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Received December 7, 2004

Quantum mechanical calculations at the MP4(SDQ)//MP2 were carried out to evaluate, a
priori, the reactivity of [(η5-phospholyl)Rh(CO)2] toward C-H bond activation of methane.
The compound [(η5-phospholyl)Rh(CO)2] is an analogue of [(Cp)Rh(CO)2], which is well known
to activate alkanes of moderate sizes. Our results show that compound [(η5-phospholyl)Rh-
(CO)2] has a singlet ground state, with the lowest triplet state lying 55.1 kcal/mol above it.
The calculation of the electronic spectrum of this compound revealed that the MLCT charge
transfer band (M f CO) that leads to CO dissociation occurs at much higher energy (5.28
and 5.54 eV) than the value for the parent Cp compound. The methane substrate interacts
with the monocarbonyl compound, generated after CO dissociation, forming a η2 adduct,
which is stabilized by 11.7 kcal/mol. The C-H bond activation of methane proceeds through
a three-center transition state with a small activation enthalpy of 6.1 kcal/mol, relative to
the η2 adduct intermediate. Comparisons with the [(Cp)Rh(CO)2] analogue are made and
discussed. The results presented in this work suggest that the compound [(η5-phospholyl)-
Rh(CO)2] can be used to activate the C-H bond of alkanes.

Introduction

Over the past years, the intermolecular C-H bond
activation of alkanes, promoted by transition metal
complexes, by an oxidative addition mechanism, has
attracted much attention from the chemical commu-
nity.1 This is in part motivated by the fact that the
cleavage (or activation) and selective functionalization
of an “unreactive” C-H bond of an alkane molecule
would lead to the generation of compounds with direct
economic impact, since alkanes are the main constitu-
ents of natural gas. The activation of a C-H bond of
alkanes by an oxidative addition mechanism is an
intriguing event because alkanes are poor electron
donors and poor electron acceptors,2 which would make
its coordination to a transition metal complex, to
undergo an addition of the metal into the C-H bond,
an unlikely process. However, in a pioneering work,

Janowicz and Bergman3 and also Graham and co-
workers4 showed that metallocene-like complexes of the
type [(Cp)M(CO)2] (Cp ) η5-C5H5 and M ) Ir or Rh) are
able to activate the C-H bond of alkanes of moderate
size, leading to isolable products, in which new metal-
carbon and metal-hydrogen bonds are formed. The
reaction is initiated by photoinduced loss of CO, forming
a coordinatively unsaturated intermediate [(Cp)M(CO)]
species, which in the presence of alkane (R-H) under-
goes oxidative addition reaction, leading to the forma-
tion of a new, isolable, species, [(Cp)M(CO)(H)(R)], as
can be seen in Scheme 1.

The oxidative addition mechanism and the nature of
the intermediated involved in this reaction were con-
firmed by various experiments including low-tempera-
ture matrix isolation,5 pulsed laser photolysis,6 and
time-resolved infrared experiments.7 Despite the un-
derstanding of the first step of this reaction (CO loss
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from the dicarbonyl complex by photoexcitation), the
fast reaction kinetics and generation of short-lived
intermediates along the reaction pathway make the
understanding of the detailed mechanism a difficult
task. In this regard, quantum mechanical calculations
may help to elucidate the nature of the intermediates,
reaction mechanism, and energy barriers involved in
this reaction. In fact, since the publication of the
pioneering experimental results,3,4 this C-H activation
reaction has been studied extensively by theoretical
methods.8-15 These theoretical studies have contributed
to the understanding of the reaction mechanism and
nature of the intermediates involved,8-11,15 the exother-
micity of the reaction,12 the origin of the low quantum
yield for the C-H activation, and the inertness of [Co-
(Cp)(CO)] toward alkane activation, in contrast with its
Rh and Ir congeners.11,13

In this work we report a perspective, based on
quantum mechanical calculations, on the use of the [(η5-
phospholyl)Rh(CO)2] compound to promote C-H activa-
tion of methane. The five-membered-ring phospholyl
ligand, [C4H4P]-, hereafter called Pp, is an analogue
of cyclopentadienyl, in which a C-H unit is replaced
by phosphorus. This ligand exhibit a rich coordination
chemistry, which has been the subject of several review
articles.16 In recent years phospholyl and its derivatives
have been successfully employed as an alternative
ligand to replace cyclopentadienyl in some metallocene-
based catalytic cycles, for example, olefin polymeriza-
tion17-19 and asymmetric catalysis.20,21 These studies
have shown that the activity and stereo- and regiose-
lectivity of metallocene-based catalyst can be changed
by replacing one or both Cp’s by phospholyl ligands.
Very recently22 we have studied the structure and

nature of the metal-ligand interactions in mixed iron-
(II) compounds of the type Fe(Cp)(L), where L stands
for the ligands [C5H5], [C4H4P]-, [1,3-P2C3H3]-, and
[1,2,4-P3C2H2]-. We have found, at the MP4(SDQ)//
B3LYP level of theory, that changing a CH group of the
cyclopentadienyl ligand by phosphorus changes drasti-
cally the electronic structure of the resulting phospha-
metallocene and, thus, the reactivity of these com-
pounds. These results prompted us to further investigate
the reactivity of phospholyl complexes, and so, in the
present work we investigate the reactivity of (η5-
phospholyl)dicarbonylrhodium, [(η5-phospholyl)Rh(CO)2],
toward C-H activation of methane. The compound [(η5-
phospholyl)Rh(CO)2] is a model of [(2,5-di-tert-butylphos-
pholyl)Rh(CO)2], synthesized by Mathey and co-work-
ers,23 in which the bulky tert-butyl groups have been
replaced by hydrogen. In this work quantum mechanical
calculations, at the MP4(SDQ)//MP2 level, were carried
out to investigate the structures, excited states, nature
of the intermediates, energetics, and reaction mecha-
nism for the methane activation promoted by [(η5-
phospholyl)Rh(CO)2]. The results obtained are compared
with the reported values for the cyclopentadienyl ana-
logue in order to see the efficiency of the phospholyl
compound in this kind of reaction.

Theoretical Details

Full unconstrained geometry optimization and frequency
calculations were performed at the Møller-Plesset perturba-
tion (MP2) level of theory.24 The inner shell electrons (1s, 2s,
2p, 3s, 3p, and 3d) of rhodium were treated by the effective
core potential of Hay and Wadt (LANL2DZ),25 and the valence
electrons (4s, 4p, 4d, and 5s) were included explicitly in the
calculations, using the associated double-ú basis set with the
original [55/5/5] contraction scheme. The C, P, H, and O atoms
of the ligands were described by the correlated consistent
polarized valence double-ú basis set (cc-pVDZ) of Woon and
Dunning.26 The transition state structure obtained on the
potential energy surface for the C-H bond activation was
located using the quadratic synchronous approach of Schlegel
and co-workers,27 starting with a low level computed Hessian
matrix for a suitable guess transition state structure. To obtain
better energetic results, single-point energy calculations on the
MP2 optimized geometries were performed using fourth-order
Møller-Plesset perturbation theory (MP4), with single, double,
and quadruple excitations, called MP4(SDQ)//MP2, which is
our standard method for the study of catalytic reactions
promoted by organometallic catalysts.28

All stationary points located on the potential energy surfaces
were characterized as minima (no imaginary frequencies) or
first-order transition state (characterized by having one imagi-
nary frequency) through harmonic frequency calculations. To
better understand the reaction mechanism for the C-H bond
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was computed, using the Gonzalez-Schlegel second-order path
following,30 starting from the optimized transition state struc-
ture, with a steplength of 0.100 (amu)1/2‚bohr. All ab initio
calculations reported in this work were performed using the
Gaussian 98 program.31

Results and Discussion

Structure and Excited States of [(η5-phospho-
lyl)Rh(CO)2]. The [(η5-phospholyl)Rh(CO)2], PpCO2,
complex was optimized in the singlet and triplet elec-
tronic states, and the optimized MP2 structural param-
eters are shown in Figure 1. In the singlet state the Rh-
CO bond has a value of 1.831 Å, the coordinated CO
ligand has a bond length of 1.166 Å, and the distance
between the rhodium atom and the center of the
phospholyl ligand, r(Rh-XX), has a value of 1.901 Å.
The ∠CO-Rh-CO angle and the angle ∠CO-Rh-XX,
formed between the carbonyl ligand, the rhodium atom,
and the center of the Pp ring, has values of 89.9° and
135.1°, respectively. The singlet state of the [(Cp)Rh-
(CO)2] analogue has essentially the same structural
values, with the main deviations coming from the Rh-
XX distance, which is increased 0.032 Å, and the Rh-
CO bond, which is reduced 0.007 Å. These structural

parameter values, obtained at the MP2 level of theory,
are close to those computed at the B3LYP level of theory
for the singlet state of [(Cp)Rh(CO)2].14 As can be seen
in Figure 1, the structural parameters for the triplet
excited state are greater than those computed for the
singlet state. As an example, the Rh-CO bond in the
triplet state is 0.091 Å greater than the value for the
singlet state, the angle ∠CO-Rh-CO opens 11.3°, and
∠CO-Rh-XX angle decreases 11.6° as compared with
the values for the singlet state. In the triplet state the
interaction between the rhodium and the Pp ligand
should be less effective since the r(Rh-XX) distance in
the triplet state is augmented, compared with the value
for the singlet state, changing from 1.901 to 2.116 Å.
The triplet state has a spin density located at the
rhodium atom, and at the MP2 level of theory, the
energy of the triplet state is calculated to be much
higher than the singlet state. The singlet-triplet split-
ting energy (∆Est ) Etriplet - Esinglet) for the PpCO2
complex is 55.1 kcal/mol. This ∆Est is 21.7 kcal/mol
higher than the reported value of 33.4 kcal/mol for the
[(Cp)Rh(CO)2] compound, computed at the B3LYP level
of theory.14 This is an interesting result since the
existence of low-lying triplet states may play an impor-
tant role in the primary photophysical process that
takes place before the photoinduced CO loss from [(Pp)-
Rh(CO)2]. According to the work of Bromberg and co-
workers,32 the low quantum yield for the C-H activation
reaction promoted by the [(Cp)Rh(CO)2] complex may
be related with the primary photophysical process that
takes place before the photoinduced CO dissociation
from the [(Pp)Rh(CO)2] complex. The existence of low-
lying excited states below the MLCT bands, which lead
to the M-CO bond breaking, originates a competition
in which the UV excitation of the [(Cp)Rh(CO)2] popu-
lates excited states that do not lead to CO loss and, thus,
reduces the quantum yield. The molecular structures
and excited states of [(Cp)Rh(CO)2] were recently in-
vestigated theoretically by Hu and co-workers14 using
the B3LYP and the symmetry-adapted cluster-config-
uration interaction (SAC-CI) methods. The authors
found a strong ligand Cp to metal and CO charge
transfer, which lies in the same energy range as the
MLCT excitation bands, and they proposed a competi-
tive charge transfer mechanism as the origin of the low
quantum yield observed experimentally.

To compare the changes in the excited states and
excitation energies accompanying the replacement of Cp
in the compound [(Cp)Rh(CO)2] by the phospholyl ligand
Pp, generating the complex [(Pp)Rh(CO)2], we have
calculated the electronic spectrum of [(Pp)Rh(CO)2] in
the gas phase, within the semiempirical intermediate
neglect of differential overlap (INDO) approach, with
singly excited configuration interaction (CIS), named
INDO/CIS,33 using the parameters for the Rh atom
reported by Anderson, Cundari, and Zerner.34 The active
space employed for the electronic spectrum calculations
was composed of the 10 highest occupied and the 10
lowest unoccupied molecular orbitals. The calculated
excitation energies, main configuration, and oscillator
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Figure 1. MP2 optimized structural parameters for the
singlet and triplet electronic states of the [(η5-phospholyl)-
Rh(CO)2], PpCO2, compound.

2264 Organometallics, Vol. 24, No. 10, 2005 Xavier et al.



strength for the [(Pp)Rh(CO)2] compound are shown in
Table 1, and the schematic representation of the most
important orbitals involved in the electronic transitions
is shown in Figure 2. The lowest computed excitation
energy for the [(Pp)Rh(CO)2] compound occurs at 3.40
eV (364 nm), with zero oscillator strength. This is
essentially a HOMO f LUMO transition. As can be
seen in Figure 2, the HOMO has contributions coming
from the metal 4dxz, the phosphorus lone pair, and the
oxygen 2pz nonbonding orbitals, with a major contribu-
tion of the 4dxz metal orbital. The LUMO orbital is
centered at the Pp ligand, with π-antibonding character.
Excitation at this wavelength does not lead to CO
dissociation. There are two strong absorptions occurring
at 4.73 eV (262 nm) with oscillator strength 0.12227 and
at 5.28 eV (234 nm) with oscillator strength 0.10009.
The transition occurring at 4.73 eV involves the occupied
orbital 26 and the LUMO. As can be seen in Figure 2,
this is a charge transfer transition from the metal 4dz2

orbital to the π-antibonding orbital of the Pp ligand.
The electronic transition at 5.28 eV has major contribu-
tion from excitations starting at the occupied orbitals
26 and HOMO and ending at the unoccupied orbital 32,
which has an Rh-CO antibonding character. The
absorption occurring at 5.54 eV (224 nm) also involves
the excitation of orbital 26 (Rh 4dz2) to orbital 32 with
Rh-CO antibonding character. As a result, excitations
at 5.28 and 5.54 eV will correspond to the MLCT (M f
CO) band, which leads to the dissociation of CO from
the coordination sphere of the rhodium atom in the
[(Pp)Rh(CO)2] compound. The experimental MLCT band32

for the [(Cp*)Rh(CO)2] compound occurs at 4.20 eV. Our
results indicate that when Cp is replaced by phospholyl,
the resulting compound, [(Pp)Rh(CO)2], has a singlet
ground state, with the lowest triplet state lying 55.1

kcal/mol above it. The M f CO charge transfer band
occurs at much higher energy (5.28 and 5.54 eV) than
the value for the parent Cp compound. Other kinds of
MLCT charge transfer bands that do not lead to CO
dissociation occur in a different energy range, contrary
to the case of the Cp analogue, predicted theoretically.14

Structures of the Species Obtained along the
Reaction Pathway. The MP2 optimized geometries for
the monocarbonyl species, PpCO, the adduct formed
upon interaction of PpCO with methane, ADDUCT,
and the alkyl-hydride, PROD, generated along the
intrinsic reaction coordinate for the oxidative addition
reaction, are shown in Figure 3. Figure 3 also shows
the optimized geometries for the free CH4 and CO
ligands. When the [(Pp)Rh(CO)2] compound loses a
carbonyl ligand, generating the monocarbonyl species
PpCO, the main structural changes occurring involve
the Rh-CO, Rh-XX, and CO bond distances. As can
be seen in Figures 3 and 2, the Rh-CO bond length is
reduced by 0.026 Å on going from PpCO2 to PpCO,
and the CO distance is increased, varying from 1.166 Å
in PpCO2 to 1.173 Å in PpCO. The distance between
the rhodium and the center of the Pp ring decreases
from 1.901 Å to 1.868 Å when the CO dissociation
occurs. This structural result can be explained by the
fact that when a strong π-acceptor ligand such as CO
leaves the coordination sphere of the metal, the remain-
ing π-acceptor ligands interact more effectively with the
metal, reducing the M-L bond. The small increase of
0.007 Å of the CO bond may be attributed to the trans
effect of the Pp ligand, which weakens the CO bond.
This small increase of the CO bond is manifested in the
vibrational spectrum of the compounds. At the MP2
level of theory, the PpCO2 complex shows an asym-
metric stretching of the carbonyl ligand at 1980 cm-1.

Figure 2. Diagram of the most important orbitals involved in the electronic transitions of PpCO2.

Table 1. INDO/CIS Results for the [η5-phosphilyl)Rh(CO)2], PpCO2, Compound

main configuration
excitation

energy (eV)
oscillator
strength

0.92(27 f 28) 3.40 0.00000
0.33(25 f 29) - 0.90(27 f 28) 4.10 0.07317
0.87(25 f 29) + 0.34(27 f 28) 4.35 0.01328

-0.88(26 f 28) 4.73 0.12227
0.64(27 f 31) - 0.51(27 f 32) - 0.41(27 f 33) 4.84 0.01365

-0.44(27 f 31) - 0.79(27 f 33) 5.03 0.04048
-0.96(25 f 28) 5.25 0.01444

0.47(26 f 32) - 0.35(26 f 33) - 0.41(27 f 31) - 0.58(27 f 32) 5.28 0.10009
0.83(26 f 32) + 0.39(27 f 32) 5.54 0.04301
0.82(27f 34) 5.68 0.08838
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After CO dissociation, the asymmetric stretching of the
remaining carbonyl in the PpCO compound is 1957
cm-1. Interaction of methane with the monocarbonyl
species generates the ADDUCT intermediate. As can
be seen in Figure 3, the interaction of methane with the
monocarbonyl species PpCO does not change apprecia-
bly the structure of this compound, indicating the weak
nature of this interaction. The methane interacts with
PpCO in a η2 fashion through the C-H bond. The
distance of the metal to the carbon atom is computed
as 2.537 Å, and the Rh-H distance is 1.899 Å. The C-H
bond of methane increases 0.041 Å upon interaction
with the rhodium atom, varying from 1.100 Å in the free
ligand to 1.141 Å in the ADDUCT. This adduct struc-
ture has a CO stretching frequency of 1964 cm-1,
computed at the MP2 level of theory, and the C-H bond
interacting with the metal has an asymmetric C-H
stretching of 2672 cm-1, which, compared with the value
for the free methane ligand (3080 cm-1), represents a
reduction of 408 cm-1 due to the interaction with the
rhodium atom. The bending frequency of the methane
ligand increases from 1338 cm-1 in the free ligand to
1618 cm-1 in the adduct. The appearance of these new
vibrations involving the methane ligand can be used to
monitor the formation of the ADDUCT species. The
transition state structure, TS (Figure 3), obtained for
the oxidative addition has an imaginary frequency of
857i cm-1. The nuclear displacement associated with
this normal mode displays a concerted mechanism in
which the C-H bond is breaking and, at the same time,

the Rh-C bond is forming. The C-H bond distance of
1.416 Å is even more elongated as compared with the
C-H bond distance of 1.141 Å in the η2 ADDUCT,
representing an increase of 24%. The Rh-H and Rh-C
bonds start to form, with distances of 1.568 and 2.208
Å, respectively. The other structural parameters remain
unchanged as compared with the ADDUCT structure.
Further interaction between the incoming methane
molecule with the metallic fragment generates the
methyl-hydride compound, PROD, in which the C-H
bond is completely dissociated, with a C-H distance of
2.287 Å. The new Rh-C and Rh-H bonds formed have
the values 2.104 and 1.528 Å, respectively. The variation
of the main structural changes occurring along the
reaction pathway for the C-H bond activation of
methane is show in Figure 4, in which the concerted
nature of the reaction can be seen.

Reaction Energetics. The intrinsic reaction coor-
dination (IRC) profile for the oxidative addition reaction
is shown in Figure 4, and the energetic results are
summarized in Table 2. As can be seen from Figure 4
and Table 2, the enthalpy variation associated with the
CO dissociation process PpCO2 f PpCO + CO is 57.9
kcal/mol at the MP2 level of theory. At the MP4(SDQ)//
MP2 level this value reduces to 52.1 kcal/mol. This
result is of the same order of magnitude as compared
with the computed value for the Cp analogue14 and
shows that the CO dissociation is a very demanding
energy process. The interaction of methane with the
monocarbonyl compound PpCO is an exothermic pro-

Figure 3. MP2 optimized structures of the main species obtained along the reaction path of the methane oxidative addition.
Bond lengths are given in Å and bond angles in degrees.
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cess, releasing 13.2 kcal/mol at the MP2 level of theory,
and at the MP4(SDQ)//MP2 level the computed enthalpy
for this process, CH4 + PpCO f ADDUCT, is -11.7
kcal/mol. This result indicated that methane forms a
weak interaction with the metallic fragment, which
stabilizes the resulting complex (ADDUCT). The nature
of this weak interaction can be attributed to a small
electron density donation from the σ(C-H) molecular
orbital of methane to the metal.2 At the MP2 level of
theory, the activation parameters ∆E# and ∆H# for the
process ADDUCT f TS are 4.2 and 3.5 kcal/mol,
respectively. At the MP4(SDQ)//MP2 level the values
for ∆E# and ∆H# increase to 6.8 and 6.1 kcal/mol,
respectively. The activation enthalpy for the C-H bond
activation for the Cp analogue [(Cp*)Rh(CO)2] has been
estimated in liquid noble gases to be approximately 6
kcal/mol.35 Our results indicate that the activation
parameters for the compound [(Pp)Rh(CO)2] are of the
same order of magnitude as the value found for the Cp

analogue, and so, the C-H activated product should
form with a half-life of the same order of the Cp
analogue of about 200 ns.32 The formation of the alkyl
hydride compound from the transition state, TS, is an
exothermic process, with a ∆H of -10.8 kcal/mol com-
puted at the MP2 level of theory. However, at the MP4-
(SDQ)//MP2 level, the ∆H is -6.3 kcal/mol, which
corresponds to an increase of 4.5 kcal/mol. So, as can
be seen in Table 2, we may conclude that the effect of
the of inclusion of a higher correlated level, for the
process ADDUCT f PROD, is more pronounced in the
relative stability of the species involved than in the
activation energies parameter, since the effect of a
higher level of electron correlation is to reduce by 2.6
kcal/mol the ∆E# and ∆H#, while this effect increases
the ∆E and ∆H by 4.5 kcal/mol.

Figure 5 summarizes the ∆H profile for the activation
of methane by the [(η5-phospholyl)Rh(CO)2] compound,
relative to the isolated monocarbonyl, PpCO, and
methane. As can be seen, the overall exothermicity of
the reaction (PpCO + CH4 f PROD) is -12.4 kcal/
mol at the MP4(SDQ)//MP2 level of theory. At the MP2
level of theory, the exothermicity of the reaction is
overestimated, being -20.5 kcal/mol, which represents
a difference of 8.1 kcal/mol. This controversial exother-
micity for the C-H bond activation of methane was also
found for the Cp analogue [(Cp)Rh(CO)2] reported by
Couty and co-workers,12 who calculated the ∆E for this
reaction, without thermal corrections to the enthalpy,
and showed that the MP2 results, with a different basis
set, are only qualitative. As can be seen in Figure 5,
relative to the initial reactants, the reaction proceeds
without energy barrier, which is also observed for the
Cp analogue.1e The small activation enthalpy of 6.1 kcal/
mol, at the MP4(SDQ)//MP2 level of theory is relative
to the η2 adduct intermediate, ADDUCT, formed by the
interaction of PpCO with methane.

Summary and Conclusions

In this work, quantum mechanical calculations at the
MP4(SDQ)//MP2 level were carried out to evaluate, a

(35) Schultz, R. H.; Bengali, A. A.; Tauber, M. J.; Weiller, B. H.;
Wasserman, E. P.; Kyle, K. R.; Moore, C. B.; Bergman, R. G. J. Am.
Chem. Soc. 1994, 116, 7369.

Table 2. Computed Energies (in kcal‚mol-1) for the Overall Process of C-H Activation of Methane
MP2 MP4(SDQ)//MP2a

process ∆EZPE ∆H ∆EZPE ∆H

CO dissociation PpCO2 f PpCO + CO 57.1 57.9 51.2 52.1
adduct formation PpCO + CH4 f ADDUCT -12.9 -13.2 -11.5 -11.7
C-H activation ADDUCT f TS 4.2 3.5 6.8 6.1
product formation TS f PROD -10.8 -10.8 -6.3 -6.3

a Zero-point energy and thermal corrections computed at the MP2 level of theory.

Figure 4. (A) Intrinsic reaction coordinate (IRC) for the
C-H bond activation of methane. (B) Variation of the C-H,
Rh-H, and Rh-C bonds along the reaction coordinate.
Values are given in Å.

Figure 5. Overall MP4(SDQ)//MP2 enthalpy profile (in
units of kcal/mol) for the methane activation reaction,
relative to the isolated species PpCO and CH4. The MP2
values are given in parentheses.
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priori, the reactivity of [(η5-phospholyl)Rh(CO)2], Pp-
CO2, toward C-H bond activation of methane. The
study of the catalyst precursor PpCO2 revealed that it
has a singlet ground state, with the lowest triplet state
lying 55.1 kcal/mol above it. This singlet-triplet split-
ting energy is 21.7 kcal/mol higher than the reported
value for the [(Cp)Rh(CO)2] compound. INDO/CIS cal-
culations revealed that the M f CO charge transfer
band which leads to CO dissociation occurs at much
higher energy (5.28 and 5.54 eV) than the value for the
parent Cp compound. Other kinds of MLCT charge
transfer bands that do not lead to CO dissociation occur
in a different energy range, contrary to the case of the
Cp analogue, predicted theoretically. The CO dissocia-
tion from the dicarbonyl species, PpCO2, to generate
the active catalyst PpCO, has an activation enthalpy
of 52.1 kcal/mol. The methane substrate interacts with
the monocarbonyl compound PpCO, forming a η2 ad-
duct, which is stabilized by 11.7 kcal/mol. In this η2

adduct, the frequencies associated with the asymmetric
C-H stretching and bending vibrations of the methane
are drastically changed when compared with the free
ligand. The stretching vibration reduces of 408 cm-1 due
to the interaction with the rhodium atom, and the
bending frequency of the methane ligand increases from
280 cm-1. These vibrations can be used to monitor the
adduct formation along the reaction path. The C-H
bond activation of methane proceeds through a three-
center transition state with a small activation enthalpy

of 6.1 kcal/mol, relative to the η2 adduct intermediate,
ADDUCT, formed by the interaction of the monocar-
bonyl species, PpCO, with methane. This computed
activation enthalpy is of the same order as that pre-
dicted experimentally for the Cp analogue. This work
presents theoretical evidence that the replacement of
cyclopentadiene in the compound [(Cp)Rh(CO)2] by the
phospholyl ligand generates a compound, [(η5-phospho-
lyl)Rh(CO)2], which can be used to activate the C-H
bond of alkanes, which awaits future experimental
work.
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