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Abstract

This study is on the synthesis and metal coordination of N-heterocyclic carbenes and their

application as antimicrobial agents and as catalysts in hydrosilylation reaction.

Chapter 2 discusses the synthesis and characterisation of surface-active proligands (imidazolium
salts). Three sets of monocationic amphiphilic salts bearing methyl-imidazole, mesityl-imidazole
and imidazolyl-propane-1-sulfonate head group and three sets of Gemini dicationic amphiphilic
salts with head group comprising of methyl-imidazole-tethered-to-imidazole, mesityl-imidazole-
tethered-to-imidazole and trimethylamine-tethered-to-imidazole with a propyl linker respectively.
The hydrophobic/lipophilic part of all the amphiphilic salts are made up of alkyl chains with
lengths ranging from 8 — 16 and with bromide ion as a counter anion. The critical micelle
concentrations (CMC) of these amphiphilic proligands were determined by conductometric
method.

The synthesis of five series of Ag(l)-NHC complexes of general composition [NHC-Ag-Br] and
Na*[NHC-Ag-CI]- derived from the amphiphilic proligands and their characterisation by *H and
13C NMR spectroscopy and High-Resolution Mass Spectrometry (HRMS) are described in chapter
3 while their in vitro antimicrobial activity against Escherichia coli NCTC 12923, Staphylococcus
aureus NCTC 6571, Staphylococcus aureus NCIMB 9518, Pseudomonas aeruginosa ATCC
15692, Staphylococcus epidermidis ATCC 14990, Staphylococcus epidermidis ATCC RP62A and
Candida albicans ATCC 90028 are reported in chapter 4.

Chapter 5 describes the synthesis of novel metallosurfactant bearing NHC ligand systems with
Pt(11) metal centre as the head group and hydrophobic tail comprising of hydrocarbon chain. These
complexes were characterised by *H and *C NMR spectroscopy, HRMS and their application as
catalysts for the hydrosilylation of terminal alkenes and an alkyne with three different hydrosilanes
in water are discussed. These metallosurfactants provide extended functionality beyond their
amphiphilic nature. They achieved excellent conversions and regioselectivity for the synthesis of

organosilanes in a sustainable way.
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Chapter one
Introduction
1.1. N-Heterocyclic Carbenes

N-heterocyclic carbenes (NHCs) are singlet carbenes with a heterocyclic core, in which the
divalent carbene carbon is connected directly to at least one nitrogen atom within the heterocycle.
2 They are a specific form of carbene demonstrating a particular stability, where the carbene is
located in an N-heterocyclic scaffold (Figure 1.1). However, they were considered unstable and
highly reactive because they contain six valence electrons and are coordinatively unsaturated.
Contrary to other carbenes, which are generally found to be electrophilic, N-heterocyclic carbenes
are electron-rich nucleophilic species in which the carbene centre benefits from the stabilization
associated with both the c-electron-withdrawing and n-electron-donating character of the nitrogen
centers. The first attempt to isolate an NHC by Wanzlick in 1960 was unsuccessful® but a very
important milestone was achieved in carbene chemistry when Arduengo proved that a carbene in

principle can be tailored to be kinetically stable and opened the access to free, isolable NHCs in

19914
N N
\—/

Figure 1.1: The first example of a free and stable N-heterocyclic carbene

Remarkably, in the absence of oxygen and moisture, this 1,3-diadamantyl substituted imidazol-2-
ylidene (Figure 1.1) was found to be stable at room temperature and melts at 240°C without

decomposition.
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1.2. Structural Features of NHCs and their Effects on its Stability

The unusual stability of NHCs is in part a result of shielding by sterically demanding substituents
on the ring which help to kinetically stabilize the species by sterically inhibiting dimerization. The
electronic stabilization provided by the nitrogen atoms, however, is a much more important factor.®
The adjacent o-electron-withdrawing and m-electron-donating nitrogen atoms stabilize this
structure both inductively by lowering the energy of the occupied sp2-orbital and mesomerically
by donating electron density into the empty p-orbital (Figure 1.2).

<0

Figure 1.2: Ground-state electronic structure of imidazol-2-ylidenes and the o-withdrawing and
n-donating effects of the nitrogen heteroatoms

NHCs exhibit a singlet ground-state electronic configuration with the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) best described as a
formally sp?-hybridized lone pair and an unoccupied p-orbital at the C, carbon, respectively
(Figure 1.2). The cyclic nature of NHCs also stabilises the singlet state by forcing the carbene
carbon into a bent, more sp?-like arrangement. This ground-state structure is reflected in the C2-N
bond lengths of 1.37 A observed for 1,3-diadamantyl imidazol-2-ylidene which falls in between
those of its corresponding imidazolium salt (1.33 A) and its C2-saturated analogue (1.49 A),S
signifying that the C2-N bonds possess partial double bond character (Figure 1.3).” These findings
indicate an increased c-bond character in NHCs and the NCN bond angle, ring size and substitution

pattern of the nitrogen heterocycle can have a pronounced effect on the properties of the NHCs.
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Figure 1.3: How ring constrain affects the geometry, steric and electronic arrangement of
N2CH2, N2CH and N2C: units.

The inherent features of the NHC heterocycle, particularly the position and choice of the
heteroatoms have a major influence on the electronic properties of NHCs and some of the ways by
which their electron-donor properties can be quantified are by **C NMR,2 electrochemical E° value
also known as Lever electronic parameters (LEP)® and by Tolman’s electronic parameter (TEP).1%-
12 In addition, the shape and the steric demand of the N-substituents are important factors for the
stability of NHCs. The steric properties of NHCs can be assessed using the ‘buried volume’
parameter (%Vour) concept developed by Nolan, Cavallo and co-workers.'® The %Vpur represents
the part of a sphere with a radius r of 3.5 A around the metal and a distance of 2 A between the
metal and the coordinating carbene carbon that is buried by the atoms of the ligand under

investigation (Figure 1.4).

Figure 1.4: Depiction of the % buried volume concept

4
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Another factor that is quite important to understanding NHCs is a knowledge of their acid—base
properties. Higgins and coworkers (2011) determined the pKas for the conjugate acids of a large
series of NHCs in water and found their pKas to range from 19.8-28.2. The largest effect on pKa
was observed by varying the N-substituent or ring size, while the effect of C4—Cs saturation is
small.** Besides 5-membered ring NHCs, examples containing 4-membered and larger ring sizes
of 6-, 7- and bicyclic 6- and 7-membered ring NHCs have also been reported.*>’ A detailed study
by Alder et al. examined a series of cyclic NHCs of variable size (5-, 6- and 7-membered rings)
with different alkyl substituents on the N atoms. They found that increasing the bulkiness of the
alkyl group (Me, Et, iPr and tBu) increases the stability of the monomeric NHC. Furthermore, the
NCN bond angle increases as the size of the ring increases and consequently, the N-substituents
are pushed closer to the carbene centre, although, this effect is less pronounced for the 5--membered
NHC.8 The successful isolation by Arduengo and coworkers in 1991 and the unusual stability of
NHCs have spurred scientists on and this has led to many different classes of NHCs with various
substitution patterns, ring sizes and degrees of heteroatom stabilization and below in Figures 1.5
and 1.6 are classification of the constituting units of NHCs and some representation of the general
structures of NHCs respectively.* 1517, 19-25

backbone\
NR
amino unit \ 0
X S
N X
R N7 CRR

| i

carbene unit

Figure 1.5: General classification of the constituting units of NHCs



Chapter 1
Introduction

/\
RZ_N\ /N_Rl
P

Rl\ N /Rz Rl\ PN ’RZ

N N N N
| \=/ \ /
R;
Dihydrodiazaphosphete- Imidazolylidene Imidazolinylidene
carbene
.. R oo RZR RI\N/\N’RZ
1~ 3
Ry~ Ng N\j/
\—/
Thiazolylidene Pyrrolidinylidene Benzimidazolylidene
Rl A S , R2 Rl ~ /..\ . R2 oo

Tetrahydrodiazep
inylidene

N,N-Diamidocarbene Oxazolylidene

\=N

Triazolylidene

Tetrahydropyrimid
inylidene

RI\N/ﬁ/RZ
-
+\

Ry

R;

Abnormal carbene

Figure 1.6: General structure of different classes of NHCs

1.3. How Carbenes Evolve from Mere Intermediate to an Important Auxiliary Ligand in

Organometallics

The first assumption of a carbene species was made in 1862 by A. Geuther when he suggested that
the alkaline hydrolysis of chloroform proceeds via the formation of an intermediate with a divalent
carbon called dichlorocarbene.?® in 1903 theorised that

cyclopropanation studies of ethyl diazoacetate with toluene proceeded through a carbene

Later on, Eduard Buchner

intermediate?” and Hermann Staudinger in 1912 also arrived at the same conclusion when he

converted alkenes to cyclopropanes with diazomethane.?® These works did not change much about

6
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the outlook of carbenes and up until the early 1950s, carbene moieties were regarded as diradicals
and the methylene carbene was seen as a linear species, with two degenerate p-orbitals inevitably
leading to a triplet state.?® However, Doering and Hoffman changed this notion in 1954 when they
substantiated the suggestion by Geuther, Buchner, Staudinger and others by proving beyond doubt
the existence of a dichlorocarbene intermediate, in the first well defined cyclopropanation studies

via the addition of chloroform to an alkene®® (Scheme 1.1).

. Cl  NiH,
@ + cHcl, BUOK E><Cl + HCI

Scheme 1.1: Alkene methylation via a :CCl; intermediate

This prompted chemists to do more organic synthesis involving the use of methylene and had a
closer look at this carbene intermediate.3'® Discussions about stable carbenes were initiated in
1960 by Wanzlick’s report about the a-elimination of chloroform from 2-(trichloromethyl)-1,3-
diphenylimidazolidine (Scheme 1.2). However, he was unable to isolate the postulated
imidazolidin-2-ylidene (1,3-diphenylimidazolidine), instead, he isolated its dimer, the

enetetraamine.®

/Ph Ph Ph /Ph
/ \
N -CHCI N N N
CCl 3 _
E <a [ ) < j =% E )
\ & ¥ N \
\
Ph Ph Ph/ Ph

Scheme 1.2: Failed attempt by Wanzlick to isolate a stable carbene

Fischer and his students in 1964 introduced carbenes into inorganic and organometallic chemistry
and reported the first metal-carbene complex of tungsten(0) coordinated to methoxyphenyl

methylene and five carbonyl group (Scheme 1.3).3* The successful isolation and characterization
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of a protected monomeric carbene by Fischer gave birth to a type of carbene known as “Fischer

carbene”.

W(CO)s

W(CO)s
W(CO)s
LiPh (CH3),NCI oy CHaNy_ OCH;
W(CO) — > OLi P
(CH;3),CO H

Scheme 1.3: Synthesis of the first metal-carbene complex

Motivated by the failed attempt to isolate a carbene, Wanzlick, in 1968 was able to stabilize
unsaturated imidazol-2-ylidenes by deprotonation of 1,3-diphenylimidazolium perchlorate salt in
the presence of a suitable coordinatively unsaturated metal complex. He treated the imidazolium

salt with mercury(l1) acetate to form the complex shown below (Scheme 1.4).%

— 2C10,
Ph Ph Ph
l\f Hg(CH;CO0O0), I[N>—H ;_<Nj|
N ao, \ /

Scheme 1.4: 1,3-diphenylimidazolin-2-ylidene stabilized by mercury

In the same year, Ofele also reported the stabilization of 1,3-dimethylimidazol-2-ylidene by

heating dimethylimidazolium hydridopentacarbonylchromate(-11)%¢ (Scheme 1.5).
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N H N/
o -
[ />—H [HCr(CO)s| — 2> [N>_ CrCo)s
\

Scheme 1.5: 1,3-dimethylimidazol-2-ylidene stabilized by chromium

The outstanding feature in these two independent studies is that a ligand of the metal salt used
acted as a base for the deprotonation of the imidazolium salt to the imidazolin-2-ylidene after
which coordination to the metal center stabilized it.?

In 1970, Wanzlick and co-workers, again, made another attempt at obtaining an isolable carbene
by demonstrating that 1,3,4,5 tetraphenylimidazolium perchlorate could be deprotonated by
potassium tert-butoxide to afford the corresponding imidazol-2- ylidene. Unfortunately, they were

only able to trap it (Scheme 1.6).%’
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Scheme 1.6: Attempt by Wanzlick et al. to isolate a carbene

Schrock described the first synthesis of acyclic carbene stabilized by a high oxidation state (d°)
tantalum in 1974 by an a-hydrogen abstraction on the tris(2,2-dimethylpropyl)methyl tantalum(V)
dichloride precursor (Scheme 1.7).3 This success led to the so called “Schrock Carbene”.
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Scheme 1.7: Synthesis of the first acyclic carbene stabilized by tantalum

Y

Fifteen years after the third attempt by Wanzlick to isolate a carbene, Bertrand and co-workers
succeeded in isolating the first stable acyclic carbene in 1985 by photolysis of
(trimethylsilyl)[bis(diisopropylamino)phosphino]diazomethane  under vacuum to yield
phosphorus vinylylide-phosphaacetylene (Scheme 1.8). Unfortunately, the reported phosphine

silyl carbene did not show any ability as a ligand for transition metals.3® 4

Y Y
>/zv >/1v
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/ AN Uv

Scheme 1.8: Synthesis of the first stable acyclic carbene by Betrand et al.

Ultimately, Arduengo changed the course of history by opening access to free, isolable N-
heterocyclic carbenes (NHCs) in 1991 following the principles laid down by Wanzlick. Arduengo
and coworkers carried out the deprotonation reaction of sterically demanding substituted N,N’-
diadamantyl imidazolium salt with sodium hydride and a catalytic amount of dimethyl sulfoxide

(Scheme 1.9).4

10
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Scheme 1.9: Synthesis of the first stable N-heterocyclic carbene by Arduengo et al.

As a result of the giant stride achieved by Arduengo, NHCs have been elevated from unisolable
intermediates to compounds of enormous practical significance. The chemistry of stable carbenes
has been enriched and more research is still being undertaken to unravel more information about

their chemistry, physics, classification and applications.
1.4. Reactivity of N-Heterocyclic Carbenes
1.4.1. Basicity

The pronounced basicity of N-heterocyclic carbene were confirmed by Alder et al., and Kim and
Streitweiser when they reported the pKas of 1,3-diisopropyl-4,5-dimethyl-imidazol-2-ylidene in
DMSO and 1,3-di(tertbutyl)imidazol-2-ylidene in THF as 24*! and 20*2 respectively (Figure 1.7).
These NHCs were found to be a much stronger base than 1,5-diazabicyclo[3.4.0]-non-5-ene
(DBN), 1,8 diazabicyclo[5.4.0Jundec-7-ene (DBU), and proton sponge (1,8-bis (dimethylamino)
naphthalene).

11
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Figure 1.7: Structure of 1,3-diisopropyl-4,5-dimethyl-imidazol-2-ylidene and 1,3-di(tertbutyl)-

imidazol-2-ylidene

The basicity of NHCs was evident when Arduengo et al. reacted 1,3-di(mesityl)imidazol-2-ylidene
with 1,3-dimesitylimidazolium salt to form the bis(carbene)-proton complex with a rare 3-centre
4-glectron C—Heee+C interaction (Scheme 1.10).*® This unique C—He++C interaction suggests

the potential of using carbenes to promote unusual interactions in the solid state.

[> +H_<\j [>--H—<j

Scheme 1.10: Synthesis of bis(carbene)—proton complex with 3-centre 4-electron C—Heee+C

interaction by Arduengo et al.

Fascinated by this development, Clyburne and coworkers in 2002 studied the interactions between
organic substrates and carbenes with a view to synthesising and characterising NHC-organic
substrate adducts with hydrogen bonded center with C—He<++O and CeessH—N interactions. They
observed that 2,6-di-tert-butyl-4-methylphenol protonated 1,3-dimesitylimidazol-2-ylidene to
form an imidazolium-aryloxide adduct with a hydrogen bonded center which contains unusually
short C—Hee++0 interactions in the solid state (Scheme 1.11).** A neutral adduct with CeeseH—N
interactions was observed between diphenylamine and 1,3-dimesitylimidazol-2-ylidene (Scheme
1.11).

12
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Scheme 1.11: Synthesis of bis(carbene)—proton complexes with C—Hee++O and CesesH—N

interactions by Clyburne et al.

1.4.2. Towards C=C Multiple Bonds

The ability of NHCs to participate as reactants towards a variety of electrophilic species, leading
to novel molecular frameworks offers promise for their use in organic synthesis. The reactivity of
stable NHCs towards electron deficient C=C multiple bonds has been studied by Enders and co-
workers. They found that triazolylidenes reacted with dimethyl fumarate to give methylene
triazoline derivatives. According to them, the initial event involves the formation of a primary
intermediate by [2+1] cycloaddition of the carbene with the alkene to form the cyclopropane
derivative, which undergoes rapid ring opening to afford the zwitterionic secondary intermediate.

Subsequent [1,2]-hydrogen shift affords the methylene triazoline derivative (Scheme 1.12).°

13
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Scheme 1.12: Reactivity of stable NHCs towards C=C multiple bonds
Frenking and coworkers also reacted an NHC with a ferrocenyl backbone with methyl acrylate

and this time, the cyclopropane derivative seems to be very stable and it was the only product
isolated (Scheme 1.13).%°

CH,=CHCOOMe

> COOMe
@—N ‘ @NHL
NHC with ferrocenyl backbone cyclopropane derivative

Scheme 1.13: Reactivity of a stable NHC with a ferrocenyl backbone towards C=C multiple bonds
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1.4.3. Towards Chlorinated Compounds

Arduengo et al. in 1997 reported the reactivity of NHCs towards chlorinated compounds. They
observed that the reaction of 1,3-dimesitylimidazol-2-ylidene with carbon tetrachloride in
tetrahydrofuran at room temperature gave another air-stable crystalline carbene, 1,3-dimesityl-4,5-

dichloroimidazol-2-ylidene (Scheme 1.14).4

ll\/[es Mes
/
N THF “l N
[ >+ 2ca, —— I >+ HCCl
N a” N
Mes Mes

Scheme 1.14: Reactivity of stable NHC towards chlorinated compounds reported by Arduengo

et al.

However, studies conducted by Junk and coworkers on the reactivity of NHCs towards chlorinated
compounds raised doubts as to the specificity of the preparation of 1,3-dimesityl-4,5-
dichloroimidazol-2-ylidene detailed by Arduengo et al.*® using the route in Scheme 1.14. In their
article published in 2002, the reaction shown in Scheme 1.14 proved difficult to control
stoichiometrically, leading to the random formation of unidentified imidazolium by-products. In
an attempt to further define the reactivity of NHCs towards halogen/halide containing reagents,
Junk and coworkers reported the formation of the 1,3-bis(mesityl)-2-chloroimidazolium chloride,
after reacting 1,3-dimesityl-imidazol-2-ylidene with hexachloroethane. Also, treatment of 1,3-
dimesityl-imidazol-2-ylidene with 2 equivalent of CBrg in tetrahydrofuran or benzene gave a new

air-stable 1,3-dimesityl-4,5-dibromoimidazol-2-ylidene (Scheme 1.15).%
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Scheme 1.15: Reactivity of an NHC towards chlorinated compounds reported by Junk et al.

1.4.4. Towards Aldehydes

The reactivity of NHCs towards aldehydes was reported by Nair and coworkers when they
investigated the participation of NHCs in multicomponent reactions. 1,3-dimesityl imidazol-2-
ylidene was generated in situ by the reaction of 1,3-dimesityl-imidazolium chloride with NaH in
THF under an argon atmosphere after which it was exposed to 3-nitrobenzaldehyde and dimethyl-
acetylenedicarboxylate (DMAD). This reaction led to the exclusive formation of 2-oxy maleate

derivative (Scheme 1.16).%8
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Scheme 1.16: Reactivity of stable NHC towards aldehydes reported by Nair et al.

1.4.5. Towards CO2 and CO

The direct reaction between NHCs and CO> otherwise known as CO> capture was first reported by
Kuhn and coworkers in 1999. The direct carboxylation of 1,3-diisopropyl-4,5-dimethylimidazol-
2-ylidene to yield imidazolium carboxylate, a betaine, was achieved for the first time (Scheme
1.17).%°

Scheme 1.17: Reactivity of a stable NHC towards CO; reported by Kuhn et al.

17



Chapter 1
Introduction

A similar reaction in which a free N-pyramidalised NHC was also used to capture CO; directly

and was reported by Bertrand et al. in 2012 (Scheme 1.18).>°
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Scheme 1.18: Reactivity of a stable NHC towards CO; reported by Betrand et al.

NHCs have been adjudged to be insufficiently electrophilic enough to react with CO. However,
their electronic structure can be tuned and this can be achieved by directing the nitrogen lone pair
donation away from the empty p-orbital at the carbene carbon.*® A good example of this electron
tuning is found in diamidocarbenes in which the carbon next to the N-C-N frontier orbital is
replaced by a carbonyl group. Belawski and coworkers achieved this feat by altering the electronic
nature of NHC in their report on the synthesis of diamidocarbenes and their chemical reaction in

which they observed that they can bind reversibly to CO to form ketene derivative.>

(0] /R (0] /R
N CcO N
>: >=C=O
N N
\ \
(0 R (0] R

R = 2,6-diisopropylphenyl

Scheme 1.19: Reactivity of stable diamido-NHC towards CO reported by Belawski et al.
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1.4.6. Towards Transition Metals

The strong o-donor and comparatively weak w-acceptor properties of NHCs make them suitable
as ligands for transition metals.? NHCs have become universal ligands in organometallic and
inorganic coordination chemistry. They not only bind to any transition metal, be it in low or high
oxidation states, but also to main group elements such as beryllium, sulfur, and iodine. Because of
their specific coordination chemistry, NHCs can stabilize and activate metal centres. NHCs form
intriguingly stable bonds with the majority of metals and similar bond dissociation energies have
been observed for saturated and unsaturated N-heterocyclic carbenes of comparable steric
demand.>?>* Arduengo et. al., in 1993, synthesized the first Ag(I)-NHC from a free carbene route
by deprotonating 1,3-dimesityl imidazolium salt with KH and subsequent reaction of the free
carbene with AgO3sSCF; (Scheme 1.20).%°
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Scheme 1.20: Synthesis of the first Ag-NHC
Peris and coworkers in 2010 synthesised water soluble Pd-NHC complexes with sulfonate
functionalized NHC ligands in which the ligands adopted a monodentate and bis-chelating

coordination form. Pd(OAC). was used as the starting material and it is basic enough to deprotonate
the proligands in situ and bind to the NHC generated afterwards (Scheme 1.21).%®
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Scheme 1.21: Syntheses of [Pd(NHC)l.] and [Pd(bisNHC)I,]Jcomplexes

The first example of platinum(0)-diazepanilidene was reported by Fallis and coworkers in 2007.
The 7-membered ring NHC was generated in situ by adding 1 equivalent of KN(SiMe3)2 to the
precursor in toluene and subsequently adding platinum(0) trisnorbornene to form the

corresponding air-sensitive monocarbene complex in Scheme 1.22.%°

> . Pt(nbe);, toluene
* Pt——<
N -nbe

Scheme 1.22: Synthesis of [Pt(NHC)(nbe)2]
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1.5. The Nature of the Metal-NHC Bond

The first examples of metal-NHC complexes were reported over 50 years ago, by Wanzlick® and
Ofele® independently synthesizing imidazol-2-ylidene bearing mercury(11) and chromium(0). The
preponderance of applications of NHCs is as ligands for transition metal centres. Therefore,
understanding the dynamics of NHC bonding to metals and how it influences the properties of
metal centres is of great importance. NHC ligands can bind to metal centres via dative coordination
using the non-bonding pair of electrons.®® The suitability of NHCs as ligands for transition metals
can be rationalized by their inherent c-donor ability with a formal sp?-hybridized lone pair
available for donation into a c-accepting orbital of the transition metal (Figure 1.8) and both =-

back-bonding into the carbene p-orbital (Figure 1.9) and n-donation from the carbene p-orbital

(Figure 1.10).7%°
o/®
d
\/—, N
— - W—

Figure 1.8: NHC—» M c-donation

QES& 5
d
Figure 1.9: M—» NHC =*-backdonation
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Figure 1.10: NHC—>»>M =-donation

The steric and electronic properties of NHCs have been found to have a great influence on the
nature of adducts formed with transition metals. These two factors are at play in the excellent
efficiency of Grubbs’ second-generation olefin metathesis catalyst NHC—Ru(ll) complex (Figure
1.11b) which was found to exhibit substantially greater thermal stability and remain catalytically
active for cross- and ring-closing metathesis, and ring-opening metathesis polymerization (ROMP)
reactions at much lower catalyst loadings compared to the first-generation Grubbs’ catalyst (Figure
1.11a).50.62
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| ?’él Mes/N\(N\Mes
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Figure 1.11: Grubbs’ first- (a) and second-generation (b) olefin metathesis catalysts

Frenking and co-workers in 2004 investigated NHC—M-CI systems of group 11 metals and
observed an increase in the interaction energy in the order Ag < Cu <Au. About 75% of the

attractive energy is attributed to the electrostatic contribution while m contribution to the total
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orbital energy falls in the range 27-38%.52 In 2009, Nechaev et al. studied at the DFT level the
electronic structure, thermodynamic stability and ligand properties of a series of NHC-Rh(CO).Cl
complexes. They observed that the main structural feature influencing the properties of the NHCs
is the number of nitrogen atoms bound to the carbene carbon and that a decrease in the number of
nitrogen atoms leads to an increase in donor ability and ligand-to-metal bond strength but lowers
the stability of the NHCs in the order shown in Figure 1.12.3

donor ability, softness and M-NHC bond strength

A

stability

Figure 1.12: Arrangement of NHCs in order of their donor ability, softness, M-NHC bond
strength and stability

1.6. Preparation of NHCs

In the majority of cases, NHCs are generated upon deprotonation of the corresponding heterocyclic
azolium salts (Scheme 1.23) and as a result, synthetic routes to NHCs benefit from centuries of
research on the preparation of heterocyclic compounds.®* Other ways by which NHCs can be
generated include: reduction of thiourea with molten potassium in boiling THF®; vacuum
pyrolysis of an NHC-volatile compound adduct (like MeOH, CHCIs, CHF3, CsFsH)®; in situ
release of NHC from NHC-CO, or NHC-metal (Snll, Mgll, Znll) adducts®” and; reduction of a
chloroformamidinium salt with Hg(TMS).®8 or with Pd(0) and Ni(0) complexes.®
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Scheme 1.23: Generation of NHCs from heterocyclic azolium precursors

1.7. Preparation of NHC-Metal Complexes

Transition metal complexes of NHCs can be prepared primarily in three ways: by the free carbene

route; by reacting an NHC precursor with basic metal salts and; by carbene transfer.
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1.7.1. By the Free Carbene Route

This method was first reported by Arduengo in 1993 after generating a free N,N-dimesityl
imidazolium salt with potassium hydride and the subsequent reaction of the generated free NHC
with silver triflate (Scheme 1.24) in THF afforded the Ag-NHC complex.>
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Scheme 1.24: Preparation of metal-NHC by the free carbene route

The laborious precautions required to synthesize free carbenes is a major setback for this method

and most of the free carbenes generated are air—, moisture—, and temperature—sensitive.

1.7.2. By Reacting an NHC Precursor with Basic Metal Salts

Wang and Lin in 1998, described a very convenient method of synthesising metal-NHC complexes
simply by mixing an imidazolium salt with basic Ag>0O (Scheme 1.25). This method circumvents
the difficulties arising from the employment of free and stable NHCs.”® It featured several
advantages and has been the most widely used method in the syntheses of N-heterocyclic carbene
complexes of silver. Apart from Ag20, this procedure can be accomplished by AgOAc and
Ag.COs as reported by Bertrand et al. (1997)"* and Danopoulos and co-workers (2000)"2
respectively. In a related development, Danopoulos et al. reported for the first time the in-situ
reaction of Cu20 and N-heterocyclic carbenes in a manner similar to Ag.0” while Peris and
coworkers prepared some water soluble Pd-NHC complexes using basic Pd(OAc)2* in 2001 and

2011 respectively.
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Scheme 1.25: Preparation of metal-NHC by in-situ deprotonation

1.7.3. By Carbene Transfer Technique

In this technique, basic metals are used to deprotonate the azolium salts to produce a metal-NHC
complex, after which transmetallation can be employed to transfer the ligand onto another metal
centre to produce an analogous NHC complex of the desired metal. The first example of carbene
transfer technique is shown in Scheme 1.126. Imidazolium salt is treated with silver(l) oxide,
affording Ag(l)-NHC complex (with dibromoargentate(l) as counterion) after which the Ag(l)-
NHC is mixed with bis(acetonitrile)palladium(ll) chloride.”® " NHC transfer occurs within 30
min, affording NHC-Pd complex (c). In recent developments, Marc and Cazin (2010),” and Liu
et al (2011)° reported the synthesis of metal NHC complexes via carbene transfer technique from

copper-NHC and nickel-NHC adducts respectively.

N _ Pd(CH CN),Cl
e O e O

c

Scheme 1.126: Preparation of Pd(11)-NHC (c) by carbene transfer technique
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1.8. Applications of NHC-Metal Complexes

The flexible nature of the steric and electronic properties of NHCs and the thermal stability of
metal-NHC complexes are attractive features that have led to the use of metal-NHCs as ancillary
ligands in homogeneous transition-metal catalysis.?> The use of transition metal complexes of
NHCs for applications other than catalysis has been gaining attention in recent years.”” Much of
this interest stems from recent studies demonstrating the photophysics, chemotherapeutic and
exceptional antimicrobial efficacy of these complexes against a broad spectrum of both gram-
positive and gram-negative bacteria and fungi.”®® Among metal-NHC complexes, there is a
growing interest in Ag(l)-NHC complexes, due to the rich history of silver for its antimicrobial
properties and their application as carbene transfer agents in the synthesis of both transition and
inner transition metal-NHC complexes.®® Several authors have published many articles on the
synthesis, characterisation and medicinal applications of coordination complexes derived from
NHCs with emphasis on silver(l)- and gold(l)-NHC complexes. Dervisi et al. investigated the
activity of cyanuric chloride-derived NHC-Ag(l) complex (d) (Figure 1.13) against methicillin-
resistant Staphylococcus aureus (MRSA) NCTC 13277, S. aureus NCTC 6571, Pseudomonas
aeruginosa NCTC 10662, and Proteus mirabilis NCTC 11938 and the fungal organism, Candida
albicans ATCC 90028. Their result showed high activity against MRSA and moderate activity

against all other tested microbes.”

Figure 1.13: Cyanuric chloride-derived NHC-Ag(l) complex (d) by Dervisi et al.

The potential of NHC-Au(l) complexes to act as antiproliferative agent has been confirmed by
many publications in peer review journals and recent developments in cancer chemotherapy has

identified mitochondria as an important target in order to facilitate programmed cell death.? 8485
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Due to the ease with which NHC ligands can be fine-tuned, the lipophilicity of the NHC-Au(l) can
be modified by carefully selecting the substituents on the N in the heterocycle. This is crucial
because anticancer activity is highly dependent on the ability to penetrate the mitochondrial
membrane. Filipovska et al. in 2008 designed the NHC-Au(l) complexes in Figure 1.14 with the
ability to target mitochondria and inhibit thioredoxin reductase selectively and hence, primarily

induce apoptosis in cancer cells, but not normal cells.®

!
(<)

N

~

Figure 1.14: NHC-Au(l) chemotherapeutic agent designed by Filipovska et al.

One of the most useful techniques of preparing organosilicon compounds both in the laboratory
and in the industry is the hydrosilylation reaction often catalysed by platinum(0) complexes. The
hydrosilylation reaction is the addition of a Si-H bond in a hydrosilane to a C=C double bond of
an alkene, C=C triple bond of an alkyne or the C=0 bond of an aldehyde or a ketone, C=N bond
of an imine, or C=N bond of a nitrile compound.®” The two leading catalysts for this process are
Speier’s and Karstedt’s catalysts. However, in spite of the high activities demonstrated by these
catalysts, they have been found to be unstable and form colloidal platinum particles with undesired
side reactions.®® Cavell and coworkers reported a series of 6 and 7 membered Pt(11)-NHC
complexes with enhanced stability and activity towards the hydrosilylation reaction. For example,
the Pt(0)-NHC complex below was found to catalyse the hydrosilylation reaction between 1-octene
and bis(trimethylsiloxy)methylsilane with yield and selectivity higher than that exhibited by

Speier’s and Karstedt catalysts.%

28



Chapter 1
Introduction

1
7/ \
Figure 1.15: Chemical structure of Pt(0)-NHC by Cavell et al.

de Jesus and coworkers in 2012 prepared a water-soluble platinum(0) complex bearing an NHC
with sulfonate functionality and divinyltetramethylsiloxane (dvtms) ligands (Figure 1.16) and it
was found to be an active (94% isolated yield) and recyclable catalyst for the hydrosilylation of 1-

octyne with triethylsilane at room temperature in water.*
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Figure 1.16: Chemical structure of Pt(0)-NHC by de Jesus et al.

The real challenge in the design of a given N-heterocyclic carbene rests on the construction of its
precursor, whose architecture permits introduction of varying aryl/alkyl groups to achieve a

specific design.
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1.9. Surfactants and Metallosurfactants

Surface active agents comprise a fascinating class of molecules with exceptional structural features
and their properties are determined by the forces acting on surfaces.®* Surfactants are amphiphilic
in nature with dual characteristics of hydrophilicity and hydrophobicity.®” The polar portion that
is hydrophilic exhibits a strong affinity or attraction towards polar solvents while the non-polar
part termed hydrophobic gets attracted towards oil/non-polar solvents.”® Surfactants can be
classified into four broad categories: anionic surfactants, which give rise to a negatively charged
surfactant ion upon dissolution in water and are widely used for laundering; cationic surfactants
with positively charged head group are often used as emulsifying and bactericidal agents,
amphoteric/zwitterionic surfactants contain two charged groups of different signs on the same
molecule and are relatively mild and with good dermatological properties and lastly nonionic
surfactants which contain hydrophilic groups that do not dissociate in water and are often used as
drug delivery agents.®* Apart from the regular surfactants with one hydrophilic head group and
one hydrophobic tail, gemini surfactants with two hydrophilic head groups and two hydrophobic
tails separated by covalent linkers per one molecule have equally been well studied for their unique
features. Essentially, surfactants have been found to concentrate at interfaces and spontaneously
form aggregates in solution of which the simplest form is called micelles. In micelles, polar head
groups form an outer shell in contact with water, while nonpolar tails are secluded in the interior
(Figure 1.17), hence, at the core of a micelle, is the assembly of long non-polar tails.®® It is an
important phenomenon since surfactant molecules behave very differently depending on whether
they are present in micelles or as free monomers. The size of the micelle is measured by the
aggregation number which is the number of surfactant molecules associated with a micelle and
only surfactant monomers contribute to surface and interfacial tension lowering.*® Furthermore, a
new class of surfactants that has been found to exhibit features similar to conventional surfactants
is metallosurfactant.®* Metallosurfactants are a type of surfactants in which d- or f-block metal is
integrated into the polar head group of the surface-active molecule. The integration of d- or f-block
metal into a surface-active molecule leads to new functionality, such as catalytic activity, to be
concentrated at interfaces®” and metallosurfactants are beginning to find application in, magnetic
resonance imaging, templating of mesoporous materials, thin-film optoelectronics, interfacial

photophysics, and homogeneous catalysis.% %
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Figure 1.17: Structure of surfactant monomers and micelle

The design strategies of metal complexes and the ligands bonded to them have become important
and the use of multifunctional ligands that adequately bind metal ions with specific features that
could enhance the efficacy of metal complexes towards specific applications beyond features like
oxidation state stability, modification of reactivity and substitution inertness offer many exciting

possibilities.
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1.10. Aims and Objectives of this Work

The aim of this project was to synthesise monocationic, dicationic and zwitterionic amphiphilic
imidazolium salts bearing different water loving head groups and hydrophobic hydrocarbon chains
ranging from 8 — 16 carbon atoms and the tethering of the monocationic and dicationic salts to
Ag(l) and the zwitterionic salt to Pt(Il) centres respectively by deprotonation of the acidic
hydrogen. The imidazolium salts used in this work have been designed specifically to be
amphiphilic with a hydrophilic head group made up of methyl-imidazole, mesityl-imidazole,
propylsulfonate-imidazole, methyl-imidazole-tethered-to-imidazole, mesityl-imidazole-tethered-
to-imidazole head groups and alkyl group with varying chain length as the hydrophobic tail and
these salts served as precursors to the ligand system used in this study, N-heterocyclic carbenes.

The first part of this work is on the synthesis of novel Ag(l)-NHC complexes derived from
amphiphilic precursors and their application as antimicrobial agents in vitro against planktonic and
biofilm cells. One of the advantages of using these Ag(l)-NHCs as antimicrobials is that the NHC
precursors (surface active quaternary ammonium ions) and silver(l) ion tethered to each of them
are both active biologically. We hope that this multi-component system would offer the advantage
to rapidly ‘dial’ new antibiotics, with the clinical advantage of a drug technology to which the
acquisition of resistance by target pathogens would be inherently difficult. The design, synthesis,
characterization and catalytic activity (hydrosilylation) in water of novel Pt(l11)-NHC

metallosurfactants form the second part of this project.
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Chapter 2

Synthesis of Surface-Active Imidazolium Salts and the Evaluation of their Critical Micelle

Concentrations

2.1. Introduction

One of the many ways by which imidazolium salts are prepared is by alkylation of the two nitrogen
atoms in the heterocycle changing it into a discrete cation and anion pair. They have been given
considerable interests in recent times for their versatile properties and wide and varying
applications in chemistry as well as pharmacology.™ ? One of the most important and attractive
properties of imidazolium salts is the flexibility in the design of the physical, chemical and
biological properties by the independent modification of the features of the cation and anion
moiety.®> Imidazolium-based cationic with five-membered ring can be selectively
tailored/substituted at each of the N and C (backbone carbon) positions.* Besides the regular
imidazolium salts with one distinct imidazole and two substituents on the two nitrogen atoms, the
imidazolium platform is amenable to the synthesis of Gemini salts with two tethered imidazolium
cationic head groups.® The general structures of the imidazolium salts synthesized for this work

are shown below (Figures 2.1 and 2.2).

©0,8
N N ) N
A\ \
(> 0" 0
/ ’ /
N N N
\ \ \
R R R

R=CH _,C H ,C H _,C H ,C H

8 177 10 21’ T12 25’ T14 29’ T16 33

Figure 2.1: General structure of synthesized imidazolium salts
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Figure 2.2: General structure of synthesised Gemini imidazolium salts

These imidazolium salts have been designed to be amphiphilic with a hydrophilic head group made
up of the imidazole ring, and an alkyl group with varying chain length from 8 — 16 carbon atoms
as the hydrophobic tail. Typically, an amphiphilic molecule consists of a polar hydrophilic group,
usually called the head, joined to a nonpolar hydrophobic moiety called the tail. However, the
number of the polar head(s) and of the hydrophobic tail(s) and the kind of tethering among them

can vary, which leads to different classes of amphiphiles.

Generally, the specific design of the amphiphilic structure of imidazolium salts can be achieved
with certain substitutions on the imidazole ring, consequently leading to a hydrophilic cation head
and a hydrophobic tail, and this can result in neutral, cationic, anionic or amphoteric amphiphiles
(Figure 2.3).° Cationic surfactants offer a few additional advantages over other classes of
surfactants and besides the fact that they are surface-active, they equally show antibacterial

properties and are used as cationic softeners, lubricants, antistatic agents, etc.’
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/\/\/\/\/\/@ Neutral
/\/\/\/\/\/@ Cationic
/\/\/\/\/\O Anionic

\/\/\/\/\/\®_® Amphoteric

Hydrophobic Tail Hydrophilic Head

Figure 2.3: Depiction of neutral, anionic, cationic and amphoteric amphiphiles

Common amphiphiles are surfactants, such as detergents, soaps and fatty acids, or diglycerides,
such as phospholipids, the latter being the main components of bio membranes. Surfactants (short
for surface-active agents) are amphiphilic molecules that exhibit interfacial activity usually
consisting in their ability to lower the surface tension of a liquid or the interfacial tension between
two liquids of different polarity due to their property of accumulating at the interface.® As a
consequence of their double affinity, amphiphilic molecules self-organize in water to form
assemblies in which the hydrophobic moieties are buried into the aggregate, shielded from the
contact with water, while the hydrophilic groups remain exposed at the surface ensuring solubility
(Figure 2.4a and 2.4Db).

Two opposing forces are responsible for the formation of such assemblies. The hydrophobic effect
drives the segregation of the hydrocarbon chains in water, thus providing the impetus for self-
organization. On the other hand, repulsive forces and steric effects between the polar heads prevent

the formation of large three-dimensional crystals and hence phase separation.®*!
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s
Z iy

Figure 2.4: Amphiphile assemblies; a — Micelle, b — Vesicle

The self-assembly of amphiphilic molecules gives a rich variety of aggregates, and the aggregates
formed depend on the molecular structure of the amphiphile and experimental conditions, such as

concentration, temperature, pH and ionic strength.'? 12

As enumerated in Chapter 1, imidazolium salts can be synthesized by the alkylation of imidazole
to form a discrete cation and anion pair. Unsymmetrical imidazolium salts can be accessed by the
deprotonation of imidazole with a strong base and the subsequent reaction with a suitable alkyl,
acyl or benzyl halide, forming a 1-substituted imidazole. A second alkylation with a suitable alkyl,
acyl or benzyl halide under reflux conditions yields the desired salts (Scheme 2.1) that can be
easily purified by recrystallization.'® 4

©
Br
(1) KOH
HN SN 2)RBr RN DN R'Br R 78y R
é
\—/ DMSO \—/ > \/

Scheme 2.1: Synthetic pathway to imidazolium salts

44



Chapter 2
Synthesis of Surface-Active Imidazolium Salts and the Evaluation of their Critical Micelle Concentrations

Furthermore, aryl/alkyl substituted imidazolium salts can also be made by the condensation of the
appropriate primary amine with glyoxal followed by reaction with ammonium chloride (for
unsymmetrical imidazolium salts) and paraformaldehyde to produce N-substituted imidazoles,
after which nucleophilic addition with alkyl halide produces the desired imidazolium salts
(Scheme 2.2).1

S]
NH,CI, HCHO, AR Br
0 HsPO,, KOH N7 N7 R'Br R'—\ 78>y -R
RNH, + 7 > =/ —— \/

Scheme 2.2: Synthetic pathway to imidazolium salts

2.2. Strategy for Designing New Amphiphilic Imidazolium salts

Imidazolium salts have been studied extensively for their inherent properties and wide area of
applications.! 2 In particular, amphiphilic imidazolium salts have been studied especially for their
antimicrobial activity because they are water-soluble and can cross cell walls surrounding the outer
sphere of bacteria and fungi. Their biological activities have been attributed partly to their
lipophilicity, which correlates to the alkyl chain length and functionality of the cationic moiety.*®-
19 These attributes prompted us to develop new sets of cationic amphiphilic imidazolium salts that
would act as proligands and as scaffolds about which new silver(l) N-heterocyclic carbene
complexes have been assembled and the advantage of this system is that the amphiphilic
imidazolium salts (proligands) and the silver ion are both active biologically.

The hydrophobic/lipophilic part of all the amphiphilic salts are made up of alkyl chains with carbon
length ranging from 8 — 16 and with bromide ion as a counter anion (Figure 2.1 and 2.2). The
structure and charges on the head group and the chain length of the tail were varied to study their

effects on aggregate formation and their biological activity.
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2.3. Aims

The aim of this chapter was to prepare amphiphilic imidazolium salts which will act as proligands
towards the assembly of new metal-NHC complexes. The amphiphilic nature of the ligand systems
will ensure their participation beyond acting as mere spectator ligand in order to create new multi-
component metal complexes that can act as therapeutic agents against microbes and as catalysts in

hydrosilylation reaction.

'H and *C NMR spectroscopy and HRMS were used to provide structural characterisation. The
ability to self-aggregate in aqueous solution was investigated and the concentrations at which these
amphiphiles aggregate into organized molecular assemblies were determined by conductometric

methods.
Lastly, in this chapter, the effect of the structure and charges on the head groups and the

lipophilicity of the alkyl chains that make up the tails on aggregate formation were studied. The
CMC Values of the monocationic and the dicationic amphiphiles were compared.
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2.4. Results and Discussion
2.4.1. Synthesis of HLs-16
The series of 1-methyl-3-alkyl-imidazolium bromide (HLs-16) was synthesized in good yields as

previously reported?®-2* by reacting a long-chain alkyl bromide (n = 8, 10, 12, 14, and 16) with
methyl imidazole as outlined in Scheme 2.3.2% %

©

— Br

N N RBr ® ‘_‘ HL

Y ~ > R,N\ N 8-16
100°C

R = CgH47, C1oH24, Cq2H25, C14H29, C6H33

Scheme 2.3: Synthesis of HLs 16

Pale yellow oils were obtained for HLs and HL10 and off-white solids were obtained for HL 12,
HL14 and HL1s. HLs and HL1o were purified by partitioning methanol solution of the crude
material with hexane in a separatory funnel to remove any unreacted alkyl halide (86 and 82%
yield respectively) while HL12, HL14 and HL 16 were purified by recrystallisation from chloroform
and diethyl ether with respective yields of 82, 91 and 93%. All the imidazolium salts dissolve well
in water and lower alcohols and have moderate solubility in chlorinated solvents. These proligands
have been charaterised by *H and ¥C NMR spectroscopy, high-resolution mass spectrometry
(HRMS) and their Critical Micelle Concentrations (CMC) evaluated. The *H NMR chemical shifts
of the C2—H protons of HLs-16 are in the range 10.29 — 10.51 ppm (Figure 2.5) which are consistent
with the general C2-H acidic proton shift of imidazolium salts (6 8 — 10 ppm) reported by
Herrmann and Kocher?” while the hydrogen on C4 and C5 appear between 7.3 — 7.59 ppm. The
peaks between 3.94 and 4.32 ppm are for the methyl and methylene group attached to the N1 and
N3 nitrogen atoms on the imidazole ring. The 3C NMR shifts of the N-C-N sp? carbon for the two
salts appear in the range 137.64 — 138.17 ppm (Figure 2.6). The high-resolution HRMS data of
HLs 16 show peaks corresponding to the cationic fragment [(M-Br)*].
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Figure 2.5: Stacked 'H NMR spectra of HLs-16 in CDCls using Bruker 400 MHz

spectrophotometer at room temperature
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Figure 2.6: Stacked 3C{*H} NMR spectra of HLs-16 in CDCls3 using Bruker spectrophotometer

at room temperature
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2.4.2. Synthesis of 1-(2,4,6-Trimethylphenyl)-1H-Imidazole

1-(2,4,6-Trimethylphenyl)-1H-imidazole was synthesized following a previously reported
procedure (Scheme 2.4).%

2.4.3. Synthesis of HL™®g_16

1-mesityl-3-alkyl-imidazolium bromide compounds (HL™®s16) were synthesized following an
established procedure?® by the reaction of 1-(2,4,6-trimethylphenyl)-1H-imidazole with alkyl
bromides with chain length ranging from 8 - 16 carbon atoms respectively as shown below in
Scheme 2.4.

[S]

Br
NH,CI, HCHO, _
0 HPO,KOH [/ '\ RBr N o.N mes
+ / —_— N\YN R/ R HL 8-16
/J DMF, 140°C Y
NH,

R = CgHq7, C1gH21, C12Has, C14H29, C16H33

Scheme 2.4: Synthesis of HL™®g 16

Brown oils were isolated for HL™®s-16. The crude products were precipitated with cold diethyl
ether to give off white, waxy solids in 74 — 79% vyields. Just like the HLs16 salts, they dissolve
well in water and lower alcohols with moderate solubility in chlorinated solvents. The *H NMR
chemical shifts of the C2—H protons of HL™g_16 are in the range 10.30 — 10.60 ppm while the
signals of the hydrogen on the meta position of the mesityl group are between 6.95 — 7.03 ppm.
The peaks between 4.66 and 4.78 ppm are for the methylene group attached to the N3 nitrogen
atom on the imidazole ring. The 3C NMR shifts of the N-C-N sp? carbon appear in the range
137.80 — 138.37 ppm (Appendix B). The HRMS data of HL™g_15 show peaks of the cationic
fragment [(M-Br)*].
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2.4.4. Synthesis of HLP¢t 16

The preparation of these proligands has been previously described?®3 and it involves the use of

1,3-propane sultone as one of the alkylating agents.

(o)
Lo
N
7
A
A KOH,DMsO  R-N"XN ® bet
’ A HL _
HN N > \__/ —_—_— R\N \N/\/\so - 8-16

\—/ RBr CH;COCH, \—/ 3

R = CgHy7, C1gHj1s C5Has, C4Hpg, CigHas

Scheme 2.5: Synthesis of HL et 16

As depicted in Scheme 2.5, initial N-alkylation of imidazole was carried out using an alkyl bromide
with chain lengths ranging from 8-16 carbons, followed by nucleophilic substitution of the N-alkyl
imidazoles with 1,3-propane sultone to produce the sulfonate functionalized imidazolium
zwitterions HLPe%s 16. These zwitterions were charaterised by *H and *C NMR spectroscopy as
well as HRMS. The *H and 3C NMR spectra are consistent with the structure of HL %3 16. In the
1H spectra of HLP®% 16, the imidazolium proton appears at approximately 10 ppm, which is
consistent with the C2-H proton of imidazolium salts. The **C NMR spectra show the Cz signal
resonating at approximately 136 ppm (Appendix C). HRMS analyses of these zwitterions show

the parent ion, [M+H"], respectively.
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2.4.5. Synthesis of Gemini Amphiphilic Imidazolium Salts, H2Gs-16, H2.G™®.16 and HG™3g.16

Gemini amphiphilic imidazolium salts were prepared by the route summarized in Scheme 2.6,%
starting from N-alkylation of imidazole (1) and followed by nucleophilic substitution of the N-
alkyl imidazoles (2) with 1,3-dibromopropane to form 3 (bromopropyl alkyl imidazolium salts).
Finally, the quarternary imidazolium salts were reacted with methylimidazole (4),
mesitylimidazole (5) and trimethylamine (6) to form H2Gs-16, H2G™s.16 and HG'™3.16
respectively. To suppress the formation of symmetrical Gemini surfactants during the nucleophilic
substitution of 2 with 1,3-dibromopropane, 1,3-dibromopropane was used in excess. Also, excess
of 4, 5 and 6 were used respectively to avoid any unreacted impurities of 3, as it may be difficult
to remove it from the target compounds. Formation of the series of asymmetrical dicationic
imidazolium salts of H2Gg-16, H2G™Ss.16 and HG™3s.16 was confirmed by *H and *C NMR
spectroscopy and HRMS. The spectra obtained were consistent with their molecular structure. The
'H and *C NMR spectra of each of the series of asymmetrical dicationic imidazolium salts in
Scheme 2.6 have common features, with minimal or no change in the chemical shifts of the signals
(Appendixes D, E and F). This observation indicates that increasing the chain length of the alkyl
group makes little or no difference to the chemical shifts. Generally, the *H NMR spectra of H2Ge-
16 (Figure 2.11), H2G™®sg.16 show two signals ranging from 10.22 to 9.69 ppm, while that of
HG'™3g.16 show one resonance signal at approximately 10 ppm, which is consistent with the
general C2-H acidic proton shift of imidazolium salts (6 8—10 ppm) and the **C NMR shifts of the
N-C-N sp? carbon signal appear between 141.47 and 136.28 ppm (Figure 2.12 shows 3C NMR of
H2Gs.-16). Analyses of these dicationic imidazolium salts with HRMS often revealed [(M-2Br)?'],

corresponding to the dicationic fragment.
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Figure 2.11: Stacked *H NMR spectra of H2Gsg-16in CDCls using Bruker 400 MHz
spectrophotometer at room temperature
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Scheme 2.6: Synthesis of hetero-gemini amphiphilic imidazolium salts
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Figure 2.12: Stacked C{*H} NMR of H2Gs-16 in CDCl5 using Bruker spectrophotometer at

room temperature
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2.4.6. Determination of Critical Micelle Concentration (CMC)

Surfactants are amphiphilic molecules with hydrophobic tail and hydrophilic head (or vice versa)
and by implication, they contain components that are water-soluble and oil soluble.?> 32 In water,
surfactant molecules aggregate into organized molecular assemblies known as micelles and
micelle formation is governed by electrostatic and hydrophobic interactions. The concentration
above which this phenomenon occurs is called the critical micelle concentration (CMC) and the
value of the CMC can be determined by the change in the physicochemical properties of the
surfactant solutions as the concentration of the amphiphilic molecules is increased.®* 3* The CMC
values of HLs-16, HL™*s.16, H2Gs-16 and H2G™*s-16 were determined by conductometry, which is
one of the common electrochemical techniques owing to its accuracy and relatively good
agreement between values obtained by other methods,®? using a Mettler Toledo Conductivity
Meter (InLab 738 model). Various concentrations of surfactant molecules were prepared by

dilution method in aqueous solution and the conductivity of these solutions was measured at 298
K.

250
200
150
100

50

Conductivity, k (1S/cm)

0 1 2 3 4 5 6

Concentration, C, (mM)

Figure 2.17: Plot of specific conductivity, k, against HL1s concentration, c, at 25°C in water
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An example of how CMC is evaluated from a plot of conductivity, k, as a function of concentration,
¢, of HL1s s as shown in Figure 2.17. The value of k increases almost linearly with an increase in
the concentration of HL1s and the slope changes steeply at a certain concentration. The slope of
the first and second lines are 96.12 and 28.50 uS/mM respectively, this implies an effective loss
of ionic charges because a fraction of the counterions is confined to the micellar surface.® It is
obvious that the results fit into two straight lines of different slopes and this steep change of the
slope in k as a function of ¢ plot indicates the onset of molecular aggregates at the concentration
corresponding to the breakpoint. From the location of the abrupt change of the slopes, 0.60 mM
was derived for the CMC in the k against ¢ plot in Figure 2.11 and other CMCs derived by this
method are listed in Table 1 for HLs16, HL™g.16, H2Gs-16 and H2G™*s.16 (Appendix H)
respectively at 25°C.

2.4.7. Structural Effects of Monocationic and Dicationic lonic Surfactants on Critical Micelle

Concentration

From the results in Table 1, the cationic head and the alkyl chain are found to affect the CMC of
the surfactants. The CMC values of HLs-16, HL™®g.16, H2Gs-16 and H2G™®s.16 decrease by 262-,
58-, 19- and 14-fold respectively as the alkyl chain length increases from 8-16 in each homologous
series. Comparatively, the effect of the cationic heads between the two monocationic surfactants,
HLs-16 and HL™g.16 led to 6.80-, 4.20-, 3.70-, 4.20- and 1.50-fold decrease and 2.60-, 2.40-, 1.80-
, 1.40- and 1.20-fold decrease between the dicationic surfactant series comprising of H2Gs-16 and
H2G™Mesg.16 for 8, 10, 12, 14 and 16 alkyl chain lengths respectively. Consequently, the alkyl chain
has a more profound effect on the CMC than the cationic heads and the longer the chain length,
the lower the CMC value. Furthermore, the CMC values of surfactants with mesityl-imidazole and
mesityl-imidazole-tethered-to-imidazole heads are lower than that of methyl-imidazole and
methyl-imidazole-tethered-to-imidazole respectively.

57



Chapter 2

Synthesis of Surface-Active Imidazolium Salts and the Evaluation of their Critical Micelle Concentrations

Table 2.1.: Critical Micelle Concentration of HLs-16, HL™®%5.16, HL™®%3.16 and H2Gs-16

Compound | CMC Compound | CMC Compound | CMC Compound | CMC
(mM) (mM) (mM) (mM)
HLs 157.00 HL™MeSg 23.00 H2Gs - H,GMSq 39.00
HL10 37.40?2 HL™M®S19 9.00 H2G1o - H.GM51 19.00
HL12 9.60%° HL™M®S1, 2.62° H2G12 17.90 H.G™M59, 10.00
HL14 2.40%0 HL™MS14 0.57¢ H2G14 7.00 HoGM514 5.00
HL 16 0.6020 HL™M16 0.40 H2G16 3.30 H.GM596 2.80

3 Reported in Ref. 3° P Reported in Ref. 28.2 ¢ Reported in Ref. 24?4,

2.4.8. Comparison of Critical Micelle Concentration Values of Monocationic and Dicationic

Surfactants

A comparison of the CMC values between the monocationic series (HLs-16 and HL™®%.16) and

dicationic series (H2Gs-16 and H2G™®s.16) from Table 1 reveals that the monocationic surfactants

possess lower CMC values than the dicationic surfactants for 14 and 16 alkyl chain lengths,
HL™MeS1416 < HLg-12 < H2G™®514,16 < H2Ga4, 16. However, the CMC values of the surfactants (both

mono and dicationic) bearing 8, 10 and 12 alkyl chain lengths did not follow the above trend,

rather the CMC values increases in the following order: HL™®g12 < HoG™®Sg.12 < HLg-12 < H2G12.
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2.5. Experimental
General

All reactions were carried out under aerobic conditions unless otherwise specified and all reagents
were purchased from commercial sources and used without further purification. *H and *3C NMR
spectra were recorded on a Bruker 400 MHz or 500 MHz spectrophotometers and recorded in
deuterated solvents and the chemical shifts are given in ppm. Coupling constants J are given in
hertz (Hz). High-resolution mass spectra were obtained as appropriate (in positive and negative
modes) using a Waters LCT Premier XE instrument and are reported as m/z (relative intensity),
and conductance measurements were determined by Mettler Toledo Conductivity Meter (InLab
738 model).

General procedure for the preparation of N-alkylimidazole

A mixture of imidazole (73 mmol), potassium hydroxide (80 mmol) and dimethyl sulfoxide (5
mL) was placed in a 250 mL round bottom flask. After vigorous stirring for 2 h at 50°C, the mixture
was cooled to room temperature after which, 1-bromoalkane (70 mmol) was added slowly with a
dropping funnel into the above reaction mixture and stirred for additional 4 h. Upon completion,
distilled water (150 mL) was poured into the flask followed by extraction with chloroform (5%20
mL) in a separatory funnel. Combined organic layers were collected, dried over anhydrous
magnesium sulfate, filtered, and the solvent evaporated. The residue was subjected to flash

chromatography with ethyl acetate as eluent to give the N-alkylimidazole.
N-Octylimidazole, C8Im

Yield: 77%; 'H NMR (5 ppm, 400 MHz, CDCls): 0.80 (t, 3J=8.0 Hz, 3H),

CoHir—p" Xy 1.12-1.25(m, 10H), 1.68 (m, 2H), 3.83 (t, %) = 8.0 Hz, 2H), 6.82 (s, 1H), 6.96

\—/  (s,1H),7.37 (s, 1H), °C{*H} NMR (3 ppm, 100 MHz, CDCls): 14.00 (CH),

2254 (CHz), 26.46 (CH2), 28.96 (CHz), 29.03 (CHs), 31.02 (CHs), 31.65 (CH2), 46.94 (NCHy),

118.71 (Cs), 129.24 (C4), 136.99 (C2), HRMS (ESI): m/z found 181.1711 [(M+H)", (C1:HzoN2"),
100%], expected 181.1626.
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N-Decyllimidazole, C10Im

Yield: 78%; *H NMR (8 ppm, 400 MHz, CDCls): 0.81 (t, 3J=8.0 Hz, 3H),

CioHa~N" X 1.25- 1.13 (m, 14H), 1.71 (m, 2H), 3.83 (t, 3J = 8.0 Hz, 2H), 6.96 (s, 1H),

\—/ 681 (s 1H), 7.39 (s, 1H), B3C{'H} NMR (5 ppm, 100 MHz, CDCls): 14.12

(CHs), 22.67 (CHy), 26.55 (CHy), 29.07 (CH2), 29.29 (CHs), 29.26 (CHy), 29.43 (CHy), 29.48

(CHy), 31.09 (CHs), 31.85 (CHy), 47.04 (NCH,), 118.77 (Cs), 129.36 (C4), 137.07 (C2), HRMS
(ESI): m/z found 209.2018 [(M+H)*, (C13H24N2"), 100%], expected 209.2012.

N-Dodecylimidazole, C12Im

Yield: 72%; 'H NMR (5 ppm, 400 MHz, CDCls): 0.80 (t, %J=8.0 Hz, 3H),

CizHas— Ny 1.25- 1.13 (m, 18H), 1.68 (m, 2H), 3.83 (t, ¥J = 8.0 Hz, 2H), 6.81 (s, 1H),

\—/  6.96 (s, 1H), 7.37 (s, 1H), °C{*H} NMR (5 ppm, 100 MHz, CDCl5): 14.23

(CHa), 22.63 (CH), 26.48 (CHy), 29.02 (CHz), 29.29 (CHs), 29.38 (CHy), 29.47 (CHz), 29.55

(CHz), 31.04 (CHs), 31.85 (CH), 46.94 (NCH;), 118.69 (Cs), 129.28 (Ca), 136.99 (C2), HRMS
(ESI): m/z found 237.2323 [(M+H)", (C13H2sN2"), 100%], expected 237.2325 .

N-Tetradecylimidazole, C14Im

Yield: 75%; H NMR (8 ppm, 400 MHz, CDCls): 0.80 (t, J=8.0 Hz, 3H),

CiaHao—~ "N 1.15-1.25 (m, 22H), 1.66 (m, 2H), 3.83 (t, %) = 8.0 Hz, 2H), 6.80 (s, 1H),

\—/  6.94 (s, 1H), 7.40 (s, 1H), °C{*H} NMR (3 ppm, 100 MHz, CDCls): 14.01

(CHs), 22.59 (CHy), 26.42 (CHy), 28.97 (CH2) 29.27 (CH2), 29.34 (CHy), 29.43 (CHs), 29.51

(CHz), 29.55 (CHy), 29.59 (CH3), 30.99 (CHs), 31.83 (CHy), 46.85 (NCH3), 118.59 (Cs), 129.19

(Cs), 136.89 (C2), HRMS (ESI): m/z found 265.2640 [(M+H)*, (C1sHzN2*), 100%], expected
265.2638.
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N-Hexadecylimidazole, C16Im

Yield: 83%; 'H NMR (8 ppm, 400 MHz, CDCls): 0.88 (t, 3J=8.0 Hz, 3H),

CieHaz~ "X 1.22- 1.32 (m, 26H), 1.76 (m, 2H), 3.91 (t, 3] = 8.0 Hz, 2H), 6.90 (s, 1H),

\—/  7.05(s, 1H), 7.45 (s, 1H), B3C{'H} NMR (5 ppm, 100 MHz, CDCl3): 14.13

(CH3), 22.70 (CH2), 26.55 (CH2), 29.08 (CH2), 29.44 (CHs), 29.53 (CHy), 29.61 (CH,), 29.64

(CHa) 29.66 (CH2), 29.68 (CHy), 29.69 (CH2), 29.70 (CH,) 31.10 (CHs), 31.93 (CHy), 47.02

(NCHy), 118.74 (Cs), 129.38 (C4), 137.07 (C2), HRMS (ESI): m/z found 293.2962 [(M+H)",
(C17H3sN2™), 100%], expected 293.2951.

General procedure for the preparation of HLs-16

N-methylimidazole (60 mmol) and 1-alkyl bromide (61 mmol) (alkyl = octyl, decyl, dodecyl,
tetradecyl and hexadecyl) were charged into a round bottom flask without solvent and stirred at
100°C for 16 h. At the end of the reaction, the crude product was dissolved in hot chloroform and
precipitated out by adding petroleum ether. Pale-yellow oils were obtained for Cs and Cio

derivatives and Ci2, C14 and Cig derivatives were isolated as off-white solids.
HLs

po Yield: 86%; *H NMR (8 ppm, 400 MHz, CDCls): 0.66 (t, 3J= 8.0 Hz, 3H),
~N7yN—~CeHrr  1.00-1.20 (m, 10H), 1.72 (m, 2H), 3.94 (s, 3H), 4.14 (t, )= 8.0 Hz, 2H), 7.40
\—/ (s, 1H), 7.59 (s, 1H), 10.09 (s, 1H). BC{*H} NMR (& ppm, 100 MHz,
CDCls): 13.91 (CHs), 22.38 (CH2), 26.04 (CH2), 28.76 (CH.), 28.83 (CH>), 30.18 (CHy), 31.47
(CH2), 36.54 (NCH3), 49.90 (NCH?>), 122.09 (C4), 123.82 (Cs) 136.86 (C2). HRMS (ESI) (m/2):
found 195.1869 [(M-Br)*, (C12H23N2"), 100%], expected 195.1856.
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HL1o0

o Yield: 82%; 'H NMR (8 ppm, 400 MHz, CDCls): 0.88 (t, 3J= 8.0 Hz, 3H),
\,\l,/B@{\,‘l/cmH21 1.20-1.40 (m, 14H), 1.92 (m, 2H), 4.14 (s, 3H), 4.32 (t, 3J= 8.0 Hz, 2H),
\—/ 7.36 (s, 1H), 7.51 (s, 1H), 10.51 (s, 1H). *C{*H} NMR (8 ppm, 100 MHz,
CDCls): 14.04 (CHs), 22.57 (CH2), 26.17 (CH2), 28.92 (CHy), 29.15 (CH,), 29.29 (CH>), 29.36
(CH>), 30.28 (CH2), 31.74 (CH>), 36.65 (NCH3), 50.04 (NCH), 122.05 (C4), 123.82 (Cs) 137.10
(C2). HRMS (ESI) (m/z): found 223.2183 [(M-Br)*, (C14H27N2"), 100%], expected 223.2169.

HL12

. Yield: 82%; *H NMR (5 ppm, 400 MHz, CDCls): 0.81 (t, 3J= 8.0 Hz, 3H),
\N,/l';{\N/CuH% 1.10-1.29 (m, 18H), 1.85 (m, 2H), 4.07 (s, 3H), 4.25 (t, 3J= 8.0 Hz, 2H),
\—/ 7.30 (5, 1H), 7.44 (s, 1H), 10.29 (s, 1H). 3C{*H} NMR (5 ppm, 100 MHz,
CDCls): 14.10 (CHs), 22.66 (CH2), 26.26 (CH2), 28.98 (CH2), 29.30 (CHy), 29.36 (CH>), 29.48
(CHz), 29.57 (CH2), 30.30 (CH;), 31.88 (CHz), 36.80 (NCHs3), 50.21 (NCH3), 121.74 (C4), 123.48
(Cs) 137.64 (C2). HRMS (ESI) (m/z): found 251.2495 [ (M-Br)*, (C1sHaiN2"), 100%)], expected
251.2482.

HL14

. Yield: 91%; *H NMR (8 ppm, 400 MHz, CDCls): 0.88 (t, J= 8.0 Hz, 3H),
\N,%{N/cMHZQ 1.20-1.40 (m, 22H) 1.92 (m, J=8, 2H), 4.14 (s, 3H), 4.32 (t, 3J= 8.0 Hz, 2H),
\—/ 7.34 (s, 1H), 7.48 (s, 1H), 10.42 (s, 1H). C{*H} NMR (5 ppm, 100 MHz,
CDCls): 14.14 (CHs), 22.69 (CH>), 26.27 (CH>), 29.00 (CH.), 29.36 (CH.), 29.38 (CH>), 29.51
(CH2), 29.60 (CH>), 29.65 (CH.), 29.68 (CH>), 30.32 (CH>), 31.92 (CH), 36.78 (NCH3), 50.23
(NCHy), 121.67 (Cs), 123.39 (Cs) 137.75 (Cz). HRMS (ESI) (m/z): found 279.2807 [(M-Br)*,
(C1gH35N2"), 100%], expected 279.2795.
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HL16

° Yield: 93%; H NMR (& ppm, 400 MHz, CDCls): 0.87 (t, 3J= 8.0 Hz, 3H),
\N,/B@{\N/CWH% 1.29 (m, 26H) 1.93 (m, 2H), 4.13 (s, 3H), 4.31 (t, 3J= 8.0 Hz, 2H), 7.36 (s,
\—/ 1H), 7.51 (s, 1H), 10.42 (s, 1H). BC{*H} NMR (& ppm, 100 MHz, CDCls):
14.13 (CHs), 22.69 (CHy), 26.27 (CHy), 29.00 (CH2), 29.36 (CH.), 29.38 (CH2), 29.51 (CHy),
29.60 (CHy), 29.65 (CHy2), 29.69 (CH,), 30.33 (CH>), 31.92 (CH,), 36.78 (NCH3), 50.20 (NCH>),
121.76 (C4), 123.51 (Cs) 137.64 (C2). HRMS (ESI) (m/z): found 307.3120 [(M-Br)*, (C20HzsN2"),
100%], expected 307.3108.

Synthesis of 1-(2,4,6-Trimethylphenyl)-1H-Imidazole

2,4,6-trimethylaniline (6.8 g, 0.05 mol) in MeOH (25 mL) was stirred with

Xy 30 % aqueous glyoxal (8.1 mL, 0.05 mol) for 16 h at room temperature. A
bright yellow mixture was formed. Then, NH4ClI (5.4 g, 0.1 mol) was added
followed by 37 % aqueous formaldehyde (8 mL, 0.1 mol). The mixture was
diluted with MeOH (200 mL) and the resulting mixture was refluxed for 1 h. HsPO4 (7 mL, 85 %
soln.) was added for 10 min. The resulting mixture was then stirred at reflux overnight. After
removal of the solvent, the dark residue was poured onto ice (100 g) and neutralised with 40 %
KOH solution until pH 9. The resulting mixture was extracted with EtOAc (2 x 100 mL). The
organic phases were combined and washed with H-O, brine and dried with anhydrous MgSOQa.
After filtering, the solvent was removed and the residue was purified by distillation on a Kugelrohr
under vacuum (70 mbar) at 140 °C (some unreacted 2,4,6-trimethylaniline initially distils as a

colourless oil at a lower temperature).

General procedure for the preparation of HL™®g 16

1-(2,4,6-Trimethylphenyl)-1H-Imidazole (27 mmol) and 1-alkyl bromide (28 mmol) (alkyl
=CgH17, C10H21, C12H2s5, C14H29, and C1sH33) were mixed in DMF at 140 °C for 48 h. The solvent
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was removed under vacuum and brown, transparent, viscous oil was obtained. Afterwards, the

crude products were precipitated with cold diethyl ether to give off white solids.

HLmesg

o Yield: 76%; *H NMR (& ppm, 400 MHz, CDCls): 0.88 (t, 3J= 8.0 Hz,
P

N7y -CsHir  3H), 1.20-1.40 (m, 10H), 2.00 (m, 2H), 2.09 (s, 6H), 2.35 (s, 3H), 4.75

=/ (t, 3J= 8.0 Hz, 2H), 7.02 (s, 2H), 7.20 (d, 1H), 7.70 (s, 1H), 10.48 (s,
1H). BC{*H} NMR (8 ppm, 100 MHz, CDCls): 14.09 (CHs), 17.69 (CH>), 21.13 (CH), 22.60
(CH>), 26.12 (CH>), 29.01 (CHs), 29.06 (CHs), 30.57 (CHs), 31.67 (CH2), 50.50 (NCH,), 122.45
(Cs), 123.07 (Ca), 129.92 (ipso-mesityl), 130.67 (m-mesityl), 134.21 (o-mesityl), 138.37 (C,),
141.37 (p-mesityl). HRMS (ESI) (m/z): found 299.2493 [(M-Br)*, (C20H31N2"), 100%)], expected
299.2482.

HL™10

o Yield: 74%; *H NMR (5 ppm, 400 MHz, CDCls): 0.89 (t, ®J= 8.0 Hz,
\( j r
N7aYy~CroHar  3H), 1.20-1.45 (m, 14H), 1.98 (m, 2H), 2.09 (s, 6H), 2.36 (s, 3H), 4.75
=/ (t, 3J= 8.0 Hz, 2H), 7.02 (s, 2H), 7.20 (d, 1H), 7.69 (s, 1H), 10.47 (s,
1H). BC{*H} NMR (& ppm, 100 MHz, CDCls): 14.13 (CHs), 17.70 (CHy), 21.13 (CHy), 22.67
(CHs), 26.14 (CH), 29.06 (CH2), 29.27 (CH2), 29.41 (CH2), 29.45 (CHs3), 30.57 (CH), 31.86
(CHs), 50.53 (NCH2), 122.43 (Cs), 123.06 (Ca), 129.92 (ipso-mesityl), 130.66 (m-mesityl), 134.21
(o-mesityl), 138.36 (C2), 141.38(p-mesityl). HRMS (ESI) (m/z): found 327.2806 [(M-Br)*,
(C22H35N2*"), 100%], expected 327.2795.

HL™12
Lo Yield: 79%; *"H NMR (5 ppm, 400 MHz, CDCls): 0.90 (t, 3J= 8.0 Hz,
r
NZaXN-CiHs  3H), 1.20-1.45 (m, 18H), 2.01 (m, 2H), 2.11 (s, 6H), 2.37 (s, 3H), 4.78
— (t, 3J=8.0 Hz, 2H), 7.03 (s, 2H), 7.17 (s, 1H), 7.58 (s, 1H), 10.60 (s,
1H). BC{*H} NMR (8 ppm, 100 MHz, CDCls): 14.12 (CHs), 17.68 (CH>), 21.11 (CH>), 22.68
(CH2), 26.14 (CHs3), 29.06 (CH2), 29.33 (CHg), 29.42 (CH.), 29.49 (CH>), 29.60 (CH2), 30.55
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(CHs), 31.90 (CH), 50.53 (NCHz2), 122.57 (Cs), 123.12 (Ca4), 129.90 (ipso-mesityl), 130.67 (m-
mesityl), 134.21 (o-mesityl), 138.24 (C), 141.35(p-mesityl). HRMS (ESI) (m/z): 355.3119 [(M-
Br)*, (C2sH3sN2"), 100%] expected 355.3108.

HL™MeS14

o Yield: 77%; 'H NMR (8 ppm, 400 MHz, CDCls): 0.84 (t, 3J= 8.0 Hz,
¥

N7BYN—~CiaHze  3H), 1.15-1.35 (m, 22H), 1.95 (m, 2H), 2.03 (s, 6H), 2.30 (s, 3H), 4.66
= (t, 3J= 8.0 Hz, 2H), 6.95 (s, 2H), 7.25 (s, 1H), 7.95 (s, 1H), 10.30 (s,
1H). BC{*H} NMR (8 ppm, 100 MHz, CDCls): 14.10 (CHs), 17.62 (CH>), 21.07 (CHy), 22.65
(CH2), 26.10 (CH), 29.04 (CHg), 29.32 (CHz3), 29.41 (CHs), 29.48 (CHs), 29.59 (CH.), 29.61
(CH2), 29.62 (CHz2), 29.65 (CH), 30.55 (CHs), 31.88 (CH), 50.33 (NCHy), 122.76 (Cs), 123.19
(Cs), 129.80 (ipso-mesityl), 130.72 (m-mesityl), 134.17 (o-mesityl), 137.80 (C), 141.14 (p-
mesityl). HRMS (ESI) (m/z): found 383.3421 [(M-Br)*, (C26HasN2"), 100%], expected 383.3421.

HL™16

o Yield: 75%; *H NMR (8 ppm, 400 MHz, CDCls): 0.86 (t, *J= 8.0 Hz,
r
N7By~CreHas  3H), 1.15-1.35 (m, 26H), 1.96 (m, 2H) 2.05 (s, 6H), 2.31 (s, 3H), 4.68
— (t, 3J= 8.0 Hz, 2H), 6.97 (s, 2H), 7.24 (s, 1H), 7.91 (s, 1H), 10.31 (s,
1H). BC{*H} NMR (8 ppm, 100 MHz, CDCls): 14.11 (CHs), 17.63 (CH>), 21.08 (CH,), 22.67
(CHs), 26.11 (CH), 29.05 (CHgs), 29.34 (CHs), 29.42 (CHs), 29.50 (CH.), 29.61 (CH2), 29.64
(CH), 29.68 (CH>), 30.55 (CHs), 31.90 (CHs), 50.38 (NCHy), 123.10 (Cs), 123.35 (C4), 129.82
(ipso-mesityl), 130.72 (m-mesityl), 134.19 (o-mesityl), 137.88 (C>), 141.19 (p-mesityl). HRMS
(ESI) (m/z): found 411.3739 [(M-Br)", (C2sH47N2"), 100%], expected 411.3734.

General procedure for the preparation of sulfonated imidazolium zwitterions, HL P¢%.1¢

To a solution of propane sultone (3.00 mmol) in acetone (10 mL) the corresponding alkyl

imidazole (2.00 mmol) was added and the reaction solution was left stirring overnight. As the
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product forms, it separates from the acetone solution either as a solid (C12, C14and Cie derivatives)
or viscous liquid (Cs and Cio derivatives). The product was isolated by separation from the

supernatant acetone and purified by further washings with acetone (2 x10 mL).

H L betg

Yield: 91%; *H NMR (400 MHz, CDCls): § 0.87 (t,%1=7.6

cBHﬂ\N,/@\\N/\/\SO? Hz, 3H), 1.24 —1.38 (br, 10H), 1.86 (m, 2H), 2.38 (m, 8, 2H),

\—/ 2.84 (t,3) = 7.0 Hz, 2H), 4.27 (t,%) = 7.4 Hz, 2H), 4.55 (t, %) =

7.0 Hz, 2H), 7.32 (s, 1H), 7.69 (s, 1H), 9.52 (s, 1H). BC{'H}

NMR (100 MHz, CDClIs): 6 14.09 (CHz), 22.60 (CH2), 26.30 (CH2), 26.57 (CH>), 28.99 (CH>),

29.05 (CH2), 30.22 (CH2), 31.71 (CHz), 47.49 (CH2), 48.46 (CH>), 50.02 (CH), 121.71 (CH),

122.99 (CH), 137.09 (NCHN). HRMS (ESI+) m/z: Found 303.1736 [(M+H")", (C14H27N203S"),
100%], expected 303.1737.

HLPetyo

Yield: 90%; *H NMR (400 MHz, CDCl3): & 0.88 (t, 3 =7.0

N e Hz, 3H), 1.20 — 1.38 (br, 18H), 1.96 (m, 2H), 2.37 (m, 2H),

\—/ 2.83 (t, %) = 7.7 Hz, 2H), 4.24 (t, 3) = 7.0 Hz, 2H), 4.54 (t, 3] =

7.4 Hz, 2H), 7.29 (s, 1H), 7.69 (s, 1H), 9.48 (s, 1H). 3C{'H}

NMR (100 MHz, CDCls): & 14.13 (CHs), 22.67 (CH2), 26.33 (CH2), 26.55 (CHz), 29.07 (CH2),

29.28 (CH2), 29.42 (CH>), 29.51 (2C, CHy), 30.22 (CH>), 31.86 (CH>), 47.51 (CH>), 48.46 (CH>),

50.01 (CHs), 121.72 (CH), 123.00 (CH), 137.02 (NCHN). HRMS (ESI+) m/z: Found 331.2057
[(M+H")*, (C16H20N203S™), 100%], expected 331.2050.
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HLbety,

Yield: 89%; H NMR (400 MHz, CDCls): 5 0.89 (t, 3J = 7.0

Cratasm BNy~ Nggg 12 SH). 1.24 —1.38 (br, 18H), 189 (m, 2H), 242 (m, 2H)

\—/ 2.87 (t, 3] = 6.9 Hz, 2H), 4.27 (t, %] = 7.5 Hz, 2H), 4.60 (t, 3 =

7.0 Hz, 2H), 7.22 (s, 1H), 7.57 (s, 1H), 9.72 (s, 1H). *C{*H}

NMR (100 MHz, CDCls): § 14.15 (CHs), 22.70 (CHy), 26.31 (CHz), 26.64 (CHz), 29.03 (CH2),

29.35 (CHy), 29.39 (CHy), 29.53 (CHy), 29.61 (2C, CHy), 30.26 (CH), 31.92 (CH), 47.35(CHy),

48.62 (CH,), 50.14 (CHy), 121.35 (CH), 122.64 (CH), 137.72 (NCHN). HRMS (ESI+) m/z: Found
359.2376 [(M+H)*, (C1sH3sN2035"), 100%], expected 359.2363.

HLbety,

Yield: 89%; 'H NMR (400 MHz, CDCls): § 0.87 (t, %) = 6.7

Cutasy By e P 3H), 1.24 — 1.38 (br, 22H), 1.89 (m, 2H), 2.42 (m, 2H),

\—/ 2.87 (t, %) = 6.9 Hz, 2H), 4.26 (t, 3] = 7.4 Hz, 2H), 4.59 (t, 3 =

7.0 Hz, 2H), 7.29 (s, 1H), 7.63 (s, 1H), 9.70 (s, 1H). *C{'H}

NMR (100 MHz, CDCls): § 14.15 (CHs), 22.71 (CHs), 26.32 (CHy), 26.68 (CH2), 29.05 (CH>),

29.38 (CH2), 29.41 (CH2), 29.55 (CH), 29.63 (CHy), 29.67 (2C, CH2), 29.70 (CHy), 31.93 (CHy),

47.35(CHy), 48.62 (CHy), 50.14 (CHy), 121.40 (CH), 122.82 (CH), 137.58 (NCHN). HRMS

(ESI+) m/z:  Found 387.2683 [(M+H)*,  (C2H39N203S"), 100%], expected
387.2676.

HLbetq

Yield: 93%; 'H NMR (400 MHz, CDCls): § 0.89 (t, % =7.0

CioHys~ BNy Hz, 3H), 1.20 — 1.40 (br, 26H), 1.89 (m, 2H), 2.42 (m, 2H),
\—/ 2.87 (t, %) = 6.9 Hz, 2H), 4.27 (t, %) = 7.5 Hz, 2H), 4.59 (t, %) =

7.0 Hz, 2H), 7.23 (s, 1H), 7.56 (s, 1H), 9.68 (s, 1H). C{*H}

NMR (100 MHz, CDCl3): & 14.16 (CHs), 22.71 (CH2), 26.32 (CHy), 26.59 (CH>), 29.05 (CH>),
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29.39 (CH2), 29.41 (CH2), 29.56 (CH2), 29.64 (CH2), 29.69 (CH>), 29.72 (2C, CHz), 30.25 (CHy),
31.94 (CHy), 47.34 (CHy), 48.61 (CH2), 50.14 (CHz), 121.39 (CH), 122.60 (CH), 137.64 (NCHN).
HRMS (ESI+) m/z: Found 4152991 [(M+H)*, (C22Ha3N203S*), 100%], expected
415.2989.

General procedure for the preparation of 1-(3-Bromopropyl)-3-alkylimidazolium bromide

N-alkyl imidazole (alkyl = CgH17, C10H21, C12H25, C14H29, and C16Hzs3) (30 mmol) was reacted with
a large excess (more than 3-fold) of 1,3-dibromopropane in acetonitrile (70 mL) at 50°C. At the
end of the reaction, the solvent was removed under reduced pressure and unreacted 1,3-
dibromopropane was removed by partitioning methanol solution of the crude with hexane in a
separatory funnel. The resulting viscous pale-yellow oil was purified by silica column
chromatography (CH3COCH3:CH3OH=10:1) to afford 1-(3-bromopropyl)-3-alkylimidazolium
bromide salts as a pale-yellow viscous oil.

C8ImPrBr

Yield: 68%; 'H NMR (& ppm, 400 MHz, CDCl5): 0.85 (t, 3] = 8.0 Hz,

CaHrry };iN ~~g, 3H) 120-1.35(m, 10H), 1.91 (m, 2H), 2.56 (m, 2H), 3.48 (t, 31=8.0

\—/ Hz, 2H), 4.33 (t, %) = 8.0 Hz, 2H), 4.62 (t, 3J = 8.0 Hz, 2H), 7.46 (s,

1H), 7.67 (s, 1H), 10.44 (s, 1H), ®C{"H} NMR (8 ppm, 100 MHz, CDCl3): 14.05 (CH3), 22.55

(CH2), 26.25 (CH2), 28.91 (CH.) 29.00 (CHy), 29.21 (CHs), 30.24 (CH), 30.31 (CHy), 31.64

(CH2), 32.75 (CH2Br), 48.36 (NCHy), 50.31 (NCH2), 121.98 (Cs), 122.86 (C4), 137.08 (C»),
HRMS (ESI) m/z: found 301.1288 [(M-Br)*, (C14H2sBrN2")], expected 301.1274.

C10ImPrBr

. Yield: 71%; 'H NMR (5 ppm, 400 MHz, CDCl3): 0.81 (t, 3] = 8.0

Br
Cioip By~ ~g, HZ 3H) 1.15-1.32 (m, 14H), 1.86 (m, 2H), 2.53 (m, 2H), 3.43 (¢,
\—/ 3] = 8.0 Hz, 2H), 4.26 (t, 3 = 8.0 Hz, 2H), 4.57 (t, 3] = 8.0 Hz,
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2H), 7.40 (s, 1H), 7.61 (s, 1H), 10.38 (s, 1H), *C{'H} NMR (8 ppm, 100 MHz, CDCls): 14.11
(CH3), 22.64 (CHy), 26.27 (CH2), 28.97 (CH2), 29.22 (CHz), 29.25 (CH,), 29.36 (CH3), 29.43
(CH2), 30.25 (CHy), 31.82 (CH2), 32.74 (CH.), 41.01 (CH.Br), 48.36 (NCH>), 50.33 (NCH>),
121.94 (Cs), 122.84 (Ca), 137.21 (C2), HRMS (ESI) m/z: 329.1602 [(M-Br)*, (CisH20BrN2"],
expected 329.1587.

C12ImPrBr

° Yield: 77%; *H NMR (& ppm, 400 MHz, CDCls): 0.87 (t, % =8.0
cqus\N,/B@{N/\/\Br Hz, 3H) 1.20-1.37 (m, 18H), 1.92 (m, 2H), 2.59 (m, 2H), 3.48 (t,
\—/ 8) = 8.0 Hz, 2H), 4.32 (t, 3] = 8.0 Hz, 2H), 4.63 (t, 3J = 8.0 Hz,
2H), 7.43 (s, 1H), 7.64 (s, 1H), 10.49 (s, 1H), *C{*H} NMR (& ppm, 100 MHz, CDCls): 14.11
(CHa), 22.66 (CH2), 26.28 (CH), 28.98 (CH,), 29.23 (CH2), 29.31 (CH,), 29.37 (CH.), 29.48
(CHs), 29.57 (2C, CH2), 30.25 (CH?>), 31.88 (CH>), 32.74 (CH2Br), 48.38 (NCH?2), 50.35 (NCHy),
121.86 (Cs), 122.80 (C4), 137.33 (C2), HRMS (ESI) m/z: 357.1898 [(M-Br)*, (CisH3sBrN2")],
expected 357.1900.

Cl14ImPrBr

s Yield: 65%; *H NMR (5 ppm, 400 MHz, CDClz): 0.90 (t, 31 = 8.0

Cratpe—p 7BV~ ~g, HZ 3H) 1.25-1.40 (m, 22H), 1.95 (m, 2H), 2.64 (m, 2H), 351 (t,

\—/ 3) = 8.0 Hz, 2H), 4.33 (t, 31 = 8.0 Hz, 2H), 4.66 (t, ) = 8.0 Hz,

2H), 7.25 (s, 1H), 7.40 (s, 1H), 10.89 (s, 1H), 3C{*H} NMR (8 ppm, 100 MHz, CDCls): 14.14

(CHa3), 22.70 (CH2), 26.30 (CH2), 28.96 (CHy), 29.57 (CH,), 29.48 (CH2), 29.59 (CH>), 29.65

(CH3), 29.68 (CH>), 30.22 (CH2), 31.93 (CH2), 29.32 (CH2), 32.36 (CH2Br), 48.36 (NCH>), 50.31

(NCH2), 121.21 (Cs), 122.36 (Cs), 138.19 (C2), HRMS (ESI) m/z: 385.2237 [(M-Br)",
(C20H37BrN2")], expected 385.2213.
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Cl16ImPrBr

. Yield: 72%; *H NMR (8 ppm, 400 MHz, CDCl3): 0.86 (t, 3] = 8.0
csts\N,/B@{N/\/\Br Hz, 3H) 1.22-1.40 (m, 26H), 1.93 (m, 2H), 2.60 (m, 2H), 3.50 (t,
\—/ 3) = 8.0 Hz, 2H), 4.32 (t, 3] = 8.0 Hz, 2H), 4.64 (t, %) = 8.0 Hz,
2H), 7.37 (s, 1H), 7.57 (s, 1H), 10.59 (s, 1H), *C{*H} NMR (& ppm, 100 MHz, CDCls): 14.05
(CHa), 22.69 (CH>), 26.29 (CHz), 28.98 (CHy), 29.26 (CH2), 29.36 (CHz), 29.38 (CH,), 29.50
(CHy), 29.60 (CH2), 29.65 (CH3), 29.69 (CHz), 30.24 (CHy), 31.92 (CHy), 32.71 (CH2Br), 48.40
(NCHy), 50.40 (NCHy), 121.66 (Cs), 122.65 (Ca), 137.58 (C2), HRMS (ESI) m/z: 413.2537 [(M-
Br)*, (C22H21BrN2")], expected 413.2526.

General procedure for the preparation of dicationic imidazolium salts, H2Gs-16, H2G™®.16
and HG'™3g 16

1-(3-bromopropyl)-3-alkylimidazolium bromide (1 mmol) (alkyl = CgH17, C1oH21, C12H2s, C14H29,
and CieHs3) was reacted with (1.5 mmol) of N-methyl imidazole, N-mesityl imidazole and
trimethylamine respectively in toluene (40 mL) under reflux for 48 h. At the end of the reaction,
the solution was cooled down to give two immiscible layers. The top layer was decanted carefully,
and the thick oily product was precipitated with acetone. The crude product was recrystallized in

acetone and dried under vacuum to yield white solid.
H2Gs

" o Yield: 88%; *H NMR (5 ppm, 400 MHz, CDCls): 0.81 (t, ) =
CoHrrmy B0y /\/\N@{N/ 7.0 Hz, 3H), 1.12-1.35 (m, 10H), 1.86 (m, 2H) 2.71 (m, 2H),

\—/ \—/ 4.00 (s, 3H, CH3N), 4.24 (t, 3] = 7.5 Hz, 2H), 4.61 (m, 4H),
7.45 (s, 1H), 7.57 (s, 1H), 8.03 (s, 1H), 8.11 (s, 1H), 9.69 (s, 1H), 9.86 (s, 1H), 3C{*H} NMR (5
ppm, 100 MHz, CDCl3): 14.06 (CHs), 22.54 (CHz), 26.30 (CH), 28.94 (CH), 29.01 (CH>), 30.09
(CHz), 30.95 (CH3), 31.65 (CH2), 36.97 (CH;), 46.59 (CH2), 46.63 (CHz), 50.22 (NCH;), 122.05
(Cs), 123.09 (Cs’), 123.45 (Ca), 123.64 (C4’), 136.28 (C2), 136.92 (C2’),. HRMS (ESI) m/z: found
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383.1800 [(M-Br)*, (CisH30BrNs)*, 100%], expected 383.1628, found 152.1689 [(M-2Br)%,
(C18H30N4)?*, 10%)], expected 151.6247.

H2G1o

o . Yield: 89%; 'H NMR (8 ppm, 400 MHz, CDCls3): 0.81 (t, 3] =
c1°H21\N’/@\\N/\/\N’/];<\N/ 7.0 Hz, 3H), 1.12-1.35 (m, 14H), 1.84 (m, 2H), 2.78 (m, 2H),

\—/ \—/ 3.98 (s, 3H, CH3N), 4.19 (t, 3 = 7.5 Hz, 2H), 4.65 (m, 4H),
7.24 (s, 1H), 7.31 (s, 1H), 8.13 (s, 1H), 8.16 (s, 1H), 10.01 (s, 1H), 10.08 (s, 1H), *C{*H} NMR
(8 ppm, 100 MHz, CDCl3): 14.13 (CHs), 22.66 (CH2), 26.32 (CHa), 28.97 (CH3), 29.23 (CH,),
29.36 (CH2), 29.44 (CHy), 30.12 (CH,), 30.96 (CH3), 31.83 (CH2), 36.83 (CH2), 46.69 (CHy),
46.74 (CHy), 50.35 (NCH>), 121.57 (Cs), 123.07 (Cs’), 123.71 (Ca4), 123.79 (C4’), 136.51 (Cy),
137.18 (C2’),. HRMS (ESI) m/z: found 411.2130 [(M-Br)*, (C20Hz4BrN4)*, 100%], expected
411.1941, found 166.1473 [(M-2Br)?*, (C20H34N4)?*, 8%)], expected 165.1386.

H2G12

o . Yield: 86%; *H NMR (5 ppm, 400 MHz, CDCls): 0.88 (t, 3] =
Cqus\N//@\\N/\/\N}S@{\,« 7.1 Hz, 3H), 1.22-1.35 (m, 18H), 1.90 (m, 2H) 2.87 (m, 2H),

\—/ \—/ 4.05 (s, 3H, CH3N), 4.25 (t, °J = 7.8 Hz, 2H), 4.74 (m, 4H), 7.28
(s, 1H), 7.34 (s, 1H), 8.20 (s, 1H), 8.23 (s, 1H), 10.12 (s, 1H), 10.18 (s, 1H), BC{*H} NMR (5
ppm, 100 MHz, CDCls): 14.14 (CHs), 22.69 (CH2), 26.32 (CH2), 28.97 (CHz), 29.33 (CHs), 29.37
(CH2), 29.50 (CH>), 29.59 (2C, CH>), 30.12 (CH>), 30.96 (CH3), 31.90 (CH>), 36.81 (CH>), 46.70
(CH>), 46.76 (CH2), 50.36 (NCHy), 121.49 (Cs), 122.97 (Cs’), 123.79 (C4), 123.83 (C4’), 136.53
(C2), 137.20 (C2’),. HRMS (ESI) m/z: found 180.1689 [(M-2Br)**, (C22HasN4)?*)], expected
179.1543, found 439.2441 [(M-Br)*, (C22HasBrNs)*, 20%)], expected 439.2254.
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H2Ga14

Yield: 92%; *H NMR (8 ppm, 400 MHz, CDCls): 0.81 (t, 3J =

C14H29\NE§\‘N/\/\N’}?§N/ 8.0 Hz, 3H), 1.15-1.30 (m, 22H), 1.84 (m, 2H) 2.81 (m, 2H),

\—/ \—/ 3.97 (s, 3H, CH3N), 4.17 (t, 2J = 7.0 Hz, 2H), 4.68 (m, 4H), 7.28

(s, 1H), 7.34 (s, 1H), 8.12 (s, 1H), 8.13 (s, 1H), 10.11 (s, 1H), 10.14 (s, 1H), *C{*H} NMR (5

ppm, 100 MHz, CDCls): 14.50 (CHs), 22.70 (CHz), 26.32 (CH2), 28.97 (CHz), 29.37 (2C, CH>),

29.50 (CHa), 29.60 (CH>), 29.65 (2C, CH?>), 29.69 (CH>), 30.12 (CH), 30.90 (CHs), 31.93 (CH>),

36.78 (CHy2), 46.73 (CH>), 46.81 (CH2), 50.39 (NCH?>), 121.36 (Cs), 122.80 (Cs’), 123.90 (Ca),

123.91 (Cs’), 136.57 (Cp), 137.26 (C2’),. HRMS (ESI) m/z: found 194.1768 [(M-2Br)*,

(C2sH42N4)?*, 100%)], expected 193.1699, found 467.2742 [(M-Br)*, (C24Ha2BrN4)*, 50%],
expected 467.2567.

H2Gis6

Yield: 90.1%; *H NMR (5 ppm, 400 MHz, CDCl3): 0.90 (t, %) =

Csts\Ngj\N/\/\N;@iN/ 7.1 Hz, 3H), 1.22-1.40 (m, 26H), 1.93 (m, 2H) 2.91 (m, 2H), 4.04

\—/ \—/ (s, 3H, CHsN), 4.24 (t, ) = 7.5 Hz, 2H), 4.79 (m, 4H), 7.19 (s,

1H), 7.21 (s, 1H), 8.16 (s, 1H), 8.17 (s, 1H), 10.20 (s, 1H), 10.22 (s, 1H), BC{*H} NMR (5 ppm,

100 MHz, CDClg): 14.15 (CHs), 22.70 (CH?2), 26.32 (CH2), 28.97 (CHa), 29.37 (2C, CHy), 29.51

(CH3), 29.60 (CH>), 29.66 (2C, CH>), 29.70 (2C, CH>), 30.12 (CH2), 30.89 (CH>), 30.97 (CHsa),

31.93 (CHy), 36.79 (CH2), 46.71 (CH2), 46.79 (CH2), 121.42 (Cs), 122.87 (Cs’), 123.86 (Ca),

123.86 (C4’), 136.57 (C2), 137.25 (C2’),. HRMS (ESI) m/z: found 208.1897 [(M-2Br)*,

(C26HasN4)?**, 100%], expected 207.1856, found 495.3053 [(M-Br)*, (CaaH2BrNs)*, 95%],
expected 495.2880.

H2G™Mesg

. Yield: 91%: 'H NMR (5 ppm, 500 MHz, CDCls): 0.87 (t,

Br 2
ST NP 3) = 7.0 Hz, 3H), 1.20-1.40 (m, 12H), 1.27 (m, 6H), 1.91
\=/ \=/ (M, 2H), 2.05 (s, 6H), 2.33 (s, 3H), 3.04 (m, 2H), 4.25 (t,
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3)=7.5Hz, 2H), 4.78 (t, 3] = 7.2 Hz, 2H), 4.95 (t, 31 = 8.0 Hz, 2H), 6.99 (s, 2H), 7.11 (s, 1H), 7.24
(s, 1H), 8.22 (s, 1H), 8.70 (s, 1H), 10.07 (s, 1H), 10.22 (s, 1H), 3C{*H} NMR (& ppm, 125 MHz,
CDCls): 14.04 (CHs), 17.63 (CHy), 21.09 (CHy), 22.55 (CH,), 26.27 (CHs), 28.87 (CHy), 28.97
(CHs), 30.11 (CHa), 31.52 (CHy), 31.63 (CH2), 46.98 (CH2), 47.00 (CHz), 50.32 (NCH,), 121.30
(Cs), 122.89 (Cs”), 124.17 (Ca), 124.76 (C4), 129.87 (2C, m-mesityl), 130.62 (p-mesityl), 134.15
(2C, o-mesityl), 136.47 (C,), 137.21 (C2’), 141.36(ipso-mesityl). HRMS (ESI) m/z: found
204.1592 [(M-2Br)%, (CasHasNa)?*, 30%], expected 203.1543, found 485.2433 [(M-Br)",
(C26H3sBrN4)*, 35%], expected 485.2275.

H2GM®10

. Yield: 93%; *H NMR (5 ppm, 500 MHz, CDCls): 0.88 (t,
cmHm\Ni@r\\N/\/\N,/B@iN 3] = 6.8 Hz, 3H), 1.24-1.40 (m, 12H), 1.27 (m, 6H), 1.92
\—/ \—/ (m, 2H), 2.06 (s, 6H), 2.37 (s, 3H), 3.05 (M, 2H), 4.25 (t, %J
=7.5Hz, 2H), 4.79 (t, 3 = 7.3 Hz, 2H), 4.96 (t, 3] = 8.0 Hz, 2H), 7.00 (s, 2H), 7.11 (s, 1H), 7.23
(s, 1H), 8.21 (s, 1H), 8.69 (s, 1H), 10.07 (s, 1H), 10.20 (s, 1H), *C{*H} NMR (5 ppm, 125 MHz,
CDCls): 14.10 (CHs), 17.63 (CH2), 21.10 (CH>), 22.65 (CH.), 26.29 (CHs), 28.93 (CH>), 29.21
(CHs), 29.33 (CH2), 29.42 (CHy), 30.12 (CH2), 30.29 (CHs), 31.57 (CH), 31.82 (CH>), 32.45
(CH2), 46.99 (CHy), 50.35 (NCH,), 121.23 (Cs), 122.89 (Cs’), 124.20 (Ca), 124.76 (C4’), 129.89
(2C, m-mesityl), 130.62 (p-mesityl), 134.16 (2C, o-mesityl), 136.47 (Cz), 137.20 (C>),
141.39(ipso-mesityl). HRMS (ESI) m/z: found 218.1742 [(M-2Br)?*, (CasHa2Ns)**, 50%],
expected 217.1699, found 515.2733 [(M-Br)*, (C2sH42BrNa4)*, 25%], expected 515.2567.

HoG™Mes1,
. Yield: 89%; H NMR (5 ppm, 500 MHz, CDCls): 0.81 (t,
Br Q
S SN 3) = 7.0 Hz, 3H), 1.24-1.15 (m, 18H), 1.85 (m, 2H), 1.98
=/ =/ (s, 6H), 2.28 (s, 3H), 2.99 (M, 2H), 4.16 (t, 3] = 7.5 Hz, 2H),

4.75 (t, 3] = 7.3 Hz, 2H), 4.90 (t, ] = 8.0 Hz, 2H), 6.94 (s, 2H), 7.02 (s, 1H), 7.09 (s, 1H), 8.06 (s,
1H), 8.56 (s, 1H), 9.97 (s, 1H), 10.14 (s, 1H), 3C{*H} NMR (& ppm, 125 MHz, CDCls): 14.12
(CHa), 17.61 (CHo), 21.11 (CHy), 22.68 (CH2), 26.30 (CH3), 28.93 (CHy), 29.32 (CHs), 29.47
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(CH_2), 29.57 (CH2), 29.58 (CH2), 30.12 (CH.), 30.94 (CHs), 31.48 (CH2), 31.90 (CHy), 47.01
(CH_), 47.07 (CHy), 50.57 (NCH_), 121.08 (Cs), 122.87 (Cs’), 124.20 (Ca), 124.69 (C4), 129.92
(2C, m-mesityl), 130.58 (p-mesityl), 134.13 (2C, o-mesityl), 136.52 (C;), 137.19 (C>),
141.47(ipso-mesityl). HRMS (ESI) m/z: found 232.1882 [(M-2Br)?*, (CaoHasN4)?*, 85%],
expected 231.1856, found 541.3055 [(M-Br)*, (CaoHsBrNs4)*, 55%], expected 541.2901.

HoGMesyy

o . Yield: 86%; *H NMR (5 ppm, 500 MHz, CDCls): 0.89 (t,
c14H29\N/;xN/\/\N5@§N 3] = 7.0 Hz, 3H), 1.20-1.38 (m, 22H), 1.93 (m, 2H), 2.07

=/ =/ (s, 6H), 2.36 (s, 3H), 3.07 (M, 2H), 4.25 (t, ) = 7.5 Hz,
2H), 4.82 (t, 3] = 7.2 Hz, 2H), 4.98 (t, J = 8.0 Hz, 2H), 7.02 (s, 2H), 7.10 (s, 1H), 7.18 (s, 1H),
8.17 (s, 1H), 8.66 (s, 1H), 10.05 (s, 1H), 10.21 (s, 1H), *C{*H} NMR (& ppm, 125 MHz, CDCl5):
14.13 (CHs), 17.62 (CHy), 21.10 (CHy), 22.69 (CH2), 26.31 (CH3), 27.91 (CH.), 28.94 (CHy),
29.35 (2C, CHa), 29.48 (CHy), 29.57 (CHy), 29.64 (2C, CHy), 29.67 (CH>), 30.12 (CHy), 31.46
(CH2), 31.92 (CHy), 47.01 (CHy), 47.06 (CH>), 50.39 (NCH?2), 121.14 (Cs), 122.87 (Cs’), 124.18
(C4), 124.71 (C4’), 129.91 (2C, m-mesityl), 130.59 (p-mesityl), 134.14 (2C, o-mesityl), 136.52
(C2), 137.21 (C2’), 141.45(ipso-mesityl). HRMS (ESI) m/z: found 246.2079 [(M-2Br)®",
(C32Hs0N4)?*, 100%], expected 245.2012, found 571.3361 [(M-Br)*, (Cs2HsoBrNa)*, 20%],
expected 571.3193.

HaG™s16

. ; Yield: 92%; *H NMR (5 ppm, 500 MHz, CDCls): 0.86 (t, %
S PN = 7.1 Hz, 3H), 1.20-1.35 (m, 26H), 1.88 (m, 2H), 2.04 (s,

\—/ \=/ 6H), 2.32 (s, 3H), 3.01 (m, 2H), 4.24 (t, 3] = 7.5 Hz, 2H),
4.76 (t, 3 = 7.2 Hz, 2H), 4.93 (t, 3] = 8.0 Hz, 2H), 6.98 (s, 2H), 7.11 (s, 1H), 7.24 (s, 1H), 8.24 (s,
1H), 8.69 (s, 1H), 10.03 (s, 1H), 10.12 (s, 1H), 3C{*H} NMR (5 ppm, 125 MHz, CDCls): 14.11
(CHs), 17.64 (CH2), 21.08 (CHy), 21.44 (CH,), 22.67 (CHy), 26.30 (CH3), 28.95 (CHy), 29.34 (2C,
CHa), 29.35 (CH2), 29.48 (CH2), 29.63 (2C, CH,), 29.67 (2C, CHy), 29.68 (CH), 30.12 (CH),
31.59 (CHz), 31.90 (CHz), 46.92 (CHy), 47.00 (CH2), 50.29 (NCHy), 121.35 (Cs), 122.91 (Cs’),
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124.15 (Ca4), 124.78 (Cy4’), 129.85 (2C, m-mesityl), 130.64 (p-mesityl), 134.17 (2C, o-mesityl),
136.42 (C2), 137.20 (C2’), 141.31(ipso-mesityl). HRMS (ESI) m/z: found 260.2238 [(M-2Br)?",
(C3sHs4N4)?*, 20%], expected 259.2169, found 599.3655 [(M-Br)*, (CssHssBrNa)*, 5%], expected
599.3506.

HGtMag
o 2 Yield: 81%; 'H NMR (400 MHz, CDCls): & 0.86 (t, 3J = 6.3 Hz,
C8H17\N//@\\N/\/\,L®/ 3H), 1.20 — 1.40 (m, 26H), 1.93 (m, 2H), 2.81 (m, 2H), 3.47 (s,
\—/ | 9H), 4.03 (t, 3 = 8.0 Hz, 2H), 4.26 (t, 3 = 7.5 Hz, 2H), 4.71 (t, 3
= 7.3 Hz, 2H), 7.39 (s, 1H), 8.24 (s, 1H), 10.02 (s, 1H). BC{H}
NMR (8 ppm,100 MHz, CDCl3): & 14.15 (CHs), 22.70 (2C, CHy), 24.72 (CHy), 26.40 (CH>), 29.04
(CHz), 29.38 (CH2), 29.44 (CH,), 29.56 (CH2), 29.65 (CH>), 29.67 (CH2), 29.69 (CH>), 29.72 (3C,
CHs), 30.07 (CH2), 31.93 (2C, CH>), 46.65 (CHy), 50.44 (CH>), 54.07 (CH>), 62.73 (CH.), 121.80
(Cs), 123.72 (Ca), 136.48 (Cz). HRMS (ESI+) m/z: Found 140.6431 [(M-2Br)%*, (CasHsiN3)?*,
60%], expected 140.1371.

HGMayg
. o Yield: 86%; 'H NMR (400 MHz, CDCls): § 0.80 (t, 3J = 6.6
Br Br
R N N Hz, 3H), 1.10 — 1.30 (m, 26H), 1.86 (m, 2H), 2.68 (m, 2H), 3.41
\—/ | (s, 9H), 3.88 (t, 3 = 8.0 Hz, 2H), 4.22 (t, 3J = 7.5 Hz, 2H), 4.60
(t, 3 = 7.4 Hz, 2H), 7.44 (s, 1H), 8.15 (s, 1H), 9.85 (s, 1H).
3C{*H} NMR (5 ppm,100 MHz, CDCls): & 14.11 (CHs), 22.63 (CHy), 24.55 (CH>), 26.37 (CH>),
29.03 (CHy), 29.24 (CH>), 29.41 (CHy), 29.47 (CH>), 30.05 (CH2), 31.82 (3C, CH3), 46.62 (CHy),
50.34 (CH.), 53.83 (CH>), 62.65 (CH2), 122.08 (Cs), 123.51 (C4), 136.35 (C2). HRMS (ESI+) m/z:
Found 388.2320 [(M-Br)*, (C1gH39BrNs)*, 80%], expected 387.2244.
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HGMay,

. . Yield: 81%; 'H NMR (400 MHz, CDCl3): 8 0.86 (t, ) = 7.1

CaHas—y };gN /\/\»'1:; Hz, 3H), 1.20 — 1.40 (m, 26H), 1.93 (m, 2H), 2.81 (m, 2H), 3.47
\—/ | (s, 9H), 4.03 (t, 3] = 8.0 Hz, 2H), 4.26 (t, %) = 7.6 Hz, 2H), 4.71

(t, 3] = 7.4 Hz, 2H), 7.39 (s, 1H), 8.24 (s, 1H), 10.02 (s, 1H).

13C{'H} NMR (8 ppm,100 MHz, CDCls): & 14.15 (CHs), 22.70 (2C, CHy), 24.72 (CH>), 26.40
(CHz), 29.04 (CH2), 29.38 (CHy), 29.44 (CHz), 29.56 (CHy), 29.65 (CHz), 29.67 (CH2), 29.69
(CHz), 29.72 (3C, CH3), 30.07 (CHy), 31.93 (2C, CH2), 46.65 (CHy), 50.44 (CH2), 54.07 (CHy),
62.73 (CHy), 121.80 (Cs), 123.72 (Ca), 136.48 (C2). HRMS (ESI+) m/z: Found 416.2624 [(M-

Br)*, (C21H43BrNs)*, 55%], expected 415.2557.

HG™a,

o e Yield: 88%; 'H NMR (400 MHz, CDCls): & 0.86 (t, %) = 6.7

°14”29\N@N/\/\r|4@/ Hz, 3H), 1.20 — 1.40 (m, 26H), 1.93 (m, 2H), 2.81 (m, 2H), 3.47

\—/ | (s, 9H), 4.03 (t, %) = 8.0 Hz, 2H), 4.26 (t, 3] = 7.6 Hz, 2H), 4.71

(t, 3 = 7.3 Hz, 2H), 7.39 (s, 1H), 8.24 (s, 1H), 10.02 (s, 1H).

BC{*H} NMR (8 ppm,100 MHz, CDCl3): & 14.15 (CHa), 22.70 (2C, CH>), 24.72 (CH>), 26.40

(CH2), 29.04 (CH>), 29.38 (CHy), 29.44 (CHy), 29.56 (CH>), 29.65 (CH>), 29.67 (CHy), 29.69

(CH2), 29.72 (3C, CH3), 30.07 (CHy>), 31.93 (2C, CHy>), 46.65 (CH2), 50.44 (CH,), 54.07 (CHy),

62.73 (CHy), 121.80 (Cs), 123.72 (Cy4), 136.48 (C2). HRMS (ESI+) m/z: Found 182.6956 [(M-
2Br)?*, (Ca3Ha7N3)?*, 100%], expected 182.1841.

HGMaq

. o Yield: 86%; *H NMR (400 MHz, CDCls): & 0.86 (t, %) = 7.1
Br Br
CigHzs— 780y /\/\,L 5 Hz, 3H), 1.20 — 1.40 (m, 26H), 1.93 (m, 2H), 2.81 (m, 2H), 3.47
\—/ | (s, 9H), 4.03 (t, 3 = 8.0 Hz, 2H), 4.26 (t, 3J = 7.6 Hz, 2H), 4.71
(t, 3 = 7.3 Hz, 2H), 7.39 (s, 1H), 8.24 (s, 1H), 10.02 (s, 1H).
BBC{'H} NMR (8 ppm,100 MHz, CDCl3): § 14.15 (CHs), 22.70 (2C, CHy), 24.72 (CH>), 26.40
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(CH2), 29.04 (CH>), 29.38 (CHy), 29.44 (CHy), 29.56 (CH2), 29.65 (CH>), 29.67 (CHy), 29.69
(CH2), 29.72 (3C, CHs), 30.07 (CH>), 31.93 (2C, CH>), 46.65 (CH2), 50.44 (CH3), 54.07 (CHy),
62.73 (CH2), 121.80 (Cs), 123.72 (C4), 136.48 (C2). MS (ESI+) m/z: Found 196.7123 [(M-2Br)%,
(Cas5Hs1N3)?*, 100%], expected 196.1997.

Electrical Conductivity Measurements

The specific conductivities of the solutions were measured at (298.15 + 0.1) K using Mettler
Toledo Conductivity Meter (InLab 738 model) with a cell constant of 1.00 cm™ and having a
sensitivity of 0.1 uS-cm™. Temperature was maintained constant within 0.1 K using a constant
temperature bath and the dip type conductivity probe provided with the instrument has an inbuilt
temperature probe. Prior to measurements, this probe was calibrated with standard aqueous KCI
solution (1413 puS/cm). The CMC values of HLs-16, HL™®g.16, H2Gs-16 and H2G™M*s-16 were
determined by preparing various concentrations of surfactant molecules by dilution method in
aqueous solution and the conductivity of these solutions were measured at 298 K after thorough
mixing. Three measurements were made for each concentration and only the mean values were

taken into consideration.
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Chapter 3

Synthesis and Characterisation of Silver (I) N-Heterocyclic Carbenes
3.1. Introduction

NHCs act as excellent strong c-donors and can be used as ligands for both transition' 2 and main
group metals.® Research activities on the metal complexes of NHCs are on the rise because of their
chemistry and wide area of applications.®° Amongst the metal complexes of NHCs, Ag(l)-NHCs
have enjoyed considerable interest due to their diverse structures in the solid-state, their use as
carbene transfer reagents® ' 12 and their application as antimicrobial® and antitumor agents.*3
Arduengo et. al., in 1993, synthesized the first Ag(l)-NHC from a free carbene route by
deprotonating 1,3-dimesityl imidazolium salt with KH and subsequent reaction of the free carbene
with AgO3SCF3 (Scheme 3.1).14 One of the problems associated with this method is the difficulty

of generating

2, R R

AgO3SCF3

(), —— [y % =]

SRS

Scheme 3.1: First example of Ag-NHC

CF;S0;~

free carbenes due to their high reactivity and sensitivity to moisture, air and heat.!* The pioneering

efforts of Arduengo and coworkers in 1993 and the challenges thereof, spurred other scientists on
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and this has led to the development of other synthetic methods that are relatively easier and some
of these methods involve in-situ deprotonation of the azolium salt with a basic silver (1) salt
independently reported by Betrand et. al.?® in 1997, Lin et. al.?® in 1998 and Danopoulos et. al.t’
in 2000 as depicted in Scheme 3.2 below.

Lin et. al.

R R
1 /
N Betrand et. al. ' Danopoulos et. al 7N
- . al. L al. - N
L ]i (§> X o+ Ag(OAc) / Na,CO;4 > [(NHC)AgX] -« L ]i (?> X+ Ag,CO,
Ny N Ny N
\
\R R

Scheme 3.2: Preparation of Ag(l)-NHCs by in-situ deprotonation of NHCs with basic silver salts

The use of Ag20 has made the preparation of silver(I)-NHC complexes easier and the reactions
can be performed at room temperature, in a variety of solvents including water with little work
up.t8-2% Of all the available synthetic methods, the method proposed by Lin and coworkers is by
far the easiest and the fact that this procedure can be carried out in water suggests that the
deprotonation of the azolium salt and its coordination to silver(l) is a concerted process and does
not involve generation of free carbene at any point owing to its sensitivity to moisture and air.% 8
Complexes of Ag(l)-NHC have been found to show diverse structures in the solid-state and this
depends on the ratio of silver reagent to the imidazolium salts used in the synthesis, the nature of
the NHC ligand, the source of the silver, counter anions, solvent and temperature.? 2! Based on the
available research publications on monocationic and dicationic azolium salts with coordinating
(halides) and non-coordinating anions, varying solid state structures of Ag(l)-NHCs have been
observed as shown in Scheme 3.3.27:16:20.2226 | in and coworkers in 2007 compared the structures

obtained from Ag(1)-NHCs derived from a short chain and long chain azolium, benzimidazolium

83



Chapter 3
Synthesis and Characterisation of Silver(l) N-heterocyclic Carbenes

and triazolium halides. Extended Ag---Ag interactions were observed to be dominant and in some
cases Ag---halide interactions extended the moiety to form an infinite one-dimensional polymer
of Ag(l)-NHCs with short-chains, while chain—chain interactions were found to dominate Ag(l)-
NHCs derived from long-chain azolium, benzimidazolium and triazolium halides.?! The nature of
the chemical bond in Ag(l)-NHCs are about 65% electrostatic and approximately 35% covalent
and is the weakest among the group 11 triad.?’ Lack of 1°71%Ag-13C coupling in *C NMR
spectrum enabled Lin et. al. to conclude that Ag(l)-NHCs are labile in solution and established
their role as NHC transfer agents in the development of many other metal-NHCs.® Besides the
use of Ag(l)-NHCs as transmetallating agents, they have found use in catalysis®® % and
pharmaceutical applications.® ° Initial synthetic effort in our group showed that Ag(l)-NHCs
exhibited high activity against methicillin-resistant S. aureus (MRSA) NCTC 13277 and moderate
activity against S. aureus NCTC 6571, P. aeruginosa NCTC 10662, and P. mirabilis NCTC
11938.°

3.2. Aims

The aim of this chapter was to prepare five series of new Ag(l)-NHC complexes of general
composition [NHC-Ag-Br] and Na*[NHC-Ag-CI]- derived from amphiphilic imidazolium
proligands, HLs-16, HL™Ss.16, HGg-16, HG™®%s.16 and HL %16 respectively, described in chapter
2.

In order to sustain the development of new and more efficient silver-based antibacterial agents and
to raise the existing ability to treat infectious diseases, especially those caused by multidrug-
resistant organisms, we have designed five series of Ag(I)NHCs, Ls-16-Ag-Br, L™s.16-Ag-Br,
Na[LP ®%s.16-Ag-Cl], Gs-16-Ag-Br and G™g.16-Ag-Br.

All the Ag(l)-NHC complexes described herein were characterised by H and *C NMR
spectroscopy and HRMS.
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Scheme 3.3: Common solid-state structures of Ag(l)-NHCs obtained from monocationic and

dicationic azolium salts
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R\ _— .
N\=/N R\N/\Np/

Lg.

8-16 Lme58-16
Lbet
8-16 G8-16
R\N/\N/\/\N/\N )
\—/ \__/ R = CgHy7, C1oH21, C12H2s;,
C14H29, C4gH33
Gme58_16

Figure 3.2: NHC ligands used in this study (the synthesis of their salt precursors is discussed in
Chapter 2)
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3.3. Results and Discussion

3.3.1. Synthesis of Silver(l) N-Heterocyclic Carbene Complexes

Ag(Il)-NHCs derived from imidazolium salts (proligands) HLs-16 and HL™s.16, bearing alkyl
groups with carbon chains ranging from eight to sixteen on the N1 nitrogen of the imidazole ring
and with methyl and mesityl attached to the N3 nitrogen respectively, were prepared by an
established method described in the literature that involves the use of basic Ag20.%® The reaction
of HLs-16 and HL™®g.16 with a slight excess of silver(l) oxide in dichloromethane at room
temperature for about 12 h afforded Ls-16-Ag-Br and L™®g.16-Ag-Br in good yields respectively
(Schemes 3.4 and 3.5).

Br
Br@ Alg
RN7ONN— Ag,0 . R\N)\N/ R= 23“;7, C(1:OH:I1’ C12H2s,
\—/  pCM, RT, Dark, 12h \—/ 147729 167133
Hbg16 Lg 16-Ag-Br
Scheme 3.4: Synthesis of Ls-16-Ag-Br
Br
Br@ Alg
R-\78yy e > R A
~N" °N R = CgHy7, C4oHzy,
\—/ DCM, RT, Dark, 12h \/ CiHas,
C14H29, C46H33
HL™%g 14 L™, | 6-Ag-Br

Scheme 3.5: Synthesis of L™®g.16-Ag-Br
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With the same procedure and reaction conditions described in Schemes 3.4 and 3.5 for Ls-16-Ag-
Br and L™g.16-Ag-Br above, a mixture of the salts HL %316 and Ag20 was stirred at room
temperature for 1h after which appropriate amount of NaCl was added to the mixture. The reaction
was stopped after 12 h and the desired NHC complexes [L"¢%s.16-Ag-CI]- Na* were obtained with
about ~65% vyield (reaction was monitored by the disappearance of the acidic proton in the
imidazolium precursor by *H NMR spectroscopy) alongside the starting salts HLet%s.16 (~35%).
To improve the yield of the desired Ag(l)-NHC complexes and make their isolation easier, the
reaction time was increased from 12 h to 48 h, after which total conversion to [L¢%.16-Ag-Cl]-

Na* was achieved (Scheme 3.6).

(|:I
A
> R = CgH47, C4oH54, C4oH
—_ R < . 8'117, ~10'7121, ~121125
\—/ DCM, RT, Dark, 48h NN 50, N C14Ha0, C1gHa3
HL g ;g Na |LP®;_-Ag-Cl]

Scheme 3.6: Synthesis of Na[L ¢%.16-Ag-Cl]

Similarly, the two series of dinuclear Ag(l)-NHCs derived from H2Gs-16 and H2G™®g.16 require a
longer reaction time (2 days) to obtain good yields. Gs-16-Ag-Br and G™s.16-Ag-Br were prepared
as highlighted in Schemes 3.7 and 3.8.
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?r ?r
éar éar Ag Ag
PN NN 0, A A
~nNZEN AN -
N ® N N“NT" hCM, RT, Dark, 4sh  "N7 NN SN
= \=/ \ . / \ _ /
H,Gg 16 Gg 16-Ag-Br

R = CgH47, C4oH2q, C42H2s,
Cq4H3g, C1gH33

Scheme 3.7: Synthesis of Gg-16-Ag-Br

Br Br
e © A A
Br Br Ag,0 i i
Ry 25 N >
NSNS TSN DCM, RT, Dark, 48h  R~N" NN\
\—/ \—/ \—/ \—/
HZGmes8-16 Gmess_lﬁ-Ag-Br

R = CgH47, C4oH24, C12H3s,
C14H29, C6H33

Scheme 3.8: Synthesis of G™*g.16-Ag-Br

All the Ag(l)-NHC complexes prepared were manipulated in the dark to avoid interaction of Ag(l)
with light during the syntheses. The reactions were worked up by filtration through a pad of celite
and the filtrates were dried under vacuum to obtain off-white solids, or waxy-like material in the
case of L™M®g.16-Ag-Br. The products were purified by precipitation from the slow addition of
diethyl ether into concentrated chloroform solutions of the crude products. The complexes are
generally stable to moisture and light however, [L"%.16-Ag-Cl]- Na* derived from L"®%.16 were found
to decompose after a few days. The compounds turned grey and sticky, and the *H NMR analysis

confirmed the presence of some zwitterionic precursors.
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3.3.2. 'H and C NMR study of silver(l) complexes

'H and *C NMR spectroscopy are two of many characterization techniques heavily relied upon
by organometallic chemists in the analysis of Ag(l)-NHC complexes. The progress of the reaction
between the NHC precursor and Ag20 can be monitored by *H NMR spectroscopy following the
disappearance of the acidic proton on C2 of the imidazolium precursor. However, the use of protic
NMR solvents could pose a challenge because of the deuterium exchange with the C2 proton. This
could lead to misinterpretation of the *H NMR spectra due to the apparent absence of the C2 proton
in this case. *C NMR measurements complement the information provided by *H NMR and reveal
more information on the bonding nature of Ag-NHCs in solution. For instance, silver isotopes,
107Ag and 1°Ag, are NMR active, with a nuclear spin of % each. As a result, the splitting pattern
of the 13C resonance of the carbenic carbon bound to the Ag(l) ion is expected to give a pair of
doublet with different chemical shifts which is actually a singlet with °1Ag satellites.?
However, very few of the Ag(l)-NHC complexes reported to date exhibit this coupling pattern
with the majority producing sharp single peaks and others showing no resonance at all for the
carbenic carbon. This observation guided Lin and coworkers to propose that Ag(l)-NHCs are
dynamic in solution with a plausible fluxional behaviour between mono- and bis-carbenes as

shown in Scheme 3.9 for halogeno Ag(l)-NHC complexes.? 16/

N N PR N N
©: >_Ag_§ :@ - . N SN, =—= 28r-a0< @
’i‘ /Alg/B /N >_Aq /\'\g‘Br /N
eBr Et N\ Br Et

Et

Scheme 3.9: Fluxional behaviour of Ag(l)-NHCs in solution

Formation of the series of Ls-16-Ag-Br, L™*g.16-Ag-Br and L"*%s.16-Ag-Br was confirmed by the
disappearance of the resonance at approximately 10 ppm in the *H NMR spectra and this affirms
the deprotonation of the acidic hydrogen of the imidazolium moieties. Additionally, the protons
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on the C4 and C5 carbons on the imidazole ring were shifted upfield with resonances at 7.00 and
7.01, 6.97 and 7.19, and 7.52 ppm for Ls-16-Ag-Br in CDCls, L™s.16-Ag-Br in CDClz and L*g 16-
Ag-Br in d®-dmso respectively (Appendixes A, B and C) as a result of coordination to Ag(1l). For
example, Figure 3.3 show the stacked *H NMR spectra of the proligands with C12Hzs alkyl side
chain of HL12 and its corresponding Ag(l)-NHC, Li2-Ag-Br.

The most significant feature of the 13C NMR spectra of Ls-16-Ag-Br, is the resonance signal around
180 ppm corresponding to the carbenic carbon atom (NCN-Ag) (Table 3.1), which appears in the
typical range of other 5-membered NHC complexes of Ag(l),> % and the loss of the resonance
signal around 137 ppm in the 3C NMR spectra of proligands as can be seen in the stacked *C
NMR spectra of HL12 and L12-Ag-Br in Figure 3.4. The 3C NMR spectra of L™g.16-Ag-Br and
L betg16-Ag-Br did not show a low field resonance signal that can be attributed to NCN-Ag, however,
the disappearance of the C2 peak between 136-140 ppm confirmed the formation of the desired
Ag(l)-NHC complexes.

The *H NMR spectra of the two series of Ag(1)-NHCs derived from Gemini imidazolium salts, Ge-
16-Ag-Br and G™®s.16-Ag-Br in d5-dmso show four resonance signals attributed to C4, C4°, C5 and
C5’ of the two imidazolium motifs around 7.50-7.65 and 7.40-7.90 ppm respectively (Appendixes
E and F). Furthermore, the absence of the two peaks due to the acidic hydrogens on C2 and C2’
confirmed the formation of Gs-16-Ag-Br and G™®%.16-Ag-Br (Figure 3.5 shows stacked *H NMR
spectra of H2G12 and L12-Ag-Br). The *C NMR spectra show the loss of the resonance peaks of
the two N-C-N sp? carbon between 141.47 and 136.28 ppm and two low field signals, attributed
to the two carbenic carbon between 179-182 ppm (Table 3.1 and Figure 3.6 which shows stacked
13C NMR spectra of H2G12 and L12-Ag-Br). Just like Ls-16-Ag-Br, L™s.16-Ag-Br and L%t 16-Ag-
Br, the dinuclear Ag(l)-NHCs, Gs-16-Ag-Br and G™*s.16-Ag-Br did not show any coupling between
carbenic carbon and silver isotopes, 1°’Ag and Ag. The lack of coupling between carbenic
carbon and silver isotopes in all the Ag(l)-NHCs suggests these complexes are dynamic in solution
with labile Ag-Ccarmene bond(s) which enhance(s) the formation of equilibrium between

mononuclear and dinuclear species (Scheme 3.9).2 %7
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L,,-Ag-Br

L2

1 {ppm}

Figure 3.3: Stacked *H NMR spectra of HL12and L12-Ag-Br in CDCl3using Bruker 400 MHz at
room temperature
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Figure 3.4: Stacked *C{*H} NMR spectra of HL12and L12-Ag-Br in CDCl3using Bruker 400
MHz at room temperature
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G,-Ag-Br
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Figure 3.5: Stacked 'H NMR spectra of H2G12in CDCls and Gi12-Ag-Br in d5-DMSO using
Bruker 400 MHz at room temperature
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G,,-Ag-Br
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Figure 3.6: Stacked *C{*H} NMR spectra of H2G12 in CDCls and Gi2-Ag-Br in d5-DMSO using
Bruker 400 MHz at room temperature
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Table 3.1: *C{*H} NMR Chemical Shifts of the Carbenic Carbon of the Ag-NHC Complexes

Complex Solvent o (Ag-C) Appearance of signal
Ls-Ag-Br CDCls 181.35 Singlet
Li0-Ag-Br CDCl3 181.38 Singlet
L12-Ag-Br CDCl3 181.43 Singlet
L1s-Ag-Br CDCl3 181.43 Singlet
Lie-Ag-Br CDCl3 181.47 Singlet
L™mess-Ag-Br CDCls --n-)
L™*10-Ag-Br CDCl3
LMes;,-Ag-Br CDCls
LMes;4-Ag-Br CDCls
L™*6-Ag-Br CDCl3
LP%%-Ag-Br ds-DMSO
LP¢0-Ag-Br d®-DMSO 176.23 Singlet
L ',-Ag-Br d®-DMSO
Lb¢t4-Ag-Br ds-DMSO 179.25 Singlet
LP¢6-Ag-Br d®-DMSO
Gs-Ag-Br d%-DMSO 179.60, 180.37 Singlet
G1o-Ag-Br d%-DMSO 179.82, 180.55 Singlet
G12-Ag-Br d®-DMSO 179.72, 180.48 Singlet
Gu4-Ag-Br d®-DMSO 179.88, 180.64 Singlet
Gis-Ag-Br d®-DMSO
G™5-Ag-Br d®-DMSO 179.49, 181.17 Singlet
GM*10-Ag-Br d®-DMSO 179.60, 181.27 Singlet
G™1,-Ag-Br d®-DMSO 179.44, 181.13 Singlet
GM14-Ag-Br d®-DMSO 179.36, 181.02 Singlet
GM*16-Ag-Br d®-DMSO 179.57, 181.23 Singlet

1)(0™S Ag-C) Hz, not observed; a) not observed.
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3.3.3. HRMS study of silver(l) complexes

Mass spectrometry is one of the techniques that has+ been used to analyse Ag(l)-NHCs and of all
the modes of ionization, electrospray ionization mass spectrometry (ES-MS), seems to be the mode
of choice for the characterization of Ag(1)-NHC complexes.? Danopoulos et. al., were the first to
report the analysis of Ag(l)-NHCs by ES-MS and in their work, they found that Ag(l)-NHCs with
halide ligand with solid-state motifs of [NHC-Ag-X] form biscarbenes [NHC-Ag-NHC]" in the
gas phase (Scheme 3.10).%

r R R R R
N N N
ES-MS N . N +
[ >—Ag‘Bl‘ —»[ >—Ag~< jl +/ [ >—Ag-N: +/ [/>
N N Y N
R R R R R

Scheme 3.10: Observed splitting and rearrangement pattern of halogeno silver-NHC complexes,
C-Ag-X, in the gas phase

Douthwaite and coworkers and Pellei and coworkers also reported the formation of biscarbenes
and imidazolium cations in the gas phase®® *° while several others reported only the formation of
biscarbenes for Ag(l)-NHCs whose solid-state structure is of the type [NHC-Ag-X].> 40 4
Furthermore, [M-AgBr + H]" was reported for dinuclear [NHC-Ag»-Br] by Castro et. al. (Scheme
3.11).42

98



Chapter 3
Synthesis and Characterisation of Silver(l) N-heterocyclic Carbenes

: ?f
?r Algr Ag
Ag ES-MS )\
> N~ /\(-D N N/
\N)\N\/\N)\N/ N_N\/\ \
\__/ \—/ =/

Scheme 3.11: Observed splitting and rearrangement pattern of dinuclear halogeno silver NHC

complexes, bisSNHC-Ag2-X2, in the gas phase

In addition to *H and *C NMR spectroscopy, ES-HRMS was used to analyse all the Ag(l)-NHC
complexes prepared in this project. The fragmentation and isotopic pattern were carefully
examined and studied in detail. Ls-16-Ag-Br, L™s16-Ag-Br and L%t 16-Ag-Br show three major
peaks with [Ag(NHC):]* as the base peak, [NHC-Ag-NCCHs]* and the corresponding
imidazolium cation (NHC-H) fragment ions (Figures 3.7, 3.8 and 3.9 show some examples). The
fragment ions observed in the ES-HRMS contains acetonitrile because it is one of the commonly
used solvents for ES-HRMS analysis. Largely, the fragment ions observed are similar to what has

been reported in the literature for halogeno NHC-Ag-X type of Ag(l)-NHC complexes.
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Figure 3.7: ES-HRMS (positive mode) spectrum of Li2-Ag-Br
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Figure 3.8: ES-HRMS (negative mode) spectrum of L™®12-Ag-Br
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Figure 3.9: ES-HRMS (positive mode) spectrum of Lb¢t,-Ag-Br
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The spectra of Gs-16-Ag-Br and G™*s-16-Ag-Br have peaks corresponding to the imidazolium
cation (bis-NHC-H) fragment ions as the base peak respectively (some examples are depicted in
Figures 3.10 and 3.11). Also, the spectra of these complexes show peaks that are attributed to the
free bis-carbenes (bis-NHC), [(bis-NHC)2-Ag2]?*, [bis-NHC-Ag.-Br]* and [bis-NHC-Ag-Br]*
fragment ions respectively. This is in agreement with the ES-MS data of dinuclear halogeno [bis-

NHC-Ag.-Br] reported by Castro and coworkers*? and Dervisi et al.’
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Figure 3.10: ES-HRMS (positive mode) spectrum of Gi2-Agz-Br2
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Figure 3.11: ES-HRMS (positive mode) spectrum of G™M®12-Ag2-Br2
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3.4. Experimental
General Remark

All reactions were carried out under aerobic conditions unless otherwise specified and all reagents
were purchased from commercial sources and used without further purification. *H and **C NMR
spectra were recorded on a Bruker 400 MHz or 500 MHz spectrophotometer and recorded in
deuterated solvents and the chemical shifts are given in ppm. Coupling constants J are given in
hertz (Hz). High-resolution mass spectra were obtained as appropriate (in positive and negative

modes) using a Waters LCT Premier XE instrument and are reported as m/z (relative intensity),

General procedure for the synthesis of Ag(l)-NHCs

The appropriate imidazolium salts or zwitterions (2 mmol) and Ag.O (1.2 equivalent) were
dissolved and suspended respectively in 50 mL of CH2Cl> and the mixture was stirred at room
temperature under darkness to avoid interaction with light for 12 and 48 h respectively for Ls-16-
Ag-Br, L™Msg16-Ag-Br and Na[L%%.16-Ag-Cl], Gi2-Ag2-Brz, G™12-Agz-Bra.  Appropriate
amount of NaCl was added in the case of Na[L®%s.16-Ag-Cl]. After which, the mixture was passed
through a short Celite pad to remove unreacted Ag.O and the collected washings were concentrated
under vacuum and precipitated with Et2O to afford the silver complex as off white solid for Ls-16-
Ag-Br, Na[L"®%.16-Ag-Cl], G12-Ag2-Br2 and G™s12-Ag2-Br2 and waxy-like solid for L™Sg.16-Ag-
Br.

Ls-Ag-Br
Br Yield: 71%; '"H NMR (8 ppm, 400 MHz, CDCls): 0.90 (t, 3J= 8.0 Hz, 3H),
Ag 1.25-1.35 (m, 10H) 1.83 (m, 2H), 4.09 (s, 3H), 4.35 (t, 3J= 8.0 Hz, 2H), 6.99
\N*N/csHﬂ (s, 2H). BC{*H} NMR (5 ppm, 100 MHz, CDCls): 14.09 (CHg3), 22.61
\—/ (CHy), 26.48 (CH>), 29.12 (CH>), 31.53 (CH2), 31.72 (CH>), 38.82 (NCH5),

52.01 (NCH), 120.92 (Cs), 122.11 (Cs) 181.35 (C2). HRMS (ESI) (m/z): found 495.2631
[Ag(C12H22N2)2*, 100%], expected 495.2611.
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Lio-Ag-Br
I?r Yield: 82%; 'H NMR (& ppm, 400 MHz, CDCls): 0.89 (t, 3J= 8.0 Hz, 3H),
Ag 1.25-1.35 (m, 14H) 1.81 (m, 2H), 3.85 (s, 3H), 4.09 (t, %)= 8.0 Hz, 2H),
\N)\N —CqoHay  6.98 (s, 2H). *C{*H} NMR (& ppm, 100 MHz, CDCls): 14.14 (CHs), 22.68
\—/ (CHa), 26.28 (CH>), 29.16 (CH2), 29.28 (CH>), 29.44 (CHy), 29.49 (CH,),

31.86 (CH2), 38.79 (NCHs), 52.04 (NCHy), 120.88 (C4), 122.02 (Cs) 181.38 (C2). HRMS (ESI)
(m/z): found 553.3129 [Ag(C1aH26N2)2*, 100%)], expected 553.3237.

Li2-Ag-Br
I?r Yield: 76%; H NMR (8 ppm, 400 MHz, CDCls): 0.88 (t, 3J= 8.0 Hz, 3H),
Ag 1.22-1.35 (m, 18H) 1.80 (m, 2H), 3.86 (s, 3H), 4.11 (t, 3J= 8.0 Hz, 2H),
\N)\N _CizHps  7.00 (s, 1H), 7.01 (s, 1H). 3C{*H} NMR (5 ppm, 100 MHz, CDCls): 14.14
\—/ (CH3), 22.69 (CH), 26.52 (CH2), 29.19 (CHz), 29.34 (CH2), 29.46 (CH>),

29.54 (CHz), 29.61 (CHz), 29.62 (CHy), 31.91 (CHy), 38.85 (NCH3), 52.02 (NCHy), 120.90 (Ca),
122.11 (Cs) 181.43 (C2). HRMS (ESI) (m/z): found 607.3876 [Ag(C1sHa0N2)2", 100%], expected
607.3863.

Lis-Ag-Br
||3r Yield: 79%; 'H NMR (8 ppm, 400 MHz, CDCls): 0.89 (t, 3J= 8.0 Hz, 3H),
Ag 1.30 (m, 22H) 1.81 (m, 2H), 3.85 (s, 3H), 4.09 (t, 3J= 8.0 Hz, 2H), 6.99 (s,
\N)\N/CMHZQ 2H). 3C{*H} NMR (& ppm, 100 MHz, CDCls): 14.15 (CHa3), 22.71 (CH>),
\—/ 26.50 (CH2), 29.18 (CHy), 29.37 (CH>), 29.45 (CH,), 29.54 (CH>), 29.63

(CH2), 29.66 (CH>), 29.70 (CH>), 31.54 (CH>), 31.93 (CHy>), 38.80 (NCH3), 52.04 (NCH>), 120.88
(C4), 122.03 (Cs) 181.43 (Cz). HRMS (ESI) (m/z): found 665.4359 [Ag(CisHzaN2)2*, 100%)],
expected 665.4487.

Lis-Ag-Br
Ii%r Yield: 74%; 'H NMR (5 ppm, 400 MHz, CDCls): 0.88 (t, 3J= 8.0 Hz, 3H),
Ag 1.30 (m, 26H) 1.80 (m, 2H), 3.85 (s, 3H), 4.09 (t, 3J= 8.0 Hz, 2H), 6.99 (s,

\N)\N/Cw“ss 2H). 3C{*H} NMR (5 ppm, 100 MHz, CDCls): 14.13 (CHs), 22.69 (CH2),
\—/
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26.50 (CHz), 29.17 (CH2), 29.36 (CH2), 29.45 (CH2), 29.54, 29.62 (CH), 29.66

(CHz), 29.70 (CH2), 31.54 (CH3), 31.92 (CHy), 38.81 (NCHs3), 52.03 (NCH;), 120.89 (C4), 122.05
(Cs) 181.47 (Cz). HRMS (ESI) (m/z): found 719.5130 [Ag(CaoHssN2).*, 100%], expected
719.5115.

L™mes-Ag-Br
Elsr Yield: 75%; *H NMR (& ppm, 400 MHz, CDCls): 0.81 (t, 3J=
Ag 8.0 Hz, 3H), 1.15-1.30 (m, 10H), 1.80 (m, 2H), 1.89 (s, 6H),
N)\N/CaHn 2.26 (s, 3H), 4.13 (t, *J=8.0 Hz, 2H), 6.88 (s, 3H), 7.12 (s, 1H).
\—/ 13C{H} NMR (5 ppm, 100 MHz, CDCls): 14.11 (CH3), 17.68
(CH>), 21.09 (CHy), 22.63 (CHz2), 26.38 (CH2), 29.09 (CH>), 29.12 (CHs3), 31.45 (CHa), 31.69
(CHs), 52.13 (NCHy>), 120.79 (Ca4), 122.71 (Cs) 129.44 (ipso-mesityl), 134.70 (m-mesityl), 135.39
(o-mesityl), 139.51 (p-mesityl). HRMS (ESI) (m/z): found 703.3083 [Ag(C20Hz0N2)2+, 100%],
expected 703.3863.

Lmesyo-Ag-Br

I|3r Yield: 79%; *H NMR (5 ppm, 400 MHz, CDCls): 0.81 (t, 3J=
Ag 8.0 Hz, 3H), 1.15-1.30 (m, 14H), 1.80 (m, 2H), 1.89 (s, 6H),
N)\N/cwﬂ21 2.27 (s, 3H), 4.13 (t, 3J= 8.0 Hz, 2H), 6.88 (s, 3H), 7.13 (s,
\—/ 1H). BC{*H} NMR (5 ppm, 100 MHz, CDCls): 14.14 (CH3),

17.68 (CH2), 21.10 (CHy>), 22.68 (CHs3), 26.39 (CH), 29.15 (CH2), 29.29 (CH2), 29.46 (CH>),
31.46 (CH3), 31.87 (CH3), 52.13 (NCH>), 120.79 (Ca), 122.70 (Cs) 129.43 (ipso-mesityl), 134.70
(m-mesityl), 135.40 (o-mesityl), 139.50 (p-mesityl). HRMS (ESI) (m/z): found 759.4510
[Ag(C22H34N2)2*, 100%], expected 759.4489.

LmeS12-Ag-Br

I'la’r Yield: 75%; *H NMR (& ppm, 400 MHz, CDCls): 0.89 (t, 3J=
Ag 8.0 Hz), 1.20-1.40 (m, 18H), 1.89 (m, 2H), 1.98 (s, 6H), 2.35
N)\N/C12H25 (s, 3H), 4.23 (t, %)= 8.0 Hz, 2H), 6.95 (s, 2H), 6.97 (s, 1H),
\—/ 7.19 (s, 1H). *C{*H} NMR (5 ppm, 100 MHz, CDCl3): 14.14

(CHa), 17.68 (CHz), 21.09 (CHy), 22.70 (CHs), 26.40 (CH3), 29.15 (CHy), 29.35 (CHy), 29.46
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(CH2), 29.51 (CHz), 29.63 (CHs3), 31.46 (CHs), 31.92 (CHa), 52.14 (NCH), 120.68 (C4), 122.67
(Cs) 129.46 (ipso-mesityl), 134.69 (m-mesityl), 135.39 (o-mesityl), 139.53 (p-mesityl). HRMS
(ESI) (m/z): found 815.5098 [Ag(C24H3sN2)2", 100%], expected 815.5115.

L™Mes14-Ag-Br

I|3r Yield: 75%; *H NMR (& ppm, 400 MHz, CDCls): 0.81 (t, 3J=
Ag 8.0 Hz, 3H), 1.15-1.30 (m, 22H), 1.79 (m, 2H), 1.88 (s, 6H),
N*N/CMH29 2.26 (s, 3H), 4.12 (t, 3J= 8.0 Hz, 2H), 6.87 (s, 2H), 6.88 (s,
\—/ 1H), 7.13 (s, 1H). *C{*H} NMR (& ppm, 100 MHz, CDCls):

14.12 (CH3s), 17.30 (CH),17.66 (CH2), 21.08 (CH), 22.69 (CHs3), 26.39 (CH3), 29.14 (CH3), 29.35
(CHa), 29.46 (CHz3), 29.51 (CH>), 29.63 (CH.), 29.65 (CH2), 29.68 (CHz3), 31.45 (CHs), 31.92
(CHa), 52.11 (NCHy), 120.85 (C4), 122.69 (Cs) 129.42 (ipso-mesityl), 134.70 (m-mesityl), 135.41
(o-mesityl), 139.47 (p-mesityl). HRMS (ESI) (m/z): found 871.5765 [Ag(C2sH2N2)2", 100%)],
expected 871.5741.

Lmesi5-Ag-Br

I|3r Yield: 75%; *H NMR (5 ppm, 400 MHz, CDCls): 0.89 (t, 3J=
Ag 8.0 Hz, 3H), 1.25-1.35 (m, 26H), 1.88 (m, 2H), 2.00 (s, 6H),
N*N/C"SH” 2.34 (s, 3H), 4.22 (t, 3J= 8.0 Hz, 2H), 6.95 (s, 2H), 6.96 (s,
\—/ 1H), 7.19 (s, 1H). BC{'H} NMR (5 ppm, 100 MHz, CDCl5):

14.16 (CHz3), 17.68 (CH>), 21.09 (CH>), 22.71 (CHa), 26.40 (CH2), 29.16 (CHz3), 29.39 (CHs3),
29.47 (CHs), 29.52 (CH>), 29.64 (CH), 29.68 (CH>), 29.72 (CHz3), 31.47 (CHz3), 31.94 (CHs3),
52.16 (NCHy), 120.74 (C4), 122.70 (Cs) 129.45 (ipso-mesityl), 134.70 (m-mesityl), 135.39 (o-
mesityl), 139.52 (p-mesityl). HRMS (ESI) (m/z): found 927.6313 [Ag(C2sHasN2)2*, 100%],
expected 927.6367.
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Na[LP e%-Ag-Cl]

<|:| Yield 75%; 'H NMR (& ppm, 400 MHz, d®-dmso): 0.82 (t,

Ag 3)=7.4Hz, 3H), 1.15-1.30 (m, 10H), 1.78 (m, 2H), 2.08 (m,

Na 633/\/\N)\N/08H17 2H), 2.40 (t, 3] = 7.3 Hz, 2H), 4.14 (t, 3)= 6.6 Hz, 2H), 4.27
\—/ (t, 31 =7.0 Hz, 2H), 7.80 (s, 2H). 3C{*H} NMR (5 ppm, 100

MHz, d°-dmso): 14.41 (CHs), 22.53 (CH>), 26.38 (CHy),
28.30 (CH2), 29.02 (CH), 29.08 (CH), 31.60 (CH), 31.68 (CH2), 48.25 (CH2), 50.31 (CH>),
5140 (CH2), 122.25 (CH), 122.46 (CH). HRMS (ES, CHsOH): found 443.0461
[Ag(C14H25CIN20O3S)", (30%)], expected 443.0331.

Na[LP¢t0-Ag-Cl]

c|:| Yield 78%; 'H NMR (& ppm, 400 MHz, d®-dmso): 0.84 (t,

Ag 3) = 7.0 Hz, 3H), 1.15-1.30 (br, 14H), 1.77 (m, 2H), 2.06

N 638/\/\N)\N/C10H21 (m, 2H), 2.39 (t, 3 = 8.0 Hz, 2H), 4.11 (t, 3J = 7.0 Hz, 2H),
\—/ 4.24 (t,%) = 6.8 Hz, 2H), 7.51 (q, J = 1.8 Hz, 2H). ®C{*H}

NMR (8 ppm, 100 MHz, d®-dmso): 14.43 (CH3), 22.57
(CH2), 23.94 (CHy), 26.34 (CHy), 28.25 (CHy), 29.04 (CHy), 29.16 (CHy), 29.43 (CHy), 31.51
(CH>), 31.77 (CHy), 48.30 (CH3), 50.34 (CH>), 51.38 (CH>), 122.20 (CH), 122.44 (CH), 176.23
(Ag-C). HRMS (ES, CH3OH): found 767.3010 [Ag(CisH29CIN20OsS),", (100%)], expected
767.3005.

Na[LP¢t2-Ag-Cl]

<I:| Yield 70%; 'H NMR (& ppm, 400 MHz, d®-dmso): 0.85 (t,

Ag 3= 7.1 Hz, 3H), 1.15-1.30 (m, 18H), 1.79 (m, 2H), 2.09

. 638/\/\N)\N/C12H25 (m, 2H), 2.40 (t, 3J= 7.7 Hz, 2H), 4.14 (t, %)= 7.0 Hz, 2H),
\—/ 4.27 (t, %)= 6.8 Hz, 2H), 7.51 (q, J = 1.8 Hz, 2H). *C{*H}

NMR (& ppm, 100 MHz, d8-dmso): 14.43 (CH3), 22.58
(CH), 26.41 (CH), 28.32 (CH2), 29.09 (CH2), 29.21 (CH2), 29.46 (CH.), 29.52 (CH.), 31.61
(CHy), 31.78 (CH>), 48.26 (CH>), 50.32 (CH2), 51.41 (CHy), 122.22 (CH), 122.47 (CH). HRMS
(ES", CH30H): found 499.0954 [Ag(C1s8H33CIN203S)", (100%)], expected 499.0957.
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Na[LPet14-Ag-Cl]

<|:| Yield 80%; 'H NMR (& ppm, 500 MHz, d®-dmso): 0.85 (t,

Ag 3) = 6.9 Hz, 3H), 1.15-1.30 (m, 22H), 1.78 (m, 2H), 2.09

N, 633/\/\N)\N/c14nzg (m, 2H), 2.41 (t, 3= 7.2 Hz, 2H), 4.13 (t, %)= 7.4 Hz, 2H),
\—/ 4.27 (t, %)= 8.0 Hz, 2H), 7.50 (s, 2H). 3C{*H} NMR (5

ppm, 125 MHz, d®-dmso): 14.41 (CHs), 22.57 (CH>), 26.42
(CHz), 28.27 (CH2), 29.11 (CHy), 29.20 (CH2), 29.46 (CH,), 29.50 (CHy), 29.52 (CHy), 29.55
(CHz), 31.60 (CHy), 31.78 (CHy), 48.16 (CHy), 50.23 (CHy), 51.41 (CHy), 122.21 (CH), 122.41
(CH), 179.25 (Ag-C). HRMS (ES", CH3OH): found 879.4180 [Ag(C20HssCIN20sS)z" . (100%)],
expected 879.4257.

Na[LP¢t6-Ag-Cl]

<|:| Yield: 76%; *H NMR (5 ppm, 500 MHz, d®-dmso): 0.86 (t,

Ag 8) = 7.1 Hz, 3H), 1.15-1.30 (m, 26H), 1.78 (m, 2H), 2.06

NG 638/\/\N)\N/C16H33 (m, 2H), 2.37 (t, %) =7.8 Hz, 2H), 4.12 (t, %] = 7.0 Hz, 2H),
\—/ 4.24 (t,3%) = 6.8 Hz, 2H), 7.49 (d, ®J = 1.8 Hz, 1H), 7.51 (d,

8) = 1.8 Hz, 1H). ¥ C{*H} NMR (& ppm, 125 MHz, d°-
dmso): 14.42 (CHs), 22.57 (CH2), 26.38 (CH2), 28.31 (CH2), 29.06 (CH2), 29.19 (CH2), 29.44
(CH2), 29.49 (CH), 29.54 (CH2), 31.53 (CHz2), 31.77 (CH2), 48.32 (CH), 50.36 (CH), 51.41
(CHy), 122.16 (CH), 122.45 (CH). HRMS (ES", CH30H): found 935.4771 [Ag(C22H42CIN20sS),"
, (100%)], expected 935.4883.

Gs-Ag2-Br2
||3r ||3r Yield: 76%; *H NMR (8 ppm, 500 MHz, d®-dmso): 0.83
Ag Ag (t, J=6.8 Hz, 3H), 1.15-1.24 (m, 10H), 1.70 (m, 2H), 2.50
\N)\N/\/\N)\N/CBH" (m, 2H), 3.66 (s, 3H, CH3N), 3.89 (t, J = 6.8 Hz, 2H), 4.00
\—/ \—/ (m, 4H), 7.54 (d, % = 1.8 Hz, 1H), 7.60 (d, %J = 1.8 Hz,

1H), 7.62 (s, 2H), BC{*H} NMR (& ppm, 125 MHz, d®-dmso): 14.41 (CHs), 22.52 (CH>), 26.33
(CHz), 28.85 (CHy), 29.06 (CH3), 30.27 (CH2), 31.37 (NCHz), 31.63 (CH2), 38.41 (CHy), 47.25
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(NCH;), 47.41 (NCHy), 51.18 (NCH), 121.39 (Cs), 121.45 (Cs’), 123.30 (C4), 124.49 (C4’),
179.60 (C>), 180.37 (C2’). HRMS (ESI) (m/z): found 409.1527 [Agz2(CssHsoNs)?*, 20%], expected
409.1516.

Gi10-Agz-Br2
||3r ?r Yield: 82%; *H NMR (& ppm, 500 MHz, d®-dmso): 0.85
Ag Ag (t, J = 6.8 Hz, 3H), 1.12-1.34 (m, 14H), 1.71 (m, 2H),
\N)\N/\/\N)\N/CmHm 2.44 (m, 2H), 3.68 (S, 3H, CH3N), 3.91 (t, J = 8.0 Hz,
\—/ \—/ 2H), 3.98 (m, 4H), 7.51 (s, 1H), 7.57 (s, 1H), 7.59 (s,

2H), BC{*H} NMR (& ppm, 125 MHz, d®-dmso): 14.45 (CHs), 22.57 (CH,), 26.36 (CH.), 28.93
(CH2), 29.16 (CH), 29.39 (CH), 29.43 (CHz), 30.42 (CH2), 31.35 (NCHs), 31.76 (CHz), 38.52
(CH>), 47.31 (NCHy>), 47.44 (NCH>), 51.24 (NCH>), 121.30 (Cs), 121.36 (Cs"), 123.15 (C4), 124.38
(Cs), 179.82 (C2), 180.55 (C2’). HRMS (ESI) (m/z): found 437.1830 [Ag2(CsoHesNs)?*, 20%],
expected 437.18209.

Gi12-Ag2-Br2
||3r ?r Yield: 86%; *H NMR (& ppm, 500 MHz, d®-dmso): 0.85
Ag Ag (t, J = 6.8 Hz, 3H), 1.12-1.30 (m, 18H), 1.71 (m, 2H),
\N)\N/\/\N)\N/anzs 2.45 (m, 2H), 3.61 (s, 3H, CHaN), 3.91 (t, J = 8.0 Hz,
\—/ \—/ 2H), 3.98 (M, 4H), 7.52 (s, 1H), 7.57 (s, 1H), 7.59 (s,

2H), BC{*H} NMR (& ppm, 125 MHz, d®-dmso): 14.44 (CH3), 22.57 (CHy>), 26.35 (CH>), 28.93
(CH2), 29.20 (CHs), 29.44 (CH>), 29.49 (CHs), 29.52 (CH>), 30.33 (CH3), 31.35 (NCHs), 31.77
(CH2), 38.49 (CHy), 47.26 (NCHy), 47.40 (NCH,), 51.23 (NCH>), 121.29 (Cs), 121.36 (Cs),
123.19 (Ca), 124.41 (Cs)), 179.72 (C2), 180.48 (C2’). HRMS (ESI) (m/z): found 465.2152
[Ag2(CaaH76Ns)?*, 15%], expected 465.2142.
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Gi14-Ag2-Br2
||3r ||3r Yield: 92%; *H NMR (8 ppm, 500 MHz, d®-dmso): 0.91
Ag Ag (t, J = 6.8 Hz, 3H), 1.22-1.34 (m, 24H), 1.77 (m, 2H),
\N*N/\/\N)\N/CMHZQ 2.50 (M, 2H), 3.73 (s, 3H, CHsN), 3.98 (t, J = 8.0 Hz,
\—/ \—/ 2H), 4.05 (M, 4H), 7.57 (s, 1H), 7.62 (s, 1H), 7.65 (5,

2H), *C{*H} NMR (5 ppm, 125 MHz, d®-dmso): 14.42 (CHs), 22.59 (CH.), 26.41 (CH>), 29.00
(CH2), 29.22 (CH3), 29.48 (CHy), 29.49 (CHs), 29.53 (CH>), 29.56 (CH>), 29.58 (CH.), 30.56
(CH2), 31.40 (NCHs), 31.79 (CHy), 38.51 (CHy2), 47.37 (NCHy), 47.50 (NCH?>), 51.25 (NCH>),
121.29 (Cs), 121.35 (Cs”), 123.07 (Ca), 124.31 (C4*), 179.88 (C2), 180.64 (C2). MS (ESI+) m/z:
Found 493.2471 [Ag2(CasHssNs)?*, 15%], expected 493.2455.

Gi6-Ag2-Br?
||3r ||3r Yield: 87%; *H NMR (& ppm, 500 MHz, d®-dmso): 0.86
Ag Ag (t, J = 6.8 Hz, 3H), 1.12-1.34 (m, 24H), 1.70 (M, 2H),
\N*N/\/\N)\N/cwﬂm 2.64 (m, 2H), 2.50 (M, 2H), 3.64 (s, 3H, CHsN), 3.89 (,
\—/ \—/ 3=8.0 Hz, 2H), 4.00 (M, 4H), 7.54 (s, 1H), 7.60 (s, 1H),

7.62 (s, 2H), HRMS (ESI) (m/z): found 523.2780 [Aga(CszHe2Ns)?*, 15%], expected 522.7783.

G™Mesg-Ag2-Br2

er er Yield: 88%; 'H NMR (5 ppm, 500 MHz, -
Ag Ag dmso): 0.73 (t, 3 = 7.1 Hz, 3H), 0.99, (m,
N N/\/\N)\N/csﬂﬂ 2H), 1.08-1.17 (m, 20H), 1.52 (m, 2H), 1.79
\—/ \—/ (s, 6H), 2.24 (m, 3H), 2.31 (m, 2H), 3.77

(m, 2H), 4.07 (¢, 3] = 7.3 Hz, 2H), 4.18 (t, °J = 7.1 Hz, 2H), 6.94 (s, 2H), 7.42 (d, 3] = 1.8 Hz, 1H),
7.45 (t, J = 2.0 Hz, 2H), 7.67 (d, 3] = 1.8 Hz, 1H), 23C{'H} NMR (5 ppm, 125 MHz, d®-dmso):
14.42 (CHsg), 17.84 (2C, CHo), 21.13 (CH,), 22.52 (2C, CHs), 26.28 (CH,), 28.98 (CHs), 29.04
(CHs), 31.22 (CHs), 31.93 (CH3), 32.56 (NCHy), 48.96 (NCHy), 51.31 (NCHy), 121.87 (Cs),
122.35 (Cs’), 122.76 (Ca), 124.21 (C4’), 129.35 (2C, m-mesityl), 135.00 (2C, o-mesityl), 136.12
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(p-mesityl), 139.06 (ipso-mesityl), 179.49 (C»), 181.17 (C2’). HRMS (ESI) (m/z): found 514.2156
[Ag2(Cs2H76Ns)?", 30%], expected 514.7157.

G™M10-Age-Br2

Br Br Yield: 86%; 'H NMR (5 ppm, 500 MHz,
Ag Ag d°-dmso): 0.94 (¢, ) = 7.1 Hz, 3H), 1.19,
N)\N/\/\N)\N/CWHN (m, 2H), 1.25-1.40 (m, 20H), 1.71 (m,
\—/ \—/ 2H), 1.98 (s, 6H), 2.40 (s, 3H), 2.51 (m,

2H), 3.97 (m, 2H), 4.26 (t, 3 = 7.3 Hz, 2H), 4.37 (t, 3J = 7.1 Hz, 2H), 7.12 (s, 2H), 7.61 (d, 3 =
1.8 Hz, 1H), 7.63 (d, 3) = 1.8 Hz, 1H), 7.64 (d, %) =1.8 Hz, 1H), 7.87 (d, J = 1.8 Hz, 1H), **C{*H}
NMR (& ppm, 125 MHz, d®-dmso): 14.43 (CHs), 17.85 (CHy), 21.13 (CH2), 22.56 (CHy), 26.29
(CHs), 29.04 (CH2), 29.13 (CHy), 29.37 (CH>), 29.40 (CH), 31.25 (CHs3), 31.74 (CH2), 32.56
(CH2), 48.95 (CHz2), 51.33 (NCHz2), 121.84 (Cs), 122.34 (Cs’), 122.75 (Cas), 124.19 (C4’), 129.34
(2C, m-mesityl), 134.99 (2C, o-mesityl), 136.12 (p-mesityl), 139.03 (ipso-mesityl), 179.60 (C>),
181.27 (C2’). HRMS (ESI) (m/z): found 542.2473 [Ag2(CssHsaNs)?*, 25%], expected 542.7470.

G™Mes12-Age-Br2

er Br Yield: 77%; *H NMR (5 ppm, 500 MHz,
Ag Ag d®-dmso): 0.85 (t, 3J = 7.1 Hz, 3H), 1.08
N)\N/\/\N)\N/anzs (m, 2H), 1.15-1.30 (m, 16H), 1.62 (m,
\—/ \—/ 2H), 1.87 (s, 6H), 2.33 (m, 3H), 2.42 (m,

2H), 3.87 (m, 2H), 4.16 (t, 3J = 7.3 Hz, 2H), 4.27 (t, 3J = 7.1 Hz, 2H), 7.02 (s, 2H), 7.52 (d, 3J =
1.8 Hz, 1H), 7.54 (t, J = 2.0 Hz, 2H), 7.77 (d, 3J = 1.8 Hz, 1H), 3C{*H} NMR (& ppm, 125 MHz,
d®-dmso): 14.45 (CHs), 17.84 (CHy), 21.13 (CHy), 22.58 (CH2), 26.30 (CHs), 29.06 (CH,), 29.19
(CH2), 29.42 (CHs), 29.48 (CHy), 29.49 (CH2), 31.25 (CHs), 31.77 (CH), 32.52 (CH.), 48.95
(CH2), 51.30 (NCH>), 121.86 (Cs), 122.35 (Cs’), 122.79 (Ca), 124.23 (C4’), 129.35 (2C, m-
mesityl), 136.09 (p-mesityl), 134.98 (2C, o-mesityl), 139.05 (ipso-mesityl), 179.44 (C,), 181.13
(C2’). HRMS (ESI) (m/z): found 570.2783 [Ag2(CeoHs2Ns)?*, 30%)], expected 570.7783.
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GM®514-AQg2-Br2

er er Yield: 78%; 'H NMR (5 ppm, 500 MHz,
Ag Ag dé-dmso): 0.85 (t, 3J = 7.1 Hz, 3H), 1.09,
. N/\/\N)\N/CMH29 (m, 2H), 1.15-1.30 (m, 20H), 1.61 (m,
\—/ \—/ 2H), 1.87 (s, 6H), 2.32 (m, 3H), 2.40 (m,

2H), 3.86 (m, 2H), 4.16 (t, 3J = 7.3 Hz, 2H), 4.26 (t, 3J = 7.1 Hz, 2H), 7.02 (s, 2H), 7.52 (d, 3J =
1.8 Hz, 1H), 7.54 (t, J = 2.0 Hz, 2H), 7.76 (d, 3J = 1.8 Hz, 1H), *C{"H} NMR (& ppm, 125 MHz,
d5-dmso): 14.43 (CHs), 17.82 (CHy), 21.12 (CHy), 22.57 (CHy), 26.31 (CHa), 29.05 (CHy), 29.18
(CH2), 29.40 (CH2), 29.42 (CH3), 29.48 (CH>), 29.50 (CH>), 29.52 (CH>), 31.26 (CHs), 31.76
(CHy), 32.53 (CHy), 49.01 (CH>), 51.35 (NCH>), 121.87 (Cs), 122.36 (Cs’), 122.80 (Ca), 124.24
(Cs”), 129.35 (2C, m-mesityl), 136.09 (p-mesityl), 134.97 (2C, o-mesityl), 139.06 (ipso-mesityl),
179.36 (C2), 181.02 (C2’). HRMS (ESI+) m/z: Found 598.3093 [Ag2(CsaH100Ns)**, 20%], expected
598.8096.

G™Mes16-Ag2-Brr2

Br er Yield: 86%; 'H NMR (5 ppm, 500 MHz,
Ag Ag d®-dmso): 0.85 (br 3H), 0.95-1.30 (m,
N)\N/\/\N)\N/C1GH33 26H), 1.62 (m, 2H), 1.87 (s, 6H), 2.33 (m,
\—/ \—/ 3H), 2.40 (m, 2H), 3.88 (m, 2H), 4.16 (br

2H), 4.27 (br, 2H), 7.01 (s, 2H), 7.52 (s, 3H), 7.76 (s, 1H), *C{*H} NMR (& ppm, 125 MHz, d°-
dmso): 14.43 (CHs), 17.84 (CHs), 21.12 (CHy), 22.57 (CHs), 26.33 (CHs), 29.08 (CH), 29.19
(CH2), 29.52 (7C, CH2), 31.30 (CHs), 31.78 (CHs), 32.57 (NCH2), 48.98 (NCH>), 51.33 (NCH>),
121.85 (Cs), 122.35 (Cs’), 122.76 (Cs), 124.19 (Cs’), 129.33 (2C, m-mesityl), 134.97 (2C, o-
mesityl), 136.09 (p-mesityl), 139.03 (ipso-mesityl), 179.57 (C>), 181.23 (C>’). HRMS (ESI+) m/z:
Found 626.4002. [Ag2(CssH100Ns)?*, 20%], expected 626.8409.
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Chapter 4

In vitro Antimicrobial Screening of Ag(l)-NHCs Against Planktonic and Biofilm Cells
4.1. Introduction

For many centuries, silver has been used extensively for a variety of medical purposes and as a
major therapeutic agent for infectious diseases, including surgical infections and in 1800, there
was a wide acceptance that silver vessels be used to store products like wine, water, milk and
vinegar.»? Before the scientific understanding of disease-causing pathogenic organisms was
brought to light in 1683 by Anton van Leeuwenhoek, when he used his new microscope to
visualize bacteria among the ‘animalcules’ harvested from his own teeth, silver nitrate has been in
use for various medical treatments and treatment of infectious diseases.®# It has been found and
established that the bioactive form of silver is the silver(l) ion, and that pure metallic silver does
not interact chemically with human tissue or is poisonous to microorganisms. However, the
widespread use of silver has led to bacterial resistance as has been observed in burn wound wards
of hospitals using silver salts (silver nitrate and silver sulfadiazine) for topical treatment and in
hospitals that utilize silver-coated catheters.*® One of the mechanisms of silver resistance by some
strains of bacteria has been shown to involve the use of a superfamily of transport proteins called
P-type ATPases that are driven by ATP hydrolysis which ensures the transport of heavy metal
cations from the cytoplasm to the periplasm by efflux.®

The Infectious Diseases Society of America (IDSA) in 2009, expressed their concern about the
slow pace of development for novel therapeutics to treat drug-resistant infections, especially those
caused by gram-negative pathogens.” This view was reinforced by World Health Organisation
(WHO) in their recent report on analysis of antibacterial drugs undergoing clinical development
and from the report, most of the drugs are modifications of existing classes of antibiotics and as
such, they are only short-term solutions.®

The use of transition metal complexes of N-heterocyclic carbenes (NHCs) for applications other
than catalysis has been gaining attention in recent years.® Much of this interest stems from recent
studies demonstrating the exceptional antimicrobial efficacy of some of these complexes against
a broad spectrum of both gram-positive and gram-negative bacteria, fungi and as chemotherapeutic

agents.1®! Among the metal N-heterocyclic carbene (NHC) complexes, there is growing interest
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in silver(l) N-heterocyclic carbene (Ag(l)-NHC) complexes, due to the rich history of silver for its
antimicrobial properties and application as carbene transfer agents in the synthesis of both
transition and inner transition metal-NHC complexes.®

Youngs et al. pioneered the use of Ag(l)-NHCs as antimicrobials in 2003, and in their report,
alcohol functionalized Ag(l)-NHCs (Figure 4.1A) show a better bacteriostatic effect than AgNO3
against E. coli, P. aeruginosa and S. aureus.*? In our group, we have investigated the activity of
Ag(l)-NHC in Figure 4.1B against methicillin-resistant Staphylococcus aureus (MRSA) NCTC
13277, S. aureus NCTC 6571, Pseudomonas aeruginosa NCTC 10662, and Proteus mirabilis
NCTC 11938 and the fungal organism, Candida albicans ATCC 90028. This complex showed

good activity against MRSA and moderate activity against all other tested microbes.°

- —*OH "~

\ O
@ ®

N N
— 0 [ >ag N“SN - Ag
N N m=2,3 (\N)\N/)\N/k

H,C CH T4 N—

miH; )OH Ho'( o . 0\) \~/

A B

Figure 4.1: Structure of Ag(l)-NHC antimicrobials reported by Youngs et al (A) and Fallis et al
(B)

One of the advantages of using Ag(l)-NHCs as antimicrobials is that the NHC precursor
(quartenary ammonium ion) and silver ion tethered to it are both active biologically.>?!315
Interestingly, the proligands (imidazolium salts) used in this work are amphiphilic in nature and
they have been found to bind to the cell surfaces of bacteria by chemisorption,'® and their ability
to penetrate and disrupt the membrane of bacteria has also been documented.*18 The bacterial and
fungal strains used in this study have been confirmed to form biofilm cells,**? which are a

complex organization of communal bacterial/fungal cells, which anchor to various biological and
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non-biological surfaces and have been implicated in the pathogenesis of recalcitrant chronic
infections associated with indwelling medical devices such as catheters.?! Bacteria within biofilms
are protected by extracellular polymer matrices (EPS) that are impervious to antibiotics, which is
one of the major factors that cause antibiotic resistance.?? This work investigated the susceptibility
of bacterial/fungal planktonic and biofilm cells to the synthesized proligands and their
corresponding Ag-NHCs (Figure 4.2) with the aim of obtaining a potential lead compound that
can be incorporated into a urinary catheter, thereby generating a catheter surface that could inhibit
the growth and swarming of pathogenic microorganisms.

4.2. Aims

The aim of this chapter was to explore the activity of the synthesized proligands, (HLs-16, HL™®Ss-
16, H2Gs-16 and H2G™®3g.16) and the Ag(1)-NHCs, (Ls-16-Ag-Br, L™s.16-Ag-Br, Gs-16-Agz-Br2 and
G™Meg.16-AQg2-Br2) described in chapters 2 and 3 against Escherichia coli NCTC 12923,
Staphylococcus aureus NCTC 6571, Staphylococcus aureus NCIMB 9518, Pseudomonas
aeruginosa ATCC 15692, Staphylococcus epidermidis ATCC 14990, Staphylococcus epidermidis
ATCC RP62A and Candida albicans ATCC 90028.

Preliminary screening of the proligands and the Ag(l)-NHCs were carried out in vitro against
planktonic and biofilm cells of the above-mentioned organisms and their activities expressed as
minimal inhibitory concentration (MIC), defined as the lowest concentration of an antibacterial
compound that suppresses the visible growth of the microorganisms; minimal bactericidal
concentration (MBC), defined as the lowest concentration of antibacterial agent that reduces the
viability of the initial bacterial inoculum by >99.9%; and minimal biofilm eradication
concentration (MBEC), defined as the lowest concentration of antimicrobial agent required to
eradicate already grown biofilm?® and their activities are compared to triclosan (5-chloro-2-(2,4-

dichlorophenoxy)phenol) and AgNO:s.

Lastly, the relationship between the antimicrobial activities and the molecular structures of the
proligands and the Ag(l)-NHCs was explored.
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Figure 4.2: NHC precursors and the Ag(1)-NHCs used in this study (their syntheses are
discussed in Chapters 2 and 3)
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4.3. Results and Discussion

4.3.1. Preliminary antimicrobial screening

4.3.2. Determination of MIC, MBC and MBEC

The MIC and MBC were determined using the microbroth dilution method according to the
Clinical and Laboratory Standards Institute (CLSI)?** and MBEC was evaluated as described

elsewhere.'® Results presented in tables are averages of three replicates.

4.3.2.1. HLs-16and Ls-16-Ag-Br

From Table 4.1, the MIC of HLi2, HL14, HL16 and Ls-16-Ag-Br against the four gram-positive
bacterial strains range from 6.25-<0.78125 pg/mL respectively while that of HL1o is in the range
12.5-25 pg/mL and HLs broadly shows no activity. HL14, HL16, and Li12-Ag-Br, L14-Ag-Br, Lie-
Ag-Br show moderate activity with MIC ranging from 50-100 pg/mL respectively against
Pseudomonas aeruginosa NCTC 10662, while HLs, HL10, HL12, and Ls-Ag-Br and Lio-Ag-Br
did not show any activity. HLs-1sand Ls-16-Ag-Br show moderate activity against Escherichia coli
NCTC 12923 with MIC ranging from 12.5-50 and 12.5-25 ug/mL respectively. For the fungal
strain, Candida albicans ATCC 90028, HL12, HL14, HL16 and Ls-Ag-Br, L12-Ag-Br, L1s-Ag-Br,
L1s-Ag-Br show good activity with MIC ranging from 1.5625-6.25 pg/mL respectively and HL 10
and Lio-Ag-Br show moderate activity with MIC values of 25 pg/mL respectively. Candida
albicans ATCC 90028 however tolerated HLs.

The activity of HL12, HL14, HL16 and Ls-16-Ag-Br are found to be bactericidal against the four
gram-positive bacteria strains with MBC values (Table 4.2) ranging from 1.5625-100 and
<0.78125-50 pg/mL respectively. The activity of HLs and HL10 can be described as bacteriostatic
where they have been found to have inhibited any of the four gram-positive bacteria. Furthermore,
the activity of HL14, HL16 and Li12-Ag-Br, L14-Ag-Br, Lis-Ag-Br tend to be bactericidal against
Pseudomonas aeruginosa NCTC 10662 with MBC values of 100 and 50-100 pg/mL respectively.

HL10-16 and Lio-16-Ag-Br, show bactericidal activity with moderate MBC values ranging from
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12.5-100 pg/mL respectively against Escherichia coli NCTC 12923. Lastly, the activity of HL12-
16 and Ls-16-Ag-Br are found to be bactericidal against Candida albicans ATCC 90028 with MBC
values ranging from 3.125-6.25 and 1.5625-25 pg/mL respectively while HLs is fungistatic.
Overall, the proligands HL12, HL14 and HL16 and the Ag-NHCs (Ls-16-Ag-Br) show good activity
against all the gram-positive bacterial and fungal strains, moderate activity towards the gram-
negative strains and their inhibitory activity were found to be bactericidal and fungicidal.

Results of Biofilm susceptibility test with the isolates described above are presented in Table 4.3.
Unlike the MIC and MBC results, all the proligands (HLs-16) were found to have no activity (in
the concentration range used in this work) against all the bacteria strains tested, while HL12, HL 14
and HL1s have MBEC values ranging from 100-300 pg/mL against Candida albicans ATCC
90028 biofilm. Equally, the two gram-negative bacteria biofilms show resistance against the Ag-
NHCs (Ls-16-Ag-Br). Li4-Ag-Br, however, is active against all the four stains of gram-positive
bacteria biofilms with MBEC values ranging from 200-300 pg/mL. Also, Staphylococcus aureus
NCTC 6571 and Staphylococcus aureus NCIMB 9518 biofilms were found to be susceptible to
L12-Ag-Br and Lis-Ag-Br with MBEC values of 300 and 400 pg/mL respectively. Candida
albicans ATCC 90028 biofilm was found to be susceptible to Ls-16-Ag-Br and with Li4-Ag-Br
and Lie-Ag-Br showing good activity with MBEC value of <50 pug/mL respectively.

Although, there is no clear-cut difference in the activity of HLi2-16 and Ls-16-Ag-Br against
planktonic cells, all the biofilm cells tested tolerated HL12-16. Based on the result of the silver
nitrate used as one of the standards, we can infer that the amphiphilic imidazolium scaffolds
enhanced the antibiofilm activity of the silver ion. Therefore, the activity of Li2-Ag-Br against
Staphylococcus aureus NCTC 6571, Lis-Ag-Br against Staphylococcus aureus NCTC 6571,
Staphylococcus aureus NCIMB 9518, Staphylococcus epidermidis ATCC 14990 and
Staphylococcus epidermidis ATCC RP62A and L1s-Ag-Br against Staphylococcus aureus NCIMB

9518 biofilm cells, can be primarily attributed to the silver functionality.
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Table 4.1: Minimum Inhibitory Concentrations (MIC) of HLs-16 and Ls-16-Ag-Br

MIC (ug/mL) HLs Ls-Ag-Br HLio Lio-Ag-Br HLi L12-Ag-Br HL14 Lis-Ag-Br  HLis Lis-Ag-Br  Triclosan AgNOs

S aureus 6571
S aureus 9518
S epidermidis 14990 100
S epidermidis RP62A
P aeruginosa 15692

E coli 12923

C. albicans 90028

Key

I No activity [ ] Moderate activity (12.5-100 ug/mL) [ ] Good activity (6.25-<0.78125 pg/mL)
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Table 4.2: Minimum Bactericidal Concentration (MBC) of HLs-16 and Ls-16-Ag-Br

MBC (pg/m |_) HLs Ls-Ag-Br HLuo L1o-Ag-Br HLi2  Li>-Ag-Br HLi1s  Lis-Ag-Br HL1s L16-Ag-Br

Triclosan  AgNOs

S aureus 6571 6.25 50 25 25 100 | 6.25 3125  6.25 12.5 25
S aureus 9518 6.25 25 125 125 125  3.125 3125 15625 12.5 25
S epidermidis 14990 6.25 25 6.25 3.125 3.125 1.5625 <0.78125 125 12.5
S epidermidis RP62A 12.5 3125 3.125 15625 <0.78125 125 12.5
P aeruginosa 15692 100 100 100 100 50 - 125
E coli 12923 50 25 25 12.5 12.5 25 12.5
C. albicans 90028 3.125 3.125 1.5625 3125  1.5625 <0.78125

Key

I No activity [ ] Moderate activity (12.5-100 ug/mL) [ ] Good activity (6.25-<0.78125 pg/mL)
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Table 4.3: Minimum Biofilm Eradication Concentrations (MBEC) of HLs-16 and Ls-16-Ag-Br

MBEC (ug/mL) HLs Ls-AgBr HLio Lio-Ag-Br HLiz Li>-Ag-Br HLi4  Lis-Ag-Br HLis Lis-Ag-Br  Triclosan AgNOs

S. aureus 6571

S. aureus 9518

S. epidermidis 14990

S. epidermidis RP62A

P. aeruginosa 15692

E. coli 12923

C. albicans 90028

Key

- No activity |:| Moderate activity (100-400 pg/mL) |:| Good activity (<50 pg/mL)
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4.3.2.2. HL™®10.36 and L™$10-16-Ag-Br

The MIC of HL™®10.16 and L™®10-16-Ag-Br against the four gram-positive bacterial strains (Table
4.4) ranges from 6.25-<0.78125 pg/mL respectively and that of HL™®g and L™®s-Ag-Br are 25
and 12.5 pg/mL respectively against Staphylococcus aureus NCTC 6571. Except for HL™®g and
HL™®s10 with no activity, HL™®12.16 and L™®Ss.16-Ag-Br show moderate activity with MIC ranging
from 50-100 pg/mL respectively against Pseudomonas aeruginosa NCTC 10662. L™®12-16-Ag-Br
and HL™®Sg.16, L™®Sg-Ag-Br, L™®10-Ag-Br show good and moderate activity with MIC ranging
from 3.125-6.25 and 12.5-100 pg/mL respectively against Escherichia coli NCTC 12923. The
fungal strain, Candida albicans ATCC 90028, is susceptible to HL™®g.16 and L™*%s-16-Ag-Br,
besides HL™®g with MIC of 25 pg/mL, the rest of the compounds show good activity with MIC
values ranging <0.78125-6.25 pg/mL.

The activity of HL™®10.16 and L™®s.16-Ag-Br are found to be bactericidal against the four gram-
positive bacterial strains with MBC values ranging from 1.5625-50 and 1.5625-100 pg/mL
respectively. However, the activity of HL™®g is bacteriostatic. In addition, the activity of HL™®1o-
16, and L™12-16-Ag-Br tend to be bactericidal against Pseudomonas aeruginosa NCTC 10662 with
moderate MBC values (Table 4.5) ranging from 50-100 and 100 pg/mL respectively, while the
activity of L™®g-Ag-Br is bacteriostatic. And lastly, the activity of HL™®10.16, and L™®10-16-Ag-Br
are bactericidal as well with MBC values ranging from 25-50 and 6.25-100 pg/mL respectively
against Escherichia coli NCTC 12923. HL™®.16 and L™®s.16-Ag-Br show fungicidal activity
towards Candida albicans ATCC 90028 with MBC values ranging from 1.5625-100 and
<0.78125-6.25 pug/mL respectively.

Just like HLs-16and Ls-16-Ag-Br, the activity of HL™s.16 and L™®s-16-Ag-Br ranges generally from

good to moderate against all the planktonic microbial strains tested and their inhibitory activity

was found largely to be bactericidal and fungicidal.
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Table 4.4: Minimum Inhibitory Concentrations (MIC) of HL™®.16 and L™®%s-16-Ag-Br

MIC (pg/mL) HLMesg  Lmesg-Ag-Br  HL™®0 L™S0-Ag-Br HL™®1,  L™Sp-Ag-Br  HL™S1,  L™S,-Ag-Br  HL™Ss  L™S-Ag-Br  Triclosan AgNOs

S. aureus 6571

S. aureus 9518

S. epidermidis 14990

S. epidermidis RP62A

P. aeruginosa 15692

E. coli 12923

C. albicans 90028

Key

I No activity [ ] Moderate activity (12.5-100 ug/mL) [ | Good activity (6.25-<0.78125 pug/mL)
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Table 4.5: Minimum Bactericidal Concentration (MBC) of HL™®g.16 and L™s-16-Ag-Br

MBC (ug/mL) HL™Sg  LMSg-Ag-Br  HL™®10 L™S30-Ag-Br  HL™®1p  L™S5-Ag-Br  HL™®14  L™54-Ag-Br  HL™Sg  L™56-Ag-Br Triclosan ~ AgNO3

S. aureus 6571 100 25 6.25 6.25 1.5625 50 6.25 6.25 3.125 12.5 25

S. aureus 9518 50 25 25 3.125 6.25 50 3.125 125 3.125 12.5 25

S. epidermidis 14990 50 6.25 15625  1.5625 6.5 15625 15625  1.5625 125 125
S. epidermidis RP62A 3.125 15625  1.5625 6.5 15625 3125 3125 125 125
P. aeruginosa 15692 100 100 50 100 100 100 50 R 125
E. coli 12923 100 25 50 50 125 50 6.25 25 125
C. albicans 90028 100  6.25 25 3.125 3125  1.5625 15625 <0.78125 625 15625 <0.78125

Key

I No activity [ ] Moderate activity (12.5-100 ug/mL) [ | Good activity (6.25-<0.78125 ug/mL)
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Table 4.6: Minimum Biofilm Eradication Concentrations (MBEC) of HL™®g.16 and L™®5g.16-Ag-Br

MBEC (png/mL) HL™g L™mesg-Ag-Br HL™So  L™50-Ag-Br  HL™S1;  L™515-Ag-Br  HL™®14  L™S4-Ag-Br HL™®;g  L™515-Ag-Br Triclosan ~ AgNO3

S. aureus 6571

S. aureus 9518

S. epidermidis 14990

S. epidermidis RP62A

P. aeruginosa 15692

E. coli 12923

C. albicans 90028

Key

B No activity [ ] Moderate activity (100-400 ug/mL) [ | Good activity (<50 pg/mL)
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Biofilm susceptibility screening was also conducted with the isolates described above and the
results are presented in Table 4.6. Except for HL™®Sg and HL™®$10 with no activity against Candida
albicans ATCC 90028 biofilm, HL™®12 show moderate activity with MBEC value of 350 pg/mL
while HL™®14 and HL™*16 have MBEC values of <50 pg/mL. L™®12-16-Ag-Br show moderate
biofilm activity against two gram-positive bacteria (Staphylococcus aureus NCTC 6571 and
Staphylococcus aureus NCIMB 9518) and one gram-negative bacteria (Escherichia coli NCTC
12923) with MBEC values ranging from 200-400 and 200-300 pg/mL respectively. HL™®g.16 were
found to have no activity against the biofilms of all the bacteria strains tested. Pseudomonas
aeruginosa NCTC 10662 and Staphylococcus epidermidis ATCC RP62A biofilms show resistance
against all of L™®g.16-Ag-Br.

Generally, the activity of HL™s.16 and L™*g-16-Ag-Br against planktonic cells ranges from
moderate to good activity with no significant difference between the proligands, HL™®s.16 and
their Ag-NHCs, L™g.16-Ag-Br. Relative to the result of the silver nitrate used as one of the
standards, we can infer that the amphiphilic imidazolium scaffolds enhanced the antibiofilm
activity of silver ion and therefore the antibiofilm activity of L™12-Ag-Br, L™*14-Ag-Br and
L™mes16-Ag-Br against Staphylococcus aureus NCTC 6571, Staphylococcus aureus NCIMB 9518
and Escherichia coli NCTC 12923 can therefore, be primarily attributed to the silver functionality.

4.3.2.3. H2Gs-16 and Gs-16-Ag2-Br2

The MIC of H2G14 and H2Gis ranges from 1.5625-6.25 pg/mL against all the gram-positive
bacteria respectively while H2G12 show good (6.25 pg/mL) and moderate (12.5 pg/mL) activity
against Staphylococcus aureus NCTC 6571, Staphylococcus aureus NCIMB 9518 and
Staphylococcus epidermidis ATCC 14990, Staphylococcus epidermidis ATCC RP62A
respectively (Table 4.7). The activity of H2G12, H2G14 and H2G1s against Escherichia coli NCTC
12923 ranges from 12.5-50 pg/mL respectively but they all show no activity against Pseudomonas
aeruginosa NCTC 10662. H2Gao is also found to show moderate activity with 50 pug/mL against
Staphylococcus epidermidis ATCC 14990 and Staphylococcus epidermidis ATCC RP62A
respectively. H2Gs show no activity against all the microbial strains. H2G1o exhibits no activity

against Staphylococcus aureus NCTC 6571, Staphylococcus aureus NCIMB 9518, Pseudomonas
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aeruginosa NCTC 10662 and Escherichia coli NCTC 12923 respectively. For the Ag-NHCs, Gs-
Ag2-Brz, Gi0-Agz-Br2 and Gis-Agz-Br2 show moderate activity with MIC ranging from 12.5-100
pHg/mL against all the bacterial strains respectively. The MIC values of Gi2-Agz-Brz against
Staphylococcus aureus NCTC 6571, Staphylococcus aureus NCIMB 9518 and Staphylococcus
epidermidis ATCC 14990, Staphylococcus epidermidis ATCC RP62A and Pseudomonas
aeruginosa NCTC 10662, Escherichia coli NCTC 12923 are 25 and 6.25 and 50 pg/mL
respectively, while Gis-Ag2-Br2 shows no activity against Pseudomonas aeruginosa NCTC
10662. G14-Agz-Br2 exhibits MIC values of 6.25 pg/mL against Staphylococcus aureus NCTC
6571 and Staphylococcus aureus NCIMB 9518 respectively, 3.125 pg/mL against Staphylococcus
epidermidis ATCC 14990 and Staphylococcus epidermidis ATCC RP62A respectively and 25
pg/mL against Escherichia coli NCTC 12923. The fungal strain, Candida albicans ATCC 90028,
is susceptible to H2G1o0 and H2G12 with MIC ranging from 12.5-50 pg/mL respectively, 3.125
pg/mL for H2G1e and Gie-Agz-Br2 respectively and <0.78125 pg/mL for Gs-16-Agz-Brz and H2G14

respectively.

The activity of H2Gi2, H2G14, H2G16 and Gs-16-Ag2-Brz2 are found to be bactericidal against the
four gram-positive bacterial strains with MBC values ranging from 12.5-50 and 3.125-100 pg/mL
respectively (Table 4.8). H2Gaz2 is bacteriostatic against Staphylococcus aureus NCIMB 9518 and
Pseudomonas aeruginosa NCTC 10662 respectively. In addition, the activity of H2G12-16, and Gs-
16-Ag2-Br2 are found to be bactericidal as well with MBC values ranging from 50-100 pg/mL
respectively against Escherichia coli NCTC 12923. The activity of Gs-Ag2-Brz and Gio-Agz-Br2
are found to be bactericidal while that of Gi2-Ag2-Brz and Gi4-Ag2-Br are bacteriostatic against
Pseudomonas aeruginosa NCTC 10662. H2G1o0-16 and Gs-16-Ag2-Br2 are also able to kill 99.9% of
Candida albicans ATCC 90028 with MBC values of 6.25 pg/mL for H2G14, H2G1s, Gs-Ag2-Br>
and Gis-Ag2-Brarespectively, 1.5625 pg/mL for Gio-Agz-Br, 25 pg/mL for H2Gi2, 50 pg/mL for
H2Ga10 and <0.78125 pg/mL for Gi2-Agz2-Brz, and Gis-Ag2-Bra respectively.
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Table 4.7: Minimum Inhibitory Concentrations (MIC) of H2Gs-16 and Gs-16-Ag2-Br2

MIC (pg/mL) H:Gs Gs-Ag2-Br. HoGio  Gio-Agz-Bra HxGiz  Gi-Age-Bre H:Gis  Gu-Age-Bra  HxGis  Gig-Age-Br,  Triclosan  AgNO;
S aureus 6571 100 50 125 25 3.125 6.25 6.25 25 <0.78125 25
S aureus 9518 100 50 125 25 6.25 6.25 6.25 50 <0.78125 125
S epidermidis 14990 50 50 6.25 6.25 1.5625 3.125 1.5625 125 <0.78125 6.25
S epidermidis RP62A 50 50 6.25 6.25 1.5625 3.125 1.5625 12.5 <0.78125 3.125
P aeruginosa 15692 50 50 - 50 _ 100 - 3.125
E coli 12923 50 100 50 50 125 25 25 100 1.5625 6.25
C. albicans 90028 <0.78125 50 <0.78125 125 <0.78125 <0.78125 <0.78125 3.125 3.125 <0.78125 3.125
Key
- No activity |:| Moderate activity (12.5-100 pg/mL) |:| Good activity (6.25-<0.78125 pg/mL)
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Table 4.8: Minimum Bactericidal Concentration (MBC) of H2Gs-16 and Gs-16-Ag2-Br2

MBC (“g/m L) H.Gsg Gs-Agz-Brz HoGao Glo-Agz-Brz H.Gi12 G12-Agz-Br2 HoGag G14-Agz-Br2 HoGas Gle-Agz-Brz Triclosan AgN03
S aureus 6571 100 100 50 25 125 125 125 100 12.5 25
S aureus 9518 100 100 - 25 25 12.5 12.5 100 12.5 25
S epidermidis 14990 100 100 50 12.5 12.5 6.25 6.25 125 25 12.5 12.5
S epidermidis RP62A 100 100 50 125 6.25 3.125 3.125 6.25 25 12.5 12.5
E coli 12923 50 50 100 100 50 50 100 100 25 125
C. albicans 90028 6.25 50 1.56 25 <0.78125 6.25 <0.78125 6.25 6.25 <0.78125

Key

I No activity [ ] Moderate activity (12.5-100 ug/mL) [ | Good activity (6.25-<0.78125 pug/mL)
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4.3.2.4. H:G™M®%g.16 and G™M®%g-16-AQ2-Br2

The MIC of H2G™M®g and G™®Sg-Ag2-Br2 ranges from 25-100 pg/mL and that of H2G™®10-16 and
G™Me510-16-Ag2-Br2 from <0.78125-6.25 pg/mL respectively against all the gram-positive bacteria
(Table 4.9). H2.G™®Sg has no activity against the two gram-negative bacteria while Pseudomonas
aeruginosa NCTC 10662 tolerates H2G™®10, H2G™®16 and G™*14-Ag2-Br2 respectively. Equally,
the MIC values of H2G™®12 and H2G™®S14 are 100 pg/mL respectively while that of G™M®g.12-Ag2-
Br2 and G™M*16-Ag2-Brz are 50 pg/mL respectively against Pseudomonas aeruginosa NCTC
10662. Escherichia coli NCTC 12923 is susceptible to H2G™®*10-16 and G™®s-16-Ag2-Brz2 with MIC
values ranging from 12.5-100 pg/mL respectively. The activity of H2G™®sg, H2G™M®10, H2G™M®512
and H2G™s14 and H2G™16 are found to have MIC values of 50, 12.5, 3.125, <0.78125 and
<0.78125 pg/mL respectively against the fungal strain, Candida albicans ATCC 90028, and G™®sg-
16-Ag2-Bra with <0.78125 pg/mL respectively.

Except for G™M®s-Ag2-Br2 which is bacteriostatic towards Staphylococcus aureus NCIMB 9518
(Table 4.10), the activity of H2G™®.16 and G™*s.16-Ag2-Br2 are found to be bactericidal against
the four gram-positive bacterial strains with MBC values ranging from <0.78125-100 pg/mL
respectively. The activity of H2G™®*10.16 and G™®s-16-Ag2-Br2 are bactericidal against Escherichia
coli NCTC 12923 with MBCs ranging from 25-100 and 50-100 pg/mL respectively. The activity
of G™M®$10-Ag2-Br2, and G™®16-Ag2-Br2 are found to be bactericidal (100 pug/mL respectively) and
that of H2G™M*12, HaGM*14, GMS-Age-Br2 and G™S12-Age-Brz are bacteriostatic against
Pseudomonas aeruginosa NCTC 10662. Lastly, H2G™*s.16 and G™*s.16-Ag2-Br2 are able to kill
99.9% of Candida albicans ATCC 90028 with MBC values of 100 pg/mL for H2G™Sg, 12.5
pg/mL for H2G™M®10, 3.125 pg/mL for G™Mg-Agz-Br2 and G™s10-Ag2-Br2 respectively, 1.5625
pg/mL for H2G™e12, HoG™M®514, G™MeS12-Ag2-Bra2, GM®514-Ag2-Br2 and G™M16-Ag2-Br2 respectively
and <0.78125 pg/mL for H2G™es36.
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Table 4.9: Minimum Inhibitory Concentrations (MIC) of H2G™®s.16 and G™M®s-16-Ag2-Br>

3 goo < gH <|E gH <|E 3H <|E 3H <|E § )
‘J £ P = = £ o £ o £ = = (23
= QR & QR & Q £ Q £ <Q £ S
= T o T o T o T o T O <
S. aureus 6571 100 50 6.25 6.25 3.125 3.125 1.5625 3.125 3.125 6.25 <0.78125 25
S. aureus 9518 100 50 125 6.25 3.125 3.125 1.5625 3.125 1.5625 3.125 <0.78125 12.5
S. epidermidis 25 25 3.125 3.125 <0.78125 <0.78125 <0.78125 <0.78125 <0.78125 <0.78125 <0.78125 6.25
14990
S. epidermidis 50 25 3.125 3.125 <0.78125 1.5625 <0.78125 <0.78125 <0.78125 <0.78125 <0.78125 3.125
RP62A
P. aeruginosa 50 50 100 50 100 50 3.125
15692
E. coli 12923 100 100 25 25 25 12.5 12.5 25 50 1.5625 6.25
C. albicans 50 <0.78125 125 <0.78125 3.125 <0.78125 <0.78125 <0.78125 <0.78125 <0.78125 <0.78125 3.125
90028

Key

- No activity |:| Moderate activity (12.5-100 pg/mL) |:| Good activity (6.25-<0.78125 pg/mL)
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Table 4.10: Minimum Bactericidal Concentration (MBC) of H2G™®5s.16 and G™®%s.16-Ag2-Br2

- ~ o R R o c
E & G e e 8 3
N (@)] (@)] (@)] (@)] <5
e o K i < i < o < i < 2 o
O E b £ 2 £ S £ 3 £ 2 . o
0 Q £ Q £ Q g Q g Q £ =
= T (@) T (@) T (O] T (O] T () <
S. aureus 6571 100 100 125 125 3125 3.125 3.125 3.125 6.25 50 12.5 25
S. aureus 9518 100 - 125 50 3.125 125 3.125 12.5 6.25 25 12.5 25
S. epidermidis 14990 50 50 6.25 3.125 15625 1.5625 <0.78125 1.5625 1.5625 6.25 12.5 12.5
12.5

6.25 15625 1.5625 <0.78125 3.125 <0.78125 6.25 12.5
50 25 12.5

50 25 100 50 50 50

S. epidermidis RP62A 50 25 6.25
P. aeruginosa 15692

E. coli 12923 100 100

C. albicans 90028 100 3.125 125 3125 15625 15625 1.5625 1.5625 <0.78125 1.5625 <0.78125
Key

- No activity |:| Moderate activity (100-400 pg/mL) |:| Good activity (<50 pg/mL)
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The results of the dicationic imidazolium salts, H2Gs-16 and H2G™®-16 and their corresponding
Ag-NHCs, Gs-16-Ag2-Brzand G™®s.16-Ag2-Br, largely vary from good to moderate against all
the planktonic microbial strains tested just like the results of monocationic proligands, HLs-16
and HL™®g.16 and their Ag-NHCs, Ls-16-Ag-Br and L™*g.16-Ag-Br, albeit, with a slightly
lower biological activity and most of their inhibitory activity are also found to be bactericidal
and fungicidal respectively. Due to poor solubility at the concentration range required for the
in vitro screening, we could not assess the activity of Gs-16-Ag2-Brz and G™M®Ss.16-Ag2-Br2

against biofilm cells.

4.4. Conclusions

The antimicrobial activities of all the mononuclear Ag(I)NHCs were found to strongly depend
upon their molecular structure as seen in the plot of MIC against chain length in Figures 4.3,
4.4, 45 and 4.6. Generally, for each bacterial and fungal strain, the MIC values decrease
(increased antimicrobial activity) as the aliphatic chain length of the Ag(I)NHCs increases from
Cg — Cie. Furthermore, Ag(I)NHCs with mesityl group on one of the N atoms in the
imidazolium moiety show better activity than that with methyl group and these observations
are in line with the observation that increasing hydrophobicity increases the biological activity
of compounds derived from an imidazolium moiety.?>?° The dinuclear Ag(I)NHCs show
similar trends as described above. Many of the published reports on the antimicrobial activities
of Ag(I)NHC complexes have attributed the observed activity to the slow release of Ag(l) ions
from the Ag(I)-NHC complexes.>*°32 Except for L™sg16-Ag-Br with no low field resonance
signals that can be attributed to the carbenic carbon in the 3C NMR spectra (Table 3.1), Ls-16-
Ag-Br, Gs-16-Ag2-Brzand G™g.16-Ag2-Br2 have similar signals at approximately 180 ppm and
the implication of this is that the NCN-Ag bond are of the same nature.3* With these
observations, we would expect the antimicrobial activity of the mononuclear Ag(l)-NHCs to
be the same irrespective of the ligand structure and the dinuclear Ag(l)-NHC complexes to
have better activity relative to the mononuclear Ag(l)-NHCs. We can therefore conclude that
the antimicrobial activities and the mode of action of these Ag(l)-NHCs are strongly due to the

combination of Ag(l) ion and the bioactive proligand scaffolds.
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Figure 4.4: Structure-activity relationship of L™g.16-Ag-Br
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4.5. Experimental

4.5.1. Biological Activity
45.1.1. MIC and MBC Determinations

Overnight cultures of test isolates were prepared in Mueller-Hinton broth (MHB) for bacterial
strains and in Roswell Park Memorial Institute (RPMI) broth for fungal strain. Bacterial and
fungal cultures were adjusted to 0.1 and 1.0 McFarland standards (approximately 10® cells
mL1) respectively, diluted 1000-fold and serial dilutions of the antimicrobial agents were
prepared in appropriate media. A 100-uL volume of each dilution of antimicrobial agent was
added to an equal volume of a microbial suspension, giving antimicrobial concentrations
ranging from 100-0.78125 pg/mL. Controls included bacterial suspensions containing no
antimicrobial agent and uninoculated culture medium. The test isolates and antimicrobial agent
were coincubated aerobically in 96-well microtiter plates for 24 h at 37°C. Microbial growth
was determined by spectrophotometric analysis at 620 nm. Absorbance readings were
standardized against microbial-free antimicrobial agent controls. All experiments were

performed in triplicate on three separate occasions.

4.5.1.2. Biofilm Cells Susceptibility Test

Isolates were incubated as described above but without agitation to allow biofilm formation.
Culture medium was removed, and the biofilms were washed with 100 uLL phosphate-buffered
saline (PBS) to remove planktonic cells. Fresh culture medium (100 pL) containing an
antimicrobial agent at concentrations ranging from 400-50 pg/mL was added to each well.
Controls prepared as already described were also included. Biofilms were incubated in the
presence of an antimicrobial agent for 24 h without agitation under the conditions described
above before the supernatant was removed and the biofilm was washed once with PBS. Fresh
culture medium (100 pL) that did not contain any antimicrobial agent was added to the
biofilms, which were disrupted by repeated pipetting. After 24 h, the incubated, disrupted
biofilm cells were then plated onto the appropriate agar medium and were incubated for 24 h

at 37°C. All experiments were performed in triplicate.
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Chapter 5

Synthesis and Characterisation of Surface-Active Platinum(l1) N-Heterocyclic Carbenes

5.1. Introduction

Two of the unique features that set N-heterocyclic carbenes apart from other ligands in
organometallics/coordination chemistry are their strong o-donor and relatively weak =-
acceptor properties.! The ease with which libraries of NHCs can be created by varying the
substituents attached to the ring heteroatoms and/or backbone consequently dictate the steric
and electronic features displayed by NHCs.? 2 The strong o-donor and weak m-acceptor ability
of NHCs result in a thermodynamically stable and strong metal-ligand bonds characterised by
high bond dissociation energies and short metal-ligand bond lengths.* These attractive features
of NHC-metal bond have led to a wide range of different areas of applications such as catalysis
for various organic reactions, medicinal, luminescent and functional materials.>”’ Herrman and
co-workers pioneered the use NHC-metal complexes in homogeneous catalysis when they
reported their findings on Pd(11)-NHCs (A and B) (Figure 5.1) catalysed Heck coupling of aryl
halides. Due to the exceptional stability displayed by these catalysts, they suggested that NHCs
could be derivatized into stable water-soluble catalysts.®

i
\

| N
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x:\(Pd: < \I
' I
A B

Figure 5.1: First reported metal-NHCs as transition metal catalysts

One of the most important uses of homogeneous catalysis in the laboratory and in industry is
in the synthesis of organosilicon molecules by the addition of hydrosilanes to unsaturated

substrates and this reaction is known as hydrosilylation (Scheme 5.1).% %
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catalyst R 4 SiR,
SiR3—H + A g —>R3Si/\/ )\
RI

Scheme 5.1: The hydrosilylation reaction

The hydrosilylation reaction has enabled the production of silicon polymers used in silicon
rubbers, urinary catheters, paper release coatings, and pressure-sensitive adhesives and
platinum complexes have been widely employed as catalysts for this process.” 1! The two-
leading platinum-based catalysts employed for the hydrosilylation reaction in industry are
Speier’s catalyst'? (C) and the Karstedt catalyst (D) (Figure 5.2).13

<l _o_/

L] < Si” si— /
/ Cl Si—« 5= ~Sj—

\/\ / 0/ \ (\ /) {

Pt \ /Pt_l\ // Pt\ /O

_S- — QQ/
CI/ \CI / I~ Sl'\
C D

Figure 5.2: Speier’s catalyst (C) and the Karstedt catalyst (D)

In spite of the high activities exhibited by these catalysts, they are quite sensitive to moisture
and form colloidal platinum particles which results in undesired side reactions such as
dehydrogenative silylation, hydrogenation of olefins, isomerization of olefins, olefin
oligomerization and redistribution of hydrosilanes (Scheme 5.2) and colouration of the final
product.t ** Therefore, research efforts to develop a well-defined catalyst system with higher
selectivity and activity are still very active in order to improve upon the methodology and make

it more economical and environmentally friendly.
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— "L,/\/\SiR?, hydrosilylation
— "L,/\/\SiRs dehydrogenative hydrosilylation
> oz’)/\/ hydrogenation

YNt RSiH Pt |
- u‘,”/\/ olefin isomerisation

oligomerisation
S . L.
M polymerisation
n

— R4Si, RzSin, RSiH3, SiH4 redistribution

Scheme 5.2: Hydrosilylation and other side reactions of olefins with hydrosilane in the

presence of a catalyst

In 2002, after learning that the divinyltetramethylsiloxane (dvtms) ligand in the Karstedt
catalyst appears to be too labile and dissociates rapidly, leading to colloidal Pt species, Marko
and coworkers reported the synthesis of a Pt(0)-NHC complex derived from Karstedt catalyst
by treating Karstedt catalyst with an N-heterocyclic carbene ligand. The resulting Pt(0)-NHC
complex (E) (Figure 5.3) was found to catalyse the hydrosilylation of octene with “remarkable
efficiency and exquisite selectivity”. This catalyst was found to be remarkably stable with no
formation of colloidal platinum species thereby reducing the amount of undesired by-

products.t!

/

I[ Pt /o
N §\Q/Si\
) !

E

Figure 5.3: Chemical structure of [Pt(NHC)(dvtms)] (E) by Marko et al.
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A catalytic cycle was proposed after a detailed kinetic study and the dissociation of the labile
dvtms ligand was found to initiate the catalytic cycle (Scheme 5.3) and this agrees with the
Chalk-Harrod mechanism.® 1!

Scheme 5.3: Proposed mechanism for the platinum-carbene catalysed hydrosilylation

Shortly after the findings by Marko et al., Cavell and co-workers reported Pt(0)-NHC
complex (F) (Figure 5.4) coordinated with sterically demanding and strong c-donating 6-
membered NHC ligands. The catalysts were found to have excellent activity comparable to that
of Karstedt (D) and Marko (E) catalysts only for the reaction between
bis(trimethylsiloxy)methylsilane and 1-octene.™®

Figure 5.4: Chemical structure of [Pt(NHC)(dvtms)] (F) by Cavell et al.
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Chelating biscarbene ligands were found to increase the stability of Pt-NHC catalyst systems
and the activity of biscarbene-Pt(1l), G, was found to be comparable to that of the Karstedt

catalyst with less by-products (Figure 5.5).1°

o

<)N\pt(°' /
kN\;Q/N‘Q/o

G
Figure 5.5: Chemical structure of [Pt(bis-NHC)CI>] (G) by Strassner et al.

De Jesus and co-workers in 2012 demonstrated the stability of water-soluble Pt(0)-NHC
complexes in D>O at room temperature (at least 1 month) and at 70 °C (at least 3 days) and this
stability has been attributed to their strong a-donating property and high steric hindrance.
Furthermore, Pt(0)-NHC complexes containing sulfonated N-heterocyclic carbene ligands
(Figure 5.6, H and I) were found to be active catalysts that can activate the hydrosilylation of

some terminal alkynes at room temperature in water.’

Figure 5.6: Chemical structures of water-soluble [Pt(NHC)(dvtms)] (H and 1) by de Jesus et
al.
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Water is becoming an important alternative as a medium for chemical transformation to
traditional organic solvents due to environmental concerns.'® Recently, a call has been made
on the need to make chemical transformations more sustainable by transitioning from high
dependence on organic media to aqueous media such that chemical reactions can be done under
environmentally responsible conditions.’® Chemical reactions driven by catalysts can be
adapted to aqueous media by the addition of surfactants providing a large interface for the
immiscible organic reactants.?’ Surfactants are functional compounds containing hydrophilic
head and hydrophobic tail attached to each other in one molecule and metallosurfactants
represent a refined way of infusing other important properties beyond amphiphilicity into
surfactant molecules. Polarz et al., recently published an article on the activity of
metallosurfactant bearing NHC ligand system and Cu(l) metal centre (J) as the head group and
hydrophobic tails comprising of dodecylbenzene (Figure 5.7) as a catalyst for the

polymerization of methyl methacrylate (MMA).%

NL)\N 2+

J

Figure 5.7: Chemical structure of metallosurfactant (J) with NHC ligand system by Polarz et

al.
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5.2. Aims

This chapter aimed to synthesise a series of new Pt(Il)-NHC metallosurfactants. These
complexes have general composition Na[PtL ®s-16dmsoCl2] and are derived from zwitterionic

amphiphilic imidazolium proligands, HL®%.16 described in chapter 2.

We have designed a series of water-soluble Pt(11)-NHCs that are surface-active to serve as
catalysts in the formation of organosilanes both in-water and on-water in order to accommodate

both hydrophilic and hydrophobic substrates.

These new set of novel metallosurfactants with a Pt(I1) metal centre as the head group and the
NHC ligand system (LP®%s 16, Figure 5.8. synthesis discussed in chapter 2) bearing the
hydrophobic tail (Cs-16). These metallosurfactants were charaterised by H and *C NMR
spectroscopy, HRMS and their application as catalysts for the hydrosilylation of terminal
alkenes and alkynes with three different hydrosilanes in water was explored.

Lastly, the correlation between the catalytic activity and the molecular structure of these

metallosurfactants was explored.

R\N/\N/\/\SOS.
\—/

bet
L™ 516

R = CgH47, C1gH24, C12H2s,
C14H29, C16H33

Figure 5.8: Betaine NHC ligands used in this study (synthesis discussed in chapter 2)
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5.3. Results and Discussion

5.3.1. Synthesis of surface-active platinum(l1) N-heterocyclic carbene complexes

The complexes Na[PtLP%s.16dmsoCl2] were obtained by a method described by Marshall and
co-workers.?? This was achieved by the direct reaction of K[PtCls] with sulfonate
functionalized imidazolium zwitterions, HL 3.1 in dimethyl sulfoxide at 90°C for 3 days using
sodium acetate as the deprotonating agent. This procedure yielded complexes Na[PtLPet.
16dmsoCl2] as analytically pure solids in good yields (Scheme 5.4). It is important to note that
the use of excess ligands has no effect on the nature of the complex formed because of
competition from dimethyl sulfoxide (in excess) which functions as solvent and as ligand
during the reaction.?® This set of surface-active Pt(11)-NHC complexes were characterised by
H, 3C and H-2C HSQC NMR spectroscopy and mass spectrometry. The ESI-TOF mass
spectra of these complexes were recorded in methanol in negative mode and showed intense
peaks corresponding to the fragments [(M — Na)], with isotopic distributions matching the

calculated patterns.

[\

/ \ ®
- K,PtCly, NaOAc -
N N (0] 2 4 _N N SO;” N
R e \Y 505 > R ~N0Ms Na
° DMSO, 90°C Na[PtLbets_l(,dmsoClz]

Cl—ll’t- DMSO
Cl

R = CgHy7, CygHyy, C1oHas, Ci4Hy9, Ci6His

Scheme 5.4: Synthesis of Na[Pt(L % 16)(dmso)Cl2]

In the H spectra, some characteristic changes were observed and as expected, the signals of
the acidic protons at C2 of HL"*.1 disappeared upon platinum coordination (Figures 5.9 and
5.10). The loss of the C2 resonance at approximately 136 ppm and the reappearance of a new
signal at approximately 141 ppm signify the formation of platinum carbene complexes in the
13C NMR spectra. Besides the loss of the C2 resonance signals, the *H NMR spectra of complex

Na[PtLPe%.16dmsoCl2] are quite revealing (Appendix C). The presence of two different ligands
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cis to the N-heterocyclic carbene moiety (dmso and CI") makes the a methylene protons on the
imidazole ring and the methyl groups on dmso coordinated to Pt(Il) center diastereotopic.
Analysis of the cross peaks using tH-13C correlation spectroscopy revealed four proton signals
between 4.15 and 4.60 ppm on the *H scale and between 48 and 51 ppm on the ‘3C scale and
these resonance signals can be assigned to the four diastereotopic protons o to the two nitrogen
atoms on the imidazole ring (Figures 5.10 and 5.11). The above observations can be
rationalized if the stereochemistry of the square-planar metal environment is cis, with one of
the chlorides trans to the dmso and the other chloride trans to the carbene ligand (the carbene
carbon signal at 6c = 141 ppm compares well with other Pt(I1)-NHC complexes with similar

architecture.).?>

HLbEtlz
X
i N @ d f
WN‘;;NTSUS'
© b
|
a b c f g

T T T T T T T T T T T T T T T T T T T T T T T T
120 115 110 105 W0 85 a0 85 &b F5 020 A5 B0 55 R0 45 40 35 30 X 20 15 10 05 00
L fepent

Figure 5.9: *H NMR spectrum of HL¢%2 in CDCl3 using Bruker 400 MHz at room

temperature
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Figure 5.10: *H NMR spectrum of Na[Pt(L¢t2)(dmso)Cl2] in CDsOD using Bruker 400

MHz at room temperature

Na[Pt(Lb¢},)(dms0)Cl] )
A .
- a ' « 3

. . 50 N

e B

Figure 5.11: A cross section of HSQC of Na[PtL"¢%2dmsoCl2] using Bruker 400 MHz at

room temperature
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5.3.2. Catalytic Application of Na[PtL"®s16dmsoClz2] in Hydrosilylation of Terminal
Alkenes and Alkyne in Water

The activity of Na[PtL"®'s.16dmsoCl2] as catalysts in the hydrosilylation of terminal alkenes in
water at 30°C at different concentrations and the effect of the alkyl chain lengths attached to
these Pt(I1)-NHC complexes on the conversion and regioselectivity was investigated. In this
study, we employed three different hydrosilanes phenyldimethylsilane (PhMe2SiH),
triethylsilane (EtsSiH) and chlorodimethylsilane (CIMe2SiH)), along with two alkenes (1-

octene and styrene) and one alkyne (1-octyne).

5.3.2.1. Hydrosilylation of 1-Octene with PhMe2SiH, EtsSiH and CIMe2SiH in Water

The newly synthesized and characterised surface-active and water-soluble Pt(11)-NHC
complexes, Na[Pt(L%.16)(dmso)Cl2], were screened as catalysts for the hydrosilylation
reaction between 1-octene and PhMe2SiH, EtsSiH, and CIMe2SiH respectively. The reaction
solutions were stirred at 30°C in water with catalyst loading with respect to the tertiary silanes
employed. Conversion of reactants to products was monitored by the disappearance of the Si-
H and vinylic protons in the *H NMR spectra. The products and the stereochemistry of the
products from the three catalysed reactions were confirmed by comparing the *H NMR spectra
of the reaction before and after the reaction and by the analysis of the new peaks and their
coupling constants respectively. Equally, under the reaction condition employed, we did not
observe hydrolysis of CIMe>SiH. It has been established that the hydrosilylation of 1-octene
with hydrosilane substrate could yield four possible products as shown in scheme 5.5 and their

ratio depends on the metal, the ligand, the alkene and the tertiary silane used.8 2% 26

Risi” NS B(E) isomer

—»
EEEE— . )\/\/\/ o-(E) isomer
R;Si
CH X + RSiH —
/\/\/\/\ Dehydrogenative hydrosilylation
— >  R;Si
L > NS Hydrogenation

Scheme 5.5: Reported product distribution in the hydrosilylation of 1-octene
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The hydrosilylation reaction between 1-octene and PhMe»SiH, EtsSiH, CIMe,SiH respectively

gave the p—(E) isomer (Figure 5.12 and scheme 5.6) and the *H NMR data is as highlighted
below:

K: 'H NMR (400 MHz, CDCl3) 8 0.15 (s, 6H), 0.64 (m, 2H), 0.77 (t, J = 6.8 Hz, 3H), 1.15 (m,
12H), 7.46 — 7.37 (m, 1H), 7.29 — 7.19 (m, 2H).

L: 'H NMR (400 MHz, CDCl3) § 0.42 (g, 2H, J = 8.0), 0.52 (qd, J = 8.0, 0.6 Hz, 8H), 0.85 (m,
4H), 0.90 (ddd, J = 8.0, Hz, 12H), 1.19 (m, 6H).

M: *H NMR (400 MHz, CDCl3) & 0.00 (s, 6H), 0.47 (dd, J = 9.4, 5.8 Hz, 2H), 0.85 (t, J = 6.6
Hz, 3H), 1.32-1.22 (m, 12H).

3 K
[Pt(IT)-NHC] I\ \\ )
CHi Y arer > > S e U Uk
30°C cl ) L
/
—SiH
Cl
- g \Si/\/\/\/\/
\
M

Scheme 5.6: Hydrosilylation of 1-octene with different tertiary silanes

All the Pt(11)-NHC complexes used in this study catalysed the hydrosilylation in Scheme 5.6
with excellent conversions (Table 5.1) at varying catalyst loadings and with excellent
regioselectivity for the anti-Markonikov products. This result is consistent with the Pt(0)
catalysed hydrosilylation reaction bearing bulky NHC ligands reported by Pietraszuk and
coworkers (catalyst loading = 0.001 mol%, yield = 98%, product ratio (B:a) = not available,

reaction time = 24 h, solvent = toluene and reaction temperature = 80°C) for Et3SiH and octene
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and (catalyst loading = 1*10"° mol%, conversion = 93%, product ratio (B:a) = 84:16, reaction
time = 3 h, solvent = toluene and reaction temperature = 80°C) for PhMe,SiH and octene.?®
The size of the tertiary silanes employed has no effect on the regioselectivity of the products

and the summary of the results of these hydrosilylation reactions is presented in Table 5.1.

Table 5.1: Hydrosilylation of 1-octene with different tertiary silanes

Entry | Catalyst Catalyst | Alkene Silane Time | Conversion

Conc. (h)

(mol %)
1 Na[PtLP ¢sdmsoCl;] 24
2 Na[PtL®'10dmsoCl.] | 98
3 Na[PtL*";,dmsoCl,] | 0-001 SH | 5 [gg
4 Na[PtL"*14dmsoCl;] ©/ 96
5 Na[PtL®"16dmsoCl_] 98
6 Na[PtL*'sdmsoCl;] 96
7 Na[PtL®'10dmsoCly] 96

Na[PtL"e';,dmsoCl,] 01 | e ™ \| _ 8 o6

9 Na[PtL";4dmsoCl;] i 96
10 | Na[PtL ®%sdmsoCl;] 96
11 | Na[PtL*®sdmsoCl;] 88
12 | Na[PtL"®%0dmsoCl;] 92
13 | Na[PtL"®';,dmsoClz] 0.001 SH 6 |90
14 | Na[PtL"®4dmsoCl;] 90
15 | Na[PtL®%sdmsoCl_] 89

2 The conversion was determined by *H NMR analysis based on the disappearance of the alkene resonance. ® The
products and their stereochemistry were identified by *H NMR analysis of the product resonance peaks and their

coupling constants. All reactions were carried out in water at 30°C
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Figure 5.12: *H NMR spectrum of alkylsilanes K, L and M, (the reaction mixtures were
extracted with CDCls after completion), and trimetoxybenzene (standard used) in CDCl3

using Bruker 400 MHz at room temperature

5.3.2.2. Hydrosilylation of Styrene with PhMe2SiH, EtsSiH and CIMe2SiH in Water

In the presence of the Pt(I1)-NHCs, the hydrosilylation reaction between styrene and
PhMe,SiH, EtsSiH, CIMe>SiH respectively was also explored. The reaction solutions were
stirred at 30°C in water with catalyst loading with respect to the tertiary silanes. The products
and the stereochemistry of the products from the two catalysed reactions were confirmed as
stated earlier and the important *H NMR peaks are highlighted below.

N: *H NMR (400 MHz, CDClz) 6 0.13 (s, 6H), 0.95 (m, 2H, due to B—(E) isomer), 1.09 (d, J =
8.0 Hz, 3H, due to a—(E) isomer), 2.48 (m, 2H, due to B—(E) isomer), 7.02 —6.92 (m, 3H), 7.19
—7.06 (m, 2H), 7.35 (m, 3H).

O: H NMR (400 MHz, CDCl3) § 1.16 (t, = 7.6, 0.9 Hz, 3H), 2.56 (q, J = 7.6 Hz, 2H), 7.24
(m, 2H). 7.10 (m, 3H).
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P: 'H NMR (400 MHz, CDClIs) & -0.09 (s, 6H, due to a—(E) isomer), 0.00 (s, 6H, due to p—(E)
isomer), 0.81 (ddd, J = 11.6, 5.3, 2.7 Hz, 2H, due to B—(E) isomer). 1.28 (d, J = 8.0 Hz, 3H,
due to o—(E) isomer), 2.56 (ddd, J = 11.6, 5.3, 2.7 Hz, 2H, due to B—(E) isomer), 7.20 (s. 5H).

The catalysed reaction between styrene and CIMe>SiH or PhMe,SiH gave the B—(E) isomers
as the major product and a—(E) isomers as the minor product (Scheme 5.7). For the reaction
with PhMe,SiH, trace amounts of the hydrogenated product (ethylbenzene) was also obtained
(Table 5.2). Reaction of styrene with EtsSiH afforded no hydrosilylated products, rather, the
styrene was hydrogenated to ethylbenzene with 52% conversion. Therefore, in the case of
styrene, the size and electronic properties of the tertiary silanes employed played a great role
on the regioselectivity of the products similar to what has been reported in literature.?® The
more hindered PhMe>SiH formed the B—(E) isomer with >95% while >65% B—(E) isomer were
observed for CIMe.SiH (Figure 5.13). Equally, tertiary silanes with electron withdrawing
groups gave the desired hydrosilylated products while EtsSiH with electron releasing groups
did not yield the desired hydrosilylated product. Comparatively, the result obtained with
ClIMeSiH is less favourable to that reported by Pregosin and Caseri (catalyst loading = 4*10°
* mol%, conversion = 93%, product ratio (B:a) = 84:16, reaction time = 5 mins, solvent = neat
and reaction temperature = RT)?’, and Lai and coworkers (catalyst loading = 2.5%10"° mol%,
conversion = 99.9%, product ratio (B:o:others) = 94.1:1.4:4.5, reaction time = 3 h, solvent =

neat and reaction temperature = 90°C)%,

162



Chapter 5
Synthesis and characterisation of surface-active platinum(ll) N-heterocyclic carbenes

major minor minor
>95% N
X [PtaD-NHC] ~USiH - ©/\
Water
30°C o
Cl
’ |
—SiH
Cl
\ si7 |/Cl
L ©/\/ ~ + sli
major minor
>65%
P

Scheme 5.7: Hydrosilylation of styrene with different tertiary silanes
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Figure 5.13: *H NMR spectrum of N, O and P showing the B—(E) and o—(E) isomers from
the hydrosilylation reaction (the reaction mixture was extracted with CDCl; after
completion), and trimetoxybenzene (standard used) in CDCl3 using Bruker 400 MHz at room

temperature
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The result obtained for the hydrosilylation of styrene with PhMe,SiH is particularly promising.
PhMe,SiH has been described as a less reactive silane compared to other silanes used in
hydrosilylation reactions'® and the activity of the Pt(11)-NHCs used in this study compare
favourably in terms of reaction time, reaction temperature, catalyst loading, conversion and
selectivity with Karstedt’s catalyst (catalyst loading = 0.5 mol%, conversion = 60%, product
ratio (B:a) = 96:4, reaction time = 6 h and reaction temperature = 101°C)*® and some other
Pt(0)- and Pt(11)-NHCs by Strassner et al., (catalyst loading = 0.5 mol%, conversion = 68%,
product ratio (B:a) = 94:6, reaction time = 24 h, solvent = dioxane and reaction temperature =
101°C),%® Pietraszuk et al., (catalyst loading = 1*10° mol%, yield = 100%, product ratio (B:c)
= not available, reaction time = 24 h, solvent = toluene and reaction temperature = 80°C)?®,
Peng et al., (catalyst loading = 0.02 mol%, conversion = 99.9%, product ratio (B:a) = 100:0,
reaction time = 10 h, solvent = neat and reaction temperature = 90°C)?° and the vesicular self-
assembled amphiphilic Pt(11)-NCN-pincer complex reported by Hamasaka and Uozumi®® that
have been used for this particular reaction (catalyst loading = 1 mol ppm, yield = 72%, product
ratio (B:a) = not available, reaction time = 12 h, solvent = H>O and reaction temperature =
25°C).
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Entry | Catalyst Catalyst | Alkene Silane Time | Conversion? | B:a®
Conc. (h)
(mol%)
1 Na[PtL*'sdmsoCl;] 94 96:4
2 Na[PtL";odmsoCl] | 98 95:5
3 Na[PtL*®'12dmsoCl2] | 0.001 SiH_ 5|96 94:6
4 Na[PtL"*14dmsoCl;] ©/ 9% 94:6
5 Na[PtL*6dmsoCl,] 98 96:4
6 Na[PtL*'sdmsoCl;] - -
7 Na[PtL®'10dmsoCl.] - -
8 Na[PtL";,dmsoCl,] 0.1 ©/\ 8 |- -
9 Na[PtL*4dmsoCl,] S - -
10 | Na[PtL ®46dmsoCl;] - -
11 | Na[PtL®%sdmsoCl;] 62 65:35
12 | Na[PtL ®%0dmsoCl;] 66 69:31
13 | Na[PtL ®%2,dmsoCl] |  0.001 Sin g |69 62:38
14 | Na[PtL®"4dmsoCly] s 70 65:35
15 | Na[PtL ®%6dmsoCl_] 71 65:35

2 The conversion was determined by *H NMR analysis based on the disappearance of the alkene resonance. *The

products and their stereochemistry were identified by *H NMR analysis of the product resonance peaks and their

coupling constants. All reactions were carried out in water at 30°C

5.3.2.3. Hydrosilylation of 1-Octyne with PhMe2SiH, EtsSiH and CIMezSiH in Water

The hydrosilylation of 1-octyne with PhMe,SiH, Et:sSiH and ClMe>SiH respectively at a

catalyst loading relative to the tertiary silanes were carried out to evaluate the catalytic

activities of these Pt(I1)-NHCs in the hydrosilylation of alkynes. It has been reported in many

literary articles that the hydrosilylation of alkynes can lead to three regioisomers: the a, the p-
(E), and the B-(Z) isomers (Scheme 5.8).2°
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Scheme 5.8: Reported product distribution in the hydrosilylation of 1-octyne

The hydrosilylation of 1-octyne with PhMe,SiH, Et3SiH, CIMe.SiH gave good conversion
within 24 h, generally yielding a mixture of a- and B-(E) isomers (Scheme 5.9) similar to other
Pt(I11)-NHCs that have been reported.!” % The catalysed hydrosilylation reaction afforded a-
and B-(E) isomers with the B-(E) isomer as the major products. The formation of the products
and the regioselectivty (B-(E)- relative to a-isomer) were confirmed by the disappearance of
the Si-H proton resonance and the appearance of the corresponding vinylic protons in the *H
NMR spectrum (Figure 5.15).
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Scheme 5.9: Hydrosilylation of 1-octyne with different tertiary silanes
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Analysis of the product mixture by *H NMR spectroscopy showed two resonances for the
alkenyl protons of the B-(E) isomer with chemical shifts at ~6.00 ppm (doublet of triplets with
3 =20.0 Hz and *J = 8.0 Hz) and ~5.50 ppm (a pair of multiplets with 3 = 20.0 Hz and ) =
2.0 Hz) and a pair of multiplets (minor peaks) at ~5.55 and ~5.20 ppm corresponding to the a-
isomer (Figure 5.15). The size of the tertiary silanes employed has no effect on the
regioselectivity of the products and the summary of the results of these hydrosilylation reaction
is presented in Table 5.3. The results obtained for the hydrosilylation of octyne compare
favourably with that reported by de Jesus et al., (catalyst loading = 0.5 mol%, yield = 72%,
product ratio (B:a) = 93:7, reaction time = 24 h, solvent = H>0, and reaction temperature =
30°C)Y, Kariuki et al., (catalyst loading = 0.005 mol%, yield = 82.7%, product ratio (B:o)) =
89.5:10.5, reaction time = 3 h, solvent = o-xylene, and reaction temperature = 80°C)* for the
hydrosilylation reaction of EtsSiH and octyne, Marko and coworkers (catalyst loading = 0.1
mol%, yield = 93%, product ratio (B:a) = 50:1, reaction time = 6 mins, solvent = neat, and

reaction temperature = 60°C) for the hydrosilylation reaction of PhMe;SiH and octyne.*

a—(E) isomer

T T T T T T T T T T T T T T T T T
8.0 7.5 70 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 5.15: *H NMR spectrum of the B—(E) and o—isomers from the hydrosilylation of 1-
octyne and EtsSiH (the reaction mixture was extracted with CDClI; after completion), and

trimetoxybenzene (standard used) in CDClIs using Bruker 400 MHz at room temperature
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Table 5.3: Hydrosilylation of 1-octyne with EtsSiH, PhMe;SiH and CIMe,SiH

Entry | Catalyst Catalyst | Alkyne Silane Time | Conversion® | B:a®

Conc. (h)

(mol %)
1 Na[PtL*'sdmsoCl;] | 74 72:28
2 Na[PtL";0dmsoCl;] SiH, 78 75:25
3 Na[PtL®'1,dmsoCl_] 0.01 ©/ 24 | 76 77:23
4 Na[PtL";4dmsoCl,] 76 77:23
5 Na[PtL";dmsoCl,] 78 74:26
6 Na[PtLP ¢sdmsoCl;] \I 88 85:15
7 Na[PtL®'10dmsoCl.] ~_-SH_~ 91 88:12
8 Na[PtL®'1,dmsoCly] 0.01 | CiHpy——= 24 | 93 85:15
9 Na[PtL*4dmsoCl,] 97 87:13
10 Na[PtL*6dmsoCl,] 96 82:18
11 | Na[PtL*®%sdmsoCl;] 62 81:19
12 Na[PtL ®'10dmsoCl;] C|/SiH\ 67 83:17
13 | Na[PtL"®%,dmsoCl,] 0.01 24 | 65 83:17
14 | Na[PtL"®4dmsoCl,] 68 80:20
15 | Na[PtL ®%6dmsoCl_] 68 80:20

2 The conversion was determined by *H NMR analysis based on the disappearance of the alkyne resonance. ®The
products and their stereochemistry were identified by *H NMR analysis of the product resonance peaks and their

coupling constants. All reactions were carried out in water at 30°C

5.3.2.4. Structure-Activity Relationship

The time dependence of the hydrosilylation reaction using Na[Pt(L%6)(dmso)Cl2] at 0.001
mol % for PhMe,SiH and 1-octene, 0.001 mol % for PhMe>SiH and styrene and 0.01 mol %
for PhMe,SiH and 1-octyne respectively is as shown in Figure 5.16. The time-conversion plots
for the hydrosilylation of PhMe,SiH and 1-octene, PhMe,SiH and styrene are similar in shape.
The catalytic transformation of 1-octene and styrene to alkylsilane commenced rapidly giving
full conversion within 5 and 6 h respectively. The transformation of 1-octyne to vinylsilane
starts almost immediately but slows down as it progressed and got to full conversion at ~24 h
(Figure 5.16).
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Figure 5.16: Time dependence of the hydrosilylation reaction between PhMe,SiH and 1-

octene, styrene, 1-octyne respectively catalysed by Na[PtL e%sdmsoCl2]

Pt(0) has been found to be the catalytically active species with hydrosilanes acting as reducing
agents in the hydrosilylation reaction.3> 3 We did not observe any induction periods in the
kinetic curves and as a result we are not so sure what the active catalyst species is in this case.
The time-conversion plots revealed these Pt(I11)-NHCs show better activity towards the
hydrosilylation of 1-octene and styrene with low catalyst loading and short conversion time

than towards 1-octyne with high catalysts loading and long conversion time (Figure 5.16).

The effect of the chain length on reaction time, conversion, and catalyst loading was
investigated in the hydrosilylation reaction between styrene and PhMe,SiH and the result is
presented in Figure 5.17. The stereo-electronic parameters have been found to influence the
outcome of the hydrosilylation reactions®® ** and from the time-conversion plot, the chain
lengths appeared to have no influence on the reaction time, conversion, and catalyst loading.
We can suggest from this result that varying the chain lengths on the surface-active Pt(ll)-
NHCs used in this study has little or no effect on the stereo-electronic properties of these
complexes (Figure 5.17).

170



Chapter 5
Synthesis and characterisation of surface-active platinum(ll) N-heterocyclic carbenes

120

100

. /—‘/
e 1 ()
60 16
12
40
14
20 / 8

0 1 2 3 4 5 6 7

Time h

Conversion %

Figure 5.17: Time dependence of the hydrosilylation reaction between PhMe,SiH and
styrene catalysed by Na[PtL%.16dmsoClz]

5.4. Experimental

General

All reactions were carried out under aerobic conditions and all reagents were purchased from
commercial sources and used without further purification. *H and 3C NMR spectra were
recorded on an NMR-FT Bruker 400 MHz or 500 MHz spectrophotometers and recorded in
deuterated solvents and the chemical shifts are given in ppm. Coupling constants (J) are given
in hertz. When required, two-dimensional *H-3C HSQC experiments were carried out for the
unequivocal assignment of *H and *3C resonances. High-resolution mass spectra were obtained
as appropriate (in positive and negative modes) using a Waters LCT Premier XE instrument
and are reported as m/z (relative intensity). Analytical thin layer chromatography was
performed using Merck Silica gel F254 and the compounds were visualized with KMnO4.
Column chromatography was performed on Merck Kieselgel 60 (0.040-0.063 mm) silica gel.
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General Procedure for the Preparation of Surface-active Na[PtL"®%.16dmsoCl2]

Imidazolium sulfonate (HL"®'s.16) (0.33 mmol), K2PtCls (0.33 mmol) and sodium acetate (0.40
mmol) were dissolved in 5 mL of dmso and heated to 90°C. The reaction mixture was stirred
at that temperature for 3 days. The solution was dried under vacuum and the crude pale-yellow
solid obtained was dissolved in methanol and transferred to a column chromatograph (Merck
Kieselgel 60 (0.040-0.063 mm) silica gel) and the pure product was eluted with MeOH:CH2Cl>

(95:5) and subsequently dried under vacuum.
Na[PtL *%sdmsoCl-]

s Yield: 74%; *H NMR (400 MHz, MeOH-d*): § 0.80 (t, 3J= 8.0 Hz, 3H), 1.15-
EN}i"\C' 1.30 (br, 10H), 1.90 (m, 2H), 2.39 (m, 2H), 2.81 (m, 2H, CH>S), 3.42 (s, 3H,

A Me2SO0), 3.46 (s, 3H, Me2S0), 4.20 (m, 1H, NCH>), 4.36 (m, 1H, NCH>), 4.36

W 05 (m, 1H, NCH>), 4.58 (m, 1H, NCH,), 7.18 (d, 3J= 4.0 Hz, 1H, Imz), 7.24 (d,
3)= 4.0 Hz, 1H, Imz). ¥C{*H} NMR (100 MHz, MeOH-d*): § 13.12 (s, CHz3),

22.32 (s, CH2), 25.73 (s, CH2), 26.31 (s, CH?2), 28.92 (s, CH2), 28.97 (s, CH2), 29.92 (s, CH2),
31.57 (s, CH2), 44.80 (s, 1C, Me2S0), 44.81 (s, 1C, Me2S0), 44.90 (s, CH2S), 49.05 (s, NCH>),
50.60 (s, NCH>), 121.26 (s, Imz C5), 121.37 (s, Imz C4), 141.18 (s, Imz C2). MS (ESI-) m/z:

Found 644.0769 [(M-Na)~ 70%], expected 644.0812.

Na[PtL"¢;0dmsoCl2]

N/C""f;l‘ Yield: 71%; *H NMR (400 MHz, MeOH-d*): § 0.80 (t, 3J= 8.0 Hz, 3H), 1.15-

>‘}‘\ 1.35 (br, 14H), 1.90 (m, 2H), 2.39 (m, 2H), 2.82 (m, 2H, CH2S), 3.41 (s, 3H,

A Me2S0), 3.45 (s, 3H, Me2S0), 4.20 (m, 1H, NCH_), 4.36 (m, 1H, NCH>), 4.36

o -0 (m, 1H, NCHy), 4.58 (m, 1H, NCH>), 7.16 (d, 3J= 4.0 Hz, 1H, Imz), 7.23 (d,

3J= 4.0 Hz, 1H, Imz). BC{*H} NMR (100 MHz, MeOH-d*): & 13.04 (s, CHs),

22.33 (s, CH2), 25.70 (s, CH2), 26.29 (s, CH2), 28.98 (s, CH2), 29.03 (s, CH2), 29.22 (s, CH>),

29.25 (s, CHy), 29.89 (s, CH2), 31.66 (s, CH2), 44.71 (s, 1C, Me2S0), 44.72 (s, 1C, Me2SO0),

44.74 (s, CH,S), 49.01 (s, NCH2), 50.57 (s, NCH,), 121.11 (s, Imz C5), 121.32 (s, Imz C4),
141.30 (s, Imz C2). MS (ESI-) m/z: Found 672.1055 [(M-Na)~ 40%], expected 672.1125.

[
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Na[PtLP ®12dmsoCl2]

fus Yield: 77%; *H NMR (500 MHz, MeOH-d*): 5 0.80 (t, 3J= 8.0 Hz, 3H), 1.20-

EH'\ 1.40 (br, 18H), 1.91 (m, 2H), 2.39 (m, 2H), 2.82 (m, 2H, CH>S), 3.41 (s, 3H,

N Me,S0), 3.46 (s, 3H, Me;S0), 4.20 (m, 1H, NCH?y), 4.35 (m, 1H, NCHy), 4.37

o (m, 1H, NCHy), 4.56 (m, 1H, NCH>), 7.18 (d, 3J= 4.0 Hz, 1H, Imz), 7.24 (d, %)=

4.0 Hz, 1H, Imz). BC{*H} NMR (125 MHz, MeOH-d*):  13.08 (s, CHz), 22.35

(s, CH2), 25.71 (s, CH?2), 26.30 (s, CHz), 29.00 (s, CH2), 29.08 (s, CH2), 29.24 (s, CHz), 29.31

(s, CH2), 29.38 (s, CH2), 29.92 (s, CH2), 31.68 (s, CHy), 44.74 (s, 1C, Me2SO), 44.75 (s, 1C,

Me,S0), 44.82 (s, CH2S), 49.03 (s, NCHy), 50.59 (s, NCH>), 121.21 (s, Imz C5), 121.34 (s,

Imz C4), 141.22 (s, Imz C2). MS (ESI-) m/z: Found 700.1391 [(M-Na)" 80%], expected
700.1438.

Na[PtL ¢14dmsoCl2]

N Yield: 68%; 'H NMR (500 MHz, MeOH-d*): § 0.80 (t, 3J= 8.0 Hz, 3H), 1.20-

EQ“i“\C' 1.35 (br, 22H), 1.90 (m, 2H), 2.40 (m, 2H), 2.82 (m, 2H, CH>S), 3.41 (s, 3H,

A Me2S0), 3.45 (s, 3H, Me2S0), 4.20 (m, 1H, NCH?>), 4.35 (m, 1H, NCH>), 4.36

W "o (m, 1H, NCH>), 4.57 (m, 1H, NCH,), 7.18 (d, 3J= 4.0 Hz, 1H, Imz), 7.24 (d,

3)= 4.0 Hz, 1H, Imz). BC{*H} NMR (125 MHz, MeOH-d*): § 13.04 (s, CHa),

22.34 (s, CHy), 25.71 (s, CH2), 26.29 (s, CH2), 28.99 (s, CHz2), 29.08 (s, CH2), 29.23 (s, CHy),

29.31 (s, CHy), 29.37 (s, CH2), 29.41 (s, CH2), 29.90 (s, CHz2), 31.68 (s, CH), 44.68 (s, 1C,

Me2S0), 44.69 (s, 1C, Me2S0), 44.72 (s, CH.S), 49.01 (s, NCHy), 50.56 (s, NCH>), 121.12 (s,

Imz C5), 121.31 (s, Imz C4), 141.28 (s, Imz C2). MS (ESI-) m/z: Found 728.1668 [(M-Na)>
70%], expected 728.1751.

Na[PtLP *,6dmsoCl2]

s Yield: 69%; *H NMR (500 MHz, MeOH-d*): & 0.80 (t, 3J= 8.0 Hz, 3H), 1.20-
|

EN}E_O 1.35 (br, 26H), 1.91 (m, 2H), 2.39 (m, 2H), 2.80 (m, 2H, CH:zS), 3.41 (s, 3H,
\\\
% Me,S0), 3.46 (s, 3H, Me,S0), 4.20 (m, 1H, NCH,), 4.35 (m, 1H, NCH,), 4.36

o o (m, 1H, NCHy), 4.56 (m, 1H, NCH5), 7.18 (d, 3J= 4.0 Hz, 1H, Imz), 7.23 (d,
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3)= 4.0 Hz, 1H, Imz). BC{*H} NMR (125 MHz, MeOH-d4): § 13.08 (s, CH3), 22.35 (s, CHo),
22.82 (s, CHy), 25.72 (s, CH2), 26.30 (s, CH), 29.01 (s, CHz2), 29.09 (s, CH2), 29.25 (s, CH>),
29.33 (s, CH>), 29.38 (s, CH?2), 29.39 (s, CH2), 29.42 (s, CH>), 29.92 (s, CHy), 31.69 (s, CH>),
4471 (s, 1C, Me2SO0), 44.72 (s, 1C, Me2S0), 44.80 (s, CH2S), 49.03 (s, NCH>), 50.58 (s,
NCH2), 121.19 (s, Imz C5), 121.34 (s, Imz C4), 141.24 (s, Imz C2). MS (ESI-) m/z: Found
756.1981 [(M-Na)™ 70%], expected 756.2064.

General Procedure for the Hydrosilylation of Alkenes/Alkyne in Water

The alkene/alkyne (1.0 mmol) and a slight excess of the appropriate hydrolsilane (1.1 mmol)
were added to a solution of the corresponding Pt(I1)-NHC catalyst (see Tables 5.1-3 for mol
% Pt(11)-NHC catalyst) in 2 mL of water previously warmed to 30 °C. The mixture was stirred
magnetically until the reaction is completed, then extracted with CDClz and dried over MgSOe..
Conversions and selectivities were obtained by analysis of the deuterated chloroform solutions
by (1,3,5-trimethoxybenzene was used as internal standard) *H NMR spectroscopy.
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Chapter 6
6.1. Conclusions

This work describes the preparation of amphiphilic cationic, dicationic and zwitterionic
imidazolium salts and these amphiphiles have been used as scaffold about which new Ag(l)-
NHC and Pt(Il)-NHC complexes of the type NHC-Ag-Br, Na*[NHC-Ag-Cl]- and
Na[PtL ¢'dmsoCl.] have been assembled. The amphiphiles which served as proligand and their
corresponding metal complexes have been characterised by *H and **C NMR and HRMS.
The in vitro antimicrobial activity of the synthesized proligands (HLs-16, HL™*.16, H2Gs-16
and H2G™®g.16) and their corresponding silver(l) complexes (Ls-16-Ag-Br, L™*s-16-Ag-Br, Gs-16-
Ag2-Brz and G™M®s.16-Ag2-Br2) against planktonic and biofilm cells of Escherichia coli NCTC
12923, Staphylococcus aureus NCTC 6571, Staphylococcus aureus NCIMB 9518,
Pseudomonas aeruginosa ATCC 15692, Staphylococcus epidermidis ATCC 14990,
Staphylococcus epidermidis ATCC RP62A and Candida albicans ATCC 90028 have been
explored. Furthermore, their antimicrobial activities are compared to triclosan (5-chloro-2-
(2,4-dichlorophenoxy)phenol) and AgNOs.

The antimicrobial activity of all the synthesized amphiphilic imidazolium salts and the Ag(l)-
NHC complexes tested, show good to moderate activity against the planktonic cells of all the
studied strains with MIC value as low as <0.78 pg/mL, except for HLs, HL10, HL™*s and
HL ™50, Also, the imidazolium salts and the Ag(l)-NHC complexes were found to exhibit
moderate to good activity against the biofilm cells of Candida albicans ATCC 90028 with
MBEC value as low as <50.00 pg/mL. Li2-16-Ag-Br were found to be active against the biofilm
cells of all the gram-positive bacteria strains, while L™1,.16-Ag-Br were found to be active
against Staphylococcus aureus NCTC 6571, Staphylococcus aureus NCIMB 9518,
Staphylococcus epidermidis ATCC 14990 and Escherichia coli NCTC 12923, with MBEC
value ranging from 200.00-400.00 pg/mL respectively. However, all the proligands were found
to be inactive against the biofilm cells of all the strains of bacteria tested. There is a correlation
of increasing antimicrobial activity with size of the aliphatic chain and overall, most of the
compounds tested have been found to be bactericidal and fungicidal.

Complexes Na[PtL ®'5.16dmsoCl,] were assessed as catalysts for hydrosilylation of terminal
alkenes and an alkyne with hydrosilanes in water at 30°C to give alkylsilanes and vinylsilanes

respectively at a catalyst loading relative to the tertiary silanes. In this study, we employed
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three different hydrosilanes (phenyldimethylsilane (PhMe,SiH), triethylsilane (EtsSiH),
Chlorodimethylsilane (CIMe2SiH)), two alkenes (1-octene and styrene) and one alkyne (1-
octyne). The catalytic system enabled the synthesis of alkylsilanes from different tertiary
silanes and alkenes with 70-98% conversions with catalysts loading as low as 10 ppm in some

cases. In all cases, the major product is the B-adduct, which is anti-Markonikov in nature.

Similarly, vinylsilanes were prepared in 60-97% conversions as a mixture of o/f} isomers (with

the B isomers as the major product).

6.2. Future Work

In this work, we have successfully synthesized Ag(l)- and Pd(I1)-NHC complexes and applied
them as antimicrobial agents and catalysts in hydrosilylation reactions respectively. Further
studies on membrane permeation, cellular accumulation, morphology of microorganisms after
treatment and cytotoxicity are salient in order to enhance the profile of the synthesised Ag(l)-
NHCs used in this study. Additionally, incorporation of the lead Ag(l)-NHC into a urinary
catheter in order to generate a catheter surface that will inhibit the growth and swarming of
both planktonic and biofilm cells will go a long way in improving the profile of silver-based

antimicrobials.

From the results of the hydrosilylation reactions in chapter 5, it is essential to expand the
substrate scope of these Pt(I11)-NHC metallosurfactants to demonstrate their versatility. Further
studies on the morphology of the aggregates formed in water and the mechanistic pathway of
these Pt(I1)-NHC metallosurfactants with a view to identifying reactive intermediate(s) in
hydrosilylation reaction in water are crucial to determine how these catalysts/precatalysts

facilitate the hydrosilylation of alkenes and alkyne in water.
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181



HIL,

Lr Ir
- /"\\ﬁ_.-anl?
! !
___
T e
T T T T T T T T
14 13 12 1 1 a B el
FL [zpm)

HL,

e

Fir
s ﬁ..-nﬁ?

e

T T T T T
L8l 140 231 120 110 108
i1 ppm}

T T T T T
0 2 D MO 190 LB 1M €0

182



£r

1
Ey o o
k 23 kX 8 a8
4 o ¥ u 0 3 1 7 & 5 + 3 2 L 0
A [pengy
o
Fir
= .
ey B gH
.H./ ﬁ (UL |
W
S0 M M M 1w LD S O I B
Ipemy

m I a0 m

183



HL,, )
(=]
. '--.r‘]"“’*-\.\:‘:‘:‘?.l—-clezlr -r- Jr JII ]I'
T ) T T TT

1 [par)

M G 0 I 150 MED I MW 1m0 14D I IZ"”I'.'."_IIII 0 m moom 50 40 = 20 1 D
(e

184



s fJII

h ¥ b n
] EE 1 B T ]
H = = b ]
14 13 L2 1 ] £l 1 7 L] 5 4 3 ] 7
f1 (pem)

. 2 0 MM 150 L IR R IS0 14D I 1

185



s

s

S
-y "'\-.-ﬁ.--'an}'s
—
T I N
- L 1 £ X
: : - - - , : r - : T

Mz o WM 150 M 1M M| IS0 14D I 1 LMD
1 [pee)

186



Lg-Ag-Br

T T T T
] A E 1
———T——r—T——7T B e e S B e LN AR S e e S
20 15 110 mSs o &5 90 A5 &0 5 o 65 &) 5 ] 40 3 25 20 1 a5 an
Il {ppm}
{
[ >—-T-g—E-r
]
!
Cehir
——; = el
— — ————— T — T T — r T
o 2m in 200 150 LhG 1m7m 6D 150 =0 1M o 1n man Bl an &n #1 in i -1
T {ppm)

187



L,,-Ag-Br

gl

H
E >—Au—5r
H
4
CaHy
15 1o s o ws a0 R y T % 80 45 40 4% o 2 10 s W oas  an
1L {ppm)
H
[ >—.ﬁ.g—Br
|
!
oMy
S e 4 i B i
Ao 320 210 J;'r.'l I:'r.'l Ij%'.'l III: I;ul'.l I'IEJ'.I 140 an 20 Lo Lon ":'.'I F;.'I ?IL.'I f:l'.l ‘:I'.u 40 0 20 h] n i
11 [opm)

188



L,,-Ag-Br

T T T
o 115 118 1% oo 9% 90 8% &0 A% 7o eSS ED RS %0

L,,-Ag-Br
!
[ >—teer
n‘IICu"b-.-
|

M2 R M0 130 180 10 g 150 1400 130 10 10 1d %0
£1 {ppmi)

189

Iy 20 ol ] -10



L,;-Ag-Br

/
[N>—Ag —Br
1

all

g
T T T =TT
B =% = =R
T T T T T T T T T T T T T T T T T T T T T T T
L5 110 105 100 9% an B3 B.0 75 0 &S 6.0 5.5 5.0 4.5 4.0 35 30 2.5 20 1.5 ) 05 oo
1 [ppm)
M
E >—Ag—Br
M
4
CiaHeg
T T T T T T T T T T T T T T T T T T T T T T T
A 230 10 300 150 180 170 L&D 150 190 120 L) Ll oo ol an 0 B0 50 4 o 20 13
L [ppm]

190



L,.-Ag-Br

R
7]
I rI Wy J I
| >—Ag—Br
]
1!
CiaHa
l'1| -‘||11 I1I 'illl.
g 9% § 5 ¥
T T T T T T T T T T T T
1% 3 2 1 i 9 7 L] 4 3 2 n
Tl {ppn)
L,-Ag-Br
M
[ >—ﬁg—Er
M
\
CapHsz
o sty L J whvinhrs ey st
20 A0 210 200 150 180 10 160 150 140 10 1X 110 10g 20 an M L) EL 40 L) 20 i a -1

fl {pom)

191



Appendix B: 'H and *C NMR spectra of HL™®g.16 and L™*%.16-Ag-Br
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Appendix C: H and 3C NMR spectra of HL .16, Na[L"®'s.16-Ag-
Cl] and Na[PtL%.16dmsoCl_]
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Appendix D: *H and *C NMR spectra of HG™3.16
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Appendix E: *H and *C NMR spectra of HGs-16 and Gs-16-Ag-Br
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Appendix F: *H and 3C NMR spectra of HG™*s.16 and G™s.16-Ag-
Br
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Appendix G: 'H and 3C NMR spectra of Hydrosilylation Products
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Appendix H: Graph of Concentration vs Conductivity of HLg-1s,
HL™*g.16, H2G12-16 and H2G™*%g.16
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