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A Claudia,
Che sei la Luna in grado di illuminare il buio che non finisce

E di farmi dimenticare di quanto il Mondo sia difficile li fuori.

Il suo era stato un cammino lungo e pieno di sorprese
Un viaggio fatto di magnifiche rivelazioni, ma

Anche lastricato di ostacoli

Finalmente, pero, era arrivato sulla sua personale cima

Si mise con le gambe incrociate e le mani sulle ginocchia

Per ammirare dall'alto l'intera citta che si dispiegava davanti ai suoi occhi
Ascoltando con attenzione la pace di quel momento di solitudine

Scopri pero di essere in compagnia

Tutta la gente che aveva incontrato nella vita

Tutte le forme che aveva assunto e le persone che era stato
| mostri che aveva sconfitto

E gli amori che lo avevano protetto erano li accanto a lui

E da li in poi visse ferite dottorato e contento.

[Vissero Feriti e Contenti, dott. Giovanni Luca Picariello a.k.a Ghemon]



Abstract

Since the synthesis, the isolation, and the characterization of the first stable N-heterocyclic
carbene (NHC) in 1991 by Arduengo and collaborators, this class of ligands has attracted
the attention of researchers for the synthesis of metal complexes active in different catalytic
processes, and biological applications. The main advantages of NHCs are the facile
modulation of the electronic and steric characteristics, the ease of manipulation, and
interesting electron-donating properties.

During the last decades, the team I am part of has focused on the synthesis, characterization,
and evaluation of catalytic and biological properties of NHC metal complexes. Our interest
keeps in the study of the influence of substituents on nitrogen atoms and/or on the backbone
might have on the performance of the complex in catalysis and biological environment.

In this doctoral thesis, the catalytic and biological activity of N-heterocyclic carbene
silver and gold complexes will be examined. The catalytic performance will be
evaluated in the A3 (aldehyde, amine, and alkyne) coupling reaction, to lead
propargylamines, and in the hydroamination of phenylacetylene with different
arylamines, to produce the corresponding ketoimines. Finally, it will evaluate the
antibacterial and the antitumoral activity of these complexes, against different
bacterial strains and tumoral cells.

Chapter 1 gives an overview of N-heterocyclic carbene, the relative silver and gold
complexes, and their biological and catalytic applications.

Chapter 2 reports the obtained results and is organized as follows:
Sections 2.1-2.4 are reported the synthetic strategies and characterization of NHC
pro-ligands and the relative silver and gold complexes.
In Section 2.5, we have described the catalytic activity of silver and gold NHC
complexes in the A3-coupling reaction with p-formaldehyde, benzaldehyde, and
cyclohexanal.
Section 2.6 reported the results obtained by Au-NHC complex in the hydroamination
reaction of phenylacetylene.
Section 2.7 reported the biological activity of silver and gold complexes as potential
antimicrobial and tumoral compounds.

Chapter 3 gives an overview of the obtained results in A3coupling reaction and
hydroamination of alkynes, and in the biological field, as antibacterial and antitumoral
compounds, by silver and gold NHC, synthesized in this doctoral thesis.

Chapter 4 described the experimental part.
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Chapter 1: Introduction

Chapter 1: Introduction
1.1 Carbenes

The carbenes are a class of compounds having a divalent, uncharged carbon atom with six
electrons on its valence shell. Introduced in 1950 in organic chemistry as an intermediate in
different transformations, and in organometallic chemistry by Fischer in 1964, carbenes have
become one of the most important topics in chemistry, due to their chemical and physical
properties [1,2].

Their geometry is related to the two possible hybridizations of the carbon atom (sp, linear
geometry or sp? bent geometry). In the linear geometry, carbene carbon has two degenerate
orbitals, named px and py. The sp hybridization is a rarer case, most of it has a bent geometry
based on an sp? hybridization. The energy of p-orbital, also called p~, does not change in
both hybridization states. The new sp? orbital is more stable than the original p orbital, by

the assuming s character.

linear bent

Figure 1 Linear and bent geometry of carbene carbon atom
The arrangement of nonbonding electrons determines the reactivity and properties of
carbenes [3]. As shown in Figure2, four different electronic configurations can be described.
The two nonbonding electrons can occupy the two orbitals with parallel spin orientation,
leading to a triplet state (o'p-',°B: state). Otherwise, for the singlet ground state, the
nonbonding electrons can occupy the same orbital (o or p=). The 0? configuration is usually
more stable than p-2 Lastly, it can be defined as an excited singlet state with
o'prlconfiguration, where the two electrons occupy two different orbitals with anti-parallel
spin ('B1 state). Thus, due to the presence of a filled and vacant orbital, singlet carbenes could

have an amphiphilic behavior.
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Figure 2 Possible electronic configuration of the carbene carbon atom. Reprinted with permission Bourissou, D.;
Guerret, O.; Gabbai, F.P.; Bertrand, G. Stable Carbenes. Chem. Rev. 2000, 100, 39-92, [1] Copyright 2000, American
Chemical Society.

The multiplicity of carbene carbon atom is strictly related to the difference of energy among
o and prorbitals. Large energetic separation of these orbitals favors the singlet ground state;
Hoffman established through quantum chemical computation that a difference of about 2eV
is necessary to stabilize the singlet ground state[4]. The triplet ground state is favored if the
difference between o and pr is less than 1.5 eV [4].

Substituents on carbon atom influence the multiplicity of the carbene ground state. These
influences can be easily summarized in electronic and steric effects. It was observed that o-
withdrawing substituents stabilize singlet ground state through the increasing of s-
character of nonbonding orbital, leaving p= orbital unchanged. Instead, o-donating
substituents favor the triplet state because they cause the decrease of the energetic gap
among o and p~ orbitals[5-7]. Beyond inductive electronic effects, the carbene ground state
is influenced by mesomeric effects[4-8]. m-donor substituents (such as -Cl, -Br, -NRz, -PRo,-
OR), induce a strongly bent singlet ground state; the interaction of the 7 electrons with pr
orbital of the carbene carbon atom increases the energy gap among o-p-. Most carbenes with
m-acceptor substituent (for example Li, BeH, BH:) on carbon atom are in linear singlet
ground state, by the formation of two-electron three-center rt-system[9,10]. The combination
of two types of substituents induces quasi-linear geometry at carbene.

Bulky substituents stabilize the triplet carbene because they force the carbon atom of the
carbene to assume a large bond angle, which stabilizes the triplet state. Diadamantyl- and
di(tert-butyl)- carbenes have bond angles respectively of 152° and 143°, they are triplets,
whereas di-methylcarbene is singlet carbene with bent geometry.

Free carbenes are thermodynamically and kinetically unstable. Due to their instability,
carbenes are used in coordination chemistry for the synthesis of metal complexes, having a
metal=carbon double bond[11]. Two types of carbene complexes with different properties
have been distinguished: Fischer[12] and Shrock[13] type.
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1.2 Carbenes in organometallic chemistry
In 1925, the first carbene metal complex was reported in the literature by Chugaev and his
co-workers[14]. As shown in Figure 3, they synthesized new platinum (II) complex by the

reaction of methyl isocyanide, a platinum (II) salt and hydrazine.

\
NH

H.
l}l/<Pt,CNCH3 cr
Nﬁ ‘CNCH,

_NH

+ _
HiC-N=C  + K,PtCl; + H,N-NH, —————

Figure 3 The synthesis of Chugaev complex
Unfortunately, the structure of this complex was determined only in 1970 by NMR

spectroscopy and X-ray crystal diffraction[15]. Despite this, the methodologies published
by Chugaev are important because they are still used for the synthesis of interesting
platinum[16] and palladium complexes[17].

The first structure of metal carbene complex was reported by Fischer in 1964 [12]. Fischer et

al. reported the synthesis and the characterization of methoxyphenylmethylene tungsten (0)

pentacarbonyl.
W(CO)s W(CO)s W(CO)s
LiPh
V|V(CO)5 ! oLi Me,NCI o  CHaNy OCH,
co Et,0 H*

Figure 4 Synthesis of the Fischer carbene complex
Fischer carbene complexes have a low-valent metal center, rt-acceptor ancillary ligand and
they are stabilized by carbene having heteroatom substituents on the carbon atom. The main
feature of these complexes is the partial double bond resulting from a o-donation of the

carbene to the metal and a simultaneous mt-back donation of the metal to carbene.

Co—o

B

metal carbene
Figure 5 Metal-Fischer Carbene bonding. Reprinted with permission de Frémont, P.; Marion, N.; Nolan, S.P. Carbenes:
Synthesis, Properties, and Organometallic Chemistry. Coord. Chem. Rev. 2009, 253, 862—-892, Copyright 2008, Elsevier
B.V.

The interaction between the metal center and Fischer carbene is shown in Figure 5 [18].
These complexes are electrophilic, they are susceptible to nucleophilic attacks on the carbon

atom.
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Ten years later, Schrock published the synthesis and characterization of a new tantalum
carbene complex, with a high oxidation state(d’), by the reaction of a-hydrogen
abstraction[13].

Cl>z’ _/k ,_i/_é H z_’k
cl SV Pentane Sv

Figure 6 Synthesis of the first Schrock Carbene Complex Reprinted with permission de Frémont, P.; Marion, N.; Nolan,
S.P. Carbenes: Synthesis, Properties, and Organometallic Chemistry. Coord. Chem. Rev. 2009, 253, 862—892, Copyright
2008, Elsevier B.V.

As seen in section 1.1, dialkylcarbene has small energetic gap between c-p- orbital, and they
have a triplet ground-state. They form a true double metal-carbon bond, which arises by
homogenous electron coupling. Unlike Fischer carbene complexes, Schrock-type complexes

are nucleophilic and are capable to react with electrophilic species, in such manner of

Wittig’s reaction[19].
o-—©@

metal carbene

Figure 7 Metal- Schrock Carbene bond Reprinted with permission de Frémont, P.; Marion, N.; Nolan, S.P. Carbenes:
Synthesis, Properties, and Organometallic Chemistry. Coord. Chem. Rev. 2009, 253, 862-892, Copyright 2008, Elsevier
B.V.

In the last twenty years a new class of carbene ligands has become a hot topic in
organometallic, organic chemistry, and in material science. These ligands are N-heterocyclic

carbenes, also known as Arduengo carbenes[20].

1.3 N-heterocyclic Carbenes

In the 1960s, Wanzlick conducted the first studies about N-heterocyclic carbenes (NHCs).
He supposed that diaminocarbenes were stable and he was fascinated to isolate them. He
postulated  that by  a-elimination of chloroform  from  1,3-diphenyl-2-
trichloromethylimidazolidine was possible to isolate the resulting diamino carbene, but he

obtained only the dimer (entetramine)a s shown in Figure 8[21].
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Figure 8 Wanzlick's tentative to isolate diaminocarbene

A few years later, Wanzlick and Ofele independently reported the synthesis of two NHC-
metal complexes, by treatment of imidazolium salt with base, and consequent coordination
to the metal center[22,23].

The real innovation in the carbene’s chemistry has happened in 1991, when Arduengo and
his collaborators reported the synthesis and the characterization, by X-ray analysis of the
tirst stable N-heterocyclic carbene, 1,3-bis(adamantyl)imidazole-2-ylidene [20]. The first
stable diaminocarbene was obtained by the deprotonation of N, N’ diadamantyl
imidazolium salt with sodium hydride and a catalytic amount of DMSO. The X-ray analysis

of crystals had shown indisputably the isolation of the first stable NHC.

7

NaH/THF N
DMSO | \>

—_— :
-NaCl ’

N

=3

Figure 9 Synthesis of the first stable NHC carbene
The stability of bulky substituted NHC is attributable to steric and electronic effects.

—\

j { ; .z +. .z
A4
9'

The electronic stabilization provided by the nitrogen atoms, however, is a much more
important factor. The presence of bulky substituents, such as the adamantyl group,
disfavors the dimerization, by kinetic stabilization. However, electronic stabilization plays
the most important role. The presence of adjacent c-withdrawing nitrogen atoms promotes
the inductive stabilization of carbene carbon atom, by lowering of the energy of the occupied
c orbital. Furthermore, the n-donating nitrogen atoms donate electronic density to the

empty pr carbene orbital [24]. The singlet ground state is stabilized by mesomeric interaction

5
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because the energy gap between o-p- orbitals, is further increased. In Figure 10 are

summarized the inductive and mesomeric effects of nitrogen atoms.

)
y

The reactivity of N-heterocyclic carbene is strictly influenced by the electronic ground state;

n-electron-donating

o-electron-withdrawing

Figure 10 The electronic effects in NHCs

the presence of lone pair, on the carbon atom, consent them to coordinate, by s-donation,
diverse metallic and non-metallic species. The resulting compounds are characterized by
extraordinary thermodynamic stability, and are used as a catalyst in different types of
reactions ( e.g.: C-C cross-coupling [25], olefin metathesis [26], carbonylative coupling [27],
ring-opening polymerization[28] and other interesting transformations [29]). A second
important characteristic, of these ancillary ligands, is the facile modulation of steric and
electronic features; slight modifications on nitrogen substituents, backbone, and size ring
could have an important impact on their coordination capacity. The facile variation of steric
and electronic parameters has allowed the preparation of libraries of these compounds.
Since the first synthesis of Arduengo, many different N-heterocyclic carbenes have been
synthesized and characterized. In the following section are discussed the synthetic

methodologies are used for their synthesis.

1.3.1 Synthetic strategies for the preparation of N-heterocyclic carbenes
N-heterocyclic carbenes are synthesized by deprotonation of imidazolium salts [20] or by
reductive desulfurization of imidazolin-2-thiones [30]. The two main synthetic procedures

are shown in Figure 11.

R R R
/ / \

N X N N
Base 2K
S S
HBase -KoS
N N N
\ \ /

R R R

Figure 11 The two most important procedures used for the synthesis of imidazolin-2-ylidenes

Imidazolium salts are prepared following two different routes: 1) nucleophilic addition to
the nitrogen atom of imidazole or 2) using a one-pot multicomponent reaction. The direct
alkylation of imidazole is conducted with the addition of alkyl halides, after the
deprotonation of the nitrogen atom. The second addition of alkyl halide leads to the

imidazolium salt. The main limitation of this methodology is the exclusive use of primary

6
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alkyl substituents. As shown in Figure 12, the direct alkylation is possible to conduct in a
single step to achieve a symmetric imidazolium salt, or in two steps, for the introduction of

different substituents on the nitrogen atoms.

R R?
/ \ H
N Br- 2 N N
> 1. NaHCO3 | ) H R“Br | 1.Base < |
+ - -
2. 2R-Br > \ 2.R'Br N\
N N N
\
R

Figure 12 Direct alkylation of imidazole to lead the imidazolium salts

Otherwise, the multicomponent reaction between glyoxal, two equivalents of primary
amine and formaldehyde in acid conditions consent the synthesis of varied symmetrically
N, N’-substituted imidazolium salts. Further, the reaction can be conducted in two steps
with the isolation of the diimine (Schiff base), and successive cyclic condensation with

paraformaldehyde [31].

R' R
. /. I .
O R 'NH2 H N X N R 'NH2 O
2 \ HX N\ CH,0, HX N N
+ cC_o ———>» | +/C—H - ~—— +
H/ -3H,0 N -H,0 = -2H0 o/
O R-NH, \ N R-NH,
R I
R

Figure 13 Multicomponent reaction for the synthesis of imidazolium salts

The combination of multicomponent reaction and N-alkylation leads the synthesis of
unsymmetrically N, N’ substituted imidazolium salts. A first cyclization, conducted with
one equivalent of primary amine, produces N’alkylated imidazole. After, the addition of
alkyl halide gives the unsymmetrically substituted derivate[32].

o o + CH,0 [T\ Base /:\

+ + 2
N\_ 7 srNgx M meNIE NS L RX L NN
+ [NH,]Y X- -HX X

Figure 14 The synthesis of unsymmetrically N, N' substituted imidazolium salt by the combination of one-pot reaction
and N’alkylation

As indicated in Figure 11, NHCs are obtained by reductive desulfurization of imidazoline-
2-thiones [30]. The reductive reaction is conducted in very harsh conditions (in excess of
potassium in boiling THF), even though, the yields are practically quantitative. For this
reason, is noteworthy to mention the synthesis of cyclic thioureas. Kuhn and co-workers
have published in 1993 an interesting synthetic procedure for the production of cyclic

thioureas by the condensation of a-hydroxyketones and thioureas derivates[33].
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Figure 15 Synthesis of cyclic thioureas derivates

The most important application of N-heterocyclic carbenes is as ancillary ligands for
transition metals. As seen above, these transition metal compounds have shown catalytic
properties in different reactions [25-29]. Moreover, in the last years, NHC-Metal complexes
have found applications as metal drugs in pharmacology [34-36] and as organometallic
materials[35,37].

1.4 Coordination chemistry of N-heterocyclic Carbene
The motivations for the growing interest on NHC are attributable to facile fine-tuning of
steric and electronic properties of these ancillary ligands, their capacity to stabilize a great
variety of oxidation states of transition metals, and the application of these complexes in
different fields of organometallic chemistry[38]. The stability of these complexes is
attributable to a strong metal-carbon bond, by c-donation of sp>lone pair of the carbene
carbon atom to an empty orbital of transition metal., while the n-back donation is negligible
[39]. The difference between NHC and Fischer/Schrock carbene is underlined by the
experimental possibility of rotation of the metal-carbon bond.
N-heterocyclic carbenes generally have more o-electron-donatory properties than
phosphines, in fact, infrared spectroscopy studies of different Ni(0) carbonyl complexes,
bearing an NHC in trans-position, revealed lower vibrational frequencies (vco) than basic
phosphine complexes [40]. This characteristic is reflected in a major thermodynamically
stability and shorter length of the carbene carbon atom and the metal center. The success of
the 2nd generation Grubb’s catalyst is due to the electronic differences between NHC and
phosphines; the 6-donation by N-heterocyclic carbene ligand induces the dissociation of the
trans-oriented phosphine[41]. The full comprehension of the nature of the NHC-M bond
was studied by Nolan [42] and Cavallo[43].
Different procedures are developed for the synthesis of N-heterocyclic carbene complexes.
They can be summarized in the following routes (Figure 16):

1. The reaction between a free carbene with an appropriate metal source (Free carbene

route);
2. Trans-metalation reaction with silver NHC complex (trans-metalation route);
3. Reaction among imidazolium salt, transition metal, and a weak base (weak base

route).
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a) Free Carbene route

Strong Base N N
R/N\\-I;/N\R — Rr- \\V// ~R

o ~

b) Transmetallation route

/ \ ! \ ~Ns _N_
R/N\ﬁ\t//N\R M.0 R/NYN\R [M] R > R
—_—— —_—
X M=Ag or Cu MX MX

c) weak base route

Figure 16 Synthetic procedure for the synthesis of M-NHC complexes
1. Free carbene route

The first synthesized NHC metal complexes were obtained by Wanzlick[22] and
Ofele [23] developing this procedure. This methodology includes two steps; in the
tirst, the imidazolium salt is deprotonated by a strong base in anhydrous condition,
while in the second step, the transition metal precursor is added to the free-carbene
solution.

2. Trans-metalation route

The trans-metalation reaction is also carried out in two steps. In the first, the azolium
salt is deprotonated by silver or copper oxide, with the purpose to achieve the Ag- or
Cu-NHC complexes [44]. The second step involves the transfer to a different
transition metal. The advantages of the trans-metalation route are the use of air-stable
reactants, and the formation of water as by-products, in the first step. However, the
limitations of this route are the use of toxic solvents and the application of high
temperatures.
3. Weak base route

The research group of Nolan [45] and Gimeno[46], 2013, reported the synthesis of
gold and silver NHC complexes in a one-pot manner using a weak base (K2CO:s). This
synthetic route can be used in aerobic conditions, with a greener solvent such as
acetone and ethyl acetate, and are not necessary hazardous bases. Recently, this
synthetic strategy has been developed for the synthesis of other transition metal

complexes [47].
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The development of different synthetic pathways, in addition to the intrinsic properties of
NHC ligands, has allowed the application in different fields of chemistry. In the literature
the study of pharmacological and catalytic properties of silver and gold(I) N-heterocyclic

complexes are reported.

1.5 Silver N-heterocyclic carbene complexes

1.5.1 The use of silver in medicine

Since ancient times, silver and its compounds had a great impact on civilization, in fact, they
were used as antibacterial agents in the purification of water and wine, and additionally,
Hippocrates observed their therapeutic properties [48,49]. During the 17" and 18t centuries,
before the discovery of penicillin and antibiotics, silver nitrate was largely used as an
antibacterial compound. Silver compounds are still used for the treatment of ulcers, and
burns and the prevention of bacterial infections [50].

Despite they having been used for a long-time, their mechanism of cytotoxic action against
Gram-positive and Gram-negative bacteria is not yet well established. Several studies have
associated the mechanism of action with bacterial morphological changes produced by
silver cation (Ag*) its interaction with condensed DNA molecules and inhibition of the
respiratory chain. Silver cations can react with different nitrogen-, and sulfur-containing
biomolecules due to their soft Lewis acidity.

Generally, silver is considered non-toxic metal for humans, but its extensive use can have
undesirable effects. It was observed that the prolonged use of silver compounds causes an
irreversible pigmentation of the skin, called Argyria, and of eyes, knowns as Argyrosis,
attributable to the production and storage in the dermis and the eyes of silver precipitate
such as silver sulfide. Furthermore, the high concentration of chloride in the cell leads, in a
short time, to the precipitation of silver salt and the loss of its effectiveness, unless the silver
cations are bound to biomolecules. Today, silver sulfadiazine is used for the treatment of

topical burns due to its low dissociation rate and consequent gradual release of silver

00 Nﬂ
Ny
S'\N)%N

S

HoN” : Ag”

Figure 17 Silver Sulfadiazine

cations.

The discovery of antibiotics-resistant bacteria has prompted the scientific community to
synthesize new stable silver compounds and to study their antibacterial effects. During

these years, new ligands were synthesized which allowed the stabilization of silver cations.
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Among the various classes of ligands, NHCs are the best candidates for these scopes. In fact,
in the last decades, a lot of NHCs and the corresponding silver complexes were synthesized

for medicinal applications.

1.5.2 Antimicrobial Properties of Ag-NHC complexes

The first exploration of the antibacterial effects of silver N-heterocyclic carbene complexes
was reported by Young’s research group [51]. They synthesized and characterized two
AgNHC complexes and tested their activities towards three different bacteria (E. coli, P.
aeruginosa, and S. aureus). The antibacterial activity was evaluated by determining the MIC
(Minimum Inhibitory Concentration: the lowest concentration, of a compound that inhibits
the growth of bacterial population) and compared with that of AgNQOs. The authors have
associated the better cytotoxic activity of the complexes with their slow release of silver

cations, attributable to a partially covalent bond among Ag-C.

= =
| | =
x x> | OH
N N x>
. . N
N N + X(CHp)nOH _DMSO _ ., X\ N XH Ag,0
- S -H,0 N N 1
/ \ N N
HO,,(H,C) (CH)OH | /
L. (CH2)nOH HO(H,C)
m=2,3 1 m=2
X=l, Br 2m=3

Figure 18 Synthesis of Young’s Ag(l)-NHC.

The same research group had reported the synthesis of another water-soluble silver NHC
complex; the synthetic procedure is reported in Figure 18. The reaction of 2,6-
bis(imidazolemethyl)pyridine with 1,3-dichloroacetone has produced the gem-diol
imidazolium salts. The corresponding silver complex was synthesized by the reaction of
imidazolium salt and Ag20. The formation of the complex was supported by spectroscopic
NMR analysis('H and *C) and X-ray analysis[52]. The complex was incorporated into
Tecophilic®, a medicinal-grade polymer by electrospinning. The polymeric matrix is
hydrophilic, it can absorb 150% of its dry weight in water. This feature is significant for
optimal wound healing. First, if the silver complex-loaded polymeric matrix, is applied to
the wound site, the water allows the gradual release of silver cation, while secondly, the
hydrophilic polymeric matrix can accelerate recovery maintaining a moist environment.
The authors evaluated the activity of encapsulated silver complex against E. coli, P.
aeruginosa, and S. aureus. The action of the system was compared with AgNOs. The polymer
matrix embedded with complex has shown a better cytotoxic activity, even with lower silver

concentration. Also, the most attractive feature is the prolonged bacteriostatic action for a

11



Chapter 1: Introduction

long time. The long-time prolonged activity of the AgNHC/polymer system was

attributable to the slow release of the silver cations from the polymeric matrix.

X X

| | 2
— =
N
_CHON _As0
N + CO(CH,CI), A

G o @v@ = L

HO™ “OH ”
HO /OH

Figure 19 Synthesis gem-diol N-heterocyclic carbene silver complex.

A not negligible property of the use of AgNHC complex is the intrinsic toxicity of the
imidazolium salt. The authors have evaluated the toxicity of gem-diol imidazolium salt. It
was determined a lethal dose (LDso) of 100mg/Kg in rats, where LDsois the concentration
that causes the death of 50% of the sample population. This observation had forwarded the
research group to use less toxic NHC precursors.

In 2006, it was reported the synthesis of caffeine-based NHC silver complex, having acetate
as counterion [53]. The NHC pro-ligand was obtained by the reaction of caffeine with
iodomethane in DMF. The silver compounds were obtained by the deprotonation of caffeine
salts with two equivalents of silver acetate. The caffeine-based silver complex was tested
with different pathogens (bacteria and fungi). The MIC values of the silver complex towards
bacterial cell lines fell in the range of 1-10 ng/mL.

o
/
N
Zﬁ» 2\ > e Y

| \

Figure 20 synthesis of caffeine-based silver NHC complex

The Young’'s research group synthesized a series of imidazolium NHC silver acetate
complexes. The stability in D-O by NMR of these complexes was monitored. The analysis of
the date suggests that the presence of c-electron withdrawing substituents on the backbone,

induces a stabilization of the corresponding complex.
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Figure 21 Synthetic route of acetate Ag-NHC complexes

The presence of chlorine atoms on the backbone, leads to the carbon atom of the carbene
with lower electron density, therefore less reactive in aqueous media. The stability of the
silver complex plays a crucial role in the delivery of metal cations. Based on this observation,
NHC bearing chlorine atoms on the backbone, with hydrophilic and hydrophobic N-
substituents, were synthesized and tested with different pathogens. [54,55].

cl N ci N
\ 2 AgOAc \
| +> S | »—AgoAc
/ CH30H ’
cl N cl N
\
R

\
R

8: R=(CH,)3;0H
9:

R=(CH5)5CH3

10:R=

Figure 22 NHC Ag complexes derived by 4,5-dichloro imidazole

The obtained results were very promising, in fact, the complexes exhibited low MIC and
MBC (minimum bactericidal concentration) values. MBC is the lowest concentration of a
compound to kill, under specific conditions and for a fixed period, the bacterial culture. The
complexes showed high activity against B. Pseudomallei (MIC: 4-6 ng/mL; MBC: 6-10 pg/mL)
and B. mallei (1-4pg/mL; 6pg/mL).

Tacke and co-workers have given a great contribution to expanding the library of silver-
NHC complexes. In Figure 23 are reported complex synthesized by Tacke’s research
group[56-60].
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Figure 23 Silver complexes synthesized by Tacke's groups
All the shown complexes, bearing an acetate ion, were tested against E. coli, S. aureus,
measuring the halo of inhibition (Kirby-Baur diffusion method). The authors of the papers
have tested the imidazolium salts, silver acetate, and dimethylsulfoxide (DMSO) as controls.
For the complexes that showed a modest antibacterial activity, it was measured a 4mm of
clearance at the highest concentration used, whereas for the most active complexes it was
measured a halo of inhibition of 12mm. For all tested complexes, the activity of silver NHC
complexes is better than respective imidazolium salts.
Still today, N-heterocyclic carbene silver complexes arouse interest for their antibacterial
activity. The literature is enriched by papers and reviews, where are reported the
modulation of steric and electronic properties of silver NHC complexes, and their
antibacterial properties [34,54,61,62].
As seen in this section, silver compounds are largely studied as anti-infective agents against
different pathogens. Initially, unlike other metals (e.g.: platinum, gold, ruthenium), the
antiproliferative activity of silver compounds was not extensively investigated.
However, the growing number of cancer pathologies has encouraged the development of

new metal bioactive molecules with few or no side effects. Starting from the antitumoral
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activity showed by non-NHC silver compounds[63,64], the antiproliferative activity of

silver NHC compounds has also begun to be evaluated.

1.5.3 Antitumor Properties of Ag-NHC complexes

The cytotoxicity against tumor cell lines, shown by other NHC-metal complexes [65,66],
encouraged Young's research group to test the anticancer activity of complexes 5 and 10
[67]. These complexes were tested against three different tumor cell lines, OVACAR-3
(ovarian), MB-157 (breast), and HeLa (cervical), and their in vitro efficacy was evaluated by
MTT assay.

The MMT assay is used for the evaluation of cell viability. The test is based on the reduction
of yellow-colored tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) to purple-colored formazan crystal, by living cells. The forming crystals are
solubilized in Sodium dodecyl sulfate (SDS), and the absorbance of solutions is measured
at the wavelength of 570nm by spectrophotometer. The number of living cells is

proportional to the concentration of formazan. The reaction is shown in Figure 24.

N
4 T Br Mithocondrial |
=Nt Reductase N
N \|4N NZ= 7§N
S\/€7 S\%\

MTT Formazan

Figure 24 MTT assay reaction
It was observed that imidazolium salts were ineffective against all three tested cell lines,
whereas silver NHC complexes have shown comparable activity to cis-platin. For the
complexes were calculated by MTT assay, the Half-Maximal Inhibitor concentrations (ICso).

The results were reassumed in Table 1.

Table 1 ICso of AQNHC complexes against OVACAR-3, MB157, Hela cell lines

ICso(LM)
AgNHC complex OVCAR-3 MB157 HeLa
35 8 >200
30 20 >200
10 20 10 >200
cis-platin 12 25 25

The interesting results in preliminary studies by Young’s silver NHC complexes had
triggered an increase of interest in this research field; in fact, other groups reported the
anticancer activity of new and existing silver-NHC complexes. The research group of Tacke
reported the in vitro activity against Caki-1(renal cancer cell line), and MCE-7 cell lines. The
complexes 13a, 15a, 16a, 17c had shown ICso values lower 10uM [56-60,68]. Whereas the
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complexes 20, 21, and 22 were examined the cytotoxic activity against 6 different
tumorigenic cell lines(KB-oral carcinoma, HL60- promyelocytic leukemia, HL60R-resistant
HL60, MCEF-7-breast, MCF-7R- resistant MCF-7 and T47D- breast cancer)[69]. ICso values of
compounds, against MCF-7, varied from 0.03 +0.01 pM to 0.42 +0.01 pM. These ICso values
were lower than cis-platin (10.4£0.1uM).

ipr
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Figure 25 N- hydrophobic substituted Silver NHC complexes tested for anticancer activity

Recently, Yasar and co-workers have reported the synthesis, characterization, and cytotoxic

activity of water-soluble sulfonated NHC silver complexes[70].

(CH2)4SO3Na
3 /
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23a R'=2-methylbenzyl, R?>=R3=H

23b R'=2,3,4,5,6-pentamethylbenzyl, R>=R3=CHj,
23c R'=ethylmorpholine, R?=R3=H

23d R'=4-tert-butylbenzyl, R%=R3=CH,4

23e R'=3,5-dimethylbenzyl, R2=R3=CHj,

Figure 26 Sulphonated NHC-Ag Complexes

These complexes were tested against HeLa, HT29 (human adenocarcinoma), and L929
(mouse fibroblast) cell lines. All the complexes have shown a better cytotoxic activity (lower
ICso value) than cis-platin. Complex 23b has shown the best antitumoral activity than the
other silver complexes; these results were correlated to better -donating properties, that
stabilize the metal center. Furthermore, the authors investigated the mechanism of action of
these complexes; for all complexes DNA fragmentation was not observed, advising a

different mechanism.
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The discovery of the cytotoxic activity of silver NHC complexes has focused attention on its
use, through an appropriate drug delivery system, for the treatment of cancer. Ag-NHC
compounds were encapsulated in an appropriate polymeric system, to improve the activity.
Several silver N-heterocyclic carbene complexes have been encapsulated in a diblock
copolymer of poly-(lactic-co-glycol acid) and poly(ethylene glycol) (PLGA-PEG). The choice
of this polymer is due to its biodegradability by hydrolysis of the ester functionalities of the
PLGA portion [71,72].

As already seen, the silver NHC complexes have been largely studied as anticancer and
antibacterial compounds. Furthermore, they were used as efficient carbene transfer agents
for the synthesis of different metal complexes[44]. Furthermore, in recent years, they have
been investigated also for the catalytic activity.

1.5.4 Catalytic Activity of Silver NHC complexes

In 2005, Fernandez and co-workers described the enantioselective diboration of styrene
using a chiral NHC silver complex[73]. Unfortunately, the diol was obtained with low yield

and low enantioselectivity.
o o 1) AGNHC(5mol%) oH o
y THF
S L 1) -
Jd o 2) NaOH, H,0,

25°C, 13% conversion, 9% ee
70°C, 42% conversion, 4% ee
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Ph\_/NYN Ph
AGNHC= 2 (
e]]

Figure 27 Hydroboration of styrene promoted by silver complex

Following the studies of Fernadez, the silver NHC complexes were tested in different
reactions such as 1,3-dipolar cycloaddition of azomethine ylides with tert-butyl acrylate [74],
in the cyclopropanation reactions among phenyldiazoacetate and styrene [75] in the
Sonogashira coupling of phenylacetylene and 4-iodoacetophenone [76].

Silver salts and complexes were tested in reaction using alkyne with imine or carbonyl
compounds. The resulting molecules have a plethora of applications for other
transformations. The addition of alkyne moiety to an electrophilic substrate (e.g.: imine) is
also known as the A3-coupling reaction. It is a condensation among aldehyde, amine, and
terminal alkyne, and it has been considered a convenient route to produce

propargylamines[77,78].
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Figure 28 General reaction of A3-coupling reaction catalyzed by Ag(l) salts

In 2003, Li et al. reported the first example of an A3-coupling reaction catalyzed by silver
salts[79]. In this innovative work, silver salts, such as Agl, demonstrated the ability to
catalyze the addition of alkyne to secondary amine and aldehyde in water at 100°C and
under nitrogen atmosphere. The suggested mechanism for obtaining propargylamine
involves the formation of the silver acetylide, through the deprotonation of the alkyne, and

the subsequent nucleophilic addition to the imine obtained by the reaction of an aldehyde

RI-—=—Ag+H" CS”J RCHO (n"j
+ .- 7
g
OH H

with a secondary amine.
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Scheme 1 Proposed mechanism for A3 coupling reaction catalyzed by Ag complexes. Reprinted with permission Wei, C.;
Li, Z.; Li, C.-J. The First Silver-Catalyzed Three-Component Coupling of Aldehyde, Alkyne, and Amine. Org. Lett. 2003, 5,
4473-4475,[79]. 2003, Copyright 2003 American Chemical Society

After Li's pioneering work, silver N-heterocyclic carbene complexes were studied as
catalysts for the A3-coupling reaction. The first reported application of Ag-NHC was
submitted by Wang in 2008 [80]. He reported the catalytic activity of Ag-NHC complexes
supported on polystyrene, in neat conditions under nitrogen atmosphere. The catalytic
system showed interesting catalytic activity with aliphatic and aromatic aldehydes and
various cyclic secondary amines. In addition, the PS-NHC-Ag systems were recyclable 12

times, without a decrease in their catalytic activity.
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Zou reported in 2011,

25

Wang

Tang

Figure 29 Many examples of AgNHC active in A3-coupling reaction

an interesting study on the A3-coupling reaction of 3-

phenylproprionaldehyde, phenylacetylene, and piperidine in dioxane at 100°C in air[81]. It

was observed that the catalytic activity of silver NHC complexes was influenced by the

nature of the anion, it was observed the following trend CI>Br>>I (The results are displayed

oW'e

in Table 2, entries 1-10).

Q=0

Table 2 Catalytic Activity of complex 26 in A3 coupling reaction °

Ag n%mol)
dloxane 80°C

Entry | Catalyst | n R? Temperature (°C) Time (h) Yield ? (%)
1 26 3 PhCH:CH> 100 2 99
2 26 3 PhCH:-CH> 50 12 81
3 26 3 PhCH:CH: r.t 72 69
4 26 3 PhCH:CH> 100 12 31c¢
5 26 3 4-CICsH4 100 12 77
6 26 3 Piperonyl 100 12 49
7 AgCl 3 PhCH:-CH> 100 2 80
8 AgBr 3 PhCH:CH> 100 2 64
9 Agl 3 PhCH:CH: 100 2 49
10 Ag0 3 PhCH:CH> 100 2 78
11 27 3 H 80 2 55
12 27 3 Ph 80 12 13
13 27 2 Cy 80 8 50
14 27 3 Cy 80 8 95

aReaction conditions: 1 mmol aldehyde, 1.2 mmol piperidine, 1.5 mmol phenylacetylene, 3 mol % Ag catalyst, ® Isolated yield °Run in water
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Based on the observation of Zou’s research group, Tang and collaborates synthesized new
silver NHC complexes derived from 1-[2-(pyrazol-1-yl)phenyl]imidazole, that showed an
interesting catalytic activity at 80°C under argon atmosphere[82] (entries 11-14, Table 2).

1.6 Gold N-heterocyclic carbene complexes

1.6.1 The use of gold in medicine

The pharmaceutical properties of gold were known since antiquity; the first application of
gold dates back to 2500 BC by the Chinese [83,84]. The modern use of gold in medicine was
approved with the demonstration of bacteriostatic properties of K[Au(CN):] against
tubercle bacillus, by Robert Koch in 1890 [85]. This discovery featured the start of
chrysotherapy[86,87].

Later, different gold salts were used for the treatment of juvenile arthritis, discoid lupus
erythematosus, and psoriatic arthritis, but the introduction of auranofin, for the treatment

of rheumatoid arthritis, represented the start of a new era of chrysotherapy.

OAc

~~
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Figure 30 Structure of Auranofin

In the last decades, after the introduction of auranofin, numerous research groups began the
study of gold compounds in different medicinal applications such as anticancer,
antimalaria, and the treatment of HIV[88]. In this context, N-heterocyclic carbene gold
complexes were synthesized, characterized, and tested as antibacterial and antitumor

agents, as an alternative to more toxic phosphine-based complexes[89].

1.6.2 Antimicrobial Properties of Au-NHC complexes

As seen in section 1.5.2, silver compounds are largely studied for their antibacterial activity.
Their application is limited due to the toxicity attributable to the interaction of silver Ag*
ions with blood cysteine, and for the presence of chloride anion that can limit the action of
these compounds. Gold NHC complexes have shown an interesting alternative due to their
higher stability than silver analogs.

In 2005, Cetinkaya reported for the first time, the antibacterial activity of different NHC gold

complexes, shown in Figure 31 [90].

20



Chapter 1: Introduction

HyCO OCH; ELN NEt;

N\ ~ N

N7 \hé

3HCO OCH; ERN NEt,

e

28b

Ov L
U A@
Qih J@f \/Nf:—,p
feq= 1@

N/ ~'N

Figure 31 First AuNHC complexes tested as antibacterial compounds

The complexes were tested against Gram-positive and Gram-negative bacteria, and their
activity was compared with Ampicillin, a 3-lactam antibiotic belonging to the penicillin
group. All compounds had shown antimicrobial activity, in particular, the complex 28a had

shown an antibacterial activity comparable to Ampicillin, as shown in Table 3.

Table 3 MIC of the complex 28b compared to ampicillin

Bacteria 28a 28b 28¢ 28d Ampicillin
E. coli 1600 3.12 200 400 3.12
S. aureus 3.12 >1600 200 50 3.12
Enteroc. 3.12 >1600 >1600 >1600 1.56
faecalis
P. auruginosa 3.12 >1600 >1600 >1600 25

The presence of the methoxy group in the para position of the phenyl ring, bonded to the
nitrogen atom, increased the antibacterial activity. Furthermore, it was no observed
antibacterial activity for the complex with N-alkyl substituents.

Later, Ghosh and collaborates tested the complex 29 (Figure 32) against B. Subtilis (Gram +)
and E. coli (Gram-). It was observed the total inhibition of Gram+ bacteria. The silver analogs
demonstrated a similar antibacterial activity, but the gold complex showed the best activity,
presumably due to their high stability concerning sulfur-containing groups. The authors
have conducted an incubation test, and they observed that the gold complex was able to
inhibit the cell division (cytokinesis) of the bacteria [66].
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Ozdemir’s research group reported the synthesis and the antibacterial activity of a series of
N-aryl substituted NHC gold complexes, derived from benzimidazole (complexes 30a-c.
Figure 32)[91].

L DA QL Ry o QA
Qqﬁ ! e I I

AuCl AuCl AuCl AuCl

29 30a 30b 30c

Figure 32 Neutral gold NHC complexes by Ghosh and Ozdemir

They investigated the NHCgold complexes against Gram+/- pathogens (S. aureus, Enteroc.
Faecalis, E. coli, P. aureginosa). All the complexes were active antibacterial; furthermore, the
authors underlined the importance of the steric and electronic parameters on the NHC
ligand for improving the antibacterial activity.

Very recently, different NHC and caffeine-based gold complexes were prepared and tested
against Helicobacter pylori in vitro. All the complexes have displayed an interesting
antibacterial activity, particularly tert-butyl (31c, 32c) and caffeine-derivates(33a-b) have
inhibited bacterial growth at a very low concentration (2uM). Another noteworthy
observation is the lower cytotoxicity of these complexes (20.7-58.0uM) than Auranofin
(3.0uM) toward HEK-293 T cells (human embryonic kidney cells)[92].
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Figure 33 NHC and caffeine gold complexes with antiproliferative activity

In addition to antibacterial action on various bacterial and pathogens strains [92], Auranofin

showed an interesting antitumoral activity. The discovery of cytotoxic activity by gold
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compounds has brought the synthesis, characterization, and evaluation of the cytotoxic

activity of many new gold NHC complexes [93].

1.6.3 Antitumoral Properties of Au-NHC complexes

Despite the discovery of many chemotherapeutic agents having cytotoxic activity such as
cis-platin and its analogs [94], cancer and tumoral diseases are still common, and nowadays,
they remain difficult to treat. The side effects (e.g.: nausea, nephrotoxicity, neuropathy,
ototoxicity, etc.) attributable to the platinum-based compounds, have stimulated the study
of new organic and metalorganic compounds as a new antitumoral agent with few side

effects. Recently, the gold organometallic compounds have caught the interest.

o :2 o 0
HN,  \ClI HN_ _O \Pt/
'Pt /Pt\ / \
H,NY Vel H3N o N o
o H o
cis-platin Carboplatin Oxaliplatin

Figure 34 Platinum-based chemotherapeutic compounds

In literature are reported different gold NHC complexes with antiproliferative activity. The
cytotoxic activity shown by phosphine-based gold complexes has brought the group of
Berners-Price to shift attention to NHC analogs, which have similar electronic
properties[63,95,96]. The first study on NHC gold complexes reported in the literature was
published by Berner-Price et al.[65]. They have reported the synthesis and the antitumor
activity of lipophilic gold NHC complexes (34a-c, Figure 35). These complexes have shown
an interesting cytotoxic activity, against thioredoxin reductase (TrxR), a ubiquitous
selenoenzyme, that plays a crucial role against the oxidative stress of cells. In a tumorigenic

cell, the TrxR is over-expressed, and it has become the target of new drugs[97].
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Figure 35 Series of lipophilic NHC-Au complexes with selective antitumor activity

Furthermore, these complexes are selective cytotoxic compounds, because they induce the
apotheosis of tumorigenic breast cancer cells, but not that of healthy cells[98]. The selectivity
of these complexes was attributable to the binding of Au(I) metal center to selenocysteine,

and subsequent substitution of the ligand.
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Based on the observed selectivity of Au towards the selenocysteine site of TrxR, Messori
and co-workers have reported the interaction between the synthesized C-terminal portion
of TrxR, made up of twelve amino acids, and three benzimidazole-derived NHC gold
complexes[99]. The mass spectrum analysis (ESI-MS) has confirmed the high strength ability

of gold to selenium atoms.

Figure 36 High active gold NHC complexes against selenocysteine site of TrxR

Later, Wolfl and co-workers determined the biological activity of these complexes against
four cell lines of pancreatic ductal adenocarcinoma (PDAC) by MTT assay. The compound
35b has displayed very low inhibition concentration; they ranged between 60 nM to 280
nM[100].

Isab synthesized a series of selenium-coordinated gold NHC complexes against HCT15
(colon), A549, and MCF7 tumorigenic cell lines, showing less activity than cis-platin. The
authors have attributed the low activity to the high strength of the Au-Se bond[101].

Figure 37 Example of Gold-NHC selenone complex

Casini et al. have reported a series of Au(I) N-heterocyclic carbene complexes derived from
caffeine and tested their cytotoxicity with different cell lines. The complex 33c displayed a
better cytotoxic activity than cis-platin against A2780/R cell lines (ovarian) (ICso 15.6 vs
35uM). The caffeine-based complex was not cytotoxic against the non-cancerous cells
(IC5>100puM)[102].

In 2017, Casini has given another important contribution to Au(I)NHC field, reporting the
synthesis of a series of hydrophilic Au(I)NHC complexes, and evaluating their activity
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against human ovarian cell lines. Sulphonated NHC Au(I) complexes(37a-c, Figure 38) were
not active against human ovarian cancer cell lines, while the hydroxylated NHC gold

complexes(38a-c, Figure 38) have displayed a cytotoxic activity[103].

Au
)\ AuCl
T — ~ — R
033 N v N N
37a R=Me 38a R=Me
37b R="Bu 38b R="Bu
37¢ R=Mes 38c R=Bz

Figure 38 Sulphonated and Hydroxylated Gold(l) NHC complexes reported by Casini et. al

The history of humans has been strongly influenced by gold, omitting its application in
currency and jewels. Gold has found applications in many different fields such as aerospace,
material science, and medicine, as antibacterial and antitumoral. Despite its use since
ancient times in these different fields, gold has found application in homogeneous catalysis,
only in the last two decades[104-106].

The application of gold salts, such as AuCl, AuCls, and NaAuCls, has been started as a
curiosity in diverse organic transformations. It was observed that gold compounds could
active multiple carbon-carbon bonds, due to their m-affinity[104,105]. The primary
limitation of the use of these salts was the formation of colloidal compounds, with a
consequential loss of catalytic activity. Steric and electronic stabilization is required to
improve the catalytic activity.

The synthesis of the first stable NHC had an important impact on organometallic chemistry,
as well as in that gold chemistry. During the last twenty years, gold NHC complexes have
displayed interesting catalytic properties.[107].

1.6.4 Catalytic Activity of Au-NHC complexes

The first application in homogeneous catalysis of NHC-Au(I) complexes was published by
Herrman and co-workers in 2003[108]. They studied the nucleophilic addition of water to 3-
hexyne, to lead the corresponding ketones, in presence of Lewis acid as B(CsFs)s, as co-
catalyst.

The reaction of hydration of alkyne is an example of an atom economy and environmentally
friendly synthetic strategy. The role of the gold catalyst consists of promoting the addition

of a nucleophilic molecule of water to electron-rich rt-system of alkyne.
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Figure 39 The first catalytic application of Au(l)NHC complex
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For these reasons the hydration of alkynes catalyzed by AuNHC complexes is still largely

studied [109-113]. Gatto et al. reported the synthesis, characterization, and evaluation of the

catalytic activity of a series of gold N-heterocyclic carbene complexes with different anions,

in the reaction of addition of water to 3-hexyne (Figure 39). By the analysis of the results,

shown in Table 4, the complexes having OTf, NTfas counterion have displayed impressive

catalytic activity. Complexes bearing the following counterion BArF-, BFs—, SbFe, ClOx,

OTs and TFA~have not catalyzed the addition of water to alkyne moiety, due to poor basic

properties or low coordination ability, while the complexes bearing OTf, NTfzions have

given the complete conversion in the hydration reaction of 3-hexyne. Since the obtained

results, the authors of the paper proposed the catalytic pathway, illustrated in Scheme2,

and have underlined the role of the counterion in the reaction.

Table 4 Results obtained by Gatto et. al

Run X Conversion (%) Time (h)
1 BF4 <1 24
2 SbFe <1 24
3 ClOg <1 24
4 OTf >99% 16
5 NTf, >99% 16
6 OTs <1 24
7 TFA <1 24
8 BArF- <1 24
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Scheme 2 The proposed mechanism by Gatto et. al. Reprinted with permission from Gatto, M.; Belanzoni, P.; Belpassi,
L.; Biasiolo, L.; Del Zotto, A.; Tarantelli, F.; Zuccaccia, D. Solvent-, Silver-, and Acid-Free NHC-Au-X Catalyzed Hydration
of Alkynes. The Pivotal Role of the Counterion. ACS Catal. 2016, 6, 7363—-7376,[110]. Copyright 2016, American
Chemical Society

The authors proposed a mechanism in which during the nucleophilic attack, the anion plays
two fundamental roles, firstly blocks the water molecule in the right position to allow the
addition to the alkyne, leading to the Intermediate I, while the second time, it promotes the
two transfers of protons, which produce the enol derivatives, and finally the ketone.

Gold N-heterocyclic carbene complexes catalyse also the hydroamination reaction of
alkynes to produce imines or enamines. In the same manner as hydration reaction, the gold
pre-catalyst must be activated by a halide scavenger, such as a silver salt [114,115].

Katari and co-workers reported a study based on density functional theory (DFT) to try to
shed light on the mechanism of the hydroamination reaction of terminal alkyne [116]. In

Scheme 3, it is reported the mechanism proposed by the authors.
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Scheme 3 The hydroamination mechanism proposed by Katari et. al. Reprinted with permission from Katari, M.; Rao,
M.N.; Rajaraman, G.; Ghosh, P. Computational Insight into a Gold(l) N-Heterocyclic Carbene Mediated Alkyne
Hydroamination Reaction. Inorg. Chem. 2012, 51, 5593-5604, [116]. Copyright 2012, American Chemical Society.

In this mechanistic study, the authors used propyne (CHsC=CH) and aniline (PhNH>2) as
representative reagents, whereas, for simplicity, the 1,3-dimethylimidazol-2-ylidene was
used as the NHC ligand. As shown in Scheme 3, the hydroamination reaction takes place
through activation of the pre-catalyst, by the reaction of Au(NHC)Cl and silver salt (AgBFa),
to lead the intermediate A, having a molecule of solvent (CHsCN)coordinated. The
formation of specie A was proposed because previously the formation of an analogs specie
with mass spectrometry analysis (ESI) was observed [117]. The intermediate A could evolve
into two different pathways, with the substitution of a solvent molecule through amine or
alkyne, and the consequential formation of adduct C. From the energy analysis, the amine
coordination pathway is 7 kcal/mol more advantageous than the alkyne one (formation of
B’). The authors have attributed this difference to the 7 acidity of alkyne, which caused a
reduction of m-back-donation and an elongation of the Au-Cnuo) bond. The reaction
proceeds with the nucleophilic addition of an amine to the alkyne, and a possible

tautomerization leads the catalytic active specie and the imine.

_NH, — R [Au(NHC)CI] )|\
R . — > R

AgX

R=Aryl or Alkyl

Figure 40 Example of hydroamination reaction catalyzed by AUNHC complex
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Recently, Baron and co-workers have reported the catalytic activity of dinuclear gold(I)
complexes with two bridged NHC ligands, of the general formula AuzBr2(NHC).. All the

dinuclear complexes are illustrated in Figure 41[118].
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40f L®n=3, R=Mesithyl
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Figure 41 Dinuclear gold(l) NHC complexes of Baron

These complexes, with 2% mol of AgSbFs as cocatalyst, were tested in the hydroamination
reaction of phenylacetylene with 2,4,6-trimethylaniline in neat conditions, for 4 hours. The
results are reported in Table 5. The complexes bearing N-Methyl substituted NHC ligands
have shown the best catalytic activity; for these catalysts, the total conversion of amine is
observed. Was observed the formation of acetophenone as a by-product. The authors have
attributed the formation of ketone by the hydrolysis of imine or the ability of the gold
complex to catalyze the addition of the water to the alkyne.

Table 5 Results in the reaction of hydroamination of 2,4,6-trimethylaniline

AuBr2 (NHC), (1%mol)
AngFe(Z %mol)
40°C, neat

Run AuzBrz(NHC); Yield imine (%) Yield ketone (%)

1 40a 93 7

2 40b 94 6

3 40c 94 6

4 40d 64 3

5 40e 75 9

6 40f 72 10

7 40g 73

8 40h 75

9 401 70

9Reaction conditions: 1 mmol amine, 1 mmol phenylacetylene, 1 mol % Au catalyst, 2 mol% AgSbFe, 40 °C, 4 h.

One of the first catalytic applications of gold compounds was reported by Li and co-workers
[119]; they demonstrated that Au (I/III) salts were able to catalyze the A’coupling reaction

among aldehyde, amine, and terminal alkyne, in water with low catalyst loading (1 mol%).
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Furthermore, the gold complexes have displayed better yields with an aromatic aldehyde
in contrast to silver catalysts[79]. The mechanism for this type of reaction was the same
proposed for the silver compounds (Schemel), involving the Cauyne-H activation. In the
same manner for silver catalysis, for many golds, N-heterocyclic carbene complexes were
evaluated their catalytical activity in this type of reaction. Price et. al. reported the screening
of the activities of gold NHC complexes in condensation among benzaldehyde, amine, and

phenylacetylene with different solvents[120].

S, T

CI
41 42
Figure 42 Gold(I)NHC screened in A3>-coupling reaction by Price et.al

Table 6 Solvent and catalyst’s activity in the A3 coupling reaction
o

NR,
)J\ . Au(NHC)CI
Ph H v NHBR o ———Ph solvent T(°:) Ph)\
’ A
Ph
Entry Catalyst Solvent T(°C) Reaction Conversion (%)
Time(h)

1 41 H0 40 24 9

2 41 CHCIs 60 24 65

3 41 CF:CHOH 60 24 88

4 42 H0 40 72 10

5 42 CHCIs 60 24 22

6 42 CHCls 60 72 31

7 42 CHCls 60 168 62

8 42 CFsCHOH 40 24 96

9 42 CHsOH 40 24 39

9 Reaction conditions: 1 mmol aldehyde, 1.1 amine, 1.5 phenylacetylene, 1%mol, 2mL solvent, 24 h.
The conversions were determined by NMR analysis

For two complexes, an improvement in aldehyde conversion was observed when
trifluoroethanol was used as solvent. The highest conversion in CFsCH20H was attributable
to its elevated polarity. That could consent to the initial formation of iminium ion and the
promotion of the subsequent nucleophilic addition of gold acetylene complex. However,

the authors did not observe any asymmetric induction using chiral gold complexes[121].
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Chapter 2: Results and discussion

2.1 Synthesis of N-Heterocyclic carbene pro-ligands and silver and gold NHC complexes
The growing interest in the various fields of organometallic chemistry and the interesting
results achieved in catalysis and pharmaceutical applications have convinced numerous
research groups to be interested in the synthesis, characterization, and evaluation of
chemical-physical properties of new organometallic compounds and their possible
applications. Thus, during the last 30 years, N-heterocyclic carbene (NHC) ligands have
caught the attention of researchers. As reported in Chapter One, the silver, and gold(I) NHC
complexes have shown interesting properties in catalysis and biological applications, as
both antitumoral and antibacterial compounds. For these reasons, we have synthesized,
characterized by nuclear magnetic resonance ('H, ®C-NMR) spectroscopy and mass
spectrometry imidazolium salts (NHC pro-ligands, Figure 43), and the respective Ag (I) and
Au (I) complexes (Figures 44-45). The imidazolium salts and their silver and gold complexes
are obtained in a racemic mixture. In this chapter, we will discuss the synthesis, the

characterization of imidazolium salts, and their relative silver and gold NHC complexes.
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/:\ OH >:< OH >:< OH —— OH
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Figure 43 Structure of Imidazolium salts (NHC pro-ligands)
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Figure 44 Structure of silver NHC complexes
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Figure 45 Structure of gold(l) NHC complexes

The success of NHCs in organometallic chemistry is attributable to several factors such as
the easy modulation of steric and electronic properties with easy-to-access synthetic
strategies of pro-ligand which can give metal complexes. All synthesized NHC pro-ligands,
and subsequently, silver and gold complexes are characterized by different groups on two
nitrogen atoms, i.e.: methyl, and 2-hydroxy alkyl substituents, to enhance the stability of the

complexes, for catalytic purposes, and the hydrophilicity for biological applications.
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2.2 Synthetic strategies for the synthesis of imidazolium salts
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Figure 46 Synthetic strategies used to produce NHC precursors

The synthesis of pro-ligands (P-L1-14) is reported in Figure 46. They were synthesized
following the published literature procedures [122-125] and appropriately modified by us
[126-130], via the reaction of imidazole ring with epoxy alkylating reactant (styrene oxide,
cyclohexene oxide, cyclopentene oxide). In this reaction, the epoxy ring was opened by the
nucleophilic attack of imidazole by the nitrogen atom. The monoalkylated compound of 4,5-
dichloro imidazole, 4-5 diphenyl imidazole, and benzimidazole were not isolated, and they
were subsequently alkylated with iodomethane (P-L2-4) or 2-iodoethanol (P-L5, P-L6). The
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pro-ligand 7 was obtained by the reaction of isolated alkylated imidazole with sodium
hydride (NaH) and an excess of iodomethane, following the synthetic strategy [131] slightly
modified by us [132]. All the synthesized salts were characterized by the 'H-NMR, *C-NMR
analysis, and mass spectrometry, and the signals were fully attributed. The formation of the
NHC precursor is justified by the shift of singlet signal attributable to hydrogen (NCHN) to
downfield, by the appearance of multiplet signals attributable to the opening of the epoxy
ring. The mass spectrum of the NHC precursor have shown a peak attributable to the

cationic portion of the salt.

2.2.1 Synthesis of pro-ligands P-L1, P-L2

X X o X X
> < /A OH
g - g \)\ —»CHsI \)\
N NH ——> N N
Q§// CH;CN Q§// Ph //’ \\//

P-L1 X=H
P-L2 X=CI
The complete characterization of complexes P-L1 and P-L2 is reported in the literature by
us [128,130].

2.2.2 Synthesis of pro-ligands P-L3, P-L4
Ph Ph Ph Ph

\/NH K2C03’ CH3CN /N

2)CH,l

— 4
T ’
G
{+
\
\
\

0 OH
1) Ph/<| \)\
-
N NH Neo , N
K,CO3 CHiCN — Ny
N 2o n X Ph
-

2)CH3l
P-L4

The proligands P-L3 e P-L4 have been synthesized using the literature procedure published
by Tacke and collaborators[58]. In first time, a mild base (K2COs) was added to the solution
of the corresponding imidazole (4,5-diphenylimidazole for P-L3, benzimidazole for P-L4) to
deprotonate the sp3-hybridized nitrogen atom of the reactant. The reaction mixture was
stirred for two hours, to allow the deprotonation. Subsequently, in the reaction mixture, was

added the alkylating agent (styrene oxide), and the resulting reaction mixture was stirred
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for twenty-four hours. As seen in the previous section (2.1.2), the epoxy ring is opened by
the nucleophilic nitrogen atom, to lead to the monoalkylated compound. Then,
iodomethane was added, and the reaction mixture was stirred for a further six hours, at
refluxing temperature. The imidazolium salts were recovered by filtration after
precipitation in acetone. The salts were characterized by 'H-NMR, ®C-NMR analysis, and
mass spectrometry. All the spectra show the expected signals which were assigned as
reported. The acid protons of pro-ligands resonate respectively at 9.50 ppm, for P-L3 and
9.7 ppm for P-L4. The mass spectra show a single peak attributable to the carbocationic
portion of the salts.

2.2.3 Characterization of P-L3, 4,5-diphenyl, N-methyl-N’-[2-hydroxy-phenyl) ethyl]

imidazolium iodide

Ph Ph
OH
\)\ '
N~ + N 4
/ \v/ Ph
2,3
1 5
I
Ph-rings
5
OH-group DMSO
T T T T T T T T T T T
10 9 3 7 6 5 4 3 2 1 Oppm

1H-NMR (400MHz, DMSO-ds): 6 9.50 (s, 1H, NCHN);7.4¢-7.11 (m, 15H, Ph rings); 6.12(s, 1H,
OH); 4.7:(m, 1H, OCH); 4.2¢-4.11(m, 2H, NCH2); 3.84(s,3H, NCH3).
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DMSO
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Legend

DEPT135
BC-NMR

T 1
125 ppm

BC-NMR (100 MHz, DMSO-ds): 6 140.77 (ipso aromatic carbon (1’), Ph-ring), 136.8s (NCN),
131.3-125.59,  (aromatic ~ carbons, Ph  ring),  125.50-125.0s  (backbone  carbons,
NCPh=CPhN),70.06(OCH), 54.0:(NCH>), 34.47(NCHz)

MALDI-ToF (m/z): 355.18080 attributable to cationic portion of the imidazolium salt
[C2sH23N20]*
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2.2.4 Characterization of P-L4, N-methyl-N’-[2-(hydroxy-phenyl) ethyl] benzimidazolium
iodide

OH

N~ + ~ N\/‘\
— S 4 Ph
1 2,3

| 5

Ph-group
5
OH-group 4 2,3
u DMSO

T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 oppm

1H-NMR (400MHz, DMSO-ds): 6 9.7- (s, 1H, NCHN);8.0-7.31 (m, 9H, Ph ring); 5.9¢(d, 1H,
OH); 5.10-5.07 (dd, 1H, OCH); 4.61-4.52(m, 2H, NCH2); 4.14(s,3H, NCH).
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DMSO

132 131 ppm 114 113 ppm
Ph-ring

(2,3,4,7,6)

[l J

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm

I T T T T T T T T T T T T T T T T T T

T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 144.0s (NCN) 141.9 (ipso aromatic carbon (1’), Ph-ring),
131.60-131.36 (backbone carbons, NC=CN), 128.3--113.11, (aromatic carbons, Ph rings),
70.06(OCH), 54.02(NCH3), 34.47(N CHs)
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MALDI-ToF (m/z): 253.13474 Da attributable to cationic portion of the imidazolium salt
[CisH17N20]*

2.2.5 Synthesis of pro-ligands P-L5, P-L6

X X o) X X
>:< /A >:< OH
N NH — N N \)\
—_— > t
N\ 2)ICH,CH,0H oo " X Ph
-
CH,CN P-L5 X=H
P-L6 X=CI

The pro-ligands P-L5 and P-L6 were synthesized according to the procedure reported in
references [133,134] and modified by us [129,130,135,136]. After the first alkylation of the
imidazole ring with styrene oxide, the monoalkylated product has been reacted with 2-
iodoethanol for 8 hours, in acetonitrile at refluxing temperature, under an inert atmosphere.
The imidazolium salts were recovered by precipitation with acetone, and they were
characterized by NMR analysis and mass spectrometry. The spectra show all the expected
signals. As seen above, the formation of the imidazolium salts is justified by the appearance
of the down-field singlet, corresponding to the hydrogen atom bonded to the carbon atom,
in the 'H-NMR spectrum. The imidazolium protons resonate at 9.12 ppm for P-L5, while 9.5:
ppm for the analogous ligand with chlorine atoms on its backbone (P-L6). The mass spectra

show for both ligands a peak attributable to their cationic portion.
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2.2.6 Characterization of P-L5, N-2-hydroxy ethyl-N’-[2-(hydroxy-phenyl) ethyl]

imidazolium iodide

5 6 OH
1,2 No+ 2N \),\
Ho— ~—~— 7.8 Ph
3,4 ,
10
r Ph-ring
1,2
10 5-6
3,4
OH
OH group
group 7,8
Aj L DMSO
- LJ L_J - L
T | T T T T T T T T |
10 9 8 7 6 5 4 3 2 1 0 ppm

1H-NMR (400MHz, DMSO-ds): 6 9.12 (s, 1H, NCHN);7.75-7.35 (m, 7H, Ph rings); 5.95(s, 1H,
OH); 5.17 (s, 1H, OH) 4.9/(m, 1H, OCH); 4.46-4.25(m, 4H, NCH.CH.OH, NCH:CHOH);
3.75(s,2H, NCH.CH:OH).
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DMSO

Ph-ring 3

T T T T T T T T T T T T T T T T T T T \
190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 ppm

BC-NMR (100 MHz, DMSO-ds): 6 141.28 (ipso carbon of Ph ring), 136.75 (NCHN), 128.34,
127.82, 125.99 (aromatic carbon, Ph ring), 122.95, 122.28 (backbone carbons), 70.70 (CHOH),
59.36 (CH20H), 55.60 (NCH2CHOH), 51.56 (NCH2CH20H).

MALDI-ToF (m/z): 233.12898 attributable to cationic portion of the imidazolium salt
[C1sH17N20:2]*
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2.2.7 Characterization of P-L6, 4,5-dichloro-N-2-hydroxy ethyl-N’-[2-(hydroxy-phenyl)

ethyl] imidazolium iodide

5 6 OH
1,2 No+ 2N \),\
Ho— ~—~— 7.8 Ph
3,4 ,
10
r Ph-ring
1,2
10 5-6
3,4
OH
OH group
group 9 7,8
U L DMSO
- LJ L_J - L
T I T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0 ppm

1H-NMR (400MHz, DMSO-ds): 6 9.51 (s, 1H, NCHN);7.40-7.3s (m, 5H, Ph rings); 6.0s(s, 1H,
OH); 5.1s (s, 1H, OH) 4.9¢(m, 1H, OCH); 4.49-4.34(m, 4H, NCH.CH.OH, NCH:CHOH);
3.7:(s,2H, NCH.CH:OH).
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Cl Cl

DMSO
3
Ph-ring

7 1

1

LT |
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

BC-NMR (100 MHz, DMSO-ds): 6 140.44 (ipso carbon of Ph ring), 137.39 (NCHN), 128.44,
128.10, 125.9¢ (aromatic carbon, Ph ring), 118.91, 118.47 (backbone carbons), 69.80 (CHOH),
58.1s (CH20H), 54.8s (NCH2CHOH), 51.06 (NCH2CH-OH).

MALDI-ToF (m/z): 301.05142 Da attributable to cationic portion of the imidazolium salt
[C1sH15CLN20-]*

45



Chapter 2: Results and discussion

2.2.8 Synthesis of pro-ligands P-L7

\0
1) NaH / \ \)\
i N~ _+ _N

_—— 3o L2
2) CH;l A4 Ph
CH,CN(dry) r

The NHC precursor P-L7 was obtained following the literature procedure [131] modified by

us [132]. The mono alkylated imidazole was stirred, under a nitrogen atmosphere, with

sodium hydride (NaH) in dry acetonitrile. The reaction mixture was stirred for 2 hours at

4°C. Later, an excess of iodomethane (CHsl) was added to alkylate either nitrogen and

oxygen atoms. The resulting mixture was stirred for 24h at room temperature, then filtered

to obtain the imidazolium salt. The presence of the singlet signal at 9.0o ppm attributable to

the acid hydrogen and the appearance of the signal attributable to protons of the methyl

group on oxygen atom at 3.13 ppm, confirmed the formation of the pro-ligand. Furthermore,

the mass spectrum of the salt shows a peak attributable to the positive portion of the salt.

2.2.12 Characterization of P-L7, N-2-hydroxy ethyl-N’-[2-(methoxy-phenyl) ethyl]

imidazolium iodide

5\0
7/:\6\/k
N~ + N 4

Jv 5 Ph
1/\\/ >
8

Ph-ring

7,6

[ee)

T T T T
10 9 8 7

T I I T T T
5 4 3 2 1 Oppm

1H-NMR (400MHz, DMSO-ds): 6 9.0¢ (s, 1H, NCHN);7.70 (s, 2H, NCHCHN)7.4+-7.37 (m, 5H,
Ph rings); 4.6s(m, 1H, OCH); 4.45-4.2:(m, 2H, NCH_); 3.85(s,3H, NCH3) 3.15 (s, 3H, OCH).

46



Chapter 2: Results and discussion

DMSO

3 Ph-group

6,5

N

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

3C-NMR (100 MHz, DMSO-ds): 6 137.32 (ipso aromatic carbon, Ph-ring), 136.9: (NCN), 128.72,

128.64, 126.81 (aromatic carbons, Ph ring), 123.3s(backbone carbons, NCH=CHN),80.4s(OCH),
56.46(NCHz2), 54.06(NCH3), 35.97(NCHs)

MALDI-ToF (m/z): 217.1342 Da attributable to cationic portion of the imidazolium salt
[C1sH17N20]*
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2.2.9 Synthesis of pro-ligands P-L8, P-L9, P-L10, P-L11

R R R R
OH
N NH n > N<+.N
\ - — \v/
N 2) CHyl . N4
CH;CN n
P-L8: R=H, n=0
P-L9: R=Cl, n=0
P-L10: R=H, n=1

P-L8-11 are synthesized following the published procedure [126,129], using cyclopentene
oxide or cyclohexene oxide as the alkylating agent. The formation of the imidazolium salt is
supported by the NMR spectroscopy analysis and mass spectrometry. In the "H-NMR
spectrum, the appearance of signals attributable to the opening of the epoxy ring supports
the formation of the pro-ligand. The complete characterization of P-L8, P-L9, and P-L10 is
reported in the literature[126,129], while in the next section, we have reported the

characterization of P-L.11.

2.2.10 Characterization of P-L11, 4,5-dichloro N-methyl-N"-[cyclohexan-2-0l] imidazolium
iodide

11
Cl Cl
HO
2
3,4
/ N \\-:,,/ N
11 1
12 5,6
I
9,10
7,8
12 Cyclohexyl
3,4,5,6,7,8,9,10
OH-group
l jU 1 DMSO
T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 Oppm

1H-NMR (400MHz, DMSO-de): & 9.7 (s, 1H, NCHN); 5.25 (m, 1H, OH); 4.1>-4.0,(m, 1H,
OCH); 3.84(s,3H, NCH;) 3.7:-3.70 (m, 1H, NCH); 2.0s 1.34(s, 8H, Cyclohexyl).
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DMSO

2 1 3,4,5,6

8,7

T T T T T T T T T T T T T T T T T T 1
180 170 160 150 140 130 120 110 100 92 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 135.6r (NCN), 118.8¢(backbone carbons,
NCCI=CCIN),71.55(OCH), 65.2o(NCH), 35.20(NCHs), 34.02-23.55(Cyclohexyl group)

MALDI-ToF (m/z): 249.05614 Da attributable to the cationic portion of the imidazolium salt
[C1oH15CLN20]*

2.2.11 Synthesis of caffeine-based imidazolium salts P-L12, P-L13, P-L14

—N o —N o)
__ 1)RX —
K,CO;

N
NS 2)CH3l
DMF, reflux I
P-L12 R=""/L Ph

Caffeine-based imidazolium salts have been prepared using the procedure published in the
literature [54,102,125,137]and slightly modified by us. Under an inert atmosphere,
theophylline was alkylated with an epoxide (styrene oxide P-L12 or cyclohexene oxide P-
L14) or alkyl halide (2-iodoethanol, P-L13), in DMF at refluxing temperature, for twelve
hours using a mild base (K2COs). Subsequently, the monoalkylated theophyllines were

alkylated with iodomethane in six hours, even though the low reactivity of the sp? nitrogen

49



Chapter 2: Results and discussion

atom. The pro-ligands have been isolated and characterized by NMR ('H, *C) and mass

spectrometry.

2.2.12 Characterization of P-L12, N’-[2-(hydroxy phenyl) ethyl] trimethylxantinium iodide

3

° / 13 2

>¥N
—N o)
2

OH
6
N~ + ~N
R Ph
45
1 7
-
Ph-group
7 DMSO
OH group
L 4,5
1N
I uut
1 T 1 1 1 1 I 1 1 1 1
10 9 8 7 6 5 4 3 2 1 Oppm

TH-NMR (400 MHz DMSO-ds): 6 9.3¢ (s, 1H, NCHN), 7.4+-7.30 (m,5H, Ph-group), 5.9 (s,1H,
OH), 4.73(8,1H, CHOH), 4.69-4.40 (m,ZH, NCHZ), 4.35 (S,3H, NCHj3 imidazolium ring), 3.74 (S,3H,
NCH), 3.27 (s,3H, NCH).
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o /3
8>—N
—N
2

1
I
10 7 1 3
Y AM
I T T T 1
141 140 139 ppm
Ph-group
1
10,7,1 5 ,3
8 4
9 6

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

sl

T T T T T T T T T T T T T T T T T T T 1
19 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (400MHz DMSO-ds): 6 153.43-150.19(C=0), 140.95(NCHN), 139.93(backbone carbons,
C=C), 139.55(ipso aromatic carbon, Ph-ring), 128.66, 128.21, 125.87(aromatic carbons, Ph ring),
107.12 (backbone carbons, C=C), 70.30 (CHOH), 55.45(NCH2), 36.93(NCHs3 imidazotium ring), 31.4s,
28.56¢(NCHs)
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MALDI-ToF (m/z): 315.14753 Da attributable to the cationic portion of xantinium salt

[C1sH19N4Os]*
2.2.13 Characterization of P-L13, N’-[2-(hydroxy) ethyl] trimethylxantinium iodide
o /3
>¥ N
—N o
2 oH 3,4,5
N~ + ~ N\)sj H.0 2
/ Jv2 1
; 4,5
8
-
8 6,7
OH DMSO
10 9 8 7 s s f 3 2 1 Oppm

1H-NMR (400 MHz DMSO-ds): § 9.37 (s, 1H, NCHN), 5.1 (s,1H, OH), 4.5-4.50 (m,2H,
CH:OH), 4.15 (s,3H, NCH3 imidazotium ring), 3.75 (b, 5H, NCHz, NCH3), 3.27 (s,3H, NCH).
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DMSO

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

T T T T T T T T T T T T T T T T T T T T T

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

BC-NMR (400MHz DMSO-ds): 6 153.25-150.12(C=0), 139.6s(NCHN), 107.0s(backbone carbons,
C=C) 58.35 (CH20H), 51.39(NCH>), 36.91(NCH3 imidazolium ring), 31.40, 28.49(NCH3)

MALDI-ToF(m/z):239.11513 Da attributable to the cationic part of imidazolium pro-
ligand[C10H15N4Os]*
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2.2.14 Characterization of P-L14, N’-[cyclohexan-2-0]] trimethylxanthinium iodide

1 3 2
(0] /3
yN
—N o
2
OH
> 6,7
/NVN ,
4
1 14
|- 8,9
12,13
10,11
DMSO
Cyclohexyl
14
OH
4
)R N
1 1 1 1 T I 1 I 1 1 1
10 9 8 7 (] 5 4 3 2 1 Oppm

TH-NMR (400 MHz DMSO-ds): 6 9.54 (s, 1H, NCHN), 5.2¢ (s,1H, OH), 4.7s-4.70 (m,1H,
CHOH), 4.16 (s,3H, NCH3 imidazolium ring), 3.91-3.90 (b,1H, NCH), 3.75(s,3H, NCHs), 3.2s (s,3H,
NCHs3), 2.10-175(m, 8H, Cyclohexyl)
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o /3
»‘N
12
—N (o] DMSO
2
OH
10 13
5
4
1 14
7
I 9
8 cyclohexyl
2,3
12 13
11
14 54
10u j
- o UL

T T T T T T T T T T T T T T T T 1

T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (400MHz DMSO-ds): 6 153.20-150.12(C=0), 139.69 (backbone carbons, C=C)
138.55(NCHN), 107.70(backbone carbons, C=C) 70.1¢ (CHOH), 65.47(NCH), 37.24(N CHs3 imidazolium
ring), 34.41-28.72, (cyclohexyl carbons) 24.44-23.67:(NCHs)

MALDI-ToF(m/z):293.16137 Da attributable to the cationic part of imidazolium pro-
ligand[C1aH21N4Os]*
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2.3 Synthesis of silver N-heterocyclic carbene complexes

R R R R
\,J ( OR" \, ( OR"
_’,..-N\-\\S’;N Ag;0 R"——'NYN
—_—
I CH,Cl; (dry)
Agl

AgL1 R=H, R'=CH, R"=H

AglL2 R=Cl, R'= CH; R™=H

AgL3 R=Ph, R'= CHy R"=H

AgL4 R=benzo R'=CH, R"=H

AgL5 R=H, R'=CH,CH,0H, R"=H
AglL6 R=Cl, R'= CH,CH,0H, R"=H
AgLT R=H, R'=CH,, R"=CH;

OH ONa
[T NaH / \
—N YN - == "‘\T/'“
Agl Agl
AgLT
R R
R R OH
: : OH >:<
____,—N\"‘»N Ag;0 /NL\VIN
N _—
I CH;CI; (dry) n
n dark Agl
AgLB R=H, n=0
AgL9 R=CI, n=0
AgL10 R=H. n=1
AgL11 R=Cl, n=1

Figure 47 Synthesis of imidazolium-based silver NHC complexes

The silver NHC complexes have been synthesized by the reaction of the imidazolium salt
with silver oxide, in dry dichloromethane, under nitrogen atmosphere. Silver oxide gives
the deprotonation of the pro-ligand and the consequent coordination to the metal center[44].
The silver oxide route is one of the most used synthetic strategies to produce Ag-NHC
complexes for several reasons. Firstly, the reaction can be carried out at room temperature,
without the use of an inert atmosphere and a base. Furthermore, silver oxide deprotonates
the imidazolium salt, and various solvents (CH.Cl., DMF, CHsOH, CHsCN, etc ) can be
used[138].

All the synthesized complexes have been characterized by nuclear magnetic resonance
spectroscopy ('H, 1*C) and mass spectrometry. The 'H and *C NMR spectra have shown all
the expectable signals. The disappearance of the downfield signal assigned to imidazolium
hydrogen, in 'H-spectra, and the downfield shift of the signal assigned to carbenic carbon,
in BC-NMR analysis, have justified the formation of the silver complex. The mass
spectrometry spectra show more signals attributable to a bis carbene structure [Ag(NHC):]*.

The multiplicity of signals is due to the nearly equal abundance of silver isotopes (17 Ag, 1*
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Ag) and in the case of Agl.2, AgL6, AgL9, Agl.11 also to the presence of chlorine atoms on
the backbone of NHC ligands (*Cl, ¥Cl).

The complex AgL7” was synthesized by the reaction of the complex AgL1 with sodium
hydride under inert atmosphere, to consent to the deprotonation of the hydroxyl group of

carbene ligand.
(o) (o)
>\ / >\ /
N N
—N o}

—N o
AgOAc
— —_— —
CH;CN

/N\\\";//N\R. _—~N 22 N\R'

I OH

AgOAC  agL12R= U),‘)\Ph

OH

AgL13R'=
OH

AgL14R'= H—@

Figure 48 Synthesis of Xanthium based silver complexes

Silver xanthinium complexes have been synthesized by the reaction of imidazolium salt
with silver acetate (AgOAc) at room temperature in dry acetonitrile, following the literature
procedures [53,55,125,139]. The silver complexes have been synthesized by NMR and mass
spectrometry analysis. In the "TH-NMR spectrum, the appearance of the signal assigned to
methyl of acetate group and the disappearance of the signal of acid proton of the pro-ligand
confirm the formation of the silver complex. Furthermore, the presence of the sharp peak
attributable to the carbene carbon atom supported the formation of the silver complexes.
X X X X
/N>\:vf<N\/T:Ph L /F?\:VKN\/TI

MeOH/DCM
Agl AgOAc

Ph

AgL1-OAc= X=H, Y=H
AgL2-OAc= X= Cl, Y=H
AgL7-OAc= X=H, Y=CHj

Figure 49 Synthesis of acetate NHC silver complexes

The silver acetate NHC complexes were synthesized following the slightly modified
procedure published [140], by the metathesis reaction of iodo silver NHC complex with
silver acetate. The driving force of the reaction is the formation of insoluble silver iodide.
The formation of the acetate complexes has been confirmed by 'H-NMR spectroscopy with
the appearance of singlet signal attributable to the protons of the methyl group of acetate
anion, and by *C-NMR by the appearance of down-field signal attributable to carbonyl

carbon and the resonance attributable to methyl carbon.
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2.3.1 Characterization of Silver complexes AgL1, AglL2, AgL3, Agl4, AgL5, AglL6, AgL7

R R
OH OR"
A920
* N CH,CI N N
N. . . .
— N 272 N
X Ph R < Ph
-
Agl AgL1 R=H, R'=CHj, R"=H

AgL2 R=Cl, R'=CHj3, R"=H

AgL3 R=Ph, R'=CHj, R"=H

AgL4 R=benzo, R'=CHj3, R"=H
AgL5 R=H, R'=CH,CH,0H, R"=H
AgL6 R=Cl, R'=CH,CH,0H, R"=H
AgL7 R=H, R'=CHj;, R"=CH3

The complete characterization of complexes Agll, Agl2 is reported in literature by
us[126,130].

; ( OH
N ~ , N\)\
/ N 4 Ph
1 2,3
1
Agl
Ph rings
DMSO
2,3
iU
J J
I I 1 I I I I I I I I
10 9 8 7 6 5 4 3 2 1 Oppm

1H-NMR (400MHz, DMSO-ds):  7.46-7.0s (m, 15H, Ph rings) 4.7s(m, 1H, OCH); 4.24-4.14(m,
2H, NCH2); 3.82(s,3H, NCH3).
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Ph Ph
OH
7=\ \)\
N ~ » N
/ N 3 Ph
1 6 2
Ph rings Agl DMSO
backbone (4,5) ‘
1
3
6 2

T
190 180 170

T
140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 181.3s (NCN), 142.17 (ipso aromatic carbon (1’), Ph-ring),
131.97-125.59, (aromatic carbons, Ph ring, backbone), 72.16(OCH), 56.02(NCH3), 37.37(NCHzs)
MALDI-ToF (m/z): 817.26229 Da attributable to a structure a bis-carbene structure

[CisHaus AgN4O2]*
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OH
N ~ s N \)\ DMSO
/ N Ph
1 2,3
Agl 1
Ph-rings
2,3
OH 4 }
WJ \ \ -
I I 1 1 1 1 1 | 1 1 1
10 9 8 7 6 5 4 3 2 1 Gppm

1H-NMR (400MHz, DMSO-de): § 7.82-7.2 (m, 9H, Ph ring); 5.8¢(s, 1H, OH); 5.06-5.07 (dd, 1H,
OCH); 4.69-4.62(m, 2H, NCH>); 4.04(s,3H, NCHs).

60



Chapter 2: Results and discussion

85 3

=

6

| M - J

190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 190.91 (NCN) 142.27 (ipso aromatic carbon (1’), Ph-ring),
134.40-133.82 (backbone carbons, NC=CN), 128.21-111.70, (aromatic carbons, Ph rings),
72.06(OCH), 55.8:(NCH>), 35.50(NCH5)

MALDI-ToF (m/z): 517.26179 Da attributable to a structure a bis-carbene structure
[C2sH2sAgN4O]*
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5 6 OH
1,2 N NP N\A\
Ho— —~—~—~r~~ ~ Ph
3,4 7.8
Agl
Ph-ring
backbone
1,2
3,4
OH
g 78
“\ ‘ OH DMSO
J I ‘J\ l

I | | ] | 1 I I 1 | I 1
10 9 8 7 6 5 4 3 2 1 ppm

1H NMR (400MHz, DMSO-ds): 6 7.3s-7.31 (m, 7H, Ph rings); 5.8s(s, 1H, OH); 5.07 (s, 1H, OH)
4.9s(m, 1H, OCH); 4.3¢-4.27(m, 4H, NCH.CH:20H, NCH.CHOH); 3.75(s,2H, NCH:CH:OH).

The formation of the silver complex is supported by the presence of a doublet assignable to
Cearbene Ag, in the BC-NMR spectrum. This type of signal is resulting from the coupling
constant of CnucAg, with two isotopes of silver (1”7Ag 51.839% and!'®Ag 48.161%) with
nuclear spin 2 (NMR active). In literature for AgNHC complexes, three different patterns
of resonances are reported for carbene carbon atom; i) doublet of doublets due to the NMR
active silver isotope ('”Ag, 1”Ag); ii) no splitting pattern (sharp or broad singlet signal); iii)
no observation of any signals[141].
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DMSO
IJ‘\\A,.N"A\-JM 1
T T T T 1 1’ 3,4 6 )
181 180 ppm 5
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BC-NMR (100 MHz, DMSO-ds): 6 181.28 179.2s (NCN), 142.5s (ipso carbon of Ph ring), 128.1o,

127.10, 126.06 (aromatic carbon, Ph ring), 122.40, 121.8s (backbone carbons), 72.4¢ (CHOH), 61.19
(CH20H), 58.40 (NCH-CHOH), 53.62 (NCH2CH-0OH).

ESI-MS (CH3CN m/z): 573.14690 Da attributable to [C2sH32AgNsOx]*
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; ( OH
1,2 N NP N\)\
Ho— —~—r~~" > Ph
34 5,6
Agl
Ph ring
1,2
3,4
OH OH
5,6
7
L J DMSO
A "
I T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm

1H-NMR (400MHz, DMSO-ds): & 7.35-7.27 (m, 5H, Ph ring); 5.8+(s, 1H, OH); 5.0+ (s, 1H, OH)
4.9s(m, 1H, OCH); 4.3:-4.27(m, 4H, NCH.CH:0H, NCH.CHOH); 3.74(s,2H, NCH:CH:0H).
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Cl Cl

DMSO

Ph-ring

1 2,5
3,4

N

TR epe —

190 180 170 160 150 140 130 120 11¢ 100 9 80 70 60 50 40

BC-NMR (100 MHz, DMSO-de): 6 181.30(NCN), 141.51 (ipso carbon of Ph ring), 128.31, 127.7>,
126.0s (aromatic carbon, Ph ring), 117.1o, 116.75 (backbone carbons), 71.6s (CHOH), 60.29

(CH20H), 56.99 (NCHCHOH), 52.57; (NCHCH-0OH).
ESI-MS (CHsCN m/z): 707.99716 Da attributable to [C2sH2sCliAgN1Os]*

5N\
7 6 o
N ~ + N \)\
/ NS 4 Ph
1 8 23
5
Agl 1
Ph-ring
backbone
DMSO
2,3
_
T T T T T T T T T
10 9 H] 7 6 5 4 3 2

T
0 ppm
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1H-NMR (400MHz, DMSO-ds): 6 7.3+-7.2¢ (m, 7H, Ph ring, backbone), 4.6o(m, 1H, OCH), 4.30-
4.27(m, 2H, NCH), 3.74(s,3H, NCHs), 3.07(s,3H, OCHs).

DMSO
I T T T
57 56 55 ppm
3 2,4
backbone 1
v 65 h
7 { P
‘ A . B| N
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 181.60(NCN), 138.21 (ipso carbon of Ph ring), 128.51, 128.22,
126.8s (aromatic carbon, Ph ring), 122.60, 122.35 (backbone carbons), 82.23 (CHO), 56.49 (NCH>),
52.27 (OCHs), 38.16(NCHs).

MALDI-ToF (m/z): 539.1567 Da attributable to [C2sHs2AgN4O:]*
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2.3.2 Characterization of Silver complexes AgL7’

—\ OH
\)\ s
—_—
_Ng_ N CH,Cl,
Y Ph

Agl Agl
1
6 5 ONa
N ~ + N \)\
PN 4 pn
1 23
Agl
Ph-ring
2,3
4
6,5
J DCM
T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 Oppm

1H-NMR (400MHz, CD:Cl-d): 6 7.36-7.3s (m, 5H, Ph ring), 6.8+-6.75 (s, 2H, backbone), 5.1(t,

1H, -OCH), 4.40-4.30(tm, 2H, NCH?), 3.8+(s,3H, NCH).
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5 4 ONa

DCM

Ph-ring
2473’

5,4

190 180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, CD:2Cl2-d2): 6 184.60 (NCN), 141.8:1 (ipso carbon of Ph ring), 129.11, 128 4.,
126.7s (aromatic carbon, Ph ring), 123.40, 122.85 (backbone carbons), 78.1s (CHO"), 59.49 (NCH2),
39.26(NCHs).

ESI-MS (CH:Clz, m/z): 528.0035 Da attributable to [C22H2AgNsO2Na:]*

2.3.3 Characterization of Silver complexes AgL8, AgL9, AgL10, AgL11

N~ + .N Ag,0 < .
_—— \\v/, 92 /N \\v// N
- CH,CI,
Jn Agl Jn
AgL8 R=H, n=0
AgL9 R=Cl, n=0
AgL10 R=H, n=1
AgL11 R=Cl, n=1

The complete characterization of complexes AgL8, Agl9, and AgL10 is reported in the
literature by us [126,129].
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Cl Cl 1,2
; ( OH
3
/N \\v/’ N 415
2
1
6,7
Agl 10,11
8,9 Cyclohexyl
4,5,6,7,8,9,10,11
DMSO
3
oH \
A J& N
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0 ppm

1H-NMR (400MHz, DMSO-de): 6 4.95(b, 1H, OH), 4.0-3.9:(m, 1H, HOCH), 3.8+(s,4H, NCH,
NCHs), 1.96-1.31(Cyclohexyl group).

DMSO
Cl Cl
OH
9—\s
3
/N \\v’/ N 4
2
1 10
5
Agl 7
6
cyclohexyl!
8,9 32 4,56,7
10 1

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO ds): 6 182.90 (NCN), 118.65, 117.25 (backbone carbons), 76.1s
(CHOH), 70.3> (NCH), 38.76(NCHs), 35.01-23.93 (Cyclohexyl carbons).
ESI-MS (CH:Clz, m/z): 603.0017 Da attributable to [C20H2sAgCL:N4O2]*
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2.3.4 Characterization of caffeine-based silver NHC complexes AgL12, AgL13, AgL14

-

o>; /
N
AgOAc ‘_N\ >:0
CH5CN /7\

/N S 2 N\R'

OH

AgOAc  AgL12R= %‘)\Ph

AgL13R'=
OH
AgL14 R'= Lh@
o / 3 7
>¥ N L3 2 DMSO
—N o
2
OH
N ~ - N \)\
/ N 6 Ph
1 4,5
AgOCOCH,
7
Ph-ring
4,5
OH 6
A Y L_u_“
T T T T T T T T T
10 9 8 7 6 5 4 3 2

1
Oppm

1H-NMR (400 MHz DMSO-ds): & 7.47-7.2 (m,5H, Ph-group), 5.6s (s,1H, OH), 4.95(m,1H,
CHOH), 4.56-4.42 (m,2H, NCH>), 4.15 (s,3H, NCH imidazolium ring), 3.7 (3,3H, NCH), 3.27 (s,3H,

NCHs3) 1.7¢(s, 3H COCHj).
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DMSO

12
AgOCOCH,
1 3

2,43

3,2,12

T l
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (400MHz DMSO-ds): 6 186.3s(NCN), 174.51 (CH3sC=0), 153.35-150.3¢ (C=O purine
ring), 142.4s(ipso aromatic carbon, Ph-ring), 140.6s(backbone carbon, C=C), 128.2s, 128.1,,
125.77(aromatic carbons, Ph ring), 108.82 (backbone carbon, C=C), 72.10 (CHOH), 57.15(NCH>),
31.4s, 28.36 (NCH purine ring), 22.96(O=CCHs)

ESI-Ms (CH:Cl>m/z): 705.44325 Da attributable to [CaHsAgNsOs]*
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—_ o H,0
2
OH 8
3,4,5 DMSO
/ N \\v/’ N \)6,7 2
1 4,5 1
8
AgOCOCH;
6,7
UL_ S
T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 Oppm

1H-NMR (400 MHz DMSO-de): & 4.5:-4.50 (m,2H, CH20H), 4.19 (s,3H, NCH imidazotium ring), 3.76-
3.73 (b,5H, NCHz, NCH3), 3.21 (s,3H, NCH3), 1.77(s, 3H, O=CCH3).

DMSO
12
AgOCOCH;,
1
3,2
5 4
12

98 7 6

10 U H
m»Jum..l oA t.*:l erogha I open ol ‘-‘.,MMM ey Pt

T T T T T T T T T T T T T T 1

T T T T T
190 180 170 160 150 140 130 120 110 100 92 80 70 60 50 40 30 20 10 ppm

BC-NMR (400MHz DMSO-ds): 6 186.55(NCN); 173.90 (O=CCHB3); 153.03-150.42(C=O purine ring);
140.72 (backbone carbon C=C); 108.23(backbone carbon, C=C) 60.12 (CH20H), 52.99(NCHz2), 31.51
2824(NCH3 imidazolium ring), 31.40, 28.49 (NCH3 purine ring) 2282(O=CCH3)
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>\;/

—N o
2
OH
p— 1 34 2
N ~ » N
NS 6,7
1
8,9
AgOCOCH,
14 10,11
Cyclohexyl| group
6,7.8,9,10,(11,12,13
J : J _MUM\_
A
T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0ppm

TH-NMR (400 MHz DMSO-de): 6 5.1¢ (s,1H, OH), 4.43-4.35 (m,1H, CHOH), 4.26 (s,3H, NCHj3
imidazolium ring), 3.76(S,4H, NCH, NCHs), 3.25 (s,3H, NCHs), 2.10-175(m, 11H, O=CCHjs,

Cyclohexyl)

— 1 (o)
2
OH
13
N ~ o N DMSO
/ \v/ 6
4
1 14
16 7
AgOCOCH
15 : 8 Cyclohexyl
(6'7,8,9,) 15

1,32

T T T T T T T T T T T !
190 180 170 160 150 140 130 120 110 100 90 30 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 183.85(NCN), 170.40 (CH3C=0), 153.25-150.22(C=0O purine ring)
139.67 (backbone carbon C=C),109.57 (backbone carbon C=C),72.35(OCH), 62.90(NCH),
37.80(NCHs), 33.40, 28.49 (NCHs purine ring) 34.02-23.55(Cyclohexyl group) 22.8:(0O=CCHbs)
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2.3.5 Characterization of Silver complexes AgL1-OAc, AgL2-OAc, AgL7-OAc

X X X X
oy oy

>—< AgOAc -
/N\V/N\/\\Ph r /N \V/N\/\\Ph
\( MeOH/DCM Y

AgL1-OAc= X=H, Y=H
AgL2-OAc= X= Cl, Y=H
AgL7-OAc= X=H, Y=CHj

Ag
o (0]
1
7
7 1
DMSO \
Ph-ring
backbone
I
1
! 4 2,3
| 1 1
OH group J\ b\ L L
|
L I .J J
T T T T T T T T T T T
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

0.0 ppm

1H-NMR (400 MHz DMSO-de): 6 7.41-7.24 (m, 7H, Ph ring), 6.05(b, 1H, OH group) 4.9+4.9;

(m,1H, CHOH), 4.29— 4.21 (m,2H, NCH?), 3.75(s,3H, NCH3), 1.7s(s, 3H, OCOCH3,)
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DMSO

5,4

i

T T T T T T T T T T T T T T T T T T 1

T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 179.2s (NCN), 175.25 (OCOCHs) 142.45 (ipso aromatic carbon
(1), Ph-ring), 128.10-126.0s, (aromatic carbons, Ph ring), 122.96-122.13 (backbone carbon C=C)
72.45(OCH), 58.22(NCH>), 38.02(NCHs), 24.11 (OCOCHs)

Cl Cl
OH
DMSO
N N\)\
~ T 4 pn
1 23
Ag 1 >
o o
Y Ph-ring
5
2,3
4
OH group
o “ A‘ JL JL J
I T T T T T T T T T T I
10 9 8 7 6 5 4 3 2 1 0ppm

1H-NMR (400 MHz DMSO-ds): § 7.40-7.28 (m, 5H, Ph ring), 6.0s(b, 1H, OH group) 4.96-4.9;
(m,1H, CHOH), 4.3~ 4.2; (m,2H, NCH?), 3.8:(s,3H, NCH3), 1.75(s, 3H, COCH3,).
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DMSO

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 182.26 (NCN), 174.5s (OCOCHS3) 141.79 (ipso aromatic carbon
(1), Ph-ring), 128.20-126.0s, (aromatic carbons, Ph ring), 117.15-116.67 (backbone carbon C=C)
71.44(OCH), 57.1((NCHb), 37.57 (NCHz), 24.7: (OCOCH5)
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5 8
1
Ph group
backbone
DMSO
2,3
JI
I T I I T T T T I I T 1
10 9 8 7 6 5 4 3 2 1 Oppm

1H NMR (400MHz, DMSO-ds): 6 7.3+7.2¢ (m, 7H, Ph ring, backbone), 4.6o(m, 1H, OCH), 4.3-
4.27(m, 2H, NCH_), 3.74(s,3H, NCH), 3.07(s,3H, OCH3).1.75 (s, 3H, COCH3,).

DMSO

2,4
5,6 3

190 180 170 160 150 140 130 120 110 100 90 80 70 60

T T T 1
50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-de): 6 182.75 (NCN), 173.45 (OCOCHs3) 137.2:1 (ipso carbon of Ph

ring), 128.72, -126.6s (aromatic carbon, Ph ring), 122.60, 122.3s (backbone carbons C=C), 83.32
(CHO), 56.79 (NCH>), 54.27 (OCHs), 38.26(NCHs) 24.11 (OCOCH).
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2.4 Synthesis of gold(I) N-heterocyclic carbene complexes

R R R
>—<— oR" >—<— R
Ne N Au(SMe),Cl No. _.N Aal
R'/ N _— R'/ N + g
Ph CHzclz, r.t Ph
Agl AuCl
AgL1 R=H, R'=CH3, R"=H AuL1 R=H, R'=CHj3, R"=H
AgL2 R=Cl, R'=CHj, R"=H AuL2 R=Cl, R'=CHj3, R"=H
AgL3 R=Ph, R'=CHj;, R"=H AuL3 R=Ph, R'=CHj, R"=H
AgL4 R=benzo, R'=CHj3, R"=H AuL4 R=benzo, R'=CH,3, R"=H
AgL5 R=H, R'=CH,CH,0H, R"=H AuL5 R=H, R'=CH,CH,0H, R"=H
AgL6 R=Cl, R'=CH,CH,0H, R"=H AuL6 R=Cl, R'=CH,CH,0H, R"=H
AgL7 R=H, R'=CHj,, R"=CHg4 AuL7 R=H, R'=CHj3, R"=CHj3
AgL7' R=H, R'=CHj;, R"=Na AuL7'R=H, R'=CHj3, R"=Na
R R R R
>—<— oH >—<— oH
Au(SMe),ClI
/N . oN /N s N Agl
CH2C|2, r.t
Agl ). AuCl ),
AgL8 R=H, n=0 AuL8 R=H, n=0
AgL9 R=Cl, n=0 AulL9 R=Cl, n=0
AgL10 R=H, n=1 AuL10 R=H, n=1
AgL11 R=Cl,n=1 AuL11 R=Cl,n=1

Figure 50 Synthesis of AuNHC complexes

Gold NHC complexes have been synthesized following the trans-metalation route, by the
reaction of silver NHC complexes with chloro gold(I) dimethylsulfide [Au(SMe2)Cl]. The
driving forces of the reaction are the formation of a less labile carbene gold bond and the
formation of insoluble silver iodide[44]. The obtained complexes were analyzed by
spectroscopic techniques (‘H, *C NMR) and mass spectrometry. The NMR spectra have
shown all expectable signals and they are reported in the next sections. The formation of
gold complexes was confirmed by the ‘shift’ to up-field of the signals of carbene carbon
atom in gold complexes, in comparison with silver analogs.

The mass spectrometry spectra showed more peaks attributable to a bis carbene structure
[Au(NHC):]*. However, for complexes AuL2 and AuL7 it was possible the determination of
structure by X-ray diffraction. The X-ray analysis has revealed a linear monocarbene
structure. Thus, both AuNHC and AgNHC complexes can highlight an equilibrium
between mono-carbene neutral specie [M(NHC)X] and bis-carbene ionic structure
[M(NHC)2]* [MX2]-.
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_N>_2: ° 1)Au(SMe2)CI_N\ > °
— KeCOs [\

AN R' CH,CI, — Y ~R'
r OH

AuCl = N
AuL12 R Ph

AuL14 R'=

Figure 51 Synthesis of Xanthium gold NHC complexes

Gold xanthinium complexes have synthesized following the mild base route [45,46], by the
reaction of imidazolium salt, Au(SMe2)Cl, and potassium carbonate (K2COs). The complexes
were characterized by NMR and mass spectrometry. The disappearance of the signal of
imidazolium proton in 'H-NMR spectra, and the presence of a sharp signal attributable to

carbene carbon have supported the formation of the complexes.
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24.1 Characterization of Gold complexes AuL1-L11

7—< OR"
\)\ Au(SMe),ClI
—_—
Ph CHzclz, r.t
Agl
AgL1 R=H, R'=CH3, R"=H
AgL2 R=Cl, R'=CH,, R"=H
AgL3 R=Ph, R'=CH3, R"=H
AgL4 R=benzo, R'=CHj;, R"=H
AgL5 R=H, R'=CH,CH,0H, R"=H
AgL6 R=Cl, R'=CH,CH,0H, R"=H
AgL7 R=H, R'=CHj, R"=CHj,
AgL7' R=H, R'=CH3, R"=Na
R R
Au(SMe)ch
CH2C|2, r.t
AgL8 R=H, n=0
AgL9 R=ClI, n=0

AgL11 R=Cl,n=1

R R
OR"

N _N
- + Adgl
R’ ¥ Ph

AuCl

AuL1 R=H, R'=CHj3, R"=H

AuL2 R=CI, R'=CH3, R"=H

AuL3 R=Ph, R'=CHj3, R"=H

AuL4 R=benzo, R'=CHj, R"=H
AuL5 R=H, R'=CH,CH,0H, R"=H
AuL6 R=CI, R'=CH,CH,0H, R"=H
AuL7 R=H, R'=CHj3, R"=CHj3
AuL7' R=H, R'=CHj;, R"=Na

R R
OH

+ Agl

AuCl ),

The complete characterization of AuL1 and AuL2 is reported in the literature, published by
the research group in which I carried out my Ph.D. thesis work [128,130]. The molecular

structure of complex AulL2 has been determined by Prof. Alessandra Crispini of the

University of Calabria.

Figure 52 ORTEP and Crystal packing of complex AuL2
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Parameters Complex AuL2
Empirical formula Ci2H12AuCLN:20
Formula weight 503.6

Crystal system monoclinic
Space group P 2i1/c

T(K) 296

radiation Mo Ka(0.71073)
a(A) 13.1137(14)
b(A) 7.5187(7)

c(A) 16.3437(17)
a(deg) 90

B(deg) 108.986(5)
v(deg) 90

V(A?) 1523.8(3)

Z 2

p (g cm™) 2.195

p(mm) 10.172
Orange(°) 2.613- 26.872
Reflections collected 22336

Unique data 3276

Observed reflections 2807
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; ; OH
N ~ s N \)\
/ \v/ 4 Ph
1 23 Ph-rings
Aucl 1
2,3
4
A \__ oo
T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 Oppm

'H NMR (400MHz, DMSO-ds): § 7.36-7.14 (m, 15H, Ph rings) 5.13(m, 1H, OCH); 4.17-4.0¢(m,
2H, NCH?2); 3.7:(s,3H, NCH3).

Ph Ph
5 4 OH
N s, 25 N\/J\
~ N 2 Ph Ph-rings
! ° backb
ackbone DMSO
Agl (4,5)
3 1
2
6

Ll
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-de): 6 169.46 (NCN), 141.84 (ipso aromatic carbon, Ph-ring), 131.7-
125.49, (aromatic carbons, Ph ring, backbone), 72.30(OCH), 55.5:(NCH:), 36.91(NCHzs)
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MALDI-ToF (m/z): 905.31858 Da attributable to a structure a bis-carbene structure
[CasHas AuN4O2]*

Aucl Ph rings

2,3

T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 Oppm

1H-NMR (400MHz, DMSO-de): § 7.80-7.2s (m, 9H, Ph ring); 5.7(s, 1H, OH); 5.2:-5.21 (dd, 1H,
OCH); 4.69-4.54 - 4.50(m, 2H, NCH>); 4.00(s,3H, NCH).
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DMSO

Ph rings

T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 177.41 (NCN) 141.97 (ipso aromatic carbon, Ph-ring), 133.5s-
133.10 (backbone carbons, NC=CN), 128.3-111.82, (aromatic carbons, Ph rings), 72.5¢(OCH),
55.4:(NCHz2), 35.00(NCHs)

MALDI-ToF (m/z): 701.22194 Da attributable to a structure a bis-carbene structure
[C2H32AuN4O2]*
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Ph-ring
backbone OH
5 /—\e
1,2 N NP N \)9\
HO —~ - Ph
34 7.8
AucCl
1,2,7,8
OHgroups g 3,4
DMSO
1 I 1 I I 1 I 1 I I
10 9 8 7 6 5 4 3

1
2 1 Oppm

H-NMR (400MHz, DMSO-ds): 6 7.3s-7.31 (m, 7H, Ph rings); 5.8s(s, 1H, OH); 5.07 (s, 1H, OH)
4.99(m, 1H, OCH); 4.36-4.27(m, 4H, NCH-CH:OH, NCHCHOH); 3.73(s,2H, NCH>CH:0OH).
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AuCl DMSO

3,4 5

7

| A L

T T T T T T T T T T | T T T T T T T T |
190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 ppm

BC-NMR (100 MHz, DMSO-ds): 6 168.37(NCN), 142.07 (ipso carbon of Ph ring), 128.30, 127.79,

127.61 (aromatic carbon, Ph ring), 122.30, 121.55 (backbone carbons), 72.3s (CHOH), 60.44
(CH:0H), 57.79 (NCHCHOH), 53.00 (NCHCH-0OH).

ESI-MS (CH3CN m/z): 661.20838 Da attributable to [CasH3AuNsO4]*
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Cl Cl
; ; OH
1,2 N ~ -, N\)\
— o Ph
HO
34 56
Phring
AuCl
DMSO
3,4
OH 1,2,5,6
OH
A& I |
I I I I I 1 I I I I 1
10 9 8 7 6 5 4 3 2 1 Oppm

1H-NMR (400MHz, DMSO-ds): § 7.35-7.27 (m, 5H, Ph ring); 5.84(s, 1H, OH); 5.0+ (s, 1H, OH)
4.9s(m, 1H, OCH); 4.3-4.27(m, 4H, NCH:CH:0H, NCH.CHOH); 3.74(s,2H, NCH:CH:0H).

Cl Cl

DMSO

3,4 2
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 9% 8 70 60 50 40 30 20 ppm

BC-NMR (100 MHz, DMSO-de): 6 170.90 (NCN), 141.35 (ipso carbon of Ph ring), 128.41, 127.9;,

125.0s (aromatic carbon, Ph ring), 117.20, 116.74 (backbone carbons), 72.1+ (CHOH), 59.8¢
(CH20H), 56.8¢ (NCH-CHOH), 52.37 (NCHCH-0OH).

ESI-MS (CH3CN m/z): 707.99716 Da attributable to [C2asH32AgN4Oas]*
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AN
7 6 o
N ~ s N 4
/ N Ph 1
1 2,3
Ph ring
AuCl backbone
DMSO
4 23
J . JUUL )\
1 1 1 I 1 1 1 1 I 1 1
10 9 8 7 6 5 4 3 2 1 Oppm

'H NMR (400MHz, DMSO-ds): 6 7.35-7.20 (m, 7H, Ph ring, backbone), 4.6s(m, 1H, OCH), 4.3:-
4.2¢(m, 2H, NCH_), 3.70(s,3H, NCH), 3.07(s,3H, OCH).

j \
N ~
/ DMSO
1
Ph ring
2,43
backbone
5,6
3 2,4
1
7
7 ’L
1 N

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 9% 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-de): 6 169.10 (NCN), 137.91 (ipso carbon of Ph ring), 128.61, 128.3.,
126.6s (aromatic carbon, Ph ring), 122.30, 122.25 (backbone carbons), 82.24 (CHO), 56.59 (NCH>),
55.87 (OCHs), 37.66(NCH).

MALDI-ToF (m/z): 629.2267 Da attributable to [C2sHs2 AgN4O:]*
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Figure 53 ORTEP of the complex AuL7
The molecular structure of complex AuL7 has been determined by Prof. Alessandra Crispini

of the University of Calabria. The X-ray analysis of the complex AuL7 (Figure 53) has
revealed a neutral mono carbene structure. The C carbene-Au-Cl bond is approximately linear,
with an angle of 177.38(9)°. The length of the bonds CearbeneAu and Au-Cl are respectively
1.937(3) A and 2.294(1) A; these lengths are comparable with other known Au-NHC
complexes[142-144]. The lowest distance among Au-Au atoms is found to be 5.84 A, in 3D
packaging (Figure 54). Thus, it was not observed any aurophlic interactions. The methylene
group, of each molecule, interacts with the chlorine atom[145]. The length and the angle of
this bond are respectively 2.947 A and 155.3°. Every single ring interacts with the methyl
group and with another benzene ring through CH-mt interaction.

Figure 54 Crystal packing of complex AulL7. Showing the intermolecular interactions
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6 5 ONa 1
N~ s N \)\
/ \v/ 4 Ph
1 2,3
Ph ring
backbone
5,6 23
ll 4
J
1 1 1 1 1 1 1 1 1 1 1
10 9 8 7 6 5 4 3 2 1 Oppm

1H NMR (400MHz, CD2Clo-d2): § 7.3¢-7.3 (m, 5H, Ph ring), 6.8-6.75 (s, 2H, backbone), 5.15(t,
1H, -OCH), 4.40-4.30(m, 2H, NCH?>), 3.8+(s,3H, NCHs).

4 5 ONa

DCM

backbone
4,5 3 2

1;0 180 170 160 150 140 130 120 lll(] 100 9% 8 70 o0 50 40 30 20 ppm
BC-NMR (100 MHz, CD2Cl2-d2): 6 171.90(NCN), 141.8:1 (ipso carbon of Ph ring), 129.51, 129.3.,
129.1s (aromatic carbon, Ph ring), 122.90, 121.8s (backbone carbons), 74.5s (CHO"), 58.79 (NCH>),
38.86(NCHs).

ESI-MS (CH:Clz, m/z): 612.3657 Da attributable to [C22HisAuNsO2Na:]*

The complete characterization of complexes AuL8, AuL9, AuL10 is reported in literature by
us[128,129].
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Cl Cl
OH
3
N ~ +» N
/ Jv’ 4,5
1 2
’ 89 Cyclohexyl group
’ 4,5,6,7,8,9,10,11
3 2| HO
M DMSO
I 1 I | I I 1 I 1 I I
10 9 8 7 [ 5 4 3 2 1 Oppm

H-NMR (400MHz, DMSO-de): 6 4.17-4.12(m, 1H, HOCH), 3.80-3.86(s,1H, NCH), 3.75 (s, 3H,
NCHs), 1.97-1.29 (Cyclohexyl group).
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DMSO
N e
1 Y
AuCl 4
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32 yclohexyl
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190 180 170 160 150 140 130 120 110 100 90 80 70 60 30 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-de): 6 171.20 (NCN), 119.65, 117.25 (backbone carbons), 77.13
(CHOH), 71.3o (NCH), 39.16(NCHs), 35.01-23.93 (Cyclohexyl carbons).
ESI-MS (CH:Clz, m/z): 693.06319 Da attributable to [C20H2s AuCl:N4O:]*

2.4.2 Characterization of caffeine-based gold NHC complexes Aul12-Aul13-Aul14

o
I ) :
N
—N o
1)Au(SMe2)CI \

K,CO;
N~ +_N
- \’/ ~R CHzclz / \v/ \R'
- \( o
AuCl AuL12 R'= %)\ on
OH
AuL13R'=
OH

AuL14 R'= H@
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H20

OH
4,5
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10 9 8 7 6 5 4 3 2 1 Oppm

TH-NMR (400 MHz DMSO-ds): 6 7.41-7.25 (m,5H, Ph-group), 5.6: (s,1H, OH), 5.16- 5.1o(m,1H,
CHOH), 4.60-4.32 (rn,ZH, NCHZ), 4.1 (S,3H, NCH3 imidazolium ring), 3.75 (S,3H, NCHB), 3.27 (S,3H,
NCH;)
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DMSO

98

10

W —"

T T T T T T T T T T T T T T T T T T T 1
190 180 176 160 150 140 130 120 110 100 9% 80 70 60 50 40 30 20 10 ppm

BC-NMR (400MHz DMSO-ds): 6 184.00(INCN), 153.53-150.49 (C=O purine ring), 141.7s(ipso
aromatic carbon, Ph-ring), 139.83(backbone carbon, C=C), 128.3¢, 127.61, 125.87(aromatic carbons,
Ph ring), 107.62 (backbone carbon, C=C), 71.60 (CHOH), 56.35(NCH2), 31.6s, 28.36 (NCH3 purine

ring)

ESI-Ms (CH2Cl2m/z): 681.32325 Da attributable to [C22H22LiAuNsOs]*
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o / 3
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TH-NMR (400 MHz DMSO-de): 6 4.83-4.76 (m,2H, CH20OH), 4.49 (5,3H, NCH3 imidazolium ring), 3.86-
3.73 (b,5H, NCHz, NCHj3), 3.21 (s,3H, NCHjs),

>\;/

DMSO
OH
/ N \\v,, N \)5 2
1 10 4 3
5
AuCl
98 4
10
| ] | ‘ ‘/
I I I I I I I I I I I I I I I I I I I 1
190 180 170 160 150 140 130 120 110 100 9% 80 70 60 S50 40 30 20 ppm

BC-NMR (400MHz DMSO): 184.6s(NCN),153.45-150.32(C=0 purine ring), 139.72 (backbone carbon
C=C), 107.23(backbone carbon, C=C) 60.2 (CH20OH), 52.99(NCH>), 31.5128.24(N CH3 imidazolium ring),
31.40, 28.49 (NCH3 purine ring)
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OH
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TH-NMR (400 MHz DMSO-d¢): 6 5.5¢ (s,1H, OH), 5.17 (b,1H, CHOH), 4.2¢ (s,3H, NCHs
imidazolium ring), 4.0s (b, 1H, NCH), 3.8¢(s,3H, NCH3), 3.25 (s,3H, NCH3), 2.20-1.75(m, 11H,

O=CCHs, Cyclohexyl)
o / 3
>¥ N DMSO
12

,——N 13 o
OH
11 10
5
N ~ + N
/ N 7 6
1 14 4
AuCl 9 !
1,3,26,7,8,9
8 5 4
14 1312 44 10 { l Ju
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180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

BC-NMR (100 MHz, DMSO-ds): 6 175.65(NCN), 153.35-149.22(C=0 purine ring) 139.67 (backbone
carbon C=C),108.77 (backbone carbon C=C),72.33(OCH), 62.90(NCH), 36.80(NCHs), 33.40, 28.49
(NCHS purine ring) 34.02-23.55(Cyc10hexyl group) 2282(O=CCH3)
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2.5 A3coupling reaction catalysed by Ag and Au(I) N-heterocyclic carbene complexes
2.5.1 Synthesis of propargylamine through A3-coupling reaction

One of the trendiest topics in contemporary chemistry is the development of more efficient
and sustainable synthetic strategies for the production of fine chemicals and
pharmaceuticals, and their possible application/scale up in chemical industries. [146-150].
In this regard, multicomponent reactions (MCRs) are a useful tool for the synthesis of more
complex molecules, with the adoption of cleaner methodologies, and for these reasons have
received much attention, in the last few years. MCR is defined as any process that involves
more than two reactants, added simultaneously in the same reactor, to lead to a final
product, which contains almost all the atoms of the starting compounds[151,152]. The
principal advantages of MCRs are the intrinsic sustainability of the process, the simplicity
of the operations, avoiding any purification step of intermediates, and high conversions.
Their importance is substantiated by the large number of publications reported in the
literature [153,154] and above all, by the expansion of chemical libraries of bioactive
molecules, provided by the extensive application of MCRs to the total synthesis [155-157].
During the last decades, a multicomponent reaction that has gained a lot of attention is the

A3coupling reaction.

H

o)
_Z |
R! / + k R2 + H— - ,
-H,0 R % 1

R

Figure 55 General scheme of the A3 coupling reaction

A’coupling reaction is a transformation among aldehyde, amine, and terminal alkyne,
catalyzed by transition metal salts/complex, to lead propargylamines and water as a by-
product. The study on this type of reaction has been started at the end of the XX century by
Dax [157] and Rivero[159]. They have, separately, reported the synthesis of the
propargylamines, using an aldehyde, an amine, and a terminal alkyne using a carbophilic
transition metal salt (CuCl) in Solid Phase Organic Synthesis (SPOS), and they have
demonstrated the enormous potential, of A3-coupling reaction, to produce different

propargylamines.
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Figure 56 Example of molecules synthesized by propargylamines

Propargylamine is a crucial and versatile class of organic scaffolds, used as intermediates
for the formation of heterocyclic compounds (pyrroles, pyrrolidine, imidazoles,
oxazolidines, thiazoles, quinolines, etc.), nitrogen-containing bioactive molecules and
pharmaceuticals. Pargyline (N-methyl-N-propargylbenzylamine) [160], selegiline ((2R)-N-
methyl-1-phenyl-N-propynylpropanamine)[161], and  rasagiline(  N-methyl-1-(R)-
aminoindan) [162] are propargylamine derivatives, used for the treatment of early phases
of neurodegenerative disease, such as Parkinson[163] and Alzheimer [164].

In particular, the efficacy of propargylic compounds in the treatment of neurodegenerative
diseases is attributable to their irreversible and selective inhibitor action against MAO-B
(monoamine oxidase). MAO-B is a mitochondrial enzyme FAD-dependent that catalyzes,
together with MAO-A, the deamination oxidative of various amines (2-phenylethylamine,
benzylamine, dopamine, tyramine, efc.)[165]. Furthermore, pargyline is described as a
chemotherapeutic action, due to its inhibition action versus cancer cell lines [166], while, for
rasagiline, it was observed as an antiapoptotic activity, through the reduction of oxidative

stress, and a neurorestorative action[167].
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Pargyline Selegiline

HN\///

Rasagiline

Figure 57 Structure of MAO-B inhibitors: pargyline, selegiline, rasagiline

The versatility of the propargylamines is due to their unique molecular structure; in fact,
they are provided by an amine moiety in 3 position to triple carbon-carbon bond. The amine
group can act as nucleophilic in different reactions, while the alkyne moiety can react both
as electrophilic and as nucleophilic[168]. For this fundamental reactivity, propargylamines
can be used as substrates in different chemical transformations.

Before the development of the A’coupling reaction, racemic propargylamines were
synthesized by direct alkylation of imines and their derivatives, through lithium and
Grignard acetylides. However, these methodologies require harsh and controlled reaction
conditions (anhydrous solvent, very low temperature) and they produce a stoichiometric
quantity of waste (inorganic salts). Since the publication of the twelve principles of green
chemistry and the growing interest in environmental issues, the scientific community is
aimed to develop new synthetic strategies that are simpler and less dangerous and does not
produce waste [150]. In this scenario, transition metal-catalyzed A3-coupling reaction is a
green alternative synthetic strategy for the production of propargylamines[169-172].
Recently, N-heterocyclic carbene complexes of silver and gold (I) have gained exponential

interest due to their activity in A3-coupling reactions[80-82,120,121,173].
2.5.2 Catalytic Performance of Ag and Au NHC complexes

Because of the good results reported in the literature by silver and gold NHC complexes in
A3coupling reaction, we have tested the catalytic behavior of synthesized silver and gold
complexes shown in Figures 44-45. Their catalytic behavior was evaluated using three
different aldehydes (p-formaldehyde, cyclohexanecarboxaldehyde, and benzaldehyde)
with piperidine, as secondary amine, and phenylacetylene, as terminal alkyne, in neat
conditions or water at 80°C, using the same reaction condition adopted in literature[174].
All the yields of the runs were detected through "H-NMR spectroscopy, using the internal
standard method (2-bromesitylene was selected as the internal standard), by the
comparison of the area of aromatic protons of 2-bromesitylene, =6.80 CDCls, with the signal
attributable to proton(s) in & position to amine moiety, of the produced propargylamine.

Figure 58 shows the general scheme of the A3-coupling reaction.
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o M(NHC)X N
m + + Ph—— t, 80°C, 6h > )\
R N neat, 80°C, R \
H -H,0 X Ph
R=H, Cy, Ph

M=Ag; X=1
M= Au; X=ClI

Figure 58 General A3 coupling reaction with three different aldehydes

The obtained results are cataloged by the N-heterocyclic carbene ligand bonded to the metal
center. We initially tested the catalytic activity of silver and gold complexes derived from

imidazole (L1), 4,5-dichloro imidazole (L2), 4,5-diphenyl imidazole (L3), and benzimidazole
(L4).
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Table 7 Obtained result with the AgL1-4, AulL1-4°¢

Run Catalyst Aldehyde Yield ® (%)
1 /\ \/Ti p-formaldehyde 13
2 /N\V(’N Ph cyclohexanecarboxaldehyde 99
3 Agl benzaldehyde 13

Agll
4 cl\ _ Ao p-formaldehyde 94
5 /NYN\/I\Ph cyclohexanecarboxaldehyde 99
6 Agl benzaldehyde 38
Agl2
7 P"\‘_\/P“ on p-formaldehyde 15
8 /NYN\/LPh cyclohexanecarboxaldehyde 20
9 Agl benzaldehyde 5
AglL3
10 p-formaldehyde 10
_ OH
11 . cyclohexanecarboxaldehyde 78
12 benzaldehyde 4
Agl
Agla
13 /\ \/Ti p-formaldehyde 99
_ N __N
14 o cyclohexanecarboxaldehyde 99
15 Aucl benzaldehyde 83
Aull
16 °'x/_\x°' on p-formaldehyde 99
17 /NYN\/Lph cyclohexanecarboxaldehyde 96
18 Aucl benzaldehyde 86
Aul2
19 ' o p-formaldehyde 62

20 /NVN\/LP,, cyclohexanecarboxaldehyde 84

21 Aucl benzaldehyde 46
Aul3
22 p-formaldehyde 99
23 — OH cyclohexanecarboxaldehyde 90
/N Qo2 N\/l\Ph
24 benzaldehyde 28
AucCl
Aul4

aReaction conditions: aldehyde (1.0 mmol), piperidine (1.2 mmol) phenylacetylene (1.5mmol), AuNHC (3%mol) 80°C, 6h. nitrogen atmosphere. ? Yields were average of two
runs and determined by 'H-NMR analysis through internal standard.

As shown in Table 7, all the complexes were able to catalyze the condensation among
aldehyde, amine, and terminal alkyne, in the adopted reaction conditions. By the
comparison of runs 1-12 with 13-24, it is possible to assert that the catalytic activity is

dependent on the metal and as well as by the substituents on NHC’s backbone: silver

101



Chapter 2: Results and discussion

complexes were less reactive than gold analogs, and the best catalytic activities have been
observed with the complexes bearing two chlorine atoms on the backbone of imidazole
rings. The lower reactivity of silver complexes is probably attributable to the major lability
of the Ag-NHC bond than gold analogs. whereas the better catalytic activity of AgL2 and
Aul2 is attributed to a more positive charge on the metal center, due to the presence of
electron-withdrawing substituents on the backbone.

In Table 8 are reported the Mulliken charges and BDE (bond dissociation energy), for
complexes Agl1l, Agl2, Aull, and Aul2, calculated by Prof. Chiara Costabile, of the
University of Salerno. [130]. By the analysis of the results reported in Table 8, the complexes
Agl2 and Aul2 have shown a major positive charge (Mulliken charge) and lower bond-
dissociation energy than AgL1 and AuL2. That is an indication of a weaker bond between
the metal center and the NHC ligand. Also, a greater BDE in presence of halogen suggests
a less o donation of the NHC ligand to the metal. Based on these results, the higher catalytic
activity of AgL1 and AuL2 might be assigned to a more electrophilic behavior of the metal

center, which could consent to easy coordination of the alkyne.

Table 8 Mulliken charge on the metal and bond-dissociation energies (BDE) of NHC and halogen for AgL1, AgL2, AulL1, and Aul2.
Values were obtained with DFT calculations using the PBEO/6-311 G(d,p) basis set[130].

Complex | Mulliken charge | BDE (NHC)? | BDE (halogen)
Agll +0.151 55.2 116.0
Agl2 +0.158 51.3 119.8
Aull +0.279 82.4 142.0
Aul2 +0.314 78.1 146.2

2BDE= Bond-dissociation energy referred to the metal-NHC bond
For all complexes, benzaldehyde was found to be less reactive than the other used aldehyde,

whereas AglL2, AulLl, Aul2, and Aul4 have shown to be able to convert completely p-
formaldehyde and cyclohexanecarboxyaldehyde. By the analysis of the yields, the best
catalytic activity is due to the gold complex bearing the two chlorine atoms on the backbone
of the NHC ligand.

Afterward, we tested the silver and gold complexes, derived from imidazole and 4,5-
dichloroimidazole with an additional hydroxyl function on the nitrogen atom, (AgL5, AgL6,
AulL5, and AuL6). The catalytic activities are reported in Table 9[136].
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Table 9 Obtained results with the AgL5-6, AulL5-6 @

Run Catalyst Aldehyde Yield ® (%)
— OH -
25 HO/\/N/j\N\./l\ph p-formaldehyde 25
26 cyclohexanecarboxaldehyde 47
Agl
27 Agls benzaldehyde 23
28 N on p-formaldehyde 65
29 “0/\/"y"\/l\Ph cyclohexanecarboxaldehyde 52
30 Al benzaldehyde 36
AglL6
__ OH _
31 HO/\/N/jN\./|\ph p-formaldehyde 86
32 Le cyclohexanecarboxaldehyde 65
33 Aul5 benzaldehyde 60
34 N o p-formaldehyde 99
35 HO’\/NYN\/I\Ph cyclohexanecarboxaldehyde 99
36 Aucl benzaldehyde 60
AulL6

aReaction conditions: aldehyde (1.0 mmol), piperidine (1.2 mmol) phenylacetylene (1.5mmol), AuNHC (3%mol) 80°C, 6h. nitrogen atmosphere. ? Yields were average of two
runs and determined by 'H-NMR analysis through internal standard.

As is illustrated in Table 9, we have conducted the catalytic test with the same aldehydes,
used in the first preliminary work, to compare the activities of the complexes. As seen before
for compounds Ag/Au L1-4, all complexes were able to catalyze the A3-coupling reactions
in the same reaction conditions. According to the results listed in Table 9, it is possible to
descript the following trend AuL6>AuL5>AgL6>AgL5, where the gold complexes were
more active than the silver ones. AuL6 was able to convert completely p-formaldehyde and
cyclohexylcarboxyaldehyde. Whereas Aul4 has shown a better catalytic behavior in
comparison to AuL6, with benzaldehyde (Run 15, Table 7 vs Run 36, Table 9). The lower
reactivity might be attributed to the presence of an additional hydroxyl functionality, that
could coordinate with the metal center, giving it electronic density, and making it less
electrophilic and, consequently, less reactive. On the other hand, the presence of a hydroxyl
group also on the second nitrogen atom could make the complexes more soluble in green
solvents, such as water, ethylene carbonate, efc., and therefore more interesting in
sustainable chemistry.

Furthermore, it was investigated the catalytic behavior of silver complexes, AgL7-AgL7’ and
the corresponding gold analogs AuL7- AuL?7’, in the AScoupling reaction. These complexes
are characterized by the substitution of the hydroxyl group of the complexes AgL1-Aul1l,
with methoxyl (AgL7-AuL7?) or sodium alcoholate group (AgL7’-AuL?’), with the aim of
enhancing the solubility in the reagents, when the reactions are carried out in neat
conditions[132].
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Table 10 Obtained results with methoxyl and sodium alcoholate substituted NHC silver and gold complexes

Run Catalyst Aldehyde Yield ® (%)
37 = \/(I): p-formaldehyde 29
38 /N‘\V(’N Ph cyclohexanecarboxaldehyde 43
39 Adl benzaldehyde 11
Agl7
40 = ONa p-formaldehyde 20
/N/‘_\/\N\/l\Ph
41 \( cyclohexanecarboxaldehyde 40
42 Adl benzaldehyde 10
Agl7’
43 — o~ p-formaldehyde 88
44 /"‘\V(’N\/I\Ph cyclohexanecarboxaldehyde 76
45 Aucl benzaldehyde 43
Aul?7
46 = ONa -formaldehyde 90
/N/~_V'\N\/I\Ph g Y
a7 Y cyclohexanecarboxaldehyde 60
48 Aucl benzaldehyde 47
AulL7’ y

aReaction conditions: aldehyde (1.0 mmol), piperidine (1.2 mmol) phenylacetylene (1.5mmol), AuNHC (3%mol) 80°C, 6h. nitrogen atmosphere. ? Yields were average of two

runs and determined by 'H-NMR analysis through internal standard.

According to the results listed in Table 10, the complexes bearing N-methyl-N’"-(2-methoxy-

2-phenyl) ethyl-2-ylidene-imidazole (L7) are generally more active than the sodium

alcoholate substituted NHC complexes. The catalytic behavior of AuL7 and AuL7" was

compared to AuLl and AuL2, using water as a solvent.
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Table 11 The catalytic activities in the A3 coupling reaction catalyzed by Aul1, AuL2, AulL7, and AulL7', using water as solvent

o]
H O < > Au(NHC)CI (3%)
+ + —
ﬂ H20 80°C, 6h ‘)\‘

Run Catalyst Aldehyde Yield ® (%)
49 = OH cyclohexanecarboxaldehyde 66
/NC\N\/l\Ph Y Y
50 Y benzaldehyde 19
AucCl
Aull
51 N o cyclohexanecarboxaldehyde 70
52 /N\/N\/l\Ph benzaldehyde 25
T
AuCl
Aul2
53 = o~ cyclohexanecarboxaldehyde 37
54 /”‘\V(’"\/I\P“ benzaldehyde 11
AuCl
Aul?7
55 = ONa cyclohexanecarboxaldehyde 43
/N/j\N\/l\Ph Y y
56 Y benzaldehyde 20
AuCl
Aul?’

aReaction conditions: aldehyde (1.0 mmol), piperidine (1.2 mmol) phenylacetylene (1.5mmol), AuNHC (3%mol) 80°C, 6h, water (3.0mL). nitrogen atmosphere. ® Yields were
average of two runs and determined by *H-NMR analysis through internal standard

In reaction carried out in water, AuL2 was the most active catalyst, while AuL7 showed the
lowest conversions, due to its less solubility in reaction media. The comparison of catalytic
behavior of gold complexes AuLl and AuL7’, which are different for N-substituents,
revealed that AuLl is more active than other gold complexes. To try to understand the
reasons for differences in catalysis, DFT (density functional theory) at the PBE0/6-311 G(d,p)
level was executed on Aull and Aul?, calculated by Prof. Chiara Costabile of the
University of Salerno. The reaction was modeled in line with the accepted mechanism [79]
reported in Scheme 1, using acetylene as an alkyne, for computational simplicity. In such
mechanism, the alkyne coordinates to the metal center through m-bond and, it is
deprotonated to form the nucleophilic metal acetylide compound. In Figure 58, are
illustrated the minimum energy of intermediates. The free energy coordination of the
benzaldehyde to the metal center was -18.0 kcal/mol for AuL1 and -24.0 kcal/mol for AuL7".
The major stability of the neutral metal-alkyne specie could be rationalized by the
observation of Figure 59. In AuL1, the alkyne is orthogonally oriented to NHC plane, the
carbene metal bond is about 2.2 A, and the alkyne angle bond (HCC). In neutral metal
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alkyne specie, the olefin is on the same plane of AuNHC. Furthermore, the intermediate has
a longer Cearbene-Au bond and the angle bond HCCanyne bent at 151°. The longer distance
among the NHC-M and the shorter distance between carbon atoms in alkyne moieties could
be attributable to a stronger electron donation from olefin to the metal center, in a square

planar intermediate.

1.22 -
AuLl-A 167 Aul7"-A 151

Figure 59 Minimum energy intermediates AulL1-A and AulL7’-A. The distances are expressed in A. Reproduced from Ref.[132] with
permission from the Royal Society of Chemistry.

The coordination of the alkyne to the metal center is followed by its deprotonation, with the
secondary amine (piperidine). We have investigated the deprotonation step for both
complexes. In Figures 60-61 are represented the energy of intermediates and the geometry
involved for the complexes AuL1l e AuL?7’. As shown in Figure 60, the amine deprotonates
the alkyne from the opposite site to the hydroxyl group (AuL1-B) for steric reasons, to lead
to the corresponding metal acetylide compound (AuL1-C). The energy barrier for this step
is very low (AG=2.5 kcal/mol).

|

Q

205

b 2 6%
1 1ﬂ20 1.60 t
OI 176 AuLl-A O 112 Aull-B O, cs. Aull-C
G=0 G=25 G=-129

Figure 60 Energies and geometries involved in the reaction of deprotonation of acetylene. The energies calculated are reported in

kcal/mol. Reproduced from Ref.[132] with permission from the Royal Society of Chemistry.

Due to the chelating alkoxy group, the deprotonation of the alkyne involves a different
pathway. The base deprotonates acetylene involving a six-member cycle (AuL7’-BC*), with
a double hydrogen transfer: the amine provides the proton to the alkoxy group, while the
alkyne gives the proton to the amine. The energy calculated is slightly higher than that
observed in the deprotonation of the complex AuL1 (AG=2.8 kcal/mol). The deprotonation
leads to the formation of the same group present on catalyst AuL1 (AuL7’-C) but in a more
basic reaction environment. Thus, we have the nucleophilic attack on imine by

phenylacetilide, rather than iminium ion. The greater catalytic activity for the complex AuL1
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might be associated with the second part of the catalytic cycle, where the acidity is necessary

: |I:\__355; 4

to consent to the carrying-out of the reaction.

N .
98; Qa2 181: Q
Mzﬁ > Ani C-? 46
Aul7’-B Aul7’-BC* uL/-
G=0 G=28 G=-208

Figure 61 Energies and geometries of intermediates and transition state involved in the deprotonation in the presence of AuL7’. Free
energies are reported in kcal/mol. Reproduced from Ref.[132] with permission from the Royal Society of Chemistry.

The xanthine-based N-heterocyclic carbene complexes have been largely studied as
antibacterial [53] and antitumoral compounds [92,93]. These complexes have shown an
interesting biological activity due to their solubility in aqueous media. In this regard,
caffeine-based NHC ligands and their relative complexes have been applied for catalytic
purposes [137], for the design of homogeneous and heterogeneous catalysts, and used in
aqueous solutions. [174-176]. Based on this interesting research field, we have preliminarily
tested the catalytic behavior of caffeine-based NHC silver and gold complexes in A3-
coupling reaction in neat conditions, and the results are listed in Table 12.
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Table 12 Results obtained with NHC-caffeine based silver and gold complexes

Run Catalyst Aldehyde Yield ® (%)
57 °>\_N/ p-formaldehyde 95
58 _">=2':° on cyclohexanecarboxaldehyde 60
59 /"YN\/I\Ph benzaldehyde 15

AgOAc
Agl12
60 °>\_N/ p-formaldehyde 95
61 —N o cyclohexanecarboxaldehyde 50
62 NN ——on benzaldehyde 15
AgOAc
Agl13
63 Ny p-formaldehyde 77
64 _N>_2':00H cyclohexanecarboxaldehyde 53
65 /N:N benzaldehyde 20
AgOAc
Agl14
67 °>\_N/ p-formaldehyde 95
68 _">=2':° oH cyclohexanecarboxaldehyde 76
69 /NYN\/I\Ph benzaldehyde 44
AuCl
Aull12
70 N p-formaldehyde 95
71 — >_2:0 cyclohexanecarboxaldehyde 76
72 N T N on benzaldehyde 44
AuCl
Aull3
73 ANV p-formaldehyde 99
74 _">=2=°0H cyclohexanecarboxaldehyde 68
75 /"YNﬁ benzaldehyde 47
AuCl
AulLl4

aReaction conditions: aldehyde (1.0 mmol), piperidine (1.2 mmol) phenylacetylene (1.5mmol), AuNHC (3%mol) 80°C, 6h. nitrogen atmosphere. ? Yields were average of two
runs and determined by 'H-NMR analysis through internal standard.

All the caffeine NHC complexes have catalyzed the condensation reaction among the
aldehyde, amine, and alkyne. The analysis of the obtained yields shows that the silver
caffeine-based complexes have catalyzed the AS3-coupling reaction as well as other
complexes previously seen. The silver complexes have completely converted p-
formaldehyde in the resulting propargylamine, with the only exception of AgL14 (Run 63,
Table 12). As already seen before, gold complexes have shown a better catalytic activity
than silver analogs. In particular, the gold caffeine-based complexes were less reactive
towards cyclohexylacarboxyaldehyde than benzimidazole based gold complex, AuL4, (See
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runs 68, 71, 74 of Table 11 vs Run 23 of table7), but they have surprisingly shown a better
activity toward benzaldehyde (Runs 69, 72, 75 of Table 12 vs Run 24 of Table 12).

2.5.3 Kinetic studies on A’coupling reaction catalyzed by Aul2 and its halo and
(pseudo)halo-derivates

By the analysis of the evaluated yields in the A% coupling reaction, gold complex Aul2
showed the best catalytic performance in the A? coupling reaction, in fact it has completely
converted p-formaldehyde and cyclohexylcarboxyaldehyde, in six hours (see Runs 16, 17 of
Table 7) in the corresponding propargylamines, and have shown the higher activity in the
same reaction using benzaldehyde (Yield 86%) [130]. The catalytic activity was attributed to
its higher electrophilicity (see Table 8), due to the presence of two chlorine atoms on the
NHC backbone, which reduce the electronic density of the metal center.

A logical consequent investigation was the analysis of the counterion effect in this type of
reaction. In this regard, we have synthesized, characterized, and tested the halo and pseudo
(halo) analogs of AuL2, in the A’ coupling reaction of benzaldehyde with piperidine and
phenylacetylene in neat conditions at 80°C for six hours. As seen above, the yields of
propargylamine were monitored by 'H-NMR using 2-bromesitilene as an internal standard.

The complexes tested are illustrated in Figure 62.
Cl Cl

):( OH
LN N\/I\Ph
AuCl — —
cl cl * cl cl
AulL2 — OH — OH

/N\V,N\/I\Ph PFe /N\V,N\/I\Ph
o o a. o e ¥

e e R i "
/NYN\/I\Ph /NYN\/I\Ph /N\V,N\/I\Ph \N,)A\\N/\rph ||
h _
AuOAc AuBr Aul H OH Ph
L cl _
AuL2-OAc AuL2-Br AuL2-l AuL2-PFg AuL2-PA

Figure 62 Halo and pseudo halo derivates of Aul2
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2.5.3.1 Synthesis and characterization of halo and pseudo halo analogues of AuL2

Cl Cl Cl Cl
o = o
— NaX or KX -
N<_-N Ns_-N
— N \/I\Ph Acetone — N \/l\Ph
AuCl AuX
AuL2 Ph NEt; X=Brorl
\s
AgX Cl Cl

Y=( ow
cl cl /NYN\/LPh
OH

; ( Au
gt I
AuX

X= OAc or PFg" Ph

Figure 63 Synthetic routes for the synthesis of AulL2 derivates

The synthetic routes are summarized in Figure 63, following the published literature
procedures[178-180]. Bromo and iodo derivates were synthesized by the reaction of the gold
complex with an excess of sodium or potassium halogenide salt, in acetone. Acetate and
hexafluorophosphate gold complexes were produced using the corresponding silver salts.
The halide abstraction using silver salts with non-coordinating anions is an efficient
methodology to generate electrophilic gold species. The main limitation is the difficult
isolation of these complexes due to their facile decomposition to colloidal gold (0) [179]. To
prevent the decomposition, the reaction with silver hexafluorophosphate has been
conducted in acetonitrile. Echavarren and Nolan have reported the synthesis of gold
complexes bearing phosphine and N-heterocyclic carbene ligand with non-coordinating
anions demonstrating the importance of the coordination of solvent molecules in the
stabilization of these complexes[179,181].

The alkynyl gold complex was synthesized following the literature procedure [180], slightly
modified by us, by reaction of AuL2 with an excess of NEts and phenylacetylene. We
synthesized the alkynyl functionalized compound to study the effect in the A’coupling
reaction, starting from the acetylide derivative.

The 'H and C NMR spectra of all complexes were recorded. The 'H-NMR spectra of the
complexes have not shown any signal of decomposition, and the pattern remained the same.
Only acetate gold NHC complex shows other signals: a singlet signal at 1.8 ppm
attributable to the methyl group of acetate anion in the "H NMR spectrum, and two signals
in the BC-NMR spectrum attributable to the carbonyl and methyl group at 174.8sand 23.8»
ppm, respectively. Moreover, the carbene carbon shifts from 170.69 to 163.69 ppm. The 3C-
NMR spectra of other halo and pseudo halo gold complexes have presented a significant
downfield shift of the signal attributable to carbenic carbon (Table 13). Backer attributed the

110



Chapter 2: Results and discussion

increase of 1*C chemical shift of the carbene carbon, in Au(NHC)X complexes, to the increase

of the o-donor ability of the counter-ion [178].
Table 13 Chemical Shift of carbenic carbon of gold NHC complexes

O0c (DMSO)
X Au-C
OAc 163.69
Cl 170.69
Br 173.89
I 182.9:
PFs 183.82
Ph-C=C 186.95
Cl Cl
; ( OH
/ N \\v,/ N \)4\ oh 1
1 2,3
AuOCOCH;,
5
5
DMSO
Ph-ring
OH group 4 2,3
I MJL L
10 9 8 7 6 5 4 3 2 1 0ppm

1H-NMR (400MHz, DMSO-ds): 6 7.4s-7.31 (m, 5H, Ph ring) 5.85(m, 1H, OH group); 5.2 (m,
1H, OCH) 4.20-4.1>(m, 2H, NCH?); 3.8:(s,3H, NCH3)1.83 (s. 3H, COCH3).
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Cl Cl

7 8 >

DMSO

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 174.85 (OCOCHS3) 163.96 (NCN) 141.44 (ipso aromatic carbon,
Ph-ring), 128.35-125.9s (aromatic carbons, Ph rings) 117.5¢-116.56 (backbone carbons, NC=CN),
72.26(OCH), 56.51(NCH>), 37.67(NCH3), 23.87 (OCOCHs)

MALDI-ToF (m/z): 739.07459 Da attributable to a structure a bis-carbene structure
[C24sH21AuClLiN4O2]*
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OH
\A 1
N ~ » N
/ NS 4 Ph
1 2,3
Ph ring
AuBr
DMSO
4 2,3
J Om k
| 1 1 I 1 I I I I 1 1 1
10.0 9.0 8.0 7.0 6.0 5.0 4.0 30 2.0 1.0 0.0 ppm

1H-NMR (400MHz, DMSO-ds): 6 7.40-7.3¢ (m, 5H, Ph ring) 5.8:(m, 1H, OH group); 5.1 (m,
1H, OCH) 4.25-4.1s(m, 2H, NCH?2); 3.8:(s,3H, NCH;)

Cl Cl

DMSO
2’,4,3 I

Ty &

T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 173.89 (NCN) 141.24 (ipso aromatic carbon, Ph-ring), 128.4s-
125.7s (aromatic carbons, Ph rings) 117.42-116.5s (backbone carbons, NC=CN), 72.14(OCH),

56.56(NCHz2), 37.04(NCHs)
MALDI-ToF (m/z): 739.03526 Da attributable to a structure a bis-carbene structure

[C2sH24 AuClaN4O2]*
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Cl Cl

OH
\)\ 1
N N DMSO

R 4 ph

1 2,3

Aul Ph ring
5
‘l 4 2,3
I I I T T T T I T T T I
10 9 8 7 6 5 4 3 2 1 Oppm

1H-NMR (400MHz, DMSO-ds): 6 7.40-7.3s (m, 5H, Ph ring) 5.95-5.75(m, 1H, OH group); 5.1s -
5.17 (m, 1H, OCH) 4.35-4.05(m, 2H, NCH2); 3.91-3.8:(s,3H, NCHs)

ci
24,3 DMSO

4,5

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

BC-NMR (100 MHz, DMSO-ds): 6 182.92 (NCN) 141.2s (ipso aromatic carbon, Ph-ring), 128.47-
125.7s (aromatic carbons, Ph rings) 117.54-116.62 (backbone carbons, NC=CN), 72.2:(OCH),
56.41(NCHz2), 36.84(NCHs)

MALDI-ToF (m/z): 739.06311 Da attributable to a bis-carbene structure [C2aH21 AuClsN4O2]*
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Cl Cl
OH
NS N \)4\
1/ \/ 23 Ph
Au PF;
~ N ,/'L N /Y Ph
) : OH
Cl Cl
1
DCM
Ph ring
DMSO
2,3
U-uk
)M JL \
I I ) I 1 I 1 1 ) 1 ) 1
10 9 3 7 6 5 4 3 2 1 0ppm

1H-NMR (400MHz, DMSO-ds): § 7.40-7.20 (m, 5H, Ph ring) 4.9+ (m, 1H, OCH) 4.35-4.30(m, 2H,
NCH.); 3.80(s,3H, NCH3)
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PF;

DMSO

2' 4r 3!

L L

T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

3C-NMR (100 MHz, DMSO-ds): 6 183.82 (NCN) 142.14 (ipso aromatic carbon, Ph-ring), 129.2-
126.8s (aromatic carbons, Ph rings) 118.7s-118.51 (backbone carbons NC=CN), 72.33(OCH),
57.63(NCHz2), 37.80(NCHs)

-

T T T T T T T
-125 -130 -135 -140 -145 -150 -155 ppm

S1IP-NMR (162.60 MHz; DMSO-ds): 6 193.93 (septuplet)
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T T T T T T T T T T T
-10 -20 -30 -40 -50 -60 =70 -80 -9 -100 -110 ppm

1WF-NMR (377.35 MHz, DMSO-ds): 6 70.10 (duplet)

Ph rings 1

Ph

2,3 DMSO

J OH group k

I
Oppm

1H-NMR (400MHz, DMSO-ds): 6 7.42-7.27 (m, 10H, Ph rings) 5.9:(m, 1H, OH group); 5.17 (m,
1H, OCH) 4.27-4.2¢(m, 2H, NCH.); 3.8:(s,3H, NCH3)
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Cl Cl
) ( OH DMSO
N N \)\
AR\ *pn
1
2’437
Ph ring
Au
7
’ 8
Ph 1
1l
2
6 4,5
1 I I I 1 I 1 I 1 1 I 1 I 1 I 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 10 ppm

BC-NMR (100 MHz, DMSO): 186.95s (NCN) 141.3¢ (ipso aromatic carbon, Ph-ring), 131.24-
125.8s (aromatic carbons, Ph rings, AuC=C-Ph) 117.47-116.56 (backbone carbons NC=CN,), 104.0s
(AuC=C-Ph) 72.36(OCH), 56.27(NCH>), 36.7s(NCHas).

The kinetic results in A’-coupling reaction, catalyzed by halo and pseudo halo analogs of

AulL2 are shown in Table 14 and displayed in Figure 64
Table 14 Monitoring of A3-coupling reaction of benzaldehyde catalyzed by AuL2X complex

Yield (%)
Tempo(h) | (NHC)Au-Cl (NHC)Au-Br | (NHC)Au-l | (NHC)Au-OAc | [Au(NHC).]*PF¢ | (NHC)AuCCPh
0 0 0 0 0 0 0
0.16 0 0 0 0 0 0
0.33 0 0 0 0 0 0
0.5 0 0 0 0 0 0
0.66 7 6 0 6 0 0
0.83 13 11 4 11 0 0
1.00 18 16 9 17 0 0
2.00 36 30 18 36 0 0
3.00 58 37 27 48 0 13
4.00 72 42 36 59 0 20
5.00 77 45 40 61 0 24
6.00 84 53 45 64 9 31
24.0 99 71 60 70 46 67
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Kinetic study of A3coupling reaction

@ Aul2 Aul2-OAc Aul2-PF6 Aul2-CCPh X Aul2-Br @ AulL2-|

100
90

80 Pe *
70 *
g 60 ¢ |
3 0 X °
S 40 % § ®
30 X ®
20 L
10 2l b
e
o § B R § |
0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 6
Time(h)

Figure 64 Plot of yields versus time for the first 6 hours of the reaction with benzaldehyde

The catalytic activity of the complexes was strictly influenced by the nature of the counter-
ion, in the order, Cl > Br ~ OAc > I > C=CPh > PFs, according to the literature [81].
Considering halide gold complexes, the lowering of catalytic activity, descending along
with the group, is due to the decreasing of the Lewis acidity of the metal center, as was
observed by Backer and coworkers in their spectroscopic studies[178]. While, the worst
catalytic activity was displayed by the hexafluorophosphate gold complex, and it was

attributed to the exclusive presence of bis carbenic metallic species[(NHC)2Au]PFs.

2.5.4 Conclusion

Silver and gold NHC complexes have attracted scientific attention due to their ability to
catalyze various interesting reactions, such as A3-coupling reaction. To explore the
potentialities of these compounds, we have tested silver and gold complexes, bearing L1-
L14 ligands, in A3-coupling reaction with three different aldehydes (p-formaldehyde,
cyclohexanal, and benzaldehyde) with piperidine and phenylacetylene, in neat conditions
at 80°C. All complexes were able to catalyze the reaction, while the best catalytic activity
was achieved by AuL2. The higher catalytic activity is attributed to the presence of the
chlorine atoms on the backbone, which makes the metal center more electrophilic and more
prone to coordinate the alkyne.

Then, to deepen the studies on A3 coupling reaction, we have synthesized, characterized,
and tested the activity of halo and pseudo halide analogs with the highest catalytic activity
(AuL2). The chloride anion was substituted by bromide, iodide, acetate, phenylacetilide,

and hexafluorophosphate, with opportune silver or alkali salts.
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By the analysis of the yields, the activity of the complex was closely influenced by the nature
of the anion, in fact chloride gold NHC complex (AuL2) has displayed the greatest activity

in the condensation of benzaldehyde with piperidine and phenylacetylene.
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2.6 Hydroamination of alkynes catalyzed by Au(I) N-heterocyclic carbene complexes
2.6.1. Hydroamination reaction

The compounds containing C-N bonds are significant and commercially important starting
materials for the synthesis of value-added products such as polymers, solvents, biologically
active molecules, and pharmaceuticals[182-185]. Thus, the hydroamination reaction, due to
its high efficiency and sustainability, is one of the most useful synthetic strategies to obtain
these compounds. It consists of the addition of amine moiety to C-C multiple bonds (alkenes
and alkynes) providing a 100% of atom economy. Due to their lower electron density, the
addition of amines to alkenes is more difficult than that to alkynes[186,187]. Another
important factor in this reaction is the regiochemistry of the product. The anti-Markovinikov

addition of amines to the olefin is listed as one of the “Ten Challenges for Catalysis”’[186].

I

~
. R
——H . NHR', _— /_/

NHR

— + NH,R' .

R'= H, Alkyl, Aryl

Figure 65 General Scheme of hydroamination reaction

Despite the reaction is thermodynamically achievable, it is necessary to overcome a high
activation barrier owing to the repulsion between the electron density of amine and the 7-
system of electrophile. This high activation barrier can be reduced by using the metal
catalysis pathway by the coordination of the alkene/alkyne or amine to the metal center and
subsequently protonolysis, giving the desired product. Hydroamination reaction is
catalyzed by different kinds of main groups and transition metals. The catalytic
hydroamination is strictly related to the choice of the metal catalyst. Early transition metals,
alkali, earth alkali metals, and lanthanides have shown a good activity[188-192] following
an amine activation pathway[193,194]. The main limitation of these catalytic systems is the
air and moisture instability due to their oxophilicity. Instead, late transition metals are less
oxophilic and more tolerant to air and moisture and have shown good activity in catalytic
hydroamination [118,195-199]. For these catalysts, an alkyne coordination pathway is
hypothesized[200]. In this regard, gold has emerged as a catalyst in the hydroamination
reaction; in particular, Au-NHC complexes, activated by halide scavenger as a silver salt,
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have attracted the attention for their application in this catalytic transformation
[118,199,201].

2.6.2 Aim of the project

Based on the interesting results obtained by our gold complexes in the A3-coupling reaction,
we have extended the studies on their performance in hydroamination reactions. We have
tested the gold complexes AulLl, Aul2, AulL3, AulL4, Aul5, AulL6, AulL10, and AuL11
(Figure 45, Chapter 2) in the hydroamination reaction, using as halide scavenger silver
hexafluoro antimoniate (AgSbFs), because it has shown the best performance in the
screening test of the cocatalyst[118,202] (see Table 15).

In the first instance, we tested all the complexes in the addition of aniline to phenylacetylene,
in acetonitrile (CHsCN), following the literature procedure [117,202], at 90°C for sixteen
hours.

Subsequently, it was performed a screening of the reaction in diverse solvents such as 1,4-
dioxane, dimethyl sulfoxide (DMSO), ethylene carbonate, toluene, and tetrachloroethane
(see Table 16).

Finally, it was tested the catalytic activity of the best performer gold complex (AuL2) in the
addition of different arylamine to phenylacetylene and internal alkynes (diphenylacetylene)
(see Table 17).

2.6.3 Screening of the Gold (I) complexes as Catalyst in the Hydroamination of
Phenylacetylene with Aniline

The gold complexes AuL1, AuL2, AuL3, AulL4, AuL5, AuL6, AuL10, AuL11 were tested in
the hydroamination reaction of phenylacetylene with aniline, in acetonitrile at 90°C, using
1%mol of gold precatalyst and the 2% mol of the halide-scavenger silver salt, to lead the
corresponding ketoimine. In Table 7 are reported the activities of these gold NHC
complexes. The yields were determined by 'H-NMR spectroscopy, using the internal
standard method (dibromomethane, CH:Br2), with the integration of the singlet signal of
the standard, at 4.9; ppm, with the signal of the methyl group of ketoimine at 2.2: ppm. By
the analysis of the NMR spectra, it was observed the singlet signal attributable to the
acetophenone (2.60 ppm). The formation of the ketone is ascribed to the capacity of gold
NHC complexes to catalyze the addition of the water of alkynes [109-111] and/or by the
hydrolysis of the imine, given by the hygroscopicity of the silver cocatalyst salt.
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NH /@
2 N
Au(NHC)CI (1%mol) |
—_— + .
— H AgSbF (2%mol)
CH,CN, 16h, 90°C

Figure 66 Hydroamination of phenylacetylene catalyzed by Au(l) NHC complexes

Table 15 Catalytic activity of Au-NHC complexes in hydroamination reaction

Run? Catalyst Yield ® (%)
1 = %
/N/‘_V’\N\/I\Ph 2%
AuCl Aul1
2 CI>:<CI OH 70%
/NYN\/I\Ph
AuCl Aul2
3 Ph>:<Ph OH 53%
/NYN\/I\Ph
AuCl Aul3
4 35%
_ OH
/N\\\l'//N\/I\Ph
AuCl Aul4d
— OH
5 HO/\/N/j\N\-/l\Ph 34%
AuCl Aul5

6 cl cl o 55%
HO/\/'?HV_/KN\/I\%

Auci AulLé6
HO
’ oY C 0%
e
Aucl Aul10
8 CI>=<CI HO 60%
NN
Auc Aul11
9 Au(SMe2)Cl 10%
__ OH
10 /N/‘_V’\N\-/I\Ph 10%
Agl Agll
11 Cl _ Cl on 15%
/N>\,_’<N\-/I\Ph
Adl Agl2

2 Reaction conditions: aniline (1.0 mmol), phenylacetylene (1.5mmol), AuUNHC (1%mol), AgSbFg (2%mol), 90°C, 16h. CHsCN (1mL), nitrogen atmosphere. ° Yields were
average of two runs and determined by 'H-NMR analysis through internal standard.
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As shown in Table 15, all tested complexes were able to catalyze the hydroamination
reaction of phenylacetylene. The gold complexes were more active than the silver analogs
(Run 1,2 vs 10,11). This observation underlines the role of gold in this type of reaction.
Another interesting observation was the important different catalytic activity of gold NHC
complexes, in comparison with the gold precursor [Au(SMez)Cl]. This suggests the
importance of the NHC ligand in the stabilization of the cationic gold catalyst. Gold
complexes with chlorine atoms on the backbone of the ligand (AuL2, AuL6, AuL11) were
more active than other gold complexes. This better catalytic activity is imputable to a major
positive charge on the metal center, as seen in A® coupling reactions, in fact the presence of
the chlorine atoms makes more electrophilic the metal center, thus more prone to receive
the m-electron density of the alkyne.

2.6.4 Screening of the Solvent for the Hydroamination of Phenylacetylene with Aniline,
promoted by AuL2.

After the preliminary studies that allowed the choice of the catalyst, we have used various
solvents to optimize the reaction conditions. It was screened the hydroamination reaction
of phenylacetylene with aniline, in 1,4-dioxane, dimethyl sulfoxide (DMSO), ethylene
carbonate, toluene, and tetrachloroethane. In Table 16, are reported the yield of the
hydroamination reaction with tested solvent, catalyzed by AuL2. As seen in the previous
section, the yields of the reaction are calculated by the 'H-NMR, using the internal standard
method.

Table 16 Screening of the solvent in the reaction of hydroamination

N :
Au(NHC)CI (1 /mol |
AngFe (2%mol)
Solvent, 16h, 90°C

Run? Solvent Yield ® (%)
1 CH:CN 70%
2 1,4-Dioxane 20%
3 DMSO 13%
4 TCDE 45%
5 toluene 50%
6 Ethylene Carbonate 35%

2Reaction conditions: aniline (1.0 mmol), phenylacetylene (1.5mmol), AuL2 (1%mol), AgSbF¢(2%mol), 90°C, 16h. Solvent (1mL), nitrogen atmosphere. °Yields were average
of two runs and determined by *H-NMR analysis through internal standard.

As shown in Table 16, CHsCN has provided the highest yield in the adopted reaction
conditions, in accordance with the data present in the literature [117,199,202,203]. A

plausible explanation of the best performance in acetonitrile is given by the possibility of
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the solvent coordinating and stabilizing the cationic metal center, after the precipitation of
chloride by silver salt (see Scheme 3)[116].

2.6.5 Hydroamination of alkyne with different arylamine.

Once the reaction conditions were optimized, AulL2 was tested in the hydroamination

reaction of phenylacetylene and another internal alkyne with different arylamines. All the

results are reported in Table 17.

Table 17 Hydroamination test with different aryl substrate

Au(NHC)CI (1%mol)
AngFs (2%mol)
CH;CN, 16h, 90°C

og!

Entry R1 Amine Product Yield (%)
T -0 0
o e
4a
s O |
N 4b 71
3 H /@
O, |
iPr 4C
4 H HaN
o .
4d
5 H HzN@CI :
SR
4e
NO,
6 H p|2r44<;—>—No2 . O
N
: af 10
T o o
N
ag 57
8 H iPr
L oM, | e
iPr P 4h
S .
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: "4
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HoN ©)\ N 55
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12 H HZN@OCHS Joi
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13 Ph H2N© g
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O 4m 60¢°

aReaction conditions: arylamine (1.0 mmol), alkyne (1.5mmol), AuL2 (1%mol), AgSbF¢ (2%mol), 90°C, 16h. Solvent (1mL), nitrogen atmosphere. ® Yields were average of
two runs and determined by *H-NMR analysis through internal standard, ¢ AuL2Cl (3%mol), AgSbF¢ (6%mol).

Several arylamines were found to react with an alkyne, giving the desired ketoimine.

Electron-rich arylamines (o-isopropyl aniline, p-isopropyl aniline, anisole) have shown
good reactivity (entries 2,3,12). Naphthylamine and more steric hindered arylamines
(mesitylamine, 2,6-diisopropyl aniline, 2,6-methyl aniline) have reacted well with
phenylacetylene (entries 7,8,11). Instead, electron-poor arylamines (p-chloroaniline, p-
nitroaniline and 2,6-difluoroaniline) did not show a good reactivity in the intermolecular
hydroamination reaction of phenylacetylene (entries 5,6,10). Probably, the presence of an
electron-withdrawing group makes the arylamine less reactive toward the nucleophilic
attack of the alkyne. Finally, the hydroamination reaction diphenylacetylene with aniline
was performed (entry 13). For the reaction, the use of 3% mol of catalyst to active the alkyne
in the nucleophilic addition of aniline was necessary to obtain a good yield of the ketomine
(60%).

2.6.7 Conclusions

In summary, the gold NHC complexes, synthesized and characterized by us, were tested in
the intermolecular hydroamination. All the complexes were active toward the
hydroamination reaction of phenylacetylene with aniline. By the analysis of the yields
(Table 15), the gold complexes bearing two chlorine atoms on their backbone have shown
the best catalytic activity. In the same manner, as the A3-coupling reaction, a possible reason
for this behavior is the higher electrophilicity of the gold complex, which allows for stronger
coordination of the olefin and a consequent nucleophilic attack by the arylamine.

To optimize the reaction conditions, a series of solvents were screened using the best
performer gold precatalyst (AuL2). Best catalytic performance was recorded in CHsCN,
which gives a superior catalytic activity of the precatalyst than the other used solvent

(DMSO, 1,4-dioxane, toluene, ethylene carbonate, tetrachloroethane).
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Finally, in the optimized reaction conditions, AuL2 was tested in the hydroamination
reaction with different arylamines. The activity of the complex is influenced by electron and
steric factors, in fact, by the analysis of the yields, the electron-rich aryl amines give
interesting yields in the addition to alkyne moiety, whereas the electron-poor arylamine has
not shown the same behavior in the reaction. Moreover, increasing the steric hindrance, it
was observed a slight worsening of the catalytic activity. Thus, for the reaction of the

diphenylacetylene was necessary the 3%mol of the precatalyst to obtain a good yield (60%).

2.7 Biological activity

Considering the interesting results shown by silver and gold complexes in bioinorganic
chemistry [204], the antibacterial and antitumoral activities of these complexes have been
preliminarily evaluated.

Since the widespread use of silver salts as antibacterial compounds and considering the
efficacy of silver N-heterocyclic carbene complexes in this regard, has been preliminary

tested the antimicrobial activity of AgNHC complexes [126].

Table 18 Preliminary test of silver N-heterocyclic carbene complexes as antimicrobial

MIC (Minimal inhibitory Concentration pg/mL?
Compound E. Coli (Gram Negative) B.subtilis (Gram Positive)
OH
= 5 5
— N/j\N\/I\ Ph
Agl
Agll
HO
= 5 50
/NYN\ < ]
Agl
Agl8
HO
=\ 5 50
/NYN
Agl
Agl10

The analysis of the results suggests that silver complexes have good antimicrobial activity.
They inhibited the growth of E. coli at a concentration of 5ug/mL. Furthermore, AgL1 has
exhibited the same inhibition concentration against B.subtillis. AgL8 and AgL9 inhibited the
growth of B. subtillis at higher concentrations. The antitumoral activity of silver and gold (I)
NHC complexes were evaluated for the first time by some of us in 2016 [128]. Silver
compound (AgLl, AgL8, AglL10), and gold analogs (AuLl, AulL8, AuL10) were tested
toward tumorigenic cell lines (MCF-7), and the cytotoxic activity was evaluated by the
calculation of ICs. AgL1 and AuL1 have exhibited an interesting biological activity, in fact
the ICso were respectively 4.0+0.2 uM and 1.0+0.2 uM. Whereas, other complexes did not

reveal any activity.
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Based on these preliminary results, lacopetta and coworkers synthesized two new silver
and gold complexes, starting by 4,5-dichloro imidazole (AgL9, AuL9), and studied their
antiproliferative activity against two tumoral breast cell lines (MCF-7 and MDA-MB 231)
and two tumorigenic uterine cell lines ISHIKAWA, HeLa)[129]. The results are reported in
Table 19. AuL9 resulted more active than the silver analogs, inducing the reduction of cell

growth. Furthermore, the complexes were inactive toward non-tumorigenic cell lines (MCF-

10A and HEK-293).
Table 19 IC50 of Ag and Au NHC complexes expressed in micromolar uM[129]
1Cso pM
compound MCF-7 MDA-MB231 Hela ISHIKAWA MCF-10A HEK-293
cl %' ho >200 >200 >200 >200 >200 >200
A
-
P-L9
N 16.5+0.8 20.8+1.2 15.60.6 15.0+0.9 >200 >200
/NYN
Agl
Agl9
¢l “ho 3.98+0.4 6.02+0.7 1.63+0.5 4.81+0.9 >200 >200
_N T N
AuCl
Aul9

The activity of complex AuL9 was attributed to its ability to induce mitochondrial apoptotic
pathway, increasing ROS (reactive oxygen species) production.
Starting from these preliminary results, we have evaluated the biological activity of newly

synthesized silver and gold complexes.

2.7.1 Antimicrobial activity of silver and gold N-heterocyclic carbene complexes

Based on the interesting preliminary obtained results, we have tested the antibacterial
activity of other silver and gold NHC complexes. The antibacterial activity of silver and gold
complexes was evaluated with the determination of the MIC, following Clinical and
Laboratory Standards Institute (CLSI) guidelines [205], by the research group of Prof.
Giovanni Vigliotta of the University of Salerno. Silver and gold complexes were tested
against Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative) bacterial
strains. The results are reported in Table 20[136].
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Table 20 Antibacterial activity of silver and gold (1) N-heterocyclic carbene complexes towards Gram — and Gram + bacteria

MIC (Minimal inhibitory Concentration pg/mL?
Compound E. Coli (Gram Negative) S. Aureus (Gram Positive)
Cl Cl
_— OH 10 >150
/"?;/’{“\-/J\Ph
Agl
Agl2
— OH
HO@N?N\/L% 15 50
Agl
Agl5
Cl Cl
>:< OH 15 >150
Ho/\/NYN\/LPh
Agl
Aglé6
— OH
/NC\N\_/J\Ph >150 40
AuCl
Aull
Cl Cl
_ oH 75 0.5
/"?j“\-/]\Ph
AuCl
Aul2
— OH
i 100 25
AuCl
Aul5
Cl Cl
(" on 75 2.5
HO/\/'?;{‘\/J\ph
AuCl
AulL6

The results were determined by three independent assays, each in triplicate. 2150 pg/mL is the highest concentration tested for each compound.

By the analysis of the results, AgNHC complexes have shown an antibacterial selectivity
toward Gram — bacteria strain, showing MIC values between 10 and 15 pg/mL. Instead, they
have not shown efficacy against tested Gram + strain (S. Aureus), with the exclusion of AgL5,
that have shown a modest activity (MIC 50 ug/mL). AgL1 have exhibit the best antibacterial
activity against E. coli (6.5 pg/mL). Unlike silver complexes, gold compounds have shown a
better antibacterial activity toward Gram + strain, in accordance with the literature[90]. Gold
complexes have exhibited an interesting antibacterial activity toward S. Aureus, showing
low values of MIC, AuL2 revealed a minimum inhibition concentration of 0.5 ug/mL.
Furthermore, AuNHC complexes have revealed an activity toward E. coli, with MIC values
among 75-150 ug/mL, suggesting a wider range of antibacterial activity than silver analogs.
Finally, the corresponding imidazolium pro-ligands were tested, and they have not shown
any growth inhibition up to the concentration of 200 pg/mL. The promising activity of N-
heterocyclic carbene silver halide complexes (AgL1, AgL2) as antibacterial compounds, led

us to evaluate the antimicrobial activity of their acetate analog, shown in Figure 67.
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/1 =
_N \/N\/I\Ph /NYN\/I\Ph
AgOAc Agl
AgL1-OAc AgL7

Cl Cl

= o ~
AgOAc Agl
AgL2-OAc AgL7-OAc

Figure 67 Structure of AgNHC complexes tested as antimicrobial

These complexes were synthesized by metathesis reaction of the counterion, using silver
NHC complexes with silver acetate in a mixture of methanol and dichloromethane, at room
temperature.

The complexes have shown a low value of MIC against E. coli, S. Aureus, and E. faecalis. All
the MIC values are listed in Table 21. The AgL1-OAc and AgL2-OAc have inhibited the
growth of E. coli at 10ug/mL, while other complexes have revealed lower inhibition
concentrations (5 ug/mkL). By the analysis of the results against Gram+ bacterial strains (S.
Aureus E. faecalis), higher concentrations of silver NHC compounds were required to inhibit
their growth (MIC from 5ug/mL to 10ug/mL for S. Aureus, and 10 pg/mL to 20 ug/mL for E.
faecalis). For these complexes was evaluated the minimal bactericidal concentration (MBC),
the lowest concentration able to kill bacteria. All the complexes have exhibited an MBC

equal to or greater than 100 pg/mL.

Table 21 MIC values of silver NHC complexes

MIC (Minimal inhibitory Concentration pg/mL

compound E. coli S. Aureus E. faecalis
AgL1-OAc 10 5 20
Agl2-OAc 10 5 10
AgL7 5 5 10
AgL7-OAc 5 5 20

2.7.1 Antitumoral activity of silver and gold N-heterocyclic carbene complexes

With the purpose to deepen the obtained results on cytotoxic silver and gold NHC
complexes, we have adopted structural modifications to enhance the antitumoral activity.
In this regard, we have evaluated the antitumoral activity of two silver and gold complexes,
derived from 4,5-dichloro imidazole (AgL2, AuL2) [206]. The complexes were evaluated on
MCE-7, MDA-MB-231, HeLa, and ISHIKAWA, by the research group of Prof. Maria Stefania

Sinicropi of the University of Calabria. The gold complex has shown an intriguing activity
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on all tumorigenic cell lines, particularly against MDA-MB-231 cell lines (IC50=2.10+0.7uM).
The silver analog has also exhibited an interesting cytotoxic activity against uterine
carcinoma cell lines (IC50=9.76+0.6uM on HeLa and 6.55+0.7uM on ISHIKAWA). Also, these
complexes, as seen above for AgL9 and AuL9, did not interfere with healthy cell lines. The

imidazolium pro-ligand was not effective against all cell lines.

Table 22 ICspof Ag and Au complexes derived by 4,5-dichloro imidazole expressed in micromolar

ICsouM
compound MCF-7 MDA-MB231 Hela ISHIKAWA MCF-10A
N on >200 >200 >200 >200 >200

/N{'V/N\/I\Ph
-
P-L2
°'\/7\/°' on 10.5£0.8 3.2+1.2 9.8+0.6 6.6£0.9 >200
/N\V,N\/]\Ph
Y
Agl
Agl2
°'\/7(°' on 5.2+0.4 2.1+0.7 31.9+0.5 29.9+0.9 >200
_N ,N\_/l\Ph
AuCl
Aul2

By the analysis of in vitro and in silico studies, it was demonstrated that AuL2 can inhibit
human Topoisomerase I and II and it interferes with the tubulin polymerization. In this
regard, this ability can make AuL2 a promising compound for the development of a multi-
target agent in the treatment of tumors.

Further studies have been conducted on cationic silver and gold NHC complexes stabilized
by acetate counterion. Silver and gold NHC complexes have been synthesized following the
procedure reported in sections 2.3.5 and 2.5.3.1, by the reaction of the halo NHC complex
with silver acetate[178]. Below, are reported the NMR characterization of AuL1-OAc and
AuL7-OAc. The formation of acetate gold NHC complexes has been confirmed by the
appearance of the methyl group in the 'H-NMR spectrum, and by the “shifting”, at high-
tield, of the signal attributable to the carbene carbon atom, in BC-NMR, as seen above for
the complex AuL2-OAc in section 2.5.3.1.
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DMSO
OH
5 6
N N \)\
X * ph
1 2,3
Au
o (o}
7
Y Ph group 1
7 backbone
OH group
2,3
4 ‘-——-—J J
I 1 I I 1 1 I I 1 I I I
10 9 8 7 6 5 4 3 2 1 Oppm

H-NMR (400MHz, DMSO-ds): 6 7.45-7.30 (m, 7H, Ph ring, backbone) 5.8s (s, 1H, OH group);
5.10-5.07(m, 1H, OCH) 4.30-4.10(m, 2H, NCHz); 3.73(s,3H, NCH3)1.81(s. 3H, COCH5).
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3C-NMR (100 MHz, DMSO-ds): 6 174.65s (OCOCHS3) 161.85 (NCN) 142.14 (ipso aromatic carbon,
Ph-ring), 128.2:-126.0s (aromatic carbons, Ph rings) 122.94-122.06 (backbone carbons, NC=CN),
72.30(0OCH), 57.67(NCH>), 37.6s(NCHs), 24.1> (OCOCH3)

5

7 ——\6 o
N N
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1 2,3
A|u Ph group
1
o 0 backbone
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8
2,3
L 4
AIUJ r w JL " A
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10 9 8 7 6 5 4 3 2 1 Oppm

1H-NMR (400MHz, DMSO-de): § 7.35-7.2¢ (m, 7H, Ph ring, backbone); 4.75-4.7:(m, 1H, OCH)
4.30-4.1s(m, 2H, NCH2); 3.6¢(s,3H, NCH3); 3.06 (s,3H, NCH;);1.81(s. 3H, COCH).
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BC-NMR (100 MHz, DMSO-ds): 6 174.55 (OCOCHS3) 162.0s (NCN) 138.04 (ipso aromatic carbon,
Ph-ring), 128.5s-126.80 (aromatic carbons, Ph rings) 122.66-122.27 (backbone carbons, NC=CN),
82.14 (OCH), 56.45(NCH>), 55.81(0OCH3s) 37.67(NCHs), 24.07 (OCOCH:)

Acetate silver and gold NHC complexes were tested against breast cancer cell lines (MCF-7
and MDA-MB 231), and the ICs), examined by MTT-assay, are reported in Table 23.

Table 23 Cytotoxic activity of silver acetate and halogen complexes

ICso(nM)

Compound MCF-7 MDA-MB231 MCF-10A
AgL1-OAc 18.4+0.6 >100 >200
AuL1-OAc 21.9+0.5 58.5+1.2 27.80.7
AgL2-OAc 38.1+0.8 13.240.3 >200
AuL2-OAc 1.2+0.3 16.8+1.2 24.4+0.9

AgL7 52.6+0.3 31.80.8 >200
AgL7-OAc 20.9+1.1 30.7+0.7 >200

Aul7 3.3+1.4 2.2+1.1 13.3+1.0
AuL7-OAc 9.4+0.6 3.040.7 5.240.9

By the analysis of the outcome, silver acetate NHC complexes have not shown any
cytotoxicity against healthy cell lines (MCF-10A), instead, gold analogs showed modest
values of ICso.

AuL2-OAc has shown the highest activity against the MCF-7 cell line, in fact it reduced the
cellular growth with a concentration of 1.2+0.3 uM, while a lower activity was recorded
against highly aggressive and metastatic cells, MDA-MB 231 (16.8+1.2 uM). Furthermore,
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AulL2-OAc has presented slight toxicity against non-tumoral cell lines (ICs024.4+0.9 uM),
nevertheless nearly 20-fold less active against MCF-7. Surprisingly, Agl2-OAc has not
demonstrated any cytotoxicity against MCF-10A cells, but otherwise, it exhibited a lesser
activity against tumoral cells (ICso. 13.2+0.3uM for MDA-MB 231 and 38.1+0.8 uM for MCF-
7). AuL7 and AuL7-OAc were active on both tumorigenic cell lines, but were very toxic
against healthy cell lines, while silver analogs (AgL7 and AgL7-OAc) were less active. As
seen above, the activity of gold complexes was attributed to their ability to inhibit the human
Topoisomerases I and II.

Recently we have investigated the anticancer activity, against the same cell lines seen so far,
of the new four silver and gold complexes, derived by imidazole (AgL5 AuL5) and 4,5-
dichloroimidazole (AgL6, AuL6)[136]. To improve the biological activity, we have
substituted the methyl group, with the 2-hydroxyethyl group on the nitrogen atom, whereas
the second nitrogen atom is functionalized with the 2-hydroxyethyl-phenyl group, due to
its importance in the biological activity of the corresponding silver and gold
complexes[128,206]. We have carried out this type of modification on the molecular
structure of complexes, to increase their solubility in the biological environment, with the
introduction of another hydroxyl group.

From the analysis of the results, listed in Table 24, AgL5 and AgL6 showed similar activities
and were particularly effective against HeLa cells (12.2+1.0 uM for AgL5 and 11.9+0.4 uM
for AgL6) Furthermore, they have displayed a modest activity toward MCF-7 cell line with
values 20.3+1.1 uM and 19.5+0.9 uM respectively. Unexpectedly, gold complexes have not
shown biological activity, with the only exception of AuL6, that have exhibited an
interesting activity in breast cell line (MCF-7 ICs0 12.2 +1.2 uM), and a greater inhibition
value against MDA-MB 231 cell line (49.5+0.7 uM). Both gold complexes were not active
toward HeLa. As seen before, pro-ligands (P-L5, P-L6) have not efficacy against all the tested

cell lines.

Table 24 Antitumoral activity of silver and gold (1) complexes (AgL5, L6 and AuL5, L6) and the imidazolium pro-ligands (P-L5, P-L6)
expressed in uM

1Cso uM
compound MCF-7 MDA-MB231 Hela HEK-293 | MCF-10A
— OH >200 >200 >200 >200 >200
HO—_- N/;\N \_/I\ Ph
-
P-L5
— OH
HO/\/N/j\N\./J\ph 20.3+1.1uM >200 12.2+1.0puM >200 >200
Agl
Agl5
— OH
HO/\/NC\N\-/J\Ph >200 >200 >200 >200 >200
AuCl
Aul5

135



Chapter 2: Results and discussion

N on >200 >200 >200 >200 >200
HO/\/N\‘:/fN\./J\ph
;
P-L6
N o >200 19.5+0.9uM | 11.9+0.4uM | >200 >200
Ho/\/uj/:\/J\Ph
AglL6
N on 49.5:0.7uM | 12.2+1.2uM >200 >200 >200
HO/\/NYN\/J\Ph
AuCl
AulLé

2.7.3 Conclusion

In summary, we have evaluated the biological activity of silver, gold(I) NHC complexes
either as antibacterial and anticancer.

The antibacterial activity of the complexes was evaluated against E. coli (Gram -) and S.
aureus (Gram +). They were more active toward E. coli cells, showing MIC values in the range
from 10 to 15 pg/mL, while gold analogs have shown a better activity against Gram + cell
(MIC from 0.5 to 40 pg/mL). While, gold complexes bearing chlorine atoms on their
substituents, AuL2 and AuL6, have exhibited a modest activity against E. coli cells (MIC 75
ug/mL).

Cytotoxic studies demonstrated that gold and silver complexes are very promising
candidates for the development of new metal-based pharmaceutics for the treatment of
tumors. In this regard, AuL2 has exhibited the lowest inhibitory concentration against very
aggressive breast cancer cells (MDA-MB231 ICs=2.1+0.7 uM). Furthermore, AuL2 has
demonstrated good activity against the MCF-7 cell line (IC50=5.2+0.4uM), in line with the
gold NHC complex with hydrogen atoms on the backbone (AuLl). The acetate gold
complex (AuL2-OAc) has exhibited an interesting activity against MCF-7 cell lines. The
silver analog (AgL2) has also shown an interesting cytotoxic activity against the same cancer
cell lines (MDA-MB231 ICs0=3.2+1.2 uM, MCF-7 1Cs50=10.5£0.8 puM). Silver and gold
complexes bearing another hydroxyl group have not shown an interesting biological
activity, with the exclusion of AuL6, that demonstrated a modest activity against breast cell
lines (MCE-7 ICs0=12.2+1.2 uM MDA-MB231 IC50=49.5+0.7 uM). The antitumor activity of
Aul2 has been attributed to the ability of these complexes to inhibit the human
Topoisomerase I and II. Another interesting characteristic of these complexes is the
selectivity toward tumorigenic cells, in fact all the tested complexes have not shown any
activity against healthy cells. While N-heterocyclic pro-ligands have not exhibited any
biological activity, in both fields.
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Chapter 3: Conclusion and Perspective

In this doctoral thesis, novel N-heterocyclic carbene pro-ligands and relative silver and
gold(I) complexes were synthesized and characterized.

For these complexes has been evaluated the catalytic activity in the coupling among
aldehyde, amine, and terminal alkyne (named A3-coupling reaction), using p-
formaldehyde, cyclohexanal and benzaldehyde as aldehyde, piperidine as amine, and
phenylacetylene as an alkyne, we obtained the corresponding propargylamine. All silver
and gold complexes were able to catalyze this reaction, in neat conditions at 80°C for six
hours. The higher yields were achieved using gold complexes. The best performance was
achieved with AuL2, due to the presence of the chlorine atoms on the backbone, which
makes the metal center more electrophilic and more predisposed to the coordination of the
alkyne, by m interaction.

Gold(I) complexes were tested in the hydroamination of phenylacetylene with anilines in
acetonitrile, to lead aryl-imines. As for the AScoupling reaction, AuL2 has shown the best
activity, and it was tested with different electron-rich and electron-poor arylamines.
Finally, silver and gold complexes were tested as antibacterial and antitumoral compounds.
By the analysis of the antimicrobial test, AgNHC complexes have exhibited lower inhibition
concentrations against E. coli (Gram-), while gold analogs were more active toward B. subtilis
(Gram+) bacterial strain. Furthermore, these complexes have exhibited an interesting

antitumoral activity against breast cancer cell lines.
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4.1 General Procedure

All the manipulation, synthesis, and characterization of the NHC-ligands and their relative
silver and gold complexes were carried out under an inert atmosphere using Schlenk and
glovebox techniques. All chemical reagents were bought from TCI Chemicals and Merck-
Life Science and wused without further manipulation or purification. CH2ClL
(dichloromethane) and Et:O (diethyl ether) were dried on CaH: and distilled before the use.
All deuterated solvents were degassed under Nz flow and stored with the exclusion of the
light, over activated molecular sieve (4A) in glovebox. NMR spectra were recorded on
Bruker AM 300 spectrometers (300 MHz for 'H; 75 MHz for **C) and Bruker AVANCE 400
spectrometer (400 MHz for 'H; 100 MHz for BC). The samples were prepared by dissolving
20 mg of compounds in 0.5 mL of deuterated solvent. The 'H and *C NMR chemical shifts
are referenced to SiMes (0 = 0 ppm) using the residual proton impurities of the deuterated
solvents as the internal standard. The spectrum multiplicities are abbreviated in this
manner: singlet (s), doublet (d), triplet (t), multiplet (m), and broad (br).

ESI-MS measurements of the complexes and NHC pro-ligands were carried out using a
Brucker Solaris XR instrument. MALDI-MS were obtained using a Brucker SolariX XR
Fourier transform ion cyclotron resonance mass spectrometer (Brucker Daltonik GmbH,
Bremen, Germany) equipped with a 7T refrigerated actively shielded superconducting
magnet (Brucker Biospin, Wissembourg, France). The laser power was 28%, and 22 laser
shots were used for each scan. The mass range was set to m/z 200-3000. To improve the
accuracy of the measurement, the spectra of the samples were recalibrated internally by
matrix ionization (2,5-dihydroxybenzoic acid).

DFT and computational studies were performed by Prof. Chiara Costabile of the University
of Salerno. The antibacterial activity of compounds was evaluated by research groups of
Prof. Giovanni Vigliotta of the University of Salerno. The antitumoral activity of complexes
was evaluated by the research group of Prof. Maria Stefania Sinicropi of the University of
Calabria.

The X-ray analyses were conducted by Prof. Alessandra Crispini of the University of
Calabria.

4.2 Synthesis of imidazolium salts

4.2.1 General procedure for Synthesis of N-Heterocyclic carbene Proligands P-L1-6, P-L8-
11

NHC-proligands P-L1-6 and P-L8-11 were obtained following the synthetic strategies
published in the literature [122-124] and applying the procedure reported by us [126-
130,136]. Imidazole (1.0 eq) was reacted with epoxy alkylating reactant (styrene oxide,

cyclopentene oxide, cyclohexene oxide) for 12 h by heating it at reflux, and subsequently,
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iodomethane (5.0 eq) or 2-iodoethanol (2.0 eq) was added. The imidazolium salts were

obtained by precipitation and washed with hexane (3x20 mL) and diethyl ether (3x30 mL).

4.2.2 Synthesis of N-methyl, N’-(2-Hydroxy-2-phenyl ethyl) imidazolium iodide (P-L1)
The synthesis and characterization of P-L1 are reported in our published paper [126].

4.2.3 Synthesis of 4,5-dichloro-N-methyl, N’-(2-Hydroxy-2-phenyl ethyl) imidazolium
iodide (P-L2)
The synthesis and characterization of P-L1 are reported in our published paper[130].

4.2.4 Synthesis of 4,5-diphenyl-N-methyl, N’-(2-Hydroxy-2-phenyl ethyl) imidazolium
iodide (P-L3)

4,5-diphenyl imidazole (1.00 g, 4.53 mmol) and K2COs (1.25g, 9.06 mmol) were suspended
in CHsCN (25 mL) and stirred at refluxing temperature for two hours under nitrogen
atmosphere. After it was added styrene oxide (0.65 g, 5.43 mmol, 1.2 eq), the mixture was
stirred for another 12 h. Subsequently, the reaction mixture was cooled to consent to the
addition of iodomethane (3.21g, 22.65 mmol, 5.0 eq). The resulting mixture was warmed up
to refluxing temperature and stirred for other eight hours. The product was recovered by
removing the solvent, and precipitation in cold acetone. The imidazolium salt (1.92 g, 4.00
mmol,) was washed with hexane (3x20 mL) and diethyl ether (2x20 mL).

Yield: 88%

H NMR (400 MHz, DMSO-de): 69.50 (s, 1H, NCHN); 7.46-7.11 (m, 15H, Ph rings); 6.12(s, 1H,
OH); 4.72(m, 1H, OCH); 4.26-4.11 (m, 2H, NCHz); 3.84 (s, 3H, NCH5).

BC-NMR (100 MHz, DMSO-ds): 6 140.77 (ipso aromatic carbon (1’), Ph-ring), 136.8s (NCN),
131.37-125.59, (aromatic carbons, Ph rings), 125.59-125.0s (backbone carbons, NCPh=CPhN), 70.06
(OCH), 54.02(NCHy2), 34.47 (NCHs).

MALDI-ToF (m/z): 355.18080 attributable to the cationic portion of the imidazolium salt
[C2sH2sN0]*

4.2.5 Synthesis of N-methyl, N’-(2-Hydroxy-2-phenyl ethyl) benzimidazolium iodide (P-
L4)

Benzimidazole (1.00 g, 8.46 mmol) was stirred with K2COs (2.33 g, 16.92 mmol) in CHsCN
(45 mL) at refluxing temperature for two hours, under nitrogen atmosphere. In second time,
it was added styrene oxide (1.22 g, 10.15 mmol, 1.2 eq) and the mixture was stirred for
twelve hours. After this time, it was added the second alkylating agent, iodomethane (6.00
g, 42.3 mmol, 5.0 eq), and the mixture was stirred for eight hours at refluxing temperature.
The solvent was removed in vacuo. The desired product was obtained by filtration after
precipitation in cold acetone. Benzimidazolium salt (2.85 g,7.50 mmol) was washed with
hexane (3x30 mL) and diethyl ether (2x20 mL).

Yield: 88%
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H NMR (400 MHz, DMSO-d¢): 69.77 (s, 1H, NCHN); 8.06-7.31 (m, 9H, Ph rings); 5.9 (d, 1H,
OH); 5.10-5.07 (dd, 1H, OCH); 4.61-4.52 (m, 2H, NCHz); 4.14 (s, 3H, NCHs).

BC-NMR (100 MHz, DMSO-ds): 6 144.06 (NCN) 141.90 (ipso aromatic carbon (1’), Ph-ring),
131.60-131.36 (backbone carbons, NC=CN), 128.3-113.11 (aromatic carbons, Ph rings), 70.06
(OCH), 54.02(NCH2), 34.47 (NCHs).

MALDI-ToF (m/z): 253.13474 Da attributable to the cationic portion of the imidazolium salt
[CieH17N20]*

4.2.6 Synthesis of N-[2-Hydroxyethyl], N’-(2-Hydroxy-2-phenyl ethyl) imidazolium
iodide (P-L5)

Imidazole (1.00 g, 15.4 mmol,) and styrene oxide (2.40 g, 18.5 mmol) were dissolved in 25
mL of CHsCN and stirred at refluxing temperature under nitrogen atmosphere for twelve
hours. Later, was added 2-iodoethanol (5.29 g, 30.8 mmol). The reaction mixture was stirred
for 8 hours. The product was obtained after removing the solvent, and by the precipitation
in cold acetone. The salt was washed with hexane (3x20 mL) and diethyl ether (2x20 mL).
The imidazolium iodide salt (5.40 g, 15.0 mmol) was obtained as a white powder.

Yield: 97%

'H NMR (400 MHz, DMSO-ds): 69.12 (s, 1H, NCHN); 7.75-7.3s (m, 7H, Ph rings); 5.9+ (s, 1H,
OH); 5.17 (s, 1H, OH); 4.97 (m, 1H, OCH); 4.46-4.25 (m, 4H, NCH-CH:OH, NCH2CHOH); 3.75
(s,2H, NCHCH:OH).

BC-NMR (100 MHz, DMSO-ds): 6 144.06 (NCN) 141.90 (ipso aromatic carbon (1’), Ph-ring),
131.60-131.36 (backbone carbons, NC=CN), 128.37-113.11 (aromatic carbons, Ph rings), 70.0e
(OCH), 54.02(NCHz2), 34.47 (NCHs).

MALDI-ToF (m/z): 253.13474 Da attributable to the cationic portion of the imidazolium salt
[CisH17N20]*

4.2.7 Synthesis of 4,5-dichloro N-[2-Hydroxyethyl], N’-(2-Hydroxy-2-phenyl ethyl)
imidazolium iodide (P-L6)

In a round bottom flask, under nitrogen flow, 4,5-dichloroimidazole (1.00 g, 7.33 mmol) and
styrene oxide (1.32 g, 11.0 mmol) were dissolved in CHsCN (18 mL) and stirred at refluxing
temperature for twelve hours. After cooling the mixture, it was added 2-iodoethanol (2.52
g, 14.6 mmol). The reaction mixture was heated to refluxing temperature and stirred for
other eight hours. The solvent was removed in vacuo and the salt (1.88 g, 4.39 mmol) was
obtained by filtration after the precipitation with cold acetone.

Yield:60%

1H NMR (400 MHz, DMSO-ds): 59.51 (s, 1H, NCHN);7.40-7.3s (m, 5H, Ph rings); 6.0s (s, 1H,
OH); 5.1s (s, 1H, OH); 4.9+ (m, 1H, OCH); 4.45-4.3+ (m, 4H, NCH.CH:OH, NCH:CHOH); 3.7/
(s, 2H, NCH:CH:OH).
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BC-NMR (100 MHz, DMSO-ds): 6 140.44 (ipso carbon of Ph ring), 137.3¢ (NCHN), 128.4s4,
128.10, 125.9¢ (aromatic carbon, Ph ring), 118.91, 118.47 (backbone carbons), 69.80 (CHOH),
58.1s (CH20H), 54.8s (NCH2CHOH), 51.0s (NCH2CH:0OH).

MALDI-ToF (m/z): 301.05142 Da attributable to the cationic portion of the imidazolium salt
[CisH15CLN202]

4.2.8 Synthesis of N-methyl, N'-(2-methoxy-2-phenyl) ethyl) imidazolium iodide (P-L7)
The imidazolium salt was obtained following the synthetic strategy published in the
literature [131] and slightly modified by us. To a solution of N-(2-hydroxy phenyl) ethyl
imidazole (1.00 g, 5.31 mmol) in CHsCN was added NaH (0.25 g, 10.6 mmol) at 4 °C. The
reaction mixture was stirred for 2 h before the addition of CHsI (5.27 g, 37.1 mmol), and it
was stirred for twenty hours. The product was obtained by filtration as an off-white solid
(1.26 g, 3.66 mmol).

Yield: 69%

H NMR (400 MHz, DMSO-de): 67.3+-7.26 (m, 7H, Ph ring, backbone), 4.60(m, 1H, OCH),
4.30-4.27(m, 2H, NCH>), 3.74(s,3H, NCHj3), 3.07(s,3H, OCHs).

BC-NMR (100 MHz, DMSO-ds): 6137.32 (ipso aromatic carbon, Ph-ring), 136.9: (NCN), 128.72,
128.64, 126.81 (aromatic carbons, Ph ring), 123.33 (backbone carbons, NCH=CHN), 80.4s (OCH),
56.46 (NCH>), 54.06 (NCH3s), 35.97 (NCHbs).

MALDI-ToF (m/z): 217.1342 Da attributable to the cationic portion of the imidazolium salt
[CisH17N20]*

4.2.9 Synthesis of N-methyl, N’-(cyclopentane-2-ol) imidazolium iodide (P-L8)
The synthesis and characterization of P-L8 are reported in our published paper [126].

4.2.10 Synthesis of 4,5-dichloro N-methyl, N'-(cyclopentane-2-ol) imidazolium iodide (P-
L9)
The synthesis and characterization of P-L9 are reported in our published paper [129].

4.2.11 Synthesis of N-methyl, N’-(cyclohexane-2-o0l) imidazolium iodide (P-L10)
The synthesis and characterization of P-L10 are reported in our published paper [126].

4.2.12 Synthesis of 4,5-dichloro-N-methyl, N'-(cyclohexane-2-0l) imidazolium iodide (P-
L10)

In a round bottom flask, 4,5-dichloroimidazole (1.00 g, 7.33 mmol) and cyclohexene oxide
(0.863 g, 8.8 mmol) were dissolved in CHsCN (25 mL), and the mixture was stirred for
twelve hours, under nitrogen atmosphere. Then, the solution was cooled to room
temperature, it was added iodomethane (5.16 g, 36.6 mmol) and the solution was warmed

to refluxing temperature and stirred for another six hours. After this time, the solvent was
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removed at reduced pressure, and the product was precipitated as a white powder (1.93 g,
5.13 mmol) with the addition of cold acetone.

Yield: 70%

'H NMR (400 MHz, DMSO-d¢): 69.72 (s, 1H, NCHN); 5.25 (m, 1H, OH); 4.1-4.07 (m, 1H,
OCH); 3.84(s, 3H, NCH3) 3.74-3.70 (m, 1H, NCH); 2.0s 1.3¢ (s, 8H, Cyclohexyl).

BC-NMR (100 MHz, DMSO-ds): §135.67 (NCN), 118.86 (backbone carbons, NCCI=CCIN), 71.53
(OCH), 65.20(NCH), 35.20(NCHs), 34.02-23.55 (Cyclohexyl group).

MALDI-ToF (m/z): 249.05614 Da attributable to the cationic portion of the imidazolium salt
[C1oH15CLN20]*

4.2.13 General procedure for the synthesis of xanthinium N-Heterocyclic carbene
Proligands P-L12-14

Caffeine-based NHC proligands were obtained following the procedure published in the
literature [54,102,125,137] and slightly modified by us. Theophylline (1.0 eq) was dissolved
in dimethylformamide (DMF) and has been reacted with K:COs (2.0 eq), at refluxing
temperature. Subsequently, it was added the first alkylating agent (styrene oxide, 2-
iodoethanol, or cyclohexene oxide) and the reaction mixture was stirred for twelve hours.
After, it was added the second alkylating agent (iodomethane), and the mixture was stirred
for another six hours, at refluxing temperature. The caffeine-based salt was recovered after

removing the solvent, and precipitation with the addition of cold acetone.

4.2.14 Synthesis of N’-[2-(hydroxy-phenyl) ethyl] trimethyl xanthinium iodide (P-L12)

In a round bottom flask, under a nitrogen atmosphere, it was dissolved theophylline (2.00
g, 11.0 mmol) in DMF (40 mL). After, the solubilization of the xanthine, it was added K2CO:s
(1.52 g, 11.0 mmol), and stirred for two hours at refluxing temperature. Then, the mixture
was cooled at room temperature and was added styrene oxide (1.32 g, 13.2 mmol). The
resulting mixture was stirred and refluxed for twelve hours. After this time, was added
iodomethane (7.75 g, 55.0 mmol) and stirred for another six hours. Afterward, the solvent
was removed under reduced pressure, and the xanthium salt (3.53 g, 8.00 mmol) was
obtained by precipitation in cold acetone and washed with hexane (5x50 mL).

Yield: 72%

H NMR (400 MHz DMSO-de): 69.3¢ (s, 1H, NCHN), 7.44-7.30 (m, 5H, Ph-group), 5.9 (s, 1H,
OH), 4.7 5(s,1H, CHOH), 4.69-4.40 (m, 2H, NCH2), 4.35 (s, 3H, NCH3 imidazolium ring), 3.74 (s, 3H,
NCH:), 3.27 (s, 3H, NCHs).

BC-NMR (100 MHz DMSO-ds): 6 186.36 (NCN), 174.5: (CHsC=0), 153.35-150.3¢ (C=O purine
ring), 142.4s (ipso aromatic carbon, Ph-ring), 140.6s (backbone carbon, C=C), 128.2¢, 128.11, 125.77
(aromatic carbons, Ph ring), 108.82 (backbone carbon, C=C), 72.10 (CHOH), 57.15 (NCH2), 31.4s,
28.36 (N CHs purine ring), 22.96 (O=CCH3s).
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ESI-MS (CH:Cl2m/z): 705.44325 Da attributable to [CsoH3zAgNsOs]*

4.2.15 Synthesis of N’-[2-(hydroxy) ethyl] trimethyl xanthinium iodide (P-L13)

Under an inert atmosphere, in a round bottom flask, was dissolved theophylline (2.00 g, 11.0
mmol) in DMF (40 mL). In the solution was added K2COs(1.52 g, 11.0 mmol), and stirred for
two hours at refluxing temperature. After that, at reaction mixture was added 2-iodoethanol
(2.83 g, 17.0 mmol), and stirred for another ten hours. Later, it was added iodomethane (7.75
g, 55.0 mmol) and stirred for another six hours. The caffeine-based salt (3.13 g, 8.50 mmol)
was obtained after removing the solvent and washing the light-yellow powder with hexane
(5x50 mL).

Yield: 77%

'H NMR (400 MHz DMSO-ds): 6 9.37 (s, 1H, NCHN), 5.16 (s, 1H, OH), 4.52-4.50 (m, 2H,
CH:0H), 4.19 (s, 3H, NCH3 imidazolium ring), 3.75 (b, 5H, NCH2, NCH3), 3.27 (s,3H, NCHj).

BC-NMR (175 MHz DMSO-de): 6 153.25-150.12 (C=0), 139.65 (NCHN), 107.0s (backbone
Cﬂ]"bonS, CZC), 58.35 (CHZOH), 51.39 (NCHZ), 36.91 (NCH3 imidazolium ‘ring), 31.40 (NCHS purine ring),
2849 (NCHS purine ring)

MALDI-ToF (m/z): 239.11513 Da attributable to cationic part of imidazolium pro-ligand
[C10H15N4Os]*

4.2.16 Synthesis of N’-[cyclohexan-2-o0l] trimethyl xanthinium iodide (P-L14)

Both, theophylline (2.00 g, 11.0mmol) and K>COs (1.52 g, 11.0 mmol) were suspended in
DMF (40 mL) under nitrogen atmosphere and stirred for two hours. Later, at reaction
mixture was added cyclohexene oxide (1.30 g,13.2 mmol), and stirred for ten hours at
refluxing temperature, before adding iodomethane (7.75 g, 55.0 mmol). The desired product
(2.52 g, 6.0 mmol) was obtained by filtration in cold acetone, after removing the solvent in
vacuo, and washed with hexane (5x50 mL).

Yield: 54%

H-NMR (400 MHz DMSO-ds): 9.54 (s, 1H, NCHN), 5.26 (s,1H, OH), 4.75-4.70 (m,1H, CHOH),
4.16 (s, 3H, NCH3 imidazolium ring), 3.91-3.90 (b,1H, NCH), 3.75 (s, 3H, NCH3), 3.2s (s, 3H, NCHs),
2.10-175(m, 8H, Cyclohexyl).

BC-NMR (100 MHz DMSO): ¢ 153.20-150.12 (C=0), 139.69 (backbone carbons, C=C) 138.5s
(NCHN), 107.70 (backbone carbons, C=C), 70.16 (CHOH), 65.47(NCH), 37.24 (N CH3 imidazolium ring),
34.41—28.72, (CyCZOhexyl CllrbOnS), 24 .44 (NCHS purine ring)-23.67 (NCHS purin ring).

MALDI-ToF(m/z):293.16137 Da attributable to the cationic part of imidazolium pro-
ligand[C1sH21N4Os]*
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4.3 Synthesis of N-heterocyclic carbene silver complexes

4.3.1 General procedure for the synthesis of N-Heterocyclic silver carbene complexes
AglL1-L6, AgL8-L11

Under nitrogen atmosphere, imidazolium pro-ligand (1.0 eq) was suspended in dry
dichloromethane (25 mL). After, active molecular sieves (4A) and silver oxide (Ag20, 0.7 eq)
were added to the mixture and stirred for four hours, at room temperature, with the
exclusion of light. The silver complex was obtained after filtration on a pad of Celite, to
eliminate silver iodide by-product, and the molecular sieves and the volatiles were removed
under reduced pressure to afford the silver complex as a white solid.

4.3.2 Synthesis of Iodo [N-(methyl)-N’(2-hydroxy phenyl)ethyl-imidazolyden]silver(I)
(AgL1)

The synthesis and characterization of AgL1 are reported in our published paper by us[126].
4.3.3 Synthesis of Iodo 4,5-dichloro-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]silver(I) (AgL2)

The synthesis and characterization of AgL2 are reported in our published paper by us [130].
4.3.4 Synthesis of Iodo 4,5-diphenyl-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]silver(I) (AgL3)

The silver complex Agl3 was obtained by the reaction of imidazolium salt P-L3 (0.48 g, 1.0
mmol) and Ag20 (0.16 g, 0.7 mmol) in dry DCM (25 mL) with molecular sieves (4A). The
reaction mixture was stirred for four hours at room temperature with the exclusion of light.
The mixture reaction was filtered through a pad of Celite to remove the molecular sieves
and the silver iodide byproduct. The solvent was removed in vacuo, and the silver complex
was obtained as a light grey powder (0.41 g, 0.7 mmol).

Yield: 70%

'H NMR (400 MHz, DMSO-ds): § 7.4¢-7.04 (m, 15H, Ph rings); 4.7 (m, 1H, OCH); 4.24-4.14
(m, 2H, NCHz); 3.82(s, 3H, NCHs).

BC-NMR (100 MHz, DMSO-ds): 6 181.3s (NCN), 142.17 (ipso aromatic carbon (1’), Ph-ring),
131.97-125.59, (aromatic carbons, Ph ring), 72.16(OCH), 56.02(NCHz), 37.37(NCHas)
MALDI-ToF (m/z): 817.26229 Da attributable to a structure a bis-carbene structure
[CasHaus AgN4O2]*

4.3.5 Synthesis of Iodo-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
benzimidazolyden]silver(I) (AgL4)

Agl4 was synthesized by the reaction of N-(methyl)-N’(2-hydroxy phenyl)ethyl-
benzimidazolium iodide (P-L4, 0.38 g, 1.0 mmol) with silver oxide(0.16 g, 0.7 mmol) in 25
mL of dry CH2Clz, under nitrogen atmosphere. The silver NHC complex (0.27 g, 0.55 mmol)
was recovered by the filtration on a pad of Celite, and by the removal of the solvent in vacuo.
Yield: 55%
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H NMR (400MHz, DMSO-ds): 6 7.82-7.24 (m, 9H, Ph ring); 5.86 (s, 1H, OH); 5.00-5.07 (dd, 1H,
OCH); 4.69-4.62(m, 2H, NCHz>); 4.04 (s, 3H, NCH5).

BC-NMR (100 MHz, DMSO-ds): 6 190.91 (NCN), 142.27 (ipso aromatic carbon (1’), Ph-ring),
134.40-133.82 (backbone carbons, NC=CN), 128.21-111.70, (aromatic carbons, Ph rings), 72.06
(OCH), 55.8:(NCH2), 3 5.50(NCHas).

MALDI-ToF (m/z): 517.26179 Da attributable to structure bis-carbenic [CasH2sAgN4O]*

4.3.6 Synthesis of Iodo-[N-(2-hydroxyethyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]silver(I) (AgL5)

P-L5(0.36 g, 1.00 mmol), Ag20 (0.16 g, 0.7 mmol), and molecular sieves (4A) were suspended
and stirred in dry DCM (25 mL) for four hours with the exclusion of the light, under inert
atmosphere. The solvent was removed at reduced pressure and the complex was recovered
as a light-grey powder (0.330 g, 0.7mmol).

Yield: 70%

H NMR (400 MHz, DMSO-ds): 67.3s-7.31 (m, 7H, Ph rings); 5.8s (s, 1H, OH); 5.07 (s, 1H, OH);
4.99(m, 1H, OCH); 4.3¢-4.27 (m, 4H, NCH>CHOH, NCH-.CHOH); 3.75(s,2H, NCH-CH:OH).

BC-NMR (100 MHz, DMSO): 181.2s 179.2s (NCN), 142.5s (ipso carbon of Ph ring), 128.1,,
127.10, 126.06 (aromatic carbon, Ph ring), 122.40, 121.85 (backbone carbons), 72.4¢ (CHOH), 61.10
(CH:20H), 58.40 (NCH2CHOH), 53.62 (NCH2CH20H).

ESI-MS (CH3CN m/z): 573.14690 Da attributable to [CzsHs2AgN4Oa]*

4.3.7 Synthesis of Iodo-4,5-dichloro-[N-(2-hydroxyethyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]silver(I) (AgL6)

The imidazolium pro-ligand P-L6 (0.43 g, 1.0 mmol), silver oxide (0.16 g, 0.7 mmol), and
molecular sieves 4A were stirred for four hours in the dark, under a nitrogen atmosphere.
The reaction mixture was filtered on a pad of Celite, the solvent was removed under
reduced pressure, and the residual product was recovered as a light grey powder (0.36 g,
0.67 mmol).

Yield: 67%

H NMR (400 MHz, DMSO-ds): 6 7.3s-7.27 (m, 5H, Ph ring); 5.8¢ (s, 1H, OH); 5.07 (s, 1H, OH);
4.99(m, 1H, OCH); 4.33-4.27 (m, 4H, NCH-CH>0OH, NCH:2CHOH); 3.74 (s,2H, NCH:CH:0OH).
BC-NMR (100 MHz, DMSO-ds): 6 181.30(NCN), 141.51 (ipso carbon of Ph ring), 128.31, 127.7>,
126.0s (aromatic carbon, Ph ring), 117.10, 116.75 (backbone carbons), 71.6s (CHOH), 60.29
(CH:0H), 56.99 (NCH2CHOH), 52.57 (NCH2CH-0OH).

ESI-MS (CH3CN m/z): 707.99716 Da attributable to [C2sH2sClsAgN1Oa]*
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4.3.8 Synthesis of Iodo [N-(methyl)-N’(2-methoxy phenyl)ethyl-imidazolyden]silver(I)
(AgL?)

The reaction among P-L7 proligand (0.34 g, 1.0 mmol) and silver oxide (0.17 g, 0.7 mmol),
in an inert atmosphere with molecular sieves 4A, has led to silver complex (0.32 g, 0.7
mmol). The complex was obtained after filtration and the removal of the solvent in vacuo.
'H NMR (400 MHz, DMSO-ds): 67.34-7.26 (m, 7H, Ph ring, backbone), 4.60 (m, 1H, OCH),
4.30-4.27 (m, 2H, NCH>), 3.74(s, 3H, NCH3), 3.07 (s, 3H, OCH5).

BC-NMR (100 MHz, DMSO-ds): 6181.60(NCN), 138.21 (ipso carbon of Ph ring), 128.51, 128.2,
126.8s (aromatic carbon, Ph ring), 122.60, 122.3s (backbone carbons), 82.2s (CHO), 56.49 (NCH>),
52.27 (OCHs), 38.16¢ (NCHb).

MALDI-ToF (m/z): 539.1567 Da attributable to [C2sH32AgN:O:]*

43.9 Synthesis of Iodo [N-(methyl)-N’(sodium alcholate-2-phenyll)ethyl-
imidazolyden]silver(I) (AgL7’)

The complex AgL7” was synthesized by the reaction among AgL1 (0.25 g, 0.57 mmol) and
sodium hydride (NaH, 18.5 mg, 0.77 mmol) in dry DCM (30 mL). The reaction mixture was
stirred for twenty hours with the exclusion of light. The solution was filtered through a pad
of Celite. The residual solution was dried under reduced pressure, and the crude product
was washed with dry Et2O (3x10 mL). The complex was recovered as a yellow powder (0.24
g, 0.51 mmol)

Yield: 90%

H NMR (400 MHz, CD:CL): 67.3¢-7.3s (m, 5H, Ph ring), 6.80-6.79 (s, 2H, backbone), 5.1 (t,
1H, -OCH), 4.40-4.30 (m, 2H, NCH>), 3.8s (s, 3H, NCHj).

BC-NMR (100 MHz, CD:ClL2): 6184.60 (NCN), 141.8: (ipso carbon of Ph ring), 129.11, 128.4,
126.7s (aromatic carbon, Ph ring), 123.40, 122.85 (backbone carbons), 78.1s (CHO"), 59.40 (NCH>),
39.26 (NCHb).

ESI-MS (CH:Clz, m/z): 528.0035 Da attributable to [C22H2AgNsO2Na:]*

4.3.10 Synthesis of Iodo [N-(methyl)-N’(cyclopent-2-ol)-imidazolyden] silver(I) (AgL8)
The synthesis and characterization of AgL8 are reported in our published paper by us[126].
4.3.11 Synthesis of Iodo 4,5-dichloro-[N-(methyl)-N’(cyclopent-2-ol)-imidazolyden]
silver(I) (AgL9)

The synthesis and characterization of AgL9 are reported in our published paper by us[129].
4.3.12 Synthesis of Iodo [N-(methyl)-N’(cyclopent-2-ol)-imidazolyden] silver(I) (AgL10)
The synthesis and characterization of AgL.10 are reported in our published paper by us[126].
4.3.13 Synthesis of Iodo 4,5-dichloro-[N-(methyl)-N’(cyclopent-2-ol)-imidazolyden]
silver(I) (AgL11)

In a Schlenk tube, under a nitrogen atmosphere P-L11 (0.38 g, 1.00 mmol), silver oxide (0.17
g, 0.7 mmol), and molecular sieves were stirred for 4 hours, without the light.
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After completion of the reaction, the mixture was filtered on a pad of Celite, and the solvent
was removed under vacuum to lead the silver complex (0.31 g, 0.64 mmol).

Yield: 64%

H NMR (400 MHz, DMSO-ds): 6 4.93 (b, 1H, OH), 4.07-3.92(m, 1H, HOCH), 3.8 (s,4H, NCH,
NCHs3), 1.96-1.31 (Cyclohexyl group).

BC-NMR (100 MHz, CD:Cl2): 6 182.90 (NCN)), 118.65, 117.25 (backbone carbons), 76.1s (CHOH),
70.39 (NCH), 38.7s (NCH3), 35.01-23.93 (Cyclohexyl carbons).

ESI-MS (CH:Clz, m/z): 603.0017 Da attributable to [C20H2sAgCL:N4O2]*

4.3.14 General procedure for the synthesis of caffeine-based N-Heterocyclic carbene
silver complexes AgL12-L14

Caffeine-based silver complexes were synthesized following the protocols published in the
literature [53,55,125,139]. Xanthinum salt (1.0 eq), and silver acetate (2.0 eq) were dissolved
and stirred in acetonitrile for eight hours, with the exclusion of the light under a nitrogen

atmosphere. The complex was obtained after the removal of the solvent in vacuo.

4.3.15 Synthesis of acetate-[N’(2-hydroxy phenyl)ethyl-trimethylxanthium] silver(I)
(AgL12)

In a round bottom flask, under a nitrogen atmosphere, imidazolium salt P-L12 (0.44 g,1.0
mmol) and silver acetate (0.33 g, 2.0 mmol) were dissolved in dry-acetonitrile (30 mL). The
reaction mixture was stirred for eight hours, with the exclusion of light. After this time, the
mixture was filtered, and the solvent was removed in a vacuum. The silver complex (0.20
g,0.4 mmol) was obtained as a white powder.

Yield: 40%

H-NMR (400 MHz DMSO-ds): 6 7.41-7.29 (m, 5H, Ph-group), 5.6z (s,1H, OH), 5.16- 5.10 (m,
1H, CHOH), 4.60-4.32 (m, 2H, NCHz), 4.19 (s, 3H, NCH3imidazolium ring), 3.75 (5,3H, NCH3), 3.27 (s,
3H, NCHjs).

BC-NMR (100 MHz, DMSO-ds): 6 181.3s (NCN), 142.17 (ipso aromatic carbon (1’), Ph-ring),
131.97-125.59, (aromatic carbons, Ph ring), 72.1¢ (OCH), 56.02 (NCH2), 37.37 (NCHs).
MALDI-ToF (m/z): 817.26229 Da attributable to bis-carbenic structure [CisHauAgN4O2]*

4.3.16 Synthesis of acetate-[N’(2-hydroxy ethyl)-trimethylxanthium] silver(I) (AgL13)
P-L13 (0.37 g,1.00 mmol) and silver acetate (0.33 g, 2.0 mmol) were dissolved in dry CHsCN
(30 mL) under nitrogen atmosphere. The reaction mixture was stirred for eight hours
without the light. After that, the mixture was filtered on a pad of Celite to remove the silver
iodide byproduct. The complex (0.22 g, 0.55 mmol) was obtained after the removal of the
solvent.

Yield: 55%

H-NMR (400 MHz DMSO-ds): 6 4.5:-4.50 (m, 2H, CH20H), 4.19 (s, 3H, NCH3 imidazolium ring),
3.76-3.73 (b, 5H, NCH2, NCHj), 3.21 (s,3H, NCH5), 1.77 (s, 3H, O=CCHs).
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BC-NMR (400MHz DMSO-de): ¢ 186.5s(NCN); 173.90 (O=CCH3); 153.05-150.42 (C=O purine ring);
140.72 (backbone carbon C=C); 108.23 (backbone carbon, C=C) 60.12 (CH20H), 52.99 (NCH>), 31.5;,
28.24 (N CHs3 imidazotium ring), 31.40, 28.49 (NCH3 purine ring), 22.82(O=CCHs)

4.3.17 Synthesis of acetate-[N’(cyclohexan-2-ol)-trimethylxanthium] silver(I) (AgL14)
Under an inert atmosphere, in a Schlenk round flask was dissolved the caffeine-based salt
(0.42 g, 1.00 mmol) and AgOAc (0.33 g, 2.0 mmol) in dry CHsCN (25 mL). The mixture was
stirred in dark conditions for eight hours. Subsequently, the mixture was filtered, and the
solvent was reduced in vacuo. The complex was recovered as an off-white powder (0.19 g,
0.4 mmol)

Yield: 40%.

H-NMR (400 MHz DMSO-ds): 6 5.16 (s, 1H, OH), 4.43-4.35 (m, 1H, CHOH), 4.26 (s,3H, NCH:
imidazolium ring), 3.76(s,4H, NCH, NCH3), 3.25 (5,3H, NCH3), 2.10-175 (m, 11H, O=CCHs, Cyclohexyl).
BC-NMR (100 MHz, DMSO-ds): 6 183.85(NCN), 170.40 (CH3C=0), 153.23-150.22 (C=O purine ring),
139.67 (backbone carbon C=C), 109.57 (backbone carbon C=C), 72.35 (OCH), 62.90 (NCH), 37.80
(NCHs), 33.40, 28.49 (N CH3 purine ring) 34.02-23.55 (Cyclohexyl group) 22.82 (O=CCHs).

4.3.18 General Procedure for the synthesis of NHC silver acetate complexes

NHC silver acetate complexes have been synthesized following the procedure published in
the literature [140], slightly modified by us. NHC silver iodo complex (1.0 eq) and silver
acetate (1.2 eq) were dissolved in mixture of methanol (15 mL) and dichloromethane (15 ml)
and stirred for six hours with the exclusion of light and under a nitrogen atmosphere. Then,
the reaction mixture was filtered to remove insoluble silver iodide. The acetate silver NHC
complex was obtained by the remotion of solvent in vacuo.

4.3.19 Synthesis of acetate [N-(methyl)-N’(2-hydroxy phenyl)ethyl-imidazolyden]silver(I)
(AgL1-OAc)

In a round bottom flask, under a nitrogen atmosphere, AgL1 (0.22 g, 0.5 mmol) and silver
acetate (0.100 g, 0.6 mmol) in a mixture of methanol (15 mL) and dichloromethane (15 mL).
The reaction mixture was stirred for six hours. The reaction mixture was filtered to remove
insoluble silver iodide. The complex (0.13 g, 0.35 mmol) was obtained as an off-white
powder.

Yield: 64%

H-NMR (400 MHz DMSO-d¢): 6 7.41-7.24 (m, 7H, Ph ring), 6.0s (b, 1H, OH group), 4.94-4.9:
(m, 1H, CHOH)), 4.2o—4.2: (m, 2H, NCH>), 3.75 (s, 3H, NCH3), 1.70 (s, 3H, OCOCHs,).
BC-NMR (100 MHz, DMSO-ds): 6 179.2s (NCN), 175.25s (OCOCHs), 142.4s (ipso aromatic
carbon (1), Ph-ring), 128.10-126.09, (aromatic carbons, Ph ring), 122.96-122.13 (backbone carbon
C=C), 72.45(OCH), 58.2: (NCH>), 38.02(NCHs), 24.11 (OCOCHs).
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4.3.20 Synthesis of acetate [4,5-dichloro-N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]silver(I) (AgL2-OAc)

Under nitrogen atmosphere, in a round bottom flask, a solution of AgL2 (0.25 g, 0.5 mmol)
in methanol (15 mL) and dichloromethane (15 mL), was added silver acetate (0.10 g, 0.6
mmol). The reaction mixture was stirred for six hours at room temperature with the
exclusion of light. The silver acetate complex (0.13 g,0.25 mmol) was obtained as a light-
yellow powder.

Yield: 50%

H-NMR (400 MHz DMSO-de): & 7.40-7.28 (m, 5H, Ph ring), 6.0s (b, 1H, OH group) 4.9¢-4.9:
(m, 1H, CHOH), 4.32—4.23 (m, 2H, NCHz), 3.8:(s, 3H, NCH3), 1.75(s, 3H, COCHj).

BC-NMR (100 MHz, DMSO-d¢): & 182.26 (NCN), 174.5s (OCOCHs), 141.79 (ipso aromatic
carbon (1), Ph-ring), 128.20-126.0s (aromatic carbons, Ph ring), 117.15-116.67 (backbone carbon
C=C), 71.4 4(OCH), 57.16 (NCH>), 37.57(NCH:), 24.7: (OCOCH5).

4.3.21 Synthesis of acetate [N-(methyl)-N"(2-methoxy phenyl)ethyl-
imidazolyden]silver(I) (AgL7-OAc)

At solution of AgL7 (0.23 g, 0.5 mmol) in methanol (15 mL) and dichloromethane (15 mL),
was added silver acetate (0.10 g, 0.6 mmol) under nitrogen atmosphere. The mixture was
stirred for six hours with the exclusion of light. The product (0.12 g, 0.33 mmol) was
obtained after filtration and the removal of the solvent at reduced pressure.

Yield: 66%

H NMR (400 MHz, DMSO-de): 6 7.34-7.26 (m, 7H, Ph ring, backbone), 4.60 (m, 1H, OCH),
4.30-4.27(m, 2H, NCH>), 3.74(s, 3H, NCH3), 3.07 (s, 3H, OCHs).

BC-NMR (100 MHz, DMSO-ds): 6 182.75(NCN), 173.4s (OCOCHS3), 137.21 (ipso carbon of Ph
ring), 128.72, -126.6s (aromatic carbon, Ph ring), 122.60, 122.3s (backbone carbons C=C), 83.32
(CHO), 56.79 (NCH>), 54.27 (OCH), 38.26 (NCHs), 24.11 (OCOCH).

4.4 Synthesis of gold(I) N-heterocyclic carbene complexes AuL1-L11

The gold complexes were formed by trans-metalation route [44], by the reaction of NHC
silver complex (1.0 eq) with chloro(dimethylsulfide) gold(I)(1.0 eq) in dry-DCM.

4.4.1 Synthesis of chloro [N-(methyl)-N’(2-hydroxy phenyl)ethyl-imidazolyden]gold(I)
(AuL1)
The synthesis and characterization of AuL1 were reported by the protocol published by
us[128].

4.4.2 Synthesis of chloro 4,5-dichloro-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]gold(I) (AuL2)

The reaction for the synthesis and characterization of AuL2 were reported by us[130].
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4.4.3 Synthesis of chloro 4,5-diphenyl-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]gold(I) (AuL3)

In a round bottom flask, under a nitrogen atmosphere, AgL3 (0.29 g,0.5 mmol) was
dispersed in 25 mL of dry CH:Cl. In the reaction mixture was added the
chloro(dimethylsulfide) gold(I) (0.15 g, 0.5 mmol), and was stirred for three hours with the
exclusion of the light. Afterward, the mixture was filtered through a pad of Celite, and the
resulting solution was dried in vacuo to lead the gold complex (0.20 g, 0.35 mmol).

Yield: 70%

H NMR (400 MHz, DMSO-ds): 6 7.3¢-7.14 (m, 15H, Ph rings) 5.1s(m, 1H, OCH); 4.17-4.06 (m,
2H, NCHz); 3.72(s, 3H, NCHj3).

3C-NMR (100 MHz, DMSO-ds): 6 169.46 (NCN), 141.84 (ipso aromatic carbon, Ph-ring), 131.70-
125.49, (aromatic carbons, Ph ring), 72.30 (OCH), 55.57 (NCH2), 36.91 (NCHs).

MALDI-ToF (m/z): 905.31858 Da attributable to bis-carbenic structure [CsHuAuN4«O2]*
4.4.4 Synthesis of chloro [N-(methyl)-N’"(2-hydroxy phenyl)ethyl-
benzimidazolyden]gold(I) (AuL4)

At a solution of Agl4 (0.24 g, 0.5 mmol) in dichloromethane (25 mL) was dissolved
chloro(dimethylsulfide) gold(I) (0.15 g, 0.5 mmol) under nitrogen atmosphere. The resulting
mixture was stirred for four hours with the exclusion of

light. Later, the mixture was filtered, and the resulting solution was dried to give the gold
complex (0.15 g, 0.30 mmol).

'H NMR (400 MHz, DMSO-ds): & 7.80-7.2s (m, 9H, Ph ring); 5.76 (s, 1H, OH); 5.22-5.21 (dd,
1H, OCH); 4.69-4.54- 4.50 (m, 2H, NCH2); 4.00 (s, 3H, NCHs).

BC-NMR (100 MHz, DMSO-ds): 6 177.41 (NCN), 141.97 (ipso aromatic carbon, Ph-ring), 133.5s-
133.10 (backbone carbons, NC=CN), 128.3-111.82 (aromatic carbons, Ph rings), 72.5¢(OCH), 55.4-
(NCHz2), 35.00 (NCHs).

MALDI-ToF (m/z): 701.22194 Da attributable to bis-carbenic structure [C2HzAuN+O2]*
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445 Synthesis of chloro [N-(2-hydroxy ethyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]gold(I) (AuL5)

AgL5 (0.233 g, 0.5 mmol) and chloro(dimethylsulfide) gold(I) (0.15 g, 0.5 mmol) were
dissolved in dry DCM in a Schlenk flask, under inert atmosphere. The solution was stirred
for six hours at room temperature. The Agl byproduct was filtered off through a pad of
Celite, and the solution was dried in vacuo. The gold NHC complex was recovered as a light-
yellow powder (0.148 g, 0.32 mmol).

'H NMR (400 MHz, DMSO-de): 7.3s-7.31 (m, 7H, Ph rings); 5.8s (s, 1H, OH); 5.07 (s, 1H, OH)
4.99(m, 1H, OCH); 4.3s-4.27 (m, 4H, NCH.CH>0OH, NCH.CHOH); 3.75 (s, 2H, NCH:CH:OH).
BC-NMR (100 MHz, DMSO-ds): 6 168.37(NCN), 142.07 (ipso carbon of Ph ring), 128.30, 127.79,
127.61 (aromatic carbon, Ph ring), 122.30, 121.55 (backbone carbons), 72.3s (CHOH), 60.44
(CH:0H), 57.79 (NCH2CHOH), 53.00 (NCH-CH-0OH).

ESI-MS (CHsCN m/z): 661.20838 Da attributable to [C2sHz2AuN4Oa]*

4.4.6 Synthesis of chloro, 4,5-dichloro-[N-(2-hydroxy ethyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]gold(I) (AuL6)

At a solution of Aglé (0.268 g, 0.5 mmol) in dry dichloromethane (25 mL) and
chloro(dimethylsulfide) gold(I) (0.15 g, 0.5 mmol), and was stirred for six hours in dark
conditions. The gold complex (0.19 g, 0.35 mmol) was recovered after the filtration of the
mixture and the removal of the solvent under reduced pressure.

H NMR (400 MHz, DMSO-d¢): § 7.3s-7.27 (m, 5H, Ph ring); 5.8+ (s, 1H, OH); 5.07 (s, 1H, OH)
4.99 (m, 1H, OCH); 4.35-4.27 (m, 4H, NCH.CH>OH, NCH2CHOH); 3.74 (s, 2H, NCH2CH>OH).
BC-NMR (100 MHz, DMSO-ds): 6 170.90(NCN), 141.3s (ipso carbon of Ph ring), 128.41, 127.9;,
125.0s (aromatic carbon, Ph ring), 117.20, 116.7s (backbone carbons), 72.1« (CHOH), 59.89
(CH:0H), 56.89 (NCH2CHOH), 52.37 (NCH2CH-0OH).

ESI-MS (CH3CN m/z): 707.99716 Da attributable to [C26Hs2 AgN4Ox]*

4.4.7 Synthesis of chloro,[N-(methyl)-N’(2-methooxy phenyl)ethyl-imidazolyden]gold(I)
(AuL?)

The gold complexes AuL?7 was prepared by the reaction of AgL7 (0.23 g, 0.5 mmol) with
chloro(dimethylsulfide) gold(I) (0.15 g, 0.5 mmol) in dry DCM (25 mL) at room temperature.
The silver iodide was filtered, and the resulting solution was dried to give a yellow powder
(0.20 mol,0.45 mmol).

H NMR (400 MHz, DMSO-ds): 6 7.35-7.20 (m, 7H, Ph ring, backbone), 4.6o (m, 1H, OCH),
4.3:-4.26 (m, 2H, NCH>), 3.70 (s, 3H, NCH3), 3.07 (s, 3H, OCHj).

BC-NMR (100 MHz, DMSO-ds): 6 169.10(NCN), 137.91 (ipso carbon of Ph ring), 128.61, 128.3z,
126.6s (aromatic carbon, Ph ring), 122.30, 122.25 (backbone carbons), 82.24 (CHO), 56.5¢ (NCH2),
55.87 (OCH3), 37.66(NCHs).

MALDI-ToF (m/z): 629.2267 Da attributable to [C2sHs2AgN4O2]*
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Table 1 Details of data collection and structure refinements for complex Aul7

Parameters

Complex 4b

Empirical formula
Formula weight
Crystal system

C,;H,,AuCIN,O
448.7
Monoclinic

Space group P,in

T(K) 293(2)
Radiation Mo Kz (0.7107)
a(A) 9.012(3)
b(A) 10.387(4)
c|A) 16.294(5)

z (deg) 90.00

fi (deg) 105.724(13)
7 (deg) 90.00
V(AY) 1468.2(9)

Z 4
plgem™) 2.030
p{mm ) 10.192

f) range () 2.35-26.96
Reflections collected 23336
Unique data 3192
Observed reflections 2858

Ry, I > 2al(l) 0.0166
wRy, I > 2a(l) 0.0391
Goodness of fit, § 1.058

4.4.8 Synthesis of chloro, 4,5-[N-(methyl)-N’(2-sodium alcoholate phenyl)ethyl-

imidazolyden]gold(I) (AuL7’)

In a Schlenk round bottom flask, the AgL7” (0.16 g, 0.35 mmol) was suspended in dry CH2Cl
(25 mL). At the suspension was added the Au(SMe2)Cl (0.11 g, 0.35 mmol), and it was stirred
for four hours in the dark. The removal of the silver iodide byproduct through the filtration,
and the removal of the solvent have given the gold complex (0.09 g, 0.195 mmol).

H NMR (400 MHz, CD:CLz): 6 7.36-7.3s (m, 5H, Ph ring), 6.8+-6.75 (s, 2H, backbone), 5.1s (t,
1H, -OCH), 4.40-4.30 (m, 2H, NCH>), 3.8s (s,3H, NCH5).

BC-NMR (100 MHz, CD2ClLz): 6 171.90 (NCN), 141.8: (ipso carbon of Ph ring), 129.51, 129.3;,
129.1s (aromatic carbon, Ph ring), 122.90, 121.8s (backbone carbons), 74.5s (CHO"), 58.7o (NCH2),
38.86 (NCHs).
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ESI-MS (CH:Clz, m/z): 612.3657 Da attributable to [C22HisAuNsO2Na:]*

4.4.9 Synthesis of chloro [N-(methyl)-N’(cyclopentane-2-ol)-imidazolyden]gold(I) (AuL8)
The synthesis and characterization of AuL8 was reported by protocol published by us [128]

4.4.10 Synthesis of chloro4,5-dichloro[N-(methyl)-N’(cyclopentane-2-ol)-imidazolyden]
gold(D) (AuL9)
The synthesis and characterization of AuL9 is reported in our published paper [129].

4.411 Synthesis of chloro, [N-(methyl)-N’(cyclohexane-2-ol)-imidazolyden]gold(I)
(AuL10)
The synthesis and characterization of AuL10 is reported in our published paper [128].

4.4.12 Synthesis of chloro,4,5-dichloro[N-(methyl)-N’(cyclohexane-2-o0l)-
imidazolyden]gold(I) (AuL11)

In a round bottom flask, AgL11 (0.241 g, 0.5 mmol) was dissolved in dry-DCM (25 mL) with
chloro(dimethylsulfide) gold(I) (0.15 g, 0.5 mmol). The resulting mixture was stirred for five
hours. The mixture was filtered for remove the silver iodide byproduct. The gold complex
was obtained as light-yellow powder (0.22 g, 0.45 mmol).

H NMR (400 MHz, DMSO-de): 6 4.17-4.12(m, 1H, HOCH), 3.8¢-3.84 (s, 1H, NCH), 3.75 (s, 3H,
NCHs), 1.97-1.29 (Cyclohexyl group).

BC-NMR (100 MHz, CD:Cl2): 6 171.20(NCN), 119.65, 117.25 (backbone carbons), 77.1s (CHOH),
71.39 (NCH), 39.16 (NCHs), 35.01-23.93 (Cyclohexyl carbons).

ESI-MS (CH:Clz, m/z): 693.06319 Da attributable to [C20H2sAuClsN4O:]*

4.4.13 General procedure for the synthesis of caffeine-based gold N-Heterocyclic carbene
complexes Aul12-L14

Caffeine-based gold NHC complexes were produced following the procedure published in
the literature[45,46]. Under a nitrogen atmosphere, a mixture of the imidazolium salt (1.0
eq), AuCl(SMez) (1.0 eq), and K=COs (10 eq), in CHsCN (25 mL) was stirred for twenty-four
hours, at room temperature.

After this time, the mixture was filtered, and the solvent was reduced to 5.0 mL. The

complex was obtained by precipitation by the addition of diethyl ether (20 mL).

4.4.14 Synthesis of chloro -[N’(2-hydroxy phenyl)ethyl-trimethylxanthium] gold(I)
(Aul12)

Imidazolium salt, P-L12 (0.22 g, 0.50 mmol) and Au(SMez)Cl (0.15 g, 0.5 mmol) were
dissolved in dry acetonitrile (25 mL). The reaction mixture was stirred for three hours. After
it was added K2COs(0.67 g, 5.0 mmol), the mixture was stirred for other twenty-four hours.

After this time, the mixture was filtered, and the solvent was reduced to ca. 5mL. The
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addition of 20 mL of diethyl ether, has caused the precipitation of the gold complex (0.16 g,
0.3mmol).

Yield: 60%

H-NMR (400 MHz DMSO-d¢): & 7.41-7.29 (m, 5H, Ph-group), 5.62 (s,1H, OH), 5.16- 5.10 (m,
1H, CHOHR), 4.60-4.32 (m, 2H, NCH?2), 4.19 (s, 3H, NCH3 imidazolium ring), 3.75 (s, 3H, NCH3), 3.27 (s,
3H, NCHs).

BC-NMR (400 MHz DMSO-ds): 6 184.00 (NCN), 153.55-150.49 (C=O purine ring), 141.7s (ipso
aromatic carbon, Ph-ring), 139.83 (backbone carbon, C=C), 128.3¢, 127.61, 125.87 (aromatic carbons,
Ph ring), 107.62 (backbone carbon, C=C), 71.60 (CHOH), 56.35 (NCHz), 31.6s, 28.3¢ (NCH purine

ring).
ESI-MS (CH:Cl2m/z): 681.32325 Da attributable to [C2H»LiAuNsOs]*

4.4.15 Synthesis of chloro -[N’(2-hydroxy)ethyl-trimethylxanthium] gold(I) (AuL13)
P-L13 (0.37 g, 1.00 mmol) and chloro gold(I) dimethylsulfide (0.15 g, 0.5 mmol) were
dissolved in dry CHsCN (25 mL) under nitrogen atmosphere, for three hours. In the second
instance, it was added potassium carbonate (0.67 g, 5.0 mmol). The reaction mixture was
stirred overnight. After that, the reaction mixture was filtered, and the solvent was reduced
to ca. 5.0 mL. The gold complex (0.14 g, 0.3 mmol) was obtained by precipitation with the
addition of diethyl ether (30mL).

Yield: 60%

H-NMR (400 MHz DMSO-ds): & 4.85-4.7¢ (m, 2H, CH20H), 4.45 (s, 3H, NCH3 imidazolium ring),
3.86-3.73 (b, 5H, NCHz, NCHj), 3.2:1 (s, 3H, NCH5).

1C-NMR (100 MHz DMSO-ds): & 184.6s (NCN); 153.43-150.32 (C=0O purine ring); 139.72 (backbone
carbon C=C); 107.2s (backbone carbon, C=C), 60.2. (CH2OH), 52.99(NCH:2), 31.51, 28.24 (NCHs
imidazolium ring), 31.40, 28.49 (NCHS purine ring).

4.4.16 Synthesis of chloro -[N’(ciclohexane-2-o0l)-trimethylxanthium] gold(I) (AuL14)
Under inert atmosphere, in a round bottom flask was dissolved the caffeine-based salt (0.21
g, 0.5 mmol) and Au(SMe2)Cl (0.15 g, 0.5 mmol) in dry-CHsCN (25 mL). The resulting
mixture was stirred for three hours, and subsequently, was added K2CO:s (0.67 g, 5.0 mmol)
was stirred for other twenty-four hours. After, the mixture was filtered, and the solvent was
reduced in vacuo. The complex was recovered as an off-white powder (0.10 g, 0.2 mmol), by
precipitation with the addition of diethyl ether (25 mL).

Yield: 40%.

H-NMR (400 MHz DMSO-ds): 6 5.56 (s, 1H, OH), 5.17 (b, 1H, CHOH), 4.26 (s, 3H, NCH:
imidazolium ring), 4.08 (b, 1H, NCH), 3.86 (s, 3H, NCHs), 3.25 (s, 3H, NCHs), 2.20-1.75 (m, 11H,
O=CCHs, Cyclohexyl).
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BC-NMR (100 MHz, DMSO-ds): 6 175.65 (INCN), 153.33-149.22 (C=O purine ring), 139.67 (backbone
carbon C=C), 108.77 (backbone carbon C=C), 72.33(OCH), 62.90(NCH), 36.80 (NCHs), 33.40, 28.49
(NCHs purine ring), 34.02-23.55 (Cyclohexyl group) 22.82 (O=CCHs).

4.4.17 Synthesis of acetato 4,5-dichloro-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]gold(I) (AuL2-OAc)

A mixture of silver acetate (0.020g,0.12mmol, 1.2eq) and gold complex AuL2 (0.050g, 0.1
mmol, 1.0 eq) in dichloromethane (10mL), was stirred for 12 h at room temperature, with
the exclusion of the light. The mixture was filtered, to remove AgCl by-product and the
solution was dried to give the acetate gold NHC complex (0.042g, 0.08mmol) as a white
powder.

Yield: 80%

H-NMR (400MHz, DMSO-ds): 6 7.4s-7.31 (m, 5H, Ph ring) 5.85(m, 1H, OH group); 5.2 (m,
1H, OCH) 4.20-4.1>(m, 2H, NCHz); 3.81(s,3H, NCH3)1.83 (s. 3H, COCHs).

BC-NMR (100 MHz, DMSO): 174.85 (OCOCHs3) 163.9¢ (NCN) 141.44 (ipso aromatic carbon, Ph-
ring), 128.35-125.9s (aromatic carbons, Ph rings) 117.5¢-116.56 (backbone carbons, NC=CN),
72.26(OCH), 56.51(NCH>), 37.67(NCH3), 23.87 (OCOCHs)

MALDI-ToF (m/z): 739.07459 Da attributable to a structure a bis-carbene structure
[C2sH24 AuClLN4O2]*

4.4.18 Synthesis of bromo 4,5-dichloro-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]gold(I) (AuL2-Br)

At solution of gold complex AuL2 (0.050g, 0.1 mmol, 1.0 eq) in acetone (10 mL) was added
LiBr (0.09g, Immol, 10 eq). The reaction mixture was stirred for 24 h at room temperature.
Then, the solvent was removed in vacuo, and the was added 10 mL of dichloromethane. The
mixture was filtered to remove the excess of LiBr and LiCl by-products. The Bromo NHC
gold complex (0.049g, 0.09mmol) was obtained by removing the solvent in vacuo.

Yield: 90%

H-NMR (400MHz, DMSO-ds): 6 7.40-7.3¢ (m, 5H, Ph ring) 5.8-(m, 1H, OH group); 5.14 (m,
1H, OCH) 4.26-4.1s(m, 2H, NCHz2); 3.81(s,3H, NCH5).

BC-NMR (100 MHz, DMSO-ds): 6 173.89 (NCN) 141.24 (ipso aromatic carbon, Ph-ring), 128.4s-
125.7s (aromatic carbons, Ph rings) 117.42-116.5s (backbone carbons, NC=CN), 72.14(OCH),
56.56(NCH>), 37.04(NCHas)

MALDI-ToF (m/z): 739.03526 Da attributable to a structure a bis-carbene structure
[C2sH2s AuClaN4O-]*

4419 Synthesis of iodo 4,5-dichloro-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]gold(I) (AuL2-I)
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A solution of AuL2 (0.050g, 0.1 mmol, 1.0 eq) and sodium iodide (0.140g, 1.0mmol, 10 eq) in
acetone (10mL) was stirred for 24 h. Then, the solvent was removed in vacuo. The residue
was partially dissolved in dichloromethane (10mL), and the mixture was filtered through a
pad of Celite®. The removal of the solvent gave the iodo gold NHC complex
(0.053¢g,0.093mmol)

Yield: 93%

H-NMR (400MHz, DMSO-ds): 0 7.40-7.34 (m, 5H, Ph ring) 5.95-5.75(m, 1H, OH group); 5.1s-
5.17 (m, 1H, OCH) 4.3¢-4.05(m, 2H, NCHz); 3.91-3.81(s,3H, NCHjs)

BC-NMR (100 MHz, DMSO): 182.9: (NCN) 141.2s (ipso aromatic carbon, Ph-ring), 128.47-
125.7s (aromatic carbons, Ph rings) 117.54-116.62 (backbone carbons, NC=CN), 72.2:(OCH),
56.41(NCHz2), 36.84(INCHs)

MALDI-ToF (m/z): 739.06311 Da attributable to a bis-carbene structure [C2sH21AuClsN4O2]*

4.420 Synthesis of hexafluorophosphate 4,5-dichloro-[N-(methyl)-N’(2-hydroxy
phenyl)ethyl-imidazolyden]gold(I) (AuL2-PFe)
A solution of AuL2 (0.050g, 0.1 mmol, 1.0 eq) and silver hexafluorophosphate (0.030 g

,0.12mmol, 1.2eq) in acetonitrile (10mL) was stirred for 6 h. Thene, the mixture was filtered,
and the solvent was removed under reduced pressure. The hexafluorophosphate gold NHC
(0.030 g,0.05mmol) was obtained as grey powder.

Yield: 50%

H-NMR (400MHz, DMSO-ds): 6 7.40-7.29 (m, 5H, Ph ring) 4.99 (m, 1H, OCH) 4.33-4.30(m, 2H,
NCHz); 3.80(s,3H, NCHs3)

BC-NMR (100 MHz, DMSO-ds): 6 183.82 (NCN) 142.14 (ipso aromatic carbon, Ph-ring), 129.2-
126.8s (aromatic carbons, Ph rings) 118.7s-118.51 (backbone carbons NC=CN), 72.33(OCH),
57.63(NCH2), 37.80(NCHs)

SIP-NMR (162.60 MHz; DMSO): 193.9s (septuplet)

YF-NMR (377.35 MHz, DMSO): 70.10 (duplet)

4.4.21 Synthesis of phenylacetylide 4,5-dichloro-[N-(methyl)-N’(2-hydroxy phenyl)ethyl-
imidazolyden]gold(I) (AuL2CCPh)

A solution of phenylacetylene (0.010g, 0.1 mmol, 1.0 eq) and NEt3 (0.060g ,0.6mmol, 6.0eq) in
acetonitrile (10 mL) was stirred for 2 h. Then, it was added AuL2 (0.050g, 0.1 mmol, 1.0 eq),
and the mixture was stirred for other 8h. The complex (0.045g ,0.08mmol) was obtained by
tiltration of the reaction mixture.

Yield: 80%

'H NMR (400MHz, DMSO-ds): 6 7.42-7.27 (m, 10H, Ph rings) 5.97(m, 1H, OH group); 5.17 (m,
1H, OCH) 4.27-4.2¢(m, 2H, NCH2); 3.82(s,3H, NCHs)
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BC-NMR (100 MHz, DMSO): 6 186.95 (NCN) 141.3 (ipso aromatic carbon, Ph-ring), 131.24-
125.8s (aromatic carbons, Ph rings, AuC=C-Ph) 117.47-116.56 (backbone carbons NC=CN,), 104.0s
(AuC=C-Ph) 72.3¢(OCH), 56.27(NCH>), 36.7s(NCHs).

4.5 General Procedure for A3 (aldehyde, amine, alkyne) coupling reaction promoted by
M-NHC complexes

Under an inert atmosphere, in a 10 mL Schlenk tube equipped with a magnetic stirring bar,
were added aldehyde (1.00 mmol), piperidine (1.2 mmol), phenylacetylene (1.5 mmol), 2-
Bromo mesitylene as internal standard (1.00 mmol) and the NHC metal complex (3% mol).
The reaction mixture was stirred for 6h at 80 °C. Later, the mixture was cooled to room
temperature and was added a 1:1 solution of diethyl ether and dichloromethane. The
organic phase dried on MgSOs and filtered. The yield of the propargylamine was evaluated
by the integration of the singlet signal of the internal standard at 6.89 ppm and the
hydrogen(s) of the product, in a position to nitrogen atom of the propargylic amine. The
complete characterization of the coupling products is reported in the literature [130].
N-(3-phenyl-2-propynyl) piperidine

H NMR (300 MHz, CD:Cl2): ¢ 7.42 (m, 2H, CHAr), 7.30 (m, 3H, CHAr), 3.43 (s, 2H, NCH>),
2.53 (t, 4H, NCH:CHz), 1.60 (m, 4H, NCH2CH?>), 1.43 (m, 2H, NCH2CH2CHz).

13C NMR (75 MHz, CDCL): § 131.6, 128.1, 127.3 (3-s, 5C, Car),123.5 (s, 1C, Car), 85.1 (s, 1C,
C=C-Ph), 84.9 (s, 1C, C=C-Ph), 53.3 (s,2C, NCH:CH:), 48.3 (s, 1C, NCH), 26.1 (s, 2C,
NCH:CH2), 24.0 (s, 1C, NCH2CH:CH>).

1-(1-cyclohexyl-3-phenyl-2propynyl)

H NMR (300 MHz, CD:CL): 6 7.42 (m, 2H, CHAr), 7.32 (m, 3H, CHAr), 3.11 (d, 1H, NCH),
2.64 (m, 2H), 2.33 (m, 2H), 2.07 (m, 2H), 1.86 (m, 2H), 1.67 (m, 6H), 1.56 (m, 2H), 1.43 (m,
3H), 1.10 (m, 2H).

3C NMR (75 MHz, CD:Cl2): 6 132.0, 128.8, 128.2 (3-s, 5C, Car), 124.3 (s, 1C, Car), 88.4 (s, 1C,
C=C-Ph), 86.4 (s, 1C, C=C-Ph), 64.8 (s, 1C, NCH), 51.2 (s, 2C, NCH2CH>), 40.1, 31.9, 30.8, 27.3
(4-s, 6C, Cyclohexyl), 26.6 (s, 2C, NCH2CH2CHz), 25.3 (s, 1C, NCH2CH2CH>).
N-(1,3-diphenyl-2-propynyl)piperdine

'H NMR (300 MHz, CD:Cl): 67.89, 7.57, 7.50, 7.31, 7.24, 7.18(m, 10H, CHar), 4.79 (s, 1H,
NCH), 2.59 (s, 4H, NCH-CH>CH>), 1.62 (m, 4H, NCH2CH>CH>), 1.49 (m, 2H, NCH2CH:CH>).
3C NMR (75 MHz, CDCls): 138.6, 131.8, 128.5, 128.2, 128.0, 127.7, 123.3 (8-s, 12C, Car), 87.5
(s, 1C, C=C-Ph), 86.1(s, 1C,C=C-Ph), 62.4 (s, 1C, NCH), 50.5 (s, 2C, NCH2CH>), 26.2 (s, 2C,
NCH:2CH2CH>), 24.3 (NCH2CH2CHo).

4.6 General Procedure for hydroamination reaction promoted by Au-NHC complex
In a Schlenk tube, under nitrogen atmosphere, were placed arylamine (1.0 mmol), the alkyne
(1.5 mmol), AuNHC complex (1% mol), AgSbFs (2% mol), and 1.0 mL of the solvent. The
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reaction flask was placed in oil bath, at 80°C and the mixture was stirred for sixteen hours.
Afterward, the solvent was removed under reduced pressure, and at crude oil was added
the dibromo methane, as internal standard (1.00 mmol). The yields of imine were
determined by 'H-NMR spectroscopy, after the dilution of the sample with CDCl..

All the hydroamination product were characterized in literature except for 4f, 4j (see Table
9, Chapter 4). 4a, 4c, 4g, 4h, 4i, 41 [202], 4b[207], 4d[208], 4e[209], 4k[210], 4m[211].

(E)-N-(4-nitrophenyl) -1-phenylethan-1-imine (4f)

H-NMR (300 MHz CDCls): §8.16-6.91(m, 9H, aromatic protons), 1.8s (s, 3H, CHs).
(E)-N-(2,6-difluorophenyl)-1-phenylethan-1-imine (4f)

'H-NMR (300 MHz CDCls): 6 7.96-7.01 (m, 8H, aromatic protons), 1.8¢ (s, 3H, CHz).

4.7 Antibacterial Activity

The antibacterial activity of Ag and Au complexes (AgL1, AglL2, AgL5, AglL6, AgL7, AgL1-
OAc, Agl2-OAc, AglL7-OAc) was valued by determining of minimal growth inhibitory
concentrations (MIC), in accordance with the indications provided by Clinical and
Laboratory Standards Institute (CLSI) [205]. All complexes were tested in the following
concentrations: (0, 0.5, 1, 2, 4.5, 6.5, 7.5, 10, 15, 25, 40, 50, 75, 100, 150) pug/mL. The NHC-
proligands (P-L1, P-L2, P-L5, P-L6, P-L7) were tested as experimental controls.

The bacteria were suspended in Luria-Bertini (LB) broth (tryptone, 10g/L; yeast extract 10
g/L; NaCl, 5g/L, pH=7) at density of 5-10° CFU/mL and incubated with each complex, at
different concentrations, at 37°C, with constant stirring (250 rpm). After 24 h, the turbidity
was used for the evaluation of the effect on the growth, measuring the optical density (OD)
at 600 nm. The MIC was defined as the lowest concentration that did not change the
turbidity of the sample respect to time 0. The MIC was replicated in three independent
experiments, each in triplicate.

4.8 Antitumoral Activity

The in vitro anticancer activity of complexes was evaluated utilizing the MTT assay. The
cells have been exposed to the target complexes (AgL2, AgL5, AgL6, AglL7, AglL1-OAc,
Agl2-OAc, Agl7-OAc, Aul2, Aul5, Aul6, AuL7, AuL1-OAc, AulL2-OAc, AuL7-OAc),
dissolved in DMSO at diverse concentrations (0.1, 1, 5, 10, 50, 100 and 200uM) for 72h. MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) was added at 37°C for 2h.
The formazan crystals were dissolved in DMSO, and the optical density was quantified at
570nm using a microplate reader. All the measurements were performed in triplicate, and
the results were shown as the percent (%) of basal. The ICso values were determined using
curve fitting GraphPad Prism 9 software (GraphPad Software, La Jolla, CA, USA) with

nonlinear regression. The values represent the mean + standard deviation (n=3)
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