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Abstract

The study of technology at the molecular levehis perhaps the final frontier in
materials science, and is fertile ground for theliaption of supramolecular chemistry.
Cucurbit[7]uril is a particularly unique macrocydleat encapsulates smaller molecules
and has potential application in enhancing the @ntgs of guest molecules. This study
has highlighted the reasons that the applicaticzuotirbit[7]uril should be in the
forefront of these emerging fields. The studie®imehave gathered sound data
supporting the use of cucurbit[7]uril in a variefymolecular scale devices. For
example, cyclic voltammetry is used to demonstifaeprotective effects provided by
cucubit[7]uril to prevent photobleaching of smalblecules that are potentially useful
in dye-sensitive solar cells. Also, modes of bmgglikinetic binding constants, and
equilibrium binding constants have been determfoed variety of host-guest
complexes which could lead to the strategic incaapon of these molecules into
molecular machines and devices. Not only has pusly held knowledge about the
interactions of this macrocycle been confirmed,thetresults here have increased the

sphere of knowledge and may also guide future stuidi this promising field.
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Chapter 1: Introduction

Recently, macrocycles of all types have found Usagdplication in chemistry in
recent years, including supramolecular structunespolymers, reaction catalysis, drug
delivery, removal of heavy metals, molecular maekjmanosensors, and physical
property enhancemehtThough most of the applications have employediteeof

cyclodextrin and crown

Figure 1. Cucurbit[7]uril

ethers, more recently,

oL~
, \/< >\/ \ cucurbit[n]urils (CB[n])

f H

(Figure 1) have shown

|

unique properties that

have expanded the field.

By use of hydrophobic interactions, and to a smalkent electrostatic interactions,
these macrocycles can bind various small moleauitssabnormally high binding
constants in the range of1® 10*M™.! The size of the hydrophobic interior cavity in
these pumpkin shaped tubes depends on the numbweatbylene bridged glycoluril
units, which can range from five to ten units, witB[6], CB[7], CBJ8] finding most
practical us€. The hydrophobic guest, of complimentary size stnape, seeks the
interior of the cavity in whole or part, and thedi alignment of host and guest is
determined in milliseconds by secondary electrastateractions. In particular,
electron dense amide groups create a negativeadeatic potential around both
portals. Due to this feature, cucurbit[n]uril daind cationic, electrostatically positive,
and hydrophobic molecules, leading to very highdlrig constant to a wide variety of

guests.



Although the field of molecular machines and desitamains in its infancy
stages, there have been a few industrial applicaind true chemically synthesized
molecular technology. Many of the targeted appilices of this field will remain a pipe
dream until the body of scientific knowledge hasrbestablished to understand the
underlying nuances. Cucurbit[7]drtias the possibility of solving many of the
problems associated with weakly binding systemsblngs its own complications.
CB[7], by itself, is poorly soluble in any solvemit watet and when encapsulating
other molecules, its strong binding propertiessaverely weakened when any other
solvent is introduced to the system, limiting isefulness in some ways, while
elevating it in others. After all, cucurbiturissrong binding properties are primarily
tied to the propensity of hydrophobic compoundexib their environment in favor of
CB[7]'s cavity. In addition, this same featureGB[7] renders it extremely difficult to
functionalize, as most organic reactions must melaoted in organic solvent. This
makes CB[7] nearly impossible to attach directhaty other molecule or surface. This
problem can be solved by associating CB[7] witheotinolecules through a rotaxane or
catenané,but remains a limiting factor in many situatiosach as flow through
systems, in vivo applications, and overall it dases the creativity of structures that
can be produced. Although CBJ[7] can bind a wideetg of guest moleculesthere
also needs to be greater depth of guest molecuélable through the literature.

The limitations of these systems are superseddlebyast potential of the field
of molecular machines. At this early data gathgestage, there is much to be learned
from this unique compound, and the potential appilbms in the medical and materials

fields are staggering. It is therefore advantageowe involved in these studies from



the ground up, improving the science and partigigah any problem solving along the
way. Itis probable that improvement in key aregthe field will continue to promote
the science of molecular machines and lead to at@v both planned and unplanned
in coming years. In particular, our work focusespooblems such as surface
attachment, rotaxane formation, various methodaraftionalization, and the gathering
of inclusion data from a wider depth of compoundibe context of these studies may
not be attainable until the next decade, but agtreontinues, it is realistic to expect
future technologies that are literally built upratby atom.

Chapter 2 will take advantage of the ability of €Bjo encapsulate organic
fluorescent dyes and enhance fluorescent propédatiiegpplication in dye-sensitized
solar cell§ (DSSC). The appeal of DSSC lies in the opporiemiior the cheap
construction of these solar harvesting devicestheil subsequent mass productfon.
However, current versions have low efficiency coregao the traditional silicon solar
cells, therefore the practical application of thesks has not become widespréadhe
encapsulation of Rhodamine B and Pyronin Y dyeb ®B[7] results in the formation
of strong, non-covalent intramolecular interactibesveen host and cationic guest,
which is envisioned to modify the photo-chemicaperties of the dy&. These
properties will be tested in bulk solution by cgolioltammetry experiments.

Chapter 3 addresses the difficulty of producinggdAJ-containing rotaxane due
to the lack of solubility of the macrocycieln particular, a fascinating viologen guest
molecule is targeted in this study due to the padkstabilizing effects CB[7] could
provide. A subset of rotaxanes, called "psuedaxantes," are less stablnd can be

temporarily separated in equilibrium, especiallytlby presence of a competitive



binding group; however, a full rotaxane must begutally blocked with a large stopper
at both ends of the linear axle. Full rotaxaneyg beneccessary in certain situations
such as flow through techniques and in vivo appbces. However, there is currently a
dearth in the production of accessible CB[7]-camteg rotaxanes. The wider difficulty
of creating suitable rotaxane stoppers is studieatder to meet this need.

Chapter 4 focuses on increasing the depth of krdyeeoncerning CB[7]
guests. In particular, if CB[7]'s strong equiliom binding constants are to be taken
advantage of in order to be used in molecularasyithere must be a library of kinetic
and equilibrium binding data upon which to draw drhis was addressed through the
lens of potential cancer sensor applications, gndding so, highlights the many
guestions that are bound to surface when constiguatcomplicated molecular device.
A molecular sensor is described that proposessheficucurbit[7]uril as a shuttle that
allows for communication between the receptor agiading group of the molecular

Ssensor.



Chapter 2: Dye-sensitized Solar Cells (DSSC)

2.1 Introduction
Inspired by nature, dye-sensitized solar cells§D$) have the potential to be a

powerful source of renewable energy in the comiegrs' DSSCs mimic the process
Figure 2. DSSE

of photosynthesis, but instead of using

Cathode chlorophyll pigments to harvest light in
order to produce biochemical energy,
- light is harvested by manmade

fluorescent dyes and converted into

electricity’ The mechanism of this

manmade approach to photosynthesis is

initiated when an electron, belonging to
a synthetic fluorescent dye, is excited by absotiggdl and injected into the conduction
band of a titanium (IV) oxide semiconductor. Tlkeaves behind an electron hole in the
dye, which is now a temporary radical dication.r #s to happen, it is optimal for the
dye to be chemically attached or absorbed ontgséh@-conducting surface at a
physical length that maximizes electron injectiand that the energy level of the
excited dye is sufficiently higher than the Fermiel of the semi-conductbfFigure 2).
The electron then travels through a conductingsghesode to the cathode by wire,
providing a current to perform work, before it &urned to the dye by an

iodide/triiodide electrolyte through diffusion.



The appeal of DSSC lies in the opportunities i@ ¢theap construction of these
systems and their subsequent mass production. ¥sweaurrent versions have low
efficiency (~11-13 %) compared to silicon solar £€#25%), as well as low durability
(silicon lasts 25 years); therefore the practigglization of these cells has not become
widespread. In addition, current versions of these systemsire the use of toxic and
expensive Ru-based dyedherefore an important target area for improvenoésblar
cells and photovoltaic devices is the developmérheaper, environmentally friendly,
more redox stable dyes which will therefore inces@lectron injection. Most
importantly, the target dye system should havengaeid ability to aggregate, which will
prevent the system from breaking down over timetdyghoto-oxidation.

To a limited extent, these problems could be rexblwy the use of cheap
organic dyes with a higher molar extinction coeéit, which would not only increase
efficiency of the photo-chemical process, but walkb increase the overall system's
efficiency by increasing sheer numbers of exciledteons® Another approach would
be to improve the efficiency of the photo-chemimadcess by increasing excitation
lifetime. However, this may prove difficult to acoplish by solely modifying the dyes
themselves. A better approach could be to stabilie radical dication of the excited
dye by strategic supramolecular interaction, suctha use of a molecular cage to
encapsulate the dye, thereby creating a stabilmgronment around the excited dye
leading to increased fluorescence, reducing themémation of the excited electron
with the dye. This method would have the addecfieof preventing the dyes from

aggregating with other dyes in their cationic statehich leads to an undesirable



electron transfer which destroys the dye throughitteversible process of photo-
oxidation.
2.2 Specific Aims
The goal of this project was to study host gugstesns as possible candidates

for use in dye-sensitized

solar cells. Specifically,

°
\ ® ° ( cucurbit[7]uril (CB[7])

NN N N~ cl
O O \ © ( has been studied in

oL oS e ag
> UL
A . . .
O combination with
o Pyronin Y (PyY)
Rhodamine B (RhB) commercially available

organic dyes, Rhodamine

Figure 3. Dye structures

B and Pyronin Y (Figure

3). These dyes were chosen primarily for theirrgirbinding (K, with CB[7] (1.6 £ 0.4
x 100 M and 9.7 + 5.4 x fov™?, respectively), their absorbance in the visible
spectrum (lambda max 510 nm and 547 nm, respegi\aeid their high molar
extinction coefficients (50,000 M cni).> The encapsulation of these dyes with
CB[7] results in the formation of strong intramaléar interactionbetween host and
cationic guest, which is envisioned to modify th®iw-chemical properties of the dye.
In addition, CBJ[7] is expected to increase the Hilitst and overall lifetime of the cell
by protecting the dye from aggregatingith neighboring substances leading to
undesirable electron transfer and photo-degradatidimese properties will be tested in
bulk solution by cyclic voltammetry experimentsingsindium Tin Oxide (ITO) as the

conducting electrode as is used commonly in DS®¢swill evaluate the redox



properties of organic dyes (Rhodamine B, RhodarBimeth a tether, and Pyronin Y in
the presence and absence of CBJ[7] for applicahddSSC in order to assess the
encapsulating molecule's ability to provide st&piio the excited state to and to protect
against photo-oxidation. These general effecte len demonstrated in the literature
for other CB[n]/dye systemMishat are less suitable for use in DSSC, neceissjttte
following study in this area.

In order to keep the dye in optimum proximity te gemiconducting layer
thereby increasing the injection rate of electransas desirable to develop a way to
attach the dye to the titanium dioxide (F)@emiconductor via a tether. Phosphonic
acid is a common tether utilized for Tihowever, the fragile surface is not ideal for
use in cyclic voltammetry studies which would beessary to confirm the success of a
surface attachment. Therefore; an indium tin oXi@i®) coated glass slide was
substituted for Ti@due to literature precedence for a phosphonic g@dp to attach
to both TiQ and ITd, allowing for the use of the attachment pointhesdonducting
electrode for a direct measurement of redox praggeusing cyclic voltammetry. Due
to synthetic accessibility, Rhodamine B was chdsdre further functionalized with
this phosponic acid tether.

2.3 Synthesis and Experimental Procedure

The first goal of this project was to obtain cumtj7]uril in good yield and
purity for the purpose of dye encapsulation. Tydic structure of CB[7] consists of
methylene bridged glycoluril units [n] and contaabkydrophobic interior cavity which
is lined by electron dense amide groups, creatinggative electrostatic potential

around both portals. Due to this feature, cucfiitil can bind cationic,



electrostatically positive, and hydrophobic molesylleading to very high binding to a
variety of guests. Since Rhodomine B and Pyronin Y are cationic niganolecules,
this dye-CB[n] system is suitable for this studyB[7] in particular has become the
focus of this study for several reasons. Duestaitger cavity size, CB[7] can bind a
wider range of guests than CB[6] and CBf5jncluding the organic dyes herein;

Rhodamine B and Pyronin Y. Also, CB[7] is moreusai¢ in water than other

O 0
H\ )KN/H ~_ /\
N 5 M HCI N N L
80°C
»

Figure 4. Synthesis of CBJ[7]

CB[7]

oligomers of CBJ[n].

Cucurbit[7]uril was synthesized via the literatprecedure from glycouril and
para-formaldehyde(Figure 4). Because longer reaction times favginér order
oligomerization, the reaction conditions have beptimized to favor the formation of
the desired product with seven repeating subuiite common side products, CBJ[5],
CB[6], CBJ8], and CB[10] are removed by a rigorqusification process that uses the
differing solubility properties of the macromoleest The isolated CB[7] can then be

further purified by recrystallization to give whiteystals.



2.4 Cyclic Voltammetry of Rhodamine B and Pyronin Y

The fluorescent dyes Rhodamine B and Pyronin Yeweirchased from Fischer

Scientific. They are similar in structure, coland properties, and may be oxidized and

\ oC! K

~_N (o) /g\/
oS

oxidation

reduction

oxidation

reduction

O

~_N O /g\/
L0
0]

0%
4

PyY Figure 5. Redox of dyes

reduced by
the
application of
an electrical
current
(Figure 5).
The following
redox studies

of these dyes

were conducted using cyclic voltammetry (CV), ilaooration with Professor

Glatzhofefin order to assess the oxidation potential thatldvbe necessary to

promote an electron to the excited state. Thenj7BBas added to each solution and

an electrical current was cycled multiple timesdy to determine the protective effect

this encapsulating molecule would have on the diadgotentials and durability of the

dyes.

The cyclic voltammagrams of both dyes were takerhicee scans each. The

dyes showed a peak for both an oxidation poteatidla diffusion delayed return

reduction potential which restores the original position of the structure. Rhodamine

B (RhB) was found to give an oxidation peak at 880 which is reduced to 920 mV

10
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with the addition of CB[7] (Figure 6). This coulidicate that CB[7] is stabilizing the
radical di-cation of the dye upon oxidation. Am8gar effect can be seen for Pyronin Y
(PyY) (Figure 7). Its oxidation potential is re@acfrom 970 mV to 830 mV with the
addition of CB[7]. This could be caused by bettecapsulation of Pyronin Y in the
cavity of CB[7] due to less steric interferencesreasing the ability of CB[7] to
stabilize the radical di-cation. If this high eggispecies can be stabilized, then logic
dictates that the excited electron of a dye-seresitsolar cell has a better chance of
being injected into the semiconducting materiahede observations are consistent with
results obtained by Halterman et ashowing that the encapsulation of a rhodamine
dye by CBJ7] increases the fluorescence lifetiméhefdye, providing visual evidence
of increased stability of the radical di-catiom addition, the authors demonstrated that
for a Rhodamine 6G dye/CBJ[7] system, the lifetini¢he organic dye, during which
the electron is in its excited state, was increasai is due to the protective properties
of the hydrophobic moieties within the cavity, #lectron rich areas provide a surface
that allows for the stabilization of the chargedraf the dye, through non-covalent
interactions. Now, with cyclic voltammetry evidenaf the oxidation and reduction of
the dyes in hand, the stability of these dyes tivez can be studied.

The cyclic voltammetry cycles for Rhodamine B weren increased to
investigate photobleaching of the dye. Over tirhis, clear that the signal degrades as
the dye undergoes photobleaching (Figure 8). Hewaewvith the addition of CB[7], the

coordinated dye signal does not degrade nearlyua$ s the dye by itself, indicating

13
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that the CB[7] could be providing a protective effby isolating the radic-dication
from other reactive gies in the solution (Figure9). This type of effect has be
observed in the literature for Rhodamine 6G dy&lay, et a®using CB[7] as a mea
of protection against phc-bleaching and aggregation with other species. et. al.

measured the diminishing florescence of R6G salgtimver time, and quantified t

,// without CB7e

r'min
o
2)3
3)20
4) 37
5)60

03k

x 02 0 20 40 60

op L /min —
0.1

5//}
0.0 — . A

400 450 500 550

Alnm ——s

Photobleaching of Rh6G (ca. 4 um) in aerated water in the
absence (dotted lines) and presence (solid lines) of 1 mm CB7

Figure 10. Rh6G photobleach

protective benefits of CB[7]. This is important base phot-oxidation represents ¢
interruption in the oxidation/reduction cycle vigleemical reaction beeen the
cationic form of the dye and another chemical gntithis competitive reaction resu
in the formation of a modified dye skeleton thahdslonger phot-active (Figurel0).
These results are supporting evidence that thé amek robust chemal composition o
organic dye/CB[7] systems are capable of withstagtie chemical environme

necessary for a DSSC with less degradation oves.

16



2.5 Surface attachment of Rhodamine B

In order to make these dyes more applicable tod3$8 was necessary to
consider the ultimate goal of attaching them todindace of titanium oxide. If the
surface attachment is successful, the redox priegest an organic dye in the presence
and absence of CB[7] could be evaluated for apjpdican DSSC. This would
determine the encapsulation molecule's abilityrtivigle stability to the excited state
and to protect against photo-oxidation. In or@ecdanduct cyclic voltammetry studies
more easily, it was necessary to substitute titardioxide for an indium tin oxide
coated slide as the conducting electrode and atteshpoint for the dye. In addition,
we chose Rhodamine B as the model system for sudtdachment due to synthetic
accessibility, even though it was not as promisirggandidate for DSSC as compared to
PyY, indicated by solution studies herein. Rhode® has a carboxylic acid
functionality which was envisioned as a potentttdément point for the tether. This
attachment point could then be linked to surfabas ¢ould test the feasibility of the
dye-CB[7] system in repeating cycles of current kglat, as would be applicable in
DSSC. This study narrowly focuses on studyingpbientially protective effects of
CB[7] on Rhodamine B when it undergoes multipleleyof oxidation and reduction
using cyclic voltammetry. To achieve this purpd@epdamine B is envisioned to be
attached to an Indium Tin Oxide electrode by a pbog acid tether that is added to

RhB via a triazole linker.
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2.6 Synthesis of Rhodamine Propargyl Ester (3)
The precursors @ were initially envisioned to be an ester of RhodenB

containing a terminal alkyne, and an azide tethat is pre-attached to the ITO surface.

©

St OO
C

AN
=

Propargyl alcohol

O DMAP
OH
1

Figure 11. Synthesis &f H

These compounds could then be joined together lazige alkyne Huisgen
cycloaddition'® Rhodamine propargyl este8was formed from Rhodamine B under
mild conditions using Steglich Esterification (FrguLl).
N,N=Dicyclohexylcarbodiimide (DCC) was added to adievéne carboxylic
acid to be reacted with the propargyl alcohol, 4rdimethylaminopyridine (DMAP)
was used as a catalyst. The final pure productandesep purple and highly reflective
solid 3.
2.7 Synthesis of Phosphoric Acid Tether and surfacgtachment
The production of precurs@rwas attempted by a three step synthesis (Figurd-ir2t,

triethyl phosphite was added in small excess tedihpBomooctand to give a
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Figure 12. Synthesis af
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e N NN R0 Oxide Slide BN NS R-OE
N’ 0oL 1) 15 h ACOH/CHLCN ﬁ’/N// OEt
7 2)4h 60°C oven 6

statistical mixture of substitution products The mono substituted proditvas
purified to give a yellow oil, verified b{H NMR. Next, the phosphonic azi6evas
obtained from estes by an &2 addition of sodium azide. The crude produetas
utilized immediately without isolation, in order poevent destruction of the heat
sensitive azide group. The procedure for the lattent of the azide tethérwas

carried out by an intitial hydrolysis of the phospit ester to the phosphonic acid,
which allows the phosphonic acid to physically abgo the surface of a cleaned and
activated ITO slide. This is followed by a finadt curing at 60C which induced a
chemical reaction between the OH functionalityrd tTO slides and the phosphonic
acid. Unfortunately, the success of these stepklcmt be determined experimentally
as they occurred, and would have to be determigebeanalysis of subsequent steps.
After the curing step was completed, the slidesswieen rinsed to remove any
unattached tether. A mixture of RhB ethyl e&eXolan's®sIMesCuBr catalyst, an
ITO slide presumably with attached tet@eand a solution akrt-butyl alcohol and
water was allowed to diffuse for three days at raemperature in order to ‘click’ the

precursors together by the cyclo-addition of theeto the alkyne. (Figure 13) The
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Figure 13. Synthesis &f

slides were then removed and rinsed, and the ssicfélse surface attachment was then
tested by cyclic voltammetry. It was expected theccessful attachment of this
complex system would yield an oxidation and reducpotential, but no peaks were
observed experimentally. This outcome suggedisréaat one or more of the previous
steps including surface attachment, curing, thekckaction, hydrolysis, or azide
substitution. It is very likely that the final itng step was the point of failure, as
literature examples suggest that higher curing tgatpres than we used are necessary
to complete chemical bonding of the phosphonic axithe ITO surface. However, if

we had used a higher temperature, we would havéheuimcreased risk of
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decomposition of the azide. It is also possibé the attachment step was the point of
failure. The problem is that successful attachndepends on a sensitive balance of
solvent polarity and surface activation to achiawgiccessful attachment. Though
many solvent combinations were attempted with thesphonic acid tether, a
successful system for surface attachment was eithtdound, or was not ultimately
successful because proper curing was not possiileugh other members of the
Halterman Grouff had success attaching silane tethers to glassshdwever, the
phosphonic acid/ITO system was notably differdhts additionally possible that the
failure of the synthesis occurred with the clickegon. Nolan’s siIMesCuBr cataly3t
was employed for this synthesis, which is a well«dnented and proven method of
producing a robust click reaction as an alternativihe more common Cull/sodium
ascorbate systeM. However, it is possible that the crowded, attddie¢hers on the
surface of the ITO were interfering with the suscetthe azide alkyne Huisgen
cycloaddition.

2.8 Redesign of Surface attachment of Rhodamine Bd cyclic voltammetry

In an attempt to bypass these difficulties, it \@asided to click tethes with

functionalized Rhodamine B propargyl estgurior to surface attachment. (Figure 14)
By producing the isolatable compou@dwe were able to confirm the success of the
click reaction by NMR spectra of the intermediatee to the triazole's characteristic
peak at 5.5 ppm. An attachment procedure wasvell and this time the possibility
of destroying the azide by heat was eliminated.s @ére taken of these slides, with
only one slide yielding possible evidence for tihesence of attached product (Figure

15). In both the second and third scan, thereansrsall but promising oxidation peak
21
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Figure 14. Synthesis &b

at 970 mV, which was unfortunately not reprodugibT his study was limited by the

small amount of compound that was produced byyh#hstic scheme, and in the

22



future could be aided by even higher curing tentpeea (above 60C) in an effort to

increase the amount of chemically attached dye.

10 mM total tethered RhB ethyl ester tether (8) in 50 mM H2S0O4 (10 ua/V, 300mV/s, 6 seg, 0-1200 mV)
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If this peak could be confirmed, it would indic#éitat the dye was successfully attached
to the ITO surface. The peak of 970 mV is shift@dmV up from the original position
of the oxidation peak of free Rhodamine B. Thisulddoe consistent with literature
indicating that surface attachment to ITO cause®all increase in potential due to the
electron density increase upon anchofingotably, the return reduction peak is absent
or too small to be visible, which would indicatatlthe oxidation at 980 mV could be
irreversible, possibly due to decomposition, pugtiimo question the viability of this
system. In future studies, if this result couldrépeated, it would be interesting to see

if the introduction of CBJ[7] could cause the retuxidation peak to be visible.
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Ultimately, the decision was made to put DSSC meseaside in favor of promising
research results in the following chapters.

In summary, these studies have found that CB[7jdinated dyes, undergoing
multiple cycles of oxidation and reduction, do degrade nearly as much as an
uncoordinated dye. This indicates that the CB§fikely providing a protective effect
by isolating the radical-dication from other reaetspecies in the solution, thus
preventing photobleaching. This effect would iy important if applied to the use
of DSSC, because longer lasting solar cells areeraoconomically feasible.

2.9 Experimental

General Cyclic Voltammetry Procedure-In general, all solutions that
underwent cyclic voltammetry were bubbled with @ggen prior to analysis, in order to
prevent oxygen signals. The solutions were preparth an electrolyte of 20 mM KClI
to improve conductivity of the solution while alkeeping the range of the experiment
clear of noise. All experiments were conductethapresence of ambient light. We
attempted to conduct the experiments in acetoajtnibwever the solubility of CB[7]
became a limiting factor. This was unfortunateduse the use of DI water as the
solvent limited the range of the CV that was frébarkground noise. All experiments
were conducted with a range of 0-1200 V, a scanohB00 mv/s, a sensitivity of 10
nA/V, and 6 or 40 segments were taken. In somererpats, CB[7] was presentina 1l
mM concentration. The working electrode and refeeeelectrode were ITO and SCE,

respectively.
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Synthesis of Cucurbit[7]uril*— A mixture of glycouril (20g, 141 mmol) and
para-formaldehyde (8.45 g, 281 mmol) were dissolagalconcentrated M HCI (150
mL). The slurry was stirred at 80C for 8 d, ihemker covered by a watchglass. The
solution was then cooled to room temperature an@MN&00 mL) were added in order
to precipitate CB[7]. The solid was filtered andshied two times with methanol. To
remove any remaining impurity, the solid was digsdlin 20% aqueous glycerol in a
beaker. The mixture was heated to 60C for 3 hendtitring, and then allowed to cool.
Next, the CB[7] was collected on a filter. CB[7Fjdathen washed five times with
MeOH (400 mL) which was added to the filter ona éitme and pulled off by vacuum,
yielding approximately 15% of CB[7]. For improvpdrity, CB[7] was recrystallized
with vapor diffusion recrystallization. First, CB[was sonicated in dilute sulfuric acid
to give a concentrated solution in a small viaheVial was then placed into a
Erlenmeyer flask containing a small amount of kétane:THF, being careful to keep
the solutions separate. The top of the flask veasesl, and the apparatus was left at
room temperature for three days until crystals apgek This occurred as the acetone
and THF vapor slowly diffuses into the CBJ[7] sotutj lowering the solubility of
CB[7]. The crystals were then collected in a filie provide a yield of 3%
spectroscopically pure CB[7H NMR spectra were consistent with those foundhin t

literature?
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Figure 16."H NMR CB[7]
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ITO slide cleaning procedure- Indium Tin Oxide coated glass slides were
ordered from commercial sources to be used in saigtudies. In order for the
phosphonic acid tether to chemically bond to tigeskhe surface of the slide had to be
properly cleaned and activated. The following phae was applied whether the slide
was new or was being reused. The slides weresfitstnerged in acetone in a glass
beaker and sonicated for ten minutes to removeoeggnic residue. The slides were
further sonicated in methylene chloride for the sagason. Next, the organic solvent
was replaced by DI water, which had been passedighra millipore filter, and
sonicated for two minutes. This was repeatedtfives, replacing the water each time,
to remove any water soluble residue. The slidag wWen placed in the oven overnight

to completely dry, as organic solvent residue waudtibe desirable in the next step.
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After the slides were cooled, they were placed solation of 1:1:5 30% NKDOH, 30%
H,0O,, and millipore purified DI water. This step isyk@ producing uniform hydroxyl
groups on the surface of the slide and removingoxiges that may have been left
behind from its previous use. Finally, the slide=e sonicated in copious amounts of

millipore water in order to remove the remainshd teactive solution.

Synthesis of Rhodamine B Propargyl Ester 3A mixture of rhodamine B
(2.00 g, 2.08 mmol), methylene chloride (35 mLR-dicyclohexylcarbodiimide (DCC)
(0.54 g, 2.6 mmol), propargyl alcohol (0.58 g, 1Gwhol), and 4-
dimethylaminopyridine (DMAP) (0.03 g, 0.28 mmol) svstirred under nitrogen at
room temperature for 3 d. The methylene chlorids evaporated and the resulting
product was purified by silica gel column chromagany with 9:1
methanol/chloroform, followed by 1:1:0.1 methanbléroform/glacial acetic acid, to
give ester3) (0.09 g, 0.18 mmol, 82%) as a purple salid:NMR (300 MHz, CRCN):
$8.28 (M, 1 H), 7.84 (m, 2 H), 7.40 (m, 1 H),7.06J59.5 Hz, 2 H), 6.93 (dd}=2.5,
9.5 Hz, 2 H),6.84 (dJ}=2.5 Hz, 2 H), 4.59 (d]=2.5 Hz, 2 H), 3.61(q)=7.1 Hz, 8 H),

2.64 (t,J=2.5 Hz, 1 H), 1.24 (t}=7.1 Hz, 12 H).
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Synthesis of 8-bromooctylphosphonic acid S=lear liquid triethyl phosphite
(3.1 mL, 18.2 mmol) was added neat to 1,8-dibrortenee (3 mL, 16.6 mmol) under
a dry nitrogen atmosphere dropwise by syringe. mh&ure was constantly stirred for
30 m before being heated to 130C for 20 h. Upanpietion, the reaction mixture was
cooled and quenched with distilled water and stifor two h. The crude product was
then extracted with methylene chloride and washiéld water and brine three times.
The methylene chloride layer was dried with magmessulfate, filtered, and
evaporated to give a crude liquid. The produsaias purified by silica column with a
one to one mixture of hexane and ethyl acetatévayellow oil (0.34 g, 7%}H
NMR (300 MHz; CDCJ): 6 1.33 (t,J = 12.6 Hz, 6H), 1.45-1.85 (m, 14H), 3.45 (t, 2H),

4.15 (q, 4HY
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Synthesis of 8-azidooctylphosphonic acid 7A mixture of phosphonic ester
(5) (0.30 g, 1.1 mmol) and sodium azide (0.08 g,mrmRol) were combined in
acetonitrile (45 mL) at 60C for 3 d under nitrogépon completion, the mixture was
cooled and acetonitrile was evaporated. The cpud@uct was triturated with
methylene chloride, and the methylene chloride evaporated without heat to give
product6 (0.22 g, 85% vyield). The product was soaked Inlamixture of acetic acid
and acetonitrile for 15 hours in the presence dif&anslide, followed by curing in the

oven to give product. This product would not be confirmed at this stafjthe

synthesis.
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Synthesis 1of 3,6-bis(diethylamino)-9-(2-(((1-(8-msphonooctyl)-1H-1,2,3-
triazol-4-yl)methoxy)carbonyl)phenyl)xanthylium chloride 8a Activated ITO slides
were soaked in a 1 mM solution of tetifeior 15 h in a 1:1 mixture of acetonitrile and
acetic acid. Afterwards, the slides were rinseith\&cetonitrile and then cured in the
oven for 4 h at 60C. After the curing step was plated, the slides were dipped in a
solution of RhB propargyl est&r(1 mM) and Nolan’dsIMesCuBr catalyst (10%) in a
1:1 mixture oftert-butyl alcohol and water for six hours at room tengpure. The
slides were then dried by centrifuge and then dngith copious amounts of ethanol
and water before CV analysis of the slide in 20 K® was conducted; however, the

desired compound was not found in the analysis.

Synthesis of 3,6-bis(diethylamino)-9-(2-(((1-(8-plsphonooctyl)-1H-1,2,3-
triazol-4-yl)methoxy)carbonyl)phenyl)xanthylium chloride 9-The reaction was run
in a 3:1 mixture of-butyl alcohol and water containing RhB propargstee3 and
sIMesCuBr (10 mol%) and tethérfor 15 h at room temperature. The mixture was
immediately used to soak several activated ITCeslidr four hours in a 3:1 mixture of
t-butyl alcohol and acetic acid, and at that tintela\MR sample of the soaking
mixture was taken to confirm the presence of glickduct9. *H NMR (300 MHz,
CDsCN): 8 8.36 (m, 1 H), 7.86 (m, 2 H), 7.42 (m, 1 H),7.84J=9 Hz, 2 H), 6.98 (dd,
J=2.5, 9 Hz, 2 H),6.89 (d, J=2 Hz, 2 H), 5.51(s)13467 (m, 2H), 3.60 (d, J=7 Hz, 2

H), 3.58(m, J=7 Hz, 8 H), 1.31 (m, 12 H), 1.25 4y
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Synthesis 2 of 3,6-bis(diethylamino)-9-(2-(((1-(8hmsphonooctyl)-1H-1,2,3-
triazol-4-yl)methoxy)carbonyl)phenyl)xanthylium chloride 8b- A mixture of click
product9 was soaked with ITO slides in a 1:1 mixturg-bityl alcohol and acetic acid
for 4 h. These slides were then rinsed with ethandlwater and cured at 60C for 4 h
before CV analysis of the slide in 20 mM KCI wasdocted, and it appeared that the

desired compound produced an oxidation peak ilC¥@nalysis.

31



Chapter 3: Introduction to molecular rotaxanes

3.1 Background

Molecular machines, such as shuttles and sensorsneolve the use of he-

guest chemistry that reacts to stimuli such ad,ligH, electric potential, ar

temperaturé:*> When the ost molecule is shaped like a ring, it can be lddiez

structure containing the guest, sometir
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Figure 20. Stoddart Rotaxé

becoming part of a catenane or rotaxane (Fi20
and 21¥ A molecular rotaxane is simply a cyc
macrocycle threaded onto a linear axle that sin
place due to supramolecular forces or st
barrier? A subset of rotaxanes, called "psu

rotaxanes," are less stable and can be tempo

separated in equilibrium, especially by the presasfa competitive binding grou

however, a full rotaxae must be physically blocked with a large stogtdyoth ends ¢

the linear axlé. A useful way of forming a rotaxane is by -coordinating ant
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Lic IdlIl

n
n
n macrocycle /-O\
\ )
catenane
B binding site

stopper
rotaxane

pseudo-
rotaxane

Figure 21. Rotaxane and Catenane Ir
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excellent example of this is in the work of Stodas. al.? (Figure 21). Stoddart
developed a molecular shie device of the simplest form 991, consisting of tw
binding sites on an axland one macular ring that could dock from one station to
other through ppi interaction through space. The dumbbell corsivn of the axle
prevents the ring from slipping off. The axle smposed of an ethyleneglycol che
and the docking stations cort of arene groups. The bead is a tetracationicopyEne
that interacts with the two identical stations bgak p-pi interactions and move
continually between them. Since Stoddart's inwiatk in the area of molecul
shuttles, otherd****have stempted to improve the versatility of molecular tles by
composing structures with unique binding sites iamgis that are capable of reacting
outside stimuli including light, pH, temperaturadeelectricity. The study of the ex:
nature of supramlecular binding is a first step toward the condian of a stimu-
controlled molecular shuttle or sensor. Therefligetic and thermodynamic bindit
in these types of systems is also an importanetdog study Rotaxanes hav

enormous potentiah the application of molecular switches and molacmotors.

i r : 12
Figure 22: Light driven shuti E:6, n=1, X=0 | .
E-8. n=1. X=NH g B
Ph E-T, n=3, X=NH
anq./
.. y
.3 =N E . Ph
Fh \/\{V)’\ I h __Ph F \V/L\‘
Y ? J| el "‘—I - \]/\ \/\f");‘ o
Ph Ph p 7%
Z4,n=1; X=0 E-1,n=1; X=0
Z-2, n=1. X=NH E-2, n=1. X=NH
Z-3, n=3. X=NH E-3, n=3, X=NH

Zerbetto et. al. developed a switchable rotaxaaedbntainedwo binding sites a
pictured? (Figure 22). The macrocycle contains amide moieties that fordrdyen

bonds to ester and ahe functionalities on the axle. One of the birgdgites on th:
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rotaxane was strategically designed to containamales that can hydrogen bonc
form a seven member ring when the axle is irZ conformation, which stabilizes tl
system when the mamrycle occupies the other binding site. When tte &
thermally converted to tFE conformation, the seveanember ring is disrupted, and t
macromolecule can shuttle to bind at that siteis phocess is reversible with lig
which converts the axlback to theZ conformation. Another example of a switcha
shuttle consists of crown ether macrocycle thatthagossibility of two binding site
along an axle within a stoppered syst* (Figure 23 The shuttling action is p
controlled, and one dhe binding sites is a secondary amand the other is a viologel
Initially, the macrocycle resides with the prot@taminebut upon deprotonation wi

a nonnucleophilic base, the macrocycle prefers to biittl wiologen. This chemicall

Figure 23: Acid Base controlled shu™ | controled shuttle system is complett

reversible by the addition of acid. T
third example of a molecular switch us
redox control to switch from Cu |
complex to a Cu Il compl¢*® (Figure
24). Copper | prefers a low coordinatis
number such as four, wh Cu Il prefers
a higher coordination number such
five or six. The macrocycle is |-

equipped with two binding sites suital

to the coordination with copper, wh

the axle contains the complementary binding shiasdre strategically chosen for e
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oxidation state of copper, by creating the necgsganmetry and coordination number.

Figure 24: Redox controlled shutfle

Upon reversible

Cu' Cul!
“ ) “ reduction or oxidation,
. g
! LY LJ
the copper complex can
Tﬁlmi"g J eliding switch from one stable
complex and docking

+ 8
"—\J——. r" - “\J_. j'x site to another (Figure

24).
Cu's) Cu'l, )

To date, only two full rotaxanes containing CBIiave been constructed and
studied® leaving many questions as to the nature of thisrawgcle. CB[7] has
become the focus of our group as a host moleculmédecular machine construction.
Due to its larger cavity size, CB[7] can bind a @ndange of guests than CB[6] and
CBI[5]%, also, it has better water solubility than CB[&HaCB[8]', which is important to
any application of CB[7] to molecular machines. [dBinds particularly well with
ammonium and viologen species, whose size, shageglactronic properties are
ideally suited for the cavity. Viologens themseahage of particular interest to the
construction of molecular machines due to theiguaibinding and redox properties.
For example, a one-electron reduction of the viefoguest results in a two-fold
decrease of the binding constant with CB[7]This type of switching could easily be
envisioned to be useful in the construction of denwlar shuttle, but redox applications
of this molecule have had limited success dueddd¢hdency of viologen to undergo

diligamerization, a problem that would potentiddly solved with CB[7].
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In order to form a full rotaxane of viologen witiB{Z], it will need to be
precoordinated and capped. The binding positiomade, of CB[7] with the viologen
then becomes an important consideration in ordacheive successful capping. In
general, viologens are unique in the way that thag with CB[7] in that they have two

possible modes of binding. If the viologen hasrbptiobic groups that are at least four

Figure 25: Binding modes of CB[7] carbons long, CB[7] will prefer to

@ bind in an external position, with
+ +
o— ]

N

the cavity of CB[7] enclosing the

ne inclusion complex. CBT on Whe viclogen nucieus hydrophobic group, and the

electronegative portals of CB[7]

@—@,:mw lining up with the nearby
electropositive portion of the

External complex: CBT 'docked' on the aliphatic substituent . 18 . .
viologen:® Otherwise, CB[7] will

bind with an internal mode (Figure 2'f).Perhaps this schizophrenia between modes of
binding is due in part to the imperfect alignmehthe portals of CB[7] (6 angstroms)
with both cationic sites of the viologen (7 angsis), weakening the supramolecular
interactions and allowing competition between iné¢and external binding modes.

Full rotaxanes are desirable targets particulamtyrf vivo, surface-attached, and
flow through systems. However, the synthesis afiesoolecular systems (sensors,
shuttles, or surface-attached tethering systemg)oaalifficult to achieve with CB[7]
due to its hydrophilic nature, which could hindexaal steps of a total synthesis of a

complex macromolecule. Therefore, the developroéstoppering groups, reaction
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conditions, and synthetic strategies that addressetconcerns is an important area of
study concerning molecular machines containing ¢B[7
3.2 Specific Aims

In this chapter, two stoppers will be investigaasdo their ability to sterically

Figure 26. Compoundkl and11 block CB[7] and also their

OMe ability to induce internal

binding modes. Then the

) MeO 8o . . .
Br | ' stoppers will be investigated as

—® ~® |
« | “ to their synthetic utility in

10 1 forming a rotaxane. The
=z = |
S | ™ particular stoppers proposed

N N

€] ©

oMe are 3,5-
dimethylbenzyldipridinium
e dibromidelOand 3,5-
dimethoxybenzyldipridinium dibromid&l (Figure 26). The first stopper attempts to
use just enough steric hindrance to block CB]7hilevthe second uses a combination
of steric hindrance and electronics. If one ostheompounds is determined to be a

good stopper, that stopper will again be used iateampt to form a permanent full

rotaxane.

37



3.3 Synthesis of proposed stoppers
A series of mono-substituted dipyridines were Bgnaized by substitution, from

the starting dipyridine and a series of 3,5-disitiot&td benzyl bromides (Figure 27). In

Figure 27. Synthesis d2-14 [, all cases, the reactions were
12-14
R conducted in an experimentally
. 14) R=OMe
M . - optimized organic solvent,
| el B
7 i v = allowing the resulting salt to
- | 7 ‘ precipitate out upon completion of
\N \N - . .
the reaction, while the starting
Figure 28. Synthesis a0 and11 materials
R R remain in
N R solution. The
R Bre R Bre
A | s | impure product
R
N -
N : salt, containing
CH3CN .
= reflux 2 days | .
| - some residual
NS
N o
Br . .
13)R=Me i disubstituted
14)R=OMe
10)R=Me id q
11)R=OMe | side product,
could then be

triturated on a filter, and further purified by aoln chromatography or by
recrystallization. Compound$) and11 were prepared from mono-substituted starting
materiall3 and14, respectively. A threefold excess of the apputprB,5-disubstituted
benzyl bromide was added to the starting matendlrafluxed for two days in

acetonitrile (Figure 28).
38



3.4 Determination of stopper effectiveness
The potential surface plots of compoutf@landl11in combination with 1

equivalent of CB[7] were calculated by Spartan BBI{3 gas-phase).

Figure 29. Spartan model of compoukt

CompoundlO (Figure 29) was initially positioned in a centendiing position and a
local energy minimum of 2021 kJ/mol was found by-BMalculations. Then,
cucurbit[7]uril was moved along the axis to an exat binding site, and new local
minimum of 1918 kJ/mol was found. Compourid(Figure 30) was initially positioned

in a center binding position and a local energyimum of 1518 kJ/mol was found by
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PM-3 calculations. Then, cucurbit[7]uril was mowadng the axis to an external
binding site, and new local minimum of 1416 kJ/mwals found. Both rotaxanes
showed an overall decrease in energy from the @idntrding site to the external one.
In summary, compountiO gave a decrease of 24 kJ/mol and Compdiinghve a
decrease of 41 kd/mol. In both cases, there &vitence that CBJ[7] is able to slide off

over the stopper, so further study was necessary.

Figure 30. Spartan model of compoutid
LA
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In order to further determine the effectivenesthefstopper, one equivalent of
CBJ7] was combined with both Compoufafiand Compoundl. Both compounds
showed evidence of a downfield shift of the methghks and no movement of the
hydrogens alpha to the nitrogen cations, indicativag, unlike the models above, the
1:1 mixtures were unable to reach their lowest@nbecause cucurbit[7]uril could not
pass over the stopper. This provides strong ecilémat the stoppers are effective.

3.5 Preparation of Psuedorotaxanes and determinatioof binding modes

Productsl2-14were separately combined with one and two equivsileh
CBJ7] and analyzed by NMR titration in neutraj@®to determine the mode of binding.
The first compound that was analyzed was compdindhich was initially combined
with CBJ[7] in a 1:1 mmol solution.The peaks asstadavith CB[7] in the 1:1 complex
can be found at 4.1 ppm, 5.5 ppm, and 5.8 ppm,wduie the 14 outer methylene
protons, the 14 methyne protons, and the 14 inm¢hytene protons, respectively. In
the 1:1 complex, 1-benzyl-4-(pyridin-4-yl)pyridimubromidel2 showed three major
upfield shifts of greater than 0.5 ppm from its anbd state as these protons were
shielded by encapsulation of CB[7]. The NMR shiéipresenting the protons of the
aromatic ring showed the largest displacement, ngpfrom a tight cluster at 7.45 ppm
to a broadened group of three peaks with an averb§80 ppm (Figure 31). This
broadening indicates fast exchange on the NMR sicade between either bonded or
nonbonded CB[7] with compourik®. The NMR shifts of the methylene protons of the
benzyl group shifted upfield from 5.80 to 5.2 p@nd the NMR shifts of the dipyridyl
protons alpha to the benzyl group shifted upfietoht 9.20 to 8.70. The identification

of the shift values was aided by a full titratidncompound with CB[7], in which the
41



Figure 31. Titration of compount®
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addition of CB[7] gave broad NMR shifts that welne tveighted average of bound and
unbound axle, indicating fast exchange of CB[7}wvall molecules of the axle. When
these observations and individual shift changesansidered together, they suggest an
external mode of binding of CB[7] with compoub# in which the macromolecule

encapsulates the entire benzyl group and the apdtans of the dipyridyl group
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(Figure 32). This is consistent with the literattindings® that external binding modes

occur in dipyridyl compounds when the length of thebon chain is greater than four.

12 CB[7]
[S]
Br
Z | T —_— 7
N A
Sy Figure 32. Binding Mode of compoui@ Xy

In this particular case, the possibility of an mtd binding is disfavored in comparison,
maybe due to repulsion of the uncharged nitrogeroofpoundl2 with the oxygens in
the carbonyls of CB[7]. Importantly, when a seceaqdivalent of CB[7] is added, the
chemical shifts of compouri? do not shift further, indicating that 2:1 bindingpdes
do not exist. This conclusion is also supportedhayfact that 2:1 concentration NMRs
show the chemical shifts expected for unbound CHififts not seen in 1:1
concentratiotH NMRs. This decisively shows the presence of umoloCB[7] in 2:1
concentration, likely due to the fact that the cand groups of two CB[7]s would be
electronically repulsive in close proximity, andlsging a relatively short axle, will not
allow two equivalents to be associated with it.

Compoundl4 (Figure 33) was also studied by a titration of ZBh increasing

concentration, beginning with the 1:1 binditty NMR of CB[7] with compound 4.
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Figure 33. Titration of compount#
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The peaks associated with compodddemained sharp in general and do not display
averaging as CB[7] is titrated into solution, iratiag an overall slow exchange on the
NMR time scale. This is supported by the splitigagtern of the inner methylene

protons of CB[7] as it appears at 5.6 ppm. Whefi7CB unbound, its inner methylene
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protons experience essentially the same averageai& environment on thi¢d NMR
time scale. However, in the 1:1 binditt4 NMR spectra, the inner methylene protons
give a signal of two doublets which have an intégraeof seven protons each. This
supports the idea that the top inner methyleneopsoare experiencing a different
electronic environment than the bottom inner methglprotons, and therefore are
encapsulating the axle in some way that causdslyigifferent'H NMR shifts.

Turning our attention to thied NMR shifts of the axle, the methoxy prottt NMR
shifts in particular remain largely unchanged, mgwlightly downfield to 3.8 ppm,
suggesting that the methoxy groups do not playgeleole in the supramolecular
interactions with CB[7]. The methylene proton® benzene protons, the beta protons
of the dipyridyl group, and the alpha protons abkow little movement, moving
slightly downfield to 5.8, 6.6, and slightly upfieto 8.25 and 8.8 ppm, respectively.
The proton NMR signal on the axle that experiertbedgreatest shift upon binding to
the axle was by far the delta proton of the dipyiridoity (from 8.7 to 7.4) and the
gamma proton (from 7.8 to 6.9). These large ugfadlifts indicate encapsulation by

CBJ[7], suggesting an internal binding mode (Fig4¢. This internal binding could be

o o
14 CB[7]
o K o 52
i) S Al
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)

W
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Figure 34. Binding Mode of compourid
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strongly favored as opposed to external bindingtdube steric bulkiness of the
methoxy groups in combination with the electrompulsion of the electronegative
oxygens of the methoxy groups with the electronegadortals of CB[7]. Notably, the
CB[7] group does not thread very far onto the dtilyiraxle despite the lack of steric
opposition, possibly due to the positively chargédgen preferring an agueous
environment for stabilization and so avoiding tipephilic cavity of CB[7]. When the
possibility of the axld.4 binding with two equivalents of CB[7] was consieérand
tested, the first observation was that the NMRtstaf the axle did not change. New
peaks were observed whose shifts were consistémtfree CB[7], which led to the
conclusion that 2:1 binding of CB[7] with the axlé did not occur.

The analysis of compouriB is more speculative than the analysis of
compoundd.2 and14 due to the complicated overlapping of the NMR s@edut it is
still possible to garner important information frahe analysis of a 1:1 mixture of
CBJ[7] and compound3 (Figure 35). First, the vast majority of the pgalke broad,
indicating intermediate exchange on theNMR time scale. Notably, one peak
remains sharp at 9.0 ppm, which corresponds talfftea proton of compouriB. This
indicates a lack of interaction with CB[7] duririgetbinding event. As labeled in
Figure 36, | have speculated an additional peatiesponding to the alpha proton at 8.7
ppm, which could indicate a small percentage ofalpba protons in solution are
shielded by CB[7] at any one time. The most irdeng feature of the 1:1 mixture of
CBJ[7] and compoundO are the peaks associated with the methyl protbtieedenzyl

ring. Before the addition of CB[7], the methyl gps share afH NMR shift at 2.3, but
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after the addition of one equivalent, they splibitwo broad peaks at 1.7 and 2.4 ppm,

indicating unique electronic environments. Theeldfshift to 1.7 ppm indicates
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that one of the methyl groups is encapsulated éSi[7], while the other methyl
group is outside or right along the portals of OB[The encapsulation of the 2,4-
dimethyl benzyl group is also supported by thetshaf the benzyl protons from a
cluster at 7.1 ppm to individual broader peaks.2t&.7, and 6.4. It is unclear exactly
where CBJ7] sits in relation to axls, in particular if the 2,4-dimethyl benzyl group is
acting as a stopper as postulated, the CBJ[7] ceitthér be located in a capping position
centered around one of the methyl groups, or thEZ[G®uld be threaded onto axi8

in so called external binding, similar to its pasitwhen combined with axt¥2, but
frustrated by the stoppering of the bulky dimetleylbene. The former description
seems more plausible considering the lack of shifthe alpha proton. In contrast to
compoundd.2 and14, there is more than one binding site, this timéhainternal
position similar to compounti4. This is evidenced by the downfield shifts of beta,
gamma, and delta protons (from 8.7, 7.7 and 8.2 {gp8a3, 7.3 and 7.2, respectively).
The proposed binding modes of at@can be found in Figure 36. In addition, when
2:1 concentrations of CB[7] and ax18 are combined, the shifts associated with CB[7]
do not indicate the presence of unbound CB[7]ratlter suggest that all molecules of
CBJ[7] are taking turns interacting with the aff@ Also, the complex still appears to
have a 1:1 ratio of axl€3 and CB[7] at any one time, due to a lack of neencical
shifts. This occurs despite the presence of tvasipde binding sites, indicating steric
and electronic interactions between the oxygensgalle portals of CB[7] do not allow
the 2:1 complex. Finally, sharper peaks at 1.3, &d 8.7 ppm suggest faster
exchange occurring on the NMR time scale, due tmenrease in concentration of

CBI[7].
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3.6 Efforts to produce a rotaxane from Compound 13
The synthesis of a tight viologen rotaxane with dBwas attempted by reflux
in a 1.1 solution of acetonitrile and water. Hoeewno expected product was formed.
This could be due to the insolubility of 3,5-dimdtienzyl bromide in this solvent , as

well as due to

the binding

o R mode of CBJ[7]
/\©/ along the

rotaxane.

- no reaction

1:1 H,O:CH;CN According to
reflux 2 days

some of the

predicted

Figure 37. Rotaxane synthesis

binding modes

in Figure 36, CB[7] could be either surrounding thueleophile, or is binding on the

outside of the stopper, causing the reaction taioatthout incorporation of CB[7].
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The desirable initial binding mode depicted in Fg87 was probably never achieved.
It is possible that the second binding mode degistd-igure 36 could be prevented by
incorporation of a triethylene glycol group on thy@en end of the axle. The
hydrophilicity of this group would certainly helpd solubility of the axle in water prior
to the reaction. It may also repel the encapsdily CB[7], which would help to
favor the binding mode in Figure 37. This typestrticture will be further explored in
Chapter 4. If a structure with a desirable bindimgde can be found, a synthesis could
potentially be designed to cap the pseudorotaxatieeand of a functionalized
triethylene glycol group.

3.8 Experimental
1-benzyl-4-(pyridin-4-yl)pyridinium bromide 12- 4,4-bipyridine (2.00 g, 13 mmol)
and benzyl bromide (10 mmol) were dissolved inattgtone under nitrogen at 70C and
the solution was stirred for 1 h. A yellow pretate was then collected on a filter and
washed with ether. The remaining solid was reetlysed in ethanol and ether
overnight. The pure crystals were collected oiiter fto give (0.42 g, 1.3 mmol, 13%)
'H NMR (400 MHz, DO): 8.88 (dJ=6Hz, 2H), 8.25 (dJ=6Hz, 2H), 7.74 (dJ=6Hz,
2H), 7.38 (d J=6Hz, 2H), 5.72 (s, 5H), 4.65 (s, 2HY'C NMR (400 MHz, BO):

153.66, 149.79, 144.61, 142.00, 132.42, 129.87.4¥2928.99, 125.85, 122.25, 64.09.
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1-(3,5-dimethylbenzyl)-4-(pyridin-4-yl)pyridinium 13- 4,4-bipyridine (1.02 g,
6.5 mmol) and 3,5-dimethylbenzyl bromide (5 mmoérevdissolved in 50 mL dry
acetone under nitrogen. The temperature was r&s@6C and the solution was stirred
for 1 h. After cooling, the solvent was evaporatean to 10 mL and a yellow
precipitate was then collected on a filter and vedshith ether. The crude mixture was
purified by silica gel column of 8:1:1 methanol:imgene chloride: acetic acid. The
column yielded pure yellow solid (0.37 g, 1.1 mn21%) ‘H NMR (300 MHz, BO):

8.90 (m, 2H), 8.70 (m, 2H), 8.31 (m, 2H), 7.89 @Hl), 7.10 (s, 1H), 7.03 (s, 2H), 5.67

(s, 6H)
Figure 40.*H NMR 13 oo
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1-(3,5-dimethoxybenzyl)-4-(pyridin-4-yl)pyridinium 14- 4,4-bipyridine (1.02, 2.2
mmol) combined with 3,5-dimethoxy benzyl bromide3(8, 8.4 mmol) and 70 mL of

acetone. The reaction mixture was flushed witroggn, and allowed to reflux for 1 h.
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The resulting crude mixture was cooled and evapdrat 10 mL. The resulting

precipitate was collected in a filter and purifieg column chromatography (1:10:90

glacial acetic acid:methanol:methylene chloridegitee a yellow solid. (1.1 mmol

21%) H NMR (300 MHz, BO): 8.87 (dJ=7Hz, 2H), 8.63 (dJ=7Hz, 2H), 8.27 (d,

J=7Hz, 2H), 7.75 (dJ=THz, 2H), 6.58 (s, 2H), 6.50 (s, 1H), 5.64 (s, 28BS (S, 6H).

13C NMR (400 MHz, DO): 160.84, 160.50, 149.81, 144.85, 144.57, 134189,92,
122.29, 107.38, 101.24, 63.84, 55.42. HRMS (E81)2307.1451 [M],

(M=C2eH33N>05" requires 307.1441).

MG Figure 41."H NMR 14
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Figure 42.°C NMR 14

1,1'-bis(3,5-dimethylbenzyl)-4,4'-bipyridine-1,1'-dium bromide 10- (3,5-
dimethylbenzyl)-4-(pyridin-4-yl)pyridinium (0.18 .52 mmol) and 3,5-
dimethylbenzyl bromide (1.6 mmol) were dissolvedlig acetonitrile under nitrogen
and heated to 85C for 2 d. The mixture was alloteecbol, and an orange precipitate
was then collected on a filter and washed withau#ile and ether. The remaining
solid was recrystallized in ethanol. The pure tatgswere collected on a filter to give

(0.14 g, 0.3 mmol, 48%JH NMR (300 MHz, BO): 9.01 (d J=8Hz, 4H), 8.41 (d,

J=8Hz, 4H),7.11 (m, 2H), 7.05 (m, 4H), 5.73 (s, 4RIR1 (S, 12H).
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1,1'-bis(3,5-dimethoxybenzyl)-4,4'-bipyridine-1,1'diium bromide-11 (3,5-
dimethoxybenzyl)-4-(pyridin-4-yl)pyridinium (0.55 ¢.4 mmol) and 3,5-
dimethoxybenzyl bromide (4.3 mmol) were dissolvedliy acetonitrile under nitrogen
and heated to 85C for 2 d. The mixture was alloteerbol and the solvent was
removed under vacuum. The crude mixture was teerystallized in 1:1:0.1
methanol:petroleum ether:acetone. Red crystale tien collected on a filter and
washed with cold methanol (0.43 g, 0.7 mmol, 50%)0 MHz, BO): 9.10 (d J=8Hz,
4H), 8.50 (d,J=8Hz, 4H),6.70 (m, 4H), 6.67(m, 2H), 5.81 (s, 4H)9 (s, 12H)*°C

NMR (400 MHz, BO): 160.93, 150.20, 145.29, 134.19, 126.95, 107.64,43, 55.47.
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Chapter 4: Kinetic investigations toward the desigrof molecular

Sensors

4.1 Introduction

Molecular sensors have vast potential for applicain the medical field,
including the potential to screen for cancer dellthe early stages.A simple
molecular sensor consists of a receptor and algigngroup, the latter of which turns
on and off based upon interactions with the reaeft®ne of the most promising types
of signaling groups are fluorescent dyes, dueegtbtential for fast on and off
signaling, and the ability of instrumentation tdaet# fluorescent signals with high
sensitivity’® However, it is difficult to choose a corresporaineceptor that will not
only communicate with such a signaling group, s &e exclusively selective for the
desired biomarker of cancer, which could be a pmpf@NA, or antibody. This
problem is further compounded by the possibiligtta specific cancer may not have a
known or unique biomarker, or, even if a biomarikdtnown, there may not be a
known receptor that is specific for that particldomarker-®

These issues can largely be solved by targetingaheer cells themselves using
an array based sensing methodof8gwhich employs multiple non-specific molecular
sensors that, when taken together, can provideque@fluorescent profile for a specific
cancer cell, not unlike a fingerprint. For exampfiéwo molecular sensors are
combined with a cancer cell one by one, then theréiscent intensity of each sensor
can be plotted as a coordinate in a two dimensigraadh. Specific cancer cells in

known states of progression, repeatedly measuredldvbe expected to consistently be
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plotted in a general area of the two dimensionial, greating a unique profile for each
type of cell. Then, if an unknown cancer cell wéstted in the same way, it could be
identified by its position on the two dimensionghgh which is compared to a database
of profiles of other cancer cells in various stages

This proposed method is especially ideal for théyebetection of cancer when
the cells may not be easily identified by othermoels, and could be a cheaper and
faster way to screen for cancer, and could evegtlesd to convenient flow though
technology. This method can be further improvedhayincrease of dimensions used in
creating profiles of cancer cells, by using a greatimber of sensors or by using those
that experience fluorescence at more than one wagti. Computer matching
software can be used to match multi-dimensiondilpsoof known biomarkers to
unknown species with a high degree of accuracieréstingly, this method, which
could be referred to as an "artificial nose", doesrely on in depth knowledge of the
biochemistry of the particular cancer cell, makinigighly attractive in areas of cancer
research that are still progressing.

4.2 Specific Aims

Herein, a molecular sensor is proposed that descthe use of cucurbit[7]uril
as a shuttle that allows for communication betwiberreceptor and signaling group of
the molecular sensor. (Figure 46) Before tloepéor interacts with a cell surface, it
is encapsulated by CBJ[7] with a high binding constaat is 100 to 1000 fold higher
than any other potential binding site on the mdiacsensor or on the cell itself, to
ensure that CB[7] spends most of its time intenactvith the receptor by a

supramolecular interaction. Then, if a small petage of CBJ[7] briefly shuttles down
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Figure 46. Chemical nos:
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the axle of the molecular sensor to a weaker bmdite, the cell surfaceen has an
opportunity to come into contact with the recep#drthis point, the binding consta

between CBJ[7] and the receptor might be reduceth&yncoming steric bulk ar
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electronic interactions from the cell surface. Weaker binding site could be
strategically chosen to trigger the fluorescenc® ‘&vent. Presumably, different cells
would interact with the molecular sensor slightiffedently, and the fluorescence
increase from the baseline could be measured wgthdensitivity for each type of
cancer cell. A variety of sensors with identidalistures but different receptors could
gather an array of information that is specificéstain cancer cells.

Cancer cell receptors containing different funcaidy types have already been
explored in the literatuf@and consist primarily of alkyl chains, which maynsay not
contain hydroxy or ammonium groups or a combinatimreof. Alkyl chains and
cationic moieties are excellent candidates for psgkation by CB[7], therefore; it
would be feasible to equip the proposed molecuwdasar with a variety of suitable
receptors from the literatufrethat bind strongly to CB[7] in the range of 40° M %,
However, the selection of the second, weaker bgdite on the molecular sensor is a
much more challenging proposition, and is theaaltfocus of this chapter. Not only
must the internal docking site have a binding camisin the range of 2a.0° M 7, it
must also somehow trigger a fluorescence signal.

b) Binding by Y displaces host to disrupt fluorophore
aggregation

FL-off FL-on

Y
@— |
+ —_—
host-

guest
Figure 47. BODIPY on/off
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A promising system for this trigger consists of @@ dipyrromethene
(BODIPY) fluorophore that can be temporarily questivy a viologen by electron
transfet* (Figure 47). The studies describes herein wemgptementary to an effort by
Anuradha Singh of the Halterman group to develogaemncher-fluorophore dyad that,
upon encapsulation of viologen by CB[7], interruptee quenching of BODIPY.

This effect would provide the desired flouresceta® for the proposed molecular
sensor, which is triggered by CBJ[7]. Unfortunatelysuitable viologen with a binding
constant in the range of 200° M "did not exist before this study. Therefore, my kvor
began with a survey of dipyridine and viologen limgdconstants. | also studied the
binding modes of CB[7] on a particularly promisiaxge in order to predict whether
BODIPY would be properly shielded from fluorescgnenching. Also, in
collaboration with Dr. Kalmar and Professor Ashbinvestigated the kinetic formation
and dissociation rate constants of the 1:1 complex.

The proposal outlined above afforded a unique dppdy to focus on the
supramolecular equilibrium binding locations ane &guilibrium binding constants of
CB[7] with a variety of viologen and pyridinium spes which have not previously
been studied. For the purposes of this studydésaed compound is a viologen, or a
dipyridyl compound with the potential to be protted that binds with CB[7] with an
equilibrium binding constant of 30° M . However, it is anticipated that the results
of this study could be potentially useful for vayief applications in the general area of
molecular machines. The viologen and dipyridyl ponnds chosen for this study

contained several features in common (Figure 48).
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First, each compound had at least one end thastgasally open on at least one side to
allow the threading of CB[7] onto the axle. Seconiih the exception of control
compoundd5 and13, the end groups on the axle where chosen to diztaihe
binding with CB[7] in order to achieve a lower bing constant. This destabilization
was attempted by added steric substituents at éte positions of the phenyl group, or
by incorporating electronegative elements suchlzer groups.
4.3 Synthesis

Compoundd5, 12,13, and14 were synthesized by methods described in
Chapter 3. Compound$ and17 were synthesized from compouridsand14,
respectively, in acetonitrile with a three-fold ess of benzyl bromide, and

recrystallized in ethanéf Compound4.8 and19 were synthesized from a common
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precursor, mono-substituted dipyridiBg. In the synthesis di8 and19, compound0

was combined with a three-fold excess of a benayide derivative in

chloroform and refluxed under
nitrogen for two days. (Figure

49). Chloroform was

Br R
R

Br
Br 2 [Na\
22N | _ evaporated and the crude
| >~
7 . ,
mixture was washed on a filter
R=Me, OMe =4
- | _ .
| Ne with acetonitrile and ether to
\ﬁ Br
5

remove starting materials. The

Figure 49. Synthesis 48 and19

filtrate was discarded and the

remaining yellow solid was recrystallized in MeOHieh gave high yieldsl8 in 95%
yield and19in 91% yield.

Precursof1was prepared from triethylene glycol (Figure 5@mbined with a
slight excess of tetrabromocarbon in methyleneariue at 6C, and a two-fold excess
triphenylphospine solution was slowly added towated the alcohol and allovw3
substitution by bromide to give compoura®. Upon workup by extraction and
purification by column20was obtained in 85% yiel®20 was then combined with 4,4-
bipyridine in large excess in acetonitrile unddlue The di-substituted side product
was not obtained, and so the resulting mixture puagied by taking advantage of the
water solubility of compoun®l1 Acetonitrile was evaporated and distilled watasw
added to the crude mixture. Excess 4,4-dipyrigireeipitated from solution and was

filtered out and discarded. The remaining filtrat®s washed three times with toluene
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and three times with ether. The water layer was #tvaporated to give 54% vyield of
pure yellow solid21.
4.4 Equilibrium binding constant studies
Many different methods exist for calculating theidiQrium constants of

various species with a variety of hosts has betbkshed in the literature. The

Figure 50. Synthesis @fl specific method used in this study was
pioneered by Mock et. al. and Isaacs ef’al.,
P N e U N
who successfully usetH-NMR competition
E%a experiments referenced to an absoKie
value. For our purposes, the reference
P N N e ]
compound selected for this study was
(Me);SiCD,CD,COOH22 (Figure 51),
Crapridine which has a binding constant of 1.82%10

M~*to CB[7]. 22 has antH-NMR shift at
0.0 ppm in its unbound state, and has a shift
at —0.7 when bound to CBJ[7]. Because this

o/\ .
Br
N
H -
& | P compound demonstrates slow exchange on
oj 7 |
I AN
N

the’H NMR timescale, both peaks can be

21

integrated to determine an accurate ratio of

bound and unboun2R. In addition, because
the binding constant &2 is so high, it can be expected that a 1:4 ratiGBff7] and22
would result in only bound compou2@. However, if a second guest is introduced, it

will compete with compoung@2 for inclusion in CB[7]. The ratio of bound and
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unbound22 that appears on* NMR is determined by the mathematical relation:
between the equilibrium binding constani22 and the competing guest and
concentratias of all species in solutic(Figure 51).Therefore, the relate equilibrium
binding constant of the competing guest 22 can be determined, and the abso
binding constant a22 can then be used to calculate the absolute biraingtant of th

competing guest.

Figure 51. Compoung?2

This method of determining equilibrium bind constants was first tested witl
known compound due to the precision required in phugification of synthetic
compounds and the accurate measurements of botghtwand volumes in tr
preparation ofH-NMR solutions. The equilibrium binding constant1,1'-dimethyl-

4,4'-bipyridine-1,1diium iodide 23

| "N | é\é (Figure 52 was prepared kb
o Mel Z combining an excess of methyl iodic
7 > -

| | with 4,4bipyridine in acetonitrile &

L reflux for one day. Then, thre
Figure 52. Compoun23

solutions of 0.125nM CB7, 0.!:mM



22, and 4.0 mM23 were prepared in 50 mM NafOCDs)-buffered DO (pD = 4.5). 22
demonstrated slow exchange kinetics on the NMR soade resulting in clear peaks for
bound and unboun22 at —0.7 and 0.0 ppm, respectively. From the avecddgatios of
the bound and unbouriR of three solutions, the 1 : 1 binding constan8f CB[7]
was determined to be (K (1.8+0.2)x10 M~ The expected literature value is
1.32+0.2x10 M. Error analysis was carried out according to ditere?

Once the method for determining equilibrium bindnstants was verified,
measurements were conducted for compourtdiédQ The procedure was the same as
for compound22, varying the concentration of guests urB showed clear and
significant peaks for bound and unbound specie€.d&t and 0.0 ppm. The binding
constants were then calculated in the same wagdmpoundsl2-19 (Table 1). It is
important to note that these studies were conduntedidic solution, so that compound
12, 13, and 14 would be in their protonated form with two catiomitrogen atoms,
which is consistent with the form these compoundsild have to take if incorporated
into a molecular axle. Compound2-15 showed remarkably similar, high binding

: ; 7 -1
Table 1. K values (Guest:CB[7] 1:1) constants with CB[7] in the range of 100° M™,

15 (2.6£0.8)<10°
16 (2.2£0.7)x10%

presumably due to the presence of the benzyl group,

17 (1.5£1.1)x10° which has shown to give rise to a stable, exteonading
1 8 (1.9£0.2)x10%
19 (6941 6)<10° described in Chapter 3. The highest binding caomnstas

12 (6.6£1.4)x107

achieved by compoundl5, which contained two benzyl
13 (7.9+1.4)x10°

14 | gs230° groups and thus two stable docking sites for CB[The

least stable binding guest among compoulfld8 and 13 was compound.3, due to

having only on docking site. Among compourids18 the compound with the most
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destabilization was compourdd, which had the dual ability to sterically hindeB[Z],
but was also able to repel the encapsulating hostdrtronic interaction. Compounds
19, 13, and 14 were the most destabilizing compounds of the grdipand 14 in
particular because of only one binding site that vaendered sterically. However,
compound19 was determined to have the lowest equilibrium isigdconstant with
CBJ7] due to a binding site that was stericallydered due to 3,5-dimethylbenzyl, and
electronically repulsive due to triethylene glycol.

4.5 Further studies of molecular sensor model compad

Only three survey compoundkd 13, and14) were found to have equilibrium
binding constants in the target range ot-10° M ~*. CompoundL9 happened to have
smallest binding constant, and was ultimately chdeefurther study for two reasons.
First, the TEG substituent would be an ideal linketween binding sites in the
molecular sensor, because its electronegative grepevould ensure that it would not
compete for association with CB[7]. Second, tfed@methyl benzyl group was
determined to be an effective stopper in Chaptand,would provide a barrier between
BODIPY and the internal binding site along the afl¢he molecular sensor.

In order to increase the likelihood that CBJ[7]'dlaisrupt the fluorescence
guenching, it must be threaded onto the viologeamimternal position. Therefore; the
binding mode became a target of study. The prhifgik of CompoundL9 with one
equivalent of CB[7] is shown above (Figure 53).ela the broadening of the benzyl
peaks at 7.0 ppm and the methyl peak at 2.2 ppmg¢iear that CB[7] is binding near
the 3,5-dimethyl benzyl group of the viologen. Hwer, it is unclear as to whether

CB[7] has threaded onto the rotaxane, or is a@sg capping group on the methyls. If
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the CBJ7] is threading onto the viologen as desitkd internal protons of CB[7] (5.6

ppm) could be expected to interact through spazé¢ha nuclear overheuser effect with

q
VARIAN

Figure 53'H NMR 19

the protons on the viologen axle. Tie&NMR shifts at 9.0 and 8.9 represent the alpha
protons of the viologen. When the ROE%¥xperiment was conducted to investigate
thru space interaction, it was found that, afteh86rs, there was a positive correlation
with the viologen peak at 8.9 (Figure 54). Thidieates that CB[7] did thread and that

the correlation is with the alpha protons on thgyddine which must be the near the
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3,5-dimethylbenzyl group as established earlidris Ts further supported by data
obtained in Chapter 3, which suggested that ansirad#e capping type of binding
should cause the methyl signal to shift upfield@én. In this case, upon addition of
one equivalent of CBJ[7], the methyl signal shiftelvnfield 0.1 ppm, supporting
internal binding.

In order to create a more complete picture ofshggem, further investigation
into the fast kinetics of compourd® was conducted in collaboration with Dr. Michael

Ashby's groug? A spectral change can be seen with the formatienlol host-guest
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complex, with the absorbance maximum of the viotob@experiencing a slight red
shift, about 10 nm.

This result was used to identify species in stopipma kinetic experiments. The
formation and dissociation rate constants wereddorbe k = (6.01+0.03)x1OMs™
and k; = (5.27+0.04)x1bs™, respectively. In addition, the stability constafithe

1 : 1 adduct was determined to be K = (1.23+0.08)*1 " at 25 C by UV-Vis

. . tr .
0.5 Figure 55. Stop flow kinetics spectroscopy
This was in good
0.4 -
agreement with
S 0.3
—V1
< .
~ —_vi-ce7|l the value obtained
< 02
in this chapter by
0.1
'H-NMR
0.0 ‘ ‘
240 290 340 390 competition
A (nm)
studies.

(K1 = (6.9+1.6)x18 M™), and could be accounted for by more dilute cooaitin the
fast kinetic studies. The kinetic studies als@®datned a one step kinetic model in
which one equivalent of CB[7] threads on and of equivalent of Compouri®b, and
so the 1:1 adduct does not show evidence of anggdies present in solution. The
specific use of fast kinetic studies are the tstly of its kind for any cucurbituril host.
The results of these studies were foundationa¢$earch by Dr. Anuradha
Singh and Professor Ronald Halterman et. al. teldgva quencher-fluorophore dyad

that, upon encapsulation of viologen by CB[7], inipted the quenching of BODIPY
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which increase fluorescence 30-féfd(Figure 56) The kinetic information that

FL-on

CB7
binding to
viologen

Figure 56. BODIPY dyad

informed the choice of binding moities did not éXxisfore this study. By incorporating
competitive binding sites and further modificatiptiss work could lead to the
development of a set of molecular noses, whichdacbelstudied for their response to
various important biomarkers for disease.
4.6 Experimental

Synthesis of 1,1'-dimethyl-4,4'-bipyridine-1,1'-dium bromide 23-4,4'-
dipyridine (0.5 g, 3.2 mmol) and methyl iodide (§,18 mmol) were combined in
acetonitrile and heated to reflux for 24 hours.e Téaction mixture was cooled and 30
mL of ethyl acetate was added, causing the redyatdd precipitate. The compound
was collected by filter and washed three times wittyl acetate in 85% yield'H

NMR (300 MHz, BO): 8.96 (d,J=9Hz, 4H), 8.42 (dJ=6Hz, 4H), 4.40 (s, 6H)
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- Figure 57'H NMR 23

Synthesis of 1,1'-dibenzyl-4,4'-bipyridine-1,1'-dium bromide 151-benzyl-4-
(pyridin-4-yl)pyridinium bromidel3 (0.175 g, 0.54 mmol) and benzyl bromide (1.6
mmol) were added to dry acetonitrile (0.5 mL). Taaction mixture was heated to
reflux for 48 h and then allowed to cool. The fpéate was collected on a filter and
washed with acetonitrile and ether. The crudedsslis then recrystallized in ethanol to
give pure yellow-green product (0.072 g, 0.17 mrB@l7%). 'H NMR (400 MHz,

D,0): 8.74 (d J=7Hz, 4H), 8.11 (d)=7Hz, 4H), 7.12 (s, 10H), 5.52 (s, 4HyC NMR
(400 MHz, BO): 150.12, 145.35, 132.03, 130.00, 129.50, 129.26,94, 64.67.

HRMS (ESI): m/z 338.1787[M], (M=CxH21N," requires 338.1772§:*"
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Figure 58'H NMR 15

Figure 59.°C NMR 15
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Synthesis of 1-benzyl-1'-(3,5-dimethylbenzyl)-4,4ipyridine-1,1'-diium bromide

16- 1-benzyl-4-(pyridin-4-yl)pyridinium bromid&3 (0.411 g, 1.25 mmol) and 3,5-
dimethylbenzyl bromide (3.8 mmol) were added to alrgtonitrile (25 mL). The
reaction mixture was heated to reflux for 48 h #reh allowed to cool. The precipitate
was collected on a filter and washed with acetdaiemd ether. The crude solid was
then recrystallized in ethanol to give pure yelljprwduct (0.48 g, 0.91 mmol, 73%).

'H NMR (400 MHz, BO): 8.74 (dJ=12Hz, 4H), 8.72(d)=12Hz, 4H), 8.11 (d,

J=6Hz, 4H), 8.10 (dJ=6Hz, 4H), 7.12 (s, 5H), 6.81 (s, 1H), 6.74 (s, 26{52 (s, 2H),
5.43 (s, 2H), 1.93 (s, 6H)"*C NMR (400 MHz, RO): 150.12, 150.10, 145.33, 145.23,
139.86, 132.12, 132.02, 131.26, 129.99, 129.49,112926.91, 126.87, 126.57, 64.66,

64.66, 20.02. HRMS (ESIm/z 365.2015[M-H], (M=CogHosN," requires 365.2012).
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21 Figure 61°C NMR 15 -

S methanol
i

Synthesis of 1-benzyl-1'-(3,5-dimethoxybenzyl)-4 Bipyridine-1,1'-diium bromide
17- 1-benzyl-4-(pyridin-4-yl)pyridinium bromid&2 (0.502 g, 1.3 mmol) and benzyl
bromide (3.9 mmol) were added to dry acetonitid® L). The reaction mixture was
heated to reflux for 48 h and then allowed to coldhe precipitate was collected on a
filter and washed with acetonitrile and ether. The&de solid was then recrystallized in
ethanol to give of a pure yellow product (0.6 d, tamol, 84%). 'H NMR (400 MHz,
D,0): 8.74 (dJ=7Hz, 4H), 8.72 (dJ=7Hz, 4H), 7.12 (s, 5H), 6.32 (&2Hz, 2H), 6.29
(t, J=7Hz, 1H), 5.52 (s, 2H), 5.44 (s, 2H), 3.41 (s, 6HC NMR (400 MHz, BO):
160.93, 150.24, 150.09, 145.35, 145.28, 134.19,0P3230.00, 129.50, 129.14,
126.93, 109.99, 107.63, 101.42, 64.68, 64.40, 55HBMS (ESI): m/z 398.1989[M]

2+, (M:C26H26N2022+ requires 3981983253
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Synthesis of 1-bromo-2-(2-(2-methoxyethoxy)ethoxytjene 206 2-(2-(2-
methoxyethoxy)ethoxy)ethanol (2.00 g, 12.2 mmob earbon tetrabromide (4.85 g,
14.7 mmol) was dissolved in methylene cholorideaunrdtrogen. The temperature was
lowered to OC and a one molar solution of triphphglspine (4.79 g, 36.6 mmol) in
methylene chloride was added dropwise. The reactixture was stirred at OC for
four hours and then allowed to come to room tentpeza Methylene chloride was
evaporated from the crude mixture. The crude seéd then triturated by adding ether
and filtering off the solid side product three teneFinally, a column of 1:1 ether:pet.
ether was run on silica gel to give pure produ@ & 10.4 mmol, 85%). 'H NMR
(300 MHz, CDC}): 3.81 (t,J=6Hz, 2H), 3.67 (m, 6H), 3.55 (m, 2H), 3.47J6Hz,

2H), 3.36 (s, 3H)

s~ R R

o " Figure 64'H NMR 20 -




Synthesis of 1-(2-(2-(2-methoxyethoxy)ethoxy)ethy#)-(pyridin-4-
yl)pyridinium 21 - 4,4-dipyridine (6.309g, 39.6 mmol) and 1-brom@22(2-
methoxyethoxy)ethoxy)ethara® (3.01 g, 13.2 mmol) was added to dry acetonifB@
mL). The mixture was allowed to reflux under ngem for 18 h. Acetonitrile was
evaporated and distilled water was added to th@ecnuixture. Excess 4,4-bipyridine
precipitated from solution and was filtered out @mstarded. The remaining filtrate
was washed three times with toluene and three twitbsether. The water layer was
then evaporated to give pure yellow solid (2.7.4,mmol, 54%)'H NMR (400 MHz,
D,0): 8.81 (dJ=6Hz, 2H), 8.60 (dJ=6Hz, 2H), 8.24 (dJ=6Hz, 2H), 7.74 (dJ=6Hz,
2H), 4.64 (m, 2H), 3.89 (=6Hz, 2H), 3.50 (M, 2H), 3.44 (m, 2H), 3.36 (M, 2B)33

(m, 2H), 3.10 (s, 3Hj’
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Synthesis of 1-benzyl-1'-(2-(2-(2-methoxyethoxy)etixy)ethyl)-4,4'-bipyridine-1,1'-
diium bromide 18 - 1-tri(ethylene-glycol)-4,4’-bipyridinium (0.914, 2.4 mmol) and
3,5-dimethylbenzylbromide (7.2 mmol) were combimath chloroform (50 mL) and
refluxed under nitrogen for 2 d. Chloroform waseerated and the crude mixture was
washed on a filter with acetonitrile and ether.eTiltrate was discarded and the
remaining yellow solid was recrystallized in MeOH3 g, 2.3 mmol, 95%). *H NMR
(400 MHz, DO): 8.99 (dJ=7Hz, 2H), 8.95 (dJ=7Hz, 2H), 8.36 (m, 4H), 7.35 (s, 5H),
5.76 (s, 2H), 4.74 (1=4Hz, 2H), 3.52 (m, 2H), 3.44 (m, 4H), 3.37 (m, 2BI12 (s,

6H). *C NMR (400 MHz, BO):. 150.18, 150.12, 145.88, 145.39, 132.03, 130.01
129.51, 129.12, 126.90, 126.58, 70.79, 69.64, 68223, 68.38, 64.69, 61.20, 57.79.

HRMS (ESI):m/z 393.2173 [M-HT, (M=CyH29eN>05" requires 393.2173).
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Figure 66.°C NMR 18 -
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Synthesis of 1-tri(ethylene-glycol)-1’-methyl-m-xwI-4,4’-bipyridinium
dication 19 - 1-tri(ethylene-glycol)-4,4’-bipyridinium (0.92,@.4 mmol) and 3,5-
dimethylbenzylbromide (1.43 g, 7.2 mmol) were comeloi with chloroform (50 mL)
and refluxed under nitrogen for 2 d. Chloroformsveaaporated and the crude mixture
was washed on a filter with acetonitrile and ethEne filtrate was discarded and the
remaining red solid was recrystallized in methambich yielded product (1.3 g, 2.2
mmol, 91%).*H NMR (300 MHz, BO): 8.97 (m, 4H), 8.36 (m, 4H), 7.03 (s, 1H),
6.99 (s, 2H), 5.67 (s, 2H), 4.75Jt4 Hz 2H), 3.91 (tJ=4 Hz, 2H), 3.52 (m, 2H), 3.42
(m, 2H), 3.36 (m, 2H), 3.12 (s, 3H), 2.14 (s, 6HYC NMR (400 MHz, DO): 179.32,
150.2, 145.94, 145.35, 139.98, 132.28, 131.36,00R21.26.70, 70.90, 69.77, 69.37,
69.33, 68.49, 64.78, 61.30, 57.96, 22.06, 20.HRMS (ESI): m/z 421.2498 [M-H],

(M=C,6H33N>05" requires 421.25).
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Figure 67.'H NMR 19
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'H-NMR stability study of 23. The equilibrium binding constant of 1,1
dimethyl-4,4'-bipyridine-1,1'-diium iodide23 with cucurbit[7]uril CB[7] was
determined by analyzing the competitive binding 28 compared to that of the
reference compound (MgiCD,CD,COOH 22 using *H-NMR (400 MHz). The
stability constant of the 1 : 1 adduct of CB[7] &®* is 23 = (1.8+0.2)x10M™. The
procedure followed was developed by Mock and ISaathree solutions of 0.125 mM
CB[7], 0.5 mM 22, and 4.0 mM23 were prepared in 50 mM NafOCDs)-buffered
D,O (pD =4.5).22 demonstrated slow exchange kinetics on the NMRe tsnale
resulting in clear peaks for bound and unbo@@dat -0.7 and 0.0 ppm, respectively.
From the average of ratios of the bound and unb@2maf three solutions (which was
determined with a +12 % std. dev.), we determiredlinding constant &3 : CB[7]
1:1 to be K=(1.840.2)x10 M*. The expected literature value is 1.32+0.2%N0".

Error analysis was carried out according to literaf*
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'H-NMR stability study of 15. The equilibrium binding constant of 1,1
dibenzyl-4,4'-bipyridine-1,1'-diium bromidel5 with cucurbit[7]uril CB[7] was
determined by analyzing the competitive binding 1& compared to that of the
reference compound (MgiCD,CD,COOH 22 using *H-NMR (400 MHz). The
stabilitiy constant of the 1 : 1 adduct of CB[7]da22* is K = (2.6+0.8)x1®M™. The
procedure followed was developed by Mock and ISaathree solutions of 0.125 mM
CB7, 2.0 mM22, and 0.5 mM15 were prepared in 50 mM NafOCDs)-buffered DO
(pD = 4.5).22 demonstrated slow exchange kinetics on the NMR soale resulting in
clear peaks for bound and unboup® at -0.7 and 0.0 ppm, respectively. From the
average of ratios of the bound and unboutftl of three solutions (which was
determined with a +14 % std. dev.), we determirredlinding constant df5: CB[7]

1:1 to be K=(2.620.8)x18 M™. Error analysis was carried out according to

literature®
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'H-NMR stability study of 16. The equilibrium binding constant of 1-benzyl-3.5-
dimethylbenzyl)-4,4'-bipyridine-1,1'-diium bromid® with cucurbit[7]uril CB[7] was
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determined by analyzing the competitive bindindétompared to that of the
reference compound (MgiCD,CD,COOH 22 using*H-NMR (400 MHz). The
stability constant of the 1 : 1 adduct of CB[7] @®' is K = (1.8+0.2)x10M™. The
procedure followed was developed by Mock and ISdathree solutions of 0.125 mM
CB7, 2.0 mM22, and 0.5 mML6 were prepared in 50 mM NafOCDs)-buffered BO
(pD = 4.5).22 demonstrated slow exchange kinetics on the NMR 8oale resulting in
clear peaks for bound and unbowtiat -0.7 and 0.0 ppm, respectively. From the
average of ratios of the bound and unboRRdf three solutions (which was
determined with a £16 % std. dev.), we determimeddinding constant df6 : CB[7]
1:1tobe K= (2.2+0.7)x 18M™. Error analysis was carried out according to

literature?*
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'H-NMR stability study of 17. The equilibrium binding constant of 1-benzyl-3;5-
dimethoxybenzyl)-4,4'-bipyridine-1,1'-diium bromidE7 with cucurbit[7]uril CB[7]
was determined by analyzing the competitive bindfid7 compared to that of the
reference compound (MgiCD,CD,COOH 22 using *H-NMR (400 MHz). The
stabilitiy constant of the 1 : 1 adduct of CB[7]da22* is K = (1.5+1.1)x1®M™. The
procedure followed was developed by Mock and Isdathree solutions of 0.125 mM
CB[7], 2.0 mM 22, and 0.5 mM17 were prepared in 50 mM NafOCDs)-buffered
D,O (pD =4.5).22 demonstrated slow exchange kinetics on the NMRe tsnale
resulting in clear peaks for bound and unbo@&dat -0.7 and 0.0 ppm, respectively.
From the average of ratios of the bound and unb@2mwaf three solutions (which was
determined with a +36 % std. dev.), we determiredlinding constant df7 : CB[7]
1:1 to be K=(1.5+1.1)x18 M™. Error analysis was carried out according to

literature®*
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'H-NMR stability study of 18. The equilibrium binding constant of 1-benzyl-2:@-
(2-methoxyethoxy)ethoxy)ethyl)-4,4'-bipyridine-Xdiium bromidel8 with
cucurbit[7]uril CB[7] was determined by analyzirigetcompetitive binding df8
compared to that of the reference compound {BIED,CD,COOH 22 using*H-NMR
(400 MHz). The stabilitiy constant of the 1 : 1 addof CB[7] and22*! is

K = (1.840.2)x10 M. The procedure followed was developed by Mock lapdc§".
Three solutions of 0.125 mM CBJ[7], 2.0 m&2, and 0.5 mML8 were prepared in

50 mM Na(QCCDs)-buffered DO (pD = 4.5)22 demonstrated slow exchange kinetics
on the NMR time scale resulting in clear peaksfmund and unboun2R at -0.7 and
0.0 ppm, respectively. From the average of ratide@bound and unbouri® of three
solutions (which was determined with a £3 % std..Jeve determined the binding
constant ofLl8: CB[7] 1 : 1 to be K= (1.2+0.8)x10 M. Error analysis was carried

out according to literature.
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'H-NMR stability study of 19. The equilibrium binding constant of 1-tri(ethylene
glycol)-1'-methyl-m-xylyl-4,4’-bipyridinium dicatio 19 with cucurbit[7]uril CBJ[7]
was determined by analyzing the competitive bindid9 compared to that of the
reference compound (MgiCD,CD,COOH 22 using ‘H-NMR (400 MHz). The
stabilitiy constant of the 1:1 adduct of CB[7]da2*! is K = (1.82+0.22)x10M™.
The procedure followed was developed by Mock arahdé’. Three solutions of
0.125 mM CBJ7], 0.50 mM22, and 4.0 mM22 were prepared in 50 mM NafOCDs)-
buffered BO (pD = 4.5).22 demonstrated slow exchange kinetics on the NMFRe tim
scale resulting in clear peaks for bound and untioR2 at -0.7 and 0.0 ppm,
respectively. From the average of ratios of thenooand unboun@2 of three solutions
(which was determined with a +10 % std. dev.), weetnined the binding constant of
19: CB[7] 1: 1 to be K= (6.9+1.6)x18. Error analysis was carried out according to

literature®*

Figure 75H NMR competition studies compound

| | Fiso

Spectrum A

1

[ 5.6, 1 e

i !
] g
4 il

T T T T T T T T T T T T T T T T T T T T T T
s 1m0 as a0 as 8.0 75 7.0 65 &n 55 Sij]r 45 40 35 EN ] 15 2D 15 10 o5 o 05 1.0
pom)

92



| Spectrum B

Spectrum C

1=

T T T T T
mws 10.0 a5 9.0 as

T
an

T
75

T
7.0



'H-NMR stability study of 12. The equilibrium binding constant of 1-benzyl-4-
(pyridin-4-yl)pyridinium bromidel2 with cucurbit[7]uril CB[7] was determined by
analyzing the competitive binding a2 compared to that of the reference compound
(Me)sSiCD,CD,COOH 22 using *H-NMR (400 MHz). The stabilitiy constant of the
1: 1 adduct of CB[7] an@2* is K = (6.6+1.4)x10 M™. The procedure followed was
developed by Mock and IsadtsThree solutions of 0.125 mM CB[7], 2.0 m22, and
0.5 mM 12 were prepared in 50 mM NafOCDs)-buffered DO (pD =4.5). 22
demonstrated slow exchange kinetics on the NMR soade resulting in clear peaks for
bound and unboung&2 at -0.7 and 0.0 ppm, respectively. From the avedgatios of
the bound and unbourZ® of three solutions (which was determined with a%&%td.
dev.), we determined the binding constani®f CB[7] 1 : 1 to be K= (6.6+1.4)x10.

Error analysis was carried out according to literaf*
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'H-NMR stability study of 13. The equilibrium binding constant of 1-(3,5-
dimethylbenzyl)-4-(pyridin-4-yl)pyridinium 13 with cucurbit[7]uril CB[7] was
determined by analyzing the competitive binding & compared to that of the
reference compound (MgiCD,CD,COOH 22 using *H-NMR (400 MHz). The
stabilitiy constant of the 1 : 1 adduct of CB[7]da22* is K = (7.9+1.4)x1®M™. The
procedure followed was developed by Mock and ISdathree solutions of 0.125 mM
CB7, 0.5 mM22, and 4.0 mML3 were prepared in 50 mM NafOCDs)-buffered DO
(pD = 4.5).22 demonstrated slow exchange kinetics on the NMR Soale resulting in
clear peaks for bound and unbou® at -0.7 and 0.0 ppm, respectively. From the
average of ratios of the bound and unboutftl of three solutions (which was
determined with a £7 % std. dev.), we determineg ilnding constant of3: CB[7]
1:1 to be K=(7.9+1.4)x1® M. Error analysis was carried out according to

literature®*
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'H-NMR stability study of 14. The equilibrium binding constant 1-(3,5-
dimethoxybenzyl)-4-(pyridin-4-yl)pyridinium 14 with cucurbit[7]uril CB[7] was
determined by analyzing the competitive binding 1ef compared to that of the
reference compound (MgiCD,CD,COOH 22 using ‘H-NMR (400 MHz). The
stabilitiy constant of the 1 : 1 adduct of CB[7]da22* is K = (1.8+0.2)x10 M™. The
procedure followed was developed by Mock and Isdathree solutions of 0.125 mM
CB[7], 0.5 mM 22, and 4.0 mM14 were prepared in 50 mM NafOCDs)-buffered
D,O (pD =4.5).22 demonstrated slow exchange kinetics on the NMRe tsnale
resulting in clear peaks for bound and unbo@&dat -0.7 and 0.0 ppm, respectively.
From the average of ratios of the bound and unb@2mwaf three solutions (which was
determined with a +12 % std. dev.), we determiredlinding constant df4: CB[7]
1:1 to be K=(1.840.2)x10 M. Error analysis was carried out according to

literature®!
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Chemicals and solutionslon exchanged and MILLIPORE ultrafiltered (Milli-
Q synthesis A10) water was used to prepare altisolsl Acetate buffers (pH = 4.5)
were made from NaOAc and HCJQAn Orion Sure-Flow Ross combined-pH electrode
attached to an Orion Expandable ionAnalyzer E92€ evaployed for the pH
measurements. The electrode was calibrated folgpWi? AC recommendations. For
UV-vis absorbance measurements an HP8452A diodg photometer and a cell with

1.00 cm pathlength were used.

Stopped-flow technique.Stopped-flow experiments were performed using a
Hi-Tech SF-61 DX2 instrument equipped with bothhatomultiplier tube (PMT) for
single-wavelength detection and a diode-array foltiple wavelength detection. A
reference PMT is employed in this instrument. Abanice traces were collected using
a Xe arc lamp and an optical cell with a 1.00 crileagth. The dead-time of the
stopped-flow instrument was measured by the reacti@,6-dichlorophenol-
indophenol (DCIP) with ascorbic acid (AA) under pde-first order conditions with
AA in excess. By plotting the experimentally obdri,,s values against [AA],
deviation from linearity was observed aboygsk 600 s* for the High-Tech
instrument, which means that highggdkvalues can be determined only with the slight
elevation of relative error. The dead time of thghdTech instrument is 1.35+0.03 ms.
The timescale of the recorded stopped-flow kinetikves was corrected with the dead
time of the instrument which enhanced the precisioiurther data treatment (e.g.

mathematical data fitting) The temperature durith¢he stopped-flow measurements
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was maintained at 25.0+0.1 °C using Lauda RC-2fulators equipped with chilled

water heat exchangers.

DEDUCTION OF THE INTEGRATED RATE LAW (SIMPLE MODEL)

The simplest one-step kinetic model, which dessribe equlibrium formation, is the

following:
1) V + CB7— V-CB7 with: k
-1) V-CB7— V + CB7 with: kj

The differential rate law and the expression ofefailibrium constant is:

d[V] _ K1: ﬁ:%
g - GMICBTI V0BT k. [VIE[CBT] g, (1)
and (2)

where square brackets indicate time dependentlatinaentrations, and [,

[CB7]eq [V-CBT7]gq are the corresponding equilibrium concentratiomsen the applied
conditions. The integrated rate law can be dedbgeadtroducingx as the time
dependent concentration which shows the distantieecystem from equilibrium at a
given instance:

[VI=IV] g4t
[CB7]=[CB7]g,*x
[V CB7]=[V [TB7] X

By substitutingx into eg. 1 and integrating, one obtains:
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X (E+k,[V TB7],)

[V [CB7],, (6+kx) =exp( £t) where. 57K (IV1e#ICBT o J+k [V ©BT] ¢,

(S1)
Because the reaction is fast even on the stoppe&dtiine scale, only the last 30 — 60 %
of the process can be followed, wharie already small compared to the equilibrium
concentrations ([\,, [CB7]eq and [V\CB7]gg) under the applied conditions. Therefore

& >> kix is fulfilled and the rate equation becomes a specise:

gV [CB7).,
E+k,[V [CB7] g,

xp (—€t)

[VI=IV] g *

®3)

which is a single exponential expression.
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Chapter 5: Conclusion

The study of technology at the molecular levehis perhaps the final frontier in
materials science, and is fertile ground for theligation of supramolecular chemistry.
In particular, this study has highlighted the reesthat the application of
cucurbit[7]uril should be dominating this emergiirgjd. First, CB[7] can bind a wide
range of small molecules with high equilibrium bimgl constants. Not only has this
study increased the library of kinetic data of kmosompounds that can be
encapsulated by CBJ[7], but it has strategicallysamthose compound to contain the
fascinating properties of viologens with usableioum binding constants in the
range of 18-10° M, allowing for future strategic incorporation ofie compounds in
molecular sensors and shuttles. These studiesihagglition set the precedent for
studying the on and off kinetics of CB[7] with higlacuracy via stop flow techniques.
Further, these studies were foundational to effioyt®r. Anuradha Singh to develop a
guencher flourophore dyad consisting of viologed BODIPY.

In addition, this study has confirmed and advartbedknowledge that
encapsulation by CB[7] often enhances the propediéts guest or provides some type
of protective effect. It has been clearly dematstt that fluorescent dyes Rhodamine
B and Pyronin Y are protected from photedegradadimmng the harsh cycling of
current provided by CV. This is significant becamsolecular machines can be
stimulated by redox and this will be a factor ie thpcoming years.

Excitingly, these studies confirmed many of thelagen/CBJ[7] binding mode
theories put forward by Dr. Kaifer that predict wher a viologen will bind in an

internal or external position. Ultimately, exterbanding will always be observed if the
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viologen substituent is hydrophobic enough, buicdly hindered and electronegative
groups will upset the delicate balancing act irofanf internal binding. These position
predictions are vital not only to the successfehltion of a rotaxane, but could
potentially be useful to elicit desirable propestieom rotaxanes and pseudo-rotaxanes.
The studies in this paper suggest a third modenafithg that is unique to internal and
external binding, a condition referred to ‘cappthgbughout this study in reference to
the 3,5-dimethyl viologen compounds.

Another major success of this research was twkesttatwo effective stoppering
groups of 3,5-dimethylbenzyl and 3,5-methoxybenzyhfortunately these compounds
were not proven to be able to achieve the rotaxdosng reaction, but certainly they
were proven to be too bulky for CBJ[7] to shuttleeavand so could be used as a
stoppering group on one side of a rotaxane, pdatigun longer axle that incorporates
triethylene glycol functionality. The evidence tbis that was provided in chapter 3
was further enforced in chapter 4 during the ansilgsthe binding mode of the cancer
model. Additionally, these moieties determinedliiveling mode of CB[7] by their
steric bulk and/or electronics, thus it is probahkg they would be partially in control
of the effectiveness of whatever molecular deviy/tare incorporated into in the
future.

Unfortunately, there were limitations to the knedde gained in this study due
to some of the drawbacks of cucurbit[7]uril. Infpaular, the successful attachment of
a fluorescent dye to the surface of ITO in the @nes of CB[7] was not attainable due
to the lack of attachment of CBJ[7] to the systemotigh a rotaxane or direct chemical

linkage. This highlights the need for increasedligtto functionalize CB[7] so that it
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can be permanently attached to wherever it neelds.tdn addition, CBJ[7] is limited by
its lack of solubility in non aqueous solvents whaauses the formation of needed
rotaxanes to be unnecessarily cumbersome. Howeaer hesitant to suggest future
studies in the area of getting CB[7] more soluablerganic solvents, becuase the
majority of its allure lies in its high equilibriutmnding constants largely obtained
through hydrophobic interactions. Therefore, hkhscience would be better served in
pursuing more water-friendly chemistry in the imaderotein chemical
transformations.

In conclusion, the studies herein have gatheradddata supporting the use of
cucurbit[7]uril in a variety of molecular scale dess. Not only has previously held
knowledge about the interactions of this macrocheen confirmed, but the results
here have increased the sphere of knowledge andaltsaynform future studies in this

promising field.
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