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Abstract

We have studied the oxidative addition reactions of methane and ethane C-H, ethane C—C and iodomethane C-I bonds to Pd
and cis-Pd(CO),I, at the ZORA-BP86/TZ(2)P level of relativistic density functional theory (DFT). Our purpose, besides exploring
these particular model reactions, is to understand how the mechanism of bond activation changes as the catalytically active species
changes from a simple, uncoordinated metal atom to a metal-ligand coordination complex. For both Pd and cis-Pd(CO),I,, direct
oxidative insertion (OxIn) is the lowest-barrier pathway whereas nucleophilic substitution (Sy2) is highly endothermic, and therefore
not competitive. Introducing the ligands, i.e., going from Pd to cis-Pd(CO),l,, causes a significant increase of the activation and
reaction enthalpies for oxidative insertion and takes away the intrinsic preference of Pd for C-I over C-H activation. Obviously,
cis-Pd(CO),I, is a poor catalyst in terms of activity as well as selectivity for one of the three bonds studied. However, its exploration
sheds light on features in the process of catalytic bond activation associated with the increased structural and mechanistic complex-
ity that arises if one goes from a monoatomic model catalysts to a more realistic transition-metal complex. First, in the transition
state (TS) for oxidative insertion, the C—X bond to be activated can have, in principle, various different orientations with respect to
the square-planar cis-Pd(CO),I, complex, e.g., C—X or X-C along an [-Pd—CO axis, or in between two I-Pd—CO axes. Second, at
variance to the uncoordinated metal atom, the metal complex may be deformed due to the interaction with the substrate. This leads
to a process of mutual adjustment of catalyst and substrate that we designate catalyst—substrate adaptation. The latter can be mon-
itored by the Activation Strain model in which activation energies AE” are decomposed into the activation strain AE7_; of and the
stabilizing TS interaction AE], between the reactants in the activated complex: AE” = AE7,, + AEL.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ML, 4+ R—X @idaeaddion p ML,—X (1)

reductive elimination

Oxidative addition and reductive elimination (Eq. Previously, we have studied the reactions of uncoor-

(1)) are ubiquitous in homogeneous catalysis [1] and
have been intensively studied both experimentally [2-6]
and theoretically [6-12].
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dinated Pd(0) and PdCl™ toward H-H, C-H, C-C and
C-Cl bonds [12]. Palladium was chosen because this me-
tal is widely used in catalysis [2] and because this atom
has, at variance with, for example, nickel or platinum,
a stable closed-shell d'° ground state. The latter facili-
tates the comparison with catalytic Pd(0) or Pd(II)
complexes the main common characteristic of which,
as regards their reactivity, is in general a closed-shell
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electronic structure (as opposed to an open-shell or rad-
ical behavior). In the present study, we have carried out
such a comparison between the reactivity of the Pd atom
and that of the cis-Pd(CO),I, complex in which palla-
dium is formally Pd(II) with an effective d® configura-
tion. Note that cis-Pd(CO),I, is isoelectronic with the
also square planar complex [Rh(CO),I,]", one of the
catalytically active species that promotes C-I bond acti-
vation in the Monsanto acetic acid process [1a,3]. We
have investigated the activation by these model catalysts
of the archetypal C—H, C—C and C-I bonds by exploring
and analyzing the oxidative addition pathways, both via
direct oxidative insertion (OxIn) and backside nucleo-
philic substitution (Sn2), of Pd and cis-Pd(CO),I, with
CH,4, C,Hg and CH;I (Egs. 2-5):

Pd + CH, — CH; — Pd-H (2a)
Pd(CO),I, + CH; — CH;-[Pd(CO),I,]-H (2b)
Pd + C,Hs — C,Hs-Pd-H (3a)
Pd(CO),I, + C;Hs — C,H;s—[Pd(CO),L]-H (3b)
Pd + C,Hg — CH;-Pd-CH, (4a)

Pd(CO),1; + C;Hs — CH;[Pd(CO),1,] CH;  (4b)
Pd + CH3I — CH3—Pd—I (Sa)
Pd(CO), 1, + CH;I — CH;-[Pd(CO),L]-I (5b)

Note that cis-Pd(CO),I, is not a “real-world” catalyst
in the sense that, as will be seen later on, it does not
speed up and even retards the bond activation processes
relative to the uncoordinated Pd atom. However, by
exploring the reactivity of the cis-Pd(CO),l, model cat-
alyst, one can reveal and learn about interesting features
that can occur only in structurally more complex model
catalysts that involve ligands coordinated to the transi-
tion-metal core. For example, in the TS for oxidative
insertion, the C-X bond (X =H, C, I) to be activated
can have, in principle, different orientations with respect
to the square-planar cis-Pd(CO),I, complex, e.g., C—X
or X-C along an [-Pd-CO axis, or in between two I-
Pd—CO axes. Furthermore, at variance to the uncoordi-
nated metal, the metal complex may be deformed in the
TS.

The above-mentioned effects on the competition be-
tween the various bond activation processes and mech-
anisms is interpreted in terms of the Activation Strain
model of chemical reactivity originally introduced in
the context of elementary organic reactions [8,11,12].
In this model, activation energies AE” are decomposed
into the activation strain AE7_, of and the stabilizing
transition state (TS) interaction AEf]t between the reac-
tants in the activated complex: AE* = AE”. .+ AE’,

strain int*

Recently, in our studies on oxidative addition of H-

H and C-X bonds to Pd and PdCl™ [12], we have
shown that the activation strain adopts characteristic
values for a particular bond and reaction mechanism.
The new features encountered in the reactions of the
cis-Pd(CO),I, complex, in particular, the substantial
deformation that the square-planar transition-metal
complex may undergo, lead to an extension of the Acti-
vation Strain model that is presented in Section 3.2. We
show how the concepts of activation strain and TS
interaction can be used to categorize and also design
catalysts.

The long-term purpose of these efforts is understand-
ing and directing, in a rational manner, the factors that
determine the catalytic activity and selectivity of solu-
tion-phase transition metal complexes. However, as
pointed out before, the starting point is the investiga-
tion of the intrinsic reactivity of the transition metal
atom [8,9,12]. In a second stage, by introducing ligands,
it can be precisely assessed how they interfere with the
metal electronic structure and why exactly they cause a
particular change in the activity and selectivity of the
resulting homogeneous catalyst. This modular ap-
proach to theoretical homogeneous catalysis, in which
the catalyst is assembled step by step to uncover and
understand the function of its individual components,
has been designated fragment-oriented design of cata-
lysts (FDC) [12]. Recently, we have analyzed the mech-
anism through which anion assistance influences
palladium-catalyzed C-X (and H-H) bond activation
by introducing one single chloride anion on Pd(0)
[12a,c]. In the present study, we proceed by completely
saturating the coordination sphere of the palladium
core, which leads to the above-mentioned new features,
in particular, a component in the activation strain,
AEirain’cm, that stems from the structural deformation
of the model catalyst associated with the mutual cata-
lyst—substrate adaptation in the TS of the bond-activa-
tion process.

2. Methods

All calculations are based on density functional the-
ory (DFT) [13,14] and have been performed using the
Amsterdam density functional (ADF) program [15].
MOs were expanded in a large uncontracted set of
Slater-type orbitals (STOs) [15h]. For C, H, O and I,
the basis is of triple-{ quality, augmented with two
polarization functions: 2p and 3d for hydrogen, 3d
and 4f for carbon and oxygen, and 4d and 4f for iodine.
The Pd atom is represented by a triple-{ type basis set
augmented with one set of 5p polarization functions.
The core shells of carbon (Is), oxygen (1s), iodine
(1s2s2p3s3p3d4sdp) and palladium (1s2s2p3s3p3d) were
treated by the frozen-core approximation [15b]. An aux-
iliary set of s, p, d, f and g STOs was used to fit the
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molecular density and to represent the Coulomb and ex-
change potentials accurately in each SCF cycle [151].

Geometries and energies were calculated using the
generalized gradient approximation (GGA). Exchange
is described by Slater’s Xo potential [15j], corrected by
the nonlocal exchange potential of Becke [15k,]]. Corre-
lation is treated in the Vosko—Wilk—Nusair (VWN)
parameterization [15m] using formula V, corrected for
nonlocal effects due to Perdew [15n]. Relativistic effects
were taken into account by the zeroth-order regular
approximation (ZORA) [16].

All energy minima and transition state [15r] struc-
tures were verified by frequency calculations [15q]: for
minima all normal modes have real frequencies, transi-
tion states have one normal mode with an imaginary fre-
quency. The character of the normal mode associated
with the imaginary frequency was analyzed to ensure
that the correct transition state was found.

Bond enthalpies at 298.15K and 1 atmosphere
(AH»9g5) were calculated from 0 K electronic bond ener-
gies (AE) according to Eq. (6), assuming an ideal gas
[17],

AH 03 = AE + AE\1ans 298 + AE o1 208 + AEyin g
+ A(AEyin0) 105 + AlpV). (6)

Here, AE ans208, AE 01208 and AE,;, o are the differ-
ences between products and reactants in translational,
rotational and zero point vibrational energy, respec-
tively; A(AE,;p)208 1s the change in the vibrational energy
difference as one goes from 0 to 298.15 K. The vibra-
tional energy corrections are based on our frequency
calculations. The molar work term A(pV) is (An)RT;
An = —1 for two reactants (e.g., [Pd] and CH;X) com-
bining to one species. Thermal corrections for the elec-
tronic energy are neglected.

3. Results and discussion
3.1. Reaction profiles and geometries

In this section, we discuss the potential energy sur-
faces (PES) of the various oxidative insertion and Sn2
reactions as well as the geometries of the transition
states of the various reactions. The results are summa-
rized in Figs. 1 and 2 (geometries) and Tables 1 (thermo-
chemistry) and 2 (activation strain analyses).

First, the straight SN2 reactions are examined. In line
with earlier work [12b], they are highly endothermic and
occur without reverse barrier for all model reactions

cis-Pd(CO)lz

Fig. 1. Geometries (in A, °) at ZORA-BP86/TZ(2)P of the transition states of direct oxidative insertion reactions of Pd and cis-Pd(CO),I, into the
methane and ethane C-H, ethane C-C, and iodomethane C-I bonds as well as the equilibrium geometry of cis-Pd(CO),I, (see also Fig. 2).
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CHg
(C2Hs)

1b (2b)

cis-Pd(CO),l,

Fig. 2. I-Pd—CO bending angles (in °) in the transition states 1b—4b (see also Fig. 1).

Table 1

Reaction profiles at ZORA-BP86/TZ(2P) for the oxidative insertion of
Pd and Pd(CO),l, into the C-H, C-C and C-I bonds of CHy, C,Hg
and CH3;l, respectively

Activated  Reactants Reactant  Transition  Product

bond complex  state

Direct oxidative insertion

C-H Pd + CH, —11.4 -5.0 -9.7
Pd(CO),I, + CH,* - 48.9 45.1
Pd(CO)L, + CH,® - 49.3 44.6
Pd + C,Hg —11.6 —4.1 —11.6°
Pd(CO)I, + CHS - 47.6 42.7
Pd(CO),I, + CoHs®  — 47.8 42.1

Cc-C Pd + C,Hg —11.6 9.6 —14.1
Pd(CO),I, + C;Hg  — 70.9 46.7

C-1 Pd + CH;l -23.2 -14.9 —44.0
Pd(CO),I, + CH;l 0.2 48.8 20.9

Sn2 Reaction

C-H Pd + CH,4 ~114 - 228.7
Pd(CO),I, + CHy - f 259.78

c-C Pd + C,Hg —11.6 f 228.62
Pd(CO),l, + C,Hg  — -t 259.68

Cc-1 Pd + CH;l - - 127.0¢
Pd(CO),I, + CH;l 0.2 f 158.6°

298 K enthalpies (in kcal/mol) relative to free reactants.

# Orientation of catalyst corresponds to structure 1b, Fig. 1. Chart 1:
0-2.

® Orientation of catalyst corresponds to structure 1c, Fig. 1. Chart 1:
0-4.

¢ Primary product of insertion. Rearrangement via second TS (—11.0
kcal/mol) to final product (—12.0 kcal/mol).

4 Orientation of catalyst corresponds to structure 2b, Fig. 1. Chart 1:
0-2.

¢ Orientation of catalyst corresponds to structure 2¢, Fig. 1. Chart 1:
0-4.

f No reverse activation barrier.

¢ Dissociated products of straight SN2 reaction.

studied. This can be ascribed to charge separation
that occurs in the product PdCHj +X~ and
Pd(CO),I»(CH3)" + X, with X=H, CH; and I. In
the case of Pd + CHy, for example, the reaction is endo-
thermic by 228.7 kcal/mol. The endothermicity further
increases for all reactions by some 30 kcal/mol if one
goes from Pd to the model complex cis-Pd(CO),L.
The direct oxidative insertion (OxIn) reactions are
much less endothermic; for Pd, they are even exother-
mic. Each of the reactions involving the uncoordinated

Pd atom proceeds first via a reactant complex before
the transition state towards the insertion product is
encountered. At variance to this, no stable reactant
complexes preceding the TS could be identified in the
corresponding reactions with cis-Pd(CO),l,. May be
the most striking change if one goes from the Pd- to
the cis-Pd(CO),l,-induced bond activation reactions
is the enormous destabilization by 52-64 kcal/mol of
transition states and products (see Table 1). For exam-
ple, the activation energy for oxidative addition of the
C-C and C-I bonds increases from +9.6 and
—14.9 kcal/mol, respectively, in the case of Pd to +70.9
and +48.8 kcal/mol in the case of cis-Pd(CO),l5.

Another essential difference between the situation for
the uncoordinated Pd atom and cis-Pd(CO),l, is that, in
the latter, the activated bond can in principle adopt sev-
eral orientations with respect to the model catalyst. This
1s illustrated in Chart 1, which shows a number of basic
orientations. Of course, also intermediate situations,
say, in between O-1 and O-2 are conceivable. The cis-
Pd(CO),l,-induced C-H activation in both, CH, and
C,Hg, is indeed found to proceed via two distinct tran-
sition states, namely, 1b and 1c in the case of CH4 and
2b and 2c in the case of C,Hg (see Fig. 1). They corre-
spond to orientations that closely resemble O-2 and
0-4, respectively (i.e., C—-H pointing along 1-Pd-CO
axis), and are very close in energy, ca. 48-49 kcal/mol
above the separate reactants. On the other hand, only
one TS could be determined for cis-Pd(CO),I»-induced
activation of either C-C or C-I, as mentioned already
above: for C-C the TS (at 70.9 kcal/mol) corresponds
to an orientation in between O-1 and O-2 and, for
C-1, the TS (at 48.8 kcal/mol) has an orientation close
to O-1 (see Table 1 and Fig. 1).

The destabilization of transition states and products in
the reactions of cis-Pd(CO),I, compared to those of Pd is
not uniform. This causes a change in the order of relative
TS stabilities from C-I < C-H < C-C for Pd to C-H ~
C-1I <« C-C for cis-Pd(CO),I,, that is, from a situation
with a clear preference for C-I activation to a situation
in which C-H and C-I activation have essentially the
same reaction barrier [18]. Thus, in addition to making
the model catalyst inactive, the introduction of two CO li-
gands and the oxidative addition of iodine to palladium
take away its (in principle) selectivity for the C-I bond
without returning selectivity for another bond. Obvi-
ously, cis-Pd(CO),I, is a poor catalyst. The activity may
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Table 2

Analysis of the activation energies (in kcal/mol) for Pd and cis-Pd(CO),I, induced activation of the indicated bonds in CHy4, C;Hg and CH;1 through

direct oxidative insertion in terms of the activation strain model

Catalyst No. Activation TS interaction, Activation Catalyst Substrate
. # : # : # : #
barrier, AE” AET, strain, AE7 ... strain, AE] i o strain, AESlrain‘sub
C-H bond activation in CHy
Pd la -1.6 —55.1 53.5 - 53.5
Pd(CO),l1, 1b 50.5 —54.7 105.2 349 70.3
Pd(CO),I, 1c 51.0 —48.5 99.5 33.6 65.9
C-H bond activation in C,Hg
Pd 2a —-0.7 —55.4 54.7 - 54.7
Pd(CO),I, 2b 49.7 -53.0 102.7 35.0 67.7
Pd(CO),l, 2¢ 49.8 —50.9 100.7 34.4 66.3
C-C bond activation in C>Hg
Pd 3a 12.6 —26.8 394 - 394
Pd(CO),I, 3b 72.6 —18.8 91.4 31.9 59.5
C-I bond activation in CH;l
Pd 4a —15.2 —19.3 4.1 - 4.1
Pd(CO),I, 4b 49.7 -9.5 59.2 4.0 55.2
[ co | co | co | co | co C-H bond is stretched by 0.680 A (62%) and amounts to
@ @ @ @ @ 1.776 A in transition state 1b with O-2 orientation.
| o | co | co | o | co ;l"he. molrg pro.(iufc’:(’ti-%((e): sItrqcture ]c;f the traistitlt(t)ln
01 o2 03 04 05 states involving cis-Pd(CO),l, in combination wi e

Chart 1. Relative orientations of catalytic metal complex and C-X
bond.

again be substantially improved by introducing a negative
charge, either through adding an additional anionic li-
gand, e.g., I, or by going from Pd (group 10) to Rh or
Ir (group 9) [1a,3,7d,12a,c]. This is consistent with the
experimental observations that the anionic [Rh(CO),I,]™
complex does induce iodomethane C-I activation and
that this process is enhanced by coordination of an addi-
tional iodide ligand in [Rh(CO),I5]*~ [la,3]. Note how-
ever that introducing a fifth ligand, such as in
Pd(CO),I;, will disfavor the OxIn pathway as this would
lead to a sterically over-crowded seven-coordinate com-
plex Pd(CO),I5(CH;)(X) ™.

As can be seen in Fig. 1, the C-X bond is significantly
more expanded in the transition states of the cis-
Pd(CO),l,-induced oxidative insertion reactions than
in the Pd-induced ones. In the former, the activated
bond is expanded by ca. 60% (C-H in methane and eth-
ane), 38% (C-C) and 42% (C-I) whereas, in the latter, it
is elongated only ca. 48% (C—H in methane and ethane),
26% (C-C) and 7% (C-I). Furthermore, activation of
the C-H bond via O-2 orientation (i.e., along the
[-Pd-CO axis with hydrogen pointing toward the CO
ligand, see Chart 1) goes with slightly more C-H bond
elongation than via O-4 orientation (i.e., along the
[-Pd—CO axis with hydrogen pointing toward the I~
ligand). The C-H bond of CH,, for example, is stretched
by 0.517 A (47%) and amounts to 1.613 A in the TS
when activated by Pd. In the case of cis-Pd(CO),I,, this

increased endothermicity (see Table 1) is reminiscent
of the Hammond postulate. This holds also for the
trends along C-H, C-C and C-I, for which the extent
of deformation decreases (i.e., the TS becomes more
educt-like) as the reaction becomes more exothermic
(Pd) or less endothermic (cis-Pd(CO),I5; see Fig. 1 and
Table 1). The trend of decreasing deformation in the
TS along C-H, C-C and C-I is obvious for the Pd-in-
duced reactions for which we can simply inspect the per-
centage wise bond elongation in the transition state,

AE,

strain

CRg-[M]-X

Fig. 3. Illustration of the Activation Strain model in case of C—X bond
activation by a transition metal system [M]. The activation energy AE”
is decomposed into the activation strain AE:min of and the stabilizing
TS interaction AE], between the reactants in the transition state. The
activation strain AE?_. can be divided into the contributions from
and catalyst, AE7,

strain
+
substrate, AE' strain,cat*

strain,sub>
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which indeed decreases (see above). In the case of the
cis-Pd(CO),I,-induced reactions this is somewhat less
obvious at first sight. Here, the percentage-wise elonga-
tion of the C—X bond first decreases from C—H (ca. 60%)
to C-C (38%) but thereafter it increases again if one goes
to C-1 (42%). However, here we also have to take into
account the extent to which the cis-Pd(CO),l, model
catalyst is deformed in the transition state. The key
geometry parameters, here, are the I-Pd—CO bending
angles. The values of the latter for transition states
1b—4b are shown in Fig. 2. As can be seen here, the ex-
tent to which the iodide and carbon monoxide ligand
bend away from the approaching substrate decreases
steeply along C-H, C-C and C-I with [-Pd-CO angles
of 95°, 121° and 166°, respectively. For comparison, in
the undeformed cis-Pd(CO),I, complex (planar, C,
point group symmetry), the I-Pd-CO angle amounts
to 177°. Thus, overall, the extent of deformation de-
creases (i.e., the TS becomes more educt-like) as the
reaction becomes less endothermic. Later on, in Section
3.3, we will come back to this issue.

3.2. The activation strain model

3.2.1. Activation strain and TS interaction

To gain insight into how introduction of ligands af-
fects the activation barriers of the different oxidative
insertion reactions, i.e., insight into how this effect de-
pends on the nature of the concomitant geometrical
deformation and electronic structure of catalyst and
substrate, they were analyzed using the Activation
Strain model of chemical reactivity [8,11,12]. In this
model, the activation energy AE” is decomposed into
the activation strain AE?_. and the transition state

strain

(TS) interaction AE7., (see Eq. (7) and Fig. 3):

int
AE# = AEZirain + AE?rén (7)

The activation strain AE7,, is the strain energy asso-
ciated with deforming the reactants from their equilib-
rium geometry to the geometry they acquire in the
activated complex (Fig. 3). The TS interaction AE},
is the actual interaction energy between the deformed
reactants in the transition state. In the present study,
one of the reactants is either the neutral, uncoordinated
Pd-d'® atom or the model complex cis-Pd(CO),I, and
the other reactant is one of the substrates CH,4, C,Hg,

and CH;l.

3.2.2. Catalyst—substrate adaptation

The structurally very simple mono- and diatomic
model catalysts that we have studied previously, con-
tribute only marginally (PdC1™) or not at all (Pd) to
the activation strain AE7, , which then predominantly
or completely originates from the substrate in which
the C-X bond must naturally expand during the process

of bond activation [12]. This changes in the case of the
model catalyst cis-Pd(CO),I, in which the active metal
core is surrounded by four ligands. In the course of
the C-X oxidative addition, these ligands must bend
back to avoid steric repulsion with and generate space
for the approaching substrate that, eventually, dissoci-
ates into two new ligands (CH;~ and X7), resulting in
hexacoordinate [Pd-d®(CO),I,(CH;)(X)]. Thus, intro-
ducing more than one ligand into the catalytically active
transition metal system brings into play the phenome-
non of ligand reorganization as an additional important
factor that affects the activation strain. This phenome-
non can be conceived as a mutual adaptation of catalyst
and substrate as they approach toward the transition
state. To monitor the process of catalyst—substrate
adaptation, the activation strain is decomposed into a
part belonging to the catalyst, AE?, and a part rep-

strain,cat®

resenting the substrate, AEZimm’sub, see Eq. (8).
_ AR # #
AE# - AEslrainA cat + AEystrain, sub + AE‘int (8)

3.3. Analysis of the reaction barriers for bond activation

The results of the Activation Strain analysis are col-
lected in Table 2. Introducing the ligands, i.e., going
from Pd to cis-Pd(CO),l,, causes, as mentioned above,
an increase of the activation and reaction enthalpies
for all bonds and for both types of mechanisms, i.e., di-
rect oxidative insertion (OxIn) and the SN2 pathway.
The latter pathway is under all conditions completely
inaccessible because of the energetically immensely unfa-
vorable charge separation in the products. Here, we fo-
cus on understanding the effect of introducing ligands in
case of direct oxidative insertion (OxIn) into the C-H,
C-C and C-I bonds.

The activation energies AE” of both, the Pd- and cis-
Pd(CO),l,-induced bond activation reactions, are high-
est for C-C and decrease if one goes to C-H or C-I,
but those of the latter, the cis-Pd(CO),I,-induced reac-
tion, are 52-65 kcal/mol higher (see Tables 1 and 2).
The main source of this rise in activation energies is
the activation strain AE7_. . which increases by 46—
55 kcal/mol (see Table 2). Note that the TS interaction
AE7, also contributes to the rise in activation energy,
although much less, with a weakening of 0.4-9.8 kcal/
mol. The trend in activation strain reflects the larger
geometrical deformations, i.e., the more product-like
structure, in the cis-Pd(CO),l,-induced transition states
discussed in Section 3.1 (see also Figs. 1 and 2). For
example, the percentage-wise bond elongation in the
TS and the activation strain for C—C bond activation
goes from +26% and 39.4 kcal/mol for Pd to +38%
and 91.4 kcal/mol for cis-Pd(CO),1,.

As already pointed out above, the activation strain is
not only due to the elongation of the C—X bond (and to
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other deformations associated with the substrate, such
as tilting of methyl groups) but also to ligand reorgani-
zation in the model catalyst, in particular, the back-
bending of ligands as the CH3;X substrate approaches.
The catalyst—substrate adaptation is in fact a complex
process in which both, catalyst and substrate, mutually
influence and structurally react to each other. A full
understanding of this process requires an exploration
and detailed analysis of the interplay of the catalyst—
substrate interaction AE;,«({), the strain in the substrate
AFEain, sub({) and the strain in the catalyst AE g qin, cat(0)
as a function of the reaction coordinate {, which is be-
yond the scope of the present investigation. Here, we fo-
cus on the stationary points along the reaction
coordinate, which already leads to interesting observa-
tions. First, the increase in activation strain from Pd
to cis-Pd(CO),I, is indeed caused by both, an increase
in the substrate component AE7 . . and the addition
of the catalyst component AE7_ . ... More importantly,
the relative distribution of strain between catalyst and
substrate is not constant and it appears to be correlated
with the strength AHy,,q of the activated bond, which
decreases from 99 kcal/mol for C-H to 83 kcal/mol for
C—C to 51 kcal/mol for C-I [19]. Note that, in parallel
with this trend, the overall activation strain decreases
in the same order along C-H, C-C and C-I, namely,
from ca. 54 to 39 to 4 kcal/mol for Pd-induced reactions
and from 66-70 to 60 to 55 kcal/mol for the cis-
Pd(CO),l,-induced reactions. This is in line with earlier
work on oxidative insertion of Pd and PdCI™ into H-H,
C-H, C-C and C-Cl bonds [12]. Note however also that
the contribution of AEZimmat also decreases from ca.
34% for C-H and C-C to 7% for C-I or, in terms of
absolute values, from ca. 34 to 32 to only 4 kcal/mol
for C-H, C-C and C-I. This correlates again nicely with
the extent of geometrical deformation of the cis-
Pd(CO),I, model catalyst in the TS, as pointed out in
Section 3.1 (see Fig. 2). Thus, a simple and physically
plausible picture emerges: a softer C—X bond will absorb
a larger fraction of the strain associated with the mutual
approach of substrate and catalyst toward the TS.

The above analyses also shed light from a different
perspective on the role of the bite angle in catalytic tran-
sition metal complexes involving bridged diphosphine li-
gands. The bite angle is generally discussed in terms of
its consequences: (i) for the frontier-orbital electronic
structure of the catalyst, and (ii) for the steric demand
of the ligand (and thus the catalyst), both of which affect
the catalyst—substrate interaction [20]. The present study
emphasizes that fixing the bite angle also assist the reac-
tion by taking away the catalyst’s component of the acti-
vation strain from the activation energy. This is because
the strain associated with bending the ligands towards
the natural (or optimal or desired) angle in the TS is
now built-in, from the outset, into the catalytically ac-
tive transition-metal complex. For example, by fixing

the [-Pd—CO angle to ca. 95° in the methane C-H acti-
vation through TS 1b (see Figs. 1 and 2), we could re-
duce the activation energy approximately by 35 kcal/
mol, i.e., the value of AEiram,cm (see Table 2). In the case
of our present model catalyst, fixing the bite angle is of
course a fictitious undertaking, as the ligands, CO and I,
do not offer the possibility of introducing a bridge.
However, we feel that the idea of ‘“taking away”
AE?. .. by building the catalyst-substrate adaptation
(and thus the associated activation strain) into the cata-
lyst, can be easily transferred to and assists a more ra-
tional design of catalysts involving bidentate ligands
with a tunable bite angle. Indeed, this expectation is
confirmed by the preliminary results for oxidative inser-
tion of Pd(PHj3), into the methane C-H bond. Com-
pared to the corresponding process for uncoordinated
Pd, the activation energy for the diphosphine complex
is upraised by ca. 28 kcal/mol. This increase in the bar-
rier stems nearly entirely from the increased activation
strain associated with bending back the phosphine li-
gands in the transition state, while the TS interaction
is constant within a few tenths of a kcal/mol.

4. Conclusions

Introducing ligands, i.e., going from uncoordinated
Pd° to the cis-Pd"(CO),1,, causes a significant increase
of the activation and reaction enthalpies (up to 65
kcal/mol computed at ZORA-BP86/TZ(2)P) for oxida-
tive insertion (OxIn) into C-H, C-I and C-C bonds
and takes away the intrinsic preference of Pd for C-I
over C-H activation. The activation barriers for cis-
Pd"(CO),1, increase in the order C—H (48-49 kcal/
mol) ~ C-I (49 kcal/mol) < C-C (71 kcal/mol).

The main source of the rise in activation energies for
cis-Pd"(CO),1, is the activation strain AE7,. , the in-
crease in energy associated with the geometrical defor-
mation of both substrate and catalyst as they
approach toward the transition state. The activation
strain AE7,;, correlates with the strength AHyona of
the activated C-X bond: both decrease along C-H, C—
C and C-I. Interestingly, also the internal distribution
of strain between catalyst and substrate correlates with
the C—X bond strength: the softer the C—X bond the lar-
ger the fraction of activation strain it absorbs. Thus, the
substrate component of AE7 . and the C-X bond
expansion in the TS increases while the catalyst compo-
nent decreases along C-H, C-C and C-1.

Finally, we have argued that the role of a fixed bite
angle in transition metal complexes is not only to obtain
an optimal catalyst electronic structure and steric de-
mand but also to build-in the catalyst-component
AEimmm of the activation strain into the catalyst itself.
This idea can be used in the rational design of catalysts
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to take away AEimmalt and accordingly lower the barrier

of a particular reaction.
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