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Ab initio restricted Hartree-Fock and configuration interaction calculations have been carried out on the 
system Ni(PH,), + CH, in order to study the energetics and the mechanism of the oxidative-addition 
reaction of CH, and to model the activation of the C-H bond by zerovalent, co-ordinatively unsaturated 
transition-metal complexes. Energy-gradient optimizations and transition-state localizations have been 
performed on reactants and products in various constrained geometries. The results indicate that the 
oxidative addition of methane to  Ni(PH,), is endothermic by 7.0 kcal mol-’ and the planar trans product is 
the most stable, being lower in energy than the cis isomer by 3.4 kcal mol-l. 

The activation of C-H bonds by metal complexes has recently 
drawn much interest in view of the development of catalytic 
routes to alkane functionalization. ’-* The unreactivity of the 
alkanes, due both to the strong bonding between C and H 
(dissociation energy in the range 90-100 kcal mol-’) and to the 
low polarity of the C-H bond, makes their activation a 
challenging problem. Although faced since the early 1 9 6 0 ~ , ~ * ~  
significant advances in understanding the factors influencing 
the reactivity of the C-H bond8-” and the model complexes 
to be used for such a purpose have been made only in recent 
years. 

The C-H bond activation pathways are essentially three: 2*3 

oxidative addition, homolytic and heterolytic cleavage of the 
bond. Among them, the most studied mode of activation is, 
from a theoretical point of view, oxidative addition, though this 
was mainly in the past approached with the extended-Huckel 
formalism. The ab initio calculations should provide an in- 
creasing contribution to the theory of C-H bond activation. An 
ab initio approach to the C-H bond oxidative addition to 
nickel(o) is exemplified in this paper [reaction (l)]. It is well 

‘(H,P),Ni’ + CH, - (H3P)2NiH(CH3) (1) 

known that such a reaction is favoured when the metal complex 
has a low-energy empty o-type molecular orbital (MO) able to 
accept the C-H bonding pair and a high-energy MO containing 
the lone pair which will be transferred to the empty o* orbital 
of the C-H bond. 

Although appealing such an activation mode by a metal 
centre has two main drawbacks. (a) Reaction (1) is usually 
thermodynamically unfavoured due to the relative weakness of 
the M-H and M-C bonds; as a consequence oxidative addition 
is possible only for highly unstable low-valent and co- 
ordinatively unsaturated c ~ m p l e x e s . ~ * ~  (b) The H-  and =C 
ligands remain in the same co-ordination sphere of the central 
metal and may easily give rise to reductive elimination, i.e. to the 
reverse of equation (1). As the reductive elimination is usually 
thermodynamically favoured (and in fact alkane reductive 
elimination is a fairly common process in organometallic 
chemistry,’ much more than the alkane oxidative addition) 
any attempt to produce subsequent reactions of the C or H 

t Non-Si units employed: cal = 4.184 J, Hartree (Eh) z 4.36 x J. 

ligands leads almost invariably to reductive elimination and 
therefore to the original alkane. 

Both the energetics and mechanism of reaction (1) have been 
approached with ab initio methods. Then we took the following 
steps: (i) for the final product of reaction (1) three different 
structures, cis-planar, trans-planar and tetrahedral were con- 
sidered; (ii) a study has been performed on the Ni(PH3)2CH4 
adduct, methane displaying an end-on, pseudo-side-on or 
bifurcated bonding mode, with a partial investigation of the 
energy profile connecting these complexes with the final 
products of the oxidative addition; (iii) an attempt has been 
made to relate this latter study to the problem of the so-called 
‘agostic’ interaction between a C-H bond and a metal 
centre.3*’ + I 6  

Computational Details 
Basis &?.--The s,p basis for nickel was taken from the 

12s6p4d set of ref. 17 with the addition of two basis functions to 
describe the 4p orbital,18 while the nickel d basis was the 
reoptimized (5d) set of ref. 19, contracted (4/1). This leads to an 
(1 ls8p5d) primitive basis for nickel, contracted (8s6p2d). The 
MINI-12* basis was used for the phosphorus atoms, while a 
double 6 expansion was used for all the other ligand atoms, with 
a (4s/2s) basis for hydrogen 2 1  and a (9sSp/4s2p) contraction 
for carbon.21 

Methods.-The calculations have been performed at two 
levels of accuracy. The linear combination of atomic orbitals 
(LCA0)-self consistent field (SCF)-MO scheme has been em- 
ployed to derive ground-state energies and wavefunctions 
for all the investigated structures and to perform the 
various geometry optimizations and transition-state calcu- 
lations. Single reference-state single-plus-double configuration 
interaction (SDCI) calculations were subsequently performed 
on some of the stationary points determined at the SCF level. 
These calculations have been performed with the direct CI 
method,” limiting to the single-reference SDCI since no 
configurations with a coefficient greater than 0.04 were present 
in the SDCI wavefunction. To reduce the size of the CI prob- 
lem (37 doubly occupied orbitals and 86 basis functions) for 
the [Ni(PH,),(CH,)H] complex, 40 inner electrons have 
been frozen. In the corresponding SDCI calculations on the 
Ni(PH,), and CH4 fragments we froze the orbitals correlating 
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Fig. 1 d-Orbital levels for a ML, complex 

Fig. 2 Optimized geometries for (a) cis lanar, (b) tetrahedral and (c) 
trans-planar structures. Bond lengths in l, angles in O 

Table 1. Total and metal fragment SCF energies" for the planar, cis 
and frans, and tetrahedral [Ni(PH,),(CH,)H] complexes, and corre- 
sponding binding energies (b.e.s). The units used are Hartree (Eh) for 
the total energies and kcal mol-* for the binding energies 

Planar cis Planar trans Tetrahedral 
Ecomplex - 2227.9274 - 2227.9508 - 2227.88 13 
Ebfragment  -2187.7138 - 2187.7438 - 2187.7193 
b.e.' + 1.3 - 13.3 + 32.4 
b.e.d - 17.5 - 13.3 + 13.6 

For methane E = -40.1856 Eh. Metal fragment in the same 
geometry as in the corresponding optimized complex. Referred to the 
metal fragment in the optimized linear geometry ( E  = -2187.7439 &). 
dReferred to the metal fragment in the same geometry as in the 
corresponding optimized complex. 

with those frozen for the complex. The Davidson correction 2 3  

was made for the lack of size consistency of the wavefunction. 
All computations were performed by using the GAMESS 

program package,24 implemented on a IBM 3090 VEC 
computer. 

With regard to the characterization of the ground state, we 
have assumed an Al, singlet state for the methane, as 
experimentally well known, and a closed-shell singlet also for 
the Ni(PH,)2 fragment and the Ni(PH,),CH4 adducts. The 
ground states of these latter zerovalent nickel complexes are 
considered to be closed-shell singlets of d" ~haracter,~'  
although in the free nickel atom the lowest electronic states 
,D(3dg4s'), 3F(3d84s2) and 'S(3d") lie energetically close to 
each other. The assumed 3d'O electronic configuration is 
justified by the consideration that the presence of the two PH3 
ligands should destabilize the more diffuse 4s and 4p orbitals to 
a larger extent than the 3d orbitals and by some recent 
calculations on other zerovalent nickel complexes.26-28 We 
have assumed a closed-shell singlet configuration also for the 
d8 [Ni(PH,),(CH,)H] complex on the basis of the schematic 
representation of the d-orbital levels for a d8 metal in a square- 
planar field (see Fig. 1). 

Geometry and Geometry Optimization.-In all the calcu- 
lations we have assumed for the Ni(PH,), fragment a Ni-P 
bond length of 2.198 A which is an average value of various 
Ni(PR,), complexes 29 and for the PH, ligand the geometry of 
free PH,.,' The geometry utilized for the methane and the 
methyl group is that obtained in the complete geometry 
optimization of the methane itself, unless differently stated. 

For the oxidative-addition product [Ni(PH,),(CH,)H] we 
have performed geometry optimizations on the two planar and 
pseudo-tetrahedral structures varying five internal coordinates. 
The P-Ni-P angles obtained in the optimization of the planar 
structures, which are much lower in energy than that of the 
tetrahedral one, have been utilized in the subsequent geometry 
optimizations of the Ni(PH,),=CH, adducts in various con- 
formations (end-on, pseudo side-on, bifurcated and others). All 
the geometry optimizations have been performed using the 
quasi-Newton procedure available in the GAMESS package.24 

Transition-state calculations were performed in order to 
determine the reaction coordinate connecting the Ni(PH,),- 
CH4 adduct in the energetically lowest conformation with the 
optimized planar [Ni(PH,),(CH,)H] complex. They have been 
performed using a modified variant of the synchronous transit 
algorithm available in the GAMESS package.24 

Results and Discussion 
Oxidative Addition.-The [Ni(PH,),(CH,)H] complex ob- 

tained by the oxidative-addition reaction (1) has been in- 
vestigated in the planar (cis or trans) and pseudo-tetrahedral 
structures, both corresponding to C, symmetry. Three different 
partial geometry optimizations have been performed with the 
constraints that the C-Ni-H and P-Ni-P planes were co- 
planar or perpendicular. In two cases we have optimized five 
geometrical parameters involving the nickel atom and the 
methane-derived ligands: Ni-H and Ni-C bond lengths, 
P-Ni-P and C-Ni-H angles, and H-Ni-P angle for the cis- 
planar structure or the angle between the Ni-H bond and the 
P-Ni-P plane for the tetrahedral structure. For the trans-planar 
structure we have imposed a C-Ni-H collinear constraint so 
that we could optimize only three geometrical parameters: 
Ni-H and Ni-C bond lengths and P-Ni-P angle. The optimized 
geometries for the three structures are reported in Fig. 2. The 
corresponding total SCF energies are in Table 1 together with 
the estimated reaction energies. The SCF energies for the 
Ni(PH,), and CH4 separated fragments have been obtained 
respectively by optimizing the P-Ni-P angle and by complete 
geometry optimization. For the nickel fragment we obtained an 
optimized linear structure with a P-Ni-P angle of 180'. As can 
be seen in Table 1, the tetrahedral structure is much higher in 
energy than the planar ones and, therefore, only results relative 
to the planar complexes will be considered. On the other hand, 
when considering the planar complexes, the SCF energy for the 
oxidative addition is calculated to be + 1.3 kcal mol-' for the 
cis structure and - 13.3 kcal mol-' for the trans one. This means 
that, at the SCF level, there is a thermodynamic preference for 
the trans compound over the cis one by 14.6 kcal mol-'. 
However, when we consider the reaction energy with respect to 
the fragments with the same P-Ni-P angle as that of the 
optimized final complex, we obtain -17.5 and -13.3 kcal 
mol-' respectively for the cis and trans structures: this is due to 
the higher energy (18.9 kcal mol-') of the bent fragment 
(P-Ni-P 101.3") in the cis geometry with respect to the almost 
linear fragment (P-Ni-P 179.7') in the trans geometry. 

A characterization of the binding features of the methane- 
derived ligands in the [Ni(PH,),(CH,)H] complexes can be 
attempted on the basis of an analysis of the frontier molecular 
orbitals of the complex and of the separated fragments. We 
consider first the cis-planar complex. In the corresponding 
Ni(PH,), bent fragment the highest-occupied molecular orbital 
(HOMO) is mainly a nickel d,, orbital as predictable by simple 
ligand-field considerations (see Fig. 1). The lowest unoccupied 
molecular orbital (LUMO) is mainly a hybridized s-px-py 
orbital directed to the opposite side of the PH, ligands. These 
HOMO and LUMO interact with bonding and antibonding 
combinations of the Is orbital of hydrogen and of the hybridized 
s-p orbitals of the CH, group, respectively, in order to give the 
two lowest-occupied orbitals of the [Ni(PH,),(CH,)H] com- 
plex. As a consequence there is an increase in electron density in 

http://dx.doi.org/10.1039/DT9920001821


J. CHEM. SOC. DALTON TRANS. 1992 1823 

Table 2 Mulliken population changes for cis- and trans-planar 
[Ni( PH ,),(CH ,)HI complexes 

Ni 
Ni s 
Ni p 
Px 
PY 
PI 
Ni d 
dxz - yz 

dzz 
dXY 
dXZ 
dYZ 

CH3 

2PH j 
H 

cis 

+ 0.24 
+ 0.24 
+0.15 
+ 0.09 

0.00 
-0.91 
-0.19 
+ 0.07 
-0.88 
+ 0.04 
+ 0.04 
- 0.28 
+ 0.46 
+ 0.28 

- 0.45 
trans 

- 0.57 
- 0.02 
+ 0.36 

0.00 
+ 0.28 
+ 0.08 
-0.95 
-0.30 
- 0.75 
+ 0.05 
- 0.02 
+ 0.06 
- 0.20 
+ 0.50 
+ 0.28 

Table 3 Nickel Mulliken population for cis-planar [Ni(PH,),(CH,)H] 
complexes and the corresponding bent fragment 

cis Complex Fragment 
Ni 27.43 27.89 
Ni s 6.3 1 6.08 

Ni d 8.77 9.68 
N i p  12.36 12.12 

Table 4 Total and metal fragment CI energies" for the cis- and trans- 
planar [Ni( PH 3)Z(CH3)H] complexes, and corresponding binding 
energies (b.e.s). The units used are Hartree for the total energies and kcal 
mol-I for the binding energies 

cis trans 
Ecornplex - 2228.5349 - 2228.4453 
Eblragment - 2188.2189 - 2188.2515 
b.e.' + 10.4 + 7.0 
b.e.d - 10.1 + 7.0 

"For methane E = -40.2999 E h .  bMetal fragment in the same 
geometry as in the corresponding optimized complex. Referred to the 
metal fragment in the optimized linear geometry (E = -2188.2516 Eh). 
dReferred to the metal fragment in the same geometry as in the 
corresponding optimized complex. 

the nickel s and p orbitals and a decrease in the d, orbital, 
corresponding to o donation and n-back donation, respectively. 
This bonding picture is confirmed by the results of a Mulliken 
population analysis, whose results are reported in Table 2 as 
population changes, i.e. Mulliken population of the complex 
minus Mulliken population of the fragments. We notice a strong 
decrease (-0.88) in the population of the nickel d,, orbital and 
an increase in the population of the nickel s orbitals ( + 0.24) and 
px and py orbitals (+ 0.24). Another noticeable feature in the 
Mulliken analysis is the strong increase in the electron density 
of both the methyl group (+ 0.28) and the hydrogen directly 
bound to nickel ( + 0.46). 

When we consider the trans complex the binding scheme 
is somewhat different. In the linear Ni(PH,), the highest 
molecular orbital is mainly a nickel dZ2 orbital with minor 
nickel s contributions. Lower in energy we have two groups of 
doubly degenerate orbitals essentially constituted by d,,, d,, 
and dxy, dX2-,,2 nickel orbitals lying respectively at -0.27 and 
- 0.28 Hartree. Moreover the lowest-unoccupied orbital is 
degenerate and consists mainly of nickel px and py orbitals. 
In trans-[Ni(PH,),(CH,)H] the two lowest-occupied orbitals 
can be considered as arising from the interaction of nickel p, and 
dy2-z2 orbitals with bonding and antibonding combinations of 
the 1s orbital of hydrogen and hybridized s-p orbitals of the 

CH, group, respectively. The highest-occupied orbital in the 
Ni(PH3)2 fragment, mainly a nickel d,z, becomes an un- 
occupied orbital in the trans complex, while one of the two 
lowest degenerate unoccupied orbitals becomes the higher 
occupied one. This bonding picture is again confirmed by the 
Mulliken population analysis (see Table 2), which indicates a 
relevant decrease in the nickel dZ2 population and an increase 
in the nickel p,, population. As in the cis case, we have also a 
strong increase in the electron density of both the methyl group 
(+0.28) and the hydrogen directly bound to nickel (+0.50). 
Both these bonding schemes confirm the usual qualitative 
interpretation of the C-H bond activation by metal centres 
through oxidative addition: a forward electron transfer from 
the bonding a(C-H) orbital into empty metal orbitals and a 
backward electron transfer from occupied metal d orbitals into 
an antibonding o*(C-H) orbital. However, the reaction cannot 
be considered a complete oxidation with a transfer of one 
electron to each, H and CH3, ligand the overall charge transfer 
based on Mulliken population analysis (see Table 2) is only 
0.7-0.8 e and not 2 e as it should be for a true oxidative addition. 
The Ni-C and Ni-H bonds have a substantial covalent 
character which requires a partial promotion of the metal 
d-electron density into s and p orbitals, as is shown by the 
absolute Mulliken population analysis reported in Table 3. In 
other words, in the oxidative-addition reaction the Ni atom 
undergoes a promotion from a d" to a (sp)'dg configuration 
rather than a real charge transfer to a d8 configuration: this is in 
good agreement with the results of other theoretical investi- 
gations on analogous systems of Pd and Pt.31-34 

Since from our SCF analysis small energy differences have 
been found between the starting and the final complex of the 
oxidative addition of CH4 to Ni(PH3)2, correlation effects may 
play an important role and even reverse the energetics of the 
analysed reaction. Therefore, in order to analyse the effect of the 
correlation energy on the reaction (l), we have performed SDCI 
calculations on the cis- and trans-planar [Ni(PH,),(CH,)H] 
complexes at the optimized SCF geometries as well as on the 
separated fragments. The CI total energies for the planar 
complexes and the estimated binding energies are reported in 
Table 4. We notice that the effect of the correlation energy is to 
destabilize the oxidative-addition product increasing the energy 
of reaction (1) to + 10.4 kcal mol-' for the cis product and + 7.0 
kcal mol-' for the trans one. When we consider the reaction 
energy with respect to the fragments with the same geometry as 
that of the optimized final complex we obtain at the GI level 
- 10.1 and + 7.0 kcal mol-', respectively, for the cis and trans 
structures. Note that at the CI level the trans isomer is again the 
most stable, but the energy difference with the cis one is reduced 
to only 3.4 kcal mol-' (from 14.6 kcal mol-' at SCF level): 
correlation energy favours the cis isomer more than the trans 
one. These results at the CI level indicate that the oxidative 
addition of methane to Ni(PH3), is thermodynamically dis- 
favoured over the inverse reductive coupling reaction by 7.0 
kcal mol-', and that the planar trans product is the most stable. 
However, if we consider the oxidative addition with a fragment 
in a bent (P-Ni-P 101.3') structure, the reaction may be slightly 
exothermic by 10.1 kcal mol-'. This should be considered as 
very important information to the chemist on how to generate 
the fragment and about the ligands and the reaction conditions 
favouring, depending on the steric hindrance, the geometry of 
the reactive species. 

Methane Complexes and Transition States.-In a preliminary 
study of the potential-energy surface and of the transition states 
for the oxidative addition, we have performed various partial 
geometrical optimizations of the CH, + Ni(PH3), system, 
searching for stationary points corresponding to stable methane 
complexes. The evidence for a C-H bond acting as a ligand 
toward an unsaturated metal is well documented in the 
li terat ure. 

In this context a crucial choice was the relative orientation 
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(c 1 (d 1 
Fig. 3 Optimized geometries for the Ni(PH3)2-CH4 adduct in (a) (J, 

(b) q2-planar, (c) q2-pseudo-tetrahedral and (d)  q3 structures. Bond 
lengths in 8, 

PH3 

Fig. 4 Optimized geometry for the pseudo-side-on Ni(PH,),-CH, 
adduct. Bond lengths in A, angles in 

Table 5 Total SCF energies and corresponding binding energies (b.e.s) 
for the Q, qz (planar and pseudo-tetrahedral) and q 3  [Ni(PH,),(CH,)H] 
complexes. The units used are Hartree for the total energies and kcal 
mol-' for the binding energies 

q2  Pseudo- 
q2  Planar tetrahedral q 

E - 2227.901 8 - 2227.9029 - 2227.9050 - 2227.9009 
b.e.* -1.5 - 2.2 - 3.5 - 1.0 

* Referred to the metal fragment in the same geometry as in the cis 
optimized [Ni(PH,),(CH,)H] complex. 

of the C-H bonds of CH, with regard to the metal. Four 
geometrically different interaction modes of CH, with Ni(PH,)2 
have been considered. The optimizations have been performed 
with strict symmetry constraints corresponding to o, q2 (planar 
or pseudo-tetrahedral) and q complexes, i.e. complexes where 
the nickel atom interacts with one, two and three C-H bonds 
respectively (cf. ref. 35). For each complex we have optimized 
only one geometrical parameter, corresponding essentially to the 
Ni-C distance, using the optimized geometry for the CH, and 
a geometry corresponding to the optimized cis-planar [Ni- 
(PH,),(CH,)H] complex for the Ni(PH3)2 fragment. The struc- 
tures obtained are reported in Fig. 3 together with the calculated 
values for the Ni-C and Ni-H distances. In Table 5 we report the 
SCF energies and the evaluated binding energies corresponding 
to these optimized structures. The binding energies have been 
computed as the differences between the energies of the 
complexes and the energies of the separated fragments. Since in 
computing these energies we have used partially optimized 
geometries for the complexes and non-optimized geometries 
for the nickel fragment, we expect our data to overestimate 
somewhat (in absolute value) the true fragmentation energies. 
However, this should not affect the main qualitative conclusions 
of our comparative analysis. We note that the most stable 
methane complex is the pseudo-tetrahedral q2 one, with a 
binding energy of - 3.5 kcal mol-'. Note also its geometry with a 
Ni-C distance of 2.49 8, and a Ni-H distance of 2.07 A (not shown 

in the Figure), both only about 0.5 A longer than the bond values. 
Strictly speaking, these stationary points are not necessarily 

true minima of the potential-energy surface, since the variation 
of unoptimized geometrical parameters could lower the energy. 
However, the effect of such variations is very small so that 
these stationary points can be considered as real complexes 
with possibly almost negligible geometrical corrections. For 
example, in the 0 complex, the optimization of the C-H distance 
leads to a lengthening of 0.004 A with an energy lowering of 
only less than 0.01 kcal mol-', and analogous effects can be 
predicted for the q2'and q3 complexes. When we considered the 
effect of a slight distortion of these complexes from their 
symmetric structures we found a small decrease in the o 
complex and even an increase in the q2 and q3 one. In the 
former complex the optimization of the C-H-Ni angle, other- 
wise fixed at 180", leads to an optimized angle of 155.0" and 
an energy lowering of about 0.2 kcal mol-'. Thus, the only 
complex somewhat unstable with respect to the variation of 
other geometrical parameters seems to be the o one, and the 
kind of variation reveals that the nickel centre tends to interact 
with the C-H more than with the H atom only. 

In view of this fact we have performed a more complete 
geometry optimization of the 0 complex taking into account the 
variation of the C-H bond length and of its orientation with 
respect both to the other three methane hydrogens and to the 
Ni(PH3)2 fragment. This optimization requires the variation of 
five geometrical parameters and has been performed in a planar 
arrangement, leading to the structure in Fig. 4 together with the 
optimized parameters. The resulting complex corresponds to a 
pseudo-side-on structure and has a binding energy of 2.3 kcal 
mol-'. 

The latter structure can be considered as a representative 
model of the so-called 'agostic' interaction between the metal 
centre and a single C-H b ~ n d . ~ * ' ~ * ' ~  The term 'agostic' has been 
proposed by Brookhart and Green l4 to indicate all the cases in 
which there is a covalent interaction between carbon-hydrogen 
groups and transition-metal centres in organometallic com- 
pounds. Interactions of this type have been known for more 
than twenty years, and much experimental evidence (mainly 
from neutron diffraction and NMR spectroscopy) has recently 
indicated that many complexes contain C-H M bridges 
between a C-H bond of the ligand and the metal. These 
complexes have attracted much interest because they represent 
a plausible intermediate stage in the oxidative addition of C-H 
bonds to metal centres, so giving some information about the 
first stages of the reaction path leading to the transition state 
for such reaction. In all the known cases of complexes present- 
ing relevant 'agostic' interactions the metal fragment has an 
electron-deficient electronic configuration. This is a clear 
indication that the interaction is due to a donation of the C-H 
bonding pair to the metal in a two-electron three-centre bond. 
The strength of the agostic interactions has been estimated to 
be as high as 20 kcal mol-', but it is usually lower falling in 
the range 5-10 kcal mol-'. The dynamics of the C-H bond 
lengthening in the early stages of the oxidative addition of C-H 
bonds to metal centres has recently been studied by Crabtree 
et a1.16 by using the method of Burgi and dun it^.^^ In this 
approach a succession of crystal structures for several com- 
plexes with different C-H to metal distances has been con- 
sidered as frozen points of the reaction profile. As a measure of 
the C-H to metal distance the parameter rbp has been used with 
rbp = dbp - rM, dbp being the distance between the metal and 
the C-H bonding pair (the point where carbon and hydrogen 
covalent radii meet) and rM the covalent radius of the metal. The 
agostic interactions have been classified as weak for rbp > 1 A, 
strong for rbp < 0.7 A, and intermediate for 0.7 < rbp < 1 A. 
The dependencies of both dCH and MHC angle on rbp have been 
reported for many experimental complexes with intramolecular 
agostic interactions and smooth curves could be drawn through 
them. Such dependencies suggest that the C-H bond is not 
significantly lengthened until rbp < 0.74.8 8, and that the 
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Ni\ P 
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P 

\ 

P 

Fig. 5 Schematic representation of the interaction between the C-H 
bonding orbital and the lowest-unoccupied orbital of the Ni(PH,), 
fragment in the bent and linear geometries 

H 

H 

Fig. 6 Geometries of the transition states leading to the (a) cis and (b) 
trans oxidative-addition product. Bond lengths in A, angles in O 

(a 1 (b 1 

Table 6 Total SCF and CI energies and corresponding activation 
energies (a.e.s) for the transition states connecting respectively the 6- 
methane complex with the cis-[Ni(PH,),(CH,)H] complex, and the 
separated fragments approaching in a qz-type configuration with the 
trans-[Ni(PH,),(CH,)H] complex. The units used are Hartree for the 
total energies and kcal mol-' for the activation energies 

CT - cis q2 type - trans 
ESCF - 2227.8746 - 2227.8261 
ECI -2228.5232 -2228.4750 
a.e.SCFa + 34.4 + 64.8 
a.e.SCFb + 15.5 + 64.8 
a.e.,,'' + 17.7 + 47.9 
a.e.Clb - 2.9 + 47.9 

Referred to the metal fragment in the optimized linear geometry. 
Referred to the metal fragment in the same geometry as in the 

corresponding optimized complex. 

MHC an le is 130" at large rbp and falls rapidly as rbp decreases 
below 1 1. Note that the limit is 130 and not 180" as would be 
consistent with the steric repulsion between the metal and the 
other groups on carbon. Although this effect could be due to 
the inability of the ligand structure to which the CH group is 
bound to achieve 180°, it has been ascribed to the most 
favourable interaction of both the d, metal orbital with the 
o(C-H) orbital and the d, orbital with the o*(C-H) orbital 
(back donation). 

It is interesting to see how our Ni(PH3),CH, complex 
compares with the correlation of experimental data for com- 
plexes with intramolecular interactions, reported by Crabtree 
et ~ 1 . ' ~  For the optimized structure of our complex we have 
rbp = 1.04 A with dcH = 1.093 8, and Ni-H-C 128.6", values 
which agree very well with the smooth curves reported in ref. 16. 
In the Crabtree et al l6  scheme our complex would be classified 
as a weakly interacting case, as expected for a late transition 
metal, and confirmed by the 2.5 kcal mol-' value for the binding 
energy. In particular the Ni-H-C angle agrees well with the 
limit value of 130" observed for all complexes with weak intra- 
molecular agostic interactions and confirms the hypothesis that 
this value is due to electronic reasons rather than to ligand- 

structure constraints. Further support to this hypothesis is 
given by the bonding picture based on the analysis of the 
frontier orbitals for the optimized Ni(PH3)2CH4 o complex. 
The two highest-occupied orbitals show a mixing, although 
limited, between nickel d, and bonding o(C-H) orbitals and 
between nickel dX2 - y ~  and antibonding o*(C-H) orbitals, re- 
spectively. The 128.6' Ni-H-C angle represents in this scheme 
the orientation which permits the maximum overlap of both the 
d,, orbital and the H Is and C sp3 hybrid components of the 
o(C-H) bonding orbital and the d,2-y2 orbital with the 
components of the o*(C-H) antibonding orbital. This aspect is 
somewhat confirmed by the analogous analysis in the linear 
complex (Ni-H-C 180O) which presents the two highest- 
occupied orbitals almost identical to those for the bent com- 
plex, as regards the nickel component, but with a much reduced 
mixing with the o(C-H) and o*(C-H) orbitals. 

We have performed CI calculations on the o-CH, complex at 
the SCF optimized geometry, to see the effect of the correlation 
on the agostic interaction. The results indicate again a stable 
complex with a slightly increased binding energy of 3.5 kcal 
mol-', probably underestimated since the minimum at the CI 
level does not necessarily coincide with that at the SCF level. 

When the same partial geometry optimizations of the CH, + 
Ni(PH3)2 system, discussed above, are repeated using a frag- 
ment geometry corresponding to the energetically lowest truns- 
planar [Ni(PH,),(CH,)H) complex (P-Ni-P essentially linear) 
no stationary point has been found, for all the 0, q2 or q3 
approaching geometries. This different behaviour between bent 
and linear fragments may be ascribed to the different character 
of the highest molecular orbital a d, nickel orbital well suited 
for interaction with the approaching C-H bond in the former 
case, and a dZ2 nickel orbital less suited for such an interaction 
in the latter case (see Fig. 5). 

As a final step in our study of the potential-energy surface 
for the oxidative addition we have performed transition-state 
calculations in order to determine the geometries and the 
energies of the transition states connecting the lowest energy 
methane complexes with the lowest energy oxidative-addition 
products. We considered two different, geometry-constrained, 
reaction paths: the first one directly connects the o-methane 
complex (see Fig. 4) with the [Ni(PH,),(CH,)H] cis-planar 
complex (see Fig. 2); the second connects the separated 
fragments approaching in a q2-type configuration with the 
[Ni(PH,),(CH,)HJ trans-planar complex (see Fig. 2). In both 
calculations we used the P-Ni-P angles obtained in the 
optimizations of the two cis- and trans-planar [Ni(PH,),- 
(CH,)H] complexes. 

In the first calculation we have imposed that the axis of the 
breaking C-H bond lies in the fragment (P-Ni-P) plane, and 
optimized five coordinates: Ni-H and C-H distances, and three 
coplanar angles specifying the orientation of the breaking C-H 
bond and the methyl group with respect to the fragment. In the 
second calculation we imposed that the axis of the breaking 
C-H bond lies in the plane perpendicular to the fragment plane 
bisecting the P-Ni-P angle, and optimized four coordinates: 
Ni-C and breaking C-H distances, the Ni-C-H angle and 
another Ni-C-H angle (referred to a non-breaking C-H bond) 
specifying the orientation of the methyl group with respect to 
the fragment plane. 

We determined two saddle points, whose corresponding 
transition-state geometries are reported in Fig. 6. The energies 
of these transition states and the activation energies for the 
corresponding reactions (leading directly to cis- and trans- 
planar oxidative-addition products, respectively) are reported 
in Table 6. It is interesting that, at the SCF level, the activation 
energy for the oxidative addition leading to the trans complex is 
much higher, 64.8 kcal mol-', than that for the cis complex, 
34.4 kcal mol-I (1 5.5 kcal mol-' if referred to the bent fragment). 
This means that the cis isomer, thermodynamically less stable, 
is kinetically favoured over the trans one. 

Among the geometrical features of the two transition states, 
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we note the long C-H distances (1.48 and 1.73 A, for the cis 
and trans cases, respectively) and short (i.e. close to the values 
for the equilibrium structures) Ni-C and Ni-H distances, which 
indicate late transition states. 

In order to analyse the effect of correlation on the activation 
energies we have performed SDCI calculations on the two 
transition states in the geometries determined at the SCF 
level. The results shown in Table 6 indicate that correlation 
considerably lowers the activation energies to + 17.7 and + 47.9 
kcal mol-', respectively, for the cis and the trans isomers. Note 
that the activation energy for the path leading to the cis isomer 
is negative, - 2.9 kcal mol-', if we refer to the bent fragment, i.e. 
the transition state connecting the o-methane complex and the 
cis product is lower in energy than the separated Ni(PH3)2 + 
CH, fragments. Such a transition state presents, however, an 
energy barrier of + 1.6 kcal mol-' with respect to the o-methane 
complex. Although with a certain degree of uncertainty (the 
transition-state geometry at the CI level could be different from 
that at the SCF level), this fact indicates that the reaction can 
take place without the dissociation of CH, from the nickel 
fragment, once the o-methane complex is formed. 

Conclusion 
The ab initio study of the oxidative addition of CH, to Ni(PH3)2 
has shown that such a reaction is endothermic by 7.0 kcal mol-' 
and that the thermodynamically most favoured product is the 
planar trans isomer which is 3.4 kcal mol-' more stable than the 
cis isomer. It has also shown that the generation mode and the 
geometry of the reacting fragment approaching the methane 
molecule has an important role. 

The bonding picture confirms the usual qualitative inter- 
pretation of the C-H bond activation by metal centres through 
oxidative addition: a forward electron transfer from the bond- 
ing o(C-H) orbital into empty metal orbitals and a backward 
electron transfer from occupied metal d orbitals into an 
antibonding o*(C-H) orbital. 

From a kinetic point of view, the cis isomer is favoured with 
an activation energy for the reaction path leading directly to it 
of +17.7 kcal mol-', 30.2 kcal mol-' lower than that for the 
trans isomer. 

Although the ab initiu calculations show, as expected, a 
very weak binding mode of the methane to the metallic 
fragment, the relative energies for the o, q2 and q3 approach- 
ing interactions are very informative for understanding the C-H 
bond activation. 
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