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A Theoretical Model for the Orientation of 16-Electron [CpML] Insertion
into the C—H Bond of Propane and Cyclopropane and Its Regio- and

Stereoselectivity

Ming-Der Su* and San-Yan Chu*/?!

Abstract: Complete geometry optimi-
zations were performed with density
functional theory (DFT) in order to
study the potential energy surfaces of
[CpM(PH;)] (M=Rh, Ir) complexes
inserted into C—H bonds of propane
and cyclopropane. The agreement be-
tween DFT and experimental results
indicates that the B3LYP/LANL2DZ
method can be a powerful tool for the
investigation of these oxidative addition
reactions. A fragment molecular orbital

fashion via a three-center transition
state, and all lead to exothermic reac-
tions. In particular, we show that both
electronic and steric effects play a major
role in the preference for a ocy,-type of
approach, from which one may predict
the formation and stabilities of the
regio- and stereoselective insertion
products. Our theoretical findings sug-
gest that highly reactive [Cplr(PHj;)]
tends to be nonless discriminating and
reacts randomly, while the less reactive

[CpRh(PH;)] complex is highly selec-
tive. We also found that, for both
[CpRh(PH;)] and [CpIr(PH;)], the ease
of oxidative addition is in the order:
secondary cyclopropane > primary pro-
pane >secondary propane. Further-
more, a configuration mixing model
based on the work of Pross and Shaik
is used to rationalize the computational
results. It is demonstrated that both the
singlet —triplet energy gap of 16-elec-
tron [CpML] and the o(C-H) —o0*(C-

model suggesting the mechanistic path-
way for the oxidative addition of satu-
rated alkanes to [CpML] is described. It
is shown that these oxidative addition
reactions all proceed in a concerted

Keywords:

Introduction

Alkanes are unusually stable compounds and they are also
among the most abundant organic compounds in nature. Thus,
the activation of C—H bonds in saturated hydrocarbons has
been a topic of much interest in recent years.!] Recently,
Bergman and co-workers have examined a wide range of
alkane substrates with the iridium- and rhodium-P(CHj;);
complexes. Irradiation of [{#>-Cs(CH;)s)M{P(CH;);}H,] in
various mixtures of alkane solvents allows the generation of
product mixtures which contain alkyl hydrides.' 2 Several
general trends can be noted from those observations on the
[{#>-Cs(CH;)s}M{P(CHj;);}] systems. Firstly, although the ab-
solute magnitudes of the selectivities are different for iridium
and rhodium, their trends are parallel. This observation
indicates that C—H oxidative additions proceed by similar
mechanisms at these two metal centers, with the rhodium
reactions less exothermic than their iridium counterparts.
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H) triplet excitation energy of hydro-
carbons play a decisive role in the
determination of the reactivity as well
as the selectivity of [CpML] insertion.

activation

Secondly, there is both a kinetic and thermodynamic prefer-
ence for the activation of primary C—H bonds over secondary
C-H bonds. For the iridium system, the kinetic selectivity is
small, while rhodium shows higher kinetic selectivity. Thirdly,
there is an inverse correlation of the C—H bond strength and
the reactivity of the C — H bond. Namely, the strongest C—H
bonds appear to be the most reactive. Fourth, the rhodium
system shows a greater thermodynamic selectivity for the less
hindered bonds than does iridium. For the former, substrates
such as propane or butane show exclusively primary activa-
tion products, yet competitive studies of cyclopentane versus
benzene or benzene versus propane show that activation of all
of the bonds (except the secondary propane bonds) is
competitive.

It is these intriguing and important results that aroused our
interest. No previous theoretical study has, to our knowledge,
been published on the regio- and stereoselectivity in [CpML]
reactions.’l Herein, we therefore chose the system
[CPM(PH;)]+RH [where (3°-CsHs)=Cp; M=Rh, Ir;
RH =propane, cyclopropane] as a model to study the
selectivity of the oxidative addition reactions of an iridium
and a rhodium complex to alkane C-H bonds by using
density functional theory (DFT). Moreover, the fragment
molecular orbital (FMO) and the configuration mixing (CM)
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models are used in this work to predict a reaction trajectory
for the approach of the [CpML] complex and to develop an
explanation for the origin of the barrier height as well as the
reaction enthalpy.

Results and Discussion

The electronic structure of the [CpML] + RH model system:
We have recently suggested a FMO model,” which has been
shown to allow the successful prediction of the approximate
reaction trajectory and the transition state structure for the
insertion of the organometallic fragment into saturated C-H
bonds. We shall now apply the FMO model to investigate the
oxidative addition reactions of C—H bonds in propane and
cyclopropane. We first review briefly the electronic structure
of the [CpML] fragment, which has already been analyzed.!
The frontier orbitals of the 16-electron [CpML] are shown in
1, in which the highest occupied molecular orbital (HOMO) is
a d orbital (a”) that contains a single lone pair of electrons,
and the lowest unoccupied mo-
lecular orbital (LUMO) is an

= . .

IS = 5O empty s/p/d hybrid orbital (a’).
LUMG = & On the other hand, a local-

_ %, ized C—H o-orbital can be es-

Y L sentially described as having
Homo i a"

spherical symmetry and

16-electron CpML
1 [CpML] may approach perpen-
dicularly to the C—H bond axis
from any direction (i.e. 360°).
This can cause the effect that is very much harder to reconcile
with the calculated geometries for the transition state. In fact,
in a canonical MO description of a hydrocarbon, there are no
isolated MOs that describe a particular C—H ¢ bond. For
example, in methane there is a
@ lower lying 2A, orbital and
®\ ,H @ three degenerate T, orbitals.[!

GO q,c We thus dissect methane into
@ H H doubly occupied fragment or-
";“2 "‘33“2 bitals that have o-like (0cy,, 2)

and m-like (7cy,, 3) symmetry.

Abstract in Chinese:
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Since it is easier to visualize the coalescence of the electron
donor and acceptor when the approximate axis of the reaction
is clearly defined, we therefore prefer to use a canonical MO
rather than a localized description of the C-H bond
(Figure 1). In this qualitative theoretical treatment, we

(Reactant)

(Transition State)

Figure 1. The insertion of [CpML] into hydrocarbons can proceed along a
Ocy, path, where the empty [CpML] s/p/d orbital is aligned with the carbon
p orbital of a o¢y,-fragment orbital, or along a mcy, path, where the [CpML]
s/p/d orbital is aligned with a mcy,-fragment orbital.

identify the 16-electron fragment [CpML] as having an empty
electrophilic orbital (i.e. LUMO in 1) that could either
interact with a filled oy, fragment orbital or approach a ey,
hydrocarbon orbital. Hence, the implication of a 6y, (2) or a
Tcw, (3) fragment orbital in methane identifies a molecular
plane that is approached by [CpML] and provides an estimate
of the starting geometry in the search for a saddle point. As a
result, the net molecular event involved in the insertion of the
[CPML] complex into a C—H o bond of methane is the
formation of a new metal-carbon o bond as well as a new
metal —hydrogen o bond, accompanied by the breaking of the
C-H o bond. This is a typical example for the oxidative
addition reaction of a transition metal complex into the C-H
bond.! It should be pointed out here that this concept of an
insertion mechanism was expressed for the first time by Bach
et al.l

With the above analysis in hand, we would like to extend
the methane case to the larger hydrocarbon systems in this
work, that is propane and cyclopropane. The requisite canon-
ical MOs for the primary (1°) and secondary (2°) carbon of
propane are given in Figure 2. We shall now apply this FMO
model depicted in Figure 2 to investigate the mechanism of
[CpM(PH5;)] insertion.

[CpIr(PH;)] insertion into propane and cyclopropane: The
fully optimized geometries of the agostic complex, transition
state, and product for the insertion of [Cplr(PH;)] into
primary and secondary C—H bonds of propane are given in
Figures 3 and 4, respectively.[’l Likewise, in Figure 5 we show
the geometrical structures of the stationary points for the
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Figure 2. Orientation of [CpML] attack on propane.

Figure 3. B3LYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-1), the transition state (TS-1), and the product (Pro-1) for
[CpIr(PH;)] insertion into the primary C—H bond of propane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
SOSP and TOSP represent second-order (two imaginary frequencies) and
third-order (three imaginary frequencies) saddle points, respectively.

200 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

Figure 4. B3LYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-2), the transition state (TS-2), and the product (Pro-2) for
[CpIr(PH;)] insertion into the secondary C—H bond of propane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
SOSP and TOSP represent second-order (two imaginary frequencies) and
third-order (three imaginary frequencies) saddle points, respectively.

oxidative addition of cyclopropane to [CpIr(PH;)]. Their
relative energies at the B3SLYP/LANL2DZ level are present-
ed in Table 1.

Several interesting results can be drawn from Figures 3-5
and Table 1. Firstly, our DFT calculations suggest that the
[CpIr(PH;)] complex in a triplet ground state might insert
into the saturated C—H bond by a diradical mechanism.
Nevertheless, it is well established that whenever a triplet
reactant contains a heavy atom center (such as a transition
metal), strong spin-orbit coupling may occur, which can
provide a spin-inversion process for transferring to the singlet
reactant and then undergoing the singlet reaction.’] In
addition, the results in Table 1 also suggest that the excitation
energy from the triplet ground state to the first singlet state
for the [CplIr(PH;)] fragment is small (—16.9 kcalmol™1).
Both of these considerations should allow the transition from
the triplet to the singlet state to occur without difficulty.
Indeed, it has been confirmed experimentally that these
oxidative additions did not involve any free radicals as

0947-6539/99/0501-0200 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1



Insertion of 16-Electron [CpML] Fragments into C—H Bonds

198-207

Figure 5. BALYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-3), the transition state (TS-3), and the product (Pre-3) for
[CpIr(PH;)] insertion into the C-H bond of cyclopropane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
TOSP represents a third-order (three imaginary frequencies) saddle point.

intermediates.['?! Thus, it could well be that the oxidative
addition reactions proceed on the singlet surface, even if the
reactants start from the triplet state. We shall therefore focus
on the singlet surface from now on.

Secondly, there are six distinguishable orientations for the
insertion of [CplIr(PH;)] into either a primary or a secondary
C-H o bond of propane, while [CpIr(PH;)] may approach
cyclopropane from only two unique directions (i.e. ocy, and
Tcy,)- As shown in Figures 3 -5, our results strongly indicate
that for the approach of [Cplr(PH;)] towards the saturated
C-H bonds, a o-orientated attack is preferred over a m
orientation. This can be easily understood by the fact that the
[CpIr(PH;)] insertion in a oy, orientation has fewer steric
interactions than any other approach and provides the
insertion product in its staggered lower energy conformation.
As determined by the frequency calculations at the B3LYP/
LANL2DZ level, only the ocy, approach (TS-1, TS-2, TS-3)
can lead to a transition state, whereas the ey, Ocncms,
T enc,H,» Ocuch,» and Teyep, routes to insertion will yield either
second-order saddle points (SOSP, with two imaginary
frequencies) or third-order saddle points (TOSP, with three
imaginary frequencies). Nevertheless, another oy, transition
state for primary insertion of propane, SOSP-1, was deter-
mined (Figure 3). The B3ALYP/LANL2DZ calculation of the
frequencies showed that SOSP-1 has two imaginary frequen-
cies with the second one (85.8icm™!) corresponding to a

Chem. Eur. J. 1999, 5, No. 1

Table 1. Relative energies for the process [CpM(PH;)] + alkane —agostic
complex —transition state —product.?!

Metal Substrate Compound Orientation Energy
Il 1° propane reactants 0
Cpx-1 —6.56
TS-1 OcH, —5.78
SOSP-1 OcH, —4.47
SOSP-2 T, -239
TOSP-1 TeHCH, —4.31
TOSP-2 T, —2.88
TOSP-3 OCHCH; —1.04
Pro-1 —34.6
2° propane Cpx-2 —6.02
TS-2 OcH, —4.13
SOSP-3 OCHCH, —0.688
SOSP-4 OCHCH, -0.377
TOSP-4 T CHCH, —2.01
TOSP-5 T CHCH, —-1.32
TOSP-6 Ten, +0.590
Pro-2 -31.7
2° cyclopropane reactants 0
Cpx-3 —6.07
TS-3 Ocw, —5.71
TOSP-7 Tew, +0.703
Pro-3 -37.7
Rht 1° propane reactants 0
Cpx-4 -10.9
TS-4 Ocu, -1.97
SOSP-5 Ocw, —0.924
SOSP-6 OcHCH, +1.21
TOSP-8 TencH, —0.0481
TOSP-9 Ten, +0.677
TOSP-10 Tew, +0.850
Pro-4 —-15.6
2° propane SOSP-7 OcH, +0.127
SOSP-8 OcucH, +2.61
SOSP-9 Tencn, +2.64
SOSP-10 Tcncn, +2.85
SOSP-11 Ty, +4.40
TOSP-11 OchcH, +2.40
2° cyclopropane reactants 0
Cpx-5 —-104
TS-5 Ocw, -281
TOSP-12 Ten, +2.79
Pro-5 —-175

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

[A] At the B3LYP/LANL2DZ level; in kcalmol™'. [b] The AE, of
[CpIr(PH;)] is —16.9kcalmol~'. [c] The AE, of [CpRh(PH;)] is
—13.2 kcalmol .

rotation from the SOSP-1 towards the TS-1 conformation; the
former is higher in energy than the latter by 1.31 kcalmol .

Thirdly, by examining the single imaginary frequency for
each transition state structure, as indicated by the bold arrows
in Figures 3-35, it is clear that their transition vectors are all in
accordance with the insertion process, primarily the C-H
bond stretching with migration of a hydrogen atom to the
iridium center. Moreover, as expected, the oxidative addi-
tion reaction of [CplIr(PH;)] will include a three-center
transition state involving iridium, carbon, and hydrogen
atoms. Notably such a characteristic three-center pattern is
in accordance with mechanisms postulated by Bergman!'% and
Jones.[]

Fourthly, from the examination of those conformations of
the agostic complexes (Cpx-1, Cpx-2, Cpx-3) and the products
(Pro-1, Pro-2, Pro-3), as shown in Figures 3 -5, it is apparent
that the alkane fragment is poised in a Ocy, fashion, which is

0947-6539/99/0501-0201 $ 17.50+.50/0 — 201



FULL PAPER

M.-D. Su and S.-Y. Chu

consistent with the above findings for the transition state in
which the oy, orientation is favored over other approaches.
Thus, the reaction trajectory for C—H insertion suggested by
this FMO model appears to be applicable in both the agostic
complex and the product.

Fifthly, the activation barrier from the precursor complex to
the transition state at the B3LYP/LANL2DZ level increases
in the order (Table 1): 2° cyclopropane (0.306 kcalmol ') < 1°
propane (0.786 kcalmol~') <2° propane (1.89 kcalmol™).
Likewise, their order of exothermicity follows the same
trend as the activation energy: 2° cyclopropane
(=377 kcalmol~!) < 1° propane (—34.6 kcalmol™') <2° pro-
pane (—31.7 kcalmol~!). Our computational results provide
strong evidence that the ease of oxidative addition is in the
order 2° cyclopropane > 1° propane >2° propane, which is in
good agreement with the experimental trends.??! It is note-
worthy that the secondary insertion of cyclopropane is highly
preferred compared to that of propane, even though the
former only contains secondary carbon centers (vide infra).

Sixthly, we next examined the preferred orientation of the
breaking C—H bond with respect to the [CpML] lone pair
(HOMO in 1). Intuitively, hydrogen migration to the larger
lobe of the HOMO of [CpML] should have a lower activation
barrier since this can result in a good overlap between the
migrating hydrogen and the central metal and would stabilize
the transition state. Thus, the stabilization energy of the
transition state should depend upon the M-C bond length
and the M-C-H bond angle (C-H represents the breaking C—
H bond). In other words, both the smaller M — C distance and
the larger M-C-H angle should enhance the activation of
alkane C-H bonds by [CpML]. As shown in Figures 35, the
Ir— C distance increases in the order 2° cyclopropane (2.36 A,
TS-3) < 1° propane (2.37 A, TS-1) < 2° propane (2.39 A, TS-
2), while the Ir-C-H angle decreases in the order 2° cyclo-
propane (45.7°, TS-3) > 1° propane (43.7°, TS-1) > 2° propane
(42.6°, TS-2). This structural evidence is again consistent with
the above prediction. We shall discuss the origin of barrier
heights in more detail after consideration of the Rh case.

[CpRh(PH;) ] insertion into propane and cyclopropane: The
fully optimized geometries of the agostic complex, transition
state, and product for the insertion of [CpRh(PHj;)] into
primary and secondary C—H bonds of propane and cyclo-
propane are shown in Figures 6-8, respectively.’l Their
relative energies at the B3ALYP/LANL2DZ level are present-
ed in Table 1.

Three points are noteworthy: Firstly, the computational
results of the reaction with [CpRh(PHj;)] are, in principle,
similar to those noted above for the [CpIr(PH;)] system in
many aspects. For instance, our theoretical investigations
suggest that the oy, orientation for [CpRh(PH;)] insertion
into saturated C-H bonds will be preferred to other
approaches which will lead to high-order saddle points, a
characteristic three-center pattern for the transition state, and
hydrogen migration to the larger lobe of HOMO of the
attacking [CpRh(PH;)]. In addition, as shown in Table 1,
DFT calculations predict that the insertion of [CpRh(PH;)],
from the agostic complex through the transition state
to the product, is thermodynamically exothermic by
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Figure 6. B3SLYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-4), the transition state (TS-4), and the product (Pro-4) for
[CpRh(PHs;)] insertion into the primary C-H bond of propane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
SOSP and TOSP represent second-order (two imaginary frequencies) and
third-order (three imaginary frequencies) saddle points, respectively.

—17.5 kcalmol~' (2° cyclopropane) and —15.6 kcalmol~! (1°
propane) with an activation energy of 7.57 kcalmol™! (2°
cyclopropane) and 8.96 kcalmol~! (1° propane), respectively,
from the agostic complex. Again, our results strongly indicate
that the secondary insertion of cyclopropane is more favor-
able than the primary insertion of propane (vide infra).
Secondly, according to the B3ALYP/LANL2DZ results, it is
interesting to point out that the transition state for secondary
insertion of propane has never been found (see Figure 7). Of
the six possible routes for secondary C—H activation, the
most promising one is SOSP-7 (ocy,-attack), which has the
lowest energy compared to the other five approaches.
Calculations of the energy Hessian revealed two imaginary
frequencies for SOSP-7: that at #=906i cm~! is a vibrational
mode corresponding to the reaction coordinate insertion into
the secondary C-H bond of propane, the other at 7=
78.7i cm™! is, however, a major rotation of the sec-propyl
fragment. A distortion along the second imaginary mode was
attempted and was followed by a geometry optimization
without any symmetry constraints. This led directly to
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SOSP-9 (teHens) TOSP-11 (Ochchs)

Figure 7. BALYP/LANL2DZ-optimized geometries of the transition state
for [CpRh(PH;)] insertion into the secondary C—H bond of propane.
TOSP represents a third-order (three imaginary frequencies) saddle point.
See the text.

Figure 8. BALYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-5), the transition state (TS-5), and the product (Pre-5) for
[CpRh(PHj;)] insertion into the C—H bond of cyclopropane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
TOSP represents a third-order (three imaginary frequencies) saddle point.

Chem. Eur. J. 1999, 5, No. 1
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TOSP-11 (Ocucu,) With three imaginary frequencies. The
reduction of the optimization convergence criteria by an
order of magnitude still did not alter the situation. Moreover,
attempts to find any transition state for secondary insertion of
propane were unsuccessful. It seems likely that the potential
energy surface for [CpRh(PH;)] insertion into secondary
propane is fairly flat and the problem is simply one of
insufficient numerical accuracy in Hessian.'”l Nevertheless,
the secondary insertion product of cyclopropane can be
detected experimentally.’). Our theoretical investigations
support this experimental observation. As shown in Figure 8,
we obtained its transition state (TS-5) with a single imaginary
frequency (#=2836i cm™'). Animation of this imaginary fre-
quency clearly shows a rocking motion of the entire ocy,
fragment, as indicated by the bold arrows. Consequently, in
contrast to [CpIr(PH;)] insertion, [CpRh(PH,)] insertion
should result in the following trend: 2° cyclopropane > 1°
propane > > 2° propane. In other words, the rhodium
complex is significantly more discriminating than the iridium
complex. This has been confirmed experimentally,? as
mentioned in the Introduction.

Thirdly, the energy of the transition state for cyclopropane
insertion is below that of its corresponding reactants
([CpRh(PHj3)] + cyclopropane) (Table 1). This indicates that
the rearrangement shown in 4 can occur without the

C b o L cp R
“Rh! — b A —
lg 54 L/ﬂh H>q - L/Rh\H
f N
actiz

4

dissociation of cyclopropane from the [CpRh(PH;)] frag-
ment. Consequently, the agostic complex we found in this
work may correspond to the intermediate 7’ complex
proposed by Periana and Bergman for a migration.”® More-
over, as shown in Figure 8, our DFT calculations suggest that
the Rh agostic complex (Cpx-5) should be a structure in which
cyclopropane is bound in an end-on fashion through two
hydrogen atoms, that is in a 0y, fashion, which is again in
accordance with the mechanism postulated by Periana and

Bergman.?" For these reasons, our theoretical results provide

strong support for the existence of alkane #2-complex

intermediates, which intervene in the oxidative addition
process to saturated hydrocarbons before full C—-H bond
cleavage occurs.

Before further discussion, we shall summarize the resulting
potential energy profiles at the BALYP/LANL2DZ level in
Figure 9. From the above discussion and Figure 9, we thus
obtained the following conclusions, all of which have been
confirmed by experimental findings:[ 2!

1) The reaction of [CpML] with propane and cyclopropane
must be competitive, since the energy difference between
them is small. Additionally, the order of reactivity of C— H
bonds toward [CpML] attack is 2° cyclopropane >1°
propane > 2° propane.

2) The oxidative addition of the iridium complex is preferred
both kinetically and thermodynamically over that of the
rhodium complex. In addition, the rhodium insertion is
much more selective than the iridium insertion.
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Figure 9. Potential energy surfaces for the activation of propane and
cyclopropane C-H bond by [CpM(PH;)] (M=Rh, Ir). The relative
energies are taken from the BBLYP/LANL2DZ values given in Table 1. For
the B3LYP-optimized structures of the stationary points see Figures 3-8.

3) The 16-electron [CpML] fragment will preferentially
approach a saturated hydrocarbon in a concerted ocy,
fashion.

4) Due to some additional steric repulsions caused by the
effect of alkyl substitution, the tertiary hydrocarbons fail
to react with [CpML].

One may therefore apply the above conclusions to predict

the potential existence of regio- and stereoselective products

in oxidative addition of hydro-

ey carbon C-H bonds to [CpML].

H ~ For instance, inspection of cy-

i clohexane (5) suggests that a

Tcy, approach across the top of

5 the six-membered ring would

be sterically hindered by the

axial hydrogens. Moreover, we

predict that the 16-electron [CpML] complex would approach

cyclohexane in a o¢y, fashion as expected in point 3). In other

words, both electronic and steric effects play a decisive role in
the preference for a ocy, approach.

The configuration mixing model: Recently, it has been shown
that the configuration mixing (CM) model, based on the work
of Pross and Shaik,"® can be used to understand the origin of
barrier heights for carbene insertion reactions.' Since 16-
electron [CpML] is known to be isolobal to CH,,[*! it is, in
principle, conceivable that, with the use of the isolobal
analogy, the same predictions could also be applied to
organometallic systems.[*] We would like to use this model
to gain a better understanding of the reactivity of the various
C-H bonds in propane with respect to cyclopropane as well
as the selectivity of the 16-electron [CpML] (M =Rh, Ir)
complexes.

In the CM model the total energy profile is broken down
into two component curves: the one associated with the
reactant bonding situation, is denoted as the reactant config-
uration and the other, associated with the product bonding
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situation, is denoted as the product configuration. The cross-
ing of the two curves detects the transition state and the
energy barrier.

In Figure 10, we represent the qualitative behavior of the
two configurations for the [CpML] oxidative addition to an
alkane C—H bond. The reactant configuration describes a
situation in which the two electrons on the [CpML] fragment

*[cpmLI’[CH]
2

'[cpML][CH]

'[cpMLI'[CH] *[cpMLI®[CH]
1
Cp(L)M: -~ CH2RR' ——R Cp(L)(H)M-CHRR'

Figure 10. Energy diagram for an oxidative addition reaction showing the
formation of a state curve (¥) on mixing two configurations: the reactant
configuration and the product configuration. It is apparent that both the
activation energy (AE*) and reaction enthalpy (AH) is proportional to AE
(= Eyiplet — Eqingie for 16-electron [CpML]) and AE . (= Eyipier — Egingte for
the alkane). S represents a singlet. See the text.

are spin-paired to form the lone pair, while the two electrons
on the alkane moiety are spin-paired to form a C—H o bond.
Its valence bond (VB) configuration is labeled [CpML][CH]
(6). On the other hand, the product configuration corresponds
to a situation in which the electron pairs are coupled to allow
both M-H and M-C bond

. . c c

formation and simultaneous { 4
. [CpML]4# [CpML]

C-H bond breaking. Note that L 4 il
the spin arrangement is now s 3

'[CPMLI'ICH) [CPMLI’ICH]

different, as seen in its VB 6 7
product configuration (7). In

order to obtain this configuration from the reactant config-
uration 6, each of the two original electron pairs needs to be
uncoupled, which requires the excitation of the electron
pairs from the singlet state to the triplet state. Hence,
this configuration is labeled 3[CpMLJ’[CH]. Notably
S[CpMLJ[CH] is an overall singlet configuration, despite
the fact that it contains two local triplets. The MO represen-
tations of VB configurations 6 and 7 are shown in 8 and 9,

Ce — og e a ol
- ) — ] - <O+ + %cn
Cp Cp
L/ga” 'H' Ocu L/g a + Ccn
T[CPML]"[CH] 3[CPMLI[CH]
8 9
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respectively. As mentioned above, it is the avoided crossing of
these two configurations that leads to the simplest description
of the ground state energy profiles for oxidative addition
reactions of 16-electron [CpML] complexes.

As shown in Figure 10, it is apparent that the barrier height
(AE?*) as well as the reaction enthalpy (AH) may be expressed
in terms of the initial energy gap between the reactant and
product configurations. In other words, this model shows that
the existence of the barrier is due to the combined effect of
two factors: the singlet —triplet energy gap of [CpML] (AE, =
Ejipiet — Egingir for 16-electron [CpML]) and the o(C-H)
—0*(C-H) triplet excitation energy of the alkane (AE.=
Eipiet — Egingie for alkane). Accordingly, supposing AE, is a
constant, a smaller value of AE would lead to: i) reduction of
the reaction barrier since the intended crossing of
'[CPpML]'[CH] and 3[CpML]}[CH] is lower in energy, and
ii) a larger exothermicity since the energy of the product is
now lower than that of the reactant. Likewise, if AE of
[CpML] is a constant, then a smaller value of AE, would also
lead to a lower barrier height and a larger exothermicity.
Bearing this CM model (Figure 10) in mind, we shall explain
the origin of the observed trends as shown previously in the
following discussion:

Why is the Ir reaction more favorable than the Rh reaction in
the activation of the C— H bond? The reason for this can be
traced to the singlet —triplet energy gap (AEy) of [CpML]. As
analyzed above, the smaller the value of AE of [CpML] (if
AE,is a constant), the lower the barrier height and the larger
the exothermicity, and, in turn, the faster the oxidative
addition reaction. Furthermore, as Siegbahn has pointed
out,'®] the Ir atom has a quartet d’s? ground state with a high
excitation energy to the doublet d° state (61 kcalmol~!). The
Rh atom has a quartet d’s' ground state but with a relatively
low excitation energy to the doublet d° state (7.8 kcalmol™?).
This implies that Ir would prefer to remain in a high-spin state,
whereas Rh favors a low-spin state. It is reasonable to expect
that the promotion energy from the singlet state to the triplet
state, used to form the strongest covalent bonds, should be
smaller for the Ir complex than for the Rh complex. Our
B3LYP/LANL2DZ results suggest that AE of [Cplr(PH;)]
(=169 kcalmol™') is smaller in energy than that of
[CpRh(PH3)] (—13.2 kcalmol-'), which is consistent with
the above prediction. For this reason, insertion into a C-H
bond is more facile and more exothermic for the Ir system
than for its Rh counterpart.

Why does the reactivity of C— H bonds decrease in the order: 2°
cyclopropane > 1° propane > 2° propane? The driving force of
this may be traced to AE,., which can be evaluated to a good
approximation from the energies of the vertical o(C-
H) —o*(C-H) triplet excitation in alkane. As anticipated
by the CM model, if AE, of [CpML] is a constant, then a
smaller value of AE,. leads to a lower barrier height and a
larger exothermicity. Our DFT results suggest an increasing
trend in AE,. for 2° cyclopropane (206 kcalmol™')<1°
propane (254 kcalmol™') < 2° propane (259 kcalmol!),['7#] in
accordance with the trend of the activation energy as well as
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the enthalpy (AE*, AH) for [CpIr(PH;)] insertion which are
(0.306, —37.7), (0.786, —34.6), (1.89, —31.7) kcalmol 117!
respectively (Table 1). Note that the ordering of the C-H
bond strength follows a different trend than AE.: cyclo-
propane (106.3 £0.3 kcalmol")('¥1 > 1° propane (100.4 &
0.6 kcalmol~")["1 > 2° propane (98.6 + 0.4 kcalmol )2 (vide
infra).

The comparison between the propane and cyclopropane
reactions provides additional insight into the dominating
electronic effects in the oxidative addition of unsaturated C—
H bonds. One mystifying and surprising result that has
emerged from the active research on the C-—H oxidative
addition reaction is that there is a general inverse correlation
between the initial C—H bond strength and the ease of
activation of this bond by transition metal complexes. This
is exactly opposite to what might have been predicted based
upon C-H bond breaking alonel'*¢2! For instance,
despite the fact that the C—H bond strengths in methane,
ethylene, and acetylene are 104.8 £0.4,22 111.2 £ 0.8, and
132.9£0.7 [ 21 kcalmol !, respectively, it has been shown
that the methane C—H bond is more difficult to activate than
the ethylene C—H bond, which in turn is more difficult to
activate than the acetylene C-H bond.?!l The simplest
explanation of the origin of the differences in activation
barriers is a steric effect. As Siegbahn and Blomberg have
pointed out,?I since C—H activation requires that the central
metal efficiently interacts in a sideways orientation to the
C-H bond, it is clear that this position is most easily reached
for acetylene. For methane, however, a substantial initial
distortion of the molecule is needed to reach a proper
interaction. For ethylene, the situation is somewhere in
between that of acetylene and methane. In other words, even
though the data is only qualitative at this point, it is apparent
that the C—H bond with sp character is strongly favored, sp? is
the next easiest, and sp’ is the most difficult. The C-H
acidities, rather than bond energies, control the rate of attack
of the metal center on particular C—H bonds.

According to this study, it is shown that the CM model
emphasized here may supplement the above results. Namely,
an understanding of singlet —triplet splitting AE . is crucial
for the prediction of the reactivity of different C—H bonds of
hydrocarbons. For example, our B3BLYP/LANL2DZ calcula-
tions indicate that the values of AFE,. for different C-H
bonds are in the order acetylene (101 kcalmol™') < ethylene
(147 kcal mol ') < methane (291 kcal mol~),"”1 which follows
the same trend as the ease of the C—H bond breaking as
mentioned above. Though we have not carried out these
calculations for different C—H bond activations by transition
metal complexes with the same level of theory in this work,
the fact that the above AE,,. trend agrees reasonably well
with the order of insertion activity reported experimental-
lyllee 21 and theoretically?®l shows that, besides the steric
effect, the electronic effect must also play a role in oxidative
addition of hydrocarbon C—H bonds.

Why is the Rh complex much more selective than the iridium
counterpart in oxidative addition of C—H bonds? In fact,
chemical reactivity and selectivity are generally thought to be
inversely related to each other.['*> 2] More specifically, in a
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series of related reactions the more reactive reagents will
exhibit smaller selectivity and, conversely, that the less
reactive reagents will exhibit greater selectivity. This pattern
of behavior has been generalized into what is termed as the
reactivity —selectivity principle.'® 21 In oxidative addition
reactions, the highly reactive [CpIr(PH;) ] complex was found
to be less discriminate in its reaction with different C-H
bonds of the same molecule than the less reactive
[CpRh(PH};)], as illustrated in Figure 9. This can be derived
from the Marcus theory.?”) It has been shown that, based on a
two-curve avoided-crossing model (i.e., CM model, Fig-
ure 10), an inverse relationship between reactivity and
selectivity is anticipated.l'®® Namely, it is the AE, and AE,.
factors that govern reactivity as well as the selectivity of the
16-electron [CpML] complexes. When AE (or AE.) is
small, the activation barrier is small, and the transition state
resembles the reactants; thus reactivity is high and selectivity
is small. On the contrary, when AE (or AE,.) is large, the
barrier height is large and the transition state resembles the
product; so reactivity is small and selectivity is high. For
instance, since it has already been shown that AE, of
[CpRh(PH;)] is larger than that of [CpIr(PH;)] and AE,-
of 2° propane is also larger than those of 1° propane and 2°
cyclopropane, it is perhaps not surprising that [CpRh(PH;)] is
hard to insert into the secondary C—H bond of propane. Thus,
in the rhodium series, only primary products are formed from
acyclic alkanes. Moreover, according to a Marcus description
of reactivity, reactive systems with early transition states are
predicted to be less selective than unreactive ones with late
transition states.['?7] The comparison of geometries of the
transition states (TS-1, TS-2, TS-3) with those of the products
(Pro-1, Pro-2, Pro-3) on one side and of the agostic complexes
(Cpx-1, Cpx-2, Cpx-3) on the other side, (Figures 3—-5), shows
that the highly reactive [CpIr(PH;)] complex reaches the
transition state relatively early (reactant-like). In contrast to
Ir insertion, comparison of the geometrical parameters among
the stationary points in [CpRh(PH;)] model systems (Fig-
ures 6—8) shows that transition states (TS-4, TS-5) are closer
to their corresponding products (Pro-4, Pro-5) than to agostic
complexes (Cpx-4, Cpx-5), respectively, indicating that the
less reactive [CpRh(PH;)] complex arrives at the transition
state relatively late (product-like). Again, our theoretical
findings are in qualitative agreement with Marcus theory.

Conclusions

We have studied the reaction mechanisms of the insertion of
the 16-electron [CpM(PH;)] (M =Rh, Ir) fragment into the
C-H bond of propane and cyclopropane by density func-
tional theory. Our model calculations have shown that the
B3LYP/LANL2DZ level of theory is appropriate to inves-
tigate transition-metal insertion processes since it can repro-
duce the experimental trends correctly. Moreover, this work
has represented an attempt to apply the FMO model to
predict the approximate reaction trajectory and transition
state structures for insertion reactions. Also, we have dem-
onstrated that the computational results can be rationalized
by the use of a simple CM model. Thus, not only have we
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given explanations of the experimental results for those
oxidative addition reactions, but we have also made predic-
tions of the potential existence of regio- and stereoselective
products. Our study has shown that the problems concerning
reactivity as well as selectivity of the 16-electron [CpML]
systems can be reduced to pictorial considerations. In spite of
its simplicity, our approaches prove to be quite effective and
can provide chemists with mechanistic insights into the factors
controlling the activation of hydrocarbon C-H bonds, thus
allowing a better understanding of the nature of such systems
as well as a number of predictions to be made. It is hoped that
our study will provide stimulation for further research into the
subject.

Methods of Calculation

All geometries were fully optimized without imposing any symmetry
constraints. For our DFT calculations, we used the hybrid gradient-
corrected exchange functional proposed by Becke,?* combined with the
gradient-corrected correlation functional of Lee, Yang, and Parr.”* This
functional is commonly known as B3LYP, and has been shown to be quite
reliable for geometries.['” 2]

Effective core potentials (ECPs) were used to represent the 28 innermost
electrons of rhodium (up to the 3d shell).’") Likewise, ECPs were used to
represent the 60 innermost electrons of the iridium (up to the 4f shell)
atom.! For phosphorus we also used the Hay and Wadt relativistic ECP.*!
For these atoms, the basis set was that associated with the pseudopotential,
with a standard LANL2DZ contraction.? For hydrogen and carbon atoms
the double zeta basis of Dunning—Huzinaga was used. We denote our
B3LYP calculations by B3ALYP/LANL2DZ. Thus, the model compounds
[CpM(PH3)] - C;Hg and [CpM(PH;) ] - C;Hg (M =1Ir, Rh) have 134 (86 elec-
trons) and 130 (84 electrons) basis functions, respectively.

Vibrational frequencies at stationary points were calculated at the B3LYP/
LANL2DZ level of theory to identify them as minima (zero imaginary
frequencies) or transition states (one imaginary frequency), or higher order
saddle points (two or three imaginary frequencies). All calculations were
performed with the GAUSSIAN 94/DFT package.*?

How does one obtain the AE,,. energy for the C—H bonds in the
hydrocarbons? For instance, consider the ethylene case. Its bonding
7(C=C) and o(C-H) molecular orbitals together with the antibonding
7#*(C=C) and 0*(C-H) molecular orbitals are shown in Scheme 1. It is
clearly seen that the HOMO () and LUMO (xt*) are localized on the
carbon atoms; both of them have no electron density associated with the
C-H groups. On the other hand, the 6(C-H) and ¢*(C—-H) molecular
orbitals are localized on the four C—H groups. Consequently, AE,- can be
easily obtained by evaluating the energies of the vertical 6(C-H) —o*(C-
H) triplet excitation. The same situation can also be applied to CH, and
acetylene molecules.

How does one obtain the AE,,,. energy for the primary and secondary C—-H
bonds in propane and cyclopropane? For simplicity, we use the orbital
contour pictures to explain how to obtain the value of AE,,.. The orbital
contour pictures are based on those from reference [6a], p. 165-166 (for
propane) and p. 153-155 (for cyclo-
propane).

As seen in p.165-166 of referen-
ce [6a], in propane (C,, symmetry)
the HOMO (4B,) is not only largely
associated with the bonding between
carbon atoms, but also has a low
electron density associated with the
terminal 1° CHj; group. It has to be
emphasized that no electron density
at all is associated with the central 2°
CH, group since it is on the nodal
plane. Thus, we also call this orbital
o(1° C—H). In contrast, the next two

Scheme 1. The bonding and an-
tibonding molecular orbitals of
ethylene.
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orbitals (2B, and 1A,) in propane are
almost degenerate and their greatest
electron density is associated with the
hydrogen atoms attached to the central
carbon atom. So we call them o(2° C—
H). The same situation can also be
found in the unoccupied antibonding
orbitals. That is, the LUMO has two
almost degenerate orbitals (3B, and
7A,) and their electron density deloc-
alizes on both 1° CH; and 2° CH,
groups. Thus, we can call them o*(1°
C-H) and 0*(2° C-H), respectively.
As such, in order to obtain the AE
energies for the C—H bonds in pro-
pane, we can evaluate the energies of
the vertical o(C-H)—0*(C-H) trip-
let excitation. As shown in Scheme 2,
there will be two excitation energies for AE.. One is E;, which is ¢(1° C—
H) —0*(1° C-H) for the primary C—H bond. The other is E,, which is o(2°
C-H) —0*(2° C—H) for the secondary C—H bond. The same situation can
also be applied to cyclopropane. These phenomena can surely be found in
the orbitals of the current methodology.

G(2° G-H)
a(1° C-H)

o(1° C-H)
o2° C-H) mujelem

Scheme 2. The vertical 6(C—
H) —0*(C-H) triplet excita-
tion of the C-H bonds in
propane.
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