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Ligand effects in bimetallic high oxidation state systems containing a X-Pd-Pd-Y framework have been explored
with density functional theory (DFT). The ligand X has a strong effect on the dissociation reaction of Y to form
[X-Pd-Pd]þþ Y-. In the model system examined where Y is a weak σ-donor ligand and a good leaving group, we
find that dissociation of Y is facilitated by greater σ-donor character of X relative to Y. We find that there is a linear
correlation of the Pd-Y and Pd-Pd bond lengths with Pd-Y bond dissociation energy, and with the σ-donating ability
of X. These results can be explained by the observation that the Pd dz2 population in the PdY fragment increases as the
donor ability of X increases. In these systems, the PdIII-PdIII arrangement is favored when X is a weak σ-donor ligand,
while the PdIV-PdII arrangement is favored when X is a strong σ-donor ligand. Finally, we demonstrate that ligand
exchange to form a bimetallic cationic species in which each Pd is six-coordinate should be feasible in a high polarity
solvent.

Introduction

There is considerable current interest in developing a better
understanding of mechanisms of catalytic reactions for
formationofAr1-XandN∼Ar1-Ar2bonds involvingpalladi-
um(II) acetate cyclopalladation of arenes containing a nitro-
gen donor (N∼Ar1H) in the presence of IIII oxidants such as
IPhX2

1 and [IPhAr2]BF4.
2 Recent reports1c-g,2b and com-

mentary3 are supportive of the intermediacy of binuclear
species derived from oxidation of [PdII(C∼N)(μ-OAc)]2 (1)
(Figure 1), in particular as a result of X-ray structural analyses
of symmetrical PdIII-PdIII species 2 (X=Y=Cl, C∼N=L1;
X=Y=OAc,C∼N=L2) formed on application of IPhCl2
and IPh(OAc)2 as oxidants,1b,d and density functional
theory (DFT) studies of reductive elimination from 2 with
X=Y=Cl and C∼N= L1.1f In contrast, it is proposed

that for [IPh(Ar2)]þ as oxidant, undetected species with
configuration 3 (X=Ar2, C∼N=L2) are formed,1e,2b on the
basis of kinetic studies,2b and relationship to the platinum
complex 4 (X=CtCSiMe3, Y = I, N∼N=2,20-bipyridine)
characterized by X-ray crystallography;4 preliminary DFT
calculations suggest that the Pd 3 3 3Pd interaction in 3 is
minimal.1e The unsymmetrical complex 4 lacks bridging
ligands, as also does a related symmetrical PtIII-PtIII species
characterized by X-ray crystallography and containing a
N-Pt-Pt-N axis, [PtCl(C∼N)2]2 (C∼N = 2-(pyridyl)-
phenyl),5 and these species provide an appreciation of the

Figure 1. Potential geometries for bimetallic Pd and Pt species based on
experimental observations.
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M 3 3 3M interaction in the absence of ligands that may act to
draw the metal atoms in close proximity independent of the
extent of bonding. Extensive bridging has been observed in
PtIII species, for example, [MePt(μ-pop-P,P)4PtI]

4- (pop2-=
P2O5H2

2-) containing aMe-Pt-Pt-I axis related to 2,6 and
amidate complexes such as [Ph(H3N)2Pt(μ-O∼N-N,O)2Pt-
(NH3)2]

2þ (O∼N-=[O(HN)CBut]-) containingaPh-Pt-Pt
axis related to 3.7 A platinum analogue of 2 has also
been recently reported, [PtCl(C∼N)(μ-OAc)]2 (C∼N =
2-(p-EtOC6H3)-5-(p-EtOC6H4)C5H3N), exhibiting the first
example of liquid crystalline behavior for binuclear platinum
dimers.8

Computational Details

Gaussian 099 was used to fully optimize all the structures
reported in this paper at the M0610 level of density func-
tional theory. The choice of the M06 functional is based on
the fact that thismethod is capableof considering themedium
range π-π stacking interactions in the bimetallic complexes
andalsoof giving a reliable descriptionof the relative energies
in some transition-metal systems.11 The effective core poten-
tial (ECP) of Hay and Wadt with a triple-ξ valence basis set
(LANL2TZ)was chosen todescribePd.12The 6-31G(d) basis
set was used for other atoms.13 A polarization function of
ξf=1.472was also added toPd.14This basis set combination
will be referred to asBS1. Frequency calculationswere carried
out at the same level of theory as for structural optimization.
To further refine the energies obtained from the M06/BS1
calculations, we carried out single point energy calculations
for all the structures with a larger basis set (BS2). BS2 utilizes
the quadruple-ζ valence def2-QZVP15 basis set on Pd along
with the corresponding ECP and the 6-311þG(2d,p) basis set
on other atoms. The solvation energies were calculated using
BS2 on gas phase optimized geometries with the CPCM
solvation model16 using dichloromethane and acetonitrile as
solvents.Toestimate the correspondingGibbs free energies in
solvents, ΔG, entropy corrections were calculated at the
M06/BS1 level and added to the solvent potential energies. We
have used the solvent energies throughout the paper unless
otherwise stated. To further assess the relative energies
derived from the M06 calculations, we also performed
B97D17/BS2//M06/BS1 single point calculations in the two
solvents CH2Cl2 and MeCN. The B97D calculations yield a
similar result to the M06 calculations (see Table S1 in the

Supporting Information). The natural population analyses
(NPA) and natural bond orbital (NBO) analyses on the
bimetallic complexes were performed in conjunction with
BS3.18 BS3 uses the valence-triple-ξ basis set LANL2TZ(f)
alongwith the correspondingECPonPdand triple-ξbasis set
6-311G(d,p) on all remaining atoms. The AOMix program
was also employed in conjunction with BS3 to compute the
molecular orbital compositions.19

Results and Discussion

The contrast between structures 2 and 3 suggests that theX
group plays an important role in determining the geometry of
these oxidation products. Herein, we use computational
chemistry to investigate the influence of the X group on the
geometry and lability of the bimetallic catalysis intermediates
2 and 3. Initially we used the model reaction (eq 1),

where complex 2_X_Y dissociates to 3_X þ Y-, keep-
ing Y=Cl and usingL1 in combination with a variety of X
groups (Table 1). In the asymmetrical complexes 2_X_Cl,
the Cl group is a weak σ donor while the X groups vary
from aweak σ donor such as F to a strong σ donor such as
SiMe3.
DFT was employed in conjunction with a low polarity

solvent (CH2Cl2) and also a high polarity solvent (MeCN) in
view of Sanford1a,b,e,2 and Ritter’s1c,d catalysis undertaken in
highly polar media. The nature of the X group has a sig-
nificant effect on determining which species, 2_X_Cl or 3_X,
is the major intermediate. In general, the results (Table 1),
which are ordered by ΔG1, show that when X is a strong
σ-donor ligand the Pd-Cl bond is weak and Cl- dissociates
more easily, rendering 3_X the major intermediate. For
example, when X= SiMe3 reaction 1 has a negative value of
ΔG1 showing that the reaction is exergonic and thermodynam-
ically favorable. On the other hand, when X is a weak
σ-donor ligand, such as F, Cl, or OAc, reaction 1 is ender-
gonic and 2_X_Cl is the predominant intermediate.
The more polar solventMeCN increases the level of Cl-

dissociation. For example, in CH2Cl2 when X= CtCH or

Table 1. Calculated ΔG1 (kJ mol-1) for eq 1 in CH2Cl2 and MeCN Using the
M06/BS2//M06/BS1 Level of Theory

X Y ΔG1 in CH2Cl2 ΔG1 in MeCN

F Cl 87.9 59.0
Cl Cl 73.6 44.8
OC(O)Me Cl 70.7 41.8
CN Cl 53.1 23.8
CtCSiMe3 Cl 25.1 -1.7
CtCH Cl 22.6 -4.6
CF3 Cl 14.2 -10.0
CH2Ph Cl 1.3 -23.0
Ph Cl 1.3 -23.4
H Cl -0.8 -26.8
Me Cl -2.5 -27.6
C(O)Me Cl -9.6 -32.6
SiMe3 Cl -17.6 -40.2
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CF3,ΔG1 is positive for reaction 1 but forMeCNΔG1 becomes
negative favoring 3_X. This can be assumed to result from
stabilization of the charge separated species (3_X þ Cl-) by
MeCN.
The Pd2-Cl and Pd1-Pd2 bond lengths for the optimized

structures 2_X_Cl are presented in Table 2, and show that
there is a linear correlation20 of the Pd2-Cl and Pd1-Pd2

bond lengths with the heterolytic Pd2-Cl bond dissociation
energies (Table 1) and with the σ-donating ability of X.
Furthermore, as the σ-donating ability of X increases there is
a corresponding increase in both the Pd2-Cl and Pd1-Pd2

bond lengths. This latter observation can be explained by
considering Natural Bond Orbital18 (NBO) calculations which
show that the dz2 orbital population of the Pd2 atom is
increased when X is a strong σ-donor ligand. A plot of dz2
orbital population of Pd2 against Pd2-Cl bond dissociation
energy reveals a linear relationship (Figure 2). This result
suggests that increasing the population of the dz2 orbital
leads to a greater propensity for Pd2 to adopt a PdII-like
arrangement. One of the contributing factors to this is that a
higher dz2 population results in increased repulsion between
this orbital andaCl lone-pair orbital, favoring dissociation of
Cl-. The shift in character toward a square planar geometry
as the donor ability of X increases is further supported by the
observed increase in Pd1-Pd2 bond length (Table 2).21

Given the strong dependencyof thebimetallic intermediate
on the identity of X, two bonding extremes can be envisaged,

a and b in Figure 3.WhenX is aweak σ-donor ligand, such as
F, Cl, or OAc, the PdIII-PdIII structure a is likely to be the
major contributor. Conversely, when X is a strong σ-donor
ligand, such as SiMe3, Me, or Ph, then the PdIV-PdII struc-
ture b is amore dominant contributor. In ourmodel structure
b, chloride is largely dissociated as the anion and the formally
positive PdIV center can be viewed as being stabilized to some
extent by electron-donation from the dz2 orbital of Pd

2.
Additional support for this proposal is provided by the trend
in increasingnegative charge calculated forCl as theσ-donating
ability of X increases (Table 2).22,23

A molecular orbital analysis of the model systems 5_X
provides an estimate of the relationship between the singly
occupied molecular orbital (SOMO) energy for Pd and the
nature of the X group. This estimate can be used to relate the
composition of the Pd-Pd bonding molecular orbital in the
bimetallic species to the relative energies of the fragment
molecular orbitals. Calculations with the model system 5_X
revealed that the energy level of the SOMO for Pd increases
as theXgroupbecomes a strongerσ-donor ligand (Figure 4).24

When the SOMO energies for the Pd1 and Pd2 fragments are
similar, then the Pd-Pd bond can be considered to be largely
covalent. However, when the SOMO energy for Pd1 rises, as
is the case for stronglyσ-donatingXgroups, the Pd-Pdbond
becomes strongly polarized toward Pd2. Spatial plots of the
highest occupiedmolecular orbital (HOMO) in the bimetallic
species can be constructed in terms of the bonding interaction

Figure 3. Proposed bonding extremes for 2_X_Cl.

Figure 4. Diagram showing how the SOMO energy of 5_X changes
upon varying X, relative to the SOMO energy of 5_Cl.

Table 2. Calculated Pd2-Cl and Pd-Pd Bond Distances (Å), NBO Pd2 dz2
Orbital Populationsa, and NBO Charges on Cl in Bimetallic Complexes 2_X_Cl

X Pd2-Cl Pd1-Pd2
dz2 population

of Pd2
NBO

charges on Cl

F 2.449 2.626 1.568 -0.394
Cl 2.439 2.641 1.568 -0.372
OC(O)Me 2.440 2.639 1.564 -0.377
CN 2.470 2.659 1.610 -0.427
CtCH 2.493 2.665 1.638 -0.468
CtCSiMe3 2.495 2.673 1.641 -0.470
CF3 2.521 2.696 1.679 -0.508
CH2Ph 2.537 2.725 1.714 -0.532
Ph 2.536 2.718 1.707 -0.536
H 2.532 2.704 1.706 -0.535
Me 2.543 2.710 1.717 -0.552
C(O)Me 2.558 2.745 1.742 -0.565
SiMe3 2.572 2.766 1.777 -0.594

aWith the Pd1-Pd2 bond as the z-axis.

Figure 2. Relationship between calculated heterolytic bonddissociation
energy for Pd2-Cl and Pd2 dz2 orbital population.

(20) See Figure S1 in the Supporting Information.
(21) The Pd-Pd bond length can also be affected by the trans influence of

the ligandsX andY.Our calculation shows that, for example, the Pd-Pd bond
length in 2_Ph_Ph (2.773 Å) is noticeably longer than in 2_Cl_Cl (2.641 Å).
For further details see the Supporting Information.

(22) An excellent correlation (R2 = 0.988) was obtained between the
calculated Pd2 dz2 orbital population and the Cl NBO charge (Figure S3).

(23) No excellent correlation was observed between the Pd2 dz2 popula-
tion and the Pd1 and Pd2 NBO charges (Figures S4 and S5).

(24) An excellent correlation (R2 = 0.979) was obtained between the Pd2

dz2 orbital population and ESOMO(5_X) - ESOMO(5_Cl) (see the Supporting
Information, Figure S2 for more details).
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of thePd1andPd2 fragmentSOMOorbitals.Figure5 illustrates
the HOMO for the two extreme cases of X= Cl and SiMe3,
respectively. As can be seen in these plots, the percent con-
tribution9 of the atomic orbitals of Pd1 and Pd2 to theHOMO
is equal when X = Cl but is heavily weighted toward Pd2

when X = SiMe3. Overall, these analyses show that a
strongly electron-releasing group on Pd1 populates the dz2
orbital of Pd2, leading to more PdII character, resulting in
dissociation of Y.
For the ethynyl group, which demonstrates behavior inter-

mediate between F and SiMe3 (Table 1), we have also
explored the effect of variation of Y (Table 3). The calcula-
tions reveal that Pd2-Ydissociation is very similar forY=
F,Cl, Br, and I, indicating that the identity of the halogen has
little influence on Pd2-Y dissociation. However, when Y is a
stronger σ-donor such as CN, the Pd2-Y interaction is
increased, which is consistent with the general observation
from Table 1.
We have probed the possibility that, upon dissociation of

Y-, coordination by solvent (MeCN) or another ligand
(PMe3) could occur at Pd2 (eq 2).

The calculatedΔG2 for coordination ofMeCN to the bime-
tallic species with varying X is positive, and thus thermo-
dynamically unfavorable (Table 4). However, the like-
lihood of coordination of PMe3 to Pd2 in 3_X was found
to be dependent upon the nature of X, which is consistent
with the discussion of eq 1 above. When X is a strong
donor ligand, such as Ph, ΔG2 is positive for association
of PMe3; when X is a weak donor, such as Cl, association
of PMe3 has a negative ΔG2, indicating that formation of
the phosphine complex 2_X_L is favorable.

As a possible guide for future synthetic chemistry, we have
explored computationally the feasibility of replacing Y=Cl
with Y=PMe3 in 2_X_Y, eq 3.

This is an important consideration given the frequent
application of phosphine ligands in organometallic chem-
istry. It was found that, in the more polar solvent MeCN,
substitution of Cl by PMe3 is strongly favored (ΔG3< 0),
suggesting that more polar solvents would be suitable for
the substitution ofY in 2_X_Y, whereX is aweaker donor
ligand (Table 5). The more polar solvent favors this
substitution because although the Pd-PMe3 bond energy
shows very little dependency upon solvent polarity,
the dissociation of the Pd-Cl bond is favored in more
polar solvents. In conclusion, substitution of Y in 2_X_Y
with a phosphine ligand is favored in the presence of a
polar solvent for systems where X is a weak or moderate
σ-donor.

Conclusions

The results presented here shed light on some of the
differences in bonding in the bimetallic structures of the type
discussed by Sanford and Ritter. Notably, for [X(C∼N)Pd1-
(μ-OAc)2-Pd

2(C∼N)Y] we have demonstrated that increas-
ing the population of the dz2 orbital on Pd2 by using a strong
σ-donor X ligand causes a shift in bonding mode charac-
ter from Pd1(III)-Pd2(III) toward Pd1(IV)-Pd2(II), facilitating

Figure 5. Resulting HOMO plot for 2_Cl_Cl and 2_SiMe3_Cl.

Table 3. Calculated ΔG1 (kJ mol-1) for eq 1 with Variation of Y Using the
M06/BS2//M06/BS1 Level of Theory

X Y ΔG1 in CH2Cl2 ΔG1 in MeCN

CtCH F 37.7 5.4
CtCH Cl 22.6 -4.6
CtCH Br 32.2 5.4
CtCH I 36.0 10.0
CtCH CN 49.0 21.8

Table 4. Calculated ΔG2 (kJ mol-1) for eq 2 for L Binding to 3_X with Variation
of X Using the M06/BS2//M06/BS1 Level of Theory

X L ΔG2 in CH2Cl2 ΔG2 in MeCN

Cl MeCN 18.0 20.9
CtCH MeCN 33.9 37.2
Ph MeCN 35.1 38.1
Cl PMe3 -73.2 -76.1
CtCH PMe3 -15.5 -14.2
Ph PMe3 12.1 16.3

Table 5. Calculated ΔG3 (kJ mol-1) for eq 3 in CH2Cl2 and MeCN Using the
M06/BS2//M06/BS1 Level of Theory

X Y L ΔG3 in CH2Cl2 ΔG3 in MeCN

Cl Cl PMe3 0.4 -31.3
CtCH Cl PMe3 7.1 -18.8
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dissociation of Y-. We believe that this information should
assist in controlling the oxidation states of the metals and
allow further optimization of this important class of catalyst
systems. Our results also identify which bimetallic complexes
are able to undergo displacement of chloride with neutral
donor ligands such as PMe3. This should be extendable to
other neutral ligands and opens up the possibility of explor-
ing new chemistry with the resulting cationic 6-coordinate
systems.
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