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The mechanism of competitive intramolecular C-C and C-H bond activation in PCN
pincer complexes of rhodium(I) has been studied computationally. Experimentally this system
exhibits exclusive cleavage of an aryl-methyl C-C bond; no products corresponding to C-H
bond cleavage in the methyl group have been observed. The calculated relative energies
indicate that the C-C activation product is the most stable one (∆E < -50 kJ‚mol-1 relative
to the C-H activation product) and that its formation is irreversible. C-H activation is not
kinetically forbidden, but it is fast and reversible. Because of the weak Rh-N bond several
intermediates on the C-H activation paths are accessible; therefore low concentrations of
these species are a plausible reason for the experimental result. Further, this study reveals
that the unique preference of C-C bond activation in the PCN system results from
insufficient stabilization of the C-H activation product due to strain. To model the complete
ligand including all bulky substituents used in the experiment, the ONIOM method has
been employed, using the B3LYP/lanl2dz level for the inner layer and the HF/lanl1mb level
to model substituent effects.

1. Introduction

Transition metal complexes are well known to cleave
nonactivated C-H bonds under mild conditions.1-6

Using PCP type pincer ligands, Milstein et al. showed
that intramolecular C-C bond activation may occur on
the same time scale,7-9 although the corresponding
activation barriers are usually considered to be much
higher.10,11

For the PCP system the reaction mechanism involves
an intermediate structure from which both C-C and
C-H activation are possible. Experimental investiga-
tions7-9 supported by quantum chemical calculations12,13

give evidence that in the case of M ) Rh the C-C
activation product is thermodynamically more stable
than the C-H activation product. The latter can slowly
interconvert to the former, but C-H and C-C bond
activation could be observed simultaneously.

For the PCN ligand (i.e., a system in which one
phosphino group is replaced by an amino group, see
Scheme 1) the experiment reveals no C-H activation
at all by rhodium(I).14 This outcome is surprising, since
C-H bond activation of saturated hydrocarbons is
usually expected to be kinetically as well as thermody-
namically favored.15,16 To rationalize the high selectivity
of the PCN/rhodium(I) system toward C-C bond activa-
tion, two explanations could be considered.14
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1. C-C activation is kinetically favored; oxidative
addition to the C-H bond is therefore suppressed, and
the system selectively cleaves the carbon-carbon bond.

2. The C-C product is thermodynamically more
stable, while C-H activation (though taking place) is
very fast and reversible. In this case the C-H product
presumably could not be detected in the experiment (i.e.,
by NMR spectroscopy) because of its short lifetime and/
or low concentration.

The application of quantum chemical methods prom-
ises to make a decision possible. In this computational
study we aimed to locate relevant stationary points on
the energy hypersurface to uncover potential steps of
the reaction mechanism because several intermediates
are hidden to the experimental approach due to their
elusive character.

In comparison with the PCP/rhodium(I) system, a
further complication in the reaction mechanism results
from the difference in bond strengths between the Rh-P
and the Rh-N bond. The more labile coordination of
the hard amine donor17 could allow the corresponding
“arm” of the chelating ligand to detach during or prior
to the activation reaction. This change in the coordina-
tion number of the rhodium atom may open an alterna-
tive reaction pathway with different relative activation
energies for C-C and C-H bond cleavage. So we had
to extend our search to areas of the energy hypersurface
involving “open” structures, i.e., structures with the
PCN “pincers” acting as a monodentate ligand.

2. Computational Methods

The PCN ligand possesses no symmetry, so a complete DFT
(density functional theory) optimization of several stationary
points (transition states and minima) with even a double-ú
basis set is not feasible for the ligand used in the experiment.
Unfortunately, the bulky substituents cannot be neglected (as
we showed for the PCP ligand system in a recent paper12), so
we employed the ONIOM approach developed by Morokuma
et al.18 to model the complete ligand system with all substit-
uents used in the experiment(i.e., the ligand 1-((diethylamino)-
methyl)-3-((di-tert-butylphosphino)methyl)-2,4,6-trimethylben-
zene).

We defined a two-layer model. The outer layer comprises
the entire complex, and the inner layer consists of the “generic”
complex (i.e., the ligand 1-(aminomethyl)-3-(phosphinomethyl)-
benzene; all bulky substituents at the nitrogen and phosphorus
atoms as well as the two methyl groups in 4 and 6 position of
the phenyl ring are replaced by hydrogens).

Relativistic corrections to the electronic energy are included
implicitly for both layers by the use of relativistic effective core
potentials (RECPs). The inner layer is described at the B3LYP
density functional level19 with a basis set of valence double-ú
quality (lanl2dz basis set/RECP20-22), whereas for the outer
layer the Hartree-Fock/minimal basis set level was utilized
(lanl1mb basis set/RECP20-22). We will abbreviate this com-
bination as “ONIOM(B3LYP/lanl2dz:HF/lanl1mb)”. For the
parameter “f” of the ONIOM method the default values of the
implementation in the Gaussian 98 set of programs23 have
been used (i.e., f ) 0.773169 for P-C, 0.723886 for C-C, and
0.700189 for N-C bonds).24 This parameter defines the posi-

tion of auxiliary hydrogen atoms that are needed to “saturate”
the bonds cleaved for the inner layer calculation. “f” determines
a fraction of the corresponding bond length. All molecular
structures were completely optimized either at the B3LYP/
lanl2dz or at the ONIOM(B3LYP/lanl2dz:HF/lanl1mb) level,
using analytical gradients. The stationary points were char-
acterized by inspection of the analytically calculated Hessians.
The eigenvalues of the Hessian have also been used to estimate
∆G(298 K) and ∆H(298 K) within the rigid rotor/harmonic
oscillator approximation.

In addition, single-point energy calculations at the B3LYP/
lanl2dz+p or the ONIOM (B3LYP/lanl2dz+p:B3LYP/lanl2dz)
level have been performed for all stationary points in order to
obtain more reliable thermochemical data. The basis set
lanl2dz+p consists of the lanl2dz basis set augmented by d
polarization functions on P and Cl and a single f function on
Rh.25,26 For first-row atoms the standard Dunning-Hay
D95V(p,d) basis set27 was utilized.

For all calculations the Gaussian 98 set of programs23 was
used, running on the SGI Origin 2000 of the Faculty of
Chemistry of the Weizmann Institute and on SGI Octane,
Compaq XP 1000, and Compaq ES 40 workstations in our
laboratory. The structures have been visualized using the
program MOLDEN 3.6.28

3. Results and Discussion

3.1. Suitability of the ONIOM Model. For the C-C
activation product (3) formed with the ligand 1-((di-
ethylamino)methyl)-3-((di-tert-butylphosphino)methyl)-
2,4,6-trimethylbenzene a crystal structure is available.

A comparison of our calculated results with the
experimental data (see Table 1) shows them to be in
good agreement. The effect of the bulky substituents
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(19) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5653.
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Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
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Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
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Table 1. Structural Parameters for Structures 3
(Bond Lengths in Å, Angles in deg)

R

Ha methyla methylb fullb expt14

RhCipso 1.999 1.989 1.994 2.008 1.970(4)
RhC 2.057 2.055 2.055 2.046 2.044(4)
RhN 2.119 2.184 2.207 2.260 2.186(3)
RhP 2.354 2.339 2.299 2.354 2.2307(11)
RhCl 2.499 2.532 2.527 2.546 2.4576(10)
∠NRhP 165.2 164.4 163.9 161.2 160.16(10)
∠CipsoRhCl 166.6 165.4 165.1 174.6 170.04(11)
∠CRhCipso 90.8 88.1 88.0 85.9 80.9(2)

a B3LYP/lanl2dz. b ONIOM(B3LYP/lanl2dz:HF/lanl1mb).
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(see Figure 1 for a perspective view) appears to be rather
small in this structure, and even a calculation with
hydrogen atoms replacing the bulky groups seems to
reproduce the structural features of the ligand core quite
well.

Unfortunately, the effect is more pronounced, for
example, for the corresponding C-H activation product.
Some calculated structural parameters for this complex
(no experimental data are available) are given in
Table 2.

By the repulsive interaction of the rhodium-bound
chlorine and the substituents of the phosphino and
amino groups, especially the rhodium-nitrogen bond
becomes longer (∆r ) 0.23 Å relative to a system with
hydrogen substituents). This might be interpreted as
an indicator for the destabilizing effect of the bulky
groups operative in this complex. As a consequence,
substituent effects cannot be neglected, because the
potential energy surface is distorted in favor of the C-C
activation product due to this repulsive interaction
(∆ECH-CC ) 23.4 kJ‚mol-1 for H, 39.2 kJ‚mol-1 for
methyl, and 52.2 kJ‚mol-1 for the complete ligand (see
Table 3)). We previously reported this finding for the
PCP ligand system.12

For a complex with methyl substituents at the phos-
phorus and nitrogen atoms, both ONIOM and B3LYP/
lanl2dz calculations for the entire molecule are feasible.
These demonstrate that the error introduced by the low-
level treatment of the outer layer is rather small. The
bond lengths computed at both levels of theory suggest
that the ONIOM calculation underestimates the Rh-P
and overestimates the Rh-N distance relative to the
DFT calculation by ≈0.04 Å. Since the deviations in the
relative energies are smaller than 7 kJ‚mol-1 (see Table
4 for the relative energies) and the calculated harmonic
frequencies for the Rh-N and Rh-P stretching modes
differ by no more than 10 cm-1 between both methods,
we can assume that the error introduced by the ap-
proximations within the ONIOM method will not distort
the energy profiles relative to a DFT treatment of the
entire molecule, and we can rely on the error compensa-
tion.

3.2. Pathway Involving a Chelating PCN Ligand.
To find the reason for the high selectivity of the PCN
system toward C-C cleavage (and decide which of our

Figure 1. Perspective view of the C-C product 3 and the
C-H product 4. All substituents are shown in order to
illustrate sterical crowding.

Table 2. Structural Parameters for Structures 4
(Bond Lengths in Å, Angles in deg)

R

Ha methyla methylb fullb

RhH 1.534 1.532 1.534 1.524
RhC 2.106 2.109 2.119 2.099
RhN 2.150 2.261 2.299 2.383
RhP 2.375 2.363 2.313 2.362
RhCl 2.489 2.507 2.501 2.526
∠RhCCipso 84.5 84.8 84.7 88.7
∠NRhP 163.0 162.6 162.1 158.1
∠CRhCl 164.8 174.2 175.2 175.8
∠HRhC 90.3 90.3 90.8 87.8

a B3LYP/lanl2dz. b ONIOM(B3LYP/lanl2dz:HF/lanl1mb).

Table 3. Comparison of ONIOM and DFT
Energetic Data (in kJ‚mol-1)c at Different Levels

of Theory

structure
H

(DFT)
methyl
(DFT)

methyl
(ONIOM)

complete
(ONIOM)

3 a -45.5 -48.1 -47.9 -58.9
b -30.6 -34.0 -36.9 -52.1

4 a -5.3 6.3 2.7 -7.4
b -7.2 5.2 9.4 -0.1

TS-2-3 a 55.7 62.5 63.6 58.2
b 59.1 65.5 64.3 61.2

TS-2-4 a 39.0 56.9 58.2 55.2
b 27.8 47.7 54.1 54.3

a B3LYP/lanl2dz and ONIOM(B3LYP/lanl2dz:HF/lanl1mb,
respectively. b B3LYP/lanl2dz+p//B3LYP/lanl2dz and ONIOM-
(B3LYP/lanl2dz+p:B3LYP/lanl2dz)//ONIOM(B3LYP/lanl2dz:HF/
lanl1mb), respectively. c All energies are given relative to 2.

Scheme 2

Scheme 3
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two basic assumptions holds true), we explored a variety
of reaction pathways (see Schemes 2 -4). Starting from
the coordinatively highly unsaturated rhodium(I) com-
plex 1 (see Figure 2 for a perspective representation),
several intramolecular reactions can occur.

In 1 a linearly coordinated rhodium(I) center forms
an agostic bond with a C-H bond of the methyl group.
We chose 1 as a possible entry channel for the activation
reaction because it seems to be easily accessible by
dissociation of a chloro-bridged dimer (see Figure 3),
which is a plausible intermediate under the reaction

conditions present in the experiment:14 The reaction
starts from a dimeric, chloro-bridged rhodium(I) olefin
complex.29,30 Prior to the bond activation reaction a
ligand substitution has to take place. Monodentate
phosphine coordination seems to be the most plausible
reaction at this stage.

According to our calculated energies (See Table 4), the
most facile reaction pathway (i.e., the one with the
lowest activation barrier) involves a conformational
change from a linear to a bent arrangement of the
phosphino and the chloro ligand bringing the agostic
bond into the trans position of the chloro ligand. This
step requires almost no activation energy (∆E ≈ 1
kJ‚mol-1) and stabilizes the system by 44.5 kJ‚mol-1.
For comparison, we optimized the linear and the bent
conformation of the dicoordinate rhodium(I) model
complex RhClPH3. At the B3LYP/lanl2dz+p//B3LYP/
lanl2dz level, the bent conformer was found to be 32.2
kJ‚mol-1 more stable than the linear one. Thus, the
influence of the agostic bond on the conformation
preferred is rather small.

In the bent complex 1a, the free coordination site of
the unsaturated complex fragment is in an appropriate
position to allow amino group attachment to form a
square-planar ligand field (see Figure 2). For the Rh-N
bond formation, the methyl group has to reorient,
necessitating cleavage of the agostic bond. This causes
an activation barrier of 11.2 kJ‚mol-1 for the formation
of 2. Here, one coordination site in the square-planar
ligand field of the rhodium atom is saturated by η2

complex formation with the π system of the phenyl ring.
Due to the increase in the coordination number from
three to four, the complex is stabilized by 55.7 kJ‚mol-1

(in comparison with 1a).
The local minimum 2 is a common intermediate from

which C-H as well as C-C activation is possible as
depicted in Figure 4. Similar to the PCP system, both
reactions are competitive and occur on the same time
scale (our calculated activation energies are almost
equal, ∆E ≈ 60 kJ‚mol-1). In contrast to the PCP ligand,
no intermediate with a tetracoordinate rhodium atom
and an agostic interaction with a C-H bond of the
methyl group could be found here. The reason for this
has to be sought not so much in electronic effects (e.g.,

(29) Cramer, R. Inorg. Chem. 1962, 1, 722.
(30) Herde, J. L.; Senoff, C. V. Inorg. Nucl. Chem. Lett. 1971, 7,

1029-1031.

Figure 2. Perspective view of the stationary points
involved in the conversion of the entry channel 1 to the η2

intermediate 2. Additionally, the alternative conformer 2a
is shown. The structures are optimized at the ONIOM-
(B3LYP/lanl2dz:HF/lanl1mb) level. For clarity, in this and
the following figures, all substituents have been replaced
by hydrogen atoms (i.e., only the inner layer of the ONIOM
calculation is shown). The Cartesian coordinates of all
atoms are available as Supporting Information.

Scheme 4

Figure 3. Schematic representation of a hypothetical
dimeric intermediate formed from [Rh(C2H4)2Cl]2 and the
PCN ligand. Calculations at the B3LYP/lanl2dz level for a
model compound for this dimer ([Rh(C2H4)(PH3)Cl]2) reveal
that the Rh-Cl bonds are cleaved in the way shown if the
Rh-Rh distances are increased.

1786 Organometallics, Vol. 20, No. 9, 2001 Sundermann et al.
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the amino group being a weaker donor) but predomi-
nantly in the fact that the amino “arm” is too short to
allow an optimal interaction of the chelated rhodium
atom with the C-H bonds of the methyl group. Because
the C-N as well as the Rh-N bonds are shorter than
the corresponding bonds in the phosphine “arm”, the
rhodium atom is forced too close to the phenyl ring, and
therefore the η2 complex is favored. To demonstrate this,

we also optimized a conformation 2a in which the
“amino arm” is oriented trans to the phenyl ring (see
Figure 4). For this minimum the Rh-C distances (Table
4) are very similar to those in 2, but because of the
missing stabilization by the amino coordination, 2a is
found to be 72.5 kJ‚mol-1 less stable than 2. Its energy
is very similar to the “open” agostic complex 1. Thus,
in the PCN system η2 coordination and the formation
of an agostic bond have comparable stabilizing effects
on the transition metal atom, and the preference of the
η2 structure is a consequence of the binding to the amino
“arm”.

Very recently, low-temperature observation of an
intermediate for this reaction has been reported.31

Multinuclear NMR at -80 °C suggests a structure
similar to 2 but lacking the η2(Cipso-Cortho) interaction.
Experimental evidence appears to rule the latter out
altogether. The reason for the discrepancy between
computed and observed structures is not clear, but
solvent effects would be a likely candidate.

The η2 complex is connected on the energy hypersur-
face to the transition states for C-C (TS-2-3) and C-H
activation (TS-2-4). For both reaction paths the amino
and the phosphino groups remain bound to the rhodium
atom throughout. The structures are qualitatively equiva-
lent to the Cs symmetric ones found for the PCP ligand.
The corresponding square-pyramidal product complexes
are again similar to the structures found for the PCP
ligand system: the basal positions are occupied by the
donor atoms of the chelating “arms” and by the chloro
ligand. In the apical position, either the methyl group
(C-C product 3) or the hydrogen atom (C-H product
4) is found. A comparison of the relative energies reveals
that 3 is by far the most stable structure we could find
for the reaction system. It is by ∆E ≈ 50 kJ‚mol-1 more
stable than the C-H product 4. The latter has ap-
proximately the same energy as the η2 complex 2. This
implies that C-H activation is reversible and the
reductive elimination of C-H (i.e., the back-reaction of
the activation) occurs at the same rate as the formation
of 4, while C-C activation is an irreversible process.

3.3. Pathway Involving only P-Coordination of
the PCN Ligand. 3.3.1. C-H Activation. Starting
from complex 1, C-H and C-C activation should in
principle be possible without attachment of the amino
group.32 Therefore, we tried to locate the corresponding
stationary points on the energy hypersurface.

Oxidative addition of the C-H bond to the rhodium
atom is depicted in Scheme 2. For the C-H activation
reaction via the transition state TS-1-5endo only a very
small activation energy of 6.5 kJ‚mol-1 is necessary. In
the course of this reaction, the C-H product complex
5endo is formed; its structure is best described as a
square-pyramidal complex fragment with one free co-
ordination site in a basal position and the rhodium-
bound hydrogen atom at the apex (for a perspective
representation see Figure 5). In contrast to 4, the latter
is oriented endo, i.e., toward the phenyl ring of the
ligand core.

(31) Gandelman, M.; Vigalok, A.; Konstantinovski, L.; Milstein, D.
J. Am. Chem. Soc. 2000, 117, 9848-9849.

(32) van der Boom, M. E.; Liou, S.-Y.; Shimon, L. J. W.; Ben-David,
Y.; Milstein, D. Organometallics 1996, 15, 2562-2568.

Table 4. Relative Energies (in kJ‚mol-1)a for All
Stationary Points of the Rhodium(I) PCN Complex

(PCN ) 1-((Diethylamino)methyl)-3-((di-tert-
butylphosphino)methyl)-2,4,6-trimethylbenzene)

Calculated in This Study
structure ∆Eb ∆Ec ∆G(298 K)b ∆H(298 K)b

1 0 0 0 0
1(rot) 6.4 -4.0 3.6 6.4
TS-1-1a 10.8 1.1 12.7 8.1
1a -26.7 -44.5 -21.2 -24.6
TS-1a-2 -1.8 -33.3 5.7 -3.0
2 -77.5 -100.2 -64.5 -74.6
2a -0.6 -27.7 -0.1 1.2
3 -136.4 -152.3 -128.9 -141.1
TS-2-3 -19.3 -39.0 -7.7 -23.0
4 -84.9 -100.3 -69.6 -88.8
TS-2-4 -22.3 -45.9 -11.1 -30.9
5endo -70.5 -69.8 -87.4 -92.6
5endo(rot) -77.6 -83.3 -80.9 -83.5
5exo -64.9 -67.5 -67.3 -70.7
5exo(rot) -78.9 -82.6 -82.6 -84.8
TS-1-5endo 14.5 6.5 8.7 4.1
TS-1-5exo(rot) 35.3 28.7 28.0 25.1
TS-1-5exo(rot) 35.6 16.8 28.6 26.4
TS-5endo-5exo -40.3 -38.4 -39.8 -48.1
TS-4-5exo -59.2 -72.9 -59.5 -67.7
TS′-5endo-5exo 48.7 29.3 42.0 38.0
6 -70.6 -74.5 -80.4 -76.2
TS-1-6 51.9 29.6 45.0 43.5
7 -31.3 -67.0 -13.1 -25.1
TS-5endo-7 -23.6 -40.6 -16.7 -33.8
1N 54.8 46.8 59.2 55.6
6N -25.6 -22.4 -17.7 -25.5
5N -13.6 -21.5 -9.5 -18.2
TS-1N-5N 68.4 54.8 67.1 59.0
TS-1N-6N 157.9 151.0 161.8 153.4
8 10.0 2.6 9.6 10.2
TS-8-9 22.8 9.4 16.2 12.7
9 -73.8 -76.7 -76.3 -79.3

a The entry channel 1 was chosen as the origin of the
energy scale. b ONIOM(B3LYP/lanl2dz:HF/lanl1mb). c ONIOM-
(B3LYP/lanl2dz+p:B3LYP/lanl2dz)//ONIOM(B3LYP/lanl2dz:HF/
lanl1mb.

Figure 4. Perspective view of the stationary points
involved in the interconversion of the C-H product into
the C-C product: 4 f TS-2-4 f 2 f TS-2-3 f 3. (For
more details see caption of Figure 2.)
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The formation of 5endo is an exothermal process; the
reaction energy is -69.8 kJ‚mol-1. Thus, 5endo is only
30.5 kJ‚mol-1 less stable than 4. A direct conversion of
5endo into 4 by amino group attachment is not possible
because a prior rotation from the endo to an exo
orientation of the hydrogen atom is necessary. According
to our calculations, this reaction is most likely to proceed
via an intermediate 5exo, which differs only in the
orientation of the rhodium-bound hydrogen. Conse-
quently, both structures have almost equal energies (the
energy difference of 2.2 kJ‚mol-1 is below the accuracy
of our method). The mechanism for the conversion of
5endo to 5exo involves the rotation of the rhodium-bound
CH2 group. The corresponding activation energy is 31.4
kJ‚mol-1 (relative to 5endo). A direct rotation of the
rhodium-bound hydrogen atom around the Cl-Rh-P
axis with a planar-coordinated rhodium atom in the
transition state TS′-5endo-5exo is symmetry forbidden
and has an activation barrier of 99.1 kJ‚mol-1.

In addition we also located a transition state for a
direct formation of 5exo from 1. This reaction proceeding
via the transition state TS-1-5exo requires an activation
energy of 28.7 kJ‚mol-1 because the rigidity of the
phosphine arm does not allow an optimal Rh-C-H
arrangement in the tricoordinate transition state. There-
fore the route 1 f 5endo f 5exo seems to be more
favorable.

Once the rhodium-bound hydrogen atom is in exo
position, the amino “arm” can attach, saturating the free

coordination site in 5exo. The C-H activation product
4, which is 32.9 kJ‚mol-1 more stable than 5exo, is
formed almost without barrier.

3.3.2. C-C Activation. We also investigated the
oxidative addition of the Csp

2-Csp
3 bond to the rhodium

atom involving the PCN ligand with a detached amino
“arm”. The corresponding stationary points are depicted
in Scheme 3.

To ensure that the amino group remains detached for
all stationary points, we had to perform our calculations
on a conformer with the amino group rotated by 120°
around the N-C bond (for a pictorial representation of
one of these structures see 5endo(rot) in Figure 4).
Otherwise, the rhodium atom is always in such close
proximity to the nitrogen lone pair that the amino group
will attach without barrier and the “open” structures
are not stationary points.

To ensure that the error introduced by this “trick” is
small, we also calculated some stationary points from
the “open” C-H activation reaction described above with
the amino group in the rotated orientation. Accordingly,
the stationary points with the amino group rotated are
about 12-16 kJ‚mol-1 more stable than the correspond-
ing structures with the lone pair oriented toward the
rhodium atom. Although these absolute numbers are
not very meaningful, the important point is that the
hypersurface is essentially parallel in both conforma-
tions, and therefore a comparison with the C-C activa-
tion reaction can be justified.

Table 5. Selected Structural Parameters for the Stationary Points for the Complex with the Complete
Ligand Included in This Studya

structure Rh-P Rh-N Rh-H/C Rh-C ∠PRhCl/N ∠CRhH/C

1 2.342 4.605 1.861H 2.456m 174.0 26.8H

1(rot) 2.346 5.622 1.821H 2.489m 174.8 25.7H

TS-1-1a 2.302 4.587 1.843H 2.488m 146.0 26.0H

1a 2.266 4.718 1.875H 2.524m 102.0 25.1H

TS-1a-2 2.271 3.490 1.806H 2.549m 137.1 23.7H

2 2.372 2.239 2.510o 2.241i 174.3N

2a 2.301 4.419 2.430o 2.278i 97.9
3 2.354 2.260 2.046m 2.008i 161.2N 88.5C

TS-2-3 2.356 2.268 2.284m 2.086i 162.1N 48.6C

4 2.362 2.383 1.524H 2.099m 158.1N 87.8H

TS-2-4 2.369 2.302 1.593H 2.214m 159.4N 42.9H

5endo 2.322 4.186 1.522H 2.077m 167.2 90.6H

5endo(rot) 2.339 5.065 1.519H 2.068m 173.0 92.9H

5exo 2.327 4.124 1.520H 2.090m 165.5 90.8H

5exo(rot) 2.348 4.903 1.522H 2.065m 174.8 92.1H

TS-1-5endo 2.333 4.345 1.604H 2.222m 171.6 39.7H

TS-1-5exo(rot) 2.319 4.735 1.594H 2.166m 173.7 42.5H

TS-1-5exo(rot) 2.345 4.849 1.612H 2.288m 176.1 34.2H

TS-5endo-5exo 2.311 4.935 1.523H 2.050m 173.3 90.1H

TS-4-5exo 2.285 3.607 1.521H 2.093m 133.0 89.4H

TS′-5endo-5exo 2.380 3.835 1.562H 2.084m 147.2 144.0H

6 2.280 4.135 2.039C 2.031a 104.3 86.2C

TS-1-6 2.287 4.079 2.285C 2.121i 98.7 47.7C

7 2.290 3.805 2.833H 2.066m 176.6 2.164†

TS-5endo-7 2.364 3.134 1.831H 2.052m 159.8 77.3H

1N 4.888 2.147 1.880H 2.389m 171.2* 28.1H

6N 3.696 2.153 2.042C 1.993i 166.1* 93.6C

5N 3.608 2.138 2.319C 2.117i 158.6* 47.3
TS-1N-5N 4.362 2.171 1.519H 2.047m 166.8* 87.8H

TS-1N-6N 4.637 2.150 1.603H 2.191m 170.0* 39.9H

8 2.343 1.822H 2.452m 174.8 26.7H

TS-8-9 2.339 1.596H 2.221m 173.8 39.2H

9 2.341 1.522H 2.341m 172.0 91.7H

a Bond lengths in Å, angles in deg; Hreferring to rhodium bound hydrogen; Creferring to rhodium-bound methyl group; N∠PRhN instead
of ∠PRhCl; *∠NRhCl; †bond length for the H-Cl hydrogen bond; iipso carbon atom of the phenyl ring; mcarbon atom of the methyl group;
oortho carbon atom of the phenyl ring.
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Our calculations reveal that the “open” C-C activa-
tion product 6 is not thermodynamically favored over
the corresponding C-H activation product. 6 has about
the same energy as 5endo. Therefore, the high stability
of the C-C product 3 over the corresponding C-H
product stems form the stronger stabilization by the
chelating amino “arm” and not from the formation of a
strong Rh-Csp

2 bond in the C-C product. The energy
difference between 3 and 6 is 77.8 kJ‚mol-1. Nearly the
same energy difference was found for 2 and 2a (the η2

complexes), while for the corresponding C-H products
(4 and 5endo) only 32.8 kJ‚mol-1 was calculated. This
demonstrates that the PCN ligand is optimal in stabi-
lizing the C-C activation product and fails for the
stabilization of the C-H product.

An optimization of an open C-C activation transition
state structure reveals that C-C activation without
coordinating amino ligand has a higher barrier than
C-H activation (∆E ) 74.1 kJ‚mol-1 relative to 1a).
This is in line with previous findings about C-C vs C-H
activation by transition metal complexes.10,11,15,16 It
further indicates that the high selectivity of the PCN
system toward C-C bond activation has a thermody-
namic origin. We could not find any reaction pathway
involving a lower barrier for C-C than for C-H addi-
tion.

3.4. Pathway Involving Only N-Coordination of
the PCN Ligand. For the sake of completeness, we also
sought relevant stationary points involving the PCN
ligand as a monodentate ligand binding with the amino
group only. Because rhodium-nitrogen bonds are weaker

than rhodium-phosphorus bonds, the energies of these
species are considerably higher than those for P-
coordination. The N-coordinated agostic complex 1N is
91.3 kJ‚mol-1 less stable than 1. Therefore, it is clear
that this route is not competitive with those described
above. However, the energies relative to 1N are com-
parable to the corresponding energy differences found
for the P-coordinated series (i.e., the activation energy
for C-H addition is 13.6 kJ‚mol-1 (6.5 kJ‚mol-1 for P)
and for C-C addition 104.2 kJ‚mol-1 (74.1 kJ‚mol-1 for
P)), so we can rule out that selective C-C cleavage takes
place via a route starting from an N-coordinated species,
even if the system entered the reaction with a nitrogen-
bound rhodium atom.

3.5. Rhodium-Nitrogen Proton Transfer. For the
reaction of the PCN ligand with a platinum(II) complex,
oxidative C-H addition followed by a proton transfer
from the platinum atom to the amino group has been
observed.14 Our calculations show that an intramolecu-
lar proton transfer is also possible in the rhodium
system starting from structure 5endo. In this complex,
the detached amino group and the rhodium-bound
hydrogen atom have the proper orientation to interact
(see Figure 4). The proton transfer proceeds via a
transition state with a linear Rh-H-N arrangement
(∠Rh-H-N ) 170°, see also Figure 4).

After the Rh-H bond is cleaved the resulting tau-
tomer 7 is stabilized to some extent by an intramolecu-
lar hydrogen bond between the ammonium group and
the rhodium-bound chlorine (r(H-Cl) ) 2.164 Å; this
hydrogen bond could also be observed in the X-ray

Figure 5. Perspective view of the stationary points involved in the C-H/C-C activation in the monodentate, P-coordinating
PCN ligand. (For more details see caption of Figure 4.) Structure 5endo(rot) is an example of the conformers with a rotated
amino group (as described in the text).

Exclusive C-C Activation Organometallics, Vol. 20, No. 9, 2001 1789

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 M

ar
ch

 3
0,

 2
00

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
01

00
83

8



structure of the corresponding platinum compound), but
it is still much less stable than the C-C product 3
(∆E ) 85.4 kJ‚mol-1). Since 7 has about the same
energy as the open C-H activation products 5endo and
5exo and an intramolecular proton transfer from 5endo
is facile (∆Eq ) 29.6 kJ‚mol-1 relative to 5endo), it can
be assumed that reversible formation of 7 occurs during
the reaction, 7 being completely converted into 3
because of the high stability of the latter.

3.6. Activation of Another Aryl-Methyl Group.
Experimentally, only activation of the methyl group
located between the chelating arms (in 2 position of the
phenyl ring) of the PCN ligand is observed.14 From a
kinetic point of view, at least C-H bond cleavage cannot
be excluded on the basis of our results given above,
which demonstrate that intramolecular C-H bond
cleavage does not require the attachment of the amino
“arm” to the rhodium atom. In fact, our calculations

reveal that C-H activation of the other aryl-methyl
group neighboring the phosphine “arm” has the same
activation barriersand gives a product of similar
stabilitysas the reaction with the methyl group in 2
position yielding 5endo. This leads us to the assumption
that activation (at least C-H activation) of other methyl
groups takes place, but the corresponding products have
no possibility for intramolecular stabilization by amino
attachment. Therefore, these reactions are reversible
and the complexes convert to the thermodynamically
most stable complex, the C-C activation product 3.

4. Conclusions

A computational study has been carried out on the
mechanism of C-C and C-H activation by Rh(I) PCN
pincer ligand systems. We may draw the following
conlusions.

• The “closed” C-C activation product 3 is the most
stable complex in the reaction system. It is formed
irreversibly, while all other reactions we took into
consideration seem to be reversible. Therefore, we
assume that a variety of species (including products of
C-H addition) are present in the reacting system. A
facile interconversion of these is possible, and finally 3
is formed. Our calculations provide evidence that low
concentration (we assume that the several C-H acti-
vated isomers are present during the reaction) and short

Figure 6. Perspective view of the stationary points relevant for an N-coordinated pathway, an intramolecular hydrogen
transfer, and the activation of another aryl-methyl group (for 9 the complete complex is shown).

Scheme 5
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lifetimes are responsible for the “invisibility” of products
other than 3 in the experiment.

• The calculations predict a common intermediate 2
with coordination of both the amino and phosphino
group.

• C-H activation occurs at approximately the same
rate as C-C activation if a reaction starting from 2 as
a common intermediate is assumed. If the open agostic
complex 1 is assumed as the entry channel, C-H
activation is expected to be the faster reaction. The
“closed” C-H activation product 4 is a strained molecule
because the amino “arm” cannot bind optimally to the
rhodium atom. This favors the stability of the C-C
product and is the possible reason for the reversibility
of the C-H bond cleavage, which is faster than in the
PCP system.

• In the C-H activation product an intramolecular
proton transfer from the rhodium atom to the nitrogen
atom is possible, but the reaction is thermoneutral and
reversible.

Acknowledgment. J.M. is a Yigal Allon Fellow and
the incumbent of the Helen and Milton A. Kimmelman
Career Development Chair. A.S. gratefully acknowl-
edges a postdoctoral fellowship of the MINERVA Foun-
dation, Munich, Germany. O.U. is a doctoral fellow of
the Feinberg Graduate School, Weizmann Institute of
Science. This research was supported by the MINERVA
foundation, Munich, Germany, and by the Tashtiyot
program of the Ministry of Science, Israel. The Compaq
ES 40 server computer was jointly financed by the latter
two programs. The authors would like to thank Prof.
David Milstein (Weizmann Institute) for helpful dis-
cussions.

Supporting Information Available: Geometries in Car-
tesian coordinates and total energies for all species are
available on the World Wide Web at the Uniform Resource
Locator (URL) http://theochem.weizmann.ac.il/web/papers/
PCN-CCvsCH.html. This material is also available free of
charge via the Internet at http://pubs.acs.org.

OM0100838

Exclusive C-C Activation Organometallics, Vol. 20, No. 9, 2001 1791

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 M

ar
ch

 3
0,

 2
00

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
01

00
83

8


