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Abstract

We have studied the oxidative addition of the methane C—H and chloromethane C—CI bonds to a number of main group (Be, Mg and
Ca) and transition metals (Pd, Zn and Cd), using relativistic density functional theory (DFT) at ZORA-BLYP/TZ2P. The purpose is to
better understand what causes the characteristic differences in reactivity between main group and transition metals towards oxidative
addition. Thus, we have analyzed our model reactions using the Activation Strain model in which the activation energy AE” is decom-
posed into the activation strain AE7 ;. of and the stabilizing TS interaction AE?;I between the reactants in the activated complex:
AE? = AE7 ;. + AE7,. Activation of the C—H bond goes with higher barriers than activation of the C~Cl bond because the higher bond
strength of the former translates into a higher activation strain AE7, . The barriers for bond activation increase along Pd < Be,

Ca < Mg < Zn, Cd. This can be straightforwardly understood through the TS-interaction AE?,, that is, in terms of the bonding capa-

int>

bilities of the metals. Pd yields the lowest barriers because it achieves the most stabilizing AE;. This is the result of the small

HOMO-LUMO gap between its occupied 4d and unfilled 5s AOs, which makes Pd both a good electron donor and acceptor. Zn
and Cd yield the highest barriers because the large HOMO-LUMO gap between the occupied valence ns and unfilled valence np

AOs makes them both poor donors and poor acceptors of electronic charge.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Oxidative addition and reductive elimination (Eq. (1))
are key steps in many reactions of homogeneous catalysis
[1,2] and have been intensively investigated both experi-
mentally [2-4] and theoretically [4-10]

Oxidative Addition
Reductive Elimination

ML, +R-X R-ML,-X (1)
A well-known class of processes involving oxidative addi-
tion is catalytic C—X bond activation [11-13]. The catalyt-
ically active species in these reactions are generally
coordination complexes of palladium or other transition-
metals. Main-group metals do have a rich chemistry [12—
15] but they are commonly not involved in catalytic bond
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activation through oxidative insertion. An exception is car-
bon-halogen bond activation by ground-state magnesium
through matrix deposition, which yields Grignard’s reagent
RMgX [12,13,15,16].

In the present study, we aim at obtaining more insight
into why transition metals are better agents for oxidative
insertion than main-group metals such as alkaline earths.
Oxidative insertion of a metal into a C—X bond is associ-
ated with increasing the oxidation state of the metal atom
by +2. The particular capability of transition metals to
undergo such reactions has been ascribed, amongst others,
to the ease with which they can change their oxidation state
[12]. In a sense, however, this is a reformulation of the
question rather than an answer. Here, we make an attempt
to trace the characteristic difference in reactivity between
transition and main-group metals to corresponding char-
acteristic features in their orbital electronic structure. To
this end, a detailed study of the reactivity of a series of
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transition and main-group metals towards the methane
C-H and chloromethane C-Cl bonds has been carried
out using relativistic nonlocal density functional theory
(DFT) at the ZORA-BLYP/TZ2P level (see Section 2).
This approach was previously shown to agree excellently
with highly correlated ab initio benchmark studies for
describing the insertion of palladium into C-H, C-Cl and
other bonds [8-10]. Our investigation covers the transition
metal Pd and the alkaline earth metals Be, Mg and Ca.
Furthermore, we have included the group-12 transition
metals Zn and Cd, the behavior of which is known to
resemble, to some extent, that of the alkaline earths
[12,14]. Thus, all together, the potential energy surfaces
(PES) of the following model reactions (Egs. (2) and (3))
were explored and compared:

M + CH; — CH;-M-H (M = Pd, Be, Mg, Ca, Zn, Cd)

(2)
M + CH;Cl — CH;-M-Cl (M = Pd, Mg, Zn, Cd) (3)
These model reactions reveal the intrinsic characteristics
of and differences between the categories of metals, that
is, their behavior in the absence of solvent molecules
and ligands. While the latter may substantially affect the
precise shape of PESs for real condensed-phase reactions,
our study suggests that essential aspects of their behavior
are inherited from this intrinsic nature of the metal atoms.
The difference in reactivity for the various combinations
of inserting metals and bonds is analyzed and interpreted in
terms of the Activation Strain model of chemical reactivity
[6,7,17]. In this model, activation energies AE” are decom-
posed into the activation strain AE7_,, of and the stabiliz-
ing transition state (TS) interaction AE7, between the
reactants in the activated complex: AE* = AE7, .+ AE7,.
The activation strain AE7, . depends on the strength of
the activated bond and on the extent to which a particular
metal expands the bond in the activated complex. The TS
interaction AE?; is directly determined by the bonding
capabilities and, thus, the frontier orbitals of the reactants.
As will emerge from our analyses, much of the characteris-
tics of Pd versus alkaline earths versus group-12 metals can
be traced to the respective valence configurations: s°d'°,
s?d” and s?d'°, respectively. In practice, of course, catalytic
activity and selectivity of solution-phase transition or main-
group metal complexes are substantially affected by coordi-
nation of ligands and interaction with solvent molecules.
However, the starting point in this pilot study is the inves-
tigation of the intrinsic reactivity of the transition metal
atom.

2. Methods
2.1. Computational details
All calculations are based on density functional theory

(DFT) [18], using the amsterdam Density Functional (ADF)
program [19,20]. The BLYP density functional was used

[21], in combination with a large uncontracted set of Sla-
ter-type orbitals (STOs) containing diffuse functions. This
basis set is designated TZ2P: it is of triple-{ quality and
has been augmented with two sets of polarization functions
on each atom. The core shells of carbon (1s), chlorine
(1s2s2p), beryllium (1s), magnesium (Is), calcium
(1s2s2p), zinc (1s2s2p), palladium (1s2s2p3s3p3d), and cad-
mium (1s2s2p3s3p3d) were treated by the frozen-core
approximation [19]. An auxiliary set of s, p, d, f and g
STOs was used to fit the molecular density and to represent
the Coulomb and exchange potentials accurately in each
SCF cycle [19]. Relativistic effects were accounted for using
the zeroth-order regular approximation (ZORA) [22]. This
computational approach was shown to be in good agree-
ment with high-level ab initio calculations for oxidative
addition reactions to Pd [8-10].

Equilibrium and transition state geometries were fully
optimized using analytical gradient techniques. All struc-
tures were verified by frequency calculations: for minima
all normal modes have real frequencies, whereas transition
states have one normal mode with an imaginary frequency.
The character of the normal mode associated with the
imaginary frequency was analyzed to ensure that the cor-
rect transition state was found.

2.2. Activation Strain analyses

To gain insight into how the use of different metals and
different substrates affects the activation barriers of the dif-
ferent oxidative insertion reactions, i.e., insight into how
this effect depends on the nature of the concomitant geo-
metrical deformation and electronic structure of reacting
metal and substrate, the reactions were analyzed using
the Activation Strain model of chemical reactivity
[6,7,17]. In this model, the activation energy AE” is decom-
posed into the activation strain AE?_. and the transition

strain

state (TS) interaction AEfflt (see Eq. (4) and Fig. 1):

AE# = AEjrain + AE?; (4)
The activation strain AEZiram is the strain energy associated
with deforming the reactants from their equilibrium geom-
etry to the geometry they acquire in the activated complex
(Fig. 1). The TS interaction AE7, is the actual interaction
energy between the deformed reactants in the transition
state. In the present study, one of the reactants is the neu-
tral metal atom and the other reactant is one of the sub-
strates CH4 and CH;Cl.

The TS interaction AE7, between the strained reactants
is further analyzed in the conceptual framework provided
by the Kohn-Sham molecular orbital (KS-MO) model
[23]. To this end, it is further decomposed into three phys-
ically meaningful terms (Eq. (5)) using the extended transi-
tion state (ETS) method developed by Ziegler and Rauk
[24]:

AEZ;[ = AVelst + AEvPauli + AEwoi (5)
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X

M + '

CH;-M-X

Fig. 1. Illustration of the Activation Strain model in case of oxidative
insertion of a metal M into a C—X bond. The activation energy AE” is
decomposed into the activation strain AE?, . of and the stabilizing TS

strain

interaction AE7, between the reactants in the transition state.

The term AV, corresponds to the classical electrostatic
interaction between the unperturbed charge distributions
of the deformed reactants and is usually attractive. The
Pauli repulsion AEp,,; comprises the destabilizing interac-
tions between occupied orbitals and is responsible for any
steric repulsion. The orbital interaction AE,; accounts for
charge transfer (interaction between occupied orbitals on
one moiety with unoccupied orbitals of the other, including
the HOMO-LUMO interactions) and polarization
(empty—occupied orbital mixing on one fragment due to
the presence of another fragment).

3. Results and discussion
3.1. Reaction profiles and geometries

In this section, we discuss the potential energy surfaces
(PESs) of the various oxidative insertion reactions as well
as the geometries of stationary points along the reaction
coordinate. The results are summarized in Figs. 2 and 3
(geometries), Fig. 4 (reaction profiles) and Table 1 (ener-
gies). The results of the Activation Strain analyses are dis-
cussed in Section 3.2.

The reactions of Pd + CH4 and Pd + CH;Cl have been
reported before [8,10,25]. The latter, i.e., Pd + CH;CI,
may also proceed via an alternative, higher-energy Sn2
pathway for the details of which the reader is referred to
Refs. [10,25]. Here, we will focus on oxidative insertion.

All model reactions proceed from the reactants via a
transition state (TS) to a product (P), see Figs. 2 and 3.
The reactions of Pd involve, in addition, the formation of
a stable reactant complex (RC) prior to advancing to the
TS, see 2a and 9a in Figs. 2 and 3. For all other metals,
such encounter complexes are essentially unbound and

Fig. 2. Geometries (in A, °) at ZORA-BLYP/TZ2P of stationary points
along the potential energy surface for oxidative insertion of Pd, Be, Mg,
Ca, Zn, and Cd into the C-H bond of CH,4.

thus not existent. Table 1 contains the energies relative to
reactants of all stationary points along the potential energy
surface. The activation and reaction energies are also
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Fig. 3. Geometries (in A, °) at ZORA-BLYP/TZ2P of stationary points
along the potential energy surface for oxidative insertion of Pd, Mg, Zn,
and Cd into the C-Cl bond of CH;Cl.

graphically represented in the bar diagram of Fig. 4. Two
striking trends emerge: (i) the activation energies for inser-
tion into the C—H bond are significantly higher than those
for insertion into the C—Cl bond; (ii) activation energies
increase roughly in the order Pd < alkaline earths < group
12 (or more precisely Pd < Be, Ca < Mg < Zn, Cd).

The activation energies for oxidative insertion into the
C-H bond of methane (1) are between 4 and 96 kcal/mol
and are significantly higher than those for oxidative inser-
tion into the C—Cl bond of chloromethane (2) which range
from —1 up to only 46 kcal/mol (see Table 1 and Fig. 3).
The Activation Strain analysis of Section 3.2 will reveal
that the lower barrier for insertion into the C—Cl bond is
related to the fact that the C—Cl bond is weaker than the
C-H bond. Insertion into the C—CI bond is overall also sig-

120
100 -

CH CCl1

Relative Energy (kcal/mol)

Pd Be

Mg Ca Zn Cd Pd Mg Zn Cd

Fig. 4. Activation (left bars) and reaction (right bars) energies (in kcal/
mol; relative to reactants) at ZORA-BLYP/TZ2P for the oxidative
insertion reactions of Pd, Be, Mg, Ca, Zn and Cd with CH,4, and Pd, Mg,
Zn and Cd with CH;CL.

Table 1

Reaction profiles (in kcal/mol; relative to reactants) for the oxidative
insertion reactions of Pd, Be, Mg, Ca, Zn and Cd with CH,4, and Pd, Mg,
Zn and Cd with CH;CI*

Activated Reactants Reactant Transition Product

bond complex state

C-H Pd -+ CH," -6.7 3.9 -3.4
Be + CHy4 ¢ 51.0 —40.6
Mg+ CH, ¢ 76.7 16.0
Ca+ CHy ¢ 51.7 14.9
Zn + CHy ¢ 91.6 20.4
Cd + CH, ¢ 96.1 32.7

c-Cl Pd + CH;CI¢ -12.9 —0.6 —33.1
Mg + CH;Cl ¢ 24.6 —49.7
Zn + CH;Cl ¢ 44.3 -29.6
Cd + CH;Cl ¢ 46.0 —15.5

# Computed at ZORA-BLYP/TZ2P.
® From Ref. [8].

¢ RC unbound.

4 From Ref. [10].

nificantly more exothermic than insertion into the C-H
bond (see Table 1 and Fig. 3). Most products have Cj,
point-group symmetry with a linear C-M-H or C-M-Cl
unit. Exceptions are the products of Pd + CH4 (2¢) and
Pd + CH;Cl (9¢), which have C-Pd-H and C-Pd-Cl angles
of 87° and 98°, respectively, and the product of Ca + CHy
(5¢), which has a C-Ca-H angle of 129°.

Next, we have a closer look at the activation energies
and TS structures for oxidative insertion into the methane
C-H bond and how they depend on the inserting metal
atom. The activation energies are 3.9 kcal/mol (Pd),
51.0 kcal/mol (Be), 76.7 kcal/mol (Mg), 51.7 kcal/mol
(Ca), 91.6 kcal/mol (Zn) and 96.1 kcal/mol (Cd, see Table
1). Thus, the transition metal Pd has by far the lowest bar-
rier followed, with significantly higher barriers, by the alka-
line earths and, finally, the group-12 transition metals. All
TS structures have C; point-group symmetry and are char-
acterized by an elongation of the activated C—H bond. The
trend in C-H bond elongation along the various metals
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roughly reflects the trend in activation energies: it varies
from +0.520 A (Pd), to +0.499, +1.092 and +0.863 A
(Be, Mg and Ca) to +1.225 and +1.355 A (Zn, Cd, see
Fig. 2). This corresponds to percentage-wise elongations
of 46-124%. In case of the transition states of Mg (4b),
Zn (6b) and Cd (7b), the methyl group has, in addition,
considerably flattened and is tilted with respect to the elon-
gated C-H bond (Fig. 2). In all transition states (3b-7b)
except that of Pd (2b), the methyl group is staggered with
respect to the metal. In the TS of Pd (2b) it is eclipsed.
These differences are however not that significant. The
essential physics is that the methyl group in these structures
is virtually a free internal rotor with a rotation barrier in
the order of a few tenths of a kcal/mol [10]. Later on, in
Section 3.2, we will see that the above trends in activation
energy and C-H bond clongation are related in a straight-

Table 2

4345

forward manner to the valence configuration of the metal
atoms.

Similar trends are found for the activation energies and
TS structures for oxidative insertion into the chlorometh-
ane C-Cl bond. These activation energies relative to reac-
tants are —0.6 (Pd), 24.6 (Mg), 44.3 (Zn) and 46.0 kcal/
mol (Cd, see Table 1). Again, the transition metal Pd has
by far the lowest barrier followed, with significantly higher
barriers, by the alkaline earth Mg and the group-12 transi-
tion metals. All TS structures have C; point-group symme-
try and are characterized by an elongation of the activated
C—Cl bond. Also, the trend in C—Cl bond elongation along
the various metals again roughly reflects the trend in acti-
vation energies: it varies from —+0.228 (Pd), to +0.807
(Mg) to +0.714 (Zn) and +0.812 A (Cd) (see Fig. 3 and
Table 2). This corresponds to percentage-wise elongations

Analysis of the activation energies for Pd, Be, Mg, Ca, Zn, and Cd induced activation of the C—H bond of CH,4 and the C-Cl bond of CH3Cl in terms of

the Activation Strain model

C-H Cc-Cl1
Pd Be Mg Ca Zn Cd Pd Mg Zn Cd
Energy decomposition (in kcallmol)
AE” 3.9 51.0 76.7 51.7 91.6 96.1 —0.6 24.6 443 46.0
AE?rain 52.2 422 105.0 74.6 117.6 122.3 9.9 39.7 40.4 46.0
AEfn —48.3 8.8 —28.3 —-23.0 —26.0 —26.2 —10.5 —15.2 3.8 0.0
AEp,u; 201.7 251.9 98.1 164.9 101.2 86.6 113.4 106.3 95.7 83.2
AVt —159.1 —108.6 —47.9 —83.5 —554 —50.8 —77.8 —68.9 —52.1 —46.2
AE; -90.9 —134.5 —78.7 —104.4 -71.8 —62.0 —46.1 —52.5 -39.7 -37.0
AEy (A" —88.1 —126.2 —75.8 —100.5 —70.2 —60.8 —41.8 —49.5 —38.0 —-35.5
AEq(A") -2.8 -8.2 -2.8 -39 -1.7 -1.3 —4.3 -3.0 -1.7 -1.5
C-X bond elongation in TS
A(C—X)% (in A) 0.520 0.499 1.092 0.863 1.225 1.355 0.228 0.807 0.714 0.812
AC-X)” (in %) 47 46 100 79 112 124 12 44 39 44
Fragment orbital overlap {metal|substrate) in A’ symmetry*
(HOMOJHOMO) 0.16 0.28 0.24 0.31 0.27 0.25 0.14 0.26 0.18 0.17
(HOMOI|LUMO) 0.22 0.36 0.35 0.25 0.37 0.35 0.04 0.07 0.08 0.08
(LUMOJHOMO-1) 0.02 0.18 0.25 0.15 0.28 0.26 0.07 0.22 0.27 0.27
(LUMOJHOMO) 0.39 0.52 0.49 0.26 0.45 0.30 0.18 0.21 0.27 0.26
Fragment orbital population (in electrons) in A’ symmetry®
Metal HOMO 5.38 1.13 1.29 0.89 1.49 1.49 5.63 1.33 1.60 1.56
LUMO 0.42 0.40 0.29 0.52 0.32 0.28 0.22 0.20 0.24 0.22
Substrate ~ HOMO-1 1.99 1.80 1.91 1.90 1.93 1.95 1.97 1.91 1.87 1.88
HOMO 1.66 1.80 1.78 1.72 1.75 1.78 1.86 1.78 1.81 1.82
LUMO 0.34 0.63 0.74 0.84 0.57 0.56 0.21 0.71 0.53 0.57
Fragment orbital energies (in eV) in A" symmetry
Metal HOMO-1°¢ -51.3 —106.9¢ —46.5 -27.7 —10.0 —11.5 —51.3 —46.5 —-10.0 —11.50
HOMO* —4.0 -5.5 —4.6 -3.6 -59 —5.6 —4.0 —4.6 -59 -5.6
LUMO® -34 -1.9 -1.0 -1.7 -0.0 -0.2 -34 -1.0 -0.0 -0.2
Substrate ~ HOMO-1 -9.9 -9.7 —10.3 -9.8 —10.7 —10.8 —9.1°¢ -1.7¢ —7.9¢ -1.7¢
HOMO ~7.2° -7.6° —6.0° -7.0° -5.7° -5.6° -6.8" 6.4 —6.6" -6.5"
LUMO —1.5% —1.1¢ —4.08 —2.7¢ —4.4¢8 —4.6° —2.4% —4.8¢ —4.7¢ —5.08

% For d (or p) orbitals, overlap values refer to the square root of the combined squares of overlaps of the three (or two) A’-symmetric d (or p) AOs.
® For d (or p) orbitals, populations refer to the combined populations of the three (or two) A’-symmetric d (or p) AOs.
¢ HOMO-1, HOMO, LUMO correspond to: 4p, 4d, 5s for Pd; 1s, 2s, 2p for Be; 2p, 3s, 3p for Mg; 3p, 4s, 3d for Ca; 3d, 4s, 4p for Zn; 4d, 5s, 5p for Cd.
4 The HOMO-1 of beryllium refers to its Is orbital, which is part of the frozen core (see Section 2.1). For the value of the orbital energy here, a

calculation without a frozen core on Be was performed.

€
OCc-X-
' Cl-lone pair.
g %
o0& x-
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of 12-44%. Note that the elongation of the C—-Cl bond in
the TS (12-44%) is significantly lower than that of the C—
H bond (46-124%) (see Table 2). This contributes to the
lower activation energies for insertion into C-Cl as com-
pared to C-H. Furthermore, the transition states come
again in two kinds regarding the conformation of the
methyl group: staggered relative to the metal (11b and
12b) and eclipsed (9b and 10b, see Fig. 3). However, as
pointed out above, these differences are not to be overrated
because the methyl group in these structures is virtually a
free internal rotor [10].

In conclusion, the transition metal Pd is indeed intrinsi-
cally (i.e., already as isolated atom, in the absence of envi-
ronment effects) more reactive towards oxidative insertion
into a C-X bond than alkaline earths and group-12 transi-
tion metals. This trend perfectly agrees with condensed-
phase experiments despite the obvious modifications of
the exact shape of the PES due to solvent and ligand effects.
In the following section, we try to find out why Pd inserts
more readily.

3.2. Activation Strain analysis of reactivity
The results of the Activation Strain analysis are listed in
Table 2 and Figs. 5 and 6. Our aim is to elucidate the fac-

tors that determine the major trends in our model oxida-
tive-insertion reactions: (i) the increase of the activation

AEstrain

AE

AEin

>

Fig. 5. Schematic potential energy surface AE for oxidative insertion and
its decomposition into strain energy AEg.i, of and interaction energy
AE;,, between substrate and catalyst. The TS (@) is destabilized and shifts
forward along the reaction coordinate {, towards the product if one goes
from Pd (black curves) to a metal M that has poorer bonding capabilities
(red curves). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

barrier from insertion into C-H to C-CI; and (ii) the
increase of the activation barrier from Pd to the alkaline
earths to the group-12 transition metals.

Our analyses reveal that the higher activation energies
for insertion into the C-H bond originate from the fact
that the C-H bond is stronger than the C-Cl bond, 109.7
versus 82.1 kcal/mol at ZORA-BLYP/TZ2P, in line with
previous studies [7,25]. To understand this, we analyze
the energy profile AE({) for the reaction of Pd + CH;Cl
in terms of the interplay between strain energy AFEgiain()
of the reactants and their mutual interaction energy
AE;,({) along the reaction coordinate { [7,25]. The analysis
of the energy profile of Pd+ CH;Cl is schematically
depicted in Fig. 5 (black curves). The strain energy
AE.in({) increases along the reaction coordinate (
because the C—Cl bond of the substrate is stretched while
the Pd—substrate interaction AE;,({) becomes more stabi-
lizing due to the decreasing HOMO-LUMO gap of the
deformed substrate. The net result is the reaction profile
of AE with the transition state indicated by a bullet. Note
that the reaction coordinate can be represented as the
extent of stretching of the C-Cl bond. Now, we switch
from the chloromethane C-Cl to the stronger methane
C-H bond (not shown in Fig. 5). The main effect is that
the AEg4in({) curve for C-H is destabilized relative to that
for C-Cl: it increases more steeply along { and achieves a
higher final value at the product side than the AFEg.in({)
curve for C—Cl. Consequently, also the net energy profile
AE({) = AEgain(0) + AEj () of the Pd + CHy4 reaction is
destabilized. Of course, the interaction between reactants
AE;,({) is not completely unaffected by going from C-Cl
to C-H. However, the weakening in AE;,({) that occurs
does not change the essence of the above picture. In fact,
it somewhat amplifies the effects originating from the strain
energy AEstrain(g)‘

Finally, we address the issue as to why the transition
metal Pd has intrinsically a better capability of inserting
into C-X bonds than alkaline earths and group-12 transi-
tion metals. We begin with an inspection of the frontier-
orbital levels of our series of metal atoms, which are shown
in Fig. 6, together with the frontier-orbital levels of meth-
ane and chloromethane. Numerical values of the orbital
energies can be found in Table 2. There is a number of
striking differences between the categories of metals. In
the first place, the HOMO-LUMO gap increases from only
0.6 eV for Pd to 1.9-3.6 for the alkaline earths to 5.4—
5.9 eV for group 12. This translates directly into a decrease
in bonding capabilities along the series because a lower-
energy HOMO is a worse electron donor (it has a larger
gap with the substrate g,  acceptor), and a higher-energy
LUMO a worse electron acceptor (it has a larger gap with
the substrate HOMO, see Fig. 6). This nicely agrees with
the computed trend in activation energies which increase
in the same order as the bonding capabilities of the metal
decrease (see Table 2).

However, the above-discussed trend of decreasing bond-
ing capabilities and increasing Pauli repulsion along Pd,
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Fig. 6. Frontier orbital levels ¢ with occupations of Pd, Be, Mg, Ca, Zn Cd, CH4 and CH;CL

alkaline earths and group-12 atoms seems, at first sight, to
be not confirmed by the Activation Strain analyses. In the
case of oxidative insertion into the C-H bond, the TS inter-
action AE7,, between metal and substrate does weaken from
Pd (—48 kcal/mol) to the other metals (—28 to +9 kcal/
mol) but along the latter (Be, Mg, Ca, Zn and Cd) there
is no correlation with the HOMO-LUMO gap of the
metal. In the case of oxidative insertion into the C-Cl
bond, the TS interaction AE], becomes even more stabiliz-
ing from Pd (—11 kcal/mol) to Mg (—15 kcal/mol). It is the
increase in activation strain AEZiram along Pd, alkaline
earths and group-12 metals that causes the steady increase
in overall barrier along these categories of metals.
Nevertheless, this can all be traced to the decrease in
bonding capabilities from Pd to alkaline earths to group
12. We recall that the energy profile (AE) for the reactions
arises from an interplay of strain energy AEg.in({) of the
reactants and their mutual interaction energy AE;,({)
[7,25]. The analysis of the energy profile of Pd + CH;Cl
is schematically depicted in Fig. 5 (black curves). As
pointed out above, the strain energy AFEg.in({) increases
along the reaction coordinate { because the C—Cl bond of
the substrate is stretched while the Pd—substrate interaction
AE;,({) becomes more stabilizing due to the decreasing
HOMO-LUMO gap of the deformed substrate. The net
result is the reaction profile of AE with the transition state
indicated by a bullet. We also recall that the reaction coor-
dinate can be represented as the extent of stretching of the
C—Cl bond. Now, we switch from Pd to the alkaline earths
M. This time, the strain curve AFg,iy({) is in approxima-
tion unaffected. The main effect is that AE;,({) of the alka-
line earth metal (red curve) is less stabilizing and descends
initially less steeply along { than the AE;,({) curve for Pd
(in black), see Fig. 5. As a result, also the net energy profile
AE({) of the M + CH;Cl reaction is destabilized and,
because A E;,({) descends less steeply, the maximum of

AE({) shifts to the right, i.e., the TS becomes more prod-
uct-like. This is why the C—Cl bond expands more in the
transition states involving alkaline earths and group-12
metals (i.e., by 39-44%) than in the TS involving Pd (only
12%, see Table 2). Interestingly, the more pronounced C-
Cl bond expansion in the TS of Mg causes the correspond-
ing TS interaction AE7, to become even more stabilizing
than that for Pd. The dashed lines in Fig. 5 illustrate the
situation. Thus, the less stabilizing TS interaction AE7,,
occurs not because Pd has worse bonding capabilities.
Rather, it occurs because of its better bonding capabilities,
which make that the TS is reached in an early stage along
the reaction coordinate: at that point, the C—Cl bond is less
expanded and has therefore a larger HOMO-LUMO gap
and, thus, poorer bonding capabilities (mainly poorer elec-
tron-acceptor capabilities). A similar mechanism causes the
methane C-H bond to expand more in the TS for the oxi-
dative insertion if we go from Pd (0.520 A) to the alkaline
earths (0.499-1.092 A) to group 12 (1.225-1.355 A) even
though the bonding capabilities decrease along this series
of metals (see Table 2 and Figs. 5 and 6).

Of course, the bonding capabilities of metals and sub-
strates are not only determined by orbital energy differ-
ences. The latter set a trend in the metal-substrate
interactions but this trend can be much affected by the
shape of the orbitals (through the resulting overlap) and
also by electrostatic interactions. The precise role of these
factors has not been resolved here. This requires an exten-
sive exploration and detailed analysis of all terms along a
well defined reaction coordinate (e.g., the path of steepest
descend from TS to RC) which is however beyond the
scope of this pilot study.

In conclusion, the fact that the transition metal Pd is a
better agent for oxidative insertion than alkaline earths
or group-12 metals can be mainly ascribed to its excellent
electron-donating and accepting capabilities associated



4348 G.Th. de Jong et al. | Journal of Organometallic Chemistry 691 (2006) 4341-4349

with the high-energy 4d HOMO and low-energy 5s
LUMO. Together, this causes a more stabilizing palla-
dium-substrate interaction AE;,({) at any point along
the reaction coordinate { and therefore a lower barrier.
The more stabilizing AE;,({) can be masked by the fact
that it also causes the TS to shift along { towards the reac-
tant-side (“to the left” in Fig. 5) making, on one hand, the
TS interaction AE7, less stabilizing but, on the other hand,
the activation strain AE7, . = AEqin((™) less destabilizing
(see Fig. 5).

4. Conclusions

The transition metal Pd is indeed intrinsically (i.e.,
already as isolated atom, in the absence of environment
effects) more reactive towards oxidative insertion into a
C-X bond than alkaline earths and group-12 transition
metals. This can be mainly ascribed to palladium’s excel-
lent electron-donating and accepting capabilities associated
with the high-energy 4d HOMO and low-energy Ss
LUMO. Together, this causes a more stabilizing palla-
dium-substrate interaction AE;,({) at any point along
the reaction coordinate { and therefore a lower barrier as
follows directly from our Activation Strain analysis of
reactivity, in which the activation energy AE” arises as
the sum of activation strain AE?_. of and TS interaction

strain
AE,, between metal and substrate: AE” = AE7 . + AE],

strain int*

In other words, the high-energy of the Pd 4d HOMO
makes the transition metal a good electron donor, which
promotes the electronic oxidation process that leads to
bond breaking. On the other hand, the low-energy Pd 5s
LUMO makes the transition metal a good electron accep-
tor. This promotes metal-adduct bonding.

Our study focuses on a selection of representative met-
als (Pd, Be, Mg, Ca, Zn and Cd) and bonds (H;C-H and
H;C-Cl) that we explored at ZORA-BLYP/TZ2P. Rather
than providing a complete sweep through the periodic
table, it is a pilot from which one can proceed in various
directions. We expect that the main features that make
Pd a superior agent in oxidative addition also hold for
other transition metals up till group 10 (e.g., Ni and Pt)
and that they are passed through also to the correspond-
ing, catalytically active coordination complexes (e.g.,
ML,). These expectations are awaiting computational
verification.
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