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New palladium(III) compounds of formula Pd2[(C6H4)-
PPh2]2[OXC(C6H5)]2Cl2 [3a (X = O); 3b (X = S)] were ob-
tained by the oxidation of the analogous palladium(II) ones
with PhICl2 and were characterized by 31P, 1H, and 13C NMR
spectroscopy at 223 K. Compound 3a was also structurally
characterized by single-crystal X-ray diffraction methods,
which revealed a Pd–Pd distance of 2.5212(10) Å. DFT calcu-
lations were conducted to study the stability of all of these
new palladium(III) and -(II) compounds with focus on the in-
fluence of the O↔S substitution of the donor atom in the li-

Introduction
Even though the chemistry of palladium(III) compounds

has undergone some major advances in the last ten years,
this area is still not well known.[1]

Few dinuclear palladium(III) compounds have been well
characterized since the first one with a Pd2

6+ core and a
M–M bond was synthesized by Cotton and co-workers.[2]

In recent years, our research has focused on the chemistry
of this type of palladium(III) compounds, and we reported
the first high-yield syntheses of these complexes.[3]

Moreover, Ritter and co-workers have characterized not
only other discrete dinuclear[4] and 1D wire[5] palladi-
um(III) complexes with metal–metal bonds but also a tran-
sition-state analogue for the oxidation of a palladium(II)
compound to a palladium(III) one.[6] Furthermore, Mirica
and co-workers and Bauer and co-workers reported new
dinuclear compounds with PdIII–X–PdIII bridges in their
structures.[7]

We performed a topological charge-density analysis of
several ortho-metalated palladium(III) compounds with
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gand. The palladium(II) compounds Pd2[(C6H4)PPh2]2-
[OXC(C6H5)]2 [2a (X = O), 2b (X = S)] were also tested as
precatalyst in two reactions: (1) the acetoxylation of 2-phen-
ylpyridine and (2) the room-temperature 2-phenylation of
indoles. Compound 2b is a better precatalyst than 2a in the
first reaction (4 h; isolated yield, 67.5 vs. 50.4%). In the sec-
ond catalytic reaction, isolated yields of 97 (10 h, substrate:
1-methylindole) and 99% (24 h, substrate: indole) were ob-
tained with 2a as the precatalyst, whereas 2b gave low or no
conversion.

bridging N,S-donor ligands, which had been synthesized
and characterized previously.[3e] The results were compared
with those obtained with similar compounds with N,O-do-
nor ligands. The study showed that the contribution of the
sulfur p orbitals to the highest occupied molecular orbital
(HOMO) allows a greater stabilization of the dinuclear pal-
ladium(III) compounds. In this paper, we present the syn-
thesis and characterization of new dinuclear palladium(III)
compounds of formula Pd2[(C6H4)PPh2]2[OXC(C6H5)]2Cl2
(X = O or S; Figure 1, A) obtained by the oxidation of
compounds of type B (Figure 1, B). The target is the study
of their reactivity and stability to obtain information about
how these compounds are affected by changes of the O do-
nor atom of the bridging ligand to a softer atom such as S.
DFT calculations have been performed for all of the palla-
dium(III) and -(II) compounds, and the results have been
compared with those for other carboxylate compounds.

Figure 1. Dinuclear metalated (A) palladium(III) and (B) palla-
dium(II) compounds.

Palladium compounds are effective catalysts in cross-
coupling reactions. The catalytic direct oxidation of arene
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C–H bonds has the potential to generate carbon–hetero-
atom or C–C bonds.[8] In this context, hypervalent iod-
ine(III) compounds have found extensive applications as
strong electrophiles and powerful oxidants.[9]

In recent years, the synthetic accessibility to palladium
compounds in high oxidation states (III and IV) has
changed the paradigm of some of these oxidation catalytic
processes and allowed the development of new strategies
in which these compounds are considered as intermediates.
Sanford and Hickman described the relevance and the ad-
vantages of “high-valent” organometallic palladium(III)
and -(IV) intermediates over the more common “low-va-
lent” analogues.[10] Ritter and co-workers produced the first
evidence of dinuclear palladium(III) intermediates in the
Pd-catalyzed oxidative functionalization of C–H bonds.[11]

Mirica and co-workers detected by UV/Vis spectroscopy
the presence of dinuclear palladium(III) complexes with a
halide bridging ligand in the Kharasch addition of poly-
haloalkanes to alkenes.[12] Bauer and co-workers demon-
strated that palladium(III) compounds act as enantioselec-
tive catalysts in the asymmetric rearrangement of allylic tri-
fluoroacetimidates.[7b]

Sanford and co-workers described some interesting stra-
tegies for selectivity in the C–H bond functionalization that
are based on the control of the substrate, the catalyst, or
both.[13] The substrate control can be accomplished either
through some coordinating functional groups that can di-
rect the activation to a specific C–H bond (benzo[h]quinol-
ine, 2-phenylpyridine) or through highly activated C–H sites
(indoles and pyrroles), which allow the functionalization
with high selectivity for one C–H bond in the molecule.

Considering these strategies for the control of the selec-
tivity in catalyzed C–H bond functionalization and to study
the different behavior of the dinuclear metalated palladi-
um(II) compounds described in this paper, we have tested
them in three catalytic direct C–H bond oxidation reac-
tions: the acetoxylation of 2-phenylpyridine and the 2-phen-
ylation of the 1-methylindole and indole. The results are

Scheme 1. Synthesis of 2a and 2b (isomer C).

Eur. J. Inorg. Chem. 2015, 2822–2832 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2823

compared with those published by Sanford and co-
workers[14,15] and Ritter and co-workers.[4b,11a] Notably,
these authors considered palladium(IV) or -(III) com-
pounds as intermediates in these catalytic processes.

Results and Discussion

Dinuclear Palladium(II) Compounds with Benzoato and
Thiobenzoato Bridging Ligands

Synthesis and Characterization

The reactions of [Pd{(C6H4)PPh2}Br]4 (1) with silver
benzoate or thiobenzoate produced Pd2[(C6H4)-
PPh2]2[OXC(C6H5)]2 [2a (X = O), 2b (X = S); Scheme 1].

The 31P NMR spectra of 2a and 2b showed a single sig-
nal, and the chemical shifts are listed in Table 1. Owing to
the asymmetric thiobenzoato ligand in 2b, there are three
possible isomers (Figure 2), but the 31P NMR spectrum
indicated that only one of the two possible isomers with
magnetically equivalent phosphorus nuclei was the final
product of the synthesis (Figure 2, C or D). The difference
in the observed chemical shifts between 2a and 2b suggests
that the atom trans to the phosphorus atom is different in
both compounds.

Table 1. 31P NMR spectroscopy data for palladium(II) and -(III)
compounds.

PdII compounds PdIII compounds
δ [ppm] 298 K δ [ppm] 223 K

2a 18.7 3a –13.0
2b 13.8 3b –16.9

Compounds 2a and 2b were structurally characterized by
single-crystal X-ray diffraction methods. ORTEP views of
both compounds are shown in Figure 3, and selected bond
lengths and angles are given in Table 2.

Both complexes show a paddlewheel structure in which
the dimetallic unit is supported by two cisoid ortho-met-
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Figure 2. Isomers of 2b.

Table 2. Selected distances [Å] and angles [°] for 2a and 2b.

2a 2b

Pd1–Pd2 2.6865(10) 2.7395(4)
Pd1–P1 2.231(3) 2.2946(9)
Pd1–Cmet 1.977(11) 1.984(4)
P1–Pd1–Xtrans 172.1(2) 175.28(4)
Cmet–Pd1–Otrans 173.7(4) 179.12(14)

alated phosphine ligands and two benzoato (2a) or two
thiobenzoato (2b) ligands to complete the palladium
square-planar coordination mode. The Pd–Pd distances of
2.6865(10) and 2.7395(4) Å are shorter than the sum of the
van der Waals radii (3.26 Å). We have included a charge-
density analysis at the Pd–Pd bond critical points (BCPs)
that supports a PdII···PdII interaction with some electron
sharing in both of the palladium(II) compounds, as was
already observed for other dinuclear palladium(II) com-
pounds.[3a,3c,3d,3f] This interaction was observed in the UV/
Vis spectra, in which the lowest-energy signal involved
mainly d–d excitations (Supporting Information, Figures S1
and S2).

A comparison with the Pd–Pd distances of previously
structurally characterized carboxylate ortho-metalated di-
nuclear palladium(II) compounds[16] reveals that 2a shows
the second-shortest distance (Table 3) and the distance is
larger in carboxylate compounds with electron-withdrawing
groups. This trend is completely consistent with the compu-
tationally optimized Pd–Pd distances, which are longer for
carboxylates with CF3 and C6F5 groups than for 2a.

Figure 3. ORTEP views of 2a and 2b with the H atoms and the nonmetalated phenyl groups of the phosphines omitted for clarity.
Ellipsoids drawn at 15% probability.
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Table 3. Pd–Pd distances in carboxylate dinuclear palladium(II)
compounds.

R in Pd2[(C6H4)PPh2]2- Experimental Pd–Pd Computational Pd–Pd
[O2CR]2 distance [Å] distance [Å]

CF3 2.7229(8)[a] 2.727
C(CH3)3 2.6779(15)[a] 2.707
C6F5 2.7078(6)[a] 2.724
C6H5 2.6865(10) 2.710

[a] Ref.[16]

Compound 2b shows a longer Pd–Pd distance of
2.7395(4) Å, and this value is in the range of those observed
in other paddlewheel ortho-metalated palladium com-
pounds with N,S-donor ligands (2.7212–2.8031 Å).[3e] The
structure shows that only the symmetric isomer C with the
O atom trans to the C atom and the S atom trans to the P
atom was obtained, in agreement with the 31P NMR spec-
trum. This structure explains the chemical shift differences
observed in the 31P NMR spectra of 2a and 2b. The prefer-
ence for isomer C was also confirmed computationally, as
isomer C had a lower total energy relative to the other sym-
metric isomer D by ca. 32 kJmol–1.

Electrochemical Studies

The electrochemical behavior of 2a and 2b has been in-
vestigated to evaluate them as precursors in the synthesis of
new palladium(III) complexes. The electrochemical oxid-
ation of both complexes was conducted in CH3CN at room
temperature, and the cyclic voltammograms are shown in
Figure 4.

Compound 2a showed similar electrochemical behavior
to that of other carboxylate dinuclear palladium(II) com-
pounds previously described.[16] In the initial anodic scan,
two reversible waves were observed at potential values of
0.92 and 1.20 V. The first wave can be described in terms of
a reversible one-electron transfer process in the starting
Pd2

4+ complexes to yield the mixed-valent Pd2
5+ cationic

species. The electrochemical potential of this wave is 0.92 V
versus Ag/AgCl(satd. KCl), and has been calculated as the
half-sum of the anodic and cathodic peak potentials. As the
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Figure 4. Cyclic voltammograms for (a, – black) 2a, (a, – red) 2a in presence of TEACl, and (b) 2b.

potential value decreases with the electron-donating ability
of the carboxylato ligand,[16] this value is lower than those
for complexes that contain carboxylates with electron-with-
drawing groups such as CF3 or C6F5 (Table 4).

Table 4. Summary of electrochemical data for carboxylate dinuclear
palladium(II) complexes.

R in Pd2[(C6H4)PPh2]2[O2CR]2 E1/2
ox1 [V] E1/2

ox2 [V]

CH3 0.96[a] 1.38[a]

CF3 1.25[a] 1.49[a]

C(CH3)3 0.84[a] 1.31[a]

C6F5 1.04[a] 1.35[a]

C6H5 0.92 1.20

[a] Electrochemical oxidation was conducted in CH2Cl2. No ap-
preciable differences in the electrochemical potential values were
observed in the electrochemical oxidation of ferrocene conducted
in CH2Cl2 or CH3CN.[16]

The second reversible wave at an electrochemical poten-
tial of 1.21 V was assigned to the Pd2

5+ � Pd2
6+ process.

Compound 2b showed an irreversible oxidation wave at
0.89 V, and the reduction wave at 0.81 V could be seen only
at high scan rates (0.40 Vs–1). A second oxidation process,
also irreversible, was observed at 1.09 V and, as for the
above process, the corresponding reduction wave was ob-
served at high speeds at 1.02 V. These potentials are lower
than those observed for 2a and show the higher electron-
donating capacity of the thiobenzoato ligand relative to the
benzoato ligand.

Cyclic voltammograms for both compounds were also
recorded in the presence of two moles of chloride ions from
tetraethylammonium chloride (TEACl) per mole of the di-
nuclear palladium(II) compound. The aim was to study
how the presence of ligands that can occupy the axial posi-
tion influences the stability of the species formed in the elec-
trochemical oxidation.

For 2a, the voltammogram of which showed two revers-
ible waves, the addition of chloride ions changed the elec-
trochemical behavior. The voltammogram showed one sin-
gle oxidation anodic wave at a potential slightly lower than
the first one recorded (Figure 4, a, red). This wave ap-
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proaches an irreversible two-electron oxidation process
followed by a reduction wave at 0.57 V in a subsequent
cathodic scan. This electrochemical process involves a two-
electron oxidation with the addition of two chloride ions to
afford a Cl–PdIII–PdIII–Cl species. The voltammogram of
the palladium(III) compound 3a (Figure S3) showed the
same anodic wave and, therefore, supports the formation of
this compound through the electrochemical oxidation of 2a
in the presence of chloride ions. This behavior was observed
previously and implies that the oxidation of the dinuclear
palladium(II) compounds is followed by the addition of a
chloride ion in the axial position.[3f,16,17]

The voltammogram of 2b in the presence of two moles
of chloride ions (TEACl) was similar to that observed for
2a under the same conditions. A first oxidation wave, also
irreversible, appeared at lower potentials (0.78 V). The sec-
ond oxidation wave at 1.3 V can be assigned to the oxid-
ation of the chloride. In the cathodic scan, a new irrevers-
ible wave was observed at 0.38 V (Figure S4).

Dinuclear Palladium(III) Compounds with Benzoato and
Thiobenzoato Bridging Ligands

The reversible electrochemical behavior observed for the
Pd2

5+/Pd2
4+ and Pd2

6+/Pd2
5+ processes in 2a suggested that

it is a suitable starting complex for the synthesis of the pal-
ladium(III) counterpart. Despite the irreversible electro-
chemical behavior for 2b, DFT calculations have confirmed
that the formation of Pd–Cl bonds through the chemical
oxidation of palladium(II) compounds with PhICl2 can sta-
bilize the obtained palladium(III) compounds.[3d,3e] With
this observation in mind, the syntheses of new palladi-
um(III) compounds by chemical oxidation have been ad-
dressed.

Chemical Oxidation of 2a and 2b

The oxidation of 2a and 2b with PhICl2 allowed us to
obtain dinuclear PdIII compounds of formula Pd2[(C6H4)-
PPh2]2[OXC(C6H5)]2Cl2 [3a (X = O), 3b (X = S); Scheme 2].
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Scheme 2. Synthesis of 3a and 3b.

The reactions were followed by 31P NMR spectroscopy
from 200 to 298 K, which showed the stability of these com-
pounds. The 31P NMR spectra of both compounds showed
only a single signal that is shifted toward high field by ca.
30 ppm relative to the observed signals for 2a and 2b
(Table 1). In agreement with previous reports, this indicates
the formation of palladium(III) compounds.[3]

Compounds 3a and 3b were relatively stable at room
temperature and they were synthesized and characterized
by 13C, 1H, and 31P NMR spectroscopy at low temperature
(223 K).

Compound 3a was also structurally characterized by sin-
gle-crystal X-ray diffraction methods. The structure is
shown in Figure 5 together with important bond lengths
and angles.

Figure 5. ORTEP view for 3a with the H atoms and the non-
metalated phenyl groups of the phosphines omitted for clarity. El-
lipsoids drawn at 25% probability. Important bond lengths [Å] and
angles [°]: Pd1–Pd1 2.5212(10), Pd1–P1 2.2521(14), Pd1–Cmet

2.033(5), P1–Pd1–Xtrans, 176.28(18), Cmet–Pd1–Otrans, 174.88(10).

The Pd2
6+ unit is bridged by two cisoid ortho-metalated

phosphine ligands and two benzoato ligands in a head-to-
tail arrangement. Two chlorido ligands are coordinated in
axial positions. The Pd–Pd distance of 2.5212(10) Å is one
of the shortest among the characterized paddlewheel ortho-
metalated palladium(III) derivatives (Table 5) and all of the

Table 5. Pd–Pd distances in carboxylate dinuclear palladium(III)
compounds.

R in Pd2[(C6H4)PPh2]2- Experimental Pd–Pd Computational Pd–Pd
[O2CR]2Cl2 distance [Å] distance [Å]

CH3 2.5294(17)[a] 2.548
CF3 2.5434(4)[a] 2.566
C(CH3)3 2.5241(9)[a] 2.550
C6H5 2.5212(10) 2.553

[a] Ref.[3b]
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discrete dinuclear palladium(III) compounds described in
the literature.[2–4]

Unfortunately, suitable crystals of 3b for X-ray diffrac-
tion methods could not be obtained.

DFT Studies of PdII and PdIII Compounds

All of the PdII and PdIII compounds were computation-
ally fully optimized at the DFT level of theory, and the
nature of the bonding interactions was studied by using the
Quantum Theory of Atoms in Molecules (QTAIM). In par-
ticular, we wanted to observe how the replacement of the
hard oxygen atom in the carboxylato ligands with the softer
sulfur atom in the thiocarboxylato ones would affect the
nature of the interactions. The optimized structures are pre-
sented in Figure 6 along with selected distances. A compari-
son of the properties of the electron density at the BCPs is
provided in Table 6.

Figure 6. Optimized structures of the PdII carboxylate and thio-
carboxylate complexes 2a and 2b. For clarity, hydrogen atoms and
free phenyl groups of the phosphine ligands are omitted. Color
scheme: Pd green, O red, S yellow, P orange, C gray. The blue
dashed lines depict the axial Pd–Pd interactions. The Pd–Pd and
Pd–X distances are shown in the boxes.

The atom trans to the phosphorus atom has the only
major effect on the geometry and properties of the PdII

compounds with either O,O or O,S ligands. The trans effect
shortens the Pd–O distance notably in the carboxylate com-
plex 2a, which leads to stronger bonding interactions (–144
vs. –128 kJmol–1) as well as more electron density at the
bond critical points for the oxygen atoms trans to the P
atom (Figure 6 and Table 6). However, in 2b the increased
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Table 6. Pd–Pd and Pd–X (X = S or O) distances [Å], electron
density ρ [eÅ–3], and interaction energy Eint [kJmol–1] at the Pd–
Pd and Pd–X BCPs in carboxylate and thiocarboxylate dinuclear
palladium(II) compounds 2a and 2b and PdIII compounds 3a and
3b. |V|/G = ratio between potential energy density and kinetic en-
ergy density, Ω = delocalization index.

2a (X = O) 2b (X = S) 3a (X = O) 3b (X = S)

d(Pd–Pd) 2.710 2.715 2.553 2.596
d(Pd–O2)[a] 2.149 2.119 2.142 2.168
d(Pd–X) 2.116 2.348 2.101 2.387
ρ(Pd–Pd) 0.301 0.277 0.447 0.417
ρ(Pd–O2) 0.466 0.427 0.491 0.511
ρ(Pd–X) 0.521 0.547 0.549 0.492
Eint(Pd–Pd) –64 –57 –78 –70
Eint(Pd–O2) –128 –118 –131 –138
Eint(Pd–X) –144 –114 –149 –96
|V|/G (Pd–Pd) 1.23 1.23 1.44 1.44
|V|/G (Pd–O2) 1.01 0.99 1.02 1.02
|V|/G (Pd–X) 1.03 1.32 1.04 1.32
Ω (Pd–Pd) 0.35 0.34 0.62 0.62
Ω (Pd–O2) 0.46 0.42 0.46 0.47
Ω (Pd–X) 0.49 0.74 0.50 0.65

[a] O2 is the oxygen atom trans to the ortho-metalated C atom, see
Figure 6.

electron density at the Pd–S BCP does not lead to stronger
metal–ligand bonding, as can be seen in the slightly lower
interaction energies at the Pd–Pd, Pd–O2, and Pd–X bond
critical points for the thiobenzoato compound. The weaker
metal–ligand interactions suggest somewhat smaller sta-
bility for the thiocarboxylate compounds. On the other
hand, the nature of the Pd–S bond is different from that of
the Pd–O bond, and both the |V|/G values and the delocal-
ization index (which gives an estimate of the bond index)
predict more-covalent bonding for the Pd–S bonds than for
the Pd–O bonds. A reason for the larger amount of electron
sharing can be seen in the larger p-orbital contribution of
the sulfur atoms in the HOMOs and lowest unoccupied mo-
lecular orbitals (LUMOs) of the molecules (Figure S2). The
more-covalent nature of the Pd–S interaction is also ob-
served in the Laplacian of the electron density (the second
derivative of ρ), which is compared in Figure 7 for 2a and
2b. The Laplacian presentation also shows an additional
interaction between sulfur atom S1 and one of the hydrogen
atoms from the phenyl substituent of the thiobenzoato li-
gand. This weak hydrogen-bonding interaction (Eint =
–11 kJmol–1) stabilizes the structure further and, hence, the
overall stabilities of 2a and 2b are very similar.

The addition of two axial chlorido ligands to 2a and 2b
showed that both compounds were readily oxidized to yield
3a and 3b. The stability of the oxidized compounds was
studied by calculating the reaction energies of the model
reaction Pd2[(C6H4)PPh2]2[OXC(C6H5)]2 + Cl2 � Pd2-
[(C6H4)PPh2]2[OXC(C6H5)]2Cl2. The reaction energies were
again similar at –146 and –140 kJ mol–1 for the O,O and
O,S complexes, respectively, but somewhat larger than the
previously reported reaction energies for N–N–N (tri-
azenide)[3f] and N–C–N (amidinate)[3c] compounds, which
gave energies of ca. –85 kJ mol–1. However, the less-favor-
able oxidation of the triazenides and the benzamidinates
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Figure 7. Laplacian of the electron density at the Pd1–Pd2–X plane
(X = O or S) for 2a and 2b. The boxes show the electron-density
values at the corresponding BCPs.

can be explained by steric reasons, as both ligands had
bulky phenyl groups attached to the nitrogen atoms, which
partially hindered the axial interaction of the chlorido li-
gands.

A closer inspection of the nature of the bonding interac-
tions was done with the QTAIM method. The properties of
the electron density for 3a and 3b are listed in Table 6 to-
gether with those of the corresponding PdII complexes.

The nature of the Pd–Pd interaction changes with the
attachment of the axial chlorido ligands in the PdIII com-
pounds. The negative chlorido ligands donate electron den-
sity, which is mainly distributed to the metal atoms, and ρ
increases notably at the Pd–Pd BCP. This leads to increased
covalency and a stronger metal–metal interaction in both
3a and 3b. The metal–ligand bonding is also somewhat af-
fected; in the carboxylate compound 3a, the Pd–O interac-
tions show increasing strength, but the opposite is true for
3b: the Pd–S interaction has less electron density and
smaller interaction energy in 3b than in the parent 2b. Thus,
the axial interaction with the chlorido ligands strengthens
the Pd–O interaction (in both 3a and 3b) but weakens the
Pd–S interaction. However, again the sulfur atom of the
thiobenzoato ligand is able to form an additional stabilizing
S···H interaction with the phenyl group and, therefore, the
stabilities of 3a and 3b are similar.

A comparison of the nature of the interactions in other
carboxylate and thiocarboxylate compounds revealed only
minor differences (Tables S1 and S2). Strongly electron-
withdrawing substituents, such as CF3, yield slightly less
electron density at the Pd–Pd BCPs, which in turn weakens
the interaction in both the PdII and the PdIII compounds.
This effect is also seen in larger Pd–Pd distances for R =
CF3.

Metalated Palladium(II) Compounds in the Catalytic Direct
Oxidation of Arene C–H Bonds

Compounds 2a and 2b have been tested as precatalysts
in oxidative C–H coupling reactions. To achieve site selec-
tivity in the C–H bond functionalization, we have consid-
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ered the strategies based on the substrate control reported
by Sanford and co-workers.[13] 2-Phenylpyridine, the coordi-
nating N atom of which can direct the C–H activation, and
1-methylindole or indole with highly activated C–H bonds
have been used as substrates in the catalytic reactions.

Acetoxylation of 2-Phenylpyridine

The catalyzed C–H acetoxylation of 2-phenylpyridine to
give 5 has been studied with iodobenzene acetate as the
oxidant and 2a and 2b as precatalysts (Scheme 3). Different
solvents, temperatures, and reaction times were tested, and
the results are listed in Table 7.

Scheme 3. Acetoxylation of 2-phenylpyridine.

Table 7. Acetoxylation of 2-phenylpyridine.

Entry Solvent Temp. [°C] Time [h] Isolated yield [%]
2a 2b

1 toluene/EtOAc (1:1) 80 2 15 44
2 toluene/EtOAc (1:1) 80 4 50 68
3 CH3CO2H 115 4 30 50
4 CH3CN 80 4 38 57
5 EtOAc 50 20 8 9
6 EtOAc 60 8 11 12
7 EtOAc 80 5 28 34

The temperature plays an important role in this catalytic
process. If the reaction is performed in ethyl acetate, the
yields increase as the temperature increases, even if the reac-
tion time decreases (Table 7, Entries 5–7). A 1:1 toluene/
EtOAc mixture gave the best results among the solvents
that were tested (Table 7, Entry 2). In all cases, 2b was a
better precatalyst than 2a. All of the reactions were fol-
lowed by 1H NMR spectroscopy.

Without the presence of the palladium complexes, the
reaction did not proceed.

Sanford, who pioneered this type of catalytic C–H oxid-
ation reaction, obtained a yield of 52% for 5 after 12 h of
reaction with CH3CN as the solvent at 100 °C and Pd(OAc)2

as the precatalyst.[14] With other 2-phenylpyridines with
substituted phenyl groups as substrates, the yields for the
acetoxylated product were generally higher.[18]

Subsequently, for the reaction in acetic acid at 80 °C and
Pd(OAc)2 as the precatalyst, Ritter and co-workers
achieved yields of 15–37 % after 12 h, depending on the
amount of palladium compound used (see Supporting In-
formation for ref.[4b]). The studies conducted by these re-

Scheme 4. 2-Phenylation of 1-methylindole (6a) and indole (6b).
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searchers disclosed the first evidence of a dinuclear palladi-
um(III) complex as an intermediate in the catalyzed C–H
acetoxylation. The palladium(III) compound Pd2(2-Phpy)2-
(OAc)2Cl2 (2-Phpy = 2-phenylpyridinate) in the presence of
20 equiv. of 4 at 40 °C gave 5 in 91 % yield; therefore, this
palladium(III) compound is a kinetically competent cata-
lyst for the 2-phenylpyridine acetoxylation.[4b,11a]

2-Phenylation of 1-Methylindole and Indole

Compounds 2a and 2b have been tested as precatalysts
in the room-temperature direct 2-phenylation of indoles (6a
and 6b) with [Ph2I]PF6 in acetic acid to give compounds 8a
and 8b, respectively (Scheme 4). The reactions were fol-
lowed by 1H NMR spectroscopy, and the results are dis-
played in Table 8.

Table 8. 2-Phenylation of 1-methylindole (6a) or indole (6b).

Entry Palladium compound Substrate Time Product Isolated
[h] yield [%]

1 2a 6a 10 8a 97
2 Pd2[(C6H4)PPh2]2[O2CCH3]2 6a 9 8a 95
3 Pd2[(C6H4)PPh2]2[O2CCF3]2 6a 11 8a 90
4 2a 6b 24 8b 99
5 Pd2[(C6H4)PPh2]2[O2CCH3]2 6b 21 8b 98
6 Pd2[(C6H4)PPh2]2[O2CCF3]2 6b 36 8b 98

Compound 2a is an efficient precatalyst for the direct
phenylation of both indoles to give high isolated yields for
8a and 8b, but the reaction with 1-methylindole proceeded
in a shorter reaction time (Table 8, Entries 1 and 4). The
results were compared with those obtained with other carb-
oxylate palladium compounds, and similar trends, that is,
high isolated yields with similar reaction times for each sub-
strate (Table 8, Entries 2, 3, 5, and 6), were obtained.

With 2b as the precatalyst, the 1-methylindole phen-
ylation proceeded less than 50% after 7 d of reaction, as
observed by 1H NMR spectroscopy. For indole, no 2-phen-
ylindole was observed after 20 d of reaction, but only 50%
of the initial indole remained in solution; therefore, some
of the substrate evolved to unidentified products.

Other dinuclear palladium compounds have been applied
in these catalytic reactions. We point out that the phenolate
palladium derivative Pd2[(C6H4)PPh2]2[C6H5OC(O)CH3]2
gave an isolated yield of 8a of 93 % with a reaction time of
2 h,[3d] and 8b was obtained in 88% yield after 7 h with the
triazenide palladium compound Pd2[(C6H4)PPh2]2[C6H5N–
N–NC6H5]2 as the precatalyst.[3f] With the mononuclear
palladium compound IMesPd(OAc)2 [IMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene] as a potential catalyst
and [Ph2I]BF4 as the oxidant, Sanford and co-workers ob-
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tained an isolated yield of 86% of 8a after 18 h of reaction
and 81% of 8b after 15 h.[15]

If the reaction was attempted without the presence of
palladium complexes, compounds 8a or 8b were not ob-
served. At the end of each reaction, a solid was obtained.
These solids did not catalyze the phenylation reaction.

The HPF6 obtained by the reaction of [Ph2I]PF6 with
acetic acid decomposed at room temperature to give HF.[19]

With 3a as the precatalyst, the 2-phenylation of 1-meth-
ylindole progressed less than 5% after 14 h. No reaction
was observed with 3b.

Mechanistic Insights from DFT Calculations

Previously, we established that the initial step in the 2-
phenylation of 1-methylindole with palladium triazenides as
precatalysts involved the axial attachment of a phenyl group
to the palladium atom.[3f] In the present work, we repeated
the computational procedure for 2a and 2b to check how
probable the same initial step would be. The complexes op-
timized for the study are shown in Figure 8 with a compari-
son of the most important interactions. Selected geometri-
cal and electronic parameters for the PdIII carboxylate and
thiocarboxylate compounds with axial phenyl groups are
listed in Table S3. The nature of the bonding in the precata-
lysts 2a, 2b, 3a, and 3b is compared in Table 6.

Figure 8. Optimized structures of the carboxylate and thiocarbox-
ylate complexes with axial phenyl groups. For clarity, hydrogen
atoms and free phenyl groups of the phosphine ligands are omitted.
Color scheme: Pd green, O red, S yellow, P orange, C gray. The
blue dashed lines depict the axial interactions.

The steric properties of 2a and 2b are rather different
from those of the previously studied triazenides. Therefore,
the axial sites are more open for the attachment of the
phenyl rings, and the reactions are very favorable for the
carboxylate and thiocarboxylate compounds. The relative
reaction energies for the addition of two Ph– groups to 2a
and 2b showed that stable structures are formed (Ereact =
–40 and –68 kJ mol–1 for 2a and 2b, respectively). On the
other hand, both 2a and 2b showed very similar properties
for the Pd–C(Ph) interaction (Table S3), and it could be
concluded that the first step of the catalysis reaction most
probably would include the attachment of the phenyl ring
to the palladium atoms at the axial site. When inspecting
the effect of the axial phenyl groups on the nature of the
Pd–Pd interaction, we noted that the originally antibonding
HOMOs of 2a and 2b changed to bonding interactions in-
volving the metal d orbitals (Figures S2 and S5). This
change in the nature of HOMO led to the destabilization
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of the HOMO energy, as can be seen in Table S4. The
LUMOs of (2a + 2Ph) and (2b + 2Ph) also concentrated at
the axial direction, but in this case the contribution of the
axial phenyl groups led to lower energy. On the other hand,
the HOMO–LUMO gap was in the same range for 3a and
3b, which indicates a similar stability for the complexes with
axial phenyl groups. However, no major differences could
be found between complexes 2a and 2b, which would ex-
plain why the catalysis reaction would not proceed effec-
tively with the O,S compound. In this case, it can be sug-
gested that the difference comes from kinetic control rather
than thermodynamic control.

Conclusions

The new palladium(III) compounds Pd2[(C6H4)PPh2]2-
[OXC(C6H5)]2Cl2 [3a (X = O), 3b (X = S)] are relatively
stable at room temperature and have been synthesized and
characterized by spectroscopic techniques at 223 K. Com-
pound 3a was also characterized by single-crystal X-ray dif-
fraction methods, which revealed a Pd–Pd distance of
2.5212(10) Å.

DFT calculations have been conducted to study the sta-
bility of all of these new palladium(II) (2a and 2b) and -(III)
(3a and 3b) compounds, and we focused on the influence
of the O↔S substitution at the donor atom of the ligand.
Although stronger Pd–O bonding interactions than Pd–S
ones suggest a somewhat lower stability for 2b, a weak in-
teraction between the sulfur atom and one of the hydrogen
atoms from the phenyl group of the thiobenzoato ligand
stabilizes the structure; therefore, 2a and 2b have similar
stabilities. In the oxidized compounds 3a and 3b, the axial
chlorido ligands increase the covalency and strength of the
metal–metal interaction in a similar way for both com-
plexes, whereas the Pd–O interaction is strengthened, and
the Pd–S interaction is weakened. Again, an additional
sulfur–hydrogen interaction stabilizes 3b.

The isolated palladium(II) compounds were tested as
precatalyst in two reactions: (1) the acetoxylation of 2-
phenylpyridine and (2) the room-temperature 2-phenylation
of indoles. Compound 2b is a better precatalyst for the first
reaction (reaction time: 4 h; isolated yield: 67.5 vs. 50.4%).
In the second catalytic reaction, isolated yields of 97 (reac-
tion time: 10 h, substrate: 1-methylindole) and 99% (reac-
tion time: 24 h, substrate: indole) were obtained with 2a as
precatalyst, whereas 2b gave low or no conversion. DFT
calculations were also performed to explore the potential
PdIII–Ph intermediates in the catalytic 2-phenylation of ind-
oles. The study showed very similar properties for the Pd–
C(Ph) interactions of both compounds.

Experimental Section
General: All of the reactions were performed under a dry nitrogen
atmosphere by using Schlenk techniques. Solvents were purified
according to standard procedures. Commercially available reagents
were used as purchased. [Pd((C6H4)PPh2)Br]4,[20] 1, and iodo-
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benzene dichloride[21] were synthesized according to literature pro-
cedures. Solvent mixtures are v/v mixtures. Column chromatog-
raphy was performed with silica gel (35–70 mesh).

NMR spectra were recorded with Bruker 400 and 500 AMX spec-
trometers with samples as solutions in deuterated chloroform or
dichloromethane at 298 K and low temperature. The chemical
shifts are reported in ppm with tetramethylsilane (TMS; 1H and
13C) and 85 % H3PO4 (31P) as references. The coupling constants
(J) are in Hertz.

Elemental analysis was provided by SCSIE of the University of
Valencia.

Suitable single crystals of 2a, 2b, and 3a, were obtained by layering
hexane over dichloromethane solutions of the corresponding com-
pounds. The crystals were mounted on glass fibers, and the diffrac-
tion 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).[22] All non-hydrogen atoms were assigned aniso-
tropic displacement parameters and refined without positional con-
straints. All hydrogen atoms except those bonded to oxygen atoms
in water molecules, were calculated with a riding model. Crystals
of 2a and 3a crystallized with disordered water molecules, which
led to difficulties with modeling the solvent. In both cases, the H
atoms corresponding to those water molecules could not be located
from difference Fourier maps. Complex neutral-atom scattering
factors were used.

CCDC-1052931 (for 2a), -1052932 (for 2b), and -1052933 (for 3a)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

The electrochemical studies were performed at room temperature
with a 273 A PAR potentiostat in a three-electrode cell. The work-
ing electrode was a Pt electrode with a surface of 3.1 mm2, the
counter electrode was a Pt wire, and the reference electrode was
Ag/AgCl (saturated KCl). The solvent was CH3CN/0.1 m

Bu4NPF6, the concentration of the compounds in the solutions was
0.5 mm, and the scan rate was 50 mVs–1. Under these conditions,
Ea for the couple Fc/Fc+ (Fc = ferrocene) was 0.55 V.

Silver Benzoate: In a 1:1 stoichiometric ratio, a solution of AgNO3

(0.5 mmol) in water (1 mL) was added under vigorous stirring to
a CH2Cl2 solution (2 mL) of benzoic acid (0.5 mmol) previously
deprotonated with a methanolic solution of NaOMe. A white pre-
cipitate was collected by filtration, washed with MeOH (2 � 4 mL),
and vacuum-dried. It was used without further purification, yield
617 mg (66%).

Pd2[(C6H4)PPh2]2[O2CC6H5]2 (2a): [Pd{(C6H4)PPh2}Br]4 (1;
70 mg, 0.039 mmol) was suspended in CH2Cl2 (10 mL), and silver
benzoate (40 mg, 0.175 mmol) was added. The reaction mixture
was stirred for 24 h, after which the crude mixture was filtered
through a short plug of Celite. The solution was evaporated to
dryness, and the yellow solid precipitated by the addition of hexane
was collected by filtration and washed with hexane, yield 73 mg
(96%). 1H NMR (CDCl3, 500 MHz, 298 K): δ = 7.62 (m, 4 H, Ar),
7.45 (m, 2 H, Ar), 7.39 (m, 4 H, Ar), 7.24 (m, 2 H, Ar), 7.16 (m,
6 H, Ar), 7.07 (m, 6 H, Ar), 7.01 (m, 4 H, Ar), 6.87 (m, 4 H, Ar),
6.72 (m, 6 H, Ar) ppm. 31P NMR (CDCl3, 202 MHz, 298 K): δ =
18.7 (s) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ = 175.1 (s,
COO), 160.4 (t, 3JP,C = 11 Hz, C metalated), 139.8–122.0 (Ar) ppm.
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C50H38O4P2Pd2 (977.60): calcd. C 61.43, H 3.92; found C 61.12, H
3.79.

X-ray Crystal Structure Data for 2a: Empirical formula
(C50H38O4P2Pd2)2·5O(H2), Mr = 2035.09, monoclinic, space group
P21/c, a = 22.9220(10), b = 20.5120(10), c = 20.6540(10) Å, β =
107.733(10)°, V = 9249.6(8) Å3, Z = 4, Mo-Kα radiation, 273(2) K,
23236 reflections, 13209 independent, 1084 parameters, 1006 re-
straints, R1 = 0.0697 (I�2σ) and wR2 (all data) = 0.2303.

Pd2[(C6H4)PPh2]2[OSCC6H5]2 (2b): Compound 2b was obtained by
the reaction of potassium thiobenzoate with [Pd2[(C6H4)PPh2]2-
(NCMe)4][BF4]2. The potassium thiobenzoate was prepared by the
reaction of a CH2Cl2 solution (2 mL) of thiobenzoic acid (31 mg,
0.225 mmol) with potassium hydroxide (13 mg, 0.230 mmol) dis-
solved in the minimum amount of methanol. This solution was
added to [Pd2[(C6H4)PPh2]2(NCMe)4][BF4]2, which was prepared
by the reaction of a suspension of 1 (100 mg, 0.056 mmol) in
CH2Cl2/NCMe (8:1, 20 mL) with AgBF4 (46 mg, 0.236 mmol). Af-
ter 5 min of stirring, the solution was evaporated to dryness. The
yellow crude product obtained was extracted with dichlorometh-
ane, and the solution was filtered through a short plug of Celite
and evaporated to dryness. The product was purified by silica gel
chromatography with hexane/CH2Cl2 (1:1) as the eluent. A yellow
solid was obtained by precipitation with hexane and collected by
filtration, yield 83.0 mg (73%). 1H NMR (CDCl3, 500 MHz,
298 K): δ = 7.56 (m, 4 H, Ar), 7.49 (m, 4 H, Ar), 7.24 (m, 6 H,
Ar), 7.06 (m, 12 H, Ar), 6.92 (m, 2 H, Ar), 6.85 (m, 4 H, Ar), 6.79
(m, 2 H, Ar), 6.61 (m, 4 H, Ar) ppm. 31P NMR (CDCl3, 202 MHz,
298 K): δ = 13.8 (s) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ
= 210.7 (s, COS) 159.0 (t, 3JP,C = 12 Hz, C metalated), 140.6–122.0
(Ar) ppm. C50H38O2P2Pd2S2 (1009.72): calcd. C 59.47, H 3.79;
found C 60.04, H 3.95.

X-ray Crystal Structure Data for 2b: Empirical formula
C50H38O2S2P2Pd2, Mr = 1009.66, triclinic, space group P1̄, a =
14.9440(4), b = 16.2570(4), c = 19.0890(5) Å, α = 91.6990(16), β =
111.1940(12), γ = 93.9340(14)°, V = 4306.30(19) Å3, Z = 4, Mo-
Kα radiation, 273(2) K, 27781 reflections, 19043 independent, 1045
parameters, 0 restraints, R1 = 0.0418 (I�2σ) and wR2 (all data) =
0.1165.

Pd2[(C6H4)PPh2]2[OXCC6H5]2Cl2 (X = O, 3a; X = S, 3b): To a
solution of 2a or 2b (0.040 mmol) in CH2Cl2 (5 mL) at 223 K was
added iodobenzene dichloride (12 mg, 0.045 mmol). 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 hexane, yield 30 mg (72%) 3a; 39 mg (90%) 3b.

Characterization Data for 3a: 1H NMR (CD2Cl2, 400 MHz,
223 K): δ = 8.16 (m, 6 H, Ar), 7.76 (m, 2 H, Ar), 7.59 (m, 2 H,
Ar), 7.46 (m, 6 H, Ar), 7.30 (m, 4 H, Ar), 7.11 (m, 12 H, Ar), 6.96
(m, 4 H, Ar), 6.82 (m, 2 H, Ar) ppm. 31P NMR (CD2Cl2, 400 MHz,
223 K): δ = –13.0 (s) ppm. 13C NMR (CD2Cl2, 400 MHz, 223 K):
δ = 179.5.1 (s, COO), 154.2 (m, C metalated), 145.0.8–124.0 (Ar)
ppm. C50H38Cl2O4P2Pd2 (1048.50): calcd. C 57.26, H 3.62; found
C 57.52, H 3.45.

X-ray Crystal Structure Data for 3a: Empirical formula
C50H38O4Cl2P2Pd2·4O(H2), Mr = 1114.46, monoclinic, space group
C2/c, a = 15.0680(7), b = 17.6230(8), c = 20.1580(6) Å, β =
107.235(2)°, V = 5112.5 (4) Å3, Z = 4, Mo-Kα radiation, 273(2) K,
9757 reflections, 5825 independent, 284 parameters, 0 restraints, R1

= 0.0550 (I� 2σ) and wR2 (all data) = 0.1869.

Characterization Data for 3b: 1H NMR (CD2Cl2, 400 MHz,
223 K): δ = 8.11 (m, 4 H, Ar), 7.66 (m, 6 H, Ar), 7.55 (m, 4 H,
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Ar), 7.35 (m, 4 H, Ar), 7.12 (m, 6 H, Ar), 7.03 (m, 8 H, Ar), 6.87
(m, 4 H, Ar), 6.77 (m, 2 H, Ar) ppm. 31P NMR (CD2Cl2, 400 MHz,
223 K): δ = –16.9 (s) ppm. 13C NMR (CD2Cl2, 400 MHz, 223 K):
δ = 212.9 (s, COS), 154.7 (m, C metalated), 145.4–124.0 (Ar) ppm.

Acetoxylation of 2-Phenylpyridine: 2-Phenylpyridine (60 μL,
0.33 mmol), PhI(OAc)2 (326 mg, 1 mmol), and catalyst (2a or 2b,
0.015 mmol) were mixed in solvent (2.2 mL), and the solution was
heated at the indicated temperature and time. The solvent was re-
moved under vacuum, and the resulting solid was purified by silica
gel column chromatography with hexanes/ethyl acetate (90:10) as
the eluent.

Compound 5: 1H NMR (CDCl3, 400 MHz, 298 K): δ = 8.77 (ddd,
JH,H = 6.0, JH,H = 1.8, JH,H = 1.0 Hz, 1 H), 7.85 (m, 1 H), 7.71
(dd, JH,H = 7.6, JH,H = 2.0 Hz, 1 H), 7.59 (m, 1 H), 7.46 (m, 1 H),
7.38 (dd, JH,H = 7.6, JH,H = 1.3 Hz, 1 H), 7.34 (m, 1 H), 7.20 (dd,
JH,H = 8.0, JH,H = 1.3 Hz, 1 H), 2.18 (s, 3 H, CH3) ppm. 13C NMR
(CDCl3, 100 MHz): δ = 169.3 (s, Cquat.), 154.9 (s, Cquat.), 148.6 (s,
CH), 148.0 (s, Cquat.), 137.5 (s, CH), 131.8 (s, Cquat.), 130.9 (s, CH),
130.2 (s, CH), 126.5 (s, CH), 124.2 (s, CH), 123.2 (s, CH), 122.6 (s,
CH), 20.9 (s, CH3) ppm.

Direct Catalytic Phenylation of 1-Methylindole and Indole: The pro-
cedure reported by Sanford and co-workers was followed.[10] 1-
Methylindole (6a) or indole (6b; 58.6 mg, 0.5 mmol), and the pre-
catalyst 2a or 2b (0.0125 mmol, 2.5 mol-% of Pd) were dissolved in
CH3CO2H (5 mL), and the solution was stirred at 298 K for 5 min.
[Ph2I]PF6 (426.0 mg, 1 mmol) was added, and the resulting solution
was stirred at 298 K. The reaction mixture was filtered through a
plug of siliceous earth, and the solvents were evaporated to dryness.
The resulting oil was dissolved in CH2Cl2 (25 mL) and extracted
with aqueous NaHCO3 (2 � 40 mL). The organic phase was dried
with Na2SO4 and concentrated, and the product was purified by
silica gel chromatography with hexanes/ethyl acetate (96:4) as the
eluent.

Compound 8a: 1H NMR (CDCl3, 400 MHz): δ = 7.75 (d, 3JH,H =
7.6 Hz, 1 H), 7.63–7.60 (m, 2 H), 7.56 (t, 3JH,H = 7.6 Hz, 2 H),
7.51–7.45 (m, 2 H), 7.36 (dt, 3JH,H = 8.0, 3JH,H = 1.2 Hz, 1 H),
7.26 (m, 1 H), 6.68 (s, 1 H), 3.83 (s, 3 H, CH3) ppm. 13C NMR
(CDCl3, 100 MHz): δ = 141.7 (s, Cquat.), 138.5 (s, Cquat.), 132.9 (s,
Cquat.), 129.5 (s, 2 CH), 128.6 (s, 2 CH), 128.1 (s, Cquat.), 127.9 (s,
CH), 121.8 (s, CH), 120.6 (s, CH), 120.0 (s, CH), 109.7 (s, CH),
101.8 (s, CH), 31.2 (s, CH3) ppm.

Compound 8b: 1H NMR (CDCl3, 400 MHz): δ = 8.31 (br s, 1 H),
7.69–7.65 (m, 3 H), 7.49–7.39 (m, 3 H), 7.356 (t, 3JH,H = 7.4 Hz, 1
H), 7.23 (ddd, 3JH,H = 7.8, 3JH,H = 7.0, 3JH,H = 1.2 Hz, 1 H), 7.16
(ddd, 3JH,H = 7.7, 3JH,H = 7.0, 3JH,H = 1.0 Hz, 1 H), 6.86 (s, 1 H)
ppm. 13C NMR (CDCl3, 100 MHz): δ = 137.8 (s, Cquat.), 136.7 (s,
Cquat.), 132.2 (s, Cquat.), 129.2 (s, 2 CH), 129.0 (s, 2 CH), 127.7 (s,
Cquat.), 125.1 (s, CH), 122.3 (s, CH), 120.6 (s, CH), 120.2 (s, CH),
110.9 (s CH), 99.9 (s, CH) ppm.

Computational Details: All models were fully optimized with the
Gaussian09 program package[23] at the DFT level of theory. The
hybrid density functional B3PW91[24,25] was utilized together with
a basis set consisting of the Stuttgart–Dresden effective core poten-
tial basis set with an additional p-polarization function for Pd
atoms [SDD(p)] 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 op-
timized structures gave imaginary frequencies.

Topological charge-density analysis was performed by the
QTAIM[26] method, which allowed us to access the nature of the
bonding through the calculation of different properties of the elec-
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tron density at the BCPs. The analysis was done with the AIMALL
program[27] by using the wavefunctions obtained from the DFT cal-
culations with the computationally optimized structures.
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