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ABSTRACT OF THE DISSERTATION

Functionalized Self-Folding Scaffold for hydrocarbon Recognition and Oxidation

by

Magi Adel Mettry
Doctor of Philosophy, Graduate Program in Chemistry

University of California, Riverside, June 2017
Dr. Richard J. Hooley, Chairperson

A central goal of modern sustainable chemistry is to convert feedstock chemicals to
more functionalized and useful products in a mild and selective manner. The most
desirable transformation is the oxidation of linear unactivated hydrocarbons with
regioselectivity, i.e. the ability to selectively oxidize one position on the hydrocarbon
chain. This is bioinspired: enzymes are capable of selectively transforming one specific
C-H bond in the presence of other equivalent bonds in the same molecule via proximity-
based interactions. Bioinspired catalysts are known to effect C-H oxidation in mild
conditions, but obtaining regioselectivity relies heavily on functional groups to direct the
oxidation.

The main goal of this project is to combine the concepts of molecular recognition and
oxidation catalysis to create a small molecule mimic of enzymatic CH oxidation
processes that is capable of both recognition of a hydrocarbon substrate, and catalyze its
mild, regioselective oxidation. This involves the study of both hydrocarbon recognition,

and hydrocarbon oxidation catalysis. The first approach was to create an oxidation



catalyst containing a multi-metal catalytic center. The preorganized ligand scaffold is
capable of coordinating multiple Fe(Il) centers to form an electrophilic CH oxidation
catalyst. This catalyst oxidizes unactivated hydrocarbons including simple, linear alkanes
under mild conditions in good yields with selectivity for the oxidation of secondary CH
bonds. To introduce molecular recognition elements to these active catalytic metal
complexes, functionalized self-folding cavitands with metal coordinating groups were
synthesized. The upper rim donors allow controlled noncovalent binding of suitably sized
guest species via both self-complementary hydrogen bonding and space-filling
interactions, and metal-mediated self-folding is possible if bidentate coordinators are
incorporated. The functionalized cavitands were further explored as biological sensors for
trimethylammonium species such as choline and trimethyllysine. In-depth mechanistic
studies of the molecular motion of substrates inside the cavity were performed in
different environments, notably in lipid micelles and magnetically ordered bicelles using
2D NMR. The in/out exchange mechanism and up/down kinetic motion of guests in

cavitand scaffolds could be quantified.
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Chapter 1: Background

1.1. Long Term Goal

The ability to selectively oxidize one position on a hydrocarbon chain, an oxidation of
linear unfunctionalized hydrocarbons with regioselectivity, is a critical example of the
central goal of the conversion of feedstock chemicals to useful products in a mild and
selective manner. This is a central goal of modern sustainable chemistry, the leading
edge of greener science. This bio-inspired process is demonstrated by enzymes that are
capable of selectively transforming a specific and singular C-H bond in the presence of
other chemically equivalent bonds in the same molecule via proximity based interactions.
These types of catalysts are known to effect C-H oxidation in mild conditions in
laboratory settings, but still lacks the ability to obtain regioselectivity due to the necessity
of steric or functional groups to direct the oxidation. The main goal of this project is to
combine the concepts of molecular recognition and oxidation catalysis to create a small
molecule mimic of enzymatic CH oxidation processes that is capable of both recognition
of a hydrocarbon substrate, and catalyze its mild, regioselective oxidation. This involves
the study of both hydrocarbon oxidation catalysis and hydrocarbon recognition and
motion in the scaffolds.

1.2. Enzymes And Proximity Based Oxidation

Enzymes are capable of mild and gentle regioselective C-H oxidation. The selective
transformation of one CH bond in the presence of a chemically identical group in the
same molecule is performed via proximity-based interactions. Over 10,000 enzymes are

capable of hydrocarbon oxidation, and each enzyme displays a different macroscopic



structure.! In the biosynthesis of cholesterol, three methyl groups in the precursor
lanosterol are oxidized by cytochrome P-450 in the presence of far more reactive C-H
bonds. The selectivity is controlled by non-covalent molecular recognition, and the
selective positioning of the substrate in the active site, which only allows those specific
methyl groups access to the reactive haem group. Many enzymatic structures include one
or more metal centers in the active catalytic site, such as porphyrin-derived cytochrome
P450,2 Rieske non-haem iron oxygenases,® galactose,* and methyl monooxygenases.®

1.2.1. Porphyrin-based enzymes: Cytochrome P450

Cytochrome P450 is a porphyrin-based enzyme family that was discovered during the
1950s with a CO binding fluorophore with an absorbance maximum of 450 nm (Figure
1.1).2 Cytochrome P450 includes over 11,500 different proteins and enzymes that are
capable of hydroxylation of aliphatic C-H bonds with different selectivity.

The active site of cytochrome P450 features an iron-centered porphyrin with a trans
labile site: one side anchors the haem group to the protein in the axial position while the
second remains open for Oz coordination and hydrocarbon oxidation.2® The resting state
of the iron center is low spin Fe (I1l) coordinating to one water molecule. The substrate
hydrocarbon interacts with the catalyst and binds close to the metal active site. This is
followed by electron transport from NADPH, generating an active intermediate iron (I1).
Coordination of O2 forms the superoxo OOe, and the addition of an electron from
NADPH forms the peroxo iron (l11) 1.4 species. Cleavage of the O-O bond generates the
iron (IV) oxo species 1.5 that carries out the oxidation of the substrate and forms water as

a side product. %°
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Figure 1.2. The catalytic cycle of hydrocarbon oxidation in the cytochrome P450 trans

active site.



1.2.2. Rieske Non-Haem Iron Oxygenases

The family of Rieske non-haem iron oxygenases are not porphyrin-based enzymes, and
function via a different mechanism, but the product outcomes are similar to those of
cytochrome P450.”8 The Rieske non-haem iron oxygenases contain a [2Fe-2S] cluster,
which transports electrons between three protein structures: ferredoxin, reductase, and an
oxygenase that features both a Rieske [2Fe-2S] cluster domain and a mono-nuclear iron-
containing catalytic domain. 3710

1.2.3. Non-Haem Methane Monooxygenases

Other similar enzymes have two-iron metal centers in close proximity, including
methane monooxygenase (MMO) systems.!™¥3 Methane monooxygenase produces
methanol from methane in the presence of molecular oxygen. The catalytic cycle of
MMO is mechanistically similar to that of the Rieske non-haem iron oxygenases.!* The
bridging coordination of the di-iron center by oxygen atoms (Fe-O-Fe) allows the
selective oxidation of the C-H bond. The first metal acts as a coordinating metal to orient
the substrate while the second supports the electron transfer for the oxidation. The
catalytic cycle starts with the resting state of the active site having a low-spin iron (1)
center. Once the substrate binds to the active site and accepts an electron from an oxidant
such as NADPH,* forming an iron (1) intermediate, O, coordinates to the iron species,
forming the active superoxo OO« agent to generate the active iron (I\VV) oxo species that

transfers the oxygen to the hydrocarbon via radical mechanism (Figure 1.3).2
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Figure 1.3. MMO catalytic cycle.*

1.3. Synthetic Examples of Chemoselective Oxidation

1.3.1. Chemoselective Oxidation

Enzyme catalyzed C-H oxidations are challenging to replicate in a synthetic laboratory.
However, the mild pathways to activate C-H bonds are a desirable target for small
molecule catalysts. Though conversion of C-H bond to functionalized species has been
known for decades, many researchers have relied heavily on substrate-based steric or
electronic effects to direct chemoselective oxidation.'®® Unactivated, linear hydrocarbon
oxidation is very limited. The original approach relies on high temperature and high
pressure for C-H oxidation,?® but this lacks selectivity and causes decomposition of
sensitive substrates.

In an effort to achieve selective hydrocarbon oxidation, a new generation of metal-
ligand catalysts inspired by enzyme active sites have been synthesized. The most

common and effective catalytic motif contains a tetradentate ligand coordinated to a
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octahedral metal center, leaving two cis-oriented sites open to coordinate with solvent,
anion, or a water molecule, which can be easily be replaced by the stoichiometric oxidant
for catalysis.?* [(TPA)Fe"(CH3CN)2]?* 1.6 and the related [(BPMEN)Fe'(CHsCN),]** 1.7
are two of the first examples of iron (V) oxo intermediates to be isolated and observed.?
The [(TPA)Fe'(CHsCN)2]J?* and [(BPMEN)Fe'(CH3sCN)2]>* crystal structures were
obtained, showing a cis-labile site on the metal center coordinating to the solvent.?
[(TPA)Fe'(CH3CN),]?* stereoselectively oxidizes alkane substrates in the presence of
H202 with remarkable efficiency, via similar catalytic pathways to the non-haem iron

oxygenases.?*
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Figure 1.4. Monometal ligand catalysts 1.6 and 1.7 for chemoselective hydrocarbon
oxidation.

The non-haem iron catalyst 1.6 and 1.7 features an octahedral iron center coordinating

with a tetradentate ligand, leaving two cis-labile sites for oxidation using oxidant such as



hydrogen peroxide (H20.) or tert-butyl hydroperoxide (TBHP). Other enzymes were
shown to oxidize hydrocarbons via an iron (V) oxo 1.11 intermediate with trans-labile

sites similar to non-haem iron catalysts (Figure 1.5).

Figure 1.5. Catalytic cycle of non-haem iron oxygenases mechanism.

Both [(TPA)Fe'(CH3CN),]*" and [(BPMEN)Fe'(CHsCN)]** can also oxidize olefins in
the presence of H2O- to yield epoxides and cis-diols. The addition of acetic acid to the
oxidation reaction inhibits cis-dihydroxylation and enhances epoxidation. Reactions were
carried out at 0 °C with 0.5 mol % catalyst for both systems in a 1:2 CH3CN/CH3;COOH
solvent mixture. High loading of the oxidant (1:1.5 olefin/H20: ratio) resulted in nearly
quantitative conversions of cyclooctene to epoxide within 1 min.'®?4% Both

[(TPA)Fe'(CH3CN)2]?* and [(BPMEN)Fe'(CHsCN)2]?* catalyze the hydroxylation of



alkanes to tertiary alcohols and retain the alkanes’ chemical configuration. Cis-1,2-
dimethylcyclohexane was oxidized to (1R,2R or 1S,2S)-1,2-dimethylcyclohexanol. The
oxidation occurred opposite the methyl group leaving both the methyl groups cis to one
another. Likewise, trans-1,2-dimethylcyclohexane was oxidized to (1R,2S or 1S,2R)-1,2-
dimethylcyclohexanol, where the methyl groups once again retained their conformation
(Figure 1.6). This retention of configuration was also observed in the oxidation of other
cyclic cis and trans-hydrocarbons such as adamantane and trans-decalin. The
stereoisomers observed are due to a short lived alkyl radical with shorter lived planar
conformation on the alkyl substrate.?! The theory that the mechanism goes via a short-
lived radical was further supported by the oxidation product of methylcyclohexane.?® The
tertiary position is oxidized much faster than the secondary, with >5%

methylcyclohexanone product and 86% 1-methylcyclohexanol.
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Figure 1.6. 80 incorporation using catalyst 1.6 from 500 eq. of alkane substrate.

While 1.6 [(TPA)Fe'(CH3CN)2]** and 1.7 [(BPMEN)Fe'(CH3CN),]** are mono-iron
catalysts, a di-iron catalyst 1.12 was synthesized to more closely resemble an MMO
catalytic active site.® This catalyst featured the same Fe(V)oxo core species that can be
activated by water or alcohols to allow C-H bond oxidation. The substrate
functionalization allowed the selective C-H oxidation over more reactive C-H bonds or
even unfunctionalized substrates. With only the most reactive/steric C-H bond oxidation

however, no regioselectivity was observed.
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Figure 1.7. Di-metal iron complex 1.12 for hydrocarbon oxidation, more accurately

mimicking MMO non-haem iron oxygenases.

For a more chemoselective oxidation of unactivated sp® C-H bonds, a similar ligand to
1.7 was synthesized, namely (Fe(S,S-PDP) 1.13. The chemoselectivity of hydrocarbon
oxidation with this catalyst was dependent on the substrate structure, and the reaction
occurred with stoichiometric H,0, and substoichiometric acetic acid.?” The innovative
scaffold introduces small modifications to the original Fe"'(BPMEN), yet it shows high

selectivity for the desired 3° oxidative product, as shown in Figure 1.8b.
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Figure 1.8. a) Chemoselective catalyst 1.13, b) Comparison between the different

catalysts 1.13 and 1.7.

Ligand 1.13 Fe(S,S-PDP) also shows retention of stereochemistry in the oxidation of
tertiary substrates (Figure 1.9, entry 5,6). The reaction is also tolerant to electron rich
cyclic ethers, carbonates, esters, and electron deficient amides (entry 3-6). Reaction
occurs mainly at the tertiary position, however the secondary CH bond can be oxidized in

the absence of a tertiary CH bond with substrates such as cyclohexane.
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Figure 1.9. Sterically and electronically directed hydrocarbon oxidation with catalyst

1.13.

When the electron-withdrawing group was shifted away from the tertiary position on
the substrate, reaction occurs much faster, with higher isolated yields. In addition, nearby
carboxylic acid groups are capable of participating in the oxidation, forming lactone
products upon intramolecular oxidation of the axial tertiary C-H bond (Figure 1.9, entry
8).

These C-H oxidations are very mild, and mimic enzymatic activities, so can be used for

late stage oxidation in the synthesis of complex natural products. These more advanced

12



applications of 1.13 were tested in the late stage oxidations of artemisinin, taxane, and
gibberellic acid. These substrates undergo C-H oxidation using 1.13 as catalyst, relying

on electronic and intermolecular interactions for selectivity, as shown below (Figure

1 10) 27,28
Electronic Directed | \T (SbFg),
ZH 5mol% Cat. SN[ N
50% AcOH Nl"'Fl .NCCHg
1.2 eq H202 N/ \e\NCCHg
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“ |
(+)-artemisinin Catalyst = Fe(S,S- PDP)
Steric Directed

OAc

5 mol% Cat.
0= 1.2 eq H,0,
_

Gibberellic acid

Figure 1.10. Sterically and electronically directed C-H oxidation of more complex

molecules using catalyst 1.13.

Highly successful C-H oxidation for very complex substrates was achieved with good
chemoselectivity, which relies heavily on a directing group in the substrate.
Chemoselective oxidation is valuable for oxidizing the most electronic rich C-H bond or
at the most sterically hindered position. However, the true mimic of enzymatic activity,
proximity-directed oxidation, is much harder to achieve. Synthesizing a scaffold that
contains both a cavity for molecular recognition as well as a metal-containing active

groups would truly mimic enzymatic structure. In that case, the oxidation will not rely as
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heavily on the hydrocarbon substrate but mainly the orientation and position of the

substrate near the catalytic site.

1.3.3. Synthetic Examples of Proximity-Directed Regioselective Oxidation

There is some precedent for the combination of molecular recognition and site-selective
C-H oxidation. By using water-soluble recognition motifs for the binding of derivatized
steroids, the target can be oriented in close proximity to a manganese-centered porphyrin,
inspired by haem active sites. B-Cyclodextrin is a well-known water-soluble recognition
motif, and so a scaffold that mimics cytochrome p450 was created by appending four
units of B-cyclodextrins to a manganese-porphyrin core to introduce directing motifs near
the active site.?>%° Catalyst 1.14 uses the host:guest interaction of the B-cyclodextrin to
correctly align large derivatized steroids, such as substrate 1.16, towards the manganese
porphyrin active site to undergo proximity-based CH oxidation. Upon binding and
orienting the substrate 1.16, only one C-H bond is close enough to the active metal to be
oxidized. Although the oxidized C-H bond is not the most reactive C-H bond in the
molecule, the proximity effect directs the selectivity. A slight change in the pB-
cyclodextrin position in relation to the active site shows much higher selectivity for
oxidizing a different C-H bonds in steroid substrate 1.18, to yield 100% formation of 1.20
rather than a 50:50 ratio of 1.19:1.20 oxidation products.

To enhance turnover, and the stability of the catalyst, fluorinated phenyl rings were

added to the porphyrin core, forming 1.14b and 1.15b. The more stable fluorinated
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porphyrin 1.15b enhances the number of turnovers from 2.5 (with 1.15a) to >90, mainly

due an increase in the scaffold solubility.3!
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Figure 1.11. Structure of catalysts 1.14a-b and 1.15 a-b, and a cartoon stimulation of

the catalyst structure.
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Figure 1.12: the selective oxidation of steroids 1.16 and 1.18.

1.4. Limitations of C-H Oxidation Catalysts

1.4.1. Performing C-H oxidation in a Mild Manner
Another challenge of hydrocarbon oxidation is to not overoxidize the substrate.®? Due
to the harsh conditions of most oxidations, using strong acids such as acetic acid and
strong oxidants such as H>O> under high temperatures and pressure, hydrocarbons tend to

fully oxidize without selectivity, which causes multiple products.

1.4.2. Non-Covalent Recognition of Hydrocarbons In Water
These P450 mimics require the presence of the tert-butylphenyl binding handles in the

steroid derivative to allow binding to occur, and cannot oxidize unfunctionalized targets.
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In addition, classical chemical catalysts are incapable of recognition and proximity-
directed regioselective oxidation. Many challenges must be overcome when attempting
truly biomimetic hydrocarbon oxidation. While chemoselectivity can be achieved in mild
conditions, it relies heavily on steric and electronic factors present in the substrate. The
selectivity is only controlled by the substrates and not the catalyst. To achieve proximity-
based oxidation, the only successful example is to alter the natural state of the substrate
with directing groups, such as the tert-butylphenyl group shown above. Those catalysts
are limited to a very narrow substrate scope as they require precise alignment of the
substrate with the catalyst active site, which also relies heavily on the substrate directing
group rather than the intrinsic reactivity of the catalyst. A catalyst that can differentiate
between C-H positions that are electronically and sterically similar for a wide scope of
substrates simply does not exist. Furthermore, the use of directing groups in the substrate
tends to limit the scope of oxidation. Only substrates with “directing groups” would be
bound and oxidized. The catalyst would only bind to one substrate, which means for
every desired substrate, a new catalysis must be synthesized.

A recognition motif utilizing hydrophobically-driven guest binding could control
hydrocarbon interactions with the catalyst to align the substrate in one orientation. Water-
soluble scaffolds with electron rich cavities can exploit to the hydrophobic effect to favor
target binding. Upon non-covalently binding the hydrophobic hydrocarbon in the
catalyst’s active site, regioselective oxidation could be possible. Additionally, water is a
beneficial solvent for C-H oxidation reactions because it is not prone to oxidation. To

combine aspects of both successful hydrocarbon chemoselective oxidation and proximity
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based oxidation of unfunctionalized substrates in mild conditions, one must utilize the
hydrophobic effect. The hydrophobic effect eliminates multiple oxidations to the same
molecule, as oxidized hydrocarbons tend to have higher solubility in water than their
precursors. Once an unfunctionalized hydrocarbon is oxidized, the product is released

into the water layer, which increases the turnover to the catalyst.

1.5. Water Soluble Scaffolds for Aqueous Hydrocarbon Recognition

Water-soluble synthetic receptors are extremely valuable because water can act as the
driving force for guest binding close to the active site. Meanwhile, the hydrophobic effect
controls the guest:host chemistry mainly due to the hydrophobic nature of
unfunctionalized hydrocarbons. The desired hydrocarbon oxidation catalysts can be
synthesized by incorporating a hydrophobic pocket in close proximity to the oxidation
active site in water-soluble scaffolds. The entropic benefit of separating the hydrophobic
substrate from the water molecule is complemented by the enthalpic benefit of London
dispersion forces between the host and the guest. By exploiting the hydrophobic effect, a
water-soluble molecular recognition scaffold with a catalytic site in close proximity

would be an ideal receptor to a wide scope of close proximity C-H oxidation.

1.6. Introduction to Molecular Recognition Scaffolds

To achieve and replicate the proximity-based recognition that is seen in enzymes in a

synthetic system, one must look to molecular recognition scaffolds, synthetic molecular
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receptors that have found a great deal of success in supramolecular chemistry and guest
recognition.

“Tweezers” and “clips” are two of the first hosts capable of hydrocarbon molecular
recognition, established by Whitlock in 1978.%33* Clips and tweezers surround the (often
aromatic) guests in order to exploit van der Waals interaction for effective molecular
recognition. Most of these clips rely on functionalized U-shaped molecules that contain a
flat linear spacer backbone and aromatic arms. The U-shaped recognition concept was
known as a “molecular sandwich.” 3* The first generation of these molecular sandwiches
was 1.21, which exploited a linear spacer with two flat, aromatic, and identical arms
composed of two caffeine groups. The rigid spacer forces the arms into a syn
conformation for desired guest binding. The initial strategy was to use an alkyne spacer
of 7 A in length, which provided sufficient space between the arms. Those first-
generation scaffolds bound mostly aromatic guests such as 6-dihydroxybenzoate and 1,3-
dihydroxy-2-naphthoate in buffered aqueous solution. 33 Other variations of similarly
designed scaffolds were reported to bind small aromatics such as benzene and
naphthalene derivatives. %7

However, many of those hosts favor self-dimerization via n-m interactions, which
competes with guest binding.%® Host scaffolds evolved from simple tweezers to a more
functionalized backbone using phenylglycoluril units by Nolte.** The phenylglycoluril
provided a more curved backbone, which created a shallow concavity with a
straightforward synthetic route via reacting with formaldehyde. Simple extension of the

sidewalls allowed the accommodation of a variety of different guest shapes and sizes.

19



Most variants of 1.22a bind aromatic substrates, varying in size from resorcinol (K, =

200 M) to catechol (K, = 80 M), in addition to more functionalized aromatics.

Simple changes to the aromatic substitution to 1.22b could accommodate more electron
rich aromatic molecules such as olivetol (5-pentylresorcinol), resorcinol, and
dihydroxybenzene (K, = 1500 M, K, = 2600 M, and K, = 7100 M? in CDClIs,
respectively).3 %0 Unfortunately, most of these scaffolds rely heavily on the
functionalization of the guest, as it only binds small aromatic substrates. They are too
prone to self-inclusion and often self-dimerization, at a much faster rate than binding with

the desired target (Figure 1.13).3®

=N, _o Ph Ph o Q Q Q
N\,ﬁ::N\ NIN_ NN 4 N)LN/\N)LNANJ\N/\NJ\N g
Il o Y R WH%HH%HW
. (@] = RO (0] N\[]/NVN\[vaN\[rNVN\ﬂ/N
<\N/ ,\rk\o R R R [ o o 5 OR
1.21 1322 E; I(-;’Me 1.23a: R = (CH3);CO,H
1.23b: R = (CH2)3SO3N3

Figure 1.13. Early clips and tweezer scaffolds.

To maximize the interaction between the guest and the host walls and to minimize self-
dimerization, a more evolved host of the phenylglycoluril backbone was provided by an
opened macrocyclic cucurbit[n]uril scaffold. The open-ended macrocyclic clips are water
soluble (up to 105 mM) in aqueous environments with large internal surface areas.** The
scaffold 1.23a shows strong binding affinities for a-m alkanediamines, ranging from 1.4
x 10% M for 1,4-butanediamine to 2.2 x 108 M for the longest encapsulated alkyl chain
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of 1,8-octanediamine. Large flat aromatic amines such as rhodamine 6G and p-
xylylenediamine were also bound strongly (K, = 2.1 x 10° M* and 6.8 x 108 M7,
respectively). However, binding to more bulky polycyclic amines such as
adamantanamine or N, N -dipropyl-p-xylylenediamine was much stronger (Ka = 3.5 x 10°
M and 2.2 x 10° M, respectively). The weaker affinity was due to the lack of ionic
interaction between the guest and the open-ended host upon encapsulation, and the main
driving force was only 7-m or n-CH interactions between the xylylene walls of the host
and the guest rings.***2 The sulfonate cucurbiturils 1.23b were capable of drug molecule
binding in challenging environments, and showed solubility enhancements of the
anticancer agent albendazole.**** The sulfonated scaffold bound albendazole with an
affinity K, = 5.1 x 10* M!, which compares very favorably with its solubilization by
hydroxypropyl-p-cyclodextrin (K, = 5.4 x 10° M). More complex species such as
paclitaxel, melphalan, amiodarone, clopidogrel, and cinnarizine all showed increased
solubility with 1.23b (by 2750-fold, 655-fold, 267-fold, 1220-fold, and 354-fold,
respectively).** While these cucurbituril scaffolds are effective hosts, they are unsuitable
for our purposes, as they are challenging to derivatize and lack “handles” for binding the
requisite metals to allow oxidation catalysis. They also lack the preorganization to fix or

orient the guest into the cavity due to their only having two available arms.

1.7. Shallow Bowls: Resorcinarenes
Toroidal and clip-shaped cucurbiturils only cover half of the surface area of the guest.

Scaffolds with greater curvature are much more promising hosts for greater control and
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desirable coverage of the guest. Bowl-shaped scaffolds can provide a starting point for
the creation of hosts fully surround the guest. Many early systems had linear all-carbon
backbones,*-*® but synthesis of all-carbon half capsules is extremely challenging. Many
of those guests tend to be cyclic or aromatic, relying heavily on m-m interactions.*
Unfunctionalized linear hydrocarbon alkanes, however, are much more challenging to
recognize due to their flexibility. To completely surround the guest in a functionalized
host, a simpler strategy was to introduce an oxygen-containing carbon skeleton rather
than an all-carbon skeleton. Condensation of resorcinol derivatives via electrophilic
aromatic substitution reaction with aldehydes with various lengths leads to small shallow
bowl scaffolds called resorcin[4]arenes 1.24.%° The alkyl “R” groups from the aldehyde
are oriented in the same direction, and confer structural stability on the system, acting as
the “feet” (Figure 1.14). The functionalization of these feet changes the system’s

solubility and properties without affecting the upper rim binding site.

R, 1.24 Resorcinarene

Rz 1.24a: R1 = C11H23
1.24b: R1 = CH2CH3
1.24c: R1 = (CH2)30H

Figure 1.14. Synthesis of the shallow resorcinarene base.
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This provides shallow curvature and a reactive phenolic position for derivations. The
eight hydroxyl groups on the top of the bowl helps form the cavity by H-bonding with
four molecules of water providing a stable shallow bowl-like structure with Cay
symmetry.5% The parent resorcinarene forms a capsular aggregate in non-polar solvents
and the solid state, forming a hexameric “snub-cube” assembly. The crystallographic
properties have been extensively investigated.> The resorcin[4]arene hexamer cavity of
1400 A is capable of binding multiple guests such as tetraethylammonium (Ka =5 x 10?
M) and tetramethylammonium cations (Ka = 3 x 10° M) via space filling and cation-

7 interactions. Despite the large cavity, neutral guests are poorly bound.

1.8. Shallow and Deep Cavitands

To further functionalize the resorcin[4]arenes, Cram rigidified the skeleton by bridging
the phenols with methylene units to create “cavitands” 1.25. The cavities of those
cavitands range from 3.3-4.2 A, which provides limited and weak binding affinity to
small organic molecules such as CH2Cl,, CHsCN, CS;, CD3sNO, and CsHsCH3.%® While
cavitands 1.25 are shallow with weak binding abilities, they are amenable to further
derivatization and the possibilities of creating much deeper cavities. While the first
generation of cavitands binds small molecules, the cavity must be extended with “walls”
in order to bind larger guests.

The two most common derivatizations exploiting the weakly nucleophilic phenols on
the resorcinarene are via SNAr reaction with either 2,3-dichloropyrazine or 1,2-difluoro-

4 5-dinitrobenzene, yielding 1.26 and 1.27 respectively.®” Cram originally synthesized

23



1.26a by reacting 1.25a with 2,3 dichloroguinoxaline. The quinoxaline cavitand 1.26a
was deeper than the resorcinarene, yet the walls were flexible and interconvert (11 kcal
mol?) between two conformations, called the “kite” and “vase” conformations. The
energy required to interconvert between conformations is determined by the ring flip
required to rotate about the C-O bonds on the resorcinarene (Figure 1.15). The
quinoxaline cavitand is observed in the kite-like conformation at below 5 °C.%-% The
main method to monitor the different conformations is *H NMR. In the case of the vase-
like conformation, the methane CH proton at the bridging carbon resonates above 5 ppm.
In the kite conformation, this proton resonance shifts dramatically upfield due to it being
present in the induced magnetic field of the aromatic rings of the resorcinarene base,

causing it to be more shielded and shifting to almost 3 ppm.

Figure 1.15. a) H-bonding interaction of octamide cavitand 1.28 forming the vase

conformation, b) Quinoxaline cavitand 1.26 in velcrand conformation.
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The kite conformation, which has a small cavity, often forms a dimeric aggregate
(called a “velcrands™) as is seen with clips and tweezers. The vase conformation is the
desired conformation, as it has a deep bowl that can bind neutral guests such as
disubstituted arenes with affinities of 20-200 M.

The quinoxaline cavitands showed promising results. However, their flexibility and the
dominance of the velcrand conformation caused by intermolecular m-m interactions
limited the host properties. Rebek provided the solution, whereby self-folding principles
are applied to the structure to introduce self-complementary hydrogen-bonds, aided by
water or methanol, to stabilize the vase conformation. The scaffold competes to favor the
intermolecular interaction (hydrogen bonding) rather than intramolecular interaction of
the - stacking, which forms the velcrand.®>®2 Both self-folding scaffolds are prepared
via reaction of the resorcinarene 1.24 and 1,2-difluoro-4,5-dinitrobenzene, yielding
octanitro cavitand 1.27. Cavitand 1.27 is then reduced to the parent octamine cavitand

1.28 via harsh reduction conditions such as hydrazine and Raney Nickel or SnCI/HCI.
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1.24 Resorcinarene
a:R= C11H23
b: R = CH,CHj3
c: R=(CH,)30H

1.27 Octanitro Cavitands

1.26 Quinoxaline Cavitand

o) 16) SnCl2 . 2H20
. . HCI, EtOH, 65 °C
)LR R J(NH

1.28 Octaamine Cavitands

1.29 Octamide Cabitand
1.29a: R' = Et

1.29b: R' = Ph

1.29c: R'=CF3

Figure 1.16. The synthesis of deep cavitand scaffolds.
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The octamide cavitand scaffold 1.29 can be synthesized via acylation of the octamine
cavitand 1.28, resulting in directional hydrogen bonding at the upper rim. Both the
oxygen and the N-H groups in the amides are involved in the H-bonding interaction at the
rim. The ostensive chiral system favors recognition of suitably sized guests with soft
charges such as trimethylammonium or alkyl quinuclidinium ions that can exploit cation-
7 interactions with electron-rich walls. Neutral guests with a thin coating of partial
positive charge at the surface species such as hydrocarbons are also encapsulated by the
octamide cavitand in solution. The strongest substrate binding typically occurs when the
guest shows 55% occupancy of the cavity.®® N-alkyl groups are weakly bound in organic
solvents such as CDCIs due to solvent competition. Cycloalkanes and substituted
cycloalkyl groups (Cs-C12), cyclic amides (pyridine and caprolactam), quinuclidine, and a
wide range of adamantane derivatives bind strongly even in organic solvents due to the
preorganized cyclic nature which fills the internal cavity (affinities on the order of the
100-10,000 M™).5457 Guest in/out exchange in these scaffolds is slowed due to a high
kinetic barrier (AG* = 5-8 kcal mol™t). The high kinetic barrier was due to two
components: the rotation about the C-O-C bond to open the aromatic walls (similar to
1.26 quinoxaline cavitand) and the breaking of the H-bonding seam. While guest
exchange was limited, guest motions such as tumbling and coiling inside the cavity were

observed and well-studied with dissymmetric guests such as vinyladamantane. 5870
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1.9. Benzimidazole Cavitands

To further deepen the octamine scaffold and study guest binding and exchange, a
condensation reaction-using hydrocarbon with the precursor octamine or the octanitro
cavitands 1.28 or 1.27 to yield 1.30 was utilized for introduction of various
benzimidazole groups at the rim 1.30a-e.”* The self-folding benzimidazole cavitand
1.30a favored the vase conformation, aided by hydrogen bonding with four water
molecules, which intercalated between the benzimidazoles.”? Guest binding ability in
organic solvents was limited due to solvent competition, similar to that seen with 1.28.
Additionally, the requirement for a protic cosolvent to effect H-bonding and self-folding
limited the range of solvents in which the cavitand was soluble. Substituted
trimethylammonium ions were the most strongly bound guests for two reasons: these
molecules’ perfect size matching to fill the cavity and their cation-r interactions with the
cavity walls. While the general guest-binding properties of benzimidazole seemed similar
to the octamide cavitand, the benzimidazole showed a lower binding constant for neutral

guests in organic solvents, due to increased solvent competition.
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1.27 Octanitro Cavitands 1.28 Octaamine Cavitands
1.28a: R = C11H23
1.28b: R = CH,CH34

SnCl, . 2H,0 HCI,
DMSF 105 °C, 72 hr

1.30a benzimidazole Cavitands 1.30 benzimidazole Cavitands
1.30b: R'= H

1.30c: R = CHj3,
1.30d: R' = CO,Et
1.30e: R'= NHBoc

Figure 1.17. The synthesis of benzimidazole deep cavitand scaffolds 1.30a-e.

Despite the overwhelming amount of exposed n surface, many of the short chain feet
(CoHs) cavitands were at least somewhat water-soluble. The deepened hydrophobic

interior facilitated sequestration of both neutral” and charged’* small molecules via

hydrophobic effects.

The benzimidazole cavitand scaffold is susceptible to unfolding into the kite

conformation, exhibiting either Coy or D2¢ symmetry. The vase conformation results are
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supported by the 'H NMR. Base titration of NaOH to the benzimidazole scaffold
interrupted the H-bonding seam on the top of the ring and causes a large upfield shifts for
the cavitand wall protons. With the addition of 4 eq. NaOH, only the wall proton shifts
dramatically while the methine peak at the base of the resorcinarene ring remains
relatively unchanged. The addition of the base has a remarkable effect on the electronic
environment of the receptor hydrogen bonding interaction between the benzimidazole
amine and the water molecules. The hydrogen-bonding network is strengthened upon the
deprotonation of the amine with NaOH base. Upon deprotonation, the walls are more
tightly held together and minimize “breathing” or flexing of the cavity. Upon a tightly
held wall increases the electron density allows greater London dispersion forces between
the electron dense cavity and the partially positive charged hydrocarbon guests. This
breathing effect also enhances the kinetic stability of the guest binding as a result of the
electronic nature of the H-bonding seam. The breathing motion gives more flexibility to

the size of the cavity complementary to the guest motion and interaction with the cavity.
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Figure 1.18. The benzimidazole cavitand scaffold with choline guest (hydrogen
bonding seam highlighted in green).

1.10. Rigid Deep Cavitands Scaffolds

To introduce deep, rigid cavitand walls, Gibb steered away from bridging the phenol
via aromatic substitution and returned to methylene bridging methods. The resulting deep
cavitand involved bridging the resorcinarene phenol groups with a,a-dibromobenzyl
groups. The scaffold oriented the aromatic rings vertically above the cavity, deepening
the binding cavity to 380 A. The scaffold could be synthesized on a large scale due to its
simplicity and stability under harsh reaction conditions. This allowed for a variety of
functional groups to the exterior. For water solubility, eight carboxylate species were
introduced on the system 1.31a.” The acidic cavitand 1.31a has been extensively studied
in sodium borate buffer as it is soluble in water due to the incorporation of eight
carboxylate species at the upper rim and the lower feet. Neutral, anionic, and cationic

scaffolds are also well known for their small molecule binding ability.”>"" Binding
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constants range from 103-10° M, depending heavily on the guest’s ability to efficiently
pack the cavity. The 1.31a scaffold selectively binds to hydrophilic groups containing

guests such as hexanoate or adamantanecarboxylate ions (highest affinity).

1.31a: R»j = (CHz)zCOOH, R2 =H, R3 =COOH
Neutral

1.31b: R1 = (CHz)zph, R2 = H, R3 =H
1.31c: Ry = (CHo),Ph, R, = Me, R; = H
1.31d: R; = OCH,OEt, R, =H, R, = OH
Anionic

1.31e: R1 = (CHz)zCOOH, R2 = H, R3 = Me
Cationic

1.31f: Ry = (CHp)3NEt,, Rj = CHoNEt,, Ry = H

Figure 1.19. Neutral, anionic, and cationic resorcinarene based scaffolds.

Dramatic changes to the binding constant are caused not only by the guest nature but by
the solvent nature as well. The neutral cavitand scaffold (1.31b-d) faces the same
challenges as the quinoxaline cavitand 1.26 due to its limited solvent competition.
Conspicuous differences in binding affinity to small guests appear in the large cavity due
to solvent competition, especially in chloroform.”88! Evidently, 1.31b shows a tenfold
higher affinity to iodoadamantane in toluene than in chloroform (K, = 4393 M in
toluene and 670 in CDCl3 and 30 fold higher in DMSO than toluene).8? As shown by 2D
NMR studies, haloadamantanes point vertically upward in the cavity.®2

As the electron rich cavity displays significant magnetic anisotropy, the main method of
analysis for many of those host:guest interactions is 'H NMR. The anisotropy effects
cause upfield changes in the chemical shift, as the guest is positioned deeper into the

cavity. As the chemical shifts are the resonant frequencies of the proton relative to the
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magnetic field, the position of the proton chemical shifts of the bound guest are heavily
affected by the electron cloud of the base of the cavity. The bound guest protons are
shielded by the cavitand base, causing a diamagnetic shift to the resonant frequency. The
maximum change observed in the chemical shift (Ad) is ~5.00 ppm, allowing for
discrimination between different resonance NMR peaks of CH> groups of the bound
guest in the cavity and the free guest in solution.

The removal of solvent competition, as well as the highly hydrophobic ionic cavity of
1.31e, allow the encapsulation of species that were previously inaccessible in organic
solution. Flexible alkanes ranging from propane to hexacosane can be encapsulated, and
the large internal cavity allows a wide range of species to be coencapsulated, leading to
applications in reactivity.

The self-assembly process of octaacid anionic 1.31e is highly dependent on the nature
of the guest. 1:1 binding selectivity is seen for guests that properly fill the cavity and
contain a hydrophilic group such as hexanoate or adamantanecarboxylate ions.®® The
binding affinities of these guests are related to the packing efficiency and size of the
hydrophobic guest portion, and range from 103 to 106 M (adamantanecarboxylate
showing the highest affinity). The self assembly of 1.31e into a dimeric aggregate is
favored in solution, however, and 1:1 cavitand:guest binding must be forced by the
presence of hydrophilic groups at the rim.159 Other species that form 1:1 complexes with

1.31e include “hydrophobic” anions such as perchlorate. 848
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1.11. Conclusion

To achieve regioselective hydrocarbon oxidation, a number of factors are required, but
two are paramount. A scaffold is required that can non-covalently bind the hydrocarbon
target, while also containing reactive functionalities that allow transformation of the C-H
bonds. This work aims to use the molecular recognition properties of multi-metal host
scaffolds to perform regioselective C-H oxidations. In order for guest binding to occur,
the scaffolds must possess a cavity deep enough to encapsulate a guest. In addition to
containing N-donor sites for metal coordination, the rigidity of the rims helps force metal

labile sites toward the cavity for proximity based oxidation.
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Chapter 2: Alkane Oxidation Catalyzed by a Self-Folded Multi-lron

Complex

2.1. Approach

We sought to create a flexible, self-folding ligand system that could coordinate multiple
iron centers for hydrocarbon oxidation catalysis inspired by non-haem oxygenase
catalysts.® A number of biomimetic oxidation catalysts are known that provide a
tetradentate ligand coordinated to a single Fe(I1) center.2? However, non-haem oxygenase
catalytically active sites commonly contain multiple metal centers each coordinating to a
tetradentate ligand in close proximity.3* Though multi-metal catalysts are much more
challenging to synthesize, they are often more catalytically active than their monometal
counterparts.>®

In order to properly fold the hosts into the correct form, one must seek a multi-metal
scaffold with preorganized self-folding properties to constrain the guest, orient the
reactive metal site, and then proceed with the oxidation. The metal helps in two main
ways: acting as a catalyst for the hydrocarbon oxidation, but also structural support of the
cavity, which was previously only accomplished by H-bonding. This allows one to design
scaffolds with deeper binding pockets and more rigid rims, as well as to introduce the N-
donor sites for oxidation. In this thesis, we will aim to create a scaffold to achieve
hydrocarbon selective oxidation, utilizing a preorganized scaffold containing N-donor
sites, the self-folding of which can be aided by metal ions. The metal ions are positioned
directly on top of the cavity, theoretically allowing for regioselectivity in oxidation.

As well as catalysis, molecular recognition must be considered. A host with a large
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cavity is required to fully surround the hydrocarbon guest. The main idea is to utilize the
hydrophobicity of the hydrocarbon guests to control host-guest binding. Utilizing
hydrophobicity would control hydrocarbon interaction with the scaffold to encapsulate
and align the substrate in one orientation. A water-soluble scaffold with an electron rich
cavity could surround the hydrophobic target in its active site. The affinity is driven by
the hydrophobic effect. Using water as a solvent is beneficial in two ways - as water
oxidation is a high energy process, there will be minimal oxidation of solvent to consume

the catalyst, and water will allow strong guest binding via the hydrophobic effect.

Metal R
Rims ) coordinated rims

Binding”
pocket
Metal

Water
soluble feet

Figure 2.1. Preorganized self-assembly and catalyst incorporation via metal-ligand

coordination.

2.2. Shallow Cavitands
The main challenge of creating a multiple centered metal-coordination motif so far has
been the introduction of multiple ligating groups. Self-folding motifs have been

exploited, as described in Chapter 1 in a variety of different fields as sensors and
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supramolecular assembly with in-depth study of their stability,” solubility,®** and
reactivity.’™> 8 Many of the previously discussed self-folding systems are heavily reliant
on hydrogen bonding or/and metal ligand coordination for assembly. The organization of
the ligand is generally post-synthetic rather than exploiting a preorganized scaffold.

The initial attempts to make functionalized cavitands started with the rigid, shallow
benzylic resorcinarene cavitand. This approach used a radical benzylic bromination
reaction with N-bromosuccinimide in DMF to introduce a reactive group at the upper rim,
followed by introducing N-donor sites to the system. 2-Methylresorcinol was utilized to
synthesize the octahydroxyl resorcinarene scaffold 1.14c with functionalizable methyl
groups at the rim. Following a radical bromination with NBS at the benzylic positions,
Sn2 substitution with sodium azide gave the corresponding tetra-azide cavitand 2.3 in
98% vyield. The insolubility of the hydroxyl-footed cavitand required the use of a
protecting group. The “feet” hydroxyls were protected as acetates for the bromination and
substitution. Deprotection of the acetate feet via refluxing in MeOH/K2CO3z in THF gave
2.3b.1°

Functionalization of tetra-azide cavitand 2.3 via CUAAC click chemistry using CuSQOa4
*6H20 in DMSO and Blms (co-catalyst) allowed for the incorporation of a variety of
different substituents at the rim of the cavitands, including a variety of more complicated
amine-containing rims 2.4a-d. The most promising scaffolds for metal binding came
from the reactions of 3-pyridylamide ligand 2.4c2 or commercially available 2-

ethynylpyridine 2.4b2 with the tetra-azide cavitand 2.3.
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Figure 2.2. The synthesis of metal containing shallow cavitand scaffolds.

49



2.3. Metal lon Complexation To Shallow Cavitands

Both cavitand scaffold 2.4b2 and 2.4c2 showed metal coordination to multiple metal
ions. The metal complex showed different physical properties from the reactant, as they
precipitated from solution upon addition of metal. They were then isolated and filtered
for more detailed study. A slight shift in the *H NMR suggested that cavitand 2.4c.
showed binding affinity to AgBFa4, AI(NO3)s, Cr(NOs)s, Ga(NOz)s, CuBF4 and FeSOy in
CD3CN solution. The addition of the metal ions caused broadness and slight shifts to the
aromatic peaks, and it was hard to quantitatively confirm the present of one or two metal
ions. Those results were also confirmed and verified by MALDI mass spectrometry.
Cavitand 2.4b2 showed similar results with CuBF4 and FeSOs. The literature precedent
that hydrocarbon oxidation occurs with Fe and Cu complexes focused our studies on
those reactive metal. Although we were unable to grow X-ray quality crystals of the
cavitand and metal complexes, the MALDI and the molecular modeling using Hartree-
Fock calculation suggested two states: either one metal ion coordinating to all four

triazole nitrogens, or two metals, with one metal coordinating to two arms (Figure 2.3).
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Figure 2.3. The formation of a) Cavitand 2.4b,*Cu, b) 2.4bs*Fe;, ¢) 2.4c.°Fe + 2.4c2°Fe;
2.4c,*Fe and the minimized models of the catalyst complex structures (SPARTAN,

Hartree-Fock forcefield, counter ions omitted for clarity).
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2.4. Hydrocarbon Oxidation With Shallow Cavitands

After complexation to FeSO4, cavitand Fez+2.4b, was able to successfully catalyze the
oxidation of unactivated cyclic hydrocarbons such as cyclooctane, cis-decalin, trans-
decalin, adamantane and cyclododecane to their corresponding ketones, or in the case of
species containing 3° CHs, alcohols. When compared to the activity of uncomplexed
FeSOs, cavitand 2.4b, showed higher reactivity. More than a threefold increase of
oxidation product using synthesized catalyst cavitand 2.4b, was observed, compared to
FeSOs alone. In the case of cis-decalin, a 2:1 selectivity of 3°:2° oxidation products was
observed. Similar results for adamantane oxidation shows the high selectivity for the 3°
product, rather than oxidation of the 2° C-H bond. However, in the case of trans-decalin,

no 3° C-H oxidation was detected, only 2° C-H bond oxidation (Table 2.1).
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Substrate Product Yields (%) Total

Yield (%)

a) 56% [e) 0 a) 5% a) 61%

O QO b) 19% U b)0% | b)19%
0a) 38% o a)l5%| a)353%
[T |\ = 0% ,~7L7 b)5% | b)14%

OH

a) 50% o a)24%| a)74%

% b) 24% % [ b)0% | b)24%
a) 50% a) 50%

b) 17% b) 17%

(0]
a) 44% © a)25%| a)69%
on b) 3% b)4% | b) 7%

Table 2.1. The oxidation of hydrocarbon substrates as catalyzed by a) 2.4b,*Fe; and

b) FeSOs..

Some reactivity occurred for more strained cyclic and polycyclic hydrocarbons. Less
strained rings such as cyclododecane were less reactive but did undergo single oxidation.
Cavitand 2.4c, showed a slight increase in total conversion to the oxidation product, but
only in the more strained cyclic hydrocarbons such as cyclododecane and trans-decalin.
Cavitand 2.4c,*Cuz was capable of catalyzing the same hydrocarbon oxidations, but

showed lower reactivity than the 2.4c.eFe> complex and similar reactivity to copper

sulfate as control.

53



H H ot Q
X 10 mol% cat. 10 equiv. 'BuOOH _ )J\
H,O:EtCN (1:1) 60 °C, 24 h

Substrate Product Yields (%) Total
Yield (%)
2)70% o o) 16% | a)86%
O Q b) 75% Ob) 14% | b)89%
(@]
) 42% CA 7% | @)69%
b) 20% b)7% | b)27%
[T | = [~
oH  a)54% D 17% | a)71%
ﬁ ﬁ b) 36% Wom 10% | b)46%
a) 45% a) 45%
Ej b) 30% b) 30%
Eji o a)39% a)18% | a)57%
b) 13% b)7% | b)20%
(0]
ﬁ QOH ﬂ

Table 2.2. The oxidation of hydrocarbon substrates as catalyzed by a) 2.4c»*Fe, and

b) 2.4Cz’CU2.

While the cavitands were catalytically active and water-soluble, proximity-directed
regioselective oxidation was not observed. The major issues were that no effective
molecular recognition was possible. The flexible ligand arms were capable of metal
coordination, but not in the correct orientation for guest recognition. For example,
Cue2.4.b, has the coordinated metal sitting over the cavity of the host, completely
blocking access to the binding site (Figure 2.3a). Alternatively, the Fe»e2.4b, cavitand
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positions the labile sites at which the oxidation occurs away from the cavity (Figure
2.3b). In the case of 2.4c,, molecular modeling shows the cis-labile site point completely
away from the cavity due to the flexibility of the arms. As the C-H oxidation happened
outside the cavity, any selectivity was dominated by substrate-based steric and electronic

effects, and proximity-based selective oxidation was not observed.

2.5. Other Catalysts from the Shallow Cavitand Scaffold

The first scaffold shows that water-soluble cavitands can be synthesized with N-donor
sites for metal coordination and that these cavitands show some catalytic activity in C-H
oxidation. The limitation in the current design of the scaffolds lies in the recognition
element of the catalyst and on the ability of the hydrocarbon to be oriented towards the
center of the cavity where proximity-directed oxidation is possible. To form a more
suitable host:guest complex, we exploited a stronger metal coordinating ligand, 2-
dipicolylamine 2.5, which was used in previous chemoselective catalysts.?° A simple Sn2
reaction of the tetrabromo cavitand 2.2 with 2-dipicolylamine vyielded the

octapicolyamine cavitand 2.6 in good yields (61%).
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Br K,co,
CH4CN
24hr, 61%

_cHnote

Figure 2.4. a) The synthesis of metal containing shallow cavitand scaffolds b) side

view of minimized models of the Fe»*2.6 catalyst complex structures, (SPARTAN,
Hartree-Fock forcefield, SO4% as counterion), ¢) Top view of the minimized model of the

ligand 2.6 structure, (SPARTAN, Hartree-Fock forcefield).

Cavitand 2.6 contains tridentate coordinating groups at the rim that allow for metal
binding. Isolation of the metal complexes was based on the change in the physical
properties between the ligand and the metal complex. Addition of two molar equivalents
of FeSO4 to 2.6 in MeOH formed an insoluble 2.6¢Fe>(SO4)> complex, which precipitated

out of methanol. A similar isolation method was conducted to produce 2.6¢Ni>(OAc): for
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benzylic oxidation. Unfortunately, metal coordinating cavitand 2.6¢Fe2(SO4)2 showed no
hydrocarbon oxidation activity (Table 2.3). Minimal benzylic oxidation was observed

with 2.6°Ni2(OACc). with no selectivity.

a) b)
H H 10 mol% cat. 10 equiv. ‘BuOOH j’\ Y 10 mol% cat. 5 equiv. H,0, j’\
\ 60°C, 24 h, 10:1 H,O.CHaCN {7 80°C, 24 h, 10:1 H;0:CHyCN \
Substrate Total Yield (%) Substrate Product Yields (%) Total Yield (%)

ﬁ\ No product © No product 0%
OH
R OH
R = H, COOH, COCI, OH ©\ \U
o

\/W\/\)LOH No product 3.28% 2.96% 6.24%
HO
W No product ; C:/\
3.44% 3.14% OH 6.58%

Table 2.3. The oxidation of a) hydrocarbon substrates as catalyzed by 2.6*Fe,SO, and

b) aromatic substrates as catalyzed by 2.6°Ni»(OAC)-.

The hydrophobic binding site of these hosts does not significantly help pre-organize or
orient the guest for regioselective C-H oxidation. These shallow cavitands were incapable
of binding hydrocarbons. In addition, limited reactivity was also observed, due to the
fully saturated state of the metal binding site. The presence of 6 nitrogens surrounding
each metal ion formed an inactive metal complex. Therefore, we focused on alternate

smaller scaffolds that would be more reactive and provide better molecular recognition.
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2.6. Porphyrin-based Scaffold

Following Cram’s preorganization motif, we steered away from complicated synthetic
cavitands and navigated toward a simpler approach to regioselective oxidation: small
multi-metal ligands. A porphyrin-based scaffold was our second approach to position
multiple metals in close proximity to a large aromatic surface for recognition. Initially,
we sought to synthesize the unsymmetrical porphyrin scaffold 2.11. Molecular modeling
of scaffold 2.11 showed a promising route to accomplish binding and C-H activation of
aromatic substrates via n-m stacking. To synthesize the porphyrin scaffold, we formed
2,2'-(phenylmethylene)bis(1H-pyrrole), followed by an aldehyde condensation to form
2.7. This reaction was unsuccessful, and gave multiple products (mono, di, and tri
addition products, Figure 2.5). The coupling reaction gave only 1% yield of target as well
as requiring extensive purification. The product was also air sensitive, decomposing from

dark purple to tar-like black within one day of isolating.

HN' ~
H. 20 H 1) Propionic Acid
N THF, RT W 110 °C, 24 hr
E/) 2) Con. HCI, SnCl,

110 °C, 24 hr
'-(phenylmethylene) O O,N O

bls(1 H-pyrrole) 2.7

QLA 2

Figure 2.5. First rough for unsymmetrical porphyrin scaffold.
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We pursued a one pot reaction to synthesize 5-(ortho-aminophenyl)-10, 15, 20-
triphenyl porphyrin 2.8 by formation of 5-(o-nitrophenyl)-10, 15, 20-triphenyl porphyrin
2.7 under N> atmosphere to eliminate decomposition followed by the immediate
reduction to the amine without isolation of 2.7. The single step reaction used 2.0 mol-eq.
benzaldehyde, 1.0 mol-eq. o-nitrobenzaldehyde and 3.0 mol-eq. pyrrole in the presence
of propionic acid without purification. This reaction was followed by reducing the nitro
group to the subsequence amine via SnCl..HCI and yielded multiple impurities of the
mono/di amine substrate 2.8. There were multiple failed attempts to isolate the mono-
amine product using recrystallization methods in CH2Cl:heptane. However, extraction
followed by silica column chromatography eluted with EtOAc:Toluene yielded clean
product, albeit in only 3% yield. Attempts to increase the yield of the mono product 2.8,
such as distilling 1H-pyrrole in a closed system immediately followed by injections of the
nitrobenzaldehyde and benzaldehyde only increased the yield to 15% (Figure 5.2). The
formation of 5-(O-azidophenyl)-10, 15, 20-triphenyl porphyrin 2.9 after Zn ion
complexation on a small scale showed multiple challenges due to presence of Zn metal in
the complex as well as the low vyield, and so we focused on an alternate scaffold for

oxidation reactions that was more simple to synthesize.
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Crmh TR :
2) Con. HCI, SnCl,
110 °C, 24 hr O O
| ) J &

H,N

5-(O-Aminophenyl) 29
10, 15, 20-triphenyl porphyrin

210

Figure 2.6. Proposed second route to form an unsymmetrical porphyrin scaffold, with
minimized models of the proposed metal-ligand 2.11 catalyst-complex structures (Zn ion

blue, Cu ion red) (SPARTAN, Hartree-Fock forcefield, counter ions omitted for clarity).

2.7. Benzenetrimethylamine Scaffolds

We sought to create a simple, flexible, self-folding ligand with a preorganized motif
that was capable of multiple metal coordination.?X The 2,4,6,-trisubstituted-1,3,5-
triethylbenzene scaffold is an inviting precursor to a preorganized motif. The three ethyl
groups are oriented to the same face of the aromatic ring, allowing the three substituted
arms to occupy the opposite site of the benzene ring, as shown in 2.12. Previously, this
scaffold has been applied to the creation of species that can bind cations???%, anions?* or
saccharides. The azide precursor 2.13 is often reduced to the primary amine for further
derivatization, but as we had experience with CUAAC couplings using azide cavitands,

this became an interesting and unexplored scaffold for metal complexation.
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Utilizing copper(l) catalyzed alkyne-azide cycloaddition (CuAAC) chemistry, we
reacted the precursor triazide 2.13 with oligopyridyl-containing alkyne groups to extend
the scaffold and provide multiple coordinators. We hoped that this scaffold would also

provide a small cavity for guest binding and selectivity.

CuSQ,/Blmjy
Na ascorbate
BuOH/H,0 (1:1)

/ \O 80 °C, 82%

210

Figure 2.7. Synthesis of the self-folding Fe-binding ligand 2.14 with minimized models
of the Fes2.14 catalyst complex structure, (SPARTAN, Hartree-Fock forcefield, SO4> as

counterions).

A simple Sn2 reaction of 2,4,6,-trisbromomethyl-1,3,5-triethylbenzene 2.12 with
sodium azide at room temperature gave the trisubstituted azide 2.13 (80%), which could
be derivatized with a variety of pyridyl groups. Precursor 2.13 was initially reacted with
bis-pyridyl alkyne ligand 2.10 (Figure 2.7). The product 2.14 displayed three tetradentate

coordinating groups around the center of the triethylbenzene scaffold. While the CUAAC
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reaction proceeded smoothly, isolation of pure ligand 2.14 faced multiple challenges. Bis-
pyridyl alkyne 2.10 itself was unstable and very sensitive to oxygen.?° The synthesis of
2.10 was performed in completely air free conditions, followed by chromatographic
purification with basic alumina. The product 2.10 was then rapidly reacted with 2.13
before it could decompose. The most difficult challenge in the click reaction step, which
used a Cu* catalyst, was that the product 2.14 and the reactant 2.10 are both strong metal
coordinators, and can preferentially complex the Cu® salts. To minimize loss of Cu*
catalyst, we introduced the tetradentate coordinator Blms as a co-ligand (Figure 2.8).
Even in the presence of the strongly coordinating Blmz ligand:CuSQO4 system, the reaction
required elevated temperatures and long reaction times in a ‘BuO:H,O mixture to achieve
good yields. To ensure the complete removal of the Cu* salt from the scaffold, the
organic mixture was washed four separate times with an aqueous solution of NaEDTA.
Additionally, the product was purified via column chromatography in neutral alumina,

followed by recrystallization from CH2Cl..

N
™
WavLS

N
N H

Blm31

Figure 2.8. Co-ligand BIms used for CUAAC reaction.
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2.8. Metal Coordination Properties of the Tri-substituted Scaffold

The extremely strong binding ability of 2.14 to Cu salts suggested that it would be
capable of coordinating other metal ions that would confer catalytic activity on the
system. To test this, the ligand was combined with three equivalents of FeSOs in a
mixture of CH>Cl>:MeOH, and the metal complex was isolated upon precipitation, after
30 mins of stirring via simple filtration. Unfortunately, it was challenging to produce X-
ray quality crystals to unambiguously assign of the complex structure, so we sought other
methods of studying the metal complex. In addition, as the 2.14¢Fex metal complex was
weakly paramagnetic and gave rise to broad NMR signals, we determined the
coordination stoichiometry using Zn(OTf)2 as a diamagnetic surrogate.

While the coordination modes of Zn' and Fe'' can vary, Zn" can act as a suitable
diamagnetic surrogate to the Fe'' complex due to the similar coordinative properties.
2.14Zn3z complex was synthesized in similar manner as the 2.14<Fes complex. *H NMR
analysis of the 2.14¢Zn complex showed the formation of a stable complex after the
addition of three equivalents of Zn?*. Multiple broad and undefined peaks appeared upon
the addition of one equivalent of Zn(OTf)2 to 2.14 in DMSO-ds, and after the addition of
one equivalent of Zn(OTf),, peaks for ligand 2.14 were still present in the sample. After
three equivalents of Zn(OTf). were added, only one set of aromatic peaks were present,
and were shifted down field. The methylene peaks shifted from 3.6 ppm to multiple peaks
between 4.0-4.5 ppm, indicating the reduced symmetry and diastereotopic nature of the
complex, suggesting that all six pyridyl groups are coordinated to the Zn' ions. The

addition of 5 equivalents of Zn(OTf). conferred no changes to the spectrum (Figure 2.9).
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Figure 2.9. Downfield regions of the *H NMR spectra (400 MHz, 298 K, CDCl3, 2.5 mM

4) of the addition of Zn(OTf). to Hexapicolyl ligand 2.14.

Analysis of the 2.14+Zn3z complex using MALDI-MS shows only the present of the
parent [2.14+Zn3(OTf)s]* ion, as well as a peak corresponding to the loss of one zinc ion
(Figure 2.9). MS analysis was also used to determine the stoichiometry of the Fe?*
coordination. ESI-MS analysis of 2.14eFe3(SO4)s shows the parent ion [2.14¢Fe3(SO4)3
H>O*OH]" as the largest m/z species. The major losses were the SO4 groups and the
formation of the iron-oxo species under the ionization/injection conditions as evidenced

by matching the isotope pattern to the three Fe-containing system.
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Figure 2.10. ESI-MS full spectrum of Hexapicolyl complex 2.14Zn3;(OTf)s.
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Figure 2.11. ESI-MS full spectrum of Hexapicolyl complex 2.14¢Fe3(S0O.)s.
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In effort to grow a grow X-ray quality crystals of the 2.14emetal complexes we used a
variety of metal ions and different counterion such as 2.14¢Zn3(OTf)s, 2.14¢Fe3(SO4)3,
2.14¢C03(S04)3, and 2.14Fe3(ClO4)s. As we were unable to grow X-ray quality crystals
of the 2.14eMetal complex, the microcrystals of 2.14¢Fe3(SO4)3 were characterized by
elemental analysis, which showed the proposed stoichiometry as well as traces of an
additional species with four Fe metals on the complex. No evidence of a four-Fe species
was observed in the MS analysis or NMR titration. Nevertheless, ICP analysis of a
microcrystalline sample of 2.14sFe3(SOa4)3 consisted of this mixture with three and four-
Fe centers (Table 2.4). The C-H-N combustion analysis showed similar results, which
explains the challenges in forming quality X-ray crystals. The weak coordination of the
fourth Fe center in the solid state is possible, but the most stable structure in the solution
is 2.14¢Fe3(S04)s. Evidently, weak coordination of an additional Fe?* ion occurs to the

2.14+Fe3 complex and fast on/off exchange occurs in solution.

Trial Mass Fraction of Fe in 2.14 (mmol) (ppm)(vol (1)) / mg total*100
1 0.038 3.806
2 0.0368 3.685
3 0.0378 3.787
Average 0.0376 3.76

Table 2.4. ICP analysis of Hexapicolyl complex 2.14¢Fe3(SO.)s in 1% nitric acid

solution.
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Molecular modeling showed the minimized structure of 2.14¢Fe3(SO4)3 with sulfate
templation of the structure (Figure 2.12). The close proximity of the metal ions blocks the

cavity of the scaffold as shown in the top view of the minimized structure.

Figure 2.12. a) Side view, b) top view of minimized models of the 2.14¢Fe3(SO4)3

catalyst complex structure (SPARTAN, Hartree-Fock forcefield, SO4> as counter ions).

2.9. Optimizing the Oxidation Reaction

Despite the lack of an obvious cavity in the scaffold, we analyzed its capabilities as a
hydrocarbon oxidation catalyst. The close proximity of the metals to each other active
sites provides a desirable scaffold for hydrocarbon oxidation. The reaction conditions
were optimized using cyclooctane, as that is a relatively reactive hydrocarbon due to the
torsional strain release upon oxidation. Literature examples of hydrocarbon oxidation
generally use hydrogen peroxide (H20.) as stoichiometric oxidant in a mixture of
CH3CN:H0 in the presence of strong acid.?>? Maximal conversion from cyclooctane to

cyclooctanone in our system was achieved with 10% catalytic loading of the
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2.14¢Fe3(S04)3 complex with tert-butylhydroperoxide (TBHP) as oxidant. The addition
of acid didn’t show any increase to either the total conversion or selectivity (entry 4,5).
TBHP was the most effective oxidant, and only small or no conversion was observed

using NMO and H2O> respectively (entry 8,9, Table 2.5).

10 mol% cat. 10 equiv.oxidant
X equiv. AcOH, y hr, 60 °C 0 o 0

A B

Entryl@ Oxidant Time (hr) Eq. AcOH Yield (%) %A %B

1 'BuOCOH 2 0 29 29 0
2 'BUOOH 6 0 50 50 0
3 'BuOCOH 18 0 56 56 0
4 'BUOOH 24 0 84 74 10
5 'BUOOH 24 2 86 73 13
6 'BUOOH 24 5 80 74 6
7 'BUOOH 24 10 80 74 6
8 H202 24 0 0 0 0
9 NMO 24 0 53 53 0

Table 2.5. Optimization of oxidation conditions with 2.14+Fe3(SO4)s.
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2.10. Hydrocarbon Oxidation Scope

The optimal reaction conditions employed 10% 2.14¢Fe3(SO4)3 with 10 mol.-eq. TBHP
and heating to 60 °C for 24 h. We then determined the scope of the reaction using more
challenging substrates. The 2.14Fe3(SO4)s complex was an effective catalyst for the
oxidation of a variety of unstrained, unactivated cyclic hydrocarbons such as cis- and
trans-decalin, adamantane, methylcyclohexane and linear hydrocarbon n-octane (Table
2.5).

The catalyst also provided some interesting regioselectivity. Whereas most C-H
activations show strong selectivity for 3° substrates,?5%? the 2.14eFe3(SO4)s complex
showed selectivity for 2° C-H bonds. Oxidation of methylcyclohexane (entry 4) gives a
5:1 selectivity for the various ketone isomers over 3° oxidation. Cis-decalin (entry 5)
displays a 2:1 selectivity towards 2° oxidations, with the terminal ketone product most
favored. In the case of trans-decalin (entry 6), the overall conversion was higher than cis-
decalin, with a greater proportion of secondary oxidation occurring, with a 4.4:1 ratio of
2°:3° oxidation. No selectivity between the 2° oxidation products was observed, but good
selectivity between 2° and 3° oxidation was possible. The only case where 3° rather than
2° oxidation was favored was in the case of adamantane-carboxylic acid (entry 9), which
occurred due to the increase in ring strain upon incorporation of a ketone into the tricyclic
system. The carboxylic acid functional group showed no directing effect on the oxidation
outcome, as unfunctionalized adamantane showed similar oxidation tendencies (entry 2).

Activated C-H bonds were much easier to oxidize, as expected: 4-ethyltoluene was
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rapidly oxidized in excellent yields with complete selectivity for ketone formation.
Reaction of dibutyl ether provided the corresponding ester with small amount of
hydrolysis product. Critically, the usually non-reactive linear n-octane was susceptible to
oxidation by multi-metal complex. Also the reaction was not highly selective between 2°

oxidation, but did show some unusual regiochemical outcomes.
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H H ot 0
10 mol% cat. 10 equiv. ‘BUOOH
S 60 °C, 24h " )k
Entry Substrate  Total (%) Product yields (%)

O JOm L
© 0wl L

55 O O Q
3a n-Octane M /\A)J\/ /\)\/\/

20 17 18
a7 OH o
44 ’ : L 8 S 8 ~ 21 7 10
79 @] 0
53
! 88 /1 OH11 J /
(2 isomers)
& ST o T T W M
OH 12 HO 24
(2 isomers)
98 ) 0
72 nBu>O /\)I\O/\/\ 43 /\AOH 29

gb

0
32
83.
Hcom oz
CO,H
EL 2 26 E\COZH 6
OH

Table 2.6. Scope of unactivated hydrocarbon oxidation with 2.14<Fe3(SO.)s. a)

reaction performed in 1:1 MeCN: H»O. b) reaction performed in 1:1 EtCN: H-O.
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2.11. Control Scaffold Synthesis

In an effort to demonstrate the requirement for multiple metal ions in close proximity
for the catalytic activity, four other ligand systems were synthesized as controls, as
shown in Figures 2.13 and 2.15. The analogue of the same core scaffold with fewer N-
donor sites was accessed using tri(bromomethyl) triethyl-benzene 2.13 and 2-
ethynylpyridine 2.15 via click reaction with Blms as co-catalyst yielding tris-pyridyl
triazine 2.16. Ligand 2.18 provides the same tetracoordinating metal complexing group,
but contains only one of them. Bis-pyridyl alkyne 2.10 was reacted with with 9-
(azidomethyl)anthracene 2.17 under similar conditions as before, yielding 2.18 (Figure
2.13a,b). To offer a larger aromatic group for target recognition, 1-azidopyrene 2.19 was
synthesized from 1-aminopyrene followed by CuAAC reaction with the bis-pyridyl
alkyne 2.10, yielding 2.20 in very low yields due to challenges in purification. Lastly, the
analogue 2.22 is capable of complexing two metals, without the possibility of
preorganization. 2.21 was synthesized from its precursor 9, 10-bromomethyl anthracene,
followed by Sn2 reaction to yield 9, 10-dipicolyl-anthracene 2.22 in 92% vyield (Figure
2.15a,b). Molecular modeling showed the minimized structures of 2.16¢FeSO. and

2.18¢Fe3S0q, including sulfate temptation of the structures (Figure 2.14).
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N 78
CuSO4/Blm; “n-N

Na ascorbate
DMSO/H50 (4:1)
100 °C, 90%

CuSO4/BIm3
Na ascorbate
DMSO/H,0 (4:1)
— 110 °C, 53%
SNaSe -
2.10

217

213

Figure 2.13. a) Synthesis of the control Fe-binding ligands 2.16, b) and 2.18.

2.18°FeSO0a4

Figure 2.14. Minimized models of the control Fe-ligand 2.16, and 2.18 catalyst

complex structures, (SPARTAN, Hartree-Fock forcefield, counter ions omitted for clarity).
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CuS0QO4/Blmj
Na ascorbate
DMSO/H,0 (4:1)
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=
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Figure 2.16. Minimized models of the control Fe-ligand 2.20, and 2.22 catalyst

complex structures, (SPARTAN, Hartree-Fock forcefield, counter ions omitted for clarity).
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2.12. Metal Coordination of the Mono-substituted Scaffolds

As expected, *H NMR analysis of the Zn complex of the control ligands showed the
formation of a stable complex in the presence of a single equivalent of metal ion. Broad
and undefined peaks appeared upon the addition of one equivalent of Zn(OTf). to the
ligand in CDCIs. With the addition of one equivalent of Zn(OTf), to ligand 2.16, the
aromatic peak have shifted slightly and broadened out with limitate changes to the CH;
peaks. NMR titration of Zn(OTf). with 2.16 showed no change in the chemical shift after
the addition of more than one equivalent of Zn ion (Figure 2.17). Similar behavior was

observed with the 2.18 and 2.20 scaffolds.

0 eq Zn(OTL):

1 eq Zn(OTH), M JL
2 eq Zn(OTE) } L K _JL
3 eq Zn(OTf) jl \ M\

96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52

L

y
_—
\

Figure 2.17. Downfield regions of the *H NMR spectra (400 MHz, 298 K, CDCls, 2.5

mM 2.16) of the addition of Zn(OTf), to Tris-pyridyl ligand 2.16.
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The control ligands 2.16 and 2.18 were simpler in their purification and coordination
properties than the multi-metal binding 2.14. ESI-MS analysis showed the presence of
only one Fe' jon when 2.16 or 2.18 were complexed with FeSOa, as expected (Figure
2.18). Interestingly, the Fe-N coordination was stronger than the N-C bond, as a fragment
in the mass spectrum shows the binding site with the metal ion as it fragmented from the
aromatic region at 447.3 m/z. ESI-MS showed the loss of the anthracenyl group via C-C
cleavage rather than the loss of the Fe ion (Figure 2.18). ICP analysis was consistent with

a monomeric coordination of FeSO4 to 2.18 scaffold, as shown in Table 2.7.

x10 5 |+ Scan (0.354-0.397 min, 8 scans) 7211504t.d Subtract (1)
1.6 447.3443
1.51 —
3] \,N N\/’/N
1.2 S A \
114 e >§\
" o TUNGNG
0.9 @y
0.8
0.7
0.6
0.5
[2.18 *FeSO4°H,0 « H'|*
0.3
0.2 /
0.1 143.0219 321,203 391 2‘;;91 s118 h 561.1212
o4 . L | L t \ A i 643.4812 91516645

T 1 T T T T T T T T T T T T I T T T T T T T
100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825 850 875 900 925 $50 9751000
Counts vs. Mass-to-Charge (m/z)

Figure 2.18. ESI-MS full spectrum of Dipicolyl complex 2.18 *FeSO..
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Trial Mass Fraction Ligand 2.18 (mmol)  (ppm)(vol (1)) / mg total*100

1 0.01598 1.6

2 0.0164 1.6

3 0.017 1.7
Average 0.0164 1.64

Table 2.7. ICP analysis of Dipicolyl complex 2.18+FeS0QO.in 1% nitric acid solution.

2.13. Hydrocarbon Oxidation with Control Complexes

In contrast to the effective oxidation performance of 2.14eFe3(SOs)3 complex, the
control complexes 2.16¢FeSO4 and 2.18*FeSO4 a much narrower scope of hydrocarbon
oxidation reactions. The obtained yields for cyclooctane and trans-decalin oxidation in
similar oxidation conditions were similar for catalysts 2.16sFeSO4 and 2.18¢FeSOa, and
showed lower oxidation yields as compared to the 2.14+Fe3(SOs)3 complex. The most
noticeable difference between the control catalysts and 2.14eFe3(SO4)3 was in the
challenging substrate n-octane. Both control complexes 2.16¢FeSO4 and 2.18FeSO4
showed no product at all in the oxidation of n-octane. Even when the catalyst loading was
increased to 30%, neither catalyst 2.16¢FeSO, and 2.18¢FeSO4 showed activity to n-
octane oxidation (Table 2.8). While the more reactive substrates can be oxidized by
single Fe center, only the self-folded, multi-metal catalyst 2.14Fe3(SOa4)s3 is capable of

oxidizing the more challenging linear, unactivated hydrocarbons. Minimal to no
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oxidation of trans-decalin was observed with 2.22¢Fe>(SOs4)2, due to instability of the

scaffold as evidenced by the presence of 9,10-anthracenedione.

H H . 0

x mol% cat. 10 equiv. ‘BuOOH
60 °C, 24 h B )K
Substrate Cat. loading Total (%) Product ylelds (%

O O Ak

]

10% 2.16°FeSO,4 74 5
30% 2.16°FeSO, 72 0
10% 2.18+FeSO, 53 53 0
30% 2.18+FeS0O, 47 47 0

[ mmmw

10% 2.16°FeSO,4 28 1 8

30% 2.16°FeS0O, 19 2 2 8 7

10% 2.18+FeSO, 38 5 3 13 17

30% 2.18°FeSOy4 27 4 2 10 11
0] (0] 0]

10% 2.16°FeS0,
30% 2.16°FeSO,

10% 2.18°FeSO,
30% 2.18+FeSO,

oo oo
[eNeliNeNe]
oo oo
oo OO

Table 2.8. Scope of unactivated hydrocarbon oxidation with monometal complexes.

2.14. Conclusion

The initial synthesis of molecular recognition scaffolds for hydrocarbon oxidation were
shallow cavitands, but these showed limited proximity direction in hydrocarbon
oxidation, although they were effective catalysts. Therefore, we decided to on focus on
improving the hydrocarbon oxidation catalytic activity. Multimetal hydrocarbon
oxidation catalyst 2.14 showed great success in oxidizing linear unfunctionalized
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hydrocarbons. Unfortunately, while scaffold 2.14 shows extremely promising results as a
catalyst for hydrocarbon oxidation, its lack of a cavity removes any possibility of a
recognition element. To provide proximity-directed regioselective hydrocarbon
oxidation, scaffolds must recognize, encapsulate, and then orient the hydrocarbon prior to
the oxidation step. As we were successful in oxidizing those difficult substrates, we
moved to solve the recognition element to our scaffolds. To achieve such a complicated
goal, we moved away from the benzene-based scaffold to a larger template capable of
molecular recognition. Returning back to cavitand scaffolds requires the incorporation of
an active site on the upper rims. The challenge there was to incorporate the successful
catalytic motifs from 2.14 into a more complex structure that contains a molecular

recognition element.
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Chapter 3: Metal Coordination of Functionalized Self-folding Deep

Cavitands

3.1. Introduction

The metal-coordinating complex 2.4b, 2.4c was an effective hydrocarbon oxidation
catalyst, but did not have a large enough cavity for hydrocarbon recognition and
preorganization. To combine the effective catalytic activity of 2.4 in a host system, we
sought a more complex deep cavitand-based scaffold. The initial strategy was to deepen
the shallow benzyl cavitand scaffold 1.24 to create deep, rigid walls while including an
acetylene group for CUAAC derivatization. This would allow us to introduce the N-donor

sites needed for metal complexation.

3.2. Rigid Acetylene Cavitand

Our first promising pathway to deepen the cavity as well as fix the triazole sites further
from the cavity is to access functionalized deep cavitands with more rigid rims forcing
the labile site to point inward toward the cavity. This route used resorcinarene-based
cavitand 1.24b as the starting point. Tetra-acetylene 3.2 was synthesized by bridging the
hydroxyl group of the resorcinarene 1.24b with 4-iodo-a,a-dibromotoluene, yielding
cavitand 3.1. This route eliminates the CH2 linker from cavitands 2.4a-d, which caused
flexibility in the walls and poor folding outcomes. The reaction yielded only 10% desired
product due to the high number of stereochemical possibilities. To introduce the
acetylene group, a Sonogashira coupling reaction was performed between

trimethylsilylacetylene and 2.1. Removal of the TMS group yields tetraacetylene 3.2,
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which could be identified by the presence of a new sharp resonance at & 3.07 ppm for the
acetylene proton 'H NMR. Further functionalization of this deep cavitand was
challenging, however, and CuAAC reactions with a variety of substituted azides
containing N-donor sites for metal coordination only gave incomplete reaction. The
presence of an electron rich N-donor site for metal ion complexation resulted in
deleterious Cu binding, and it was challenging to remove the Cu ion out of the scaffold

after the click reaction, even in the presence of Blms co-ligand.

1.24 Resorcinarene 3.1
. — ) 1. Pd(PPh3),Cl
1.24: R, =C44H 3)2vl2
1 11M123 K,COs4 2. TBAF
60°C
H——TMS
’ I fl Il
P CuS0, .5H,0
Na Ascorbate P
B(Im); | ‘
R A
| N,

Figure 3.1. Proposed synthesis of the rigid self folded cavitand catalyst.
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Molecular modeling suggests that cavitand 3.3 should be capable of coordinating two
iron centers at the rim of the cavitand through the pyridyl nitrogens as well as one triazole
nitrogen, leaving two remaining valences on the metal centers pointing toward the cavity
(Figure 3.2). However, isolation and characterization of the cavitand was difficult, and
due to the low reaction yield and challenging purification, we decided to avoid rigid
scaffolds and move to investigating the introduction of functional groups to the well-

known self-folding benzimidazole cavitand scaffold.*”

Figure 3.2. Minimized model of the proposed host structures 3.3¢Fe, (SPARTAN,
Hartree-Fock forcefield).
3.3. Challenges of Functionalizing Benzimidazole Cavitands

The water-soluble self-folding benzimidazole cavitands 1.26-1.30 were very

encouraging scaffolds, as they showed excellent binding affinity for hydrocarbon guests.
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However, to use this scaffold as a catalyst, the bound guests must be exposed to an
incorporated metal species, and this requires introducing metal binding arms to the deep
cavitand scaffold, which is rare.8° The attachment of N-donor functional groups to the
scaffold has been limited due to the challenges in benzamidazole formation and the
product solubility. The main challenge was the formation of the insoluble velcrands as
previously discussed.'* The successful folding of benzimidazole cavitands requires
additives that contain both hydrogen bond donors and acceptors, such as water and
methanol to form the intramolecular hydrogen-bonding seam around the top rim of the
cavitands.'> The addition of alkyl groups or esters can be achieved by treating the
precursor octaamine with corresponding orthoester,'® alkoxyimidate, **° or aldehyde in
the presence of oxidizing agents (Figure 3.3).1® The introduction of amines, heterocycles,
or other functions is poorly tolerated via this route, however, yielding a limited scope of
functionalized benzamidazole deep cavitands. There are three methods for the formation
of the benzimidazole cavitand: condensation of an orthoester,*® oxidative coupling of an
aldehyde® and condensation of a nitrile derived imidate.!” There are many drawbacks to
all three methods which make it nearly impossible to introduce an N-donor metal binding
groups. The use of orthoesters requires dehydration or deamination of esters or nitriles,
which involves harsh conditions. The oxidative coupling of an aldehyde relies on harsh
coupling conditions and extensive purification steps. However, the condensation of an
imidate HCI salt occurs in mild conditions and limited to no purification steps are needed.
Although the imidate condensation reaction was promising, imidate formation from

nitriles with nitrogen-containing substrates such as pyridine groups failed upon the

88



addition of HCI due to protonation of the substrate. To functionalize the scaffold with our
metal-coordinators, we required alternative synthetic methods in order to introduce the N-
donor metal binding groups. Two different methods for introducing heteroatoms to the
cavitand backbone were investigated. To utilize the deep cavitand scaffold in the
presence of the N-donor sites, one must form the benzimidazole first, and then

subsequently introduce the nitrogen-containing substrates in the final step.

R “HCI
/[ Hot A NH +HCI
NN o R PN N U_r,  Incomplete
;/(l)eégos/ = EtO Reactions,
-80% Complex
R, =H, CHj J ‘o Product
o} o} CO,Et, 3 Mixtures
NHBoc Ro= ) 3
. 4 ; N~
. MeN
R, R4 N \
1.28a: R{ = Cq{Hp3  HN B
1.28b: R, = Et

Figure 3.3. Imidate condensation reaction scope for benzimidazole formation.

3.4. Thiobenzimidazole Cavitands

Our first approach was to incorporate thiol-containing walls to the scaffold, as they can
be easily derivatized by simple substitution.’®® The formation of the thiobenzimidazole
unit followed similar synthetic routes to the original benzamidazole cavitand scaffold.®
Resorcinarenes 1.24a-c were reacted with 4,5-difluoro-1,2-dinitrobenzene to form
octanitro cavitands 1.27a-c (Figure 3.4). Reduction with SnCl> in EtOH yielded

octaamine cavitands 1.28 as previously discussed. Treatment of octaamine cavitand 1.28a
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with carbon disulfide under basic conditions provides the thiol-containing benzimidazole
cavitand 3.4a with long Ci11Ho3 feet. Cavitand 1.28 synthesized with the different lower
rims such as C2Hs and Ci1H23, however the C1:H23 foot was much easier to hander for
purification and isolation. Cavitands with ethyl and alcoholic feet were synthesized for
their water solubility (see Chapter 4), however the intermediate cavitands are poorly
soluble and much harder to handle. Cavitand 3.4a gave a broad *H NMR spectrum at 298
K, but showed a sharp proton peak at 11.87 ppm corresponding to the symmetric SH
protons at 350 K. High temperature NMR is required to average out the peaks for the two
different tautomers of the SH-NH thiobenzimidazole group. The NMR also shows the
present of sharp CH methine peak at 6 5.32 corresponding to the self-folded
conformation of the cavitand aided by the water molecules present in the wet chloroform
solution. The proposed synthesis can also be carried out with ethyl-footed resorcinarene
1.24b.

To introduce the metal coordinating sites above the cavity, derivatizations via
nucleophilic substitution reactions with suitable reactive alkyl halides were tested.
Reaction of 3.4a with bromide precursor 3.6 produced functionalized C1i-cavitands 3.5a-
b in good yield. Cavitand 3.5a contains bidentate coordinating groups at the rim that
allow for metal binding, and cavitand 3.5b is a non-coordinating control that allows for

simple analysis of the folding and conformation of the hosts.
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Figure 3.4. Synthesis of thiobenzimidazole cavitand catalyst scaffolds.

In the presence of appropriately sized guests such as chloroform, as well as protic
solvents to supply the H-bonding seam, 3.5a self-folds into the desired vase-like

conformation. *H NMR shows downfield changes in the chemical resonance of the

methine proton on the base of the cavitand. The methine proton resonance of 3.5a shifts
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downfield from & 5.3 ppm to > 6 5.8 ppm due to different anisotropic shielding effects in
the vase conformation (Figure 3.5). Also, the scaffold is promising for metal
coordination: the four rim functionalized groups form a self-folding motif that allows the
binding of a neutral guest without a coordinated metal at the triazole groups. Guest
binding studies show very weak binding of choline derivatives driven by cation-n

interactions.
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Figure 3.5. 'H NMR of a) thiobenzimidazole cavitands a) 3.4a and b) 3.5a (anhydrous

CDClz at 350K, 400MHz).

3.5. Metal Coordination with Thiobenzimidazole Cavitands

Metal binding studies between 3.5a and Fe(Il) proved challenging to characterize by H
NMR due to the paramagnetic nature of the 3.5aFe(ll) complex. When Zn(OTf). was
used as a diamagnetic surrogate, titration experiments showed the binding of two metal
atoms to 3.5a, as shown by the shifted and sharp CH methine peaks. However, the
aromatic region revealed broadened peaks, indicating a kinetically unstable conformation

of the host, and perhaps weak Zn" binding. Molecular modeling shed a light on the
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conformation of those complexes. The CHz units introduced in the Sn2 step cause a large
number of degrees of freedom in the upper rim groups, which caused the weak affinity
for metals and broadness in the *H NMR spectrum.

The thiobenzimidazole 3.5a is a somewhat competent host, even if it is a poor metal
coordinator. Guest binding studies with 3.5a show the encapsulation of small guests
occurs in the absence of metal. Acetylcholine and choline were the only guests that were
bound in the cavity, although this occurred with low binding affinity. The guest binding
was determined to occur inside the cavity by the presence of proton resonances in the

negative ppm region of the *H NMR spectrum.
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Figure 3.6. *H NMR of thiobenzimidazole 3.4a and hydrocarbon guest (anhydrous

CDCls at 350K, 400MHz).

Due to the paramagnetic nature of FeSO4, Zn(OTf), was used as a surrogate to monitor
metal complexation with *H NMR. The Zinc titration showed broad and undefined peaks

in the aromatic region and the presence of two different methine peaks at 5.5 ppm and 5.7
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ppm, one of which is sharp at 5.5 ppm. The broad beaks of the cavitand were caused due
to the weak coordination and the flexible C-S-C bonds on the upper rims. The sigma
bond between the C-S-C bonds provides the cavitand to unfold as predicted with the

molecular modeling.
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Figure 3.7. Downfield regions of the *H NMR spectra of the titration of 0-3 mol. eq.

Zn(OTf), to 3.5a. (anhydrous CDCls, 298 K, 400MHz, 6 mg 3.5a) a) 3.5a; b) 3.5a + 1 eq.

Zn(0Tf)z ¢) 1.5 eq. Zn(OTf),, d) 2.0 eq. Zn(OTf),, €) 2.5 eq. Zn(OTf),, f) 3.0 eq. Zn(OTf),.
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Figure 3.8. Proposed iron complex of a) 3.5a cavitand scaffolds expected, b) 3.5a

cavitand scaffolds observed (SPARTAN, semi-empirical calculation, AM1 forcefield).

The difference in physical properties of the iron metal complex allowed easy access to
the 3.5asFex(SOs). complex by filtration. Similar methods were used to isolate
2.5a°Cuz(CH3CN)2(BF4)2. After isolating the 3.5a*Fe complex we tested the oxidation of
some typical hydrocarbons such as cyclooctane cis-decalin, trans-decalin, fluorene, and
methylcyclohexane. However, oxidation was limited to fluorene, which was converted to
fluorenone in 98% conversion, as the cavitand backbone sulfur underwent oxidation to
sulfone. The scaffold lost its self-folding ability as well as its catalytically active group.
The limitation of cavitand 2.5a was due to the flexible thioether group in the backbone,
which caused similar rotation as previous shallow cavitands. We therefore investigated

other methods to functionalize the benzimidazole scaffold.
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3.6. Arylimine Cavitands

To eliminate rim flexibility in previous thiobenzimidazole scaffold, we returned to the
carbon backbone of the benzimidazole scaffold.?’ The major roadblock in benzimidazole
cavitand synthesis is the requirement for acid-catalyzed heterocycle formation. While
simple hydrocarbon or ester group can be easily added to the octaamine via condensation
with the corresponding imidate HCI salt in anhydrous ethanol, introducing N-donor
groups is far more challenging. To resolve the challenge, we decided to attempt the
introduction of the N-donor group in a secondary step following the benzimidazole ring
formation.

The alternative synthetic route exploited tetraethylacetal cavitands 3.7 (Figure 3.9).%
The acetal imidate precursor was synthesized in good yield and the HCI salt of imidate is
stable for about a week at -5 °C. Condensation of the imidate with octamine cavitand 1.8a
gave the tetraethylacetal cavitand 3.7 in 77% vyield. This tetraacetal is a protected
aldehyde, and so we attempted an acid-catalyzed deprotection and imine-forming
condensation in one step. Treatment of 3.7 with amine containing substrates and
trifluoroacetic acid under previously published conditions?* gave poor conversions to the
desired imine-containing cavitands. Using alternative methods to convert dialkyl acetals
to substituted imines using anhydrous strong Lewis Acids such as Ti(O'Pr)s and AICl3 via
condensation reactions was also unsuccessful. Fortunately, reaction with softer Lewis
acids such as La(OTf)s proved effective. To test the scope of the rim functionalization
process we introduced a variety of different amine nucleophiles in the presence of

catalytic La(OTf)3.22 The more basic amines such as primary alkylamines (n-butylamine,
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unsym-dimethylethylenediamine and 2-picolylamine) showed unsuccessful, incomplete
reaction. Less basic nucleophiles such as aniline derivatives were excellent substrates for
the reaction, and formed tetraimine products 3.8-3.10, which were easy to purify. The
reaction was highly tolerant to functionalized substrates such as carboxylic acids as well

as donor nitrogen groups such as pyridines.
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Figure 3.9. Synthesis of arylimine deep cavitand scaffolds.
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3.7. Unusual H-bonding Interactions

The derivatized tetraimine cavitands 3.8-3.10 displayed unusual folding properties. In
anhydrous CDCls, the *H NMR spectrum showed a kinetically unstable conformation.
The broad NMR peaks of the resorcinarene protons were attributed to fast flexing
between the vase and kite conformation, which is to be expected. However, even in the
presence of hydrogen bonding additives such as water or methanol, effective self-folding
did not occur. Most benzimidazole cavitands fold into Kinetically stable vase
conformations in the presence of four molecules of water or methanol*? due to hydrogen
bonding seams formed around the rim, but this was not the case for our tetraimine
cavitands 3.8-3.10. None of the protic solvents help stabilize the self-folding of the
cavitand rims. Unexpectedly, with the addition of 1-5% DMSO-ds to the NMR solution, a
well-defined sharp *H NMR spectrum appeared immediately, which suggested the
cavitand is folded and exists only as the vase-like conformation (Figure 3.10). Evidently,
the strongly donating imine nitrogen atoms in 3.8-3.10 that are introduced at the rim
outcompete the benzimidazoles for H-bonding donors such as water, preventing seam
formation. If solely hydrogen bond acceptors such as DMSO are introduced, they can
only interact with the benzimidazole N-H group to form a stable seam on the rim,
unaffected by strongly donating nitrogen atoms on the top of the rims. The DMSO does
not provide both an H-bond donor and acceptor group, therefore only two DMSO
molecules are incorporated between two benzimidazole NH groups at the rim rather than
the usual four water molecules (Figure 3.11). The *H NMR spectrum appears Cg-

symmetric at room temperature for C11H23 scaffolds, indicating rapid exchange between
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the NH groups and DMSO. At lower temperatures, significant broadening of the cavitand

peaks occurs which indicates an intermediate exchange rate of the DMSO molecules.
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Figure 3.10. *H NMR titration of DMSO with 3.9 (dry CDCls, 400 MHz).

DMSO Coordination Protic Solvent Coordination

R = Donor-containing group

Figure 3.11. Hydrogen bonding interaction of benzimidazole rims with DMSO (H-

bonding acceptor) and H>O (H-bonding acceptor and donor).
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3.8. Alkylimine Cavitands

While the direct functionalization of acetal cavitand 3.7 by this method failed to
introduce alkyl amine groups, these more basic nucleophiles can be simply introduced by
transimination. The arylimine cavitands 3.8-3.10 are susceptible to reaction with strong
nucleophiles including alkyl amine-containing substrates. Simple sonication of any of the
arylimine cavitands with primary alkylamines such as 2-picolylamine or unsym-N,N-
dimethylethylenediamine in a mixture of CH2Cl,/MeOH for 5 min - 1 hr smoothly
yielded the corresponding alkylimines 3.11-3.14 as a precipitate due to their lower
solubility in polar solvents. This combination of synthetic strategies allows access to a
great range of functionalized cavitands, with either direct reactivity from acetal cavitand

3.7 or via subsequent transamination of arylimine cavitands 3.8-3.10.
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Figure 3.12. Synthesis of deep alkylimine cavitands 3.11-3.14.
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3.9. Metal Coordination

Cavitands 3.8, 3.9, 3.11, and 3.12 provide the opportunity to coordinate metal ions at
the cavitand rim. The synthetic route allows for the simple introduction of a variable
number of N-donors at each wall, including the imine nitrogen that is present in all cases.
The cavitands can be separated into three distinct types: 4x2, 4x2/1 and 4x1 donors,
referring to the number of accessible N donors on each wall. Bipyridyl cavitand 3.9
displays two donor nitrogens from each of the four bipyridyl groups, and the imine
nitrogen is unlikely to participate due to angle strain, hence the 4x2 designation.
Cavitands 3.8, 3.11 and 3.12 provide one donor nitrogen from each wall, but in these
cases participation of the imine nitrogen is more likely, leading to two possible
coordination types 4x1/2. Cavitand 3.10, and 3.11 can only use its pyridyl nitrogen for
coordination, and is described as 4x1. 3.9 showed physical changes when a metal ion was
added, however, with both Fe?* and Cu*, the paramagnetic nature of the complexes
between these metals and 3.9 led to broadened *H NMR spectra and limited the possible
structural analysis, so Zn(OTf)2 was used to study metal-coordination with cavitand 3.9

by *H NMR (Figure 3.13).
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Figure 3.13. Downfield regions of the 'H NMR spectra (400 MHz, 298 K, 5 % DMSO-

de in CDCl3, 2.5 mM 2.9) of the addition of Zn(OTf), to Bipyridyl Imine Cavitand 3.9.

The *H NMR spectra indicate the reversible binding ability of the cavitand to Zn?*.
Upon the addition of one equivalent Zn?*, many resonances shifted. The ortho proton Ha

resonances shifted the most, displaying a higher upfield chemical shift due to the rotation
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of the pyridine that surrounds the metal. The para proton Hy, He showed similar dramatic
shifts down-field. The imine CH proton Hr remained relatively unchanged, suggesting
that Zn?* ions only bind symmetrical to the pyridine groups. Upon addition of two
equivalents of metal ions, a single complex was formed with no further changes to the H
NMR spectrum. The addition of five or more equivalents shows hardly any changes in
the metal complex peaks. The proton NMR shows the presence of uncoordinating ligand
peaks due to metal slow exchange. The affinity of the metal ion to the ligand is relatively
strong as evidenced by the low concentration of NMR sample. The presence of metal ion
alone is not sufficient for self-folding the cavitand in the absence of DMSO-ds. The
addition of Zn?" in the absence of coordinating DMSO-ds showed discrete folding
structure. Minimized molecular modeling using SPARTAN AM1 forcefield also
supported the favorable coordination mode, whereby each Zn?* ion is coordinated by two
bipyridyl units, as shown in Figure 3.14. Cavitand 3.9 is also capable of coordinating
with other metal ions such as La(NOs)s similar to Zn?*, however with much weaker

binding ability due to the size difference of the lanthanide ions (Figure 3.15).
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Figure 3.14. Functionalized deep cavitand 3.9 with Zn(OTf). complex (SPARTAN,

semi-empirical calculation, AM1 forcefield).

Figure 3.15. Functionalized deep cavitand 3.9 with La(OTf); complex (SPARTAN,

semi-empirical calculation, AM1 forcefield).
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Figure 3.16. Downfield regions of the *H NMR spectra (400 MHz, 298 K, 5 % DMSO-

ds in CDCls, 2.5 mM 3.9) of the addition of La(NOs)s to Bipyridyl Imine Cavitand 3.9.
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3.10. Guest Binding

Cavitand 3.9 was a very poor host in the presence of organic solvents such as CDCl3
due to solvent competition. A variety of small guests were tested such as cyclohexane
and choline (both of which showed a strong binding with previous benzamidazole
cavitands),"% all of which showed with minimal affinity for 3.9, with K, < 10 M™%, The
addition of the large bipyridyl group at the rim that blocked the cavity, as well as the
solvent competition from CDCIs minimized the binding ability of the scaffold. Binding
studies were not tested in non-organic solvents due to the lack of solubility of the
lipophilic 3.9. Even when guests were added in great excess, larger guests such as
cyclooctane and adamantane showed no affinity. The metal complex 3.9¢Zn?* was even
less effective due to the rigidified arms which caused a great barrier to the guest
incorporation. The more strongly donating cavitands such as 3.11 and 3.12 did show
some affinity for Zn?*, as evidenced by *H NMR analysis that showed minor shifts to the
proton peaks. The donor groups displayed weak coordination with the metal ions, and no

discrete complex formed due to the lack of full coordination to the metal sites.
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Figure 3.17. Downfield regions of the *H NMR spectra (400 MHz, 298 K, 5 % DMSO-

de in CDCl3, 2.3 mM 3.11) of the addition of Zn(OTf), to Picolyl Imine Cavitand 3.11.
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Cavitand 3.11 showed no affinity for unfunctionalized hydrocarbon guests such as
cyclohexane, sodium cyclohexane-carboxylate and NMesBr. Surprisingly, cavitand 3.11
did show affinity for functionalized hydrocarbon guests such as adamantanamine,
cyclohexylamine, cyclooctylamine, hexylamine, and cyclohexanecarboxylic acid in
CDCl3:5% DMSO-ds, all of which overcome solvent competition. Guest binding required
both a protic group and a size suitable to fill the cavity, similar to previously studied
amine-binding cavitands.?* The amine points upwards as shown in the minimized
structures, which plays a role in the binding of these guests. While cyclooctane and
adamantane showed no affinity for the host, their amine counterparts do: the orientation
provides an extra variable in the binding event, and the nitrogen atom in the rim groups
provides a favorable H-bonding with the guest NH> group, as shown in Figure 3.19. The
more flexible 3.12 cavitand showed similar binding ability to suitable sized protic guests
such as adamantanamine, cyclohexylamine, cyclooctylamine, and cyclohexane-
carboxylic acid (Figure 3.18). Short amines such as iso-butylamine, tert-butylamine and

n-butylamine were not encapsulated due to their mismatched size with the cavity.

109



-0.5 -1.0 -1.5 -2.0 2.5 -3.0 -3.5 -4.0 ppm

Figure 3.18. Upfield regions of the *H NMR spectra (400 MHz, 5% DMSO-dg in CDCls).

Figure 3.19. Proposed H-bonding interaction of imidate cavitand and
adamantanamine guests of a) Representation of proposed H-bonding with removal of
front and back cavitand wall for clarity, b) Minimized model of H-bond interaction

observed (SPARTAN, semi-empirical calculation, AM1 forcefield).
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A new cavitand 3.13 was synthesized which lacked the nitrogen atoms at the rim (other
than the imine nitrogen), to test the binding effects on the amine-functionalized
hydrocarbon. Cavitand 3.13 showed similar affinity towards functionalized hydrocarbons

that contained both a protic group and were of a size suitable to fill the cavity.
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Figure 3.20. Upfield regions of the *H NMR spectra (400 MHz, 5 % DMSO-ds in
CDCl;, 298 K, 4 mM 3.13) obtained upon addition of excess guests to butyl imine

cavitand 3.13.
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3.11. Guest binding in the Deep Cavitand-Metal Complexes

Unfortunately, 2-pyridyl cavitands 3.8 showed a lack of guest binding in the presence
of metal ions. Also, cavitand 3.9 should high affinity for metal ions, however guest
binding was very weak due to guest competition with chloroform and rigidity of the rims

upon complexation.
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Figure 3.21. 'H NMR spectra (400 MHz, 5 % DMSO-ds in CDCl;, 298 K, 4 mM 3.8)

obtained upon addition of excess guests to pyridyl imine cavitand 3.8.
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Figure 3.22. Upfield regions of the 'H NMR spectra (400 MHz, 5 % DMSO-ds in
CDCls, 298 K, 4 mM 3.9) obtained upon addition of excess protic guest to bipyridyl imine

cavitand 3.9.
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3.12. Conclusion

In this chapter, we have achieved both metal coordination as well as strong amine
functionalized hydrocarbon binding in a series of host cavitands. Although several
cavitands (3.8, 3.9, and 3.11) were capable of metal coordination, and others (3.8, 3.12,
and 3.13) were capable of amine substrate recognition, none maintained their recognition
element in the presence of metal ions. The strong molecular recognition ability directed
our research to a deeper investigation into the scaffold’s recognition ability, rather than

reactivity as catalysts.

Figure 3.23. Functionalized deep cavitand 3.9 with Zn(OTf), complex and
cavitand:host complex 3.8 with cyclooctylamine (SPARTAN, semi-empirical calculation,

AML1 forcefield).
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Chapter 4: Synthesis of New Cavitands for Biosensing in Water and

Complex Environments

4.1. Introduction

Noncovalent molecular recognition in cell membranes and selective recognition of
biomacromolecules is an area of active research.}? Several synthetic receptors have been
created that exploit selective, noncovalent recognition of guests into the cavity such as
cyclodextrins,®® cyclophanes,®’ calixarenes,®® and cucurbituril*®-1? derivatives. They also
have been utilized as molecular receptors for drug candidates and drug delivery scaffolds.

The most effective and well-studied cavitand host is 4.2, which was first synthesized by
condensation of the octaamine cavitand 1.28b with ethyl 3-ethoxy-3-iminopropionate,
yielding tetraester benzimidazole cavitand 4.1. Subsequently, saponification resulted in
the negatively charged tetracarboxylate cavitand 4.2.13* Tetracarboxylate cavitand 4.2 is
a far more effective host than quinoxaline deep cavitands, due to intramolecular H-
bonding interactions at the rim. This leads to a host of 10 x 8 A dimensions that is
capable of extracting neutral hydrocarbons into the binding pocket in aqueous
solution.**® Cavitand 4.2 has two important characteristics for aqueous molecular
recognition: an electron rich aromatic surface that surrounds the cavity, allowing cation-z
interactions with guests, and the upper rim carboxylates and the short ethyl feet that allow

dissolution in water.
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4.2 tetracarboxylate Cavitand

Figure 4.1. The synthesis of deep cavitand scaffold 4.2 and the minimized models
representation of the cavitand 4.2 complex structures with THF (SPARTAN, Hartree-

Fock forcefield, included H-bonding.)

Cavitand 4.2 shows high binding affinity (K, >10* M) to trimethylammonium salts
(R-NMes™), such as choline 4.3 and acetylcholine 4.4 via cation-w interactions with the
electron rich walls. In pure aqueous solution, the association constants of R-NMes*
guests, such as choline 4.3 (Ka = 2.6 x 10* M!) and acetylcholine 4.4 (Ka = 1.2 x 10° M
1), are relatively consistent. The “upper limit” for guest association in free solution is on

the order of 2 x 10° M. Favorable cation-r interactions with the electron rich aromatic
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surface provide the optimal conditions for guest binding.** While cavitand 4.2 is selective
in its affinity for substituted trimethylammonium (R-NMes)* groups due to these cation-n
interactions, its open-ended nature allows the remainder of the molecule to protrude
above the host into the external solvent. Larger guests with the R-NMes* anchor such as
4.5 show similar binding affinities as choline, affinities that are somewhat dependent on
the favorability of H-bonding interactions between the upper rim carboxylate groups and
the guest NH group with the proper spacing (CH2CHz) from the trimethylammonium

bottom.

HO
0 HO,C l
N~ N*—
\ /\ S« NH
Choline  Acetyl Choline NH
4.3 4.4
N
Rhodamine B

4.5

Figure 4.2. The molecular minimized representation of the cavitand 4.2 complex with
trimethylated-rhodamine B 4.5 (SPARTAN, Hartree-Fock forcefield, with monitoring H-

bonding), and (R-NMes") guests.
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4.1.1. Molecular Recognition in Living Cells

Cavitand 4.2 binds a variety of molecules with R-NMes" binding handles. The
recognition properties are extensive, and are functional in cellular environments.*® To
investigate the binding and transport ability of cavitand 4.2, different fluorescent guests
were synthesized with variable binding groups (4.6a-c) and compared to underivatized
fluorescein 4.7 (Figure 4.3). As observed by confocal fluorescence and differential
interference contrast (DIC) microscopy, the fluorescently labeled choline derivative 4.6a
(50 uM) could be transported into HeLa cells in the presence of 50 uM cavitand 4.2, after
only one hour incubation. In the absence of the cavitand, confocal fluorescence
microscopy images showed minimal transport of the fluorescent guest, even after 24 h
incubation. Guest 4.6a showed strong binding to cavitand 4.2 followed by controlled
endocytosis of the complex into the interior of HeLa cells (Figure 4.5).

In the absence of the trimethylammonium binding handle, fluorescein 4.7 was not
transported (Figure 4.6), indicating that the presence of choline-derived binding handles
in 4.6a was essential for molecular recognition.*® Mono- and di-methylated fluorescein
guests 4.6¢ and 4.6b were also synthesized: NHMe;" dye 4.6b, NH2Me* dye 4.6¢, and
fluorescein 4.7 would be expected to have increasingly smaller affinities for cavitand 4.2

due to mismatches in shape and charge-fitting with the internal cavity.
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Figure 4.3. Suitable fluorescein guest 4.6a-c, and derivatives 4.7.
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. Guest 4.6a
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Figure 4.4. A cartoon representation of the transport process (endocytosis) of

fluorescein guest 4.6a mediated by cavitand 4.2.
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Figure 4.5. Confocal fluorescence microscopy, DIC, and combined images of the
addition of fluorescently labeled choline derivative 4.6a to HelLa cells (nuclei stained with
DAPI): (a) 50 uM fluorescently labeled choline derivative 4.6a, 50 uM cavitand 4.2, 1 h
incubation; (b) 50 uM fluorescently labeled choline derivative 4.6a, 50 uM cavitand 4.2,
24 h incubation; (c) 50 pM fluorescently labeled choline derivative 4.6a only, 1 h
incubation; (d) 50 pM fluorescently labeled choline derivative 4.6a only, 24 h

incubation.1®
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Figure 4.6. Confocal fluorescence microscopy, DIC, and combined images of the
addition of fluorescently labeled choline derivative 4.6a to HelLa cells (nuclei stained with
DAPI): (a) 50 puM fluorescein 4.7, 50 pyM cavitand 4.2, 1 h incubation; (b) 50 yuM

fluorescein 4.7, 50 uyM cavitand 4.2, 24 h incubation.

4.1.2. Molecular Recognition in Solution and Aggregation-based Quenching

The effectiveness recognition of 4.6a in complex P
N\
®

N
2I®

environments was exciting, but we required a more

detailed explanation of the behavior in controlled @|\|| =

4.8
trans-4-4 dimethylamino

. . ) styryl-1-methylpyridinium
affinity of fluorophore guests to the negative cavitand iodide

(DMSI)

systems. Initially, we used '"H NMR to study the binding

4.2. The resulting spectra showed unexpected behavior.

When guest fluorophores (either 4.6a or trans-4-4 dimethylamino styryl-1-
methylpyridinium iodide 4.8) were titrated into a D2O solution of cavitand 4.2 (2 mM),
proton signals for both the trimethylated fluorescent guest and cavitand disappeared

(Figure 4.7).1” Meanwhile, peaks corresponding to expunged THF, which is present in the
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cavity from the final isolation step, appeared (Figure 4.7¢). The disappearance of the
peaks for both host and guest is caused by the formation of large, slowly tumbling
aggregates in solution. The newly presented THF peaks indicate the binding of the guest
with 4.6a. The aggregation process is controlled by both the highly selective host
behavior and the self-aggregative properties of 4.2. Only guests with mildly lipophilic
NMes" guests such as 4.6a have been shown to cause this aggregation: hydrocarbon
guests do not, and the phenomenon only occurs for small charged species such as choline
at higher concentrations.!® The aggregation interaction only occurs in solution: the

cavitand preferentially incorporates in other lipid environments and no assembly is

17

seen.
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Figure 4.7. *H NMR titration of DMSI guest in 5 uM solution of cavitand 4.2 (400 MHz,

D,0) a) 0 eq. DMSI, b) 0.4 eq. DMSI, ¢) 0.8 eq. DMSI, d) 1.4 eq. DMSI, €) 1.8 eq. DMSI.
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4.1.3. Binding Affinity Studies Using UV/Vis Spectroscopy

While the aggregation limited *H NMR studies, UV/Vis absorption and fluorescence
spectroscopy was much more useful. The aggregation of the 4.2¢4.6a complex positions
the fluorescein groups in close proximity to one another in the self-assembled aggregate,
forming micellar environments. Self-quenching of the fluorescence signal is then
observed. Minimal changes in fluorescence were observed upon addition of 4.2 to
fluorescein and NH>Me" guest 4.6¢, and only a slight decrease in fluorescence was
observed for NMezH" guest 4.6b. However, when NMes" guest 4.6a was added, a strong
loss in fluorescence was observed, reaching maximal quenching in the presence of 20 uM
4.2, when only 30% of the original fluorescence was retained. The dissociation constant
(Kq) of the 4.2¢4.6a complex was estimated to be 17 uM. The Kq values for NMe;H*
fluorescein 4.3c, NH2Me* fluorescein 4.6b, and fluorescein 4.7 were at least 10 times
larger than that of 4.3a, indicating weak or non-specific binding.!” The binding affinity
for cavitands 4.2 and 4.16 is much stronger than with fluorescein guest 4.5 and 4.6, and

the quenching is more efficient, occurring upon simple 1:1 complex formation.*®

4.1.4. Fluorescence Displacement Sensor for Trimethylated Lysine Peptides.

Biorelevant recognition was illustrated by the binding of trimethylated histone peptides,
including H3K9 and its modified equivalent H3K9Mes, which is a 21 amino acid histone
fragment containing a trimethylated lysine (KMes) residue.” The fluorescence H3K9Mes
displaced the trimethylated fluorescein 4.6a in the cavitand 4.2. Although the dissociation

constant (Kq) of the 4.2¢4.6a complex was 17 uM, the addition of only 2 pM
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trimethylated peptide such as H3K9Mez caused a significant recovery of the fluorescence
signal of 4.6a. The parent unmethylated peptide H3K9 showed no displacement of the

fluorescent guest 4.6a.%

~ Fluorescence
a) Displacement by
KMe, Peptides
H3KMe
Et2N o} NEt,
b) Variable Quenching Mechanisms: \ O

ATAIN i X

4.5
“OFF” “OFF” NMe3

(o] o} OH
I
H3KMe, Peptides

_,_ + > HN___S

. IIO NII ' llo N V/4 H N 4
"N
NMej

Figure 4.8. a) Structure of cavitand 4.2 and minimized models of the 4.22.5 and the

replacement 4.2¢(AR(KMe3)ST) host:guest complexes (SPARTAN); b) the aggregation-

based quenching displacement sensor.
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4.2. Variation of Cavitand Upper Rim

Cavitand 4.2 is a synthetic receptor that is capable of selective KMes binding. However,
as previously mentioned, cavitands such as 3.8, 3.12, and 3.13 required both suitable size
and H-bonding interactions with the rim for stronger binding. The binding affinity
increased dramatically upon the addition of an H-bonding interaction component to the
guest:host complex. Therefore, varying the upper rim functions could allow selectivity in
target binding beyond a simple cavity-based effect. We investigated the synthesis of
differently functionalized cavitand scaffolds with the same cavity and ethyl feet with

variation of the upper rim functions.

4.3. Neutral cavitand

Utilizing the short-footed ethyl cavitand scaffold, we set out to functionalize the upper
rim, which can be tailored to bind not only suitable sized guests, but utilize
complimentary charge interactions. To measure the importance of the charged species on
the top of cavitand 4.2,2%%2 CH benzimidazole cavitand 1.30a was used, as mentioned in
chapter 1. The binding ability of benzimidazole scaffolds in organic solvents was limited
due to the solvent competition, and substituted R-NMes* ions were the only strongly
bound guests. The neutral cavitand 1.30a provides a simple scaffold to study only the
cavity binding affinity without the negatively charged tetracarboxylate group present in

cavitand 4.2.
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Figure 4.9. The synthesis of deep cavitand scaffold 1.30a, and the minimized
representation of the cavitand complex structure with choline (SPARTAN, Hartree-Fock

forcefield, with monitoring H-bonding.)

4.3. Positive cavitand

To provide cationic rims, positively charged cavitands were also synthesized following
previously published procedure with minimal modification.?® Reacting octamine cavitand
1.28 with cyanogen bromide allowed the formation of the 2-aminobenzimidazole
cavitand 4.9 under N2, which provides positively charged rims. The cavitand has
previously been used as a catalyst for the hydrolysis of choline carbonates.?® This
biomimetic, metal free hydrolysis involves three steps: guest:host interaction,

carbamoylation, and enzyme-like hydrolysis. The hydrolysis is driven by the water
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molecules that aid the folding of the cavitand.?® The binding and close proximity of the

guest to the water molecules by the rims aids the hydrolysis and drives it to completion.

@NH ) ©
NH
NH, 3 YNH, NH3 3
HN HNg\N
1. Cyanogen Bromide /
EtOH, NaOH :
0, // A
80 °C, 24 hr OO, / OO,_, 5 O
2. HCl -
Et £t Et Et Et Et Et Et
1.28b Octaamine Cavitands 4.9 2-aminobenzimidazole Cavitands
N |
)J\ /\/N+\
(0]
Acetyl Choline
4.4

Figure 4.10. The synthesis of deep 2-aminobenzimidazole cavitand scaffold 4.9 and
the minimized representation of the cavitand complex structure with acetyl choline 4.4

(SPARTAN, Hartree-Fock forcefield).

4.4. New Functionalized Scaffolds Utilizing our Newly Discovered Methods
While cavitand 1.30a, 4.2, and 4.9 provided neutral, negatively, and positively charged

rims to the water soluble benzimidazole scaffolds, synthesis of additional variations on
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the cavitand rim would provide a far greater scope of recognition. The challenge is to
introduce variable functionalization such as strong acid, strong base, zwitterions, and
fluorescent groups to the benzimidazole rims. The host:guest interactions could be
tailored to monitor and sense desired biological and enzymatic activities, metal sensing,
and more. A fluorescent cavitand scaffold would not only allow direct monitoring of the
endocytosis process, but it would provide a larger understanding of the cavitand
interaction with anticancer drugs and monitor fluorescent guest binding in cells and
bilayer environments.

One major challenge in creating fluorescent hosts is that many easily accessible
fluorescent labels contain electrophilic functionality such as the chloroarene in 4-chloro-
7-nitrobenzofurazan (NBD-CI) or the isothiocyanate group in rhodamine B
isothiocyanate and fluorescein 5(6)-isothiocyanate. To introduce such linkers, one must
either form a nucleophilic cavitand or functionalize the fluorescent sensor with a more

reactive nucleophilic group.

4.5. Synthesis of the Tetraethylacetal Cavitand Followed by Condensation

There are two sites where fluorophores could be added: at the feet, or at the upper rim.
Forming the benzimidazole tetracarboxylate cavitand 4.2 with nucleophilic OH feet was
unsuccessful, which limited the introduction of the fluorophores at the cavitand base.
While the synthesis of an electrophilic fluorescent functionalized ligand was
unsuccessful, many nucleophilic groups can be added to the upper rim of the cavitand via

transamination.?* We sought to exploit successful synthesis processes discussed in
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chapter 3 with the long hydrophobic feet (Ci1H23), and to apply this synthetic route to the
more water soluble ethyl footed scaffold.

Utilization of the condensation reaction to introduce the arylimine cavitand to the ethyl
foot scaffold showed difficulties, however. Solubility played a large role in isolating the
tetraethylacetal cavitand 3.7 scaffolds. The long lipophilic feet helped the scaffold to
precipitate out of the ethanol solution and undergo recrystallization in cold EtOH. The
shorter ethyl feet scaffold, however, was soluble in most organic solvents such as EtOH,
and so isolation and purification of the tetraethylacetal cavitand scaffolds was
challenging. Similarly, challenges were faced in converting the ethyl-footed
tetraethylacetal cavitand to the arylimine scaffold, namely solubility and sensitivity to
water in the open-air environment. Synthesis was possible by modifying the procedure
for the previously synthesized arylimine cavitands with lipophilic feet 3.7. Condensation
of freshly prepared imidate with octamine cavitand 1.18b produced the tetraethylacetal
cavitand 4.10 with short ethyl feet in 57% yield. The reaction was run in N2 atmosphere
and the cavitand scaffold was isolated by precipitation from anhydrous EtOH at -5 °C.
Treatment of 4.10 with amine containing aromatic substrates such as 2-aminopyridine
and a soft Lewis acid such as La(OTf)s in extremely dry conditions provided the desired
imine-containing cavitand 4.11 in 80% yield. The nucleophilic NBD fluorophore was
synthesized by reacting commercial NBD-CI with either hydrazine to yield 4.12 or
diethylenediamine to yield 4.13. These fluorescent nucleophiles can be simply introduced
onto the cavitand scaffold by transamination with 4.11. Simple sonication of arylimine

cavitand 4.11 with primary NBDamines 4.12 and 4.13 in a mixture of CH2Cl2/MeOH for
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five minutes smoothly yielded the corresponding alkylimines 4.14 and 4.15 respectively.
The scaffolds were isolated by removing the solvent mixture then resuspending it in
CHCly, as the scaffolds have a lower solubility in polar solvents. Incomplete reaction
was desirable here, as the substitution of all four pyridyl groups by the amine will provide
four fluorescent groups in close proximity, which could cause self-quenching of the
fluorescence signal. Complete addition of four NBD linkers may also cause blocking on
the cavity, lowering the binding affinity to suitable sized guests.?® Therefore, 0.5
equivalents of 4.12/4.13 were added to favor incomplete fluorescent group addition and
to minimize self-quenching. The increase of the absorbance spectrum using UV/Vis

indicates a successful transamination reaction with space between the NBD units.
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Figure 4.11. The synthesis of fluorescent cavitand scaffolds 4.14 and 4.15.
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The characterization of the fluorescent cavitands was challenging. Due to the sub-
millimolar solubility in either D20 or anhydrous CDCls of cavitand 4.14, sharp *H NMR
spectra were only obtained in CDCl; and 5% DMSO-ds. *H NMR in CDCl3 showed a
broad and unfolded cavitand scaffold. Addition of cetyltrimethylammonium bromide as
templating guest broadens the proton peaks. Guest binding with adamantanamine and
choline in CDCl3z and 5% DMSO-ds was not observed due to solvent competition. UV-
Vis spectroscopy of the fluorescence cavitand 4.14 was inconclusive, as the absorption
spectrum in MeCN:1%DMSO showed peaks at 466 and 360 nm, which correspond to the
NBD group, but are unchanged from the NBD amine 4.12. The intensity of the signals
was somewhat enhanced. The addition of a choline guest conferred no changes on the

absorption spectrum.
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Figure 4.12: UV/Vis absorption spectra of 4.12 (black) and 4.14 (blue) in H2O.
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4.6. Synthesis of Thiobenzimidazole Scaffolds

An alternative route for the introduction of upper rim functional groups could involve
the thiobenzimidazole scaffold 3.4, but aqueous applications requires synthesis of the
ethyl-footed equivalent. Although the synthesis of the thiobenzimidazole cavitand 3.4
(C11H23 thiobenzimidazole) was simple, functionalization of the ethyl footed equivalent
was much more difficult. The short ethyl footed cavitand scaffold was water-soluble
which introduced similar challenge during reaction and isolation procedures. Using dry
THF under controlled N2 atmosphere, the thiobenzimidazole 4.16 was isolated in good

yields.
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Figure 4.13. The synthesis of the thiobenzimidazole cavitand scaffold 4.16.

Disulfide exchange reactions were tested to introduce either strongly acidic or strongly
basic groups to the thiobenzimidazole cavitand. Multiple efforts to form the disulfide
bond with either mercaptoacetic acid or cysteamine resulted in multiple products. The
reaction never went to completion, which caused difficulty in isolating and purifying the

product. The addition of NaOD and DBr to 4.17b and 4.17a respectively showed no
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change in sample solubility, and the ionic charged species were hard to isolate. *"H NMR
analysis shows a very broad spectrum. Fortunately, although the disulfide reaction
showed many challenges, cavitand 4.16 shows high selectivity for binding Ag* ions in
aqueous solution. The thiobenzimidazole cavitand 4.16 was utilized by Yang Liu in the
Zhong lab at UCR (our collaborators) for metal sensing such as UO2(OAc). and
Hg(OACc). at pH 7.4 and fluorescent displacement studies. This combination of synthetic

strategies allows access to a great range of functionalized cavitands with short water-

soluble feet.
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Figure 4.14. Fluorescence response of the self-quenching fluorescence guest 4.5 3

MM with increasing concentrations of cavitand 4.16 in pH 7.5 and pH5.5
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Figure 4.15. The complete screening data for the metal sensors using our fluorescent
guest-cavitand 4.162.5. The sensor elements were constructed by pre-incubating guest
2.5 at 3 uM with cavitand 4.16 at 5 pM in the solutions of 7.4 pH and 5.5 pH. Metal used
MgCl,, CaCl,, MnClz, FeSOas, CoClz, NiCl,, CuClz, ZnCl,, CdClz, Hg(OAc)2, Pb(NO3)2,

LaCls, CeCls, ErCls, ThCls, and UO2(OAC).

4.7. Utilizing Charged/uncharged Cavitands in Membranes

The successful syntheses of a variety of new functionalized cavitands 4.2, 1.30a, 4.9,
and 4.16 have opened the door to multipurpose scaffolds that are tailored to a variety of
new biorelevant recognition strategies. These cavitands have been exploited for
biological and physical studies by others in or lab and our collaborators.'1":26-29 The
negatively charged 4.2, positively charged 4.9, and neutral 1.30b as well as metal binding

4.16 cavitand scaffolds confer a variety of upper rim interactions to the appropriate
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guest(s), and are efficiently embedded in supported lipid bilayers due to their
hydrophobicity.

The scaffolds were utilized for multiple different studies for recognition of suitably
labeled proteins at the bilayer interface. Short ethyl footed cavitands can be self-
incorporated into a supported lipid bilayer (SLB) and monitored by Surface Plasmon
Resonance Spectroscopy (SPR), which is a surface-based method of analyzing
recognition at bilayer interfaces.>® Alternatively, in solution, fluorescence displacement
process can be exploited to establish homogeneous in-solution displacement assays for
the detection of suitable substrates, if the substrate is a sufficiently good guest to displace
the fluorescent 4.5 or 4.6a. The array of cavitands and guest interactions can be tested in

SLB or solution.

4.7.1. Incorporation of Water-soluble Functionalized Cavitands in Supported
Lipid Bilayers

SPR/CE analysis of large guest binding in membrane-embedded 4.2 showed an unusual
result: large protein targets were bound with far higher affinities in the membrane-bound
cavity of 4.2.2° Even though the binding event was monovalent, and the R-NMes* binding
handle was identical, labeled hemoglobin bound stronger than choline-tagged cytochrome
¢ in a POPC SLB, which bound stronger than choline itself with an order of magnitude in
4.2.162931 The addition of a substituted choline derived binding handle to different
proteins demonstrated an in situ labeling/recognition method for large

biomacromolecules on supported lipid bilayers. The binding interactions show a
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micromolar dissociation constant via monovalent binding stoichiometry between the

cavitand and the injected protein using POPC.?°

4.7.2. Matched and Mismatched Charged Guest Binding in Solution

The binding affinity for guests to the cavitands depends not only on R-NMes* handles
and cavity size, but also on the interactions of the rim with the guest, as explained in
Chapter 3. To better understand the interactions of the charged rim with different guests
having varied H-bonding and charge matching and mismatching properties, we tested our
differently charged scaffolds with multiple charged guests. The suite of upper rim
9932-34 or a

functionalized self-folding deep cavitands can act as a “chemical nose,

fluorescence displacement sensor in an array-based format.
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Figure 4.16. Small molecule guest scope with varying charge interaction.
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Fluorescent rhodamine B guest 4.5 allows the use of multiple cavitands for the sensing,
as it requires no self-aggregation upon cavitand binding. As previously discussed, the
binding affinity for cavitands 4.2, 1.30a, 4.9, and 4.16 is much stronger than with
fluorescein guest 4.5 and 4.6, and the quenching is more efficient, occurring upon simple
1:1 complex formation.*®

Small changes in guest structure were targets for testing, including variation of the
bottom (trimethylated 4.3, 4.4, and 4.16 vs. dimethylated 4.20) and the top (negatively
charged 4.23-4.26 vs. positively charged 4.16-4.18) of the guest. Other variations tested
were the position of the charge on the guest substrate, which includes cationic ammonium
groups 4.16, 4.18, anionic guests such as 4.23-4.26, and neutral guests that still
participate in H-bonding such as choline 4.3 and acetyl choline 4.4.

In 98-well plates at a 100 uM concentration, the 4.2¢4.5 complex fluorescence was
measured before (Fmin) and after (F) mixing of the guest. In the same concentration, only
the fluorescent guest 4.5 was also measured (Fmax) as maximum fluorescence before
quenching with the cavitands. Guest displacement was measured by (F-Fmin)/Fmax.

The system was extremely sensitive to small differences in the guest. Clear
discrimination was observed between choline 4.3 and 4.17, as well as the dimethylated
guest 4.19 positively charged top (*NH3) and 4.20 with OH top. As expected, maximal
displacement occurred with the trimethylated guest 4.3 choline and 4.4 the acetalcholine
with >12% and 8% increase respectively. At neutral and basic pH, much higher

percentages of fluorophore displacement occur with choline, and acetylcholine with all
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three hosts 4.2, 1.30a, and 4.9. However, cavitand 4.2 showed the largest changes under
the acidic conditions.

Guest 4.5 exhibited far stronger binding than the dimethylated guests, which all caused
less than 5% displacement in basic pH. The reason for pH dependence in binding of
neutral 1.30a at basic pH has been previously described to be due to a breathing hydrogen
bonding seam that shrinks the cavity size and increases non-covalent space-filling and
CH-r interactions with the bound guest.!® The affinity of guest binding also was affected
by the variations in the protonation states of some or all of the CO27/CO2H groups in 4.2,
or the NH2/NH3* groups in 4.9 caused by the change of pH conditions, as well as the
variations in the guest protonation states. The NMes* group fits snugly in the binding
pocket, positioning the OH, POs’, NH3", and NH2R™ groups in close proximity with the
charged upper rim receptor changed the binding affinity dramatically between the four

different cavitand scaffolds.

4.7.3. Utilizing Charged/uncharged Cavitands for Site-Selective Sensing of Histone
Methylation Enzyme Activity in-situ

The array of cavitands and the displacement assay in solution introduces the possibility
of detecting the trimethylated KMes position and enzymatic modification to lysine in situ.
Arrayed deep cavitands are capable of site-selective recognition and discrimination of
lysine post-translational methylations in complex histone mixtures. An application of this
process Is the discrimination between histone KMes peptides and the undesired KHs,

KMe, and KMe;, and the extension to site-selective discrimination between different
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KMes peptides. This discrimination is much more challenging and requires multiple
variable receptors in an arrayed format. The recognition can be coupled to a fluorescence-
based supramolecular tandem assay that allows in situ monitoring of the reaction
catalyzed by the lysine methytransferase PRDMS or the lysine demethylase JMJD2E. An
arrayed sensor system containing only three cavitand components can detect the specific
substrates of enzyme modification in the presence of other histone peptides in the enzyme
assay. In addition, the sensor is capable of rapid recognition of decreased methylation in
histones extracted from cells with one methyltransferase gene being knocked out. This
expands the scope of supramolecular tandem assays, enabling investigation of critical
enzyme functions such as cross-reactivity over multiple methylation sites and
interference from non-substrate peptides.

As previously shown, the combination of cavitand 4.2 and a suitable R-NMes*
fluorophore guests 4.5 and 4.6a allows sensing of KMesz peptides via a fluorescent
displacement assay process. An extension study to the post-translation modifications
(PTMs) of lysines was studied in a similar fashion. The application of multiple different
cavitands 4.2, 4.9, and 1.30a and fluorophores in an array-based format allows for a
sensitive discrimination of KMes residues at different positions on the peptide fragments.

Three different histone H3 peptides with trimethylation (KMe3z) modifications at
different positions (H3K4Mesz, H3K9Mes, H3K27Mes) were combined and added to an
array of hosts:guest complexes for displacement studies. The systematic array testing was
constructed by incorporating the three cavitands 4.2, 4.9, and 1.30a at 4 uM and their

complexes with guest 4.5 at 3 uM concentration at two different pHs (pH 7.4 and 9.0),
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for a total of six variables. The peptide mixture was added to each sensor solution in a 96-
well plate at a concentration of 10 uM. The relative fluorescence recovery detected for
each well showed the high selectivity of the trimethylated KMes and the differently
charged interaction with the upper rims of the cavitand. The scaffolds show exquisite
selectivity and discrimination between small molecule targets and are capable of
detecting positional variation in histone peptides carrying lysine methylation,

phosphorylation, and acetylation PTMs.
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Figure 4.17. lllustration of the site selective array for sensing histone methylation

enzyme activity in situ.

4.8. Conclusion
Cavitand scaffold 4.2 showed ability to bind their appropriate target molecules while
embedded in lipid vesicles as well as supported lipid bilayers and HeLa cells, but the lack

of NMR analysis leaves some understanding of the thermodynamic and kinetic properties
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of the recognition unanswered, such as why did the trimethylated peptide show a higher
binding constant than the very similar trimethylated fluorescent guest 4.5, and why did
the aggregation effect increase the binding constant? While many of the synthesized
scaffolds showed biosensor abilities, and many were utilized as drug delivery agents and
PTM sensors, more detailed study was required. To understand the effects of membrane
incorporation and aggregation on the molecular recognition properties, and to investigate
the orientation, conformation, and motion of the guest inside the scaffolds, we turned to

NMR studies in lipid environments.
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Chapter 5: Analysis of the Molecular Motion and Exchange Kinetics of Guests in a
Water Soluble Cavitand.

5.1. Background

The displacement of the trimethylated-fluorescent guests 4.5 and 4.6a by different
targets, and their varied recognition in bilayer environments has raised many questions,
not only the difference binding ability, but the increase of the binding constant in bilayer
systems. Previously, mechanistic studies on the molecular recognition process with small
guests were only possible in free aqueous solution. Charged guests such as 4.5 and 4.6a
trigger the formation of cavitand aggregates as discussed in chapter 4, which limited
guest binding studies via *H NMR. NMR binding studies have not been performed on
any guests in more complicated systems such as lipid bilayers. Here, a mechanistic study
of the in/out exchange mechanism and up/down Kkinetic motion of guests in
tetracarboxylate cavitand 4.2 is undertaken, with a focus on the effect of the external
environment.

5.2. In/Out Exchange Mechanism in Free Solution

Guest binding in all cavitands requires the wall opening. The cavitand must unfold into
a kite conformation to allow guest exchange, and this is the rate determining step. For
octamide cavitand 1.19,! the barrier is determined by both the hydrogen bond seam
breaking, which has a Gibbs Free Energy of AG* =5-8 kcal mol™, and a barrier for wall
opening via rotation about the C-O bonds of the resorcinarene with a barrier of ~ 11 kcal
mol? (Figure 5.1). The total barrier to the exchange is approximately 16.5 kcal mol™.

There is one variable in water-soluble 4.2 that is not present in octamide 1.19, however:
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as the exchange process occurs in water, the exposed surface area of the guest is involved
in the barrier, and the hydrophobic guest must be solvated by water upon unfolding of the
host. As a result, the in/fout exchange rate varies with guest size, with on/off rates ranging

from 14.6 s (cyclohexane) to 1.7 s (cyclooctadiene).!?

Figure 5.1. Minimized models of cavitand 4.2 “breathing” motion for in/out

exchange of choline in solution (SPARTAN, Hartree-Fock forcefield).

5.2.1. Guest Motions in the Cavitand: Linear Hydrocarbons

Cavitand 4.2 binds most linear hydrocarbons strongly. Pentane is too small to
adequately fit, but other alkanes (hexane — tridecane) showed much higher affinity.® The
cavity is fully occupied by n-octane, and flexible alkanes longer than that must protrude
from the host, leading to hydrophobic repulsion with external water and a lowering of the
guest binding constant. However, extended alkane conformations are too narrow to
properly fill the cavity, and the bound alkanes coil into a helical conformation to properly
take advantage of van der Waals contacts with the cavitand walls. The energetic penalty

for adopting the helical conformation is 0.55 kcal mol™ per extra gauche interaction,*
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which is less stable than the extended conformation—the extra CH-m contacts
compensate for the energy difference. The guest binding of alkanes is driven by the
hydrophobic effect and is strongly entropically favored. This confers phase-transfer
properties on the system. Conversion of neutral guests to hydrophilic guests (via
nucleophilic addition of solubilizing groups) removes all binding affinity, even though
the binding “handle” is unchanged.®

Cavitand 4.2 is also capable of flexing, or “breathing” while binding its targets, and
many guests undergo motion while on the interior of the cavity. Linear alkanes undergo
rapid rotation in the cavity, and this is shown in the average of the chemical shifts for the
different protons.® For example, bound n-octane only shows four peaks in the *H NMR
spectrum, averaged between the two possible positions. The up/down exchange rate is too
fast to measure by NMR techniques (especially due to the high freezing point of water).
The mechanism of up/down motion was investigated by NMR techniques,? and two
possibilities were shown: molecular motion with the longest linear chain of 5 or fewer
carbons were able to rapidly rotate in the cavity, whereas longer chains had to “snake”
past each other. Wider, more substituted alkanes with the longest linear chains <5

carbons (e.g. 2-methylpentane) showed rapid up/down rotation.
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Figure 5.2. Minimized models of cavitand 4.2 “snaking” motion of linear

hydrocarbon in solution (SPARTAN, Hartree-Fock forcefield).

5.2.2. Guest Motions in the Cavitand: Cyclic and Aromatic Hydrocarbons

Cyclic hydrocarbons are stronger guests for 4.2, as they have the coiling disadvantage
“prepaid” in the structure. Ring systems ranging in size from cyclopentane to trans-
decalin are effectively bound.” Substituted longer species or cyclic systems (trans-
decalin, trans-1,4-dimethylcyclohexane, 2-methylheptane) cannot efficiently ‘“snake”
past each other while in the confines of the cavity, and therefore showed intermediate
up/down interconversion. Any rigid species longer than trans-decalin showed no internal
motion on the NMR timescale: up/down exchange in those cases requires in/out exchange
to occur as well.2

The association constants for all these hydrocarbons are on the order of 1 x 10* M.
Remarkably, while n-alkanes longer than Cg are bound in 4.2 with steadily decreasing
affinity, rigid guests that are 12.0 A or longer show a sharp cutoff in binding affinity. 1,4-

Di-tert-butylbenzene (linear van der Waals’ length = 8.7 A) and 4,4’ -dimethylbiphenyl
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(11.9 A) are strongly bound (Ka > 10* M™). Surprisingly, similar sized guests to the Csg
alkenes such as 4-methyl-trans-stilbene (12.8 A) show no affinity at all.? The
compressibility of linear alkanes evidently allows them to flex into the pocket, “hiding”
their hydrophobic surface, which the rigid guests cannot do.

Aromatic guests are too narrow to effectively fill the cavity, however, and small
aromatics such as benzene or toluene are not strong substrates for the host. Larger
aromatic molecules such as pyrene and anthracene and substituted aromatics such as di-
tert-butylbenzene can be extracted into the host. In order to encapsulate large aromatics
such as pyrene, sonication for over 6 hours is necessary. These rigid species do not
tumble inside the cavitand, and the individual peaks can be seen in the *H NMR, which
shows about a 3 ppm shift in the pyrene aromatic signal upfield shown in Figure 5.3 and

a change of symmetry to the pyrene protons.

$0 78 76 74 72 70 68 66 64 62 60 58 56 54 52
Figure 5.3. 'H NMR of tetracarboxylate cavitand scaffold 4.2 and with pyrene

encapsulation (400 MHz, D20, 298 K).

5.2.3. Guest Motions in the Cavitand: Disubstituted Haloalkanes
a,m-Dihaloalkanes are also bound in the cavity with a rapid interconversion between

the degenerate carceroisomers.® The resulting spectra show clean uptake by 4.2 and the
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simplicity of the spectra indicates rapid tumbling of the guests in the interior space.
Hydrolysis of the longer bound species occurs to the a-halo alcohols, indicating that the

halide ends can reside deep in the cavity, despite their polarity.
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Figure 5.4. The 'H NMR spectra of dihalides in cavitand 4.2, (600 MHz, D20,

298 K). Rapid tumbling inside the cavitands leads to simplified signal patterns.

5.2.4. Guest Motions in the Cavitand: Monosubstituted Hydrocarbons

Substituted alkanes with strong hydrogen bonding groups (sulfate, carboxylate, OH,
CHO) bind with the polar species oriented outside the cavity and the alkyl chain coiled
into the representative helix. The hydrogen binding interaction forces the formation of a

single carceroisomer of those guests.
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Figure 5.5. The 'H NMR spectra of mono-substituted hydrocarbon guests in

cavitand 4.2, (600 MHz, D20, 298 K).

However, substituted haloalkanes behave differently: groups such as Cl, Br, | and SH
are tolerated in the cavity interior and display “biased” rapid tumbling (Figure 5.6).
Whereas n-alkanes are symmetrical and the up/down exchange occurs between
degenerate species, n-haloalkanes can display carceroisomers upon up/down
interconversion.® The softer, less polar groups are more favored on the cavity interior
than more polar groups: n-iodononane shows a 50:50 distribution between up/down
carceroisomers, while n-bromononane, with a ratio of 73:27, favors the isomer where the
Br is pointed externally. The tumbling rate is rapid on the NMR timescale, as was seen

with the n-alkanes.
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Figure 5.6. Minimized models of the two observed conformations of the 2.4«a-

bromononane host: guest complex (Macromodel, AMBER forcefield).

While oxygen is not favored on the cavity interior, sulfur is diffuse enough to occupy
the resorcinarene and 1-octanethiol shows biased tumbling behavior. The bound thiol-
and bromooctanes display almost identical spectra, corresponding to ~20% of their head-
groups near the resorcinarene and ~80% exposed to the water solvent. While the
bromooctanes are susceptible to hydrolysis, octanethiol is not, which allows for study of
the aggregate properties without any chemical changes to the guest. Not only does the
octanethiol act as a guest, it also aggregates to form a micellar environment. The
lipophilic cavitand is well known for embedding itself micelles: in this case, it also binds
the lipid as a guest.'® The large sized aggregates result in a slow tumbling rate and spin

diffusion is seen between adjacent CH> groups in the bound hydrocarbon.
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5.3. Novel Conformations of Bound Guests

Dihaloalkanes could be bound in the cavitand, as the cavity accepts the soft halides.
This led to the question of whether a long a,w-dialkanol could bind. For octanol and 1-
octanal, the methyl end was buried deep in the cavity with low in/out exchange. In an
effort to force the OH group into the depth of the cavity, linear alkanediol guests were
added to 4.2. As expected, short diols such as 1,6-hexanediol showed no binding in the
cavity.

In the case of 1,12-dodecanediol, the spectrum showed unexpected results, as it
indicated guest binding, but with an unusual pattern, showing only half of the expected
peaks. The OH groups cannot reside inside the cavity, so the guest binds in a U-shaped
folded conformation, burying the hydrocarbon chain and leaves both OH groups exposed
to the solvent.®'** This conformation is uniquely observed for 1, 12-dodecanediol,
although similar conformations can be seen in other deep cavitands.® This conformation
requires a wider cavity than normal, and forces an “opening” of the cavity wall. This is
achieved through the addition of water molecules to the hydrogen seam at the
benzimidazole rim: the weak forces holding the cavitand in the vase conformation can be

extended to allow variable guest conformations.
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Figure 5.7. a) Representation of the 1,12 dodecanol interaction with cavitand
4.2 and minimized models of cavitand 4.2 “extended” H-bonding seam in solution
(SPARTAN, Hartree-Fock forcefield). b) *H NMR spectra (500 MHz, D20, 298K)
of 1,12-dodecanol in a 1 mM solution of 4.2.

5.4. Molecular Recognition Properties in Lipid Aggregates

The in/out kinetics of bound guests in free aqueous solution have been extensively
investigated using 2D NMR techniques,’ as has the motion of these guests while inside
the cavity.® Qualitative observation of guest binding has been tested for complexes of
cavitands such as 4.2 in simple phosphocholine micelles.!® The host properties of 4.2
dramatically changed in the different environment. The observation of unusual guest
conformations and varied binding effects in lipid aggregates inspired a deeper study of
the cavitand:guest interaction in bilayer environments such as micelles and ordered

bicelles (Figure 5.8).
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Figure 5.8. Representation cavitand 4.2 in lipids a) side view of minimized
models of empty cavitand 4.2 in lipid aggregates, b) top view of minimized
models of choline-cavitand 4.2 complex in lipid aggregates, (SPARTAN, Hartree-

Fock forcefield).
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Moreover, ethyl-footed cavitands incorporate into biomimetic or natural lipid
aggregates such as micelles!®® and supported lipid bilayers.’®*® While *H NMR is
extremely helpful in studying orientation,®® conformation,®?%?! motion®?? and unusual
isomerism?*24 of bound small molecule substrates in solution, *H NMR experiments in
lipid aggregates are much more challenging to monitor and understand due to the slow
tumbling of the large aggregates. It is sometimes possible to observe the bound guest
while the cavitand is embedded in large lipid aggregates (or even human serum),?>-?° but
more sensitive NMR experiments are rendered impractical, and other methods such as
UV/Vis or fluorescence spectroscopy are required. These methods are poorly matched for
analysis of guest motion and binding Kinetics in synthetic cavity-containing hosts, as the

processes tend to occur on the NMR timescale.

5.5. Different Lipid Systems: Micelles and Magnetically Ordered Bicelles

Magnetically ordered bicelles are well-known as suitable membrane mimics for NMR
studies of membrane proteins and other biomacromolecules.?®3%3! By using a
combination of short and long lipids (a 3.2:1 mix of dimyristoylphosphocholine (DMPC)
and dihexylphosphocholine (DHPC)) in D20 or H20 allows controlled formation of
defined lipid aggregates. The system forms magnetically ordered bicelles at 35 °C and
disordered (isotropic) micelles at 10 °C, which provides the ability to study both
environments in the same sample. In the bicellar environment, the shorter DHPC is
segregated on the curved bicelle rim, while DMPC mainly resides in the planar section of

the bicelles. The order of the lipid aggregates can be monitored via a 3P NMR
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experiment, as the micelles are disordered and give one phosphate peak, while the
bicelles show two peaks. The peak splitting is caused by the two different alignments of
the phosphate groups: the flat surface and the curvature on the end. The bicelle planar
section is interesting for the study of the cavitand guest:host system, unlike the micelles
which have a strong curvatures. The bicelles’ flat surface is similar to the supported lipid
bilayers used in previous studies. The mixture of DHPC:DMPC allows us to study both

interactions, with only a slight change in temperature as seen in Figure 5.10.
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Figure 5.9. lllustration of lipid environments of DMPC/DHPC with cavitand and
guest binding, micelles DMPC/DHPC at 10 °C and magnetically ordered bicelles

DMPC/DHPC at 35 °C.
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Figure 5.10. 2H NMR spectra of 3.2:1 mix of DMPC/DHPC, with temperature

change to form magnetically ordered bicelles.

5.6. Initial Studies in Different Lipid Systems

The addition of a 5 mM cavitand solution caused no disruption to the lipid aggregates,
as seen in Figure 5.11 b/e. The addition of excess guest molecules is similarly non-
disruptive to the assemblies of the lipids in either the micellar or bicellar environment
(Figure 5.11 c/f). The 2H NMR shows similar behavior to the 3P NMR. The D20 peak
splitting is caused by the two different alignments of the phosphate groups: the flat

surface and the curvature on the end of the ordered bicelles (Figure 5.11).
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Figure 5.11. Temperature dependence of the lipid aggregation. 3P NMR
spectra of the DMPC/DHPC aggregates a) alone, 10 °C; b) + 5 mM 4.2, 10 °C; +
5 mM 4.2 + excess xylene labeled guest, 10 °C; d) alone, 35 °C; b) + 5 mM 4.2,

35°C; + 10 mM 4.2 + excess xylene labeled guest, 35 °C.

5.6.1. Challenges of *H NMR Studies: Magnetically Ordered Bicelles

'H NMR experiments in DMPC/DHPC lipid aggregates are still challenging to monitor
and understand. In the case of the magnetically ordered bicelles, the *H NMR spectrum
showed broad and undefined peaks due to the slow tumbling of the large bicelles
aggregates (Figure 5.12). Therefore, monitoring the small changes of the guest peaks in

the negative region was impractical.
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Figure 5.12. The *H NMR spectra (600MHz, D20, 35 °C) of a) magnetically
ordered bicelles DMPC/DHPC aggregates, b) addition of cavitand 4.2 to
magnetically ordered bicelles, c¢) addition of 20 eq. cyclooctane to cavitand 4.2

and magnetically ordered bicelles complex.

5.6.2. Challenges of *H NMR Studies: Micellar Environment

In the micellar environment on the other hand, *H NMR analysis of the binding
processes in lipid micellar environments faces a different challenge. *H NMR is much
more complicated due to the presence of the massive hydrocarbon peaks from the lipid
environment. The large *H NMR peaks cause a large broad peak in the spectrum, which
tends to cover cavitand and guest peaks. *H NMR in micellar environments shows bound
guest peaks such as cyclooctane in the negative region only.

Cyclooctane tumbles rapidly in the cavity of 4.2 and shows a simple averaged-out

singlet in solution. While the *H NMR spectrum shows the incorporation of cavitand and
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encapsulation of guest in a confined micellar environment, 2D exchange NMR using *H
as target nucleus for quantitative study was much more difficult to achieve due to the lack

of distinguished free guest NMR peaks.

T T T T T T T T T T T T T T T T T T
8 6 4 2 0 -2 [ppm]

Figure 5.13. The 'H NMR spectra (600MHz, D20, 10 °C) of a) Micelles

DMPC/DHPC aggregates, b) addition of cavitand 4.2«cyclooctane.

5.7. NMR Analysis of Trimethylammonium Guest Binding in a Micellar
Environment

To quantitatively study the guest binding interaction using 2D NMR, we must utilize a
technique and a nucleus other than *H NMR. To study the in/out guest exchange and
up/down molecular motion, we looked at isotopically enriched guests. As the exact guest
properties were unknown, we sought to synthesize a library of enriched guest molecules

that would allow investigation of all types of molecular motion and exchange.
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The initial attempts focused on attaining a guest that could be analyzed by '°F NMR.
Fluorinated guest 5.2 could be accessed by reacting N,N,-dimethylethylenediamine and
trifluoroacetic anhydride in pyridine at room temperature, followed by methylation with
methyl iodide. Unfortunately, guest 5.2 was easily hydrolyzed and decomposed in

aqueous solution.
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Figure 5.14. Synthesis of the fluorinated trimethylated 5.2 guest.

Deuterium-enriched guests with the desirable trimethylammonium handle and the
appropriate space-filling requirement, such as 5.4, could be accessed from p-xylene-di».
Radical benzylic bromination of p-xylene-di. gave 1,4-bis-a-bromoxylene-dg 5.3 in 94%
yield as a white solid. Nucleophilic substitution of 5.3 with trimethylamine at 60 °C for 2
h yielded a pure, white precipitate of guest 5.4. This guest showed the desired enriched

2H nuclei, as well as trimethylammonium groups on both sides.

D _ D p, D p,
D CcD, NBS, Benzyl proxide D c.  MegN, DCM, D c.
THF, 50 °C, 94% Br 60°C,89% | 'f\@
—_—
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Figure 5.15. Synthesis of the deuterium enriched guest 5.4.
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For qualitative and quantitative studies, 2D dynamic NMR was used. Dynamic NMR
would allow us to studies the physical changes of the guest: host complex on the NMR
timescale. 2D EXSY experiments can be use qualitatively to map exchange pathways and
quantitatively to determine rate constants which we can use to calculate the exchange rate
of the guest, either in/out of the cavity, or up/down inside the cavity and the effect of the
surrounding environment on such a process. The exchange must be slow on the NMR
time scale, since the exchanging resonances must be resolved in order to observe the
transfer between them. Yet, the exchange must also not be too slow otherwise relaxation
processes occurring during tm Will remove all memory of the exchange process. 2D
EXSY are sensitive experiments to exchange systems with kex ~ 102-102 s, After
multiple ?H EXSY spectra were taken of 5.4 in cavitand 4.2 in lipid micelles, with
different mixing times to appropriately choose tm (10 ms mixing time), we observed only
one set of exchange peaks, between the deuterium atom of CD; at 4.1 ppm and CD; at 4.9
ppm, where 4.9 ppm correspond to “up” CD2 and 4.1ppm correspond to bound CD:
“down” in the cavity (Figure 5.16). The exchange peak of the aromatic deuterium was
expected, yet not observed. The difference in chemical shift between “up” and “down”
was much smaller, which caused broadening in diagonal peaks. Due to the symmetrical
nature of the guest, the exchange peaks didn’t clearly state whether the guest is tumbling
only on the inside of the cavity (snaking-up/down) or exchanging with free guest in

solution (in/out motions).
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Figure 5.16. °H EXSY spectrum of micellar system with 5 mM cavitand 4.2 and
1.2 eq. Deuterated labeled xylene-ds 5.4 with in/out cross peaks (H20, 700 MHz,

mixing time = 10 ms, 298 K).

5.8. In/out Exchange of 3C-labeled Trimethylammonium Guests in Micelles

To investigate the rate of in/out exchange in the cavitand, carbon-13 enriched guests
were synthesized by methylation using *CHal. Isolation of monolabeled guest 5.5
yielded a desirable binding handle with an undesirable dimethylated bulky top. Guest 5.5
contains a strong binding handle, and under physiological conditions, the dimethylamine
will be protonated causing a favorable charge interaction with the negatively changed
rim. Guest 5.6 was also synthesized using *CHjsl in acetonitrile to ensure the presence of
the positive charge for an ionic interaction between the guest and the top rim. As a

control guest, 5.7 was synthesized, containing a longer alkyl chain with NMes* ends.
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Figure 5.17. Synthesis of the'3C enriched guests 5.5-5.7.

NMR analysis of the interaction with 4.2 in solution without lipids showed no clear
peaks for bound guest, and aggregation of the system was observed (as with previously
discussed guest 4.5 and 4.6a). The bound guest was only observed in micelles rather than
in solution. For guest 5.5, the repulsion interaction between the top of the rim and the
dimethylated amine caused the guest to exchange quickly, with the in/out exchange rate
being 12 s with saturation at 200 ms mixing time. The micellar environment eliminated
the aggregation of the guest and limited the breathing of the cavitand, aiding the guest
binding. Interestingly, the more sterically hindered guest 5.6 showed no binding in either
solution or lipid environment. This is despite the favorable ionic charged interaction
between the positively charged trimethylammonium guest and the negatively charged

cavitand rim: evidently the increased bulk and lack of hydrogen bond donor at the rim
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prevented binding. Increasing the length of the guest to place the trimethylated group
farther away from the rim had no effect, and 5.7 also showed no binding affinity to the
cavitand. The trimethylated propyl guest 5.7 minimal encapsulation due to steric

interactions with the upper rim.

Figure 5.18. Representation of the in/out exchange process between cavitand

4.2 and the *3C enriched guest 5.5.
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Figure 5.19. 3C EXSY spectrum of micellar system with 5 mM cavitand 4.2
and 3 eq. 13C- 2-(dimethylamino)-N,N,N-trimethylethanaminium 5.5 with in/out

cross peaks (D20, 600 MHz, mixing time = 250 ms, 298 K).

5.9. Infout Exchange of Favored H-bonding ¥C Trimethylammonium Guest in
Micelles

To investigate the effect of upper rim variation on guest exchange, we synthesized *C
enriched choline, via the same method as for 5.5 from commercially available N, N
dimethylaminoethanol, giving *C-choline 5.8 using H3!ClI in 90% yield. The H-bonding
donor of the OH top and the negatively charged carboxylates provide complementary
hydrogen bonding at the cavitand rim, with 5.8 showing strong binding a much slower

exchange rate of 8.3 s and saturation at 250 ms. 3C EXSY experiments showed an
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exchange peak between 49.5 ppm and 59.8 ppm corresponding to bound CHs and free

CHs respectively.

H313C/|

s ©,
\ Rt, 5min, MeCN 13CH,

Figure 5.20. Synthesis of the *3C enriched choline 5.8.

Figure 5.21. Representation of the in/out exchange process between cavitand

4.2 and the *3C enriched guest 5.8.
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Figure 5.22. Exchange dynamics in cavitand. 13C EXSY spectrum of micellar
system with 5 mM cavitand 4.2 and 3 eq. 3C enriched choline 5.8 with in/out

cross peaks (D20, 600 MHz, mixing time = 250 ms, 298 K).

5.10. In/Out Motions of Bound Guest in Magnetically Ordered Bicellar
Environment

As the bicellar environment is a more complicated system to study, we initially
investigated the possibility of applying simple *H NMR spectroscopy in these systems.
As expected, at 35°C, the 'H NMR showed large, broad, and undefined peaks. The
dipolar interaction were stronger, and chemical shifts started to spread out, similar to
results seen in the solid state. In these circumstances, the *H spectra showed very broad

signals that were not informative, especially in the negative chemical shift region where
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guest signals inside of cavitands are normally expected, as shown in the previous
scaffold.

13C EXSY experiments using the '*C enriched guests, such as choline 5.8 and
ethylenediamine 5.5, were possible, and showed similar trends to the micellar
environment. The more sterically bulky guest, ethylenediamine 5.5, showed a much
faster exchange rate than choline. Unfortunately, due to the much lower signal-to-noise
ratio in the bicelles experiment, it was not possible to quantitatively calculate the
exchange rate. Qualitatively, choline 5.8 showed more than a tenfold slower exchange
rate than the ethylenediamine guest 5.5 in the bicellar environment: guest 5.5 exchange
was saturated at 20 ms, whereas the choline guest was saturated at 750 ms. While the
overall exchange was faster at ethe elevated temperatures, the relative exchange trend
was consistent with the micelle experiments. The peak for the free guest at 60 ppm
appeared much larger than the cross peak of the bound at 54.5 ppm, which was due to the
overlap with the trimethylammonium peaks from the lipid aggregates. Similar results
were observed in the 3C EXSY experiments with the larger ethylenediamine guest 5.5,

where a larger diagonal peak than the exchanged peaks occurred.
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Figure 5.24. 13C EXSY spectrum of bicellar system with 5 mM cavitand 4.2 and
3 eg. 3C-choline 5.8 with in/out cross peaks (D20, 100 MHz, 350 K): a) red,

mixing time = 250 ms, b) black, mixing time = 1000 ms.
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Figure 5.25. 13C EXSY spectrum of bicellar system with 5 mM cavitand 4.2 and
3 eq. ¥C-2-(dimethylamino)-N,N,N-trimethylethanaminium 5.5 with in/out cross

peaks (D20, 100 MHz, mixing time = 20 ms, 350 K).
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5.11. Future Work: Up/down Tumbling Motions of Bound Guest in Micellar and
Bicellar Environments

As most of the previously synthesized guests showed in/out exchange due to the
hydrophilic nature of the guests, a more hydrophobic guest is needed to study up/down
motion. We seek to study the snaking/tumbling motions of linear hydrocarbons in more
complicated environments, such as micelles and magnetically ordered bicelles. The
challenge was that introducing an isotopically enriched atom in linear hydrocarbons is
synthetically difficult. As such, trans-decalin was targeted as a slowly tumbling guest that
can have ?H atoms synthetically installed in a single position. The most accessible
enriched atom is deuterium caused by the reduction of the corresponding
tosylhydrazone.®? 2H EXSY is expected to show an exchange peak between CD2 up and

CD2 down; therefore, we can measure tumbling rate in micelles and bicelles.

THF, 60 °C Jtosyl NaBD,

(@)
M 24 h HN Acetic acid D
--------------- > S ey

Figure 5.26. Proposed synthesis of enriched trans-decalin for kinetic tumbling

studies.
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5.12. Conclusion

In solution, the cavitand is able to freely “breathe” as it breaks its hydrogen bond seam.
In more confined spaces, such as micelles and bicelles, the cavitand is much more biased
to bind to less sterically hindered guests despite the favorable trimethylammonium
binding handle and guest size. The more aligned systems such as bicelles show a much
lower exchange than micelles, yet the presence of lipids encourages encapsulation. Steric
interactions between the rims and the charged guests result in a fast in/out exchange rate.
Finally, parallel lipid stacking within magnetically ordered bicelles results in confinement
of the walls of the cavitands, which causes faster exchange rates compared to the more
curved micellar environment. Continued work in this field will address the tumbling

motion in magnetically ordered bicelles.
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Chapter 6: Experimental Section

6.1 General Information

'H, 13C, 2H, 3'P and 2D EXSY NMR spectra were recorded on a either Varian Inova
300 MHz, 400 MHz or 500 MHz NMR spectrometer, or a Bruker 600 MHz or 700 MHz
spectrometer and processed using MestReNova by Mestrelab Research S.L. Proton (*H)
and deuterium (2H) chemical shifts are reported in parts per million (8) with respect to
tetramethylsilane (Si(CH3)s, 6=0), and referenced internally with respect to the protio
solvent impurity. Carbon (*3C) chemical shifts are reported in parts per million (&) with
respect to tetramethylsilane (Si(CHs)s, 6=0), and referenced internally with respect to the
solvent *3C signal (enriched trimethylammonium, CDCls or DMSO-dg). Deuterated NMR
solvents were obtained from Cambridge Isotope Laboratories, Inc., Andover, MA, and
used without further purification. Mass spectra were obtained with either LC-TOF, ESI-
MS, or MALDI. LC-TOF was recorded on either an Agilent 6210 LC TOF mass
spectrometer using electrospray ionization with fragmentation voltage set at 115 V and
processed with an Agilent MassHunter Operating System. Electrospray mass spectra were
recorded on an Agilent 6210 LC TOF mass spectrometer using electrospray ionization
and processed with an Agilent MassHunter Operating System. MALDI mass spectra were
obtained using a PE Biosystems DE-STR MALDI TOF spectrometer operating in
refractive mode at 2100 eV. Room temperature UV/Vis spectroscopy was performed on a
Cary 50 Photospectrometer using the Varian Scans program to collect data. Cyclic
voltammetry was performed using a CH Instruments Electrochemical Analyzer with a

glassy carbon working electrode, a Pt wire auxiliary, and Ag/AgCl for the reference
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electrode. All other materials were obtained from Aldrich Chemical Company, St. Louis,
MO., Oakwood Chemical, Inc, Estill, SC, Fisher Scientific Co., Pittsburgh, PA, and
Combi-Blocks Inc. San Diego, CA. Materials were used as received. Solvents were dried
through a commercial solvent purification system (Pure Process Technologies, Inc.).
Molecular modeling (semi-empirical calculations) was performed using the Hartree-Fock

force field using SPARTAN.
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6.2. Chapter 2 Experimental.

1.24 Resorcinarene

1.24a: R1 = (CH2)30H
2= CHj

Preparation of Methylresorcinarene 1.24c: In a 250 mL flask equipped with stir bar,
concentrated HCI (30 mL) was added to 2-methylresorcinol (20.0 g, 0.161 mol) in
methanol (120 mL) then 2,3-dihydrofuran (12.2 mL, 0.161 mol) was added slowly to the
mixture. The reaction mixture was heated to 70 °C for 96 h. The product precipitated
from solution as an off-white powder and was collected by vacuum filtration. The crude
product was recrystallized in acetone to dissolve impurities, allowing the pure product to
by isolated by vacuum filtration as a white powder (27.85 g, 89 %). *H NMR (DMSO-ds)
5 8.62 (s, 8H), 7.27 (s, 4H), 4.19 (t, J = 7.8 Hz, 4H), 4.10 (br s, 4H), 3.44 (t, J = 6.7 Hz,
8H), 2.24 (q, J = 6.7 Hz, 8H), 1.94 (s, 12H), 1.35 (gn, J = 6.7 Hz, 8H). Observed spectra

consistent with literature values.!
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Ry Ry
2.1a: Ry = (CHy)30H 41%

Ry

Preparation of Methylene Bridged Cavitand 2.1a: In a 500 mL flask equipped with
stir bar, the mixture of 1.14c (5.00 g, 6.44 mmol), K.COs3 (10.7 g, 77.2 mmol), and DMA
(120 mL) were mixed in room temperature. Bromochloromethane (6.5 mL, 96.6 mmol)
was added slowly to the solution then stirred at 65 °C for 74 h. The reaction was cooled
to ambient temperature, poured into 300 mL DI water, and neutralized with 10 % aq.
HCI. The product precipitated from solution as an orange/brown powder and was
collected by vacuum filtration. Crude product was purified by column chromatography
using 10 % methanol in methylene chloride. When concentrating the product was
recrystallized in acetonitrile to remove yield off white powder solid (2.03 g, 41 %). ‘H
NMR (DMSO-ds) 6 7.43 (s, 4H), 5.86 (d, J = 7.4 Hz, 4H), 4.59 (t, J = 6.1 Hz, 4H), 4.43
(t, J = 5.1 Hz, 4H), 4.19 (d, J = 7.4 Hz, 4H), 3.48 (q, J =5.9 Hz, 8H), 2.35 (q, J = 5.9 Hz,
8H), 1.88 (s, 12H), 1.42 (gn, J = 5.9 Hz, 8H). Observed spectra consistent with literature

values.!
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2.1b: Ry =

(CHy)30H 41%
(CH3);0Ac 71%

Preparation of Protected OAc Footed Cavitand 2.1b: In a 500 mL flask equipped
with stir bar, 2.1a (4.05 g, 4.91 mmol), pyridine (60 mL), and acetic anhydride (60 mL)
was stirred for 16 h at ambient temperature. The reaction mixture was then poured into
150 mL of water. The product precipitated from solution as collected as sticky solid. The
crude sticky solid was sonicated in methanol to remove the pyridine, allowing the
collection of pure product as a white powder (3.70 g, 71 %). *H NMR (CDCls) 6 6.93 (s,
4H), 5.86 (d, J = 6.9 Hz, 4H), 4.82 (t, J = 9.1 Hz, 4H), 4.23 (d, J = 6.9 Hz, 4H), 4.15 (t, J
= 6.5 Hz, 8H), 2.26 (g, J = 7.0 Hz, 8H), 2.03 (s, 12H), 1.95 (s, 12H), 1.69 (gn, J = 7.0 Hz,

8H). Observed spectra consistent with literature values.!

2.2: R1 = (CHQ)aOAC

Preparation of Tetra-bromo Cavitand 2.2: In a 500 mL flask equipped with stir bar,
2.1b (1.00 g, 1.01 mmol), n-bromosuccinimide (0.791 g, 4.44 mmol), and benzoyl
peroxide (0.049 g, 0.201 mmol), was heated in 100 mL carbon tetrachloride (CCls) at 76
°C for 72 h. The precipitate byproduct was then isolated off and discarded, as the solution

was concentrated under vacuum. The pure product was collected as a white powder
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(0.942 g, 71 %). *H NMR (CDCls) & 7.09 (s, 4H), 6.01 (d, J = 6.7 Hz, 4H), 4.82 (t, J =
8.1 Hz, 4H), 4.55 (d, J = 6.7, 4H), 4.39 (s, 8H), 4.15 (t, J = 6.5 Hz, 8H), 2.28 (q, J = 6.7
Hz, 8H), 2.05 (s, 12H), 1.67 (gn, J = 6.7 Hz, 8H). Observed spectra consistent with

literature values.!

R1 R1 R1 R1
2.3: Ry = (CHy)30Ac

Preparation of Tetra-azide Cavitand 2.3: In a 100 mL flask equipped with stir bar,
2.2 (1.50 g, 1.12 mmol) was mixed with sodium azide (0.5 M in DMSO, 10 mL) in 10
mL tetrahydrofuran (THF) at ambient temperature for 24 h. After that time, the mixture
was poured into 50 mL of water and solid was collected by vacuum filtration. The sticky
product was sonicated in 50 mL of methanol, causing the solid to become a pure, white
powder (1.30 g, 90 %). *H NMR (300 MHz, CDCls) 6 7.13 (s, 4H), 5.95 (d, J = 7.2 Hz,
4H), 4.85 (t, J = 7.0 Hz, 4H), 4.39 (d, J = 7.2 Hz, 4 H), 4.33 (s, 8H), 4.18 (t, J = 7.0 Hz,
8H), 2.31 (g, J = 7.0 Hz, 8H), 2.07 (s, 12H), 1.70 (gn, J = 7.0 Hz, 8H). 3C NMR (100
MHz, CDCI3) 6 171.1, 153.9, 137.8, 122.8, 120.3, 99.8, 64.1, 45.1, 41.1, 36.5, 27.1, 21.0.

Observed spectra consistent with literature values.?
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BIm benzimidazole co-catalyst: To a 100 mL round bottom flask equipped with a stir
bar was added o-phenylenediamine (5.00 g, 42.3 mmol), nitrilotriacetic acid (2.95 g, 15.4
mmol), and ethylene glycol (33 mL). The solution was refluxed for 48 h at 200 °C and
then cooled to ambient temperature. Upon cooling, the crude product precipitated from
solution as a lavender-colored solid. The crude product was collected by vacuum
filtration, rinsed with cold ethanol, and recrystallized from ethanol (30 mL). Pure product
was collected as pale pink crystals (4.1 g, 80 %). *H NMR (300 MHz, DMSO-ds) & 7.60-
7.58 (6H, m), 7.20-7.17 (6H, m) and 4.16 (6H, s). Observed spectra consistent with

literature values.?

Ry Ry R, R4
2.4a: Ry = (CH5);0Ac

Preparation of Phenyl OAc-Footed Cavitand 2.4a:: In a 100 mL flask equipped
with stir bar, 2.3 (0.400 g, 0.360 mmol), copper (Il) sulfate pentahydrate (0.015 g, 0.1

mmol), and L-sodium ascorbate (0.039 g, 0.210 mmol) were mixed in 3 mL DMSO:H,0
188



(4:1). Then slowly phenyl acetylene (0.228 mL, 2.08 mmol) was added. The reaction
mixture was heated for 24 h at 100 °C and then cooled to ambient temperature. The
mixture was pour into 20 mL water, the product was precipitated as a pale brown solid
(0.445 g, 92 %). 'H NMR (300 MHz, CDCls) 6 7.82 (d, J = 5.2 Hz, 8H), 7.77 (s, 4H),
7.37 (t, J = 5.2 Hz, 8H), 7.29 (t, J = 5.2 Hz, 4H), 7.23 (s, 4H), 5.81 (d, J = 5.7 Hz, 4H),
5.30 (s, 8H), 4.87 (t, J = 6.3 Hz, 4H), 4.40 (d, J = 5.7 Hz, 4H), 4.18 (t, J = 5.1 Hz, 8H),
2.33 (g, J =5.1 Hz, 8H), 1.70 (gn, J = 5.4 Hz, 8H). 3C NMR (100 MHz, CDCls) 6 171.3,
154.2, 147.8, 137.9, 130.6, 129.0, 128.4, 126.0, 121.4, 121.1, 120.2, 99.6, 64.2, 44.3,
36.8, 27.2, 26.9, 21.2. MS (ESI) observed m/z 1588.6103 (M + Na)*, expected m/z

1588.6052 (M + Na)*.

2.4a: R; = (CH,);0H

Preparation of Phenyl OH-Footed Cavitand 2.4a,: In a 25 mL round bottom flask,
OAc footed 2.4a (0.252 g, 0.160 mmol) and cesium carbonate (0.315 g, 0.97 mmol) were
mixed in 6 mL methanol:dichloromethane (1:1). The reaction mixture was stirred for 16 h
at ambient temperature, and then the solvent was removed in vacuo. The remaining solid
was sonicated in water (20 mL) to remove the salt, and the insoluble product was
collected by vacuum filtration to yield yellow solid (0.187 g, 83 %). *H NMR (300 MHz,

DMSO-ds) & 8.51 (s, 4H), 7.85 (d, J = 7.5 Hz, 8H), 7.77 (s, 4H), 7.44 (t, J = 7.5 Hz, 8H),
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7.33 (t, J = 7.5 Hz, 4H), 6.11 (d, J = 7.5 Hz, 4H), 5.36 (s, 8H), 4.67 (t, J = 6.5 Hz, 4H),
4.48 (br, 4H), 4.37 (d, J = 7.5 Hz, 4H), 3.49 (t, J = 6.5 Hz, 8H), 2.43 (q, J = 6.5 Hz, 8H),
1.41 (gn, J = 6.5 Hz, 8H). *°C NMR (100 MHz, DMSO-ds) J 153.8, 150.4, 150.2, 147.53,
138.8, 137.9, 124.3, 124.0, 123.7, 122.1, 120.2, 100.1, 61.0, 44.2, 37.4, 315, 26.3. MS

(MALDI) observed m/z 1397.1 (M + H)*, expected m/z 1397.6 M (M + H)".

2.4b: Ry = (CH,)30Ac

Preparation of pyridyl OAc-Footed Cavitand 2.4b;: In a 100 mL flask equipped
with stir bar, 2.3 (0.300 g, 0.260 mmol), copper (Il) sulfate pentahydrate (0.012 g, 0.078
mmol), and L-sodium ascorbate (0.030 g, 0.160 mmol) were mixed in 3 mL DMSO:H,0
(4:1). Then 2- ethynylpyridine (0.129 mL, 1.14 mmol) was added slowly. The reaction
was stirred for 24 h at 100 °C and then cooled to ambient temperature. The reaction
mixture was poured into 10 mL of water in order to precipitate the product as a pale
brown powder (0.316 g, 78 %). *H NMR (300 MHz, CDCIz) ¢ 8.51 (br d, J = 3.5 Hz,
4H), 8.14 (br d, J = 5.5 Hz, 4H), 8.10 (s, 4H), 7.70 (td, J = 5.5, 0.9 Hz, 4H), 7.22 (s, 4H),
7.17 (br dd, J = 5.5, 0.9, 4H), 5.80 (d, J = 5.4 Hz, 4H), 5.29 (s, 8H), 4.82 (t, J = 5.3 Hz,
4H), 4.32 (d, J = 5.4 Hz, 4H), 4.17 (t, J = 5.3 Hz, 8H), 2.30 (g, J = 5.3 Hz, 8H), 2.03 (5,
12H), 1.67 (gn, J = 5.3 Hz, 8H). 13C NMR (100 MHz, CDCls) 6 171.3, 154.2, 150.3,

149.5, 148.3, 138.0, 137.0, 123.1, 122.5, 121.1, 120.6, 99.6, 64.2, 44.4, 41.1, 36.7, 27.18,
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26.9, 21.1. MS (MALDI) observed m/z 1591.8 (M+ Na)*, expected m/z 1591.6 (M +

Na)*.

R R4 R4 R1
2.4b: Ry = (CH,);0H

Preparation of pyridyl OAc-Footed Cavitand 2.4b,: In a 100 mL flask equipped
with stir bar, OAc footed 2.4b; (0.300 g, 0.190 mmol) and cesium carbonate (0.372 g,
1.14 mmol) were mixed in 6 mL methanol:dichloromethane (1:1) and stirred at ambient
temperature for 12 h. The solvent was removed in vacuo, and the remaining solid was
sonicated in 10 mL water to remove the salt. The precipitate product was collected by
vacuum filtration as off white solid (0.267 g, 99 %). 'H NMR (300 MHz, DMSO-dg) &
8.58 (br d, J = 5.1 Hz, 4H), 8.51 (s, 4H), 7.97 (br d, J = 7.8 Hz, 4H), 7.87 (td, J = 7.8, 1.5
Hz, 4H), 7.77 (s, 4H), 7.33 (br ddd, J = 5.1, 1.5, 4H), 6.08 (d, J = 7.8 Hz, 4H), 5.40 (s,
8H), 4.64 (t, J = 6.8 Hz, 4H), 4.39 (d, J = 7.8 Hz, 4H), 3.47 (t, J = 6.8 Hz, 8H), 2.42 (q, J
= 6.8 Hz, 8H), 1.42 (gn, J = 6.8 Hz, 8H). 3C NMR (100 MHz, CDCl3) 6 153.8, 150.6,
150.2, 147.6, 138.8, 137.8, 124.4, 123.6, 122.0, 120.1, 100.1, 61.0, 44.2, 37.4, 31.5, 26.4.

MS (MALDI) observed m/z 1423.3 (M + Na)*, expected m/z 1423.5 (M + Na)".
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Preparation of 4-pyridyl amide Alkyne ligand 6.2.1: In a 25 mL flask equipped
with stir bar, isonicotinic acid (0.384 g, 3.12 mmol), carbonyldiimidazole (0.506 g, 3.12
mmol) were mixed in 5 mL of THF for 10 min. then the propargylamine (0.200 mL, 3.12
mmol) was added slowly to the reaction mixture and stirred at ambient temperature for 24
h. The solvent was removed in vacuo, leaving yellow oily crude product. The crude
product was purified by column chromatography (7 % methanol in methylene chloride)
and then by recrystallization using ethyl acetate and hexanes. Pure product was obtained
as colorless prisms (0.200g, 40 %). *H NMR (300 MHz, CDCls) § 8.71 (dd, J = 4.5, 1.2
Hz, 2H), 7.61 (dd, J = 4.5, 1.2 Hz, 2H), 6.76 (b, 1H), 4.24 (dd, J = 3.9, 1.8 Hz, 2H), 2.28
(t, J = 1.8 Hz, 1H). 3C NMR (100 MHz, CDCl3) §165.5, 150.8, 141.1, 121.1, 79.0, 72.5,

30.11. MS (ESI) observed m/z 160.0731 (M + H)", expected m/z 160.0715 (M + H)".

Preparation of phenyl urea alkyne ligand 6.2.2: A two-neck 25 mL round bottom
flask equipped with a stir bar was evacuated and filled with nitrogen. DMF (1 mL,
anhydrous), propargylamine (0.100 mL, 0.015 mmol), and phenylisocyanate (0.117 mL,
0.015 mmol) were added through a septum via syringe, and the reaction mixture was
heated to 90 °C for 16 h. After this time, the reaction mixture was cooled to ambient

temperature and poured into 3 mL of water, causing the product to precipitate as a white
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powder. The product was collected by vacuum filtration and dried (0.131 g, 52 %).
1HNMR (300 MHz, DMSO-d6) 8.65 (s, 1H), 7.38 (d, J = 7.7 Hz, 2H), 7.23 (t, J = 7.7
Hz, 2H), 6.90 (t, J = 7.3 Hz, 1H), 6.43 (t, J = 5.6 Hz, 1H), 3.88 (dd, J = 5.6, 2.4, Hz, 2H),

3.09 (t, J = 2.4 Hz, 1H). Observed spectra consistent with literature values.*

Ry R4 R, R4
2.4c: Ry = (CH3)30Ac

Preparation of 4-pyridyl amide OAc-Footed Cavitand 2.4c;: To a 10 mL round
bottom flask equipped with a stir bar, cavitand 2.3 (0.308 g, 0.270 mmol), alkyne ligand
6.2.1 (0.187 g, 1.17 mmol), BIms co-ligand (0.033 g, 0.080 mmol), copper (11) sulfate
pentahydrate (0.013 g, 0.080 mmol), and L-sodium ascorbate (0.032 g, 0.160 mmol) were
mixed in 4 mL DMSO: H20 (4:1). The reaction mixture was stirred at 100 °C for 24 h.
The reaction mixture was poured into 20 mL water, causing the product to precipitate as
an off-white solid. (0.452 g, 95 %). *H NMR (300 MHz, CD3CN) & 8.65 (t, J = 4.4 Hz, 4
H), 8.46 (br d, J = 3.0 Hz, 4H), 8.03 (br d, J = 5.7 Hz, 4H), 7.83 (td, J = 5.7, 1.2 Hz, 4H),
7.64 (s, 4H), 7.45 (s, 4H), 7.42 (ddd, J = 5.7, 3.6, 0.9, 4H), 5.71 (d, J = 5.7 Hz, 4H), 5.20
(s, 8H), 4.73 (t, J = 6.0 Hz, 4H), 4.67 (d, J = 4.4 Hz, 8H), 4.10 (t, J = 6.0 Hz, 8H) 3.97 (d,
J=5.7 Hz, 4H), 2.41 (g, J = 6.0 Hz, 8H), 1.98 (s, 12H), 1.59 (gn, J = 6.0 Hz, 8H). 13C

NMR (100 MHz, CDCls) 0 171.2, 164.6, 153.9, 149.6, 148.3, 144.8, 137.5, 126.5, 123.1,
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122.3, 121.3, 120.9, 99.6, 64.1, 43.9, 41.0, 36.6, 35.0, 27.0, 21.1. MS (MALDI) observed

m/z 1819.4 (M + Na)*, expected m/z 1819.7 (M + Na)".

Ry R4 R, Ry
24c: R1 = (CH2)30H

Preparation of 4-pyridyl amide OH-Footed Cavitand 2.4c,: To a 25 mL round
bottom flask equipped with a stir bar containing 2.4c¢, (0.900 g, 0.500 mmol) and cesium
carbonate (0.980 g, 3.01 mmol) was mixed in 10 mL methanol:dichloromethane (1:1).
The reaction mixture was stirred at ambient temperature for 16 h. The solvent was then
removed by rotary evaporation, and the remaining solid was sonicated in 30 mL water to
dissolve the salt impurity. The insoluble product was collected as a brown solid (0.711 g,
87 %). 'H NMR (300 MHz, DMSO-dg) 6 9.19 (t, J = 5.4 Hz, 4H), 8.60 (ddd, J =
5.7,2.4,1.5 Hz, 4H), 8.00 (dt, J = 7.8, 0.9), 7.92 (td, J = 7.8,1.8 Hz, 4H) 7.89 (s, 4H), 7.70
(s, 4H), 7.55 (ddd, J = 7.5, 4.8, 1.5, 4H), 5.89 (d, J = 7.6 Hz, 4H), 5.21 (s, 8H), 4.56 (t, J
= 7.8 Hz, 4H), 4.52 (d, J = 6.0, 8H), 4.44 (br t), 4.17 (d, J = 7.6 Hz, 4H), 3.45 (br g, J =
6.5 Hz, 8H), 2.38 (g, J = 6.5 Hz, 8H), 1.38 (gn, J = 6.5, 8H). 3C NMR (100 MHz,
DMSO-de) 0 164.0, 153.1, 150.4, 149.1, 145.2, 138.7, 138.4, 127.2, 124.1, 122.5, 122.1,
99.4, 60.4, 43.2, 36.8, 34.7, 30.9, 25.7. MS (MALDI) observed m/z 1651.3 (M + Na)",

expected m/z 1651.6 (M + Na)™.
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2.4d: R, = (CH,);0Ac

Preparation of Phenyl Urea OAc-Footed Cavitand 2.4d1: To a 10 mL round bottom
flask equipped with a stir bar was added 2.3 (0.100 g, 0.086 mmol), 6.2.2 (0.066 g, 0.380
mmol), copper (Il) sulfate pentahydrate (0.004 g, 0.026 mmol), Blms (0.011 g, 0.026
mmol), L-sodium ascorbate (0.010 g, 0.052 mmol), and mixed in DMSO:H.0 (4:1, 2
mL). The reaction mixture was heated for 16 h at 100 °C and then cooled to ambient
temperature. The mixture was poured into 8 mL water, the product precipitated as a pale
brown solid (0.116 g, 72 %). *H NMR (300 MHz, CDCls) 6 7.87 (br, 4H), 7.63 (br, 4H),
7.35 (m, 8H), 7.16 (m, 12H), 6.85 (t, J = 7.5 Hz, 4H), 6.53 (br, 4H), 5.95 (d, J = 7.6 Hz,
4H), 5.23 (s, 8H), 4.60 (t, J = 6.0 Hz, 4H), 4.29 (s, 8H), 4.22 (d, J = 7.6 Hz, 4H), 4.05 (t,
J=6.0 Hz, 8H), 2.39 (m, 8H), 1.94 (s, 12H), 1.55 (m, 8H). 3C NMR (100 MHz, CDCls):
0 154.1,137.9, 137.6, 129.1, 123.7, 122.9, 120.4, 119.3, 99.9, 64.2, 45.2, 41.1, 36.6, 27.1,

26.8, 21.2.
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R= (CHz)on

Preparation of 2-pridyl cavitand 2.4b,*Cu: In a 10 mL round bottom flask equipped
with a stir bar was 2.4b, (0.142 g, 0.100 mmol) and tetrakis(acetonitrile)copper(l)
tetrafluoroborate (0.191 g, 0.610 mmol) were sonicated in 2 mL methanol until a
homogenous suspension was formed. The precipitate was filtered off and rinsed with
methanol (0.114 g, 77 %). The NMR peaks were broad and poorly defined so no integral
values or coupling constants were obtained. MS (MALDI) observed m/z 1463.6 M",

expected m/z 1463.5 M*.

R= (CH2)20H

Preparation of 2-pridyl cavitand 2.4bz*Fe2: In a 10 mL round bottom flask flask
equipped with a stir bar was 2.4b, (0.089 g, 0.064 mmol) and iron (Il) sulfate
heptahydrate (0.106 g, 0.380 mmol) were sonicated in 2 mL methanol until a
homogeneous suspension was formed. The precipitate was filtered off and rinsed with

methanol (0.096 g, 99 %). The NMR peaks were broad and poorly defined so no integral
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values or coupling constants were obtained. MS (MALDI) observed m/z 1644.7

(M+2H20+S04)+, expected m/z 1644.4 (M+2H20+S04)".

Preparation of 2-pyridyl amide OH-footed cavitand 2.4c.¢Fex: In a 25 mL round
bottom flask equipped with a stir bar 2.4c, (0.300 g, 0.180 mmol) and iron (Il) sulfate
heptahydrate (0.310 g, 1.10 mmol) were sonicated in 2 mL methanol until a homogenous
suspension was formed. The red- brown precipitate was collected as a brown solid (0.309
0, 99 %). The *H NMR peaks were broad and poorly defined so no integral values or
coupling constants were obtained. MS (MALDI) observed m/z 1684.0 M*, expected m/z
1684.6 M*.

General Oxidation Procedures Catalyzed by 2.4b.eFe2, 2.4ceFe2, and 2.4c,*Cuy,
2.6°Fes 2.6°Nis In a 2 mL scintillation vial equipped with a stir bar was added catalyst
(3.77 x 10 mmol, 10 mol %), oxidant (‘BUOOH or H,0, 0.377 mmol) and substrate
(3.77 x 102 mmol) in 0.150 mL solvent (water:acetonitrile or water:propionitrile). The
reaction was stirred for 24 h at 60 °C. Aliquots were taken and passed through a

silica/magnesium sulfate plug with 1.5 mL ether before being analyzed by GCMS. The
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reactions were performed in triplicate, and the average yield is reported. All yields are

based on recovered starting material.

26 R= (CH2)3OAC

Preparation of dipicolyamine OAc footed Cavitand 2.6: In a 100 mL flask
equipped with stir bar, 2.2 (200 mg, 0.15 mmol) was mixed with 2-picolylamine (134
mg, 0.67 mmol), and K>COs (340 mg, 2.45 mmol) in 10 mL acetonitrile at ambient
temperature for 24 h under N2 atmosphere. After that time, the reaction mixture was
filtered to remove K>COs, then extracted with dichloromethane and ammonium chloride
solution. The organic layers were removed in vacuo. The sticky product was sonicated in
50 mL of ether, causing the solid to become a pure, white powder (164 mg, 61 %). 'H
NMR (400 MHz, CDCl3) 68.70 (d, J = 5.0 Hz, 4H), 7.89 (t, J = 7.9 Hz, 4H), 7.80 (d, J =
8.1 Hz, 4H), 7.36 (t, J = 5.8 Hz, 4H), 7.13 (s, 4H), 5.95 (d, J = 7.2 Hz, 4H), 4.85 (t, J =
7.0 Hz, 4H), 4.39 (d, J = 7.2 Hz, 4 H), 4.33 (s, 8H), 4.18 (t, J = 7.0 Hz, 8H), 3.95 (s,

16H), 2.31 (g, J = 7.0 Hz, 8H), 2.07 (s, 12H), 1.70 (gn, J = 7.0 Hz, 8H).
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5-(O-Aminophenyl)
10, 15, 20-triphenyl porphyrin

Synthesis of 5-(O-Aminophenyl) 10, 15, 20-triphenyl porphyrin 2.8: Modified from
a literature procedure:®>’ In a 500 ml round bottom flask equipped with a stir bar was
combined benzaldehyde (1.1 mL, 1.0 mmol) and 2-nitrobenzaldehyde (3.3 g, 2.1 mmol)
in glacial acetic acid. The reaction mixture was stirred under N2 pressure at 110 °C for 3
hours. In a fractional distillation apparatus 1H-pyrrole (3 mL, 0.97 mmol) was heated at
200 °C. The collected fractions was transported under N2 pressure to a mixture of glacial
acidic acid and added drop wise for 20 mins. The mixture immediately changed color
from yellow to dark purple. After the addition was complete, reaction was stirred for 20
min under 110 °C under N2 pressure. Mixture was cool to room temperatures before the
addition of conc. HCI (30 mL) and SnCl>.7H>O (4 g). Reaction was refluxed for 3 h.
Mixture was carefully neutralized with *NH4OH at 0 °C. Mixture was filtered and
extracted 3 times with mixture of DCM:Brian. The organic layer was dried with Na2SOa,
filtered, and the solvent removed under reduced pressure. 5-(O-Aminophenyl) 10, 15, 20-
triphenyl porphyrin was isolated as dark purple solid (10 mg, 15%) from an silica column
eluted by toluene followed by 1:1 EtOAc:Toluene. *H NMR (300 MHz, CDCls): § 8.86

(br s, 8H, B-pyrrole protons), 8.67(br d, 1H, protons of nitro-substituted phenyl), 8.45 (br
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d, 1H, protons of nitro- substituted phenyl), 8.29-8.29 (br m, 5H, phenyl protons), 7.97
(br t, 2H, protons of nitro- substituted phenyl), 7.79 (br s, 10H, phenyl protons), -2.70 (s,

2H, NH protons). Observed spectra consistent with literature values.
N3

N3
\

Synthesis of 1,3,5-Tris(azidomethyl)-2,4,6-triethylbenzene 2.13. Following similar
literature procedures.® In a 25 ml round bottom flask equipped with a stir bar was
combined 1,3,5-tris(bromomethyl)-2,4,6-trimethyl-benzene 5 (1.0 g, 2.3 mmol) and
sodium azide (18 mL, 0.5 M in DMSO, 9.0 mmol). The reaction mixture was stirred for
24h at room temperature. The solution was then diluted in 100 ml H2O and extracted with
dichloromethane. The organic layer was dried with Na;SOu, filtered, and the solvent
removed under reduced pressure to yield 6 as a white solid (621 mg, 84%). *H NMR (300
MHz, CDCls): § 4.50 (6H, s), 3.86 (q, J = 7.7 Hz, 6H), 1.25 (t, J = 7.7 Hz, 9H); 3C NMR

(100 MHz, CDClz): 6 144.9, 130.0, 47.9, 23.2, 15.7.

Synthesis of N,N-bis(2-pyridylmethyl)-N-propargylamine 2.10. N,N-bis(2-
pyridylmethyl)-N-propargylamine was synthesized according to literature procedures.®

Di-(2-picolyl)amine (10.0 mmol, 1.08 mL) was dissolved in MeCN (20 mL). K>CO3z (40
200



mmol, 5.4 g) was added to the solution followed by dropwise addition of propargyl
bromide (80% in toluene, 10 mmol, 1.09 mL). The reaction mixture was stirred for 24 h
before being diluted with dichloromethane. The diluted reaction mixture was filtered to
remove K.COs, then washed with dichloromethane before being concentrated under
vacuum. N,N-bis(2-pyridylmethyl)-N-propargylamine was isolated as yellow oily solid
(2.28 g, 96%) from an alumina column eluted by EtOAc in dichloromethane (0% - 40%).
After purification, the solvent was rapidly removed by rotary evaporation and the product
was stored under nitrogen. *H NMR (300 MHz, CDCls): & 8.57 (d, J = 4.2 Hz, 2H), 7.66
(td, J = 1.2, 7.8 Hz, 2H), 7.52 (d, J = 7.8 Hz, 2H), 7.17 (td, J = 5.4, 7.2 Hz, 2H), 3.93
(4H, s), 3.43 (d, J = 2.4 Hz, 2H), 2.30 (t, J = 2.4 Hz, 1H); 13C NMR (75 MHz, CDCls3): &
159.0, 149.5, 136.7, 123.4, 122.3, 73.9, 59.7, 42.79; HRMS (ESI): calcd. (M+Na*)

260.1164, found 260.1159.

Synthesis of Hexapicolyl ligand 2.14. In a sealed tube flushed with nitrogen was
combined 1,3,5-tris(azidomethyl)-2,4,6-triethylbenzene 2.13 (50 mg, 0.15 mmol), N,N-
bis(2-pyridylmethyl)-N-propargylamine 2.10 (180 mg, 0.76 mmol), CuSO4-5H,0 (12

mg, 0.05 mmol), sodium ascorbate (18 mg, 0.09 mmol), BIm3 co-catalyst (19 mg, 0.05
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mmol), and 2 mL of 1:1 '‘BuOH:H20. The reaction mixture was stirred for 24 h at 80 °C.
The solvent was removed under vacuum, redissolved in dichloromethane (20 mL) and
added to an aqueous solution of Na2EDTA (15 mL). This mixture was stirred for 1 h to
remove any bound copper from the ligand. The organic layer was separated, dried with
Na2SOg, filtered and the solvent removed under reduced pressure to yield a brown, tar-
like substance (130 mg, 82 % vyield). The ligand was purified via rapid flash
chromatography with an alumina column eluted by EtOAc in dichloromethane (0% -
40%). The product was then recrystallized from CH2Cl, under a nitrogen atmosphere.
After purification, the product was stored under nitrogen. CAUTION: organic azides are
explosive, and should be handled carefully. *H NMR (300 MHz, CDCls): § 8.46 (dt, J =
4.7,1.4 Hz, 6H), 7.61(td, J = 7.6, 1.8 Hz, 6H), 7.51 (td, J = 7.8, 1.2 Hz, 6H), 7.45 (s, 3H),
7.11 (ddd, J = 7.4, 4.9, 1.4 Hz, 6H), 5.62 (s, 6H), 3.76 (s, 6H), 3.75 (s, 12H), 2.80 (q, J =
7.4 Hz, 6H), 0.92 (t, J = 7.3 Hz, 9H). 3C NMR (75 MHz, CDCl3): 5 158.9, 148.8, 146.2,
144.2, 136.4, 129.6, 123.2, 122.7, 121.9, 59.3, 48.4, 47.8, 23.5, 15.2. ESI-TOF [MNa']

calcd 1061.5616, found 1061.5734.
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Synthesis of 2.14¢Fe3(SO4)s. In a dry two-dram vial flushed with nitrogen, 2.14 (100
mg, 0.16 mmol) was dissolved in dichloromethane (1 mL). In a separate two-dram vial
FeSO4-7H20 (48 mg, 0.17 mmol) was dissolved in MeOH (1 mL). The two solutions
were combined and sonicated for 5 min before collecting a brown precipitate (221 mg,
92%). mp: >250 °C (decomp). ESI-TOF [2.14+Fe3(S04)22H,0-OH]* calcd 1061.5616,
found 1061.5734. Elemental Analysis: Theoretical (CeoHesFesN18016S4): C: 43.76, H:
4.04, N: 14.31. Theoretical (CeoHesFe3N18012S3): C: 48.20, H: 4.45, N: 16.86. Found: C:
45.07, H: 4.39, N: 15.22. ICP analysis (Fe): 3.76%. NMR analysis: The broadness of the
'H NMR spectrum limited accurate spectral assignments due to the paramagnetic nature
of the complex, and so the peaks are not transcribed here.

General procedure for oxidation reactions: In a 0.3 mL conical vial, catalyst (4
umol, 10 mol%) was dissolved in 0.25 mL solvent (1:1 MeCN:H20). 'BUuOOH (0.40
mmol, 10 equiv.), and substrate (0.04 mmol, 1 equiv.) were added. The reaction mixture
was stirred for 24 h at 60 °C. Aliquots were taken and passed through a silica gel pipet
plug with ether before being analyzed by GCMS. All yields are based on GCMS analysis
via integrative comparison to an internal standard. Product identification was determined

by comparison to authentic samples via fragmentation pattern matching in MS.
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Synthesis of Trispyridyl ligand 2.16. In a 10 ml round bottom flask equipped with a
stir bar was combined CuSO4-5H20 (23 mg, 0.09 mmol), sodium ascorbate (36 mg, 0.18
mmol), and 1,3,5-tris(azidomethyl)-2,4,6-triethylbenzene 2.13 (100mg, 0.31 mmol) in 4
mL of 4:1 DMSO:H»0. To this mixture was added 2-ethynyl pyridine 2.15 (97 uL, 0.92
mmol) and the reaction mixture was stirred for 24 h at 100 °C. After being cooled to
room temperature, 15 mL of water was added and the resulting gray precipitate was
collected by vacuum filtration. The crude precipitate was dissolved in dichloromethane
and washed with an aqueous solution of Na;EDTA. The organic layer was dried with
Na2SOq, filtered, and the solvent removed under reduced pressure to yield 2.16 as a gray
solid (175 mg, 90%). 'H NMR (400 MHz, CDCls):  8.46 (d, J = 4.5 Hz, 3H), 8.18 (d, J
= 7.9 Hz, 3H), 8.08 (s, 3H), 7.76 (td, J = 7.8, 1.5 Hz, 3H), 7.21 (dd, J = 6.8, 5.2 Hz, 3H),
5.73 (s, 6H), 2.84 (q, J = 7.4 Hz, 6H), 1.00 (t, J = 7.5 Hz, 9H). 2*C NMR (100 MHz,
CDClz): 8 150.1, 149.0, 148.2, 146.9, 137.3, 129.8, 123.1, 121.8, 120.6, 48.2, 23.8, 15.5.

ESI-TOF [MH"] calcd 637.3259, found 637.3227.
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Synthesis of 2.16°FeSOu. In a dry two-dram vial flushed with nitrogen, 2.16 (25 mg,
0.04 mmol) was dissolved in MeOH (1.5 mL). In a separate 2-dram vial FeSO4-7H.0 (65
mg, 0.24 mmol) was dissolved in MeOH (1 mL). The two solutions were combined and
sonicated for 5 min before collecting a brown precipitate (30 mg, 97%). ESI-TOF
[2.16+Fe(HSO4)]* calcd 881.2, found 881.4. NMR analysis: The broadness of the H
NMR spectrum limited accurate spectral assignments due to the paramagnetic nature of

the complex, and so the peaks are not transcribed here.

N3

Synthesis of 9-Anthracenylmethyl azide 2.17: Adapted from a literature procedure.®
9-Anthracenemethanol (1.50 g, 7.40 mmol) was dissolved in dichloromethane (30 mL).
SOCI; (810 puL, 11.1 mmol) was then added at 0 °C. After mixing for 2 h, the solvent was
removed under vacuum. The resultant residue was redissolved in DMF (10 mL), and
sodium azide (0.77 g, 12.0 mmol) was added. The reaction mixture was heated for 4 h at
60 °C, cooled to room temperature and diluted with 50 mL water. The mixture was then

extracted with ethyl acetate. The organic layer was separated, dried with Na>SOg, filtered
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and the solvent removed under reduced pressure to yield 9-anthracenylmethyl azide 2.17
as a yellow solid (1.70 g, 97% yield). CAUTION: organic azides are explosive, and
should be handled carefully.'H NMR (400 MHz, CDCls)é 8.50 (1H, s), 8.28
(d, J = 8.4 Hz, 2H), 8.06 (d, J = 8.4 Hz, 2H), 7.59 (t, J = 8.0 Hz, 2H), 7.50 (t, J = 8.0 Hz,
2H), 5.33 (2H, s); *C NMR (100 MHz, CDCls) § 131.4, 130.7, 129.3, 129.0, 126.9,

125.2, 123.5, 46.4; EIMS: found 233.1 [M*] calculated for C1sH11N3: 233.1.

g

N

N
N" 2.18
] '

Synthesis of Dipicolyl ligand 2.18. In a sealed tube was combined 9-
anthracenylmethyl azide 2.17 (100 mg, 0.43 mmol), N,N-bis(2-pyridylmethyl)-N-
propargylamine 2.10 (160 mg, 0.64 mmol), CuSO4-5H,0 (32 mg, 0.13 mmol), sodium
ascorbate (42 mg, 0.25 mmol), BIms co-catalyst (52 mg, 0.13 mmol), and 10 mL of 4:1
DMSO:H20. The reaction mixture was stirred for 24 h at 110 °C before removing the
solvent and redissolving in dichloromethane (20 mL) and adding an aqueous solution of
Na;EDTA (15 mL). This mixture was stirred for 1 h to remove any bound copper from
the ligand. The organic layer was separated, dried with NaSOg, filtered and the solvent
removed under reduced pressure to yield 2.18 as a brown solid (90 mg, 53 %). *H NMR
(400 MHz, CDCls): & 8.56 (s, 1H), 8.34 (d, J = 4.5 Hz, 2H), 8.28 (d, J = 8.7 Hz, 2H),
8.05 (d, J = 8.0 Hz, 2H), 7.61 (m, 2H), 7.40 (m, 2H), 7.45 (td, J = 7.6, 1.6 Hz, 2H), 7.30
(d, J = 7.6 Hz, 2H), 7.07 (d, J = 5.9 Hz, 1H), 6.97 (dd, J = 6.4, 5.2 Hz, 2H), 6.47 (s, 2H),
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5.30 (s, 1H), 3.69 (d, 4H), 2.58 (s, 2H). 3C NMR (125 MHz, CDCls): 5 158.19, 148.7,
136.6, 131.4, 131.2, 130.8, 129.7, 129.4, 129.3, 127.6, 125.7, 125.4, 124.0, 123.5, 123.1,

122.9,122.1,59.4, 48.8, 46.4, 41.0. ESI/APCI [MH"] calcd 470.22, found 471.0.

Synthesis of 2.18°FeSOa. In a dry two-dram vial flushed with nitrogen, 2.18 (40.0 mg,
0.038 mmol) was dissolved in MeOH (1.5 mL). In a separate 2-dram vial FeSO4-7H20
(30 mg, 0.192 mmol) was dissolved in MeOH (1 mL). The two solutions were combined
and sonicated for 5 min before collecting a brown precipitate (21 mg, 90% yield). ESI-
TOF [2.18+Fe(S04)*H20+H]" calcd 643.13, found 643.48. ICP analysis (Fe): 1.64%. The
broadness of the 'H NMR spectrum limited accurate spectral assignments due to the

paramagnetic nature of the complex, and so the peaks are not transcribed here.

-
T o

Synthesis of 1-Azidopyrene 2.19: In a sealed tube equipped with a stir bar 1-

aminopyrene (5.0 g, 20 mmol) was dissolved in 500 uLL H2SO4 and 10 mL hexane. Then
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slowly added at 0 °C NaNO- (400 mg, 22 mmol) followed by sodium azide (300 mg, 20
mmol). After mixing for 2 h 0 °C, the reaction mixture was mixed at ambient temperature
for 16 h. The mixture was acidified with 1 mL 1M HCI and extracted with
dichloromethane. The organic layer was separated, dried with Na>SOs, filtered and the
solvent removed under reduced pressure to Yyield 1-Azidopyrene 2.19 as dark
orange/black oil (2.5g, 50% yield). CAUTION: organic azides are explosive, and should
be handled carefully. 'H NMR (400 MHz, CDCls): & 8.06 8.20 (6H, m), 8.24 8.29 (3H,
m). *C NMR (125 MHz, CDCls): 112.0, 118.9, 121.0, 123.5, 124.3, 124.9, 125.3, 126.5,

126.9, 127.1, 129.4, 130.8, 131.3. Observed spectra consistent with literature values.!

N N

\ l

N./ N/
N

N

N |

Synthesis of Dipicolyl ligand 2.20. In a sealed tube was combined 1-pyrene azide
2.19 (100 mg, 0.44 mmol), N,N-bis(2-pyridylmethyl)-N-propargylamine 2.10 (160 mg,
0.64 mmol), CuSO4-5H.0 (32 mg, 0.13 mmol), sodium ascorbate (42 mg, 0.25 mmol),
BIms co-catalyst (52 mg, 0.13 mmol), and 10 mL of 4:1 DMSO:HO. The reaction
mixture was stirred for 24 h at 110 °C before removing the solvent and redissolving in
dichloromethane (20 mL) and adding an aqueous solution of Na2EDTA (15 mL). This
mixture was stirred for 1 h to remove any bound copper from the ligand. The organic

layer was separated, dried with Na,SOg, filtered and the solvent removed under reduced
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pressure to yield 2.18 as a brown solid (90 mg, 53 %). *H NMR (400 MHz, CDCls): &
8.54 (d, J = 4.9 Hz, 2H), 8.33 — 7.73 (m, 12H), 7.73 — 7.58 (m, 2H), 7.36 (d, J = 8.1 Hz,
1H), 7.15 (t, J = 6.2 Hz, 2H), 3.99 (s, 4H), 2.59 (s, 2H), 1.24 (s, 2H).

Synthesis of 2.20°FeSOa. In a dry two-dram vial flushed with nitrogen, 2.20 (40.0 mg,
0.038 mmol) was dissolved in MeOH (1.5 mL). In a separate 2-dram vial FeSO4-7H20
(30 mg, 0.192 mmol) was dissolved in MeOH (1 mL). The two solutions were combined
and sonicated for 5 min before collecting a brown precipitate 82% yield. The broadness
of the *H NMR spectrum limited accurate spectral assignments due to the paramagnetic

nature of the complex, and so the peaks are not transcribed here.

Br
2.21 Br

Synthesis of 9.10-bis(chloromethyl)anthracene 2.21: In a 10 ml round bottom flask
equipped with a stir bar was combined anthracene (0.95 g, 5.31 mmol, 1 equiv) and
paraformaldehyde (55.0 mmol, 10 equiv) in 10 mL hydrogen bromide solution in acetic
acid (30% CAUTION: hydrogen bromide gas is toxic) and stir for 20 min. Next, ZnBr
(1.97 g, 8.75 mmol) was slowly added drop wise to the reaction mixture over a period of
1 h yielding a dark yellow solution. The reaction mixture was stirred and heated to 90 °C
for 72 h as turned dark green. The mixture was cooled, filtered, washed with water, and

then dried. Recrystallization from dioxane furnished pure 9,10-bis(bromomethyl)-
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anthracene 2.21. Yield 653 mg (34%). *H NMR (400 MHz, CDCls): & 8.56-8.54 (m, 4H),

7.78-7.75 (m, 4H), 5.78 (s, 4H). Observed spectra consistent with literature values.?

Synthesis of Dipicolyl ligand 2.22. In a sealed tube was combined 1-pyrene azide
2.19 (100 mg, 0.44 mmol), N,N-bis(2-pyridylmethyl)-N-propargylamine 2.10 (160 mg,
0.64 mmol), CuSO4-5H.0 (32 mg, 0.13 mmol), sodium ascorbate (42 mg, 0.25 mmol),
BIms co-catalyst (52 mg, 0.13 mmol), and 10 mL of 4:1 DMSO:H20. The reaction
mixture was stirred for 24 h at 110 °C before removing the solvent and redissolving in
dichloromethane (20 mL) and adding an aqueous solution of Na;EDTA (15 mL). This
mixture was stirred for 1 h to remove any bound copper from the ligand. The organic
layer was separated, dried with Na>SOg, filtered and the solvent removed under reduced
pressure to yield 2.18 as a brown solid (90 mg, 53 %). *H NMR (400 MHz, CDCls): &
8.54 (d, J = 4.9 Hz, 2H), 8.33 — 7.73 (m, 12H), 7.73 — 7.58 (m, 2H), 7.36 (d, J = 8.1 Hz,

1H), 7.15 (t, J = 6.2 Hz, 2H), 3.99 (s, 4H), 2.59 (s, 2H), 1.24 (s, 2H).
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Synthesis of 2.22¢FeSOa. In a dry two-dram vial flushed with nitrogen, 2.22 (80.0 mg,
0.133 mmol) was dissolved in MeOH (1.5 mL). In a separate 2-dram vial FeSO4-7H20
(70 mg, 0.448 mmol) was dissolved in MeOH (1 mL). The two solutions were combined
and sonicated for 5 min before collecting a brown precipitate (107 mg, 95% vyield). The
broadness of the 'H NMR spectrum limited accurate spectral assignments due to the

paramagnetic nature of the complex, and so the peaks are not transcribed here.

6.3. Chapter 3 Experimental

1.24 Resorcinarene
1.24a: R1 = C11H23

Synthesis of Resorcinarene Cii-cavitand 1.24a: To a 500 mL round bottom flask
equipped with a stir bar was added resorcinol (20 g, 180 mmol) and dodecanal (12.2 mL,
792 mmol) in ethanol (120 mL) with concentrated hydrochloride acid (30 mL). Mixture
was stir at 80 °C for 96 h. Reaction was quickly poured into 200 mL of H20O then filter
with vacuum filtration. Product was then suspended in H.O and refiltered. For

purification, the product was recrystallized in hot acetone to yield 18.5 g, 73% vyield. H
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NMR: (400 MHz, CDCls): § 9.62-9.29 (m, 8 H), 7.19 (s, 4 H), 6.09 (s, 4 H), 4.29 (t, 4 H,
J=15.2Hz), 2.21, 1.38 and 1.26 (m, 80 H), and 0.87 (t, 12 H, J=13.2); 3C NMR (400
MHz, CDCls): & 150.1, 149.8, 124.5, 123.5, 102.6, 102.4, 33.6, 33.4, 32.2, 30.2, 30.1,

30.0, 29.7, 28.4, 23.1, 14.6. Observed spectra consistent with literature values.*®

Br
o
1

Synthesis of 4-iodo-a,a-dibromotoluene 6.3.1: an oven dried 250 mL round bottom
flask equipped with a stir bar was mixed 4-iodobenzaldehyde (3.35 g, 14.4 mmol), boron
tribromide (1.51 mL, 15.9 mmol) in anhydrous methylene chloride (70 mL). The reaction
mixture was stirred at room temperature for 24 h. the reaction was then quenched by
water (70 mL) slowly. The precipitate was filtered off and discarded. The filtrate solution
was collected and extracted with 50 mL of methylene chloride three times. The organic
layers were dried and concentrated in vacuo, leaving 4.75 g (88 %) pure product as a
white powder. *H NMR (300 MHz, D-0) § 7.72 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz,

2H), 6.58 (s, 1H). Observed spectra consistent with literature values.'*

212



R1 I:{1 R1
R4 =Cy1Hz3

Synthesis of lodo cavitand 3.1: To a 100 mL round bottom flask equipped with a stir
bar was added 1.14 (1.00 g, 0.900 mmol) in DMA (50 mL, degassed), slowly the 4-
iodobenzalbromide 6.3.1 (1.49 g, 3.98 mmol), and DBU (1.08 mL, 7.24 mmol) were
added. The reaction mixture was stirred under nitrogen at 60 °C for 48 h. The reaction
was then cooled to room temperature and poured in 100 mL of water, causing the product
was precipitate as a brown clay like on the sides of the beaker. The water was filtered off,
and the remaining solid was purified by column chromatography using DCM as elution
solvent. The product-containing fractions were concentrated in vacuo, leaving product
(0.453 g, 30 %) as a white solid. *H NMR (300 MHz, CDCls): § 7.78 (d, J = 8.3 Hz, 8 H),
7.41 (d, J = 8.3 Hz, 8H), 7.25 (s, 4H), 6.62 (s, 4H), 5.38 (s, 4H), 4.91 (t, J = 7.8 Hz, 4H),
2.31 (g, J = 6.3 Hz, 8H), 1.45 (m, 8H), 1.28 (br s, 64 H), 0.90 (t, J = 6.0 Hz, 12H). 13C
NMR (100 MHz, CDCls): 6 154.4, 139.2, 138.3, 137.8, 128.4, 121.2, 116.7, 107.1, 95.4,

36.7,32.2,29.9, 28.2, 22.9, 14.4.
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Synthesis of Tetraacetylene cavitand 3.2: To a sealed tube equipped with a stir bar
was added 3.1 (119 mg, 0.061 mmol), Pd(PPh3).Cl> (9 mg, 0.012 mmol), Cul (5 mg,
0.024 mmol), diethylamine (2 mL), and trimethylsilylacetylene (0.190 mL, 1.33 mmol).
The reaction mixture was refluxed at 60 °C for 24 h and then cooled to room temperature.
Mixture of water and hexanes (1:1) were added to the reaction mixture, and the product
was extracted into hexanes 3X. The combined organic layers were rinsed with 10 % ag.
HCI (20 mL) and water (20 mL). The organic layers were dried and concentrated in
vacuo, leaving the crude product. The crude product was triturated in methanol, and the
TMS-protected product was collected by vacuum filtration as a white solid (0.062 g). The
TMS-protected product was dissolved THF (2 mL) with tetrabutylammonium fluoride
(10 eq) and stirred at ambient temperature for 16 h. After this time, water and hexanes
were added (10 mL each) and the product was extracted into hexanes. The aqueous layer
was rinsed with hexanes (5 mL) an additional two times, and the combined organic layers
were dried and concentrated in vacuo, leaving product as a white solid (52 mg, 55%). *H
NMR (300 MHz, CDCls): & 7.64 (d, J = 8.4 Hz, 8H), 7.57 (d, J = 8.4 Hz, 8H), 7.26 (s,
4H), 6.66 (s, 4H), 5.45 (s, 4H), 4.93 (t, J = 7.8 Hz, 4H), 2.33 (m, 8H), 1.46 (m, 8H), 1.28

(br, 64 H), 0.89 (t, 12H). 3C NMR (100 MHz, CDCls): & 154.5, 139.2, 132.4, 126.5,
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123.1, 121.1, 116.8, 107.3, 83.3, 78.2, 59.0, 36.7, 32.1, 29.9, 28.2, 22.9, 14.3.

6.3.1 Example of Failed Donor Cavitand Synthesis

[ CN NH
[ ; /< (EtO);POCH,CN NJ Mg, MeOH J HCIL EtOH OEt
H  NaH, THF, 90% <\.|<| 30% Dloxane ﬁ
532 6.3.3 N 6.3.4 N 6.3.5

Synthesis of 3-(1-methyl-1H-imidazol-2-yl)acrylonitrile 6.3.2: NaH (25 mmol, 60 %,
1.0 g) was added to a dry 100 mL round-bottomed flask equipped with septum and
magnetic stirrer, and the flask placed under an argon atmosphere. Dry THF (50 mL) was
added via syringe and the solution cooled to 0 °C. Diethyl cyanomethyl phosphonate
(12.33 mmol, 2.22 g, 1.97 mL) was added via syringe over a period of 10 min and the
slurry stirred for 1h. 1-Methyl-2-imidazolecarboxaldehyde 6.3.2 (1.37g, 12.33 mmol) in
dry THF (5 mL) was added dropwise via syringe and the mixture allowed to warm slowly
to ambient temperature. After 5 h, the excess NaH was quenched by cooling to 0 °C and
dropwise addition of MeOH (5 mL) and water (10 mL). The mixture was diluted with
ether (200 mL) and poured into a separatory funnel. The organic layer was removed and
the aqueous layer extracted with ether (3 x 30 mL). The combined organic extracts were
washed with water (10 mL) and saturated brine (10 mL). The solution was dried
(MgSOQOsy), filtered, and the solvent removed by rotary evaporation to yield a brown solid,
which was purified by column chromatography (SiO2; CH2Cl./MeOH 99:1) to yield
nitrile 6.3.3 (1.28g, 78 %) as a white solid, Rf 0.5 (CH2Clo/MeOH 20:1). *H NMR (600
MHz, CDCls) § 3.72 (s, 3H); 6.31 (d, J = 12 Hz, 1H); 6.99 (br s, 1H); 7.13 (br s, 1H);

7.17 (d, J = 12 Hz, 1H), ESIMS m/z: calcd for C7H7N3, 133; found M+H" 134.
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Synthesis of 3-(1-methyl-1H-imidazol-2-yl)propanenitrile 6.3.4: Magnesium turnings
(1.5 g) were added to a 100 mL round-bottomed flask containing a cooled (0 °C) solution
of nitrile 6.3.3 (170 mg, 1.28 mmol) in dry MeOH (15 mL) and the reaction allowed to
warm slowly to ambient temperature. After 16 h stirring, the reaction was cooled to 0 °C
and the excess Mg quenched by slow, dropwise addition of 6 N HCI (40 mL) with rapid
stirring over a period of 1 h. The solution was neutralized with NaOH and NaHCO3 to pH
~8. CH2Cl> (100 mL) was added and the mixture poured into a separatory funnel. The
organic layer was removed and the aqueous layer extracted with CH2Cl> (3 x 20 mL). The
combined organic extracts were washed with water (20 mL) and saturated brine (20 mL).
The solution was dried (MgSOQa.), filtered, and the solvent removed by rotary evaporation
to yield a brown oil, which was purified by column chromatography (SiOg;
CH2Cl2/MeOH 99:1) to yield nitrile 6.3.4 (135 mg, 80 %) as a white solid, R 0.5
(CHAClz/MeOH 20:1). *H NMR (600 MHz, CDCl3) § 2.87 (d, J = 7.2 Hz, 2H); 3.00 (d, J
= 7.2 Hz, 2H); 3.61 (s, 3H); 6.83 (br s, 1H); 6.95 (br s, 1H), ESIMS m/z: calcd for

C7HgNs3, 135; found M+H™ 136.

/ NH
N - xHCI
[ ,)—/_< OEt
N
Synthesis of ethyl-3-(1-methyl-imidazol-2-yl)propanimidate hydrochloride 6.3.5: To

a flame-dried 2-necked flask equipped with stirrer and septum under argon atmosphere
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was added nitrile 6.3.4 (100 pL), anhydrous ethanol (200 pL, Aldrich, dried with 4A
molecular sieves) and 4 N HCI in dioxane (3 mL, Aldrich, anhydrous) at 0 °C. The flask
was sealed and stirred at ambient temperature for 12 h. The solvent was removed in
vacuo and the product immediately used in the next step. *H NMR (600 MHz, DMSO-ds)
8 1.17 (t, 3 = 7.2 Hz, 3H); 2.93 (t, J = 7.2 Hz, 2H); 3.15 (t, J = 7.2 Hz, 2H); 3.80 (s, 3H);

4.06 (9, J = 7.2 Hz, 2H); 7.56 (d, J = 4 Hz, 1H); 7.60 (d, J = 4 Hz, 1H).

/ NH / 0
N>_/—€ « xHClI  moisture N
[ / OEt » [ p OEt
N N

ester CH, imidate CH, [ \

7.5 7 6.5 6 5.5 5 45 4 35 3 25 2 15 1 0.5
f1 (ppm)

Figure 6.1. Decomposition of imidate (*H NMR spectrum, 600 MHz, DMSO-dg).
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Figure 6.2. Mass spectrum (MALDI-TOF) of the products obtained upon attempted

synthesis of symmetrical 4-walled cavitand 6.3.6.

F NO,

Synthesis of 1,2-Difluoro-4,5-dinitrobenzene: (CAUTION: reaction conditions can
cause explosion if heated too rapidly). A 2 L three-necked round bottom flask equipped
with a reflux condenser, a large magnetic stir bar, containing 70 mL of fuming HNO3z was

placed in an ice bath (0 °C). Using an additional funnel, careful addition of 50 mL of
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H>S04 (95%) slowly over 1 h followed by the slow addition of 3,4-difluoro-nitrobenzene
(25 g) over 20 min. The resulting mixture was stirred at room temperature for another 1
h. The flask was then placed in a sand bath and slowly heated to 65 °C over a period of 4
h (increments of 3 °C/15min). The reaction mixture was then stirred at 65 °C for 72 h.
The flask was subsequently cooled to room temperature, and the content was poured
SLOWLY with constant stirring over 500 mL of crushed ice resulting in the evolution of
nitric oxides gas (toxic). The light blue needle-like solid product was then collected by
vacuum filtration and washed with 500 mL of distilled water. The crude powder was
recrystallized in hot EtOH, pure product then thoroughly dried under vacuum (12 h at
room temperature) to yield 13.5 g of 1,2-difluoro-4,5-dinitrobenzene. *H NMR (400

MHz, CDCls): § =9.18 (2H, t, J = 7.5 Hz).

NO.
BN ON, NOJZ

Q

1.27 Octamtro Cawtands
R1=CyqH23

Synthesis of Cii-Octanitro Octanitro Cavitand 1.27: Following a previously
reported procedure.®® Undecyl-footed resorcinarene® (1.29 g, 1.16 mmol) was dissolved
in 25 mL dimethylformamide before being treated with triethylamine (1.62 mL, 11.6

mmol). To this reaction mixture was added 4,5-difluoro-1,2-dinitrobenzene (1.0 g, 4.90
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mmol). The reaction mixture was stirred at 65 °C for 18 h before being cooled to room
temperature and poured into 200 mL water. The yellow precipitate was collected by
vacuum filtration and purified by flash chromatography using 3:1 CH2Clz/hexanes as the
eluent. A light yellow solid was isolated (1.0 g, 49 % yield). *H NMR (300 MHz,
DMSO-dg): & 8.81 (s, 8H), 8.22 (s, 4H), 7.79 (s, 4H), 5.52 (t, J = 7.9 Hz, 4H), 2.36 (g, J =
6.6 Hz, 8H), 1.40-1.22 (m, 72H), 0.84 (t, J = 6.3 Hz, 12H).

NH
BN HNyH, NH, NH,

R1 R R1 R1
1.28 Octaamine Cavitands
Rq=C14Hz3

Synthesis of Ci1 Octaamine Cavitand 1.28: Following a previously reported
procedure:!” To a suspension of octanitro cavitand (400 mg, 0.227 mmol) in ethanol (11.4
mL) and concentrated HCI (2.9 mL) was added SnCl.+2H>0 (3.28 g, 14.54 mmol). The
reaction mixture was stirred at 65 °C for 18 h before cooling to room temperature and
adding ca. 10 mL H20. An off-white precipitate was collected upon vacuum filtration.
The precipitate was dried under vacuum and used without further purification. *H NMR
(300 MHz, DMSO-ds): & 7.66 (s, 4H), 7.17 (s, 4H), 7.11 (s, 8H), 5.49 (t, J = 8.0 Hz, 4H),

2.36-2.17 (m, 8H), 1.46-1.13 (m, 72H), 0.85 (t, J = 6.3 Hz, 12H)
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R4 Ri Ry
3.4 Thiobenzamidazole Cavitands
3.4: Ry = CqyHys

Synthesis of Thiobenzamidazole Cavitands 3.4: Following a previously reported
procedure.®® To a 50 mL round bottom flask equipped with a stir bar was added
octaamine cavitand (500 mg, 0.50 mmol) and degassed carbon disulfite (0.15 mL, 2.16
mmol) with potassium hydroxide (120 mg, 2.16 mmol) in a mixture of 1:2 Ethanol:Water
(30 mL). Reaction was heated over 18 h at 80 °C before cooling to room temperature.
After cooling 5 mL of water and 10 mL acetic acid was added slowly and sonicated.
Light orange precipitate was collected upon vacuum filtration (290 mg, 34 % yield) and
used without further purification. *H NMR (400 MHz, DMSO-ds at 350 K) § 11.8 (brs, 8
H, NH), 7.51 (s, 4 H, arom), 7.5 (s, 4 H, arom), 7.35 (s, 8 H, arom) 5.38 (t, 4 H, J= 7.5
Hz, CH-methine), 2.25 (m, 8 H, alkyl), 1.20 (m, 72H, alkyl), 0.83 (t, 12 H, J= 7.5 Hz,

CH3), *C NMR (125 MHz, DMSO-ds at 350 K) & 169.8, 154.5, 146.9, 133.8, 129.1,

124.4,115.4, 104, 30.8, 28.7, 28.6, 28.5, 28.3, 21.6, 13.3.

Synthesis of Methanol-triazolpyridine 6.3.7: 2-azidopyridine (500 mg, 4.16 mmol),
propargyl alcohol (0.72 mL, 12.48 mmol), CuSO45H.O (103 mg, 0.412 mmol), L-
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sodium ascorbate (225 mg, 1.13 mmol), and BImz (171 mg, 0.412 mmol) were combined
in a 1:1 mixture of 'BuOH and water. The reaction mixture was stirred for 18 h at 80 °C
before removing the solvent and dissolving in CH2Cl> and washing with an aqueous
solution of Na;EDTA to remove any copper present. The organic layer was dried with
NaSOq, filtered and the solvent was removed to yield a tan solid (76 %). *H NMR (300
MHz, DMSO-ds): & 8.64 (s, 1H), 8.57 (dt, J = 4.9, 1.3 Hz, 1H), 8.13 — 8.03 (m, 2H), 7.66
—7.43 (m, 1H), 5.34 (t, J = 5.7 Hz, 1H), 4.63 (d, J = 5.8 Hz, 2H). 3C NMR (75 MHz,
DMSO-ds): & 149.1, 148.9, 148.6, 140.0, 124.1, 119.6, 113.6, 54.9. ESI MH* m/z

expected 177.0771, found 177.0779.

N:N‘ N=—
BrWN‘Q

Synthesis of Bromomethyl-triazolylpyridine 3.6: Methanol-triazolylpyridine 6.3.7
(176 mg, 1.0 mmol) was suspended in 7 mL CH2Cl. before adding PBrs (103 uL, 1.1
mmol). The reaction mixture was stirred for 2 h before removing solvent and adding
water and sonicating to crash out the product. Beige solid was collected by vacuum
filtration (85 %). 'H NMR (300 MHz, CDCl3) & 8.62 (s, J = 33.8 Hz, 37H), 8.51 (s, 1H),
8.19 (d, J = 7.9 Hz, 36H), 7.99 — 7.86 (m, 40H), 7.37 (dd, J = 7.1, 5.1 Hz, 38H), 4.66 (s,
85H). 3C NMR (100 MHz, CDCls): & 149.0, 148.7, 145.1, 139.3, 123.9, 120.4, 113.9,

21.5. ESI MH™ m/z expected 238.9927, found 239.0032.
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3.5a: R1 C11H23 Rz = H/\K\N-O

Synthesis of the Functionalized Thiobenzimidazole 3.5a: In 50 mL round bottom
flask equipped with a stir bar was added thiobenzamidazole cavitands 3.4 (936 mg, 0.55
mmol) and 2 mL of DBU in 100 mL of THF. Reaction was stir at room temperature for 5
min followed by the addition of bromide substrates bromomethyl-triazolpyridine 3.6
(1.05 g, 4.43 mmol) slowly to the mixture. After complete addition, the reaction was
heated to 80 C over 24 h. THF was removed by rotary evaporation and precipitate was
suspended in ethyl acetate for purification. A tan colored precipitated was collected upon
vacuum filtration (93% yield). *H NMR (400 MHz, CDCls and 5% DMSO-ds at 350 K) &
8.61 (s, 8H), 8.39 (d, J = 5.0 Hz, 4H), 7.98 (d, J = 8.5 Hz, 4H), 7.91 — 7.76 (t, J = 8.1 Hz,
4H), 7.73 (s, 8H), 7.56 (s, 4H), 7.19 (s, 4H), 5.73 (t, J = 8.1 Hz, 4H) 2.25 (m, 8 H), 1.20
(m, 72H), 0.83 (t, 12 H, J= 7.5 Hz). 3C NMR (125 MHz, CDCl3 and 5% DMSO-ds at
350 K) 6 190.5, 166.3, 156.2, 148.9, 139.3, 135.8, 120.7, 113.8, 77.7, 77.4, 77.0, 54.7,

48.9, 38.2, 32.6, 32.1, 29.9, 29.6, 29.1, 28.3, 26.9, 24.1, 22.9, 19.6, 14.3.
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Synthesis of Ethyl-2,2-diethoxyethanimidate: Sodium metal (92 mg, 4.0 mmol) was
dissolved in 4 mL anhydrous ethanol before adding diethoxyacetonitrile (556 pL, 4.0
mmol). The reaction mixture was stirred at room temperature overnight before removing
the solvent, diluting in CH2Cl,, and washing with water. The aqueous layer was extracted
3 times with CH2Cl, and the combined organic layers were dried with Na>SOg, filtered
and the solvent was removed under reduced pressure to yield 252 mg of a clear oil (36
%). 'H NMR (400 MHz, CDCls): & 7.84 (s, 1H), 4.77 (s, 1H), 4.22 (q, J = 7.1 Hz, 2H),
3.84-3.33 (m, 4H), 1.32 (t, J = 7.1 Hz, 3H), 1.23 (t, J = 7.0 Hz, 6H). 3C NMR (100 MHz,
CDCl3): 6 168.2, 96.4, 62.0, 61.8, 15.2, 14.3. ESI MH" m/z expected 176.2329, found

176.1298.

R4
3.7 Octaethylacetal Cavutands
Ry =CqHa3

Synthesis of Cii-Octaethylacetal Cavitands 3.7: Following a previously reported
procedure:® Octamine cavitand 1.8a (175 mg, 0.104 mmol) and ethyl-2,2-
diethoxyethanimidate (148 mg, 8.4 mmol) were combined in 3 mL anhydrous ethanol

before adding trifluoroacetic acid (151 pL, 1.96 mmol). The reaction mixture was stirred
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at 70 °C for 18 h before cooling to 0 °C and collecting precipitate by vacuum filtration
and washed with hexanes to remove excess imidate. A peach precipitate was obtained
(158 mg, 77 % yield). *H NMR (400 MHz, CDCls): & 7.94 (s, 8H), 7.47 (s, 4H), 7.20 (s,
4H), 5.71 (t, J = 8.0 Hz, 4H), 5.67 (s, 4H), 3.78-3.46 (m, 16H), 2.22 (g, J = 5.7 Hz, 8H),
1.56-1.07 (m, 96H), 0.89 (t, J = 6.6 Hz, 12H). 13C NMR (100 MHz, CDCls): 5 155.6,
151.9, 150.3, 135.7, 130.3, 123.8, 116.4, 110.1, 94.8, 63.1, 33.5, 32.4, 32.1, 29.9, 29.6,

28.2,22.9,15.1,14.3.

|\
N/l\
e
0

Synthesis of 2,2°-Bipyridine-N-oxide: Following a previously reported procedure.®
2,2’-bipyridine (1g, 6.4 mmol) was dissolved in trifluoroacetic acid (4.9 mL, 64.0 mmol)
before adding H202 (30 % in H2O, 1.1 mL, 9.6 mmol). The reaction mixture was stirred
for 2 h before neutralizing with 6 M NaOH and extracting with CHCIz (4 x 10 mL). The
combined organic layers were washed with brine, dried with Na>SOs, filtered and the
solvent was removed under reduced pressure. The crude product was placed under
vacuum to obtain 716 mg of a white solid (65 %). *H NMR (400 MHz, CDClI3) & 8.90 (dt,
J=8.1,1.0 Hz, 1H), 8.73 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.32 (dd, J = 6.5, 1.1 Hz, 1H),
8.19 (dd, J = 8.0, 2.1 Hz, 1H), 7.84 (td, J = 7.8, 1.8 Hz, 1H), 7.42 — 7.33 (m, 2H), 7.28

(dt, J = 4.9, 2.9 Hz, 1H).
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NH,
Synthesis of 6-Amino-2,2’-bipyridine: Following a previously reported procedure.?
2,2'-bipyridine-N-oxide (710 mg, 4.12 mmol) was dissolved in toluene (40 mL). The
reaction mixture was cooled to 0 °C before adding '‘BuNH: (2.28 mL, 21.9 mmol)
followed by p-toluenesulfonyl chloride (1.81 g, 9.48 mmol). The reaction mixture was
stirred for 24 h before adding 40 mL trifluoroacetic acid and heating to 70 °C. Stirring
was continued at 70 °C for 24 h before removing the solvent and diluting with CH2Cl,
and quenching with saturated aqueous NaHCOs until pH of 8-9 was reached. The
aqueous layer was extracted with CH2Cl, (5 x 15 mL). The combined organic layers were
washed with brine, dried with Na>SOg, filtered and the solvent was removed to yield a
red precipitate. The crude product was dissolved in methyl-tert-butylether and decanting
off solution leaving behind the solid. HCI solution (2 M in Et.O, 4 mL, 8 mmol) was
added to the solution and the precipitate was collected and washed with methyl-tert-
butylether. The precipitate was dissolved in CH.Cl, and washed with saturated aqueous
NaHCO3 solution. The aqueous layer was extracted with CH2Cl> (4 x 15 mL) and the
combined organic layers were dried with Na2SOg, filtered and the solvent was removed
yielding a red precipitate. The product was purified by silica gel flash chromatography
eluting with CH,Cl, followed by 1 % MeOH in CH.Cl.. A light brown solid was
obtained (173 mg, 25 %). *H NMR (400 MHz, CDCls): & 8.66 (ddd, J = 4.8, 1.7, 0.9 Hz,

1H), 8.27 (dt, J = 8.1, 1.0 Hz, 1H), 7.78 (td, J = 7.8, 1.8 Hz, 1H), 7.71 (dd, J = 7.4, 0.5
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Hz, 1H), 7.58 (dd, J = 9.7, 5.9 Hz, 1H), 7.27 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H), 6.56 (dd, J =

8.2, 0.5 Hz, 1H), 4.66 (s, 2H).

General Procedure 6.3.8: Synthesis of aryl-imine cavitands

3.7 (1 eq.), aryl amine (6 eq.), and La(OTf)s (40 mol %) were combined in toluene. The
reaction mixture was stirred for 18 h at 110 °C before removing the solvent under reduced
pressure and sonicating in ether to remove excess arylamine. Pure product was collected

upon vacuum filtration.

General Procedure 6.3.9: Synthesis of alkyl-imine cavitands via transimination:

Aryl-imine cavitand (1 eq.) and alkylamine (5 eq.) were combined in CHCl, (1 mL) and
stirred for 2 min before removing the solvent under reduced pressure. The crude
precipitate was sonicated in diethyl ether to remove excess alkylamine and the byproduct,
2-aminopyridine or 6-amino-2,2'-bipyridine. Pure product was collected upon vacuum

filtration.
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3.9: R1= C11H23,
R' = 6-(2,2"bipyridine) (86%)

Synthesis of 6-(2,2’-bipyridine) Cavitand 3.9: Following general procedure 6.3.8:
Tetradiethoxy acetal cavitand 3.7 (122 mg, 0.062 mmol), 6-amino-2,2’-bipyridine (64
mg, 0.371 mmol) and La(OTf)s (11 mg, 0.025 mmol) were combined in a 20 mL high
pressure vessel and stirred for 18 h. A red orange precipitate was obtained (122 mg, 86 %
yield). 'H NMR (400 MHz, CDCl3 and 5% DMSO-de): & 8.63 (d, J = 4.4 Hz, 4H), 8.09
(d, J = 8.0 Hz, 4H), 7.98 (s, 4H), 7.79 (t, J = 7.7 Hz, 4H), 7.72 — 7.63 (m, 4H), 7.46 (s,
4H), 7.38-7.32 (m, 8H), 7.16 (s, 4H), 6.98 (d, J = 8.7 Hz, 4H), 5.60 (t, J = 7.4 Hz, 4H),
2.19 (g, J =5.4 Hz, 8H), 1.36-1.16 (m, 72H), 0.80 (t, J = 7.0 Hz, 12H). 3C NMR (125
MHz, CDCIz and 5% DMSO-ds): 6 156.4, 155.9, 150.9, 150.2, 149.5, 147.2, 141.8,
137.5, 136.5, 135.5, 124.9, 123.6, 122.1, 120.9, 117.1, 112.6, 110.0, 33.6, 32.6, 32.2,
30.0, 29.6, 28.4, 22.9, 14.3. MS (MALDI) m/z 2286.1 (MH)", expected m/z 2286.18
(MH)*. ATR FT-IR: 2923.1, 2853.0, 1661.7, 1605.3, 1485.9, 1429.5, 1455.9, 1402.5,

1330.0, 1270.4, 1028.7, 993.8, 887.5, 810.3, 774.8, 661.4.
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3.8: R'=2-pyridine
3.8a: Ry= CyyHy3 (77%)
Synthesis of Pyridine Cavitand 3.8: Following general procedure 6.3.8: Diethoxy acetal
cavitand 3.7 (150 mg, 0.076 mmol), 2-aminopyridine (43 mg, 0.457 mmol) and La(OTf)s
(13 mg, 0.030 mmol). A red orange precipitate was obtained (116 mg, 77 % yield). H
NMR (400 MHz, CDClzand 5 % DMSO-ds): & 7.66 (d, 4H), 7.60 (br t, 8H), 6.87 (d, J =
8.9 Hz, 4H), 6.61 (t, J = 5.6 Hz, 4H), 5.56 (br s, 4H), 2.16 (br s, 8H), 1.43-1.13 (m, 72H),
0.81 (br 12H). 3C NMR (125 MHz, CDCl3 and 5 % DMSO-ds): 5 207.2, 156.1, 152.3,
149.7, 148.9, 137.1, 135.6, 123.5, 117.1, 53.6, 43.2, 32.2, 31.1, 30.0, 29.7, 28.41, 22.93,
14.3. MS (ESI) m/z 1971 (MH)*, expected m/z 1979.0 (MH)* ATR FT-IR: 2924.6,

1662.7, 1457.2, 1158.8, 1927.5, 885.1, 722.5, 661.1.
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3.10: R-]: C11H23,
R'= p-C6H4002H (TOOA))

Synthesis of Carboxyphenyl Cavitand 3.10: Following general procedure 6.3.8:
Tetradiethoxy acetal cavitand 3.7 (50 mg, 0.025 mmol), p-aminobenzoic acid (26 mg,
0.20 mmol) and La(OTf)3 (6 mg, 0.010 mmol) were combined in a 1 mL toluene in a 10
mL high pressure vessel and stirred for 18 h. A red orange precipitate was obtained (38
mg, 70 % yield). 'H NMR (300 MHz, CDClz and 5 % DMSO-ds): & 8.10 (t, J = 7.7 Hz,
4H), 7.84 (d, J = 7.7 Hz, 8H), 7.46 (s, 4H), 7.24 (s, 4H), 6.61 (d, J = 6.9 Hz, 8H), 5.73 (t,
J=8.3 Hz, 4H), 2.26 (g, J = 6.9 Hz, 8H), 1.44-1.10 (m, 72H), 0.87 (t, J = 6.9 Hz, 12H).
13C NMR (125 MHz, CDCl; and 5 % DMSO-ds) & 168.9, 155.4, 151.3, 135.5, 131.6,
123.8, 121.6, 119.4, 113.4, 96.3, 67.8, 66.9, 33.3, 31.8, 29.6, 29.6, 29.2, 28.0, 25.5, 22.5,

14.9, 14.0. MS (ESI) m/z 2148 (MH)*, expected m/z 2150 (MH)".
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Synthesis of Alkyl Pyridine Cavitand 3.11: Following general procedure 6.3.9: Tetra-
bipyridyl Cavitand 3.9, (135 mg, 0.059 mmol), 2-picolylamine (30 pL, 0.35 mmol) and 3
mL CH2Cl.. Obtained 86 mg precipitate (73 % yield). *H NMR (600 MHz, CDClz and 5
% DMSO-de): & 8.44 (br s, 4H), 7.99-7.58 (br, 12H), 7.26-7.12 (m, 20H), 5.70 (br, 4H),
4.02 (s, 8H), 2.24 (br, 8H), 1.46-1.20 (m, 72H), 0.82 (t, J = 6.3 Hz, 12H). 3C NMR (150

MHz, CDCI, and 5 % DMSO-de) & 152.3, 151.0, 144.2, 132.1, 130.7, 117.9, 117.2,

111.9, 108.2, 103.9, 35.7, 35.6, 35.4, 35.3, 35.1, 35.0, 28.8, 27.1, 25.0, 24.6, 23.5, 17.9,

10.5, 9.5. MS (ESI) m/z 2033 (MH)*, expected m/z 2034 (MH)".
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Synthesis of N,N-dimethylethyleneimine Cavitand 3.12: Following general procedure
6.3.9: Tetra-bipyridyl cavitand 3.9 (20 mg, 0.0087 mmol), N,N-dimethylethylenediamine
(5 uL, 0.044 mmol) and 1 mL CH2Cl,, Obtained 12 mg precipitate (81 % yield). *H NMR
(500 MHz, CDClz and 5 % DMSO-de): & 7.82 (s, 4H), 7.68 (s, 8H), 7.49 (s, 4H), 7.21 (s,
4H), 557 (t, J = 8.0 Hz, 4H), 2.90 (br s, 8H), 2.68 (br s, 8H), 2.47 (br s, 8H), 2.17 (s,
24H), 1.44-1.18 (m, 72H), 0.77 (t, J = 5.9 Hz, 12H). 3C NMR (125 MHz, CDCl3) §
155.8, 149.6, 137.7, 135.0, 123.4, 116.7, 113.4, 108.8, 67.8, 56.1, 53.5, 44.9, 37.0, 33.3,
31.8, 29.6, 29.3, 28.0, 25.5, 22.5, 14.0. MS (MALDI) m/z 2010.3 (MH)*, expected m/z
2011.33 (MH)". ATR FT-IR: 3410.9, 2254.2, 2128.1, 1658.1, 1266.5, 1159.0, 1014.8,

1023.23, 760.9.
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Synthesis of n-butylimine Cavitand 3.13: Following general procedure 6.3.9: 3.9 (50
mg, 0.022 mmol), n-butylamine (11 pL, 0.11 mmol) and 1 mL CH2Cl,. Obtained 20 mg
precipitate (89 % yield). *H NMR (500 MHz, CDClz and 2 % DMSO-ds): § 7.82 (s, 8H),
7.54 (s, 4H), 7.15 (s. 8H), 5.71 (br s, 4H), 3.02 (br s, 8H), 2.22 (br s, 8H), 1.72 (br s, 8H),
1.43-1.20 (m, 80H), 0.88 (m, 24H). 3C NMR (125 MHz, CDCl3 2 % DMSO-ds) & 159.5,
155.6, 147.8, 137.3, 135.1, 124.4, 116.6, 112.7, 108.5, 40.6, 40.4, 40.3, 40.1, 33.5, 31.8,
30.2, 29.8, 29.6, 29.3, 28.2, 22.6, 19.7, 14.2, 14.0, 13.7. MS (ESI) m/z 1893 (MH)",
expected m/z 1895 (MH)*.

6.4. Chapter 4 Experimental.

1.24 Resorcinarene
b: R= CH20H3

Synthesis of Resorcinarene Cz-cavitand 1.24b: To a 500 mL round bottom flask
equipped with a stir bar was added resorcinol (25 g, 237 mmol) and DMF (18 mL, 1 mol)

in ethanol (200 mL) with concentrated hydrochloride acid (50 mL). Mixture was stir at
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70 °C for 96 hours under nitrogen atmospheres. Reaction was quickly poured into 200
mL of HO then filter with vacuum filtration. Product was then suspended in H>O and
refiltered. For purification, the product was recrystallized in hot ethanol to yield 18.5 g,

73% yield.?!

Et Et Et
1.27 Octanitro Cavitands

Synthesis of Cz-Octanitro Octanitro Cavitand 1.27: Following a previously
reported procedure.’® Resorcinarene 1.24b (3 g, 5 mmol) was dissolved in 250 mL
dimethylformamide before added 4,5-difluoro-1,2-dinitrobenzene (4.0 g, 2.0 mmol). The
reaction mixture was then treated with triethylamine drop wise (11.2 mL, 80.4 mmol).
The reaction mixture was stirred at 65 °C for 18 h before being cooled to room
temperature and poured into 200 mL 1M HCI. The yellow precipitate was collected by
vacuum filtration and purified by sonication in dichloromethane four times. A light
yellow solid was isolated (1.8 g, 50 % yield). *H NMR (300 MHz, DMSO-dg): & 8.80 (s,
8H), 8.30 (s, 4H), 7.81 (s, 4H), 5.52 (t, J = 7.9 Hz, 4H), 2.36 (g, J = 6.6 Hz, 8H), 0.84 (t,

J=6.3 Hz, 12H).
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1.28 Octaamine Cavitands

Synthesis of C. Octaamine Cavitand 1.28: Following a previously reported
procedure:!” To a suspension of octanitro cavitand 1.27 (300 mg, 0.237 mmol) in ethanol
(21.5 mL) and concentrated HCI (6 mL) was added SnCl,+2H20 (2.56 g, 11.34 mmol).
The reaction mixture was stirred at 65 °C for 18 h before cooling to room temperature
and adding only 6 mL H>O. An off-white precipitate was collected upon vacuum
filtration. The precipitate was dried under vacuum and used without further purification.
IH NMR (300 MHz, DMSO-dg): & 7.66 (s, 4H), 7.17 (s, 4H), 7.11 (s, 8H), 5.49 (t, J = 8.0

Hz, 4H), 2.36-2.17 (m, 8H), 0.85 (t, J = 6.3 Hz, 12H).

Et Et Et Et
4.1 Tetraester Cavitand

Synthesis of Tetraester Cavitand 4.1: Following a previously reported procedure:!’

The cavitand C»-octaamine 1.28 (280 mg, 0.24 mmol) and the imidate (380 mg, 1.95
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mmol) were combined in anhydrous 6 mL EtOH and heated at reflux overnight under N2
atmosphere. The mixture was cooled to room temperature, concentrated with rotary
evaporator, and suspended in 10 mL dichloromethane. The suspension was filtered and
washed with 3 times with DCM. The solid was dried under high vacuum for 48 h to yield
the product as a off white colored solid (147 mg, 43%). *H NMR (THF-ds:D,0 = 2:1,
600 MHz): & 1.36 (t, 12H, J = 7.2 Hz), 1.60 (t, 12H, J = 7.2 Hz), 2.71 (dqr, 8H, J = 8.2,
7.2 Hz), 457 (gr, 8H, J = 7.2 Hz), 6.00 (t, 4H, J = 8.2 Hz), 7.80 (s, 4H), 8.15 (s, 4H),
8.40 (s, 8H). 3C NMR (THF-dg:D20 = 2:1, 150 MHz): & 12.8, 14.1, 25.8, 36.2, 62.7,

67.9,110.0,117.4,124.4,132.0, 136.1, 149.3, 151.4, 156.8, 168.4.

Et Et Et  Et
4.2 tetracarboxylate Cavitand

Synthesis of Tetraester Cavitand 4.2: Following a previously reported procedure:!’
(102 mg, 0.073 mmol) was dissolved in a mixture of THF (9 mL) and water (6 mL), and
NaOH (96 mg, 2.4 mmol) was added as a solid. After the mixture was stirred for 1 h, a
precipitate had formed. Additional water (1 mL) gave a clear solution, and stirring was
continued at room temperature for 73 h. The THF was slowly removed from the solution

by rotary evaporation (100rph, -25BAR) over the course of 1 h, allowing a cohesive
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precipitate to form (faster evaporation gives material that is too fine to allow filtration).
The solid was collected by filtration and dried under high vacuum to give the product as
off white solid (79 mg, 79%). *H NMR (D20, 400 MHz): & 1.17 (t, 12H, J = 7.0 Hz),
2.47 (dqr, 8H, J = 8.2, 7.0 Hz), 3.84 (s, 8H), 5.82 (t, 4H, J = 8.2 Hz), 7.51 (s, 4H), 7.83
(s, 4H), 7.92 (s, 8H). 3C NMR (D20, 125 MHz): § 12.5, 25.6, 35.8, 38.3, 117.3, 123.4,

135.4, 148.7, 154.0, 156.6, 175.4.
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Et Et Et  Et
4.9 2-aminobenzimidazole Cavitands

Synthesis of Aminobenzimidazole Cavitand 4.9: Following a procedure slightly
modified from published methods:??> Octaamine cavitand 1.28 (454 mg, 0.44 mmol) in
EtOH was stirred for 15 min at room temperature under N2 atmosphere. A solution of
cyanogen bromide (300 mg, 2.83 mmol) in EtOH was added drop wise over 15 min. The
reaction mixture was stirred for 24 h at room temperature. The mixture was then cooled
to 0 °C and basified to pH ~9. Solvent was removed by rotatory evaporation. The solid
was redissolved in MeOH and 2 drop of 1M HCI was added, a white precipitate was
formed. The cavitand was obtained as light red solid (232 mg, 45% yield). *H NMR (500
MHz, DMSO-de), &: 12.1 (s, 8H), 8.7 (s, 8H), 7.79 (s, 4H), 7.74 (s, 8H), 7.65 (s, 4H),
5.33 (t, J = 7.8 Hz, 4H), 2.24 (m, 8 H), 0.85 (t, J = 7.2 Hz, 12H); 1*C NMR (125 MHz,
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DMSO-de) o: 155.9, 152.0, 148.7, 135.6, 127.1, 125.3, 117.1, 107.4, 35.7, 25.2, 19.8,
12.4; m.p. > 300 °C (decomp). MALDI-MS: Cg4Hs3N120s™ [M - 4Cl - 3H]": expected:

1117.4104; found: 1117.3110. Data is consistent with previous publication.

EtO
EtOIOEt EtOg | OEt IOEt
’d I A
N“ NH RN HN YN
00 X o! _,!o 0.0
LS

Et Et Et
4.10 Octaethylacetal Cavitands

Synthesis of Cz-Octaethylacetal Cavitands 4.10: Octamine cavitand 1.28 (400 mg,
0.34 mmol) and ethyl-2,2-diethoxyethanimidate (0.44 g, 25.0 mmol) were combined in
10 mL anhydrous ethanol before adding trifluoroacetic acid (34 pL, 1.96 mmol, 20 eq.)
under N2 atmosphere. The reaction mixture was stirred at 70 °C for 18 h before cooling to
-5 °C for 24 h. The precipitate was collected by vacuum filtration and washed with
ethanol to remove excess imidate. A peach precipitate was obtained (292 mg, 57 %
yield). H NMR (400 MHz, CDCls: 5% DMSO-de): & 7.94 (s, 8H), 7.47 (s, 4H), 7.20 (s,
4H), 5.71 (t, J = 8.0 Hz, 4H), 5.67 (s, 4H), 3.78-3.46 (m, 16H), 2.22 (q, J = 5.7 Hz, 8H),
0.89 (t, J = 6.6 Hz, 12H). 3C NMR (100 MHz, CDCls: 5% DMSO-ds): § 155.6, 151.9,

150.3, 135.7, 130.3, 123.8, 116.4, 110.1, 94.8, 63.1, 33.5, 32.4, 32.1, 14.3.
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Synthesis of C2-Pyridine Cavitand 4.11: Following modified general procedure S3.1:
Diethoxy acetal cavitand 4.10 (150 mg, 1 eq. 0.102 mmol), 2-aminopyridine (60 mg, 8.2
ed. 0.82 mmol) and La(OTf)s (13 mg, 40 mol %, 0.041 mmol) were combined in toluene
under N2 atmosphere. The reaction mixture was stirred for 16 h at 110 °C before
collecting the crude product as yellow/orange solid by vacuum filtration. The precipitate
was sonicating in ether to remove excess arylamine. A red orange precipitate was
obtained (85 mg, 80 % yield). *H NMR (400 MHz, DMSO-ds): & 7.87 (d, 4H), 7.62 (br t,
8H), 7.10 (s, 2H), 6.77 (s, 2H), 6.72 (d, J = 8.9 Hz, 2H), 6.64 (t, J = 5.6 Hz, 2H), 5.30 (br
t, 2H), 5.34 (br t, 2H), 2.38 (br s, 4H), 2.28 (br s, 4H), 0.92 (br s, 6H), 0.81 (br s, 6H). 3C
NMR (125 MHz, DMSO-dg): 6 207.2, 156.1, 152.3, 149.7, 148.9, 137.1, 135.6, 123.5,

117.1, 53.6, 43.2, 32.2, 31.1, 30.0, 14.4.
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Synthesis of NBD-Pyridine Cavitand 4.14: Following general procedure S3.2: Co-
pyridine cavitand 4.11 (120 mg, 1 eq. 0.081 mmol), 4.12 (31 mg, 2 eq. 0.16 mmol) and 3
mL CH:Cl.. Obtained red precipitate (90 % yield). *H NMR (600 MHz, CDClz and 5 %
DMSO-dg): & 8.42 (d, J = 8 Hz, 2H), 7.88 (s, 2H), 7.62 (br t, 2H), 7.0 (d, J = 8 Hz, 2H),
6.88 (d, J = 29 Hz, 2H), 6.64 (t, J = 5.6 Hz, 2H), 5.62 (br t, 4H), 2.22 (g, J = 5.7 Hz, 8H),

0.89 (t, J = 6.6 Hz, 12H).

Et
4.16 Thlobenzamldazole Cawtands

Synthesis of Cz-Thiobenzamidazole Cavitand 4.16: To a 50 mL round bottom flask
equipped with a stir bar was added octaamine cavitand 1.28b (500 mg, 0.50 mmol) and
degassed carbon disulfite (0.15 mL, 2.16 mmol) with potassium hydroxide (120 mg, 2.16
mmol) in a mixture of 1:1 methanol: THF (10 mL). Reaction was heated over 18 h at 60

°C. solvent was removed and precipitate was sonicate in 5 mL of water. A light red
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precipitate was collected upon vacuum filtration 420 mg, 82 % yield. *H NMR DMSO-ds
at 350 K; 6 11.8 (br s, 4 H), 7.51 (s, 4 H, arom), 7.5 (s, 4 H, arom), 7.35 (s, 8 H, arom)
5.38 (t, 4 H, J = 7.5 Hz). 2.25 (m, 8 H), 0.83 (t, 12 H, J = 7.5 Hz), 3C NMR (150 MHz,
DMSO-ds at 350 K): 8. 172.2, 167.1, 155.3, 148.1, 135.5, 131.8, 129.6, 128.8, 125.4,

116.7, 116.1, 109.4, 67.6, 35.6, 35.4, 34.3, 29.9, 29.2, 28.5, 25.0, 23.4, 22.6, 21.3, 12.6.

6.5. Chapter 5 Experimental.

D D,
b C‘Br
BI’\C D
D, D
5.3

Preparation of Di-bromo Xylene-ds: In a 50 mL flask equipped with stir bar, xylene-
ds (300 pl, 2.4 mmol), N-bromosuccinimide (960 mg, 5.4 mmol), and benzoyl peroxide
(60 mg, 0.2 mmol), was heated in 25 mL THF at 50 °C for 72 h. The precipitate
byproduct was then isolated off and discarded, as the solution was concentrated under
vacuum. The pure product was collected as a white powder (94 %). 2H NMR (600 MHz,

CDCl3) § 7.50 (s, 4D), 4.61 (s, 4D).

D D,
D C. -~
| N®
\N I\
/®\C D
D,
D
54

Synthesis of a, o’-dimethylammonium-p-xylene-ds 5.4: 1,2,4,5-ds4, benzene 3,6-

bis(bromomethyl-d>) 5.3 (100 mg, 0.37 mmol) was dissolved in dichloromethane (5 mL)
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before adding trimethylamine (50 mg, 0.9 mmol) dropwise. The mixture was stir at 60 °C
for 2 h. the white precipitate was collected by vacuum filtration. The crude product was
placed under vacuum to obtain 80 mg of white solid (94% yield). *H NMR (400 MHz,
D20) & 3.14 (s, 18H). 2H NMR (400 MHz, D20) & 7.55 (s, 4H), 3.33 (s, 4H). 3C NMR
(100 MHz, D20) 6 133.1, 129.8, 52.7, 29.7.

i

13CH,
5.5

s

Synthesis of N, N, N, N°, N’ Pentamethyl-1,2-Ethanediaminium iodide-3C 5.5:
tetramethylethylenediamine (0.5 mL, 3.3 mmol) was dissolved in 1 mL of acetonitrile at
0 °C before addition of iodomethane-3C (0.2 mL, 3.3 mmol) dropwise. Precipitate was
collected by vacuum filtration to obtain 650 mg of white solid (76% yield). *H NMR (400
MHz, D20) & 3.53 (t, 2H), 3.21 (t, J = 145 Hz, 9H, 3C-H coupling), 2.90 (m, 2H), 2.33

(d, J = 1.6 Hz, 6H), 3C NMR (100 MHz, D20) § 54.3, 54.1, 53.5, 51.2, 44.3.

Synthesis of N, N, N, N°, N°, N’ Hexamethyl-1,2-Ethanediaminium Diiodide-13C
5.6: N, N, N, N°, N’ Pentamethyl-1,2-Ethanediaminium iodide-*3C (300 mg, 1.15 mmol)
was dissolved in 1 mL of acetonitrile at 0 °C before addition of lodomethane-*3C (0.1
mL, 1.2 mmol) dropwise. Precipitate was collected by vacuum filtration to obtain 256 mg
of white solid (56% yield). '"H NMR (400 MHz, D20) 5 4.04 (t, 4H), 3.32 (t, J = 145 Hz,

18H, 13C-tH coupling), 3C NMR (100 MHz, D-0) 5 54.3, 47.1.
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Synthesis of N, N, N, N’, N°, N> Hexamethyl-1,3-propyldiaminium Diiodide-'3C
5.7: tetramethyl-1,3-diaminopropane (0.1 mL, 0.6 mmol) was dissolved in 2 mL of
acetonitrile at 0 °C before addition of lodomethane-3C (0.09 ml, 1.32 mmol) dropwise.
Precipitate was collected by vacuum filtration to obtain 220 mg of white solid (88%
yield). H NMR (400 MHz, D20) & 3.47 (m, 4H), 3.23 (t, J = 145 Hz, 18H, B3C-H

coupling) 2.41 (m, 2H), 3C NMR (100 MHz, D-0) 5 62.6, 53.5, 17.6.

Synthesis of 1C-enriched Choline 5.8: N,N,N,N’,N’-Pentamethyl-1,2-
ethanediaminium iodide-1*C (300 mg, 1.15 mmol) was dissolved in 1 mL of acetonitrile
at 0 °C before addition of iodomethane-*C (0.1 mL, 1.2 mmol) dropwise. Precipitate
was collected by vacuum filtration to obtain 256 mg of white solid (56% yield). *H NMR
(400 MHz, D,0) & 4.08 (b t, 2H), 3.50 (b t, 2H), 3.22 (t, J = 145 Hz, 18H, 3C-H

coupling), *C NMR (100 MHz, D20) § 54.3, 47.1.
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Micelle Preparation

We made micelles with g = 3.2 (q = long chain lipid/short chain lipid) by mixing
together DHPC and DMPC dissolved in chloroform. The chloroform was evaporated off
under a stream of nitrogen, the lipids were lyophilized for 4 hours before the bicelles
were prepared to get rid of TFA and chloroform, and the solid lipids were dissolved in
HEPES buffer, pH = 6.5. NMR samples were prepared by dissolving 250 pL of the lipid
mixture in 200 uL HEPES buffer, pH = 6.5, and 50 uL D20 for a lock.

Ordered Bicelle Preparation

Based on literature recommendations,?® we used DHPC as the short chain lipid and
DMPC as the long chain lipid. The procedure for synthesis of the bicelles was taken from
the literature.?* We made bicelles with q = 3.2 (g = long chain lipid/short chain lipid) by
mixing together DHPC and DMPC dissolved in chloroform. The chloroform was
evaporated off under a stream of nitrogen, the lipids were lyophilized for 4 hours before
the bicelles were prepared to get rid of TFA and chloroform, and the solid lipids were
dissolved in HEPES buffer, pH = 6.5. This solution was subjected to 5 min of vortexing,
followed by 30 min in a water bath at 45 °C, followed by 15 min in an ice bath. This
process was repeated five times until the lipids were clear and non-viscous at 4 °C and
milky-white and solid at room temperature, indicative of bicelle formation. NMR
samples were prepared by dissolving 250 puL of the bicelles in 200 uL. HEPES buffer, pH

= 6.5, and 50 uL D0 for a lock. This solution was added to a glass 5 mm NMR tube.
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6.6 Selected NMR Spectra of New Scaffolds
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Figure 6.4. 'H NMR spectrum of tris-pyridyl ligand 2.16 (400 MHz, CDCls, 298K).
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Figure 6.5. 13C NMR spectrum of tris-pyridyl ligand 2.16 (100 MHz, CDCls, 298K).
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Figure 6.6. 'H NMR spectrum of hexapicolyl ligand 2.14 (400 MHz, CDCls, 298K).
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Figure 6.7. 13C NMR spectrum of hexapicolyl ligand 2.14 (100 MHz, CDCls, 298K).
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Figure 6.8. 'H NMR spectrum of dipicolyl ligand 2.18 (400 MHz, CDCls, 298K).
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Figure 6.9. 13C NMR spectrum of Dipicolyl ligand 2.18 (100 MHz, CDCls, 298K).

e

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

Figure 6.10. *H NMR spectrum of hexapicolyl complex 2.14¢Fe;3(SO4); (600 MHz,

CD3CN and D20, 298K).
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Figure 6.11. 'H NMR spectrum of dipicolyl complex 2.18*FeSO, (600 MHz, D.O and
10% CDsCN, 298K).
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Figure 6.12. *H NMR spectrum of cavitand 3.9 (400 MHz, CDCl; and 5 % DMSO-ds, 298

K).
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Figure 6.13. 3C NMR spectrum of cavitand 3.9 (125 MHz, CDCl; and 5 % DMSO-ds,

298 K).
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Figure 6.14. 'H NMR spectrum of cavitand 3.8 (400 MHz, CDCl; and 5 % DMSO-ds, 298

K).
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Figure 6.15. *C NMR spectrum of 3.8 (125 MHz, CDCl; and 5 % DMSO-ds, 298 K).
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Figure 6.16. *H NMR spectrum of 3.10 (300 MHz, CDClsand 5 % DMSO-ds, 298 K).
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Figure 6.17. C NMR spectrum of 3.10 (125 MHz, CDClzand 5 % DMSO-ds, 298 K).
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~

=~

l ) [
N N

) KR
=

R R R

_

T & é T - T

o [+=] (=] (=) —

[ - pa ~ S o

e e St ol * . . —L . ‘ ;
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure 6.18. *H NMR spectrum of 3.11 (600 MHz, CDClsand 5 % DMSO-ds, 298 K).
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Figure 6.19. C NMR spectrum of 3.11 (150 MHz, CDClzand 5 % DMSO-ds, 298 K).
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Figure 6.20. *H NMR spectrum of 3.12 (500 MHz, CDCls;and 5 % DMSO-ds, 298 K).
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Figure 6.21. *C NMR spectrum of 3.12 (150 MHz, CDCl;and 5 % DMSO-ds, 298 K).
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Figure 6.22. *H NMR spectrum of 3.13 (500 MHz, CDCls; and 5 % DMSO-ds, 298 K).
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Figure 6.23. C NMR spectrum of 3.13 (125 MHz, CDClzand 2 % DMSO-ds, 298 K).
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Figure 6.24. *H NMR spectrum of positive cavitand 4.9 (500 MHz, DMSO-dg, 298 K).
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Figure 6.25. 'H NMR spectrum of Cp-cavitand 4.10 (400 MHz, DMSO-ds, 298 K).
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Figure 6.26. *H NMR spectrum of Cz-cavitand 4.11 (600 MHz, DMSO-ds, 298 K).
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Figure 6.27. 'H NMR spectrum of thiobenzamidazole 4.16 (600 MHz, DMSO-d¢, 298

K).
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Figure 6.28. 'H NMR spectrum of a, o’-trimethylammonium-p-xylene-ds 5.4 (400 MHz,

D0, 298 K).
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Figure 6.29. ?H NMR spectrum of a, a’-trimethylammonium-p-xylene-ds (400 MHz, D0,

298 K).
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Figure 6.30. *C NMR spectrum of a, o’-trimethylammonium-p-xylene-ds (100 MHz, D0,

298 K).
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Figure 6.31. *H NMR spectrum of N,N,N,N’,N’,N’ hexamethyl-1,2-ethanediaminium

diiodide-*C (400 MHz, D,0, 298 K).

Figure 6.32. 3C NMR spectrum of N,N,N,N’,N',N’ hexamethyl-1,2-ethanediaminium

diiodide-*C (100 MHz, D,0O, 298 K).
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Figure 6.33. 'H NMR spectrum of N,N,N,N’,N’ pentamethyl-1,2-ethanediaminium iodide-

13C (400 MHz, D20, 298 K).

Figure 6.34. 3C NMR spectrum of N,N,N,N’N’ pentamethyl-1,2-ethanediaminium

iodide-C (100 MHz, D0, 298 K).
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Figure 6.35. 'H NMR spectrum of N,N,N,N’,N’ N’ hexamethyl-1,3-propyldiaminium

diiodide-*C 5.7 (400 MHz, D,0, 298 K).
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Figure 6.36. *C NMR spectrum of N,N,N,N’,N’,N’ hexamethyl-1,3-propyldiaminium

diiodide-*C (400 MHz, D,0, 298 K).
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Figure 6.37. *H NMR spectrum of choline iodide-*C (400 MHz, D0, 298 K).

Figure 6.38. *C NMR spectrum of choline iodide-*C (100 MHz, D,0, 298 K).
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6.7. NMR Spectra of Metal Titrations
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Figure 6.39. Downfield regions of the *H NMR spectra (400 MHz, 298 K, 5 % DMSO-ds

in CDCls, 2.5 mM 3.9) of the addition of La(NOs3)s to Bipyridyl Imine Cavitand 3.9.
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Figure 6.40. Downfield regions of the 'H NMR spectra (400 MHz, 298 K, 5 % DMSO-ds

in CDCl3, 2.3 mM 3.11) of the addition of Zn(OTf), to Picolyl Imine Cavitand 3.11.
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Figure 6.41. Downfield regions of the *H NMR spectra (400 MHz, 298 K, 1 % DMSO-ds

in CDCls, 2.3 mM 3.8) of the addition of Zn(OTf), to pyridyl imine cavitand 3.8.
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Figure 6.42. Variable temperature *H NMR spectra of Bipyridyl Imine Cavitand 3.9 (600
MHz, CDCl; and 2 % DMSO-ds) at a) 25 °C, b) 20 °C, c) 0 °C, d) -20 °C, e) -40 °C f) -50

°C.
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Figure 6.43. *H NMR spectrum of the Zn(OTf), complex of Bipyridyl Imine Cavitand 3.9

in the absence of DMSO additive (600 MHz, CDCls, 298 K).

264



6.8. NMR Spectra of Solvent Titrations
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Figure 6.44. Downfield regions of the *H NMR spectra (400 MHz, 298 K, CDCl;, 4 mM

3.9) upon the addition of DMSO-ds to a CDCls solution of dipyridyl imine cavitand 3.9.
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Figure 6.45. Downfield regions of the *H NMR spectra of 4 mM picolyl imine cavitand
3.11 in various solvent media (400 MHz, 298 K, 4 mM 3.11).
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6.9.1 NMR Spectra of Guest Binding Experiments: in Solution
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Figure 6.31. Upfield regions of the 'H NMR spectra (400 MHz, 5 % DMSO-ds in CDCls,
298 K, 4 mM 3.11) obtained upon addition of excess protic guests to picolyl imine

cavitand 3.11.
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Figure 6.32. 'H NMR spectra (400 MHz, 5 % DMSO-ds in CDCls, 298 K, 4 mM 3.8)

obtained upon addition of excess guests to pyridyl imine cavitand 3.8.
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Figure 6.33. Upfield regions of the 'H NMR spectra (400 MHz, 5 % DMSO-ds in CDCls,

298 K, 4 mM 3.13) obtained upon addition of excess guests to butyl imine cavitand 3.13.
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Figure 6.34. *H NMR spectrum (400 MHz, D0, 298 K) obtained upon addition of leq

cyclooctane to 1.8 mM cavitand 4.2.
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Figure 6.35. *H NMR spectrum (400 MHz, D,O, 298 K) obtained upon addition of 5eq of

a, a’-dimethylammonium-p-xylene-ds to 1.8 mM cavitand 4.2.
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Figure 6.36. ?H NMR spectrum (400 MHz, D0, 298 K) obtained upon addition of 5eq of

a, a’-dimethylammonium-p-xylene-ds to 1.8 mM cavitand 4.2.
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Figure 6.37. 'H NMR spectrum (400 MHz, D,0O, 298 K) obtained upon addition of 1.2 eq

of N,N,N,N’,N’,N’ examethyl-1,2-ethanediaminium Diiodide-'*C to 1.8 mM cavitand 4.2.

Figure 6.38. *C NMR spectrum (400 MHz, D,0O, 298 K) obtained upon addition of 1.2eq

of N,N,N,N’,N’,N" hexamethyl-1,2-ethanediaminium Diiodide-**C to 1.8 mM cavitand 4.2.
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Figure 6.39. 'H NMR spectrum (400 MHz, D;0, 298 K) obtained upon addition of 1.2 eq

of N,N,N,N’,N’ pentamethyl-1,2-ethanediaminium iodide-**C to 1.8 mM cavitand 4.2.
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Figure 6.40. 'H NMR spectrum (400 MHz, DO, 298 K) obtained upon addition of
excess of N,N,N,N’,N' pentamethyl-1,2-ethanediaminium iodide-*C to 1.8 mM cavitand

4.2.
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Figure 6.41. 3 CNMR spectrum (100 MHz, D0, 298 K) obtained upon addition of 1.2eq

of N,N,N,N’,N’ pentamethyl-1,2-ethanediaminium iodide-*3C to 1.8 mM cavitand 4.2.
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Figure 6.42. 'H NMR spectrum (400 MHz, D,0, 298 K) obtained upon addition of 3eq of

N,N,N,N’,N’,N’ hexamethyl-1,2-ethanediaminium Diiodide-'*C to 1.8 mM cavitand 4.2.
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Figure 6.43. 13C NMR spectrum (400 MHz, D,0, 298 K) obtained upon addition of 3eq

of N,N,N,N’,N’,N’ hexamethyl-1,2-ethanediaminium diiodide-'*C to 1.8 mM cavitand 4.2.

6.9.2 NMR Spectra of Guest Binding Experiments: in Lipids

v

Figure 6.44. *H NMR spectrum (600 MHz, D,O, 283.15 K) obtained upon addition of 5eq

of a, a’-dimethylammonium-p-xylene-ds to 1.8 mM cavitand 4.2 in micelles.
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Figure 6.45. 2H NMR spectrum (700 MHz, D20, 283.15 K) obtained upon addition of 5eq

of a, a’-dimethylammonium-p-xylene-ds to 1.8 mM cavitand 4.2 in micelles.
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Figure 6.46. 2H NMR spectrum (700 MHz, D,O, 308.15 K) obtained upon addition of 5eq

of a, a’-dimethylammonium-p-xylene-ds to 1.8 mM cavitand 4.2 in bicelle.
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Figure 6.47. 'H NMR spectrum (600 MHz, D,0O, 298 K) obtained upon addition of 1.2 eq

of N,N,N,N’,N’ pentamethyl-1,2-ethanediaminium iodide-*C to 1.8 mM cavitand 4.2 in

micelles.

Figure 6.48. 1*C NMR spectrum (150 MHz, D0, 298 K) obtained upon addition of 1.2eq
of N,N,N,N’,N' pentamethyl-1,2-ethanediaminium iodide-*C to 1.8 mM cavitand 4.2 in

micelles.
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Figure 6.49. 'H NMR spectrum (400 MHz, D,0O, 298 K) of a) 1.8 mM of cavitand 4.2 b)
1.8 mM of cavitand 4.2 followed by the addition of micelles. c) 1.8 mM of cavitand 4.2 in
micelles solution followed by addition of 1.2eq of N,N,N,N’,N’ pentamethyl-1,2-

ethanediaminium iodide-*3C.

Figure 6.50. *H NMR spectrum (400 MHz, D,0, 298 K) obtained upon addition of 3eq of
N,N,N,N’,N’,N’ hexamethyl-1,2-ethanediaminium diiodide-**C to 1.8 mM cavitand 4.2 in

micelles.
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Figure 6.51. *C NMR spectrum (100 MHz, D,0O, 298 K) obtained upon addition of 3 eq

of N,N,N,N’,N’,N’ hexamethyl-1,2-ethanediaminium diiodide-*C to 1.8 mM cavitand 4.2

Iy

in micelles.
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Figure 6.52. *H NMR spectrum (600 MHz, D,O, 283.15 K) obtained upon addition of 5eq

of choline iodide-13C to 3 mM cavitand 4.2 in micelles.
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Figure 6.53. 3C NMR spectrum (125 MHz, D0, 283.15 K) obtained upon addition of

5eq of choline iodide-**C to 3 mM cavitand 4.2 in micelles.

6.10. 2D NMR Spectra of Guest Binding Experiments in Lipids
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Figure 6.54. 3C 2D EXSY spectrum of 1.2eq of N,N,N,N',N" pentamethyl-1,2-
ethanediaminium iodide-**C and 3 mM cavitand 4.2 in micelles (150 MHz, D-O, 298 K,

50 ms mixing time).
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Figure 6.55. ®C 2D EXSY spectrum of 1.2eq of N,N,N,N,N’ pentamethyl-1,2-

ethanediaminium iodide-**C and 3 mM cavitand 4.2 in micelles (150 MHz, D,O, 298 K,

75 ms mixing time).

Figure 6.56. ¥C 2D EXSY spectrum of 1.2eq of N,N,N,N',N’ pentamethyl-1,2-

ethanediaminium iodide-**C and 3 mM cavitand 4.2 in micelles (150 MHz, D.O, 298 K,

100 ms mixing time).
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Figure 6.57.2C 2D EXSY spectrum of 1.2eq of N,N,N,N’N’ pentamethyl-1,2-
ethanediaminium iodide-**C and 3 mM cavitand 4.2 in micelles (150 MHz, D,0, 298 K,

250 ms mixing time).
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Figure 6.58. 3C 2D EXSY spectrum of 1.2eq of N,N,N,N',N" pentamethyl-1,2-
ethanediaminium iodide-**C and 3 mM cavitand 4.2 in micelles (150 MHz, D,O, 298 K,

400 ms mixing time).

278



T T 11
52

©

53.5 53.0 52.5 52.0 51.5 51.0  F2 [ppm]

Figure 6.59. ®C 2D EXSY spectrum of 1.2 eq of N,N,N,N’,N pentamethyl-1,2-
ethanediaminium iodide-**C and 3 mM cavitand 4.2 in micelles (150 MHz, D-0, 298 K,

500 ms mixing time).
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Figure 6.60. 3C 2D EXSY spectrum of 5 eq of Choline lodide-**C and 3 mM cavitand

4.2 in micelles (150 MHz, D;0, 298 K, 3 ms mixing time).
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Figure 6.61. 3C 2D EXSY spectrum of 5 eq of Choline lodide-**C and 3 mM cavitand
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4.2 in micelles (150 MHz, D,0, 298 K, 50 ms mixing time).
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Figure 6.62.13C 2D EXSY spectrum of 5 eq of Choline lodide-*C and 3 mM cavitand 4.2

in micelles (150 MHz, D,0, 298 K, 75 ms mixing time).
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Figure 6.63.1°C 2D EXSY spectrum of 5eq of Choline lodide-*C and 3 mM cavitand 4.2

in micelles (150 MHz, D20, 298 K, 100 ms mixing time).
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Figure 6.64.13C 2D EXSY spectrum of 5 eq of Choline lodide-*C and 3 mM cavitand 4.2

in micelles (150 MHz, D,0, 298 K, 150 ms mixing time).
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Figure 6.65. 13C 2D EXSY spectrum of 5 eq of Choline lodide-**C and 3 mM cavitand

4.2 in micelles (150 MHz, D;0, 298 K, 200 ms mixing time).
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Figure 6.666. *C 2D EXSY spectrum of 5eq of Choline lodide-*C and 3 mM cavitand

4.2 in micelles (150 MHz, D;0, 298 K, 250 ms mixing time).
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Figure 6.67. 3C 2D EXSY spectrum of 5eq of Choline lodide-*C and 3 mM cavitand 4.2

in micelles (150 MHz, D»0, 298 K, 300 ms mixing time).
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Figure 6.68. 2H EXSY spectrum of micellar system with 5 mM cavitand 4.2 and 1.2 eq.

Deuterated labeled xylene-ds 5.4 (H-O, 700 MHz, mixing time = 10 ms, 298 K).
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Figure 6.69. 2H EXSY spectrum of micellar system with 5 mM cavitand 4.2 and 1.2 eq.

Deuterated labeled xylene-ds 5.4 (H-0O, 700 MHz, mixing time = 5 ms, 298 K).
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Figure 6.70. 3C EXSY calculated exchange rate of micellar system with 5 mM
cavitand 4.2 and 3 eq. *C- 2-(dimethylamino)-N,N,N-trimethylethanaminium 5.8 (D0,

150 MHz, 298 K, mixing time = 3 ms, 75 ms, 100 ms, 250 ms, 275, 300 ms,350 ms).
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Figure 6.71. ¥C EXSY calculated exchange rate of micellar system with 5 mM
cavitand 4.2 and 3 eq. *C- 2-(dimethylamino)-N,N,N-trimethylethanaminium 5.5 with
infout cross peaks (D20, 150 MHz, 298 K, mixing time = 3 ms, 75 ms, 100 ms,125 ms,

250 ms, 400 ms, 500 ms).
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Figure 6.72. C 2D EXSY spectrum of 5eq of Choline lodide-*C and 5 mM cavitand 4.2

in bicelles (150 MHz, D,0, 308.15 K, 3 ms mixing time).
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Figure 6.73. 13C 2D EXSY spectrum of 5eq of Choline lodide-*C and 5 mM cavitand 4.2

in bicelles (150 MHz, D,0, 308.15 K, 100 ms mixing time).
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Figure 6.74. 13C 2D EXSY spectrum of 5eq of Choline lodide-*C and 5 mM cavitand 4.2

in bicelles (150 MHz, D0, 308.15 K, 150 ms mixing time).
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Figure 6.75. C 2D EXSY spectrum of 5eq of Choline lodide-*C and 5 mM cavitand 4.2

in bicelles (150 MHz, D,0, 308.15 K, 250 ms mixing time).
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Figure 6.76. 13C 2D EXSY spectrum of 5eq of Choline lodide-*C and 5 mM cavitand 4.2

in bicelles (150 MHz, D,0, 308.15 K, 500 ms mixing time).
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Figure 6.77. 3C 2D EXSY spectrum of 5eq of Choline lodide-*C and 5 mM cavitand 4.2

in bicelles (150 MHz, D,0, 308.15 K, 750 ms mixing time).
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Figure 6.78. C 2D EXSY spectrum of 5eq of Choline lodide-*C and 5 mM cavitand 4.2

in bicelles (150 MHz, D-0, 308.15 K, 1000 ms mixing time).
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Figure 6.79. Full C 2D EXSY spectrum of 5eq of N,N,N,N',N’ pentamethyl-1,2-

ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D0, 308.15 K,

250 ms mixing time).
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Figure 6.80. ®C 2D EXSY spectrum of 5eq of N,N,N,N',N' pentamethyl-1,2-

ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D,0O, 308.15 K,

3 ms mixing time).

.

65 60 55 50 45 F2 [ppm]

Figure 6.81. ¥C 2D EXSY spectrum of 5eq of N,N,N,N’N° pentamethyl-1,2-

ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D0, 308.15 K,

10 ms mixing time).
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Figure 6.82. C 2D EXSY spectrum of 5eq of N,N,N,N',N' pentamethyl-1,2-

ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D,0O, 308.15 K,

30 ms mixing time).
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Figure 6.83. ®C 2D EXSY spectrum of 5eq of N,N,N,N’,N pentamethyl-1,2-
ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D0, 308.15 K,

40 ms mixing time).
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Figure 6.84. C 2D EXSY spectrum of 5eq of N,N,N,N',N' pentamethyl-1,2-

ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D,0O, 308.15 K,

50 ms mixing time).
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Figure 6.85. ¥C 2D EXSY spectrum of 5eq of N,N,N,N’,N pentamethyl-1,2-

ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D0, 308.15 K,

100 ms mixing time).
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Figure 6.86. C 2D EXSY spectrum of 5eq of N,N,N,N',N' pentamethyl-1,2-

ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D,0O, 308.15 K,

250 ms mixing time).
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Figure 6.87. ¥C 2D EXSY spectrum of 5eq of N,N,N,N’N° pentamethyl-1,2-
ethanediaminium iodide-**C and 5 mM cavitand 4.2 in bicelles (150 MHz, D0, 308.15 K,
250 ms mixing time).
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