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Summary: Density functional theory calculations were carried
out to study the relatie easiness of oxidat addition of aryl
and alkyl halides to Pd(0). Kinetic but not thermodynamic
factors were found to contribute to the better reaityi of aryl
versus alkyl halides.

Oxidative addition of organic electrophiles (RX) to Pd(0) is
an important step in many Pd-catalyzed cross-coupling reac-
tions12 Aryl, vinyl, benzyl, and alkyl halides, for example, are
the common organic electrophiles used in these reactions.
Among the organic electrophiles, the substrates having®C{Xp

bonds, especially alkyl halides, have been much less used in

the cross-coupling reactiods® The main reason for the
limitation is that oxidative addition of alkyl halides to the Pd-
(0) complexes is much slower than that of other commonly used
substrates, which in turn leads to the difficulty of achieving
coupling reactions.

To date, there are numerous experimerftahd theoreticdl
studies concerning the oxidative addition of organic electrophiles
(RX) to Pd(0). However, an in-depth understanding of the better
reactivity of the aryl or vinyl halides versus alkyl halides is
still lacking. In the literature, a few tentative explanations can
be found. For example, one viewpoint is that the difference in
reactivity could be related to the less electron rich &(si
bond in aryl or vinyl halides in comparison with the C{spX
bond in alkyl halided.Another belief is that the difference may

be related to the fact that the P&(aryl) or Pd-C(vinyl) bond
formed in the product after oxidative addition is much stronger
than the Pe-C(alkyl) bond?

In this note, we attempt to provide a better understanding of
what is responsible for the better reactivity of aryl versus alkyl
halides with the aid of B3LYP density functional theory (DFT)
calculations® The effective core potentials of Hay and Wadt
with double€ valance basis sets (LanL2DZ) were chosen to
describe Pd, Br, and PThe 6-31G basis set was used for the
other atoms. Polarization functions were also added foggP (
= 0.340), C ¢4 = 0.6), and Br {4y = 0.389)1° Larger basis
sets with more accurate core potentials were used to confirm
the accuracy of the medium-size basis set (BSI) déalthe
DFT calculations, we investigated the model reactionsz[RH
Pd+ RX — (PHg)2Pd(R)(X) (R= methyl, phenyl, vinyl, benzyl;

X = bromide)!? As in many other theoretical studies, a bis-
phosphine Pd(0) model complex was used in our calculations
for the purpose of comparing the reactivity of aryl and alkyl
halides. We are aware that oxidative addition of organic
electrophiles to Pd(0) may involve species other than,RHL

= phosphine), such as PdL in an dissociative mechanism and
[PdLx(X)] ~ (X = halides or acetate) in an anionic mechanfsm.
The choice of PdLis for the convenience of comparison. The
qualitative conclusion made here should also be valid even when
other species are considered because we mainly focus on the
comparison of different substrates.
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R=Vinyl /70 A To probe the reason that a CfspBr bond is more reactive
than a C(sp)—Br bond, we here compare the oxidative addition
reactions of PhBr and MeBr. Figure 2 shows the calculated
F R structural parameters for PhBE)@nd MeBr @), their oxidative
0.0 0.0) \ addition transition statesl( TS and 2_TS), and products
. (1_Prod and2_Prod). The Pd-Br (2.641 A) and Pe-C(1)
Fl’Hs (2.159 A) bond distances ih_TS are shorter when compared
Pd + RBr W with the Pd-Br (2.859 A) and PeC(1) (2.382 A) bond
| W distances ir2_TS, suggesting that interaction of C(1) and Br
PH; 3

Figure 1. Potential energy profiles calculated for the oxidative
addition of different organic electrophiles to Pd(0). Relative

i R=Methyl 98(0.7)
\w— = Vinyl  -11.0 (0.8)
Pd

"\ R = Phenyl -10.2 (1.0)
‘w— R = Benzyl -13.0 (-1.2)

HsP< . _Br

HP” R

with Pd in 1_TS is stronger than that i2_TS. The Pd-Br

and Pd-C(1) bond distances on going froin TS to 1__Prod

are shortened by 0.117 and 0.116 A, respectively. The shorten-
ing, by 0.323 and 0.298 A, respectively, is much larger from
2_TS to 2_Prod. These results indicate that TS is more
product-like thar2_TS. However, the C(X)}Br bond distance

in 1_TSs longer by 0.301 A than that in the free aryl bromide
(1), while the C(1)-Br bond in2_TS is longer by 0.383 A

electronic energies with zero-point energy corrections and Gibbs than that in the free methyl bromid&)( indicating that in the

free energies (in parentheses) at 1 atm, 298.15 K relative to thePhBr transition state, the C@Br bond is less brokerl__TS
Pd(PH), and RBr fragments are given in kcal/mol.

Our calculations show that oxidative addition of CjspBr
bonds is much more facile than that of CispBr bonds (Figure

1). The calculated activation energies for the oxidative addition 4ctivation strain modeéf of the oxidative addition reaction
of RBr decrease in the order of R methyl > benzyl> phenyl

> vinyl and span from 9.2 to 23.6 kcal/mol. These results agree the notion that the interaction of PhBr with Pd in the transition

vinyl—Br to [Pd(PPh)4] is more favored than that of PhB¥;

benzyl-Br is less reactive than PhBf;and C(sg)—Br bonds

that are instantly next to a C@patom are oxidatively added

to Pd(0) much easier than other C{spBr bonds®
From Figure 1, one can easily find that the oxidative addition energy between the deformed-Br and Pd(PH), fragments
reaction energies do not follow the trend found in the reaction jn, the transition staté Interestingly, the sum of the deformation

barriers. The reaction energies among the four reactions areenergies for the addition of PhBr does not differ much from
comparable, indicating that the strongerf{phenyl) and P¢

C(vinyl) bonds in the products do not give greater exothermici- \ynen compared to that for Me can be related to the smaller
ties for the oxidative addition reactions of the PhBr and vinyl

Br substrates. Thus, the difference in reactivity of the &¢sp
Br and C(sp)—Br bonds cannot be explained from a thermo- iference between the two interaction energia&), sup-

dynamic point of view.

(12) To study the steric effect missed from the small model calculations,
we performed two-layer ONIOM (B3LYP/BSI: HF/LanI2MB) calculations

on (PPh),Pd + RBr — (PPh),Pd(R)(Br) (R= Me, Ph). In the ONIOM

is relatively more stable when compared wathTS, suggesting
that interaction of PhBr with Pd in the transition state is
considerably greater than that of MeBr with Pd.

An energy decomposition analysis, on the basis of the

barriers, shown in Scheme 1, was carried out to further support

scheme, the deformation energyHyes) is defined as the energy
associated with deforming the reactants from their equilibrium
structures to the geometry they acquire in the transition state
and the interaction energyAEin) represents the interaction

that for the addition of MeBr. The largéEqe(2) value for Ph

P—Pd—P angle in1_TS (Figure 2). The difference between
the two reaction barriers can be traced to the significant

porting the conclusion made above.

A charge analysis also shows that PhBr gains (e36dm
the Pd(PH), fragment in the transition state, while MeBr gains
only 0.19@. The charge transfer in the transition state of the

calculations, the six phenyl groups on the two phosphine ligands were treated . - L .
as the second layer, while the rest were treated as the first layer. The @ddition of PhBr is much more significant than that in the

calculation results (see the Supporting Information for the detailed results) transition state of the addition of MeBr. To better understand

show that the steric bulkiness of the two BHands does not affect the the difference in the charge transfer, we compared the occupied
addition barriers. The geometry around the metal center in each of the

transition states also does not change much. The results are understandablrenOIeCUIar Orbltal.s fo.I’_L_TS ?‘nd 2_.TS having the metal-to-
because these oxidative addition reactions have early transition states. Fofigand b§ijb0nd|ng interactions (Figure 3). From.Flg'Ure 3,0ne
references of the ONIOM method, see: (a) Dapprich, S.; koma |.; can easily find that involvement of the PBr &* orbital in the
Byun, K. S.; Morokuma, K.; Frisch, M. dl. Mol. Struct. (THEOCHEM) HOMO of 1_TSiis very significant. The bending of the C(1)

1999 462 1. (b) Vreven, T.; Morokuma, KJ. Comput. Cherm200Q 21, h 2
1419. For a similar two-layer ONIOM calculation, see: (c) Ananikov, v. BF bond of PhBr away from the phenyl plane in the transition

P.; Szilagyi, R.; Morokuma, K.; Musaev, D. @rganometallics 2005
24, 1938.
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C1- -Br 3.236

q(Br) = -0.001 qBr) =-0.224 qBr) =-0.533
q(Me) = 0.001 q(Me) = 0.034 q(Me) =.0.169
q(Pd) = 0.109 q(Pd) = 0.282

2 2 TS 2_Prod

Figure 2. Calculated structures for species involved in the oxidative addition of PhBr and MeBr. Bond distances are given in A and bond

angles in deg.
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(b) Figure 4. Schematic illustration showing how the occupied Pd 4d
orbital interacts with the PhBr o*/z* orbitals (a) and with the

Figure 3. Occupied frontier molecular orbitals showing the metal- Me—Br o* orbital (b) in the transition states.

(d)-to-ligandg*/r*) back-bonding interactions in the transition

states of oxidative addition of PhBr (a) and MeBr (b).

bonding interaction from the occupied Pd 4d orbital to the hybrid
derived from the mixing of the C(1)Br z* and o* orbitals.
state allows mixing of the PhBr z* and ¢o* orbitals, giving a For2_TS (Figure 5b), the polarization is much less significant
new hybrid orbital that can effectively overlap and interact with because of the strong directionality of the Mé bpbrid orbital.

the occupied Pd 4d atomic orbital (Figure 4a) and thus increasing One of the reviewers was concerned that possible agostic
the donor-acceptor orbital interactions in the transition state interactions between the-H bonds on the substrate and Pd
between the occupied Pd 4d atomic orbital and the empty hybrid might stabilize 1_TS more when compared witt2_TS.
acceptor orbital. Owing to the strong directionality of thé sp Examining the structure df_TS, we do not find the possible
hybrid orbital on Me, the overlap between the MRr o* orbital agostic interactions. The shortest Pd- - -H distance is 2.933 A.
and the Pd 4d atomic orbital in the transition stateTS is In other words, agostic interactions do not play a role in
poor (Figure 4b). To confirm this claim, we analyzed the stabilizingl_TS. However, in2_TS, we did find that there is
Laplacian of the electron density-§2r) on the plane defined  a weak agostic interaction, with a Pd- - -H distance of 2.212 A,
by Pd, C(1), and Br for the transition statesTS and2_TS between one of the €H bonds from the methyl group (see the
using the AIM theory (Figure 5% Although some of the = C—H bond shown on the right-hand side of C(1)2n.TS of
concepts in the AIM theory have been questioketie concept
of the Laplacian plots (Figure 5) is still useful in understanding ~ (16) Bader, R. F. WAtoms in Molecules: A Quantum Thep@xford
the electron density features in the transition states 1EFS U”("{%S('% E;eusfe:n%f_om; g;h;ﬁ?\;)_~R_; Ha, T.-K.; Vanquickenborne, L.
(Figure 5a), the electron density around C(1) is significantly & :"wentrup, C.J."Am. Chem. Socl992 114, 4382. (b) Haaland, A.;
polarized toward the Pd metal center, indicating the back- Shorokhov, D. J.; Tverdova, N. \Chem. Eur. J2004 10, 4416.
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energy than the PhBr &* orbital. It is because of its smaller
conjugation that gives the Br-bonded carbon in vinBl a
greater percentage contribution to the viaRr s* orbital,
enhancing the donor(Pd 4dacceptor(viny-Br p*) orbital
interactions in the transition state and therefore lowering the
oxidative addition barrier. BenzyBr has a smaller oxidative
addition barrier than MeBr, reflecting the weaker berzgit
bond when compared with the M&r bond. Benzyt-Br has a
greater oxidative addition barrier than both PhBr and vinyl
Br, again due to the lack of low-lying-€Br z* orbitals.

In summary, the better reactivity of aryl versus alkyl halides
is related to the availability of ArX s7* orbitals in the aryl
halides. In a given oxidative addition of RX to Pd(0), the
transition state involves breaking of the—R bond and
formation of the Pe-X and Pd-R bonds. Therefore, the back-
Pd bonding interaction from Pd(d) to the-X antibonding orbital-

(s) dominates in the transition state. The availability of-Xr
ar* orbitals in the aryl halides allows an efficient back-bonding
H—c H interaction in the transition state with less involvement of the
H Ar—X o* orbital, lowering significantly the addition barrier.
Clearly, kinetic but not thermodynamic factors contribute to the
(b) reactivity difference among the different types of organic
Figure 5. Plots of the Laplacian of electron density fhr TS (a) halides.
and2_TS (b) on the C(1)-Pd—Br plane.
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Br
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