4 ko@bl~* for 1a, and
8.8 kcatmol = for 1b (Figure 2). The effects induced at each
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molecular end are expected to be at least partly additive.from the condensation of two molecules of HNMoS;H;
This upward energy shift should be transmitted to the (4a¢ (reaction 9). This mononuclear complex has been
acetonitrile adducts. It is also expected that the sterically obtained from the thermal cleavage of the activated
crowded ligand restricts the accessibility of Mg to the u-N—Mo bond either in {ac), or in (Lac). The dimerization
cyanide promoter, which will destabilize further tHea€), energy profile represented in Figure 2 refers to a single
intermediate. Then, the cleavage of theN—Mo bond is molecule of4ac which means that the energy released in
concerted with (i) the opening of the (SAdigand umbrella the formation of one molecule of dimer is twice as much,
(Scheme 3), which enhances the destabilizing interactionsnamely 59 kcamol . The formation of a triple bond
between S andu-N, and (ii) the strengthening of the between molybdenum atoms generates a strong trans effect
coordination with the cyanide ligand. which considerably attenuates the strength of axial coordina-
If the thermal cleavage could be initiated from the mono- tion, as observed in most compounds with a multiple
adduct of CHCN on Maumige @ hypothesis which appears Mo—Mo bond? Weak associations between dinfeand two
unlikely with model systenil because Xackn is signifi- molecules of acetonitriled{-n = 3.21 A) are, however,
cantly less stable thadéc), (Figure 2), thee-N—Mo bond obtained from the calculations and contribt#®.5 kcatmol™
in a position to be broken would in such a case be the to the overall stability of the dimer.
u-N—Moamige bond, which has become the most activated It is important to note that the dimerization reaction
one as a consequence of the propagation of the trans effecobserved by Agapie et adtarting from completexpcould
(reaction 6). The energy requested to achieve the reactionprobably not be observed with model complexFigure 2

however, remains high (46.5 kealol~* with model1) with shows that the energetic balance of the dimerization reaction,
respect to that of the converse process 7 leading to the (tris)-even considering the weak axial interactionsrislothermic
thiolate species. with respect either to the GEN monoadduct on Mgolate

If monoadduct {ac), is likely to be the reactant when (by 7.5 kcaimol™), or, still more conspicuously, to the
the cyanide promoter is added in substoichiometric amounts,dicyanide complex(lacy. These cyanide intermediates
the use of the same adjunct in large excess should yield theshould be made less stable for the reaction to proceed toward
more stable dicyanide complekdc) (Figure 2). As noted  the molybdenum (tris)thiolate dimer. The presence of bulky
above, the activation of th@-N—Mowioate bONd in (Lac) is ligandson the two metalshould contribute to reduce by as
hardly greater than in unsubstituted compléxand the much as 16-15 kcatmol™, according to the amount of
reduction of the energy barrier with respect to unpromoted additivity in the influence of ancillary substituents, the
reaction2 mainly results from the strong coordination of relative stability of theu-nitrido dinuclear complex with
CH3CN to the monomeric (tris)thiolate fragment. When the respect to its decomposition fragments. This activation should
cleavage reaction is completed, the second acetonitrilebe still enhanced in the mono- and dicyanide intermediates
molecule is only loosely attached to the=NloNsHe by weakening the axial MeNCR bonds due to steric
fragment because of the very strong trans effect induced bycontacts. Reducing the stability of the mono- and dicyanide
the nitrido ligand. A Mo—Ncyanice €quilibrium distance of  intermediates will make the dimerization reaction thermo-
2.83 A was found from direct geometry optimization of dynamically possible and also kinetically easier by decreasing
N=MoN3;Hs—NCCH;, and the associated stabilization ener- the energy barrier associated with the formation of the
gy amounts to 3.2 kcahol™'. To summarize, the energy mononuclear (tris)thiolate species §ENMoSRs.
barrier associated with the dissociation dfa€) into .

CH3;CN—Mo(SH); and N=MoN3zHg loosely associated with 6. Summary and Conclusion

an acetonitrile molecule, according to reaction 8, is 43  Modeling the energy profiles associated with various
kcal-mol™?, instead of 37 kcaimol™* for the similar cleavage  pathways for the thermal decomposition aHgMo(u-N)-
reaction carried out from the most stable cyanide monoad- MoNzHe provides hints to explain the mechanism of the
duct. One should predict from these results the cleavageu-N—Mowioate bONd cleavage observed with complisxp
reaction ofl to be significantly easier when using strictly in the presence of benzonitrile. The asymmetry of the
stoichiometric or substoichiometric amounts of the cyanide Mo—N—Mo core in theu-nitrido complex lexp and its
promoter. In fact, the results obtained witkxplead to a model is interpreted as a consequence of the different
rather different interpretation: the dimerization of the (tris)- interactions that develop between the equatorial ligands and
thiolate fragment seems to be faster, and the ratio of the metalr orbitals in the thiolate and in the amide moieties.
N=Mo(N['Bu]Ph) to (AdSsMo=Mo(SAd), closer to that The relative stabilization of the orbitals in MQnilate provides

of a stoichiometric reaction when benzonitrile is used in these orbitals with a larger share of the d valence electrons,
excess. We, therefore, suspect that the bulky adamantane which impedes th@-N — Mowoate 7 donation and yields a
substituents reduce the accessibility of @i to benzoni- longer Mo—N bond. Metat-ligand and ligane-ligand in-
trile, so that the monoadduct on M. becomes predomi-  teractions involving both types of equatorial surroundings
nant and leads to uncontrolled decomposition processes whenvere shown to strongly influence the structure of the
benzonitrile is added in substoichiometric quantities to a Mo—N—Mo framework and to be sensitive to the effects of
solution of lexp. ancillary substituents on the thiolate and on the amide

5.3 Dimerization of the (Tris)thiolate Fragment. We moieties. The presence of bulky ligands on both molec-
have considered the formation of the tris(thiolate) difder ular ends contributes to enhance the activation of the
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u-N—Momiolate bONd. A brute force cleavage of this bond, induced by the combined acyl and aryl substitution on the
however, remains a high energy process (53-keall* from amide ligands initiates a charge transfer toward the thiolate
1, 46 kcatmol™* from 1a, 44 kcatmol~* from 1b, probably moiety. Both effects contribute to activate #adN—MoOmiolate
less fromlexp). Adding acetonitrile or benzonitrile will yield  bond. A greater bond activation decreases the relative
intermediates in which one or two cyanide molecules weakly stability of the dimolybdenunu-nitrido complex and dis-
coordinate to the metal atoms of thenitrido complex. The places the thermodynamic balance of the system toward the
relative stabilities of these intermediates depend on theformation of the Mo (tris)thiolate dimer.
pyramidality at Meyoiae and also probably on the axial After this article had been accepted for publication, we
accessibility of the metal atoms. Both factors are monitored became aware of the very recent work by Solari et al.
by the nature of the thiolate substituents. A tuning of#he  reporting the four-electron reduction of the=INl bond
donor ability of the amide ligands, also governed by the leading to the dinuclear complex [(Mgs)o=N—N=Mo-
substituents, equally contributes to activatetié—Morioiate (Mes)] (Mes = 2,4,6-MaCsH-), followed by the cleavage
bond. The cleavage of this bond from the cyanide intermedi- of the central N-N bond?® In the process reported by Solari,
ates then requires a much reduced energy barrier due to thehe N—N bond cleavage is not thermal but photoinduced and
combination of two effects: (i) an increased activation of yields the symmetricu-nitrido complex [(MesjMo—N—
the u-N—Moioiate bONd either in the RCN monoadduct on  Mo(Mes)].
Momiolate OF IN the diadduct and (ii) an important stabilization
of the monomeric Mo (tris)thiolate fragment due to a stronger ~ Acknowledgment. Calculations have been carried out in
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