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1 | INTRODUCTION

Giorgia Valente' © |
Iaria Lampronti’ © |

Michele Piva' ©® |
Roberto Gambari®* ©® |

Lara Luzietti’©® |

A series of  Pt(0)-;*-olefin 1,3,5-triaza-7-

phosphaadamantane (PTA) or N-heterocyclic carbenes are prepared following

complexes  bearing
different synthetic strategies depending on the nature of coordinated alkene
and spectator ligands. These new platinum(0) derivatives have been tested
in vitro as anticancer agents toward three different tumor (human ovarian can-
cer A2780 and A2780cis and K562 myelogenous leukemia) and one non-tumor
(Hacat keratinocytes) cell lines, proving to be in several cases highly and selec-
tively cytotoxic against ovarian cancer cells. Furthermore, this antiproliferative
effect is associated with the activation of an apoptosis process.

In particular, complexes equipped with PTA as spectator ligand give compara-
ble IC5, values on A2780 (cisplatin sensitive) and A2780cis (cisplatin resistant)
cell lines, indirectly proving that these new Pt(0) substrates act with a mecha-
nism of action conceivably different from cisplatin. This hypothesis is also con-
firmed by the fact that our compounds, in contrast to cisplatin, are not able to
promote erythroid-differentiation activity on the K562 myelogenous leukemia
cell line.

KEYWORDS

1,3,5-triaza-7-phosphaadamantane (PTA), anticancer activity, apoptosis, N-heterocyclic
carbenes, platinum(0) complexes

severe dose-limiting side effects have made their physio-
logical tolerance really difficult.’ The intrinsic or

The great enthusiasm following the approval of cisplatin
as anticancer drug in 1979 has progressively given way to
a more realistic awareness of its clinical limits." In fact,
although this compound and its second and third genera-
tion derivatives (carboplatin and oxaliplatin) are included
in many therapeutic protocols,” it is undeniable that the

acquired drug resistance shown by several types of neo-
plasms represents another important and unresolved
problem.*

The heart of the problem lies in their poor selectivity
toward tumor cells over normal ones. In particular, the
cells of fast growing tissues (including bone marrow, or
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mouth, stomach, and intestine mucous membranes), and
those ones of organs in which the drug tends to accumu-
late before being eliminated (i.e., kidneys and liver)>® are
damaged.

A general strategy to overcome this contraindication
is to encapsulate the platinum derivative in a nanoparti-
cle, whose structure and size are designed to improve the
targeting to tumor tissue. Lipoplatin, Aroplatin, and
ProLindac are the most mature fruits of this promising
line of research.”

An alternative and innovative approach involves the
use of monoclonal antibodies (mAbs) as targeting
vehicles to deliver a cytotoxic metal compound to cancer
cells.®

However, it might be worthwhile not to completely
abandon the idea of preparing and testing new platinum
compounds, considering combinations of spectator
ligands and organometallic substrates still poorly
explored. In this regard it should be stressed that in the
vast majority of publications on the anticancer activity of
platinum complexes the metal presents the same
oxidation number (42) of cisplatin. It is rather surprising
that, while an interesting series of studies on behavior of
Pt(IV) complexes are worthy to be referred,” only two
examples of platinum(0) derivatives are reported in the
literature to date (Scheme 1).1°

The choice of this latter oxidation state could be an
interesting option since the low electrophilicity of the
metal center should disadvantage the indiscriminate
attack of the numerous soft nucleophiles present in cellu-
lar and extra-cellular environment before the drug
reaches its biotarget. Furthermore, this protection can be
further improved, opting for strong spectator ligands. A
particularly stable configuration is represented by sub-
strates of the type L,Pt(0)-#*-olefin, assuming that the
olefin has strong electro-withdrawing substituents able to
promote an efficient z-back donation from the metal.™
Among the supporting ligands L that must fill the two
remaining coordination sites, phosphines, N-heterocyclic
carbenes or generally chelating ligands with soft donor
atoms can make an important contribution to the
stability of the complex.

Recently, with the aim to make metal drugs more
compatible with biological environment, 1,3,5-triaza-
7-phosphaadamantane (PTA) has been extensively used
as ancillary ligand for the preparation of potential anti-
cancer agents.'” In this way it is generally possible to
increase the water solubility of the complexes making
their administration to cell cultures or in vivo
experiments easier.

Furthermore, PTA, in spite of its alkyl substituents, has
the same electron-attracting ability as triphenylphosphine
(their TEP values are practically the same),'® thereby

being able to strongly coordinate to an electron-rich
Pt(0) substrate.

Likewise, N-heterocyclic carbenes have proved their
efficiency in binding to soft metals in low oxidation states
possibly exploiting the not negligible n-back bonding into
the empty carbene p-orbital which enforces c-donation
and contributes to release the metal center from an
excess of electronic density.**

In this work we have prepared a complete library of
Pt(0)-*-olefin complexes coordinating two N-heterocyclic
carbenes or two PTA molecules, which are to our knowl-
edge the first platinum(0) derivatives containing this
phosphine.

The antiproliferative activity of these new species has
been systematically tested in vitro against two different
categories of tumor: one of epithelial type (ovarian
cancer) and the other of the white blood cells (chronic
myeloid leukemia). The same tests have been extended to
a series of Pt(0)-7%-olefin complexes bearing a chelating
thioquinoline ligand previously synthesized by our
research group''® (Scheme 1).

Evaluation of the effect of all these complexes on
non-cancerous cell lines has allowed to identify those
acting preferentially on cancer cells.

Finally, a series of experiments have been carried
out to verify whether the found cytotoxicity is associ-
ated with induction of apoptosis and/or cell differentia-
tion. These analyses are of great interest, as several
antitumor agents are active on the basis of induction
of apoptosis of tumor cells. It is well known that the
activation of the apoptotic pathway in this cell popula-
tion can be considered an interesting therapeutic strat-
egy to interfere with the cancer process, because the
tumor cells lose their ability to undergo apoptosis,
which instead is an indispensable mechanism to pre-
vent transformation and carcinogenesis due to DNA
mutations. Another strategy to combat cancer focuses
on the activating cell differentiation, a mechanism that
like apoptosis is largely lost by cancer cells. Moreover,
the same compounds might induce terminal differenti-
ation associated with blocking of activation of cell
cycle.

2 | RESULTS AND DISCUSSION
2.1 | Synthesis of [(PTA),Pt(;/*-olefin)]
complexes

Zerovalent platinum complexes coordinating 1,3,5-triaza-
7-phosphaadamantane (PTA) of general formula
[(PTA),Pt(r*-olefin)] were prepared in good yields by
reaction of [Pt(DBA),] (DBA = dibenzylideneacetone)
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IC5 (KB cancer cells) = 16 and 38 uM OMe

IC50 (HeLa and U87 cancer cells) > 100 uM

IC5¢ (A431, BALB/c3T3 and SVT2 cancer cells) = 36, 45 and 61 uM
IC5¢ (HaCaT normal cells) = 32 uM
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Selectivity toward cancer cells i = fumaronitrile (fn) 4a

olefin = maleic anhydride (ma) 4b
olefin = dimethylfumarate (dmfu) 4d

SCHEME 1 Platinum(0) complexes tested in vitro
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with two equivalents of phosphine in the presence of a
slight excess of three different electron-poor olefins (fum-
aronitrile, maleic anhydride and (E)-1,2-ditosylethene).
In the case of complex 1d, it is obviously not necessary to
add the olefin that is already present in the metallic
precursor.

The procedure has been optimized, by choosing dic-
hloromethane as the reaction solvent; under these condi-
tions the reaction is completed within 1h at room
temperature. It should be noted that similar complexes
bearing different spectator ligands were synthesized in
the past adopting tetrahydrofuran as a solvent, working
at higher temperature (45°C) with longer reaction time
and obtaining lower average yields.

However, this simple one-pot protocol is not effective
for the synthesis of the complex le with the weakest
bonded dimethylfumarate. In this case, a mixture of species
of unidentified is obtained and even repeated recrystalliza-
tion will not allow to improve the quality of the product.

A change of synthetic strategy was therefore necessary;
this consists of a two-step process, based on the synthesis

R R

olefin = fumaronitrile (fn) 1a
olefin = maleic anhydride (ma) 1b
olefin = (E)-1,2-ditosylethene 1¢

~
\
N
\ ST
Pt
| COOMe
MeOOC

SCHEME 2 Synthesis of [(PTA),Pt(;%-olefin)] complexes

of the intermediate complex [(TMQ-Me)Pt(dmfu)] (TMQ-
Me = 2-methyl-8-(methylthio)quinoline)!'*® followed by
introduction of the two PTA molecules into the coordina-
tion sphere of platinum favored by the lability of the
thioquinoline ligand (Scheme 2).

All complexes are stable in the solid state and in solu-
tion of chlorinated solvents and dimethyl sulfoxide, and
their identity is certified by elemental analysis as well as
by nuclear magnetic resonance (NMR) spectra (Figure 1).

The coordination of two PTA molecules on the metal
center is proved by the presence in the *'P{'"HJNMR
spectra of complexes 1la-d of a single peak, resonating
at about 40-50 ppm downfield with respect to the
uncoordinated phosphine and equipped with two
satellites due to the coupling with Pt nucleus
(Jpep = 3300-3400 Hz, Figure 1a).

In the case of complexes 1la and 1b, this signal
appears broadened at 298 K and only by increasing
the temperature to 323 K it is possible to observe
the expected sharp singlet. This phenomenon can be rea-
sonably explained by the presence in these species of

MeOOC
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FIGURE 1 (a)*P{"H]NMR spectrum of complex 1c (CDCls, 298 K); (b) "HNMR spectrum of complex 1d (CDCls, 298 K); (c) *'P{*H}
NMR spectrum of complex 1e (CDCl3, 298 K)

FIGURE 2 Ellipsoid representation of complex 1a. Atom labels in use for Pt coordination sphere are reported
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small traces of uncoordinated PTA which at 298 K slowly
exchanges with the coordinated one.

Consistently, signals ascribable to methylene groups
(NCH,N and NCH,P) appear in the 'H and *C{'H}]NMR
spectra, always at chemical shifts significantly different
from free phosphine. On the other hand, the 5 coordina-
tion mode adopted by olefins is confirmed by the
highfield positions occupied by alkene protons and
carbons in the recorded spectra, which is a direct conse-
quence of the high level of metal-olefin n-backbonding.
The low oxidation state of platinum, the electron-donor
character of PTA and electron-withdrawing nature of
olefin substituents contribute equally to determine this
effect. It must also be remembered that the multiplicity
of proton and carbon signals is attributable to their
coupling with *'P and '°Pt nuclei. In particular, the

coupling constants Jp.yy and Jp.c fall in the range of
53-58 and 200-360 Hz, respectively (Figure 1b).

Finally, some intense peaks, typical of the olefin
substituents, can be found in the IR spectra of complexes:
1a shows the peak of vcy at ~2200 cm %, 1b those of vco
at ~1790 and 1720 cm ™, 1c those of vgo at ~1300 and
1130 cm ™ ! and 1d that of vco at ~1670.

For complex 1a we were able to obtain the solid-state
structure by single crystal X-ray diffraction (Figure 2).
The crystalline form contains one crystallographically
independent platinum complex. Crystal packing of 1la
shows hydrophobic contacts among neighbor molecules,
with solvent molecules filling voids (two ordered chloro-
form moieties have been located in the crystallographic
asymmetric unit—ASU). The olefin is #” coordinated to
the metal center and the C=C double bond is lengthened

SCHEME 3
DCM, reaction time 4 h, reaction temperature 298 K

olefin = fumaronitrile (fn) 2a'
olefin = maleic anhydride (ma) 2b'

AgBr
Ar=2-Py 2
Ar=Ph 3
\
RN
N N7\
@\ p
N N\\
Pt
ArJ ’ Ar
R R
olefin = fumaronitrile (fn) Ar = 2-Py 2a
olefin = fumaronitrile (fn) Ar = Ph 3a

olefin = maleic anhydride (ma) Ar=2-Ph 3b

Synthesis of [(NHC),Pt(;*-olefin)] complexes: (i) Solvent THF, reaction time 1 h, reaction temperature 315 K; (ii) Solvent
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compared to the free alkene (1.482(3) A vs. ~1.32 A) con-
firming the significant n-back bonding from platinum(0).
Similar metal coordination sphere has been found upon
comparison with the analogous palladium complex previ-
ously published (see Tables S1 and S2 in ESI).!**!

Complex 1e deserves a separate discussion; the analy-
sis of its NMR spectra indicates that DBA uses only one
of its two double bonds C=C to coordinate on the
platinum center. This fact is certified by the presence of
two different couples of olefin protons and carbons in the
respective '"H and "*C{"HJNMR spectra, with the couple
of signals at lower chemical shift that can be assigned to
the coordinate double bond and the higher to the
uncoordinated one. In accordance, the *P{*H}NMR
shows two doublets (with respective '°Pt satellites) the
two bonded PTA being different from each other because
of the unsymmetrical coordination of DBA (Figure 1c).

2.2 | Synthesis of [(NHC),Pt(y*-olefin)]
complexes

The preparation of N-heterocyclic carbene derivatives has
required a more elaborated procedure. In fact, every
attempt to synthesize these compounds by mixing [Pt
(DBA),], olefin and the silver complexes of the selected
N-heterocyclic carbenes resulted in a mixture of products
of not easy identification, often accompanied by an evi-
dent formation of metallic platinum.

To get around this problem, we decided to start from
different platinum precursors, following a synthetic
strategy already exploited with similar palladium deriva-
tives.'®  Olefin complexes coordinating 2-methyl-
6-([phenylthio]methyl)pyridine as supporting ligand have

b

FIGURE 3 'H NMR spectra
in CDCl; at 223 K (a) and 223 K
(b) of complex 2b’

S WILEY-L7
therefore been synthesized, with the aim to take advan-
tage of the particularly high lability of this ligand due to
the marked distortion of the chelating ring."”) In this way,
the successive introduction of N-heterocyclic carbenes by
the classical transmetalation process can be carried
out under mild conditions, avoiding decomposition
(Scheme 3). However, we were able to prepare only the
thiopyridine precursors bearing fumaronitrile (2a’) and
maleic anhydride (2b’), whereas in the case of the complex
with dimetylfumarate a significant amount of not separa-
ble impurities is present in the final reaction mixture.

In 'H and “C{*H}NMR spectra of complexes 2a’ and
2b’ all peaks expected for the olefin and spectator ligand
coordinated to the metal center can be identified. Nota-
bly, some of these signals appear broadened at 298 K, as
a consequence of rapid interchange of sulfur lone pairs
used to the bond with platinum; on lowering the temper-
ature at 233 K this movement can be stopped and the "H
NMR spectra reveal the presence of two different diaste-
reoisomers, owing to the two different mutual positions
of olefin and thiopyridine ligands (Figure 3).

The subsequent reaction between these synthesized
precursors and two equivalents of silver N-heterocyclic
carbene complexes 2 and 3 led to the formation of the
final bis-carbene derivatives 2a, 3a, and 3b in good yields
and purity. The driving force of the reaction is basically
the precipitation of silver bromide, which progressively
muddies the reaction mixture during the 4 h required for
the completion of the process. The complexes coordinat-
ing fumaronitrile are stable, whereas the one bearing
maleic anhydride (2b) decomposes slowly in solution of
most common organic solvents.

Also in these cases, the identification of the products
obtained is made easy by the analysis of their NMR
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spectra. Among the diagnostic signals, we point out those
attributable to olefin protons and carbons. They exhibit a
particularly low chemical shift as a consequence of the
marked metal-olefin back-bonding, promoted above all
by the pronounced electron-donating attitude of NHC
ligands. This effect is greater than that already observed
for complexes with PTA and for this reason the olefin
proton and carbon resonances of fumaronitrile complexes
2a and 3a occur respectively under 2 and under 5 ppm.
The carbene carbons fall in the expected range around
180 ppm, proving the coordination of the ligand on the
metal center together with the presence of the two satel-
lites due to coupling with the '°>Pt nucleus.

Lastly, it is worthwhile pointing out the impossibility
to selectively obtain chelate complexes with the potentially
bidentate picolyl-functionalized N-heterocyclic carbene. In
fact, by mixing in a 1:1 ratio the thiopyridine precursor
2a’, and silver complex 3, the formation of a practically 1:1
mixture of the chelate complex and bis-carbene derivative
3a (together with a consequent residue of 2a’) was
observed. This final composition, which remains unaltered
over time, proves that the entry of a second molecule of
picolyl-carbene ligand into chelate complexes is a competi-
tive process with its initial formation.

2.3 | Antiproliferative effects and cell
differentiation

The ability of all the synthesized complexes in inhibiting
the cell proliferation of human ovarian cancer cells

A2780 and A2780cis, myelogenous leukemia K562 cell
line and non-tumor keratinocytes Hacat was analyzed
after 48- to 72-h treatment, in order to explore their bio-
logical activity in comparison with the antineoplastic ref-
erence agent cisplatin. The four cell lines exhibited
different responses to cisplatin exposure. A2780 and
K562 cells were sensitive to cisplatin (ICsy values: 0.4
+ 0.1 and 0.75 + 0.6 pM, respectively), while A2780cis
were cisplatin resistant (ICs, value: 4.5+ 0.7 uM). In
Table 1, the results, obtained from three independent
experiments for each cell line are reported. The strong
antiproliferative  activity of cisplatin (ICso = 0.4
+ 0.1 pM) on the A2780 cells was confirmed; in addition,
the obtained data confirmed the cisplatin resistance of
the A2780cis cell line (ICsy = 4.5 + 0.7 pM).[16:18:1]

Preliminarily, the stability of all the compounds
examined was checked in DMSO-d6 by NMR spectros-
copy: after 24 h at room temperature no noticeable
degradation was observed.

From a careful analysis of the data, we can draw the
following general comments:

a. all platinum complexes coordinating PTA (la-e)
exhibit potent in vitro antiproliferative activity
(ICso <1 pM) on both the ovarian cancer cell lines
A2780 and A2780cis. All these compounds displayed a
very interesting ability in inducing cytotoxicity in both
cell lines, featuring higher activity than cisplatin
against cisplatin-resistant cells. In any case, the cyto-
toxic activity does not seem to depend on the type of
coordinated olefin.

ICsy (uM) TABLE 1 Ant'iproliferative activity
on A2780, A2780cis, K562, and HaCat
compound A2780 A2780cis K562 HaCat cell lines®
Cispt 04 +0.1 4.5+ 0.7 0.85 + 0.6 20+ 04
Pt (DBA), 20+ 1 17.2 + 0.2 24.0 + 0.4 /
la 0.5+04 0.87 + 0.06 16.8 + 0.7 33+1
1b 0.815 + 0.007 0.75 + 0.03 30+1 >100
1c 0.48 + 0.05 0.96 + 0.07 >50 >100
1d 0.8 +0.2 0.7+ 0.1 >50 >100
le 0.89 + 0.01 0.76 + 0.05 6.0 +£0.1 58+ 04
2a 0.58 + 0.06 51+0.1 9.5 + 0.8 28 +4
3a 0.5+0.1 2.0+0.2 23+1 53+2
4a 7.0+ 04 6.0 + 0.4 6.6 + 0.8 6+1
4b 0.580 + 0.007 0.91 + 0.01 4+1 31+038
4d 4.9 + 0.2 6.4 +0.3 7.3+0.3 8 +2
5 58+ 04 6.1 +0.8 7.5+ 0.8 39+4
6 0.7 £ 0.3 0.7 £ 0.1 19 +2 43 +5

“Results represent the average + S.D. of three independent experiments.
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FIGURE 4 Representative experiments of apoptosis induction on ovarian cancer A2780 cells treated with some of the best derivatives
(6, 1a, and 1d) and with cisplatin at different concentrations (ICs, and 2X ICs, values) in comparison with untreated cells (C-)
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Representative experiments of apoptosis induction on ovarian cancer A2780cis cells treated with some of the best derivatives

(1a, 3a, and 4b) and with the cisplatin at different concentrations (ICs, and 2X ICs, values) in comparison with untreated cells (C-)



SCATTOLIN ET AL.

b. complexes bearing NHCs as ancillary ligands (2a and
3a) show ICs, values toward A2780 and A2780cis
comparable to cisplatin but significantly different
from each other.

c. among complexes with chelating thioquinoline
ligand (4a-b, 4d and 5) the most active are those
coordinating maleic anhydride (4b) or dimethyl-
but-2-ynedioate (5). In all cases, however, the
cytotoxicity against A2780 and A2780cis cell lines is
comparable.

d. it should be noted that all the compounds, unlike cis-
platin, do not exhibit a remarkable antiproliferative
effects on K562 cells. This cell line is able to differenti-
ate when treated with 1pM cisplatin, but no
erythroid-differentiation activity, detected with the
enzymatic-colorimetric  benzidine assay,[zo] was
observed after the treatment with our derivatives,
suggesting a different mechanism of action of these
compounds with respect to cisplatin.

e. remarkably, many of the tested compounds are poorly
active (1a, 2a, 3a, 5-6) or completely inactive (1b, 1c,
1d) against human keratinocytes (HaCat) cells, 21221
suggesting in these cases a preferential activity against
A2780 and A2780cis cancer cells.

f. the (PTA),M-;*-olefin motif, (M = Pt or Pd) seems to
play a decisive role in determining the cytotoxic
activity. As a matter of fact, while the platinum pre-
cursor Pt(dba), is not efficient, the palladium
congener 6 ((PTA),Pd-n*-fumaronitrile)) shows the
same antiproliferative activity as the platinum
complex 1a.

2.4 | Pro-apoptotic effects

In order to verify whether the observed antiproliferative
activity of the newly synthesized compounds is associated
with the activation of the apoptotic pathway, the com-
plexes of each series featuring the best antiproliferative
activity (1a, 1b, 1c, 1d, 3a, 4b, 6) were investigated. Rep-
resentative results are shown in Figures 4 and 5 (all the
obtained data are reported in Figures S24 and S25 and
summarized in Tables S3 and S4). The Annexin V text on
A2780 and A2780cis cultured cells highlighted that all
the complexes induced activation of apoptosis at the
employed concentrations (at ICsy and 2 x ICs, values) in
comparison with untreated cells (C-). Only 3a and 4b
were unable to induce apoptosis on the A2780 cells
while, as well as all other complexes, showing a very high
activity (0.5-1.0 and 0.6-1.2 pM, respectively) on the
cisplatin resistant cell line A2780cis (Figure 5), in con-
trast with cisplatin which is active only at high concen-
tration (9 uM).

Gl WILEY-| 2o
3 | CONCLUSIONS

In this work we have described some optimized syn-
thetic protocols for the preparation of new Pt(0)-1>-
olefin complexes coordinating PTA and N-heterocyclic
carbenes. The synthetic strategies depend on the nature
of spectator ligands and olefins used and led to the isola-
tion of the final complexes in good yields. All com-
pounds were spectroscopically characterized and in one
case we have also determined the X-ray diffraction struc-
ture. The number of synthesized complexes has made
possible a systematic study of their in vitro antip-
roliferative activity toward different types of cancer cells.
Most compounds analyzed have shown a high and com-
parable cytotoxicity against A2780 and A2780cis ovarian
cancer cell lines, acting therefore with a mechanism of
action probably different than cisplatin. Moreover, this
antiproliferative effect was associated with a clear activa-
tion of apoptosis.

Remarkably, all complexes bearing PTA, regardless of
the coordinated olefin and with the only partial exception
of 1e, are also poorly cytotoxic against non-tumor Hacat
keratinocytes, thus proving to be somewhat selective
toward cancer cells.

The antitumor effect was not instead particularly
relevant on the class of blood cancer cells tested
(erythroleukemia K562), on which the effectiveness of all
our complexes is much lower than that of cisplatin.

On the basis of these promising results, future devel-
opments of this work will be focused on testing these bio-
active compounds on a wider range of tumor cell lines, in
an attempt to identify further specificities. Furthermore,
a more in-deep analysis of molecular targets might be of
interest.

Finally, we plan to test the most active compounds in
a combined therapy using co-administration with other
anti-tumor agents.

4 | EXPERIMENTAL

41 | Solvent and reagent

All syntheses of complexes were carried out using stan-
dard Schlenk techniques under an atmosphere of argon.
The following solvents were dried and distilled according
to standard methods: CH,Cl, was first treated with 3-A
molecular sieves and then distilled over P,0s; Tetrahy-
drofuran was first pre-dried over 4-A molecular sieves,
and then refluxed over Na-benzophenone until turns
deep blue in color. All the other solvents and chemicals
were commercially available grade products (Sigma-
Aldrich, Italy) and were used as purchased.
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Complexes 4a, '™ 4p,[11P] 44,1101 511101 5h4 6,115]
2-methyl-6-([phenylthio]methyl)pyridine,’**! Pt (DBA),**!
[(TMQ-Me)Pt  (dmfu)] (TMQ-Me = 2-methyl-8-[met-
hylthio]quinoline),'*® were synthetized according to the
published procedures.

4.2 | Infrared, nuclear magnetic
resonance, and elemental analysis

'H, °C, and *'P NMR spectra were recorded and on a
Bruker 400 AVANCE spectrometer; chemical shifts (5)
are reported in units of parts per million (ppm) relative
to the residual solvent signals.

The infrared (IR) spectra were recorded on a Perkin-
Elmer Spectrum One spectrophotometer. Elemental anal-
ysis was carried out with an Elemental CHN “CUBO
Micro Vario” analyzer.

4.3 | Synthesis of 1a

0.1014 g (0.153 mmol) of Pt (DBA), was dissolved in 30 mL
of anhydrous dichloromethane under inert atmosphere
(Ar) in a 100-mL two-necked flask. Subsequently, 0.0249 g
(0.318 mmol) of fumaronitrile and 0.0480 g (0.306 mmol) of
PTA (0.65 mmol) were added and the resulting solution
was vigorously stirred for 60 min at room temperature.
After this period of time, the mixture was treated with acti-
vated carbon and then filtered on Millipore. The volume of
the clear solution is reduced under vacuum and the precipi-
tation of the final product is induced by addition of diethyl
ether. The pale-brown precipitate was filtered off on a
Gooch, repeatedly washed with diethyl ether and n-pen-
tane, and finally dried under vacuum. 0.0874 g (yield 97%)
of the complex 1a was obtained.

'H-NMR (400 MHz, CDCls, T = 298 K, ppm) &: 2.48
(s, Jpgr = 58.9 Hz, 2H, CH=CH), 4.18 (s, 12H, NCH,P),
4.61 (s, 12H, NCH,N).

*'P{'H}-NMR (CDCl;, T = 323 K, ppm) &: —60.2 (s,
Jpp = 3325 Hz).

BC{'H}NMR (CD,Cl,, T =298 K, ppm) &: 16.2 (CH,
Jpe = 2198 Hz, CH=CH), 549 (d, CH,, Jop=18.0Hz,
NCH,P), 73.3 (d, CH,, Jcp = 5.5 Hz, NCH,N), 122.0 (C, CN).

IR (KBr): von = 2202 cm ™.

Anal. Calcd for C,cH,sNgP,Pt: C, 32.71; H, 4.46; N,
19.07 Found: C, 32.78; H, 4.39; N, 19.14%.

44 | Synthesis of 1b

Complex 1b was prepared by a procedure analogous
to that described for 1a starting from 0.1006g

(0.1516 mmol) of Pt (DBA), 0.0163 g (0.166 mmol) di
maleic anhydride and 0.0476g (0.303 mmol) of
PTA. 0.0809 g (yield 83%) of 1b was obtained as a
brown solid.

'H-NMR (400 MHz, CD,Cl,, T = 298 K, ppm) &: 3.56
(s, Jpgg = 53.4 Hz, 2H, CH=CH), 4.15 (s, 12H, NCH,P),
4.58 (s, 12H, NCH,N).

*p'H}-NMR (CD,Cl,, T = 323 K, ppm) &: —66.2 (s,
Jpip = 3427 Hz).

BC{*H}-NMR (CD,Cl,, T = 298 K, ppm) &: 39.9 (CH,
Jpc = 363.4 Hz, CH=CH), 54.7 (m, CH,, NCH,P), 73.3
(CH,, NCH,N), 172.1 (C, CO).

IR (KBr): veo = 1787, 1720 cm ™.

Anal. Calcd for C;4H,6NgO5P,Pt: C, 31.64; H, 4.31; N,
13.84. Found: C, 31.56; H, 4.36; N, 13.88%.

4.5 | Synthesis of 1c

Complex 1c was prepared in an analogous manner
to that described for 1a starting from 0.1108 g
(0.1670 mmol) of Pt (DBA),, 0.0562 g (0.167 mmol) of
(E)-1,2-ditosylethene and 0.0525g (0.333 mmol) of
PTA. 0.1394 g (yield 97%) of 1c was obtained as a
brown solid.

'H-NMR (300 MHz, CD,Cl,, T = 298 K, ppm) &: 2.42
(s, 6H, 2CH;Tol), 3.57 (m, Jpys = 53.3 Hz, 2H, CH=CH),
441 (m, 12H, NCH,P), 4.64 (m, 12H, NCH,N), 6.99
(d, J = 8.0 Hz, m-aryl), 7.32 (d, J = 8.0 Hz, o-aryl).

*'P{1H}-NMR (CD,Cl,, T=298K, ppm) & —57.0
(s, Jpep = 3291 Hz).

BC{'H}-NMR (CD,Cl,, T=298K, ppm, selected
peaks) &§: 21.3 (CH;, CH;Tol), 55.4 (m, CH,, NCH,P), 58.4
(m, CH, CH=CH), 73.3 (m, CH,, NCH,N).

IR (KBr): vso = 1294, 1134 cm ™.

Anal. Calced for C,gH,oNgO4P,PtS,: C, 39.76; H,
4.77; N, 9.94. Found: C, 39.82; H, 4.78; N, 9.88%.

4.6 | Synthesis of 1d

0.0341 g of the complex [TMQ-Me)Pt(dmfu)] was intro-
duced in a two-necked flask and subsequently dissolved
in 15 mL of dichloromethane under inert atmosphere
(Ar). 0.0203 g (0.129 mmol) di PTA was added to the
resulting solution and, after 30 min under magnetic stir-
ring, the mixture was treated with activated carbon and
then filtered on Millipore. The filtrate was concentrated
under vacuum and the addition of diethyl ether induced
the precipitation of complex 1d as a white solid that was
filtered off on a Gooch and washed with diethyl ether
and n-pentane. 0.0411 g (yield 97%) of the complex 1la
was obtained.
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'H-NMR (400 MHz, CDCls, T = 298 K, ppm) &: 3.38
(m, 2H, CH=CH), 3.66 (s, 6H, OCH;), 4.08 (m, 12H,
NCH,P), 4.57 (m, 12H, NCH,N).

*'P{'H}-NMR (CDCl;, T =298 K, ppm) &: —57.4 (s,
Jpp = 3405 Hz).

BC{'H}-NMR (CDCl;, T =298 K, ppm) &: 41.2 (m,
CH, CH=CH), 51.0 (CH;, OCH3), 55.2 (m, CH,, NCH,P),
73.2 (t, CH,, Jc.p = 3.4 Hz, NCH,N), 174.1 (C, COOCH3).

IR (KBr): veo = 1674 cm ™.

Anal. Calcd for C;3H3,NgO4P,Pt: C, 33.08; H, 4.94; N,
12.86. Found: C, 33.14; H, 4.96; N, 12.78%.

4.7 | Synthesis of 1e

0.0702 g (0.106 mmol) of Pt (DBA), and 0.0333g
(0.212 mmol) of PTA were dissolved in 30 mL of anhy-
drous dichloromethane under inert atmosphere (Ar) in a
100 mL two-necked flask. The mixture was stirred at
R.T. for 60 min and then was treated with activated car-
bon and filtered on a Millipore filter. The volume of the
resulting solution was reduced under vacuum and finally
diethyl ether was added. The green precipitated was fil-
tered off on a Gooch, repeatedly washed with diethyl
ether and n-pentane, and finally dried under vacuum.
0.0633 g (yield 81%) of the complex 1e was obtained.

'H-NMR (400 MHz, CD,Cl,, T =298 K, ppm) &:
3.63-4.03 (12H, NCH,P), 4.09 (m, 2H, CH=CH), 4.32-
4.48 (12H, NCH,N), 7.00-7.78 (12H, Ar-H, CH=CH).

*P'H}-NMR (CD,Cl,, T = 298 K, ppm) &: —59.3 (d,
Jpp = 45.1 Hz, Jpp = 3265 Hz), — 54.9 (d, Jpp = 45.1 Hz,
Jpep = 3753 Hz),

BC{*H}-NMR (CD,Cl,, T =298 K, ppm) &: 49.7 (m,
CH, CH=CH), 54.7 (m, CH,, NCH,P), 55.7 (m, CH,,
NCH,P), 59.2 (m, CH, CH=CH), 732 (CH,, Jc
p = 6.2 Hz, NCH,N), 124.3-137.6 (Ar-C, CH=CH), 169.1
(C, C=0).

IR (KBr): veo = 1639, 1580, 1568 cm ™.

Anal. Calcd for C,oH;sNgOP,Pt: C, 46.84; H, 5.15; N,
11.30. Found: C, 46.94; H, 5.21; N, 11.21%.

4.8 | Synthesis of 2a’

0.0703 g (0.339 mmol) 2-methyl-6-([phenylthio]methyl)
pyridine, 0.0485 g (0.621 mmol) of fumaronitrile and
0.2030 g (0.305 mmol) of Pt (DBA), were dissolved in
30 mL of anhydrous THF under inert atmosphere (Ar) in
a 100-mL two-necked flask. The resulting mixture was
stirred at 45°C for around 60 min. and then was dried
under vacuum. The residue was dissolved in CH,CL,,
treated with activated carbon and filtered on a Celite fil-
ter. The volume of the resulting clear solution was

Chemistry

reduced under vacuum and finally diethyl -ether
was added to promote the precipitation of the final prod-
uct. The white precipitated was filtered off on a Gooch,
repeatedly washed with diethyl ether and n-pentane, and
finally dried under vacuum. 0.0823 g (yield 55%) of the
complex 2a’ was obtained.

'H-NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 2.72—-
2.98 (bm, 2H, CH=CH), 3.07 (s, 3H, Pyr-CHs), 4.58-4.72
(bm, 2H, Pyr-CH,), 7.32-7.43 (bm, 5H, 3-Pyr,5-Pyr, Ph),
7.60-7.68 (bm, 2H, Ph), 7.79 (t, 1H, ] = 7.7 Hz, 4-Pyr).

BC{'H}-NMR (CDCl;, T =298 K, ppm) &: 2.3 (bs,
CH, CH=CH), 104 (bs, CH=CH), 31.0 (CH,,
Jpic = 29 Hz, Pyr-CHs), 50.2 (bs CH,, Pyr-CH,), 120.4
(CH, Jpc = 23 Hz, 3-Pyr), 1234 (C, CN), 124.4 (CH,
Jpc = 24 Hz, 5-Pyr), 125.4 (C, CN), 128.4 (CH, Ph-CH),
129.0 (CH, Ph-CH), 129.6 (CH, Ph-CH), 130.5 (C, Ph-
CH), 131.6 (bs, CH, Ph-CH), 132.5 (bs, CH, Ph-CH), 138.2
(CH, 4-Pyr), 158.4 (C, 2-Pyr), 162.3 (CH, 6-Pyr).

IR (KBr): ven = 2201 cm ™ L

Anal. Caled for C;7H;sN5PtS: C, 41.80; H, 3.10; N,
8.60. Found: C, 41.88; H, 3.03; N, 8.66%.

4.9 | Synthesis of 2b/

Complex 2b’ was prepared by a procedure analogous to
that described for 2a’ starting from 0.0749 g (0.349 mmol)
of 2-methyl-6-([phenylthio]methyl)pyridine, 0.0621 g
(0.633 mmol) of maleic anhydride and 0.2005g
(0.302 mmol) of Pt (DBA),. 0.0814 g (yield 53%) of the
whitish complex 2b’ was obtained.

'H-NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 3.04
(bs, 3H, Pyr-CHs), 3.77, 3.84 (AB system, 2H, J = 3.9 Hz,
Jpen = 85.1, 85.1 Hz, CH=CH), 4.64 (bs, 2H, Pyr-CH.,),
7.31-7.42 (bm, 5H, 3-Pyr,5-Pyr, Ph), 7.58 (bs, 2H, Ph),
7.71 (t, 1H, J = 7.7 Hz, 4-Pyr).

3C{'H}-NMR (CDCls, T = 298 K, ppm) &: 26.3 (CH,
Jpic = 363 Hz, CH=CH), 31.4 (bs, CHs, Pyr-CH;), 34.3
(bs, CH=CH), 50.4 (bs, CH,, Pyr-CH,), 120.2 (CH,
Jpic = 23 Hz, 3-Pyr), 124.4 (CH, Jpc = 24 Hz, 5-Pyr),
129.6 (CH, Ph-CH), 130.1 (CH, Ph-CH), 131.7 (CH,
Jpc = 37 Hz, Ph-CH), 138.1 (CH, 4-Pyr), 158.4 (C, 2-Pyr),
162.7 (CH, 6-Pyr), 173.2 (C, CO), 174.1 (C,CO); Ph-C not
detectable.

IR (KBr): veo = 1795, 1728 cm ™.

Anal. Calcd for C;7H;sNO5PtS: C, 40.16; H, 2.97; N,
2.75. Found: C, 40.22; H, 3.03; N, 2.82%.

4.10 | Synthesis of 2a

0.0401 g (0.082 mmol) of the precursor 2a’ was dissolved
in ~7 mL of anhydrous dichloromethane into a 50-mL
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two necked flask under inert atmosphere (Ar). The
resulting mixture was treated with 0.0592 g (0.164 mmol)
of silver complex 2, previously dissolved in ~5 mL of
anhydrous dichloromethane, and stirred at RT for ~4 h.
The silver bromide precipitated was removed by filtration
on a millipore membrane filter. Addition of a mixture 1:1
of diethylether and n-hexane to the concentrated solution
yielded the complex 2a as a white precipitate, which was
filtered off on a Gooch crucible and washed with
n-pentane.

0.0383 g of product was obtained (yield 76%).

'H-NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 2.04
(s, 2H, Jpy=56.8Hz, CH=CH), 3.72 (s, 3H,
Jpy = 5.4 Hz, NCHj3), 5.23, 5.28 (ABX system, 2H,
Jug = 151 Hz, Jpg = 7.7 Hz, N-CH,), 6.73 (d, 1H,
J=20Hz, Jpy =114Hz, CH=CH Im), 681 (d,
1H, J = 2.0 Hz, Jpyy = 11.4 Hz, CH=CH Im), 7.00-7.03
(m, 4H, Ph m-H), 7.26-7.29 (m, 6H, Ph o-H, Ph p-H,).

BC{'H}-NMR (CDCl;, T =298 K, ppm) &: 4.8 (CH,
Jpio = 256 Hz, CH=CH), 37.5 (CHi, Jpc = 36 Hz,
NCH,), 53.6 (CH,, Jpc =38 Hz, NCH,), 119.9 (CH,
Jpic = 34 Hz, CH=CH Im), 121.9 (CH, Jpc = 37 Hz,
CH=CH Im), 127.2 (CH, Ph 0-C), 127.7 (C, Jp,c = 47 Hz,
CN), 127.9 (CH, Ph p-C), 128.8 (CH, Ph m-C), 136.3 (C,
Ph i-C), 178.6 (C, Jp;c = 1345 Hz, NCN).

IR (KBr): von = 2184 cm ™.

Anal. Calcd for C,,H,4NgPt: C, 46.52; H, 3.90; N,
18.09. Found: C, 46.60; H, 3.88; N, 18.03%.

411 | Synthesis of 3a

Complex 3a was prepared by a procedure analogous to
that described for 2a starting from 0.0403 g (0.082 mmol)
of palladium precursor 2a’ and 0.0596 g (0.165 mmol) of
silver complex 3 with a reaction time of 6 h at room
temperature.

0.0361 g (yield 71%) of the pale orange complex 3a
was obtained.

'H-NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 1.97
(s, 2H, Jpy=568Hz, CH=CH), 3.71 (s, 3H,
Jpig = 5.4 Hz, NCH3), 5.25, 525 (ABX system, 2H,
Jugu = 154 Hz, Jpg = 6.2 Hz, N-CH,), 6.82 (d, 1H,
J=20Hz, Jpy=113Hz, CH=CH Im), 691
(d, 1H, J = 2.0 Hz, Jpyy = 10.9 Hz, CH=CH Im), 7.08
(d, 1H, J = 7.8 Hz, 3-Pyr), 7.17 (ddd, 1H, J = 7.8, 4.9,
0.9 Hz, 5-Pyr), 7.60 (td, 1H, J = 7.8, 1.8 Hz, 4-Pyr), 8.51
(ddd, 1H, J = 4.9, 1.8, 0.9 Hz, 6-Pyr).

BC{'H}-NMR (CDCl;, T =298 K, ppm) &: 4.9 (CH,
Jpo = 259 Hz, CH=CH), 37.5 (CHi, Jpc = 36 Hz,
NCH,), 554 (CH,, Jpc =36 Hz, NCH,), 120.6 (CH,
Jpic = 34 Hz, CH=CH Im), 121.8 (CH, Jpc = 37 Hz,
CH=CH Im), 121.8 (CH, 3-Pyr), 122.7 (CH, 5-Pyr), 122.7

(C, Jpc = 46 Hz, CN), 137.1 (CH, 4-Pyr), 149.2 (CH,
6-Pyr), 156.1 (C, 2-Pyr), 178.6 (C, Jpc = 1345 Hz, NCN).
IR (KBr): ven = 2184 cm ™.
Anal. Calcd for C,cH,sNgPt: C, 50.56; H, 4.24; N,
13.61. Found: C, 50.64; H, 4.28; N, 13.56%.

412 | Synthesis of 3b
Complex 3b was prepared by a procedure analogous to
that described for 2a starting from 0.0502 g (0.099 mmol)
of palladium precursor 2b’ and 0.0723 g (0.200 mmol) of
silver complex 3 with a reaction time of 3 h at room
temperature.

0.0430 g (yield 68%) of the whitish complex 3b was
obtained.

'H-NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 2.23

(s, 2H, Jpy =484Hz, CH=CH), 3.65 (s, 3H,
Jpeg = 5.7 Hz, NCH3), 5.08, 5.18 (AB system, 2H,
Jug = 151 Hz, N-CH,), 6.68 (d, 1H, J=2.0Hz,
Jpu = 114Hz, CH=CH Im), 679 (d, 1H,

J =2.0 Hz, Jpgs = 11.4 Hz, CH=CH Im), 6.84-7.02 (m,
4H, Ph m-H), 7.18-7.31 (m, 6H, Ph o-H, Ph p-H,).

The rather fast decomposition of the complex in
solution prevented recording of its '*C{'H}-NMR
spectrum.

413 | Crystal structure determination
The crystal data of 1a were collected at 100 K at the
XRD2 beamline of the Elettra Synchrotron, Trieste
(Italy),”*! using a monochromatic wavelength of 0.620 A.
The data sets were integrated and corrected for Lorentz,
absorption and polarization effects with the XDS
package.[*®! Scaling and semi-empirical absorption
correction have been done exploiting multiple measures
of symmetry-related reflections, as implemented in
SADABS program.?”! The structures were solved by
direct methods using the SHELXT program® and
refined using full-matrix least—squares with all
non — hydrogen atoms anisotropically and hydrogens
included on calculated positions, riding on their carrier
atoms. Model refinement was performed using
SHELXL—2018/3.%° The Coot program was used for
structure building.!®! The crystal data are given in
Table S1. Pictures were prepared using Ortep3[31] and
Pymol*?! software.

Crystallographic data have been deposited at the
Cambridge Crystallographic Data Centre and allocated
the deposition number CCDC 2091463. These data can
be obtained free of charge via https://www.ccdc.cam.ac.
uk/structures website.
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414 | Growth inhibition assays

The human ovarian cancer A2780 and A2780cis cell lines
were obtained from ATCC (Manassas, VA) and
maintained in adhesion in RPMI 1640 medium (Lonza,
Verviers, Belgium), supplemented with 10% fetal bovine
serum (FBS; Biowest, Nuaill¢, France), 50-units mL !
penicillin (Lonza, Verviers, Belgium) and 50-pg mL !
streptomycin (Lonza, Verviers, Belgium). To conserve the
resistance, 1-uM cisplatin was routinely added to
the A2780cis cells. The pH of the medium was 7.2 and the
incubation was performed at 37°C in a 5% CO, humidified
atmosphere. The A2780 and A2780cis cells were detached
from the tissue culture or 24-well plates as follows: after a
gentle cleanup with 1X PBS, trypsin (100 pL per well) was
added. After 3-min incubation at 37°C, FBS (100 pL per
well) and RPMI (800 pL per well) are added.

The human erythroleukemia K562 cells were isolated
and characterized by Lozzio CB and Lozzio BB, from a
patient with chronic myelogenous leukemia (CML) in
blast crisis.**! K562 cells were cultured in suspension
with the pH 7.2 medium, at 37°C and in humidified
atmosphere of 5% CO,, in RPMI-1640 medium (Lonza,
Verviers, Belgium) supplemented with 10% fetal bovine
serum (FBS; Biowest, Nuaillé, France), 50 units mL '
penicillin (Lonza, Verviers, Belgium) and 50 pg mL ™!
streptomycin (Lonza, Verviers, Belgium).ml

The human skin keratinocytes HaCat were obtained
from ATCC (Manassas, VA), maintained in RPMI 1640
medium (Lonza, Verviers, Belgium), supplemented with
10% fetal bovine serum (FBS; Biowest, Nuaillé, France),
50 units mL ™! penicillin (Lonza, Verviers, Belgium) and
50 pg mL~"' streptomycin (Lonza, Verviers, Belgium).
Glutamine (2 mM) was added to the RPMI complete
medium. The pH of the medium was 7.2 and the incuba-
tion was performed at 37°C in a 5% CO, humidified
atmosphere. The HaCat cells were detached from the tis-
sue culture or 24-well plates as follows: After a gentle
cleanup with 1X PBS, trypsin (100 pL per well) was
added. After 5-min incubation at 37°C, FBS (100 pL per
well) and RPMI (800 pL per well) are added.

Cells, harvested and suspended in physiological solu-
tion, were counted with a Z2 Coulter Counter (Coulter
Electronics, Hialeah, FL, USA). The ICs, was calculated
after 2-3 days of culture, when untreated cells are in log
growth phase.

415 | Apoptosis assays

Annexin V and Dead Cell assays were carried out after 2—
3 days of A2780 and A2780cis culture. Cells were treated
with different doses (ICs, and 2X ICs, values) of the
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selected derivatives and were analyzed with a MuseTM
Cell Analyzer (Millipore, Billerica, MA, USA), according
to the instructions supplied by the manufacturer. This
procedure is based on Annexin V to detect PS
(PhosphatidylSerine) on the external membrane of apo-
ptotic cells. Moreover, a dead cell marker was employed
in the same kit as indicator of cell membrane structural
integrity. Cells were diluted (1:1) with the one step addi-
tion of the Muse Annexin V & Dead Cell reagent. After
20 min of incubation between cell samples and kit at
room temperature in the dark, samples were analyzed.
Data were acquired and recorded utilizing the Annexin V
and Dead Cell Software Module (Millipore, Billerica,
MA, USA).

416 | Cell differentiation assays

The erythroid differentiation was assayed on K562 cells
treated with the complexes in comparison with the
known inducer cisplatin by counting benzidine/H,0,
positive cells in a solution containing 0.2% benzidine in
5 M glacial acetic acid, 10% H,0, as described.!*>3¢! Cells
were cultured for 7 days and the enzymatic-colorimetric
benzidine assay was utilized to determine the possible
effects after 5, 6, and 7 days of K562 cell cultures in incu-
bation with different concentrations of derivatives.

417 | Cell treatment

The derivatives were added to the cell cultures at differ-
ent concentrations and incubated for 24-48 h (Hacat),
48-72 h (A2780 and A2780cis), and 72-168 h (K562). To
prepare the stock solutions (50 mM) and the working
solutions (50 pM), the compounds were dissolved in
DMSO. Finally, the compounds were added in the com-
plete medium (RPMI and FBS) in order to obtain the
final concentrations used in the cell treatment (the
DMSO concentration never exceeded 0.2%). In any case,
control experiments showed lack of biological effects of
the DMSO vehicle. Cisplatin (diluted in H,0) was
employed as control for all the cell lines, A2780,
A2780cis, K562, and HaCat. Untreated cells were placed
in every plate as negative control. The vehicle DMSO was
verified as unable to induce antiproliferative/pro-
apoptotic activity nor to influence the K562 differentia-
tion. The cells were exposed to the compounds in 1000-pl
total volume (24-well plates).
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