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I. Introduction

Chemical reaction catalyzed by transition-metal
complex can be regarded as a sequence of elementary
reactions such as olefin insertion, carbonyl insertion,
oxidative addition, and reductive elimination.! These
elementary steps have been studied with various theo-
retical methods such as the semiempirical and the ab
initio molecular orbital (MO) method and the density
functional theory.? In studies using the extended
Hiickel method,® symmetry arguments rather than en-
ergy arguments have been preferred, although discus-
sion has been sometimes made on the basis of energy.?*
The symmetry argument is useful, when a reaction is
discussed very qualitatively.?2 However, one often needs
more quantitative information, when one wants to
systematically examine electronic effects on the re-
activity caused by transition metal, substituent, ligand,
coordination number, and so forth. Semiempirical
methods could not be used reliably for this purpose.

Through late 1970’s and 1980’s, the ab initio energy
gradient method has been applied to varieties of organic
reactions.® With the energy gradient, one can optimize
the structure of a transition state (T'S) as well as a
reactant and a product. The geometry optimization has
been found to be essential for reliable determination
of the energy of reaction and the activation energy. The
application of the energy gradient method to transi-
tion-metal complexes has been more difficult because
of many electrons to be included in the calculation and
many degrees of freedom to be optimized. However,
in the last several years, we have seen substantial ac-
tivities, supported by the advance in the ab initio MO
method and code as well as in the speed of computers,
in the theoretical study of elementary reactions and
catalytic cycles.?? Catalytic cycles contain some fast
elementary reactions, for which experimental deter-
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mination of the structure of intermediates or the ki-
netics is not possible for each reaction. Ab initio MO
calculations can provide such information, though in
many cases, only for models of real reacting systems.
In addition, the effect of changing a transition metal,
a substituent, or a ligand on the reactivity can be rel-
atively easily investigated. Such information should be
an essential ingredient for controlling and designing a
catalytic cycle.

It is the effective core potential (ECP) approximation
that made the computation practical for heavy transi-
tion metal complexes.® The ECP, also called pseudo-
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TABLE 1. Energy of Reaction (AE) and Activation Energy
(AE?) (in keal/mol) of Ethylene lnsertion into an M-H
Bond Calculated at the RHF Level (numbers in
parentheses are at the MP2 level?)

AE? AE ref

reaction 1
M = Ni 0.6 -31.5 11
M=Pd 8.0 (5.1) -3.0 (3.0) 11
M="Pt 125 4.2 11
reaction 2 16.4 (18.6) 18.4 (25.5) 12
reaction 3 21.2 (23.4)-23.0 -11.7 to -13.5 13

2 Calculated at the RHF optimized structures.
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Figure 1. Structures (in angstroms and degrees), optimized at
the RHF level, of reactant, 1, product, 2, and transition state for
ethylene insertion/g-hydrogen elimination of the Pd complex.!

potential (PP) or model potential,’ replaces the core
electrons by the Coulomb and exchange potential due
to core electrons acting on valence electrons. Therefore,
by using ECP, the number of electrons in the calcula-
tion could be reduced with a small decrease in relia-
bility. In addition, one can incorporate into ECP the
relativistic effect, which is important in a heavy atom.
The direct relativistic effect stabilizes and contracts s
orbitals and, as a result, d orbitals become higher in
energy and more diffuse (the indirect relativistic ef-
fect).? Consequently, the relativistic effect must be
taken into account in the calculation of a complex of
a heavy transition metal, especially the second and the
third row transition metal. The ECP has been used in
many studies as will be shown here.

In this article, we review ab initio MO studies of el-
ementary reactions and catalytic cycles of transition-
metal complexes. In earlier studies the energy gradient
method has not been used but the structures were
partially optimized by using only energy. Consequently,
reactions studied have been limited to relatively small
systems. However, since such studies have given some
useful results, they are included here as well as the
studies by the energy gradient method. Recently, en-
ergy gradient method with the density functional theory
has been developed, with which several organometallic
reactions has been studied.® They will be discussed in
another article of this special issue.!® The elementary
reactions of insertion, nucleophilic addition to coordi-
nated ligands, oxidative addition/reductive elimination,
and metathesis will be discussed in section II and the
catalytic cycles in section III. The section IV will be
concluding remarks. '

I11. Elementary Reactlions of Transition-Metal
Complexes

A. Oiefin Insertion

Olefin insertion into an M-H bond is an essential step
for conversion of olefin to alkyl in a catalytic reaction
and thus several model insertion reactions have been

Koga and Morokuma

studied. By means of the ab initio MO method, Koga,
Morokuma, and their co-workers have studied ethylene
insertion of d® square-planar ethylene hydride com-
plexes (reaction 1),!! d® octahedral ethylene hydride
complexes (reaction 2),!2 and d?® trigonal-bipyramidal
(TBP) ethylene hydride complexes (reaction 3).1* They

H——PH; —

H

1
HyG--+-CH2 H;/C—CH,
. H...

H"‘--:' ——ne Ta
N——PH, ‘M—PH;,  (M=NiPd,Pl (1)

H H

TS 2

&
h—Cl  (L=PH,} (2)

TS 4
Rh(H)(CO).(PH3)(C,H,) (5) —
Rh(CO),(PH,)(C,Hg) (6) (3)

have determined the structures of the transition states
with the restricted Hartree—Fock and ECP (RHF-ECP)
energy gradient method and took into account the
electron correlation effect by the second-order
Moller-Plesset perturbation theory (MP2).!4 The en-
ergetics i8 summarized in Table I. All the above olefin
ingertions have been found to pass through four-cen-
tered TSs. The optimized structures of the reactant,
the product, and the TS for reaction 1 with M = Pd,
for example, are shown in Figure 1. At such a four-
centered TS, bond exchange is facilitated by the orbital
interaction shown in 7, in which an occupied o)y and
a vacant opy* orbital interact with #* and = orbital of
olefin, respectively. Formally, d,z 2 is vacant in the d®
S

oz Sk

square-planar complex, 1, and thus the opyy* orbital is
vacant. Otherwise, the interaction between = and opg*
would lead to unfavorable four-electron exchange re-
pulsion. The same conclusion was obtained in the
previous theoretical calculations as well as from frontier
orbital arguments.13-19

In the structure of 2 with M = Pd (Figure 1), struc-
tural features for the agostic interaction,?® an intra-
molecular CH-+-M interaction, are found: a long C-H
bond of 1.13 &, a short Pd--H distance of 2.13 i, and
the small Pd-C-C angle of 88°. While a three-center
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Figure 2. Structures (in angstroms and degrees), optimized at
the RHF-ECP level, of reactant, product, and transition state

for (a) ethylene insertion and (b) Berry pseudorotation of Rh-
(H)(CO),(PHy)(C,Hy) (5).13

two-electron bond has been proposed experimentally
as the basis of the M--CH interaction,?> Koga, Kitaura,
Obara, and Morokuma have found that this interaction
is caused by electron donation from the 8-C-H bond
to an empty d orbital of the central transition metal
(8a). They have also discussed the effect of this in-
teraction on 8-hydrogen elimination, the reverse reac-
tion of olefin insertion,'!® finding that it incipiently
activates the C-H bond to lower the activation energy
for 8-hydrogen elimination. It has been also pointed
out that electron back-donation from the oy to the
ocy™® orbital (8b) is needed to complete 3-hydrogen
elimination at the later stage of reaction. Koga, Obara,

8a 8b

and Morokuma have shown that the same electron
donation causes the agostic interaction in Ti-
(H)(C,H;)(C1)o(PHy),.212> Koga and Morokuma have
also studied the C-Si-Ti intramolecular interaction,
finding that a coordinatively unsaturated transition
metal interacts not only with a CH bond but with other
electron-donating ¢ bonds such as a C-Si bond.2!¢

Reaction 2 is the rate-determining step of olefin hy-
drogenation by the Wilkinson catalyst.?® The reactant
of reaction 2, 3, has a vacant d orbital, appropriate for
the above interaction. However, the activation energy
for reaction 2 is much larger, because of the high en-
dothermicity. The details will be discussed in section
III.

Reaction 3 is more complicated, since the Berry
pseudorotation (BPR)?* may isomerize the reactant
with a low activation barrier. Koga, Jin, and Morokuma
(KJM) have shown that when two TBP isomers are
energetically close to each other, the activation energy
for BPR connecting them is quite small.!3 It has also
been found that the isomers having apical hydride and
equatorial ethylene are more stable than the others.
While apical hydride can use the vacant d,: orbital

Chemical Reviews, 1991, Vol. 91, No. 5 825
shown in 9 to form a strong Rh—-H bond, equatorial

ethylene is favorable because of strong = back-dona-
tion.13:25

T
L\_\ o |_ ||— lj

-
dy, -H= = d,,

KJM have shown that ethylene insertion proceeds
through the square-pyramidal T'S as shown in Scheme
I and Figure 2.1 The skeleton of this square-pyramidal

SCHEME 1. Potential Energy Profile for Ethylene
Insertion of Rh(H)(CO),(PH,)(C,H,) (5) (numbers are RHF
(MP2) energies relative to 5a)
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TS is similar to that of the T'S for BPR also shown in
Figure 2. This suggests that ethylene insertion couples
with BPR. At this square-pyramidal TS the d orbital
10 is vacant and thus it can play the same role as d,2 ,2
in the d® square-planar complex.

s

10

Antolovic and Davidson (AD) have also studied
ethylene insertion of a d® five coordinate complex (re-
action 4).26 While they have optimized the structures

HCo(CO),(C,H,) — C;H;Co(CO), (4)

of the reactant and the product at the RHF level, they
follow the reaction path using the linear synchronous
transient (LST) method. In the LST path, structures
are linearly interpolated between the reactant and the
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TABLE I1. Energy of Reaction (AE) and Activation
Energy (AE*?) (in kcal/mol) of Ethylene Insertion into the
Ti-CH; Bond of X,TiCH;*®

method AE* AE ref

X symmetry

Cl ¢, RHF 11 29
Cle G, RHF 12 -2 30
Cl Ci RHF 14 -3 31
RMP2 6 ¢ 31
DPUMP2¢ 4 -11 31
Cp® c RHF 22 30
RMP2 10 -12 30

¢Optimized at the RHF level. ?Optimized with the PRDDO
approximation. °Second-order perturbation method could not be
applied. ¢Doubly projected unrestricted MP2.

product. The LST path does not go through a
square-pyramidal structure, which is the TS in reaction
3. Probably, this is the reason why their activation
energies (38-51 kcal/mol at the RHF level and 39-55
kcal/mol at the SDCI level) calculated from the highest
energies on the LST paths are much higher than those
found for reaction 3. Reaction 4 has been studied also
by the HFS method.?’

Olefin insertion into an M-R bond is also very im-
portant, since it is a key reaction in the chain-growth
step of olefin polymerization such as Ziegler-Natta
polymerization.! The early ab initio MO study of C,H,
+ CH,TiCl,AIC], by Novaro, Blaisten-Barojas, Clem-
enti, Giunchi, and Ruiz-Vizcaya has shown that the
activation energy of insertion relative to the ethylene
complex is low.?® They have not used the energy gra-
dient nor taken electron correlation into account.
Therefore, their results should be considered to be
rather qualitative. On the other hand, model reaction
5 has been studied by several groups with the energy

gradient method.?*3! The results are summarized in
Table II.

H H4C- H
’ W CH, o
il i C’H o "i———‘ H )
- L . —_— o 2 —_— - “‘._.-' 2
X\\\" // X\\\‘ x\\\ /T
x/ x/ X
X=Cl 11 12
Cp 13 15 14

Fujimoto, Yamasaki, Mizutani, and Koga have stud-
ied reaction 5 with X = C1.® They have optimized the
TS structure at the RHF level under the C, symmetry
constraint to show that the TS structure is four-cen-
tered as expected and that the activation energy is low
(10.5 kcal/mol). They have also discussed the orbital
interaction between CL,TiCH;* and C,H, using paired
interacting orbitals to point out the importance of va-
cant d orbital participation just as in ethylene insertion
into an M-H bond shown above.

Jolly and Marynick have studied reaction 5 with X
= Cl and Cp (cyclopentadienyl).®® They have deter-
mined the structures at an approximate ab initio level
with the partial retention of diatomic differential
overlap (PRDDO) approximation under the C, sym-
metry constraint and have followed the reaction coor-
dinate using linear synchronous transit/partial opti-
mization approach. The activation energy for X = Cl
at the ab initio RHF level was calculated to be 11.9
kcal/mol. For X = Cp the activation energy calculated
was 22.1 kcal/mol at the RHF level and 9.8 kcal /mol
at the MP2 level.

Koga and Morokuma

Figure 3. Structures (in angstroms and degrees), optimized at
the RHF level, of transition state for ethylene insertion into the
Ti-CHj; bond of CL,TiCH,* (eq 5).%

The above two studies have shown that the polymer
propagation step is quite easy in these model catalysts.
However, at the C, transition state all the CH bonds of
the propyl group are eclipsed and thus this T'S may be
unfavorable.

Kawamura-Kuribayashi, Koga, and Morokuma
(KKM) have studied reaction 5 with X = Cl without
any space-symmetry restriction, finding that the four-
centered TS is slightly nonplanar, presumably to avoid
eclipsing of CH bonds as shown in Figure 33! The
UMP2 calculation with triplet and quintet projection
(DPUMP?2) gave the activation energy of 4.3 kcal /mol;
the reaction from the ethylene complex can take place
easily. They included the electron correlation effect at
the DPUMP?2 level because the RHF wave function was
unstable with respect to the UHF wave function, due
to the strong covalent character of the relevant Ti-C
bonds. In fact, the RMP2 energy was too low, showing
that the RMP2 result is far from convergence of the
perturbation series.

KKM have also studied propylene insertion by re-
placing one of the hydrogen atoms in ethylene by a
methyl group. As shown in Scheme II, they have found
that the primary, i.e. head-to-tail insertion is easier than

SCHEME I1.¢
v

CHa---CH
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Cl 27.1

9Energies in kcal/mol relative to the reactants.
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the secondary insertion, in agreement with the exper-
imental situation and the Markovnikov rule of organic
chemistry. In addition, they have found that nonpla-
narity of the transition state would give rise to stereo-
selectivity; TS1, with a methyl group located in the
less-crowded region, is more stable than T'S2.

B. Carbonyl Insertion

Carbonyl insertion into an M-R bond, which is also
called migratory insertion, has been implicated in
various catalytic cycles as one of the key steps.! There
are two possible reaction pathways: (i) migration of the
group R to the carbonyl or (ii) literal CO insertion into
the M-R bond. As shown later, theoretical calculations

N
|
i
O
s 0 Ly
|
R—T—Q
L1 M 0
N
cC—M—L,
7
R Ly

have clearly demonstrated that the group R migrates
to CO in late or middle transition metal complexes.

When the migrating groups are alkyl, aryl, and alk-
enyl, insertion has been observed to take place in many
transition-metal complexes.! On the other hand, the
hydride migratory insertion (eq 6) has been known only
for a few cases in transition-metal complexes,3%% al-
though it is believed to take place in homogeneous
catalytic reactions of carbon monoxide reductive hy-
drogenation.??> In the actinide complex hydride mi-

Il
H-M(CO) —= M-CH (6)

gratory insertion can take place easily as in the example
of reaction 7.3 The exothermicity of 2 kcal/mol of this

O

OR OR

reaction has been ascribed to the oxophilicity of Th
which favors the n%-formyl complex. The difficulty of
hydride migratory insertion has been considered to be
due to the stronger M-H bond, which makes hydride
migratory insertion endothermic.?® Although the hy-
dride migratory insertion may be difficult to study ex-
perimentally, it can be studied theoretically and com-
pared with alkyl migratory insertion, as shown later.

In an early ab initio MO study, the reaction of
square-planar complexes of group 10 transition metals
have been investigated. Sakaki, Kitaura, Morokuma,
and Ohkubo have studied reaction 8 at the RHF-ECP
level.’ While they have optimized the structures of

Pt(CH,)(F)(CO)(PHy) (15) —
Pt(COCH,3)(F)(PHy) (16) (8)

the reactant and the product, they have changed the
geometry of the reaction system stepwise to simulate
three reaction paths, one for methyl migration, one for
carbonyl migration, and one for concerted migration of

Chemical Reviews, 1991, Vol. 91, No. 5 827

CO and methyl with simultaneous opening of the FPtP
angle as shown in Scheme III. From the energy change

SCHEME II1.°

CH,CO

Rt——->PH,4 CH,CO—~R t——PH,

F 16a F 16b

(a) (b) (b) (a)

o]

c CHy
H4C Rt——PH,4 OC——~Rt——-PH,4

(c\ A
CH,;CO
3 PH;
P
F
16¢

4 (a) CHy migration. (b) CO migration. (c) Concerted migration
of CH; and CO.

along the assumed paths, they concluded that methyl
migration was the easiest and carbonyl migration was
the most difficult.

Koga and Morokuma have studied the carbonyl in-
sertion reaction 9 of d® square-planar complexes.!1b:37

M(CH3)(H)(CO)(PH3) —=  M(COCH3)(H)(PH;) (9)
M=Pd 17 18
M= Pt 20 20

Their structure determination with the energy gradient
method at the RHF-ECP level has shown that the TS
is three-centered and that the methyl group migrates
toward the CO group as shown in Figure 4. The orbital
interaction stabilizing the three-centered TS is shown
in 21a,3"%8 in which the sp® hybrid orbital of the mi-

2la 21b

grating CHj; group interacts with =* of CO and the
vacand d of the transition metal fragment. This in-
teraction also suggests that an unstable d orbital and
a stable 7* orbital would favor the migration.3®4° On
the other hand, the repulsion between the CO lone pair
and the occupied d orbital would hinder carbonyl in-
sertion into the M-R bond as shown in 21b.%7:38
Koga and Morokuma have also compared the re-
activity in reaction 9 between Pd and Pt on the basis
of the metal-ligand bond energy.’” The energetics
calculated is shown in Table III. In the carbonyl in-
sertion reaction, an M-R and an M-CO bond are bro-
ken, an M-COR and an R-CO bond are formed, and
the CO triple bond changes into a double bond. Among
these bonds, the bond energy of the first three metal-
ligand bonds would change, when the central transition
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Figure 4. Structures (in angstroms and degrees), optimized at
the RHF-ECP level, of reactant, 17, product, 18, and transition
state for carbonyl insertion (eq 9).%

TABLE III. Energy of Reaction (AE) and Activation
Energy (AE*) (in kcal/mol) of Carbonyl Insertion for (i)
Pd(CH,)(H)(CO)(PH;) — Pd(COCH,)(H)(PHy), (ii)
Pt(CH,)(H)(CO)(PH;) — Pt(COCH,)(H)(PH,), and (iii)
Pd(H),(CO)(PHy) — Pd(CHO)(H)(PHy)®

method AE* AE (nY) ref
i RHF/I 25.7 19.1 37
RHF /11 18.8 5.0 37
MP2/11 135 8.8 37
RHF/111 22.0 10.6 49
MP2/ 11 10.2 43 49
i RHF/I 31.3 23.0 37
RHF/II 24.4 79 37
MP2)11 21.8 17.6 37
i RHF/1 26.9 25.4 49
RHF /111 19.2 17.7 49
MP2/111 8.2 9.4 49

%The basis sets used consists of (I) [2s2p2d]/(3s3p4d) for Pd,
[2s2p2d]/(3s3p3d) for Pt, effective core potential for Pt and Pd,
3-21G for CH,;, CO, and hydride, and STO-2G for PH,, (II)
(2s2p2d]/(3s3p4d) for Pd, [2s2p2d]/(3s3p3d) for Pt, effective core
potential for Pd and Pt, [3s2p]/(9s5p) for C and O, [2s]/(4s) for all
the hydrogens, and [6s4p]/(11s6p) for P, and (III) [2s2p3d]/
(3s3p4d) for Pd, [2s3p2d]/(3s3p3d) for Pt, effective core potential
for Pd and Pt, [3s2p1d]/(9s5p1d) for C and O, [6s4p]/(11s6p) for
P, [3s1p]/(5slp) for the hydride, and [2s]/(4s) for the other hy-
drogens. All the structures were optimized at the RHF/I level.

TABLE IV. Energy of Reaction (AE) and Activation
Energy (AE"*) (in kcal/mol) of Carbonyl Insertion of
RMn(CO),

method AE? AE () AE (0% ref
R = CH3
HFS 21 18 = 43
PRDDO 18 1 -20 40
RHF* 3 40
RHF* 17 10 -1 40
R=H
RHF¢ 14 11 38
SDCIe 39 38 38
HFS 40 38 22 43
PRDDO 20 14 -5 40
RHF? 18 40
RHF* 26 15 40

®The basis functions used are [5s3p3d]/(13s8p6d) for Mn,
[3s2p]/(9s5p) for C and O, and [3s]/(6s). ®The basis set used is
double-{ for 3s, 3p, 48, and 4p and triple-{ for 3d for Mn and the
4-31G for C, O, and H. ¢The d polarization functions on C and O
are added to the last basis set.

metal is replaced. Their analysis has shown that all the
Pt-C bonds are stronger than the corresponding Pd-C
bonds due to the relativistic effect. Therefore, the Pt
carbonyl insertion is less favorable, in which two strong
Pt-C bonds are broken and only one strong Pt—-C bond
is formed.

Koga and Morokuma

P
AT
Pt(CH;)(H)(CO)(PH,)

Figure 5. Interactive hybrid molecular orbitals of CH; and

M(H)(CO)(PH,) for (left) M = Pd and (right) M = Pt.¥’ To avoid

overcrowding of contours, the separation between the two frag-

glents in the figure is taken to be larger than the real interfragment
istance.

As discussed in the Introduction, the relativistic effect
stabilizes an s orbital. Since the heavier Pt atom has
the larger relativistic effect, the Pt s orbital is expected
to participate in bonding more effectively than the Pd
s orbital, thus making the Pt-C bond stronger. In
Figure 5 are shown the interactive hybrid MOs?#! the
pairs of orbitals responsible for the M—CHj3 bonds in
the reactants. One can see, as expected, the larger s
orbital participation in the Pt-CHj bond.

Carbonyl insertion into the Mn-R bond has been well
studied experimentally.*? Carbonyl insertion of a Mn
complex (eq 10) has been studied by several groups
theoretically. The results of methyl and hydride mi-

0 o
; L0 RC._| &0 .
oc” oc”
6
R=CH, 22
H 24 L

R R
0 \-:7%0
n——CO n
oc” - // \Co (10)
0]

0
n'-23 n’-23
n'-25 n’-25

gration are summarized in Table IV, which also includes
the HFS results.*3

Axe and Marynick (AM) have studied the methyl
migration.*> They have determined the TS structure
at the PRDDO level and calculated the energetics at
the full ab initio RHF level, showing that methyl mi-
gration takes place and that the orbital interaction
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TABLE V. Energy of Reaction (in kcal/mol) of Carbonyl Insertion at Several Levels of Calculation

reactant SCF CASSCF4 CASSCF10 MP2 SDCI ref
HMn(CO) 2.3¢ 15.1 35.5 35.5 23.3 46
11.5% 27.4 48

13.9¢ 48

7.4-15.2¢ 47

19.5-25.4¢ 47

CHgMn(CO) -1.8¢ 36.4 46
HPd(CO)* -10.2¢ -21.4 -33.6 -15.8 46

¢ The basis functions used are [583p3d]/(13s8p6d) for Mn, [6s4p5d]/(15s9p8d) for Pd, [3s2p]/(9s5p) for C and O, and [3s]/(6s) (basis set
I). ®*One set of p and d polarization functions on H, C, and D are added to the basis set I. ¢Two sets of p and d polarization functions on:
H, C, and O are added to the basis set I. 9The basis sets used do not include polarization functions. ¢The basis sets used include polari-

zation functions.

shown in 21a is important. Also, they have found that
the n?-acyl complex is more stable than the n!-acyl
complex. A similar conclusion on the preference of
n?-acyl complex has been obtained by the HFS me-
thod.#

In the methyl migrations 8, 9, and 10 the activation
barrier for the reverse decarbonylation reaction is
substantial and thus the n'-acyl complex is stable with
respect to decarbonylation. On the other hand, the
situation in hydride migration is different from this
trend.

Nakamura and Dedieu (ND) have studied reaction
10 with R = H.3 They have determined at the RHF
level the reaction path by partial geometry optimization
without using the energy gradient technique, finding
that the mechanism is hydride migration. Along this
reaction path, they have carried out more reliable sin-
gle—double excitation configuration interaction (SDCI)#
calculations to include the electron correlation effect.
Then, they have found that the barrier is 39 kcal/mol
and that the endothermicity is 38 kcal/mol, suggesting
that hydride migration is quite difficult and even if the
hydride migrates, the reverse reaction would take place
with a very small barrier. The reason why hydride
migration rather than CO insertion takes place is ex-
plained by the repulsive orbital interaction shown in
21p 38

AM have compared methyl and hydride migration of
the Mn complex using the PRDDO and the ab initio
RHF method.®® Their results have shown that the
more endothermic hydride migration may be ascribed
to the stronger Mn—H bond rather than to the Mn-CH;,
bond. The former is calculated to be stronger by about
20 kcal/mol.

The calculations by ND have shown that electron
correlation increases the activation barrier by 25
kcal/mol and the endothermicity by 27 kcal/mol.
Dedieu, Sakaki, Strich, and Siegbahn (DSSS) have
studied this large difference in energetics between RHF
and CI potential energy surface by investigating the
carbonyl insertion of RMn(CO) (R = H, CH;) and
HPd(CO)* with the RHF, complete active space (CAS)
SCF,* and MP2 method as shown in Table V.4 As
a result, DSSS have ascribed the large correlation effect
to unbalanced description of = back-donation between
the reactant Mn—-CO bond and the product Mn—CHO
bond at the RHF level. Although both in-plane and
out-of-plane 7 back-donation take place in the reactant,
only out-of-plane 7 back-donation takes place in the
product, since the in-plane CO =* orbital changes to the
C-H ¢ bond orbital during the reaction. The RHF level
of calculation, unable to describe the = back-donation

properly, artificially destabilizes the reactant in the Mn
complex. DSSS have found that = back-donation is not
as important in the Pd(II) complex as in the Mn(I)
complex, because the d orbital of Pd(II) is more stable
than that of Mn(I) due to the higher oxidation number.
This results in a smaller correlation effect in the Pd
reaction. DSSS have concluded that the correlation
effect may vary according to the nature and oxidation
state of the transition-metal atom. The importance of
d polarization function for a quantitative calculation
of the Mn complex has been pointed out.4"48

Koga and Morokuma have adopted the hydride mi-
gration reaction 11 to compare the reactivity directly
with methyl migration 9, where the ligand trans to the
migrating group is the same in both reactions.#> The

0 ‘o Ho P
I )
H—Pd—H —= 'T—H — T—H ()
Hs PH, Hy
26 TS 27

energetics is shown in Table III. Hydride migration 11
is slightly more endothermic than methyl migration 9
at the MP2 level. This larger endothermicity of reac-
tion 11 has been ascribed to the fact that the Pd-H
bond is stronger than the Pd-CHj bond by 5 kcal/mol,
although this difference is much smaller than that be-
tween the Mn—-CH; and the Mn-H bond discussed
above. Compared with hydride migration of the Mn
complex (eq 10), reaction 11 is much less endothermic,
since the back-donation in the Pd(II) complex is weaker
than in the Mn(I) complex as discussed by DSSS. At
the MP2 level, the barrier for the decarbonylation be-
comes negligible. In fact the geometry optimization
with the MP2 energy gradient has shown that the po-
tential energy surface is downhill for decarbonylation,
indicating that the n'-formyl complex is kinetically
unstable. The three-centered interaction at the three-
centered “TS” is stabilized by the orbital interaction
similar to 21a, in which the spherical 1s orbital could
strongly interact simultaneously with the CO 7* orbital
and the spd hybrid orbital of the transition metal. This
nondirectionality of the hydride 1s orbital would make
the transition state disappear. The fact that the hy-
dride migration is uphill is probably the reason why the
formyl complex is not detected. However, the endo-
thermicity of hydride migration is low enough for the
formyl complex to be an important transient species in
catalytic processes.

The effect of substituent on the migrating alkyl group
has been studied by Koga and Morokuma (KM) in re-
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TABLE V1. Effects of Migrating Group on Energy (AF)
and Activation Energy (AE*) (in kcal/mol) of Carbonyl
Insertions (reactants are Pd(R) (CO) (H) (PH,) and
RMn(CO);)

AE* AE (nY) AE () ref
Pd(R)(CO)(H)(PHy)*
CH,CH, 23 15 37
CH, 26 19 37
H 27 25 49
CHF, 41 31 37
RMn(CO)sb

CHgCHs? _8 40
CH; 3 (10) (-1) 40
H 18 (26) (15) 40
CF, 26 (28) @1) 40

¢Calculated at the RHF level. Calculated at the RHF level.
Numbers in parentheses are with the PRDDO approximation.

action 9 with M = Pd?” and Axe and Marynick (AM)
in reaction 10 as shown in Table V192 KM have
discussed the effect of substituents in terms of the M—R
bond energies. KM have stated that electronegative
substituents stabilize the alkyl ligand that has a nega-
tive charge, leading to the stronger M—R bond as shown
in the larger endothermicity and the higher activation
energy for difluoromethyl. AM’s results are similar.

Reaction 12 has been considered to be an elementary
step of the hydroformylation catalytic cycle (R = al-
kyl).® Antolovic and Davidson (AD) have determined

RCo(CO), — RCOCo(CO), (12)

the structures of HCo(CO), (28) and HCOCo(CO); (29)
by the RHF energy gradient method,? and have further
followed the reaction path according to the LST pro-
cedure. They have found the activation energy larger
than 50 kcal/mol, which is too high for a catalytic re-
action. Probably, responsible for this from the com-
putational aspect are the lack of electron correlation
and the unoptimized TS structure. In addition, there
are some problems in the RHF calculation for the Co~
carbonyl complex;552 the most stable RHF structure
of 28 is TBP with equatorial H, while the experimental
structures are TBP with apical H. Thus, their results
are not conclusive. However, they have ascribed the
difficulty of H migration to the strong M-H bond.
Rappé has studied hydride migratory insertion to CO
in an early transition metal complex (eq 13).5 This
model reaction was chosen because of its simplicity.

O

c=0

Chmge Ch j Cl Ie} Clm,g

b gt g Clon e Gl o

g SeTH = St CVSC\_H’: - <:|/s°\?:\H (13)
30 31 TS 3

0.0 kcal/mol  -16.4

The structures of 30-32, and the T'S between 31 and
32 have been determined by the RHF energy gradient
method. The energy calculations were carried out at
the generalized valence bond (GVB)* and CI level of
calculation. For the formyl complex, only the 7
structure exists, which is more stable than the reactant
complex, 31. This is clearly in contrast to the Mn-
formyl complex shown in reaction 10. Scandium is
electron deficient and thus the bonding interaction
between the lone pair of formyl oxygen and the empty
d orbital of Sc¢ has been found to favor the 52 coordi-
nation. This is in agreement with the previous extended
Hiickel studies of an n%acyl complex® and the exper-

7.3 -22.5

Koga and Morokuma

imental observation of reaction 7.

There have appeared several studies in which a metal
surface is modeled by a single transition metal. McKee,
Dai, and Worley (MDW) have studied reaction 14% as
a model carbonyl insertion on supported rhodium
films.5” Hydride migratory insertion from 33 has been

HRh(CO) (33) — Rh(CHO) (34) (14)

calculated to be 29 kcal/mol endothermic and the
conversion from 34 to 33 requires no activation energy
at the MP3 level, the situation similar to hydride mi-
gration of Pd(H),(CO)(PHj;) mentioned above and in
agreement with the experimental fact that the formyl
species has not been observed for supported Rh cata-
lysts.® Pacchioni, Fantucci, Koutecky, and Ponec have
studied reaction 15.% They have carried out SCF and

HM(CO)* — M(CHO)" M =Rh, Pd
n=90,+1

CI energy calculations with the partial geometry opti-
mization by using the ECP approximation, finding that
hydride migration in a cationic system is easier than in
a neutral system, in agreement with the experimental
fact that the ion concentration is correlated with the
catalytic activity.® It should be noted that their results
are qualitatively different from MDW’s for Rh% be-
cause of the use of a different, maybe poorer, ECP.

C. Other Insertions

The insertion of coordinated formaldehyde into an
M-H bond has been assumed to take place in the ho-
mogeneous catalytic hydrogenation of carbon monoxide,
which transforms synthesis gas into mono- and poly-
alcohols.®! From the viewpoint of the orbital interac-
tion, this insertion is similar to olefin insertion, since
formaldehyde has a = and a 7* orbital as ethylene does.
Consequently, it is expected that formaldehyde inser-
tion could take place easily and would pass through a
four-centered TS. Nakamura and Morokuma have
determined the structures of the stationary points of
reaction 16 at the RHF-ECP level with the energy
gradient technique.$? This hydride migration could

(15)
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give two intermediates, hydroxymethyl complex, 37, and
methoxy complex, 36, from which ethylene glycol and
methanol, respectively, are formed as the final products.
They have found that the insertions pass through
four-centered TSs as expected and that methoxy for-
mation, 35 — 36, is more exothermic than hydroxy-
methyl formation, 35 — 37, by 23 kcal/mol at the RHF
level. This difference has been attributed to the
stronger M-O bond than the M-C bond. In addition
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Figure 6. Potential energy profiles for CO, insertion to (a)
CuH(PH,;), (43) and (b) CuH(PH,); (45) calculated in kcal /mol
at the RHF-ECP level, the MP2-ECP level (in round brackets)
and at the all-electron RHF level (in square brackets), relative
to the reactants.® The “transition state™ structures (in angstroms
and degrees) are those on the RHF-ECP potential energy curve
and are optimized with the C-H distance fixed to be 1.6 A. At
the levels of calculation where the C—H distance at the corre-
sponding TS is not 1.6 A, the C-H distances are shown together
with the activation energies.

to the energy of reaction, the lower activation energy
of 2.9 kcal/mol favors methoxy formation. This low
activation energy is ascribed to the large overlap be-
tween oy orbital and the polarized #* orbital shown
in 38.

M .
SR
+ Lo
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Introduction of CO, into organic substrates has drawn
substantial attention, in connection with CO, fixation.
COy insertion into the M-X bond (X = H-, CH;, OR")
has been experimentally studied.®® CO, has = and =*
orbitals available for bond exchange and thus a four-
centered TS is expected, if a vacant d orbital is avail-
able.

Bo and Dedieu (BD) have studied the interaction of
CO, with HCr(CO);™ and carried out a preliminary
calculation of insertion reaction 17 at the all-electron
RHF level.# The interaction of CO, with HCr(CO);"

o 7
oo, \?—0 - =
. _ H 0 H
o] T N S
| -Co .\ o G
=0 —CO == L—C—CO0 —= OC—C—0 — OC——0 1171
1% 1%, 1%, 1>
¢ o C C C Cl)
e} o e}
k.1 40 41 42
D xcal/med hB ) 264

to give an adduct, 40, has been their main interest. The
assumed 5%--HOCO structure, 41, which is considered
to be similar to the true TS, is not high in energy.
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HCr(CO), has a vacant d orbital, facilitating the bond
exchange as discussed above. BD have concluded that
insertion reaction from 40 coupled with CO dissociation
may take place easily.

Sakaki and Ohkubo (SO) have studied CO, insertion
into a Cu—H bond (eqs 18 and 19) at the RHF and
RMP2 levels.?® The TS's for both reactions were lo-

CO, + HCu(PH,), (43) — Cu(PH,),(HCO,) (44)
(18)

CO, + HCu(PHj,); (45) — Cu(PH,),(HCO,) (46)
(19)

cated at the Cu-H distance of 1.6 A at the RHF-ECP
level, whereas change of the basis set and inclusion of
the electron correlation effect slightly shifted the pos-
ition of the TS's.

Both reactions have been found to be exothermic with
a low activation barrier and pass through a four-cen-
tered TS with a long Cu—O! distance as shown in Figure
6. SO have concluded that the origins of the activation
barrier are the deformation of CO, and the exchange
repulsion between CuH(PH,), and CO, and that the
charge transfer from CuH(PH,), to CO, is important
for stabilizing the reaction system. The additional
phosphine in reaction 193 enhances the charge transfer
from the CuH moiety to CO,, resulting in a smaller
energy being required in the early stage of reaction 19.
Also, the polarization within CuH(PH,), and CO,
moieties and the electrostatic interaction between O}
and Cu cooperate in the formation of new bonds. Such
interactions are shown in 47. From the viewpoint of

orbital interaction, the O!'-Cu interaction is not favor-
able because of the out-of-phase combination. Note
that Cu(l) is d!® and thus no vacant d orbital is avail-
able. Therefore, the Cu-0! distance is much longer,
compared with the M—C distance in olefin insertion
discussed in the previous section. In this regard, re-
actions of Cu(l) are different from those of transition-
metal coriplexes having a vacant d orbital.

Hydride or alkyl migration to carbene ligand has been
considered to be a key step of catalytic reactions.% In
the CH, ligand, there is a vacant p, orbital which can
play the same role as the CO #=*. Carter and Goddard
have studied reaction 20 at the HF, GVB, GVB-CI, and
CASSCF levels of calculation.t” At the highest level,

H ™

HU H2 - HU_CHa (20)
a” b o

six-electron and six-orbital CASSCF, they have found
an activation barrier of 12 kcal/mol with an exother-
micity of 7 kcal/mol. The TS is three-centered, similar
to that for hydride migration to CO. They have con-
cluded that hydride migration to CH, is feasible for late
transition metal complexes. The GVB wave function
has shown that the Ru-H bond smoothly converts into
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the C-H bond with the aid of CH, p, orbital.

D. Nucleophilic Additions to Coordinated
Ligands

Nucleophilic additions to coordinated unsaturated
compounds have been considered to be an important
elementary reaction in catalytic reactions,! such as the
Wacker process, aminopalladation of olefin, and oxy-
merculation. There have appeared several theoretical
studies for nucleophilic addition by using ab initio as
well as semiempirical method,® " and mechanisms of
activation of organic molecules coordinated to the
transition metal have been discussed.

Dedieu and Nakamura (DN) have studied nucleo-
philic addition of hydride and methyl and hydroxy
anion to carbonyl ligand of Fe(CO); (eq 21).7° In the
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case of hydride addition, DN have found that the hy-
dride attacks the apical carbonyl and not the equatorial
carbonyl and that the reaction is highly exothermic,
with an energy of reaction of -69 kcal/mol. The se-
lectivity of the apical carbonyl was ascribed to the in-
teraction between the empty d,: orbital and the CHO
lone pair orbital, which forms a Fe-CHO ¢ orbital as
shown in 48. This is the same as the hydride apical
preference shown in section IIA. The empty d orbital
is not available for equatorial carbonyl.
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Nakatsuji, Ushio, Han, and Yonezawa (NUHY) have
studied the electronic structure of Fischer-type and
Schrock-type carbene complexes at the RHF level.”
The complexes studied were (CO);Cr=CH(OH) (49)
and (CO),Fe=CH(OH) (50) as models of the former
and H,(CH3)Nb=CH, (51) as that of the latter. It is

H H .
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0007 ~—CO e—CO o
0 i ol l H\}:‘y “N\CH,
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49 50 51

well known that nucleophiles attack the carbene carbon
of the Fischer-type complex. NUHY have shown that
the carbene carbons of 49 and 50 are negatively charged.

Koga and Morokuma

They have thus concluded that this nucleophilic ad-
dition is not charge controlled but frontier orbital
controlled. For the Schrock-type complex it is also
known that nucleophiles attack the transition metal and
that the carbene carbon receives electrophilic attack.
This feature of reactivity had usually been explained
by the charge control argument. However, their cal-
culations have shown that the Nb atom as well as the
carbene carbon have negative charge. Their analysis
of molecular orbitals has again shown that the selec-
tivity can be explained by frontier control argument.
It should be noted, however, that DN have stated that
the negative charge on the carbene carbon is an artifact
of the minimal basis functions used by NUHY or of the
Mulliken population analysis.”

Sakaki, Maruta, and Ohkubo (SMO) have studied
nucleophilic addition to the coordinated ethylene. The
reactions studied were models of aminopalladation,
addition of NH; to ethylene coordinated to Pd''F,,-
(NHj);_," with (m, n) = (1, +1), (2, 0), or (3, -1) and
Pd"F(PH,),, shown in 52.722 SMO have found that
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nucleophilic addition to the cationic complex was easier
than that to the neutral and anionic complex and have
proposed that the cationic species is the active inter-
mediate in the catalytic reaction. They have analyzed
electron reorganization upon nucleophile attack. Nu-
cleophilic addition to the cationic intermediate is easy
because of the favorable electrostatic interaction, large
charge transfer and small exchange repulsion. The
reorganization of electron distribution is shown in 53.
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Fujimoto and Yamasaki have compared nucleophilic
addition to ethylene coordinated to PdCl;~ and Pd-
Cly,(H,0) using hydride and hydroxide anion as a model
of nucleophile.” They also have shown that in the
neutral system the lower lying vacant d orbital is more
effectively used for charge transfer and polarization and
for reduction of exchange repulsion, similar to the re-
sults by SMO.

SMO have also compared nucleophilic addition of
H,0 to free ethylene, and ethylene coordinated to Li*
and HgH* to show that only the reaction catalyzed by
the cationic Hg complex is easy.””® They have con-
cluded that the low-energy acceptor orbital of Hg ac-
celerates nucleophilic addition.

E. Oxidative Addition and Reductive Elimination

Oxidative addition to and reductive elimination from
transition-metal complexes are important elementary
processes.! The former introduces an organic molecule
into a catalytic cycle, and the latter gives an organic
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TABLE V11. Energy of Reaction (AE) and Activation
Energy (AE?) (in keal/mol) of Oxidative Addition, A-B +
{M] — A-[{M]-B (numbers in parentheses were estimated
values)

M] AF? AE ref
A-B = H-H
Ni{('D) 3 -8 798
P4(}S) 5 4 81°
downhill -4/ 81°
downhill -6/ 802
downhill -15 94a°
Pd(PH,), uphill (22) 8lc
Pd(OH,), - -7 802
PdCL(PH,), uphill (38) 8lc
Pt('S) dowmnhill -34 81%
downhill —64 94c°
Pt{PH,), 7 -27 759
8 -22 75°
17 -5 769
2 -16 77b
PtCl,(PH,), (6) (-8) 8lc
A-B = CH,-H
Ni(!S) 54 21 867
Pd('S) 31 20 81°
Pd(PH,), uphill (44) 8lc
PdCl,(PH,), uphill (67 81c
Pt(1S) 13 -16 81°
Pt(PH,), 30 -5 759
28 -5 75°
(25) 7 81c?
PtCL{(PH,), (32) (22) 8lc
A-B = CH,~CH,
Ni(!S) 42 5 867
Pd(}S) 39 16 81%
Pd(PH,), (52) 43 81c
PdCl,(PH;), uphill 70 8lc
Pt(1S) 35 -18 81°
Pt(PH,), {48) 8 81c?
PtCL(PH,), (57) 25 8lct

44 Calculated by (a) the all-electron contracted CI method, (b)
the GVB-CI method with the ECP approximation, (c) the symme-
try adopted cluster expansion (SAC) method with the ECP ap-
proximation, (d) the SDCI method with the ECP approximation.
¢ Zero-point energy correction was added to the SDCI result.
! Energy for the weak H, complex formation.

compound as a product by coupling two ligands.

Oxidative addition of H, to a d'° transition-metal
complex or a transition-metal atom is one of the sim-
plest reactions, from the computational point of view,
in organotransition-metal chemistry. Experimentally,
oxidative addition of H, to d!® Pt(PR,), has been
studied,” in which only a trans product has been ob-
served. Seemingly contrary to this fact, the trans ad-
dition is symmetry forbidden, while the cis addition is
symmetry allowed.

Several groups have studied model reactions of this
simple oxidative addition (eq 22) using the ab initio MO
method in order to clarify the electronic feature and the
potential energy surface.” 777981  The results are

.
Y

summarized in Table VII.

Kitaura, Obara, and Morokuma (KOM) have deter-
mined the TS structure of reaction 23 with the RHF-
ECP energy gradient method and furthermore carried
out the vibrational analysis, to show that the three-
centered TS is a true TS, having one imaginary fre-
quency.’® This was the first theoretical determination
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of the TS structure of organotransition-metal reactions.

Irrespective of the computational methods, H, ad-
dition to Pt(PH,), (reaction 23) is exothermic with low
activation energy as shown in Table VII. Recent ki-

FH3 PH PH
3 3
H | H.. / H\
| + m — oA — P (231
H l M e
Ha Ha PH,
54 TS 55

netic studies of reductive elimination of H, from
H,Pt(PMe,), have shown that the activation enthalpy
is 20 kcal/mol in noncoordinating solvents.” This is
in agreement with the calculated activation energies for
reductive elimination (AE* — AE). The results of KOM
are slightly different from the others, since in this early
study a poorer ECP was used, which is more attractive
than the other ECPs.

The H-H distance at the three-centered transition
state of reaction 23 ranges from 0.75 to 0.90 A, not much
longer than that in the free H,; the TS is located in the
early stage of reaction. At this TS, donation from oyy
to sp hybrid of Pt and back-donation from the Pt-oc-
cupied d orbital to oyy* facilitate bond exchange (56).

Oun t:‘:»DM
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Oxidative addition of H, to Ni atom to give NiH, and
reductive elimination from NiH, (eq 24) have been
studied in the early theoretical studies by Blomberg and
Siegbahn (BS).”? BS have investigated with the

H, + Ni — NiH, (24)

CASSCF and the contracted CI method potential en-
ergy surfaces of NiH, in several electronic states, which
are different in space symmetry as well as in spin sym-
metry. The most interesting state is !A,, since oxidative
addition and reductive elimination only in this state is
symmetry allowed and is considered to be similar to
those of H,NiL, as well as HyPtL,. BS have found that
NiH, (1A,) has a bent equilibrium structure with the
H-Ni-H angle of 50° and the Ni-H distance of 1.43 A.
As anticipated for symmetry-allowed reaction, the ac-
tivation energy of 3 kcal/mol for oxidative addition is
low. The reaction is exothermic by 8 kcal/mol with
respect to Ni(!D) + H,. They have found an interesting
character of the Ni-H bond; the Ni orbital responsible
for the Ni-H bond is 4s-3d hybrid and the formation
of this hybrid is facilitated by the contribution of the
atomic d%! electronic state which corresponds to the
singlet ground state of Ni (!D). Note that though for-
mally oxidation state of Ni in NiH, is two, the calcu-
lations showed that Ni is almost neutral and that it has
nearly 10 electrons.

The importance of the d%! electronic state in di-
hydride complex is also shown by Brandemark, Blom-
berg, Pettersson, and Siegbahn (BBPS)® and Low and
Goddard (LG).”” For Pd the d%! state is an excited
state, whereas the ground state is d1® (Table VIII).
Thus, the formation of Pd—-H bond has been expected
to be more difficult. BBPS have studied H, oxidative
addition to Pd and Pd(H;0), with the all-electron
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TABLE VIII. Pd and Pt Atom State Splittings (in
kcal/mol) (numbers in parentheses are experimental
values®)

que dds! dfs?
Pd -19.6 (-21.9) 0.0 (0.0) 62.6 (56.0)
Pt 12.3 (11.0) 0.0 (0.0) 17.2 (14.7)

¢ Reference 77. Calculated by the GVB-RCI method.

CASSCF and the contracted CI method. For Pd + H,
BBPS have found only a weak H, molecular complex,
in which the H-H distance is essentially that in the free
H,. In this weak complex, the H, molecule binds to the
Pd atom through weak donation and back-donation.
On the other hand, coordination of electron-donating
H,0 was anticipated to raise the energy of d!° state
relative to d%! and thus sd hybridization would become
easier. In fact, upon coordination of H,0, their calcu-
lations have shown that the dihydride complex (H),-
Pd(H,0), with the bond between Pd sd hybrid and H
1s orbitals is stable and that the oxidative addition
leading to this dihydride complex is 7 kcal/mol exo-
thermic. Note, however, that LG have found the di-
hydride Pd complex as well as the weak H, complex by
using the relativistic ECP.812 LG have concluded that
the relativistic effect stabilizes d%! relative to d'°, to
make the Pd-H bond formation easier than in the
nonrelativistic all-electron calculation. However the
dihydride complex is less stable than the weak H,
complex in their calculation.

LG have found in their study of reaction 23 that the
sd hybrid forms the Pt-H bond and have stressed that
the Pt ground state of d%! (Table 8) favors H, oxidative
addition.®® LG have also concluded that the Pd reac-
tion is less favorable than the Pt reaction because of the
unstable Pd d%! state.!* In later studies, LG have
actually compared the energetics between the Pd and
the Pt complex.81bc

LG have considered that in oxidative addition from
M(II) to M(IV) the electronic state of metal changes
from d%! to d%2. For Pt, the ground state is d°! and
thus the process from Pt(II) to Pt(IV) is unfavorable
as shown for Pt(Cl),(PHj3), in Table VII, compared with
that from Pt(0) to Pt(II). Blomberg, Siegbahn, and
Béackvall (BSB) have studied the ring opening of cy-
clopropane by Pd° PdUCl,, Pd!Cl,>, and PqUICI* 8
BSB have shown that oxidative addition of cyclo-
propane to PdU requires a large activation energy and
is very endothermic, reflecting the energy difference
between atomic electronic states.

Since it has been experimentally found in (n?-Hy)W-
(CO)5(PR3), by Kubas et al.,%® the molecular H, complex
has been drawing substantial attention.® Hay has
studied the structure and oxidative addition of the
model complexes, W(PH3),(CO);(n%-H,) (57) and W-
(PH3)s(n*-H,) (58).% Although this oxidative addition

H—-H H—H
P elo) % SPHs
HaP—W—PH, HaP—W——PH,
o é HaP? l
0 Hs
57 58

(eq 25) gives a seven-coordinate complex and thus is
expected to be unfavorable, he has found that the ox-
idative addition of the latter complex is very exother-
mic. He has concluded that the electron-donating
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H—H
H—H
3y H
\:V' - "17\!;",\\\ H\ pA 25)
7‘“_ - 7‘ 7"[’ —

phosphines destabilize the d orbitals, thus enhancing
back-donation which breaks the HH ¢ bond.

The rather small H-Ni—H angle of 50° found in NiH,
(eq 24) by BS indicates bonding interaction between the
hydrides. BS have concluded that the spherical 1s
orbital of hydride stabilizes the three-centered inter-
action in NiH, and have considered that oxidative ad-
dition of CH, and C,H would require higher activation
energy, since the directionality of the methyl sp® hybrid
would not favor the three-centered interaction at the
TS. Therefore, BS have compared the CH oxidative
addition of CH, and CC oxidative addition of C,Hg4 to
Ni with the CASSCF and the contracted CI method.%
Their results have shown that CH, and C,H; oxidative
addition requires a larger activation energy than H,
oxidative addition as shown in Table VII. LG have also
found that the methyl group increases the activation
energy.®!

Consistent with unfavorable three-centered interac-
tion among two alkyl groups and a transition metal,
C-C bond formation by reductive elimination is in
general difficult.! Koga and Morokuma have deter-
mined the stationary structures of reductive elimination
26a of the Rh dinuclear complex at the RHF-ECP level
and compared them with those of the mononuclear
complex (eq 26b).8” They have found that the acti-

CH
H 3 H

wCHz, CH
\ 2y, / \ W 2/:,..Rh (263)

Rh A ———  Rn
~~
c{ o \Cp <,/ \CHa/C e

p

P P
RhyeniCHy —_— /Rh +  CHy;—CH, (26b)
H3P/ e, HgP

vation barrier is 42 kcal/mol at the MP2 level, 24
kcal/mol lower than reaction 26b of the mononuclear
complex, and that reaction 26a is 10 kcal/mol less en-
dothermic than reaction 26b. They have concluded that
strain in the Rh—u~CH, bond makes reaction 26a easier
than reaction 26b.

In the above reactions (eqs 22-24), all the d orbitals
of reactant are doubly occupied and thus electron do-
nation takes place from organic molecule to the vacant
sp orbital of the transition-metal complex. On the other
hand, coordinatively unsaturated complexes having a
vacant d orbital have recently been produced thermally
or photochemically by ligand dissociation of reductive
elimination. These have been found to activate a C-H
bond easily.®

Koga and Morokuma have studied reaction 27 as a
model of CH activation at the ab initio RHF and MP
level.® 59 is a model complex of RhCI(PR;),, which

CH, + RhCI(PHy), (59) — HRhCI(PHy),(CH;)(60)
27)
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Figure 7. Potential energy curves for CH, + RhCl(PHa)é — HRhCI(PH;),(CH;3) with the optimized structures at important points.

CR and TSR are the CH, complex and the TS optimize

at the RHF level, whereas CM and TSM are those on the MP2 potential

energy curve calculated by using several RHF optimized structures between CR and TSR.%®

is a coordinatively unsaturated intermediate in the
catalytic cycle of carbonylation of hydrocarbons.® They
have found that the potential energy surface of reaction
27 is quite different from that for other oxidative ad-
ditions; reaction 27 passes through the methane com-
plex, in which two C-H bonds interact with Rh si-
multaneously, and the three-centered transition state
is more stable than the reactants, while the activation
barrier from the methane complex is very low as shown
in Figure 7. In addition to back-donation from an
occupied d orbital to scy®, donation from ocy to a va-
cant d orbital makes the interaction between CH, and
RhCI1(PHj;), stronger than donation to an sp orbital.
One can see the large correlation effect on the energetics
in Figure 7; the MP2 and MP4 energy curves are com-
pletely different from the RHF energy curve. They
have analyzed this correlation effect with the MP2
method based on localized MOs. As a result, they have
found that the Rh-H and the Rh~C bond in the prod-
uct are covalent and have a large d character and that
the Rh—H and the Rh—C intrabond correlation as well
as the correlation between these o bonds and d electrons
are consequently large.

Though some of the studies mentioned above dis-
cussed reactions of transition metal atoms, those reac-
tions were regarded as models of reactions of transi-
tion-metal complexes. Recently, ion beam experiments
have shown some interesting features of potential en-
ergy surfaces for reactions of atomic transition metal
ions with organic compounds including H, and al-
kanes.! In addition, considerable attention has been
paid to reactions of transition metal clusters, produced
in rare gas matrices or in supersonic molecular beam,
with a small molecule such as H,. These have been
considered as models of reactions on surfaces and
clusters. Balasubramanian and his co-workers have
studied potential energy curves for several electronic

states of MH, (M = Sc, Pt, Pd, Y, Au, Ag, Nb, Tc*, and
Ru™*) with respect to bending angle at the CASSCF and
the MRSDCI level.?2 Novaro et al. carried out the CI
calculations of MH, (M = Cu, Pd, Ag, and Pt).?® Na-
katsuji et al. have studied potential energy surfaces of
Pd, H, and Pt ,H, (n = 1, 2, 3) to model catalysis on the
metal surface.?

F. Metathesis

Olefin metathesis is one of the important reactions
in organic synthesis, in which alkylidene units are ex-
changed between double bonds (eq 28). The active

R!ICH=CHR? + R}CH=CHR* < RICH=CHR? +
R?2CH=CHR* < R'CH=CHR* + R20H=Cl('12%;

intermediate in homogeneous system has been consid-
ered to be a carbene complex (eq 29).! Upton and

M=—CHR M——CHR CHR
— l — u 29
R'HC=—=CHR?2 R'HC——CHR? RHC HR2

Rappé (UR) have studied isomerization of T%,Ti-di-
chlorotitanacyclobutane (61) to ethylene—titanium
methylidene complex (62) (eq 30).% Ti,Ti-Dicyclo-
pentadienyltitanacyclobutane is a moderately active
olefin metathesis catalyst.® Although they have found

CH, CHy
Clnes” N\ Clinet?
T H Ti? 30
o\, S o N SH, ©o
CHy H2C//
61 62

a TS connecting 61 and 62, the TS and 62 are essen-
tially degenerate, the potential energy differences being
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only 2 kcal/mol and after the zero-point energy cor-
rection becoming zero. The absence of barrier for 62
— 61 is consistent with the experimental fact of no
direct observation of methylene—olefin complex.%* UR
have demonstrated the role of the d orbital, which
lowers the activation barrier drastically for [2s + 2s]
addition reaction, well known to be symmetry forbidden
in organic chemistry.

In metathesis such as reaction 29, olefin is a substrate
and its = bond is broken to form a new C-C ¢ bond of
metallacycle. Different from this olefin metathesis, o
metathesis, in which a ¢ bond interacts with a transition
metal and is broken, has recently drawn attention."-100

Steigerwald and Goddard have studied with the GVB
method the hydrogen exchange reaction through a
four-centered transition state as a model of [2s + 2s]
addition such as olefin insertion (eq 31).1! The cal-

HA

HS AN HA

IM—+2 + — [M] HS —  [M]—n8 +

(3D

[k s

I

WS
[M]=Cl,Ti*. Cl,Ti. Cl,Sc

culated activation energy are 2, 22, and 17 kcal/mol for
Ti*, Ti, and Sc, respectively. While these low activation
barriers show that this [2s + 2s] reaction takes place
easily, an analysis of the GVB wave functions has shown
that the larger the d character of the M—H bond, the
lower the activation energy; the d character of the TiH
bond in the Ti cationic system is 930%. This study has
demonstrated that ¢-bond exchange is a [2s + 2s] re-
action and that H-D exchange can take place easily.

Different from the H-H exchange reaction, in the
reaction of metal hydride with alkene or alkyne, o-
metathesis competes with insertion reaction. Rappé has
studied the reaction of scandium hydride with acetylene
with the GVB and the CI method in order to compare
these two reaction modes.!®? His calculations have

Cl;ScH + HCCH — Cl,Sc—CH=CH, (32a)
Cl,ScHA + HBCCH — Cl,;Sc—CCH + HAHE  (32b)
Cl,ScHA + HBCCH — Cl,ScHB + HACCH (32¢)

shown that all the reactions pass through a four-cen-
tered transition state as shown in Figure 8 and that the
participation of d orbitals leads to low activation energy.
In particular, insertion reaction 32a requires an acti-
vation energy of only 6 kcal/mol and is exothermic by
9.1 kcal/mol. Although the activation energy of ace-
tylide formation 32b through ¢ metathesis is also 6
kcal/mol, it is less exothermic and thus the reverse
reaction would be allowed. On the other hand, H ex-
change 32¢ through o metathesis requires a high acti-
vation energy and is thus unfavorable. Although these
computational results are inconsistent with the exper-
imental observation that only ¢ metathesis takes place®
in the reaction of propyne with Cp*,ScR (R = H, CH,)
to produce acetylide, one can say that & metathesis of
early transition metal complexes is a facile reaction.

I1I. Catalytlc Cycle

A reaction catalyzed by a transition-metal complex
has been considered to be a sequence of elementary
organometallic reactions as mentioned above. In early
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Figure 8. Potential energy profiles (in kcal/mol) at the CI level
for reactions of acetylene with C1,;ScH:!2 (a) insertion, (b) ace-
tylide formation through o-metathesis, and (c) H exchange through
o-metathesis.

ab initio MO studies, catalytic cycles have been dis-
cussed based on the stability of intermediates. In some
cases, structures of intermediates have not been de-
termined theoretically, but some geometrical parame-
ters were taken from the experimental structures or
assumed. Although such studies are qualitative, some
important information has been obtained as shown
below.

Rappé and Goddard (RG) have studied the olefin
metathesis catalytic cycle by the Cr, Mo, and W oxo
complex.}® RG have found that reaction 33 is exo-
thermic by 20, 24, and 18 kcal/mol for the M = Cr, Mo,
and W, respectively. While the bond between the

% Cls ?I
Clim,, // Ha o Hy
¢ M\\CH+ EH Cl/\rj -
2 2

H.C Hz
63 64

transition metal and the oxide is a double bond in 63,
that in 64 is a triple bond which consists of two covalent
7 bonds and one ¢ donor-acceptor bond. The triple
bond is stronger than the double bond by 31 and 23
kcal/mol for Cr and Mo, respectively and thus increases
the exothermicity of reaction; the spectator oxo ligand
plays an important role. This is consistent with the
experimental fact that oxygen-containing compounds
accelerate the metathesis and that a catalytic amount
of oxygen is essential.!® Since the o bond in this triple
bond is due to electron donation from oxygen to metal,
RG have concluded that the high oxidation state of the
metal and electron-withdrawing ligands are necessary.

Concerning catalytic olefin metathesis, the reverse
reaction of reaction 33 has to take place, since metal-
lacyclobutane is nothing but an intermediate. However,
the reverse reaction is thermodynamically unfavorable.
RG have estimated that Lewis acid and base stabilize
the reactants of reaction 33 by 16 and 15 kcal/mol,
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respectively, more than the products. Taking into ac-
count this effect, RG have proposed the energy profile
of the catalytic cycle shown in Scheme IV for the
tungsten catalyst. Although they have not searched for
transition states and thus the kinetic factor has not
been considered, the metathesis reaction of d° complex
is expected to take place without a high activation en-
ergy as found in reaction 30. Therefore, the catalytic
cycle shown in Scheme IV could proceed easily. RG
have also found that in hydrocarbon oxidation by
Cl, MO, (M = Cr, Mo) (eq 34) the spectator oxo ligand
plays an important role in stabilizing the intermediates.
ClgCl'Og + CgHs g ClgCl‘O(OH)(CzH5) -

Cl,CrO + C,H;OH (34)

Dedieu and his co-workers!% have studied the olefin
hydro (%enation catalytic cycle by the Wilkinson com-
plex.!® They have calculated the potential energy
profile using experimental or assumed structures at the

RHF level. As the authors have noted, reliable ener-
getics of the elementary reactions including activation
energies is required for complete discussion.

More recently, Daniel, Koga, Han, Fu, and Moroku-
ma (DKHFM) have obtained the potential energy
profile of this catalytic reaction by determining struc-
tures of the transition states as well as the intermediates
for all the elementary steps by the ab initio energy
gradient method.!21%” The model catalytic cycle they
have studied is shown in Scheme V. This cycle consists

SCHEME V
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of (i) H, oxidative addition to the catalytic active in-
termediate, RhCIL,, (ii) olefin coordination, (iii) olefin
insertion, (iv) isomerization of alkyl hydride complex,
and (v) reductive elimination which produces alkane
and regenerates the catalytic active intermediate,
RhCIL,. This catalytic cycle was originally proposed
by Halpern et al.,?? although the isomerization of the
alkyl hydride complex was not included in the original
mechanism. In the actual calculation, ethylene and PH;
were used in place of substituted ethylenes and tri-
phenylphosphines in the real system. The energy
profile obtained is shown in Figure 9.
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SCHEME VI
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The first step of H, oxidative addition proceeds
easily. The reactive intermediate RhCIL, is coordina-
tively unsaturated and thus can easily activate a ¢ bond
as discussed in section ILE. Following ethylene coor-
dination, the endothermic ethylene insertion into the
M-H bond takes place. This endothermicity was as-
cribed to the strong Rh—H bond in the reactant. The
ligand trans to H is Cl, which has a weak trans influ-
ence, and thus the Rh—H bond to be broken is strong
and furthermore the strongly electron-donating H and
ethyl are trans to each other in the product; these
factors result in large endothermicity and high activa-
tion energy. The following isomerization gives a more
stable cis-ethyl hydride complex. The final step of
reductive elimination takes place with a substantial
activation energy.

The potential energy profile which DKHFM con-
structed from the energetics of these five elementary
steps is smooth without excessive barriers and two
stable intermediates, either of which would break the
sequence of elementary reactions. Although this feature
would be what is expected in any good catalyst, this
study has provided the first theoretical demonstration
that it actually is so in a model cycle.

DKHFM have found that the rate-determining step
is olefin insertion combined with the first step of isom-
erization of the trans-ethyl hydride complex to the cis
complex with an effective overall barrier height of 21
kcal/mol. DKHFM have considered that since the
trans intermediate is in a shallow minimum, these two
steps may take place as one combined step. The
Halpern mechanism postulates that the rate-deter-
mining step is olefin insertion. Their theoretical study
suggests that isomerization of the ethyl hydride complex
as well as olefin insertion is an important component
of the rate-determining step.

DKHFM have also discussed the effect of the tran-
sition metal and the ligand using model reactive in-
termediate, RhH(PH;),, Pt(PH;), and Pd(PH;), as
shown in Figure 10. In the reaction of RhH(PHjy),, in
which the chloride of the Wilkinson catalyst was re-
placed by hydride, olefin insertion is almost thermo-
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neutral, since the hydride weakens the Rh—-H bond
broken in the insertion. The hydride makes olefin in-
sertion easier than that of the Wilkinson catalyst. In
the cycle of Pt(PHjy), olefin insertion requires a smaller
activation energy as shown in section IL.A. Although
it seems that the barrier for olefin insertion step of
RhH(PH;), and Pt(PHj;) is so low that the catalytic
cycle can proceed easily, one has to note that reverse
B-hydride elimination can also take place with a low
activation energy. These results have suggested that
RhH(PH;), and Pt(PH;) are good catalysts for olefin
isomerization rather than for olefin hydrogenation. On
the other hand, the high activation energy for reverse
B-hydride elimination of the Wilkinson catalyst pre-
vents olefin isomerization. Chloride in the Wilkinson
catalyst plays an important role in making the insertion
rate determining. As expected from the difficulty of
oxidative addition of the Pd complex discussed in sec-
tion ILE, Pd(PH;) is not a good catalyst.

While two phosphines are always trans to each other
in all the intermediates of the Halpern mechanism,
Brown et al. have recently proposed a different mech-
anism on the basis of their molecular modeling calcu-
lations and NMR experiments. In their mechanism
shown in Scheme VI cis-bisphosphine intermediates are
active carriers of the catalytic cycle.!% Bulky olefin is
easier to coordinate to the cis intermediate than to the
trans intermediate, since bulky phosphine such as tri-
phenyl phosphine is trans to olefin. Koga and Moro-
kuma have compared this Brown mechanism with the
Halpern mechanism.!%” In Figure 11 is shown the po-
tential energy profile they calculated for the Brown
mechanism.

The first point of difference of the Brown mechanism
from the Halpern mechanism is isomerization of
H,RhCI(PR;),. They have determined the structure of
66b, the intermediate of the Brown mechanism, which
has the vacant coordination site trans to one of the
phosphines and thus receives the coordination of the
bulky olefin. Isomerization of 66 — 66b is 21 kcal/mol
endothermic and requires a large activation energy of
27 kcal/mol. Therefore, isomerization to the cis in-
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Figure 11. Potential energy profile of the catalytic cycle of the Brown mechanism of olefin hydrogenation by the Wilkinson catalyst,

in kcal/mol at the RHF-ECP level, relative to 65 + H, + C,H.!%’

termediate is not an easy process.

The remaining steps, ethylene insertion and isomer-
ization of the ethyl hydride complex, do not require
large activation energies. Thus, the exothermic ethylene
insertion in 67a, the result of ethylene coordination to
66b, takes place easily to give 68c. Isomerization of 68c
gives 68a, the trans intermediate in the Halpern
mechanism, through PH; migration or 68e through Cl
migration. Reductive elimination of 68e giving 65a
requires the substantial activation energy of 15 kcal/
mol, which is comparable with the activation energy for
reductive elimination of 68a.

There are two possibilities in the reactions of 65a.
The first is that 65a isomerizes to 65 due to the steric
repulsion between two phosphines and that the same

reaction path 65 — 66 — 66b is followed. The second
possibility is that H, oxidative addition to 65a takes
place to give directly 66a and thus in the subsequent
catalytic cycles intermediates always have cis-phos-
phines. In this case coordination of bulky olefin to 66a
is prohibited because of the steric repulsion between
the olefin and two bulky phosphines cis to the olefin.
Thus 66a — 66b isomerization has to take place before
the catalytic cycle proceeds.

Their potential energy profile shows that in the
Brown mechanism, setting aside the high energy re-
quired for isomerization from 66 to 66b, the final step
of the reductive elimination would require the highest
activation energy and that olefin insertion, the rate-
determining step in the Halpern mechanism, is an easy
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process. Therefore, they have concluded that in the
cases in which olefin insertion has been found to be rate
determining, the Halpern mechanism is clearly more
consistent and acceptable. Since olefin and phosphine
used in these calculations are not bulky, they have not
ruled out the possibility of the cis mechanism. They
have discussed the reaction path when olefin and
phosphine are bulky, to show that the cis mechanism
may become possible if the trans to cis isomerization
can take place through, for instance, ligand exchange,
although it would exhibit kinetics quite different from
that of the Halpern mechanism.

Recently, Ding, Koga, and Morokuma have studied
the full catalytic cycle of hydroformylation by the Rh
catalyst (Scheme VII).!1*® Although H, oxidative ad-
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dition is believed to be a rate-determining step,! the
activation energy of this step has been calculated to be
1.4 kcal/mol at the MP2 level. While ethylene insertion
and carbonyl insertion requires much larger activation
energy of about 20 kcal/mol, propionaldehyde disso-
ciati)on, the final step, is very endothermic (31.5 kcal/
mol).

1V. Concluding Remarks

In this article we reviewed ab initio MO studies of
elementary catalytic reactions and catalytic cycles.
These studies have demonstrated that ab initio MO
calculations, specially with the energy gradient method,
could give valuable insight into catalytic reactions by
transition-metal complexes. By determining structures
of a reactant, a product, and a transition state, the
reaction path could be elucidated. Thus, the ab initio
MO calculations can give more quantitative information
than the orbital symmetry arguments. For instance, the
symmetry-allowed H, oxidative addition to Pt(PHj),
has been shown to have a small but significant activa-
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tion barrier. In addition, by changing the transition
metal, ligands, and substituents, their effects on the
potential energy surface could be explored more quan-
titatively. For instance, compared with Pt, Pd disfavors
oxidative addition because of its d!° atomic ground
state, whereas it favors carbonyl insertion because of
the weaker Pd-ligand bond. It is expected that ab initio
MO calculations will make ever increasing contribution
to better understanding and hopefully for designing
catalytic reactions of transition-metal complexes.

The theoretical calculations as reviewed here, how-
ever, are still in an early stage of development. There
are many aspects to be improved. For instance, cata-
lytic reactions are carried out in solution. The effect
of solvent has to be elucidated. In some case, solvent
would play a role of additional ligand as well as a gen-
eral acid or base. Phosphines in experiment are usually
not PH; but bulkier phosphines such as trialkyl- and
triphenylphosphine. The steric effect as well as the
electronic effect of such substituents has to be properly
taken into account.

From computational methodological point of view,
there are several points to which comments should be
made. For a complex of bare transition metal atom or
ion, such as NiCH,, there are several low-lying elec-
tronic states originating from various atomic configu-
rations, such as d®?2, d%, and d!°. In order to take into
account these electronic configurations correctly, one
has to use multiconfiguration wave functions that can
handle near-degeneracy effect or nondynamical electron
correlation. Transition-metal complexes discussed in
this review, on the other hand, have several strong lig-
ands, which stabilize mostly the configuration with the
largest number of d electrons. Consequently, the single
configuration description is a good approximation for
geometry determination. However, in several notable
exceptions, the dynamic electron correlation can make
a large difference in optimized geometries. One such
example is the geometry of the transition state for C-H
activation.®® In another example, the HF bond dis-
tances for M—-CO, M-C,H,, and M-Cp bonds for Fe, Co,
and Ni tend to be too long; the details will be discussed
by Veillard in this issue.!1°

In order to obtain a reliable energetics, it is necessary
to take into account the electron correlation effect, even
if the single determinantal wave function is a good
starting point. As seen in the C-H activation by Rh-
CI(PHj;),, when a metal-R bond is covalent with a large
d character, the energetics of reaction is drastically
changed by electron correlation. On the other hand,
when the metal-R bond is ionic, the effect is small. A
latter example is H, oxidative addition to Pt(PHj),. In
either case the energy of this dynamic electron corre-
lation can be obtained by the single reference SDCI or
the Moller-Plesset perturbation theory, when the single
determinant can represent the electronic structure
qualitatively. The latter method is cheaper and thus
is often used. When the nondynamical electron corre-
lation is important, as in complexes of bare metals and
metal ions, multireference methods such as the
MRSDCI have to be used.
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