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ABSTRACT

Recent advancements in supramolecular chemistry have given a wealth of strongly
binding hostguest combinations. However, the deployment of these systems into meaningful
constructs has been hindered due to difficulty of synthesis or to the lack of functionality in one or
both components. Systems caught in this trap were the pyripthads of dibenz80-crown
10 and bistrphenylene)32-crown-10 paired with paraquat. Exceptionally high association
constants in the range of°1® 1 have been observed for these systems, but their applications
have been hindered.

Easing the implemeation of pyridyl cryptands based on diber&®crown-10 was made
a priority. An efficient method for the synthesis of pyridyl cryptands based on di8énzo
crown10 and bigfrphenylene32-crownt10 made use of the salt pyridinium
bis(trifluoromethanejulfonamide TFSI) as a template. Optimization of the pyridinium TFSI
template allowed for cyclization yields as high as 89%, as well as without the use of a syringe
pump. Addressing the concern of functionality, for pyridyl cryptands, chelidamic agd wa
targeted as a way to build in functionality. Using a chelidamic isopropyl ester, 20 new
chelidamic precursors of varying functionality were synthesized. The chelidamic derivatives fell
into six groups: potential covalent monomers, initiators, chamitators, leaving groups, aryl
halides and hogguest monomers.

In an attempt to boost the association constants of pyridyl cryptands based on-dibenzo
30-crown-10 with paraquat, alterations to the paraquat guest were explored. It was found that the
asso@tion constants could be increased by nearly an order of magnitude. Tweaks to the
paraquat included changing the counterion to TFSI, methyl groups to benzyl and allowing for
access to more nonpolar solvents that were previously inaccessible, sucleasd@nge from

DCM to acetone.



Two new biscryptands and two new bisparaquat TFSI monomers were synthesized.
Using these monomers supramolecular polymers were synthesized and characterized. Fibers of
these polymers drawn from concentrated solutions i@uad to be flexible and one such
polymer solution was found to have an upper log / log specific viscositgentration slope of
3.55, which is the theoretical maximum. Additionally, a biscryptand was used dacera
chain extended polymer.

Using a fundamental understanding of hagtest chemistry, work was conducted on the
synthesis of norbornene monomers and polymers with pendant imidazolium tethered by
ethyleneoxy linkages to aid in the stabilization of the imidazolium cation. Through the use of
ethyleneoxy linkages, the free anion content and conductivity was increased. Imidazolium
monomer and polymer conductivities ranged up to nearl§ 3@m. Furthermore, it was
determined that as long as the ethyleneoxy spacer between the norbornene arwliimmadvas
two units or greater, similar properties were obtained for both the monomer and corresponding
polymer. Expanding the work further, the imidazolium monomers were incorporated as a soft

segment into a triblock copolymer to produce a single timeenechanical actuator.
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ABSTRACT (General audience)

The research reported herein relates to two areas: 1) the development and application of
systems involving two molecular components with very strong affinities for one another, and 2)
design, preparation and testing of matsrfal use in electromechanical actuators for robotics.

Work on the two component systems included improved synthetic methods, structural
alterations to increase the affinity of components for one another, and their useasspible
large, linear polyraric arrays with the mechanical properties of plastics, i. e., materials capable
of film and fiber production with attendant novel properties.

The development of electromechanical actuators was achieved through production of a
new class of ionic polymerin which the positive charges are associated with the polymer
molecule and are immobile. When an electric field is placed across films of the polymers, the
negatively charged anions, which are not attached to the polymer molecule and hence are mobile,
are displaced toward the positive electrode, causing the film to bend, i. e., undergo actuation.
For this work, advancements were made in methods of synthesis of these new materials and
fundamental understanding of the structural requirements for optonal conductivity and
hence actuation.
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Chapter 1

Hosti Guest Introduction

1. Supramolecular chemistry

On the atomic level, many different types of bonds and attractive forces exist between
atoms and complexes. Even within a given classification such as covalent bonds, a spectrum is
present ranging froma perfectly covalent bond (such as dihydrogen) to a polar covalent bond
(found in methane) and eventually the classification changes to ionic bonds once the
electronegativities are adequately separated. Supramolecular chemistry has the same type of
spectum, since the term itself can be used to describe any type of attractive force between atoms
or molecules that are not covaléft.This leads to forces such as ionic bonds (salt complexes),
metal ligands, lone pair interactions, hydrogen bonding, digiplele interactions, charge
transfer, hydrophobibiydrophilic interactionsyan der Waals forces, etc. falling within the realm
of supramolecular chemistry. The term supramolecular chemistry, however, must be used
judiciously since some structures that are comprised of noncovalent interactions, such as with
some rotaxanes, are not chemical bonds per se, but instead mechanical Rotzdsnes are
defined as molecules that are sterically interlocked with one another, typically via electrostatic
interaction between the molecules. If the electrostatic interaction is disrupted in a subsequent
reaction, then the complex is not supramd@cubut instead, considered as a mechanically

interlocked molecule (MIM§.

Supramolecular interactions in hagiest chemistry may be broken into two parts when
considering a bi or multi-molecular system: a host (H) that provides some type of an

environment for interaction(s); and a guest (G) which can fit the environment atdbdezed



by noncovalent interactions. Of particular interest here and the focus of this review is the
supramolecular chemistry of crown ethers and their corresponding cryptands. In this instance of
hostguest chemistry, the host would be either a crether or cryptand and the guest would
typically be an ammonium or pyridinium salt. The hgsest complex would result from

association of the two componentsgure 1.1provides an example of this.

Ka
O +C» ———7s )OO
K,
Host Guest Complexation
Crown/Cryptand  paraquat/diquat Pseudorotaxane

Figure 1.1. Host Guest association.

1.1 Hosts

For hostguest chemistry, the host molecule is generally larger than the guest, providing
an opening into which the guest can fit, thus allowing for some form of noncovalent interaction
to hold thecomplex together, most commonly through hydrogen bonding (as with ammonium
salts) or charge transfer (as with paraquat). Very often, the host is some type of electron rich
macrocycle. Many types of crown macrocycles exist such asrama ethers® and crown
thioetherS” but the hosts of interest to this review are crown ethers and their corresponding
cryptands. A cryptand is composed of a ring system that contains a third bridge to form a crypt
like structure. Synthetically the structures are synthesized by asiimg system as precursor,
which is reacted with an additional molecule, such as a pyridine linkage, to form the bridge in
the macrocycle. The first cryptands were reported 3968d 1969° The 1968 report by

Simmons and Park described a cryptand containing an aliphatic ring with two nitrogen atoms



that were used for the production of another aliphatic bidg&he 1969 report by Dietrich,

Lehn, and Sauvage was analogous, except that it contained ethyleneoxy linkages instead of
aliphatic linkages® Of paricular interest here are cyclics and cryptands that contain
ethyleneoxy units, because the oxygen atoms can often aid in the binding of guest mbi&cules.

Scheme 1.khows an example of a reaction used for the formation of crygtand

O
OH N e N e N HO /—\ /—\ /—\ \
§©:o 0 6 0 o &
R A AR High dilution O\ /O\ /O\ /O\ /O
Dibenzo-30-crown-10 diol 2,6-pyridino cis cryptand 30-crown-10
1 2

Schemel.1. The conversion ofis( 4 -Di(HygroxymethylbenzeB0-crown10 into cryptan®
via 2,6dicarboxypyridine diacid chloride.

Crown ether macrocycles are cyclic compounds that contain ether linkages; this produces
an electron rik cavity which can function as a host for both metallic and organic cations. Initial
crown ether complexations were reported with metals; however, organic cations have since
rapidly gained in popularit}? A large variety of crown ethers may be produced, ranging from
ertirely aliphatic cyclic ether rings to rings containing aromatic groups and substituents as well
as variations in ring size. The substitution of aromatic groups into the ring system over the
simple aliphatic groups allows for ease of functionalizatiothefcrown, while also providing a

more rigid structure.

The ring size dictates the nomenclature of the crown and in many ways is the most

important factor with regards to guest complexation. Crown ethers are named by placing a
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number before and after cranthe first number tells how many atoms make up the ring system
and the second tells how many oxygens are present, for examugl®v248 represents a
macrocycle of 24 atoms with 8 oxygens. Depending upon the size of the macrocycle, different
guests bedr fit in the cavity and give higher association constants than others. For example 24
crown8 has a higher association constant with dialkylammonium salts than paraquat salts with

the same counterion in the identical solVéAt.

) o)
o) o) @[O o O O:@ dialkylammonium
5
[o oj O O 0o O
K/ \) /N [~ =\ ,

24-crown-8 dibenzo-24-crown-8 paraquat
3 4 6

Figure 1.2. Example crown ethers along with tgeneral structures for dialkylammoniums and
paraquats.

Although smaller crown ethers have been much better characterized (likely due to their
chemistry with metal cation¥)'® those of pressing interest here are crown ethers of sizes 24, 30,
and 32 atoms and specifically those macrocycles which contain functional groups available for
further modiication. Macrocycles of these sizes provide adequate association constants with the

organic cations dialkylammonium, paraquat, and diquat, all of which can be functionalized.

The desire for relatively high association constants between hosts andhgiselsteught
about a shift from the use of crown ethers to their analogous cryptands; consider the trends for

association constants Trable 1.1



Table 1.1. Association constants,.KM*at 25°C), of selected crowns armmlyptands in acetone

unless noted.

dibenzylammoniu
m PR salt 6, R =
CH2CeHbs)
unless noted

Paraquat P§salt
(6)

unless noted

Diquat Pk
salt @)

unless noted

Crown

dibenze24-crown8 (4) 1422 3602 1062 2.0x1G?
dibenze30-crown-10%%2° ~1x 1G] Unobservablé 1.8x 102
cis( 4 -dfhpgroxymethylbenze30-
crown-10 (1) 28 N/A 1.1x 162 50x 102
trans-bis(hydroxymethylbenze30-
crown-102¢ N/A 1.7 x 162 3.3x102
bis(m-phenylae)32-crown-102%28 5ad 3932 f 3902
bis(m-phenylene)32-crown-10 diol
(9) 231 95x 1G9 1.2x 10°2 2.8x 102

Cryptand
2,6-pyridino cryptand ofcis-dibenze
24-crown-8 32 Weak 1x10 2 N/A
2,6-pyridino cryptand oftrans
dibenze24-crown-8 32 Weak 1.4x10%¢ N/A
ether cryptand of bisgphenylene)
32-crown-10 (7) 3334 N/A 6.1x 102 20x 12
2,6-pyridino cryptand otis dibenze
30-crown-10 (2) * N/A 1x10° 1.8 x 1G°
2,6-pyridino cryptand of bis(m
phenylene)32-crown-10 (10) 34%° N/A 5x 102 3.3x102

2 K, obtained via NMR titratior? K, obtained via ITC.¢ Interaction measured via electrodg
dvalue taken in CECN. ¢ N, Mi6({-hydroxyethyl}4 , -Bigyridinium PF6 used as guest in
study. T value taken in CDGICDsCN. ¢ value taken in 2.5:1 acete-ds:CDCls with guest
N, Mibenzytm-xylylenediammonium P£ " NMR titration in 2:3 v:iv CRCN:CDCk
suggested a weak interaction (no value reported). i NMR titration in 1.1 w@XCDDCk

and dibenzylammonium R = GBsH4C(CH)s
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o o) N\ 7 \ 7/
Diquat
8
o O 0] 0] 0]
AV WA A
ether cryptand of bis(m-phenylene)-32-crown-10
7
O o o o 0}
O
HO OH
0} O O o} O o o} O 0] O
/N N/

bis(m-phenylene)-32-crown-10 diol ~ 2,6-pyridino cryptand of bis(m-phenylene)-32-crown-10
9 10

Figure 1.3. Structures supportingable 1.1

Although in nearly every case the cryptand is far superior to the crown ether, currently
the synthetic schemes for these compounds are far more dithamtthe syntheses of crown
ethers and the yields are much lower, which greatly hinders their use. In many ways, the use of
cryptands is limited by their availability, an obstacle which will be overcome with the

development of novel synthetic pathwaysganted within this dissertation in Chapter 3.

In regards to complexation, most cryptands are superior to their crown ether counterparts;
this is due to the increased electron density that is provided by the third bridge as well as a more
fixed geometry, pe-organization. In the case of diber20-crown10 versus its pyridine
cryptand, the addition of the third arm increases the association constant with paraquat in acetone
from 1.1 x 16M1to 1 x 16 M. Threading has not been observed via crystatstres in the
dibenze30-crown10 system; instead the host wraps around the paraquat to give-l&kéaco

complex. Threading becomes an issue when considering the complexation of crown ethers with



paraguat, since the taco complex cannot be converted irdtaxane and the two components

are not mechanically interlocked.

Strictly in terms of binding, neglecting arguments such as potential rotaxane formation,
an attractive alternative to cryptands exists. Conceptually the idea is to produce a ring system
that contains a side arm capable of aiding in bindigure 1.4 early workers termed these
types of ho s3*Iftliielcarrect sidé arme is ¢hesenstibe.compound behaves like a
cryptand to give what is known as a pseudocrypt&id>*® Figure 1.4 provides cartoons of
both single and double armed pseudocryptdftid>*’ The benefits of pseudocryptands over
cryptands primarily resides in simplified synthetic routes and the potential to control whether the

arms are participating inetbinding event.

Single Armed Host Pseudocryptands

TCE O

Some driving force

Double Armed Host

—E > =

Figure 14. Cartoon depicting pseudocryptands.

1.2 Guests

Guest molecules complexing with crown ethers or cryptands are usually some type of
cation (inorganic or organic), although due to the ease of functionality, organic cations are most

commonly used in these systems. Three of the most studied and usesl wéhocrowns are:



dialkylammonium salts5) for 24-crown-8 systems, and paraquat safisdlong with diquat salts

(8 for dibenze30-crown10 and bisfrphenylene)32-crownt10. All of these salts have
primarily used the R§ counterion, although complexations with other counterfi% have

been reported. The rationale for using'P4&s the counterion is increassdlubility in organic
solvents. With paraquat, the £dhion provides solubility in solvents with dielectric constants as
low as acetone. Alternative counterions and their solubilities will be explored further in Chapter

4: it will be demonstrated thatoetter suited counter ion does exit.

1.3 Types of complexation

When a host and guest form a threaded complex, the complex may be characterized as
one of three classes depending upon structure and reversibility. First, if the complex is reversible
and anassociation constant defines the extent of complexation, then the resulting complex is
classified as a pseudorotaxane. Secondly, if the complex is locked into place by addition of a
large bulky group to prevent decomplexation, then the complex is coesittebe a rotaxane.
Finally, if the guest is converted to a macrocycle, resulting in interlocked macrocycles, the

complex is termed a catenane.

1.3.1 Pseudorotaxanes

In relation to crown ethers and cryptands, pseudorotaxanes are formed when a crown is
mixed with a guest molecule such as paraquat and allowed to associate in solution. The complex
is free to associate and dissociate; an example is providEdyume 1.5 Typically smaller

crowns such as dibeng#-crown-8 form pseudorotaxanes with dialeghmonium salts! and



larger crowns or cryptands such dibenze30-crown-10 will form pseudorotaxanes with guest

molecules such as paraquat or diquat $&ffs.

Ka
—» + O Threading :})D

Dethreadi .
Guest Host cthreading Complexation

paraquat/diquat ~ Crown/Cryptand Pseudorotaxane

Figure 1.5. Reversible threading between a host and guest to form a pseudorotaxane.

Pseudorotaxanes serve as templates pfmducing rotaxané$> and catenane$>’
Rotaxanes may be formed by adding large blocking groups to the guest molecule to prevent de
threading. Catenanes are formed through one of two methods. First a pseudorotaxane could be
sufficiently diluted and reacted in such a way to produce cyclic species. Secondly, multiple host
molecules can be used complex a single guest; this results in an intertwined complex that can

undergo cyclization to produce a catenarigure 1.6 shows the formation of ratanes and

Q) . Qr==)=>~Q

Rotaxane

catenanes.

XNV‘::D v X
Complexation Dilute
Pseudorotaxane YannnnY Q
[2] Catenane

Figure 1.6.The formation of a rotaxane by addition of large bulky end groups and the formation
of a catenane by cyclization with a difunctional molecule at high dilution.



1.3.2 Rotaxanes

Rotaxanescan be formed through one of three methods: pseudorotaxane precursors,
slippage, or statistical methods. As previously stated the most common method for preparation
is by adding |l arge fAblocking groupsoontThe a pse
slippage method uses thermal energy to bring about the formation of a rotaxane from a host and
sterically hindered guest>® When ample thermal energy is supplied, the guest inserts itself into
the host to bring about the formation of a rotaxane. One potential drawb#dk method is
that under certain conditions, such as solvent, time, and/or temperature, the rotaxane may de
thread. Rotaxanes may also be formed through a statistical method, such as when a polymer is
forming. In this method, if macrocycles are prastere is a probability that the polymer will
insert itself through the macrocycle. After the rotaxane has been formed, the structure is locked
in place mechanically and is no longer dependent upon an association constant to hold the
structure togethethis leads to a decreased importance of the association constant and removes

reversibility.

1.3.3 Catenanes

Catenanes are interlocked rings, which can be formed from pseudorotaxanes by
cyclization. Scheme 1.Xhows a conventional method for the formation of [2]catenanes which
uses phenanthroline templated with copper, followed by a ring closure and removal of°éopper.
Currently, the maximum amount of interlocked rings in a reported catenane is seven, leaving a

wealth of constructs to be discovefed.
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Ring Closing
Metathesis

Removal of
Copper Q

[2] Catenane

Scheme 12. Synthesis of [2]catenane by phenanthroteraplation

1.4 Driving force for complexation

The degree of complexation between a host and guest is controlled by several factors.
The association constant can be changed due to factors such as solvent, pH, ionic strength, and
temperature. The solveist a most important and influent®ll. Considering that the host is rich
in electron density andhé guest is a cation, polar solvents solubilize the guest and its counterion,
whereas a naepolar solvent will tend to drive the guest molecule into the electron rich cavity of
the host. However, the use of highly raolar solvents (such as hexanes)fiem not possible
due to lack of solubility of the salt. Depending upon the guest, pH can also play a very valuable
role in complexation, such as is the case for dialkylammonium salt complexes. In this situation,
as the pH rises, the ammonium ion will tenverted into an amine and complexation will be

lost 1418

2. Characterization of complexation
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The numerical value placed on the interaction between a host and guest is described as an
equilibrium constant (K and referred to as an association constant. Association constants may
be determined by either using a type péatroscopy or isothermal titration calorimetry (ITC),
each having its own advantages and disadvantages. One of the largest problems encountered
while obtaining association values is solubility; with regards to crown ether complexes, the more
non-polar tre solvent, the higher the association constant, and conversely, if the solvent is too

nonpolar the cation will be insoluble in solution.

2.1 Spectroscopy

Spectroscopic methods acceptable for determining association constants includé NMR,
UV-Vis,®® and luminescence. The requirement for using a spectroscopic method is that there
must be an observable change in the spectrum in the form of a peak shift or new peak
(complexed versus uncomplele For these methods, data is obtained by analyzing a spectrum
of a pure compound alongside varying ratios of host to guest. Peak shifts or changes in
chromophore intensities are then plotted to find association constants. Since every molecule of
hostis not complexed two plots / equations must be assessed: one for the stoichiometry of
complexed to uncomplexed species (such as a Job plot) and the other to obtain the association
constant (such as a Scatchard plot). Association constants obtainedvimyhsse generally
acceptable up to approximately*18Ithough higher values may be obtained through competitive

studies.

Additionally, it should be noted that by NMR the equilibrium can be fast or slow
exchanging relative to the NMR time scale at aegitemperature. If a proton peak is shifted
from its original location fast exchange is occurring. However, if the peak splits in to two, slow

exchange is occurring. In a fast exchange system, the extent of complexation is indicated by the

12



percentage clmge of the chemical shift. In a slow exchange system, the extent of complexation

is indicated by the relative areas of the two peaks.

Scatchard plots graph the percentage of complexed species divided by free species versus
(the same) complexed specieggtee a line which (when the stoichiometry is 1:1 or statistical)
has a slope and-iptercept equal to the association constan).(Krhese data are obtained by
monitoring chemical shift values in the NMR spectrum. The change in chemical shift value
corresponds to the percentage difference between the uncomplexed and fully complexed system
peaks. The uncomplexed peaks are defined by the spectra of the pure materials and the
maximum change can be defined by a system containing a large excess of eitiest the
guest. The difference in these chemical shifts defines the maximum range of change. The
percentage of that change corresponds to the percentage of complexed species in systems with
different molar ratios. Although they give no indication asitwling stoichiometry, Scatchard
plots do explain to some extent how binding is occurring. For example, in a 2:1 system,
cooperative, statistical, and acboperative binding are withessed when the plot appeairs arc

shaped, linear, or trougbhaped, respéeely.

In addition to Scatchard plots (or any other data transformation), the binding
stoichiometry must be determined to fully characterize the association constant of a system.
Typically, for fast exchanging systems this is achieved through the wsdalf plot. Job plots
are constructed by selecting a specific peak in the host or guest NMR spectrum and then
monitoring the change in its chemical shift. This change in chemical shift is divided by the
initial concentration of the host or guest and gldtagainst the mole fraction of host or guest,

respectively. Even thoughakcannot be obtained by the Job plot, the determination of the
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systems stoichiometry is a necessary complement to any methoddetd{mination. In slow

exchange systems stoichiotmyecan be determined by simple integration.

2.2 Isothermal Titration Calorimetry (ITC)

ITC is a method used for obtaining association constants in supramolecular systems
through performing calorimetric titrations. By titrating a host into a guest sol@br guest to
host), mixing between the two species occurs and heat is either transferred into or out of the
system. The ITC instrument records this heat change for every point as the titration is underway
and the data i s us e diletssocigiionacenstahts ancpbhe @Eibbs fece t |
energy equation can be solved by back calculating from the data provided by theThE€ use
of ITC in obtaining an association constant is generally acceptable for systemsaiuiis
between 18to 1F M1, Additionally, when using the ITC, care and discretion must be used
since the data do not correlate directly to the ittpsst system (such as specific NMR peak

would) but instead to the solution as a whole.

The utility of NMR titrations and other spectroscopic methods is in the characterization
of systems with low association constants. In regards to spectroscopic techniques the limit of
detection is notable, given that it is dependent upon the instrument used forsaadtysing for
hosi guest concentrations as low as®l® be analyzed with UWis. ITC however offers
numerous advantages over spectroscopic methods such as: not requiring special solvents,
extensive dat a, direct det wa Ieadingad determinaboh of e H

&S, appl i c apahdeapitd analysésg her K
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2.3 What clasXifies as a fAigoodo

Concerning the question of what classifies as a good association constant, the term can be
considered relative. Depending upon the desaggalication of the motifs, association constants
such as those of crown ethers may be acceptable (the rangel6f 0') for applications such
as chain extensions, construction of star polymers, crosslinking, or for the formation of
pseudorotaxanes amdtaxanes to change solubility or properties. However, for those systems
which are exceptionally dependent upon the association constant, such as supramolecular
polymers, higher association constants such as those of cryptands are requir&ti’@io

greder).

3. Supramolecular chemistry in relation to polymers

Supramolecular chemistry may be used to incorporate pseudorotaxane, rotaxane, or
catenane complexes into polymeric structures in many ways. The various types of polymeric
complexes are shown Figure 1.7, and although no pseudorotaxanes are shown, each rotaxane
structure corresponds to its analogous pseudorotaxane. Complexation in poly[3]rotaxanes,
poly[2]rotaxanes and polycatanenes is found in the backbone of the polymer and crucial for
holding he repeat unit of the polymer together. In main chain and side chain polyrotaxanes, the
backbone of the polymer is held together through covalent bonds and complexation is not

essential to maintaining a polymeric structure.
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Figure 1.7.Different types of polymeric structures which employ supramolecular chemistry.

3.1. Poly[2] and [3] rotaxanes and pseudorotaxanes as well as polycatenanes

One of the most interesting branches of polymeric supramolecular chemistry is that of
supramolecular polymers, which contains poly[2]rotaxanes, poly[3]rotaxanes and the
corresponding pseudorotaxanes. Polymers from this class are formed through thelawoincova

linking of small molecules to bring about a polymeric structure, poly[2] being a linkage of a
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single small molecule or oligomer and poly[3] being a linkage between two small molecules or
oligomers. Pseudorotaxanes are held together by intermoléardas; therefore, complexation

is an equilibrium process and must be treated as such. With regards to the rotaxanes, the
molecules are sterically held in place and the structures are better defined. In each situation the
polymers are developed in thanse way in which a step growth polymerization is carried out,

molecules link together in random arrays to form oligomers then eventually polymers.

The synthesis of a step growth molecule can be achieved through the use of either an A
B or Ai A / BiB systen where A will react with B. Supramolecular polymers are similar to
covalently bound polymers in this sense, supramolecular polymers can be synthesized as either
an AiB or ATA / BiB system in which A is a host and B a guest. To form poly[2]s a small
molecule or oligomer must be made to be heterobifunctional with both a host and guest moiety,
A-B. The host and guest moieties then align host to guest in the same manner agavsitep
reaction would align head to tail to form a polymeric structure; thes poly[2]pseudorotaxane.
Poly[2]rotaxanes are then formed by either reacting the small molecules of the pseudorotaxane
with a blocking group or by producing monomer rotaxanes followed by polymerization.
Poly[3]s are formed from a heteroditopic host ajukst moiety incorporated into a small
molecule or oligomer, RA / Bi B; as with poly[2]s the molecules then align via a step growth
reaction to form a polymer. Once association has occurred between the heteroditopic hosts and
guests, the poly[3]pseudoesiane is formed and can be converted into a rotaxane by the addition
of a blocking group. Polycatanenes are urdBreloped compounds synthetically, and because
no high molecular weight polymers havedate been reported, this class will not be further

discussed.
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Figure 1.8. Cartoon showing the formation of two types of supramolecular polymers, poly[2]
and poly[3]pseudorotaxanes.

3.2 Main chain and side chain rotaxanes and pseudorotaxanes

In addition to supramoleculamfymers and polymers that end in either a host or guest
moiety, polymerization may be carried out on host and guest molecules to produce main chain
rotaxanes and pseudorotaxanes. This makes it possible to form two types of main chain
rotaxanes/pseudorotames in which the backbone may be composed of either the host or guest.
Synthetically, forming the rotaxane may be done either before or after polymerization; however,
pseudorotaxane formation is generally done after polymerization. Several advantsfyfs ex
polymers of this type, such as after complexation, the solubility of the polymer can change
drastically from that of the uncomplexed polymer, either improving or lowering solubility
depending upon the groups added and sofferBy controlling complexation through some
means such as solvéfitconcentratior?*®° acidity 8567 temperaturé*¢7 light,° etc., the polymer
may be made to be stimuli responsive. Through selective choice of the complexing species,

mechanical properties may also be enhanced through means such as addiimkiogossl
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branching® Additionally, given that the rotaxane/pseudorotaxane joint is dynamic in nature,

some polymers have the potential to exhibit-beliling propertie®’

3.5 Polymers ending in a host or guest

Polymers ending in either a host or guest provide means to couple the polymer to its
complementary moiety. By the addition of a host or guest end to a polymer chain, association
between the moieties can bring about the formation of block copolymergostarers, chain

extensions, and dendronized polymers.

4. Applications of supramolecular chemistry

Although supramolecular chemistry is a relatively new field, applications have already
begun to emerge from it and have received enough attention that #weaded a Nobel Prize in
1987. The Nobel Prize was awarded to Donald J. C?aleaiiMarie Lehn®® and Charles J.
Pedersef? for their work in supramolecular chemistry with crown ethers and cryptands.
Concerning crown ethers, applications have begun to emerge in the way of combinatorial

libraries, molecular sensors, polymer chain extenders, crosslinking, and molecular muscles.

Work conducted by Gibson and coworkers provides examples of guest end
terminated or initiated polymers, which are used for chain extensions. These chainrextende
have proven noteworthy and efficient in producing star polyfhetsh as seen iRigure 1.952
The complex inFigure 1.9 was the first report of a tarmed pseudorotaxane; this was
accomplished through the use of a dialkylammonium guest and di@drmown-8 host . The

average association constant for thiseystvas 25 x 1AM
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Figure 1.9.Star Polymer from hosjuest moieties by Gibson and cowork¥rs.

When correctly constructed, crown ether complexes can have the ability to function as
molecular muscles. As an example of this, consider the crown ether system developed by
Stoddart and coworker§chemel.3 a daisy chain (poly[2]rotaxane) composed of2288
(dibenze24-crown8) with paraquat and a dialkylammonium guests built into the polymer
backboné?® The DB24C8 within the system has a preference to associate with the
dialkylammonium; however, in its absence it Iwikssociate with the paraquat. The
dialkylammonium §cheme 1.3may be deprotonated by base to convert the group into a neutral
species and thereby eliminate complexation, while simultaneously shifting complexation to the

paraquat. Additionally, througtine addition of an acid, the dialkylamine may be reprotonated,
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causing complexation to revert to its previous state. This leads to the polymer functioning as a

molecular muscle controlled by external stimuli.

o [ @

4 PF6- —x

X Q: e e i

Scheme 13. Molecular muscle by Stoddart and coworRéfs

5. Research objectives

With any hostguest system, preliminary work begins with a search for an appropriate
host guest pair, either by analysis of known systems or a synthetichskarnew pairs. The
Gibson group in the past has targeted crown ethers and cryptands for complexations with
alkylammonium and pyridinium salts, laying the ground work for synthetic routes for the

production of crown ethers, and an understanding of heset complexations occur by analysis
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of X-ray crystal structures. Chapters 2 and 4 of this dissertation will focus on the development

of new hosts and guests, respectively.

Of particular interest, regarding hbgtiest systems, are the pyridyl cryptarmm$thgroup
and the guest group of paraquats. Crown ethers have been shown to complex paraquat in the
range of 18 M in acetone, while affording two possibilities for complexation, either by
threading or folding of the crown ether around the paraquat to form dikaamomplex. The
analogous cryptands, however, give complexations in the rangeidf0i®1 in acetoneand
give complexations by threading alone, making them advantageous to use over crown ethers.
Gibson et al. have provided an adequate high yielding regioselective route to produce pure
disubstituted dibenzo crown ethers through templafiomhile work by Pederson et al. have
provided a route to the synthesis of-pygidino cryptand of cis dibenz80-crown-10 (Scheme
1.4).1° Additionally the work by Pederson et al. showed the benefits of using a cryptand over its
crown ether counterpart, sues the increased binding constant and only threading occurring
during complexatiod® Problems with the pyridyl cryptand, however, remained with
functionalizing the cryptand, so that it may be further used to produce ansysteterest, and
determining how to appropriately scale the reaction and or reduce the time required to produce it.
The method for producing the cryptand required an excess of six days and was limited te pseudo
high dilution conditions. This promptech@ of our goals: the synthesis of a functionalized
cryptand, which may be easily modified in high yields to provide a range of cryptands, the

targets being derivatives of tBe6-pyridino cryptand otis dibenze30-crown-10.
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Scheme 14. Previous method for the synthesis of ffanctionalized cryptand

Chapter 3 focuses on relieving the burden of cryptand synthesis by developing a
templation method for cryptand synthesis which allows for an easig¥ sp and reduction in
overall reaction time. To bring about a solution to cryptand functionalization, we focused on the
4-position of its pyridine ring. One possibility for functionalizing the pyridine arm is to begin
with chelidamic acid, seen ischane 1.5 and convert the OH into some other easily
functionalized group. It should be noted that the chelidamic acid as its benzyl ether was reported
by Pedersor® to not provide a suitable pathway due to hydrogenolysis of the ester linkages upon
attempted deprotection. Horvath et al. provide a-yiglding synthetic route to chelidamic acid,
seen inScheme 1.5/ allowing Chapter 5 of this dissertation to focus on its derivatives. Chapter
6 and 7 then employ the derivatives of Chapter 5 to produce functionalized ceypGinapter 6
explores singly functionalized cryptands while Chapter 7 concentrates on the synthesis of
dicryptands. Chapters 8 builds upon the work of all previous chapters to prepare supramolecular
structures, polypseudorotaxanes and polymer chain®gtethrough the use of supramolecular

motifs.
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CHAPTER 2

NEW HOSTS

INTRODUCTION

In the field of hostguest chemistry there is an ey@pgressing race to find new higher
binding systemseasier to synthesize systems, and or systems that bind differently. This opens
the door to the production of new materials which may be accessed more easily than their
predecessors and/or possess unique properties. As an example, work in our grouytbhegan
modest binding bist-phenyleneR4crown8 / dialkylammonium systerh. Due to ion pairing
and higher association constants, the system was abandanétk fdibenze30-crown10 /
paraquat and bism-phenylene32crown10 / paraqudtsystem and then these systems were
eventually replaced by the higher binding cryptand / pssagombinatiort* With each change
the system was simplified and/or higher binding was achieved, leading to more efficient host
guest combinations. As an illustration of the impoct of this progression, if the goal is the
production of supramolecular polymers or chain extension, with every increase in binding,
higher molecular weights are achieved or a higher degree of chain extension is reached,
respectively. Since the synthesis of the pyridyl diber0-crown-10 cryptands and the recent
introduction of pseudocryptands achieving association constants close to those of the
corresponding cryptands with paraqgbaffort has been put into exploring pseudocryptands.
Pseudocryptands acgclic host compounds which contain one or two unconnected arms that can
come together reversibly, by some driving force, to form a third arm to yield a crjjand
structure; these compounds are an extension to the class of pseudomacrocyclic cofiounds.

Figure 2.1provides cartoon examples of pseudocryptands.
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Single Armed Host Pseudocryptands
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Some driving force

Double Armed Host
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Figure 2.1. Cartoon depicting pseudocryptands.

Crown ether derivatives now offer an ease of synthesis and association constants
competitive with their cryptand counter parts, as well as they can provide insight into the design
of better cryptands. Here we explore the effects of the attachment ofdgl mster tocis-
di(hydroxymethylbenzeg0-crown-10. The variation of the point of attachment of the pyridyl
group is expected to greatly affect the way in which the host interacts with either diquat or
paraquat P{.

This leads to the conclusion that fayridyl cryptands there must be an optimal pyridyl
attachment to optimize binding for a given guest. Thus, a series containing three isomeric
pyridyl esters was synthesizeBcheme 2.1 The underlying idea is that by changing the
orientation in whichhe pyridyl ring could hydrogen interact with guests, we could better direct
the synthesis of novel cryptands to allow for higher association constants with paraquat and

diquat.
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Scheme 2. Synthesis opyridyl esters of dibenz80-crown10: pseudocryptandgai 3c.

RESULTS AND DISCUSSION
A series of three pyridyl esters of diber@@crown10 pseudocryptands3ai 3¢
(Scheme 2.1 was synthesized and association constants with paraquat and diquat were
detemined. As is the case with ndanctionalized dibenz80-crown-10 and its cryptand
counterpart,’®it was suspected that association constants ditfuat would be higher than with

paraquat.Table 2.1shows ITC data for titrations conducted in acetone at 25 °C.

Table 21. ITC results foBai 3c with diquat and paraquat obtained in acetone at 25 °C via ITC.

Diquat
3a 3b 3c

40.6 4.36 3.50
10°Ka(MY) (£1.9) (£0.10) (£0.09)

16.28 14.96 14.83
oG (kcal mott) (£0.29) (x0.11) (#0.13)

117.4 117.3 117.7
oqH (kcal mot?) (#0.1) (+0.2) (£0.2)

137.3 141.4 143.2
oS (cal moft K1) (+1.8) (+1.1) (+1.3)
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Paraquat
3a 3b 3c
207 785 162
Ka(M™Y) (+5) (x12) (x11)
i3.16 i3.95 i3.95
oI5 (kcal mott) (+0.08) (+0.06) (+0.20)
i4.31 i10.2 i5.60
oH (kcal mot?) (0.04) (+0.1) (+0.08)
i3.86 i21.0 i8.66
oS (cal mot K% | (x0.10) (+0.35) (+0.60)

As expected the ITC data confirmed that association constands,f8b, and3c were
better with diquat P4 than paraquat RE Interestingly however, the ITC data reveals that
attachment at the-gosition gives the highest association constant withatjgvhile attachment
at the 3position is advantageous for binding paraquat. Looking first at the diquat series, as the
pyridyl ringbés att ac Ipositton to 2,iDsl remeing thel sarher wotmin t h e
experimental error, whil®S becomes more gative. This is likely a result of the extent to
which the cavity and pyridyl arms have to open to allow for optimal binding; thus as the
attachment is moved, a larger volume is reached to obtain optimal placement of the pyridyl
groups. Looking at the paquat series, the interesting data point is the complex of paraquat with
3b, although theDS term is significantly lower than for the other two complexes, its higher
association constant can be attributed to it having a much larger enthalpy change.

Since ITC fits data to a given stoichiometric model, a Job Plot was constructed to confirm
1:1 compexation. In theH NMR titration experimenBa was titrated with diquat in varying
ratios of crown:diquat from 9:1 to 1:9%igure 2.2 shows the Job Plot. Thdata indicates that

the binding stoichiometry &a with diquat is 1:1.
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Figure 22. 500 MHz 'H NMR Job Plot titration of3a with diquat in acetonés at room
temperature; Hused for analysis.

Interestingly, using the obtaingddH andnS values fronTTable 2.1, a linear relationship
results when constructing a scatter plot of enthalpy vs. entropy for the complete s8&ie3cof
seen inFigure 2.3 This type of correlation has been observed and described within peer
reviewed literaturén terms of enthalgyentropy compensatiori*® Correlations such as those
observed inFigure 2.3 have reently driven arguments for a connection between entropy and
internally stored energieé hidden term(s) connecting enthalpy and entrSmnd the potential

for a fourth law of thermodynamics that explains intermolecular binding procésstsvever,
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for this system and those found within literature sourdédthe reason for this correlation is not

yet apparent.

Series3a- 3cEnthalpy vs. Entropy

20 -15 -10 -5 -0.005.0

-0.01

? -0.015
g/ -0.02
§ y = 0.0028x + 0.0073 0025
=3 R2 =0.9892 -0.03
2 -0.035
-0.04

-0.045

-0.05

nH (kcal/mol)

Figure 2.3. Scatter plot of enthalpies vs. entropies3ai 3c determined at 25 °C in acetone,
values taken fronfable 2.1

Table 2.2 provides association constants for similar rfiphenylene)32-crown-10
pseudocryptands; compoudd is the analogous 32own-10 version of3a, while compounds
4b and4c have been designed to increase binding with paraquat. Directly compatimga, it
can be seen that the paraquat bindinglafs an order of magnitude higher thds, but the
diquat binding of3a is nearly two orders of magnitude higher tin It is worth pointing out

that3abound diquat better than the highly evolved Hast
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Table 22. Kavalues fordai 4cwith paraqudtand diquaf,

Complex 102 Ka(M?)
4aA paraquat 3.2
4bA paraquat 12.4
4cA paraquat 250
4aA di quat 0.77
4bA diquat 0.56
4cA diquat 3
? N
O N
4a.R = — | _—
0] 0] 0] 0] 0] 0]
N
A0
RQ %}R 4b.R = _
O O o o o O NN
/S (0] X X
4c.R = | A
a. valueobtained in CD@CDCN (1/1, v/v) vitH NMR.
b. value obtained in CHOTHCN (1/1, v/v) via ITC.
c. value obtained in acetond; at 25°C viatH NMR.
d. value obtained in acetone at 2& via ITC.

From the ITC data it can be directly concluded thatdiguat Pk, 3ais optimal. To
identify the role of the pyridyl group at differing positions and gain insight into the design of
better systems, structural information for the complex must be gathered. Both 2D NOESY and
X-ray crystallography have been doyed to provide 3D representations of the complexes. 2D
NOESY spectra taken in acetedgeat room temperature are as follovidgure 2.4(3a0 D Q
PFs), Figure 2.5(3b 0 D Q) andFigure 2.6 (3c6 D Qg). XFay crystallography o8b A

DQ PFs grown by vapor diffusion of ether into acetone is showRigure 2.7.
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Figure 24. Top: 500 MHz'H NMR spectrum of a 1:1 mixture (15 mM) 8& and diquat P§
taken in acetonds. Bottom: 2D NOESY of a 1:1 mixture 8a and diquat P&taken in acetone
ds; peaks of interest are highlighted and a possible 3D structure is shown.
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Figure 25. Top: 500 MHz*H NMR spectrum of a 1:1 mixture (15 mM) 8b and diquat P&
taken in acetonds. Bottom: 2D NOESY of a 1:1 mixture 8b and diquat P§taken in acetone
ds; peaks of interest are highlighted and a possible 3D structure is shown.
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of interest are highlighted and a possible 3D structure is shown.
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artifacts, and noguest hydrogens have been removed for clarity): a) side view; b) top down
view; c¢) hydrogen bondingo the m-ethyleneoxy chain; d) hydrogen bonding to tpe
ethyleneoxy chain; e) hydrogen bonding at the ester; f) stru@brasd diquat. Hydrogehond
parameters: G-O distances (A), &1---O distances (A), ¢ ---O angles (deg) A: 3.455, 2.887,
117.29;B: 3.088, 2.405, 128.55; C: 3.605, 2.843, 137.98; D: 3.072, 2.093, 170.35; E: 3.031,
2.541, 110.42; F: 3.117, 2.458, 123.64; G: 3.320, 2.451, 146.20; H: 3.340, 2.447, 149.74; I
3.421, 2.739, 126.35; J: 3.278, 2.808, 109.76; K: 3.619, 2.722, 150.9&81;, 2.399, 154.19;

M: 2.954, 2.230, 132.31; N: 3.679, 3.170, 113.52; O: 3.445, 2.470, 173.75; P: 3.265, 2.470,
141.24. Xray crystallography was performed and solved by Dr. Carla Slebodnick.

Complexes of3ai c with diquat, all contain roughly the same NOESY coupling, no
interaction between the hydrogens of the substituted pyridine ring and those of the diquat cation
and notable coupling between protons V and W of diquat with ethyleneoxy signals of the host.
These results give support to the conclusion that diquat is likely sitting in a cupped pocket
formed by the crown (similar to other taco structures observed for di3€ha@wn10
system$!9). As to how the pyridyl groups are orientated in space, it is suspected that in the
complex of3aA di quat , the pyridyl rings are sitting
Figure 2.4, while in the complexes @b and3c, the arms sit over orenother, but the pyridyl
units point outwardssigure 2.5andFigure 2.6 In Figure 2.4a NOESY correlation is present
between two protons that are on opposite sides of the pyridyl ring, protons A and D; the only
logical conclusion for this is that the awpyridyl rings of3a are sitting on top of one another.
Similar coupling was not observed 8b or 3c with diquat. The lack of a distinguishable
coupling between the pyridyl rings 8b and3c give rise to the speculation thastacking of the
pyridyl groups is not occurring in either complex with diquat, as is likely the case3aiind
has been observed dgomplexes o#ta.®°

In the X-ray crystallographic structure 80 A  d i Rigura 2.7, most of the hydrogen
bonding is occurring between the ethyleneoxy units and diqudt e pyridyl nitrogen atoms

sit too far away to play an active role. Additionally, it can be seen that only one carbonyl oxygen
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is precipitating in hydrogen bonding. This gives rise to the conclusion that in the c3ise of
complexing with diquat the &iched pyridyl arms are offering little benefit in the way of binding.
As NOESY spectra are very similar among all three complexes, with the exceptBanlof
diquat, suggesting the pyridyl rings are stacked, it is suspected that all three complexas adopt
arrangement similar to that observedrigure 2.7. Due to the association constant3afwith
diquat being nearly an order of magnitude higher 8taar 3c, it is concluded that for diqua8a

is the only compound with a significant benefit from #tiached pyridyl groups.

Conclusion

Three pseudocryptands were successfully synthesized. The placement gdytiayl2
carboxylate group in the crown diol diester provided the best overall binding coBstamt,i g u a t
in this series. However, all ahese hosts3@ 3c) were worse in terms of the binding strength
than the parent crown diol,a& 5.0 x 16 M with diquat and 1.1 x oM with paraquat
(acetone, 25 °CY¥ Considering the association constants observed3aithd i quat % 4. 06
M) and3bd p a r a @M}, the(addition of the pyridyl ring resulted in a less receptive host
pocket. Considering thattf8® di quat association constant was
than those of3b and 3c, this was the only diquat or paraquat complex to show a NOESY
correlation that suggested a pseudocryptand. The formation of a pseudocryptand is thus

beneficial in terms of association constants.
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EXPERIMENTAL
General Information: *Hi NMR spectra were obtained on JEOL ECLIPSI, BRUKER500,
and AGILENT-NMR-vnmrs400 spectrometers-3Ci NMR spectra were collected at 125 MHz
and 101 MHz on these instruments, respectively.i M& were obtained using an Agilent LC
ESFTOF system. Reagenwere purchased and used as received without further purification,
except for DCM, which was dried by distillation over CaH. Compodndias made in
accordance with a literature procedure; similar yields were achfelB@.results were obtained
using an instrument from Microcal, Inc.-rdy crystallography was performed at Virginia Tech
and solved by Carla Slebodnick. Crystal structur@m® D Q wdsgrown by slow vapor
diffusion of ether into an acetone equimolar solutionrra)X crystallography tables can be found
in the appendix of this dissertation.
Example of ITC Titration Method: Two different ITC titration methods were used for this
work; in each the first data point was ignored to avoid error. Low gain titrations with paraquat
PFs employed 25 aliquots using host in the cell (5 mM) and guest in the syringe (75 mM). High
gain titrations with diquat REmployed 100 aliquots using host iretcell (0.99 mM) and guest
in the syringe (15 mM). For both methods acetone was used as the solvent and experiments were
conducted at 25 °C. The following is a detailed description of titration of diqyatifFla; the
other systems were done similawith slightly different concentrations. Ha34a was loaded into
the cell of the instrument at a concentration of 0.994 mM, while a 250 pL ITC syringe was
loaded with diquat RfFat a concentration of 15.00 mM. The instrument was set to high gain
(high sensitivity). The titration was achieved through 100 injections of 2.50 pL every 180 s; a
primary filter period of 2 s and a secondary filter period of 4 s were applied (filter period switch

time was set to 120 s). A background titration used exactlyathe sitration conditions with the
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exception that the solution 8&in the cell was replaced with acetone. The heats for the dilution
experiment were subtracted from the heats for the titration of diquatiPF3a. Analysis of the

data was carriedousui ng software provided by the manuf a
was used; stoichiometries other than 1:1 prov
model was justified by an NMBased Job Plot.

'H NMR Job Plot Titration: A diquat séution was made at 0.968 mM aBd at 0.987 mM,

both in deuterated acetone. NMR solutions were made at ratios of host/guest: 9.0/1.0, 7.0/3.0,
6.0/4.0, 5.0/5.0, 4.0/6.0, 3.0/7.0, and 1.0/9.0. Aromatic hydrogeRiglire 2.2 of the crown

was observed fahe titration due to its large chemical shift.

General procedure 1, acid chlorides. Picolinoyl chloride (2a): Thionyl chloride (18.0 mL,

247 mmol) was added to a flask containing picolinic acid (4.35 g, 35.4 mmol) with magnetic
stirring under nitrogen.The reaction mixture was allowed to stir at room temperature for 48 h,
followed by removal of the excess thionyl chloride using evaporation to provide the desired
product, 5.00 g (100%). No further purification was performed; the product was usely.direct
General procedure 2. Cisi( 4 ,-Dlyfi(inethylene)picolinate)}dibenzo-30-crown-10 (3a).
Picolinoyl chloride (3.21 g, 22.7 mmol) was added to a flask with magnetic stirring, freshly
distilled DCM (125 mL), and pyridine (2.9 mL, 36 mmol). The mixture was stirred brieflland
(0.38 g, 0.64 mmol) was added and the flask was placed underenittogstir at room
temperature for 48 h. Solvent was removed by rotary evaporation and the residue was dissolved
in chloroform (50 mL). The mixture was washed with water (10 mL x 1), 2% NaHTDmL

x 3), water (10 mL x 1), 1 M HCI (until the aqueoussivavas clearandwater again until pH 7.

The organic layer was dried over sodium sulfate and solvent was removed by rotary evaporation.

The crude material was purified using column chromatography: neutral alumina eluting with
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96:4 chloroform to methanab give the desired product, white solid 0.45 g (87%), mp 97.1

99.2C. 'HNMR (500 MHz,CDC4) U4 8. 76 (m, 2H), 8.12 (m, 2H)
7.06 7.00 (m, 4H), 6.85 (d] = 8 Hz, 2H), 5.36 (s, 4H), 4.14 (m, 8H), 38982 (m, 8H), 3.78

3.72 (m, 8H), 3.693.64 (m, 9H).3C NMR (101 MHz,CDG&) U 165.07 (s), 149.
(s), 148.90 (s), 148.08 (s), 136.97 (s), 128.73 (s), 126.90 (s), 125.26 (s), 122.36 (s), 115.10 (s),
113.97 (s), 70.90 (s), 70.70 (s), 69.69 (s), 69.15 (s), 67.521g)eaks expected and 17 peaks

found due to ethyleneoxy peak overlap). THRS: calc for GoHsoN20O14 [M+NH4]": m/z

824.3600; found: m/z 824.3567 errod(1 ppm)

Nicotinoyl Chloride (2b). General procedure 1 was used to produce a solid (3.68 g, 100%)
using thionyl chloride (15.0 mL, 206 mmol) and nicotinic acid (3.20 g, 26.0 mmol)

Isonicotinoyl Chloride (2c). General procedure 1 was used to produce a solid (3.69 g, 100%)
using: thionyl diloride (10 mL, 138 mmol) and isonicotinic acid (3.21 g, 26.1 mmol)

Cisi ( 4 ,-Dlyfi(inethylene)nicotinate)-dibenzo-30-crown-10 (3b). General procedure 2 was

used with nicotinoyl chloride (3.00 g, 21.2 mmol), DCM (150 mL), pyridine (5.0 mL, 62 mmol),

andl (0.51655 g, 0.86574 mmol) to produce a white crystalline solid (0.6655 g, 95%), mp 62.8

671 C.'THNMR (500 MHz, CDG) U 9.24 (m, 2H), 8.77 (m, 2H)
6.98 (m, 4H), 6.87 (d] = 8 Hz, 2H), 5.29 (s, 4H), 4.18.12 (m, 8H), 3.903.84 (m, 8H), 3.77

(m, 8H), 3.68 (M, 9H)3C NMR (126 MHz,CDG&)) U 165. 17 (s), 153.47 (
(s), 148.97 (s), 137.17 (s), 128.54 (s), 126.12 (s), 123.31 (s), 122.03 (S), 114.84 (S), 113.96 (s),
70.92 (s), 70.72 (s), 69.71 (s), 69.68 69.21 (s), 69.12 (s), 67.14 (S) (21 peaks expected and 19
peaks found due to ethyleneoxy peak overlap).i M&: calc for GoHsoN2O14 [M + NH4]*: m/z

824.3600; found: m/z 824.3584 erroR(0 ppm)
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Cisi ( 4 ,-Dly@i(inethylene)isonicotinate}dibenzo-30-crown-10 (3c). General procedure 2

using: isonicotinoyl chloride (3.69 g, 26.1 mmol) DCM (125 mL), pyridine (2.8 mL, 34.8 mmol),
and1 (0.34 g, 0.570 mmol) produced a white solid (0.42 g, 91%), mpi 88383 . H NMR

(500 MHz,CDC$) U 8. 76 ( m, 4 H®$.95(nY, 4H3, 6.86((din~ 8 H4,BH),,5.287 . 0 0
(s, 4H), 4.15 (m, 9H), 3.93.85 (m, 8H), 3.78 3.74 (m, 8H), 3.67 (m, 8H)3C NMR (126
MHz,CDCk) U0 165. 00 (s), 15(@s), 630.37((, 128.281(%),42234(s),( s ) ,
122.13 (s), 114.94 (s), 113.96 (s), 70.91 (s), 70.70 (s), 69.71 (s), 69.66 (s), 69.22 (s), 69.10 (s),
67.51 (s). (19 peaks expected and 17 peaks found due to ethyleneoxy peak overidgp: HR

calc for GoHsoN2014 [M + NH4]*: m/z 824.3600; found: m/z 824.3615 error (1.7 ppm)
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Chapter 3

Cryptand Templation

Introduction

Crown ethers are well known and have been greatly studied for their role as hosts in
supramolecular chemistry. Although thebests are capable of producing a wealth of
supramolecular chemistries, the fact remains that their association constants with most guests is
less than desirable and in many cases hinders the usage of the systems in certain supramolecular
architectures. Tdn typical association constant for-2own8 to 32crown10 macrocycles
paired with a variety of guests, such as dialkyl ammonium and paraquat, lie in the range of
approximately 101 10312 The exceptions to this are the highly evolved pseudocryptand
derivatives of bigfrphenylene}32crown10, which have achieved association constants as high
as 5 x 18 with paraquaf. High assomtion constants are important, because the production of
polypseudorotaxaes suffer when an inadequate association constant is employed. As an
example, the degree of polymerization for polypseudorotaxanes can be directly estimated from
the association catant of the host and guest. Thus lower association constants require higher
concentrations to achieve polymer formation. To illustrate this, consui&r 4 - 4 Nj)
di(hydroxymethylbenze30-crown-10 with paraquat; the system has an association constant of
1.1 x 1¢ M in acetone at 25 °C. Using the equation DP #Hk,)'? to estimate the degree of
polymerization, it can be seen that if this system was used to produce polypseudorotaxanes at a 1
M concentration, only a DP of 33 would be achievable. Adtively, the association constant of
the cryptandé with paraquat has an association constant of 5.0°XMtbin acetone at room

temperature. Using the previous equation DP FH}&)Y2 with 5.0 x 16, it can be seen that a
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DP of 2,236 would be obtainable at a 1 M concentration with this system. Clearly high
association constants are advantageous.

Since the widespread adoption of crown ethers such as di3érown-10 and bisfr
phenyleneB2crownn10 for paraquat and digu complexes, research geared towards the
production of a third arm of the macrocycles has significantly increased binding. Macrocycles
containing a bridge are generally referred to as cryptdfigare 3.1 shows several cryptands
that have significantlyncreased binding over their crown ether counterpdgdble 3.1gives the

association constants of those compounds with dimethyl paragu@gf) PF

Table 31. Association constant summary
hosts11 6 with 7. Values were obtained frot

o 000 B e d Y Y o~ | literature sources fat A2 A2B Ala A°B A7
LQ @J X 2 )8

oo g o A and 6 A*7Association constants obtained
Ho PR, acetone at room temperature.
/jjmx OQJ;@LQO Complex Ka(M™)
%{%ﬁil&}}j L\%ﬂ*f 1A7 5.7x 107
L3 2 A7 1.1x 16

§£;$§i;£? A T 3A7 6.4x 16

4 A7 6.1 x1d
b N~ ol
’ 7 " 5A7 1.0x 10
6 A7 5.0x 16

Figure 3.1. Sample host progression to cryptands.

From Table 3.1it can be seen that cryptands, when correctly designed, offer superior

association constants to their crown ether counterparts. Pyridyl cryptands dueinds are
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particularly noteworthy, affording association constants in the range®ob 1@ M*; their use,
however, has been greatly hindered due to synthetic difficulties. The syntheSeand6

require cyclization reactions to form crown ethers first then second cyclization reactions to form
the cryptands. The results of multiple cyclizatiomaat®ons are lengthy reactions times, large
volumes of solvent and low yields. To increase the deployméesit@®and similar derivatives,

work was conducted to optimize the syntheses of these compounds, such that reaction times

could be lowered and yieldiscreased.

Results and Discussion

During routine work on the production of pyridyl cryptanBis general pseudbigh
dilution conditions worked out by Pederson et al. were emplbyad.the procedure employed
large volumes of the solvent DCMshift was made to dry it via activated acidic alumina rather
than distillation over CaH. Upon changing the drying method, significant yield increases in
cryptand cyclization reactions were observed. It was determined that these yield increases were
due b acidic alumina leaching into DCM and reacting with pyridine to form a pyridinium cation.
The pyridinium cation was then suspected to act as a template for the cyclization reaction. This
led to the examination of several pyridnium cations as potemtmaplates: acidic alumina /
pyridine, pyridinium acetate, pyridinium-toluenesulfonate, pyridinium chloride, pyridinium
PFs, paraquat PfFand pyridinium TFSI.

The first templation experiments were carried out with acidic alumina / pyridine. At the
time of this work, an aryl bromide derivative ®fwas sought after for its potential in coupling

reactions; for thisreason,initial optimizations focused on the gimesis of 9, while later
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optimizations focused on the synthesis%of After the development of a procedure for the
templation of5, it was tested on two other pyridyl cryptands, miphenylene32-crown-10 and
dibenze24-crown8. Emphasis was placed tire synthesis db, because a high yield templated
procedure already existed for its precurdt, Scheme 3.1shows the synthesis 8fwith two

different synthetic methodologies: syringe pump addition and direct addition. Syringe pump
additions dhered to the procedure of Pederson et al., except in that a template was added to the
reaction; both8 and 2 were dissolved in separate solutions of DCM and loaded into syringes
which were pumped into the reaction flask charged with DCM, pyridine anch@ate under
nitrogen. For direct additions the reaction flask was charged with DCM, pyriding, ameed

for 15 min and was added all at once.

0. o] o o] o)
) VA VA VAR W4

/—< >—Br
O / \ / \ / \ / \
(0] o o o O

YKL o, J T
(e] = (0]

N
Cl Cl

8

Syringe Pump Addition | Direct Addition
DCM, Pyridine, DCM, Pyridine,
Template Template

Br
(0] <>

S
pZ

o
K@ooooojg)
9

o) o] o o o)
ANV A WA 4

Scheme 3L. Synthesis o08.

Table 3.2 provides the experimental results f@rwith templation. Experimentation
focused heavily upon direct addition methods, given that syringe pump additions are time

consuming and effective templation should negate the need for psigiddilution conditios.
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By simply filtering DCM through a column of acidic alumina and carrying out syringe pump

addition, a yield of 78% was achievable.

Table 3.2indicates yields of 3010 % via direct addition using acidic alumina / pyridine,
4 |, -digyridinium PFs or pyridinium p-toluenesulfonate. Poor results for pyridinium chloride
reflected its poor solubility in DCM. Pyridiniup-toluenesulfonate was troublesome to remove
and the acidic alumina / pyridine mixture seemed to consu®isagmehow. Inspection of
mul tiple reaction mixtures empl olypyridigiumtPF e
template revealed large amounts of unreac®edthis could be remedied through three
consecutive additions @. It was suspected that consumptionBofias likely due to residual
water i n the a chipgridicium&f. vAdditionally, & wag determiheéd that there
was no r e a slopgridiniuon PRg ever pydidindird salt given that no significant yield

i ncreases wer ipyodnisne PRy i@ dhe presefice Hf pyridine would yield

pyridinium PFs as seen ifrigure 3.2 Further inspection also reveals that the yield of the acidic

aci d

alumina/pyridine system was inversely related to the amount of base added; typically, the more

pyridine added tthe reaction 09, the lower the yield.
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Table 32. Initial templation experiments for the synthesi®of

host guest Time
exp.. Addition (mmol) (mmol) (h) DCM (L) dried by Base/vol(mL) Additive Yield
1.0 acidic
1| mL/h 0.71548 0.71722 97 2.7 alumina Pyridine /2.4 N/A 78%
15 acidic
2 | mL/h 1.211 1.214 240 2.7 alumina Pyridine / 3 N/A 46%
acidic
3 | Direct 0.5993 0.5997 48 0.700 alumina Pyridine/ 5 N/A 31%
15
4 | mL/h 0.9003 0.9043 162.5 2.7 CaH Pyridine / 15 N/A 20%
acidic
5 | Direct 0.5868 1.184 41 0.600 alumina Pyridine /5 N/A 30%
acidic
6 | Direct 1.084 1.184 65 0.700 alumina Pyridine 5 acidicaluminalg 36%
7 | Direct 0.6505 0.6532 62 0.300 CaH Pyridine / 10.5  acetic acid 3.5 mL 0%
8 | Direct 0.3989 0.4033 52 0.700 CaH Pyridine / 5 neutral alumina 1g 0%
pyridinium p
toluenesulfonate
9* | Direct 0.4291 0.4437 67 0.600 CaH Pyridine / 5 134¢9 30%
pyridinium chloride
10 | Direct 0.3127 0.3187 242 0.700 CaH Pyridine / 5 1g 11%
11 | Direct 0.4562 0.46205 116 0.750 CaH Pyridine / 5 pyridium HPF 1%
12 | Direct 0.4177 0.41943 70 0.750 CaH Pyridine / 3 paraquat HPFs 31%
n >-Bigyridyl /
13 | Direct 0.4324 0.4388 24 0.750 CaH l4g paraquat HPF 23%
n >-Bigyridyl /
14 | Direct 0.4086 0.41434 48 0.750 CaH 18g acidic alumina 1 g 1%
15 | Direct 0.3915 0.428 60 0.200 CaH Pyridine / 5 acidic aluminalg 23%
16 | Direct 0.4049 0.4128 54 1.75 CaH Pyridine / 10 acidic alumina 1 g 1%
17 | Direct 0.5385 0.5416 18 0.700 CaH Pyridine / 3.5 paraquat HPF 24%
18** | Direct 0.6516 1.9018 48 0.700 CaH Pyridine / 4 paraquat HPF 85%
~Notes~

* product would not decomplex from guest. Yield has been adjusted for by subtracting out a 1:1 complex of gt
** 3 additions of the acid chloride were made 12 h apart

N\ +
H
- - O p— — N\ F\||:,F
+ + + o) ,P;
FhF

FEF FF

P. RN ,
FLF F'eF F'LF

Figure 3.2. Paraquat HPFs conversion to pyridinium Rfn the presence of pyridine.
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Although the acidic alumina/pyridine system could be made to work through multiple
additions of8, optimizations would need to made wekiery new purchase of acidic alumina,
due to inconsistences found between products. Thus the acidic alumina system was abandoned.
Secondl vy, t her e waipyridnoum RReoees sopyridihiton salts €his #ed tdé 6
the conclusion that a pyfidum salt should be investigated; it should be soluble in DCM and
hydrophobic to prevent residual water from wrecking the reaction.

These guidelines led to the adoption of pyridinium THS3J,as a template; the salt is
highly soluble in DCM, reasonabligydrophobic and can be easily dried via melting under
vacuum. The template was optimized for the synthedis®theme 3.2and emphasis was once

again placed on a direct addition of reagents without the use of a syringe pump.

Direct Addition
DCM, Pyridine,

F F

Pyridinium TFSI = ~N=~

y | s e
£O0 O

ol\o 1

Scheme 2. Synthesis 0b.
To provide a better understanding of the systems, the association constgr2s 56,

12 and13were obtained with pyridinium TFSI in DCM at room temperature by [M&ble 3.3.

51



SN NN
o e} o o (o)

[ HO OH
o N 1
o o o o ¢
VA VAL VA
Direct Addition

DCM, Pyridine,
Pyridinium TFSI

-—

Q Q o) o) o
AV VA VA

|
YQYO HO/\©: 12

X NN
(0} o o 0.

j@ﬂori

o) o)
SNV AN

DCM, Pyridine,

Direct Addition
Pyridinium TFSI

X
o | o)

-
o S\ (0]
0} o o (¢}
T e 0y
o) o}

SN AN

Scheme 3. Synthesis o6 and13.

Table 33. Association constants of hodts?, 5, 6, 12 and13 with guestl1lin DCM at 25 °C;

error is indicated in parenthesis.

Complex Ka &G aH a5
(M) (kcal/mol) (kcal/mol) (cal/mol K)
1A11 5.31x 16 13.72 14.14 11.42
crown (+0.69 x 16) (+0.48) (x0.24) (+0.20)
6 A11 1.37 x 16 15.64 111.6 120.0
cryptand (+0.08 x 10) (+0.33) (x0.1) (#1.2)
2 A11 7.46 x 16 13.92 17.40 111.7
crown (+0.57 x 16) (x0.30) (x0.23) (#1.0)
5A11 2.34 x 10 15.96 115.1 130.7
cryptand (+0.11 x 10) (+0.28) (#0.1) (+1.5)
12A11 1.58 x 16 14.36 12.94 4.78
crown (+0.21 x 16) (+0.58) (x0.12) (£0.67)
13A11 8.69 x 10 16.74 111.5 116.0
cryptand (+0.18 x 10) (x0.14) (#0.1) (#0.3)
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The crytands §, 6, 13) display higher association constants than their crown ether
precursors i, 2, 12). For1 vs. 6 and2 vs. 5 the increase is about 36ld. For 12 vs. 13 the
increase is only-%old. Additionally, it should be noted that the association constants of each
cryptand B, 6, 13) fell in the range of 19 which is quite remarkable considering the association
constant ob with dimethyl paraquat Rfin acetone aroom temperature is 1.0 x°16

Inspection of the crystal structure 11 (Figure 3.3 shows hydrogen bondings and
the shape of the complex. Water and chloroform have been incorporated into the crystal structure
in a ratio of 1:1:1:1, fowater:chlorofornb:11. The presence of water has been attributed to the
usage of noranhydrous solvents. Both water and chloroform play an active role in terms of
intermolecular interactions; water acts as a hydrogen bonding bridge between the pyfi¢inium
H and ethyleneoxy oxygen atoms and chloroform hydrogen bonds with two of the TFSI oxygens
(Figure 3.39. Interestingly, thep-ethyleneoxy chain o6 does not directly participate in

hydrogen bonding with 1.
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Pyridinium TFSI
11

Figure 3.3. Crystal structure o6 A11 grown by slow solvent evaporation of an equimolar
chloroform solution; hydrogens &fhave been removed for clarity; a) side view; b) top view; c)
hydrogen bonding involving chloroform, water and TFSI; d) hydrogen bonding involving the 3
substituted ethy@ineoxy chain (chloroform, water, and TFSI removed for clarity); e) planes of
stacked aromatic rings shown with centroids of stacked rings and plane inclinations indicated,; f)
structuress and11. Hydrogerbond parameters:-GO distances (A), @&---O disances (A), €

H ---O angles (deg) A: 3.633, 2.969, 124.71; B: 3.282, 2.289, 172.28; C: 3.503, 2.589, 161.71;
D: 2.660, 1.793, 167.73; E: 2.901, 2.097, 169.41; F: 2.861, 2.060, 170.62; G: 3.205, 2.663,
116.72; H: 3.315, 2.415, 157.98. Fdod a c-gackingparameters: centroicentroid distance
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(A): I: 3.972; J: 3.801; ring plane/ring plane inclinations (deg): i: 12.74°; ii: 0.182rayX
crystallography was performed and solved by Dr. Carla Slebodnick.

Although attempts to grow a crystal @fcomplexed wh 11 were fruitless, there is

literature precedence that wh&ncomplexes paraquats such Asthe host wraps around the

paraquat in a taco fashi6nConsidering this and the previous ITCray crystallography, and

templation results, it is reasable to suspect that the pyridinium cation is templating the

formation of the cryptand macrocycle by caus?tg adopt a tactike geometry Figure 3.4).
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d T o M L _o o o 07Nz
N o OH N ~ 0
NSNS » {%/ cl cl (o — )
HO 9] 8} 0 o o OH u» (o} N NH* pyridine-2,6-dicarbony! dichloride N—NH* o
Alee g i S . & :
Pyridinium Salt \
UARALR ¢ % O/\/Oﬁ o O/\/O)d
0—_-0 0™~-0
Preorganization by pyridinium ion 5

Figure 34. Proposed preorganization of didlt o a @At aco compl exo

pyridinium ion.

With these promising findings, optimization of a templated procedure ddirigr the

synthesis ob was begun%cheme 3.2 Emphasis was once again placed on directly combining

br ot

the reagents by vging the following parameters: reagent concentrations, base concentration,

pyridinium TFSI concentration, and solvent; results are summarizédhble 3.4 All reported

yields are isolated yields. Optimizations used the following addition and mixingpdaogy.

DCM, pyridine,2 and11 were allowed to mix for 15 min. followed by the complete addition of

10 into the reaction mixture. The reaction mixture was allowed to mix for 12 h; then workup

was begun. The workup procedure followed Pederson &ualyith alterations as follows. The

aqueous acidic wash step was removed. The column chromatography step was altered; instead of
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loading and eluting the compound over neutral alumina, the compound was loaded onto basic
alumina and eluted over neutral mwma. This allowed for the pyridinium cation to be

deprotonated to pyridine, for a simplified isolation procedure.

Table 34. Templation optimization of the synthesismfconcentrations in mM.

Experiment numbe| [2] =[10] [pyridine] [17] % Yield
1
0.719 1.7 0 31
nontemplated
Variation: Reagent concentrations
2 2.22 6.0 13.9 64
3 0.691 1.7 3.97 69
4 0.618 1.7 3.97 75
5 0.617 1.7 3.97 81
6 0.618 1.7 3.97 83
7 0.619 1.7 3.97 89
8 0.173 0.48 1.11 81
Variation: Pyridine
9 0.619 35 3.97 76
Variation: Pyridinium TFSI concentration
10 0.622 1.7 9.33 81
Variation: solvent change to chloroform
11 0.630 1.7 3.97 49
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The first parameter optimized was reagent concentration. Ideally at lower concentrations
the reaction would benefit from higtilution conditions in addition to the templating agent,
resulting in a yield increase. Acceptable yields were obtained over the entire starting nzaterial (
and 10) range of 0.173 mM to 2.22 mM, but there appeared to be little practical reason to go
belon the concentration of ~0.6 mM. Experiment 8 at a reagent concentration of 0.173 mM
gave a yield of 81% but required ~3.5 times the solvent. Repeating the ~0.6 mM reagent
experiment five times gave a low yield of 69% and a high of 89%; the variatioQ%fi2
attributed primarily to variations in quality and handling of the diacid chldt@egiven that it
was freshly synthesized for each experiment.

To determine the benefits of pyridinium TFSI as template, an experiment was run using
parameters similar to the ~0.6 mM experiments except in that no pyridinium TFSI was added; a
yield of 31% was obtained.

Using substrate concentrations of ~0.6 mM, thaceatration of pyridine was varied.
Although no significant yield change was observed by increasing the concentration of pyridine,
the use of less was advantageous because it allowed for an easier workup of the product during
column chromatography. Thua pyridine concentration of 1.7 mM was adopted, ~2.5
equivalents.

Next, testing was conducted to determine if increased amounts of pyridinium TSI (
influenced yields; the concentration was increased from 1.1 to 9.33 mM (15 equivalents), but no
significant yield change was observed. Thus, a pyridinium TFSI concentration of 3.97 mM, ~ 6
equivalents, was adopted.

Lastly, chloroform was tested as an alternative to DCM. A significant yield decrease was

observed, attributed to the decreased solubifityO;and11in chloroform.
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Using the general parameters obtained for the syntheSissobstrate concentrations of
~0.6 mM, ~2.5 equivalents of pyridine and ~6 equivalentslah DCM, the templatd1 was
tested for the formation of cryptan@snd13, Scheme 3.3 6 was produced in an 80% yield and
13 in 26% vyield. Considering templation was inefficient for the synthesid¢3o&nd the
association constant @2 with 11 was in the range of £@vhile the other crown ethers &nd?2)
were in the range df®?, stoichiometry of the complex was tested. USiHQNMR, a Job Plot
was made fod 1 with 12, Figure 3.5 Although ITC and reaction mixtures were carried out in
DCM, CDCk was chosen as thHeél NMR solvent for the Job Plot due to costs associated with

CD2Cl>.

JOB PLOT OE1 WITH 12

0.7

0.6

0.5

0.4

0.3

3H * CONC Hppm*mmol)

] 1
0.2
0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64 0.72 0.80 0.88

MOLE FRACTION QR

Figure 3.5. Job plot ofl1 with 12, obtained vidH NMR in CDCk at room temperature using
signal Hof 11. Give total concentration of components.

The Job plot ofigure 3.5shows a binding stoichiometry intermediate of 1:1 to 1:2 (0.50
to 0.66, respectively). Considering this point lies between the two and the lack of ability for
pyridinium TFSI to template the synthesis I8, it is reasoned that in solution, a mixture is

present of 1:1 and 1:2 complexes. It is reasoned that the 1:2 complex is brought about due to the
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alcohols of12 hydrogen bonding with pyridinium TFSI. Occupying the alcoholsl®fin
hydrogen bonding with pyridinium TFSI would inhabit the cyclizatiosct®sn and explain why

templation did not occur.

Conclusion
A successful templation reaction has been developed for the production of {aseyl
dibenze30-crown10 and bisfrphenylene32crown10 cryptands. Using ~6 equivalents of
templatell and sibstrate concentrations of ~0.6 mM, and ~2.5 equivalents of pyridine in DCM,
yields of 89 and 80% were obtained #and6, respectively. Additionallyll complexeds, 6

and13all with association constants in the range dfMd.

Experimental
Measurements: 'Hi NMR spectra were obtained on JEOL ECLIPSE, BRUKER500, and
AGILENT-NMR-vnmrs400 spectrometers-3Ci NMR spectra were collected at 125 MHz and
101 MHz on these instruments. HRS were obtained using an Agilent LESFTOF system.
X-ray crystallography was performed at Virginia Tech and solved by Carla Slebodnick. Crystal
structure o5 A11 was grown by slow solvent evaporation of an equimolar chloroform solution.
X-ray crystallography tables can be found in the appendix of thisrdisse. Reagents were
purchased and used as received without further purification. Compayr@l$ 1028 11,° and
12'9 were synthesizeth accordance with literature procedures; similar yields were obtained.

Compound was prepared as described in chapter 6.
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Example ITC titration : The association constants reported Xarwith 1, 2, 5, 6, 12 and 13

were obtained via ITC in DCM at 2%? The following is a detailed description of titration of

10 with 2; the other systems were done similarly with slightly different concentrations. 2Host
was loaded into the cell of the instrument at a concentration of 1.46 mM, while a 250 pL ITC
syringe was loaded withO at a concentration of 22.4 mM. The instrument was set to high gain
(high sensitivity). The titration was achieved through 50 injections of 5.00 uL every 180 s; a
primary filter period of 2 s and a secondary filter period of 4 s wppdied (filter period switch

time was set to 120 s). A background titration used exactly the same titration conditions with the
exception that the solution @was replaced with DCM. The heats for the dilution experiment
were subtracted from the he&bs the titration ofL0with 2. Analysis of the data was carried out
using software provided by the manufacturer. The first data point was ignored to avoid error. A
AOne Set of Siteso model was wused; sfisi chi ome
General procedure 1, syringe pump addition, dibenz80-crown-10 based pyridyl cryptand

5. To a round bottom flask containing DCM (2.5 L) was added acidic alumina (1.00 g) and
pyridine (2.00 mL, 24.7 mmol). The contents were mixed for 15 n#r(0.2942 g, 0.4931
mmol) and10 (0.1006, 0.4931 mmol) were each dissolved separately in DCM (25 mL) and
loaded into syringes and additions were made at 1 mL / h. The reaction mixture was allowed to
stir for 12 h and filtered. Following removal of solvent from the filtrate, the cruatermal was
dissolved in DCM (50 mL) and washed with 1 M HCI (3 x 15 mL) and water (3 x 15 mL).
Solvent was removed by rotary evaporation and the crude material was subjected to column
chromatography using basic alumina eluting with DCM then DCM : Me@HL(9:v). Isolated

a white solid, 0.2773 g (77%); mp 160.8162.9 °C (lit. mp 1600162.7 °C)¥ H NMR

spectrum (400 MHz, CDG) a 8= 833z, 2H),B.02 ()= 8 Hz, 1H), 6.94 (m, 4H), 6.77
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(d, J= 9 Hz, 2H), 5.33 (s, 4H), 4.18.13 (m,4H), 4.03 3.98 (m, 4H), 3.963.90 (m, 4H), 3.8%

3.79 (m, 4H), 3.763.72 (m, 4H), 3.723.66 (m, 8H), 3.663.61 (m, 4H). 3*C NMR spectrum
(101MHz,CDC}) : U 164.80, 148.99, 148.89, 148.40,
113.94, 70.98, 70.75, 70.720.61, 69.68, 69.46, 68.97, 68.79, 67.60 (19 signals expected and 19
signals found). HRMS: calc. for G/H4s014N [M + NH4]": m/z 745.3178; found: m/z 745.3170
(error 1 ppm).

General procedure2, direct addition, dibenze30-crown-10 based pyridyl cryptand5. To a

round bottom flask containing DCM (700 mL) was addéd1.00 g, 2.78 mmol), pyridine (2.00

mL, 24.7 mmol), an@ (0.2587 g, 4336 mmol). The contents of flask were allowed to stir for 15
min. 10 (0.0885 g, 4.34 mmol) was then added directlyht® reaction mixture. Stirring was
continued for 12 h at which time solvent was removed by rotary evaporation and the crude
material was subjected to column chromatography, basic alumina eluting with DCM and then
DCM to MeOH (99:1 v:v); isolated white $810.2807 g, (89%); mp 160.462.6 °C (lit mp
160.9162.7 °C)° H NMR spectrum (400 MHz, CD@)l : U 8= 8H3, 2H),B.02 (t)=8

Hz, 1H), 6.94 (m, 4H), 6.77 (d,= 9 Hz, 2H), 5.33 (s, 4H), 4.18.13 (m, 4H), 4.083.98 (m,

4H), 3.953.90 (m, 4H), 3.843.79 (m, 4H), 3.763.72 (m, 4H), 3.723.66 (m, 8H), 3.663.61

(m, 4H). C NMR spectrum (101 MHz, CDgIl: UG 164.80, 148.99, 148
128.17, 127.98,21.60, 114.21, 113.94, 70.98, 70.75, 70.72, 70.61, 69.68, 69.46, 68.97, 68.79,
67.60 (19 signals expected and 19 signals found)i M&R calc. for G7H4s014N [M + NH4] ™

m/z 745.3178; found: m/z 745.3170 (error 1 ppm).

Bis(m-phenylene}32-crown-10 based pyidyl cryptand 6. General procedure 2 was used
with: 11 (1.00 g, 2.78 mmol)1 (0.2507 g, 0.4202 mmol), pyridine (0.10 mL, 1.2 mmb0)

(0.0857 g, 0.420 mmol) and DCM (700 mL) to produce 0.2451 g, (80%) of a white solid; mp
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147.9 151.2°C, (lit mp 1536155.3 °C)? Isolated via column chromatography on basic alumina
eluting with DCM and then DCM:MeOH (99:1 v:viH NMR (400 MHz, CCls) U 8J=34 ( d,
8 Hz, 2H), 8.03 (tJ = 8 Hz, 1H), 6.54 (dJ = 2 Hz, 4H), 6.45 (tJ = 2 Hz, 2H), 5.31 (s, 4H),
3.96'3.88 (m, 8H), 3.763.71 (m, 8H), 3.613.59 (m, 16H). 3C NMR (101 MHz, CDG) U
165.10, 160.28, 148.50, 138.38, 137.51, 1281316.51, 102.41, 71.18, 71.00, 69.87, 67.87,
67.71 (13 signals expected and 13 signals found). High res MS: calcaAtus@N [M +

NH4]*: m/z 745.3178; found: m/z 745.3195 (eri@r3 ppm).

Dibenzo-30-crown-10 based 4(p-bromobenzyloxy)pyridyl cryptand 9. General procedure 1

was used with DCM (2.7 L), pyridine (2.4 mL3,(0.42690 g, 0.71548 mmol§ (0.27902 g,
0.71722 mmol) and acidic alumina as a template (1.00 g) to provide a solid which was purified
by column chromatography using basic aluminaieduthloroform : methanol (99 : 1); 0.5064 g,
(78%) of white solid, mp 188(892.7. 'H NMR (400 MHz,CDC§) & 7. 88 (385 2H),
8 Hz, 2H), 7.32 (dJ = 8 Hz, 2H), 6.9%6.92 (m, 4H), 6.77 (d) = 9 Hz, 2H), 5.30 (s, 4H), 5.18

(s, 2H), 4.204.11 M, 4H), 4.033.97 (m, 4H), 3.963.90 (m, 4H), 3.843.78 (m, 4H), 3.74 (m,

4H), 3.723.67 (m, 8H), 3.64 (m, 4H)}3C NMR (126 MHz, CDG)) U 166. 43 (s) ,
150.24 (s), 149.12 (s), 149.00 (s), 133.85 (s), 132.14 (s), 129.37 (s), 128.19 (s), (4p2.87
121.80 (s), 114.80 (s), 114.34 (s), 114.02 (s), 71.10 (s), 70/9666 (m), 70.03 (s), 69.79 (s),

69.55 (s), 69.09 (s), 68.90 (s), 67.83 (s) (24 peaks expected and 24 peaks found). High res MS:
calc. for GaHsgNO1sBr [M + H]*: m/z 912.2437; foundn/z 912.2452 (errdirl.6 ppm).
Bis(m-phenylene}24crown-8 based pyridyl cryptand 13 General procedure 2 was used with:
12(0.2491 g, 0.4898 mmol}0 (0.0999 g, 0.490 mmol), pyridine (0.10 mL, 1.2 mmal)(1.00

g, 2.78 mmol) and DCM (700 mL) to procki 0.0812 g, (26%); mp 160.1063.3°C, (lit mp

162.0162.5 °C)!! Isolation via column chromatography oasic alumina eluting with DCM
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and then DCM:MeOH (99:1 v:v) to yield white solild NMR (400 MHz, CDCJ) U 8J=34 ( d,
8 Hz, 2H), 8.03 (tJ = 8 Hz, 1H), 6.95 (dJ = 2 Hz, 2H), 6.92 (dd] = 2 Hz,J = 8 Hz, 2H), 6.75

(d,J = 8 Hz, 2H), 5.28 (s, 4H), 4.18.14 (m, 4H), 4.084.00 (m, 4H), 3.963.91 (m, 4H), 3.86

3.82 (m, 4H), 3.79 (s, 4H), 3.73 (s, 4H}C NMR (101 MHz,CDCG)) U 165. 21, 149. 5
148.65, 138.41, 128.28, 127.88, 122.37, 115.38, 113.55, 71.39, 709W, @083, 69.49, 68.98,

68.23 (17 signals expected and 17 signals found). High res MS: calczsfdg7NX0O12 [M +

NaJ*:: m/z 662.2208; found: m/z 662.2203 (error 0.8 ppm).
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Chapter 4

NEW GUESTS

INTRODUCTION

Association constants play a large role in supramolecular chemistry. Depending upon the
application, either lower or high association constants mageleed. For many systems the
desire is to have as much bound as possible, affording high molecular weight supramolecular
polymers and systems capable of seffair. Considering this, we seek hgaest systems that
either lead to higher binding possess a unique responsive progestyare easier to depldy.
Of particular interetsto our group are the diben@®-crown10 and bisfrphenylene32-crown
10 hosts paired with paraquat guests, which have evolved into higher binding pyridyl cryptand /
paraquat systems. Here, attempts are made to find better guests for the pyridytstgotand

1b (Figure 4.1) from both the standpoint of being easier to synthesize as well as higher binding.

N N
of Jo ol Jo
N N
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0 O 0 0 o__ 0 © ©o 0 o
| 1a: 30crown10 | 2
\ 1b: 32crown10 < O O O O O
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Figure 4.1. Pyridyl cryptandslaandlb, alongside functionalized pyridyl crypta@d
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RESULTS AND DISCUSSION

Currently the model guest most widely employedifarlb, and derivatives is dimethyl
paraquat as the PBalt (PQ PE). The widespread employment of this guest can be attributed to
two things: first, the guest has a reasonable association constandibetize30-crown-10,
bis(m-phenylene32crownrr10 and analogous cryptands, extending to cryptands not containing a
pyridyl group®® Secondly, synthetically speaking, paraquats are relatively simple to synthesize
and derivatize. The yst em however isnd6t without problem
paired with neutral organic compounds, findin
solubility of both components, while not hindering binding can be challenging. Pardguat P
salts are typically soluble in polar aprotic solvents, while crown ether / cryptand hosts generally
exhibit lower solubilites in such solvents. Additionally, solvents with a high dielectric constant
tend to drastically lower the association constahits.address this problem, variations in the
paraquat salt were explored. Salt solubilities are highly influenced by the anion/cation
combination. Thus a change fromgPi#® a more appropriate anion, in terms of lower dielectric
solvent solubility, has theffect of increasing the range of useable solvents and providing higher
association constants.

Typically, the anion of choice for paraquat has beefi R¥se of this salt pair generally
leads to the adoption of one of the following solvent systems fob#iof reasons: acetone,
acetonitrile, or acetonitrile:chloroform mixtures. Considering that DCM has a dielectric constant
much lower than acetonitrile or acetone, the goal became producing a paraquat salt with
reasonable solubility in DCM. To achievbkig goal two different paths were taken: first,
different counterions were explored and, second, timeethyl groups were changed telgnzyl

groups. The TFSI and large borantaining counterions have been well documented in the
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literature to increasthe solubility of organic salts in low dielectric solvett8.The choice of
benzyl groups was made because a wide range of benzyl building blocks are commercially
available. Table 4.1 provides a listing of tested compounds, whilable 4.2 gives their

solubilities.

Table 41. Paraquat compounds.

@

® /7 T \N®
Counterion N /N N @_C@

N2 Wi

P2 3a 4a

(0] 0]
n_N_I
F+§ ('85\’7F 3b 4b

F F
R R FFF
F@—Bg@fF 3c 4c
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Table 42. Paraquat solubilities (mM) at 25 °C.

Compound Acetone DCM
3a 56.2 Unobservable
3b 749 <0.04
3c Not taken 0.49
4a 261 Unobservable
4b 1,080 6.26
4c Not taken 3.60

Using dimethyl paraquat RKE3a) as a standard, improvement gains in solubility can be
assessed. Frofiable 4.1, it can be seen that by changing forms RF-TFSI in3b, a 13fold
increase in its acetone solubility is achieved. In a similar fashion changing the methyl group to a
benzylgroup offers a solubility increase of oveffald in acetone. Due to the extremely high
costs associated witBc and 4c, only small quantities of these compound were synthesized,
resulting in too little to test the solubilities in acetone.

Tests of3a and 4a in DCM resulted in no observable uptake. TFSI salisand 4b,
however, provided different results. WiBh, although no measurable amount dissolved, a faint
haze was observedib provided solubility in DCM. Tetratrikis salc and4c also were gluble
in DCM. It is noteworthy that the trend in solubility in DCM f&iv and3c was inverse to that of
4b and 4c. For dimethyl paraquat, the tetrakis(perfluorophenyl)borate ardondisplayed
higher solubility in DCM than the TFSI salBlf), while far the dibenzyl paraquat, TFSAk)

gave higher solubility in DCM than the borafe)

67



Solubility results showed three possibilities for using DCM as solvent for paraquat
complexes with pyridyl cryptandi, 4b, and4c. Due to high synthetic costs assded with the
synthesis of tetrakis(perfluorophenyl)boraBesand 4c, these were not studied furth@&igure
4.2 top, shows the ITC titration dfa with 4b, while the bottom shows the ITC titration bif
with 4b. Table 4.3compares association constantdaf 1b with 4bin DCM to 1a/ 1b with 3a

in acetone alongsidkawith 3b/4a/ 4b/in acetone.
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Figure 42. ITC titrations: topl a & D&M at 25°C; bottom,1 b An D&M at 25°C.
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Table 43. Association constantsof hostsla and 1b with guests3a, 3b, 4a and4b at 25°C;
errors indicated in parenthesi¥alues forl a Alit)3and1 b  Alit.) $ were obtained from
published sources.

Solvent Ka G aH &S
(M) (kcal/mol) (kcal/mol) (cal/mol K)
1a {lit)3| acetone 1.00 x 16 16.82 713.0 120.7
l1a O 3| acetone 2.21x 10 17.29 114.8 125.3
(+0.22 x 10) (£0.73) (£0.2) (£2.5)
la O 3| acetone 2.86 x 10 17.44 114.7 124.2
(£0.17 x 16) (£0.44) (£0.1) (£1.5)
la O 4| acetone 6.49 x 10 17.93 118.9 136.7
(+0.54 x 16) (+0.66) (£0.1) (£3.1)
la O 4| acetone 8.34 x 10 18.08 118.1 133.7
(+0.49 x 16) (+0.48) (£0.1) (£2.0)
la 06 4/ DCM 1.00 x 16 78.18 118.1 133.3
(+0.13 x 16) (+1.06) (x0.2) (+4.3)
1b §lit.)3] acetone 5.0x 16" N/A N/A N/A
1b 0O 3| acetone 1.12 x 16 18.25 118.8 135.4
(£0.21 x 16) (+1.55) (£0.4) (£6.7)
1b o6 3| acetone 2.22x 16 18.66 117.5 129.7
(+0.36 x 10) (+1.40) (+0.201) (£4.8)
1b o6 4 DCM 1.41x 16 18.39 113.8 118.2
(+0.23 x 16) (+1.37) (£0.1) (3.0)

& Association constant obtained by ITC.
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PAssociation constant obtained by NMR titrati

The first noticeable item ifmable 4.3is the differences observed fbra  dbetBean the
literature reported values and those obtained here. These differences likely result from
differences in how the ITC experiments were run. The literature reported titratiknafor 6 3 a
was run using a 33 point titration, while values repottetk were obtained using a 60 point
titration. As the isotherm is fit to a mathematical construct, the more defined the curve, the
better the fit; so it is reasonable to suspect that binding constants and thermal values would
change as the curve beconmere defined. For comparisons the neva  OtitraBicam will be
used, since the parameters used for this experiment are those or close to those used for the
remainder of the table.

The results were both remarkable and disheartening. As s&abls4.3changing from
PFs to TFSI and methyl to benzyl groups, an association constant of 1 OM1®%as obtained
for 1a0 4b in DCM at 25° C. By comparisoiia 0 3ain acetone at 25° C has an association
constant of 2.2 x FaVI%; the changes led to nearly arder of magnitude increase in,Kcoming
from the solvent DCM and a change from methyl to benzyl groups. Teasing out the effect of
each change, we can see the effects of switching from acetone to DCM by lodkiag athin 4 b

Table 4.3 for acetone and DCM In the table it can be seen that did not change within

experi mental error, and &H and &S al so remai
effects of changing to Menzyl groups, we see in the titrationloh Oconpredtd a ¢ 4 b

Ka increased 29 o | d . I n terms of &H and &S, the be
enthal py term that of fsets a |l ess tavaor a3kl e

compared tdl a Q114 bvs.i18.1, is likely attributable to the benzyl groumieasing the
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positive character of the benzylic protaesative to that of the methyl protons. Additionally, as
in Chapter 2, a correlation was found between enthalpy and entropy values when graphed against

one another. As in Chapter 2, the correlat®not apparent, a discussion of this may be found

in Chapter 2.
Serieslaand1b Enthalpy vs. Entropy
-0.01
20 -19 -18 -17 -16 -15 -14 -13 -12
-0.015
= °
E -0.02
o
E
% -0.025
=3
2 y=00031x + 0.0222 093
R? = 0.9452
-0.035
-0.04

nH (kcal/mol)

Figure 4 .3. Scatter plot of enthalpies vs. entropiesiamandlb determined at 25 °C in acetone
or DCM, values taken fromable 4.3

Comparing PEto TFSI reveals an interesting piece of information; TFSI counter ions
consistently yield higher association constants in complexesaiih Table 4.4 Dimethyl
paraquat received a 32% boost in its association constant by switching to TFSI, whilgyldiben
paraguat received a 28% boost. Additionally, it is noteworthy to point out that for these systems,
in each instance, Blhad hi gher &eH values than TFSI, &S
experimental error. Looking at the crystal structurélad I rev@als why the association
constant has increasdeigure 4.4 shows that the paraquat cation seats directly in the cavity of

the cryptand, as observed in other various difunctional paraquatddiplexes withla and
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similar cryptands:21+13 In a direct comparison of crystal structuresd o &o 13aa § theBeb

are several notable differences. First, instead of sittingdaet the pyridyl arm and crown ether

portion of the cryptand, the paraquat has inserted itself in such a way that one methyl group sits
directly inside the crown ether segment of the ring. This new orientation leads to five hydrogen
bonds at less than 3 With the single methyl group; additionally, two protons on the paraquat

ring provide four interactions that are less than 3 A in spacing. The second methyl group of the
complex sits directly outside of t lxgeosrofypt and
the TFSI counterion. In total the highly dispersed negative charge over the TFSI counter ion and
multiple oxygen atoms, allow for the anion to play a greater role in interacting with the paraquat
cation via hydrogen bonding. The result is emptex that contains more and stronger hydrogen

bonds, leading to a higher association constant.
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Figure 44. Crystal structure ofla- 3b grown from a chloroform:acetone 1:1 (v:v) mixture by
liquid-liquid diffusion of diethyl ether; noparaquat hydrogen atoms and impurities have been

removed for clarity; a) top view; b) side view; c) hydrogen bonding tgtbyleneoxy chain

(counteriongemoved for clarity); d) hydrogen bonding to thesthyleneoxy chain (counter ions
removed for clarity); e) hydrogen bonding to acetone (solvent), pyridine and ester group

(counterions removed for clarity); f) planes of stacked aromatic rings shown emittoicls of
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stacked rings and plane inclinations indicated; g) structaeesnd 3b. Hydrogernbond
parameters: G-O distances (A), &1---O distances (A), ¢ ---O angles (deg) A: 3.291, 2.560,
133.96; B: 3.818, 3.116, 129.64; C: 3.284, 2.339, 161.3(®.403, 2.783, 121.72; E: 3.601,
2.826, 136.44; F: 3.264, 2.332, 156.38; G: 3.370, 2.828, 115.61; H: 3.866, 3.024, 144.66; I:
3.004, 2.327, 127.76; J: 3.140, 2.607, 115.86; K: 3.275, 2.426, 148.72; L. 3.248, 2.692, 117.95;
M: 3.435, 3.066, 104.95. Fatef a c-stacking parameters: centreséntroid distance (A): N)
3.586; O) 3.782; ring plane/ring plane inclinations (deg): i) 7.68° ii) 1.63°-rayX
crystallography was performed and solved by Dr. Carla Slebodnick.

As literature reported results fab 6 3a were obtained via NMR, to ensure a uniform
comparison, the complexation @b with 3a was reassessed using ITC:a K1.12 x 16 in
acetone at 25 °C. Although a small gain, using this value, it can be seen that switching to TFSI
offers a near doubling of the association constabtp 3b K, = 2.22 x 16. Additionally,
consideringlb 6 3aandlbd 3bbot h &G and e withe experiheatal ercbr, t o b
while a&H values wer e \lewitlythedbennyipbragudb gavelalslight c o mp |
decrease in binding, but overall values were similar to one another. The association constant for
1b & 4bin DCM at 25° C, 1.41 A0° M1, was found to be less than the compledio® 3b in
acetone at 25 °C, 2.22 x%0

Encouraged by the results fba d 4b in DCM, it was speculated that the benzyl groups
of 4b could be used to further increase the association constant of a crypéctd also
contained a benzyl group, becaus e-stacking.Meus woul d
the hypothesis was tested by ITC through the complexatiéhdofib; Figure 4.5 shows ITC

results.
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Figure 45. ITC titration of2  Ain ECM at 25°C.

Figure 4.5proved part of the hypothesis correct; by using a benzyl containing cryptand a
5-fold increase in the association constant was observetifath (Ka = 5.35 x 16 M%), when
compared tola 0 4b. The belief t hat -stabkingg howewauwas b e
incorrect. Figure 4.6 shows the crystal structure 20 4b. Sadly, due to the complexity of the
complex and TFSI anion, a full structure containing the correct ratio of TFSI counter anions was
not obtained; instead only one TFSI per paraquat coeldolved for. The benzyl rings of the
paraquat add extra points at which hydrogen bonding can occur. As an interesting note to the
solid state and not necessarily relevant to solution complexation, the unit cell was found to be
composed of two cryptanahd two paraquat molecules. This is due to tibeofnobenzyl ring

attached to the cryptand offering a hydrogen in Hp@g&tion that appears to be interacting with
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an oxygen from the adjacent cryptafkijure 4.6b. In Figure 4.6b, the hydrogen bondsHaled

A and B have bond distances (angles) of 2.532 (154.80 °) and 2.855 (158.91 °), respectively.
Considering any interaction found o 4b should likely be found inta 6 4b, the

increase in association constant must be attributed to an interaction withbtbendbenzyl

group. The one interaction which should be uniqu2 do4b overl1ao 4b is the interaction of

TFSI in these complexes with the hostigure 4.6cshows hydrogen bonding between the TFSI

counter ion and cryptand, two bonds at 3.020 and 2.717 A. Although the listed hydrogen

bonding is weak in nature, it only employs one of each of the TFSI oxygens while the other two

oxygens moderately hydrogen baiedhe paraquagigure 4.6e
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Figure 4.6. Incomplete crystal structure @06 4b grown by liquidliquid diffusion of pentane

into a 1:1 v:v mixture of dichloromethane : acetone (missing one two TFSI counter ions);
hydrogens which do not belong to the guest or host hydrogens not believed to be hydrogen
bonding are removed for clarity) side view; b) top view with cryptancryptand hydrogen
bonding; ¢) zoom showing TFSI hydrogen bonding to cryptand; d) struethrasd2; e) zoom
showing TFSI and water hydrogen bonding to paraquat; f) hydrogen bondingnwith
ethyleneoxy chain (Secormdmplex along with all noguest hydrogens, TFSI, and water atoms
removed for clarity); ghydrogen bonding withp-ethyleneoxy chain (Second complex along
with all nonrguest hydrogens, TFSI, and water atoms removed for clarity); h) hydrogen bonding
at thepyridyl arm (Second complex along with all ngunest hydrogens, TFSI, and water atoms
removed for clarity); hydrogehond parameters:-6O distances (A), &---O distances (A), €

H ---O angles (deg) A: 3.417, 2.532, 154.80; B: 3.758, 2.855, 158.91; 68,2517, 144.13;

D: 3.793, 3.020, 135.71; E: 3.260, 2.428, 146.08; F: 3.414, 2.616, 141.89; G: 3.149, 2.745,
104.97; H: 3.295, 2.597, 127.53; I 3.418, 2.515, 158.62; J: 3.368, 2.467, 158.21; K: 3.430,
2.529, 158.30; L: 3.104, 2.469, 124.18; M: 3.23262, 169.92; N: 3.502, 2.693, 143.32; O:
3.145, 2.803, 102.23; P: 3.493, 2.745, 136.13; Q: 3.110, 2.573, 115.97; R: 3.141, 2.208, 166.30;
S: 3.554, 3.050, 112.89; T: 3.300, 2.833, 111.26; U: 3.790, 3.092, 131.53; V: 3.183, 2.276,
159.36; W: 3.059, 2.496,17.87. Facdo-f a c-sacking parameters: centresentroid distance

(A): X: 4.501; Y: 3.696; Z: 4.497; AA: 3.713; ring plane/ring plane inclinations (deg): i: 7.90°;

ii: 1.10°; iii: 3.97°; iv: 3.65°. Xray crystallography was performed and solved by Catla
Slebodnick.

As previously stated, any interaction found2i® 4b should likely be found irla o 4b;
with this in mind it can be reasoned why a significant increase imas observed ida but not
1b when switching from dimethyl to dibenzyl paraquat.Flgures 4.6fand4.6g it can be seen
that a hydrogen of the benzyl group produced two hydrogen bonds of moderate strength, labeled

K and U. It is reasonable to suspect that the placement of etbyleaams inlb would at best
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net one hydrogen bond at this point, due to atom placement and the presence of a hydrogen at the
4-position inlb.

Several other derivatives of the benzyl paraquat TFSI were syntheSiceeime 4.1
shows the synthesis of usehikparaquatd and9, which could be used for chain extensiéhs,
supramolecular polymefs>!® or [3]pseudorotaxan&s’ if combined with appropriate host
compounds. AdditionallyScheme 4.Xontains the most desirable feedstock molechbii@sdS;
typically, [4,4-bipyridin]-1-ium molecules(halfquats) are synthesized to break the symmetry
and introduce functionality for more complex molecules. Both halfquatan¢l 8) and
supramolecular guest monomeiis gnd 9) were synthesized in acceptable yields, 97%, 41%,
91%, and 75%, respectively. 8theme 4.2the yields were 89% fdt0, 95% forll, and 77%

for 12, indicating halide and functionality can be altered while maintaining reasonable yields.

8

NN 5 @
97% — —
Acetone _ LiTFSI — — +_
. OO ey,

FQ QF

F—'/SNS\i—F O\\ /N\“
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2) LiTFSI
Br Br
l LiTFSI

‘ 1,10 dibromodecane
N
FO F \N %+S S\'_F
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N 4/7L / .

N/Fo .. OO~

8

4 TFSI

9

Br

Acetonitrile

Scheme 41. Synthesis obenzylic bisparaquat TFSI mononiand methyl bisparaquat TFSI
monomer.
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Scheme 4. Variation of benzylic halide and functionality.

Typically, one of the forces that greatly drive complexation between a paraquat and
cryptand are the relatively acidic protons of the carbon attached directly to the terminal nitrogen
atoms of the 4,4ipyridinium moiety, Figure 4.7. These protons intecawith lone pairs of
electrons in the cryptands. It was anticipated that if these protons could be made more acidic,
binding between the paraquat and cryptand could be further increased. To test this hypothesis a
[4,4-bipyridine}1,1-diium employing 23,4,5,6pentafluorobenzyl rings was synthesizéd,

Scheme 4.3

Figure 4.7. Paraquat acidic aliphatic protons.
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Scheme 4. Synthesis of fluorinated guests: paraquat TESI

It was anticipated that the electron deficient pentafluorophenyl ring8 obuld greatly
increase the acidity of the benzylic protons and thereby ultimately drive the binding constant
higher withla. Comparingl3to its hydrogen counterpatb, the fird notable item comes from
the 'H NMR spectrum; the benzylic protons b8 are found 0.25 ppm downfield, indicating
deshielding and more acidic protons. Secondly, by changing to fluorinated rings, the advantage
of the salt being soluble in DCM was lost. frd’able 4.4 it can be seen that, despite the
benzylic protons inl13 being more acidic, the binding constant decreased by an order of
magnitude compared #b. The oH val ue déd18rl¢0alR.8 kcal/ma,r ked]| \
even though thess forla0  4vlasi 33.7 eu whilessS forlao  1s320.7 eu. In the case of
dimethyl paraquat vs. dibenzyl paraquat, increased opportunities for intermolecular interactions
yielded a net increase in binding constant vidland analogous cryptands such?asHowever,
by changing the hydrogens atoms of the benzyl ring to fluorine atoms, a net loss was observed

that was not outweighed by the increased acidity of the benzylic protons fol®d in
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Table 44. ITC results forl3with 1aobtained at 25 °C.

Solvent Ka G aH as
(M) (kcal/ mol) (kcal/mol) (cal/molK)
la O ] acetone 8.47 x 10 i6.72 i12.9 i20.7
(+0.39 x 10) (x0.31) (x0.2) (x1.0)
CONCLUSION

In conclusion, the original dimethyl paraquateRRotif was successfully altered to a
dibenzyl paraquat TFSI motif. This change resulted in increased solubility of the paraquat salt in
less polar solvents. Taking advantage of the less polar solvent DCM, the association constant of
dibenze30-crown-10-based pyridyl cryptanda with dibenzyl paraquat TFS#) increased by
an order of magnitude over the analogous dimethyl paraquatdatplex in acetone. However,
the association constant of the-&@wn10 counterpart did not increase similarlya Kf
cryptand1b with dibenzyl paraquat TFS#6) in DCM decreased slightly compared to dimethyl
paraquat P&in acetone. Althoughib benefited from the change of £ TFSI with dimethyl
paraquat, at best only a nearly doubling inwas observed. Inspectiori several paraquat
cryptand combinations revealed that TH#€Shtaining paraquats yielded higher association
constants than their REounter parts, but gains were modest. A dibenzocrown ether based
pyridyl cryptand containing a benzylic group led to-éoll increase in Kwith the dibenzyl
paraquat as an apparent result of TFSI hydrogen bonding with the cryptand. Useful

supramolecular guest monomeétsand 9 were prepared and a number of functional dibenzyl
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paraquat TFSI salts were synthesized. Lastly,45,6pentafluorobenzyl rings were installed
on paraquat with the intent of increasing the acidity of the benzylic protons, in the hope of
increasing association constants witl this attempt was fruitless. In total 10 new novel

compounds were syntbized in this chapter.

EXPERIMENTAL
Measurements:*Hi NMR spectra were obtained on JEOL ECLIPSI, BRUKER500, and
AGILENT-NMR-vnmrs400 spectrometers-3Ci NMR spectra were collected at 125 MHz and
101 MHz on these instruments. HRS were obtained usgnan Agilent LGESFTOF system.
Reagents were purchased and used as received without further purifi€atiopounds3a,®
43, 6,2° and 8 2! were prepared as described by literature procedures; similar yields we
achieved. Compountiwas prepared as described in chapter 2 and compgbwad prepared as
described in chapter 7. -bay crystallography was performed at Virginia Tech and solved by Dr.
Carla Slebodnick. Crystal structure b A3b was grown froman equimolar solution of
chloroform:acetone 1:1 (v:v) by liquiihuid diffusion of diethyl ether.Crystal structure o2 A
4b was grown from an equimolar of dichloromethane:acetone 1:1 (v:v) by-iquid diffusion
of pentane. Xay crystallography tdes can be found in the appendix of this dissertation.
Solubility testing. All solubility testing was carried out at 2&. A mixture of solvent and
excess paraquat salt was made and placed in a water batiGfd&58 h. A 5.00 mL aliquot
was removd from the saturated solution using a volumetric pipette and placed in a cleaned tared
vial. Solvent removal and determination of the mass of the solid residue allowed calculation of

the molarity of the saturated solution.
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Sample ITC titration. The following is an example usirig A4b in DCM at 25 °C. Hosla

was loaded into the cell of the instrument at a concentration of 0.160 mM, while a 250 pL ITC
syringe was loaded withb at a concentration of 2.291 mM. The instrument was set togaigh

(high sensitivity). The titration was achieved through 60 injections of 4.167 L every 180 s; a
primary filter period of 1 s and a secondary filter period of 3 s were applied (filter period switch

time was set to 60 s). A background titration usemttty the same titration conditions with the

exception that the solution éawas replaced with DCM. The heats for the dilution experiment

were subtracted from the heats for the titratiodlofvith 1a. Analysis of the data was carried

out using softvnae provi ded by the manufacturer. A i
stoichiometries other than 1:1 provided unsatisfactory fits; additionally, the first data point was
ignored.

Dimethyl paraquat TFSI (3b). In 20 mL of water dimethyl paraquat iodiée(2.65 g, 6.02

mmol) was dissolved. This solution was then added to a second flask containing LiTFSI (4.10 g,

15.6 mmol) dissolved in 10 mL water. The resulting precipitate was filtered and allowed to air

dry to provide a whitesolid: 4.32 g (96%), recrystallized from water and acetone three times

2.88 g (64%), mp 125(927.93 ; lit. mp 130 °C? H NMR (500 MHz, acetonds) U 9. 42 ( ¢
4H), 8.87 (s, 4H), 4.77 (s, 6HJ’C NMR (126 MHz, acetonds) & 150. 67 (s), 147
(s), 120.95 (q, J = 322 Hz), 49.46 (s) (5 signals expected and 5 signals found). High res MS:

calc. for GeH1aN4OsS4F12 [M+Na]*: m/z 768.9395; found: m/z 768.9405 (error 1.3 ppm).

Dimethyl paraquat TPFB (3c). In 3 mL d water dimethyl paraquat iodidé (63.1 mg, 0.143
mmol) was dissolved. This solution was added to a second flask containing
tetrakis(pentafluorophenyl)borate ethyl etherate (310.4 mg, 0.3563 mmol) dissolved in 3 mL of

water. The resulting precipitate was filtered and allowed to air dry to provide a white solid:
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0.2171 g (98%), mp 204.808.5°C. H NMR (400 MHz, acetones) U 9J=5 Hz, 4H),,

8.96 (d,J = 7 Hz, 4H), 4.79 (s, 6H)3C NMR (101 MHz, acetonds) U 149.81 (s) ,
overlap), 148.13 (br d, J = 237 Hz, overlap), 143.13 (Br=d773 Hz, overlap), 136.11 (br di=

253 Hz), 136.90 (s, overlap), 126.90 (s), 48.64 (s) (8 signals expected and 8 signals found). High
res MS: calc. for eH14M20N2B [M - TPFB]: m/z 865.0925; found: m/z 865.0890 (error 4.0
ppm).

General Procedure 1:Dibenzyl paraquat TFSI (4b). To a round bottom flask containing
acetonitril e ( 1-4@ipyridyl2)03 gvE3® mma) dnel denzyl bréndide (5.0 mL,

42 mmol)under nitrogen. The reaction mixture was held at reflux for 21 h, after which the
solvent was removed by rotary evaporation. The crude material was triturated with acetonitrile
and DCM, followed by collection on a fritted glass filter where it was wasligdDCM and air

dried: 6.45 g (99%), mp 260 (dec); lit. mp 260 (dfécXhe precipitate (1.47 g, 2.95 mmol) was
dissolved in 10 mL of water and after dissolving LiTFSI (2.11 g, 8.02 mmol) in 5 mL of water in

a separate container, the two aqueous solutions were combined. The precipitate was filtered,
washed with water and lalved to air dry; this provided a white solid: 2.6514 g (100%),
recrystallized from wateacetone mixture (x3), mp 112413.3 °C. 'H NMR (500 MHz,
DMSO-ds) U 9J=5 Plz, 4H), 8.75 (d) = 7 Hz, 4H), 7.62 (d) = 7 Hz, 4H), 7.5R7.41 (m,

6H), 5.96(s, 4H). 13C NMR (126 MHz, DMSGds) @ 149.34 (s), 145.65 (
(s), 129.22 (s), 128.86 (s), 127.23 (s), 119.45 (q, J = 323 Hz), 63.54 (s) (9 peaks expected and 9
peaks found). High res MS: calc. fopsH2oF12N40sSs [M+NH4]*: m/z 916.048; found: m/z
916.0503 (erroi 3.9 ppm).

General Procedure 2: 1,1bis(p-vinylbenzyl)-[4,4'-bipyridine] -1,1-diium TFSI (10). To a

round bottom flask contai ni ndpyridyt (8.5081lngi 3.2441 | e ( 3
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mmol) andp-vinylbenzyl chloride (1.2 mL, 8.5 mmol) under nitrogen. The reaction mixture was
held at reflux for 21 h, after which time the solvent was removed by rotary evaporation. The
crude material was triturated with DCM, collected on a filter, washed with D@Maa dried.

The precipitate was dissolved in 10 mL water and after dissolving LiTFSI (2.35 g, 8.19 mmol) in
10 mL water in a separate container, the two aqueous solutions were combined. The precipitate
was filtered, washed with water and allowed today; this provided a white solid with a blueish

tint: 2.74 g (89%), mp 261°C (dec}H NMR (500 MHz, CRCl,) U 8J=9 Biz, 2H), 8.45

(d,J = 7 Hz, 2H), 7.57 (dJ = 8 Hz, 2H), 7.47 (dJ = 8 Hz, 2H), 6.78 (ddJ = 18, 11 Hz, 1H),

5.88 (d,J = 18 Hz, 1H), 5.82 (s, 2H), 5.40 (d,= 11 Hz, 1H). *C NMR (126 MHz, CDCl;) U
150.81 (s), 145.54 (s), 140.55 (s), 135.85 (s), 130.41 (s), 130.08 (s), 128.07 (s), 12008 (q,

323 Hz), 116.61 (s), 65.89 (s). High res MS +1 peak: calc. #bt:8sNsaF12 [M-TFSI]": m/z
670.1264; found: m/z 670.1248 (eric&.4 ppm).

Dibenzyl paraquat TFSI (4b). General procedure 1 was used to produce a white solid: 2.6514

g (100%), mp 112-413.3°C, by using dibenzyl paraquat bromide (1.47 g, 2.95 mmol) and
LiITFSI (2.11g, 8.02 mmol) in 5 mL of water'H NMR (500 MHz, DMSGds) U 9J1=52 ( d,
Hz, 4H), 8.75 (d,J = 7 Hz, 4H), 7.62 (dJ = 7 Hz, 4H), 7.5R7.41 (m, 6H), 5.96 (s, 4H)13C

NMR (126 MHz, DMSQds) & 149.34 (s), 145.65 (slp886134. 0:
(s), 127.23 (s), 119.45 (4= 323 Hz), 63.54 (s) (9 peaks expected and 9 peaks found). High res
MS: calc. for GgH2oF12N4OsSs [M+NH4]™: m/z 916.0467; found: m/z 916.0503 (eriic3.9
ppm).

Dibenzyl paraquat TPPB (4c) General procedure 1 was used to produce awtufe solid
162.3 mg (98% ), mp 240.842.33 , by using dibenzyl paraquat dibromide (48.6 mg, 0.0975

mmol) and tetrakis(pentafluorophenyl)borate ethyl etherate (286.0 mg, 0.3283 mmol) dissolved
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in 3 mL of water. 'H NMR (400 MHz, acetonds) U 9J=673z, ¢H),,8.96 (d) = 7 Hz,

4H), 7.757.58 (m, 4H), 7.5i77.43 (m, 6H), 6.22 (s, 4H)}3C NMR (101 MHz, acetonds) (i
150.67 (s), 148.15 (br d,= 245 Hz), 146.09 (s, overlap), 142.71 (bdd; 683 Hz) 136.10 (br

d, J = 254 Hz), 136.92 (s, overlap), 133.24 (s), 130.05 (s), 129.58 (s), 129.17 (s), 127.77 (s),
64.98 (s) (12 signals expected and 12 signals found). High res MS: calczfsRzN2B2
[M+Na]*: m/z 1719.1223; found: m/z 1719.1303 (eiirds7 ppm).

1-Benzyl[4,4'-bipyridin] -1-ium TFSI (5). A solution of -dpyigyk one (
(5.02 g, 32.1 mmol) and benzyl bromide (3.2 mL, 27 mmol) was held at reflux for 45 min and
allowed to cool to room temperature. Half of the acetone waswetirby rotary evaporation and

the solution was diluted with ether and filtered. The solid was washed with ether, air dried and
3.01 g of the precipitate was dissolved in 30 mL water and a separate aqueous solution of LiTFSI
(4.25 g, 14.0 mmol) in 10 mLfavater was made. The two aqueous solutions were combined
and after brief stirring extracted with DCM twice. The organic layers were combined and
washed with water (x3). Removal of solvent provided the desired product as a white solid;
4.7063 g (97%), m 90.§92.53 . *H NMR (500 MHz, CDCJ) & 8J=97Hz, @H), 8.83

(d,J =6 Hz, 2H), 8.22 (d) = 7 Hz, 2H), 7.63 (d) = 6 Hz, 2H), 7.517.39 (m, 5H), 5.75 (s, 2H).

%C NMR (126 MHz, CDG)) o 154.89 (s), 151.48 (s), 144.8
(s), 130.01 (s), 129.45 (s), 126.16 (s), 121.46 (s), 119.8D%321 Hz), 65.00 (s) (12 peaks
expected and 12 peaks found). High res MS: calc. feH&04FeN3S, [M-TFSI]": m/z
2471230; found: m/z 247.1223 (erre8 ppm).

1',1™ -(((Pentanel,5diylbis(oxy))bis(4,1-phenylene))bis(methylene))bis(benzyt[4,4'-

bipyridine] -1,1'-diium) TFSI (7). A solution of 1,5big[p-(bromomethyl)phenoxy]pentar®,

(0.7450 g, 1.685 mmol), acetonitrile (100 mL) andehzyt[4,4-bipyridin]-1-ium TFSI (1.8580
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g, 3.5225 mmol) was held at reflux under nitrogen for 24 h. After it had cooled to room
temperature, the mixture was filtered and the solid was washed vetondgdle, DCM, and

dried on the filter. The precipitate was dissolved in 30 mL of boiling water, while a separate
aqueous solution of LITFSI (1.1 g, 4.2 mmol) in 10 mL of water was made. The aqueous
solution of the precipitate was filtered and the swtutions were combined and allowed to cool

to room temperature. The water was decanted and the remaining material was triturated with
water (x3) and collected. After complete removal of solvent in vacuum the material was
collected as a yellow solid: 2.90(91%); the precipitate was purified via recrystallization from
wateracetone three times (product remained a yellow solid) 1.43 g (45%), mp 1186.83 8

H NMR (500 MHz, DMSO) U 9.49 (m, i78Hin,6HB. 73
7.03 (d,J = 9 Hz, 4H), 5.96 (s, 4H), 5.86 (s, 4H), 4.00Jt 6 Hz, 4H), 1.851.72 (m, 4H),
1.6111.51 (m, 2H).%¥%C NMR (126 MHz, DMSO) & 160.11 (s),
(s), 145.85 (s), 134.51 (s), 131.26 (s), 129.98 (s), 129.73 (s), 129.36 (s), (&7 T2V .63 (S),
126.19 (s), 119.94 (d),= 323 Hz), 115.52 (s), 68.01 (s), 64.03 (s), 63.73 (s), 28.77 (S), 22.60 (S)
(20 peaks expected and 19 peaks found, two peaks are believed to overlap at 126.19). High res
MS: calc. for GiHs52018F24NsSe [M+Na]*: m/z 1919.0680; found: m/z 1919.0505 (eri@.12

ppm).

1',1" -(decanel,10diyl)bis(1-methyl-[4,4'-bipyridine] -1,1-diium) TFSI (9). 1-Methyl-[4,4-
bipyridin]-1-ium TFSI (6.10 g, 13.5 mmol) and 1,10 dibromodecane (1.64 g, 5.47 mmol) were
combined in a rouwh bottom flask, dissolved in acetonitrile (75 mL), and held at reflux under
nitrogen for 12 h. The mixture was allowed to cool and the solid was collected on a glass frit
and washed with cold acetonitrile followed by dichloromethane. The solid wasvdsal

water and a separate solution of LITFSI (4.01 g, 14.0 mmol) in water (10 mL) was made. The
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two solutions were combined. The solid precipitate was collected and recrystallized from water

to yield an off white product 6.53 g (75 %). Further puaificn was achieved via
recrystallization from wateacetone, mp 93i®4.43 8'H NMR (400 MHz, DMSQds) U 9. 32
(d,J = 7 Hz, 4H), 9.24 (dJ = 7 Hz, 4H), 8.74 8.69 (m, 8H), 4.63 (t) = 8 Hz, 4H), 4.40 (s,

6H), 1.94 (s, 4H), 1.4A.18 (m, 12H). 3C NMR (101 MHz, DMSQOds) & 149. 03, 14
147.04, 146.15, 126.95, 126.49, 119.89])(q,323 Hz), 61.37, 48.46, 31.24, 29.28, 28.90, 25.98

(13 signals expected and 13 signals found). High res MS: calc.s6blsANsO16SeF24 [M -

TFSI]": m/z 1322.0923; found: m/1322.0839 (error 6.4 ppm)

1,1-Bis(p-bromobenzyl}[4,4'-bipyridine] -1,1-diium TFSI (11). General procedure 2 was

used to produce a white solid, 4.2173 g (95%), mp 135%.93 , u s i-dipyridy (0.8561

g, 4.19 mmol) p-bromobenzyl bromide (2.81 g, 11.2 mmol), acetonitrile (50 mL) and LiTFSI

(3.00 g, 10.4 mmol) in 10 mL of watéid NMR (400 MHz, DMSQGds) U 9J.=4 ¥z, 4H), ,

8.69 (d,J = 7 Hz, 4H), 7.66 (dJ = 8 Hz, 4H), 7.54 (dJ = 8 Hz, 4H), 5.88 (s, 4H)3C NMR

(101 MHz, DMSOds) U 149.74 (s), 146.17 (s), 133.70
123.52 (s), 119.89 (@, = 323 Hz), 63.19 (s) (9 signals expected and 9 signals found). High res

MS +1 peak: calc. for £gH20BroOsNaSsF12 [M+NH4]™: m/z 1071.877; found: m/z 1071.8676

(error 0.09 ppm).

1,1-Bis(p-(isopropoxycarbonyl)benzyl}[4,4'-bipyridine] -1,1-diium TFSI (12). General

procedure 2 was used to produce a white solid, 2.65 g (77%), mdlzR 33 | usi-ng 4, 4
dipyridyl (0.50 g, 3.2 mmol), isopropy-(iodomethyl)benzoate (2.50 g, 8.22 mmol), acetonitrile

(20 mL) and LiTFSI (2.39 g, 8.32 mmol) in 10 mL watét.NMR (400 MHz, DMSGds) & 9. 4 4
(d,J =7 Hz, 4H), 8.71 (d) = 7 Hz, 4H), 7.98 (dJ = 8 Hz, 4H), 7.67 (dJ) = 8 Hz, 4H), 5.99 (s,

4H), 5.10 (hept) = 6 Hz, 2H), 1.28 (dJ = 6 Hz, 12H). 3C NMR (101 MHz, DMSGds) U
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165.05 (s), 149.75 (s), 146.37 (s), 139.15 (s), 131.57 (s), 130.28 (s), 129.60 (s), 127.66 (s), 119.9
(9, J =323 Hz), 68.94 {5 63.37 (s), 22.00 (s) (12 signals expected and 12 signals found). High
res MS calc. for esH34012NaSsF12 [M+NH4]™: m/z 1088.1203; found: m/z 1088.1213 (erior

0.92 ppm).

1,1-Bis((perfluorophenyl)methyl)-[4,4'-bipyridine] -1,1-diium TFSI (13). General procedure

1 was used to produce a white solid, 4.88 g (99%), mp 166759 °C , u s i-dipgridy , 4 6
(0.7161 g, 4.585 mmol), 2,3,4,5p@ntafluorobenzylbromide (2.0 mL, 13 mmol), acetonitrile (20

mL), and LiTFSI (3.29 g, 11.5 mmol) in 10 mL wateH NMR (500 MHz, DMSGds) G 9. 3 8
(d, J = 6.9 Hz, 4H), 8.75 (d) = 7.1 Hz, 4H), 6.21 (s, 4H)’3C NMR (126 MHz, DMSQds) i
150.13 (s), 146.70 (s), 146.09 (brdds 255 Hz), 142.25 (br d} = 255 Hz), 137.71 (dt] = 252,

13 Hz), 127.66 (s), 119.9 (4,= 323 Hz), 107.87 (ttJ = 8, 4 Hz), 51.99 (s) (9 signals expected

and 9 signals found). High res MS: calc. faatyF11N204S, [M - TFSI]*: m/z 260.0493; found:

m/z 260.0492 (error 0.4 ppm).
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Chapter 5

CHELIDAMIC ACID DERIVATIVES

INTRODUCTION

Scheme 5L. Typical route to pyridyl cryptands.

Although pyridyl cryptands are known and studied for their high bindorgstants with
paraquats and diquats, without a synthetic #fAh
of little practical use. These compounds are typically produced via crown diols of varying size
and a pyridyine2,6-diacid chloride. A functiona gr oup (fAhandl ed) attach
component leads to complications. However, if the functional group is placed on the pyridine
component, some of these difficulties are removed. For this reason, chelidamiz) arid {ts
derivatives have e studied in this chapter as presursors for functionalized cryptands.
Compound?2 contains a hydroxyl group at thepésition, which is ideal for functionalization,
given the wide range of reactions available for hydroxyl moieties. Substitution aptisstidn
provides a location that should have little effect on how the host and guest associate.

Conveniently, a high yielding literature procedure exists Ipr* chelidonic acid 1) is
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synthesizedorm acetone and diethyl oxalate via aldol condensatiions and convergdyto

reaction with ammoniaScheme 5.2

OH
0 25% NH,
)?\ o) A\ 1NaOEt, 60°C 1h ) | N
O - -
*2 ~ 0 0 0o o) A_o
>> o 2)HCI / H,0, 50 °C 1 day o addition 0 °C N

0 OH 4 OH thenr.t. 2 days OH 2 OH

88% 92%

Scheme 2. Synthesis of Chelidamic Acid.

RESULTS AND DISCUSSION
Although 2 already contains the phenolic moiety, this would interfere with the
esterification/cyclization step in the synthesis of cryptand. For this reason, other functionalities

must be exploredScheme 5.3hows the early directions explored using chelidamit. aci
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Scheme %3. Initial chelidamic acid derivatives.

Initial studies of chelidamic derivatives began with the synthesis of the reported aryl
bromide 8).2 4 and5 were then synthesized to demonstrate the potential of Heck coupling; both
reactions were achieved using palladium acetate in DMF at 90 °C with yields of 35% and 14%,
respectively. Thus, a wealth ofefgstock molecules could be generated through Heck coupling
or from a bromesubstituted cryptand. Although Heck coupling provides a predominance of
trans products, a measurable amounti product is normally produced. Additionally, olefins
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often lack he stability associated with their saturated counterparts. Therefore, attempts were
made with palladium on carbon (10%) and hydrogen gas to regjucafortunately, these
attempts to produc® were unsuccessful.5 could, however, be saponified by potassi
hydroxide and water, but in doing so the alkyl halide was converted to an alcohd,in.a,
yield of 71%. Attempts to convef to the diacid chloride/ with thionyl chloride were,
however, unsuccessful. It is hypothesized before the alcohol is converted to the chloride, the
acid chloride is formed and reacts with the alcohol to form an ester. As acid chlorides are
problematic to purifyy was abandoned.

Alkylation of chelidamic was explored as an alternative to Heck couplih@.was
synthesized via esterification afwith thionyl chloride and methanol to produge 82% yield
9 was then alkylated usingtiromopentl-ene to providelO as a mixtureof N and O alkylated
products in a quantitative yield. Althoudi has been reportetiusing a synthetic scheme
slightly different that shown here, characterization and melting point of the compound were not
provided. Instead a downstream product was characterized and reported after recrystallization; it
is likely this was done because the synthesis resulted in a mofttirand O alkylated products.
The two different possibilities for alkylation arise from the tauton2arand2b (Scheme 5.1
In 2a, the ketone form, the nitrogen is available to reacbinthe phenolic form, the oxygen is
available to react. Althgh TLC indicated that the two isomeric compounds could be separated,
inspection of the reaction showed an inefficiency in going féaim 10, yield loss and increased

effort in terms of purification. For these reasons, this synthetic methodology wasmand
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To establish a synthetic route which would yield only the desiratk@dated products, it
was reasoned that if enough steric bulk could be placed around the nitrogen atom in chelidamic
esters, Nalkylation could be stopped altogether. To test this thetbwy, ethyl esterl2 and
isopropyl estel3 were synthesized and reacted wgkvinylbenzyl chloride to determine if N

alkylation could be haltecgcheme 5.5
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H,S0, 2
Ethanol
refluxV H,S04
Isopropanol
reflux 36 h
||
o) N o o
RES
79% o . o
N
X
o " o
K,COs3 AN
Acetone 13
reflux 16 h Xy 86%
Cl
K,CO3
Acetone
o 57% reflux 22 h
() )
o) o) | 1) KOH / H,0 1) KOH / H20 Q
) K o NP0 THF, it 12h THF, rt.12h | X
o O 2)Hcl 2 HCl o NGO
15 j 14 ( ) N
N O o O 16 O
N P
Minor Major OH 47 OH s
n ingle Product
20% 80% 86% Obgerved

Scheme %. N- vs. Galkylation in the synthesis of styrene chelidamic acid derivdifve
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Figure 5.1. *H NMR spectrum (500 MHzZCDCls, 23°C) of crude reaction mixture df2 with p-
vinylbenzyl chloride after removal of unreacted chloridealkylated peaks contain an arrow
and dash above them; approximately 80%lKylation L4) and 20% Nalkylation (15).

The reaction of ethyl estdr2 with p-vinylbenzyl chloride gave a mixture 4# and 15
and as witl®, O-alkylation was the major process (80:Eure 5.1). Use of isopropyl ester3,
however, gave surprisingly different results; upon reaction pritmylbenzyl chloride: a single
product,16, in a yield of 64%. Formation of a single product drastically reduces isolation time
and difficulty, allowing for a simplified purification procedure. Purification d6 was
accomplished by filtering the reaction mixture through diatomaceous earth, solvent evaporation,
and then titruration with hexanes.

Additionally, the synthesis d, 12, and13 provided an oportunity to pursue a second
goal: develop a synthetic route to a diester which does not require the sometimes expensive and
toxic chemical, thionyl chloride. It should be noted that acid catalyzed (sulfuric ag@d or
toluenesulfonic acid) esterification® produce9 gave very low yields. Acid catalyzed
esterification with sulfuric acid produced &2 and 13 in 79% and 86% yields, respectively.
Yields for9 using of thionyl chloride were 87%.

To demonstrate the versatility @B, Scheme 5.6shows a wi@ range of products that

have been synthesized frod8 with only O-alkylation being observed. These feedstock
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molecules are capable of either directly undergoing saponification or reacted further to form
more complicated precursors. Attempts were madpréouce feedstock molecules (for the
synthesis of cryptands) falling into the following categories: covalent monomers, initiators, chain

terminators, leaving groups, aryl halides and Hagést monomer feedstocks.
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Schemeb.6. Versatility of 13 as a feedstock chemical for chelidamic derivatives.

Beginning with the covalent monomer category, a single compound falls into this
grouping,16, as seen irschemes 5.and5.6. It is anticipated that the styrene functionality of
16 would be capable of undergoing anionic, cationic, and free radical polymerizations, given that
the resulting cryptand can survive the reaction conditions.

In addition to16 serving as a feedstock molecule for a styrene cryptand, it also acts as the

stating compound for the synthesis of an initiator. Olefins can be directly converted to either
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secondary or tertiary bromides by reaction with #iBrthe presence of silica.Taking this into
account16was directly converted t83in 86% yield. Such secondary bromides are well known
for their ability to initiate chain polymerizatioR8. However, hydrolyis of the halide as
observed in the synthesis ®@and22 would result in the conversion of the secondary bromide to
a secondary alcohol. For this reasB88,was converted t84 in 57% yield using a procedure
developed by Matyjaszewski et al. in whichydlkromides can be directly converted to TEMPO
derivatives in the presence of Cu(Qi*) 34 provides an intermediate for a cryptand initiator
which should not be affected by basic conditions during saponification.

Regarding polymerization, ROMP has advantages over cationic, anionicearmadical
polymerizations in that the conditions for these reactions are very mild; typically, DCM as a
solvent at room temperature and GrubBsyéneration cataly$t!® As cryptands contain ester
functional groups, ROMP provides a thilreaction attachment to polymers. A ROMP
polymerization can be quenched with either a vinyl ether or an aldehyde. Quenching with a
vinyl ether terminates the polymer with a vinyl group, while adding the ethoxy group to the
catalyst, thus rendering it gapable of continuing the polymerization. Quenching with an
aldehyde terminates the polymer via substitution of the aldehyde while oxidixing the Grubbs
catalyst, once again rending it incapable of initiaidéh. The process of ROMP termination is
shown inScheme 5.7 Benzaldehyde25 and 26 were synthesized frorh3 with 37 and 38, in

48% and 59% vyields respectively, to provide ROMP chain terminators.
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Scheme 5. ROMP quenching via aldehyde and ethylvinyl ether.

As previously mentioned the alkyl halide derivatives were incapable of standing up to the
reaction conditions of saponification, which gave way to the isolatiéaoid 22 instead of the
desired alkyl chlorides. To use these feedstock molecules forytithesis of cryptands,
saponification is required; thus an alternative approach was needed to produce a cryptand
containing a leaving groupl8 was synthesized in 37% yield with a tosylate functionality, which
was retained during saponification with paiasn hydroxide to yield20 in 93% vyield. 20
provides a unique vantage point in that even if conversi@® & the acid chloride converts the
tosylate group to a chloride, a leaving group will still be present in the molecule.

Initially the target moleule of the reaction betwedr8 and 36 at 2:1 stoichiometryvas
19, but 18 was isolated as a side product. The reactiod3{2 eq.) with36 (1 eq.) in the
presence of potassium carbonate was executed once using acetonitrile as the solvent and once
using acetone. Acetone gave a 4:1 ratidl&fl9, but with acetonitrile the product ratio was
better than 1:99819. Acetone provides a retardeelaction speed over acetonitrile, in which
difunctional leaving groups such 86 or 1,4bis(chloromethyl)benzene may singly add1f®)

allowing control over monoor di-additions. Without solvent control, introduction of leaving
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groups onl3would requireeither a large excess of a difunctional component (su8B)ax the
use of unsymmetrical compounds with staged functionalities.

Aryl halides have a wide range of uses thanks to the recent development of coupling
reactions, such as Heck, Suzuki, Ullmand &onograshira to just name a few. Given the
versatility of aryl halides, several differing feedstocks were develop@dnd30 were prepared
from aryl bromides. 30, formed in a yield of 99%, was constructed to have the aryl bromide
directly attachedo the chelidamic acid portion of the molecule. It was envisioned that in some
situations a spacer between the chelidamic acid portion of the molecule and aryl bromide could
be advantageous; an example would be the formation of a supramolecular polyreatisfy
this desire,28 was synthesized with a linkage between the chelidamic acid portion of the
molecule and aryl bromide. The last feedstock molecule for this groupd®yughich contains
an aryl iodide. Although costlier than its bromide coyraet; the aryl iodide was synthesized to
meet the demand of any problematic coupling reactions. lodides are typically more reactive than
bromides in palladium catalyzed coupling reactitis.

Host guest monomers for supramolecular polymers fall into two separate typBs: A
monomers and BA/BT B monomers. AB monomers involve tethering of the host to a guest;
the monomer then sedfssociates to form a polymeric structurei AT B monomers arento
separate difunctional monomers. Mixing ABiB monomers at 1:1 stoichiometry is used to
provide polymeric structures. ConsideringBAmonomers, cryptands associate very well with
diquats, paraquats and to a lesser extent with pyridinium salts. 8iqoats require an
extensive synthetic scheme to build in functionality and both diquats and paraquats degrade in
even weak bases, tethering eitherl® would be fruitless, since neither could survive the

reaction conditions for saponification. The pymidm cation, however, offers a reasonable
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compromise. Although lower binding with cryptand systems, a direct synthesis can be
formulated and the moiety will withstand saponificatid?3 contains a pyridine ring that once
reacted with acid will form a pidinium cation capable of undergoing basic saponification.

Given the recent development of diber&®bcrown10- and bis(n-phenyleneB2-crown
10-cryptand templation procedures (Chapter 3), the approach to a difunctibAanAnomer
was to develop difunminal chelidamic acid derivatives for single pot, double cyclization.
Scheme 5.8provides structures and synthetic schemes4fdrand 42, each containing two

chelidamic motifs tethered by different linkages.
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Scheme 3. Difunctional A-A monomer precursors.

CONCLUSIONS
Here we have shown that chelidamic ac®) (s capable of producing a wealth of
compounds to be used as feedstock molecules for cryptands. In this chapter, 27 new compounds
were synthesized and fully characterized. The first obstacle overcome-was ®lalkylation;

it was found that by usindné diisopropyl estet3 as a precursor, 4dlkylation could be stopped.
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Additionally, 13 was made in high yielthy acid catalysiswhile avoiding the use of thionyl
chloride. Next it was found that acetone could be used over acetonitrile to obtain cdspoun
containing a leaving group in an economical fashion from difunctional electrophiles. 1Bram

wide range of feedstock molecules were synthesized. Attempts made to produce feedstock
molecules falling into the following categories were successful: leovanmonomers 16),
initiators 34), chain terminators26 and 26), leaving groups16, 18, 20, 21), aryl halides 27,

28, 29, 30, 31, 32), and AB HostGuest monomerdl, 23, 40, 41, 42

EXPERIMENTAL
Measurements:*Hi NMR spectra were obtained on JEOL ECLIPSI, BRUKER500, and
AGILENT-NMR-vnmrs400 spectrometers-3Ci NMR spectra were collected at 125 MHz and
101 MHz on these instruments. HRS were obtained using an Agilent LESFTOF system.
Reagents were purcéd and used as received without further purification. Compduyhag
3,29,15102 12% 3517 36,18 37,19 and 38 2° were made in accordance with literature procedures;
similar yields wereachieved.
General procedure 1: (E}4-(p-hydroxymethylstyryl)pyridine -2,6-dicarboxylic acid (6). 5
(187.8 mg, 0.5431 mmol) was dissolved in THF (50 mL) and a solution of 10 wt. % KOH (30
mL) in water was added to the solution while stirring. The salutias stirred for 12 h and THF
was removed by rotary evaporation. The remaining aqueous solution was acidified to pH 1 and
the solid precipitate was collected by filtration: 115.6 mg (71 %), m@ 85.6 °C. 'H NMR
(500 MHz, DMSGds) T 8. 40 ( 3= 16 HzHIH), 7.6D (dF=8 HZ, 2H), 7.46 (d) =

16 Hz, 1H), 7.37 (d) = 7 Hz, 2H), 4.53 (s, 2H)}3C NMR (126 MHz, DMSQds) & 166. 15
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149.28 (s), 148.33 (s), 144.35 (s), 135.64 (s), 134.93 (s), 127.84 (s), 12712ABY, (dJ =8

Hz), 63.18 (s). (11 peaks expected and 11 peaks foltRIMS: calc. for GH130sN [M + H]™:

m/z 300.0866; found: m/z 300.0872 (ersBrppm).

(E)-Dimethyl 4-( 2ethoxyvinyl)pyridine-2,6-dicarboxylate (4). To a flask containing DMF

(100 mL) was added Pd(OAdB7.5 mg, 0.256 mmol),-dromochelidamic methyl ester (2.16 g,

7.88 mmol), kCOs (1.30 g, 9.41 mmol), PRI{156 mg, 0.595 mmol), and ethyl vinyl ether (1.0

mL, 10 mmol). The reaction mixture was stirred under nitrogen at 96r°® h. Solvent was

removed by rotary evaporation and the crude material was dissolved in chloroform. The solution
was washed with 1 M HCI (x 3) and water (x3), followed by drying over sodium sulfate.
Filtration and removal of the solvent provided atemial which was purified by passing through

a silica column, eluting with hexanes:ethyl acetate 1:1 to give a mixteisaidtransisomers;

0.74 g (35%), mp: 48i55.73 . '"H NMR (500 MHz, CDCGJ) & 8. 40 (s, 2H), 8.
(d,J = 13 Hz, 1H),6.54 (d,J = 7 Hz, 1H), 5.82 (dJ = 13 Hz, 1H), 5.31 (dJ = 7 Hz, 1H), 4.46

(qd,J = 7, 1 Hz, 8H), 4.11 (qd] = 7, 4 Hz, 2H), 3.99 (q) = 7.0 Hz, 2H), 1.45 (t) = 7 Hz,

16H), 1.37 (tJ = 7 Hz, 3H). ®C NMR (126 MHz, CDG)) U 165. 37 16356 (s), 165 . 2
152.85 (s), 148.83 (s), 148.66 (s), 147.75 (s), 146.18 (s), 126.36 (s), 123.29 (s), 102.87 (s),
102.16 (s), 70.52 (s), 66.79 (s), 62.37 (S), 62.22 (s), 15.46 (s), 14.80 (s). (18 peaks expected and
18 found). HR MS: calc. for 8H19NOs [2M + Na]": m/z 609.2419; found: m/z 609.2364 (error

-8.9 ppm). 'H NMR Cis '"H NMR (500 MHz, CDC{) U4 8. 04 ( 9=13HH)LH), 5. 82
5.31 (d,J = 6.9 Hz, 1H), 4.46 (qd] = 7, 1 Hz, 6H), 3.99 (q) = 7 Hz, 2H), 1.37 (tJ = 7 Hz,

3H).?H NMR Trars- '"H NMR (500 MHz, CDCJ) U 8. 40 ( 9= 13MH)H), 634 39 ( d

(d,J=7 Hz, 1H), 4.46 (qd) = 7, 1 Hz, 6H), 4.11 (qdl = 7, 4 Hz, 2H), 1.45 (] = 7 Hz, 3H).
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(E)-Dimethyl  4-(p-chloromethylstyryl)pyridine -2,6-dicarboxylate  (5). Dimethyl 4
bromopyridine2,6-dicarboxylate (0.83g, 3.0 mmol), palladium acetate (22.2 mg, 0.0989 mmol),
triphenylphosphine (63.5 mg, 0.242 mmol), and sodium carbonate (0.45 g, 4.2 mmol) were
added to a small flask containing a magnetic stir bar. The solvent, DMF ($0amd.p-
vinylbenzyl chloride (0.60 mL, 4.3 mmol) was added to the flask once an oil bath had been
prepared at 90 °C. The reaction mixture was allowed to stir under heat and nitrogen for 60 h. A
portion of solvent was removed by rotary evaporationtaedemaining mixture was dissolved

in chloroform; the mixture was washed with 1M HCI (x2), water (x3), and dried owSla

After filtration and evaporation of the solvent, a minimal amount of chloroform was used to
dissolve the product and it was ppetated into a small amount of ether (~100 times the volume

of chloroform). The solution was filtered: a white yellow tinted solid, 146.5 mg (14%), mp
175.0177.0 (dec).*H NMR (400 MHz,CDC}) 4 8. 38 i(7¢1 (m,BH))7,14 (@ =6 2

16 Hz, 1H, 4.62 (s, 2H), 4.05 (s, 6HYC NMR (126 MHz, CDG) U 165. 38 (s) ,
147.59 (s), 138.78 (s), 135.68 (s), 135.11 (s), 129.34 (s), 128.98 (s), 127.77 (s), 125.05 (s), 53.38
(s), 45.83 (s). (12 peaks expected and 12 peaks found) HR MS: c&gHasNO4Cl [M + H] ™

m/z 346.0841; found: m/z 346.0860 (error 5.7 ppm).

Attempted synthesis of E)-4-(p-chloromethylstyryl)pyridine -2,6-dicarboxylic acid chloride

(7). (B)-4-(p-hydroxymethylstyryl)pyridine?,6-dicarboxylic acid (108.1 mg, 0.3612 mmahd

thionyl chloride (5 mL, 0.07 mol) in a round bottom flask under nitrogen were stirred at reflux
for 21 h. Thionyl chloride was removed by evaporation. Product appeared as a dark discolored
Agunko which resisted bei nagofodniasdsacetioneed i n t he
Attempted synthesis of Dimethyl 4-(p-chloromethylphenethyl)pyridine-2,6-dicarboxylate

(8). (E)-Dimethyl 4(p-chloromethylstyryl)pyridine2,6-dicarboxylate (55.3 mg 0.160 mmol)
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was dissolved in chloroform (100 mL) and 10% Pd/C(10.00:0§940 mmol) was added. The
mixture was placed under hydrogen gas (65 psi) and shaken for 24 h. The solution was filtered
to remove the catalyst and solvent was removed by rotary evaporation (TL&HaNWR
revealed only starting materials).

Chelidamic Isopropyl ester (13). To a flask containing isopropanol (200 mL, 2.61 mol) was
added sulfuric acid (0.20 mL, 3.8 mmol) and chelidamic acid (2.48 g, 13.5 mmol) with magnetic
stirring. The solution was held at reflux under nitrogen for 36 h. Solventaras/ed by rotary
evaporation and the crude material was dissolved in chloroform, washed with £X:Nace

(1.1 eq. to sulfuric acid added), 2% NaH{@4), water (x2), saturated NaCl (x1), and dried
over sodium sulfate. Filtration and removal of thiveot provided the desired product: 3.11 g
(86%), mp 128.7129.8 °C; lit mp 146146 °C!® H NMR (500 MHz, CDC§) & 7. 11 (s,
5.335.24 (m, 2H), 1.40 (dJ = 6 Hz, 12H). ®°C NMR (126 MHz, CDCJ) & 181. 06 (s) ,
(s), 136.91 (s), 120.55 (s), 72.05 (s), 21.73 (s). (6 peaks expected and 6 peaksHBUNS:

calc. for GaH170sN [M+H]™: m/z 268.1179; found: m/z 268.1193 (error 5.2 ppm)

Diethyl 4-(p-vinylbenzyloxy)pyridine-2,6-dicarboxylate (14) and minor product diethyl 4
oxo-1-(p-vinylbenzyl)-1,4-dihydropyridine -2,6-dicarboxylate (15) To a flask containing
acetone (100 mL)with a magnetic stir bar was added diethylhytlroxypyridine2,6-
dicarboxylate 12, 1.64 g, 6.86 mmol}p-vinylbenzyl chloride (1.5 mL, 11 mmol) and potassium
carbonate (1.44 g, 10.4 mmol). The mixture was held at reflux under nitrogen for 16 h, after
which solvent was removed by rotary evaporation and the crude material dissolved in chloroform
and washed with 1 M HCI (x3), saturated NaCl (x3), and dried over Mg3®e solution was
filtered and solvent removed by rotary evaporation to give the desiogdigir 2.18 g, (57 %),

white solid, mp 64.270.63 . *H NMR (500 MHz, CDCY) U 7. 85 ( sl=8Hzd) , 7.
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2H), 7.39 (dJ = 8 Hz, 2H), 6.72 (dd] = 18, 11 Hz, 1H), 5.78 (d,= 18 Hz, 1H), 5.29 (d] = 11

Hz, 1H), 5.20 (s, 2H), 4.46 (d,= 7 Hz, 4B, 1.44 (t,J = 7 Hz, 6H). 13*C NMR (126 MHz,

cCbCk) U 166.59 (s), 164.71 (s), 150.29 (s), 13
(s), 11 4.63 (s), 114.33 (s), 70.53 (s), 62.43 (s), 14.20 (s) (13 peaks expected and 26 peaks found
total, 13of which are attributed to Calkylation and 13 to Mlkylation; only Qalkylated peaks

are listed). HR MS: calc. for6H21NOs [M]+: m/z 356.1492; found: m/z 356.1463 (error 8.1

ppm)

Diisopropy! 4-(p-vinylbenzyloxy)pyridine-2,6-dicarboxylate (16) To a flask containing

acetone (200 mL) was addeevinylbenzyl chloride (7.0 mL, 50 mmol), chelidamic isopropyl

ester (8.65 g, 32.4 mmol), and®0Os (7.4 g, 54 mmol). The mixture was held at reflux under
nitrogen for 22 h with magnetic stirring. The mixtumas filtered through celite p545 and
solvent was removed by rotary evaporation. The crude material was triturated with hexanes and
the remaining solid was collected: 7.98 g (64%), mpi@B2L °C. 'H NMR (500 MHz, CDCJ)

G 7.80 (s,J=8H7)2H), 739 @5= 8(Hd, 2H), 6.72 (dd) = 18, 11 Hz, 1H), 5.78

(d, J = 18 Hz, 1H), 5.365.22 (m , 3H), 5.19 (s, 2H), 1.41 (@= 6 Hz, 12H). 13C NMR (126
MHz,CDCk) 4 166.53 (s), 164.20 (s), 150.72 (s),
126.73 (s), 114.81 (s), 114.46 (s), 70.58 (s), 70.26 (s), 21.89 (s). (13 peaks expected and 13
peaks found). HR MS: calc. forg12sNOs [M + H]*: m/z 384.1805; found: m/z 384.1798 (error

2 ppm).

4-(p-vinylbenzyloxy)pyridine-2,6-dicarboxylic acid (17) General procedure 1 used with
styrene chelidamic estet§, 0.24 g, 0.63 mmol), THF (15 mL), and 10% wt. aqueous KOH (50

mL) to produce 0.16 g (86%), mp 140124.23 . H NMR (400 MHz, DMSQds) U 7. 77 ( ¢

2H), 7.50 (d,J = 8 Hz, 2H), 7.44 (dJ = 8 Hz, 2H), 6.73 (dd] = 18, 11 Hz, 1H), 5.84 (d|= 18
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Hz, 1H), 5.34 (s, 2H), 5.26 (d,= 11 Hz, 1H). 13C NMR (101 MHz, DMSGds) U 167 . 07 (
165.97 (s), 150.45 (s), 137.76 (s), 136.88 (s), 135.85 (s), 128.83 (s), 127.00 (s), 115.40 (s),
114.68 (s) 70.54 (s). HR MS: calc. for @H130sN [M + H]*: m/z 300.0866; found: m/z
300.0864 (error 0.7 ppm).

Diisopropy! 4-(p-( 2tasyloxyethoxy)phenoxyethoxy)pyridine2,6-dicarboxylate (18). To a

flask containing acetone (300 mL) was added the ditosy8&e3(33 g, 6.57 mmol), isopropyl

ester chelidamicl@, 3.59 g, 13.4 mmol), and potassium carbonate (3.18 g, 23.0 mmol) with
magnetic stirring under a stream of nitrogen. The reaction mixture was held at reflux for 24 h
cooled to room temperature, filteredrdbgh Celite® p545 and the solvent was removed by

rotary evaporation. The crude material was dissolved in DCM and washed wiIloNa2),

saturated NaCl (x3), and dried over sodium sulfate. After filtration and removal of solvent, the
material was puriéd by silica flash column chromatography eluting DCM to acetonitrile: 1.47 g
(37%), a white solid819= 4:1, mp: 102.4109.1 °C.*H NMR (500 MHz, CDCY) U 7J 84 ( d
= 8 Hz, 2H), 7.82 (s, 2H), 7.37 (d= 8 Hz, 2H), 6.86 (dJ = 9 Hz, 2H), 6.77 (dJ) = 9 Hz, 2H),

5.32 (hept] = 6 Hz, 2H), 4.53 4.46 (m, 2H), 4.39 4.35 (m, 2H), 4.35 4.32 (m, 2H), 4.16

4.10 (m, 2H), 2.48 (s, 3H), 1.45 @@= 6 Hz, 12H). 3C NMR (126 MHz, CDGJ)) & 166. 50 (
164.11 (s), 152.97 (s), 152.76 (s), 150.68 (s), 4s), 132.96 (s), 129.85 (s), 128.03 (s),

115.84 (s), 115.69 (s), 114.14 (s), 70.17 (s), 68.17 (s), 67.29 (s), 66.70 (s), 66.25 (s), 21.81 (s),
21.66 (s) (19 peaks expected and 19 peaks found). HR MS: caleolfeeXiO10S [M+H]": m/z

602.2055; found: n2/602.2064 (error 1 ppm).

Tetraisopropyl 4,4'-(((1,4-phenylenebis(oxy))bis(ethane,1-diyl))bis(oxy))bis(pyridine-2,6-
dicarboxylate) (19). To a flask containing acetonitrile (100 mL) was added the ditosydée (

5.78 g, 11.4 mmol), chelidamic isopropgter (L3, 6.79 g, 25.4 mmol), and potassium carbonate
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(5.85 g, 42.3 mmol) with magnetic stirring under a stream of nitrogen. The reaction mixture was
held at reflux for 24 h. After cooling to room temperature the mixture was filtered through
Celite® p545and solvent was removed by rotary evaporation. The crude material was dissolved
in DCM and washed with N&Os (x2), saturated NaCl (x3), and dried over sodium sulfate. The
product was obtained after filtration and removal of solvent: 6.21 g (78%), sdlits mp
193.1195.4°C. '"HNMR (500 MHz, CDCf) U4 7.81 (s, 4H),J=6H89 (s,
4H), 4.524.46 (m, 4H), 4.3i74.32 (m, 4H), 1.43 (dJ = 6 Hz, 24H). 1°C NMR (126 MHz,

CDCl) U 166.53 (s), 164.10 ()214.181shpB.2D®),6(.32), 15
(s), 66.73 (s), 21.81 (s) (10 peaks expected and 10 peaks found). HR MS: cadeHiaNO1>

[M+H]™: m/z 697.2967; found: m/z 697.3000 (error 4.7 ppm).

4-(p-( 2Tosyloxyethoxy)phenoxy)ethoxy)pyridine2,6-dicarboxylic acid (20). General
procedure 1 used with diisopropyl-(g-( 2t@syloxyethoxy)phenoxyethoxy)pyridis&6-
dicarboxylate 18, 0.2570 mg, 0.4271 mmol), 10% wt. KOH (20 mL), and THF (40 mL) to
produce 0.2051 g (93%), mp: 108187.33 8'H NMR (500 MHz, DMSGds) U 7J=789 ( d,
Hz, 2H), 7.76 (s, 2H), 7.47 (d,= 8 Hz, 2H), 6.87 (d) = 9 Hz, 2H), 6.77 (d) = 9 Hz, 2H), 4.58

i 4.53 (m, 2H), 4.31 4.26 (m, 4H), 4.1G 4.07 (m, 2H), 2.41 (s, 3H)}*C NMR (126 MHz,
DMSOds) U 166. 60 (s), 15605 (s)3849.82¢%s), 145.0659), 127 ($),s ) ,
130.20 (s), 127.70 (s), 115.59 (s), 115.47 (s), 113.76 (s), 69.27 (s), 67.67 (s), 66.48 (s), 65.85 (S),
21.13 (s) (17 peaks expected and 17 peaks found). HR MS: calGuftsNO10S [M + H]™:

m/z 518.1115found: m/z 518.1077 (error 7.3 ppm).

Diisopropy! 4-(p-chloromethylbenzyloxy)pyridine-2,6-dicarboxylate (21) To a round
bottom flask contai ni ng -dchlogotp-ayrere (3(53 @ P0.4mingl) wa s

and KCOzs (3.08 g, 22.3 mmol) with magnetic stirring. Chelidamic isopropyl ed®rQ.91 g,
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3.4 mmol) was dissolved in acetone and placed in an addition funnel attached to the reaction
flask under nitrogen. The reaction flask was held at reflux and the chaidafation was

added dropwise. After the chelidamic addition was complete, the mixture was kept at reflux for
36 h, filtered through Celite p545® and the solvent was removed by rotary evaporation. The
crude material was triturated with hexanes and tiid svas collected via filtration and purified

on a silica column, eluting with dichloromethane: 0.21 g (15%), mp 124317°C. *H NMR

(400 MHz,CDC$) U 7.80 (s, 2H»22(n 2H), 5.20((s 2H), 4.59)s, 2H . 3 3
1.41 (d,J = 6.3 Hz, 1M). ®C NMR (101 MHz, CDC)) U 166.56 (s), 164.2
138.25 (s), 135.28 (s), 129.38 (s), 128.42 (s), 114.67 (s), 70.54 (s), 70.31 (s), 45.91 (s), 22.04 (s).
(12 peaks expected and 12 peaks found). HR MS: calc. f0i810sCl [M+H]": m/z
406.1416; found: m/z 406.1405 (error 2.7 ppm).
4-(p-Hydroxymethylbenzyloxy)pyridine-2,6-dicarboxylic acid (22). General procedure 1

used with 4(p-chloromethylbenzyloxy)pyridin€,6-dicarboxylate 21, 214.1 mg, 0.5275 mmol),

10% wt. KOH (30 mL) and THF (30 mL) to produce 23.7 mg (15%), mp 12343°C. H

NMR (500 MHz, DMSQds) U 7. 81 ( sJ7 1 BzHAH), 5.3D (s5281), 4.78 (s, 2H).

13C NMR (126 MHz, DMSGds) U 166 . 36 (48.78,(s), 137.66. (9,4135(73 (5), 1
129.05 (s), 128.05 (s), 113.91 (s), 69.70 (s), 45.77 (s) (10 peaks expected and 10 peaks found).
HR MS: calc. for @GsH1306N [M - H]: m/z 302.0670; found: m/z 302.0681 (eri@c6 ppm).

Diisopropy! 4-(pyridin -4 §lmethoxy)pyridine-2,6-dicarboxylate (23) Chelidamic isopropyl

ester 13, 1.80 g, 6.73 mmol),-Bromomethylpyridine hydrobromide (2.00 g, 7.91 mmol), and
potassium carbonate (2.50 g, 18.1 mmol) were combined in a round bottom flask wotreace

(60 mL) under nitrogen and held at reflux for 4 days. After cooling, the mixture was filtered

through Celite p545® and solvent was removed by rotary evaporation. The product was isolated
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by flash column chromatography on silica, eluting with DCME#: 0.39 g (16%), mp 1028
104.3 °C.*H NMR (400 MHz, CDC{) 1 8J=6 &z, 2HJ, 7.82 (s, 2H), 7.38 (d= 6 Hz,

2H), 5.30 (m, 2H), 5.25 (s, 2H), 1.43 @= 6.3 Hz, 11H). 13C NMR (126 MHz, CDG&) U
165.96 (s), 163.98 (s), 150.88 (s), 150.36148.85 (s), 121.51 (s), 114.17 (s), 70.31 (s), 68.66
(s), 21.81 (s) (10 peaks expected and 10 peaks found). HR MS: calesHiosNzOs [M + H] ™

m/z 359.1601; found: m/z 359.1616 (eridr2 ppm).

4-(Pyridin -4-ylmethoxy)pyridine-2,6-dicarboxylic acid (24). General procedure 1 used with
diisopropyl 4(pyridin-4 §Imethoxy)pyridine2,6-dicarboxylate 23, 0.39 g, 1.1 mmol), 10% wt.
KOH (20 mL), THF (20 mL) to produce a white solid, 56.6 mg (19%), mp: 2@64.3 °C
(dec.). '"H NMR (500 MHz, DMSQds)  ®3 (I8 s, 2H), 8.09 (br s, 2H), 7.90 (br s, 2H), 5.74
(br s, 2H). 13C NMR (126 MHz, DMSGds) U 165.68, 165. 19, 149.99,
113.99, 67.77 (8 signals expected and 8 signals found). HR MS: calaafaekiOs [M + H] ™

m/z 275.0662; found: m/z 275.0674 (eridr4 ppm).

Diisopropy! 4-(p-formylphenoxyethoxy)pyridine-2,6-dicarboxylate (25) To a round bottom
flask containing acetone (125 mL) was adddgd 2béomoethoxy)benzaldehyd87q 4.77 g, 18.5
mmol), diisopropyH-hydroxypyridine2,6-dicarboxylate 13, 4.14 g, 15.5 mmol), and potassium
carbonate (3.82 g, 27.6 mmol) with magnetic stirring. The mixture was held at reflux under
nitrogen for 31 h, filtered through Celite p545® and evaporated to provide a matedalwas
purified by flash column chromatography (silica gel, eluting with DCM / EA). The product was
found in the third fraction as a yellow tinted solid: 3.10 g (48%), mp: 11189 °C.H NMR

(500 MHz, CDC$) U0 9. 91 ( 9579 HzHH), 18T/(s, 8H), 7.06d(d) = 9 Hz, 2H),

5.30 (heptJ = 6 Hz, 2H), 4.55 (dd) = 6, 3 Hz, 2H), 4.48 (dd] = 6, 3 Hz, 2H), 1.43 (] =6

Hz, 12H). %C NMR (126 MHz,CDG) U4 190.69 (s), 166.31 (s),
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(s), 132.03 (s), 130.54 (s).14.83 (s), 114.07 (s), 70.23 (s), 66.88 (s), 66.25 (s), 21.80 (s) (13
peaks expected and 13 peaks found). HR MS: calc. f81.6NO; [M+H]": m/z 416.1704;

found: m/z 416.1700 (error 1 ppm).

Diisopropy! 4-[p-(p Bormylphenoxymethyl)benzyloxy]pyridine-2,6-dicarboxylate (26) To a

flask containing acetone (60 mL) was adge(p -@hloromethylbenzyloxy)benzaldehyd88(

0.88 g, 3.4 mmol), chelidamic isopropyl est#8,(0.87 g, 3.3 mmol), and potassium carbonate
(0.90 g, 6.5 mmol) with magnetic stirring under nitrogen. The reaction mixture was held at
reflux for 31 h, cooled to room temperature, passed through Celite p545® and evaporated. The
desired product was obtained by triturating the crude material with éexproduct is a yellow

tinted solid, 0.9417 g (59%), mp 124127.4 °C. '"H NMR (500 MHz, CDCY) U 9. 90 ( s,
7.85 (d,J = 9 Hz, 2H), 7.82 (s, 2H), 7.49 (s, 4H), 7.08 {¢ 9 Hz, 2H), 5.29 (hept] = 6 Hz,

2H), 5.23 (s, 2H), 5.18 (s, 2H), 1.42 (= 6 Hz, 12H). 3C NMR (126 MHz,CDG)) U 190. 7 4
(s), 166.38 (s), 164.10 (s), 163.54 (s), 150.68 (s), 136.62 (s), 135.00 (s), 132.02 (s), 130.28 (s),
128.15 (s), 127.89 (s), 115.14 (s), 114.34 (s), 70.32 (s), 70.22 (s), 69.81 (s), 21.81 (s) (17 peaks
expeded and 17 peaks found). HR MS: calc. fegHzoNO7 [M + H]™: m/z 492.2017; found:

m/z 492.2029 (error 2.4 ppm).

Diisopropy! 4-[p-(p dbromobenzyloxy)benzyloxy]pyridine-2,6-dicarboxylate (27) To a

round bottom flask containing acetone (200 mL) \added diisopropyl ester chelidamit3(

5.50 g, 20.6 mmol), KCOs  (4.00 g, 28.9 mmol), and p-(p-o
bromomethylphenoxymethyl)bromobenzeB8, (7.91 g, 22 mmol) with magnetic stirring under
nitrogen. The reaction was held at reflux for 19 h, followed byafitin through Celite p545®

and removal of solvent via rotary evaporation. The remaining solid was triturated with boiling

hexanes and filtered, product is a white solid: 10.51 g (94%), mjp®06i°C. *H NMR (400
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MHz,CDCk) U 7. 80 ( 978HzHRH), 7.38 (db=19 Hg, @H), 7.31 (dJ = 8 Hz,

2H), 6.98 (d,J = 9 Hz, 2H), 5.28 (hept] = 6 Hz, 2H), 5.13 (s, 2H), 5.04 (s, 2H), 1.42 Jc 6

Hz, 12H). 3C NMR (101 MHz,CDC)) U 166.68 (s), 164.35 (s), 1
(s),132.02 (s), 129.94 (s), 129.25 (s), 127.58 (s), 122.20 (s), 115.37 (s), 114.63 (s), 70.71 (s),
70.42 (s), 69.52 (s), 22.04 (s) (16 peaks expected and 16 peaks fddRdMS: calc. for
Co7H2806NBr [M + Na]": m/z 564.0992; found: m/z 564.0983 (er+®1ppm)

4-[p-(p Bromobenzyloxy)benzyloxy]pyridine-2,6-dicarboxylic acid (28) General procedure

1 used with diisopropyl 4ip-(p dromobenzyloxy)benzyloxy]pyridin2,6-dicarboxylate (27,

1.21 g, 2.23 mmol), 10% wt. KOH (20 mL) and THF (30 mL) to produce a white solid, 1.01 (99

%), mp: 189.1192.33 . 'H NMR (500 MHz, DMSQds) & 7. 77 ( 858H2KH), 7. 58
7.41 (dd,J = 8, 3 Hz, 4H), 7.03 (d) = 8 Hz, 2H), 5.27 (s, 2H), 5.10,(8H). °C NMR (126

MHz, DMSOds) & 167.05 (s), 165.87 (s), 158.74 (s)
(d, J = 7.2 Hz), 128.37 (s), 121.51 (s), 115.44 (s), 114.49 (s), 70.51 (s), 68.95 (s) (14 peaks
expected and 14 peaks foundJR MS: calc.for C21H160sNBr [M + H]+: m/z 458.0234; found:

m/z 458.0238 (errair0.9 ppm).

Diisopropy! 4-(p-bromobenzyloxy)pyridine-2,6-dicarboxylate (29) To a flask containing

acetone (125 mL) was adddd (4.30 g, 16.1 mmol)p-bromobenzyl bromide (4.54 g, 18.2

mmol) and potassium carbonate (3.59 g, 26.0 mmol) with magnetic stirring. The mixture was
held at reflux under nitrogen for 8 h, filtered through Celite p545® and the solvent was removed

by rotary evaporation. The crudeaterial was triturated with hexanes and the product was
collected as a white solid: 6.14 g (87%), mp: 1R3Z.6 °C. 'H NMR (500 MHz, CDCJ) i

7.80 (s, 2H), 7.55 (d] = 8 Hz, 2H), 7.32 (dJ = 8 Hz, 2H), 5.29 (hept] = 6 Hz, 2H), 5.17 (s,

2H), 1.43 (dJ = 6 Hz, 12H). ®C NMR (126 MHz,CDG)) & 166.23 (s), 164.0
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133.84 (s), 132.04 (s), 129.36 (s), 122.80 (s), 114.27 (s), 70.23 (s), 69.91 (s), 21.81 (s) (11 peaks
expected and 11 peaks found); HR M8tc. for GoH220sNBr [M + H]": m/z 436.0754; found:

m/z 436.0760 (error 1 ppm).

4-(p-Bromobenzyloxy)pyridine-2,6-dicarboxylic acid (30). General procedure 1 used with
diisopropyl 4(p-bromobenzyloxy)pyridin€,6-dicarboxylate 29, 2.65 g, 6.07 mmol), 10%ut.

KOH (50 mL) and THF (50 mL) to produce a white solid, 2.13 g (99%), mp: 1887773 . H

NMR (400 MHz, DMSQGds) U4 7. 80 (s, 2H)J=8Hz@H), 586(s,2H.H) , 7
13C NMR (101 MHz, DMSGds) U 163. 17 (s), 1B®92 (s) 228.369s),, 146
126.81 (s), 118.32 (s), 110.75 (s), 66.17 (s) (9 peaks expected and 9 peaks found). HR MS: calc.
for C14H100sNBr [M + H]": m/z 351.9815; found: m/z 351.9827 (eri8t4 ppm).

Diisopropy! 4-(p-iodobenzyloxy)pyridine-2,6-dicarboxylate (31) To a round bottom flask
containing acetone (75 mL) was addedrémomethyl4-iodobenzene3ps, 0.55 g, 1.9 mmol),
chelidamic isopropyl dieste8, 0.59 g, 2.2 mmol), and potassium carbonate (0.52 g, 3.8 mmol).
The flask was placed under nitrogand held at reflux for 1 day, after which the flask was
allowed to cool and filtered through Celite p545®. Solvent was removed by rotary evaporation
and the crude material was purified via flash column chromatography (silica, eluting with 100%
DCM to 100%EA; product elutes in 10% EA): 0.75 g (84%), white solid, mp 1889.83 .

IHNMR (500 MHz, CDCd) U 7. 79 ( §58HzRM), 7.19 (J=B HZ, 2H), 5.29

(hept,J = 6 Hz, 2H), 5.15 (s, 2H), 1.43 (d,= 6 Hz, 13H). 13C NMR (126 MHz, CDG)) U
166.23 (s), 164.06 (s), 150.75 (s), 138.00 (s), 134.52 (s), 129.50 (s), 114.26 (s), 94.42 (s), 70.21
(s), 69.99 (s), 21.81 (s) (11peaks expected and 11 peaks found). HR MS: calgHieD£DII

[M + H]*: m/z 484.0615; found: m/z 484.0586 (error 6.enpp
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4-(p-lodobenzyloxy)pyridine-2,6-dicarboxylic acid (32) General procedure 1 used with
diisopropyl 4(p-iodobenzyloxy)pyridine2,6-dicarboxylate 81, 0.75 g, 1.6 mmol), THF (50

mL), and 10% wt. potassium hydroxide (50 mL) to produce 0.61 g (98%), wbiit mp
187.3189.83 . 'H NMR (500 MHz, DMSGds) U 7. 79 ( nd=8HzHH),534(s30 ( d,
2H). 3C NMR (126 MHz,DMSGds) U 166.27 (s), 165.23 (s), 14
129.96 (s), 113.91 (s), 94.44 (s), 69.40 (s) (9 peakected and 9 peaks found). HR MS: calc.

for C14H100sNI [M + H]*: m/z 399.9676; found: m/z 399.9709 (er®:13 ppm).

p-[p -Bromomethylphenoxymethyllbromobenzene (39). To a flask containing DCM (200

mL) was addegb-(p -bromobenzyloxy)benzyl alcohol (88), 23.5 mmol) and PB(1.4 mL, 15

mmol) with magnetic stirring under nitrogen. The solution was held at reflux for 39 h, after
which it was poured into water, followed by washing the organic phase with water (x2),
saturated NaCl (x2), and drying ovesdsum sulfate. Filtration and removal of the solvent
provided the product as a lightly brown tinted solid: 8.21 g (98 %), mpi 78.8 °C. 'H NMR

(400 MHz, CDC$) U 7J=BHz, 2H),,7.31 (dd) = 11, 8 Hz, 4H), 6.91 (d] = 8 Hz, 2H),

5.01 (s, 2H), 4.49 (s, 2H)'®*C NMR (101 MHz, CDG)) & 158.77 (s), 135.9
130.74 (s), 130.69 (s), 129.27 (s), 122.20 (s), 115.27 (s), 69.51 (s), 34.00 (s) (10 peaks expected
and 10 large peaks found, very small impurity algndue to the product being an intermediate,

it was used without further purification). HR MS: calc. faul€i2OBr2 [M - Br]": m/z 275.0066;

found: m/z 275.0065 (errd10.4 ppm)

Diisopropy!l 4-[p-( 1béomoethyl)benzyloxy]pyridine-2,6-dicarboxylate (33) To a flask

containing silica (2.20 g) was addedpdvinylbenzyloxy)chelidamic isopropyl estetq, 0.383

g, 0.998 mmol), and DCM (10 mL) with magnetic stirring under nitrogen.z @808 mL, 0.85

mmol) was dissolved in DCM (1 mL) and added dropwiséheoflask. After the addition was
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complete, the flask was allowed to stir for 2 h. The mixture was filtered to remove solids and the
filtrate was washed with NaHG(OXx3), saturated NaCl (x2), and dried over sodium sulfate.
Filtration and rotary evaporat provided the product: 400 mg (86%), white solid, mp: 244.1
246.03 (dec). M NMR (500 MHz,CDCJ) U 7. 80 ( 858H2,RN),7.4Z7(J49 ( d,
4 Hz, 2H), 5.325.24 (m, 2H), 5.91 (s, 2H), 5.18 @= 7 Hz, 1H), 2.05 (dJ = 7 Hz, 3H), 1.41
(d,J=7 Hz, 12H). ®C NMR (126 MHz, CD&) U 166. 38, 164.09, 150.
134.94, 129.38, 128.13, 127.35, 127.30, 114.34, 70.22, 48.67, 32.84, 26.74, 21.81 (13 peaks
expected and 16 peaks found, 3 extra aromatic peakssoprmtuct believed to not be shelf
stable at room temperature).

Diisopropyl 4-[p-[ (02 0 , 2 éetr@ntethy@piperidin -N-oxy)ethyl]benzyloxy]pyridine-2,6-
dicarboxylate (34) To a round bottom flask containing benzene (10 mL) was added copper (ll)
trifluoromethanesulfonate (8.9 mg, 0.025 mmol), copper powder (48.2 mg, 0.758 mmol),
TEMPO (0.149 g, 0.952 mmol), diisopropyl diisopropyl -[p4( 1 O
bromoethyl)benzyloxy]pyridin®,6-dicarboxylate (33, 0.287 g, 0.618 mmol), and

N, N, NO ,-pdriainetiyldiéthyleneamine (0.02 mL, 0.1 mmol) with magnetic stirring
under nitrogen. The mixture was held at reflux for 30 h, diluted with DCM, filtered through
Celite p545®, and solvent was removed by rotary evaporation. The residue was purified using
column chromatogrdyy (neutral alumina, eluting with DCM:MeOH 99:1); the product eluted as

the first fraction: 0.1893 g (57%), white solid, mp 113.16.53 . *H NMR (500 MHz, CDCJ)

O 7.81 (g 7.353m %H), 534 %28 (m, 2H), 5.20 (s, 2H), 4.80 (@= 6 Hz, H),

1.521 1.23 (m, 23H), 1.16 (s, 4H), 1.02 (s, 3H), 0.63 (s, 3tRC NMR (126 MHz, CDG)) U
166.53 (s), 164.12 (s), 150.62 (s), 146.55 (s), 133.20 (s), 127.66 (), 127.09 (s), 114.41 (s), 82.78

(s), 70.75 (s), 70.11 (s), 59.69 (s), 40.35 (), 34.4BE&L7 (s), 23.52 (s), 21.82 (s), 20.34 (s),
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17.21 (s). (19 peaks expected and 19 peaks found). HR MS: calagifou@N2 [M + H]™:

m/z 541.3272; found: m/z 541.3283 (er+B10 ppm)
4,4'-(((p-Phenylenebis(oxy))bis(ethan&,1-diyl))bis(oxy))bis(pyridine-2,6-dicarboxylic acid)

(40). General procedure 1 used with tetraisopropyl-4(p-phenylenebis(oxy))bis(ethatigl-
diyl))bis(oxy))bis(pyridine2,6-dicarboxylate) 19, 0.379 g, 0.544 mmol), THEO mL) and 10%
agueous potassium hydroxide (50 mL) to produce 0.287 g (100%), white solid, mp2B&000

3 (dec). '"H NMR (500 MHz, DMSQGds) & 7.78 (s, 4H), 6.93 (s, 4l
13C NMR (126 MHz, DMSQdg) U 166. 53 158.42,(s), 149.36 (8),6115(4% (5),
113.69 (s), 67.61 (s), 66.43 (s) (8 peaks expected and 8 peaks found). HR MS: calc. for
Co4H20012N2 [M + H]™: m/z 529.1089; found: m/z 529.1084 (error 0.9 ppm)

Tetraisopropyl 4,4-(decanel,10diylbis(oxy))bis(pyridine-2,6-dicarboxylate) (41) To a

round bottom flask containing acetonitrile (200 mL) was added-didr@modecane (7.04 g,

23.5 mmol), chelidamic isopropyl estér3( 12.8 g, 47.8 mmol), and potassium carbonate0(8.

g, 61.5 mmol) under nitrogen. The reaction was held at reflux for 4 days, after which it was
filtered through Celite p 545® and the solvent was removed by rotary evaporation. The crude
material was dissolved in DCM and washed with®@s (x2), saturagd NaCl (x4), and dried

over sodium sulfate. Filtration and removal of the solvent provided a white solid: 15.63 g (99%),
mp 76.8i 78.0 °C. 'TH NMR (500 MHz, CDCJ) & 7. 72 (s, J=@Hk)4H), 61229 ( h
(t, J = 6 Hz, 4H), 1.891.80 (m, 4H), 1.8 1.27 (m, 36H). 3C NMR (126 MHz, CDG) U
166.92 (s), 164.29 (s), 150.52 (s), 114.08 (s), 70.13 (s), 68.91 (s), 29.44 (s), 29.27 (s), 28.80 (s),
25.88 (s), 21.81 (s) (11peaks expected and 11 peaks found). HR MS: calesHeuNeD1o

[M+H]": m/z 6733695; found: m/z 673.3707 (error 1.8 ppm).
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4,4'-(Decanel,10diylbis(oxy))bis(pyridine-2,6-dicarboxylic acid) (42). General procedure 1

used with tetraisopropyl 4;4decanel,10-diylbis(oxy))bis(pyridine2,6-dicarboxylate) 41, 1.86

g, 2.76 mmol), THF (6 mL) and 10% wt. potassium hydroxide (50 mL) to produce 1.08 g (78

%), white solid, mp 192i896.13 . *H NMR (500 MHz, DMSOds) U 7. 69 (&= 4H),
6 Hz, 4H), 1.85 1.68 (m, 4H), 1.35 (m, 12H)3C NMR (126 MHz, DMSGds) U 166 . 71 (
165.27 (s), 149.65 (s), 113.51 (s), 68.69 (s), 28.83 (s), 28.59 (s), 28.12 (s), 25.21 (s) (9 peaks
expected and 9 peaks foundjlR MS: calc. for GsH28010N2 [M + H]™: m/z 505.1817; found:

m/z 505.1840 (errdr4.6 ppm).
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Chapter 6

Cryptand Functionalization

Introduction

In terms of complexation with paraquats, pyridyl cryptands far surpass the ability of
crown ethers:® Adoption of pyridyl cryptands has however been slow at best, owing to
problems in: lengthy syntheses, overall low yielding reactions for their production, and a lack of
reasonable synthetic schemes to pyridyl feedstock molecules. The generally acetptztof
synthesis involves syringe pump addition of substrates over several days into a large volume of
solvent, to achieve pseutiigh dilution conditions. The result is a reaction that takes nearly a
week to run and yields of about 45%; chapter 3,dw@x, remedies this concern by introducing a
templation method to accomplish the synthesis of dib&@zaown10- and bis(n-phenylene)
32crownl0-based pyridyl cryptands. The most direct route to functionalized 2,6
pyridinedicarboxylates makes use of theecursor chelidamic acid. Although commercially
available, chelidamic acid has historically only been offered at relatively high prices, and
published synthetic procedures for the compound were difficult or low yielding. These
drawbacks have likely hdered the use of functionalized Zgridinedicarboxylates across
many fields, resulting in fewer than expected published derivatives of chelidamic acid. Access
to a high yielding, relatively easy synthesis, for chelidamic acid has recently been adtyieved
Horvath et af and chapter 5 attempts to produce a more complete collection of chelidamic
derivatives, while determining how to avoiddikylations during functionalization. Here we
present functionalized cryptands with synthetic handied tan be further used to produce

supramolecular assemblies of interest.
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Results and Discussion
As some work of this chapter was completed before completion of chapter 3 (cryptand
templation), some cryptands presented here were synthesized via guimgeaddition and
others by templation. Pyridyl cryptands explored here are functionalized on the pyridine ring
and formed using either diben3d@-crown10 or bis(m-phenyleneB2crownl1l0 precursors.
Figure 6.1 shows a generic reaction scheme for thelmgis of functionalized cryptands. A
chelidamic diacid chloride precursor is reacted with a crown diol in the presence of base to form

the desired cryptand. These reactions are carried out through either templation orhgeudo

dilution.
1 0] (e (e (e} (0}
| X HO | X \©/\OH
(0] N/ 0 /\O o 0 o O/\

Cl Cl ANV N2 N A 4

Chelidamic 30crown10 d!ol or

Precursor 32crown10 diol

Solvent | Base
Template or Pseudo High Dilution
R
A
o | o)
~
N
0 S\ S\ 0
~0 O 0 0 o
| Pyridyl Cryptand |
< N
0 0 ) 0 0
ANV N AN 4

Figure 6.1. Generic reaction for dibenZ&0-crown-10- and bis(n-phenylene32crown10
basedpyridyl cryptand synthesis.

Because aryl halides are capable of withstanding harsh reaction conditions while being

useful in a range afoupling reactions, such as: Hiyama coupfifdjyama Denmark coupling,
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Kumada couplind,Negishi coupling, Stille coupling? Suzuki coupling?® and Heck coupling?

they were chosen for incorporation into the cryptandBigdire 6.1 It was reasoned that their
inclusion could be used as a gateway to a wealth of supramolecular precursors. The first
functionalized cryptands explored were the aryintide cryptand$ and6, seen irScheme 6.1

5 and 6 were synthesized in 43 and 24% vyields, respectively, by reaztmth either3 or 4,
respectively, via syringe pump addition to achieve psduglo dilution conditions. These two
cryptands were origadly attempted by Adam MP. Pederson and determined to be
unobtainable, as described in his dissertaforthe theory was tha? was more sensitive to
moisture than other chelidamic diacid chlorides and syringe pump use resulted in the hydrolysis
of 2. Syringe pump additions typically take place over 50 to 100 hours, making the seal between
syringe and needle crucial to success. To address this problem -igatagtass syringes and

metal needles were replaced with disposable plastic syringedRIDd tubing. Through these
changes, a tighter seal between the syringe and HPLC tubing was possible, and moisture could
be better avoided. Employing this methodology resulted in the formatmaraf6. Although5

and 6 were successfully synthesizedchange of the 4romo substituent to-dhloro occurred

with reaction times longer than 4 h to prod@cieom 1. No noticeable exchange was observed
with reaction times of less than 4 h; alternatively, thionyl bromide was used to avoid this

problem.
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Scheme 6L. Synthesis of functionalized cryptanfisind6.

Anticipating several scenarios in which one may want a spacer between the cryptand and
the aryl halide8 was prepared as seenSsheme 6.2 As a special note, compounds discussed
in other chapters wildl be named wusing that C
compoundés number of that ¥ BOaspfouedrin chapter 5a:n e x a
compound30. 8 contains the aryl braide connected to the cryptand through an ether linkage as
a 4bromobenzyl attachment. Additionally, moving the bromide to a phenyl ring allows for
reaction conditions to be better anticipated, as the bulk of published literature for coupling

reactions faguses on halides attached to phenyl rings rather than pyridine rings.
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Scheme &. Synthesis of aryl bromide cryptagd

In addition to the aryl bromide cryptands, attempts were made to synthesize a- styrene
containingcryptand §cheme 6.3 Multiple attempts yielded the same result, the olefin was
consumed and dichloro produld® was isolated. It was determined that the thionyl chloride was
contaminated with sulfuryl chloride, which reacted with the double bo8d Work conducted
by a coworker, Dr. Arunachalam Murugan, showed that the desired styrene cryptand could be
synthesized by either freshly distilling the thionyl chloride or by use of oxalyl chloride.
Additionally, intentionally adding sulfuryl chloride toefshly distilled thionyl chloride resulted

in the synthesis and isolation 1.
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Scheme &. Synthesis of cryptantiO.

Conclusion
Several functionalized cryptands were successfully synthesized by incorporating the aryl
bromide functionality into compounds, 6 and 8. Additionally, the isolation of dichloro
cryptand10 was achieved and its formation was determined to be due to ékenge of the
sulfuryl chloride in thionyl chloride. In total 4 new functionalized pyridyl cryptands and 2 new

chelidamic derivatives were successfully synthesized.
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Experimental
Measurements:*Hi NMR spectra were obtained on JEOL ECLIPSE, BRUKER500, and
AGILENT-NMR-vnmrs400 spectrometers-3Ci NMR spectra were collected at 125 MHz and
101 MHz on these instruments. HRS were obtained using an Agilent LESFTOF system.
DCM was dried freshly distilling from CaH; other reagents were purchased ah@siseceived
without further purification. Compount!® was made in accordaneéth literature procedures;
similar yields were achieved. Compoundsl7 andV 30 were synthesized as described in
chapter 5.
General procedure 1. 4oromopyridine-2,6-dicarbonyl dichloride (2). 4-Bromopyridine2,6-
dicarboxylic acid*® (0.7241 g, 2.943 mmol) and thionyl chloride (5 mL, 0.07 mol) was added to
a round bottom flask undaitrogen. DMF (1 drop) was added to the reaction mixture and the
mixture was brought to reflux and held there for 4 h with magnetic stirring. Excess thionyl
chloride was removed by distillation and the material was used without further purification, an
off-white solid with a yellow to pink tint 0.8325 g (100 %).
General procedure 2. DibenzeB0-crown-10-based 4bromopyridyl cryptand (5). 3
(0.25669 g, 0.43021 mmol) and-bdomopyridine2,6-dicarbonyl dichloride (0.121708 g,
0.43021 mmol) were freshigrepared and each dissolved in 50.0 mL of freshly distilled DCM.
DCM (1.5 L) freshly distilled was added to a threeck reaction flask along with pyridine (2.4
mL). Each of the two solutions was loaded into plastic syringes and metal needles weeel replac
with HPLC tubing sealed to the syringe. Additions from the syringes were made via syringe
pump at 1 mL/h. After additions were complete, the reaction mixture was allowed to stir for 3
days, after which time solvent was removed by rotary evaporatidrih@nresulting solid was

dissolved into chloroform. The crude mixture was washed with 1M HCI (x 1), water (x 3),
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followed by drying over Ng&58Qw. The mixture was filtered and solvent removed by rotary
evaporation. The resulting residue was passed through a neutral alumina column, eluting with
chloroform and methanol (97:3); the first eluting band contained the product; 81.05 mg (43%);

mp 144.1148.5 °C. '"H NMR (400 MHz, CDCJ) U 8. 48 (s, 2H), 6.94 (
6.78 (d,J = 9 Hz, 2H), 5.33 (s, 4H), 4.24.12 (m, 4H), 4.043.97 (m, 4H), 3.963.90 (m, 4H),

3.863.79 (m, 4H), 3.70 (m, 16H).*C NMR (101 MHz, CDCG)) U 164.80,9, 148. 9
148.40, 138.14, 128.17, 127.98, 121.60, 114.21, 113.94, 70.98, 70.75, 70.72, 70.61, 69.68, 69.46,
68.97, 68.79, 67.60 (19 signals expected and 19 signals found). High res MS: calc. for
C37H4aNO14Br [M + NH4]*™: m/z 823.2283; found: m/z 823.2300 (eri@r1 ppm).
Bis(m-phenylene}32crown-10-based 4bromopyridyl cryptand (6). General procedure 2 was

used with2 (0.1532 g, 0.5414 mmol}¥ (0.3231 g, 0.5415 mmol) and pyridine (4.0 mL, 50

mmol) to produce a white solid that was purified by passing owgtralealumina, eluting with
chloroform:methanol (98:2) to give the desired product; 0.1055 g (24%); mpi 133.2 °C.

H NMR (500 MHz, CDCf) U 8.48 (s, 2H), 6.52 (m, 4H), 6
8H), 3.76 3.72 (m, 8H), 3.65 (m, 8H), 3.61 (rAH). 3C NMR (126 MHz, CDCJ) U 163. 92 (
160.11 (s), 149.25 (s), 137.07 (s), 134.97 (s), 131.42 (s), 106.49 (s), 102.27 (s), 71.03 (s), 70.84
(s), 69.69 (s), 67.94 (s), 67.71 (s) (13 signals expected and 13 signals found). High res MS: calc.
for Cs7H44NO14Br [M + NH4]*: m/z 823.2283; found: m/z 823.2278 (error 0.6 ppm).
4-(p-Bromobenzyloxy)pyridine-2,6-dicarboxylic acid chloride (7). General procedure 1 was

used withV 30 (0.5177 g, 1.470 mmol), thionyl chloride (5 mL, 0.07 mol) and DMF (1 drop) to
produce an offvhite solid with a yellow tint 0.5719 g (100%). The product was used directly

without characterization.
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Dibenzo-30-crown-10-based 4(p-bromobenzyloxy)pyridyl cryptand (8). General procedure

2 was used with DCM (2.7 L), pyridine (2.4 ml3,0.42690 g, 0.71548 mmol}, (0.27902 g,

0.71722 mmol) and acidic alumina (1.00 g) as a template to provide a solid which was purified
by column chromatography using neutralimina, eluting with chloroform:methanol (99:1);

0.5064 g, (78%) of white solid, mp 1881®2.7 °C.'H NMR (400 MHz,CDC}) &4 7. 88 ( s,
7.55 (d,J = 8 Hz, 2H), 7.32 (dJ = 8 Hz, 2H), 6.9%6.92 (m, 4H), 6.77 (d] = 9 Hz, 2H), 5.30 (s,

4H), 5.18 (s, 2§ 4.20 4.11 (m, 4H), 4.083.97 (m, 4H), 3.963.90 (m, 4H), 3.8¢3.78 (m, 4H),

3.74 (m, 4H), 3.72 3.67 (m, 8H), 3.64 (m, 4H)13C NMR (126 MHz, CDCJ) U 166. 43 (
164.88 (s), 150.24 (s), 149.12 (s), 149.00 (s), 133.85 (s), 132.14 (s), 129.37 (&9, (5628.

122.87 (s), 121.80 (s), 114.80 (s), 114.34 (s), 114.02 (s), 71.10 (s), 70.86 (s), 70.83 (s), 70.73 (s),
70.03 (s), 69.79 (s), 69.55 (s), 69.09 (s), 68.90 (s), 67.83 (s) (24 peaks expected and 24 peaks
found). High res MS: calc. for £&HsoNO1sBr [M + H]*:: m/z 912.2437; found: m/z 912.2452

(errori 1.6 ppm).

4-(p-( 1 éDichlaroethyl)benzyloxy)pyridine-2,6-dicarbonyl dichloride  (9). General
procedure 1 was used wit¥h 17 (0.16081 g, 0.53733 mmol), thionyl chloride (4.0 mL, 55
mmol), sulfuryl chlorde (0.10 mL, 1.2 mmol) and DMF (1 drop) to produce anwdfite solid

0.2187 g (100%). The product was used directly without characterization.
Dibenzo-30-crown-10-based  4(p-(1,2-dichloroethyl)benzyloxy)pyridyl cryptand (10).

General procedure 2 was dseith 9 (0.1740 g, 0.4274 mmol}B (0.2551 g, 0.4275 mmol), and
pyridine (3.0 mL, 37 mmol), to provide a solid which was purified via column chromatography,
eluting with 98:2 (v:v) chloroform:methanol over neutral alumina; product isolated as fourth
band,29.1 mg (7%), mp 115(324.6 °C.*"H NMR (500 MHz, CDC{) & 7. 90 i7.45, 2H) ,

(m, 2H), 7.397.37 (m, 2H), 6.9%6.92 (m, 4H), 6.76 (d] = 8 Hz, 2H), 5.30 (s, 4H), 5.24 (s,
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2H), 5.044.96 (m, 1H), 4.174.11 (m, 4H), 4.003.96 (m, 5H), 3.943.89 (m,4H), 3.823.78

(m, 4H), 3.7%3.73 (m, 4H), 3.713.68 (m, 8H), 3.413.34 (m, 5H). High res MS: calc. for

CaeHs3NO1sClo [M + NH4] ™ m/z 947.3131; found: m/z 947.3162 (eri8t3 ppm).

(1)

(2)
(3)
(4)

()
(6)

(7)
(8)
(9)
(10)
(11)

(12)
(13)
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Chapter 7

BISCRYPTANDS

Introduction

In supramolecular chemistry certain key molecules contain the potential to unlock a

wealth of chemistry. Ditopic hosts can be usedsigpramolecular polymers, chain extensions,

and crosslinkingRigure 7.1).

Difunctional Guest (-] C:;ww:@ O
(a— LV VVVVVVV a—
X

Difunctional Host Supramolecular polymer
. wwrwwwwwwn@O( D cC—/ ) O e
Guest terminated polymer
—3 Polymer chain extensions

Polymer containing guest § § (;:)m
pendant groups U fj

J { g@ow

Cross Linked

Figure 7.1. Uses for a Ditopic Host.

Supramolecular polymers and chain extensions have long been a focus within the Gibson
group; formerly thehost workhorses for these projects were ditopic crown etfersiost

systems, however, have far surpassed simple crown ethers and evolved into cfydtands.
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Specifically, pyridyl cryptands have demonstrated exceptionally high binding constants with
paraquaguestst®812 Up until recently, inadequate synthetic pathways existed for the synthesis
of pyridyl cryptands, hindering their use and blocking the development of ditopic analogs. New
synthetic pathways as well asreectly staged functional groups have removed many of the
problems initially hindering the synthesis of cryptands and thereby now allow for the
development of ditopic cryptands. Here synthetic strategies to produce biscryptands are reported
and a suitald ditopic host compound is chosen to move forward with on supramolecular

projects.

Results and Discussion

Initial attempts to synthesize a biscryptand employed the dib@&®kzoown10-based
pyridyl cryptandl with the intent of Heck coupling the cryptand to a diolefin. These attempts
were unsuccessful; coupling at the olefin was not observed. Instead Ullman coupling prevailed
and 2 was formed as an unexpected product in 26% vyield, with large quantitiésleft
unreacted after 36 h. Repeating the reaction, as sho@&ochieme 7.1without the diolefin and
maintaining the previously used reagents with similar concentrations and reaction times, once
again gave an Ullman coupled product as before in a yieRb%@ with a large amount df
remaining unreacted. Similar conditions and reagents are known to give this Ullman coupling

outcomet?
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Scheme 71. Synthesis of Ullmann coupled crypta2d

A similar reaction was carried out using the@awn10 aryl bromide cryptan® to
produced in 11% yield; the yield reduction v&.is primarily attributed ta@l being synthesized on
a small scale (18 mg). Once again a large fraction of the aryl brovaglenreacted.

The desire to produce both diber@@crown10 and bisfr+phenyleneB32crownl10
cryptands comes from the synthetic yields and the binding constants observed with dimethyl
paraquat P& The diol of dibenz&0-crown10, used to produce crygptdl is formed in high
yield (93%]} through a templation procedure, so large scale reactions are possible. The diol of
bis(m-phenylene32-crown10 cannot be synthesized through a templated redctiomut its
pyridyl cryptand binds dimethyl paraquatdfore than 10 times better than the dibeB@o

crown-10 analog (5 x OM*vs. Ka=1x 1 M1).46
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Scheme 72. Synthesis o# via Ullmann coupling.

Although 2 and 4 were the first biscryptands produced, their use was short lived.
Complexation o2 with dimethyl paraquat revealed that although a reasonable average binding
constant was obtained,aKand Ka2 varied significantly. Figure 7.2is an ITC plot of2 with
dimethyl paraquat RFAn acetone at 25 °C; analysis of the isotherm revealed that K.50 x
10° M1, while Koz = 1.78 x 10 M1, with an average association constant of 2.33>M® For
statistical complexation 4 = (1/4) Ka.1*18 This leads to the conclusion that the system is anti
cooperative (K2 = (3.96 x 1¢) Ka1). The anticooperative behavior d is attributed to the
close proximity of the two host cavities, causing the complexation of the second paraquat to feel
a repulsive electrostatic force from the first complexed paraquat. Due to the small scale on which
4 was synthesized and the binding constants obtained, foo further effort was put intd.
Instead, compoundsand4 were abandoned for constructs that contain a linker between the two

cryptand units.
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Figure 7.2. ITC titration of2 with dimethyl paraquat RFn acetone at 25C; error is indicated
in parenthesis.

Since Ullman coupling proved to be possible using the aryl bromidasd 3, aryl
bromide5 was developed such that coupling could be carried out to yield a biscryptand which
contained a linker of moderate lengéh, It was anticipated the longer linkage would overcome

the anticooperativity observed wih

A 6 =
olN/o o\N/o 12% o\Nlo
Pd(OAc),
o — — — — o PPh; o) — — — — o O — — — o)
0O o O o0 o —_— 0 o o 0 o 0 0o © 0 o
O o O o o©O Na,CO3 O o O 0o O 0O O O o o©O
(NN AN AN/ (NN AN ANV (NN AN AN/

Scheme 73. Synthesis of biscryptangl

Synthesis of6 was achieved in a yield of 12% after 17 h. Chromatography provided

recovery of the remaining starting material, providing a clear indication that the reaction had not
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reached completion. At the same time progress was made on templation of the formation of
cryptands and it became evident that biscryptands could be prepared more readily by these
methods. For this reasofiwas abandoned for the production of a new, easierall synthesis.

Two biscryptands16 and 17, were chosen for production based on the concept of

carrying out a dual cyclizatiors¢heme 7.1

d o@o o g o }o o
/ \ /_\
® ® ® [
o o o o o o o
9 0, N7 013(?0/0 NP NG N7
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Scheme 74. Synthesis of biscryptand$ and17.

Linkages forl6 and17 were chosen because the literatuirdicates that if the linkage is
long enough, the formation of cyclispecies, a side reaction when producing supramolecular
polymers, can be minimized. The suggested linkage length to avoid cyclics is a ten atom or
greater linkageé.

Syntheses 016 and17 were achieved via the previously developed templation reaction,

whereby two cyclizations were carried out at the same time on double ended chelidamic acid
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chlorides,11 and14. Cyclization yields of 23% 016 and 43% forl7 were achieved, resulting

in a quicker and easier synthesis and isolation process compared to the halide coupling reactions.
As expected, ITC results revealed that the complexation process with dibenzyl paraquat

TFSI was actually coopative; this paraquat was chosen due to its solubility in DGNgure

7.3is the ITC plot ofl7 with dibenzyl paraquat TFSI in DCM at 26, yielding Kavg= 4.36 X

10° M2, Ka1 = 2.49 x 16 Mt and Kz = 6.23 x 16 ML; Koz = 2.5 Kai! Cooperativebehavior

found in other cryptand paraquat systems has been attributed to conformational changes and

restrictions promoting the complexation of a second site and the first complexation bringing

about a change in ion pairing and the local environrtfehtere we suggest a similar occurrence

in which the first binding induces a conformational change that promotes the binding of the

second paraquat. The crystal stames of complexes of 26y r i dy | cryptands

dibenze30-crown-10 with dimethyl paraquat Bfand other paraquat PBerivatives) typically

reveal i staekedgvithen $she host in such a way that the paraquat methyl groups interact

with the oxygen atoms of the hdstlt is likely that the electron poor benzyl moieties of the

paraquat are capable of interacting via hydrogen bonding with the adjacent uncomplexed

cryptand motif in17. This likely causes th second uncomplexed cryptand motif to adopt a

conformation that assists in the complexation of the next paraquat guest.
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Figure 7.3. ITC titration of 17 with dibenzyl paraquat TFSI in DCM at 26.

In a similar system, a ditopic paraquat guest was found to complex cooperatively with a
monotopic crownether host, by Niu and coworke¥s. Figure 74s hows Ni uds coop
system, host8and guesi9®® The cooperative nature of -Niuos
ray crystallgraphy to be due to hydrogen bonding of a carbonyl oxygen of one macrocycle with
an ethyleneoxy hydrogen of the other macrocycle in the [3]Jcomplex. Further analysid ®fthe

19 complex suggested that once the [2]complex is formed, the conformatieedbfn ofl9 is

restricted through hydrogenand GH bonds, thereby promMBting the

o o) 0] O O
AV WA A

Figure 7 4. Niu's cooperative system: hdst and gues19.2°
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The successful synthesis b6 and17 led to the decision to begin se&l§sembly work.
The weakness of this approach is that to vanylitiker, new bispyridine precursors have to be
prepared; that is, this synthesis is not modular. The precursor tetra(acid chibtidaysl4 each
required six synthetic steps, not counting those to make the linker. This is the same number of
synthetic geps to reach the dibend®-crown10 diol precursod5, leading to a state of affairs

where the chelidamic component is just as evolved, if not further evolved%han

Conclusion

In total five novel biscryptands were successfully produced. Aryl bromide crypiands
and 3 were both used to successfully produce the respective biscryptaadd 4 through
Ullmann reactions. Initial ITC results indicated that these ditopic hosts bind paraquats
anticooperativelyand we thus abandoned this approach to biscryptadegas then synthesized
to extend the linkage between the cryptand units. Continuggowaments in template
cyclization methods for the formation of the cryptands, however, resul@temg abandoned
in favor of 16 and 17, which were produced directly from tetra(acid chloride)ss and 17
offered shortened reaction times and reducéatteh purification when compared &) 4, and6.
Importantly, the complexation df6 with a paraquat derivative demonstrated highly positive

cooperativity.
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Experimental

Measurements: *Hi NMR spectra were obtained on JEOL ECLIPSE, BRUKER500, ad
AGILENT-NMR-vnmrs400 spectrometers-3Ci NMR spectra were collected at 125 MHz and

101 MHz on these instruments. HRS were obtained using an Agilent LESFTOF system.

Reagents were purchased and used as received without further purification. GdsTFd8,%2

and 15* were made in accordance with literature procedures; similar yields were achieved.
Compoundd, 3, and5 were synthesized asstzibed in Chapter 6.

Biscryptand (dibenzo-30-crown-10-based pyridyl cryptand linked directly at the 4-pyridyl

position) (2). 1 (34.67 mg, 0.0430 mmol), palladium acetate (2.1 mg, 0.0094 mmol),
triphenylphosphine (18.9 mg, 0.072 mmol), and sodium carbd@adt8 mg, 0.206 mmol) were

added to a small flask containing a magnetic stir bar. DMF (20 mL) was added to the flask. The
reaction mixture was stirred in an oil bath at 90 °C under nitrogen for 36 h. A small portion of
solvent was removed by rotary aporation and the remaining mixture was dissolved in
chloroform; the mixture was washed with 1M HCI (2x), water (3x), and dried oves(ya

After filtration and evaporation of the solvent, chromatography was used to isolate the coupled
biscryptand produc (neutral alumina, eluting with ethyl acetate/dichloromethane/methanol
(30:30:2): 15.8 mg (25%), mp 107B14.5°C.'HNMR (500 MHz,CDCY) & 8. 71 (s, 2}
(d,J =8 Hz, 4H), 6.80 (dJ = 8 Hz, 2H), 5.40 (s, 4H), 4.18 (t= 4,4H), 4.03 (tJ = 4,4H), 3.93

(t, J = 4,4H), 3.84 (t,J = 4,4H), 3.70 (m, 16H).3C NMR (126 MHz, CDG)) U 164. 47 (
150.02 (s), 149.20 (s), 149.04 (s), 146.54 (s), 128.06 (s), 125.60 (s), 121.94 (s), 114.41 (s),

114.01 (s), 71.08 (s), 70.80 (d, overlap of two singl€&8)75 (s), 69.56 (s), 69.09 (s), 68.89 (s),
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68.15 (s) (18 peaks expected and 18 peaks found). High res MS: calc7aftN200s
[M+NH4]*: m/z 1470.5862; found: m/z 1470.5845 (eiirtr2 ppm)

Biscryptand (bis(m-phenylene}32crown-10-based pyridyl cryptand linked directly at the 4-

pyridyl position) (4). 3(18.0 mg, 0.0223 mmol), Pd(OAdR.2 mg, 9.8 umol), PRK{5.2 mg,

20 umol), DMF (4 mL), and N&Os (22 mg, 0.21 mmol) were combined in a round bottom
flask with magnetic stirring and heated in an oil bath at 90 °C under nitrogen for 42 h, after
which the mixture was diluted with chloroform and washed with 1 M HCI (2x), water (3x), and
dried over NaSQu. The solution was filtered, followed by solvent removal. Product isolation
was achieved using preparative scale TLC (neutral alumina eluting with ethyl
acetate:dichloromethane:methanol (30:30:1.5); 1.8 mg (11 %), m@:196.4 °C. 'H NMR

(500 MHz,CDG3) U 8. 75 (s, 347 (m67HR B39 (snp8H), 460800,(m, 6. 50
9H), 3.82 (s, 11H), 3.78.74 (m, 18H), 3.723.61 (m, 70H). Integration was very poor and
indicated impurities, but further purification was not possible due to the smalliranod
material. High res MS: calc. for 7@ssN2028 [M + NHi": m/z 1470.5862; found: m/z
1470.5848 (error 0.95 ppm).

Biscryptand (dibenzo-30-crown-10-based pyridyl cryptand employing a biphenyl linkage)

(6). To a flask containing DMF (5 mL) was addemobenzyl 3&rown10 cryptands (37.0

mg, 40.5 pumol), palladium acetate (1.0 mg, 4.5 pmol), and potassium carbonate (31.7 mg, 229
pmol) under nitrogen with magnetic stirring. The mixture was held at reflux for 17 h and the
solvent was removed by rotaeyaporation. The crude material was dissolved in DCM, washed
with 1 M HCI (7x), water (5x), and dried over sodium sulfate. The solution was filtered and
rotary evaporation gave a material which was passed over neutral alumina, eluting with

chloroform:mehanol (97:3 ); 4.2 mg (12%), mp 11B120.1 °C.*H NMR (500 MHz, CDCJ) U
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7.93 (s, 4H), 7.66 (dl = 8 Hz, 4H), 7.54 (dJ = 8 Hz, 4H), 6.94 (dJ = 8 Hz, 8H), 6. 77 (d) =8

Hz, 4H), 5.31 (s, 8H), 5.29 (s, 4H), 4i#814 (m, 8H), 4.02 3.97 (m, 8H), 35 3.90 (m, 8H),
3.833.79 (m, 8H), 3.74 (m, 8H), 3.v3.68 (m, 16H), 3.64 (m, 8H). Carbon NMR spectrum not
obtained due to the small amount of material. High res MS: calc.gbriddN2030 [M+ NH4]":

m/z 1683.6733; found: m/z 1683.6582 (eiirBr97 ppn).

Tetraisopropyl 4,4'-(((p-phenylenebis(oxy))bis(ethan 0 ,-dlylp)bis(oxy))bis(pyridine-

2 0 0 ;diatboxylate) (9). A mixture of acetonitrile (100 mLB (5.78 g, 11.4 mmol)7 (6.79

g, 25.4 mmol), and potassium carbonate (5.85 g, 42.3 mmol) was held at reflux for 24 h with
magnetic stirring under nitrogen. After cooling to room temperature the mixture was filtered
through Celite® p545 and solvent was removed by rotary evamorathe crude material was
dissolved in DCM and washed with d&0s (x2), saturated NaCl (x3), and dried over sodium
sulfate. The product was obtained after filtration and removal of solvent: 6.21 g (78%) of white
solid, mp 193.1195.4 °C.'"HNMR (500 MHz,CDCE) U 7. 81 (s, 4H), 6. 89
J = 6 Hz, 4H), 4.5P4.46 (m, 4H), 4.374.32 (m, 4H), 1.43 (d] = 6 Hz, 24H). 3C NMR (126
MHz,CDCk) U 166.53 (s), 164.10 (s), 153.00 (s),
67.32 (s), 6&.3 (s), 21.81 (s) (10 peaks expected and 10 peaks found). High res MS: calc. for
C36H44aN2012 [M+H] ": m/z 697.2967; found: m/z 697.3000 (error 4.7 ppm)
4,4'-(((p-phenylenebis(oxy))bis(ethan€ 0 ,-dlylp)bis(oxy))bis(pyridine-2 6 6 ; 6 6 0

dicarboxylic acid) (10. 9 (0.3790 g, 0.5440 mmol) was dissolved in THF (50 mL) and 10%
agueous potassium hydroxide (50 mL) was added to the solution contained in a round bottom
flask. The reaction mixture was then stirred at reflux for 27 h. THF was removed by rotary
evapoation and concentrated HCI was added until pH=1. The precipitate was collected and

washed with cool water and dried: 0.2871 g (100%) of a white solid, mpi2653.03 (dec).
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IH NMR (500 MHz, DMSGDs) U 7. 78 (s, 4H), 6.93H.(% 4H),
NMR (126 MHz, DMSOGDs) U 166.53 (s), 165.26 (s), 152. 4;
(s), 67.61 (s), 66.43 (s) (8 peaks expected and 8 peaks found). HR MS: catetHioDCN2 [M

+ H]": m/z 529.1089; found: m/z 529.1084 (error 0.9 ppm)

4,4'-(((p-phenylenebis(oxy))bis(ethan€ 0 ,-dlylp)bis(oxy))bis(pyridine-2 ¢ 6 ;di6atbonyl

dichloride) (11). 10(0.1120 g, 0.2120 mmol) was added to a round bottom flask followed by
thionyl chloride (3 mL, 0.04 mol) and DMF (1 drop). The contents offltsk were held at

reflux under nitrogen for 12 h and the solvent was removed by vacuum. The material was used
directly without further purification; the yield was assumed to be quantitative.

Tetraisopropyl 4,4'-(decanel 0 , -tliflbis(oxy))bis(pyridine-2,6-dicarboxylate) (12) A

round bottom flask containing acetonitrile (200 mL), idifromodecane (7.04 g, 23.5 mmal),

(12.78 g, 47.82 mmol), and potassium carbonate (8.50 g, 61.5 mmol) under nitrogen was held at
reflux for 4 days, after which it wadtired through Celite® p 545 and the solvent was removed

by rotary evaporation. The crude material was dissolved in DCM and washed wii®3Yax),

saturated NaCl (4x), and dried over sodium sulfate. Filtration and removal of the solvent
provided the dsired product as a white solid: 15.63 g (99%), mpi78% °C. 'H NMR (500

MHz, CDCk) U 7. 72 (s,J=4H), 4H), 8.122(9 = § Hzedpl), 1.891.80 (m,

4H), 1.761.27 (m, 36H). 3C NMR (126 MHz, CDG)) U 166.92 (s),), 164. 2
114.08 (s), 70.13 (s), 68.91 (s), 29.44 (s), 29.27 (s), 28.80 (s), 25.88 (s), 21.81 (s) (11lpeaks
expected and 11 peaks found). High res MS: calc. #a£2N2O10 [M+H]™: m/z 673.3695;

found: m/z 673.3707 (error 1.8 ppm)

4,4'-(Decanel o , -tliylbis(oxy))bis(pyridine-2,6-dicarboxylic acid) (13). 12 (1.86 g, 2.76

mmol) in THF (50 mL) and 10% wt. potassium hydroxide (50 mL) was held at reflux for 24 h,
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followed by the removal of THF by rotary evaporation. The aqueous solution was acidified to
pH 1 using concentrated HCI and the precipitate was collected via filtration: 1.0831 g (78 %) of a
white solid, mp 19218196.13 8'H NMR (500 MHz, DMSQds) U (S7 4H§, .21 (t) =6

Hz, 4H), 1.851.68 (m, 4H), 1.35 (m, 12H)13C NMR (126 MHz, DMS@GDs) U 166. 71 (
165.27 (s), 149.65 (s), 113.51 (s), 68.69 (s), 28.83 (s), 28.59 (s), 28.12 (s), 25.21 (s) (9 peaks
expected and 9 peaks found). HR MS: calc.Ga#H28010N2 [M + H]™: m/z 505.1817; found:

m/z 505.1840 (errdr4.6 ppm).

4,4'-(Decanel o , -tliglbis(oxy))bis(pyridine-2,6-dicarboxylic acid chloride) (14) 13

(0.2025 g, 0.4014 mmol), thionyl chloride (2.0 mL, 28 mmol) and DMF (1 drop) under nitrogen
were held at reflux for 12 h and the solvent was removed by vacuum. The material was used
directly without further purification, assuming the yield was quantitative.

Biscryptand (dibenzo30-crown-10-based pyridyl cryptand containing a hydroquinone
linkage) (16). A mixture of dry DCM (700 mL)15 (0.52911 g, 0.88679 mmol), pyridine (2

mL), and acidic alumina (1.00 g) was stirred for 111h(0.26701 g, 0.44340 mmol) dissolved in

20 mL of DCM then added. Stirring was continued for 32 h; the mixture wa®diltarough a

small plug of neutral alumina. The solvent was removed by rotary evaporation and the crude
material was taken up in DCM and washed with 1 M HCI (3x), water (3x) and dried over sodium
sulfate. After filtration the solvent was removed by mptavaporation and the material was
purified using flash column chromatography, eluting with DCM to MeOH over neutral alumina:
0.1697 g (23%) of a white solid, mp 19i7260.5 °C. *H NMR (500 MHz, CDCJ) a 7.91 (s
4H), 6.99 6.93 (m, 8H), 6.90 (M, 4H), 676.77 (M, 4H), 5.31 (s, 8H), 4.68.48 (m, 4H), 4.36

(m, 4H), 4.204.14 (m, 8H), 4.083.99 (m, 8H), 3.963.92 (m, 8H), 3.863.80 (m, 8H), 3.75 (m,

8H), 3.733.68 (m, 16H), 3.65 (m, 12H}"*C NMR (126 MHz,CDG)) o 166.66 (s) ,
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153.04 (s) 1500 (s), 149.05 (s), 148.94 (s), 128.16 (s), 121.73 (s), 115.89 (s), 114.61 (s), 114.32
(s), 114.00 (s), 71.02 (s), 70.79 (s), 70.76 (s), 70.65 (s), 69.72 (s), 69.49 (s), 69.03 (s), 68.84 (s),
67.74 (s), 67.46 (s), 66.74 (s) (23 signals expected and 23ssignad). High res MS: calc. for
CsaH100N2032 [M + 2H]*™% m/z 825.3203; found: m/z 825.3223 (error 2.4 ppm).

Biscryptand (dibenzo-30-crown-10-based pyridyl cryptand containing a Go linkage) (17)

A mixture of dry DCM (700 mL),15 (0.4789, 0.8026 mmol), pyridine (2 mL), and acidic
alumina (1.0 g) was stirred for 1 H.4 (0.2025 g, 0.4014 mmol) dissolved in 20 mL of DCM

then added. Stirring was continued for 32 h; the mixture was filtered and the solvent was
removed by rotary evapation. The crude material was taken up in DCM and washed with 1 M
HCI (3x), water (3x), then dried over sodium sulfate. After filtration the solvent was removed by
rotary evaporation and the material was purified using flash column chromatographmg eluti
with DCM to MeOH over neutral alumina: 0.2828 g (43%) of a white solid, mp 10382 °C.

IH NMR (500 MHz, CDCd) U 7. 82 16.92,(m, 8, 6.77 (& = ®Hz, 4H), 5.31 (s,

8H), 4.16 (m, 12H), 4.01 (m, 8H), 3.93 (m, 8H), 3.81 (m, 8H), 3.758H), 3.713.68 (m,

16H), 3.64 (m, 8H), 1.86 (m, 4H), 1.49 (m, 4H), 1.2B2 (s, 8H). 13C NMR (126 MHz,

CDCk) U 167.03 (s), 165.00 (s), 149.95 (s), 14
(s), 114.32 (s), 114.02 (s), 71.04 (s), 70.8118)76 (s), 70.66 (s), 69.73 (S), 69.49 (Ss), 69.05 (S),
68.86 (S), 67.67 (S), 29.43 (s), 29.25 (s), 28.76 (S), 25.86 (S) (24 peaks expected and 23 peaks
found; it is believed that one peak overlaps another in the 71.04 to 70.66 region). MS: calc. for

CaaH10N2030 [M+H] *: m/z 1625.7065; found m/z 1625.6921 (eiiBr86 ppm)
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Chapter 8

Supramolecular Polymers

Introduction

Previous chapters focused upon the production of high yielding synthetic procedures for
the production otryptands and determined that the most efficient way to produce biscryptands
was via dual cyclizations, which were made possible through templation. This chapter focuses
on use of the previously produced biscryptands as monomers for supramolecular dlymer
association with bisparaquats. Supramolecular polymers are of particular interest because of
their dynamic character. This dynamic character allows for reversibility, since the linkages are
constantly breaking apart and reforming. The extent of phocess is defined in terms of an

association constant,aKFigure 8.1provides an example of this.

Threading
Ka

D + MO -— ol > =)o
K,

Difunctional Guest Difunctional Host ~ Dethreading «

Supramolecular polymer

Figure 8.1. Association and disassociation of a supramolecular polymer.

Polymers of this type are thus unigue in emse that if the polymer sustains damage at
the points of association, the polymer will be capable of repairing itself; thus these systems are
someti mes mar k etheedal asgd.ei ngA frsaenigfe of supranmn
employing the crown ethemotif to form polymeric structures. Additionally, it should be noted
that some of these crown ether systems have displayed a strong tendency to theriitadigl self
when deformed. Stimuli have the ability to influence the association constatiteoérown ether

motif and to a certain extent the association constant can be controlled via stimuli such as
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temperature, pH, electrochemistry, counter ion or kghRecently supramolecular polymers
have been reported using cryptand motifs of varying typEse extremely high binding pyridyl
cryptand motif, however, has yet to be incorporated into a supramolecular polymer.

Although crown ethers have served the supramolecular community well, the focus of this
work is on accessing and utilizing the higher binding cryptand motif. When considering
supramolecular polymers, the association constant of the complex can be used to e¢ermin
degree of polymerization (DP) achievable for that system at a given concentration using
Equation 8.1* When association constants are sufficiently high (i. eqHd >>1) the

equation simplifies t&quation 8.2

Equation 8.1. Full equation for DP estimate. Equation 8.2. Simplified DP estimate
2K TH equation.
DP = o, DP = (K.[H 1/2
(1+4K [H])1/2-1 = ( a[ ]o)

DP vs log K, at 1M

3500
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1500
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500

Log K,

Figure 8.2. DP vs K at 1M.

Equation 8.1 shows at a specific concentration of host the dependence of DP on the
association constant. Figure 8.2the DP for a hypothetical supramolecular polymer has been

estimated at a concentration of 1 M while varying thdr&m 0 to 10 million. Fronfigure 8.1
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it can be seen that the DP responds exponentially to the association constant; a DP of 100 is not
achieved at a 1 M concentration unty i ten thousand. This becomes fairly problematic when
considering most crown ethers have association conskesitsyv 1,000 M at 25 °C; this
translates into most crown ethers having a maximum DP of about 32. The normal workaround
for this, to reach entanglement molecular weight, is to use amply high molecular weight
monomers, since molecular weight actually alies if polymeric properties are observed. A
pyridyl cryptand system with paraquat would not need such a workaround to achieve a high
molecular weight polymer. The pyridyl diber36-crown10 cryptand with dimethyl paraquat

PR in acetone has an assomat constant of 1 x 0 while the same cryptand with dibenzyl
paraquat TFSI in DCM has an association constant of £.x@8ing these association constants

in Equation 8.1 gives a DP of 316 for the acetone system and 1,000 for the DCM complex;
either sgtem is thus capable of producing a truly high molecular weight polymer.

In addition to the straight forward argument that higher association constants lead to
higher molecular weight supramolecular polymers, it must also be acknowledged that association
constants are highly depended on solvent and temperature; this adds a degree of control to DP.
Moreover, the concentration of supramolecular monomers can be used to alter the DP of the
polymeric system. As a last form of control over molecular weightpoaofunctional host or
guest can be added to end cap the polymer. These items together highlight how the molecular
weight of a supramolecular polymer is highly controllable and to what a great extent the
molecular weight can be altered if sufficiently lnigssociation constants are employed. With a
high association constant, using solvent, temperature, and concentration, a specific degree of

pol ymerization canEgbagon8di al ed indo by use of
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Additionally, the previously stated points extend tpremnolecular chain extensions as
well, since the same biscryptands can be employed. For these reasons, an investigation was
made into polymer chain extensions using one of the prepared biscryptands. Although several
types of chain extensions exigligure 8.3displays a cartoon showing how a polymeric chain
extension will be achieved here using a biscryptand. A polymer either terminated or initiated
with a guest such as paraquat would allow for the doubling of its molecular weight through the

addition ofa biscryptand, via the linking of the two chains.

Threading
Ka
Polymer v CTD + MO - Polymer nvnn@OD( CT3 CTID ) v Polymer
Kyt
Eg!ymer tgrminated or Difunctional Host Dethreading
initiated with a Guest Supramolecular polymer

Figure 8.3. Cartoon depicting the intended chain extension technique employed within.

Results and Discussion

The biscryptands used in this work are those generated in chapter 7 via temyltion,
16 andVIl 17 (Figure 8.4). To avoid confusion, compounds produced and described in other
chapters wildl be | abeled wusing thwaedbyctheapt er 0
compound6és number in that chapter; as an exan
in chapter 7 as 16 would b8l 16. The dibenze80-crown10-based pyridyl cryptand motif was
chosen over the bistphenylene32-crown-10-based pyridyl orptand for two reasons. First, a
significantly higher total yield for the diben&®-crown10-based pyridyl cryptand was
obtained. Second, work presented in previous chapters demonstrated that the 0bzono+
10-based pyridyl cryptand was capablepobviding association constants similar to that of the
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bis(m-phenylene32-crown-10-based pyridyl cryptand with dibenzyl paraquat TFSI in DCM at

25°C.

O
(e} O—< >—O
N (0]
1o Vil 16
N o Hy s 0 o
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(0] o o |l o) —
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Figure 84. Biscryptands/Il 16 andVIl 17.

Bisparaquats used for this study ardV 7, andlV 9 (Scheme 8.1 These bisparaquat
were chosen for the following reasons. First, the literatgiietates that to avoid the formation
of cyclic species and promote the formation of linear supramolecular polymers, a linker of at
least 10 atoms should be use®n an individual basisl was chosen due to its high literature
occurrence with crown ether and crown etlikee supramolecular polymer systerifs: this aids
in assessing the newly developed biscryptant$.9 was deeloped because of the drastic
solubility increases observed in Chapter 4 using the TFSI counter ion insteads.of PF
Additionally, since the only difference betweh9 and1l is a change from RFo TFSI, direct
conclusions about TFSI can be made. Maslgdtems in Chapter 4 showed TFSI paraquats
employing the Noenzyl group over Nnethyl resulted in compounds soluble in DCNW 7
contains two benzyl groups to insure maximum solubility in DCM. Additionally, benzylic
groups provide increased molecularigid over their methyl counterparts. In theory, the

increased solubility ofV 9 andIV 7 in less polar solvents should allow the polymers to be
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formed in less polar solvents such as DCM, thereby achieving higher molecular weights than in

more polar solvets such as acetone.

Scheme 8l. Bisparaquats.

Using the host monomeX4l 16 andVII 17 along with the guest monometslV 7, and
IV 9, five supramolecular polymers were synthesized by dissolving the host and guest separately
and combining them. The monomers and polymers are as foNdWw$7 + 1 for polymerP1,
VII 16 + 1 for polymerP2, VII 17 + IV 9 for polymerP3, VII 17 + IV 7 for polymerP4, and
VII 16 + IV 7 for polymerP5. P1i P5are shown irBcheme 8.2long with a picture of a film of

the supramolecular polymers cast from the indicated solvents.
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