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The mechanochemical syntheses of allyl and indenyl palladate
complexes are reported. All compounds were obtained in
quantitative yields and microanalytically pure without the need
of any workup. These complexes are stable in chlorinated and
polar (DMSO or DMSO/H2O solutions) solvents. In chlorinated
solvents, they appear as ionic pairs of which crystals suitable for
single X-ray diffraction studies have been obtained. Bonding
and solvation properties are rationalized through scalar rela-
tivistic DFT calculations. Moreover, most complexes showed

excellent cytotoxicity towards ovarian cancer cell lines, with IC50
values comparable or lower than cisplatin. The potent anti-
cancer activity of two IPrCl and IPr*-based palladate complexes
was examined in a high-grade serous ovarian cancer (HGSOC)
patient-derived tumoroid. Moreover, the inhibition of the
antioxidant enzyme thioredoxin reductase (TrxR) was noticed,
and structure-activity relationships could be derived, suggesting
the ROS detoxifying system is involved in the mode of action.

Introduction

As a result of the introduction of cisplatin as a commercially
available potent anticancer drug, the role of inorganic chemists
has been crucial in the development of modern medicinal
chemistry.[1] In this context, the approval of second and third
generations platinated chemotherapeutic agents (carboplatin
and oxaliplatin) showing reduced side-effects than the parent
cisplatin, was a significant advance in the field. However, even
these compounds have a non-negligible collateral toxicity[2] and
above all, they are inactive against some classes of tumors
resistant to cisplatin.[3] These clinical findings have led research-
ers to develop alternative or complementary therapeutic
approaches such as radiotherapy, immunotherapy and photo-

dynamic/photothermal therapies, as well as the synthesis and
study of the anticancer properties of compounds containing
metals other than platinum.[4] The most encouraging results
have been obtained with gold[5] and ruthenium[6] complexes,
although few examples of these have so far completed clinical
approval as anticancer drugs.

Organopalladium compounds have recently attracted atten-
tion for their high stability even under physiological conditions
and above all for their remarkable in vitro cytotoxicity towards
cisplatin-resistant cell lines.[7] Among the organopalladium
derivatives, those bearing at least one N-heterocyclic carbene
ligand (NHC) and the Pd(II)-η3-allyl fragment have exhibited IC50
values in the micro- and sub-micromolar range towards several
cisplatin-sensitive and cisplatin-resistant cell lines in vitro and in
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some cases selectivity towards cancerous vs non-tumorigenic
cells.[8]

An unusual family of Pd(II)-allyl derivatives, whose antiproli-
ferative properties has not been examined thus far, is that of
the palladate type [NHC ·H][PdCl2(R-allyl)] (R-allyl=allyl, 2-Me-
allyl and cinnamyl). These compounds have been isolated for
the first time in 2017 and represent the key intermediate in
obtaining well-defined [Pd(NHC)Cl(R-allyl)] precatalysts when a
generic imidazolium salt is reacted with the precursor [Pd(μ-
Cl)(R-allyl)]2 in the presence of a weak base (e.g. K2CO3)
(Scheme 1).[9] This approach, known as the weak-base route,
represents the simplest and most environmentally sustainable
route to achieve metal-NHC complexes.[10]

The surprising stability to air and moisture of the palladate
intermediates has allowed their study as potential precatalysts
in C� C and C� N coupling reactions, showing excellent perform-
ance and a broad functional group tolerance in the presence of
mild inorganic bases and green solvents.[11] Another important
advantage of these derivatives is that they can be easily
prepared on a gram scale under solvent-free conditions and
without the need of any workup.[11] For all these reasons, we
believe that a computational study on the nature of the
palladate-NHC interaction and the evaluation of the anticancer
activity of these complexes could be of great interest.

Furthermore, with the aim of understanding the role of
organopalladium fragment in the antitumor activity of these
systems, the syntheses and biological activity of indenyl
palladate complexes has also been explored (vide infra). It
should be remembered that the reactivity of the indenyl
fragment is sometimes quite different from that of the allyl
congener (indenyl effect) as previously demonstrated in numer-
ous reports.[12] In addition, the biological properties of metal-
indenyl complexes have been scarcely explored compared to
those of their allyl relatives.[13]

Results and Discussion

Mechanochemical Synthesis of Allyl and Indenyl Palladates

Based on the procedure recently reported by Nolan and co-
workers for the preparation of cinnamyl palladates, a selection
of [NHC ·H][Pd(allyl)Cl2] complexes were synthesized using the
solvent-free method consisting of simply grinding the [Pd-
(allyl)(μ-Cl)]2 precursor with different saturated and unsaturated
azolium salts (NHC ·HCl, 1a–f). Complexes 2a–f were obtained
quantitatively and fully characterized by means of NMR, XRD
and elemental analyses (Scheme 2). Except for 2a, which was
synthesized in 2017 using acetone as a solvent,[9] all other
compounds are novel and unreported to date.
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Scheme 1. Palladate complexes bearing NHC ligands as reaction intermedi-
ates, efficient precatalysts and potent anticancer agents.[9,11]

Scheme 2. Solvent-free synthesis of allyl palladate complexes 2a–f.
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In the 1H NMR spectra, the imidazole proton NCHN is shifted
by ca. 2 ppm with respect to the starting azolium salt.
Regarding the allyl fragment, three sets of signals can be found
and are attributed to the anti (doublet at 2.56–2.86 ppm with J
�12 Hz), syn (doublet at 3.75–3.88 ppm with J=6–7 Hz) and
central allyl protons (multiplet at 5.10–5.30 ppm). Similarly, in
the 13C NMR spectra, the signals of the allyl carbons (CH2 and
CH at ca. 61 and 110 ppm, respectively), the imidazole carbon
NCHN (ca. 140 ppm for 2a–b and 2e–f, and ca. 160 ppm for
2c–d) and the remaining signals of the imidazole fragment can
be clearly identified. To further confirm the nature of the
synthesized allyl complexes, the X-ray structure of 2f was
obtained by single crystal X-ray diffraction (Figure 1). Suitable
crystals were grown by slow vapour diffusion of diethylether
into CHCl3 solution.

The reaction between the imidazolium salts 1a–f and the
precursor [Pd(indenyl)(μ-Cl)]2 was carried out using the same
mechanochemical procedure. In all cases, the final compounds
3a–f were obtained in quantitative yields and high purity
(Scheme 3).

Similarly to the allyl derivatives 2a–f, the 1H NMR spectra of
the indenyl complexes 3a–f show the NCHN imidazole proton
at chemical shift significantly lower than that of the starting
material. Moreover, the four different indenyl signals are easily
identified: H1,3 (doublet at 5.44–5.70 ppm with J�3 Hz), H2

(triplet at 6.45–7.00 ppm with J�3 Hz), H4,7 and H5,6 (multiplets
at 6.50–7.00 ppm). In the 13C NMR spectra, the most diagnostic
signals are that ascribable to the imidazole carbon NCHN (ca.
140 ppm for 3a–b and 3e–f, and ca. 160 ppm for 3c–d) and
those of indenyl carbons: C1,3 (76–77 ppm), C2 (ca. 110 ppm), C5,6

(ca. 118 ppm), C4,7 (ca. 126 ppm) and C3a,7a (ca. 141 ppm).
Notably, the position of the C3a,7a signals, following the model
proposed by Baker and Tulip,[14] is an index of the hapticity
assumed by the indenyl fragment. Specifically, the hapticity can
be correlated with the difference in chemical shift (in ppm)
between the C3a,7a signal of the complex of interest and the
same signal in the reference compound NaInd (130.7 ppm). If
the value of Δδ assumes clearly positive values, then the
indenyl fragment assumes a η3 hapticity. Conversely, if this
value presents clearly negative values (Δδ<0), the indenyl
fragment assumes a η5 hapticity. Complexes 3a–f present Δδ
values around 10 ppm, therefore their hapticity can be consid-
ered intermediate between η3 and η5, with a greater η3

character. Finally, the structure of complex 3b was unequiv-
ocally confirmed by single crystal X-ray diffraction (Figure 2).

Both allyl and indenyl palladates are stable in CDCl3 as well
as in a 1 :1 DMSO-d6/D2O solution (see ESI). The latter data are
of importance as biological tests are carried out by adding
appropriate amounts of a DMSO solution of the complex to the
cellular medium. Intriguingly, the 1H NMR spectra of indenyl
palladates 3a–f recorded in DMSO-d6/D2O showed perfectly
superimposable indenyl signals between the various complexes
examined (see ESI). This means that the indenyl complexes 3a–
f exist as pairs of solvated ions in this mixture of polar solvents.
Conversely, the allyl complexes 2a–f maintain their original
structure or undergo only partial dissociation in DMSO-d6/D2O
solution (see ESI).

Figure 1. X-ray molecular structure of 2 f is presented, showing thermal
displacement ellipsoids at the 50% probability level with CHCl3 (solvent
molecule) and hydrogen atoms omitted for clarity. CCDC: 2150854.

Scheme 3. Solvent-free synthesis of indenyl palladate complexes 3a–f.

Figure 2. X-ray molecular structure of 3b is presented, showing thermal
displacement ellipsoids at the 50% probability level with most of the
hydrogen atoms and CHCl3 (solvent molecule) omitted for clarity. CCDC:
2150853.
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Computational Studies

Intrigued by the surprising stability of allyl and indenyl
palladates, and their different behaviour in solvents with varied
polarity, we undertook a computational analysis on the nature
of the H···Cl bifurcated interaction between the azolium moiety
and the allyl/indenyl palladate. Preliminarily, the geometries of
complexes 2a and 3a have been fully optimized at ZORA-BLYP-
D3(BJ)/TZ2P level of theory (see Computational details), starting
from the crystal structure of [IPr ·H][PdCl2(cinnamyl)]

[9] and
replacing the cinnamyl ligand with the allyl and indenyl
moieties, respectively. The results are shown in Figure 3.

Activation strain analysis has been used to investigate the
energetics and the nature of the H···Cl bonds, by partitioning
each complex into two charged fragments; the natural choice
for the fragments was the allyl/indenyl palladate (Fragment 1)
and the azolium moiety (Fragment 2). The results are shown in
Table 1. In both cases, the ΔEstrain is small and comparable. The
total interaction is larger in 2a than in 3a despite the two H� Cl
distances are similar in the two complexes. Energy decom-
position analysis (Table 1) reveals that this must be ascribed to
a decrease of the stabilizing ΔVelstat and ΔEdisp (in absolute
value) when going from 2a to 3a, which is not balanced by the
decrease in ΔEPauli. When comparing 2a to 3a, one can infer the
clear difference between allyl and indenyl ligands is due to the
ΔVelstat which results in stabilizing by ca. 5 kcalmol

� 1 the former
complex.

In 2a and 3a, the H···Cl interactions are non-equivalent, as
can be appreciated on a basis of the observed geometric,
because one H� Cl distance is systematically shorter by ~0.4–
0.5 Å.

QA
VDD is more negative for the chlorine at the shorter

distance and both Cl atoms have a more negative charge in the

allyl 2a than in the indenyl complex 3a (Table 2). The charge
transfer from the azolium H to the halogens is inferred
computing the values of ΔQH

VDD (see Experimental Section), i. e.,
0.032 in 2a and 0.029 in 3a, respectively.

To gain insight into the behaviour of 2a and 3a in solution,
we have fully computationally optimized geometries of both
complexes in CHCl3, in DMSO and in water, using a continuum
approach to describe the polar environment (level of theory:
COSMO-ZORA-BLYP-D3(BJ)/TZ2P). In all cases, the energy of the
entire complex is compared to the sum of the energies of its
ion fragments, these latter being always more stable, as
expected in solution (Table 3). The stabilization of 2a and 3a
decreases with increasing medium polarity, that is, when going
from CHCl3 to DMSO and to water, the fragmentation is
energetically favoured. The energy trend is accompanied by a
progressive elongation of the H···Cl interatomic distances
indicating that this interaction becomes weaker (Figure S1). The
complex fragmentation is slightly more favoured for 3a than
for 2a, in qualitative agreement with the experimental findings.
The effect of including explicit solvent molecules has been
investigated in chloroform and water using the semiempirical
quantum mechanical method GFN2-xTB[15] and details are
provided in the Supporting Information. The same trend is
observed and the effect of weakening of the H···Cl interaction is
more evident in 3a than in 2a.

X-Ray Diffraction Analysis

3b crystalline form bears one crystallographically independent
palladium complex in the crystallographic asymmetric unit,
while 2f shows two distinct entities (Figure S3–4). Solvent
molecules (chloroform and diethyl ether) have been found in
both the crystal packing voids. Palladium centres show square
planar coordination spheres (Tables S9), in agreement with
previously published data. Entries deposited on CSD database
(5.43 - November 2021 version), containing the [(η3-R-
allyl)PdCl2]

� fragment, show equivalent average geometrical
parameters (dPd···Cl=2.39(1) Å, ΛCl···Pd···Cl=95.6(2.0)°, dPd···C=C=

2.12(3) Å, ΛC=C···Pd···C=C=68.9(0.8)°).

Figure 3. Fully optimized structures of 2a (left) and 3a (right). Level of
theory: ZORA-BLYP-D3(BJ)/TZ2P. All hydrogen atoms, except H involved in
the H···Cl bifurcated interaction, have been omitted in the representation for
sake of clarity. Interatomic distances are in Å.

Table 1. ASA and EDA for the studied complexes; all values are in
kcal mol� 1. Level of theory: ZORA-BLYP-D3(BJ)/TZ2P.

ΔEstrain ΔEint ΔEoi ΔVelstat ΔEPauli ΔEdisp ΔE

2a 2.57 � 95.67 � 29.80 � 91.74 51.45 � 25.58 � 93.10
3a 2.76 � 92.21 � 29.50 � 86.86 48.76 � 24.61 � 89.45

Table 2. Voronoi deformation densities (QA
VDD) for the atoms involved in

the intramolecular hydrogen bond. Level of theory: ZORA-BLYP-D3(BJ)/
TZ2P.

Complex Cl Cl H

2a � 0.406 � 0.403 0.061
3a � 0.392 � 0.388 0.061

Table 3. Energies (kcal mol� 1) of 2a and 3a in CHCl3, DMSO and H2O; all
values are relative to the sum of the energies of the corresponding ion
fragments. Level of theory: COSMO-ZORA-BLYP-D3(BJ)/TZ2P.

Complex CHCl3 DMSO H2O

2a � 30.4 � 15.4 � 14.4
3a � 29.7 � 15.0 � 14.0
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Two similar “ate” complexes have been previously published
and the overall molecular arrangement is well conserved as
shown with overlapped models in Figure S5.[9] Average R.M.S.D.
is less than ~1 Å, among palladate common atoms and only
minor rearrangements are found in the 2f fragments and the
closely related CCDC 1439390 molecule (i. e. bearing the same
imidazolium cation).

A strong ion-pair is formed in the solid-state, between the
most acidic proton of the imidazolium heterocycle and chloride
ligands of the palladate. The bulkiness of imidazolium moieties
and crystal packing effects disturb the angle between the ions
but the reciprocal orientation and distance between relevant
atoms is almost constant (average dC-H···ClPd=3.37(6) Å). Similar
strong polar contacts keep solvent chloroform molecules tightly
bound to the palladate moieties (dCH···Cl=3.765(3) Å in 3b and
dCH···Cl=3.403(1) Å in 2f). Crystal packing shows also hydro-
phobic contacts among neighbour molecules, involving weak
intermolecular π···π and several CH···π interactions, among
neighbour ligand phenyl sidechains.

Antiproliferative Activity on Ovarian Cancer Cell Lines

The high stability in solution of allyl and indenyl palladates
combined with the straightforward and sustainable protocol for
their synthesis represent ideal requirements for a potential
metallodrug. Based on the encouraging biological results
obtained with some well-defined palladium allyl complexes, we
wondered if even these simple palladates are able to inhibit the
proliferation of tumor cells. To this end, a selection of three
different human ovarian cancer cell lines (OVCAR5, A2780, and
its cisplatin resistant clone A2780cis) were treated with our
compounds and cisplatin (positive control).

The antiproliferative activity data obtained in the above-
mentioned cell lines are reported in Table 4 in terms of IC50
values (half inhibitory concentrations).

Based on the IC50 values obtained, we can draw some
interesting conclusions. First, it is possible to observe that most

of the tested compounds show cytotoxicity in the micro- and
sub-micromolar range, with a comparable activity between allyl
derivatives and their indenyl congeners. Regarding the effect of
the imidazole moiety, the complexes bearing saturated azolium
salts (2c–d and 3c–d) are generally less active than their
unsaturated congeners (2a–b and 3a–b). An exception to this
trend is represented by complex 2d, which exhibits a remark-
able cytotoxicity towards A2780 and A2780cis cells.

On the contrary, the introduction of electron-withdrawing
groups in the backbone or an increase of steric hindrance
seems to significantly raise the antiproliferative activity in the
tumor cell lines. Indeed, complexes 2e–f and 3e–f, bearing IPrCl

and IPr*-based azolium salts, respectively, are much more active
than the unsubstituted IPr analogues 2a and 3a.

Analyzing each cell line, it is possible to observe that in
A2780 cells most of the complexes exhibit cytotoxicity com-
parable or even superior to cisplatin. A similar result was
obtained on OVCAR5 cells (high-grade serous ovarian cancer),
in which the high antiproliferative activity of IPrCl and IPr*
derivatives (2e–f and 3e–f) and the substantial inactivity of
SIMes and SIPr complexes 2c and 3d are noteworthy.
Particularly interesting are the results obtained in the cisplatin-
resistant cell line (A2780cis), as most of the palladates exhibited
IC50 values up to two orders of magnitude lower than cisplatin.
Curiously, in most cases the IC50 values between the A2780 and
A2780cis lines are comparable, suggesting a different mecha-
nism of action than that of cisplatin.

In summary, seven compounds (2a, 2b, 2c, 2e, 2f, 3e and
3f) showed higher cytotoxicity than the benchmark cisplatin in
all ovarian cancer cell lines examined. Four of these, as
previously mentioned, are IPrCl and IPr*-based allyl and indenyl
palladates.

Antiproliferative Activity on a High-Grade Serous Ovarian
Cancer Tumoroid

The promising antiproliferative activity exerted by allyl and
indenyl palladates towards classical ovarian cancer cell lines has
prompted us to investigate some of the most active com-
pounds on a more complex biological model. Taking advantage
of organoid technology, one high-grade serous ovarian cancer
(HGSOC) tumoroid derived from ascites sites (Patient A),
recently extracted from a patient and characterized by some of
us,[16] was selected to test the efficacy of IPr*-based allyl and
indenyl palladates 2f and 3f. It is helpful to recall that about
30% of HGSOC patients develop ascites, which are free-floating
cells that are responsible for intraperitoneal metastasis.[17] Such
patients are difficult to treat with classic chemotherapy and
paracentesis is used to alleviate their symptoms.[18]

With the aim of testing the drugs currently available on the
market as well as new promising anticancer agents, the use of
organoids, which are lab-built mini-organs that can act as
models to reconstitute cancer development, is now a wide-
spread technology.[19] A few leading groups in this field are
developing animal and ex vivo organoid models of ovarian
cancer to better replicate the response of clinical patients.[20]

Table 4. IC50 (μM) of allyl and indenyl palladates and cisplatin on cancer
cell lines recorded after 96 h incubation.[a]

Complex A2780 A2780cis OVCAR5

Cisplatin 0.3�0.1 20�3 3.4�0.9
[IPr ·H][PdCl2(allyl)] (2a) 0.33�0.08 2.04�0.06 0.6�0.4
[IMes ·H][PdCl2(allyl)] (2b) 0.08�0.03 0.7�0.2 1.7�0.2
[SIPr ·H][PdCl2(allyl)] (2c) 3.9�0.3 16�6 >100
[SIMes ·H][PdCl2(allyl)] (2d) 0.04�0.01 0.79�0.06 5.30�0.09
[IPrCl ·H][PdCl2(allyl)] (2e) 0.12�0.04 0.17�0.06 0.5�0.1
[IPr* ·H][PdCl2(allyl)] (2f) 0.19�0.07 0.2�0.1 0.08�0.02
[IPr ·H][PdCl2(indenyl)] (3a) 0.55�0.02 0.78�0.02 6�1
[IMes ·H][PdCl2(indenyl)] (3b) 0.3�0.1 3�2 9�1
[SIPr ·H][PdCl2(indenyl)] (3c) 1.4�0.1 2.9�0.1 4.2�0.7
[SIMes ·H][PdCl2(indenyl)] (3d) 1.5�0.2 21�5 >100
[IPrCl ·H][PdCl2(indenyl)] (3e) 0.17�0.06 0.24�0.04 0.8�0.2
[IPr* ·H][PdCl2(indenyl)] (3f) 0.08�0.01 0.09�0.01 0.02�0.01

[a] Stock solutions in DMSO for all complexes; stock solutions in H2O for
cisplatin. A2780 (cisplatin-sensitive ovarian cancer cells), A2780cis (cispla-
tin-resistance ovarian cancer cells) and OVCAR-5 (high-grade serous
ovarian cancer cells).
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Such efforts have allowed the creation of biobanks of organo-
ids, that represent the latest frontier in ex vivo testing of
drugs.[21]

Considering this information, herein we report the anti-
proliferative activity exhibited by the palladates species 2f and
3f against the tumoroid present in our biobank, expressing
their cytotoxicity in terms of IC50 values (Table 5).

The IC50 values obtained on this HGSOC patient-derived
tumoroid confirm the excellent anticancer activity of this
category of easily accessible complexes, with half inhibitory
concentrations in the sub-micromolar range. At the same time,
the result obtained with carboplatin, which is the reference
compound for clinical standard therapy, testifies to the high
resistance of ascites to classical platinum-based anticancer
drugs.

These results suggest the possible application of allyl/
indenyl palladates in chemotherapy and heavily treated
patients who are resistant to most of the commercially available
drugs.

Inhibition of Thioredoxin Reductase (TrxR) Enzymes

As anticipated in the introductory section, in some recent
contributions we have demonstrated the promising anticancer
activity of cationic palladium complexes of the type [Pd-
(NHC)(PTA)(allyl)]X (PTA=1,3,5-triaza-7-phosphaadamantane
and X=BF4, ClO4).

[8] Conversely, their neutral precursors [Pd-
(NHC)Cl(allyl)] exhibited less promising cytotoxicity. Preliminary
investigations on the mechanism of action of palladium allyl
complexes, conducted using immunofluorescence techniques,
have shown an early mitochondrial dysfunction of the treated
tumor cells and the subsequent activation of the apoptosis
process, with consequent damage to other cellular
organelles.[8a]

Intrigued by the marked antitumor activity of the anionic
allyl palladates [NHC ·H][PdCl2(allyl)] reported in this work, we
wondered if a comparison between these three different
categories of palladium complexes can go beyond the simple
antiproliferative activity. With this aim, we tested two com-
pounds from each family, bearing the popular IPr and IMes
ligands, as potential inhibitors of thioredoxin reductase (TrxR)
enzymes (see Scheme 4).

This class of proteins is contained both in bacteria and
animals (including humans) and, albeit with some structural
differences, this is the only class of proteins capable of reducing
thioredoxin in living systems.[22] This chemical event plays a key
role in cellular metabolism as demonstrated by the over-
expression of these proteins in tumor cells, to cope with an

altered and inefficient metabolism that leads to a greater
demand for glucose for proliferation (Warburg effect). More-
over, TrxR enzymes were found to be one of the main molecular
targets of promising gold-based antitumor and antibacterial
agents.[23] Conversely, little attention has been paid to bio-
logically active palladium complexes as potential TrxR inhib-
itors.

In this context, we evaluated the inhibitory activity exerted
by the six selected palladium complexes on the commercially
available model protein TrxR (from E. Coli). Auranofin (6) and
the gold(I) NHC complex 7 were chosen as references due to
their strong and well-known ability of inhibiting this bacterial
protein (Scheme 4).[24]

From the results summarized in Table 6 it is possible to
observe the remarkable inhibitory activity of allyl palladates
2a–b, which is significantly higher than that of both Auranofin
and gold(I) NHC complex 7. Interesting EC50 values in the sub-
micromolar range were also obtained for the neutral and
cationic complexes 4a–b and 5a–b. In all cases, the activity of
IPr-based complexes is superior to that of their IMes congeners.
Curiously, the trend [NHC ·H][PdCl2(allyl)]>
[Pd(NHC)(PTA)(allyl)]BF4> [Pd(NHC)Cl(allyl)] is in agreement with
that observed for their in vitro anticancer activity.

Table 5. IC50 (μM) of allyl/indenyl palladates and carboplatin on ovarian
cancer tumoroid after 96 h of incubation.

Complex Patient A

Carboplatin >200
[IPr* ·H][PdCl2(allyl)] (2f) 0.4�0.2
[IPr* ·H][PdCl2(indenyl)] (3f) 0.3�0.1

Scheme 4. Compounds tested as inhibitors of bacterial TrxR.

Table 6. Inhibition of bacterial thioredoxin reductase (TrxR) as EC50 values.
Incubation for 75 min at 25 °C, measured in triplicate.

Complex EC50 [μM])[a]

Auranofin (6)[24a] 0.296�0.069*
Au(I)� NHC complex 7[24a] 0.108�0.0280
[IPr ·H][PdCl2(allyl)] (2a) 0.018�0.003
[IMes ·H][PdCl2(allyl)] (2b) 0.027�0.004
[Pd(IPr)Cl(allyl)] (4a) 0.482�0.123
[Pd(IMes)Cl(allyl)] (4b) 0.579�0.023
[Pd(IPr)(PTA)(allyl)]BF4 (5a) 0.115�0.020
[Pd(IMes)(PTA)(allyl)]BF4 (5b) 0.322�0.068

[a] Incubation for 75 min at 25 °C, measured in triplicate.
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Conclusion

In summary, we have prepared a wide-range of allyl and indenyl
palladate complexes using a solvent-free method consisting of
grinding the corresponding palladium precursors with different
saturated and unsaturated azolium salts. The final compounds
were obtained without further purification in quantitative yields
and were exhaustively characterized by NMR, elemental analysis
and XRD. Both allyl and indenyl palladates are stable in CDCl3 as
well as in a 1 :1 DMSO-d6/D2O solution. Curiously, the indenyl
complexes 3a–f exist as pairs of solvated ions in DMSO-d6/D2O.
Conversely, their allyl congeners 2a–f maintain their original
structure or undergo only partial dissociation under the same
conditions. 2a and 3a were selected as model systems to
investigate their relative stability, which is higher in the former
mainly due to electrostatic interaction, although in both species
the azolium and palladate fragments are significantly stabilized
by dispersion. The intramolecular H···Cl interaction has been
elucidated and quantified using the Voronoi Deformation
Density scheme. Importantly, the decreasing stability of both
complexes has been observed in solvents of different polarity,
as evidenced on energy basis and by elongation of H···Cl
interatomic distances. This result is more pronounced for 3a, in
qualitative agreement with the experiment.

Finally, most of the complexes showed excellent cytotoxicity
towards ovarian cancer cell lines, with IC50 values comparable or
lower than cisplatin. Among the various compounds tested,
those that exhibited the best antitumor activity contain the IPrCl

or IPr*-based imidazolium moiety. Interestingly, the potent
anticancer activity was also confirmed in a high-grade serous
ovarian cancer (HGSOC) patient-derived tumoroid, with a clear
superiority of this class of compounds over classical platinum-
based agents (cisplatin and carboplatin).

Preliminary enzyme inhibition studies of the Pd(II) com-
plexes against the model TrxR show that the compounds have
high activity comparable to or even higher than auranofin and
classical Au(I) NHC complexes. The obtained results also suggest
that enzyme inhibition occurs following protein binding via
ligand exchange reaction at the Pd(II) centre, as it is typical of
many enzyme-inhibiting metallodrugs, including Au(I) NHC
complexes.[25]

Based on such promising data, further in vitro and in vivo
experiments and in-depth mechanistic studies are ongoing in
our laboratories.

Experimental Section

General Information

The palladium precursors [Pd(allyl)(μ-Cl)]2 and [Pd(indenyl)(μ-Cl)]2,
[26]

gold(I) complex 7,[24b–c] and [Pd(IPr/IMes)Cl(allyl)] complexes 4a–
b[9,27] were synthesized according to previously published proce-
dures. Other reagents were purchased and used as received
without further purification, unless otherwise stated.
1H, 13C{1H} NMR and bidimensional (HSQC, HMBC) spectra were
recorded on a Bruker Advance 400 spectrometer at room temper-
ature (298 K). The IR spectra were recorded on a Perkin-Elmer

Spectrum One spectrophotometer and elemental analysis was
carried out using an Elemental CHN “CUBO Micro Vario” analyzer. X-
ray intensity data were collected at 100 K at the XRD2 beamline of
the Elettra Synchrotron, Trieste (Italy). The human cancer cell lines
tested were purchased from Sigma-Aldrich.

General Procedure

In air, the azolium salt (NHC ·HCl) and the dimeric precursors
[Pd(allyl)(μ-Cl)]2 or [Pd(indenyl)(μ-Cl)]2 were added to a mortar. The
two solids were mixed and grinded using a pestle for 5 min. A
yellow/brownish powder was obtained.

Synthesis of [IPr ·H][PdCl2(allyl)] (2a)

Following the general procedure from IPr ·HCl (65.0 mg,
0.153 mmol) and [Pd(allyl)(μ-Cl)]2 (28.0 mg, 0.0765 mmol), the
product was obtained as a pale-yellow powder in a quantitative
yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 1.22 (d, J=6.9 Hz, 12H,
CH3(IPr)), 1.29 (d, J=6.9 Hz, 12H, CH3(IPr)), 2.50 (hept, J=6.9 Hz, 4H,
CH(CH3)2), 2.76 (d, J=12.0 Hz, 2H, anti allyl-H), 3.85 (d, J=6.7 Hz,
2H, syn allyl-H), 5.23 (m, 1H, central allyl-H), 7.34 (d, J=7.8 Hz, 4H,
m-H(IPr)), 7.56 (t, J=7.8 Hz, 2H, p-H(IPr)), 8.34 (d, J=1.6 Hz, 2H,
CH=CHIm), 9.08 (t, J=1.6 Hz, 1H, NCHN).
13C{1H}-NMR (CDCl3, T=298 K, ppm) δ: 24.1 (CH3, CH3(IPr)), 24.8 (CH3,
CH3(IPr)), 29.2 (CH, CH(CH3)2), 61.0 (CH2, allyl-CH2), 109.5 (CH, allyl-CH),
124.8 (CH, m-CH(IPr)), 127.8 (CH, CH=CHIm), 130.1 (C, o-C(IPr)), 132.2 (C,
p-C(IPr)), 137.0 (CH, NCHN), 145.3 (CH, i-CH(IPr)).

Analytical Data Obtained are in Agreement with Reported
Values[9]

Synthesis of [IMes ·H][PdCl2(allyl)] (2b)

Following the general procedure from IMes ·HCl (65.0 mg,
0.191 mmol) and [Pd(allyl)(μ-Cl)]2 (34.9 mg, 0.0954 mmol), the
product was obtained as a pale-yellow powder in a quantitative
yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 2.22 (s, 12H, o-CH3(IMes)),
2.34 (s, 6H, p-CH3(IMes)), 2.59 (d, J=12.0 Hz, 2H, anti allyl-H), 3.77 (d,
J=6.7 Hz, 2H, syn allyl-H), 5.13 (m, 1H, central allyl-H), 7.02 (s, 4H,
m-H(IMes)), 7.52 (d, J=1.4 Hz, CH=CHIm), 10.48 (t, J=1.6 Hz, 1H,
NCHN).
13C{1H}-NMR (CDCl3, T=298 K, ppm) δ: 18.0 (CH3, o-CH3(IMes)), 21.3
(CH3, p-CH3(IMes)), 61.0 (CH2, allyl-CH2), 109.6 (CH, allyl-CH), 124.1 (CH,
CH=CHIm), 129.9 (CH, m-CH(IMes)), 131.1 (C, o-C(IMes)), 134.7 (CH, p-
CH(IMes)), 140.2 (CH, NCHN), 141.2 (C, i-C(IMes)).

Elemental analysis calcd (%) for C24H30Cl2N2Pd: C, 55.03, H, 5.77, N,
5.35; found: C, 55.39, H, 5.60, N, 5.28.

Synthesis of [SIPr ·H][PdCl2(allyl)] (2c)

Following the general procedure from SIPr ·HCl (66.4 mg,
0.156 mmol) and [Pd(allyl)(μ-Cl)]2 (28.5 mg, 0.0779 mmol), the
product was obtained as a pale-yellow powder in a quantitative
yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 1.22 (d, J=6.9 Hz, 12H,
CH3(SIPr)), 1.42 (d, J=6.9 Hz, 12H, CH3(SIPr)), 2.86 (d, J=12.0 Hz, 2H,
anti allyl-H), 3.17 (hept, J=6.9 Hz, 4H, CH(CH3)2), 3.93 (d, J=6.7 Hz,
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2H, syn allyl-H), 5.03 (s, 4H, CH2� CH2), 5.30 (m, 1H, central allyl-H),
7.28 (d, J=7.7 Hz, 4H, m-H(SIPr)), 7.46 (t, J=7.7 Hz, 2H, p-H(IPr)), 7.54 (s,
1H, NCHN).

Elemental analysis calcd (%) for C30H44Cl2N2Pd: C, 59.07, H, 7.27, N,
4.59; found: C, 59.38, H, 7.20, N, 4.69.

Synthesis of [SIMes ·H][PdCl2(allyl)] (2d)

Following the general procedure from SIMes ·HCl (55.1 mg,
0.161 mmol) and [Pd(allyl)(μ-Cl)]2 (29.4 mg, 0.0803 mmol), the
product was obtained as a pale-yellow powder in a quantitative
yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 2.27 (s, 6H, p-CH3(SIMes)),
2.39 (s, 12H, o-CH3(SIMes)), 2.56 (d, J=12.0 Hz, 2H, anti allyl-H), 3.75 (d,
J=6.7 Hz, 2H, syn allyl-H), 4.54 (s, 4H, CH2� CH2), 5.10 (m, 1H, central
allyl-H), 6.91 (s, 4H, m-H(SIMes)), 9.00 (bs, 1H, NCHN).
13C{1H}-NMR (CDCl3, T=298 K, ppm) δ: 18.3 (CH3, o-CH3(SIMes)), 21.1
(CH3, p-CH3(SIMes)), 52.2 (CH2, CH2� CH2), 60.9 (CH2, allyl-CH2), 109.5
(CH, allyl-CH), 130.0 (CH, m-CH(SIMes)), 130.7 (C, o-C(SIMes)), 135.5 (CH,
p-CH(SIMes)), 140.4 (C, i-C(SIMes)), 159.8 (CH, NCHN).

Elemental analysis calcd (%) for C24H32Cl2N2Pd: C, 54.82, H, 6.13, N,
5.33; found: C, 55.09, H, 6.02, N, 5.24.

Synthesis of [IPrCl ·H][PdCl2(allyl)] (2e)

Following the general procedure from IPrCl ·HCl (79.9 mg,
0.162 mmol) and [Pd(allyl)(μ-Cl)]2 (29.6 mg, 0.0809 mmol), the
product was obtained as a pale-yellow powder in a quantitative
yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 1.27 (d, J=6.8 Hz, 12H,
CH3(IPrCl)), 1.40 (d, J=6.8 Hz, 12H, CH3(IPrCl)), 2.38 (hept, J=6.8 Hz, 4H,
CH(CH3)2), 2.70 (d, J=12.1 Hz, 2H, anti allyl-H), 3.80 (d, J=6.4 Hz,
2H, syn allyl-H), 5.17 (m, 1H, central allyl-H), 7.38 (d, J=7.8 Hz, 4H,
m-H(IPrCl)), 7.61 (t, J=7.8 Hz, 2H, p-H(IPrCl)), 12.19 (bs, 1H, NCHN).

Elemental analysis calcd (%) for C30H40Cl4N2Pd: C, 53.23, H, 5.96, N,
4.14; found: C, 53.01, H, 6.14, N, 4.26.

Synthesis of [IPr* ·H][PdCl2(allyl)] (2 f)

Following the general procedure from IPr* ·HCl (95.0 mg,
0.100 mmol) and [Pd(allyl)(μ-Cl)]2 (18.3 mg, 0.0500 mmol), the
product was obtained as a pale-yellow powder in a quantitative
yield.
1H-NMR (300 MHz, CDCl3, T=298 K, ppm) δ: 2.17 (s, 6H, CH3(IPr*)),
2.71 (d, J=11.9 Hz, 2H, anti allyl-H), 3.88 (d, J=6.3 Hz, 2H, syn allyl-
H), 5.16 (m, 1H, central allyl-H), 5.26 (d, J=1.5 Hz, 2H, CH=CHIm),
5.49 (s, 4H, CH-Ph2), 6.72–7.38 (m, 40H, Ar-H(IPr*)), 12.23 (s, 1H,
NCHN).
13C{1H}-NMR (CDCl3, T=298 K, ppm) δ: 22.0 (CH3, CH3(IPr*)), 51.2 (CH,
CH-Ph2), 61.0 (CH2, allyl-CH2), 109.5 (CH, allyl-CH), 123.0 (CH,
CH=CHIm), 126.8–142.9 (Ar-C(IPr*)), 142.4 (CH, NCHN).

Elemental analysis calcd (%) for C72H62Cl2N2Pd: C, 76.35, H, 5.52, N,
2.47; found: C, 76.60, H, 5.41, N, 2.39.

Synthesis of [IPr ·H][PdCl2(indenyl)] (3a)

Following the general procedure from IPr ·HCl (115.6 mg,
0.2723 mmol) and [Pd(indenyl)(μ-Cl)]2 (70.0 mg, 0.1362 mmol), the
product was obtained as a brownish powder in a quantitative yield.

1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 1.20 (d, J=6.8 Hz, 12H,
CH3(IPr)), 1.28 (d, J=6.8 Hz, 12H, CH3(IPr)), 2.48 (hept, J=6.8 Hz, 4H,
CH(CH3)2), 5.65 (bs, 2H, H1, H3 indenyl), 6.57–6.59 (m, 2H, H4, H7

indenyl), 6.81–6.83 (m, 2H, H5, H6 indenyl), 6.86 (bs, 1H, H2 indenyl),
7.34 (d, J=7.8 Hz, 4H, m-H(IPr)), 7.57 (t, J=7.8 Hz, 2H, p-H(IPr)) 8.20 (d,
J=1.7 Hz, 2H, CH=CHIm), 9.04 (t, J=1.7 Hz, 1H, NCHN).
13C{1H}-NMR (CDCl3, T=298 K, ppm) δ: 24.1 (CH3, CH3(IPr)), 24.8 (CH3,
CH3(IPr)), 29.2 (CH, CH(CH3)2), 76.2 (CH, CH

1, CH3 indenyl), 109.8 (CH,
CH2 indenyl), 117.8 (CH, CH5, CH6 indenyl), 124.8 (CH, m-CH(IPr)),
125.8 (CH, CH4, CH7 indenyl), 127.7 (CH, CH=CHIm), 130.1 (C, o-C(IPr)),
132.2 (C, p-C(IPr)), 136.8 (CH, NCHN), 141.7 (C, C

3a, C7a indenyl), 145.3
(CH, i-CH(IPr)).

Elemental analysis calcd (%) for C36H44Cl2N2Pd: C, 63.39, H, 6.50, N,
4.11; found: C, 63.02, H, 6.68, N, 4.04.

Synthesis of [IMes ·H][PdCl2(indenyl)] (3b)

Following the general procedure from IMes ·HCl (66.8 mg,
0.1969 mmol) and [Pd(indenyl)(μ-Cl)]2 (50.4 mg, 0.0980 mmol), the
product was obtained as a brownish powder in a quantitative yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 2.17 (s, 12H, o-CH3(IMes)),
2.36 (s, 6H, p-CH3(IMes)), 5.58 (d, J=3.1 Hz, 2H, H1, H3 indenyl), 6.59
(dd, J=3.1, 5.3 Hz, 2H, H4, H7 indenyl), 6.60 (t, J=3.1 Hz, 1H, H2

indenyl) 6.59 (dd, J=3.1, 5.3 Hz, 2H, H5, H6 indenyl), 7.03 (s, 4H, m-
H(IMes)), 7.58 (d, J=1.6 Hz, CH=CHIm), 10.12 (t, J=1.6 Hz, 1H, NCHN).
13C{1H}-NMR (CDCl3, T=298 K, ppm) δ: 17.9 (CH3, o-CH3(IMes)), 21.3
(CH3, p-CH3(IMes)), 73.2 (CH, CH

1, CH3 indenyl), 109.6 (CH, CH2 indenyl),
117.8 (CH, CH5, CH6 indenyl), 124.7 (CH, CH=CHIm), 125.8 (CH, CH

4,
CH7 indenyl), 130.0 (CH, m-CH(IMes)), 130.9 (C, o-C(IMes)), 134.4 (C, p-
C(IMes)), 139.2 (CH, NCHN), 141.4 (C, i-C(IMes)), 141.6 (C, C

3a, C7a indenyl).

Elemental analysis calcd (%) for C30H32Cl2N2Pd: C, 60.26, H, 5.39, N,
4.69; found: C, 60.04, H, 5.50, N, 4.57.

Synthesis of [SIPr ·H][PdCl2(indenyl)] (3c)

Following the general procedure from SIPr ·HCl (116.5 mg,
0.2727 mmol) and [Pd(indenyl)(μ-Cl)]2 (70.1 mg, 0.1363 mmol), the
product was obtained as a brownish powder in a quantitative yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 1.21 (d, J=6.9 Hz, 12H,
CH3(SIPr)), 1.40 (d, J=6.9 Hz, 12H, CH3(SIPr)), 3.07 (hept, J=6.9 Hz, 4H,
CH(CH3)2), 4.88 (s, 4H, CH2-CH2), 5.69 (d, J=3.1 Hz, 2H, H1, H3

indenyl), 6.43 (dd, J=3.1, 5.3 Hz, 2H, H4, H7 indenyl), 6.77 (dd, J=

3.1, 5.3 Hz, 2H, H5, H6 indenyl), 6.91 (t, J=3.1 Hz, 1H, H2 indenyl),
7.27 (d, J=7.8 Hz, 4H, m-H(SIPr)), 7.46 (t, J=7.8 Hz, 2H, p-H(SIPr)), 7.71
(s, 1H, NCHN).

Elemental analysis calcd (%) for C36H46Cl2N2Pd: C, 63.21, H, 6.78, N,
4.10; found: C, 63.47, H, 6.60, N, 4.23.

Synthesis of [SIMes ·H][PdCl2(indenyl)] (3d)

Following the general procedure from SIMes ·HCl (93.6 mg,
0.2739 mmol) and [Pd(indenyl)(μ-Cl)]2 (70.4 mg, 0.1369 mmol), the
product was obtained as a brownish powder in a quantitative yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 2.32 (s, 6H, p-CH3(SIMes)),
2.35 (s, 12H, o-CH3(SIMes)), 4.62 (s, 4H, CH2� CH2), 5.70 (bs, 2H, H

1, H3

indenyl) 6.45 (bs, 1H, H2 indenyl) 6.79–7.83 (4H, H4, H5, H6, H7

indenyl), 6.97 (s, 4H, m-H(SIMes)), 8.02 (bs, 1H, NCHN).
13C{1H}-NMR (CDCl3, T=298 K, ppm) δ: 18.2 (CH3, o-CH3(SIMes)), 21.2
(CH3, p-CH3(SIMes)), 52.7 (CH2, CH2� CH2), 77.4 (CH, CH

1, CH3 indenyl),
110.0 (CH, CH2 indenyl), 118.0 (CH, CH5, CH6 indenyl), 126.0 (CH,
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CH4, CH7 indenyl), 130.2 (CH, m-CH(SIMes)), 130.5 (C, o-C(SIMes)), 135.4 (C,
p-C(SIMes)), 140.7 (C, i-C(SIMes)), 141.3 (C, C

3a, C7a indenyl), 158.3 (CH,
NCHN).

Elemental analysis calcd (%) for C30H34Cl2N2Pd: C, 60.06, H, 5.71, N,
4.67; found: C, 60.29, H, 5.65, N, 4.57.

Synthesis of [IPrCl ·H][PdCl2(indenyl)] (3e)

Following the general procedure from IPrCl ·HCl (116.5 mg,
0.2349 mmol) and [Pd(indenyl)(μ-Cl)]2 (60.4 mg, 0.1174 mmol), the
product was obtained as a brownish powder in a quantitative yield.
1H-NMR (400 MHz, CDCl3, T=298 K, ppm) δ: 1.26 (d, J=6.8 Hz, 12H,
CH3(IPrCl)), 1.34 (d, J=6.8 Hz, 12H, CH3(IPrCl)), 2.34 (hept, J=6.9 Hz, 4H,
CH(CH3)2), 5.44 (bs, 2H, H

1, H3 indenyl), 6.58–6.73 (m, 5H, H2, H4, H5,
CH6, H7 indenyl), 7.36 (d, J=7.8 Hz, 4H, m-H(IPrCl)), 7.63 (t, J=7.8 Hz,
2H, p-H(IPrCl)), 12.20 (bs, 1H, NCHN).

Elemental analysis calcd (%) for C36H42Cl4N2Pd: C, 57.58, H, 5.64, N,
3.73; found: C, 57.90, H, 5.51, N, 3.65.

Synthesis of [IPr* ·H][PdCl2(indenyl)] (3 f)

Following the general procedure from IPr* ·HCl (148.5 mg,
0.1564 mmol) and [Pd(indenyl)(μ-Cl)]2 (40.2 mg, 0.0782 mmol), the
product was obtained as a brownish powder in a quantitative yield.
1H-NMR (300 MHz, CDCl3, T=298 K, ppm) δ: 2.18 (s, 6H, CH3(IPr*)),
5.35 (d, J=1.5 Hz, 2H, CH=CHIm), 5.39 (s, 4H, CH-Ph2), 5.68 (bs, 2H,
H1, H3 indenyl), 6.60–7.25 (m, 45H, Ar-H(IPr*), H

2, H4, H5, H6, H7

indenyl), 12.18 (s, 1H, NCHN).
13C{1H}-NMR (CDCl3, T=298 K, ppm) δ: 22.0 (CH3, CH3(IPr*)), 51.2 (CH,
CH-Ph2), 76.0 (CH, CH

1, CH3 indenyl), 109.7 (CH, CH2 indenyl), 118.3
(CH, CH5, CH6 indenyl), 123.1 (CH, CH=CHIm), 126.1–142.7 (Ar-C(IPr*),
CH, CH4, CH7 indenyl), 141.8 (CH, NCHN), 142.1 (C, C3a, C7a indenyl).

Elemental analysis calcd (%) for C78H64Cl2N2Pd: C, 77.64, H, 5.35, N,
2.32; found: C, 77.96, H, 5.22, N, 2.25.

Synthesis of [Pd(IPr)(PTA)(allyl)]BF4 (5a)

In a 50 mL round-bottom flask, 197.4 mg of [Pd(IPr)Cl(allyl)] 4a
(0.345 mmol) was dissolved in 1 mL of technical grade acetone.

A solution of 1,3,5-triaza-7-phosphaadamantane (54.2 mg,
0.345 mmol) and NaBF4 (37.9 mg, 0.345 mmol) in 20 mL of technical
grade acetone was added to the solution containing the palladium
precursor. The reaction mixture was stirred for 15 min at room
temperature and then the NaCl was removed by filtration on a
millipore membrane filter. Addition of pentane to the concentrated
solution yields the precipitation of the final complex as a white
solid, which was filtered and dried under vacuum.

245.1 mg was obtained (91% yield).
1H NMR (CDCl3, T=298 K, ppm): δ (ppm)=7.54 (t, J=7.8 Hz, 2H,
HAr(IPr)), 7.49 (s, 2H, HImid), 7.35–7.42 (m, 4H, HAr(IPr)), 4.95–5.09 (m, 1H,
central allyl-H), 4.36–4.38 (m, 7H, PCH2N, syn allyl-H trans-P), 3.80–
3.83 (m, 1H, syn allyl-H trans-C), 3.56–3.80 (m, 6H, NCH2 N), 2.97
(hept, J=6.8 Hz, 2H, CH(CH3)2(IPr)), 2.77 (hept, J=6.7 Hz, 2H, CH-
(CH3)2(IPr)), 2.29 (d, 1H, JHH=13.1 Hz, anti allyl-H trans-C), 1.92 (dd,
JHH=13.7 Hz, JHP=9.6 Hz, 1H, anti allyl-H trans-P), 1.38 (d, J=6.7 Hz,
6H, CH(CH3)2(IPr)), 1.28 (d, J=6.8 Hz, 6H, CH(CH3)2(IPr)), 1.26 (d, J=

6.7 Hz, 6H, CH(CH3)2(IPr)), 1.07 ppm (d, J=6.8 Hz, 6H, (CH3)2(IPr)).
31P{1H} NMR (CDCl3, T=298 K, ppm) δ: � 57.4.

19F{1H} NMR (CDCl3, T=298 K, ppm) δ: � 152.5 (10BF4), � 152.6 (
11BF4).

13C {1H} NMR (CDCl3, T=298 K, ppm): δ (ppm)=181.5 (d, C, JCP=

15.7 Hz, carbene), 135.4 (C, CAr(IPr)), 130.9 (CH, CHAr(IPr)), 125.4 (CH,
CHIm), 125.1 (CH, CHAr(IPr)), 125.0 (CH, CHAr(IPr)), 124.8 (CH, CHIm), 120.9
(d, CH, JCP=5.0 Hz, central allyl), 72.8 (d, CH2, JCP=7.2 Hz, NCH2N),
71.6 (d, CH2, JCP=28.1 Hz, allyl trans-P), 62.5 (CH2, allyl trans-C), 51.9
(d, CH2, JCP=12.0 Hz, NCH2P), 29.1 (CH(CH3)2(IPr)), 28.9 (CH(CH3)2(IPr)),
27.5 (CH3IPr), 26.0 (CH3IPr), 22.8 (CH3IPr), 22.6 (CH3IPr).

Elemental analysis calcd (%) for C36H53BF4N5PPd: C, 55.43, H, 6.85, N,
8.98; found: C, 55.19, H, 6.98, N, 9.10.

Synthesis of [Pd(IMes)(PTA)(allyl)]BF4 (5b)

In a 50 mL round-bottom flask, 149.9 mg of [Pd(IMes)Cl(allyl)] 4b
(0.308 mmol) was dissolved in 1 mL of technical grade acetone.

A solution of 1,3,5-triaza-7-phosphaadamantane (48.3 mg,
0.308 mmol) and NaBF4 (33.8 mg, 0.308 mmol) in 20 mL of technical
grade acetone was added to the solution containing the palladium
precursor. The reaction mixture was stirred for 15 min at room
temperature and then the NaCl was removed by filtration on a
millipore membrane filter. Addition of pentane to the concentrated
solution yields the precipitation of the final complex as a white
solid, which was filtered and dried under vacuum.

212.4 mg was obtained (99% yield).
1H NMR (CD3CN, T=298 K, ppm): δ (ppm)=7.49 (s, 2H, HImid), 7.14
(s, 2H, HAr(IMes)), 7.08 (s, 2H, HAr(IMes)), 4.89–5.02 (m, 1H, central allyl-H),
4.30–4.40 (m, 6H, PCH2N), 4.04–4.09 (m, 1H, syn allyl-H trans-P), 3.85
(d, 1H, JHH=7.4 Hz, syn allyl-H trans-C), 3.55–3.79 (m, 6H, NCH2N),
2.33 (s, 6 H, p-mesityl-CH3), 2.30 (d, 1H, JHH=13.3 Hz, anti allyl-H
trans-C), 2.18 (s, 6 H, o-mesityl-CH3), 2.08 (s, 6 H, o-mesityl-CH3),
2.01–2.06 (m, 1H, anti allyl-H trans-P).
31P{1H} NMR (CD3CN, T=298 K, ppm) δ: � 59.5.
19F{1H} NMR (CD3CN, T=298 K, ppm) δ: � 151.8 (10BF4), � 151.9
(11BF4).
13C {1H} NMR (CD3CN, T=298 K, ppm): δ (ppm)=179.4 (d, C, JCP=

16.3 Hz, carbene), 140.6 (C, CAr(IMes)), 136.6 (C, CAr(IMes)), 136.2 (C,
CAr(IMes)), 135.6 (C, CAr(IMes)), 130.7 (CH, CHAr(IMes)), 130.5 (CH, CHAr(IMes)),
125.9 (CH, CHIm), 121.6 (d, CH, JCP=4.8 Hz, central allyl), 73.2 (d, CH2,
JCP=7.3 Hz, NCH2N), 72.3 (d, CH2, JCP=27.7 Hz, allyl trans-P), 61.5
(CH2, allyl trans-C), 52.9 (d, CH2, JCP=11.8 Hz, NCH2P), 21.0 (CH3, p-
mesityl-CH3), 19.3 (CH3, o-mesityl-CH3), 19.2 (CH3, o-mesityl-CH3).

Elemental analysis calcd (%) for C30H41BF4N5PPd: C, 51.78, H, 5.94, N,
10.06; found: C, 51.50, H, 6.11, N, 10.19.

Computational Details

Density Functional Theory (DFT) calculations were carried out with
the Amsterdam Density Functional (ADF) software,[28–30] using the
BLYP[31] functional and employing the zeroth-order regular approx-
imation (ZORA)[32] to take into account scalar relativistic effects,
which are mandatory in the presence of heavy nuclei.[33] Grimme
dispersion correction was included.[34,35] The TZ2P basis set was
used for all the elements. It is a large, uncontracted set of Slater-
type orbitals (STOs), is of triple-ζ quality and is augmented with
two sets of polarization functions on each atom. In addition, core
electrons were described with the frozen-core approximation: up to
1 s for C, N, O and Cl, and up to 3d in the case of Pd; the level of
theory is denoted in the text ZORA-BLYP-D3(BJ)/TZ2P. For the
numerical integration, the Becke grid was used.[36] Frequency
calculations were run to assess the nature of the structures located
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on the potential energy surface: all minima have real frequencies.
To gain quantitative insight into the stability of the compounds, we
performed an activation strain (ASA) and energy decomposition
analysis (EDA)[37,38] as implemented in ADF. Using this fragment-
based approach, according to the ASA scheme, we have decom-
posed the energy relative to the reactants into strain, DEstrain (i. e.
the deformation energy required by the reactants to acquire the
structure they have in the compound of interest) and interaction,
DEint (i. e. the interaction energy between the deformed reactants)
(Eq. 1):

DE¼DEstrain þ DEint (1)

Within EDA, ΔEint can be written as the sum of electrostatic
interaction (ΔVelstat), the interaction between Coulomb charge
densities, Pauli repulsion (ΔEPauli), related to the repulsive interaction
between filled orbitals, orbital interaction (ΔEoi) due to stabilizing
interactions such as HOMO-LUMO interaction (Eq. 2) and dispersion
interaction (ΔEdisp):

DEint¼DVelstat þ DEPauli þ DEoi þ DEdisp (2)

The Voronoi deformation density (VDD) method for the calculation
of atomic charges was used to analyze the electron density
distribution.[39] The VDD charge on atom A (QA

VDD) is the integral of
the deformation density in the volume of the Voronoi cell of atom
A:

QVDD
A ¼ �

Z

Voronoi cell of atom A
1 rð Þ �

X

B

1B rð Þ

" #

dr (3)

1 rð Þ is the electron density of the molecule and
P

B 1B rð Þ is the sum
of the electron densities of a fictitious molecule in which all atoms
are considered non-interacting and neutral. The physical meaning
is clear: QVDD

A is not a charge associated to atom A, but it is a
measure of the amount of charge flowing into (QVDD

A < 0) or out (
QVDD

A > 0) the Voronoi cell of atom A due to chemical interactions.
The VDD scheme can be extended to study chemical bonding
between fragments. In our case, we have defined:

DQVDD
A ¼

Z

Voronoi cell of atom A in the complex

1complex rð Þ � 1Fragment1 rð Þ � 1Fragment2 rð Þ
� �

dr

(4)

Solvent effects were treated with the Conductor-like Screening
Model (COSMO),[40] which is implemented in the ADF program. For
chloroform, DMSO and water, we used a solvent-excluding surface
with an effective radius of 3.17 Å, 3.04 Å and 1.93 Å, and a relative
dielectric constant of 4.8, 46.7 and 78.39, respectively. The empirical
parameter in the scaling function in the COSMO equation was set
to 0.0. The radii of the atoms were taken to be MM3 radii,[41] divided
by 1.2, giving 1.350 Å for H, 1.700 Å for C, 1.608 for N, 1.725 Å for Cl
and 1.975 Å for Pd.[42] The geometries of 2a and 3a and those of
the separated fragments were fully reoptimized in solvent (level of
theory: COSMO-ZORA-BLYP-D3(BJ)/TZ2P).

Cell Viability Assay

Cells were grown in agreement with the supplier and incubated at
37 °C (5% of CO2). 500 cells were plated in 96 wells and treated

with six different concentrations of carbene-metal-amido com-
plexes (0.001, 0.01, 0.1, 1, 10, and 100 μM). After 96 hours, cell
viability was evaluated with CellTiter glow assay (Promega,
Madison, WI, USA) with a Tecan M1000 instrument. IC50 values were
obtained from triplicates, and error bars are standard deviations.

With a similar procedure, organoids were plated as single cells as
possible (around 1000 cells) in five replicates and treated with six
serial dilutions of the compounds (0.001, 0.01, 0.1, 1, 10, and
100 μM) and analyzed after 96 h.

Bacterial Thioredoxin Reductase Activity Assay

The DTNB-coupled thioredoxin reductase activity assay based on Lu
et al.[43] was established and modified for our purposes by Schmidt
et al.[24a] All reagents and solvents were purchase from Sigma
Aldrich (Germany) if not stated differently. Thioredoxin reductase
(TrxR) from E. coli (CAS: 9074–14-0) and the substrate thioredoxin
(Trx) from E. coli recombinant was purchased (CAS: 52500–60-4).
Stock solutions were prepared by dilution with TE buffer to achieve
a concentration of 35.5 U/mL for the enzyme and 6.1 U/mL for the
substrate. For TE buffer (pH 7.5) preparation, Tris-HCl (final concen-
tration: 50 mM) and EDTA (final: concentration: 1 mM) were
dissolved in ultrapure water, and pH was adjusted with 1 M NaOH.
The palladium compounds were freshly dissolved in DMF (stock
solution) in a 200-times higher concentration than the highest test
concentration used for these studies and diluted with TE buffer
(final DMF concentration: 0.5%).

Aliquots of the TrxR enzyme solution (10 μL), Trx substrate solution
(10 μL), and NADPH (200 mM) in TE buffer (100 μL) were mixed in a
well either containing the compounds (20 μL) in graded concen-
trations or only DMF in buffer (positive control). The resulting
solutions were incubated with moderate shaking for 75 min at
25 °C in a 96-well plate. Afterward, 100 μL of the reaction mixture
(containing 200 mM NADPH and 5 mM DTNB in TE buffer solution)
was added to each well. Thereby the conversion of DTNB to 5-TNB
was initiated and monitored with a microplate reader (Tecan
infinite M nano+) at 412 nm, ten times in 35-sec intervals for about
6 min.

The values were corrected using the absorbance of the blank
solution. The increase in 5-TNB concentration over time followed a
linear trend (r2�0.990), and the enzymatic activities were calculated
as the slopes (increase in absorbance per second) thereof. For each
tested compound, non-interference with the assay components
was confirmed by a negative control experiment. The highest test
compound concentration was used, and the aliquot of enzyme
solution was replaced by the same amount of TE buffer. IC50 values
were calculated as the concentration of the compound decreasing
the enzymatic activity of the positive control by 50% and are given
as the means and error of three repeated experiments.

Crystal Structure Determination

3b and 2f crystals data were collected at 100 K at the XRD2
beamline of the Elettra Synchrotron, Trieste (Italy),[44] using a
monochromatic wavelength of 0.620 Å. The data sets were
integrated, scaled and corrected for Lorentz, absorption and
polarization effects using XDS package.[45] The structures were
solved by direct methods using SHELXT program[46] and refined
using full-matrix least-squares implemented in SHELXL-2018/3.[47]

Thermal motions for all non-hydrogen atoms have been treated
anisotropically and hydrogens have been included on calculated
positions, riding on their carrier atoms. Geometric restrains (SAME)
have been applied to disordered allyl fragment and solvent in 1f.
Coot program was used for model building.[48] The crystal data are
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given in Table S10. Pictures were prepared using Ortep3[49] and
Pymol[50] software.

Deposition Numbers 2150853 (for 3b) and 2150854 (for 2f) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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