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Double cyclometalation of planar, oligomeric phenylpyridines
yielded dinuclear palladium(ll) complexes with novel out-of-plane
anisotropy. An X-ray crystal structure analysis revealed that the
complexes exhibit concave-convex geometry, and 'H NMR
measurement evidenced the occurrence of stable out-of-plane
anisotropy. The dipole moment and Pd-Pd interaction were
investigated by theoretical calculations.

Anisotropic molecules exhibit intriguing physical properties
such as nonlinear optics,! molecular recognition?2 and
molecular alignment at interfaces.? In-plane anisotropy (Figure
1a, left) in a flat molecule provides a dipole moment parallel to
the molecular surface. In contrast, out-of-plane anisotropy
(Figure 1a, right) shows a dipole moment perpendicular to the
molecular surface, which has been used as a key building block
for functional organic materials and devices.* The introduction
of out-of-plane anisotropy to a flat metal complex renders it
with molecular recognition ability, which in turn induce unique
catalytic activity and selectivity. Thus, a metal complex
possessing out-of-plane anisotropy (Figure 1b) is an attractive
research target. As out-of-plane anisotropic molecules,
nonplanar, bowl-shaped aromatic compounds have attracted
much attention in recent years.>® However, reports on bowl-
shaped metal complexes are still quite limited due to the lack
of synthetic routes to this type of metal complexes.”?
Meanwhile, although transition metal complexes with facial
arene ligands® are also considered to possess out-of-plane
anisotropy, to the best of our knowledge, their anisotropic
properties have not been investigated.

In this study, we synthesised open clamshell dinuclear
Pd(Il) complexes featuring out-of-plane anisotropy (Figure 1c).
Dinuclear Pd(ll) complexes bearing a 2-phenylpyridine ligand
are known as catalysts or intermediates of a variety of C—H
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functionalisation reactions such as acetoxylation,10
hydroxylation,!! arylation,!2 alkylation,!3 nitration4 and other
transformations.> Thus, the development of a dinuclear Pd(Il)
complex with out-of-plane anisotropy seems to be an
interesting target; however, the reported dinuclear Pd(ll)
complexes have been limited to planar geometry or clamshell
geometry with small opening angles,1® which have no convex—
concave surface. Here we found that the connection of two
Pd(Il) mononuclear centres with a rigid m-phenylene moiety
affords dinuclear Pd(Il) complexes possessing convex—concave
surfaces, which provide them with out-of-plane anisotropy.
Their geometry is stable even in solution. Theoretical
calculations revealed the degree of dipole moments of the
dinuclear Pd(ll) complexes and the presence of a bonding
interaction between the two Pd(Il) atoms in each complex.

Previously, we reported cyclic and acyclic ligands 1 and 2
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Figure 1 lllustration of in-plane and out-of-plane anisotropy (a). Structures of
metal complexes possessing out-of-plane anisotropy (b) and dinuclear Pd(Il)
complexes (c).
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possessing a bis(6-arylpyridin-2-yl)benzene (NCN) skeleton and
their mononuclear palladium and platinum complexes.” The
mononuclear palladium complex bearing the planar, NACAN
pincer-type ligand 1 was synthesised in 42% yield by heating of
1, 1.1 equivalents of potassium tetrachloropalladate(ll) and 1.1
equivalent of sodium hydrogen carbonate in a mixture of
acetic acid and water at reflux temperature for 2 h. During the
optimisation of the synthetic conditions for the mononuclear
palladium complex of 1, we found that an increase of the
loading of potassium tetrachloropalladate(ll) (2.2 equivalent)
and sodium hydrogen carbonate (10 equivalent) resulted in
the selective formation of the doubly cyclopalladated
dinuclear Pd(ll) complex Pd,-Me in 39% isolated yield (Scheme
1). Stereoisomers of Pd,-Me were not observed in TH NMR of
crude mixture. The isolated Pd>-Me was present as a single
stereoisomer even in solution, which was confirmed by H
NMR. To investigate the effect of the flexibility of the NCN
skeleton on the generation of the dinuclear Pd(ll) complex, a
cyclic ligand 2 possessing a restricted conformation was
reacted under the same conditions to give Pd,-27 as a single
stereoisomer in 42% yield, which was similar to that of 1. Both
Pd,-Me and Pd,-27 were stable to air and water, and were
isolated by silica gel chromatography. 'H and 13C NMR, IR, ESI-
TOF-MS and elemental analysis clearly underlined the
formation of a bridged system consisting of CAN
cyclometalated structures and a single bridging acetate ligand.
The similar yields of Pd>-Me and Pd»-27 implied that the
double palladation reaction was unaffected by the flexibility of
the ligand. It is worth noting that the addition of sodium
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Scheme 1 Synthesis of dinuclear complexes Pd,-Me and Pd,-27.

hydrogen carbonate was essential for the generation of the
dinuclear Pd(Il) complexes.

The molecular structures of Pd>-Me and Pd»-27 were
determined unambiguously by single-crystal X-ray diffraction
analysis, which revealed that both complexes possess two
separated Pd centres with an open clamshell geometry (Figure
2). Two crystallographically independent molecules were
found in both Pd>-Me and Pd»-27. As also indicated by the
NMR, IR, and ESI-TOF-MS data, the two C—N cyclometalated Pd
centres are held in proximity by an intramolecular bridge
consisting of one acetate and one chlorido ligands from the
same side, which induces the concave—convex geometry
exhibited by Pd,-Me and Pd;-27. In consistency with the 'H
NMR spectra, the structures of the two complexes are almost
superimposable, except for the presence of a cavity in the
cyclic complex Pd;-27. The bond lengths and angles around the

2| J. Name., 2012, 00, 1-3

Pd centres in these complexes, summarised in Tables S1-S2,
are almost the same as those in related dinuclear Pd(ll)
complexes, such as [Pd(C—N)(u-Cl)]2 (Pdz-(p-Cl)2; C—N = 2-
phenylpyridine-kC,N)¢¢  and [Pd(C—N)(pn-OAc)]l.  (Pda-(u-
OAc);)'%¢ (Tables S3-S4). The front views of the doubly
cyclopalladated complexes (Figures 2c and Slc) show slight
deviation from the typical square-planar coordination of the
Pd(Il) centrel® with the smaller C-Pd—OAc angles (157.7(3) and
163.0(2)° for Pd,-Me; 159.3(2) and 165.1(2)° for Pd»-27). This
deformation can be ascribed to the distortion of the rigid
polyaromatic ligand derived from the intramolecular bridge
formed by the two C—N chelate moieties. The dihedral angles
between the two (2-pyridyl)benzene units in Pd,-Me and Pd»-
27 are 114.8°-126.4° and 110.0°-114.2°, respectively
(measured through the torsion of the A-B and D—E planes)
(Figures 2b and 2d), which are smaller than that of Pd,-(u-Cl),
(177.0°) but larger than that of Pd,-(n-OAc). (13.7°) (Figures
Sic and S$2d). The Pd—Pd distances of 2.934(2) and 2.955(2) A
for Pdy-Me and 2.9420(9) and 2.9612(9) A for Pd,-27 are
below the sum of the van der Waals radii of two Pd atoms
(3.16 A), and marginally longer than that of Pd,-(p-OAc),
(2.8621(1) A)%e. The theoretical calculations performed on
Pd>-Me and Pd»-27 indicated that the two Pd atoms of each
complex interact as described below in detail.

110.0°, 114.2°

114.8°, 126.4°
Figure 2 Crystal structures of Pd,-Me (a and b) and Pd,-27 (c and d). A
representative structure (one of two molecular structures) is shown. Hydrogen
atoms and solvating molecules are omitted for clarity. The C ring and tether

chains are also omitted for clarity (b and d).

The open clamshell structures of Pd,-Me and Pd,-27 were
expected to induce different electronic properties on the
convex and concave surfaces. Density function theory (DFT)
calculations (wB97XD/6-311G(d,p) for C, H, N, O, Cl atoms and
SDD+f for Pd atom) performed on a model compound Pd,, in
which the ether tethers were replaced by hydrogen atoms to
estimated the degree of out-of-plane anisotropy induced by
the open clamshell structure, suggested that the two curved
surfaces exhibit the different electronic character, and
confirmed the occurrence of out-of-plane anisotropy in Pd»-
Me and Pd;-27. The molecular structure of Pd,-Me obtained
by the single-crystal X-ray analysis was used as the initial
geometry for the structural optimisation of Pd, (Figure S3).
The calculated electrostatic potential surface (ESP) of Pd

This journal is © The Royal Society of Chemistry 20xx
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showed negative and positive ESP values for the convex and
concave surfaces, respectively (Figure 3). Thus, the molecular
surface that contains the electron-rich acetate and chlorido
anions (convex) exhibited a negative ESP value. Conversely,
the molecular surface containing the NCN ligand (concave)
exhibited a positive ESP value, in which the C—H terminals of
the two pyridyl groups represented the most positive features.
The observed electronic potentials resulted in a permanent
out-of-plane dipole moment of 8.42 D for Pd,, which is larger
than that of Pd,-(u-Cl); (4.48 D) and Pd,-(n-OAc); (6.69 D)
(Figures S4-S5). The dipole moments of complexes Pd>-Me
and Pd;-27 were calculated to be 819 D and 5.85 D,
respectively (Figures S6—S7), which are smaller than that of the
model compound Pd; because of the direction of the electron-
rich ether tethers. The model compound Pd, was also
compared with other molecules possessing out-of-plane
anisotropy. To this aim, we calculated the dipole moments of
titanium oxide phthalocyanine (TiOPc; 3.44 D), boron
subphthalocyanine (SubPc; 5.01 D), subporphyrin (3.23 D), Pd-
coordinated norcorrole (3.61 D) and sumanene (2.66 D) at the
same level of theory (wWB97XD/6-311G(d,p) + SDD+f) (Figures
S8-512). These values agree well with the reported calculated
dipole moments (B3LYP/6-31G(d)) of TiOPc, SubPc and
sumanene, which are 3.73 D, 4.84 D5 and 1.96 D,
respectively, and have revealed that the out-of-plane dipole
moments of Pd>-Me and Pd»-27 are much larger than those of
the compared molecules.
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convex concave

Figure 3 Molecular structure (a), dipole moment (b) and electrostatic potential
surfaces (c and d) of Pd, calculated at the wB97XD/6-311G(d,p) (C, H, N, O, Cl
atoms) and SDD+f (Pd atom) levels of theory (color code: red = -49.7 kcal/mol,
blue = +49.7 kcal/mol).

The out-of-plane anisotropy in solution is important for
molecular recognition properties. To evaluate the solution
behaviour of the complexes, the 1H NMR spectrum of Pd,-27
was measured in DMSO-de (Figure 4). The two signals assigned
to the nonequivalent a-protons of the triethylene glycol chain
appear at 3.87-3.81 and 3.79-3.74 ppm. The difference in
chemical shift reflects the different electronic environments of
the convex and concave surfaces. Thus, this result clearly
confirmed that the convex and concave surfaces of Pd,-27 are
preserved in solution at ambient temperature, which suggests
that the acetate and chlorido ligands that bridge tightly the Pd
atoms stabilise the out-of-plane anisotropy of Pd»-27 even in
solution.

Finally, to gain insight into the d8-d?® interaction between
the two Pd atoms,16e.16f we performed DFT calculations on Pd»-

Me, Pd,;-27, Pd;-(u-OAc), containing a d8—d® bonding
() (b)
Me
4
H C‘\Pn/o 6
N
: , e S =
3.9 3.8 3.7 H 5

Chemical shift &/ ppm
Figure 4 'H NMR signals for the nonequivalent a-protons of the triethylene
glycol chain of Pd,-27 in DMSO-dg at ambient temperature.

This journal is © The Royal Society of Chemistry 20xx
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interaction between the two Pd centres, and Pdx-(p-Cl)
without any close Pd—Pd contact!®e (Figures S13-S16). The
calculated structural parameters of Pd,-Me and Pd;-27, Pd,-
(u-Cl)2 and Pd>-(u-OAc), were in good agreement with those
observed for the crystal structures (Tables S1-S4 and S6-59),
suggesting the validity of our models. The calculations on Pd,-
Me and Pd;-27 showed that the HOMO consists of Pd—Pd
antibonding orbitals, and spreads over the two Pd atoms and
the A, B, D and E rings, while the LUMO and LUMO+1 are
located on the B and D rings to a large extent and have mainly
ligand character (Figures S17 and S18). The Pd—Pd o-bonding
character on Pd>-Me was observed in three MOs (151, 153 and
154), which are mixed with the bridging acetate, B and D rings
and A and E rings, respectively. Similarly, the Pd—Pd o-bonding
character on Pd»-27 was found in three MOs (174, 176 and
177). We estimated the bonding interaction between two Pd
atoms by Wiberg bond index (WBI) analysis at the same level
of theory. The WBI of Pd—Pd were found to be 0.12, 0.12, 0.03
and 0.13 for Pd;-Me, Pd»-27, Pd,-(p-Cl), and Pd,-(pn-OAc),,
respectively. This result indicates the presence of a weakly
bonding d8—d?8 interaction between the two Pd atoms in both
Pd>-Me and Pd,-27 comparable to that of Pdx-(u-OAc),.

Figure 5 shows the UV—vis absorption spectra of 1, 2, Pd,-
Me and Pd;-27 in DMSO, which exhibit intense absorption
bands at 300—-350 nm. In addition, complexes Pd,-Me and Pd;-
27 exhibit distinct and broad absorption bands at 360—420 nm,
whereas absorptions in the visible region were not observed
for 1 and 2. The close similarity of the spectra of Pd>-Me and
Pd,-27 indicates that the cyclic topology does not affect their
ground electronic state. The higher-energy bands are
attributable to m—mt* intraligand (IL) transitions, and the visible
absorption bands of Pd,-Me and Pd»-27 can be assigned to
do*(Pdy)—mt*(2-phenylpyridine) metal-metal-to-ligand charge
transfer (MMLCT). A similar do*(Pd,)-mt*(2-phenylpyridine)
MMLCT transition for Pd>-(p-OAc), was reported to give rise to
absorptions with maxima at 420 nm.l®e This observation
supports the presence of a bonding dé-d8 interaction between
the two Pd atoms in Pd,-Me and Pd,-27. Fluorescence was not
detected from any of Pd;-Me and Pd;-27 at ambient
temperature in DMSO.16e, 16f

300 360 420
Wavelength / nm

Figure 5 UV-vis spectra (0.02 mM, 1 cm, 25 °C) of 1, 2, Pd,-Me, and Pd,-27 in
DMSO solutions.

In conclusion, we synthesised open clamshell dinuclear
Pd(Il) complexes Pd,-Me and Pd,-27 by double palladation of
bis(6-arylpyrid-2-yl)benzene ligands, and elucidated their
properties. Theoretical studies revealed the occurrence of
considerable out-of-plane anisotropy and the presence of a
bonding d®-d?8 interaction between the two Pd atoms in both
complexes. Further investigations regarding the unique
selectivity generated by concave—convex surfaces are currently
in progress in our laboratory.

J. Name., 2013, 00, 1-3 | 3
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Open clamshell
Out-of-plane anisotropy

Open clamshell dinuclear palladium(Il) complexes possessing out-of-plane anisotropy were

synthesised by double palladation of planar oligomeric phenylpyridines.



