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Abstract

Host-guest chemistry is very interesting phenomémasupramolecular chemistry.
Inclusion complexes which are formed by non-covalateractions between suitable hosts
and guests have several applications. Formatiopotyimeric aggregates for drug storage,
transport, and releasing is one of the most intnigarea. Properties of such systems, which
components are bound together via supramolecularaiction, can be efficiently driven by
chemical signals. Because of high application pgaiem pharmacology and/or medicine,
new multitopic guest are needed for designing adhétion of complex supramolecular
systems. Seven new multitopic guests including titopic and five ditopic guests were
prepared and studied. The main reason to make thests was to study the ability of these
compounds to form inclusion complexes with hostshsas cyclodextrins and cucurbiturils.
In order to make these compounds, several syntapfivoaches were used. The tritopic guest
compounds were prepared in satisfactory yield hyptog 1,3,5-tris(boromomethyl)benzene
with  1-(1-adamantylmethyl)H-benzofllimidazole and 1-(1-adamantylmethyliHi
imidazole, respectively. Ditopic guests were predaby Wittig reaction of corresponding
aldehydes with imidazole/benzimidazole substituamd benzimidazolium/imidazolium
phosphorous ylides followed by quaternization wdlifferent alkyl halides. These guests
were studied for their binding ability towards ctdaturils and cyclodextrins. Two tritopic
guests were able to form 1:3 inclusion complexe BiCD and CBJ[7]. They also formed
ternary aggregates wifrCD and CBJ7] in ratios 1:1:2 and 1:2:1. The twmibkes of ditopic
guests were prepared differing in central parthef uest molecules. The first family was
derived from 4,4’-disubstituted stilbene whereas tholecules of guests from the second
family contained a 4,4’-disubstituted diphenylatetye centerpiece. The stilbene guest with
terminal methyl substituen20 was obtained asE}/(Z) isomeric mixture. It was separated
into (E)-20 and ©)-20 isomers by using their significantly different wshbility in
MeOH:CHCE system. The geometry of th&){20 was confirmed by X-ray diffraction
analysis. Binding study of ditopic guest molecu$20 with 3-CD showed inclusion of the
guest in thg-CD cavity in such a way that the stilbene centaiis positioned inside tlfe
CD cavity and two benzimidazolium moieties occulpy bpposite cyclodextrin portals. This
complex displayed slow exchange mode on the NMRedoale. The positioning of one
benzimidazolium core in the narrgvCD caused locking of the rotation of the half bét
molecule while the second half remained free irratating being positioned in the widgr
CD rim. The guests with diphenylacetylene centemgighowed poor solubility but still two
of the guests were studied for their binding apilkinally, the complex of-CD with the
guest with terminal methyl substituents showedavinig of the exchange mode from slow to
fast in response to addition of non-polar solvemt'e most important and interesting result
was, that the influence of MeOH, DMSO, and AcMe wamificantly different. Namely,
MeOH did not influence the mode of the exchangerad other two solvents did.

These interesting results justify further reseanctihe new presented guests. Particularly,
the behaviour in the complex supramolecular systeomsisting of polymeric components
will be studied.
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1 General information

Within last few decades, scientific community hagpared complex supramolecular
systems which have shown some interesting appimsitin various fields. Apart from
micelles, dendritic polymers and membrane vesidlgdrogels have been prepared for the
purposes like storage and release of active congsonfluenced by external conditions such
as light, temperature, pH €t Construction of host-guest systems is one of migortant
aspect in this areh.nsoluble compounds can be made more soluble biinmaheir
supramolecular host-guest complexes with compousdsh as cyclodextrins and
cucurbiturils. Cyclodextrins and cucurbiturils pess hydrophobic inner cavity and
hydrophilic outer rim. The famous approach is @ptthe water poorly soluble compound
inside this cavity to deliver this complex insideetbody so that drug molecule can easily
reach to the target. Cavity size of each membetuctirbituril and cyclodextrin family is
different. So, many compounds with different sices be selectively trapped inside their
cavity.

| have tried to summarize the physical propersgathesis, purification, and applications
of the cucurbiturils and cyclodextrins in followirgxt.

2 Brief historic overview of cyclodextrins

Cyclodextrins (CDs) are the cyclic molecules mapeotiglucose (Glc) units. The most
important natural CDs are of the three types, ngmgeb, andy depending on the number of
Glc units. Their structures are depicted in Figlre

OH

HO o
(0] 0 (0]
HO (0] OH ‘Ho
Ob-ﬂqo OH
orO o le)
HO o)
OH OH
0 HO o”|oH HO
o 1oH ) HO %
CD o) OH o

HO P (o} o) y-CD o]
o OH o
HO e

HO OH

Figure 1: Naturally occurring forms of cyclodextrin

a-Cyclodextrin is the smallest ring wherea€yclodextrin is largest in the cavity size.
CDs consist of 6—-8 glucopyranoside units with aarsgement of that brings less hydrophilic
groups in the cavity. This arrangement allows CDsfdrm host-guest complexes with
hydrophobic compounds while outer part of cyclodest possesses of hydrophilic groups
which makes it soluble in water. Thus, host-gueshmglexes of cyclodextrins are usually
water soluble. Cyclodextrins were isolated by anEhescientist A. Villiers in 1891 as a
crystalline substance from bacterial digest ofcttail his material was found to be resistant to
acid hydrolysis. Later, Austrian microbiologist @ectiinger separately isolatexl and 3-
cyclodextrin in 1903.y-Cyclodextrin was isolated in 1935 by Freudenbeng dacobi.
Cyclodextrins can be easily prepared from ordinsigrch using enzyme€yclodextrin
glycosiltransferase and a-amylase. Despite this, cyclodextrin chemistry was quiét1980s
because of problems with the isolation and putifoca That time, some methods for
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purification were developed. Enzymatic purificatioihCDs was carried out in 70s. Different
types of enzyme CGTase were prepared by genetinesring. They were found to be more
active and specific towards the productiornafp- andy-cyclodextrins'® Thereafter, lots of
applications of cyclodextrins were developed. Noawe] CDs are widely used in
pharmaceutical and food industries. Apart from ¢hieslustrial and commercial applications,
they are used in research field especially in suptecular host-guest studies and
nanotechnology.

The solubility ofa-, B- andy-cyclodextrin is lower than that of linear dextripscause of
binding of cyclodextrin molecules in crystal lagtidntramolecular hydrogen bonds present in
B-cyclodextrin makes it difficult to form hydrogerotds with water molecules. In order to
increase the solubility of cyclodextrins, semistih approaches were used. This strategy
ended up with synthesis of water soluble cyclodexterivatives. If any of the hydroxyl
group is replaced by suitable hydrophobic functisueh as methoxy, the solubility of
corresponding cyclodextrin moiety increases. Thghést solubility can be achieved by
replacement of 2-3 OH groups by methoxy functiomsgilucose unit. However, the higher
degree of substitution usually decreases the ditjubi Later, 2-hydroxypropyl derivatives
of B- and y-cyclodextrin, sulfobutylether derivative df-cyclodextrin and branche@-
cyclodextrin were preparéd.

3 Industrial applications of cyclodxtrins and toxidty studies

In 70s, Japanese scientists worked on the indugirggaration of cyclodextrins. They
introduced cyclodextrins as industrial raw mateinal 980 for food and cosmetic industry. In
1976, first application op-CD was made in pharmaceutical industry. Prostatjaf2 @B-
CD was prepared by Ono Pharmaceuticals in Japder AR years of this medicine, other
drug named piroxicam@CD was introduced to US market by Chiesi Farmaciefrom
ltaly.** Generaly, cyclodextrins are used as solubilizens aometimes stabilizers in
pharmaceutical formulations. Many industrial apgtions of cyclodextrins were developed
in food and cosmetic industryCDs are used as flavoring agents and to reducesiinatl as
well as taste in food industry. In cosmetic indyustEDs are used to stabilize chemically
labile compounds so that their action can be piggdi®

3.1 Inclusion and non-inclusion complexes

In aqueous solutions, cyclodextrins are capablferofing of inclusion complexes. High-
energy water molecules from the lipophilic centcality can be replaced by any size-
compatible lipophilic guest while hydroxyl group®iin outer surface of cyclodextrins form
hydrogen bonds with water molecules. Thus, CDs farater soluble complex with water
insoluble compound¥-*®a-Cyclodextrin forms both inclusion and non-inclusicomplexes
with dicarboxylic acids which coexist in aqueoutusion.!” In saturated aqueous solution of
cyclodextrins, guest/CD complex can exist as a unetof inclusion and non-inclusion
complex. As a result of formation of such a compsystem, the value of equilibrium
constant is sometimes concentration dependent. Hwim contrast to the so called specific
binding inside the well-defined inner cavity witlikdly higher binding strength, the
association constants of non-specific non-inclusiggregates are usually rather srill.
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3.2 Solution behavior of the cyclodextrin aggregate

Due to many reasons such as production cost, doaydlability and isotonicity, small
amount of cyclodextrins are used in pharmaceutfcamulations, food products and
cosmetics. Many methods are used to increase caatjga efficiency. Free guest molecules
are in equilibrium with molecules in the complexldility of guest can be increased by
ionization, salt formation, by making metal compsxand addition of organic co-solvefits.
Cyclodextrins form complexes with various excipgerguch as water soluble polymers,
organic acids and bases etc. In addition, cyclogdexand their complexes can form nano-
scale aggregates by associating with each otheseThggregates interact with excipienits.
23 These structures cannot be detected easily. Onlg-TEM micrographs can detect their
presence. The size and shape of cyclodextrin agtgedn water depends on cyclodextrin
concentration and some other external factors. ifakes it possible to have hydrodynamic
radius of about 90 nAf. Some other studies have shown that this diamsetevén smaller,
from 3 to 5 nnf>

3.3 Drug availability and cyclodextrins in disperse systems

It was said that drug molecules would be releasaalyg from cyclodextrin cavity but it
was proved later that the rates of formation arsdatiation of drug/cyclodextrin complexes
are almost the same as diffusion controlled limiih complexes being formed and broken
down continually?”® Thus, water soluble drug/cyclodextrin complexeséase availability of
dissolved drug molecule. This strategy is more wisfeir the molecules with low aqueous
solubility.?° It has been proved that cyclodextrins increaskloavailability of FDA’s class
Il (low solubility, more permeability) drugs butdece the bioavailability of class | (more
solubility and low permeability)’

Cyclodextrins are used in vehicle systems such asilstons, microcapsules,
microspheres, nanospheres, nanocapsules, liposamiesiosomes. Inclusion complexes of
glycerides or fatty acids have surface activity abhitogether with their ability to form
aggregates end up with formation of dispersed syste?°

3.4 Toxicity studies and regulatory affairs

Some of the medicines that are presently availabBle made some decades ago when the
toxicity norms were not so strict. When cyclodextrivere introduced to market in 80s, these
norms were made strict by FDA’s of many countriéence it took many years to prove that
cyclodextrins are non-toxic. Initially, some expeents were carried out on rats in 1957
where rats died. But later it was proved that diexl because of impurities i+ and -
cyclodextrin®®® Structure of cyclodextrins, molecular weight (>9a2d low octanol/water
partition coefficient (between less than -3 anal@®ws that they cannot easily pass through
biological membrane¥* Negligible amounts of hydrophilic cyclodextrins dan
drug/cyclodextrin complexes can pass through ligaplgastrointestinal membrane and
skin®***> When cyclodextrin is administered orally, it ismtoxic because it cannot be
efficiently absorbed by gastrointestinal tract. dppilic methylated3-cyclodextrin is surface
active and can be absorbed by gastrointestinal (agproximately 10%). Accordingly, very
few cyclodextrin derivatives can be used in orairfolations.3-Cyclodextrin cannot be used
in parenteral formulations because of toxicity d¢desations whilea-cyclodextrin have
limited use even though it is non-toxity-Cyclodextrin is found to be non-toxic in animal
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studies when delivered intravenoudly.Toxicological studies of 2-hydroxypropgk
cyclodextrirf” and sulfobutylethep-cyclodextrirf® are completed and both of them are used
in some formulations which are already in market.

The regulatory status of cyclodextrins is evolvingntinuously. Cyclodextrins are
considered as safe by European, American pharmecapel Japanese Pharmaceutical
codex. All three cyclodextring.( andy) are recognized food additives in Japan.

3.5 Polyrotaxanes from cyclodextrin inclusion com@x and linear polymer

Rotaxanes are molecular assemblies in which maclesyare mechanically interlocked
on a dumbbell shaped molecular axle by bulky stoppa its ends. Polyrotaxanes consist of
an axle threaded more than one macrocycle. Somstithe macrocycle(s) is(are) not
interlocked by bulky stoppers; i.e., the complexn cdissociate under experimental
temperature. Such systems are called as pseudir(akanes. Significant improvement in
the synthesis of polyrotaxanes was observed aftegntion of cyclic molecules such as
cyclodextrins® Apart from low molecular weight substances, mangdr polymers are able
to form inclusion complexes with CDs to constitaiggregates in pseudorotaxane manner.
For instance, an inclusion complex was prepareld potyethylene glycol and-cyclodextrin
to get polypseudorotaxan&sSaturated aqueous solution of CDs and PEG weredmit
room temperature to form an inclusion complex. diswvater insoluble white precipitate. In
this inclusion complex, it was found that large f@mof CD units was threaded onto a PEG
chain. The structure of this polypseudorotaxane v@sirmed by X-ray analysis antH
NMR. Precipitation was not observed when solutioh€D and PEG carrying end groups
which were too bulky for threading, such as 2,4tddphenyl or 3,5-dinitrobenzoyl, was
used’®™? The insolubility of polypseudorotaxanes can belared by the formation of
intermolecular and intramolecular aggregation ofsGBrough hydrophobic interactions and
hydrogen bond formation. CDs aggregate to form wbhtike structure. These channels
associate laterally with other polypseudorotaxam#sGs with molecular weights ranging
from 1C to 10 can be included in the cavity of CDs. A gel wastbgsized when CDs were
complexed with PEG having a molecular weight of @1t showed channel structured CDs
forming cross linking poinfé. Recrystallization of inclusion complex from watand
pho;sphate buffer formed hexagonal microfibers. difoss section was reported todae2x5
pm:

Variety of different polymers was included into yaextrin cavity. Detailed study was
carried out by Harad&:*> Most of the inclusion complexes were obtained agewinsoluble
precipitate. Most notable observation was thatyepeiymer could be included with specific
CD whose cavity size is suitable for such inclusior example, PEG formed inclusion
complex witha-CD, not withp or y-CD. At the same time, PPG formed stable inclusion
complex withp-CD only. The data is tabulated below for all thedged polymers and CDs.
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Table 1: Polymers included in CDs

Polymer CD type M; of included polymer
o <10
o > 10"
PEG (PEO) B,y Not described
Y Not described
PPG (PPO) B 400-4000
Polytetrahydrofuran a (methylated) <19(1400)
o
Poly--caprolactone a 4-6.5 x 10
a,y Star polymer
Poly (L- lactic acid) a 2.85 x 16
Poly (vinyl alcohol) Y 94000
Poly (vinyl acetate) y 12800, 1.67x 10
Polycarbonate Y 28800
PMMA y 15000
Polyethyleneterephthalate vy 1.80 x 1d
Polyisobutylene B,y
Polybutadiene o, B,y 2.0 x 16-3.1 x1d
Polydimethyl siloxane v (B)
Polylysine o 4090
Silk fibroin Y Not described
Nylon 6 - Approximately 1.2x 16
Poly(bola-amphiphiles) a 2.8x1Gand 3.5 x 16
Polyaniline B 6.2 x 1d
PEG-PPG-PEG block a
copolymer B 10650
PEG-PPG-PEG random a 2500
PEG-PEI-PEG-block a 4100

PEGioctanedicarboxyIic acid a, B, hydroxyl-propylated 14400 and 11700

4 Cucurbiturils (CBS)

4.1 Synthesis and purification of CBs

Cucurbiturils are highly symmetric barrel-like slkedpmacrocycles made from glycoluril
monomers bridged by methylene groups. Oxygen atmm$ocated on the two opposite rims
and are tilted inward. Accordingly, a partly enédscavity is formed. The name cucurbiturils
is related to the similar shape of CBs to the pumpiom cucurbitaceae family. They are
written as cucurbit[n]urils where n is number ofjaluril units. They are abbreviated as CBn
or CBJ[n]. Three of the smallest cucurbiturils asesaown in Figure 2.
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Figure 2 Some basic cucubiturils

Parent cucurbituril CB[6] was prepared by Behrand905. Till today, CBs are prepared
by the original method reported by Behrend with onirmodifications. Synthesis of
cucurbiturils is carried out in two steps. In timstfstep, monomer glycoluril is prepared from
glyoxal and urea. The next step is polymerizatibglgcoluril in presence of a mineral acid
such as sulfuric or hydrochloric acid. Reactioassshown in the Figure 3. The reaction gives
mixture of many cucurbiturils such as CB[6], CB[&]B[7], CBI[8], CB[5]@CBJ[10],nor-
seco-CBs, inverted CBs, etc. Complex purification teciues are required to purify CBs.
Majority of the product is CB[6]. One of the recqembcedure for the purification of CBs is
mentioned by Dezhi Jiao and Oren Scherman. It deduformation of [gnim]Br,
[Npmim]Br. Isolation of CB[5] and CBJ[7] (both arelsible in water) is carried out using
washing and filtering with water. Insoluble soli€g[6] and CBI8]) is removed. Then
[Csmim]Br is added to the filtrate to form complex WICB[6] selectively. Subsequently,
bromide ion is exchanged with NPl to precipitate the [@nim]PF6@CBJ[7] complex.
CB[5] remains in aqueous solution. Upon evaporatisashing by methanol followed by
recrystallization from water gives pure CBJ[5]. Cdmpcontaining CBJ[7] is then mixed with
[C.mim]Br in water. Solution is heated to 80°C tilktkolid dissolves. Counter ion exchange
takes place in this reaction from f£Ro bromide. Now [Gmim]Br@CB[7] complex is
precipitated by methanol. Finally, CB[7] is purifiey SSM decomplexation methdd.

O

)J\ H pyrldlne HN NH H2CO _ _
cucurbit[n]urils
HZSO4

NH

Y

o]
glycoluril

Figure 3: Synthesis of cucurbit[n]uril

CBJ[6]/CB[8] mixture can also be purified. The mixtuof CB[6]/CB[8] along with
[Npmim]Br is treated with water. Insoluble CB[6]sgparated by filtration. AqQueous solution
contains ([Npmim]Bry@CBJ[8] complex. To this aqueous solution is adddd;M to
exchange the counter ion from Br togPFhis complex is precipitated out from the aqueous
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solution. ([Npmim] PE).@CBJ|8] is re-dissolved in aqueous solution alonthyfiNpmim]Br.
Obtained mixture is heated for 2 hours at 80°C xchange the counter ion to Br. After
cooling, extraction is carried out with DCM to remedNpmim]PFk. Methanol is added to the
agueous solution to precipitate out ([NpmimBPCB[8]. This complex is again purified by
SSM decomplexation method to get pure CBfg].

4.2 Physical properties and cucurbituril cavity pamameters

All CBs are highly symmetric structures with carlgbrims and a hydrophobic cavity.
Presence of electron density on carbonyl oxygenesmakem cation receptor functionality.
Inner cavity does not have any functional group atettron pair pointing inside. Thus
absence of hydrogen bonding interactions makesdhigy completely hydrophobic. When a
guest is incorporated into the cucurbituril cavihen absorption, fluorescence and NMR
spectra change completely.

Table 2 Geometrical parameters of basic cucurbiturils

Macrocycle Internal diameter [nm]  External diameter [nm] Height [nm]

CB[5] 0.44 0.24 0.91
CBI[6] 0.58 0.39 0.91
CB[7] 0.73 0.54 0.91
CB[g] 0.88 0.69 0.91

4.3 Catalysis using CBn cavity

CBns are proved to be good catalysts for many imectsuch as cycloadditions,
oxidations, hydrolysis, photochemical reactions aredal ion assisted catalysis reactions.

4.3.1 1,3-dipolar cycloadditions

Dipolar [3+2] cycloaddition using CB[6] was repaitbetween acetylenes and azides as

shown in Figure 4’ Later, these reactions became populdnagu click reactiong®4°
- + CB6+2-3 CB6-4
N—N=——N + R

o

Figure 4: Click reaction of azide and alkyne cataly by CB6.

The reaction was 6xfQtimes faster in the presence of CB6. lon dipoleractions
between ammonium ions and CBJ[6] carbonyl rim siadxl the complex formed. According
to Mock?’ the rate of reaction was increased due to overgprmi entropic constraints and
strain activation of the bound substrate.
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4.3.2 Oxidation

As Figure 5 shows, alcohols were oxidized to tloeirresponding aldehydes using o-
iodoxylbenzoic acid in presence of CBF8F! Most of the reactions took place at neutral pH.
Role of CB[8] is not yet completely clarified. Redédt al carried out some known reactions
with molecular halogens and their complexes with[@]BThese stable complexes were
prepared by diffusion of gaseous halogen into CB§@jity. lodine catalyzed Prins
cyclization was studied using free iodine as walliadine@CB[6] complex. The rate of
reaction was much faster in case of pre-complexeth@> Tao and coworkers studied
aerobic oxidation of furan and thiophene. In aggemedium, oxidation took place with
hemiCB[6] but no reaction took place without htst.

(@]
\ X HemiCB6 HO X OH N)J\N
/ O, \U  /
X=0,S 6
HemiCB6

Figure 5 Aerobic oxidation of heterocyclic substrates mestidty hemicucurbit[6]uril
4.3.3 Hydrolysis

Garcia-Rio et al. performed hydrolysis reactions substituted benzoyl chlorides in
presence of CB[7] and DM-CD (Figure 6). When benzoyl chloride was substidutvith
electron donating group, the reaction was catalyge@B[7] and terminated by DNA-CD
and vice versa when benzoyl chloride had an eleatrithdrawing substituent. Inhibition of
hydrolysis of 4-nitrobenzoyl chloride was acceledatby 100 times with CB[7] while
hydrolysis of 4-methoxybenzoyl chloride was accatled by 5 foldS?

O, Cl

- CBI[7], H,0 : HO / \

‘ DM-beta CD ~

YA ° —

X

X= 4-OMe, 4-Me, 3-Me, 3-H, 4-OMe, 4-Cl, 3-Cl, 3-CF3, 4-CFj3, 3-nitro, 4-nitro

Figure 6 Hydrolysis of benzoyl chloride

Hydrolysis of carbamates (2) and amides (1) wepented in presence of CBs. CBJ6]
and CB[7] acted as catalysts. Hydrolysis of carbbemawith cadaverine (which binds
strongly to CB[6] because of its length dependetéctivity for CB[6] and CB[7]) was
enhanced by the factor 5 for CB[6] while for CB[7}, was 11.6°> The schematic
representation is as shown in Figure 7.
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CB6 or CB7
> §

Figure 7: Acidic hydrolysis oN-benzoyl-cadaverinel] and monaN-(tert-butoxy)carbonyl
cadaverine?) mediated by CB.>®

4.3.4 Metal ions assisted catalysis

As mentioned above, CBs have electronegative cgtbons. So, they can bind metal
cations>*®*This property has been used to catalyze organatioes using metal iorfs-®’In
addition, oxidation of unbranched alkanes was regoin presence of CB[6]/oxovanadium
complex® Cyclic alkanes did not undergo any oxidation asytto not form any inclusion
complex with CB[6]. Masson and Lu reported destigla of trimethylsilylalkynyl
derivatives (3) catalyzed by CBn in presence of IAggalts®® A silver complex
Ag’-CB[7]-trimethylsilylalkynyl converted to trimethylsilano(5) and an alkynylsilver
complex. The reaction is shown in Figure 8.

A

T NH,

SiMe; —p H + Me38|OI-
AgNO3, H20

Figure 8 CBn-catalyzed desilylation of trimethylsilylalkynyl deatives (3) inthe presence of
Ag(l) salt; shown on top is the postulated terramnplex®®

Nau et al reported phase selective photolysis otydic azoalkanes, 2,3-
diazabicyclo[2.2.1]hept-2-ene (6) and 2,3-diazatimjp.2.2]octa-2-ene (9) catalyzed by
transition metal ions which are coordinated with[gdBim (Figure 9). The photoproduct was
supposed to have a reduced affinity with host aigtl kolubility in organic solvents. Upon
UV irradiation of 2,3-diazabicyclo[2.2.1]hept-2-enebicyclo[2.1.0]pentane (7) and
cyclopentene (8) were obtained as products. Irtiatiadf 2,3-diazabicyclo[2.2.2]octa-2-ene
yielded 70:30 mixture of 1,5-hexadiene (10) andyddm{2.2.0]hexane (11). Subsequently
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performed photolysis with CB[7] and transition niétes such as B& Cd™*, or N** gave 5
to 10 fold more diene produéf.

|T CBI[7] . @
N metal ions

6 uv 7 8
|T CB([7] —
/\/v
N metal ions / ’
uv
9 10 11

Figure 9: Photolysis of bicyclic azoalkanes
4.3.5 Photochemical reactions using CBn

Photophysical properties of guests can be influgrmg CBn. "% Usually CBn are
optically transparent in near UV and visible regidH°> More interesting CBn are CB[7] and
CB[8] because of their large cavity size that cacoanmodate two guests to form binary 1:2
or ternary 1:1:1 supramolecular complexes.

Two equivalents of K)-diaminostilbene was treated with CB[8] to fornR lcomplex
which undergone 2+2 cycloaddition upon UV irradatigiving syn adduct as a major
product whileanti adduct was minor product. In strong contrag},i§omer formation took
place in absence of CB[&.

@

CB[8]/light

_ =

Z
Q / ’
@

syn 95% anti 5%
Figure 10: UV light promoted 2+2 cycloaddition hretpresence of CB[8]

Similar experiment was carried out by Ramamurthgt aaworkers (Figure 11). They
encapsulated different olefins in CB[8] in aquesakition. This 1:2 host-guest complex was
irradiated to get 90% syn dimer while no dimeriaatwas reported without CBJ[8]. With
CB[7], this reaction did not work out. Without CB]8phenanthrolinecis-isomer and
hydration product were isolated ( see the Figuréot the structures)’ 2°
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CB[8]/light
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‘ HQ —NH

syn 90% anti 4%

T
@Z/
)
—
AN
T

IZ/ \ / \ /ZI&)

products obtained without CB[8]

< QO
N =y N A= %W

phenanthroline

T

cis isomer hydration product
Figure 11:Experiment carried out by Ramamurthy and coworkers

In another experiment, cycloaddition of coumarinidgives was carried out in presence
of CBJ[8] (Figure 12). In absence of CB[8], reactigields four products including syn-HH
(head-to-head), syn-HT (head-to-tail), anti-HH amdi-HT. Upon UV irradiation of the 1:2
complex, HH regioisomer was formed as a major prodwhether syn or anti adduct is
going to form depends upon nature of the substituahpositions 4 (8, 6 (R), and 7 (R).
Coumarins with = Me, R, and R= H form only syn-HH addud*

X ‘ X
N CB[8)/H,0 7~ 7~
light o O
(@)
0] 0]
coumarin syn-HH

Figure 12: CBJ[8]-promoted cycloaddition of coumarin

4.4 Chiral applications

Contrary to cyclodextrins, CBs are achiral. Stiky can contribute in the fields such as

asymmetric synthesis and catalysis. Lot of work Ibesn carried out recently on CBs that
showed their use in above mentioned aféas.
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Kim and coworkers described a structure of helmalrotaxane in which CB[6] units
were threaded withN,N"-bis(3-pyridylmethyl)-1,5-diaminopentane and lodkeas Ad
complex. Each CB[6] unit was present at the cewoferepeating thread units through
combination of hydrophobic chain encapsulation imitltavity and dipole interactions
between CB[6] and protonated amiriés.

(¥)-Bis-ns-CB[6] was identified as first chiral aubituril. It has a chiral cavity where
enantio- and distereoselective recognition wasiplesgy cavity selection. Chiral auxiliary
was not needed in this ca¥é® Moderate chiral recognition was observed by using
enantiomerically pure (+)-1-phenylethanamine to nforthe mixture of (%)-1-
phenylethanamine in the ratio of 72:28. Absencéwaf bridging methylene groups in (%)-
Bis-ns-CB[6] provides slightly larger cavity tharB[B]. The volume of cavity lies between
CB[6] and CBJ7]. It can accommodate methyl violog&ome other guest molecules were
also examined by Issacs and coworkers and (z)-ZaBHphenylpropanoic acid (88:12)
showed highest diastereoselectivity. Phenyl rinquaes chiral space with better fit and
amine binds with electronegative portal.

Wagner et al. encapsulated fluorescent 8-(phenyl@maphthalene-1-sulfoinic acid and
6-(phenylamino)naphthalene-2-sulfonic acid. Fluceege was increased by CBn cavity
associatiori> This phenomenon of fluorescence enhancement vieseguently used by Nau
and coworkers. They developed efficient supramdéedandem enzyme assay. This method
was dependent on differential binding strengthsvben fluorescent dye, amino acid and the
product which is amine of enzymatic decarboxylatBimding strength of dye is higher than
that of amine (substrate) but lower than that afdpct. So, the dye has high fluorescent
intensity when bound with CB[7] but when displasgith amine which binds more strongly
the fluorescence intensity is reducéd’ This method has been used in determining of the
enantiomeric excess of D and L amino acdidsThe amino acid specific enzyme
(decarboxylase) is required to differentiate corapae D and L amino acid. Only one leads
to product by displacing fluorescent dye from CBJ[7]

In another study carried out by Macartney and c&exs; interrelationship between
achiral CB[7] and chiral protonated enantiomer®l) (and §)-N-benzyl-1-(1-
naphthyl)ethylamine (BNEAB was studied. BothR) and §) enantiomers form stable 1:1
complex with CB[7] in aqueous solution. Phenyl groaf BNEAH' binds into CB[7]
molecule while naphthyl group remains outside. Timslusion increased the molecular
rotation from -208 to —940 deg énn case of free to bound (BNEAM (S) isomer gave
opposite sign with equal magnitude. The circulasththism spectra showed a difference
between free and CB[7] complexed BNEAH. The twokseaere of opposite signs, (-) for
(R) isomer (275-285 nm) and (+) fo®)(isomer (225-230 nm) were recorded. When these
isomers were bound to CB[7] cavity, magnitude f8risomer was reduced from 225-230
nm while magnitude forR) isomer was increased from 275-280 nm. This chavageseen
because of benzyl group of BNEANh the hydrophobic cavity of CB[7] and naphthybgp
had restricted rotation which caused change ircabtotation spectr&.

Recently, an example of chiral open CB-based haos$ wmtroduced by Issacs and
coworkers. They prepared enantiomerically pure lacyticurbit[n]uril-based containers by
condensing enantiomerically pure §29-1,1'-(1,4-phenylenebisoxy)bis(2-propanol) and
(2R,2'R)-1,1'-(naphthalene-1,4-diylbisoxy)bis(2-propanaidh glycoluril tetramer’’
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Some other example of chiral recognition insidehamat cucurbituril derivative bis-nor-
seco-CB[6] was reported by Huang at®8IThis chiral member of the cucurbituril family was
isolated from crude mixture after glycoluril/forrdehyde condensation. However, its wider
application is limited by low yield and time-consungp isolation procedure.

5 Supramolecular applications of cyclodextrins

Cyclodextrins are used in supramolecular studiesalse of their ability to form
inclusion complexes with guest molecules. Innet pacyclodextrin is hydrophobic. Hence,
water insoluble compounds can be trapped to forolugmon complex. Such inclusion
complexes are used for various purposes such gsdalivery, analytical study of inclusion
complexes etc. Some recent approaches are sumuoharittes section.

5.1 Case binding studies

Inclusion complex of gemifloxacin (GFX) and hydraxgpyl{3-cyclodextrin (HPB-CD)
was prepared by Ali Dsugi et al. The complex waaneixied by techniques such as ESI-MS,
UV-VIS, FTIR and fluorescence spectroscopy. In@dastomplex formation was confirmed
by observing changes in spectroscopic propertiededlilar modeling approaches supported
1:1 host-guest inclusion complex. From increaseth@ fluorescence intensity of GFX
produced through complex formation, more accuratd aensitive spectrofluorometric
method for GFX determination was identified. Thisthod is used in the determination of
GFX in pharmaceutical formulations. The linear tielaships between intensity and GFX
concentration were observed in the limit of 20—béfcn?. Correlation coefficient obtained
was 0.9997 with detection limit of 4 ng/€nThis method has been successfully checked in
the analysis of GFX in pharmaceutical formulatioMs.

Similar study was carried out by Ali Dsugi et al moxifloxacin. An inclusion complex
between moxifloxacin anfl-cyclodextrin was prepared in the stoichiometrigoraf 1:1. A
similar method was used to detect the amount ofifteaacin in commercial pharmaceutical

formulations!®?

Bo Tang et al studied supramolecular interactioretwben gemfibrozil andp-
cyclodextrin by flow injection spectrofluorimetr@-CD forms 1:1 complex with gemfibrozil
with association constant.f 7.57x16 dnm*/mol. Fluorescence intensity was increased after
complexation. Flow injection spectroflourimetric tned was developed to detect
gemfibrozil in bulk solution in presence @fcyclodextrin. This method was successfully
tested for gemfibrozil capsules and serinBo Tang et al extended their research to study of
the interactions betweep-CD dimer and berberine hydrochloride by spectariluetry.
Association constant &obtained was 1.53x1@m*mol. Similar procedure as mentioned in
the previous case was developed for berberine bithode. It was used to detect berberine
hydrochloride in tablets and serum. This approaahk feund to be useful in drug monitoring
pharmacokinetics and clinical applicatidi.In another study, Bo Tang et al studied
supramolecular interactions of disulfide linkgatyclodextrin dimer and dimethomorph by
spectrofluorimetry. Similar method was employed a&sentioned in mentioned
reference¥*'% to determine the amount of dimethomorph in comiakrcapsules and
serum. Association complex obtained had.a#ue 2.25x10dm*/mol 1%’

Binding of cyclodextrins in aqueous media are usgiudying host-guest chemistry. CDs
are used in sensing and controlled release sysism&ll. Siripornnoppakhun et al prepared
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a water soluble tricationic compound (3Nwith three branches of phenyleneethylene
fluorescent moieties and related amphiphilic commatsu(3C, N°N*, N*, and 2N). Structurs

of these compounds are showed in Figure 13. Thesgaunds were used as molecular
probes for determining supramolecular interactianth cyclodextrins. Formation of 1:1
inclusion complex was confirmed by increase in faszence, circular dichroism arH
NMR. The highest binding strength was observed dyclodextrin with association
constant of 3x10dm/mol. Moderate fluorescence enhancement and shiftinchemical
shift values confirmed the exchangeBe€D with guest compountt?

Ry
compound R; R, Rj3 Rs
3N* R, R; R; N'Me;
2N* R, R; | N'Meg
N* R4 I I N*Mes

: N. : 3C R, R, R, COOH
R Rs

A=)
Me,R = N
AN
R, = %@RS
compound NON*

Figure 13: Structures of compounds™3RC’, N°N*, N*, and 2N

Vicha et al studied the binding properties of 4phenylene bisimidazolium (BiPh) salts
with B-CD and obtained the association constant apprdgigna®®* dn*/mol. BiPh site was
combined with two symmetrically equivalent adamésties showing high affinity towards
CB[7]. These guests were used to prepare binararid?1:3 pseudorotaxanes WHCD and
ternary rotaxane-like aggregates with CB[7] g€D. The observed stoichiometry was
1:1:1 and 1:2:1%

5.2 Advanced biorganic systems

Carborane-peptide bioconjugates were prepared byryid& et al to study
supramolecular functionalization of-cyclodextrin coated surfaces. Formation pf
cyclodextrincarborane-cRGD surfaces was confirmed by IR-RASVEQ@A. High affinity of
these surfaces was observed by QCM-D. Cells placef-CD+Cbh-cRGD showed more
elongated morphology and stronger cell adhesiaoagpared t@-CD andp-CD+Cb-cRAD
substrate. It confirmed the functionality of thepgamolecular immobilization strategy on
macroscopic level®

Gd(lll) complexes are used in magnetic resonanaing as contrast agents as they
increase the relaxation rate of water protonsssiugs where they are distributed. This effect
increases if paramagnetic material is a part oframolecular system. In molecular imaging
more and more molecules of contrast agent are seppto be directed to the desired site.
Silvio Aime et al synthesized a polymer from ch#oswith - and y-cyclodextrins. This
polymer is capable of forming high affinity addueith suitable Gd(lll) complexes. They
treated cyclodextrins with maleic anhydride to @etmonosubstituted derivatives. These
derivatives reacted regioselectively with the amgmoups present in chitosan. Yields were
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high as the reactions were carried out using eitlierowave or ultrasound techniqyge.and
y-CD-chitosan adducts showed increase in bindingnigff for Gd(lll) complexes as
compared to cyclodextrin monomers. They found t@ded carriers for in vivo transport of
Gd(lll) complexes®

Controlled self-assembly of amphiphilic cyclodemtprovides generation of well-defined
aggregation with host sites. It has many poterdpgdlications in drug-carrier systems. Tao
Sun et al prepare@-CD modified anthraquinone moiety which was ablesaéti-assemble to
vesicles. This species was characterized by TEM,SEM and DLS. The formation of
vesicles was suggested from 2D NMR ROESY and UWistu The vesicles were found to
be able to load paclitaxel within the membrane witicrocyclic cavitied®

Supramolecular interactions between biotin @rd/clodextrin were studied by Michael
Holzinger et al. Association constang & 3x10? dn/mol was obtained by studying NMR
shift differences off-cyclodextrin protons at various biotin concentyati To find new
alternative for immobilization of bioreceptors, tip and B-cyclodextrin containing
biomolecules were immobilized on transducer surfddes affinity system was studied by
enzymes glucoseoxidase and polyphenoloxidase. iflslssion complex showed 7 fold
increase in maximum current density and 20 timesensensitivity was observed by the
immobilized biological layet®®

5.3 Biomedical applications of CD-drug complexes
5.3.1 Modified cyclodextrins

Ability of cyclodextrins to form inclusion complegavith organic compounds has given
rise to the concept of using them in drug delivejany compounds cannot be used
practically because of their poor solubility in loigical fluids. CDs have fascinated chemists
because of their unique properties such as loveityxand high solubility in water. However,
natural o- and pB-cyclodextrins are considered to be unsafe becaate their
nephrotoxicity*>**%13 y-Cyclodextrin has much lower toxicity, however, th@nding
properties are significantly different comparedhat ofa- andp-CD. In addition, the pure-
CD is much more expensive thAfCD. Thus scientific community focused on preparafg
modified cyclodextrin derivatives which have lowxiwity and their capability of forming
inclusion complexes is not affected. Two such medittyclodextrins are hydroxypropgt
cyclodextrin (HPB-CD) and sulfobutylethe-cyclodextrin (SBES-CD). SBE$-CD is also
called as (SBEn-B-CD. 7M indicates total number of oxygen atoms tbahnnects each
cyclodextrin unit. (SBE)-B-CD possess [B-CD units.

HP-$-CDs have higher aqueous solubility than pafe@D. Binding constant between
drug and HR3-CDs is usually less than that for parent cyclodexMore the hydroxypropyl
groups, less is the drug binding. In case of (SBB)CDs, the solubility in aqueous medium
is higher with higher number of sulfomethyl grougSBE)u-p-CDs cannot form any 1:2
complex with cholesterol and other membrane limdssing no membrane disruption. This
behavior makes (SBhy)-p-CDs more safe for applications in the drug dejvgran parent
cyclodextrins*****Most of the modified cyclodextrins are expectetéocomplex mixtures.
Some of the important in vivo applications of cy®atrins are described in following part.
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5.3.2 Delivery of insoluble drugs

Release of drugs from cyclodexrin complexes is iclaned to be rapid since it is based
upon simple dissociation and/or competitive displaent mechanisms. Nevertheless, the
guestion remains whether drug pharmacokinetics avbel disturbed because of presence of
cyclodextrin or not. Loscher et al checked the ptamokinetics of carbamazepine and found
out that HPB-CD does not change this important propétfySimilar results were obtained
for thiopental when it was administered orally ag-@D complex:!’ The pharmacokinetic
properties of propofol (2,6-diisopropylphenol)remad almost identical when it was
delivered through HB-CD and commercial oil in water emulsiofi.Stella et al studieth
vivo bolus pharmacokinetics in rats of methylpredniselérom an (SBEj,-p-CD solution
(0.075M) and a co-solvent solution (60% PEG400, l&t#anol, and 28 % water (%vol).
Results showed no significant difference in anyrptaokinetic parametét? Jarvinen et al.
was able to administer water insoluble cinnariziallp by forming its inclusion complex
with (SBEyw-p-CD.%°

In some cases, pharmacokinetic properties have teede changed by cyclodextrins.
Frijilink et al administered naproxen and flurbifgo to rats in form of their inclusion
complexes with HB-CD. The drugs got dissolved in rat plasma. Tisslgribution
remained unaffected after administering naproxen Higher levels of flurbiprofen were
observed in brain, kidney, spleen and liver. It waplained by Frijilink that protein binding
was affected by HB-CDs.***

5.3.3 Oral applications

The purpose of using cyclodextrins in oral formaias is to increase bioavailability with
increased rate and extent of drug dissolution. €uoh example was reported by Panini et al.
They used HPB-CD to increase the availability of ursodeoxychddicid (UDCA) which
prescribed for cholesterol gallstone. Panini pregdablets that contained HIPED complex
of UDCA, starch and cellulose. The dissolution wasch faster and complete as compared
to commercial tablet¥?

Bioavailability effect of increased drug dissolutioate in presence of cyclodextrin is
clearer in cases when drug-cyclodextrin compleyrissent in either solid or in solution
phase. Jarvinen et al. used PHED and (SBE)j-B-CD to improve bioavailability of
cinnarzine in dogs. Cinnarizine is weak base arailability issues have been seen in case of
high stomach pH. The drug was administered by fognsuspension of drug-HRCD or
(SBE)w-B-CD solution with phosphate buffer or as solid tilglb capsules. The bio
availabilities of suspension, neat capsule and |aBE-CD complex capsule were observed
to be 8+4%, 0.8+0.45%, and 38+12%, respectivelye H¥r$-CD and (SBE)u-B-CD gave
bio availabilities of 55+11% and 60+13%5

Atovaquone was completely insoluble in water. kdiso be available as microfluidized
suspension Meprén Studenberg et al. administered this drug to dbgs making
atovaquon€SBE)u-B-CD or HP$-CD complex in gelatin capsule. Absolute bio
availabilites were increased by 2-3 folds as cameghato commercial Meprén

formulation!?®

Cyclodextrins affect oral absorption of drugs bycreasing mucosal membrane
permeation. Haeberlin et al. found out that perntidabof calcitonin and octapeptide
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octreotide (Sandostariinwas increased using cyclodextrins. Experimentsated thap-CD
and HPB-CD showed increased octreotide absorption. In atsorption of calcitonin was
also increased when administered by forming inolusiomplexs witt3-CD, y-CD, HP$-
CD and DM$-CD. Non modified cyclodextrins showed highest @age in peptide
permeation in Caco-2 cell modéf. Many cyclodextrin derivatives have been prepahed t
exhibit pH dependant solubility for selective dissmn of drug-CD complex.O-
carboxymethylo-ethyl§-CD (CME{-CD) has pkK of 3.7 and exhibits pH-dependent
solubility. CME$-CD has low solubility in acidic environment suck stomach. Studies
were carried out on diltizen and molsidomine intgascidity controlled dogs. Molsidomine
was complexed with CMB-CD. The results showed that the absorption of dmasg
significantly lower in high acidic areas as compate those in low acidic areas of small

intestine'?®

5.3.4 Ophthalmic applications

The primary concern about CDs was if it could cagam®me damage to the cornea. Jensen
et al showed that dimethglcyclodextrin (DM$-CD) was not suitable for such purpose but
12.5% HPB-CD did not cause any irritation to cornéain addition, Jarvinen et al showed
thata-CD, B-CD, and DMB-CD cannot be used as they cause irritation toezorit is said
that only pure drug, not a complex wighCD penetrates pre corneal atéaOphthalmic
solution containing complex must contain low corcation of CD. Thus, drug dissociation
from complex will be dependent on drug binding te-porneal proteins. If concentration of
cyclodextrin is high then drug would not be delaer (SBE)u-B-CD and HPB-CD did not
affect corneal permeability for polar drug such mecarpine. It was noticed that high
concentration of CD reduced miotic response to cpilpine’®® 4M in (SBE)w-p-CD
indicates 4 cyclodextrin units connected with eaxther by 4 oxygen atoms. Similar
observation was obtained by Reer et al. for inovitorneal permeability of diclofenac in
presence of HB-CD.'*°

Major application of inclusion complexes of drG® comes for solubilizing poor water
soluble drugs. Best example is steroid dexametteaaod its acetate estéf:**! Usayapant
prepared an inclusion complex of dexamethasonelardmethasone acetate with BHGD.
This complex showed better ophthalmic delivery athbthe drugs?® Inclusion complexes of
HP$-CD with carbonic anhydrase inhibitors acetazolaadd ethoxyzolamide also showed
improved ophthalmic deliver}??

5.3.5 Nasal applications

Application of cyclodextrins can improve the nasalcosa permeability, drug solubility
or can change metabolism rate at the site of dglivgigh concentration of DM-CD have
shown some adverse effect on nasal mucosa in botlitro and in vivo studies but the
toxicity is still less than surfactants such asiwadglycocholate and laureth-9, phospholipid,
L-a-lysophosphatidylcholin&®

5.4 Supramolecular nanocarriers

Nowadays attention has been given on nano-sizédedgkystems like enhanced cellular
uptake, controlled drug release and targeted dreliyedy!***%° Many supramolecular
nanocarriers have been prepared such as micedlsigJas and supramolecular nanoparticles.
Host-guest interactions played a vital role in tipgeparation process.
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5.4.1 Vesicles

Supramolecular chemistry approaches are commosly tassynthesize artificial vesicles.
They have uniform nanoscale size, ease of faboicaéind empty hollow cores for drug
storage. Vesicles are prepared by using noncovalaeractions like polar/non-polar
interactions provided by amphiphilic surfactahs'®® Drug materials are loaded inside the
core of vesicles. Generally amphiphilic molecules @quired to make vesicles. The role of
inclusion complex in the formation of vesicles ¢s dct as fabrication of supramolecular
amphiphiles which acts as a driving force to foresigles. Ravoo and coworkers fabricated
long hydrophobic alkyl tails on one side®CD which can form vesicles. The alkyl groups
were directed inwards, i.e., to the inner sidehef vesicle cavity and hydrophilic OH groups
of B-CD were present on the outer side in contact wdheous environment. Sugar units
such as maltose/lactose were modified on the sarédcvesicle by host-guest inclusion
betweerp-CD and adamantyl group from sugéts**

Hydrophilic hyperbranched polyglycerol (HPG) wasgated on3-CD covalently to
form CD-HPG complex. The hydrophobic alkyl chainHPG was coupled with adamantyl
group. Supramolecular amphiphiles were preparechéking inclusion complex betwega
CD and adamantyl group from HPG. It was able té-asdemble on core-shell structured
vesicles**?

5.4.2 Micelles

Micelle is one of the important type of supramolaciself-assembly system. They are
formed from amphiphilic surfactant that carries toghilic heads facing outside and
hydrophobic tails going towards the center of mé&ehmphiphilic block copolymers with
hydrophilic and hydrophobic ends are widely usethicelle preparatioh*®

Dong and coworkers prepared micelles based on giadable block copolymer. The
inclusion complex was formed betwe@CD and polymer chain which led to the formation
of hydrogels. Hydrogels are popular for drug delvand tissue engineering (see chapter
5.4). This micelle-hydrogel drug delivery systenowid reduction responsive doxorubicin
release in the block copolymer main ch¥fhApart from redox responsive drug release from
micelle, thermal responsive micelles were preparetemperature sensitive block copolymer
made up oN-isopropylacrylamide (NIPAAM) and trimethylsilylppargylacrylate (TMSPA)
for abendazole (ABZ) delivery3-CD ring was made to form pendant on NIPAAM so that
the block copolymer would show hydrophilic natueading to micelle formation in aqueous
medium by self-assembly. In this complex syst,D served to encapsulate ABZ.

In another approach, supramolecular capsules wepaped from polymers which were
covalently conjugated ta-CD as a pendant-CD grafted with carboxymethyl dextran
(CMD-g-a-CD) and poly(acrylic acid)naminododecampeazobenzene aminosuccinic acid
(PAA-C12-Az0) was prepared. The inclusion complexrfation was assisted layCD and
azobenzene unit on the surface of solid CaC@noparticles. Supramolecular hollow
capsules were obtained after removal of CaGtapsules were found to be responsive for
UV irradiation which led to dissociation a§CD-azobenzene complé®
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5.4.3 Supramolecular nanoparticles

Nanoparticles have attracted scientific communigégause of their unique properties.
Supramolecular particles within nanoscale size Hsen prepared which are proved to be
suitable devices in drug delivery. Thiele and cdwos prepared inclusion complex between
starch and cyclodextrin. Pteroic acid was conjutjatih nanoparticles to target cancer cells.
Similarly, 1,4-dihydroxyanthraquinone (DHA) was ¢t into above supramolecular
nanoparticles prepared from starch and cyclodeXtfin

5.4.3.1 Rotaxane and polyroraxane based nanoparted

In early research, polypseudorotaxanes were preéphye threadingo-CD on PEG
polymer chains to deliver anticancer drugs Dox @RIl (camptothecin). Cell penetrating
peptides were conjugated on polypseudorotaxanedkliery system. This system was able
to penetrate cancer cells which enhanced efficiefichemotherapy*®*° Another approach
is self-assembly of polypseudorotaxanes which fosupramolecular nanoparticles-
CD/PEG polypseudorotaxane based nanoparticles waepared by self-assembly
phenomenon with size of 200 nm. Anticancer drughateéxate (MTX) was loaded into
them by hydrogen bonding. In vitro study indicatkdt the nanoparticles were nontoxic to
human body. Anticancer strength of MTX was increasdter forming supramolecular
nanocomplex as compared to free M¥XDas and coworkers prepared a polymer complex
from polyacrylamide (PAAm) and polyvinylalcohol (RY. Cyclodextrin were grafted on
polyacrylamide. The complex formed was polypseutioi@ne and it was able to form
supramolecular nanoparticles by self-asserfily.

5.4.3.2 Host-guest interaction induced nanopartice

Supramolecular nanoparticles can be prepared by-duest complexation between
macrocyclic molecules and guest molecules. Thessstgmolecules are conjugated on
different polymer chains or building blocks. Whipeeparing supramolecular nanoparticle,
anticancer drug can be encapsulated in the namdpait is then released in two ways, either
sustained release or controlled release by digsmtiaf nanoparticle. Zhao and coworkers
synthesized supramolecular nanoparticles that swd#-CD conjugated polyacrylic acid
(PAA-CD), adamantyl conjugated PAA (PAA-Ad) and adatyl conjugated PEG (PEG-
Ad). Inclusion complex was formed between adamargybup andp-CD to form
nanoparticles with uniform size of 35 nm. Subsetjye®ox can load to these nanopatrticles.
Folic acid, a ligand that targets cancer cell dadréscence probe FITC were introduced via
an inclusion complex witt-CD and Ad-functionalized folic acid and FITC (FI9AZ).
Selective drug delivery as well as killing of twancer cells strains MDA-MB231 (breast
cancer cells) and B16F10 (skin cancer cells) wdrgerved. Nanoparticles showed good
inhibition activity against tumor when tested inaiin mice having tumat>?

Ma and coworkers developed another kind of supraocuthr nanoparticles. They also
conjugatedp-CD onto the polymer chain as pendant for drugveeji However, the
synthesized block copolymer contained hydrophiliEGP segment andB-CD with
polyaspartamide group. Anticancer drug formed isicn complex withB-CD cavity and
block co-polymer self-assembled into core-shell apamticles>® Authors prepared
temperature-responsive nanoparticles from a bloglolymer withB-CD containing segment
and PEG segment. Host-guest interactions were wid&etween CD and isopropyl group of
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poly(N-isopropylacrylamide). These interactions led te flormation of supramolecular
nanoparticles which were able to carry hydrophabicg such as indomethacin and the drug
release rate could be controlled by the temperatfifdot much attention was paid towards
in vitro and in vivo drug delivery. Tseng and cokens synthesized a series of
supramolucular nanoparticles which were based an ititeractions between CD and
adamantane conjugated with polymers or dendriméfey prepared supramolecular
nanoparticles with CD/Ad host-guest interactionsngisAd-modified polyamidoamine
dendrimer (Ad-PAMAM),B-CD grafted on branched polyethylenimine (CD-PEHd Ad-
functionalized PEG (Ad-PEG). Supramolecular naniigdas were self-assembled and their
size ranged from 30-450 nm. These nanoparticleg werdied for stability, disassembly,
size tenability, and whole body misdistributionu®t revealed the critical role of the size of
the nanoparticle¥> Addition of CPT grafted PEG (CPT-PEG) to previdhsee building
blocks made CPT containing supramolecular nanapestwith two different sizes. Positron
emission tomography (PET) revealed the body digtioln and tumor accumulation of the
nanoparticles. The antitumor effect of CPT contansupramolecular nanoparticles was
enhanced?®

5.4.3.3 Host-guest nanohybrids
5.4.3.3.1 On-off switch on nanoparticles

The host-guest inclusion complexes arise and deosenpeversibly. It can lead to the
design of controlled drug delivery where the sumkatular systems are integrated with
inorganic nanoparticles such as mesoporous silis@particles (MSNPs). These MSNPs
have several advantages in drug delivery applicaiech as high specific surface area, large
pore volume, uniform pore size, ease of functiazdion, and good biocompatibility’°
Lot of systems containing MSNPs were developed.dedadrug release was triggered by
external stimuli like variation of pt3®*%? temperaturé®® and redox reactions in the
body!®*'®® Many drug delivery systems were prepared from MSMfere host-guest
complex played the role of nano-gate which weree dbl respond to the external stimuli.
Some nanoparticles were prepared by combining nmi&agnanocrystals with MSNP. The
surface of MSNP was modified with pseudorotaxandschv acted as nano-gate. The
employing of the external magnetic field on magnetanocrystals generated heat which
caused destruction of host-guest inclusion compdéxpseudorotaxanes causing drug
releasé® Zink et al developed a snap-top stopper ugif@D and coumarin derivative
covalently linked to MSNP surface. The bond betweeanmarin and MSNP was easily
cleaved with UV or two-photon-NIR light’

Some systems were synthesized for dual responsigs énd selective cargo release.
Hoechst 33342, a nucleic acid starin 2'-(4-ethoeyph)-5-(4-methylpiperazin-1-yl, 2,5'-Bi-
1H-benzimidazole) was loaded @CD which was anchored to mesopores via disulfide
linkage. In the similar way, small sized molecuke lp-coumaric acid was trapped infteCD
cavity and the cavity was blocked by using guestemde like methyl orange (MO). Under
acidic conditions, methyl orange gets protonated drug trapped inside the cavity was
released. In case of Hoechst 33342, the releakeptace due to cleavage of disulfide linkage
causing removal g8-CD ring®® Series of controlled drug delivery systems weeppred in
which B-CD was used as capping agent. Controlled drugsel@roperty of some systems
was studied by in vivo as well as in vitro methodgobenzene can undergo UV-mediated
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(E)/(2) isomerization which controls the movementae€D on the surface of MSNP. Thus
drug can be released on demand at the site. Ssténsy were studied in vivo on zebrafish
models. The results showed effective heart faithexapy as compared to the free diffg.
Zhao and coworkers attachedCD based rotaxane on hollow MSNPs. Here folic seid/ed

as targeting ligand as well as terminal group efttiread. The disulfide bond caused redox
controlled drug release in vitro and in vi¥/8.Folic acid containing stalk group was
engineered over MSNPs afidCD ring was threaded on the stalk. Addition of daitive
molecules such as porcine liver esterase causadagle of stalk and the drug was released.
The studies were further extended into in vitro odblogy by delivering anticancer drugs
like CPT into U20S cells."*

5.4.3.3.2 Other nanohybrids

Some functional nanomaterials like quantum dots §Q[gold nanoparticles, magnetic
nanoparticles and graphene oxide are tested indalmime. Mulder and co-workers prepared
polymer-lipid nanoparticles on gold nanocrystal.tiéancer drug Dox formed an inclusion
complex with the3-CD cavity on polymer-lipid nanoparticle. This st was used in the
drug delivery*”? In another study, inclusion complex was formedween p-CD and
anticancer drug CPT which was attached to the seidd magnetic nanoparticle by disulfide
linkage. This drug delivery system was capable iging response to reducing agents and
external magnetic field. The above mentioned systbows study the in vivo application by
magnetic resonance imaging technig(fe.

5.5 Supramolecular hydrogels

Hydrogels (HGs) are three dimensional cross-linkedecular network that are capable
of holding water by surface tension or capillaryeefs. The first synthetic polymeric
hydrogels were prepared in 1950s. Since then theg been used in variety of applications.
Depending on their molecular basis, they can hanad doiocompatibility and mechanical
properties similar to human tissues. So, HGs aeel aslot in biomedical applications like
carriers for chemotherapeutic reagents or biomdsc(f="

Supramolecular hydrogels are prepared by host-go@ssion. They are divided into two
groups. First type is based on polypseudorotaxage$ireading macrocyclic molecules on
polymer chain. Polymer cross-linking takes placa kiydrogen bond formation between
macrocyclic molecules. Such hydrogel was initialgveloped by Harada et al in 1994 and
they continued their work®*®°HGs of the second type are formed from macrocyulists
and guest molecules that are conjugated on polyasea side chains. The host-guest

complexation can form cross links between two p@yrohains as shown in the Figure
14'181—184
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Figure 14:(a) Chemical structure of the host-guest componébisSchematic representation
of weak network junction (left) and multifold jumat (right). (c) Qualitative inversion tests:
Ad20HA 5 wt % gkl)_lllé% left), CD20HA 5 wt % (red, nailg), and CD20HA with Ad20HA 5 wit
% (purple, right):

Nielsen and coworkers prepared a hydrogel that aooed  poly
vinylpyrolidone/polyethylene glycol-dimethyacryla(ffVP/PEG-DMA) and CDs covalently
conjugated with polymer chain. This system was abldeliver the drug ibuprofenate (IBU)
slowly.%° Other researchers loaded lysozyfe@stradiol and quinine into CD-PEG hydrogel.
The drug release rate was found to be dependemt itgpnteraction with hexamethylat@d
CD inside the hydrogéf® As it was mentioned above, the host-guest complexe
reversible. This fact was used in the productiostofuli-responsive hydrogels. Stoddart and
coworkers prepared a hydrogel which was light dimesiby complexation between
azobenzene ardCD. Zhang and coworkers prepared supramoleculdraggel froma-CD to
form 3D polymer network. Polymer side chain poliiggéneglycol)methylether was made to
conjugate with heparin polymer main charCD was mounted on PEG side chains to
connect the polymers to form cross-linked polymetworks. This hydrogel was capable of
forming an inclusion complex with model drug boviserum albumin. Release properties
were studied with different amounts ofCD or heparin-PEG conjugate used. Another
supramolecular hydrogel was prepared wHD and prodrug; PEGylated indomethacin. The
properties such as gelation kinetics, mechanicedngth, shear thinning behavior, and
thixotropic response were studied. Sustained reledfsdrug was observéd’ Peng and
coworkers synthesized a light responsive hydrogeigp-CD and azobenzene. They coupled
dextrans separately with both azobenzene la@dD and mixed together to get inclusion of
trans-azobenzene with-CD. This mixture was irradiated at 365 nm to cohyE) isomer to
(2) form. Consequentlyp-CD/azobenzene complex was dissociated causingldigs of
hydrogel. This dissolution made sure the releaggattin inside the hydrog&t®

5.6 Gene delivery

Gene therapy has attracted the researchers in Qicahdield. Successful gene delivery
depends upon the gene carrier. Supramolecular skrgnfior gene therapy has become a hot
topic in recent years. Cyclodextrins were extergisaudied as gene carriers in this field.
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5.6.1 Supramolecular nanoparticles for gene delivgr

Davis and coworkers were the first who preparedrasuplecular nanoparticles for
therapeutic delivery of siRNA. Supramolecular naartiples were consisted of cyclodextrin-
based linear polymer, Ad-terminated hydrophilic yooér PEG (PEG-Ad), a human
transferring (hTf) protein targeting ligand coniam PEG-Ad (Ad-PEG-hTf), and siRNA
duplex. Non covalent self-assembly interactionsvben CD and adamantane formed the
desired nanopatrticles. Targeting ligand hTf wasdion the surface of these nanoparticles by
CD/Ad complexation. The results showed comparaddeiction in specific mMRNA and target
protein level in the tissue after delivery of siRNvhich indicated the good efficiency of the
system against cancer ceffé. Thompson and coworkers reported similar suprantdec
nanoparticle based gene delivery system contaipoigvinylalcohol (PVA) polymer main
chain bearing PEG carrying cholesterol pendant bgnzplidene acetal linkage.
Supramolecular nanoparticles were formed by intemacbetweenp-CD derivative and
cholesterol unit. SIRNA can be introduced into thanoparticle either before or after self-
assembly process. siRNA was delivered in vitro bing green fluorescence protein (GPF)
expressed cell lines. Gene silence study was daoteby anti-GPF siRNA. After getting into
the target cells, cleavage of acid sensitive liekagok place which resulted into the
dissociation of supramolecular nanoparticles ardase of siRNA. This complex showed
better capability of gene silencing as comparethéotraditional transfection agents such as
PEI or lipofectamine 2000. This gene delivery systeas also tested in plasmid DNA
(PDNA) delivery as shown in the Figure 1%.

a)
ﬁ‘%% ' a%%%@ a4 @9
AQ-PVA-PEG [m—e—m M
LT AFE o »
Cationic-B-CD > DNA: Cationic-B-CD:
S———— Method B § zd-PVA-PEf;}CoEmph\ex ‘a ‘
W J L@ Complex Disassembly
Within Cells at
pDNA or SiIRNA Low Endosomal pH

Figure 15: (a) pDNA delivery system prepared based on nonieavaassembly of
bioresponsive aminf-CD/Ad-PVA-PEG complex. (b) AFM imagesf (left) Chol-PVA-
PEG:3 and (right) Chol-PVAPEG:3:siRNA at N/P = Sgale bar = 100 nrit°
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5.6.2 Rotaxanes/polyrotaxanes for gene delivery

Yui and coworkers used polyrotaxanes for sSiRNAwly. They studied the relationship
between the structure of polyrotaxane and its tgbtlb deliver siRNA efficiently. High
amount of dimethylaminoethyl (DMAE)-CD mounted on PEG polymer forms better
complex with siRNA and intracellular uptake of siRNs also high. Successful attempt in
siRNA transfection caused removal of luciferasereggion in HelLa cells. Apart from this
success, polyrotaxanes with bioclevable disulfidug showed increased gene silencing as
compared to that of without disulfide groug§Harashima and coworkers synthesized a non-
viral gene vehicle from polyrotaxanes. Initiallyhely synthesized dimethylaminoethyl-
modified a-CD (DMAE-0-CD) mounted on PEG. Both the terminals of PEG weoeked
with benzyloxycarbonyl tyrosine via disulfide lirdgga The positive charge from DMA&=CD
interacted with negative charge from pDNA formingypotaxane/pDNA complex. Once the
complex is entered in target cell, glutathione wéeh disulfide bond and supramolecular
complex got dissociated causing release of pDNAcifurther entered into cell nucleus for
treatment.?4193

5.6.3 Other host-guest gene delivery systems

Zhu and coworkers prepared a charge tunable dendghdlycation as gene carrier.
Adamantane derivative was coupled onto hyperbrahplé/glycerol (HPG) dendrimer to get
HPG-Ad. Two types of cationi@-CD derivatives were prepared carrying differentiraom
groups. The host-guest interaction between Ad #A0OD or its derivative stabilized
supramolecular dendritic polymer (SDP). They alswvjgle the facility of tuning the surface
charge of SDP by changing the ratiope€D derivatives with different amino groups. This
method was used for development of series of SDBPsdifferent surface charge properties.
Their gene transfection efficacy was studied in €0&ll line by using luciferase assay and
the gene transfection efficiency was obtained. tfsenly B-CD caused decrease in surface-
charge density of SDPs and the obtained transfedficiency was dramatically reduced.
These results were confirmed by using pDNA-encodiid® as gene transfection model. The
obtained efficacy was comparable with traditionemhe delivery syster??

5.7 Drug/gene delivery multifunctional nanoparticles

Therapeutic efficacy of chemotherapy drugs is sonmet hampered by drug resistance
effect. In order to increase this efficacy, antm@ndrugs and therapeutic genes are co-
delivered to increase the effect of chemotherapysynergetic treatment. Cyclodextrins have
been used in such treatments to co-deliver druggand. Ma and coworkers have contributed
a lot in the field of drug or gene delivery. Thel{gahave contribution in drug/gene co-
delivery. Core-shell structure of the co-deliverghicle was formed by the host-guest
interactions between cationic PEI polymer beawnGD and a hydrophobic material poly
(benzyl L-aspartate) (PBLA) carrying flanking behzgroups. This nanoparticle had
hydrophobic internal core which acted as nanocoatafor hydrophobic drug. The outer
surface had strong positive charge which could eosd pDNA to achieve
transfection/expression efficiency in osteobladlsc&his multifucnctional nanoparticle was
capable of delivering anticancer drugs and gekesDiNA and siRNA.>®

Tang and coworkers prepared a series of drug/gettkelovery systems which were based
on supramolecular nanoparticles. They used hosttgnteractions betweehCD and Ad to

34



make co-delivery nanocarrier. Instead of encapisigaanticancer drug Dox insidgCD
cavity, Ad-conjugated Dox (Ad-Dox) was attachedpt€D which was in conjugation with
PEI to load Dox by complexation of CD and adamagtdinen addition of pDNA formed the
desired nanoparticle with size of about 140-200 rrositively charged nanoparticles
prevented the decay of pDNA. Apart from deliveritng anticancer drug, this co-delivery
system successfully transfected EGFP plasmid or-BA6In vivo studies were carried out
using mice but synergetic effects of chemotherapy gene therapy were not studied. In
further studies, a human tumor necrosis factortedlaapoptosis inducing ligand (TRAIL)
encoding plasmid gene, pTRAIL was also loaded mvabmentioned co-delivery systenis.

5.8 Bioimaging

Biological images have been proved useful in tlagosis of diseases. Bioimaging agent
must fulfill several criteria such as good bioconitphty, high stability against biochemical
degradation, photo bleaching and strong signal rg¢ioe capacity. Use of supramolecular
chemistry improves the properties mentioned abdvyest guest complexes are formed
between fluorescence dyes and hosts such as CBagBnd coworkers identified a new
technique to produce fluorescent supramoleculaopanticles by forming host-guest complex
betweenB-CD and Ad which were present separately on PEIRAMAM. Fluorescent dye
Cy5 was present onto CD-PEI part. Cellular uptake targeted fluorescence imaging were
studied on U87 and MCF7 cell lin&¥. Other type of supramolecular nanoparticles were
prepared by Xu and co-workers who used self-asseailfi-CD modified fluorine copolymer
called as PFC6CD. Inclusion complexes were formetsvéenp-CD and many other guest
molecules. Different fluorescent spectra were réedrwhich could be used in organic
molecule sensing and cell labeling. Study of MTT-(4%-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) cytotoxicity assay andsitro fluorescence imaging using KB
cells (Initially derived from an epidermoid carcma of the mouth. They contain HelLa
marker chromosome) showed good biocompatibility lagiter cellular uptake of the prepared
supramolecular nanoparticl&8.

6 Supramolecular applications of cucurbiturils
6.1 Analytical applications using fluorescence spgometry

Fluorescence spectrometry is used in the deterrmmaff inorganic, bioactive materials
and pharmaceutical compounds. In recent yearsptf@ecommunity has started to show
interest in the systems that contained CB[n] ardr ffuorescent properties have been studied
along with their potential applications. CBs can used in either increasing or quenching
fluorescence. Wagner et al reported the 5 foldgemse in the fluorescence of 2,6-
aminophenylnaphthalene-6-sulfonate in the preseniceCB[6].'%° Similar results were
observed in case of pesticide carbenddfnturcumif®, 4-aminobipyridine derivativé¥
when CB[6] was present. Li et al identified theenaictions of CB[n] (n=5,6,7,8) with
coptisine and sanguinarine. Upon dropwise addindnCBs to the aqueous solution of
coptisine and sanguinarine, increase was observéiei fluorescence. CB[7] exhibits more
binding capability as compared to other CBs. Dependn the enhancement observed,
spectrofluorometric method was developed for abrneationed two compounds to find their
presence in human urine and seRYAt>
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Zhou and coworkers developed a method to deteanilamine concentration in tainted
milk. They used CB[7] for development of this methaCB[7] forms 1:1 complex with
melamine which was detected by fluoresceficdn similar way, CB[7] forms inclusion
complex with carbendazim to allow using of matrialid-phase dispersion approach for
carbendazim determinatiéff Pyrene (PYR) is commonly found in tap water in eleping
and poor countries. CB[6] was used to identifyaitsount by Sueldo Occelf8’ Haung et al
studied complex formation between thiabendazolez|Té&xd CB[6], CB[7] and symmetric
tetramethyl-cucurbit[6]uril by UV/VIS fluorescenameasuremerf® Berberine chloride is
capable of making supramolecular interactions WiBj7] in aqueous solution. Increase in the
fluorescence of berberine chloride was obsef&ti® Wang et al developed a fluorescent
probe method for carbachol based on the competiéiaetion between carbachol and BER to
occupy the CB[7] cavity*' Similar study was carried out by Wu et al to depela
fluorometric method for determining the amount tfaenbutol by studying the competition
between ethambutol and berberine chloride to octh@\CB[7] cavity. This method is useful

for determination of ethambutol in bulk and bioleajifluids®*?

CBs are used in quenching of the fluorescence dk Weorescent probes such as
methylene blue, berberine (BER) and palmatine (PAtg used. Nicotine possessed low
fluorescence which could be detected from cigaseltes achieved by quenching methylene
blue@CB[7] complex. When nicotine forms inclusioamplex with CB[7], it displaces
methylene blue and thus fluorescence intensityhefdomplex is reduceéd® BER and PAL
show low fluorescence in aqueous solutions. Thagtrevith CB[7] in acidic medium at room
temperature to form stable complexes. The fluoreseEantensity of these complexes is higher
than that of free guests in aqueous solutidhslighly sensitive and selective quantitative
analytical method was developed to determine theuamtnof herbicide paraquat (PQ). It is
based on quenching of the fluorescence intensit@RJi7]- coptisine fluorescent probe when
paraquat s added to this system.

6.2 Biomedical applications
6.2.1 Supramolecular nanocarriers
6.2.1.1 Vesicles

As mentioned earlier, vesicles are made from lipidyer membrane inside the cell. They
are of uniform size, comparatively easy to preene possess hollow pores to store the drugs.
In 2005, Kim and coworkers prepared vesicles franplaiphilic CB[6] derivative that had
triethylene glycol groups at its periphery. Theigles were modified with molecular tags by
host-guest complexation between hydrophobic CB@Jitg and polyaminé'® Reduction
sensitive vesicles were formed by introducing redesponsive disulfide unit into the
functional groups present at the periphery of CBBblyamine conjugated folic acid or
fluorescence molecule was attached to the vesiolace by host-guest complexation for
cancer targeted drug delivery. Dox, an anticancag dvas loaded into vesicles and it was
effectively delivered into HeLa cancer ceft5’Kim and coworkers connected thiols directly
with CB[6] derivative carrying alkoxy group at pehiery by ‘click’ reaction to get robust
polymer nanocapsule. They embedded disulfide botodfunctional groups present at the rim
of CB[6] derivative to obtain reduction responspaymer capsule$® Cancer cell targeting
ligand conjugated with polyamine was introduced tbe capsule surface by host-guest
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interactions. The polymer capsules delivered caythoarescin towards HepG2 liver cancer

cells?®

6.2.1.2 Micelles

One macrocyclic molecule and two guest compountirdnt with each other forming
ternary system which can act as an amphiphile fieeltes construction. Ji and coworkers
used CBJ[8] to form inclusion complex HPHEEP-CB[8]Awith two host amphphilic units
methyl viologen containing hyperbranched polyphaseh (HPHEEP-MV) and indole
terminated poly(D,L-lactide) (PLA-IPA). In this ggsn, micelles were formed with PLA
facing inside and HPHEEP from outside aqueous nmedMYhen adamantane or a0,
were added, the micelles were destroyed by bindiitigg CB[8] cavity and previously loaded
hydrophobic drug coumarin 102 was releaS8dCB[8], PLA-IPA and methyl viologen
terminated polyethylene oxide formed a supramobcaimphiphilic complex which self-
assembled into micelles of nano size. AnticancemgdbDox was loaded into these
nanoparticles and its release was triggered byngdtiaS,0,. NaS,0, forms inclusion
complex with CB[8] which can replace PLA-IPA and ®#1V causing dissociation of
supramolecular micelles. Micelles showed good magatibility towards cell lines, human
umbilical vein endothelial cell line (HUVEC) andhan liver cancer HepG2 cell line when
studied in vitro. Dox showed higher toxicity forran liver cancer HepG2 cefl§. Loh and
coworkers prepared a ternary complex between CB[8Raphthalene-terminated
poly(dimethylaminomethyl methacrylate) (PDMAEMA) danmethylviologen terminated
poly(N-isopropylacryalamide) (PNI-PAM). The latter two meeresponsible for pH and
temperature. This complex was able to form micelldsch encapsulated anticancer drug
Dox. Along with temperature and pH control, the eflies were active towards guest like
adamantane. This system showed triple stimuli-nesipe drug releasing capacity. The same
authors prepared another complex from CB[8] andotature as well as glucose responsive
materials poly(isopropylacrylamide) (PNIPAAm) analyfacrylamidophenylboronic acid)
(PAAPBA). After forming micelles, this system waslato deliver insulirf??

6.2.1.3 Supramolecular nanoparticles
6.2.1.3.1 On-off switch on nanoparticles

Basic information about on-off switches is mentidne section 4.3.3.3.1. Utilization of
CBs has gained attention of scientific communitydoent years but not much work has been
carried out yet. For instance, gold particles wenmgbedded in MSNPs. The gold patrticles
acted as heat generating cores. In addition, nat®gas formed by host-guest interactions
between CB[6] andN-(6-aminohexyl)-aminomethyltriethoxysilane. This noagate was
opened by external laser source causing controflease of drué?®

6.2.1.3.2 Other nanohybrids with host-guest interdmons

Jung and coworkers prepared theranostic systensing lost-guest interactions between
CB[6] and molecules with various functional grou@®[6] was conjugated on the backbone
of hyaluronic acid by host-guest interactions. @as moieties like FITC for bio imaging,
anticancer drugs were tied with spermidine which fwam inclusion complex with CB[6] in
agueous solution. There are too many good result®beratory level but its practical
application is still too far from the realif§’ Rotello and coworkers prepared a host-guest
system which was anchored on ultra-small gold nariagpes. Diaminohexane which was
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present on the surface of nanoparticles actedlagad for CB[7]. Addition of diaminohexane
to attach CB[7] reduced the cytotoxicity. Subsedlyeri-adamantyl amine was added to
replace diaminohexane. This addition caused unogppi CB[7] inside the living cells thus
cytotoxicity of AUNP-NH was activated. This strategy provides new apprdéactieveloping
theranostic platform&>

6.2.1.3.3 Supramolecular hydrogels

Not much work on supramolecular hydrogels has lmeened out by using cucurbiturils
probably due to lack of effective method for CBs noifunctionalization. Scherman and
coworkers reported a multiresponsive supramoledwjarogel that contained CB[8] which
formed an inclusion complex with a guest carryirgypinyl alcohol. This hydrogel was
found to be sensitive for temperature change, oterpbtential and competing guests.

6.3 Bioimaging

Biological images are useful in diagnosis of dissasAs discussed earlier in
cyclodextrins, bioimaging agent must have propersach as good biocompatibility, high
stability for biodegradation, and photobleachingd astrong signal generation capability.
Supramolecular vesicles provide a way to study ftherescence labeling in biological
systems. Some attempts were made to prepare theansoipcular complexes using
cucurbiturils. Host-guest complex was formed betw&B[7] and Hoechst dye (used for
fluorescence enhancement) and studied for extgrdathange as shown in Figure 16a. In
vitro bioimaging was carried out on breast canc€@RW cell line. The fluorescence intensity
of CBJ[7]-Hoechst dye inclusion complex was morenthiaat of free Hoechst dye as shown in
Figure 16b and 16c¢. Apart from this result, thdusmn complex showed good photostability
and reduction in DNA binding capability’

Finally, Scherman and coworkers synthesized supesmlar vesicles via host-guest
inclusion that contained amphiphilic pyrene-violgeéB[8] ternary complex. Viologen
functionalized lipids (Figure 16d) acted as hydmiplh segment in this complex.
Supramolecular micelles entered in HelLa cances @il successfully delivered the peptide
intracellularly. When competitive guest moleculesrevadded, the peptide was released into
the cells simultaneously causing switch on of therescence and cytotoxic effect®
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Figure 16: (a) Six major complexes formed betweerdhst 34580 and CB[7] in PBS solution
(5 mM, pH 7.0) showing the protonation equilibriuamd the host—-guest complexation
equilibrium. Confocal microscopy images of MCF-Tlxéncubated with (b) 5 mM Hoechst
34580 alone or (c) 5 mM Hoechst 34580 and 50 mM TCRfl) Structure of viologen
functionalized lipid. (e) Structure of the guestddbst 34586

7 Adamantane: history, structure, and binding propeties

Adamantane is a {gHis hydrocarbon with three-dimensional cage-like streee Such
cycloalkanes are sometimes referred as diamondeicisuse their carbon cages fit the crystal
lattice of diamond. Adamantane consists of thregeducyclohexane rings with armchair
configuration. It is a rigid structure but stilrain free as all the C—C—C angle values are
close to common tetrahedral angle; i.e., 109.5UcBire and some geometrical parameters
are shown in Figure 17.
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Figure 17: Structure of Adamantane

7.1 Historic overview of adamantane chemistry

For the first time, adamantane was isolated froe ghtroleum pool from Hodonin in
Czech Republic in 1932 by Landa, Mathé and MZourek® The first synthesis of
adamantane was reported by Vladimir Prelog in 18#lused Meerwein’s ester as a starting
compound™>% %' The synthetic approach is as shown in figure 17.

Figure 18: The first synthesis of adamantane

NaOMe N,H, Agz0, Brp
0 —T —_— >
™ Na, CHBr, MeOC CO,Me NaOMe COOH

o HOOC

Meerwein's ester

Unfortunately, the overall yield of adamantane was so only 0.16 %. This yield was
improved to 6.5 % by refining Prelog process. Theddyof decarboxylation was increased by
Heinsdecker reaction and then by Hoffman reactigiowever, this improved yield was still
very low and synthetic procedure remained too caraggd to provide enough of adamantane
for extensive studies. The situation was completdignged in late fifties of twentieth
century. The first synthesis of adamantane apgkgcab industrial scale was given by
Schleyer in 1957. He hydrogenated dicyclopentadakthen the hydrogenated product was

converted to adamantane by thermal treatment witsAFigure 18) 2%

Figure 19: Synthetic approach from cyclopentadtemerds adamantane

H2 PtOZ A|C|3
2 >
EtZO

The yield was improved to 30 % to 40 %. Later, {ledd of adamantane was increased to
98% by ultrasound and super acid catalysts. Neskedh, the present method used for
industrial production is based on the cheap Lewid AlCl; to provide adamantane in app.
20% in last rearrangement step.

7.2 Biological activity of 1-adamantanamine (adamatine)
Although the adamantane is intriguing structurecliemistry was quiet up to sixties with
no more than ten papers per year. Very importa¢éstone was reached in 1964 when
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antiviral activity of 1-aminoadamantane (adamantamgginst influenza virus was reporfed.
Tissue culture studies have shown that adamanyideobhloride was capable of blocking the
penetration of the host cells by virus. Similarutes were observed in the studies with mice
and chick embryo. Since then, many adamantane-basagounds with biological activity
have been prepared.

7.3 Abundance of 1-monosubstiututed and 2-monosuligited adamantane

Although the adamantane has sixteen hydrogen attimse are only two different
positions to provide monosubstituted derivates. Hbeindance of 1l-adamantyl and 2-
adamantyl (see Figure 18) in scientific papers ignicantly different. The Chemical
Abstracts (CAPLUS, SciFinder) returns 5.584 and33.hits for 1- and 2-adamantyl,
respectively. This difference can be most likelyilatited to the different availability of key
adamantane precursors. Since the adamantane igolmnhydrocarbon, the most important
reactions for its cage modification are based anfthe radical chemistry. Thus, it is not
surprising that more stable radical in bridgeheaditmn is formed and subsequently
transformed into 1-adamantylderivates. Similarbrbocation chemistry on adamantane cage
prefers the formation of ternary cation at bridgehposition.

Figure 20: 1-monosubstituted and 2-monosubstitatiainmantanes

X X

The synthetic approaches towards 2-substituted adf@me derivatives including 2-
adamantanol, 2-haloadamananes, 2-alkyladamantadasjantane-2-carboxylic acid, esters
and amides, 2-substituted aldehydes and ketones beth oxidising adamantane to 2-
adamantanone and its subsequent transformation rdsweequired compoundd*%*’
Chemistry of 2-adamantyl derivates is not as rghhat of 1-adamantyl likely due to longer
and less convenient synthetic procedures and lomedds of 2-regioisomers in radical
reactions.

7.4 Binding ability of adamantane cage

Since adamantane cage adopts almost sphere shdpés dipophilic, derivates of
adamantane can form inclusion complexes with hyalbbpr cavities of macrocyclic hosts;
e.g., CDs and CBs. This happens likely due to hylobic effect and Van der Waals
interactions between adamantane hydrogens andnahteravity surface of these host
compounds. Since diameter of the adamantane sgdaotomplementary to the internal
dimensions off3-CD cavity, the adamantane derivatives are the rsaghble guest for
inclusion complexes witf3-CD. In addition, guests with extraordinary bindisgength
towards CBJ[7] can be designed and prepared contpiasamantane core with adjacent
cationic moiety. Such ultra-affinity guests attdblke affinity of biotin towards avidine; i.e.,
values of association constants are in order 6f 0. These properties make adamantane
containing compounds very special as they can bd us many purposes and applications.
Some of them are summarized in early parts ofritreduction section.
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8 Synthesis of desired guests
8.1 Apparatus and Methods
8.1.1 Chemicals and Solvents

All solvents, reagents and starting compounds wér@nalytical grade, purchased from
commercial sources without further purification esd mentioned elsewhere. 1,3,5-
Tris(bromomethyl)benzene and sodium hydride werechmsed from Sigma-Aldrich
chemical company. Adamantane-1-carboxylic acid,damole and benzimidazole were
commercially purchased from Lachema s.r.o. 4-Tdiulea was purchased commercially
from Mikrochem chemical company. All other reagesush as\N-bromosuccinimide (NBS),
t-BuOK and Bp were purchased from Merck. DIBAL-H was purchasedmf Acros
Organics. All the solvents used for the reactioesendistilled before using.

8.1.2 Instruments

Melting points were measured on a Kofler block aneluncorrected. Elemental analyses
(C, H, and N) were determined with a Thermo FiscBeientific Flash EA 1112. NMR
spectra were recorded at 30°C on Brucker Advantes0D spectrometer operating at
frequencies of 500.11 MHZH) and 125.77 MHz*C) and on a Brucker Advance Il 300
spectrometer operating at frequencies of 300.13 tH and 75.77 MHz€C). *H and**C
NMR shifts were referenced to the signal of thevsol ['H: § (residual HDO) = 4.70 ppm:;
'H: § (residual DMSQOds) = 2.50 ppm3(residual CHG)) = 7.24 ppm;=C: § (DMSO-ds) =
39.52 ppm; 8(CDCl3) = 77.0 ppm]. The spin lock for ROESY was adjusied00 ms. The
signal multiplicity is indicated by ‘s’ for singletd’ for doublet and ‘um’ for unresolved
multiplet. IR spectra were recorded using Smart ONINinsmission Nicolet 1S10
spectrophotometer. Samples were measured in KBatpel

8.1.3 Electrospray Mass Spectroscopy (ESWS)

Electrospray mass spectra (E®85) were recorded using an Amazon X ion-trap mass
spectrophotometer (Brucker Daltonics, Bremen, Gagna&quipped with an electro spray
ionization source. All the experiments were conddcin the positive ion-polarity mode.
Individual samples were infused into the ESI souma@ethanol: water (1:1 v:v) and DMSO:
water (1:1 v:v) solutions using a syringe pump watieonstant flow rate of gl min™. The
other instrumental conditions were as follows: tteospray voltage of4.2 kV, a capillary
exit voltage of 140 V, a drying gas temperatur@?®C, a drying gas flow rate of 6.0 dm
min~! and a nebulizer pressure of 55.16 kRaest-guest complexes: An aqueous solution of
the guest molecule (6.2&) and the corresponding host molecule (5.0 anc&g.6fp3-CD, 3
eg. of CBJ[7] for binary systems or an aqueous smiubf the guest molecule (6.35bv),
CB[7] (1 eq) andg3-CD (5.0 eq) for the ternary complexes was infusga the ESI source at
a constant flow rate of 4l min™*. The other instrumental conditions were as follows
electrospray voltage o0f4.0 kV, a capillary exit voltage of 140 up #60 V, a drying gas
temperature of 30C, a drying gas flow rate of 6.0 dmin™* and a nebulizer pressure of
206.84 kPa. Nitrogen gas was used as both the inglguland drying gas for all of the
experiments. Tandem mass spectra were collected) @D with He as the collision gas
after the isolation of the required ions.

43



8.1.4 Isothermal Titration Calorimetry

Isothermal titration calorimetry measurements weareied out in water using a VHC
MicroCal instrument at 38C. The concentrations of the host in the cell drelguest in the
microsyringe were approximately 0AB15 and 0.48.50 mM respectively. The raw
experimental data were analysed with the MicroCRIGIN software. The heats of dilution
were taken into account for each guest compoune@. ddata were fitted to a theoretical
titration curve wusing the ‘One Set of Binding Sitesnodel. 1-Methyl-3-
butylimidazoliumbromide andu-phenylalanine with respective association constaoit
1.17%10" and 6.7%10° dm® mol* were used as competitors.

8.2 Guests with tri substituted centrepiece

8.2.1 Synthesis of 1-adamantylmethanol (1)

OH

Procedure was slightly modified from refereiteELO (100 cni) was taken in a three
necked round bottomed flask and cooled %6.Q.iAIH4 (6.0000 g, 158.10 mmol) was added
to it in portions for 30 minutes af @. Resulting suspension was stirred @@ €or 5 to 10
minutes and then adamantane-1-carboxylic acid (D0.@Qy, 55.48 mmol) was added to the
reaction mixture at the same temperature. Heatrgitealong with evolution of Hluring
the addition of adamantane-1-carboxylic acid. Reaanixture was allowed to cool for few
minutes and then refluxed for 40 h. Reaction pregneas monitored by G®S. Reaction
was quenched by 7.5 érof water, 7.5 crhof 15% NaOH and finally with 22.5 chof water.
The solid formed in the round bottomed flask wéteried and washed with £ (100 cnf).
Et,O layer was taken in separating funnel and washédM16v aqueous solution of O3
(3x100 cnf). Organic layer was dried over anhydrous,®@ and evaporated in vacuo.
Crude product was recrystallized from hexane taiokf7.2400 g, 78 % vyield, with respect to
adamantane-1-carboxylic acid) colourless solid. Pheduct was confirmed by comparing
GCMS and NMR spectra from the reference with isolapdduct?’® Reaction was
successfully scaled up in later stage to get 2§.66compound..

8.2.2 Synthesis of 1-(bromomethyl)adamantane (2)

Br

Compoundl (29.0000 g, 174.43 mmol) was taken in 1000’ cound bottomed flask
followed by the addition of 48% HBr solution (56.66¢, 499.96 mmol) and zinc dibromide
(98.0600 g, 435.40 mmol). Reaction mixture wasusefti at 108C for 12 hours. Reaction
progress was monitored by G@S. Upon completion, reaction mixture was cooleddom
temperature, water was added to the reaction neand extracted with D (3x500 cr).
Organic layer was dried over anhydrous,8@&, and evaporated in vacuo. Product was
recrystallized from hexane-acetone mixture (4813 to obtain2 (39.1804 g, 98% yield with
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respect tol) as a light brown solid. Product was confirmeddmynparing with NMR and
mass spectra from the refereite.

8.2.3 Synthesis of 1-(1-adamantylmethyl)H-imidazole (3)

»
.

Imidazole (2.0000 g, 29.8 mmol) was dissolved in K20 cni) and stirred at room
temperature for 5 minutes. NaH (60% suspensionineral oil, 1.2300 g, 30.84 mmol) was
added to this suspension in portions at room teatpes under nitrogen atmosphere. Solution
was stirred at room temperature for 30 min. Themmound2 (6.6900 g, 29.19 mmol) was
added at once. Reaction was heated tdC@6r 26 h. Reaction progress was monitored by
TLC as well as GEGVIS. Reaction mixture was cooled to room temperaturé quenched
with cold HO (5 cnf) to destroy excess of NaH. Then@H (50 cri) was added to the
reaction mixture and extracted with EtOAcx{®0 cnf). Organic layer was dried over
anhydrous Ng50O, and evaporated in vacuo. Crude material was pdrifiy recrystallization
using hexane-acetone mixture (48:2 v:v) to obtajhtlyellow coloured crystals (4.8004 g,
76 % yield with respect t8) of 3. Product was confirmed by comparing with NMR anaks
spectra available in the literatUif€. This reaction was scaled up successfully to otttial
10 g of compoun@ using the same procedure.

8.2.4 Synthesis of a,a,a -tris(3-(1-(1-adamantylmethyl)imidazolium))mesitylene
tribromide (4)

£
J L

Ad
LN Br
\)

Commercially available 1,3,5-tris(bromomethyl)bemzéTBMB) (0.1000 g, 0.28 mmol)
and compound (0.1815 g, 0.84 mmol) were taken in dry toluene ¢&f) and reaction
mixture was heated to 100 for 56 h. Reaction progress was monitored by-MSl The
compound3 was added time to time as mass reports showedafammof mono and double
guaternarized compound. After 50 h of heating, treacshowed the formation of colourless
solid. Upon completion of reaction confirmed by B8, reaction was allowed to cool to
room temperature. Dry THF (30 énwas added to reaction mixture. The solid wasectdd
by centrifugation, washed by dry THF (30 3Jno remove all soluble impurities. Dried in
vacuo to gett as a colourless solid (0.3020 g, 78 % yield wispect to TBMB).

Melting point: 204206 °C
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Elemental Analysis: C, 57.12%; H, 7.19%; N, 7.53%l¢ulated for tetrahydrate).

'H NMR (DMSO-d;): 8 = 1.45 (um, 18H), 1.55 (um, 9H), 1.67 (um, 9HREL(UM, 9H), 3.98
(s, 6H), 5.52 (s, 6H), 7.62 (s, 3H), 7.71 (um, 3HRO (um, 3H), 9.50 (um, 3H) ppm.

¥C NMR (DMSO-@): & = 27.4, 33.2, 36.0, 38.9, 51.3, 59.9, 122.0, 1,242B.8, 136.2,
136.9 ppm.

IR (KBr disc): 651 (m), 750 (m), 876 (w), 1105 (M),34 (m), 1157 (s), 1176 (m), 1449 (s),
1559 (s), 2846 (s), 2902 (s), 3065 (M), 3127 (M)53(bs) crit-

ESI-MS: m/z 149.3, 255.3, 308.3, 382.4, 422.3.
8.2.5 Synthesis of 1-(1-adamantylmethyl)H-benzold]imidazole (5)

gw

-

Ad

Benzimidazole (2.0000 g, 16.92 mmol) was taken MFD(20 cni) under nitrogen
atmosphere and stirred at room temperature. Nabb (§spension in mineral oil, 0.7110 g,
17.77 mmol) was added to this solution in portiddslution was stirred at room temperature
for 30 min. followed by the addition & (3.8600 g, 16.84 mmol) at once. Reaction mixture
was heated to 10 for 26 h. Reaction progress was monitored by BisQvell as GEGVS.
Reaction mixture was cooled to room temperature qurehched with cold $0 (5 cnf?) to
destroy excess of NaH. Then® (50 cni) was added to the reaction mixture and product
was extracted with EtOAc €300 cnr). Organic layer was dried over anhydrous$@; and
evaporated in vacuo. Crude material was purifieddnyystallization using hexane-acetone
mixture (49:2 v:v) to yield as a cream coloured solid (3.5300 g, 79 % yieldh waspect to
2). Product formation was confirmed by comparing NMIRd mass spectra from the
literature®** This reaction was scaled up successfully to gej @bthe compoun8 using the
same procedure.

8.2.6 Synthesis ofa,a,a -tris(3-(1-(1-adamantylmethyl)benzo[d]imidazolium)mesity-
lene tribromide (pentahydrate) (6)

Commercially available TBMB (0.1000 g, 0.28 mmatyda (0.2390 g, 0.90 mmol) were
taken in 15 crof toluene in a 100 chround bottomed flask under nitrogen atmosphere and
reaction mixture was heated to 1D for 56 h. Reaction progress was monitored by-ESI
MS. 5 was added time to time as mass reports showed fimmaf mono and doubly
guaternarized compounds. After 50 h, reaction skotie formation of colourless solid.
Upon completion of reaction (confirmed by ESI-M8action was allowed to cool to room
temperature. Dry THF (30 cihwas added to reaction mixture. The solid wasectdid by
centrifugation, washed with dry THF (30 &nto remove all soluble impurities. Organic layer
was evaporated in rotary evaporator to@as a pentahydrate and colourless solid (0.2400 g,
69 % vyield).
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Melting point: 273275°C
Elemental analysis: C, 60.64%; H, 6.64%; N, 6.58%dulated for pentahydrate).

'H NMR (DMSO-d): § = 1.55-1.57 (um, 27 H), 1.65 (um, 9H), 1.95 (uH)%4.34 (s, 6H),
5.81 (s, 6H), 7.47 (dd, J= 7.9 Hz, 3H), 7.64 (dd8Hz, 3H), 7.82 (d, J= 8.4 Hz, 3H), 7.88 (
s, 3H), 8.14 (d, J=8.5 Hz, 3H), 10.20 (s, 3H) ppm.

13C NMR (DMSO-d): & = 27.4, 34.3, 35.9, 39.1, 49.3, 57.3, 113.5, 11426.2, 126.5,
128.7, 130.2, 132.6, 135.6, 143.2 ppm.

IR (KBr disc): 1177 (m), 1200 (m), 1344 (m), 1366)( 1426 (m), 1448 (m), 1559 (s), 2846
(s), 2901 (s), 3405 (bs) ¢

ESI-MS: m/z 149.1, 305.2, 383.3, 497.3.

8.3 Guests with disubstituted centrepiece

8.3.1 Synthesis of 4-(bromomethyl)benzonitrile (7)

ﬁQ{N
Br

This compound was prepared via slightly modifiedgedure from the literatufé? 4-
Tolunitrile (5.0000 g, 42.68 mmol), NBS (7.59004%.65 mmol) and catalytic amount of
dibenzoyl peroxide were taken in GGHO cn?) under nitrogen atmosphere. Reaction was
refluxed at 88C under the influence of (W-lamp, 60 W) light foh4Reaction progress was
monitored by GEMS. Upon completion of reaction, reaction mixturaswcooled to room
temperature, filtered to remove succinimideOH100 cni) was added to the CClayer to
remove any traces of succinimide and product wasaebed with chloroform (8200 cnf).
Organic layer was dried over anhydrous3ia, and evaporated on rotary evaporator. Crude
material was recrystallized from hexane-acetoneturex(49:2 v:v) to obtain light yellow
crystals of7 (4.700 g, 57 % vyield). The product was confirmgdcbmparing NMR and mass
spectra available in literatufé&
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8.3.2 Synthesis of 4-(f-benzold]imidazol-1-yl)methyl)benzonitrile (8)

S
SNy

The synthetic procedure was adopted from the titeed** Benzimidazole (1.2000 g,
10.16 mmol) was dissolved in DMF (20 3nunder inert atmosphere. NaH (60% suspension
in mineral oil, 0.4280 g, 10.71 mmol) was addedittin portions at room temperature.
Reaction mixture was allowed to stir at room terapge for 30 min. To this mixture, 4-
(bromomethyl) benzo nitrile (2.0000 g, 10.20 mnmwd)s added. Reaction mixture was heated
to 100°C for 5 h. Reaction progress was monitored by-Ka8. After all the starting material
was consumed, reaction was cooled to room temperand excess of NaH was quenched
by ice cold HO (5 cnf). Ice cold HO (70 cni) was added to the reaction mixture and
product was extracted with EtOAcXB00 cnf). Organic layer was dried over anhydrous
NaSO, and evaporated in rotary evaporator. Crude matevias purified by column
chromatography on silica gel column eluted in MeOHCl; (2:98 v:v) system. Upon
evaporation light yellow coloured compour®l (1.700 g, 72 % vyield with respect to
benzimidazole) was obtained. The product was ameftt by comparing NMR and mass
spectrometric data from literatuf®,

8.3.3 Synthesis of 4-(@-benzo[d]imidazol-1-yl)methyl)benzaldehyde (9)

g%
)

Compound8 (0.2000 g, 0.86 mmol) was taken in benzene (16) amder nitrogen
atmosphere and DIBAL-H (1.2 M in toluene, 1.78°r@.144 mmol) was added to the
reaction mixture dropwise at room temperature dkerperiod of 5 min. Reaction mixture
was heated to 4% for 30 min under inert atmosphere. Reaction @sgwas monitored by
GC-MS. Upon completion, reaction mixture was cooleddatmm temperature and poured into
5 cnt 20% ice cold sulphuric acid solution and cooled f€. Above mixture was basified
with 20% NaOH solution. Extraction was carried osing EtOAc (330 cn?). Organic layer
was dried over anhydrous pBO,, evaporated in rotary evaporator. Crude materiat w
purified over silica gel column eluted in MeOH:CHQ2:98 v:v) system to gé& as (0.1000
g, 49 % yield with respect t8) off-white solid material. This compound was comfed by
comparing NMR and mass spectrometric data withdsted literaturé. Synthetic procedure
from literature was used to synthesize this compowith change in temperatuf&’ Same
compound was scaled up for more 0.2 g.
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8.3.4 Synthesis ofE)-(4,4'-bis((1H-benzold]imidazol-1-yl)methyl)stilbene (10)

o \XD

McMurry coupling was carried out using slightly nifcetl procedure from the
literature?*> Zn powder (0.5930 g, 9.07 mmol) was taken in dHFT(5 cn?) under argon
atmosphere and was cooled t0°€5 TiCl, (0.5 cni, 4.56 mmol) was added dropwise so that
the inner temperature does not exceed®CLOThis suspension was warmed to room
temperature and stirred for 30 min followed byugffor 2.5 h. Reaction mixture was cooled
to —=5°C and charged with pyridine (0.183 £n2.26 mmol) and stirred for 10 min at %G5.
Compound (0.2140 g, 0.9067 mmol) was dissolved in dry TAFET) and added to above
mentioned reaction mixture dropwise. Reaction nmixtwas refluxed at 74 for 4 h.
Completion of reaction was observed by TLC. Reactigixture was cooled to € and
saturated solution of NaHGQvas added dropwise till the evolution of £8ops. Reaction
mixture was filtered and the residue was washeld BiOAc till all the product is transferred
to filtrate. This mixture was extracted with EtO&x30 cn?). Organic layer was dried over
anhydrous Nz50Q,, evaporated in rotary evaporator. Crude materéad purified on silica gel
column eluted in MeOH:CH@I(2:98 v:v) system to getO (0.0032 g, 0.8% vyield with
respect t®) as off white solid.

Melting Point: 238241°C
ESI-MS: m/z 441.2

'H NMR (DMSO-d): § = 5.49 (s, 4H), 7.18-7.20 (m, 6H), 7.29-7.31 (H),47.50-7.54 (m,
6H), 7.65-7.66 (d, 2H), 8.40 (s, 2H) ppm.

%C NMR (DMSO-d): 5 = 47.5, 110.8, 119.6, 121.6, 122.4, 126.8, 12128.2, 133.7,
136.4, 136.6, 143.7, 144.3 ppm.

IR (KBr disc) : 422 (m), 526 (m), 611 (w), 634 (W38 (s), 814 (m), 845 (w), 887 (w), 928
(w), 972 (m), 1099 (m), 1199 (m), 1261 (s), 1280, (4834 (m), 1367 (m), 1440 (m), 1458
(m), 1493 (s), 1612 (w), 1720(m), 2850 (w), 2920,(8026 (w), 3448 (bs) cth

8.3.5 Synthesis of methyl 4-methylbenzoate (11)

O~

CH5OH (21.0000 crfy 518.46 mmol) was taken in a 500%sized round bottomed flask
and dry pyridine (39.76 cin491.60 mmol) was added. 4-Methylbenzoyl chloi(2@.00 g,
129.37 mmol) was added to above mentioned reantigture dropwise at room temperature
under nitrogen atmosphere. Reaction was stirredah temperature for 5 h. Reaction was
monitored by GEMS. Upon completion, reaction mixture was poureerogrushed ice.
After 2 minutes, solid formation takes place. Thidswas filtered and washed with plenty of
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water till the smell of pyridine disappeared. Vacudrying yieldedll1 (16.00 g, 82 % yield
with respect to 4-methylbenzoyl chloride) as a wlsblid. The product was confirmed by
comparing NMR and mass spectra with the data alailm literaturé*® The reaction was
scaled up as per the need.

8.3.6 Synthesis of methyl 4-(bromomethyl)benzoaté %)

Br : o—
@]

Compound11 (5.0000 g, 33.29 mmol), NBS (5.9200 g, 33.30 mimahd catalytic
amount of dibenzoyl peroxide were taken in dry D@BO cn?) and refluxed under the
influence of light (W-lamp, 60 W) for 5 h undernoigen atmosphere. Reaction progress was
monitored by TLC and G&JS. Upon completion, reaction was cooled to roomgerature
and HO (150 cm) was added. Extraction was carried out with DCM7@ cn?). Organic
layer was washed with plenty ob@ to remove the traces of succinimide. OrganicHrayes
dried over anhydrous N8O, and evaporated in rotary evaporator. Crude méatevas
recrystallized from hexane to obtal2 (4.300 g, 56 % yield with respect 1d) as a light
yellow solid. Product was confirmed by comparing thass and NMR spectra with the data
available in the literaturé’’ This reaction was scaled up as per the requirement

8.3.7 Synthesis of methyl 4-(f-benzold]imidazol-1-yl)methyl)benzoate (13)

g8

O—__

O

Benzimidazole (7.1100 g, 60.24 mmol) was dissoiwveBMF (100 cn) under nitrogen
atmosphere. NaH (60% suspension in oil, 2.9100 23797 mmol) was added to above
solution in portions over a period of 10 min. Theacgtion mixture was stirred at room
temperature for 30 minl2 (11.5000 g, 50.2 mmol) was added to the reactiorune at
once. The colourless mixture became dark red. tReamixture was heated to 160 for 4
h. Reaction progress was monitored by TLC anéH@&. Reaction mixture turned yellow in
colour and appeared dense. Upon completion, remathixture was cooled to room
temperature and poured over crushed ice to querchsg of NaH. After the ice was
dissolved, product was extracted with EtOA&5@0 cnf). Organic layer was washed with
ice cold HO (3x200 cnf) to remove DMF. Organic layer was dried over ambyd NaSO;,
evaporated in rotary evaporator. Crude material puaied in silica gel column eluted with
MeOH:CHCE (2:98 v:v) system to get light yellow colour&d (9.0606 g, 68% yield with
respect tol2). Product was confirmed by comparing the NMR arassnspectra with the
standard spectra from literatff€ Reaction was scaled up as per the requirement.
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8.3.8 Synthesis of (4-(H-benzo[]imidazol-1-yl) methyl)phenyl)methanol (14)

g

Procedure was adopted from the literafdfe.iAIH 4 (1.7800 g, 46.89 mmol) was added
in dry THF (30 cn) in portions over a period of 15 min af®. Reaction mixture was stirred
at 0°C for 10 min.13 (2.500 g, 9.39 mmol) was dissolved in 15%avf dry THF and this
solution was added to the suspension of LiAl THF at 6C over a period of 15 minutes.
Reaction was brought to room temperature and dtiiwe 3 h under nitrogen atmosphere.
Reaction progress was monitored by -®&S. Upon completion, reaction mixture was
quenched by EtOAc (8 cth Reaction mixture was stirred af® till the formation of solid
which was filtered by using Buchner funnel. Thisdavas washed with plenty of EtOAc till
all the product comes out of it. Collected portiofi€tOAc were washed with 40 (50 crri),
dried over anhydrous N80, and evaporated in rotary evaporator. Crude prodves
purified from silica gel column eluted in MeOH:CHQR:98 v.v) system to obtaifh4 as
cream coloured product (2.2300 g, 100 % yield weatspect tdl.3).

OH

Melting point: 137139°C

'H NMR (DMSO-d): & = 4.47 (s, 2H), 5.69 (s, 2H), 7.32-7.33 (m, 2H}177.42 (m, 2H),
7.49-7.51 (m, 2H), 7.79.84 (m, 2H), 9.48 (s, 1H) ppm. (Signal fe1OH proton is lost in
DMSO-d; peak)

3C NMR (DMSO-@): & = 48.9, 62.3, 78.5, 78.8, 79.0, 112.6, 116.0, 0,2525.1, 126.7,
127.6, 132.9, 142.7 ppm.

IR (KBr disc) : 424 (w), 505 (w), 569 (w), 719 (Wj40 (s), 779(m), 829 (w), 893 (w), 958
(W), 979 (W), 1016 (m), 1173 (w), 1190 (m), 1261)(1284 (m), 1346 (w), 1381 (w), 1421
(W), 1458 (M), 1496 (s), 1614 (W), 2341 (W), 2361),(2862 (W), 2935 (W), 3259 (bs) ch

8.3.9 Synthesis of 4-(f-benzold]imidazol-1-yl)methyl)benzaldehyde (9)

b

O

/

HslOg (3.4700 g, 15.22 mmol) was allowed to dissolvedip CHCN (30 cni) under
inert atmosphere. After dissolution olBs, Cr(lll) acetylacetonate (0.2660 g, 7.61 mmol)
was added. Them4 (1.8100 g, 7.60 mmol) was added at once undeogetr atmosphere.
Reaction mixture was stirred at room temperature/fb. Reaction progress was monitored
by GG-MS and TLC. After completion, saturated solutionN&SO; (100 cnf) was added.
Extraction was carried out by using EtOAcx4®0 cnf). Organic layer was dried over
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anhydrous Ng50O, and evaporated in rotary evaporator. Crude matema purified with
silica gel column eluted in MeOH:CH#£X2:98 v:v) to get off white coloure®d (1.52 g , 85%
yield with respect tal4). This compound was confirmed by comparing NMR anass
spectrometric data with standard literattire.

8.3.10 Synthesis of 1-(4-(chloromethyl) benzyl)H:benzo[d]imidazole (15)
N

g8
N

Compoundl5 was prepared by slightly modified procedure frohPEl, to SOC} and
time of reflux was reduced to 30 il 14 (0.6770 g, 2.84 mmol) was taken in S
cm®, 0.1102 mol) and refluxed for 30 min. Reactionguess was monitored by GHIS.
After completion, reaction mixture was cooled tomotemperature and excess of SO&As
evaporated in rotary evaporator to get highly wisconaterial. To this material was added
saturated solution of N&G; till pH turned basic (till 8). Then extraction wasarried out
using EtOAc (%100 cnf). Organic layer was dried over anhydrous®@, and evaporated
in rotary evaporator. Evaporation was stopped imately after slightly gummy material
appeared. Chloroform (20 énwas added to this material and used for ylidemfaion
immediately. The GGVIS report taken during reaction monitoring confidrtbée formation
of 15. No NMR and other analyses except-8A4S were taken as product was highly unstable
and could not be stored for long time.

GC-MS Analysis: m/z 256

Cl

8.3.11 Synthesis of 4-(@ benzo[]imidazolyl-1-yl)methylbenzyl)triphenylphosphonium
chloride (16)

ge;

0+

This compound was prepared by using the slightlifreml procedure from literature
with change in solvent from toluene to CHET 15 (0.6770 g, 2.64 mmol) was taken in
CHCl; (20 cnf) and PPk (1.0400 g, 3.97 mmol) was added. Reaction wasHeaat66C for
a period of 72 h. CHGlwas added time to time to the reaction mixturen@squantity of
chloroform kept on reducing. Reaction progress masitored by TLC. Reaction was never
completed as traces of alkyl chloride were stibgamt after 72 h. Dry B (30 cni) was
added to reaction mixture to solidify the produdhiethh was isolated by centrifugation
process. Product was washed with dryCE€40 crr) for 3 times to remove all the traces of
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starting material. Product was dried in rotary erafor to get fine colourless powder 16
(1.2000 g, 88% yield with respect16).

Melting point: 286283°C
ESHFMS: m/z 483.2

'HNMR (CD;OD): § = 4.874.90 (d, 2H, signal splitting of 2H attached to PEfoup due to
heteronuclear couplingl(H,P) = 14.8 Hz), 5.48 (s, 2H), 6:9696 (d, 2H), 7.147.15 (d,
2H), 7.56-7.65 (m, 15H), 7.837.87 (m, 4H), 8.32 (s, 1H) ppm.

13C NMR (CD;OD): 6 = 20.8, 102.4, 109.1, 109.8, 110.6, 114.4, 11#19,3, 119.7, 121.8,
123.1, 125.1, 125.7, 126.9, 129.0, 134.4, 135.3.ppm

IR (KBr disc): 428 (w), 482 (s), 555 (m), 636 (MRO0 (s), 719 (s), 746 (s), 850 (w), 995 (w),
1111 (s), 1190 (w), 1261 (w), 1284 (w), 1325 (W363 (w), 1383 (w), 1437 (s), 1491 (m),
1514 (w), 1612 (w), 2785 (w), 2856 (w), 2987 (W)53 (W), 3423 (bs) cm

8.3.12 Synthesis of)/(2)-(4,4’-bis((1H-benzo[d]imidazol-1-yl)methyl)stilbene (17)

g8

N

Compound9 (0.9000 g, 3.813 mmol) was dissolved in 25°afiDCM. 16 (1.9800 g,
3.82 mmol) was added. 25 ¢raf 0.1 M NaOH solution was added to the reactidrtume
and stirred for 6 h at room temperature under garoatmosphere. Completion of reaction
was confirmed by TLC. O (50 cni) was added to the reaction mixture and product was
extracted with CHGI (3x100 cnf). CHCk layer was dried over anhydrous 4S&, and
evaporated in rotary evaporator. Crude material puaied by silica gel column eluted with
MeOH:CHCE (2:98 v:v) system as a mixture oE)(and g) isomers. NMR spectrum
confirmed 40:60 mixture ofH) and &) isomers. Mixture appeared light yellow solid in
appearance (1.2600 g, 75 % yield with respec®)toNumerous attempts to separate the
mixture were performed but none of them was of @ss;.

ESHFMS: m/z 441.2, 301.1, 221.1

'H NMR (DMSO-d;): & = 5.44 (s), 5.49 (s), 6.56 (s), 7-¥118 (m), 7.297.30 (m), 7.487.55
(m), 7.65-7.67 (m), 8.38-8.41 (m) ppm.
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8.3.13 Bromination of 17 (18)

Bromination was carried out by using the proceduentioned in the literaturd? 17
(0.6000 g, 1.363 mmol) was dissolved in dry CHQI5 cnf) under inert atmosphere. Br
(0.077 cm, 1.50 mmol) was added dropwise to the reactiorturéx Reaction was heated to
60°C for 4 h. Reaction progress was monitored by TA€time passed, produt8 started to
appear in the reaction mixture as a solid and &fter productl8 subsided at the bottom of
round bottomed flask leaving CH{hyer clear. Reaction was cooled to room tempegatu
and CHOH (30 cni) was added to the reaction mixture to dissolvettal solid material.
Solid NaS,0; was added to above mixture directly to quench éReess of bromine.
Anhydrous NaSO, was added to this mixture to remove the tracesatér and organic layer
was evaporated in rotary evaporator. The solid nateas analysed on ESWIS and NMR
which confirmed the formation of isomeric mixtuoth the compounds were impossible to
separate on column as the solubility of the mixives very poor. Hence, crude product was
taken for next step without separation and puriiica

The reaction produceti8 (0.8630 g, 53% yield with respect 1@) light brown coloured
solid. Being mixture, it was not possible to measuelting points and IR spectra.

ESHMS: m/z 601.1, 441.2, 212.9

'H NMR (DMSO-d;): § = 5.57 (S), 5.72 (s), 6.11 (s), 7-2425 (m), 7.427.49 (m), 7.597.63
(m), 7.86-7.84 (m), 9.41 (s), 9.53 (s) ppm.

8.3.14 Synthesis ofl,2-bis((IH-benzo[d]imidazol-1-yl)methyl)phenyl)ethyne (19)

\LN:NJ

The procedure with slight modifications was adogfteth the literaturé>® Mixture (18)
(1.9400 g, 3.23 mmol) was takentiBuOH (30 cni), t-BuOK (1.8100 g, 16.13 mmol) was
added and reaction mixture was heated t8G8B6br 6 h under nitrogen atmosphere. Reaction
progress was monitored by TLC. After completionxtonie was cooled to room temperature
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and HO (100 cni) was added. Extraction was carried out using GH84100 cnf). CHCL
layer was dried over anhydrous J$&, and evaporated in rotary evaporator toi(1.4100
g, 73% vyield with respect t@8) as yellow solid. Because of poor solubility, natiier
purification was done.

Melting point: 217219°C
ESHFMS: m/z 439.2, 321.1

'HNMR (DMSO-a): § = 5.54 (s, 4H), 7.177.20 (m, 4H), 7.367.32 (m, 4H), 7.497.50 (m,
6H), 7.66.7.67 (d, 2H), 8.40 (s, 2H) ppm.

¥CNMR (DMSO-d;): & = 47.2, 89.1, 110.5, 119.4, 121.4, 121.5, 1226,68, 127.6, 127.7,
131.6, 137.6 ppm.

IR (KBr disc): 424 (w), 509 (w), 611 (w), 739 (§)%60 (w), 779 (w), 812 (m), 854 (w), 887
(W), 974 (w), 1117 (w), 1190 (m), 1263 (m), 1282),(4334 (w), 1367 (m), 1415 (w), 1438
(m), 1458(m), 1493 (s), 1518 (w), 1614 (w), 1693, (@841 (w), 2360 (w), 2850 (w), 2922
(m), 3444 (bs) cit

8.4 Synthesis of quaternary ammonium salts

8.4.1 Synthesis of K)/(Z)-(3-methyl-1-((4-(-2-(4-((3-methyl-H-benzo[d]imidazol-1-io)
methyl)phenyl)vinyl)phenyl)methyl)-1H-benzo[d]imidazolium diiodide (20)

(E)/(Z) mixture 17 (0.3500 g, 0.79 mmol) was dissolved in dry DMF (1) and CHi|
(0.123 cnf, 1.98 mmol) was added through micropipette. Reaatias heated under nitrogen
atmosphere for 24 h 3&. Reaction progress was monitored by TLGCE(25 cni) was
added to reaction mixture to precipitate out tpeoduct. Solid was collected via
centrifugation process. NMR confirmed the formatair(E)/(Z) mixture. Crude product was
treated with MeOH:CHGI(1:50 v/v) system to precipitate out yellow coledrE) isomer
(0.1800 g, 31% vyield with respect 1@). Mother liquor containing mostlyZj isomer along
with the traces ofEf) isomer was evaporated ar) (somer was purified via neutral alumina
column chromatography eluted with MeOH:CH(@&:92 v/v) system to get isomerically pure
colourless Z) isomer (0.3500 g, 61% yield with respectli).

Physical and analytical data faf)(isomer

Melting point: 142144°C
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ESI-MS: m/z 235.0, 455.2, 597.1

'H NMR (DMSO-d): 5= 4.10 (s, 6H), 5.74 (s, 6H), 6.64 (s, 2H), 2224 (m, 4H), 7.37
7.38 (M, 4H), 7.647.72 (m, 4H), 7.897.90 (d, 2H), 8.048.05 (d, 2H), 9.81 (s, 2H) ppm.

13C NMR (DMSO-c): 8= 33.3, 49.4, 113.5, 113.7, 126.60, 126.61, 12828.9, 129.9,
130.6, 132.0, 132.9, 137.0, 142.9 ppm.

IR (KBr disc): 426 (w), 462 (w), 600 (w), 669 (m§94 (w), 764 (m), 887 (w), 1016 (w),
1089(w), 1203 (w), 1271 (w), 1296 (w), 1342(w), 438v), 1457 (w), 1488 (w), 1564 (m),
1619 (m), 2341 (s), 2360 (s), 2852 (W), 2923 (VB2 (W), 3020 (W), 3427 (s) ¢

Physical and analytical data fdg)(isomer
Melting point: 270°G272 °C
ESHMS: m/z 235.0, 455.2, 597.1

'H NMR (DMSO-d): 8= 4.11 (s, 6H), 5.77 (s, 4H), 7.29 (s, 2H), ZB53 (d, 4H), 7.63
7.69 (m, 8H), 7.947.95 (d, 2H), 8.038.05 (d, 2H), 9.82 (s, 2H) ppm.

3%C NMR (DMSO-d): & = 33.5, 49.7, 113.7, 113.8, 126.70, 126.73, 1272B.6, 128.9,
130.8, 132.2, 133.4, 137.4, 143.0 ppm.

IR (KBr disc): 422 (w), 526 (w), 569 (W), 603 (W§59 (m), 752 (s), 787 (m), 839 (w), 860
(W), 958 (w), 979 (m), 1016 (w), 1091 (w), 1128)(¥162 (w), 1190 (w), 1215 (m), 1278
(W), 1342 (m), 1365 (w), 1421 (w), 1448 (m), 1459,(1490 (w), 1517 (w), 1564 (s), 1610
(W), 3043 (m), 3060 (W), 3129 (W), 3396 (bs), 34B6) cm*

8.4.2 Synthesis of&)/(Z)-3-admantylethyl-1-((4-(-2-(4-((3-methyl-H benzo(]imidazol-
1-io)methyl)phenyl)vinyl)phenyl)ethyl)-1H-benzod]imidazolium dibromide (21)

Ad

Br

D

(E)/(Z) mixture 17 (0.0500 g, 0.1135 mmol) was dissolved in dry DNsFegT) and 1-(1-
adamantyl)-2-bromoethane (0.082 g, 0.3407 mmol) adaked at once. Reaction was heated
under nitrogen atmosphere for 144 h 220 Reaction progress was monitored by TLC and
ESHMS. Reaction was never completed. Little amount ofnenguaternarized was still
present. BD (25 cnf) was added to reaction mixture to precipitatetbeproduct. Solid was
collected via centrifugation process. Crude mateneas purified by silica gel

56



chromatography eluted with MeOH:CHQ0:90 v/v) system to get cream colourgd
(0.055 g, 52% yield with respect 1@). NMR confirmed the formation o&{/(Z) mixture.

ESI-MS: m/z 383.2

'H NMR (DMSO-d): 5= 1.61-1.97 (m, 68 H,E)/(Z) isomers), 4.49-4.53 (m, SHEX(2)
isomers), 5.73-5.76(m, 8HE)/(Z) isomers), 6.64 (s, 3HZ) isomer), 7.22-7.30 (m, 7H,
(BE)/(Z2) isomers), 7.38-7.40 (d, 6HE)((Z) isomers), 7.52-7.53 (m, 2HE)(isomer), 7.62—
7.70 (m, 10 H, E)/(Z) isomers), 7.89-7.91 (d, 3HEX(Z) isomers), 7.95-7.97 (d, 1HEX
isomer), 8.06—8.08 (m, 4HE)/(Z) isomers), 10.02-10.04 (m, 4HE)((Z) isomers) ppm.

8.4.3 Synthesis of 3-butyl-1-((4-(2-(4-((3-butylH1-benzo[d]imidazol-1-io)methyl)
phenyl)ethynyl)phenyl)methyl)-1H-benzod]imidazolium diiodide (22)

+N/\/\

&gj g

CompoundL9 (0.2000 g, 0.46 mmol) was taken in a neat 1-iothel (7 cr) and heated
to 100C for 32 h under nitrogen atmosphere. Reaction regsgwas monitored by TLC.
Upon completion, reaction was cooled to room tempee and dry EO (20 cni) was added
to the reaction mixture and the solid was colledigaentrifugation. This solid was washed
with 100 cni of dry EO to remove all the traces of 1-iodobutane. Solis wurified using
silica gel column eluted with MeOH:CHLI(5:95 v/v) system to get yellow coloured solid
22(0.3200 g, 87% vyield with respect18).

Melting point: 135-137C

ESKMS: m/z 276, 316 [mass with one bromine atom aduaedss the double bond, less than
10% by ESI-MS].

'H NMR (DMSO-d): § = 0.93-0.96 (t, 6H), 1.351.40 (sextet,4H), 1.91-1.95(quintet, 4H),
4.51-4.53 (t, 4H), 5.80 (s, 4H), 7.53-7.59 (m, 8HE2-7.70 (M, 4H), 7.91-7.92 (d, 2H),
8.11-8.13 (d, 2H), 9.92 (s, 2H) ppm.

¥C NMR (DMSO-d): 6 = 13.6, 19.3, 30.7, 46.9, 49.8, 89.6, 114.0, 11422.6, 126.9,
127.0, 128.8, 131.1, 131.6, 132.2, 134.9, 142.8.ppm

IR (KBr disc): 422 (w), 542 (w), 660 (w),748 (sBXZ (w), 848(w), 1016 (w), 1113 (w), 1132
(w), 1192(m), 1340 (w), 1375 (w), 1413 (m), 144245618 (w), 1560 (s), 1608 (w), 1685
(w), 2341 (m), 2360 (m), 2869 (w), 2929 (s), 295F 8020 (W), 3122 (w), 3442 (bs) cm
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8.4.4 Synthesis of 3-methyl-1-((4-(2-(4-((3-methyH-benzo[d]imidazol-1-io)methyl)
phenyl)ethynyl)phenyl)methyl)-1H-benzo[d]imidazolium diiodide (23)

o

Compound19 (0.0500 g, 0.11 mmol) was stirred in neatsCEb cnT) under nitrogen
atmosphere at 1T for 72 h. Reaction progress was monitored by Twl@ch showed the
completion of the reaction. Solid was precipitabgdadding 15 crhof dry EtO. The solid
was washed further with another 30 *cof ELO. The crude material was purified over
alumina column eluted with MeOH:CHLI(8:92 v/v)system to geR3 as a cream coloured
solid (0.082 g, 100 % yield with respecti9).

Melting point: 222—22%C
ESKMS: m/z 234

'H NMR (DMSO-d): & = 4.11 (s, 6H), 5.83 (s, 4H), 7.54-7.59 (m, 8HE2Z7.71 (m, 4H),
7.90-7.92 (d, 2H), 8.04-8.05 (d, 2H), 9.88 (s, PHIN.

SCNMR (DMSO-d): & = 32.8, 48.8, 88.8, 113.0, 113.2, 121.7, 126.6,1,2128.0, 130.1,
131.3, 131.5, 134.2, 142.6 ppm.

IR (KBr disc): 424 (w), 498 (w), 567 (w), 603 (W56 (m), 758 (s), 781 (m), 852 (m), 1016
(m), 1093 (w), 1141 (w), 1163 (w), 1192 (w), 121%),(1275 (w), 1342 (m), 1363 (w), 1410
(w), 14?2 (m), 1489 (w), 1518 (w), 1566 (s), 16%0,(2976 (w), 3024 (w), 3135 (w), 3448
(bs)cm

8.4.5 Synthesis of 3-(2-(1-adamantyl)ethyl)-1-((24(4-((3-(2-(1-adamantyl)ethyl)-H-
benzo[d]imidazol-1-io)methyl)phenyl)ethynyl)phenyl)ethyl)-1H-benzo[d]imidazolium
dibromide (24)

+

N N

OO

Compound19 (0.1500 g, 0.34 mmol) was dissolved in dry DMF of®°) and 1-(1-
adamantyl)-2-bromoethane (0.2500 g, 1.03 mmol) adaked. Reaction was heated to 120
for 56 h under nitrogen atmosphere. Reaction pssgveas monitored by TLC and E®IS.
Reaction never completed. Some mono monoadmardy@mpound was always present.
Reaction was cooled to room temperature and d:/® E20 cni) was added to precipitate out
the product. The solid was separated by centrifagand washed with 60 chof dry E&O.

This crude material was purified by silica columiited with MeOH:CHCJ (5:95 v/v)
system to obtain cream colour2d(0.1380 g, 44% yield with respect18).
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Melting point: 188 °C-190 °C
ESHMS: m/z 382.2

'H NMR (DMSO-d): & = 1.62 (s, 12H), 1.64-1.79 (m, 16H), 1.99 (s, 6H%0-4.53 (m,
4H), 8.81 (s, 4H), 7.54 (s, 8H), 7.59-7.68 (m, 4HP1-7.92 (d, 2H), 8.01-8.03 (d, 2H),
10.06 (s, 2H) ppm.

¥C NMR (DMSO-&): & = 27.4, 31.3, 35.9, 41.0, 41.7, 42.0, 49.1, 881®.2, 113.3, 122.1,
126.1, 126.2, 128.1, 130.4, 130.7, 131.3, 133.9,98pm.

IR (KBr disc): 426 (w), 565 (w), 748 (s), 817 (v850 (w), 972 (w), 1105 (w), 1130 (w),
1178 (w), 1197 (w), 1217 (w), 1253 (w), 1282 (W34 (w), 1382 (m), 1448 (s), 1481 (w),
1517 (w),1558 (s), 1614 (w), 2844 (w), 2898 (sRB0w), 3120 (w), 3407 (bs) ¢
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Results and Discussion
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9 Tetratopic guests

9.1 Synthesis of tetratopic guests

Synthesis of tetra substituted imidazolium and beidazolium quaternary ammonium
salts was planned to check the effect of centegpaecthe binding with hosts cyclodextrins
and cucurbiturils. Multitopic guests are of genén&drest in supramolecular chemistry due to
their ability to exhibit interesting binding propes in complex mixtures. Another approach
was to synthesize thé-heterocyclic carbene compounds with potential-amtior and anti-
microbial activity. A tetrasubstituted biphenyl spa was selected to provide final guest
molecules with well-defined rigid geometries. Inder to make these compounds, it was
necessary to prepare a key intermedsdtéor tetratopic spacer as shown in the Scheme 1.

9.1.1 Attempted synthesis by Ullmann or Suzuki codimg

The first approach towards bipheny& is depicted in Scheme 1. The synthesis started
with commercially available dimethyl 5-aminoisophitte which yielded dimethyl 5-
iodoisophthalate33) upon diazotization with sodium nitrite and sodiiodide®* Whereas
the first step, i.e., the diazotization/iodinatiaaction proceeded smoothly with satisfactory
yield of 50 %, the following coupling step was aegzanied with serious difficulties.
Ulimann coupling wasried to make the biphenyl systef??. The aryl halide83 was heated in
autoclave at 220°C imN-methylpyrrolidone (NMP) with powdered metallic gy as a
catalyst. Unfortunately, this experiment led to #heiodinated compoun88. Few other
solvents such as xylene and dioxane were usedny @at to prepar8&5 but they ended up in
the formation deiodinated compour38. Reaction conditions were varied time to time.
Ullimann coupling was carried out at different temaperes in both autoclave and sealed tube
but the final product wa38 as usual.fus, this route was not taken into consideration.

Scheme 1Proposed route towards compousid
b b %

/
0]
7\ 1) NaNO,/HCI 7 N\ C_l 7\

e 2) Nal e no reactlon
O O
0]

(@]
/" 39 /" 33 (50%) .
v
Br Br, OH HQ
oo e
N /
QBr Br) OH HO
31 35



The next approach was Suzuki coupling. In this aagh, it was planned to prepare the
borate esteb9 from 33. The borate estéy9 was supposed to undergo Suzuki coupling with
33 in presence of N&€O; and PdCl(dppf). Borate ester synthesis was carried outgusi
PdCh(dppf) using triethyl amine as a base and:CM as a solvent as shown in Schenfé®2.
But, the expected reaction did not proceed as detetl compoun®@8 was isolatedAs this
borate synthesis did not work, the Suzuki coupliity 33 was not carried out.

Scheme 2: Preparation of borate eS&er

PdCly( dppf TEA o5
' CH,CN, reflux

33 no reaction
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9.1.2 Reduction first approach

Considering that electron withdrawing methoxycagdogroups could cause undesired
reactivity in coupling reactions, it was decidedtriansform mentioned functional groups to
electron donating hydroxymethyl groups prior to teepling step. In this route, reduction of
diester 33 to corresponding alcohd6 was carried out and then Ullmann reaction was
attempted to couple the aromatic rings to form biph system. This approach is shown in
scheme 3. But, this approach did not work and #we strategy was employed in order to
achieve the centerpie@4.

At first, diester33 was reduced to corresponding alcoB6lusing DIBAL-H at —26C in
DCM?’. Yield was 45%. But, the next step, i.e. Ullmamupmling was failed as compound
with deiodinated product was obtained. Thus, thjsr@ach was abandonég.

Scheme 3: Attempted Ullmann coupling

\
0 OH OH HO
)
DIBAL-H Cu, NMP
o s e Y
DCM, -20°C no reaction
)
0 OH OH HO
/ 23 36 (45%) 35

62



9.1.3 Coupling via iodonium salt

In order to construct biphenyl system the appraacblving iodonium salt was employed
as shown in Scheme 4. This procedure is basedectrabhilic substitution reaction between
a carbocation generated from iodonium salt andggpjate aromatic system. In the case of
symmetric 34 preparation, iododieste33 and corresponding non-iodinated compolB&l
were needed. Therefore, dies@8 was prepared by esterification of isophthalic aamndi
iodonium salt39 was prepared by using mesityleB88, m-chloroperbenzoic acid (m-CPBA)
and trifluoromethane sulfonic acid according to pineviously published proceduf® Then,
attempt to prepare84 by palladium cross coupling in 1,2-DCE as solvent reflux
temperature was failed as 100% deiodinated pro88etas formed which was useless for
further reaction$>® Then conditions were varied for further attempislvent was changed to
dioxane but with no positive effect on result of tieaction. Further, the reaction was carried
out in autoclave using the the conditions mentioimethe literatur&® except temperature
which was varied from 220°C to 250°C, Neverthel@ssll cases38 was the only isolated
product and no desire#l was detected.

Scheme 4: Attempted synthesis of biphenyl system
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9.1.4 Synthesis of tetratopic spacers 65 and 69

Because of unsuccessful attempts to prepare thieetyb centerpiece for tetratopic
guests, the attention was focused onto synthesinother tetrasubstituted intermediated
based on stilbene and diphenylacetylene skelefdressynthesis of spaces and69 started
with mesytylene. Mesytylene was converted to stiéh@3 (actualy mixture 064 and 66)
using procedurer depicted in Scheme 5. Briefly, itjlene underwent radical bromination
with one equivalent of brominating agent NBS to di in satisfactory vyield®
Subsequently60 was converted t61 by Swern oxidataion in moderate yield of abou®®0
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Finally, the phosphorous ylidg2 prepared fron60 in excellent yiel®®* was coupled under
Wittig conditions with61to yield mixture of diastereome88 as shown in Scheme 27.

Scheme 5: Synthesis &/¢)-1,2-bis(3,5-dimethylphenyl)ethane

CCly, reflux Nal, NaHCO3
NBS DBPE DMSO 120°C
Br
60 (72%) 47%
PPh,, 100°C 61, NaH, DMF
—,> —_—
PhMe 0°Ctor.t.
olL®
Br "PPh;
62 (98%) 63 (45%)

The mixture of Z) and E) stilbenes63 was purified in neutral alumina column using
pure hexane as a mobile phase to separate purersé4and66. Z isomer was obtained as
a colorless liquid whild&e isomer was solid in nature. Subsequently Beigomer was used
for terminal bromination to synthesize spaéér(Scheme 6). Reaction was monitored by
GC-MS that showed formation of compounds with rpigtibbrominations including addition
of bromine across the double bond and multiple lomatron at methyl ends of the compound
64. In the complex mixture, the desired mate6lwas detected employing analyses of the
fragments in MS spectrum. Unfortunately, the amaomas very low according to GC-MS
and, thus, the isolation was obstructed.

Scheme 6: Synthesis d)f1,2-bis(3,5-bis(bromomethyl)phenyl)etheled)(

Br.
Br

CCly, reflux
Y, () o ey )

NBS, DBPE

64 Br
Br 65

As synthesis o665 failed, the attentionwas turned towards anothercep 1,2-bis(3,5-
bis(bromomethyl)phenyl)ethyn&9%). Complete synthetic approach is shown in Scheme 7
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Scheme 7: Synthesis of acetyl&8

BI'H2C
Br2 CHCI3 t BuOK, t-BuOH CCI4 reflux | |
O T e " NBS, DBPE
X

7 (99%) BrH,C

CH2 Br

CHzBr
8 (85%)

The E) isomer66 was used for preparation 69. Bromination of66 across the double
bond provideds7 (actually a mixture of enantiomers) excellent yield®* and subsequent
dehydrohalogenatiér® led to acetylenes8. However, attempt to carry out the terminal
bromination of68 failed. Reaction was carried out in G@king NBS as a brominating agent
and dibenzoyl peroxide as a radical initiator. Tiesult of this Bromination remained
essentially the same as that of compo@ad Reaction was monitored by GC-MS and
products of bromination across the triple bond aall vas compounds with multiple
brominations at methyl ends were detected. Degireduct69 was formed in little amount
that it was impossible to isolate from the compieixture. Thus, this route was abandoned.
After this failure, working in tetratopic guests svatopped and attention was turned to the
tritopic guests.
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10 Tritopic guests
10.1 Synthesis of tritopic guests
10.1.1 Failed synthesis of quaternary ammonium saltfrom 25

For homo-tritopic guests, two basic skeletons vetiesen. The first, aliphatic, was based
on 2,2-dimethylpropane and the second, aromatis, b&sed on mesytilene. Initially the
attention was focused on the aliphatic centerpiéwe.a starting precursor, 2-methyl-2-
bromomethyl-1,3-dibromopropan2y) was prepared by using the procedure availabtean
literaturé®’. The initial proposed plan was to prepare twozbaitazolyl and imidazolyl
quaternary ammonium salts from compou8 by reaction with corresponding 1-
alkylated(benz)imidazole. Quaternization reactiavith 25 were carried out in different
solvents such as DMSO, toluene and DMF. Resulll tih@ reactions was the same. Reaction
was monitored by ESI-MS spectrometry. Few dropghefreaction mixture were taken in
eppendorf vial and diluted with 1 énof CHCk. Analysis showed formation of mono
guaternized species along with the unreacted mtartompound25. Thus it became
necessary to use another strategy. The possildendsehind the failure in this case could be
high steric hindrance in the expected products.

Scheme 8: Attempted synthesis of quaternary 2élend27

Ad— N Ad—
At /%\@BEa @ N/Q ONee ; Z@Bre
Br \ N N | Br \ N
N N
§/N ~ g N 5 N ~
Ad 3 Br Br  \—Ad
N PhMe N
o \3 PhMe {

Br .
N no reaction 25 no reaction ?
LAd

27

Br

10.1.2 Alternate strategy with different leaving goups

As a modification of the first unsuccessful proaedut was decided to replace bromine
atoms in the compoun2b with some better leaving groups. Accordingly, #ster28 was
preparedfrom corresponding tridi®? as depicted in Scheme 9. Subsequent quaternization
reaction was carried out wit8 to get desired molecul&6 and27 as shown in scheme 9.
Toluene was used as solvent in this case too.rBattion was a partial success as starting
material was observed with traces of monoquatednm®duct using the same analytical
approach as described above. The possible reasamditbe failure can be attributed to the
steric hindrance in the expected products.

Because of failure of this strategy, another apgitomas opted to obtain the compounds
26 and27.
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Scheme 9: Failed quaternization using compdghd

oy
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no reaction TI/X
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3\ Ad
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10.1.3 Alternate strategy with quaternization in lat step

This strategy reverse the N1 alkylation and quaation step (see Scheme 10). The ratio
for this modification was that highly nucleophifmides are applied in the first step in which
the sterically hindered product is formed. The sgent quaternization takes place rather far
from centre of the molecule and should be lessadteby steric hindrance.

In the first step, anion was generated on imiddkelezimidazole moieties using sodium
hydride under inert atmosphere followed by the @oldliof compound28. The expected
reaction was supposed to give compourd® and 30 as can be seen in Scheme 3.
Unfortunately, this reaction did not work and thiarsng compound was recovered as such.
Traces of mono substituted compounds were formethgluhe coupling of imidazole and
benzimidazole witl28 as it was detected by ESI-M&s this step did not work, there was no
possibility of quaternization of these compoundssdtble reason behind this failure could be
again the same as mentioned in the previous cé#sessteric hindrance in the expected
product.

It was third consecutive failure in making the trhbcompoundf6 and?27. Finally, the
tribromide 25 was tested in the reverse approachos were generated on benzimidazole
and imidazole moieties and compou®8 was added to it. Unfortunately, these reactions
ended up with only starting compound.

Thus, it was decided to stop working on this altghaenterpiece as synthesisaf and
27 was proved to be wastage of time and chemicals.

Scheme 10: Another unsuccessful approach towaedsigods
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10.1.4 Synthesis of tritopic guests with 1,3,5-tllsromomethyl)benzene (TBMB)
centerpiece

The detailed synthesis of these guests is desciibdtie experimental section. The
synthetic strategy and the most important condstiame shown in Scheme 11.

Guests 6 and 4 were prepared by quaternization of centerpiece 54,3
tris(bromomethyl)benzene in toluene as a solveaadion took 50 h to complete. During the
course of reaction, monitoring was carried out gdi51-MS spectrometry. Presence of
mono and di quaternized entities was observedanritial stages of the reaction. In order to
complete the reactions, some portions (approxim#@té equivalents) of compoun8sand5
were added after detection of uncompleted reachothis way, this addition was carried out
for 3 times in both the reactions to achieve comeplguaternization of the centerpiece
TBMB.

As the guest$ and4 precipitated from reaction mixture were sufficignpure to be
considered for supramolecular studies, no colunmorohtography purification was carried
out.

Scheme 11: Synthesis of gueSi@snd4
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10.2 Supramolecular studies of tripod guests 4 argl

Mass spectrometric studies, NMR studies and cakirim titrations were performed to
prepare and prove the formation of inclusion comgdewith hosts such @sCD and CB[7].

In following text, the results of these supramolacstudies are commented. The structures
of guests and hosts are shown in Figure 21.

68



Figure 21: Structures of the trisimidazolium guestd hosts molecules
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Schematic diagram displaying considered inclusmmpmlexes and their transformations
is drawn in Figure 22.

10.2.1 Binary systems

At first, we tried to find out the binding of imidalium gues®4 with CB[7]. Therefore,
compound4 was dissolved in in D and portions of CB[7] solution were added. In
consecutively recordetH NMR spectra showed two sets of signals when s6Bg] had
been added. One set of signals can be assignezhiplexed guest and the second for free

guest. H signal for the proton on centerpiece was shifted
. downfield (Figure 23A, for signal assignment, seguFe
i 21) whereas all adamantane protons showed upfiéfid s
(Figure 23B). This indicate that adamantane cags wa
successfully included in CB[7] cavity. Independent
support for this hypothesis was obtained from ROSEY
. Spectrum recorded for a solution 4fin D,O with 3
equivalents of CB[7] (Figure 23C). In this spectrum
cross-peaks related to the intermolecular intevasti
between H of CB[7] and H, and H protons from the
centerpiece can be clearly observed. With the maddf
3 equivalents of CBJ7], all the signals for theefrguests
-, were vanished due to complexation which suggess th
i formation of4@CB[7L.

Figure 22: General scheme for inclusion complernttion
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Figure 23: Stacking plot of a portion of thid NMR spectra ford and CB[7] (A, B). A
portion of the ROESY spectrum of a 1:3 mixturedadnd CB7 (C). For signal assignment,
refer Figure 20.
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We further studied the interactions betweénand CB[7] by isothermal titration
calorimetry (ITC). One slope binding isotherm fittto the one set of site model supported
the independent behavior of each binding site. Bpmpetitor was titrated against solution
of guest, the parametarshowed the value of 0.33 which clearly supporteglformation of
1:3 inclusion complex. The association constant dimgle adamantane binding site was
found to be 4.8x1§ dm® mol*. Similar studies were carried out for guéstand the
association constant obtained was 6.52>dr®> mol™. Similarly to the guest, the value of
parameten from ITC titration was approximately equal to 0. 88porting the formation of
1:3 inclusion complex. The only significant difface between compourtland6 was that
the binding strength & was 74 times less than that for gugdikely because of high steric
hindrance of benzimidazole cation in CB[7] cavity.

Next part in this study was to make the binary eyst with another host compoufid
CD. The imidazolium salgd was used firstly for this experiment. Guesktshowed fast
exchange with3-CD on NMR time scale giving just one set ‘tf NMR signals during
titration experiments. Therefore, continuous vasied method was used to determine the
stoichiometry of the complex. The Job plotdotvith 3-CD is shown in Figure 24C. Curve
maximum was observed to be ajf,e5=0.25 which supports the formation of 1:3 (G:H)
complex. The change in the chemical shifts of setetiydrogen atoms of the guest during
the titration with-CD in D,O is shown in Figure 24A. It is well-known that thgdrogen
atoms of the guest included in f8eCD cavity are shifted downfield. This can be clgaeen
for adamantane H-atoms. The ROESY spectrum of guestd 3-CD (Figure 24B) in 1:5
(G:H) molar ratio was recorded to observe the mtdecular interactions between
adamantane hydrogen atomg Hp, and H and innef3-CD hydrogen atoms +and H. The
data obtained from ROESY and NMR titration expeniseindicate that adamantane cage
was successfully incorporated into tReCD cavity forming 5@-CDs inclusion complex.
Calorimetric titrations further supported the fotimoa of 1:3 (G:H) inclusion complex with
single-site association constant 1.02%#lf* mol*. These experiments were conducted for
guest6 which showed similar results. For the gug&stalorimetric titrations gave the value of
association constant 1.21*16m"* mol*. Thermodynamic parameters obtained from ITC
experiments with the hosisCD and CBJ[7] and the guestsand6 are summarized in table 3.
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Table 3 Thermodynamic parameters for interacticetsvben gustd and6 and hosts CBJ[7]
andp-CD.

-AS

Guest Host Kldm®*mol}®  —AH [kJ-mol’] (- mor- K- n

4  PB-CD 1.02x10+1.29x16 85.7+5.4 186.7 0.367+1xT0
6 PB-CD 1.21x10+1.19x10 98.8+0.3 228.6 0.312+1xT0
4  CB[7]° 4.84x13%5.60x10  173.8+1.0 369.0 0.391+1xF0
6 CB[7]° 6.52x10+1.23x10  187.2+1.7 450.8 0.373+2x%0

2 The K values are reported for one binding siteeutainties are obtained from single datasengjtt? L-
Phenylalanine of 1-butyl-3-methylimidazolium bromide was used a®mpetitor.

Figure 24: a) A plot ofH NMR complexation induced shifts of selected Hrasaof4 against
concentration o-CD b) A portion of the ROESY spectrum of a 1:3 tane of4 andp-CD
c) Job plot fort andB-CD based ofiH NMR data. For signal assignment, refer Figure 20.
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10.2.2 Ternary systems

Although the formation of 1:3 complexes was suéitly evidenced in previous chapter,
some doubt remains whether all mutual combinatminisosts molecules can be present in
one complex with guessand6. Therefore, further experiments were performedéscribe
formation of such ternary systems. At first, pregpan of the compleXd@ (3-CD, CB[7]L)
was attempted in fD. It had been proved that occupancy of adamaitgy/lvath CB[7] is
easy to follow by NMR titrations. So, titration thfe solution o with CB[7] was carried out
till the ratio of normalized integral intensity tfe signal of the complexed and free guest
reached to the value of 2.0. Here, two out of thmeeling sites of the guedtwere occupied
by two CB[7] molecules and@CB7 was predominant (with minor portions of frde
4@CB[7], and4@CBJ[7}). Unfortunately, NMR doesn’t allow distinguishiriigese species.
Now, the solution of3-CD was added and occupancy of free adamantylbgifg-CD was
detected by means & NMR. During the titration with3-CD, signals of free adamantane
moiety showed downfield shift on NMR scale as shawithe Figure 25A. This proves the
inclusion of adamantane cage ift&€D cavity. The ROESY spectrum (Figure 25B) obtdine
for 1:2:2 mixture of4, 3-CD and CB[7] supported the formation of J&{D, CB[7]L)
system by showing cross-peaks related to the imtiecular interactions of adamantane cage
with B-CD.
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Figure 25 a) A plot ofH NMR complexation induced shifts of selected Hrasoof1 against
concentration of3-CD b) A portion of the ROESY spectrum of a 1:2:Kkture of 1, CB[7],
andp-CD. For signal assignment, check figure 20.
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Similar observations were obtained for guésind the formation 06@ (3-CD,CBJ[7],)
was also confirmed.

In further experiment, preparation of the secomdaey aggregatd@ (3-CD,,CB|[7]) was
carried out. At first4 was titrated with CBJ[7] in such a way that onlyeomdamantane site
formed inclusion complex with CBJ[7] to ford@CB[7] complex predominantly. Addition of
[-CD to this solution showed deshielding of H-atarhghe free adamantane cages to support
the formation o#@ (3-CD,,CB[7]) complex. Separately, the ROESY spectrum keasrded
for the mixture of4 containing 1:3:1 ratio ofl, 3-CD, and CB[7]. It clearly showed the
interactions between inng-CD protons and adamantane protons (Figure 26B2&().
Contrary to the previously described formation4@ (CB[7],3-CD, it was not completely
clear whether both free adamantane sites are actwpth[3-CD In order to clarify this, Job
plot was constructed. One component of the mixtume4 and CB[7] (1:1) and the second
was 3-CD. As shown in Figure 26A, maximum of the curvaswobserved atg¥s= 0.33
which indicate that both free binding sites wereupied byB-CD to confirm the formation
of 4@ (B-CD,,CB[7]) complex. Similar results were obtained fuest6.

Figure 26: Job plot fot@CB7 as a “guest” arB-CD based orfiH NMR data (A). A portion
of the ROESY spectrum of a 1:3:1 mixture hf 3-CD, and CBJ[7] (B, C). For signal
assignment, see Figure 20.
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Finally, all the ternary complexes were convered@CB[7}; and6@CBJ[7} by adding
sufficient amount of CBJ[7] to the solution whichntains inclusion complexes wifiCD (at
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least at one binding site). Selectivity 4fand 6 towards[3-CD/CBJ[7] (KB.CDXKCB{l) IS
2.1x10°% and 1.9x1d. Thus, it was not surprising thtCD was easily replaced by CB[7].
This process was observed on NMR time scale andwegsfast. Isothermal calorimetric
titrations were also carried out for such systeSwution of CB[7] (0.54 mmol dif)was
placed into the cell and mixture consisting4of1.60 mmol dm®) andB-CD (15.4 mmol
dm3) was added in portions. As per Rekharsky apprd3csingle site binding constant for
A@CBJ[7}; system was calculated to be 2.95¥%1dmol™. This value is in agreement with
that obtained by competitive titration as shownTiable 2. Stoichiometric parameter
showed the value of 0.37 suggesting the replaceafeit3-CD units by CBJ[7].

10.2.3 Mass spectrometry

Along with NMR and ITC experiments, mass spectrometnalysis of above prepared
aggregates in aqueous solution was carried outguslectrospray ionization mass
spectrometry to confirm the presence of the exgaestipramolecular complexes. Analysis
of the 1:3 mixture of guests and CB[7]showed miignals related to [&- 3CB[7]F" but the
base peak was ft53CB[7]-H]*". Mass peak [&-3CBJ[7]-2H]"* was observed for gue6t
Analysis of 4 and 6 with 5 eq of -CD gave the peaks corresponding to*[3-CDJ*",
[G**-2B-CDJ** and [G*-3B-CDJ*". All above mentioned peaks were related to rehepsf a
neutral3-CD unit occurred upon collision induced dissocatireatment (CID).

Final MS study was carried out with aqueous mixdurentaining guest# and6, CB[7]
andB-CD. The ternary agreegates*a@CB[7},-B-CDs-n (n=1,2) were detected when mixture
of guest with 1 eq of CB[7] and 5 eq [®CD in water was tested. An example of ESI-MS
result is shown in Figure 27A. Three signals poigtiowards signals of guedtwith one,
two or three host molecules can be seen alongth&lsignals of free guest and hosts. Under
CID treatment, the aggregatésCB7-B-CD and 5-2CB7PB-CD released neutr@d-CD unit
to form 5-CB[7] and 5-2CB[7], respectively (seegufes 27B and 27C). Upon further CID
treatment, either guest or host molecule was deoseth
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Figure 27: ESI-MS spectra of the mixture4pfCB7, and3-CD in 1:1:5 molar ratio in water.
(A) MS in positive ion mode, ESI-MS/M§pectrum of ions at/z 1408 (B) and 1399 (C).
Precursor ions are marked with a bold downwardvartoserted boxes display experimental
and calculated isotope pattern of the corresponpliagursor ions.
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11 Ditopic guests

11.1 Attempted synthesis of 1,2-diphenylethene arig2-diphenylethyne centerpieces

Simultaneously to the synthesis and binding studifesitopic guests, the synthesis of
ditopic guests with rigid, well-defined length oéndral linker, was examined. Because of
ligands with a biphenyl centerpiece were descripegiously*, we decided to prepare
guests with longer spacers based on stilbene gicklylacetylene skeletons. We used three
strategies for their synthesis. First strategyuded synthesis of the halogenated centerpieces
first and quaternarization with corresponding inziole derivate as final step while other two
strategies involved the synthesis of centerpieckitiing benz(imidazole) rings as a part of
intermediates from the beginning.
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11.1.1 Synthesis of 4,4’-dibromomethylstilbene 42

Compound41was synthesized by McMurry coupling of aldehyiausing the procedure
mentioned in the literatufeThe structure oproduct was confirmed by comparison of the
NMR spectrum of the compound with the standard NgpRctrum published in literatuf®
The main objective was to brominat& and to make the desired centerpid2eln contrast
to the successful McMurry coupling, the terminabroination remained a permanent
problem. None of the bromination strategy workedl dmal mixture contained several
multiple brominated compounds and the separatiodesfred compound from the mixture
was not possible as it was formed in very low gityamthich was confirmed by GB/S.

Some unsuccessful attempts to brominate methylpgrad €)-1,2-dip-tolylethyl were
carried out as mentioned below.

Scheme 12: Synthesis 42
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Compound41 was brominated withN-bromosuccinimide using dibenzoyl peroxide
(DBPE) as radical initiator. GC-MS analyses shovigthation of several compounds with
multiple bromination on the methyl ends as weltaspound with bromine added across the
double bond o#22%° Thus it was decided to change the radical initiafthus, dibenzoyl
peroxide was replaced by AIBN and other reactiomdttons were the same as mentioned in
the literaturé®> NBS, AIBN and41 were taken in CGlnd reaction mixture was refluxed for
5 h and reaction progress was monitored by8E. Unfortunately, the result remained the
same as in previous case. Reaction mixture showedation of the compounds with
multiple bromination on methyl ends as well as coomu with bromination across the
double bond. Thus, this attempt was also a failur@ext attempt, the solvent was changed
from CClL to benzene. Procedure remained the same as memhtiorthe literaturé® 41,
dibenzoyl peroxide and NBS were taken in benzemeraaction mixture was refluxed for 5
h. Reaction progress was monitored by-GIS. The result was similar as that of in the
previous cases. After these consecutive failuresyas decided to stop working on the
synthesis of 42 and attention was given on the synthesis of cpigee with
diphenylacetylend5.

11.1.2 Synthesis of bis(methylphenyl)acetylene 44
Scheme 13: Synthesis 44
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75



The compound 44 should be easily available by thquence of halogenation-
dehydrohalogenation from stilbedd. Therefore, bromine was added across the tripte bo
of compound41 by using the condition mentioned in the literaftifeThe reaction yielded
intermediate43 which was dehydrohalogenated using t-BuOK to y@ésired compound
44,2 Subsequent, radical bromination of the compodddvas the key step in order to
synthesize the required spadéx

11.1.3 Synthesis of 1,2-bis(4-(bromomethyl)phenytjg/ne (45)

Several attempts were made to carry out the frdigabbromination at the methyl ends
of 44 to get our desired spacer compound but all thesrgdts ended up with failure. They are
mentioned below.

Scheme 14: Free radical brominatiordéf
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Initially, the compound4 was brominated under conventional conditions; usingN-
bromosuccinimide as brominating agent in £@hd DBPE as radical initiator at room
temperature as mentioned in the literafiifeReaction progress was monitored by-GfS.
Report showed formation of compounds with multiblemination on the methyl ends and
compound with addition of bromine across the triptend of the44. As no formation of
desired product was observed, it was decided togghdéhe radical initiator from NBS to
AIBN. Thus, the compound4 was brominated usiniy-bromosuccinimide and AIBN as a
radical initiator in CCJ at room temperatur@’ Reaction progress was monitored by TLC
and GGMS. Unfortunately, the result was similar as in grevious case with inseparable
mixture of multiple brominated compounds on the hykterminals and compound with
bromination across the triple bond. Now, it wasided to change the temperature instead of
radical initiator. Radical bromination was carriedt at reflux temperature. Compoudad,
NBS, and AIBN were taken in Cg£hnd reaction was refluxed for 5 h. @@S showed
formation of inseparable mixture of compounds wittultiple bromination on methyl
terminals and compound with addition of bromineoasrthe triple bond. In another attempt
to crack this synthesis, radical bromination4dfwas carried out in aqueous mediufd,
NBS and dibenzoyl peroxide were taken in water hadted to 90°C for 5 h. Reaction
progress was monitored by &@S. Unfortunately, no reaction was taken place. yonl
starting compoundt4 was observed. In next attemfCD was used as a catalyst. The
purpose of using-CD was to form the inclusion complex with the caupd 44 to avoid
bromination across the double bord4, NBS, dibenzoyl peroxide arf8¢CD were taken in
CCl,; and reaction was stirred at room temperature utigerinfluence of light for 4 h.
Reaction progress was monitored by -®S. Report showed no formation of desired
product. Only unreacted starting material was oleskr

Now, instead of using conventional radical bromimgatgent such as NB$,3-dibromo-
5,5-dimethylhydantoin  was used. Thus, the compoudd, 1,3-Dibromo-5,5-
dimethylhydantoin, and DBPE were taken in £&hd reaction was refluxed for 5 BC-
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MS monitoring showed formation of compounds with Itiple bromination on methyl
terminals of44. Thus, reaction was discarded. Finally, radicalohation of 44 was
attempted. In this reactioM-chlorosuccinimide (NCS) was used as a chlorinatiggnt. The
compound44, NCS and dibenzoyl peroxide were taken in L&lid reaction mixture was
refluxed for 5 h. GEMS report showed formation of compounds with mudtiphlorination
on the methyl ends @f4.

After so many failures, working on the radical lgdoation of44 was stopped and new
synthetic strategy was designed to reach the &rget

11.2 Alternate strategy towards benzimidazolium-daved centerpiece

This strategy was based on the stepwise synthéfienzimidazole precursors and final
cross-coupling step to form a double bond. Ingialthe procedure started from 4-
methylbenzaldehyde towards aldehydas a suitable starting material for McMurry coogli
was tested. Thus, 4-methylbenzaldehyde was broednafirst?® (Scheme 15).
Unfortunately, the vyield of this first step was pofup to 2 % with respect to 4-
methylbenzaldehyde). Therefore, we decided to nyaidiiis synthetic strategy by using 4-
methylbenzonitrile as a starting material (Sche®e 1

Scheme 15: Bromination of 4-methyl benzaldehyde

Br
NBS, DBPE
CCly, reflux
_ tungsten lamp
O 0~
46 (1%)

This approach started with free-radical brominatioh 4-tolylnitrile using N-
bromosuccinimide to yield@®*? which was reacté® with sodium salt of benzoimidazole to
produce compoun@®. This compound was subsequently converted to adeh@dasing
DIBAL-H. ?** The yields up to this stage proceeded smoothlly aiteptable overall yield of
aldehyde9 of 20 %. In contrast, the last step; i.e., McMuegupling®® yielded very low
amount of10 (0.8 %). Thus, this approach was not good to mdwad and we decided to
modify this approach to allow a Wittig reactionaafinal cross-coupling step. Because of the
synthesis of symmetrical alkene, the aldeh§@ad corresponding haloderivate were needed.
Although the required haloderivate could be pregpdrem 9 by sequence of reduction and
nucleophilic substitution, we were afraid of loveld of desired halocompound and therefore
we used corresponding methyl 4-methylbenzohig 4s a starting material (Scheme 17).

Scheme 16: Synthesis @ by McMurry coupling
NBS, DBPE DIBALH, PhH TiCl,, Zn dust R @:N\> =R
ch, 80°C, 2h NaH DMF, 45°c, 3h pyridine, THF, rt. 49 (0.8%) \\©\
100°C, 5 h
9 (49%) §
8 (72 %)
57/) So

The synthesis started with 4-methylbenzoyl chlariethylatiorf*® of 4-methyl benzoyl
chloride produced 11 which was subsequently comdett 12 using radical brominatiGf’

77



with N-bromosuccinimide. Upon coupling with benzimidaZz8lecompoundL2 producedL3
which was subsequently reducedltbusing LiAIH,**. In this stage, the chemistry was split
into two pathways as can be seen in Scheme 13cdim@oundl4 was used to prepare the
corresponding aldehyd®and simultaneously to synthesize phosphorous yl&ldt should
be noted that the intermedidtb was highly reactive and therefore it was not isalan pure
form. Initially, intermediatel5 was worked up by extracting with ethyl acetate.obJp
complete evaporation of the solvent in rotary evafmw, the solid obtained was confirmed as
a polymeric material formed by intermolecular reactbetween the molecules 5. Thus,

in scale ups, complete evaporation of the solvead not carried out and the material was
taken to next step without characterization by ,seaihNMR. Nevertheless, the compound
15was confirmed by GAVIS.

Subsequently, the compouritb was converted tdl6 using triphenyl phosphine in
chloroform as a solverit This reaction was carried out using three diffesmivents such as
toluene, DMF and CHGI In all the three solvents, reaction was succéssft CHCE was
taken as solvent in the further scale ups becawseaeispective yield was 70 %, 92 %, and
99 %. Despite the best yield which was achieveldMF, the chloroform was selected as the
best choice due to serious difficulties with rermgyvof the DMF from the crude product. The
required Wittig salt was conveniently obtained atics form from CHC} by addition of dry
Et,0.

In the next step, Wittig reaction was carried oetween9 and16 in dry DCM using 0.1
M NaOH solution as a base. It was expected to fbénpreferably as theH) isomer but
surprisingly, mixture of ) and &) isomers 17) in the ratio of 4.6 was obtained. The Wittig
reaction was carried out by using some other baisels as t-BuOK and NaH to improve the
(E):(2) ratio. Unfortunately, none of these reactiongdpiceed required alkene(s). Thus, it was
necessary to separate the isomers. Isomer sepave®tried using column chromatography
but it was unsuccessful. It should be noted, tbpagation of these isomers was needed only
for stilbbene guests preparation. In further stepsatds diphenylacetylenes, the stereo-
information is lost as the triple bond is formedhetfefore, the mixture o) and ¢) isomers
was taken in the next steps as such to make thergaay ammonium salts with stilbene as a
centerpiece and diphenylacetylene Uit
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Scheme 17: Synthesis d7 using Wittig reaction
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11.3 Synthesis of imidazolium compounds

Imidazolium analogues of compounds described abmre the subject of the next part
of this project. Synthetic strategy used for prapan of compoundb3 was similar to
corresponding benzimidazole derivative which iscdegd above. Briefly, 4-tolulnitrile was
converted to7 by radical brominatioA** Compound? was coupled with imidazole to yield
51%*3 which was subsequently reduceds®using DIBAL-H2** The aldehyd&2 underwent
McMurry coupling® to form isomerically pureZ)-53. (See Scheme 18) However, the
problem with low vyield of final step appeared alaothis series as the yield of McMurry
coupling was lower than 1 %. With such a poor yi@dvas not reasonable to upscale this
reaction. Poor yield in this synthetic strategy tedhink of a new strategy with better yield.
The new strategy involved synthesis of double boynVittig reaction.
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Scheme 18: Strategy involving McMurry coupling agmach
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Synthetic strategy used for yield improvement @& isomeric mixturéb8 was similar to
its benzimidazole analogdd. The synthetic strategy is shown in Scheme 19.

Compoundl2 was prepared by using the procedures which ar¢iomea in details in the
experimental section. The bromoesténwas coupled with imidazdl& to get54 which was
reduced to corresponding alcol&8 using LiAIH,%?*° Yield of this reaction was much less
than its benzimidazole counterpart (50 % with resp@54). Subsequently, aldehy& and
Wittig salt 57°°* were prepared. Isolation problem 66 was similar to that desribed for
benzimidazole analogue as self-polymerization wiaserved in this case as well. Thus,
compound56 was confirmed by only GC-MS analysis immediatdtgrawork up. Sample
was submitted to GC-MS while it was dissolved imyktcetate. Compourteb was treated
with PPh in chloroform as solvent to get corresponding S@ltThe problem with this salt
was its purity. It was not possible to purify it @ilica gel column and NMR of this
compound was not at all completely clear. The NMiRcsrum showed presence of many
unknown impurities. However, sali7 was used as such without any purification for the
Wittig reaction. Reaction conditions used for Vyttieaction were similar to that of its
benzimidazole analogue to get the isomeric mixa8eThe common problem for all these
reactions was low yield compared to their benzimada counterparts. The possible reason
behind the low yields can be the more solubilityroidazole derivatives in water. So, during
the work up, when water was added to the reactiotiune, some compound remained
miscible with water and they did not transfer te tirganic phase giving low yields in every
step. Attempts to separat€) (and ¢) isomers from mixtur®&8 were carried out but none of
them worked. Since the column chromatography was rtfain separation method, the
separation of theH)/(Z) mixture was initially tested on TLC plates (sdligel or neutral
alumina) but the mixture did not separate. Attertgpseparate both the isomers using the
differences in the solubilities of both the isomesss tested but no separation was observed.
Further chemistry, namely quaternization, was raotied out because of very low overall
yield of 58 (less than 3 %) and it became more important udoon benzimidazole
chemistry as it was showing better results.
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Scheme 19: Approach towar8i8 via Wittig reaction
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11.4 Synthesis of methyl and adamantyl salts from71

As it was mentioned above, intermedidiewas a mixture offf) and g) isomers and no
reasonable method for their separation was availaiitus, the compounti7 was used as a
mixture and quaternized products were believedeceésier separable. Methylation 1o
proceeded smoothly to yiel2l0 as a mixture ofE) and ¢) isomers. These isomers were
separated due to their different solubility in maofvents. SinceH) isomer is very poorly
soluble in MeOH:CHGJ(1:50 v/v), is was easily isolated and purifiedtbguration whereas
the mother liquor contained) isomer along with small quantity oE) isomer. This almost
pure Z isomer was finally purified by column chromatogrgpht should be noted that the
clear distinguishing ofE)/(Z) geometry was not easy. Initially, only indirectpport was
available. Namely, melting points dE)isomers are usually of higher value than thatZyf
isomers; hydrogen atoms &) (double bond are usually more deshielded thanetlabgz)
double bond. Since the gué¥l is symmetrical, the value 68y of double bond hydrogen
atoms could not be used for clarifying of this ssWhen a inclusion complex of likeli)¢
20 with B-CD was prepared in water solution, it was founat tthe exchange mode of this
complex is slow and guest molecule becomes non-siralein NMR spectrum (for details,
see Chapter 11.5.1). Thus, i 1=12.40 Hz was obtained. Unfortunately, this valoald
not bring any new light because the reported vdloe&) and E) isomers are in the range of
6—-15 Hz and 11-18 Hz, respectively. However, weseded in growing of single crystal of
(2)-20to definitely confirm its geometry by means of &yrdiffraction analysis. The ORTEP
of single molecule of4)-20 and selected crystallographic parameters are givéigure 28.
Two interesting points should be mentioned. AltHodlge compoundZ)-20 was prepared
with two iodide counterions, two chlorines were etved by diffraction analysis. This
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halogen exchange took place likely due to HCI whichild be present in the chloroform
from which the single crystals were grown. In aibdi the crystallization was repeated for
several times under the same conditions with ncessc Because three molecules of water
are present in the asymmetric unit, some moistuas weeded for successful crystal
development. Based on this observation, the ushgater-saturated CHgkan be advised
for future attempts. Separately, the compount7 was treated with 2-
(bromomethyl)adamantane to get the isomeric mix®iteThis mixture was not possible to
separate into individual isomers, however, it wasdufor some further studies dealing with
(E)/(2) equilibration under various conditions. The swsis of 20 and 21 is shown in
Scheme 20.

Figure 28: ORTEP diagram of the compoui)Z0 and selected crystallographic data. The
H-atoms, water molecules and chlorine atoms arétednior clarity.

Compound 0)-20
Empirical formula G2H36CloN4O3
Formula weight 595.55
Color, shape milky, block
Crystal size (max — min, mm) 0.15-0.10
Measured temperature (K) 120
Crystal system Triclinic
Space group P-1
Unit cell dimensions (A, °©)
a,bc 9.5329(2),12.5236(4),13.2762(4)
a, B,y 99.892(2), 103.089(2), 98.899(2)
Volume (&) 1489.59(7)
z 2

Absorption coefficient 0.258

csz“'@ a7 rangze for data collection (°) | 3.8450-29.2530

Reflections collected 17504
Reflections unique 5334
Unique reflections with>a(1/0 | 5061
Number of param./restraints 372/297
FinalR indices [>0/7] R1=0.0934 wR,=0.2289
R indices (all data) R;=0.0962wR,=0.2305

Scheme 20: Synthesis of isomeric mixtu28and21
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11.5 Binding studies of the guests with stilbene erpiece
11.5.1 Binding properties of Z)-20

As it was mentioned above, two isomers20fwere successfully separated employing
their different solubility. On the other hand, tkery low solubility of E€)-20 in water
disabled systematic study on binding behavior. @toee, only binding properties oZ)-20
are discussed in following text. It should be notedt ESI-MS spectra were recorded for
mixtures of both isomers with CDs and CBs and mgnicant qualitative differences
between Z)-20 and(E)-20 were observed. In other words, at low concentnatiwhich were
used for MS studies, both isomers formed aggregete$3-CD, y-CD, CB[7], and CBI[8].

In order to study the binding ability oZ)-20, B- andy-cyclodextrins were selected as a
appropriate hosts. Since the effective diameteseottral part of the gue&0 was estimated
upon X-ray diffraction data to be approximately 7ditial study was carried out withCD
as the cavity size of-CD is sufficiently large to form an inclusion colep with (2)-20.
Upon titration of £)-20 with y-CD, significant downfield shift of K H;, and H signals was
observed as seen in figure 29. The chemical sbifserved for Hand H plotted against g-
CD concentrations were fitted with rectangular hippéa function andK, value was
calculated to be 6.82+0.18<lv™ .  Unfortunately, no cross-peaks related to the
intermolecular interactions were observed in ROEBp¥ctrum of the mixture oZ}-20 with
y-CD likely due to low binding strength which is cbmed with widey-CD cavity.

Figure 29: NMR titration of gue0 with y-cyclodextrin.
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Having obtained these promising results, we wer@deang if B-CD with narrower
cavity can also form an inclusion complex with)-20. This experiment gave the most
interesting results as unexpected splitting of seigeals was observed 1 NMR spectra
(figure 30). It is clear for the first sight thatd sets of signals appeared after additiof3-of
CD to indicate slow exchange mode of t®-Z0@p-CD complex. Note, that some, not
completely clear, downfield shift ofjHH;, and H signals can be observed. This can be
explained by formation of some non-specific, weakd thus in fast exchange regime),
aggregate which is in equilibrium with much tightarclusion complex. The second
interesting observation is that signals of guegteveeparated into two sets as guest molecule
lost its symmetry being firmly bound in tfeCD cavity. This allowed determination &,
as discussed in the Chapter 11.6. The third, angt mteresting observation, was that shape
of two signals of the Hatoms from two ends of the guest was not iden{geé inserted box
in figure 30). Whereas one signal is essentialhglsit (A spin system of isolated —GH-
group), shape of the second signal matches thdteoAB spin system. This clearly means
that one half of the guest display different dynesmihen the second half. Thus chemical
environment of one methylene group is averageddadyzce one singlet whereas the second
methylene group moves slowly to make the two H-ataliastereotopic. Such a selective
hindering of one half of the guest can be attridute the positioning of the slowly and
quickly moving parts in wider secondary rim androaer primary rim, respectively.

Figure 30: Titration ofZ)-20 with 3-cyclodextrin in water.
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In order to check the binding ability of the guasth cucurbiturils, subsequent titration
experiments were carried out with CB[8] and CB[As cucurbiturils can also form
supramolecular inclusion complexes and guest caubdsibly fit into some bigger
macrocycle, initial binding study was carried outhaCBJ[8]. The results are shown in Figure
31. Clear movement of all the guest signals indga&ome aggregation process. However, it
can be seen for instance foyrdignal that these H-atoms were deshilded by 1f &B¢8] and
then slightly shielded with excess of CBJ[8]. Thisservation can be attributed to the change
of the binding mode with excess of CB[8] from irgilhin complex Z)-20@CBJ[8] onto likely
external complex(2)-20-CB[8],. Similar results were obtained by titration of theest Z)-

20 with CB[7]. For the stacking dH NMR spectra which were recorded during this tiora,
see Figure 32. The graph which is inserted in EgB2 displays plot of chemical shifts
against number of equivalent of CB[7].

Figure 31: Binding of CB[8] with guest molecul®{20 in water.
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Fig. 32: Binding of CB[7] with gues]-20 in water.
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In order to determine the thermodynamic parameismthermal titration calorimetry
experiments were carried out. The association eotsivere calculated to demonstrate some
interesting trends. The ITC data are summarizedable 4. The typical result of titration
experiment is shown in Figure 33.

Table 4: Thermodynamic parameters obtained by QdrGniteraction of guestj-20 in water
at 303 K.

Guest Host n KIM™] —AH[kJ-mol'] ASJ-mol'K™] -AG [kJ-morl]

B-CD 0.858 8.20x1d 17.43 17.46 22.71
(220 y-CD 1 6.82x168 na na na

CB7 0.938 1.99x10 43.84 -43.13 30.75

cBs' 0.825 2.24x10 37.10 18.42 42.66

" K, was determined by meanssf NMR titration, n=1 was an assumptioh.Methylviologen was used as a
competitor.

The association constant obtained fd)-20@pB-CD is comparable with that for other
similar guests. The binding oE)-20 with y-CD was accompanied with too small thermal
effects to disable any analysis of ITC data. Fataly, the association constant was
calculated from*H NMR titration data. Interesting results were dmea for CB[7] and
CBJ[8]. Note that binding strength @)@CB[7] is much lower than that @D@CB[8]. This
can be likely attributed to the better accommodhatibthe gues?0 by wider CB[8] cavity. In
addition, note that the enthalpy contribution ie ttase 020@CBJ[7] is negative to strongly
decrease the overall energetic gain. We can sgecthiat this can be caused by freezing of
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conformational movements of the guest molecule witian be expected for binding 20
inside rather narrow CBJ[7] cavity.

Figure 33: ITC result recorded for gu&st with CB7 in water at 303K. OneSetSites model
was used for data analysis.
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11.5.2 E)/(2) interconversion of guests 20 and 21 under UV irmiation and thermal
treatment

It is well-known and documented in Theoretical gectthat [2+2] cycloadditions of
stilbene substrates have been extensively stutfieslipramolecular chemistry, the influence
of macrocyclic hosts on the stereoselectivity wastipularly concerned. In addition,
stilbenes are known for their reversible)-(Z2)—(E) conversions moderated by UV-VIS
irradiation and thermal treatment, respectively.ohder to examine this properties of our
stilbenes, some preliminary experiments were aaraaet. Thermal rearrangements 21
(mixture of isomers) andZ}-20 were conducted in DMSO at approximately 115°C. The
irradiation experiments were performed at ambiemiderature using a mercury medium-
pressure 125W lamp and an acetone filter. Reactiere performed in borosilicate glass
NMR tubes to allow monitoring of reaction progresy NMR without any further
manipulations with the samples. Obtained resultisbheabriefly summarized as follows.

The conversion ofZ) isomer to E) isomer was observed for ba2® and21 under both
thermal and irradiation treatment. The rate of @awn was much lower for the gu@sx In
another words, the adamantylated gusunderwent the4)—(E) conversion much more
rapidly than methylated gue20 under both conditions. Subsequently, it was fotvad the
presence of 2.5 eq @-CD (other molar ratios were not tested) signifibalecreased the
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conversion rate of thermak)—(E) rearrangement dfl whereas other tested reactions (i.e.,
thermal rearrangement af)¢20—(E)-20 and UV-rearrangements &f)20/21—(E)-20/21 )
were not influenced. The stacking plots'dfNMR spectra for thermal rearrangement2j
21—(E)-21 are shown in figure 34 (top). Formation of no gmleducts was observed in
NMR spectra. Mixtures were treated for slightly exdinan 55 h at approximately 115°C. As
can be clearly seen in Figure 34 (bottom) the amoiiiz)-21 was decreased faster in the
sample where n@-CD was added. Further experiments will be desigmadl performed to
clarify whether there is some non-specific (protiemponent of reaction environment,
increased viscosity,...) or specific (formationmalusion complex) influence ¢@-CD.

Figure 34: f)-21—(E)-21 transformation with and witho3-CD at 113-117°C. Stacking
plot of 'H NMR spectra (top) and plot of t!2d concentrations against time (bottom).
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11.6 Synthesis of 1,2-diphenylacetylene spacer

The preparation of diphenylacetylene spacer repteselogical extension of previously
described study on stilbene derivatives. One ingpdrtreason is that diphenylacetylene
spacer is rigid structure with well-defined distaretween possible terminal binding sites (in
agreement with initial justification of this proj@cThe second reason is that preparation of
diphenylacetylene derivatives is simple two-stepeegion of the stilbene synthetic
procedure. Accordingly the compourdd (actually, the E)/(Z) mixture) was taken as a
starting material for this diphenylacetylene cherygis

Scheme 21: Synthesis of diphenylacetylene spacer

QN NN N
Bry, CHCI3 5 t-BuOK
. Br —_— > | |
60°C t-BuOH
NN
N N? N NN
17 18 (53%) 19 (100%)

Since the quaternization was assumed as a findhetyn step, the compount® was
required intermediate to make the quaternary amumorsalts with different alkyl halides.
Thus, compoundl9 was prepared as shown in Scheme 21. Startingesé&tl7 were
brominated to get the mixture of enantiomers armstdieoisomers 0f8° which was
impossible to separate. This mixture was dehydogeaatetP® using t-BuOK to get the
required acetylene spack®. The solubility of bothl8 and 19 was poor. Thus, purification
was not carried out in both the cases. Still, tgoundl9 was sufficiently pure to be used
in the next steps.

11.7 Synthesis of quaternary benzimidazolium saltwith diphenylacetylene centerpiece

Methylation of19 was carried out using methyl iodide under many @amrs. Most of
the reactions yielded multiple methylated compounidse reaction conditions and results
were as follows. Initially, the compour® was stirred in neat GdHat room temperature
under inert atmosphere for 24 h. Reaction prognessmonitored by TLC. Diethyl ether was
added to the reaction mixture to precipitate thidsahich was analysed on ESIS. It
showed formation of trimethylated product predomthaand dimethylated compound in
traces. Both the products were likely quaternatyaad thus the mixture was impossible to
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separate. In order to support the formation of rédsdimethylated compoun®3, it was
decided to use CHghs a solvent to dilute the highly reactive metigilile. Accordingly, the
compoundl9 and CHI were taken in chloroform. Reaction was stirredaam temperature
for 24 h under inert atmosphere. Reaction progrmessmonitored by TLC. Diethyl ether was
used to precipitate out the solid which was analyae ESHMS. Unfortunately, the result
was the same as described above. Solid obtainedingaparable mixture of di and tri
methylated compounds and thus it became necessé#nink for different reaction condition.
From above experiments, it was concluded that higgraperature has caused trimethylation
of 19. In next attempt, temperature of reaction was maied at 0°C. Compourid and neat
CHsl were stirred at 0°C for 72 h. Reaction mixtureswdirectly submitted for ESMS
analysis which showed formation of desired dimetted compoun@3 but still large amount
of unreacted starting materidl9 was present. Thus, it was necessary to increase th
temperature slightly to speed up the reactionhénlast successful attempf and neat CHl
were stirred under nitrogen atmosphere at 10°G2dn. ESHMS analysis showed formation
of desired dimethylated quaternary ammonium 2atwithout formation of any other
compound. The product was precipitated out by dfgEDand purified by column
chromatography as described in experimental sectibA.

Scheme 22: Synthetic approach towards bisbenzimiidaz salts with diphenylacetylene
centerpiece.
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From supramolecular point of view, the guest mdkeauith title centerpiece and two
terminal adamantane-based binding sites with highity towards CB[7] andB-CD is of
high importance. Thus the synthesis of the compoultl was attempted. The
adamantylmethyl(benz)imidazolium site is well-knowimn our group and 1-
adamantylmethylbromide2) is usually used for the quaternization step. Wofmately, in
this case, the utilization @&to synthesizd7 failed as no reaction progress was observed. All
the unsuccessful attempts are mentioned in follgviaxt. Initially, the compound9 and?2
were dissolved in DMF and reaction mixture wasratirat room temperature for 48 h.
Reaction progress was monitored by TLC. Since astdyting compound was observed, it
was decided to increase the temperature to 60°€@rtunately, after additional 48 h at 60°C,
the result was similar as that at room temperatérather option to achieve the required
product was to increase the temperature even nibres, another reaction d® and2 was
carried out at 120°C. The result of this reactioasvsimilar as in previous cases. Only
starting materiall9 was observed in TLC. To observe some progressesblvas changed
from DMF to acetonitrile. But also in this caselyostarting materiall9 was observed. Thus,
working on the synthesis df7 was stopped as no reaction was successful. Tiisef@an be
attributed to the possible inertness2aiowards19. Thus, another strategy was implemented
where bromine fron2 was replaced by better leaving groups such aslatesand triflate.

As all three attempts witB were failed, use of some another strategy wasssacg to
prepare the guest with admantylmethyl substituéhanging of leaving group from bromide
to mesylate could have been a useful strategy. Miesis well-known good leaving group as
compared to bromide. Synthesis of adamantylmetledyiate is shown in Scheme 23.

Scheme 23: Synthesis of mesylate and triflate ster

Tf0 MsOCI
O\ - _— O\
Ms DCM, TEA OH DCM. TEA Ms
0°Ctor.t. {

0°C tor.t.
50 (97%) 2 48 (80%)

Synthesis of mesylaté8 was carried out by using a procedure from liteetwithout
difficulties **°

With mesylate48 in hands, the quaternization step with was testedCompoundsl9
and48 were dissolved in DMF under inert atmosphere. Reacenixture was stirred at room
temperature for 96 h while the reaction progress wenitored by TLC. Unfortunately,
starting material was found unreacted and no pssgweas observed. Thus, reaction was
discarded and staring compoub@was recovered. As mesylate was proved to be baidesh
implementation more labile triflate group as a lagwgroup was carried out. In this strategy,
preparation of adamantylmethyl triflat®é0} was planned and it was used to carry out
guaternization ol9. Scheme 23 shows formation of adamantylmethyhataf0 from triflic

anhydride according to the procedure mentionedusiese®"°

Subsequentlyl9 and50 were dissolved in CHglunder inert atmosphere and heated to
50°C for 72 h. Reaction progress was monitored hg.TStarting material was found
unreacted and no formation of desired Saltvas observed. Thus, reaction was discarded and
staring compound9 was recovered.
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After so many attempts to synthesize quaternary zib@dazolium salt with
adamantylmethyl substituent, it was decided to ycayut the quaternization using 2-
(bromoethyl)adamantane to check if changing of rtegent works or not. The reaction is
shown in Scheme 16. Surprisingly, the reactionl®fwith 1-(2-bromoethyl)adamantane
proceeded smoothly in DMF at 120°C and requiretiZhlvas isolated in acceptable yield of
44 %. The starting 1-(2-bromoethyl)adamantane weggved in our group by somebody else
using the procedure from literatufé.Finally, bisimidazolium sal22 with two terminal butyl
binding sites (useful for CB[6] on-CD) was prepared by reaction cdmpound19 with
butyliodide (Scheme 16). Reaction was hold in madtat 100°C for 32 h to g&2 as yellow
solid.

11.8 Binding studies of the guests with diphenyl atylene centerpiece

Three compounds were prepared in this series witlgl,badamantylethyl and methyl
substituents. The most serious problem for allttiiee derivatives was their poor solubility
in any available environment. The studies of bigdmoperties are limited by solubility of
hosts. Whereas cyclodextrins are sufficiently slelum water, methanol, and DMSO,
cucurbiturils are essentially insoluble in any oteelvents than water. In addition, the water
environment is necessary for hydrophobic effectictvlis the main driving force in the case
of cyclodextrins complexes. Unfortunately, it wa®t possible to reach required
concentrations for all the guests and, thus, oaly NMR titration experiments could be
performed with qualitative outputs. Therefore, tesof binding studies of acetylene guests
are rather indicative than fully descriptive.

11.8.1 Biding properties of guest 22

The gues2 was studied initially for its binding ability towds CB[7]. Unfortunately,
the first addition of the CBJ[7] into solution ofdlgues®?2 led to the unexpected precipitation
of the complex (most likely). All signals of guelisappeared from the spectrum to disabled
any analysis of data. NMR spectra recorded aftditiad of CB[7] showed only presence of
CBJ7]. So, in order to observe some interactionsvben ligand and host, mixed solvent
D,0O:DMSO (2:1 v:v) was used. NMR titrations showedsabinding of ligan®2 with both
host compounds. The results obtained for CB[7]dathd that terminal butyl sites were
occupied by the host molecules. Subsequently, ritegactions between guea? and3-CD
were studied in water by means of NM&Racked NMR spectra describing the titratior2®f
with B-CD are shown in figure 35. As can be clearly séen, sets of signal were observed
during titration which indicates the slow exchangede. In addition, the signal of;Hs
splitted as the guest molecule lost its symmetigidpercluded in non-symmetrical cavity of
3-CD. Encouraged with this result, the compowttiwas now dissolved in DMSO:D
mixture (2:1 v:v). Unfortunately, no binding wasteeged in this environment as no
complexation-induced shift of any guest signal whserved.
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Figure 35: Binding of3-CD with 22 in water
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11.8.2 Binding properties of guest 24

Guest24 was initially tested for its binding ability towds 3-CD. In the first experiment,
24 was attempted to dissolve in water. But, compashdas foud to be essentially insoluble
in water as no signals were observed in NMR spettiNevertheless, after addition®{CD,
signals of guest protons appeared in the spectrims. observation indicated that complex,
likely in the inclusion manner, was formed with rafgcantly higher solubility than that of
free guest. Thus, further experiment was performeds]DMSO:D,0 (1:2, v:v) system to
dissolve the guest. The spectra recorded durisgtitration are shown in Figure 36. It can be
clearly seen that signals of adamantane cage mowenfitld to indicate inclusion of
adamantane cage inside fgeCD cavity. It should be noted that guest was prese the
initial sample as a fine dispersion and was subsetiyudissolved with increasing portion of
B-CD. Therefore, any quantitative analysis of ol#didata was disabled.
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Figure 36: Binding o024 with 3-CD in DMSO:D0 (1:2 v:v)
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The hypotheses that the adamantane cages weréedcinside thg-CD cavities were
supported by the ROESY spectrum shown in figureT8irs ROESY spectrum was recorded
for the authentic sample aft8d NMR titration experiment, i.e., three equivalenfs3-CD
were present in the solution. The observation ossipeaks related to the intermolecular
interaction between interngd-CD hydrogen atoms (H3, H5) and hydrogen atoms of
adamantane cage clearly evidenced the inclusiorpledmHowever, the information about
stoichiometry of the complex remained disabled.
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Figure 37: Portion of ROESY spectrum 243-CD (1:3) mixture in @-DMSO:D,0O (1:2,
V.v)
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In order to check the binding of guest with CB[7], the gues4 was dissolved in
DMSO:D,O (2:1 v:v) and titrated with 250l portions of CB[7] at 30°C. Because of low
solubility of the guesk4, the higher temperature was applied for the lastreasurements.
All details are given in Figure 38. First, it shdude noted that the titration did not start with
clear solution as significant portion of guest remed not dissolved. Therefore, all the
adamantane signals were completely shifted upfadldr addition of 1 eq of CB[7] (see
Figure 38, lines-biii). This observation indicates, that addition@B[7] did not increase the
solubility of guest too much, if any. To enhancéubdity of the guest, the temperature was
ramped up to 50°C. As can be seen in figure 3& iNnsome signals related to the non-
occupied adamantane site appeared. We can onlylaped it was caused by dissociation of
the complex or, more likely, by dissolving of largmrtion of guest. However, no signals of
free adamantane site were observed after additiolurther 0.5 eq of CBJ[7] (i.e., total
amount of CB[7] was 1.5 eqs, se Figure 38, line M)erefore, we can conclude that guzst
forms a complex, likely in the inclusion mannerttwiCB[7] at 30-50°C. However, any
guantitative information about stoichiometry is awtilable.
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Figure 38: Binding o4 with CB[7] in DMSO:D,0 (2:1 v:v)
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Finally, the guest4 was used for the formation of ternary aggregath WB[7] and[3-
CD. This experiment can be followed in Figure 3%eTguest was taken in,O and, as
expected, no guest signals were observetHiNMR spectrum. The guest signals appeared
after addition of 5 eq d3-CD because the complex 24 with 3-CD is better soluble in water
than24. Therefore, observed signals can be attributezlyliko the complexed guest. Signal
of the two H-atoms of —CH— group showed splitting from one singlet to twogsets. This
can be attributed to the situation that one prasopresent in the wider part 8tCD cavity
and the other proton is present in the narrowet glathe 3-CD cavity. Two more3-CD
molecules should form inclusion complex with theaméntyl group. Subsequently, two
portions of CB[7] were added which led to the digant upfield shift of the adamantane
signals. Note that the signal related to the Hiirafly bound3-CD can be clearly observed
in final spectrum. This can be understood as angtsupport for the predominant formation
of the aggregate with orf2CD unit at the central acetylene site and two ¢Bjnits at the
terminal adamantane sites.
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Figure 39: Titration o4 with 3-CD and CB7.
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11.8.3Binding properties of guest 23.

The problem with solubility was present as usuahim diphenylacetylene guest’s family.
Fortunately, gues?3 was partially soluble in BD which allow soméH NMR experiments.
Initially, the gues®3 was titrated with CB7 in fD as solvent (Figure 40). The signals of the
hydrogen atoms of benzene ring;@thd H,) have shown up field movement while the signals
of the benzimidazole H-atoms {tdnd H;) have shown some down field movement (this
interpretation ofH NMR spectra will be supported by assignment ghals of complexed
guest in near future). More clearly, the signaldHedtoms of methyl Hand methylene H
showed downfield and upfield shift, respectivelyisTobservations indicates formation of a
complex in pseudorotaxane manner with the CB[7{ positioned at the central binding site.
It should be pointed out that only one set of dign@as observed during titration. This
indicate fast exchange mode which is usually rdl&dethe relatively weaker binding.
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Figure 40: Binding o23 with CB[7] in water
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Subsequently, the binding properties2& with B-cyclodextrinwere studied in water by
means ofH NMR. In contrast to the previous experiment, ®ebs of signals appeared with
the addition of thgg-CD solution to indicate slow exchange mode. Initaald the splitting of
some signals of bound guest into two sets was wederThis can be attributed to the
arrangement in which one; Idroton is positioned in the wider side of the Civity and the
second Hin the narrower CD side. Similar splitting canw&mbiguously observed for the
signal of the Hwhereas analysis of overlapped aromatic signai®ispossible. Figure 41
shows stacketH NMR spectra recorded during titration of the g@Sswith 3-CD.

In subsequent experiment, CB[6] was used to chbekhinding ability of guesR3
towards this macrocycle with narrower cavity. Thektem of solubility of the guest
persisted but the solubility was expected to ineeeafter formation of inclusion complex.
The spectrum of pure guest showed very weak sigmalsipon addition of the host CB[6] no
unambiguous shifting of any signals was observérbrdfore, we can conclude that CB[6]
does not form inclusion complex with the gu28t and if do, the binding is too weak to be
observable in NMR spectrum.
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Figure 41: Binding o23 with 3-CD in water
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As the solubility of the gues23 in wateris low, the new series of experiments was
planned in mixed solvents. Preliminary experimesit®wed that the gue&3 forms an
inclusion complex withB-CD in mixture of DMSO:RO 1:1 v:v. In contrast to the
experiment in BO, the exchange mode was found to be fast in th&Nikhescale. In order
to examine the influence of the DMSO concentratonthe exchange mode switching, the
D,0 solution of23 was titrated with [IDMSO. As can be seen in Figure 42 (left), the two
peaks at approximately 5.7 ppm assigned to thetgueson H are decreasing in their
intensity with increasing portion of DMSO and newgte peak appeared. Two explanations
can be formulated. Either the inclusion com@&@3-CD was dissociated upon addition of
DMSO or the exchange mode was switched from slowe fteaks for b to fast (only one
peak for H). The latter hypothesis was strongly supported ibgependent titration
experiment. The solution of guez? was titrated witl3-CD in mixture DMSO:water 1:2 v:v.
In this case, unambiguous downfield shift of adatawa® signals was observed to indicate
formation of an inclusion complex. Subsequently @@mined influence of some other
solvents, namely, acetone and methanol. The spegtateed to the titration experiment with
acetone can be seen in Figure 42 (middle). Resa#t essentially the same like in the
previous case; i.e., signals assigned to the skmiange diminished with approximately 30
%, Of acetone in the mixture. In strong contrastsigmificant reducing of the portion of the
slow exchange was observed during titration with]fizthanol. This observation indicates
that switching of the binding model is solvent-degent. We can only speculate whether the
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protic nature of methanol is the source of its axtdinary property. To clarify this issue,
some other solvents; e.g.,dBthanol, CRCN, [Dg]dioxane, will be tested in near future.

Figure 42: Changing of exchange mode during tdaratf water solution 023@3-CD with
various solventsd is volume ratio.
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Conclusion

Trisimidazolium and trisbenzimidazolium guedtand6 containing adamantane binding sites
with C3 symmetry were prepared by synthetic procedurestiorezd in the experimental
section. The 1,3,5-trisubstitute benzene was use@ a&entral structural motif. It was
subsequently observed Byl NMR spectroscopy that the guests formed 1:3 cergs with
the hosts such as CB[7] afielCD. Their association constants wiRFCD and CB[7] were
found in order of 1®and 16™° dn® mol™, respectively. Ternary aggregates with all the
possible combinations ¢-CD and CBJ[7] with the tris imidazolium and benzdazolium
salts were prepared; i.e., GERCD,,CB[7]) and G@{-CD,CBJ[7],). It was observed th#t
CD units present in both the aggregates were easgiaced by CB[7]. Thermodynamic
selectivity of the guest$ and6 towardsp-CD/CB[7] was observed in the range of 2107°
and 1.%10°* respectively. These results indicate that th®pit guest4 and 6 can be
considered for using as supramolecular cross-Iskarp-CD grafted polymers. CB[7] can
be used as an efficient modulator of the crodadmprocess.

Bisbenzimidazolium gues®0 and 21 with stilbene spacer were prepared by Wittig react
between corresponding aldehy@land phosphonium sdl6 followed by quaternization with
methyl iodide and 2-(bromomethyl) adamantane, &spdy. Mixture of diastereomers of
20 was separated int® andZ isomers using trituration with MeOH:CH{ZIL.50 v/v) system
while it was not possible to separ&@andZ isomers21. Z isomer 0f20 showed exceptional
binding with B-CD. Separation of the NMR signals into two sets whserved forZ)-20 as
stable inclusion complex witf-CD was formed in slow exchange mode. In additibe,
signals of the isolated GHyroups from opposite ends of the guest displayedndl AB spin
coupling. This indicates that one part of the &liyi symmetrical guest became hindered in its
free rotation likely by positioning in the narrow€D portal. Z)-20 showed binding with
CB[7] as well. The association constants WitCD, CB[7] and CB[8] were determined by
means of isothermal titration calorimetry to be820x1G, 1.99x18 and 2.24x10 dn?
mol™, respectively. Th& geometry of Z)-20 was confirmed by X-ray diffraction analyses.
Mixture of diastereomers @1 displayed slow conversion towards) Under the influence of
heat or UV irradiation. Interestingly, the therntainversion in DMSO was inhibited by 2.5
equivalents ofpf-CD. The mechanism of-CD influence remains unclear and will be
examined in future.

Bisbenzimidazolium gues®2, 23, and24 with diphenylacetylene centerpiece were prepared
by quaternization ol9. The main problem for all these guests was thear [solubility in
agueous environments. Thus, complete quantitativeirig parameters for all these guests
remain unavailable. However, formation of inclusmymplex with ong8-CD unit at central
acetylene site was observed ig@using'H NMR. The formation of complex with CB[7] at
terminal butyl sites was also indicated insJDMSO:D,O mixture. In contrast, complexes of
22 with B-CD in [Dg]DMSO:D,O mixture and22 with CB[7] in D,O were not detected. The
guest24 was essentially insoluble in,D. Nevertheless, whefi-CD was added, small
portion of the guest was taken into solution byrfation an inclusion complex. Based
NMR spectrum, the this complex was hypothesizdaketof 1:3 stoichiometry with orfeCD

at the central site and twiCD units at the terminal adamantane sites. Thamasihg of the
guest 24 solubility by addition of -CD was used for preparation of ternary aggregate
24@(CB[7L', B-CD) in water solution (C and T means central and iteairbinding sites,
respectively) Guest23 also displayed some interesting properties. Dedpiv solubility in
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water, inclusion complexes with CB[7] afidCD in fast and slow exchange mode were
clearly detected by means ¥ NMR, respectively. The slow exchange mod@a® p-CD
in water environment was changed to fast by additcd solvent of lower polarity.

Interestingly, this effect was observed in the calsBMSO and acetone whereas methanol
had no significant effect on the exchange mode.
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