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The terminal nitrido [MotN] functionality is an important class
of metal ligand multiple bond that has been widely investigated,
especially from a synthetic and structural perspective.1,2 In this
contribution, we report an experimental and computational
analysis of the mechanism of formation of the terminal nitrido
complex (η3-Cp*)2Mo(N)(N3) (Cp* ) C5Me5) by thermal elimi-
nation of N2 from the azide derivative Cp*2Mo(N3)2.

The bis(azide) complex Cp*2Mo(N3)2 is readily obtained by
reaction of the oxo compound Cp*2MoO3 with Me3SiN3 (Scheme
1). The molecular structure of Cp*2Mo(N3)2 has been determined
by X-ray diffraction,3b indicating that the two azide ligands in
Cp*2Mo(N3)2 arenot chemically equivalent: specifically, one of
the azide ligands is directed towards theC2 axis of the [Cp*2Mo]
moiety (endo), whereas the other is directed away (exo).4,5

Furthermore, DFT calculations (B3LYP)6 performed using Jaguar7

indicate that the observedexo/endoconformation of Cp*2Mo-
(N3)2 is lower in energy than those of theexo/exo(2.2 kcal mol-1)
andendo/endo(2.7 kcal mol-1) isomers.

The isolation of a bis(azide) complex, Cp*2Mo(N3)2, from the
reaction of Cp*2MoO with Me3SiN3 is of interest since related
reactions of Me3SiN3 and NaN3 more commonly result in the
formation of either nitrido complexes or mixed nitrido-azide
derivatives. For example, [η4-(Me3SiNC2H4)3N]MoCl reacts with
Me3SiN3 to give [η4-(Me3SiNC2H4)3N]MoN,8 while [η4-(C6F5-
NC2H4)3N]MN (M ) Mo, W) are obtained by reaction of [η4-
(C6F5NC2H4)3N]MCl with NaN3.9,10

Although Cp*2Mo(N3)2 may be isolated at room temperature,
it is thermally unstable with respect to elimination of N2. Thus,

solutions of Cp*2Mo(N3)2 in benzene rapidly eliminate N2 at 80
°C to give the terminal nitrido complex (η3-Cp*)2Mo(N)(N3)
(Scheme 1). The molecular structure of (η3-Cp*)2Mo(N)(N3) has
been determined by X-ray diffraction (Figure 1), and the MotN
bond lengths for the two crystallographically independent mol-
ecules, 1.660(4) and 1.671(4) Å, are comparable to those in related
complexes; for example, the mean MotN bond length for
complexes listed in the Cambridge Structural Database is 1.65
Å.11 The most interesting aspect of the structure of (η3-Cp*)2-
Mo(N)(N3), however, is concerned with the coordination mode
of the pentamethylcyclopentadienyl ligands. Specifically, rather
than adopt the symmetricη5,η5-coordination motif that is com-
monly observed for other Cp*2M(X)(Y) derivatives, both Cp*
ligands of the nitrido complex are displaced towardη3-coordina-
tion, as indicated by a substantial spread of individual Mo-C
bond lengths, ranging from 2.39 to 2.74 Å.12,13Such displacement
of the Cp* ligands is a natural consequence of the fact that the
molecule (η5-Cp*)2Mo(N)(N3), with symmetrically coordinated
η5-Cp* ligands and a MotN triple bond, would be formally a
“20-electron” compound. A strong Mo-N π-interaction perpen-
dicular to the [Mo(N)(N3)] plane thus competes effectively with
bonding of the Cp* ligands, which are therefore displaced from
their typicalη5-coordination mode.

The facile formation of nitrido complexes in reactions employ-
ing azide reagents is a consequence of the favorable thermody-
namics of producing strong MtN and NtN triple bonds upon
destruction of the [MN3] moiety. The nature of this transformation,
however, has not been previously studied from a mechanistic
perspective. For this reason, we have studied the kinetics of the
formation of (η3-Cp*)2Mo(N)(N3) from Cp*2Mo(N3)2. The elimi-
nation of N2 follows first-order kinetics and is characterized by
the activation parameters:∆Hq ) 26.6(2) kcal mol-1 and∆Sq )
3.5(7) eu. While the kinetics study is strongly suggestive of a
simple dissociation of N2 from a terminal azide ligand, it furnishes
no information concerned with the detailed nature of the
transformation. Therefore, we have performed a computational
analysis of the mechanism.

As noted above, the two azide ligands of Cp*2Mo(N3)2 are
chemically inequivalent, and consideration of theendolocation
of the azide ligand in (η3-Cp*)2Mo(N)(N3) may imply that it is
the exo-azide ligand that preferentially loses N2. However, the
computational analysis suggests that it is actually theendo-azide
ligand that dissociates N2 (Figure 2). Specifically, the barrier for
elimination of N2 from theendo-azide ligand (26.3 kcal mol-1)
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is calculated to be 7.4 kcal mol-1 lower than that for elimination
from theexoligand. Thus, the conversion of Cp*2Mo(N3)2 to (η3-
Cp*)2Mo(N)(N3) involves elimination of N2 from theendo-azide
ligand, followed by rotation of the remainingexo ligand into an
endoposition. Furthermore, the calculated∆Eq for dissociation
of N2 from the endo-azide ligand [26.3 kcal mol-1] compares
favorably with the experimental value of∆Hq [26.6(2) kcal
mol-1].

It is most significant that the barriers for elimination of N2

from theexo-andendo-azide ligands are substantially different,
since it indicates that the stability of an azide complex could be
modified by some rather subtle features. To identify the reason
for this substantial difference in the barriers to elimination of N2

from exo- and endo-azide ligands, we have computationally
studied the simpler cyclopentadienyl system, Cp2Mo(N3)2, which
exhibits a similar energetic profile to that of Cp*2Mo(N3)2 (Figure
2). A detailed electronic structure analysis3b reveals that the
relative stabilities of the two transition states reflect the different
Mo-N3 bond strengths of theexo- andendo-azide ligandsthat
remain intact; specifically, theexo-Mo-N3 bond that remains
intact in the transition state is ca. 7 kcal mol-1 stronger than its
endocounterpart, and thus favors elimination of N2 from theendo-
azide ligand. The greater strength of theexo-Mo-N3 bond is
attributed to its closer proximity to the central equatorial position
which increases overlap between the b1 orbital of the metallocene
fragment and a p-orbital of the nitrogen atom (Figure 3). An
interaction of this type is less favorable for theendo-azide due
to the relative orientation of the orbitals (Figure 3).

Finally, although the transition state for loss of N2 is stabilized
by the remaining azide ligand that is the better electron donor,
once the MotN triple bond is formed, it is theendo-azide
configuration that becomes favored because it enhances the
strength of the MotN bond. Thus, while elimination of N2 from
the endo-azide ligand is kinetically favored, elimination of N2

from the exo-azide ligand yields the thermodynamically more
favored product.

In conclusion, elimination of N2 from the azide complex Cp*2-
Mo(N3)2 yields the unusual nitrido complex (η3-Cp*)2Mo(N)(N3)
in which both Cp* ligands are displaced towardsη3-coordination.
A computational analysis indicates that elimination of N2 is
kinetically favored for theendo-azide ligand to giveexo-(η3-Cp*)2-
Mo(N)(N3) and that the more stableendo-(η3-Cp*)2Mo(N)(N3)
product is obtained by subsequent isomerization, rather than by
direct elimination of N2 from the exo ligand. The significantly
different barriers for elimination of N2 from theexo- andendo-
azide ligands have implications pertaining to the stability of metal
azide complexes in general.
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Figure 1. Molecular structure ofendo-(η3-Cp*)2Mo(N)(N3) (only one
of the crystallographically independent molecules is shown).

Figure 2. Calculated energy surface for elimination of N2 from theexo-
and endo-azide ligands of Cp*2Mo(N3)2 (values are in kcal mol-1 and
are uncorrected for zero-point energy differences).

Figure 3. Illustration of an enhanced Mo-azideπ-interaction for the
exo ligand that is closer to the central equatorial position.
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