Open Access Article. Published on 06 Liigen 2024. Downloaded on 04/12/2025 9:40:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton

Transactions

PERSPECTIVE

{ M) Check for updates ‘

Cite this: Dalton Trans., 2024, 53,
14949

Received 2nd April 2024,
Accepted 2nd August 2024

DOI: 10.1039/d4dt00967c

rsc.li/dalton

Introduction

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal | View Issue

Synthetic routes and chemical structural analysis
for guiding the strategies on new Pt(i) metallodrug
design
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Metals in medicine is a distinct and mature field of investigation. Its progress in recent times cannot be
denied, as it provides opportunities to advance our knowledge of the properties, speciation, reactivity and
biological effects of metals in a medicinal context. The development of novel Pt(i) compounds to combat
cancer continues to make valuable contributions but it has not yet achieved a complete cure. The chem-
istry of this field is basic for drug design improvements and our analysis of the chemical procedures is a
practical tool for achieving effective Pt(i) anticancer drugs. We present chemical approaches in a manner
that can be used to strategically plot new synthetic routes choosing right pathways. Clarifying the chemi-
cal challenge will help the scientific community to be aware of the ease and/or difficulty of the procedure
before and after further studies, such as speciation, reactivity and biological action which are also very
arduous and costly. The work provides information to tackle many challenges in chemistry, combining
the knowledge on the Pt(i) reagent preparation together with the reactivity of the biological units used in
the Pt(1) drug design. We discuss and include the description of the chemical reactions, the importance
of multiple steps and the right order of such reactions to achieve the final drugs, analyzing the coordi-
nation principles as well as the organic and organometallic basis. This thorough study of the routes helps
to detect the simpler or more complicated reactivity and will serve to improve the synthesis performance
with possible post-modifications.

the improvement of drug designs using the structure-activity
relationships of drug libraries. The analysis of the chemical

Multidisciplinary research leads us towards a more complete
understanding of the many challenges in science. Metals in
medicine is one of the best examples of interdisciplinary
topics which benefit from the fields of chemistry, biology,
physics and medicine." These branches of knowledge, all
together, help to understand the mechanism of metabolites
and metallodrugs at both the molecular level and living
systems. Finding new metallodrugs implies performing
difficult procedures from those diverse fields that are not
common and their access is sometimes not straightforward in
the long list of methods and publications.”

On many occasions, the chemistry of metallodrugs is
enshrouded in the numerous publications dealing with their
mechanism of action. The chemistry of this field is basic for
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procedures is then a practical tool for achieving new metallo-
drug designs, as we can use it to strategically plot new routes
choosing right pathways. For example, performing the metal
coordination to the ligand before or after the final synthesis
can be the critical step in achieving a more efficient procedure.

Cisplatin and its second-generation analogues are a land-
mark of metals in medicine, as they are still the most used
anticancer drugs in clinics. The chemical variations in these
classic metallodrug structures are still ongoing, driving a new
impulse in the last few years with the use of innovative designs
and therapies.> Many examples of Pt(n) antitumor drugs have
been reported over these years, from nonconventional struc-
tures to those using combined therapies and targeting
strategies.

Objectives and progress of this
perspective

In this work, we aimed to revise the synthetic approaches used
in the preparation of Pt(u) drugs with ligands bearing
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Biological Units (BUs). Chemical procedures vary dramatically
when using organic compounds to when using organometallic
or small metal ion sources. In 2016, Lippard et al. reviewed the
structure-activity relationship for Pt(u) complexes, selecting
those works where the mechanism studies were more
advanced and completed which indicates clinical progress.
These authors included modern formulations of Pt(u) agents
such as targeted agents, nanoparticle-mediated drug delivery
and Pt(wv) prodrugs.® Instead, this review summarizes and ana-
lyzes by strategies the chemical routes used in these examples
and updates those newly released.

We define Biological Units, BUs, as those groups with a
defined role in the biological system, such as intercalators,
steroids or peptides which potentially can help to target DNA
or its synthesis pathways. The reported synthetic routes of the
metallodrugs are arranged into two subsections considering if
the Pt(u) ion is integrated into the BU ligand from a classical
starting material (route 1) or from a known active core (route
2).

We analyze the experimental data and methods to help the
reader understand the progress of the synthetic procedures
and the importance of their correct description for others to
reproduce the work. Furthermore, we discuss the results and
based on this analysis, the reader could foresee how easy or
difficult any new possible functionalization would be.

Biological Units (BUs) being intercalating agents

Intercalating agents are those compounds which can bind
non-covalently to DNA bases and consequently induce cell
death through different mechanisms. Most of these examples’
objective is to synthesize effective drugs based on a possible
synergism of the Pt(u) drugs and the intercalating agents.

R1: ligand substitution using classical Pt(u) precursors.
Every example in this section starts with the preparation of the
compound considered as the BU ligand and that will react
with a classical Pt(u) starting compound.

The most common Pt(i) classical precursors are iodido
complexes, K,PtCl, and cis-[PtCl,(DMSO),]. In 2013, Wilson
and Lippard reviewed the preparation of Pt(n) complexes
describing these starting materials. They outlined the for-
mation of cis-[PtI,L,] complexes through [PtCI;L]™ or tetraio-
dido intermediates, defining the preparation of cis complexes
as well like cis-[Pt,LL'] using iodido-bridged dimers and
HCIO, treatment, where L stands for a N-donor ligand.” Todido
complexes are intermediates for the synthesis of cisplatin, car-
boplatin and oxaliplatin, due to their higher reactivity. They
were long rejected as antitumoral drugs until some research
groups profited from the higher reactivity of the Pt-I bond and
started to reevaluate their biological action. Many of these
results manifest significant differences in their mechanism of
action and since then a plethora of articles has been pub-
lished. This myriad has been organized into a solid review
article,® where the complexes are classified according to the
oxidation stage, the formula and the donor atoms of the
ligand. We considered only hypoxanthine’ and benzimidazole
derivatives® as BUs, because they prompted biological
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response, and their synthesis is just a direct substitution on
[PtL,>7] by the chosen ligand or dinuclear formation of an
iodido bridge. The cleavage of these dimers affords the desired
complex with retention of the configuration. The most singular
chemistry was the access of bimetallic Pt carbenes with polya-
mine linkers through oxidation of NHC-Pt’ species stabilized
by divinyldisiloxane with I,, but no BUs were used in these
models® (NHC being a N-heterocyclic carbene).

The examples of this section are depicted in Fig. 1 and are
organized by entries which authors are named in the discus-
sion. The first entry is the work performed by Murray et al. in
which they studied the DNA binding properties of four 9-ami-
noacridinecarboxamide-Pt(i1) complexes.'® The authors syn-
thesized the linkers by protecting diethylenetriamine (dien)
first with one equivalent of ethyl trifluoroacetate to allow the
protection of one NH, group and the remaining amino groups
are protected with an excess of Boc,0O. Then, the trifluoroacetyl
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Fig. 1 Synthetic routes used in the BUs being intercalating agents
section. Pt(i) coordination reaction arrows and their donor atoms are
shown in red and intercalator BU fragments are shown in blue. Pt(i)
starting materials are boxed.
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moiety is orthogonally cleaved employing ammonia yielding
an amino group which renders an amide [Fig. 1 entry 1(i)]
upon reaction with the acyl chloride derivative of 9-chloroacri-
dine. The chloride bound to acridine is substituted through
SNAr (aromatic nucleophilic substitution) using a nitrogen
nucleophile (ammonia or ethanolamine), and the Boc group is
removed with an acid. Finally, K,PtCl, reacts in stoichiometric
amounts with the final ligands to form a complex [Fig. 1 entry
1(if)].

Davey et al. designed two novel intercalator-Pt(u) com-
pounds, in which only one chloride leaving group is present
(Fig. 1 entry 2)."* The authors used N-(3-bromopropyl)naphtha-
limide with dien for the linear compound or dien diprotected
with Boc at the terminal amino groups, so that the central N is
the most prone to be alkylated. When the triamine linker is
obtained, ligand exchange substitution takes place using cis-
[PtCl,(DMSO),].

Most authors have reported cis-[PtCl,(DMSO),] synthesis as
a “straightforward” method from the K,PtCl, reaction with an
excess of DMSO.'> However, other authors are more aware of
the fact that a cis-trans isomerization can take place not only
along its synthesis method but also when using it as a precur-
sor in other reactions.'® Thus, its chemical behavior, its equili-
bria and potential speciation should be kept in mind before
designing any synthetic route. For example, an alternative
pathway to avoid the speciation is the use of silver salt
reagents, Wilson’s review describes methods in which both
chloride leaving groups of cis-[PtCl,(DMSO),] are substituted
by a bidentate oxygen ligand, generating [Pt(DMSO),(O,-Chel)]
as a more reliable precursor for substitution reactions.’

The classical starting material, K,PtCl,, reactivity usually
proceeds by coordination at the most favorable donor atom of
the ligand. This binding is preferential on the N of the amine.
When more than one amine is present, the non-selected posi-
tion should be properly protected to avoid mixtures. This reac-
tivity trend can also be observed in some examples where the
reagent is an active Pt(u) core that also affords quick
coordination.

The following examples lay in the frontier of the subsec-
tions appointed in this review article. The authors used, in the
same publication, the classical platinum reagents and active Pt
(u) fragments. At this hybrid point, cis-[Pt(CBDCA)(DMSO),],
where CBDCA is 1,1-cyclo-butane-dicarboxylate, is a good
example, because although not reported as active its structure
resembles carboplatin.

In 1999, Navarro-Ranninger et al. reported two novel Pt-bis-
(naphthalimide) complexes different from each other in terms
of leaving groups, being 1,1-cyclobutane dicarboxylate
(CBDCA) or chloride, respectively [Fig. 1 entry 3]. The com-
plexes were obtained by direct reaction of Pt(u) reagents
including K,PtCl, and cis-[Pt(CBDCA)(DMSO),] with the
selected bis(naphthalimide), where the Pt(u) ion binds to the
two central N-donor atoms of the alkylamino linker.**

Bierbach et al. are well known for their efforts to develop
mono-ionic Pt(u) acridine derivatives. Their early work was
compiled by Lippard, but here we summarized their synthetic

This journal is © The Royal Society of Chemistry 2024
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procedures, expanding information on the synthetic
approaches in their most recent work (Fig. 1 entry 4). On their
first publication, they synthesized {[Pt(ACRAMTU)Cl(en)]
(NOs),}, where ACRAMTU is 1-[2-(ACRidin-9-ylAMino)ethyl]-
1,3-dimethylThioUrea. The author used [PtCly(en)] (en =
ethane-1,2-diamine) as the starting material in a substitution
reaction of one of the chloride leaving groups by the thiourea
sulfur atom of the ACRAMTU." Later, they changed systemati-
cally the Pt-ACRAMTU structure by varying the acridine
moiety’® or the thiourea linker."” Such variations were per-
formed always before the coordination to Pt(u) through key
SNAr on the acridine employing amines. The formation of the
thiourea is then straightforward by reacting with an isothio-
cyanate. As no advantage over these results was obtained, they
replaced the thiourea connector by an amidine group.'® The
key step for the obtention of this connection was the nucleo-
philic addition of an amine to a nitrile; the electrophilic char-
acter of this nitrile is enhanced when it is coordinated to Pt(u).

Bierbach’s most recent work presents a new family to their
monovalent Pt(u) library (Fig. 1, entry 5).'° They obtained
these compounds by nucleophilic addition of aminoacridines
to a Pt(un) coordinated acetonitrile, which was obtained after
the chlorido replacement with AgNO;. Murray et al., discussed
in the previous section,'® employed a similar method to
Bierbach’s strategy which involved the use of a diamine linker
to achieve these functionalized acridine compounds. The
selective functionalization of an amine group relies on the pro-
tection of the remaining reactive sites. These linkers were en
and two sets of enantiopure 3-aminopiperidine and
3-aminopyrrolidine.

R2: unchanging the reactivity of active Pt cores. There are
reports of complexes with dual targeting abilities where the
starting materials (active Pt core) are cisplatin, trans-Pt(u) or
monovalent [PtCl(terpy)]Cl complexes. BU ligands were pre-
pared to replace an existing ligand on the Pt(u).

Yan et al. obtained the first example in this section, and
this approach uses cisplatin with a stoichiometric amount of
AgNO; for the release of one of the chlorides affording AgCl as
the secondary product. The formation of the cisplatin-DMF
intermediate finally renders a cationic monofunctional Pt(u)
complex, cis-[PtCl(NH;),(NP)]NO;, and the ligand (NP, N-(2-
ethylpyridine)-1,8-naphthalimide) was synthesized by a con-
densation reaction, Fig. 1 entry 6.>° Many authors have used
this metathesis procedure, as it is a very common strategy to
replace a halogen with silver salts.

The former common belief regarding Pt(u) drugs was that
trans isomers could not exhibit antitumoral action as cisplatin
because of the lack of activity of transplatin.>' However, in the
eighties, several trans-Pt(u) complex examples were found to be
cytotoxic towards cisplatin-resistant cell lines.>**?* The
common observation was that upon controlling the aquation
rate of the chlorido ligands by employing bulkier non-leaving
ligands, the complexes became more active.>*

Quiroga et al. reported specific intercalating naphthalimide
compounds with different linkers using as an active core a
trans-Pt(u) complex with aliphatic amines (AA) such as di-
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methylamine (dma) or isopropylamine (ipa) (Fig. 1 entry 7).
The linkers were either alkylamines of different lengths
(hexane-1,6-diamine and propane-1,3-diamine) that underwent
condensation with naphthalic anhydride to render alkylamine
naphthalimides (step ii) or a pyridine introduced to N-3-ami-
noproyl-naphthalimide by acylation with isonicotyl chloride
(step ii). The ligands reacted with cis-[Pt(AA),Cl,] to form a cat-
ionic tetramine species that after HCI treatment results in a
trans-configured isomer.>®

The last entry (8) from Fig. 1, a monofunctional Pt(u)
complex, was synthesized by Banerjee et al. using a silver-
aided substitution reaction between the active Pt(i) core [PtCl
(terpy)]Cl and 4-N,N-dimethylamino-1,8-naphthalimide syn-
thesized through condensation. This synthetic procedure ren-
dered a water-soluble cationic complex with nitrate as a
counterion.*®

Steroidal ligands as targeting BU units

Traditional drug design focuses on biological targets where
specific receptors or biomarkers are overexpressed by cancer
cells, for example steroid hormones. Estrogens or progester-
one are known to induce HMG1 overexpression and sensitize
breast cancer cells to cisplatin and carboplatin.>® Hormone-
dependent cancers share the same feature which is the over-
expression of androgen, estrogen and progesterone recep-
tors.>® Steroids are widely used in research as anticancer
agents alone or combined with actual clinical drugs to
potentiate them. Here we present the synthesis of the com-
plexes obtained either from Pt(u) precursors or Pt(u) active
cores.

R1: steroid BU ligand substitution using classical Pt(u) pre-
cursors. Many authors have worked with steroid derivatives,
but regarding route 1, Bérubé et al. pioneered employing
steroids for this purpose.’” His approach involved the use of
an alkyl halide (bromide or iodide) and an amine group,
whilst more recently the authors have gone towards more
modern chemistry such as Pd coupling.

Bérubé et al. synthesized a series of compounds based on a
chelated aminoethylpyridine Pt-estradiol. These series are
designed to link the estradiol (16 position R in Fig. 2 entry 1)
to one aminoethylpyridine through an alkyl or PEG (polyethyl-
eneglycol) chain (Y). In addition, the series includes an
example with a methylenehydroxy group (-CH,OH) at the
16-position. The syntheses started with an initial protection of
the phenolic alcohol of estrone with either benzyl bromide (Pg
is Bn) or tetrahydropyran (Pg is THP) followed by the introduc-
tion (step i) of methoxycarbonyl at the 16-position with NaH
and dimethylcarbonate (step ii). This generates an acidic 1,3-
ketoester which reacts upon basic treatment (step iii) with the
diorganohalide when the linker chain is CH,OH or with the
halide of the THP-protected alcohol when R = H.

When X is OTHP, an aqueous treatment with LiCl (step iv)
prompts the decarboxylation and the deprotection of the
alcohol, which after an Appel reaction (with CBr,, PPhj)
afforded the organohalide (step v). Step vi consists of a
reduction reaction using a hydride donor (LiBH, or LiAlH,),

14952 | Dalton Trans., 2024, 53,14949-14960
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followed by the deprotection of the estradiol phenol (step vii,
including X and Y), achieved either by an acidic treatment in
ethanol (Pg is THP) or by Pd/C catalyzed hydrogenolysis (Pg
is Bn). Finally, a nucleophilic substitution of the estradiol
derivative was carried out employing 2-aminoethylpyridine
(step viii), whereupon coordination to Pt takes place using
K,PtCl, (step ix).”®

Osella et al. used a Sonogashira reaction in which an aryl
halide bearing protected ethylenediamine group was linked to
17a-ethynylestradiol (Fig. 2 entry 2). The platination of the
alkyl amine tail took place in the presence of K,PtCl,.>

Hannon et al. developed a variety of metallo-estrogen drugs
based on 17a-ethynylestradiol (Fig. 2, entry 3). Of all the metal
centers used in their work, we only focus on the synthetic
route using Pt(un) starting materials, [PtCl,(PhCN),] and
[PtCl,(cod)] (cod = 1,5-cyclooctadiene). The authors prepared
three different tridentate chelating ligands using a
Sonogashira coupling reaction between ethynylestradiol and
the linkers L1, L2 and L3. The reaction of the resulting ligand
L1 with [PtCl,(PhCN),] afforded a cationic [PtCI(L1)]Cl
complex, whereas ligand L2 using the same method gave a
mixture of products. However, the authors could achieve [PtCl
(L2)]CI by changing the solvent. Ligand L3 synthesis turned
out to be more complicated, and the optimal procedure
implied the base hydrolysis of the diethyl ester, whereas the
other routes required tedious purifications. All the ligands
coordinate to the Pt(u) to form a tridentate chelator with one
chloride leaving group; the L3 derivative was discarded due to
its poor solubility.*°

R2: unchaining the reactivity of active Pt cores with steroids
as BUs. In this section we will focus on the synthetic pro-
cedures among dozens of examples where the steroid bears an
active core,’ selecting those which have been tested and
demonstrated improvement. In addition, we are describing the
procedures in chronological order as we did in route 1, to end
with the modern chemistry in which synthetic pathways get
not only simplified but also polished.

Ghedini et al. designed a series of steroid-Pt(u)-o-catecho-
lato complexes (Fig. 2 entry 4) from derivatives of estrone,
estradiol and testosterone either functionalized in 17a or
17p.%' The Pt(u) reagent used bis-phosphine-Pt(u)-o-catecholato
bearing an amine or a carboxylic group, which was obtained
after the reaction of cis-[PtCl,(PPh;),] with the corresponding
catechol in a KOH medium. The carboxylic group either in the
Pt(u) fragment or the steroid structure was activated employing
NHS and DCC; nonetheless, they obtained very low yields of
the final Pt(u) derivatives. The authors tested the use of isobu-
tyl chloroformate as an activating reagent which did not
improve the yield due to the formation of side products, such
as the carbamate of the amine. They found that the most chal-
lenging activation was that of the a-aryl carboxylic group,
which led to a mixture of compounds. The major product was
the mixed anhydride. The authors made many attempts using
harsher conditions, but the outcome of the reaction did not
improve. However, they succeeded in avoiding the coordi-
nation of bromide to the Pt(u) core and the displacement of

This journal is © The Royal Society of Chemistry 2024
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the catecholate, with a commercial alkylamino hydrobromide
previously treated with a base.

Bérubé et al. investigated the biological activity of carbopla-
tin and oxaliplatin analogs using an aminoethylpyridine che-
lated Pt-estradiol from a previous entry (Fig. 2, entry 1).**> To
achieve the final analogs, the silver salts of CBDA and oxalic
acid were used to prompt the replacement of the chlorido
ligands by the corresponding carboxylate chelates.

Hannon et al. also reported an example using an active Pt
core. They studied the testosterone conjugated to a mono-
valent diammino N-heteroaryl Pt(u) core (cis and trans
isomers) (Fig. 2, entry 5).>>** Sonogashira couplings were used
to link ethisterone and N-heteroarenes, and to achieve these Pt
() cores, they employed either cis or trans-platin with a stoi-
chiometric amount of AgNO; to displace only one chlorido
ligand that renders the final testosterone conjugated ligand.

This journal is © The Royal Society of Chemistry 2024

BUs based on therapeutic peptides for targeting

Introducing therapeutic peptides and their varying methods of
action against tumor cells is a formidable example of targeting
tumors.>® The so-called active targeting peptides are recog-
nized by some receptors on the surface of tumor cells that are
usually overexpressed.*® The selective metalation of peptide
derivatives is a very challenging matter, as they possess mul-
tiple and diverse donor atoms suitable for the binding of Pt(u)
fragments. Many examples use chelators like diamines or
dicarboxylates as a proficient platform for the selective metala-
tion of peptide derivatives.

R1: peptide ligand substitution using classical Pt(u) precur-
sors. Manheri, K. M. et al. established a strategy to introduce
Pt(n) centers at desired sites along a peptide sequence.”” The
objective of this synthetic protocol is to modulate the flexibility

Dalton Trans., 2024, 53,14949-14960 | 14953
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of peptide segments and their charges by modifying the amino
acid units. Controlling those factors in peptide-Pt(u) conju-
gated complexes seems ideal for modulating DNA interaction
or cellular uptake (Fig. 3, entry 1a). To get the final compound
the authors chose diazides as starting compounds because
once they are introduced into the specific peptide sequence
they can be easily reduced to diamines and behave as a biden-
tate ligand for Pt(u) coordination. To obtain diazides, methyl
esters of threonine and serine were first prepared by adding
SOCI, to a cold MeOH solution of the amino acid followed by
N-Boc protection of the resulting methyl ester. Then, the esters
are reduced by NaBH, to alcohols which are mesylated using
mesyl chloride followed by nucleophilic substitution with
sodium azide. Deprotection of the Boc group from diazides
and coupling with the selective Boc-protected peptide
sequence under EDC/HOBt conditions led to diazide-peptide
conjugation.

The diazide-peptide derivatives are finally reduced by
hydrogenolysis, and the diamines react with K,PtCl, leading to
substitution by direct displacement and thereby generating the
final divalent complexes. The authors used an extension of
this methodology to achieve dinuclear Pt(u) complexes linked
by a peptide sequence (Fig. 3 entry 1b). First, they performed
peptide coupling between two protected amino acids. Then a
LiOH solution hydrolyses the methyl esters on the C- and
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N-terminal residues affording the diacid species which con-
dense twice with the same amine. The dinuclear Pt(u) com-
plexes are finally achieved with a stoichiometric amount of
K,PtCl, by a substitution reaction.

Sarli et al conjugated a monofunctional [N,C,N-Pt(u)]
complex with the cyclic RGDyK peptide through an amide
(Fig. 3, entry 2).>® The objective of this design was to develop a
system for monitoring drug release and promising anticancer
activity for photodynamic therapeutic applications. The syn-
thetic route started with the Pd-catalysed borylation of methyl
3,5-dibromobenzoate with HBPin followed by a Suzuki-
Muyaura coupling with chloropyridine catalyzed by Pd(OAc),,
PPh; and Na,COs;, yielding methyl 3,5-di(pyridine-2-yl)benzo-
ate. Subsequently, a substitution by direct displacement and
cycloplatination was performed using K,PtCl, followed by
methyl ester hydrolysis. The Pt(u)-acid complex coupled with
the lysine amino group of the ¢(RGDyK) peptide through EDC
and NHS activation (Fig. 3, entry 2).

Hambley et al. prepared monofunctional Pt(u) complexes
aiming to incorporate an anthraquinone intercalator and a
minor groove pyrrole peptide binder into a Pt(u) complex
(Fig. 3, entry 3).>° To achieve this design, the substituted
anthraquinones were first coupled to pyrrole lexitropsins (poly-
amides) through a peptide bond, after which nucleophilic
addition of the aminoalkyl anthraquinone to the coordinate
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Fig. 3 Synthetic routes and structures of BUs as peptides. Both coordination reaction steps and donor atoms are indicated in red.
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nitrile ligand of the precursor [PtCl(en)(NCEt)]Cl was per-
formed using the same procedure used by Bierbach (called the
“click” reaction by the authors). The syntheses of the initial
polyamides were performed using a solution phase peptide
method in which the protected groups were Boc or methyl
esters. The peptides were deprotected in basic media while the
free amines were achieved using standard acidic media.

R2: unchaining the reactivity of active Pt cores with pep-
tides. Hammer et al. conjugated specific cyclic peptides to con-
ventional Pt(u) starting materials such as cisplatin and cis-
[PtCl,(en),] with the aim of increasing the specificity for key
targets only overexpressed in cancerous tissues, so that the
final drugs would have less toxicity towards normal tissues.*’
The linear peptides were synthesized following standard Fmoc
solid phase chemistry and then a short oligomeric PEG-based
residue was added to both the N- and C-termini of the peptide.
Subsequently, a malonyl linker was added at the N-terminus
followed by cyclization of the linear peptide on the solid
support and cleavage. The linker was successfully prepared by
alkylating  di-tert-butyl malonate using bromopropyl-
phthalimide treated with a strong base (NaH) under absolute
dry conditions. Subsequently, di-tert-butyl 2-(3-phthalimido-
propyl-malonate) was deprotected using hydrazine monohy-
drate and then glutaric anhydride was used for acylation to
yield the glutaroyl(aminopropyl)malonic ester. The dichlorido
Pt(u) precursors were activated by forcing the formation of the
diaqua species cis[Pt(NH;3)(OH,),]** or [Pt(en)(OH,),]*" by per-
forming an exchange reaction with AgNO; The coordination
took place after the deprotection of the malonate group using
NaOH with a 2-fold excess of the Pt(u) precursor (Fig. 3 entry
4). Other synthetic approaches or designs were evaluated, for
example, the attachment of the malonate linker to the
C-terminus or a similar model without the oligomeric residue,
but none of those attempts were successful.

The last example of this section proves that the chelate
platform is not essential for the conjugation of Pt(u) cores
to peptides. Quiroga et al. isolated trans-Pt(u) compounds
with isopropylamine t¢rans to a picolinic acid and further
functionalized it with the cyclic peptide ¢cRGDfK (Fig. 3,
entry 5).*'

Including intercalating BUs within heterometallic structures

The designs with BUs aim to reduce side effects, overcome cis-
platin resistance and improve the efficacy of Pt(u) drugs. Some
authors have gone beyond a single metal center, introducing
heterometallic complexes which potentially unchain dual
mechanisms, combining the properties of both metallic cores.
The chemistry to achieve heterometallic-based drugs is subject
not only to the functionality of the organic moieties but to the
reactivity of the metallic cores too. There are many examples of
heterometallic with Pt(u) strategies, nicely compiled in a
recent review.’”> For our purpose, we have selected only the
metallointercalator approaches.

Ir, Rh and Ru octahedral complexes are the more com-
monly found intercalating derivatives bound to Pt(u). Fig. 4
encompasses the articles in which the chemistry has been pro-
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ficiently reported, where the first example (entry 1) is an octa-
hedral Ru(u)-bpp complex bound to Pt(u) where bpp is 2,3-di
(pyridin-2-yl)pyrazine.** The bpp ligand is introduced by chlor-
ido substitution onto [RuCl,(phen),] (phen = 1,10-phenanthro-
line) and further platination with cis-[PtCl,(DMSO),].

The use of N-donor connectors is not exclusive to octa-
hedral Ru-based intercalators, Chao’s group employed a
similar strategy.** They used a bridge splitting reaction with
the [Ir,(p-Cl),( ppy)s] reagent, which implies the replacement of
the two chlorides by a terpyridine-containing phenanthroline
(terpy) ligand (Fig. 4 entry 2). The final octahedral Ir(r)
complex was also platinated with cis-[PtCl,(DMSO),].

Chrysi, chrysene-5,6-diimine, is an intercalator ligand used
by Barton et al.*’ to afford mismatch-specific metallointercala-
tors and is presented in the center of Fig. 4. These authors
first synthesized the Rh(m) complex core [Rh(chrysi)
(NH;),(phen)]Cl;, and later replaced the ammonia by a phe-
nanthroline ligand which bears a heptylamino group. Then,
they utilized the amino group to couple the Rh(ur) complex to
the Pt(u) core through EDC-mediated amide formation with
[PtCl,(en-COOH)], generated by the direct chlorido substi-
tution of K,PtCl, (Fig. 4 entry 3). Barton et al. modulated their
previous structure, in which the Rh(ui)-Chrysi couple remains
and the phenanthroline-type ligands are replaced by di
(pyridin-2-yl)amine, one of which contains an acetic-2-yl acid
bound to the amino-N (Fig. 4 entry 4).*® This heteroleptic Rh
(1) core was synthesized analogously to their former example,
in which they replace the amino ligands in [Rh(chrysi)
(NH;),(phen)](TFA); with di(pyridin-2-yl)glycine. The car-
boxylic acid acts as a linker, and it is then functionalized
with diethyl aminomalonate. The removal of the ethyl chains
with aqueous basic treatment renders the dicarboxylic acid
providing a binding site for Pt(u). Ba(OH), treatment gave the
Ba carboxylate, which afforded the final DACH-Pt-carboxylate
complex upon reaction with a solution of [PtDACH(H,0),]
SO,.

The Reedijk group obtained a similar example to entry 2 by
the initial formation of a Ru(terpy)Cl; core from RuCls.
Reedijk’s group utilized one terpyridyl*” as a connector and
spaced with a polyethyleneglycol chain from other terpyridyl
groups, and later platinated with [PtCl,(cod)], reaching a Ru
terpyridine moiety linked to a monofunctional Pt(u) core
(Fig. 4 entry 6) followed by silver-promoted substitution of the
chlorido ligands by another tridentate ligand. Smythe’s group,
on the other hand, utilized an aminoterpyridine,*® which
enabled the reductive amination of picolinaldehyde creating a
new bidentate domain which can be platinated with K,PtCl,
and later treated with DMSO yielding a monofunctional Pt
complex (Fig. 4 entry 5).

Several Pt(u)-Cu(u) complexes based on 3-Clip-Phen [1-
(1,10-phenanthrolin-3-yloxy)-3-(1,10-phenanthrolin-8-yloxy)
propan-2-amine] were prepared by Reedijk’s group.’® The
authors started with (NBuy)[PtCl;(NH;3)] and 3-Clip-Phen,
resulting in a cis isomer, whereas the ¢rans compound syn-
thesis requires the initial activation of cisplatin by removing
one chloride aided by AgNO; followed by reaction with 3-Clip-
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Phen in the excess of HCI. A third complex, also trans-config-
ured, which bears two 3-Clip-Phen units and two chloride
ligands, was obtained by treating K,PtCl, with AgNO; and
reacted with an excess of 3-Clip-Phen to give the final complex
(Fig. 4 entry 7).

In summary, we have observed that the incorporation of a
second metal center into Pt(in) complexes generally proceeds
by reactions of robust fragments on both metal ion reagents.
Pt(u) active cores (cisplatin like) give good intermediates
through metathesis with AgNOj;, but in the heterobimetallic
syntheses, [PtCl,(cod)] and cis-[PtCl,(DMSO),] are more widely

14956 | Dalton Trans., 2024, 53, 14949-14960

used because they trigger substitution reactions more quickly
and efficiently.

Modern chemistry, using click chemistry with Pt(u) and
biological units

Modern chemistry approaches are fundamental for achieving
biological selectivity among the Pt(u) drugs. Click chemistry
has gained the attention of the field whether for its use for
functionalizing the Pt(u) coordinated ligands or for gaining
information about these complexes’ mechanism of action in
cells.

This journal is © The Royal Society of Chemistry 2024
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Farrer and Griffith published a current opinion article with
examples up to 2020.°° These authors published the first
example to develop a steroid linked ligand using click chem-
istry and then coordinating Pt(u) using cis-[PtCl,(DMSO),] and
cis-[Pt(CBDCA)(DMSO),]. However, it is more common to find
examples in the literature where the click chemistry takes
place after the coordination to Pt(u) (Fig. 5) which are dis-
cussed as follows.

Bierbach et al. applied click chemistry to link cytotoxic Pt
(n)-acridine complexes with a Michael acceptor to conjugate
them with carrier proteins.>® They employed the same strategy
described in the intercalator BU section (Fig. 1, entry 5), in
which they initially synthesized the acridine-amine moiety that

|  ——
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undergoes nucleophilic addition to the acetonitrile ligand
bound to Pt(u). The selected amine was 3-((2-aminoethyl)
amino)propanoic acid, which reacted through the terminal
amino group with phenoxyacridine. The key step in this work
was introducing a terminal azide group to the amine linker
by CDI-assisted amide coupling to 2-azidoethan-1-amine, ren-
dering the protected amino-azide-acridine derivative. After it
was deprotected, the free amine derivative reacted with the
electrophilic Pt-nitrile complex to form a cationic-Pt(u)-
amidine-azide. This azide group enabled the authors to
perform Cu-free cycloaddition chemistry with the alkyne
(Fig. 5 alkyne 1) of the commercial maleimide-cyclooctyne
derivatives.

\K*N’

N- .
. N* 1,3-dipolar
N* cycloaddition N=N
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+
® HN e
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N\ N//
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Fig. 5 Synthetic routes and structures of click chemistry substrates in which participant groups are highlighted in purple. Coordination reaction
arrows to Pt and their donor atoms are shown in red. Pt(i) starting materials are boxed.
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Kellett et al. in 2022 took advantage of the click chemistry
between a Pt(u) core functionalized with an azide and an
alkyne bearing a triplex forming oligonucleotides (TFOs)
(Fig. 5, entry 2).>> To reach the azide counterpart, they pro-
tected 1,3-diamino-2-propanol with Boc,O whereupon they
mesylated the hydroxy group with MsCl in the presence of
Et;N. This initial protection is crucial given the higher nucleo-
philic character of amines when compared to alcohols. The
resulting mesylate reacted with sodium azide rendering the
Boc-protected diamino chelate which, after the deprotection,
rendered the hydrochloride salt of the ligand. They synthesized
the cisplatin-like structure using cis-[PtCl,(DMSO),] in DMEF,
whereas the carboplatin and oxaliplatin analogs were obtained
by the reaction of the ligand with PtI,>~ (like cisplatin
synthesis) through intermediates and AgNO; metathesis
explained with details in Wilson’s review.” On the other hand,
to reach the alkyne counterpart, they synthesized the TFO with
a nucleoside bearing a terminal alkyne or cyclooctyne (Fig. 5
alkyne 2a and 2b). The final step is dipolar cycloaddition
affording the conjugated compounds.

More research seems to be still ongoing, the proof of which
is the last work from ref. 53 with phenanthriplatin analogues
functionalized with an azide group (Fig. 5, entry 3). They syn-
thesized a phenanthroline functionalized with a nitro group
by an initial tandem reaction. The tandem reaction consists of
both a Schiff base condensation reaction and a Suzuki coup-
ling reaction between 2-aminophenylboronic acid and 3-, 4- or
5-nitro-2-bromobenzaldehydes. These nitrophenanthrolines
are then reduced to amines using Fe(0) and NH,CI in aqueous
MeOH. Nitrous acid treatment followed by the addition of
sodium azide renders the phenanthroline azide through SNAr.
These phenanthroline derivatives react with cisplatin by chlor-
ido substitution to isolate the monofunctional complex with
the aid of AgNO;. They have generated a very attractive
example to further develop new libraries of compounds with
click chemistry.

Conclusions

In conclusion, we would like to highlight the importance of
chemical procedures in the design of metallodrugs. The
chemical strategy of the metallodrug synthesis can be a vital
step for its development and the optimization can make the
process sustainable. Such optimization can benefit from the
comparison of the similarities in synthetic parameters such as
metal sources, solvents, substituents, protecting groups and
linkers, which are common in the many steps within the reac-
tions reported in the literature. We have found a broad variety
of routes utilized in these syntheses, from amide formations to
nucleophilic aliphatic substitutions, alkaline addition, hydro-
lysis of amides (protecting groups), reactions of acyl chlorides
of alcohols and/or derivatives of amines, decarboxylation and
a long list that includes metal assisted coupling reactions. The
exploration of these reactivities brought to light two important
observations:

14958 | Dalton Trans., 2024, 53, 14949-14960

View Article Online

Dalton Transactions

(a) When a classical Pt(u) reactant is used, the performance
of the reactions is improved by selecting the platination posi-
tion of the BU, protecting the rest of the coordinating sites
that can be cleaved after the coordination takes place.

(b) When using an active core fragment, besides strategic
protection, silver salts facilitate quick and orderly substi-
tutions. The more modern chemistry takes place with a better
yield using the organic substrate BU, but in the last few years
organometallic chemistry (i.e. Sonogashira or Suzuki coup-
ling), click chemistry and advanced peptide synthesis (among
others) have proven that this methodology can be carried out
in the presence of metal ion centers. Particularly, click chem-
istry goes beyond glassware experiments to conduct research
inside the cell itself.
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