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The reaction of CNH with the methyl group in the transition metal complex to form a[MoCp2(CH3)CNH]`,
g2-iminoacyl complex, was theoretically investigated with density functional methods. The geometries of the
reactant, transition state, and product complexes were optimized at the LDA level, and then GGA single point
calculations were performed on these optimized structures. The transition state for the reaction, automatically
generated, has some product-like character, as the new CÈC bond has partially formed, and it indicates that the
mechanism consists of a methyl migration to the carbon of the isonitrile, acompanied by a reorganization of the
isonitrile. The activation energy and the reaction energy (*E) were calculated to be 15.9 and [14.8 kcal mol~1,(Ea)
respectively.

Unsaturated molecules such as carbon monoxide, isocyanide,
oleÐns, etc., are able to insert into metalÈhydride and metalÈ
alkyl bonds of transition metal complexes, to form new CÈH
or CÈC bonds, in what is a very important step, both in
organic synthesis and in catalytic reactions. These reactions
take place more easily and with larger yields than when only
saturated groups are involved and a migration mechanism
cannot operate.1 Many experiments, involving for instance,
ethylene, CO and CNR insertion reactions,2 and theoretical
studies3,4 have been done, trying to understand these reac-
tions, namely when one unsaturated group is involved. A rela-
tively recent review gives a general idea of ab initio molecular
orbital studies on catalytic elementary reactions, therefore
addressing the insertion of oleÐns, carbonyls, and other
ligands.3a Normally isonitriles insert more easily than carbon-
yls, as the resulting g2-iminoacyl group is a more e†ective
ligand than the g2-acyl ligand.

In this work, we attempt to understand the mechanism of
insertion of the isonitrile group in complexes [Mo(g5-

(g5- R, R@\ Me, Et), toC5H5)2(CH3)CNR]` C5H5 4 Cp;
form the g2-iminoacyl complexes, as depicted in Scheme 1 for

1, to give 2. This reaction takes place[MoCp2(CH3)CNR]`,
overnight at room temperature or can proceed faster with
thermal activation, and both complexes have been isolated
and characterized.5 Insertion reactions of this type have
also been observed in the related complexes

(Cp@\ g5-[MoCp@(CO)2(R)CNR]` C5H5 , g5-C5Me5 , g5-
R\ But, Pri, Et, Me; M \ Mo, W in certainC5H4Me;

combinations) by Carmona and coworkers.2chf

Scheme 1
Density functional methods using the ADF program6 will

be used in the theoretical calculations, aimed at determining
the reaction mechanism and Ðnding the transition state.

Experimental
DFT calculations : geometry optimizations

The density functional calculations7 were made using the
ADF package.6 It allows the decomposition of molecules into
fragments, which can be atoms or groups of atoms, making
the interpretation of results easier, as concepts from qualit-
ative MO theory can be used within the framework of a
highly accurate method. This is particularly true in the area of
organometallic chemistry, where numerous works are
known.8

The basis set consisted of uncontracted Slater-type atomic
orbitals. A frozen-core approximation was used, the following
atomic orbitals being kept in the core : C(1s), N(1s) and
Mo(1s, 2s, 2p, 3s, 3p). The basis sets used (DZ) can be
described as H (double f, 1s), C and N (double f, 2s, 2p), Mo
(triple f, 5p, 5s, 4d). All the geometry optimizations were done
using the local density approximation (LDA) approach. Non
local (NL) calculations including BeckeÏs exchange
corrections9 and PerdewÏs nonlocal correction to the local
expression of the correlation energy10 were performed for the
optimized geometries.

The geometries were based on available structures of iso-
nitrile derivatives of molybdenocene or tungstenocene5,11 and
were idealized in order to keep the highest symmetry possible,

The isonitrile was taken as CNH. The Cp rings were ÐxedC
s
.

with CÈC and CÈH distances of 1.39 and 1.09 respectively,A� ,
and each ring plane was perpendicular to the line joining the
Mo atom and its center. The carbon environment in the
methyl group was taken as tetrahedral, with a CÈH distance
of 1.10 In order to optimize the geometries of the initial (1)A� .
and Ðnal (2) complexes, all the other angles and distances,
including the MoÈCp distance and the CpÈMoÈCp angle,
were allowed to vary within symmetry.C

s
DFT calculations : the transition state

Transition states are stationary points difficult to locate on
the many-dimensional potential energy surface. In order to
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make a search for the transition state in the reaction under
study, namely the formation of the CÈC bond and the co-
ordination of the CÈN group to the metal, the simpler
complex was used to model[MoCl2(CH3)CNH]`

that is, the Cp rings were replaced by[MoCp2(CH3)CNR]`,
Cl~ anions. This is a drastic approximation, but the size of the
real molecule prevents its use for such a purpose. A complete
grid search was therefore performed in a two-dimensional slice
of the whole surface, as deÐned in Scheme 2.

Scheme 2

For each set of a and b values within an adequate range, all
other structural parameters were optimized (the internal
geometry of the methyl group was kept Ðxed as before). This
approach and the coordinate system used are the same as
described by Berke and Ho†mann in their study of methyl
migration into the MnÈC bond of This[Mn(CO)5(CH3)].12procedure allows implicitly all mechanisms, namely insertion,
migration, concerted CÈC bond formation and we do not
need to specify any particular mechanism. By allowing the
methyl carbon to move freely on this surface, with simulta-
neous relaxation of all other degrees of freedom, the reaction
course emerges immediately from the most favorable path on
the surface. All mechanisms (alkyl migration, CNH insertion,
and concerted bond formation) except radical ones are auto-
matically considered. After construction of the three-
dimensional surface and Ðnding an approximate transition
state, corresponding to the maximum energy, an automatic
transition state search for the real [MoCp2(CH3)CNH]`
complex was done.

Results

The initial and Ðnal states of the reaction

The geometries of the two Mo(IV) complexes
1, and 2,[MoCp2(CH3)CNH]`, [MoCp2(g2-(CH3)CNH)]`,

were optimized as described above and the Ðnal geometries
are shown in Fig. 1. None of these complexes has been
structurally characterized, but analogues such as

are known and can be used to check the[MoCp2(X)CNR]`
quality of the results.5,11 There are also many examples that
provide evidence that the geometries calculated with density
functional methods are in reasonably good agreement with
experimental data.13 In this family of compounds, the avail-
able structures are from W(IV) derivatives, but distances in Mo
or W complexes are comparable. Structures were taken from
the Cambridge Crystallographic Data Base.14 In complexes

and the rele-[WCp2(Br)CNMe]Br [WCp2(Cl)CNEt][PF6],vant parameters are, respectively : WÈC 2.03, 2.04 CÈNA� ;
1.17, 1.16 WÈCp 1.97, 1.97 CpÈWÈCp 139, 137.1¡ ;A� ; A� ;

Fig. 1 Optimized geometries of the complexes in the initial and Ðnal
states of the reaction, 1 (left), and[MoCp2(CH3)CNH]`, [MoCp2(g2-

2 (right).(CH3)CNH]`,

XÈWÈC 83.4, 81.3¡ ; WÈCÈN 179, 177.3¡. These structural
parameters are very di†erent from those of the molyb-
denocene isonitrile derivatives, where the metal is formally
Mo(II), such as where the distances are[MoCp2(CNBut)],
MoÈC 1.997 CÈN 1.193 and the angles are CpÈMoÈCpA� ; A� ,
147.7¡ ; WÈCÈN 139.5¡.5 The available data indicate that
isonitrile bends in the more electron rich Mo(II) complex,
while remaining approximately linear in the M(IV) der-
ivatives. Therefore, in the calculated geometry for

the structural parameters, namely[MoCp2(CH3)CNH]`,
MoÈC(CNH) 2.005 CÈN 1.184 MoÈCp 1.960A� ; A� ; A� ;
CÈMoÈC 80.12¡, CÈNÈH 170.6¡ and CpÈMoÈCp 140.2¡, fall in
the range observed for the two tungsten(IV) complexes.
Finally, the MoÈC(Me) distance, calculated as 2.256 isA� ,
much longer than the MoÈC(CNH) bond, but very similar to
the MoÈC distance in 2.268 The[MoCp2(Bun)2], A� .15
geometry obtained is always the same, whichever the starting
geometry of the isonitrile, bent or linear.

The CÈN bond length of 1.184 in 1 is much closer to aA�
C3N triple bond (typically 1.16 than to a double bond (1.32A� )

This suggests that the CNH ligand is not acting as aA� ).
strong p-acceptor, as this would lead to its bending (see dis-
cussion below).

In order to check the quality of the calculations, frequency
calculations were performed. The C2N stretching frequency
was determined as 2000 cm~1 for coordinated CNH in 1. This
compares relatively well with the experimentally obtained
2173 (s) and 2198 (sh) cm~1 for [MoCp2(Me)CNEt]`,
2176 (s) cm~1 for 2180 (s) cm~1[MoCp2(Et)CNEt]`,
for and 2170 (s) cm~1 for[MoCp2(Me)CNMe]`,

where the CNR group is linear.5 The R[MoCp2(Et)CNMe]`,
and R@ groups inÑuence the stretching frequency, so the value
obtained for R\ Me and R@\ H should not be exactly the
same.

The optimized structure of the reaction product,
2, is shown in the right side of[MoCp2(g2-(CH3)CNH)]`,

Fig. 1 symmetry was kept during the optimization). The(C
siminoacyl moiety is coordinated to the metal in a dihapto

way, the MoÈC(CNH) distance being 2.111 and the newA�
MoÈN bond 2.139 The CN distance (1.265 has increasedA� . A� )
signiÐcantly, when compared to the starting complex, as the
formation of another bond by the N atom makes it a
double bond. As no structural characterization is available,
the calculated infrared stretching frequency for the C3N
bond, 1753.5 cm~1, was compared and found to be in good
agreement with the experimental values, 1744 (sh) cm~1 for

1737 (sh) cm~1 for[MoCp2(g2-(Me)CNEt)]`, [MoCp2(g2-
(Et)CNEt)]`, 1750 (sh) cm~1 for [MoCp2(g2-(Me)CNMe)]`,
and 1740 (s) cm~1 for [MoCp2(g2-(Et)CNMe)]`.5

These results indicate that the computed structures are very
similar to the real ones, insofar as comparisons can be made.
The energy of the Ðnal product 2 is lower than the energy of
the starting product, showing that the reaction is exothermic
(*E\ [14.8 kcal mol~1).

The reaction pathway

The potential energy surface for the conversion of 1 into 2 was
calculated using the simpler model as[MoCl2(CH3)CNH]`,
described above in the Experimental, and is shown in Fig. 2.
Although we do not expect this simpliÐed model to reproduce
exactly the real mechanism, it should give us an approximate
idea of the global changes occurring during the reaction. This
was conÐrmed, since after deÐning an approximate transition
state for the reaction, corresponding to the maximum in the
minimum energy path, an automatic search using gradient
techniques was completed successfully for the more realistic
model, The initial geometry for the[MoCp2(CH3)CNH]`.
search corresponds to the maximum in the potential energy
surface of the Cl~ complex, signalled as point 3 in Fig. 2.
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Fig. 2 Two-dimensional potential energy surface for the reaction
1, to 2. a and b[MoCl2(CH3)CNH]`, [MoCl2(g2-(CH3)CNH)]`,

were deÐned in Scheme 2 and measure the displacement of the methyl
group relative to the molybdenum atom.

An internal reaction coordinate across the surface was
searched and is represented in Fig. 2 by the crosses numbered
1 to 5. Point 1 represents the geometry of the starting complex

which is slightly di†erent from the Cp[MoCl2(CH3)CNH]`,
derivative, while point 5 is past the transition state, but still
far from the reaction product. The geometrical changes taking
place during the reaction are shown in Fig. 3.

The calculated reaction path points to a migration of the
methyl group, as in the initial steps the elongation of the MoÈ
C(Me) bond causes little or no perturbation in the MoÈCNH
unit. The MoÈC bond distance remains approximately the
same (2.005 to 1.997 and the MoÈCÈN and CÈNÈH bondA� )

Fig. 3 Changes in geometry along the reaction for points 1È5 signal-
led in Fig. 2.

Fig. 4 The geometry of the transition state, seen from the top.

Table 1 Bonding energy decomposition for the initial complex
1, the transition state (TS), and the Ðnal[MoCp2(CH3)CNH]`,

complex 2[MoCp2(g2-(CH3)CNH)]`,

1 TS 2

*EPauli 343.16 459.42 214.30
*Eelec [517.46 [537.89 [378.06
DEst a Ô174.30 Ô78.47 Ô163.76
*Eoi (a@) [185.47 [272.50 [180.67
*Eoi (aA) [30.51 [29.50 [25.30
DEoi b Ô215.98 Ô302.00 Ô205.97
*Eprep 3.32 9.37 [32.00
DEtot c Ô386.96 Ô371.10 Ô401.73

(aA).a *Est\ *EPauli ] *Eelec . b *Eoi \*Eoi (a@) ] *Eoi c *Etot \*Est] *Eoi] *Eprep .

angles stay almost linear. The maximum in the minimum
energy path (point 3) already shows some of the character-
istics of the Ðnal product. The MoÈCÈN angle has started to
deviate from linearity (152.14¡) and the same has happened to
the CNH bond angle (138.01¡), while the CÈC distance (1.802

indicates the formation of the new bond. The MoÈC andA� )
CÈN bond distances are longer than in the initial complex.

The transition state

The transition state was located by performing an automatic
transition state search. This corresponds to Ðnding the normal
coordinate with the only imaginary frequency, obtained from
frequency calculations. To ensure that the calculated tran-
sition state represents a transformation between the desired
reactant and product complexes, we examined the transition
vector corresponding to the only imaginary normal frequency.
The main component of the approximate reaction coordinate
corresponds to the translation of the methyl group. Also
important is the bending of the MoÈCÈN and CÈNÈH bond
angles.

The optimized structure of the transition state is shown in
Fig. 4. The methyl group has moved towards the CNH frag-
ment, elongating the MoÈC(Me) distance to 2.440 andA�
leading to a closing of the CÈMoÈC angle (48.6¡). The MoÈ
C(CNH) bond distance, 2.001 is also longer than in theA� ,
starting complex.

If we compare the transition state with the maximum
energy structure obtained with the [MoCl2(CH3)CNH]`
model, we see that the real transition state has a much longer
MoÈC(Me) distance, 2.440 compared with 2.202 TheA� A� .
CÈC bond distances are very similar (1.872 and 1.802 andA� )
the MoÈCÈN angle is 160.4¡. Both transition states are far
from the product, as there is not yet a hint of the formation of
the MoÈN bond, which is to be found in the Ðnal complex.
Analogous transition states were found by Morokuma and
coworkers3a,4a,b and by Dedieu and Nakamura.16

After the transition state, the energy falls rapidly. This cor-
responds to the formation of the g2-iminoacyl complex. The
decrease in energy is expected, as the MoÈC(Me) bond is
already considerably weakened at the transition state, much of
the distortion has taken place, and the MoÈN bond is now
forming.

Energy changes along the reaction

The previous calculations of the initial complex,
1, the Ðnal complex[MoCp2(CH3)CNH]`, [MoCp2(g2-

2, and the transition state enable us to obtain(CH3)CNH)]`,
the relative energies.

The bonding energy decomposition scheme:

*E\ *Eprep ] *Eint
where is the energy needed to convert the separate*Eprepfragments in their equilibrium geometry into fragments with
the Ðnal geometry in the molecule and is the interaction*Eintenergy between the prepared fragments, is used. can be*Eintfurther decomposed in three terms

*Eint\ *EPauli] *Eelec ] *Eoi
representing the Pauli repulsion between occupied orbitals of
the fragments, the electrostatic interaction between fragments
(an attractive term), and the 2-electron stabilizing interactions
between occupied levels of one fragment and empty levels of
the other. can be decomposed according to the number*Eoiof irreducible representations.17

values were calculated as 3.05 kcal mol~1 for*Eprepthe fragment, 0.27 kcal mol~1 for the isonitrileMoCp22`and taken as 0 for the methyl anion, when forming
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1. Another set of values was obtained[MoCp2(CH3)CNH]`,
for the transition state (2.56 and 6.81 kcal mol~1, respectively).
In the Ðnal complex, the enthalpy of formation of the ligand

from the same fragments (CNH and methylg2-(CH3)CNR~
anion) has been calculated as [33.53 kcal mol~1, while

for is now 1.53 kcal mol~1. All the bonding*Eprep MoCp22`energy decomposition values are collected in Table 1 ; the
bonding will be discussed later. The energy barrier for the
reaction is 15.9 kcal mol~1.

A similar calculation was performed in the absence of the
metal fragment. Two isolated CNH and fragmentsCH3~were allowed to approach, adopting the same geometry as in
the transition state, and the reaction then continued until the
iminoacyl ion was formed. Interestingly, there is no energy
barrier for this reaction. We shall come back to this point
later.

Discussion

The electronic structure of the initial complex

The electronic structure of can be better[MoCp2(R)CNR@]`
understood by decomposing the molecule into fragments, one
of them being the well known fragment describedMoCp22`in detail by Lauher and Ho†mann.18 In this d2 Mo(IV) deriv-
ative, the lower energy orbital can be used for back dona-a1tion, while the other two relevant d orbitals are empty and
can receive electrons from the ligands. The other two frag-
ments are the CNH ligand and the methyl anion, TheCH3~.

term indicates that most interactions originate from*Eoithe orbitals in the irreducible representation a@, reÑecting that
the three fragment orbitals mentioned above lie in the mirror
plane of the molecule. The interaction diagram is depicted in
Fig. 5. The frontier orbitals of include one carbon loneCH3~
pair, the fragment ““ sp3 hybrid ÏÏ and a degenerate set ofa1,CÈH bonding orbitals, based on C and orbitals, notp

x
p
yshown. The slightly bent isonitrile has as HOMO a carbon

lone pair, r, which is responsible for the formation of the r
bond, while the p bonds may be described by the two orthog-
onal sets of p and p* orbitals. Only the set of orbitals in the
mirror plane of the complex (deÐned by Mo, CNH and the
carbon atom of the methyl group) interacts signiÐcantly with
the metal fragment orbitals and is the only one shown in the

Fig. 5 Orbital interaction diagram between the fragmentMoCp22`(left) and the two fragments CNH and (right).CH3~

diagram. The bending of the isonitrile leads to mixing of r
character into the p orbitals.

The two strong r bonds with the ligands are formed by
donation from the lone pair and the r orbital of theCH3~ a1CNH ligand to the empty orbitals and of(1b1 2a1) MoCp22`.
The orbital of the metallic fragment back donates to the1a1isonitrile p*. The p orbital is also involved in the interaction,
but the overlap is smaller, so that the net interaction corre-
sponds to the isonitrile acting as a p-acceptor. Only 0.30 elec-
trons are transferred to the p*, showing that isonitrile acts as
a weak p-acceptor, in agreement with the small distortions
away from linearity that were discussed above.

The electronic structure of the Ðnal complex

In the Ðnal product, the fragment is coordinated toMoCp22`
the g2-iminoacyl fragment. Upon formation ofCH3C2NH~
the new CÈC bond, the triple C3N bond becomes a double
bond, C2N, the in-plane component of the p and p* orbitals
being lost. As in the initial complex, the out-of-the plane p
and p* orbitals show no relevant interaction with the molyb-
denocene orbitals. The interaction will therefore be mainly
between the ligand orbital that has a carbon lone pair
character, r, where the negative charge is mostly located, with
some contribution from the nitrogen atom, and the empty 1b1orbital of Some interaction with also takesMoCp22`. 2a1place, but the orbital remains nonbonding toward the1a1fragment.CH3C2NH~

The electronic structure of the transition state

In the transition state, the CÈC bond has started to form, the
MoÈC(Me) bond is partially broken, and no MoÈN bond has
yet formed. The decomposition into three fragments has also
been adopted, in order to compare the bonding in the TS with
that in the initial complex. The origin of the barrier can be
traced to loss of bonding between the metal orbitals and the
methyl lone pair, as a result of its reorientation, required to
form the new CÈC bond. Indeed, the overlap integrals
between the methyl orbital and the three metal fragmenta1orbitals have changed from 0.178, 0.032 and 0.293 in the
initial complex, to 0.084, 0.299 and 0.011 in the transition
state, for and respectively. Similar e†ects of1a1, 2a1 1b1,methyl reorientation have been described by Goddard and
coworkers in the study of reductive elimination reactions and
account for the increasing barrier as one moves from elimi-
nation of to to The absence of barrierH2 , CH4 , C2H6 .19
when the metal fragment is absent is due to the strong electro-
static attraction between the two fragments, which more than
compensates the Pauli repulsion. The role of the metal frag-
ment, therefore, can be assigned to that of a template, which
holds together the two fragments and allows their subsequent
reaction.

Conclusions
The reaction studied in this work can be described as a migra-
tion of the methyl group to the coordinated isonitrile, as in
the transition state its bond to the metal is partially disrupted
and the CÈC bond is signiÐcantly formed. The presence of the
metal fragment is required as a template to hold the methyl
group, a small energy barrier being calculated for this exother-
mic reaction, in accordance with experimental Ðndings.
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