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The properties of PA" complexes containing hemilabile pyr-
azole-derived ligands (L) of the form BPz-(CHj)s-
A(CH,),A(CH;)+-PzB, with A being a donor atom and B a
substituent group at the pyrazole ring, have been investi-
gated through quantum-chemical calculations. The geome-
tries of the [PALCl,] and [PAL]?** complexes have been opti-
mized and the reaction free energy of [PALCl,] — [PdL]** +
2 CI computed for 32 different ligands, using the hybrid
B3LYP density functional method. The formation of the tetra-
coordinate [PdAL]?** complexes is more favorable for the

longer (eight- and nine-membered) chains than for the
shorter (six- and seven-membered) ones. Moreover, results
show the nature of the donor atom A influences significantly
the formation of [PAL]?*, the process becoming more favor-
able according to the order PH > NH > S > O. Finally, elec-
tron-donor substituents at the pyrazole ring enhance the for-
mation of [PAL]?*, whereas electron-acceptor groups hinder
the process.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The study of hemilabile ligands has received an increas-
ing interest in recent years. The main reason for this atten-
tion is the capability of hemilabile ligands to generate vac-
ant coordination sites and to stabilize reaction intermedi-
ates which result in promising chemical properties. The rele-
vance and utility of this concept gave rise to the publication
of excellent reviews which cover all the aspects of these li-
gands.'! The term “hemilabile” was first introduced by Jef-
frey and Rauchfuss in 1979, and it refers to polidentate co-
ordination ligands which possess at least one substitution-
ally labile donor function.[?! There are several examples in
the literature about the influence of transition-metal com-
plexes with hemilabile ligands in the activation of small
moleculesP ¢ and in the activity of homogeneous cataly-
sis.”?1 Furthermore, hemilability probably occurs also in
other disciplines such as bioinorganic chemistry or surface
phenomena. A very useful classification of hemilabile situa-
tions was reported by Braunstein and Naud in an excellent
review.l'” According to these authors three general types of
hemilability can be visualized (see Scheme 1). Hemilability
of type I is found when the labile donor group coordinates
and decoordinates spontaneously. In hemilability of type II
there is an intramolecular competition between the donor
groups in the same ligand (a) or between donor groups of
two identical ligands (b). Finally, hemilability of type III
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refers to a situation where there is a competition between a
labile donor center and an external solvent molecule. Al-
though this phenomenon was first studied in mononuclear
complexes, it has been expanded to dinuclear!'!l and poly-
nuclear ones, particularly to metal clusters.!? It should be
pointed out that, although homofunctional bidentate li-
gands such as R,N(CH,),NR, or R,P(CH,»),,PR, could co-
ordinate in monodentate or bidentate forms, they are not
considered hemilabile since their coordination mode de-
pends on the metal center and the effects of the coordinated
ligands. In fact, hybrid ligands containing very different do-
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nor functions, such as hard and soft donor atoms, are the
basis of most of hemilabile ligands.

Pyrazole-derived ligands are potential hemilabile ligands
since steric and electronic properties of both the pyrazole
and the ancillary donor groups can be easily tuned.['¥] In
recent years our research group has reported the synthesis,
the characterization and the coordinating properties of pyr-
azolic ligands containing additional donor groups: N,N,[!4]
N,O,l31 N,PI') and N,S.['7l NMR studies of complexes in
solution have shown that some of them display hemilability;
pyrazole is the stronger (inert) donor group, except in the
case of N,P and N,S for which it can also behave as a labile
group. Previous studies with Pz-(CH,),S(CH,),S(CH,),-Pz
tetradentate ligands and Pd™ have shown that both N,N
bicoordination and N,S,SN tetracoordination are obtained
and can be interconverted in solution (see Scheme 2).[17¢]
Moreover, the formation of the N,S,S,N coordinating mode
in Pd" complexes appears to be controlled by the geometry
imposed by the PANNCS ring in such a manner that li-
gands Pz-(CH,),S(CH,),S(CH,),-Pz with x = 1 did not
lead to the formation of the tetradentate coordination.
However, the N,S,S,N complex was obtained for different
lengths of the alkyl chain between S atoms (y = 1, 2). This
interesting observation can be visualized as a recognition
phenomenon of the planar Pd" ion by the N,S,S,N ligand
which would act as a chemical receptor. Given that the se-
lective metal ion recognition plays a fundamental role in
the search of chemical and biochemical sensorst!®! the com-
bination of both strong and weak donor centers found in
the same pyrazole-thioether receptor might open new per-
spectives in the applications of hemilabile ligands. Some
molecular recognition processes involving Pd! complexes
were described in the literature.!'%-2%
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The main goal of this paper is to perform a comprehen-
sive theoretical study on the properties of pyrazole-contain-
ing ligands (L) of the form BPz-(CH,),A(CH,),A(CH.),-
PzB, with A being a donor atom and B a substituent group
at the pyrazole ring, through quantum-chemical calcula-
tions (Scheme 3). For that, we have optimized the geometry
of the [PACL,L] and [PAL]** complexes and computed the
reaction free energy of [PdCl,L] — [PdL]** + 2 CI, for 32
different ligands. This study has allowed us to analyze the
influence of the number of —-CH,— groups that join the two
pyrazole rings, the nature of donor atoms directly bonded
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to Pd in the products, and the electronic effects induced by
substituent groups at the pyrazole rings.
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Scheme 3.

Results and Discussion

As mentioned, the labile behavior of the ligands exposed
in the introduction is given by the thioether groups, the in-
ert groups being the pyrazole rings. This labile behavior var-
ies depending on the number of ~CH,— groups that join the
two pyrazole rings (variables x and y), but it can also be
modified by other factors, such as the nature of the donor
atom that is directly bonded to Pd in the products (variable
A), and the electronic effects induced by substituent groups
at the pyrazole rings (variable B). All these variables, la-
beled in Scheme 3, affect the electronic and the structural
properties of the complexes and, consequently, the hemila-
bile equilibrium [PdCL,L] 2 [PAL]** + 2 CI". Free-energy
calculations for this reaction with all ligands built with
these variables show that there is a clear relationship be-
tween the energetic results and the structural factors.

I. Chain Length

Ligands with different chain lengths have been built by
changing the values of variables x and y. We have consid-
ered six- (x = 1, y = 2), seven- (x = 1, y = 3), eight- (x =2
y = 2), and nine-membered (x = 2, y = 3) chains. To make
the discussion less tedious, hereafter, these systems will be
referred to as hexane-, heptane-, octane-, and nonane-chain
systems. In all cases, the other variables have been kept
fixed to A = S and B = CH3. Since the length of the chain
mainly influences the geometry of the reaction products,
only the optimized structures of [PAL]** complexes are
shown in Figure 1.

It can be observed that the bond lengths of the newly
formed Pd-S bonds show significant deviations (about
0.06 A) upon increasing the chain length. More import-
antly, the square-planar coordination of Pd in [PdL]** can
be significantly distorted depending on the length of the
ligand. In particular, it is observed that hexane- and hep-
tane-chain systems present N-Pd-N cis angles (102°-108°)
that are much larger than the N-Pd-S cis ones (81°-82°),
whereas in octane and nonane structures the computed N—
Pd-N cis angles (90°-95°) are much closer to the N-Pd-S
ones (88°-89°). On the other hand, the N-Pd-S trans angles
tend to 180° and the deviation from planarity decreases/?!]
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Figure 1. Main geometry parameters optimized at the B3LYP level. Distances are in A and angles in degrees. Standard numbers corre-
spond to distances, italic numbers to cis angles, and bold and italic numbers to trans angles.

as the chain length is increased. Therefore, we can conclude
that, compared to the ideal square-planar geometry, prod-
ucts with six- and seven-membered chains are more dis-
torted than those with eight- and nine-membered chains.
This can be related to the type of rings formed in products.
In the hexane-chain products, we obtain three five-mem-
bered rings, in the heptane-chain ones two five-membered
rings and one six-membered ring, in the octane-chain com-
plexes one five and two six-membered rings and, finally,
in nonane-chain products all three rings are six-membered.
These results seem to suggest that formation of five-mem-
bered rings introduce important strain in the complex that
leads to quite distorted structures with respect to the ideal
square-planar geometry. Computed structural parameters
are in a good agreement with the crystallographic data of
related complexes synthesized.!!”]

Reaction free energies have been calculated both in the
gas phase and in solution. Calculations in solution have
been performed using the conductor-like COSMO contin-
uum model?’! with three different solvents: CH;OH (¢ =
32.63), acetone (¢ = 20.70), and CH,Cl, (¢ = 8.93). Results
are given in Figure 2. As expected, the computed free en-
ergy of the [PALCl,] — [PAL]** + 2 CI" reaction is much
smaller in solution than in the gas phase and decreases
when the dielectric constant of the solvent increases due to
the enhanced stability of the charged species. Nevertheless,
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in all cases the trends observed upon enlarging the chain
length are the same; i.e the reaction is favored from the
hexane- to the nonane-chain ligand, the reaction energy
decreasing by 23-29 kcal/mol. Since product complexes are
the ones that suffer larger structural changes due to the
length of the chain, the reaction free energies are expected
to be governed by the stability of the products. In principle,
it is possible to distinguish two different groups: 1) the six-
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Figure 2. Computed reaction free energies (AG,gg) of [PALCl,] —
[PAL]** + 2 CI" in the gas phase and in solution. In kcal/mol. Effect
of chain length.
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and seven-membered chain complexes, and ii) the eight-
and nine-membered ones, the reaction energies for the latter
species being energetically more favorable. These two
groups are the same observed when the structural factors
were considered. So, there is a clear trend: the more dis-
torted the products are, the more the equilibrium favors the
reactants. These theoretical results agree with the experi-
mental data which show that product complexes with oc-
tane- and nonane-chain ligands can be synthesized, whereas
those with hexane- and heptane-chain ligands are not ob-
served!!7¢],

II. Donor Atom

The changes produced on the structural parameters have
been analyzed for four different donor atoms A = O, S,
NH, and PH. We have optimized all the structures built
with the values x = 1, 2; y = 2, 3; and B = CHj;. Table 1
shows the optimized Pd-N,,;,. and Pd-A distances, both
for reactants and products.

For reactants, all Pd-N,,. distances are similar (2.06—
2.07 A). This is not surprising considering that the chain
length does not affect the Pd-NH interaction and that the
donor atoms are not interacting with Pd in the reactant
complexes [PdLCl,]. In contrast, the Pd-N,,. distances
range from 2.01 to 2.15A in the product complexes
[PAL]**. The longest Pd—N,;,. distances appear for species
with PH, followed by those with S, NH, and finally O,
which shows the shortest distance. Furthermore, for ligands
with PH and S, the Pd—N,,;,. bond lengths increase as the
reaction proceeds, whereas for ligands with NH and O,
these distances decrease. That is, the formation of the two
new Pd-A bonds weakens the Pd—N,,;,. interaction for A
= PH and S and strengthens it for A = O and NH. The
other structural parameters such as cis and trans angles are
not affected by the effects of the different donor atoms.

In order to obtain a deeper insight into the hemilabile
character of these ligands we have used Bader’s theory of

“Atoms in Molecules”.l*?! In this work we have computed
the values of p(r) (electron charge density at the bond criti-
cal point, bep), the values of V2p(r) (Laplacian of the elec-
tron charge density at the bep that coincides with the sum
of the three curvatures of the Hessian matrix), and the ratio
|21/23] (2; being the curvatures of the Hessian matrix) at the
Pd-N,,i and Pd-A bep. According to this theory, values
of V?p(r) < 0 address regions where the charge density is
concentrated. In contrast, regions in which V?p(r) > 0, the
charge density is depleted. The ratio of |1,/45| is a measure
of the covalency between two atoms. Ratios greater than
unity indicate covalent or polar interactions, usually re-
ferred to as shared interactions. Ratios lower than 0.2 imply
closed-shell interactions, such as those given in noble gas
repulsive states, in ionic bonds, in hydrogen bonds, and in
van der Waals molecules.[>?"!

The p(r) values at the Pd-N,,;,. bep, both in reactants
and products, are shown in Figure 3. In agreement with the
computed Pd—N,;,. distances, the computed electron den-
sity values in the reactants remain similar (between 0.093
and 0.096), regardless of the donor atom. However, in the
products these values range from 0.111 to 0.081 and follow
the sequence O > NH > S > PH. On the other hand, it
can be observed in Figure 3 that when S is a donor atom,
the electron density value at the Pd—N,;,. bcp is similar in
reactants and products. Considering that in the reactants
the Pd-N,,i,. bond is in frans position with another Pd—
N.zine bond, and that in the products the Pd—N,,;,. bonds
are in trans position with the newly formed Pd-S bonds,
this seems to suggest that the N,,,. and S donor atoms
have a similar donor character and that the Pd-N,;,. and
Pd-S bonds are similar in strength. For NH and O, the
electron density values of Pd-N,,;,. at the bond critical
points increase as the reaction proceeds. Therefore, the
Nazine atoms exert a trans influence on NH and O donor
atoms. In contrast, when PH acts as donor atom, the elec-
tron density values of Pd—N,,,. bond critical points de-
creases along the reaction because PH exerts a trans influ-

Table 1. Pd-N,,i,. and Pd—A distances in [PdLCl,] and [PdL]?*. Distances are in A.

Hexane chain Heptane chain

Octane chain Nonane chain

Reactant Product Reactant Product Reactant Product Reactant Product
Pd-N,_,ine 2.063 2.030 2.065 2.019 2.061 2.014 2.062 2.024
Pd-A 2.060 2.097 2.096 2.125
N Pd-N,_,ine 2.061 2.056 2.064 2.044 2.058 2.045 2.062 2.064
Pd-A 2.057 2.096 2.104 2.113
S Pd-N,_,ine 2.069 2.092 2.066 2.077 2.058 2.071 2.061 2.071
Pd-A 2.319 2.344 2.353 2.380
P Pd-N,_,ine 2.059 2.153 2.070 2.127 2.057 2.122 2.062 2.119
Pd-A 2.244 2.264 2.285 2.308
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ence on N,,i.. According to these results, the strength of
the Pd—A bonds seems to follow the order Pd-PH > Pd-S
> Pd-NH > Pd-O.
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0.095 domsi
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—— hexane chain —— heptana chain —— octana chain —=— nonane chain

donor atoms

Figure 3. p(r) density values at the Pd-N,,;,. bond critical points
in reactants, PALCl,, and products, PAL>*. Effect of donor atoms.

The computed values of p(r), V?p(r), and |4,/4 at the
Pd-N,,i,. and Pd-A bond critical points as well as the net
atomic charge of Pd" for nonane-chain products are sum-
marized in Table 2. The fact that the values obtained for
V2p(r) at the bep for Pd-N,,;,. are positive and relatively
large evidence a closed-shell interaction. This fact is rein-
forced by the values of |1,/43, which are lower than 0.2.
Regarding the Pd-A bcp, it is worth to note an interesting
tendency in the nature of the interaction. From the begin-
ning to the end of the series O, NH, S, PH, the values of
V2p(r) decrease and the |4,/45| ratio increases. This fact me-
ans that the shared interaction between Pd and the donor
atoms follows the order Pd-O < Pd-NH < Pd-S < Pd-
PH. This tendency is confirmed by the values of the net
atomic charge of Pd, which indicate that the charge transfer
from the donor atoms to Pd increases according to the same
order. These results agree with the trends observed by the
trans influence. According to them one would expect that
the formation of the new Pd-A bonds would become ener-
getically more favorable as we go from O to NH, from NH
to S, and from S to PH.

Table 2. Electron density, p(r), Laplacian, V?p(r) and |1,//5| values
at the Pd-N,,i,. and Pd-A bond critical points, and Pd net atomic
charge.

Pd—N_ine Pd-A Charge
P vp? 2l P Vp? 2l 4pd
O 0.108 0449 0.176 0.074 0.390 0.139 0.92
N 0.100 0432 0.170 0.081 0.334 0.175 0.79
S 0.095 0410 0.173 0.086 0.174 0.224 0.58
P 0.086 0372 0.169 0.100 0.092 0.331 0.43

The computed reaction free energies of [PdLCl,] —
[PAL]** + 2 CI are given in Figure 4. We only report the
values in the gas phase since both results in the gas phase
and in solution follow the same trends (see above). It can
be observed that the computed free energies do not follow
the expected order as shown in Figure 4: AG(O) > AG(S)
> AG(NH) > AG(PH). That is, the reaction appears to be
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more favorable for ligands with NH than for those with S.
To obtain a deeper insight into the reaction driving force,
we have split the reaction energy (AE,caction) 1N tWO terms:
1) the difference between the interaction energies in reac-
tants and products (AE;,,) and ii) the reorganization energy
(AE\eore) of the ligand. The interaction energy in the reac-
tants (Einreact)) corresponds to E(PALCL) — E(Pd™M)
— E(L) — 2 E(CI"), whereas that in the products (Eiypron))
is E(PdL**) — E(Pd") — E(L). The term AE,, can be
understood as the energy cost associated to the conforma-
tional change of the ligand along the reaction, and corre-
sponds to the energy difference between single-point calcu-
lations of the ligand at the geometry of reactants and prod-
ucts. The values of these terms are shown in Table 3 for the
nonane chains. Since Ei,reacT) 1S quite constant for all
systems and variations in AE.., are small, the main contri-
bution on the reaction energy comes from Ei,prop), Which
follows the same trend of AE,..cion and AGrog (see Fig-
ure 4). It is worth noting that the largest reorganization en-
ergy is obtained for PH ligands. This is probably related to
the higher barrier for inversion at P. Despite that, reactions
with this donor atom are the most favored ones. The order
obtained for the interaction energies in the products (PH >
NH > S > O; in absolute values) is the same as that found
for the interaction between Pd™ and the smallest donor-
atom-containing entities H»,O, H,S, NH;, and PHj;
(-141.6, —180.5, —192.1, and -211.8 kcal/mol, respectively)
and arises from different factors: electrostatic interaction,
metal-ligand repulsion, and charge transfer. As expected,
population analysis indicates that the charge transfer from
the ligand to Pd is larger for S and PH species than for O
and NH ones. However, a point-charge model assuming a
2+ charge at the Pd position shows that the electrostatic
stabilization is larger for NH; and PH; than for H,O and
H,S. As a consequence, the preference of Pd" to interact
with donor atoms follows the order PH > NH > S > O.
These results agree with the experimental fact that the inert
groups of hemilabile ligands contain P atoms while the la-
bile ones contain O atoms.!!
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Figure 4. Computed reaction free energies (AGaog) of PALCl, —
PdL?* + 2 CI" in the gas phase. In kcal/mol. Effect of donor atoms.
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Table 3. Contribution of metal-ligand interaction energies and re-
organization energy of the ligand to the [PALCl,] — [PALP** + 2
Cl reaction energy. In kcal/mol.

Eint(REACT)[a] Eint(PROD)[b] AEint[(:] AEreorg[d] AEreaction
(0] —692.3 —437.4 254.9 25.5 280.4
S -692.1 —454.5 237.6 22.8 260.4
N —692.6 —478.4 214.2 259 240.0
P —692.6 -501.3 191.4 40.8 232.2

[a] Einreacty = E(PALCL) — E(Pd") - EL) - 2 E(CD).
[b] Einprop) = E(PdL**) — E(Pd™) — E(L). [c] AE;, = int(PROD) —
Einyreact) [d] AL icory = E(L)prop — E(L)rEaCT

C. Ring Substituents

Substituents with different electronic properties (B =
CF;, F, H, CH3, and NH,) are introduced at position 5 of
pyrazole rings in order to analyze their influence on the
structural parameters of Pd complexes and on the [PdLCl,]
— [PALJ** + 2 CI' reaction. Calculations have been per-
formed for different chain lengths (x = 1, 2 and y = 2, 3)
and assuming S as donor atom. Table 4 shows the opti-
mized Pd-N,;,. bond lengths, both for reactants and prod-
ucts.

It can be observed that changing the substituent at the
pyrazole ring does not induce a significant variation on the
Pd—-N,,i,. bond length of the reactant complexes. This is
due to the fact that ring pyrazoles are in the trans configu-
ration, and thus the electronic effects of the substituents
are mutually compensated. However, the Pd-N,,,. bond
lengths in the products are longer when substituents have a
global electron-withdrawing character. The contrary occurs
if substituents have a global electron-donor character, the
Pd-N,,i, distances becoming shorter. Nevertheless, the
Pd-S bonds are not affected by the type of substituent.

We have also calculated the electron density values of the
Pd-N, i, bond critical points in the products, and the re-
sults are shown in Figure 5. The observed trends agree with
the observed changes on the Pd-N,,,. distances; that is,
products with electron-withdrawing substituents (and
longer Pd—N,;,. bonds), present smaller electron density
values at the bond critical points than product complexes

with electron-donor substituents (and shorter Pd—N, e
distances). Based on these results the variation on the Pd—
N.sine bond strength, due to the effects of substituents, is
expected to follow the order CH; > NH, > H > F > CFj.

Pd-Nyyige ——hexane chan —— heptane chain —— octane chain —=— nanana chain

0.098
e —— |
0.0%6 /-r/ —
% 0.0%4 -
e
2 o0
=
0.090
% t—*"""rﬂ_#_
E 0.088
0.086
0.084
CFRy F H -NH; -CHs

Figure 5. p(r) density values at the Pd-N,,;,. bond critical points
in products, [PAL]**. Effect of ring substituent.

The induced structural and electronic changes will influ-
ence the stability of the products and consequently, the
[PALCI,] — [PAL]** + 2 CI" reaction energy. Gas-phase re-
action free energies calculated for the different ligands con-
sidered are given in Figure 6. As expected, reactions are
more favored when substituents have an electron-donor
character, in agreement with the changes observed for the
Pd-N,,i.. bond lengths and electron density values at the
bond critical point. However, the trends on Pd-N,;,. bond
length or electron density values do not perfectly agree with
the observed trends in reaction free energies. That is,
whereas with CHj; as substituent the Pd-N,,,. distances
are shorter than with NH,, the reaction is more favorable
if the substituent is NH,. This may be understood consider-
ing that, in addition to the o-donor electronic character,
NH, has a n-donor resonant character that enhances more
the global stability of the products. It is worth noting that
the reaction free energy can change by as much as 27—
29 kcal/mol by introducing substituents of different charac-
ter in the pyrazole ring.

Table 4. Pd-N,;, distances in [PdLCl,] and [PdLJ**. Distances are in A.

Hexane chain Heptane chain

Octane chain Nonane chain

B Reactant Product Reactant Product Reactant Product Reactant Product

CF; 2.071 2.111 2.071 2.094 2.059 2.087 2.063 2.084

F 2.066 2.105 2.067 2.088 2.056 2.080 2.059 2.079

H 2.067 2.098 2.067 2.082 2.058 2.075 2.060 2.075

NH, 2.071 2.093 2.065 2.077 2.060 2.075 2.059 2.074

CHj; 2.069 2.092 2.066 2.077 2.058 2.071 2.061 2.071
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Figure 6. Computed reaction free energies (AG,gg) of [PALCl,] —
[PAL]** + 2 CI” in the gas phase. In kcal/mol. Effect of ring substit-
uents.

Conclusions

The properties of Pd™ complexes containing pyrazole-
derived hemilabile ligands BPz-(CH,).A(CH,),A(CH,),-
PzB (with x = 1,2; y = 2,3; A = O, NH, S and PH; and B
= CF;, F, H, CH3;, NH,) have been investigated through
quantum-chemical calculations. Optimal geometries for
[PALCl,] and [PAL]** complexes and the reaction free en-
ergy of [PdCL,L] — [PdL]** + 2 CI" have been determined
for 32 different ligands using the hybrid B3LYP density
functional method. Compared to the ideal square-planar
geometry, products with six- (x = 1, y = 2) and seven-mem-
bered (x = 2, y = 3) chains are more distorted than those
with eight- (x = 2, y = 2) and nine-membered (x = 2, y =
3) chains. Thus, formation of tetracoordinate [PdL]** com-
plexes is more favorable for the longer chains. This is in
agreement with the experimental results, which show that
only octane and nonane ligand complexes can be isolated
and characterized. Results for different donor atoms A
show that the [PACI,L] — [PAL]** + 2 CI" reaction is fav-
oured according to the order PH > NH > S > O. This
seems to contradict the electron density analysis which
shows a larger L—Pd!! charge transfer for A = S than for
A = NH. The reaction energy decomposition and point
charge calculations show, however, that the electrostatic +
polarization stabilizing term is larger when A = NH. Fi-
nally, the introduction of substituents at the pyrazole ring
can modulate the strength of the Pd-N,,;,. bond and mod-
ify the reaction energy, the electron-donor substituents en-
hancing the formation of [PdL]**.

Theoretical Details

Molecular geometries were optimized using the non-local hybrid
three-parameter B3LYP[??! density functional method with the
Gaussian98 program package.>*! Frequency calculations were also
performed to confirm that each stationary point is an actual mini-
mum. For Pd we used the quasi-relativistic effective core potential
(ECP) of Hay and Wadt®* to represent the 28 innermost electrons
of the palladium atom. The basis set used for the valence and out-
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ermost core orbitals is the standard double-{ LANL2DZ set associ-
ated to the ECP. For atoms directly attached to the metal atom (Cl,
N.zine and the heteroatoms O, N, S, and P from the ligand chain)
we used the 6-31++G(d,p) basis,*! whereas the remaining atoms
were described with the smaller 6-31G basis.*” In order to analyze
the influence of further enlarging the basis set on the PALCl, —
PdL?** + 2 CI reaction energy, we have also performed (for a few
cases) single-point calculations by adding an f function to the Pd
basis,?®! and using the 6-311++G(2d,2p) basis sets for the atoms
directly bonded to the metal center. Results showed that the reac-
tion energies differ by less than 1 kcal/mol and thus, we expect
computed reaction energies with the small basis set to be reason-
ably accurate. Thermodynamic corrections have been obtained by
standard statistical methods, assuming the harmonic/rigid rotor
approximation.l?”! Solvent effects have been introduced using the
Conductor-like Screening Model (COSMO) method,*” by per-
forming single-point calculations at the gas-phase-optimized geom-
etries. Net atomic charges have been obtained using the natural
population analysis (NPA) method of Weinhold et al.®!l while the
topological properties of the electron density have been studied em-
ploying Bader’s theory of “Atoms In Molecules” (AIM)?? by me-
ans of the Xaim software.[3?]

Supporting Information (see footnote on the first page of this arti-
cle): Optimized geometries (Cartesian coordinates) of all consid-
ered [PALCl,] and [PAL]** complexes.
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