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Abstract

This thesis work is structured into four main sections. The first chapter is
a general introduction, initiated with a discussion of the structure and the
electronic properties of N-heterocyclic carbenes (NHCs). Furthermore, it
focuses on the importance of NHCs in organometallic chemistry and the use
of NHCs as ligands for metal complexes with potential biological applications.
The introductory chapter also contains a review of key examples of metal
complexes containing nucleobases and their analogues. This synopsis
explores both the synthesis and the biological application of these
complexes. Finally, the aim of this thesis work is outlined: synthesize new
metal complexes containing nucleobases or analogues as NHCs and study
their biological applications.

The second chapter concerns the synthesis of nickel complexes containing
xanthine derivatives bound as NHCs. A library of ligand precursors based on
caffeine or theophylline were synthesized, each containing a different alkyl
moiety as substituent at N7: a methyl group (methylcaffeine), an octyl group,
an isopropyl group, an allyl group and a methyl pyridine group. In addition,
attempts to synthesize a ligand precursor consisting of two theophyllines
linked by a CH; bridge were performed and three ligand precursors based on
guanine were synthesize: dimethyl guanine, N7-methyl guanosine and
methyl acyclovir. The allyl and the pyrimidine xanthine derivatives did not
lead to any identifiable product when reacting with nickelocene, and this was

also the case for the guanine derivatives. In the case of ligand precursors

vii



bearing a methyl group (methylcaffeine), an octyl group and an isopropyl
group, the reaction of the ligand precursors with nickelocene afforded
monocarbenes. In the case of methyl caffeine, a biscarbene was also
obtained. Depending on the side chain present at N7 of the xanthine and the
conditions used for the reactions with nickelocene led to the formation of a
mono-or bis-carbene.

The four nickel complexes successfully synthesized were tested on two
strains of Candida, C. albicans and C. glabrata, the latter of which is resistant
to the most currently used antifungal agent (fluconazole). All the
monocarbene complexes exhibited similar antifungal effects on both fungal
strains, while the biscarbene (containing two methyl caffeine NHCs) had
preferential activity on C. glabrata. The four compounds were tested
together with two other nickel monocarbenes containing dimethyl-
benzimidazole or dimethyl-imidazole as ligands, for comparative purposes.
The use of these two compounds showed that the presence of a xanthine

ring is not essential for the antifungal activity.

The third chapter describes the synthesis of gold complexes containing
N7-methyl guanosine, mRNA cap0, as NHC ligand. Thus N7-methyl guanosine
was protected at the ribose ring with acetate groups, to avoid side reactions
involving the free -OH. The ligand precursor thus obtained was reacted with
gold(l), Au(SMe2)Cl, in the presence of K,COs, leading to a high insoluble
mixture of two products. Analysis of the mixture by NMR showed the
presence of two NHCs. Further analysis of the mixture allowed for the
identification of the two carbenes as a monocarbene (major product) and a

biscarbene (minor product). By changing the stoichiometry by modifying the
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ratio between the ligand precursor and the metal, enabled the selective
synthesis of the compounds. The reactivity of unprotected methyl guanosine
was also examined and, also in this case, the reaction led to a mixture of a
mono- and a bis-carbene, which can be selectively synthesized by changing
the stoichiometry of the reaction.

The last chapter concerns the synthesis of Iridium, ruthenium and gold
complexes, containing uracil derivatives bearing an imidazole ring as a
pendant group, and their catalytic activity on NAD* to NADH reduction. This
imidazole ring was derivatized with methyl, isopropyl and anisole groups. The
ligand precursors thus synthesized were reacted with ruthenium or iridium
precursors, namely, [Ru(p-cymene)Cl,]2 and [Ir(Cp*)Cl2]2 in the presence of a
base. The imidazole ring binds to the metal via C5 instead of C2, leading to
the formation of an abnormal carbene with both metals. The ligand
precursors can be converted into their betaine form by reaction with sodium
acetate. Once converted into the betaine form, the ligand precursor bearing
a methyl imidazole ring was reacted with Au(SMe2)Cl. In this case the
imidazole ring binds to the metal via C2, forming a normal carbene. This latter
experiment suggested that the normal NHCs of iridium and ruthenium could
be obtained by transmetalation. Reaction of the ligand precursor with
silver(l), in the presence of [Ru(p-cymene)Cl,]; and [Ir(Cp*)Cl2]> lead to the
formation of the corresponding normal NHC compounds.

The compounds were evaluated on the reduction of NAD* to NADH.
Catalytic tests revealed a dependence between the metal and the catalytic
performance. Iridium catalysts are more efficient than ruthenium catalysts,
which revealed to be very poorly active. The connectivity to the metal,

influences the catalytic activity. Normal carbenes perform better than their
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abnormal counterparts. The substituents at the imidazole ring show some
degree of influence and isopropyl substituents provide higher catalytic
activity. Overall, the iridium normal carbene bearing an isopropyl substituent
proved to be the best catalyst.

In conclusion, this thesis work presents three new classes of compounds
with promising pharmaceutical activities, one of which has already been
patented, paving the way for subsequent studies to improve their

pharmacological activity.
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CHAPTER 1

INTRODUCTION




1.1. N-heterocyclic carbenes

Modern organometallic chemistry methods can be used to synthesize a
large variety of complexes via the introduction of ligands such as carbenes,
which are among the most widely used ligands to stabilize metal centre®?.
Carbenes are distinguished by having a carbon atom possessing six electrons
in its valence shell and therefore an incomplete octet. Carbenes can assume
different hybridizations and thus different geometries. The carbenic carbon
can be linear with sp hybridization, or bent, with sp? hybridization, with the
latter being the most common3. Nevertheless, even sp? carbenes are not
easily isolable due to their lack of stability, in fact, they were initially
recognized solely as intermediates in organic reactions®. In 1980, L. Pauling
stated that the stability of a free sp? carbene may be dependent on the
substitution of the carbenic carbon. In particular, it would be necessary to
have two r-donor c-acceptor substituents to ensure electroneutrality at the
carbenic center.®> In addition to the electronic properties of the substituent,
steric effects should also be taken into account when considering the stability
of a carbene. In fact, bulky groups are able to provide stabilization due to
steric protection.? All these theoretical considerations led Arduengo and his
collaborators, in 1991, to successfully isolate and crystallize an NHC, where

two nitrogen atoms are bound to the carbenic carbon and substituted by a
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hindering group (adamantyl group), which serves to sterically “protect” the

reactive site of the carbenic carbon®.

i N

\—/

Figure 1.1 - N-Heterocyclic carbene described by Arduengo.

This milestone opened the gates of organometallic chemistry for the
development of complexes bearing N-heterocyclic carbenes (NHCs). NHCs
feature carbenes enclosed within a N-heterocycle, wherein the carbenic
carbon is stabilized by at least one nitrogen atom. Once bound to a metal,
NHCs generally behave like o-donor ligands but can also have a weak m-
acceptor effect on the -d electrons of the metal due to the empty p-orbital
of the carbene’. The strong o-donor component results from the
displacement of the nitrogen atom’s lone pair of electrons, which increases
the energy of the highest occupied molecular orbital (HOMO). This
mesomeric effect increases the o-donor component of the ligand and thus
creates a very stable bond between the metal and the carbon?’2. The very
nature of the heterocycle and/or the substitution present on the nitrogen
atoms can easily modify the electronic and steric properties of NHCs.
Substituents particularly electron-rich participate in electronic donation to
the p-orbital of the carbon®. Because of all these properties, N-heterocyclic
carbenes are excellent ligands for transition metals and are appealing ligands
for various applications. This has led to their prominence in the synthesis of
organometallic compounds containing NHCs, gradually replacing the

previously prevalent phosphines. In comparison to phosphines, NHCs
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complexes exhibit greater stability against moisture and air and demonstrate

reduced susceptibility to oxidation?.

Figure 1.2 - General structure and bonding of a typical N-heterocyclic carbene.

The ability to create a diverse library of organometallic compounds
opened the way for novel applications of these complexes, particularly in
catalysis but also in pharmaceutical sector. Notably, the use of such
complexes for medicinal chemistry has gained relevance in recent years. In
line with this, the development of NHCs based on bioactive ligands is
particularly promising®. The synthesis of complexes utilizing biologically
relevant ligands has emerged as a valuable approach for developing more
selective compounds®® and opens the possibility of enhancing both the
therapeutic efficacy and the biocompatibility of a particular drug**.

The work described in this thesis focuses on the formation of
organometallic complexes incorporating DNA or RNA bases or analogous
compounds such as xanthine, bound to a metal as NHCs. This dual focus aims
to understand the reactivity of nucleobases while also exploring the

development of novel therapeutics employing metallonucleobases.
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1.2. Metal complexes bearing NHCs based on nucleobases,

nucleosides and their analogues

Methylation (or alkylation) of nucleic acids is a critical modification of the
genome'®13 and is involved in the regulation of a wide array of cellular
processes* 16, Methylation can occur at several sites on DNA and RNA
nucleobases (Figure 1.3)'® and leads to the formation of so-called DNA and
RNA adducts?’. DNA adducts show enhanced reactivity and are responsible

for a wide range of cytotoxic and mutagenic lesions'8,

Purines Pyrimidines

l [ I
4 N\
NH,
|

f © ¥ ¥ Nﬁz O/ X o
N N SN N NH NH
- </l | NINHZ <TI'P cljio/ \i; A f; A
| A | | |

/ % S/
/ / / / /

Guanosine Adenosine Cytosine Thymine Uracil

Figure 1.3 - Most likely alkylated positions to form DNA or RNA adducts®?°,

Some DNA adducts are NHC precursors, as most of them are azolium or
pyrimidinium cations, which can further react upon proton loss?!. Not
surprisingly, DNA adducts typically exhibit similar reactivity patterns to those
of azolium salts, which is particularly evident for purines'#?2. Early reports
have focused on this latent reactivity, pointing to the formation of NHCs as

intermediates, for instance, in nucleic acid damage!®. This opens the
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possibility of exploring the reactivity of nucleic acids and their derivatives in

the formation of NHCs and with a metal center.

1.2.1. Pyrimidines

Although pyrimidines bind to metals mostly by coordination to the
heteroatoms, the formation of M-C bonds is possible. The most common
strategy for forming C-M bonds with pyrimidine rings involves C-X oxidative
addition, affording the formation of the corresponding organometallic
compound. Despite extensive studies on the reactivity of pyrimidine
derivatives in forming organometallic compounds?*?4 only one of these
comprises the formation of an NHC?. For example Santacroce and co-
workers, in 1987, reported the oxidative addition of platinum(0) to 4-
chlorothymidine, affording the formation of the corresponding metal

complex with a M—C bond (Scheme 1.1).

cl
cl PhsP-Pt-PPhj

\f\i_l Pt(PPh3), \f\i-l
N O

N O Toluene, 100°C

AcO 7h AcO
o o)

OAc OAc

Scheme 1.1 - Formation of a C-M bond by oxidative addition.

Following on this earlier work, Messere and coworkers reported the first
NHC derived from a pyrimidine nucleobase. Their efforts focused on the
reactivity of modified thymine with palladium(0), which undergoes
metalation at N3 when the natural nucleobase is used. However, when 4-

chloro-thymidine is employed instead, the metalation occurs at C4 (Scheme
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1.2), as observed earlier for platinum. In an acidic environment, this
metalated compound can rearrange into an NHC through the formation of an

enolate involving the oxygen atom at position 2, which is subsequently

protonated®.
B Cl Cl n
@l
cl PhsP—Pd—PPh; Ph3P—Td—PPh3
=N SN N
|APd(PPh3)4,KC| |/§ |J\®
N 0 toluene, N 0 N 0
AcO reflux AcO AcO
o) 0 o]
OAc OAc OAc
cl
@]
Ph3P—I|3d—PPh3
® ilki
H N~ “OH
AcO
0

Scheme 1.2 - Palladium NHC based on thymine described by Messere.

However, in this case, the nucleobase was modified by replacing oxygen
with chloride, which is needed for C-X oxidative addition, to form a metal-C
bond at C4. Nonetheless, while the formation of the NHC is observed, the
Watson—Crick or Hoogsteen base pairing sites are not preserved; therefore,
the hydrogen bonding ability of the metalated nucleobase is strongly
affected.

When the metalation is performed at C5 or C6, it does not preclude the
potential for base pairing for cytidine and uridine or for thymidine (if

metalated at C6).
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NH, o . o .

M 5
| N | NH | NH R= ribose or
o N/&o ° N/go M > N/go deoxyribose
| | |
R R R
Cytidine Uridine Thymidine

Figure 1.4 - Metalation of the pyrimidine ring does not preclude base pairing.

Along these lines, within our laboratory, a series of organometallic
complexes have been developed that incorporate uracil, where the metal ion
specifically binds at the C5 position of this pyrimidine base (Scheme 1.3). Our
approach involved the derivatization of uridine and deoxyuridine at the C5
position using a halogen, specifically iodine, followed by the subsequent

oxidative addition to Pt(0), affording the desired organometallic complexes?”’.

PPh
I ;3
o Pt 0

| !
\fj\NH P(PPhs), PhaP \fiﬁ
Ny —— NS0

N e}
AcO Solvent, A AcO
0 (6]
OAc R OAc R
R=OAc; H R=OAc; H

Scheme 1.3 - Oxidative addition of platinum(0) to uridine.

Carbenes are formally 2 electron neutral donors®®. In some cases, it is
possible to observe a resonance structure where no charges are displayed in
the carbene, which is the case for normal carbenes. When a neutral
resonance structure is not available the carbene constitute the so-called

abnormal carbenes?8.
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In the context of pyrimidines, achieving the formation of an NHC is feasible
primarily due to the nucleophilic nature of the oxygen at C2 or at C4, as in
the case of uracil and thymine, which can be protonated under acidic
conditions. Thus, an acidic environment further promotes the formation of

an NHC, when the C-M bond involves position C6 of the aromatic ring.

'):Q - ﬁ\)\e—' ﬁ\)\

N"Co
R
Q 0” OH
Rl\éj\NH R /,tl H RS
e: [}]/go . [\Il o . [\I]/&O
R R R

R=H or ribose/deoxyribose
R'=H or Me

Scheme 1.4 - Formation of a pyrimidine NHC.

Metalation at C5 could also lead to the formation of an NHC; upon

appropriate modification and subsequent protonation (Scheme 1.5).

NH NH2 NH

O

Oy ‘0 OH
.
;Gf)LNH : 22 NH H :%\NH
‘NSo \ﬁ’go \ﬁ/&
|
R R R

R=H or ribose/deoxyribose

Scheme 1.5 - Formation of a pyrimidine abnormal NHC.
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Nevertheless, also in this case the formation of an NHC leads to the
modification of essential sites for Watson—Crick base pairing contrary to what
is found for purines. Yet, one of the very few examples of carbene formation
in nature for pyrimidine bases involves a similar situation and is a key step in
nucleic acid biosynthesis. The decarboxylation of orotidine monophosphate
to form uridine monophosphate involves the formation of an ylide,
considerably stabilized by the corresponding neutral carbene structure.

0 0O 0] OH
NH

Aoﬁ' @/*‘*

I

)

R= Ribose

Scheme 1. 6 - Formation of the decarboxylated orotidine.

Thus, not only the formation of NHCs is relevant in the case of DNA adducts,
but NHCs are also key intermediates in nucleic acid synthesis. For these
reasons, the study and the formation of metal complexes based on these
ligands is key to further understand the reactivity of these species and their

impact in nucleic acid chemistry and biochemistry.

1.2.2. Purines

In the case of purines, the possibility of the formation of NHCs after
derivatization is more evident. The N7 position of the guanine residue, for
example, is the most nucleophilic site of all nucleobases®. One of most

notable characteristics of N7-methylated guanine adducts is the increased
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acidity of the C8-H bond, which is attributed to the formation of an NHC

intermediate!®

0 /
NG
e | e —
N 8
H,NT N7 N -H®
OH

Scheme 1.7 - Acidity of the C8-H bond.

Several examples of metal complexes bearing purine-based NHCs have
been reported in the literature??. The synthetic approaches involve base-
assisted deprotonation, cyclometallation, transmetalation or oxidative
addition. Among these methods, oxidative addition is the most recent.
Hahn’s group reported in 2014 the oxidative addition of 8-bromo-9-
methyladenine to platinum(0), followed by treatment with NH4BF4 (Scheme
1.8). Ammonium tetrafluoroborate (NH4BF4), as a proton source, can
protonate the nitrogen at position 7 of the 9-methyladenine bound to the
metal center via C8, affording the corresponding NHC?.

BF
NH, 1) Pt(PPhs), NH | B
)\/E ) NH,BF, N |§>_ PPhs
N Pd-Br
N >_ Toluene,120°C k\N N Pph,
\

Scheme 1.8 - Synthesis of an adenine NHC by C-X oxidative addition described
by Hahn’s group.

Following earlier work from Santacroce and Messere for pyrimidines, and

considering these results by Hahn, our group described the reaction of
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acetate-protected bromoguanosine with M(PPhs)s (M = Pd, Pt) in toluene or
DMF, affording the corresponding guanosine complexes (Scheme 1.9). Once
the nucleobase is bound to the metal center via C8, it can be protonated

under acidic conditions to yield the corresponding protic NHCs!

O O
N M(PPhy) N I|3Ph3 PPh3
3)4 HN
H)N\ I d—sr o L Dmeer ) M Br
N \N N toluene, N \N N |
2 reflux, 16h 2 PPhs pph3
AcO AcO
(e} o (e}
OAc OAc OAc OAc OAc OAc
M= Pt or Pd M= Pt or Pd
X=Cl or BF,

Scheme 1.9 - Formation of NHC by oxidative addition of guanosine to platinum
or palladium.

Hahn’s group also explored the oxidative addition of purines to
platinum(0) by reaction with 8-bromoadenine or 8-chlorotheophilline
(Scheme 1.10). The authors were able to synthesize NHCs in one step from

both ligand precursors by adding a source of protons to the reaction

mixture39.2°,
NH, NH; H BF4
Pt(PPhs), N PPhs
NZ N\ 3
Pt Br
I\\ | N>—Br Toluene, 120°C k )>_ Ph
N H 3 days
(0] BF,4
PPh3_|
>—C| PP )>—Pt C'
&l\ Toluene, 80°C )\
16 hours

Scheme 1.10 - Oxidative addition of bromo adenine and chlorocaffeine to
platinum.
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More recently, C-H oxidative addition of purinium salts to a metal center
has been explored by our group3'. This approach follows a similar
methodology to that of C-X activation. Prior studies from Cavell showed that
this procedure is not effective to form NHCs from their corresponding

imidazolium salts due to competitive reductive elimination3?

BF, BF,
N/—I Pt(PPh;), PPh_|

[3} [))—Pt PPh
\

Scheme 1.11 - C-H oxidative addition/reductive elimination of imidazolium
salts to Pt(0).

This seems not to be the case for nucleobases and xanthines. An example of
this reactivity is the direct metalation of N7-methyl guanosine, or caffeine to
Pt(PPhs)s, as shown in Scheme 1.12. Accordingly, N7-methyl guanosine

reacted with Pt(0) in DMF at 100°C for the guanosine derivative and at 60°C

for methyl caffeine3%33,
o) [
{ Nk { PPh3_|
Pt(PPhg),
> e o
H,NT SN ah " H,N Pphs
AcO AcO
o o
OAc OAc OAc OAc
o]
/ ! / PPh_l
Pt(PPhs), N >>_Pt )
_—
//]\ >> DMF, 60°C, O)\N
24h | \ PPh3

Scheme 1.12 - Formation of NHC by direct metalation of N7-methyl guanosine.
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The same procedure cannot be used for adenosine, as the most
nucleophilic site of the latter is N1; thus, treatment of adenosine with
methyliodide leads to the formation of N1-methyladenosine, which when
reacted with platinum under the same conditions does not lead to the
formation of a M-C bond.

An alternative route was used to obtain analogous adenosine NHCs. Thus,
8-bromoadenosine was reacted with Pt(PPhs)s to yield the corresponding
neutral complex, which was subsequently methylated at N7 (Scheme 1.13).
Upon metalation, N7 becomes the most nucleophilic position and ensures

selective methylation to yield the corresponding NHC3*,

|
NH, / ]

)\/E Pt(PPhs), )\/E PPh3 Mel N7 | l\)l>_F|’Ph3

N N\ Pt Br Pt-Br
o S Towene, 100C S - bpn, DMA, 100°C S PPh,

AcO AcO AcO
(0] 0 (0]

OAc OAc OAc OAc OAc OAc

Scheme 1.13 - Metalation and methylation of adenosine afforded the
corresponding NHC.

A different approach to obtain an NHC containing adenine was reported
by Houlton’s group® in 1997, where the authors described the synthesis of a
cyclometallated adenine complex (Scheme 1.14). Adenine was derivatized at
N9 with ethylenediamine, resulting in a bidentate ligand precursor capable of
coordinating with the metal center. When the ligand precursor was reacted
with  [(DMSO):H][RuCls(DMSO);], an intermediate was formed,
corresponding to the chelate complex involving the two amine residues
(Scheme 1.14). Following this, cyclometallation allows regioselective C8-H
activation, leading to the formation of a C8-Ru bond.
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Scheme 1.14 - Synthesis of a ruthenium NHC based on adenosine by
cyclometallation.

The same approach was recently reported by Hahn’s group. The adenine was
derivatized at N9 with an ethyl diphenyl phosphine group. The ligand
precursor was reacted with [IrCl,Cp*]2 (Cp*=pentamethylcyclopentadiene) in
toluene at room temperature, leading to the coordination of the phosphine
to the metal center (Scheme 1.15). By heating the obtained complex in
acetonitrile at 100°C, the adenine pending group undergoes cyclometalation

and binds to the metal regioselectively at C83°.

NH, &ié
N [I Cl,Cp*] Ei\l CH5CN
,\L/ , \> relhCpla \> \I _ CHsbN \ )>—Ir
N N\\ p

CI

:
Toluene RT, \CI 100° C
3days K/Pth

PPh,

Scheme 1.15 - Synthesis of a iridium complex featuring a phosphine tethered
adenine based NHC.

Another class of natural purines that, although not incorporated into DNA or
RNA, is relevant for the metabolic route leading to the formation of

nucleobases®’ is xanthines. The natural xanthines are caffeine, theophylline,
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and theobromine, which are purine bases that are methylated at different

nitrogen atoms.

1 N7
HN"6
s
0~ 3N 4°N 9
H
Xanthine
(0] (0] (0]
~ N/ ~ H N/
N N HN
T Y e
o o o
Caffeine Theophilline Theobromine

Figure 1.5 - Natural xanthines.

Similarly, for xanthines there is a propensity for NHC formation. In
particular, in the case of caffeine or theobromine, it is possible to methylate
N9, but modifications beyond methylation and benzylation are difficult to
achieve. Contrastingly, theophylline can first be derivatized with different
groups at N7 and then quaternized at N9 to form the corresponding
xanthinium salts. Given their simple derivatization, there are many examples
of metal complexes bearing NHCs based on this class of compounds. For
example, metalation at C8 of caffeine was achieved by the C-X oxidative
addition by Hahn’s group, as discussed above?®39. In 2021, the same group
reported the oxidative addition of a theobromine derivative (8-bromo-9-
ethyl-theobromine) to palladium or platinum, followed by treatment of the

metal complex with HBF4 to obtain the corresponding NHC32.
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)\ / —_— )\ N )\T H |

Toluene, A O lil PPh3 THF, 1h, RT O PPh3

M= Pt or Pd

Scheme 1.16 - Oxidative addition of theobromine to palladium or platinum.

Taube reported the first NHC based on purines in 1975, exploring C-H
activation catalysed by acid to synthetize xanthine based NHCs. Caffeine,
theobromine and theophylline were reacted with chloropentaammine-
ruthenium(lll) trifluoroacetate under acidic conditions (Scheme 1.17). In the
case of caffeine and theobromine (with N7 occupied by a methyl group),
ruthenium binds the ligand only via C8, while for theophylline, both C and N

complexes are formed34°,

o O
R‘N)‘j[Ng [Ru(CF3CO0)Clo(NHa)s] RNJj[
Y H*
OéI\N N

o}

~

>—Ru(NH3)5Cl,

Iz-_2=z

R=H or Me

Scheme 1.17 - Formation of ruthenium NHC based on xanthine by acid
catalysed tautomerization.

In 1976, Beck's group utilized based assisted deprotonation to synthesize
the first purine-based biscarbene. Methylcaffeine was reacted with mercury
acetate affording the corresponding biscarbene upon deprotonation of
methyl caffeine; in this reaction, the acetate groups coordinated to mercury

act as an internal base 1.
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o 2CIO4
\N)K/EN/ CIO Hg(OAc), Jj[ fL
)\N | ,3>® "DMSO, 80°C >>_H9_<( )\\

| \

Scheme 1.18 - Formation of a Hg biscarbene based on caffeine.

Base-assisted metalation is also frequently employed when theophylline is
used as the ligand precursor. Theophylline is mostly used when it is necessary
to derivatize N7 with substituents other than methyl; this preference is due
to the difficulty of N9-derivatization of caffeine with substituents other than
methyl or benzyl groups due to the reduced nucleophilicity of N74274*, For
example, in 2016, the Movassagh group derivatized theophylline N7 with
polystyrene (Scheme 1.19). The resulting derivative was then reacted with
ethyl iodide to obtain the corresponding azolium salt. The obtained ligand
precursor was reacted with palladium acetate, leading to the formation of a
carbene supported on a solid matrix, with the final aim of creating a

heterogeneous catalyst*.

2\ \ />
Y Y
DMSO, K,CO3 ~ N Pd(OAc) ~ N | N N.__O
Cl o
® - Y e T Ry
® N N N

2) Etl O l\‘l
MeCN

chloromethylated
polystyrene

Scheme 1.19 - Synthesis of a xanthine NHC anchored to a polystyrene polymer.
With xanthines, the most common route for NHC synthesis is
transmetalation from silver NHCs. Access to silver complexes is usually not
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difficult. For example, Young's group reacted methyl caffeine and

methyltheobromine with Ag,0, resulting in the formation of the respective

biscarbene complexes*?

A
Ag20 SN N N NYO X
)\ T
H0 orDMSO | o7 N~ N AN
! 0

X= OSO3CH3 or PF6 L ]
X= OSO3CH3 or PFG

Scheme 1.20 - Formation of a silver biscarbene complex based on caffeine.

Later, Visentin’s group synthesized a series of silver biscarbene bearing
xanthine derivatives, using Young’s procedure (Scheme 1.20). The
compounds were subsequently used to synthesize the corresponding

palladium complexes through transmetalation®®.

Ry 0

N
0
X IR
MeCN:H08:1 N N

R ){/EN’ N_ _N_O
N cl H,0 8:
[ D—ag—( || e AgBF < 4 > - N
O)\N N\% N N *A9BFa * (Pt{ I/Pd) + TPPTS — ) Pd)
\ R o

c STPPT

R=CHj3 or CH,Ph; R‘=CH3 or CHyPh;
R'=CHj or CH,Ph R'=CHj3 or CH,Ph

Scheme 1.21 - Transmetalation route for the synthesis of palladium carbenes
containing caffeine.

In conclusion, many routes have been used for the synthesis of metal
complexes containing nucleobases and their analogues as NHCs, despite this,

there are still many avenues to be explored and studied in greater depth.
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1.3. Medicinal Applications of Metal Complexes based on

Purine and Pyrimidine NHCs.

Metals have been widely used in medicine*’. Silver compounds have been
employed for centuries for microbial infections*® and the discovery and
subsequent use of auranofin for rheumatism* and of cisplatin for cancer
treatment>® were a landmark for modern bioorganometallic chemistry#’.

Due to the high stability of their carbon-metal bond, NHCs are excellent
ligands for metallodrugs. In this regard, the utilization of biologically relevant
NHC precursors such as purines or pyrimidines nucleobases and xanthine is
very appealing. Xanthines have been recognized as therapeutically potent
compounds for the treatment of various conditions ! and are effective in the
treatment of neurodegenerative and respiratory diseases, diabetes and
cancer>?°3,

Youngs's group combined the antimicrobial activity of caffeine with the
antimicrobial activity of silver>*>>. Indeed, silver has established antimicrobial
activity and is often used in nanoparticles for this purpose®®>’. Youngs and
collaborators synthesized an NHC incorporating methylated caffeine, which
was subsequently tested on various species representing both gram-positive

and gram-negative bacteria, as well as fungi.
7
Y e
o
O)\N N\ >_
o)

Figure 1.6 - Silver NHC studied by Young’s group with antimicrobial activity.
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In all three cases, the complex exhibited activity in the microgram range,
whereas the activity of the ligand precursor alone was in the milligram range,
revealing the essential role of silver. Furthermore, in vivo tests revealed low
toxicity levels for both complex and methylated caffeine>

Silver carbenes containing xanthines may also have anticancer activity >%
€0, For example, the Willans group reported a set of silver NHCs containing
xanthines and examined their anticancer activity. In both cases, the xanthine
was derivatized with different substituents at N1 or N7 (Fig 1.7). The authors
found that there is a direct correlation between the steric hindrance and the
cytotoxicity of the complexes®® and determined that derivatization with
carborane at N1 renders the complex very active against colon cancer cell

lines>®.

R \ o L
o
N
}Ag OAc A N \ Ag—OAc
)\ O)\N N)\}
\

R= Bn or nBu or Ph or Me
R'=Me or C,H,OH

Figure 1.7 - Compounds tested for their anticancer activity by Willans’s group.

Casini’s group®°® reported a series of gold NHCs based on caffeine and
theophylline (Fig 1.8)%°. Among these compounds, the methylcaffeine
biscarbene was found to be particularly active in two ovarian cancer cell lines
(A2780 and the doxorubicin-resistant cell line A2780/R). Interestingly, this
complex is selective for ovarian cancer and almost nontoxic to a

noncancerous cell line, as shown by ex vivo studies.
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Figure 1.8 - Gold compounds tested for their anticancer activity by Casini’s
group.

Other examples of anticancer compounds based on a caffeine NHCs were
reported by Ott’s group, who developed platinum, ruthenium and rhodium

carbenes based on this compound.

] 2PFs cl . 2PFg 7] PFs o 7 PFe
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Figure 1.9 - Complexes tested by Ott’s group for their anticancer activity.

Regarding the platinum complexes, the authors compared the activities of
four different complexes, two of which were coordinated via C8 of methyl
caffeine and two of which were coordinated via N1 of theobromine (Fig 1.9).
This study revealed that coordination via C8 increased the cytotoxic activity
against breast cancer cell lines (MCF-7 and MDA-MB-231) and against a colon

adenocarcinoma cell line (HT-29 colon). The rhodium and ruthenium
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complexes were tested on human neuroblastoma (IMR-32), human
hepatoma (HepG2), human breast cancer (MCF-7 and MDA-MB-231), human
colon carcinoma (HCT-116), human pancreatic cancer (Panc-1), and human
prostate adenocarcinoma (LNCaP) cell lines. The rhodium complex shows
promising activity, yet the ICsg is not higher than that of cisplatin®-8,

Finally, palladium complexes bearing NHCs based on xanthines were
studied by Visentin's group, who tested these complexes (Fig 1.10) on two
ovarian cancer cell lines (A2780 and the cisplatin resistant SKOV-3). The study
demonstrated that all the complexes displayed good activity on the
cisplatinum-sensitive cell line, but the monocarbenes exhibited greater
cytotoxicity on the cisplatinum-resistant cell line. The toxicity of the
complexes was also tested using normal human fibroblasts, and the resulting

compounds were found to be poorly toxic*®.

R
\ 0
N Ry 2 0 &
O# N /R R ,
N /_)N/R O% / )N N \ L
/ N O
/N/kpd)) / ',\l)\Pd/(QN N\
i —"
STPPT ~ |
R= CHs or CH,Ph R= CHs or CH,Ph
R'= CH3 or CHoPh R'= CHs or CH,Ph

Figure 1.10 - Compounds tested for their anticancer activity by Visentin’s
group.

Regarding nucleobases and the medicinal applications of their
corresponding NHCs there are much less reported examples as compared to
xanthines. In this regard, our group was among the first to explore the
antitumour activity of guanosine-based NHC carbenes containing platinum

and palladium (Fig 1.11)'*33. This work demonstrated that guanosine
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derivatives with palladium or platinum as the metal center are active in
glioblastoma cell lines U251 but nontoxic to healthy cells'. Other guanosine
complexes bearing an hydride were also tested (Figure 1.11). An examination
of the relationship between the structural activity and the antiproliferative
activity showed a hindering side chain at N7, and the presence of a hydride
trans to the NHC led to enhanced cytotoxicity. Furthermore, mechanistic
studies have shown that these complexes foster the induction of reductive

stress33, thus operate through a mechanism that is different from that of cis-

platin.
o ] o »/ o
HN N PPhs PPhy
s ) Pt-H )\ >—PtH
H,N” N7 "N Pph, H,N PPh3
HO HO
o] 0
OH OH OH OH
o
o B
N Pph
HN | N s

) M—Br
H2N SN N PPhg

R

OH OH
M= Pt or Pd

Figure 1.11 - Platinum complexes bearing guanosine NHCs.

Finally, concerning pyrimidines, the uridine compounds described earlier (Fig
1.2), even if are not NHCs, have been evaluated for their antitumour
activity?’. Both complexes of uridine and deoxyuridine were tested in
glioblastoma cell lines and found to be highly toxic, but their safety profile is

not ideal since they show a high degree of toxicity toward non tumorous cells.
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Figure 1.12 - Platinum complexes based on uridine.

Given the critical need to develop new compounds that are
pharmacologically active both as antimicrobial agents and as anticancer
agents and considering the importance of organometallic chemistry in this
discovery, this thesis focuses on the synthesis of new organometallic
compounds containing carbenes derived from nucleobases or nucleobase

analogues (xanthines) and the assessment of their pharmacological activity.
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CHAPTER 2

NICKEL N-HETEROCYCLIC CARBENE COMPLEXES BASED
ON XANTHINES: SYNTHESIS AND ANTIFUNGAL ACTIVITY

ON CANDIDA SP.
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2.1. Introduction

In recent decades, a drastic increase in invasive fungal infections (Fls) has
been observed, and these infections represent a global health threat®-72,
There are three main reasons for this Fl intensification’3. First, fungi, like
mammals, are eukaryotes, and many of their proteins acknowledged as
targets for antifungal therapy are also found in humans, considerably
decreasing selectivity’?. Second, even drugs with better specificity for
pathogens have become less efficient in recent years due to extended use
and the consequent selection of highly tolerant fungi’. Third, while the vast
majority of fungal pathogens are opportunistic pathogens, they can be life-
threatening pathogens in immunocompromised patients; as such, the
increased use of immunosuppressive therapies for cancer and organ
transplants strongly correlates with the increasing incidence of FIs’>. Candida
sp., an opportunistic fungal pathogen, causes more than 70% of all
nosocomial Fls. Among these, infections caused by C. albicans remain the
most common, but the incidence of C. glabrata infections is increasing due

to its reduced response to azole-based antifungals’®78.

Azole-based antifungals are a class of antifungal agents containing an
aromatic heterocycle that includes at least one nitrogen atom (the simplest
heterocycle being pyrrole) and typically an additional heteroatom (nitrogen,
sulfur, oxygen)’®. The first azole-based antifungal drug introduced in the
market was chlormidazole, which was initially used to treat superficial
mycosis.8% In 1989, the first oral azole-based medication, ketoconazole, was

released’?20,
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However, despite being recognized as the pioneer of second-generation
azoles, ketoconazole has several side effects, low selectivity, and was not
consistently effective®!. This led to the search for new azoles as antifungal
agents and to the discovery of one of the most common antifungal agent
used today, fluconazole’®. Fluconazole differs from previous antifungal agents

by incorporating a triazole ring instead of an imidazole’?8982784,
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Figure 2.1 - Relevant azole-based drugs.

Azole-based antifungals act by interfering with ergosterol synthesis,
namely, by blocking the enzyme responsible for the conversion of lanosterol
and thus disrupting the composition of the cell membrane, which results in
the inhibition of cell growth and replication®>8¢. However, fungi possess
mechanisms to counteract the action of azoles, leading to resistance.
Resistance to azoles can manifest in various ways, such as increasing the
activity of efflux pumps that expel the drug and reducing its intracellular

concentration. Additionally, resistance can arise from an increase in the
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metabolic synthesis of the targeted enzyme or from morphological

modification of the enzyme structure to reduce its affinity for the drug®’8.
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Figure 2.2 - Schematic representation of the mechanisms of resistance to
azole-based drugs®.

Some fungal species can be intrinsically resistant, also known as primary
or innate resistant, which means that the organism is naturally resistant to
antifungal agents. Conversely, in other cases, resistance appears to be
acquired (secondary resistance), which means that the organism has rapidly
adapted to counteract the action of the antifungal agent®>°°. For example, C.
glabrata exhibits innate resistance (primary resistance), a characteristic
contributing to its ability to overcome C. albicans infections in many patients
receiving chronic azole treatments. This phenomenon has led to a notable

increase in fungal infections caused by C. glabrata®”#°1. The development of
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novel drugs to fight these C. glabrata infections is thus of utmost

importance®.

The role of compounds containing metals has been central in the last
century since the discovery of auranofin and cisplatin, which paved the way
for the testing of metal-containing compounds in many areas of
medicine®®?*. In recent decades, organometallic compounds have been
explored in the development of antimicrobial and anticancer agents due to
the role that these metals can provide, namely, in coordination and redox

disruption.

In the field of antimicrobial agents, a recent high-throughput screening of
both organic and organometallic molecules for a vast array of microorganisms
has been reported®. This study revealed that the probability of an
organometallic compound exhibiting activity is nine times greater than that
of an organic molecule. Contrary to common belief, despite their enhanced
activity, organometallic compounds are not more toxic than organic
molecules to human cells. Indeed, a compound containing nickel as a metal
centre was found to be particularly active against a particular fungal species,

Cryptococcus deuterogattii®®.

In line with this, the development of NHCs based on bioactive ligands is
particularly promising!®. One such example is xanthines (3,7-dihydropurine-
2,6-diones), such as caffeine, theophylline, and theobromine, which are
purine derivatives widely found in nature®°7°8  Xanthines and their
derivatives have been found to have many pharmacological properties,
interact directly with human receptors, or inhibit microbial chitinase and

enhance the activity of common antimicrobial agents®™19%. Xanthines can
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easily form N-heterocyclic carbenes upon suitable modifications'®?, as

discussed previously. Indeed, complexes bearing NHCs based on xanthines
have been shown to be effective as anticancer agents'®?71% and antimicrobial
agents®*>. In this chapter, the synthesis of nickel complexes bearing NHC

ligands based on xanthines and their activity on Candida yeasts are described.

2.2. Results and Discussion

2.2.1. Synthesis of Xanthinium Salts

Ligand precursors were synthesized using caffeine and theophylline as
starting materials. Caffeine was methylated using a previously established
procedure with methyl iodide (Scheme 2.1a)°’. Modifications beyond
methylation are difficult to attain due to the lower nucleophilicity of N9 when
compared to imidazole derivatives*>#4. For this reason, we opted to modify
N7 starting from theophylline (Scheme 2.1b). Theophylline was reacted with
isopropyliodide, octyliodide or allyloromide in the presence of a base and
subsequently quaternized with methyliodide, yielding compounds 3a, 3b and
3cin 59%, 26% and 21% yield, respectively. The methylation of compound 2¢
was more challenging because the compound undergoes degradation and

forms an oil that is difficult to purify.
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Scheme 2.1 - Synthesis of ligand precursors 1-3.

To overcome this, the reaction conditions were modified by reducing the
temperature to 70°C and increasing the amount of methyl iodide used,
affording 3c in 29% vyield. Only iodide was used as a counter ion due to the
greater propensity of halide salts to form more stable nickel Cp
compounds'®®. The compounds were characterized by *H NMR, and a
significant downfield shift at H8 upon methylation was observed for the
xanthinium salts compared to their corresponding precursors (2.40 ppm for
3a, 2.67 for 3b and 1.30 for 3c), in agreement with what has been observed

for imidazolium salts versus imidazole!®.

The synthesis of bis-xanthinium salts was also pursued, aiming to obtain
the corresponding bis-NHC compounds. Accordingly, theophylline was first
reacted with diiodomethane in DMF in the presence of K,COs3 (Scheme 2.2)

for 18 hours. The success of the reaction was confirmed by 'H NMR, where
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the ratio of the CH; linker group to the methyl groups of theophylline was
2:6.

N1 and N3- CH;

N9- CH,
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Figure 2.3 - 'H NMR spectrum of compound 4.

Several subsequent attempts to methylate and quaternize bis-theophylline
were performed with methyl triflate. However, under these conditions, only
the monomethylated compound was obtained (Scheme 2.2). The formation
of the monomethylated compound was evident from *H NMR due to the loss
of symmetry of the xanthine rings in the final compound, in which the methyl
signals of the xanthine backbone and H8 resonate at different ppm. In
compound 4, the methyl groups and the two H8 protons of the theophylline
moiety are magnetically equivalent, while in compound 5, the H8 proton of
the methylated xanthine undergoes a downfield shift of 1.25 ppm, while the

49



H8 proton of the unmethylated ring remains essentially unchanged. We were

unable to induce full methylation of 4; thus, metallation was not attempted.

_KCO;
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NP k\N N s SN KN N
Scheme 2.2 - Synthesis of the dixanthine 4 and dixantinium salt 5.

We then considered the derivatization of theophylline with 2-
bromomethyl pyridine to allow for the formation of bidentate ligands since
the formation of the bis-xanthinium salt was unsuccessful. Thus, theophylline
was reacted with 2-bromomethyl pyridine in DMF in the presence of K,CO3
(Scheme 2.3). The reaction was successful (yield 64%), as confirmed by *H
NMR in which the pyridine protons resonate at 8.48 (Hq), 7.78 (Hy), 7.30 (Ho)
and 7.25 (Hg) ppm. The CH; linker resonates at 5.59 ppm, and the
theophylline signals are found at 7.95 ppm for H8 and at 3.44 and 3.16 ppm
for the two CHs. Subsequent methylation was more complex since the
pyridine nitrogen competes with the N9 of theophylline, which was found to
be less nucleophilic, thus yielding compound 8. The methylation of the
pyridine ring was confirmed by *H NMR, in which a shift was observed for the

Ho of the pyridine, from 8.49 ppm to 9.09 ppm.
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Scheme 2.3 - Synthesis of compound 6 and attempts at methylation at the
xanthine ring.

To circumvent this problem, nitrogen protection of pyridine with meta-
chloro-perbenzoic acid (m-CPBA) was performed, yielding compound 9 in
quantitative yield (Scheme 2.4), in which the pyridine ring was oxidized, as
confirmed by a slight shift upfield of the Ha of the pyridine ring (from 8.49 to
8.34 ppm) in 'H NMR. Compound 9 was then methylated with trimethyl
oxonium tetrafluoroborate in dichloromethane at room temperature.
Pyridine deprotection was subsequently performed with molybdenum
hexacarbonyl, leading to the formation of compound 11 in very low yields
(10%) after purification by chromatography. Characterization of compound
11 by 'H NMR revealed that H8 underwent a downfield shift typical of N9
methylation, from 8.20 ppm to 9.53 ppm, thus confirming the success of the
reaction. Nevertheless, due to the number of synthetic steps required for the
synthesis of 11 and the very low yields obtained, the reactivity of this

compound with nickel was not examined.
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Scheme 2.4 - Synthesis of compound 11.

Xanthines are purines and bear similarities with purine nucleobases. With
the aim of evaluating the reactivity of purine nucleobases, ligand precursors
based on guanine were also synthesized. Guanine was selected due to the
facile derivatization of N7, which is the most nucleophilic position, in contrast
to adenine, for which N1 is more nucleophilic3*. Dimethyl guanine and methyl
guanosine were synthesized from the corresponding precursors by
methylation in DMF with methyliodide, following procedures previously

employed by our group®’3!

. In the case of guanosine, methylation is
preceded by protection at the ribose ring by an acetate group to avoid side
reactions!!. Additionally, we considered the use of guanosine-based
compounds such as acyclovir. Acyclovir is a commonly used nucleoside
analogue that is widely employed as an antiviral agent, act blocks the DNA

synthesis of the virus and. Acyclovir was first methylated with dimethyl

sulfate since earlier attempts to achieve methylation with methyliodide were
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not successful. The hydroxyl group was then protected with acetate,

providing compound 16 in 70% vyield.
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Scheme 2.5 - Synthesis of guanosine derivatives as ligand precursors: a)
dimethylguanine, b) N7-methyl guanosine, and c) N7-methyl acyclovir.

The success of the reactions was confirmed by 'H NMR spectroscopy for
compounds 12 and 14, which is similar to the chemical shifts previously
reported!3!. For compound 16, the acyclovir derivative, methylation leads
to a new signal for the methyl group at 4.02 ppm, and H8 resonates at 9.36
ppm. During the protection of acyclovir, the excess of acetic anhydride used
in the reaction mixture leads to an exchange of the counter anion from

sulfate to acetate, as confirmed by the corresponding signal at 3.37 ppm.

In summary, we successfully synthesized seven ligand precursors

comprising methyl caffeine and theophylline derivatives bearing an isopropyl,
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anoctylandan allyl group at N7, and guanosine derivatives dimethyl guanine,

N7-methyl guanosine and methyl acyclovir.
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Figure 2.4 - Ligand precursors successfully synthetized.

In addition to these compounds, we also attempted to synthesize two other
derivatives of theophylline: one containing two theophylline molecules linked
by a CH; bridge and another derivatized with a methyl pyridine. The former
was not successfully methylated, while methylation of the latter was obtained
in very low yields. The ligand precursors displayed in Figure 2.4 were
examined for their reactivity with nickelocene, which will be discussed in the

following section.
2.2.2. Synthesis of nickel complexes bearing methyl caffeine N-

heterocyclic carbenes.

The nickel NHC complexes were synthesized following previously

described procedures employed for imidazolium®®1® and triazolium
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saltst12117.118 Thys, methylcaffeine 1 was reacted with nickelocene at 100°C
for 2 hours in DMF. Analysis of the mixture by M NMR spectroscopy
confirmed the disappearance of H8 at 9.27 ppm and the formation of a
mixture of two compounds in a 4/1 ratio, as indicated by the integrals of the

corresponding CH3 protons.
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Scheme 2.6 - Synthesis of compounds 17 and 18.

Further NMR analysis indicated the formation of mono- and bis-carbene
complexes, as indicated by the ratios of the integrals of the Cp protons
and those of the methyl groups of the xanthine ligand, with a 1/1 ratio
for monocarbene and a 1/2 ratio for biscarbene. Liquid—liquid extraction
was performed by adding water and DCM to the mixture in DMF,
allowing for the separation of the two complexes. Specifically, the
biscarbene 18 is soluble in a water/DMF mixture, allowing it to migrate
into the aqueous layer, while monocarbene 17 remains in the organic
layer.
Characterization of compound 17 by *H NMR in CDCls showed the Cp
ligand at 5.38 ppm, with the four methyl groups of xanthine (4.69, 4.49, 3.80
and 3.36 ppm) at a 3:5 ratio with respect to Cp. For compound 18, the Cp

ligand resonates at 5.51 ppm, with the methyl groups of the caffeine moiety

55



at 4.71, 4.38, 3.96 and 3.33 ppm and a ratio of 6:5 for Me:Cp. According to
the 13C{1H} NMR spectra, the carbenic carbon C8 in monocarbene 17
resonates at 179 ppm and at 189 ppm for biscarbene 18, in agreement with
values found for similar complexes''®11 The formation of a biscarbene
under these conditions is not unusual and has been reported previously for

imidazolium and triazolium salts!?2119,

To evaluate the conditions under which the biscarbene 18 is formed, the
reaction was monitored by H NMR, and the kinetic profile of the reaction
was studied (Figure 2.5). The cyclopentadienyl anion acts as an internal base
to deprotonate the C8-H of methyl caffeine, which then binds to the metal
center. Upon protonation, the four protons of the dienic system show peaks
at 6.57 and 6.47 ppm. The formation of two complexes is clear from the
signals of the cyclopentadienyl groups of both complexes (at 5.44 ppm for
monocarbene and at 5.76 ppm for biscarbene), even at t=0, measured a few
minutes after preparation. After 30 min, biscarbene 18 was already present;
thus, it started to form prior to total consumption of the ligand precursor.
After 2 h, the ligand precursor is already consumed, indicating the formation
of mono- and bis-carbene at a 4:1 ratio. After four hours, the spectrum
becames less clear and with lower resolution, probably due to the formation
of paramagnetic species, but the presence of both mono- and biscarbene
was evident. Further heating of the mixture shows that after the total
consumption of the starting material, the concentration of 18 continues to
increase. This increase was concomitant with the decrease in the

concentration of monocarbene 17.
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Figure 2.5 - IH NMR spectrum of the reaction of compound 1 with nickelocene
in DMF-d;, at 100°C at different times.

This is evident from the graphic in Figure 2.6, which shows that the
concentration of 18 increases with the decreasing in the concentration of
17. Additionally, after approximately 8 hours, a plateau in the formation
of both complexes is reached, probably indicating that the maximum

conversion to compound 18 has been achieved.

57



100

m= Methyl caffeine

g 80
3 o= Complex 17
=3 [ S
§ 60 - -e————  (monocarbene)
k]
2 0 A =Complex 18
I , A————— i
Z A— (biscarbene).
@ "
<
& 204
04 —a n n
T T T T T T
0 2 4 6 8 10

Time (hours)

Figure 2.6 - Variation of concentrations of the compounds 1, 17 and 18 with

time

The reaction was also monitored at 80°C under less concentrated
conditions to determine whether the formation of biscarbene could be
avoided. By decreasing the temperature and the concentration of the initial

mixture, the formation of biscarbene decreased.

Methyl caffeine was also reacted with nickelocene using a microwave reactor,
but the reaction was not successful, probably because the conditions

required to achieve an inert atmosphere were not ideal.
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2.2.3. Synthesis of Nickel complexes bearing NHCs derived from

theophylline.

The theophylline derivatives 3a and 3b were subjected to similar reaction
conditions to those applied for methyl caffeine 1. Compound 3a was reacted
in DMF at 100°C, resulting in a mixture of compounds. The 'H NMR spectrum
of the final mixture, obtained by precipitation with ether and subsequent
filtration, was difficult to interpret due to poor resolution, probably resulting
from the presence of paramagnetic byproducts. Despite this, the presence of
more than one compound was evident. Due to the absence of the
corresponding peak relative to H8 of the starting material 3a, one of the
compounds was hypothesized to be a carbene. The mixture was then purified
by chromatography, after which it was possible to isolate the two
compounds. One of the compounds was monocarbene complex 19, and the

other was demethylated ligand 2a (Scheme 2.7).
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Scheme 2.7 — Reaction of 3a with nickelocene.
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Figure 2.7 - 'H NMR spectrum of compound 2a resulting from demethylation

The formation of compound 2a results from demethylation of the ligand
precursor, most likely as a consequence of the generation of free carbene, as
observed by Bertrand and Albrecht for imidazolium*?° and triazolium salts*?

7
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Figure 2.8 - Formation of the demethylated side-product.

Compound 19 was also analysed by NMR spectroscopy in CDCls. According to
the H NMR spectrum, the Cp ligand resonates at 5.38 ppm, and the rotation

of Ni-xanthine is hindered. In complex 19, this is reflected by the splitting

60



pattern of CHs of the isopropyl moiety, which results in two doublets at 1.72
and 1.68 ppm. According to the '3C{*H} NMR data, the carbenic carbon
resonance resonates at 177.8 ppm, with a shift of 1.2 ppm with respect to

that of complex 17.

The reaction progress and formation of the demethylated compound were
monitored by *H NMR (Figure 2.9). Like what was observed with methyl
caffeine, the H8 signal at 9.77 ppm was used to determine the consumption
of the starting material. In general, the broad singlet at 6.72 ppm,
corresponding to the proton of the isopropyl CH group, increased
concomitantly with the two signals corresponding to free cyclopentadiene (at
6.57 and 6.47 ppm). As can be observed, compound 2a starts to form after 1
h (the H8 peak at 8.24 ppm). The starting material 3a is still available prior to
demethylation. This finding agrees well with what was reported for similar
systems where demethylation occurs''>1?°. Most likely, the free carbene
undergoes demethylation before reacting to form a biscarbene, which could
be due to a slower rate of reaction with monocarbene 19. This could also be
the result of the steric hindrance imposed by the N7 substituent . Indeed, the
formation of the biscarbene, could be hindered due to the difficulty in
accommodating two xanthine ligands with bulky substituents at N7, such as

an isopropyl.
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Figure 2.9 - IH NMR spectrum of the reaction of compound 1 with nickelocene
in DMF-d; at 100°C at different times..

Following these results, the reaction was performed at 60°C. Decreasing

the reaction temperature to 60°C prevented the formation of the

demethylated product 2a and increased the yield of the reaction from 15%

to 39%, even though it required longer reaction times (from 16 hours to 72

hours).

The same strategy was employed for compound 3b. Nickelocene was

reacted with 3b directly at 60°C, affording compound 20 (Scheme 2.8).



Increasing the temperature leads to significant decomposition, and a mixture
of unidentifiable products is obtained. At 60°C, some decomposition was
observed, but the major compound was monocarbene 20. The formation of

biscarbene or a demethylated compound was not detected.

1

Scheme 2.8 - Synthesis of compound 20.

Characterization of complex 20 was performed by 'H NMR and BC{1H}
NMR in CDCls. The signal corresponding to the Cp ligand can be observed at
5.37 ppm. Additionally, the rotation around the Ni-C8 bond appears to be
hindered by the octyl side chain. The hindered rotation is evidenced by the
inequivalence of the N-CH; protons, which exhibit an AA'BB’ system pattern
for the NCH,CH> group, with signals at 5.05 and 4.81 ppm. As for the 3C{*H}
NMR data, the carbenic carbon resonates at 178.0 ppm, closely resembling

the values observed for complexes 19 and 17.

The remaining theophylline derivatives 3¢ and 6 were also reacted with
nickelocene. For allyl derivative 3¢, the reaction was conducted in DMF at
100°C (Scheme 2.9), and samples of the reaction mixture were periodically

analysed to monitor the ongoing reaction. Nevertheless, the H NMR
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spectrum had poor resolution, probably due to the presence of paramagnetic
side products, as noted previously. Several attempts to separate the mixture
through chromatography were performed, but no identifiable product was
obtained. Possible outcomes of this reaction were the formation of the Ni-
NHC compound, as for the previous theophylline derivatives, and/or the
formation of a cyclometallated compound where the allyl moiety coordinates
with the nickel centre via a double bond (Scheme 2.9). A similar compound
has been reported in the literature for an imidazole analogue®?!, but in the

case of 3¢, no such compound was observed.
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Scheme 2.9 - Attempt of synthesis of complexes 21 and 22.

The reactivity of compound 6 with NiCp, was also investigated. After 24
hours at 100°C in DMF (Scheme 2.10), the reaction mixture changed from a
intense green typical of nickelocene to a bright purple suspension. However,
attempts to isolate any compound from the suspension were unsuccessful,

as was the case for the allyl derivative 3c.
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Scheme 2.10 - Attempt of synthesis of complex 23.

Our working hypothesis was that coordination with pyridine nitrogen could
facilitate the formation of a bidentate ligand, also promoting the formation

of a Cs-Ni bond, but no such compound was observed in the crude reaction.

2.2.4. Synthesis of nickel complexes bearing NHCs derived from

guanine.

The guanine derivatives 12, 14 and 16 were also reacted with nickelocene.
With dimethyl guanine 12 and N7-methyl guanosine 14, the reaction was first
performed under the same conditions used for the xanthine precursors (in
DMF at 100°C). For dimethyl guanine 12, *H NMR analysis of the reaction
showed that no reaction with nickelocene occurred, and the guanine
compound was recovered completely. For N7-methyl guanosine 14, analysis
via 'H NMR of the crude reaction showed degradation of the ligand precursor,
and the formation of nickel-guanosine compounds was not observed. The
degradation of methyl guanosine was associated with high temperature, as
noted previously for reactions with platinum with the same ligand

precursor3l. Lowering the reaction temperature to 50° still leads to partial
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degradation of the ligand precursor. The reaction was repeated several times
using different solvents for both methyl guanosine and dimethyl guanine.
First, the solvent was changed from DMF to toluene, and the reactions were
performed at 100°C. These reactions led, again, to degradation of the starting
material, which contrasts with the reactivity of this ligand precursor with
Pt(PPhs)s under the same conditions®!. A second attempt was performed in
THF at 70°C. Also in this case, for both dimethyl guanine and N7-methyl
guanosine, no reaction occurred. Finally, the two ligand precursors were
reacted with nickelocene in dioxane at 90°C. Analysis of the crude product by
'H NMR revealed a spectrum with poor resolution, in which it was possible
to observe the H8 peak of the ligand precursor, indicating that most of the
ligand was still intact and that the expected carbene was not formed. All

these reaction conditions are summarized in Table 2.1.
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Scheme 2.11 — Reaction of guanine derivatives 12 and 14 with nickelocene.
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Table 2.1 — Reaction conditions tested for the reaction of compounds 12 and
14 with nickelocene (NR= Not Reacted).

Solvent Conditions Products
DMF 0.1 M; 100°C NR
DMF 0.03 M; 50°C NR
Toluene 0.02 M; 100°C NR
THF 0.16 M; 70°C NR
Dioxane 0.1 M; 90°C NR

Similar results were obtained with methylated acyclovir 16. Compound 16
was reacted with nickelocene in DMF, and K| was added to the reaction as a
halogen source, with the aim of providing a coordinating anion, similar to the
other nickel compounds. The reaction was first performed at 100°C, and 'H
NMR analysis revealed mostly starting material and some impurities,

suggesting degradation with temperature, as observed for methyl guanosine.
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Scheme 2.12 - Reaction of compound 16 with nickelocene.
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When the temperature was decreased to 70°C, no improvement was
observed. The formation of complex 26 was therefore not successful, as was

the case for methyl guanosine and dimethyl guanine.

The reactivity observed among the three guanosine derivatives probably
reflects the distinct electronic distributions between guanine and xanthine
derivatives. This discrepancy may arise from the presence of a more oxidized
ring in xanthines, the different substitution patterns of the purine ring, or a
combination of both factors. Interestingly, previous studies by our group on
dimethyl guanine and methyl guanosine with platinum(0) precursors have
shown that these compounds can react by oxidative addition even more
effectively than imidazolium salts but fail to react via base-assisted

deprotonation with iridium or through transmetalation31,
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Scheme 2.13 - Reaction of methy! guanosine with platinum(0).

In the next chapter, the reactivity of 7-methylguanosine with gold via base-
assisted deprotonation will be discussed. Clearly, these compounds are highly

sensitive to the reactivity of the metal itself and the conditions employed.
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2.2.5. Solid-state Structure of the Nickel Complexes.

Crystals of complexes 17 and 19, suitable for single-crystal X-ray
diffraction, were obtained by slow evaporation of their corresponding
CH,Clo/Et20  solutions, allowing unambiguous determination of their
molecular structure. Figures 2.10 and 2.11 depict their ORTEP diagrams, with
the most relevant bond distances (A) and angles (°) reported in Table 2.2. The
molecular structures of complexes 17 and 19 are very similar, presenting a
Ni(ll) centre bonded to an iodide ligand, a n>-ciclopentadienyl (n°>-Cp) group
and a purine ligand. The geometry around the metal centre can be described
as a slightly distorted trigonal plane, considering that the n>-Cp ring centroid,
the iodide and the carbenoid atom C8 of the purine are located at the vertices

of the triangle.

Figure 2.10 - ORTEP representation of complex 17, using 50% level ellipsoids.
Hydrogen atoms are omitted for clarity.

In fact, the sum of the bond angles between these ligands is ca. 360°, but

there are deviations from the ideal 120° bond angles, as, for example, in the
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I1-Ni1-C8 angles (96.4(4)° for 17 and 96.54(7)° for 19). The dihedral angles
® between 11-Ni1-C8 and the n>-Cp plane are similar at 17 and 19°, with
values of 87.7(6)° and 89.40(13)°, respectively (Table 1). On the other hand,
when comparing the dihedral angles @ between 11-Ni1l-C8 and the caffeine
plane in both complexes, it is possible to observe a difference of
approximately 10° (79.0(3)° for 17 and 89.76(6)° for 19). However, in the case
of the dihedral angle y between the 1°-Cp and caffeine planes, this difference
decreases to ~5°(35.4(5)° for 17 and 40.38(11)° for 19). Ni1—C8purine and Nil—
11 are 1.865(15) A and 2.503(2) A in 17 and 1.870(3) A and 2.4993(4) A in 19,
comparable to other [Ni(n>-Cp)(NHC)I] derivatives already reported in the

literaturell4-116,
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Figure 2.11 — ORTEP representation of complex 19, using 50% level ellipsoids.

Hydrogen atoms are omitted for clarity.
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Table 2.2 - Selected bond distances (A) and angles (<) for complexes 17 and 19.

17 19
Bond distances
Ni1—I1 2.503(2) 2.4993(4)
Ni1l-C8 1.865(15) 1.870(3)
Nil—C14 2.084(17)
Nil-C15 2.128(15) 2.114(3)
Ni1-C16 2.153(16) 2.053(3)
Nil—-C17 2.108(14) 2.141(3)
Nil—-C18 2.173(16) 2.119(3)
Ni1—C19 2.155(3)
Bond angles
11-Ni1-C8 96.4(4) 96.54(7)
C8—-Ni1-E1° 99.7(6) 97.59(12)
C8-Ni1-E2° 98.2(5) 100.05(10)
o° 87.7(6) 89.40(13)
ol 79.0(3) 89.76(6)
ye 35.4(5) 40.38(11)

9 E1 corresponds to C14 (17) or C16 (19); ® E2 corresponds to C17 (17) or C18 (19); ¢
dihedral angle between 11-Ni1—C8 and the 1°-Cp plane; 9 dihedral angle between 11-Ni1—C8

and the caffeine plane; ¢ dihedral angle between the 1°-Cp and caffeine planes.
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2.2.6. Antifungal activity of the complexes.

The antifungal activity of all the nickel compounds (17-20) was tested on
the medically relevant yeasts Candida albicans and Candida glabrata. The
activity was evaluated by measuring the minimal inhibitory concentration at
50% (MICsp), which corresponds to the lowest concentration of a compound
in a medium that inhibits the growth of 50% of the population of the
microorganism. The MICso range was determined according to CLSI guidelines
after 24 and 48 h'?2. Nickel acetate and potassium iodide were tested as
controls. For reference, to ascertain the role of the xanthine moiety, two
NHCs based on imidazole (27) and benzimidazole (28), previously reported
by Crabtree’s group, were also examined, as was fluconazole, a common

antifungal currently used in the clinic.

The compounds were serially diluted in DMSO, and 5 ul was added to the
wells of a 96-well plate containing 95 pl of RPMI medium. The compound
concentrations ranged from 2.5 mM to 4.9 uM. Cellular suspensions of C.
glabrata or C. albicans (3x103 cfu/ml) were prepared from fresh cultures
grown overnight on YPD agar medium, and 100 ul was added to each well.
Growth in RPMI medium was recorded after 24 and 48 h at 30°C (Candida
albicans) or 37°C (Candida glabrata) by measuring the OD600. The growth
conditions without drugs but with solvent (mock control) were used as the
normalization condition after background (in RPMI medium) subtraction. The
MIC was defined as the drug concentration range where the relative OD600
fell below 50% of the mock control. At least three independent assays were

performed for each compound and strain.
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Figure 2.12 - Nickel compounds evaluated for antifungal activity.

With the exception of compound 18, all the nickel complexes were active
against C. albicans and C. glabrata (Table 2.3). Monocarbenes 19 and 20 were
similarly active against both yeasts, while 17 and 18 were more effective
against C. glabrata. All the nickel NHC complexes had greater antifungal
activity than did their ligand precursors (MICs of 1-17, 1-18, 3a-19 and
3b-20), which were generally not active (except for 3b). Variation in the side
chain at position N7 did not seem to significantly influence antifungal activity

(MICs of 17, 19 and 20).
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Table 2.3 - Minimum inhibitory concentration (MIC) of nickel complexes 17-20,

27, 28 and the corresponding ligand precursors.

MICso (LM)
C. glabrata C. albicans

Compound 24 h 48 h 24 h 48 h

1 625-312.5 NA NA NA

3a 625-312.5 NA NA NA

3b 312.5-156.25 312.5-156.25 1250-625 2500-1250

17 78-39 156.25-78 156.25-78 625-312.5

18 78-39 156.25-78 1250-625 NA

19 78-39 312.5-156.25 156.25-78 312.5-156.25

20 39-19.5 156.25-78 78-39 312.5-156.25

27 78-39 312-156.25  312.5-156.25 625-312.5

28 78-39 156.25-78 156.25-78 312.5-156.25

Fluconazole 26-13 52-26 1.6-0.8 1.6-0.8

Ni(OAc), 156.25-78 312.5-156.25 625-312.5 1250-625

NA —not active

Interestingly, biscarbene 18 was strongly active against C. glabrata and
was only slightly active or not active after 24 h and 48 h, respectively, for C.
albicans. Seemingly, the presence of more than one NHC ligand and/or the
influence of the overall charge of the nickel cation yields a selective antifungal

compound for C. glabrata. This could imply different mechanistic effects of
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this compound on different Candida sp. strains. Such specificity is highly
important given that C. glabrata strains are less susceptible to available

antifungal drugs used to treat invasive candidiasis®?3

. When examining the
activities of compounds 27 and 28, we observed that their antifungal
behaviors were similar to those of compounds 17, 19 and 20, with compound
27 being the least active of the series for C. albicans. Thus, the antifungal
activity cannot be specifically ascribed to the xanthine moiety and is probably
the result of the nickel-NHC connectivity. Finally, nickel acetate was used as a
control, and after 24 hours, at concentrations equimolar to or greater than
those of the other tested compounds, it was effective against C. glabrata and
C. albicans but was far less effective for the latter. The antifungal activity of
fluconazole was greater than that of the other tested agents. We
nevertheless emphasize that several mechanisms of resistance are known to

exist for fluconazole and that the development of effective alternatives is

highly important.

2.2.7. Toxicity of the nickel complexes to human cells.

We also tested the cytotoxic effects of the complexes on Hela cellst?412>,
The lowest concentration of nickel acetate tested (39 uM) reduced the
viability of the Hela cells by 30%. Complex 20 strongly affected cell viability
by almost 100% when concentrations near the MIC were used for C. glabrata
(Figure 4). Complex 27 decreased cellular viability by almost 50%, while for
complex 19, cellular viability was affected by 20 to 30% for concentrations

within the range of the corresponding MIC for C. glabrata. Seemingly,
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increasing the number of carbons in the substituent at N7 leads to a

significant increase in cytotoxicity in Hela cells.
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Figure 2.13 - The cytotoxicities of compounds 17, 18, 19, 20, 27, 28 and
Ni(OAc), toward Hela cells was evaluated after 24 h (A) and 48 h (B).

Cellular viability was assessed using the MTT assay, and the values are

expressed as the percentage of viable cells relative to the untreated control.

Complex 18 showed the lowest cellular toxicity, with a reduction in cell
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viability of 20% at all the concentrations tested. For concentrations in the
range of the C. glabrata MICso(78-39 uM), the complex toxicity remained low
even after 48 h of treatment (Figure 2.13). Therefore, of the series of
compounds tested, complex 18 is the most promising because it has specific
antifungal activity against C. glabrata combined with lower toxicity toward

human cells.

2.3. Conclusions

In summary, a series of nickel complexes, 17-20, were synthesized. Methy!|
caffeine vyields mono- and bis-carbene nickel complexes, whereas
theophylline derivatives, with isopropyl and octyl substituents at N7, yield
only monocarbene complexes. The theophylline derivatives bearing an allyl
substituent or the benzyl pyridine substituent did not lead to the formation
of a nickel complex, and the same occurred when guanosine derivatives were
used as ligand precursors. All the complexes were tested for antifungal
activity, and complexes 17, 19 and 20 were found to be active as antifungal
agents against both C. glabrata and C. albicans. Compound 20 is very toxic to
Hela cells, and 17 and 19 also exhibit toxicity. The biscarbene derivative 18 is
highly selective for C. glabrata but has almost no antifungal activity against C.
albicans. Complex 18 also has low toxicity towards Hela cells, making
complex 18 a promising candidate for the selective treatment of candidiasis

associated with C. glabrata, which is often very difficult to treat.
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2.4. Experimental

The syntheses of the complexes were carried out under an inert
atmosphere of N, using Schlenk techniques. All *H and *3C{*H} NMR spectra
were recorded at room temperature on Bruker spectrometers (400 MHz and
500 MHz), and chemical shifts were referenced to SiMes (din ppm, J in Hz)
and H3POs. The synthesis of theophylline derivatives was adapted from a
published procedure!?®. Methyl caffeine was synthesized according to the

synthetic procedure described in referencel®’.

Mass Spectroscopy and
Elemental Analysis were performed by the UniMass Laboratory at Instituto

de Tecnologia Quimica e Bioldgica, Portugal.

2.4.1. Compound 2a

o 2b . Theophylline (500 mg, 2.80 mmol) and K>COs (1.50
‘a

\1 N7 mg, 11.0 mmol) were suspended in DMF (20 ml), and

)\N ’ N the mixture was stirred for 3 hours. Subsequently, 2-

iodopropane (550 ul, 5.55 mmol) was added to the
mixture, and the reaction was stirred overnight at room temperature. The
final mixture was diluted with water (10 ml) and extracted with CH,Cl, (3x30
ml). The organic layer was separated and dried with Na;SO4. The filtrate was
evaporated to dryness under vacuum, affording compound 2a as a white
powder (428 mg, 69% vyield). The characterization can be found in the

literaturel?’,
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2.4.2. Compound 2b

8 Theophylline (250 mg, 1.38 mmol) and K,CO3 (770 mg,

o 5.55 mmol) were suspended in DMF (5 ml), and the mixture

5
&
3 1.67 mmol) was added to the mixture, and the mixture was
"
0 1 stirred overnight at room temperature. The final mixture

\1 5N7

/>8 was diluted with water (2.5 ml) and extracted with CH,Cl, (3

)\N4N

NaQSO4. The filtrate was evaporated to dryness under vacuum. The mixture

was stirred for 3 hours. Subsequently, 1-iodooctane (300 pl,

x 10 ml). The organic layer was separated and dried with

was then purified by column chromatography with an AcOEt:Toluene mixture
(6:4) as the eluent, affording compound 2b as a colorless oil (379 mg, 99%

yield).

1H NMR (400 MHz, CDCls): 6 7.54 (s, 1H, H-8); 4.28 (t, 2H, H-1’, 31 o =
7.2 Hz); 3.59 (s, 3H, N3-CHs); 3.41 (s, 3H, N1-CHs); 1.87 (m, 2H, H-2');
1.36-1.18 (m, 10H, H-3" to H-7’); 0.87 (m, 3H, H-8’) ppm.

13C{*H} NMR (100 MHz, CDCl3): & 155.2 (C-6); 151.8 (C-2); 148.9 (C-4);
140.8 (C-8); 107.1 (C-5); 47.5 (C-1'); 31.8 (CH,); 31.0 (C-2'); 29.9 (N3-CHs);
29.2 (CH2); 29.1 (CH,); 28.1 (N1-CHs); 26.5 (C-3’); 22.7 (C-7°); 14.2 (C-8) ppm.

HRMS-ESI (m/z): [M-+H]* calc. for C1sH24N20; 293.1972 Found 293.1970.
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2.4.3. Compound 2c

/3' Theophylline (500 mg, 2.7 mmol) and K,CO3 (1.5 g, 10
0 Z ,+  mmol) were suspended in DMF (10 ml), and the mixture

1
N 5 N7 was stirred for 3 hours. Subsequently, allyl bromide (480 pl,

)\N 4 N/>8 5.5 mmol) was added to the mixture, and the reaction was
stirred overnight at room temperature. The final mixture

was diluted with water (5 ml) and extracted with CHCl; (3 x 20 ml). The
organic layer was separated and dried with Na,SOs. The filtrate was
evaporated to dryness under vacuum, affording compound 2¢ as a white solid

(591 mg, 99% yield). The characterization has been previously reported 128,

2.4.4. Compound 4

\1 0O 0 Theophylline (500 mg, 2.77 mmol) and

/
2 ,
O:3<N 6/5 F\l)\ >: K»CO3 (1.5 g, 11.1 mmol) were suspended
/4 /, k in DMF (6 ml), and the mixture was stirred for

3 hours. Subsequently, d||odomethane (225 pl, 2.77 mmol) was added to the
mixture, and the mixture was stirred overnight at room temperature. The
final mixture was diluted with water (2.5 ml) and extracted with CH,Cl; (3 x
10 ml). The organic layer was separated and dried with Na;SOa. The filtrate
was evaporated to dryness under vacuum, affording compound 2b as a white
solid (208.5 mg, 36% vyield). The characterization has been previously

reported 12°.
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2.4.5. Compound 6

. //@ Theophylline (1 g, 5.6 mmol) and K.CO3(3 g, 22

1 N= mmol) were suspended in DMF (10 ml), and the
)\ />8 mixture was stirred for 3 hours. Subsequently, 2-
(bromomethyl)pyridine (1.5 g, 5.6 mmol) was

added to the mixture, and the reaction mixture was stirred overnight at room
temperature. The final mixture was diluted with water (6 ml) and extracted
with CH2Cl, (3 x 20 ml). The organic layer was separated and dried with
Na;SO4. The filtrate was evaporated to dryness under vacuum, affording

compound 4 as a white solid (979 mg, 64.5% yield). The characterization has

been previously reported.126

2.4.6. Compound 3a

o 2b v, Compound 2a (1.7 g, 7.7 mmol) was dissolved in
‘a

\1 5 N7 DMF (13 ml), and methyl iodide (1.4 ml, 23 mmol)

&I\N ; N/>9 ©  was added to the solution. The mixture was heated

at 100°C overnight. After cooling, Et,0 (15 ml) was
added to induce the formation of a precipitate. The solid was separated by
filtration, washed with EtoO and dried, yielding compound 3a as a yellow

powder in 59% vyield (1.7 g).

1H NMR (400 MHz, CDCls): § 10.59 (s, 1H, H-8); 5.35 (sept, 1H, H-1, 3/i.1,
H2'= 6.8 Hz); 4.54 (s, 3H, N9-CHs); 3.88 (s, 3H, N3-CHs); 3.42 (s, 3H, N1-CHs);
1.75 (d, 6H, H-2/, 32, 11 = 6.8 Hz) ppm
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13C{!H} NMR (100 MHz, CDCls): & 153.1 (C-6); 150.1 (C-2); 139.9 (C-4);
138.1 (C-8); 107.7 (C-5); 54.5 (C-1"); 38.9 (N9-CH3); 32.4 (N3-CH3s); 29.3 (N1-
CHs); 22.9 (2xCHs, C-2’) ppm.

HRMS-ESI (m/z): [M+H]* calc. for C11H17N4O, 237.1346. Found 237.1345.

2.4.7. Compound 3b

8 Compound 2b (549 mg, 1.97 mmol) was
dissolved in DMF (7 ml), methyl iodide (615 pl, 9.80

mmol) was added to the solution, and the mixture

' 3 was heated at 100°C for 24 hours. After cooling,

1 o i 1 Et,O (10 ml) and pentane (10 ml) were added to
\/il’“‘\s 5| N/>78 5 induce the formation of an oily precipitate. The oil
o 3"|l 4 g!\l\® ! was subsequently decanted and purified by column

chromatography using a mixture of AcOEt:MeOH (8:2) as the eluent,

affording compound 3b as a waxy yellow solid in 26% yield (199 mg).

1H NMR (400 MHz, CDCl3): 6 10.21 (s, 1H, H-8); 4.56 (t, 2H, H-1’, 3.1 ho
=7.6 Hz); 4.46 (s, 3H, N9-CH3); 3.88 (s, 3H, N3-CH3); 3.41 (s, 3H, N1-CH3); 2.00
(quint, 2H, H-2, 3Ju.2, 1o = 7.6 Hz); 1.42-1.26 (m, 10H, H3’ to H7’); 0.86 (m,
3H, H-8") ppm.

13C{*H} NMR (100 MHz, CDCls): 6 153.1 (C-6); 150.2 (C-2); 139.6 (C-4);
138.8 (C-8); 108.0 (C-5); 50.2 (C-1’); 39.1 (N9-CHs); 32.5 (N1-CHs); 31.8 (CH»);
30.2 (C-2'); 29.2 (2xCH,, N3-CHs + CH,); 29.0 (CH,); 26.4 (CH2); 22.7 (CHa):
14.2 (C-8') ppm.

HRMS-ESI (m/z): [M]* Calc. for C16H27N402 307.2128. Found 307.2128.
82



2.4.8. Compound 3c

3 Compound x (115 mg, 0.520 mmol) was dissolved in
0 ‘ , DMF (2.5 ml), methyl iodide (142 ul, 4.5 mmol) was
SN7e~-N7  added to the solution, and the mixture was heated at
Oz//lzlil 4| N/>€r§5 70°C for 24 hours. After cooling, Et;0 (10 ml) and
pentane (10 ml) were added to induce the formation of

an oily precipitate. The supernatant was removed, and additional Et,O and
pentane were added to afford compound x as a yellow solid in 29% yield (53

mg). The characterization has been previously reported 13,

2.4.9. Compound 14

0 / 2',3',5’-Tri-O-acetylguanosine (500 mg,
1

RO 1.22 mmol) was suspended in N,N-

2 | />8
o 3T 4 QN@ dimethylacetamide (6 mL), methyl iodide

OAc

o (228 uL, 3.66 mmol) was added, and the
OAc OAc reaction mixture was stirred at room

temperature for 24 hours. The addition of Et20 (200 mL) resulted in the
appearance of an oily solid, and stirring was continued for ca. 1 h. The liquid
was then removed, the oil was diluted in MeOH, 200 mL of Et20 was added,
and the suspension was stirred for ca. 6 hours. This process was repeated 2
more times to yield compound x as a light-yellow solid (595 mg, 88%). The

characterization has been previously reported 1.
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2.4.10. Compound 15

o] Acyclovir (1.13 g, 5 mmol) was dissolved in

/
1
;I\ : N\>78@ DMF (10 ml), and dimethyl sulfate (620 uL, 6.5

mmol) was added to the solution. The reaction

Lo\j/ mixture was stirred overnight at room

temperature. The mixture was cooled to 0°C, and 20 ml of acetone was added
to yield compound x as a white precipitate in 74% vyield (1.44 g). The

characterization has been previously reported 31,

2.4.11. Compound 16

0 / Methy! acyclovir (compound 15; 100 mg,
1
l\l\ﬁ 5| N\>78@ 0.346 mmol) was suspended in acetic
2
07 N"4°N anhydride (30 pL), DMAP (9 mg, 0.069 mmol)

3 9
| 4 OAc
@) was added, and the reaction mixture was
stirred overnight at room temperature. The
addition of Et20 (20 mL) resulted in the appearance of a white precipitate,
which was then suspended in DCM and filtered, affording compound 16 in
70% vield (83 mg).

IH NMR (400 MHz, CDCls): 6 12.93 (bs, 1H, NH); 9.22 (s, 1H, H-8); 7.20 (bs,
2H, NHa); 5.52 (s, 1H, H-1"); 4.44 (t, 2H, H-3’, 3Ju-3 2= 4.4 Hz); 4.13 (t, 2H, H-
2’ 3Jn-2 n3 = 4.4 Hz); 4.03 (s, 3H, N7-CHs); 1.99 (s, 3H, OAc-CHs) ppm.

13C{*H} NMR (100 MHz, CDCl3): § 170.7 (C-2); 159.9 (C-8); 158.9 (OAc-CO);
150.5 (C-6); 137.2 (C-4); 107.9 (C-5); 74.1 (C-1'); 67.9 (C-2’); 63.0 (C-3'); 35.9
(N7-CHs); 21.0 (OAc-CHs) ppm.
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2.4.12. Compound 17

A Schlenk tube was charged with methyl caffeine

N'\| (compound 1, 110 mg, 0.330 mmol) and nickelocene

_ w (61.0 mg, 0.330 mmol). After the addition of DMF (9
ml), the reaction mixture was heated at 100°C for 2

hours. After cooling, the mixture was diluted with CH>Cl, (13 ml) and washed
with H,0 (7x7 ml) to remove DMF. The organic layer was separated, dried
with NaxSOs and filtered. The filtrate was evaporated to dryness under
vacuum, affording compound 4 as a dark red powder (164 mg, 54%).
Compound 4 was recrystallized by slow evaporation of a saturated solution

of 4 in CH,Cl,/Et,0.

'H NMR (400 MHz, CDCl3): § 5.38 (s, 5H, CsHs); 4.69 (s, 3H, N7-CHs); 4.49
(s, 3H, N9-CHS3); 3.80 (s, 3H, N1-CH3); 3.36 (s, 3H, N3-CH3) ppm.

13C{*H} NMR (100 MHz, CDCl3): § 179.3 (C-8); 152.6 (C-6); 150.6 (C-2);
140.9 (C-4); 111.8 (C-5); 92.5 (CsHs); 40.8 (N9-CH3); 39.1 (N7-CHs); 32.2 (N3-
CHs); 28.7 (N1-CH3) ppm.

HRMS-ESI (m/z): [M-I1+CH3CN]* calc. for CisH20NsO2Ni 372.0964 Found
372.0973.

Anal. Caled for C14H17IN4O2Ni: C, 36.64; H, 3.73; N, 12.21. Found: C, 36.89;
H,3.99; N, 12.13.
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2.4.13. Compound 18

j®|@ Following the procedure described for
\ :-, / compound 6, the aqueous phase was
0 5 NI\\/ )
e%@ Q“/( evaporated to dryness, first with the
—N % N—

1\ 3/4 . . .
};N\ /N‘ﬁo addition of isopropanol to facilitate
water removal and subsequently with
the addition of heptane to remove residual DMF. Compound 7 was isolated

as a pale green solid in 13% (24 mg)

IH NMR (400 MHz, CDCls): & 5.52 (s, 5H, CsHs); 4.76 (br s, 6H, N9-CHs);
4.39 (s, 6H, N7-CHs); 3.97 (s, 6H, N3-CHs); 3.34 (s, 6H, N1-CHs) ppm.

13C{'H} NMR (100 MHz, CDCls): & 170.9 (C-8); 152.9 (C-6); 150.6 (C-2);
142.3 (C-4); 112.0 (C-5); 92.8 (CsHs); 41.0 (N9-CH3); 39.0 (N7-CHs); 33.6 (N3-
CHs); 28.7 (N1-CHs) ppm.

HRMS-ESI (m/z): [M+H]* calc. for Ci3Ha9NgOsNi 539.1660. Found
539.1671.

Anal. Calcd for C23H29INgOsNi: C, 41.41; H, 4.38; N, 16.80. Found: C, 41.63;
H, 4.70; N, 16.92.

2.4.14. Compound 19

2b\/ @
theophylline derivative (compound 3a, 100 mg, 0.270

N|
=1
N%—@\ mmol) and nickelocene (52.0 mg, 0.270 mmol). After
- 4

(2) 3N\ the addition of DMF (2.7 ml), the reaction mixture

A Schlenk tube was charged with the isopropyl
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was heated at 60°C for 3 days. After cooling, the mixture was diluted with
CHCl, (10 ml) and washed with H,O (6x5 ml) to remove DMF. The organic
layer was separated, dried with Na;SOs and filtered. The filtrate was
evaporated to dryness under vacuum, affording compound 8 as a dark red
powder (52 mg, 39%). Compound 8 was recrystallized by slow evaporation of

a saturated solution of 8 in CH,Cl,/Et;0.

1H NMR (400 MHz, CDCl3): & 6.65 (sept, 1H, H-1, 3.1 ho = 6.9 Hz); 5.38
(s, 5H, CsHs); 4.75 (s, 3H, N9-CHs); 3.82 (s, 3H, N3-CHs); 3.39 (s, 3H, N1-CHs);
1.72(d, 1H, H-2"a, 3Ji2, v = 6.9 Hz); 1.68 (d, 1H, H-2’b, 312, 1-1'=6.9 Hz) ppm.

13C{tH} NMR (100 MHz, CDCls): & 177.8 (C-8); 151.5 (C-6); 150.5 (C-2);
142.6 (C-4); 111.1 (C-5); 92.7 (CsHs); 59.3 (C-1'); 41.3 (N9-CHs); 32.6 (N3-
CH3); 29.2 (N1-CHs); 21.1 (C-2'a); 20.2 (C-2'b).

HRMS-ESI (m/z): [M-1+CH3CN]* calc. for CigH23NsO2Ni 400.1277. Found
400.1275.

Anal. Calcd for Ci6H20IN4O2Ni: C, 39.55; H, 4.15; N, 11.53. Found: C, 39.60;
H, 4.10; N, 11.69.
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2.4.15. Compound 20

8 A Schlenk tube was charged with the octyl
theophylline derivative (compound 3b, 72.0 mg,
0.160 mmol) and nickelocene (30.5 mg, 0.160 mmol).
¥\ After the addition of DMF (1.6 ml), the reaction
v @. mixture was heated at 60°C overnight. After cooling,
Qs sz(Nl\l the mixture was diluted with CH,Cl; (6 ml) and
2}—N washed with H,O (7x7 ml) to remove DMF. The
organic layer was separated, dried with Na;SO4 and
filtered. The filtrate was evaporated to dryness under vacuum. The solid
residue was purified by chromatography using a mixture of CH,Cl,:Et,0 (1:1)

as the eluent to afford compound 9 as a red solid in 36% yield (32 mg).

'H NMR (400 MHz, CDCl3): 5.37 (s, 5H, CsHs); 5.05 (td, AA'BB’, 1H, H-14/,
3Jn-2, i1’ = 4.9 Hz, 2Jn1a, w1p = 12 Hz); 4.81 (td, AA'BB’, 1H, H-1'b 3/i1p o =
4.9 Hz, YJi1a, 110 = 12 Hz); 4.72 (s, 3H, N9-CHs); 3.79 (s, 3H, N3-CH3); 3.36 (s,
3H, N1-CHs); 2.14 (m, 1H, H-2"a); 1.72 (m, 1H, H-2’b); 1.62-1.18 (m, 10H, H-
3—H-7’); 0.89 (m, 3H, H-8 ppm).

13C{IH} NMR (100 MHz, CDCls): & 178.0 (C-8); 152.1 (C-6); 150.6 (C-2);
141.4 (C-4); 111.2 (C-5); 92.6 (CsHs); 52.5 (C-1'); 41.1 (N9-CH3); 32.3 (N3-
CH3); 32.0 (CH2); 30.1 (C-2'); 29.4 (2xCH3); 29.3 (CH3); 28.7 (CH3); 27.1 (N1-
CHs); 22.8 (C-7’); 14.3 (C-8') ppm.

HRMS-ESI (m/z): [M-I1+CH3CN]* calc. for Ca3H34NsO2Ni 470.2060. Found
470.2066.
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Anal. Calcd for C21H31IN4O2Ni: C, 45.28; H, 5.61; N, 10.06. Found: C, 45.08;
H, 5.93; N, 9.77.

2.4.16. Single-Crystal X-ray Crystallography

Crystals suitable for single-crystal X-ray analysis of compounds 17 and 19
were selected, covered with Fomblin (polyfluoro ether oil) and mounted on
a nylon loop. The data were collected at 110 K or at room temperature on a
Bruker D8 Venture diffractometer equipped with a Photon 100 CMOS
detector using graphite monochromated Mo-Ka radiation (A=0.71073 A). The
data were processed using the APEX3 suite software package, which includes
integration and scaling (SAINT), absorption corrections (SADABS)'3? and
space group determination (XPREP). Structure solution and refinement were
performed using direct methods with the programs SHELXT 2014/5 and
SHELXL (version 2018/3)133134 built in the APEX and WinGX-Version 2021.31%
software packages. All nonhydrogen atoms were refined anisotropically. All
the hydrogen atoms were inserted in idealized positions and allowed to refine

riding on the parent carbon atom.

Table 2.4 - Main crystal data for compound 17.

Empirical formula C14 H17 IN4 NiO2
Formula weight 458.92
Temperature 110(2) K
Wavelength 0.71073 A

Crystal system Orthorhombic
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Space group

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

P212121

a=6.0892(5) A a= 90°.

b =13.8298(9) A B=90°.
c=18.5881(12) A y=90°.
1565.35(19) A3

4

1.947 Mg/m3

3.224 mm

904

0.200 x 0.100 x 0.080 mm3
2.640to0 27.620°.
-7<=h<=7,-18<=k<=17,-23<=I<=23
12426

3586 [R(int) = 0.1081]

99.5%

Semiempirical from equivalents
0.7456 and 0.4490

Full-matrix least-squares on F2
3586/0/205

1.039

R1=0.0661, wR2 =0.1350
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R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

R1=0.1078, wR2 = 0.1520

0.47(8)

0.0135(15)

2.216 and-2.197 e. A3

Table 2.5 - Main crystal data for compound 189.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
F(000)

Crystal size

C16 H21 1 N4 Ni 02
486.98

296(2) K

0.71073 A
Monoclinic

P21/c

a=8.7196(10) A a= 90°.

b=11.6325(12) A B=97.780(4)

€=20.059(3) A y=90°.

2015.8(4) A3

1.605 Mg/m?
2.508 mm™
968.0

0.400 x 0.300 x 0.100 mm3
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Theta range for data collection 2.696 to 33.836°.

Index ranges -12<=h<=13,-18<=k<=18,-31<=I<=31
Reflections collected 52325

Independent reflections 8075 [R(int) =0.0777]
Completeness to theta = 25.242° 99.4%

Absorption correction Semiempirical from equivalents
Max. and min. transmission 0.7467 and 0.4703

Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 8075/0/221

Goodness-of-fit on F2 1.048

Final R indices [I>2sigma(l)] R1=0.0524, wR2 =0.1320

R indices (all data) R1=0.0903, wR2 = 0.1445
Absolute structure parameter n/a

Extinction coefficient 0.0135(15)

Largest diff. peak and hole 1.823 and-1.341 e A3

2.4.17. Antifungal activity

The fungal strains used in this assay, Candida glabrata and Candida
albicans, were maintained on yeast peptone dextrose (YPD) agar plates and
grown at 37°C or 30°C, respectively. The assay was carried out in RPMI-1640

medium at pH 7. The minimum inhibitory concentrations (MICs) of Candida
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glabrata and Candida albicans were determined by conducting broth
microdilution assays in accordance with the CLSI (Clinical Laboratory and
Standards Institute) standard methods M27- A3 for yeasts. The drug
concentrations ranged from 2.5 mM to 9.8 uM. Growth in RPMI medium was
recorded after 24 h and 48 h at 30°C (Candida albicans) or 37°C (Candida
glabrata) by measuring the ODeoo. The growth condition without drugs was
used as the normalization condition after background (in RPMI medium)
subtraction. The concentrations of the drugs for which the relative ODs fell
less than 50% of the no-drug conditions were considered the MICso. At least

three independent assays were performed for each chemical and strain.

2.4.18.Cytotoxicity assays

Hela cells were seeded at a density of 5x10* cells/mL in DMEM
supplemented with 10% foetal bovine serum and cultured at 37°C with 5%
CO; for 24 h. The medium was discarded, the medium was replaced with
fresh medium supplemented with each drug, and the cells were incubated
again at 37°C with 5% CO; for 24 h and 48 h. The concentrations used for
each drug were the ones for which Candida sp. were susceptible according
to the MICso. Untreated Hela cells were used as controls. The effect of the
drugs on the viability of the Hela cells was assessed using the MTT (thiazolyl
blue tetrazolium bromide) method. The cells were incubated with 500 pg/mL
MTT and left in the dark for 2 h. After the incubation, DMSO was used to
solubilize the precipitate formed by MTT, and the absorbance was read at 570
nm. Cell viability was determined in relation to that of the control group.

Biological quadruplicates were used in all the assays.
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CHAPTER 3

GUANOSINE-BASED GOLD N-HETEROCYCLIC CARBENES

94



Introductory notes

Figure numbering
The numbering of the figures, schemes and tables shown here in Chapter

3 is independent of the use of the other chapters.

Published paper

2. The majority of the content of this chapter is summarized in the following
submitted preprint: Francescato, G.; Orsini, G.; Petronilho, A.; Gold Mono
and Bis N-Heterocyclic Carbenes based on mMRNA cap0. DOI:
10.26434/chemrxiv -2024-bt0dw-v2

Author contributions

The author of this thesis performed all the experiments reported in this

chapter, as well as the chemical characterization.
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3.1. Introduction

N7-methylguanosine is also known as the cap of messenger RNA (mRNA) or
capO0. This cap is present at position 5" in the mRNA of all eukaryotic cells and
certain viruses but is absent in prokaryotes. The formation of a 5' cap is the
initial co-transcriptional modification performed on messenger RNA (mRNA).
The 5' cap is a distinguishing feature of transcripts produced by RNA
polymerase Il in eukaryotes and viral mRNA3613/ As 3 cap, N7-methyl
guanosine is linked to the first nucleoside of the nascent transcript via an

inverted 5'-5' triphosphate bridge!38.
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Figure 3.1 - N7-methylguanosine linked to the first nucleoside via an inverted
5'-5"triphosphate bridge.

Cap formation occurs through three sequential enzymatic steps performed
by three enzymes: RNA triphosphatase (which cleaves RNA from one
phosphate group), RNA guanylyltransferase (which caps RNA with guanosine
monophosphate (GMP), and RNA guanine-N7 methyltransferase (which

methylates the guanosine nucleobase)!*.
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Scheme 3.1 - Enzymatic formation of N7-methyl guanosine, RNA capO.

The modification leading to the formation of capO is crucial for various
biological processes, including mRNA regulation and maturation, as it is
essential for RNA splicing. RNA splicing is the process in which noncoding
sequences of RNA (introns) are excised from the RNA chain, allowing the
coding sequences of RNA (exons) to be joined together, forming messenger
RNAC. The presence of methyl guanosine at the 5' end of the mRNA chain
is also fundamental for the export of RNA, as it protects RNA from
degradation by exoribonucleases!®!. Finally, the 5' capO region is essential for
translation, as it serves as a signal for the initiation of translation, starting
from the 5' end and progressing toward the coding region of the mRNA for
protein synthesis. This signal is particularly crucial considering that the
recruitment of MRNA represents a limiting step in the translation

process42143,

In addition to its translational significance, the process of guanosine
methylation is also relevant from an organometallic perspective, as it
increases the acidity of C8-H (Fig 3.2). Thus, the imidazolium ring in the
structure of methyl guanosine is indeed an NHC precursor.
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Figure 3.2 - N7-Methy! guanosine has an increased acidity of the C8-H (top)
and contains an imidazolium ring (bottom).

The potential reactivity of capO mRNA toward platinum has already been
assessed and studied in our laboratory. In a previous study, we demonstrated
the possibility of methyl guanosine undergoing metalation with
tetrakis(triphenylphosphine)platinum(0), affording a complex with potential
anticancer activity!®'. This research underscores the importance of
understanding the reactivity of a biological compound capable of interacting
with numerous proteins while also highlighting the potential for identifying a
novel pharmaceutical target within the mRNA capO. In this context, the
reactivity of N-7-methylguanosine as an NHC precursor, namely, its reactivity
with gold, has never, to the best of our knowledge, been explored by other

groups.

The use of gold as a medicinal agent can be traced back to ancient times,
but its modern application in medical contexts can be attributed to the
bacteriologist Robert Koch. In 1890, Koch reported the antimicrobial activity
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of gold cyanide against tubercle bacilli in vitro. After the discoveries of Robert
Koch, in 1920, Jacques Forestier reported that gold possesses antirheumatic
properties!*. Thus, auranofin has emerged as a medication for the treatment
of rheumatoid arthritis that functions to reduce inflammation and disease

progression®.

<o
o 1 p(/\
)\\o O A6\
O o) S
/'&o %0
Figure 3.3 - Auranofin.

Although the exact mechanism of action of this orally administered
compound is not well understood, it is believed that due to gold's strong
affinity for elements such as sulfur and selenium, it can interact with proteins
containing amino acids such as cysteine and selenocysteine'4>14 Notably,
proteins such as thioredoxin reductase and glutathione peroxidase, which are
vital for cellular function, appear to be significantly inhibited by gold(l)

complexes'®.

The interaction between gold complexes and these proteins has
motivated many research groups to explore new gold(l) compounds capable
of interacting with sulfur- or selenium-containing enzymes. This has led to
the synthesis of gold complexes containing NHC carbenes, with the aim of
developing pharmacologically active compounds, especially for antitumour
applications. The idea of a possible antitumour application arises from the

role of thioredoxin reductase (TrxR). Thioredoxin reductase is an enzyme that
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plays a crucial role in maintaining the cellular redox balance by reducing
oxidized thioredoxin to its active form. In cancer cells, thioredoxin reductase
is often overexpressed because it contributes to the survival and proliferation
of cells with aberrant redox activity. By inhibiting TrxR, the cellular redox
system is disrupted, leading to increased levels of reactive oxygen species
(ROS) and oxidative stress. These alterations can trigger various downstream
events, including the induction of apoptosis (programmed cell death) in
cancer cells*. In this sense, gold compounds containing NHC are attractive
due to the stability of the NHC and the vast range of side groups that can be
incorporated into it. In line with this, the reactivity of gold compounds toward
TrxR appears to vary based on the derivatization of NHC: compounds with N-
methyl groups exhibit greater reactivity toward the enzyme than compounds

derivatized with bulky side chains®?.

In addition to the aforementioned points, some gold compounds are able
to interact with DNA via noncovalent interactions. When these gold
complexes contain two NHCs (bisNHCs), the complexes can interact with a
specific secondary DNA structure known as the G-quadruplex (G4). The G-
quadruplex structure is formed by repetitive guanine sequences, where four
guanosine molecules coordinate through Hoogsteen sites to establish
hydrogen bonds, creating a planar and cyclic structure called a G-quartet. A
G- quartet constitute the building block of the G-quadruplexes, and by
stacking one on top of the other, G-quadruplexes form. The presence of

cations, such as K*, promotes the formation of this structure®>2.
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Figure 3.4 - Left: G-quartets are formed by Hoogsteen hydrogen bonds;
Right: G-quartets stacked on top of the other formed G-quadruplexes.

The G4 is a structure that can be found in the entire human genome but
is particularly present before promoter regions of oncogenes and in
telomeres. The promoter regions of oncogenes are DNA sequences in which
RNA polymerase initiates the transcription of the gene in question. The G4
structures of these regions appear to be able to regulate transcription®®3.
Telomeres, on the other hand, are the terminal part of the chromosome and
are a region of DNA in which the sequence TTAGGG (T=thymine; A=adenine,
G=guanosine) is repeated; this region is intended to protect the DNA since
DNA polymerase is unable to replicate the DNA sequence down to the last
base®*>  Therefore, from replication to replication, telomeres are
shortened. When telomere elongation is necessary, the enzyme telomerase
intervenes. The latter is responsible for lengthening the telomere by adding
sequences in which guanosine is repeated (TTAGGG), which is why the G-
quadruplex is particularly present in this region of the chromosome®>®1>7,
The enzyme telomerase is particularly active in cancer cells, which have
longer telomeres than healthy cells and therefore have a high concentration

of G4 structures®?1>*. In summary, stabilizing G-quadruplex structures means
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intervening by blocking the transcription of oncogenes when the structures
are present in the promoter regions of oncogenes. By stabilizing G4 the
unwinding of such structure is impeded, this blocks the action of telomerases
and, as a consequence, the telomere elongation. In addition, these structures
also arrest DNA polymerase during the replication process, causing instability,

which leads to apoptosis or prevents cell replication®1-63,6>66,155,156,158

In recent publications, Casini and coworkers presented a study on the
synthesis of gold biscarbenes derived from caffeine, which demonstrated
selective activity against cancer cells, specifically ovarian cancer cells®¥%>, The
synthesis of the gold complexes was inspired by previous work from
Monchaud, who demonstrated that a gold(l) biscarbene based on methyl

caffeine is able to interact with G-quadruplexes'.
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Figure 3.5 - The complex proposed by Monchaud and coworkers.

Building upon the resemblance between caffeine and N-7-methyl
guanosine, we explored the metalation of guanosine with gold. Our objective
was to obtain gold carbenes incorporating mRNA capO for dual purpose. First,
we aimed to gain insights into the reactivity of these compounds within the
cellular environment. Second, we aimed to investigate the potential
antitumour activity of the complexes due to their potential to interact with

G-quadruplexes. This study holds promise for advancing our understanding
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of mRNA cap0 reactivity and therapeutic potential of derived complexes in

combating tumours.

3.2. Results and discussion

Earlier examples from our group showed that the metalation of
unprotected nucleosides leads to the formation of a myriad of compounds'?,
while the protection of ribose generally results in more selective reactions.
Additionally, protecting the ribose ring can increase the solubility in less polar
solvents'®. Therefore, protected methyl guanosine was synthesized using
previously established procedures3!. Accordingly, guanosine was first
protected at the sugar moiety with acetate groups by reacting with acetic
anhydride using pyridine as the solvent. Protection was followed by

methylation at N7 with methyl iodide in DMA, yielding compound 1.

AcO

OAc OAc

1

Figure 3.6 - Ligand precursor based on guanosine.

The ligand precursor was then reacted with Au(SMez)Cl at room
temperature, employing DMF as the solvent, in the presence of potassium

carbonate for 3 days (Scheme 3.2). Following this time, 'H NMR analysis in

103



DMSO-ds of the reaction mixture showed complete consumption of the
methylguanosine salt 1, as noted by the disappearance of the H8 resonance.
It was possible to identify two main compounds, as evidenced by the
presence of two N7-methyl groups at 4.09 and 3.98 ppm in a 1:9 ratio; this
was also the case for the ribose protons, although some of the signals
overlapped. The new compounds do not show any signals in the region
corresponding to HS8, strongly indicating the presence of two guanosine

carbenes in the mixture.
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Scheme 3.2 - Reaction of methyl guanosine 1 with the gold(l) precursor.

At this stage, it was not possible to distinguish whether the mixture
corresponded to a mono- and a biscarbene (Scheme 3.3a) or a mixture of
two gold(l) compounds bearing, for instance, two different halogens (chloride
or iodide) as shown in Scheme 3.3b. Nevertheless, it was possible to identify
a major product (compound 2) and a minor one (compound 3), and the
mixture allowed for partial characterization of the two guanosine
compounds. The broad signal between 7.43 and 6.96 ppm corresponds to
the NH; of both compounds. The H1’ resonates at 6.37 ppm for compound 3
and at 6.27 ppm for compound 2. For H2’, the order is reversed, with

compound 2 resonating at a lower field (6.12 ppm) and compound 3
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resonating at 5.97 ppm. For compound 2, H3" resonates at 5.63 ppm, H4’
resonates at 4.36 ppm between the two diasterotopic protons of H5’, which
are located at 4.46 and 4.25 ppm. For compound 3 H3' is visible at 5.70 ppm,
while the remaining signals are overlapped with those of compound 2. In the
B3C{1H} NMR spectrum, the hypothetical carbenic carbons were not visible in
this first analysis. Nevertheless, in the 2D HMBC spectrum, it was possible to
observe interactions with both the N7 methyl groups and '3C. In particular,
the methyl group of compound 2 shows a cross-peak at 172.2 ppm, while for
compound 3, a cross-peak can be found at 184.8 ppm. These two values
agree well with those reported in the literature for mono- and bis-carbenes

of gold(1)*2,
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Scheme 3.3 - Possible products of the reaction of 7-methylguanosine 1 with
Au(SMe3)Cl.

A diffusion-ordered spectroscopy (DOSY) experiment performed on the

mixture revealed that the minor compound, compound 3, had a higher
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molecular weight and, alongside the value found for '3C{1H} NMR, we
hypothesized that compound 3 corresponded to a gold biscarbene. However,
for gold compounds, carbene chemical shifts in 3C{1H} NMR show significant
variations depending on the halogen trans to the NHC'®?. To exclude the
hypothesis of halogen scrambling (Scheme 3.3b), we also examined the
reaction using a poorly coordinating anion, BF4'®'. Thus, the protected
guanosine was methylated using trimethyloxonium tetrafluoroborate for 3
hours in dry DCM, leading to the formation of compound 4 in 63% yield. The
formation of compound 4 was confirmed by *H NMR, in which H8 resonates

at 9.34 ppm, a value similar to that of the iodide salt 1.
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Scheme 3.4 - Synthesis of the ligand precursor 2°,3’,5’-tri-O-acetyl-7-
methylguanosine bearing BF4 (4).

Compound 4 was then reacted with Au(SMe3)Cl in DMF under the same
conditions as those used previously. Analysis of the reaction mixture by H
NMR after 3 days showed the presence of two products, as indicated by the
absence of H8 signals and the presence of two methyl groups at N7 in a 3:2
ratio (compounds 2 and 3). All the signals for the two complexes fall in the

same region as those previously described for the reaction with 1. A
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substantial difference in the ratio between 2 and 3 was observed, as the
amount of complex 3 present in the mixture increased from 10% to 40%. We
speculate that this difference can be attributed to an increase in solubility

when BF4 is used as an anion for the biscarbene compound.

The presence of more than one complex, even when using the BF4 ligand
precursor 4, further supported our assumption that the two complexes were
likely a gold monocarbene and a gold biscarbene (Figure 3.7), already inferred

by the values found for *3C{1H} NMR.
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Figure 3.7 - Gold mono and biscarbene complexes of 7-methylguanosine.

Following the preliminary studies and characterization, the reaction was
replicated on a larger scale in DMF. After completion, diethyl ether was added
to induce complete precipitation of the mixture and simultaneously facilitate
DMF removal. The precipitate was then dried under vacuum, and the mixture
was analysed by *H NMR. The isolated solid showed very poor solubility and
was partially soluble only in DMF and DMSO. Due to the low solubility of the
mixture, chromatography-based separation was not feasible, and all attempts
to separate the mixture by other methodologies (crystallization,

coprecipitation) were unsuccessful. Due to this, we decided to further
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examine the initial reaction conditions to determine if it was possible to

selectively form each of the compounds.

To better understand the mechanism of their formation, the reaction
(Scheme 3.5) was monitored by 'H NMR (Figure 3.8). Compound 1 was
reacted with Au(SMe;)Cl in the presence of 1 equivalent of K,COs. The

reaction was carried out in an NMR tube in DMF-d7 under nitrogen.
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Scheme 3.5 - Reaction of N7-Methyl guanosine 1 with Au(SMe;)Cl.

The reaction was analysed by 'H NMR after preparation (t0), after 10 hours
and 48 hours, after 3 days and 5 days and after 10 days (Figure 2) to evaluate

the stability of the solution.

As can be inferred from Figure 3.8, at tO (which was measured a few
minutes after the preparation of the sample), compound 1 was already
reacting, and at least one new compound was formed (new signal at 4.09
ppm). This new signal at 4.09 ppm is indicative of a new methyl group bound

to N7, as this group is located slightly upfield than that of compound 1 (4.24

ppm).
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Figure 3.8 - 1H NMR spectrum of the reaction of 1 in DMF-d; with Au(SMe3)CI
and K>COs at room temperature at different times.

The appearance of the new signal is concomitant with the partial
disappearance of the C8-H peak at 9.41 ppm. Nevertheless, at t0, there are
three peaks in the H8 region (9.6-9.3 ppm), suggesting the presence of
different reaction intermediates!®2163. Dimethyl sulfide, from Au(SMe3)Cl, is
released during the reaction, resulting in a distinct, constant signal at 2.08
ppm throughout the reaction, which was omitted for clarity. After 10 hours,
the TH NMR spectrum was clearer, allowing to better identify the signals of
the two compounds in the reaction mixture; one was the ligand precursor,
compound 1, and the other was a new species, compound 2, in a 1:1 ratio. In

the H8 region, only one signal was identified, corresponding to unreacted
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compound 1. The presence of just one signal at 9.53 ppm (H8) also suggested
that the new compound lacked the proton at C8, in agreement with the
formation of NHC complexes of guanosine ligands bound to gold via C8, as
discussed above. After 2 days, the ratio of compound 1 to compound 2
changed, with compound 2 representing 61% of the mixture. Additionally, in
the region of the sugar moiety, a new set of signals was observed, confirming
the formation of a second compound, compound 3. This new set of signals
was particularly evident after 3 days, which was the timeframe used for
previous experiments. At this stage, the percentage of the starting material 1
is 25%, while that of compound 2 reaches 70%, and compound 3 accounts
for the remaining 5%. The difference between the slower reactivity observed
under these conditions to that observed previously can be ascribed to the
lack of stirring for these measurements since the reaction was performed in
an NMR tube. It should be noted that during the reaction, the formation of a
precipitate, which increased over time was observed. The ratios described
correspond exclusively to what is determined in solution. After 5 days, H-
NMR showed that starting material 1 was almost completely consumed (8%),
and compound 2 and compound 3 were present in a 9:1 ratio. The amount
of compound 3 increased slightly, facilitating the identification of the
corresponding signals, as evidenced by the signals at 6.57, 6.11 and 5.89
ppm, corresponding to H1’, H2" and H3’, respectively, which are slightly
shifted with respect to the *H NMR in DMSO-ds, as expected.

After 10 days, the starting material was completely consumed, and the
methyl groups of the new compounds 2 and 3 were clearly distinguishable.

Considering the evolution of the reaction mixture and the absence of any
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signal for H8, the mixture shows the presence of two different compounds
bound to the metal via C8, one major (compound 2) and one minor
(compound 3) (N7-methyl at 4.09 and 4.23 ppm, respectively, in DMF-d>) in

a 9:1 ratio, in agreement with previous observations.
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Figure 3.9 — Gold mono- and biscarbene 2 and 3.
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Figure 3.10 - 1H NMR spectrum of the monocarbene 2 and biscarbene 3 in the
final reaction mixture.
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The reaction mixture was further examined using **C{*H} NMR and 2D
HMBC and HSQC. The 3C{*H} NMR spectrum of compound 2 shows a peak
attributed to a gold(l) carbene at 174.2 ppm, which agrees well with the
previous value. Although the carbenic carbon of compound 3 is not visible
due to the low concentration of the compound, once again, in the 2D HMBC
spectrum, a cross peak between the methyl group at N7 is visible at 185.2

ppm, further confirming the formation of 3.

Overall, these measurements indicate that it is not possible to avoid the
formation of compound 3 prior to the total consumption of the ligand

precursor 1.

3.2.1. Inducing Selectivity: Variation of the Reaction Conditions

Given the failure to separate the mixture we explored some variations of
the reaction conditions. For example, different solvents were considered.
Acetonitrile was selected due to the many examples in the literature using
this solvent for the formation of gold NHCs using gold(l) and K,COs as a
base!4164-166 Thys, compound 1, Au(SMe3)Cl and K,CO3 were suspended in
acetonitrile, and the mixture was heated at 70°C for several hours (Scheme
3.6) . Even at this temperature, three days were needed to reach completion.
The analysis of the mixture again revealed the formation of the two carbenes,

at a ratio of 9:1 of mono- vs biscarbene, similar to previous conditions.
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Scheme 3.6 - Reaction of N7-methyl guanosine with gold(l) in acetonitrile.

To examine a solvent with properties similar to those of DMF, we
conducted the reaction in deuterated DMSO. This allowed us to monitor the
progress of the reaction effectively. Thus, the ligand precursor was suspended
in DMSO-ds, with 1 equiv. of gold(l) and 1 equiv. of K,CO3 and this mixture

was reacted at room temperature.
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Scheme 3.7 - Reaction of N7-methyl guanosine with gold(l) in deuterated
DMSO.

NMR analysis of the reaction allowed to conclude that changing the
solvent from DMF to DMSO lead to a similar outcome, with a final mixture

containing compound 2 and 3 in a ratio 9:1 (Scheme 3.7). Finally, the
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reactivity of compound 1 in acetone was explored. Previous work from
Collado and Nolan showed that gold NHCs can be formed using K.COs starting
from the corresponding imidazolium salts in acetone'®>'¢’. Accordingly, for
gold compounds, the formation of monocarbene occurs through the
formation of an anion aurate (Scheme3.8), in which the gold precursor binds
to the halogen of the ligand precursor, after the loss of the dimethyl sulfide
ligand'®?. Evidence of the formation of this anion is obtained by inspecting
the *H NMR, which generally shows a significant upfield shift in the C2-H
signal of the imidazolium salt. Importantly, if an excess of base is used, bis-
NHCs complexes can also be formed due to the formation of a gold acetony!

complex from the monocarbene 1677170,

R R R
N @ x© [Au(SMe,)Cl N o Aff' K,CO3(1eq) _N
[N> [,3> @)I(u Acetone [N)>—AU-X
\ \ 60° \
R R R
®
N'R K,CO3 (excess) B B R\ —I Xe
[-aver SO\, [ ]
- Au E—— u
e L L 7
N cetone ‘e NN
R R o R R

Scheme 3.8 - Synthesis of gold mono- and bis carbenes in acetone as described
by Nolan and Collado.

This methodology was tested on guanosine salt 1, aiming to selectively
obtain the gold monocarbene 2. *H NMR spectra for the mixture of 1 and
AuCl(SMe3y), in the absence and presence of K,COs were recorded. In the
absence of the base, the 'H NMR spectrum shows a very small shift of H8,

from 9.53 ppm to 9.30 ppm (an upfield shift of 0.23 ppm). This difference is
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not as significant as that observed by Nolan for imidazolium salts, probably

suggesting that the aurate anion does not form under these conditions.

' Ligand
H Precursor
U +Au

\

Ligand
Precursor

T T T T T T T T T T T T T T T T T T T T T
115 110 105 100 95 9.0 85 8.0 7.5 7.0

Figure 3.11 - 'H NMR of compound 1 in acetone (top) and in the presence of
AuSMe,(Cl) (bottom)

After adding the base, analysis of the mixture at different times allowed to
observe that N7-methyl guanosine does not react in acetone in a similar
mode to that reported by Nolan and co-workers for imidazolium salts. In this
case, the reaction led to a mixture of unidentified compounds. Thus, with this
approach is not possible to selectively synthetize the monocarbene and the

biscarbene complexes.
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Finally, transmetallation procedures were attempted. Transmetallation is a
very common route for selectively synthesizing either mono- or bis-carbenes
of gold utilizing silver!’*1723s discussed in chapter 1. The stoichiometry of the
reaction can be adjusted to facilitate the formation of mono- or bis-carbenes,

which then are transmetallated to gold.

) 1° ?
HN N HN N
)\\J\J[N\> AgOAc )\\ | N\>—Ag-OAc

s » HN" N
AcO MeOH AcO
o o

OAc OAc OAc OAc
1

Scheme 3.9 — Reaction of 1 with AgOAc.

Thus, the ligand precursor 1 was reacted with silver acetate in methanol at
room temperature, but no reaction for the formation of the NHC took place.
Similar results were obtained when employing silver oxide. In both cases a
precipitate can be observed, but probably corresponds to the formation of

the silver halide salts since the C8-H remain intact.

3.2.2. Inducing Selectivity: Variation of the Stoichiometry

Several reports on the synthesis of gold NHCs highlight that stoichiometry
can be important to achieve selectivity!’3. For example, Gabbiani and co-
workers used 2 equivalents of the ligand precursor versus gold, leading to the

formation of the corresponding gold biscarbene exclusively®*174 Therefore,
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our strategy was to examine whether a change in the stoichiometry of 1 vs

Au(SMe3)Cl had any influence on the ratio of the mixture obtained.

o) /_\ © o /
N K.CO HN N
HN S 2C03 PR [ D-Au-ci
s + \ L HNTSNTN
H,N" N7 TN 2 s-Au—Cl 2
AcO / DMSO-dg AcO
o o
OAc OAc OAc OAc
1 2

Scheme 3.10 - Reaction of 1 in DMF with 2 equivalents of Au(SMe3)Cl in the
presence of K2COs.

The reaction with gold was repeated by changing the reaction
stoichiometry; in this case, 2 equivalents of Au(SMe;)Cl were reacted with 1
equivalent of the ligand precursor 1. The reaction was carried out in an NMR
tube in deuterated DMSO to enable monitorization by *H NMR. The sample
was analysed at tO (within minutes of preparation), after 3 hours, after 5.5

hours, after 24 hours and after 2 days.

At t0, the spectrum is unclear, and many of the signals are broad. After 3
hours, 'H NMR showed that monocarbene 2 was the major compound in the
mixture. Integration with respect to compound 1 indicated that 2
represented 78% of the mixture. After 5 hours, compound 1 was almost
completely consumed, and after 24 hours, gold monocarbene compound 2

was the only product present, and no signs of compound 3 were observed.
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Scheme 3.11 - ’H NMR spectrum of the reaction of 1 in DMSO-ds with 2
equivalents of Au(SMe;)Cl in the presence of K,COs at room temperature at
different times.

During the reaction, a pink—brown precipitate formed, while the solution
turned from colourless to intensely yellow. After filtration, attempts to
analyse the solid by *H NMR were unsuccessful due to its insolubility. *H NMR
analysis of the mother liquor confirmed the presence of compound 2
exclusively. Compound 2 can be isolated by precipitation using several
solvents (such as water, diethyl ether or dichloromethane) without
jeopardizing the stability of the compound. Compound 2 is soluble in DMSQO,
DMF, and DMA. Complete characterization of 2 was performed. The 3C{*H}
NMR spectrum revealed the presence of a peak at 172.2 ppm corresponding
to the carbenic carbon C8, which is in accordance with what observed for the

mixture of both compounds 2 and 3 discusses above. Is possible to identify
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all the ribose carbons, with C1’ resonating at 89.8 ppm, followed by the C4’
at 79.6 ppm. The C2’, C3’ and C5’ resonate at 71.3, 69.9 and 62.7 ppm,

respectively.

T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)

Figure 3.12 - 3C{*H} NMR spectrum of gold monocarbene (complex 2) in
DMSO-db.

The reaction was scaled up successfully, gng after appropriate work-up,
campound 2 was isolated as a white po%de?in 34%3lyiéﬁ/d. Analysis of the solid
by high-resolution mass spectrometry showed a peak at 694.0370,
corresponding to the monocarbene 2 bearing a chloride in trans plus a
potassium cation. Mass spectrometry also showed that the halogen bound
to gold is chloride and not iodide. This indicates that formation of the aurate
anion by reaction with the iodide of 1 probably did not take place'®?. This is

also in line with what was previously observed for the reaction performed in

acetone, for which no aurate was formed, as inferred by *H NMR.
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Following the previous approach employed for the monocarbene
complex, the reaction was carried out using 2 equivalents of ligand precursor
and 1 equivalent of chloro(dimethylsulfide)gold(l) (Scheme 3.12). This

experiment was expected to confirm the selective formation of compound 3.

OAc OAc —\C'

©
/
HNY N\>®
s N \ DMSO-dg NH2
H,NT N + K, COp + 1/2/3 Au—Cl — » )}Au{(
AcO HZN
o)
OAc OAc
OAc OAc
1 3

Scheme 3.12 - Reaction of 1 in DMF with 0.5 equivalents of Au(SMe3)Cl in the
presence of K2COs.

Once again, the reaction was carried out in deuterated DMSO and in an
NMR tube to allow for monitorization by *H NMR. The sample was analysed
at t0 (a few minutes after preparation), after 1 hour, after 3.5 hours, after 24

hours, after 2 days and after 3 days.

At t0, a change in the composition of the mixture with respect to the
starting material, 1, is already noted. A new peak at 6.37 ppm (H1') is clearly
visible. Integration with respect to the starting material indicated that the
new compound accounted for 37% of the mixture. After 1 h, gold biscarbene
3 was the predominant compound in the mixture, with an 8:2 ratio with
respect to 1. After 3.5 hours, no significant changes were noted. Changes in
the composition of the mixture appear after 24 hours, when the starting

material 1 is practically absent.
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Scheme 3.13 - 'H NMR spectrum of the reaction of 1 in DMSO-ds with 0.5
equivalents of Au(SMe;)Cl in the presence of K,COs at room temperature at
different times.

Further analysis after 2 and 3 days revealed no changes, demonstrating that
complex 3 is stable in DMSO solutions during this time. Interestingly, as the
reaction progresses, a large amount of flocculent white precipitate is formed.
'H NMR analysis of the isolated precipitate confirmed that this solid
correspond to the biscarbene 3, and therefore, compound 3 tends to
precipitate upon formation. Thus, is probably the reason for which the
reaction became apparently slower. Complete NMR analysis of the solid
allowed for its full characterization. The 3C{*H} NMR spectrum confirmed the
presence of a peak at 184.8 ppm, corresponding to the C8 carbenic carbon.
As stated previously, this value is consistent with those reported in the
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literature for gold biscarbenes'®?. For the ribose signals C1’ resonates at 89.8
ppm and C4’ at 79.6 ppm. C2’, C3’ and C5’ resonate at 71.3, 69.9 and 62.7,

respectively.
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Figure 3.13 - 3C{*H} NMR spectrum of complex 3 in DMSO-db.

In addition to BC{1H} NMR analysis, 2D NMR experiments have also been
performed. Among these, NOESY analysis revealed a cross-peak between the
CHs group in N7 and the H1' position of the ribose. This interaction enabled
to determine the relative conformation of the NHCs, a conformation
previously documented in the literature for compounds of this nature®, as
illustrated in Figure 3.14. Following this, the reaction was scaled up
successfully, and compound 3 was isolated as a yellowish precipitate in 48%

yield. High resolution mass spectrometry confirmed that compound 3 is
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indeed a biscarbene, with a peak at 1043.2438 corresponding to the

biscarbene cation.
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Figure 3.14 - NOESY spectrum of biscarbene complex 5.

Despite successful isolation of biscarbene complex 3 and comprehensive
NMR characterization, a persistent challenge was found: the insolubility of 3
in all the tested solvents. While biscarbene does exhibit marginal solubility,
which allows for NMR analysis, it falls short in providing sufficient solubility

for further biological testing.
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3.2.3. Selective Synthesis of Gold Mono and Bis Carbenes with

unprotected 7-methylguanosine

Attempts to deprotect compounds 2 and 3 were not successful.
Compound 2 was stirred in the presence of HCI, but the acetate groups
remained intact even after 24 hours. Also, under these conditions, we
observed no hydrolysis of the sugar. As for compound 3, due to the poor
solubility, deprotection also revealed unattainable. Previous work from our
group on metal complexes bearing nucleosides has shown that guanosine
proligands require protection when reacting by C-X or C-H oxidative addition
to Pt(0) or Pd(0). Contrastingly, for similar reactions, uridine proligands react
cleanly without requiring the protection of the sugar. Given the difficulties to
find a suitable deprotection method, most probably driven by the low
solubility of the compounds in suitable solvents for deprotection, we
explored the reactivity of the unprotected guanosine ligand, compound 5
(Scheme 3.14). Compound 5 was first reacted with gold in a 1:1 ratio in the
presence of KyCOs. The reaction was first performed in DMF, expecting a

difference in solubility due to the unprotected OH groups.

N
5 OH OH
| o
o N o o OH
HN AN
> ME o L D-ave N NH,
N N N N HN N
HNT N + KyCO4 + S—Au—Cl HNT N O AL
HO RT HO H,N" N7 N !
o 0 o
HO o
OH OH OH OH
OH OH
5
6 7

Scheme 3.14 - Reaction of 5 in DMF with 1 equivalent of Au(SMe)Cl in the
presence of K;CO:s.
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After 3 days, diethyl ether was added to the reaction mixture to obtain a
precipitate. This precipitate was revealed to be a highly insoluble mixture of
two carbenes, as was the case for the mixture obtained with 1. Nevertheless,
in the case of unprotected guanosine, the corresponding biscarbene forms in
lower amounts that with 1 but can still be observed. Therefore, the strategy
employed to obtain compounds 2 and 3 selectively was also used for
compound 5. Thus, 2 equiv. of Au(SMe;)Cl was used to obtain the

monocarbene compound 6 (Scheme 3.15).

®
o} /_\ © 2y
N K,CO HN N
'ﬂ“\ S . 2003 s [ D-Au-ci
HNTSNTN F o sag ———=  HaNTONT
HO / DMF HO
0 0
OH OH OH OH
5 6

Scheme 3.15 - Reaction of 5 with 2 equivalents of Au(SMe)Cl in the presence
of K>COs.

The reaction required two and a half days to reach completion, and
yielded cleanly the gold monocarbene (13 mg, 19%), compound 6, as
depicted in Scheme 3.15. Compound 6 was characterised by *H NMR. The
broad signal ranging from 7.20 to 6.88 ppm corresponds to the NH; group of
compound 6. The H1' resonates at 6.08 ppm, while H2' can be found at 5.07
ppm. The three OH groups exhibit resonances at 5.48, 5.16, and 4.99 ppm,

but specific assignments cannot be obtained.
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Figure 3.15 - H NMR spectrum of gold monocarbene (compound 6) in DMSO-
ds.

The remaining four protons of the sugar moiety resonate at 4.18 and 3.88
ppm (H3'and H4', respectively) and at 3.70 and 3.55 ppm (H5’). Finally, the
NCH3; group resonates at 3.99 ppm. In the 3C{*H} NMR spectrum, the C8 is
observed at 172.7 ppm, in line with the value found for 2. High resolution
mass spectrometry (HRMS) showed a peak at 568.0051, corresponding to the

monocarbene 2 bearing a chloride in trans plus a potassium cation.

Following our earlier approach to form the biscarbene with protected
guanosine, the reaction was performed using 2 equivalents of 5 (Scheme
3.16). The reaction was stirred at room temperature for 3 days and, also in
this case, the gold biscarbene 7 was formed and was the only compound
detected in the reaction crude. Compound 7 was isolated as a white powder

in 45% yield.
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Scheme 3.16 - Reaction of 5 in DMF with 0.5 equivalents of Au(SMe;)Cl in the
presence of K;CO:s.
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Figure 3.16 - ’H NMR spectrum of gold biscarbene (compound 7) in DMSO-ds.

The doublet visible at 6.24 ppm corresponds to the anomeric proton H1’,
which is followed by a broad signal (5.22 ppm), corresponding to the NH;
signal. The triplet of H2’ resonates at 4.97 ppm, and the remaining signals of
the sugar resonate at 4.17, 4.03, 3.70 and 3.56 ppm for the protons at
positions 3’, 4" and 5’, respectively. The N7-methyl group resonates at 4.08

ppm; in this case, it was not possible to observe the OH groups. The 3C{*H}
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NMR spectrum was recorded at 502C to avoid precipitation. The carbenic C8
resonates at 182.1 ppm, a value similar to that of compound 3. HRMS further
confirmed that compound 7 is the gold biscarbene bearing unprotected
guanosine as NHC, as it shows a peak at 791.1800 corresponding to the

biscarbene cation.

3.3. Conclusions

In conclusion, the reaction of N7-methyl guanosine 1 (mRNA capO) with
Au(SMe3)Cl has been thoroughly investigated. The ribose ring was first
protected to avoid the possible interaction of the metal precursor with the
free -OH, as was already observed in previous studies with 7-methyl
guanosine. The ligand precursor was then reacted with 1 equiv. of Au(SMe;)Cl
leading to the formation of a mixture of two complexes. Analysis of this final
mixture revealed that the two products corresponded to a mono- and a bis-
carbene (complex 2 and 3 respectively), with the monocarbene being the
major product in solution. The reaction was tested with different solvents,
with no improvement in the selectivity. The selective synthesis of complex 2
or complex 3 was achieved by a changing the stoichiometry of the reaction
and thus modifying the gold:guanosine ratio. The use of 2 equiv. of
Au(SMe;)Cl yielded the monocarbene 2 selectively, while the use of 2 equiv.
of N7-Methyl guanosine afforded the biscarbene 3 as the only product

obtained.

The same conditions were applied to deprotected N7-methyl guanosine
5. Au(SMe;)Cl reacts with compound 5 in DMF or DMSO, leading to the

formation of the monocarbene 6 with only small amounts of the
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corresponding bis-NHC complex. As is the case with the protected ligand

precursor 1, modifying the stoichiometry of the reactions leads to the

selective formation of compounds 6 and 7 in moderate yields.

Hence, four gold complexes bearing as NHC based on mRNA cap0 were

successfully synthetised.

3.4. Experimental

The syntheses of the complexes were carried out under an inert

atmosphere of N, using Schlenk techniques. All *H and *C{*H} NMR spectra

were recorded on Bruker spectrometers (400 MHz and 500 MHz), and

chemical shifts were referenced to SiMes (din ppm, J in Hz) and H3PO4. The

ligand precursors were synthesized according to the synthetic procedure

described previously!*3!. Mass Spectroscopy and Elemental Analysis were

performed by the UniMass Laboratory at Instituto de Tecnologia Quimica e

Bioldgica, Portugal.

3.4.1. Compound 2

\ (0]

9N 5 NH1
c-au¢ | /)\ZNH
2

N7 >N
AcO 5' 14 7 3
(0]
4 >/ 1
3)
OAc OAc

A Schlenk tube was charged with methylated
and protected guanosine (Compound 1, 65 mg,
0.12 mmol), KCOs (16 mg, 0.12 mmol) and
disulfide gold chloride (70 mg, 0.23 mmol). After

the addition of DMF (3 ml), the reaction mixture was stirred at room
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temperature for 3 days. The reaction mixture was then filtered through
alumina, and the solvent was removed under air flux. The resulting reddish
powder was suspended in DCM and filtered. The mother liquors were
evaporated, and then acetone was added, affording compound 2 as a white

powder (27 mg, 34%).

H NMR (400 MHz, DMSO-dg): & 11.80 (bs, 1H, N1-H); 7.07 (bs, 2H, C2-
NH.); 6.27 (d, 1H, H-1, 341 o = 5.12 Hz); 6.14 (dd, 1H, H-2', 3y, nr = 5.12
Hz, 3Jh-2 13 = 6.16 Hz); 5.64 (t, 1H, H-3', 3Jh-3 1 = 6.16 Hz, 3Jh.3, h-a' = 6.16 Hz);
4.46 (m, 1H, H-5'); 4.37 (m, 1H, H-4'); 4.27 (m, 1H, H-5); 3.98 (s, 3H, N7-CHs);
2.11 (s, 3H, Ac-CHs); 2.07 (s, 3H, Ac-CH3); 2.02 (s, 3H, Ac-CH3) ppm.

13C{'H} NMR (100 MHz, DMSO-ds): 6 172.2 (C-8); 170.1 (Ac-C0O); 169.3 (2C,
Ac-CO); 156.1 (C-2 or C-6); 154.9 (C-2 or C-6); 150.1 (C-4); 108.3 (C-5); 89.8
(C-1); 79.6 (C-4"); 71.3 (C-2’); 69.9 (C-3"); 62.7 (C-5’); 37.6 (N7-CH3); 20.5 (Ac-
CHs); 20.3 (Ac-CHs); 20.2 (Ac-CHs) ppm.

HRMS-ESI (m/z): [M+K]* Calc. for. Ci7H2108NsAuCl: 694.0375. Obs:
694.0370

3.4.2. Compound 3

LOAG OAc —|®C|@ A Schlenk tube was charged with

0 4'
o ! o3 N—0AC methylated and protected

N N> NH,

)\ \>_Au{\ j/\’(Y guanosine (Compound 1, 138 mg,

HyN 1
AO— o o 0.25 mmol), K,COs (41 mg, 0.3
OAc OAc mmol) and disulfide gold chloride

(29 mg, 0.1 mmol). After the addition of DMF (1.5 ml), the mixture was stirred
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at room temperature for 3 days. The solvent was removed from the final
suspension using air flux, affording compound 3 as a white powder (200 mg,

48%).

1H NMR (400 MHz, DMSO-ds): & 12.21 (bs, 1H, N1-H); 7.26 (bs, 2H, C2-
NH2); 6.37 (d, 1H, H-1’, 31, no = 4.27 Hz); 5.99 (dd, 1H, H-2', 3Jpo nr = 4.27
Hz, 3Ji2, h3 = 6.4 Hz); 5.70 (dd, 1H, H-3’, 3Ji-3, 12 = 6.4 Hz, 3Jn-3 na = 6.26 Hz);
4.48-4.32 (m, 2H, H-5"+ H-4"); 4.23 (m, 1H, H-5'); 4.10 (s, 3H, N7-CHz); 2.11
(s, 3H, Ac-CHs); 2.08 (s, 3H, Ac-CHs); 1.95 (s, 3H, Ac-CHz) ppm.

13C{*H} NMR (100 MHz, DMSO-dp): 6 184.8 (C-8); 170.1 (Ac-CO); 169.6 (Ac-
C0); 169.4 (Ac-CO); 155.5 (C-2 or C-6); 150.3 (C-4); 108.7 (C-5); 90.1 (C-1');
79.6 (C-4'); 72.4 (C-2"); 69.9 (C-3'); 63.2 (C-5’); 37.5 (N7-CH3); 20.4 (Ac-CH3);
20.3 (2C, Ac-CH3s); ppm.

HRMS-ESI (m/z): [M]* Calc. for. CsaHa2016N10Au: 1043.2440. Obs:
1043.2438

3.4.3. Compound 6

A Schlenk tube was charged with methylated

o
\
m—m%yﬁ'\'zm guanosine (Compound 5, 56 mg, 0.12 mmol), K,CO3
N
HO_ & g 40 NH2 (16 mg, 0.12 mmol) and disulfide gold chloride (70
4'3'0H ZOHT mg, 0.23 mmol). After the addition of DMF (3 ml), the

reaction mixture was stirred at room temperature for 3 days. The reaction
mixture was then filtered through alumina, and the solvent was removed

under air flux. The resulting reddish powder was suspended in DCM and
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filtered. The mother liquors were evaporated, and then acetone was added,

affording compound 6 as a white powder (13 mg, 19%).

IH NMR (400 MHz, DMSO-ds): 6 11.92 (bs, 1H, N1-H); 7.01 (bs, 2H, C2-
NH,); 6.07 (m, 1H, H-1’); 5.48 (m, 1H, OH); 5.16 (m, 1H, OH); 5.07 (m, 2H, H-
2+ OH); 4.18 (m, 1H, H-3"); 3.99 (s, 3H, N7-CH3); 3.90 (m, 1H, H-4’); 3.70 (m,
1H, H-5’); 3.55 (m, 1H, H-5); ppm.

13C{*H} NMR (100 MHz, DMSO-dg): 6 172.4 (C-8); 155.8 (C-2 or C-6); 154.9
(C-2 or C-6); 150.4 (C-4); 108.3 (C-5); 91.4 (C-1); 86.1 (C-4’); 71.6 (C-2’); 70.7
(C-3"); 62.2 (C-5"); 37.6 (N7-CH3) ppm.

HRMS-ESI (m/z): [M+K]* Calc. for. C11H1s0sNsAuCl: 568.0058; Obs:
568.0051

3.4.4. Compound 7

T®C@ A Schlenk tube was charged with

,OH OH !
N methylated guanosine (Compound 5,
(6] / s 5 OH
fiN\H“ EZ\N“IN(\%“”Z 106 mg, 0.25 mmol), K2COs (41 mg, 0.3
HN SN N N
HO o ls mmol) and disulfide gold chloride (29
OH OH mg, 0.1 mmol). After the addition of

DMF (1.5 ml), the mixture was stirred at room temperature for 3 days. The
solvent was removed from the final suspension using air flux, affording

compound 7 as a white powder (144 mg, 45%).

1H NMR (400 MHz, DMSO-dg): & 6.24 (d, 1H, H-1’, 3Jp.1, 1y = 7.2 Hz); 5.22
(bs, 2H, C2-NH); 4.97 (t, 1H, H-2’, 3Jh-2 pv = 3Jn2 w3 = 6.17 Hz); 4.17 (m, 1H,
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H-3'); 4.08 (s, 3H, N7-CH3); 4.03 (m, 1H, H-4'); 3.70 (m, 1H, H-5’); 3.56 (m,
1H, H-5); ppm.

13C{1H} NMR (100 MHz, DMSO-de): & 182.1 (C-8); 162.8 (C-6); 161.4 (C-2);
149.6 (C-4); 110.3 (C-5); 93.1 (C-1); 87.1 (C-4’); 71.9 (C-2’); 71.3 (C-3'); 62.4
(C-5"); 36.5 (N7-CHs) ppm.

HRMS-ESI (m/z): [M]* Calc. for. C22H30010N10AU: 791.1806; Obs: 791.1800
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CHAPTER 4

URACIL-BASED CYCLOMETALATED COMPLEXES
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Introductory notes

Figure numbering
The numbering of the figures, schemes and tables shown here in Chapter

3 is independent of the use of the other chapters.

Author contributions
The author of this thesis performed the majority of the experiments
reported in this chapter, as well as the chemical characterization. Catarina
Roque completed some of the synthesis of the complexes and catalytic
measurements. The in catalytic experiments were conducted with the
laboratory of Dr. Ligia O. Martins from ITQB NOVA, under the guidance of
André Taborda. X-ray diffraction data acquisition and analysis were

performed by Dr. Clara Gomes from NOVA FCT, Portugal.
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4.1. Introduction

Hydrogenation reactions involve the addition of hydrogen to a molecule;
traditionally, this kind of transfer occurs due to the use of molecular
hydrogen. Currently, hydrogenation reactions take advantage of the use of a
catalyst; in some of this process, the use of molecular hydrogen (H;) is
avoided, as a separate proton donor (alcohols, ethers, etc.) serves as the
hydrogen source, and the catalyst transfers protons to a proton acceptor, this
kind of reactions are called transfer hydrogenation reactions!’>. As a result,
the proton donor is oxidized, while the proton acceptor is reduced. Metal-
catalysed transfer hydrogenation can occur via two mechanisms: direct and
indirect pathways. In the direct pathway, the metal catalyst, the proton donor,
and the acceptor form a complex simultaneously, allowing the donor to
transfer protons directly to the acceptor. Conversely, in the indirect pathway,
the metal initially forms a complex with the donor, generating one or two
hydrides. Subsequently, the complex coordinates the acceptor to transfer

one or two hydrogens'’®.
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Direct pathway:
M

M + DH, + A HD/\A » M + D + AH,
\H/
Indirect pathway:
A
- dihydride ML + DH, \ MLH, ML + AH,
D
i A ML + AH
- monohydride ML + DH, \‘ MH H 2

D+ LH
M= Metal; D= Proton donor; A= Proton Acceptor

Scheme 4.1 - Schematic representation of the two possible pathways for
transfer hydrogenation reactions.

This catalytic reaction was discovered in 1903 by Knoevenagel, who used
palladium black as a catalyst!’’. Subsequent advancements in these reactions
included the exploration of late-transition metals as catalysts. In the 1960s,
Henbest, Mitchell, and their colleagues used an iridium complex containing a
hydride to catalyze transfer hydrogenation reactions'’8. Subsequently, during
the 1970s, Sasson and Blum demonstrated the viability of utilizing a

ruthenium catalyst for transfer hydrogenation reactions?’>179,

The isolation of the first NHC by Arduengo et al. in the early 1990s°
significantly impacted the field of organometallic catalysis. NHCs have
emerged as extensively utilized ligands for developing catalysts containing
iridium, ruthenium, or rhodium?*&. Notably, an advantage of NHCs lies in their
ability to form a stable bond with the metal centre and in the possibility of
being functionalized with different substituents. These substituents can, for
instance, bear a donor group, such as pyridine, pyrimidine, phosphines,

carboxylates, and ethers, which can readily and reversibly dissociate to
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facilitate the bonding of the metal to the proton donor or the proton
acceptor. Iridium, ruthenium, and rhodium catalysts containing a bidentate
ligand with an NHC became widely used for their application in transfer

hyd rogenat‘ion 175,176,180,181

This type of catalytic reaction also occurs inside cells due to enzyme
catalysis. Transfer hydrogenation enzymes perform transfer hydrogenation
with NAD*, an important co-factor in different metabolic pathways. These
enzymes catalyse the reduction of NAD* to NADH*®2. The presence of NAD*
inside the cell is fundamental for maintaining the redox balance in the cell
environment. The maintenance of this equilibrium is crucial for the cell to
maintain the presence/formation of ROS due to different factors: external
(environmental, viral or microbial infections) or internal (stress, aging)®3. In
addition to the formation of ROS, which causes oxidative stress, the
accumulation of reducing species causes the so-called reductive stress, which
is as harmful as oxidative stress!®18* Maintaining the cellular redox balance
is critical for cell survival. In the case of cancer cells, this condition is
fundamental, because they suffer continuous oxidative stress. Consequently,
any disturbance in the NAD*/NADH ratio presents an additional challenge in
this already dysregulated redox environment, and it is nearly impossible for
cancer cells to correct this imbalance®>. In this context, metal catalysts
capable of catalysing transfer hydrogenation reactions have emerged as
appealing tools for causing excessive reduction of NAD* to NADH¥%187 Thjs
depletion of NAD* causes reductive stress, posing a significant challenge for

cancer cells to compensate for, eventually leading to cancer cell death!®.
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The ability of metal complexes to induce the reduction of NAD* was exploited
by several groups. Steckhan et al. described in 1991 the ability of rhodium
complexes to catalyse the regioselective reduction of NAD* to 1,4-NADH 18,
Subsequently, Fish et al. elucidated the mechanism behind the reduction of
NAD* to NADH in aqueous media aided by metal catalysts*®. Following these
advancements, various research groups have actively contributed to the
development of the so-called catalytic drugs. These efforts predominantly
involved cyclometalated compounds featuring iridium, ruthenium, rhodium,
or osmium as the metal center, comprising an arene group and a bidentate

chelating group.

In 2015, Sadler coined the term catalytic drug, exploiting the ability of metal
catalysts to perform reactions inside the cell to promote a pharmacologic
effect, for example in the induction of reductive stress. In these works,
compounds such as [(n6-arene)Ru(ethylenediamine)Cl]PFs and [Os(arene)(p-
toluenesulfonyl)-1,2-diphenylethylenediamine)]*®%19  (Figure 4.1) were
explored. Osmium-based catalysts primarily facilitate the reduction of
pyruvate to lactate, leading to lactate accumulation and subsequent
metabolic dysfunction, culminating in cell death™?. Other groups also
participate in the search for new catalysts for the catalysis of transfer
hydrogenation reaction for the reduction of NAD* to NADH. For example,
Macchioni, which developed different iridium complexes'®®, and Casini,

which works on ruthenium complexes bearing phosphine groups*®’.
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Figure 4.1 - Examples of cyclometallated arene complexes of iridium,
ruthenium and rhodium capable to catalize the readuction of NAD".

Considering the need for a bidentate chelating group, we considered that
the derivatization of a pyrimidine nucleobase could provide suitable ligand
precursors for transfer hydrogenation catalysts. In addition, the development
of synthetic approaches for the metalation of pyrimidines is very challenging,
and examples of such methods are very scarce. Our group recently explored

the reactivity of halogenated pyrimidines with platinum by oxidative addition

27

NH, (o} 1)
ﬁN \(J\/,\i_i (J\NH
N/go N (6] N/go
| ! |
R R R
R=H Cytosine R=H Thymine R=H Uracil
R=Ribose Cytidine R=Ribose Thymidine R= Ribose Uridine

R= Deoxyribose Deoxycitidine ~ R= Deoxyribose Deoxythymidine R= Deoxyribose Deoxyuridine

Figure 4.2 - Pyrimidine nucleobases and nucleosides.
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Nevertheless, it is possible to derivatize the pyrimidine ring with a pendant
group able to form a NHC, such as an imidazole or a triazole ring. When the
pyrimidine nucleobase is deprived of the sugar moiety, nitrogen is also
available to form a bond with the metal, allowing for the possibility of forming

a cyclometalated NHC complex.

Figure 4.3 - Uracil functionalised with an imidazolium salt.

In this chapter, we explore the reactivity of the uracil based ligands, as
depicted in Figure 4.3, to synthesize cyclometalated complexes capable of
catalyzing the reduction of NAD* to NADH in agueous environment. Upon
elucidating their catalytic potential, these compounds will be tested in cancer

cells and fungi to determine their activity within the cellular environment.

4.2. Results and discussion

4.2.1. Study of the reactivity of compound 1

The ligand precursor was synthesized following an established procedure
reported by Schmidt and coworkers. Thus, 6-chlorouracil was suspended in
chlorobenzene, methyl imidazole was added, and the reaction mixture was

refluxed for 7 hours at 135°C193,
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Scheme 4.2 - Synthesis of the ligand precursor.

As described previously, in the 'H NMR spectrum of compound 1 the
signals of the imidazole ring resonate as triplets as they couple among them
with similar coupling constants (1.84 Hz). In addition to this, compound 1 *H
NMR lacks the signal relative to the proton in N7, probably due to its high

acidity, while the proton in N9 resonates at 11.16 ppm as a broad singlet®®3.

The behaviour of compound 1 was examined by 'H NMR at different pH
values in D20 to ascertain the acidity of the ligand and to verify the rate of
deuteration at different positions. It is important to note that the proton at
N7 always undergoes deuteration. The measurements were performed in

acidic, neutral, and basic pH (pH 2, 7 and 13, respectively).

o)
11 N
o 10 NH
c 2 4 | e
BN N7 o
sn—= H

Figure 4.4 - The ligand precursor 1.
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Figure 4.5 - Deuteration of compound 1 at pH 7 - 1H NMR spectra of the

compound in D;0 at t0 (top) and after 3 days (bottom).

At pH 7, after 4 hours, H11 was 33% deuterated and this percentage

increased to 70% after 12 hours, reaching 89% after 24 hours. The H2 has a

slower deuteration rate, with only 12% deuteration after 4 hours and 28%

after 12 hours. After 24 hours, the deuteration of H2 reaches 48%. After 3

days H11 is almost completely deuterated (98%) and H2 also reached high

levels of deuteration (85%).
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Figure 4.6 - Deuteration of compound 1 at pH 2 - 1H NMR spectra of the
compound in DCI (1M in D;0) at tO (top) and after 3 days (bottom).

At pH 2, H11 is the fastest proton to undergo deuteration, with a rate
similar to that observed at pH 7 (39% after 4 hours, 72% after 12 hours and
90% after 24 hours). After 3 days, H11 was almost not visible in the NMR
spectrum. H2 undergoes deuteration but much more slowly than H11 and
also at a slower rate than at pH 7. After 12 hours, H2 is 23% deuterated, and

after 24 hours, the deuteration increases to 33%, reaching 69% after 3 days.
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Figure 4.7 - Deuteration of compound 1 at pH -*H NMR spectra of the
compound in NaOD (1M in D,0) at tO (top) and after 3 days (bottom).

Under basic conditions (pH 13) after the addition of the deuterated
solvent, H2 is immediately deuterated, indicating that H2 is the most basic
proton within the imidazole ring. The addition of the basic solvent also
caused the formation of some unidentified byproducts already present at t0,

which increased after 3 days.

No deuteration was observed for H4 or H5. Clearly, when comparing the
acidity of H2 versus H5, the latter is less acidic. This agrees well with the

behaviour described for imidazolium salts®4-1%,
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The different stability properties of compound 1 at pH 2 and pH 13 suggest
different mechanisms of deuteration in acidic and basic media. A
deuteration/deprotonation mechanism is probably involved under acidic
conditions, following local charge densities within the aromatic rings. At high
pH, a deprotonation/deuteration process is suggested by the different rates
of deuteration, which reflect the acidity of the protons within the

heterocycles.

Studies by Schmidt et al.**® also showed that compound 1 can be
converted to the corresponding betaine upon treatment with a base. The
corresponding betaine is in tautomeric equilibrium with the ylide and its
corresponding neutral carbene (Scheme 4.3). To confirm whether compound
1 could generate a “bottleable carbene”, we proceeded with deprotonation
of compound 1. Thus, compound 1 was reacted with NaOAc in DMSO-ds to
afford the corresponding betaine. The variation in the chemical shifts of the

obtained betaine 1a was in accordance with the published spectra®®3.

0 0 0
NH NaOAc ﬁNH fLNH
S | — |
cl DMSO I~ SN A
“NBN N7 —NGNT N0 —n NTNTTo
1
L 1a _

Scheme 4.3 - Synthesis of the betaine 1a from the imidazolium salt 1.
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Figure 4.8 - IH NMR spectra of compound 1 with different equivalents of

NaOAc.

We observe that N9 does not undergo deprotonation, even after the

addition of a large excess of NaOAc. When compound 1 is completely

deprotonated at N7 the N9-H of the pyrimidine ring changes significantly,

shifting 1.3 ppm upfield, with H11 shifting 0.3 ppm upfield. H4 and H5

resonate as triplets, coupling between them and with H2.
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Figure 4.9 - Section of the 'H NMR spectrum of compound 1a: a) protons H4
and H5; b) The protons H11 and H2.

H2 appears as a broad singlet and according to the 2D COSY spectrum, H2
couples with H11, which resonates as a doublet (Jyy=1.32 Hz), showing
additional Juy couplings beyond 5 bonds. Schmidt et al. suggested that this
occurs due a planar conformation assumed by the betaine 1a, optimizing the
overlap of its p orbitals between the positive and the negative portion of the

moleculel®3,

With these reactivity studies it can be inferred that in compound 1 the

most acidic position is C2-H2 and that the compound can easily form the
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corresponding betaine, providing access to the free carbene. Therefore, for
compound 1, it is possible perform reactions with metal precursors starting
from the imidazolium salt 1 or from the betaine 1a. Both possibilities were

evaluated and are described in the next sections.

4.2.2. Reactivity of the ligand precursor with metals

Compound 1 was reacted with [IrCp*Cl;]; following the reaction
conditions previously established®’. Thus, compound 1 was suspended in
methanol, along with [IrCp*Cl;]z in an inert atmosphere at 80°C for 16 hours.
The mixture was then dried under vacuum and resuspended in a small
amount of DCM. The solid was filtered through celite and rinsed with DCM
to remove excess of the metal precursor. *H NMR analysis of the reaction
crude revealed that the compound was bound to iridium via C5 instead of C2
(Scheme 4.4), thus the ligand is bound as an abnormal NHC. Abnormal
carbenes are nonclassical N-heterocyclic carbenes characterized in which the
carbene is located at C4 or C5 position of the imidazole ring rather than C2.
The term abnormal refers to their mesoionic nature; in fact, for canonical
NHCs, it is possible to write a neutral resonance structure when drawn in the
free form; by contrast, for abnormal carbenes, it is not possible to draw a
neutral resonance structure. Upon coordination to a metal, an abnormal
carbene displays similar properties, but tends to exhibit a stronger sigma-

donor character than canonical NHCs%8.
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The formation of the abnormal carbene was evidenced due to the
presence of H2 and the absence of H5. Additionally, H4 underwent an upfield
shift of 1.85 ppm from 7.92 to 6.07 ppm, while H2 shifted downfield, from
9.83 ppm to 10.2 ppm. The signals of the pyrimidine ring remain essentially
unchanged. *C{*H} NMR revealed a signal at 130.6 ppm, corresponding to
the metalated C5, a value consistent with that of other abnormal iridium

carbenes described in the literature99:2%,

il

J< ‘ i HN% el
N o I _MeOH NH MeOH oﬂ cl
0 Cl<—<— 2NaOAc + O \ L * IrCpClly g S —
80°C

2 80°C N

t

= /l\ [¢C) N~ 0 O
NN — /=N
\\/‘N /N@ : \\N\
3 1 2

Scheme 4.4 - Reaction of compound 1 with [IrCp*Cl,], yielding the abnormal
carbene.

Earlier work from Choudhury’s group on a similar system also led to the
formation of an abnormal NHC'®’. The authors promoted the formation of an
abnormal carbene by substitution of the imidazole ring with a methyl group
at C2. This substitution forces, in principle, the formation of an abnormal
carbene, via C5 (scheme 4.4). However, the methyl group at position C2 could

also undergo metalation.
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Scheme 4.5 - Synthesis of the abnormal carbene reported by Choudhury and
co-workers.

This reactivity was already observed by Peris?®!, Albrecht'®® and other
groups?02293 which showed how the C-H activation of an imidazole ring with
methyl at C2 also be exocyclic and not occur at C5. When metalation occurs
at C5, resulting from Csp?-H activation, the reaction is endocyclic, while
metalation of the exocyclic methyl group at C2 leads to Csp3-H activation. The
activation of C2-H or C5-H position depends on the conditions used, as
exocyclic metalation occurs only when a base is used?%4. The conditions used
by Choudry and coworkers involve the use of a base; nevertheless, metalation
occurs only at C5. Comparing these results with the outcome of the reaction
of 1 with iridium to form compound 2, It could be suggested that Csp?-H

activation at position 5 is preferred in both cases.

As the ligand precursor was synthesized in its betainic form 1a, which is in
tautomeric equilibrium with the free normal carbene, 1a was reacted with
[IrCp*Cl,]2 in methanol at 80°C. 'H NMR analysis shows that the reaction

yields again the abnormal carbene 2. This suggests that the first step of the
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cyclometallation is probably the formation of the N-Ir bond, followed by the

C5-H activation, via cyclometallation.

: =3

1
,_' NH MeOH HN‘« ||r
[ \\‘ ~
(O I+ [CpiIiCll, ——— {’4 ¢
N7 N o

\N\@/I N

—_—

-

1a 2

Scheme 4.4 - Reaction of betaine with a pentamethylcyclopentadienyl! iridium
dichloride dimer.

Our results indicate the preferential formation of the abnormal carbene,
starting from either the imidazolium salt or the corresponding betaine. This
observation seems to support that the formation of complex 2 is

thermodynamically favoured in these reactions.

We then considered examining the behaviour of different metal
precursors to determine the role of the metal centre. We started by
examining ruthenium, employing [Ru(p-cymene)Cly],. The reaction

conditions employed were the same as those used for [IrCp*Cl;]2 (Scheme

4.7).
£ |
HN
\-RU*
e J\)L MeoH O=<X _N' cl
+ 2 NaOAc + [Ru(p-cymene)Cly], —— N
\N/\N ,& 80°C \Q\I
=/ \
1
4

Scheme 4.5 - Reaction of 1 with [Ru(p-cymene)Cl,],.
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The reaction afforded complex 4 in 53% yield. Complex 4 revealed to be
unstable in DMSO or CDCl;, thus MeOD was employed for NMR
characterization, nevertheless the complex has a low solubility in methanol,
thus 4 was characterized with a 800MHz NMR apparatus for faster and more
sensitive characterization of the compound in DMSO-ds. For compound 4, *H
NMR revealed a similar outcome to that of 2, with H5 absent, while the H2
resonates at 9.52 ppm, confirming the formation of an abnormal carbene at
C5. An upfield shift is noted for H2 when compared to 1, which resonates at
9.62 ppm. H4 resonates at 7.44 ppm and all the other signals do not suffer
significant shifts with respect to 1. *C{!*H} NMR shows the carbenic C5 at

158.6 ppm, 28 ppm downfield in respect to the iridium abnormal carbene 2.

The reaction of [Ru(p-cymene)Cl,]2 with the betaine 1a was also evaluated
(Scheme 4.8). *H NMR analysis of the reaction revealed that, in this case, the
reaction leads to the formation of a mixture of normal and abnormal
carbenes, with the normal carbene being the major product at a 5:2 ratio.
Indeed, three sets of signals were present: normal carbene, abnormal

carbene and unreacted starting material.

Q J<0 | —®—<
MeOH e R -
. G))\ + [Ru(p-cymene)Cly]y ———> Oﬂ ! C|+ HNJ( e Ru\C|
—Na) Né AL A
= S N’“N/

1a \

Scheme 4.6 - Reaction of the betaine 1a with [Ru(p-cymene)Cl] yields
complexes 4 and 5.
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Figure 4.10 - Section of the 'H NMR of the reaction of the betaine 1a with
[Ru(p-cymene)Cl,]».

For the normal carbene complex 5, the 'H NMR characterization was
conducted in MeOD, in which H4 and H5 resonate as doublets at 8.13 and
7.77 ppm, respectively. The signal at 7.44 ppm corresponds to H4 of the
abnormal carbene complex 4, which also maintains the H2 signal at 9.52 ppm
as was noticed for the reaction in Scheme 4.7. The unreacted starting
material 1a has the H2 signal partially deuterated, and this is also reflected in
H4 and H5, which resonate as doublets at 7.80 and 7.48 ppm, respectively.
Complex 5 was also characterized by 3C{*H} NMR, in which the carbenic
carbon resonance was 186.6 ppm, slightly downfield in respect to complex 4

(158.6 ppm showed in Scheme 4.7).

Clearly, for iridium, metalation at C5 is preferred even when starting from
the betaine 1a. For ruthenium, while in the presence of a base the abnormal

carbene is formed preferentially, when starting from the betaine both normal
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(complex 5) and abnormal (complex 4) carbenes are formed with the former

being the major species.

To better understand the role of the cyclometallation in the previous
reactions, we evaluated the reactivity of 1a with gold(l). Au(SMe3)Cl was
chosen due to the facile generation of a vacant site upon loss of the disulfide
ligand. When Au(SMe;)Cl reacts with betaine 1a (Scheme 4.9), a normal NHC
gold complex is formed exclusively. The formation of the normal carbene was
confirmed by *H NMR (Figure 4.11). The signal at 11.97 ppm corresponds to
N9-H, while the two signals at 7.78 and 7.62 ppm correspond to H5 and H4,
respectively (Figure 4.11).

s-Au-ci

Au-

,"@ ‘NH | NH / C[A\u | NH

NN o N7 N o DMSOds A NS0
N2 = H ] H

6
1a

Scheme 4.7 - Reaction of the betaine 1a with Au(SMe)Cl to yield compound 6.

The remaining signals are the pyrimidine ring proton H11 at 5.99 ppm and
the methyl group of the imidazole ring at 3.83 ppm. The N7-H can be seen at
11.57 ppm as a very broad peak. The BC{*H} NMR spectrum shows the

carbenic carbon at 168.6 ppm.

The formation of a normal carbene exclusively with gold(l) where
cyclometallation does not take place, suggests that cyclometallation does
impact the formation of normal and abnormal NHCs with iridium and

ruthenium.
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Figure 4.11 - 'H NMR of compound 6.

Considering that silver(l) also forms linear compounds that are widely
used for transmetalation reactions, we set out to form a normal carbene for
iridium and ruthenium via transmetallation. In this case, compound 1 was
reacted with silver oxide, and subsequently reacted with iridium or
ruthenium. The ligand precursor 1 was therefore reacted with Ag,0 in DCM
at room temperature for 24 hours in the absence of light. After this time,
[IrCp*Cl2]2 or [Ru(p-cymene)Cl;]; was added (Schemes 4.10 and 4.11). The
reactions were stirred for another 24 hours. After this time and appropriate
work-up, 'H NMR analysis showed that the reaction leads to a mixture
containing the cyclometalated normal carbenes 3 and 5 in 60% and 28% yield

respectively.
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Scheme 4.8 — Reaction of 1 with Ag,0 and [IrCp*Cl;]..
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Scheme 4.9 - Reaction of 1 with Ag,0 and [Ru(p-cym)Cl]..

After purification by column chromatography, the compounds were fully
characterized by NMR. For the iridium complex, *H NMR revealed the
disappearance of the proton at C2 and the two doublets of the protons at C5
and C4 at 8.34 and 7.83 ppm, respectively (/= 2.22 Hz). The protons of the
pyrimidine ring resonate at 10.85 ppm for the NH at position 9 and at 6.11
ppm for the proton at C11. The 3C{*H} NMR spectrum showed the carbenic
carbon at 154.1 ppm, a shift to lower fields with respect to the abnormal
carbene, which resonates at 130.6 ppm (Ad= 23.5ppm), in accordance with
the values described in the literature?®. In addition, coupling between the
methyl groups of Cp* and the carbenic carbon was observed via HMBC
spectroscopy. The *H NMR of the ruthenium complex agree with the values

already described for complex 5 (Scheme 4.8).
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4.2.3. Variation of the wingtip of the imidazole
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Scheme 4.10 - Synthesis of ligand precursors with different side chains on the
imidazole ring (a-isopropyl; b-anisole).

The reactivity of the ligand precursor was also studied with different
wingtips at the imidazole ring. 6-chloro uracil was reacted with an imidazole
ring substituted with an isopropyl or an anisole at N1. Thus, the imidazole
derivatives and 6-chloro uracil were suspended in chlorobenzene and the
reaction was refluxed at 135°C for 7 hours (Scheme 4.12). Analysis of the H
NMR showed that H2 resonates at 9.81 ppm for compound 7, similar to the
value found for compound 1 (9.83 ppm). H5 and H4 of complex 7 resonate
at 8.25 and 8.10 ppm, respectively. The three signals resonate as triplets with
a coupling constant of 1.85 Hz. The chemical shifts for the protons of the
pyrimidine ring are similar to those found for compound 1. In the 3C{*H}
NMR spectrum, C2 resonates at 134.8 ppm, while C4 and C5 resonate at

121.3 and 120.3 ppm, respectively.
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For compound 8, H2 resonates at 10.22 ppm compared to 9.83 ppm for
the methyl derivative 1 and 9.81 ppm for the isopropyl derivative 7. For H5
and H4 the signals are very close to one another and resonate at lower fields
with respect to 1 (8.43 and 8.40 ppm). Due to the proximity of the two
signals, the two triplets appear distorted, but it is still possible to calculate a
coupling constant of 1.86 Hz. The signals of the pyrimidine ring remain
essentially unchanged with respect to compounds 1 and 7. The 3C{*H} NMR
shows that C2, C4 and C5 resonated at 134.3, 122.0 and 120.4 ppm,

respectively.

Compounds 7 and 8 were reacted with the iridium and ruthenium
precursors. Compound 7 and [IrCp*Cl,]; were suspended in methanol and

refluxed at 80°C overnight.

o) .
[|I‘Cp C|2]2
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Scheme 4.11 - Reaction of compound 7 with [IrCp*Cl]..

'H NMR indicates that the reaction afforded, again, the corresponding
abnormal carbene 9 in 58% vield, where H2 resonates at 9.96 ppm, a slight
downfield shift of 0.15 ppm with respect to 7 (9.81 ppm). H4 underwent a
shift of 0.63 ppm, from 8.10 ppm in 7 to 7.47 ppm in 9. The signals for both
H2 and H4 resonate as doublets with a coupling constant of 1.12 Hz. The
proton H11 of the pyrimidine ring and the isopropyl substituent do not suffer
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significant changes upon metalation. The *C{*H} NMR spectrum showed the
carbenic carbon at 130.9 ppm, in line with the previous value found for

iridium abnormal carbene 2.

Compound 7 was also reacted with ruthenium, following the conditions

employed for the methyl derivative (Scheme 4.14).
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Scheme 4.12 - Reaction of compound 7 with [Ru(p-cymene)Cl;]..

In this case, the reaction led to a mixture of abnormal and normal
carbenes, with compound 10 representing the major the product (61% of the
final mixture). Compound 11 is present in only 27% of the mixture, and there

is still some unreacted starting material (12%).

H4 — Abnormal carbene 10
H2 — Abnormal carbene 10

H4 and H5 — Normal carbene 11
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H4 and H5 — Ligand precursor 7

Figure 4.12 - 1H NMR spectrum of reaction of compound 7 with [Ru(p-
cymene)Cl;]s.
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The mixture was purified by column chromatography allowing for the

separation and characterization of the complexes 10 and 11.

Complex 10 revealed to be unstable in DMSO or CDCls, thus 10 was
characterized with a 800 MHz NMR apparatus for faster and more sensitive
characterization of the compound in DMSO-ds. *H NMR shows the absence
of H5, while H2 and H4 resonate at 9.56 and 7.66 ppm respectively. In this
case the resolution of the spectra did not allow to calculate the coupling
constant between the two protons which appear as broad singlets. *C{*H}
NMR shows the carbenic C5 at 159.0 ppm, in accordance with the shift
observed for complex 4. For compound 11 the two imidazole ring protons
(H4 and H5) resonate as doublets at 7.65 and at 7.85 ppm respectively,
coupling with each other with 3Juy of 2.28 Hz, shifting slightly upfield
compared to the corresponding signals in the ligand precursor (8.10 and 8.25
ppm for H4 and H5 respectively). The other protons of the pyrimidine ring
did not suffer significative shifts. In the 3C{*H} NMR the carbenic carbon of

compound 11 resonates at 183.8 ppm.

Following this, the anisole derivative 8 was also examined. Thus,
compound 8 was reacted with [IrCp*Cl]; in methanol at 80°Cin the presence
of 2 equivalents of NaOAc (Scheme 4.15). After purification by column
chromatography, analysis by 'H NMR of the final product allowed for the

identification of the abnormal carbene in 18% vield.
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Scheme 4.13 - Reaction of compound 8 with [IrCpo*Cl,]».

IH NMR showed that H2 was still present in the final product, resonating
at 10.33 ppm as a doublet (Jun=1.2 Hz). H4 signal undergoes an upfield shift
of 0.64 ppm, from 8.40 to 7.76 ppm, upon metalation. Both signals undergo
a slight lowfield shift with respect to 9 (10.07 and 7.48 ppm for H2 and H4,
respectively) and 2 (10.19 and 7.30 ppm for H2 and H4, respectively). The
other signals did not show significant shifts. According to the BC{*H} NMR,
the carbenic C5 resonates at 131.4 ppm, consistent with the previous values

of complexes 9 and 2, which resonate at 130.9 and 130.6 ppm, respectively.

Compound 8 was also reacted with [Ru(p-cymene)Cl;]2 in methanol at
80°C with 2 equivalents of NaOAc overnight, also in this case the reaction
afforded the abnormal carbene (21% yield, Scheme 4.16).

2 [Ru(p-cymene)Cl,], o
NH NaOA
ﬁ A — N4

(/\N Nige! MeOH oﬂ“‘R“‘Cl
N,{ H 80°C

® 0o N
Cl
13

MeO 8

Scheme 4.14 - Reaction of compound 8 with [Ru(p-cymene)Cls]..
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The formation of 13 was confirmed by *H NMR, which shows the signal of
H2 at 10.05 ppm, a doublet coupled with H4 (8.05 ppm), with a Jun of 1.12Hz.
In the 13C{*H} NMR spectrum the carbenic C5 resonates at 159.8 ppm.

Following our previous observations regarding the formation the
formation of normal NHCs via transmetalation, we explored the reactivity of
7 and 8 under similar conditions. Thus, the isopropyl derivative 7 was
suspended in DCM with Ag>O and stirred at room temperature for 24 hours.
Subsequently, [Ir(Cp*)2Cl2] or [Ru(p-cymene).Cly] were added (Scheme 4.17).
Using this approach the corresponding normal carbenes 11 and 14 were
obtained in 28% and 34% vyield respectively, after purification by

cromatography.
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>\®N\%\;N H/g overnlght >\ N"\ <<

11 Arene=p-Cymene, M= Ru
14 Arene=Cp* M=Ir

Scheme 4.15 - Formation of compounds 11 and 14 by transmetallation.

The complexes were fully characterized and in the case of the ruthenium
complex (11), NMR was recorded in MeOD due to the instability of the p-
cymene ligand in other solvents, such as DMSO or CDCls. The two imidazole
ring protons resonate at 7.85 ppm and 7.65 ppm for H5 and H4, respectively
in complex 11 as was already noted above. According to the 3C{*H} NMR
spectrum, the carbenic carbon resonates at 183.8 ppm when bound to

ruthenium. As for the Iridium complex (complex 14) the two imidazole
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protons H4 and H5 resonate as doublets at 8.17 and 8.47 ppm respectively
with a coupling constant of 6.5 Hz. The other signals in the *H NMR did not
show any relevant shift. In the 3C{*H} NMR spectrum the carbenic carbon

resonates at 152.9 ppm, a value similar to that observed for complex 3 (154.1

ppm).

Compound 8, was reacted under the same conditions, leading to the
corresponding compounds 15 and 16 (Scheme 4.18) in 24% and 18% vyield

respectively.

]
J\)( Trene
DCM /& [M(Arene)zClz] J(
(\Nfﬂg +Ag0 —(57 RT (\/ N'M—ClI
overnight Ag — ,l
8 M
o cle Q cl IQ,N‘@O ©
MeG 15 Arene=p-Cymene, M= Ru
MeO 8 16 Arene=Cp* M=Ir

Scheme 4.16 - Formation of compounds 15 and 16 by transmetallation.

Analysis of the products, after column chromatography confirm the
formation of the normal carbene exclusively for both metals. As for complex
15 complete NMR characterization was afforded in DMSO-ds at 800MHz. In
the 'H NMR H4 and H5 resonate at 8.23 and 7.89 ppm respectively (Jun= 2
Hz). While 13C{*H} NMR shows the carbenic carbon at 184.2 ppm, in line with
the others ruthenium normal carbenes 5 and 11 (186.6 and 183.8 ppm
respectively). On the other hand, complex 16 was unstable in both CDClz and
DMSO-ds, and not sufficiently soluble in MeOD, thus it was not possible for
us to have a complete characterization of the complexes. Nevertheless a 1H

NMR was recorded, showing no trace of H2 and the resonance of H4 at 8.29
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as a doublet (Jun= 2.5 Hz), H5 is probably resonating under the signal of the
aromatic anisole protons. In addition to the 1H NMR analysis, complex 16,
was also analysed by elemental analysis, which confirm the purity of the
compound (Anal. Calcd for C24H26CIIrN403: C, 44.61; H, 4.06; N, 8.67.
Found: C, 44.70; H, 3.74; N, 8.89).

4.2.4. Solid-state Structures

Crystals of complexes of 3, 4 and 5 suitable for single-crystal X-ray
diffraction, were obtained by slow evaporation of their corresponding MeOH
solutions, allowing unambiguous determination of their molecular structure.
Figures 1, 2 and 3 depict their ORTEP diagrams, with the most relevant bond
distances (A) and angles (°) reported in Table 4.1. The molecular structures of
complexes 4 and 5 are, as expected very similar, presenting a Ru(ll) centre
bonded to a chloride ligand, a p-cymene (p-cym) group and a cyclometalated
ligand with the imidazole ring bound via C2 or C5. Complex 3 also has a similar
structure to that of complexes 4 and 5. The geometry around the metal

centre can be described as piano stool for all three complexes.

In complex 3, the bond distances C1-Ir1 and N3-Ir1 are 2.005 A and 2.106
A, respectively, while the distance between the iridium and the Cp* ring
centroid is 1.819 A. The bite angle of the chelate five-member ring (C1-Ir1-
N3) is 75.36°, while the centroid has an angle of 133.98° with C1 and of
129.52° with N3. The dihedral angle between the centroid plane and the
chelate plane is 131.01°.
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Figure 4.13 - ORTEP representation of complex 3, using 30% level ellipsoids.
Hydrogen atoms are omitted for clarity.

In complexes 4 and 5, the bond distances between C1-Rul and N3-Rul are
similar, being 2.025 A and 2.107 A, respectively, for compound 4 and 2.024 A
and 2.1201 A, respectively, for compound 5. Thus, the connectivity via C2 or
C5 does not seem to influence the bond distances; this difference in
connectivity seems to be more reflected in the distance between Rul and the
Cymene centroid, which is 1.688 A for the abnormal carbene (complex 4) and
slightly longer in the normal carbene (complex 5): 1.715 A. The bite angle in
the chelate ring (C1-Ru1-N3) is similar for both complexes, being 76.68° and
75.68° for complexes 4 and 5, respectively. The dihedral angle between the
chelate plane and the cymene plane is 69.60° for the abnormal carbene
complex 4 and is slightly smaller for the normal carbene complex 5 (55.77°).

The relevant bond distances and angles are shown in Table 4.1.
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Figure 4.14 - ORTEP representation of complex 4 (top) and 5 (bbottom), using
30% level ellipsoids. Hydrogen atoms are omitted for clarity.

Table 4.1 - Selected bond distances (A) and angles ( ) for complexes 3, 4 and 5.

3 4 5
Bond distances
M1-C1 2.005(3) 2.025(4) 2.024(2)
M1-N3 2.106(3) 2.107(4) 2.1201(2)
M1-Cl1 2.4098(9) 2.4282(12) 2.4337(6)
M1-C9 2.229(4) 2.228(5) 2.179(2)
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M1-C10 2.173(4) 2.242(5) 2.178(2)

M1-C11 2.167(4) 2.242(5) 2.180(2)
M1-C12 2.132(4) 2.227(5) 2.269(2)
M1-C13 2.240(4) 2.177(5) 2.253(2)
M1-C14 2.216(5) 2.158(2)

Bond angles

C1-M1-N3 96.4(4) 76.68(8) 75.68
N3-Ir1-E1° 129.52

N3—-Rul-E2? 132.13 120.46
C1-Ir1-E1° 133.98

C1-Rul-E2° 132.36 131.04
®° 131.01 62.60 55.77

M corresponds to Ir (3) or Ru (4 and 5). ? E1 corresponds to the centroid of Cp*; ° E2
corresponds to the centroid of the p-Cymene; © dihedral angle between the chelate planes

and the arene plane.

4.2.5. Catalytic activity of the complexes on the reduction of NAD*

The ability of the synthetized cyclometalated complexes to catalyze
hydrogen transfer reactions was studied by evaluating the reduction of NAD*
to NADH. The purpose of this study was to obtain preliminary data on the
possibility of carrying out the abovementioned catalysis within the cellular
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environment. This would lead to a redox imbalance and eventually to cell
death. Healthy cells are able to compensate for the redox imbalance, while
cancer cells, which are already dealing with intense redox activity, stressed to

accommodate such imbalancel®>.

0O

H.H @
N ONH, [cat]
| HCOOH | N
No PBS pH 7 N
R R

Scheme 4.17 - Catalytic reduction of NAD* to NADH by transfer hydrogenation.

The catalytic tests were conducted in a UV microplate spectrophotometer,
which enables monitoring the formation of NADH, by reading the

correspondent absorbance at 340 nm, as reported in the literature!8187,

For all the experiments, the absorbance at 340 nm was recorded at
regular time points (varying according to the quantity of the samples),
reflecting the concentration of NADH. As a result, a curve of the
concentration of NADH vs time is produced. The interpolation of the
curve allows to calculate the slope of the linear range of the curve, which

is directly proportional to the rate of the reaction.

In a first stage, only the complexes based on ligand precursor 1 were

tested (Fig 4.16).
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Figure 4.15 - Cyclometalated complexes used for the reduction of NAD".

A first experiment was done by changing the catalyst concentration; thus,
the catalyst loading was tested between 0.5 and 10%. The reactions were
conducted at pH 7 using formic acid as a proton donor under the following
conditions: 1 mM NAD, 5 mM formic acid and phosphate buffer, to mantain
the desired pH, following a procedure described in the literature!®’. A control
experiment with no catalyst or without NAD* was also performed to ensure
that a variation in the absorbance was not due to the medium. Similarly, in
the absence of a catalyst the NADH absorbance did not increase, indicating
that no transfer hydrogenation occurred. In the absence of NAD* an increase

of the absorbance was not observed.
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Graphic 4.1 - Variation of the rate of the reaction of reduction of NAD* to
NADH with the catalyst loading

According to Graphic 4.1, Complex 3 was the fastest at any of the catalysts
loadings tested, and complex 2 shows some activity, albeit lower than 3. The
results of the present study highlighted the very low activity of the ruthenium
catalysts 4 and 5, which could be due to the saturation of the catalyst or to
its inability to catalyse this kind of reduction. Furthermore, ruthenium
catalysts have proven to be unstable in some NMR solvents, such as
chloroform and DMSO. In DMSO, ruthenium compounds can lose the p-
cymene group, and this instability could be linked to the lack of catalytic

activity?®.

Further catalytic tests were performed. Next, we investigated the impact
of the variations in NAD concentration. To prevent an excessively high NAD-

to-catalyst for very low NAD concentrations, the experiment was performed
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using a catalyst concentration of 5 um, while NAD concentrations ranged

from 0.001 mM to 5 mM.

With respect to the iridium catalysts 2 and 3, at the lowest NAD
concentrations (up to 0.01 mm), determining the slope of the curve in the
graph of concentration of the NADH vs time proved challenging. This could
be due to the time required for the addition of the catalyst to each well, as
this amount of time might be sufficient for complete depletion of the
substrate. Second, the instrument might struggle to detect minor absorbance
changes for these low NAD* concentrations, especially when compared to
significant absorbance fluctuations in other wells. Concentrations of NAD*
ranging from 0.025 mM to 0.75 mM allowed for the calculation of the rate
within a narrow time frame (different for every NAD concentration). Beyond
this time range, complete substrate consumption likely occurred, preventing
any further increase in absorbance relative to NADH formation. On the other
hand, ruthenium catalysts 4 and 5 showed no significant activity at any of the
tested NAD concentrations, confirming the results of previous experiments.
Considering all of these factors, the catalytic profile was obtained for each

complex.

Inspecting Graphic 4.2, it is evident that high concentrations of NAD*
inhibit the catalytic activity. This decrease in activity could be attributed to
catalyst saturation. For example, a stable complex could be formed
between the catalyst and either the starting material or the final product;
examples of this phenomenon have been described in the literature for

iridium catalysts*&e.
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Graphic 4.2 — Variation of the rate of reduction of NAD* to NADH with the
substrate concentration (NAD?).

A focus on the measurements for the lowest concentrations of NAD*
(highest catalyst loading), depicted in Graphic 4.3 showed a narrow window
of activity for complex 2 compared to that of complex 3. In addition, the focus
on the lowest NAD* concentrations allowed us to observe an initial increase
in the activity for lower NAD* concentrations (especially for complex 3). This
phenomenon has already been reported in the literature by Macchioni and
coworkers'. Complexes 4 and 5 showed only residual catalytic activity,

indicating that the iridium catalysts outperformed the ruthenium catalysts.
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Graphic 4.3 — Variation of the rate of reduction of NAD* to NADH with the
substrate concentration (NAD*) — concentrations between 0 and 0.25 mM.

As for the iridium complexes, the analysis of one compound per time
allows some considerations. Compound 2 showed the best catalytic
performance at a concentration of 0.015 mM with a rate of 6.8x10® MxS™.
This corresponds to a very high catalyst loading (33.33%), which leads to a
TON of 0.3 and a TOF of 41.5 h™l. In addition, complex 2 has a very narrow
window of catalytic activity, as it reaches nearly zero with a catalyst loading

under 10% (NAD* concentration higher than 0.05 mM).

Compound 3 reached a maximum rate of 1.6x10® MxS™, for a wide range
of concentrations of NAD* (0.075 to 0.25 mM). At higher NAD+
concentrations, the catalyst still maintained acceptable catalytic activity,
decreasing until a concentration of 0.75 mM of NAD* (0.6% catalyst loading)

was reached. The TON and TOF were calculated for three different catalyst
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loadings at which the catalyst has a significant catalytic activity: 6.6%, 5% and

2%.

Table 4.2 — TON and TOF for different catalyst loading of complexes 2 and 3.

Catalyst Catalyst NAD+ TON TOF
loading concentration
2 33.33% 0.015 mM 0.3 41.5h?
3 6.6% 0.075 mM 1.5 23.1ht
3 5% 0.1 mM 2 22.2 h'
3 2% 0.25mM 5 6.4 h't

For comparative purposes, cyclometalated complexes synthesized with

different imidazole derivatives were also tested for their ability to catalyse the

reduction of NAD* to NADH.
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Figure 4.16 - Cyclometalated complexes of iridium and ruthenium, with
imidazole wingtip different than methyl, tested for their ability to catalyse the
reduction of NAD* to NADH.

The compounds were tested by directly varying the NAD* concentration

and maintaining the catalyst concentration as described above (5 uM).
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Graphic 4.4 — Variation of the rate of reduction of NAD* to NADH with
substrate concentration (NAD?) — concentrations between 0 and 4 mM.

The Graphic 4.4 shows the catalytic activities of complexes 9-16. As
expected, the ruthenium catalysts (10, 11, 13, 15) showed only residual
activity, while for the iridium catalysts the N-substituent proved to influence
the catalytic activity. The iridium complexes bearing an anisole substituent
(complexes 12 and 16) did not show relevant catalytic activity in all the
conditions evaluated. For the iridium complexes bearing an isopropyl group
(complexes 9 and 14) the dependence between the carbene type and
catalytic activity was confirmed, as observed previously with complexes 2 and
3. Specifically, complex 14, the normal NHC, performed better than the
abnormal compound 9. Complex 14 induced a very high catalytic activity for

a wide range of catalyst loadings, while complex 9 showed a sharp profile.
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This profile may be due to a saturation of the catalyst as already discussed for

complex 2.
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Graphic 4.5 — Variation of the rate of reduction of NAD* to NADH with
substrate concentration (NAD?).

Graphic 4.5 compares the catalytic activity of the iridium normal NHCs
(complexes 3, 14 and 16) and shows that complex 14 presents the best
catalytic activity, being more active than 3 and 16 at any NAD* concentration.
In addition, it shows a maximum rate of 1.52x107 Ms™, 10 times faster than
3 (1.6x10® MxS!) and at lower catalyst loading (0.5% compared to 6.6%).
Furthermore, at this catalyst loading the complex possess a TON of 20 and a
TOF of 299 h1, the higher of all the tested complexes. The more relevant TON
and TOF of all the iridium complexes tested in this series are summarised in

Table 4.3.
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Table 4.3 - More relevant TON and TOF corresponding to different catalyst
loading of complexes 9, 12, 14 and 16.

Catalyst Catalyst NAD+ TON TOF
loading concentration

9 5% 0.1 mM 2 57 ht
9 2.5% 0.2 mM 4 40 h't
12 0.83% 0.6 mM 12 33ht
12 0.62% 0.8 mM 16 27 ht
14 0.5%% 1mM 20 299 ht
14 0.33% 1.5 mM 30 253 ht
14 0.25% 2 mM 40 194 ht
14 0.2% 2.5mM 50 152 ht
16 62% 0.8 mM 16 9 ht

Finally, Graphic 4.6 compares the activity of the iridium abnormal NHCs
(complexes 2, 9 and 12). As it can be observed, complex 12 (bearing an
anisole substituent) maintains activity over a greater range of NAD
concentrations than complex 2 and 9. This could be the result of a general
decrease in the activity, but probably the best conditions for this catalyst
require further insights that were not further pursued due to time

constraints.
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Graphic 4.6 - Variation of the rate of reduction of NAD* to NADH with substrate
concentration (NAD*) — concentrations between 0 and 2.5 mM.
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Graphic 4.7 - Dependence of the rate of reduction of NAD* to NADH with the
substrate concentration (NAD*) — concentrations between 0 and 2.5 mM.
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Graphic 4.7 compares the activity of all the iridium catalysts tested. The
three abnormal iridium NHCs (complexes 2, 9 and 12) showed low catalytic
activity when compared to the activity showed by the corresponding normal
carbenes (complexes 3, 14 and 16). Among the iridium normal carbenes,
complex 14, which has an isopropyl group as side chain, showed to be the
best catalyst for catalysing the reduction of NAD* to NADH. The reason of the
influence of the side chain on the imidazole ring was not investigated, but we
can speculate that a more hindering substituent do not allow to form a stable
bond with either the starting material or the final product. Thus, the catalyst
is not poisoned and its activity increases. Further insights on this reactivity

will be pursued.

4.2.6. Conclusions

In conclusion, we synthesized an uracil ligand precursor derivatized with a
methyl imidazole ring (compound 1) that can undergo cyclometallation. The
behaviour of the ligand precursor at different pH values and its capacity to
form the corresponding betaine were evaluated. Compound 1 was reacted
with [IrCp*Cl,]2 and [Ru(p-cymene)Cl,]2 through cyclometallation. Although
the studies on compound 1 demonstrated a higher acidity at position 2 of the
imidazole ring, the cyclometallation reaction resulted in the formation of an
abnormal carbene bound to the metal via C5. The ligand precursor also
reacted with the two metal precursors in its betaine form, confirming the
reactivity via C5 in the case of reaction with iridium and leading to a mixture
of abnormal and normal carbenes in the case of ruthenium. To obtain a more

in-depth understanding, the betaine 1a was reacted with Au(SMe;)Cl and
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afforded the formation of the normal carbene only, via C2. Considering this,
we concluded that the driving force for the formation of the abnormal
carbenes is cyclometallation. The cyclometallated normal carbenes can be
obtained via silver transmetallation reactions with both iridium and

ruthenium .

The reactivity of ligand precursors with different substituents on the
imidazole ring was also explored; namely, isopropyl imidazole and anisole
imidazole were used. When reacted with IrCp*Cl;]> and [Ru(p-cymene)Clz],
the different ligand precursors confirmed the reactivity already observed for

compound 1.

All the cyclometallated complexes were tested for their ability to catalyse
the reduction of NAD* to NADH, demonstrating a direct dependence of
activity on the type of metal and the type of connectivity between the
carbene carbon and metal (via C5 or via C2). In fact, iridium complexes have
proven to be much better catalysts than ruthenium-containing complexes,
regardless of the type of ligand precursor. In addition, among the iridium-
containing complexes, the complexes containing imidazole bound via C2
(normal carbene), proved to be the best catalyst of the series. Among the
iridium normal carbenes, the complex bearing an isopropyl substituent at the

imidazole ring performed 10 times better than the other catalysts.

4.3. Experimental

The syntheses of the complexes were carried out under an inert

atmosphere of N3 using Schlenk techniques. All 'H and *C{*H} NMR spectra
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were recorded at room temperature on Bruker spectrometers (400 MHz and
800 MHz), and chemical shifts were referenced to SiMes (din ppm, J in Hz)
and H3POa. The ligand precursors were synthesized according to the synthetic
procedure described previously'®®. Mass Spectroscopy and Elemental
Analysis were performed by the UniMass Laboratory at Instituto de

Tecnologia Quimica e Bioldgica, Portugal.

4.3.1. Compound 1

(O] 6-Chlorouracil (500 mg, 3.41 mmol) was
10 9
Cl o 1 NH suspended in chlorobenzene (20 ml), and methyl
@2 4 | 7
?N\/J\l 6 H 8°0,, imidazole (0.816 ml, 10.23 mmol) was added. The
45

mixture was heated for 7 hours. After cooling, the
suspension was filtered, and the solid was washed with a hot mixture of
AcOEt/EtOH (5:1). The precipitate was dissolved it in water and the mixture
precipitated with acetone, affording compound 1 as a white powder (595 mg,

77%).

'H NMR (400 MHz, DMSO-de): 6 11.16 (bs, 1H, N9-H); 9.83 (s, 1H, H-2);
8.19 (t, 1H, H-5, 3Ju-s n-a=Hn-s no= 1.84 Hz); 7.92 (s, 1H, 3Jn-a, 15 =% kg, no= 1.84
Hz); 5.98 (s, 1H, H-11); 3.93 (s, 3H, N3-CH3) ppm

13C{'H} NMR (100 MHz, DMSO-de): 6 164.1-152.4 (C-8; C-10); 146.5 (C-6);
136.8 (C-2); 124.3 (C-4); 120.3 (C-5); 91.1 (C-11); 36.4 (N3-CHs) ppm.
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4.3.2. Compound 1la

10O Compound 1 (200 mg, 0.87 mmol) was suspended

) 161 @l\ng in methanol (21 ml), and NaOAc (143 mg, 1.74 mmol)
‘:F‘\J/@?N 7\1\_1, 8°0 was added. The mixture was stirred at room
a0 ia temperature for 2 hours. The obtained suspension was

filtered and compound la was isolated as a white
powder in 88% vield (148 mg). The characterization has been previously

reported®®3.

4.3.3. Compound 7

) 6-Chlorouracil (250 mg, 1.71 mmol) was

Clg " NH  suspended in chlorobenzene (11 ml), and

>1\3N\//jl 6 H 870 jsopropyl imidazole (0.546 ml, 5.12 mmol) was
z 4 added. The mixture was heated for 7 hours. After

cooling, the suspension was filtered, and the solid was washed with a hot
mixture of AcOEt/EtOH (5:1). The precipitate was dissolved it in water and
the mixture precipitated with acetone, affording compound 7 as a white

powder (90 mg, 21%).

1H NMR (400 MHz, DMSO-ds): 5 10.87 (bs, 1H, N9-H); 9.81 (s, 1H, H-2);
8.25 (t, 1H, H-5, Jis, 14 =4its, 12= 1.85 Hz); 8.10 (s, 1H, H-4, JJiia 15 =it 1
)= 1.85 Hz); 5.95 (s, 1H, H-11); 4.69 (sept, 1H, H-1’, i1 1o = 6.65 Hz); (d, 6H,
H-2’, 3Ji2, v-1 = 6.65 Hz) ppm
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13C{*H} NMR (100 MHz, DMSO-ds): § 164.6-153.5 (C-8; C-10); 144.3 (C-6);
134.7 (C-2); 121.3 (C-4); 120.3 (C-5); 89.42 (C-11); 53.3 (C-1'); 22.0 (2C, C-2)

ppm.

4.3.4. Compound 8

0 6-Chlorouracil (250 mg, 1.71 mmol)
10 9

cl NH was suspended in chlorobenzene (11

. 11

2'@@2 1 | 7/&
MeOTQ\N//\\N 6°N"8~0,, ml), and anisole imidazole (891 mg,
"=/ H
¥z 8 5.12 mmol) was added. The mixture
was heated for 7 hours. After cooling, the suspension was filtered, and the
solid was washed with a hot mixture of AcOEt/EtOH (5:1). The precipitate was
dissolved it in water and the mixture precipitated with acetone, affording

compound 8 as a white powder (381 mg,69 %).

'H NMR (400 MHz, DMSO-dg): 6 11.66 (bs, 1H, N9-H); 10.22 (s, 1H, H-2);
8.42 (t, 1H, H-5, 3 /-5, -4 =5, o= 1.86 Hz); 8.40 (s, 1H, 3.4, 15 =14 2= 1.86
Hz); 7.80 (d, 2H, H-2", 3/=9.1 Hz); 7.21 (d, 2H, H-3’, 3/= 9.1 Hz); 5.99 (s, 1H, H-
11); 3.85 (s, 3H, OMe-CHs) ppm.

13C{*H} NMR (100 MHz, DMSO-de): 6 165.0 (2C, C-8, C-10); 160.3 (C-4’);
134.4 (C-2); 127.5 (C-1"); 123.7 (C-2’); 122.0 (C-4); 120.4 (C-5); 115.1 (C-3’);
88.6 (C-11); 55.8 (Anisol-CHs) ppm.
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4.3.5. Complex 2

A Schlenk tube was charged with compound 1
N4 O (40 mg, 0.139 mmol), [IrCp*Cla)> (77 mg, 0.97

H \\‘ Ir\ .
=<’< Cl' mmol) and sodium acetate (23 mg, 0.277 mmol).
5
6
1N\\ After the addition of methanol (13 ml), the mixture
N3
\ was refluxed for 24 hours. After cooling, the mixture

was dried under vacuum, and washed with DCM to remove the unreacted

metal precursor. Yielding complex 2 in 88% yield (68 mg), as an orange solid.

'H NMR (400 MHz, DMSO-de): 6 10.86 (bs, 1H, N9-H); 10.19 (d, 1H, H-2,
*Jh-2, H-a= 1.06 Hz); 7.30 (d, 1H, H-4, “Jn4, n2= 1.06 Hz); 6.07 (s, 1H, H-11); 3.91
(s, 3H, N3-CH3); 1.62 (s, 15H, CH3Cp) ppm.

13C{*H} NMR (100 MHz, DMSO-ds): 6 164.9; 155.5; 155.1 (C-6; C-8; C-10);
135.7 (C-2); 130.6 (C-5); 124.1 (C-4); 95.8 (Cp); 85.0 (C-11); 35.9 (N3-CH3);
8.7 (CH3Cp) ppm.

4.3.6. Complex 3

A Schlenk tube was charged with compound 1

9HN’8[<7 (56 mg, 0.245 mmol) and silver oxide (73.4 mg,
welr
0= N , Cl 0.245 mmol).  After the addition of
— 3
M 61N\::JN/ dichloromethane (6 ml), the mixture was stirred in
5 4

the dark at room temperature. After 24 hours,
[IrCp*Cl2]2 (97 mg, 0.122 mmol) was added to the mixture, and the mixture
was stirred at room temperature for an additional 24 hours. The mixture was

then filtered through celite and the celite was rinsed with dichloromethane
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and methanol. The mother liquors were dried and purified by column

chromatography (97:3 DCM:MeOQOH), affording complex 3 in 60% vyield (82

mg).

1H NMR (400 MHz, DMSO-ds): & 10.85 (bs, 1H, N9-H): 8.34 (d, 1H, H-5, 3y
5,14= 2.22 Hz); 7.83 (d, 1H, H-4, 34 n5= 2.22 Hz); 6.11 (s, 1H, H-11); 3.94 (s,
3H, N3-CHs); 1.81 (s, 15H, CHs Cp) ppm.

13C{1H} NMR (100 MHz, DMSO-de): & 164.8-155.3-155.2 (C-6; C-8; C-10);
154.1 (C-2); 126.9 (C-4); 118.8 (C-5); 97.6 (Cp); 86.1 (C-11); 37.8 (N3-CH3);
9.0 (CH3Cp) ppm.

Anal. Calcd for C1gH22ClIrN4O2: C, 39.02; H, 4.00; N, 10.11. Found: C, 39.20;
H, 4.31; N, 9.98.

4.3.7. Complex 4

A Schlenk tube was charged with compound 1
9HN'§/<O (40 mg, 0.139 mmol), [Ru(p-cymene)Clz]z (59 mg,
7
\\\"R - .
OM s “—Cl 0.097 mmol) and sodium acetate (23 mg, 0.277

"oe NQ 4 mmol). After the addition of methanol (13 ml), the
2 N3
\

-

mixture was refluxed for 24 hours. After cooling,
the mixture was dried under vacuum, and washed with DCM to remove the
unreacted metal precursor. The resulting orange solid was purified by column

chromatography (97:3 DCM:MeOH), affording complex 4 in 53% vyield (34

mg).
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1H NMR (800 MHz, DMSO-ds): 6 10.27 (bs, 1H, NS-H); 9.52 (d, 1H, H-2, “Js.
2 va= 1.12 Hz); 7.44 (d, 1H, H-4, Y, no= 1.12Hz); 5.82 (d, 1H, p-cym, 3Jpp=
5.52 Hz); 5.74 (d, 1H, p-cym, 3Jun= 5.68 Hz); 5.70 (s, 1H, H-11); 5.51 (d, 1H,
p-cym, 3Juu= 5.52 Hz); 5.11 (d, 1H, p-cym, *Jun= 5.68 Hz); 3.86 (s, 3H, N3-
CHs); 2.42 (sept, 1H, CH p-cym, 3Jun= 6.92 Hz); 1.93 (s, 3H, CH3 p-cym); 1.02
(d, 3H, CHs p-cym, 3Jun= 6.92 Hz); 0.88 (d, 3H, CH3 p-cym, 3Jun= 6.92 Hz);

13C{*H} NMR (200 MHz, DMSO-ds): 6 165.2-156.8-156.4 (C-6; C-8; C-10);
158.6 (C-5); 131.9 (C-2); 125.2 (C-4); 88.3 (p-cym); 87.6 (p-cym); 82.7 (C-11);
82.4 (p-cym); 81.2 (p-cym); 35.2 (N3-CHz); 30.3 (CH p-cym); 22.7 (CH3 p-cym);
21.4 (CH3 p-cym); 18.4 (CH3 p-cym) ppm.

Anal. Caled for C1gH21CIN4O2Ru: C, 46.80; H, 4.58; N, 12.13. Found: C,
46.60; H, 4.58; N, 12.13.

4.3.8. Complex 5

@ A Schlenk tube was charged with compound 1
ﬁNﬁ/<07 (56 mg, 0.245 mmol) and silver oxide (73 mg,
7 OM“;RU;CI 0.245 mmol). After the additon of
\—/ dichloromethane (6 ml), the mixture was stirred in

the dark at room temperature. After 24 hours, [Ru(p-cymene)Clz]2 (75 mg,
0.122 mmol) was added to the mixture, and the reaction was stirred at room

temperature for an additional 24 hours. The mixture was then filtered

through celite and the celite was rinsed with dichloromethane and methanol.
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The mother liquors were dried and purified by column chromatography (97:3

DCM:MeOH), affording complex 5 in 28% yield (32 mg).

'H NMR (400 MHz, MeOD): 6 7.81 (d, 1H, H-5, Ju-5 1a= 2.08 Hz); 7.48 (d,
1H, H-4, 3J.4, 1.5= 2.08 Hz); 6.18 (d, 1H, p-cym, 3Jy 4= 5.84 Hz); 6.10 (m, 2H, p-
cym); 5.78 (s, 1H, H-11); 5.43 (d, 1H, p-cym, 3Juu= 5.84 Hz); 4.11 (3H, N3-
CHs); 2.34 (sept, 1H, CH p-cym, 3/ 1= 6.88 Hz); 2.16 (s, 3H, CH3 p-cym); 0.96

(m, 6H, CH3 p-cym) ppm.

13C{*H} NMR (100 MHz, MeQD): 6 186.6 (C-2); 171.8-168.9-158.9 (C-6; C-
8; C-10); 127.1 (C-4); 117.6 (C-5); 86.8 (p-cym); 84.5 (C-11); 38.6 (N3-CHz3);
32.4 (CH p-cym); 22.7 (CH3 p-cym); 19.3 (CH3z p-cym) ppm.

4.3.9. Complex 6

o 0 An NMR tube was charged with compound 1a (9.6
9

\

?u 11 | /’L mg, 0.05 mmol) and S(Me),AuCl (14.7 mg, 0.05

\N/‘N 6 N7 (e}
3 —

4

mmol) and degassed. DMSO-ds was added, and the
5

mixture was reacted at room temperature and
monitored periodically by NMR. After two days, the reaction afforded

complete conversion of the starting material to complex 6.

'H NMR (400 MHz, DMSO-dg): & 11.97 (bs, 1H, N7-H); 10.80 (bs, 1H, N9-
H); 7.79 (d, 1H, H-5, 3Jn-s, pa= 1.96 Hz); 7.62 (d, 1H, H-4, 3Jh-4 ps= 1.96 Hz);
5.99 (s, 1H, H-11); 3.83 (s, 3H, N3-CHs) ppm.
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13C{*H} NMR (100 MHz, DMSO-ds): 6 168.6 (C-2); 164.7 (C-8/C-10); 153.9
(C-8/C-10); 152.0 (C-6); 123.2 (C-4); 121.1 (C-5); 92.9 (C-11); 38.5 (N3-CHs)

ppm.

4.3.10.Complex 9

A Schlenk tube was charged with compound 7

I-Si)N 8 O (50 mg, 0.190 mmol), [IrCp*Clz]> (77 mg, 0.097
7\\1\‘|r
0 N el mmol) and sodium acetate (32 mg, 0.389 mmol).

"oe 1 N\Q 4 After the addition of methanol (19 ml), the mixture

)sz was refluxed for 24 hours. After cooling, the

2 mixture was dried under vacuum, and washed

with DCM to remove the unreacted metal precursor. Pentane was added to
the mother liquor, affording complex 9 as an orange precipitate in 58% vyield

(65 mg).

'H NMR (400 MHz, DMSO-ds): § 10.82 (bs, 1H, N9-H); 9.96 (d, 1H, H-2, “/x-
2 1-4= 0.96 Hz); 7.47 (d, 1H, H-4, “Jia, ho= 0.96 Hz); 6.15 (s, 1H, H-11); 4.62
(sept, 1H, H-1", 3/i1, n = 6.50 Hz); 1.55 (d, 6H, H-2', 3Jn2 11 = 6.50 Hz); 1.78
(s, 15H, CH3 Cp) ppm.

13C{'H} NMR (100 MHz, DMSO-de): & 164.8-155.5-155.0 (C-6; C-8; C-10):
133.5 (C-2); 130.9 (C-5); 121.1 (C-4); 95.8 (Cp); 85.2 (C-11); 52.6 (C-1'); 22.3
(C-27); 8.7 (CH3 Cp) ppm.

Anal. Calcd for CooH26ClIrN4O3: C, 41.27; H, 4.50; N, 9.62. Found: C, 41.40;
H, 4.49; N, 9.21.
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4.3.11.Complex 14

A Schlenk tube was charged with compound 7

9 g o (56 mg, 0.218 mmol) and silver oxide (65 mg, 0.218
OM“;“";CH > mmol). After the addition of dichloromethane (5.5
"o N/\N‘< ml), the mixture was stirred in the dark at room
temperature. After 24 hours, [IrCp*Cl2]2 (87 mg,

0.109 mmol) was added to the mixture, and the reaction mixture was stirred
at room temperature for an additional 24 hours. The mixture was then
filtered through celite and the celite was rinsed with dichloromethane and
methanol. The mother liquors were dried and purified by column
chromatography (97:3 DCM:MeOH), affording complex 14 in 28% yield (46

mg).

'H NMR (400 MHz, DMSO-de): & 10.89 (bs, 1H, N9-H); 8.45 (d, 1H, H-5, 3y
5, H4= 2.28 Hz); 8.17 (d, 1H, H-4, 34, us= 2.28 Hz); 6.13 (s, 1H, H-11); 4.48
(sept, 1H, H-1’, 3Jy1, n2= 6.5 Hz); 1.80 (s, 15H, CH3Cp); 1.68 (d, 3H, H-2", 3.
2 w1= 6.5 Hz); 1.40 (d, 3H, H-2, 3J2, 11= 6.5 Hz) ppm.

13C{'H} NMR (100 MHz, DMSO-de): & 164.7-155.6-154.8 (C-6; C-8; C-10);
152.9 (C-2); 122.2 (C-4); 120.1 (C-5); 97.6 (Cp); 86.4 (C-11); 52.6 (C-1'); 23.6
(C-2); 22.8 (C-2’); 9.0 (CH3 Cp) ppm.

Anal. Caled for CooH26ClIrN4O3: C, 41.27; H, 4.50; N, 9.62. Found: C, 41.06;
H, 4.13; N, 9.35.
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4.3.12.Complex 10

@_< A Schlenk tube was charged with compound 7 (40
0
H?\j_&/( mg, 0.156 mmol), [Ru(p-cymene)Cly]; (69.0 mg,
o N Ru—Cl
T&;@ 5 0.109 mmol) and sodium acetate (25 mg, 0.312
' s mmol). After the addition of methanol (16 ml), the
o
/1 mixture was refluxed for 24 hours. After cooling, the
mixture was dried under vacuum, and washed with DCM to remove the
unreacted metal precursor. The resulting orange solid was purified by column

chromatography (97:3 DCM:MeOH), affording complex 10 in 84% vyield (64

mg).

1H NMR (800 MHz, DMSO-ds): & 10.26 (bs, 1H, N9-H); 9.56 (bs, 1H, H-2):
7.66 (bs, 1H, H-4); 5.86 (d, 1H, p-cym, 3Jy u=5.68 Hz); 5.79 (m, 2H, H-11 + p-
cym); 5.44 (d, 1H, p-cym, 3Jn w=5.68 Hz); 5.15 (d, 1H, p-cym, °Ju, n=5.68 Hz);
4.57 (sept, 1H, H-1’, >Jn-1 1= 6.56 Hz); 2.42 (sept, 1H, CH p-cym, 3Jy 1=6.72);
1.93 (s, 3H, p-cym CHs); 1.54 (d, 6H, H-2", 3/, nv= 6.56 Hz); 1.02 (d, 3H, CHs
p-cym, 3Ju n=6.72); 0.86 (d, 3H, CH3 p-cym, 3Ju,1=6.72) ppm.

13C{*H} NMR (200 MHz, DMSO-dg): & 165.4-156.9-156.3 (C-6; C-8; C-10);
159.0 (C-5); 129.8 (C-2); 122.1 (C-4); 88.5 (p-cym); 87.5 (p-cym); 82.9 (C-11);
82.0 (p-cym); 80.8 (p-cym); 51.8 (C-1’); 30.3 (CH p-cym); 22.5 (2C, C-2’); 22.5

(CH3 p-cym); 21.5 (CH3z p-cym) ppm.
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4.3.13.Complex 11

@_< A Schlenk tube was charged with compound 7
HQNEZZEJU-RU—Q (56 mg, 0.218 mmol) and silver oxide (65 mg, 0.218
© 18— ’\1]/\2 2 mmol). After the addition of dichloromethane (6

5§iNsﬂ<2' ml), the mixture was stirred in the dark at room

temperature. After 24 hours, [Ru(p-cymene)Cl]2 (67 mg, 0.109 mmol) was
added to the mixture, and the reaction was stirred at room temperature for
an additional 24 hours. The mixture was then filtered through celite and the
celite was rinsed with dichloromethane and methanol. The mother liquors
were dried and purified by column chromatography (97:3 DCM:MeQH),
affording complex 11 in 34% yield (37 mg).

'H NMR (400 MHz, MeOD): 6 7.85 (d, 1H, H-5, 3Ji.5, 1-a= 2.28 Hz); 7.65 (d,
1H, H-4, 3Ji-4 ns= 2.28 Hz); 6.16(m, 1H, p-cym); 6.08 (m, 1H, p-cym); 5.97 (m,
1H, p-cym); 5.80 (s, 1H, H-11); 5.41 (m, 1H, p-cym); 5.05 (sept, 1H, H-1’, 3Ju-
v wo= 6.2 Hz); 2.34 (sept, 1H, CH p-cym); 2.16 (d, 3H, H-2", 3Ji = 6.2 Hz);
1.50 (d, 3H, H-2’, 3Ji.2 n-r= 6.2 Hz); 0.98 (m, 6H, CH3 p-cym) ppm.

13C{H} NMR (100 MHz, MeOD): & 183.8 (C-2); 168.9-159.6 (C-8; C-10);
158.8 (C-6); 120.4 (C-4); 117.3 (C-5); 91.8-91.3-87.11 (p-cym); 80.8 (C-11);
53.7 (C-1'); 32.4 (CH p-cym); 24.1 (C-2'); 23.2 (C-2’); 22.8 (CH3 p-cym); 19.4

(CHs p-cym) ppm.

Anal. Calcd for CooH25CIN4OzRu: C, 49.03; H, 5.14; N, 11.43. Found: C,
49.40; H, 4.99; N, 11.43.
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4.3.14.Complex 12

A Schlenk tube was charged with compound
8 (50 mg, 0.156 mmol), [IrCp*Cly]> (62 mg,
0.078 mmol) and sodium acetate (25 mg, 0.312
mmol). After the addition of methanol (15 ml),
the mixture was refluxed for 24 hours. After

cooling, the mixture was dried under vacuum,

OMe  and washed with DCM to remove the unreacted
metal precursor. Pentane was added to the mother liquor, affording complex

12 as an orange precipitate in 28% yield (28 mg).

'H NMR (400 MHz, DMSO-de): 6 10.89 (bs, 1H, N9-H); 10.33 (d, 1H, H-2,
4Ju-2, 4= 1.2 Hz); 7.83 (d, 2H, H-2’, 3/=9.02 Hz); 7.76 (d, 1H, H-4, “Jua o= 1.2
Hz); 7.24 (d, 2H, H-3’, 3/= 9.02 Hz); 6.20 (s, 1H, H-11); 3.87 (s, 1H, O-CHs);
1.78 (s, 15H, CH3 Cp) ppm.

13C{H} NMR (100 MHz, DMSO-de): 6 164.8-155.4-154.9 (C-6; C-8; C-10);
160.3 (C-1'-C-4"); 133.4 (C-2); 131.4 (C-5); 123.3 (C-3); 121.2 (C-4): 115.0 (C-
2’); 96.0 (Cp); 85.6 (C-11); 55.8 (O-CH3); 8.7 (CH3 Cp) ppm

4.3.15.Complex 16

A Schlenk tube was charged with

gHN§J<O compound 8 (56 mg, 0.175 mmol) and
7 . —_—

OMW I CI2' 3 silver oxide (52 mg, 0.175 mmol). After

1 K2

1 6 1 4'
EN’@‘OM‘? the addition of dichloromethane (4 ml),
5 3 > 3

the mixture was stirred in the dark at
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room temperature. After 24 hours, [IrCp*Cl;]> (65 mg, 0.087 mmol) was
added to the mixture, and the reaction was stirred at room temperature for
an additional 24 hours. The mixture was then filtered through celite and the
celite was rinsed with dichloromethane and methanol. The mother liquors
were dried and purified by column chromatography (97:3 DCM:MeOH),
affording complex 16 in 18% vyield (19.8 mg).

Anal. Calcd for Co4H26ClIrN4Os: C, 44.61; H, 4.06; N, 8.67. Found: C, 44.70;
H, 3.74; N, 8.89.

4.3.16.Complex 13

@_< A Schlenk tube was charged with compound
O
HN-4, 8 (50 mg, 0.156 mmol), [IrCp*Cl2)2 (61.0 mg,

0 N+Ru—CJ

10\—={_ 5 0.330 mmol) and sodium acetate (25 mg, 0.312
s NO 4

2\\N3 mmol). After the addition of methanol (4 ml), the

1 2
o 5 Mixture was refluxed for 24 hours. After cooling,
3\ the mixture was dried under vacuum, and

OMe

washed with DCM to remove the unreacted metal precursor. The resulting
orange solid was purified by column chromatography (97:3 DCM:MeOQOH),
affording complex 13 in 21% yield (18 mg).

'H NMR (800 MHz, DMSO-ds): & 10.33 (bs, 1H, N9-H); 10.05 (d, 1H, H-2,
Y, va= 1.1 Hz); 8.05 (d, 1H, H-4, Una no= 1.1 Hz); 7.81 (d, 2H, H-2", 3= 8.9
Hz); 7.22 (d, 2H, H-3’,3J= 8.9 Hz); 5.93 (d, 1H, p-cym, 3J=5.8 Hz); 5.91 (s, 1H,
H-11); 5.83 (d, 1H, p-cym, 3/= 5.8 Hz); 5.53 (d, 1H, p-cym, /= 5.8 Hz); 5.25 (d,
1H, p-cym, 3J= 5.8 Hz); 3.86 (s, 1H, O-CH3); 2.47 (sept, 1H, CH p-cym, 3J= 6.9
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Hz); 1.96 (s, 3H, CH3 p-cym); 1.06 (d, 3H, CHs p-cym 3/= 6.9 Hz); 0.91 (d, 3H,

CHs p-cym 3J= 6.9 Hz); ppm.

13C{*H} NMR (200 MHz, DMSO-ds): 6 165.3-156.7-156.3 (C-6; C-8; C-10);
159.9 (C-1’; C-4’); 159.8 (C-5); 129.7 (C-2); 128.2 (C-1’; C-4); 122.8 (C-2’; C-
3); 122.3 (C-4); 115.2 (C2’; C-3’); 101.4 (p-cym); 100.6 (p-cym); 88.5 (p-cym);
87.7 (p-cym); 83.5 (C-11); 82.3 (p-cym); 81.3 (p-cym); 55.7 (O-CHs); 30.3 (CH
p-cym); 22.6-21.5 (CHs p-cym); 18.4 (CHs p-cym) ppm.

4.3.17.Complex 15

@{

Oww Ru*CI 5
® ’]‘:/3 @—OMe

3 A Schlenk tube was charged with
compound 8 (56 mg, 0.175 mmol) and silver oxide (52 mg, 0.175 mmol). After
the addition of dichloromethane (4 ml), the mixture was stirred in the dark
at room temperature. After 24 hours, [Ru(p-Cym)Clz]2 (54 mg, 0.087 mmol)
was added to the mixture, and the reaction was stirred at room temperature
for an additional 24 hours. The mixture was then filtered through celite and
the celite was rinsed with dichloromethane and methanol. The mother

liquors were dried and purified by column chromatography (97:3

DCM:MeOH), affording complex 15 in 24% yield (23 mg).

'H NMR (800 MHz, DMSO-de): 6 10.34 (bs, 1H, N9-H); 8.23 (d, 1H, H-4,%/x-
4 n-5= 2 Hz); 7.89 (d, 1H, H-5, *Ju-s wa= 2 Hz); 7.78 (d, 2H, H-3’, °/= 8.8 Hz); 7.24
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(d, 2H, H-2’,3/= 8.8 Hz); 5.87 (s, 1H, H-11); 5.77 (bs, 1H, p-cym); 5.67 (bs, 1H,
p-cym); 4.94 (bs, 1H, p-cym); 4.57 (bs, 1H, p-cym); 3.88 (s, 1H, O-CHs); 2.19
(m, 1H, CH p-cym); 1.98 (s, 3H, CHs p-cym); 0.81 (m, 6H, CH3 p-cym) ppm.

13C{*H} NMR (200 MHz, DMSO-de): & 184.2 (C-2); 165.3-157.1-156.3 (C-6;
C-8; C-10); 159.7 (C-&'); 132.4 (C-1'); 127.4 (C-3'); 125.7 (C-5); 116.9 (C-4);
114.7 (C-2'); 83.4 (C-11); 55.7 (O-CHs); 30.5 (CH p-cym); 22.2 (CHs p-cym);

18.7 (CHz p-cym) ppm.

4.3.18.Single-Crystal X-ray Crystallography

Crystals suitable for single-crystal X-ray analysis of compounds 3, 4
and 5 were selected, covered with Fomblin (polyfluoro ether oil) and
mounted on a nylon loop. The data were collected at 110 K or at room
temperature on a Bruker D8 Venture diffractometer equipped with a
Photon 100 CMOS detector using graphite monochromated Mo-Ka
radiation (A=0.71073 A). The data were processed using the APEX3 suite
software package, which includes integration and scaling (SAINT),
absorption corrections (SADABS)™? and space group determination
(XPREP). Structure solution and refinement were performed using direct
methods with the programs SHELXT 2014/5 and SHELXL (version
2018/3)133134 pyilt in the APEX and WinGX-Version 2021.313> software

packages. All nonhydrogen atoms were refined anisotropically. All the

197



hydrogen atoms were inserted in idealized positions and allowed to

refine riding on the parent carbon atom.

Table 4.4 - Main crystal data for compound 3.

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

C18 H22 ClIr N4 02
554.04

293(2) K

0.71073 A
Monoclinic

C2/c

a=19.3385(17) A a= 90°.

b= 14.4948(17) A B= 120.044(6)".

c=16.1794(18) A y=90°.

3925.9(8) A3

1.875 Mg/m3

6.957 mm™

2144

0.200x 0.160 x 0.100 mm3

1.949 to 33.026°.

-29<=h<=29,-22<=k<=22,-24<=|<=24

128823

7407 [R(int) = 0.0805]
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Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

99.5%

Semiempirical from equivalents
0.7465 and 0.5472

Full-matrix least-squares on F?
7407/1/245

1.056

R1=0.0322, wR2 =0.0704
R1=0.0590, wR2 =0.0778

n/a

1.940 and-1.176 e A3

Table 4.5 - Main crystal data for compound 4.

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

C19 H21 CIN3 02 Ru
459.91

293(2) K

0.71073 A
Monoclinic

P21/n

a=7.8750(4) A a=90°.

b=12.9930(6) A B=99.718(2)".
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Volume

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

c=17.9843(10) A y=90°.

1813.75(16) A3

1.684 Mg/m?

1.031 mm™

932

0.260 x 0.240 x 0.200 mm3
2.298 to 28.287°.
-10<=h<=10,-17<=k<=17,-23<=I<=23
72225

4499 [R(int) = 0.0585]

99.8%

Semiempirical from equivalents
0.820and 0.775

Full-matrix least-squares on F?
4499/0/235

1.092

R1=0.0297, wR2 =0.0790
R1=0.0339, wR2 = 0.0804

n/a

0.785 and-0.473 e.A3
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Table 4.6 - Main crystal data for compound 5.

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.242°

C18 H23 CI N4 03 Ru

479.92

110(2) K

0.71073 A

Monoclinic

P2/c

a=12.5668(13) A a=90°.

b =7.0766(8) A B= 99.239(4)°.
c=22.013(2) A y=90°.
1932.2(3) A3

4

1.650 Mg/m3

0.976 mm™

976

0.400 x 0.260 x 0.200 mm?
1.875 to 26.458°.
-15<=h<=15,-8<=k<=8,-27<=I<=27
85138

3953[R(int) = 0.0618]

99.7%
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Absorption correction Semiempirical from equivalents
Max. and min. transmission 0.829 and 0.696

Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 3953/0/251

Goodness-of-fit on F? 1.102

Final R indices [I>2sigma(l)] R1=0.0479, wR2 =0.1530

R indices (all data) R1=0.0512, wR2 =0.1563
Extinction coefficient n/a

Largest diff. peak and hole 1.309 and-0.688 e A3

4.3.19. Catalytic measurements

The reaction was monitored by UV-Vis spectroscopy, following the
formation of the absorption band of NADH centred at 340 nm (e = 6220 M!
cm™), using a multimode microplate reader Biotek synergy Neo 2 (Agilent).
Turnover frequency [TOF = moles of NADH/(moles of catalyst per unit time)]
values were obtained by deriving the TON versus t linear trends in the first 10

% of reaction progress.
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CONCLUSIONS AND OUTLOOK
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Conclusions and Future perspectives

In this thesis, we addressed the problem of finding new bioactive
molecules containing metals, basing the rationale on different mechanisms

of action for both microbial infections and cancer treatment.

In Chapter Two, we proposed a new antifungal agent based on nickel
complexes bearing caffeine NHCs. The biscarbene complex 18 proved to be
an excellent candidate for the selective treatment of C. glabrata, for which a
patent has been filed. Further experiments with the caffeine biscarbene
complex as a scaffold are currently being performed in collaboration with the
laboratory of Dr. Catarina Pimentel. These studies include investigating the
antimicrobial activity of different nickel biscarbenes and conducting in vivo
studies. The discovery of the selective activity of nickel biscarbenes on C.
glabrata is of utmost importance for understanding a mechanism of action

that could circumvent the innate antifungal resistance of this species.

In Chapter Three, we explored the synthesis of new gold complexes
bearing guanosine derivatives as NHCs. The synthesis of the complexes
proved to be difficult due to the solubility of the products. Nevertheless, the
gold monocarbenes, once isolated, allowed for solubilization in specific
solvents, and will enable tests for their anticancer activity. In the future,
further studies on the cytotoxicity will need to be performed. Similar
structures proved to be very active and selective against ovarian cancer cell
lines, and we expect a similar or better outcome due to the presence of a

nucleobase in the metal complex. Furthermore, studies on reactivity of
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gold(l) with guanosine bearing different side chains than methyl at N7 could

be conducted, as well as their interference with G-quadruplexes.

In Chapter Four, we proposed to exploit a key aspect of iridium and
ruthenium cyclometallated compounds, namely their ability to catalyze
transfer hydrogenation reactions. Such reactions can occur within the cellular
environment and cause reductive stress. These types of compounds
constitute the so-called catalytic drugs; thus, the synthesized compounds
were tested for their ability to reduce NAD* to NADH. We found a
dependence of the catalytic activity on the metal, the wingtip of the
imidazole ring, and the type of carbene (normal or abnormal). The best
catalyst proved to be the iridium complex bearing a normal carbene with an
isopropyl group as a wingtip (complex 14). These preliminary trials on
catalytic activity allow us to understand whether we can expect any cytotoxic
activity on tumour cell lines or microbials. All the cyclometalated complexes
are currently being tested on fungi and will also be tested on cancer cell lines
as well as on healthy cells to understand their safety profile. Finally, different
side chains for the imidazole ring, or different metal centres can be explored

to further increase catalytic activity and, thus, bioactivity.
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