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ABSTRACT: The versatility of pyrazole/pyrazolate as ligands has allowed
the synthesis and the structural characterization of four different types of
new orthometalated palladium compounds, for which DFT calculations
have been performed in order to investigate their relative stabilities.
[Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz)}2] (R = R′ = H, 2a; R = Br, R′ = H, 2b;
R = CH3, R′ = H, 2c; R = H, R′ = CH3, 2d; R = Br, R′ = CH3, 2e)
compounds with exo-bidentate pyrazolatos are the first paddlewheel
dinuclear palladium(II) compounds with pyrazolato bridging ligands
described and characterized in the literature. In the process of the
synthesis of 2a, a new tetranuclear intermediate compound, [Pd4{μ-
(C6H4)PPh2}4(μ-pz)2(μ−OH)2] (3a), has been isolated and structurally
characterized. Compounds of the general formula [Pd2{μ-(C6H4)-
PPh2}2Br2(R,R′2pzH)2] (R = R′ = H, 4a; R = Br; R′ = H, 4b; R = CH3;
R′ = H, 4c; R = H; R′ = CH3, 4d; R = Br; R′ = CH3, 4e) with pyrazoles as
monodentate ligands have also been obtained, in which, according to the QTAIM analysis, additional Br···HNpz weak
interactions stabilize their structure. The tetranuclear Pd2Ag2 compounds, [Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz-Ag-R,R′2pz)}2] (R
= R′ = H, 5a; R = Br; R′ = H, 5b; R = CH3, R′ = H, 5c), showed a distorted tetrahedron disposition of the metal atoms. The
QTAIM analysis revealed an enhanced stability because of additional metal−metal interactions. New palladium(III) compounds,
[Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz)}2Cl2] (R = R′ = H, 6a; R = Br, R′ = H, 6b) were also synthesized by oxidation of compounds
2 with PhICl2. DFT calculations highlighted their greater stability compared to that of similar compounds with N,N-donor
ligands, such as formamidinatos and triazenidos.

■ INTRODUCTION

Pyrazoles are well-known nitrogen donor ligands with versatile
coordination chemistry, and they can act as neutral/anionic
monodentate or also as exo/endo-bidentate anionic ligands.1 As
exo-bidentate ligands, the pyrazolatos can hold two metal atoms
in close proximity with an appropriate metal−metal separation
allowing a wide range of intermetallic separations (favorable
distance of 2.4−4.6 Å).1b,d,2 Therefore, they are suitable ligands
to construct multimetal and metal−metal bond coordination
systems.1a−d,3

The pyrazolato ligands form a variety of stable complexes
with the platinum group metals. In the case of palladium in the
oxidation state II, there are some structures of dinuclear homo-4

and heteroleptic2,5 pyrazolato palladium(II) compounds in
which the dimetallic structure is only supported by two
pyrazolato bridging ligands in an exo-bidentate fashion, giving
an “open book” disposition for the square-planar environment
of the palladium centers. Although the literature about these
compounds is extensive, there are no structures of paddlewheel
dinuclear palladium(II) complexes with pyrazolato bridging
ligands.

In compounds with monocoordinated pyrazole ligands, the
proton of the N−H bond can be replaced by metal ions such as
Cu(I), Ag(I), and Au(I) giving heterometallic polynuclear
complexes. In the literature, a few pyrazolate tetra- and hexa-
heterometallic compounds, M2M′2 (M = Pd, M′ = Cu,4e,f

Ag,4b−f,6a Au4e,6a) and M2M′4 (M = Pd, M′ = Ag;4f M = Pt, M′
= Cu,6b Ag4d,6b) have been synthesized and some of them
structurally characterized.
The chemistry of palladium in oxidation state III, despite the

advances developed in the last ten years, continues to be poorly
known.7 Focusing on the chemistry of the dinuclear palladium-
(III) compounds with a Pd2

6+ core and M-M bond, a few of
these have been well characterized since the first one was
synthesized by Cotton and co-workers.8 In the last few years,
our research has focused on the chemistry of this type of
palladium(III) compounds, with our group being the first who
reported the synthesis of these complexes in high yield.9

Moreover, Ritter and co-workers have characterized not only
other discrete dinuclear10 and chain-like11 palladium(III)
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complexes with metal−metal bonds but also a transition state
analogue for the oxidation of a palladium(II) compound to a
palladium(III) one.12

Exploring the versatility of pyrazole/pyrazolato ligands, we
present in this Article the synthesis, characterization, and the
study of the stability of new orthometalated palladium
compounds. Compounds of type A (Figure 1) are the first

paddlewheel dinuclear palladium(II) compounds with pyrazo-
lato bridging ligands described and characterized in the
literature. Compounds of type B (Figure 1) show the pyrazole
acting as a neutral monodentate ligand. Tetranuclear Pd2Ag2
compounds were also synthesized and characterized, type C
(Figure 1). The oxidation of compounds A with PhICl2 allowed
the synthesis of new palladium(III) compounds, type D (Figure
1), to which the pyrazolato ligands have provided high stability.
DFT calculations have been performed for all the different

palladium(II) and palladium(III) pyrazolato complexes of types
A−D to investigate their relative stabilities. The calculations
focus on how the various pyrazolato derivatives assist in
stabilizing the palladium compounds. Moreover, topological
charge density analysis according to the Quantum Theory of
Atoms in Molecules (QTAIM) was performed on the
compounds to evaluate the nature of the intramolecular
interactions.

■ RESULTS AND DISCUSSION
A. Pyrazolate Palladium(II) Compounds. [Pd2{μ-(C6H4)-

PPh2}2{μ-(R,R′2pz)}2] Compounds: Synthesis and Character-
ization. Compounds 2 of general formula [Pd2{μ-(C6H4)-
PPh2}2{μ-(R,R′2pz)}2] were obtained from the tetranuclear
palladium(II) compound 1, [Pd4(μ-Br)4{μ-(C6H4)PPh2}4],
following the procedures described in Scheme 1 I. (i)
Compounds 2a (R = R′ = H), 2b (R = Br; R′ = H), and 2c
(R = CH3; R′ = H) were obtained by the reaction of 1 with the
corresponding potassium pyrazolate (ratio = 1:4), via a cationic
dinuclear intermediate. (ii) Compounds 2d (R = H; R′ = CH3)
and 2e (R = Br; R′ = CH3) were synthesized by direct reaction
of 1 with the corresponding silver pyrazolate (ratio = 1:4).
The 31P NMR spectra of compounds 2a−e showed a single

signal, and their δ (ppm) values are listed in Table 1.
Comparing these δ values with those obtained for orthometa-
lated compounds with N−N-donor ligands, formamidinatos or
triazenidos, they are shifted toward lower fields.

Compounds 2b−e were structurally characterized by single-
crystal X-ray diffraction methods. Figures 2 and S1 show the
perspective view for compounds 2b−e. Selected bond distances
and angles for the four compounds are given in Table 2.
The four compounds show similar paddlewheel structures in

which the bimetallic unit is supported by two orthometalated
phosphanes in a head-to-tail arrangement and two pyrazolato
ligands completing the palladium square planar coordination
mode.
These compounds with C2 symmetry show a chirality that

arises from the configurational arrangement of the molecule.
Each crystal is racemic containing the mixture of S and R
molecules based on the sign of the P−Pd····Pd−P torsion
angles (Figure S2). The absolute values of these angles are
between 89.36° to 93.87° (Table S1). Moreover, a second
point of chirality in these molecules can be induced by the
conformational arrangement of the ligands. P−Pd····Pd−C
torsional angle senses were designated with the nomenclature P
and M. The complete description of the stereochemistry in
these molecules can require specification of the two senses of
chirality S or R and P or M (Figure S3).13

Compound 2b shows a stereochemistry of SM/RP with an
absolute value for P−Pd····Pd−C torsion angle of 3.62° (Table
S1). However, 2c−e have a disposition practically eclipsed of
the ligands (P−Pd····Pd−C torsion angles around 0) (Table
S1). Similar paddlewheel carboxylato and triazenido derivatives
also showed a stereochemistry of SM/RP.

9f,13

The Pd−Pd distances from 2.6724(7) to 2.684(12) Å are
shorter than the sum of the van der Waals palladium radii (3.26
Å). We have included in this Article a charge density analysis at
the Pd−Pd bond critical points (BCPs), which supports a
Pd(II)···Pd(II) interaction with some electron sharing (See
section C and Table S2). Furthermore, this interaction can be
seen in the experimental UV−vis spectra, which have been
interpreted via simulating the spectra by TD-DFT calculations
(Figure S4). According to the computational results, the lowest
energy bands mainly consist of transitions between the
antibonding Pd(d) orbitals mixed with the p-orbitals of
nitrogens of the pyrazolato ligands, which is an indication of
Pd−Pd contacts. These bands are clearly visible in both the
experimental UV−vis and the simulated spectra. The frontier
molecular orbital analysis is also presented to show the different
transitions involved (Figure S5).
Comparing the Pd−Pd distances observed in orthometalated

dinuclear palladium(II) compounds with N,N-donor ligands,
we observed that the pyrazolato derivatives show shorter
distances than those of the formamidinato derivatives (2.711−
2.717 Å),9b and in the case of the triazenido compounds
without axial interaction, they are similar (2.6618−2.6794 Å).9f

These compounds also showed Pd(II)···Pd(II) interactions that
have been studied earlier.9c−g

The dimetallic pyrazolato palladium structures described in
the literature are supported by only two pyrazolato bridging
ligands in an exo-bidentate fashion and showed longer Pd−Pd
distances in a typical range of 3.00 to 3.46 Å.4,5 Some specific
compounds have even higher values (3.645 Å).4a

The different Pd−N distances observed in each compound
reflect the trans influence of the donor atoms from the
orthometalated phosphane. With the exception of compound
2b, the Pd(1)−N(1) distances (2.085−2.099 Å) with N trans
to P are shorter than Pd(1)−N(2) ones where N is trans to C
(2.137−2.147 Å) as expected. In compound 2b, both distances
Pd−N are similar, and no appreciable difference in trans

Figure 1. Dinuclear palladium(II) (A, B, and C) and palladium(III)
(D) compounds.
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influence is observed. The N−Pd−N angles are comparable to
the other palladium(II) compounds with two pyrazolato
bridging ligands.4,5

Structural data for compound 2b−e are included in the
Supporting Information (Table S3, dihedral angle formed by
the two Pd-N-N-Pd fragments; Table S4, dihedral angles
between the coordination planes of the palladium atoms; and

Table S5, bow angles between the planes defined by N1-N2-
N1-N2 and N1-Pd-N2).
As the most relevant conformation features for dinuclear

pyrazolate palladium compounds, Peŕez and Espinosa collected
the Pd−Pd distances and the relative positions of the bridging
pyrazolato ligands: pyrazolate ring centroids distance (dpz*−
dpz*) and the angle between the pyrazolate rings (β).5d

Compounds 2b−e with dpz*−dpz* between 4.243 and 4.479 Å
and compounds 2b,d,e with β from 95.39° to 92.47° (Table
S6) show values within the observed range in other pyrazolate
compounds.4,5 2c has a β value of 110.55°, which is the highest
observed in compounds 2b−e.
According to QTAIM calculations, there are intermolecular

interactions that occur between the pyrazolate rings and the
solvent of crystallization (CH2Cl2) in 2c (shown in Figure S6).
Similar interactions were not obtained with other compounds
2b,d,e, in which the solvent of crystallization is not located
between the rings, and therefore, they have only very weak
hydrogen bonding interactions between the terminal sub-
stituents and the orthometalated phosphanes of another

Scheme 1a

aI: synthesis of [Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz)}2] compounds. II: synthesis of [Pd2{μ-(C6H4)PPh2}2Br2(R,R′2pzH)2] compounds. III: synthesis
of [Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz-Ag-R,R′2pz)}2] compounds. IV: synthesis of 5b by an alternative procedure.

Table 1. 31P NMR Spectroscopy Data at 298 K for
Palladium(II) Compounds

[Pd2{μ-(C6H4)
PPh2}2{μ-(R,R′2pz)}2]

[Pd2{μ-(C6H4)
PPh2}2Br2 (R,R′2pzH)2]

[Pd2{μ-(C6H4)
PPh2}2{μ-(R,R′2pz-Ag-

R,R′2pz)}2]

compound δ (ppm) compound δ (ppm) compound δ (ppm)

2a 37.4 4a 18.7 5a 19.4
2b 37.7 4b 18.9 5b 19.1
2c 37.5 4c 18.7 5c 19.5
2d 34.4 4d 21.2
2e 35.4 4e 20.7
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molecule. The somewhat larger β value of 2c results from the
solvent molecule situated in between the pyrazolate rings and
can be attributed to the packing effects.
In spite of the multiple attempts, no suitable crystals of

compound 2a were obtained, so it has not been structurally
characterized. In one of the processes of crystallization, few
crystals of a new compound 3a could be isolated (Scheme 1).
The 31P NMR spectrum of these crystals showed only one
signal at 23.6 ppm, a value that is closer to that observed for the
tetranuclear compound 1: 26.7 ppm than for the dinuclear 2a,
37.4 ppm. All the attempts to synthesize this compound, 3a,
have been unsuccessful. Luckily, compound 3a was structurally
characterized by single-crystal X-ray diffraction methods. Figure
3 shows its perspective view and also includes selected bond
distances and angles.
The molecular structure of 3a consists of a distorted

parallelogram of four palladium atoms with alternate sides
bridged either by two orthometalated phosphanes in a head-to-
tail arrangement or by two different ligands, hydroxo and
pyrazolato. Each palladium has a slightly distorted square planar
coordination, bound to one C, one P, one N, and one O that
bridge two palladium atoms. The hydroxo bridges are not
symmetric since the Pd−O distances are larger when O is trans
to C than when it is trans to P, highlighting a higher trans
influence of the carbon atom (2.102 and 2.078 Å vs 2.051 Å).
This influence is also reflected in the Pd−N distances (2.145
and 2.140 Å vs 2.079 and 2.074 Å). The distances between the
palladium atoms across the orthometalated ligands are
considerably closer than across the hydroxo and pyrazolato
ligands (3.120 and 3.113 Å vs 3.581 and 3.563 Å). According to
the computational analysis, the increase in the bond distances
leads to reduction in the strength of the Pd···Pd interactions
since the interaction energy is −19.5 kJmol−1 at the shortest
Pd−Pd interaction in 3a compared to approximately −67

kJmol−1 in compounds 2a. However, the HOMO−LUMO gap
in 3a was found comparable with that of compounds 2a (e.g.,
3.85 and 3.86 eV in compounds 3a and 2a, respectively),
indicating similar stability for the compounds.
We considered that the small excess of KOH used in the

pyrazole deprotonation provided the hidroxo groups for the
serendipitous formation of 3a serendipitous.

Figure 2. Perspective view of compounds 2c and 2d with the H atoms omitted for clarity. Ellipsoids are drawn at 25% probability.

Table 2. Selected Distances (Å) and Angles (Deg) for Compounds 2b−e

2b 2c 2d 2e

Pd(1)-Pd(2) 2.6794(7) 2.6724(7) 2.684(12) 2.6800(9)
Pd(1)-P(1) 2.2702(13) 2.2438(12) 2.241(3) 2.2437(13)
Pd(1)- N(1) 2.139(4) 2.087(4) 2.085(11) 2.099(4)
Pd(1)- N(2) 2.127(4) 2.146(4) 2.137(10) 2.147(4)
Pd(1)-C(met) 1.990(5) 2.004(5) 2.0048(12) 2.004(5)
N(2)-Pd(1)-C(met) 168.11(18) 165.49(18) 165.3(4) 165.41(16)
N(1)-Pd(1)-N(2) 86.59(16) 88.01(15) 87.5(4) 87.07(16)

Figure 3. Perspective view of compound [Pd4{μ-(C6H4)PPh2}4(μ-
pz)2(μ-OH)2], 3a, with the H atoms omitted for clarity. Ellipsoids are
drawn at 25% probability. Selected bond distances (Å) and angles
(deg) are Pd1−Pd2, 3.1135(4); Pd3−Pd4, 3.1200(4); Pd1−O1,
2.051(3); Pd2−O2, 2.078(3); Pd1−P1, 2.2364(11); Pd1−N1,
2.145(4); P1−Pd1−O1, 174.85(8); N1−Pd1−Cmet, 160.40(14).
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In the literature, there are structures of palladium(II)
complexes with μ-hydroxo groups that contain Pd(μ-
OH)2Pd,

14 Pd(μ-OH)Pd,15 or mixed Pd(μ-OH)(μ-L)Pd16

cores. The Pd−Pd distance of 3.581 and 3.563 Å in the
Pd(μ-OH)(μ-pz)Pd core is the greatest observed among the
compounds with mixed bridging ligands, in which one of them
is a hydroxo group. Only one tetranuclear palladium compound
is described in the literature, and it contains two Pd(μ-OH)(μ-
O2CMe)Pd cores bridged by two metalated bis(2-pyridyloxy)
naphthalene ligands with Pd−Pd distances of 3.052 and 3.034
Å.16k

Comparing compound 3a with the tetranuclear starting
product, [Pd4(μ-Br)4{μ-(C6H4)PPh2}4] (1), it can be observed
that 1 shows shorter Pd−Pd distances between the palladium
atoms across the orthometalated ligands (3.07 vs 3.120 and
3.113 Å) and longer distances across Pd(μ-Br)2Pd cores than
across Pd(μ−OH)(μ-pz)Pd ones (3.64 vs 3.581 and 3.563 Å).
[Pd2{μ-(C6H4)PPh2}2Br2(R,R′2pzH)2] Compounds: Synthesis

and Characterization. The reaction of 1 with the correspond-
ing pyrazole in a 1:4 ratio resulted in the synthesis of [Pd2{μ-
(C6H4)PPh2}2Br2(R,R′2pzH)2] compounds (R = R′ = H, 4a; R
= Br; R′ = H, 4b; R = CH3; R′ = H, 4c; R = H; R′ = CH3, 4d; R
= Br; R′ = CH3, 4e) (Scheme 1 II). The 31P NMR spectra of
compounds 4a−e showed a single signal, and their δ (ppm)
values are listed in Table 1.
Compounds 4a,c,d were structurally characterized by single-

crystal X-ray diffraction methods. Figures 4 and S7 show the
perspective view for these compounds. Selected bond distances
and angles for the three compounds are given in Table 3.

In these compounds, the bimetallic unit is only supported by
two orthometalated phosphanes in a head-to-tail arrangement,
the palladium square planar coordination mode is completed by
one bromido and the corresponding pyrazole as monocoordi-

nated ligands. In compounds 4a,c,d, the Br atom occupies the
position trans to P. The similarity of chemical shifts in the 31P
NMR spectra leads us to think that this structure is maintained
in compounds 4b,e.
Compounds 4 are also chiral (symmetry C2). In the case of

compound 4a, its asymmetric unit contains one molecule of
each enantiomer. The stereochemistry (Figure S8) and P-Pd····
Pd-P/C-Pd····Pd-P torsion angles (Table S7) are included in
the Supporting Information. The presence of only two bridging
ligands supporting the dinuclear units in 4a,c,d gives less
rigidity to the structures, and consequently, the C-Pd ···· Pd-P
torsion angles are larger than those in compounds 2b−e. 4a
and 4c have the stereochemistry SM/RP, while 4d shows a SP/
RM one. In these compounds, the Pd−Pd distances around 3 Å
are larger than those observed in compounds 2b−e (∼2.68 Å).
According to the QTAIM analysis, weak Br···HNpz

interactions were observed for compounds 4. These intra-
molecular interactions for compound 4a are shown in Figure
S9. The delocalization index (Ω(Br, H)) and the interaction
energy of 0.123 and −24 kJmol−1, respectively, indicate
stabilizing intramolecular hydrogen bonding interactions
between Br and H−Npz, which can be suggested to affect the
geometry of the molecule and also the electronic properties
such as NMR spectra. In this aspect, it is found in the 1H NMR
spectra of compounds 4 that the signal corresponding to NH
changes from a broad signal in pyrazoles to a sharp signal at
similar chemical shift values.

[Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz-Ag-R,R′2pz)}2] Compounds:
Synthesis and Characterization. The reaction of 1 with a
slight excess of Ag(R,R′2pz) (R = R′ = H; R = Br, R′ = H; R =
CH3, R′ = H) highlighted in each case the formation of a new
compound in addition to the corresponding compound 2.
These new heterometallic tetranuclear complexes, [Pd2{μ-
(C6H4)PPh2}2{μ-(R,R′2pz-Ag-R,R′2pz)}2] (R = R′ = H, 5a; R
= Br; R′ = H, 5b; R = CH3, R′ = H, 5c) were obtained as the
only products when the corresponding silver pyrazolate reacted
with 1 at a ratio of 8.5:1 (Scheme 1, III).
When 1 reacted with silver salts of bulky pyrazolates (R = H ;

R′ = CH3; R = Br; R′ = CH3), no formation of 5d,e was
observed, and 2d,e were the only products of the synthesis.
Compound 5b was also obtained following an alternative

procedure involving the deprotonation with NEt3 of the 4-
bromo-1H-pyrazole coordinated in the intermediate compound
[Pd2{μ-(C6H4)PPh2}2(R,R′2pz)4](BF4)2 (R = Br, R′ = H) and
subsequent reaction with AgBF4 (Scheme 1 IV).
The 31P NMR data for compounds 5a−c are listed in Table

1. In each case, the signal appears shifted toward high fields
(∼19 ppm), compared with those observed for 2a−c (∼37
ppm). The 1H NMR and 13C NMR spectra of 5a−c show the
nonequivalence of the coordinated pyrazolate groups. One of

Figure 4. Perspective view of compound 4a with the H atoms omitted
for clarity. Ellipsoids are drawn at 25% probability.

Table 3. Selected Distances (Å) and Angles (Deg) for Compounds 4a,c,d

4a (R) 4a (S) 4c 4d

Pd(1)-Pd(2) 3.0732(12) 3.1387(14) 3.0846(7) 3.1758(5)
Pd(1)-P(1) 2.2634(16) 2.2667(18) 2.2710(13) 2.2580(9)
Pd(1)- N(1) 2.131(5) 2.138(6) 2.145(4) 2.123(3)
Pd(1)- Br(1) 2.4934(11) 2.4961(19) 2.5162(7) 2.5118(5)
Pd(1)-C(met) 1.992(6) 1.994(6) 1.997(5) 2.001(3)
N(1)-Pd(1)-C(met) 172.8(2) 173.3(2) 175.14(18) 168.04(14)
Br(1)-Pd(1)-C(met) 86.28(16) 86.13(17) 85.94(14) 88.62(10)
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the pyrazole rings is bonded to Pd in trans position to P, while
the other is in trans position to C.
Compounds 5a,b were structurally characterized by single-

crystal X-ray diffraction methods. Figure 5 shows their
perspective views. Selected bond distances and angles for
both compounds are given in Table 4.

Compounds 5a,b are tetranuclear complexes containing two
palladium and two silver atoms. Both palladium atoms are
supported by two orthometalated phosphanes in a head-to-tail
arrangement and two anionic R,R′2pz-Ag-R,R′2pz groups acting
as bridging ligands. Both metal centers show their usual
coordination mode, square planar for Pd(II) and linear for
Ag(I), with the N−Ag−N angles of 171.8(3)° for 5a and
170.07(16)° for 5b.
The steric requirements of the R,R′2pz-Ag-R,R′2pz (N−Ag−

N distances of 4.181 (5a) and 4.2013 Å (5b)) versus R,R′2pz,
inflate the whole molecules 5a,b. The Pd−Pd distances are
3.573 and 3.388 Å, respectively, while this distance is only
2.6794(7) Å for 2b. Other significant changes correspond to
the P−Pd····Pd−C and N−Pd····Pd−N torsion angles (Tables
S1 and S7). Other structural data are given in Table S4.
Compounds 5a,b are also chiral and show a stereochemistry of
SM/RP. (Figure S10 and Table S7).
The Pd−N bond lengths reflect the trans influence of the

donor atoms from the orthometalated phosphane. These values
as well as the Ag−N ones are in the range found in other
related compounds.4−6 The Ag atoms are located 3.427 (5a)
and 3.566 (5b) Å from each other. The Ag····Ag distances in
[Ag(pz)]3 are 3.414, 3.414, and 3.449 Å.17 The N−Ag−N and
N−Ag−N vectors are not parallel, with torsion angles of 32.96°
(5a) and 36.09° (5b).
It can be considered, that each molecule contains a metal

tetrahedron of Pd2Ag2 formulation (Figure 6) in which the
Pd····Pd edge is supported by two orthometalated phosphanes,

the four Pd····Ag edges by a pyrazolate ligand each, and the
Ag···Ag edge is not supported by any ligand. Two silver atoms
are close to each palladium with different Pd····Ag distances.
There are different metal−metal interactions, which were

observed in complexes 5. The Pd····Pd, Pd····Ag, and Ag····Ag
interactions were found in the QTAIM analysis and are fully
discussed in the computational section C.
All of the tetranuclear Pd2Ag2 compounds structurally

characterized in the literature show a distorted tetrahedron
disposition of the metal atoms.4b−f,6a The intermetallic
distances are summarized in Table 5.

B. Pyrazolate Palladium(III) Compounds. In order to
obtain dinuclear palladium(III) compounds of the formula
[Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz)}2Cl2], compounds 2a−e
were oxidized with PhICl2 at 223 K. Only compounds with R
= R′ = H (6a) and R = Br, R′ = H (6b) (Scheme 2) were stable
enough to be synthesized and characterized.
The 31P NMR spectrum showed in both compounds only a

single signal that appears shifted toward high fields by around
20 ppm relative to the observed signals for 2a and 2b. In
agreement with the literature, this fact indicates the formation
of palladium(III) compounds.9

In comparison with other palladium(III) compounds
previously synthesized by our group, compounds 6a and 6b
were particularly stable at room temperature. Despite their
relative stability, both compounds have been synthesized and
characterized by 13C, 1H, and 31P NMR spectroscopy at low
temperature (223 K). The 31P NMR spectra of these
compounds showed a single signal at δ values of 17.3 (6a)
and 18.2 (6b) ppm.

Figure 5. Perspective view of compounds 5a and 5b with the H atoms omitted for clarity. Ellipsoids are drawn at 25% probability.

Table 4. Selected Distances (Å) and Angles (Deg) for
Compounds 5a and 5b

5a 5b

Pd(1)-N(1) 2.056(6) 2.072(4)
Pd(1)-N(2) 2.118(6) 2.122(4)
Pd(1)-C(met) 2.052(7) 2.032(4)
N(1)-Pd(1)-P(1) 172.0(3) 166.51(11)
N(1)-Pd(1)-C(met) 90.4(3) 89.31(16)

Figure 6. Metal tetrahedron of Pd2Ag2 in compounds 5a,b.
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Compounds 6a,b were also structurally characterized by
single crystal X-ray diffractions methods. The perspective views
are shown in Figure 7, and selected bond distances and angles
are given in Table 6.
The Pd2

6+ unit is bridged by two cisoid orthometalated
phosphane ligands and two pyrazolatos in a head-to-tail
arrangement. Two chloridos are coordinated in axial positions.
The Pd−Pd distances of 2.505 and 2.507 Å in 6a and 6b,
respectively, are the shortest among all of the characterized
paddlewheel orthometalated palladium(III) derivatives and all
of the dinuclear palladium(III) compounds described in the
literature.9,10

Again, the different Pd−N distances observed in each
compound reflect the trans influence of the donor atoms
from the orthometalated phosphine. The dihedral angle formed

by the two Pd-N-N-Pd fragments has values of 88.04° (6a) and
85.92° (6b) that are close to the observed in the dinuclear
palladium(II) compounds 2 (Table S3). For both compounds,
the axial chlorides are directed between the pyrazolato rings,
and the Pd−Pd−Cl angle is 163.4° in 6a and 162.3° in 6b.
Compounds 6a,b are also chiral. The stereochemistry

(Figure S10) and P−Pd····Pd−P/C-Pd····Pd−P torsion angles
(Table S7) are included in the Supporting Information. Some
relevant conformation features relative to compounds 6a,b are
in Table S6.

C. DFT Studies of Pd (II) and (III) Compounds. The
various compounds were optimized using the DFT level of
theory and further analyzed by the QTAIM method to obtain
information on their electronic stability. The properties of the
electron density at the Pd−Pd bond critical point are shown in
Table 7 for selected Pd(II) and Pd(III) pyrazolato compounds,

Table 5. Metal−Metal Distances (Å) for the tetranuclear Pd2Ag2 Compounds Structurally Characterized in the Literature

metal−metal distances (Å)

compound ref Pd1-Pd2 Pd1-Ag1 Pd1-Ag2 Pd2-Ag1 Pd2-Ag2 Ag1-Ag2

Pd2Ag2(μ-3-t-Bupz)6·2CH3CN 4d 3.380 3.495 3.515 3.264 3.341 4.5919
Pd2Ag2(μ-dmpz)6 4e 3.513 3.303 3.185 3.164 3.382 3.195
Pd2Ag2(μ-dmpz)4(μ-O2CC6H4OCH3)2(DMSO) 4b 3.427 3.065 3.417 2.959 3.467 2.921
Pd2Ag2(μ-pz)6·3CH3CN 6a 3.4341 3.461 3.471 3.446 3.471 4.525
Pd2Ag2(μ-pz)6 6a 3.423 3.460 3.421 3.439 3.399 4.541

2.995a

aAg···Ag intermolecular.

Scheme 2. Synthesis of [Pd2{μ-(C6H4)PPh2}2{μ-
(R,R′2pz)}2Cl2]a

aR = R′ = H, 6a; R = Br, R′ = H, 6b.

Figure 7. Perspective views of compounds 6a and 6b with the H atoms omitted for clarity. Ellipsoids are drawn at 25% probability.

Table 6. Selected Distances (Å) and Angles (Deg) for
Compounds 6a and 6b

6a 6b

Pd(1)-Pd(2) 2.5053(9) 2.5071(7)
Pd(1)-P(1) 2.272(2) 2.2837(14)
Pd(1)-N(1) 2.126(7) 2.127(4)
Pd(1)-Cl(1) 2.4159(19) 2.4162(14)
Pd(1)-C(met) 2.037(7) 2.040(5)
N(1)-Pd(1)-C(met) 90.68(3) 91.02(18)
Cl(1)-Pd(1)-C(met) 98.6(2) 98.80(14)
Cl(1)-Pd(1)-Pd(2) 163.83(6) 162.36(4)
N(1)-Pd(1)P(1) 89.61(19) 90.08(12)
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compared to those obtained for other complexes with N,N
ligands. The complete analysis for all complexes studied here is
presented in the Supporting Information (Table S2).
Notably, there is clear evidence that compounds 6 are

relatively stable compared to other palladium(III) compounds
with N,N ligands. Previously, the oxidation stability was studied
by calculating the reaction energy of including two chlorido
ligands into the axial position of the Pd(II) compounds
according to the model reaction [Pd2{μ-(C6H4)PPh2}2(μ-L)2]
+ Cl2 → [Pd2{μ-(C6H4)PPh2}2(μ-L)2Cl2], resulting in reaction
energies of −84 kJmol−1 and −88 kJmol−1 for the
formamidinato [Pd2{μ-(C6H4)PPh2}2{μ -(C6H5N-C-
NC6H5)}2] and the triazenido [Pd2{μ-(C6H4)PPh2}2{μ-
(C6H5N-N-NC6H5)}2], respectively.9f The results of our
present calculations show that compound 6b has a larger
reaction energy (ΔEreact = −197 kJmol−1) than 6a (ΔEreact =
−182 kJmol−1), both of which are substantially larger than the
values in the formamidinatos and triazenidos. The difference
can be explained by the larger steric requirements of the N−C−
N and N−N−N ligands since both have bulky phenyl
substituents, which can block the axial sites from the chlorido
ligands, contrary to the pyrazolatos.
Further information on the relative stability can be obtained

from the nature of the Pd−Pd interactions. The interaction
energies for both 6a and 6b are very similar, −82 kJmol−1 at the
Pd−Pd BCP, which are slightly larger than the ones obtained
for Pd(III) complexes with formamidinato and triazenido
ligands, −69 and −77 kJmol−1, respectively. The larger
interaction energy compared to that of 2a is an indication of
stronger Pd−Pd interaction in the Pd(III) compounds than the
corresponding Pd(II), and according to the ratio of potential
energy density and kinetic energy density, |V|/G ≫ 1, the
interaction approaches covalent bonding in the Pd(III)
compounds. The same trend has been obtained previously
for other Pd(II) and Pd(III) compounds.
The smaller interaction energy and also smaller electron

density at the Pd−Pd BCP in compounds 4 can be attributed to
the different bonding modes of the pyrazolato ligands. The
monocoordinated bonding as well as the relatively large
bromido ligands in the neighboring Pd forces longer Pd−Pd
distances and therefore reduces the covalence and the strength
of the interaction. However, the larger HOMO−LUMO gap in
4 indicated very stable compounds. This can be explained by
the additional intramolecular Br···H−Npz interactions in these
compounds, which further stabilize the structure, as already
discussed. The analysis of the hydrogen bonding interaction is
presented in Figure S9.
The relative stability of compounds 5 was considered a

special case and was well established by the DFT calculations

and the QTAIM analysis. Geometrically, there were no
significant differences observed between the optimized
structures and the experimental structures. For example, the
overall tetrahedron of the metal atoms was maintained (Figure
8).

The results in Table S2 show that compounds 5a−c have the
highest HOMO−LUMO gap of 4.5−4.7 eV compared with all
of the other types of pyrazolato compounds. The enhanced
stability is a result of additional metal−metal interactions in
compounds 5, as can be observed in Figure 8 along with the
most important properties of the electron density at the
corresponding BCPs. The small delocalization index of the
metals, Ω(M, M′), and the small values of electron density (ρ)
reveal that a limited amount of electron density is shared
between metal atoms and that therefore, long bond distances
result from the interactions. The different metal−metal
interactions are very weak, with slight preference for the Pd···
Ag interaction. For instance, at the Pd···Pd, Pd···Ag, and Ag···
Ag BCPs the observed interaction energies were −7.0, −12.4,
and −7.8 kJmol−1, respectively, for complex 5a. Even though
the metal−metal interactions are very weak and mostly

Table 7. Properties of the Electron Density at the Pd−Pd BCPs According to the QTAIM Analysis of the Selected Palladium(II)
and Palladium(III) Pyrazolato Compoundsa

compounds d(Pd−Pd) (Å) ρ (eÅ−3) |V|/G Ω(Pd, Pd) EINT (kJmol−1) HOMO−LUMO gap (eV)

2a 2.696 0.309 1.23 0.32 − 67.4 3.86
4a 3.031 0.162 1.17 0.23 − 25.1 4.08
6a 2.539 0.457 1.44 0.64 − 81.7 2.97
formamidinatob 2.761 0.288 1.23 0.33 − 60.1 3.53
triazenidoc 2.692 0.311 1.23 0.35 − 67.4 3.49

aThe properties are d(Pd−Pd) = optimized bond distance; ρ = local electron density at the BCP; |V|/G = ratio of potential energy density and
kinetic energy density; EINT = interaction energy between two interacting atoms = 1/2·V(BCP); Ω(Pd, Pd) = delocalization index between Pd−Pd
atoms and the HOMO-LUMO gap, in comparison to the previously studied N,N ligands. b[Pd2{μ-(C6H4)PPh2}2{μ-(C6H5N-C-NC6H5)}2], ref 9c.
c[Pd2{μ(C6H4)PPh2}2{μ-(C6H5N-N-NC6H5)}]2 ref 9f.

Figure 8. Properties of the electron density according to the QTAIM
analysis of the optimized structure of 5a. ρ[eÅ−3] = electron density;
∇2ρ[eÅ−5] = second derivative of ρ; |V|/G = ratio between potential
energy density and kinetic energy density; EINT[kJ/mol] = interaction
energy between two interacting atoms; Ω(M,M′) = delocalization
index between M and M′ (where M = Pd or Ag and M′ = Pd or Ag).
The phosphane and pyrazolato ligands were omitted for clarity, and
only the metal core is shown.
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noncovalent, they have an important role in stabilizing the
molecular structure. It should also be noted that all complexes
5a−e could be computationally optimized with rather similar
characteristics of the metal−metal interactions (see Table S2),
even if only 5a−c could be experimentally obtained, and
repeated attempts to prepare 5d,e have been unsuccessful.
We also studied the favorability of forming compounds 5a−e

via the reaction of 2a−e with silver pyrazolate salts AgL
(Scheme 1, III). Table 8 lists the relative reaction energies of
the reaction [Pd2{μ-(C6H4)PPh2}2(μ-L)2]+ 2 AgL → [Pd2{μ-
(C6H4)PPh2}2{μ-(LAgL)}2].

Reaction of 2a proved to be energetically the most favorable,
and 2b and 2c were found to react rather similarly (in fact, the
synthesis of 2a−c by reaction of 1 with the corresponding silver
pyrazolate always gave mixtures of compounds 2 and 5).
However, there was a rather large reduction in the stability of
the products 5d and 5e, which had bulky R and R′ groups as
substituents in the ligands. The smaller stability of 5d−e could
also been observed in their HOMO−LUMO gap, which was
considerably reduced compared to that of the most stable
product 5a (4.62 and 4.26 eV for 5a and 5e, respectively). The
stabilization of 2d,e versus 5d,e justifies that the latter
compounds could not be synthesized.

■ CONCLUSIONS
New palladium(II) and (III) compounds have been synthesized
and structurally characterized, which highlight the versatility
and ability of stabilizing of the pyrazole and pyrazolate as
ligands.
Compounds 2 are the first paddlewheel dinuclear palladium-

(II) compounds with pyrazolato bridging ligands described and
characterized in the literature. A charge density analysis at the
Pd−Pd BCPs supports a Pd(II)···Pd(II) interaction with some
electron sharing. Compounds 4 with monocoordinated
pyrazoles and bromide ligands show longer Pd−Pd distance,
which involves a decrease of the covalency and the strength of
this interaction. However, the relatively large HOMO−LUMO
gap in 4a−e indicates a high stability for these compounds that
can be explained by the additional intramolecular Br···H−Npz
interactions able to stabilize their structure.
Heterotetranuclear compounds, 5a−c, that contain a metal

tetrahedron of Pd2Ag2 formulation have also been synthesized
and structurally characterized. The relative stability of
compounds 5a−c can be considered a special case; they
show the highest HOMO−LUMO gap of 4.5−4.7 eV
compared with that of all the other types of pyrazolato
compounds described in this Article. This fact can be attributed
to additional metal−metal interactions; even though they are
very weak and mostly noncovalent, they have an important role
in stabilizing the molecular structure. Nevertheless, compounds
5d,e with bulky R and R′ groups in the pyrazolato ligand could

not be synthesized due to the stabilization of the 2d,e
precursors.
The new dinuclear palladium(III) compounds, 6a,b,

synthesized and characterized show the shortest Pd−Pd
distances (2.505 (6a) and 2.507 (6b) Å) among all of the
characterized paddlewheel orthometalated palladium(III) de-
rivatives and all of the dinuclear palladium(III) compounds
described in the literature. DFT calculations clearly evidence
that these compounds 6 are relatively stable compared to other
palladium(III) compounds with N,N ligands (formamidinato
and triazenidos).

■ EXPERIMENTAL SECTION
All of the reactions were carried out under a dry nitrogen atmosphere
using Schlenk techniques. Solvents were purified according to standard
procedures. Commercially available reagents were used as purchased.
[Pd4(μ-Br)4{μ-(C6H4)PPh2}4],

18 1, and iodobenzene dichloride
(PhICl2)

19 were synthesized according to literature procedures.
Solvent mixtures are v/v mixtures. Column chromatography was
performed on silica gel (35−70 mesh). The chemicals (reactants and
products) from this work pose no special hazard if the normal
laboratory safety precautions are respected.

NMR spectra were recorded on Bruker 400 and 500 AMX
spectrometers as solutions in deuterated chloroform or dichloro-
methane at 298 K and low temperature. Chemical shifts are reported
in ppm, using tetramethylsilane, Si(CH3)4 (

1H, 13C), and 85% H3PO4
(31P) as references. The coupling constants (J) are in hertz (Hz).
Elemental analysis was provided by SCSIE of University of Valencia.

Suitable single crystals of 2b−e, 4a,c,d, and 5a,b were obtained at
room temperature by layering hexane over dichloromethane solutions
of the corresponding compounds. Single crystals of 6a,b were obtained
at 253 K. The crystals were mounted on glass fibers, and the diffraction
measurements were performed with a Nonius Kappa CCD area-
detector diffractometer with Mo-Kα radiation (λ = 0.71073 Å). The
structures were solved by direct methods and refined by least-squares
techniques on weighted F2 values for all reflections (SHELXTL,
6.14).20 All non-hydrogen atoms were assigned anisotropic displace-
ment parameters and refined without positional constraints. All
hydrogen atoms, including those involved in hydrogen bonding, were
calculated with a riding model. Complex neutral-atom scattering
factors were used. Compounds 2b, 2d, 4c, and 6a were crystallized
with water molecules, whose H atoms could not be located. The
crystal of compound 3a diffracted very poorly. Attempts to get better
crystals were unfruitful. The H atoms corresponding to the OH
bridges could not be located in a difference Fourier map. The program
SQUEEZE, a part of the Platon21 package of crystallographic software,
was used to calculate the solvent disorder area and remove its
contribution to the overall intensity data.

X-ray crystal structure data for compounds 2b−e, 3a, 4a,c,d, 5a,b,
and 6a,b are included in the Supporting Information.

Synthesis of [Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz)}2] (R = R′ = H
(2a); R = Br; R′ = H (2b); and R = CH3; R′ = H (2c)). The reaction of
the corresponding pyrazole (0.112 mmol) with potassium hydroxide
(0.112 mmol) dissolved in the minimum amount of methanol allowed
us to obtain the corresponding potassium pyrazolate that was added to
[Pd2{μ-(C6H4)PPh2}2(NCMe)4](BF4)2 obtained by a reaction of a
suspension of [Pd4(μ-Br)4{μ-(C6H4)PPh2}4] (1) (50 mg, 0.028
mmol) in 20 mL of CH2Cl2/NCMe (8/1) with AgBF4 (22 mg,
0.112 mmol). After 5 min of stirring, the solution was evaporated to
dryness. The yellow crude product obtained was extracted with
dichloromethane, filtered over a short plug of silica, and precipitated
by the addition of hexane to give a yellow microcrystalline powder
which was collected by filtration and washed with hexane.

Yield: 48 mg (98%) (2a); 32 mg (64%) (2b); 39 mg (78%) (2c).
Characterization Data for 2a. 1H NMR (CD2Cl2, 400 MHz, 298

K) δ 7.75 (m, 2H, ar), 7.40 (m, 2H, ar), 7.34 (m, 8H, ar), 7.20 (m, 2H,
ar), 7.15 (d, J = 2 Hz, 2H, py), 6.99 (m, 4H, ar), 6.85 (m, 2H, ar), 6.73
(m, 8H, ar), 6.24 (d, J = 2 Hz, 2H, py), 5.58 (s, 2H, py); 31P NMR

Table 8. Relative Reaction Energies [kJmol−1] for the
Formation of 5a−e from 2a−e and AgLa

reaction ΔE [kJ mol−1]

2a + 2 AgL → 5a 0
2b + 2 AgL → 5b 2
2c + 2 AgL → 5c 2
2d + 2 AgL → 5d 39
2e + 2 AgL → 5e 36

aThe energies are referenced to the first reaction.
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(CD2Cl2, 161 MHz, 298 K) δ 37.4 (s); 13C NMR (CD2Cl2, 100.6
MHz, 298 K) δ 160.4 (d, J = 32 Hz, C metalated), 140.0−122.4 (ar,
py), 104.2 (s, py). Anal. Calcd for C42H34N4P2Pd2: C, 58.01; H, 3.94;
N, 6.44. Found: C, 58.58; H, 3.75; N, 6.01.
Characterization Data for 2b. 1H NMR (CD2Cl2, 400 MHz, 298

K) δ 7.72 (m, 2H, ar), 7.44 (m, 2H, ar), 7.37 (m, 4H, ar), 7.25 (m, 6H,
ar), 7.13 (s, 2H, py), 7.03 (m, 4H, ar), 6.95 (m, 2H, ar), 6.82 (m, 2H,
ar), 6.74 (m, 6H, ar), 6.08 (s, 2H, py); 31P NMR (CD2Cl2, 161 MHz,
298 K) δ 37.7 (s); 13C NMR (CD2Cl2, 100.6 MHz, 298 K) δ 162.6 (d,
J = 29 Hz, C metalated), 140.0−122.9 (ar, py), 90.5 (s, py). Anal.
Calcd for C42H32Br2N4P2Pd2: C, 49.10; H, 3.14; N 5.45. Found: C,
49.62; H, 2.97; N, 4.86.
Characterization Data for 2c. 1H NMR (CD2Cl2, 400 MHz, 298

K) δ 7.71 (m, 2H, ar), 7.34 (m, 2H, ar), 7.29 (m, 4H, ar), 7.20 (m, 6H,
ar), 6.97 (m, 4H, ar), 6.91 (s, 2H, py), 6.87 (m, 2H, ar), 6.71 (m, 8H,
ar), 5.89 (s, J = 2 Hz, 2H, py), 1.60 (s, 6H, CH3);

31P NMR (CD2Cl2,
161 MHz, 298 K) δ 37.5 (s); 13C NMR (CD2Cl2, 100.6 M Hz, 298 K)
δ 164.9 (d, J = 31 Hz, C metalated), 147.2−122.5 (ar, py), 114.0 (s,
py), 9.0 (s, CH3). Anal. Calcd for C44H38N4P2Pd2: C, 58.88; H, 4.27;
N, 6.24. Found: C, 58.62; H, 4.14; N, 6.01.
Synthesis of the Silver Pyrazolates, Ag(3,5-Me2pz) and Ag(4-

Br,3,5-Me2pz). In a 1:1 stoichiometric ratio, a solution of AgNO3 (2
mmol) in water (1 mL) was added under vigorous stirring to a CH2Cl2
solution (2 mL) of the corresponding pyrazole (2 mmol) previously
deprotonated with a methanolic solution of KOH. In each case, a
white precipitate was obtained that was filtered, washed with MeOH
(2 × 4 mL), and vacuum-dried. They were used without further
purification. Yields: Ag(3,5-Me2pz) 360 mg (89%); Ag(4-Br,3,5-
Me2pz) 433 mg (77%).
Synthesis of [Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz)}2] (R = H; R′ =

CH3 (2d) and R = Br, R′ = CH3 (2e)). To a suspension of [Pd4(μ-
Br)4{μ-(C6H4)PPh2}4] (1) (50 mg, 0.028 mmol) in CH2Cl2 (10 mL)
was added the corresponding silver pyrazolate (0.115 mmol). After 24
h of stirring, the crude was filtered over a short plug of silica, and the
solution was evaporated to dryness and precipitated by the addition of
hexane to give a yellow microcrystalline powder, which was collected
by filtration and washed with hexane.
Yield: 41 mg (79%) (2d) ; 48 mg (79%) (2e).
Characterization Data for 2d. 1H NMR (CD2Cl2, 400 MHz, 298

K) δ 8.01 (m, 2H, ar), 7.15 (m, 16H, ar), 6.93 (m, 2H, ar), 6.73 (s, 4H,
ar), 6.54 (m, 4H, ar), 5.37 (s, 2H, py), 2.12 (s, 6H, CH3) 1.43 (s, 6H,
CH3);

31P NMR (CD2Cl2, 161 MHz, 298 K) δ 34.4 (s); 13C NMR
(CD2Cl2, 100.6 M Hz, 298 K) δ 167.5 (d, J = 32 Hz, C metalated),
146.8−121.6 (ar, py), 102.4 (s, py), 12.9 (s, CH3), 12.3 (s, CH3). Anal.
Calcd for C46H42N4P2Pd2: C, 59.69; H, 4.57; N, 6.05. Found: C, 59.45;
H, 4.51; N, 6.15.
Characterization Data for 2e. 1H NMR (CD2Cl2, 400 MHz, 298

K) δ 7.95 (m, 2H, ar), 7.27 (m, 2H, ar), 7.13 (m, 14H, ar), 6.94 (m,
2H, ar), 6.72 (m, 4H, ar), 6.58 (s, 4H, ar), 2.09 (s, 6H, CH3), 1.31 (s,
6H, CH3);

31P NMR (CD2Cl2, 161 MHz, 298 K) δ 35.4 (s); 13C NMR
(CD2Cl2, 100.6 M Hz, 298 K) δ 165.8 (d, J = 31 Hz, C metalated),
145.1−122.0 (ar), 89.8 (s, py), 11.9 (s, CH3), 11.2 (s, CH3). Anal.
Calcd for C46H40Br2N4P2Pd2: C, 50.99; H, 3.72; N, 5.17. Found: C,
50.85; H, 3.57; N, 5.01.
Synthesis of [Pd2{μ-(C6H4)PPh2}2Br2(R,R′2pzH)2] (R = R′= H

(4a); R = Br, R′ = H (4b); R = CH3, R′ = H (4c); R = H, R′ = CH3
(4d); and R = Br, R′ = CH3 (4e). To a suspension of [Pd4(μ-Br)4{μ-
(C6H4)PPh2}4] (1) (50 mg, 0.028 mmol) in CH2Cl2 (10 mL) was
added the corresponding pyrazole in a 1:4 molar ratio. The solution
was stirred for 4 h, evaporated to dryness, and precipitated by the
addition of hexane to give a yellow powder, which was collected by
filtration and washed with hexane.
Yield: 47 mg (82%) (4a); 59 mg (89%) (4b); 47 mg (80%) (4c);

55 mg (91%) (4d); 67 mg (96%) (4e).
Characterization Data for 4a. 1H NMR (CD2Cl2, 400 MHz, 298

K) δ 12.01 (s, 2H, NH), 8.05 (m, 2H, py), 7.21 (m, 2H, ar), 7.12 (m,
12H, ar), 7.04 (m, 4H, ar), 6.78 (m, 8H, ar), 6.73 (m, 4H, ar, py), 6.11
(m, 2H, py); 31P NMR (CD2Cl2, 161 MHz, 298 K) δ 18.7 (s); 13C
NMR (CD2Cl2, 100.6 MHz, 298 K) δ 159.5 (t, J = 12 Hz, metalated),
141.6 (s, py), 141.0−122.5 (ar, py), 104.8 (s, py). Anal. Calcd for

C42H36Br2N4P2Pd2: C, 48.91; H, 3.52; N, 5.43. Found: C, 48.23; H,
3.92; N, 5.05.

Characterization Data for 4b. 1H NMR (CD2Cl2, 400 MHz, 298
K) δ 12.22 (s, 2H, NH), 8.04 (d, J = 2 Hz, 2H, py), 7.36 (m, 2H, ar),
7.28 (s, 2H, ar), 7.14 (m, 14H, ar), 6.90 (m, 4H, ar), 6.84 (m, 4H, ar),
6.78 (d, J = 2 Hz, 2H, py), 6.72 (m, 2H, ar); 31P NMR (CD2Cl2, 161
MHz, 298 K) δ 18.9 (s); 13C NMR (CD2Cl2, 100.6 MHz, 298 K) δ
158.6 (t, J = 12 Hz, metalated), 142.1 (s, py), 140.8−122.0 (ar, py),
92.9 (s, py). Anal. Calcd for C42H34Br4N4P2Pd2: C, 42.42; H, 2.88; N,
4.71. Found: C, 42.87; H, 3.05; N, 4.56.

Characterization Data for 4c. 1H NMR (CD2Cl2, 400 MHz, 298
K) δ 11.64 (s, 2H, NH), 7.70 (s, 2H, py), 7.22 (m, 2H, ar), 7.07 (m,
4H. ar), 7.02 (m, 8H, ar), 6.93 (m, 4H, ar), 6.74 (m, 8H, ar), 6.59 (m,
2H, ar), 6.40 (s, 2H, py), 1.88 (s, 6H, CH3);

31P NMR (CD2Cl2, 161
MHz, 298 K) δ 18.7 (s); 13C NMR (CD2Cl2, 100.6 MHz, 298 K) δ
159.8 (t, J = 12 Hz, metalated), 141.4 (s, py), 141.1−122.5 (ar, py),
115.4 (s, py), 8.4 (s, CH3). Anal. Calcd for C44H40Br2N4P2Pd2: C,
49.88; H, 3.81; N, 5.29. Found: C, 50.23; H, 3.46; N, 4.91.

Characterization Data for 4d. 1H NMR (CD2Cl2, 400 MHz, 298
K) δ 11.90 (s, 2H, NH), 7.40 (s, 2H, ar), 7.35 (m, 2H, ar), 7.22 (m,
8H, ar), 7.16 (m, 2H, ar), 7.10 (m, 4H, ar), 7.03 (m, 4H, ar), 6.75 (m,
4H, ar), 6.63 (m, 2H, ar), 5.66 (s, 2H, py), 2.73 (s. 6H, CH3), 1.88 (s,
6H, CH3);

31P NMR (CD2Cl2, 161 MHz, 298 K) δ 21.2 (s); 13C NMR
(CD2Cl2, 100.6 MHz, 298 K) δ 160.8 (t, J = 13 Hz, metalated), 141.4
(s, py), 141.1−122.5 (ar, py), 115.4 (s, py), 8.4 (s, CH3). Anal. Calcd
for C46H44Br2N4P2Pd2: C, 50.81; H, 4.08; N, 5.15. Found: C, 50.67; H,
4.22; N, 5.04.

Characterization Data for 4e. 1H NMR (CD2Cl2, 400 MHz, 298
K) δ 12.08 (s, 2H, NH), 7.30 (m, 2H, ar), 7.23 (m, 2H, ar), 7.08 (m,
6H, ar), 7.01 (m, 4H, ar), 6.91 (m, 8H, ar), 6.70 (m, 2H, ar), 6.64 (m,
2H, ar), 6.49 (m, 2H, ar), 2.65 (s, 6H, CH3), 1.63 (s, 6H, CH3);

31P
NMR (CD2Cl2, 161 MHz, 298 K) δ 20.7 (s); 13C NMR (CD2Cl2,
100.6 MHz, 298 K) δ 160.0 (t, J = 13 Hz, metalated), 146.7 (s, py),
140.5−122.5 (ar, py), 95.0 (s, py), 15.0 (s, CH3), 9.5 (s, CH3). Anal.
Calcd for C46H42Br4N4P2Pd2: C, 44.37; H, 3.40; N, 4.50. Found: C,
44.02; H, 3.47; N, 4.84.

Synthesis of [Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz-Ag-R,R′2pz)}2] (R
= R′ = H (5a); R = Br; R′ = H (5b); and R = CH3; R′ = H (5c)). To a
suspension of [Pd4(μ-Br)4{μ-(C6H4)PPh2}4] (1) (30 mg, 0.017
mmol) in CH2Cl2 (10 mL) was added the corresponding silver
pyrazolate in a 1:8.5 molar ratio (0.145 mmol). After 24 h of stirring,
the crude was filtered over a short plug of silica, and the solution was
evaporated to dryness and precipitated by the addition of hexane to
give a white powder, which was collected by filtration and washed with
hexane.

Yield: 20 mg (48%) (5a); 37 mg (71%) (5b) and 36 mg (83%)
(5c).

Compound 5b was also synthesized using the following procedure:
to a suspension of [Pd((C6H4)PPh2)Br]4 (1) (30 mg, 0.017 mmol) in
10 mL of CH2Cl2/CH3CN was added AgBF4 (14 mg, 0.071 mmol).
After 30 min of stirring, the solution was filtered, and 4-bromo-1H-
pyrazole (12 mg, 0.146 mmol) was added. The solution was stirred for
1 h, and NEt3 (1 mL) and AgBF4 (14 mg, 0.071 mmol) were added.
After 24 h of stirring, the solution was evaporated to dryness. The
yellow crude product obtained was extracted with dichloromethane,
filtered over a short plug of silica, and precipitated by the addition of
hexane to give a yellow microcrystalline powder, which was collected
by filtration and washed with hexane. Yield: 20 mg (38%).

Characterization Data for 5a. 1H NMR (CD2Cl2, 400 MHz, 298
K) δ 8.09 (d, J = 7 Hz, 2H, ar), 7.89 (m, 4H, ar), 7.58 (s, 2H, py), 7.45
(m, 6H, ar), 7.33 (m, 4H, ar, py), 7.01 (m, 2H, ar), 6.93 (m, 2H, ar),
6.72 (m, 6H, ar, py), 6.50 (m, 4H, ar), 6.17 (d, J = 2 Hz, 2H, py), 6.09
(s, 2H, py), 5.85 (m, 4H); 31P NMR (CD2Cl2, 161 MHz, 298 K) δ
19.4 (s); 13C NMR (CD2Cl2, 100.6 MHz, 298 K) δ 161.0 (d, J = 15
Hz, metalated), 140.0−122.5 (ar), 103.9 (s, py), 103.8 (s, py), 102.1
(s, py), 102.0 (s, py). Anal. Calcd for C48H40Ag2N8P2Pd2: C, 47.28; H,
3.31; N, 9.19. Found: C, 46.88; H, 3.04; N, 8.83.

Characterization Data for 5b. 1H NMR (CD2Cl2, 400 MHz, 298
K) δ 8.04 (m, 2H, ar), 7.93 (m, 4H, py), 7.55 (d, J = 2 Hz, 2H, py),
7.50 (m, 6H, ar), 7.36 (s, 4H, ar), 7.02 (m, 4H, ar), 6.76 (m, 4H, ar),
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6.71 (s, 2H, py), 6.62 (m, 4H, ar), 5.95 (m, 4H); 31P NMR (CD2Cl2,
161 MHz, 298 K) δ 19.1 (s); 13C NMR (CD2Cl2, 100.6 MHz, 298 K)
δ 158.7 (d, J = 14 Hz, metalated), 140.0−122.5 (ar), 92.0 (s, py), 91.9
(s, py), 90.7 (s, py) , 90.6 (s, py). Anal . Calcd for
C48H36Ag2Br4N8P2Pd2: C, 37.56; H, 2.36; N, 7.30. Found: C, 37.41;
H, 2.15; N, 7.65.
Characterization Data for 5c. 1H NMR (CD2Cl2, 400 MHz, 298

K) δ 8.12 (m, 2H, ar), 8.00 (m, 4H, ar), 7.47 (m, 6H, ar), 7.37 (s, 2H,
py), 7.18 (s, 2H, py), 7.11 (s, 2H, py), 6.94 (m, 4H, ar), 6.68 (m, 4H,
ar), 6.49 (m, 6H, ar, py), 5.80 (m, 4H, ar), 2.06 (s, 6H, CH3), 2.02 (s,
6H, CH3);

31P NMR (CD2Cl2, 161 MHz, 298 K) δ 19.5 (s); 13C NMR
(CD2Cl2, 100.6 MHz, 298 K) δ 160.9 (d, J = 15 Hz, metalated),
140.1−122.5 (ar), 114.3 (s, py), 114.2 (s, py), 112.5 (s, py), 112.4 (s,
py), 8.9 (s, CH3), 8.8 (s, CH3. Anal. Calcd for C52H48Ag2N8P2Pd2: C,
48.96; H, 3.79; N, 8.78. Found: C, 49.22; H, 4.03; N, 8.96.
Synthesis of [Pd2{μ-(C6H4)PPh2}2{μ-(R,R′2pz)}2Cl2] (R = R′ = H

(6a) and R = Br, R′ = H (6b)). To a solution at 223 K of 2a (50 mg,
0.058 mmol) or 2b (50 mg, 0.052 mmol) in CH2Cl2 (5 mL) was
added iodobenzene dichloride, 17 mg (0.062 mmol) or 15 mg (0.055
mmol), respectively. The solution immediately changed from yellow to
red. After 5 min of stirring, the solution was evaporated to dryness, and
hexane was added. The red microcrystalline precipitate obtained was
isolated by filtration and washed with cold hexane. Yield: 31 mg (57%)
(6a); 39 mg (68%) (6b).
Characterization Data for 6a. 1H NMR (CD2Cl2, 400 MHz, 223

K) δ 8.53 (dd, J = 8 Hz, J = 4 Hz, 2H, ar), 7.56 (m, 4H, ar), 7.39 (m,
10H, ar, py), 7.18 (m, 4H, ar), 7.03 (m, 6H, ar), 6.83 (m, 2H, ar), 6.75
(d J = 3 Hz, 2H, py), 6.53 (m, 2H, ar), 5.82 (d, J = 3 Hz, 2H, py); 31P
NMR (CD2Cl2, 161 MHz, 298 K) δ 17.3 (s); 13C NMR (CD2Cl2,
100.6 MHz, 298 K) δ 159.7 (dd, J = 17 Hz, J = 3 Hz, metalated),
138.8−124.5 (ar), 106.9 (s, py).
Characterization Data for 6b. 1H NMR (CD2Cl2, 400 MHz, 223

K) δ 8.33 (m, 2H, ar), 7.54 (m, 6H, ar), 7.45 (m, 4H, ar), 7.34 (m, 6H,
ar, py), 7.26 (m, 4H, ar), 7.17 (m, 4H, ar), 6.98 (m, 2H, ar), 6.88 (m,
2H, ar), 6.53 (s, 2H, py); 31P NMR (CD2Cl2, 161 MHz, 298 K) δ 18.2
(s); 13C NMR (CD2Cl2, 100.6 MHz, 298 K) δ 158.5 (dd, J = 17 Hz, J
= 3 Hz, metalated), 139.0−124.8 (ar, py), 93.0 (s, py).
Computational Details. All molecular compounds were fully

optimized with the Gaussian 09 program package22 at the DFT level of
theory. A hybrid density functional B3PW9123 was utilized together
with the basis set consisting of the Stuttgart−Dresden effective core
potential with an additional p-polarization function for Pd atoms
(SDD(p)),24 def2-TZVPPD25 effective core potential with triple-ζ-
valence basis set with two sets of polarization, and diffuse basis
functions for Ag atoms and the standard all-electron basis set 6-
31G(d) for all other atoms. Frequency calculations with no scaling
were conducted to ensure optimization to true minima. None of the
optimized structures gave imaginary frequencies. Moreover, the
absorption properties in dichloromethane (CH2Cl2) media were
calculated by TD-DFT26 with the conductor-like polarized continuum
model (CPCM) for the solvent effects.27

Topological charge density analysis was performed with the
QTAIM28 methods, which allowed us to access the nature of the
bonding via calculating different properties of the electron density at
the BCPs. The analysis was done with the AIMAll program29 using the
wave functions obtained from the DFT calculations with the
computationally fully optimized structures.
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