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Abstract

Organometallic compounds are playing an increasingly important role in medicinal chemistry due to
their unique features, such as their ability to interact with biological molecules, showing different
reactivity, and tunable electronic structures. These compounds are utilized for a variety functions in
medicinal chemistry, including use as anticancer, antibacterial, antiviral, and anti-inflammatory agents,

in targeted drug delivery, imaging, and enzyme inhibition or modulation.

Indole and pyrrole derivatives are particularly important ligands when coordinated to ruthenium. Their
coordination helps fine-tuning of the stability, electronic properties, and biological activity of the

Ruthenium complexes, a crucial aspect in designing new metal-based anticancer drugs and catalysts.

Solvent ligands, such as water, alcohols, acetonitrile, and dimethyl sulfoxide (DMSO), also play a key
role when coordinated to Ruthenium complexes. They can significantly influence stability, reactivity,
and overall characteristics of the complexes. Solvent addition contributes to stabilization, prompts to

ligand exchange and electronic tuning, increasing solubility features.

In this context, indole and pyrrole-2-carboxylic acid are first coordinated to [Ru(H)2(CO)(PPh3)s],
followed by a subsequent coordination of acetonitrile molecule for both complexes. Interestingly, a
change in the coordination site of pyrrole and indole-2-carboxylic acid is observed, shifting the
coordination from k?-(0,0) to k?>-(N,0), upon acetonitrile incorporation. In the second step, these
solvent-complexes react with organic ligands as the 4-picoline and 4-aminopyridine, leading to the
displacement of acetonitrile. Additionally, the biologically compatible DMSO is coordinated in

exchanging the acetonitrile-solvento coordination to enhance the solubility of the obtained complexes.



Introduction

e The role of organometallic complexes in Medicinal Chemistry

Cancer is a leading cause of death worldwide. Current cancer treatments include surgery, radiotherapy,
and cytotoxic agents, despite their known side effects and the issue of developing resistance. However,
for most types of metastatic cancer, there is no curative therapy available, highlighting the urgent need
for the discovery and development of new effective chemotherapeutic agents.! Organometallic
complexes are one of those chemotherapeutic agents.

Organometallic complexes are extensively used in various medical fields due to their physicochemical
properties, making them viable direct drug candidates. Their suitability and empower as drug
candidates are founded on their structural diversity in coordinating different organic ligands, the redox
properties exhibited by the central metal, the ease of ligand exchange, and catalytic properties.?
Organometallic complexes can catalyze specific reactions in situ, meaning they can activate or modify
drug molecules at precise locations within the body. This targeted activation can reduce side effects and
increase the drug's effectiveness by ensuring that the active form of the drug is generated only where
needed, for example organometallic complexes can catalyze hydrogenation of intracellular
biomolecules.® There are multiple properties of these complexes which makes them suitable to be
applied for drug synthesizing. Furthermore, we discuss in detail the specificity of these metal
complexes and their chemistry, which implies synthesis and characterization procedures.

The application of metals in medicine differs by thermodynamic and kinetic behaviors depending of
their nature towards distinct biological environments. One of the key features required is that
complexes must remain stable within cells to become active against tumoral tissues and leave intact the
healthy ones. Before reaching their target sites, metal complexes can be altered by ligand substitution
or redox reactions.

The process may be monitored during in vitro tests and transformations within cell culture media.*
Beside the metal center itself, the ligands coordinated to the metal also play a remarkable role in the
biological activity of the complex. Organic ligands as simple amino acids and their derivatives, or
biocompatible organic fragments anchored on metal center constitute organometallic scaffolds, which

could be components of a drug or a prodrug themselves.



e The importance of aromatic rings in organometallic complexes

One of the essential structural elements in medicinal chemistry are aromatic ring systems, which serve
as the core building blocks for the majority of drugs available on the market today.® The ring systems
are able to increase the metabolic stability, the polarity or the lipophilicity of the related complexes.
Modern medicinal chemists recognize the importance of rings due to their significant impact on

molecular properties like electronic distribution, three-dimensional structure, and scaffold rigidity.

Properties like hydrophobicity and polarity are crucial for a molecule's bioavailability and the
activity within organisms. The electronic characteristics of the scaffold are key points influencing
molecule reactivity, which affects its metabolic stability and toxicity.” So the ligands are crucial
factors as well as the metal nature for reaching the desired efficiency and function of the global
organometallic system in the biological compartments.

One of the most applied scaffolds coordinated to metal is five or six-membered aromatic rings
most of the times containing a heteroatom such as nitrogen, for example pyrrole, phenyl or
pyridine rings. Six-membered aromatic rings with carboxylic groups are found in natural products
and endogenous ligands, making them a common selection for medicinal chemistry in designing
new chemical active compounds.® It is worth noting that coordinated ligands containing a ring

member are abundant and significant along medicines based on metal complexes.
e Different metals choice in medicinal chemistry

Chemists have the ability to utilize elements with tuned characteristics from across the entire periodic
table to synthesize metal complexes.® A significant number of drugs are metal-based, and considerable
efforts are being made to develop new ones, which generally very often guarantee more
thermodynamic robustness and kinetic half-time life. Here, we provide a brief overview of the various

metal-based complexes, categorized by type of metal.

o Platinium-based drugs

Various Pt-containing compounds are used as drugs, primarily as chemotherapeutic agents. Platinum
compounds began to be used clinically as anticancer agents with the approval of cis-platin (called
cisplatin) in 1978.%° Platinum-based anti-cancer drugs, such as cisplatin, carboplatin, and oxaliplatin
(Fig.1), are widely used in clinical settings due to their significant therapeutic effects and well-defined

mechanisms of action.!!
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Fig.1. The chemical structures of cisplatin, carboplatin, and oxaliplatin which are utilized in clinical treatments for tumor
diseases.?

Cisplatin, carboplatin, and oxaliplatin share physicochemical and pharmacological properties,
especially their ability to form DNA adducts. Oxaliplatin exhibits some resistance mechanisms distinct
from those of cisplatin and carboplatin. While carboplatin can be seen analogues of cisplatin, it exhibits
significantly different pharmacokinetic properties, side effects, and intrinsic activity. Therefore,

choosing between these two species can be done rationally based on patient characteristics.®

Compared to cisplatin, oxaliplatin requires a lower intracellular concentration and fewer DNA-Pt
adducts to achieve its cytotoxic effects. Resistance to oxaliplatin is mediated by similar mechanisms as

cisplatin, including reduced drug accumulation and decreased DNA-Pt adduct formation.4

Cisplatin induces cytotoxicity by interfering with transcription and/or DNA replication mechanisms,
depending on the cell type and concentration. Additionally, it damages tumors by inducing apoptosis
through the activation of various signal transduction pathways, such as calcium signaling, death

receptor signaling, and mitochondrial pathway activation.*®

However, the side effects of platinum drugs, such as lack of selectivity, high systemic toxicity, and
drug resistance, significantly limit their clinical use.*® Other common side effects include ototoxicity,
neurotoxicity, gastrointestinal toxicity, hematological toxicity, cardiotoxicity, hepatotoxicity, and
severe hearing loss. These adverse effects decrease patients quality of life and often require reducing

drug dosage or discontinuing use, thereby compromising the treatment effectiveness.!’18

o Gold-based drugs

There are many advantages that make gold-based compounds interesting candidates to be used as
anticancer treatment. Historically, the medicinal use of gold complexes began when it was observed
that the potassium salts of dicyanoaurate(l), initially suggested by Robert Koch for tuberculosis
treatment, actually demonstrated anti-inflammatory properties.*® Besides these, gold compounds

exhibit acute toxicity to cells, including those cancer cell lines that have demonstrated in vitro to be
7



resistant to platinum. A significant obstacle to FDA approval of Au(l)- and Au(ll1)-based compounds
for cancer treatment is their limited solubility and chemical stability in physiological conditions. This
limitation not only decreases their cytotoxic effectiveness but also leads to the undesirable buildup of
heavy metals in vital organs.?’ Easy reduction of Au(l11) to Au(l) and Au(0) is responsible for fast
ligand exchange, but, on the other hand, the release of either the free ligands or the metal site can lead
to loss of activity and potential side effects.?! What becomes crucial then, is to develop the drugs
stability in the biological environments. One of these improvements is the application of gold-based
nanomedicines, in which a nanoparticle is utilized as carrier to deliver the gold-based complex to

untouched cancer cells.

There are numerous gold-based anticancer complexes, but for this discussion, we will focus on three

specific types as examples for the following discussion.

1. Auranofin and analogues

Auranofin is a lipophilic organogold compound approved by the FDA for the treatment of rheumatoid
arthritis. It possesses anti-inflammatory and potential antineoplastic properties. Gold-containing drugs
like Auranofin are recognized for their anti-inflammatory effects, and the triethyl phosphine derivative
can decrease cytokine production, while enhancing cell-mediated immunity.?? Auranofin is a
monomeric compound with the general formula RsPAuUSR, where the triethyl phosphine group (R3P)
stabilizes the gold-thiol complex (AuSR) and imparts lipophilic properties. The main reason for
stabilization exerted by phosphine groups is that phosphine ligands (auranofin) are typically less labile

than thiolate ligands and undergo slow aquation that exhibit strong stability. (Fig.2) %
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Fig.2. Gold : Complexes with thiolate and phosphine ligands.

2. Gold™ porphyrins

A series of gold "' tetraarylporphyrins (Fig.3) are stable against demetallation under physiological
conditions in the presence of glutathione and are significantly stronger than cisplatin in killing human
cancer cells.?* The most successful example is a cyclometallated gold "' complex, for example

bipyridyl gold "' Compounds.®

\ / PFg
/ \

gold" tetraarylporphyrins [Au(bipy)(OH)2][PFe]

Fig.3. gold"" tetraarylporphyrins® and bipyridyl gold"'Compounds?’

3. Gold" dithiocarbamates

Sulfur-containing compounds are significant because they are similar to sulfur-containing amino acids
as cysteine and methionine. Consequently, they play a role in cellular uptake, deactivation, and binding
processes. Ronconi and Fregona groups have synthesized several Au " dithiocarbamato derivatives of
the form [Au "' X,(dtc)] (where X = Cl, Br and dtc represents various dithiocarbamato ligands) to
closely mimic the key features of cisplatin, but less toxicity and larger activity.? In Fig.4 some of those

Gold " dithiocarbamates have shown.
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Fig.4.Selected Au(l1l)-dithiocarbamato derivatives include: X = Cl or Br; DMDT = N,N-dimethyldithiocarbamate
((CH3)2NCSS-); MSDT = methylsarcosinedithiocarbamate (CH3;O(O)CCH2N(CH3)CSS-); and ESDT =
ethylsarcosinedithiocarbamate (CH3CH,O(O)CCH,N(CH3)CSS-).?°

o Ruthenium-based drugs

Ruthenium complexes exhibit multiple targets and mechanisms for antitumor properties. Among the
metal-based compounds studied, Ruthenium complexes have demonstrated exceptional antitumor
activity.> Various Ruthenium complexes designed to replicate and improve the action of platinum
complexes, exhibiting either in vitro or in vivo antitumor efficacy. Based on the type of the ligands

coordinated to Ruthenium complexes can be categorized into distinct groups.®

1. Ruthenium Chloro-ammino derivatives

The group of Clarke and colleagues pioneering in the investigation of chloro-ammino derivatives with

the general formula [Ru(NH3)s-xClx]Y*.32 These compounds are mimicking cisplatin structure.(Fig.5)

— _ —
NH4 NH, NH;
HsN, | WwNH H3N.,, | «Cl HsN//,,,|‘.\mCl
SR s SRy Ru
/
HaN" | SN, HN" | el HNT | el
Cl NH; Cl

[Ru'l(NH3)sC1] *

CZ'S-[RU.HI(I\IH3)4C12]+

Fig.5. Chloro-ammino derivatives.
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2. Ruthenium Dimethyl-sulfoxide complexes

The solubility of Ruthenium complexes can be highly improved by substituting the ligands by dimethyl
sulfoxide (DMSQO) molecules. As DMSO can be replaced by water ligands in agueous environments,
such as biological systems, where water molecules are abundant. In Fig. 6, an example of the exchange
of DMSO and chloride ligands with water is illustrated. When two chloride ligands are in the cis
position, the exchange of water ligands occurs at a faster rate. 3

SO(CHs), OH,

(HsC)208,,. | wCl (HsC),0S/,,, | wOH,
UL e - u

(HiC),087 | ci (HiC)087 | ci
SO(CH), SO(CHj),

Fig.6. Dimethyl-sulfoxide complexes. cis-[Ru'(DMS0)4Cl,] and the corresponding aqua species.

3. Ruthenium complexes with both chloride and heterocyclic ligands

Ru'" complexes of the type cis-[Ru"'(L).Cl2] (where L is a bidentate heteroaromatic ligand) have been
synthesized and are currently investigated for their antitumor effectiveness recognition, owing to their
similarity in action with cisplatin.34(Fig.7)

Fig.7. Complexes with chlorides and heterocyclic ligands. (a) cis-[Ru"(bpy)2Cl], (b) cis-[Ru''(azpy).Cl.],

(c) mer-[Ru"(terpy)Cls]
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4. Ruthenium arene complexes

Ruthenium arene complexes exhibit strong selectivity in recognizing nucleic acid bases, with the
properties of the coordinated arene significantly impacting the kinetics of their binding. Haimei and his
group found that organometallic Ruthenium(II) complexes of the type [(n®-arene)Ru(en)(X)] (X is CI
or H>O and arene can be Biphenyl (Bip), p-cymene (Cym), Benzene (Ben), Tetrahydro anthracene
(THA), Dihydroanthracene) by applying a stereospecific hydrogen bonding can enable the selective
recognition of specific DNA sites, while the role of arene-purine hydrophobic interactions in affecting

the kinetics of DNA binding is also considered. In this way they are cytotoxic to cancer cells.(Fig.8)%

n+

X=CI', H,O
R'=Biphenyl! (Bip), p-cymene (Cym), Benzene (Ben),
Tetrahydro antheracene (THA), Dihydro anthracene (DHA)

Fig.8. Arene complexes.

Why Ruthenium?

The development of metal-based anticancer drugs has traditionally concentrated on cytotoxic platinum
compounds,®® notably, many Ru-compounds are considered less toxic than Pt-based drugs, and some of
them showed higher selectivity towards cancer cells.®” Ruthenium is situated in the middle of the
second row of transition metals and belongs to the same group of Iron exhibiting properties between
early and late transition metals.® The higher selectivity of Ruthenium to cancer cells is devoted to Iron
mimicking phenomena in biological environment.>® The overexpression of transferrin receptors on

cancer cells, due to their increased iron demand, can effectively deliver Ru complexes to these cells.*

Ruthenium (Ru) complexes have attracted much attention for many other reasons.** Organometallic
complexes are typically considered unstable in air or moist conditions. However, a range of bioactive
Ruthenium complexes has been developed remaining stable in aqueous and alcoholic solutions and
exhibit to be less sensitive to oxygen and sulfur®?, hence Ru complexes demonstrate prominent
bioactivity and bioavailability.*® The rapid expansion of Ru-based anticancer agents is primarily

12



attributed to the unique ability of Ru-core to accommodate multiple oxidation states, allowing for
versatile electron-transfer pathways. Both Ru(l1) and Ru(I11) oxidation states support six-coordinated
octahedral configurations, where the additional axial ligands help fine-tuning on the steric and
electronic properties.* Significant factors include relative weakness of certain metal-ligand bonds and
eventually thermodynamic and kinetic stability of Ru(l11) complexes compared to Ru(ll) complexes, as

ligand exchange directly influences kinetics of the activity.*

¢ Ru-Based Anticancer Agents that successfully entered Clinical Trials

Numerous Ru-based anticancer agents have been developed, but none of them have yet been approved
for clinical use as anticancer drug. There are some Ruthenium complexes that successfully entered

clinical trials. Here we will discuss them in detail.

o NAMI-A

NAMI-A {H:Im[trans-RuCl4(DMSQO)HIm], or imidazolium-trans-DMSO-imidazole-
tetrachlororuthenate} (Fig.9) has been the first Ruthenium-based compound showing antimetastatic

activity in preclinical studies.*®

—

H1C

HN'*
HSC,,,,\,S¢O U &
Clu,. Rl wCl N
u
c” |

N
Ll

Fig.9. Chemical structure of NAMI-A. Molecular weight=458.18 g/mol. Molecular formula:CgH15CiaN4sORu(111)S.

NAMI-A is a Ruthenium compound that obtained by replacing Na* with ImH*. NAMI-A turns out to
be capable both in preventing formation of metastasis and inhibiting cell growth. These features made

13



NAMI-A an ideal candidate for clinical testing.*” The mechanism of action of NAMI-A is to thicken
the capsule close to the primary tumor with the extracellular matrix around tumor blood vessels. This
behavior helps to avoid the tumor cells from infiltrating adjacent tissues and blood vessels.*84°

Recently, NAMI-A has been found to inhibit matrix metalloproteinases, inducing antiangiogenic
effects.>® Additionally, NAMI-A forms covalent bonds with DNA, suggesting its cytotoxicity to be

directly corelated to DNA interaction.>!

While NAMI-A is stable in solid form, it undergoes pH-dependent aquation processes in solution.>? At
physiological pH and 37 °C (in a phosphate buffer with 0.9% NaCl), NAMI-A undergoes a stepwise
dissociation of two chloride ions within minutes. This process, which includes the gradual release of
the DMSO-S ligand, ultimately results in the formation of uncharacterized dark green polyoxo species.
However, at room temperature and slightly acidic pH (3-5), aquation processes are nearly completely
inhibited, by observing a slow dissociation of DMSO occurring approximately at 2% per hour. These
conditions are selected for administering NAMI-A to patients via slow infusion. Due to the presence of
the moderate n-acceptor DMSO-S, NAMI-A has a relatively high reduction potential (E° +235 mV vs.
NHE).5354

o KP1019
Indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(l111)] is a further Ruthenium anticancer drug
which has reached clinical trial. NAMI-A demonstrated a significant efficacy in preventing the
formation of metastases®°®, while KP1019 showed activity against a wide range of preclinical tumor
models, including colorectal carcinomas and various primary explanted human tumors.>’ Here structure
of KP1019 is presented.*® (Fig.10)
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Fig.10. Structure of KP1019.
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e Complexes of Ruthenium(Il) with different solvato ligands

The coordination of solvent can offer several advantages:

e Enhanced stability: The coordination of solvent molecules, such as water or acetonitrile, to a
metal center can stabilize the complex by completing coordination sphere, thus preventing
undesirable reactions associated with the under-coordinated and electronOdeficient metal center.
It also facilitates ligand exchange. Solvent molecules are often labile and can be easily
displaced by other ligands, promoting them as useful transition states or intermediates for
synthesizing further compound to targeted applications.

e Enhance solubility: This is crucial point in reactions where solubility significantly impacts
reaction rate or conversion. Solvent coordination can alter the electronic environment of metal
center, thus fine-tuning to enhance the reactivity. Depending on the nature of solvent and metal,
solvent molecule is able to donate electron density or withdraw it.

e Increased reactivity: The geometry of metal complex can be highly influenced by the
coordinating solvent molecules, promoting reactivity and inducing catalytic activity, or
interaction to biological targets in medicinal chemistry.>®%° For example in 1988, cis- and
trans- Ru(DMSO).4Cl, were synthesized and tested their activity as anti-tumor agents.®*2 In
1995 has been used by N Farrell and colleagues to prepare heterodinuclear Pt—-Ru compounds
crosslinked by 1,4-diaminobutane.®®(Fig.11).

DMSO cl DMSO
oMso,, | ..DMsO  DMSO.. | ..DMSO DMSO.,,, | .uCI ",
"Ru’. RU' u
c”” | “omso  omMso” | pmso  DMSOT | SNTNNANNS O
Cl Cl ¢ He N e
cis-RU(DMSO)4Cl, trans-Ru(DMS0)4Cl, [{cis,fac-RuClz-

(DMSO)3}(NH2(CH2)aNH2){cis-

Fig.11. Ru-DMSO solvato complexes.

Herein we described the synthesized Ruthenium complexes to undergo attempts for coordinating MeCN
or DMSO to afford the related solvato-species. Ruthenium complexes with monodentate or labile
ligands provide excellent starting materials for entry into synthetic Ruthenium chemistry. The solubility

of solvato-complexes is markedly increased. 64656667
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The lability of the Ru-coordinated acetonitrile ligands offers several advantages, for example this
lability allows for the synthesis of complexes with less labile ligands, using acetonitrile complexes as
the starting materials.®®

e Pyrroles in medicinal chemistry

The varied structures and biological properties of natural products make them ideal candidates for
discovering novel compounds for treating human diseases. Among them 5-membered nitrogen-
containing aromatic heterocycles are recently playing a significant role in the medicinal chemistry

research.%®

Pyrroles with 5-membered nitrogen containing heterocyclic compound are recognized as biologically
active scaffolds with a broad spectrum of activities and are present in a variety of natural products.
Common natural molecules containing pyrrole rings include bile pigments like bilirubin, porphyrins of
heme, porphyrinogens, chlorophyll, and Vitamin B12.7° Marketed drugs containing pyrrole ring
systems display a variety of biological activities, including anticancer, antibacterial, anti-inflammatory,
antimalarial, and antipsychotic properties, among others.”* The prevalence of N- heterocycles in
biologically active compounds is due to the stability and efficiency as well as the ability to binding
DNA through hydrogen-interactions.’?

e Indoles in medicinal chemistry

Indole has become highly popular as pharmacophore in various pharmacological contexts. The
intriguing molecular structure captured the attention of organic and medicine chemists, in motivating to
develop derivatives with therapeutic potential. Chemically, the heterocyclic ring system is composed
by a fused six-membered benzene ring with a five-membered pyrrole ring.”® The electrophilicity of the
indole nucleus is well-documented in the literature, enabling facile synthesis of various indole
derivatives through nucleophilic addition and cycloaddition reactions.”* This advantage enhances its
potential for further synthetic modification. Indole-derived phytoconstituents and bacterial metabolites
are produced through biosynthesis, involving coupling of tryptophan with other amino acids.”

The indole nucleus is a planar, bicyclic molecule with 10 n-electrons (8 m-electrons from double bonds

and 2 z-electrons from nitrogen lone pair), making it aromatic according to Huckel's rule. It behaves as
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weak base, prone to protonation only in the presence of strong acids. The highest electron density is
found at the third C-position of the ring, making it the most reactive site for electrophilic substitution.
Additionally, the slightly acidic nature of the NH group makes it prone to N-substitution reactions
under basic conditions.’

Indole is often preferred over pyrrole in medicinal chemistry due to its unique structural and chemical
properties, which make it preferred for drug design and development. Here are summarized some key

reasons:

* Biological Significance:

Natural Presence: Indole constitutes is a key component in many essential biological molecules, as
amino acid tryptophan and the neurotransmitter serotonin, as well as various plant-derived compounds.
Because indole is so common in nature, it tends to interact well with many biological systems, which is
a big plus when developing new medicines.’’

Receptor Interaction: The indole structure plays a crucial role in how drugs interact with certain
receptors in the body. For instance, indole derivatives are well-known for their ability to bind to
serotonin receptors, making them especially valuable in creating drugs for mental health and

neurological issues.’®

* Structural Flexibility:

Aromatic Stability: Indole’s chemical structure includes a stable aromatic ring, because it is a planar,
heteroaromatic molecule with ten n-electrons that circulate throughout its structure. Chemically, indole
is only weakly basic because the lone pair of electrons on the nitrogen atom is delocalized into the -
electron system, allowing it to move freely across the ring. As a result, the nitrogen lone pair is not
readily available for protonation. Instead, protonation occurs at the C-3 position, as this location allows
the molecule to retain aromaticity, making it more thermodynamically stable. This balance contributes
to indole, ability to be reactive enough for chemical applications while remaining stable enough to
finalize effectively its function in the body.’® So, the fused benzene ring provides it an edge over

pyrrole, often resulting in drugs with better performance in the body.

¢ Chemical Behavior:
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Targeted Reactivity: Indole is particularly reactive at a specific spot on its structure, allowing the 3-
position for precise chemical modifications.®? This predictability is important in medicinal chemistry
because it helps in fine-tuning drug properties, inducing its development more controlled and efficient.

» Safety Profile:

Lower Risk of Toxicity: Indole compounds typically have a lower risk of causing toxic side effects
compared to pyrrole-based drugs. Pyrrole can sometimes break down into harmful byproducts, which
limits its use in drug development. In contrast, indole's breakdown products are generally more robust
and therefore safer.8!

o mn-extended Aromaticity

n-Extended aromaticity refers to the delocalization of t-electrons across a larger conjugated system,
often spanning multiple fused aromatic rings. This extended conjugation enhances the stability,
electron delocalization, and unique chemical properties of such molecules. n-extended aromatic
compounds, like polycyclic aromatic hydrocarbons (PAHSs) and certain organometallic complexes.
These compounds often show strong interactions with biomolecules, which can influence their
biological activity, including their potential use in drug development and molecular recognition.®2The
positioning of nitrogen atoms within ligand structure and the nature of the metal moiety appear to
influence the electronic behavior and aromaticity of the m-extended structures in both ground and
excited states. Structural, electronic, and magnetic aromaticity indices were employed to assess the
aromaticity of both free and coordinated ligands. The metal fragment significantly impacts the aromatic
character of the ligands, with aromaticity or antiaromaticity depending on the electron-withdrawing
properties of the ligand-metal systems. The observed electronic distribution on aromatic ligand controls
the modulation of n-stacking potential &

When Indole or Pyrrole is coordinated to Ruthenium, a w-extended aromaticity occurs interacting with

central Ruthenium site helping the global stability of the complex.

O N
\\\‘ \ /\
RiL_ D= Ry
7 \>
O
a

Fig.12.a)Carboxypyrrole and b)Carboxyindole Coordinated to Ruthenium
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Aim of this work

The main goal of this work is:

e The comparison between the synthesis and characterization of the homoleptic dihapto-pyrrole-
Ru derivatives

e Conversion to k>-(N,0) heteroleptic acetonitrile species with the analogous behavior monitored

by the extended indole carboxy- derivatives

e Altering the metal skeleton by coordinative solvent incorporation as DMSO to study future
medicinal features as antibacterial or anticancer activity.

"1,,, ‘ ‘\\\O 1y, ‘ \\\N 1y, ‘ \\\N
RuU > _— "Ru’ "Ru’
- ‘ ~o MeCN™ ‘ ~o x* ‘ ~o

X= DMSO, 4-Picoline, 4-Aminopyridine

Fig.13. Conversion of ligand coordination from homoleptic (O,0) to heteroleptic (N,O) in Ruthenium
Complexes.
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Results and Discussion

e Characterization of Complex 2 [RuH(CO)(PPhs)2(K*(0,0)-Carboxypyrrole)]

Complex 2 was synthesized by refluxing Complex 1 and Pyrrole-2-carboxylic acid in toluene under

Argon atmosphere. Here the characterization of Complex 2 is as followed:

100
-W“ F\,
90 + \ 2022 /\m f
3302 3056
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80 4 1560 /
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60 C?C;,, W N @ 6017
f ,Ru \ ) > \ | (C-CH)
N ‘ ~N 3
50 PPhj
Complex 2
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4000 3500 3000 2500 2000 1500 1000 500
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IR of complex 2: As indicated by the spectrum, the N-H stretch of the pyrrole coordinated to

Ruthenium is marked in green, and the CO peak has shifted from 1940 cm ™! to 1926 cm™.
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TH-NMR of Complex 2: When Pyrrole-2-carboxylic acid coordinates to complex 1, four distinct types
of hydrogens are observed in the H-NMR spectrum. The hydride ligand directly bound to Ruthenium
appears around -16 ppm, which is due to the proximity to the plethora of electron density about the

metal site. The peak appears as a triplet because it is coupled with two equivalent phosphorus atoms in

trans-positions.
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SIP-NMR of complex 2: The doublet peak is observed at 44 ppm. Since the two phosphorus groups

have the same chemical environment, only a single peak is observed in the 3P-NMR spectrum. The

peak appears as a doublet due to coupling with the hydride ligand bound to Ruthenium.
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13C-NMR of complex 2: The Pyrrole-2-carboxylate coordinated to Ruthenium contains five distinct
types of carbons, which are identified in this spectrum. The carbon of the C=0 group appears around
205 ppm as a triplet, due to coupling with two phosphorus atoms. A deshielded carbon signal at 174.27
ppm, corresponds to the carboxylate group. The C-atoms of phenyl rings from the triphenylphosphine
ligands, highlighted in dark blue, are multiplets due to the coupling to the two P atoms.

23



§ GD303

S
-
b

M

UL

Moo N N
50
60
PPhs ’ 7
OC!"I, \\\\\“ . N | 70
7z 80
o 790
PPhs |
100
Complex 2 {5.83,108.53) @ ,
o ‘ 1110
— {6.13,108.42} |
F120
F130
140
150

84 82 80 7.8 76 7.4 72 7.0 6.8 6.6 6.4 6.2 6.0 58 56 5.4

f2 (ppm)

Heterocorrelated NMR spectrum {**C,'H} HSQC of complex 2: In this spectrum, only two

peaks are visible, corresponding to the carbons that are directly bonded to hydrogen atoms. These

are the only two peaks we can be undoubtedly assign.
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ESI-Mass of complex 2: [M] =765 (m/z), [M-H]" =764 (m/z), [M-L+2CH3CN]* =737 (m/z), [M-L+
MeCN]" =696 (m/z), [M-L]" =655 (m/z).

The mass spectrum exhibits the expected signals corresponding to the loss of either the hydride or
pyrrole-2carboxylate ligand, with peaks at [M-H]*=764 (m/z) and [M-L]"=655 (m/z). Peaks at 696 and
737 (m/z) are attributed to subsequent incorporation of acetonitrile (MeCN). Significant fragmentation
is observed, notably above the molecular peak, corresponding to Pyrrole-2-carboxylate ligand loss
(696) and further acetonitrile incorporation (737).

~ Ru_PYR_1e-5 DMSO
Ru_PYR_1.5e-5_DMSO
Ru_PYR_2e-5 DMSO
Ru_PYR_2.5e-5 DMSO

1 v I v 1 v 1 v I B | I
200 300 400 500 600 700 800
Wavelength (nm)
UV-Vis of complex 2: Amax=260nm , €E=17060
The absorption peak at 260 nm observed in the UV-Vis spectrum of complex 2 is attributed to a ligand-

centered transition. Four acquisitions were made at different concentrations of the complex to obtain

the molar extinction coefficient (€) value according to the Lambert Beer law.
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Stability of Complex 2 in PBS after 24 hours at 37 °C: To provide qualitative insight into the
stability of complexes at physiological pH in solution phase, their UV-Vis spectra were recorded in
phosphate buffer solution (PBS-5% DMSQO) over a period of time of 24 h.
The spectra of the complexes show no wavelength shifts, indicating that their structural stability was

maintained throughout the experiment.

e Characterization of Complex 3 [Ru(NCMe)(CO)(PPhs)2(K*(N,0)-Carboxypyrrole)]
Complex 3 was synthesized by refluxing Complex 2 in Acetonitrile under Argon atmosphere.
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IR of complex 3: As shown in the spectrum, in comparison to the IR spectrum of Complex 2, the peak
related to N-H stretch of the pyrrole is not visible because the pyrrole ring N is coordinated to
Ruthenium directly, and the CO peak has shifted from 1926 cm™ to 1944 cm™.
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TH-NMR of Complex 3: In this spectrum, three distinct hydrogens from Pyrrole-2-carboxylic acid
coordinated to Ruthenium are visible, along with a peak at 1.35 ppm, integrating to 3, which is
assigned to the three hydrogens of the methyl group in acetonitrile. A comparison with the *H-NMR
spectrum of complex 2 reveals that the peak corresponding to the hydride (around -16.74 ppm) is not
visible, indicating that the hydride has been successfully replaced by acetonitrile in the coordination

process.
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3IP-NMR of complex 3: In this spectrum, a singlet peak is observed at 26.53 ppm, indicating perfect
decoupling due to the absence of a hydride coordinated to Ruthenium. The two phosphorus atoms share

the same chemical environment, as the other ligands coordinated to Ruthenium are in the same plane.
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I3C-NMR of complex 3: As shown in the spectrum, the carbon of the methyl group appears downfield
at 2.65 ppm. The other aliphatic carbon, associated with the CN group, is observed at 128.46 ppm. A
triplet peak appears at the most upfield position, corresponding to the C=O group, which is coupled
with two phosphorus atoms. In the pyrrole ring, the carbons farther from the nitrogen appear more
upfield compared to those closer to the nitrogen. The carbon signal of the carboxylate group is more

deshielded, but less than the C=O0 signal.
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Heterocorrelated NMR spectrum {3C,"H} HSQC of complex 3: In this spectrum, four signals are
visible, corresponding to the carbons that are directly bonded to hydrogen atoms. They are assigned by

the way of their attachment.
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Heterocorrelated NMR spectrum {3C,'"H} HMBC of complex 3: In this spectrum, the positions of
two peaks corresponding to quaternary carbons are observed. The peak that appears upfield is

associated with the C=N group, marked in red, while the downfield peak in violet corresponds to the

carboxylate carbon.
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ESI-Mass of complex 3: [M]=804 (m/z), [M+H]" =805(m/z), [M+Na]* =827(m/z), [M+K]*
=843(m/z), [M-L+2CH3CN]" =737 (m/z), [M-L+ CH3CN]* =696 (m/z), [M-L]* =655 (m/z).

The mass spectrum shows the expected signals for the loss of the pyrrole-2-carboxylate ligand, with a
peak at m/z 655 [M—-L]". Peaks at m/z 696 and 737 are linked to the subsequent incorporation of
acetonitrile (MeCN). Additionally, three prominent peaks appear at m/z 805 [M + H]*, 827 [M + Na]*
and 843 [M + K]* for the solvent complex 3.
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UV-Vis of complex 3: Amax=259nm , €=13380
The absorption peak at 259 nm in this UV-Vis spectrum of complex 3 is assigned to a ligand-centered

transition. To determine the molar extinction coefficient (€), four measurements were taken at different

concentrations of the complex in DMSQO, following the Lambert-Beer law.
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Stability of complex 3 for 24 h in PBS at 37 °C: To gain qualitative insight into the stability of the
complexes at physiological pH in solution, their UV-Vis spectra were recorded in a phosphate buffer
solution (PBS-5% DMSO) over a 24-hour period. The spectra revealed no shifts in wavelength,
suggesting that the complexes maintained their structural stability throughout the experiment. Even if
the bands have not shifted, a decrease in the intensity of the bands can be observed after 24 hours. This

is an indication of a lower concentration of the complex in the solution, which can be caused by the

precipitation of part of the complex over time.

e Characterization of Complex 4 [Ru(4-picoline)(CO)(PPhs)2(K*(N,0)-Carboxypyrrole)]
and Complex 8 [Ru(4-Picoline)(CO)(PPhs)2(K*(N,0)-Carboxyindole)]

Complex 4 was synthesized by refluxing Complex 3 and 4-picoline in toluene under Argon
atmosphere. Complex 8 was synthesized by adding 4-picoline to Complex 7 and refluxing them in

1,4-Dioxane.
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IR of Complex 4: The spectrum displays a sharp CO peak at 1930 cm™, indicating a significant shift
compared to the CO peak of the reactant (complex 3) at 1944 cm .
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IR of Complex 8: The spectrum displays a sharp CO peak at 1930 cm™, indicating a significant shift
compared to the CO peak of the reactant (complex 7) at 1944 cm ™.
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TH-NMR of Complex 4: As indicated in the spectrum, the product peaks are highlighted in blue and
pink. However, the spectrum also reveals the presence of an additional complex alongside the product,
with its peaks marked in red. The signals integrating 89.82 corresponds to the triphenylphosphines of
all species of the mixture. This value is higher compared to previous complexes, which show
integration of 30. The increase is likely due to the presence of another, unidentified complex. The four
broad singlets highlighted with green color are related to the Pyrrole moiety of a side product formed
during the reaction. The peak at 8.39 ppm may refer to NH moiety of the pyrrole in by-product.
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3IP-NMR of Complex 4 and 8: In the spectrum of Complex 4, (bottom spectrum), the presence of four
phosphorus-containing compounds is revealed, with two being the major ones. The more intense peak
at 42.31 ppm corresponds to the main product where picoline is successfully coordinated, and the other
at 23.86 ppm refers to a Ruthenium-Pyrrole derivative, but the structure is still unknown. The peak at
29.12 ppm is attributed to triphenyl phosphide oxide. Under varying reaction conditions, the product
with indole shows chemical shifts that are similar but slightly different from those of the product with
pyrrole. Like spectrum of complex 4, the indole Complex 8 (upper spectrum) shows the presence of a
four-compound mixture which the product peak is observed at 42.63 ppm. In this spectrum, the
intensity of two peaks on the left, marked by arrows, are approximately the same, so it is not
straightforward to properly assign the signals of the H-NMR spectrum for complex 8.
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e Characterization of Complex 6 [RuH(CO)(PPh3)2(K*(0,0)-Carboxyindole)]

Complex 6 is synthesized by dissolving Complex 1 and Indole-2-carboxylic acid in Toluene under
Argon atmosphere.
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IR of Complex 6: As shown in the spectrum, the N-H stretch of the indole coordinated to Ruthenium
is marked in orange, and the CO peak has shifted from 1940 cm™ to 1931 cm ™.
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TH-NMR of Complex 6: This spectrum illustrates the six distinct proton signals of indole-2-
carboxylate coordinated to Ruthenium, with their assignments based on nearby atoms. The hydride
ligand directly attached to Ruthenium appears in the upfield region as a triplet due to coupling with two
phosphorus atoms. The hydrogen bonded to the nitrogen of the indole appears downfield, as the more
electronegative nitrogen causes the hydrogen to be more deshielded.
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3SIP.NMR of complex 6: In the spectrum, a doublet peak is observed for the two phosphorus atoms,
which share the same chemical environment. The reason it appears as a doublet is due to coupling with
the hydride coordinated to the Ruthenium.
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ESI-Mass of complex 6: [M+L]=815 (m/z), [M-H]* =814 (m/z), [M-H+CH3CN]* =855(m/z), [M-

L+2CHsCN]* =737 (m/2), [M-L+ CH3sCN]" =696 (m/z), [M-L]* =655 (m/z).

The mass spectrum displays the expected signals for the loss of the Indole-2-carboxylate ligand, with a
peak at m/z 655 [M—L]". Peaks at m/z 696 and 737 correspond to the subsequent incorporation of

acetonitrile (MeCN). The peak at m/z 855 is attributed to the fragmentation of the hydride,
accompanied by the addition of an acetonitrile molecule. Another peak at m/z 814 indicates the

elimination of the hydride from the complex.
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UV-Vis of complex 6: Amax=259nm , €=11260
The absorption peak at 259 nm in the UV-Vis spectrum of complex 6 is attributed to a ligand-centered
transition. To determine the molar extinction coefficient (£), four measurements were taken at varying

concentrations of the complex in accordance with the Lambert-Beer law.
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Stability of complex 6 for 24 h in PBS at 37 °C: To assess the stability of the complexes at
physiological pH, UV-Vis spectra were recorded in a phosphate buffer solution (PBS-5% DMSQ) over
24 hours. No wavelength shifts were observed, indicating the complexes retained their structural
integrity during the experiment. However, a reduction in band intensity was noted after 24 hours,

suggesting a decrease in complex concentration, potentially due to partial precipitation over time.

e Characterization of Complex 7 [Ru(NCMe)(CO)(PPhs)2(K*(N,0)-Carboxyindole)]
Complex 7 is synthesized by refluxing Complex 6 in Acetonitrile under Argon atmosphere.
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IR of Complex 7: As indicated in the spectrum, the CH stretch of the methyl group in acetonitrile
coordinated to Ruthenium appears at 2960 cm™', and the CO peak has shifted from 1931 cm™ to 1946
cm™!. Upon coordination of acetonitrile to Ruthenium, indole-2-carboxylate binds through N,O instead

of O,0.

1 1 L 1 ¥ 1 L) | " 1
3500 3000 2500 2000 1500 1000
cm-1

52




7.26 CDCI3
5

~7.47

6.84
{683
\6.73
—6.32

9
7 T
@ @
- ao (@)
L PPhs
MeCNy,, | NP e
.Ru\
/
oc” | Soy
PPhs
@ Complex 7
=i

L e L S B [ T B B
6.92 6.90 6.88 6.86 6.84 6.82 6.80
f1 (ppm) |

—1.52

5.5

5.0 4.5 4.0 3.5 3.0 2.5 2.0

f1 (ppm)

= 13.35 -

TH-NMR of Complex 7: This spectrum illustrates the 5 distinct proton signals in indole-2-carboxylate
coordinated to Ruthenium by N,O site, with their assignments based on nearby atoms. The signals of
the hydride bonded to the nitrogen of the indole disappears after the coordination of MeCN.
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3IP-NMR of complex 7: In the spectrum, a singlet peak is observed for the two phosphorus atoms,
which are in the same chemical environment confirming the octahedral geometry of the complex.
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13C-NMR of complex 7: As shown in this spectrum, the intensity of some peaks is very low, making it
difficult to distinguish them from the noise. The different types of indole carbons have been assigned.
The signals related to carbons of the methyl group in acetonitrile appearing downfield marked in red.
The multiplet peaks marked in brown are attributed to the phenyl’s carbons of triphenyl phosphine
groups. The C=0 peak is not assigned here due to its low intensity, which causes it to be lost in the
noise.
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Heterocorrelated NMR spectrum {3C,"H} HSQC of complex 7
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ESI-Mass of Complex 7: [M]=854 (m/z), [M+H]* =855(m/z), [M-CH3CN+H]" =814 (m/z), [M-L-
CO+H]* =786 (m/z), [M-CO+H]* =827 (m/z), [M-L+H]" =696 (m/z), [M-L+CH3sCN+H]" =737 (m/z),
[M-L-CH3CN]=655 (m/z).

The mass spectrum displays the expected signals for the loss of the Indole-2-carboxylate ligand, with a
peak at m/z 655 [M-L-CH3CN]+. Peaks at m/z 696 and 737 correspond to the incorporation of
acetonitrile (MeCN). The peak at m/z 827 is associated with the fragmentation of CO and the exchange
for a hydride, while in addition to that dissociation of the inodole-2-carboxylate ligand results in a peak
at m/z 786.
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UV-Vis of complex 7: Amax=259nm , £=20560
The absorption peaks at 259 nm and 302 nm in the UV-Vis spectrum of complex 7 are attributed to

ligand-centered transitions. To calculate the molar extinction coefficient (€), four measurements were

performed at different concentrations of the complex, following the Lambert-Beer law.
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Stability of complex 7 for 24 h in PBS at 37 °C: To evaluate the stability of the complexes at
physiological pH, UV-Vis spectra were recorded in a phosphate buffer solution (PBS-5% DMSQ) over
a 24-hour period. No shifts in wavelength were detected, indicating that the complexes maintained their
structural integrity throughout the experiment. However, a decrease in band intensity was observed
after 24 hours, implying a reduction in the concentration of the complex, likely caused by partial

precipitation over time.

e Characterization of Complex 9 [Ru(4-Aminopyridine)(CO)(PPh3)2(K%(N,0)-
Carboxyindole)] and Complex 5 [Ru(4-Aminopyridine)(CO)(PPh3)2(K2(N,0)-
Carboxypyrrole)]

Complex 9 was synthesized by adding 4-Aminopyridine to Complex 7 and refluxing them in 1,4-
Dimethoxyethane. Complex 5 is synthesized by refluxing Complex 3 and 4-Aminopyridine in 1,4-
Dimethoxyethane.
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IR of Complex 9: The spectrum shows a sharp CO peak at 1930 cm™, representing a notable shift
from the CO peak of the reactant (complex 7) at 1944 cm™.

62



100 H
90 -
/
Il (Nfiﬁich)m/
80 - (arom.CH strech) /
2960 M
(Me CH strech) (asym.cOQ)
§ 70 | 1920 151
(C=0) CHPh
60 - @
HoN —
’ o | PPh3 N 1480
50 - N NI,'"R \\\x“' Z (sym.COO)
u
- N\ 1431
Og | O CH strech
B . s
. 695
Complex 5§ PPH3
30 T T * I T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

cm-1

IR of Complex 5: The spectrum shows a CO peak at 1920 cm™, representing a notable shift from the
CO peak of the reactant (complex 3), which is at 1944 cm™.
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3IP-NMR of Complex 5 and Complex 9: In the spectrum of Complex 9 (bottom spectrum), the
two doublet peaks correspond to the product. due to steric hindrance, the two phosphorus atoms
experience different chemical environments. As a result, the two phosphorus atoms are coupled to
each other and they appear as doublets. In the upper spectrum that is for complex 5, product’s peaks
are two doublets, observed at 35.99 and 31.64 ppm which are different from the peaks of complex
9. There are many other side products peaks but by comparison of two spectrums we can confirm
the presence of pyrrole products. The peaks at 29.22 ppm in both spectrums are related to

triphenylphosphine oxide.
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TH-NMR of Complex 9: As seen in the spectrum, two doublets with an integration of 2 correspond to
4-aminopyridine successfully coordinated to the complex. The two hydrogens of the amine group, with
an integration of 2, are marked in pink. The other peaks, marked in green, represent the five hydrogens

of indole.

e Characterization of Complex 10 [Ru(DMSO)(CO)(PPhs)2(K*(N,0)-Carboxyindole)]
Complex 10 was synthesized by adding 4-Aminopyridine to Complex 7 and refluxing them in

toluene.
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IR of Complex 10: The spectrum reveals a CO peak at 1954 cm™, indicating a significant shift from
the CO peak of the reactant (complex 7), which appears at 1944 cm™'. C-H stretching of aliphatic
methyl groups of DMSO can be observed.
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3IP.NMR of Complex 10: The product peak is observed at 41.76 ppm, and since both phosphorus
atoms share the same chemical environment, it appears as a single sharp peak. The other two peaks
correspond to triphenylphosphine oxide and free triphenylphosphine.
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TH-NMR of Complex 10: The multiplet peak of the triphenylphosphines coordinated to Ruthenium is
marked in green, with an integration of around 40. Peaks corresponding to the hydrogens of indole are
marked in orange, while the peak at 5.88 ppm, marked in yellow, represents the least decoupled
hydrogen. The peak at 7.18 ppm is believed to correspond to two superimposed indole hydrogens, with
an integration of 2. The peak at 2.60 ppm, integrating about 6, is attributed to the six hydrogens of the
coordinated DMSO.
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Conclusion

The synthesized Ruthenium complexes presented in this work demonstrate the ability to form stable
organometallic compounds with various ligands, including pyrrole, indole, and solvato species as
coordinated acetonitrile and DMSO. The research highlights the conversion from K2-(0,0) to K?-(N,0)
upon incorporating the acetonitrile solvent as ligand, which affects electronic properties and potential
reactivity of the complexes.

By characterization through, including IR, NMR, UV-Vis spectroscopy, and ESI-mass spectrometry,
the distinct structural differences between the synthesized complexes were elucidated. The coordination
alterations due to the role of solvato ligands were explored, showing how they can influence the
stability and the solubility of complexes, making them as viable candidates for further studies in

medicinal chemistry, particularly for their potential anticancer and/or antibacterial properties.

Overall, this work provides insight into the structural versatility and reactivity of Ruthenium-based

complexes, emphasizing their potential ability towards application in drug design.
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Experimental part

e Synthesis of Complex 1 [Ru(H)2(CO)(PPh3)s3] as precursor

PPhs
RuCl3xH,0 +  PPh, KOH, Et?H H//,,,Ru\\\\«H
25-78 °C oc”™ | \PPh3
PPhs
Complex 1
Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol)

RuCls.xH20 207.43 1000 - 4.821 -
PPhs 262.29 4000 - 15.250 -
KOH 50.10 2140 - 42.714 -
EtOH - - 100 - -

[Ru(H)2(CO)(PPhs)s] 917.97 3766 - 4.102 85

RuCls.xH20 is dissolved in absolute ethanol under argon atmosphere and is heated to reflux, then PPh3
is added and the mixture remained under reflux for 1 hour. A dark brown suspension is achieved. It is
cooled down to room temperature and then KOH is added. The mixture was initially agitated at room
temperature for 1 hour, followed by heating at 50-60 °C for another hour, during which the dark brown
reaction mixture changed first to dark green and then to yellow. It was then vigorously stirred under
reflux for 10 hours. Once the mixture cooled to room temperature, the precipitate was filtered in air,
washed with ethanol (2 x 20 mL), deionized water (3 x 20 mL), and ethanol again (3 x 20 mL), then

dried under vacuum. obtained product is a pale yellowish microcrystalline solid.®*
The product is characterized by:

'H NMR (benzene-d6, 25 °C): § 7.6-6.8 (m, 45H, PPh3), -6.5 (tdd, 1H, J = 31, 15, and 6 Hz, Ru-H
trans to C), -8.3 (dtd, 1H, J = 74, 29, and 6 Hz, Ru-H trans to P);

$1P{1H} NMR: § 60.7 (d, 2P, ] = 17 Hz), 48.6 (t, 1P, J = 17 Hz).%
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e Synthesis of Complex 2 [RuH(CO)(PPh3)2(K*(0,0)-Carboxypyrrole)]

PPhj
H,, H H PPh3O
/,Ru\\\ _ R OC//,, \\\\\, N
OC/ | \pph N HOJ\@ Toluene , T=111°C _ /’Ru\\ /\>—@
PPhs 3 Ar-atm, 45 minutes H | o)
PPh
Complex 1 Comp31ex 2

M.W.: 917.97g.mol”

M.W.: 111.10g.mol "’

M.W.: 764.76g.mol"’

Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol)
[Ru(H)2(CO)(PPhs)s] 917.97 250 - 0.271 -
Pyr—2-COO 111.10 30 - 0.271 -
Toluene - - 12 - -
[RUH(CO)(PPh3)2(Pyr—2COO0)] 764.76 134 - 0.175 65

Complex 1 and Pyrrole-2-carboxylic acid are dissolved in Toluene under Argon atmosphere. The
mixture heated to reflux (111°C) for 45 minutes. The reaction is cooled and the solvent is evaporated
under vacuum. The precipitation is dissolved in Dichloromethane (2 ml) under Argon and then
precipitated by Diethyl ether (30 ml). The precipitation is filtered and the solid product washed
successively with Petroleum ether (3 x 10 ml), Diethyl ether (3 x 10 ml) and dried under vacuum for 10
minutes. The product is a gray powder.%
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e Synthesis of Complex 3 [Ru(NCMe)(CO)(PPhs)2(K*(N,0)-Carboxypyrrole)]

PPhs H F|’Ph3 \ */
H//,,,R| \\\\“‘Q> N | Acetonitrile , T=82°C MeCN/m,Ru\w“'
oc”™” |u\o’ \ Ar-atm, 40hrs oc”” | \o o
PPh; PPhg
Complex 2 Complex 3
M.W.: 764.76g.mol"" M.W.: 803.80g.mol"’
Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g-mol)
[RUH(CO)(PPh3)2(Pyr—2C0O0)] 764.76 100 - 130 -
Acetonitrile - - 30 - -
[Ru(NCMe)(CO)(PPhs)2(Pyr—2C0O0)] | 803.80 97 - 120 92

Complex 2 is dissolved in Acetonitrile under Argon atmosphere. The mixture is heated to reflux (82°C)

for 40 hours. The reaction is cooled and the solvent is evaporated under vacuum. The precipitation is

dissolved in Dichloromethane (2 ml) under Argon and then precipitated by Petroleum ether (30 ml).

The precipitation is filtered and the solid product washed with Petroleum ether (3 x 10 ml) and dried

under vacuum for 10 minutes. The product is dark gray powder.’
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e Synthesis of Complex 4 [Ru(4-picoline)(CO)(PPh3)2(K*(N,O)-Carboxypyrrole)]

PPh; V PPh; /=
MeCN.,,. N% ﬁj Toluene , T=111'C__ _ \N///“ Nz
OC/ | \ | > Ar-atm, 4:30hrs OC/R|U\O .
PPhs PPh,
Complex 3 Complex 4
M.W.: 803.80g.mol" M.W.: 93.13g.mol" M.W.: 855.88g.mol"!
Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol)
[Ru(NCMe)(CO)(PPhs)2(Pyr-2C0O0)] | 803.80 24 - 0.029 -
4-Picoline 93.13 - 0.0035 0.029 -
Toluene - - 12 - -
[Ru(4- 855.88 12 - 0.014 48
Picoline)(CO)(PPhz)2(Pyr—2C0O0)]

Complex 3 and 4-picoline are dissolved in Toluene under Argon atmosphere. The mixture heated to

reflux (111°C) for 4 hours and 30 minutes. The reaction is cooled to room temperature and the solvent

is evaporated under vacuum. The precipitation is dissolved in Dichloromethane (1 ml) under Argon and

then precipitated by petroleum ether (10 ml). The precipitation is filtered and the solid product washed

with Petroleum ether (3 x 10 ml) and dried under vacuum for 10 minutes. The product is dark gray

powder.
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e Synthesis of Complex 5 [Ru(4-Aminopyridine)(CO)(PPhs)2(K*(N,0)-Carboxypyrrole)]

PPh3
MeCN,, | N A
oc/ \
PPh3
Complex 4
M.W.: 803.80g.mol"

DME , T=85°C

Ar-atm, 2hrs

M.W.: 94.12g.mol"

PPh,

]
N N 11, \\\\\“
R

u
oc”™” | \O
PPh,

Complex 5
M.W.: 856.86g.mol’

Carboxypyrrole)]

Aminopyridine)(CO)(PPhz)2(K?(N,O)-

Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol?)
[Ru(NCMe)(CO)(PPhz)2(K?(N,0)- 803.80 40 - 0.050 -
Carboxypyrrole)]
4-Aminopyridine 94.12 4 - 0.042 -
1,2-Dimethoxyethane - - 10 - -
[Ru(4- 856.86 32 - 0.037 88

Complex 3 and 4-Aminopyride are dissolved in 1,2-Dimethoxyethane under an Argon atmosphere. The

mixture is heated to reflux (85°C) for 2hours. The reaction is cooled to room temperature and the

solvent is evaporated under vacuum. The precipitation is dissolved in Dichloromethane (3 ml) and then

filtered on celite column under Argon atmosphere. The precipitation in the column eluted by

Dichloromethane (3 x 5 ml). Then Dichloromethane is evaporated under the vacuum. The product

remaining is a black powder.
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e Synthesis of Complex 6 [RuH(CO)(PPhs)2(K*(0,0)-Carboxyindole)]

PPhs oo
O;////"R]u“\\wpphs + H§>—<\_H® Toluene ,T=1.11°C - H//,,,Ru\\\\‘s“(?> H
PPhs Ar-atm, 45 minutes  oc*” | \O>_<\—®
Complex 1 PPhy
M.W.: 917.97g.mol"" M.W.: 161.16g.mol"" Mf,{,’?’%lfﬁ_gzg_moﬂ
Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol)
[Ru(H)2(CO)(PPhs)s] 917.97 150 - 0.163 -
Indole-2-carboxylic acid 161.16 26 - 0.161 -
Toluene - - 8 - -
[RUH(CO)(PPhs)2(K?(0O,0)- 814.82 95 - 0.116 72
Carboxyindole)]

Complex 1 and Indole-2-carboxylic acid are dissolved in Toluene under Argon atmosphere. The
mixture heated to reflux (111°C) for 45 minutes. The reaction is cooled and the solvent is evaporated
under vacuum. The precipitation is dissolved in Dichloromethane (2 ml) under Argon and then
precipitated by Diethyl ether (30 ml). The precipitation is filtered and the solid product washed
successively with Petroleum ether (3 x 10 ml), Diethyl ether (3 x 10 ml) and dried under vacuum for 10

minutes. The product is a green powder.
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e Synthesis of Complex 7 [Ru(NCMe)(CO)(PPh3)2(K2(N,0)-Carboxyindole)]

PPh3O ’ PPh,
HR|U ) N ACetonitrile, T=82'C  MeCN,,,, |N Z
oc”™” | \O/>_<\_® Ar-atm, 40hrs OC/R|U\O
PPh, PPh, ©
Complex 6 Complex 7

. -1

Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol?)
[RUH(CO)(PPhs)2(K?(0O,0)- 814.82 100 - 0.121 -
Carboxyindole)]
Acetonitrile - - 30 - -
[RU(NCMe)(CO)(PPha)2(K?(N,0)- | 853.86 61 - 0.071 59
Carboxyindole)]

Complex 6 is dissolved in Acetonitrile under Argon atmosphere. The mixture is heated to reflux (82°C)
for 40 hours. The reaction is cooled to room temperature and the solvent is evaporated under vacuum.
The precipitation is dissolved in Dichloromethane (2 ml) under Argon and then precipitated by
Petroleum ether (30 ml). The precipitation is filtered and the solid product washed successively with
Petroleum ether (3 x 10 ml), Diethyl ether (3 x 10 ml) and dried under vacuum for 10 minutes. The

product is a green powder.
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e Synthesis of Complex 8 [Ru(4-Picoline)(CO)(PPh3)2(K?(N,0)-Carboxyindole)]

F’F’ha CH3 HsC. PPh,
MeCN.,, 1 4-Dioxane , T=101°C (N, | -
OC/ \ Ar-atm, 24hrs OC/R|U\O
PPh3 PPh,
Complex 7 Complex 8

M.W.: 853.86g.mol"

M.W.: 93.13g.mol"’

M.W.: 905.94g.mol"’!

Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol?)
[Ru(NCMe)(CO)(PPha)2(K?(N,0)- | 853.86 58 - 0.068 -
Carboxyindole)]
4-Picoline 93.13 - 0.007 0.067 -
1,2-Dioxane - - 10 - -
[Ru(4- 905.94 45 - 0.050 74
Picoline)(CO)(PPhs)2(K?(N,0)-
Carboxyindole)]

Complex 7 and 4-picoline are dissolved in 10 ml of 1,2-dioxane under an argon atmosphere. The

mixture is heated to reflux at 101°C for 24 hours, then cooled to room temperature, and the solvent is
evaporated under vacuum. The resulting product is dissolved in 1 ml of dichloromethane and filtered
through a celite column under an argon atmosphere, which was previously washed with 30 ml of
petroleum ether. After adding the dissolved product in dichloromethane to the column, it is washed
again with petroleum ether (3 x 10 ml), and the remaining product is eluted with dichloromethane. The
dichloromethane is evaporated under vacuum. The product is redissolved in 1 ml of dichloromethane,
and 20 ml of petroleum ether is added to precipitate it. The precipitate is filtered, washed successively
with petroleum ether (3 x 10 ml) and diethyl ether (3 x 10 ml), and dried under vacuum for 10 minutes.

The final product is a green powder.
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e Synthesis of Complex 9 [Ru(4-Aminopyridine)(CO)(PPhs)2(K*(N,0)-Carboxyindole)]

PPh3
Complex 7
M.W.: 853.86g.mol"’

PPh3
MeCN 4, [::”l\i:::
OC/ \

M.W.: 94.12g.mol"’!

H,N V \
DME , T=85°C _
Ar-atm, 3:30hrs

~.Nu,,

PPh;

W

oc”™” |u\o

PPhs

Complex 9
M.W.: 906 92g.mol’!

-N

Carboxyindole)]

Aminopyridine)(CO)(PPhz)2(K?(N,O)-

Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol?)
[Ru(NCMe)(CO)(PPhs)2(K?(N,0)- 853.86 60 - 0.070 -
Carboxyindole)]

4-Aminopyridine 94.12 6 - 0.063 -
1,2-Dimethoxyethane - - 10 - -
[Ru(4- 906.92 25 - 0.027 43

Complex 7 and 4-aminopyridine are dissolved in 10 ml of 1,2-dimethoxyethane under an argon

atmosphere. The mixture is heated to reflux at 85°C for 3 hours and 30 minutes, then cooled to room

temperature, and the solvent is evaporated under vacuum. The resulting precipitate is dissolved in 1 ml

of dichloromethane and filtered through a celite column under an argon atmosphere, which was

previously washed with 30 ml of petroleum ether. After adding the dissolved product in

dichloromethane to the column, it is first washed with petroleum ether (3 x 10 ml), followed by

dichloromethane to elute the product. The solvent is then evaporated under vacuum. The product is

redissolved in 1 ml of dichloromethane, and 20 ml of petroleum ether is added to precipitate it. The

precipitate is filtered, washed successively with petroleum ether (3 x 10 ml) and diethyl ether (3 x 10

ml), and dried under vacuum for 10 minutes. The final product is a green powder.
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e Synthesis of Complex 10 [Ru(DMSO)(CO)(PPh3)2(K?*(N,0)-Carboxyindole)]

PPh,

N | PPhs
MeCN//,,,IJu\\\\“‘ 7 iobmso  Toluene,T=111C_ S, o Z
OC/ | \O o Ar-atm, Shrs OC/ | \O o
PPh; PPhs
Complex 7 Complex 10
M.W.: 85386gm0|-1 M.W.: 890949”’]0|-‘1
Molar Mass Volume mMol Yield
Mass (mg) (mL) (mmol) (%)
(g.mol)
[Ru(NCMe)(CO)(PPhs3)2(K?(N,0)- | 853.86 50 - 0.060 -
Carboxyindole)]
DMSO 78.13 - 0.041 0.600 -
Toluene - - 10 - -
[Ru(DMSO)(CO)(PPhs)2(K?(N,O)- | 890.94 14 - 0.016 27
Carboxyindole)]

Complex 7 and 10 equivalents of dimethyl sulfoxide are dissolved in toluene under an argon
atmosphere. The mixture is heated to reflux at 111°C for 9 hours, then cooled to room temperature,
after which the solvent is evaporated under vacuum. The precipitate is dissolved in 1 ml of
dichloromethane and filtered through a celite column, previously washed with 30 ml of hexane, under
an argon atmosphere. After the dissolved product is loaded into the column, it is first eluted with
hexane (3 x 10 ml), and the eluent is collected as the first fraction. The remaining product is then eluted
with dichloromethane until the eluent runs clear, collected as the second fraction. The solvents from
both fractions are evaporated under vacuum. The product is redissolved in 1 ml of dichloromethane,
and 20 ml of hexane is added to precipitate it. The precipitate is filtered through a filter funnel, washed
with hexane (3 x 5 ml), and dried under vacuum for 10 minutes. The product is gel-like and brown.
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