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Investigation of Reductive Elimination from Square-Planar and T-Shaped
Species
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A theoretical ONIOM study has been carried out to under-
stand the influence of phosphane ligands on the structure of
Pd complexes and their reactivity in C-C bond formation.
The calculations were performed for Me-Me reductive elimi-
nation with the ligands L = PPhg, PCyj;, PMes, PHj3, and vi-
nyl-vinyl, Ph-Ph, ethynyl-ethynyl, vinyl-Me, vinyl-Ph and
vinyl-ethynyl couplings with L = PPh; for [PdR,L,] com-
plexes (n = 1, 2). The calculations revealed critical changes
in the reactivity of palladium complexes depending on the
mechanism and ligand type. In the case of the standard four-
coordinate pathway (n = 2) the relative reactivity in carbon-

carbon bond formation follows the order: L = PPh; > PH; >
PCy; > PMej;. However, for reductive elimination involving
T-shaped complexes by the ligand predissociation pathway
(n = 1), the relative reactivity changes in the order: L. = PCy;
> PPh; > PHj3; > PMe;. The theoretical study suggested that
the steric effect of phosphane ligands has the largest impact
on the structure of the initial palladium complexes, while the
electronic effect is most influential on the transition states of
C-C coupling in these complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction

Palladium-catalyzed reactions have had a major impact
on developing new synthetic methods for C-C and C-X
bond formation.['"#* On several reactions it was established
that the choice of an appropriate phosphane ligand for the
palladium complex plays a crucial role in creating and opti-
mizing new catalytic methodologies.I'?! Utilization of or-
ganic chlorides (aryl chlorides, etc.)! in cross-coupling re-
actions is an outstanding recent example of tuning catalytic
activity by steric and electronic effects of ligands. The key
finding was to carry out the cross-coupling reaction with
very electron-rich ligands.[®7] Undoubtedly, further devel-
opment of the field strongly depends on our understanding
of reaction mechanisms and rationalization of the influence
of phosphane ligands, especially on the reactivity of the in-
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termediate metal complexes involved in these catalytic
transformations.[®]

Different approaches, including IR frequencies, NMR
chemical shifts and coupling constants, electronic density
distribution, etc.,'>!! have been developed to characterize
steric and electronic effects of phosphane ligands on the
ground-state geometry of transition-metal complexes. An
attempt has been made to correlate structural and energetic
properties of Pt and Pd complexes with steric and electronic
properties of phosphane ligands.I'?l In contrast to ground-
state properties, predicting the reactivity of transition-metal
complexes is a much more challenging problem. A recent
study has suggested the MESP (Molecular Electrostatic Po-
tential) approach to characterize the electron-donating abil-
ity of phosphane ligands.['3! A later work criticized this ap-
proach and concluded that MESP is unsubstantiated for
characterizing the donating ability of phosphanes.l'¥l How-
ever, a further analysis again provided some evidence that
MESP could be a good measure of the electron-donating
ability of phosphanes.'>!'® Finally, a recent review on the
subject made uncertain conclusions concerning the usage of
modern theoretical methods to deal with the problem.['6]
This example clearly emphasizes the complexity of the
question and indicates the necessity of a clarifying study in
this fascinating field.
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A very important question concerns the nature of transi-
tion-metal complexes involved in the reductive elimination
reaction. In a number of experimental reports it has been
proposed that phosphane ligand dissociation accelerates C—
C and C-X bond formation on Pd and Pt complexes (via
T-shaped intermediates).l'”-!81 A computational study per-
formed for the C—H reductive elimination reaction from Pt
complexes with model PH; and PMes ligands has sug-
gested, however, that direct reductive elimination without
ligand dissociation is preferred for four-coordinate com-
plexes.'”! The study raises a question concerning the rela-
tive reactivity of four-coordinate vs. three-coordinate com-
plexes in C-C bond formation.

The above discussion reveals a rather complex picture of
C-—C bond formation on transition-metal complexes with
strong dependence on the complex type, substituents and
ligand environment, which may not find a concise explana-
tion based on available mechanistic knowledge. So far, only
simple PH; and PMej; ligands were mostly utilized in theo-
retical studies of C-C bond-formation reactions.!?0 23
However, detailed investigation of the systems with real-size
ligands is required to link available experimental data with
computations.

In the present study we have evaluated the effect of phos-
phane ligands on C-C bond formation from Pd! complexes
(Scheme 1) through the reductive elimination mechanism (1
— 2-TS — 3) involving four-coordinate initial complexes
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Scheme 1. Carbon-carbon coupling through four-coordinate and
three-coordinate mechanisms; R, R’ = CH;, CH=CH,, C4Hs,
C=CH; L = PH;, PMes, PPh;, PCy;.
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as well as the dissociative pathway (4 — 5-TS — 3) involv-
ing three-coordinate species. We have calculated the most
frequently used triphenylphosphane ligand (PPhs) and tri-
alkylphosphanes (PMe; and PCys) with different bulkiness
of the organic groups. For comparative purpose, we have
also calculated the PH; model ligand widely used in earlier
theoretical studies.

2. Computational Procedure

All calculations were performed by utilizing the two-layer
ONIOM approach.?¢271 In the ONIOM partitioning the
studied [MR,(PR’;),] complexes (L = PR’;) were divided
into two layers: the first layer includes the ligands R, metal
center and phosphorus atoms, and the second layer includes
the substituents at the phosphane ligands (R’). A graphical
representation of the partitioning scheme is given in
Scheme 2.

The first layer was treated at the high B3LYP/BSI level.
The basis set BSI consists of the SDD basis set!8] for the
metal atom and the 6-311G(d) basis set!®”! for the other
atoms. The second layer was treated at the relatively low
HF/Lanl2mb level. Therefore, this two-layer ONIOM ap-
proach used in the present study was denoted as ONIOM-
(B3LYP/BSI:HF/Lanl2mb) and it was utilized for geometry
optimization and frequency calculations throughout the pa-
per, unless otherwise mentioned. Single-point energy calcu-
lations were carried out at the ONIOM(B3LYP/BSI:B3-
LYP/Lanl2dz) level by using ONIOM(B3LYP/BSI:HF/
Lanl2mb)-optimized geometry: this approach was denoted
as ONIOM(B3LYP/BSI:B3LYP/Lanl2dz)//ONIOM(B3LYP/
BSI:HF/Lanl2mb).

In the ONIOM studies the normal-coordinate analysis
has been performed for all stationary points to characterize
the nature of TSs and equilibrium structures and to calcu-
late Gibbs free energies (298.15 K, 1 atm, rigid rotor har-
monic oscillator approximation). All calculations were per-
formed without symmetry constraints with the Gaussian 03
program.’% The reliability of the chosen theory level in ge-
ometry optimization and energy calculations has been con-
firmed by a special study (see Supporting Information).

2-TS 3

Scheme 2. Model (the first layer, in circle) and real systems used in the ONIOM calculations, which are treated at high and low levels,

respectively.
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Table 1. Calculated relative energies of the stationary points 1-5-TS on the AE, AH and AG energy surfaces™®! [kcal/mol] at 298.15 K
and 1 atm; system A at the B3LYP/BSI level, systems B-J at the ONIOM(B3LYP/BSI:B3LYP/Lanl2dz)//ONIOM(B3LYP/BSI:HF/
Lanl2mb) level.

System M L R! R2 1 2-TS 3 4 5-TS

A Pd PH; Me Me 0.0/0.0/0.0 25.2/24.2/23.6  -31.4/-30.4/-41.7 17.2/15.0/2.4 29.3/26.9/15.7
B Pd PMe;  Me Me 0.0/0.0/0.0 30.0/29.1/26.4  -32.4/-31.5/-46.3 20.7/18.8/3.5 33.0/30.8/16.5
C Pd PPh; Me Me 0.0/0.0/0.0 23.1/22.2/17.9  -39.2/-38.5/-54.7 13.9/12.1/-6.3 26.2/24.2/6.6
D Pd PCyj; Me Me 0.0/0.0/0.0 28.8/27.4/25.1 —-39.2/-39.6/-56.5 13.3/10.6/-7.2 24.9/21.9/4.8
E Pd PPh; CH=CH, CH=CH, 0.0/0.0/0.0 3.7/3.0/2.8 ~44.2/-43.7/-59.4  12.0/10.5/-6.6 15.0/13.0/-3.0
F Pd PPh; Ph Ph 0.0/0.0/0.0 9.718.8/9.3 -43.2/-43.3/-59.6  10.8/9.4/-10.3 14.8/12.7/-4.6
G Pd PPh; C=CH C=CH 0.0/0.0/0.0 13.3/12.0/10.2  -24.1/-24.4/-40.0 22.2/20.7/3.7 29.4/27.1/10.0
H Pd PPh; CH=CH, Me 0.0/0.0/0.0 11.8/11.1/10.4  —-40.2/-39.8/-56.3 12.4/10.5/-6.8 19.2/17.1/0.9
I Pd PPh; CH=CH, Ph 0.0/0.0/0.0 7.516.716.7 —42.5/-42.3/-59.4 11.9/10.5/-7.1 15.4/13.4/-2.4
J Pd PPh; CH=CH, C=CH 0.0/0.0/0.0 8.4/7.4/6.7 -31.5/-31.8/-48.4 14.5/12.8/-4.0 21.4/19.0/2.8

[a] The values are provided in the order E/H/G. [b] In the five-coordinate species 4 and 5-TS the ligand in trans position to R! was
dissociated.

Table 2. Calculated selected bond lengths [A] and angles [°] for the studied complexes; system A at the B3LYP/BSI level, systems B-G at
the ONIOM(B3LYP/BSI:HF/Lanl2mb) level.[&-P]

System M L R, R?  Structure M-CI M-C2€ M-P1d  M-p2d Cl-C2¥  CI-M-C29  P1-M-P2@  Tilt anglel!

A Pd PH; Me 1 2.100 2.100 2.367 2.367 2.778 82.8 102.2 0.8
2-TS 2.198 2.198 2.384 2.384 2.071 56.2 111.4 52.0
4 2.047 2.038 2.410 - 2.791 86.2 - —
5-TS 2.117 2.167 2.304 - 2.084 58.2 - —

B Pd PMe; Me 1 2.132 2.132 2.322 2.322 2.774 81.2 107.2 0.1
2-TS 2.196 2.196 2.331 2.331 2.117 57.6 118.7 59.8
4 2.053 2.046 2.373 86.2 2.802 86.2 - —
5-TS 2.117 2.161 2.290 584 2.290 584 - -

C Pd PPh; Me 1 2.123 2.113 2.370 2.376 2.770 81.6 103.2 1.9
2-TS 2.190 2.190 2.367 2.367 2.113 577 122.1 60.7
4 2.057 2.046 2.383 - 2.788 85.6 - -
5-TS 2.125 2.164 2.306 - 2.072 57.8 - -

D Pd PCy; Me 1 2.127 2.127 2.432 2432 2.642 76.8 110.1 9.2
2-TS 2.193 2.197 2.385 2411 2.109 574 120.3 67.6
4 2.060 2.044 2.392 - 2.771 84.9 - -
5-TS 2.124 2.159 2.318 - 2.061 57.5 - -

E Pd PPh; CH=CH, 1 2.074 2.061 2.374 2.392 2.614 78.4 104.4 32
2-TS 2.091 2.086 2.369 2.383 2.559 57.7 108.7 5.8
4 2.016 1.991 2.389 - 2.760 87.1 - -
5-TS 2.031 2.031 2.362 - 2.151 64.0 - -

F Pd PPh; Ph 1 2.095 2.076 2.384 2.405 2.694 80.5 104.6 8.5
2-TS 2.129 2.137 2.401 2.385 1.981 55.3 108.7 16.6
4 2.029 2.011 2.386 - 2.751 85.8 - -
5-TS 2.049 2.066 2.352 - 2.126 62.2 - -

G Pd PPh; C=CH 1 2.010 1.999 2.356 2.372 2.724 85.6 104.4 0.3
2-TS 2.014 2.018 2.388 2.375 1.809 533 109.0 1.4
4 1.981 1.920 2.333 - 2.815 923 - -
5-TS 1.961 1.948 2.373 - 1.957 60.1 - -

[a] Length of the formed carbon-carbon bond in organic products R-R: 1.529 (3_A to 3_D), 1.456 (3_E), 1.485 (3_F), 1.365 (3_G);
length of the Pd-P bond in the PdL, product complexes: 2.289 (3_A), 2.286 (3_B), 2.295 (3_C, 3_E to 3_G), 2.315 (3_D). [b] The
imaginary frequencies [ cm!] for the transition states 2-TS_A to 2-TS_G, respectively: 481, 450, 432, 434, 373, 328, 435; for the transition
states 5-TS_A to 5-TS_G, respectively: 425, 426, 441, 451, 278, 251, 370. [c] C1 and C2 belong to R' and R?, respectively. [d] P1 is trans
to C1 and P2 is trans to C2. [e] Absolute value of the angle between the P1-M-P2 and C1-M-C2 planes.

The calculated relative energies (AE, AH, AG) of reac- of Me-Me reductive elimination reactions are shown in
tants, intermediates, transition states and products are sum-  Figures 1 and 2, and those of the coupling of unsaturated
marized in Table 1, while their most important structural organic groups are given in Figure S1 (see Supporting In-
parameters are listed in Table 2. The optimized structures formation).
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Figure 1. Optimized structures of the initial complexes, transition states and products of the Me-Me coupling from [Pd(CHj3),L,] with
different ligands. Their important geometry parameters are given in Table 2 and the energetic data is listed in Table 1.

Figure 2. Optimized structures 4_C and 5-TS_C. Their important
geometry parameters are given in Table 2 and the energetic data is
listed in Table 1.

3. Results

First, we analyze the effect of the phosphane ligand on
the geometry of the [Pd(CHj3),L,] complexes, followed by a
discussion of the potential-energy surfaces of Me-Me coup-
ling for both (four- and three-coordinate) pathways of the
reductive elimination reaction. Finally, C-C bond forma-
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tion between the unsaturated organic groups (vinyl, phenyl
and ethynyl) and unsymmetrical couplings will be consid-
ered with the triphenylphosphane ligand.

A. Effect of Phosphane Ligands on the Geometry of the
[Pd(CH3),L,] Complexes (1_A to 1_D)

In this section we analyze how sensitive the geometry
parameters of the initial metal complexes are to the nature
of the phosphane ligands. Both Pd—-C and Pd-P bonds will
be involved in the comparison. The shortest Pd—C distance
was calculated for the L = PHj; case, and substituted phos-
phane ligands increased the Pd-C distance by 0.018-
0.032 A (Table 2). The following trend in Pd—C bond length
was obtained for the ligands studied (in A):*"1 1_B (2.132;
L = PMes) > 1_D (2.127; L = PCy;) > 1_C (2.118; L =
PPh;) > 1_A (2.100; L = PHj).

Alkyl-substituted phosphanes gave longer Pd-C bonds
relative to L = PPh; and PHj3. The longest Pd—C bond was
calculated for L = PMes having the smaller substituent size
5393
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as compared to L = PCy;. However, rather small changes
in the bond length do not provide the necessary basis for
further analysis. The calculations agree with available exper-
imental data; according to the X-ray studies, M—C¢hy1 dis-
tances span a range of 2.08-2.16 A and are not much sensi-
tive to the identity of the phosphane ligand.l*?! Indeed, the
influence of the crystal-packing effect may diminish the
small differences in M—C bond lengths caused by the ligand
effect.

The following trend in Pd-P bond length was calculated
for the studied ligands (in A):3'1 1_D (2.432; L = PCy;) >
1_C (2.373; L = PPh3) > 1_A (2.367; L = PH;) > 1_B
(2.322; L = PMe3)

Longer Pd-P bonds for L = PCy; can be explained by
the bulkiness of this ligand. The presence of large steric
repulsions in the case of PCy; is also evident from increased
P-Pd-P angles and decreased C—Pd-C angles, as compared
to the other ligands (Table 2). Despite the obvious geometry
changes caused by the PCy; ligand, the overall trend cannot
be easily rationalized. Similar conclusions can be drawn
upon analysis of experimental geometries determined in X-
ray studies.[3?]

B. Effect of the Organic Group on the Geometry of the
[PdR,(PPhj3),] Complexes (1_E to 1_J)

The structures 1_E to 1_G with unsaturated organic li-
gands and L = PPh; (Table 2) can be compared with similar
compounds for L = PH; studied earlier.”*) Introducing Ph
substituents into the phosphane ligand increased on average
the length of the Pd-C bonds by 0.01-0.03 A, while the
trends in the Pd-P distances and P-Pd-P angles were less
pronounced; the average changes were <0.02 A and <I1°,
respectively.

It is important to point out that the conformational flexi-
bility of PPh; caused some deviations towards an asymmet-
ric ligand environment. In fact, Pd—C1 and Pd-C2 bonds,
as well as Pd—P1 and Pd-P2 bonds, within the same com-
plex (1_E to 1_G, as well as 1_C) differ by 0.01-0.02 A
(Table 2). The expected relationship of the shorter Pd—C
bond trans to the longer Pd-P bond in these complexes
originates from the trans effect (Table 2). It should be
pointed out that experimental X-ray studies have also re-
ported unsymmetrical ligand environments with similar dif-
ferences in the bond lengths.[*?! Finally, in agreement with
the discussion in section A, no clear trends between the
geometry parameters of the initial complexes and the na-
ture of phosphane ligands can be outlined.

C. Effect of Phosphane Ligands on the Energetics of
Reductive Elimination from the Four-Coordinate
[Pd(CH3),L,] Complexes (1_A to 1_D)

The investigated reductive elimination reactions occur by
a concerted mechanism (Figure 1). In such a case, move-
ment along the reaction coordinate involves elongation of
Pd-C bonds and an increase in P-Pd-P angles, as well as
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shortening of C—C bonds and a decrease in C—Pd—C angles.
Optimized geometry parameters for the initial complexes
and transition states reflect these structural changes
(Table 2).

According to the calculated barriers (AH™), the reactiv-
ity of the studied complexes in the reductive elimination
reaction decreases in the order (Table 1): 1_C (L = PPh;) >
1_A (L = PH;) > 1_D (L = PCy3) > 1_B (L = PMe;).

Therefore, the lowest reactivity in C—C bond formation
was predicted for the complex with the PMej; ligand, while
the complex with the PPhs ligand should be the most reac-
tive. All reactions are exothermic; energy gain upon product
formation follows the trend: 1_.C, 1.D > 1_A, 1_B
(Table 1).1331 The calculated AE and AH values are nearly
identical, with a difference of <1.5 kcal/mol. In terms of
AG the reactions are highly exoergic (due to the entropy
contribution as well), and the activation barriers are slightly
decreased (Table 1).34

The calculated reactivity order can not be easily under-
stood on the basis of the known properties of the ligands.
In order to estimate the electronic and steric effects of the
ligand on reaction energetics, we have applied decomposi-
tion analysis based on ONIOM calculations at different
levels (Scheme 3). The system with the simplest ligand (L =
PH;) computed at the MO level was used as a reference
point. From the reference point we cannot directly estimate
the desired steric and electronic effects in the real chemical
system (L = PR’;3) calculated at the ONIOM(MO:MO)
level. However, the analysis can be simplified by carrying
out ONIOM(MO:MM) calculations on the real systems, for
the decomposition point, which includes only the steric ef-
fect of substituents R’. The difference between the reference
and decomposition points provides information about the
steric effect in the studied system, while the electronic effect
can be revealed by comparing the real system and the de-
composition point (Scheme 3).

Real Chemical System

ONIOM(MO:MO) level
L=PR}

A Wnic effect

Decomposition Point
.9 ONIOM(MO:MM) level
- L=PRY4

+ electronic effect
+ steric effect

.-"'+ steric effect
Reference Point
MO level
L =PH,

Scheme 3. ONIOM decomposition analysis to evaluate steric and
electronic effects of phosphane ligands in the studied complexes.

For the decomposition point, we have carried out single-
point ONIOM(B3LYP/BSI:UFF) calculations with the
UFF molecular mechanics force field as the low level
(Table 3). Comparison of ONIOM(B3LYP/BSI:UFF) ener-
gies for L = PMes, PPh;, PCy; with the B3LYP/BSI energy
for L = PHj;, reveals a small and noncharacteristic change
for the PMe; ligand, while the activation barriers for the
PPh; and PCy; ligands are decreased by 4-7 kcal/mol (see
Tables 1 and 3). This trend is in good qualitative agreement

Eur. J. Inorg. Chem. 2007, 5390-5399
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with the steric bulkiness of the ligands: PCy;, PPh; > PMes
~ PH,.13%

Table 3. Calculated AE relative energies of the stationary points
1, 2-TS and 3 at the ONIOM(B3LYP/BSI:UFF)//ONIOM(B3LYP/
BSI:HF/Lanl2mb) level [kcal/mol].

System M L R!, R? 1 2-TS 3

B Pd PMe; Me 0.0 26.8 -32.9
C Pd PPh; Me 0.0 17.8 —46.7
D Pd PCy; Me 0.0 20.7 —43.8

In the present metal complexes, the steric effect includes
repulsion between the phosphane ligands and between the
phosphane and CHj; ligands. These steric repulsions desta-
bilize both the initial complex 1 and the transition state
2-TS. The decrease in the activation barrier (AE™) at the
ONIOM(B3LYP/BSI:UFF) level suggests that the initial
complex 1 is more destabilized by the steric repulsions rela-
tive to the transition state 2-TS.?I This energy trend is in
excellent agreement with geometry parameters, because in
the transition state both P-Pd-P and P-Pd-C. angles
become larger. The energy gain (AE) calculated at the
ONIOM(B3LYP/BSI:UFF) level is almost the same for the
PMe; ligand and significantly higher for the PPhs and PCy;
ligands relative to the ONIOM(B3LYP/BSI:B3LYP/
Lanl2dz) level (see Tables 1 and 3, respectively), which is
also evident from minimizing steric repulsions in 3.

Now we can consider the influence of the electronic ef-
fect. In the present system the interaction between the phos-
phane ligand and the metal center affects both the initial
complex and the transition state. The nature of the elec-
tronic effect can be revealed by comparative analysis of the
ONIOM(B3LYP/BSI:UFF) energy surface, which includes
only the steric effect, and the ONIOM(B3LYP/BSI:B3LYP/
Lanl2dz) energy surface, which includes both electronic and
steric effects. Comparison of the ONIOM(B3LYP/BSI:-
UFF) and ONIOM(B3LYP/BSI:B3LYP/Lanl2dz) energies
[both evaluated by using the same ONIOM(B3LYP/
BSI:HF/Lanl2mb) optimized geometries] has shown that
for L = PMes, PPh;, PCys, inclusion of the electronic ef-
fects increased the activation barriers by 3-8 kcal/mol (see
Tables 1 and 3, respectively). This suggests that electronic
effects may have more influence on the transition state than
on the initial complex.3”) It appears that the weak metal—
carbon bond in the transition state is more sensitive to the
electronic effect than the relatively strong bond of the initial
complex.

D. Reductive Elimination from the Three-Coordinate
[Pd(CH3),L] Complexes (4_A to 4_D) by the Phosphane
Ligand Predissociation Mechanism

Another pathway of C—C bond formation may involve
phosphane ligand dissociation 1 — 4 followed by 4 — 5-
TS reductive elimination (Scheme 1). Reassociation of the
phosphane ligand after releasing the organic product results
in the same product, 3.58 An example of the optimized
structures of 4_C and 5-TS_C is shown in Figure 2. Com-
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plex 4_C affords T-shaped geometry with nonequivalent
Pd-C bonds, which is shifted towards Y-shaped geometry
upon moving to 5-TS_C. However, the transition-state
structure did not become symmetric as was evident from
different Pd-C1 and Pd-C2 bond lengths (Table 2) and P-
Pd-C angles.*”! Similar geometry changes were also ob-
served for the other three-coordinate structures considered
in the present study. Comparing corresponding 2-TS and 5-
TS geometries, one may clearly notice an earlier character
for 5-TS (shorter Pd-C bonds and longer C-C bonds for
5-TS, see Table 2).

In agreement with geometry trends, phosphane ligand
predissociation significantly lowers activation energies of
the reductive elimination process. The calculated 4 — 5-TS
activation barriers on the AE, AH and AG surfaces have
similar values in the range 11-13 kcal/mol for all of the
studied complexes (4_A to 4_D), which are much smaller
than 1 — 2-TS activation barriers of AH” = 22-29 kcal/mol
(1_A to 1_D). Therefore, if monoligated [PdR,L] species 4
would be involved as the initial complexes (in such a case
ligand predissociation is not required) in the C-C reductive
elimination, the reaction would be faster and less sensitive
to the ligand effects. In the case of four-coordinate initial
complexes the activation barriers 1 — 5-TS should be con-
sidered to estimate the relative reactivity order (because 4
is higher in energy than 1 on the AH surface), which follows
the trend (see Table 1): L = PCy; > PPh; > PH; > PMes.

As evident from Table 1, the potential surface is dramati-
cally influenced by the value of the Pd-P bond energy (en-
ergy difference between 4 and 1). The calculated Pd—P bond
energy (in AH) for the first phosphane ligand dissociation
from the [Pd(CHj3),L,] complexes 1_A to 1_D decreases in
the order: PMes (18.8 kcal/mol) > PH; (15.0 kcal/mol) >
PPh; (12.1 kcal/mol) > PCy; (10.6 kcal/mol).

Comparison of the PH; and PMejs ligands (both having
relatively small steric effects) indicates that electron do-
nation from the ligand to the metal center increases the Pd—
P bond energy in the present complexes. However, for the
more bulky PCy; ligand, the steric repulsions in 1 decrease
the Pd-P bond energy and facilitate phosphane ligand
dissociation. As a result, carbon—carbon bond formation
through the 1 — 4 — 5-TS — 3 pathway for L = PCyj; is
energetically even less demanding than that through the 1
— 2-TS — 3 pathway for L = PPh; (AH” = 21.9 and
22.2 kecal/mol, respectively). The entropy contribution
should provide additional energetic favor to the dissociation
pathway on the AG surface.’4

E. Reductive Elimination of Unsaturated Vinyl, Phenyl and
Ethynyl Groups from the Four-Coordinate [PdR,(PPhj;),]
Complexes (1_E to 1_G) and the Three-Coordinate
[PdR,PPh;] Complexes (4_E to 4_G)

Vinyl-vinyl, phenyl-phenyl and ethynyl-ethynyl coup-
lings on Pd' centers with the PPh; ligand also proceeded
through the concerted transition states (Figure S1, Support-
ing Information). However, these reductive elimination re-
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actions require the overcoming of smaller activation barri-
ers (Table 1). According to the calculated AH” values, the
reactivity in C—C bond formation among the present com-
plexes follows the trend: 1_E (vinyl-vinyl) > 1_F (Ph-Ph)
> 1_G (ethynyl-ethynyl) > 1_C (Me-Me). The formation
of buta-1,3-diene (3_E) and biphenyl (3_F) is exothermic by
AH = —43 kcal/mol; the formation of buta-1,3-diyne (1_G)
is less exothermic with AH = —24.4 kcal/mol.[#0]

The Pd-P bond energy increases in the order (AH [kcal/
mol]): 1_F (9.4) < 1_E (10.5) << 1_G (20.7) for the vinyl,
phenyl and ethynyl complexes, respectively (Table 1). The
higher bond energy in the case 1_G is consistent with the
shorter Pd-P bond in this compound (Table 2). Therefore,
according to the calculated energetics (Table 1), vinyl-vinyl
and Ph-Ph couplings are likely to involve the three-coordi-
nate reaction pathway (1 — 4 — 5-TS — 3), while ethynyl—
ethynyl coupling should follow the standard pathway with
four-coordinate species (1_G — 2-TS_G — 3_G). The cal-
culated energetic trend is in excellent agreement with avail-
able experimental studies showing that [Pd(CHjs),L,] com-
plexes are rather stable in solution, whereas analogous di-
phenylpalladium complexes are unstable.l'’d4!1 Tt has also
been shown that replacement of Me groups by Ph groups
in the PMe,Ph; . ligands increases the rate of C-C bond
formation within the catalytic cross-coupling cycle.!'¥]

F. Unsymmetrical Coupling of Methyl-Vinyl, Phenyl-Vinyl
and Ethynyl-Vinyl Groups from the Four-Coordinate
[PdR'R*(PPhs),] Complexes (1_H to 1_J) and the Three-
Coordinate [PdAR'R?PPh;] Complexes (4_H to 4_J)

Reductive elimination of Me and vinyl groups by the
four-coordinate pathway (1_H — 2-TS_H — 3_H) requires
overcoming the activation barrier of AH* = 11.1 kcal/mol
and is exothermic by AH = —39.8 kcal/mol (Table 1). These
values are intermediate between the vinyl-vinyl (AH” =
3.0 kcal/mol, AH = —43.7 kcal/mol) and Me-Me (AH™ =
22.2 kcal/mol, AH = -38.5 kcal/mol) couplings. Thus, the
following relative reactivity should be expected: vinyl-vinyl
> vinyl-Me > Me-Me. The same relationship was calcu-
lated for the other studied unsymmetrical couplings: the vi-
nyl-Ph coupling is intermediate between the vinyl-vinyl and
Ph—Ph couplings, and the vinyl-ethynyl coupling is interme-
diate between the vinyl-vinyl and ethynyl-ethynyl couplings
(Table 1).

Remarkably, this tendency remains valid for the three-
coordinate pathway,[*? although the difference in activation
barriers was rather small (4 — 5-TS; AH [kcal/mol]): vinyl-
vinyl (2.5) > vinyl-Me (6.6) > Me-Me (12.1); vinyl-vinyl
(2.5) > vinyl-Ph (2.9) > Ph-Ph (3.3); vinyl-vinyl (2.5) >
vinyl-ethynyl (6.2) > ethynyl-ethynyl (6.4).

Geometry parameters are in line with the energy data
and follow the trends discussed above; optimized geometry
parameters are listed in Table SI1 (see Supporting Infor-
mation).
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4. Discussion

It was shown that geometry parameters of initial
[PdR,L,] complexes are not very sensitive to the nature of
the phosphane ligands. Therefore, electronic and steric
properties derived from the initial metal complexes or from
the free ligands should be used with care for predicting the
reactivity of transition-metal complexes. Moreover, the cal-
culations have shown that the influence of the conforma-
tional changes on geometry may be of the same order of
magnitude as the ligand effects.

Applying ONIOM decomposition analysis, we have
found that the steric effect of phosphane ligands mostly in-
fluences the initial Pd™ complex, while the electronic effect
has the greatest impact on the transition state. The larger
steric effect of R’ decreases the activation barriers of C—
C reductive elimination. The electronic effect changes the
reactivity in the opposite manner: inclusion of the electronic
effect increases the activation barriers.

In sections 2C and 2D we have analyzed the four-coordi-
nate and three-coordinate pathways separately; here we pro-
vide a joint analysis of both pathways to predict the overall
reactivity in the studied system. The reductive elimination
reaction from Pd" complexes by the four-coordinative path-
way follows the trend: L = PPh; > PH; > PCy; > PMes;.
However, in the case of the three-coordinate pathway the
complex with the tricyclohexylphosphane ligand becomes
more reactive: L = PCy; > PPh; > PH; > PMe;.[*3] The
relative reactivity through these two pathways is determined
by the strength of the metal-phosphorus bond. The calcu-
lated Pd—P bond dissociation enthalpy for [Pd(CHjs),L,] de-
creases in the order: L = PMe; > PH; > PPh; > PCys;.
Easy dissociation of the PCy; ligand favors C-C coupling
by the three-coordinate pathway. Considering both poten-
tial energy surfaces, for L = PCyj; the reaction is most likely
to undergo the three-coordinate predissociation pathway in-
volving T-shaped complexes, for L = PH; and L = PMe;
the classical four-coordinate pathway, and for L = PPh;
both pathways should be accessible.

The results of theoretical studies of C—H reductive elimi-
nation from platinum complexes with PH; and PMe; li-
gands!'! are in excellent agreement with our study of C-C
bond formation on Pd; for these ligands the four-coordinate
pathway should be preferred. At the same time, this indi-
cates that for studies of the ligand effect, PH; and PMes
are unreliable models of PPhs and PCys. Explicit consider-
ation of substituents is required to obtain agreement with
experiment.

Coupling of different organic groups from [PdR,-
(PPhs),] complexes was predicted to be in the following re-
activity order: vinyl-vinyl > Ph-Ph > ethynyl-ethynyl >
Me-Me for the four-coordinate pathway and vinyl-vinyl,
Ph-Ph > Me-Me > ethynyl-ethynyl for the three-coordi-
nate pathway. The Pd-P bond dissociation enthalpy de-
pends on the nature of the organic group being eliminated
that is attached to the palladium atom as was calculated for
the series of [PdR,(PPhjs),] complexes: R = Me, ethynyl >
Ph, vinyl. Therefore, vinyl-vinyl and Ph—Ph couplings are
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likely to proceed by the three-coordinate predissociation
pathway; however, ethynyl-ethynyl coupling can start di-
rectly from the four-coordinate complex.

Special note should be made concerning the solvent ef-
fect. Using PCM calculations it was reported that the sol-
vent effect does not change in a substantial manner the po-
tential energy surfaces of four-coordinate reductive elimi-
nation pathways involving neutral metal complexes.*?! In
case of the predissociation pathway, the solvent could coor-
dinate to a vacancy in the metal center. However, taking
into account that most organic solvents (toluene, benzene,
dichloromethane, chloroform, hexanes, etc.) are weakly co-
ordinated to a metal center, this process is unlikely to intro-
duce principal changes to the mechanism. 4!

5. Conclusions

The study has clearly shown that the ligand effect on C-
C bond formation should be considered in view of the reac-
tion mechanism, otherwise it may be a source of inconsist-
encies or even erroneous conclusions. The influence of steric
and electronic factors depends on the nature of reacting
species and the ligand environment as well as the type of
organic groups being eliminated.

The calculations revealed that different ligands may in-
volve different mechanisms of the C-C reductive elimi-
nation reaction. Among the ligands studied, PCy; should
be used to facilitate the T-shaped pathway by the predisso-
ciation mechanism and increase the reactivity. The PMe;
ligand should be utilized for stabilizing the four-coordinate
complexes and decrease the reactivity in reductive elimi-
nation reactions. The PPhjs ligand represents a more univer-
sal choice, since it showed good reactivity for both mecha-
nisms.

According to the calculated activation barriers, the rela-
tive reactivity orders were found for a series of C-C coup-
ling reactions involving various organic groups. Particu-
larly, for the four-coordinate pathway: vinyl-vinyl > vinyl-
Ph > vinyl-ethynyl > Ph-Ph > vinyl-Me > ethynyl-
ethynyl > Me-Me; and for the three-coordinate pathway:
vinyl-vinyl > vinyl-Ph > vinyl-ethynyl, Ph—Ph > vinyl-
Me, ethynyl-ethynyl > Me-Me. The relative reactivity or-
ders for both pathways coincide, except that rather small
activation barriers in the latter case did not allow us to draw
a clear distinction for some reactions.

Finally, we would like to point out that ONIOM calcula-
tions provide reliable results not only for the evaluation of
geometries and energy data, but also for analyzing elec-
tronic and steric effects. ONIOM partitioning to high and
low levels gives a flexible tool to define a region of interest,
whose steric and electronic properties are analyzed.

Supporting Information (see footnote on the first page of this arti-
cle): Testing the reliability of geometry optimization (Section 1).
Testing the reliability of energy calculations (Section 2). Optimized
structures of the initial complexes, transition states and products
for vinyl-vinyl, Ph-Ph and ethynyl-ethynyl coupling from
[PdR,(PPhs),] (Figure S1); their important geometry parameters
are given in Table 2 and the energetic data is listed in Table 1. The
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calculated selected bond lengths [A] and angles [°] for the systems
H-J at the ONIOM(B3LYP/BSI:HF/Lanl2MB) level (Table S1).
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