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Mono- and bimetallic homo- and heterodinuclear
Pd and Pt complexes bridged by diphosphines:
synthesis, characterisation and cytotoxicity
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Karabo Serala,b Mihlali V. Mlaza,b Thato T. Medupe,b Sharon Prince, *b

Christoph Marschner, c Thomas J. Cleij a and Burgert Blom *b

Herein we report a series of monometallic complexes: [(κ2-dppe)MCl(κ1-dppx)](OTf) (where dppe = 1,2-

bis(diphenylphosphino)ethane; dppx = 1,4-bis(diphenylphosphino)butane (dppb) (M = Pd (Pd-1) or Pt (Pt-

1)), 1,5-bis(diphenylphosphino)pentane (dpppent) (M = Pd (Pd-2) or Pt (Pt-2)), or 1,6-bis(diphenylpho-

sphino)hexane (dpph) (M = Pd (Pd-3) or Pt (Pt-3))). We also report the homobimetallic complexes [((κ2-
dppe)PdCl)2(μ-dppx)](2OTf) (dppx = dppb (PdPd-1), dpppent (PdPd-2) or dpph (PdPd-3)). In addition, the

Ru(II)-based heterobimetallic complexes [(κ2-dppe)ClM(μ-dppx)RuCl2(η6-p-cym)](OTf) (M = Pd and dppx

= dppb (PdRu-1), M = Pd and dppx = dpppent (PdRu-2), M = Pd and dppx = dpph (PdRu-3), M = Pt and

dppx = dppb (PtRu-1), M = Pt and dppx = dpppent (PtRu-2), M = Pt and dppx = dpph (PtRu-3), and Os-

based heterobimetallic complexes [(κ2-dppe)ClPd(μ-dppx)OsCl2(η6-p-cym)](OTf) (dppx = dppb (PdOs-1),

dpppent (PdOs-2) and dpph (PdOs-3)) are also reported. All complexes were fully characterised by spec-

troscopic means and their stability in DMSO was determined via time-dependent NMR spectroscopy.

Aquation studies were performed in a PBS buffer : DMSO solution (90 : 10 v/v) at 37 °C to determine the

various entities which could form in biological media and are discussed. The solid-state structures of

complexes PdPd-0, PdPd-1 and PdRu-1 were further characterised by single crystal X-ray diffraction ana-

lyses and are reported. The cytotoxicity of all complexes was evaluated in vitro against a wide panel of

cancer cell lines. While the monometallic and homobimetallic complexes showed sub-optimal activity,

the heterobimetallic complexes all displayed good to excellent cytotoxicity. PdRu-1 displayed an IC50

value of 3.43 ± 1.43 µM and a selectivity index of 6.16 on the Ca Ski cell line. The results from this study

highlight the increased efficacy of heterobimetallic systems with regards to their monometallic or homo-

bimetallic counterparts for Pd(II) and Pt(II) type complexes.

Introduction

Cancer is one of the predominant health challenges in the
world, with more than 2 million new cases and more than
600 000 deaths projected in 2025 in the United States alone.1

The number of cases worldwide is predicted to reach
35 million by 2050, given the overall increase in population
and life expectancy.2 Pt-based drugs, which are linked to a
plethora of side effects, are still the forefront chemotherapeu-

tic drugs (Scheme 1a–d).3–8 However some Ru(II)-based com-
plexes have been studied and are linked to promising results
(Scheme 1e–i).9–16 Another class of compounds which have
been somewhat underexplored in comparison to the multitude
of mononuclear complexes reported in the literature are bi-
metallic complexes. These compounds make use of two
metals, where it can be further differentiated into the homobi-
metallic (same metals) or heterobimetallic (two different
metals) class. The nature of the bridging ligand can be varied,
and diphosphines have shown to be suitable for this purpose
due to the simple finetuning of both steric and electronic pro-
perties.17 Upon addition of a diphosphine to a halide-bridged
dimer precursor, dimer cleavage and binding to the metal
centre by the donor phosphine occurs readily to form a mono-
meric structure bearing a pendant P atom. This intermediate
complex can then be used in a subsequent dimer-cleavage
reaction, generating a homo- or heterobimetallic complex. We
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have recently reviewed all homo- and heteromultimetallic com-
plexes with a group 8 metal bridged by diphosphines,18 as well
as Pd and Pt complexes of analogous motifs,17 all complexes
bridged by dppm (1,1-bis(diphenylphosphino)methane)19 and
osmium-based complexes bearing a η6-arene and a phosphine
co-ligand20 involved in biological studies.

Bennet et al. have reported some examples of homobimetal-
lic Pd(II) and Pt(II) complexes bridged by diphosphines and
showed suboptimal activity of the Pd(II) examples compared to
their Pt(II) analogues.21 Another study has uncovered
enhanced activity of a cyclometallated Pd(II)–(µ-dppe)–Pd(II)
complex compared to cisplatin in a wide array of cell lines.22

A more recent study reported encouraging cytotoxic activity of
dinuclear palladacycles in MCF-7 and MDA-MB-231 cell lines,
even though cisplatin was not used as control.23 It is worth
mentioning that some monometallic Pd(II) and Pt(II) com-
plexes also displayed good to excellent cytotoxic activities
against several cancer cell lines,24–29 and several reviews high-
light the relevance of monometallic complexes.30–33

Homobimetallic complexes of the type [(η6-arene)RuCl2]2
(µ-diphosphine) have been shown to be underwhelmingly
active,34,35 with the exception of two complexes reported by
Klaimanee et al., making use of the methyl-substituted dipho-
sphines 1,2-bis(diphenylphosphino)propane and 2,4-bis
(diphenylphosphino)pentane, which displayed considerably
higher cytotoxic activities than cisplatin.36

Several accounts report increased cytotoxic activity in line
with the heterobimetallic nature of the complexes studied. In
fact, some examples of Pt(II)–(µ-dppm)–Au(I) complexes were
reported to be more effective than their monometallic Pt(II)
precursors.37 In addition, previous research conducted by us
on monometallic Fe(II) and their analogous heterobimetallic
Fe(II)–Ru(II) complexes showed that the bimetallic examples
displayed higher level of DNA interactions and their cytotoxic
activities were found similar to that of cisplatin on the cell
lines tested.38 We also reported increased activity of [(η5-Cp)Fe
(CO)I(µ-dppm)RuCl2(η6-arene)] (where arene = p-cymene or

C6H6) compared to homobimetallic [(η6-C6H6)RuCl2]2(µ-
dppm),35 and some comprehensive reviews highlight multiple
heterobimetallic complexes with various ligand scaffolds and
their anticancer activities.39,40

As part of our ongoing research programme into the devel-
opment and anticancer testing of bimetallic complexes, with a
view to establish a large library of compounds for further bio-
logical studies, we report herein eighteen novel complexes sub-
divided in three categories: (a) monometallic Pd or Pt-based
complexes bearing a κ1-diphosphine with the general formula
[(κ2-dppe)MCl(κ1-dppx)](OTf), where dppx = 1,4-bis(diphenyl-
phosphino)butane (dppb), 1,5-bis(diphenylphosphino)pentane
(dpppent), or 1,6-bis(diphenylphosphino)hexane (dpph) and M
= Pd or Pt; (b) homobimetallic Pd-based complexes bridged by
a diphosphine with the general formula [((κ2-dppe)PdCl)2(μ-
dppx)](2OTf); and (c) heterobimetallic complexes of the type
[(κ2-dppe)ClM(μ-dppx)RuCl2(p-cym)] (where M = Pd or Pt), and
[(κ2-dppe)ClPd(μ-dppx)OsCl2(p-cym)](OTf) (Fig. 1). The ration-
ale behind this collection of complexes is to evaluate multiple
aspects in the drug design process: Firstly, analogous com-
plexes of which the only structural difference stems from one
same group transition metal (i.e. Pd(II) vs. Pt(II), Ru(II) vs. Os(II))
are tested to determine which is most active. Secondly, as seen
in multiple reports, monometallic complexes tend to be less
active than their bimetallic counterparts, as well as homobi-
metallic complexes displaying less activity than their heterobi-
metallic complexes.18 Hence, the monomer precursors and
homobimetallic complexes were also evaluated to further test
these observations. Thirdly, a previous study reported by us
has seen a correlation between spacer length (i.e. number of
CH2 groups within the bridging ligand backbone) and cyto-
toxic activity.38 Hence, the length of the diphosphine spacer
chain was varied systematically for all classes of compounds
reported herein to evaluate whether this trend can be observed
in the three different types of complexes. All complexes were
characterised spectroscopically, three of which were further
characterised by single crystal X-ray diffraction analysis. Rates
of aquation and tentative speciation were derived for selected
examples in a PBS buffer : DMSO solution (90 : 10 v/v) and are
presented. The cell viability was evaluated on eight human
cancer cell lines, including cervical (HeLa and Ca Ski), pan-

Fig. 1 Schematic representation of the complexes discussed herein,
and their respective labels.

Scheme 1 Chemical structures of complexes which reached human
clinical trials. a: Cisplatin, b: carboplatin, c: oxaliplatin, d: nedaplatin, e.
RAPTA-C, f. RAED-C, g: NAMI-A, h: KP1019 (Z = indazoleH+), KP1339 (Z
= Na+), and i. TLD1433.
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creatic (PANC-1 and CFPAC-1), rhabdomyosarcoma (RD and
RH30), and breast (MCF-7 and MDA-MB-231). The most
effective compounds were also tested against non-malignant
MRC-5 cell line. The IC50 values of the two best-performing
complexes were determined on cervical and pancreatic cancer
cell lines, and their selectivity indices were derived by cross-
testing on FG0 non-malignant cells.

Results and discussion
Synthesis and spectroscopic properties of precursor dimer
complexes PdPd-0 and PtPt-0

Dimer complexes similar in structure as PdPd-0 have been pre-
viously reported in the literature,41–45 with the first example
dating back to 1979.41 However, these complexes contained
either ClO4 or BF4 counteranions. Herein we report the syn-
thesis of an analogous dimer complex containing the triflate
(SO3CF3) counteranion. The dimer precursor was synthesised
using adapted methods,46 by mixing [(dppe)PdCl2] with AgOTf
in dichloromethane at room temperature (Scheme 2). The
desired product was isolated in good yields (75%) as an air
stable solid. Interestingly, the dimer exhibited different reactiv-
ities towards deuterated solvents upon NMR analysis
(Scheme 3). In fact, in CDCl3, a signal corresponding to
[(dppe)PdCl2] starting material progressively increases in
intensity over time in the 31P{1H} NMR spectrum, revealing
chlorination at Pd(II) in CDCl3. However, in DMSO-d6, dimer
cleavage to form the DMSO adduct is observed through the
appearance of two sets of doublets in the 31P{1H} NMR spec-
trum (δ = 70.9 and 69.0 ppm), corresponding to the chemically
inequivalent P atoms of dppe upon DMSO binding to the Pt(II)
centre. In acetone-d6, a singlet signal is observed at δ =
76.9 ppm in the 31P{1H} NMR spectrum, supporting the chemi-
cal equivalence of each P atom within the structure, as well as

a doublet signal in the aliphatic region in the 13C{1H} NMR
spectrum, corresponding to the C atoms within the dppe back-
bone (Fig. S1 and S20). In addition, a singlet signal can be
observed at δ = −77.6 ppm in the 19F NMR spectrum, confirm-
ing the presence of the triflate anions. Crystals suitable for
X-ray diffraction analyses were grown through slow evaporation
of a concentrated dichloromethane solution at 4 °C and the
structure is reported in the SI (Fig. S193). The synthesis of
PtPt-0 was optimised compared to previous reports.47 The pre-
cursor complex [(dppe)PtCl2] is obtained via reaction of [(COD)
PtCl2] and dppe in dichloromethane.48 The intermediate
monomer complex is subsequently reacted with AgOTf in di-
chloromethane at room temperature for 1.5 h in the absence
of light, yielding the desired dimer complex PtPt-0 in 70%
yield (Scheme 2).

Synthesis and spectroscopic properties of monometallic
precursor complexes Pd-x and Pt-x (x = 1, 2 or 3)

The monometallic complexes Pd-x and Pt-x were synthesised
through slow addition of a solution containing the respective
dimer precursors PdPd-0 or PtPt-0 to another solution contain-
ing two equivalents of the respective diphosphine ligands (1,4-
bis(diphenylphosphino)butane (dppb, Pd-1 or Pt-1), 1,5-bis
(diphenylphosphino)pentane (dpppent, Pd-2 or Pt-2) and 1,6-
bis(diphenylphosphino)hexane (dpph, Pd-3 or Pt-3)) in di-
chloromethane (Scheme 4). The slow addition of the dimer
complex prevents the formation of dinuclear species where
each P atoms on the ligand would bind to a different Pd(II)/Pt
(II) centre. Reactions attempted with shorter chain length
diphosphines (dppm, dppe or dppp) resulted in the formation
of the desired products as well as a cyclic side-product where
the diphosphine bound in a κ2 fashion to the M(II) centre. The
mononuclear complexes were obtained in good yields
(65–81%) as pale-yellow powders, stable in air for extended
periods of time.

FT-IR spectroscopy revealed very similar spectra along all
monometallic complexes, with C–H stretching vibrations
observed in the range of 3100–2800 cm−1 being the only
assignable signals (Fig. S103–S108). The UV-Vis spectra of Pd-x
were very similar to one another, with the main features being
an intense absorption at 226 nm, a shoulder at 270 nm and a
minor absorption at 331 nm (Fig. S125–S127). In Pt-3, the
shoulder shifted to 274 nm, and no absorption was observed
at 331 nm (Fig. S129). 1H NMR spectra revealed a doublet
signal in the aliphatic region in all six cases, corresponding to

Scheme 2 Synthesis of the dimer precursors PdPd-0 and PtPt-0.

Scheme 4 Synthesis of the monometallic complexes Pd-x and Pt-x (x
= 1, 2 or 3). The letters circled in grey represent the labeling of the P
atoms used in-text.

Scheme 3 Decomposition products observed in solution upon NMR
analysis of PdPd-0 in different solvents.
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the κ2-dppe ethylene bridgehead protons. Additional sets of
multiplets in the aromatic region, as well as extra signals in
the aliphatic region confirmed the binding of the diphosphine
ligand to the Pd(II) centre. The aromatic signals integrate to 40
H, corresponding to the four Ph rings attached to P, whereas
the aliphatic protons of the tether integrate to the expected
values in all three cases (Fig. S2–S7). Further proof of the
binding of diphosphine in a κ1-fashion to Pd(II) was revealed
by the 31P{1H} NMR spectra: an upfield singlet signal is
observed corresponding to the pendant P atom. The three P
atoms bound to Pd(II) or Pt(II) were all displayed as doublet of
doublets. PA and PC exhibit large trans-coupling to each other,
while PB exhibits smaller cis-couplings to PA and PC (see
Scheme 4 for atoms labelling) (Fig. S39–S44). These complexes
exist as conformers in solution, as can be seen especially in
the PC signal, which displays two sets of doublet of doublets.
This is not uncommon for such complexes, as conformational
changes were observed in other phosphine-containing
complexes.49–53 DMSO-stability studies performed via 1H and
31P NMR spectroscopy in DMSO-d6 revealed that the complexes
maintain their structural integrity in solution over time
(Fig. S67–S78). ESI-TOF-MS confirmed the presence of the
expected complexes, as the molecular peak of the cation was
observed in all cases, with the expected isotope pattern
(Fig. S155–S160). Complexes Pd-3 and Pt-x (x = 1, 2 or 3) also
displayed an [M + O]+ fragment, likely due to oxidation at the
pendant P, which is typical of such complexes under ESI-MS
ionisation conditions.38

Synthesis and spectroscopic properties of homobimetallic
complexes PdPd-x (x = 1, 2 or 3)

The syntheses of the homodinuclear complexes PdPd-x (x = 1,
2 or 3) were carried out by reacting the dimer precursor PdPd-0
with the respective diphosphine in a 1 : 1 equivalent in di-
chloromethane to selectively afford through dimer-cleavage
the desired bimetallic complexes in good yields (Scheme 5).
Binding of the diphosphine in a μ-fashion was confirmed
through the absence of the upfield singlet in the 31P{1H} NMR
spectrum, which is observed in the case of complexes Pd-x and
Pt-x bearing the pendant P atom. On the other hand, three
resonance signals are observed, corresponding to Pd-bound
PA, PB and PC (Fig. S45–S47). The 1H NMR spectra are distinct
from Pd-x, as the homobimetallic systems are symmetrical.
The aromatic region integrates to 60 protons, in line with the
presence of a second κ2-dppe moiety. The aliphatic region dis-

plays two signals assignable to the κ2-dppe moiety, each integrat-
ing to four protons. In addition, resonance signals assigned to
the dppx bridging ligand are also observed, with the respective
integration values matching depending on the ligand length
(Fig. S8–S10). A singlet peak at δ = −77.7 ppm in the 19F NMR
spectrum corresponds to the presence of the triflate anion.
Similar to the mononuclear complexes, the homobimetallic com-
plexes displayed good stability in DMSO-d6, as no noticeable
change was observed in the 1H and 31P NMR spectra over a
180 minutes period (Fig. S79–S84). ESI-MS confirmed the for-
mation of the desired products through the [M-OTf]+ peak with
expected isotope pattern in all cases (Fig. S161–S163). The UV-Vis
spectra exhibit very similar features as the monometallic com-
plexes Pd-x, with an intense absorption around 225 nm, followed
by a clear shoulder at 265 nm and a lower absorption around
335 nm (Fig. S131, S133 and S135).

Synthesis and characterisation of the heterobimetallic
complexes PdRu-x, PtRu-x and PdOs-x (x = 1, 2 or 3)

The heterodinuclear complexes were synthesised in similar
fashion, through the addition of dimer precursors [(p-cym)
MCl2]2 (M = Ru(II), Os(II)) to a solution of the respective mono-
metallic complexes Pd-x or Pt-x in dichloromethane and stir-
ring at room temperature for 1.5 to 2 hours (Schemes 6 and 7).

The complexes were obtained as orange to brick-red
powders in good yields (61 to 85%) and are air stable over
extended periods of time. The 1H NMR spectra of all com-
plexes showed similar signals compared to the monometallic
counterparts, with the addition of extra resonance signals
corresponding to the 4H of the p-cymene moiety, a doublet
corresponding to the CH3 groups of the isopropyl unit, as well
as a singlet peak corresponding to the CH3 on p-cymene ring.
The expected septet from methine CH could not be observed
due to overlapping signals from the alkyl chain of the bridging
ligand, nevertheless its presence was determined through
1H–1H 2D COSY NMR experiments (Fig. S11–S19). 13C{1H}
NMR spectroscopy further corroborated the incorporation of
Ru(II)/Os(II) into the structure, with seven extra signals
observed, in line with the seven distinct C atoms present
within the p-cymene moiety (Fig. S29–S37). In the case of
PdRu-x and PtRu-x, binding of Ru(II) was further confirmed by
the presence of a lowfield shifted resonance signal in the 31P
{1H} NMR spectrum, in comparison to the precursors bearing
a pendant P atom. This observation is not the case for PdOs-x,
as the signal remains upfield, in line with the greater shielding
effect of Os(II) compared to Ru(II) (Fig. S48–S56). The presence
of conformers was observed in all heterobimetallic complexes.
In order to further corroborate this, variable temperature NMR
spectroscopic investigations was performed on RuPt-3, where
coalescence of the PC signals into a clear doublet of doublet
was observed from 333 K on (Fig. 3), revealing the existence of
conformers in solution. In line with the previously discussed
Pd-x, Pt-x and PdPd-x series, the heterobimetallic complexes
seem to maintain their structural integrity in DMSO-d6 over
time, as no obvious change in the 1H and 31P NMR spectra
were observed (Fig. S85–S100). The formation of the desired

Scheme 5 Synthesis of the homobimetallic complexes PdPd-x (x = 1, 2
or 3). The letters circled in grey represent the labeling of the P atoms
used in-text.
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products was further supported by ESI-MS, where the M+ peak
of all complexes was observed (Fig. 2 and Fig. S164–S178).
Regarding UV-Vis spectroscopy, a clear difference can be
observed when comparing the heterobimetallic complexes to
the monometallic precursors and the homobimetallic com-
plexes PdPd-x. In fact, discreet low intensity absorption
maxima can be seen at higher concentrations, corresponding
to symmetry forbidden electronic d–d transitions occurring at
the Ru(II) or Os(II) centres (Fig. S137–S153).

Single crystal X-ray diffraction investigations

Crystals of PdPd-0, PdPd-1 and PdRu-1, suitable for X-ray diffr-
action analysis, were grown via slow evaporation of dichloro-
methane at 4 °C (PdPd-0), or slow diffusion of Et2O into a con-
centrated solution of the respective complexes in dichloro-
methane at room temperature (PdPd-1 and PdRu-1) and are
the results are presented in Fig. 4–6.

The dimer complexes [(dppe)PdCl]2(2ClO4) and [(dppe)
PdCl]2(2BF4) have previously been characterised via single

crystal X-ray diffraction analysis.44,45 Herein we report the solid
state crystal structure of the analogous complex [(dppe)
PdCl]2(2OTf). PdPd-0 crystallised in the triclinic crystal system

Scheme 6 Synthesis of the heterobimetallic complexes PdRu-x and PtRu-x (x = 1, 2 or 3). The letters circled in grey represent the labeling of the P
atoms used in-text.

Scheme 7 Synthesis of the heterobimetallic complexes PdOs-x (x = 1,
2 or 3). The letters circled in grey represent the labeling of the P atoms
used in-text.

Fig. 3 Variable temperature 31P{1H} NMR studies of PtRu-3, zoomed in
on Pc. The FID data was further processed with an exponential apodiza-
tion function with a line broadening of 1 Hz in order to improve the
signal to noise ratio.

Fig. 2 Stacked mass spectra of PdOs-1 (bottom), PdOs-2 (middle) and
PdOs-3 (top) zoomed in on the [M+] peak.

Fig. 4 ORTEP representation of complex PdPd-0 in the solid state
determined by single crystal X-ray diffraction analysis. Thermal ellipsoids
represented at the 30% probability level. H atoms and solvent molecule
omitted for clarity. Selected bond lengths [Å]: Pd(1)–Cl(1) 2.4014(5), Pd
(1)–Cl(1’) 2.4040(5), Pd(1)–P(1) 2.2257(6), Pd(1)–P(2) 2.2471(5). Selected
bond angles [°]: P(1)–Pd(1)–Cl(1) 178.38(2), P(1)–Pd(1)–Cl(1’) 91.661(19),
P(2)–Pd(1)–Cl(1’) 174.967(19), P(2)–Pd(1)–Cl(1) 96.039(19), P(2)–Pd(1)–P
(1) 84.80(2).
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with the space group P1̄ (Fig. 4). The cationic species has an
inversion centre in between the two Pd atoms and presents
strikingly similar features than the previously reported analo-
gous structures, which is to be expected.

PdPd-1 crystallises in the monoclinic crystal system with
the space group P21/c (Fig. 5). The molecule bears an inversion
centre between the two central C atoms of the bridging dppb
ligand. The complex displays a distorted square planar geome-
try at Pd(II), with bond angles of 88.63° (Cl1–Pd1–P1), 85.14°
(P1–Pd1–P2), 96.18° (P2–Pd1–P3) and 89.78° (P3–Pd1–Cl1).
This is similar to the complex [(κ2-dppe)Pd(Ph)]2(µ-dppe),
reported by Zhuravel and co-workers, where the bond angle
P2–Pd1–P3 was found to be 100.95°, whereas the remaining
angles were all below 90°.54 This large difference is likely due
to steric strain between the phenyl rings on each P atoms. The
main difference between the herein reported structure and
that of Zhuravel et al. is the shorter Pd(1)–P(2) bond length in
PdPd-1, due to the lesser electron donating abilities of Cl com-
pared to Ph. Another noteworthy detail are the more obtuse
bond angles around P(3) in the bridging dppb moiety com-
pared to the free ligand. Indeed, while the bond angle between
C(Ph)–P–C(Ph) remains similar between free dppb and PdPd-1,
both C(Ph)–P–C(chain) angles average 105.51° in PdPd-1,
where they average 101.54° in free dppb.55 The complete
crystal data for PdPd-1 can be found in Tables S8–S15.

Complex PdRu-1 crystallises in the monoclinic crystal
system with the space group P21/n (Fig. 6). The geometry and
metrical parameters around Pd(II) is analogous to PdPd-1
within narrow limits. The geometry around the Ru(II) centre is
distorted octahedral, where the p-cymene unit occupies three
binding sites, while the remaining ligands occupy the remain-
ing three. This “piano-stool” configuration for Ru(II) is
common and multiple examples of [(p-cym)RuCl2(PPh2R)]
complexes have been characterised via X-ray diffraction
analyses.56–59 The complete crystal data for PdRu-1 can be
found in Tables S16–S22.

Cell viability studies

All complexes were tested at 10 µM in vitro against cervical
cancer (HeLa and Ca Ski), pancreatic cancer (PANC-1 and
CFPAC-1), rhabdomyosarcoma (RD and RH30), and breast
cancer (MCF-7 and MDA-MB-231) cell lines, and one non-
malignant cell line (MRC-5). The initial concentration of
10 µM was selected based on the National Cancer Institute
(NCI, USA) screening protocol, which uses this threshold to
identify compounds with promising anticancer activity.60–62

Compounds that inhibit cell viability by more than 50% at this
concentration are considered sufficiently active to warrant
further investigation. The results are tabulated in Table 1 and
the related plots can be found in the SI (Fig. S179–S183). The
most notable results were observed on the two pancreatic
cancer cell lines, where all heterobimetallic complexes reduced
cell viability by more than 50%, as well as outperformed cispla-
tin. The two homobimetallic complexes PdPd-1 and PdPd-2
displayed similar results in PANC-1 cells. All monometallic
complexes, except for Pd-3, reduced cell viability by more than
50% in PANC-1 cells. Also worth mentioning is that all hetero-
bimetallic complexes outperformed cisplatin in RH30 cells,
with only PdRu-2 and PdOs-2 reducing cell viability by less
than 50%, albeit by a narrow margin (51.86% and 52.65%,

Fig. 5 ORTEP representation of the PdPd-1 cation in the solid state
determined by single crystal X-ray diffraction analysis. Thermal ellipsoids
represented at the 30% probability level. H atoms and counteranions
omitted for clarity. The phenyl rings of the bridging dppb entity are rep-
resented as wireframes for clarity. Selected bond lengths [Å]: Pd(1)–Cl(1)
2.3458(5), Pd(1)–P(1) 2.2980(6), Pd(1)–P(2) 2.2651(6), Pd(1)–P(3) 2.3734
(6). Selected bond angles [°]: Cl(1)–Pd(1)–P(3) 89.78(2), P(1)–Pd(1)–Cl(1)
88.64(2), P(1)–Pd(1)–P(3) 175.60(2), P(2)–Pd(1)–Cl(1) 172.88(2), P(2)–Pd
(1)–P(1) 85.14(2), P(2)–Pd(1)–P(3) 96.18(2).

Fig. 6 ORTEP representation of the PdRu-1 cation in the solid state
determined by single crystal X-ray diffraction analysis. Thermal ellipsoids
represented at the 30% probability level. H atoms and counteranion
omitted for clarity. The phenyl rings of the bridging dppb entity are rep-
resented as wireframes for clarity. Selected bond lengths [Å]: Pd(1)–P(1)
2.2472(17), Pd(1)–Cl(1) 2.3401(18), Pd(1)–P(2) 2.3065(18), Pd(1)–P(3)
2.3493(18), Ru(1)–Cl(3) 2.419(3), Ru(1)–Cl(2) 2.412(3), Ru(1)–P(4) 2.344
(2), Ru(1)–C(58) 2.208(8). Selected bond angles[°]: P(1)–Pd(1)–Cl(1)
169.33(7), P(1)–Pd(1)–P(2) 83.77(6), P(1)–Pd(1)–P(3) 98.87(6), Cl(1)–Pd
(1)–P(3) 90.46(7), P(2)–Pd(1)–Cl(1) 86.79(7), P(2)–Pd(1)–P(3) 177.03(7), Cl
(2)–Ru(1)–Cl(3) 88.03(11), P(4)–Ru(1)–Cl(3) 88.21(8), P(4)–Ru(1)–Cl(2)
84.21(8).
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respectively). Regarding the Ca Ski cell line, all heterobimetal-
lic complexes reduced cell viability by more than 50%, with
PdRu-1, PtRu-3 and PdOs-3 outperforming cisplatin. On HeLa
cells, three complexes (PdRu-1, PtRu-1 and PdOs-3) reduced
cell viability by more than 50%, whereas all heterobimetallic
complexes except PdOs-2 outperformed cisplatin, as well as
Pd-1 and PdPd-2. Most of the complexes tested outperformed
cisplatin in RD cells. However, none reduced cell viability by
more than 50%. In MCF-7 cells, only PdRu-1 reduced cell via-
bility by more than 50%, whereas all heterobimetallic com-
plexes, except PtRu-1, as well as Pd-1, Pt-3 and PdPd-1, outper-
formed cisplatin. Finally, in MDA-MB-231 cells, the heterobi-
metallic complexes generally perform better, with PdRu-1,
PtRu-3 and PdOs-2 reducing cell viability by more than 50%
and outperforming cisplatin. None of the complexes tested at
10 µM inhibited non-malignant MRC-5 cell viability by more
than 50%, and none were more cytotoxic than cisplatin,
which indicates the potential for selectivity in this molecular
design.

PdRu-1 and PdOs-3 were determined to be the best-per-
forming complexes overall through averaging of the percentage
cell viability values obtained over the eight cancer cell lines.
These two complexes were therefore further investigated in cer-
vical and pancreatic cell lines because they were most cytotoxic
in those, while displaying minimal cytotoxicity against the
non-malignant cell line. The IC50 values were determined by
multidose experiments in the cervical cancer and pancreatic
cancer cell lines as well as in the non-malignant FG0 cell line.
The related selectivity indices were derived by dividing the IC50

values in the non-malignant cells by the IC50 values in the
cancer cells (Table 2 and Fig. S184–S186). Both complexes out-
performed cisplatin in the four cell lines tested.63,64 In the cer-
vical cancer cells, PdRu-1 showed high selectivity (SI ≥ 5) for
Ca Ski cells and moderate selectivity (2 ≤ SI ≤ 5) for HeLa
cells, whereas PdOs-3 showed moderate selectivity for Ca Ski
cells only. In pancreatic cancer cell lines, both PdRu-1 and
PdOs-3 displayed moderate selectivity for PANC-1 cells but low
selectivity (SI ≤ 2) towards CFPAC-1 cells.

Surprisingly, a correlation could not be drawn between
diphosphine spacer length and biological activity, which con-
trasts with our previous report on some heterobimetallic Fe–
Ru(II) complexes.38 However, a clear trend can be observed in
terms of activity of the different types of complexes reported
herein: the heterobimetallic complexes perform better than
their homo- and monometallic counterparts across all cancer
cell lines tested, apart from few exceptions. Apart from
CFPAC-1, where the Os-based heterobimetallic complexes
seemed somewhat less active than the Ru-containing com-
plexes, having Ru(II) or Os(II) does not seem to greatly affect
activity. In Ca Ski and RH30, the homobimetallic complexes
generally outperform the monometallic complexes. In the
other cell lines, activities are roughly comparable. Details on
the cell-lines: PANC-1 (ATCC; CRL-1469), CFPAC-1 (ATCC;
CRL-1918), MRC-5 (ATCC; CCL-171), HeLa (ATCC; CCL-2), Ca
Ski (ATCC; CRL-1550); RD (ATCC; CCL-136TM), MCF-7 (ATCC;
HTB-22TM), MDA-MB-231 (ATCC; HTB-26TM).T
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Aquation studies

Aquation studies were conducted using UV-Vis spectroscopy
on one example complex per homologous series at C = 5 × 10−6

M in a PBS buffer : DMSO solution (90 : 10 v/v) in order to
identify the potential species forming in biological media. All
the kinetic plots can be found in the SI (Fig. S187–S192). In
the case of monometallic complex Pd-2, biphasic spectral
changes are observed, which fit a double-exponential decay
function, indicating two processes occurring one after the
other. The first process (k1 = 2.38 × 10−2 min−1) is tentatively
attributed to hydrolysis at the Pd(II) centre, followed by HCl
elimination (k2 = 2.58 × 10−6 min−1) to form a hydroxo
complex. Phosphane dissociation, to account for the second
process can be entirely ruled out, as NMR experiments per-
formed over this time period did not show any phosphane dis-
sociation. Similar results were observed in the case of Pt-2,
even though the rates are comparatively, faster than Pd-2. The
initial ligand exchange rate is in the same order of magnitude

(k1 = 7.15 × 10−2 min−1), which comes as a surprise, owing to
Pd’s typically faster ligand exchange kinetics.65 HCl elimin-
ation is seemingly much faster in Pt-2 (k2 = 1.15 × 10−2 min−1)
compared to Pd-2. Regarding PdPd-3, a single exponential
decay (k1 = 2.13 × 10−3 min−1) is observed on the time scale of
the experiment (Fig. 7). This likely indicates either one of two
things: a. aquation step occurs at one of the Pd(II) centers, gen-
erating a monoaqua complex bearing a +3 charge and a Cl
counteranion, or b. aquation occurs, followed by fast HCl elim-
ination (faster than the experimental time scale) in order to
restore the more stable +2 charged complex. The rate of aqua-
tion is somewhat similar to k1 in Pd-2, which supports aqua-
tion at Pd(II) as the first/sole step in PdPd-3. Concerning the
heterobimetallic complexes, the speciation is more compli-
cated. Regarding PdRu-2, a two steps process with first a
decrease in absorbance (k1 = 4.46 × 10−2 min−1), followed by
an increase (k2 = 9.17 × 10−2 min−1) is observed. However,
PtRu-2 follows exclusively a double exponential decay indicat-
ing also a two-step mechanism (k1 = 2.97 × 10−1 min−1 and k2

Table 2 IC50 values (µM) determined for the most active complexes, PdRu-1 and PdOs-3, in cervical, pancreatic and non-malignant cell lines

Complex

Cervical cancer Pancreatic cancer
Non-malignant

HeLa Ca-Ski PANC-1 CFPAC-1 FG0

PdRu-1 IC50 6.87 ± 0.97 3.43 ± 1.32 5.69 ± 1.87 17.56 ± 1.14 21.12 ± 1.75
SI 3.07 6.16 3.71 1.20 —

PdOs-3 IC50 23.84 ± 2.59 12.05 ± 1.99 12.53 ± 1.61 28.07 ± 1.08 30.41 ± 2.09
SI 1.28 2.52 2.43 1.08 —

Cisplatin IC50 66.03 (ref. 63) 17.46 (ref. 63) 87.86 ± 2.29 (ref. 64) 41.31 (ref. 63) —

Selectivity indices (SI) derived by the following equation: IC50 FG0 cells/IC50 cancer cells, where SI ≤ 2: low selectivity, 2 ≤ SI ≤ 5: moderate selecti-
vity, and SI ≥ 5: high selectivity.

Fig. 7 UV-Vis spectral changes over time of PdPd-3 (C = 5 × 10−6 M) in a 90 : 10 PBS buffer (pH = 7.45) : DMSO solution at 37 °C (top left), plot of
the change in absorbance over time at 326 nm (top right), and hypothesised mechanism (bottom).
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= 2.71 × 10−2 min−1). Finally, PdOs-2 undergoes a three steps
process, with first a single exponential increase in absorbance
(k1 = 2.88 × 10−1 min−1), followed by a double exponential
decay (k2 = 2.52 × 10−2 min−1 and k3 = 3.57 × 10−2 min−1). We
tentatively assign hydrolysis at Ru(II), followed by a second
hydrolysis at Ru(II) and HCl elimination in the case of PtRu-2
to afford an Ru(II) aqua hydroxo complex as with previous find-
ings reported by us (Scheme 8, bottom).38 In the case of PdRu-
2, the decrease in absorbance indicates likely hydrolysis at Ru
(II), while the increase in absorbance is indicative of hydrolysis
occurring at Pd(II), as is also observed in PdOs-2. It is hence
the case in PdOs-2, that hydrolysis occurs first at Pd(II), which
would explain the increase in absorbance observed. Hydrolysis
at Os(II) happens afterwards due to Os increased inertness.
The third process can either be HCl elimination to form a Pd-
hydroxo complex, or else hydrolysis followed by HCl elimin-
ation at Os(II), in a similar fashion as PtRu-2.

A tentative link to activity in vitro can be derived from the
above speciation experiments. Indeed, the mononuclear com-
plexes were determined to be rather inactive in vitro, which is con-
sistent with the formation of a more biologically inert hydroxo
complex. The homodinuclear complexes showed slightly higher
biological activity than their mononuclear counterparts, which
can be attributed to one Pd(II) still bearing a labile Cl co-ligand
which can later be substituted for binding to a suitable biological
target, as is the case with the mechanism of cisplatin.66

Regarding the heterobimetallic complexes, the PtRu series
showed slightly less activity than the Pd-based examples, which
might be due to a more inert Pt(II) center, whereas a labile OH2

bound to Ru(II) is present. Regarding the PdOs series, in both
possible species a labile OH2 is present at Os(II), whereas in the
case of Pd, either a Pd-hydroxo or Pd-aqua complex is possible,
Pd-aqua likely being more active. Finally, the PdRu series was
determined to be the most active of all, which is consistent with
the formation of a doubly aquated complex, with labile OH2

groups on both Pd(II) and Ru(II) (Scheme 8, top).

Conclusions

Mononuclear Pd(II) and Pt(II)-based complexes, bearing
pendant diphosphines, their corresponding homodinuclear

Pd–Pd, and heterodinuclear Pd(II)–Ru(II), Pt(II)–Ru(II) and Pd
(II)–Os(II) complexes bearing bridging diphosphines have been
reported and fully characterised by spectroscopic means. Their
in vitro cytotoxic activity was determined on eight cancerous
cell lines and a non-malignant cell line, as well as IC50 values
and selectivity indices of the most active complexes in the
series. No obvious relationship between the diphosphine
tether or spacer length and activity could be derived, although
a strong correlation between the heterobimetallic nature of the
complexes and higher biological activity was observed, poss-
ibly due to the different species formed upon aquation in bio-
logical media, as demonstrated by our tentative aquation
studies. The monometallic and homobimetallic complexes dis-
played suboptimal activities in vitro, which suggests the need
for hetero metals in future bimetallic anticancer drug designs
for complexes containing Pd(II) and Pt(II). The complexes
reported herein highlight a novel class of compounds which
encourages the pursuit of heterobimetallic scaffolds as an
enhanced molecular design for the next generation of anti-
cancer drugs.

Experimental section
General considerations

The chemicals were handled using standard Schlenk tech-
niques, unless otherwise stated. Solvents used were dried and
degassed using standard techniques prior to use. [(κ2-dppe)
PdCl2] (TCI), AgOTf (Sigma-Aldrich), 1,4-bis(diphenylpho-
sphino)butane (dppb) (Sigma-Aldrich), 1,5-bis(diphenylpho-
sphino)pentane (dpppent) (Sigma-Aldrich), 1,6-bis(diphenyl-
phosphino)hexane (dpph) (Sigma-Aldrich), [(p-cym)RuCl2]2
(Strem), [(COD)PtCl2] (Strem), were used as received. EtOH
(100%), acetonitrile, dichloromethane (stab. amylene), THF,
Et2O were purchased from Biosolve. DMSO-d6, CDCl3 and
acetone-d6 were purchased from VWR chemicals. [(p-cym)
OsCl2]2 and [(κ2-dppe)PdCl2] were synthesised according to lit-
erature proceedings.48,67 NMR spectra were recorded on a
JEOL JNM-ECZ400s FT NMR spectrometer. NMR data was pro-
cessed using MestReNova v14.3.0, and reported in parts per
million (ppm) referenced to TMS (1H and 13C{1H}), 85% phos-
phoric acid (31P{1H}) or CFCl3 (19F{1H}). The peak multiplici-

Scheme 8 Putative product formation upon hydrolysis of PdRu-2 (top) and PtRu-2 (bottom) in biological media.
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ties abbreviations are as follows: s = singlet, d = doublet, t =
triplet, q = quartet, sept = septet, m = multiplet, ps = pseudo,
br = broad. FT-IR spectra were recorded on a Shimadzu
IRSpirit FTIR spectrometer, using the following parameters: 64
scans, resolution 4, Happ-Genzel apodization, with a scan
range of 4000–400 cm−1. The signals reported as follows: s =
strong, m = medium, w = weak, v = very, br = broad. UV-Vis
absorption spectra were recorded using 1 cm pathlength
quartz cuvettes on a Shimadzu UV-3600 iPlus-1 spectrometer
within a range of 190–800 nm. OriginPro 2018 SR1 b9.5.1.195
was used for data processing of IR and UV-Vis data. Mass spec-
trometry was conducted using a Waters Syanpt G2S
ESI-TOF-MS (3 kV) and the spectra processed using
MassLynx™ v4.2 and the experimentally determined spectra
accuracy and isotope patterns were checked using the built-in
isotope calculator. Melting points were obtained on a Stuart
SMP10 Digital Melting Point apparatus, performed in dupli-
cate and the average reported in °C. Single crystal X-ray diffrac-
tion analysis was performed on a Rigaku XtaLAB Synergy,
Dualflex, HyPix-Arc 100 diffractometer using Cu radiation (λ =
1.54184 Å). CrysAlisPro was used to reduce data to Fo

2 and cor-
rected for absorption effects. Structures were solved using
SHELXT and refined with SHELXL as implemented in OLEX2.

Synthesis of [(κ2-dppe)PdCl]2(2OTf) (PdPd-0). 2.05 g
(3.56 mmol, 1.00 eq.) of [(κ2-dppe)PdCl2] were dissolved in di-
chloromethane (35 mL). 0.914 g (3.56 mmol, 1.00 eq.) of
AgOTf was added to the solution while stirring at room temp-
erature. The reaction vessel was covered in aluminium foil and
the mixture was left to stir at room temperature for 1 hour.
The resulting solution was filtered through a Schlenk-frit, and
the filtrate evaporated and dried in vacuo. Properties: reverts to
[(κ2-dppe)PdCl2] in chloroform, forms [(κ2-dppe)PdCl(DMSO)]
(OTf) in dimethyl sulfoxide, insoluble in tetrahydrofuran and
soluble in acetone. 1.99 g (81%) of bright yellow solid, air
stable. 1H NMR (400.130 MHz, acetone-d6, 298 K): δ 7.91–7.81
(16H, m, PPh), 7.77–7.70 (8H, m, PPh), 7.65–7.57 (16H, m,
PPh), 3.14 (8H, ps d, CH2, κ2-dppe). 13C{1H} NMR
(100.613 MHz, acetone-d6, 298 K): δ 134.6–134.3 (m, PPh),
130.8–130.4 (m, PPh), 28.2 (ps d, CH2, κ2-dppe). 31P{1H} NMR
(161.976 MHz, acetone-d6, 298 K): δ 76.9 (br s, Δν1/2 = 158.7
Hz, PPh2).

31P{1H} NMR (161.976 MHz, DMSO-d6, 298 K): δ

70.9 (br ps d, Δν1/2 = 60.0 Hz, PA), 69.0 (br ps d, Δν1/2 = 60.8
Hz, 2JPB–PA = 11.5 Hz, PB). 19F NMR (376.498 MHz, DMSO-d6,
298 K): δ −77.6 (OTf). FT-IR (cm−1): 3058 (vw), 2963 (vw), 1436
(m), 1256 (br s), 1223 (m), 1148 (m), 1099 (m), 1027 (s), 997
(w), 815 (m), 707 (m), 687 (s), 635 (vs), 527 (vs), 480 (m). UV/Vis
λmax (dichloromethane): 227 nm (major, ε = 120 952 M−1

cm−1), 276 nm (ε = 60 533 M−1 cm−1), 346 (minor, ε = 27 924
M−1 cm−1). ESI-TOF-MS (3 kV, dichloromethane): m/z calcd for
[M-OTf]+, 1229.0; expt., 1228.9. m/z calcd for [M-2OTf + Cl]+,
1115.0; expt., 1114.9. m/z calcd for [(κ2-dppe)Pd(OTf)]+, 653.0;
expt., 653.0. m/z calcd for [(κ2-dppe)PdCl]+, 541.0; expt., 541.0
(100%).

Synthesis of [(κ2-dppe)PtCl]2(2OTf) (PtPt-0). 450 mg of [Pt
(κ2-dppe)Cl2] (0.677 mmol, 1.00 eq.) and 174 mg of AgOTf
(0.677 mmol, 1.00 eq.) were added as solids in a Schlenk tube,

and dissolved in 50 mL of dichloromethane. The solution was
stirred in the dark for 1.5 h at room temperature, and sub-
sequently filtered, washed with Et2O and dried in vacuo.
381 mg (70%) of white powder, air stable. Melting point: pro-
gressive browning from 160 °C to 180 °C. 1H NMR
(400.130 MHz, DMSO-d6, 293 K): δ 7.94–7.55 (40 H, m, PPh),
2.73 (8 H, m, 4 × CH2, κ2-dppe). 1H NMR (400.130 MHz,
acetone-d6, 293 K): δ 8.48–7.14 (40 H, unresolved m, PPh), 3.06
(8 H, br s, κ2-dppe). 13C{1H}NMR (100.613 MHz, DMSO-d6,
293 K): δ 133.7 (unresolved m, PPh), 132.7 (dd, xJC–P = 17.95
Hz, xJC–P = 2.71 Hz, PPh), 129.8–129.6 (unresolved m, PPh),
129.3 (dd, xJC–P = 26.64 Hz, xJC–P = 11.60 Hz, PPh), 126.1 (d,
xJC–P = 66.71 Hz, PPh), 125.9 (d, xJC–P = 64.45 Hz, PPh), 120.7 (d,
xJC–P = 322.79 Hz, PPh), 27.4 (ps s, κ2-dppe). 31P{1H} NMR
(161.976 MHz, DMSO-d6, 293 K): δ 45.9 (br s, 1JP–Pt = 3636 Hz,
Δν1/2 = 66.3 Hz). 31P{1H} NMR (161.976 MHz, acetone-d6,
293 K): δ 49.0 (s, 1JP–Pt = 3780.8 Hz). 19F NMR (376.498 MHz,
DMSO-d6, 293 K): δ −77.7 (s, OTf). FT-IR (cm−1): 3057 (w), 2963
(w), 2922 (w), 1438 (m), 1258 (s), 1224 (m), 1143 (m), 1104 (s),
1027 (s), 798 (s), 720 (s), 708 (s), 688 (s), 635 (s), 532 (s), 517 (s),
480 (s). UV/Vis λmax (dichloromethane): 226 nm (major, ε =
55 924 M−1 cm−1), 302 nm (minor, ε = 3676 M−1 cm−1).
ESI-TOF-MS (3 kV, dichloromethane): m/z calcd for [(κ2dppe)
PtCl]2Cl

+, 1293.1; expt., 1293.1 (<1%); m/z calcd for [(κ2dppe)
PtCl]+, 629.1; expt., 629.1 (100%).

General procedure for the synthesis of [(κ2-dppe)PdCl(κ1-
dppx)](OTf) (Pd-x)

200 mg (0.145 mmol, 1.00 eq.) of PdPd-0 were dissolved in di-
chloromethane (5 mL). Separately, the respective diphosphine
(0.29 mmol, 2.00 eq.) was dissolved in dichloromethane (5 mL)
in a Schlenk flask. The solution of PdPd-0 was added dropwise
to the diphosphine solution and the resulting solution was
stirred at room temperature for one hour. The solvent was
removed in vacuo, after which the resulting solid was washed
with diethyl ether (10 mL). The product was subsequently
dried in vacuo overnight. (In the case of Pd-3, 142 mg
(0.103 mmol, 1.00 eq.) of PdPd-0 were used in the synthesis).

Characterisation of [(κ2-dppe)PdCl(κ1-dppb)](OTf) (Pd-1)

235 mg (72%) of pale yellow solid, air stable. Melting point:
125–130 °C (melt), 150 °C + (dec). 1H NMR (400.130 MHz,
DMSO-d6, 298 K): δ 7.90–7.10 (40H, m, PPh), 2.85 (2H, br d,
2JH–P = 35 Hz, PCH2

ACH2
BP, κ2-dppe), 2.46 (obscured by

solvent, 2H, br d, PCH2
ACH2

BP, κ2-dppe), 2.18 (2H, br s, Δν1/2 =
27.3 Hz, 1 × CH2, dppb), 2.10–1.80 (2H, br m, 1 × CH2, dppb),
1.47 (2H, br s, Δν1/2 = 27.1 Hz, 1 × CH2, dppb), 1.27 (2H, br s,
Δν1/2 = 27.7 Hz, 1 × CH2, dppb).

13C{1H} NMR (100.613 MHz,
DMSO-d6, 298 K, aliphatic signals not visible, assigned from
1H–13C 2D HSQC spectrum): δ 134.3–128.9 (unresolved m,
PPh), 33.2 (PCAH2C

BH2P, κ2-dppe), 26.8 (1 × CH2, dppb), 26.6
(1 × CH2, dppb), 26.5 (1 × CH2, dppb), 25.1 (1 × CH2, dppb),
24.1 (PCAH2C

BH2P, κ2-dppe). 31P{1H} NMR (161.976 MHz,
DMSO-d6, 298 K): δ 65.5–66.4 (br d, PB, conformer A + B), 64.8
(dd, 2JPA–PC = 411 Hz, 2JPA–PB = 7.3 Hz, PA, conformer A + B), 18.1
(dd, 2JPC–PA = 411.2 Hz, 2JPC–PB = 17.5 Hz, PC, conformer B), 17.8
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(dd, 2JPC–PA = 410.2 Hz, 2JPC–PB = 17.9 Hz, PC, conformer A),
−15.9 (br s, Δν1/2 = 205 Hz, PD, conformer B), −17.2 (br s, Δν1/2
= 32.5 Hz, PD, conformer A). 19F NMR (376.498 MHz, DMSO-
d6, 298 K): δ −77.6 (OTf). FT-IR (cm−1): 3055 (vw), 2933 (vw),
1436 (m), 1262 (vs), 1223 (m), 1147 (m), 1101 (m), 1029 (s), 999
(m), 741 (m), 690 (vs), 635 (vs), 530 (s), 516 (s), 480 (s). UV/Vis
λmax (dichloromethane): 227 (major), 267 (shoulder), 331
(minor). ESI-TOF-MS (3 kV, dichloromethane): m/z calcd for
[(κ2-dppe)PdCl(κ1-dppb)]+, 965.2; expt., 965.4 (100%). m/z calcd
for [(κ2-dppe)PdCl]+, 541.0; expt., 541.1 (7%).

Characterisation of [(κ2-dppe)PdCl(κ1-dpppent)](OTf) (Pd-2)

216 mg (76%) of pale-yellow solid, air stable. 1H NMR
(400.130 MHz, DMSO-d6, 298 K): δ 7.85–7.14 (40 H, unresolved
m, PPh), 2.84 (2 H, br d, 2JH–P = 34.9 Hz, PCH2

ACH2
BP, κ2-

dppe), 2.47 (obscured by solvent) (2 H, obscured br d,
PCH2

ACH2
BP, κ2-dppe), 2.34–2.16 (2 H, br s, Δν1/2 = 27.8 Hz, 1

× CH2, dpppent), 2.03–1.88 (2 H, br m, Δν1/2 = 28.6 Hz 1 × CH2,
dpppent), 1.55–1.26 (4 H, m, 2 × CH2, dpppent), 1.26–1.13 (2
H, br s, Δν1/2 = 24.4 Hz, 1 × CH2, dpppent). 13C{1H} NMR
(signals assigned from HSQC spectrum) (100.613 MHz, DMSO-
d6, 298 K): δ 128.9–134.3 (unresolved m, PPh), 33.3 (s,
PCH2

ACH2
BP, κ2-dppe), 31.9 (1 × CH2, dppp), 31.8 (1 × CH2,

dppp), 26.5 (1 × CH2, dppp), 25.3 (1 × CH2, dppp), 25.2 (1 ×
CH2, dppp), 24.3 (1 × Ph2PC

AH2C
BH2PPh2).

31P{1H} NMR
(161.976 MHz, DMSO-d6, 298 K): δ 66.5–66.1 (br m, Δν1/2 =
36.5 Hz, PB, conformer A + B), 64.7 (dd, 2JPA–PC = 411.9 Hz,
2JPA–PB = 6.8 Hz, PA, conformer B), 64.6 (dd, 2JPA–PC = 411.1 Hz,
2JPA–PB = 5.1 Hz, PA, conformer A), 18.1 (dd, 2JPC–PA = 411.8 Hz,
2JPC–PB = 19.7 Hz, PC, conformer B), 17.8 (dd, 2JPC–PA = 408.6 Hz,
2JPC–PB = 19.5 Hz, PC, conformer A), −16.1 (br s, (in baseline),
PD, conformer B), −16.9 (br s, Δν1/2 = 16.6 Hz, PD, conformer
A). 19F NMR (376.498 MHz, DMSO-d6, 298 K): δ −77.6 (OTf).
FT-IR (cm−1): 3054 (vw), 2926 (vw), 2855 (vw), 1434 (m), 1262
(s), 1221 (w), 1147 (m), 1099 (m), 1030 (s), 999 (w), 741 (m),
690 (vs), 635 (vs), 530 (s), 514 (s), 481 (s). UV/Vis λmax (dichloro-
methane): 227 (major), 261 (shoulder), 332 (minor).
ESI-TOF-MS (3 kV, dichloromethane): m/z calcd for [(κ1-dppe)
PdCl(κ1dppp)]+, 979.2; expt., 979.3 (100%). m/z calcd for [(κ2-
dppe)PdCl]+, 541.0; expt., 541.1 (24%). Temperature studies:
1H NMR (400.130 MHz, DMSO-d6, 343 K): δ 7.91–7.09 (40 H,
unresolved m, PPh), 2.82 (2 H, br d, 2JH–P = 33.3 Hz,
PCH2

ACH2
BP, κ2-dppe), 2.46 (obscured by solvent) (2 H,

obscured br d, PCH2
ACH2

BP, κ2-dppe), 2.34–1.85 (4 H, ps m, 2
× CH2, dpppent, pseudo coalescent signals), 1.53–1.15 (6 H, ps
br s, Δν1/2 = 55.1 Hz, 3 × CH2, dpppent, coalescent signals).

1H
NMR (400.130 MHz, DMSO-d6, 353 K): δ 7.91–7.12 (40 H, unre-
solved m, PPh), 2.82 (2 H, br d, 2JH–P = 32.5 Hz, PCH2

ACH2
BP,

κ2-dppe), 2.45 (obscured by solvent) (2 H, obscured br d,
PCH2

ACH2
BP, κ2-dppe), 2.30–1.90 (4 H, ps m, 2 × CH2,

dpppent, pseudo coalescent signals), 1.53–1.15 (6 H, br s,
Δν1/2 = 55.8 Hz, 3 × CH2, dpppent, coalescent signals).

31P{1H}
NMR (161.976 MHz, DMSO-d6, 343 K): δ 66.0 (br s, Δν1/2 = 30.8
Hz, PB, coalescent signals), 64.7 (ps dd, 2JPA–PC = 412.0 Hz, PA,
coalescent signals), 18.2 (ps d, 2JPC–PA = 416.0 Hz, PC, coalescent
signals), −14.8 (m, PD, conformer B), −15.5 (br s, Δν1/2 = 72.4 Hz,

PD, conformer A). 31P{1H} NMR (161.976 MHz, DMSO-d6, 353 K):
δ 66.0 (br s, Δν1/2 = 30.1 Hz, PB, coalescent signals), 64.8 (ps dd,
2JPA–PC = 406.8 Hz, PA, coalescent signals), 18.2 (ps d, 2JPC–PA =
411.9 Hz, PC, coalescent signals), −14.2 (m, in baseline, PD, con-
former B), −15.3 (br s, Δν1/2 = 64.4 Hz, PD, conformer A).

Characterisation of [(κ2-dppe)PdCl(κ1-dpph)](OTf) (Pd-3)

159 mg (77%) of pale-yellow solid, air stable. 1H NMR
(400.130 MHz, DMSO-d6, 298 K): δ 7.91–7.10 (40 H, unresolved
m, PPh), 2.84 (2 H, br d, 2JH–P = 34.7 Hz, PCH2

ACH2
BP, κ2-

dppe), 2.44 (obscured by solvent) (2 H, obscured br d,
PCH2

ACH2
BP, κ2-dppe), 2.29 (2 H, br s, Δν1/2 = 27.4 Hz, 1 ×

CH2, dpph), 2.01 (2 H, br s, Δν1/2 = 21.8 Hz, 1 × CH2, dpph),
1.40–1.00 (8 H, unresolved m, 4 × CH2, dpph).

13C{1H} NMR
(signals assigned from HSQC spectrum) (100.613 MHz, DMSO-
d6, 298 K): δ 134.3–128.9 (unresolved m, PPh), 33.2
(PCH2

ACH2
BP, κ2-dppe), 30.6 (1 × CH2, dpph), 30.3 (1 × CH2,

dpph), 30.1 (1 × CH2, dpph), 26.7 (1 × CH2, dpph), 25.6 (1 ×
CH2, dpph), 25.3 (1 × CH2, dpph), 24.3 (PCH2

ACH2
BP, κ2-dppe).

31P{1H} NMR (161.976 MHz, DMSO-d6, 298 K): δ 66.5–66.1 (br
d, Δν1/2 = 38.3 Hz, PB, conformer A + B), 64.7 (dd, 2JPA–PC = 415
Hz, 2JPA–PB = 5 Hz, PA, conformer B), 64.6 (dd, 2JPA–PC = 411.2
Hz, 2JPA–PB = 5.4 Hz, PA, conformer A), 18.0 (dd, 2JPC–PA = 410.7
Hz, 2JPC–PB = 19.5 Hz, PC, conformer B), 17.6 (dd, in baseline,
PC, conformer A), −16.5 (br s, in baseline PD, conformer B),
−16.9 (br s, Δν1/2 = 16.6 Hz, PD, conformer A). 19F NMR
(376.498 MHz, DMSO-d6, 298 K): δ −77.6 (OTf). FT-IR (cm−1):
3054 (vw), 2924 (vw), 2854 (vw), 1434 (s), 1260 (s), 1223 (w),
1145 (m), 1099 (m), 1029 (s), 999 (m), 816 (m), 741 (m), 688
(vs), 635 (vs), 530 (s), 516 (s), 481 (s). UV/Vis λmax (dichloro-
methane): 226 nm (major, ε = 47 609 M−1 cm−1), 259 nm
(shoulder, ε = 32 171 M−1 cm−1), 332 nm (minor, ε = 21 752
M−1 cm−1). ESI-TOF-MS (3 kV, dichloromethane): m/z calcd for
[(κ1-dppe)PdCl(κ1dpph)]+, 993.2; expt., 993.3 (100%). m/z calcd
for [(κ2-dppe)PdCl]+, 541.0; expt., 541.0 (43%).

General procedure for the synthesis of [(κ2-dppe)PtCl(κ1-dppx)]
(OTf) (Pt-x)

A solution of 200 mg (0.125 mmol, 1.00 eq.) of PtPt-0 in 6 mL
dichloromethane was added to a solution containing two
equivalents of the respective diphosphine in 6 mL of dichloro-
methane. It was then left to stir for 1 h at room temperature.
The solvents were removed in vacuo, the solids were then
washed with diethyl ether and dried in vacuo. The products are
obtained as off white solids.

Characterisation of [(κ2-dppe)PtCl(κ1-dppb)](OTf) (Pt-1)

220 mg (72%) of off-white solid, air stable. Melting point:
117 °C. 1H NMR (400.130 MHz, DMSO-d6, 293 K): δ 7.90–7.06
(40 H, unresolved m, PPh), 2.73 (2 H, unresolved m,
PCH2

ACH2
BP, κ2-dppe), 2.46 (signal obscured by solvent) (2 H,

obscured m, PCH2
ACH2

BP, κ2-dppe), 2.30 (3 H, unresolved m,
CH2, dppb), 1.92 (1 H, t, xJH–X = 7.81 Hz, CH2, dppb), 1.62–1.19
(4 H, unresolved m, 2 × CH2, dppb).

13C{1H} (100.613 MHz,
DMSO-d6, 293 K): δ 138.3 (d, xJC–P = 13.6 Hz, PPh), 132.9 (unre-
solved m, PPh), 131.2 (d, xJC–P = 12.9 Hz, PPh), 128.8 (unre-
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solved m, PPh), 124.7 (d, xJC–P = 17.3 Hz, PPh), 124.1 (d, xJC–P =
17.3 Hz, PPh), 120.7 (d, xJC–P = 322.3 Hz, PPh), 32.7 (br s,
PCAH2C

BH2P, κ2-dppe), 26.8 (s, dppb), 26.2 (d, xJC–P = 12.3 Hz,
dppb), 24.2 (br s, dppb + PCAH2CBH2P, κ2-dppe). 31P{1H}
(161.976 MHz, DMSO-d6, 293 K): δ 53.82 (dd, 1JPA–Pt = 2369.0
Hz, 2JPA–PC = 380.8 Hz, 2JPA–PB = 5.53 Hz, PA, conformer A), 53.79
(dd, 1JPA–Pt = 2369.0 Hz, 2JPA–PC = 380.2 Hz, 2JPA–PB = 5.57 Hz, PA,
conformer B), 44.84 (dd, 1JPB–Pt = 3512.2 Hz, 2JPB–PC = 16.14 Hz,
2JPB–PA = 5.61 Hz, PB, conformer X), 44.77 (dd, 1JPB–Pt = 3512.2
Hz, 2JPB–PC = 16.14 Hz, 2JPB–PA = 5.61 Hz, PB, conformer X), 17.3
(dd, 1JPC–Pt = 2374.6 Hz, 2JPC–PA = 380.40 Hz, 2JPC–PB = 16.24 Hz,
PC, conformer A), 17.16 (dd, 1JPC–Pt = 2374.6 Hz, 2JPC–PA = 380.02
Hz, 2JPC–PB = 16.1 Hz, PC, conformer B), −16.72 (br s, Δν1/2 =
51.28 Hz, PD, conformer A), −17.48 (s, PD, conformer B). 19F
(376.498 MHz, DMSO-d6, 293 K): δ −77.6 (OTf). FTIR (cm−1):
3054 (w), 1482 (w), 1435 (m), 1260 (s), 1146 (m), 1102 (s), 1030
(s), 744 (s), 690 (s), 636 (s), 532 (s), 515 (s), 486 (s), 442 (m).
ESI-TOF-MS (3 kV, dichloromethane): m/z calcd [(κ2-dppe)PtCl
(κ1-dppb)O]+, 1071.2; expt., 1071.1 (36.2%); calcd [(κ2-dppe)
PtCl(κ1-dppb)]+, 1055.2; expt., 1055.1 (100%); calcd [PtCl(κ1-
dppb)]OTf-H+, 842.0; expt., 842.1 (3.67%).

Characterisation of [(κ2-dppe)PtCl(κ1-dpppent)](OTf) (Pt-2)

248 mg (81%) of white powder, air stable. 1H NMR
(400.130 MHz, DMSO-d6, 293 K): δ 7.87–7.13 (40 H, unresolved
m, PPh), 2.73 (2 H, unresolved m, PCH2

ACH2
BP, κ2-dppe), 2.37

(4 H, unresolved m, 1 × CH2, dpppent + PCH2
ACH2

BP, κ2-dppe),
1.98 (2 H, ps q, 1 × CH2, dpppent), 1.30 (6 H, unresolved m, 3 ×
CH2, dpppent).

13C{1H} NMR (100.613 MHz, DMSO-d6, 293 K):
δ 138.8–128.0 (unresolved m, PPh), 126.9 (d, xJC–P = 57.3 Hz,
PPh), 124.4 (d, xJC–P = 62.4 Hz, PPh), 122.3 (s, PPh), 119.1 (s,
PPh), 32.8 (br s, PCAH2C

BH2P, κ2-dppe), 31.5 (br s, dpppent),
26.4 (unresolved m, dpppent), 24.6 (unresolved m, dpppent +
PCAH2C

BH2P, κ2-dppe). 31P{1H} NMR (161.976 MHz, DMSO-d6,
293 K): δ 53.93 (dd, 1JPA–Pt = 2366.1 Hz, 2JPA–PC = 379.0 Hz, 2JPA–PB

= 5.9 Hz, PA, conformer A), 53.88 (dd, 1JPA–Pt = 2366.1 Hz, 2JPA–PC

= 380.1 Hz, 2JPA–PB = 5.6 Hz, PA, conformer B), 45.0 (dd,1JPB–Pt =
3514.0 Hz, 2JPB–PC = 15.4 Hz, 2JPB–PA = 5.7 Hz, PB, conformer A),
44.9 (dd, 1JPB–Pt = 3514.0 Hz, 2JPB–PC = 16.1 Hz, 2JPB–PA = 5.7 Hz,
PB, conformer B), 17.2 (dd, 1JPC–Pt = 2368.5 Hz, 2JPC–PA = 379.8
Hz, 2JPC–PB = 16.1 Hz, PC, conformer B), 16.9 (dd, 1JPC–Pt =
2374.9 Hz, 2JPC–PA = 379.0 Hz, 2JPC–PB = 16.0 Hz, PC, conformer
A), −16.87 (s, PD, conformer B), −16.94 (obscured s, PD, confor-
mer A). 19F NMR (376.498 MHz, DMSO-d6, 293 K): δ −77.6
(OTf). FTIR (cm−1): 3056 (w), 2931 (w), 2852 (w), 1435 (m),
1261 (s), 1223 (m), 1147 (m), 1102 (m), 1030 (s), 999 (m), 742
(m), 690 (s), 636 (s), 533 (s), 488 (s). ESI-TOF-MS (3 kV, di-
chloromethane): m/z calcd [(κ2-dppe)PtCl(κ1-dppp)O]+, 1085.2;
expt., 1085.2 (10.0%); calcd [(κ2-dppe)PtCl(κ1-dppp)]+, 1069.2;
expt., 1069.2 (100%); calcd [PtCl(κ1-dppp)]OTf-H+, 842.0; expt.,
842.1 (3.67%).

Characterisation of [(κ2-dppe)PtCl(κ1-dpph)](OTf) (Pt-3)
1H NMR (400.130 MHz, DMSO-d6, 293 K): δ 7.88–7.14 (40 H,
unresolved m, PPh), 2.73 (2 H, unresolved m, 1 × CH2,
PCH2

ACH2
BP, κ2-dppe), 2.46 (signal obscured by solvent) (2 H,

obscured m, 1 × CH2, PCH2
ACH2

BP, κ2-dppe), 2.34 (3 H, unre-
solved m, CH2, dpph), 2.01 (2 H, unresolved m, 1 × CH2,
dpph), 1.26 (7 H, unresolved m, CH2, dpph). 13C{1H} NMR
(100.613 MHz, acetone-d6, 293 K): δ 135.2–128.5 (unresolved
m, PPh), 31.2 (unresolved m, CH2, dpph), 26.1 (br s,
PCH2CH2P, κ2-dppe). 31P{1H} NMR (161.976 MHz, acetone-d6,
293 K): δ 53.6 (dd, 1JPA–Pt = 2353.4 Hz, 2JPA–PC = 383.5, 2JPA–PB =
6.53 Hz, PA, conformer A), 53.5 (dd, 1JPA–Pt = 2353.4 Hz, 2JPA–PC =
382.5 Hz, 2JPA–PB = 6.15 Hz, PA, conformer B), 45.0 (dd, 1JPB–Pt =
3506 Hz, 2JPB–PC = 16.11 Hz, 2JPB–PA = 6.25, PB), 17.2 (dd, 2JPC–Pt =
2349.8 Hz, 2JPC–PA = 382.0 Hz, 2JPC–PB = 16.55, PC, conformer A +
B), −15.8 (s, PD, conformer A), −16.4 (s, PD, conformer B). 19F
NMR (376.498 MHz, acetone-d6, 293 K): δ −78.6 (OTf). FTIR
(cm−1): 3055 (w), 2924 (w), 2857 (w), 1742 (w), 1435 (m), 1260
(s), 1223 (m), 1147 (s), 1101 (s), 1030 (s), 999 (m), 822 (m), 743
(s), 690 (s), 636 (s), 532 (s), 516 (s), 485 (s). UV/Vis λmax (di-
chloromethane): 226 nm (major, ε = 154 941 M−1 cm−1),
274 nm (shoulder, ε = 61 601 M−1 cm−1). ESI-TOF-MS (3 kV, di-
chloromethane): m/z calcd [(κ2-dppe)PtCl(κ1-dpph)O]+, 1099.3;
expt., 1099.2 (36.2%); calcd [(κ2-dppe)PtCl(κ1-dpph)]+, 1083.3;
expt., 1083.2 (100%).

General procedure for the synthesis of [((κ2-dppe)PdCl)2(μ-
dppx)](2OTf) (PdPd-x)

200 mg (0.140 mmol, 1.00 eq.) of PdPd-0 and 0.140 mmol
(1.00 eq.) of diphosphine were added as solids in a Schlenk
flask, which was subsequently purged through vacuum/N2

cycles. 30 mL of dried, degassed DCM were then added and
the solution was stirred at room temperature for 1 h. The sol-
vents were removed in vacuo, after which the solids were
washed with 3 × 10 mL dry Et2O, and subsequently dried in
vacuo.

Characterisation of [((κ2-dppe)PdCl)2(μ-dppb)](2OTf) (PdPd-1)

169.3 mg (67%) of light yellow solid, air stable. Melting point:
211 °C + dec. 1H NMR (400.130 MHz, DMSO-d6, 298 K): δ

7.83–7.14 (60 H, unresolved m, PPh), 2.84 (4 H, ps dd, 2JH–P =
34.9 Hz, 3JH–P = 6.2 Hz, PCH2

ACH2
BP, κ2-dppe), 2.47 (obscured

by solvent, 4 H, ps d, PCH2
ACH2

BP, κ2-dppe), 2.17 (4 H, br s,
Δν1/2 = 24.2 Hz, 2 × CH2, dppb), 1.28 (4 H, br s, Δν1/2 = 20.4
Hz, 2 × CH2, dppb).

13C NMR (100.613 MHz, DMSO-d6, 298 K):
δ 133.5 (d, xJC–P = 10.7 Hz, PPh), 133.3 (d, xJC–P = 11.7 Hz, PPh),
132.9 (d, xJC–P = 10.6 Hz, PPh), 132.3 (s, PPh), 131.1 (s, PPh),
129.4 (d, xJC–P = 11.1 Hz, PPh), 129.2 (d, xJC–P = 11.0 Hz, PPh),
128.7 (d, xJC–P = 10.2 Hz, PPh), 128.0 (d, xJC–P = 43.5 Hz, PPh),
127.8 (d, xJC–P = 49.6 Hz, PPh), 125.2 (d, xJC–P = 52.6 Hz, PPh),
120.7 (d, xJC–P = 322.3 Hz, PPh), 32.7 (ps dd, 1JC–P = 37.1 Hz,
2JC–P = 18.1 Hz, PCAH2C

BH2P, κ2-dppe), 26.2 (d, 2JC–P = 14.3 Hz,
μ-dppb-PCAH2C

BH2), 24.6 (d, 1JC–P = 26.4 Hz, μ-dppb-
PCAH2C

BH2), 24.3–23.8 (m, PCAH2C
BH2P, κ2-dppe). 31P NMR

(161.976 MHz, DMSO-d6, 298 K): δ 66.0 (br s, Δν1/2 = 24.2 Hz,
PB), 64.81 (dd, 2JPA–PC = 431.2 Hz, 2JPA–PB = 6.8 Hz, PA), 17.9 (dd,
2JPC–PA = 411.3, 2JPC–PB = 17.8, PC). 19F NMR (376.498 MHz,
DMSO-d6, 298 K): δ −77.7 (OTf). FT-IR (cm−1): 3057 (w), 1484
(w), 1436 (m), 1262 (s), 1223 (m), 1147 (m), 1101 (m), 1030 (m),
999 (m), 879 (w), 813 (w), 742 (m), 690 (s), 635 (s). UV-Vis λmax
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(dichloromethane): 226 nm (major, ε = 103 695 M−1 cm−1),
267 nm (shoulder, ε = 42 876 M−1 cm−1), 332 nm (minor, ε =
38 438 M−1 cm−1). ESI-TOF-MS: m/z calcd for [M-OTf]+, 1656.1;
expt., 1656.3.

Characterisation of [((κ2-dppe)PdCl)2(μ-dpppent)](2OTf)
(PdPd-2)

170.2 mg (67%) of light yellow solid, air stable. 1H NMR
(400.130 MHz, DMSO-d6, 298 K): δ 7.84–7.15 (60 H, unresolved
m, PPh), 2.83 (4 H, ps dd, 2JH–P = 34.9 Hz, 3JH–P = 6.4 Hz,
PCH2

ACH2
BP, κ2-dppe), 2.48 (obscured by solvent, 4 H, ps d,

PCH2
ACH2

BP, κ2-dppe), 2.27 (4 H, br s, Δν1/2 = 25.1 Hz, 2 ×
CH2, dpppent-CH2

A), 1.21 and 1.16 (6 H, br s, overlapped
signals, 2 × CH2, dpppent-CH2

B and dpppent-CH2
C). 13C NMR

(100.613 MHz, DMSO-d6, 298 K): δ 133.5 (d, xJC–P = 10.5 Hz,
PPh), 133.3 (d, xJC–P = 11.8 Hz, PPh), 132.9 (d, xJC–P = 9.1 Hz,
PPh), 132.3 (s, PPh), 131.1 (s, PPh), 129.4 (d, xJC–P = 11.1 Hz,
PPh), 129.1 (d, xJC–P = 11.1 Hz, PPh), 128.6 (d, xJC–P = 10.0 Hz,
PPh), 128.0 (s, PPh), 128.0 (d, xJC–P = 95.1 Hz, PPh), 125.2 (d,
xJC–P = 52.7 Hz, PPh), 120.7 (d, xJC–P = 322.3 Hz, PPh), 32.7 (ps
dd, 1JC–P = 34.5 Hz, 2JC–P = 14.5 Hz, PCAH2C

BH2P, κ2-dppe),
31.7–31.3 (m, dpppent-PCH2CH2CH2), 25.0 (d, 2JC–P = 25.1 Hz,
dpppent-PCH2CH2CH2), 24.2 (s, dpppent-PCH2CH2CH2),
24.4–23.9 (m, PCAH2C

BH2P, κ2-dppe). 31P NMR (161.976 MHz,
DMSO-d6, 298 K): δ 66.1 (dd, 2JPX–PX = 38.9 Hz, 2JPX–PX = 7.4 Hz,
PB), 64.9 (dd, 2JPA–PC = 467.5 Hz, 2JPA–PB 7.3 Hz, PA), 17.8 (dd,
2JPC–PA = 410.1 Hz, 2JPC–PB = 19.0, PC). 19F NMR (376.498 MHz,
DMSO-d6, 298 K): δ −77.6 (OTf). FTIR (cm−1): 3056 (w), 1586
(w), 1574 (w), 1436 (m), 1410 (w), 1312 (w), 1262 (s), 1223 (m),
1147 (m), 1101 (m), 1030 (s), 999 (m), 879 (w), 844 (w), 813 (w),
741 (m), 716 (m), 704 (m), 688 (s), 657 (m), 635 (s), 616 (m).
UV-Vis λmax (dichloromethane): 225 nm (major, ε = 101 105
M−1 cm−1), 266 nm (shoulder, ε = 42 676 M−1 cm−1), 331 nm
(minor, ε = 34 038 M−1 cm−1).

Characterisation of [((κ2-dppe)PdCl)2(μ-dpph)](2OTf) (PdPd-3)

182 mg (71%) of light yellow solid, air stable. 1H NMR
(400.130 MHz, DMSO-d6, 298 K): δ 7.85–7.17 (60 H, unresolved
m, PPh), 2.85 (4 H, ps dd, 2JH–P = 34.9 Hz, 3JH–P = 6.4 Hz, 2 ×
CH2, PCH2

ACH2
BP, κ2-dppe), 2.50 (obscured by solvent, 4 H, ps

d, 2 × CH2, PCH2
ACH2

BP, κ2-dppe), 2.30 (4 H, br s, Δν1/2 = 25.6
Hz, 2 × dpph-CH2), 1.23 (4 H, br s, Δν1/2 = 26.2 Hz, 2 × dpph-
CH2), 1.06 (obscured by Et2O signal, 4 H, br s, Δν1/2 = 14.8 Hz,
2 × dpph-CH2).

13C NMR (100.613 MHz, DMSO-d6, 298 K): δ
133.5 (d, xJC–P = 10.6 Hz, PPh), 133.3 (d, xJC–P = 11.7 Hz, PPh),
132.8 (d, xJC–P = 10.3 Hz, PPh), 132.6 (d, xJC–P = 58.7 Hz, PPh),
131.0 (s, PPh), 129.5 (d, xJC–P = 11.1 Hz, PPh), 129.2 (d, xJC–P =
11.0 Hz, PPh), 128.6 (d, xJC–P = 10.3 Hz, PPh), 127.8 (d, xJC–P =
50.5 Hz, PPh), 125.2 (d, xJC–P = 51.3 Hz, PPh), 120.7 (d, xJC–P =
321.7 Hz, PPh), 33.1–32.3 (m, PCAH2C

BH2P, κ2-dppe), 29.8 (d,
2JC–P = 14.2 Hz, dpph-PCH2CH2CH2), 25.2–24.6 (m, overlapping
signals, dpph-PCH2CH2CH2 and dpph-PCH2CH2CH2),
24.4–23.8 (m, PCAH2C

BH2P, κ2-dppe). 31P NMR (161.976 MHz,
DMSO-d6, 298 K): δ 66.1 (dd, 2JPX–PX = 32.7 Hz, 2JPX–PX = 7.3 Hz,
PB), 64.9 (dd, 2JPA–PC = 462.1 Hz, 2JPA–PB = 7.3 Hz, PA), 18.0 (dd,
2JPC–PA = 411.0 Hz, 2JPC–PB = 19.1, PC). 19F NMR (376.498 MHz,

DMSO-d6, 298 K): δ −77.6 (OTf). FTIR (cm−1): 3055 (w), 2927
(w), 1586 (w), 1574 (w), 1483 (w), 1436 (m), 1408 (w), 1311 (w),
1259 (s), 1223 (m), 1188 (w), 1145 (m), 1099 (m), 1029 (s), 999
(m), 881 (w), 819 (w), 743 (m), 714 (m), 704 (m), 688 (s), 657
(m), 635 (s), 616 (m). UV-Vis λmax (dichloromethane): 226 nm
(major, ε = 104 209 M−1 cm−1), 266 nm (shoulder, ε = 44 857
M−1 cm−1), 331 nm (minor, ε = 35 485 M−1 cm−1). TOF-MS: m/z
calcd for [M-OTf]+, 1684.2; expt., 1684.3.

General procedure for the synthesis of [(κ2-dppe)ClPd(μ-dppx)
RuCl2(η6-p-cym)](OTf) (PdRu-x)

26.8 mg (0.044 mmol, 1.00 eq.) of [(η6-p-cym)RuCl2]2 dimer
was dissolved in dichloromethane (10 mL) in a Schlenk flask.
Similarly, Pd-x (0.087 mmol, 2.00 eq.) was dissolved in di-
chloromethane (10 mL) and added rapidly to the Ru dimer
solution while stirring. The resulting solution was left to stir at
room temperature for two hours. The solvent was removed in
vacuo, after which the resulting solid was washed with diethyl
ether (10 mL), and the washings discarded. The product was
subsequently dried in vacuo overnight.

Characterisation of [(κ2-dppe)ClPd(μ-dppx)RuCl2(η6-p-cym)]
(OTf) (PdRu-1)

117 mg (69%) of brick-red solid, air stable. Melting point:
165–170 °C, 180 °C + (dec). 1H NMR (400.130 MHz, DMSO-d6,
298 K): δ 7.92–7.10 (40 H, unresolved m, PPh), 5.42 (2 H, ps d,
2 × CH, –C3,5–H, p-cymene, conformer B), 5.36 (d, 3JH–H = 5.9
Hz, 2 × CH, –C3,5–H, p-cymene, conformer A), 5.21 (2 H, ps d, 2
× CH, –C2,6–H, p-cymene conformer B), 5.17 (d, 3JH–H = 5.6 Hz,
2 × CH, –C2,6–H, p-cymene, conformer A), 2.81 (2 H, ps d, 2JH–P

= 36.7 Hz, PCH2
ACH2

BP, κ2-dppe), 2.45 (obscured by solvent) (2
H, obscured br d, PCH2

ACH2
BP, κ2-dppe), 2.35–1.85 (5 H, unre-

solved m, 2 × CH2 + 1 × –CH(CH3)2, dppb + p-cymene), 1.76 (3
H, s, 1 × –C(CH3), p-cymene, conformer B), 1.70 (s, 1 × –C
(CH3), p-cymene, conformer A), 1.32–1.11 (2 H, ps d, 1 × CH2,
dppb), 0.96–0.84 (2 H, br s, Δν1/2 = 23.6 Hz, 1 × CH2, dppb),
0.74 (6 H, ps d, 3JH–H = 7.4 Hz, 1 × –CH(CH3)2, p-cymene, con-
former B), 0.72 (ps d, 3JH–H = 7.2 Hz, 1 × –CH(CH3)2, p-cymene,
conformer A). 13C{1H} NMR (100.613 MHz, DMSO-d6, 298 K): δ
133.8–127.4 (unresolved m, PPh), 106.3 (br ps d, Δν1/2 = 10.1
Hz, –C1, p-cymene, conformer A + B), 93.5 (br ps d, Δν1/2 = 10.5
Hz, –C4, p-cymene, conformer A + B), 90.2 (br s, Δν1/2 = 9.8 Hz,
2 × CH, –C3,5–H, p-cymene, conformer A + B), 85.5 (br s, Δν1/2
= 10.9 Hz, 2 × CH, –C2,6–H, p-cymene, conformer A + B), 32.6
(PCH2

ACH2
BP, κ2-dppe), 29.5 (br m, Δν1/2 = 9.7 Hz, 1 × –CH

(CH3)2, p-cymene, conformer A + B), 26.6 (1 × CH2, dppb), 26.2
(1 × CH2, dppb), 24.4 (1 × CH2, dppb), 24.1 (1 × CH2, dppb),
23.2 (PCH2

ACH2
BP, κ2-dppe), 21.0 (br s, Δν1/2 = 9.9 Hz, 1 × –CH

(CH3)2, p-cymene, conformers A + B), 17.0 (br s, Δν1/2 = 10.0
Hz, 1 × –C(CH3), conformer A + B). 31P{1H} NMR
(161.976 MHz, DMSO-d6, 298 K): δ 66.2–65.9 (ps dd, PB, con-
former A + B), 64.7 (dd, 2JPA–PC = 390.9 Hz, 2JPA–PB = 7.2 Hz, PA,
conformer B), 64.5 (ps dd, 2JPA–PC = 329.9 Hz, 2JPA–PB = 7.3 Hz,
PA, conformer A), 23.7 (br s, Δν1/2 = 3.9 Hz, PD, conformer B),
23.3 (br s, Δν1/2 = 2.7 Hz, PD, conformer A), 17.8 (ps dd, 2JPC–PA

= 412.2 Hz, 2JPC–PB = 20.3 Hz, PC, conformer B), 17.7 (dd, 2JPC–PA
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= 415.4 Hz, 2JPC–PB = 20.9 Hz, PC, conformer A). 19F NMR
(376.498 MHz, DMSO-d6, 298 K): δ = −77.6 (OTf). FTIR (cm−1):
3055 (vw), 2959 (vw), 2868 (vw), 1434 (m), 1260 (s), 1147 (m),
1099 (m), 1030 (s), 997 (w), 743 (m), 690 (vs), 637 (vs), 529 (vs),
516 (s), 483 (m). UV/Vis λmax (dichloromethane): 226 nm
(major), 266 nm (shoulder), 332 nm (minor), 488 (weak, for-
bidden d–d). ESI-TOF-MS (3 kV, dichloromethane): m/z calcd
for [(κ2-dppe)PdCl(μ-dppb)RuCl2(η6-p-cymene)]+, 1273.1; expt.,
1273.3 (55%). m/z calcd for [(κ2-dppe)PdCl(κ1-dppb)O]+, 981.2;
expt., 981.3 (31%). m/z calcd for [(κ2-dppe)PdCl(κ1-dppb)]+,
965.2 expt., 965.3 (100%). m/z calcd for [(η6-p-cymene)RuCl(κ1-
dppb)O]+, 713.2; expt. 713.2 (4%). m/z calcd for [(η6-p-cymene)
RuCl(κ1-dppb)]+, 697.2; expt. 697.2 (12%). m/z calcd for [(κ2-
dppe)PdCl]+, 541.0; expt., 541.0 (28%).

Characterisation of [(κ2-dppe)ClPd(μ-dppx)RuCl2(η6-p-cym)]
(OTf) (PdRu-2)

235.5 mg (85%) of brick-red solid, air stable. 1H NMR
(400.130 MHz, DMSO-d6, 298 K): δ 7.90–7.10 (40 H, unresolved
m, PPh), 5.42 (2 H, d, 3JH–H = 5.8 Hz, 2 × CH, –C3,5–H,
p-cymene, conformer B), 5.37 (d, 3JH–H = 6.1 Hz, 2 × CH, –C3,5–

H, p-cymene, conformer A), 5.23 (2 H, d, 3JH–H = 6.2 Hz, 2 ×
CH, –C2,6–H, conformer B), 5.19 (d, 3JH–H = 6.2 Hz, 2 × CH,
–C2,6–H, conformer A), 2.82 (2 H, m, PCH2

ACH2
BP, κ2-dppe),

2.47 (obscured by solvent) (2 H, obscured br m, PCH2
ACH2

BP,
κ2-dppe), 2.41–2.00 (5 H, unresolved m, 2 × CH2 + 1 ×
–CH(CH3)2, dppp + p-cymene), 1.77 (3 H, s, 1 × –C(CH3),
p-cymene, conformer B), 1.71 (s, 1 × –C(CH3), p-cymene, con-
former A), 1.28–0.98 (4 H, unresolved m, 2 × CH2, dppp),
0.94–0.81 (2 H, br m, Δν1/2 = 22.1 Hz, 1 × CH2, dppp), 0.74 (6
H, ps d, 3JH–H = 7.4 Hz, 1 × –CH(CH3)2, p-cymene, conformer
B), 0.72 (ps d, 3JH–H = 7.2 Hz, 1 × –CH(CH3)2, p-cymene, confor-
mer A). 13C{1H} NMR (100.613 MHz, DMSO-d6, 298 K): δ

133.7–127.3 (unresolved m, PPh), 106.3 (s, 1 × –C1, p-cymene,
conformer B), 106.2 (s, 1 × –C1, p-cymene, conformer A), 93.3
(s, 1 × –C4, p-cymene, conformer B), 93.2 (s, 1 × –C4, p-cymene,
conformer A), 90.34 (ps d, 2JC–P = 4.3 Hz, 2 × CH, –C3,5–H,
p-cymene, conformer B), 90.28 (ps d, 2JC–P = 4.3 Hz, 2 × CH, –
C3,5–H, p-cymene, conformer A), 85.4 (d, 2JC–P = 6.0 Hz, 2 × CH,
–C3,5–H, p-cymene, conformer B), 85.2 (d, 2JC–P = 6.0 Hz, 2 ×
CH, –C3,5–H, p-cymene, conformer B), 32.6 (PCH2

ACH2
BP, κ2-

dppe), 31.4 (1 × CH2, dppp), 29.49 (s, 1 × –CH(CH3)2,
p-cymene, conformer B), 29.48 (s, 1 × –CH(CH3)2, p-cymene,
conformer A), 24.8 (s, 1 × CH2, dppp), 23.4 (PCH2

ACH2
BP, κ2-

dppe), 23.1 (1 × CH2, dppp), 22.3 (1 × CH2, dppp), 22.1 (1 ×
CH2, dppp), 20.9 (br s, Δν1/2 = 1.4 Hz, 1 × –CH(CH3)2,
p-cymene, conformers A + B), 17.0 (s, 1 × –C(CH3), p-cymene,
conformer B), 16.9 (s, 1 × –C(CH3), p-cymene, conformer A).
31P{1H} NMR (161.976 MHz, DMSO-d6, 298 K): δ 66.3 (ps dd
(partially hidden by conformer A), 2JPB–PC = 19.1 Hz, 2JPB–PA =
7.5 Hz, PB, conformer B), 66.2 (dd, 2JPB–PC = 19.1 Hz, 2JPB–PA =
7.5 Hz, PB, conformer A), 64.7 (dd, 2JPA–PC = 410.7 Hz, 2JPA–PB =
7.2 Hz, PA, conformer B), 64.6 (dd, 2JPA–PC = 410.8 Hz, 2JPA–PB =
7.3 Hz, PA, conformer B), 23.7 (s, PD, conformer B), 23.3 (s, PD,
conformer A), 17.8 (dd, 2JPC–PA = 410.8 Hz, 2JPC–PB = 19.1 Hz, PC,
conformer B), 17.7 (dd, 2JPC–PA = 411.3 Hz, 2JPC–PB = 19.7 Hz, PC,

conformer A). 19F NMR (376.498 MHz, DMSO-d6, 298 K): δ

−77.6 (1 × CF3SO3, OTf
−). FTIR (cm−1): 3054 (vw), 2924 (vw),

1436 (m), 1262 (s), 1148 (m), 1099 (m), 1030 (s), 997 (w), 743
(m), 691 (vs), 637 (vs), 529 (vs), 516 (s), 483 (m). UV/Vis λmax (di-
chloromethane): 226 nm (major, ε = 105 543 M−1 cm−1),
268 nm (shoulder, ε = 38 971 M−1 cm−1), 331 nm (minor, ε =
25 124 M−1 cm−1), 487 (weak, forbidden d–d). ESI-TOF-MS (3
kV, dichloromethane): m/z calcd for [(κ2-dppe)PdCl(μ-dppp)
RuCl2(η6-p-cymene)]+, 1287.1; expt., 1287.1 (77%). m/z calcd for
[(κ2-dppe)PdCl(κ1-dppp)O]+, 995.2; expt., 995.2 (100%). m/z
calcd for [(κ2-dppe)PdCl(κ1-dppp)]+, 979.2; expt., 979.2 (8%).
m/z calcd for [(η6-p-cymene)RuCl(κ1-dppp)]+, 711.2; expt. 711.2
(76%). m/z calcd for [(κ2-dppe)PdCl]+, 541.0; expt., 541.1 (39%).

Characterisation of [(κ2-dppe)ClPd(μ-dppx)RuCl2(η6-p-cym)]
(OTf) (PdRu-3)

83 mg (65%) of brick-red solid, air stable. 1H NMR
(400.130 MHz, DMSO-d6, 298 K): δ 7.85–7.15 (40 H, unresolved
m, PPh), 5.42 (2 H, d, 3JH–H = 6.2 Hz, 2 × CH, –C3,5–H, confor-
mer B), 5.38 (d, 3JH–H = 6.5 Hz, 2 × CH, –C3,5–H, conformer A),
5.21 (2 H, d, 3JH–H = 6.0 Hz, 2 × CH, C2,6–H, p-cymene, confor-
mer B), 5.19 (d, 3JH–H = 6.1 Hz, 2 × CH, –C2,6–H, conformer A),
2.84 (2 H, m, PCH2

ACH2
BP, κ2-dppe), 2.44 (obscured by solvent)

(2 H, obscured br d, PCH2
ACH2

BP, κ2-dppe), 2.39–1.88 (5 H,
unresolved m, 2 × CH2 + 1 × –CH(CH3)2, dpph + p-cymene),
1.76 (3 H, s, 1 × –C(CH3), p-cymene, conformer B), 1.73 (s, 1 ×
–C(CH3), p-cymene, conformer A), 1.29–1.19 (2 H, br s, Δν1/2 =
19.9 Hz, 1 × CH2, dpph), 1.18–1.02 (2 H, br m, Δν1/2 = 14.2 Hz,
1 × CH2, dpph), 0.89 (4 H, ps d, 2 × CH2, dpph), 0.72 (6 H, d,
3JH–H = 7.0 Hz, 1 × –CH(CH3)2, p-cymene, conformer B), 0.70
(d, 3JH–H = 6.9 Hz, 1 × –CH(CH3)2, p-cymene, conformer A). 13C
{1H} NMR (100.613 MHz, DMSO-d6, 298 K): δ 133.7–127.3
(unresolved m, PPh), 106.2 (br m, 1 × –C1, p-cymene, confor-
mer A + B), 93.1 (br m, 1 × –C4, p-cymene, conformer A + B),
90.3 (br s, Δν1/2 = 11.8 Hz, 2 × CH, –C3,5–H, p-cymene, confor-
mer A + B), 85.3 (br m, Δν1/2 = 22.7 Hz, 2 × CH, –C2,6–H,
p-cymene, conformer A + B), 32.6 (unresolved m, PCH2

ACH2
BP,

κ2-dppe), 29.8 (s, CH2, dpph), 29.7 (s, CH2, dpph), 29.5 (br s,
Δν1/2 = 10.1 Hz, 1 × –CH(CH3)2, p-cymene, conformer A + B),
25.3–21.5 (unresolved m, 4 × CH2, dpph), 23.4 (PCH2

ACH2
BP,

κ2-dppe), 20.9 (br s, Δν1/2 = 9.8 Hz, 1 × –CH(CH3)2, p-cymene,
conformer A + B), 16.9 (br m, 1 × –C(CH3), p-cymene, confor-
mer A + B). 31P{1H} NMR (161.976 MHz, DMSO-d6, 298 K): δ
66.4–66.1 (br ps d, Δν1/2 = 34.7 Hz, PB, conformer A + B), 64.7
(ps dd, 2JPA–PC = 413.5 Hz, 2JPA–PB = 6.8 Hz, PA, conformer B),
64.6 (ps dd, 2JPA–PC = 413.7 Hz, PA, conformer A), 23.9 (br s,
Δν1/2 = 6.5 Hz, PD, conformer B), 23.6 (br s, Δν1/2 = 6.5 Hz, PD,
conformer A), 18.0 (dd, 2JPC–PA = 410.3 Hz, 2JPC–PB = 19.1 Hz, PC,
conformer B), 17.8 (dd, 2JPC–PA = 411.6 Hz, 2JPC–PB = 19.1 Hz, PC,
conformer A). 19F NMR (376.498 MHz, DMSO-d6, 298 K): δ =
−77.6 (OTf). FTIR (cm−1): 3054 (vw), 2920 (vw), 1434 (m), 1262
(s), 1147 (m), 1099 (m), 1030 (s), 997 (w), 743 (m), 690 (vs), 637
(vs), 530 (vs), 516 (s), 483 (s). UV/Vis λmax (dichloromethane):
226 nm (major, ε = 102 476 M−1 cm−1), 267 nm (shoulder, ε =
39 295 M−1 cm−1), 332 nm (minor, ε = 24 133 M−1 cm−1), 487
(weak, forbidden d–d). ESI-TOF-MS (3 kV, dichloromethane):

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
4:

28
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02044a


m/z calcd for [(κ2-dppe)PdCl(μ-dpph) RuCl2(η6-p-cymene)]+,
1301.2; expt., 1301.1 (70%). m/z calcd for [(κ2-dppe)PdCl(κ1-
dpph)O]+, 1009.2; expt. 1009.1 (12%). m/z calcd for [(κ2-dppe)
PdCl(κ1-dpph)]+, 993.2; expt., 993.2 (100%). m/z calcd for [(κ2-
dppe)PdCl]+, 541.0; expt., 541.0 (7%). Temperature studies: 31P
{1H} NMR (161.976 MHz, DMSO-d6, 313 K): δ 66.1 (ps d, 2JPB–PC

= 20.3 Hz, PB, conformer A + B), 64.7 (ps dd, 2JPA–PC = 413.5 Hz,
2JPA–PB = 6.8 Hz, PA, pseudo coalescent signals), 23.7 (br s, Δν1/2
= 7.7 Hz, PD, conformer B), 23.3 (br s, Δν1/2 = 6.9 Hz, PD, con-
former A), 17.9 (ps dd, 2JPC–PA = 412.6 Hz, 2JPC–PB = 19.5 Hz, PC,
pseudo coalescent signals). 31P{1H} NMR (161.976 MHz,
DMSO-d6, 333 K): δ 66.7 (m, PB, coalescent signals), 64.5 (ps
dd, 2JPA–PC = 406.3 Hz, PA, pseudo coalescent signals), 23.4 (br
s, Δν1/2 = 11.4 Hz, PD, conformer B), 23.1 (br s, Δν1/2 = 7.3 Hz,
PD, conformer A), 18.2 (ps dd, 2JPC–PA = 411.6 Hz, 2JPC–PB = 19.5
Hz, PC, pseudo coalescent signals). 31P{1H} NMR
(161.976 MHz, DMSO-d6, 353 K): δ 65.9 (m, PB/PA, coalescent
signals, PA dd in baseline), 23.1 (br s, Δν1/2 = 8.0 Hz, PD, con-
former B), 22.8 (br s, Δν1/2 = 7.1 Hz, PD, conformer A). 31P{1H}
NMR (161.976 MHz, DMSO-d6, 373 K): δ 65.8 (m, PB/PA,
coalescent signals, PA dd in baseline), 22.9 (br s, Δν1/2 = 7.8
Hz, PD, conformer B), 22.7 (br s, Δν1/2 = 7.4 Hz, PD, conformer
A). 31P{1H} NMR (161.976 MHz, DMSO-d6, 393 K): δ 23.4 (s, PD,
coalescent signal).

General procedure for the synthesis of [(κ2-dppe)ClPt(μ-dppx)
RuCl2(η6-p-cym)](OTf) (PtRu-x)

A solution of 0.123 mmol (2.00 eq.) of Pt-x in 15 mL dichloro-
methane was added to a solution containing 1 equivalent of
[(p-cym)RuCl2]2 in 10 mL of dichloromethane. It was stirred at
room temperature for 2 h. The solvents were removed in vacuo
before washing with Et2O. The resulting powder was sub-
sequently dried in vacuo.

Characterisation of [(κ2-dppe)ClPt(μ-dppb)RuCl2(η6-p-cym)]
(OTf) (PtRu-1)

139 mg (73%) of red powder, air stable. Melting point:
decomposition at 182 °C. 1H NMR (400.130 MHz, DMSO-d6,
293 K): δ 7.99–7.01 (40 H, unresolved m, PPh, conformer A +
B), 5.43 (2 H, d, 3JH–H = 5.9 Hz, 2 × CH, –C3,5–H, p-cymene, con-
former B), 5.36 (d, 3JH–H = 6.0 Hz, 2 × CH, p-cymene, –C3,5–H,
conformer A), 5.22 (2 H, d, 3JH–H = 6.0 Hz, 2 × CH, –C2,6–H,
p-cymene, conformer B), 5.17 (d, 3JH–H = 6.0 Hz, 2 × CH, –C2,6–

H, p-cymene, conformer A), 2.71 (2 H, unresolved m, CH2,
PCHA

2CH
B
2P, κ2-dppe, conformer A + B), 2.44 (2 H, unresolved

m, CH2, PCH
A
2CH

B
2P, κ2-dppe, conformer A + B), 2.35–2.22 (5

H, unresolved m, 2 × CH2, dppb + 1 × –CH(CH3)2, p-cymene,
conformer A + B), 2.08 (1 H, unresolved m, CH2, dppb, confor-
mer A + B), 1.78 (3 H, s, –C(CH3), p-cymene, conformer B), 1.70
(s, –C(CH3), p-cymene, conformer A), 1.29–1.15 (3 H, unre-
solved m, CH2, dppb, conformer A + B), 0.74 (6 H, d, 3JH–H =
6.9 Hz, –CH(CH3)2, p-cymene, conformer B), 0.69 (d, 3JH–H =
6.9 Hz, –CH(CH3)2, p-cymene, conformer A). 13C{1H} NMR
(100.613 MHz, DMSO-d6, 293 K): δ 134.0128.2 (unresolved m,
PPh), 126.9 (d, xJC–P = 57.7 Hz, PPh), 124.4 (d, xJC–P = 62.3 Hz,
PPh), 122.3 (s, PPh), 119.1 (s, PPh), 106.3 (s, C1, p-cymene, con-

former A + B), 93.5 (s, C4, p-cymene, conformer A + B), 90.2 (ps
d, 2JH–P = 3.9 Hz, –C3,5–H, p-cymene, conformer A + B), 85.5 (d,
2JH–P = 5.9 Hz, –C2,6–H, p-cymene, conformer A + B), 32.8 (br s,
PCAH2C

BH2P, κ2-dppe), 29.5 (s, –CH(CH3)2), 26.6 (s, dppb),
24.3 (unresolved m, dppb + PCAH2C

BH2P, κ2-dppe), 21.5 (s,
dppb), 20.9 (s, –CH(CH3)2), 17.0 (s, –C(CH3), p-cymene,). 31P
{1H} NMR (161.976 MHz, DMSO-d6, 293 K): δ 53.8 (obscured
dd, 2JPA–Pt = 2377.5 Hz, 2JPA–PB = 380 Hz, PA, conformer A), 53.7
(dd, 2JPA–Pt = 2377.5 Hz, 2JPA–PB = 381 Hz, 2JPA–PB = 5.6 Hz, PA,
conformer B), 44.8 (dd, 2JPB–Pt = 3517.3 Hz, 2JPB–PC = 16.2 Hz,
2JPB–PA = 5.4 Hz, PB, conformer A), 44.5 (dd, 2JPB–Pt = 3509.0 Hz,
2JPB–PC = 16.3 Hz, 2JPB–PA = 5.6 Hz, PB, conformer A), 23.8 (s, PD,
conformer A), 23.3 (s, PD, conformer B), 17.2 (dd, 2JPC–Pt =
2375.5 Hz, 2JPC–PA = 380.4 Hz, 2JPC–PB = 16.0 Hz, PC, conformer
A), 17.1 (dd, 2JPC–Pt = 2375.5 Hz, 2JPC–PA = 380.8 Hz, 2JPC–PB = 16.3
Hz, PC, conformer B). 19F (376.498 MHz, DMSO-d6, 293 K): δ
−77.6 (OTf). FTIR (cm−1): 3055 (w), 2962 (w), 1436 (m), 1260
(s), 1147 (m), 1101 (s), 1030 (s), 999 (m), 800 (m), 744 (s), 691
(s), 637 (s), 532 (s), 517 (s), 486 (s). ESI-TOF-MS (3 kV, aceto-
nitrile): m/z calcd [(κ2-dppe)PtCl(µ-dppb)RuCl2(η6-p-cymene)]+,
1361.2; expt., 1361.3 (100%); [(κ2-dppe)PtCl (κ1-dppb)O]+,
1055.2; expt., 1055.3 (54.1%); [PtCl(κ1-dppb)]OTf-H+, 842.0;
expt., 842.2 (86.1%).

Characterisation of [(κ2-dppe)ClPt(μ-dpppent)RuCl2(η6-p-cym)]
(OTf) (PtRu-2)

116 mg (61%) of red solid, air stable. 1H NMR (400.130 MHz,
DMSO-d6, 293 K): δ 7.95–7.03 (40 H, unresolved m, PPh, con-
former A + B), 5.43 (2 H, d, 3JH–H = 5.40 Hz, 2 × CH, –C3,5–H,
p-cymene, conformer B), 5.37 (d, 3JH–H = 5.30 Hz, 2 × CH,
–C3,5–H, p-cymene, conformer A), 5.23 (2 H, d, 3JH–H = 6.10 Hz,
2 × CH, –C2,6–H, p-cymene, conformer B), 5.19 (d, 3JH–H = 6.10
Hz, 2 × CH, –C2,6–H, p-cymene, conformer A), 2.69 (2 H, unre-
solved m, 1 × CH2, PCH2

ACH2
BP, κ2-dppe, conformer A + B),

2.33 (6 H, unresolved m, –CH(CH3)2 + PCH2
ACH2

BP, κ2-dppe +
dpppent, conformer A + B), 2.15 (1 H, m, dpppent, conformer
A + B), 1.77 (3 H, s, –C(CH3), p-cymene, conformer B), 1.71 (2
H, s, –C(CH3), p-cymene, conformer A), 1.23 (3 H, m, dpppent,
conformer A + B), 1.06 (1.86 H, m, dpppent, conformer A + B),
0.74 (6 H, d, 3JH–H = 6.95 Hz, –CH(CH3)2, p-cymene, conformer
B), 0.72 (4.5 Hz, d, 3JH–H = 7.05 Hz, –CH(CH3)2, p-cymene, con-
former A). 13C{1H} NMR (100.613 MHz, DMSO-d6, 293 K): δ
133.7–127.9 (unresolved m, PPh, conformer A + B), 119.1 (s,
PPh), 106.3 (s, –C1–H, p-cymene, conformer A + B), 93.4 (s, –
C4–H, p-cymene, conformer B), 93.2 (s, –C4–H, p-cymene, con-
former A), 90.3 (unresolved m, –C3,5–H, p-cymene, conformer
A + B), 85.4 (d, 3JC–P = 4.93 Hz, –C2,6–H, p-cymene, conformer
B), 85.2 (d, 3JC–P = 5.39 Hz, –C2,6–H, p-cymene, conformer A),
33.1 (unresolved m, PCAH2C

BH2P, κ2-dppe), 31.5 (unresolved
m, dpppent), 29.5 (s, –CH(CH3)2), 24.7 (unresolved m, dpppent
+ PCAH2C

BH2P, κ2-dppe), 21.0 (s, –CH(CH3)2), 17.0 (s, –C(CH3),
conformer B), 16.9 (s, –C(CH3), conformer A). 31P{1H} NMR
(161.976 MHz, DMSO-d6, 293 K): δ 53.93 (overlapping dd,
2JPA–Pt = 2368.6 Hz, 2JPA–PC = 379.9 Hz, 2JPA–PB = 5.59 Hz, PA, con-
former A), 53.89 (overlapping dd, 1JPA–Pt = 2368.6 Hz, 2JPA–PC =
379.9 Hz, 2JPA–PB = 5.65 Hz, PA, conformer B), 45.04 (overlap-
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ping dd, 1JPB–Pt = 3514.4 Hz, 2JPB–PC = 15.5 Hz, 2JPB–PA = 5.6 Hz,
PB, conformer A), 44.94 (overlapping dd, 1JPB–Pt = 3514.4 Hz,
2JPB–PC = 15.6 Hz, 2JPB–PA = 5.7 Hz, PB, conformer B), 23.8 (s, PD,
conformer B), 23.3 (s, PD, conformer A), 17.00 (dd, 1JPC–Pt =
2372.6 Hz, 2JPC–PA = 380.1 Hz, 2JPC–PB = 15.9 Hz, PC, conformer
A), 16.87 (dd, 2JPC–PB = 16.2 Hz, 2JPC–PA = 380.2 Hz, 1JPC–Pt =
2372.6 Hz, PC, conformer B). 19F NMR (376.498 MHz, DMSO-
d6, 293 K): δ −77.6 (OTf). FTIR (cm−1): 3055 (w), 2928 (w), 2864
(w), 1436 (m), 1261 (s), 1223 (m), 1147 (m), 1100 (m), 1030 (s),
998 (m), 744 (m), 691 (s), 636 (s), 532 (s), 517 (s), 488 (s).
ESI-TOF-MS (3 kV, acetonitrile): m/z calcd [(κ2-dppe)PtCl(µ-
dppp)RuCl2(η6-p-cymene)]+, 1375.2; expt., 1375.2 (67.3%);
calcd [(κ2-dppe)PtCl(κ1-dppp)]+, 1069.2; expt., 1069.3 (76.6%).

Characterisation of [(κ2-dppe)ClPt(μ-dpph)RuCl2(η6-p-cym)]
(OTf) (PtRu-3)

94 mg (74%) of red solid, air stable. 1H NMR (400.130 MHz,
DMSO-d6, 293 K): δ 7.88–7.15 (40 H, unresolved m, PPh, con-
former A + B), 5.42 (2 H, d, 3JH–H = 5.24 Hz, 2 × CH, –C3,5–H,
p-cymene, conformer B), 5.38 (d, 3JH–H = 5.29 Hz, 2 × CH,
–C3,5–H, p-cymene, conformer A), 5.22 (2 H, d, 3JH–H = 6.04 Hz,
2 × CH, –C2,6–H, p-cymene, conformer B), 5.19 (d, 3JH–H = 6.14
Hz, 2 × CH, –C2,6–H, p-cymene, conformer A), 2.73 (2 H, unre-
solved m, 1 × CH2, PPh2CH2

ACH2
BP, κ2-dppe, conformer A +

B), 2.46 (signal obscured by solvent) (2 H, obscured m, 1 ×
CH2, PPh2CH2

ACH2
BP, κ2-dppe, conformer A + B), 2.40–2.22 (5

H, unresolved m, 2 × CH2 + –CH(CH3)2, dpph + p-cymene, con-
former A + B), 2.15 (1 H, unresolved m, 12 × CH2, dpph, con-
former A + B), 1.77 (3 H, s, –C(CH3), p-cymene, conformer B),
1.73 (s, –C(CH3), p-cymene, conformer A), 1.35–1.13 (3 H, unre-
solved m, 32 × CH2, dpph, conformer A + B), 0.89 (4 H, ps d,
xJH–X = 25 Hz, 2 × CH2, dpph, conformer A + B), 0.72 (6 H, d,
3JH–H = 6.9 Hz, –CH(CH3)2, p-cymene, conformer B), 0.71 (d,
3JH–H = 6.9 Hz, –CH(CH3)2, p-cymene, conformer A). 13C{1H}
NMR (100.613 MHz, acetone-d6, 293 K): δ 135.0–128.7 (unre-
solved m, PPh), 107.7 (s, –C1, p-cymene, conformer A + B), 94.8
(s, –C4, p-cymene, conformer A + B), 91.3 (s, –C3,5, p-cymene,
conformer A + B), 86.7 (s, –C2,6, p-cymene, conformer A + B),
34.4 (br s, PCH2CH2P, κ2-dppe) 30.8 (s, dpph), 25.9 (s, –CH
(CH3)2, p-cymene), 21.6 (s, dpph), 17.5 (s, –C(CH3), p-cymene).
31P{1H} NMR (161.976 MHz, DMSO-d6, 293 K): δ 54.0 (dd,
1JPA–Pt = 2366.8 Hz, 2JPA–PC = 380.0 Hz, 2JPA–PB = 5.61 Hz, PA, con-
former A), 53.9 (dd, 1JPA–Pt = 2366.8 Hz, 2JPA–PC = 380.2 Hz,
2JPA–PB = 5.61 Hz, PA conformer B), 45.0 (dd, 1JPB–Pt = 3490.7 Hz,
2JPB–PC = 16.2 Hz, 2JPB–PA = 5.60 Hz, PB conformer A), 44.8 (dd,
1JPB–Pt = 3526.4 Hz, 2JPB–PC = 16.3 Hz, 2JPB–PA = 5.60 Hz, PB, con-
former B), 24.0 (s, PD, conformer B), 23.6 (s, PD, conformer A),
17.1 (dd, 1JPC–Pt = 2366.7 Hz, 2JPC–PA = 379.0 Hz, 2JPC–PB = 16.1
Hz, PC, conformer A), 17.0 (dd, 1JPC–Pt = 2366.7 Hz, 2JPC–PA =
380.4 Hz, 2JPC–PB = 16.3 Hz, PC, conformer B). 19F
(376.498 MHz, acetone-d6, 293 K): δ −78.6 (OTf). FT-IR (cm−1):
3056 (w), 2928 (w), 2868 (w), 1436 (m), 1261 (s), 1223 (m), 1147
(m), 1101 (s), 1030 (s), 999 (m), 745 (m), 690 (s), 636 (s), 532
(s), 517 (s), 487 (s). UV/Vis λmax (dichloromethane): 226 nm
(major, ε = 199 139 M−1 cm−1), 264 nm (shoulder, ε = 67 970
M−1 cm−1), 363 nm (minor), 489 (weak, forbidden d–d).

ESI-TOF-MS (3 kV, acetonitrile): m/z calcd [(κ2-dppe)PtCl(μ-
dpph)RuCl2(η6-p-cymene)]+, 1389.2; expt., 1389.3 (20.3%); [(κ2-
dppe)PtCl(κ1-dpph)O]+, 1099.3; expt., 1099.3 (0.53%); [(κ2-
dppe)PtCl(κ1-dpph)]+, 1083.3; expt., 1083.3 (12.9%).
Temperature studies: 1H NMR (400.130 MHz, DMSO-d6,
313 K): δ 7.90–7.15 (40 H, unresolved m, PPh, conformer A +
B), 5.40 (2 H, d, 3JH–H = 5.9 Hz, 2 × CH, –C3,5–H, p-cymene, con-
former B), 5.36 (d, 3JH–H = 6.0 Hz, 2 × CH, –C3,5–H, p-cymene,
conformer A), 5.23 (2 H, d, 3JH–H = 5.43 Hz, 2 × CH, –C2,6–H,
p-cymene, conformer B), 5.20 (d, 3JH–H = 5.95 Hz, 2 × CH,
–C2,6–H, p-cymene, conformer A), 2.73 (2 H, unresolved m, 1 ×
CH2, PCH2

ACH2
BP, κ2-dppe, conformer A + B), 2.45 (signal

obscured by solvent) (2 H, obscured m, 1 × CH2, PCH2
ACH2

BP,
κ2-dppe, conformer A + B), 2.34 (4 H, unresolved m, CH2, dpph
+ –CH(CH3)2, p-cymene, conformer A + B), 2.15 (2 H, unre-
solved m, 1 × CH2, dpph, conformer A + B), 1.76 (3 H, s, –C
(CH3), p-cymene, conformer B), 1.72 (s, –C(CH3), p-cymene,
conformer A), 1.37–1.13 (3 H, unresolved m, CH2, dpph, con-
former A + B), 0.90 (4 H, ps d, xJH–X = 17.2 Hz, 2 × CH2, dpph,
conformer A + B), 0.77 (6 H, d, 3JH–H = 6.00 Hz, –CH(CH3)2,
p-cymene, conformer A + B). 31P{1H} NMR (161.976 MHz,
DMSO-d6, 313 K): δ 53.93 (dd, 2JPA–PC = 380.5 Hz, 2JPA–PB = 5.46
Hz, PA, conformer A), 53.84 (dd, 2JPA–PC = 381.8 Hz, 2JPA–PB = 5.6
Hz, PA, conformer B), 44.9 (dd, 1JPB–Pt = 3541.1 Hz, 2JPB–PC =
16.1 Hz, 2JPB–PA = 5.52 Hz, PB conformer A), 44.7 (dd, 1JPB–Pt =
3541.1 Hz, 2JPB–PC = 16.2 Hz, 2JPB–PA = 5.54 Hz, PB conformer B),
23.7 (s, PC, conformer B), 23.3 (s, PC, conformer A), 17.095
(pdd, 1JPC–Pt = 2366.2 Hz, 2JPC–PA = 381.6 Hz, 2JPC–PB = 16.3 Hz,
PC, conformer A), 17.0695 (dd, 1JPC–Pt = 2366.2 Hz, 2JPC–PA =
381.8 Hz, 2JPC–PB = 16.3 Hz, PC, conformer B). 1H NMR
(400.130 MHz, DMSO-d6, 333 K): δ 7.90–7.17 (40 H, unresolved
m, PPh, conformer A + B), 5.37 (2 H, s, 2 × CH, –C3,5–H,
p-cymene, conformer B), 5.34 (d, 3JH–H = 5.7 Hz, 2 × CH, –C3,5–

H, p-cymene, conformer A), 5.23 (2 H, br s, Δν1/2 = 20.79 Hz,
–C2,6–H, p-cymene, conformer A + B), 2.72 (2 H, unresolved m,
PCH2

ACH2
BP, κ2-dppe, conformer A + B), 2.35 (7 H, br s, Δν1/2

= 36.02 Hz, 3 × CH2, dpph + –CH(CH3)2, p-cymene +
PCH2

ACH2
BP, κ2-dppe, conformer A + B), 2.15 (1 H, unresolved

m, CH2, dpph, conformer A + B), 1.76 (3 H, s, –C(CH3),
p-cymene, conformer B), 1.72 (s, –C(CH3), p-cymene, confor-
mer A), 1.38–1.13 (3 H, unresolved m, CH2, dpph, conformer A
+ B), 0.92 (4 H, unresolved m, 2 × CH2, dpph, conformer A +
B), 0.81 (6 H, s, –CH(CH3)2, p-cymene, conformer A + B). 31P
{1H} NMR (161.976 MHz, DMSO-d6, 333 K): δ 53.9 (ps dd,
2JPA–PC = 381.1 Hz, PA, conformer A), 53.8 (ps dd, 2JPA–PC = 382.5
Hz, PA, conformer B), 44.8 (ps dd, 2JPB–PC = 16.1 Hz, PB, confor-
mer A), 44.6 (ps dd, 2JPB–PC = 16.2 Hz, 2JPB–PA = 5.85 Hz, PB, con-
former B), 23.4 (s, PC, conformer B), 23.1 (s, PC, conformer A),
17.4 (dd, 2JPC–PA = 382.0 Hz, 2JPC–PB = 16.3 Hz, PC, conformer A +
B). 1H NMR (400.130 MHz, DMSO-d6, 353 K): δ 7.90–7.18 (40
H, unresolved m, PPh, conformer A + B), 5.34 (2 H, br s, Δν1/2
= 21.20 Hz, –C3,5–H, p-cymene, conformer A + B), 5.23 (2 H, br
s, Δν1/2 = 17.63 Hz, –C2,6–H, p-cymene, conformer A + B), 2.72
(2 H, ps d, xJH–X = 31.9 Hz, PCH2

ACH2
BP, κ2-dppe, conformer A

+ B), 2.45–2.25 (7 H, unresolved m, 3 × CH2, dpph +
–CH(CH3)2, p-cymene + PCH2

ACH2
BP, κ2-dppe, conformer A +
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B), 2.15 (1 H, unresolved m, CH2, dpph, conformer A + B), 1.75
(3 H, s, –C(CH3), p-cymene, conformer B), 1.72 (s, –C(CH3),
p-cymene, conformer A), 1.22 (3 H, unresolved m, CH2, dpph,
conformer A + B), 0.92 (4 H, 2 × CH2, dpph, conformer A + B),
0.84 (6 H, s, –CH(CH3)2, p-cymene, conformer A + B). 31P{1H}
NMR (161.976 MHz, DMSO-d6, 353 K): δ 53.8 (ps dd, 2JPA–PC =
380.1 Hz, PA, conformer A + B), 44.8 (resolved m, PB, confor-
mer A), 44.6 (dd, 2JPB–PC = 16.0 Hz, 2JPB–PA = 5.79 Hz, PB, confor-
mer B), 23.2 (s, PC, conformer B), 23.1 (s, PC, conformer A),
17.2 (ps dd, 2JPC–PA = 381.3 Hz, 2JPC–PB = 16.5 Hz, PC, conformer
A + B).

General procedure for the synthesis of [(κ2-dppe)ClPd(μ-dppx)
OsCl2(η6-p-cym)](OTf) (PdOs-x)

Two equivalents of the respective diphosphine (0.253 mmol,
2.00 eq.) were dissolved in dichloromethane (5 mL) in a
Schlenk flask. Similarly, 174.4 mg (0.1265 mmol, 1.00 eq.) of
PdPd-0 was dissolved in dichloromethane (5 mL) and added
dropwise to the diphosphine solution. The resulting solution
was left to stir at room temperature for one hour. 100 mg
(0.1265 mmol, 1.00 eq.) of [(η6-p-cymene)OsCl2]2 dimer was
dissolved in dichloromethane (5 mL), under the same con-
ditions as above, and transferred to a Schlenk flask. The Pd-x
solution was then added rapidly to the Os dimer solution
while stirring. The resulting solution was left to stir at room
temperature for two hours. The solvent was removed in vacuo,
after which the resulting solid was washed with Et2O (10 mL),
and the washings discarded. The product was subsequently
dried in vacuo overnight.

Characterisation of [(κ2-dppe)ClPd(μ-dppx)OsCl2(η6-p-cym)]
(OTf) (PdOs-1)

283 mg (74%) of grey-brown-yellow solid. Melting point:
160–165 °C (melt), 170 °C + (dec). 1H NMR (400.130 MHz,
DMSO-d6, 298 K): δ 7.84–7.11 (40 H, unresolved m, PPh), 5.56
(2 H, d, 3JH–H = 5.8 Hz, 2 × CH, –C3,5–H, p-cymene, conformer
B), 5.50 (d, 3JH–H = 5.9 Hz, 2 × CH, –C3,5–H, p-cymene, confor-
mer A), 5.41 (2 H, d, 3JH–H = 5.6 Hz, 2 × CH, –C2,6–H, p-cymene,
conformer B), 5.38 (d, 3JH–H = 5.5 Hz, 2 × CH, –C2,6–H,
p-cymene, conformer A), 2.82 (2 H, ps d, PCH2

ACH2
BP, κ2-

dppe), 2.45–2.26 (obscured by solvent) (4 H, obscured m,
PCH2

ACH2
BP, κ2-dppe + 1 × CH2, dppb), 2.15 (1 H, ps sept,

3JH–H = 6.7 Hz, 1 × –CH(CH3)2, p-cymene), 1.90 (2 H, unresolved
m, 1 × CH2, dppb), 1.88 (3 H, br s, Δν1/2 = 3.6 Hz, –C(CH3),
p-cymene, conformer B), 1.82 (br s, Δν1/2 = 3.3 Hz, –C(CH3),
p-cymene, conformer A), 1.33–1.13 (2 H, br m, 1 × CH2, dppb),
0.98–0.84 (2 H, br m, 1 × CH2, dppb), 0.79 (6 H, br d, Δν1/2 =
2.8 Hz, 3JH–H = 6.8 Hz, –CH(CH3)2, p-cymene, conformer A),
0.75 (br d, Δν1/2 = 2.7 Hz, 3JH–H = 6.8 Hz, –CH(CH3)2, p-cymene,
conformer B). 13C{1H} NMR (100.613 MHz, DMSO-d6, 298 K): δ
133.9–127.1 (unresolved m, PPh), 97.2 (s, –C1, p-cymene, con-
former A + B), 86.0 (s, –C4, p-cymene, conformer B), 85.7 (s, –
C4, p-cymene, conformer A), 81.9 (br s, Δν1/2 = 12.4 Hz, –C3,5–

H, p-cymene, conformer A + B), 78.0 (br s, Δν1/2 = 15.6 Hz, –
C2,6–H, p-cymene, conformer B), 77.8 (br s, Δν1/2 = 8.7 Hz, –
C2,6–H, p-cymene, conformer A), 32.6 (ps d, 1JC–P = 45.0 Hz,

PCH2
ACH2

BP, κ2-dppe), 29.3 (br s, Δν1/2 = 13.2 Hz, –CH(CH3)2,
p-cymene, conformer A + B), 26.2 (1 × CH2, dppb), 24.2 (1 ×
CH2, dppb), 23.9 (1 × CH2, dppb), 22.2 (PCH2

ACH2
BP, κ2-dppe),

21.8 (1 × CH2, dppb), 21.3 (br s, Δν1/2 = 10.0 Hz, –CH(CH3)2,
p-cymene, conformer A + B), 16.8 (br m, –C(CH3), p-cymene,
conformer A + B). 31P{1H} NMR (161.976 MHz, DMSO-d6,
298 K): δ 66.2–65.9 (unresolved m, PB, conformer A + B), 64.7
(ps dd, 2JPA–PC = 385.5 Hz, 2JPA–PB = 7.8 Hz, PA, conformer B),
64.5 (ps dd, 2JPA–PC = 397.0 Hz, 2JPA–PB = 7.4 Hz, PA, conformer
A), 17.9 (dd, 2JPC–PA = 412.4 Hz, 2JPC–PB = 20.4 Hz, PC, conformer
B), 17.8 (dd, 2JPC–PA = 411.8 Hz, 2JPC–PB = 20.7 Hz, PC, conformer
A), −17.8 (br s, Δν1/2 = 7.0 Hz, PD, conformer B), −18.4 (br s,
Δν1/2 = 6.9 Hz PD, conformer A). 19F NMR (376.498 MHz,
DMSO-d6, 298 K): δ −77.6 (OTf). FTIR (cm−1): 3054 (vw), 2960
(vw), 1436 (m), 1260 (s), 1148 (m), 1099 (m), 1030 (s), 999 (w),
743 (m), 690 (vs), 637 (vs), 530 (vs), 516 (vs), 483 (s). UV/Vis
λmax (dichloromethane): 226 nm (major, ε = 133 371 M−1

cm−1), 267 nm (shoulder, ε = 47 219 M−1 cm−1), 332 nm
(minor ε = 35 676 M−1 cm−1), 421 (weak, forbidden d–d).
ESI-TOF-MS (3 kV, dichloromethane): m/z calcd for [(κ2-dppe)
PdCl(μ-dppb)OsCl2(η6-p-cymene)]+, 1361.2; expt., 1361.7 (26%).
m/z calcd for [(κ2-dppe)PdCl(κ1-dppb)]+, 965.2; expt. 965.5
(46%). m/z calcd for [(η6-p-cymene)OsCl(κ1-dppb)]+, 787.2; expt.
787.5 (100%). m/z calcd for [(κ2-dppe)PdCl]+, 541.0; expt., 541.2
(3%).

Characterisation of [(κ2-dppe)ClPd(μ-dppx)OsCl2(η6-p-cym)]
(OTf) (PdOs-2)

311 mg (81%) of brown-yellow (turmeric) solid, air stable. 1H
NMR (400.130 MHz, DMSO-d6, 298 K): δ 7.84–7.12 (40 H, unre-
solved m, PPh), 5.56 (2 H, d, 3JH–H = 5.7 Hz, –C3,5–H, p-cymene,
conformer B), 5.51 (d, 3JH–H = 5.8 Hz, –C3,5–H, p-cymene, con-
former A), 5.43 (2 H, d, 3JH–H = 5.8 Hz, –C2,6–H, p-cymene, con-
former B), 5.39 (d, 3JH–H = 6.0 Hz, –C2,6–H, p-cymene, confor-
mer A), 2.81 (2 H, br m, PCH2

ACH2
BP, κ2-dppe), 2.48 (obscured

by solvent) (2 H, obscured br m, PCH2
ACH2

BP, κ2-dppe),
2.41–2.03 (5 H, unresolved m (ps sept.), 2 × CH2, dppp + 1 ×
–CH(CH3)2 + p-cymene), 1.87 (3 H, s, 1 × –C(CH3), p-cymene,
conformer B), 1.83 (s, 1 × –C(CH3), p-cymene, conformer A),
1.25–0.83 (6 H, unresolved m, 3 × CH2, dppp), 0.80 (6 H, ps d,
3JH–H = 7.0 Hz, CH(CH3)2, p-cymene, conformer B), 0.78 (ps d,
3JH–H = 7.0 Hz, –CH(CH3)2, p-cymene, conformer A). 13C{1H}
NMR (100.613 MHz, DMSO-d6, 298 K): δ 133.7–127.4 (unre-
solved m, PPh), 97.3 (s, –C1, p-cymene, conformer A + B), 85.9
(s, –C4, p-cymene, conformer B), 85.7 (s, –C4, p-cymene, confor-
mer A), 81.9 (br m, Δν1/2 = 7.4 Hz, –C3,5–H, p-cymene, confor-
mer A + B), 77.9 (ps d, –C2,6–H, p-cymene, conformer B), 77.7
(ps d, 2JC–P = 5.2 Hz, –C2,6–H, p-cymene, conformer A), 32.6
(PCH2

ACH2
BP, κ2-dppe), 31.3 (1 × CH2, dppp), 29.2 (br s, Δν1/2

= 2.84 Hz, –CH(CH3)2, p-cymene, conformer A + B), 24.7 (1 ×
CH2, dppp), 24.6 (1 × CH2, dppp), 22.2 (PCH2

ACH2
BP, κ2-dppe),

21.9 (1 × CH2, dppp), 21.4 (br s, Δν1/2 = 1.5 Hz, –CH(CH3)2,
p-cymene, conformer A + B), 16.8 (s, –C(CH3), p-cymene, con-
former B), 16.7 (s, –C(CH3), p-cymene, conformer A). 31P{1H}
NMR (161.976 MHz, DMSO-d6, 298 K): δ 66.3 (ps dd (hidden
by conformer A), PB, conformer B), 66.2 (dd, 2JPB–PC = 19.3 Hz,
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2JPB–PA = 7.6 Hz, PB, conformer A), 64.7 (ps dd, 2JPA–PC = 410.7
Hz, PA, conformer B), 64.6 (dd, 2JPA–PC = 411.3 Hz, 2JPA–PB = 7.7
Hz, PA, conformer A), 17.8 (dd, 2JPC–PA = 411.0 Hz, 2JPC–PB = 18.8
Hz, PC, conformer B), 17.7 (dd, 2JPC–PA = 411.0 Hz, 2JPC–PB = 18.8
Hz, PC, conformer A), −17.9 (s, PD, conformer B), −18.4 (s, PD,
conformer A). 19F NMR (376.498 MHz, DMSO-d6, 298 K): δ

−77.6 (OTf). FT-IR (cm−1): 3055 (vw), 2927 (vw), 1434 (m), 1262
(s), 1147 (m), 1099 (m), 1030 (s), 997 (w), 743 (m), 690 (vs), 637
(vs), 530 (vs), 516 (s), 481 (m). UV/Vis λmax (dichloromethane):
226 (major), 270 (shoulder), 331 (minor), 430 (weak, forbidden
d–d). ESI-TOF-MS (3 kV, dichloromethane): m/z calcd for [(κ2-
dppe)PdCl(μ-dppp)OsCl2(η6-p-cymene)]+, 1375.2; expt., 1375.1
(78%). m/z calcd for [(κ2-dppe)PdCl(κ1-dppp)]+, 979.2; expt.
979.2 (100%). m/z calcd for [(η6-p-cymene)OsCl(κ1-dppp)]+,
801.2; expt. 801.2 (7%). m/z calcd for [(κ2-dppe)PdCl]+, 541.0;
expt., 541.0 (60%).

Characterisation of [(κ2-dppe)ClPd(μ-dppx)OsCl2(η6-p-cym)]
(OTf) (PdOs-3)

318 mg (82%) of golden-orange solid, air stable. 1H NMR
(400.130 MHz, DMSO-d6, 298 K): δ 7.84–7.16 (40 H, unresolved
m, PPh), 5.56 (2 H, d, 3JH–H = 5.7 Hz, –C3,5–H, p-cymene, con-
former B), 5.52 (d, 3JH–H = 5.8 Hz, –C3,5–H, conformer A), 5.42
(2 H, d, 3JH–H = 5.1 Hz, –C2,6–H, p-cymene, conformer B), 5.39
(d, 3JH–H = 5.8 Hz, –C2,6–H, p-cymene, conformer A), 2.83 (2 H,
br m, PCH2

ACH2
BP, κ2-dppe), 2.47 (obscured by solvent) (2 H,

obscured br m, PCH2
ACH2

BP, κ2-dppe), 2.35–1.89 (5 H, unre-
solved m (ps sept.), 2 × CH2, dpph + –CH(CH3)2, p-cymene),
1.87 (3 H, s, –C(CH3), p-cymene, conformer B), 1.84 (s, –C
(CH3), p-cymene, conformer A), 1.36–0.84 (8 H, unresolved m,
4 × CH2, dpph), 0.78 (6 H, br d, Δν1/2 = 11.6 Hz, –CH(CH3)2,
p-cymene, conformer A + B). 13C{1H} NMR (100.613 MHz,
DMSO-d6, 298 K): δ 133.7–127.4 (unresolved m, PPh), 97.2 (s, –
C1, p-cymene, conformer A + B), 85.5 (s, –C4, p-cymene, confor-
mer A + B), 82.0 (br m, Δν1/2 = 8.3 Hz, C3,5, p-cymene, confor-
mer A + B), 77.9 (m, –C2,6, p-cymene, conformer A + B), 32.6
(PCH2

ACH2
BP, κ2-dppe), 29.8 (s, 1 × CH2, dpph), 29.7 (s, 1 ×

CH2, dpph), 29.2 (br s, Δν1/2 = 3.3 Hz, –CH(CH3)2, p-cymene,
conformer A + B), 26.5 (1 × CH2, dpph), 25.2 (1 × CH2, dpph),
24.7 (1 × CH2, dpph), 24.4 (1 × CH2, dpph), 22.1 (PCH2

ACH2
BP,

κ2-dppe), 21.3 (br s, Δν1/2 = 2.9 Hz, –CH(CH3)2, p-cymene, con-
former A + B), 16.81 (s, –C(CH3), p-cymene, conformer B),
16.76 (s, –C(CH3), p-cymene, conformer A). 31P{1H} NMR
(161.976 MHz, DMSO-d6, 298 K): δ 66.4–66.1 (br m, Δν1/2 =
37.3 Hz, PB, conformer A + B), 64.8 (ps dd, 2JPA–PC = 412.3 Hz,
2JPA–PB = 7.4 Hz, PA, conformer B), 64.6 (ps dd, 2JPA–PC = 415.0
Hz, PA, conformer A), 18.0 (dd, 2JPC–PA = 410.7 Hz, 2JPC–PB = 19.3
Hz, PC, conformer B), 17.9 (dd, 2JPC–PA = 411.3 Hz, 2JPC–PB = 19.4
Hz, PC, conformer A), −17.7 (br s, Δν1/2 = 6.8 Hz, PD, confor-
mer B), −18.1 (br s, Δν1/2 = 6.2 Hz, PD, conformer A). 19F NMR
(376.498 MHz, DMSO-d6, 298 K): δ −77.6 (OTf). FT-IR (cm−1):
3054 (vw), 2930 (vw), 1434 (m), 1263 (s), 1148 (w), 1099 (m),
1030 (s), 998 (w), 743 (m), 691 (vs), 637 (vs), 530 (vs), 516 (s),
486 (m). UV/Vis λmax (dichloromethane): 267 nm (shoulder, ε =
51 010 M−1 cm−1), 331 nm (minor ε = 37 695 M−1 cm−1), 421
(weak, forbidden d–d). ESI-TOF-MS (3 kV, dichloromethane):

m/z calcd for [(κ2-dppe)PdCl(μ-dpph)OsCl2(η6-p-cymene)]+,
1389.2; expt., 1389.1 (33%). m/z calcd for [(κ2-dppe)PdCl(μ-
dpph)O]+, 1009.2; expt., 1009.1 (8%). m/z calcd for [(κ2-dppe)
PdCl(κ1-dpph)]+, 993.1; expt. 993.1 (100%). m/z calcd for [(η6-p-
cymene)OsCl(κ1-dpph)]+, 815.2; expt. 815.2 (35%). m/z calcd for
[(κ2-dppe)PdCl]+, 541.0; expt., 541.0 (12%).

Cell viability assays

The effect of all complexes on the viability of various human
cancer cell lines was evaluated using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltrazolium bromide (MTT) assay
(11465007001; Sigma Aldrich, Missouri, USA) following the
manufacturer’s instructions. Briefly, cells were seeded in
96-well plates at low densities of 3000–10 000 and incubated
for 24 to 48 hours. After incubation, cells were treated with
vehicle, and all ligands and complexes at 10 μM, and the clini-
cally approved cisplatin drug (CDDP, 10 μM) for 48 hours.
Following treatment, 10 μl of MTT solution was added to each
well, and the plates were incubated at 37 °C for 4 hours. The
resulting purple formazan crystals were solubilised by adding
100 μl of solubilising reagent to each well. Absorbance was
measured at 600 nm using a Glomax® microplate spectro-
photometer. The cytotoxic effect of each complex was quanti-
fied based on the percentage inhibition of cell viability com-
pared to the vehicle-treated control. At least three independent
experiments were performed in quadruplicate to determine
the IC50 concentration of the respective complexes. The IC50

values were calculated from sigmoidal plots with GraphPad
Prism version 7.0 (GraphPad Software, California, USA).
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CCDC 2470481–2470483 contain the supplementary crystal-
lographic data for this paper.68a–c
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