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Bridging Organometallics and Quantum Chemical
Topology: Understanding Electronic Relocalisation During
Palladium-Catalyzed Reductive Elimination

Benoit de Courcy,™ Etienne Derat,*®! and Jean-Philip Piquema

This article proposes to bridge two fields, namely organome-
tallics and quantum chemical topology. To do so, Palladium-
catalyzed reductive elimination is studied. Such reaction is a
classical elementary step in organometallic chemistry, where
the directionality of electrons delocalization is not well under-
stood. New computational evidences highlighting the
accepted mechanism are proposed following a strategy cou-
pling quantum theory of atoms in molecules and electron
localization function topological analyses and enabling an
extended quantification of donated/back-donated electrons
fluxes along reaction paths going beyond the usual Dewar-
Chatt-Duncanson model. Indeed, if the ligands coordination
mode (phosphine, carbene) is commonly described as dative,

Introduction

One of the main purposes of modern organic chemistry is to
build carbon-carbon bond in an efficient manner, generally by
using a catalyst used in substoichiometric amount and induc-
ing good selectivities. In this framework, homogenous palla-
dium catalysis has proven in the last decades to be of
particular interest. Usually, palladium-based catalyst is used
with an organic halide, and an organometallic or main-group
reagent as the other nucleophilic coupling partner,!"! although
coupling based on C—H activation has recently emerged as an
interesting route.'” Stille (with organotin as the nucleophile),”
Kumada (organomagnesium Negishi (organozinc),™* Suzuki-
Miyaura (organoboron),”® Hiyama-Denmark (organosilicon)
couplings”! are well established. One can also notice that the
coupling of two different organic halides is known, for exam-
ple in the Catellani reaction.® During palladium-catalyzed
reactions, a classification of the various elementary steps can
help to rationalize the mechanism: oxidative addition, transme-
tallation, f-hydride elimination, reductive elimination and so
on.”! But what remains as the common point between all the
previously cited reactions is the fact that they shared an ele-
mentary act during which the key CC bond is formed: the one
called reductive elimination.

But despite its importance in organometallic chemistry, the
reductive elimination has not been so thoroughly studied
from a theoretical point of view.'” Indeed, from a computa-
tional aspect, there are a huge number of studies calculating
energetic barriers related to this process and examining the
various possibilities in term of (regio/diastereo/enantio) selec-
tivity. But rationalization of the process is much scarcer. There
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it appears that ligands lone pairs stay centered on ligands as
electrons are shared between metal and ligand with strong
delocalization toward the latter. Overall, through strong trans
effects coming from the carbon involved in the reductive elim-
ination, palladium delocalizes its valence electrons not only
toward phosphines but interestingly also toward the carbene.
As back-donation increases during reductive elimination, one
of the reaction key components is the palladium ligands abil-
ity to accept electrons. The rationalization of such electronic
phenomena gives new directions for the design of palladium-
catalyzed systems. © 2015 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.23911

is a few theoretical papers showing that n-accepting ligands
accelerate the rate of the reductive elimination."” However,
they do not propose a detailed view of the electrons rear-
rangements. The goal of this study is to examine the fate of
valence electrons involved during the process of reductive
elimination catalyzed by various Pd(ll) complexes, namely in
conjunction with different phosphines (see Scheme 1, system
A) and carbene (see Scheme 1, system B). By covering various
ligands, one can expect that through this theoretical study will
emerge the electronic guideline behind the reductive elimina-
tion. As shown by recent experimental studies, the reductive
elimination process is a key component'? and still a debated
subject at the forefront of modern organometallic catalysis.
Recently, Lei et al. have shown in an elegant mechanistic
study on C(sp)-C(sp) palladium-catalyzed coupling that the
rate of the reductive elimination is strongly dependent on the
nature of the phosphine.!'® When using a good m-acceptor
phosphine, they demonstrated through in situ infrared
analyses that the rate of reductive elimination is significantly
accelerated and favored hetero-coupling rather than
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*Indeed as selectivity is governed by subtle effects, minor variation on the
phosphine can have a major impact on observed experimental product.
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Scheme 1. Description of the reductive elimination reaction within the proposed systems. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

homo-coupling. The same trends have been observed with
carbene ligands but not with Pd. For example, in 2010,
Firstner and Thiel showed! that the capacity of a N-
heterocyclic carbene (NHC) can affect the outcome of a gold-
catalyzed reaction. A strong m-acceptor carbene was able to
selectively produce [2 + 2] cycloaddition product, whereas
more classical NHC were inducing [3 + 2] cycloaddition. Previ-
ously, Hartwig has reviewed the trends regarding the kinetics
of the reductive elimination."” The main trend is that organo-
metallic complexes with electron-donating ligands are pre-
dicted to undergo reductive elimination slower than
complexes with less electron-donating ligands. But Hartwig
also noticed in its concluding remarks that plenty of counter-
examples can be found in literature!'® and eventually asserted
that « a theoretical explanation for these electronic effects
awaits additional modern computational work ».

In transition metal complexes, the model of Dewar-Chatt-
Duncanson!'”! (DCD) proposes to divide interactions into a
donation contribution associated to ¢ bonds and a back-
donation related to @ bonds. Such model has been shown to
be incredibly useful to chemists over the years and benefited
from the use of quantum mechanical methods."®% Today, it
remains a conceptual tool to rationalize the bonding in metal-
ligand complexes. Various quantum methods ranging from
energy decomposition (EDA) analyses!'®2" to Valence Bond'??!
have been proposed to successfully illustrate these bonding
patterns. However, for complex organometallic systems the
mandatory attribution of charge/spin states to well-defined
molecular fragments and/or the strong covalency forbids the
use of EDA approaches, whereas the computational cost of full
Valence Bond computations is yet out of reach. We propose to
revisit the DCD model of bonding in metal-ligands complexes
by means of quantum chemical topological approaches that
rely only on the post-processing of electronic densities
extracted from popular quantum chemistry packages along
any reaction path. Therefore, in this contribution, the discussed
classical elementary organometallic reaction (i.e., the reductive
elimination) will be analyzed thanks to state of the art compu-
tational interpretative techniques such as the electron localiza-
tion function topological analysis (ELF)*® and its coupling™*
to the QTAIM (quantum theory of atoms in molecules).
Indeed, ELF enables a chemically intuitive partition of molecu-
lar regions involving strong electron pairing such as atoms,

[25]
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bonds, and lone pairs, whereas QTAIM offers an atom-centered
vision of the electronic density. The coupling of the two meth-
ods offers us a way to discuss the sharing of bonding elec-
trons within such complex organometallic systems (see
Scheme 2 and following method section). Previous work has
been done with QTAM on palladium-catalyzed reductive elimi-
nation,””® but the analysis mainly focuses on the energetic
trends and not on the intimate electronic rearrangement
occurring during the process. Moreover, following recent
works,?”! complete reaction paths on various chemically rele-
vant systems and including the transition state will be under
the scrutiny of the QTAIM/ELF methodology.

Methods
Quantum chemical topology

In this section, we describe the strategy used to quantify
bonding in metal-ligands complexes by means of quantum
chemical topological approaches that rely only on the post-
processing of electronic densities extracted from popular
quantum chemistry packages along any reaction path.

To do so, following recent studies, showing it was possible to
couple known topological methods to extend the analysis capa-
bilities,*” we propose to use computational strategy to unravel

3 N[V(A,B)|A]

QTAIM (A)

.

QTAIM (B)

Scheme 2. QTAIM/ELF topological partition (n e designates the number of
electrons). For a given atom A, the QTAIM contribution for the atom A to
the ELF bond V(A,B)] can be extracted, being noted N[V(A, B)|A] (following
notations of Ref. [24a]) To evaluate donated and back-donated electrons
(see text). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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donation (ligand->metal) and back-donation (metal->ligand)
electrons transfers based on the coupling of QTAIM and ELF
electronic density partitions. Such an approach can be seen as
a more general view of bonding than the traditional DCD
model as described initially by Silvi and coworkers®? 1 The
two topological analyses approaches are used here synergisti-
cally. In such methods, the molecular space is partitioned using
the theory of gradient dynamical systems leading to a set of
molecular volumes or domains localized around maxima of the
vector field of a scalar function. Therefore, using the same den-
sity grid extracted from a reaction path, we perform two types
of partition of the molecular space. First, the electron density is
divided into Bader’s atom following the QTAIM strategy that
uses the electronic density itself as local function through a top-
ological analysis of it Laplacian. Second, on the electronic den-
sity we compute the ELF that will be also used as a local
function to perform a topological analysis of the ELF gradient
field. Indeed, ELF can be seen as a signature of the electronic
pair distribution and is defined to vary between 0 and 1 making
it easy to compute and interpret. One advantage of ELF is that
it is not restricted to atoms but proposes a chemically intuitive
description of the electronic density organization enabling to
separate core electrons (denoted as C) that are localized on the
nuclei from valence electrons (denoted as V) that expand
beyond the nuclei positions, such as lone pairs or that are
shared between atoms forming bonds and n systems. In both
cases, it is possible to integrate the density within QTAIM or ELF
domains to recover the local number of electrons (populations
noted N). The central idea here is simple and is depicted on
Scheme 2. If one analyzed the assignments of each density grid
points between a metal atom and its ligands, there will be grid
points belonging to a given QTAIM atom A that also belongs to
a bond associated to an ELF domain that is shared between
the two atoms A and B. In this picture, computing the number
of donated (ligand->metal) and back-donated (metal->ligand)
electrons is straightforward as it involves only the populations
of the QTAIM interacting atoms, namely the metal (M) and the
heavy atom (X) of the ligand involved in the covalent bond
(denoted M—X) whose population can be unraveled using ELF.
N[V(M,X)|M] and N[V(M,X)|X] are then the respective contri-
butions of the Metal and of the ligand to the bond (following
following Ref. [24e,f] (see Scheme 2).

Constrained space orbital variation computations

Such analysis is helpful as it is known that there is little rela-
tion between the calculated density around an atom and the
charge that is deduced from formal oxidation number count-
ing™®* with evident application to organometallics.

To ensure the validity of such coupled partitioning that is
only based on the integration of a single electronic density
grid, we propose to compare our approach to the constrained
space orbital variation energy (CSOV) decomposition analysis,
a molecular orbital scheme allowing discussing the energetics
of the bondings within a metal-ligand.['*%"#!

In the CSOV scheme, the total binding energy (AE) between the
cation and the ligand is decomposed in several physical terms.
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The first two terms result from the frozen molecular orbitals
of the isolated fragments and represent the coulomb electro-
static interaction (E.) and the Pauli/exchange-repulsion (Eexch-rep)
contributions. Then, as the orbitals of the two fragments are
progressively relaxed through the successive definition of varia-
tional spaces, the polarization energy (E,q), that is, the distor-
tion of the orbital of a fragment in the field generated by the
“frozen” fragment is computed; followed by the charge transfer
energy (E.), that is, the contribution of electron transfer from
occupied orbitals of one fragment to the vacant orbitals of the
other fragment. The last term (JE) accounts for some higher-
order many-body terms from different physical origins that are
not detailed in the standard RVS decomposition; they are
expected to be negligible with respect to AE. The possibility of
extracting charge transfer in both directions, that is, Ecta-g)
and Ecrp-p), is explicitly related to the definition of ligand
(L)-metal (M) donation (Ecrq-~m)) and back-donation (Ecrm--1)
in the DCD model. It is important to point out that in the DCD
model, back-donation only concerns the electron donation from
the metal to the empty orbitals of = symmetry. In CSOV and
within the QTAIM/ELF topological approach, no symmetry con-
strains are imposed. Therefore, the Metal to Ligands transfers
concern donation to orbitals of all symmetries (¢ and ), even
though the tradition backdonation of = symmetry is an impor-
tant component.

Single point CSOV computations were performed on opti-
mized geometries at the B3LYP/Def2-TZVP level of theory. Har-
monic frequencies computations were then performed to
ensure real minima. For consistency, the EDA was realized
using the same level of theory (B3LYP/Def2-TZVP). Before it, a
single point calculation on fragments (i.e., Pd(0) and Ligand)
was performed separately to obtain the corresponding molec-
ular orbitals, then used in the CSOV calculation to ensure full
convergence. As pointed out by Pacchioni and Bagus,?" the
basis set superposition error (BSSE) is expected to be very
small due to the use of a triple zeta basis set. Therefore, no
BSSE correction posttreatment was performed here.

The important point is the possibility of extracting
“directional” charge transfer contributions, that is, Ecra_g and
Ecre_.a) that are explicitly related to the definition of ligand
(L)-metal (M) donation (Ectq_wm) and back-donation (Ectgu-—.1))
in the DCD model. Although usually restricted to Hartree—
Fock, the CSOV approach can include correlation through den-
sity functional theory (DFT)® (and some specific applications
to multi-configurational self-consistent field (MCSCF)”). Vari-
ous typical Pd(0)-L complexes (L =NHs, PH3, CH, PFs;, PMe;s,
POMes) from the literature!'®?® and encompassing atoms
encountered in this study are detailed as test-cases in Table 1.
Trends are found in very good agreement between the results
of the QTAIM/ELF electron fluxes and CSOV energies at the
DFT (B3LYP) level. Indeed, ligands range from NH; that encom-
passes an almost null back-donation CSOV contribution associ-
ated to a very small Pd contribution to the bond, to the CH,
carbene that exhibits strong back-donation energy along with
a metal that contributes strongly to the formation of the more
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Table 1. CSOV energy decomposition analysis (charge transfer contributions only) and the corresponding electron populations of the palladium-ligands
bonds for six Pd(0) complexes.
CSOV (B3LYP) (kcal/mol) NH; PMe3 PH; P(OMe)3 PF3 CH,
L——>Pd(0) donation —15.0 —30.6 —24.7 —29.2 —25.7 —24.6
Pd(0)——>L back-donation —4.5 —20.8 —229 —238 —33.0 —27.9
QTAIM/ELF (B3LYP) (number of ) NH; PMe; PH; P(OMe); PF; CH,
Contribution of X to the V(Pd(0),X) bond 1.77 1.77 1.78 1.98 2.21 1.82
Contribution of Pd(0) to the V(Pd(0),X) bond 0.11 0.49 0.50 0.53 0.60 0.64
Total V(Pd(0),X) bond 1.88 2.26 2.28 2.51 2.81 246
X= N P P P P C

covalent bond. Although not providing a direct energetical
view, the QTAIM/ELF approach is based only on electronic den-
sity and potentially applicable to any type of correlated meth-
ods. Coupling QTAIM and ELF is consistent as both approaches
use the same density grid and topological electron population
integration techniques. As the approach deals with electron
population, such strategy should enable use a discussion
beyond the strict idea of formal charges. Therefore, such sim-
ple coupling strategy enables to discuss the DCD model by
unraveling and quantifying directional electron fluxes and is
applicable to the study of bondings in large systems of inter-
est in organometallic chemistry.

Computational details

Except for CSOV computations (see section above), all com-
plexes for system A (except for PPhs) have been structurally
optimized at the M06™® level of theory with the Def2-TZVP
basis set® that combines an all electron TZVP basis set for H,
C, Cl, and P atoms with the small core (28 electrons) Def2
pseudo-potential for palladium. Some complexes have been
reoptimized in the presence of a solvent tetrahydrofuran (THF)
using the polarizable continuum model to ensure that no sig-
nificant effect of the solvent is observed on the complexes’
geometry. Single point calculations have been performed on
selected small size complexes using the all electron aug-cc-
PVTZ-DK basis set®® on all atoms to verify the appropriate-
ness of the use of the Def2 pseudo-potential for palladium.
Compared with the all-electron basis set, the use of the
pseudo-potential reveals only a very slight underestimation of
the back-donation trends described in the text, which makes
the pseudo-potential approach suitable to describe such sys-
tems. Due to their larger sizes, system A (PPhsz) and system B
were geometrically optimized at the MO06/Def2-SVP level of
theory using a smaller double zeta basis set, then underwent
a single point calculation using the same Def2-TZVP basis set
for consistency. Tests have been done by directly optimizing a
large complex with the TZVP basis set: only very minor
changes were observed compare to the SVP geometry. In all
cases, analytical frequency computations were performed to
ensure real minima. All calculations have been performed
using the Gaussian 09, Revision A.02 package®'! except for the
CSOVs that were performed using a modified version of
HONDO 95.3.5% For the CSOV discussion, all CSOV and ELF/

Journal of Computational Chemistry 2015, 36, 1167-1175

AIM computations were performed at the B3LYP/Def2-TZVP
level. ELF and QTAIM computations were performed using the
TopMod package®® using steps of 0.1 au. between grid
points. The coupled QTAIM/ELF analysis is therefore, performed
automatically, the program providing atomic QTAIM contribu-
tions to any ELF bond domain.

Results and Discussion
Phosphine complexes

The detailed reactions energetic profiles (Gibbs free energies)
can be found for all the studied complexes and reaction paths
in Supporting Information S1. The detailed QTAIM/ELF parti-
tion results can be found for all the studied complexes and
reaction paths in Supporting Information S2.

To exemplify the electronic distribution within a palladium
complex, the reagent adduct of system A with triphenylphos-
phine ligands will serve as a test case to introduce the QTAIM/
ELF partition. The pictorial analysis for this complex is given in
Figure 1.

The ELF function is able to differentiate between the core,
valence, and lone pairs electrons. Thus on Figure 1, the spheri-
cal shapes around the nuclei correspond to the core electrons
of the respective atoms. The four domains localized around
the palladium core are attributed to the d electrons belonging
to the metallic center and not shared covalently with the sur-
rounding partners. These electrons are usually named subva-
lence. What is interesting to notice is the fact that these
subvalence®¥ domains are mutually avoiding the four bonding
axis, which is a proof that the electrons responsible for these
domains are not involved in the corresponding bondings.
Between the palladium core and the carbons of the coupling
phenyls, two domains are found: they represent the electrons
associated to the covalent bonds. One can notice that these
domains are rather contracted and polarized toward the car-
bon cores. The electronic populations of these two domains
are found to be about 1.78 and 1.82 electrons, which is due to
the slight asymmetrical nature of the complex. It is worth to
notice that around 0.2 electrons are missing; this is challeng-
ing the classical point of view of a anionic carbon bonded to
palladium®™ The QTAIM/ELF partition reveals that, respectively,
0.22 and 0.23 electrons are provided by the palladium while
the other parts are obviously coming from the carbons (1.56
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Figure 1. ELF representation for the three states (reagent, TS, product) involved in the reductive elimination process (System A, R = Ph, R" = Ph). For clarity
purpose, only the coordinating atoms and palladium are depicted. Domains are colored according to the atomic contributions (phosphorus in orange, pal-
ladium in dark blue, and carbon in grey). Numbers enclosed in boxes correspond to QTAIM population (in term of number of electrons) while dotted boxes
give the ELF bond partitioning (total population involved in the bond and contribution from each partner, again in number of electrons). The picture only
displays a few atoms, that is, the Pd coordination, where the back-donation takes place. However, the ligand exhibits variations of populations between R,
TS, and P states as electrons relocalized themselves on other parts of the systems. Of course, the total number of electrons within the whole system
remains constant whereas the proposed zoom does not, by definition, requires to have a constant population.

and 1.59 e-). The two remaining domains are the ones local-
ized between the palladium and the phosphines (PPh3). They
are broader than the Pd-C domains, reflecting the dative
nature of this bonding (65.8 a.u.”! vs. 33.3 a.u”® for Pd-P and
Pd-C domains volumes, respectively). But what is amazing is
that the electron partition gives 2.17 and 2.16 electrons in
each of these domains. Neighbours, thus, enrich the
palladium-phosphorus bond. Again the QTAIM/ELF analysis
allows understanding from where the electrons are coming
from: namely 0.20 and 0.22 electrons are provided by the
metallic center and 1.96 and 1.95 electrons are given by the
phosphines. The current system is typically described as a
Pd(ll) complex, thus, bearing 44 electrons on the metal. The
QTAIM/ELF calculations deliver a rather different value as 45.48
electrons were found. Thus, from the electronic structure parti-
tioning is emerging a covalent type bonding rather than an
ionic system. But the most stunning feature is the strong
back-donation found in the palladium-phosphine bonds. This
assertion is supported by the fact that the QTAIM/ELF parti-
tioning specifies a value superior to two electrons for these
bonds. The fact that the carbon-palladium bonds are depleted
(around 1.8 e-) indicates that a trans effect is at work: nucleo-
philic carbons (6.23e- according to QTAIM) donate electrons,
which are transferred throughout the palladium to the phos-
phorus ligands.=®

The same situation is observed in the corresponding reduc-
tive elimination transition state (Fig. 1B). As expected during
this reduction process, the QTAIM analysis shows an increase
of the electronic population on the palladium center (from
4548 e- to 45.61 e-). This reduction is due to an electronic
transfer from the reacting phenyl carbons, which is not a sur-
prise. But what is striking is the stability of the phosphines’
electronic structure, and the relative weight of the two
palladium-phosphorus shared domains: 2.16e- in the reagent
and 2.20 e- in the transition state. Thus, the same strong back-
donation remains. Most probably, the electrons brought back
from the nucleophilic carbons during the reductive elimination
have been relocalized into the palladium-phosphorus bonds.

This analysis is confirmed by the QTAIM/ELF partitioning
observed in the product: the total population on palladium is

Wiley Online Library

now close to 46 electrons (exactly 45.90 e-) and the number
of electrons localized into the palladium-phosphorus domains
has now increased to 2.36 and 2.39 electrons. 0.33 and 0.37 e-
are provided by the palladium center, while the phosphorus
remain unchanged with 2.03 and 2.02 e-. The back-donation
increases stepwise during the reductive elimination and is
therefore, one of the driving-force of the process. It can be
highlighted that the core subvalence of the metal is progres-
sively reoriented along the bond axis (dark blue lobes on the
palladium in Fig. 1) while the reductive elimination proceeds.
This may explain why the phosphines stay coordinated to the
reduced palladium despite its enrichment. The other driving
force is obviously the formation of the strong C—C bond,
which is confirmed by the QTAIM/ELF analysis of the C—C
bond. Each carbon involved provides 1.08 electrons to form
the covalent bond and its respective population is now exactly
six electrons due to the symmetric nature of the created
compound.

Carbene complexes

To probe our first conclusions on the previously exposed sys-
tem, various systems were investigated. Namely, some varia-
tions on the phosphines, replacements of the phosphines by a
carbene were also considered for ascertaining the transferabil-
ity of the mechanism. The corresponding data can be found in
Table 2. To respect the consistency, the phenyl groups of the
phosphine were replaced by methyl, hydrogen, and chloride.
While in the reagent and with PPhs, 0.21 electrons are
involved in the back-donation from the palladium to the phos-
phine (Table 2, third column), it was found that this value
reaches 0.28 electrons with PMes, 0.23 electrons with PH; and
0.21 electrons with PCls. Thus, this phenomenon is much con-
served across the phosphine family, the main effect being
attributed to the interaction of palladium with the phosphorus
nucleus and only minor variations are due to the substituent
effects.* This trend is found similar in the transition state and
in the product. Similarly, the lone pair of phosphorus is found
quasi-identical across the phosphine family (Table 2, fourth
column) except when substituted by chloride where ligands
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Table 2. Atomic contributions to the palladium-phenyl and palladium-ligand bonds while varying palladium’s ligands.

Energetic Levels

Wc in Pd-C Wpq in Pd-C Wopq in Pd-L W, in Pd-L (in kcal/mol)
Reagents Reagents
Phenyl—Phenyl R TS P R TS P R TS P R TS P ->TS -> Product
System A/PPh3 1.57 1.46 1.08 0.22 0.17 N.A. 0.21 0.23 0.35 1.94 1.97 2.02 6.4 —37.0
System A/PMe3 1.57 143 1.10 0.28 0.20 N.A. 0.28 0.30 0.29 1.87 1.95 1.99 10.3 —303
System A/PH3 1.50 1.37 1.10 0.29 0.21 N.A. 0.23 0.23 0.27 1.87 1.93 1.96 55 —37.3
System A/PCI3 1.38 1.31 1.1 0.28 0.23 N.A. 0.21 0.23 0.32 2.1 2.14 2.25 1.3 —44.6
System B 1.54 1.42 1.10 0.23 0.19 0.13 0.18 0.18 0.23 236 2.36 236 22 —36.3

Legend: W, stands for weight of the carbon within the Pd-C bond expressed in number of electrons. The next two columns give the weight of palla-
dium within the Pd-C and the Pd-Ligand bonds respectively. W, is the weight of the palladium ligand into the Pd-L bond: phosphorus included into
various phosphines in System A, the carbene part of the NHC in System B.A The two last columns give the energetical values (Gibbs free energies, in

kcal/mol) of R, TS, P for all reaction paths.

populations are enhanced due to the hyperconjugative nature
of the chloride lone pairs. Let's now focus on the palladium-
carbon bond. As explained before, the weight of the palladium
contribution decreases during the reductive elimination and a
similar trend is observed with all the phosphines (Table 2, sec-
ond column). Again, with all the phosphines, palladium elec-
trons involved in the bonding with carbon are progressively
transferred to the palladium-phosphorus bond, thus, increasing
the back-donation along the reaction path. For system B, the
same tendency emerges from the computational values as
strong back-donation is observed. Therefore, the capacity of
the ligands (phosphine or carbene) to accept electrons is an
intrinsic phenomenon that overcomes the formal oxidation
state of the metal. To complete our discussion, one can look
at the behavior of Pd(0) (product) versus Pd(ll) (reagent). It is
exemplified by the trends observed for PMes, where the ligand
is less electronically active than PPhs. In that case, the ligand
allows a weaker delocalization of the Pd electrons within itself

535 Ph(trans):41.36

Ph(cis):41.29

6.21

1.90: ©/0.24

1021

2.60:

. Isolated NHC |

.69:

and therefore, the effect of the formal oxidation of Pd can be
directly observed when going from Reagents to Products. We
can see on Table 2 that the back-donation is constant along
the reaction path which confirms that Pd(0) and Pd(ll) are
equally donor (see Table 2, line 1 and 2, column 3). For other
ligands, the discussed molecules are all able to attract more
significantly some of the Pd electrons (up to the electro attrac-
tive—Cl ligand). In that case, at the opposite of PMe3, these
ligands are electronically more active and therefore perturb
the pure effect due to the change of the formal state of the
metal. It is fully consistent with the experimental results as in
fact, PMe3 is known to be a less favorable ligand for the pro-
cess. This is illustrated by the value of the barrier (see Table 2,
columns 5 and 6 for the energetical values of R, TS, P for all
reaction paths).

Regarding the carbene case (system B), and as shown in Fig-
ure 2, the QTAIM/ELF partitioning is very informative. In the rea-
gent, a larger domain was found between palladium and

Phtrans):41.27
Ph(cis):41.21

2180 111

3D
@on o0
¢ 1.85: 100,17
o
260 0.1 2641023
5.34

Figure 2. ELF representation of the three intermediates (reagent, TS, product) involved in the reductive elimination process (system B, NHC, R'= Ph). On the
left side, in insert, ELF representation of the isolated carbene. For clarity purpose, only the coordinating atoms and palladium are depicted. Domains are col-
ored according to the atomic contributions (palladium in dark blue, nitrogen in iceblue, and carbon in grey). Numbers enclosed in boxes correspond to
QTAIM population, while dotted boxes give the ELF bond partitioning and are all expressed in number of electrons. Detailed ELF populations can be found
for trans and cis phenyls in Suppupporting Information S4. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 3. Atomic contributions to the palladium-reactant and palladium-ligand bonds while varying the reactants.
Wc in Pd-C Wpg in Pd-C Wpg in Pd-L W, in Pd-L

System A
PPh3 R TS P R TS P R TS P R TS P
Phenyl—Phenyl 1.57 1.46 1.08 0.22 0.17 N.A. 0.21 0.23 0.35 1.94 1.97 2.02
Vinyl—Vinyl 1.43 1.34 1.09 0.27 0.24 0.19 0.21 0.23 0.28 1.96 1.97 1.98
Me—Me 1.1 0.84 0.91 0.26 0.14 N.A. 0.21 0.27 0.32 1.96 2.02 2.02
System B R TS P R TS P R TS P R TS P
Phenyl—Phenyl 1.54 1.42 1.10 0.23 0.19 0.13 0.18 0.18 0.23 2.36 2.36 2.36
Vinyl—Vinyl 1.41 1.31 1.09 0.26 0.22 0.21 0.18 0.18 0.20 2.34 2.36 2.36
Me—Me 1.02 0.86 0.92 0.26 0.12 N.A. 0.16 0.19 0.27 232 235 232
Legend: W, stands for weight of the carbon within the Pd-C bond expressed in number of electrons. The next two columns give the weight of palla-
dium within the Pd-C and the Pd-Ligand bonds respectively. W, is the weight of the palladium ligand: phosphorus included into PPh3 for System A,
the carbene part of the NHC in System B.

carbene than for phosphine. Obviously, it can be attributed to a
strong interaction of the nitrogen lone pair to the = system of
the NHC. To ascertain this, calculations on the NHC without palla-
dium were performed; the coordination of the metal enriches the
NHC by around 0.2 electrons (see Supporting Information, S3).
Regarding the bonding of the phenyl groups, it is worth to notice
that there is an obvious dissymmetric pattern due to the mono-
coordination of the carbene. The phenyl group in trans to the car-
bene donates more electrons (1.66 e-) and thus, the domain is
electron richer compare to the cis phenyl group. This latter is
involved by only 1.44 electrons. In both cases the palladium has
only minor contribution to the bonding (trans: 0.24 e-, cis: 0.21 e-).
When the carbene is coordinated to the palladium, the carbene
lone pair domain increases by 0.13 electrons (2.60 electrons are
found in the carbene-palladium bond domain, while the carbene
lone pair domain contains 2.47 electrons). As the richer (trans) car-
bon-palladium bond can donate by trans effect in this bonding,
the electrons in excess on the carbene originate from the trans
phenyl group, the global charge of the cis phenyl group being
0.15 electrons more than the trans one. Once again, the donation
from the alkyl/vinyl/aryl groups is transmitted by back-donation to
the accepting electrons ligands. The same phenomenon, as previ-
ously observed in the phosphine case, occurs within the transition
state. Finally, the QTAIM/ELF partitioning tells us that the palladium
is effectively reduced, moving from 45.36 electrons in the starting
reagent to 45.79 electrons in the final product. Nevertheless, in the
carbene case, the biphenyl remains coordinated to the palladium
through a weak #® interaction. One can notice that there is a
slight increase of the back-donation during the reaction process
(0.18 e- in the reagent to 0.23 e- in the product).

While in Table 2, various palladium ligands were considered, in
Table 3 palladium ligands were kept unchanged, only the substitu-
ents (phenyl, vinyl, and methyl) were modified to check the elec-
tronic reorganization emanating from them. Both system A (with
triphenyl phosphine) and system B (carbene) were studied. Elec-
tronic populations shown here are remarkably conserved among
the last three columns, demonstrating that there is almost no
effect of the reactants on the palladium’s back-donation and no
effect on the palladium’s ligands either. One can notice that, in
both systems for the vinyl group and in system A for the phenyl
group, the palladium still donates some electrons as the product
remains coordinated to the catalyst, as seen in Figure 2. The sole

Wiley Online Library

real difference appears in the first column, where the populations
borne by the coordinating carbons decreases according to the
richness in electron of the entire moiety considered; the phenyl
the richer, the methyl the poorer. Along the reaction path how-
ever, the same trend is observed, that is a decrease of the carbon’s
population to reach approximately the same amount of bound
electrons (0.91 to 1.08 e-) within the created C—C bond.

It is also noticed from Tables 2 and 3 that the total weight
of palladium in the palladium-ligand bonds increases of about
0.25 electrons during the reductive elimination, for example in
the case triphenylphosphine ligand and with 2 phenyl groups
attached to the metal, the weight of the back-donation into
the ligands varies from 0.21 to 0.35 by bond. Similarly, with
carbene as a ligand and 2 methyl groups as substituents, the
weight of the back-donation varies from 0.16 to 0.27 by bond.
Therefore, what is formally a metal reduction appears to be a
transfer of electrons from the substituents toward the ligands.

Confirmations through an ELF monitored intrisic reaction
coordinate (IRC) computations

To illustrate our findings, we propose to provide a detailed
ELF analysis of a full reaction path computed using an IRC

Populations Variation during the Reductive Elimination Process

/'/-,\ﬁ

—cC
—Pd-C

/“_& pd
—pd-p

Reactants Ts Product

Figure 3. ELF analysis of the populations for various bonds during a full
reaction path for system A/Ph3 with methyl-methyl. Scales for Pd and Pd-P
have been adjusted to visualise the transfers. Actual numerical values are
provided in Supporting Information.
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Scheme 3. Proposed mechanism for reductive elimination. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

computation (15 study points have been added between each
reaction steps). Figure 3 displays the variation of the popula-
tions during the reductive elimination process within the palla-
dium complex. For sake of simplicity we chose to present the
smallest complex: system A/PH3 with methyl-methyl. As we
can see, the two Pd-C bonds (see red curve) vanish while the
C—C bond (see blue curve) is created. Meanwhile, the blue
curve does not reach the same level of population as the two
Pd-C bonds ones (red curve). Overall, this is compensated by
both the enrichment of the two Pd-P bonds (violet curve) due
to the earlier described trans-effect, and to the reduction of
the palladium (green curve). This is the proof that an electron
transfer occurs as described previously and provides a visual-
ization of the phenomenon.

Conclusions

The proposed computational strategy based on quantum top-
ological analyses allows a deeper understanding of the interac-
tions between the constitutive elements of a reactive
organometallic complex. The coupled QTAIM/ELF partitioning
used here is able to dissect the electronic rearrangement
along a chemical pathway. This methodology was applied here
to reinvestigate a classical process in organometallic chemistry,
namely the reductive elimination and more specifically the
one induced by palladium. The first result arises from the coor-
dination mode of the ligands (i.e., phosphine, carbene) com-
monly described in first approximation as dative. It appears
that the lone pair stays centered on the ligand: the associated
electronic domain, as obtained from the ELF analysis, being
effectively shared between the metal and the ligand but with
a strong electron delocalization toward the phosphine and the
carbene. The second important result emerges from the
QTAIM/ELF dual partitioning approach that allows separating
the respective contributions to the ELF bonding domain into
atomic contributions. Through a strong trans effect coming
from the carbon involved in the reductive elimination, the pal-
ladium center delocalizes valence electrons toward the phos-
phine (see Scheme 3). This has been discussed experimentally
but is for the first time formalized, using a combined topologi-
cal approach. Moreover, an important new point is that the
same tendency is found for carbene-based system. Thus, the
back-donation is a key component of the stabilization of the
complexes. As the computational data obtained here indicate
its increase during the reductive elimination, one of the key
components of the reaction is the ability of the palladium
ligands to accept back-donated electrons. This explains the
observed trends regarding reductive elimination in organome-
tallic chemistry and overall this contribution proposes a ration-
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itoring of the atoms’ populations during a reaction path
(through IRC). From a methodological point of view, the pres-
ent strategy enables a straightforward way to separate dona-
tion from back donation in the spirit of the DCD model but
providing a more detailed picture (i.e., including more effects
through the topology partition such as subvalence). We expect
that other elementary (organometallic) reactions can be rein-
vestigated by the QTAIM/ELF methodology and will give clues
about the real electrons delocalization fluxes that could help
the experimental organometallic community to improve the
design of palladium-catalysed systems. For a limited computa-
tional cost thanks to the capabilities of the TOPMOD 09 code,
one can have access to a tool, which has proven here to be
suitable to dissect the contributions of each partner involved
in bonding within a complex system. This method grounded
solely on the electronic density extracted from a wave func-
tion is generalizable to any reactions of interest.
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