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This work presents the synthesis of the tetracationic paddlewheel complex of 1,8-naphthyridine and palladium
(ID, [Pdz(u-napy)4]1Xs, (X = BFg or PFg). Single-crystal X-ray diffraction confirms a D4, symmetric paddlewheel
structure encompassing the two Pd units in the metal core coordinated by four ditopic 1,8-naphthyridine ligands,
featuring a relatively short Pd-Pd distance. Spectroscopic analyses combined with density-functional theory
(DFT) provide insights into the nature of the Pd-Pd and Pd-Napy interactions as well as observed optical ab-

1. Introduction

Paddlewheel complexes are bimetallic coordination compounds,
often found bearing rigid anionic ligands [1], such as halides [2,3],
amidinates [4,5], pyrophosphite [6,7], carboxylates [8], and guanadi-
nate derivatives [9,10] of which the anion of triazabicyclodecene (hpp),
has been shown to aptly stabilize (strongly) oxidizing metal centers
[11]. Paddlewheel complexes have been shown to demonstrate a
distinctive reactivity relative to their monometallic analogues, exem-
plified by the early work of Gray on the oxidative additions of I and Mel
to the dicationic Rh(I)-dimer [Rhy(u-1,3-diisocyanopropane)s][BPh4la
[12], as well as Fackler’s extensive work on digold(I) complexes [13].
More recently, paddlewheel complexes of late-transition metals are
well-described (pre)catalysts towards the functionalization of C-H
bonds [14-18], where a combination of metal-proximity and the nature
of the ligand affects the oxidation potential rendering such trans-
formations possible. Relevant to these transformation is Budnikova’s
study on trends in the redox chemistry of cyclometalated (di)palladium
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(II) complexes, which reveals a correlation between Pd-Pd distance and
oxidation potential, showing that the shorter Pd-Pd distance results in
complexes with a lower oxidation potential [19]. Many of these com-
plexes bear formally anionic ligands, and as such, it is of interest to
investigate the (electro)chemical properties of paddlewheel complexes
bearing formally neutral ligands unsupported by a metal-metal bond.
Specifically, whether such complexes support the formation of metal-
—-metal bond(s) through oxidation or reduction. In this context, 1,8-
naphthyridine (abbreviated napy) is of interest as the close disposition
of the two parallel N-centered lone pairs furnish the formation of several
homoleptic [20-25] and heteroleptic [26-33] dinuclear complexes
bearing the napy ligand. Similarly, there are also examples of napy
coordinating as a bidentate [34] and as a monodentate ligand [21,35].
Additionally, through the introduction of imine functionalities to the
parent bicyclic structure, Uyeda and co-workers have recently demon-
strated several transformations [36-38] mediated by a dinickel complex
bearing a redox non-innocent ligand [39]. Broere and co-workers have
similarly effected novel properties of metal complexes bearing a
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modified napy-ligand: the introduction of phosphine moieties results in
the ability of the ligand-framework to partially dearomatize leading to
interesting properties, as for instance observed in a proton-responsive
dicopper complex [40,41], as well as a low-valent diiron complex
mediating proton-coupled electron-transfer reactions [42].

In this work, we explore the use of the unmodified napy ligand to
furnish the formation of the cationic dipalladium(Il)-tetranapy paddle-
wheel complexes [Pdy(u-napy)4][BF4]4 and [Pdo(u-napy)s][PFels. The
spectroscopic and electrochemical properties of the pd3* complex are
addressed by various analytical means.

2. Results and discussion
2.1. Synthesis and solid-state structure

As outlined in Scheme 1, the addition of napy to a solution of tetrakis
(acetonitrile) palladium(Il) tetrafluoroborate, [Pd(MeCN)4][BF4],, or
hexafluorophosphate [Pd(MeCN)4]1[PF¢ls, yields the corresponding
tetracationic paddlewheel-dipalladium complex, tetra-p-napy-dipalla-
dium(II) tetrafluoroborate, [Pda(u-napy)4][BF4]4 (1) and tetra-p-napy-
dipalladium(II) hexafluorophosphate (2). Both complexes 1 and 2 show
a diamagnetic behavior from well-resolved NMR spectra an, 3¢, °F,
and 3'P), which further reflects a high symmetry from the presence of
only three resonances in the 'H NMR spectrum, cf. Figs. S1 and S6.
During oxidation and reduction experiments we were able to isolate Pd-
salts that demonstrated six resonances accounting for four individual
and two overlapping peaks, one for each of the C2 through C7 position of
the napy-backbone, following extrusion of a Pd ion from the paddle-
wheel complex. Moreover, in our pursuit of preparing the diplatinum(II)
congener under the same conditions, we instead isolated the dicationic
salt tetra-(x-N-napy) platinum(II) hexafluorophosphate, [Pt(napy)4]
[PFgl2. This complex features a IH NMR spectrum which demonstrates
this splitting pattern of napy, as shown in Fig. S1 0, and these findings
are in agreement with those reported by Biffis [25]. The salts of com-
plexes 1 and 2 are stable upon exposure to air, moisture, and light. The
molecular structure of the paddlewheel core of complex 1 is depicted in
Fig. 1, and shows that each palladium(II) center of complex 1 is coor-
dinated in a square planar fashion by four symmetry-equivalent napy
ligands in a paddlewheel geometry.

From Table 1, the average Pd-N bond length is 2.04 A and the Pd-Pd
separation is significantly shorter than the sum of the van der Waals
radii of 3.42 A [43]. While these distances compare well to the platinum
congener, [Pty(u-napy)4]1[OTfl4 [25], they are on average expectedly
shorter. [Pto(u-napy)s4][OTf]4 features average bond distances of Pt-N
(napy) 2.05 A and a Pt-Pt' separation of 2.58 A, respectively. The
napy ligands in 1 bridge the two metal centers planarly, as in the mo-
lybdenum [30], rhodium [24], and platinum [25] analogues. Finally, a
comparison of the distances of 1 to that of the neutral dipalladium(II)
triazabicyclodecene (hpp) complex reported by Cotton [10] reveals
more comparable bond distances, as this complex features an average
Pd-N (hpp) bond length of 2.04 A and Pd-Pd’ separation of 2.55 A.
Selected bonding parameters are presented in Table 1, and a full list of
bond lengths, angles, and torsion angles are provided in Table S1
through Table S3.

To better understand the electronic structure of the core of the

I X4
PP

[Pd(MeCN)4][X], N" N ,

X'=BF4,PFs  MeCN, rt, 24h

X'=BF4 (1), X' = PFg (2)

Scheme 1. Synthesis of the paddlewheel complexes 1 and 2 starting from Pd
(II) acetonitrile adducts.
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Fig. 1. Solid-state structure of complex 1. Thermal ellipsoids are plotted at 50
% probability level. BF4-counterions, co-crystallized MeCN, and H-atoms are
omitted for clarity. Color coding: C grey, N blue, Pd sea green.

Table 1
Selected bonding parameters of 1.

Bond lengths (A) and angles (deg) in the solid-state structure

Pd1-Pd1! 2.5644(6)
Pd1-N6 2.043(3)
Pd1-N7 2.054(3)
Pd1-N2! 2.041(3)
Pd1-N1! 2.035(3)
N6-Pd1-N7 90.51(13)
N7-Pd1-N2! 90.40(13)
N2!-Pd1-N1! 89.34(13)
N1!-Pd1-N6 89.18(13)
N1'-Pd1-N7 174.40(13)
N2!-Pd1-N6 174.05(13)

paddlewheel complex, specifically the nature of the Pd-Pd interaction,
given the short metal-metal distance and the high symmetry of the
complex, optical absorption spectroscopy in DMF was carried out for
complexes 1 and 2, which is shown in Fig. 2. Both spectra feature an
absorption in the visible region around 550 nm (¢(550 nm (Apay)) =
~25 M ! em™!) and further absorptions are present in the UV-region,
likely relating to intraligand transitions. In this context, various dinu-
clear napy-complexes feature strong metal-to-ligand charge transfer
(MLCT) in the region from 450 to 330 nm [20,22]. In the visible region,
the analogous dimolybdenum(II) napy complex, [Moy(p-
napy)4(MeCN)2]4+, features a low-energy transition (A = 699 nm, & =
717 M} cm_l), which the authors assign to a 8 — 8 transition [30].
Differently, in the tetraformamidinato dipalladium(II) complex, Pdy(p-
DAni),4 (DAni = N,N-di-p-anisylformamidinate), a low-energy transition
(. ~ 500 nm) is observed, which upon oxidation to the corresponding
Pd%*-core disappears [44,45]. To further explore the observed transi-
tion, we sought to apply DFT to better understand the electronic prop-
erties of complex 1 [46,47]. Fig. S11 shows the frontier-molecular
orbitals of the ground-state: the HOMO comprises an antibonding
interaction (6*) between two Pd atomic d(z%) orbitals, whereas the
LUMO comprises an antibonding interaction between the two atomic d
(x2—y2) orbitals and the ligands (6*(M-L), d(xz—yz)—L(c*)). This observa-
tion is consistent with d8-d® interactions reported in other Pd" dimers
[48], and these orbitals formed the basis for our time-dependent DFT
(TD-DFT) analysis, where we have been able to discern a trend that
accounts for the orbitals relevant to the observed excitation in Fig. 2. In
vacuum, the quantum chemical calculations predict two transitions: a
low-energy, low-intensity transition, at 484 nm, followed by a high-
energy transition at 338 nm. We suggest that the former transition
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Fig. 2. Optical absorption spectra of paddlewheel complexes 1 and 2 as 10 mM solutions in DMF. The left-hand graph shows the full spectrum ranging from 225 to
800 nm. The right-hand graph shows a selected region between 350 and 700 nm, focusing on specific absorptions relevant to visible light. Change in light-source

occurs at 350 nm.

relates to a metal-metal to ligand charge transfer (MMLCT) transition
[48], as it comprises a transition from the HOMO to LUMO-+2 and
LUMO+3 (degenerate), whereas the higher-energy transition is more
consistent with an intraligand transitions from HOMO—1 to LUMO+3.
Additionally, to account for a polar solvation shell relevant to the
experimentally observed excitation, which potentially could stabilize an
excited charge-distribution centered on the ligand, two implicit solva-
tion models were investigated, using DMF as solvent: conductor-like
polarizable continuum model (CPCM), and cavity-dispersion-solvent
structure (CDS) term, respectively. These calculations suggest the UV
transition redshifts to 590 nm, which, despite a somewhat crude model,
provides some insight into how solvent polarity affects the spectrum.
Additionally, Fig. S13 compares the UV-Vis spectrum of complex 1 in
MeCN and DMF, showing that the same transition slightly red-shifts with
increasingly polar solvent. Based on these findings, we suggest that the
absorption spectrum of complex 1 displays a MMLCT transition rather
than a pure d-d transition in addition to intraligand transitions.

2.2. FIR, Raman, and DFT-calculated spectra

The complete vibrational spectrum of the free napy ligand has pre-
viously been reported in a combined Raman/infrared investigation of
napy embedded in a Nujol mull [49] and later in a surface-enhanced
Raman spectroscopic (SERS) investigation of napy adsorbed on silver
colloids [50]. The attenuated-total-reflectance (ATR) spectra of 1
collected in the mid-infrared fingerprint (600-1700 cm™ ) and the far-
infrared (150-600 cm™!) spectral regions are shown in Fig. 3. The
complementary plot shown the mid- and far-infrared spectral regions of
complex 2 is shown in Fig. S14. Similarly, the complementary Raman
resonance of complex 2 is shown in Fig. S15. The mid-infrared region
shown in Fig. 3 features mostly vibrational fundamental transitions
associated with slightly perturbed intramolecular normal modes of the
napy ligands, whereas the far-infrared part of the spectra additionally
exhibits several fundamental transitions associated with large-
amplitude vibrational motion involving the metal-ligand bonds. Our
infrared and Raman spectroscopic observations for 1 agree rather well
with the literature, although the mid-infrared part of the spectrum in the
900-1175 cm™! range is blurred due to the very strong and broad ab-
sorption feature resulting from the B-F stretching modes of the BF4
counter-ions. A complete list of observed infrared and Raman band
positions of distinct bands is provided in the supplementary material, c.f.
Tables S4. The far infrared spectrum shown in Fig. 4 reveals several
absorption bands, which have previously been assigned to different
modes involving the torsional and bending motion of the aromatic rings
of the napy monomer [49,50].
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Fig. 3. The attenuated-total-reflectance (ATR) infrared (blue traces) and
Raman spectra (red trace) of 1 in the mid-infrared fingerprint and the far-
infrared spectral regions.

Three bands observed at 169, 433, and 463 cm’l, respectively, re-
lates directly to the torsional motions of the ring, and gain intensity in
napy due to the asymmetry introduced by the N-heteroatoms. Addi-
tionally, the two bands observed at 521 and 543 cm?, respectively,
have both previously been assigned to bending motions of the aromatic
rings [49,50]. More interestingly, the observed three distinctive vibra-
tional transitions, not previously observed in monomeric napy, at 236,
281 and 314 cm™, respectively, are indicative of the complexation
between the napy ligands and Pd(II). Some ambiguity exists on the
particular far-infrared assignments of the N---Pd---N bending and Pd---N
stretching modes for palladium(II) complexes, as different studies have
assigned vibrational transitions associated with large-amplitude Pd---N
stretching modes in the 400-550 cm™! range [51] and other in-
vestigations have assigned these stretching transitions in the 200-300
em™! range [52]. However, a normal mode analysis of the present
harmonic vibrational predictions at the TPSS-D4/def2-TZVP [Pd def2-
QZVP] level of theory provides further insight into the observed tran-
sitions. The theoretical simulation of the far-infrared spectrum based on
this level of theory is shown in Fig. 4 together with the experimental
spectrum. Two observed transitions at 236 and 314 cm 2, respectively,
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Fig. 4. Experimentally observed far-infrared attenuated-total-reflectance
spectrum of 1 (blue trace) together with a simulation of the spectrum at the
TPSS-D4/def2-TZVP [Pd def2-QZVP] level of theory (red trace).

are associated with two different concerted out-of-plane N---Pd---N
bending modes involving all four napy subunits. A third transition at
281 cm ! is associated with a concerted in-plane N---Pd.--N bending
mode. A normal mode animation of the highest-energy out-of-plane
N..-Pd---N bending mode is illustrated in Fig. 5.

Based on the predicted Raman activities at the same level of theory,
we tentatively assign the vibrational transition observed at 673 cm ™! in
the Raman spectrum to a concerted large-amplitude N---Pd---N stretch-
ing motion involving all the metal-ligand bonds. The normal mode
animation of the predicted vibrational motion (with three-fold amplified
vibrational displacements) is shown in Fig. 6, which demonstrates that
this concerted N---Pd---N stretching motion does not involve any change
of the overall dipole moment and is therefore only (slightly) Raman-
active. The agreement between the DFT simulation and experiment is
surprisingly good although the undertaken harmonic vibrational pre-
dictions are more challenging for the N---Pd---N bending modes due to
the more anharmonic character for this class of large-amplitude vibra-
tional motion.

2.3. Electrochemical studies

We investigated the electrochemical properties of [Pda(u-napy)s]**
to determine whether any distinct oxidation events, consistent with the
formation of (transient) PA"Pd™ or a Pdg+ species, could be observed.
Cyclic voltammograms (CVs) were obtained for both napy and [Pdy(p-
napy)4][PFgl4 in DMF, as shown in top of Fig. 7, as well as for [Pda(p-
napy)4] [BF4]4 in MeCN, although the latter spectrum is difficult to fully
interpret, see Fig. S16. The CVs in the top of Fig. 7 suggest to us that the
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observed redox events are related to the paddlewheel complex, as no
significant redox events were observed for napy alone (blue trace).

To better understand the redox processes in the CV at the bottom of
Fig. 7, where the complex was examined at a higher concentration and
varying scan rates, we attempted to isolate well-defined products
resulting from oxidation and reduction of the parent dipalladium(II)
complexes 1/2, respectively. However, no such species were obtained in
our hands. Instead, we recovered unreacted starting material, indicating
minimal consumption of the starting material, along with monopalla-
dium complexes ligated by napy, and byproducts from napy-oxidation.
We therefore suggest that the oxidation event observable in voltam-
mogram of Fig. 7 is not metal centered. Similarly, the nature of the three
distinct reduction events remains unclear, and more likely relate to the
initial oxidation event.

3. Conclusion

In closing, we demonstrate that napy tethers two Pd(II) ions closely
together resulting in new, distinctive electrochemical properties.

Spectroscopic and computational analysis suggests that despite a
close Pd-Pd distance the proximity does not constitute a formal bond,
following a full population of bonding and antibonding metal-metal
molecular orbitals of mainly M-d(z?) character as disclosed by optical
absorption spectroscopy combined with TD-DFT. Combining far-
infrared spectroscopy with DFT enable us to understand and ascertain
the N-Pd-N bending transitions, resolving some existing ambiguity.
Finally, we find that the napy ligand poorly supports strongly oxidizing
metal-centres, as neither complex 1 nor 2 work as synthons for the
isolation of Pd"Pd™ and Pd$* complexes. Neither have we been able to
isolate dipalladium complexes of lower valency.

4. Experimental
4.1. General considerations and instrumentation

All syntheses were performed in air unless otherwise specified.
Handling of air-sensitive reagents was conducted under inert gas con-
ditions using standard Schlenk or glovebox techniques in an Argon-filled
Inert glovebox. Most chemicals were commercially achieved and used
without further purification as received from Strem Chemicals (PdCly,
PdBry, Pdly) and FluoroChem (napy, [Pd(MeCN)4][BF4]2, AgPFg, and
AgBF,4). We found that the long-term storage of AgPFe under inert
conditions is important to prevent its hydrolysis. Elemental analyses
were acquired by the Micro Analytical Laboratory at the Department of
Chemistry, University of Copenhagen on a Thermo Fisher FlashEA 1112
analyzer. All handling was conducted under ambient conditions.

4.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

1y, 13¢, 19F, and 3'P NMR spectra were recorded on Bruker Ascend
spectrometer with a Prodigy cryoprobe operating at 400 MHz for 'H
NMR, 101 MHz for 3C, for 377 MHz '°F NMR, and 162 MHz for 'P

Fig. 5. The animation of the large-amplitude concerted out-of-plane N---Pd---N bending mode of 1, with the equilibrium configuration of 1 shown (center) together
with the configurations at the two outer vibrational turning points of the normal mode (left and right). The front BF, counter-ion is omitted for clarity.
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Fig. 6. The animation of a large-amplitude concerted N---Pd---N stretching mode of 1, with the equilibrium configuration of 1 shown (center) together with the
configurations at the two outer vibrational turning points of the normal mode (left and right).
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Fig. 7. The top voltammogram shows napy and [Pdx(p-napy)4][PFel4 (complex
2) at 0.25 mM concentration in DMF, and at 20 mV s~!, suggesting that the
redox properties are a consequence of the complexation between Pd and napy.
The lower figure shows a voltammogram of complex 2 at various scan rates.

NMR. 'H and '3C chemical shifts are reported relative to SiMey, using
the residual solvent peak as internal reference [53]. The specific
deuterated solvent is stated for each compound. NMR spectra were
analysed using MestReNova software.

4.3. Infrared spectroscopy (AT-IR and FTIR) and Raman spectroscopy

The collected attenuated-total-reflectance (ATR) Fourier Transform
infrared (FTIR) spectra have been obtained by a VERTEX 80 vacuum
FTIR spectrometer from Bruker Optics GmbH. The mid-infrared spectral
region (450-5000 em ™) was collected with a Ge on KBr beam splitter, a
liquid nitrogen cooled HgCDTe detector and an air-cooled thermal
global radiation source employing a single-reflection germanium ATR
accessory (IRIS) from PIKE Technologies Inc. The far-infrared (100-500
em 1) recordings were done with a multilayer Mylar beamsplitter, a
room temperature DTGS detector and a water-cooled thermal Globar
radiation source employing a single-reflection diamond ATR accessory.
The collected spectra of 2 cm ! spectral resolution have been corrected
for small traces of residual water vapor absorption from the interfer-
ometer and the resulting absorption spectra have been corrected for
minor baseline drifts. Subsequently, extended ATR corrections have
been applied to account for the wavelength-dependent penetration
depth of the infrared probe beam into the solid sample.

The Raman spectra were collected employing the visible lines at
514.5 nm (green) and 488.0 nm (blue) emitted from a LEXEL 95-SHG-QS
Argon ion laser (Cambridge Laser Laboratories Inc., USA) as the exci-
tation sources. The continuous laser power was adjusted to ~4 mW, of
which about half or less reached the uncovered surface of the sample to
avoid sample oxidation. The excitation laser was passing through an
InVia Reflex Raman instrument (Renishaw plc, England) via mirrors to
an attached Leica DM2700M microscope (Leica Microsysteme Vertrieb
GmbH, Germany) equipped with a traditional X5 objective. The scat-
tered light from the sample was collected and sent back through a high-
pass filter system dispersed in a single stage spectrograph and detected
with a Peltier-cooled high-sensitive CCD device. The entrance slit width
was set to 55 um and the acquisition condition was set to up to 100 s with
automatic removal of cosmic spikes. Independent Raman spectra were
collected and co-added. The resulting Raman spectrum was not
manipulated further and not corrected for monochromator and detector
efficiencies. The calibration of the absolute wavenumber scale was done
with a diamond slab having its strongest band at ~1332.4 cm™! and
[54] the scale was checked with the ASTM bands of cyclohexane and
polystyrene [55,56] to within 1-2 ecm ™! accuracy.

4.4. Electrochemical measurements

Electrochemical measurements were recorded on an Autolab
PGSTAT12 instrument (Eco Chemie, Switzerland) at room temperature
(ca. 20 °C) with the glassy carbon electrode (GCE), a Pt wire, and a solid
Ag/AgCl electrode as the working, counter, and reference electrode,
respectively. Cyclic voltammetry (CV) was conducted in DMF and MeCN
containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg)
with compound 1 or 2 in a potential range from —1.5 to 1.1 V versus Ag/
AgCl at different scan rates of 20, 50, 100, 200, 400 and 500 mV s~!. The
potential was then calibrated to against the formal potential of Fc™
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O redox couple by: E (vs. Fc™/%) = E (vs. Ag/AgC])-0.36 V. All electrolytes
were degassed with argon for at least 30 min and an argon atmosphere
was maintained above the solution throughout the experiments.

4.5. Single-crystal X-ray structure determination

A suitable crystal was harvested with a MiTeGen cryo loop and
mounted on a goniometer attached to a SuperNova Dual Source CCD-
diffractometer. Data were collected at the given temperature K using
Cu Ka (1) radiation under a stream of N». Data integration ranging from
0.84 A to 0.72 A resolution was carried out using CrysAlis Pro software
with reflection spot size optimization. Using Olex2 [57 1], the structure
was solved with the olex2.solve [58] structure solution program using
Charge Flipping and refined with the SHELXL [59] refinement package
using Least Squares minimisation. The program PLATON was used to
confirm an absence of missing symmetry elements. Non-hydrogen atoms
were refined with anisotropic displacement parameters, and hydrogen
atoms were added in idealized positions and refined using a riding
model.

4.6. Computational methods

The quantum chemical calculations were performed using the ORCA
(5.0) [60] software package. The optimized equilibrium geometry and
the harmonic vibrational frequencies and Raman activities of the com-
plex 1 molecular unit were calculated using the dispersion-corrected
TPSS-D4 [61] functional together with the def2-TZVP [62-64] basis
set (QZVPP basis set used for the Pd atoms). TD-DFT [65] calculations of
the electronic excited states transition energies were performed using
the TPSSh-D4 method with the def2-TZVPD (QZVPPD-Pd) [66] basis set
on the corresponding potential energy minimum geometry of complex
1** jonic form of the compound. The solution has been obtained for the
first 10 roots. The RIJ-COSX approximation was used for all calculations
[67].

4.7. Synthetic methods

Complex 1 is readily prepared using commercially available [Pd
(MeCN)4]1[BF4]2, whereas the hexafluorophosphate precursor to obtain
complex 2 has to be prepared from an initial halide abstraction per-
formed in MeCN using a slight excess AgPF¢. This halide abstraction
reaction similarly affords [Pd(MeCN)4][BF4]2 when AgBF4 is used as the
abstractor, and any of the halides PdX, (X = Cl, Br, or I) work as a source
of Pd(II).

Preparation of tetrakis(acetonitrile) palladium(II) tetrafluoroborate
or hexafluorophosphate precursors. We found that this step can be
performed in air when the filtrates are directly applied in complexation.
2.0 equivalent of PdX, (X = Cl, Br, or I) and 4.02 equivalents of dry AgX’
(X' = BF4 or PFg) were weighed out into a round-bottom flask. The flask
was added a stir bar, MeCN (30 mM with respect to Pd), fitted a reflux
condenser, and the setup was covered in aluminum foil before it was
placed in a pre-heated oil bath. The suspension was stirred at a gentle
reflux for roughly three hours (six hours for Pdly) turning bright yellow.
The flask was cooled to room temperature, the suspension was filtered
through a pad of celite, and the yellow filtrate transferred to another
round-bottom flask charged with a stir bar.

Preparation of complexes 1 and 2. This step may be performed in air.
4.05 equivalents of napy was added to the round-bottom flask con-
taining the filtrate of 2.0 equivalent of [Pd(MeCN)4]1[X], and the
mixture stirred overnight at room temperature. The overnight stirring
occasionally resulted in the formation of a white/yellow suspension
within the first couple of hours, which overnight had disappeared. The
following day, the slightly red/brown solution was collected via filtra-
tion and the white precipitate discarded. The filtrate was concentrated in
vacuo to about 1-2 mL of solvent and EtoO was added until the precip-
itation of a white/pink powder stopped. This solid was transferred onto
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a glass frit, medium or fine coarseness and washed with 3 x 5 mL each of
benzene and acetone. The powder was finally washed with small frac-
tions (~1 mL at a time) of cold MeCN (0 °C) until the filtrate no longer
was colored by any bright yellow colors. The powder was then washed
with 5 mL of Et;0 and 5 mL of pentane, before the powder was left to dry
in the air on the glass frit. Once dry, the powder redissolved in minimum
amounts of MeCN and the slightly colored solution was collected and
solvent was removed in vacuo, yielding the target dipalladium(II) com-
plex as a slightly pinkish powder in good to excellent yield (50-68 %).
250 mg [Pd(MeCN)4][BF4]2 gave 206.8 mg (68 %) of the resulting BF4-
complex. Using 250 mg PdCl, gave 601.8 mg (65 %) of the resulting PF¢-
complex. Comparable yields of complexes 1 and 2 were obtained by
using PdBr; and PdlIs.

Complex 1, the BF4-salt. 'H NMR (400 MHz, CD3CN) § 10.24 (broad
singlet, 1H), 8.63 (d, J = 7.0 Hz, 1H), 8.03 (t, J = 7.0 Hz, 1H). '*C NMR
(101 MHz, CD3CN) § 161.73, 145.93, 130.04, 127.57. '°F NMR (377
MHz, CD3CN) § —151.30, —151.35. 'H NMR (400 MHz, DMSO-dg) §
10.35(dd, J = 5.4, 1.7 Hz, 1H), 8.80 (dd, J = 8.2, 1.7 Hz, 1H), 8.15 (dd,
J = 8.2, 5.4 Hz, 1H). '°F NMR (377 MHz, DMSO-dg) 5 —148.26 (s,
F-lOB), —148.31 (s, F-'1B). Elemental analysis caled (%) for
C32H24F16N8B4Pd2 . (2 MeCN, Hzo)l C 3662, H. 273, N. 1186, found: C
36.56, H 2.67, N 11.75. UV-Vis: Amax 544 nm, 37 (e/M~' em™).
Colorless single-crystals suitable for single-crystal X-ray diffraction were
obtained by two means: 1) overnight by Et,O vapor diffusion into a
concentrated MeCN solution of complex 1 at —18 °C and 2) slow solvent
evaporation of a concentrated sample in MeCN.

Complex 2, the PF¢-salt. 'H NMR (400 MHz, DMSO-dg) 5 10.36 (dd,
J=>5.4,1.7 Hz, 1H), 8.81 (dd, J = 8.2, 1.7 Hz, 1H), 8.15 (dd, J = 8.2, 5.4
Hz, 1H). '3C NMR (101 MHz, DMSO-dg) § 160.0, 155.6, 144.0, 128.5,
125.9. %F NMR (377 MHz, DMSO-de) 5 —70.17 (d, J = 712.1 Hz). 3'P
NMR (162 MHz, DMSO-dg) & —144.18 (hept, J = 712.1 Hz). Elemental
analysis caled (%) for C3aHo4F24NgP4Pdo:C 29.27, H 1.84, N 8.53;
found: C 29.24, H 1.85, N 8.53.
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