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To achieve more insight into palladium-catalyzed-H, C—H, C—C, and C-CI bond activation and the
mutual competition between these processes, several mechanistic pathways for oxidative addition of Pd(0) to
H, (H—H), CH; (C—H), C;He (C—C and C-H), and CHCI (C—Cl) were studied uniformly at the ZORA-
BP86/TZ(2)P level of relativistic nonlocal density functional theory (DFT). Oxidative addition is overall
exothermic for all model reactions studied, with 298 K reaction enthalpés 4g) of —35.7 kcal/mol (C-

ClI) through—9.7 kcal/mol (C-H in CH,). The lowest barrier pathway is the direct oxidative insertion of Pd

into the CG-X or H—H bond (X= H, CHjs, Cl), with 298 K activation enthalpies\H*,q¢) that increase in the

order H-H (—21.7 kcal/mol)< C—Cl (—6.0 kcal/mol)~ C—H (—5.0 and—4.1 kcal/mol for CH and GHg)

< C—C (9.6 kcal/mol). The “straight” @ substitution resulting in PdAGH + X~ or PdH" + H™ is highly
endothermic (144237 kcal/mol) and thus not competitive. Only in the case ofHRdH;Cl is a third pathway

found in which &2 substitution occurs in concert with a rearrangement of thel€lving group from C to

Pd (S2/Cl-ra) leading, in one step, to GPACI via an activation barrieAH*gg of 21.2 kcal/mol. The
competition between the various bond activation processes is analyzed using the activation strain model in
which activation energies\E*) are decomposed into the activation straE{syai) of and the stabilizing
transition state (TS) interactiodE*,)) between the reactants in the activated compl&E* = AE¥gqn +

AE*. Interestingly, the activation straifE*y,in adopts characteristic values for each type of bond and
reaction mechanism. The trend in TS interactid&¥,; turns out to be mainly determined by the doror
acceptor orbital interactions between occupied Pd 4d atomic orbitals and the@raptyor o*4—n) acceptor

orbital associated with the bond to be activated in the substrate.

1. Introduction homogeneous catalyst. This modular approach to theoretical
homogeneous catalysis is designated fragment-oriented design
of catalysts (FDC).

In the present work, a detailed study of th&insic reactivity
of the uncoordinated Pd(0) atom toward, ©H,;, C;He, and

Oxidative addition (eq 1) is a key step in many catalytic
reaction$ and has thus been intensively investigated both
experimentally~7 and theoretically.”~12

oxidative addition CHsCl has been carried out using relativistic nonlocal density
ML+ R=X = ive siminaion * MLn=X @) functional theory (DFT) at the ZORA-BP86/TZ(2)P level (see
) o o ) section 2). This approach was shown previously to yield reliable
The aim of this investigation is to obtain a better understand- trends in reactivity for oxidative insertion of Pd into the-8,
ing of how the electronic structure of a catalyst determines its C—C, and C-Cl bonds of methane, ethane, and chlo-
reactivity toward the archetypical+H, C—H, C-C, and C-Cl romethané# Palladium was chosen because this metal is widely
bonds in H, CHs, CHe, and CHCI. This is of interest also for  ysed in catalysi§ and because the atom has a stable closed-
industrial chemistry, because it enables a more rational designshell ¢ ground staté2which facilitates comparison with
of catalytically active species. One example is the activation closed-shell Pd(0) complexes in future investigations. Thus, we

and subsequent functionalization of the rather inert alkanes (e.g..have explored the potential energy surfaces (PES) of the
CHg).13@ Whereas the long-term purpose of our efforts is following model reactions (eq 2):
understanding and directing, in a rational manner, the factors

that determine the catalytic activity and selectivity of transition H—H activation: Pd+ H, —~ H—Pd—H 2)
metal complexesthe starting point is the investigation of the o

intrinsic reactivity of the transition metahtom Thus, by C—H activation: Pdt CH, —~ CH;—Pd-H (2b)
introducing ligands in a second stage, it can be precisely assessed Pd+ C,H;— CH,CH,—Pd-H (2¢)

how they interfere with the metal electronic structure and how
they exactly affect the activity and selectivity of the resulting C—C activation: Pd+ C,Hs— CH,—Pd—CH, (2d)
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SN2 type reaction that overall leads also to oxidative addition ~ Geometries and energies were calculated using the generalized

(eq 3b) is studied. gradient approximation (GGA). Exchange is described by
Slater's X potentiall” with nonlocal corrections due to
OxIn Beckel’®! Correlation is treated in the VoskaVilk —Nusair
Pd + CHy X —— (VWN) parametrization using formula ¥™ with nonlocal
r pa 1% corrections due to PerdeM! Relativistic effects were taken into
account by the zeroth-order regular approximation (ZORA).
”.----‘.‘X —_— > CHyPdX () Prior investigations showed that relativistic effects are significant

for our systems and that the ZORA formalism is well-suited

- for describing them?

SN2 All energy minima and transition stdté structures were

Pd + CHy X ——— verified by frequency calculatiorg® for minima all normal

modes have real frequencies, whereas transition states have one

normal mode with an imaginary frequency. The character of

Pd-----g----- X | — —— CHyPd-X  (3b) the normal mode associated with the imaginary frequency was

analyzed to ensure that the correct transition state was found.

- Enthalpies at 298.15 K and 1 atmKl,qg) were calculated

from O K electronic energies\E) according to eq 4, assuming

This extends our previous work in three ways: (i) theH an ideal gad®

bond is included; (ii) the €H bond is now studied in two

different substrates, methane and ethane; and (jii) for all bonds AH,,, = AE + AE, 405 2067 AEor 205+ AEip o+

an §2 pathway is included into the exploration of the PES, in

additior? to dirt)e/ct oxidative insertion. IIon this way, a uniform AlAByip 005+ APY) (4)

treatment of different reaction mechanisms for the broad .
spectrum of H-H, C—H, C—C, and G-Cl bond activation is ~ 1€"€AEuans208 AEror.208 andAE,ip 0 are the differences between

achieved. products and reactants in translational, rotational, and zero point
The competition between the various bond activation pro- vibrational energy, respectivelys(Au)zss is the change in

cesses and mechanisms is analyzed using the activation strair%he wbrqﬂongl energy dlfferencg as one goes from 0 to 298.15
R - . . . K. The vibrational energy corrections are based on the frequency
(or activation strairr TS interaction, ATS) model originally

introduced in the context of elementary organic reactiéfin ?(?rlgvlf/ftrlggcst.a-lr-:se (rgolag:jvgrrll( dtgg(cpov)m';n(ﬁn)gzﬁen:e;ies
the activation strain model, activation energieSE() are Thermal correction.sg;‘lor the electronic energ are neplectea
decomposed into the activation strainE*sy.i) of and th 9y 9 ’

stabilizing transition state (TS) interactionE*;,) between the
reactants in the activated compleAE* = AE¥gain + AE¥in.
At this point, we anticipate that the activation stra\i*syain 3.1. Reaction Profiles and Geometriedn this section, the
turns out to adopt characteristic values for each type of bond potential energy surfaces (PES) of the various oxidative insertion
and reaction mechanism. Furthermore, the concept of TSand 2 reactions are discussed. The results are summarized in
interactionAE*,; provides the necessary basis for understanding Figures 1 and 2 (geometries) and Table 1 (energies). First, the
how the activity of a catalyst depends on its electronic structure. direct oxidative insertion (OxIn) reactions are presented. For
This paper is organized as follows. After the description of all substrates, they proceed from a reactant complex via a TS
our quantum chemical method in section 2, we proceed in 0 @ product; see Figure 1. .
section 3.1 with the exploration of the PES of the various  The oxidative insertion of Pd- H, comes along with a
model reactions. Next, in section 3.2, the activation strain elatively flat PES; see Table 1. The activation barriet &1.7
model of chemical reactivity is introduced. This model is applied kcal/mof© relative to the reactants. In the transition state, the
in section 3.3 in which the competition between the different H—H bond distance has been stretched by 0.634 A (85%) and
model bond activation processes, i.e., the relative heights of amounts to 1.383 A. There is essentially no reverse barrier, only
activation barriers, is analyzed. The conclusions are summarized? slight barrier of 0.5 kcal/mol on the electronic energy surface.

3. Results and Discussion

in section 4. The C-H activation is investigated using two different
substrates, ClH(2a) and GHs (34). In this way, we can reveal
2. Methods if, for example, the activation strain (see section 3.2) adopts a

characteristic value for a particular type of bond (i.e., thetC

All calculations are based on density functional theory bond) in different substrates. Geometries for both reactions are
(DFT)1516 and have been performed using the Amsterdam shown in Figure 1 (structureza—d and 3a—d). Again, one
density functional (ADF) progrart!. MOs were expanded in a  finds relatively stable reactant complex@b, and 3b, respec-
large uncontracted set of Slater-type orbitals (STO5)he tively, in which Pd binds symmetrically to two-€H bonds of
basis is of triple§ quality, augmented with two sets of the substrate. Such a high stability is confirmed by gas-phase
polarization functions: 2p and 3d for hydrogen and 3d and 4f experiments where corresponding long-range complexes could
for carbon, oxygen, and chlorine. The palladium atom is be found for some alkané®.In fact, the reactant complexes
represented by a triplétype basis set augmented with one 5p for all substrates but Ci€I are of about the same thermody-
polarization function. The core shells of carbon (1s), oxygen namic stability as the corresponding product of oxidative
(1s), chlorine (1s2s2p), and palladium (1s2s2p3s3p3d) wereaddition to Pd. For Chkl(eq 2b), the activation enthalpy 5.0
treated by the frozen-core approximatigh An auxiliary set kcal/mol relative to the reactants. In the TS, thekCbond has
of s, p, d, f, and g STOs was used to fit the molecular density been stretched by 0.517 A (47%) and amounts to 1.613 A. The
and to represent the Coulomb and exchange potentials accurate\C—H activation in GHg (eq 2c) proceeds via a transition state
in each SCF cyclé’ 3cat—4.1 kcal/mol relative to the reactants, to a proddctat
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Figure 1. Geometries (in A, deg) at ZORA-BP86/TZ(2)P of stationary points along the potential energy surface for oxidative insertion (OxIn)

Diefenbach and Bickelhaupt

reaction of Pd into the HH bond of K (1), the C-H bond of CH, (2), the C-H bond of GHs (3), the C-C bond of GHs (4), and the C-Cl bond

of CHsCI (5).

—11.6 kcal/mol. The €H bond of the TS is lengthened by
0.530 A (48%) and amounts to 1.629 A. This is very similar to
the C—H activation of CH. The reaction may further proceed
via a second transition state (0.6 kcal/mol abd®e and
corresponding to an internal rotation around the-Bdbond)

to a conformation that is 0.4 kcal/mol more stable than the initial
product complex3d.

The OxIn activation of the €C bond of ethane (eq 2d) starts
from the reactant compleb being identical to structurab.
The barrier of the transition stade is 9.6 kcal/mol, significantly
higher than in the HH or C—H activation. Yet, in the TS, the

1.929 A; the relative stretching is less than in the-#H and
C—H activations.

The activation of CHCI 5a by direct oxidative insertion of
Pd is connected with a slight lengthening of the @ bond by
0.165 A (9%) in the TS, where this bond has a length of 1.968
A. The activation barrier of-6.0 kcal/mol is lower than for
the C-H and C-C activation. The formation of produéd is
the most exothermic oxidative addition among the model
reactions studied, with a reaction enthalpy-&35.7 kcal/mol.

The activation enthalpieAH*,gg increase in the order HH
< C—Cl = C—H < C—C. Previous explanations concentrate

C—C bond is only stretched by 0.397 A (26%) and amounts to on the directionality of the methyl 8mrbital!" and on the
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Figure 2. Geometries (in A, deg) at ZORA-BP86/TZ(2)P of stationary points along the potential energy surface fqRABErSarrangement

reaction of Pd with ChCI.

TABLE 1: Reaction Profiles at BP86/TZ(2)P for the
Oxidative Insertion, the Sy2, and the S2/Leaving Group
Rearrangement Reactions of Pd with H, CH,, C;Hg, and
CH3Cl: 298 K Enthalpies (in kcal/mol) Relative to the
Reactants

activated reactant  transition
bond reactants complex state product
Oxidative Insertion
H—H Pd+ H; —24.4 —21.7 —21.1
(—24.5) (—-21.7® (—22.2)
C—H Pd+ CH, —-11.4 —5.0 —9.7
Pd+ C;Hs —-11.6 —4.1 -11.8
c-C Pd+ CHs —-11.6 9.6 —-14.1
C—Cl Pd+ CHsCI —-15.6 —6.0 —35.7
Sy2 Substitution
H—H Pd+ H, —24.4 d 237.0
C—H Pd+ CH, —-11.4 d 228.
c-C Pd+ CyHs —-11.6 d 228.6
C—Cl Pd+ CHsCI —-10.1° d 143.5
S\2/Cl-Rearrangement
C—ClI Pd+ CHsCI —-10.1 21.2 —35.7

azero Kelvin electronic energie8Primary product of insertion.
Rearrangement via second TSI(1.0 kcal/moal) to final product12.0
kcal/mol). ¢ Separate & reactant complex: Pd coordinates sym-
metrically to two G-H bonds of chloromethané@No reverse activation
barrier.® Dissociated products of straight&Sreaction.

energy necessary to tilt the methyl groups of dhd GHg
toward the metalli in C,He, there are two methyl groups to be
bent, which leads to a higher barrier. However, as will become
clear in section 3.3, the activation strain analysis reveals that it
is not a higher strain in ethane that causes the barrier fa€ C
activation to be higher than that of-& activation.

Next, the K2 type reactions are discussed. The products of
the “straight” $2 reaction, i.e., Pdi + H~ and PdCH' +
H-, CH;~ and CI, are highly endothermic due to the
concomitant charge separation, with reaction enthalpies ranging
from 144-237 kcal/mol (Table 152 All Sy2-type reactions
occur without reverse activation barrier. In other words, there
is no stationary point on the PES associated with a regyar S
transition state. However, for reaction 2e, Rd CHsCl, a
transition state6c, could be found that corresponds to ai2S
substitution occurring in concert with a rearrangement of the
leaving group Ct (S\2/Cl-ra); see Figure 2. This leads to the
oxidative addition produdid. The latter is identical to structure
5d. Note, however, that then8/Cl-ra mechanism goes with
inversion of configuration at the carbon atom of the activated
C—X bond, whereas the OxIn mechanism is associated with
retention of configuration. Thus, the two pathways yield different

we aim at rationally tuning the relative reactivity of these two
pathways and, thus, the stereochemistry efGT bond activa-
tion. For the other substrates, a TS associated with\@iC$-

ra mechanism could not be found. The barrier of thg/Sl-ra
pathway of Pd+ CHsClI, although much lower than that for
straight &2 substitution, is 21.2 kcal/mol, still much higher
than the barrier of direct oxidative insertior-§.0 kcal/mol,
Table 1)%2

Entropy effects at 298 K are important in the sense that they
increase the magnitude of the activation free enex@®/ by a
few kcal/mol, but they do not discriminate much between the
various bond activation reactions and pathways considered.
Thus, the 298 K activation entropigsS* for direct oxidative
insertion (OxIn) of Pd are all negative and amountth8.1
(H—H), —22.5 (C-H in methane),—24.3 (C-H in ethane),
—26.1 (C-C), and —23.4 cal/mol K (C-ClI); the activation
entropy for the {2/Cl-ra pathway to €Cl bond activation is
—21.6 kcal/mol (entropies are not shown in Table 1). The
corresponding—TAS* values vary from 5.4 (HH) to 7.8
(C—C) kcal/mol, which, in terms of relative activation free
energiesAG*, essentially does not change the picture that arises
from the activation energieAE*. Therefore, in the following,
we focus on further analyzing the origin of and difference
between the energy barriensE* of the reactions.

3.2. Activation Strain Model. To gain insight into how the
activation barriers of the different oxidative insertion reactions
arise, i.e., insight into how they depend 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 reactivif2 In this model, the
activation energyAE* is decomposed into the activation strain
AE*gain and the transition state (TS) interactiokE*; (see
eq 5 and Figure 3):

+ AE"

int

AE* = AIE*S,'(rain (5)

The activation straim\E*syain is the strain energy associated
with deforming the reactants from their equilibrium geometry
to the geometry they acquire in the activated complex (Figure
3). The TS interactiom\E¥y is the actual interaction energy
between the deformed reactants in the transition state. In the
present study, one of the reactants is the Pdadom and

the other reactant is one of the substrates®H,, C;Hs, and
CHsCI.

The TS interactiomME*; between the strained reactants is

enantiomers as product in the case of more complex substrategurther analyzed in the conceptual framework provided by the

that involve an asymmetric carbon atom in the activateeXC
bond. In forthcoming studies, using the activation strain model,

Kohn—Sham molecular orbital (KS-MO) mod& To this end,
it is further decomposed into three physically meaningful terms
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Figure 3. lllustration of the activation strain model in case of K

CR;-[M]-X

bond activation by a transition metal system [M]. The activation energy

AE* is decomposed into the activation stralE*y.n of and the
stabilizing TS interactiol\E*;,; between the reactants in the transition
state AE¥ may be further analyzed).

TABLE 2: Analysis of the Activation Energies for Oxidative
Insertion of Pd into the Indicated Bonds of H,, CH,4, C,He,
and CHzCl in Terms of the Activation Strain Model

activated H> CHs4 CoHe CoHe CH3C|
bond H—H C—H C—H c-C C-C1
Energy Decomposition (in kcal/mol)

AE* -21.7 -1.6 -0.7 126 —4.3
AEstrain 55.6 53.5 54.7 39.4 8.8

E¥int -77.3 —55.1 —55.4 -26.8 -—13.1
AEpauii 208.7 2111 209.8 192.6 112.3
AVeist —183.7 -—-1704 —1719 —1395 -76.7

Eoi —102.3 —95.8 —93.3 —79.9 —487

Fragment Orbital OverlafiPd substratél
4dLumond 0.300 0.327 0.450 0.136 0.082
BgHOMOO 0.566 0.401 0.359 0.213 0.144
Fragment Orbital Population (in electrons)
Pd 5s 0.45 0.38 0.38 0.22 0.18
Pd 4d 9.28 9.32 9.31 9.42 9.59
substrate LUMO 0.43 0.36 0.36 0.25 0.17
substrate HOMO 1.73 171 1.74 1.83 1.91
Fragment Orbital Energy (in eV)

Pd 5s —3.423 —3.423 —3.423 —3.423 -3.423
Pd 4d —4.193 —4.193 —4.193 —4.193 -4.193
substrate LUMO —2.854 —1.625 —1.597 -0.391 -2.066
substrate HOMO —8.438 —7.435 —6.806 —7.303 —7.142

(eq 6) using the extended transition state (ETS) méthod
developed by Ziegler and Rauk.

+
AE int — AVelst

+ AEPauli + AEoi (6)

Diefenbach and Bickelhaupt

mechanistic pathways (e.g., OxIn v§2Cl-ra), whereas it
adopts more or less the same value for one type of bond, say
an aliphatic G-H bond, in different substrates (for example,
the C—H activation in CH, C,He, and, not shown here, GH

Cl). This is true also for the activation strakE*yain The latter
adopts characteristic values for each type of bond. For example,
for the palladium-induced activation of-@4 and C-C bonds,

it amounts to ca. 54 and 39 kcal/mol, respectively. However,
an important difference between activation energy and activation
strain is that the latter correlates neatly with the bond strength
of the activated bond and with the percentage-wise extent of
bond stretching in the transition st&feTypical strengths and
lengths of the bonds under investigation are given: 104 (H
H), 99 (C-H), 83 (C-C), and 78 kcal/mol (€CI), and~0.7
(H—H), ~1.1 (C-H), ~1.5 (C-C), and~1.8 A (C—Cl).24We
recall that the relative bond stretching in the TS for oxidative
insertion is 85% (H-H), ca. 47% (C-H), 26% (C-C), and 9%
(C—CI). Thus, both the bond strength and the percentage-wise
bond elongation in the TS decrease in the ordettH> C—H

> C—C > C—CI. Note that the activation strain for direct
insertion (OxIn) decreases in the same order, namely, from 56
to 54 to 39 to 9 kcal/mol along HH, C—H, C—C, and C-Cl.

Note in particular that the strain in the TS for-C activation

(39 kcal/mol) is lower than that for €H activation (54 kcal/
mol). This contradicts earlier explanatidts that ascribe the
higher barrier for C-C than C-H activation to the higher strain
that results from tilting the Sphybridized SOMO of two instead

of only one methyl group in the TS (see section 3.1). While it
is obviously true that €C activation involves tilting twice the
number of methyl groups as-€H activation, it is simply not

the decisive factor. The trend in activation strain is determined
by the lesser extent (both absolute and percentage-wise)6f C
bond elongation that is required for achieving the TS for
oxidative insertion of the Pd atom into this bond.

Whereas the activation straE*g,in appears to depend in
a straightforward manner on the strength and length of the
activated bond? no such obvious correlation exists for the
activation barrieAE*, which shows a more complex behavior.
This is because of the interplay of counteracting trends in
AE*ain and AE%,.. The latter weakens from77 to —55 to
—27 to—13 kcal/mol along H-H, C—H, C—C, and C-ClI (see
Table 2). To trace the origin of the trend in TS interaction, we
have decomposeNE® into electrostatic attractionVes, Pauli
repulsion AEp,y;, and orbital interactiong\E,; between pal-
ladium and the substrate (see section 3.2). Both, the electrostatic
attraction and Pauli repulsion correlate perfectly with the
catalyst-substrate distance: they become weaker as the catalyst
substrate distance increases, i.e., in the ordeHH C—H >
C—C > C—Cl, because of the decreasing overlap integrals (not

The term AVes corresponds to the classical electrostatic Shown in Table 2) between the charge density distributions/
interaction between the unperturbed charge distributions of the 9ccupied orbitals of the two molecular fragments. The decrease
deformed reactants and is usually attractive. The Pauli repulsionin Paulirepulsioncounteracts the overall trend in decreasing
(AEpau) comprises the destabilizing interactions between oc- 1S interaction. It is the orbital interaction enerdyEi that
cupied orbitals and is responsible for the steric repulsion. The together with the electrostatic attraction (vide supra) determines

orbital interaction AE,;) accounts for charge transfer (interaction

the trend in TS interaction: just as the lattAE,; become less

between occupied orbitals on one moiety with unoccupied Stabilizing along the series+H > C—H > C-C > C—Cl,

orbitals of the other, including the HOM&.UMO interactions)
and polarization (emptyoccupied orbital mixing on one
fragment due to the presence of another fragment).

3.3. Analysis of the Activation Barriers for Bond Activa-

tion. The results of the activation strain analysis are listed in

Table 2. The activation energ§E* takes, not unexpectedly,

see Table 2. The energy teriE,; is provided by donor
acceptor interactions of the occupied orbitals of one fragment
with the unoccupied orbitals of the other fragment (and vice
versa) and tightly depends on orbital overlap properties and
orbital energies of both the catalyst and the substrate frontier
orbitals.

characteristic values for particular bonds and mechanisms. Thus, The Kohn—Sham MO analyses reveal two important orbital

it differs for different bond types (e.g.,€H vs C-C) and

interaction features in the transition stafies 2c, 3¢, 4c, and
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Figure 4. Schematic representation of the frontier orbital interactions
between Pd and the substrates, I€H,, C;Hg, and CHCI in the
transition states for oxidative insertion, emerging from the Ke§ham
MO analyses of the corresponding TS interactidisf,, at ZORA-
BP86/TZ(2)P.

5¢, which are shown in Figure 4: (i) back-donation from the
Pd 4d atomic orbital (AO) into the substrate’s LUMO (lowest
unoccupied molecular orbital) and (ii) donation of the substrate’s
HOMO (highest occupied molecular orbital) into the Pd 5s AO.
The Pd 5p orbitals do not significantly participate in these
interactions. Back-donation from Pd 4d into the substrat&’s
LUMO dominates the trend iAE,; because of the relatively
small orbital energy gap for this interaction. We recall that the
stabilization QA¢) of the bonding Pd 4d ¢* combination of
fragment orbitals with respect to the energy of the occupied
fragment orbitals{(Pd 4d)] is in good approximation propor-
tional to Pd 4do* @le(Pd 4d) — ¢(o*), that is, the overlap
integral squared divided by the difference in orbital eneréfies.
As can be seen in Table 2, the HOMQUMO gap for back-
donation,e(Pd 4d)— ¢(o*), ranges from 1.3 to 3.8 eV and is
thus significantly smaller than that for donation from the
substrate HOMO to Pd 5s, which ranges from 3.7 to 5.0 eV.
This makes Pd 4do* back-donation a stronger interaction with
stronger relative variations and thus the dominant factor, while
the influence of donation from the substrate HOMO into the
Pd 5s LUMO is limited. The orbital energy differene@d 4d)

— ¢(0*) increases significantly from 1.3 to 2.6 to 3.8 eV along
H—H, C—H (both in methane and ethane), ane-C, in line
with the trend of a decreasing overalE,; term (Table 2). The
increasing HOMG-LUMO gap is caused by the fact that the

J. Phys. Chem. A, Vol. 108, No. 40, 2008465

donation is further reinforced by that in (the energetically less
important, vide supra) donation from substrate HOMO to Pd
5s; that is, the extent of depopulation of the substrate HOMO
changes at first only slightly from 0.27 @HH) to 0.26-0.29
(C—H) and then more pronouncedly to 0.17«C) and 0.09
electrons (C-Cl) [i.e., the substrate HOMO population varies
from 1.73 (H-H) to 1.71-1.74 (C-H) and increases thereafter
more pronouncedly to 1.83 (€C) and finally 1.91 electrons
(C—Cl); see Table 2].

4. Conclusions

Pd(0)-catalyzed activation of prototypicaHti, C—H, C—C,
and C-ClI bonds (i.e., oxidative addition of these bonds to a
Pd d° atom) is exothermic and occurs via direct oxidative
insertion of the metal atom; an alternative nucleophilic substitu-
tion mechanism is kinetically strongly disfavored. Activation
enthalpiesAH¥,9g for the OxIn pathway, computed at ZORA-
BP86/TZ2P, increase in the orderti < C—Cl ~ C—H <
C—C. To arrive at an understanding of the origin and relative
heights of the reaction barriers associated with the above bond
activation processes, we have analyzed them using the activation
strain model in which the activation energ¥e* is decomposed
into the activation strail\E*gyqin 0f and the stabilizing transition
state (TS) interactioPAE¥,; between the reactants in the
activated complexAE* = AE*gqin+ AE¥. Interestingly, the
activation strainAE¥.in adopts a characteristic value for a
particular type of bond and reaction mechanism. In forthcoming
work, we explore the possibility of using this concept for
rationally steering the selectivity of a model catalyst. In a first
stage, we aim at controlling the stereochemistry of-Cf bond
activation (i.e. a €Cl bond with an asymmetric carbon atom)
by tuning, through a clever choice of one or more ligands, the
TS interactionAE¥, in favor of direct insertion (which leads
to retention of configuration) or nucleophilic substitution (which
leads to inversion of configuration).
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