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ABSTRACT: Reversible leaching of palladium nanoparticles
occurs in a variety of catalytic reactions including cross-
couplings, amination, the Heck reaction, etc. It is comple-
mented by capturing of soluble palladium species on the
surface of nanoparticles and de novo formation of nano-
particles from Pd precatalysts. We report here a detailed
computational study of leaching/capture pathways and analysis

of related stabilization energies. We demonstrate the validity of

the “cocktail-of-species” model for the description of Pd
catalysts in ArX oxidative-addition-dependent reactions. Three

pools of Pd species were evaluated, including (1) the pool of

catalytically active Pd nanoparticles with a high concentration
of surface defects, (2) the pool of monomeric and oligomeric

[PdX],
&

0 \ArX—mediated el ‘
J : o E Molecular

Pd species
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HNRy, H-Ar,
alkene, i
R-B(OH), o X [Pd] of Pd species
RZnX + | solv., base,
' X salt additive
etc. R' —

L[ArPdX],L species, and (3) the pool of irreversibly deactivated Pd. Stabilization by ArX oxidative addition, coordination of
base species, and binding of X~ anions were found to be crucial for “cocktail”-type systems, and the corresponding reaction
energies were estimated. An inherent process of ArX homocoupling, leading to the formation of Pd halides that require
reactivation, was considered as well. The pool of irreversibly deactivated Pd comprises nanoparticles with (11 1) and (10 0)
facets and Pd in the bulk form. The study is based on DFT modeling and specifies the role of Pd nanoparticles in (quasi-

Jhomogeneous coupling reactions involving ArX reagents.

KEYWORDS: Pd nanoparticles, cross-coupling catalysts, DFT modeling, catalyst evolution, oxidative addition, aryl halides,

Pd leaching, Pd halides

1. INTRODUCTION

The design of catalysts by computational modeling represents
an influential trend in modern science.'* It is a cutting-edge
challenge which requires an in-depth understanding of the
structure of active catalytic species, catalyst resting state(s),
and catalyst deactivated forms, as well as factors that drive a
catalytic process toward higher activity or deactivation (i.e., a
model of catalytic system evolution is needed).”® A
comprehensive experimental description of such systems can
be extremely difficult due to their dynamic nature.’

Computational chemistry provides unique tools for evalua-
tion of the role of dynamic processes in catalysis. It inherently
allows characterization of catalytic intermediates as short-lived
species at ultralow concentrations that can hardly be detected
with currently available experimental techniques. For this
reason, computational modeling is very useful in the rational
design of catalysts for a variety of synthetic processes.

-4 ACS Publications  © xxxx American Chemical Society 3991

Pd-catalyzed functionalization reactions are currently con-
sidered as one of the cornerstones of organic chemistry.
Suzuki, Negishi, Kumada, and Sonogashira couplings as well as
the Heck reaction, among many other synthetic trans-
formations, allow efficient synthesis of many complex organic
molecules.””'® Direct C—H-arylations seem even more
promising in this regard, as they proceed without organo-
metallic coupling partners (which may be expensive or
).'""7** Cross-coupling strategies are highly efficient in
molecular functionalization: e.g.,, the Buchwald—Hartwig
amination and some other carbon—heteroatom bond for-
mation reactions provide the well-established means for
introduction of functional groups.”>*° It is important to
mention that transition-metal-catalyzed couplings have found
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their way to large-scale synthesis and are currently in demand
in chemical industry.”*™>’

Historically, an initial approach was to introduce a Pd
precatalyst in the form of a metal salt or metal complex into
the reaction medium. Accordingly, the active sites proposed in
the catalytic reaction mechanisms were monometallic.*® After
the activity of Pd clusters and nanoparticles had been
discovered, the focus shifted to catalytic processes on the
surface of metal particles.22’31736 It turned out, however, that
both routes can be combined in complex catalytic systems,
with a number of processes (leaching, redeposition, agglom-
eration, Ostwald ripening, etc.) promoting the formation of a
“cocktail” of catalytic species and dynamic transformations of
the system itself in the course of the reactions.”’~**

‘When these modes of catalysis are considered in more detail,
the followin§ phenomena should be highlighted. The classic Pd
precatalysts™ in the form of Pd salts, as well as Pd complexes
bearing seemingly tightly bound phosphine,* pincer,*” or N-
heterocyclic carbene ligands (NHC ligands),4 52 release Pd
species that participate in the formation of Pd nanoparticles
(PANPs) in the course of cross-coupling and functionalization
reactions. This phenomenon is reflected in the concept of
dynamic catalysis operated by the “cocktail” of catalytic
species.” Currently, it is well established that PANP
precatalysts, initially seen as easily separable and highly active,
are prone to the leaching of surface Pd into solution. The
activity of these catalytic systems is attributed to the “leached
Pd” in the solution phase. At the same time, PANPs are
considered as a reservoir of active species.”**”**7>" Palladium
leaching is a reversible process, and its mechanistic counterpart
is usually referred to as capture or redeposition.””” All of these
observations comprise the unified picture of Pd-catalyzed
reactions with the central part of unclear chemical nature
(Figure 1, left). Species, being intermediate to both Pd

Pd nanoparticles,
Arylhalides in Preformed

or formed in situ

Heck reaction;

Suzuki cross-coupling; 1
Negishi cross-coupling;

. 2

n
Buchwald-Hartwig 1

Synthesis of

complex molecules:

« Efficient,

+ Group-selective,
amination; + Regio-specific.
« Direct C-H-arylation... Precatalyst

Pd complexes or salts

Figure 1. (left) Pd precatalysts (complexes and salts) and PdNPs
undergo interconversions, leading to the dynamic mode of catalysis, in
the course of transformations involving ArX reagents (blue double-
sided arrows, see the text for discussion). (right) Key questions to be
addressed.

nanoparticles and Pd complexes, are the “leached Pd”. An
understanding of their nature is essential for correct
comprehension of Pd catalytic systems with the aforemen-
tioned dynamic properties.

Conventional approaches to the computational modeling of
Pd-catalyzed cross-coupling and hydrogenation reactions have
focused on Pd complexes as the primary catalytic species.
These approaches are indispensable for our current under-
standing of catalytic phenomena (see refs 6, 30, and 60—64 for
recent reviews). However, considerations of the leaching and
capture/redeposition phenomena seem to be overlooked in
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theoretical studies. Studies by Heinz, Knecht, et al., performed
with an empirical force-field method, should be mentioned as
rather notable examples.”~** Moreover, the stabilization of
the leached species (either by halide anions or due to the
ligand or base coordination) was considered only for the case
of an ionic liquid solvent.”” A comprehensive evaluation of the
whole variety of Pd species, as well as pathways to their
stabilization, activation, and deactivation, is crucially important
for the initiative of rational catalyst design.

In the present study, we use DFT computations to
investigate the energetics of a “cocktail”-type system formation.
We model a variety of Pd species that coexist in the system,
with a particular focus on the identification of stabilizing
factors. In addition, we describe some inherent deactivation
pathways that are peculiar to the studied system (Figure 1,
right). The reported computational research provides a
comprehensive model of Pd catalytic systems in reactions
that involve leaching and aryl halide (ArX) oxidative addition
(OA). It substantially improves our understanding of the
influence of these processes on the evolution of the systems in
the course of cross-coupling and functionalization reactions.

2. COMPUTATIONAL DETAILS

Binding of ligands or aryl halide (ArX) oxidative addition to
the Pd nanoparticle surface (AE'y;4) are known to initiate
leaching (AE'y,, Figure 2)21A7SBOOTTOTE 1y this work, we
modeled the entire process of leaching (AE,y) as the
following set of steps. The first one was detachment of
molecular Pd species (AEy,,), then binding of ligands (AE;,4)
and (or) oxidative addition (AEq,) of ArX to the species, and
subsequent oligomerization of the species (AE

oligo)

AEleach = AEdet + AEbind + AEOA + AE

oligo

= AEc]et + AEstab (1)

AE,,, = AEy,; + AEy, + AE

stal oligo

Considering the chosen model system in more detail, we
calculated detachment energies (E4, endothermic) of Pd
atoms and clusters (Pd, and Pd,) from Pd, nanoparticles (n =
79, 116, 140). The exothermic effect of the stabilizing
processes (AE,,) in the N,N-dimethylformamide solvent
(DMF) was estimated via a consideration of binding energies
of representative ligands (NMe;, PMe;, Br™, and I7; Eyuq
exothermic) and energies of PhBr and Phl oxidative addition
(Epa, exothermic) to the detached species and the
oligomerization energy (thgo, exothermic) of the leached
species. By considering this simple set of elementary reactions,
we model leaching in a continuous regime (see section 7 of the
Supporting Information for details).

The endothermic part was estimated via non-spin-polarized
DFT computations (PBE functional)”” performed using the
VASP 5.3.3 program.”” A plane-wave basis set with a cutoff
energy of 415 eV and the projector augmented wave method
(PAW) were used.”* Brillouin zone sampling was restricted to
the y point in all cases except for the case of the Pd bulk
modeling. In the latter case, Pd supercells containing 27 and 26
atoms were constructed from the face-centered cubic unit cell,
and the Monkhorst—Pack sampling’> of the Brillouin zone
with 2 9 X 9 X 9 mesh was chosen. Fermi—Dirac’® smearing
with a broadening width of 0.1 eV was applied to improve the
convergence.
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Figure 2. Possible leaching, capture, and oligomerization processes in Pd catalytic systems. Pd nanoparticles are shown in blue and detached Pd

atoms or clusters in green.

To estimate the exothermic contributions, the ORCA 3.0.3
program was used to perform restricted Kohn—Sham DFT
calculations with the PBE functional.”” We used the broken-
symmetry DFT approach to obtain consistent results in
modeling of singlet Pd, (n = 1—4) species (see the Supporting
Information for details). The def2-TZVPD basis set including
diffuse exponents and the resolution-of-identity (RI) approx-
imation were used.”*”** To model the core electron shells in
Pd and I atoms, the Stuttgart—Dresden “def2-SD” effective
core potentials were selected.*>*® Bulk solvent effects were
modeled by using the COSMO implicit solvent model (with
standard parameters for the DMF solvent).*’

The complete computational setup, including the details of
the transition state search procedure, is presented in the
Supporting Information. Only singlet states were considered
(see discussion in section 9 of the Supporting Information).
We abstained from using empirical dispersion corrections in
this particular case (see the rationale in sections 9.1 and 9.2 of
the Supporting Information). DFT-PBE computations with a
plane-wave basis set and the PAW method offered exceptional
accuracy in calculations of Pd metal properties.”® Plane-wave
DFT computations are computationally cheaper yet generally
more accurate in the modeling of transition-metal nano-
particles in comparison with the Gaussian basis set counter-
parts.”” On the other hand, calculations at the PBE/aug-cc-
pVDZ(-PP) level of theory represented well the ligand binding
energies in cis- and trans-[L-Pd(PH;),Cl]* complexes
computed at the CCSD(T)/aug-cc-pVTZ(-PP) level of
theory.”® It was also shown that PBE/triple-¢//BP86/triple-{
could be an optimal choice for computation of ligand
substitution energies in solution.”” DFT computations with
Gaussian basis sets allow modeling (quasi-)periodic systems
with large vacuum layers to be avoided as well as allow
straightforward modeling of charged systems. Therefore, we
combined plane wave and Gaussian basis set computations in
this work. Since different wave function approximations were
used for the estimations of the endothermic (Eg,) and
exothermic (Eping Eoa and Eyg,) terms, an additional test was
performed to ensure consistent results (see section 9.3 of the
Supporting Information).

A note should be given regarding free energy computations.
Although being expensive in terms of CPU time, molecular
dynamics (QM/MM or fully ab initio) is an informative and
efficient approach for this task, as was shown in theoretical
studies of homogeneous Pd catalysts.”””*~" This computa-
tional approach in our case would require constructing
hundreds of explicit solvent model systems and performing
corresponding costly MD runs. Conventional quantum
chemical calculations of free energies with implicit solvent
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models can be accurate within several kcal/mol, in comparison
to AIMD. However, free energy calculations with conventional
implicit solvent models can give misleading predictions due to
incorrect estimation of solution-phase entropy terms.”
Moreover, it is unclear how to consistently and accurately
compute the free energy of leaching and capture using an
implicit solvent model and conventional statistical thermody-
namics approach (as long as solid—liquid interface thermody-
namics is involved). Major corrections to the computed
energies that we present below result from the gain in
translational entropy (to the Eg, term) and the loss in
translational entropy (to the Ey,g Eoa and Egyg, terms).
Notably, the loss/gain corrections in our case have opposite
signs, while the predicted speciation of the “leached Pd” in
solution is in accordance with experimental observations (see
section 3.1). As the first step in the formulation of the theory
of “cocktail”-type catalytic systems, we avoided considering
free energies and barriers of detachment of molecular Pd
species from the PANP surface, focusing the discussion on the
energetics of leaching.

3. RESULTS AND DISCUSSION

3.1. Detachment from Pd Nanoparticles. Detachment
energies (Ey,,) of molecular Pd species Pd, (n = 1, 2, 4) from
Pd,, nanoparticles (m = 79, 116, 140) were modeled according
to eq 2, where Pd,_, is a palladium nanoparticle after the
detachment of a Pd, cluster or atom. Ny, ., is the number of
Pd—Pd bonds broken in the process.

E4: Pd,, = Pd,_, + Pd, (2)

The detachment of the nonequivalent atoms from the
cuboctahedral Pd,, and Pd, 4, nanoparticles (cut from the Pd
bulk by (111) and (100) planes) and the octahedral Pd,,
nanoparticle (cut from the bulk by the (111) plane) was
considered (see Figure 3). Eq4, increases with an increase in
Npsoken (Table 1). Vertex atoms have the lowest coordination
number (Np,oen = 6) in comparison with edge atoms (Np,open =

Figure 3. Considered Pd,, Pd,, and Pd;, nanoparticles. Non-
equivalent vertex, edge, and facet atoms are shown in blue and
denoted as v, e, and f, and f;, respectively.
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Table 1. Computed Detachment Energies (E4, kcal/mol) of Pd Atoms from Pd,,, Pd, s and Pd,,, Nanoparticles

Pdy Pd,j6 Pd, 4
Pd atom position Eget Niroken Pd atom position Eget Niroken Pd atom position Egee Niroken
v 82.9 6 v 84.6 6 v 83.5 6
e 91.1 7 e 92.3 7 e 93.8 7
f 102.4 9 f, 102.8 9 f, 101.7 9
£, 98.4 8 f, 104.8 9
Pd bulk 115.1 12

7) and facet atoms (Np,gen = 9). Isolation of a Pd atom from
the bulk leads to a cleavage of 12 Pd—Pd bonds and is
endothermic by 115.1 kcal/mol.

The same relationship between Eg,, and Ny, is observed
for the detachment of Pd, and Pd, species. At least 135.0 kcal/
mol is required to detach Pd, (two adjacent vertex Pd atoms)
from a (100) facet of the Pd,, nanoparticle by breaking 10
Pd—Pd bonds. The least endothermic (155.2 kcal/mol)
detachment of Pd, (the quartet forming a (100) facet) from
the Pd,o nanoparticle is associated with the cleavage of 14 Pd—
Pd bonds (see the Supporting Information for E4,, values and
corresponding structures).

The relationship between Eg, and Ny, ., for the case of
atom-by-atom detachment may be approximated with the
following function (see the Supporting Information for details
of the approximation):

Ey, = 44.68n + 6.62N,, ... 3)
where 7 is the number of detached Pd atoms. Note that if no
atoms are detached, n = 0 and Ny, = 0; hence, Eg, = 0.

Equation 3 allows us to calculate Ej,, with a root-mean-
square deviation (RMSD) of 1.8 kcal/mol and mean absolute
deviation (MAD) of 1.5 kcal/mol (in comparison to the
aforementioned plane-wave DFT computations). We assume
that the endothermic effect of detachment (E,,,) must be fully
compensated by the total exothermic effect of ligand binding,
oxidative addition, and oligomerization of soluble molecular Pd
species (Eppng + Eoa + E Figure 2):

oligo’

Ejet + Epina + Eon + E

oligo <0

4)

On the basis of this rule, we can define the maximal number
of Pd—Pd bonds cleaved upon leaching (N,.,) as a minimal
integer that gives minimal Ej,, in eq 4 for a given number of
detached atoms n and the Ey;,q + Eoa + Ejigo Sum. We used eqs
3 and 4 to calculate N, and N, /n for every considered
molecule below (see the Supporting Information for further
details). We also propose N,./n as a metric of stability of
leached species in terms of their resistance to being recaptured
at the Pd nanoparticle surface.

The minimal value of N,,,, was chosen to be 3 per detached
atom (matching 7 in the case of Pd adatoms on the (111) Pd
surface). The maximal value of 12 bonds per detached atom
corresponds to the hypothetical case of Pd atom isolation from
the bulk. Since every Pd atom of the (100) surface has 8
closest neighbors (Npgen See Table 1) and every atom of a
(111) facet has 9 neighbors:

N,./n>9

This indicates that leached molecular species are highly
resistant to recapture; ie., the species most improbably
redeposit at the surface of Pd nanoparticles considering that
the (100) and (111) faceted surfaces are the most stable.'”

3994

As we have already mentioned, the observed catalytic
activity of Pd in reactions involving ArX reagents is generally
attributed to leached Pd species in solution.***”>*7>¢ Pd
nanoparticles with (730) and (22 1) high-index facets have
been reported as highly active in cross-coupling and Heck
reactions. They provide at least a 2-fold increase in activity
(measured in turnover numbers) in comparison with nano-
particles that have (111) and (100) facets only.”>*”>° The
boosted activity is attributed to facile leaching of Pd atoms
from (730) and (221) high-index facets, as they are
composed of low-coordinated Pd atoms (Npgeen = 4, S,
respectively).””>> Although Pd nanoparticles with (11 1) and
(100) low-index facets (Ny,oen = 9, 8, respectively) can also
act as catalysts, their activity may be due to leaching of edge
and vertex Pd atoms, as well as Pd adatoms and the atoms
located at surface defects.

Anionic mono- and dipalladium species reportedly form
catalytic intermediates in cross-coupling and functionalization
reactions” "' 7'% (see structures (174), (175), (185), (187),
(189), and (191) in the Supporting Information). Thus, in
active catalytic systems, the presence of anionic species in
solution is expectable. The species (174), (175), (185), (187),
(189), and (191) have N,,,./n values of 4.5—6.0, which is close
t0 Nproren = 4—35, as in the case of (730) and (221) facets
that are prone to facile leaching according to experimental
findings. Therefore, N,,./n values within the range of

45 <N, /n<8

should indicate the presence of a particular molecule in
solution under operating catalytic conditions. In fact, a
“cocktail” of various species may have an N, /n value lying
in this interval (see below); these species are hereafter referred
to as “leached Pd”.

According to the proposed model, an equilibrium value of
the leaching—capture Gibbs free energy (AG,) under the
given conditions (reactants, solvent, temperature, etc.) does
not necessarily correspond to an exergonic mode. Typically,
0.5—300 ppm amounts of leached palladium (wpg) are present
in the reaction medium.***>*%"'%~!!* Chemical equilibrium at
conditions that involve AG,,, is described as

AG,,: NP = NP* + Pd,

_ [NP*][Pd, ]

“ [NP]

[NP] and [NP*] are the activities of a pristine nanoparticle
and a nanoparticle after detachment of a small Pd, cluster,
respectively, and [Pd,] denotes the activity of the detached
cluster. We assume that [NP] =~ [NP*], as long as the
nanoparticle has a similar structure before and after the
detachment (in the case of a single leaching event; ie. the
particle neither dissolves nor significantly degrades but
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Table 2. Computed Binding Energies of NMe; and PMe, to Pd, species (n = 1, 2, 4) in kcal/mol”

Eyina(DME) Eyina(DME) Eying(DME)
Pd, +
k kNMe, Pd, + kPMe; k Pd, + kNMe, Pd, + kPMe, k Pd, + kNMe, Pd, + kPMe,
1 —244(0) —55.9 (0) 1 —288(0) —67.9 (0) 1 —194 (0) —38.1 (0)
2 =533 (0) -93.8 (7) 2 =580 (0) to —56.2 (0) —108.9 (3) to —107.9 (3) 2 —33.1 (0) to —28.8 (0) —74.2 (0) to —71.8 (0)
3 nobinding -103.0(8) 3 —77.8(0) —144.2 (6) 3 =554 (0) to —41.2 (0) —126.9 (3.75) to —121.3 (3.5)
4 —1109 (9) 4 Pd-Pd bond cleavage ~ —161.0 (7) to —157.2 (7) 4 —68.8 (0) to —44.8 (0) —165.6 (5.25)
S —165.6 (7.5) S No binding —182.1 (5.75) to —179.6 (5.75)
6 Pd—Pd bond cleavage 6 —193.9 (6.25)
7 —198.2 (6.5)
8 —198.9 (6.5)

“Nnax/n metric values are given in parentheses; k is the number of ligands bound to a Pd cluster or atom in a given transformation.

preserves its morphology). If we apply the ideal solution
approximation, then [Pd,] is equal to the concentration of
soluble palladium species ¢pq and

AGleach =—-RT ln(CPd>

Concentration of soluble palladium species may be
estimated via

1paMpy Mpy

preact

Mpg

Wpg = Cpd

m

react preact react

where mpyq and m,,. are masses of soluble palladium species
and reaction medium, respectively, npg is the amount of soluble
Pd, V., is the reaction medium volume, Mp, is the molar
mass of soluble palladium species, and p,., is reaction medium

density. Therefore

AG,.4, = —RT ln(wpd%]
Pd

()

Since the p.,/Mpq term is logarithmic, the effect of solvent
density and molar mass of leached species on AG,y, is minor
(within about 1 kcal/mol in exemplary cases discussed in
section 2 of the Supporting Information). However, an
increase in AG).q, by about 7 kcal/mol makes a qualitative
difference. It may reduce leaching (wpg) ~10° times, as
breaking of an additional Pd—Pd bond upon detachment
requires about 6.6 kcal/mol according to eq 3.

Hence, the leaching—capture equilibrium is extremely
sensitive to Ny, in the model case of an ideally regular Pd
nanoparticle surface. Palladium adatoms are the most prone to
leaching, followed by edge and vertex atoms and the atoms of
high-index facets. This sensitivity to Ny, should be
accounted for in nanocatalyst design, as the available NP
synthesis techniques allow synthesis of nanoparticles with
predefined Miller index facets.”>”""'* After all Pd atoms from
such high-index facets have leached, the remaining regular
(111) and (100) facets are overstable and give no significant
contribution to the pool of highly active soluble Pd species.

3.2. Ligand Binding and Oxidative Addition to
Molecular Pd Species. We started our consideration of the
exothermic reactions depicted in Figure 2 by computing
binding energies (Ey;,q) for binding of NMe; and PMe; to Pd,
(n=1,2,4) in DMF (see the Supporting Information for Ep;g
values under vacuum). PMe; is often selected as a model
ligand in computational studies of catalytic cross-coupling
reactions.””*>''°~'23 Notably, the ligand binding energies in
[Pd(PMe,)] and [Pd(PPh,)] species computed at the ZORA-
BLYP-D3/TZ2P level of theory differ by only 0.7 kcal/mol,
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while the largest difference is observed in the [P(PMe,)] vs
[P(PCy;)] case (—49.0 vs —53.5 kcal/mol, respectively).'”*
Therefore, the PMe; ligand can be considered as a
representative model of a phosphine ligand imposing moderate
steric hindrance. NMej; is a model of a typical nitrogen base
that is commonly used under experimental catalytic conditions.

To model the binding, PMe; and NMe; molecules were
placed near to Pd, (n = 2, 4) until the geometry optimization
procedure resulted in no valent Pd—N binding or in Pd—Pd
bond cleavage: i.e., until the structure of the Pd, (n = 2, 4)
clusters remained qualitatively unchanged. The obtained
binding energies are given in Table 2. Trimethylamine
(NMe;) has shown a relatively low binding affinity, and up
to two NMe; molecules can bind to one Pd atom. Binding of
the fourth NMe; molecule to Pd, leads to Pd—Pd bond
cleavage, while in the case of Pd, only one NMe; per Pd atom
can be bound in the maximally saturated state. Expectedly,
PMe; has a higher binding affinity to Pd, (n = 1, 2, 4) and may
bind in the y, and y; bridging configurations. For comparison,
NMe; was bound to Pd, and Pd, in only a y; configuration
(Figure 4, see the Supporting Information for all considered
[Pd,L,,] structures, L = NMe;, PMe;).

We have estimated the stabilizing effect (N,,,./n) of NMe,
and PMe, ligands on Pd, (n = 1, 2, 4) (see Table 2). Due to
the relatively low binding affinity, NMe;, cannot stabilize Pd,, (n
=1, 2, 4) to prevent its recapture at the surface (all N,,,./n
values are zero). Trimethylphosphine, on the other hand,
stabilizes Pd, (n = 1, 2, 4) much better, as the expected
catalytic species [Pd(PMe;),] (Figure 4) are resistant to
recapture at the edges. Four PMe; ligands stabilize Pd so
effectively that the formation of the Pd (1 1 1) surface becomes
thermodynamically unfavorable (Table 2). Pd, clusters can
bind up to eight PMe, ligands; the resulting [Pd,(PMe;)s]
clusters are relatively stable (N,,,,/n = 6.5). The estimation of
kinetic stability is beyond the scope of this study. Nevertheless,
given that species containing Pd;_, cluster cores are reportedly
active,’®'*> moderate resistance of the phosphine-stabilized
Pd, clusters to recapture at the PANP surface indicates the
possibility of their persistence under catalytic conditions.

Aryl halides are seen as the key agents that drive Pd leaching
into solution.>"S36967 70126 T4 agsess their stabilizing effect,
oxidative addition of PhBr and PhI to Pd, (n = 1, 2, 4) in DMF
or under vacuum was modeled (see Table 3 for the OA in
DMEF and the Supporting Information for the OA under
vacuum). The calculations have shown that affinities (Eq,) of
PhBr and PhI to Pd atoms are similar to the affinity of PMe,
and higher than the affinity of NMe,. It is worth noting that
only oxidative addition of two PhI molecules to a Pd atom
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Pd,s(PMe;)s

Figure 4. Representative optimized structures of [Pd,L,,] (L = NMe;,
PMe;) species. Pd is shown in cerulean, H in white, C in gray, N in
blue, and P in orange.

results in any significant stabilizing effect (N./n = 3).
Therefore, aryl halides alone cannot effectively stabilize
molecular Pd in solution, although they play a central role in
the considered stabilization processes (see the next section).
Calculated energies of Br, and I, oxidative additions are
given in Table 3. Considering rationalization for modeling of
this step, it is proposed that I, forms under reaction conditions
and takes part in [Pd,I[s]*~ formation.””'"" An alternative

pathway of PdX, formation, ie. formation of PdI, via a
reductive elimination of Ph—Ph from [Ph,PdX,L,_,] species,
is also possible. The latter pathway appears to be both
thermodynamically favorable and kinetically feasible according
to our modeling results (Figure S).

PhPdX species 1 can undergo three different pathways in the
model system (the pathways are marked with green, blue, and
red in Figure 5; see section 8 of the Supporting Information for
a detailed scheme and the energetics). Excess of aryl halide
reagent, relative to ArPdX, L, and X~ species (red sector in
Figure 5), may lead to formation of unstable Pd(IV) complexes
(2, 6,7,9). The complexes 2, 6, 7, and 9 are products of two
consecutive PhX oxidative additions to Pd. The second OA
step proceeds with the barriers in the range from 7 to 18 kcal/
mol depending on the ligands bound to the transition metal
centers (see section 8 in the Supporting Information). The
Pd(IV) complexes can readily undergo reductive elimination of
biphenyl (2 — 13,7 — 12, 6 — 10, and 9 — 11) with the
barriers in the range from 4 to 18 kcal/mol. Since a second
coupling partner is added to a catalytic system under
experimental conditions (for example, arylboronic acid in
Suzuki coupling etc.), the pathway to the Pd(IV) species
formation and the concomitant aryl halide homocoupling is
normally avoided.

A path to avoid the homocoupling process is binding of an
X" anion or a ligand with subsequent formation of L[PhPdI],L
oligomers (blue sector in Figure S, see section 3.3 for a
discussion of L[PhPdI],L oligomer formation). Another
possible path is binding of PMe; or NMe; species that leads
to formation of L[PhPdX]L complexes and, subsequently, can
initiate the classic Pd(0)/Pd(II) catalytic cycle (green sector in
Figure ). In real catalytic systems, homocoupling rate vs cross-
coupling rate is determined by aryl halide reactivity, coupling
partner reactivity, stabilizers (here, L and X~ species), and
reaction conditions. Nevertheless, too large an excess of ArX
reagent should not be used, as it may stimulate formation of
Pd(1I) halide species 10—12 (well-known catalyst precursors
that require reactivation) and homocoupling products.

Leaching is facile as an atom-by-atom process, according to
the computations presented above. Covalent Pd—Pd bonds are
weak in comparison with the metallic bonds. The endergonic
effect of the metallic Pd—Pd bond breaking can be balanced by
the stabilizing effect of the covalent Pd—heteroatom and Pd—
Pd bond formation in leached molecular species (see eq 1).
The cohesive energy of Pd, is —38.0 kcal/mol per atom, while
the cohesive energies of the considered Pd;y and Pd, 4
nanoparticles are —69.1 and —72.2 kcal/mol per atom,
respectively (DFT-PBE, plane-wave basis set, and PAW

Table 3. Computed Energies of PhBr, Phl, PhPh, Br,, and I, Oxidative Addition to Pd, Species (n = 1, 2, 4) in kcal/mol”

reaction EoA(DMF) reaction
Pd, + Br, -65.1, —68.7° (3) Pd, + Br,
Pd, +1, —60.5, —81.3" (0) Pd, + 1,
Pd, + PhBr —49.4 (0) Pd, + PhBr
Pd,; + 2PhBr —63.3, —13.9° (0)
Pd, + PhI —54.4 (0) Pd, + PhI
Pd, + 2Phl —68.6, —14.2° (3)
Pd, + PhPh —-15.0 (0) Pd, + PhPh

EqA(DMEF) reaction EoA(DMF)
—-99.8 (0) Pd, + Br, —79.4 (0) to —64.9 (0)
—98.4 (0) Pd, + 1, —-75.9 (0) to =73.7 (0)
-79.2 (0) Pd, + PhBr —47.0 (0)

Pd, + 2PhBr —114.2 (3.25) to —75.8 (0)
—87.8 (0) Pd, + PhI —-58.9 (0)

Pd, + 2PhI —127.5 (3.75) to —93.9 (0)
—45.6 (0) Pd, + PhPh —27.2 (0) to —20.3 (0)

“Npa/n metric values are given in parentheses. bComma-separated energies of one-step X, oxidative addition and PdX, formation from
[Ph,PdX;]” through the Ph—Ph reductive elimination pathway (see text). “Comma-separated total energy of the oxidative addition of two PhX

molecules and energy of the second PhX molecule addition.

3996 DOI: 10.1021/acscatal.9b00207

ACS Catal. 2019, 9, 3991-4005


http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b00207/suppl_file/cs9b00207_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b00207/suppl_file/cs9b00207_si_001.pdf
http://dx.doi.org/10.1021/acscatal.9b00207

ACS Catalysis

Research Article

3 ol
DEp_,q3 DB 13 AE7_1p AE7 12
X=Br -267 8.1 0.3 17.7
X=1  -335 8.6 9.2 17.3
13 X ]
[X'Pd ]‘ x—P:dIE:
X" X X
TS2-13 2
To the [PdX,], pool hm < X pn
% Pd To the [PhPdX], pool
X 1"'Ph
PaCy £ X “
12 Ph / ‘N\
X 7 / 3
xPhx =TS x -
.Ph
Ph-pp, Pd, X pg
ﬂL x Ph X
A, -
L L 0 % 1 y
Pd. == [LPdX,]
L 1 L Pd
1 TS ism Ph" X
\ 911 L
Ph-Ph\\
X X
O L L.
LPId,Ph L LPId,Ph L
L”' . "Ph 'Ph »
X X o
6 X _ -
9 pat X X ok
Ph" "X N phrrdrx
5
L 4
X X
I _Ph L, 1 .Ph
L’F;,:Lr{,h L'T\Fl'h P:"pd‘vl‘ Classic
Pd(ll) intermediates
TSe-10 TSg-14 8 h
L = NMe, L = PMeg + +
M X AE5 .8 OB 10 AEG10 AEg11 AF9—11
eaN by X ‘Pd X=Br
X MegPT X L=NMe; -123 -31.7 119 -436 113
10 10 L=PMe; -440 -49.4 39 626 117
X=1
L=NMe; -82 -365 120 -480 127
L=PMe; -39.6 -50.1 53 615 117

Figure S. Excess of [PhPdXL,_,], PhX, NMe;, PMe;, or X~ directs a Pd catalytic system to follow three distinct pathways. See section 9.2 of the
Supporting Information for details of the transition state searching procedure. See a discussion of the [PhPdX], and [PdX,], pool formation in the

text.

method; see the Supporting Information for a detailed
description of the computational parameters). Pd atoms in
molecular subnanometer Pd clusters are bound with relatively
weak Pd—Pd bonds of covalent nature. A thermodynamically
favorable way involves the atom-by-atom detachment with
subsequent exothermic formation of up to four strong covalent
bonds with various ligands and/or oxidative addition of ArX, as
well as possible oligomerization of the products of the
detachment. The last three processes can compensate for the
endothermicity of the detachment, as we demonstrate in the
next section.

3.3. Oligomerization of Leached Species and Binding
of Additional Ligands. Arylpalladium halide species
[ArPdX] may undergo two possible processes leading to
their stabilization in solution. The first one is oligomerization;
[ArPdX] may bind to another valence-unsaturated [ArPdX]
molecule or to [ArPdX,]~. Dimeric and monomeric [ArPdX],
and [ArPdX,]” species were observed in cross-coupling, Heck,
and amination reactions.”®'??710%127128 TPhPdX], dimers
have three isomers, since phenyl rings may bind to
transition-metal atoms in ¢ as well as in # binding mode
(see Figure 6). u, binding of aryl groups in M(II)—M(II)
species was observed in Ni-catalyzed Kumada-type cou-
pling."*” Dipalladium species with bridging aryl ligands are
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[Pd,Br,] (trans) [Pd,Br,] (cis)  [Pdyl,] (trans)  [Pdls] (Cis)

Figure 6. Optimized structures of [PhPdX], and [Pd,X,] (X = Br, I)
isomers. See Table 4 for the corresponding dimerization energies. Pd
is shown in cerulean, H in white, C in gray, Br in red, and I in violet.
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rarely observed; a few reports on these species belong to the
field of Pd(I) chemistry.”""*!

We modeled the formation of [PhPdX], (X = Br, I)
oligomers in DMF and under vacuum (see the Supporting
Information for all obtained oligomer structures and
corresponding Ejg, values); computed dimerization energies
of [PhPdX], (X = Br, I) are given in Table 4. Unexpectedly, a

Table 4. Computed Dimerization Energies (E,,o, kcal/mol)
and Corresponding N,,../n values of [PhPdX], and [Pd,X,]
(X = Br, I) Isomers”

dimer Eojigo (DMF) N,.../n
[PhPdBr], (2X-4) —234 0
[PhPdBr], (X/Ph-u) —30.2 0
[PhPdBr], (2Ph-x) -39.9 3.5
[PhPdI], (2X-4) —263 3
[PhPdI], (X/Ph-y) —31.0 3.5
[PhPdI], (2Ph-y) —349 4
[Pd,Br,] (trans) —39.9 6.5
[Pd,Br,] (cis) -30.9 S.5
[Pd,1,] (trans) —40.5 8.5
[Pd,1,] (cis) -33.4 8

“See Figure 6 for the structures; N,,,./n = 0 shows entries below the
threshold (3 per detached atom).

bridging Ph group allows for stronger binding in comparison
with I and Br groups; least-squares-fit binding energies are
—11.5 and —19.7 kcal/mol per Br and Ph bridge groups in
[PhPdBr],, respectively. In [PhPdI], the binding energies
were —13.2 and —17.5 kcal/mol for I and Ph bridging ligands,
respectively. Evidently, the binding strength of bridging ligands
in [PhPdX], oligomers significantly depends on the chemical
environment of the Pd atoms; for instance, the binding
strengths of Ph groups differ by 2.2 kcal/mol in [PhPdBr], and
[PhPdI],. The formation of oligomeric halide [Pd,X,,] (X =
Br, I) species was modeled as well (see Table 4 for the case of
[Pd,X,] and the Supporting Information for all computed
values). These species can oligomerize in two different
configurations that we denote as cis and trans (Figure 6).
While the oligomerization itself makes molecular [PhPdX],
species more stable in solution (Table 4, rows 3—6, N,,,, = 3—
4), stronger stabilization is provided by binding of X~ anions
that may be formed in the course of the reaction, e.g. the Heck
reaction, or introduced into the system with salt additives.
Another way of stabilization is binding of NR; species (that are
often added as a base; here modeled with NMe;) or phosphine
ligands PR, (here modeled with PMe;). The corresponding
binding energies of X~ to [PhPdX],_, (X = Br, I; in DMF) and
of L (L = NMe,;, PMe;) to [PhPdX],_; (in DMF and in
vacuo) were computed. The binding energies for mono-Pd
[PhPdX] species are discussed in the text; the trends are
preserved in the case of [PhPdX], , species (see the
Supporting Information for all computed E,;4 values in
DMF and in vacuo). As in the case of oligomerization, Ey;q
values strongly depend on the chemical environment of the Pd
atom which undergoes the ligand binding process (see Table
5). Generally, X~ (X = Br, I) has as a strong binding affinity to
[PhPdX], as NMe;. We selected N,,,, = 4.5 as the lower
margin of stability (to fast capture back to the Pd surface,
section 3.1). The binding of X~ and NMe; alone is exothermic
enough to make monomeric L[PhPdX]L species stable in
solution (N, = S). Binding of trimethylphosphine PMe,
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Table 5. Computed Binding Energies (Eyp;,q) of X~ (X = Br,
I) and L (L = NMe;, PMe;) to [PhPdBr] and [PhPdI] in
kcal/mol

ligand binding reaction Epind(DMF) N,
[PhPdBr] + Br~ = [PhPdBr,]- —292 5
[PhPdI] + I” = [PhPdL,]" -282 5
[PhPdBr] + NMe; = [PhPdBr]NMe, —20.7 3
[PhPdBr]NMe, + NMe, = NMe,[PhPdBr]NMe, -125 5
[PhPdBr] + PMe, = [PhPdBr]PMe, -29.8 5
[PhPdBr]PMe; + PMe; = PMe,[PhPdBr]PMe, —44.0 11
[PhPdI] + NMe; = [PhPAI]NMe, -209 4
[PhPAI]NMe; + NMe, = NMe,[PhPdI]NMe, -8.6 5
[PhPdI] + PMe, = [PhPdI]PMe, -30.6 6
[PhPdI]PMe, + PMe, = PMe,[PhPdI]PMe, ~394 12
PdBr, + Br™ = [PdBr,]” —34.8 8
PdL + I” = [PdL,] —314 10

ligands to [PhPdI] species leads to exceptionally strong
stabilization in the form of Me,P[PhPdX]PMe, species. The
latter are resistant to capture, thus preventing the formation of
the Pd (11 1) surface (N,,,, = 11—12, Table 5, rows 6 and 10),
which is the most stable surface of metallic Pd.'”

Palladium halide [Pd,X,,] species that are significantly more
stable than [PhPdX], are further stabilized by X~ (X = Br, 1)
binding (see Table S and the Supporting Information).
Anionic [PdBr;]” is stable against recapture that would lead
to the formation of the Pd (1 00) surface, while [PdI;]™ (N,,.,
= 10) is stable against being captured as an atom of the Pd
(111) surface (Npopen = 9). Such stability of X[Pd,X,,]X*"
species could make them inactive; the activity can be restored
by a steady reduction of the halide species in the course of the
reaction.

The oligomerization of leached species and additional ligand
binding should be considered as simultaneous processes for the
sake of model adequacy. We modeled the processes and
depicted some representative structures of the resulting
L[PhPdI],L (L = I", NMe,, and PMe,), L[PhPdI],L (L =
I7), and I[Pd,I,,]I*" species in Figure 7 (see all considered
cases in the Supporting Information). No qualitative change in
the [PhPdX], moiety upon additional ligand binding was
found except in the case of NMe; binding to [PhPdX], (2Ph-
u). Here, the spontaneous formation of Ph—Ph occurred, and
the formed biphenyl molecule became a bridging ligand
instead of two yt,-Ph ligands (Figure 7a). Notably, the resulting
molecule comprises Pd atoms in the formal oxidation state +1,
and this simple reaction may be a pathway to the formation of
Pd(I) species observed in cross-coupling reactions.*>"*

The combined stabilizing effect of oligomerization and
additional ligand binding may be illustrated by the plots
depicted in Figure 8. If a Pd catalytic system is “ligandless” and
no amine is added as a base, the oligomerization alone is
insufficient to prevent the recapture. Among the examined
[PhPdBr], oligomers, only cyclic tetramer [PhPdBr], was
stable enough against the capture (Figure 8a), while [PhPdI],
oligomers were rather stable at n > 3 (that is, the N,,,,/n metric
was above the 4.5 margin). In the absence of NR; or PR,
ligands, halide anions (formed upon the reaction progress or
introduced as an additive) may sufficiently stabilize X-
[PhPdX],X*" oligomers as indicated by the corresponding
N,../n stability metric values of about 5. Indeed, PdNPs
having surface Pd atoms bound to 4—S5 atoms each (N, = 4—
5) were shown to be exceptionally active in the Suzuki cross-
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Figure 7. Optimized structures of (a) dimeric Pd intermediates in
reactions with PhI and (b) tetrameric Pd intermediates in reactions
with PhI. Pd is shown in cerulean, H in white, C in gray, N in blue, P
in orange, and I in violet.

coupling reaction with no ligands or amine base added; the
exceptional activity was attributed to facile leaching of Pd from
these nanoparticles.””>*

The modeled X[PhPdX], ,X*~ oligomers and [PhPdX,]”
monomer had similar stability against the capture (N, = S—
6); therefore, long X[PhPdX] X>7 chains most likely
decompose to mono- and dipalladium species in the presence
of excess X~ (since only monomers and dimers X-
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Figure 8. Dependence of species stability (N,./n) on the
oligomerization degree (n): (a) stability of [PhPdBr], (black
diamonds) and Br[PhPdBr],Br’~ (magenta disks); (b) stability of
Br[PhPdBr],Br*~ (magenta disks), Me;N[PhPdBr],NMe; (blue
squares), and Me,P[PhPdBr],PMe; (red diamonds); (c) stability of
[PhPdI], (black diamonds) and I[PhPdI],I*~ (magenta disks); (d)
stability of I[PhPdI],I*~ (magenta disks), Me,N[PhPdI],NMe; (blue
squares), and Me;P[PhPdI],PMe; (red diamonds). The stability
metric of [PhPdX,]™ anions is given as magenta crosses on (a) and
(c). Error bars indicate the highest and lowest calculated N,,,/n
values for a given n value. The structures of the most stable
intermediates are depicted on the right, and the corresponding N,,../n
values are marked with circles of the corresponding color. Horizontal
dotted lines at N, /n values of 4.5 and 9 depict stability margins
(stable under reaction conditions and resistant to the capture
(leached irreversibly), respectively).

[PhPdX],_,X>~ have a [PhPdX] to X~ ratio of 1:1). The
high stability of the anionic species stresses the importance of
considering anionic mechanisms in Pd-catalyzed reactions of
C—C- and C-heteroatom bond formation as has been
proposed (primarily for the Heck reaction, ”'*"'3*73¢ byt
for other catalytic transformations as well).'*”~"*°

Capping [PhPdX], oligomers with PMe; effectively
stabilized the species due to the high binding affinity (Ey;,q)
of the ligand. However, this effect was reduced by
oligomerization, as Ej,, was significantly lower than E,;,4 of
PMe;; as a result, the N_,,/n value dropped with increasing n
(Figure 8b,d). The well-known bis-phosphine Me;P[PhPdX]-
PMe; (X = Br, I) complexes are highly stable and form under
reaction conditions. At the same time, dimeric Me;P-
[PhPdX],PMe; (2X-u) species have also been considered in
theoretical studies'*"'** and observed experimentally.'*”"**'**
Even Me,P[PhPdX],PMe, species are somewhat more stable
than their anionic X[PhPdX],X*>~ counterparts. Evidently,
R,P[PhPdX],_;PR, are important intermediates in Pd catalytic
systems containing phosphine ligands. As long as PR; ligands
are bound to the opposite sides of the [PhPdX],_; chains, no
significant destabilization by ligand steric repulsion (which is
known to be a short-range effect) should be expected.

The PMej, to Pd ratio in the Me;P[PhPdX],PMe; oligomers
should be discussed. If the ligand is in a 2-fold excess (2:1),
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R;P[PhPdX],PR; species, which are highly stable against the
capture, drive the conventional Pd(0)/Pd(II) catalytic process.
Often the 1:1 ratio is optimal;l‘m_146 however, the
concomitant formation of the R;P[PhPdX],PR; dimers is an
undesirable event.'*' Lowering the ratio to 3:2 may lead to the
formation of RyP[PhPdX];PR; trimers that are considerably
less stable against the capture. The lower stability of the
trimers may favor the formation of a “cocktail’-type catalytic
system where PANPs, base- and additive-stabilized species as
Me;N[PhPdX],NMe,, and X[PhPdX],X>" coexist (as they
have close stability metric N, /n values for n = 3, Figure
8b,d).

The dimeric 2X-u-species are the most stable in the
Me,;N[PhPdX],NMe; row, while trimeric Me;N-
[PhPdX];NMe, species are less stable than X[PhPdX],X*",
according to the computations (Figure 8b,d). Since binding of
two trimethylamine ligands to [PhPdX], (2Ph-u) complex
caused spontaneous formation of Ph—-Ph, we excluded
Me;N[PhPdX],NMe; (2Ph-u) from the data presented in
Figure 8. The role of amine base in Pd-catalyzed cross-coupling
and functionalization reactions may thus be dual: as an agent
that directs leached [ArPdX] from the deactivation pathway
resulting in [Pd,X,,] formation (red sector in Figure 8) and as
a ligand that stabilizes Me;N[PhPdX],_,NMe; when no other
ligand is added to a catalytic system to stabilize Pd in solution.

On the basis of the presented modeling, we consider
X[PhPdX],_,X*~, R P[PhPdX], ;PR;, and R;N-
[PhPdX],_,NR; as important intermediates that represent
the pool of the “leached Pd”. The relative stability of these
intermediates, however, may depend on reaction conditions.
For example, in the case of the Heck reaction with aryl
bromides, Br[ArPdBr],Br*~ is known to be stable due to the
formlaotzion of HBr and the concomitant protonation of NR; and
PR,.

Palladium halides [Pd,X,,] (X = Br, 1) are effectively
stabilized against the recapture via oligomerization alone
(Figure 9); the stability (N,,,,/n) monotonically increases with
the rise of the oligomerization degree (n). The dependence of
N,..x/n on n may be extrapolated by the function

N,

max c
— =—+ N
n n poly
(a) (b)
127 . 12- . . . .
* ° - x
s x 101 /

Nmax/n
2.2
Nmax/n
o o

4-/ 4
2] 2
ol ol
1 2 3 4 5 1 2 3 4 5
n n

Figure 9. Stability of [PdX,], (trans), [PdX,], (cis), and [Pd,X,,,,]*"
(red squares, red disks, and blue diamonds, respectively): (a) X = Br;
(b) X= 1 Stability metrics of PdX, and [Pd,X;] (cyc) are given as red
crosses, and the stability metrics of [PdX;]™ as blue crosses.
Horizontal dotted lines at N,,.,/n values of 4.5 and 9 depict stability
margins (stable under reaction conditions and stable against the
capture (leached irreversibly), respectively).
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where ¢ is a fitting coefficient and N, is Np,/n of the
polymeric PdBr, or Pdl, chains. We excluded [PdX;]™ from
the fit in the case of [Pd,X,,] cis oligomerization, as the
inclusion deteriorated the fit. This may be an indication that
the terminal Pd atom in [Pd,X,,] (cis) chains has an oxidation
state other than II due to the unsaturated valence shell. Cyclic
[Pd,Xs] (cyc) tetramers have higher stability than their linear
counterparts [Pd,Xg] (Figure 9, cyclic tetramers are marked
with red crosses). However, cyclic tetramers [Pd,X,] (cyc) are
unstable toward the formation of linear dianionic tetramers
[Pd,X,,.,]>" (Figure 9, see also the structures (150)—(153)
and (158)—(161) in the Supporting Information). It should be
noted that the presented model of polymeric Pd halides does
not account for the formation of the bulk PdX, phase and
treats the PdX, polymeric chain as well dissolved in the DMF
solvent. Accounting for the cohesive energy of PdX, chains
through explicit modeling of the PdX, bulk might increase Pd
halide stability even more but is beyond the scope of this work.

Capping of the halide chains with X~ anions makes them
exceptionally stable. Particularly, bromide oligomers
[Pd,Br,,,,]*” have an N,,/n metric value of ca. 11 and
their iodide analogues [Pd,l,,,,]*” have the maximal possible
stability (since N,,,/n = 12 is the maximal number of broken
Pd—Pd bonds corresponding to a hypothetical process of Pd
atom abstraction from Pd bulk, N,,,./n = 12 was chosen as a
cutoff value in the N,,,./n calculations). The dimeric bromide
[Pd,Is]*" has the highest stability among the oligomeric
dianions and is another form of deactivated Pd in reactions
with ArBr (along with Pd bulk and PdBr,) under the excess of
the Br™ anions in the system. The stability metric N,,,./n of
[Pd,L,,,»])*” (n=2-5) is over the scale (no peak under n = 2
in Figure 9b as in Figure 9a); however, the [Pd,I;]*” anion was
observed in the Heck reaction,'’’ and therefore the same
anionic di-Pd species are relevant for the reactions with ArlL
Active Pd species thus may undergo conversion to halides such
as [Pd,X4]*” and the polymeric PdX, bulk; we propose that
the conversion may proceed via the aforementioned
homocoupling of ArX and formation of Pd(IV) complexes
(Figure S). As long as PdX, salts are often used as precatalysts
that require activation (reduction), the ArX homocoupling not
only increases the byproduct formation but also lowers the
system activity.

4. CONCLUSIONS

We have evaluated the roles of metal leaching and recapture in
a model system that involves ArX oxidative addition as a key
mechanistic step. Chemical transformations of different Pd
forms analyzed in this work can be encountered in cross-
couplings and C—H arylations, as well as in the Heck reaction
and Buchwald—Hartwig amination (Figure 10). We under-
stand leaching as a process where the endothermic effect of
metallic Pd—Pd bond breaking can be counterbalanced by the
cumulative exothermic effect of covalent/coordination bond
formation, including coordination to ligands, ArX oxidative
addition, and oligomerization of soluble Pd species. The
resistance of Pd nanoparticles to dissolution in the course of
the reaction may indicate incomplete compensation of the
thermodynamic effects. In this case, the overall thermodynamic
effect corresponding to the leaching—capture equilibrium may
be endergonic (section 3.1).

In practice, sigmoidal reaction kinetics is often observed in
cross-coupling and functionalization reactions when a metal-
complex palladium precatalyst is used. This is commonly
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Figure 10. Proposed model of evolution of Pd catalytic systems in reactions that involve ArX oxidative addition.

attributed to the obligate formation of Pd nanoparticles that
serve as a pool of catalytically active Pd(0).*” The observed
sigmoidal kinetics, apparently related to the slow ligand loss,
may also reflect the reduction of Pd(II) precatalyst and the
formation of molecular L{ArPd(II)X],L species (marked in
blue in Figure 10). Therefore, in Pd-catalyzed reactions that
involve ArX reagents, three pools of species depicted in Figure
10 (Pd(0) nanoparticles, molecular Pd species, and inactive
Pd) should be considered irrespective of precatalyst choice.
The pool of “leached Pd” corresponds to resting states of the
catalyst. According to the results of the modeling, this pool
may consist of X[PhPdX], ,X*, RyP[PhPdX],_;PR,, and
R;N[PhPdX],_,NR; species, depending on reaction type (the
Heck reaction, cross-coupling, etc.) and specific reaction
conditions (ligand/ligandless system, salt additives).

The present computational study highlighted a number of
pathways for dynamic interconversions of palladium com-
plexes, clusters, and nanoparticles. The high level of complexity
appears to be a specific feature of cross-coupling catalysis and
several other catalytic transformations, where computational
modeling provides a unique opportunity to get valuable insight
into the reaction mechanism. We, pursuing a unified theory of
dynamic “cocktail”-type catalytic systems, studied the en-
ergetics of leaching as a first step to theoretically address this
complexity.

The high complexity of the studied system imposes some
limitations to computational modeling that should be pointed
out. For example, calculation of free energies, explicit
consideration of solvent molecules, selection of a higher level
of theory, and molecular dynamics on full-size models can
further improve our understanding. Reliable modeling of
catalyst transformation kinetics is also crucial for future
progress in this area. Any of the elementary reactions, revealed
in the present calculations of “cocktail”’-type systems, can be
addressed individually in more detail using sophisticated
computational methods. We thus anticipate future studies
systematically addressing dynamic transformations in Pd
catalytic systems.
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