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Activation of C—C and C—H bonds by the Rh(l) and Ir(l) complexes (PCP)MCI (M = Rh,
Ir; PCP = CgH3(CHj3)(CH2PHy,),) has been studied by density functional methodology. C—H
activation from either of the three-coordinate intermediates 1a and 1b has a high barrier
(>25 kcal/mol). Direct C—C activation does not occur from either 1a or 1b because the C—C
bond is sterically inaccessible. Plausible C—C and C—H activation mechanisms under mild
conditions are related to four-coordinate »*-arene intermediates, 3a or 3b, which are formed
prior to the activation processes. Activation energies for the direct C—C oxidative addition
at Rh(I) and Ir(l) were calculated to be 14.3 and 12.6 kcal/mol, respectively. The C—C bond
activation products form with an exothermicity of —4.4 and —24.1 kcal/mol relative to the
nt-arene intermediates 3a and 3b, respectively. The unexpected reactivity for C—C activation
in PCP ligand systems can be ascribed to the formation of the »*-arene intermediates and
the existence of strong Ar—metal bonds in transition states for C—C bond activation. The
former makes the C—C bond accessible to the metal center, and the latter significantly
reduces the barrier of the C—C activation process. “Solvent” coordination also stabilizes the

C—C activation product more than the C—H activation product.

I. Introduction

Activation of C—C and C—H bonds at transition-metal
centers is of fundamental importance in organometallic,
biological, and industrial chemistry. While much ex-
perimental effort has been devoted to the exploration
of metal insertion into C—H bonds,*~2 direct C—C bond
oxidative addition is relatively rare because the sub-
stantially higher barrier for activation makes it much
less favorable than C—H bond cleavage.*® Metal-
promoted C—C activation under homogeneous condi-
tions has become a prominent challenge in recent years.

Two classes of C—C activation reactions have been
relatively well-documented. First, metal insertion is
observed in systems with strained C—C bonds,® and
second, C—C bonds are cleaved through C—H activation
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followed by -alkyl transfer.” Thermodynamic and ki-
netic driving forces for C—C activation in strained
systems have been ascribed to strain relief in both the
product and the transition state. In part, these driving
forces arise from the phase adaptation of interacting
frontier d, (d*s¥p? hybrid) and d, orbitals of the transi-
tion metal with oc_c and o*c_¢ orbitals in the strained
systems. Recently, Bergman and co-workers observed
reversible -methyl elimination/migratory insertion at
ruthenium(l1) for the first time.”® The activation energy
for the g-methyl migratory insertion was determined to
be 26.0 + 1.2 kcal/mol.

Direct metal insertion into a strong, unstrained C—C
bond is rare.® Recently, Milstein and co-workers® ob-
served that Rh and Ir insertion into the unstrained C—C
bonds of Ar—CHgj, Ar—CH,CH3, and Ar—CF3 in the
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‘Bu-PCP ligand systems is not only thermodynamically
but also kinetically preferred over the competing inser-
tion into the C—H bonds. The C—H and C—C activation
processes appear to take place independently and
concurrently. The C—H activation product in the Rh—
PCP system can be converted into the C—C activation
product at room temperature, while this conversion in
the Ir—PCP system occurs only at 100 °C. An unsatur-
ated three-coordinate intermediate, M(DTBPM)CI (M =
Rh, Ir; DTBPM = 1,3-(CH2P(t-Bu)2)2-2,4,6-(CH3)3C6H),
is presumed to be involved in the C—C and C—H
activation processes (Scheme 1). Furthermore, the
specific orientation of the key metal orbitals toward the
C—C bond being activated in the three-coordinate
intermediate is thought to account for the preference
of C—C bond activation.

Numerous theoretical calculations have been directed
at C—H bond activation, while calculations of C—C bond
cleavage are relatively scarce.l°716 Generally, metal
insertion into a C—H bond is Kinetically favored over
metal insertion into a C—C bond because of substan-
tially higher activation energy for the latter. Theoretical
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calculations on C—H and C—C bond activation by bare
transition-metal atoms show that the barriers to inser-
tion of late first-transition-row metals into the C—C
bond of ethane and the C—H bond of methane are
40—45 and 20—25 kcal/mol, respectively, while late
second-transition-row metals have substantially lower
barriers, 13—27 and 0—9 kcal/mol, respectively.'® Simi-
lar differences in the reactivity of C—C and C—H bond
activation were also observed experimentally in reac-
tions involving bare transition-metal ions M*.17719 |n
the direct reaction of Fe™ with propane, the activation
barrier for the C—H bond insertion (~11 kcal/mol) is
substantially lower than that of the C—C activation
(~20 kcal/mol).2° Product kinetic energy release distri-
butions (KERDs) for reactions of Fe™, Co*, and Ni™ with
acetone suggest that the transition state for C—C bond
activation in small alkanes is 6 + 5 kcal/mol higher in
energy than that for C—H bond activation.18a

In theoretical calculations on transition-metal com-
plexes relatively low activation energies for C—H bond
activation are predicted.1°-121516 For instance, the C—H
oxidative addition of CH,4 to unsaturated CpML (Cp =
7°-CsHs; M = Rh, Ir; L = CO, PR3) complexes has a low
barrier of 2—9 kcal/mol according to DFT calculations
by Ziegler et al.1l? and MP2 calculations by Hall and
co-workerstabiand by Musaev and Morokuma.® More
recently, Niu and Hall studied the inter- and intramo-
lecular C—H activation in the cationic iridium(lIl)
complex Cplr(PMes)CH3™.15¢ They found that the inter-
molecular C—H activation process has a low barrier of
9.6 kcal/mol at the B3LYP level, in spite of the fact that
the product is an unstable Ir(V) intermediate.

In this work, we employ density function theory (DFT)
to explore the mechanistic aspects of the unprecedented
C—C activation observed at rhodium(l) and iridium(l)
centers by Milstein and co-workers.® Optimized geom-
etries and energies of intermediates, transition states,
and products along possible reaction paths provide
insight into the origin and mechanism of this facile C—C
activation.

Il. Computational Details

Effective core potentials (ECP) were used to replace the 28
and 60 innermost electrons of the Rh and Ir atoms, respec-
tively, as well as [Ne] cores of the P and CI atoms.?* The
outermost 5p and 6p valence orbitals for the ECP basis sets
of Rh and Ir atoms, respectively, have been replaced by the
optimized (41) split basis sets from Couty and Hall.?> The ECP
basis sets of P and Cl are augmented by adding d-polarization
functions.?® For the two C atoms and the three H atoms

(17) (a) Eller, K.; Schwarz, H. Chem. Rev. 1991, 91, 1121. (b)
Holthausen, M. C.; Fiedler, A.; Schwarz, H.; Koch, W. J. Phys. Chem.
1996, 100, 6236.

(18) (a) Carpenter, C. J.; van Koppen, P. A. M.; Bowers, M. T. J.
Am. Chem. Soc. 1995, 117, 10976. (b) van Koppen, P. A. M.; Kemper,
P. R.; Bowers, M. T. J. Am. Chem. Soc. 1992, 114, 10941.

(19) Weisshaar, J. C. Acc. Chem. Res. 1993, 26, 213.

(20) Schultz, R. H.; Armentrout, P. B. 3. Am. Chem. Soc. 1991, 113,
729.

(21) (a) Hay, J. P.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299. (b)
Hay, J. P.; Wadt, W. R. J. Chem. Phys. 1985, 82, 284.

(22) Couty, M.; Hall, M. B. J. Comput. Chem. 1996, 17, 1359.

(23) (a) Héllwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi,
A.; Jonas, V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking,
G. Chem. Phys. Lett. 1993, 208, 238. (b) Hollwarth, A.; Béhme, M.;
Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas, V.; Kdhler, K. F;
Stegmann, R.; Veldkamp, A.; Frenking, G. Chem. Phys. Lett. 1993,
208, 111.



Downloaded by NORTH CAROLINA CONSORTIUM on June 29, 2009
Published on July 22, 2000 on http://pubs.acs.org | doi: 10.1021/0m991015¢

3340 Organometallics, Vol. 19, No. 17, 2000

constituting the reactive Ars—CHs; group, 6-31G** basis sets
are employed.?* The standard 3-21G basis set and the STO-
6G basis sets are used for other C and H atoms,?* respectively.
The above basis set is denoted as BS1. For energy calculations
of relevant states BS1 was augmented by adding an f-polar-
ization function to the Rh and Ir atoms;? this basis set is
denoted as BS2.

For computational ease, the DTBPM ligand was modeled
by 1,3-bis(phosphinomethyl)-2-methylbenzene, CsH3(CH3)(CH2-
PHy). (PCP), where hydrogen atoms were substituted for two
methyl groups and four tert-butyl groups in actual DTBPM
ligand. Comparison of theoretical calculations for models with
substitution of —P(CHj). for —PH, show that this simplifica-
tion is reasonable, although some of the steric crowding
provided by the tert-butyl will be missing.

Intermediates, transition states, and products in C—C and
C—H bond activation processes have been fully optimized by
DFT calculations. The transition states and the second-order
saddle point were characterized by performing vibrational
frequency analysis and determining the number of imaginary
frequencies. The Becke three-parameter exchange functional
and the Lee—Yang—Parr correlation functional (B3LYP) are
employed in all DFT calculations. MP2 and CCSD energy
calculations for final products have also been performed. All
theoretical calculations were carried out with GAUSSIAN 9424
and GAUSSIAN 982 at the Supercomputing Facility of Texas
A&M University.

I11. Results and Discussion

The experimental studies by Milstein and co-workers
support a mechanism in which the C—C and C—H bond
activation reactions proceed from a common intermedi-
ate and the two phosphine arms of the ligands remain
coordinated to the reactive metal center. Here, we
describe several low-energy conformers of this interme-
diate, other intermediates, and transition states in the
C—C and C—H activation processes.

A. C—C and C—H Bond Activation at Rhodium-
(). Intermediates. Three important intermediates, 1a,
3a, and 5a, are involved in the reaction (Figure 1).
Intermediate 1a is a three-coordinate complex of rhod-
ium(l). In intermediate 3a, the aromatic carbon atom
of the Ar—CHj; bond is explicitly coordinated to rhodium
such that 3a is essentially a four-coordinate »*-arene
complex. Intermediate 5a has an agostic Ar—CHs---Rh
bond. At the B3LYP/BS1 level, 3a is more stable than
la and 5a by 0.3 and 1.8 kcal/mol, respectively. The
profiles of the potential energy surfaces for the inter-
conversion of these intermediates are shown in Figure
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2. The B3LYP/BSL1 calculations predicted a barrier of
5.7 kcal/mol for the coordination-site exchange of the
chlorine ligand in 1la through the transition state (TS)
2a. The rotation of the methyl group in the aryl ligand
of 3a has a barrier of only 0.8 kcal/mol (TS = 4a).
Conversion from la to 3a proceeds with a barrier of 14.8
kcal/mol. In the transition state for this conversion, 7a,
one of the dative P—Rh bonds is significantly length-
ened. This lengthening of a strong P—Rh bond adds
significantly to the activation energy for the formation
of 7a. This barrier and large geometric change suggest
that the conversion from la to 3a is not as facile as
might be expected from the structures of 1a and 3a. In
the experimental reaction systems,® formation of 1a and
3a analogues may occur early. Conversion from 3a to
5a proceeds via the transition state 6a with a relatively
low barrier of 4.8 kcal/mol. Both C—H and C—C bond
activation can take place from 5a with relatively low
barriers (vide infra). Thus, 3a and 5a analogues and
their equilibrium mixture are possible candidates for
the observed “common intermediate”.

Mechanisms and Energetics. The B3LYP/BS1
potential energy profiles of reaction paths for C—C and
C—H bond activation starting from the intermediates
la, 3a, and 5a are shown in Figure 3. In intermediate
1a, the Ar—CHg; bond is far from the metal center, and
the anticipated C—C bond activation cannot occur from
la. However, C—H bond activation can proceed directly
from la as depicted in Figure 3, through a relatively
high barrier of 25.2 kcal/mol. Tautomerization from the
initial product 9a to the final C—H activation product
11a proceeds with activation energy of 6.0 kcal/mol.

A striking geometric feature of intermediate 3a is the
closeness of the Ar—CHj3 bond to the activation center
of the Rh. On the other hand, formation of the inter-
mediate 5a with a barrier of only 4.8 kcal/mol makes
the C—H bond of Ar—CHj; accessible to the Rh center.
As in other C—H bond activation reactions previously
reported, C—H oxidative addition to the Rh(l) interme-
diate 5a to form the product 11a has a relatively low
activation energy of 3.1 kcal/mol.

In attempting to correlate both 3a and 5a with the
initial C—C bond cleavage product 14a, we found only
one transition state, 13a. An intrinsic reaction coordi-
nate (IRC) search in the reverse direction from the
transition state 13a appeared to approach a geometry
intermediate between 3a and 5a. Full geometric opti-
mization of this intermediate geometry resulted in 5a.
These results imply that the potential surfaces involving
C—C bond activation and conversion of 3a to 5a may
be closely connected. In other words, both 3a and 5a
may be precursors to the initial C—C activation product
14a. Although the Ar—C bond appears to be more
accessible for activation by the metal center in 3a than
it is in 5a, where the C—C bond is farther from the
metal center, the activation barrier from 5a appears to
be lower than that from 3a. The activation energy of
metal insertion into the C—C bond from 5a to the initial
product 14a, which has an approximate symmetry plane
passing through the Rh—PCP chelate core, is found to
be 14.3 kcal/mol. Although the barrier for C—C activa-
tion is higher than that for the parallel C—H activation,
the value is much lower than activation energies of
typical C—C oxidative additions mentioned above.
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Figure 1. B3LYP optimized geometries of intermediates 1a, 3a, and 5a, transition states 2a, 4a, 6a, 7a, 8a, 10a, 12a, 13a, and 15a, products 9a, 11a, 14a, and 16a, and
complexes 1a-C,H,4, 11a-C,H,4, 16a-C,H,4, and 16a-CgHg for the C—C and C—H activation reactions in the Rh—PCP system.
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Figure 2. B3LYP potential energy profiles for the inter-
conversion of the intermediates 1a, 3a, and 5a in the Rh—
PCP system (no significance should be attached to the
curvature at the stationary points on these profiles).

Isomerization of 14a to the final C—C activation
product 16a proceeds via deformation of the chelate ring
(see Figure 1) with a negligible barrier (0.1 kcal/mol).
The product 16a has two inequivalent five-membered
rings in the Rh—PCP chelate core, as does the experi-
mental product, which has been characterized by an
X-ray crystallographic study.®® Table 1 compares se-
lected Rh-centered geometric parameters of our two
C—C activation product models (—PH; and —PMey) with
the X-ray structure. The calculated values for the
models agree very well with those of the experiment.%

At the B3LYP/BSL1 level, the C—C activation product
16ais only slightly more stable than the C—H activation
product 11a. These results imply that C—C bond activa-

Cao and Hall

: -4.66
Figure 3. B3LYP potential energy profiles for the C—H
and C—C activation reactions in the Rh—PCP system (no
significance should be attached to the curvature at the
stationary points on these profiles).

tion is slightly more favorable thermodynamically than
C—H activation, but the barriers suggest that it is
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Table 1. Comparison of Selected Bond Lengths (A)
and Bond Angles (deg) for the C—C Activation
Products in Rh—PCP

calcd (16a) calcd (16a')2 exptl®
Rh—P 2.317 2.333 2.333(5)
2.310 2.313 2.298(5)
Ar—Rh 2.058 2.041 2.02(2)
Rh—CHj3 2.073 2.069 2.17(2)
Rh—CI 2.434 2.458 2.470(4)
Ar—Rh—CHj 85.8 86.1 80.3(8)
CI—-Rh—CHz3; 104.7 110.5 100.5(7)
Ar—Rh—P 83.4 84.0 83.8(5)
83.0 82.9 82.8(5)
P—Rh—P 166.3 166.4 164.6(2)
P—Rh—CI 95.7 96.5 95.8(2)
95.8 94.9 97.5(2)

a16a’ is derived from substitution of —P(CHs), for —PH> in 16a.
b Taken from the crystallographic structure of Rh(DTBPM)(CHs)-
(C|).9a

significantly less favorable kinetically. In contrast, the
experimental observations suggest that the C—C bond
activation is not only thermodynamically but also
kinetically slightly more favorable than the C—H bond
activation.®

To evaluate effects of the methodology and model on
differences in the stability of the final activation prod-
ucts 16a and 11a, as well as on the activation energies,
theoretical calculations at different levels of theory on
selected models were carried out. Table 2 shows the
energy differences between the C—H activation product
11a and the C—C activation product 16a at various
levels of theory and with various models considered
here. A larger basis set (B3LYP/BS2), higher level
calculations (CCSD/BS1), and larger models (substitu-
tion of —P(CHz3), for —PH5) show no significant changes
in the relative energies. However, the effect of a solvent
molecule, such as benzene or free ethylene, as a repre-
sentative alkene on the stability of 16a relative to 11a
is remarkable. Formation of complexes of the activation
products (16a and 11a) with C,H4 and CgHg stabilizes
16a relative to 11a by 12 and 5 kcal/mol, respectively.
C,H, also binds to 1a with a binding energy of 27.2 kcal/
mol in forming the complex 1a-C;H,4, which may be less
reactive than la. For 11a, no association with CgHg was
observed and the “complex” 11a-C,Hy, is less stable by
0.8 kcal/mol than separated constituents. Although the
much stronger interaction of a solvent molecule (or free
ligands from initial ligand substitution reaction) with
16a may be reduced by the steric effect of bulky
phosphine ligands such as ‘Bu,P in the actual system,
the 'Bu group may act like the solvent and enhance the
thermodynamic preference for C—C activation.

The geometries of 11a and 16a in Figure 1 show that
the origin of their difference with respect to “solvent”
molecules is related to their structures. The C-C
activation product 16a has a square-pyramidal geom-
etry with an unoccupied coordination site, while the
C—H activation product 1la has an approximately
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trigonal-bipyramidal structure at the metal center (the
H,C—Rh—CI bond angle is 158°), where the aryl ring
blocks other ligand coordination to the Rh center.
B3LYP-optimized geometries of complexes of 1a, 11a,
and 16a with “solvent” C,H4 and CgHs (in one case) are
also displayed in Figure 1.

B3LYP/BS2 calculations at B3LYP/BS1 geometries
predict the barriers of the C—C bond activation from
3a to 14a and from 5a to 14a to be 15.9 and 14.3 kcal/
mol, respectively (values similar to those with the
smaller basis set). Efforts to locate solvated complexes
of transition states 12a and 13a with C,H4 failed; initial
complexes always decayed into separated constituents
during B3LYP optimization. These results suggest that
the transition states may be too crowded for solvents
to play as important a role as they do in the product(s).
Therefore, “solvent” or other free ligands appear not to
be involved directly in C—H and C—C bond activation
processes, although complexes with 3a and 5a may
increase the effective barriers for bond activation.

Conversion between the Activation Products.
All attempts to find a transition state for direct conver-
sion from the C—H activation product 11a to the C—C
activation product 16a were unsuccessful. A second-
order saddle point with two imaginary frequencies of
959i cm~?! corresponding to C—H activation and 327i
cm™1 corresponding to C—C activation was located; this
result provides strong evidence that no TS connects 11a
and 16a. Note that the barrier for the C—H reductive
elimination from 11a to 5a is only 8.5 kcal/mol. Thus,
conversion from 1la to 16a is most likely a two-step
process, C—H reductive elimination followed by the C—C
activation. The difference in thermodynamic stability
between 1la and 16a, enhanced by solvent or free
ligands, makes this conversion likely. As mentioned
before, the C—C bond is accessible to the metal center
in the entire domain from 3a to 5a, while the C—H is
brought close to the metal center only through 5a. This
steric preference for C—C bond activation may balance
the somewhat disadvantageous barrier. Both the con-
version from 1l1la to 16a and the steric preference for
C—C bond activation may explain the experimental
observations where initially there appears to be more
rapid formation of the C—H activation product (C—H:
C—-C ~ 1.25:1), but within several hours the C—H
activation product was converted into the C—C activa-
tion product.®

B. C—C and C—H Bond Activation at Iridium(l).
Intermediates. For the Ir—PCP system, the two im-
portant low-lying intermediates 1b and 3b were located
(see Figure 4). As in 3a, 3b is an n-arene complex with
the aryl ring precoordinated to Ir. Optimization of an
agostic intermediate similar to 5a always leads to the
C—H activation product 1lb. The potential energy
profile for conversion from 1b to 3b is shown in Figure
5, where the barrier is significantly higher than the
similar conversion for Rh. From the geometries of la

Table 2. Energy Differences (kcal/mol) between the C—H Activation Product 11a and the C—C Activation
Product 16a at Various Levels of Theory and Model

PH>
PMe, PHz/CeHe PH2/C2H4
B3LYP/BS1 B3LYP/BS2 MP2/BS2 CCsD/BS1 B3LYP/BS1 B3LYP/BS1 B3LYP/BS1
AE11a-16a 0.48 0.69 0.75 1.44 0.34 5.65 12.85
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13bTSzp.160 16b

Figure 4. B3LYP optimized geometries of intermediates
1b and 3b, transition states 8b, 10b, 12b, 13b, and 7b,
and products 9b, 11b, and 16b for the C—C and C—H
activation reactions in the Ir—PCP system.

and 1b one can see that the Ir—P bond is shorter than
the Rh—P bond, suggesting that the M—P dative bond
in 1b is stronger than that in la. Because of the
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Figure 5. B3LYP potential energy profiles for the C—C
and C—H activation reactions in the Ir—PCP system (no
significance should be attached to the curvature at the
stationary points on these profiles).

significant M—P bond lengthening in the TS (7a and
7b) the Ir system has the higher barrier. As for Rh, the
two intermediates 1b and 3b are very close in energy,
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even though there is a significant difference in their
geometry.

Mechanisms and Energetics. Figure 5 also dis-
plays the potential energy profiles obtained by B3LYP/
BS1 for possible reaction paths for the C—H and C—C
activation processes at iridium. For the C—H activation
from intermediate 1b, the reaction proceeds to the
initial product 9b with an activation energy of 26.4 kcal/
mol; subsequently, the initial product 9b undergoes an
isomerization to the final C—H activation product 11b
with a barrier of 9.4 kcal/mol. As in the case of 1a, since
the Ar—CHgs bond is far from the Ir center in 1b, the
expected C—C bond activation does not occur from this
species.

The potential energy profiles for C—H and C—C bond
activation processes from the intermediate 3b show
activation energies of 11.5 and 12.6 kcal/mol, respec-
tively. These two reactions are Kinetically competitive,
while C—C activation is more thermodynamically favor-
able than C—H activation because the C—C activation
product 16b is more stable than the C—H activation
product 11b by 4.9 kcal/mol. For the C—H and C—-C
reductive elimination reactions from 11b and 16b, the
barriers are 30.4 and 46.5 kcal/mol, respectively. Thus,
C—H and C—C bond activations are irreversible under
mild conditions, a result which is in accordance with
experiments.®

C. Comparison of C—H and C—C Bond Activa-
tion by Rhodium and Iridium. The direct C—H
activation reactions from the intermediates 1a and 1b
have high activation energies with similar three-center
transition states. For the lowest energy reaction paths,
C—H and C—C bond activation by both rhodium and
iridium proceed from the two similar »'-arene interme-
diates 3a and 3b. For the Rh—PCP system, formation
of an agostic compound, 5a, in the reaction path for
C—H oxidative addition makes the structure of the
three-center transition state 12a like that expected for
a late transition state. In the Ir—PCP system, which
lacks a stable agostic intermediate but has a more stable
product, the rather early three-center transition state
12b with a higher barrier is predicted. Similarly,
formation of the transition state 13b for the C—C bond
activation in the Ir—PCP system appears to be structur-
ally earlier than the similar three-center transition state
for the Rh—PCP system 13a. As the C—C bond activa-
tion in Ir—PCP is more exothermic than that in Rh—
PCP, no initial product like 14a exists in the Ir—PCP
reaction. The geometries of 12 and 13 in Figures 1 and
4 display the features expected for late transition states
(12a and 13a) in comparison with early transition states
(12b and 13b).

The differences in mechanisms of the C—C and C—H
bond activation reactions between the Rh—PCP and Ir—
PCP systems can be attributed to distinct electronic
features of transition-metal centers in the common
intermediates 3a and 3b. Previous theoretical studies
of C—H bond activation suggest that a combination of
donation and back-donation accounts for adduct forma-
tion and C—H bond activation, where donation from the
filled oc—n orbital to the empty o-type orbital of the
metal is essential for adduct formation, and strong back-
donation from the metal to the o*c_y orbital leads to
fission of the C—H bond.1°k Thus, relatively high elec-
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tron densities on the metal center are necessary for the
transition metal complex to serve as a precursor for
C—H and C—C bond activation. The calculated Mulliken
charges on M in 3a and 3b are —0.08 and —0.18,
respectively. The higher negative charges on Ir may
account, in part, for the greater ability of 3b to act as a
bond activation precursor than 3a. In addition, Ir—X
bonds are usually stronger than the corresponding
Rh—X bonds, such that bond activation by Ir is more
exothermic with earlier barriers.

The difference in electron density can be ascribed to
the distinct aryl ring precoordination to metal centers.
Geometries of 3a and 3b (Figures 1 and 4) show that
the Ar—Ir separation is shorter than the Ar—Rh separa-
tion by 0.11 A. A stronger interaction between the aryl
ring and Ir is expected to result in more negative
charges on Ir in 3b, and subsequent back-donation,
which activates the C—H and C—C bonds, may occur
more easily in 3b. Stronger donation from oc—p and oc—c
to Rh prior to bond activation in 3a may be a prereg-
uisite to the reaction. Thus, for Rh, formation of 5a with
donation from Ar—CH3 and C—H to the metal center
results in an increase of electron density on the Rh from
—0.08 in 3a to —0.20 in 5a and makes 5a a better
precursor for subsequent C—H activation as well as
C—C activation.

D. Nature of Metal-Promoted Ar—C Bond Acti-
vation. DFT calculations show that the 7-arene com-
plexes 3a and 3b are the common intermediates for both
C—H and C—C activation reactions. In these n!-arene
complexes, the Ar—CH3 bonds are brought close to the
metal centers, structures which make C—C bond activa-
tion sterically accessible. The relative energies of these
nt-arene complexes reveal that this aryl ring precoor-
dination to the metal center is weak. Presumably, the
two —CH,PH, arms also play an important role in the
formation of these »-arene complexes. Existence of the
nt-arene complex provides the explanation of why Ar—
CH,CHj3 bond activation is preferred over ArCH,—CHs
bond activation.®

We have investigated two model reactions (Schemes
2 and 3) to calibrate the effects of the n'-arene complex
and the strength of the Ar—Rh bond in the transition
state. In Scheme 2, no similar n'-arene complex was
found, but an »2-alkyl agostic complex exists. The Ar—
CHs; activation energies were calculated to be 19.0 kcal/
mol relative to separated reactants and 29.1 kcal/mol
relative to the 52-alkyl agostic complex, respectively. The
Ar—Rh bond length in the transition state is 2.098 A.
In Scheme 3, the C—C activation barriers are 27.1 kcal/
mol relative to separated reactants and 35.6 kcal/mol
relative to the n2-alkyl agostic complex. The C—Rh bond
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separation in the transition state of Scheme 3 is 2.246
A, which is longer than the Ar—Rh separation of the
transition state in Scheme 2 by 0.148 A. Thus, the Ar—
Rh bond in the TS of Scheme 2 is stronger than the
C—Rh bond in the TS of Scheme 3. Compared with
Scheme 3, the barrier for Ar—CHs3 bond activation in
Scheme 2 is lower by 8.1 kcal/mol. The relatively lower
activation energy for Ar—CHp3 bond activation in Scheme
2 can be ascribed to the existence of a strong Ar—Rh
bond. Both model reactions are unlikely, in part,
because the 7?-alkyl agostic interaction keeps the C—C
bonds far from the metal.

These results for model reactions show that formation
of the n-arene complexes depends on the two —CHo-
PH, arms and that the aryl ring precoordination to the
metal center Rh(l) is weak despite the close approach.

E. Conclusions

The DFT calculations, described here, provide insight
into the mechanism and energetics of the unprecedented
C—C bond and C—H bond activation reactions in the
PCP ligand systems. For the Rh—PCP system, C—C
activation is thermodynamically preferred over the
competing C—H activation. This thermodynamic prefer-
ence may be enhanced significantly by complexation
with solvent or free alkene ligand. The C—H activation
product can be converted into the C—C activation
product via a rapid C—H reductive elimination followed
by C—C activation. The thermodynamic and steric
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preference of the C—C bond activation and the facile
C—H reductive elimination make C—C oxidative addi-
tion preferred over C—H bond activation. For the Ir—
PCP system, direct metal insertion into the C—C bond
not only is thermodynamically favored but also is
kinetically competitive with C—H bond oxidative addi-
tion. Furthermore, C—C and C—H bond activation
processes are irreversible in the Ir—PCP system. Our
calculations show that three important factors in these
systems make the C—C oxidative addition favorable
under mild conditions. First, formation of an approxi-
mately four-coordinate »!-arene complex brings the C—C
bond close to the activation center and makes the C—C
bond accessible to the transition metal. Second, the
existence of strong Ar—metal bonds in the transition
state significantly lowers the activation energy. Third,
specific solvent coordination at the open coordination
site in the C—C bond-activation product significantly
stabilizes this product. Note that for both Rh and Ir the
largest (or nearly the largest) barrier in the path from
1 to both products 11 and 16 is the conversion of 1 to 3.
Thus, this step could be the rate determining step for
both metals and both products.
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