Open Access Article. Published on 18 November 2016. Downloaded on 2/11/2026 12:16:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Dalton
Transactions

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Dalton Trans., 2017, 46, 165

complexest

Redox trends in cyclometalated palladium(n)
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A series of diverse binuclear and mononuclear cyclometalated palladium(i) complexes of different

structure was investigated by electrochemical techniques combined with density functional theory (DFT)

calculations. The studies including cyclic and differential pulse voltammetry, X-ray structure analysis and

quantum chemical calculations revealed a regularity of the complexes oxidation potential on the metal—
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Introduction

Palladium compounds are known as the most attractive cata-
lysts for many important organic transformations.’” As these
reactions involve organometallic intermediates in different
oxidation states (which are generally redox active), the catalytic
cycles can be elucidated by electrochemical methods. To date
this strategy was successfully used to study Pd(u)/Pd(0) cross-
couplings.® Contrariwise, electrochemical data for Pd(u)/Pd ()
and Pd(un)/Pd(v) redox couples and for reactions based on
these shuttles is extremely poor.

Cyclometalated palladium(u), (m), (iv) complexes are
proposed to be key intermediates in oxidative ligand-directed
aromatic C-H functionalizations.”® Although this approach is
adapted to introduce diverse functional groups into aromatic
substrates in C(sp®)-H halogenation, acetoxylation, arylation
and some other reactions,®” examples of effective formation of
carbon-phosphorus and carbon-fluoroalkyl bonds are still
rare®'* although compounds with these structure units are
important and relevant as pharmaceuticals.”* ™
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metal distance in the complexes: the larger Pd—Pd distance, the higher oxidation potentials. The
reduction potentials feature unusually high negative values while no correlation depending on the struc-
ture could be observed. These results are in a good agreement with the electron density distribution in
the complexes. Additionally, ESR data obtained for the complexes upon oxidation is reported.

Electrochemical properties of cyclopalladated complexes
are described only in few works'>™? and no generalization has
been made for them, whereas, the redox properties are
expected to specify reactivity of the complexes in C-H
functionalization processes. The most explicit information can
be provided by electrochemical techniques amplifying with
DFT calculations which were found very advantageous in
mechanistic studies of palladacycles transformations during
C-H functionalizations.**>* In the recent work,'® the joint use
of spectroscopic (including cyclic voltammetry (CV)) methods
and quantum chemical calculations revealed features of elec-
tron density distribution within mono- and binuclear pallada-
cycles with 2-phenylpyridine ligand where palladium oxidation
states were (i), () and (1v). Recently, Musaev and co-workers
explored the factors impacting the stability and reactivity of
dimeric Pd(i) complexes in C-H functionalization catalysis.>®
In this theoretical study, it was assumed that binuclear
complexes require a higher C-H activation barrier than mono-
nuclear ones, but no experimental factors and data were
analyzed.

The purpose of this paper is to reveal structure-electro-
chemical properties correlation for cyclometalated palladium(m)
complexes. We performed analysis of electrochemical pro-
perties in a series of binuclear and mononuclear palladacycles
with diverse bridging groups (acetate, trifluoroacetate,
chloride, phosphonate) and C”N ligands (2-phenylpyridine
(phpy), benzo[A]quinolone (bhq) and 1-phenylpyrazole (phpz))
presented in Fig. 1. The complexes were investigated by
voltammetry techniques and DFT calculations aiming to find
out regularities of their oxidation and reduction, stability
and electron density distribution in different oxidation states
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Fig. 1 Selected cyclometalated palladium complexes.

Pd(u)/Pd(m)/Pd(v), influence of ligand, bridging group and
solvent nature on the redox properties. Because the oxidized
forms of the complexes might be ESR-active Pd(m) species, all
compounds were also examined in ESR experiments.

Results and discussion

In this work a wide scope of palladacycles are investigated,
among which complexes 5, 6, 11, 12 have not been described
earlier. Depending on the structure type, nuclearity and
(for binuclear compounds) position of the cyclometalated frag-
ments relative to each other the complexes were divided into
three groups which are expected to show different redox
behavior. The groups are: binuclear complexes of clamshell
(I group) and unfolded (group II) geometries, mononuclear
complexes (group III) (Fig. 1).

Synthesis and X-ray crystal structure study

Clamshell carboxylate bimetallic palladacycles 1-6 were
obtained by literature procedures from palladium acetate or
trifluoroacetate precursors and corresponding C”N ligands
(Fig. 2a and b).'>'®2%%” structure and reactivity are well-studied
for acetate derivatives 1-3 and trifluoroacetate 4.'%%7>°
The single-crystal X-ray structures of the new binuclear trifluoro-
acetates 5, 6 shown in Fig. 3 and 4 confirm their clamshell
geometry similar to that of 1-4, where two cyclopalladated
motifs are located one over another. The Pd-Pd distance
(ranging 2.842-2.892 A) is less than the sum of their van der
Waals radii (3.26 A); in trifluoroacetates 4-6 it is slightly larger
compared to the acetates 1-3 (~0.03 A) due to electron-
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Fig. 2 Syntheses of palladacycles with different bridging groups illus-
trated by complexes with 2-phenylpyridine ligand.
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Fig. 3 ORTEP diagram of 5; thermal ellipsoids are drawn at 50% prob-
ability level.

Fig. 4 ORTEP diagram of 6; thermal ellipsoids are drawn at 50% prob-
ability level.

withdrawing effect of the CF;-group. The interfacial angle
between two cyclometalated units is almost the same in 1-6
and ranges between 15.2-18.5°. The Group I palladacycles
feature metal-metal interactions and bond order of 0.10-0.15
between two palladium atoms.>”*°

Complexes 7, 8, and 9 belong to the Group II as unfolded
palladacycles where no direct metal-metal interactions can be
observed but the palladium atoms can influence one another
in redox processes. Palladacycle 7 was synthesized from
Li,[PdCl,] treated with phpy ligand®” (Fig. 2c); our structural
and electrochemical data for 7 agree with the previously
reported.”” Interestingly, the complex reveals almost flat geo-
metry with 1.2° interfacial angle and 3.494 A Pd-Pd distance.
Treatment of acetates 1, 2 with diethyl-H-phosphonate in
CH;CN affords 8 and 9, respectively (Fig. 2d). Recrystallization
of both complexes from CH;CN or CH,Cl, solutions produces
the same dimeric structures. The synthetic procedure, detailed
electrochemical study of 8 and 9 (in solid state and in CH;CN
solution) and the X-ray structure of 8 have been already
discussed earlier in our works.’"**> The X-ray structure of
complex 9 is depicted in Fig. 5. The Pd-Pd distances in 8 and
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Fig. 5 ORTEP diagram of 9; thermal ellipsoids are drawn at 50% prob-
ability level.

9 are 4.332 and 4.328 A, the interfacial angles are 9.1 and 6.3°,
respectively.

Recently, we demonstrated that trifluoroacetate dimer 4
forms mononuclear 10 being dissolved in/recrystallized from
acetonitrile (Fig. 2e); and the redox properties of the mono-
and binuclear forms differ significantly.'® Likewise, trifluoro-
acetates 5, 6 turn into mononuclear 11 and 12 in CH3;CN
solutions, although no crystals suitable for X-ray analysis could
be obtained. Interestingly, the solubility of phpy and phpz
derivatives 4 and 6 in CH3CN is very high (~0.2 M) while
complex 5 with bhq ligand is significantly less soluble
(~0.05 M). Complexes 10-12 constitute the Group III pallada-
cycles with one metal atom per complex molecule.

Electrochemical study

Electrochemical properties of palladacycles 1-12 were investi-
gated in CH3CN and CH,Cl, solvents due to their broad poten-
tial range capable with oxidative and reductive measurements
and the ability to examine the reversible transformation of
binuclear and mononuclear forms of the trifluoroacetate com-
plexes and its effect on the redox potentials. It should be men-
tioned, complex 7 does not undergo monomerization in
CH;CN.** Acetate- and phosphonate-bridged complexes also
remain the dimeric structure in both solvents that is proved by
the similarity of cyclic voltammograms in CH;CN and CH,Cl,
solutions and in solid state (carbon paste electrode) (ref. 32
and herein).

Cyclic voltammetry studies are known for 1 and 4 in CH,Cl,
and CH,CN," for 2 in THF'>'® and for 7 in CH,CN."” Earlier
we already reported electrochemical properties of 1, 4, 10
(in CH,Cl, and CH;CN)"® and 8, 9 (solid state, CH;CN).*"??
Notably only oxidation processes are of interest in these works.
Therefore, the goal of this work is to obtain and analyze redox
behavior of a wide scope of palladacycles both in oxidative and
reductive conditions.

For all palladacycles 1-12 oxidation occurs in multiple steps
as illustrated in Fig. 6 and 7. The curves are very similar
(number of oxidation steps, reversibility) for the compounds
with the same bridging groups in the same solvent. The first
oxidation step is a one-electron process for monomeric com-
plexes and a two-electron one for all dimeric palladacycles.'®®
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Fig. 6 Cyclic voltammograms of palladacycles in CH,Cl,.

[(Phpy)Pd(X)], [(bha)Pd(X)], [(Phpz)Pd(X)],
"OCOCF,"
70 "OCOCF,"
"OCOCF,"

"OP(OEY)," 1 =
"OP(OEt),"

9 "OCOCH,"

"OCOCH.* 3
2

fﬁ
20 10 00 20 10 00 20 10 00
Potential (V vs. Fc/Fc")

Fig. 7 Cyclic voltammograms of palladacycles in CH3CN.

For 9 the first oxidation peak consists of two overlooped peaks
at close potentials. Free ligands oxidize at significantly higher
potentials (V vs. F¢'/Fc): 1.70 (phpy), 1.73 (bhq), 1.80 (phpz).

Reversibility of the first oxidations pertains to the carboxylic
complexes (I group), while other complexes show fully irrevers-
ible oxidation in CV experiments with scan rate from 50 mV s~
to 10 V s™*. This possibly refers to fast following reductive
elimination reactions which afford C-H phosphorylation and
perfluoroacetoxylation products as it was conformed pre-
viously'®?"3? in a series of bulk electrolysis reactions. Owing
the oxidations irreversibility, differential pulse voltammetry
(DPV) was used to elucidate the standard potentials (E°, Ey,,
Eppy). Data obtained in CV and DPV experiments is summar-
ized in Tables 1 and 2 and is in a good agreement with known
literature reports.”>™*° Although, the first oxidation step con-
sumes two electrons per binuclear palladacycle molecule, the
two electron transfers cannot be resolved in neither cyclic or
differential pulse voltammograms, that means, the standard
electron potential of the two consequent oxidations are very
close to each other.

As can be seen, in CH,Cl, the first oxidation potential
increase in the sequence: acetates (Group I), trifluoroacetates

168 | Dalton Trans., 2017, 46, 165177
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Table 1 Electrochemical properties of palladacycles in CHsCN/0.1 M

BuysNBF,4, Pt — w.e., potentials are referred vs. Fc*/Fc couple (only the
first oxidation step is considered)

Eox, V Etea, V

Complex  Ep, Epe AE, Eppy 1./1, Epe Eppy

1 0.52 0.40 0.12 0.44 0.3 -2.19 —-2.12
2 0.53 0.40 0.13 0.44 0.4 -2.09 -2.03
3 0.65 0.49 0.16 0.58 0.3 —2.54 —-2.37
7 0.73 — — 0.63 — -1.91 -1.85
8 1.12 — — 1.00 — —2.40 —-2.35
9 0.92 — — 0.82 — —-2.26 -2.19
10 1.40 — — 1.32 — -1.77 -1.69
11 1.26 — — 1.19 — -1.69 -1.61
12 1.28 — — 1.20 — -1.90 -1.71

Table 2 Electrochemical properties of palladacycles in CH,Cl,/0.1 M
BuyNBF,4, Pt — w.e., potentials are referred vs. Fc*/Fc couple (only the
first oxidation step is considered)

E()xy v Ered; v

Complex”  Ep, Epe AE, Eppy iclta  Epe Eppy

1 0.51 0.39 0.12 0.42 0.7 —-2.33 —-2.26
2 0.49 0.38 0.11 0.40 0.8 —-2.20 -2.14
3 0.68 0.56 0.13 0.58 0.3 —-2.60 —2.47
4 0.77 0.66 0.11 0.68 0.2 —-2.08 -1.92
5 0.76 — — 0.69 — -1.95 -1.84
6 0.83 0.73 0.10 0.75 0.5 —-2.02 -1.81
8 0.78 — — 0.73 — —-2.51 —2.43
9 0.80 — — 0.74 — — —-2.29

“Data for complex 7 is unavailable due to its extremely low solubility
in CH,Cl,.

(Group I) and phosphonates (Group II). In CH3CN the
sequence is different: acetates (Group I) (earliest to oxidize),
chlorides (Group II), phosphonates (Group II), trifluoroacetates
(Group 1I) (hardest to oxidize). The oxidation sequence is
strongly affected by the palladacycles geometry, particularly
the distance between the palladium atoms. The Pd-Pd dis-
tance increases in the complexes in passing from clamshell
geometry 1-6 to unfolded 7-9 and mononuclear 10-12 struc-
tures; consequently, the oxidation potential increases either.
The most striking instance is the potential difference
AE,, between acetates and trifluoroacetates palladacycles in
both solvents: in CH,Cl, AE},, = 0.15-0.27 V (due to trifluoro-
acetate electron-withdrawing effect); in CH3;CN AEp,
0.63-0.88 V (due to additivity of the structure change and
trifluoroacetate electron-withdrawing effect).

To show the revealed trend is a general principle we
broaden the scope of palladium complexes with closely related
to the palladacycles of Group I Pd,-systems with N*C*N brid-
ging ligands®*° (Fig. 8). These complexes feature metal-metal
interaction and exist as two structure isomers: paddlewheel
(four bridging ligands) and clamshell (two bridging and two
chelating ligands). The former is characterized with shorter
Pd-Pd distances and, therefore lower oxidation potential

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Palladium complexes with NACAN ligands.

values. Owing the dissimilarity of the literature data (the
complexes are characterized either by oxidation peak potential
E, (CV) or half-wave potential E;, (DPV)), both parameters
were used to illustrate the trend in Fig. 9.

The electrochemical reduction of cyclopalladated com-
plexes is firstly considered in this work. All of them werefound
to reduce at unusually high negative potentials (from —1.7 to
—2.6 V) (Tables 1 and 2; ESI Fig. S1-S47). No regularities could
be observed in these processes depending on the Pd-Pd dis-
tances or any other parameters (ESI, Fig. S71), except an appar-
ent relative ease of reduction of trifluoroacetate dimers com-
pared to the acetate complexes (AE = 0.3-0.6 V) that occurs
due to trifluoroacetate electron-withdrawing effect.
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Fig. 9 Plots illustrating the dependence of palladium complexes first
oxidation peak potentially) on Pd—Pd distance (A). The potentials
obtained by DPV (relative to Ej/,) are presented on the left plot (a), the
ones obtained by CV (E;,) — on the right plot (b). Our data is marked with
grey; literature data is marked with black.
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Fig. 10 Catalytic cycle of 2-phenylpyridine phosphorylation illustrating
importance of electrolysis potential.

The revealed regularity in oxidation chemistry of cyclopalla-
dated complexes might be useful to determine conditions in
ligand-directed C-H functionalization reactions. For example,
as phosphonate-bridged palladacycles are oxidized signifi-
cantly more difficult than acetate-bridged ones (Tables 1 and 2),
the reactivity of both complexes (key intermediates) should
be considered in C-H phosphorylation reaction; for example,
phosphorylation of 2-phenylpyridine with H-phophonates cata-
lyzed by palladium acetate (Fig. 10).>°*" Selective C-H phos-
phonation requires the correct choice of an oxidant (or electro-
lysis potential) to promote oxidation of complex 8. In the case
of “weak” oxidant (low electrolysis potential) oxidation of 1 is
the dominant process resulting in formation of acetoxylated
phenylpyridine byproduct. The problem to find an appropriate
chemical oxidant likely explains the low yields and very few
C-H phosphonation reactions in the literature.

ESR study

Aiming to get more information about possible high-valent
intermediates formed upon oxidation of cyclometalated palla-
dium(u) complexes, a set of ESR experiments with different
substrate solvents (CH,Cl,/CH3CN) and
varying temperatures was carried out. The palladacycles were
tested to give an ESR signal being oxidized in a potentiostatic
mode (at the first oxidation peak potential) at platinum
working electrode at 275 K; as the signal reached the

concentrations,
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Fig. 11 ESR spectra obtained upon oxidation of 0.1 M 1 in CH,Cl, at
135 K and 295 K (inset). The simulation parameters are provided in
Table 3.

maximum value during the electrolysis the temperature-
dependent measurements were performed. ESR signals were
obtained only for Group I complexes in CH,Cl, (Fig. 11; ESI
Fig. S10-S21%) that corresponds with their reversible oxi-
dations in voltammograms. The fact that no ESR signals were
registered for the complexes of Group II and III is likely
explained by higher rates of reductive elimination reaction of
high-valent palladacycles forming products of C-H substi-
tution. Instability of high-valent cyclopalladated intermediates

View Article Online
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formed from these complexes is also confirmed by irreversi-
bility of their oxidations (Fig. 5, 6 and Tables 1, 2).

At room temperature and concentration 0.005 M complexes
1-6 give similar isotropic metal-centered ESR signal. Although
the ESR line is single its simulation is a sum of an unresolved
hyperfine structure from '°°Pd (22.3% abundance) and a
singlet from zero nuclear spin Pd atoms (ESI Fig. S87). At that,
anisotropy of HFI linewidth should be regarded that leads to
poor precision in estimating of linewidth and HFI constants.
Solutions of trifluoroacetates 4-6 show slightly larger g-factors
and lower constants of hyperfine interaction with palladium
nuclears compared to acetates 1-3 (Table 3). The increase of
the g-factor values occurs due to decrease in covalence of
metal-ligand bonding and corresponds to electron-withdrawing
trifluoroacetate group.

Decreasing the temperature, integral intensity of the criti-
cally diminishes down to the noise level. Only for 1 and 2 we
were able to observe ESR signals of the frozen solutions at
0.005 M concentration. To obtain low-temperature spectra
which intensity is enough for reliable simulations the concen-
tration was significantly increased up to 0.1 M (Fig. 11). The
resulted frozen solution spectra show axial symmetry of the
metal center; the magnetic resonance constants are given in
Table 3. Unexpectedly, the high-concentrated solutions exhibit
parallel and perpendicular components in ESR spectra even at
295 K and lowering the temperature affects in increasing the
anisotropy (ESI, Fig. SOt illustrates the feature by comparing
normalized ESR spectra of 4 with concentrations 0.005 and
0.1 M at 295 K).

Anisotropic ESR spectra at temperatures more than 100 K
higher the freezing point is uncommon. Considering the

Table 3 Magnetic resonance parameters of ESR signals obtained upon oxidation of palladacycles 1-6 in dichloromethane: AH [C], a [G]

Complex Magnetic resonance parameters
1 0.005 M, 295 K

Giso = 2.148

AH =30

Qiospg = 15, AH =27
2 Ziso = 2.147, AH = 28

Qiospg = 13, AH =24
3 Giso = 2152, AH = 30

Qospg = 12, AH =27
q%b Ziso = 2.153, AH = 34

Qiospg = 12, AH =30
5%¢ Giso = 2150, AH = 31

Quospa = 12, AH = 26
6° g=2.159, AH =36

Qiospg = 10, AH =31

0.1 M, 295 K 0.1 M, 135 K
Jiso = 2.148 g|_ = 2.19, AH =70
AH =29 8= 2.02, AH=28

Qiospg = 15, AH =24
Ziso = 2.147, AH = 37
Qiospq = 13, AH =32

Ziso = 2.152, AH = 36
Qiospg = 12, AH = 31

g1=2.20, AH = 40
g2 =2.18, AH =40
g5=2.02, AH=25
g1=2.20, AH =50
g»=2.18, AH =60

g3=2.02, AH=25

sim1: g” =2.03, AH =30
sim2: gF= 2.17, AH=110
g) = 2.06, AH =150
sim1: gF= 2.20, AH=70
g) =2.03, AH = 40

sim2: g,=2.17, AH=50
2, =2.13, AH=60

g3 =2.09, AH = 60

sim1: g, =2.21, AH=40
2> =2.19, AH =50

23 =2.03, AH=35

sim2: g=2.14, AH =40

gp=2.16, AH=45
g) =2.13, AH=100

g}=2.16, AH =45
8= 2.13, AH =100

gp=2.17,AH=50
g =2.15, AH = 60

“ Low-temperature ESR of 0.1 M solutions are simulated as a sum of two spectra (sim1 and sim2). bg|_ (sim1) cannot be determined in the low-
temperature spectrum. ° Low-temperature spectrum was recorded at 155 K.

170 | Dalton Trans., 2017, 46, 165-177

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt03786k

Open Access Article. Published on 18 November 2016. Downloaded on 2/11/2026 12:16:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

[(C*NLPd"Pd"X,], 2)
[(C"N)Pd"'X];, (3)

n [(C"NLPd"Pd"X;] —
n [(CAN)Pd!X],

Scheme 1 Formation of 1D polymetallic Pd(2.5) and Pd(in) structures.

spectral characteristics of paramagnetic species, it is assumed
the system is either in solid or liquid state. g-Factors and HFI
constants of solid state ESR spectra usually depend strongly on
the orientation. Anisotropic interactions in low-viscosity solu-
tions are averaged to zero. However, there can be a system state
with intermediate viscosity values known as slow axial rotation.
The observed phenomenon indicates the ESR-active molecules
rotation is “slow” and the increase of rotational diffusion corre-
lation time refers to formation of “large” molecules.

These “large” molecules might be certainly high-valent
polynuclear palladium complexes described in recent works"®*°
since the conditions of voltammetry and ESR experiments, par-
ticularly non-coordinating solvent (CH,Cl,) and supporting elec-
trolyte (Bu,NBF,), are similar to those promoting high-valent
palladium wires formation (Scheme 1). Although the reports
include ESR spectra, no magnetic resonance parameters are
described there.'® Based upon the signals shape the polynuclear
complexes are characterized by the same ESR parameters as
mono- and binuclear palladacycles.*’ According the quantum
calculations, the bond between two binuclear palladacycled|(ur)
units forms through hybridization of HOMO and 5p orbital
with no unpaired electrons. While authors give ESR spectra of
formally polymetallic Pd(w) structures, they mention the EPR
spectra of Pd(2.5) and Pd(u) wires are very similar at 77 K and
propose a rapid electronic equilibrium between Pd(2.5), Pd(m),
and Pd(u) species. Thus, the registered spectra belong to Pd(2.5)
wires as polynuclear Pd(m) and Pd(u) complexes are not detect-
able in ESR. Therefore, polynuclear Pd(2.5) wires are the species
giving the spectra we observe.

Furthermore, if the cooling time in our experiments is sig-
nificantly reduced from gradual cooling during several hours
to a sharp freezing in a few seconds, the spectral intensity of
frozen solution ESR remains at the same low level. This fact
except any influence of chemical processes like possible com-
proportionation or other reactions and chemical equilibriums.
It means the decrease in amount of the paramagnetic centers
(the decrease in intensity) with reducing the temperature is
supposed to stem from redistribution of paramagnetic centers
within polynuclear chains containing both Pd(u) and Pd(i)
atoms. At higher temperatures there are many Pd(u)-Pd(u)
units in a chain giving an intensive ESR signal, while at lower
temperature —Pd(u),— and -Pd(m),- clusters are formed within
the chain and only —Pd(u)-Pd(m)- “joints” produce the signal.
The larger clusters, the fewer joints and the lesser intensity.
Such phenomena are known in the literature.*>**

DFT study

Study of the palladium(un) complexes by quantum chemistry
methods provides more detailed understanding of their redox
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properties; calculations allow to estimate the frontier orbitals
energy which is directly linked to the standard reduction and
oxidation potentials.**>° The obtained wave function was used
to study the electronic charge density distribution in the mole-
cule space.

Calculations of energy characteristics for the complexes
were carried out by the DFT method at B3LYP/TZP-DKH. The
applied computational approach allows to adequately solve the
problem (with sufficient precision); TZ level basis set provides
high accuracy of calculation, in particular, for the ionization
potentials the mean absolute deviation (MAD) from the results
of precise calculations at DKH-CASSCF/CASPT2 level (the
multi-configuration wave function, taking into account the
dynamic correlation by the second-order perturbation theory)
with very large relativistic bases of natural orbitals ANO does
not exceed 0.275 eV for the fourth series elements.>" The use
of TZP-DKH basis significantly reduces the error, conditioned
by the basis set incompleteness compared to the corres-
ponding double-exponential basis DZP-DKH>* for which this
deviation is 0.876 eV (ref. 51). For the first series elements
comprising the complexes MAD does not exceed 0.112 eV.>?
Calculations were performed using the geometry obtained
from X-ray diffraction data for complexes 1-10 representing
the three structural types. Account of solvent can play a signifi-
cant role in determining the redox potentials, so the calcu-
lation of characteristics of the complexes under study was per-
formed in two solvents - CH;CN and CH,Cl,; the account of
the solvent effect was carried out in the framework of polariz-
able continuum model PCM.>*

Early research carried out on organic compounds showed a
correlation between the standard reduction and oxidation
potentials, and the LUMO and HOMO energies.** %% ¢
was assumed the molecular orbital energies could be calcu-
lated directly from cyclic voltammetry results calibrated with
ferrocene with a value of 4.8 ev:**

Exomo = _(E[I/Z,ox vs. Fc*/Fc} + 4'8) (EV),

Evumo = _(E[l/z,red vs. Fc' /Fc] +4.8) (ev),

where the half-wave potential (E;;,) is taken as an excellent
approximation of the formal potential (E”) of a reversible
redox couple, since the diffusion coefficients of the oxidized
and reduced species should be approximately equal.>®

Irreversibility of redox processes does not allow to use these
formulae directly for the studied palladium complexes, so the
standard oxidation and reduction potentials values obtained
by the DPV method were plugged into the formulae to calcu-
late the frontier orbitals energy:

Enomo = _(E[DPV,OX vs. Fc*/Fc} + 4'8) (eV),

Erumo = _(E[Dpv,red vs. Fc-/Fc] +4.8) (eV).

The calculated and experimental HOMO and LUMO energy
values are presented in Table 4. The theoretical values of the
HOMO energies correlate well with those estimated in voltam-
metry experiment.
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Table 4 Palladium complexes frontier orbitals energy values (eV)
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Enomo, eV Erumo, €V AEHoMo-LUMO), €V Enomo, €V Erumo, €V AEnomo-Lumo), €V
Type Complex (DPV exp.) (DPV exp.) (DPV exp.) (DFT cal.) (DFT cal.) (DFT cal.)
Acetonitrile
I 1 —5.24 —2.68 —2.56 —-5.34 —-2.07 —-3.27
2 —-5.24 —-2.77 —2.47 -5.39 -2.17 —-3.22
3 —5.38 —2.43 -2.95 -5.39 -1.52 -3.87
II 7 —5.43 —2.95 —2.48 —6.22 —2.08 —-4.14
8 -5.80 —2.45 -3.35 —6.08 -1.77 —4.31
9 —5.62 -2.61 -3.00 -5.93 -2.01 -3.92
st 10 —6.12 -3.11 -3.01 —-6.34 -2.13 —-4.21
11 -5.99 -3.19 -2.79 — — —
12 —6.00 —-3.09 -3.91 — — —
Dichloromethane
I 1 —5.22 —-2.54 —2.68 -5.29 -2.06 -3.23
2 -5.20 —2.66 —-2.54 -5.31 —-2.14 -3.17
3 —5.38 —-2.33 -3.05 -5.34 -1.52 -3.82
4 —5.48 —2.88 -2.61 -5.63 —-2.32 -3.31
5 -5.49 -2.97 —-2.52 —-5.66 -2.25 -3.41
6 -5.55 -2.99 —-2.56 -5.73 -1.61 —-4.12
11 8 —5.53 —-2.37 -3.16 —6.03 -1.75 —4.28
9 —5.54 -2.51 -3.04 -5.86 -1.97 -3.89

Analysis of calculation results presented in Table 4 shows
several tendencies. The HOMO energy values for the Group I
complexes are slightly higher than for the Group II complexes.
The AEmnomo-rumo) values tend to increase in series of com-
plexes 1-9; the marked trend being more pronounced in the
case of complexes in acetonitrile. The energy difference AE for
the Group I complexes comprises from 3.17 to 3.45 eV, while
for 3 this value is slightly larger. When changing acetonitrile
to dichloromethane the AE value decreases slightly (by
~0.05 eV for 1 and 2; by ~0.32 eV for 3). AE values for com-
plexes of the II"® group is considerably greater than for the
complexes of the I*" group. The AE value for monomer 10,
which represents the Group III, is comparable with the value
for the II type complexes; the difference amounts 0.01 eV.

Isodensity plots of the frontier orbitals were built on the
basis of the calculated wave functions for complexes 1-10.

LUMO

LUMO

HOMO

d
9
9
j34
1 7

Fig. 12 Frontier orbitals isodensity maps for complexes 3, 7, 8 and 10.
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It was found that for each group of palladium complexes similar
electron density distribution on the HOMO orbitals is typical.
Whereas the LUMOs for all the complexes are localized mainly
on the aromatic ligand, which explains the high values of the
reduction potentials of palladacycles. As can be seen in Fig. 12
by example of complex 3, for the I Group complexes the HOMO
maximum density is focused on palladium atoms and captures
their neighboring ligand atoms, as for the LUMO, on the con-
trary, the density is shifted to heterocycles, and there is some
coupling between them. Regarding the acetate “tails”, they are
not involved in binding at all. Analysis of the form of the frontier
orbitals of complex 2 suggests there is no overlap of electron
clouds in heterocyclic ligands in the case of LUMO, where the
conjugated system of ligands is more extended, despite the fact
that the distance between the palladium atoms corresponds to
estimations made for the other complexes of the Group I.

LUMO

9
J o’

J
L K
%
9
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A characteristic feature of the complexes of the I1"? group is
the distribution of HOMO electronic density over the entire
plane of both cyclopalladated fragments, HOMO captures both
the palladium atoms and heterocyclic ligands (it is illustrated
by complex 7 in Fig. 12). In the case of LUMO the electron
density is shifted predominantly to the periphery of the
complex, ie. to the heterocyclic ligands, some asymmetry in
electronic distribution being observed at that. In the case of
phosphonate complexes (Fig. 10, complex 8) there is complete
asymmetry in the distribution of electron density in LUMO,
that is density on one ligand is much higher than on the
other. Thus, for the Group II complexes each component of
dimeric complex behaves independently, so that the total elec-
tron density of the complex is an additive one. As for the
complex 10, belonging to the Group III, LUMO electron
density is shifted towards the periphery of the heterocycle,
while trifluoroacetate and acetonitrile ligands being very
weakly involved (Fig. 12).

Thuswise, a correlation between the energy gap value AE,
the value of oxidation potential and the complex geometry is
observed. When passing from the I Group systems (clamshell
type) to the II and III Groups (dimers with unfolded structure
and mononuclear complexes, respectively) the electron density
is shifted from palladium atoms to the aromatic ligand, which
is reflected in the shift of the complex oxidation potential
toward more positive potentials.

The assumption of the binding between the ligands hetero-
cycles arising due to non-covalent interactions, is supported by
the results of the topological analysis of the peculiarities of
distribution of electron charge density in the framework of
Atoms in Molecules topological analysis QTAIM®® (ESI,
Fig. S22 and S$237): in the molecular region between the
heterocyclic ligands a set of critical points was detected, the
values of the electron density and the Laplacian of the charge
density in which falling into the range of values typical for the
non-covalent binding.®"*®* Analysis of topological character-
istics, obtained by QTAIM method for 3 and 4 in both solvents,
has demonstrated that the electron density and Laplacian of
charge density values at the critical points of binding between
the ligands are insignificantly larger in case of complex 3 com-
pared to those for complex 4, since the distance between the
cycles planes in complex 3 is a little bit smaller than that in
complex 4. It is interesting to note that in the case of complex
4 ellipticities of critical points are considerably greater than
those for 3 independently on the solvent, this fact together
with the proximity of the critical points of (3, —1) type and the
points in the rings of (3, +1) type indicates tendency to break-
ing the ligands binding, which apparently can lead to complex
monomerization.

Experimental
General considerations

Reactions were carried out under ambient atmosphere. All sol-
vents employed were purified and dried according to standard

This journal is © The Royal Society of Chemistry 2017
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methods prior to use. All chemicals were purchased from com-
mercial suppliers and used as received. NMR experiments were
carried out with Bruker spectrometers AVANCE-400 and
AVANCE-500. Chemical shifts are reported in the § (ppm) scale
relative to the residual solvent signals for 'H and *C, to exter-
nal C¢F, (—164.9 ppm) for *°F NMR spectra. Multiplicities are
reported as follows: singlet (s), doublet (d), triplet (t), quartet
(q), quintet (quin), sextet (sext), multiplet (m), broad reson-
ance (br); coupling constants in Hz; integration. Mass spectra
MALDI were recorded on a UltraFlex III TOF/TOF spectrometer
(Bruker Daltonik GmbH, Germany) in a linear negative mode
with a solution of molecular sulfur in toluene as a matrix
using a metallic target. Laser Nd:YAG, 4 = 266 nm. FlexAnalysis
3.0 program (Bruker Daltonik GmbH, Germany) was used to
process the data. Mass spectra ESI were recorded on a
AmazonX spectrometer (Bruker Daltonik GmbH, Germany) in
negative and positive mode with capillary voltage —4500 V. The
drying gas was nitrogen of 250 °C and flow of 8 1 min™".
Samples of 107° g ml™" concentration in THF or CH;CN were
used for analysis.

Electrochemistry and ESR

Voltammograms were recorded with a BASi Epsilon potentio-
stat/galvanostat (USA) at room temperature dichloromethane
or acetonitrile solutions under dry argon atmosphere. All
measurements were carried out with 0.1 M Bu,NBF, as the
supporting electrolyte, platinum working electrode (0.02 cm?),
platinum auxiliary electrode, and Ag/AgNO; reference elec-
trode. All potentials were referred against the ferrocenium/
ferrocene redox couple.

The ESR spectra were recorded in degassed dichloro-
methane or acetonitrile solutions (0.1 M Bu,NBF,) on an
apparatus program complex® including an ELEXSYS E500 ESR
spectrometer of the X-range and a three-electrode (Pt) cell. The
spectra were simulated using the WinSim 0.96 program
(developed by NIEHS).

Computational details

Calculations of palladium complexes under study density func-
tional method (DFT) was used. According to the literature
data, the B3LYP hybrid functional allows one to obtain the
value of the redox potential in good agreement with the experi-
mental data.®*"®® Regarding the choice of the basis set, two-
exponential or three-exponential bases augmented by polariz-
ation and diffuse functions are sufficient for the description of
the redox processes.’”®® As it is noted in the literature, the
choice of basis sets for calculations of the fourth series
elements is rather poor.”" It is known that for the fourth series
elements the relativistic effects can play a significant role.
Simplified (convenient) way of accounting for relativistic cor-
rections is to use the relativistic effective core potentials or
pseudopotentials (PP), the accuracy of their introduction
depends on the method of constructing the core (or the
number of electrons, which are regarded as the core ones).
Correlation-consistent basis sets for the Y-Pd®>”® and In-Xe
have been developed”"”? together with relativistic potentials of
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“small” cores, which explicitly take into account (consider) not
only the outer valence shells (nspd), but also “external” core
shells (n — 1)spd. It is believed that the pseudopotential
method is a good approximation to the scalar relativistic calcu-
lations,”*”* which takes into account all of the electrons, but
in special cases, such as the topological analysis of the elec-
tron density distribution in the molecular system, the use of
all-electron basis sets is preferable.”’ For such cases, one
should use basic sets that allow to account the scalar relativis-
tic corrections, thus leading to the change in the description
of the relativistic contraction of core orbitals and the corres-
ponding relativistic expansion of the valence orbitals.”” In this
paper, for the calculation of palladium complexes TZP-DKH
basis set’ was used, which is a contracted set [9s6p4d2fig],
derived from (20s15p9d2flg) set of primitive Gaussian
functions;’*”° the used contraction allows to take into
account the scalar relativistic corrections with the Douglas-
Kroll-Hess approach.”””? The calculations were performed
with GAUSSIAN 09 program package.®

To study the characteristic features of charge density distri-
bution in the complexes under study Quantum Theory of
Atoms in molecules (QTAIM) topological analysis®® was per-
formed. The topological properties of the molecular charge
distribution are characterized by the number and type of
charge density p(r.) critical points, where the gradient of
charge density, Vp(r.), vanishes. The critical points, classified
according to their rank and signature, can be of four types:
(3; =3), (3; —1), (3; +1), (3; +3), corresponding to the nuclei
positions, the bonds between atoms (both covalent and non-
covalent ones), cyclic or cage elements in the molecule,
respectively. Rank of a critical point is equal to the number of
Hessian eigenvalues; signature of a critical point is equal to
the difference between the number of the Hessian positive and
negative eigenvalues (4, < 1, < 13 is assumed), having the
meaning of charge density curvatures in the directions of
Hessian eigenvectors; two derived quantities are the Laplacian

of the charge density at bond critical point, Ap, = i/l,», and

i=1
the ellipticity € = 4,/2, — 1. The ellipticity measures the devi-
ation of the charge distribution along the bond path from
axial symmetry. The topology of Laplacian of p(r) is more com-
plicated than that of p(r) itself; it determines where the field is
locally concentrated (App(re) < 0) or depleted (App(re) > 0). For
closed-shell interactions, as found in ionic bonds, hydrogen
bonds, and van der Waals molecules, Apy(r.) should be posi-
tive and py(re) low.®® The topological analysis was carried out
using AIMALL program packages.®

Preparation of palladium complexes

Complexes 1-8 were synthesized utilizing the well-known pro-
cedures.">'®2>%2731:32 Complexes 10-12 obtained by dissolving
of the corresponding palladacycles 4-6 in acetonitrile.
Complexes 11, 12 were investigated only in solutions.
[(bhq)Pd(TFA)], (5). "H NMR (400.1 MHz, CD,CL,): § = 7.72
(d, J = 5.3 Hz, 2H); 7.61 (dd, J = 8.1, 1.1 Hz; 2H); 7.31-7.28
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(m, 4H); 7.17 (t, J = 7.7 Hz, 2H); 7.09 (d, J = 8.7 Hz, 2H); 6.86
(d, J = 7.6 Hz, 2H); 6.65 (dd, J = 8.1, 5.3 Hz; 2H). *C NMR
(100.6 MHz, CD,CL): § = 167.2; 153.4; 149.1; 146.5; 136.9;
133.4; 128.5; 128.3; 128.2; 126.0; 123.8; 123.6; 121.1; CF; peak
could not be resolved. '°F NMR (470.6 MHz; CD,ClL,): § =
—72.62. Caled (%) for CsoH;cF¢N,O,Pd, C: 45.31, H: 2.03,
N: 3.52. Found C: 45.35, H: 2.06, N: 3.47. ESI-MS:
[M + CF;COOH]~ 907; MALDI-MS: [M]~ 793.

[(phpz)Pd(TFA)], (6). 'H NMR (500.1 MHz, CDCl,): isomer 1
(75%) & = 7.42 (d, J = 2.8 Hz, 2H); 7.02 (d, J = 2.3 Hz, 2H); 6.93
(td, J = 7.2, 1.7 Hz; 2H); 6.80-6.75 (m, 4H); 6.67 (d, J = 7.8 Hz,
2H); 5.98 (t, J = 2.5 Hz; 2H); isomer 2 (25%) 6 = 7.55 (d, J =
2.8 Hz, 2H); 7.22 (d, J = 2.3 Hz, 2H); 6.83-6.79 (m, 2H);
6.64-6.55 (m, 6H); 6.21 (t, J = 2,4 Hz; 2H). *C NMR
(100.6 MHz, CD,Cl,): isomer 1 § = 141.82; 140.01; 131.22;
129.47; 125.36; 125.04; 124.61; 115.54 (CF;, q, J = 287.1 Hz);
110.62; 106.73; C=O0 peak could not be resolved; isomer 2 § =
141.50; 139.34; 132.04; 129.01; 125.18; 124.97; 124.83; 110.49;
106.51; CF; and C=0 peaks could not be resolved. '°’F NMR
(470.6 MHz; CDCly): isomer 1 (75%) 6 = —72.65; isomer
2 (25%) 6 = —72.17, —72.83. Caled (%) for C,,H;4FeN,0,Pd, C:
36.44, H: 1.95, N: 7.73. Found C: 36.40, H: 1.97, N: 7.69.
ESI-MS: [M + CF;COOH]~ 839; MALDI-MS: [M]~ 725.

(bhq)Pd(TFA)(CH;CN) (11). '"H NMR (400.1 MHz, CD;CN):
5 = 8.41 (br., 1H); 8.34 (d, J = 8.1 Hz, 1H); 7.69-7.57 (m, 2H);
7.57 (d, J = 7.7 Hz, 1H); 7.49-7.46 (m, 1H); 7.33 (t, J = 7.5 Hz,
1H); 7.25 (br., 1H); 1.96 (s, 3H). ">C NMR (100.6 MHz, CD;CN):
8 = 150.0; 142.1; 139.9; 135.0; 132.9; 130.0; 129.9; 128.4; 125.1;
125.0; 123.4; CN and solvent peaks overlap; CF; and C=O
peaks could not be resolved. '°’F NMR (470.6 MHz; CD;CN): § =
—73.71. ESI-MS: [M — CF5CO0]" 325.

(phpz)Pd(TFA)(CH;CN) (12). 'H NMR (400.1 MHz, CD;CN):
6 =8.17 (d, J = 2.6 Hz, 1H); 7.55 (br., 1H); 7.22-7.13 (m, 3H);
6.93 (t, J = 7.4 Hz, 1H); 6.49 (t, J = 2.5 Hz, 1H); 1.96 (s, 3H).
3C NMR (100.6 MHz, CD;CN): § = 144.1; 141.9; 135.9; 131.1;
128.3; 127.1; 126.5; 113.2; 108.3; CN and solvent peaks overlap;
CF; and C=0 peaks could not be resolved. '°’F NMR (470.6 MHz;
CD;CN): § = —75.14. ESI-MS: [M — CF;COO0][" 290.

X-ray structure determination

Data set for single crystals 5, 6 and 9 were collected on a
Bruker AXS Kappa APEX Duo diffractometer with graphite-
monochromated Mo K, radiation (A = 0.71073 A). Programs
used: data collection APEX2,%* data reduction SAINT,** absorp-
tion correction SADABS version 2.10,%* structure solution
SHELXS,® structure refinement by full-matrix least-squares
against F* using SHELXL.*> Hydrogen atoms were placed into
calculated positions and refined as riding atoms. The figures
were generated using Mercury 3.1 program.®®

Three CF; groups in structure 6 were disordered over two
positions and were refined with an occupancy ratio of
0.83:0.17,0.83:0.17 and 0.88:0.12.

Crystal data for 5. Formula C;oH;¢FsN,0,Pd,, crystal size
0.17 x 0.15 x 0.09 mm®, M, = 795.25, monoclinic, space group
P24/c, a =18.502(6), b = 21.414(7), ¢ = 13.415(4) A, f = 95.006(4)°,
V = 5295(3) A®, Z = 8, p. = 1.995 g ecm ™, u = 1.443 mm’,
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T = 150(2) K, 0 range = 1.796° to 28.500°, reflections collected
110 098; independent: 13392 (Rj,c = 0.0699) and 10914
observed reflections [I > 2(I)], 793 refined parameters, R, =
0.0275, wR, = 0.0599 [I > 20(I)]; maximal residual electron
density: 0.61/—0.88 ¢ A™,

Crystal data for 6. Formula C,,H;,FsN,O,Pd,, crystal size
0.22 x 0.14 x 0.12 mm?®, M, = 725.17, monoclinic, space group
P24/c, a = 26.848(1), b = 12.1003(7), ¢ = 22.879(1) A, = 93.201(1)°,
V=7421.1(6) A>, Z=12, p.=1.947 g cm™, p = 1.536 mm ™}, T =
150(2) K, 0 range = 1.519° to 26.372°, reflections collected
132517; independent: 15176 (Rj,c = 0.0473) and 12479
observed reflections [I > 2(I)], 1063 refined parameters, R; =
0.0296, wR, = 0.0678 [I > 20(I)]; maximal residual electron
density: 1.01/-0.72 e A7,

Crystal data for 9. Formula C34H3sN,O¢P,Pd,, crystal size
0.31 x 0.21 x 0.18 mm?®, M, = 843.39, triclinic, space group P1,
a=10.197(1), b = 13.081(1), ¢ = 13.311(2) A, a = 107.243(3)°, ff =
93.614(3)°, y = 110.812(3)°, V = 1556.6(3) A%, Z=2, p. = 1.799 g
em™®, p = 1.309 mm™', T = 100(2) K, 6 range = 1.631° to
26.372°, reflections collected 39 612; independent: 6365 (Rjn. =
0.0399) and 5463 observed reflections [I > 2(I)], 419 refined
parameters, R; = 0.0439, wR, = 0.0963 [I > 20(I)]; maximal
residual electron density: 1.87/—1.44 e A™>.

Crystallographic data for the structural analysis of
compounds 5, 6, 9 has been deposited at the Cambridge
Crystallographic Data Center (CCDC numbers 1488860-
1488862).

Conclusions

Thus, in this work a combination of electrochemical tech-
niques, ESR spectroscopy and quantum chemical calculations
in the study of a series of cyclometalated Pd(u) complexes was
used to reveal the dependence of their electrochemical pro-
perties on their structures. Namely, the longer distance and
weaker interaction between two palladium centers in a mole-
cule, the higher oxidation potential value. Monomeric pallada-
cycles are oxidized more difficult than dimeric ones; phospho-
nate palladacycles are oxidized more difficult than acetate
ones, and etc.

The regularity is an important step in understanding the
reactivity of cyclometalated palladium(u) complexes in catalytic
reactions, particularly ligand-directed oxidative organic func-
tionalizations. An important problem that has to be solved to
organize a successful catalytic cycle for Pd(u)-catalyzed C-H
functionalizations of arenic substrates is the selection of an
appropriate oxidizing agent. The oxidant has to be effective in
oxidation of Pd(u) into Pd(m)/Pd(wv) intermediates which turn
into the final products in reduction elimination step.
Knowledge of oxidation potentials of these important inter-
mediates and comparison study of redox trends of cyclopalla-
dated complexes depending on ligand environment of the
metal simplify the control over the catalytic reaction, that is
very important in processes where several possible inter-
mediates with different oxidation potentials are present. The

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

adequate choice of the oxidation potential (or a chemical
oxidant) minimize or even prevents formation of byproducts in
these reactions.

The more positive oxidation potential of a palladacycle, the
slower its oxidation into Pd(m)/(iv) intermediates under the
action of an adopted chemical oxidant, considering all other
conditions being equal. However, as the CV and ESR experi-
ments shown the higher oxidation potentials, the less stable
the high-valent intermediates and the faster reductive elimin-
ation rates. Certainly, the observed regularity is not a rule but
a trend revealing the change in palladacycles redox properties
with their structure.
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