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Abstract

In this project, a series of N-heterocyclic carbene (NHC) precursors was
synthesized, starting from theophylline as the base structure. Novel
alkylating agents, such as dialkyl sulfates and alkyl sulfonates, were
utilized to alkylate NHC precursors, leading to the successful synthesis
of xanthinium salts with halide and PF¢” counterions. The structures of
all synthesized compounds were thoroughly analyzed using NMR
spectroscopy and mass spectrometry techniques.

Given the extensive applications of metal-NHC complexes, particularly
silver-NHC complexes in medicinal chemistry, the study proceeded to
prepare Ag(NHC) complexes. These were further utilized to synthesize
gold, rhodium, and palladium complexes via transmetalation or weak
base reaction pathways. All synthesized metal-NHC complexes were
comprehensively characterized by NMR spectroscopy, Electrospray
lonization mass spectrometry (ESI-MS), and, in selected cases, single-
crystal X-ray diffraction to confirm their structural integrity.

Moreover, we optimized certain synthetic protocols, such as preparing
[NHCH]I and [Au(NHC),]PFs. While these reactions were traditionally
carried out under harsh conditions (60-80 °C), we successfully
conducted them at room temperature, demonstrating a significant
improvement in reaction efficiency and conditions.

Finally, two novel silver-NHC complexes were synthesized,
incorporating sulfur and tosylate in their structure, which imparts an
additional nucleophilic center. These precursors show promising
potential for future exploration in the synthesis of silver and other
metal-NHC complexes, opening avenues for further investigations and
applications in coordination chemistry.

viii



Chapter 1

Introduction



1.1. Carbenes

Carbon in its divalent state, with two bonds and a lone pair, is known as
a "carbene". ! It is a well-known transient species among the most
studied reactive species in organic chemistry 23 since the first definitive
evidence of its existence. * These compounds consist of two
nonbonding electrons that can have either parallel or anti-parallel spins
(singlet or triplet states)® (Figure 1.1). As a result, the typical carbon
atom in a carbene may simultaneously exhibit an electron deficiency or
an electrophilic nature. " The spin state significantly dictates their
reactivity in the solution. ®

p orbital ‘/1 D p orbital A

(half full) \ sp? orbital (empty) ‘x. / sp? orbital
\ Chalf full) \ (tully
| 4
\ sp‘ hybridized / \ sp? hybridized
l\/’ \_,/
a) Triplet Carbene b) Singlet Carbene

Figure 1.1. Types of Carbenes. 8

Anyway, for a long time, these species were perceived as excessively

reactive to isolation. ° So, numerous chemists hesitated to employ
them, especially as passive ligands in transition metal chemistry.
However, it's important to note that while most carbenes are fleeting
reactive intermediates, this perception doesn't hold true for N-
heterocyclic carbenes. 1°

1.2, N-Heterocyclic Carbenes

N-heterocyclic carbenes (NHCs) are a particular type of carbenes in
which the carbene is situated on an N-heterocyclic scaffold >7 defined

1



as heterocyclic species containing at least one nitrogen atom within the
ring structure. %12

The lone pair of electrons on nitrogen contributes to the vacant p-
orbital of the carbene, positioned perpendicular to the ring plane,
resulting in aromatic stability. However, the increase in o-electron
density around the carbene is mitigated by the backflow of o-electrons
to the nitrogen atom, thereby enhancing the thermodynamic stability
of the carbene (Figure 1.2). '* Additionally, substituents attached to the
nitrogen atom possess both steric and electronic properties that play a
crucial role in stabilizing and isolating stable carbenes. * This
observation was first noted by Pauling in 1980, who proposed that
well-chosen substituents could stabilize singlet carbenes by
maintaining electro-neutrality around the carbene center.

q
N"'—':;

Figure 1.2. Stabilization of Carbene carbon in a five-membered heterocycle.

Despite being identified and isolated more than thirty years ago, NHCs
continue to pique scientists' curiosity as adaptable, modular, and
powerfully coordinating moieties. ¥ They have since found applications

2 and

across a diverse array of fields, including organocatalysis
organometallic chemistry 8 as adaptable organo-catalysts in a range of
processes involving the formation of heteroatom bonds between

carbon and carbon. >

Initial applications of NHCs in organometallic chemistry involved their
use as ligands for transition metal complexes, replacing traditional

2



ligands such as phosphines because of their superior performance and
reduced toxicity. 212 This led to the discovery of novel catalytic
systems with improved activity and selectivity in various
transformations. 1° Throughout the 2000s, researchers explored the
catalytic potential of NHC-metal complexes in a wide range of
transformations, including cross-coupling reactions, C-H activation,
olefin metathesis, and various asymmetric processes. ®> The use of NHCs
as ancillary ligands in transition metal-catalyzed reactions became
more widespread, with numerous studies demonstrating their
versatility and efficiency in catalysis. 24

1.2.1. History

N-heterocyclic carbenes (NHCs) have a fascinating history dating back
over a century. In 1895, Nef declared that isolating methylene would
be his next endeavor. 2 However, despite his efforts and those of many
others, no one believed any longer that carbenes would ever be
isolated after numerous unsuccessful attempts. In the early 1920s,
Russian chemist Tschugajeff and his colleagues conducted an
interesting experiment. They treated potassium tetrachloroplatinate
with methyl isocyanide and then added hydrazine. 2 Contrary to their
expectations, this reaction did not vyield a dimeric species as
anticipated. Instead, it led to a compound that is likely the first diamino
carbene complex isolated in pure form. The structure of this salt 1,
known as Tschugajeff’s carbene complex (Figure 1.3) and its bis-
carbene derivative 2, was only fully understood decades later 2’-31, Fritz
et al. demonstrated that this technology may be utilized to synthesize
NHC complexes using functionalized isocyanides. *2

7
i) C=N—Me H‘N/(Jr/c/ HCl “\N-J( o
KoPtCly ———>» r!| Pt P — |L Pt

i) HN—NH =/ ¢ OH", CNMe cl
) Hz 7 % \\\N H/"ﬁ(

Figure 1.3. Tschugajeff’s (Chugaev) carbene complexes. 2632
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In 1958, Skell and Sandler identified normal carbenes while exploring a
synthetic pathway to extend the carbon chain by inserting carbon
atoms between double-bonded atoms. 3 Subsequently, Fischer and
Maasbol conducted research on tungsten carbonyl complexes
containing reactive carbon centers, providing valuable insights into the
nature of carbenes. 3 In the early 1960s, Wanzlick and colleagues
noted that aromatic resonance structures in unsaturated N-
heterocyclic five-membered rings play a role in stabilizing carbenes.
Free carbenes, like 1,3,4,5-tetraphenyl-2,3-dihydro-1H-imidazole-2-
ylidene 3, were produced by deprotonating imidazolium salts with
KOtBu (Figure 1.4), and subsequently, they were reacted with
isothiocyanates or metal-containing precursors. 3 Despite being so
close to carbenes, Wanzlick et al. were unable to separate them. 3

CeHs /CsHs

CegH CeHs N
NN KOtBu \Tl/ >
H — > D

rLI / KCIO N\N

cH N cos . CeHy

65 -HOtBu \

CeH5 CeHs

Figure 1.4. Attempted synthesis of carbene 3 from tetraphenyl imidazolium
perchlorate.

It is worth noting that the exploration of N-heterocyclic carbene
chemistry had primarily focused on metal coordination complexes
originating from azolium precursors, a progression initiated by
Wanzlick 3 and Ofele 3% in 1968. Wanzlick and colleagues identified
NHCs while synthesizing mercury-NHC complexes 4 from imidazolium
chlorates (Figure 1.5). They underscored the significance of
nucleophilic saturated and unsaturated carbenes as active
intermediates. ¥’



Following this, Ofele produced mercury and chromium pentacarbonyl
imidazolium NHC complexes 5 from the corresponding chlorate salt
(Figure 1.6), setting a standard for the synthesis of Cr-NHCs. 38

N

/__\ ph-N Y “Ph
Hg(OAc), Hg 2+

N
Ph— +YN\ph N 2Clo,
-2 AcOH /k
Ph\N N,Ph

H
clo, 4

Figure 1.5. Wanzlick’s NHC complex. 3337

However, it remains valid to note that, in many instances, the
structures of carbenes are uncertain due to the lack of compelling
evidence for the formation of NHCs. 3°
/N*YN\ HCr(CO)s NN +|-|2
H
cio; Cr(CO)s
Figure 1.6. Ofele’s Carbene. 3°

In 1988, Bertrand and colleagues achieved a milestone by synthesizing
the first stable carbene, supported by advantageous interactions with
neighboring phosphorus and silicon substituents 6, which did not act as
a ligand. *° Subsequently, in 1991, Arduengo's breakthrough paved the
way for accessible, isolable N-heterocyclic carbenes by deprotonation
of the corresponding imidazolium salt 7 (Figure 1.7).

Ad Ad
1
' NaH/THF N/
(i-Pr),N .. ! DMSO .
’ P—C—sime, />— | :
(i-Pr);N i NaCI N
' cr  -H; \
1

6

Figure 1.7. Bertrand and Arduengo carbenes. 404!
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Since Arduengo's original isolation of the stable, “bottleable” N-
heterocyclic carbene (NHC), this chemical class has received a lot of
interest and has grown quickly. ** Kuhn, later in 1993, improved on this
deprotonation approach by introducing reductive desulfurization of
thiones to produce stable imidazol-2-ylidenes. ** In 1997, Bertrand and
colleagues introduced silver acetate as a foundational material to
interact with dicationic 1,2,4-trisubstituted triazolium salts, resulting in
the synthesis of unstable polymeric Ag(l)-NHCs in THF under reflux
conditions. * In the next year, Lin's team reported the straightforward
creation of Ag(l)-NHCs using Ag,0 to react with benzimidazolium salt in
CH,Cl; at room temperature, stumbled upon as a fortunate discovery. °
These reports sparked researchers' interest in the potential use of
NHCs as ligands, which has resulted in an extraordinary amount of
research activity. 4®

The majority of stable heterocyclic carbenes originate from five-
membered heterocycles that contain heteroatoms such as nitrogen,
sulfur, or phosphorus. '® The unsaturated imidazolin-2-ylidene from this
group likely represents the most extensive collection of stable
heterocyclic carbenes. The first stable N-heterocyclic carbene,
identified 7, is also a member of this category. Currently, a vast array of
imidazolin-2-ylidenes type 9 with various substitutions has been
documented. “* Typically, these are produced through the
deprotonation of imidazolium salts 8 (Figure 1.8). ® NHCs 9 are
typically obtained as colorless, diamagnetic crystalline solids,
characterized by remarkably high melting points. 4/

R /
R' / RN N
\N/N X Base Tl/ .
|| )—H > )> ’
/N\N/*' -HBase* X R,/N\N
R' \ R'=H \
R
R 8 9

Figure 1.8. Synthesis of imidazolin-2-ylidene of type 9. ¥
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Today, N-heterocyclic carbenes (NHCs) are regarded as favored ligands
in transition metal complex chemistry (Figure 1.9). * The potent o-
donating capabilities of NHCs play a vital role in defining their
interaction with metal centers, which, together with their steric
characteristics, significantly affect the selectivity and reactivity in
transition-metal catalysis. *

Early recognition Stability and Isolation Applications and Versatility Recent Advances
1925 1968 1988 1991 2000s 215t Century
Tschugajeff Wanzlick Ofele Bertrand Arduengo Coordinated Coordinated Extending the boundaries of

o transition metals ~ to p-block elements urgduu(dldly\l'« classical M- ha:e,wn ic carbenes

2 () 65 [ -~

u u -CH, / Messi,
o
Ilg 10,

Gl

P
PrNI~ “NiPry

Gty iy
2

Figure 1.9. The historical timeline of NHCs (N-Heterocyclic Carbenes) from
early recognition to recent advances.

1.2.2. Importance

In recent years, there has been increased focus on improving the value
and impact of heterocycles in drug discovery and medicinal chemistry.
49 NHCs have emerged as the favored ligands in multiple domains, such
as main-group chemistry °°>3, transition-metal chemistry >’ and
organometallic catalysis %!, as well as in medicine %%, materials
science %% and organocatalysis. 71

As the rich chemistry of these compounds was increasingly revealed 72,
numerous studies documenting the applications of N-heterocyclic
carbenes in organocatalysis have been reported. 7*77 N-heterocyclic
carbenes (NHCs) exhibit distinct steric and electronic properties, which
make them efficient ligands in coordination chemistry for the
construction of stable metal-ligand frameworks involving main group
metals and transition metals. ”®



Eduardo Peris describes NHCs as smart ligands in his review article 7°,
which is also referred to by terms like noninnocent 28, cooperative 8-
8 switchable 8% and multifunctional ¥, serving roles beyond
merely furnishing an electronic context and a spatially precise cavity
for the metal fragment in catalysis. The widespread utility of NHC
ligands is mainly due to their facile synthesis 8, which permits the
generation of diverse structural geometries and electron-donating
characteristics. % Additionally, NHCs can include an endless array of
extra functions, providing these distinct ligands with clear benefits for
the customized synthesis of homogeneous catalysts on demand. ”°

1.2.3. Structure and properties

The successful isolation of stable NHCs 7 by Arduengo et al. marked a
pivotal moment that enabled the thorough characterization of this
important class of compounds. Initially, there was uncertainty
regarding whether steric or electronic effects contributed to the
stability of these species. Subsequently, it was proposed that the
stability of NHCs originated from electronic factors rather than steric
effects alone or possibly from a combination of both factors. ** It was
later discovered that one of the key characteristics of this class of small
molecules, which contributes to their high affinity for both metal and
non-metallic species, is the ability to adjust both electronic and steric
properties. 7 Steric and electronic effects are closely linked and hard to
separate from one another. %2

In general, the appeal of N-heterocyclic carbenes as ligands in
transition metal catalysis stems from the following characteristics: 3

i) electronic character:

The electronic stabilization is influenced by the o-withdrawing

properties of the nitrogen atoms and also depends on m-donation into

the carbene p;, orbital from the mt-system, which involves the nitrogen

atoms' p, orbitals.** Overall, N-Heterocyclic Carbenes function as o-
8



basic/mr-acid ligands %°7, with their electronic behavior explained

through the Molecular Orbitals diagram shown in Figure 1.10. This
diagram outlines how the basic imidazolidinydene structure interacts

with a transition metal.

NHCs possess a lone electron
pair in a high-energy o
orbital (Figure 1.10a), giving
them a o-donicity (basicity)
that exceeds that of even
basic phosphines like PCys.
1098 They also have a low-
energy empty m* orbital
(Figure 1.10b), allowing them
to accept electron density
from the metal’s filled d
orbitals through a classical o
- nt* back-donation process.
9,100 Additionally,  with
electron-deficient metals,
NHCs can engage in m - d
donation, where the electron
density is transferred from
the NHC’s combined filled
and empty mt orbitals (Figure
1.10c) to the metal’s empty d
orbitals, demonstrating -

basicity. 1%

a) NHC —» M o donation
\N
lj oo
d
2 h/
/

n* back donation

T donation

Figure 1.10. Diagram illustrating (a) the
NHC - M, o-donation, (b) the M >
NHC, m*-back donation, and (c) the NHC
- M, n-donation bonding modes
occurring between NHCs and transition
metals. 10°

This understanding of M—NHC bonding has developed over years of

research since NHC ligands were initially perceived as merely o-donors

with negligible rr-acidity. Almost ten years later, key studies

99,100,102,103
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showed NHCs can accept electron density into their * orbitals from
metals, highlighting this significant aspect of their bonding properties.
More recently, the m-donor ability of NHC ligands towards electron-
poor metals has been acknowledged 9°610%104  completing the
understanding of their electronic characteristics. However, it is now
widely accepted that some NHCs can also function as significant n-
acceptors. 9192193 |n their study, Meyer and colleagues showed that
NHCs can exhibit significant t*-back donation. *°

The structure of N-heterocyclic carbenes can significantly influence
their behavior as ligands. 1% The 4 primary structural parameters that
can be adjusted to modify the electronic properties of five-membered
NHCs, as illustrated in Figure 1.11, are: a) The type and placement of
heteroatoms (like nitrogen and others); b) Substituents at proximal
positions; c) The structure of the backbone (e.g., level of unsaturation)
and its substituents; d) The size of the ring. 1317467251

Ring size N-heteroatom(s)

74 8}:%)—»%

[M] = Ni, Pd, Cu, Ag, Ru etc,
X=N,0,¢, 8

Backbone

Proximal substituent

Figure 1.11. Schematic illustration of the structural elements that can be
modified to adjust the electronic properties of NHC ligands. 1%

a) The effect of heteroatom (Nitrogen)

Adjacent nitrogen atoms, due to their high electronegativity, withdraw
electron density from the non-bonding lone pair at the carbenic carbon
(HOMO, o-electron withdrawing). Meanwhile, their available lone pairs

10



can overlap with the empty p-orbital (LUMO, r-electron donating). 1%

NHCs are bent carbenes with sp%hybridized (o) and orthogonal p.
orbitals. They have four possible electronic configurations (Figure 1.12),
predominantly presenting a singlet 2A; ground state with a o2
configuration. Competing states include the triplet ?B; and singlet B,
which have occupied o and p. orbitals. The stability of NHCs is
influenced by the singlet-triplet o-p. gap (Es-1)'%, with a gap greater
than 40 kcal/mol favoring the singlet state. 3¢ This stabilization is mainly
attributed to the inductive effect of the amine group substituents,
which stabilize the carbene's ¢ orbital and increase the singlet-triplet
energy gap, favoring the singlet state. 1!

P'IT P'IT P'l'l: PT‘!
Nf:,_, Nu,’ N:,‘ N,,
N g N O N C N (o]

A4 (0?) 3By (a'PY) By (0?PY) A (P)
Figure 1.12. Electronic configurations of NHC carbenes. %7

Figure 1.13 also illustrates that the two nitrogen atoms adjacent to the
carbene center create significant mesomeric effects, destabilizing the
orbital and resulting in a large o—r gap. ' Consequently, NHCs are
strong nucleophiles rather than electrophiles. X7

o © Yy
c c c LN
RN SR R\Ng/ SR SNTEINT (”’“
— -—> _ -—> _ Loee
*N
AN

Figure 1.13. Mesomeric structures of NHCs and mesomeric stabilization of the
singlet ground state. %8

b) Proximal Substituents
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Bulky substituents on nitrogen atoms can positively affect the stability
of monomeric NHCs by protecting the reactive center from kinetic
dimerization and decomposition while modifying the electronic
properties of the ring system. #10>108105 Bacause the tendency of a
given NHC to dimerize is connected to its steric and electronic
properties 106110112 Alder et al. conducted a comprehensive study
using B3LYP DFT, examining NHCs of different ring sizes (5-, 6-, and 7-
membered) with various alkyl substitutions. They found that bulkier
alkyl groups increase monomeric NHC stability, particularly in larger
ring systems where the N-substituents are less constrained by the N-
C-N angle. 11°

Additionally, functional groups may have inductive (I) and mesomeric
(M) effects. Electron-withdrawing groups exert a negative inductive
effect (-I), while electron-releasing groups show a positive inductive
effect (+I). The relative inductive impacts of some common functional
groups, ranked from strongest -l to strongest +l, are essential to
consider:

NHs* > NO; > SO,R > CN > SOsH > CHO > COR > COOH > COCl > CONH;
>F>Cl>Br>1>0R>0H>NH;, > C¢Hs > CH=CH;, > H > CH3 > CH,CHs >
CH(CHs);

Mesomeric effects involve lone-pair donation (+M) or withdrawal (-M)
113 also referred to as resonance effects (+R/-R). 11

Decreasing +M effect:
O > NH, > NHR >OR > NHCOR > OCOR >Ph>F>Cl>Br>|
Decreasing -M effect:
NO; > CN > CHO > COR > CO,COR > CO2R > CO,H > CONH; > COy

Substituents with +I and +M effects increase NHC electron density,
enhancing donor properties, while those with -1 and -M effects

12



decrease it. Some substituents, like halo groups (F, Cl, Br, 1), have both
-1 and +M effects, adding complexity to their influence. '** More
specifically, for different alkyl groups, Denk et al. indicated that higher
alkyls have stronger electron-donating qualities, and the monomeric
NHC's stability increases respectively for R = Me, Et, iPr, and tBu. *°

c) Backbone structure

Backbone modifications significantly influence the electronic
properties of NHC ligands. Significant efforts have been made to
investigate the differences in bonding properties between saturated
and unsaturated NHCs. Among the three main NHC families shown in
Figure 1.14, the family of unsaturated NHCs based on 3 is the most
thermodynamically stable % because Unsaturation enhances the ring's
aromaticity. > On the other hand, Computational and structural
investigation by Nolan and co-workers demonstrated that the bond
distances between the metal and NHC are consistently slightly shorter
for saturated NHCs compared to their unsaturated counterparts. 11
These findings suggest that saturated NHCs are slightly better donor
ligands.

1 2 3 4
HN NH HN NH HN o NH HN\Oﬂ-I
\./ S NS \
imidazolin- benzimidazol- imidazol- imidazol-
2-ylidene 2-ylidene 2-ylidene 4-ylidene

Figure 1. 14. Different NHC skeletons. %7

The same authors recently synthesized and analyzed [(NHC)Pt"]
compounds. NMR results and electron density analysis confirmed that
13



saturated NHCs have a stronger o-donor ability compared to
unsaturated NHCs. ¥ More significant insights were gained from the IR
spectroscopic analysis of a series of [IrCI(CO),(NHC)] model systems,
which revealed that NHCs with alkyl N-substituents are superior
electron donors compared to those with aromatic substituents. 118119 |t
has been well established that saturated NHCs based on the imidazolin-
2-ylidene skeleton 1 of Figure 1.14 are more basic than NHCs with a
fused aromatic ring (structure 2 of Figure 1.14), and the unsaturated
NHCs (structure 3 of Figure 1.14). This variation in the NHC skeleton,
along with changes in the N-bonded substituents, allows for the tuning
of the electronic properties of specific NHC ligands. ¥’

d) Ringsize

The variety of NHC classes with different ring sizes highlights this
feature's significant impact on both steric and electronic properties. It
influences the preference for bent singlet ground states and profoundly
affects the overall stability and reactivity of the compounds. Y’
Increasing the NHC ring size from five- to six-membered cycles *?° and
even seven %' and eight-membered cycles !*2 results in greater
electron richness and significantly impacts steric demand. ** Due to
the specific electronic arrangement within the molecule, the carbenic
carbon atom in NHCs exhibits significant nucleophilic character,
distinguishing them from other carbenes. ® This characteristic makes
them highly prone to binding with metal centers, facilitating the broad
utilization of NHC-ligated metal complexes in catalytic processes. ¥’

i) Steric characteristics

The most frequently utilized measure of steric impact is the Tolman
cone angle, which is a cone that extends from the metal center of
phosphanes and encloses the substituents. Tolman suggested using the

14



cone angle 6, which is defined by placing the atoms at the cone's
perimeter and the metal at its vertex to determine the size of a ligand
(Figure 1.15).

[\

\\R/N S N\R/
\\0 /”

~

M

Figure 1.15. The Tolman cone angle 6. 148

However, since NHCs and phosphanes usually have somewhat different
shapes, NHC ligands cannot be fitted with the Tolman cone angle. 12*
The fence model '?° along with other early attempts, these were soon
replaced by the idea of the percent of buried volume (%Vour)
introduced by Nolan et al. °* The %V, as shown in Figure 1.16, is the
percentage of the first coordination sphere's volume surrounding the
metal that a specific ligand occupies. The area surrounding the metal
atom that each ligand must share upon coordination is represented by
the volume of this sphere. 12

Figure 1.16. Schematic representation of the sphere used for the

determination of the steric parameter %Vour. 748

The steric bulk of NHC ligands can be quantitatively compared to that
of phosphine ligands or any other ligands using the percentage buried
volume (%Ve,) measurement. ' A straightforward web-based
program created by Cavallo and colleagues makes it possible to

15



calculate %Vu,r easily from crystallographic data. 2 Examining the
% Vour Values of NHCs reveals that their steric bulkiness is one crucial
factor influencing their capacity to attach to transition metal systems.
127 The larger a specific ligand, the greater the percentage of the
coordination sphere (%Vsu) it occupies. Bayat et al. 2017 %, in a
theoretical study, indicated that the variations in R and R’ have a
negligible impact on the C->M bond lengths. Conversely, when the M
atoms remain the same but R substitutions vary, the C->M bond
lengths in the [NHC(R) - MR'] complexes are slightly shorter compared
to those in the [{(Ph)sPCHR} > MCI] complexes. 2 However, %Vaur
alone cannot fully describe steric effects as it does not account for the
ligand's anisotropy. %

iii) Complex Stability

N-heterocyclic carbenes (NHCs) exhibit remarkably stable bonds with
most metals. 1%129139 While both saturated and unsaturated NHCs with
similar steric demands display comparable bond dissociation energies,
phosphines typically form much weaker bonds. '*° As a result, the
equilibrium between the free carbene and the carbene-metal complex
heavily favors the formation of the complex, much more so than for
phosphines (see Figure 1.17).

N . - N —— N« N
\vd ~ /,
R” Y SR T Hy + 7 Y >R
ML,

ML,
(robust) (sensitive)
PR
|3 = ML, + PR;
ML,

Figure 1.17. Equilibrium of complexation. %

16



This significantly reduces the free NHC in solution, enhancing the
complex's lifetime and its heat, air, and moisture resistance. While N-
heterocyclic carbenes can be isolated and stored, they remain highly
sensitive and reactive to many electrophilic compounds. The
remarkable stability of NHC-metal complexes has been leveraged in
various demanding applications. However, an increasing number of
studies indicate that the metal-carbene bond is not entirely inert. 137138

1.2.4. Basicity and nucleophilicity of N-heterocyclic carbenes

The basicity and catalytic reactivity of NHC precursors are closely
linked. Therefore, studying the pK, of NHCs is essential for
understanding their properties as carbenes and their actual impact on
the reaction mechanism. * More precisely, the reactivity of NHCs is
primarily influenced by their Lewis base and/or Brgnsted base
characteristics. 713 Upon deprotonation, imidazolium salts convert
into NHCs (Figure 1.18). A strong base and an aprotic solvent such as
THF, Et,0, or toluene are usually needed. ® The pK, values reflect the
ease with which imidazolium salts form NHC precursors 7#140141 gnd

also provide insights into the nucleophilicity of the resulting NHCs. !

R R
+
cl
N\ Base
| D >®
Aprotlc

N Solvents

R R

Base: NaH, t-BuOK, KHMDS, LDA, n-BuLi

Figure 1.18. Deprotonation of imidazolium salt to form N-heterocyclic
carbenes. %8

Breslow first proposed measuring NHCs' basicity in 1958, but couldn't
isolate a stable NHC. However, he recognized the significance of the
deprotonated ylide or carbene form of thiamin. % In 1988,

Washabaugh and Jencks measured the pK, of protonated NHCs in
17



aqueous solutions. ** Bordwell and Satish later developed a technique
to measure NHCs' pK, in DMSO, identifying thiamin's pK, as over 16.0.
134 Alder found 1,3-diisopropyl-4,5-dimethylimidazole-2-ylidene to be
more basic than diazabicycloundecane (DBU) and diazabicyclononane
(DBN) with a pK, of 24.0. %> Kim and Streiwieser further tested NHCs'

pK. in different solvents. 146

In 2002, Cheng and colleagues studied the basic properties of 1,3-
dialkyl imidazolium salts in DMSO, finding pK, values between 19.7 and
23.4, and noted that N-substitutions influenced pK, while counter ions
do not affect the acidity ', while Feroci et al. later showed that the
counter-ion Y~ also plays a vital role. 8 Subsequently, Ayes et al.
reported the pK, values of several imidazolium salts in an aqueous
medium through deuterium exchange studies. *° In 2011, Grishina's
team identified a series of carbenes (N,N’-dialkyl-4,5-dimethylimidazol-
2-ylidenes) and found that changing substituents on Nitrogen atoms
(from methyl to isopropyl and isobutyl) can influence the basicity of
NHCs. They also discovered that solvation effects resulted in higher pK,
values than pyridine bases. **° The nucleophilicity and basicity of NHCs
were studied experimentally by Mayr et al. in 2011. The study's
methodology analyzed the reaction kinetics between N-heterocyclic
carbenes and reference electrophiles. The authors established that
various N-substitutions influence nucleophilicity. 1 One year later,
O’Donoghue et al. conducted deuterium exchange studies on
triazolium salts, which helped elucidate the relationship between the
cationic structures of NHC precursor salts and their acidity. ** In 2017,
Harper and co-workers measured the pK, values of various alkyl and
aromatic imidazolium salts in DMSO, which exhibited a range of
electronic and steric properties, finding that pK, values were affected
by variable substituents. They used the bracketing/overlapping
indicator method (Figure 1.19). 2 In this process, which was first
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applied by Streitwieser et al., the deprotonated form of a fluorene-
based indicator (with a known pK, value) undergoes a notable change
in UV-Vis absorption upon the addition of the NHC precursor salt. This
change enables the monitoring of the equilibrium, allowing for the

determination of the pK, value. 1%

R R™
[\ /_\"r H ™\

Y O Y O weer P oS

X . X X . X Mes Mes R R

Cl cr H c|-1/ ClH
X = OMe, Me, H, F, CI, Br X =Me, H, F, CI, Br R'= H, R" =Me R =iPr, Cy, tBu
R'= R"=Me
18 19 20 21 22 23 24
More acidic pPK, Less acidic

Figure 1.19. Arrangement of imidazolium salts based on their pKa values in

DMSO as determined by Harper et al. using the bracketing indicator method.
152

In 2017, Dunn et al. updated and extended this method for various
alkyl imidazolium salts. > They evaluated the deprotonation ability of
NHCs from acidic hydrocarbons with known pK, values. This method
measures the difference in equilibrium acidity (pK,) between an
"unknown" acid and an "indicator" acid with a known pK, (Figure 1.20).

R! R!

R / /
R
\N/N pK, \N/
'U />—H L [ l!ll >: + Hin
TN+ DMSO 7 N
R \ R \
R? R2

Hin = indicator acid

Figure 1.20. Acid-base equilibrium between NHC and the indicator acid. 4’
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By observing the changes in UV/Vis absorption of either the indicator
or the unknown acid during titrations of one acid with the other under
standard conditions *3, the absolute equilibrium acidity of the
unknown acid can be determined. The calculation is based on the
following equations: 7

Keq
HA + In" === Hin + A (1.1)
PKua = PKyin - 109Keq = pKy, - 10g([HIN][AV[INT[HA]) (1.2)

The overall trend is consistent regardless of the solvent: The pK, values
increase as the electron-donating character of the nitrogen
substituents increases. Additionally, the pK, values rise with an
increase in the carbene bond angle, progressing from 5-membered to
6-membered ring NHCs. This indicates that both the electronic
properties of the nitrogen substituents and the geometric structure of
the NHC significantly influence the basicity of the carbenes. ©
Nonetheless, the pK, value in DMSO is lower than in aqueous media
because the neutral carbene is insensitive to solvent stabilization, while
the azolium cation is more stabilized by hydrogen bonding in water
than in an aprotic solvent. 1%° Increasing the electron density on the
carbene center significantly enhances its basicity.>* Besides being used
as Lewis base catalysts, NHCs act as nucleophiles. They typically have
moderate nucleophilicity but high Lewis basicity. °> Nucleophilicity is
also important for their coordination with transition metal complexes.
156 Because of their nucleophilic nature and high Lewis basicity, NHCs
readily form stable adducts with various substrates, including transition
metals %5, main group elements 12133157 and organic molecules. 158161

1.3. Nature of Metal-NHC bond

To fully grasp the characteristics of metal-NHC complexes, it's essential
to closely analyze the nature of the bond between the metal and the
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NHC ligand. 2 Until the early 2000s, NHCs were seen exclusively as o-
donor ligands. 1'* However, Meyer and others have shown that NHCs
possess some ft-acceptor properties (see page 7-electronic character),
which vary based on the specific NHC ligand, the metal center, and the
auxiliary ligands involved. %% |n many instances, NHCs behave
similarly to the traditional dihydroxycarbene (Fischer carbene 1), with
approximately 20-30% of their bonding involving r-back bonding. 162
Therefore, the bond between an NHC carbene and a metal is a dative
bond rather than a double bond (Figure 1.21). 13

RI\ SN
N
78—
N
R/ ‘\n/
NHC ligand metal

Figure 1.21. o and 7t interactions of an NHC and a transition metal. 163

Unsaturated NHCs are both weaker o-donors and rmr-acceptors than their
saturated congeners. 1 Nolan and his team demonstrated that the M-
(NHC) bond lengths are consistently a bit shorter in saturated NHCs
compared to their unsaturated analogs. !'* Comparing the two
interactions, o-donation is the primary and most significant aspect of
the bonding between an NHC and a metal. 3 Over the years, several
experimental methods have been developed to quantify the overall
donor character of the most common NHC ligands. Notably, some of
these methods have been developed to distinguish between o-
donation and m-back-bonding contributions. Huynh et al. uniquely

1 Fischer carbenes are a class of carbenes that bind to metals, typically characterized
by their strong electrophilic nature when attached to metals in low oxidation states.
These carbenes are most commonly associated with mid-to-late transition metals,
especially in the presence of m-accepting ligands. The carbene carbon in Fischer
carbenes typically features a m-donating substituent, such as an alkoxy or alkylamino
group, stabilizing the carbene's interaction with the metal.
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utilized NMR to study the donor properties of NHCs. 1% This method
employs the 3C-NMR technique and uses a parameter known as the
Huynh electronic parameter (HEP), which corresponds to the 3C NMR
signal (ppm) of the carbenic carbon of iPr,-bimy (Figure 1.22).

downfield shift
Strong donor
5/ NMR
N / \\\\Br
Crpoe
N oo
)\ Weak donor

highfield shift

Figure 1.22. Huynh electronic parameter. 113

The ligands L (including NHCs) with good o-donor ability cause a
downfield shift in the carbene carbon peak, resulting in higher HEP
values (ppm). The Ju-c spin-spin coupling constant between the metal
center and the carbene NHC atom can also be analyzed. Nolan and his
team conducted this analysis on NHC-Pt(DMSO)Cl, complexes to
measure the o-donor properties of NHCs. 17 For the measurement of
the m-acceptor character of NHCs (Figure 1.23), Nolan used platinum
active nuclei to analyze the Ypc coupling constants in
[PtCl,(DMSO)(NHC)] complexes. 17 Bertrand reported determining the
nt-acceptor ability of NHC ligands using the 3!P NMR chemical shifts of
carbene-phosphine adducts, % (increased electron density on
phosphorous atom leads to an upfield shift in 3P NMR). Much like
carbene-phosphine adducts, an increase in the m-accepting property of
NHCs is indicated by a higher chemical shift value in ”7Se NMR, as
established by Ganter et al. in 2015. Besides rt-acceptor abilities, the o-
donor capabilities of NHCs can also be determined using carbon-
selenium coupling constant values. 1°6%7 High chemical shift values
indicate a strong m-acceptor character of any given carbene. 162
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Figure 1.23. Techniques developed to quantify the rr-acceptor properties of
NHCs as proposed by Nolan, Bertrand, and Ganter. 17165167

1.4. Synthesis of Metal-NHC complexes

Traditionally, two primary methods have been employed for the
synthesis of transition metal-NHC complexes. %8 (Figure 1.24):

a) Free carbene

- \t route [T\ vy

J

N - ——— — » N N_
R” \? R  Strongbase R~ . "R —\
H CrI h N._.N
e
b) /\ Transmetalation /\ y M
N N, route N N
NN~ > RN NS
RY R o RTY R
H Cl M

|
Cl

Figure 1.24. Methods for the synthesis of metal-NHC complexes. 16°

The first method (Figure 1.24a) involves generating a free carbene as
the initial step. %74 This is typically achieved by adding a strong base
to an azolium salt. The subsequent step involves adding a transition
metal source to the reaction mixture containing the in situ generated
NHC or the isolated NHC. Notably, the free carbene route is a two-step
process that requires strictly anhydrous conditions and the use of
strong bases, which are often costly and potentially hazardous. *° The
second method, known as the “transmetallation route,” is also a two-
step process. V1757177 (Figure 1.24b). This method involves reacting an
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azolium salt with copper or silver oxides to produce the corresponding
Cu- or Ag-NHC complexes. Followed by transferring the NHC to a
desired second transition metal. This concept originated in 1998 when
Lin and coworkers reported synthesizing an NHC-silver complex
without the requirement for an external base. 178 Silver oxide served as
the base and the supply of silver in their methodology. Then, in
dichloromethane, the resultant silver complex was combined with a
source of palladium or gold to facilitate the NHC's transport to the
target metal center (Figure 1.25). Since then, various NHC-transition-
metal complexes have been synthesized using this method. 7®
(including earlier work done by our institute, Mokfi et al. 7°).
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Figure 1.25. Synthesis of Au and Pd Complexes using Transmetalation from Ag
Species. 12

Although this method has advantages, like using air-stable starting
materials and producing water as a by-product in the first step, it also
has notable drawbacks. This method is restricted to using copper and
silver oxides most of the time, and in some cases, it necessitates high
temperatures or toxic solvents and produces considerable waste.
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Additionally, it is challenging to use when synthesizing metal complexes
with bulky NHC ligands. 1%°

Weak Base Route. In the past ten years, a different way to create NHC
complexes of varying transition metals has been intensively
investigated. This strategy is distinct from the free carbene and

180 3nd Navarro 8!

transmetalation approaches. %2 Jiang provided some
of the earliest examples of the direct synthesis of complexes from
NHC-HCI salts using weak bases. This technique (Figure 1.26) combines
the azolium salt with a metal supply and a weak base, like potassium
carbonate, triethylamine, or sodium acetate. Usually, the reaction is
conducted under mild circumstances with green solvents and in the

presence of moisture or air. 12
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Figure 1.26. Weak base route for the synthesis of metal-NHC complexes. 1¢°
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Results and discussion



2.1, Aim and objective

Xanthine-derived-carbene-metal complexes have been synthesized in
the past and have demonstrated potential as antimicrobial agents
(particularly with silver) and have also exhibited promising antitumor
activity with palladium, copper, and gold. 182183 We have previously
reported a facile route to access xanthinium salts and their
corresponding carbene complexes. 79 In this work, we have extended
this approach to include olefin- and halide-functionalities in the
xanthine backbone (Scheme 1). The reaction of the xanthinium salts
with Ag,O or AgOAc ¥ gave several types of carbene species. With
Ag,0 and NHs, cationic complexes of the type [Ag(NHC)(NHs)]* or
[Ag(NHC),]* were observed. When AgOAc was used, neutral complexes
of the type [Ag(NHC)(OAc)] were formed.
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Scheme 1. Synthesis of silver-based carbene complexes of Theophylline.

Carbene can be transferred to other metals by transmetallation
processes using silver molecules. In our work, we particularly

concentrated on synthesizing Au, Rh, and Pd, among other transition
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metals. In some cases, the corresponding metal xanthine-8-ylidene
derivatives were characterized through spectroscopic techniques and
X-ray diffraction studies.

2.2. Synthesis of N-heterocyclic carbene ligands

Xanthine, also known as 3,7-dihydropurine-2,6-dione (Figure 2.1), is a
heterocycle consisting of a pyrimidine ring fused with an imidazole
ring. 18 Caffeine and theophylline, which are widely available and
frequently present in food ¥, have become highly significant due to

187-191

their extensive applications in medicinal chemistry , owing to

their remarkable chemical or physical properties. 192

0 (o} / [0} o /
HN NH \N N \N NH HN)iN
0B X X0 10
|

Xanthine Caffeine Theophylline Theobromine

Figure 2.1. Xanthine and naturally occurring derivatives of xanthine.

The xanthinium salt, derived from xanthine or its derivatives, serves as
a catalyst and a precursor for ligands in various metal complexes. These
complexes involve metals such as palladium (Pd) %%, platinum (Pt)
194195 " rythenium (Ru) %, silver (Ag) ¥, gold (Au) 7, iridium (Ir) and
rhodium (Rh) 8 In keeping with our curiosity about NHC ligand

7% in this work, we reported metal-N-heterocyclic

development,
carbene derived from xanthines. For this aim, we initially sought N-

functionalized theophylline derivatives, which are described as follows:
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2.2.1. Synthesis of mono-substituted theophylline

In this project, theophylline was employed as the precursor, followed
by functionalization on the N7 position with allyl bromide or 1,2-
dibromoethane %° (Scheme 2) which gave N7-allyl theophylline (1a)
and N7-bromoethyl theophylline (1b) in good yield. No N9 alkylated
product was visible, and the reaction proceeded regio-selectively at the

N7 position. 2%

o)
N; AIIberomlde
|4
)\ 24h,rt )\ />

(1a) Yield: 72%

(0] (o]
—  1.1,2-diboromoethane, //\ Br
SN N DMF N N
a 1 2 P
fo) T N 24 h,r.t fo) N N

(1b) Yield: 78%

Scheme 2. Functionalization of Theophylline at N7 position.

It should be noted that the reactivity of theophylline with 1,2-
diboromethane is much greater than that of allyl bromide. Proligands
1a and 1b were characterized by NMR spectroscopy, ESI-MS, and
single-crystal X-ray diffraction. The H-NMR spectrum of 1a (in DMSO-
d6) features the resonances for the allyl group around 5-6 ppm. For
compound 1b, the resonances for N-CH,-CH»-Br appear as two triplets
at 3.80 and 4.66 ppm. Similarly, the resonances for the carbon atom C8
were detected in the 3C {*H} NMR spectrum at 148 and 149 ppm for
compounds 1a and 1b, respectively.
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2.2.2. Synthesis of di-substituted theophylline

For the investigation, compounds 1a and 1b, with various steric and
electrical characteristics at the N7 position, were used for alkylating on
the N9 position to produce xanthinium salts as NHC precursors. Various
alkylating agents were used for this aim, and their effectiveness was
examined. The generation of xanthinium salts mainly involves the
reaction of substituted xanthinium with alkyl halides. 84201202 |n most

cases, methyl iodide 2%3

is reacted with caffeine or theophylline in
refluxing DMF for 24 hours. ¥ The formation of N-alkyl xanthinium
salts generally occurs through a bimolecular nucleophilic substitution

(SN2) process. 2%

In this reaction, the nitrogen atom of the imidazole molecule serves as
the electron donor (nucleophile). This nucleophilic nitrogen attacks the
carbon atom bonded to the halogen in the alkyl halide, which acts as
the electron acceptor (electrophile). This mechanism results in the
creation of a new carbon-nitrogen bond, forming the N-alkyl
xanthinium salt. However, the reaction usually results in a 1:1 mixture
of the desired product and the starting material. 2> Therefore, there
are more reactive alkylating reagents available that require shorter
reaction times and produce products with higher purity and yield, like

206 and  dialkyl sulfates 295207 or  alkyl

208,209

alkyl  tosylate
trifluoromethanesulfonate as the most recent class of alkylating
agents. (Alkyl triflates are well-known for their strong alkylating
abilities.) 21%211 So, in the second part of this project, the xanthinium
salts of 1a and 1b were reacted with ROTs, (RO),SO, (R= Et, Me), and

(CF3)SOsMe under solvent-free conditions (Scheme 3).

The details of the reactions are shown in Table 1.
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Scheme 3. Alkylating of N9 position of one-substituted theophylline under solvent-free
condition.

Table 1. Alkylating on the N9 position with various agents

name product T(°C) Time(h) Yield (%)
0
N Nf\
2a )\ | ,} 150 2 89
0" N \ TsO
o Q
~ Nf\o’ﬁ\©\ Not
I\ 0
2 0)\N |N+ 150 2 favorable
| TsO
0 K\
\N N
3a A 2 130 2 70-87
om N \, (RO)SO;
i K\Br
~N N
3b P! N/} 130 2 91-92
"N\ (Ro)sO,
~ i Nf\
4a i [ > 120 2 69
o N\ CF,S0,
i f\ Br
NN N
4b )\ | » 120 2 50
o} N ;
|\ CFS0,
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The structures of the synthesized compounds were verified using
multiple analytical techniques, including proton (*H) and carbon-13
(*3C) Nuclear Magnetic Resonance (NMR) spectroscopy. In the *H-NMR
spectra, the ethyl group's signature was evident, with the -CH,CH;
protons appearing as a quartet between 3.90-4.63 ppm and the -
CH,CH3 protons showing as a triplet in the 1.32-1.55 ppm range. The
signals in the 9-10 ppm region identified the imidazolium protons,
aligning with the typical acidic proton shift range (8-10 ppm) for
xanthinium salts, as reported in the literature. * The 3 C-NMR spectra
revealed the imidazolium carbon (N-C-N), the precursor to the carbene
center, with a characteristic chemical shift at 138-140 ppm.
Additionally, HRMS analysis further confirmed the successful synthesis
of the intended products. Our experiments in this part emphasized that
alkylating reactions with dialkyl sulfates are superior to alkyl halides.
They offer faster reactions (e.g., dimethyl sulfate is 60 times faster than
methyl iodide), lower equipment costs, Non-toxic end products, and
less corrosive salts, reducing equipment wear. Also, dialkyl sulfates
reacted better than alkyl sulfonates and became the preferred choice
for efficient and cost-effective alkylation processes in industrial
settings. %2 The synthesized salts exhibited high solubility
characteristics, demonstrating complete miscibility with water and
various polar solvents, including dichloromethane, acetonitrile, and
ethanol. This solubility profile is consistent with the behavior observed
in other hydrophilic ionic liquids (lls). 21324

2.2.3. lon exchange reaction of the xanthinium salts

The ionic liquids xanthinium salts synthesized in this study offer dual
advantages: They are not only readily prepared through a facile and
expeditious process, but they also serve as versatile precursors for the
synthesis of other xanthinium salts via ion-exchange reactions. To
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demonstrate the utility of these novel water-soluble ILs as
intermediates, an ion exchange reaction was conducted using
ammonium hexafluorophosphate. This reaction resulted in the
successful preparation of a crystalline (NHC)'PFs solid, thereby
illustrating the potential of these compounds as starting materials for
the synthesis of silver-NHC complexes. Notably, this ion-exchange
reaction, which forms a hydrophobic xanthinium salt, highlights the
versatility and potential advantages of using alkyl sulfate-based IL in
synthesis. 22 Also, Chloride salts could be synthesized by treating the
corresponding hexafluorophosphate (PFs’) derivatives of N-heterocyclic
carbene (NHC) complexes with Amberlite 900(CI) resin. #'*> This ion
exchange process effectively substitutes the hexafluorophosphate
anion with a chloride anion, resulting in the formation of the desired
chloride salts.

2.2.4. Synthesis of [NHCH]PF; salts

The xanthinium salts listed in Table 1 undergo facile ion exchange
reactions with ammonium hexafluorophosphate (NH4*PFs) in
aqueous medium. 26 This process, illustrated in Scheme 4, results in
the  substitution of the original counter-anions  with
hexafluorophosphate (PFs) anions, yielding white crystalline solid
products easily separated by filtration.

o o
N\ e N\
~N N NH,'PF, ~N N
LA . A A e
o N\ - 20 min o N PF,

N X N
\
Y IR
5a,Yield: 85-95%

o o
< N//\Br . ~ N//\Br
N NH,'PF; N
L2 T A
fo) N N . 20 min o N N PFS-
I \ X | \
R R

5b,Yield: 85-95%
R= Methyl, Ethyl

X=TsO, (RO)SO,, CF,SO,’
Scheme 4. lon exchange reaction of xanthinium salts
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The structures of the
synthesized products 5a and 5b
were confirmed using 'H, 3C,
and 3P NMR spectroscopy, as
well as Electrospray lonization
Mass Spectrometry (ESI-MS).
The absence of resonance peaks
corresponding to TsO", (RO)SOs,
and CF3SO; in the 'H and 3C
NMR spectra, along with the
emergence of a septet signal for
PFe at -144 ppm in the 3P NMR
the
the

spectrum, validates

successful synthesis of

expected products.

Figure 2.2. The molecular structure
of compound 5a in the solid state.
Hydrogen atoms have been
excluded for improved clarity,.
Selected bond angle [°]: N7-C8-N9 =
111.0 (2)°.

The mass spectra of pro-ligands 5a and 5b exhibited base peaks

corresponding to their respective mono-cationic xanthinium salts. For

compound b5a,

the base peak was observed at m/z 249.13,

representing the [Ci12H17N4O2]" ion. Similarly, for compound 5b, the
base peak appeared at m/z 317.04 [C1:H16BrN4O,]*, indicative of its
mono-cationic xanthinium salt structure. These findings confirm the

expected molecular compositions of the synthesized pro-ligands.

Crystals of compound 5a, appropriate for X-ray crystallography, were

grown using a slow diffusion method. This involved introducing

tetrahydropyran into an acetonitrile solution containing the complex.

Figure 2.2 illustrates the solid-state molecular structure of complex 5a,

as determined by this analysis.

33



2.2.5. Synthesis of [NHCH]CI salts

The conversion from hexafluorophosphate (PF¢’) to chloride (CI) salts is
motivated by several factors. Halide salts are generally preferred over
PFe salts for subsequent reactions. Because in the next step, which
involves silver oxide (Ag,0) for complex formation, xanthinium salts
with halide anions exhibit superior reactivity compared to those with

non-coordinating anions such as BF4 and PFg. 217218

Additionally, the C8 proton forms stronger hydrogen bonds with
halides than with BF,; and PFs, leading to increased acidity of the
halide salts relative to their BF; and PFs counterparts. 2% The
enhanced acidity of the N-heterocyclic carbene (NHC) precursors with
halide anions also facilitates more efficient proton abstraction in the

reaction with Ag,0, which acts as a base in this context. 2!%2%

Various methodologies exist for the anion exchange from
hexafluorophosphate (PF¢) to chloride (CI). One such approach
involves the addition of tetrabutylammonium chloride in
tetrahydrofuran (THF) to a solution of the PF¢ salt in THF, followed by
agitation for 30 minutes. This process typically results in the separation
of an oil, which contains the desired CI salt. ®® However, in the context
of this research project, this particular method proved unsuccessful in
yielding the intended product.

An alternative and environmentally friendly method for anion
exchange is based on the work of Zhigang Zou et al. %! This approach
involves a two-step ion exchange process. The initial step comprises
the substitution of the alkyl sulfate anion (where ROSOs; represents an
alkyl group) with hydroxide (OH?) in Ethanol or water as solvent.
Subsequently, the reaction proceeds with the addition of HY (where Y
denotes the desired anion). Despite multiple attempts to implement
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this methodology in our research project, it did not yield the
anticipated product. This outcome underscores the challenges often
encountered in adapting published protocols to specific research
contexts and highlights the need for further optimization of ion
exchange techniques in this particular system.

The third method is using ion exchange chromatography by Amberlite®
IRA-900(Clform) ion exchange resin. This ion exchange method was
investigated for compounds 3a-5d, representing four different
alkylated theophylline derivatives, as shown in Scheme 5. In order to
optimize the ion-exchange resin methodology, a comprehensive study
was conducted to evaluate the impact of various organic solvents,
including both polar protic (e.g., ethanol) and polar aprotic (e.g.,
tetrahydrofuran, acetonitrile, dichloromethane) solvents. The results of
this investigation are presented in Table 2. In each instance, the
outcomes were confirmed using 'H NMR, HRMS, and **Cl NMR to
detect the presence of the chloride anion. If the chloride anion is
present in the product, it will manifest as a soft singlet in the *CI NMR
spectrum within the range of 50-100 ppm. Also, the removal of the PF¢
anion is demonstrated by the elimination of its signals in 3!P NMR,
which was verified for compounds 6a and 6b (Figure 2.3).

.
.

\ n
.

.

Figure 2.3. 3°CI NMR (left) and 3P NMR (right) of the product as a sign of a
successful ion exchange reaction.
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Scheme 5. lon exchange from hexafluorophosphate (PFe’) to chloride (CI).

Table 2. Influence of solvent variation on ion exchange reaction using
Amberlite IR9200 (Chloride Form)

compound  Cl-resin eluting  exchanged yield
solvent ion
EtOH Cl 25%
3a MeCN cr 19%
EtOH X
3b MeCN x
4a EtOH Cl 18%
MeCN X
EtOH
4b THF
EtOH cl 28%
5a MeCN
THF
EtOH Cl- 20%
5b MeCN
THF

Theoretically, polar aprotic solvents are generally preferred for ion
exchange reactions due to their inability to form hydrogen bonds with
ions, thereby reducing ion solvation and potentially facilitating more
efficient ion exchange. This is attributed to decreased solvent
interference in the ion-resin interactions. Chloride resins, in particular,
are known to exhibit favorable performance with aprotic solvents,
which are typically more compatible with the resin matrix. However,
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our experimental findings revealed that ethanol, a polar protic solvent,
demonstrated superior performance compared to acetonitrile (MeCN)
and tetrahydrofuran (THF) in the ion exchange reaction from PFs to CI
on a chloride resin. This unexpected result may be attributed to several
factors: first; Enhanced solubility and swelling properties of the
chloride resin in ethanol, and second; Potential ion-pairing effects,
where ethanol molecules may stabilize ions in solution, thereby
influencing the ion exchange equilibrium and potentially favoring
chloride ion selectivity. Furthermore, the inherent strength of the
hydrogen bonds formed between the xanthinium cation and the anions
is ranked as follows: CFsSOs > BF4 > PFe¢. 222 This variation in bond
strength may influence the ease of their removal and facilitate the ion
exchange process in polar protic solvents. Interestingly, for the allyl-
substituted theophylline derivatives, both protic and aprotic solvents
yielded satisfactory results in the ion exchange process. Also,

208 ‘such as

xanthinium cations paired with weakly coordinating anions
hexafluorophosphate (PFs) or trifluoromethanesulfonate, exhibit
enhanced reactivity in ion exchange processes. However, subsequent
reactions of the chloride salts of compounds 3a and 4a with silver
oxide frequently produced oily products, thereby complicating the
isolation and purification of the desired compounds. In some cases, ion
exchange to chloride using resin resulted in mixed products or

incomplete bromide-to-chloride conversions.

In light of these challenges, we opted to employ iodine for the
alkylation step. Although this reaction is relatively time-consuming, it
offers the significant advantage of simultaneously achieving N9-
substitution and incorporating the desired halogen counter anion.
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2.2.6. Synthesis of [NHCH]I salt

Methylation of
compounds 1a and 1b by o R o R
/ /

reacting with an excess N N Meloret,pMmF N NX
. A | ) — A |2

amount of methyl iodide o#>N"""N 2an,reflux PN N\ I

in DMF under reflux ! ! R

. R=Allyl, CH,-CH,-Br

conditions 184,193,201 R'= Methyl, Ethyl

resulted in the formation

of xanthinium salts 7a-7b, Scheme 6. The Alkylating reaction of

with an average vyield mono-substituted theophylline

ranging

from 60-80% (Scheme 6). Results are shown in Table 3.

Table 3. Results of the alkylating reaction of mono-substituted theophylline.

Substitution on N7 Alkylating

Name position agent U
7a-1 Allyl Mel 62%
7a-2 Allyl Etl 75%
7b-1 CH2-CH2-Br Mel 74%
7b-2 CH2-CH2-Br Etl 81%

Compounds 7a-1 to 7b-2 are water-soluble solids with low melting
points, stable at temperatures up to 7 °C, and are best stored in a
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refrigerator. In the 'H NMR spectra, similar to other salts discussed in
this section, the imidazolium proton resonates between 9.50 and 9.75
ppm. For compounds 7b-1 and 7b-2, a halide exchange occurred
between bromide and iodide.

This substitution was anticipated and subsequently confirmed through
mass spectrometric analysis. Compounds 7a and 7b were analyzed
using single-crystal X-ray diffraction techniques. To obtain the
necessary single crystals, a concentrated solution of each compound in
acetonitrile was allowed to evaporate slowly. The resulting crystal
structures are depicted in Figure 2.4. Surprisingly, X-ray diffraction
analysis of a single crystal obtained during the recrystallization process
revealed the presence of triiodide (l3) anions rather than the
anticipated iodide (I) ions for compound 7a.

In each instance, the pyrimidinone backbone of the xanthinium salt
exhibits a slight torsion from the plane established by the N(7)—C(8)-
N(9) bond. This twisting angle may arise due to the steric constraints
imposed by bulky substituent. This twist can impact how the molecule
interacts with other compounds and its stability. 22

(7a) (7b)
Figure 2.4. Molecular structure of compounds 7a and 7b. Hydrogen atoms
have been excluded for improved clarity, and ellipsoids are shown at 50%

probability. 7a: N7-C8-N9: 110.02(3)°, 7b: N7-C8-N9: 110.03(7)°.
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2.2.7. Synthesis of (NHCH)I salts at room temperature

One drawback of using methyl iodide for alkylation is its tendency to
decompose at high reflux temperatures (70 °C), despite its boiling point
being only 40 °C. This decomposition can generate toxic byproducts,
which not only pose a threat to the reaction environment but also

d 2%, necessitating the use of at least five

diminish the overall yiel
times the amount of methyl iodide in the reaction mixture. The
instability of methyl iodide under elevated temperatures can lead to
significant losses of both reactants and products due to evaporation or
degradation, ultimately decreasing the efficiency of the alkylation

process.

To address this issue, conducting the alkylation at lower temperatures
can help preserve the stability of methyl iodide and reduce
decomposition. Performing reactions at or below its boiling point (40
°C) can improve yields and minimize the formation of toxic byproducts.
In our recent experiment conducted at room temperature, as reported
in the recent publication of Longo et al. #°> We observed a substantial
increase in reaction yield for methylation with this adjustment.
However, this method proved ineffective for ethylation. The initial
phase in the synthesis of an N-heterocyclic carbene (NHC) metal
complex derived from theophylline involves the preparation of an
xanthinium salt precursor, which was accomplished in this segment of
the study. The next stage entails the reaction of these precursors with
diverse metal precursors, a process that will be elucidated in the
following sections.
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2.3. Synthesis of [Ag(NHC)(NHs)]PFs and [Ag(NHC);]PFs complexes

The initial set of heteroleptic Ag(l)-NHC complexes, represented by the
general formula of [Ag(NHC)(NHs)]*PFs and homoleptic complexes as
[Ag(NHC),]*PFs, were synthesized by reaction of corresponding
[NHCH]PFs with Ag20 #2° in the presence of NHs (as outlined in Scheme
7). Additional information can be found in Table 4.

2 R " /R 0 /R lR\ | "
N _Ag,0, EtOH, NH, | Ny | >_ N N)_ N NYO
\ PF D—Ag-NH3|PF | »—Ag—X PFg
)\ l 2 |PFe 24h, 1t )\ g 6 )\N N g_<IN ! N |8
R I R R 0

R=Allyl, CHZ-CHZ-Br, CH,-CH,
R'=Et, Me

Scheme 7. Synthesis of [Ag(NHC)(NH3z)]PFs complexes.
Table 4. Synthesis of [Ag(NHC)(NHs)]PFs complexes

Name Anticipated Structure Yield

0 N
Y 4/\ .
Agl )\ | D—Ag™—NH,| PFs 84%
0 ril N\
o] A
SN (\ . :
Ag2 By | D—Ag™NH,| PFs 87%
o T N

Ag3 j\ | D—Ag—NH,| PFe 68%
0” N "N

Aghd )\ ,>_A9_NH3 PFo 69%
(o] N
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Compounds Agl-Aga were characterized by NMR and HRMS analyses.
The most significant alterations in the 'H-NMR spectrum included the
loss of the imidazolium proton signal at 9.30-9.60 ppm and the
emergence of a new signal around 3 ppm, with an integral of 3, which
can be attributed to the NH; ligand. Additionally, the appearance of a
signal in the 3C-NMR spectrum at 184-186 ppm, corresponding to the
carbene carbon directly attached to Ag, further confirmed the
successful synthesis of the anticipated product. It is worth noting that
in the absence of ammonia, we will have homoleptic complexes with
the formula of [Ag(NHC);]PFs, which were also characterized by ESI-MS
and crystallography. Complexes Agl, Ag2, and Ag4 were successfully
obtained as a monocrystal suitable for X-ray diffraction analysis. Their
single crystal was obtained through the slow diffusion of
Tetrahydropyran into an acetonitrile solution. The molecular structures
of these complexes in their solid state are illustrated in Figure 2.5.

(Agl)

(Ag4)
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Figure 2.5. Molecular structure of complexes Agl, Ag2 and Agd. Hydrogen
atoms have been excluded for improved clarity, and ellipsoids are shown at
50% probability. Selected interatomic distances [A] and bond angle [°]:
Complex Agl: C8-Agl: 2.118(10) A, Agl-N10: 2.118(4) A, N7-C8-N9:
106.03(8)°, C8-Agl-C17: 174.8(4)°. Complex Ag2: C8-Agl: 2.071(4) A, N7-C8-
N9: 106.2(3)°. Complex Agd: C8-Agl: 2.074(3) A, Agl-N10: 2.124(3) A, N7-C8-
N9: 105.8(3)°, C8-Ag1-N10: 175.07(11)".

2.4. Synthesis of [Ag(NHC)(CI)] complexes

The synthesis of silver-NHC complexes featuring halogen-coordinating
anions was accomplished through the reaction of the corresponding
ligands (6a and 6b) with silver(l) oxide in ethanol or DCM, yielding
compounds with the general formula of [Ag(NHC)CI] (scheme 8),
designated as complex Ag5 (Figure 2.6).

0 /R
N N Ag,0, EtOH
YO, tane, Hg—c'
o N N\ clI- or DCM 4h
R’
R=Allyl, CH,-CH,-Br Yield: <10%

R'= Methyl, Ethyl
Scheme 8. Synthesis of Ag(NHC)Cl complexes.

Complex Ag5 exists as a neutral species in solution. 227 The 07/109Ag-
13Cyuc resonance was observed at a chemical shift of 183.94 ppm. This
complex was the sole product formed from the successful reaction of
the (NHCH)CI salt with silver(l) oxide, which yielded the corresponding
[Ag(NHC)CI]. The complex was thoroughly characterized using NMR
and HRMS techniques.
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Figure 2.6. Molecular structure of complex Ag5. Hydrogen atoms have been
excluded for improved clarity, and ellipsoids are shown at 50% probability. C8-
Agl:2.096(3) A, Ag1-Cl1: 2.3632(8) A, N7-C8-N9: 106.03(3)".

This methodology represents a well-established approach for the
preparation of silver-NHC complexes, leveraging the basic nature of
silver(l) oxide to facilitate the deprotonation of xanthinium salts and
subsequent coordination to the silver center. However, the synthesis of
the [NHCH]CI precursor in this project presented significant challenges
in terms of yield optimization. The low yield of this crucial intermediate
compound severely limited the scope of subsequent reactions and
hampered efforts to conduct comprehensive characterization and
reactivity studies of the resulting silver complexes. Similarly, for the
bromine-substituted theophylline, no successful outcome was
obtained in its reaction with silver. This lack of reactivity might be
attributed to steric or electronic effects introduced by the bromine
substituent, potentially hindering the formation of the desired silver
complex. Further investigation is needed to understand the exact
reasons for this failure and to explore alternative reaction conditions or
reagents. This limitation in the case of [NHCH]CI precursor prompted us
to explore [NHCH]I precursors, which generally exhibit enhanced
reactivity and yield in silver complex formation.
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The use of iodide counterions offers several advantages over chloride
in this context: (1) Increased solubility: [NHCH]I salts typically
demonstrate improved solubility in organic solvents compared to their
chloride counterparts, facilitating more efficient reactions. 22 (2)
Enhanced leaving group ability: lodide is a better leaving group than
chloride, potentially leading to a more facile formation of the Ag-NHC
bond. 2% (3) Reduced tendency for halide bridging: lodide's larger size
and softer nature can minimize unwanted halide bridging in the
resulting silver complexes, often resulting in more well-defined
monomeric structures. 230 (4) proved vyield: The combination of these
factors frequently results in higher yields of the desired Ag(l)-NHC
complexes when using iodide precursors. 228 (5) Versatility in further
transformations: Ag(l)-NHC complexes derived from iodide precursors
can serve as effective transmetallation agents for synthesizing other

metal-NHC complexes. 2%°

2.5. Why are Ag complexes so important?

Coinage Metal-NHCs are extensively researched due to their fascinating
structural characteristics and diverse potential applications. Among this
group, silver(l)-NHCs have emerged as the most extensively studied
subclass. This is primarily attributed to two factors:

The ease of synthesizing Ag(l)-NHCs using the Ag,O route, which
involves the reaction of xanthinium salts with silver(l) oxide. 78 Ag(l)-
NHCs also serve as convenient precursors for obtaining other metal-
NHCs through a process called transmetallation. * In this process, the
silver atom is replaced by a different metal, allowing for the
preparation of a wide range of metal-NHC complexes.

Additionally, silver-NHC complexes also exhibit biological activity. They
have been shown to possess antibacterial properties and have
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demonstrated cytotoxicity, which refers to their ability to be toxic or
lethal to cancer cells. 83231236 Additionally, The Ag,O method for
preparing Ag(l)-NHC complexes has several benefits: (1) Ag,0 is a
stable compound that is easily obtained; (2) The reaction can be
performed at room temperature in the presence of air; (3) Solvent
pretreatments and strong bases are unnecessary. 37238 These
properties have made Ag(l)-NHCs the most extensively studied class
within the broader field of metal-NHC research.

The Ag,0 route, typically conducted in organic aprotic solvents, is now
regarded as a classic method for synthesizing silver-NHC complexes. In
this process, silver(l) oxide is the metal source and the base. # In fact,
the Ag,0 molecule removes a proton from an xanthinium cation. Then,
the Ag(X) atom (X= Cl, Br, 1) binds to the carbene to form the first
[Ag(NHC)X] complex and AgOH (Scheme 9, equation 2.1). This AgOH
removes a proton from a second xanthinium cation, and the silver
metal coordinates to the carbene to produce the second [Ag(NHC)X]
complex and H,0 (Scheme 9, equation 2.2). 2

Me . Me
/ X /
N N
[ M+ A0 ——— [ >~A9X + AgOH
N+ N
\ \
Me Me

Me /Me
/ -
N X N
[/>—H + AQOH ————» [ >*A9X + H0
N+ N
\ \
Me Me

Scheme 9. Mechanism of reaction of Ag20 with (NHC)*X" precursor, X=Cl, Br, I.

The success of this Ag,0-based method for preparing Ag(l)-NHC

149,208,240,241

complexes may depend on properties like the acidity and
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steric hindrance 227242724 of the azolium salt precursors, as well as the

nucleophilicity 3>14624¢ of the NHC ligands. (Chapter 1, part 1.2.3. and
1.2.4). The reactivity and yields could vary depending on the specific
azolium salt and NHC employed in the silver-NHC synthesis.

The reaction of xanthinium salts with Ag,O typically results in the
formation of neutral [Ag(NHC)X] complexes or ionic compounds
[Ag(NHC)2][AgX2]. ¥ It has been suggested that a dynamic equilibrium
exists between these forms in solution 76178216 (Equation 2.3) and can

be observed using 3C NMR spectroscopy. 178:227,248

2Ag(NHC)X [Ag(NHC)2][AgX-] Ag(NHC)X +AgX (2.3)

The isolation of either the neutral or ionic form primarily relies on the
steric size of the NHC and the choice of solvent system. In general,
larger NHCs and less polar solvents tend to favor the neutral form. 24
Often, the formation of Ag(l)-NHC complexes is accompanied by the
precipitation of AgX, resulting in the isolation of nonstoichiometric
[Ag(NHC)1[(AgX2)n/X1n]. 2970 To avoid this issue, pure [Ag(NHC),]*
type salts can be generated through anion metathesis using anions
such as BFs;, PFg, B(Ph);, or NOs. However, in some instances,
extended reaction times can lead to the complete precipitation of AgX,
resulting in the formation of three-coordinated [(Ag(NHC).X] type

compounds. 2

2.6. Synthesis of [Ag(NHC)(I)] complexes

The [Ag(NHC)I] complexes were synthesized by treating the
corresponding (NHCH)I salts (7a-7b) with Ag,O 78 or silver acetate
(AgOAc) 29951 in acetonitrile or methanol. It is well-known that silver

252

complexes may undergo ligand redistribution equilibria using a

solvent with a high dielectric constant may favor the formation of the
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cationic homoleptic complexes. Several attempts to react xanthinium
salts with silver oxide did not succeed, as indicated in Table 5.

Table 5. Synthesis of [Ag(NHC)I] complexes.

Name Structure S yield
reactant
0 I/\
N N
Ag6 )\ | D—Ag—0 AgOAC 36%
0 N N (o]
|\ a
0 I/\ Br
Ny N
Ag7 )\ | D—ng-0 AgOAc 36%
o” N "N 0
|\
o) //\
Y N
- J L D—na—i Ag:0 x
0”7 ™N N\
o //\Br
N N
- )\ | D—aAg—I Agy0 x
0~ N N
| \

The mechanism remains unclear, although crystallographic data (Figure
2.7) revealed that the xanthinium salt dissociated from C8, which
interfered with the formation of a bond between silver and C8. The
reasons for this occurrence are not understood. Consequently, this led
to the exploration of using silver acetate as an alternative reagent for
the reaction.
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Figure 2.7. Crystal structures showing aldehyde formation at the C8 position
of the xanthinium salt.

The process of the reaction between silver acetate and [(NHC)I]
precursor is achieved through the addition of two equivalents of silver
acetate. The initial equivalent of silver acetate generates silver iodide
and acts as a base to deprotonate C8, resulting in the formation of
acetic acid and the in situ generation of the carbene. Subsequently, the
second equivalent of silver acetate reacts with the carbene to yield
compounds of type [Ag(NHC)OAc). »2 The general procedure is shown
in Scheme 10.

R
[ I/
SN - 2AgOAc, MeOH SN N
)\JI > S AP
0PN 07NN )=°
| | R
Yield= 36%

R=Allyl, CH,-CH,-Br
R'= Methyl, Ethyl

Scheme 10. Synthesis of Silver-NHC complexes through the reaction with silver
acetate.

The synthesized products were characterized using NMR and HRMS
techniques. In the '"H NMR spectra of complex Ag6, the absence of the
imidazolium proton (NCHN) signal suggests the successful formation of
the silver complexes. The *C NMR spectra for compounds Agé and Ag7
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show a characteristic singlet at 185.54 and 184.03 ppm, respectively,
corresponding to the 1©7/1%Ag-13Cyyc resonance.

The silver complexes derived from bromo-substituted theophylline
exhibited a mixture of product and unreacted starting material (S29-
supplementary information), which might indicate a slow reaction. This
slow reactivity could be considered a limitation of this particular
xanthinium species. One possibility might be a substitution reaction at
the C13 position (ion exchange of Br with 1), which may interfere with
the primary reaction. Furthermore, the mass spectra of Ag7 indicate
that only the iodo-substituted xanthinium reacted with silver acetate,
resulting in a mixture of unreacted bromo-substituted and reacted
iodo-substituted species. The molecular structure of compound Agé6
was determined using single-crystal X-ray diffraction (Figure 2.7).
Selected bond lengths and angles are shown in Table 6.

c213
i

Figure 2.8. Molecular structure of silver(l)-NHC complexes Ag6. Hydrogen
atoms have been omitted for clarity, and ellipsoids are shown at 50%
probability.

Silver carbene complexes of this type are known to have a variety of
different structures in the solid state. 820254 |n most other instances,
we obtained a yellow or colorless, viscous, oily liquid that was
unsuitable for high-quality crystallographic analysis.
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Table 6. Selected bond lengths (A) and angles (°) for silver(l)-NHC complexes

Agb
Bond lengths (A) Bond angles (°)
Agl-Ag2 3.1301(4) C8-Agl-01 175.42(14)
Ag2-C1 2.084(4) C1-Ag2-05 166.39(5)
Agl-C8 2.087(3) 01-Agl-Ag2 107.1(2)
Agl-01 2.140(2) C1-Ag2-Agl 80.16(8)
Ag2-05 2.153(2) N7-C8-N9 105.8(2)

This kind of crystal can be obtained by slow diffusion of Ethyl acetate
into Methanol or a similar combination of DMC/Pentane.

2.7. Transmetalation reactions

The synthesis of Ag(l)-NHC compounds is essential in organometallic
chemistry. This is because the carbene can subsequently be transferred
to a transition metal complex through transmetallation 22176231
thereby producing the desired M-NHC compound. The gold (l) and
palladium (II) NHC complexes synthesized by Wang and Lin in 1998 are

the first examples of this method. 7

Due to their strong o-donor capabilities, N-heterocyclic carbenes
(NHCs) are among the most commonly used ligands for coordinating
transition metal centers. Their effectiveness in forming stable
complexes was recognized even before the free NHC ligands
themselves were successfully isolated. #3728 It is important to highlight
that NHCs predominantly exhibit strong o-donor properties rather than
significant m-acidity, which distinguishes them from routine Schrock or
Fischer carbenes. However, despite this, backbonding into the vacant p;
orbital should not be disregarded, particularly when interacting with
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electrophilic metal centers, as it still plays a non-negligible role. %2>
Compared to phosphines, NHCs generally exhibit even stronger o-
donation, as evidenced by lower Tolman electronic parameters. A key
distinction between NHCs and phosphorus-based ligands is the
coordination environment. While phosphines form a cone-like shape
pointing away from the metal, NHCs adopt umbrella-shaped
coordination due to the substituents on the adjacent heteroatom(s)
(see Figures 1.15 and 1.16). This results in greater steric bulk near the
metal, which can significantly influence the binding behavior of other
ligands and, consequently, affect the catalytic performance of the
metal center. 2¢

2.7.1. Synthesis of Au(l)-NHC complexes

In 1997, Lin and his team successfully synthesized the first series of
liquid crystalline Au(l)-NHC compounds by reacting long-chain
substituted N,N’-dialkyl benzimidazolium salts with [Au(SMe;)CI] under
phase-transfer catalysis conditions. %7 The following year, in 1998, they
introduced a method for synthesizing Au(l)-NHCs by utilizing Ag(l)-
NHCs as carbene transfer agents. ® This approach significantly
simplified access to Au(l)-NHCs, providing a highly convenient pathway
for their preparation.

General synthetic method:

Scheme 11 illustrates the common approaches for synthesizing Au(l)-
NHC complexes: * (1) cleavage of electron-rich double bonds, (2)
protonation or alkylation of gold carbonate compounds, (3) transfer of
NHC ligands from group 6, 7, and 11 complexes, and (4) reaction of
Au(l) sources with either free NHCs or those generated in situ.
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Scheme 11. General methods employed to synthesize Au(l)-NHC complexes. #°

Among these methods, over 70% of published results utilize the Ag-
carbene transfer route (3), while around 20% rely on the free-carbene
method (4). ** In our project, we experimented with both methods 3
and 4 to evaluate and compare their feasibility and reactivity within the
context of our case study.

Gold-NHC complexes with the general formula of [Au(NHC)X], where
X= PFs, | were synthesized by the reaction of corresponding silver-NHC
complexes with gold precursor [Au(THT)CI] in acetone or DCM as the
solvent (Scheme 12). 78197 The synthesized complexes are shown in
Table 7. When PF¢ is used, the formation of a gold bis(NHC) salt is
expected, whereas the use of I typically leads to the formation of a
mono(NHC) gold complex, [Au(NHC)I].

o R R' o R R'
~ N/ \N '|4 o ~ N/ \N '|‘ 0
N 2 [Au(THT)CI] N \(
LX< T J e T T
e N NG DCM, rt B e T N ~
| \R. R/ g 4h, 57-65% | \R. R/ o

R=Allyl, CH,-CH,-Br  R'= Methyl, Ethyl

Scheme 12. Synthesis of Au(l)-NHC complex via transmetallation reaction.

53



Table 7. Synthesis of Au-NHC complexes via transmetallation reaction

Product
name

TN v
~N N N NYO )
Aul [Ag(NHC),]*PFs A | H—nru— /ﬂ;( PFs 48%
0 ~N7 TN N N
AR Y, ]

reactant structure Yield

Au2 [Ag(NHC),]*PFs J& )—Au—-—( ];’:f PFe  56%

K‘Br T
Au3 [Ag(NHC),]*PFs >—Au—< \f PP 36%
Br\—J

These three complexes were fully characterized using NMR and ESI-
MS techniques. In the *C-NMR spectra, the signal for the carbene
carbon attached to the Au atom shifted upfield, from approximately
186 ppm for the Ag-Cear to around 175 ppm.

When reacting [Ag(NHC)]PFs with a gold precursor, a mixture of
unreacted starting material and the desired product is observed. This is
clearly evident in the '"H NMR and mass spectra, particularly in the
spectra of Au2 and Au3. This suggests that the reaction involving silver-
PFe complexes proceeds more slowly and may require extended
reaction times or additional measures, such as heating, to accelerate
the process.

The structure of complex Au2 was confirmed by X-ray diffraction
analysis. A suitable single crystal was grown by slow diffusion of tert-
butyl methyl ether into a concentrated solution of dichloromethane.
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The molecular structure of complex Au2 in the solid state is illustrated
in Figure 2.9.

Figure 2.9. Molecular structure of Gold(l)-NHC complexes Au2. Hydrogen
atoms have been omitted for clarity, and ellipsoids are shown at 50%
probability. Selected interatomic distances [A] and bond angle [°]: Cl-Au:
2.016(7) A. C1-Au-C1 angle: 180.0 (4)°. N(1)-C(1)-N(2): 106.3(5)°.

The Au-Cearb. bond length [Cs-Au= 2.016(7) A] in complex Au2 is shorter
than the Ag-Cen. bond lengths in complexes Ag5 and Ag6 (Cs-Ag =
2.096(3) A and 2.087 A), indicating that gold forms stronger or more
covalent interactions with the carbene carbon than silver.

2.7.2. Synthesis of Rhodium-(NHC) complexes

Various methods for synthesizing rhodium-NHC complexes involve
different solvents and adjustments to temperature and reaction time.
One effective approach, described by Zinner et al. 2%, is the synthesis
of Ag-NHC complex starting with NHC-PF¢ salt, which is subsequently
treated with an excess of potassium iodide and then reacted with a
rhodium precursor. This sequence of steps, as shown in Scheme 13,
yields the desired rhodium-NHC complex. There is also a gentle
carbene transfer method which was initially developed by Wang and

Lin 18 for the transmetallation a silver carbene by treatment with
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[RhCI(COD)]; in CHxCl, as the solvent in room temperature for 24
hours. This method is known as the classical transmetallation route
(especially for ligands with halogen counterions). In our experiment,
we examined the formation of Rh-Complex utilizing both methods.
Results are shown in Table 8.

N\ N N& /N N\ /N

Ar/ Y Y Ar
BF;- Ag Rh—I

| \/\
M

Scheme 13. Synthesis of Rh-NHC complex, by Zinner et al. 23

Table 8. Synthesis of rhodium-(NHC)-complexes via transmetallation reactions

Product
name

Rh1 [Ag(NHC)]PFs )\Jj[ ) PF, 89%
N

0 I/\ [
Rh2 [Ag(NHC)CI] o | Rh/"_, 38%
: o / ,rJ :

For each synthesis, the complex was purified using gradient column

reactant Product structure yield

chromatography. Initially, a fraction eluted with CH,Cl, captured a
minor amount of unreacted [Rh(COD)Cl],. Following this, subsequent
elution with acetone 38 and THF ?¥’ yielded complexes Rh1 and Rh2,
respectively. The synthesized complexes underwent thorough
characterization through NMR and ESI-MS techniques. In the "H-NMR
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analysis of the synthesized complexes, distinct proton behaviors were
observed that align with established data for similar rhodium
complexes. Specifically, the methylene (CH,) protons of the
cyclooctadiene (COD) ligand exhibited a splitting pattern ranging from
1.72 to 2.52 ppm. This pattern is consistent with what has been
previously reported for [RhCI(NHC)(COD)] complexes 2°8, confirming the
expected chemical environment around the COD ligand. Furthermore,
the methine (CH) protons of the COD ligand were identified as two
inequivalent protons. These protons presented resonances between
2.92 and 4.62 ppm, demonstrating the complex electronic interactions
within the molecule. This detailed spectroscopic characterization helps
in confirming the structural integrity and purity of the synthesized
complexes. Figure 2.10 illustrates the variations in the "H-NMR proton
signals between the starting material (xanthinium salt) and the Rh-
complex of Rh2.

/(
N / | 1
® ‘ } @ © k
== - A L A ‘\,; -~ ﬂ l L L ‘ 5 M|

100 95 90 85 75 70 65 60 55 50 45 40 35 30 25 20 15
f1 (ppm)

Figure 2.10. Comparative '"H-NMR Spectra of xanthinium Salt (2) and
Rhodium Complex (1).
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Figure 2.10 presents a visual comparison of the 'H-NMR spectra for an
initial xanthinium salt and the resulting Rh-complex. The diagram
highlights the splitting of the proton signals from the COD ligand,
labeled a to d, which proves the structural transformations and the
impact of metal coordination on the proton environment. The
disappearance of the imidazolium hydrogen is additional evidence of
successful synthesis. Unfortunately, due to the oily nature of the
product, possibly resulting from the presence of iodide, we were
unable to crystallize the rhodium-NHC complexes.

2.8. Weak base reaction as an eco-friendly route

Although the transmetalation route is convenient to execute, it is
hindered by poor atom economy and should only be considered for
large-scale applications if the silver or copper by-products are recycled.
188 Therefore, employing a weak base (such as K2COs, NEts, or NaOAc)
presents an alternative strategy to the free carbene and
transmetalation methods, allowing for reactions to be conducted in air,
under mild conditions, and in environmentally friendly solvents. This
approach yields a diverse array of carbene compounds with various
transition metals, achieving high yields and purity. 1®® Following this,
the successful synthesis of gold and palladium complexes using this
method is described.

2.8.1. Synthesis of Au(NHC)l complexes via weak base route
reactions

Gold-carbene complexes were the first to be thoroughly investigated
using the weak base method. ®® The synthesis of Au(NHC)I complexes
is achieved through the direct reaction between gold precursors (such
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as [Au(DMS)CI] or [Au(THT)CI]) and NHC salts, facilitated by the
presence of a weak inorganic base 189259261 (Scheme 14).

R

+
~ N ~ N
N _ Au(THT)CI, K,CO, N K
)\JI’}X gl G Ea
N cetone, ° N
o T \ 1-24 h, 53-97% © T \

Rl R
R=Allyl, CH,-CH,-Br Yield= 60-87%

R'= Methyl, Ethyl, X=Cl, |

Scheme 14. Synthesis of [Au(NHC)I] complexes via a weak base route.

The synthesis of complexes Au4 and Au5 (Table 9), both with the
general formula of [Au(NHC)I], was accomplished using this method
from their respective (NHCH)I salts 7a-1 and 7a-2. Unfortunately, the
reaction with 7b-1 and 7b-2 was unsuccessful. These synthesized
complexes underwent thorough characterization through NMR and ESI-
MS spectrometry.

Table 9. Synthesis of Au-NHC complexes via weak base route

Product name structure yield

o AN
\N N
Aud )\)i »—Au_' 60%
0 >N~ N
| \
Q N
< )H/f{l/\
Aus o)\N | ﬁ;—Au—l 87%
|

The 'H-NMR spectra displayed patterns similar to those of the
corresponding silver-NHC complexes. Interestingly, the carbene carbon

signal for the Au atom in compound Au5 was observed at 186.54 ppm,
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a value comparable to that of Ag complexes. This is unexpected, as no
silver was involved in the weak base route, and this value is in the
range of bis-NHC-Au complexes.

Although mass spectrometry indicated complete conversion to
homoleptic [Au(NHC),]* complexes, crystallographic analysis of
complex Aud and Aub revealed that the structure actually crystallized
as [Au(NHC)I] through the slow diffusion of tert-butyl methyl ether into
a dichloromethane solution. (usually for counterion is halogen). Here, it
is evident once again that the C8-M bond distances in Au-NHC
complexes are shorter compared to those in Ag-NHC complexes. This
observation highlights the higher reactivity of gold with the carbene
center compared to silver. Another straightforward method for
synthesizing Au-NHC complexes, which operates at room temperature
and does not require elevated temperatures, was introduced by
Gimeno et al. in their 2013 publication, %? in which an equimolar
mixture of NHC-HCI and [AuCl(tht)] is prepared in dichloromethane.
After 15 minutes of stirring, 20 equivalents of a weak base, such as
K2COs, are added (which is typically utilized in nucleophilic substitution
reactions with an acidic reactant with [AuCI(L)] 2%3).

The reaction is completed within 1.5 hours under this mild condition.
This method was utilized for compound 6b, and the results from H
NMR and mass spectrometry confirmed the successful conversion to
the Au-NHC complex. Notably, the mass spectrum exclusively displayed
the homoleptic Au-(NHC), complex, where the bromine atom was
replaced by chlorine at the C* position (Figure 2.11).
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Figure 2.11. Synthesis of [Au-(NHC)2]* complexes via weak base route by
Gimeno et al.

The solid-state molecular structure of complex Au4 and Au5 is
depicted in Figures 2.12 and 2.13.

Figure 2.12. The molecular structures of complex Au4 in the solid state.
Hydrogen atoms have been excluded for improved clarity, and ellipsoids are
shown at 50% probability. Selected bond lengths [A] and angles [°]: Aul-C8 =
2.0016 (13) A, Aul-1(1)= 2.5479 (3) A. C8-Au1-I1 angle: 178.55(4)°.
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Figure 2.13. The molecular structures of complex Au5 in the solid state.
Hydrogen atoms have been excluded for improved clarity, and ellipsoids are
shown at 50% probability. Selected bond lengths [A] and angles [°]: Aul-C8=
2.059(18) A, Aul-1(1)= 2.500(5) A. C8-Aul-I1 angle: 177.6(5)".

Using this mild base method, superior results could be achieved
compared to the previous route, not only due to the significantly
shorter reaction times but also because of the higher yields obtained.

2.8.2. Synthesis of Pd(Il)-NHC complexes

The development of palladium-NHC complexes has garnered significant
interest among researchers due to their versatile applications and cost-
effectiveness compared to gold and platinum complexes. Palladium-
NHC complexes, often featuring bulky substituents, are particularly
valued for their catalytic properties in various organic transformations.

264 Of

Researchers have focused on understanding the steric effects
these bulky substituents 2% by calculating the %V values, which
quantify the percentage of the coordination sphere occupied by the
ligand. * This parameter helps in fine-tuning the reactivity and
selectivity of the complexes, making palladium-NHC complexes a

crucial area of study in the field of organometallic chemistry.
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Palladium-PEPPSI complexes

In 2006, Organ and \ 0
266,267 N
developed a %

colleagues
. 0 N—
class of palladium-NHC ﬁ}_<

complexes known as PEPPSI

—N_ N
(Pyridine Enhanced Precatalyst
Preparation Stabilization and I=Fd—l
Initiation) catalysts. These N~ "N
complexes are characterized —
by their ease of handling, —N g ©
stability against moisture, and o% N
the use of an NHC ligand
paired with a palladium atom, Scheme 15. Pd-bis(NHC)
two anionic ligands (such as complex derived from caffein,

synthesized by Luo and Lo in

OAc, Br, or Cl), and a fourth, 5011

easily removable pyridine
ligand.

The pyridine ligands, or their substituted versions, were found to be
effective replacements for traditional ligands, allowing the preparation
of these metal complexes without the need for a glove box.

Additionally, including pyridine facilitated the straightforward synthesis
of stable palladium (II) complexes that could potentially dissociate into
active palladium-NHC (0) species upon activation. This innovation
paved the way for the exploration of new NHC-Pd-Py complexes,
expanding their utility across a broad range of organic transformations.
13 In 2011, Luo and Lo 2% synthesized a palladium bis(NHC) complex
derived from caffeine and evaluated its performance in various cross-
coupling reactions, including Suzuki—Miyaura, Heck, and Sonogashira
(Scheme 15). The complex demonstrated efficacy in these catalytic
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processes, showcasing the potential of caffeine-derived NHC ligands in
palladium-catalyzed organic transformations. The NHC is an excellent
o-donor and facilitates the oxidative addition of substrates to the
palladium center, which enhances the reactivity of the resulting Pd—
bis(NHC) complex and improves the efficiency of the reaction. 2

In this work, we reported the preparation of two novel Pd-PEPPSI
complexes bearing NHC ligands derived from Theophylline based on
the reaction shown in Scheme 16.

i /R T
\N)iN> - PdCl,, K2C03 N | r\\l‘ Ld y e
)\ N/+ Pyridine, 60 °C )\ ¢ | \ /
o N overnight (o) N
I\ \
R=Allyl, CH,-CH,-Br yield >90 %

Scheme 16. Optimized synthesis of Pd-PEPPSI complexes Pd1 and Pd2

Compounds 7a-1 and 7b-1 were subjected to an overnight reaction
with PdCl, and K,COsz; in neat pyridine at 60°C, with no special
precautions to exclude air or moisture. The reaction products were
then separated using column chromatography on silica gel and eluted
with 100% CH,Cl,. Following the work-up, a shiny orange solid of Pd1
and Pd2 was isolated in nearly quantitative yield, as shown in Table 10.

'H and C NMR analyses confirmed the formation of two distinct
complexes. In comparison to silver(l) and gold(l) complexes, the signal
for the carbene carbon attached to palladium in the palladium-NHC
complexes appeared around 155-157 ppm. 2! X-ray diffraction analysis
further indicated that, in complex Pd2, the bromide at the N7 position
was replaced by iodide during the reaction with methyl iodide used for
synthesizing the xanthinium salt.

64



Table 10. Synthesis of Pd-PEPSI complexes via the weak base route.

Product
name

%

i |

Pd1 \NJ]:N\ | = 94%
OAT u\w O

Pd2 N 91%
X >>—Pu—
| I

Structure Yield

(Pd1) (Pd2)

Figure 2.14. The molecular structures of complexes Pd1 and Pd2 in their solid
state. Hydrogen atoms were omitted for clarity, and ellipsoids are shown at
50% probability. Selected bond lengths [A] and angles [°]: complex Pd1: Pd-I1:
2.5963(6) A, Pd-12: 2.5951(6) A, Pd-C8: 1.976(5) A, Pd-N14: 2.092(4) A, 11-Pd-
12: 177.82(2)° , C8-Pd-N14: 177.95(18)° , [N7— C8—Pd-I1]: -83.5(4)°, [C15-N14—
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Pd—-11]: 80.3(3)°, N7-C8-N9: 107.6(4)° , complex Pd2: Pd-I1: 2.5995(7) A, Pd-I2:
2.6064(7) A, Pd-C8: 1.963(6) A, Pd-N14: 2.089(5) A, 11-Pd-12: 174.83(2)° , C8-
Pd-N14: 173.6(2)°, [N7— C8-Pd—Cl1] -96.4(4)° , [C15-N14—-Pd—Cl1] 68.6(3)°.

The slow diffusion of the product in a DCM/tert-butyl methyl ether
solution yielded yellow prismatic crystals suitable for X-ray diffraction
analysis (Fig. 2.14). The alignment between the carbenic carbon of the
NHC, the metal center, and the nitrogen atom of pyridine was nearly
perfect, forming a C8—Pd—N14 angle of 177.95(18)° and 173.6(2)°. In
contrast, the two iodide atoms were slightly tilted towards the NHC,
resulting in an I11-Pd—I2 angle of 177.82(2)° and 174.83(2)".

2.9. Further functionalization of Theophylline: Thiophenol
Substitution and Reactivity Exploration

In the final phase of this study, modifications were made to bromo-
substituted theophylline. Given that the bromine atom exhibited a
tendency to be easily replaced by other atoms or groups during the
experimental processes, we chose to substitute it with thiophenol. This
allowed us to investigate the reactivity of the newly functionalized
theophylline in complex formation reactions. Replacing bromine with
thiophenol introduces a soft nucleophilic site with increased electron
density, potentially enhancing the interaction with silver and
promoting the formation of stable silver complexes. However, steric
effects and possible side reactions, such as oxidation, could also
influence the outcome of the reaction. Experimental results would be
needed to confirm the exact impact of this substitution on the silver
complex formation.
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2.9.1. Synthesis of [NHCH]PFs salts of thiophenol-substituted
theophylline

Various methods were explored to achieve this, and ultimately, the
straightforward reaction of (NHC)*PFs~ with thiophenol in the presence
of NaOH for SH deprotonation in an aqueous solution yielded the
desired outcome. Further investigation showed that deprotonation
could also be achieved using a weaker base, such as triethylamine, in
an aqueous solution. This approach simplified the separation process,
as the product remained insoluble in water while the thiophenolate
dissolved. Additionally, employing this method resulted in an improved
yield. Compounds T-1 and T-2 were successfully synthesized and
thoroughly characterized using NMR analysis and Mass spectroscopy
techniques. The results are shown in Table 11.

Table 11. Synthesis of PFe salts of thiophenol-substituted theophylline.

Product
name

o) )
~ N
N
T-1 ﬁ,& @ PFy  90%
o T N\
o s
~N N
N
T-2 )\)i/} @ PFs  92%
o T ;

2.9.2. Synthesis of [NHCH]lI salts of thiophenol-substituted
theophylline

Structure Yield
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To have halogen salts of thiophenol-substituted theophylline, it is
possible to do the exchange reaction with compound 1b in the
presence of thiophenol and triethylamine, and then do the alkylating
reaction with methyl or ethyl iodide as we did and could have the
following structure listed in Table 12.

Table 12. Synthesis of lodide salts of thiophenol-substituted theophylline.

Product
Structure Yield
name
\N N
T3 )\ | > I 68%
0Z >N N
| \

o) //\s
Yy O
T4 / I 79%
O)\N N* ’

All the synthesized structures were characterized by NMR and Mass
spectroscopy techniques, which are available in the supplementary

data file. The next step is for this new generation of "thiophenol-
substituted theophylline" to react with silver and gold, based on the
method represented in parts 2.3 and 2.8.1, respectively.

2.10. Synthesis of Ag(NHC)PFs complexes of thiophenol-substituted
theophylline

The [Ag(NHC),]PFs complexes derived from thiophenol-functionalized
theophylline were synthesized following the procedure outlined in
Section 2.3. Both Ag,0 and AgOAc were tested as silver sources, and
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both successfully facilitated the reaction. However, the use of silver
acetate resulted in a higher yield compared to silver oxide. The X-ray
diffraction analysis of a single crystal obtained through the
recrystallization process (Ag8) verified the presence of a homoleptic
structure, with no detectable interaction between the sulfur atom and
the silver center (Figure 2.15).

Figure 2.15. Molecular structure of complex Ag8. Hydrogen atoms have been
excluded for improved clarity, and ellipsoids are shown at 50% probability.
Selected bond lengths [A] and angles [°]: Agl-C8= 2.0790(17) A, C8-Agl-C8'’
angle: 180.00(4)°.

However, further investigation into crystal growth revealed variations
in crystal packing for Ag9, which exhibits a cis-homoleptic
arrangement. This structural shift suggests the possibility of weak
internal interactions between the sulfur atoms and the metal center
(Figure 2.16).
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Figure 2.16. Molecular structure of complex Ag9. Hydrogen atoms have been
excluded for improved clarity, and ellipsoids are shown at 50% probability.
Selected bond lengths [A] and angles [°]: Agl-C8= 2.085(5) A, C8-Agl-C8&’
angle: 178.3(3)°. N7-C8-C8’-N9’ torsion angle: 26.6(4)°.

Quite contrary to complex Ag8, which shows a total symmetrical linear
geometry with no interaction between the silver center and sulfur
atoms, complex Ag9 exhibits a slightly distorted geometry with a
torsion angle of 26.6(4)°, which shows twisting around the center.

2.11. Synthesis of Au-(NHC)-X, (X=PFs, 1) complexes of Thiophenol-
substituted Theophylline

To obtain gold complexes with PFs™ or iodide counterions, the methods
outlined in sections 2.7.1 and 2.8.1 were followed accordingly. In this
study, gold complex Au6 was successfully synthesized with a good yield
(80%) and characterized using NMR and mass spectrometry
techniques.
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Table 13. Synthesis of Au(NHC)Cl complex of thiophenol-substituted
theophylline.

Product

structure yield
name

e
;I L -

Surprisingly, there were no traces of PFs anion in the mass spectra,

which shows PFs might be replaced with chloride anions from the gold
source.

2.12. Switching from thiophenol to tosylate: Enabling silver-driven
polymerization via ligand and counterion design

Despite incorporating a thiophenol substituent into the theophylline
scaffold with the expectation of promoting internal Ag—S coordination,
no direct interaction between the sulfur atom and the silver center was
observed in the resulting complex. Motivated by this limitation, we
explored an alternative approach using a tosylate-substituted
theophylline derivative, which was obtained as an unfavorable product
during the alkylation reaction of compound 1b by alkyl tosylate
(section 2.2.2). As shown in Scheme 17, the tosylate-substituted
theophylline, without undergoing ion exchange to PFs~ or iodide salts,
reacts directly with silver oxide in acetonitrile as the solvent.
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Scheme 17. Synthesis of tosylate-substituted theophylline-silver complexes.

Although the formation of a bis-carbene complex was expected for
Agl0, and both NMR and mass spectrometry confirmed the
deprotonation of the imidazolium group, crystallographic analysis
revealed a different structure. Remarkably, the reaction of this
tosylated theophylline ligand with silver oxide led to the formation of a
well-defined polymeric coordination structure (Figure 2.17). In this
system, the tosylate group acted as a p,-bridging ligand through its
sulfonyl oxygen atoms, effectively linking multiple silver centers and
enabling the formation of extended S-0O-Ag-O-Ag linkages. In
contrast, anions such as PFs~ or halides (e.g., 1) lack this bridging
capability and do not support polymerization to the same extent. 2%
Furthermore, Ag(l) ions have a known preference for soft or borderline

donor atoms, particularly nitrogen and oxygen. 2°
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Figure 2.17. molecular structure of complex Agl0 as a polymeric structure.
Hydrogen atoms have been excluded for improved clarity, and ellipsoids are
shown at 50% probability.

The combination of tosylate-O and theophylline-N donors creates a
favorable coordination environment that supports the formation of
stable and extended silver-based polymeric structures. The result was
not only structurally distinct from the thiophenol-based system but
also demonstrated the crucial role of counterions and subtle electronic
factors in directing metal-ligand assembly. This outcome highlights the
potential of tosylate-functionalized ligands in constructing extended
silver-based architectures.

In addition, a silver—toyslate coordination polymer was observed as a
side product and isolated in crystalline form (Figure 2.18).
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Figure 2.18. The molecular structure of silver-tosylate coordination polymer.
Hydrogen atoms have been excluded for improved clarity, and ellipsoids are
shown at 50% probability.

While the coordination chemistry of silver(l) sulfonates remains
insufficiently explored, particularly in the presence of neutral ligands,
271 the results of this study provide complementary perspectives. In
one case, the coordination polymer highlights the synergistic role of a
neutral ligand like theophylline alongside the underexplored potential
of tosylate ligands in silver-based assemblies. In the other, the
formation of a polymeric silver—tosylate side product underscores the
intrinsic bridging ability of sulfonate groups, even in the absence of
strong neutral donors.

2.13. Idea for Future Work

To investigate the potential interaction between sulfur atoms at the
N7-substituted position and the silver center, or more broadly, any
metal center, these precursors could be reacted with rhodium or
ruthenium. Given that both metals possess vacant orbitals, they may
engage in weak intramolecular interactions with the lone electron pairs
of sulfur. This approach presents a promising strategy for developing
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Metal-NHC complexes featuring additional internal coordination,
potentially enhancing their overall stability.

It is also noteworthy to consider the synthesis of Pd(Il)-NHC complexes
featuring sulfur-functionalized NHC ligands and to examine their
coordination behavior. In a study by Vinh Huynh and colleagues %72, it
was demonstrated that, in addition to the carbene center, the sulfur
moiety of the thioether-NHC ligand also participates in coordination
with the palladium center. X-ray crystallographic analysis confirmed the
formation of a Pd-S bond, with a bond length of 2.3079(3) A as
depicted in Figure 2.19.

Figure 2.19. Molecular structure of Pd(I)-NHC complex synthesised by Huynh
etal. 272
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Chapter 3

Experimental



3.1. General considerations

All reactions were conducted at room temperature unless otherwise
specified, with some requiring heating up to 150 °C under reflux
conditions. Reactions involving silver and gold were carried out in the
dark. Key reagents such as [Au(tht)Cl]] and [Rh(COD)Cl], were
synthesized by known methods, while other substances were procured
from commercial suppliers and used as received without further
purification.

NMR spectrometry

NMR characterizations were performed at 298 K using a Bruker
AVANCE 400 operating at 400 MHz for "H and 151 MHz for ™C, or a
Bruker AM 600 operating at 600 MHz for '"H and 151 MHz for ™C.
Chemical shifts were referenced to tetramethylsilane (SiMe4, & = 0),
with residual proton impurities from deuterated solvents serving as
internal standards (&6 2.50 for DMSO, & 5.32 for CD,Cl,, & 7.26 for
CDCls). In the *C NMR spectra, the solvent peaks used were & 39.51 for
DMSO, 6 54.00 for CD,Cl,, and & 77.23 for CDCls. The multiplicities are
denoted as follows: singlet (s), doublet (d), triplet (t), multiplet (m),
broad (br), and overlapped (o).

Mass spectrometry

ESI-MS analysis was conducted using a Bruker Daltonics MicroTOF mass
spectrometer, operating in either positive or negative mode with
acetonitrile or water as the solvent.

X-ray Crystallography analysis
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The crystal data were obtained using an Oxford Diffraction Gemini E
Ultra Diffractometer equipped with a Mo-Ka source (A = 0.71073 A), an
EOS CCD detector, and a four-circle kappa goniometer at 150 K. Data
processing, which included integration, scaling, and empirical
absorption correction, was handled by the CrysAlis Pro software
(Oxford Diffraction Ltd., CrysAlis Pro 171.33.42, 2009). The crystal
structures were determined through direct methods and standard
difference map techniques, and then refined using full-matrix least-
squares procedures on F2. Hydrogen atom positions were calculated
from the geometrical environment and adjusted at each refinement
cycle. All computational work was performed using Olex2 software
(Olex2-1.5 © OlexSys Ltd, 2004-2024).

3.2. Synthesis of N-heterocyclic carbene ligands:

3.2.1. Synthesis of mono-substituted theophylline- general procedure

In this section, two different mono-substituted theophylline derivatives
were synthesized following the method outlined in the 2020 patent
(WO 2020/157668). %° Theophylline monohydrate (3.66 g, 16.65
mmol) was suspended in 55 mL of DMF and stirred for 10 minutes.
Subsequently, 83.25 mmol of dibromoethane or allyl bromide (7.2 mL)
was added dropwise. The reaction mixture was stirred at room
temperature for 24 hours. After the reaction was complete, it was
guenched by diluting the mixture with EtOAc and washing the organic
phase three times with water and once with brine. The organic layer
was dried and filtered, and the solvent was evaporated. The final
product was obtained after trituration with heptane, yielding a 75%
recovery.
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= Synthesis of 7-allyl-1,3-dimethyl-1H-purine-2,6(3H,7H)-dione
(1a)

To synthesize 1a, theophylline monohydrate (3.66 g, 16.65 mmol) was
reacted with allyl bromide (7.2 ml, 83.65 mmol) in DMF. Yield: 2.67 g,
72%.

1

3
o 12
10 //\14

IH NMR (400 MHz, DMSO): 8=[ppm]= 8.07 (s, 1H, C®H), 6.05 (ddd, Juy =
22.6,10.6, 5.5 Hz, 1H, C*H), 5.19 (dd, Jun = 10.4, 1.4 Hz, 1H, C**H), 5.07
(dd, Jun = 17.2, 1.5 Hz, 1H, C**H), 4.89 (d, Jus = 5.7 Hz, 2H, C2H,), 3.42
(s, 3H, C1Hs), 3.21 (s, 3H, C''Ha).

BC{IH} NMR (151 MHz, DMSO): &=[ppm]= 154.21 (C¢=0), 150.99
(C,=0), 148.25 (C8), 142.20 (C4), 133.61 (C13), 117.70 (C14), 105.88
(C5), 47.96 (C12), 39.92-39.09 (DMSO), 29.37 (C11), 27.46(C10).

ESI-MS (CH3CN m/z) = calculated for [Ci10H12N4O2Na]*: 243.0852 found:
243.0948.

= Synthesis of 7-(2-bromoethyl)-1,3-dimethyl-1H-purine-
2,6(3H,7H)-dione (1b)

To synthesize 1b, theophylline monohydrate (3.66 g, 16.65 mmol) was
reacted with 1,2-diboromoethane (7.2 ml, 83.65 mmol) in DMF. The
yield was 3.72 g, 78%.
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IH NMR (400 MHz, CDCls): 6=[ppm]= 7.66 (s, 1H, C®H), 4.66 (t, Juu= 5.6
Hz, 2H, C2H,), 3.81 (t, Jun= 5.8 Hz, 2H, C*H,), 3.62 (s, 3H, C!'Hs), 3.42
(s, 3H, C1°Hs).

BC{IH} NMR (151 MHz, CDCI3): &=[ppm]= 155.21 (Cs=0), 151.58
(C2=0), 149.29 (C8), 141.98 (C4), 106.39 (C5), 48.82 (C13), 31.61 (C12),
29.94 (C11), 28.04 (C10)

ESI-MS (CHsCN m/z) = calculated for [CoH11BrNsO,Na]*: 308.9958
found: 309.0111.

3.2.2. Synthesis of xanthinium salts:

3.2.2.1. Synthesis of xanthinium tosylate salts- general procedure

A 4 mL vial was loaded with the xanthine derivative (1 equivalent) and
EtOTs or MeOTs (3.6 equivalents), then heated at 150 °C for 2 hours
under solvent-free conditions. After cooling to room temperature,
diethyl ether was added to the vial to precipitate the product as a
white solid. The product was washed multiple times with diethylether

and then air-dried at room temperature. 2%

= Synthesis of 7-allyl-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium 4-methylbenzenesulfonate (2a)
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Compound 2a was synthesized by the reaction of 1a (0.1 g, 0.45 mmol)
and MeOQTs (0.301 g, 1.62 mmol, 3.6 eq) with a yield of 0.16 g., 89%.
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IH NMR (600 MHz, DMSO): 8=[ppm]= 9.42 (s, 1H, C®H), 7.76 (d, J = 8.4
Hz, 2H, C**H, C°H), 7.09 (d, J = 8.2 Hz, 2H, C'7H, C*H), 6.03 (ddt, J =
16.5, 11.2, 5.8 Hz, 1H, C*H), 5.37 — 5.29 (m, 2H, C*H,), 5.01 (d, J = 6.1
Hz, 2H, C'2H,), 4.13 (s, 3H, C'*Hs), 3.67 (s, 3H, C''Hs), 3.19 (s, 3H, C°Hs),
2.26 (s, 3H, C2Hs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 152.84 (C6=0), 150.01
(C2=0), 144.85 (C19), 139.53 (C8), 130.81 (C13), 128.30 (C16), 125.93
(C17, C21), 124.82 (C18, C20), 120.45 (C14), 106.95 (C5), 56.83 (C4),
50.21 (C12), 37.51 (C15), 31.59 (C11), 28.77 (C10), 21.22 (C22).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium

proligand [C11H1sN4O3]*, calculated: 235.1190, found: 235.1351.

=  Synthesis of 9-ethyl-1,3-dimethyl-2,6-dioxo-7-(2-
(tosyloxy)ethyl)-2,3,6,7-tetrahydro-1H-purin-9-ium (2b)

Compound 2b was produced by the reaction of 1b (0.1 g, 0.35 mmol)
and EtOTs (0.251 g, 1.25 mmol, 3.6 eq), which did not yield a favorable
product.
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IH NMR (400 MHz, CDCls): 8=[ppm]= 9.96 (s, 1H, C2H), 7.82 (d, 2H,
C8H, C*H ), 7.36 (d, 2H, C*°H, C*H), 5.00 (t, J = 5.2 Hz, 2H, C'2H,), 4.53
(t, J = 4.9 Hz, 2H, C'*H,), 4.13 (q, J = 7.1 Hz, 2H, C*H,), 3.82 (s, 3H,
C'Hs), 3.37 (s, 3H, C°Hs), 1.71 (t, J = 7.6 Hz, 3H, C®Hs) 1.32 (t, J = 7.1
Hz, 3H, C%Hs).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [CigH23N40sS]*, calculated: 407.1384, found: 407.1694.

3.2.2.2. Synthesis of xanthinium sulfate salts- general procedure

xanthinium sulfate salts were synthesized by gradually adding 2
equivalents of diethyl sulfate (>99.8%) to 1 equivalent of mono-
substituted imidazole in a 4 mL vial. ?>! The mixture was heated at 130
°C for 2 hours under solvent-free conditions while stirring. After the
reaction, the mixture was cooled to room temperature and washed
with an excess of diethyl ether. The resulting sulfate salts appeared as a
yellow-brown oily liquid.

=  Synthesis of 7-allyl-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium methyl sulfate (3a-1)

Compound 3a-1 was prepared by the reaction of 1a (0.1 g, 0.45 mmol)
and (Me0);S0: (80 uL, 0.90 mmol, 2 eq). Yield: 0.1 g (70%).
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IH NMR (400 MHz, DMSO): 6=[ppm]= 9.37 (s, 1H, C®H), 6.13 — 5.99 (m,
1H, C!3H,), 5.38 — 5.26 (m, 2H, C*H,), 5.09 (d, J = 5.6 Hz, 2H, C1?H,),
4.15 (s, 3H, C*®Hs), 3.98 (s, 3H, C'H3), 3.73 (s, 3H, C''Hs), 3.25 (s, 3H,
ClH;).

13C{IH} NMR (101 MHz, DMSO): &=[ppm]= 153.09 (C6=0), 150.29
(C2=0), 139.88 (C8), 139.41 (C4), 131.09 (C13), 120.22 (C14), 107.18
(C5), 52.98 (C16), 50.28 (C12), 37.06 (C15), 31.35 (C11), 28.49 (C10).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H1sN4O3]*, calculated: 235.1190, found: 235.1351.

= Synthesis of 7-allyl-9-ethyl-1,3-dimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium ethyl sulfate (3a-2)

Compound 3a-2 was prepared by the reaction of 1a (0.09 g, 0.40
mmol) and (Et0),S0, (106.7 uL, 0.81 mmol, 2 eq). Yield: 0.13 g (87%).
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IH NMR (400 MHz, DMSO): 6=[ppm]= 9.72 (s, 1H, C®H), 6.16 — 5.99 (m,
1H, C3H), 5.40 — 5.25 (m, 2H, C**H,), 5.12 (d, J = 5.6 Hz, 2H, C'2H,), 4.60
(q,J = 7.3 Hz, 2H, C**Hy), 3.74 (q, J = 7.0, 2H, C7H,), 3.73 (s, 3H, C''Hs),
3.27 (s, 3H, C°Hs), 1.52 (t, J = 7.3 Hz, 3H, C'Hs), 1.09 (t, J = 7.01,
3H,C!8Hs).

BC{IH} NMR (151 MHz, DMSO): &=[ppm]= 153.11 (Ce¢=0), 150.43
(C=0), 139.52, 138.46 (C8), 131.17 (C4), 120.19 (C14), 107.37 (C5),
61.39 (C17), 50.45 (C12), 45.35 (C15), 31.75 (C11), 28.47 (C10), 18.59
(C16), 15.11 (C18).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C12H17N4O3]%, calculated: 249.1346, found: 249.1353.

= 7-(2-bromoethyl)-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium methyl sulfate (3b-1)

Compound 3b-1 was prepared by reacting 1b (0.12 g, 0.42 mmol) with
(Me0),S0; (80 pL, 0.84 mmol, 2 eq.). The yield was 0.15 g, 91%.

IH NMR (400 MHz, DMSO): 6=[ppm]= 9.47 (s, 1H, C*H), 4.84 (t, J = 5.9
Hz, 2H, C'2H,), 4.19 (s, 3H, C*Hs), 3.92 (t, J = 5.9 Hz, 2H, C*H,), 3.74 (s,
3H, C'H3), 3.26 (s, 3H, C'°Hs), 3.15 (s, 3H, C15Hs).

83



13C{IH} NMR (101 MHz, DMSO): &=[ppm]= 153.33 (Ce¢=0), 150.23
(C,=0), 139.91 (C8), 139.86 (C4), 107.20 (C5), 53.02 (C15), 49.89 (C12),
48.71 (C14), 37.14 (C11), 31.39 (C13), 28.59 (C10).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C10H14BrN4O3]*, calculated: 301.0295, found: 301.0253.

=  Synthesis of 7-(2-bromoethyl)-9-ethyl-1,3-dimethyl-2,6-dioxo-
2,3,6,7-tetrahydro-1H-purin-9-ium ethyl sulfate (3b-2)

Compound 3b-2 was prepared by the reaction between 1b (0.12 g,
0.42 mmol) and (Et0),SO; (110 pL, 0.84 mmol). Yield: 0.17 g, 92%.
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IH NMR (600 MHz, DMSO): &=[ppm]= 9.57 (s, 1H, C®H), 4.85 (t, J = 6.2
Hz, 2H, C2H,), 4.62 (q, J = 7.2 Hz, 2H, C¥H,), 3.94 (t, J = 6.2 Hz, 2H,
C®H,), 3.73 (s, 3H, C''Hs), 3.43 (q, J = 7.0 Hz, 2H, C**H,), 3.27 (s, 3H,
C1°H3), 1.53 (t, J = 7.3 Hz, 3H, C%H3), 1.05 (t, J = 7.0 Hz, 3H, C7Hs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 153.25 (Ce=0), 150.29
(C2=0), 139.37(C8), 138.92 (C4), 107.26 (C5), 56.01 (C16), 49.73 (C12),
45.38 (C14), 31.67 (C11), 30.33 (C13), 28.39 (C10), 18.50 (C15), 15.05
(C17).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H16N40;]%, calculated: 317.0431, found: 317.0421.
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3.2.2.3. Synthesis of xanthinium triflate salts- general procedure

xanthinium triflate salts were synthesized like sulfate and tosylate salts
by gradually adding 2 equivalents of methyl trifluoromethanesulfinate
(CFsSO;Na) (>99.8%) to 1 equivalent of mono-substituted imidazole in
a 4 mL vial. The mixture was heated at 120 °C for 2 hours under
solvent-free conditions while stirring. After the reaction, the mixture
was cooled to room temperature and washed with an excess of diethyl
ether. The resulting sulfate salts appeared as a dark brown oily liquid.

=  Synthesis of 7-allyl-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium trifluoromethanesulfinate (4a)

Compound 4a was prepared by the reaction between 1a (0.186 g, 0.84
mmol) and methyl trifluoromethane sulfonate (0.18 ml, 1.68 mmol) in
solvent-free condition at 120 °C for 2 hours while stirring. Then, the
mixture was cooled down and washed several times with diethyl ether.
The product appeared as a dark brown oily liquid with low viscosity.
Yield: 0.2 g, 69%.
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H NMR (400 MHz, DMSO): 6=[ppm]=9.34 (s, 1H, C®H), 6.16 — 5.99 (m,
1H, C**H), 5.42 — 5.22 (m, 2H, C**H,), 5.11 (d, J = 5.7 Hz, 2H, C'?H,), 4.15
(s, 3H, C15Hs), 3.74 (s, 3H, C'Hs), 3.27 (s, 3H, CI°Hs).
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BC{!H} NMR (101 MHz, DMSO): 8=[ppm]: 152.94 (C6=0), 150.15
(C2=0), 140.33 (C8), 139.66 (C4), 138.03 (C16), 130.08 (C13), 120.19
(C14), 107.13 (C5), 49.81 (C12), 36.53 (C15), 30.77 (C11), 27.18 (C10).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H1sN40;]", calculated: 235.1190, found: 235.1351.

= Synthesis of 7-(2-bromoethyl)-1,3,9-trimethyl-2,6-dioxo-
2,3,6,7-tetrahydro-1H-purin-9-ium trifluoromethanesulfinate
(4b)

Compound 4b was prepared by the reaction between 1a (0.263 g, 0.92
mmol) and methyl trifluoromethane sulfonate (0.2 ml, 1.83 mmol) in
solvent-free condition at 120 °C for 2 hours while stirring. Then, the
mixture was cooled down and washed several times with diethyl ether.
The product appeared as a dark brown oily liquid with low viscosity.
Yield: (0.2 g, 0.46 mmol) 50%. In this case, data analysis revealed that
we have a mixture of reacted and unreacted material.
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15
IH NMR (600 MHz, DMSO): 8=[ppm]= 9.46 (s, 1H, C*H), 4.64 (t, J = 6.0

Hz, 2H, C2H,), 4.21 (s, 3H, C**Hs), 3.90 (t, J = 6.0 Hz, 2H, C'3Hy), 3.76 (s,
3H, C''Hs), 3.43 (s, 3H, C1%Hs3).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 153.52 (Cs=0), 150.33
(C=0), 140.80 (C8), 139.88 (C4), 129.73 (C15), 107.40 (C5), 49.91
(C13), 42.47 (C12), 37.14 (C14), 31.21 (C11), 28.24 (C10).
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ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C10H14BrN40,]", calculated: 301.0295, found: 301.0426.

3.2.2.4. Synthesis of xanthinium hexafluorophosphate salts- general
procedure

[NHCH]PFs was obtained through an ion-exchange process, where
[NHCH]X (X: TsO", EtOSO5’, OTf’) was reacted with NH4*PFs using either
water or ethanol as the solvent. The reaction was stirred at room
temperature for a designated period (20 minutes to 2 hours). After
completion, the mixture was filtered, and the solid was thoroughly
washed with water or ethanol, followed by diethyl ether, and then
dried at room temperature.

=  Synthesis of 7-allyl-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium hexafluorophosphate(V) (5a-1)

Compound 5a-1 was prepared according to the previously described
method using three different substrates: 2a, 3a-1, and 4a-1.

In each experiment, the xanthinium salt was dissolved in water or
ethanol, and a saturated Ammonium hexafluorophosphate solution (in
water or ethanol) was added to the mixture to precipitate the desired
white solid. This process was continued until no further precipitation
occurred. The resulting suspension was then filtered, washed
sequentially with ethanol and diethyl ether, and dried at room
temperature. Yield: 85-95%.
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IH NMR (600 MHz, DMSO): 8=[ppm]= 9.36 (s, 1H, C®H), 6.09 (ddt, J =
17.2, 10.4, 5.6 Hz, 1H, C1*H), 5.45 — 5.28 (m, 2H, C**H,), 5.13 (dt, J = 5.8,
1.6 Hz, 2H, C12H,), 4.17 (s, 3H, C'Hs), 3.75 (s, 3H, C'*Hs), 3.29 (s, 3H,
CHs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 152.92 (Ce=0), 150.15
(C,=0), 139.68 (C8), 139.26 (C4), 130.87 (C13), 120.21 (C14), 107.05
(C5), 50.22 (C12), 36.94 (C15), 31.27 (C11), 28.38 (C10).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H1sN40,]%, calculated: 235.1190, found: 235.1264.

= Synthesis of 7-allyl-9-ethyl-1,3-dimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium hexafluorophosphate(V) (5a-2)

Compound 5a-2 was prepared by the reaction between 3a-2 and a
saturated solution of NHs"PFs in water. Adding the solution continued
until no more white precipitation was seen. yield: 85-95%.

88



N F
)éa il /}8 F\l—’F
07 N7 TN, F/',D\F
|11 15 F

IH NMR (400 MHz, DMSO): 8=[ppm]= 9.44 (s, 1H, C®H), 6.08 (ddt, J =
17.1,10.3, 5.6 Hz, 1H, C**H), 5.42 — 5.23 (m, 2H, C**H,), 5.11 (dt, J = 5.6,
1.6 Hz, 2H, C'2H,), 4.58 (q, J = 7.2 Hz, 2H, C*®Ha), 3.72 (s, 3H, C'Hs),
3.27 (s, 3H, C'°Hs), 1.52 (t, J = 7.2 Hz, 3H, C'Hs).

13C{1H} NMR (101 MHz, DMSO) 8=[ppm]= 152.98 (Cc=0), 150.37 (C,=0),
139.35 (C8), 138.37 (C4), 131.05 (C13), 120.07 (C14), 107.24 (C5), 50.41
(C12), 45.24 (C15), 31.65 (C11), 28.43 (C10), 15.15 (C16).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C12H17N40,]%, calculated: 249.1346, found: 249.1353.

= Synthesis of 7-(2-bromoethyl)-1,3,9-trimethyl-2,6-dioxo-
2,3,6,7-tetrahydro-1H-purin-9-ium  hexafluorophosphate(V)
(5b-1)

Compound 5b-1 was prepared based on the previously described
method using compounds 3b-1 and 4b with ammonium
hexafluorophosphate solution. yield: 85-95%.
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IH NMR (400 MHz, DMSO): 8=[ppm]= 9.46 (s, 1H, C®H), 4.87 (t, J = 5.8
Hz, 2H, C12H,), 4.21 (s, 3H, C*Hs), 3.95 (t, J = 5.7 Hz, 2H, C3H,), 3.75 (s,
3H, C''Hs), 3.28 (s, 3H, C'°H3).

13C{IH} NMR (101 MHz, DMSO): &=[ppm]= 153.20 (Cs=0), 150.13
(C,=0), 139.77 C4, C8), 107.05 (C5), 49.96 (C13), 37.09 (C14), 31.34
(C12), 30.79 (C11), 28.55 (C10).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C10H14BrN4O3]*, calculated: 301.0295, found: 301.0426.

=  Synthesis of 7-(2-bromoethyl)-9-ethyl-1,3-dimethyl-2,6-dioxo-
2,3,6,7-tetrahydro-1H-purin-9-ium  hexafluorophosphate(V)
(5b-2)

Compound 5b-2 was prepared based on the previously described
method using compound 3b-2 with ammonium hexafluorophosphate
solution. yield: 85-95%.
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IH NMR (600 MHz, DMSO): 6=[ppm]= 9.54 (s, 1H, C°H), 4.87 (t, J = 5.9
Hz, 2H, C'2H,), 4.63 (q, J = 7.2 Hz, 2H, C!*H,), 3.96 (t, J = 5.9 Hz, 2H,
C3H,), 3.74 (s, 3H, C1*Hs), 3.29 (s, 3H, C1%Hs), 1.52 (t, J = 7.2 Hz, 3H,
C'5H;).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 153.18 (Ce=0), 150.24
(C,=0), 139.32 (C8), 138.82 (C4), 107.18 (C5), 49.93 (C12), 45.34 (C14),
31.67 (C11), 30.64 (C10), 28.47 (C13), 15.18 (C15).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H16BrN4O,]*, calculated: 317.0431, found: 317.0492.

3.2.2.5. Synthesis of xanthinium Chloride salts- general procedure

[NHCH]ClI was synthesized from [NHCH]PF¢ by an ion-exchange
reaction. To synthesize xanthinium chloride salts, a predetermined
quantity of [NHCH]PF¢ salt was dissolved in 20 mL of ethanol. This
solution was subsequently subjected to column chromatography
utilizing Amberlite® IRA-900 (CI- form) ion exchange resin, where the
chloride resin serves as a medium that contains fixed chloride ions,
which can be exchanged for other anions present in the solution.
Following the chromatography process, the solvent was evaporated by
a rotary evaporator, yielding an oily yellow product identified as
xanthinium chloride salt.

=  Synthesis of 7-allyl-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium chloride (6a-1)
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Compound 6a-1 was synthesized through an ion exchange reaction
involving the corresponding PFg salt (5a-1) and a chloride ion exchange
resin. Yield: 15-25% (0.018 g, 0.06 mmol).
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'H NMR (600 MHz, DMSO): 8=[ppm]=9.92 (s, 1H, C®H), 6.14 — 6.04 (m,
1H, C**H), 5.39 - 5.30 (m, 2H, C**Hy), 5.14 (d, J = 5.6 Hz, 2H, C'?H,), 4.24
(s, 3H, C**H3s), 3.77 (s, 3H, C**H3), 3.26 (s, 3H, C*°Hs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 153.00 (Ce=0), 150.20
(C,=0), 139.77 (C8), 139.51 (C4), 130.99 (C13), 120.18 (C14), 106.99
(C5), 50.17 (C12), 37.06 (C15), 31.38 (C11), 28.39 (C10).

35CI NMR (39 MHz, DMSO): 8=[ppm]=49.93 (CI" anion).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H15sN40;]", calculated: 235.1190, found: 235.1197.

= Synthesis of 7-allyl-9-ethyl-1,3-dimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium chloride (6a-2)

Compound 6a-2 was prepared by the ion exchange reaction as
previously mentioned method involving the corresponding PF; salt (5a-
2) and a chloride resin, yielding 0.01 g (0.048 mmol) of the xanthinium
chloride salt 6a-2, corresponding to a 19% yield.
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IH NMR (400 MHz, DMSO): 8=[ppm]= 9.86 (s, 1H, C®H), 6.09 (ddt, J =
17.1, 10.4, 5.6 Hz, 1H, C**H), 5.39 — 5.26 (m, 2H, C**H,), 5.14 (dt, J = 5.7,
1.5 Hz, 2H, C2H,), 4.62 (q, J = 7.2 Hz, 2H, C**H,), 3.73 (s, 3H, CHs),
3.26 (s, 3H, C'°Hs), 1.53 (t, J = 7.2 Hz, 3H, C1Hs).

13C{IH} NMR (151 MHz, DMSO): 8=[ppm]= 153.11 (Ce=0), 149.98
(C,=0), 139.93 (C8), 138.46 (C4), 131.16 (C13), 120.60 (C14), 107.37
(C5), 56.12 (C12), 50.86 (C15), 31.75(C11), 28.47 (C10), 18.59 (C16).

35CI NMR (39 MHz, DMSO): 8=[ppm]= 70.43 (CI" anion).
ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C12H17N403]%, calculated: 249.1346, found: 249.1374.
= 7-(2-bromoethyl)-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium chloride (6b-1)

Compound 6b-1 was prepared by the ion exchange reaction between
the corresponding PFg salt (5b-1) and a chloride ion exchange resin.
NMR and mass spectrometry analyses confirmed substituting the C*3-
Br group with C*3-Cl.
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IH NMR (600 MHz, DMSO): &=[ppm]= 9.81 (s, 1H, C®H), 4.85 (dt, J =
26.7, 6.0 Hz, 2H, C12H,), 4.25 (s, 3H, C1*Hs), 4.01 (dt, J = 96.3, 6.0 Hz, 2H,
C3H,), 3.75 (s, 3H, C'1H3), 3.24 (s, 3H, C°Hs).

BC{IH} NMR (151 MHz, DMSO): &=[ppm]= 153.47 (Ce=0), 150.37
(C2=0), 140.13 (C8), 139.97 (C4), 107.30 (C5), 50.13 (C13), 42.43 (C12),
37.48 (C14), 31.67 (C11), 28.70 (C10).

35CI NMR (39 MHz, DMSO): 8=[ppm]= 60.96 (CI anion).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [Ci0H14BrN4O2]*, calculated: 301.0295, found: 301.0337, and
for proligand [C10H14CIN4O;]*, calculated: 257.0800, found: 257.0837.

= 7-(2-bromoethyl)-9-ethyl-1,3-dimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium chloride (6b-2)

Compound 6b-2 was obtained through an ion exchange reaction
between the PFg salt (5b-2) and a chloride ion exchange resin. NMR
and mass spectrometry analyses confirmed the partial substitution of
the C'3-Br group with C13-Cl.
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'H NMR (600 MHz, DMSO): 6=[ppm]= 10.01 (s, 1H, C®H), 4.90 (t, J = 6.1
Hz, 2H, C*?Ha), 4.67 (q, J = 7.2 Hz, 2H, C**Ha), 3.98 (t, J = 6.1 Hz, 2H,
C™H,), 3.74 (s, 3H, C''Hs), 3.28 (s, 3H, C'°Hs), 1.54 (t, J = 7.2 Hz, 3H,
C™™Hs).

BC{IH} NMR (151 MHz, DMSO): &=[ppm]= 153.23 (Ce=0), 150.24
(C,=0), 139.20 (C8), 139.04 (C4), 107.22 (C5), 49.99 (C12), 45.38 (C14),
31.72 (C11), 30.48 (C13), 28.45 (C10).

35CI NMR (39 MHz, DMSO): 8=[ppm]= 66.87 (CI" anion).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H16BrN4O,]*, calculated: 315.0452, found: 317.0492, and
for proligand [C11H16CIN4O3]*, calculated: 271.0956, found: 271.0996.

3.2.2.6. Synthesis of xanthinium lodide salt- general procedure

xanthinium 2a (2.11 g, 9.6 mmol) and 2b (2.75 g, 9.6 mmol) were
dissolved in dimethylformamide (3 mL) in an ampoule, and methyl
iodide (11.89 mL, 191 mmol) or Ethyl iodide was added. The mixture
was heated at 70 °C for 24 hours in a closed system, resulting in a clear
red solution. Excess diethyl ether was added to the flask to precipitate
an orange powder, which was filtered. Further recrystallization using
dichloromethane—diethyl ether and acetonitrile—diethyl ether resulted
in the product as a yellow solid. 22 We also found a more eco-friendly
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method at low or room temperature to produce xanthinium iodide
salts, introduced recently by Longo et al. 2 By this method,
compounds 7a-1 and 7b-1 were achieved through reaction with methyl
iodide in DMF at 24-35 °C for 72 hours. The xanthinium salts were
obtained after trituration with DCM/diethyl ether and AN/diethyl ether
and kept in the refrigerator to avoid getting oily.

=  Synthesis of 7-allyl-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium iodide (7a-1)

Compound 7a-1 was prepared by the reaction between 1a (2 g, 9.08
mmol) and methyl iodide (2.26 ml, 36.32 mmol, 4 eq.) in 5 ml DMF in
24-36 °C. 2.03 g, yield: 62%.
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'H NMR (600 MHz, DMSO): 6=[ppm]= 9.38 (s, 1H, C8H), 6.07 (ddt, J =
17.1,11.3, 5.6 Hz, 1H, C*3H), 5.35 (dd, J = 30.0, 13.7 Hz, 2H, C'*H,), 5.11
(d, J = 7.1 Hz, 2H, C2H,), 4.16 (s, 3H, C'5Hs), 3.74 (s, 3H, C}*H3), 3.27 (s,
3H, C1%H;).

BC{*H} NMR (151 MHz, DMSO): 6=[ppm]= 152.21 (Ce=0), 149.42

(C2=0), 139.24(C8), 137.74 (C4), 129.66 (C13), 119.54 (C14), 106.34
(C5), 49.54 (C12), 35.87 (C15), 31.13 (C11), 28.17 (C10).
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ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H1sN4O;]*, calculated: 235.1190, found: 235.1264.

= Synthesis of 7-allyl-9-ethyl-1,3-dimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium iodide (7a-2)

Compound 7a-2 was prepared by reaction of 1a (0.528 g, 2.4 mmol)
with Ethyl iodide (3.83 mL, 47.75 mmol). Yield: 0.67 g, 75%.
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IH NMR (400 MHz, DMSO): 8=[ppm]= 9.72 (s, 1H, C®H), 6.19 — 5.97 (m,
1H, C'*H), 5.42 — 5.26 (m, 2H, C*H,), 5.12 (d, J = 5.6 Hz, 2H, C2H,), 4.60
(q,J = 7.3 Hz, 2H, C*%H,), 3.73 (s, 3H, C''Hs), 3.27 (s, 3H, C1%H3), 1.52 (t, J
= 7.3 Hz, 3H, C'Hs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 153.11 (Ce=0), 150.48
(C,=0), 139.96 (C8), 138.02 (C4), 131.17 (C13), 120.19 (C14), 108.22
(C5), 49.72 (C12), 46.38 (C15), 28.47 (C11), 18.59 (C10), 14.27 (C16).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C12H17N40,]%, calculated: 249.1346, found: 249.1374.

= Synthesis of 7-(2-iodoethyl)-1,3,9-trimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-9-ium iodide (7b-1)
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Compound 7b-1 was prepared by the reaction of 1b (1 g, 3.48 mmol)
and methyl iodide (0.9 mL, 13.9 mmol, 4 eq.) in 4 mL DMF. Yield: (1.19
g, 2.5 mmol), 74%.
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IH NMR (600 MHz, DMSO): 8=[ppm]= 9.44 (s, 1H, C®H), 4.78 (t, J = 6.7
Hz, 2H, C'2H,), 4.20 (s, 3H, C%Hs), 3.75 (s, 3H, C}*Hs), 3.63 (t, J = 6.6 Hz,
2H, C'*Ha), 3.29 (s, 3H, C1°Ha).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 152.39 (Ce=0), 149.43
(C,=0), 139.90 (C8), 138.52 (C4), 106.39 (C5), 49.71 (C12), 35.80 (C14),
30.15 (C11), 27.31 (C10), 1.44 (C13).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H16IN4O,]*, calculated: 349.0156, found: 349.0223.

= Synthesis of 7-(2-iodoethyl)-9-ethyl-1,3-dimethyl-2,6-dioxo-
2,3,6,7-tetrahydro-1H-purin-9-ium iodide (7b-2)

Compound 7b-2 was prepared by the reaction between 1b (0.689 g,
2.4 mmol) and ethyliodide (3.84 mL, 47.75 mmol) in 4mL DMF. Yield:
(0.95 g, 1.94 mmol) 81%.
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IH NMR (600 MHz, DMSO): 8=[ppm]= 9.53 (s, 1H, C®H), 4.72 (t, J = 6.9
Hz, 2H, C'2H,), 4.58 (q, J = 7.2 Hz, 2H, C'%H,), 3.68 (s, 3H, C1'Hs), 3.58 (t,
J=6.9 Hz, 2H, C*Hy), 3.22 (s, 3H, C1°Hs), 1.48 (t, J = 7.2 Hz, 3H, C'5Hs).

BC{!H} NMR (151 MHz, DMSO): 6=[ppm]= 152.44 (Ce=0), 149.51
(C,=0), 138.33 (C8), 136.86 (C4), 106.41 (C5), 50.18 (C12), 44.74 (C14),
31.49 (C11), 28.35 (C10), 14.80 (C15), 2.24 (C13).

ESI-MS (CH3CN m/z) = attributed to the cationic part of xanthinium
proligand [C11H16IN4O,]*, calculated: 363.0312, found: 363.0281.

3.3. Synthesis of [Ag(NHC)(NHs)]PFs and [Ag(NHC),]PFs
complexes

[NHCH]PFs (1.0 mmol) was suspended in 5 mL of ethanol. Silver(l) oxide
(64.3 mg, 0.277 mmol) and ammonia (0.65 mL, 15.3 mol/L, 9.9 mmol)
were then added to the mixture. The solution was stirred at room
temperature for a duration ranging from 30 minutes to 4 hours before
being filtered. The resulting white solid was washed sequentially with
cold ethanol and diethyl ether and then dried at room temperature. 22

=  Synthesis of [Ag(7-allyl-1,3,9-thrimethylxanthine-8-
ylidene)(NHs)]PFs (Agl)
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Complex Agl was prepared by the reaction between 5a-1 (0.12 g, 0.31
mmol) and Ag,O (0.03 g, 0.15 mmol) in the presence of ammonia,
yield: (0.13 g, 0.26 mmol), 84%.
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H NMR (400 MHz, DMSO): 8=[ppm]= 6.07 (ddd, J = 22.5, 10.4, 5.4 Hz,
1H, C13H), 5.26 — 5.07 (m, 4H, C**H,, C'?H,), 4.21 (s, 3H, C*®H3s), 3.76 (s,
3H, C*Hs), 3.25 (s, 3H, C'%Hs).

13C{1H} NMR (101 MHz, DMSO): 6=[ppm]= 184.97 (Cs.a¢), 152.77 (Cs=0),
151.95 (C,=0), 140.81 (C4), 133.94 (C13), 117.86 (C14), 108.31 (C5),
52.01 (C12), 48.81 (C15), 31.56 (C11), 28.25 (C10).

ESI-MS  (CHsCN m/z): Calculated for CiiHisAgN4O," [Ag-NHC]*:
341.0168, found: 341.0232 and calculated for CyH.sAgNsO4*
[Ag(NHC),]*: 575.1284, found: 575.1414.

= Synthesis of [Ag(7-allyl-9-ethyl-1,3-dimethylxanthine-8-
ylidene)(NHs)]PFs (Ag2)
Complex Ag2 was prepared by the reaction between 5a-2 (0.12 g, 0.30

mmol) and Ag,O (0.03 g, 0.15 mmol) in the presence of ammonia.
Yield: (0.13 g, 0.26 mmol), 87%.
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'H NMR (400 MHz, DMSO): 8=[ppm]= 6.06 (ddd, J = 22.2, 10.2, 5.2 Hz,
1H, C3H), 5.28 — 5.13 (m, 2H, C**H,), 5.11 (d, J = 4.9 Hz, 2H, C'2H,), 4.60
(g, J = 7.5 Hz, 2H, C1Ha), 3.72 (s, 3H, C''Hs), 3.24 (s, 3H, C1°Hs), 1.44 (t, J
= 7.2 Hz, 3H, C'Hs).

13C{IH} NMR (101 MHz, DMSO): 8=[ppm]= 152.28 (Ce=0), 150.70
(C=0), 140.10 (C4), 133.83 (C13), 122.45 (C14), 108.20 (C5), 52.99
(C12), 46.34 (C15), 31.41 (C11), 28.24 (C10), 17.38 (C16).

ESI-MS (CHsCN m/z): Calculated for CioHi6AgN4Oy* [Ag-NHC]*:
355.0324, found: 355.0390, and calculated for CasH32AgNsO.*
[Ag(NHC),]*: 603.1597, found: 603.1703.

= Synthesis of [Ag(7-(2-bromoethyl)-1,3,9-trimethylxanthine-8-
ylidene)(NHs)]PFs (Ag3)

Complex Ag3 was prepared by the reaction between 5b-1 (0.11 g, 0.24
mmol) and Ag,O (0.03 g, 0.123 mmol) in the presence of ammonia.
Yield: (0.09 g, 0.16 mmol), 68%.
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'H NMR (400 MHz, DMSO0): &=[ppm]= 4.90 (t, J = 5.7 Hz, 2H, C*H,),
4.26 (s, 3H, C*Hs), 3.96 (t, J = 5.7 Hz, 2H, C®H,), 3.78 (s, 3H, C''H3),
3.27 (s, 3H, C°Hs).

13C{IH} NMR (101 MHz, DMSO): &=[ppm]= 153.10 (Ce=0), 150.52
(C2=0), 140.99 (C4), 108.09 (C5), 51.77 (C12), 32.30 (C14), 30.87 (C13),
29.05 (C11), 27.63 (C10).

ESI-MS (CHsCN m/z): Calculated for CioHi13AgBrN;O, [Ag-NHC]*:
408.9252, found: 408.9382 and calculated for CyH26AgBrNsO4
[Ag(NHC),]*: 708.9474, found: 708.9690.

= Synthesis of [Ag(7-(2-bromoethyl)-9-ethyl-1,3-
dimethylxanthine-8-ylidene)(NHs)]PF¢ (Ag4)

Complex Ag4 was prepared by the reaction between 5b-2 (0.12 g, 0.26
mmol) and Ag,O (0.030 g, 0.14 mmol) in the presence of ammonia.
Yield: (0.1 g, 0.17 mmol), 69%.
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IH NMR (600 MHz, DMSO) & 4.89 (t, J = 5.9 Hz, 2H, C1?Ha), 4.65 (q, J =
7.2 Hz, 2H, C1%H,), 3.94 (t, J = 5.9 Hz, 2H, C**H,), 3.75 (s, 3H, C1'Hs), 3.28
(s, 3H, C1°H;), 1.48 (t, J = 7.2 Hz, 3H, C*°Hs).

13C{1H} NMR (151 MHz, DMSO): 6=[ppm]= 186.38 (Cs-ag), 153.25 (Cs=0),
150.66 (C,=0), 140.20 (C4), 108.07 (C5), 51.77 (C12), 46.38 (C14), 32.44
(C13),31.58 (C11), 27.98 (C10), 17.40 (C15).

ESI-MS (CHsCN m/z): Calculated for CiiHisAgBrN4sO,* [Ag-NHC]*:
420.9429, found: 422.9503, and calculated for Ci;H30AgBraNgO4*
[Ag(NHC),]*: 736.9787, found: 736.9929.

3.4. Synthesis of [Ag(NHC)]Cl complexes

[NHCH]CI (1.0 mmol) was dissolved in a specified volume of ethanol or
CH,Cl, as the solvent and reacted with Ag,O (0.50 mmol) at room
temperature for 24 hours. The reaction mixture was then filtered
through Celite, and the resulting filtrate was concentrated to 3 mL
using a rotary evaporator. To precipitate the product, an excess of
diethyl ether or n-hexane was added, forming a white solid. This solid
was filtered, washed with diethyl ether, and dried at room

103



temperature. 727> However, this procedure was successful in some
cases, while others did not yield favorable results.

= Synthesis of [Ag(7-allyl-9-ethyl-1,3-dimethylxanthine-8-
ylidene)(Cl)] (Ag5)

Complex Ag5 was synthesized through the reaction of [NHCH]CI (0.03
g, 0.10 mmol) and Ag,0O (0.012 g, 0.052 mmol) as prescribed above,
yield (0.003 g, 0.01 mmol) <10%.
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IH NMR (400 MHz, DMSO): 8=[ppm]= 6.12 — 5.96 (m, 1H, C'*H), 5.22
(d, J = 11.7 Hz, 1H, C**H), 5.12 (d, J = 1.5 Hz, 1H, C**H), 5.08 (d, J = 5.6
Hz, 2H, C'2H,), 4.56 (q, J = 7.1 Hz, 2H, C'*Ha), 3.70 (s, 3H, C''Hs), 3.23 (s,
3H, C°H3), 1.43 (t, J = 7.3 Hz, 3H, C'*Hs).

13C{!H} NMR (101 MHz, DMSO): &=[ppm]= 183.94 (Cs-Ag), 152.76
(Ce=0), 150.99 (C,=0), 139.99 (C4), 132.92 (C13), 119.44 (C14), 108.14
(C5), 52.13 (C12), 46.42 (C15), 30.69 (C11), 27.52 (C10), 17.76 (C16).

35CI NMR (39 MHz, DMSO): 8=[ppm]= 50.05 (CI" anion).

ESI-MS (CH3CN m/z): calculated for C,4H3,AgNsO4 [Ag(NHC),]: 603.1597,
found: 603.1597.
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3.5. Synthesis of [Ag(NHC)]I complexes, (AgOAc route)

xanthinium salt [NHCH]I (0.61 mmol) was added to silver acetate (0.2 g,
1.2 mmol) in a mixture of methanol or acetonitrile (10 ml). the mixture
was stirred at room temperature for two hours in the dark. The mixture
was filtered, with the solid being washed with acetonitrile, and the
filtrate was dried in vacuo to give the product as a white solid, which
was recrystallized from acetonitrile-diethyl ether. 223

= Synthesis of [Ag(7-allyl-1,3,9-thrimethylxanthine-8-
ylidene)(acetate)] (Ag6)

Complex Agb was synthesized through the method described above by
the reaction between compound 7a-1 (0.08 g, 0.22 mmol) and AgOAc
(0.07 g, 0.44 mmol). The yield was 36% (0.03 g, 0.07 mmol).
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'H NMR (400 MHz, CDCl5): 6=[ppm]= 6.08 — 5.94 (m, 1H, C*3H), 5.39 (d,
J=0.9 Hz, 1H, C**H), 5.34 (d, J = 1.4 Hz, 1H, C**H), 5.14 (d, J = 6.1 Hz,
2H, C12H), 4.26 (s, 3H, C'°Hs), 3.86 (s, 3H, C''Hs), 3.43 (s, 3H, CI%Hj),
2.08 (s, 3H, CYHs).

13C{1H} NMR (101 MHz, DMSO): 8=[ppm]= 185.54 (Cs.ag), 175.79 (C16),
152.86 (Cs=0), 150.54 (C,=0), 140.74 (C4), 134.48 (C13), 118.15 (C14),
108.25 (C5), 52.05 (C12), 40.44 (C15), 30.80 (C11), 27.53 (C10), 22.68
(C17).
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ESI-MS (CHsCN m/z): Calculated for C11H14AgN4O, [Ag-NHC]: 341.0168,
found: 341.0354 and calculated for CyHasAgNsOs [Ag(NHC),]:
575.1284, found: 575.1585.

= Synthesis of [Ag(7-(2-iodoethyl)-1,3,9-trimethylxanthine-8-
ylidene)(Acetate)] (Ag7)

Complex Ag7 was synthesized through the method described above by
the reaction between compound 7b-1 (0,11 g, 0,36 mmol) and AgOAc
(0.122 g, 0.73 mmol). yield: (0.067 g, 0.12 mmol), 36%.

g 4 >—Ag—o

O

IH NMR (400 MHz, DMSO): 6=[ppm]= 4.56 (t, J = 6.6 Hz, 2H, C'2Hy),
3.94 (s, 3H, C**Hs), 3.69 (s, 3H, C'*Hs), 3.63 (t, J = 6.6 Hz, 2H, C3H,),
3.44 (s, 3H, C'°Hs), 3.09 (s, 3H, C1Hs).

13C{'H} NMR (151 MHz, DMSO): 8=[ppm]= 184.03 (Cs.g), 176.28 (C15),
154.32 (C¢=0), 150.87 (C,=0), 142.66 (C4), 104.43 (C5), 47.93 (C12),
34.15 (C14), 29.43 (C11), 27.57 (C10), 13.45 (C16), 4.97 (C13).

ESI-MS (CH3CN m/z): Calculated for CioH13AgIN4O> [Ag-NHC]: 454.9134,

found: 454.9260, and calculated for CyoH26AgloNsOs [Ag(NHC),]:
802.9217, found: 802.9484.
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3.6. Synthesis of [Ag(NHC)]I complexes, (Ag.0 route)

A mixture containing imidazolinium iodide (1.12 mmol) and Ag,0 (0.56
mmol) in dichloromethane (25 mL) was stirred at room temperature
for 24 hours in the dark, covered with aluminum foil. Afterward, the
mixture was filtered through Celite, and the solvent was removed
under reduced pressure to obtain the product. The crude product
underwent purification by recrystallization using dichloromethane:
hexane mixture (1:2) at room temperature. 2’° (Unfortunately, the
favorable product was not obtained.)

3.7. Synthesis of [Au(NHC)]PFs complexes from [Ag(NHC)PFs,
general procedure

A 25 mL round-bottom flask was charged with [Ag(NHC).]PFs (1.44
mmol) and 10 mL of dichloromethane. To this solution, 0.923 g (2.88
mmol, 2 eq.) of Au(tht)Cl dissolved in 5 mL of dichloromethane was
added, leading to the immediate formation of a fine white precipitate.
The mixture was stirred in the dark for 25 minutes and then filtered
through Celite. The clear, colorless filtrate was evaporated to dryness
using a rotary evaporator. The resulting white solid was dissolved in a
minimal amount of CH3CN and precipitated with diethylether, yielding
[Au(NHC),]PFs as a microcrystalline product. 178197

=  Synthesis of [Au(7-allyl-1,3,9-thrimethylxanthine-8-
ylidene),;]PFs (Aul)

For synthesising Aul, Agl (0,07 g, 0,143 mmol) was reacted with
Au(tht)Cl (0.09 g, 0.286 mmol) in 30 ml CH)Cl,. Yiled: (0.05 g, 0.06
mmol), 48%.
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IH NMR (400 MHz, DMSO): 6=[ppm]= 6.14 — 5.96 (m, 1H, C'*H), 5.23
(dd, J = 10.4, 1.2 Hz, 2H, C'*H,), 5.09 (s, 2H, C'2H,), 4.20 (s, 3H, C!°Hs),
3.74 (s, 3H, C''Hs), 3.24 (s, 3H, C1%Hs).

13C{1H} NMR (101 MHz, DMSO) &= 175.03 (Cs-au), 152.72 (Ce=0), 150.43
(C,=0), 140.35 (C4), 133.03 (C13), 117.72 (C14), 107.38 (C5), 51.45
(C12), 48.53 (C15), 31.57 (C11), 28.24 (C10).

ESI-MS (CHsCN m/z): Calculated for CyHsAuNgOs* [Au(NHC),]*:
665.1899, found: 665.1817.

=  Synthsis of [Au(7-allyl-9-ethyl-1,3-dimethylxanthine-8-
ylidene).]PF¢ (Au2)

Au2 was synthesized when Ag2 (0.054 g, 0.11 mmol) was reacted with
Au(tht)Cl (0.07 g, 0.22 mmol) in 30 ml CH,Cl,, and the reaction was
followed as described in part 3.7. yield: (0.05 g, 0.0616 mmol), 56%




IH NMR (400 MHz, DMSO): 6=[ppm]= 6.21 — 6.02 (m, 1H, C'3H), 5.40 —
5.23 (m, 1H, C**Ha), 5.10 (d, J = 1.1 Hz, 2H, C'2H,), 4.74 — 4.54 (m, 2H,
C'SH,), 3.74 (s, 3H, C''H3), 3.26 (s, 3H, C1°Hs), 1.57 — 1.46 (m, 3H, C1°Hs).

13C{*H} NMR (101 MHz, DMSO): 6=[ppm]= 186.55 (Cs.au), 152.82 (Cs=0),
150.58 (C,=0), 140.12 (C4), 133.41 (C13), 117.59 (C14), 107.88 (C5),
51.50 (C12), 46.17 (C15), 31.44 (C11), 28.30 (C10), 17.23 (C16).

ESI-MS (CHsCN m/z): Calculated for CasH32AuNgOs* [Au(NHC)]*:
693.2212, found: 693.2306.

=  Synthesis of [Au(7-(2-bromoethyl)-9-ethyl-1,3-
dimethylxanthine-8-ylidene),]PFs (Au3)

For synthesizing Au3, Ag4 (0.045 g, 0.050 mmol) was reacted with
Au(tht)Cl (0.032 g, 0.10 mmol) in 30 ml CH,Cl,, and the reaction was
done as described in part 3.7. yield: (0.01 g, 0.018 mmol), 36%
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IH NMR (600 MHz, DMSO): &=[ppm]= 5.00 (t, J = 5.7 Hz, 2H, C'?H,),
4.77 (q,J = 7.2 Hz, 2H, C**H,), 4.02 (t, J = 5.8 Hz, 2H, C**H,), 3.77 (s, 3H,
C'Hs), 3.30 (s, 3H, C1°Hs), 1.57 (t, J = 7.3 Hz, 3H, C°H3).

13C{1H} NMR (151 MHz, DMSO): 5=[ppm]= 186.37 (Cs-ag), 177.39 (Cs-au),
153.03 (Ce=0), 149.94 (C,=0), 140.07 (C4), 106.71 (C5), 51.56 (C12),
46.22 (C14), 32.11 (C13), 31.05 (C11), 28.64 (C10), 17.24 (C15).
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ESI-MS (CH3CN m/z): Calculated for CyHzpoAuBraNgOs" [Au(NHC),]" :
827.0402, found: 827.0636.

3.8. Synthesis of [(COD)Rh(CI)(NHC)] complexes

=  Synthesis of [(7-allyl-9-ethyl-1,3-dimethylxanthine-8-
ylidene)Rh(COD)] PFs (Rh1)

In a darkened environment, 5a-2 (473 mg, 1.2 mmol) was dissolved in
15 mL of anhydrous CH3CN, to which Ag,0 (301 mg, 1.3 mmol) and Nal
(225 mg, 1.5 mmol) were subsequently added. The mixture was heated
under reflux at 60°C for 1 hour under an argon atmosphere. The silver
precipitate formed was filtered off through Celite. The solvent was
then evacuated under reduced pressure, and the resulting complex
was used directly without additional purification. The solid was
redissolved in 15 mL of CH,Cl;, and [Rh(COD)CI]; (301 mg, 0.6 mmol)
was introduced. This mixture was stirred for 16 hours in the dark. The
complex was purified by passing it through a Celite pad and then
subjected to gradient column chromatography on silica gel. Eluting
with CH,Cl, first produced a fraction of [Rh(COD)Cl],, and further
elution with acetone isolated compound Rh1. After the solvents were
evaporated, the yellow solid was recrystallized from an acetone and
Et,0 (1:1) mixture. 2*® The final yield was 397 mg, 0.53 mmol. Yield:
88%.

17 24
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IH NMR (400 MHz, DMSO): 8=[ppm]= 6.19 — 6.02 (m, 1H, C'3H), 5.25
(d, J = 11.7 Hz, 1H) and 5.11 (d, J = 15.5 Hz, 1H) (C**H,), 5.17 (d, J = 5.2
Hz, 2H, C12Ha), , 4.63 (g, J = 7.1 Hz, 2H, C'5H,), 3.74 (s, 3H, C''Hs), 3.70 —
3.53 (m, 1H, C°), 3.39 (q, J = 7.1 Hz, 3H, C?), 3.26 (s, 3H, C'°Hs), 3.16
(d, J = 24.5 Hz, 1H, C%P), 2.50 (s, 3H, C°), 1.48 (t, J = 7.2 Hz, 3H,
C%Hs), 1.43 —1.33 (m, 1H, C%°P), 1.09 (t, J = 7.0 Hz, 1H, C°P).

13C{1H} NMR (151 MHz, DMSO): 6=[ppm]= 190.45 (Cs.s), 152.53 (Cs=0),
151.07 (C,=0), 150.69, 150.43 (d, J = 39.1 Hz, C14) , 139.75 (C4),
138.96, 138.33 (d, J = 95.1 Hz, C°°°), 132.07 (C13), 124.01, 123.9 (d, J =
15.4 Hz, C°°°), 109.32 (C5), 91.49 (C°P (CH)), 70.78 (C°P (CH)), 51.53
(C12), 41.45 (C15), 35.65 (C11), 31.27, 31.05 (d, J = 34.1 Hz, C°),
28.15, 28.10 (d, J = 6.6 Hz, C©°P) , 28.03 (C10), 16.70 (C16).

ESI-MS (CH3CN m/z): Calculated for Ci4H3;NgO4Rh* [Rh(NHC)2]+
599.1602, found: 599.1816.

= Synthesis of [(7-allyl-9-ethyl-1,3-dimethylxanthine-8-
ylidene)Rh(COD)] ClI (Rh2)

The synthesis employed the carbene transfer method through
transmetallation from a silver complex. Ag2 (0.07 g, 0.1 mmol),
prepared as described in section 3.4, was dissolved in an excess of
CH,Cl;, and [Rh(COD)CI]; (0.025 g, 0.05 mmol) was subsequently
added. The mixture was stirred continuously for three days. The
extended reaction duration is attributed to the steric hindrance of the
carbenes, a factor that Hahn and colleagues have identified as a
common constraint in transmetallation reactions. 2”7 After the reaction
was complete, the precipitate was filtered through Celite, and the
complex was isolated using gradient column chromatography. Initially,
the starting material was collected using CH,Cl, as the eluent. Further
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purification involved using THF to obtain the complex as a yellow
powder. Yield: (9.38 mg, 0.019 mmol) 38%.

13 18

IH NMR (400 MHz, CDCls): 5=[ppm]= 5.98 — 5.78 (m, 1H, C'*H), 5.37 —
5.15 (m, 2H, C**H,), 4.64 (d, J = 4.8 Hz, 1H, cod’(CH)), 4.29 — 4.24 (m,
2H, C'2H,), 4.19 — 4.13 (m, 1H, cod8(CH)), 4.01 (dd, J = 14.3, 7.3 Hz, 1H,
cod?!(CH)), 3.75 (q, J = 7.0 Hz, 1H, cod?*(CH)), 3.51 (s, 3H, C'H3), 3.37
(s, 3H, C1°Hs), 2.94 (dd, J = 11.7, 5.6 Hz, 3H, cod®?(CH,)), 2.59 — 2.47
(m, 2H, cod®(CH,)), 1.85 — 1.67 (m, 3H, cod®*(CH,)), 1.27 (t, J = 7.0
Hz, 3H, C6Hs).

13C{*H} NMR (101 MHz, CDCls): 6=[ppm]= 185.93 (d, Jcrn = 39.1 Hz, C8-
Rh), 155.42 (C6=0), 151.33 (C2=0), 142.85 (C4), 139.25 (d, J = 84.7 Hz,
C14), 132.44 [d, Jrh-cop = 26.3 Hz, cod(CH)], 127.35 [d, Jrh-cop = 29.6 Hz,
cod(CH)], 119.64 (cod-CH2), 104.91 (C5), 96.43 (cod-CH2), 78.61 (cod-
CH,), 58.44 (cod-CH2), 52.09(C12), 48.56 (C15), 33.67 (C11), 32.31 (d, J
=17.3 Hz, cod-CH,), 30.85 (cod-CH,), 28.41 (C10), 18.41 (C16).

ESI-MS (CH3CN m/z): calculated for CyoH24CIN,O2Rh* [Rh(NHC)z]Jr .
599.1602, found: 599.1769.
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3.9. Synthesis of [Au(NHC)I] complexes -general procedure

The gold NHC iodide complexes were produced following a method
established by Nolan and Gimeno’s research team. 26262 This approach
involved synthesizing gold NHC complexes with a mild and cost-
effective base like K,CO:s.

The xanthinium salts were combined with the gold precursor
[Au(SMe;)Cl] (1 equivalent) in either acetonitrile or acetone and
reacted for three hours at room temperature. Subsequently, a
substantial excess of base (10 equivalents) was introduced to the
mixture to facilitate the deprotonation of the salt and ensure the
coordination of the NHC to the metal center. Upon completion of the
reaction, the solvent was evaporated using a rotary evaporator,
resulting in the formation of a crude orange solid with a satisfactory
yield. 22°

=  Synthesis of [Au(7-allyl-1,3,9-thrimethylxanthine-8-ylidene)l]
(Aud)

xanthinium salt 7a-1 (0.036 g, 0.1 mmol) was subjected to reaction
with Au(tht)Cl (0.032 g, 0.1 mmol) in 20 ml of acetone under reflux
conditions. Subsequently, K2CO3 (0.05 g, 0.35 mmol) was added to the
mixture. The reaction was allowed to proceed for 24 hours. Afterward,
the solvent was evaporated to yield an orange solid. yield: (0.03 g, 0.06
mmol) 60%.

113



”;I .

IH NMR (600 MHz, DMSO): 6=[ppm]= 6.05 (ddt, J = 16.0, 10.4, 5.2 Hz,
1H, C3H), 5.28 — 5.20 (m, 2H, C'*H,), 5.10 (d, J = 5.1 Hz, 2H, C2H,), 4.20
(s, 3H, C5Hs), 3.74 (s, 3H, C1*Hs), 3.25 (s, 3H, C1%Hs).

BBC{!H} NMR (151 MHz, DMSO): 6=[ppm]= 152.81 (Ce=0), 150.49
(C,=0), 140.38 (C4), 133.04 (C13), 117.81 (C14), 107.38 (C5), 51.40
(C12), 40.04 (C15), 31.62 (C11), 28.28 (C10).

ESI-MS (CHsCN m/z): calculated for CyHasAuNsOs [Au(NHC)]:
665.1899, found: 665.2004.

= Synthesis of [Au(7-allyl-9-ethyl-1,3-dimethylxanthine-8-
ylidene)l] (Aub)

xanthinium salt 7a-2 (0.075 g, 0.2 mmol) was reacted with Au(tht)Cl
(0.064 g, 0.2 mmol) and KyCOs; (0.1 g, 0.7 mmol) following the
previously described procedure. Yield: (99.3 mg, 0.17 mmol), 87%.

(o) 12,/\14
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IH NMR (600 MHz, CDCls): 6=[ppm]= 6.14 — 5.97 (m, 1H, C*H), 5.48 —
5.29 (m, 2H, CH,), 5.25 (d, J = 6.0 Hz, 2H, C'2H,), 4.74 (q, J = 7.2 Hz,
2H, C'5H,), 3.85 (s, 3H, C1'Hs), 3.44 (s, 3H, C'°Hs), 1.63 (t, J = 7.2 Hz, 3H,
C'%H;).

13C NMR (151 MHz, CDCls): 8=[ppm]= 186.54 (Cgas), 153.81 (Ce=0),
150.34 (C,=0), 138.93 (C4), 131.81 (C13), 120.50 (C14), 107.94 (C5),
52.53 (C12), 46.21 (C15), 31.74 (C11), 28.80 (C10), 17.69 (C16).

ESI-MS (CHsCN m/z): calculated for CisH3AuNgOs [Au(NHC),]
693.2212, found: 693.2316.

3.10. Synthesis of [(NHC)-Pd(l)-Py]l complexes- general procedure

In a 25 mL round-bottom flask, Palladium (ll) chloride (100 mg, 0.56
mmol), a xanthinium salt (1.1 mmol), and K;CO; (194 mg, 1.41 mmol)
were combined. After adding 3 mL of pyridine, the reaction mixture
was stirred at 60 °C overnight within an oil bath. Subsequent
purification involved column chromatography on silica gel with
dichloromethane as the eluent. Afterward, the solvent was removed
under vacuum, and the residue was dissolved in 3 mL of
dichloromethane. This solution was then slowly added to 50 mL of n-
pentane to extract the pyridine. The resulting precipitate was filtered,
washed repeatedly, and dried under a high vacuum to obtain the final
solid product. 2

= Synthesis of (7a)(Pd)(PEPPSI) (Pd1)

Compound 7a-1 (0.398 g, 1.1 mmol) was combined with PdCl, (0.1 g,
0.56 mmol) and K>COs (0.194 g, 1.41 mmol) in 3 mL of pyridine. The
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reaction proceeded as previously described, resulting in a yield of 94%
(0.696 g, 1.03 mmol).

15

IH NMR (400 MHz, DMSO): &=[ppm]= 8.92 (d, J = 4.8 Hz, 2H, C'H,
C¥H), 7.97 (t, J = 7.6 Hz, 1H, C°H), 7.63 — 7.46 (m, 2H, C'®H, C*H), 6.36
—6.20 (m, 1H, C3H), 5.59 — 5.36 (m, 2H, C*H,), 5.33 (d, J = 8.8 Hz, 2H,
C'2H,), 4.42 (s, 3H, C15Hs), 3.75 (s, 3H, C1'Hs), 3.22 (s, 3H, C1°Hs).

13C{IH} NMR (101 MHz, DMSO) & 155.98 (Cspaq), 153.21 (C17,21),
151.93 (C¢=0), 150.07 (C,=0), 140.64 (C19), 138.68 (C4), 131.58 (C13),
125.04 (C18,20), 119.93 (C14), 109.21 (C5), 52.18 (C12), 45.45 (C15),
31.57 (C11), 28.17 (C10).

ESI-MS (CH3CN m/z): Calculated for CigHisINsO,Pd* [NHC-Pd-Py]*:
545.9618, found: 545.9428.

= Synthesis of (7b)(Pd)(PEPPSI) (Pd2)

A mixture of compound 7b-1 (0.52 g, 1.1 mmol), PdCl, (0.1 g, 0.056
mmol), and K,COs (0.194 g, 1.41 mmol) in 3 mL of pyridine was reacted
according to the established method, resulting in a 91% yield (0.78 g,
1.0 mmol).
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IH NMR (600 MHz, DMSO): &=[ppm]= 8.91 (d, J = 5.3 Hz, 2H, C'H,
C®H), 7.98 (t, J = 7.7 Hz, 1H, C¥H), 7.58 (t, J = 7.0 Hz, 2H, C'H, C'°*H),
5.06 (t, J = 8.2 Hz, 2H, C12Hy), 4.41 (s, 3H, C'*Hs), 3.79 — 3.76 (m, 2H,
C3H,), 3.75 (s, 3H, C1'H3), 3.23 (s, 3H, C°Hs).

3C{IH} NMR (151 MHz, DMSO): &=[ppm]= 156.21 (Csps), 153.19
(C16,20), 152.10 (Cs=0), 149.93 (C,=0), 140.27 (C4), 138.72 (C18),
124.89 (C17,19), 109.10 (C5), 51.69 (C12), 39.87 (C14), 31.52 (C11),
28.40 (C10), -0.88 (C13).

ESI-MS (CH3CN m/z): Calculated for C15H13|3,N502Pd+ [NHC-Pd-PY]+
659.8585, found: 659.8805.

3.11. Synthesis of thiophenol-substituted theophyllinium salts

Compound 5b (0.1 mmol) was combined with thiophenol (3.6 mmol)
and NaOH (3.6 mmol) in an aqueous solution. The reaction mixture
was stirred at room temperature for three days. Following this, the
mixture was filtered, washed sequentially with ethanol and diethyl
ether, and then dried at room temperature.
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3.11.1. Synthesis of [NHCH]PF¢ salts of thiophenol-substituted
theophylline

The PFg salt was prepared using the same procedure outlined for other
functionalized theophylline derivatives in section 2.2.4.

= Synthesis of 1,3,9-trimethyl-2,6-dioxo-7-(2-(phenylthio)
ethyl)-2,3,6,7-tetrahydro-1H-purin-9-ium
hexafluorophosphate (T-1)

Compound T-1 was prepared following the previously described
procedure by reacting 5b-1 (0.1 g, 0.2 mmol) with thiophenol (73 pL,
0.72 mmol) and NaOH (0.02 g, 0.72 mmol). The reaction yielded 0.08 g
(0.18 mmol), corresponding to a 90% yield.
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IH NMR (400 MHz, DMSO): 8=[ppm]= 9.37 (s, 1H, C®H), 7.40 — 7.27 (m,
4H, C'*H, C''H, C'7H, C”’H), 7.20 (t, J = 7.1 Hz, 1H, C**H), 4.65 (t, J = 6.2
Hz, 2H, C'2H,), 4.13 (s, 3H, C*Hs), 3.67 (s, 4H, C'*Hs), 3.56 (t, J = 6.1 Hz,
2H, C3H,), 3.26 (s, 3H, C°H3).

13C{!H} NMR (101 MHz, DMSO): 8=[ppm]= 152.91 (Ce=0), 149.83
(C,=0), 139.84 (C8), 139.11 (C4), 133.93 (C15), 129.44 (C16, C16),
128.89 (C17, C17’), 126.60 (C18), 107.16 (C5), 49.21 (C12), 36.82 (C14),
32.41(C13), 31.17 (C11), 28.48 (C10).
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ESI-MS (CHsCN m/z): Calculated for CigH1oN4O,S* [NHC]*: 331.1223,
found: 331.1205.

=  Synthesis of 9-ethyl-1,3-dimethyl-2,6-dioxo-7-(2
(phenylthio)ethyl)-2,3,6,7-tetrahydro-1H-purin-9-ium
hexafluorophosphate (T-2)

Compound T-2 was prepared using the same procedure as described
earlier by reacting 5b-2 (0.43 g, 0.2 mmol) with thiophenol (73 pL, 0.72
mmol) and NaOH (0.02 g, 0.72 mmol). The reaction resulted in a yield
of 0.09 g (0.184 mmol), equating to 92%.
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IH NMR (600 MHz, DMSO): 8=[ppm]= 9.43 (s, 1H, C®H), 7.53 (d, J = 7.8
Hz, 1H, C'*H), 7.39 (t, J = 7.8 Hz, 1H, C'7H), 7.36 (d, J = 7.7 Hz, 1H, C**H),
7.30 (t,J = 7.7 Hz, 1H, CH), 7.20 (t, J = 7.3 Hz, 1H, C'8H), 4.66 (t, J = 6.3
Hz, 2H, C'2Hy,), 4.54 (q, J = 7.2 Hz, 2H, C*H,), 3.66 (s, 3H, C''H3), 3.56 (t,
J=6.4Hz, 2H, C**Hy), 3.27 (s, 3H, C1°Hs), 1.50 (t, J = 7.2 Hz, 3H, C'5Hs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]: 152.97 (Ce=0), 150.03
(C,=0), 138.88 (C8), 135.76 (C4), 133.95 (C15’), 129.30 (C16, C16’),
127.59 (C17, C17’), 126.56 (C18), 107.37 (C5), 49.20 (C12), 45.15 (C14),
32.22 (C13), 31.56 (C11), 28.50 (C10), 15.14 (C15).

ESI-MS (CH3CN m/z): Calculated for Ci7H21N40,S* [NHC]*: 345.1380,
found: 345.136.
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3.11.2. Synthesis of [NHCH]I salts of thiophenol-substituted
theophylline
The iodide salt was prepared using the same procedure outlined for
other functionalized theophylline derivatives in section 2.2.6.
= Synthesis of 1,3,9-trimethyl-2,6-dioxo-7-(2-(phenylthio)
ethyl)-2,3,6,7-tetrahydro-1H-purin-9-ium lodide (T-3)

Compound 1b (0.2 g, 0.696 mmol) was combined with thiophenol (0.2
mL, 2.5 mmol, 3.6 eq.) and triethylamine (1.5 mL, 2.5 mmol, 3.6 eq.) in
ethanol and stirred for 24 hours. Following the reaction, the mixture
was filtered, thoroughly washed multiple times with water and diethyl
ether, and subsequently dried at room temperature. The resulting
thiophenol-functionalized then subjected
methylation using methyl iodide (0.2 mL, 3.5 mmol, 5 eq.) in 5 mL of
DMF at a controlled temperature range of 24—36°C for 72 hours. After
completion, the suspension was cooled, and an excess of diethyl ether

theophylline was to

was introduced to induce the formation of a yellow precipitate. Further
purification was carried out using sequential solvent extractions with
DCM/diethyl ether and AN/diethyl ether, ultimately yielding a pale-
yellow solid as the final product. Yield: 68%. (0.2 g, 0.47 mmol).
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'H NMR (600 MHz, DMSO): 8=[ppm]: 9.41 (s, 1H, C®H), 7.37 (d, J = 8.2
Hz, 2H, C**H, C'®H), 7.32 (t, J = 7.0 Hz, 2H, CH, C*"H), 7.21 (t, /= 7.0
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Hz, 1H, C'®H), 4.66 (t, J = 6.1 Hz, 2H, C1H,), 4.15 (s, 3H, C**Hs), 3.68 (s,
3H, C''Hs), 3.57 (t, J = 6.6 Hz, 2H, C'3H,), 3.26 (s, 3H, C°Hs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 152.65 (C6=0), 149.61
(C2=0), 139.85 (C8), 139.63 (C4), 133.78 (C15), 129.22 (C16, C16'),
128.42 (C17, C17’), 126.40 (C18), 107.10 (C5), 49.40 (C12), 36.95 (C14),
32.48 (C13), 31.18 (C11), 28.58 (C10).

ESI-MS (CH3CN m/z): Calculated for Ci;6H19N405S* [NHC]*: 331.1223,
found: 331.1235.

=  Synthesis of 9-ethyl-1,3-dimethyl-2,6-dioxo-7-(2
(phenylthio)ethyl)-2,3,6,7-tetrahydro-1H-purin-9-ium lodide
(T-4)

Compound T-4 was prepared by the same procedure explained above,
by the reaction between 1b (0.2 g, 0.696 mmol) and Thiophenol (0.2
mL, 3.6 eq.) and triethylamine (1.5 mL, 3.6 eq.), and a subsequent step
with ethyliodide (0.3 mL, 3.5 mmol, 5 eq.). Yield: 79%, (0.25 g, 0.55
mmol).
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IH NMR (600 MHz, DMSO): =[ppm]= 9.50 (s, 1H, C®H), 7.37 (d, J = 8.1
Hz, 2H, C116H), 7.31 (t, J = 7.5 Hz, 2H, C7'7H), 7.21 (t, J = 7.2 Hz, 1H,
C'®H), 4.67 (t, J = 6.4 Hz, 2H, C2H,), 4.57 (q, J = 7.3 Hz, 2H, C**H,), 3.67
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(s, 3H, C1*Hs), 3.58 (t, J = 6.4 Hz, 2H, C'3H,), 3.27 (s, 3H, C'°H3), 1.52 (t, J
= 7.2 Hz, 3H, C5Hs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 152.89 (C6=0), 150.05
(C2=0), 139.21 (C8), 138.67 (C4), 134.03 (C15’), 129.65 (C16, 16'),
128.78 (C17,17’), 124.58 (C18), 107.59 (C5), 49.65 (C12), 45.47 (C14),
32.12 (C13), 31.68 (C11), 28.40 (C10), 15.49 (C15).

ESI-MS (CH3CN m/z): Calculated for Ci7H21N40,S* [NHC]*: 345.1380,
found: 345.1374.

3.12. Synthesis of [Ag(NHC);]JPFs complexes of thiophenol-
substituted theophylline (Ag8)

Complex Ag8 was obtained by reacting T-2 (0.1 g, 0.2 mmol) with
either silver acetate (0.016 g, 0.1 mmol) or silver(l) oxide (0.02 g, 0.1
mmol) as the silver source in ethanol or methanol as the solvent. The
reaction was allowed to proceed for 24 hours. Upon completion, the
mixture was filtered, and the solid phase was dissolved in DCM and
subjected to trituration using a DCM/Et,0 mixture, leading to the
precipitation of the desired white solid product. Yield: 47% (0.07 g,
0.09 mmol).

17

18
16's
17
B 13 5 N

16
12 s

10

~ N’ N N__O

N7 ¢ . +

)iéi /\>—-8 AQ—<\,‘ I \'r PFG.
0Z N7 "No N ~

11| )14 J o]

15 S n

122



'H NMR (600 MHz, DMSO): &=[ppm]= 7.21 (d, J = 7.6 Hz, 2H, C**H,
CI5H), 7.17 (t, J = 7.8 Hz, 2H, C'7H, C1”H), 7.04 (t, J = 7.3 Hz, 1H, C1*H),
4.67 (t,J = 6.1 Hz, 2H, C'2Hy), 4.51 (q, J = 7.3 Hz, 2H, C**H,), 3.66 (s, 3H,
C'Hs), 3.55 (t, J = 6.0 Hz, 2H, C'3Ha), 3.28 (s, 3H, C'°Hs), 1.44 (t, J = 7.2
Hz, 3H, C1%Hs).

13C{IH} NMR (151 MHz, DMSO): 6=[ppm]= 185.65 (Csrg), 152.87
(C6=0), 150.04 (C2=0), 139.63 (C4), 129.21 (C17,17), 128.63 (C16,16°),
126.29 (C18), 97.50 (C5), 51.87 (C12), 46.70 (C14), 33.11 (C13), 31.81
(C11), 28.90 (C10), 40.55 (DMSO), 17.90 (C15).

ESI-MS (CHsCN m/z): Calculated for CssHa0AgNsOsS, Ag[NHC],:
797.1661, found: 797.1640.

3.13. Synthesis of Au-(NHC) complex of thiophenol-substituted
theophylline (Au6)

In this part, Ag-(NHC)PFs was applied to the synthesis of gold-
corresponding complexes, and the reaction was conducted in DCM for
24 hours, based on section 3.7.

Aub was prepared by reacting compound Ag8 (0.05 g, 0.06 mmol) with
Au(tht)Cl (0.04 g, 0.12 mmol, 2 equivalents) in 5 mL of
dichloromethane (DCM). After 24 hours, the resulting solution was
filtered, and the filtrate was concentrated to approximately 3 mL. The
product was then precipitated by adding an excess amount of diethyl
ether and subsequently dried at room temperature. Yield: 80%. (0.027
g, 0.04 mmol).
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16

15

IH NMR (600 MHz, DMSO): &=[ppm]= 7.33 (d, J = 8.1 Hz, 2H, C'°H,
C'¥H), 7.27 (t, J = 7.8 Hz, 2H, C'7H, C7H), 7.15 (t, J = 6.8 Hz, 1H, C'*H),
4.71(t, J = 6.6 Hz, 2H, C'?Hy), 4.55 (q, J = 8.3, 7.8 Hz, 2H, C'*Ha), 3.63 (s,
3H, C1'Hs), 3.53 (t, J = 6.4 Hz, 2H, C'3Hy), 3.24 (s, 3H, C1°Hs), 1.45 (t, J =
7.2 Hz, 3H, C1%H3).

13C{1H} NMR (151 MHz, DMSO): 8=[ppm]= 174.66 (Cs.au), 152.69 (Cs=0),
150.25 (C,=0), 139.37 (C4), 134.50 (C15‘), 128.79 (C16, C16°), 128.58
(C17, C17°), 125.97 (C18), 107.54 (C5), 50.98 (C12), 46.14 (C14), 32.60
(C13), 31.37 (C11), 28.42 (C10), 16.74 (C15).

ESI-MS (CH3CN m/z): Calculated for [Ci7H20AuCIN,O,S]Na*: 599.0559,
found: 599.0586.

3.14. Synthesis of tosylate-substituted theophylline-silver
complexes

xanthinium tosylate salt (1.0 mmol) was prepared from section 3.2.2.1
and suspended in 5 mL of acetonitrile. Silver(l) oxide (64.3 mg, 0.277
mmol) was added then. The solution was stirred at room temperature
for 24 hours before being filtered. The resulting white solid was
washed sequentially with cold ethanol and diethylether and then dried
at room temperature.
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= Synthesis of (1,3,9-trimethyl-2,6-dioxo-7-(2-(tosyloxy)ethyl)-
2,3,6,7,8,9-hexahydro-1H-purin-8-yl)silver (Ag10)

Complex Agl0 was prepared by the reaction of xanthinium tosylate salt
(methyl form) (0.03 g, 0.1 mmol) and Ag,0 (0.0115 g, 0.05 mmol) in
acetonitrile. Yield: (0.01 g, 0.021 mmol, 42%).
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IH NMR (600 MHz, DMSO): &=[ppm]= 7.49 (d, J = 8.1 Hz, 2H, C*H,
C2H), 7.12 (d, J = 7.9 Hz, 2H, C'H, C2*H), 4.71 (t, J = 4.8 Hz, 2H, C3H,),
4.56 — 4.49 (m, 2H, C'2H,), 4.22 (s, 3H, C**Hs), 3.78 (s, 3H, C'*Hs), 3.29
(s, 3H, C*Hs), 2.30 (s, 3H, C23Hs).

13C{IH} NMR (151 MHz, DMSO): &=[ppm]= 155.54 (Ce=0), 153.97
(C,=0), 145.79 (C17), 141.10 (C4), 137.46 (C20), 127.96 (C18, C22),
125.44 (C19, C21), 106.13 (C5), 58.40 (C12), 47.37 (C14), 39.23 (C11),
33.40 (C13), 26.04 (C10).

ESI-MS (CH3CN m/z): Calculated for [CisH22AgN4OsS]*: 499.205, found:
499.0107.
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This dissertation investigates the design, synthesis,
and coordination behavior of M-heterocydic carbene
ligands derived from theophylline. Special emphasis is
placed on developing synthetic pathways toward
meta-NHC complexes, particularly silver- and gold-
based systems, due to their structural uniqueness and
emerging relevance in anticancer research. The work
enhances the understanding of biomolecule-inspired
ligand framewaorks within coordination Chemistry.




