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The Nature of the Bonding in Symmetrical Pincer

Palladacycles

Sarote Boonseng, Gavin W. Roffe, John Spencer, Hazel Cox.”

Department of Chemistry, School of Life Sciences, University of Sussex, Falmer, Brighton, East

Sussex, BN1 9QJ, UK.

The accuracy of DFT-optimised geometries of the symmetrical pincer palladacycles PANCN and
PdSCS, [CIPd{2,6-(Me,NCH,;),C¢H3}] and [CIPd{2,6-(MeSCH;),C¢H3}] respectively, has been
evaluated by investigating the performance of eight commonly used density functionals with four
combinations of basis set, in reproducing their X-ray crystal structures. It was found that whilst
the ®B97XD functional performed best over all, the PBE and TPSS functionals performed best
when considering the palladium coordination geometry. The role of the donor atom in the
stability and reactivity of the symmetric palladacycles, PAYCY, Y = N, S, or P, has been
determined using Bader’s Atoms in Molecules method to elucidate the nature of the bonding, and
using a model formation reaction, which involves the C-H activation of the pincer ligand YCY by
PdCl,. The calculations reveal distinct differences in the bond strength and nature of the
interaction of Pd with the donor atoms Y, which support differences in the thermodynamic

stability.
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Introduction

Palladacycles, where a Pd-C bond is intramolecularly stabilised by donor atoms typically from
a sulfur, nitrogen or phosphorus donor, are an interesting class of compound. The discovery that
they could display extremely high catalytic activity in Suzuki-Miyaura coupling and Heck
olefination by Herrmann and Beller et al. 12 developed the field into a vibrant research area, with
several reviews showing the recent developments.” ™ Pincer complexes are a type of palladacycle
whereby two intramolecular donor atoms chelate to the palladium along with the Pd-C bond.
These pincers can be symmetrical with identical side arms, such as PANCN (e.g. [CIPd{2,6-
(Me;NCH,;),C¢H3}]) and PASCS (e.g. [CIPd{2,6-(MeSCH,),C¢H3} ] examples (Figure 1), or more
seldom, unsymmetric with different donor atoms or groups such as SCN or PCN types.7’8 Reports
have suggested interesting catalytic properties of the unsymmetrical examples, often showing
greater activity than their symmetrical analogues.”'® The ability to fine-tune the properties of the
ligand, and combine hard and soft Lewis bases with palladium results in hemilability."" Thus,
determining the nature of the bonding in symmetrical pincer palladacycles is a vital first step to

understanding the bonding and reactivity of unsymmetric pincer palladacycles.

MezN—Pld —NMe, MeS—Pld—SMe
Cl Cl

Figure 1. Symmetrical PdNCIN (I)12 and PdSCHS (II)13 pincer palladacycles
The structure and bonding of palladacycles can be investigated using density functional theory
(DFT), however an appropriate choice of functional, basis set, and relativistic effective core
potential (ECP) for Pd, is essential for obtaining accurate structures, and hence thermodynamic
and kinetic data."* Several papers provide useful benchmarking studies of DFT geometries

compared to experimental data including the recent study by Minenkov e al.'> The authors
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compared DFT-optimised geometries with experimental crystal structures for 18 ruthenium
complexes, and a further 10 transition metal complexes. The results showed that the use of
functionals that account for dispersion decrease the statistical error between experiment and
theory compared to those that do not include dispersion corrections, with the ®B97XD functional
providing the best overall results. However for accuracy around the metal centre the PBE and
TPSS functionals also performed very well, and for organic ligands B3LYP performed very well.
Waller et al.'® investigated the ability of 15 functionals to describe the optimised geometries of
19 second-row transition metal complexes compared to experimental gas-phase data, showing
that hybrid functionals such as the PBE hybrid, B3PW91 and B3P86 provide the most accurate
geometries. Clearly the choice of functional is dependent on the chemical nature of the structures
studied.

The purpose of this paper is two-fold. First, to determine an optimum DFT methodology for the
study of pincer palladacycles that combines accuracy with computational speed. This will be
achieved by evaluating the performance of a range of functionals in their ability to reproduce the
structural features of two experimentally characterised symmetric pincer palladacycles (Figure 1).
Second, to determine the role of the donor atoms, Y = N, S or P, in the symmetric palladacycles,
PAYCY. To compare stability and reactivity, the steps involved in a simple formation reaction,
which involves the C-H activation of the pincer ligand YCY by PdCl,, will be calculated, and the

strength and nature of the Pd-L bonding in PAYCY, where L =Y, C, Cl, evaluated.

Computational details

All calculations were performed with the Gaussian 09 package.'” The neutral spin singlet
complexes were studied. The geometry and electronic structure of PANCN and PdSCS (Figure 1)
were calculated using the same eight density functionals considered by Minenkov ez al.'> The set

of density functionals investigated were three generalized gradient approximation (GGA)
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functionals: BP86,'"* PBE,'”?° and B97D,*' a hybrid-GGA functional: B3LYP,"™* two meta-
GGA functionals: TPSS* and MO6L,24 and two hybrid meta-GGA functionals: ©B97XD? and
M06.%° The basis sets tested were 6-31G(d) and 6-31+G(d,p) for all atoms except Pd for which
the two relativistic ECPs, LanL2DZ*"*® and SDD,*’ were considered. All optimised structures

1213 (Figure 1) obtained from the Cambridge

were compared with the X-ray crystal structures
Structural Database (CSD number 720256 for PANCN and 725124 for PdSCS).30 The root mean
square (RMS) errors between the calculated and experimental structures were calculated using
the Quatfit program.’’

The optimum methodology for geometry optimisation in the present work was found to be
PBE/6-31+G(d,p)[SDD] and was therefore used to calculate the stationary points along the

formation reaction pathway of PANCN and PdSCS (Figure 1) along with the phosphorus

analogue PdPCP ([CIPd{2,6-(Me,PCH,),CsH3}]) (Figure 2).

Me,P —Pd —PMe,
¢
111
Figure 2. PAPCP pincer palladacycle (II1)
All minima and transition states were verified by, respectively, the absence or presence of a
single imaginary mode. Single point energy calculations were performed at the ®B97XD/6-
311++G(24df,2p)[SDD] level of theory, as the ®wB97XD functional” includes important non-

3233 The zero-point

covalent interactions and has been shown to provide accurate energetics.
energy or the Gibbs free energy corrections obtained at PBE/6-31+G(d,p)[SDD] level of theory
were applied to the single point energy calculations unscaled.

A topological analysis of the electron density was performed using the Atoms in Molecules

(AIM) method,*®"” as implemented in the Multiwfn program,’® to analyse the bonding using the

®B97XD/6-311++G(2df,2p)[DGDZVP]//PBE/6-31+G(d,p)[SDD] model chemistry. The use of
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ECPs are not recommended for AIM analysis as bond paths cannot be traced,”” hence the

relativistic DGDZVP all electron basis set was used to treat palladium.*

Results and Discussion

A. Method validation

To determine an optimum model chemistry the X-ray crystal structures were optimised using a
range of functionals and basis sets, and differences between the calculated and observed
structural data compared using the Quatfit program.’’ This provides quantitative root mean
square (RMS) errors between the experimental and theoretical structures by analysing the
difference between the Cartesian coordinates of each atom pair. Hydrogen atoms were excluded
due to the known difficulty in accurately determining their position from X-ray crystallography.'
Two calculations were performed: (i) with equal weighting given to every atom (except
hydrogens which are excluded), and (ii) with zero weighting given to atoms that were not directly
bonded to palladium to obtain the accuracy of reproduction of the Pd-L environment. In both
cases the results of the PANCN and PdSCS error analysis were combined to give an overall
assessment.

The results from the Quatfit analysis when all atoms have equal weighting show that there is
very little difference between the performances of the functionals (Figure 3), with the RMS

values ranging from 0.067 to 0.080 A.
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B631G(d)[Lanl2DZ]  D6-31G(d)[SDD]  B6-21 G(d.p)[LanL2DZ] ®6-311G(d,p)[SDD]

BiLYP BY7D BP86 MO6 MObL PBE IPSS wBY7XD

Figure 3. RMS error for optimised PANCN and PdSCS structures compared to X-ray crystal

structures using Quatfit program with equal weighing for all non-hydrogen atoms.

The

Quatfit analysis using only palladium and directly bound atoms (Figure 4), shows that

these bonds are better reproduced and show a slightly greater variation in the errors, with the

GGAs

PBE and BP86, along with the meta-GGA TPSS performing best. However, the difference

between the best and worst performing functional is just 0.019 A.
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4. RMS error for optimised PANCN and PdSCS structures compared to X-ray crystal

structures using Quatfit program for Pd-L bonds.

When the basis set choice is studied, it is very clear that the SDD ECP outperforms LanL.2DZ

(Figures 3 and 4). There is negligible difference between the 6-31G(d) and 6-31+G(d,p) basis

sets, however the inclusion of the diffuse functions is desirable because this provides greater
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flexibility without a substantial increase in computational time. Therefore, the 6-31+G(d,p)[SDD]
basis set was chosen as the optimum basis set for geometry optimisation.

Minenkov et al. showed that functionals that do not account for dispersion interactions
systematically overestimated internuclear distances, whereas when dispersion was included these
overestimations were matched with underestimates, resulting in very small mean signed errors
(MSE)."” In the study by Waller et al. it was also found that standard DFT functionals
overestimated bond distances.'® Therefore complementary to the Cartesian coordinate approach
utilised by the Quatfit analysis, in order to gain an insight into any systematic over or
underestimation of bond distances and interatomic distances, a total of 422 interatomic distances
and 34 chemically bonded distances calculated using the 6-31+G(d,p)[SDD] basis set and the
eight density functionals were compared with the experimentally determined distances. The mean
unsigned error (MUE): the average of the absolute deviation between calculation and experiment,
and the mean signed error (MSE): the average deviation, were calculated (Figure 5). The MSE
results indicate functionals containing dispersion: M06, M0O6L and ®B97XD, with the exception
of B97D, experience a greater degree of fortuitous cancellation of errors by the cancellation of
some of the overestimated distances with underestimated bond distances as reported by
Minenkov et al.,"* for both the bonded and interatomic distances. There are also slightly lower
MUE values for functionals accounting for dispersion (except B97D), however once again the
differences between all the functionals were relatively small with MUE values for bonded
distances between 0.011 and 0.024 A, and for all interatomic distances slightly larger between

0.022 and 0.051 A.
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0.05 BMSE (bonded) BMUE (bonded) BMSE (interatomic) BMUE (interatomic)
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Figure 5. Average bond and interatomic distance MSE and MUE (excluding hydrogens) for
PANCN and PdSCS compared to their X-ray crystal structures using 6-31+G(d,p)[SDD] basis set.

Of key importance is the Pd-L bonding environment. Figure 6 depicts the MUE and MSE
values for the eight Pd-L distances of the PANCN and PdSCS structures. It is clear that, as per the
Quatfit data, the PBE and TPSS functionals reproduce the metal ligand environment extremely

well.
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Figure 6. Comparison MUE and MSE of Pd-L bonds of both PANCN and PdSCS using the 6-

31+G(d,p)[SDD] basis set.

Taking into account the data from the MUE and MSE of all bond and interatomic distances, all

the DFT functionals considered predict expanded structures, but the errors are reasonably small
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with ®B97XD having the smallest error. The non-hybrid functionals PBE, BP86 and TPSS
provide the best results for the Pd-L environment, and provide advantageous calculation time
compared to the other functionals which appear higher on Jacob’s ladder.*’ The importance of the
Pd-L environment, and the desire for an accurate but computationally efficient method for
optimisation of large molecular structures led to the choice of the PBE functional, although the
use of TPSS or ®B97XD would be equally appropriate. To confirm this, the Gibbs free energy of
formation of the palladacycles via PdCl, using both the PBE- and ®B97XD-optimised geometries
were compared and found to differ by less than 2 kJmol” (see Table 1). Therefore the
methodology of choice for optimisation in the proceeding section is PBE/6-31+G(d,p)[SDD].
Single point energies using ®B97XD/6-311++G(2df,2p)[SDD] at the optimised geometry were
performed to ensure accurate energetics as it has been shown that the inclusion of non-covalent
interactions is essential for accurate thermodynamics and kinetics, for example, it has been shown
that they constitute a significant proportion of the binding energy in various transition metal

phosphine complexes.***?

B. Energy and mechanism of formation of PAYCY

The Gibbs free energy of formation was calculated for PANCN and PdSCS palladacycles,
(Figure 1) and their phosphorous analogue PdPCP (Figure 2) from PdCl, and the pincer ligand
(Scheme 1). This simple formation reaction provides a model for investigating the
thermodynamic and kinetic properties as a function of the donor atom Y, i.e. N, S or P. The
®B97XD single point energies were determined using both the PBE and ®B97XD optimised
geometries (Table 1), and show that for these systems there is negligible difference (< 2 kJmol™)
between the two datasets. The calculation time using PBE and ®B97XD, starting from the same

PANCN structure and with the same number of iterations, differed by almost a factor of 2.
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Therefore as the results are comparable, the PBE functional was preferred for geometry

optimisation due to its lower computation time.

r;j +Pd0|2—>(;j+HC|

Y H Y Y—PId—Y
Cl

Y = SMe, NMe,
and PMe,

Scheme 1. Model formation reaction of palladacycles from PdCl,

Table 1. Gibbs free energies of formation, AG®, of PANCN, PdSCS and PdPCP calculated using
®B97XD/6-311++G(2df,2p)[SDD] with either the PBE/6-31+G(d,p)[SDD] or ®B97XD/6-

31+G(d,p)[SDD] optimised geometry

AG" / kJmol’'
Complex PBE ®B97XD
PANCN -207.3 -206.6
PdSCS -213.2 -214.9
PdPCP -318.7 -320.4

The data in Table 1 show that the PAPCP complex is the most thermodynamically stable, and that

the formation of all three complexes is spontaneous (AG® < 0).

The simplest concerted formation reaction,*** was studied for PANCN, PdSCS and PdPCP
(Scheme 2) with the energy profile for each reaction provided in Figure 7. The purpose of this
study was to gain insight into the reactivity of the pincer ligands and to provide a reference point
when comparing symmetrical and unsymmetrical pincer palladacycle structures. This mechanism
involves several steps. Initially the metal coordinates to one of the donor atoms of the pincer
ligand and then inserts via a concerted C-H bond activation to form a coordinately-unsaturated Pd
centre weakly bound to HCl which is eliminated before the second donor atom of the ligand

coordinates to the metal centre to form the PAYCY palladacycle.

10

Page 10 of 22



Page 11 of 22

Dalton Transactions

t
STEP1 STEP 2
+ PdCl, ——> -

Y2 H i v2 H v \ F}d\—\m
CI—Pld o o
Cl
Ligand + PdCl, Int1 TS1
l STEP 3
t
STEP 5 STEP 4
-
Y2---Pd— V1 Y2 Pd—V1 ( Y2 _Pd—Vi
o] cl Hl HCI Cl
TS2 Int2 Int2-—HCl
i STEP 6

Y1 =Y2=NMe,, SMe, PMe,
Y2—P|d —Y1
Cl
Product

Scheme 2. An unassisted formation reaction pathway for PANCN, PdSCS and PdPCP using

monomeric PdCl,. Int = Intermediate and TS = Transition State.
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Figure 7. ZPE corrected energy profiles for the formation reaction pathway (Scheme 2) of

PANCN, PdSCS and PdPCP
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The concerted C-H bond activation step proceeds via TS1. C-H activation is one of the most
widely studied and important topics in organometallic chemistry due to its importance in
catalysis.“’45 The C-H bond activation energies for PANCN, PdSCS, and PdPCP are 118.0, 101.5
and 92.5 kJmol™, respectively (Figure 7). The observation that the barrier to C-H activation in
this concerted activation pathway is lowest for PdPCP is in agreement with a similar
investigation into the C-H activation of CHy4 by late transition metal pincer complexes.45 This step
has the highest activation energy barrier in the mechanism and thus constitutes the rate-
determining step. The second activation step consists of the coordination of the second donor
atom to the palladium centre via TS2. This occurs via the inversion of the second donor atom into
the position to begin coordination to the metal centre for PANCN and PdPCP, and the rotation of
the ligand arm for PdSCS. Due to the different mechanisms, the TS2 barrier for PANCN and
PdPCP is considerably larger (34.9 and 87.4 kJmol™, respectively) than that of PdSCS (5.4
kJmol'l). Decoordination of one of the donor atoms from the Pd centre is likely to be a key step

in the catalyst activation.*®

C. Nature of the bonding in PAdYCY

To elucidate the bonding in the symmetrical PANCN, PdSCS and PdPCP structures, Bader’s
AIM method was used.’®*” A bond critical point (BCP) corresponds to the point where the
electron density becomes a minimum along the bond path between interacting atoms. The
molecular graphs and contour maps for each PAYCY structure (Figure 8) show the presence of
BCPs (blue dots) and ring critical points (orange dots). The data show the presence of BCPs
between the palladium atom and the donor atoms, carbon and chlorine as expected. Figure 8 also
shows the presence of an unexpected BCP between the CI atom and H atom of the YCH; arm for
the PASCS and PANCN complexes, which is absent in the PAPCP complex. These interactions are

significantly weaker (p(r) < 0.010 a.u.) than those of the Pd-L bonds (see below). The absence of

12
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a BCP in the PdPCP is attributed to the considerably longer Cl-H distance (3.33 A) compared to
that in PANCN (2.76 A) and PdSCS (2.95 A).

The AIM parameters at the key BCPs are provided in Table 2. The magnitude of the electron
density p(r) at the BCP indicates the strength of the interaction. The Laplacian of the electron
density Vzp(r) indicates the nature of the interaction; Vzp(r) < 0 indicates regions of local
electronic charge concentration corresponding to a covalent-type interaction, whereas Vzp(r) >0
indicates density depletion corresponding to an ionic or closed-shell interaction.®® Additionally,
the sum of the gradient kinetic electron density G(r) and the potential energy density V(r),
provides the total electron energy density H(r), which further elucidates the nature of the bond.

The data in Table 2 indicate that, for all PAYCY complexes the Pd-C bond is the strongest,
indicated by the largest p(r), and the Pd-CI bond is the weakest. Furthermore, the Pd-P bonds are
stronger than the analogous Pd-S and Pd-N bonds at the BCP. This is corroborated by the fact
that PAPCP is the most thermodynamically stable (Table 1), and the comparatively larger
energetic gains of coordination of P to Pd in the formation of Intl and Product (Figure 7). The
bond strengths of the Pd-N and Pd-S bonds in PANCN and PdSCS respectively are similar, with
slightly stronger Pd-S interactions.

In Suzuki-Miyaura catalysis,?’” and other types of catalysis where the active species are Pd(0)
species, the active species must be generated from the palladacycle precatalysts. A necessary step
in this activation is the reductive elimination of Pd from the Pd-C bond.* In an investigation into
the reductive elimination of ethane from Pd(PR3),(Me), by Sajith and Suresh it was found that
the nature of the bond to be eliminated is more important than their strengths.** They found that a
more ionic bond results in a higher activation barrier for the reductive elimination whereas a
more covalent bond is easier to cleave. Therefore in the present work the nature of the bonds
present in PANCN, PdSCS and PdPCP, is determined, as this may prove important in fine-tuning

the reactivity of pincer palladacycles.

13
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Figure 8. Molecular graph (left) and the contour map of electron densities (right) for a) PANCN,
b) PASCS and ¢) PAPCP. The BCPs are shown as small blue dots and RCPs are shown as orange
dots. For contour map: the N, Cl and N plane for PANCN, the S, CI and S plane for PASCS and

the P, Cl and P plane for PAPCP is shown.

Using the combination of Vzp(r), Hr)™*® and the delocalisation index &(Pd-L) which

determines the degree of covalency,**°

the nature of the bonding between palladium and the
donor atoms can be determined. All the Pd-L bonds exhibit partial ionic and covalent character,

the former indicated by the positive Vzp(r) and the latter by the negative H(r). This type of

character has been described as “transit closed shell” bonding, with some covalent

14
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>3 These transit closed shell interactions are typical in many transition metal donor

contribution.
atom bonds.*****>>> The extent of sharing of electrons between the bonds, 8(Pd-L), provides an
independent measure of the degree of covalency. The 8(Pd-L) values range from 0.9 — 1.3
indicating that all of the Pd-L bonds have significant covalent character.

The Pd-N bonds have most ionic character, demonstrated by the largest V2 p(r) and H(r), and
smallest 8(Pd-L). The values of V2p(r) and H(r) at the BCPs indicate that the Pd-P bonds have
the most covalent character, however the Pd-S bonds have slightly larger delocalisation indices
(Table 2). The bond degree parameter |H(r)/o(r)|, which can be interpreted as the total pressure
per electron density unit,”' also indicates that the Pd-P bond is the strongest (JH(r)/o(r)| = 0.356)
and the Pd-N the weakest (|H(r)/p(r)| = 0.161).

The bond ellipticity, €, can be used to determine the degree of 6 and m character in the Pd-L
bonds. It measures the extent to which the electron density is unequally distorted away from the
bond axis.”® The low ¢ of all the Pd-L bonds reflect their predominant ¢ character, with the Pd-Cl
interactions exhibiting a greater w character contribution.

It is clear from this analysis that all of the Pd-L bonds are characterised by low p(r), positive
V' (r) and negative H(r) indicating partial ionic and covalent character. However, it is also clear
that there are subtle differences between the Pd-L interactions; the relative magnitude of the
parameters indicates that the Pd-P bond is most covalent and the Pd-N bond most ionic. This

varying nature of the bonds in each palladacycle could potentially have implications in reactivity.

15
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Table 2. AIM parameters (electron density p (r), Laplacian of the electron density V2o (r), total
energy H(r), ellipticity &, and delocalisation index &(Pd-L)) of the Pd-L Bond Critical Points in

PANCN, PdSCS (Figure 1) and PdPCP (Figure 2). All values are in atomic units.

Structure Bond type p(r) V'p (r) H(r) £ 8(Pd-L)
PANCN Pd-N1 0.087 0.383 -0.014 0.033 0.908
Pd-N2 0.086 0.383 -0.014 0.033 0.908
Pd-C 0.156 0.236 -0.070 0.081 1.126
Pd-Cl 0.064 0.238 -0.011 0.198 1.219
PdSCS Pd-S1 0.091 0.257 -0.025 0.040 1.157
Pd-S2 0.091 0.257 -0.025 0.040 1.157
Pd-C 0.137 0.223 -0.055 0.061 1.051
Pd-Cl 0.068 0.237 -0.013 0.114 1.234
PdPCP Pd-P1 0.101 0.183 -0.036 0.022 1.124
Pd-P2 0.101 0.183 -0.036 0.022 1.124
Pd-C 0.126 0.224 -0.047 0.050 1.029
Pd-Cl 0.069 0.232 -0.013 0.085 1.258
Conclusions

The importance of securing an appropriate DFT methodology for the particular system of
interest is now well established. Therefore, the experimentally-characterised PANCN and PdSCS
complexes (Figure 1) were used to test the accuracy of a number of DFT functionals. It was
found that the GGA’s PBE and BP86 and the meta-GGA TPSS provided the most accurate and
reliable geometries around the Pd centre, and that the SDD ECP on Pd proved more effective
than LanL2DZ in all cases. Functionals containing dispersion were shown to provide slightly
better MUEs and fortuitous cancellation of errors resulting in lower MSEs, with the ®B97XD
exhibiting the smallest errors. Overall PBE, TPSS and wB97XD performed best. The faster
computational times and focus on the Pd-L environment led to the choice of PBE as the
functional of choice for geometry optimisation.

The role of the donor atoms in the stability and reactivity of the symmetric pincer palladacycles,

PAYCY, Y =N, S or P, was evaluated. The simple formation reaction of the YCY pincer ligand

16
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with PdCl,, via C-H activation, was determined in order to give a measure of the relative stability
and reactivity as a function of the donor atom in the absence of other effects (such as intra- or
inter-molecular assisted formation and solvent effects). It was found that both thermodynamically
and kinetically PAPCP was the most stable and PANCN was the least stable. This was supported
by a topological analysis of the electron density in the PAYCY complexes. The data suggested
that Pd-P bonds were the strongest and the Pd-N bonds the weakest. Furthermore, it was found
that the Pd-P bond had more covalent character than the Pd-S and that the Pd-N bond had the
most ionic character.

The calculations clearly revealed distinct differences in the bond strength and nature of the
interaction of Pd with the donor atoms N, S and P, which supported the differences in the
stability, namely that the PAPCP was the most thermodynamically stable (in the absence of
external effects). The varying nature of the bonds in each palladacycle could potentially have
implications in their reactivity. Exploitation of these differences by considering unsymmetric

YCY’ complexes, both experimentally and theoretically, are underway.
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Relative ZPE-Corrected Energy / kimol

,

[CIPA{2,6-(Me;NCH,),C4H3}]

Reaction Coordinate

A method validation, formation reaction via C-H bond activation, and an
Atoms in Molecules analysis of symmetrical pincer palladacycles.



