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Abstract

The density functional theory calculations were used to study the influence of the substituent at P on the oxidative addition of PhBr to
Pd(PXj3); and Pd(X,PCH,CH,PX;) where X = Me, H, Cl. It was shown that the C;,,,—Br activation energy by Pd(PX3), correlates well
with the rigidity of the X3P-Pd-PX; angle and increases via the trend X = Cl < H < Me. The more rigid the X5;P-Pd-PXj; angle is, the
higher the oxidative addition barrier is. The exothermicity of this reaction also increases via the same sequence X = Cl <H < Me. The
trend in the exothermicity is a result of the Pd(II)-PX; bond strength increasing faster than the Pd(0)-PX; bond strength upon going
from X = CI to Me. Contrary to the trend in the barrier to the oxidative addition of PhBr to Pd(PX3),, the C,,,,—Br activation energy
by Pd(X,PCH,CH,PX,) decreases in the following order X = Cl > H > Me. This trend correlates well with the filled d,; orbital energy of
the metal center. For a given X, the oxidative addition reaction energy was found to be more exothermic for the case of X,PCH,CH,PX,
than for the case of PX;. This effect is especially more important for the strong electron donating phosphine ligands (X = Me) than for

the weak electron donating phosphine ligands (X = CI).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It has been established that oxidative addition of
organic halides (RX) to Pd(0)L,, (n = 1,2) species is the first
step in the many Pd-catalyzed cross-coupling reactions,
where L is typically a phosphine ligand and X is a halide
[1-3]. The generally accepted mechanism involves the con-
certed addition of RX to Pd(0)L,, via a three center transi-
tion state leading to the fission of R-X bond and the
generation of Pd-R and Pd-X bonds [4]. As shown in
Scheme 1, in the transition state, the filled or_x orbital
of RX interacts with the vacant sp,-hybridized orbital of
metal. There is also a second interaction between the filled
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d,. orbital of metal and the vacant og_x orbital of RX lead-
ing to the breaking of the R—X bond. Thus, one can expect
that a strong o-donor phosphine ligand, which can increase
the electron density of metal, would facilitate oxidative
addition reaction through the stronger charge transfer
from the d, orbital of metal to the ogr_x orbital of RX.
Recently, many experimental [5] and theoretical [6-8]
works have been employed to investigate the activation
of the C—X bonds by coordinatively unsaturated active spe-
cies Pd(0)L,,. However, a proper understanding of how the
electronic feature of ancillary ligand L influences the reac-
tivity of RX is still lacking. To provide a deeper insight into
how the L ligand affects the oxidative addition reaction of
organic halides, we investigate the model oxidative addi-
tion reaction between PhBr and Pd(PX3), (X =Me, H,
Cl) with the aid of B3LYP density functional theory
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Scheme 1.

(DFT) calculations. The representative set of PX3 includes
the ligand with gradually changing donor and acceptor
characters. The o-donor character of PX; varies as follows:
PMe; > PH; > PCl; while the n-acceptor character of PX3
increases in the order PMe; < PH3< PCl; [9]. According to
Tolman’s map [10], PCl; was chosen to electronically
model weak bases such as P(OC¢H4CN); (I). We also the-
oretically investigated the effect of different chelating phos-
phine ligands on oxidative addition of PhBr to
Pd(X,PCH,CH,PX,) (X = Me, H, ClI).

o Op-on),

2. Computational detail

GAUSSIAN 98 [11] was used to fully optimize all the struc-
tures reported in this paper at the B3LYP [12] level of den-
sity functional theory. The effective core potentials of Hay
and Wadt with double-{ valance basis sets (LanL2DZ)
[13] were chosen to describe Pd, P, Br and Cl. The 6-31G
basis set was used for other atoms [14]. Polarization func-
tions were also added for C({4=0.6), Cl({q=0.514),
Br({q = 0.389) and P({q = 0.340) [15]. Frequency calcula-
tions at the same level of theory have also been performed
to identify all of the stationary points as minima (zero imag-
inary frequencies) or transition states (one imaginary fre-
quency), and to compute free energies in the gas phase at
298.15 K and 1 atm, which include entropic contributions
by taking into account the vibrational, rotational, and
translational motions of the species under consideration.
Chemically more interesting AG values were used in the dis-
cussion, and corresponding AE values were given in paren-
theses. Partial atomic charges were calculated on the basis
of the natural bond orbital (NBO) analyses [16].

To test the accuracy of the medium-size basis set (BS1)
used, we carried out single point energy calculations for
several selected structures by using a larger basis set:
SDDALL for Pd and 6-311G™ for all other atoms. We also
added an f polarization function of 1.472 [17] to SDDALL
[18] for Pd. This basis set will be referred to as BS2. These
additional calculations show that the basis set dependence
is small. For example, using the smaller basis set (BS1), the
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Fig. 1. Potential energy profiles calculated for the oxidative addition of
PhBr to Pd(PX3), (X = Me, H, Cl). Gibbs free energies at 1 atm, 298.15 K

and electronic energies (in parentheses) relative to the Pd(PX3), and PhBr
fragments are given in kcal/mol.

relative energies of 1TS_Me, 1TS_H, and 1TS_CI (Fig. 1)
are 15.4, 14.2, and 9.7 kcal/mol, respectively. Using the lar-
ger basis set (BS2), the relative energies are 17.0, 15.1, and
9.8 kcal/mol, respectively. Using the smaller basis set
(BS1), the relative energies of 2TS Me, 2TS_H, and
2TS CI (Fig. 5) are —0.3, 1.2, and 6.2 kcal/mol, respec-
tively. Using the larger basis set (BS2), the relative energies
are —1.1, 0.8, and 4.1 kcal/mol, respectively.

Charge decomposition analyses (CDA) were calculated
on optimized geometries at the same level of theory for
structural optimization [19]. In the CDA [20] scheme, the
orbital contributions to the charge distributions of the
complex and the two fragments that define the bond of
interest are divided into four parts: (i) the donation from
occupied donor fragment orbitals to vacant orbitals on
the acceptor fragment (d) (ii) the back-donation from occu-
pied orbitals on the acceptor fragment to vacant orbitals on
the donor fragment (b), (iii) the repulsive polarization of
occupied orbitals on both the fragments (r) and (iv) the
residual term (s) which should be approximately zero for
true donor—acceptor complexes.
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3. Results and discussion

3.1. Oxidative addition transition state of the reaction
Pd(PX;),+ PhBr — (PX3),Pd(Ph)(Br)

The calculated energy profiles for the oxidative addition
of PhBr, on the basis of a SyAr type mechanism [5k,8a], are
shown in Fig. 1. Analysis of the results given in Fig. 1 clearly
shows that upon going from PMe; to PH; and to PCls, the
activation barrier becomes lower and the complex 1_X
becomes less stable relative to the corresponding free reac-
tants. These results are quite unexpected because Pd(PCl;),,
which has phosphine ligands of low donicity, has lower oxi-
dative addition barrier than Pd(PHs),, while Pd(PMe;),,
which has phosphine ligands of high donicity, has higher
oxidative addition barrier than Pd(PH;),. It also follows
from Fig. 1 that the higher activation barrier for Pd(PMe3),
compared to Pd(PHj3), and Pd(PCl;), cannot be explained
from a thermodynamic view point since the trend found
in the activation barriers does not follow the same trend
as in the oxidative addition reaction energies.

Examination of the structural parameters for the oxida-
tive addition transition sates shown in Fig. 2 does not give
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us a clue behind why PMe; as ancillary ligands disfavors
kinetically the oxidative addition reaction. In the case of
PMes;, the geometry of Pd(PMes), is distorted only to a
medium extent in the transition sate; the angle between
the phosphines is reduced to 118.3°. In contrast, the geom-
etry distortions of Pd(PX3),, where X = H and CI, in the
transition states are larger. The angles between the phos-
phines are calculated as 111.4° and 102.2° for 1TS_H and
1TS_Cl, respectively. The C,,,,—Br distance progressively
increases as one goes from 1TS Me to 1TS_CI. In 1TS_
Me, PhBr is farther away from the metal center than in
both the transition states 1'TS H and 1TS_Cl. On the basis
of the results, an “earlier” transition state is suggested for
1TS_Me as compared to 1TS_H and 1TS_Cl, although the
activation barrier is considerably higher for the case of
PMe; [21].

To understand the effect of substituents at the P atom on
the relative stability of the transition states, we analyzed
1TS_Me, 1TS_H and 1TS_Cl using the energy decomposi-
tion analysis, based on the activation strain model [22], as
shown in Scheme 2. In the scheme, the deformation ener-
gies AEger (1) and AEgr (2) represent the energy required
to deform the Pd(PX3), and PhBr reactants, respectively,

] o J*ﬂ
,? \ - 77 b Q o)
—Cp dgo—o C“j\\{g 1183 (fFL,f;’*‘
Ao 23274 28 e A o
TPt d'zﬁ?litfc’ ‘“"? é%}fpg@u@ ew.{*
7 - AN P !
o4 Cz:};ﬂc: 2714‘?‘8;"— 13.195)
e ! ] =%
i 2_170’(‘@5\; e
1TS_Me
¥ »
’|‘|5 111.4 ff:L\rr Q 1 103.9 s
Q o=nl 4 : Sy P = (P}
& " i 2159 F= 2N
<ol Bis.5 O~% 2505 B \Q{\_\
2228“’/{ 2 D= NN
2P
1TS_H 1_H
g <o c ( f
C 1 A
\cj.w (CD by 1022 (p) 'CLA i 9C'
2 30 p ’,/:;‘ \:_gk“‘e{(»-—:)/’”%%/ “'\»,i /\_PJ }, \ jCI,‘
CF”E\——Pd )’@' Cl CI=%3pdn 3 @ or s ﬁ%@
“gy. D AN
l.CI fCJ 25617 (Br ROAN o' ,(I—? e SN
< y'dD ¢ 1 2486 B % ey
2.299 -«/éiwk\ o | }\ O\,\ B
S s A,
1TS_CI 1_CI 9

Fig. 2. Calculated structures for species involved in the oxidative addition of PhBr to Pd(PX3), (X = Me, H, Cl). Selected bond distances and angles are

given in angstroms and degree, respectively.
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X =Cl 9.4 23.8 -234
Scheme 2.

to the geometries they have in the transition states. The
interaction energy between the deformed PhBr and
Pd(PX3), reactants in the transition state is denoted by
AE;,. The trend calculated for AE4 (2) can be reflected
in the trend calculated for the elongation of the C,,,—Br
distance at the transition states (Fig. 2). Upon going from
X = Me to Cl, AE;,; becomes more negative, likely due to
that 1TS Me is an “earlier” transition state, while 1TS_CI
is a “late” transition state. Interestingly, for each of the
transition sates, the sum of AEy (2) and AE;,, remains
nearly constant. Thus, the difference in the oxidative addi-
tion reaction barriers can be easily understood through the
difference in the deformation energies AEgr (1). It follows
from the results that the rigidity of the X5P-Pd-PXj5 angle
would decrease as one goes from X = Me to CI. To further
support the argument here, we performed a partial geome-
try optimization by fixing the X3P-Pd-PX3 bite angle at
120 ° and 100 ° (Table 1). The calculations reveal that, in
a bent geometry, the relative instability of Pd(PX3),
increases as the X3;P-Pd-PX; bite angles decreases. For a
given bite angle, the relative instability of Pd(PXj),
increases in the order X = Cl<H < Me, indicating that
the bending of X;3P-Pd-PX; angle from 180° for more
basic ancillary ligands is more difficult than that for less
basic ancillary ligands.

Fig. 3 shows the correlation diagram of the important
metal orbitals for changing the X3P-Pd-PX3 angle. For a
linear geometry, the d,, orbital is stabilized by metal-to-
PX; back-donation interaction. The HOMO, which is
d,2_,» in character, mainly remains nonbonding. For a bent
geometry, the d,._,» orbital is stabilized by back-bonding to
the PX; groups. The bending of the X;P-Pd-PX; angle
causes the d,, orbital to be the HOMO, because the bend-
ing turns on a slight c*-antibonding interaction between
d,, and the P lone pair. Thus, the more basic the ancillary
ligands, the more the repulsive interaction, the more desta-
bilized the bent geometry. The repulsive interaction is

Table 1
Bond distance, relative energy, and molecular orbital (MO) energies of the
Pd(PX5), with a variety of angle 0

y
. L
xoP—LPd\—PX, x
X 0(°) Pd-P Relative d,, dp_ye LUMO
distance energy energy  energy energy (eV)
(A) (kcal/mol)  (eV) (eV)

Me 180.0 2.326 0.0 —5.33 —4.16 0.01
120.0 2.345 10.5 —4.22 —5.33 —0.27
100.0 2.385 18.9 —3.86 —5.47 —0.52

H 180.0 2.316 0.0 —6.09 —5.01 —0.38
120.0 2.327 7.4 —5.17 —6.07 —0.68
100.0 2.349 12.6 —4.92 —6.28 —0.87

Cl 180.0 2.300 0.0 —7.94 —6.50 —2.64
120.0 2.298 1.5 —6.91 —8.08 —2.80
100.0 2.333 6.4 —6.53 —8.27 —2.88
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Fig. 3. Schematic orbital correlation diagram for the selected molecular
orbitals of the linear and bent structures of Pd(PX3),.

reflected in the change of the Pd-PX; distances. The Pd-
PX; distances are elongated as the X;3P-Pd-PX; angle
decreases (Table 1). The LUMO in a bent structure is sta-
bilized compared to that in a linear structure and becomes
a sp,-hybridized orbital.

As mentioned in Section 1, the key interaction leading to
the breaking of the Ph—Br bond is charge transfer from the
metal d,; orbital to a proper vacant orbital of PhBr. The
electron donating PMe; ligand destabilizes the HOMO
(dy, orbital) of the bent Pd(PX3), fragment and making
it more available for back donation (Table 1). Thus, one
might have expected that the PMejs ligands would facilitate
the oxidative addition reaction. Although, the energy
required distorting the ancillary bite angle from 180° is
the largest for the case of PMe;. On the contrary, the
HOMO for the case of PCl; is lying lower in energy than
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that for the case of PMe; (Table 1), while the distortion
energy for PCly is the smallest. From these results, one
may conclude that the barrier to the oxidative addition
reaction of PhBr to linear Pd(PX3), is mainly reliant on
the rigidity of the X;P-Pd-PX; angle. In other words,
the distortion energy AEqr (1) is a determining factor of
the activation barriers.

3.2. Oxidative addition product of the reaction
Pd(PX;),+ PhBr — (PX3),Pd(Ph)(Br)

As mentioned above, RX reacts with PdL, by a three
centered transition state, giving rise to a cis-(L),Pd(R)(X)
complex. The cis-isomer has been seldom isolated and it
is usually believed that it rapidly isomerizes to the trans-
isomer [5¢,23]. Thus, it seems reasonable if we assume the
trans-isomer as the product of the oxidative addition reac-
tion. It is also obvious that comparison of structural fea-
tures and energetics between the reactant, Pd(PX3),, and
the corresponding tramns-isomer is much more convenient
than that between the reactant and the corresponding cis-
isomer, because in the former, both the Pd-phosphine
bonds are in a trans arrangement.

Our calculations on the cis- and trans-isomers of
(PX3),Pd(R)(Br), where X =Me and H, show that in
agreement with the general observation, the frans-isomers
are more stable. For the case of PCls, the trans-isomer is
calculated to be slightly less stable than the cis-isomer
(Figs. 1 and 4). The inter-conversion mechanism between
cis- and trans-isomers is not addressed here because it has
previously been the subject of several theoretical studies
[6¢,8¢].

Regardless what the product is, the reaction free energy
for the oxidative addition of PhBr to Pd(PXj3), decreases
in the order X = Me > H > Cl, indicating that stronger elec-
tron donating phosphine ligands make the oxidative addi-
tion reaction more favorable thermodynamically.
Isodesmic reactions shown in Schemes 3 and 4 were used
to probe the origin of why the C;,,,—Br bond activation by
Pd(PMejs); is thermodynamically much more favored over
the C,,,,—Br bond activation by Pd(PCl;),. On the basis of

-13.9 (-28.2) kcal/mol
2_Me

-4.8 (-15.8) keal/mol
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AEA1
Pd(PH3), + 2PX3 —_— Pd(PX3), + 2PHj
X Me H Cl
AE1
- 0.0 .
(kcal/mol) 1.0 4.8
Scheme 3.

AE2
trans-(PHz),Pd(Ph)(Br) + 2PX; —— = trans-(PXa),Pd(Ph)(Br) + 2PHj

X Me H Cl
AE2 -29. 0.0 15.
(kcal/mol) 98 53

Scheme 4.

the designed isodesmic reactions, we are able to estimate
the binding energies of different phosphines relative to that
of PHj3. The results show that the strongest bindings belong
to PMe; while the weakest bindings belong to PCl;. There-
fore, it is likely to conclude that the phosphine-to-Pd o-
donation is dominating bonding mode regardless of the nat-
ure of the oxidation sate of Pd. However, from Schemes 3
and 4, one can easily find that the values of AE1 span a rel-
atively small range from —11.0kcal/mol (X = Me) to
4.8 kcal/mol (X = Cl), while the values of AE2 span a rela-
tively large range from -—29.8 kcal/mol (X = Me) to
15.3 kcal/mol (X = CI). These results suggest that, for the
Pd(0) complexes, although the phosphine-to-Pd c-donation
is the dominating bonding mode, the Pd-to-phosphine =-
back donation also plays an important role in the
Pd(0)-phosphine bonding.

To support the claim above, we inspected the metal—
ligand donor-acceptor interactions using the charge-
decomposition analysis (CDA) (Table 2). The low value
of the residual term(s) obtained in this study indicates that
the Pd-phosphine bond is a donor—acceptor interaction
and therefore the CDA scheme is appropriate for analysis.
For both the Pd(0) and Pd(II) complexes, the phosphine-
to-Pd o-donation does decrease from X = Me to Cl pro-

8.9 (-0.4) kcal/mol
2_Cl

2. H

Fig. 4. Optimized structures of 2 X together with their relative energies. Selected bond distances and angles are given in angstroms and degree,

respectively.
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Table 2
Results of charge decomposition analysis (CDA) on the model systems
Pd(PXs), and trans-(PX;),Pd(Ph)(Br)

Complexes X d b bld r s

Pd(PX;), Me 0.427 0.184 0437 -0.170 —0.018
H 0347 0201 0579 -0.162 —0.004
Cl  0.229 0.221 0965 —0.156 0.000

trans-(PX3),Pd(Ph)(Br) Me 0.500 0.170 0.340 —0.282 —0.005
H 0415 0.170 0409 —0.265 0.006
Cl 0274 0.194 0.708 —0.302 0.009

PX; — Pd donation d, PX; <« Pd back-donation b, ratio d/b, and
PH; < Pd repulsive polarization r.

viding quantitatively support to the previous suggestion
that the phosphine electron-donating ability decreases with
the trend PMe; > PH; > PCls. The extent of the PX; — Pd
donation for the Pd(IT) complexes is noticeably larger than
that for the corresponding Pd(0) complexes. This can be
explained by the fact that the unoccupied hybridized orbi-
tal of Pd(II), which is capable accepting electron from the
phosphine lone pair, is energetically lower-lying than that
of Pd(0). For example, from our calculations the unoccu-
pied orbital for the optimized fragments (PH;)Pd(Ph)(Br)
and Pd(PH;) are —2.94 and —1.47 eV, respectively. In con-
trast, CDA data clearly indicate that PX; « Pd m-back
donation for the Pd(0) complexes is larger than that for
the corresponding Pd(II) complexes. This trend results
from destabilization of the occupied d, orbital of Pd(0)
in comparison with that of Pd(II). For example, from our
calculations the d, orbital for the optimized fragments
Pd(PH;) and (PH;)Pd(Ph)(Br) are —5.96 and —8.30 eV,
respectively. In both the systems, the b/d ratio [24] increases
upon going from X = Me to Cl indicating that PCls is actu-
ally a stronger charge acceptor than PH; while PMe; is the
weakest acceptor ligand. The results presented here demon-
strate that the PXj3 <« Pd m-back donation significantly
contributes to the Pd—PXj; interaction in the Pd(0) com-
plexes whereas it has a lessened contribution to the Pd-
PX; interaction in the Pd(II) complexes.

From the above results, it can be concluded that the
n-accepting ability of PCl; relatively stabilizes Pd(PCl3), +
PhBr more than (PCl3),Pd(Ph)(Br) and consequently
decreases the free reaction energy. In contrast, the larger
exothermicity for the reaction Pd(PMes), + PhBr —
(PMe3),Pd(Ph)(Br) can be explained by the strong
o-donating ability of PMe; which leads to the much higher
stability of the product relative to the reactants. In sum-
mary, we want to stress that the donation is usually the
dominant factor in complexation with Pd(II) complexes,
which is promoted by electron-donating phosphine ligands,
while for Pd(0) complexes, despite the donation, the back-
donation also plays an important role in the Pd—phosphine
bonding.

Here, it should be mentioned that there is no correlation
between the Pd—P bond distances and the relative binding
energies (Figs. 2 and 4). The Pd-PMe; bonds having the
strongest binding energies have the longest lengths. A sim-

ilar trend was also observed in theoretical studies on nature
of the M-PX3 bond in M(CO)sPX; complexes (M = Cer,
Mo, W; X =H, Me, F, Cl) [9b].

3.3. Effect of chelating phosphines on oxidative addition of
PhBr

The model phosphines, 1,2-bis(dimethylphosphino)eth-
ane, 1,2-diphosphinoethane, and 1,2-bis(dichlorophosph-
ino)ethane, were used in calculations to mimic the effect
of chelating phosphines on oxidative addition of PhBr.
The calculated energy profiles for the oxidative addition
reaction are shown in Fig. 5. Contrary to the trend we
found for the oxidative addition of PhBr to Pd(PX3),, the
overall activation barrier for the oxidative addition reac-
tion of PhBr to Pd(X,PCH,CH,PX5) decreases in the fol-
lowing order X =Cl>H>Me. These results are
consistent with the belief that a strong electron-donating
ligand on the metal center accelerates oxidative addition
of organic electrophiles (RX) [25]. An comparison of the
energy profiles shown in Figs. 1 and 5 demonstrates that
the chelating phosphine ligands on Pd(0) favor oxidative
addition, in terms of both the activation barrier and the
reaction free energy. This trend is in agreement with the

X=H 36(74) /
X =Me 3.6 (-8.5)

Xo 4
R \
AN \
P \
EP/ d+ \-13.2 (-25.2)
X5 L=H
3.X

-23.3 (-36.4)

X =Me

X2

P B
/Pd

" O

X2 5 x

Fig. 5. Potential energy profiles calculated for the oxidative addition of
PhBr to Pd(X,PCH,CH,PX;) (X =Me, H, Cl). Gibbs free energies at
1 atm, 298.15 K and electronic energies (in parentheses) relative to the
Pd(PX,CH,CH,PX,) and PhBr fragments are given in kcal/mol.
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general rule that RX oxidative addition to chelated phos-
phine complexes is both kinetically and thermodynamically
more favorable than that to bis-phosphine complexes
Pd(PX3), [6b,26]. However, it should be noted that, from
our calculations, the effect for a strong electron donating
bidentate ligand is much more considerable than the effect
for a weak electron donating bidentate ligand.

The calculated trend in the stability of the transition states
2TS_X can be explained by decomposing the activation bar-
riers for the oxidative addition reactions according to the
equation shown in Scheme 5. The deformation energies
AE) ;.. (1) are notably small and do not change significantly
upon going from X = Me to Cl. This is understandable, if
one considers the fact that the P-Pd—P angles in the Pd(0)
reactants are already bent and constrained at a angle less
than 98° by chelation of the phosphine (Fig. 6). Thus, in
the transition states, the interaction of PhBr with the reac-
tants produces a little distortion in the P-Pd—P angles. An
comparison of the energy decomposition analyses shown
in Schemes 2 and 5 also reveals that the low energy required
for the reorganization of Pd(X,PCH,CH,PX5) is the main
reason for the low activation barrier for the oxidative addi-
tion reaction 3 X + PhBr — 5 X.

From Scheme 35, it is also evident that the deformation
energy AE) ..(2) increases upon going from X = Me to
Cl while the interaction energies AE! for all the transition
states are comparable. Clearly, it is mainly the relatively
large deformation energy AFE).,..(2) for the case of
ClL,PCH,CH,PCI, that gives higher activation barrier for
3 C1+ PhBr — 5_Cl as compared to 3 H+ PhBr — 5 H
and 3 Me + PhBr — 5 Me. The reason for the large defor-
mation energy AE) . ..(2) is easily interpreted in terms of
the charge transfer from the palladium d, orbital to the
vacant Ph-Br 6™ and " hybrid orbital [7a]. Since the energy
of palladium d, orbital (HOMO) decreases in the series
3 Me>3 H>3 CI (Fig. 7), the C,,,,—Br bond elongation
for the case of Cl,PCH,CH,PCl, must occur much more
significantly in order to lower the C—Br antibonding hybrid
orbital in energy so as to form more efficiently the charge

AEldef(1 )
| '

)Ié2 Br éz Br )|:§2

N AE' / I _-Br

( ~Pd +@ L ( Pd ABint ( >Pd::
P P © P’ (O
Xz | X2 } X2

AE'1+(2)
AE ger(1) AE'4((2) AEny
kcal/md kcal/mol kcal/mol
X =Me 4.8 16.8 -21.6
X=H 45 179 212
X =Cl 4.3 23.4 -215
Scheme 5.

transfer. A larger elongation in the C,,—Br distance
(Fig. 5) gives a greater deformation energy AE/. . (2),
which in turn leads to a higher activation barrier.

In the transition states, the Pd-C,,,, distance signifi-
cantly increases in the order X = Me < H < Cl. The oppo-
site trend, however, is observed for the Pd—Br distance. The
Pd-Br distance is the longest in 2TS_Me and the shortest
in 2TS_Cl (Fig. 6). As mentioned above, the oxidative
addition reactions proceed through a SyAr type mecha-
nism and, in the transition states, the Pd(0) metal center
plays a dual role as a electron acceptor and a electron
donor during the charge transfer process. Since the palla-
dium d, orbital (HOMO) for the reactant 3_Me is higher
in energy than that for the reactants 3 H and 3 Cl
(Fig. 7), the charge transfer from Pd to C,,,, for the former
is more facile than that for the latter species. Hence, in
comparison with 2TS_H and 2TS_Cl, the shortening of
the Pd—C,,,, distance in 2TS_Me is mainly due to the stron-
ger back-donation interaction between the palladium d,
orbital and the Ph-Br ¢* and " hybrid orbital. In contrast,
the vacant sps-hybridized orbital (LUMO) for the reactant
Pd(Cl,PCH,CH,PCl,) is more capable of accepting the
electrons from PhBr, especially from the electron lone pair
of Br, than that for the reactants Pd(H,PCH,CH,PH,) and
Pd(Me,PCH,CH,PMe,), because the former has a low
lying sps-hybridized orbital (Fig. 7). This electronic feature
in 2TS_X results in the shortening of the Pd—Br distance
along the series X =Me > H > Cl. This balancing effect
of o-donation and n-back donation on the bonding inter-
action between PhBr and palladium in the oxidative addi-
tion transition states may also explain why the
interaction energies AE!  remain almost unchanged along
the series from X = Me to CI (Scheme 5).

The qualitative arguments above find support from a
natural population analysis. The calculations show that
PhBr gains 0.363¢, 0.308¢, and 0.249¢ from Pd(Me,PCH,-
CH,PMe,), Pd(H,PCH,CH,PH,), and Pd(Cl,PCH,CH,-
PCl,), respectively, indicating that the back bonding
interaction from Pd(d) to the Ph—Br antibonding orbital(s)
dominates in the transition states. The phenyl moiety in
2TS X is negatively charged due to back-donation and
becomes much less negative as X goes from Me to Cl
(—0.218 for X =Me, —0.161 for X =H, and —0.084 for
X =Cl). The sum of lone pair orbital populations of Br
gradually decreases as one moves from 2TS_Me (5.895¢)
to 2TS_H (5.892¢) and then to 2TS_Cl (5.877¢).

3.4. Comparison between oxidative addition reaction energy
OfPhBr to Pd(PX_g)Q and Pd(XQPdCH2CH2PX2)

As noted above, it is well known that the oxidative
addition reaction energy for bent PdL, systems dictated
by chelating phosphine ligand is larger than that for the
linear PdL, species. Our calculations, especially for the
strong electron donating phosphine ligands, are consis-
tent with the belief. The reaction free energy difference
between Pd(PX3), + PhBr — 1_X and 3 X+ PhBr — 5 X
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Fig. 6. Calculated structures for species involved in the oxidative addition of PhBr to Pd(X,PCH,CH,PX,) (X = Me, H, Cl). Selected bond distances and

angles are given in angstroms and degree, respectively.
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Fig. 7. Frontier orbitals of 3 Me, 3 H and 3_Cl.

is calculated to be 18.5, 12.2, and 2.0 kcal/mol for X = Me,
H, and CI, respectively (Figs. 1 and 4). To provide a better
understanding of what factor is responsible for the differ-

ence we designed the isodesmic reactions shown in Schemes
6 and 7. According to the equation shown in Scheme 6, for
the Pd(0) complexes, ligand exchange of 2PX; with
X,PCH,CH,PX, is an endothermic process. In particular,
the exchange of 2PMe; with Me,PCH,CH,PMe, leads to
considerable destabilization (18.4 kcal/mol). The least
destabilizing process (2.1 kcal/mol) is the exchange of
2PCl; with CI,PCH,CH,PClI,. This result can be explained
in terms of the rigidity of the X;P-Pd-PX; angle which
increases in the order X = Cl < H < Me. For the Pd(II)
complexes, the AF4 values are close to zero and their vari-
ations are negligible upon going from X =Me to Cl
(Scheme 7). Therefore, it is the instability of 3 Me and

sz Xo
PX2 P
P+ A (pa + 2px
PX, p’
PXs Xs
X Me H Cl
AE3 18.4
(kealimol) 8. 13.8 21
Scheme 6.
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Scheme 7.

3 H relative to Pd(PMejs), and Pd(PHj3), which primarily
controls the reaction energy. In other words, the increase
in the reaction energy for the case having a small bite angle
is due to a destabilization of the reactants with respect to
the corresponding products.

4. Conclusion

Several important conclusions can be drawn from the
results of the calculations as described below.

1. The barrier to the oxidative addition reaction of PhBr to
linear Pd(PX3), decreases in the order X =Me>H >
Cl, indicating that the C,,—Br activation energy by
Pd(PX3), is mainly reliant on the rigidity of the
X;3P-Pd-PX; angle.

2. The more strongly electron donating the ligand PXj is,
the larger the exothermicity of the oxidative addition
reaction is. This result was explained as follows. The
donation is usually the dominant factor in complexation
with Pd(II) complexes, which is promoted by electron-
donating phosphine ligands, while for Pd(0) complexes,
despite the donation, the back-donation also plays an
important role in the Pd—phosphine bonding.

3. Contrary to the trend in the barrier to the oxidative
addition of PhBr to Pd(PXj3),, the C,,,,—Br activation
energy by Pd(X,PCH,CH,PX,) decreases in the follow-
ing order X = Cl > H > Me. This trend correlates well
with the filled d, orbital energy of the metal center.
The strong electron-donating phosphine ligands destabi-
lize the filled d, orbital and consequently facilitate the
charge transfer during the oxidative addition reaction.

4. For a given X, the oxidative addition reaction energy was
found to be more exothermic for the case of
X,PCH,CH,PX, than for the case of PXj5. This effect is
especially more important for the strong electron donat-
ing phosphine ligands (X = Me) than for the weak
electron donating phosphine ligands (X = Cl). This trend
was explained in terms of the rigidity of the X;P-Pd-PXj5
angle which increases in the order X = Cl <H < Me.
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