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Herein, we report novel square-planar Pd(ll) complexes bearing
two Ag,(Ar,pz); units as self-assembled trans-chelating ligands. This
structural motif is unique to Pd(ll) ions and cannot be obtained
from a Pt(ll) metal source owing to the stronger dative bonding
nature of the Pt(ll) ion compared to that of the Pd(ll) ion.

Utilization of the coordination mode of neutral pyrazole (R,pzH)
and anionic pyrazolato (R,pz) ligands, where R denotes alkyl or
aryl group, have been developed over several decades, because
they can act as bridging ligands to hold two metal ions in close
proximity, enabling to induce specific metal-metal interaction.?
For example, pyrazolato ligands can bind coinage metal ions
(Au(l), Ag(l), and Cu(l)) to form triangular M3 complexes with
strong metallophilic interaction.>® Similarly, butterfly-shaped
dinuclear Pt(ll) complexes having bridged pyrazolato ligands
have been studied widely, owing to a drastic emission color
change derived from Pt--Pt distance tunable by the steric
bulkiness of the substituent groups on the pyrazolato ligands.?

Pyrazole ligands can also bind two different metal ions to
afford heteropolynuclear metal complexes with significant
heterometallic metal-metal interactions.>® In addition to the
interesting structural motifs of coordination complexes based
on pyrazole and pyrazolato ligands, the close proximity of
different metal ions combines their molecular orbitals around
the metal ions to give rise to new physical properties from the
mixed-metal complexes, which are not observable in each
component. We have developed synthetic procedures and
luminescent studies of highly emissive heteropolynuclear Pt(I1)—
Ag(l) complexes containing pyrazolato (R,pz) bridging ligands.1®
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In particular, the square-planar Pt(ll) complex units involving
pyrazolato ligands can produce brightly luminescent sandwich-
type heteropolynuclear complexes [Pt,M4(Me,pz)s] (M = Ag(l),
Cu(l); Me,pz = 3,5-dimethylpyrazolate) and [Pt,Au,M,(Me;,pz),]
(M = Ag(l), Cu(l)). The photo luminescence originated from the
excited state mainly composed of in-phase combination of
molecular orbitals of metal ions with fine-tuning of the emission
color by incorporating coinage metal ions.1%12 The basicity of
the bridging pyrazolato ligand effectively controls the
stoichiometry between the Pt(ll) ion and pyrazolato ligand to
alter the photophysical properties.’®* Furthermore, the steric
bulkiness of the pyrazolato ligands also modulated the structure
and rigidity of the precious metal sandwich complexes, enabling
reversible encapsulation of Ag ion within the Pt—Ag cluster cores
via the formation of multiple Pt—Ag dative bonds.1418

In contrast to the rich photochemistry of Pt(ll) complexes,
emissive Pd(ll) complexes are still limited, although Pd(Il) ions
produce square-planar coordination complexes similar to Pt(ll)
complexes. This is mainly because the d-d excited states of Pd(ll)
complexes lie at a lower energy level than the emissive excited
state and readily show thermal deactivation, which causes
effective quenching of the luminescence from the complex.1%:20
Thus, luminescent Pd(ll) complexes have been developed by
increasing the energy of the d-d excited states of Pd(ll) ions and
decreasing those of the intra-ligand (3IL) and ligand-to-ligand
(3LLCT) states using suitable
cyclometalated ligands.?¥?? In addition,
understanding the intermetallic interactions between Pd(ll)

charge transfer excited

multidentate

ions and coinage metal ions has also attracted much attention
because they play a central role in cooperative catalysis.?8-30
Thus, we evaluated the structures and photophysical properties
of heteropolynuclear complexes based on square-planar Pd(ll)
complexes and Ag(l) ions bridged by pyrazolato ligands.
Herein, we report the synthesis, structure,
photophysical properties of Pd-Ag
complexes bearing 3,5-diphenylpyrazolato (Ph,pz) ligands and

and
heteropolynuclear
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Fig. 1 (a) Schematic representation of the synthesis of PdAg, complex 1 and Ag; complex 2. (b) ORTEP drawings (50% probability ellipsoids) of the PdAg,

complex 1a. The phenyl groups on the pyrazolato ligands were omitted for clarity. (c, d) Relative orientations between the PdAg, plane and phenyl
substituents on the pyrazolato ligands: (c) view perpendicular to the PdAg, plane and (d) side view of the PdAg, plane. This X-ray structure clearly shows that
the PdAg, cores were sandwiched between two phenyl moieties of the Ph,pz ligands via n—mt and Ag—rt interactions (< 3.3 A). Hydrogen atoms and solvent
molecules are omitted for clarity. Selected atomic distances (A) for 1a: Pd1--Ag1, 3.3865(6); Pd1--Ag2, 3.3611(6); Agl--Ag2, 3.3789(7).

their derivatives. The Pd(ll) ion has a square-planar geometry
supported by two unique self-assembled trans-chelating
{(Ar,pz)3Ag,} moieties (Ar = CgHs, 4-(CHs)CgH,4), which have
never been obtained in Pt(ll) complex systems. Intramolecular
-t stacking between the aromatic substituents on the
pyrazolato ligands and the strong m-acidic Ag, core contributed
to the formation of unique cluster structures, as confirmed by
single-crystal X-ray structural analysis. To the best of our
knowledge, the {(Ar,pz)sAg,} moieties are the first example of
ligands formed by self-assembly
because trans-spanning ligands are often constructed using
ethynyl and pyridyl or aryl groups.31-3° The PdAg, complexes
exhibited bright photoluminescence in the solid states at 77 K.
These features of the Pd-based cluster significantly differed
from those of Pt(ll)-based cluster preferring sandwich structure,
which probably reflect weak electron-donating character of Pd
metal.4041

According to the synthetic procedure for Pt—-Ag complexes
with Ph,pz ligands, we initially attempted to check the reaction
of Pd(ll) salt with Ph,pzH and Ag salts.!3 As a result, we found
that the PdAg, complex 1a was unexpectedly obtained as the
main product by the reaction of [Pd(NCCHjs)4](BF4), complex salt
with 3,5-diphenylpyrazole (Ph,pzH), AgBF4;, and NEt; in a net
one-pot, two-step reaction (Fig. 1a). After the reaction, the 'H
NMR spectrum of the unpurified product indicated the
formation of 1a and triangular Agz complex 2a (Fig. S137). The
PdAg, complex 1a is less soluble in CH,Cl,, enabling the

trans-spanning chelate
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separation of the mixture by crystallization from a CH,Cl,/n-
pentane solution to afford fine crystals of 1a (28% isolated yield
based on [Pd(CH3CN),](BF4);).

The molecular structure of 1a was undoubtedly confirmed
by single-crystal X-ray structural analysis (Fig. 1b). The X-ray
structure of 1a clearly showed that the Pd(ll) ion possessed a
square-planar geometry and triangular {(Ph,pz)sAg,} units
bound to the Pd(Il) metal center as an eight-membered trans-
chelating ligand, whose structure was significantly different
from that of a sandwich-shaped Pt,Ag, heteropolynuclear
complex containing Ph,pz ligands.'®> The PdAg, complex
contained an S, improper rotation center at the Pd(ll) ion, and
the {(Ph,pz)3Ag,} units consisted of two chemically inequivalent
pyrazolato ligands in a 2:1 ratio, which was in good agreement
with the observation of the 'H NMR spectrum of 1a (Fig. S17).
These results strongly suggest that the unique PdAg, structure
is maintained in the solution state. Notably, the dihedral angle
between the two PdAg, planes defined by each of the three
metal atoms, Pd1, Agl, and Ag2 and Pd1, Agl*, and Ag2*, was
not perpendicular (90°) but 54.7°, suggesting that the PdAg,
complex was largely distorted in the solid state owing to the
packing effect (Fig. S17 and S187). This structural flexibility
reflects the labile nature of the Pd—N and Ag—N coordination
bonds and intramolecular (-t and Ag—t) interactions discussed
below.

The PdAg, structure appears to be formed when the Ag(l)
ions in the two triangular Ags complexes are replaced one by

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 UV-Vis absorption (CH,Cl,, r.t.) and normalized emission spectra of
the PdAg, complexes 1 in the solid state (Ao, = 350 nm).

one by the same Pd(ll) ion. Thus, we attempted an alternative
approach to synthesizing PdAg, complex 1a through a
transmetalation reaction of [Pd(NCCHs)4](BF4); with Ags
complex 2a. However, the 'H NMR spectrum of the reaction
mixture revealed that PdAg, complex 1a was not formed by this
reaction (Fig. S147). This result indicates that the Pd-pyrazole
adduct formed in the first step is an important intermediate in
the formation of PdAg, structure. Notably, the PtAg, complex
analog was not obtained via a similar intermediate, Pt-pyrazole
adduct.B It is known that Pt(ll) ion can strongly bind acidic
coinage metal ion, such as Ag(l) ion, to form Pt—M dative bond,
which is supported by the higher basicity of Pt(ll) ion than that
of Pd(ll) ion.*2 Owing to the stronger basicity of central metal
ion, the Pt(ll) complex system is likely to give sandwich-type
Pt,Ag,; heteropolynuclear complexes, effectively stabilized by
orbital overlapping between 6p and 5p orbitals of two Pt(ll) and
four Ag(l) ions, respectively.1113

The isolated PdAg, complex did not decompose to form the
Agz complex, even in the solution state, over several days.
Therefore, the PdAg, structure is thermodynamically stable. To

COMMUNICATION

Fig. 3 Molecular orbitals of PdAg, complex 1a in the gas phase, displayed
by the TD-DFT calculations.

The pyrazolato—Ag—pyrazolato—Ag—pyrazolato plains
sandwiched between two phenyl substituents of the pyrazolate
ligands in the other PdAg, triangular unit (Fig. 1c and 1d). Thus,
the trans-chelating (Ph,pz)s;Ag, units were effectively stabilized
by intramolecular m-stacking between the m-acidic dinuclear
Ag,(pz) moiety and electron-rich phenyl groups in the
pyrazolato ligands.*>* The 3,5-di(4-methylphenyl)pyrazole
ligand also gave the corresponding PdAg, complex 1b in a
similar reaction procedure as 1a, as confirmed by NMR studies
in solution (Fig. S7-S11%) and X-ray structural analysis of the
crystalline state of the PdAg, complex (Fig. S19-S21%). In
contrast, a Pd-pyrazole adduct using 3,5-dimethylpyrazole
(Meypz) afforded a sandwich-shaped Pd,Ag; complex,
[Pd,Ags(Me,pz)s], rather than this PdAg, structure.®® Thus, the
phenyl moieties on the pyrazolato ligand played a crucial role in
forming the PdAg, structure, which was effectively stabilized by
intramolecular m-it and Ag-mt interactions (Fig. 1c and 1d).

The X-ray structures of the PdAg, complexes, 1a and 1b,
clearly showed short contacts among the metal ions in the
cluster units, implying Pd---Ag and Ag--Ag interactions. As

were

understand the high thermodynamic stability of the PdAg, sandwich-shaped Pt,Ag, complexes exhibit tunable
framework, we carefully examined the crystal structure of 1a. photoluminescence behavior owing to the in-phase
Table1 Spectroscopic and photophysical data of the complexes in the crystalline states.
Temp. Aem P T2 Tave? k. x 103b kne x 1040
Complex
P (K) (nm) (%) (ps) (ps) (s) (s7)
1a r.t. 689 8 7,=5.6 (A, = 0.81), 7, = 11.6 (A, = 0.19) 7.6 10.6 12.2
77 664 64 71 =75 (A, = 0.53), T, = 248 (A, = 0.47) 200 3.1 0.18
1b r.t. 693 6 7, =10.8 (A; =0.48), 1, =22.9 (A, =0.52) 19.2 3.12 4.89
77 680 59 7, =44 (A; =0.87), 1, = 238 (A, = 0.13) 131 4.51 0.31

@ Emission decay curve was analysed by the equation (/(t) = Io(Aiexp(t/t1) + A,exp(t/T,))) using the nonlinear least-squares method. ¢
Calculated by the equations @cn, = k; / (ki + ki) = KiTave and Taye = (A1T12 + AsTo2)/(A1T1 + ALTo).

This journal is © The Royal Society of Chemistry 20xx
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combination of the p orbitals of the metal ions,11? their
photoluminescence properties can be easily varied by the
extent of heterometallic metal-metal interactions. Thus, we
studied the photoluminescence properties of the PdAg,
complexes (Fig. 2 and Table 1). The emission spectra of the
crystalline sample of 1 at room temperature showed broad
emission spectra (1a: Ay = 689 nm, @ = 8%; 1b: A, = 693 Nm,
@ = 6%). The observed emission lifetimes of 1 were in the
microsecond regime (Tave = 7.6 us (1a), 19.2 ps (1b)), indicating
that the emission stemmed from the triplet state
(phosphorescence). Despite the negligible emission of the
crystalline sample of Agz complex 2a at room temperature, the
red emission of 1 with moderate intensity implies the
contribution of Pd(ll) ions in the emissive state of these PdAg,
complexes, although 1 is non-emissive in the solution state, as
is often observed for Pd(ll) complexes.’®1® Notably, the
emission properties were significantly enhanced at 77 K owing
to the effective inhibition of the thermal nonradiative decay of
the complexes in the photo-excited process (Table 1). The broad
emission spectra of 1 showed a blue shift (1a: A = 664 nm, @
=64%; 1b: Aax = 680 nm, @ = 59%), and a structured emission
spectrum (A = 419, 446, 470 nm, @ = 8%) was observed for 2a
at 77 K (Fig. S157).

To shed light on the absorption spectra of 1, the absorption
bands of these complexes were theoretically investigated using
the time-dependent density functional theory (TD-DFT)
method. The TD-DFT calculations revealed that the lowest
energy absorption band was mainly assigned to the
combination of d-d*(Pd), ligand-to-metal charge-transfer
(LMCT) [(Phypz) — d(Pd)], and ligand-centered (LC) transitions
(Fig. 3). In contrast, the emissive state was mainly attributed to
the metal-centered (3MC(d-d*)) excited states by the DFT
calculations based on the optimized triplet excited-state
structure (Fig. S23%). The assignment of the emissive state is
consistent with the moderate ligand-field strength of the
Pd(Ar,pz); moiety and the experimental results. However, the
possibility of the contribution of another excited state, such as
3LMCT, to the emissive state cannot be excluded because of the
packing effect and intermolecular interactions in the solid state.
These characteristics of 1a were different from those of Pt—-Ag
cluster complexes bearing pyrazolato bridging ligands.?

Conclusions

We elucidated the structures and photophysical properties
of square-planar Pd(ll) complexes bearing two Ag,(Ar,pz)s units as
self-assembled trans-spanning chelating ligands. Although Pd(ll)
and Pt(ll) ions possess the same coordination geometry
(square-planar) and very similar ionic radii, the structure of the
cluster core constructed by Ph,pz ligands for the Pd—Ag system
is different from that for the Pt—Ag system. This might be owing
to the lower basicity of Pd(ll) ion than Pt(ll) ion, and the Pd—Ag
cluster structure is predominantly stabilized by intramolecular
n-mt and Ag-m interactions rather than the heterometallic
interactions. Photophysical and theoretical studies of Pd—Ag
clusters supported negligible orbital overlap between the Pd(ll)
and Ag(l) metal centers. The dative bonding character between

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

elements has been discussed for several decades. This study
demonstrated that the balance between intramolecular (m-mt
and metal-mt) interactions and the strength of the dative bond is
key to controlling the structure of heteropolynuclear cluster
complexes. It also provides a better understanding of the dative
bonding nature between metallic elements and unique
structural motifs with chemical and physical properties
originating from the incorporated elements.

Data availability

The data supporting this article have been included as part of the ESI.
Crystallographic data have been deposited at the Cambridge
Crystallographic Data Centre (CCDC) under deposition numbers
2431540-2431541 for 1la and 1b, and can be obtained from
https://www.ccdc.cam.ac.uk/structures/.
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