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The aim of this study was to investigate both the electronic and steric effects of the ancillary phosphine
ligand L on the reductive elimination of Me-Me from a series of L,PdMe, and LPdMe, complexes. Density
functional theory was used to study these processes with the model ligands L = PMes, PHs, PCl;3 and with
the experimentally reported ligands L = PPhs, PPh,Me, PPhMe,. For the model ligands we confirm that
electron donation from L affects the barrier for reductive elimination from L,PdMe; but not from LPdMe,.
In the former case the greater the electron donation or basicity of L, the greater the barrier and the later
the transition state. This is because electron donation increases the ¢~ antibonding between Pd and L in
the transition structure. On the other hand, if L is a good 7 acceptor this stabilizes the occupied d;; orbital
of Pd in the transition structure and lowers the barrier to reductive elimination. In the case of the reac-
tions involving LPdMe; as the intermediate, it is the loss of the first L (L,PdMe, — LPdMe; + L) which
determines the differences in the barrier height. Greater electron donation leads to greater L-to-Pd &
donation and a stronger Pd-L bond, and thus a greater overall barrier. A comparison of these results with
the reductive elimination of 1,3-butadiene from divinyl palladium complexes L,PdR; shows that the bar-
riers are lower in the vinyl case because of a mix of orbital factors. Our results show that there is a sig-
nificant stabilizing interaction between the Pd d;, orbital and the vinyl-vinyl hybrid ¢"/r" orbitals in the
reductive elimination transition structure. At the same time this Pd-R;, orbital stabilization alleviates the
potential antibonding interactions between Pd and L and makes the vinyl elimination much less suscep-
tible to ancillary ligand effects. Energy-decomposition analyses have been used to elucidate the contrib-
uting factors to the activation energies for the reductive eliminations with the model phosphine ligands.
These analyses have also been used to disentangle the electronic and steric effects involved in the larger
ligand systems. The electronic effects of the experimentally reported ligands are found to be very similar
to each other. On the other hand, steric effects lead to a destabilization of the reactant L,PdMe, com-
plexes but not the transition structures, which results in a decrease in the barriers to reductive elimina-
tion compared to the smaller phosphine ligands. These steric effects do not play a role in reductive
elimination from LPdMe,. These detailed analyses of the electronic and steric factors may be used to
assist the design of systems which enhance or retard reductive elimination behaviour.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction tion, which reduces the oxidation state of palladium by two units,

proceeds via a concerted mechanism involving a three-centered

Reductive elimination of R-R’ from L,Pd(R)(R’), where L is typ-
ically a phosphine ligand, is a key bond-forming step in many cross
coupling reactions catalyzed by palladium such as Stille and co-
workers [1], Suzuki-Miyaura [2], Hiyama [3], Sonogashira [4],
Kumada and co-workers [5], Negishi and Anastasia [6], and Heck
[7]. Much work has already been done on the mechanism of this
key step. Numerous studies have shown that reductive elimina-
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transition state (Scheme 1) [8]. The mechanism and rate of the
reductive elimination reaction are mainly sensitive to the nature
of the two reacting groups (R and R’) [9,10] and the steric and elec-
tronic properties of the ancillary ligand L [11].

During the course of the mechanistic studies of C-C bond-form-
ing reactions, Yamamoto, Stille, and co-workers studied reductive
elimination of saturated alkyl groups from cis-dialkylbis(phos-
phine)palladium complexes, L,Pd(R)(R’), and found that the reac-
tion would be preceded by the dissociation of one of the
phosphine ligands to form a coordinatively unsaturated species
LPd(R)(R’) adopting a T-shaped structure (Scheme 1) [9,12,13].
On the contrary, C-C couplings involving unsaturated vinyl and
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Concerted mechanism (direct reductive elimination)
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Scheme 1.

phenyl groups were found to be much faster and occur without
prior phosphine dissociation [9]. There are numerous experimental
studies in the literature on the reductive elimination of the unsat-
urated groups from square planar transition metal complexes
[14,15]. From the experimental findings, Yamamoto and Stille sug-
gested that the reductive elimination reaction proceeding directly
from the four coordinate species should be much more difficult
than that from the three coordinate species. This was supported
by theoretical studies of Macgregor et al. [16]. In 2005, Musaev,
Morokuma and co-workers reported DFT calculations on the ease
of reductive elimination of R-R’ from (PHs),Pd(R)(R’) and con-
cluded that, in agreement with the experimental data, the reduc-
tive elimination of two methyls is more difficult than the same
process involving unsaturated groups [10].

The rate of reductive elimination is also reliant on the nature of
the ancillary ligands L. The use of phosphine ligands with low elec-
tron-donating properties produces a clear enhancement in the rate
of reductive elimination [11b]. The possible explanation for the
trend is that Pd(II) complexes, which are more electrophilic than
Pd(0) complexes, become more stable with phosphine ligands of
high donicity [8e]. This feature stabilizes the initial complex
L,Pd(R)(R’) with respect to the transition state, leading to an in-
crease in the rate of reductive elimination. In addition, more bulky
phosphines, acting as ancillary ligands, accelerate the reductive
elimination process. For example, Negishi et al. studied the reduc-
tive elimination of R-R (R = Me, Ph, t-Bu-C=C-, t-Bu-C=C-) from a
series of phosphine complexes of the type L,PR,, where L = PPhs,
PPh,Me, and PPhMe,, and concluded that the efficiency of the
phosphines decreases in the following order
PPhs > PPh,Me > PPhMe, [11b]. Although the question of whether
the above trend is mainly controlled by steric effects or electronic
influences remain unanswered, the trend could be rationalized by
the steric effect induced by the phosphine ligands; the larger the
steric bulk, the easier the elimination [17]. Very recently, Ananikov
et al. used a theoretical ONIOM study to investigate the R-R reduc-
tive elimination from L,PdR; (L = PH3, PMes, PPhs, PCys3) and found
that steric parameters mainly influence the energy of the ground
state while electronic parameters have the largest impact on the
energy of the transition state [18].

Despite the extensive theoretical studies [11a,14,19], the reason
why the three coordinate species LPdR, undergoes reductive elim-
ination much more readily than the four coordinate species L,PdR,
has not been addressed clearly yet. In this contribution, we wish to
provide a better understanding of how electronic properties of the
ancillary ligand L affect the reductive elimination of Me-Me from
both the model complexes L,PdMe, and LPdMe,, where L = PMes,
PHs, PCls, with the aid of B3LYP density functional theory (DFT)
calculations. The representative set of L includes ligands with grad-
ually changing donor and acceptor characters. The o-donor charac-
ter of L decreases as L=PMes > PH; > PCl; while the m-acceptor
character of L increases in the order L=PMes < PHs < PCl;3 [20].

We also briefly investigate how the nature of R affects the pre-
ferred pathway. To elucidate the combined effects of the electronic
and steric nature of L on the reductive elimination reaction, we also
studied the Me-Me reductive elimination reaction from the real,
experimentally reported, species Me,PdL, and Me,PdL, where
L =PPhs, PPh,Me, and PPhMe,. In this way, we will provide a
consistent molecular orbital rationalization which encompasses
4-coordinate vs. 3-coordinate elimination, alkyl vs. vinyl elimina-
tion, and phosphine ligands with a range of electronic and steric
effects.

2. Computational detail

caussiaN 03 [21] was used to fully optimize all the structures re-
ported in this paper at the B3LYP level of density functional theory
[22]. The effective core potentials of Hay and Wadt with double-{
valence basis sets (LanL2DZ) [23] were chosen to describe Pd, P
and Cl. The 6-31G(d) basis set was used for other atoms [24]. Polar-
ization functions were also added for Cl({4=0.640) and
P({q=0.387) [25]. This basis set combination will be referred to
as BS1. Frequency calculations were carried out at the same level
of theory for structural optimization and confirmed that transition
states have only one imaginary frequency. The natural bond orbital
(NBO) program, as implemented in caussian 03, was used to obtain
natural populations of atoms [26].

To test the accuracy of the medium-size basis set (BS1) used, we
carried out single point energy calculations for all structures (as
well as full optimization of the structures given in Fig. 1) with a lar-
ger basis set: LANL2augmented:6-311+G(2d,p) basis set, incorpo-

direct mechanism L-predissociation mechanism

Fig. 1. Potential energy profiles calculated for the Me-Me reductive elimination
from L,PdMe, (L = PMes, PH3, PCl3) through both the direct and L-predissociation
mechanisms using B3LYP/BS1. Values given in parentheses are relative to 3_L + L.
The electronic energies relative to the L,PdMe; are given in kcal/mol.
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rating the LANL2 effective core potential, a large LANL2TZ+(3f) ba-
sis set on Pd (see Supplementary material), and the 6-311+G(2d,p)
basis set on other atoms. This basis set will be referred to as BS2.
The results show that basis set dependence is insignificant. For
example, using the smaller basis set, the relative energies of
1TS_PPhs, 1TS_PPh,Me, and 1TS_PPhMe; (Fig. 6) are 20.4, 24.7,
and 27.9 kcal/mol, respectively. Using the larger basis set, the
relative energies are 20.8, 26.6, and 30.0 kcal/mol, respectively
(for detailed information see Figs. S1-S4 in Supplementary
material).

3. Results and discussion
3.1. Me-Me elimination from LyPdMe, (L = PMes, PH3, PCl3)

Let us first discuss the effect of the electronic properties of L on
the reductive elimination of ethane from L,PdMe, (1_L) where
L = PMes, PH3, PCls. The calculated energy profiles using B3LYP/
BS1 for the reductive elimination reaction on the basis of the two
mechanisms summarized in Scheme 1 are shown in Fig. 1. It can
be seen that the direct reductive elimination of ethane from
L,PdMe, for L = PCls3, PH3, and PMejs takes place with the activation
barriers of 13.2, 23.3, and 28.3 kcal/mol, respectively. The overall
activation barrier heights computed for the L-predissociation
mechanism are 20.7, 26.1, and 31.4 kcal/mol for L=PCl;, PHs,
and PMes, respectively. These results are consistent with the
experimental observations that reductive elimination is acceler-
ated by the presence of ancillary ligands with decreased elec-
tron-donating properties and increased electron-withdrawing
properties. The exothermicity of the reaction of 1_L — 2_L is com-
parable for all the species and is not sensitive to the electronic nat-
ure of the ancillary ligand.

3L
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From Fig. 1, it is obvious that an increase in electron-donating
properties of L has a significant effect on the energy of the transi-
tion state for the direct reductive elimination of ethane from the
four coordinate species L,PdMe,, while it has a very little effect
on the energy of the transition states for the reductive elimination
from the three coordinate species LPdMe,. The barrier to ethane
elimination from L,PdMe, spans a relatively large range from
13.2 kcal/mol (L = PCl3) to 28.3 kcal/mol (L = PMe3), while the bar-
rier to ethane elimination from LPdMe, spans a relatively small
range from 10.4 kcal/mol (L=PCl3) to 12.6 kcal/mol (L =PMes).
Therefore, for the L-predissocation mechanism, it is the L ligand
loss step which contributes substantially to the differences in the
overall barrier. The L dissociation energy in 1_PMes, 1_PH3, and
1_PCl; is calculated as 18.8, 14.2, 10.3 kcal/mol, respectively, sug-
gesting that dominating the bonding interaction between a Pd me-
tal center and a L ligand is the L-to-Pd o-donation.

It also follows from Fig. 1 that, for a given L, the barrier to eth-
ane elimination from L,PdMe, through the direct mechanism is fa-
vored over the L-predissociation mechanism. However, taking into
account the entropic effect, AG could change this computational
result. As expected, a large positive entropy change, AS, occurs in
the L dissociation from L,PdMe, because a one-to-two transforma-
tion occurs in the course of the reaction. The free energy change,
AG, includes entropic contributions by taking into account the
vibrational, rotational, and translational motions of the species un-
der consideration. Our calculations in the gas phase overestimate
the rotational and translational motions because these two mo-
tions are highly suppressed in solution [27]. This feature decreases
noticeably AG as compared to AE. For example, the energy re-
quired for phosphine dissociation from (PH3),Pd(Mes), is calcu-
lated as follows: AE =14.2 kcal/mol and AG,gg = 0.6 kcal/mol. The
energy difference between the AE and AG values (13.6 kcal/mol)
is greater than the one suggested by Ziegler (8-10 kcal/mol) [28],
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Fig. 2. Calculated structures for species involved in the Me-Me reductive elimination from L,PdMe; (L = PMes, PHs, PCl3). Selected bond distances and angles are given in
angstroms and degree, respectively. Data for L = PMes are in plain text, for L = PH3 in italics and L = PCl5 in bold.
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indicating an incorrect estimate of AG from the gas phase calcula-
tion. A precise estimate of AG in solution is too difficult to calcu-
late. However, for the L-predissociation mechanism, one can
obtain a rough estimate of the corresponding Gibbs free energy
profile by deducting 8-10 kcal/mol from all the electronic energies
given in the right-hand side of Fig. 1 relative to L,PdMe,. Thus, on
the basis of this new correction, one can expect that the ethane
reductive elimination from L,PdMe, through the L-predissociation
mechanism would be favored in solution over the direct mecha-
nism, a result which agrees with experimental observations.

Structural parameters of 1_L, 3_L, 1TS_L, and 2TS_L are summa-
rized in Fig. 2. For all the transition states 1TS_L, a non-planar
structure was located in which both the Pd-Me bonds are elon-
gated and bent relative to the corresponding reactants. The ethane
reductive elimination from the three coordinate LPdMe, species
proceeding via transition states 2TS_L involves migration of the
methyl ligand trans to the vacant site toward the other methyl.
In 2TS_L, the bond distance between Pd and the migrating methyl
ligand lengthens while the other Pd-Me bond distance remains
fairly constant, though both the methyl ligands are bent to meet
each other. From Figs. 1 and 2, one also can find a clear trend as fol-
lows: the more basic the phosphine ligand, the higher the activa-
tion barrier and the later the transition state.

To account for the trend in activation energy for the ethane
elimination, an energy-decomposition analysis of reaction barriers
using the BS1 basis set was carried out (Schemes 2 and 3) using the
activation strain model [29] and the results of the analysis are
summarized in Tables 1 and 2. Recalculation using the larger basis
set and the geometries optimized by the B3LYP/BS2 calculations
gives similar results to those listed in Tables 1 and 2 (see Tables
S1 and S2 in Supplementary material) indicating the reliability of
the standard BS1 basis set [30]. AE1 (AE'1) represents the energy
required to dissociate L,PdR, (LPdR,) into fragments: PdRiza and
2L (L), PdRY and L** have the same geometry we found in the
reactants. AE2 and AE3 (AE'2 and AE'3) involve relaxation of the
L* and Pde fragments into their equilibrium geometries. AE4
and AE5 (AE'4 and AE'5) refer to the energy needed to deform
the phosphine and PdR, fragments to the geometries they acquire
in the transition states. The interaction energy between the de-
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Scheme 2. AE1 represents the energy required to dissociate L,PdR; into fragments:
PdR}' and 2L*, PdR}' and L* have the same geometry we found in the reactants.
AE2 and AE3 involve relaxation of the L** and PdR} fragments into their
equilibrium geometries. AE4 and AE5 refer to the energy needed to deform the
phosphine and PdR, fragments to the geometries they acquire in the transition
states. The interaction energy between the deformed l’dRTz'J and 2L fragments is
represented by AE6. AE7 stands for the energy needed to separate PdL; into Pd and
2L*, AES is the energy released associated with the relaxation of L* from the frozen
geometry in PdL, to the optimized geometry (L).
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Scheme 3. AE'1 represents the energy required to dissociate LPdR; into fragments:
PdR;* and L*. PdR}' and L* have the same geometry we found in the reactants. AE'2
and AE'3 involve relaxation of the L** and PdR;a fragments into their equilibrium
geometries. AE'4 and AE'5 refer to the energy needed to deform the phosphine and
PdR, fragments to the geometries they acquire in the transition states. The
interaction energy between the deformed PdR;" and L® fragments is represented by
AFE'6. AE'7 stands for the energy needed to separate PdL;, into Pd and L. AE'8 is the
energy released associated with the relaxation of L* from the frozen geometry in
PdL, to the optimized geometry (L).

formed PdR) and 2L™ (L") fragments is represented by AE6
(AE'6). AE7 (AE'7) stands for the energy needed to separate PdL,
(PdL) into Pd and 2L*¢ (L*¢). AE8 (AE'8) is the energy released asso-
ciated with the relaxation of L* from the frozen geometry in PdL,
to the optimized geometry (L).

From Table 1, one can find that upon going from L = PMe;3 to
PCls, the sum of AE2, AE3, AE4, and AE5 remains nearly un-
changed and could not thus be responsible for the differences in
the activation energies. Both AE1 and AE7 increase from L = PCl;
to PMes and change significantly within a relatively wide range,
implying that the phosphine-to-Pd o-donation is dominating the
bonding mode regardless of the nature of the oxidation sate of
Pd. Unexpectedly, the same trend is not observed for AE6. The
interaction energy between the deformed PdR, and L fragments,
AEG, becomes less negative from L = PCl; to PH3 and then becomes
more negative from X = PH; to PMes. Also, it is of interest to note

Table 1

The energy-decomposition data (kcal/mol) wusing B3LYP/BS1 for the
1_L > 1TS_L — 2_L + Me-Me conversion, where L=PMes, PH3, and PCls, based on
the illustration given in Scheme 2. The full energy-decomposition analyses are given
in Supplementary material.

L AE1 AE6 AE7 AE8 AE1 + AE6 AE2 + AE3 + AE4 + AE5
PMe; 466 380 720 -0.7 8.6 19.7

PH; 343 -31.2 614 -07 3.1 20.3

PCl5 287 -353 563 -0.2 -6.6 19.9

Table 2

The energy-decomposition data (kcal/mol) using B3LYP/BS1 for the
3_L - 2TS_L — 4_L + Me-Me conversion, where L =PMes, PHs, and PCls, based on
the illustration given in Scheme 3. The full energy-decomposition analyses are given
in Supplementary material.

IL, AE'1  AE'6 AE'7 AE'8 AE1+AE6 AE2+AE'3+AE4+AE5
PMe; 235 -333 406 -04 -9.8 223
PH3 167 -272 343 -03 -105 224
PCl5 151 -270 362 -02 -119 223
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that, in comparison with AE1 and AE7, the values of AE6 span a
relatively small range from —38.0kcal/mol (L=PMes) to
—31.2 kcal/mol (L=PH3). The positive values of AE1+ AE6 for
L =PMe; and PHj3 indicate that the coordination of the two phos-
phine ligands destabilizes the transition states 1TS_PMes and
1TS_PHs. In other words, the Pd-L bonds, where L=PMes and
PH3, become weaker upon going from 1_L to 1TS_L, as evidenced
by the slight lengthening of the Pd-P bonds (Fig. 2). This makes
the barrier to reductive elimination of ethane from L,PdMe, rela-
tively high. On the contrary, the coordination of the two PCl3 li-
gands stabilizes transition state 1TS_PCl; (see the negative value
of AE1+ AE6 for the PCl; case). Indeed, it is the much greater
Pd-PCl; binding energy in 1TS_PCl; versus in 1_PCl; which makes
the reaction barriers relatively small for (PCl;),PdMe,. The stron-
gest Pd-L bonds are predicted for the products 2_L which require
the largest energies to dissociate PdL, to Pd and 2L (sum of AE7
and AES8 in Table 1). The Pd-L bond in 1_L is weaker than in 2_L
because of the strong trans influence of the Me group.

The results of the energy-decomposition analysis for LPdMe,
are listed in Table 2. Similar to what we found for the four coordi-
nate species, the sum of AE'2, AE'3, AE'4, and AE'5 is nearly invari-
ant to the modification of the ligand L and the Pd-L bond. The most
dominant contribution to the difference in the reductive elimina-
tion barrier between the three and four coordinate species is the
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change in the Pd-L bond strength. The negative value of
AE'1 + AF'6 indicates that the Pd-L bonds become much stronger
upon going from 3_L to 2TS_L (Table 2). The shorter Pd-L bond dis-
tance in 2TS_L compared to in 3_L further supports the claim here
(Fig. 2). This result contrasts with the situation in the four coordi-
nate species in which the Pd-L bonds, where L = PMesz and PH3, are
significantly weakened from 1_L to 1TS_L. The sum of AE'1 and
AE'6 becomes slightly more negative from L = PMes to PCls, indi-
cating that the greatest strengthening of the Pd-L bonds is found
for L = PCls. From these results, one may conclude that due to the
much stronger Pd-L bond strength in 2TS_L compared to in 3_L
the ethane reductive elimination occurs much more easily from
the three coordinate species.

In the course of the activation reaction, two electrons are trans-
ferring into the empty d,._,. orbital, as two Pd-R bonds are being
broken and a new C-C bond is being formed. Analysis of our DFT
wavefunctions confirms that (as suggested by Hoffman 30 years
ago [11a]) the HOMO in 1TS_L corresponds to the partially occu-
pied d,._,. orbital and has significant o’ antibonding character be-
tween the palladium metal center and the two L ligands (Fig. 3a).
Thus, in general, the more basic the phosphine ligands, the stron-
ger the Pd-L repulsive interaction, and the more destabilized the
transition state relative to the reactant. In other words, the high
instability of 1TS_PMejs relative to 1_PMes could be mainly related

~

(b)

Fig. 3. The spatial plots and schematic illustrations showing how the partially occupied Pd d,._,. orbital interacts with the coordinated ligands in (a) 1TS_L and (b) 2TS_L (c)
3TS_L. In 1TS_L and 2TS_L, d,._,. interacts with the Me---Me o orbital while in 3TS_L, it interacts with the vinyl- - -vinyl ¢'/n" hybrid orbital.
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to the significantly greater repulsive interaction between PMe3 and
Pd. On the other hand, the occupied d,y, dy,, and d,, orbitals rise in
energy with transferring the two electrons to the d,._,. orbital. This
process, which leads to an increase of electron density on the Pd
metal center, facilitates the back-donation interaction from Pd to
L. As expected, the PCl3 ancillary ligands that are strong m-acceptor
and weak o-donor ligands stabilize the transition state much more
than do the PMes and PHs ligands. Thus, the low barrier for ethane
elimination from L,PdMe,, where L is a weak donor and a strong
acceptor ligand, can be rationalized as follows. First, the weakened
bonding interaction between Pd and L in the transition state is less
pronounced because the Pd-L repulsive interaction is not so
strong. Second, the presence of the two strong m-accepting phos-
phine ligands seems to stabilize the occupied d, orbitals of the
Pd metal center and consequently makes the reductive elimination
transition state relatively more stable.

In contrast, the partially occupied d,._,. orbital in 2TS_L is non-
bonding with respect to the ancillary ligand L and consequently af-
fords no extra destabilization to the transition state (Fig. 3b). On
the other hand, as discussed above, the negative values calculated
for AE'1 + AE'6 suggest that the L ligand has a significant stabiliz-
ing effect on the transition state 2TS_L. A plausible explanation for
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the finding is as follows. Since the reductive elimination via 2TS_L
requires a drastic reorganization and change in the Pd-Me bond-
ing, the tendency of the Me ligand trans to L to weaken the Pd-L
bond decreases upon going from 3_L to 2TS_L. In other words,
the trans influence of the Me ligands is far weaker in 2TS_L than
in 3_L, resulting in the stronger bonding interaction between Pd
and L in 2TS_L. The Pd-L bond is shortened in 2TS_L by 0.099-
0.116 A, reflecting the weaker trans influence of methyl in 2TS_L.
A combination of these two factors explains why 3_L undergoes
reductive elimination much more readily than 1_L. From Fig. 1,
one may also conclude that the phosphines with strong m-accept-
ing ability are capable of stabilizing 2TS_PCl; more than 2TS_PHj3
and 2TS_PMes, making the reductive elimination process kineti-
cally more favorable.

3.2. Comparison of valence molecular orbitals of 1TS_PMe3z and
2TS_PMe;

The main purpose of this subsection is to investigate how disso-
ciation of one phosphine ligand affects the Pd d orbital energies in
the transition states. The orbital diagrams drawn in Fig. 4 were ob-
tained from a direct analysis of the DFT wavefunctions of

MO2' -
Vs

-4.76 eV

MO3'
#’

-5.32eV

(%)

MOS'

-H_ r

542eV
-5.76 eV

MO#'

Mo e

(PMes)Pd(Me),
2TS_PMe;

(b)

Fig. 4. Orbital diagrams showing the five highest occupied molecular orbitals for (a) 1TTS_PMe3 and (b) 2TS_PMej3 along with their corresponding orbital energies.
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1TS_PMe; and 2TS_PMes. A similar trend was also observed for
other complexes. These diagrams show the key role of the d,._,.
orbital in raising the reaction barrier through destabilizing the
transition states in the four coordinate complexes with strong &
donor ligands. The d,._,. orbital of 1TS_PMes (MO1 in Fig. 4a) suf-
fers from the antibonding interaction with the PMes; & orbitals
while the other d orbitals do not undergo such antibonding inter-
action. The dissociation of one PMe3 from 1TS_PMe; leading to the
formation of 2TS_PMej3 turns off the 6PMe; — d,._,» antibonding
interaction, causing the d,._,. orbital (MO1) to substantially drop
in energy (Fig. 4b). The energy difference between MO1 and
MO1’ increases as the o donating ability of L increases (1.68,
1.24, and 0.55 eV for L = PMes, PHs, PCls, respectively), indicating
that the strong o-donor ligands (L) destabilize MO1 more signifi-
cantly. We can also see from Fig. 4 that upon going from 1TS_PMes
to 2TS_PMejs, the energy changes for the other d orbitals are insig-
nificant suggesting that these orbitals would not play a crucial role
in lowering of the reductive elimination barrier from 3_PMes when
compared to that from 1_PMes. As mentioned above, the phos-
phine-to-Pd donation is dominating the bonding mode regardless
of the nature of the oxidation sate of Pd. Thus, in the four coordi-
nate complexes when L is a strong o-donor ligand, it is expected
that there will be greater repulsive interaction in MO1, further
weakening the Pd-L bond strength in 1TS_L, leading to the greater
destabilization of 1TS_L. In contrast, in the three coordinate com-
plexes, such a destabilizing interaction disappears, providing a sit-
uation in which the reductive elimination barrier becomes low and
mainly independent of the electronic nature of L.

3.3. Vinyl-vinyl elimination from LyPd(vinyl), (L = PMes, PHs, PCl3)

Although the loss of Me-Me vs. vinyl-vinyl by reductive elimi-
nation has been studied previously by Morokuma and co-workers
[10], we present here a more detailed molecular orbital rationaliza-
tion of the differences between these two elimination reactions. To
investigate the dependence of the ease of R-R reductive elimina-
tion from L,PdR; on the reacting moieties, calculations were per-
formed on the reductive elimination reaction from the vinyl
complexes L,Pd(vinyl),, where L = PMes, PH3, PCl5. The energy pro-
files for the species based on the two mechanisms suggested in
Scheme 1 are shown in Fig. 5. In analogy to the Me-Me reductive
elimination reaction from L,PdMe,, the decreasing order of the
activation barrier to the vinyl-vinyl elimination from L,PdMe; is
L = PMes > PHs > PCls. Comparing the energy profiles given in Figs.
1 and 5, one can find that, in accordance with the earlier findings
[10], the reductive elimination reaction from L,Pd(vinyl), is easier
than from L,PdMe,. The AE2 + AE3 + AE4 + AE5 term for L,Pd(vi-
nyl), is much smaller than that for L,PdMe, (Tables 1 and 3). This
fact can be rationalized by the significant stabilizing interaction
between the Pd d, orbital and the hybrid obtained from the mixing
of vinyl- - -vinyl " and 7" orbitals [31]. In contrast, in transition
states 1TS_L, due to the lack of the hybrid orbital, the interaction
between the d;; orbital of Pd and the strongly directional sp* hybrid
orbitals of the Me ligands becomes poor, making the reductive
elimination reaction very difficult (Fig. 3a and c).

It is also worth noting that the dependence of the activation
barrier on L for (vinyl),PdL, is much less significant than for
(Me),PdL,. For (vinyl),PdL, in comparison with L,PdMe,, the
AE1 + AE6 terms lie within a more narrow range (Tables 1 and
3) indicating that the destabilization/stabilization exerted by L in
3TS_L is not significantly affected by the phosphine substituents.
Again, this behaviour can be understood in terms of the orbitals
schematically shown in Fig. 3. From Fig. 3¢, we can see that, in
transition states 3TS_L, the hybrid orbitals of the vinyl ligands
are able to stabilize the Pd d, orbital through a metal-to-vinyl
interaction, bringing it into HOMO-5. This interaction alleviates

Ly yinyl
i
L/ vinyl
3TS_L

-19.3
—

L =PCl,
L -304

|
Pd + vinyl-vinyl +L
4L

2L
L=PCl; =

direct mechanism L-predissociation mechanism

Fig. 5. Potential energy profiles calculated for the vinyl-vinyl reductive elimination
from (vinyl),PdL, (L = PMes, PHs, PCl3) through both the direct and L-predissoci-
ation mechanisms using B3LYP/BS1. Values given in parentheses are relative to
6_L + L. The electronic energies relative to the (vinyl),PdL; are given in kcal/mol.

Table 3

The energy-decomposition data (kcal/mol) wusing B3LYP/BS1 for the
5_L — 3TS_L — 2_L + vinyl-vinyl conversion, where L=PMes, PHs, and PCls, based
on the illustration given in Scheme 2. The full energy-decomposition analyses are
given in Supplementary material.

IL AE1 AE6 AE7 AE8 AE1 + AE6 AE2 + AE3 + AE4 + AE5
PMe; 52.1 —47.7 72.0 -0.7 44 25
PH3 36.7 —35.5 61.4 -0.7 1.2 3.5
PCl5 28.5 —30.8 56.3 -0.2 —2.3 2.8

the Pd-L antibonding interactions in the transition state and de-
creases the donating capability of Pd to L, leading to the much
smaller dependency of the elimination reaction on L. Evidence
for this can be seen from the results of the NBO population analy-
sis. For example, the change in the d,. . orbital population from
1_PMe;s to 1TS_PMe; (0.401 e) is more significant than that from
5_PMe3 to 3TS_PMe; (0.112 e). The trivial increase in the d,._»
orbital population for 5_PMes; — 3TS_PMej3 suggests that the Pd-
L repulsive interaction in 3TS_PMe; should not be very severe.
Finally, it should be noted that, based on the calculated energy
profile in Fig. 5, the vinyl-vinyl couplings through the direct mech-
anism are favored over the other mechanism even when the entro-
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py contribution (8-10 kcal/mol) to the reaction is considered. This
result is in agreement with the experimental studies that the C-C
couplings involving unsaturated groups occur without prior phos-
phine dissociation.

3.4. Me-Me elimination from LPdMe, (L = PPhs, PPh,Me, PPhMe,)

As mentioned in Section 1, for the rate of the R-R reductive elim-
ination from L,PdR; the following order was experimentally ob-
served: L=PPhs;>PPh,Me >PPhMe,. From the energy profile
shown in Fig. 6, it is also obvious that the B3LYP calculations for
L,PdR; (L = PPhs, PPh,Me, PPhMe;) also reproduce well the trends
found from the experimental studies, regardless of the nature of
reaction mechanism. Using ONIOM decomposition analysis, Anani-
kov et al. suggested that the steric effect of the L ancillary ligands
promotes the R-R reductive elimination through the destabiliza-
tion of the ground state, while the electronic effect of L influences
the energy of the transition state [16]. These results raise a question
concerning which effect dominates the reaction rate of the Me-Me
elimination from L,PdMe; (L = PPhs, PPh,Me, PPhMe,). To address
this question, the energy-decomposition analyses of the reaction
barriers, shown in Schemes 2 and 3, were applied. Comparison of
the data presented in Tables 4 and 5 provides the following conclu-
sion. Each of the values of AE'1, AE'7, and AE7 shows similarity

3
‘[ = PPh,Me

L =PPh,
(-20.9)

|
Pd + CoHg+ L

L =PPhMe, e 4L

L = PPh,Me

direct mechanism L-predissociation mechanism

Fig. 6. Potential energy profiles calculated for the Me-Me reductive elimination
from L,PdMe; (L = PPhs, PPh,Me, PPhMe,) through both the direct and L-predis-
sociation mechanisms using B3LYP/BS1. Values given in parentheses are relative to
3_L + L. The electronic energies relative to the L,PdMe, are given in kcal/mol.

Table 4

The energy-decomposition data (kcal/mol) using B3LYP/BS1 for the
1_L - 1TS_L — 2_L+ Me-Me conversion, where L=PPh;, PPh,Me, PPhMe, and
PMes, based on the illustration given in Scheme 2. The full energy-decomposition
analyses are given in Supplementary material.

L AE1  AE6 AE7  AE8 AE1+AE6  AE2+ AE3 + AE4 + AE5
PPh; 393 377 713 -06 1.6 18.9

PPh,Me 438 -389 714 -10 5.0 19.8

PPhMe, 469 387 723 -0.6 8.2 19.7

PMe; 466 -380 720 -0.7 86 19.7

Table 5

The energy-decomposition data (kcal/mol) using B3LYP/BS1 for the
3_L - 2TS_L —» 4_L+ Me-Me conversion, where L=PPhs, PPh,Me, PPhMe, and
PMes, based on the illustration given in Scheme 3. The full energy-decomposition
analyses are given in Supplementary material.

IL, AE'1  AFE'6 AE'7 AE'8 AFE1+AE'6 AE2+AE3+AE4+AE'5
PPhs 225 322 397 -03 -9.7 224
PPh,Me 224 -325 399 -04 -10.1 22.6
PPhMe, 235 —-332 405 -04 -9.7 223
PMe3 235 333 406 -04 -9.8 223

independent of the nature of the ancillary ligand L for the L,PdMe,
complexes, where L = PPhs, PPh,Me, PPhMe,, PMes, suggesting that
the electronic properties of all the phosphines should be compara-
ble (Tables 4 and 5). The values calculated for AE2 + AE3 +-
AE4 + AE5 are fairly invariant to L, while the value for AE1 + AE6
becomes more positive as the size of L increases. AE1 largely de-
pends on the bulkiness of L while AE6 does not. Indeed, the inclu-
sion of two bulky L ligands results in the steric destabilization of
the reactant, 1_L, as evidenced by the decreased value of AE1 upon
going from L = PMes to PPhs (Table 4). Widening of the L-Pd-L bite
angle and narrowing of the Me-Pd-Me angle in transition states
1TS_L (Fig. 7) would vanish the steric effect introduced by the
repulsive interaction between the L ligands and between the L
and Me ligands, while the geometry change does not influence
the electronic effect of L. The claim that the phosphine ligands
PPhs, PPh,Me, PPhMe,, and PMejs are electronically similar to one
another can also find support from the result that the values of
AEG for all the phosphines are nearly the same. This result suggests
that the electronic effect of PR; is mainly reliant on the electronic
nature of the substituents R. The reasons why the substituents R af-
fect the electronic property of PR; has already been addressed by
Frenking and co-workers [18]. Our detailed analysis confirms that
the bulky phosphines such as PPhs and PPh,Me facilitate the R-R
reductive elimination mainly by destabilization of 1_L (Fig. 6)
through steric rather than electronic means. The sterically larger
phosphine ligands tend to reduce the energy required to dissociate
one L from 1_L, subsequently lowering the Me-Me reductive elim-
ination barrier through the L-predissociation mechanism. The com-
parable values calculated for AE’'1 suggest that the steric repulsion
between the L and Me ligands is very small in the mono-phosphine
systems. The above results also lead to the conclusion that, in calcu-
lations, the use of PMes as a reliable model for PPhs would give
accurate results provided that the steric effect introduced by the
phosphines is insignificant.

For the sake of completeness, we also extended our calculations
to the (vinyl),Pd(PPhs), system. Our calculations indicate that the
barrier to the direct vinyl-vinyl elimination from (vinyl),Pd(PPhs),
(2.1 kcal/mol) is approximately 4.9 kcal/mol smaller than from (vi-
nyl),Pd(PMes); (7.0 kcal/mol) indicating that, as expected, the ste-
ric repulsive interaction of the two PPhs ligands is also capable of
promoting the vinyl-vinyl elimination process through the desta-
bilization of 5_PPhs.
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2.049
2.048

3_L

2.333
2.332
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2TS_L 4_L

Fig. 7. Calculated structures for species involved in the Me-Me reductive elimination from L,PdMe, (L = PPh3, PPh,Me, PPhMe;). Selected bond distances and angles are given
in angstroms and degree, respectively. Data for L = PPhj are in plain text, for L = PPh,Me in italics and L = PPhMe; in bold.

4. Conclusions

This study has provided a detailed analysis of the steric and
electronic effects of the ancillary ligands L in a series of reductive
elimination reactions involving both model and real phosphine li-
gands. Electron donation from L plays an important role in reduc-
tive elimination from four coordinate L,PdMe, but not from three
coordinate LPdMe;. In the former case the greater the electron
donation or basicity of L, the greater the barrier and the later the
transition state. This is because electron donation increases the
o’ antibonding between Pd and L in the transition structure. On
the other hand, if L is a good 1 acceptor this stabilizes the occupied
d orbital of Pd in the transition structure and lowers the barrier to
reductive elimination. In the case of the elimination reactions
involving three coordinate species LPdMe, as the intermediates,
it is the dissociation of the first L (L,PdMe, — LPdMe, + L) which
leads to the differences in the overall barrier and which is con-
trolled by the basicity of L. Greater electron donation leads to
greater L-to-Pd o donation and a stronger Pd-L bond, and thus a
greater overall barrier. A comparison of these results with the
reductive elimination of 1,3-butadiene from divinyl palladium
complexes L,PdR, shows that the barriers are lower in the vinyl
case because of a mix of orbital factors. Our results show that there
is a significant stabilizing interaction between the Pd d;; orbital and
the vinyl-vinyl hybrid ¢”/n" orbitals in the reductive elimination
transition structure. At the same time this Pd-R, orbital stabiliza-
tion alleviates the potential antibonding interactions between Pd
and L and makes the vinyl elimination much less susceptible to
ancillary ligand effects. Energy-decomposition analyses have been
used to elucidate the contributing factors to the activation energies
for the reductive eliminations with the model phosphine ligands.
These analyses have also been used to disentangle the electronic
and steric effects involved in the larger ligand systems. The elec-

tronic effects of the experimentally reported ligands are found to
be very similar to each other. On the other hand, steric effects lead
to a destabilization of the reactant L,PdMe, complexes but not the
transition structures, which results in a decrease in the barriers to
reductive elimination compared to the smaller phosphine ligands.
These steric effects do not play a role in reductive elimination from
LPdMe,. These detailed analyses of the electronic and steric factors
may be used to assist the design of systems which enhance or re-
tard reductive elimination behaviour.
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