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. Introduction

Stoichiometric and catalytic transition-metal reac-
tions have attracted great interest for their many
applications in industrial and synthetic processes.
Transition-metal reactions are critical in many ther-
modynamically feasible processes because they ac-
celerate the reaction by opening a lower activation-
energy pathway, often one that was symmetry
forbidden. These metal-centered reactions consist of
one or more elementary reactions such as substitu-
tion, oxidative addition, reductive elimination, mi-
gratory insertion, hydrogen exchange, 3-hydrogen
transfer, o-bond metathesis, and nucleophilic addi-
tion. Numerous experimental and theoretical studies
have been undertaken in order to understand these
fundamental transformations.! Recent progress in
computational chemistry has shown that many im-
portant chemical and physical properties of the
species involved in these reactions can be predicted
from first principles by various computational tech-
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niques.? This ability is especially important in those
cases where experimental results are difficult to
obtain.

In the past 8 years, several excellent reviews have
appeared that describe the application of ab initio
molecular orbital (MO) and density functional theory
(DFT) methods to reactions containing transition
metals.® The reviews by Koga and Morokuma,3 Mu-
saev and Morokuma,®® and Siegbahn and Blomberg*
give an overview of theoretical studies of transition-
metal-catalyzed chemical reactions. Those by Ziegler®
and Salahub et al.®® review DFT methods and their
applications to transition-metal reactions. Siegbahn®f
has recently reviewed applications of both conven-
tional ab initio quantum methods and DFT methods
to transition-metal systems. Recent books on applica-
tions of ab initio MO theory include those edited by
Dedieu® and van Leeuwen et al.’" on theoretical
aspects of transition-metal hydrides and homoge-
neous catalysis, respectively.

Here, we focus on reactions of transition-metal
complexes and review recent studies which use the
latest computational techniques. First, we briefly
review recent developments in the computational
methodologies that are used in studies on transition-
metal reactions. Then, we review applications to
various classes of elementary reactions such as
substitution, migratory insertion, hydrogen transfer,
oxidative addition/reductive elimination, metathesis,
and nucleophilic addition. Finally, some recently
studied catalytic processes are discussed.

[l. General Methods

In the last several years, the enormous progress
in computational techniques is reflected in higher
level applications of ab initio Hartree—Fock (HF),
post-HF, and density functional theory (DFT) to real
reaction systems containing transition metals.>~*
Treatment of the reactions with quantum chemical
methods involves calculations of geometries and
energetics of reactants, intermediates, transition
states, and products. The accuracy of the calculations,
which affects the thermodynamic and kinetic data
as well as details of the reaction mechanism, depends
on a combination of the theoretical method and basis
set.4

Figure 1 illustrates the strategic use of a sequence
of model chemistries definable via the computational
method and basis set in studies of transition-metal
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reactions.?~® The theoretical level increases from HF
through DFT,%¢6 Mgller—Plesset (MP) perturbation
series (MP2, MP3, and MP4),” multiconfigurational
self-consistent field (MCSCF),® modified coupled pair
functional (MCPF),® quadratic configuration interac-
tion with singles and doubles (QCISD),*° and coupled
cluster with singles and doubles (CCSD)* to QCISD
and CCSD with perturbative corrections for triples
(QCISD(T) and CCSD(T)).1%12 On the other coordi-
nate, atomic basis sets from minimal basis sets on
the left through the double- and triple-¢ basis sets
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Figure 1. lllustration for the strategic use of a sequence
of model chemistries definable via the computational
method and basis set in studies of transition-metal reac-
tions.
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Figure 2. lllustration of the types of stationary points on
a potential energy surface.

(DZ and TZ) with additional polarization functions
(DZP and TZP) to the quadruple-¢ basis sets with
polarization functions (QZP) on the right lead to an
increase in the relative accuracy of various model
calculations.*® Highly accurate methods and large
basis sets lead to higher computational cost, espe-
cially for experimentally accurate reaction models.
Thus, the strategic use of computational chemistry
in transition-metal reactions ultimately depends not
only on established levels of performance, but also
on practical considerations such as cost.

A. Geometry

Geometry optimization is one of the most important
steps in the theoretical treatment of transition-metal
reactions. Accurate application of molecular orbital
theory and reliable determination of the reaction and
activation energies require reasonable molecular
geometries of reactants, transition states, intermedi-
ates, and products. The geometry optimization of
reactants, intermediates, and products of transition-
metal reactions involves minimization of the energy
with respect to each independent geometrical param-
eter, while a corresponding treatment of a transition
state (TS) seeks a saddle point on the potential
surface as shown in Figure 2.213 With the develop-
ment of efficient analytical energy gradient and



Reactions of Transition-Metal Complexes

second-derivative (Hessian matrix) methods, com-
plete optimization of geometric parameters for minima
and saddle points has become more common. A
minimum with all positive eigenvalues in Hessian
matrix corresponds to an equilibrium structure, while
a saddle point with one negative eigenvalue in a
Hessian matrix corresponds to a transition-state
structure usually connecting two stationary struc-
tures. The nature of stationary points on the potential
energy surface can be characterized by the number
of imaginary frequencies: zero for a minima, one for
a TS (first-order saddle point), and two or more (X)
for a “maximum” (x-order saddle point).*® It is
important to note that the normal mode correspond-
ing to the imaginary frequency of a saddle point must
be determined so that the nature of the transition-
state structure can be analyzed. The eigenvectors of
the imaginary frequency of the transition-state struc-
ture show which geometrical parameters are involved
in the reaction coordinate (RC). Animating the vibra-
tions with a chemical visualization package (for
example, Cerius? from MSI and ECCE from PNNL)
is often sufficient for this analysis. Sometimes it is
necessary to perform an intrinsic reaction coordinate
(IRC)'* calculation to follow the RC both in the
forward and reverse directions to be assured that the
TS connects the anticipated minima. Since searching
for a desired transition-state structure is much more
difficult than searching for a local minimum, a good
initial structure is especially important in the TS
optimization. The linear synchronous transit (LST)'®
and the synchronous transit-guided quasi-Newton
(STQN)!® methods are useful for locating transition-
state structures. In some reaction systems, important
insight can be gained by scanning the potential
energy surface along one or two RCs.

Currently, the most common geometry optimiza-
tions for studies of reactions containing transition
metals are performed at the HF, MP2, and DFT
levels of theory. In the last several years, the HF and
MP2 methods have been employed successfully to
obtain molecular structures, electronic structures,
and thermodynamic and Kinetic data for second- and
third-row transition-metal systems.?~> Relativistic
effective core potentials (RECPs)!” generated from
the relativistic HF atomic core are especially valuable
for heavy transition-metal system such as second-
and third-row transition-metal complexes because
the most important relativistic effects are incorpo-
rated into the ECP.* Generally, first-row transition-
metal complexes are significantly more difficult to
treat with the HF and MP2 methods than complexes
of the second- and third-row transition metals. The
major reason for this is that the 3d orbitals are much
more compact than the 4s orbitals.3" The compactness
of the 3d orbital leads to the presence of strong near-
degeneracy effects because of weak overlap between
the 3d orbitals and the ligand orbitals.3f Because the
4d and 5d orbitals are larger relative to the atom’s
size, the influence of near-degeneracy effects on
complexes of the second- and third-row transition
metals is smaller. Near-degeneracy problems often
lead to multireference character in the state of
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Table 1. RHF, B3LYP, MP2, and CISD Fully
Optimized Geometries and Experimental Values of
the Product CpCo(N(O)CH3)PHs; (4b)

RHF/DZ DFT/DZ MP2/DZ CISD/DZ exp

Co—Cp 2.076 1.849 1.731 1.888 1.718
Co—P 2.511 2.287 2.164 2.360 2.174
Co—N 1.991 1.772 1.711 1.787 1.780
N—-O 1.226 1.324 1.378 1.295 1.282
N—-C 1.487 1.514 1.527 1.504 1.484
P—Co—N  96.8 95.8 94.4 96.0 92.4

Co—N—-0O 124.2 126.4 128.3 125.4 125.6
Co—N—-C 121.2 1235 124.5 123.5 124.4
av % dev 7.65 2.95 2.48 3.25

interest, and in principle, these states cannot be
described correctly by single-reference methods such
as HF or MP2. A poor description of the electronic
state by HF or MP2 may lead to incorrect results for
the geometry optimization. Recent progress in DFT
has shown clearly that the new generation of gradi-
ent-corrected DFT methods such as Becke’s three-
parameter hybrid exchange potential (B3)'° with the
Lee—Yang—Parr (LYP),?° Perdue (P86),%! or Perdue—
Wang (PW91)? correlation functional are efficient
and accurate computational methods in studies of
transition-metal reactions, especially for treating
much larger systems and complexes containing first-
row transition metals.

To examine the quality of the geometric optimiza-
tion for transition-metal reactions at different levels
of theory, we have selected the insertion of NO into
a Co—CHj3; ¢ bond followed by PH; addition to
generate the nitroso complex, CpCo(PHz)(N(O)CH5)

(4; reaction 1).2324

AR X

+PH3 1)
P

.
H3 CH3

4

The HF/DZ, DFT-B3LYP/DZ, MP2/DZ, and CISD/DZ
fully optimized geometries of the product CpCo(PHz3)-
(N(O)CHg) (4) are given in Table 1.25 Compared to
the experimental values of Weiner and Bergman,??
the overall average percent deviation is 7.65% at the
HF level, where the metal—ligand bond lengths are
generally too long in this basis set. The B3LYP, MP2,
and CISD geometries of 4 are in much better agree-
ment with the X-ray structure with average percent
deviations of 2.95%, 2.48%, and 3.25%, respectively.
The optimized geometry at the B3LYP level is very
similar to the one at the CISD level. The largest
differences between B3LYP, CISD and MP2 values
are for the Co—Cp, Co—P, and Co—N metal—ligand
distances, which are all shorter at the MP2 level.
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Figure 3. HF/DZ, B3LYP/DZ, MP2/DZ, CISD/DZ, MP2/DZP, and B3LYP/DZP fully optimized geometries of the reactant

CpCo(CH3)(NO) (1).

Compared with the experimental values, the MP2
bond lengths for Co—Cp and Co—P are better than
those of BALYP and CISD but the MP2 value for the
Co—N is worse. The short MP2 Co—N bond length
and the long MP2 N—O bond length indicate that the
strength of the “backdonation” is exaggerated by the
MP2 method.

As an additional example, the HF/DZ, B3LYP/DZ,
MP2/Dz, CISD/DZ, MP2/DZP, and B3LYP/DZP fully
optimized geometries of the reactant CpCo(CH3)(NO)
(1) are shown in Figure 3. Compared with the CISD/
DZ-optimized geometry, the HF/DZ-optimized Cp—
Co, Co—NO, and N—CHgs; distances are all longer
while the Co—CHj; distance is close to CISD result.

The B3LYP geometry is in very good agreement with
that at the CISD level; the average percent deviation
is less than 2.6%. However, the MP2/DZ- and MP2/
DZP-optimized structures of 1 are both quantitatively
and qualitatively different from the B3LYP/DZ- or
B3LYP/DZP- and CISD/DZ-optimized ones in having
a much shorter N—CHjs distance and a rotated and
distorted methyl group. Note that the addition of
polarization functions does not significantly improve
the MP2 results. Calculations with higher level
correlation methods, QCISD and CCSD, indicate that
the B3LYP/DZ and CISD/DZ geometries of 1 are 15—
23 kcal/mol lower in energy than the MP2/DZ geom-
etry. Complete active-space multiconfiguration SCF
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Table 2. Optimized Geometries for the Singlet
Ni(H)(OH) Insertion Product and Transition State
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Table 3. Calculated and Experimentally Observed
First Bond Dissociation Energies (FBDE) (kcal/mol)

method  Ni-H  Ni—-O  H-Ni—-OH  Ni—O—H Cr(CO)s Mo(CO)s W(CO)s ref
Product HF/DZ 21.0 263 348 31a
HE 160  1.74 131.4 1515 HF/DZ 20.3 28.4 37.7 33a
MP2 139 171 89.6 122.2 MP2/DZP 58.0 46.1 54.9 31a
CASSCF 151 175 109.2 136.7 CCSD(T)/IMP2/DZP  45.8 (32.5) 40.4 48.0 31a
MCPF 140 171 103.8 116.1 LDA 62.1 52.7 48.4 33b
DFT-LSD 142 168 98.6 110.6 LDA/NL 35.1 28.4 33.9 33¢
- LDA/NL 44.6 37.4 335 33b
Transition State LDA/NL+FO 451 39.8 418 33b
HE 165 178 48.7 131.8
. o e g o NL-SCF 45.9 38.2 38.8 33b
: : : : NL-SCF/FO 46.8 40.6 47.2 33b
CASSCF 169 189 485 128.2
NL-SCF-QR 46.2 39.7 437 33b
QCISD 157 185 496 112.8
e T T P s NL-SCF+OR 431 39.9 46.0 33d
exp 38.7 30.1 39.7 34
exp 3745 3445 3845 35
exp 368+2 405+2 460+2 36

(CASSCF)?¢ calculations and CCSD T; diagnostic
analysis?” at the B3LYP geometry of the reactant (1)
show that it has a significantly larger multireference
character than the insertion TS (2) or intermediate
(3). Thus, the reactant (1) has strong near-degeneracy
effects from the interaction between the low-lying
unoccupied z* orbitals of the NO group and high-
lying occupied Co orbitals.?* The consequence of these
near-degeneracy effects is that the MP2 geometry of
1 migrates toward the TS (2) for this insertion
reaction. Thus, near-degeneracy problems can affect
the accuracy of both HF and MP2 geometry optimi-
zation.

Similar results have been observed in the OH
insertion into the Ni—H bond to generate Ni(OHy)
(reaction 2).%8

e H

——

N == == o

TH

The optimized geometric parameters and relative
energies of the OH insertion into the Ni—H bond at
the difference levels of theory are given in Table 2.28
Here, one again encounters problems for the geom-
etry optimization. Since near-degeneracy effects are
quite severe for this system, with a larger CI coef-
ficient of 0.30 appearing in the wave function, the
geometry optimizations of Ni(H)(OH) at the HF and
MP2 levels give very different H—Ni—CHs; angles (too
large at the HF level and too small at the MP2 level)
with respect to those at the DFT, CASSCF, and
MCPF levels. In contrast, the MP2-optimized H—Ni—
OH angle of the transition state is larger by about
20° than that at the higher levels of theory.?82
Clearly, at the MP2 level these near-degeneracy
effects exaggerate the geometric difference.

B. Energy

Calculations of the energy at the optimized geom-
etry are an equally important step in theoretical
studies of transition-metal reactions. Many predicted
chemical properties are directly related to the
energy.?~® Generally, accurate relative energies such
as reaction energies and activation energies in tran-
sition-metal reactions can obtained by a series of
energy corrections, which include electron correlation

corrections from higher levels of theory with larger
basis sets, basis-set superposition error (BSSE)
corrections,??® zero-point energy (ZPE), and thermal,
solvation, and relativistic (spin—orbit, etc.) correc-
tions. In most studies of transition-metal reactions,
factors that are related to a counterion or a solvent
are either neglected or just qualitatively discussed.
Currently, the higher level methods for electron
correlation in transition-metal reactions are MCSCF,
MCPF, QCISD, CCSD, QCISD(T), and CCSD(T).
Applications of one or more of these methods may
be essential not only for accurate energy calculations
but also for examining the outcome of geometry
optimization at various levels of theory. Since spin-
unrestricted wave functions are not eigenfunctions
of the S? operator, the potential energy surfaces
obtained for open-shell reaction systems by spin-
unrestricted methods can be significantly distorted
by contamination from higher spin states. The spin-
projected UMPn (PUMPN) and higher level methods
based on UHF such as UCCSD can overcome some
of these spin contamination problems.?%¢¢

The problems encountered in geometry optimiza-
tions affect energy calculations in similar ways. It is
well-known that Mgller—Plesset (MP) perturbation
methods have given reliable results for systems
involving second- and third-row transition metals.3%°
Frenking and co-workers®! have studied a series of
transition-metal carbonyl complexes, M(CO)s (M =
Cr, Mo, Hf?~, Ta-, W, Re", 0s?*, Iré*), M(CO)s (M =
Fe, Ru, Os), and M(CO), (M = Ni, Pd, Pt), where the
MP2/DZP-optimized geometries, CO stretching fre-
guencies, and CCSD(T)/DZP//IMP2/DZP first bond
dissociation energies (FBDE) of the second- and
third-row carbonyl complexes are in excellent agree-
ment with experimental values. However, large oscil-
lations in the total energy differences were found in
the application of perturbation theory to some reac-
tions involving first-row transition metals.31232

Table 3 compares the calculated3'3® and experi-
mental®43® first bond dissociation energies (FBDE)
of M(CO)s (M = Cr, Mo, and W). One can find that
(i) the HF FBED values are too low by 12—15 kcal/
mol, a result which is also reflected in the long
M—CO bonds calculated at the HF level, (ii) the
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Figure 4. Energy profiles for the migratory insertion step
(reaction 1) based on the calculations of the HF/DZ, B3LYP/
Dz, MP2/DZ, MP3/DZ, MP4/DZ, CISD/DZ, CISD(SCC)/DZ,
QCISD/Dz, CCSD/DZ, CCSD(T)/DZ, and CCSD/DZP, at the
B3LYP/DZ geometries.

FBDE values are too high at MP2/DZP and LDA,
particularly for Cr(CO)s, for which shorter M—CO
bond lengths are calculated by MP2 and LDA, and
(iti) the DFT/NL and CCSD(T) FBDE values are
lower than those at MP2 and LDA but higher than
those at HF. It noteworthy that the “best” theoretical
values for Cr(CO)g, 43.1 (NL-SCF+QR) and 45.8 kcal/
mol (CCSD(T)/DZP/IMP2/DZP), are larger than the
best experimental estimate of 38.8 kcal/mol.31.33:36
Ehlers and Frenking attributed the deviation with
experiment to deficiencies in the optimized geom-
etries,3'2 a near-degeneracy problem. Ziegler et al.
argue that the DFT discrepancy with experimental
values for chromium is due to a problem in the
analysis of the experiment.®®® Nevertheless, the
values at CCSD(T) and DFT/NL compare well with
the available experimental estimates for Mo(CO)s
and W(CO)s.

The perturbation series (MP2, MP3, MP4) for the
migratory insertion step (reaction 1) also fails to
converge during the energy calculations.?* Since it
was already mentioned above that the DFT-B3LYP
geometries are somewhat more accurate than the HF
and MP2 geometries, the energetics by the higher
order methods (CISD/DZ, CISD(SCC)/DZ, QCISD/DZ,
CCSD/Dz, CCSD(T)/DzZ, and CCSD/DZP) at the
B3LYP/DZ geometries were investigated. These re-
sults, Figure 4, clearly show that the Mgller—Plesset
perturbation series for the electron correlation of this
insertion reaction fails to converge, where substantial
oscillations appear in the energetic order of the
reactant (1), the transition state (2), and the #'-
intermediate (3). These severe oscillations again
suggest a serious near-degeneracy problem in this
system. The consequences of this problem are that
both MP2 and MP4 overestimate the stability of the
B3LYP transition state (2) with respect to 1 and 3.
However, the B3LYP energetic order from 1 through
2 to 3isin very good agreement with the higher order
electron correlation methods (CISD/DZ, CISD(SCC)/
Dz, QCISD/Dz, CCSD/Dz, CCSD(T)/DZ, and CCSD/
DZP) at the B3LYP/DZ geometries. The calculated
activation barriers of the migratory insertion step
1 — 3 at the B3LYP, CCSD/DZ//B3LYP, and CCSD/
DZP//B3LYP levels are 10.4, 19.5, and 16.9 kcal/mol,
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respectively. When compared to the estimated ex-
perimental activation enthalpy of 14.5 kcal/mol,3” the
calculated barrier heights are quite reasonable, es-
pecially the CCSD value in the DZP basis set. Thus,
DFT-B3LYP gives a much better and more reliable
description of the geometries and relative energies
in this first-row transition-metal system than either
the HF or the MP2 approach.

In the another example of a first-row transition-
metal reaction system (reaction 3),% the calculations
for this intramolecular C—H bond activation process
at the MP2, DFT-B3P86, QCISD, and QCISD(T)
levels show that (i) geometries obtained at the B3P86
level compared favorably with an available experi-
mental structure,® (ii) the DFT-B3P86 geometries of
5 and 7 are better than the MP2 geometries, the
QCISD energies are 18—25 kcal/mol lower in energy
for the B3D86 geometries, and (iii) the activation free
energy from 5 to 7 obtained at the QCISD//B3P86/
DZP level are in excellent agreement with the
experimental value (within 1 kcal/mol).

n

o o
0

5 AG¥=17.1 keal/mol 5

Thus, one must again conclude that (i) the Mgaller—
Plesset perturbation series is not sufficiently conver-
gent for the final energy determinations in first-row
transition-metal reaction systems and (ii) the DFT
methods generally give a much better and more
reliable description of the geometries and relative
energies in these first-row transition-metal reaction
systems.

The final example, a counter example, will be taken
from recent applications to agostic M-:-H—C bonding
such as that found in the precursor complex for the
methane C—H bond activation by transition-metal
complexes (reaction 4).

8
L == C
H

M<—I - | M,

Bergman et al.“° directly measured the rates of
reactions between the 16-electron complex, Cp*Rh-
(CO), and alkanes in the gas phase. They estimated
the bonding energy from Cp*Rh(CO) and alkane to
the o complex, Cp*Rh(CO)(5?-alkane), to be about 10
kcal/mol. The quantitative variations in the bonding
energy from the different calculations in Table 4 arise
from differences in theoretical methods.** These
calculations gave values from —7.7 to —14.8 for the
conventionally correlated ab initio methods and from
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Table 4. Calculated Bonding Energy (kcal/mol)
between CpRh(CO) and Methane at the Difference
Levels of Theory

method AE ref
MP2/IHF —14.8 41b
MP2//MP2 -12.3 41d
-7.7 41c

—-13.6 41e

MCPF//MP2 —-10.1 41d
PCI-80//MP2 —-12.5 41d
CASPT2//MP2 —-11.7 41d
B3LYP//IMP2 —5.6 41d
B3P86//MP2 -8.0 41d
DFT-LDA —-6.9 41a
B3LYP//B3LYP —-6.4 41e
exp —10 40a

—5.6 to —8.0 for the DFT methods. The conventional
ab initio methods overestimate this binding because
of the lack of BSSE correction, while the DFT
calculations underestimate this o-agostic interaction
between CpRh(CO) and CH,. Other work on the
binding of alkanes to tungsten pentacarbonyl, al-
kane—W(CO)s, also shows that the conventional ab
initio methods give an excellent description of these
weak bonding energies, especially in the larger basis
sets.#?2 The problem here, of course, is that current
functionals do not correctly describe the dispersion
energy, which is well described by MP2 calculations.

In summary, DFT methods generally give a much
better and more reliable description of the geometries
and relative energies than HF or MP2 methods
except for some weak bonding interactions.*® During
the past 4 years, the DFT methods such as B3LYP
and B3P86 became the dominant computational tool
for treating the transition-metal reaction systems.
The DFT methods appear less basis-set sensitive,
more efficient, and more accurate. Only CC methods,
which are very costly, would appear to equal or
exceed the accuracy of the best DFT methods.

[ll. Substitution Reactions

Ligand substitution at a transition-metal center is
one of the most basic reactions and a crucial step in
homogeneous catalytic reactions.® Substitution reac-
tions are usually classified into four types of mech-
anisms: D (dissociative), I4 (dissociative interchange),
I, (associative interchange), and A (associative).**
These mechanisms are distinguished on the basis of
thermodynamic activation parameters such as AH¥,
AS*, AG*, or AV*. Recent kinetic studies have shown
that the substitutional ability and mechanism of
transition-metal complexes can be explained quali-
tatively in terms of the stability of the transition state
or intermediate involved.*® For example, it has been
shown that the first CO substitution by a phosphine
ligand is about 10'°-fold faster for the 17-e~ vanadium
hexacarbonyl, V(CO)e, than it is for the analogous 18-
e~ chromium complex, Cr(C0O)e.%¢ The kinetic evi-
dence indicates that substitution reactions of 17-e~
metal carbonyl complexes proceed via a low-energy
associative mechanism (A) while those of 18-e-
complexes proceed via a higher energy dissociative
(D) or dissociative interchange (l4) one (reaction 5).4°

Chemical Reviews, 2000, Vol. 100, No. 2 359

14

Cco .
e ’5”<0 ~
M(CO)q M(CO)sL (5)
M(CO)s
Dorly —= ?\. ' ‘”,L'i/c,‘O
(COpM ’
O]

Using ab initio MO methods, Lin and Hall studied
the substitution mechanisms of the 17-e- metal
hexacarbonyls, M(CO)s (M =V, Nb, and Ta), and the
analogous 18-e~ complexes, M(CO)s (M = Cr, Mo, and
W), by the CO and PH; ligands.23@ They determined
geometries for the transition states and investigated
the effect of electron correlation on these systems.
The energetics of carbonyl exchange reactions of
hexacarbonyl complexes is summarized in Table 5.
Since the calculated activation energies from the
associative reaction mechanism and the calculated
first CO dissociation energies (FBDE) (AEg) are
similar for the 18-e~ complexes and both the entering
and leaving ligands are far from the metal in the
calculated transition state for the associative reac-
tion, this reaction resembles an Iy mechanism.33a.b
Although the HF calculations underestimate the
difference in the activation energies (AE,) between
the 17-e- complex and the 18-e~ complex compared
to the DFT and CI calculations, even for third-row
transition-metal complexes, the trend at the HF level
shows that substitution reactions of the 17-e~ transi-
tion-metal hexacarbonyl complexes proceed via an
associative mechanism. The calculations on carbonyl
substitution by phosphine in M(CO)s also show a
significant difference in activation energies (ca. 11
kcal/mol) between the two (18-e~ and 17-e~) substitu-
tion reactions. The valence-electron Laplacian (—V?p)*’
plots of the transition states (Figure 5) show that (i)
in the substitution reaction of the 18-e~ metal car-
bonyl complexes, the “associative” transition state
corresponds to a 20-e- system and the valence-
electron charge concentrations are located in the
direction of metal—entering/leaving ligand bonds and
(i) for the 19-e~ transition state, the two maxima in
the charge concentration are not directed toward the
entering/leaving ligands and both entering and leav-
ing ligands are linked to the metal by dative bonds.
Thus, the relatively more stable transition state
observed for the substitution reactions of 17-e”
transition-metal complexes is reflected in significant
differences in the valence-electron distributions of
their associative transition states.

In substitution reactions of transition-metal com-
plexes, the reaction mechanism not only depends on
the valence-electron distributions of the metal—
entering/leaving ligand bonds in their transition
state, but also on the spectator ligands. For example,
although four-coordinate Ni(CO), slowly undergoes
substitution through a dissociative mechanism,*8ap
its isoelectronic analogues Co(CO)3(NO),*¥ Fe(CO),-
(NO),,%8d and Mn(CO)(NO)z*¢ readily react through
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Table 5. Activation Energies (AE,), First CO Dissociation Energies (FBDE) (AEgy), and Selected Structural
Parameters of Hartree—Fock Transition States for M(CO)s + CO

structural parameters

AE, AAE, AEq
(kcal/mol) o (deg) M:+-CO (A) (kcal/mol) (kcal/mol)
Cr(CO)s + CO 19.12 (47.0)° 62.5 4.23 2.7 20.3 (46.2)
V(CO)s + CO 16.9 61.4 4.22
Mo(CO)s + CO 27.3 (40.4) 60.0 4.23 6.5 28.4 (39.7)
Nb(CO)s + CO 20.8 59.5 3.38
W(CO)s + CO 35.8 (35.8) 57.4 3.91 15.0 37.7 (43.7)
Ta(CO)s + CO 20.8 70.0 2.29
a CISD//HF/DZ, ref 33a. ® LDA/DZ, ref 33b.
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Figure 5. Valence-electron Laplacian (—V?p) plots of the
transition states in the Ta(CO)s + CO (a) and W(CO)s +
CO (b) carbonyl exchange reactions. (Reprinted with per-
mission from ref 33a. Copyright 1992 American Chemical
Society.)

an associative process. Carbonyl substitution in five-
coordinate Fe(CO)s*°® and six-coordinate Cr(CQ)¢*P
occurs by a dissociative mechanism, while their
isoelectronic counterparts Mn(CO)4(NO)*?2 and V(CO)s-
(NO)*¢ react by an associative pathway. Recent
experimental studies on W(CO)4(NO)X (X = ClI, Br,
or 1) show that CO substitution proceeds through an
associative route with strong nucleophiles such as
P(n-Bu)s but through a dissociative or dissociative
interchange mechanism (l4) for weaker nucleophiles
such as PPhs.5%2 However, this associative pathway
apparently is not accessible to the isoelectronic metal
carbonyl Re(CO)sX.5® The explanation for a low-
energy associative mechanism is not obvious at first
as the 20-e~ transition state should have a very high
energy. However, as distinct from CO, NO is more
versatile; it can function as either a 3-e~ ligand or
an 1-e~ ligand (reaction 6). Thus, as a spectator
ligand, the nitrosyl can change the transition-metal
electron count through bending.

Constructing the potential energy surfaces from ab
initio calculations, Song and Hall investigated CO
substitution in these isoelectronic metal carbonyl
complexes.®? The calculations for the attack by PMes
on W(CO)4(NO)CI predict an associative mechanism
with a seven-coordinate intermediate, in which the
W—-N-0O angle is bent to 135.7° (Figure 6). The
Laplacian of the total charge density displays a
process in which electrons shift from the metal to the
nitrogen, create an additional N lone pair, and vacate
a coordinate site for the entering ligand (Figure 6).
In contrast, substitution by PR; (R = H, Me) in
Re(CO)sCl proceeds by a dissociative or 14 mechanism
since the CO ligand cannot accommodate an ad-
ditional electron pair and resists bending to maintain
a strong Re—CO bond. Although the nitrosyl bends
strongly for PMegs, it is unable to provide a low-energy
associative path for the substitution by the PHj3
ligand. The PHj; ligand, as a poor donor, cannot
stabilize an associative intermediate with a bent
W-N-0 bond. On the basis of experimental®® and
theoretical results,? Song and Hall have offered the
following four nucleophiles in the descending order
of strength P(n-Bu); ~ P(Me); > PPhz > PHs.

A bent Co—nitrosyl complex has been experimen-
tally observed through replacing PPh; with PEt; by
Weiner and Bergman (reaction 1).22 The DFT and
CCSD calculations by Niu and Hall show that the
bent nitrosyl intermediate, CpCo(PHs)(CHs)(NO), is
less stable by 16 and 18 kcal/mol than the reactants,
CpCo(CH3)(NO) and PHs, since PHj; is a poorer
nucleophile than either PPh; or PEts.?* Thus, the
substitution reaction mechanism is directly related
to the stabilizing interactions between the metal and
the entering ligands and between the metal and the
spectator ligands in the transition state or intermedi-
ate.

Copolymerization of an olefin with carbon monox-
ide has attracted much attention from an industrial
viewpoint due to the useful chemical and physical
properties introduced into the polymer chain by the
presence of ketone groups.>-5 Although the experi-
mental and theoretical work of Brookhart,% Ziegler,5”
Morokuma,® Siegbahn,%8 Hall,>® and co-workers show
that the Pd(l1)-assisted alternating copolymerization
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Figure 6. Optimized geometry and the Laplacian (—VZp) contour plot of the seven-coordinate intermediate along the
associative path for the CO substitution by PMe; in W(CO)4(NO)CI. The absolute value of the smallest contour is 0.01465
elay. (Reprinted with permission from ref 52. Copyright 1993 American Chemical Society.)

of olefin and CO (reaction 7) is Kinetically favored
over homopolymerization of olefin or CO, the com-
petition of COJolefin substitution with CO/olefin
insertion thermodynamically as well as kinetically
dominates reaction routes (see next section).

CO

M]—mR' —— [M]—R -—

J\

Since the Pd(11) complex will form a stronger bond
to the CO in the Dewar—Chatt—Duncanson model,
CO association is favorable (—10 kcal/mol) over olefin
association. The olefin complex converts to the CO
complex through an associative mechanism. As a
consequence of this equilibrium, the rate of olefin
insertion into the M—R bond will decrease.>®

Generally, one can rationalize the trans-effect order
in substitution reactions of square-planar complexes
by a combination of o-donating and m-accepting
abilities of the ligands:'®% C,H,;, CO, CN~ > PR3,
H- > CH3™ > CgHs, NO,, SCN—, I~ > Br-, Cl- >
Py, NHs;, OH~, H,O.

In an early ab initio MO study, the substitution
reactions of square-planar transition-metal com-
plexes were investigated by Lin and Hall.%'2 The
calculations show a pseudo-trigonal-bipyramidal tran-
sition state with a very small leaving-ligand to metal
to entering-ligand (L—M—E) angle in this system.
The trans-effect order (CO > H~ > CH;~ > ClI~ >
NH3) predicted by the calculations agrees with the
experimental order. In addition, the ligand dissocia-
tion process was determined for the following reac-
tions by Lin and Hall (reaction 8). As expected, the
dissociation energies are much higher than the

—=R (7

| SE---

activation energies of the associative mechanism.
Therefore, it is unlikely that a dissociative reaction
mechanism can contribute much to the substitution
rates of these square-planar complexes.

The associative mechanism
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The dissociative mechanism

Recently, Yates and co-workers investigated the
model ligand substitution reaction Pd(N—O)(CHjs)-
(PH3) + CO — Pd(N—O)(CH3)(CO) + PH;3 (N-O =
NHCHCOO™) with density functional and conven-
tional ab initio MO methods.%*=¢ The calculations
show that the exchange of CO for PH; is an endo-
thermic process that should proceed with only a small
activation energy of 3.7 kcal/mol. The stabilization
of the five-coordinate intermediate with respect to the
four-coordinate species generally precludes the for-
mation of three-coordinate species, where higher
barriers of 29—57 kcal/mol are calculated. Thus, an
associative mechanism is favored over a dissociative
one in this model system.

IV. Migratory Insertion Reactions

A. Olefin Insertions

Olefin insertion reactions (reaction 9) are funda-
mental elementary steps in a variety of C—C bond-
forming reactions such as polymerization, copolym-
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Scheme 1

( Cossee Mechanism)

erization, hydroformylation, hydrogenation, and
isomerization.! Numerous experimental and theoreti-

Ml—R —— [M]-—/_R ©)

R = alkyl, acyl, and H

cal studies have been concerned with the kinetic and
thermodynamic behavior of these transformations in
order to discover the basic principles and to search
for more selective or more efficient catalysts.

Recent experimental studies show that in addition
to metallocenes and geometry-constrained catalysts
of the early transition metals (d° and d°f"; Ziegler—
Natta catalysts being the archetype), various Fe(ll),
Co(l11), Ni(ll), Pd(l1), and Ru(ll) complexes also
catalyze olefin polymerization or oligomerization
reactions. Numerous real and model insertion reac-
tions have been investigated with density functional
theory (DFT) and ab initio molecular orbital theory,
and this work has been reviewed by Koga and
Morokuma,3® Musaev and Morokuma,®® Siegbahn
and Blomberg,* and Yoshida et al 3

For early transition metals, recent experimental
work provides compelling support for the identifica-
tion of the d° and d°f" metallocenes species as active
catalysts6283 as well as for the widely accepted
Cossee mechanism.®* Nearly all of the theoretical
work also supports the general aspects of this
mechanism.®~8 According to the Cossee mechanism,
the propagation step in the polymerization of olefins
occurs via a prior s-coordination to a vacant coordi-
nation site on the active catalyst, followed by olefin
insertion through a four-center transition state in a
2w + 20 reaction involving the C—C & bond and
metal—alkyl o bond as shown in Scheme 1.%* In the
four-center transition state, the occupied ovw-gr and
Tolefin Orbitals interact with the vacant 7*ojerin and
o*v-r Orbitals as illustrated in Figure 7.557% The
m—a* mixing involved in these interactions shifts

Niu and Hall

(Roiétin)

TM—Olefin

OM—Ethyl

P
~——

(T Otein) 8_8

Figure 7. Schematic bonding interactions between d°
metal—alkyl and olefin.

electron densities to the C* which is forming the new
om-r bond and away from the C# which is forming
the new oc-r bond. In other words, the 7—a* mixing
helps to break the & bond and in olefin insertions it
polarizes the olefin, "CH,—CH,", so that the cationic
center is available to form the C—R bond while the
anionic center is available to form the new M—C
bond. Thus, a combination of electron transfer from
the 7moein Orbital to the o*y-r orbital and the 7—x*
mixing leads to a new om-aikyl, While the combination
of electron transfer from the om-g bond to the 7*c_c
orbital of the olefin and the 7—s* mixing leads to a
new oc—r bond. The d%d°f" metal center plays a dual
role as an electron acceptor and electron donor during
the electron-transfer process.”® Agostic interactions®!
between a low-lying unoccupied d orbital and an
inside occupied C—H or C—C orbital (see Scheme 1)
have been shown by numerous theoretical investiga-
tions to be vital throughout the insertion process
since they provide extra stabilization for the carbon
network and lower the insertion barrier during the
bond rearrangement process.®5-80

Recently, Ziegler and co-workers investigated the

-
ethylene insertion reaction with Cp,MCH3* and HN-

1
(SiHz)CpMCH3* (M = Ti, Zr, and Hf) by DFT
methods,”® ¢ and Yoshida, Koga, and Morokuma
studied the mechanism of ethylene polymerization
with silyene-bridged metallocenes, H,SiCp,MCH3;"
(M = Ti, Zr, and Hf), at the HF (for geometry
optimization), MP2, MP3, MP4, and QCISD levels of
theory.%%9 The important calculated energetic param-
eters involved in insertion process are summarized
in Table 6. In general, these newer computational
results at higher levels of theory support the earlier
studies, which found that ethylene association is
exothermic and ethylene insertion from the 7 com-
plex through the insertion TS to the agostic complex
is exothermic with a low barrier as shown in Scheme
2. Although there are some differences in the opti-
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Table 6. Relative Energies (kcal/mol) of Olefin Insertion into the M—R Bond of (L)M—R* + C;H, to (L)MC,H,R™

for Early Transition Metals

M La R method reactant m-complex TS product ref

Ti(1V) [1] CHs BP86 0.0 —20.8 —17.8 —33.6 75a—c
[3] CH3 QCISD 0.0 -21.9 —14.8 —29.3 669
[1] C,Hs BP86 0.0 -1.9 1.7 75a—c
[2] CyHs BP86 0.0 -17.2 —15.3 —28.2 75a—c

Zr(1V) [1] CH;3 BP86 0.0 —22.9 —22.2 -31.0 75a—c
[2] CH3 BP86 0.0 —24.2 —-19.1 —-32.4 75a—c
[3] CH; BP86 0.0 —26.3 —25.3 —34.0 75a—c
[3] CH3 QCISD 0.0 —-29.1 -19.7 -33.4 669
[1] CyHs BP86 0.0 —10.5 -55 75a—c

Hf(I1V) [2] CHs BP86 0.0 —25.7 —10.0 —33.6 75a—c
[3] CH;s QCISD 0.0 —27.6 -17.5 -32.1 669
[1] CoHs BP86 0.0 —15.1 —10.8 75a—c

a[1] = Cp,2~; [2] = NH=Si(H),—CsH.2"; [3] = H2SiCp,?".

Scheme 2
Reactants
A\ ;
T+ LM,
Ln[M]\ . R
R Insertion TS

n Complex

Insertion Product

mized geometries, both DFT and QCISD methods
give quite similar relative energies for ethylene
insertion into the M—CH;3; and M—C,Hs o bonds,
where the ethylene binding energies of the corre-
sponding & complexes and the insertion barriers
increase slightly in the order Ti < Zr < Hf. By
comparing the calculated results for unbridged and
bridged systems, Ziegler and co-workers have found
their steric differences cause only small differences
in the energetics of ethylene insertion into the
M—CHjs; o bond, although they have different sized
coordination sites and different electron deficiency on
the metal center. However, as the polymer chain
propagates, there is a destabilization of the potential
energy surface from the z complex through the
insertion TS to the product. Now the steric effect of
the spectator ligands significantly affects the polym-
erization rate and selectivity (see Table 6).
Morokuma and co-workers investigated a new class
of olefin polymerization catalysts, zirconium- and
titanium-chelated alkoxide complexes, [X(CsH40),-
MCHj3]" (M = Ti, Zr; X = S (S-bridged), CH, (CH.-
bridged), nothing (directly bridged)).6¢" In comparison
to metallocene complexes, the bridged chelating
ligands in these catalysts are more flexible. In the
case of the S-bridged species, there is a definite
interaction between the metal center and the S atom.
This interaction stabilizes the reactant as the com-
plexes prefer to be four-coordinate. Because the
incoming olefin competes with the S donation, this
system has a destabilized precursor, = complex. Since
Ti complexes generally have weaker metal—olefin
bonds and lower insertion barriers, the S-bridged
titanium catalyst has the lowest predicted barrier, a

Table 7. Agostic Stabilizing Energies and Relative
Energies (kcal/mol) of Olefin Insertion into the M—R
Bond of [L]M—R" + C;H, to (L)MC;H,R" (n = 0 and
+1) for Early Transition Metals79h

M L R

method agostic z-complex barrier

Sc(lll) [4] C.Hs BP86 18 -11.0 41
[5] C.Hs BP86 1.8 -11.0 2.6
[6] C.Hs BP86 1.4 9.1 2.6
Y(I1) [4] C.Hs BP86 2.4 -12.7 6.2
[5] C,Hs BP86 1.9 -13.1 6.2
[6] C:Hs BP86 1.4 -12.0 5.5
La(lll) [4] C;Hs BP86 1.9 9.1 6.7
[5] C.Hs BP86 1.9 -9.6 9.1
[6] C.Hs BP86 1.2 —8.6 6.9
TilV) [4] CHs BP86 26 ~26.1 8.1
[5] C,Hs BP86 3.1 —24.4 5.5
[6] C.Hs BP86 45 -22.9 43
zr(lvV) [4] C.Hs BP86 3.1 -26.1 8.6
[5] C.Hs BP86 2.9 -26.8 8.1
[6] C.Hs BP86 5.0 —24.9 7.6
Hf(IV) [4] C,Hs BP86 05 —24.1 17.0
[5] C.Hs BP86 05 —20.6 15.3
[6] C.Hs BP86 0.7 -20.8 12.9

a[4] = (OH)2*~; [5] = (CHa)2%; [6] = (NH2)*.

result that agrees with its experimentally high activ-
ity. The CH,— and directly bridged species cannot
have such a direct interaction with the metal, and
thus their insertion barriers are much larger. Over-
all, the titanium S-bridged system has an activity
comparable to the very active metallocene systems.

More recently, Margl, Deng, and Ziegler systemati-
cally investigated olefin insertion into the M—R bond
for a number of d° [L]M—R" fragments (M = Sc(l11),
Y1), La(ll), Ti(1V), Zr(1V), Hf(1V), Ce(1V), Th(1V),
and V(V); L = NH—(CH),—NH?", N(BH,)—(CH),—
(BHz)Nz_, O—(CH)3_O_, szz_, NH—Si(H)z—C5H42_,
[(0x0)(O—(CH)s—O)*", (NHz)*~, (OH)2*~, (CH3),*",
NH_(CH2)3_NH27, and O_(CH2)3_027; R =H, CHs,
and C,Hs; n =0, +1, and +2).7%¢" In Table 7, where
the calculated energetic parameters of the insertion
reaction of sterically unencumbered systems are
summarized, one finds that (i) the j-agostic bond
strength in the [L]MC;Hs" (n = 0 and +1) precursor
follows the order Ti ~ Zr > Hf and Sc ~ Y = La with
agostic interactions for uncharged precursor com-
plexes (with a higher lying d orbital) generally being
weaker than for cationic ones (with a lower lying d
orbital), (ii) the ethylene association energy to the [L]-
MC,Hs" (n = 0 and +1) precursor can be predicted
to within +4.8 kcal/mol by a simple empirical rule,
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based on the accessible metal surface of the [L]-
MC,Hs" fragment and its gross charge, (iii) ethylene
insertion barriers follow the order Sc <Y < La and
Ti < Zr < Hf and are generally lower for group 3 than
for group 4 because the aptitude of the [L]MC,Hs"
fragment to occupy the trigonal-planar arrangement,
a structure close to the TS, tends to be Sc > Y >
La > Ti > Zr > Hf, and (iv) good z-donor spectator
ligands have an increased tendency to form trigonal
arrangements because the mw-donor interaction be-
tween the spectator ligands and the d,, orbital leads
to a decrease of the d, character in the onm-r oOrbital,
as shown in Scheme 3.

Extensive studies of the reactivity of unbridged

i
metallocenes, Cp,MRY*1, bridged metallocenes, HN-

1
(SiH,)CpMR™, and constrained geometry complexes,
H,SiCp,MR™, by Morokuma,®® Ziegler,”>*f and co-
workers show that the olefin s-association energy is
subtly influenced by the steric characteristics of the
spectator ligands and that it is hard to predict beyond
an accuracy of +£4.8 kcal/mol without detailed first-
principles calculations. Thus, steric crowding by
spectator ligands generally lowers the insertion bar-
rier, since compression of the active site favors the
transition-state geometry over the wz-complex geom-
etry.

For the chain propagation step, Ziegler and co-
workers have studied an alternative ethylene inser-
tion pathway, the so-called backside insertion (BS)
as shown in Scheme 4.75¢-h The conformation of the
m complex (backside (BS) vs front side (FS)) is
influenced by the nature of the metal and the
spectator ligand. The propensity to form a FS com-
plex increases from 3d to 5d metals and from group
3 to group 4 metals. Spectator ligands that are good
donors or sterically bulky tend to enhance BS com-
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Figure 8. Relative potential energy profiles from reactants
to products for hydrozirconation of ethylene.

plexation. BS insertion barriers depend only weakly
on the identity of the metal center as BS insertion
requires little deformation of the metal—ligand frame-
work.

In previous work, Endo, Koga, and Morokuma®¢f
reported similar pathways for insertion of ethylene
into the Zr—R bond of the Cp,Zr(R)CI complex (R =
H and CH3), the so-called hydrozirconation reaction,
as shown in Figure 8. In this system, ethylene can
attack between the hydride and the chloride ligands,
a front-side (FS) insertion pathway (pathway 1), or
it can attack from the opposite side of the chloride, a
backside (BS) insertion pathway (pathway 2). The FS
insertion is found to be more favorable than the BS
insertion because of a smaller repulsion between the
hydride and the chloride ligand. The calculated
activation barrier for the FS pathway of hydrozir-
conation of ethylene at the RHF and MP2 levels of
theory is very small, consistent with the experimental
result that the reaction is fast.

More recently, Petitjean et al. have revisited the
FS, BS, and stepwise backside (SBS) mechanisms of
ethylene polymerization by metallocene catalysts
with DFT calculations.”? Only FS and SBS mecha-
nisms appear to be competitive, and energy barriers
in both FS and SBS mechanisms are on the order of
3 kcal/mol, a value which is compatible with the
experimental and other theoretical values for similar
processes.

Among the early-transition-metal systems, the d*
and d? complexes are quite different from the d° ones
because the one filled or partly filled d, orbital can
stabilize metal—ligand interactions and facilitate
electron transfer during the insertion process.>’%® In
particular, this orbital can stabilize the metal—olefin
bond by back-donation to the z*,.sn Orbital as il-
lustrated in Figure 9. Generally, this interaction
leads to a much larger olefin association energy than
that for d° complexes.”9 The formation of this stron-
ger & complex destabilizes the w*qefin Orbital, which
strongly affects the 7—x* mixing during the new om—-c
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Figure 9. Schematic bonding interactions between d* or
d? metal—alkyl and olefin.

and oc—r bond formation in the olefin insertion
process and usually results in a higher olefin inser-
tion barrier than that for d° complexes.”>"

To compare the reactivity of the d'/d? complexes
with the d° complexes, Ziegler and co-workers in-
vestigated the insertion process of [L]JNbC,Hs" +
CoHs — [L]Nb(butyl) (n = 0 and +2; L = NH-
(CH),—NH?").7%¢h The olefin association energy for
this d? system (—49.5 kcal/mol) is much larger than
that for d° metals due to the donation of high-lying
metal d. electrons into the lower lying olefin a*
orbital. Also, the insertion barrier for the d? complex
is 46.8 kcal/mol, a value which is nearly 10 times
larger than that for the analogous Sc(111) d° complex.
Similarly, adding an extra electron to [L]TiC,Hs-
(CoH)™ (giving [L]TiC,Hs(CoH,); L = (NH2)%7) re-
sults in an olefin insertion barrier of 22.0 kcal/mol,
a value that is 4.8 kcal/mol larger than that for the
d° parent complex. From these results, Margl, Deng,
and Ziegler conclude that d! or d? complexes will
generally not be good olefin insertion catalysts, unless
the interfering d electrons can either be stabilized
by a ligand orbital so that they are not available to
the olefin 7#* orbital or be forced to occupy a metal
orbital that is orthogonal the olefin 7* orbital. An
example of this has been given experimentally by
Nakamura et al.,®? who reported living olefin polym-
erization with complexes of the type M(#>-CsMes)(7°-
diene)X; (M = Nb(l1l) and Ta(lll)). In this case, the
d electron pair can donate into the empty diene x*
orbital instead of the olefin—polymer z* orbital.
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Figure 10. Three possible solution-phase energy profiles
for olefin insertion reactions.

Table 8. Energetics, Enthalpy, and Free Energy
Changes (kcal/mol) in the Gas Phase? and Free
Energy Changes in Toluene® for Reaction Steps
Involving Insertion Reactions (eqgs 10, 11, 12, and 13)
for the CpZrR* and (CpCH,Cp)ZrR* Cataylsts

Cp2ZrR* (CpCH.Cp)ZrR*

eq10 eql1l eql1l2 eql13 eql0 eqll eql2 eql3
AE® —19.8 —9.5 —-10.8 —13.8 —21.6 —14.7 —14.7 —16.9
AHSg —181 —7.1 -85 —11.3 —20.2 —12.6 —12.8 —15.0
AGS, —6.7 44 5.8 08 -99 -12 -10 -33
AGS —-0.6 538 6.9 25 0.0 2.3 1.0 2.0
AE’ -8.1 -99 -10.0 —-40 -77 —-97 -—-88 -25
AH), —62 -90 -89 -31 -58 -71 -75 -13
AGhy —34 —-79 -90 -24 -31 -53 -68 0.5
AG! -35 -85 -94 -19 -34 -58 —-66 -01

AE* 6.5 35 7.2 7.2 7.1 6.0 6.4 9.6
AHzgs 6.6 29 7.7 6.9 7.1 5.3 6.7 9.2

AGiz 79 45 96 94 101 69 92 117
AGE 78 32 97 103 102 57 93 11.2

s

aUsing B3LYP hybrid DFT. ? Calculated by ZSM1.

Recently, Cavallo et al. presented a theoretical
study of olefin polymerization with a model for the
heterogeneous Ziegler—Natta catalyst, Mg.CleTi-
(111)—R.8% The calculated results show that (i) the
olefin association in eq, orientation is exothermic by
—7.3 kcal/mol without an energy barrier, (ii) the
insertion reaction’s overall activation barrier of 6.6—
8.6 kcal/mol is facilitated by a weak a-agostic inter-
action, and (iii) the insertion reaction is exothermic
by 25.2—27.6 kcal/mol. In this case, the steric inter-
action between catalyst and olefin may affect the d
electron donation into the olefin z* orbital.

So far, most discussions on olefin insertion are
based on results calculated in the gas phase. In the
solution phase, energy profiles obtained in the gas
phase should change due to placement of weakly
coordinated solvent molecules or counterions. In a
previous study,”* Bierwagen et al. suggested that
there should be a barrier for the olefin association
step in solution, although calculations of the solvent
effects were not performed in this work. The conse-
guences of such a barrier result in three possible
solution-phase energy profiles as shown in Figure 10.
For scandium, the insertion step is expected to be
rate determining since the olefin association step
would be endothermic (due to the large reorganiza-
tion energy, small intrinsic binding energy, and
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Figure 11. Relative enthalpies (AH, kcal/mol) and free
energies (AG, kcal/mol) in the gas phase (H and G Gas-
Phase) and toluene (G Toluene) for the insertion reaction
from the reactants to insertion product for [CpCH,Cp]-
ZrCH3t + C3H,. (Reprinted with permission from ref 66i.
Copyright 1999 Oxford University Press.)

Methyl Cation
+ Ethylene

energy required for solvent displacement) (Figure
10a). For Ti(lV), the association step should be
exothermic as illustrated in Figure 10b. In the third
situation, the association step with a barrier due to
solvent or counterion displacement may be rate
determining if the insertion barrier is small enough
(Figure 10c).

More recently, Das et al. investigated two structur-
ally distinct zirconocene catalyst systems, Cp,ZrR*
and (CpCH,Cp)ZrR*, in the gas phase using DFT and
integrated methods.%¢' The effects of solvation upon
the energetics of the various insertion steps were
examined by employing continuum and explicit rep-
resentations of the solvent (toluene). Energy, en-
thalpy, and free energy changes in the gas phase and
in toluene for reaction steps involving insertion
reactions, egs 10, 11, 12, and 13, are summarized in
Table 8.

L,ZrCH," + CH,=CH, — L, Zr CH,CH,CH,"
(10)

L.Zr CH,CH,CH," + CH,=CH, (FS) —
L,Zr CH,CH,CH,CH,CH," (11)

L.Zr CH,CH,CH," + CH,=CH, (BS) —
L,Zr CH,CH,CH,CH,CH," (12)

L,Zr CH,CH,CH," + CH,=CHCH, —
L.Zr CH,CH(CH,)CH,CH,CH," (13)

Relative enthalpies and free energies for the insertion
reaction from the reactants to insertion products are
shown in Figure 11. One can see that both entropy
and the solvation play a significant role in the initial
step of insertion reactions. As expected, a large
negative entropy, AS, occurs in the olefin association
to a metal center. Consideration of the solvation effect
of toluene, which effects the energy in the same
direction, finally makes the olefin association step
endothermic rather than exothermic.

In earlier work,”® Siegbahn studied the olefin
insertion into transition-metal—hydrogen and metal—
methyl bonds for the entire sequence of second-row
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Table 9. Relative Energies? (kcal/mol) of the
Reactants, Olefin x Complexes, Transition States, and
Insertion Products of Insertion Reactions A—C,
(H)nM—H + CzH; — (H)nMC:2Hs

metal (M)  complex TS (barrier) product

M—H + C,Hs — MC;Hs (Reaction A)
Y —-15.1 —5.2(9.9) —32.2
Zr —433 —11.7 (31.6) —36.4
Nb —30.9 —11.7 (19.2) —29.4
Mo -10.6 16.1 (26.7) -29.1
Tc —33.1 19.5 (52.6) —30.9
Ru —21.4 6.7 (28.1) -26.1
Rh -275 —12.8 (14.7) —24.9
Pd —17.8 6.9 (24.7) —27.0
(HM—H + C,H; — (H)MC;Hs (Reaction B)
Y —-25.1 —6.9 (18.2) —30.5
Zr —53.3 —3.1(50.2) —32.4
Nb —43.3 —10.7 (32.6) —33.3
Mo —18.3 4.3 (22.6) -31.1
Tc —13.4 2.4 (15.8) —-28.3
Ru —18.4 —2.4 (16.0) —26.4
Rh —-18.0 —0.9 (17.1) —24.8
Pd —36.8 —1.4(35.4) —25.7
(H)zM—H + CoHy — (H)2M02H5 (Reaction C)
Y -7.9 —29.4
Zr —18.6 —15.9 (2.7) —33.9
Nb —40.3 —17.7 (22.6) —32.2
Mo —15.6 —6.0 (9.6) -30.1
Tc —10.1 —10.1 (0.0) —27.0
Ru -5.6 —12.3 (-6.7) —27.0
Rh —-3.6 —25.7
Pd

a Calculated by MCPF//HF/DZPD.

transition-metal atoms at the HF and MCPF levels.
The relative energies of the reactants, the olefin &
complexes, the transition states, and the insertion
products of the insertion reactions A—C, (H),M—H
+ CHy — (H)\MC2Hs (M =Y, Zr, Nb, Mo, Tc, Ru,
Rh, Pd; n =0, 1, 2), are shown in Table 9. Although
the results show no relationship between the barrier
heights for insertion and the bond strengths of the
initial metal hydride or the strength of the z-bonded
complexes, repulsion between nonbonding metal
electrons and the electrons on the olefin was shown
to play a dominant role in the size of the insertion
barrier.”® In short, the main effect of adding hydride
ligands is a general reduction in the size of the
insertion barriers because the spectator hydride
ligands help to remove the repulsive nonbonding
electrons from metal. This result reflects, in part, the
hydride ligand’s affect on the donation of high-lying
metal d, electrons into the lower-lying olefin z*
orbital. It seems that this effect is especially impor-
tant for early transition metals, which are electro-
positive (good donors). Another mechanism to remove
the repulsive nonbonding electrons from the metal
is sd hybridization. The consequences of metal—
ligand repulsion can be seen clearly in Table 9, where
a comparison for reaction A between Rh on one hand
and Ru and Pd on the other is particularly revealing.
Rhodium has a dramatically lower barrier since for
rhodium the s° state is low lying and the covalent d
bond that is required at the transition state can be
easily formed. For ruthenium, a substantial promo-
tion energy is required to reach the s° state, and for
palladium, the s° state has a closed d shell that
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cannot form any d bonds unless it is promoted to the
d%s state.

Among late transition metals there have been
observations that some of the d® or d® metal com-
plexes are active as olefin polymerization catalysts.%3
For example, Bookhart and co-workers have recently
developed diimine Ni- and Pd-based d® catalyst
systems, which give branched polymers with highly
desirable strength and processing properties.8 Gen-
erally, the olefin insertion into M—R bonds seems to
be kinetically more favorable for the d° and d°f" early
transition metals than for late to middle transition
metals.!~® The different behaviors observed for the
late-transition-metal complexes are attributable to
electronic structure differences, some of which have
been mentioned above.

For d° systems, as shown in Figure 7, the stabiliza-
tion of the reactant sw-olefin complex by metal d, to
olefin #* back-donation is lacking since the metal d,
orbital is unoccupied.®>7% Thus, the electron transfer
from the mqerin Orbital to the o*y—-r orbital by olefin
w—m* mixing, which leads to a new om-ay bond
during the insertion process, is facile. Meanwhile, the
low-lying olefin z* orbital can easily accept the
electron pair of the ow-r bond, which leads to a new
oc—r bond. The better 7z—a* mixing in d°® systems
lowers the energy barrier of the insertion reaction.
In the late transition systems, the metal’s d,, orbital
is occupied so that the & complex, [M](C:H4)R, is
stabilized by metal d, to olefin z* back-donation.8566b:85
As in the case of d' and d? systems, the filled d,
orbital is stabilized by the 7*,esin Orbital of the olefin
as illustrated in Figure 9.5 In turn, the 7*gefin Orbital
is destabilized so that it cannot easily serve in the
m—ma* mixing. Generally, the insertion reaction is
thermodynamically less favorable for late-transition-
metal systems.

In early work,%8 Morokuma and co-workers
investigated a series of olefin insertions into the d®
and d® metal—hydride bonds (M = Rh, Ni, Pd, Pt)
using the HF method. These studies have been
reviewed by Koga and Morokuma.3? Recently, Sakaki
et al. reported a theoretical study with the MP4SDQ
method of olefin insertion into Pt—H and Pt—SiHj;
bonds of the complex PtH(SiH3)(PH3).872® As shown
in Scheme 5, the three isomers of Pt(H)(PHs)(SiH5),
8—10, coordinate with olefin to form the three x
complexes, 11—13, where the olefin is trans to the
spectator ligands, hydride (11), SiH; (12), and PH3;
(13), respectively. Then, the reactions proceed through
the transition states, 14, 16, 18, and 20, of the
insertion process to generate insertion products, 15,
17, 19, and 21, respectively. The relative energies of
intermediates and transition states, 1121, of olefin
insertion into Pt—SiH; and Pt—H bonds are shown
in Table 10.872 In the T-shaped ML; fragment, the
trans spectator ligand (trans to the vacant position
that will be occupied by ethylene) has substantial
influence on the metal d, orbital (LUMO, which has
some s and p) as illustrated in Scheme 6.8 The
calculations show that with respect to the olefin the
trans-influence of the ligand becomes stronger in the
order PH; < H < SiH3. The situation for 10 is the
worst because the H and SiHj3 ligands, both having
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Scheme 5

19 21

SiH;

Table 10. Relative Energies (kcal/mol) of Olefin
Insertion into Pt—SiH; and Pt—H Bonds

complex HF MP2 MP3 MP4DQ  MP4SDQ

Olefin Insertion into Pt—H of 11

11 0.0 0.0 0.0 0.0 0.0
14 20.1 19.7 18.6 20.3 20.6
15 20.1 20.0 19.7 20.5 20.8
Olefin Insertion into Pt—SiH; of 12
12 0.0 0.0 0.0 0.0 0.0
16 45.9 54.9 50.2 53.4 53.9
17 21.7 31.3 27.0 29.8 30.5
Olefin Insertion into Pt—SiH; of 13
13 0.0 0.0 0.0 0.0 0.0
18 17.8 16.2 15.0 16.2 16.3
19 —6.3 2.4 —-2.0 —-0.2 0.6
Olefin Insertion into Pt—H of 13
13 0.0 0.0 0.0 0.0 0.0
20 51 4.0 4.6 4.6 4.4
21 —21.6 —19.7 —-194 —18.6 —18.4
Scheme 6
0
+ O—?O + —
(dc) S P (dc)

strong trans-influence, weaken each other’s metal—
ligand bond. Thus, 10 is less stable than either 8 or
9. The trans-influence of the H, SiH3, and PHj3 ligands
also exerts significant effects on the C,H,4 insertion
into the Pt—H and Pt—SiH; bonds. When the H
ligand lies at the trans position to olefin, olefin
insertion into the Pt—SiH3; bond is endothermic by
31 kcal/mol with a high activation barrier of 54 kcal/
mol. When the SiHj; ligand lies at the trans position
to olefin, olefin insertion into the Pt—H bond is
endothermic by 21 kcal/mol with a lower barrier of
21 kcal/mol. When the PHj; ligand is at the trans
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Figure 12. Relative potential energy profiles from reactants (22) to products (27) for ethylene insertion into the M—CHj;

bond of to the diimine complex.

position to olefin, olefin insertion has much lower
barriers, 16 kcal/mol for the Pt—SiH3; bond and only
4.4 kcal/mol for the Pt—H bond. Thus, olefin insertion
into the Pt—H bond is favored over insertion into the
Pt—SiH3; bond and the trans-influence of the specta-
tor ligands is an important factor in the insertion
barrier.

In a more recent study, Coussens and co-workers
investigated the insertion of propene into the Pt—H
bond of the cationic Pt(PRz)(H)* complexes (R = H,
F, CH3) with both B3PW91 and traditional ab initio
(HF, MP2, QCISD) methods.®8 In general, insertion
and p-hydrogen-transfer barriers tend to be small.
In comparison to the B3PW91 calculations, the HF
method overestimates all barriers while the MP2
method is generally in better agreement. Which
method, MP2 or B3PW91, should be considered to
be the most reliable is difficult to assess. For relative
stabilities, higher level calculations at the QCISD
level of theory as well as available experimental data
strongly suggest that the B3PW91 method is more
reliable than the MP2 method. Insertion barriers are
found to be 2.4—3.6 kcal/mol for R = H, 0.7—2.2 kcal/
mol for R = CHgs, and 0.5—1.0 kcal/mol for R = F.
Thus, even though the differences are small, the clear
trend of decreasing insertion barriers is in the order
PHs; > PMe; > PFs.

More recently, focusing on catalytic properties of
the late-transition-metal complexes, Morokuma,
Ziegler, Siegbahn, Hall, Résch, and co-workers stud-
ied d® metal-catalyzed olefin polymerization.5989-92 As
shown in Figure 12, the olefin insertion proceeds from
reactants (the metal—methyl complex, 22, and eth-

ylene) through the & complexes (23 and 25), olefin
rotation transition state (24), and insertion transition
state (26) to generate the y-agostic palladium—propyl
complexes (27). The calculated relative energetic
parameters at different levels of theory are sum-
marized in Table 11. As seen from Figure 12 and
Table 11, the rate-determining step of these reactions
is the migratory insertion of the olefin into a metal—
alkyl bond, as it was for the early-metal complexes.
Generally, upon going from Ni to Pd to Pt, the olefin
coordination energy to [Lo.M(CH3)]" increases while
the stability of transition state 26 relative to the
reactants does not change much. As a result, the
insertion barrier from & complex 23 to 27 increases
in the order Ni < Pd < Pt. This order is consistent
with the well-known increase in the M—L binding
energy, Ni < Pd < Pt, which has been explained in
terms of electronic and size effects.%°* Thus, one may
conclude that the catalytic activity of the d& M(II)
complexes will decrease as Ni > Pd > Pt, in agree-
ment with experiment.24¢ On the other hand, com-
pared to the diimine complex,®1a the potential energy
surface of the diamine complex rises slightly because
of the diimine’s greater trans influence.® This trans
influence is especially important in the - complex and
insertion transition state.

Very recently, Hall and co-workers investigated the
olefin and acetylene insertion reactions of the higher
oxidation state Ir(Ill) system, Cplr(PHz)(CH3)".%
Because of strong back-donation, the optimized ge-
ometry of the & complex shows strong covalent bond
character between the olefin and the metal. Thus,
the reaction has a large olefin association energy of
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Table 11. Calculated Relative Energetic Parameters (kcal/mol) of Olefin Insertion into the Metal-Methyl Bond

metal L, 23 24 25 26 27 ref
Olefin Insertion into M—CH3
Ni NH=CHCH=NH —27.9 —-21.6 -18.0 —-33.3 89a,d
Ni NH=CHCH=NH —35.3 —29.3 —30.6 —24.2 —38.4 90a
Ni NAr=CMeCMe=NAr —-20.4 —16.6 —-30.4 8%
Ni NH=CHCH=NH —27.0 —-16.8 —38.5 91b
Pd NH=CHCH=NH —-31.7 —26.1 —-155 —31.8 89a,c
Pd NAr=CMeCMe=NAr —29.8 —-15.7 —33.6 89%e
Pd NH=CHCH=NH —-31.7 —26.6 —26.8 —-155 —31.8 89c,d
Pd NH=CHCH=NH —-33.9 —28.9 —29.3 -17.6 —33.9 89c
Pd NH=CHCH=NH —29.8 —13.4 —36.8 91b
Pd —43.9 —-25.6 —40.8 9la
Pd (NH3)2 —27.3 -9.3 —34.8 9la
Pd NH=CHCH=NH —29.8 —13.4 —36.8 9la
Pd NH=CHCH=NH —31.8 —26.6 —27.1 —155 —31.6 59
Pt NH=CHCH=NH —43.6 —18.3 89d
Pt NH=CHCH=NH —41.5 —-16.0 —38.9 91b
Olefin Insertion into M—Aryl

Pd (NCH3)2 —5.3 —4.8 +6.2 —15.1 92
Pd (NCH),* -19.5 -19.4 -11.2 -34.8 92

32 kcal/mol, which leads to a high activation barrier
of about 33 kcal/mol for the insertion of the olefin.
In similar work, Han, Deng, and Ziegler reported
studies of the insertion of olefin into the M—H and
M—CHjs bonds in CpM(PH3)(CH.CH)R™ (R = H,
CHgz; M = Co, Rh, Ir).?¢ Relative to the & complex,
the olefin insertion into the M—H bond is slightly
exothermic for Co (AH. = —3.4 kcal/mol) and Rh
(AHe = —1.0 kcal/mol) but endothermic for Ir
(AHe = 3.7 kcal/mol). The corresponding reaction
barriers for this insertion are 0.3 (Co), 2.7 (Rh), and
6.1 kcal/mol (Ir). Furthermore, the olefin insertion
into the M—CHj3 bond is exothermic for Co (AH, =
—12.7 kcal/mol), Rh (AH. = —8.5 kcal/mol), and Ir
(AHe = —5.3 kcal/mol) in comparison to the &
complex. The corresponding reaction barriers for this
insertion are 15.2 (Co), 19.8 (Rh), and 23.2 kcal/mol
(Ir). Thus, the insertion reaction becomes kinetically
and thermodynamically less favorable down the
triad. On the other hand, hydride migration is
kinetically more favorable as the spherically sym-
metric 1s orbital is better able to stabilize the
transition state than the directional p orbital of the
methyl group.

B. Acetylene Insertions

Acetylene insertion reactions and metathesis reac-
tions have been reported. Even multiple-insertion
products of relevance to alkyne oligomerization and
polymerization are known.®” For early transition
metals, many 14-e- d° complexes have been found
and characterized as the products of the insertion
reactions of bulky alkyne with Cp,MCH3;" (M = Ti,
Zr).%8 For late transition metals, the alkyne insertion
reaction has been postulated for the primary step in
the metal-catalyzed dimerization of alkynes.®® Be-
cause of the similarity in the electronic structure of
olefins and alkynes, the alkyne insertion is also
believed to proceed by the Cossee mechanism for the
olefin polymerization.64%>7% However, alkynes should
have different reactivity because they have lower
lying occupied x orbitals and higher lying unoccupied
a* orbitals than olefins. In Table 12, we have sum-
marized the calculated energetic parameters involved

Table 12. Calculated Energetic Parameters (kcal/mol)
Involved in the Acetylene Insertion Process?

complex method AE®? AE* AEZ?  ref
Cl,ScH GVB-CI//RHF —20.2 6.9 —452 100
ClZrH* RHF —439 0.2 -79.3 70b
MP2//RHF -51.6 0.2 —-86.9 70b

Cl,ZrCHs" RHF —38.2 10.1 -55.3 70b
MP2//RHF —415 51 -53.3 70b

CUCHs RHF —11.1 46.6 —34.4 101
MP2//RHF —17.1 454 101

TpRu(PH3)H B3LYP 0.0c¢ 9.0° —16.3° 102
Tp'Ru(PH3)H B3LYP 0.0° 9.6° —11.0° 102
Tp'Ru(PH3)(CCH) B3LYP 0.0° 22.1¢ —11.7¢ 102
CCSD//B3LYP  0.0° 30.9° —12.1°¢ 102

Cplr(PH3)CHst  B3LYP —28.0 24.8 —455 95
CCSD//B3LYP —32.6 30.6 —35.9 95

Pd(CI)(NH3)CH;  SCF 0.0° 20.5¢ —26.0° 103
CAS-SCF 0.0° 22.6° —19.3¢ 103

Cl 0.0° 17.1¢ —22.4° 103

PtH(PH3)(SiHs)  MP2 0.0° 14.3° —16.5 87c
MP4SDQ 0.0° 12.8° —21.4 87c

PtSiHa(PHs)(H)  MP2 0.0c 23.8¢ —6.7 87c
MP4SDQ 0.0° 20.9¢ —11.7 87c

a2 AE;, AE,, and AE; are the acetylene association energy,
activation barrier, and reaction energy, respectively. ® Energy
is given relative to the reactants. ¢ Energy is given relative to
the & complex.

in the acetylene insertion process from recent theo-
retical studies.

Using all-electron HF and MP2 methods, Hyla-
Kryspin, Niu, and Gleiter investigated acetylene
insertion reactions with the model compounds Cl,-
ZrH* and Cl,ZrCHs*.7% Although the Zr—H bond is
stronger than the Zr—CHs; bond, insertion of acety-
lene into the Zr—H bond of Cl,ZrH* occurs more
easily than that into the Zr—CH3; bond of Cl,ZrCH3™.
The insertion process is calculated to have a barrier
from the 7 complex of 0.2 and 5.1 kcal/mol, respec-
tively, and to be exothermic with respect to the
reactants by 86.9 and 53.3 kcal/mol, respectively. A
major reason for this difference is the sphericity of
the hydride orbital compared to the directionality of
the methyl orbital, but both steric effects and the
overall exothermicity play roles. The large exother-
micities suggest that the insertion reaction of acety-
lene into both Zr—H and Zr—CH; bonds of Cl,ZrH*



370 Chemical Reviews, 2000, Vol. 100, No. 2

and Cl,ZrCHs* should be irreversible, a result which
agrees with experimental observations.

In a comparison of the relative reactivity of acety-
lene vs olefin, Zakharov et al. calculated the inter-
mediates, transition states, and products for the
insertion reaction of acetylene and olefin with H,Ti-
(H1)CHj3 using the HF method.%* They found that the
reactivity decreases in the order C;H; > CoH,; > C3He.
Because the d, orbital of H,Ti(I11)CH3 is occupied,
the energy of the & and #* orbital of monomers
parallels their relative reactivity in the insertion
reaction.

Endo, Koga, and Morokuma also investigated the
insertion of acetylene into the Zr—R bond of the Cp,-
Zr(R)CI complex (R = H and CH5), a reaction known
as hydrozirconation of acetylene.’" As in the hy-
drozirconation of olefins, acetylene could attack
between the hydride and the chloride ligands, a front-
side (FS) insertion pathway (pathway 1), or it could
attack from the opposite side of the chloride, a
backside (BS) insertion pathway (pathway 2). The FS
insertion is found to be more favorable than the BS
insertion because of a smaller repulsion between the
hydride and the chloride ligand. The calculated
activation barriers are low for the FS pathway of
hydrozirconation of both ethylene and acetylene at
the HF and MP2 levels of theory. In a comparison,
hydrozirconation is thermodynamically more favor-
able and kinetically less favorable for acetylene.
These results seem to disagree with the experimental
ones, which show that hydrozirconation is much
faster for alkynes than for alkenes. However, steric
repulsion between the Cp ligands and the substituted
alkene or alkyne used in the experiment could
account for the differences since one would expect the
activation energy for the reaction of substituted
alkenes to be higher than that for substituted alkynes.

As in olefin insertion, acetylene insertion into the
M—R bond of a late-transition-metal complex has a
higher barrier than that for an early-transition-metal
complex (Table 12). Recently, Hall and co-workers
studied several insertion reactions of acetylene into
the M—H, M—CHj;, and M—acetylide bonds using
DFT and CCSD methods.?>192 In comparison to the
olefin insertion reaction, the insertion reactions of
acetylene with Cplr(PH3)R™ are more exothermic
with lower activation barriers because of the weaker
back-donating interaction between acetylene and the
metal center in the & complex and the stronger
m-bonding interaction between the vinyl ligand and
the metal center in the Ir vinyl complex.

More recently, Sakaki and co-workers investigated
acetylene insertion into Pt(11)-H and Pt(I1)—SiH;
bonds of PtH(SiHz)(PHs) using RHF, MP2, and
MP4SDQ methods.’¢ They found that the insertion
into Pt—H was predicted to proceed with a smaller
activation energy (12.8 kcal/mol) than that into Pt—
SiH3 (20.9 kcal/moal). The reaction energy (AE) of the
insertion into Pt—H is exothermic by 21.4 kcal/mol,
10 kcal/mol smaller than that for insertion into Pt—
SiH3;, which reflects differences in bond energies
between C—H and C—Si and between Pt—H and Pt—
SiH3. In their study, de Vaal and Dedieu??® found that
the C;H; insertion reaction into the Pd—CHs; bond is
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quite exothermic by about 22 kcal/mol with an energy
barrier of 17 kcal/mol. Thus, as seen from Table 12,
the insertion of C,H, is a feasible process, quite
exothermic and with a moderate energy barrier.%5103

C. Carbonyl Insertions

Carbonyl migratory insertion into a M—R bond is
a critical step in many transition-metal-catalyzed
carbon—carbon bond-forming processes, such as hy-
droformylation and olefin/CO copolymerization reac-
tions.83841%5 There have been numerous experimental

and theoretical studies of the classical reaction, eq
14_106—113

Mn(CO)sCH, + CO — Mn(CO)(C(O)CH,) (14)

The previous theoretical work, which varies from
extended Huckel calculations'©”1% through other
approximate calculations'®11 to ab initio, configu-
ration-interaction studies,'**"113 has been reviewed
by Koga and Morokuma.3® The notable conclusions
of these studies on the migratory-insertion reaction
are that (i) for middle to late transition metals, the
CHs; ligand migrates to a bound CO followed by the
added CO filling the vacant coordination site to
generate an n-M—acyl complex and the reaction is
endothermic with a moderate energy barrier; (ii) for
early transition metals, the reaction is exothermic
because the bonding interaction between the lone
pair of formyl oxygen and empty d orbital stabilizes
the n?-coordination; (iii) for the M—H bond, the
insertion is more difficult than for a M—CH3; bond
because the M—H bond is stronger; and (iv) for third-
row late transition metals, insertion is less favorable
than for second-row late metals because the M—C
bonds for third-row late transition metals are stron-
ger.

The generally accepted mechanism for the migra-
tory insertion of CO into an M—R bond involves a
three-center transition state.'°~113 For late transition
metals, as the methyl group migrates, the carbonyl
group bends and the occupied ou-r oOrbital donates
density to the vacant z—;(CO) orbital, which leads to
a New om-ay bond as illustrated in Figure 13.
Meanwhile, the occupied om-co Orbital interacts with
the vacant o*u-g orbital to form a new oc—c bond and
the in-plane z7(CO) orbital becomes a lone pair at
the oxygen atom.5® Although there is mixing among
all these orbitals, the three-center CO insertion is
somewhat different than the four-center olefin inser-
tion. Although the alkyl group attacks the CO as a
nucleophile, the CO’s carbon passes this density on
to form the new owm-acy bond not the new oc-¢, which
seems to arise mainly from the CO lone pair (om-co).
Better om-r—0*m-r Mixing lowers the energy barrier
of the insertion reaction. The electron transfer from
the om-r orbital to the high-lying 77;(CO) orbital costs
some energy due to the loss of the strong back-
donating interaction between the CO and the metal
center.

For early transition metals, the CO insertion into
an M—R bond is quite different since there is no back-
donating interaction between the CO and the metal
center. In the early stage of the CO insertion, the
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Figure 13. Schematic bonding interactions between metal—
alkyl and CO.

electron-transfer process for the early transition
metals is similar to that for the late transition metals
but then becomes more like the olefin insertion later
in the reaction. The occupied om-r Orbital interacts
with the vacant 77;(CO) orbital, but this interaction
now forms the new oc—c bond. Then the occupied CO
lone pair (at the carbon atom) interacts with the
vacant o*u-r orbital to form a new om-acy bond and
the in-plane 77(CO) orbital becomes a lone pair at
the oxygen atom.'3 As the carbonyl group inserts and
bends, a stable #?-acyl complex is ultimately formed
as shown in Figure 14. Although the electronic
rearrangement is quite analogous to that seen previ-
ously for the olefin insertion into an early-transition-
metal M—R bond, there is no extra stabilizing
interaction like the 5-agostic interaction to lower the
activation energy at the three-centered transition
state. Generally, CO insertion into the M—R bond
occurs with a higher barrier than that for the olefin
insertion reaction.

In earlier work,* Sieghahn and co-workers studied
CO insertion into transition-metal—hydrogen and
metal—methyl bonds for the entire sequence of
second-row transition-metal atoms, M—R + CO —
MR(CO) — M—C(O)R (M =Y, Zr, Nb, Mo, Tc, Ru,
Rh, Pd; R = H, CHj3), at the HF and MCPF levels.
The energies of the MR(CO) complexes, the transition
states, and the insertion products, relative to the
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Figure 14. Reaction energy diagram for insertion of CO
into the Sc—H o bond of Cl,ScH.

Table 13. Relative Energies (kcal/mol) of the
Reactants, CO-Associated Complexes, Transition
States, and Insertion Products of Insertion Reactions
D—-E, MR(CO) — M—C(O)R

metal (M)  associated complex TS (barrier)  product
M—H + CO — MC(O)H (Reaction D)
Y —-3.4 —1.8 (1.6) —16.4
Zr -21.3 —13.6 (7.7) -21.3
Nb —25.0 —19.1 (5.9) —14.6
Mo -16.3 13.9 (30.2) -0.2
Tc —24.0 7.8 (31.8) -2.4
Ru —345 —3.0(31.5) 0.6
Rh —34.9 —19.7 (15.2) -53
Pd -17.9 7.7 (25.6) -4.9
M—CHj; + CO — MC(CO)CH3; (Reaction E)
Y -15 149 (16.4) —15.4
Zr —20.2 11.2 (31.4) —14.8
Nb —25.5 2.7 (28.2) —16.8
Mo —16.8 21.9 (38.7) -3.0
Tc -21.3 16.7 (38.0) -25
Ru -31.9 3.2(35.1) -5.6
Rh —34.9 —12.0 (22.9) —10.8
Pd —19.7 13.5(33.2) —10.9

reactants, are given in Table 13. From experimental
work, the gas-phase exothermicity of carbonyl inser-
tion into the M—methyl bond is estimated to be about
10 kcal/mol. Compared to this expected value, one
can see that the calculated exothermicities are (i)
about 5 kcal/mol larger for the early transition metals
due to n?-complex formation, (ii) about 7—8 kcal/mol
smaller for the middle transition metals due to a
repulsive interaction between the oxygen lone pair
and occupied 4d orbitals, and (iii) close to 10 kcal/
mol for late transition metals due to formation of sd
hybrids, which reduces the repulsion with the oxygen
lone pair. The usual preference for CO insertion into
the M—C bonds over M—H bonds is not apparent in
the results of Siegbahn and co-workers.

Recently, Morokuma and co-workers reported a
theoretical study on catalytic hydroformylation by
RhH(CO)(PHs), at the MP2 level.}'% The calculations
show that in the reaction cycle the active intermedi-
ate, RhH(CO),(PH3s), forms by CO—phosphine ex-
change, then the steps are olefin insertion, CO
insertion, H; oxidative addition, and aldehyde reduc-
tive elimination. The CO insertion into the Rh—Et
bond is the rate-determining step, which is endo-
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Table 14. Calculated Relative Energetic Parameters?
(kcal/mol) of CO Insertion into the M—Alkyl and
M—Acyl Bonds

metal L, 28 29 30 ref

CO Insertion into M—Alkyl
Ni  NH=CHCH=NH -39.6 —-29.8(9.8)° —45.2 89a
Pd NH=CHCH=NH -41.1 -26.1(15.0) —32.7 89a
Pd PH,CH=CHPH, -60.9 —-49.5(11.4) —56.4 90e
Pd NH=CHCH=NH -41.4 -26.3(15.1) —34.4 59

CO Insertion into M—Acyl
Ni  NH=CHCH=NH -64.6 —39.7 (24.9) —-57.5 89a
Pd NH=CHCH=NH -67.4 -—39.2(28.2) —51.9 89a
Pd PH,CH=CHPH, -825 -56.4(26.1) —63.3 90e
Pd NH=CHCH=NH -68.3 —39.3(29.0) —52.2 59

a Energy is given relative to the reactants, L,MCHjs;, 2CO,
and C;H,. ° Activation energy barrier relative to the CO-
associated complex.

thermic by 14.2 kcal/mol with a moderate barrier of
26.1 kcal/mol. Overall, the reaction is exothermic.

In a combined experimental and theoretical study,
Markies et al. investigated the CO insertion pro-
cesses in the cationic model system [Pd(CHjs)-
(NH3)3]t + CO and the neutral system [Pd(CHy3),-
(NHs)2] + CO by ab initio calculations at the RHF,
MP2//RHF, and CASSCF+CI//RHF levels.''>® They
found that the carbonylation reaction follows a hybrid
pathway, i.e., a concerted replacement of NH3z by CO
followed by migratory insertion of CO into the Pd—H
bond instead of a purely dissociative or associative
mechanism. For both the neutral and the cationic
systems, the rate-determining step is the migratory
insertion, where the insertion barriers are 23.8 and
24.3 kcal/mol, respectively. The insertion process is
enhanced by coordination of the dissociated amine
and is slightly more favorable in neutral systems.
Together with the low-energy replacement of NH; by
CO, these results suggest that in both systems the
rate of carbonyl insertion should be independent of
the applied CO pressure.

More recently, Morokuma, Ziegler, Hall, and co-
workers investigated the late-transition-metal-cata-
lyzed olefin/CO copolymerization reaction.5%8%%0 |n
Table 14, we have summarized the calculated ener-
getic parameters involved in the CO insertion process
from these theoretical studies. The calculations show
that relative to the CO-associated complex, the CO
insertion into the M—alkyl bond from the associated
complex 28 through the insertion TS 29 to the
metal—acyl complex 30 is exothermic for Ni (AHe =
—5.6 kcal/mol) but endothermic for Pd (AH. = 4.5—
8.4 kcal/mol). The corresponding barrier for insertion
(from 28 to 29) is about 9.8—15.1 kcal/mol. However,
the CO insertion into the M—acyl bond is endother-
mic for both Ni and Pd with higher barriers. The
unfavorability of CO insertion into an M—acyl bonds
arises from the lack of a stabilizing interaction like
the fg-agostic interaction to lower the activation
energy at the three-centered transition state.

Employing nonlocal DFT and MP2 methods, a
similar carbonylation system, Pd(PH3)(CHz)(N—O) +
CO — Pd(PH3)(COCH3)(N—0O) (N—O = NHCHCOO"),
has been studied by Yates and co-workers.510=d After
the exchange of CO for PHs, four possible mecha-
nisms were investigated. Of these four mechanisms,
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the rate-determining methyl migration step was
found to be lowest in energy when proceeding from
a novel five-coordinate intermediate in which the
palladium—nitrogen bond is weakened.

In a combined experimental and theoretical study
on CO/olefin insertions into Pd—C bonds of complexes
containing flexible and rigid terdentate nitrogen
ligands,''*¢ Vrieze and co-workers found that the
overall reaction is exothermic by 37.8 kcal/mol with
two low-energy insertion barriers of 11.5 and 7.4 kcal/
mol for the CO and olefin insertion steps, respec-
tively, at the MP2 level. The calculations, which
indicate that even rigid terdentate nitrogen ligands
may coordinate in a bidentate fashion, are fully
supported by the experimentally observed bidentate
nitrogen coordination of both flexible and rigid ter-
dentate nitrogen ligands in alkylpalladium complexes
obtained after norbornadiene insertion and by the
kinetic study of this insertion reaction.

A recently submitted paper by Cao, Niu, and Hall
reports results on the oxidative acceleration of CO
insertion into the Fe—CHj of CpFe(CO),CHjs (reaction
15).116 The calculated activation energies are 17.8 and

CpFe(CO),CHj %‘1» CpFe(CO)(PR;)(C(O)CHs)
3
H -e (15)

fast
CpFe(CO),CH;* ? CpFe(CO)(PR3)(C(O)CH3)*
3

7.5 kcal/mol for the neutral and the cation reactions,
respectively. In the neutral reaction, the methyl
groups migrated as an anion, but in the cation
reaction, the methyl group has considerable radical
character induced by the Fe radical.

D. Nitric Oxide Insertions

Nitric oxide migratory insertion is an important
reaction in metal nitrosyl complexes and biochemical
reactions.'”~11° |n contrast to the migratory-insertion
reaction of CO into the metal—carbon bond, experi-
mental and theoretical investigations on the migra-
tory-insertion reaction of NO into the metal—carbon
bond are more limited.

As distinct from CO, nitric oxide is a more versatile
ligand; it can function as either a 3-e~ or 1-e~ ligand.
Thus, it can accommodate a variation in the elec-
tronic structure of the coordinated metal center as
shown in Scheme 7, and this variation can directly
change the reactivity of the complex. As discussed
earlier, it is well-known that bent NO plays an
important role in providing a low-energy path in
substitution reactions.52120 Although several experi-
mental groups have suggested an intermolecular
insertion process for the nitrosyl insertion,2t122
Weiner and Bergman'2® show that an intramolecular
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insertion process is operative in the insertion reaction
of NO into the Co—CHj; bond of reaction 16.

CpCo(NO)(CH,) + PPh, — CpCo(PPh,)(N(O)CH.,)
(16)

Their labeling experiments and kinetic measure-
ments suggest that this system proceeds through
methyl migration followed by phosphine addition as
illustrated in the bottom of Scheme 8.

Recently, Niu and Hall investigated this migratory-
insertion reaction with and without phosphine as-
sociation (Scheme 8) using the DFT (geometry) and
CCSD (energy) methods.?* As shown in Figure 15,
the insertion without PH3 (mechanism 1) occurs with
an activation energy of 10—20 kcal/mol and the
intermediate, CpCoN(O)CHjs; (3), forms with an en-
dothermicity of 8—17 kcal/mol at the B3LYP and
CCSD levels of theory. The overall reaction to the
product, CpCoN(O)CHj3(PHs) (4b), was exothermic by
10 to 16 kcal/mol depending on the level of theory.
However, as illustrated in Figure 16, an alternative

-16.3 kcal/mol

1
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mechanism (mechanism I1) begins with PH3 associa-
tion and NO bending, which is endothermic by 16—
18 kcal/mol, and is immediately followed by a NO
insertion barrier of 19—34 kcal/mol. Therefore, mech-
anism | is the favored pathway. These results are in
very good agreement with the kinetic experiments
of Weiner and Bergman. The difference between
mechanism | and mechanism Il can be explained in
terms of the electronic structures of the reactant,
transition state, and insertion product. Although the
Co center plays a dual, electron acceptor and donor,
role in the migratory insertion for both mechanisms
I and Il as shown in Figures 17 and 18, the actual
electron-transfer process is different. Along mecha-
nism | (Figure 17), it is very easy to transfer electron
density from the original oc,-c orbital to the NO
antibonding orbital (77i(NO)) to form the new oco-n
bond due to the metal center remaining d&. The better
acceptor and donor character of the metal center
results in lower activation energy. Obviously, this
mechanism is similar to that of the CO insertion
process. In contrast, for mechanism Il (Figure 18),
the original oc,—c orbital must rise higher in energy
before it can transfer electron density to the NO
antibonding orbital (7—,(NO)) to form the d, orbital
of the product as it cycles from a d® (18e~) complex
at 1 to a d® (18e") intermediate (34) and back to a d®
(18e7) complex at 4b, a cycle which requires a greater
activation energy. In addition, a stable #?-intermedi-
ate, 33, where the O of NO coordinates to Co rather
than an agostic C—H as found in 3, could be involved
in mechanism I. Although 33 is more stable by 7 kcal/
mol than 3, the insertion followed by PH; addition
to form 4a is favorable over the nitrosol group
movement to 33 because of a higher barrier.

V. Hydrogen Transfer

Hydrogen-transfer reactions by transition-metal
complexes are now well-recognized fundamental steps

Figure 15. Profiles of the B3LYP potential energy surfaces for the NO insertion into Co—CH3 along mechanism 1.
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Figure 17. Schematic bonding interactions between Co—
methyl and NO—CH3; along mechanism 1.

in several important catalytic cycles.! 5-hydrogen-
transfer, hydrogen-exchange, oxidative-addition, re-
ductive-elimination, metathesis, and nucleophilic
addition reactions can be regarded as several of the
elementary reactions in hydrogen transfer. Recent
experimental and theoretical studies show that the

-16.3
Figure 16. Profiles of the B3LYP potential energy surfaces for the NO insertion into Co—CH3 along mechanism II.
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Figure 18. Schematic bonding interactions between Co—
methyl and NO—CHg3; along mechanism I1.

activation of X—H (X = H, CHs, SiH3, OH, etc.) bonds
by homogeneous transition-metal complexes involve
one of these processes.>? Insight into the reactivity
involved in metal-mediated hydrogen-transfer reac-
tions will prove essential for the rational design of
new catalysts for industrial production and practical
hydrogen-storage systems.



Reactions of Transition-Metal Complexes

A. p-Hydrogen Transfer

p-Hydrogen transfer is an important step in the
chain termination of olefin polymerization and in the
dehydrogenation of alkanes to alkenes.»83 In this
reaction, which can be thought of as the reverse of
insertion reactions, the metal—alkyl or —alkenyl
complexes undergo -H transfer to form a M—olefin
or M—acetylene w complex. For early transition
metals, this transformation is generally endothermic
because the strong M—C and C—H bonds vanish
while only a strong M—H bond and a weak =
complexation form. For late-transition-metal alkyl
complexes, the 8-H transfer is generally much easier
than that for early-transition-metal complexes due
to the strong & complexation and the strong M—H
bond formation. The agostic interaction can also
lower the activation barrier of the p-H-transfer
reaction for both early and late transition metals.
However, weak metal—olefin and metal—hydride
bonding interactions in the g-H-transfer transition
state lead to higher barriers.

Paralleling their studies of chain propagation of
olefin polymerization,”%" Margl, Deng, and Ziegler
presented a systematic investigation of chain termi-
nation processes for a number of d° [L]M—R" frag-
ments (M = Sc(ll1), Y(I11), La(lll), Ti(lV), Zr(1V),
Hf(1V), Ce(1V), Th(lV), and V(V); L = NH—(CH),—
NH?", N(BH,)—(CH),—(BHz)N?~, O—(CH);—0", Cp,?",
NH=Si(H)2—CsH4*", [(0x0)(O—(CH)3s—O)]*", (NH2)*",
(OH)227, (CH3)227, NH—(CHz)g_NHzf, O_(CHg)g—
0?7, and DPZ; R = H, CHjs, and C;Hs; n =0, +1, and
+2).124 The calculations for group 3 and group 4
metals show that steric congestion around the metal
center seems to influence strongly the -H-transfer
barrier. For large metal ions, the barrier can be
lowered by increasing the steric bulk because the
crowding destabilizes the metal alkyl complex rela-
tive to the metal hydrido olefin complex. For very
small metal ions, adding steric bulk can increase the
barrier since the z-complexation energy of the transi-
tion state vanishes for highly congested systems.
They also found that the metal hydrido olefin com-
plexes are usually 4.8—7.2 kcal/mol more stable than
the g-H-transfer TS, except for Hf, which tends to
have a very stable product (below the energy of the
p-H-transfer TS by —12.0 kcal/mol). Overall, the
barrier heights in [L]MC;Hs" (n = 0 and +1) seem
to follow the order of g-agostic bond strength: Ti =
Zr > Hf and Sc ~ Y > La.

In their studies of the mechanism of the ethylene
polymerization reaction with homogeneous silyene-
bridged metallocenes, H,SiCp.,MCH3* (M = Ti, Zr,
and Hf),5% Yoshida, Koga, and Morokuma also in-
vestigated chain termination processes at the HF (for
geometry optimization), MP2, MP3, MP4, and QCISD
levels of theory. As shown in Table 15, the chain
termination from 36 through the -H transfer and
olefin elimination to 39 is very endothermic: 52.8
(Ti), 45.6 (Zr), and 48.5 (Hf) kcal/mol, and hence, it
is an unfavorable pathway. On the basis of the
calculated results in the gas phase, Yoshida et al.
suggested that the rapid olefin polymerization, where
Hf is the best of these cationic catalysts, results in
high-molecular-weight polymer.
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Table 15. Calculated Relative Energetic Parameters
(kcal/mol) of the p-H-Transfer Reactions of
H;SiCp,MCH,CH,CH3;" (M = Ti, Zr, Hf) to H,SiCp,MH™"
and CsH-

p-agostic z complex [M]—H (39) +
method complex (36) TS (37) (38) product
stlcpzTICHchchg
RHF 0.0 18.9 18.2 42.3
RMP2 0.0 18.6 20.9 61.6
RMP3 0.0 19.7 19.9 52.6
RMP4SDQ 0.0 18.0 18.8 57.7
QCISD 0.0 18.0 18.0 52.8
HzSIszZI’CHzCHzCHg
RHF 0.0 16.3 10.5 36.0
RMP2 0.0 13.7 12.7 51.6
RMP3 0.0 14.8 12.0 47.4
RMP4SDQ 0.0 141 111 46.7
QCISD 0.0 13.9 10.9 45.6
HzSiszHfCHzCHzCH3+
RHF 0.0 17.0 10.9 36.8
RMP2 0.0 15.0 13.2 54.7
RMP3 0.0 15.7 12.3 50.0
RMP4SDQ 0.0 15.2 11.9 49.6
QCISD 0.0 15.0 11.6 48.5
Legend
e /1 Gas-phase
= = = G Gas-Phase
------- G Toluene E ?
g = el TGy aenenn 83
9 : 8.4
.S g Product Propylene +
* Complex Hydride Cation

0.0
Reactant Cation

Figure 19. Relative enthalpies (AH, kcal/mol) and free
energies (AG, kcal/mol) in the gas phase (H and G Gas-
Phase) and toluene (G Toluene) for the 5-H transfer from
the ff-agostic (CpCH,Cp)ZrCH,CH,CH;" reactant to the
B-H-transfer products, (CpCH,Cp)ZrH" and a free propene.
(Reprinted with permission from ref 66i. Copyright 1999
Oxford University Press.)

However, this performance may change in the
solution phase. Using DFT methods, Das et al.
examined the effects of solvation upon the energetics
of the chain termination processes employing con-
tinuum and explicit representations of the solvent
(toluene).5¢ Relative enthalpies and free energies for
the -H transfer from the g-agostic (CpCH,Cp)ZrCH,-
CH,CH3* reactant to the p-H-transfer products,
(CpCH,Cp)ZrH* and a free propene, are shown in
Figure 19. Although solvation effects on the transi-
tion-state free energy of the S-H-transfer step are
nearly the same as they are on the reactant, solvation
reduces the free energy change for the separation
(dissociation) into products by approximately 16 kcal/
mol. Thus, in the solution phase, chain termination
through 5-H transfer is a thermodynamically possible
pathway in olefin polymerization and the rate-
determining step could be the -H transfer instead
of olefin elimination. However, the barriers for ole-
fin—solvent exchange have not been calculated.
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Table 16. Calculated Relative Energetic Parameters
(kcal/mol) of the p-H-Transfer Reactions of
Late-Transition-Metal Complexes

metal Lo R 36 37 38 39 ref
Ni  NH=CHCH=NH CsH7 0.0 a 13.6 52.2 89d
NH=CHCH=NH CsH7; 0.0 11.0 91b
NH=CHCH=NH C4Hg 0.0 a 8.9 91b
NAr=CMeCMe=NAr® CsH; 0.0 145 56.2 8%
NAr=CMeCMe=NAr CszH; 0.0 154 48.0 8%
Pd  (NHs) CsH; 0.0 54 3.7 9la
(NH3)2 C4Hg 0.0 7.7 4.0 9la
NH=CHCH=NH CsH; 0.0 5.0 4.8 9la
NH=CHCH=NH CsH; 0.0 5.9 5.4 47.3 89d
NH=CHCH=NH CsH7; 0.0 4.8 91b
NH=CHCH=NH CsHy 0.0 5.0 3.6 91b

NH=CHCH=NH¢ C4Hg 0.0 5.9 5.4 419 89c
NH=CHCH=NH¢ CsHg 0.0 5.2 5.0 439 89c

NAr=CMeCMe=NAr® CsH; 0.0 0.2 43.8 89
NAr=CMeCMe=NAr CzH; 0.0 —1.2 35.1 89
Pt NH=CHCH=NH CsH7; 0.0 -8.9 91b
Ir (Cp)(PH3) CHs 0.0 0.7 —12.2 28.6 125
(PCP") C,Hs 0.0 3.6 —10.2 12.2 125

a No transition state. ® MO/IMOMM. ¢ BSI of ref 89c. @ BSII
of ref 89c.

Focused on the catalytic properties of the late-
transition-metal complexes, Morokuma, Ziegler, Sieg-
bahn, Hall, and co-workers have studied several
hydrogen-transfer processes along the -H-transfer
pathway for the d® and d® complexes.89-91.95.125 The
calculated relative energies at different levels of
theory for g-agostic complex (36), 5-H-transfer tran-
sition state (37), = complex (38), and metal—hydride
product (39) are summarized in Table 16. The
calculations show that -H transfer from the -ago-
stic complex is more facile for a late-transition-metal
complex than it is for an early-transition-metal
complex. Although the olefin elimination (dissocia-
tion) from the & complex is about 20—40 kcal/mol
endothermic, the -H-transfer step has a low activa-
tion barrier of 1—15 kcal/mol. For third-row transi-
tion metals, Pt and Ir, the pg-H-transfer step is
exothermic by 10 kcal/mol (Tables 10 and 16). The
origin of the differences between second- and third-
row transition metals has been attributed to relativ-
istic effects!® which stabilize the (n + 1)s orbitals and
destabilize the nd orbitals more for the heavier third-
row transition metals. Thus, the higher energy d
orbitals stabilize the & complex and the g-H-transfer
transition state by contributing to a stronger back-
donating interaction. However, as discussed above,
the trans-influence of the spectator ligand also plays
an important role in the -H-transfer step. Thus,
facile g-H transfer is also responsible for branching
in the palladium-catalyzed polymerization of olefin
and for the deuterium exchange reaction of olefin.

In comparison to the g-H transfer of metal—alkyl
complexes, the -H transfer of metal—alkenyl com-
plexes usually has a higher activation barrier due to
the stronger M—C and C—H bonds. A study by Endo,
Koga, and Morokuma shows that the g-H-transfer
barrier of Cp,Zr(CI)C,H3 is about 13 kcal/mol higher
than that of Cp,Zr(CI)C,Hs.5¢" From calculations on
a model system, Hyla-Kryspin, Niu, and Gleiter
suggest that (Cl),ZrC,Hs™ cannot reversibly form a
hydride—acetylene complex due to a very high p-H-
transfer barrier.”® In a recent publication, Niu et al.
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investigated the pS-H-transfer process of Cplr(vi-
nyl)*.% In the Cplr(vinyl)™ complex, the expected
pB-agostic interaction is missing and is replaced by a
stronger m-back-bonding interaction between the
vinyl ligand and the metal center. This effect leads
to very different behavior for Cplr(vinyl)* where the
p-H-transfer process is kinetically and thermody-
namically unfavorable compared to that in Cplr-
(ethyl)*.

B. Hydrogen Exchange

Hydrogen-exchange reactions between the alkyl
and olefin fragments in the metal—alkyl—olefin
complex are another possible chain isomerization and
termination mechanism in metal-catalyzed olefin
polymerization and olefin/CO copolymerization pro-
cesses.® As shown in Scheme 9, in addition to 8-H
transfer, hydrogen transfer from the -agostic alkyl
ligand to the olefin ligand can proceed via either a
metathesis-like transition state (direct transfer) or
a five-coordinate oxidative-addition-like intermediate
(indirect or metal-mediated transfer).

In early work using the MP2 method,*?¢ Lin et al.
investigated the hydrogen-exchange mechanism for
the f-agostic ethylene complex of cyclopentadienyl
rhodium. NMR spectroscopic studies suggested that
several Rh and Co agostic ethyl species 40 are in
rapid equilibrium with the olefin—hydride species 42.
By NMR spectroscopy, the lowest energy process,
which has a AG value <7 kcal/mol for both Co and
Rh complexes, involves a scrambling of hydrogens
that could be explained by a rapid equilibrium
between a f-agostic complex (40) and an olefin—
hydride intermediate (42).12” The calculations show
that the four-coordinate mirror-symmetric olefin—
hydride species (42) is an intermediate (3.4 kcal/mol
higher in energy than the $-agostic complex) rather
than a transition state (~5 kcal/mol) in the intercon-
version process of the two enantiomeric forms as
illustrated in Figure 20. Since a stronger M—H—-C
agostic interaction produces a weaker C—H bond, the
initial step (8-H transfer) will have a lower activation
barrier for Rh. This argument is supported by the
experimentally observed interconversion process,
where the activation energy for Rh and Co complexes
is reported to be 3.7 and 7.2 kcal/mol, respectively.

This process, a p-transfer step followed by a
hydrogen migration, has also been found in studies
of ethylene oligomerization and polymerization by
organometallic catalysts (M = Ni, Pd).89791128 The
calculated results of Fan et al. show that chain
termination by S-hydrogen-transfer olefin elimination
is energetically unfavorable (44.7 kcal/mol).*?8 In-
stead, -hydrogen transfer to the incoming ethylene
unit, a hydrogen-exchange process, seems to be
operative. As shown in Table 17, the reaction pro-
ceeds along the metal-mediated mechanism from
p-agostic complex (36) and a free olefin through the
sz complex (40) and intermediate (42) to a new &
complex (44). The p-H-transfer and hydrogen-migra-
tion barriers for the H-exchange reaction are 6.5 and
8.3 kcal/mol, while the olefin insertion into the Ni—R
bond has a barrier of 5.7 kcal/mol. Experimentally,
Keim and co-workers have identified a hydride
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Figure 20. Hydrogen transfer along hydrogen-exchange
mechanism involving a five-coordinated intermediate for
CpM(C2H5)(C2H4)

system in the oligomerization mixture. Fan et al.
suggest that this hydride complex might be the
olefin—hydride intermediate rather than the (acac)-
NiH species.?®

From Scheme 9, one can see that the olefin—
hydride intermediate 42 might be formed via two
different pathways: (i) ethylene association followed
by the g-H transfer (36 — 40 — 41 — 42) or (ii)
p-H transfer followed by ethylene association (36 —
37 — 38 — 42). Musaev et al. have investigated the
chain termination via the latter pathway for the
diimine—metal-catalyzed (M = Ni, Pd) ethylene po-
lymerization reaction.®®" In this case, the 8-H transfer
has a lower barrier before ethylene association, 36
to 38 (Table 16), than after it, 40 to 42 (Table 17).
Along the H-exchange pathway, 36 — 37 — 38 —
42 — 43 — 44, the calculated results of Musaev et

chain termination process for the unsubstituted
diimine—M-catalyzed ethylene polymerization reac-
tion, and (iii) it occurs more easily for Pd than for
Ni.

For the same catalytic system, Deng et al. exam-
ined the role of the bulky ligands in Ni(ll) diimine-
catalyzed ethylene polymerization with a combined
guantum mechanical (DFT) and molecular mechan-
ical (QM/MM) model.?® Unlike the H-exchange pro-
cess for the pure QM model, no discernible interme-
diate hydride—olefin complex (42) could be located
for the QM/MM model. Thus, in the QM/MM calcula-
tion, the g-hydrogen is transferred directly from the
alkyl chain to the incoming monomer in a mechanism
similar to a metathesis reaction. The QM/MM H-
exchange barriers of ~19 kcal/mol for chain termina-
tion are roughly double those of their pure QM
counterparts. Thus, the substituents on the diimine
ligand play an important role in destabilizing the
H-exchange transition state for chain termination.
It has been observed experimentally that if the
diimine methyl groups are replaced by hydrogen
atoms, the molecular weight of the polymer decreases
dramatically from 8.1 x 10° to 2.8 x 10° g/mol.84

In studies of the chain termination mechanism for
the diimine—metal-catalyzed (M = Ni, Pd) ethylene
polymerization reaction,®cd Musaev et al. also in-
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Table 17. Calculated Relative Energetic Parameters? (kcal/mol) of H-Exchange Reactions via
“Oxidative-Addition”-Like Pathway of Late-Transition-Metal Complexes

metal L, 40 41 42 43 44 ref
Ni O=CHCHCH=0 -1.8 4.7 —3.6 4.7 -1.8 128a
NH=CHCH=NH —-19.4 -9.7 —-10.9 —-9.2 —-20.1 90a
NH=CHCH=NH -11.6 8.0 5.8 8.1 —-16.6 89f
NAr=CMeCMe=NAr -13.3 5.8 -14.9 90b

Pd NH=CHCH=NH —-18.0 8.7 1.1 8.5 —22.6 89f
NH=CHCH=NH -16.3 8.0 3.8 91b

Rh (Cp) 0.0° 5.3 3.4 5.3 0.0 126

a Relative to the B-agostic complex and free ethylene. ? Relative to ethylene 7 complex.

vestigated the H-exchange process along the direct
pathway. They found that the H-exchange process
between the alkyl and olefin fragments on the olefin-
associated metal—alkyl complex (40) via this pathway
is inefficient as a chain termination process due to
very high activation barriers, 41—47 kcal/mol, from
40 through 45 to 44. In comparison, the metal-
mediated pathway for the H-exchange process seems
more favorable. However, this conclusion apparently
does not hold true for early transition-metal systems.
In investigations of chain termination processes for
a number of d° [L]IM—R" fragments (M = Sc(lII),
Y(11), La(ll), Ti(1V), Zr(1V), Hf(1V), Ce(1V), Th(1V),
and V(V); L = NH—(CH),—NH?", N(BH,)—(CH),—
(BHz)sz, O—(CH)g—Of, Cpng, NH_Si(H)z_CsH427,
[(0x0)(O—(CH)s—O)J*", (NHz)*", (OH),*~, (CH3),*,
NH—(CH,);—NH?2~, O—(CH,);—02, and DPZ; R =H,
CHjs, and C,Hs; n = 0, +1, and +2),'** Margl, Deng,
and Ziegler also studied the direct pathway, where
p-hydrogen transfer proceeds from the g-agostic
front-side (FS) & complex through a pseudo-mirror-
symmetric transition state as shown in 45 of Scheme
9. From Table 18, one can see several systematic
trends: (i) the g-H-exchange barrier is always lower
than the -H-transfer barrier, (ii) the g-H-exchange
barriers of the group-3 d° systems are slightly higher
than those of group 4, (iii) for both the group-3 and
-4 triads, the barrier increases when going from
lighter metals to heavier metals, and (iv) steric
congestion around the metal center tends to increase
the g-H-exchange barriers. Since the -H-exchange
barriers show little dependence on the metal, the
steric encumbrance imposed by bulky spectator
ligands, as shown in Scheme 10, is an efficient
method for lowering insertion barriers and simulta-
neously increasing the pS-H-exchange barrier for
early-transition-metal d° catalysts.

C. Oxidative Addition and Reductive Elimination

Oxidative-addition and reductive-elimination reac-
tions (reaction 17) are among the most important
fundamental steps in metal-centered reactions of
inorganic and organometallic complexes.t—3

oxidative addition

_ L, (17)

reductive elimination

LM 4

In the former reaction, a single A—B bond is activated
by oxidative addition to a transition-metal center,
and in the reverse, a new compound is produced by
the reductive elimination, which couples ligands A

Table 18. Barriers (kcal/mol) for the Chain
Termination Processes “f-H Exchange” and “f-H
Transfer” for the d° Early-Transition-Metal
Complexes

termination barrier

spectator
metal ligand [L]? B-H exchange® p-H transfer®
Sc(I) [1]-exo 9.32 15.06
[2] 13.86 26.29
[3] 10.04 17.93
[4] 9.80 16.73
[5] 8.84 18.40
Y(I11) [1]-exo 9.80 16.49
[3] 10.99 16.73
[4] 10.52 17.21
5] 9.80 18.16
La(lln) [1]-exo 11.23 18.16
[3] 12.19 20.08
[4] 11.47 20.08
5] 12.67 21.51
Ti(111) [1]-exo 7.41 19.60
[2] 8.37 33.70
[3] 7.17 14.10
[4] 7.17 16.01
5] 3.35 18.64
Zr(l) [1]-exo 8.37 17.45
[2] 7.17 10.76
[3] 8.37 16.25
[4] 8.60 16.49
5] 7.89 16.97
Hf(111) [1]-exo 9.08 19.84
[2] 8.60 10.28
[3] 9.56 23.90
[4] 9.56 24.38
[5] 9.56 26.53

a[1] = NH—(CH),—NH?", [2] = Cp2?~, [3] = (NH.)>", [4] =
(OH)2%~, [5] = (CH3),%". ® Relative to the & complex [L]MC,-
Hs(C2H4)"". ¢ Relative to the agostic precusor [L]MCsH;"".

Scheme 10

(a) (b)

'""metathesis''-like H-exchange transition state

and B. In catalytic hydrogenation, dehydrogenation,
and hydroformylation, the generally accepted mech-
anism involves the concerted addition of H, and RH
to form metal hydride complexes. There have been
numerous experimental and theoretical studies on
these processes.! 2 In general, the hydrogen transfer
from H, and RH to the metal center via oxidative
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addition occurs through a three-center transition
state. As illustrated in Figure 21, there is an interac-
tion between the filled or—y orbital of RH and the
empty o-type orbital (d, or sp,) of the metal, leading
to electron donation from RH to the metal center.
There is a second interaction between the filled d.
orbital of metal and the o*;r—n orbital, leading to
electron transfer from the metal to the ligand. Thus,
we can expect that strong back-donation will lead to
fission of the H—H or R—H bond and the generation
of the metal hydride complex.

The oxidative addition of H, to d® ML, complexes
has been observed for the case of Pt(PR3), complexes,
in which most d® L,Pt(H), complexes are found in the
trans geometry except where the ligands, L,, are
chelating diphosphine groups.’*® However, for the
complex with trimethylphosphine ligands (L = PMe3),
both cis and trans Pt(PMe3),(H), species are in
equilibrium in solution.’3% |n contrast to these
experimental facts, the concerted H, trans addition
to ML, with a d*° configuration is unfavorable under
thermal conditions while the coplanar H; cis addition
is more favorable.®¢ In general, there are at least
three alternative paths that could be involved in a
cis—trans isomerization process as illustrated in
Scheme 11. Since the cis to trans interconversion via
a tetrahedron is symmetry-forbidden under thermal
conditions, it should be a high-energy process. Thus,
dissociative and associative paths represent the most
viable alternatives. In addition, due to the much
stronger M—SiR3; and M—H bond strengths (60 kcal/
mol) compared to M—CR3; bond strengths (30 kcal/
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Table 19. Energy of Reaction (AE)2 and Activation
Energy (AE¥)® (kcal/mol) of R—H Oxidative Addition
to d'° Species (R = H, CHs, SiH3)

activated activation reaction
[M] molecule barrier AE* energy AE ref
Ni(*D) H—H 2.0 -9.0 133a,b
Pd H-H 5.2 3.6 132b
Pd(PH3), H—H uphill 22 132
Pt H-H downhill —33.6 132b
Pt(PHa), H—H 2.3 -159  132b
H-—H 7.3 —27.0 134a
H—H 16.6 -5.0 135a
H-H 9.2 —10.9 135¢
H-H 3.8 —16.4 134c
Pt(PMes), H—H 3.8 —-16.6 134c
Pt(PPhs), H-H 1.3 —18.2 134c
Pt(P(t-Bu)s). H-H 14.5 6.0 134c
H-H 18.3 105 134d
H—H 19.1 14.9 134d
H-H 16.8 7.0 134d
H-—H 14.2 4.1 134d
Ni(*D) H—-CHjs 54.1 20.7 133a,b
H—CHs 14.1 —-1.4 133g
Pd H—-CHjs 30.3 20.1 132b
H—CHjs 3.6 -2.3 133g
Pd(PHz), H—-CHjs uphill 44 132
H—CHj3 27.1 30.6 137
Pd(CO), H—-CHjs 35.2 37.1 137
Pt H—CHj3 12.9 —16.1 132b
H—-CHjs 21 —26.6 133g
Pt(PHa)2 H—CHs 25.5 7.2 133c
H—CHs; 35.3 1.2 134a
H—-CHjs 29.6 47 134a
H—-CHjs 28.7 6.5 136a,b
H—CHjs 27.9 9.4 136f
H—CHs 24.4 9.8 137
Pt(CO), H—CHjs 23.7 15.3 137
Pd(PHz), H—SiH; 11 -8.1 136a,b
Pt(PHz3). H-SiH3 0.7 —25.6 136a,b
H—SiH; 2.9 —-19.3 136f
H-SiCl3 3.0 —16.8 136f
H—-SiMes 2.8 —32.3 136f

a Relative to the reactants. ® Relative to the precursor.

mol), the reductive-elimination process has been
observed more frequently in metal—alkyl complexes
than the oxidative-addition process.3!

As mentioned in earlier reviews32213% the oxidative
addition of H,, SiH,4, and CH4 to d*° PdL, complexes
is less favorable than that to d'® PtL, complexes
because of the high energy of the Pd d°? state (see
Table 19). Calculations by Low and Goddard3? and
by Siegbahn et al.133 emphasize the importance of the
competition between the d°?! and d'° states of the
metal atom in influencing the course of the reaction.
In the d° ML, fragment, the metal can be described
qualitatively by a d*° configuration with the dative
bonding of the spectator ligands primarily involving
donation of the ligand lone pairs to s and p metal
orbitals. To form two more covalent bonds, promotion
of the metal to the d°! state is required. As the H,
approaches the bending ML, fragment, sd hybridiza-
tion from this d%! state serves to form the two new
M—H bonds. Therefore, a d°s! ground state (or low-
lying d°®! excited state) leads to stronger bonding
interactions between the hydrogen 1s orbitals and the
M sd hybrid orbitals. In a comparison of the addition
of H, to Pt (which has a d%?! ground state) and Pd
(which has the d'° ground state and a high-lying d°s!
excited state), the reaction is exothermic for Pt by
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34 kcal/mol but is endothermic for Pd by 4 kcal/
mol.13%¢ As in the -H transfer, the origin of the
atomic differences have been attributed to relativistic
effects,’® which stabilize the (n + 1)s orbitals and
destabilize the nd orbitals more for the heavier third-
row transition metals.132

Recently, Sakaki et al. presented a series of theo-
retical studies on oxidative addition of H—CHj,
H—-CH,CN, H—CH(CN)z, CH3;—CHs, H—SiR3, and
S|R3—S|R3 (R = H, Cl, or ME) to d1° M(PH3)2 (M =
Pd or Pt) using ab initio MO/MP2-MP4SDQ, CCD,
and CCSD methods.*¥%¢79 To investigate the chelate
effect,136¢ they compared model calculations for the
oxidative additions of H—CHj; to d'® M(PHj3), and to
the same complex with the phosphine ligands bent
back to mimic a chelating phosphine. The uncon-
strained reaction requires a high activation energy,
30 and 37 kcal/mol for M = Pt and Pd (MP4SDQ
values), respectively, while the constrained reaction
requires a much lower activation energy, 3.8 and 20.0
kcal/mol for M = Pt and Pd, respectively. The
enhanced reactivity predicted for this model and seen
in M(dipe) (dipe = diphosphinoethane) and M(dipm)
(dipm = diphosphinomethane) arises from the higher
lying d orbital and lower lying sp, orbital found in
the chelating phosphine complexes.

Recently, Su and Chu reported similar studies on
oxidative addition of H—CHs; to the 14-electron d°
M(L). (M = Pd, Pt; L = CO, PH3, L, = PH,CH,CH,-
PH,) at the MP2 and MP4SDTQ levels of theory.13”
Since the triplet state of the d'® M(L), system should
be more bent than its singlet analogue and since a
smaller AEg of 14-electron d*® M(L). results in a
lower barrier, the more strongly bent M(L), systems
should react more rapidly. In addition, the calcula-
tions show that more strongly electron-donating
ligands, L, and third-row transition metals also favor
the oxidative addition of saturated C—H bonds.

In a related study,'%¢f Sakaki et al. examined the
effects of electron-withdrawing substituents on the
activated methane derivatives. Although introduction
of an electron-withdrawing CN group lowers the
activation energy (to 25 kcal/mol) and decreases the
endothermicity (to 11 kcal/mol) for the C—H oxidative
addition by a d'© Pd complex, the reaction still
proceeds only at high temperature. The C—H activa-
tion of CH,(CN), with a palladium bidentate phos-
phine model complex, Pd(dipe) or Pd(dipm), becomes
much easier; the reaction is exothermic by 6—11 kcal/
mol with an activation barrier of 18—19 kcal/mol. The
acceleration by the CN group is interpreted in terms
of the charge-transfer interaction from Pd through
the * orbital of CH,(CN), into the C—H o™ orbital.
These computational results suggest that the C—H
activation by a d'°© Pd complex occurs more easily
when electron-withdrawing groups are introduced on
the sp® carbon atom and a chelating phosphine is
used as a ligand.

The steric effects of the spectator phosphine ligands
on the transition state and reactivity were also
investigated by Sakaki et al.'3%9 The calculations
show that the TS structures for the oxidative addition
of H—CHj3; and H—SiRj3 to Pt(PHg3), are coplanar, as
expected from the orbital interaction diagram, while
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unexpectedly the TS structures for the oxidative
addition of CH3;—CHg3 and SiR3;—SiR; to Pt(PHj3), are
nonplanar. Frequency analysis and IRC calculations
clearly indicate that these nonplanar transition
states are real transition states and that they are
smoothly connected to the planar precursor complex
and product. Since the electron distributions show
stronger charge-transfer interactions from Pt d or-
bital to the o*si—c or o*c—c orbital in the coplanar
structure than in the nonplanar structure, this
electronic factor is not responsible for the twisted
transition state. Moreover, the dihedral angle (0)
between the PtP, and the PtXC planes (X = C or Si)
increases in the order SiH;—CHj; < SiMe;—CHj; <
SiCl3—CHjs;, and the Pt—SiR; distance at the TS
increases in the same order. Thus, Sakaki et al.
concluded that the steric factors between the activa-
tion substrate, particularly the greater steric repul-
sion by the SiR3; group, and the spectator phosphine
group is responsible for the nonplanar TS structure.

In another recent theoretical study of H, oxidative
addition, Morokuma et al. investigated the oxidative
addition of H—H to Pt(PR3). (R = H, Me, t-Bu, and
Ph) using mixed methods (IMOMM and ONIOM).134cd
The calculated results at the IMOMM(MP2:MM3)
level show that the reactivity of PtL, toward H;
increases in the following order: P(t-Bu); < PPh(t-
Bu), < P(c-CgHi1)s < P(i-Pr);, an order that is
consistent with the experimental facts. The Pt[P(t-
Bu)s]. complex has a high calculated barrier (15 kcal/
mol) for oxidative addition of H,, while Pt(Phs),,
Pt(PMes),, and Pt(PH3), all have low barriers (<4
kcal/mol). These energetic differences are paralleled
by differences in the transition-state structure for the
sterically congested vs the uncongested system. The
calculated energy barrier for reductive elimination
of H, from Pt(PMe3s),(H), is 20.4 kcal/mol and agrees
well with the experimental activation enthalpy AH*
of 20.0 kcal/mol. The energetics at the more reliable
IMOMM(MP2:MM3) level show that while complexes
with R = H, Me, and Ph have early coplanar transi-
tion states and low barriers, the complex with R =
t-Bu has a relatively late nonplanar transition state
and a high barrier.

The successful activation of H—H and R—H by d®
ML, (n = 3 or 4) complexes has prompted exten-
sive experimental and theoretical studies for more
than 10 years.' 2 These complexes have the general
formula MXL, (L = PPhg; X = Cl) or CpML (L = CO,
PR3). Complexes containing the MXL, moiety, such
as Vaska's complex IrCI(CO)(PPhgs), and Wilkinson’'s
catalyst RhCI(PPh3)s, are among the most important
and widely used catalysts, promoting a diverse array
of organic transformations.*3 The first activation of
a simple alkane by a transition-metal complex was
reported in 1982.1%° The active species are generated
by photolysis of CoMLL' (M = Rh, Ir; L = CO, PPhs,
PMejs; L' = CO, (H),); the resulting d® CpML frag-
ments are unique in that they are among only a few
late transition-metal complexes capable of activating
H—H and C—H bonds. These coordinatively unsatur-
ated d® ML, complexes differ from the d® ML,
complexes because the former have a low-lying
vacant d, orbital which can accept an electron from
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Table 20. Energy of Reaction (AE)2 and Activation
Energy (AE¥)® (kcal/mol) of R—H Oxidative Addition
to d® Three-Coordinated ML,X Species (R = H, CH3,
SiH3)

activation reaction

activated barrier  energy
[M]¢ molecule  method AE* AE ref
Rh(PH3),Cl H—CH3; MP2 3.3 —22.6 140b
MP4 2.8 —19.3 140b
QCISD(T) 7.7 —10.0 140b
H-SiH; MP2 downhill —58.4 140b
MP4 downhill —55.1 140b
QCISD(T) downhill ~ —44.6 140b
H—CH3; BP86 3.3 —15.1 141
cis-Rh(PH3),Cl H—-CH; BP86 15.3 3.6 141
Ir(PHs)H H—H B3LYP —21.6 142
H—CHs; B3LYP 11.8 —29 143
B3LYP 1 —12.8 143
H—CFz B3LYP 8.0 —12.8 142
Ir(PH3),Ph H-H B3LYP —23.0 142
H—CHs; B3LYP 14.6 4.4 142
Ir(PH3),ClI H—H B3LYP —54.1 142
H—CH3; B3LYP 0.25 —27.2 142
MP2 —41.6 143
H—-CF; B3LYP —42.7 142
Ir(PH3)2F H—H B3LYP —47.0 142
Pt(PHs3)(Cl)2 H—CH; MP2 24.8 43 145
Pt(NH3)2(Me)* H-CHs; B3LYP 29 260 144
Pt(PH3),(Me)" H-CH; B3LYP 30 260 144

aRelative to the reactants. ? Relative to the precursor.
¢ trans structure.

the oc—y orbital. This donating interaction leads to a
stronger agostic interaction for the precursor complex
and to a lower activation barrier for the oxidative-
addition reaction, when compared to the d°® ML,
complexes.

Koga and Morokuma investigated the oxidative
addition of the C—H, Si—H, and Si—Si bonds to the
T-shaped three-coordinate d® complex RhCI(PH3),
with MP2, MP4, and QCISD(T) methods.14%2b Meth-
ane C—H activation by RhCI(PH3), proceeds through
the »?>-CH, precursor complex and a three-centered

R—H + RhCI(PHj),
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transition state. The overall reaction is exothermic
by 23, 19, and 10 kcal/mol at the MP2, MP4, and
QCISD(T) levels, respectively, with a low, 3—8 kcal/
mol, activation barrier (Table 20). Thus, the C—H
activation by this coordinatively unsaturated complex
will occur at relatively low temperatures. The poten-
tial energy profile for the Si—H bond activation is
quite different (see Figure 22). The Si—H bond
activation is nearly barrierless; the #?-SiH, complex
is found to be the transition state instead of an
intermediate. This difference, between SiH, and CHg,
originates from the strong Rh—Si bond and the weak
Si—H bond and results in a much larger exothermic-
ity for Si—H bond activation than that for C—H bond
activation. Koga, Morokuma, and co-workers also
studied the oxidative addition of acetylene to the
T-shaped d® complex RhCI(PHs3), with the MP2
method.**¢ The calculations show that the reaction
from an n?-alkyne complex to an alkynyl—hydrido
complex is endothermic by 9.4 kcal/mol with a high
activation barrier of 36.3 kcal/mol. In the actual
reaction, where a bulky phosphine like P'Pr; and a
bulk substituent on the alkyne are employed, the 7?-
alkyne complex should be less stable than it is in the
present model system. Furthermore, the more basic
nature of the central metal with P'Pr; ligands, as
compared with PHj;, should favor the alkynyl—
hydrido complex. In this work the authors also
investigated the intra- and intermolecular hydride-
transfer mechanism from the alkynyl—hydrido com-
plex to the vinylidene complex with the QM and QM/
MM methods.

Margl, Ziegler, and Bldchl also studied the elec-
tronic and molecular structures of the oxidative
addition of the H—CHj to the d® trans- and cis-RhCl-
(PHz)2 complexes.#! The calculations show that the
three-coordinate d® trans-RhCI(PH3), species formed
by CO photoejection from trans-RhCI(CO)(PH3), has
a preferred cis-geometry and that the trans-isomer

0.0 (0.0) kcal/mol
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ROCI(PH3),(H)(SiHy),,

u H H//,d JHs
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Figure 22. MP2/BS1 potential energy profile for the Si—H and C—H bond activation to Rh(PH3),(Cl). Numbers in

parentheses are at the MP2/BS2 level.
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is 16.5 kcal/mol higher in energy. The more stable
cis-isomer is formed by a trans to cis isomerization
process through an Y-shaped transition state with a
calculated barrier of 9.8 kcal/mol. Because of the
trans-influence of the spectator ligands, the trans-
RhCI(PH3), isomer is more reactive toward the
methane C—H bond than the cis-isomer. The trans-
isomer forms a stronger >-methane complex and has
a lower activation barrier and a more stable product
(see Table 20).

In previous studies of methane activation by 14-
electron Ir(PH3),(X) complexes (X = H, CI),}*2 Cundari
and co-workers found that a more strongly bound
adduct (larger agostic interaction) occurs when X =
Cl than when X = H. Methane addition to Ir(PHs),-
(H) and Ir(PH3),(Cl) from the adduct precursor to the
metal methyl hydride complex is exothermic by 6 and
26 kcal/mol with an activation barrier of 20 and 9
kcal/mol, respectively. Analysis of the wave function
along the intrinsic reaction coordinate (IRC) sug-
gested that although donation of electron density
from methane to metal is essential for adduct forma-
tion, it is not until the back-donation to o*cy in-
creases that the C—H bond is activated and cleaved.
The calculated electronic and molecular structures
along the IRC suggested a two-stage mechanism:
substrate to complex donation is important in the
early part of the reaction (electrophilic stage) while
complex to substrate back-donation is necessary later
for C—H scission (nucleophilic stage). Recently, Ben-
son and Cundari presented a study of ethane dehy-
drogenation by the 14-electron complex Ir(PH3).H
with the MP2 method.**%® The IRCs for ethane C—H
oxidative addition are consistent with an experimen-
tal trajectory derived from analysis of the crystal
structures of agostic complexes. Although ethane
binds to Ir(PH3);H as strongly as, if not stronger
than, methane, calculation of the IRC suggests that
for ethane, unlike methane, an alkane adduct com-
plex does not lie along the path to C—H oxidative
addition. The product of oxidative addition is a
nonagostic Ir(111)—ethyl complex.

Recently, Krogh-Jespersen and Goldman examined
oxidative addition of dihydrogen (H;), methane (CH,),
and fluoromethanes (CH3F, CHF3, CFy) to Ir(PH3),X
(X = H, Li, Cl, F, BHz, NHy, Ph) with hybrid DFT
method.'#?2 Exothermicity of H, addition to Ir(PH3),X
increases as follows for various X: BHaweryy & Li <
BH2(eq) <H~ F)h(vert) < NHZ(eq) <F< NH2(vert) ~ CI.
Clearly, the trans-influence of the X ligand, both =
and o effects, plays an important role in the order
above. As shown in Scheme 12, the addition of H; to
Ir(PH3)2(NHy) with the NH; coplanar to the equato-
rial plane (46a to 47a) is exothermic by 37 kcal/mol,
while with the NH; plane perpendicular to the
equatorial plane (46b to 47b) the exothermicity
increases to 52 kcal/mol. In contrast, the addition of
H, to Ir(PH3)2(BH,) with BH, perpendicular to the
equatorial plane (46b to 47b) is endothermic and no
dihydride complex is observed, while with BH, in the
equatorial plane (46a to 47a) the reaction is exother-
mic by 7 kcal/mol. Thus, 7-donation from the specta-
tor ligand X favors the addition reaction. From Table
20, one can also see that increased o-donation by X
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disfavors addition of H, to Ir(PH3).X. These results
can be explained in terms of the trans-influence of
the X ligand. In the T-shaped Ir(PH3),X fragment,
the trans spectator X ligand (trans to the vacant
position) influences the metal d, orbital (LUMO) as
illustrated in Scheme 6;%°¢ increased o-donation by
X leads to a higher-lying d, orbital and a decrease in
the interaction between the metal d, orbital and the
or-n Orbital. In contrast, increased sw-donation by X
leads to a higher-lying d, orbital and an increase in
the interaction between the metal d, orbital and the
0*r-p Orbital. The methane C—H activation by other
T-shaped ML,X such as Pt(PH3)(Cl),, Pt(NH3)>(Me)t,
and Pt(PHs),(Me)* has also been studied recently.144145

The oxidative addition of H, to square-planar d®
four-coordinate complexes, such as Vaska's com-
plex and RhCI(CO)(PPh3),, has been extensively
studied. The generally accepted mechanism for the
reaction involves the concerted addition of H, to form
pseudooctahedral products with a cis disposition of
the hydride ligands as shown in Scheme 13, where
concerted cis addition of H; to each isomer, either cis-
MCI(CO)(PR3), or trans-MCI(CO)(PRg3),, yields two
possible isomeric products. Experimentally, IrCI(CO)-
(dppe) (dppe = 1,2-bis(diphenylphosphino)ethane)
oxidatively adds H, along the P—Ir—CO axis to
generate (cis,cis)-11 isomer with a >99% stereoselec-
tivity at low temperature, while the other (cis,cis)-I
isomer, formed from the addition along the P—Ir—
Cl axis, appears at higher temperatures and eventu-
ally dominates the final equilibrium (Scheme 13a).146
However, for Vaska'’s complex, trans-1rCI(CO)(PPh3)a,
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only the (cis,trans)-1 isomer is observed (Scheme
13b)_138a7f

Sargent, Hall, and Guest investigated the oxidative
addition of H; to cis- and trans-1rX(CO)(PPhg), (X =
Cl, H, Me, and Ph) with ab initio MO techniques.'#’
The calculations show that (i) as the square-planar
complex evolves to a six-coordinate species during the
course of the reaction, the ligands in the addition
plane move past regions of charge concentration from
the metal lone-pair electrons; (ii) strong o- and
m-donor ligands destabilize the five-coordinate transi-
tion state by contributing to the repulsion between
the electronic charge density of the ligands and the
metal concentrations; (iii) electron-withdrawing lig-
ands stabilize the five-coordinate transition state by
delocalizing some of the charge density contributing
to this repulsive interaction; (iv) the electronic con-
tribution to the relative stabilities of the six-coordi-
nate d° final product can be predicted based on the
relative orientations of the ligands with the strongest
trans-influence; and (v) additional stability in the
final product is gained by orienting a strong trans-
influencing ligand trans to a strong s-donor ligand.
For the oxidative addition of H; to cis-1rCI(CO)(PHy3),
addition along the P—Ir—CO axis to generate a
(cis,cis)-11 product is kinetically favored due to the
electron-withdrawing nature of the CO ligand, which
provides additional stabilization to the five-coordi-
nate transition state by a back-bonding interaction
between the filled metal d2 orbital and the unoc-
cupied CO x* orbital. The (cis,cis)-1 product is
thermodynamically favored because the two stron-
gest trans-influencing ligands are trans to a phos-
phine ligand and a relatively weak trans-influencing
CI~ ligand. In the oxidative addition of H, to Vaska-
type complexes, trans-1rX(CO)(PR3z), (X = Cl, H, Me,
and Ph), the nature of the X ligand is crucial to
determining the direction of addition. Weak electron-
donor ligands, such as Cl~, favor addition along the
X—Ir—CO axis, whereas for stronger electron-donor
ligands, such as Ph~, Me~, and H~, addition is
preferred along the P—Ir—P axis. For Ph™ and Me™,
the more stable isomer of the final products corre-
sponds to the species formed ((cis,trans)-1) from
addition along the X—Ir—CO axis. This isomer gains
stability by orienting a weaker o-donor and/or stron-
ger m-donor ligand trans to a hydride ligand. The
weaker o-donor character strengthens the strong
Ir—H ¢ bond to which it is trans, while the strong
m-donor character, which results in an antibonding
interaction of 7 symmetry, is able to minimize the
impact of antibonding interaction by being trans to
the strongly trans-influencing hydride ligand.

Abu-Hasanayn, Goldman, and Krogh-Jespersen
also studied the oxidative addition of H; to Vaska-
type complexes, trans-1rX(CO)(L), (L = NHs, PHs,
AsHs; X = F, CI, Br, I, CN, H, CHs, SiH;z;, OH,
SH, BH,), to generate (cis,trans)-1 addition prod-
ucts.'*® The calculations show that the activation
barrier height of the oxidative-addition reaction
decreases and its exothermicity increases via the
trend F < Cl < Br <1 < CN < H. This trend parallels
the z-donor capability of the halides, which decreases
in strength going down a group in the periodic table.
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Abu-Hasanayn et al. emphasize how the m-orbital
properties of the substituents play an important role
in determining the thermodynamics of the addition
reaction; the presence of an occupied s orbital on the
substituents strongly disfavors the reaction. In other
words, increased z-donation from the X ligand con-
tributes to the activation barrier to H, addition.
Strong s-donation from X increases the four-electron—
three-center x interaction in the X—Ir—CO moiety
and increases the barrier to addition by increasing
the resistance of the X—Ir—CO moiety to bending.
In addition, increased z-halide donation to metal
raises the energy of the metal unoccupied sp, (p,)
orbital and decreases the bonding interaction be-
tween the metal sp, orbital and the H—H o orbital.
Similar reasoning can explain the trend in the
exothermicity of the addition, which increases in the
order L = NH3 < PH3; < AsHj for X = CI.1#°

Focusing on the catalytic mechanism of Wilkinson's
catalyst, RhCI(PPh3);, Morokuma and co-workers
studied the structure and reactivity of the oxidative
addition of H, and CHj,4 to trans- and cis-RhCI(CO)-
(PH3)2 using the HF and MP2 methods.86410 The
recent calculations of Musaev and Morokuma show
that (i) trans-RhCI(CO)(PHz3), is about 13 kcal/mol
more stable than cis-RhCI(CO)(PHys)., (ii) the stability
of the H, addition products, RhCI(PPhs)3(H),, de-
creases in the order (cis,trans)-1 (0.0 kcal/mol) ~
(cis,cis)-111 (0.4 kcal/mol) > (cis,cis)-1 (3.5 kcal/
mol) > (cis,cis)-11 (10.3 kcal/mol), (iii) the oxidative
addition of H; to trans- and cis-RhCI(CO)(PHs3); is
exothermic by 2 and 11 kcal/mol with an activation
barrier of 16 and 18 kcal/mol, respectively, (iv) the
oxidative addition of CH, to trans- and cis-RhCI(CO)-
(PHz3); is endothermic by 20 and 9 kcal/mol with an
activation barrier of 27 and 31 kcal/mol, respectively,
and (v) among CO, PHj3;, and Cl-, the trans influence
seems to decrease in the order CO > PH3 > Cl™. The
Musaev and Morokuma results for the addition
reaction of H; to trans- and cis-RhCI(CO)(PHs), are
consistent with those obtained for trans- and cis-1rClI-
(CO)(PHs5), by Hall and co-workers.**’ In agreement
with experiment,’®! the oxidative-addition reactions
of four-coordinate d® RhCI(CO)(PHz3), complexes are
substantially more difficult than the corresponding
reactions of three-coordinate d® RhCI(PHz), com-
plexes.140

In their study, Ziegler and co-workers also inves-
tigated the oxidative addition of methane to trans-
and cis-RhCI(CO)(PH3), using DFT method.**! Again,
the calculated results show that (i) trans-RhCI(CO)-
(PH5); is about 9 kcal/mol more stable than cis-RhCI-
(CO)(PH53), and (ii) the oxidative addition of CH,4 to
trans- and cis-RhCI(CO)(PHs;), is endothermic by 28
and 21 kcal/mol with an activation barrier of 45 and
35 kcal/mol, respectively, while the reverse reaction,
reductive elimination of methane, is relatively facile
with kinetic barriers of 17 (trans) and 14 (cis) kcal/
mol, respectively.

More recently, Wang and Weitz studied the oxida-
tive addition of H; to Fe(CO), using DFT methods
(BP86, BLYP, and B3LYP).'® The BP86 functional
gives good agreement with the experimental data for
the dissociation enthalpy of H, from Fe(CO)4(H).. The
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reaction is expected to involve a curve crossing from
the singlet potential energy surface to the triplet
surface. The reverse reaction, oxidative addition of
H, to Fe(CO), to form Fe(CO)4(H),, involves an (%
H,)Fe(CO), intermediate which continues to the
product with a low activation barrier (0.4 kcal/mol).
If the reference state for dissociation of Fe(CO)4(H)2
is the triplet state of Fe(CO),, then calculations with
the B3LYP functional lead to a value for the bond
dissociation enthalpy that is too small. However, if
the dissociation process actually should be referenced
to the singlet state of Fe(CO),, then calculations with
the B3LYP functional agree with experimental data.
In both cases the BLYP functional gives poor agree-
ment with experimental data for the bond dissocia-
tion enthalpy of Fe(CO)4(H).. Overall, the calculated
reaction enthalpy at BP86 is 23 kcal/mol, a value that
compares favorably with the experimental value of
21 + 2 kcal/mol.*>3 These results by Wang and Weitz
are consistent with previous work by Ziegler and co-
workers. In their study,*'2 Ziegler et al. investigated
the electronic and molecular structures of M(CO),
(M = Fe, Ru, Os) and the oxidative addition of H;
and CH,4 to M(CO)4 (M = Ru, Os) using DFT method.
The optimized geometries show that the M(CO),
fragment in the 'A; singlet state is C,, symmetry,
while the M(CO), fragment in the 3B; triplet state is
nearly T4 symmetry. The *A; singlet state is calcu-
lated to be the ground state for Ru(CO), and Os(CO),
by 8.8 and 10.0 kcal/mol, respectively. However, the
calculated 'A; and 3B, states for Fe(CO), are very
close in energy (AE+—s < 1 kcal/mol). The calculations
show that (i) the oxidative addition of H, to M(CO),
(M = Ru, Os) has a low activation barrier of 0.7 and
2.6 kcal/mol and is exothermic by 5.3 and 18.2 kcal/
mol, respectively, and (ii) the oxidative addition of
the CH,4 is much more difficult with an activation
barrier of 18.9 and 24.1 kcal/mol and a total reaction
enthalpy of 6.7 and —1.4 kcal/mol, respectively. Thus,
the CH, addition to Ru(CO), and Os(CO), is unfavor-
able and unlikely to be observed.

A now common alkyl C—H activation procedure has
been the irradiation of Cp*ML(H), and Cp*ML(CO),
where Cp* = °-CsMes, L = PMe3, PPhgs, or CO, and
M = Rh or Ir, to produce a postulated unsaturated
d® Cp*ML precursor. A hydrocarbon R—H used as
solvent during the irradiation undergoes oxidative
addition to the precursor with the production of
Cp*ML(H)(R).13%154a~¢ The electronic structure of the
coordinatively unsaturated 16-electron d® fragment
CpML has been studied by Hofmann and Padmanab-
han for various ligands, L, and M = Co, Rh, and Ir.15%
The CpML fragment of Cs point group symmetry has
two low-lying metal-based d,2-y2 and d,, orbitals, 1a'
and l1a", stabilized by interaction with the z* orbitals
on L (see Figure 23). At somewhat higher energy is
the occupied metal-based d,2 orbital, 2a’, with a weak
M~—L antibonding o interaction. Highest in energy
are two metal-based orbitals, 2a" and 3a’, primarily
dy; and dyy in character, respectively. The 2a" and
3a’ orbitals are destabilized by out-of-phase interac-
tions with occupied & orbitals on the Cp ring, and
3a’, the highest in energy, is in addition destabilized
by out-of-phase interaction with the o orbital on L.
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Figure 23. Valence molecular orbitals of CoML complex.
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A strong m-acceptor ligand such as CO seems to
stabilize the 2a" (d,) orbital 8155 Although the strong
o-donor ligand (L) seems to destabilize the 3a’' (d,)
orbital, a hybridization of 3a’ with the (n + 1)py, and
(n + 1)s orbitals still leads to the d, orbital remaining
in a low-lying position as illustrated in Scheme 14.

There are several theoretical studies in the litera-
ture on the oxidative-addition reaction between R—H
(R = H, CH3, NH,, OH, and SiHs) and the d® CpML
(M = Co, Rh, Ir, Ru™, Os™, Pd*, and Pt™; L = CO,
PH3) complexes.*1%6 We summarized the calculated
energetic parameters in Table 21. Stoutland et al.
carried out a detailed experimental analysis of the
energetics involved in the C—H activation by Cp*Ir-
(PMej3).1%% They infer a small barrier of 2—10 kcal/
mol and a reaction enthalpy of —26 to —29 kcal/mol.
Jones and Feher have investigated the energetics for
the addition of CH, to the corresponding Rh system,
Cp*Rh(PMes).13% Their data are consistent with a
reaction enthalpy of —7 to —10 kcal/mol and an upper
limit of 5 kcal/mol for the activation energy.+213%

In early theoretical work, Ziegler et al.*'2 studied
the oxidative addition of CH4 to CpML (M = Rh, Ir;
L = CO, PHj3) using DFT method. They found that
for M = Ir, the reaction has a modest activation
barrier of 2 kcal/mol with a reaction enthalpy of —34
to —36 kcal/mol. The activation barrier for M = Rh
is somewhat higher at 9 kcal/mol, and the reaction
enthalpy is less favorable at —17 to —15 kcal/mol.
These findings are in agreement with the general
experimental observation that the 5d species CplrL
activates alkylic C—H bonds more readily than 4d
homologues. The differential is due to relativistic
effects,® which stabilize the 6s orbitals and destabi-
lize the 5d orbitals for the heavier third-row transi-
tion metals.

The C—H oxidative addition of CH, to CoML (M =
Rh, Ir; L = CO, PR3) was also studied by Hall and
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Table 21. Energy of Association Energy (AEprec),?
Reaction (AEproq),? and Activation Energy (AE¥)®
(kcal/mol) of R—H Oxidative Addition to d® CpML

system method  AEpree AE* AEpng ref

CpCo(CO) + CH,; B3LYP -9.0 -7.7  41d

B3P86 —-11.5 -11.8 41d

MP2 —19.5 —35.7 41d

PCI-80 -17.1 -6.0 —34.1 41d

MCPF —13.3 —22.0 41d

CASPT2 —15.4 —23.0 41d

CpRuU(CO)~ + CH; B3LYP -6.9 32 -272 4le

MP2 —-13.2 33 —30.2 4le

MP4SDTQ —14.0 4.6 —26.1 4le

CpRh(CO) + CH; LDA -6.9 ~88 -148 4la

B3LYP —-6.4 129 —4.2 A4le

B3LYP -56 87 —-5.8 41d

B3P86 -8.0 6.0 -9.9 4i1d

MP2 —-12.3 6.1 —18.8 41d

MP2 —-148 4.1 —30.6 41b

MP2 —13.6 235 —19.2 4le

MP2 —7.7 55 —16.4 4lc

MP4SDTQ —13.8 104 —13.3 4le

PCI-80 —125 5.9 -17.2 41

MCPF —10.1 8.4 —-115 4i1d

CASPT2 —11.7 2.1 =219 4u

CpRh(CO) + NH; MP2 —36.8 41.9 —32 4lc
CpRh(CO) + H,O MP2 —20.5 259 —24 4lc
CpRh(CO) + SiH; MP2 none none —49.4 4lc

CpRh(PH3) + CH; LDA -57 ~88 -172 4la
MP2 —40.0 155

CpPd(CO)" + CH, B3LYP —10.0 294 19.3 4le
MP2 —16.2 284 9.1 4le

MP4SDTQ —15.0 29.3 13.2 4le

CpOs(CO)~ + CHs B3LYP -10.1 0.6 —49.1 4le
MP2 —19.4 1.8 —50.4 4le

MP4SDTQ -—182 2.7 —46.7 4le

Cplr(CO) + CH,4 LDA —-14.1 ~24 -—-335 4la
B3LYP -9.6 1.9 —31.8 4le

B3LYP -98 -19 -33.7 41ud

B3P86 -13.7 —-29 -38.8 41d

MP2 -17.6 —-3.1 —-46.3 41d

MP2 —16.4 155 —32.8 4le

MP4SDTQ —-158 7.1 —27.8 A4le

PCI-80 -6.5 -18 -—29.2 41id

MCPF -45 -12 -26.4 41d

Cplr(PHs) + CH,  LDA -12.2 ~2.4 -363 4la
MP2 68.6 155

CpPt(CO)* + CH,s B3LYP —10.9 145 —6.3 4le
MP2 —17.4 175 —-115 A4le

MP4SDTQ —16.5 18.3 —7.2 4le

a Relative to the reactants. ? Relative to the precursor.

co-workers at the HF and MP2 levels of theory.41b:156
The shape of the potential energy surface obtained
in these papers is similar to that obtained by Ziegler
et al. For M = Rh, the whole reaction is calculated
to be exothermic by 31—40 kcal/mol with a low
activation barrier of 4 kcal/mol, while the reaction
enthalpy for M = Ir is —69 kcal/mol. The studies on
the behavior of intermolecular versus intramolecular
C—H bond activation in rhodium and iridium com-
plexes (Scheme 15) show that the thermodynamic
exothermicity follows the sequence inter > intra-P
> intra-Cp with decreasing differences as the ring
size increases.

Musaev and Morokuma studied the oxidative ad-
dition of the H-H, C—H, N—-H, O—H, and Si—H
bonds of the H,, CH4, NH3, H,0, and SiH, molecules
to CpRh(CO) at the MP2 level using polarized basis
sets.#1¢ The calculations show that along the CH,
addition pathway a molecular precursor was found
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Figure 24. Potential energy profiles of the reaction of
CpRh(CO) with H,, CH,, H,0, NHj, and SiH,.41c

to be bound by 7.7 kcal/mol, the barrier was found
to be 5.5 kcal/mol above the precursor, and the
exothermicity was 16.4 kcal/mol. The reaction energy
profile for CH, addition is in good agreement with
the one suggested by experiment. As shown in Table
21 and Figure 24, at gas-phase collisionless condi-
tions, the oxidative-addition reaction of H—SiHs,
H—H, and H—CHj; to CpRh(CO) should take place
without an activation barrier while the reaction of
H—NH; and H—OH goes over a barrier about 5 kcal/
mol relative to the reactants. The differences in the
reactivity of the substrates considered here can be
correlated to the H—R bond strength and the Rh—R
bond strength. Going from SiH, to H,, CH4, NH3, and
H,O, the H—R bond becomes stronger (88, 99, 108,
109, and 118 kcal/mol, respectively), the Rh—R bond
becomes weaker (73, 65, 59, 47, and 55 kcal/mol,
respectively), and, thus, the exothermicity becomes
smaller (49, 31, 16, 3, and 2 kcal/mol). In solution or
in the gas phase when the collisional energy equi-
librium is faster than the reaction itself and reaction
should be considered to start from the prereaction
molecular complex CpRh(CO)-(HR), the oxidative-
addition reaction of CH, requires a small barrier (5
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kcal/mol) while that of NH3; and H,O, which have a
strong Lewis-base character, requires a large barrier
(42 and 26 kcal/mol, respectively) and would not take
place easily under normal conditions.

Using a variety of methods, including a recently
developed scaling scheme (PCI-80 and MCPF), dif-
ferent perturbation methods (MP2 and CASPT2), and
hybrid density functional methods (B3LYP and
B3P86), Sieghahn also studied the C—H activation
reactions of methane by CpM(CO) (M = Co, Rh, and
Ir).#14 This work concentrated on the recent finding
that CpCo(CO) is entirely inert toward alkanes in
contrast to the corresponding rhodium and iridium
system.>* Several commonly used methods produced
surprisingly different results when applied to the
CpM(CO) reactions. The differences were largest for
the cobalt reaction, mainly because of near-degenera-
cies but also because of an intricate balance of
exchange and promotion effects which change as the
bonds formed. Compared to the PCI-80 results, which
are highly satisfactory in comparison to the experi-
mental estimates for CH, addition to CpRh(CO), the
B3LYP method somewhat underestimates the as-
sociation energy (AEpr) and the reaction energy
(AEproqg). Overall, the B3LYP gives a satisfactory
description of the geometries and relative energies,
especially for the cobalt reaction. The calculations of
the singlet—triplet splittings of the CpM(CO) reac-
tants show that for rhodium the singlet state is the
ground state and for iridium the singlet and triplet
states are almost degenerate. However, the CpCo-
(CO) reactant is definitely a triplet state with an
excitation energy to the singlet state as high as 11—
28 kcal/mol. Clearly, the required high-energy spin
crossing explains why CpCo(CO) is unreactive toward
alkanes.

Recently, Bosque et al. studied the reactivity of
aryl—H and aryl—F bonds toward oxidative addition
to CpRh(PH3) with the B3LYP method.*®” The cal-
culations reveal that both C—H and C—F oxidative
additions are exothermic and that the C—F oxidative
addition is thermodynamically preferred. However,
the activation energy (33.3 kcal/mol) for C—F activa-
tion is considerably higher than that for C—H activa-
tion (9.4 kcal/mol). These results clearly show that
the inertness of the C—F bond has a kinetic origin.

More recently, Su and Chu investigated the poten-
tial energy surfaces corresponding to the reaction of
d® CpM(CO) (M = Ru~, Os™, Rh, Ir, Pd*, Pt") with
methane at MP2, MP4SDTQ, and B3LYP levels of
theory.’®® As shown in Table 21, the activation
barriers from the precursor complex to the transition
state at the MP4SDTQ level increase in the order
Os” <Ru <Ir<Rh <Pttt <Pd*(2.7,4.6,7.1,10.4,
18.3, and 29.3 kcal/mol, respectively) and the reaction
enthalpies decrease in the order Pd* > Pt* > Rh >
Ru~ > Ir> Os™ (13.2,—7.2, —13.3, —26.1, —27.8, and
—46.7 kcal/mol, respectively). These model calcula-
tions predict that the facility of oxidative addition is
in the order Os™ > Ru™ ~ Ir > Rh ~ Pt" > Pd*. On
the basis of these results, Su and Chu conclude that
a more electron-rich as well as heavier transition-
metal center (i.e., the third row) will facilitate the
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oxidative-addition reactions with alkane C—H bonds.
In contrast, a very electron-deficient and lighter
transition-metal center (i.e., the second row) will tend
to undergo reductive-elimination reactions, favor
C—H bond formation. Su and Chu have also studied
the C—H bond activation of propane and cyclopro-
pane by coordinatively unsaturated d®@ CpM(PHy)
(M = Rh, Ir) complexes using the B3LYP method. For
both CpRh(PH3) and Cplr(PHj3), the ease of oxidative
addition is in the order secondary C in cyclopropane
> primary C in propane > secondary C in propane
and the less reactive CpRh(PH3) complex is more
highly selective. Again, these preferences emphasize
the importance of forming a sd hybrid for the two new
covalent bonds in the addition product. Previous
theoretical work'®? has shown that the third-row
transition-metal complexes undergo oxidative addi-
tion, M' + A—B — M'"'(A)(B), more easily than their
second-row transition-metal congeners since late
third-row transition metals have either d"s' ground
states or d"s! low-lying excited states while late
second-row transition metals have d"*! ground states
with high-lying d"s? excited states.

The C—H oxidative addition of alkene and alkane
to the d® TpML precursor (Tp = HB(pyrazolyl)s;
M = Rh and Ir) experimentally shows different
reactivities with respect to the isolobal CpML system.
Compared to the 7?-ethene complexes, the metal vinyl
hydride complexes such as CpM(H)(vinyl) are usually
thermally unstable (reaction 18).15% However, in the

hv /H

—— [M] (18)

A N—

case of reaction 19, Ghosh et al.?**¢ showed that the
hydridovinyl isomer (48) is favored over the 7
ethylene isomer (49) in the pyrazolylborate iridium
system. According to Ghosh et al., reaction 19 pro-
ceeds with a half-life of 4.5 h at 100 °C in the dark
and the only product besides 49 is a small amount
(<5%) of HB(fmpz)3lr(CO),.

/CO 100 C* /CO

——— » (-HBPfy)Ir'’—y (19)

Y o

48 49

M}— H

(M%-HBPfy)Ir

It is clearly different from an analogous pyrazolylbo-
rate rhodium system, in which the 5?-ethylene com-
plex (51) is produced from the hydridovinyl complex
(50) at 25 °C in the dark with a half-life of 3.2 min,
as shown in reaction 20.

0 0
3 /C 5C 2 h/c
(n’-HBPz;)Rh —H S (] -HBPz3)R\ (20)

s 51 /

H; H;

(HBPf;) = HB > ; (HBPz;) = HB >
3 3

F3 H3
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Recently, Hall and co-workers investigated the
C—H activation reactions of methane and ethylene
by model TpM(CO) (M = Rh and Ir) complexes using
the RHF, MP2, and DFT methods.*° It was found
that (i) both (#3-Tp)M(CO)(5?-C,H,) and (?-Tp)M-
(CO)(5?-C,H,) isomers are stable species connected
by a small barrier and (ii) the subsequent reaction
of these species to the oxidative-addition product (3-
Tp)M(CO)(H)(CHCH;) proceeds through a single
transition state from both of the ethylene isomers as
shown in Scheme 16.16%2 Generally, the (3-Tp)M(CO)-
(7?-CzH,) species shows d® octahedral structural
features while the (?>-Tp)M(CO)(5?-C,H,4) species
shows d® square-planar structural features. The
optimized geometries show that there are strong
back-donating interactions between the metal and
ethylene and between the metal and CO and that the
ethene complexes are more sensitive to the steric
properties of the pyrazolyborate ligands. In compari-
son to (7?-Tp)M(CO)(5?-C,H,), the M—(7?-C,H,) back-
donating interaction in (#3-Tp)M(CO)(5%-C,H,) is
much stronger and the M—CO back-donating inter-
action is clearly weaker. In comparison to the Rh
complexes, both Ir—(?-C,H,4) and Ir—CO back-donat-
ing interactions are much stronger due to a stronger
relativistic effects. The calculations show that (i) for
M = Rh, TpRh(CO)(n*>-C,H,) favors the #2-Tp form
over n3-Tp by —0.7 to —9.9 kcal/mol, while for M =
Ir, Tplr(CO)(#?-CoH,4) favors the #3-Tp form in all
complexes; (ii) in complexes without strong steric
effects, the ethylene oxidative addition is generally
more endothermic for Rh than Ir; and (iii) with an
increase of the steric bulk of the pyrazolyl group, the
ethylene oxidative addition by the Ir complex be-
comes exothermic by 0.8 to 6.3 kcal/mol. These
results are consistent with those experimentally
observed.

Recently, Lian et al. reported time-resolved IR
spectra of the photoinitiated alkane activation reac-
tion of Tp*Rh(CO), (Tp* = HB(3,5-dimethylpyrazo-
lyl)3).1612  After initial photolysis and vibrational
deactivation (66 ps), the spectrum shows a single
intermediate with vco of 1972 cm~1. This intermedi-
ate decays with a time constant of 200 ps to a second
more stable species with vco of 1990 cm~t. The latter
species decays at a much slower rate to the oxidative-
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Figure 25. Potential energy profiles of the alkane oxida-
tive addition to Tp*Rh(CO).

addition product Tp*Rh(CO)(R)(H). This result can
be explained in terms of the structural nature of
TpRh(CO)-CH,. On the basis of their theoretical
studies,'®® Hall and co-workers predicted that the
first observed species is an (- Tp*)Rh(CO)-RH pre-
cursor, which subsequently rearranges to an (?-Tp*)-
Rh(CO)-RH species with a strongly bound RH before
undergoing oxidative addition to the product Tp*Rh-
(CO)(R)(H) as shown in Figure 25. This prediction
has been confirmed by recent experimental obser-
vations,161p

In recent years the synthesis and isolation of the
first metal complexes containing adducts of molecular
hydrogen have been achieved.'%?2 In the first proto-
typical complex studied by Kubas, the stable form of
W(CO)3(PR3)2(17%-Hy) is a d® ML, complex. Experi-
mentally the W(CO)3(PR3)2(H,) complex has been
found to be in equilibrium with the dihydride form,
with the latter form 1—2 kcal/mol higher in energy
for R = i-Pr.1%% Jean et al. have investigated the
structure of the W(CO)3(PR3)2(17?-H2) complex using
extended Hiickel method,'%® and Hay has studied the
structure and oxidative addition of the model com-
plexeS W(CO)g(PRg)z(nz-Hz) and W(PR3)5(7]2-H2) USing
ab initio method.'%* The calculations show that the
process of forming the seven-coordinate dihydride
W(CO)3(PR3)2(H). is symmetry-allowed. In ab initio
studies of the model complex W(CO)3(PH3)2(H>), the
results of Hay show that this oxidative addition is
expected to be unfavorable, where the precursor
W(CO)3(PR3)2(?-H>) is more stable by 17 and 10 kcal/
mol than the reactants and the dihydride product,
respectively. However, when the s-accepting CO
ligands were replaced by better electron-donating PR3
groups (see Scheme 17), the dihydride species be-
comes more stable by 14 kcal/mol than the #?-H,
species.

Bergman and co-workers recently reported a d® Ir-
(111) system, Cp*Ir(PRs)(CHs)" [Cp* = 5°-Cs(CH3)s],
which in the solution phase and at room temperature
catalyzes hydrogen exchange in methane and alkanes
and generates olefin complexes.’®> Because the
behavior of this Ir(l11) system, Cp*Ir(PRs)(CH3)*
[Cp* = 1°-C5s(CH5)s], is quite different from the now
more common Ir(l) systems, Bergman and co-workers
suggested two possible reaction mechanisms: (i) one
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like an early-transition-metal reaction which pro-
ceeds through a o-bond metathesis, as in Scheme 18a,
or (ii) one like a late metal, which proceeds through
an oxidative-addition/reductive-elimination (OA/RE)
pathway, as in Scheme 18b. Although the hydrogen-
exchange reaction shows a striking similarity to that
reaction in early metals, o-bond metathesis is unex-
pected for a late metal. On the other hand, the OA/
RE pathway involves Ir(l11) going to Ir(V), a fairly
high oxidation state for an Ir system without elec-

52 + methane
0.0 kcal/mol
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tronegative ligands. Recently, several experimental
and theoretical studies have been performed to
elucidate the details of this reaction mechanism,66-168

Hall and co-workers investigated the oxidative-
addition/reductive-elimination (OA/RE) reactions of
methane, ethylene, and acetylene with the Cplr-
(PH3)(CH3)* (52) complex at the DFT and CCSD
levels of theory.'6%2b |t is found that the OA reaction
from Cplr(PHz3)(CH3)(agostic-alkane)™ (53) to Cplr-
(PH3)(CHa)(H)(alkyl)* (55) is endothermic by 4.4 and
0.8 kcal/mol with a low barrier of 11.5 and 10.0 kcal/
mol at the DFT-B3LYP and CCSD levels of theory,
respectively, as shown in Figure 26. The RE reaction
from Cplr(PH3)(CH3z)(H)(alkyl)" to a -agostic com-
plex, Cplr(PHs)(alkyl)", is exothermic with a low
barrier of 7.1 and 9.2 kcal/mol. Thus, the hydrogen-
transfer reaction via an oxidative-addition/reductive-
elimination (OA/RE) pathway would be a low-
temperature process. Despite a careful search for the
alternative o-bond metathesis mechanism along a
reaction coordinate (RC) involving both Ir—H and
C—H distances, they only found a monotonic increase
in energy. Thus, Hall and co-workers conclude that
the o-bond metathesis pathway does not exist for the
hydrogen-transfer reaction of the Cplr(PH3)(CH3)*"
complex.1%¢ For the OA/RE reaction of ethylene and
acetylene, a strong stabilizing interaction between
either ethylene or acetylene and Cplr(PH3)(CHz)*
leads to a high activation barrier (24—36 kcal/mol)
for the OA processes for both. Compared to ethylene,
the OA/RE reaction of acetylene with Cplr(PHs)-
(CH3)* complex is more favorable. Thus, the dimer-
ization of terminal alkynes catalyzed by cationic
iridium complexes is plausible.

Figure 26. Potential energy profiles and geometries of the oxidative-addition and reductive-elimination reactions of

methane with Cplr(PH3z)(CH3)™".
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More recently, Hinderling et al. reported a com-
bined gas-phase, solution-phase, and computational
study on similar cationic iridium(l11) complexes,
Cplr(PMe3)(CH3)t [Cp = 5%CsHs] (56) and Cp*Ir-

56 + methane
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(PMe3)(CHg)*t (57).%67 They showed that intramolecu-
lar C—H activation through a cyclometalated inter-
mediate operates in the gas phase and suggested that
a similar reaction may operate in solution. Further-
more, after performing density functional theory
(DFT) calculations on this system, they concluded
that the C—H activation through the oxidative-
addition/reductive-elimination mechanism was not
operative because the calculated energy difference
between the reactant, 56, and the oxidative-addition
intermediate, Cplr(2-PMe,CHy)(H)(CHz)* (59), was
higher than the experimentally determined activa-
tion energy for the loss of methane from 56. Hinder-
ling et al. suggested that the system reacts through
the four-center o-bond metathesis mechanism al-
though they did not investigate this mechanism.
Following this report, Bergman and co-workers have
shown that cyclometalation can take place with
cationic iridium(I11) complexes in solution, but this
observation depends on the nature of the phosphine
ligands.1¢8 With the trimethylphosphine system, they
have shown that 57 does not undergo intramolecular

W andiase!

56 + methane

Figure 27. Potential energy profiles and geometries along the intermolecular C—H activation pathway and the

intramolecular pathway.66
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Figure 28. (a) lllustration of the potential energy surface (PES) of the reaction for the intramolecular C—H activation
process. Pathway 1 is the oxidative-addition/reductive-elimination pathway, and pathway 2 is the hypothetical o-bond
metathesis pathway. (b) Searched PES along the C—H coordinates (r, = CH;—H and r, = P(H),CH,—H) from pathway 1

to pathway 2.166c

C—H activation in solution via a cyclometalated
intermediate.

To elucidate this reaction process, Niu and Hall
examined the inter- and intramolecular C—H activa-
tion with Cplr(PMe3)(CH3)* [Cp = 1°>-CsHs] (56) and
methane (Scheme 19) via both oxidative-addition/
reductive-elimination and o-bond metathesis path-
ways using the DFT and CCSD methods with the
ZPE correction.’®¢ From Figure 27, it is clear that
along the intermolecular C—H activation process
(lower curve in Figure 27), from reactants, Cplr-
(PMe3)(CH3)™ (56) and methane, to products, only a
single oxidative-addition intermediate, 63, is found
at 5.2 kcal/mol above the reactants. The reaction
barrier is only 13.0 kcal/mol at the B3LYP/BS1 level.
The reaction along the intramolecular oxidative-
addition mechanism from reactant, 56, to the inter-
mediate, 59, is endothermic by 14.7 kcal/mol with an
activation barrier of 26.5 kcal/mol, while the reduc-
tive-elimination reaction from 59 to 61 is endother-
mic by 5.9 kcal/mol with a barrier of 11.1 kcal/mol
at the B3LYP level. Despite a careful search for a
o-bond metathesis pathway for both the inter- and
intramolecular C—H activation processes as illus-
trated in Figure 28, again none was found. To obtain
more quantitative results, they reoptimized the ge-
ometries of the reactants, intermediates, transition
states, and products for both the intra- and intermo-
lecular C—H activation processes using the B3LYP
method with the polarized basis sets. The calcula-
tions show that the intramolecular oxidative-addition
barrier from 56 to 59 is reduced to 21.1 kcal/mol,
while the intermolecular oxidative-addition barrier
from 56 to 63 is reduced to 9.6 kcal/mol. After the
zero-point energy (ZPE) corrections, the intramolecu-
lar oxidative-addition barrier is further reduced to
18.4 kcal/mol,'> a value that compares favorably with
the experimental value of 13.6 + 2 to 16.6 + 2 kcal/
mol at 0 K.5»16

Thus, the theoretical results of Niu and Hall show
that the intermolecular C—H activation is a lower-

energy process and that both inter- and intramolecu-
lar C—H activation proceed only through an oxidative-
addition mechanism. Compared to the intramolecular
C—H activation process, the intermolecular C—H
activation process is a lower energy process. A
cyclometalated intermediate for the ligand PMes will
be observed under reaction conditions without added
hydrocarbon because CH, loss in 56 leads to an
equilibrium favoring the cyclometalated complex.
However, in the presence of added hydrocarbon, an
intermolecular C—H activation process is favored
over an intramolecular one because of its lower
activation barrier.

Su and Chu also studied the C—H bond activation
of methane by coordinatively unsaturated d® CpM-
(PH3)(CH3)* (M = Rh, Ir) complexes using the MP2
and QCISD methods.®® Of the two possible mecha-
nisms (Scheme 18), an OA/RE process and a ¢-bond
metathesis mechanism, only the former is found for
the d Ir cation while the Rh case might adopt the
latter. Su and Chu explain the kinetic and thermo-
dynamic differences between the Ir and Rh complexes
in terms of singlet—triplet gaps of complexes based
on a frontier molecular orbital (FMO) model.

Recently, Niu and Hall expanded their investiga-
tion of the C—H bond activation mechanisms of
methane by d® CpM(PH3)(CHz)* (M = Co, Rh, Ir)
complexes with B3LYP and CCSD methods.16%¢ For
M = Ir, the C—H activation reaction favors an OA/
RE process with a low activation barrier, for M = Co,
the reaction proceeds along a o-bond metathesis path
with a high activation barrier, and for M = Rh, the
reaction adopts a transitional mechanism somewhere
between the OA/RE and the metathesis paths as
shown in Figure 29. Niu and Hall point out that
during the OA/RE process (Scheme 20), the Cp ring
of the intermediate Cplr(PH3)(CHz)(H)" is clearly
slipped with respect to the reactant Cplr(PHz)(CHs)",
along the oxidative-addition path, going from the
precursor through TS to the OA product, the Ir—Cp
and Ir—CHj; distances are increasing and the Cp ring
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Figure 29. Potential energy profiles of the oxidative-addition and reductive-elimination reactions of methane with CpM-
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slips more at each step. Thus, both relativistic effects
and spectator ligand effects play important roles in
the hydrogen-transfer mechanism.

Niu and Hall have also studied the C—H activation
process in alkane dehydrogenation catalyzed by the
Ir(111) complexes: (PCP")Ir(H), [PCP’ = 53-C¢H3(CH>-
PH,),-1,3] and Cplr(PH3)(H)™ using the B3LYP
method.*?® In the key role played by the spectator
ligand systems, PCP'(H) vs Cp(PHs), the former
increases the energy of the metal—ligand fragment’s
triplet state relative to that of the singlet and thus
destabilizes all the Ir(V)-like species.

D. o-Bond Metathesis Reactions

The o-bond metathesis reaction between added
hydrocarbon and L,M—R is one of the important
reactions in oligomerization and polymerization
processes.t 2 It is well-known that in olefin meta-
thesis alkylidene units are exchanged through a
[2; + 2,] cycloaddition pathway (the Chauvin mech-
anism) as in reaction 21.17°

M=——CHR II:IHR M=—=CHR!
— —_— 1)
R'HE&=CHR? R'H HR? RHG=CHR?

Hydrogen transfer through o-bond metathesis in-
volves a [25 + 2] process (reaction 22). Generally,

L,
' — I (22)
R*---H
o-bond metathesis reactions have been studied for
complexes of electron-poor early transition metals

and f-block elements. Early theoretical investigations
on metathesis reactions have been reviewed.®

In the previous theoretical studies with the GVB
method, Steigerwald and Goddard showed that the
hydrogen transfer between H, and CI,M—H (M = Ti",
Ti, Sc) proceeds by a mechanism similar to that
shown in reaction 22 with activation barriers of 2,
22, and 17 kcal/mol for Ti*, Ti, and Sc, respectively."?
Rappé studied the reaction of a scandium hydride
complex with acetylene via two competing pathways,
insertion and o-bond metathesis.*®® His GVB and ClI
calculations showed that both acetylene insertion into
the Sc—H bond and o-bond metathesis have activa-
tion barriers of about 6 kcal/mol.

Ziegler and co-workers presented a systematic
study on o-bond metathesis reactions of R*—H with
L,M—R (M = Sc, Lu; L = CI, Cp; R = H, CHgs, SiHs3,
C=CH, CH=CH,; R* = H, CHj;, SiH3) with DFT
methods.'”® They found that all these o-bond metath-
esis reactions initially yield adduct complexes (65)
as shown in Figure 30 and proceed through a four-
centered transition state (66) to the second adduct
complex (67), followed by formation of products (68).
As seen from Table 22, where the calculated energet-
ics for these reactions are summarized, the o-bond
metathesis reaction of H—H with L,M—R (M = Sc,
Lu; L = CI, Cp; R = H, CH3, SiH;3) takes place with
an activation barrier of 2.1—20.0 kcal/mol and goes
easily in the order of Sc > Lu and H > SiH; > CHs.
Generally, the reactivity of the o-bond metathesis
between R*—H and L,M—R are in the order for R*
of C=CH > CH=CH;,; ~ H > CHj; for R = H, then
C=CH > H > CH3 > CH=CH; for R = CH3, and

L.M—R M--R
R—H
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Figure 30. Potential energy profiles of the R—H activation
along the o-bond metathesis mechanism.

Table 22. Calculated Energytic Parameters
(kcal/mol)2 by Ziegler and Co-workers for
o-Bond Metathesis Reactions, L,M—R + R*—H to
L,M—R* + R—H

L.M—R R*~H 65

66 (TS) 67 68  ref

Cp2Sc—H H> —-38 —17 —3.8 0.0 173a
CHy —4.8 11.9 59 100 173a
CoH, —29 —438 0.7 3.8 173b
CoH; -88 —6.9 —258 -205 173b
Cp2Sc—CH3  H: —4.1 19 —-148 -10.0 173a
CHy —6.0 10.8 —6.0 0.0 173a

CoH, —2.9 9.3 115 —6.2 173b
CoH: -43 —-09 —375 -30.6 173b

Cl;Sc—CH; H; —6.7 10 -119 -19 173b
CH; —10.8 79 —10.8 0.0 173b
Cl,Sc—SiH;  H; -1.9 1.0 -84 —0.7 173b
SiH, —7.4 0.2 —7.4 0.0 173b
Cl,Lu—H H> —-12 10.6 -1.2 0.0 173c
CH, -1.9 23.7 3.7 4.1 173c
ClbLu—CHs H: —-0.4 19.6 —-6.0 —4.1 173c
CH, 4.6 25.9 4.6 0.0 173c

a Relative to reactants.

SiH3; > H for R = SiH3. These trends can be explained
in terms of the strength of the Sc—R bonds: C=CH
(—129.6 kcal/mol) > CH=CH, (—81.1) ~ H (—81.6)
> CHg; (—70.8). Although insertion of ethylene and
acetylene into Sc—H and Sc—CHj3 bonds are preferred
thermodynamically over the alternative alkenylic and
alkynylic o-bond metathesis, the low activation bar-
rier of 1.9 and 3.4 kcal/mol and the exothermicity by
20.5 and 30.6 kcal/mol for the o-bond metathesis of
acetylene with Cp,ScH and Cp,ScCH3; show a kineti-
cally favorable process. Actually, acetylene has been
observed to prefer alkynylic C—H activation over
insertion for scandium.*’#

Recently, Hyla-Kryspin et al. investigated o-bond
metathesis and insertion reactions of acetylene with
ClyZrH* and Cl,ZrCHs;™ based on all-electron HF and
MP2 ab initio calculations with split-valence basis
sets of double- and triple-¢ quality.”® At the MP2//
HF level, the acetylide-complex formation reaction
by Cl,ZrH* and Cl,ZrCHs" is calculated to have a
barrier of 15.8 and 20.8 kcal/mol and to be —44.4 and
—18.9 kcal/mol exothermic, respectively. Unlike the
scandium system, the agostic adduct complex Cl,ZrR-
(CzHy)"™ cannot be observed, and thus, both o-bond
metathesis and insertion reactions arise from a
common adduct complex, Cl,ZrR(#?-C,H,)*. Thus,

Niu and Hall

Figure 31. Potential energy profiles of the hydrogenolysis
reactions of H, to L,PdR™ for R = CHj;, C,Hs, and CzH-.

insertion reactions are kinetically and thermody-
namically favored over the corresponding o-bond
metathesis reactions for zirconium.

In their studies of the mechanism of the palladium-
(IN- and nickel(ll)-catalyzed ethylene polymerization
reaction, Musaev et al. also investigated the chain
termination process through the hydrogenolysis reac-
tion with the B3LYP method.?%f Generally, the
hydrogenolysis reaction may occur in the presence
of hydrogen gas pressure and proceeds via a o-bond
metathesis mechanism to eliminate alkane and to
generate a diimine—Pd—hydride complex as shown
in Figure 31. It has been found that the coordination
energy of H, to L,PdR™" is 16.8, 2.1, and 1.0 kcal/mol
for R = CH3, C;Hs, and CzHy, respectively. The
barrier heights calculated relative to the dihydrogen
complexes are 6.4, 8.1, and 8.2 kcal/mol, respectively.
The preliminary calculations show that an alterna-
tive pathway corresponding to the oxidative addition
of H—H to the Pd center followed by reductive
elimination of alkane seems to be energetically
unfavorable and unlikely to participate. The alkanes
dissociation step is calculated to be endothermic by
15.2, 17.7, and 18.7 kcal/mol for RH = CH,, CyHs,
and C3Hg, respectively. Overall, the hydrogenolysis
reactions from L,PdR* + H, to L,PdH* + RH are
exothermic by 10.1 kcal/mol for R = CHj3; and endo-
thermic by 6.9 and 9.2 kcal/mol for R = C,Hs and
CsHy, respectively. In a comparison of various chain
transfer and termination processes, -H transfer +
dissociation, 5-H transfer + associative displacement,
H exchange, and hydrogenolysis, hydrogenolysis is
found to be an efficient chain termination process.
The hydrogenolysis reactions from L,NiR" + H, to
L.NiH* + RH along the o-bond metathesis mecha-
nism show a similar behavior.8%

Das et al. examined the effects of solvation upon
the energetics of the chain termination processes
through the hydrogenolysis reaction employing con-
tinuum and explicit representations of the solvent
(toluene).%¢ Relative enthalpies and free energies for
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Figure 32. Relative enthalpies (AH, kcal/mol) and free
energies (AG, kcal/mol) in the gas phase (H and G Gas-
Phase) and toluene (G Toluene) for the hydrogenolysis
reaction from (CpCH,Cp)ZrCH,CH,CH3" + H; to (CpCH,-
Cp)ZrH* + C3Hs. (Reprinted with permission from ref 66i.
Copyright 1999 Oxford University Press.)

the hydrogenolysis reaction from (CpCH,Cp)ZrCH,-
CH,CHg3" + H, to (CpCH,Cp)ZrH* + C3Hg are shown
in Figure 32. Again, one can see that solvation effects
are also pronounced in the termination reaction
steps, where solvation reduces the free energy changes
for the alkane separation (dissociation) into products
by approximately 17 kcal/mol. Thus, in the solution
phase, the hydrogenolysis reaction is exothermic by
16.4 kcal/mol with an activation barrier of 6.4 kcal/
mol; the reaction is also an efficient chain termina-
tion process in the presence of a hydrogen pressure
for zirconocene-based catalytic cycles.

In previous work, Ziegler and co-workers studied
metathesis reactions of H, and SiH4 with Cp,Ti=SiH,
using the DFT method.'”® The results of the compu-
tations for this type of metathesis indicate that the
first reaction can proceed to generate Cp,Ti(H)(SiH3)
with a low activation barrier of 6.0—7.4 kcal/mol and
an enthalpy of —9.6 kcal/mol. The second reaction
from Cp,Ti=SiH, + SiH4 to Cp,Ti(H)(SiH,SiH3) is
found to be exothermic (ca. —11.5 kcal/mol) with an
activation barrier of ca. 2.9 kcal/mol.

Recently, using B3LYP method, Siegbahn and
Crabtree!’® studied the mechanism of the Shilov
reaction,'”” the activation of alkane C—H bonds by
Pt salts in aqueous acid solution. The calculated
results suggest that the Shilov reaction proceeds via
transfer of a hydrogen atom from a methane o
complex, first to a neighboring ClI ligand in what is
best described as a o-bond metathesis and then to
the solvent, water. The breaking of a C—H bond in
methane occurs in two steps. In the “first step”
methane is coordinated to the metal. The energy
requirement for this step is 10.5 kcal/mol for the best
model used here. In the “second step” the C—H bond
is broken with a calculated barrier for the o-bond
metathesis pathway of 16.5 kcal/mol. The sum of
these two energies is 27 kcal/mol, a value which is
in very good agreement with the experimental esti-
mate of 28 kcal/mol. Although the o-bond metathesis
mechanism seems more likely for Shilov chemistry,
the oxidative-addition/reductive-elimination sequence
cannot be excluded in this Pt case, where a slightly
lower barrier of 24 kcal/mol was obtained. However,
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entropy effects were neglected since they cannot be
well predicted using the present model.

More recently, Dedieu and co-workers investigated
a series of o-bond metathesis reactions between H,/
CH, and late-transition-metal complexes at the MP2
and QCISD(T) levels of theory.'® In this type of
o-bond metathesis reaction, the hydrogen of R—H
directly transfers to the ligand with the additional
lone pair through a four-centered TS, giving a metal
hydride complex as shown in Scheme 21a, which
could be competitive with the OA/RE pathway
(Scheme 21b). Generally, this type of reaction is a
feasible pathway (at least in the gas phase). The
calculations show that any d® T-shaped MLz or d°
square-pyramidal MLs system which has one ligand
with such an additional lone pair not engaged in the
bond to the metal should be a good candidate for
these [2 + 2] reactions.

E. Nucleophilic Addition and Electrophilic
Elimination

Nucleophilic additions to coordinated unsaturated
alkene or dihydrogen are important elementary reac-
tions in both organometallic and bioinorganic sys-
tems. Early theoretical studies on nucleophilic addi-
tion'”® at various levels from semiempirical to ab
initio have been previously reviewed.® Generally,
dihydrogen or an unsaturated ligand such as olefin,
carbonyl, and carbene is attacked by a nucleophilic
group to form an “ion-pair” (reaction 23 and 24).

Nu Nu
:* & &
l —_— (23)
M] M]
e Nu
i 5 {Ly
H—H --
¢ —_— T (24)
M] M]

In recent work, using large basis sets and account-
ing for solvent effects, Siegbahn investigated the first
two steps in the Wacker process, the nucleophilic
addition of a hydroxyl group followed by the -hy-
drogen transfer to generate a m-coordinated vinyl
alcohol complex.'8 The most important new result
is found in the nucleophilic addition step, where it is



394 Chemical Reviews, 2000, Vol. 100, No. 2

Scheme 22

Nucleophilic A=A o bond
addition HLP \th O\ metathesis
NH; ‘ Cc=0
O N
,NH3 3 H

H—H H----H

H;p—Rh—O

c=0 /C=O
PH; o PH; H
¢ A ¢
TR H H
HWP—th-—O/
H;P—Rh—O ; \c=o
S0 PH, H
PH; H NH3 -
NS
H;p—Rh—O NH,
’ C=0 ‘
PH; H

shown that the nucleophile should be modeled by a
chain of, at least, three water molecules to bridge
from the point of attack on the olefin to the negative
chloride ligand. The HsO,"—CI~ ion pair is formed
simultaneously as the nucleophilic addition occurs in
a concerted way with a low barrier of 5.7 kcal/mol.
The exothermicity for trans and cis attacks is —4.5
and —0.4 kcal/mol, respectively. Since charge separa-
tion occurs in this step, solvent effects are quite
important.

More recently, Dedieu and co-workers studied the
cleavage of H, by the nucleophilic addition of an
amine to [Rh(H,)(PH3)2(O.CH)] at the MP2 level.178d¢
The calculations show that the amine can attack the
coordinated H; and then relay the proton through the
ion-pair intermediate, [Rh(H)(PH3)2(0O,CH) ++-NH;"]
to the formate ligand as shown in Scheme 22. The
overall process in the presence of an external amine
is exothermic by 13.6 kcal/mol with the two quite low
barriers of <2 kcal/mol. At the MP2//MP2 level, the
unassisted (no amine) reaction is endothermic by 1
kcal/mol with a barrier of 11 kcal/mol. Thus, both the
kinetics and thermodynamics of the heterolytic split-
ting of H, are favored in the presence of an external
nucleophilic group. Dedieu and co-workers also in-
vestigated the reverse process of reaction 24, which
generates dihydrogen from a system having a Rh—
H---H—N “dihydrogen bond”.178%¢ This term, coined
by Crabtree, refers to an intra- or intermolecular
interaction M—H---H—X between a conventional
hydrogen-bond donor as the weak acid component
and a metal hydride bond as the weak base compo-
nent.’81 The calculated results by Dedieu et al.
showed that the corresponding energy barrier,
[Rh(H)(PH3)2(02CH)~+*NH,] to [Rh(H2)(PHs3)2(O2-
CH)---NHg], is very low, 1.4 kcal/mol.
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In early theoretical investigations of NHj; to
ethylene coordinated to Pd(I1)(F)m(NHz)s—m" with
(m, n) = (1, +1), (2, 0), or (3, —1) and Pd(I1)F(PH3),
Sakaki et al. have found that nucleophilic addition
to the cationic complex was easier than that to the
neutral and anionic complexes because of the favor-
able electrostatic interaction, large charge transfer,
and small exchange repulsion.’’®® The analysis of
electron reorganization upon nucleophile attack shows
a strong trans effect. In a similar study, Fujimoto and
Yamasaki found that the low-lying vacant d orbital
of PdCIy(H,0O) is more effectively used for charge
transfer, polarization, and reduction of exchange
repulsion in nucleophilic addition than that of
Pd(Cl);~.17%¢ In an experimental and theoretical study,
Peris et al. showed that the magnitude of the Ir—
H---H—N interaction can be as great as 5.8 kcal/
mol.*®2 In their study of the reduction of water to H,
mediated by bis-alkyl tris(pyrazolyl)borate Pd(Il)
complexes (Scheme 23),1784f Dedieu and co-workers
showed that the energy barrier for this elimination
depends on the nature of the Pd—H bond. More
recently, Siegbahn,'® Hall,’®* and co-workers have
investigated H, oxidative in [NiFe] D. gigas hydro-
genase using the B3LYP method. Here, dihydrogen
activation may involve proton transfer to a cysteine
residue and is more exothermic on the Ni(lll) species
than on the corresponding Ni(ll) or Ni(l) species.

VI. Other Catalytic Processes

Because sequences of elementary organometallic
reactions can be combined to form catalytic cycles,
complex catalytic reactions are amenable to theoreti-
cal study. Furthermore, the development of compu-
tational techniques, such as the ab initio molecular
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orbital (MO) theory and density functional theory
(DFT), has made it possible to carry out kinetic and
thermodynamic simulations for catalytic processes
and to provide insight into the mechanism of reac-
tions for the rational design and exploration of
potential catalysts. Several theoretical studies have
been published on the full catalytic cycles for systems
such as olefin hydrogenation, olefin hydroformyla-
tion, olefin hydroboration, and acetylene silastanna-
tion.® Recently, together with new experimental
findings, theoretical studies of alkane dehydrogena-
tion, CO, hydrogenation to formic acid, olefin/CO
alternating copolymerization, and olefin polymeriza-
tion by homogeneous transition-metal catalysts have
been reported.

A. Alkane Dehydrogenation

Alkane dehydrogenation catalyzed by transition-
metal complexes is a useful process for making
various alkene feedstocks from alkanes (reaction 25).*

cat

Alkanes ——» Alkenes + H, (25)

Hall, Niu, and co-workers have reported a series of
theoretical studies on alkane dehydrogenation cata-
lyzed by Ir(111) complexes.?5166 These studies are
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R= CH3 and C2H5

prompted by the recent experimental findings in this
field.165185-187 Generally, dehydrogenation of alkanes
to produce alkenes, in addition to being highly
endothermic (experimentally about 33 kcal/mol), is
a symmetry-forbidden reaction and would have an
extremely high barrier without a catalyst.’® Thus,
the reaction usually proceeds only under UV irradia-
tion or in the presence of a hydrogen acceptor. Even
with a catalyst, the reaction still requires energy and
typically occurs only at higher temperatures.'8 In
early work, Crabtree and co-workers described an Ir-
(111) system, Ir(H)2(Me,CO)(PPhg),", which thermally
dehydrogenates cyclopentenes to cyclopentadienyl
complexes.'8 Recently, Bergman and co-workers
reported another Ir(l11) system, Cp*lr(PMes3)(CH3)"™
[Cp* = n°-Cs(CH3)s], which thermally activates al-
kanes in the solution phase at unprecedentedly low
temperatures to generate olefin complexes.'%® Most
recently, Goldman, Jensen, Kaska, and co-workers
describe an iridium (111) catalytic system, (PCP)Ir-
(H)z [PCP = ﬂa-CeHg(CHzpBUt2)2-1,3], which Catalyzes
the dehydrogenation of cycloalkanes to the corre-
sponding cycloalkenes and dihydrogen in refluxing
cycloalkane (about 200 °C).87

On the basis of experimental and theoretical stud-
ies on elementary reactions involving iridium(l11)
systems, Niu and Hall considered two possible path-
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69a + H2 + C2H4
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Figure 33. B3LYP potential energy profiles of alkane dehydrogenation along the exo-pathway from 69a and methane/
ethane to 69a, H,, and C,H,. In the OA/RE reaction stage, the energy values are relative to the total energy of reactants,
69a and CHy,. In the -H-transfer reaction stage, the energy values are relative to the total energy of reactants, 69a and
C2H6.

ways for the alkane dehydrogenation reaction by
(PCP)Ir(H)z [PCP" = 7-CeHs(CHoPH,)-1,3]125 As  Seneme 25
shown in Scheme 24, (PCP')Ir(H), exists as two 1+
isomers 69a and 69b, which differ primarily in the @
H—Ir—H angle. The exo-pathway begins with 69a, |
while the endo-pathway begins with 69b. Both path- CH /Ir--.,’ Alkane
ways proceed from alkane OA and H, RE through i / H,P H \‘
81

alkyl g-H transfer and olefin elimination. The calcu- +

lated relative energies for these two reaction paths @_l * @

at the B3LYP level are shown in Scheme 24. Because I |

of the large energy difference in the olefin elimination Ieon,, /Ir-..,,,
steps, the overall reaction favors the exo-pathway u P/ ,-' \‘ ‘H H3P * H
over the endo-pathway. The stationary points and 3 7-$< r—H
energy profiles along the exo-pathway are shown in 88 82
Figure 33. The alkane dehydrogenation involves the — et * 1
oxidative addition of alkane to form a seven-coordi- * +
nate iridium(V) alkyl hydride intermediate, followed @ @

by the dihydride reductive elimination to a five- I| _.-H Ilr
coordinate iridium(l11) alkyl hydride complex. Both J \ i Ve \‘;",,,H
steps are endothermic by 11—15 kcal/mol with mod- H3P === HsP é—’H
erate activation barriers of 16—19 kcal/mol. Then the 83
reaction proceeds by alkyl 5-H transfer to generate + 87

an olefin & complex, followed by olefin elimination -+ * .
which returns the system for the next catalytic cycle. @ @—l
The g-H transfer has a low barrier of 4 kcal/mol that

forms a relatively stable resting state (= complex), Ir bl B — Ir..
which has a dissociation barrier of 22 kcal/mol. Since H P/ -Hy /l \"}';"H
in solution the endothermicity for the olefin dissocia- 3 HsP™ g

tion would be reduced by solvation of the regenerated 86 84

catalyst, either alkane OA or H; RE could be the rate-
determining step. These three similar, low-energy R = CH; and C;Hs
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81+C2H4+H2
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Figure 34. B3LYP energy profiles of ethane dehydrogenation along the OA/RE and j-H transfer pathways from 81 and

C;Hg through 82'—88' to 81, H,, and C,Hj,.

barriers provide a balance in the catalytic cycle of
the alkane dehydrogenation by (PCP")Ir(H), so that
the reaction’s endothermicity is achieved gradually.
Although there is another possible reaction pathway
from 69a along Ir(l) species (78a, 79a, and 80a) to
74a, the calculations show that these paths have
higher barriers.

Niu and Hall also investigated the alkane dehy-
drogenation process by the Cplr(PHs)(H)* complex,
shown in Scheme 25.1%> This process is somewhat
similar to that of (PCP")Ir(H), as the reaction pro-
ceeds from alkane OA and H; RE through alkyl 5-H
transfer and olefin dissociation. Overall, as shown in
Figure 34, the ethylene dehydrogenation by 81 to the
iridium z-complex 88 and Hj is slightly endothermic.
The rate-determining step in the activation of ethane
to form olefin complex by Cplr(PH3)(H)™ is the
dihydride reductive-elimination step. Although in
solution the endothermicity for the dissociation would
be reduced by solvation of the regenerated catalyst,
olefin elimination seems to be the critical step for this
complex’s dehydrogenation cycle. The high olefin
dissociation energy of 40.8 kcal/mol (88 to 81 + C,Hy,)
is consistent with the fact that only intermediates
such as 88 have been observed experimentally and
that the Cp*Ir(PMej3)(R)* system is not catalytic. The
higher stability of the Ir(V) complex and the =&
complex (which has some Ir(V) character) in the Cplr-
(PH3)(H)* system is responsible for these differences
in the energy of the critical steps. These differences
in reactivity can be traced to the singlet—triplet
energy splitting of the metal ligand fragments (PCP')-
Ir(H) vs Cplr(PH3)".

B. Carbon Dioxide Hydrogenation

Catalytic CO, hydrogenation to formic acid (reac-
tion 26) is an interesting process as it provides a
promising approach to the use of CO; as a raw
material in chemical synthesis.8

0
cat.
H, + CO, — (26)
H OH

Dedieu and co-workers have investigated the mech-
anism and kinetics of the rhodium-catalyzed hydro-
genation of CO, to formic acid by using MP2 and
QCISD(T) methods.'”® On the basis of experimental
and theoretical results, it is found that the reaction
proceeds through the CO; insertion to form a coor-
dinatively saturated 7?-O,H complex 92b, see Scheme
26, followed by H, OA/RE or o-bond metathesis to
generate the formic acid complex 95. Finally, the
trans-formic acid is released by the elimination of
formic acid from 95. The calculated energy potential
profiles (Figure 35) show that the H; activation along
the OA/RE pathway has an activation barrier of 24.7
kcal/mol and the H, activation along the o-bond
metathesis pathway has a lower activation barrier
of 14.8 kcal/mol. These results suggest a o-bond
metathesis (pathway B: 92b — 96 — 97 — 95 — H,-
CO;H) as an alternative low-energy pathway to a
classical oxidative-addition/reductive-elimination se-
guence (pathway A: 92b — 93d — 94 — 95 — H,-
CO;H) for the reaction of the formate intermediate
with dihydrogen. The calculations give detailed in-
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Figure 35. Energy potential profiles of the rhodium-catalyzed hydrogenation of CO, to formic acid along the OA/RE

pathway and along the o-bond metathesis pathway.

Scheme 26

sight into the structure and Kinetic behavior of
possible intermediates and their transformations
during the individual steps.

C. Olefin/CO Copolymerization

Olefin/CO alternating copolymerization is con-
sidered to be of technical importance due to the

mechanical strength and photodegradation of the
copolymers. Recently, Brookhart and co-workers
reported kinetic and thermodynamic studies of high-
molecular-weight ethylene/CO copolymer from the
palladium(ll)-catalyzed perfectly alternating copo-
lymerization of ethylene with carbon monoxide (reac-
tion 27).56
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(0]
cat.
nC;H; + nCO ———— (27)
n

On the basis of these experimental findings, Hall,
Morokuma, Siegbahn, Ziegler, and co-workers inves-
tigated the late-transition-metal-catalyzed olefin/CO
copolymerization reaction.5%8%% The perfectly alter-
nating COl/ethylene migratory insertion reactions
depend on the relative binding of CO and ethylene
with the palladium complex and the competition
between CO and ethylene insertion into the Pd—alkyl
or Pd—acyl bonds. Imperfect alternation could lead
to the formation of two other polymers or segments
of polymer: polyethylene and polyketone; all three
possibilities are illustrated in Scheme 27.

The B3LYP energy profiles for ethylene insertion
into the Pd—CH3; o bond along pathway 1, from
reactants (the palladium—methyl complex, 96, and
ethylene) through the &z complexes (97a and 97b) and
insertion transition state (99) to y- and S-agostic
palladium—propyl complexes (100 and 102) are shown
in Figure 36. The binding energy of ethylene with
the palladium—methyl complex (96) is —31.8 kcal/
mol. The reaction from the = complex, 97a, to the
f-agostic palladium—propyl complex, 102, is exother-
mic by 5.5 kcal/mol with an activation barrier of 16.3
kcal/mol.>® These values are similar to those calcu-
lated by Morokuma and Siegbahn.®® The activation
barrier is close to the experimental value of 18.5 kcal/
mol.>¢ The binding energy of carbon monoxide to the
palladium—methyl complex (96) to form 103 (path-
way Il) is —41.4 kcal/mol, about 10 kcal/mol larger
than that for ethylene.>® The migratory insertion to
the acetyl complex (102) proceeds with a barrier of
15.0 kcal/mol, a value which compares favorably with
experiment, AG* = 15.4 4 0.1 kcal/mol.% The binding
energies of ethylene and CO with the palladium
acetyl complex (105) are —24.1 and —33.9 kcal/mol,
respectively. Although the migratory insertion of
either ethylene or carbonyl into the Pd—CHs; ¢ bond
proceeds with a similar activation barrier, there is a
large difference in binding affinity (10 kcal/mol)
between ethylene and CO with the palladium com-
plex. Thus, the chemical equilibrium favors the CO
complex (106) (pathway lla) over the ethylene com-
plex (109) (pathway Ilb). The reaction from the
carbonyl acetyl complex (106) through a transition
state (107) to the diketone complex (108) along
pathway lla has a high barrier of 28.9 kcal/mol, while
the reaction from the ethylene acetyl complex (109)
along pathway Ilb, through a transition state (110)
to the chelated acyl complex (111), proceeds with a
lower activation barrier of 16.8 kcal/mol (exp AG* =
16.6 £ 0.1 kcal/mol).“2 In addition, the chelated acyl
complex (111) is over 28 kcal/mol more stable than
the diketone complex (108). Thus, ethylene insertion
into the Pd—acyl ¢ bond (pathway I1b) is thermody-
namically and kinetically more favorable than CO
insertion into the Pd—acyl o bond (pathway lla).
Furthermore, since the binding affinity of CO with
palladium complexes is larger by 10 kcal/mol than
that of ethylene, the carbonyl complexes such as 103
and 106 are the resting states.%® Since 106 is not on
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the direct route to copolymerization, an essentially
barrierless ligand exchange process to form 109
occurs. Therefore, CO insertion into the Pd—alkyl o
bond is thermodynamically more favorable than
ethylene insertion into the Pd—alkyl ¢ bond and
ethylene insertion into the Pd—acyl ¢ bond is kineti-
cally more favorable than CO insertion into the Pd—
acyl o bond.

Ziegler and co-workers investigated the alternative
“misinsertion” into a growing polyketone chain using
the DFT method.®® The calculations show that inser-
tion of CO into a Pd—C,H4C(O)R bond is favored by
a rather stable CO precursor complex (—7.6 kcal/mol)
and by a low activation barrier (+11.7 kcal/mol).
Ethylene misinsertion into a growing polyketone
chain can be ruled out due to the lack of a thermo-
dynamically stable ethylene & complex and the high
barrier (+18.6 kcal/mol) associated with the insertion
of ethylene into a Pd—C,;H4C(O)R bond.

Morokuma and co-workers studied the mechanism
of polymer chain termination.®® Among the chain
termination processes studied, associative displace-
ment, where the coordinating olefin exchanges with
ethylene from solution, is likely to be preferred for
diimine—M(l1)-based catalysts. The C—H activation
and H-exchange chain termination mechanisms are
found to be inefficient for diimine—M(Il). Hydro-
genolysis is also found to be a favorable chain
termination process for diimine—M(11). Furthermore,
Morokuma and co-workers have found that the Pd-
based catalyst has a better selectivity but a lower
reactivity in the alternating copolymerization com-
pared to the Ni analogue.

These theoretical results have elucidated the reac-
tion mechanism and important features of the CO/
ethylene copolymerization. The calculated data are
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Figure 36. B3LYP energy potential profiles of the diimine palladium(ll)-catalyzed polymerization and alternating

copolymerization of ethylene with carbon monoxide.

consistent with the reported experimental values and
results. The factors responsible for controlling the
alternating nature of the copolymerization are con-
firmed by the DFT energy potential surface.

VII. Conclusion

In this article we reviewed the results of the latest
ab initio and DFT studies of transition-metal reac-
tions, both elementary and catalytic ones. With the
development of modern computational techniques,
particularly recent progress in density functional
theory, scientists have a powerful tool to explore
kinetic mechanism and thermodynamic properties for
catalytic processes and to provide insight for the
rational design of new catalysts.

Although DFT calculations may underestimate
weak bonding interactions, such as van der Waals
interactions,*® they generally give better and more
reliable descriptions of the geometries and relative
energies for transition-metal systems than either HF
or MP2 methods. During the past several years,
hybrid DFT methods, such as B3LYP and B3P86,
which have some exact Hartree—Fock exchange
included, have become the dominant computational
tool for treating the transition-metal reactions be-
cause these DFT methods appear to be both more
efficient and more accurate. Because electron cor-
relation is treated by the functional rather than
through electron excitation as in conventional ab
initio methods, DFT methods are less basis-set sensi-
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tive. Since many predicted physical and chemistry
properties are directly related to the highly accuracy
energy computations,?~® additional calculations and
corrections may need to be applied to achieve the
desired accuracy. Generally, corrections may be made
for basis-set superposition error (BSSE),? zero-point
energy (ZPE), thermal effects, solvation, and relativ-
istic (spin—orbit, etc.) effects. As a check of the
accuracy of the DFT calculations or if higher accuracy
is needed, one may include electron correlation at
higher levels of theory; usually, only QCISD, CCSD,
or similar techniques with large basis sets are
reliably more accurate than DFT.

The studies reviewed here illustrate the general
approach one takes in a theoretical investigation.
Using the experimental findings, one proposes pos-
sible reaction pathways and chooses a reasonable
computational method for the studies. When suf-
ficient facts are known about a system, one can
design reasonably small numbers of rational models.
By determining the structures and energies of reac-
tants, intermediates, transition states, and products,
the reaction path can be elucidated. By changing the
transition metal, the ligands, and their substituents
and by examining the electronic structures of reaction
system, one can explore the factors that contribute
to the chemical reactivity and selectivity. Through
this process one can come to an ‘understanding’ of
the chemistry and create rules on which the rational
design of new catalysts can be based.
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