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Abstract: The migratory insertion reaction of NO into the Co-CH3 σ-bond in the cobalt cyclopentadienyl complex
CpCo(NO)(CH3) (2), both with and without the assistance of an incoming ligand (PH3, 1), has been studied using
ab initio molecular orbital and density functional theory (DFT) methods. The insertion without PH3 association
(Mechanism I) occurs with an activation energy of 10-20 kcal/mol, and the intermediate, CpCoN(O)CH3 (3a),
forms with an endothermicity of 8-17 kcal/mol at the DFT-B3LYP and coupled cluster with singles and doubles
(CCSD) levels of theory. The overall reaction to the product, CpCoN(O)CH3(PH3) (5b), was exothermic by-10 to
-16 kcal/mol depending on the level of theory. An alternative mechanism II which begins with PH3 association
and NO bending is endothermic by 16-18 kcal/mol and is immediately followed by a NO insertion barrier of 19-
34 kcal/mol for an overall barrier of 35-52 kcal/mol. Therefore, Mechanism I is the favored pathway. This result
is in very good agreement with the kinetic experiments of Weiner and Bergman. Charge density and Laplacian
analysis at the RHF level and the MO analysis from extended Hu¨ckel calculations reveal that the Co center plays a
dual, electron acceptor and donor, role in the migratory insertion for both Mechanisms I and II. For Mechanism I
the better acceptor and donor character of the metal center results in a lower activation energy as it cycles from a
d8 (18e-) complex at2 to a d8 (16e-) intermediate at3 and back to a d8 (18e-) product at5. In contrast, for
Mechanism II the originalσCo-C orbital must rise to high energy before it can transfer charge density to the dxz

orbital of the product as it cycles from a d8 (18e-) complex at2 to a d6 (18e-) intermediate (4) and back to a d8

(18e-) complex at5, a cycle which consequently requires a greater activation energy.

Introduction

Nitric oxide, a very versatile molecule and ligand, has become
one of the most fascinating entities in neuroscience and
immunology.1 This increased attention to the biochemistry of
NO and has prompted interest in its organometallic chemistry.2

In particular, the migratory insertion of NO into transition
metal-carbon bonds, an important reaction in metal nitrosyl
complexes, may be important in biochemical reactions.
It is well-known that migratory insertion of CO into transition-

metal-carbon bonds is a critical step in many important
carbon-carbon bond forming processes involving homogeneous
transition-metal catalysts.3 There have been numerous experi-
mental and theoretical studies of the classical reaction 1.4-11

Calculations, at various levels from extended Hu¨ckel calcula-
tions6,7 through other approximate calculations8,9 to ab initio,
configuration-interaction studies,5,10,11show that in this migra-

tory-insertion reaction the CH3 ligand migrates to a bound CO
followed by the additional CO taking up the empty coordination
site.
In contrast, investigations into the migratory-insertion reaction

of NO into the metal-carbon bond are more limited.6a In the
case of reaction 2

Legzdins and co-workers suggest an external attack of NO+ on
methyl to explain the insertion process.12 In the insertion of
NO into a cluster-carbon bond, Vollhardt and co-workers also
suggest an intermolecular insertion process.13 However, in the
insertion reaction of NO into the Co-CH3 bond as shown in
reaction 3

labeling experiments and kinetic measurements by Weiner and
Bergman14 show an intramolecular insertion process and suggestX Abstract published inAdVance ACS Abstracts,March 1, 1997.
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that this system proceeds through methyl migration followed
by phosphine addition as illustrate in the bottom of Scheme 1.
Obviously, this mechanism is similar to that of the CO insertion
reaction 1.4

Prompted by Weiner and Bergman’s experimental works,
several important questions have raised concerning this mech-
anism. First, as distinct from CO, nitric oxide is a more versatile
ligand; it can function as either a 3e- ligand or an 1e- ligand.
Thus, a bent M-NO structure could lead to another reaction
pathway as shown in the top of Scheme 1. As it is well-known
that bent NO plays an important role in providing a low energy
path in other reactions,15 one might wonder why it does not in
this case.
In this work, the migratory-insertion reaction of NO into the

Co-CH3 bond with and without phosphine association (Scheme
1) is investigated with the density functional theory (DFT) and
ab initio molecular orbital theory. The geomertries and energies
of the reactants, intermediates, transition states, and products
are determined by the DFT method, and the reaction energies
are recalculated at the coupled cluster with singles and doubles
(CCSD) method. A qualitative description of the electron
structural changes along each of these reaction paths is
developed through both RHF charge density analysis (F) and
extended Hu¨ckel (EH) Walsh diagrams.

Computational Details

Effective core potentials (ECPs) were employed in all ab initio and
DFT16 calculations. In the ECPs for Co, the 3s and 3p orbitals were
treated explicitly along with the 3d, 4s, and 4p valence orbitals. The
ECP basis set of Co were described with the double-ú basis (541/41/
41) of Hay and Wadt.17 For carbon, nitrogen, oxygen, and phosphorus,
the ECPs and basis sets of Stevens, Basch, and Krauss18 were used in
double-ú form. [He] and [Ne] configurations were taken as cores for
the first and second row main group atoms, respectively. The Dunning-
Huzinaga (31) double-ú basis set was used for the hydrogen atom.19 In
our ab initio calculations we replaced the phosphine group in the actual
molecules by PH3.15

In previous work20 we have shown (i) that the RHF method is
inadequate for the study of these reactions with first-row transition
metals; (ii) that a near degeneracy problem associated with the NO
ligand not only destroys the accuracy of the geometry optimizations at
the MP2 level but also energy calculations at even higher levels

(MPX);21 (iii) that the DFT-B3LYP method22,23 gives a reliable
description of the geometries and a fair discription of the relative
energies in this first-row transition metal system, (iv) that nonpertur-
bative method such as CCSD24 are required in ab initio studies, and
(v) that polarization functions make a relatively small contribution to
the relative energy for this system. Thus, geometries of the reactants,
intermediates, transition states, and products were fully optimized at
the DFT levels. Becke’s three parameter hybrid method22 and the Lee-
Yang-Parr correlation functional23 (B3LYP) were employed in all DFT
calculations. In general, the transition states (TS) were characterized
by calculating the Hessian matrix and determining the number of
imaginary frequency.25

For a direct estimation of electron correlation effects and accurate
reaction energetics, CCSD calculations were carried out with geometries
optimized at the DFT level. In the CCSD calculations all electrons
were included in the correlation energy calculation.
All ab initio calculations were performed with GAMESS-UK,26

GAUSSIAN92, and GAUSSIAN94 programs,27 at the Cornell Theory
Center on IBM ES6000 and Scalable Powerparallel (SP2), at the
Supercomputer Center of Texas A&M University and the Department
of Chemistry on Silicon Graphics Power Challenge servers, and on
Silicon Graphic Power Indigo II workstations in our laboratory and at
the Institute of Scientific Computation (ISC) of Texas A&M University.
Extended Hu¨ckel calculations28 were carried out with CAChe

program using parameters collected by S. Alvarez.29 All geometrical
parameters of EH calculations have been taken from the ab initio
optimized structures. The topological analysis of the Laplacian of the
charge density was performed with MOPLOT.30

Results and Discussion

The two possible pathways for the NO insertion reaction are
shown in Scheme 1. One path begins with the migratory-
insertion of a linear NO followed by the coordination of PR3

(see Mechanism I). The other path begins with attack of PR3,
the bending of the NO, and ends with the migratory-insertion
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(see Mechansim II). We will consider and examine these two
mechanisms separately.
Mechanism I: Migratory-Insertion of NO into the Co -C

σ Bond Followed by PH3 Association. Structures. In this
section, we will examine Mechanism I in which an unsaturated
η1-methylnitrosocomplex (3a) is directly formed from a methyl
nitrosyl complex (2). The ligand, PH3 (1), is not involved in
the initial migratory-insertion transition state but enters the
coordination sphere later as shown in Mechanism I. The
reaction from3a to 5b can proceed via two distinct pathways:
(i) rotation of the nitroso ligand around Co-N bond (or
swinging the nitroso ligand) to theη2-methylnitrosocomplex (3b)
followed by PH3 association and (ii) PH3 association to form
5a followed by rotation of the nitroso ligand around the Co-N
bond.

The DFT-B3LYP optimized geometries of2, TS(a), 3a,
TS(b), and3b are illustrated in Figure 1. In the reactant (2)
the metal center coordinates nitric oxide to form a linear Co-
N-O nitrosyl methyl complex. It is notable that the Co-N
distance in2 is shorter by 0.09 Å than that inη1-methylnitroso-
complex (3a) (see Figure 1) and the N-O distance in2 is longer
by 0.10 Å than that calculated for NO+. These significant
differences suggest strong multiple bonding interaction between
the Co and N atoms (CodNdO) in 2, arising from theσ donor
and strongπ acceptor character of the nitrosyl ligand.
In the transition state,TS(a), as the nitrosyl group bends,

the Co-CH3 bond is breaking and the N-CH3 bond is forming.
The Co-CH3, Co-N, and N-O distances are longer by 0.21,
0.03, and 0.03 Å than those of the reactant (2), respectively,
while the N-CH3 distance is shorter by 0.71 Å than that in2.
Thus, the migration of the methyl group dominates in this step
(2 to TS(a)).
In the η1-intermediate (3a), the nitrosyl group is now bent,

the N-CH3 bond has formed, and Co-CH3 bond has broken
completely. It is noteworthy that the N-CH3 bond is still longer
by 0.04 Å than the B3LYP optimized N-C single bond (1.514
Å) as calculated for the product (5b). The B3LYP Co-N-
CH3 angle (93.2°) is obviously smaller than the expected value
for sp2-hybridization (120°) and the inside C-H bond is longer
by 0.018 Å than the B3LYP optimized C-H bond as calculated
in 5b. Such structural features point to the presence of a Co-
H-C â-agostic interaction31 in 3a, where the N-C bond is also
lengthened by this interaction.
Structures3b and5b differ from their isomers3a and5a by

a rotation of the nitroso-group around the Co-N bond (see
Figures 1 and 4). Figure 1 shows that (i) the N-O bond of3b
is longer by 0.10 Å than that of3aand (ii) the Co-N-O angle
in 3b is smaller by 64.3° than that in3a. This Co-N-O angle
is 29.3° larger than the expected value (120°) in 3a and 35.0°
smaller than the expected value in3b. Whereas3a shows an
agostic Co-H-C interaction,3b shows a Co-O-N three-
center interaction. The stronger Co-O-N three-center interac-
tion results from the stabilization of3b as shown in Scheme 2,
where the remnants of the in-phaseπ* of NO acts as aπ
acceptor from Co. In contrast, there is no obvious Co-H-C
and Co-O-N three-center interactions in the products5a and

5b, respectively. The major factor contributing to the stabiliza-
tion of 5a and5b in the dative interaction between PH3 and
metal center which replaces the weaker interactions described
above for3aand3b. Despite careful search for both the rotating
and swinging barriers, we can find only one transition state
TS(b) from 3a to 3b. The Cp-Co-N angle ofTS(b) is nearby
linear (172°), and the Co-N distance is longer by 0.13 Å than
3a. Between5a and5b we found a rotational transition state,
TS(c), in which the Cp-Co-N-O dihedral angle is-79.5°.
Bonding. To provide a description of the changing bonds

in the migratory-insertion step, the charge density has been
analyzed along the reaction pathway by examining densityF
and Laplacian∇2F (Figure 2). The values ofF and∇2F at the
critical points, where∇Fb ) 0, are shown in Table 1. Contour
plots of ∇ 2F exhibits regions of local charge concentration,
where∇2F < 0 (dashed contours), and local charge depletion,
where∇2F > 0 (solid contours), respectively. According to
the topological analysis of the density,30b a chemical bond is
characterized by a (3,-1), “bond” critical point of the Laplacian
(∇2F) between the bonding nuclei; a site of nucleophilic attack
or a structure characteristic of a ring is often characterized by
a (3,+1) “ring” critical point.30b,c When∇2F > 0, the bonding
interaction at a (3,-1) critical point is characterized as aclosed-
shell interaction(ionic and hydrogen bonds); when∇2F < 0,
the bonding interaction at a (3,-1) critical point is characterized
as ashared interaction(covalent bond). Thus, the positions
and magnitudes of the local charge concentration and depletion

Mechanism I

Figure 1. The DFT-B3LYP optimized geometries of the reactant2,
transition statesTS(a) andTS(b), η1-intermediate3a, andη2-intermedi-
ate3b (only the average C-C and C-H distances be given for the Cp
ring).

Inorganic and Organometallic Reaction Mechanisms. 11 J. Am. Chem. Soc., Vol. 119, No. 13, 19973079



and these values at the critical points enable one to predict the
bonding character and reactive sites within a molecule.
In Figure 2a, the Laplacian of the charge density for2 has

the characteristic d8 “dumbbell” shape around Co. There are
(3,-1) bond critical points along the Co-NO and Co-CH3

bond paths, while there is a (3,+1) ring critical point between
the N and methyl ligand. The ring critical point shows a
position of charge depletion which is susceptible to attack by a
nucleophile, here the lone pair at the N or C atom. Compared
with 2, the Laplacian of the charge density ofTS(a) (Figure
2b) has switched the bond critical point of the Co-C bond for
a ring critical point and the ring critical point between the N
and C atoms to a bond critical point. The positive value of
∇2F at the (3,-1) critical point along the N-CH3 bond path
suggests that the atoms are linked by closed-shell interaction
(dative bond). A charge density analysis of2 andTS(a) at the
RHF level (see Table 1) shows that the charge densities of the

N and C (methyl) atoms decrease by 0.112 and 0.277 with
respect to2, respectively, while the charge densities of the Co
and O atoms increase by 0.213 and 0.107. The charge densities
at the critical points of the N-O and Co-C bonds decrease by
0.025 and 0.063 with respect to2, respectively, while the charge
density at the critical point between the N and C atoms increases
by 0.080. However, the charge density at the critical point of
the Co-N bond is changed very slightly. Thus, as the nitrosyl

Figure 2. Contour plots of∇2F for the three structures along Mechanism I: (a)2, (b) TS(a), and (c)3a. Seven geometric contours of each sign
are plotted. The heights of adjacent contours differ by a factor 2. The absolute value of the largest contour is 1.00 au. The (3,-1) and (3,+1) critical
points are indicated by stars and crosses, respectively.

Figure 3. The profiles of the potential energy surfaces at the DFT-B3LYP level for Mechanism I (CCSD energies are given in Table 2).

Scheme 2 Table 1. The Charge Density (F) on the Atomsa and Critical
Pointsb and Laplacian of the Charge Density (∇2F) at the Critical
Point between the Bonded Atomsb Involved in Mechanism I

2 TS(a) 3a

F ∇2F F ∇2F F ∇2F
Co 16.292 16.505 16.511
N 5.253 5.141 5.150
C 4.595 4.318 4.207
O 6.203 6.310 6.298

Co-N 0.201 1.127 0.189 1.110 0.164 0.967
Co-C 0.104 0.142 0.041 0.164 0.007 0.013
N-C 0.037 0.102 0.116 0.030 0.206 -0.311
N-O 0.444 -0.959 0.419 -0.701 0.380 -0.442

aMulliken charge density at the RHF level for the atom, in which
the core electrons are not included (units at the atomic sites are
electrons).b The values of∇2F at the (3,+1) ring critical point are given
in italic underline characters, other points are (3,-1) bond critical points
(units of F ) e/au3 and∇2F ) e/au5).
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group bends and the methyl ligand migrates, charge density is
transferred from the C (methyl), N atoms, and Co-C, N-O
bonds to the Co, O atoms, and the N-C bond. This observation
is consistent with the need to transfer the Co-C lone pair to
the metal center rather than directly to the N-C bond.
In Figure 2c, the Laplacian of the charge density for3anow

shows a stronger shared interaction (covalent bond) along
N-CH3 bond path where the value of∇2F at the (3,-1) critical
point is now negative. A ring critical point now appears beyond
Co-N-CH3 region in a position where it can be attacked by
PH3. Compared with2, the decrease in the absolute values of
∇2F at the bond critical points of the Co-N and N-O bond of
3a, 0.16 and 0.52, respectively (see Table 1), suggests that the
strong multiple bonding interaction between the Co and N atoms
(CodNdO) of 2 has been diminished in3a. In the late stage
of the reaction (TS(a) to 3a), the charge densities at the C
(methyl) atom and at the critical points of the Co-C, Co-N,
and N-O bonds decrease by 0.111, 0.034, 0.026, and 0.039,
respectively, while the charge density at the critical point of
the N-C bond increases by 0.089. However, the charge
densities of the Co and N atoms are nearly unchanged. Thus,
the charge density transfers from the C atom (methyl), Co-N,
and N-O bond to the N-C bond, and the Co and N atoms
play an electron transfer role. Overall, along Mechanism I the
N-C bond is formed and the Co-C bond is broken, the Co
and N atoms play a dual role as electron acceptor and donor,
while the C (methyl) atom plays a donor role, as shown in
Scheme 3.
Energies. The profile of the potential energy surfaces for

Mechanism I is presented in Figure 3. Energies at the DFT-
B3LYP and CCSD levels for the reactants (1 and2), intermedi-
ates (3a and 3b), transition states (TS(a)-(c)), and products
(5a and 5b) via Mechanism I are shown in Table 2. In our
discussion we will present both energy differences with the
DFT-B3LYP value followed by the CCSD value. Note that
the CCSD values for the relative energy are consistently larger
than those of DFT (see∆ in Table 2, correlation coefficient)
0.956) in part because CCSD predicts the reactant (2) to be
more stable. The activation barrier of the migratory-insertion
step (2 to 3a) is calculated to be 10.4 and 19.5 kcal/mol. The
migratory-insertion step2f 3a is endothermic by 7.6 and 16.7
kcal/mol. The calculated results are in very good agreement
with the observed activation enthalpy values for Ln(CH3)M-
CO to LnM-C(O)CH3 (M ) Mn, Fe), 16.6-18.2 kcal/mol,32

and the endothermicities obtained from ab initio calculations
for LnRM-CO to LnM-C(O)R, 8.8-18.0 kcal/mol.3c Theη2-
intermediate3b is more stable by 7.2 and 10.4 kcal/mol than
the isomer3a; the swinging barrier from3a to 3b is 14.9 and
14.1 kcal/mol. Despite careful search, we found no associative
barriers from3a to 5a or from 3b to 5b. One can safely say
that the association of the phosphine to form the final nitrosom-
ethyl complex occurs without a barrier. The product5b is more
stable by 4.8 and 5.3 kcal/mol than the isomer5a, and the

rotational barrier from5a to 5b is 11.6 and 11.0 kcal/mol. It
has been suggested that the stable nitrosoalkane complex might
be structure5b because of the steric effect between the migrated
alkyl group and bulky phosphines.4 Our results with the small
PH3 suggest that there is an electronic origin for the stability of
5b over5a. The overall reaction was exothermic with a∆E of
-16.3 and-9.8 kcal/mol. These values are in very good
agreement with the experimental enthalpy (∆H1 ) -13.0 kcal/
mol) of reaction 1.33 It is obvious that in Mechanism I the
reaction happens in the presence of PH3 along2 f TS(a) f
3a f 5a f TS(c) f 5b, and the migratory insertion is the
rate-determining step.
Mechanism II: Migratory-Insertion of NO into the Co -C

σ Bond Occurs After PH3 Association. Structures. In this
section we consider Mechanism II in which a bent-nitrosyl
adduct (with PH3) 4 forms first and then NO undergoes
migratory insertion into the Co-C σ-bond to give product5. If
the formation of5 from 4 occurs directly,5aand5b should be
alternative product geometries from the same insertion transition
stateTS(d). However, it appears thatTS(d) actually leads to
TS(c), the transition state for rotation of N(O)CH3 ligand which
converts5a to 5b. The DFT-B3LYP optimized geometries of
the 18e- intermediate (4), insertion transition state (TS(d)),
rotation transition state (TS(c)), product (5a), and product (5b)
are shown in Figure 4.

In the intermediate (4) the coordinated NO group has adopted
a bent geometry. The Co-N-O angle is 125.4°. Compared
with the reactant (2), the Co-N, N-O, and Co-Cp distances
in 4 are longer by 0.16, 0.03, and 0.13 Å, respectively. The
distortion of the nitrosyl group and association of the PH3 group
lead to a new 18e- complex that is clearly different from the
other 18e- complexes2 and5 because of its longer Cp-Co
distance (0.12-0.13 Å). In the insertion transition state,TS(d),
the N-O bond of the nitrosyl has been lengthened by 0.04 Å
with respect to the bent-nitrosyl intermediate (4). Comparing
other aspects of4 with TS(d), we find that the “forming”
N-CH3 bond is shorter by 1.2 Å, the “breaking” Co-CH3 bond
is longer by 0.28 Å, the CH3-Co-Cp-P dihedral angle
increases by 56.1°, and the N-Co-Cp-P dihedral angle
increases by 6.4°. Thus, at the DFT-B3LYP level, the primary
motion involves the CH3 ligand. The geometric features of the
products (5a, 5b) and rotation transition state (TS(c)) have been
discussed above.
Bonding. The Laplacian (∇2F) contours of the charge density

and the values ofF and∇2F at the critical points along the
migratory-insertion step are shown in Figure 5 and Table 3. In
Figure 5a the Laplacian of the charge density for4 shows a
“four-leaf” clover shape typical of d6metal centers. Again, there
are (3,-1) bond critical points along the Co-NO and Co-CH3

bond paths, while there is a (3,+1) ring critical point between
the N and methyl ligand. The absolute values of∇2F at the
critical point of the Co-N and N-O bonds in4 are smaller by
0.51 and 0.24 than those in2. Thus, the multiple bond character
between the Co and N atoms (CodNdO) of 2 is reduced
because of the distortion of the nitrosyl group.
The Laplacian of the charge density ofTS(d) is very different

from that ofTS(a) (Figure 5b). Although a new bond critical

Table 2. Relative Energies at the DFT-B3LYP and CCSD//
B3LYP Levels for Reactants, Intermediates, Transition States, and
Products via Mechanisms I and II (kcal/mol)

DFT CCSD//DFT ∆

1+2 0.00 0.00 0.00
1+TS(a) 10.38 19.54 9.16
1+3a 7.59 16.73 9.14
1+TS(b) 22.49 30.87 8.38
1+3b 0.34 6.32 5.98
4 15.65 18.00 2.35
TS(d) 34.68 52.12 17.44
5a -11.46 -4.51 6.95
TS(c) 0.13 6.93 6.80
5b -16.27 -9.76 6.51

Mechanism II
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point appears between the N and C atoms, a bond critical point
remains between Co and C atoms, a result which suggests that
the Co-C bond is not yet broken. A charge density analysis
of TS(d) at the RHF level (see Table 3) shows that the charge
densities at the C (methyl), N atoms, and the critical point of
the N-O bond decrease by 0.325, 0.044, and 0.031 with respect
to 4, respectively. Meanwhile, the charge densities at the Co
and O atoms and the critical point between the N and C atoms
increase by 0.117, 0.118, and 0.116 with respect to4, respec-
tively. However, the change in the charge density at the critical

point of the Co-N bond is very small. Although the charge
density at the bond critical point between the Co and C atoms
of TS(d) decreases by 0.065 with respect to4, the value of∇2F
is nearly unchanged. Thus, a weak bond remains between the
Co and C atoms inTS(d) and electron transfer occurs from the
Co-C lone pair to the metal center rather than directly to the
N-C bond. Thus, one can say that inTS(d) the Co-C bond
is nearly broken and the charge densities of the C (methyl) and
N atoms and the Co-C bond shift to the Co and O atoms and
the N-C bond.
In Figure 5c the Laplacian of the charge density for5b

displays a stronger shared interaction along N-CH3 bond path.
Compared withTS(d), the value of∇2F for 5b at the critical
point of the Co-N bond obviously increases and that at the
critical point of the N-O bond decreases. Thus, the Co-N
bond of5b is apparently stronger than that of4 or TS(d). In
this stage of the reaction (TS(d) to 5b), the charge densities at
the C (methyl) and O atoms and at the critical points of N-O
bond decrease by 0.131, 0.035, and 0.022, respectively, while
the charge densities at the Co, N atoms and the critical point of
the N-C bond increase by 0.131, 0.032, and 0.091. However,
the change in the charge density at the critical point of the Co-N
bond is again very small. The charge density transfers from
the C (methyl) and O atoms and N-O bond to the Co atom
and the N-C bond. Thus, the Co atom plays an electron
acceptor role in the late stage. Overall, along Mechanism II
the Co-C bond is broken, and the N-C bond is formed late in
the reaction as shown in Scheme 4.
Energies. Relative energies at the DFT-B3LYP and CCSD

levels for the reactants (1 and2), intermediate (4), transition
state (TS(d) andTS(c)), and products (5aand5b) are given in
Table 2. The profiles of the potential energy surfaces for
Mechanism II are displayed in Figure 6. The intermediate4 is
more unstable by 16 and 18 kcal/mol than the reactants (1 and
2) at the DFT-B3LYP and CCSD levels, respectively. The
experiments of Weiner and Bergman showed that replacing PPh3

with PEt3 causes significant stabilization of the bent-nitrosyl
intermediate (4). Since PH3 is a poorer nucleophile than either
PPh3 or PEt3, the binding energy between the PH3 ligand and
CpCo(CH3)NO) should be smaller than that for the PPh3 or PEt3.
Therefore, the calculated endothermicity for PH3 is reasonable.
The activation energy from4 to 5 was calculated at the DFT-
B3LYP and CCSD levels to be 19 and 34 kcal/mol. This means
that the reaction from the reactants (1 and2) to product5 via
Mechanism II occurs with very high barriers: 35-52 kcal/mol
of 1 and2 go toTS(d) in a single step and 19-34 kcal/mol if
4 is stable. The larger∆ value (difference between DFT and
CCSD) forTS(d) may be due to multireference character arising
from an “orbital crossing” (discussed below).
Therefore, with some confidence we can predict that the

conversion of the reactants1 and2 through the bent nitrosyl

Table 3. The Charge Density (F) on the Atomsa and Critical
Pointsb and Laplacian of the Charge Density (∇2F) at the Critical
Point between the Bonded Atomsb Involved in Mechanism II

4 TS(d) 5b

F ∇2F F ∇2F F ∇2F
Co 16.312 16.428 16.559
N 5.261 5.127 5.159
C 4.640 4.315 4.184
O 6.262 6.380 6.345
P 4.683 4.720 4.725

Co-N 0.149 0.617 0.148 0.511 0.133 0.957
Co-C 0.097 0.145 0.032 0.147 0.053 0.217
N-C 0.010 0.036 0.127 0.012 0.218 -0.398
N-O 0.405 -0.717 0.374 -0.427 0.352 -0.288

aMulliken charge density at the RHF level for the atom, in which
the core electrons are not included (units at the atomic sites are
electrons).b The values of∇2F at the (3,+1) ring critical point are given
in italic underline characters, other points are (3,-1) bond critical points
(units of F ) e/au3 and∇2F ) e/au5).

Figure 4. The DFT-B3LYP optimized geometries of the intermediate
4, insertion transition stateTS(c) andTS(d), products5aand5b (only
the average C-C and C-H distances be given for the Cp ring).

Scheme 3

Scheme 4
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adduct intermediate4 then over the transition stateTS(d) to
the insertion product5 will be much slower than the reaction
via the path involving dissociation of the phosphine from4 and
the product formation by Mechanism I.
Molecular Orbital Analysis of the Migratory-Insertion

Reaction in the Mechanisms I and II. According to our DFT
and ab initio MO calculations, the insertion process would be
the rate determining step in both Mechanism I and II. To
elucidate the difference in the insertion between Mechanism I
and Mechanism II and the origin of the higher barrier for II,
we have analyzed qualitative MO diagrams and charge distribu-
tions for electronic features of the migratory-insertion process
via these two mechanisms.
Insertion of NO into the Co-CH3 σ Bond in the Mech-

anism I. To characterize the electronic structure of the insertion
reaction along Mechanism I, we adopt the fragment MO
approach.34 The interactions between the valence MOs of the
CpCo fragment (6) and the ligands (7), CH3- and NO+, give
the nitrosyl methyl complex2 (shown in the left-hand side of
Figure 7), and those between the valence MOs of the CpCo

fragment (6) and N(O)CH3 fragment (8) give the methylnitroso
complex3a (shown in the right-hand side of Figure 7). In
Figure 7 we display only those valence MOs that are involved
in the stabilizing interactions. The stabilizing interactions in
the nitrosyl methyl dcomplex2 result from (i) theσ-bonding
interactions between unoccupied MOs, pz, dyz, of 6 and the lone-
pair orbital of NO, (ii) theσ-bonding interactions between
unoccupied MOs, dyz, pz, of 6 and the lone-pair orbital of CH3-,
and (iii) the back-bonding interaction between the high-lying
dxz of 6 and the low-lyingπ-

o orbital of NO. The stabilizing
interactions in the methylnitroso complex3a result from (i) the
σ-bonding interactions between unoccupied MOs, pz, dyz, of 6
and the lone-pair orbital of8, PN, and (ii) the weak back-bonding
interaction between the high-lying doubly occupied dxzof 6 and
the low-lyingπ-

o orbital of8. As the nitrosyl ligand “rotates”
from 3a to 3b there is an in-phase overlap between dyz and the
O component of the PN MO as illustrated in Scheme 2. It is
also favorable for this PN MO to mix into theσCo-N. Thus, the
stronger Co-O-N three-center interaction in3b stabilizes that
species.

(31) (a) Dwoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, K.;
Schultz, A. J.; Williams, J. M.; Koetzle, T. F.J. Chem. Soc., Dalton Trans.
1986, 802, 1629. (b) Dwoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout,
K. J. Chem. Soc., Chem. Commun.1982, 802, 1410.

(32) (a) Butler, I. S.; Basolo, F.; Pearson, R. G.Inorg. Chem.1967, 6,
2074. (b) Green, M.; Westlake, D. J.J. Chem. Soc. (A)1971, 367.

(33) Connor, J. A.; Zafarani-Moattar, M. T.; Bickerton, J.; El-Saied, N.
I.; Suradi, S.; Carson, R.; Al Takhin, G.; Skinner, H. A.Organometallics
1982, 1, 1166.

(34) Albright, T. A.; Burdett, J. K.; Whangbo, M. H.Orbital Interactions
in Chemistry; Wiley: New York, 1985.

Figure 5. Contour plots of∇2F for the three structures along Mechanism I: (a)2, (b) TS(a), and (c)3a. Contour parameters are the same as in
Figure 2.

Figure 6. The profiles of the potential energy surfaces at the DFT-B3LYP level for Mechanism II (CCSD energies are given in Table 2).
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In Figure 7 one can see that the nitrosyl methyl complex (2),
and both theη1- and η2-intermediate complexes (3) are d8

(dxz2dxy2dx2-y2
2dz22dzz0) complexes. Therefore, the migratory-

insertion reaction via Mechanism I preserves the d8 orbital
structure of the complex. Complex3 differs from2 by having
a much lower-lying unoccupied dyz orbital, which is available
to interact with the lone-pair MO of the PH3 ligand to form the
stable complexes5.
To understand the electronic structures of the migratory-

insertion process, in Figure 8 we display a Walsh diagram along
the reaction path of Mechanism I from2 throughTS(a) to 3a.
The phase relationships of the occupied MOs in2 and3asuggest
smooth transformations of the N-Oπ bond, Co-C, and Co-N
σ bonds of2 to a lone pair of the O atom, the Co-N, and N-C
σ bonds of3a. Meanwhile, the unoccupied MOs,π-

i and
σ*Co-C, of 2 transform to the MOs, dyz andσ*N-C, of 3a. It
seems that the insertion reaction undergoes two stages. In the
early stage of the insertion, as the nitrosyl group bends and the
methyl ligand migrates, the Co-C σ bond and N-O in-plane
π bond are weakening. The charge density of the Co-C bond
of 2 transfers through the metal center to the N-O in-planeπ
antibond (for a new Co-N bond) ofTs(a), while the charge
densities of the N-O in-planeπ bond and Co-N bond of2
shift to the O atom (for a new lone pair) and to the N-C bond
of TS(a). It is clear that such transformations facilitate the
Co-C bond-breaking as well as the nitrosyl bending to form
new Co-N and N-C bonds. In the late stage of the insertion,
as the nitrosyl group bends further and inserts, charge density
transfers to the N-C bond from the N atom, the original Co-N
bond, and the C (methyl) atom. Meanwhile, the charge density
of a lone pair of the O atom shifts to the new Co-N bond.
This charge density reorganization facilitates the formations of
the new N-C bond and Co-N bonds. According to the
changes in the charge densities (see above), one can conclude
the Co center plays a critical dual role as electron acceptor and
electron donor in the migratory-insertion. The charge density
of the Co-C bond, through the metal center, easily transfers to

Figure 8. Walsh diagram for the insertion reaction via Mechanism I
from 2 throughTS(a) to 3a.

Figure 7. Simplified interaction diagrams for the interaction between CpCo (6) and the ligands (7), CH3
-, NO+ to the nitrosyl methyl complex2

(the left-hand side) and for the interaction between CpCo (6) and N(O)CH3 (8) fragment to theη1-methylnitroso complex3a (the right-hand side).
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the N-O πi
- bond forming the new Co-N σ bond. Thus, the

ability of the metal center to perform both functions lowers the
activation energy of the migratory-insertion reaction.
Insertion of NO into the Co-CH3 σ Bond in the Mech-

anism II. Similarly, in this section we have adopted a fragment
MO approach,34 concentrating on interactions between the
valence MOs of the fragment CpCoPH3 (9) and7 and between
the valence MOs of9 and8. Figure 9 shows how the five d
orbitals of9 interact with orbitals of7 and8, respectively. The
interaction diagram for the intermediate4 is illustrated in the
left-hand side of Figure 9. The high-lying, nearly degenerate,
MOs of 9, dyz and dxz, interact with the low-lying MOs of7,
π-

i of NO+ and PC of CH3
-, respectively. Here, we have

doubly occupied the dyz and left the dxz unoccupied to prepare
the fragment for bonding. The high-lyingσCo-N and the low-
lying σCo-C orbitals of4 are formed by these interactions. In
addition, a weak back-bonding interaction occurs between the
occupied dxy orbital of 9 and unoccupiedπ-

o orbital of NO.
The MOs of4, PN+, PO+, andπ+

o, represent the lone pair N,
lone pair O, and N-O π bond, respectively. The MOs
interaction diagram for the product5b is shown in the right-
hand side of Figure 9. The MOs of5b, PO+, σN-C, andπ+

o,
represent the lone pair O, N-C σ, and N-O π bonds. A low-
lying Co-N σ bond of5b is formed by the interaction between
a high-lying MO of9, dyz, and a low-lying lone pair N orbital
of 8, PN. A low-lying MO of 9, dxz, interacts with a high-lying
N-Oπ anti-bond orbital of8, π-

i, which leads to a strong back-
bonding interaction in5b. It is obvious that the interaction
between9 and7 results in a d6 (dxy2dx2-y2

2dz22dxz0dyz0) complex
4 and that the interaction between9 and 8 leads to a d8

(dxz2dxy2dx2-y2
2dz22dyz0) complex5b. Therefore, the migratory

insertion reaction via Mechanism II actually converts a d6

complex to a d8 complex.
In Figure 10 we display the Walsh diagram along the reaction

path of Mechanism II, going from the intermediate,4, through
a transition state,TS(d), to the product,5b. When the methyl

group moves toward the nitrosyl group and the Co-C bond
breaks, theσCo-N, σCo-C, and PN+ orbitals of4 can be correlated
with theσCo-N, dxz, andσN-C orbitals of5b. In the early stage,
the energy of theσCo-C orbital rises and the energy of theσCo-N
orbital falls. Meanwhile, the originalσ*Co-N andπ-

o levels
are stabilized because of the structural distortion, and theσ*Co-C
level is destabilized strongly because of mixing with the N and
gaining strong N-C σ anti-bonding character. As the bent NO
ligand rotates and the methyl ligand migrates, at the saddle point
the metal-carbon σ-bond character of theσCo-C orbital is
diminishing as the charge densities of the C atom and the Co-C
bond shift to theσ*Co-C andπ-

o levels. It means that theσCo-C
orbital becomes a Co dxz orbital, in which there is the strong
Co-N anti-bonding character. Thus, this mechanism (II) is
clearly different from Mechanism I; here, the charge density
transfer from the Co-C σ bond to the metal center and N atom
requires a greater energy. The donation of the Co-C pair to
the metal is more difficult because the bent NO (already NO-)
is poorer at accepting charge density from Co because it would
be forced toward NO3-. Meanwhile, the N-CH3 bond is
forming as the charge density of the lone pair on the N atom
transfers to the N-C bond. Therefore, in the migratory step
of the migratory-insertion reaction of Mechanism II the charge
densities of the metal center and N-C bond originate from the
Co-C bond and the lone pair on the N atom. In the later stage
of the insertion reaction, theσCo-N orbital smoothly correlates
to Co-N σ-bond, while the original lone pair electrons (PN

+)
on the N atom completely transfers to the N-C σ-bond of the
methylnitroso ligand. It results in the new Co-N and N-C
bonds formed. Meanwhile, the nitrosylπ* orbital (originalπ-

o)
clearly mixes with the destabilized metal orbital so that the dxz

level is ultimately stabilized by metal-nitrosylπ bonding. Thus,
these latter changes result in electron density shifting from the
original nitrosyl ligand to the metal center and the N-C bond.
Overall, the metal center plays an acceptor role as it returns to
d8 from 4 to 5b.

Figure 9. Simplified interaction diagrams for the interaction between CpCoPH3 (9) and7 to the bent-nitrosyl methyl complex4 (the left-hand
side) and for the interaction between CpCoPH3 (9) and8 to the methylnitroso complex5b (the right-hand side).
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Conclusions

Both DFT and ab initio energy profiles of NO insertion into
the Co-CH3 σ bond show that the migratory-insertion step is

the rate-determining step for both Mechanisms I and II. The
migratory-insertion without PH3 association (Mechanism I)
occurs with a lower activation energy of 10-20 kcal/mol.
Although the methylnitroso intermediate is endothermic by
8-17 kcal/mol, the overall reaction is exothermic by-10 to
-16 kcal/mol depended on the level of theory. Our results
support mechanism I that even in the presence of PH3 proceeds
along a path in which PH3 attack occurs late (2 f TS(a) f 3a
f 5a f TS(c) f 5b), in good agreement with the kinetic
experiment by Weiner and Bergman.

Charge density (F) and Laplacian (∇2F) analysis at the RHF
level and MO analysis of extended Hu¨ckel calculations reveal
(i) that in the early stage of the migratory-insertion the metal
center acts as an agent in the transfer of electron density from
the methyl ligand to the nitrosyl group, a process which weakens
the Co-C bond, and (ii) that in the later stage of the migratory-
insertion the lone pair on the nitrosyl ligand attacks the methyl
group forming the N-C bond. Thus, CH3 migrates as “CH3+ ”
in both mechanisms. Although Co plays a dual role as electron
acceptor and donor in the early stage of the migratory-insertion
reaction along both Mechanisms I and II, the actual electron
transfer process is different. Along Mechanism I, it is very easy
to transfer electron density from the originalσCo-C bond through
the originalσCo-N bond to N-C bond due to the metal center
remaining d8. In contrast, for Mechanism II, the originalσCo-C
orbital must rise to high energy before it can transfer electron
density to the dxz orbital of the product as it must convert the
d6 metal to d8. The former process provides a lower energy
path.
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Figure 10. Walsh diagram for the insertion reaction via Mechanism
II from 4 throughTS(d) to 5b.
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