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Abstract

The development of synthetic receptors capable of high-affinity complexation of
biologically relevant analytes in competitive solvent systems represents an ongoing
challenge in molecular recognition. Anion recognition is particularly problematic, which
is significant since numerous biological processes are regulated by anions, such as
those resulting from phosphorylation. In this dissertation, we present the design and
synthesis of a fluorescent sensor containing two cyclen groups that are preorganized to
form a binding cleft for anion complexation. The receptor design includes a rigid
acridine backbone, which is also exploited for fluorescence signal transduction.
Furthermore, click chemistry is employed to facilitate receptor synthesis, and binding
studies with various phosphorylated guest molecules are described.

Additionally, the development of boronic acid-based carbohydrate receptors is
presented. Carbohydrates play important roles in a large number of biochemical
processes such as signal transduction and cell surface recognition events. The
receptors will be used to study carbohydrate binding through Forster resonance energy
transfer (FRET) and surface enhanced Raman spectroscopy (SERS).

Another project involves the synthesis of aromatic compounds that can act as
auxin herbicides. Auxins are plant hormones that play a major role in the regulation of
plant growth and development. A modular synthetic strategy is employed to access a
library of small molecules that will be tested for herbicidal activity on a variety of weeds.

Finally, the work on the design and synthesis of molecular building blocks to

generate covalently-bonded ordered organic frameworks is discussed.
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Chapter 1: Introduction to Molecular Recognition

Molecular recognition, the specific, non-covalent association between a host
molecule and a particular guest, is present in nature at many different levels. Various
biologically important processes involve specific interactions between a receptor and a
substrate. As a result, chemists have pursued the design and synthesis of artificial
receptor molecules for target guests in order to emulate the degree of selectivity and
specificity from the biological world. Molecular recognition forms the basis of
supramolecular chemistry, the chemistry of molecular systems beyond individual
molecules, because the entire field of supramolecular chemistry is centered on how
molecules are recognized and influenced and how specific functions occur due to
molecular interactions.
1.1 Molecular Interactions

Molecular recognition involves the specific binding of a guest molecule to a
complementary host through various non-covalent interactions. It is important to
understand these binding forces in order to design a synthetic receptor that can
selectively recognize its intended guest. A cooperative enhancement in binding can
often be seen when several types of forces act together. Therefore, utilizing the right
combination of interactions is crucial to an efficient molecular recognition system.

One type of attraction consists of electrostatic interactions that occur between
charged molecules. Oppositely charged molecules attract due to charge—charge
interactions. Electrostatic forces are relatively large in magnitude compared to other

non-covalent interactions. Therefore, the contributions from these attractions in



molecular recognition systems cannot usually be ignored. The strength of electrostatic
forces is inversely proportional to the dielectric constant of the surrounding medium.
Thus, the interaction is stronger in a more hydrophobic environment with a smaller
dielectric constant.

Hydrogen bonding can also have important roles in molecular recognition, even
though the interaction is weaker than an electrostatic force. The hydrogen bonding
between two functional groups is a crucial interaction in many cases because bonding
only occurs when the interacting groups are in the correct orientation. For example,
highly specific hydrogen bonding takes place between nucleobases that form base pairs
in DNA strands. Hydrogen bonding is a dipole—dipole interaction involving positively
polarized hydrogen atoms from donor groups such as amino and hydroxyl groups. A
small, polarized hydrogen can interact with other electron-rich atoms in proximity, such
as an oxygen from a carbonyl group or a nitrogen from a nitrile group. This results in a
relatively strong hydrogen bond in which two functional groups specifically interact with
one hydrogen atom.

Another type of attractive force is coordinate bonding between metal ions and
electron-rich atoms. In this case, a metal can either be a binding site as part of the
host, or it can be the guest analyte. For successful work, it is essential to understand
the properties of the metal ion used, such as ionization state, coordination geometry,
and ligand affinities. Transition metal cations can also be involved in cation—r
interactions by forming complexes with alkenes or aromatic hydrocarbons. The

energies of these forces can be of the same order of magnitude as hydrogen bonds."



Aromatic groups also interact via -1 stacking, often when one group is
relatively electron-rich and the other is electron-poor. Their 1-electron orbitals overlap
as the aromatic rings interact via either face-to-face or edge-to-face geometries. This is
observed in the double helix structure of DNA, part of which is stabilized by tm—1r
stacking between the aromatic rings of the base pairs. And finally, hydrophobic effects
play important roles in aqueous solutions. Non-polar, hydrophobic molecules tend to
aggregate in agueous media, as seen in the formation of micelles and cell membranes
from lipids.

When using the aforementioned binding interactions to design a host molecule
that selectively targets a guest analyte, it is important to consider the polarity of the
solvent. The magnitude of the binding forces between species in solution can heavily
depend on the solvent. Highly polar solvents such as water and methanol compete
effectively for hydrogen bonding sites, decreasing the hydrogen bond affinities between
host and guest. This is accompanied by an increased hydrophobic effect that causes
non-polar molecules to aggregate in solution due to repulsions with the polar solvent.
Additionally, the pH of the solution needs to be taken into account. Functional groups
can have different charges and protonation states, depending on the acidity of the
solution. Therefore, it is essential to control the pH so that these groups are properly
charged or protonated for successful binding.

1.2 Thermodynamics of Binding
The affinity of a host for a particular guest can be assessed by its binding

constant K, which is also known as the association constant K,. The constant itself is



dimensionless but is often calculated using concentrations and therefore has units of
inverse concentration. In biological systems, it is common to use the dissociation
constant Ky, which is the reciprocal of the association constant. The Ky value can be
useful in drug design because it measures the concentration below which a drug—
receptor complex will dissociate. The binding equilibrium between a host (H) and a
guest (G) to form the complex (H*G) can be expressed using K, Ky, and the Gibbs free

energy (AG®) in the following equations:

(Eq. 1.1)
H+G =—— H-G
_ [HeG] (Eq. 1.2)
* [HIG]
_HIG]
‘T H-G (Eq. 1.3)
AG°® = -RT In(Ka) (Eq. 1.4)

Even though the solvent can have a profound effect on the magnitude of the
binding forces, it is not explicitly written as part of these equations. This is because AG®°
indicates the stability of solvated host and guest molecules relative to the solvated host—
guest complex and released solvent.

There are three major challenges in host design. First, strong binding needs to
be achieved in a competitive solvent such as an aqueous solution, where the solvent
can out-compete non-covalent host—guest interactions. Second, an easily detectable
signaling mechanism is required to observe the binding event. Furthermore, it is

necessary to accomplish selectivity by differentiating between different guests.



Hemoglobin, the iron heme transport protein in blood, can selectively take up oxygen in
the presence of nitrogen, water, and carbon dioxide, all of which typically bind strongly
to iron. Using thermodynamic terms, selectivity is the ratio of the binding constant for

one guest over another:

Selectivity = Kovesn (Eq. 1.5)

Guest2

However, a distinction should be made between guest selectivity and inter-guest
discrimination. Thermodynamic selectivity involves the magnitudes of binding constants
while discrimination relates to other observed results from often highly specific host—
guest interactions. For example, in molecular recognition systems using colorimetric or
fluorescence changes, the guest analyte that is bound most strongly is not necessarily
the one that exhibits the largest change in color or emission intensity. Instead of being
directly proportional to binding affinity, changes in light absorption and emission may
come from a particular host—guest interaction. Consequently, a host may be able to
discriminate between two different guests by showing different intensity changes even if
their binding constants are close in value.?

When examining recognition events over a variety of conditions, it is often
observed that as binding becomes more enthalpically favorable, it gets more
entropically unfavorable. As the binding interactions become stronger, favoring the
enthalpic component of the Gibbs free energy. At the same time, the host binds to the
guest more tightly, thereby restricting movement of both molecules. As a result, entropy
becomes less favorable. It is important to consider this “enthalpy—entropy

compensation” when designing stronger receptors. Isothermal titration calorimetry (ITC)
5



is a technique that can directly measure the thermodynamic parameters of interactions
in solution. Studies have been done in molecular recognition systems containing
cyclodextrins,® cyclophanes,* and guanidiniums® to determine the contributions of

enthalpy and entropy to the stability of host—guest complexes.

1.3 Cooperativity

A large part in the construction of supramolecular host molecules involves
forming multiple interactions in a molecular recognition event. It is possible to build a
stable host—guest complex using weaker non-covalent interactions if the number of
these interactions is maximized. Combined binding forces can lead to significant affinity
between two molecules. When added to all the small stabilizations from the other
interactions, the small amount of stabilizing energy gained by one interaction results in
substantial binding energy and complex stability. In some cases, the interaction of the
system is greater than the sum of the parts. When two or more binding sites on a host
cooperate in this way to bind a guest, the interaction is called cooperativity. Positive
cooperativity occurs when the Gibbs free energy of binding is more negative than the
sum of all the Gibbs free energy changes for each individual binding interaction.
Negative cooperativity arises when the Gibbs free energy of binding is more positive
than the sum of the individual parts."

The cooperativity from the interaction of a two-binding-site guest (A-B) with a
host can be expressed in terms of the overall Gibbs free energy of binding (AGag®),
which is equal to the sum of the intrinsic binding free energies of each component A and

B (AGA' and AGg) plus a factor known as the connection Gibbs free energy (AG®) (Eq.

6



1.6). The connection Gibbs free energy is the extent to which the binding of guest A-B

differs from the sum of the individual interactions of A and B.

AGag® = AGA' + AGg' + AG® (Eq. 1.6)
AGA' = AGag® - AGg® (Eq. 1.7)
AGg' = AGag® = AGA® (Eq. 1.8)

AG® = AGA°® + AGg® — AGpg® (Eq. 1.9)

The intrinsic binding energy represents the energy group A or B imparts to the
binding of the rest of the molecule if no differences in strain or entropy result from the
interaction of the group with the host (Eq. 1.7 and 1.8). Substituting these expressions
into Eq. 1.6 shows that the connection Gibbs free energy is equal to the sum of the
separate affinities of isolated parts A and B minus the binding free energy of A-B (Eq.
1.9).

Since the equilibrium constants (K) for the binding of A, B, and A—B by a host can
be determined and related to the Gibbs free energy according to AG° = -RT In K, Eq.
1.9 can be used to give an empirical measure of the cooperativity. If AG® is positive,
then the binding sites A and B display favorable positive cooperativity. A negative AGS
value implies unfavorable negative cooperativity.

One of the best known examples of cooperativity in biology is the allosteric
oxygenation of hemoglobin.6 This protein binds four individual oxygen molecules with
increasing affinity until all four of its binding sites are occupied. Another form of
cooperativity is called multivalency, which is the simultaneous binding of multiple

ligands on one entity to multiple receptors on another.” These multivalent binding



interactions tend to be much stronger than the analogous monovalent ones and are
known to occur throughout biological systems. For example, the influenza virus
attaches to the surface of a bronchial epithelial cell through interactions between
multiple trimers of hemagglutinin, a lectin that is densely packed on the surface of the
virus, and multiple units of sialic acid, a sugar that is arranged densely on the surface of

the target cell.®

1.4 Preorganization and Complementarity

Many host—guest complexes are more stable than expected from the effects of
functional groups on the hosts alone. For example, Fischer's lock and key concept®
described that the guest has a geometric shape that complements the host, as seen in
receptor—substrate binding by enzymes. Various hosts are large ring-shaped ligands
that chelate their guests using multiple binding moieties. This macrocyclic effect
provides additional stabilization to the complex due to not only the presence of
numerous binding sites, but also the preorganization of those sites in space. As a
result, host—guest interactions can take place without undergoing high energy
conformational changes. Moreover, the enthalpic costs involved in bringing lone
electron pairs from donor atoms closer to each other have been -paid in advance”
during the synthesis of the macrocyclic host.

Preorganization of the host is a crucial concept because it signifies a major
enhancement to the overall free energy of host—guest complexation. The principle of
preorganization states that —thenore highly hosts and guests are organized for binding

and low solvation prior to their complexation, the more stable will be their complexes.”10

8



Disregarding solvent effects, the binding process between a receptor and its target can
be loosely divided into two parts. First, the host adjusts to arrange its binding
functionalities to fit the guest while simultaneously minimizing unfavorable repulsions
between one binding site and another. This is an energetically disfavored step, and the
receptor must maintain its binding conformation throughout the lifetime of the host—
guest complex. Then, the binding event that follows is energetically favored due to the
mutual attraction between complementary binding sites of receptor and target. The
overall free energy of complexation corresponds to the difference between the
unfavorable rearrangement energy and the favorable binding energy. As a result, a
preorganized host requires only a small amount of energy to reorganize, leading to an
increase in overall free energy, which stabilizes the complex.

Even though it is desirable to design a receptor with preorganized binding sites
for ideal affinities, it may not always be advantageous. For example, if the optimal
binding conformation of the host is not reached, then the system’s rigidity could actually
hinder the ability of the host to bind to the guest. Therefore, it may be beneficial to have

flexible systems that follow the induced fit model™"

by allowing the receptor and target to
move more freely into the proper binding geometry. The amount of flexibility versus

rigidity required for ideal binding would depend on each individual system.

1.5 Common Core Scaffolds
Supramolecular hosts for all types of guests come in a wide variety of designs.
There are numerous common frameworks that provide particular preorganized binding

functionalities on host compounds. One such type is a class of cyclic hosts called the

9



macrocyclic polyamines. They are structural analogs of crown ethers, with the oxygen
atoms in the ethers being replaced by nitrogens. The presence of amine groups in
these molecules results in unique host properties. The amine can act as a hydrogen
bond donor or a positively charged binding site when protonated. Furthermore, amine
moieties exist in the recognition processes of many anionic species by biological
substrates. For example, X-ray crystal structures of proteins with bound phosphates
revealed that glycine residues allow a loop of amino acids to wrap around the bound
phosphate in a near-macrocyclic conformation to hydrogen bond with backbone NH
amino acidic residues.'?

Following nature, protonated forms of synthetic polyamine macrocycles have
been shown to wrap around anions based on their ring size and adapt to the
stereochemical requirements of the guests to form optimize hydrogen bonding. One
example is the cyclic hexaamine 1.1 (Figure 1.1) which, along with N-methylated and
larger ring size analogs, has been studied for its capability of binding inorganic
phosphate-type anions.”® Receptor 1.1 was found to bind phosphate or sulfate
selectively, depending on the pH of the solution. Sulfate was selectively bound in the
presence of phosphate in alkaline solutions (pH > 8.5) while an inversion in selectivity
took place in more acidic solutions (pH < 7.0). As a result, selective recognition of
phosphate over sulfate occurs with increased protonation states of phosphate,
mimicking the actions of phosphate binding proteins in nature.™

Another type of host frameworks consists of the calixarenes.”  These

macrocycles are prepared by linking several para-substituted phenol residues through

10



methylene moieties. Calixarenes with different cavity sizes have been designed, and
their phenolic hydroxyl groups have often been modified. They can also exist as
conformational isomers in which the phenol groups point in the same or opposite
direction.

Calix[4]arene derivative 1.2 was developed, which contains an amide-linked
disulfonoanthracene group.” This molecule displayed significant affinity and selectivity
for the dihydrogen phosphate anion. Fluorescence enhancement was used to signal
the binding event, and a 1:2 host to guest stoichiometry for the complex was
determined. The same authors also prepared a related calix[4]arene that was selective

for acetate."

1.4 1.5 o]
Figure 1.1. Receptors containing polyamine, calixarene, pyrrole, triazole, and triethylbenzene groups.

11



Pyrrole-based structures are also commonly used as a receptor platform.”® The
pyrrole units contain NH hydrogen bond donor groups and no hydrogen bond acceptors,
as opposed to other amine groups that are both hydrogen bond donors and acceptors.
Therefore, intramolecular hydrogen bonding, which may occur in amide or urea groups,
can be avoided. One example is the strapped calix[4]pyrrole system 1.3, which binds to
chloride anion.” It was used to determine chloride concentrations in deuterated
dimethylsulfoxide (DMSO-dg)/water mixtures via H NMR spectroscopy.20 Furthermore,
the calix[4]pyrrole core structure has been shown to extract cesium bromide and
chloride salts from an aqueous environment into nitrobenzene.?!

There are also hosts containing 1,2,3-triazole moieties that have recently been
reported. They bind guest species by using only hydrogen bonding interactions
between neutral CH groups and the anion target. The affinity of receptor 1.4 to chloride
was studied through "H NMR and UV-vis spectroscopy.?> A 1:1 binding stoichiometry
was found, and other derivatives were examined to compare hydrogen bonding
strengths by CH groups.?

Another class of scaffolds is the 1,3,5-tris-functionalized 2,4,6-triethylbenzene
core.?* In this system, the ethyl groups alternate with the binding functional groups on
the benzene ring. This allows the three binding moieties to exist primarily on the same
face of the ring, forming a binding cavity. One example is host 1.5, which binds citrate
and other tricarboxylates with association constants (K.) above 10° M in water.?
Binding is strong enough that the complex stability is only marginally affected by the

presence of a large excess amount of competing anions or buffer salts.
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Steroids represent another series of receptor structures, using binding
functionalities based on the cholesterol backbone made from bile acids such as cholic
acid.?® The scaffold is very rigid and stereochemically well-defined, resulting in highly
asymmetrical but uniquely designed receptors that can potentially differentiate between
enantiomeric guests. Cholapod 1.6 (Figure 1.2) features a long hydrocarbon tail for
solubility in organic solvents and binds chloride anion in chloroform with a binding
constant (K,) above 10" M™.? This demonstrates a near ideal combination of
hydrogen bonding sites that are preorganized in a relatively uncompetitive solvent.

Finally, receptor scaffolds can contain cationic metal centers as Lewis acidic
binding sites. Since water is a relatively poor Lewis base, it is less likely to interfere with

systems that rely on anion coordination to Lewis acidic metal cations.?® The most

Figure 1.2. Steroid-based host 1.6, zinc(ll) complex 1.7, and boronic acid 1.8.
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commonly used metals in this type of hosts are copper(ll) and zinc(ll). A very recent
study used binuclear zinc(ll) complex 1.7 and boronic acid 1.8 to distinguish between
pyrophosphate and nucleoside trisphosphates.?® In a mixture of 1.7 and 1.8, a
fluorescence enhancement is only observed with pyrophosphate. This is due to the
boronic acid binding to the ribose diol group in the nucleoside, thereby quenching the
fluorescence signal. Additionally, this sensing system was used for the direct

quantification of RNA polymerase activity.

1.6 Detection of Binding

One of the major areas of application for synthetic receptors is in molecular
sensor devices. These compounds can perform both molecular recognition and
detection of binding. The basic concept of a molecular sensor (Figure 1.3) is as follows:
The target analyte is attracted to the receptor part of the sensor, which can be any of
the host systems previously discussed. Binding should be selective for the guest in the
presence of other potential substrates. The receptor also needs to be connected to a
signaling moiety that responds to the binding event.®®* The generated signal can be a

form of an emission of electromagnetic radiation, an electric current, or an externally

PpN—PaN

rFY2Y

Guest

Receptor unit

Signaling unit

Host
Figure 1.3. General design of a molecular sensor.
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detectable change such as color or pH. This transduction indicates that the recognition
event must trigger a change in properties of the host—guest complex compared to the
free receptor, which generates the signal.

One sensitive method of signal transduction is the emission of visible light. This
can either be visible to the human eye or to a detector such as a fluorescence
spectrophotometer. Fluorescence is a property that can be detected and measured in
real time by using often as little as nanomolar concentrations of the analyte and
instrumentation that is not too expensive and can be miniaturized for field applications.
Fluorescent sensors can be made by simply covalently attaching a known fluorescent
dye to a receptor at a position where the properties are expected to change upon
complex formation. Examples of this type of sensor include the aforementioned
calixarene 1.2, which contains anthracene, and zinc-chelated host 1.7, which has an
attached naphthyl group.

A related principle is photoinduced electron transfer (PET),*' which involves the
quenching of the excited state of a fluorescent molecule by transferring an electron to
the vacant lower energy level from a donor group nearby. Fluorescent sensor 1.9
(Figure 1.4) was developed to bind glucosamine via two binding sites.*> The monoaza-
18-crown-6 ether binds to the ammonium group while the boronic acid interacts with the
diol motif. Without binding, the fluorescent signal of the anthracene group is quenched
via PET from the nitrogen lone pair of either binding unit. As a result, both sites have to

bind to the guest in order to stop PET and enable the anthracene fluorescence.
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An additional example is macrocyclic receptor 1.10 that was used to bind
nucleotide polyphosphates such as ATP and NADPH. The intrinsic fluorescence is
partially quenched due to an intramolecular interaction between the two acridine groups
that leads to energy transfer. Upon complexation, the fluorescence is enhanced due to
stacking interactions between the acridines and the aromatic groups on the nucleotides.

Another process is metal-to-ligand charge transfer (MLCT) in which an electron is
transferred from a central metal ion to a ligand, resulting in the excitation of the ligand
and charge transfer to the metal. The photon emission of this excited state intermediate
then generates the signal. A well-known complex with MLCT excited states is tris(2,2’-
bipyridyl)ruthenium(ll). This species was incorporated into receptor 1.11 with amide
and boronic acid functionalities for binding phosphorylated sugars.®®* Changes in
emission intensity allowed for the detection of binding fructose-6-phosphate in water.

While many systems undergo subtle changes in emission upon guest binding, it

is difficult for a single sensor to bring about a significant color change that is visible to
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Figure 1.4. Molecular sensors with signal transductlon through PET, MLCT, and IDA.
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the human eye. One major disadvantage of attaching the signaling unit to the receptor
is that it may require difficult syntheses. An alternative method that avoids this problem
is the indicator—displacement assay (IDA),** which makes use of a guest molecule as
an indicator. In this approach, the indicator is first reversibly bound by the receptor,
which changes its optical properties. This indicator is chosen so that it binds to the host
more weakly than the target analyte. Then, when the analyte is added, the indicator is
released from the receptor and returns to its unbound state. This technique is
especially convenient for an indicator whose color varies depending on whether it is
bound to the host or free. Receptor 1.12 contains a boronic acid and a zinc complex
that binds to an alizarin dye.35 When pyrophosphate is added, the complex

reorganizes, leading to an increase in fluorescence which is visible to the naked eye.

1.7 Characterization of Binding

Most experimental techniques that are used to measure binding constants for a
reaction rely on the analysis of a binding isotherm, which is the theoretical change in the
concentration of one component as a function of the concentration of another
component at constant temperature.” A detailed discussion of this concept has been
described.*® Generally, the concentrations are determined through an experimental
method such as NMR, UV-vis, or fluorescence spectroscopy, and the data is fit to the
binding isotherm. The experiment is usually carried out by keeping the concentration of
one component constant while varying the concentration of the other species.

In order to determine the concentration of the host—guest complex H<G, the

equilibrium needs to be expressed in terms that are measured in the laboratory.
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Experimentally, the concentration of the host—guest complex, [H*G], can be determined
as a function of the initial concentration of the guest, [G],. However, the association
constant K, is a function of the concentration of host, [H], and guest, [G], at equilibrium.
As a result, to obtain [H*G] as a function of [G]y, assumptions must be made because
only the initial concentrations of host and guest, [H]o and [G]o, are known in the
experiment. First, an equilibrium approximation is made, stating that the initial host
concentration [H]o is equivalent to the concentration of both the complex, [H*G], and
host at equilibrium, [H]:

[H]o = [H*G] + [H] (Eq. 1.10)
Solving for [H] yields:

[H] = [H]o — [H*C] (Eq. 1.11)
Eq. 1.11 can then be substituted into the original equilibrium equation (Eq. 1.2, page 4):

_[H-G] _ [HeG] (Eq. 1.12)
° MG ([H], -[H*GQ)IC]

Solving for [H*G] yields:

_ [l K,ICG] (Eq. 1.13)

[H-G]
1+ K, [G]

Another assumption is made by setting the initial guest concentration [G], much
higher than the initial host concentration [H]o. Therefore, since [G]o > > > [H]o, it can be
assumed that [G] = [G]o because at all points in the isotherm, only a small fraction of G
is converted to H*G. With this assumption, [H*G] can be determined as a function of the

initial concentrations of host and guest:
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[H.G]=% (Eq. 1.14)
This forms the basis of many methods for determining binding constants, including the
Benesi-Hildebrand method.*’
If the assumption is not valid, then [G] and [G], need to be related to each other.
First, an equilibrium approximation similar to Eq. 1.10 is made, showing that the initial
guest concentration [G]o is equal to the concentration of both the complex, [H*G], and
the guest at equilibrium, [G]:
[Glo = [H*C] + [G] (Eq. 1.15)
Solving for [H*G] yields:
[H+G] = [C]o - [C] (Eq. 1.16)
Eq. 1.16 can then be substituted into Eq. 1.13:

Eq. 1.17
[?]oKa C _iq. - [q] ( )
+K,[G]

Moving all terms to one side gives a quadratic equation that can be used to relate [G]
and [G]o:

Ka[GF + (Ka[H]o = Ka[Glo + 1)[G] - [G]o = 0 (Eq. 1.18)
For each value of [G]y, this equation is solved to obtain [G], and that particular [G] value
is then used in Eq. 1.13 to generate the isotherm. In order to calculate [G], the value of
K, must first be known. Therefore, it is necessary to initially guess a value of K, to
calculate [G] values for different [G], values, and then repeatedly change K, until the

theoretical isotherm matches the experimental data. This —ést fit” between theory and
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experiment gives the appropriate K, value for the system. In practice, the fitting is
usually done via non-linear regression analysis of the plotted binding isotherm by
means of a data analysis program.

When plotting the binding isotherm, a parameter related to the concentration of
H<G is normally used for the y-axis, and controlled concentrations such as [H]o or [G]
are placed on the x-axis. Studies are commonly done for many different concentrations
of G with [H]o kept constant. The binding curve is generated by plotting the
experimentally measured [H*G] or related parameter values as a function of guest
concentration.

Another aspect of characterizing a binding event is the determination of the
stoichiometry of the host—guest complex. This is usually accomplished via the method

of continuous variation by using a mole fraction plot called a Job plot.® A system’s

Change in Fluorescence

0 0.2 04 0.6 0.8 1
[Host]/([Host]+[Guest])

Figure 1.5. Typical Job plot for a 1:1 host—guest complex.
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binding stoichiometry can be elucidated from most kinds of titrations in which the
concentration of the complex can be determined by employing a series of solutions with
varying host:guest ratios while the total concentration of host and guest stays constant.
The concentration of the complex is generally related to an observable signal change
such as the change in fluorescence emission. After monitoring the samples with
different host and guest concentrations, a plot of signal change against the mole fraction
of the host ([H]/([H] + [G])) can be made. In a 1:1 complex, a peak of maximal change
would be observed at mole fraction 0.5 (Figure 1.5) while a peak at 0.66 would indicate

a 2:1 host:guest stoichiometry.
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Chapter 2: A Fluorescent Bis-Cyclen Tweezer Receptor for Inositol
(1,4,5)-Trisphosphate Employing Click Chemistry for Convenient
Synthesis

2.1 Introduction

Anions are ubiquitous in nature.*® Chloride anions are present in large amounts

0 1

in the oceans;* nitrate and sulfate are found in acid rain;*' and carbonates are key

components of biomineralized materials.** Phosphate and nitrates from agriculture and

3 44

other human activities,”® and pertechnetate,** a radioactive product of nuclear fuel
reprocessing, are major environmental pollutants. Anions are also critical to regulating
biological systems. Most biochemical processes consist of the recognition,
transformation, or transportation of anions. As a result, the disruption of anion flux
across cell membranes can be the main factor in many diseases such as Bartter
syndrome,* cystic fibrosis,*® Dent's disease,*” Pendred syndrome,*® and
osteopetrosis.*®  Furthermore, anion transport through cell phospholipid bilayers is
known to be regulated by various channels and anion transport systems with at least 14
mitochondrial anion transport systems having been identified to date.® These include
systems controlling the trafficking of ADP, ATP, citrate, fumarate, glutamate, halide,
maleate, oxaloacetate, phosphate, and sulfate anions. The importance of anion
recognition in biology highlights the potential use of synthetic anion receptors.

The development of molecular sensors that are effective for detecting important
biomolecular targets in competitive media remains a significant challenge in the field of

supramolecular chemistry.®’ This process involves the design of a macromolecular host

containing preorganized binding groups to instill geometric complementarity with a

22



target guest and therefore increase the affinity and selectivity of binding. In addition, a
signal transduction element is installed for detection purposes, of which fluorescence is
advantageous due to its high sensitivity.*?

Within the field of supramolecular chemistry, anion recognition has proven
problematic due to inherent challenges, including the large and varying shapes of
anions, their multiple pH-dependent charge states, and the difficulty in synthetically
incorporating anion-binding moieties into receptors.’”**® Despite these challenges, a
number of receptor motifs have been developed for anion recognition, including
polyammonium macrocycles,> porphyrins,'® the triethylbenzene system,?* bimetallic
hosts,?® calixarenes,' and steroidal constructs.>® However, the generation of sensors
capable of detecting anionic targets for real world applications remains a significant

barrier due to the difficulty of achieving strong binding in competitive media.

2.2 Inositol (1,4,5)-Trisphosphate Guest Background

Anion sensing is critical as biological systems rely heavily on the manipulation of
anionic functional groups as a regulatory means, mainly through the control of
biomolecule phosphorylation. As a result, sensors for phosphorylated molecules are of

particular interest. 2>

Figure 2.1. Inositol (1,4,5)-trisphosphate (InsP3).
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An important target for molecular sensing is the signaling molecule inositol
(1,4,5)-trisphosphate (InsPs, 2.1, Figure 2.1). This is the quintessential biologically
active inositol phosphate® due to its prominent role as a second messenger in calcium
release, originally reported in 1983.>® InsP; is produced through the hydrolysis of
phosphatidylinositol (4,5)-bisphosphate by phospholipase C.*® This soluble product
then binds to its cognate receptors, the inositol triphosphate receptors (Inng,R),60
leading to the opening of these gated ion channels, which directly results in calcium
release by gradient diffusion into the cytoplasm. InsPs;-mediated calcium release is
critical due to the various physiological processes that are mediated by this ion, which
includes cell proliferation, differentiation, secretion, muscular contraction, embryonic

development, immune responses, and many others.%26%

2.3 Receptors for Inositol (1,4,5)-Trisphosphate

Due to its important role in biological systems, InsP3; has been a target for sensor
design. Anslyn and co-workers initially reported hexa-guanidinium receptor 2.2 with a
binding cavity engineered via the 1,3,5-triethylbenzene scaffold.®” A dye displacement
assay was implemented for optical detection, and strong binding (K, = 2.2 x 10* M™")
was observed in aqueous solution. More recently, Kimura and co-workers assembled
complex 2.3 by incorporating non-fluorescent receptors containing zinc—cyclen chelating
groups into a ruthenium tris-bipyridyl system to achieve fluorescence signaling.®? In
addition, Ahn and co-workers developed tris zinc—dipicolylamine receptor 2.4, and again
employed a dye displacement assay to achieve detection.®® Matile, Prestwich, and co-

workers used a synthetic multifunctional pore based on rigid para-octiphenyl rods
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Figure 2.2. Examples of receptors for inositol 1,4,5-trisphosphate.

organized into a B-barrel. The fluorimetric detection of InsP3; binding was transduced by
pore opening and closing.®*

Approaches other than molecular receptors have also been successful for InsP3
detection, particularly through using labeled or engineered protein receptors.®® In one
example, fluorophores were placed within the pleckstrin homology (PH) domain of
phospholipase C (PLC) 61 to create a variety of biosensors that can detect InsP;
concentrations with a micromolar dissociation constant. One of the sensors showed a
higher selectivity for InsP3 over other inositol derivatives than the parent PH domain.®*
Finally, colorimetric sensors for phytate (InsPs), another inositol phosphate isomer, have

been reported as well.®® One report used the triethylbenzene scaffold attached to three
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copper(ll)—dipicolylamine groups to bind InsPg through an indicator—displacement

assay.®®

2.4 Receptor Design

We set out to develop a host for InsP3; 2.1 with built-in fluorescence signaling.
This would bypass the problems associated with a dye displacement assay for which
the host is required to first bind to the dye and then bind more strongly to the guest.
While multiple host designs have been pursued, the design that was used for binding
studies will be discussed first, and other approaches will be covered later in this
chapter. The host design (2.5, Scheme 2.1) consists of a tweezer structure that
incorporates an acridine scaffold connected to two macrocyclic polyammonium groups
via triazole-based linkers to accommodate multiply phosphorylated biomolecules such
as InsP3 2.1. This creates an effective binding cavity in which the anion guest is

sandwiched between the two macrocycle groups. A molecular model of the host

Polyammonium
binding groups

Linker —_—

N , N
H
Acridine: 0 N\/ % K/N

Rigid scaffold /
Fluorescent signaling

Scheme 2.1. Design of tweezer receptor 2.5 and hypothetical binding complex with InsP;.
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Figure 2.3. Molecular model of tweezer receptor 2.5.

structure was generated in SYBYL 8.0 using the Powell minimization method (Figure
2.3). Before minimizing, the two CH, carbons attached to the acridine were rotated in
opposite directions towards the left and right of the acridine to keep the macrocycles far
apart. The minimized structure suggested that the polyammonium moieties do not
rotate away from each other, thereby forming the desired binding cleft for the guest.

While the presence of multiple binding groups in the tweezer structure may
cause concern over the possibility of multiple equilibria, precedence from the
monomeric polyammonium macrocycles suggested that this would not occur. Even the
largest macrocycles are known to form 1:1 complexes with both small (phosphate)'
and large (tricarboxylates) anions.®’ Therefore, with correct polyammonium
preorganization in the tweezer, guest anions were expected to rest in a similar
geometry, but now between two polyammoniums, yielding 1:1 complexes.

A key synthetic transformation is the attachment of the polyammonium

macrocycles to the scaffold, which is best performed at a late stage in the synthesis to
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provide an efficient modular approach. Later, we will describe such a modular strategy
for attaching different polyamines and scaffolds. However, direct functionalization of
polyammonium macrocycles can be challenging due to the presence of multiple reactive
amine functionalities. Thus, we chose to perform this attachment using the azide—
alkyne Huisgen 1,3-dipolar cycloaddition (—a&k” chemistry) due to the beneficial
functional group tolerance of this reaction.®®

Recently, the azide—alkyne 1,3-dipolar cycloaddition has proven effective for
polyammonium macrocycle derivatization for MRI imaging69 and luminescent metal
binding studies.”® The resulting triazole from this reaction is advantageous due to the
rigidity it provides to the receptor scaffold. Furthermore, triazoles have been shown to
be effective for forming hydrogen bonding interactions with anionic guests’’ and
therefore could contribute to the binding of phosphorylated analytes.

The acridine moiety in the receptor structure provides fluorescence signal
transduction for the direct detection of a guest, as opposed to indicator displacement,
and has previously been used in fluorescent sensors for phosphate’ and nucleotide
polyphosphates such as ATP and NADPH.” The acridine has conveniently been
derivatized at the 4- and 5-positions to preorganize two binding groups into an effective
binding cavity. This allows for a convergent synthesis in which these groups could be
conveniently merged using —atk” chemistry. A bis-azide functionalized acridine
intermediate exists in the literature’ while an alkyne-tethered cyclen has also been

reported.®®
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2.5 Bis-Cyclen Tweezer Synthesis

The synthesis began with the 4,5-bis-bromomethylation of acridine to product 2.6
(Scheme 2.2),” followed by azide substitution to obtain bis(azidomethyl)acridine 2.7.
Commercially available cyclen was tris-tert-butoxycarbonyl (Boc) protected to 2.8 and
then coupled with alkyne 2.9, which was synthesized from bromoacetyl bromide.”” The
resulting alkynyl cyclen 2.10 was then reacted with the bis-azide-tagged acridine in the
key azide—alkyne cycloaddition to form tweezer structure 2.11 which was then
deprotected with trifluoroacetic acid. lon exchange was next performed to access
precursor 2.5 with chloride counteranions, and it is estimated that four chlorides were
associated with the cationic host structure. The exchange was done to facilitate

purification via reversed-phase column chromatography.
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2.6 Guest Binding Studies

Following the completion of the synthesis, receptor 2.5 was employed as host for
titration binding studies to evaluate the binding of InsP3 (2.1) with concomitant
fluorescence signal transduction. Guest 2.1 was synthesized by Meng Rowland in our
lab using intermediates from previous group publications.78 First, a UV scan of the host
was performed, exhibiting an absorption peak centered around 355 nm, with excitation
at this wavelength leading to a fluorescence emission signal located around 440 nm.
Next, a solution containing host 2.5 and guest 2.1 was titrated into a solution of host 2.5
to keep the total host concentration constant. Here, dose-dependent decreases in the
emission signal of host were observed upon guest addition. This was performed in a
range of solvents varying from 0 to 100% methanol in water buffered at pH 7.4.

From these preliminary studies, a solvent mixture of 50% methanol/water was
identified as a competitive solvent in which strong binding was observed. A
representative plot shows the decrease in emission properties of host 2.5 upon addition
of guest 2.1 in this solvent mixture (Figure 2.4). While the changes in emission
properties were somewhat modest, dropping by 10-15%, these signals could still be
reproducibly correlated to a binding curve for 2.1 (Figure 2.5). The absolute values of
the changes in fluorescence intensities upon addition of 2.1 are shown as averaged
values over several runs, with error bars depicting the standard error. From these
results, an average association constant (K,) of 1.0 x 10° M™" with standard errors
(Table 2.1) was calculated for the complex, indicating high-affinity binding in competitive

media.
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Figure 2.4. Plots exhibiting the decrease in emission of host 2.5 upon addition of guest 2.1.

Table 2.1. Association constants calculated for the binding of host 2.5 to phosphorylated guests.

Guest Ka (M™") Standard Error
Inositol (1,4,5)-trisphosphate (2.1) 1.0x10° +1.6x10°
Fructose 1,6-bisphosphate (2.12) 9.5x10° +7.1x10*
Cyanoethyl phosphate (2.13) 8.9x10° +1.2x10°
Sodium dihydrogen phosphate (2.14) 7.8 x 10° +4.3 x 10*
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Figure 2.5. Binding curves for guests studied in titrations of host 2.5.

Next, a series of related phosphorylated compounds were tested for binding
studies to further investigate the recognition properties of host 2.5. These included D-
fructose 1,6-bisphosphate trisodium salt (FBP, 2.12, Figure 2.6), cyanoethyl phosphate
barium salt (2.13), and sodium dihydrogen phosphate (2.14). These molecules were
selected due to their variation in the number of phosphate and alkyl groups, and as
biomolecules that can compete for binding. The binding curves and the resulting
association constants for these guests are displayed alongside those corresponding to

2.1 (Figure 2.5 and Table 2.1). In general, each of these guests displayed fairly strong
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Figure 2.6. Structures of guests used for binding studies.

binding, showing that host 2.5 is generally effective at complexing a range of
phosphorylated guest structures in competitive solvents. However, slight variations in
binding affinity were observed in the order of 2.1 > 2.12 > 2.13 > 2.14, according to
numerical values. Statistical analysis of the association constants showed that they are
not significantly different, with p values > 0.05 (F-test of equality of variances: p = 0.12
for 2.1 vs. 2.12, p = 0.06 for 2.1 vs. 2.13, p = 0.23 for 2.12 vs. 2.13, p = 0.08 for 2.13 vs.
2.14). Therefore, the results indicated very modest selectivity for InsP3 (2.1), as well as
for multiply phosphorylated guests (2.1 and 2.12) over singly phosphorylated guests
(2.13 and 2.14) in the series. This is a common obstacle in anion binding as enhancing
selectivity remains a significant challenge.

Following these modest results, we anticipated that with the addition of zinc,
complex 2.16 (Scheme 2.3) would yield more promising results because metallic
coordination complexes have shown strong binding of anions even in aqueous media.?®
In this case, the zinc cations would serve as electrophilic binding sites. The zinc-

chelated host 2.16 was formed by treating receptor 2.5 with zinc(ll) acetate.
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Scheme 2.3. Hypothetical binding complex of receptor 2.16 with InsP; and synthesis of 2.16.

The same fluorescence titration binding experiments were performed with host
2.16 in order to compare recognition properties to those of metal-free 2.5. Once again,
titration with 2.1 yielded a decrease in emission for 2.16, for which a representative plot
is shown (Figure 2.7). While still modest, the emission changes of 2.16 upon addition of
2.1 (20-25%) were greater than those of precursor 2.5. Once again, receptor 2.16
exhibited strong binding of 2.1, with an association constant of 5.1 x 10° M~ (Table
2.2). Despite the enhanced fluctuation in emission properties upon guest addition, this

binding affinity was slightly weaker than that of host 2.5.
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Figure 2.7. Plots exhibiting the decrease in emission of host 2.16 upon addition of guest 2.1.

Table 2.2. Association constants calculated for the binding of host 2.16 to phosphorylated guests.

Guest Ka (M™") Standard Error
Inositol (1,4,5)-trisphosphate (2.1) 51x10° +4.3x10"
Fructose 1,6-bisphosphate (2.12) 49x10° +8.4 x 10
Cyanoethyl phosphate (2.13) 9.4 x10° +6.3x 10
Sodium dihydrogen phosphate (2.14) 4.3 x 10° +4.3 x 10*
Sodium pyrophosphate (2.15) 47 x10° +3.3x10*
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Figure 2.8. Binding curves for guests studied in titrations of host 2.16.

Next, the same series of phosphorylated guests was analyzed for binding with
2.16, along with the addition of sodium pyrophosphate (2.15, Figure 2.6). The binding
curves for these guests and the resulting association constants are shown alongside
those corresponding to 2.1 (Figure 2.8 and Table 2.2). Once again, each guest
exhibited strong binding, and only slight variations in affinity were observed. In this
case, cyanoethyl phosphate surprisingly yielded the strongest binding, and an ordering
of 213 > 21 > 212 > 215 > 2.14 was observed. With the exception of 2.13,
comparison of the association constants again indicated that they do not differ
significantly (p = 0.15 for 2.1 vs. 2.12, p = 0.37 for 2.1 vs. 2.15, p = 0.46 for 2.1 vs. 2.14,
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p = 0.07 for 212 vs. 2.15, p = 0.17 for 2.12 vs. 2.14, p = 0.43 for 2.15 vs. 2.14).
However, in these studies, multiply phosphorylated guests (2.1, 2.12, and 2.15) all
produced higher changes in fluorescence emission than those analytes containing a
single phosphate group (2.13 and 2.14). This provided evidence for variation in binding
mode resulting from the presence of more than one phosphate in the guest structure
and points to the benefits of preorganizing two phosphate binding groups into a cavity
for complexation of multiply phosphorylated targets. As discussed in the previous
chapter, there is a distinction between guest selectivity and inter-guest discrimination.
Selectivity in binding affinity and the magnitude of signaling changes do not always
match. Even though the binding constants for most of the guests were close in value
(Table 2.2), the analytes with multiple phosphate groups showed higher fluorescence
changes.

In order to obtain the binding stoichiometry, we sought to generate a Job plot for
this system. However, since the fluorescence signal of the host decreased upon
addition of guest, it was not possible to determine the stoichiometry via a Job plot. For
a system in which emission increases with added guest, a plot of fluorescence intensity
as a function of mole fraction of guest would show a peak of maximum signal. In our
case with decreasing emission, the maximum would be where there is only host present
and no guest, and the minimum would be in a solution containing only guest. This is
particularly problematic due to a low signal change. Therefore, the fluorescence was
expected to simply decrease as the mole fraction of guest increases, and this was

confirmed with solutions of host 2.5 and guest 2.1.
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Overall, strong binding to various phosphorylated guests in competitive solvent
was observed for the hosts. The low fluorescence emission changes may have been
caused by the long distance between the acridine and polyamine units in the structure.
This may be alleviated by shortening the alkyne linker attached to the macrocycles.
The receptor was designed with a hypothetical cavity (Schemes 2.1 and 2.3) in mind,
but the binding mode remains unknown. Other binding stoichiometries such as 2:1
host:guest complexes cannot be ruled out. In order to design receptors with enhanced
selectivities, different structures with varying degrees of preorganization need to be
tested. If a more rigid host were built, then the complementarity of the functional groups
towards the guest would have to be very good. This would most likely require a

modular approach similar to the one we initially attempted.

2.7 Initial Receptor Design

Our original host design involved the preorganization of two larger
polyammonium macrocycle groups in a tweezer structure (Scheme 2.4). The general
design represents a modular strategy in which multiple parts of the structure, including

the identities of the macrocycles, the tweezer scaffold, and the tether between the two,

NH Hy NN — NH H, NN —
C HN— C L HN=—
NH Hz N > NH HZ ' N >
~—"H o N— "} k)
2 . @ 2
S| = S
+ (/2] + (/7]
—~N" H —~N"T H
ENH H, NHNX l:NH Hy | NHﬁs
NH H2 p I NH H2 > L

Scheme 2.4. Preorganization of polyammonium macrocycles in tweezer structure.
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can be modified to tune the binding properties of the host.

The main characteristic that is regulated by varying the scaffold and the tethers is
the rigidity of the receptor, a crucial property that controls binding group presentation.
Generally, a rigid host structure can reach maximum affinity with perfect placement of
binding functionalities, but errors in preorganization often result in severe affinity
decreases. While host flexibility can lower the ceiling of binding affinity, it also provides
more room for error in achieving strong complexation. Due to the significance of rigidity
in receptor design, an approach that allows efficient fine-tuning of this property is
beneficial. Therefore, variable rigid (scaffold) and flexible (tether) portions were
incorporated into the receptor backbone (Figure 2.9) to maximize coordination
properties.

Polyammonium  macrocycles ranging from cyclen (m=1) wup to
heptaazamacrocycles (m = 4) would provide receptors with varying anion selectivities

due to the different cavity sizes and number of ammonium groups. One concern with

Scaffolds

+ -,
m=1-4 O

Figure 2.9. Modular structure for anion-binding tweezer receptors.
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the tweezer scaffold was that bond rotation could result in conformations with the
macrocycles facing away from each other. Therefore, several different scaffolds were
investigated in order to find those that are most effective at preorganizing binding
moieties. Possible dimeric scaffolds included ortho- and meta-diamides and
anthracenes (Figure 2.9) to offer different binding group geometries. The amides could
be favorable by participating in recognition through hydrogen bonding to the bound
anion while the anthracenes are beneficial for generating fluorescence signal
transduction of binding events. And finally, the length of the alkyl chain tether (n, Figure
2.9) connecting the macrocycles to the scaffold could also be modified.

Once again, the —ak” chemistry approach was employed to attach the
polyammonium macrocycles to the scaffold. This strategy is illustrated by the reaction

of an azide-functionalized macrocycle with a generic bis-alkyne scaffold to access

NH H N
2
/\6’5 ) =5 K/lll \/ N7
\H H, m ° CuSO, SN
N + E I >
Hy 3 '
K/'ll \) nNg 3 Sodium . =N

— N
Ascorbate /\6 Hz/\)m N/
)

THF/H,O NH H N
2 n

Alkynes for Scaffold Functionalization

= O O
=l AR ®
HN NH

® Y,
= FN HN / O
O = 0 7 (@]

217 218 219 2.20
Scheme 2.5. Late-stage scaffold—macrocycle linkage via azide—alkyne cycloaddition.
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various tweezers (Scheme 2.5). The bis-alkyne precursors used for scaffold
introduction include difunctionalized benzenes (2.17 and 2.18) and anthracenes (2.19
and 2.20). The benzenes have recently been used in the synthesis of carbohydrate—
triazole ligands.”® Finally, azido-macrocycles could also be functionalized by other
methods if necessary, such as the Staudinger ligation®® or azide reduction and

derivatization of the resulting amine.®’

2.8 Alkyne Scaffold Synthesis

We first set out to synthesize the difunctionalized benzenes 2.17 and 2.18 from
commercially available starting materials in one step using the exact same reaction
conditions for both (Scheme 2.6). The dichlorides were reacted with propargylamine at

cold temperature to form the corresponding alkynes in good vyield. Next,

(0] (@) S
? = cl NH
Cl NHz , EtzN /\NHZ , Et;N
Cl CHyCly 0°C CH,Cl, 0 °C
o 90%} \// Cl 92% NH
0 0 =
2.18
1) Zn, CuSO,, ,
Q )NH4OH e Ni(acac),, PPhs,
80 °C Me;Si————MgBr KOH
2) n-PrOH, HCI THF, 70 °C MeOH
76% 79% 93%
e ¢ ° f f f f
MesSi 2.22 SiMe; H 219 H

Scheme 2.6. Synthesis of alkyne scaffolds.
diethynylanthracene 2.19 was prepared using a series of known literature procedures.
1,8-dichloroanthraquinone was reduced with zinc to anthracene 2.21,%? followed by
Grignard addition of (trimethylsilyl)ethynyl groups to product 2.22% which was then

deprotected in base to give 2.19.3* This anthracene scaffold looked particularly
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interesting to us because the resulting triazoles from the cycloaddition with azides would
provide extra rigidity to the core. Furthermore, the triazoles would be in conjugation
with the anthracene, which may lead to larger changes in fluorescence upon binding.
Consequently, diethynylanthracene 2.19 was tested with various small azides in
the azide—alkyne cycloaddition to form triazole adducts (Scheme 2.7). The reactions
were performed in a variety of solvents, and copper(ll) sulfate and copper(l) iodide were
used as the copper catalyst source (Table 2.3). The results show that almost all
attempts returned the alkyne starting material and failed to form any bis(triazole)
product. Only a few reaction sets were able to form mono-triazole products in low yield.
The collected mono products were then reacted again with more azide, but this resulted
in no change. It is possible that steric hindrance could make it difficult for the second
triazole unit to form, especially since the first triazole ring is conjugated to the
anthracene system and most likely would have little freedom to rotate. Any plans to test
the same sets of reactions on the benzene scaffolds 2.17 and 2.18 were later
abandoned when our acridine host 2.5 became successful. While the cycloaddition
reactions did not quite —ak” so far, sufficient amounts of alkyne materials were
synthesized, and we turned our attention towards the synthesis of the polyammonium

macrocycles.
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Scheme 2.7. Attempted cycloadd|t|on between 2.19 and various azides.

Table 2.3. Results of azide—alkyne cycloaddition reactions.

Azide Copper | Solvent(s) | Mono Bis 219
source product | product | recovery

N5 NBoc CuSO4 | THF/HO 19% 19% no
©—N3 CuSO4 | THF/H,O - - yes
MeOON3 CuSO4 | THF/H,O 31% - yes
MGOON;; CuSO,4 | MeCN/H,0 - - yes
MeoONg CuSO4 | DMF/H,0O - - no
MeOON3 Cul THF - - yes
MeO@—Ns Cul MeCN - - yes
CIONs CuSOs | THF/HO | 17% : yes
mONa CuSO;4 | CHyClo/H,0 | 23% : yes
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2.9 Azide-Tagged Polyammonium Macrocycle Synthesis

A modular scaffold also requires the synthesis of the polyamine receptor units.
While the field of polyammonium macrocycle chemistry has produced effective synthetic
methods, these syntheses remain somewhat challenging due to the high amine content
and the need for macrocyclization. Additionally, azide-labeled macrocycle development
requires mild conditions due to the sensitivity of azide groups to, for example, reduction
and acid. In previous work,?® the tosyl group was frequently used as a protecting group
for nitrogen, but it was removed under strongly acidic conditions, which makes its use
not suitable for functionalized polyamines such as our azide-tagged structures.
Therefore, an important aspect of polyammonium synthesis is the choice of
protecting/activating group for nitrogen. We chose the nitrobenzenesulfonyl (nosyl)
groups (2.23a-b, Scheme 2.8), as they are robust yet can be removed using mild

conditions, and they promote high yields in cyclization reactions.®® We were particularly

MsO OMs N N Ns = ©\N02
ﬁ’ 3 (f ° 0=5=0

ﬁ /ﬁ KZCO3 K2003 2.23a
NsN NNs DMF ~ NsN DMF
H H =
2.44 n=1-4 %N&X %/ \/y Nos = ©
(ﬁ/ O—$—O
6 Baa'avavs
2.23b
N
\//\ e
o)
NH HN
NIV
/
224

Scheme 2.8. Synthetic approach to polyammonium macrocyclization step to produce azide-tagged
polyamines such as heptaazamacrocycle 2.24.
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interested in synthesizing a heptaazamacrocycle since such structures have been
shown to strongly bind multiple phosphate groups.'®

The modular building block approach to access azide-tagged polyammonium
macrocycles started with the synthesis of azidohexyl heptaazamacrocycle 2.24. This
method involved a slight modification of the traditional Richman—Atkins cyclization
protocol® by employing nosylamine alkylation (Scheme 2.8). A similar strategy was
used to access numerous functionalized macrocycles by using tosylamine groups,
although strongly acidic conditions were employed for tosyl deprotection.®® Target 2.24
has two methylated nitrogen atoms in order to prevent multiple amine alkylations in the
later stages of the synthesis.

The sequence started with the tert-butoxycarbonyl (Boc) protection of 6-
aminohexanol (Scheme 2.9). Mesyl introduction to product 2.25 followed by direct
azide substitution to 2.26 and Boc deprotection led to 6-azidohexylamine 2.27. Next, 2-
(methylamino)ethanol was protected using the nosyl group to form 2.28, followed by O-

mesylation to 2.29. Initially, this mesylate was set to react with the trifluoroacetate salt

%7\ Boc,O (,Sﬁ 1) Et;N, MsCI, CH,Cl, 1) TFA, CH,Cl,
NH NBoc > Ny V/°NB > Ny U NH
HOR N2 = e, HO 2)NaN, DMF, 70 °C 3 6] C 2)NaOH 32
99% 2.25 92% 2.26 100% 2.27
oH EtsN, NosCl oH EtsN, MsCl OM Nal |
SN CH,CI SN CH,CI SN ° acetone, 50 °C= SN
H 212 Nos 202 Nos ’ Nos
96% 2.28 93% 2.29 95% 2.31
~ye~so|
N N N
Nos (rf 3 ( 3
K,CO;  2.31 NC K,COj, PhSH N
> —_———>
N3 6NH2 MeCN, 90 °C \N/\/ \/\N/ DMF, 70 °C \N/\/ \/\N/
86% Nos Nos 52% H H

2.27 2.30

Scheme 2.9. Synthetic route to triamine intermediate 2.32.

46



of amine 2.27 to yield adduct 2.30. However, the reaction failed to give any clean
product. Some mesylate starting material and precursor alcohol 2.28 were recovered.
To improve the leaving group, sodium iodide and potassium carbonate were then added
to the mesylate in order to form the iodide derivative 2.31 in situ, but still had no effect.
After similar attempts of the reaction using the tosylate analog of 2.29 were still
unsuccessful, iodide 2.31 was synthesized separately. The observed low reactivity may
also have been due to the trifluoroacetate salt form of amine 2.27. The salt could
become hydrated, making alkylations more difficult. As a result, amine 2.27 was
extracted in base to yield its more reactive free amine form. The reaction then finally
succeeded after heating 2.27 and iodide 2.31 in acetonitrile at 90 °C for two days to
afford 2.30. The N-methyl groups were specifically included to avoid aziridine formation
in 2.29 and 2.31 and limit the forthcoming triamine 2.32 to single alkylations.

The ensuing nosyl deprotection step proved to be fairly problematic. After initially
choosing mercaptoacetic acid as the deprotecting thiol reagent turned out to be
ineffective, using thiophenol instead led to formation of triamine unit 2.32.
Unfortunately, most attempts led to mixtures containing product, a partially deprotected
byproduct, and unreacted thiophenol. While the thiophenol was removed using N-
phenylmaleimide in basic solution, the partially deprotected byproduct could not be
separated from the product on a C18 reversed-phase column with gradient elution from
0 to 100% methanol/water.

Having made small amounts of reasonably pure intermediate 2.32, other building

blocks for the alkylation and cyclization steps were synthesized (Scheme 2.10).
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Scheme 2.10. Syntheses of N-nosylaziridine 2.33 and bis(mesylate) 2.36.
Nosylaziridine 2.33 was accessed using a modified known sequence of procedures®
starting with the N-nosylation of ethanolamine to 2.34. O-mesylation to 2.35 followed
where the choice of base was crucial. The literature report used triethylamine which in
our case resulted in the mesylation of both the nitrogen and the oxygen in the major
product. Changing the base to pyridine gave the intended O-mesylate in good yield.
Finally, cyclization in base was expected to yield aziridine 2.33. Initially, this reaction
was ineffective due to apparent polymerization. To avoid this problem, catalytic
amounts of 4-tert-butylcatechol, which had previously been used for N-tosylaziridine,*
were added during workup to generate pure 2.33.

Next, the synthesis focused on cyclization piece 2.36. Initially, various attempts
were made without using protecting groups but were ineffective (Table 2.4). As a
consequence, a protecting group seemed essential in this case. First, 2-iodoethanol
was protected using the tert-butyldimethylsilyl (TBS) group to form 2.37,°" and N-

nosylation of ethylenediamine led to 2.38.% These two products were then combined to
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Table 2.4. Alkylation attempts of diamine 2.38.

Diamine Base | Electrophile Expected Product Result
H Ns
NS NN | KoCOs | Bse~g, | B~y ~N-~g, | Diamine recovered
H Ns
H Q Ns
NS >N\ | KoCO3 o)J\o HO_~n"N~o~gy | Diamine recovered
H \ Ns
H Ns
NS >oNons | KoCOs | Ise~on | HO~e~ N~ gy | Diamine recovered
H Ns

yield 2.39, followed by deprotection of the silyl groups with tetrabutylammonium fluoride
(TBAF) to diol 2.40. Finally, O-mesylation gave product 2.36.

The remainder of the proposed synthetic route to macrocycle 2.24 (Scheme
2.11) consisted of coupling of triamine 2.32 with aziridine 2.33 to form pentamine 2.41,
followed by cyclization with bis(mesylate) 2.36 to protected macrocycle 2.42.
Deprotection using thiophenol would then lead to final product 2.24. Unfortunately, the
triamine—aziridine coupling reaction failed to give any clean product. In repeated
attempts, thin layer chromatography showed two to three spots that did not match the
starting materials or the expected product based on the 'H nuclear magnetic resonance
(NMR) spectra. The secondary amine groups of triamine 2.32 appeared to be difficult to
alkylate besides already causing purification problems earlier due to their high polarity.
With no amounts of clean triamine precursor remaining, we tested this strategy on the

synthesis of a smaller macrocycle, azide-tagged cyclen 2.43.

49




(ﬁ; ( N3 /\ ( N3
N 6 2.33 6
\N/\/N\/\N/ S S \N/\/N\/\N/
HN NH b N MeCN
K/ J 2.32 2.41
N
H neNH HN.
2.43 s S
Nj N3
MsO “S (ﬁe (ﬁ/e
Ns N N N
K,COs, 2.36 ( \) KoCOs, PhSH _ ( 3
_____________________________________ -
DMF NNs NsN DMF NH HN
B N,
N N NH HN
_/ __/

2.42 2.24
Scheme 2.11. Azide-tagged cyclen 2.43 and planned synthetic route towards macrocycle 2.24.

The synthesis of cyclen 2.43 (Scheme 2.12) started with the coupling of the
previously made amine 2.27 with aziridine 2.33 to generate azide-labeled cyclization
precursor 2.44. Unlike the reaction to form pentamine 2.41, there were no problems in
alkylating the more reactive primary amine. The complementary cyclization component

2.45 was obtained according to a literature procedure® from N-nosylation of

Ns
/\ (r)(Ns
NAPNH, —233 o N NS Ns
3 %2 "MeCN, 70 °C NN
2.27 96% H 244 H
H EtsN, NosCl Nos Et;N, MsCl Nos
—_— > —_— »
HO™ """ OH ~ CH,Cl, HO” """ 0H ~ CH,Cl, = MsO~ > ~""OMs
729 2.46 95% 2.45
N N
Nos 3 3
AN (ﬁ;ﬁ (ﬁé
( Ns MsO OMs (\N/\ (\N/\
N r\% \e KeCOs. 2.45 NN A KeCOs PhSH_ 1 "
‘
SIS DMF, 100 °C s s DMF
Ho o4 N 64% K/N\) 90% K/N\)
Nos H
2.47 2.43

Scheme 2.12. Synthesis of azide-tagged cyclen 2.43.
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diethanolamine to form 2.46, followed by O-mesylation. The cyclization pieces were
then combined to produce protected macrocycle 2.47, followed by global deprotection
using thiophenol to give azide-tagged cyclen 2.43.

While pure samples of final product 2.43 have been successfully prepared, the
deprotection step at the end suffered from low reproducibility.  Mixtures of partially
deprotected byproducts and low product yields were frequently encountered. Attempts
to purify the mixtures on a C18 reversed-phase column with gradient elution from 0 to
100% methanol/water mostly failed to isolate the completely deprotected cyclen
product. Consequently, an alternative synthetic strategy had to be pursued, as was
described for our final host structure at the beginning of this chapter.

Even though we did not manage to form an azide-tagged heptaazamacrocycle,
we did successfully synthesize the smaller cyclen analog. The crucial steps that were
problematic turned out to be the nosyl group deprotections and the polyamine
alkylations. These key reactions highlight the complexity that remains in the synthesis
of functionalized polyammonium macrocycles. Based on our findings, we learned that it
seemed better to introduce a functionalized tag such as an azide or alkyne during a

later stage of the synthesis, as shown in our previously discussed acridine host.

51



2.10 Experimental

General Considerations

Generally, reagents were purchased from Acros, Aldrich, or AK Scientific and used as
received. Dry solvents were obtained from a Pure Solv solvent delivery system
purchased from Innovative Technology, Inc. Grignard and organolithium reagent
solutions were titrated with either 1,3-diphenylacetone p-tosylhydrazone94 or N-
benzylbenzamide® to assess concentration prior to use. Column chromatography was
performed using 230—-400 mesh silica gel purchased from Sorbent Technologies.
Chloride counteranion ion exchange, as well as C18 reversed phase solid phase
extraction (SPE) syringe columns were obtained from Silicycle. NMR spectra were
obtained using a Bruker AC250 spectrometer updated with a Tecmag DSPect data
collection system, a Varian Mercury 300 spectrometer, a Bruker Avance 400
spectrometer, and a Varian 500 spectrometer. Mass spectra were obtained with a
JEOL DART-AccuTOF spectrometer and an ABI Voyager DE Pro MALDI spectrometer
with high resolution capabilities. UV-vis absorption spectra were obtained with a
Thermo Evolution 600 UV-vis spectrophotometer, and fluorescence spectra were
obtained with a Perkin EImer LS 55 luminescence spectrometer. InsP3 (2.1) used for
binding studies was synthesized from protected inositol intermediates that we previously

reported.”®
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Procedures for Bis-Cyclen Tweezer Synthesis

N,N'~((1,1'-(acridine-4,5-diylbis(methylene))bis(1H-1,2,3-triazole-4,1-
diyl))bis(methylene))bis(2-(1,4,7,10-tetraazacyclododecan-1-yl)acetamide) (2.5)

Boc H
? (TN 2 (N o
N N + Cl
NI,J/\NJK/N NBoc NOJ/\NJ@NH +NH2
\ H \ H
N K/N\) N K/N\)
Boc H
/N 1) TFA, CH,Cl, /N
2) lon exchange

Trifluoroacetic acid (3 mL) was added dropwise to a solution of 2.11 (0.024 g, 0.017
mmol) in dichloromethane (3 mL) at rt. The reaction mixture was stirred at rt for 3 h,
followed by concentration via rotary evaporation. The crude product was next dissolved
in deionized water, loaded onto a chloride counteranion exchange column (0.5 g, Si-
TMA chloride), and eluted with deionized water. Purification on a reversed-phase
column (2 g, C18) with gradient elution from 0 to 50% methanol/water gave the product
as a yellow solid (0.016 g, 98%).

'H NMR (300 MHz, CD30D) & 9.09 (s, 1H), 8.19 (d, J = 8.3 Hz, 2H), 8.04 (s, 2H), 7.78
(d, J = 6.6 Hz, 2H), 7.67-7.59 (m, 2H), 6.36 (s, 4H), 4.50 (s, 4H), 3.39 (s, 4H), 3.24—
2.70 (m, 32H). *C NMR (75 MHz, CDs;OD) & 174.06, 147.03, 145.90, 138.48, 134.30,
132.21, 130.69, 127.88, 126.84, 124.95, 56.87, 51.73, 51.43, 47.85, 45.93, 44.25,

44.01, 35.76. MALDI-HRMS [M+HCI+H,O+H]" calcd: 878.5145, found: 878.5143.
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4,5-bis(bromomethyl)acridine (2.6)

N
O ~ O MeO/\ Br N/

Br 2.6 Br

Acridine (1.00 g, 5.49 mmol) was added to concentrated sulfuric acid (15 mL). The
reaction mixture was heated to 50 °C, and bromomethyl methyl ether (1.99 mL, 21.97
mmol) was added. After stirring at 50 °C for 15 h, the reaction crude was poured into
ice and stirred for 1 h. The mixture was then extracted with chloroform (2 x 40 mL), and
the combined organic layers were dried over magnesium sulfate, filtered, and
concentrated. Column chromatography over silica gel with gradient elution from 20 to
70% dichloromethane/hexanes gave the product as a light yellow solid (0.51 g, 25%).
Characterizations matched those reported in the literature.”

'H NMR (300 MHz, CDCl3) & 8.77 (s, 1H), 7.96 (dd, J = 14.8, 7.7 Hz, 4H), 7.51 (dd, J =
8.5, 6.9 Hz, 2H), 5.43 (s, 4H). ®C NMR (63 MHz, CDCl;) 5 145.77, 136.44, 131.09,

128.99, 126.80, 125.81, 119.96, 30.10.

4,5-bis(azidomethyl)acridine (2.7)

X X
— NaN3 _
N - N

DMF
Br 2.6 Br N3 2.7 N3

Sodium azide (0.51 g, 7.82 mmol) was added to a solution of 2.6 (0.48 g, 1.30 mmol) in
N,N-dimethylformamide (20 mL) at rt. The reaction mixture was then heated to 80 °C

and allowed to stir overnight. The reaction crude was then filtered, and the filtrate was
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concentrated by rotary evaporation. Column chromatography over silica gel with
gradient elution from 20 to 100% dichloromethane/hexanes gave the product as a light
yellow solid (0.33 g, 87%).

'H NMR (300 MHz, CDCl3) 5 8.72 (s, 1H), 7.94 (d, J = 8.5 Hz, 2H), 7.78 (d, J = 6.8 Hz,
2H), 7.52 (dd, J = 8.5, 6.8 Hz, 2H), 5.20 (s, 4H). *C NMR (75 MHz, CDCl3) & 146.43,
136.59, 134.41, 129.77, 128.61, 126.60, 125.67, 51.49. DART-HRMS [M+H]" calcd:

290.1154, found: 290.1074.

1,4,7-tris(tert-butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane (2.8)

Boc,O EOC

f o ew O
CHCI3 BocN NH

& J NI
Boc

2.8

A solution of di-tert-butyl dicarbonate (1.77 g, 8.12 mmol) in chloroform (10 mL) was
added slowly via addition funnel to a solution of cyclen (0.51 g, 2.90 mmol) and
triethylamine (1.25 mL, 8.99 mmol) in chloroform (40 mL) at rt. The reaction mixture
was stirred at rt overnight and then concentrated through rotary evaporation. The
resulting residue was purified by column chromatography over silica gel with gradient
elution from ethyl acetate to 5% methanol/dichloromethane to yield the product as a
white solid (1.02 g, 80%).

Characterizations matched those reported in the literature.”®
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"H NMR (300 MHz, CDCl3) & 3.73-3.55 (m, 4H), 3.45-3.20 (m, 8H), 2.92-2.79 (m, 4H),
1.47 (s, 9H), 1.45 (s, 18H). "3C NMR (63 MHz, CDCl3) 5 155.69, 155.44, 79.40, 79.19,

50.97, 49.49, 45.95, 45.07, 28.69, 28.51.

2-bromo-N-(propargyl)acetamide (2.9)

o) /NHz e o)

Br\)J\Br > Br\)J\N/\\

CH2C|2 H \
2.9

Propargylamine (0.36 mL, 5.61 mmol) and triethylamine (0.78 mL, 5.61 mmol) were
added to a solution of bromoacetyl bromide (0.50 mL, 5.61 mmol) in dichloromethane
(25 mL) at 0 °C. After stirring at 0 °C for 1 h, the reaction mixture was concentrated
through rotary evaporation, resuspended in ethyl acetate (50 mL), and then filtered
through a pad of silica gel. The filtrate was then concentrated to provide the product as
a dark orange solid (0.96 g, 98%).

Characterizations matched those reported in the literature.””

'H NMR (300 MHz, CDCl3) 8 6.70 (bs, 1H), 4.10 (dd, J = 5.3, 2.6 Hz, 2H), 3.91 (s, 2H),

2.29 (t, J = 2.6 Hz, 1H).
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N-(propargyl)-1,4,7-tris(tert-butyloxycarbonyl)-1,4,7,10-tetraazacyclododecan-10-
yl-acetamide (2.10)

O
Br\)J\N/\\\
Boc H Boc
K>CO4
BocN NH > BocN N
L e S
N N
Boc Boc
2.8 2.10

A solution of 2.9 (0.19 g, 1.06 mmol) in acetonitrile (5 mL) was added to a solution of
2.8 (0.34 g, 0.71 mmol) in acetonitrile (20 mL) at rt. Anhydrous potassium carbonate
(0.15 g, 1.06 mmol) was then added, and the reaction mixture heated to 80 °C, at which
it was stirred for 2 days. The mixture was then filtered, followed by concentration of the
filtrate by rotary evaporation. Column chromatography over silica gel with gradient
elution from 50 to 100% ethyl acetate/hexanes then provided the product as a white
solid (0.37 g, 92%).

'H NMR (300 MHz, CDCl3) & 7.16 (bs, 1H), 4.05-3.98 (m, 2H), 3.71-3.11 (m, 14H),
2.92-2.45 (m, 4H), 2.18 (s, 1H), 1.51-1.43 (m, 27H). "*C NMR (75 MHz, CDCls) &
170.72, 155.52, 79.88, 79.18, 71.18, 58.19, 56.22, 50.95, 49.78, 28.50. DART-HRMS

[M+H]" calcd: 568.3710, found: 568.3605.
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hexa-tert-butyl 10,10'-((((1,1'-(acridine-4,5-diylbis(methylene))bis(1H-1,2,3-triazole-
4,1-diyl))bis(methylene))bis(azanediyl))bis(2-oxoethane-2,1-diyl))bis(1,4,7,10-
tetraazacyclododecane-1,4,7-tricarboxylate) (2.11)

Boc

S 0
N
O N/ N\”j/\NJK/N NBoc
N " N
N© 27 N CuS0,+5H,0 O Boc

Na ascorbate 74 \N
THF, H,0

EIOC Q Roc
Bocg\ /R\).iN/\\ NINLHY\{ w
K/ \) " h ’ 2.1 © K/ 5

NBoc

N

Boc 2.10 Boc

A solution of alkyne 2.10 (0.084 g, 0.15 mmol) in tetrahydrofuran (1 mL) was added to a
solution of bis-azide 2.7 (0.021 g, 0.074 mmol) in tetrahydrofuran (1 mL) at rt. Copper
sulfate pentahydrate (0.0092 g, 0.037 mmol), sodium ascorbate (0.037 g, 0.19 mmol),
and water (2 mL) were then added, and the reaction mixture was stirred at rt overnight.
After the addition of water (20 mL), the mixture was extracted with dichloromethane (2 x
20 mL). The combined organic layers were then dried over magnesium sulfate, filtered,
and concentrated. Column chromatography over silica gel with gradient elution from 3
to 10% methanol/dichloromethane provided the product as a pale yellow solid (0.058 g,
55%).

'H NMR (300 MHz, CDCl3) & 8.82 (s, 1H), 8.03 (d, J = 8.5 Hz, 2H), 7.82 (s, 2H), 7.71 (d,
J =6.2 Hz, 2H), 7.58-7.49 (m, 2H), 7.37 (s, 2H), 6.30 (s, 4H), 4.45 (d, J = 5.0 Hz, 4H),
3.52-3.00 (m, 28H), 2.62 (s, 8H), 1.52—1.30 (m, 54H). *C NMR (75 MHz, CDCl3) &
170.98, 167.27, 146.06, 137.11, 129.30, 126.60, 125.78, 79.80, 50.45, 47.88, 34.97,

28.43. MALDI-HRMS [M+Na]" calcd: 1446.8238, found: 1446.8245.
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Zinc(ll) complex (2.16)

H H

RS 2 ()

N ( + Cl N | 2+
N\/,J/\HJ@NH +NH2 N\,,JAH/[K/N__ZI”_ “NH

N N

D H (D H
74 \N Zn(OAc), 72

_—

MeOH

Zinc acetate (0.008 g, 0.044 mmol) was added to a solution of 2.5 (0.021 g, 0.022
mmol) in methanol (5 mL). The reaction mixture was stirred at 50 °C overnight, followed
by concentration via rotary evaporation to obtain the complex as a light yellow solid of
tetraacetate salts (0.026 g, 100%).

'H NMR (300 MHz, CD30D) 5 9.11 (s, 1H), 8.21 (d, J = 8.8 Hz, 2H), 8.06—7.90 (m, 2H),
7.90-7.76 (m, 2H), 7.69-7.60 (m, 2H), 6.34 (s, 4H), 4.49 (s, 4H), 3.45 (s, 4H), 3.04—

2.62 (m, 32H). MALDI-HRMS [M-3H]" calcd: 952.3505, found: 952.3497.

Procedure for Titration Binding Studies

All binding studies were conducted in a buffered solution of 50% methanol/water
solution (50 mM Tris buffer, pH 7.4) formed by adding a 2X buffered aqueous solution to
methanol. After obtaining an excitation spectrum of host (2.5 or 2.16), fluorescence
experiments were performed through excitation at 355 nm at rt. In these studies, a 10
MM buffered solution of host (2 mL) was titrated stepwise with 25 pL aliquots of a

buffered solution consisting of 10 uM host and 30 pM guest. After each addition, the
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fluorescence spectra were recorded. The changes in fluorescence intensities at the
emission imax (440 nm) were then plotted against the concentration of added guest.
Binding constants were next determined by non-linear least squares analysis of the data
using the SigmaPlot 11.0 data analysis and graphing program. Both a single-site
saturation curve fit and a four-parameter sigmoidal curve fit were utilized, and both
methods resulted in similar K, values. It should be noted that binding curves exhibit
some sigmoidal, or s-shaped, character in Figures 2.5 and 2.8. Sigmoidal properties

typically indicate the presence of more than one equilibria or cooperativity.

Procedures for Alkyne Scaffold Synthesis

ortho-phthaloyl propargylamide (2.17)

O (0]
)
cl CH,Cl, NH
=
O O
217

Propargylamine (0.14 mL, 2.19 mmol) and triethylamine (0.28 mL, 2.19 mmol) were
added to a solution of ortho-phthaloyl chloride (0.16 mL, 0.99 mmol) in dichloromethane
(10 mL) at 0 °C. The reaction mixture was stirred at 0 °C for 1 h and then concentrated.
Column chromatography over silica gel with gradient elution from 3 to 7%
methanol/dichloromethane provided the product as a white solid (0.21 g, 90%).
Characterizations matched those reported in the literature.”

'H NMR (300 MHz, CD30D) & 7.56-7.53 (m, 4H), 4.12 (d, J = 2.6 Hz, 4H), 2.62 (t, J =
2.6 Hz, 2H).
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isophthaloyl propargylamide (2.18)

0] (@] /——:
Cl NH
= NHp Et;N
CH,Cl, -
Cl NH
o) 0 V==
2.18

This compound was prepared, as described above, from isophthaloyl dichloride (0.21 g,
1.02 mmol), propargylamine (0.13 mL, 2.04 mmol), and triethylamine (0.28 mL, 2.00
mmol) as a white solid (0.22 g, 92%).

Characterizations matched those reported in the literature.”

'H NMR (300 MHz, CD30D) & 8.33-8.27 (m, 1H), 7.99 (d, J = 7.8 Hz, 2H), 7.58 (t, J =

7.8 Hz, 1H), 4.17 (d, J = 2.5 Hz, 4H), 2.62 (t, J = 2.5 Hz, 2H).

1,8-diethynylanthracene (2.19)

KOH
MeOH
fl Il I {l

MesSi 2.22 SiMej H 219 H

A 1 M aqueous potassium hydroxide solution (0.8 mL) was added to a solution of 2.22
(0.095 g, 0.26 mmol) in methanol (10 mL). The reaction mixture was stirred at rt
overnight and then concentrated. Column chromatography over silica gel with gradient
elution from 0 to 10% ethyl acetate/hexanes gave the product as a yellow solid (0.054 g,
93%).

Characterizations matched those reported in the literature.?**%*
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"H NMR (300 MHz, CDCl3) 8 9.43 (s, 1H), 8.44 (s, 1H), 8.02 (d, J = 8.5 Hz, 2H), 7.79 (d,

J =6.9 Hz, 2H), 7.45 (dd, J = 8.5, 6.9 Hz, 2H), 3.62 (s, 2H).

1,8-dichloroanthracene (2.21)

0
1) Zn, CuSOy,,
NH4OH, H,0
2) n-PrOH, HCl
cl o <« Cl Cl

2.21

Zinc dust (26.96 g, 412.46 mmol) and copper(ll) sulfate pentahydrate (0.14 g, 0.55
mmol) to a solution of 1,8-dichloroanthraquinone (8.02 g, 27.50 mmol) in water (216
mL) and ammonium hydroxide (84 mL). The reaction mixture was stirred at 80 °C for 6
h and then filtered. Acetone (200 mL) was added to the residue, and the mixture was
stirred at rt for 30 min, followed by filtering and concentrating the filtrate. The residue
was dissolved with hot 1-propanol (300 mL), and concentrated hydrochloric acid (1 mL)
was added dropwise. The resulting precipitate was filtered and collected as yellow
needles (5.19 g, 76%).

Characterizations matched those reported in the literature. %%’

"H NMR (300 MHz, CDCl3) 8 9.24 (s, 1H), 8.46 (s, 1H), 7.93 (d, J = 8.5 Hz, 2H), 7.62 (d,

J=7.2Hz, 2H), 7.41 (dd, J = 8.5, 7.2 Hz, 2H).

Titration of ethylmagnesium bromide with 1,3-diphenylacetone p-tosylhydrazone
Under argon, anhydrous tetrahydrofuran (10 mL) was added to 1,3-diphenylacetone p-
tosylhydrazone (0.18 g, 0.47 mmol) via syringe. The solution was allowed to stir and
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cooled to 0 °C. A solution of ethylmagnesium bromide in tetrahydrofuran was added via
syringe dropwise until the mixture became consistently dark yellow. The volume of
ethylmagnesium bromide solution added (0.70 mL) and the number of moles of titrating

reagent were used to calculate the ethylmagnesium bromide solution concentration.

1,8-bis[(trimethylsilyl)ethynyl]lanthracene (2.22)

Ni(acac),, PPhs,

(I e (120
THF

Cl Cl
2.21 | ‘ | ‘

Me;Si 2.22 SiMeg

Under a nitrogen atmosphere, ethylmagnesium bromide (25.92 mL, 17.37 mmol, 0.67 M
in tetrahydrofuran) was added to a solution of trimethylsilylacetylene (2.78 mL, 19.11
mmol) in anhydrous tetrahydrofuran (40 mL) at 0 °C. The mixture was stirred and
allowed to warm up for 1.5 h. The resulting [(trimethylsilyl)ethynylJmagnesium bromide
solution was then added to a solution of 1,8-dichloroanthracene (0.86 g, 3.47 mmol),
nickel(ll) acetylacetonate (0.009 g), and PPh3; (0.018 g) in anhydrous tetrahydrofuran
(10 mL). The reaction mixture was stirred at 70 °C for 2 days, after which it was
extracted with chloroform (2 x 50 mL) from saturated ammonium chloride (50 mL). The
combined organic layers were dried over magnesium sulfate, filtered, and concentrated.
Column chromatography over silica gel with gradient elution from 5 to 20%
dichloromethane/hexanes gave the product as a yellow solid (1.02 g, 79%).

Characterizations matched those reported in the literature.®*%

63



"H NMR (300 MHz, CDCl5)  9.33 (s, 1H), 8.42 (s, 1H), 7.98 (d, J = 8.5 Hz, 2H), 7.79 (d,

J =6.9 Hz, 2H), 7.42 (dd, J = 8.5, 6.9 Hz, 2H), 0.39 (s, 18H).

Procedures for Azide-Tagged Polyammonium Macrocycle Synthesis

tert-butyl (6-hydroxyhexyl)carbamate (2.25)

Boc,O 4/\}
H %\}NH H NB
(0] 6 V2 W O 6N oc

2.25

A solution of di-tert-butyl dicarbonate (2.72 g, 12.47 mmol) in dichloromethane (10 mL)
was added slowly via addition funnel to a solution of 6-amino-1-hexanol (1.37 g, 11.34
mmol) in dichloromethane (30 mL) at rt. The reaction mixture was stirred at rt overnight
and then extracted with dichloromethane (2 x 40 mL) from saturated aqueous
ammonium chloride (40 mL). The combined organic layers were dried over magnesium
sulfate, filtered, and concentrated to give the product as a yellow oil (2.43 g, 98%).
Characterizations matched those reported in the literature.®®

'H NMR (300 MHz, CDCl3) & 4.55 (bs, 1H), 3.64 (q, J = 6.3 Hz, 2H), 3.12 (q, J = 6.3 Hz,

2H), 1.60-1.51 (m, 3H), 1.50-1.41 (m, 11H), 1.41-1.31 (m, 3H).

tert-butyl (6-azidohexyl)carbamate (2.26)

1) Et3N, MsClI, CH,CI
HO@\NBOC ) Ets 272 N3 NBoc
6H 2) NaN3;, DMF 6H

2.25 2.26

Methanesulfonyl chloride (0.22 mL, 2.79 mmol) was added to a solution of 2.25 (0.55 g,

2.54 mmol) and triethylamine (0.42 mL, 3.04 mmol) in dichloromethane (20 mL) at 0 °C.
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After stirring at rt for 3 h, the reaction mixture was concentrated through rotary
evaporation and resuspended in N,N-dimethylformamide (20 mL). Sodium azide (0.33
g, 5.07 mmol) was added to the mixture which was then heated to 70 °C and allowed to
stir overnight. The reaction crude was then filtered, and the filtrate was concentrated by
rotary evaporation. Column chromatography over silica gel with gradient elution from
15 to 30% ethyl acetate/hexanes gave the product as a colorless oil (0.57 g, 92%).
Characterizations matched those reported in the literature.%?

'H NMR (300 MHz, CDCl3) 5 4.53 (bs, 1H), 3.27 (t, J = 6.9 Hz, 2H), 3.12 (q, J = 6.6 Hz,

2H), 1.67—1.54 (m, 2H), 1.54—1.41 (m, 12H), 1.41-1.28 (m, 3H).

6-azido-1-hexanamine (2.27)

1) TFA, CH,Cl,
N3 NBoc > N3 NH2
6 2) NaOH 6

2.26 2.27

Trifluoroacetic acid (20 mL) was added dropwise to a solution of 2.26 (0.55 g, 2.26
mmol) in dichloromethane (20 mL) at rt. The reaction mixture was stirred at rt for 2 h,
followed by concentration via rotary evaporation. The crude product was then extracted
with dichloromethane (2 x 40 mL) from 1 M aqueous sodium hydroxide (40 mL). The
combined organic layers were dried over magnesium sulfate, filtered, and concentrated
to yield the product as a brown liquid (0.32 g, 100%).

Characterizations matched those reported in the literature.%®

'H NMR (300 MHz, CDCl3) 8 3.70 (bs, 2H), 3.27 (t, J = 6.9 Hz, 2H), 2.75 (t, J = 6.9 Hz,

2H), 1.66—1.46 (m, 4H), 1.45-1.33 (m, 4H).
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N-(2-hydroxyethyl)-N-methyl-4-nitrobenzenesulfonamide (2.28)

- /\/OH Et;N, NosCl S /\/OH
N CH,CI N
H 212 Nos
2.28

A solution of 4-nitrobenzenesulfonyl chloride (1.05 g, 4.48 mmol) in dichloromethane
(10 mL) was added dropwise to a solution of 2-(methylamino)ethanol (0.30 mL, 3.74
mmol) and triethylamine (0.63 mL, 4.48 mmol) in dichloromethane (20 mL) at 0 °C. The
reaction mixture was stirred at rt overnight and then concentrated.  Column
chromatography over silica gel with gradient elution from 2 to 10%
methanol/dichloromethane gave the product as a yellow solid (0.93 g, 96%).

'H NMR (300 MHz, CDCl3) & 8.39 (d, J = 9.0 Hz, 2H), 8.01 (d, J = 9.0 Hz, 2H), 3.86—

3.76 (m, 2H), 3.26 (t, J = 5.3 Hz, 2H), 2.92 (s, 3H), 2.06 (bs, 1H).

2-(N-methyl-4-nitrobenzenesulfonamido)ethyl methanesulfonate (2.29)

-~ OH Et3N, MsCl ~~_ OMs
N CH,CI N
Nos 212 Nos
2.28 2.29

Methanesulfonyl chloride (0.71 mL, 8.92 mmol) was added to a solution of 2.28 (2.11 g,
8.10 mmol) and triethylamine (1.36 mL, 9.73 mmol) in dichloromethane (80 mL) at 0 °C.
After stirring at rt for 3 h, the reaction mixture was extracted with dichloromethane (2 x
50 mL) from saturated aqueous sodium bicarbonate (50 mL). The combined organic
layers were dried over magnesium sulfate, filtered, and concentrated. @ Column
chromatography over silica gel with gradient elution from 3 to 10%

methanol/dichloromethane gave the product as a yellow solid (2.54 g, 93%).
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"H NMR (300 MHz, CDCl3) & 8.41 (d, J = 8.9 Hz, 2H), 8.01 (d, J = 8.9 Hz, 2H), 4.40 (t, J

= 5.4 Hz, 2H), 3.47 (t, J = 5.4 Hz, 2H), 3.08 (s, 3H), 2.94 (s, 3H).

N-(6-azidohexyl)-N,N-bis[2-(N-methyl-4-nitrobenzenesulfonamido)ethyl]lamine
(2.30)

Nos (ﬁfN3
KiCO; 231 /\/Nfiv\ B
N3™\ /- NH; MeCN N N
Nos Nos
2.27 2.30

Potassium carbonate (0.52 g, 3.76 mmol) and a solution of 2.27 (0.11 g, 0.75 mmol) in
acetonitrile (5 mL) was added to a solution of 2.31 (0.70 g, 1.88 mmol) in acetonitrile (15
mL). The reaction mixture was stirred at 90 °C for 2 days and then concentrated.
Column chromatography over silica gel with gradient elution from 1 to 5%
methanol/dichloromethane gave the product as a yellow liquid (0.40 g, 86%).

'H NMR (250 MHz, CDCl3) & 8.39 (d, J = 8.7 Hz, 4H), 8.00 (d, J = 8.7 Hz, 4H), 3.27 (t, J
= 6.7 Hz, 2H), 3.15 (t, J = 6.7 Hz, 4H), 2.85 (s, 6H), 2.72 (t, J = 6.7 Hz, 4H), 2.50 (t, J =

6.7 Hz, 2H), 1.68-1.52 (m, 2H), 1.51-1.24 (m, 6H).

N-(2-iodoethyl)-N-methyl-4-nitrobenzenesulfonamide (2.31)

~ N /\/OMS Nal . ~ N A~ I
Nos acetone Nos
2.29 2.31

Sodium iodide (1.95 g, 13.02 mmol) was added to a solution of 2.29 (0.8811 g, 2.60

mmol) in acetone (80 mL). The reaction mixture was stirred at 50 °C overnight and then
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concentrated. Column chromatography over silica gel with gradient elution from 25 to
35% ethyl acetate/hexanes gave the product as a light yellow solid (0.91 g, 95%).
'H NMR (300 MHz, CDCl3) 8 8.40 (d, J = 9.0 Hz, 2H), 8.01 (d, J = 9.0 Hz, 2H), 3.45 (t, J

= 7.5 Hz, 2H), 3.27 (t, J = 7.5 Hz, 2H), 2.90 (s, 3H).

N-(6-azidohexyl)-N,N-bis(2-methylaminoethyl)amine (2.32)

(ﬁ,Ns (ﬁ/N3
NG K,CO3, PhSH 6
SN IS - SN~
N N DMF N N
Nos Nos H H
2.30 2.32

Potassium carbonate (0.39 g, 2.84 mmol) and thiophenol (0.10 mL, 0.95 mmol) were
added to a solution of 2.30 (0.18 g, 0.28 mmol) in N,N-dimethylformamide (5 mL). The
reaction mixture was stirred at 70 °C overnight and then concentrated by rotary
evaporation. Glacial acetic acid (20 mL) was added, and the mixture was concentrated
again. Purification on a reversed-phase column (2 g, C18) with gradient elution from 0
to 100% methanol/water yielded a crude product that was then extracted with
chloroform (2 x 20 mL) from 1 M sodium hydroxide (20 mL). The combined organic
layers were dried over magnesium sulfate, filtered, and concentrated to give the product
as a yellow liquid (0.038 g, 52%).

'H NMR (300 MHz, CDCl3) & 3.27 (t, J = 6.9 Hz, 2H), 2.66-2.52 (m, 6H), 2.48-2.36 (m,

8H), 2.06—1.86 (m, 2H), 1.68—1.53 (m, 2H), 1.50—1.25 (m, 6H).
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N-(2-nitrobenzenesulfonyl)aziridine (2.33)

Ns. -~ -OMs koH [
H benzene, H,O /\
235 2.33

A solution of potassium hydroxide (0.78 g, 13.90 mmol) in water (10 mL) was added to
a solution of 2.35 (0.90 g, 2.78 mmol) in benzene (30 mL). The reaction mixture was
stirred at rt for 3 h and then extracted with dichloromethane (2 x 40 mL) from water (40
mL). The combined organic layers were dried over magnesium sulfate and filtered. A
small amount of 4-tert-butylcatechol (0.25 g) was added to the filtrate which was then
concentrated to yield the product as a yellow oil (0.63 g, 99%).

Characterizations matched those reported in the literature.®

"H NMR (300 MHz, CDCl3) & 8.25-8.17 (m, 1H), 7.83-7.71 (m, 3H), 2.63 (s, 4H).

N-(2-hydroxyethyl)-2-nitrobenzenesulfonamide (2.34)

i ~-OH EtsN, NsCl Ns. ~~_-OH
2 CH,Cl, H
2.34

A solution of 2-nitrobenzenesulfonyl chloride (7.34 g, 33.14 mmol) in dichloromethane
(10 mL) was added dropwise to a solution of ethanolamine (2.00 mL, 33.14 mmol) and
triethylamine (1.57 mL, 11.30 mmol) in dichloromethane (40 mL) at 0 °C. The reaction
mixture was stirred at rt overnight and then extracted with dichloromethane (2 x 40 mL)
from 1 M hydrochloric acid (40 mL). The combined organic layers were dried over

magnesium sulfate, filtered, and concentrated. Column chromatography over silica gel
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with gradient elution from 3 to 10% methanol/dichloromethane gave the product as a
light yellow solid (6.92 g, 80%).
'H NMR (300 MHz, CDCl3) & 8.19-8.11 (m, 1H), 7.93-7.84 (m, 1H), 7.79-7.72 (m, 2H),

3.76 (9, J = 5.1 Hz, 2H), 3.27 (q, J = 5.1 Hz, 2H), 1.87 (t, J = 5.1 Hz, 1H).

2-(2-nitrobenzenesulfonamido)ethyl methanesulfonate (2.35)

Ns. OH pyr, MsCl Ns. OMs
N> Se N>
H 2~12 H
2.34 2.35

Methanesulfonyl chloride (0.63 mL, 8.16 mmol) was added to a solution of 2.34 (2.01 g,
8.16 mmol) and pyridine (0.79 mL, 9.79 mmol) in dichloromethane (80 mL) at 0 °C.
After stirring at rt overnight, the reaction mixture was concentrated through rotary
evaporation. Column chromatography over silica gel with gradient elution from 50 to
100% ethyl acetate/hexanes then provided the product as a white solid (2.49 g, 94%).
Characterizations matched those reported in the literature.®

'H NMR (300 MHz, CDCl3) & 8.19-8.10 (m, 1H), 7.96—7.87 (m, 1H), 7.82—7.74 (m, 2H),

5.85 (t, J = 5.9 Hz, 1H), 4.31 (t, J = 5.4 Hz, 2H), 3.51 (q, J = 5.4 Hz, 2H), 3.03 (s, 1H).

1,2-bis[N-(2-methanesulfonyloxyethyl)-2-nitrobenzenesulfonamido]ethane (2.36)

Ns
HO\/\N/\/NV\OH
Ns

Ns
Et3N, MsCI MsO N
CH,Cl, \/\NS/\/ ~">0Ms
2.40 2.36

Methanesulfonyl chloride (0.061 mL, 0.77 mmol) was added to a solution of 2.40 (0.20
g, 0.39 mmol) and triethylamine (0.16 mL, 1.16 mmol) in dichloromethane (10 mL).
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After stirring at rt for 3 h, the reaction mixture was concentrated by rotary evaporation.
Column chromatography over silica gel with gradient elution from 2 to 5%
methanol/dichloromethane gave the product (0.21 g, 81%).

'H NMR (250 MHz, DMSO-dg) 5 8.06-7.97 (m, 4H), 7.97-7.79 (m, 4H), 4.29 (t, J = 4.9

Hz, 4H), 3.69 (t, J = 4.9 Hz, 4H), 3.54 (s, 4H), 3.14 (s, 6H).

tert-butyl(2-iodoethoxy)dimethylsilane (2.37)

_~_OH imidazole, TBSCI _ _~___OTBS
' CH,Cl, '

Imidazole (0.48 g, 7.05 mmol) and tert-butyldimethylsilyl chloride (1.08 g, 7.05 mmol)
were added to a solution of 2-iodoethanol (0.50 mL, 6.41 mmol) in dichloromethane (15
mL). The reaction mixture was stirred at rt for 2 h and then extracted with
dichloromethane (2 x 40 mL) from 0.5 M hydrochloric acid (40 mL). The combined
organic layers were dried over magnesium sulfate, filtered, and concentrated to give the
product as a colorless liquid (1.61 g, 88%).

Characterizations matched those reported in the literature.®''%

"H NMR (300 MHz, CDCl3) & 3.83 (t, J = 7.0 Hz, 2H), 3.20 (t, J = 7.0 Hz, 2H), 0.90 (s,

9H), 0.08 (s, 6H).

N,N'-bis(2-nitrobenzenesulfonyl)ethylenediamine (2.38)

NaHCO3, NsCI
THF B

H
NH Ns . N.
HZN/\/ 2 >~"Ns



A solution of 2-nitrobenzenesulfonyl chloride (6.83 g, 29.88 mmol)) in tetrahydrofuran
(10 mL) was added to a solution of ethylenediamine (1.00 mL, 14.94 mmol) and sodium
bicarbonate (2.64 g, 31.38 mmol) in tetrahydrofuran (40 mL). The reaction mixture was
stirred at rt overnight and then extracted with dichloromethane (2 x 40 mL) from water
(40 mL). The combined organic layers were dried over magnesium sulfate, filtered, and
concentrated. Column chromatography over silica gel with gradient elution from 3 to
15% methanol/dichloromethane provided the product as a tan solid (6.15 g, 96%).
Characterizations matched those reported in the literature.®?

'H NMR (300 MHz, DMSO-dg) 5 8.14 (bs, 2H), 8.00-7.92 (m, 4H), 7.90-7.82 (m, 4H),

2.98 (s, 4H).

1,2-bis{N-[2-(tert-butyldimethylsilyloxy)ethyl]-2-nitrobenzenesulfonamido}ethane
(2.39)

K>;CO3, 2.37 s
Ns_ N. 2->3 . TBSO N
s ”/\/ Ns DME M\NS/\/ ~">0TBS
2.38 2.39

Potassium carbonate (0.15 g, 1.06 mmol) and a solution of 2.37 (0.16 g, 0.54 mmol) in
N, N-dimethylformamide (2 mL) were added to a solution of 2.38 (0.11 g, 0.25 mmol) in
N,N-dimethylformamide (3 mL). The reaction mixture was stirred at 70 °C overnight and
then concentrated. The residue was extracted with dichloromethane (2 x 20 mL) from
water (20 mL), and the combined organic layers were dried over magnesium sulfate,
filtered, and concentrated. Column chromatography over silica gel with gradient elution

from 25 to 75% ethyl acetate/hexanes gave the product (0.12 g, 67%).
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"H NMR (300 MHz, CDCl3) & 8.08-8.00 (m, 2H), 7.73-7.60 (m, 6H), 3.73 (t, J = 5.6 Hz,

4H), 3.58 (s, 4H), 3.47 (t, J = 5.6 Hz, 4H), 0.83 (s, 18H), -0.01 (s, 12H).

1,2-bis[N-(2-hydroxyethyl)-2-nitrobenzenesulfonamido]ethane (2.40)

TBSO N° TBAF-3H,0 _ Ho N°
~ NN 0T1BS THE > ~ONTN N0
Ns Ns
2.39 2.40

A solution of tetrabutylammonium fluoride trihydrate (0.62 g, 1.96 mmol) in
tetrahydrofuran (5 mL) was added to a solution of 2.39 in tetrahydrofuran (10 mL). The
reaction mixture was stirred at rt for 3 h and then extracted with dichloromethane (2 x
40 mL) from saturated aqueous ammonium chloride (40 mL). The combined organic
layers were dried over magnesium sulfate, filtered, and concentrated. @ Column
chromatography over silica gel with gradient elution from 2 to 10%
methanol/dichloromethane provided the product (0.32 g, 95%).

'H NMR (300 MHz, CDCl3) & 8.08-8.01 (m, 2H), 7.76—7.68 (m, 4H), 7.67—7.60 (m, 2H),

3.80 (t, J = 5.0 Hz, 4H), 3.65 (s, 4H), 3.51 (t, J = 5.0 Hz, 4H).

1-(6-azidohexyl)-1,4,7,10-tetraazacyclododecane (2.43)

(%Ns (%Ns
(\N/\ K,CO3, PhSH (\N/\
NNs > HN

NsN DMFE NH
n ne
Nos H
2.47 2.43
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Potassium carbonate (0.15 g, 1.06 mmol) and thiophenol (0.11 mL, 1.06 mmol) were
added to a solution of 2.47 (0.15 g, 0.18 mmol) in N,N-dimethylformamide (2 mL). After
stirring at rt for 3 h, the reaction mixture was extracted with 2 M hydrochloric acid (30
mL) from dichloromethane (30 mL). The aqueous layer was basified with solid NaOH
and then extracted with chloroform (2 x 30 mL). The combined organic layers were
dried over magnesium sulfate, filtered, and concentrated to provide the product as a
yellow oil (0.047 g, 90%).

'H NMR (300 MHz, CDCl3) 8 3.26-3.17 (m, 2H), 2.82-2.43 (m, 16H), 2.41 (t, J = 7.1

Hz, 2H), 1.61—1.50 (m, 2H), 1.49—1.24 (m, 6H).

N-(6-azidohexyl)-N,N-bis[2-(2-nitrobenzenesulfonamido)ethyl]amine (2.44)

Ns
VAN (ﬁN?’
2.33 6
N3 6NH2 W NS\N/\/N\/\N,NS
2.27 H 244 H

A solution of 2.27 (0.10 g, 0.70 mmol) in acetonitrile (2 mL) was added to a solution of
2.33 (0.34 g, 1.48 mmol) in acetonitrile (8 mL). After stirring at 70 °C overnight, the
reaction mixture was concentrated through rotary evaporation. Column chromatography
over silica gel with gradient elution from 1 to 5% methanol/dichloromethane then yielded
the product as a light brown oil (0.40 g, 96%).

'H NMR (250 MHz, CDCl3) & 8.14—8.05 (m, 2H), 7.90-7.82 (m, 2H), 7.80-7.70 (m, 4H),
5.70 (bs, 2H), 3.25 (t, J = 6.8 Hz, 2H), 3.07 (t, J = 5.8 Hz, 4H), 2.58 (t, J = 5.8 Hz, 4H),

2.38-2.29 (m, 2H), 1.65-1.48 (m, 2H), 1.46-1.15 (m, 6H).
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N,N-bis[(2-methanesulfonyloxy)ethyl]-4-nitrobenzenesulfonamide (2.45)
Nos EtN, MsCl Nos
HO™ >""~""0H CH,Cl, MsO™ """ 0OMs
2.46 2.45

Methanesulfonyl chloride (0.58 mL, 7.47 mmol) was added to a solution of 2.46 (0.87 g,
2.99 mmol) and triethylamine (1.25 mL, 8.96 mmol) in dichloromethane (30 mL) at 0 °C.
After stirring at rt for 5 h, the reaction mixture was extracted with dichloromethane (2 x
30 mL) from water (30 mL). The combined organic layers were dried over magnesium
sulfate, filtered, and concentrated. Column chromatography over silica gel with gradient
elution from 50 to 100% ethyl acetate/hexanes, then 5 to 7% methanol/dichloromethane
gave the product as a white solid (1.26 g, 95%).

Characterizations matched those reported in the literature.®

'H NMR (300 MHz, DMSO-dg) 5 8.40 (d, J = 8.9 Hz, 2H), 8.14 (d, J = 8.9 Hz, 2H), 4.31

(t, J = 5.5 Hz, 4H), 3.61 (t, J = 5.5 Hz, 4H), 3.17 (s, 6H).

N,N-bis(2-hydroxyethyl)-4-nitrobenzenesulfonamide (2.46)

H EtsN, NosCl NOS
HO™ >"~""0H CHCl,  HO™ > """OH
2.46

A solution of 4-nitrobenzenesulfonyl chloride (1.05 g, 4.75 mmol) in dichloromethane
(10 mL) was added dropwise to a solution of diethanolamine (0.50 g, 4.75 mmol) and
triethylamine (0.86 mL, 6.18 mmol) in dichloromethane (40 mL) at 0 °C. After stirring at

rt overnight, the reaction mixture was concentrated through rotary evaporation. Column
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chromatography over silica gel with gradient elution from 1 to 7% methanol/dichloro-
methane then gave the product as a white solid (0.98 g, 72%).

Characterizations matched those reported in the literature.®

'H NMR (300 MHz, DMSO-ds) 5 8.39 (d, J = 9.0 Hz, 2H), 8.08 (d, J = 9.0 Hz, 2H), 4.84

(t, J = 5.4 Hz, 2H), 3.52 (q, J = 5.9 Hz, 4H), 3.24 (t, J = 6.2 Hz, 4H).

1-(6-azidohexyl)-4,10-bis(2-nitrobenzenesulfonyl)-7-(4-nitrobenzenesulfonyl)-
1,4,7,10-tetraazacyclododecane (2.47)

iy
( ryN3 MsO”~ > ~""0OMs WNW
6 KoCOs, 2.45
Ns\N/\/N\/\N,Ns DME > NsN NNs
H 2.44 H K/Nos
2.47

Mesylate 2.45 (0.042 g, 0.094 mmol) and potassium carbonate (0.065 g, 0.47 mmol)
were added to a solution of 2.44 (0.056 g, 0.094 mmol) in N,N-dimethylformamide (5
mL). After stirring at 100 °C overnight, the reaction mixture was filtered and
concentrated through rotary evaporation. Column chromatography over silica gel with
gradient elution from 50 to 100% ethyl acetate/hexanes gave the product as a yellow
solid (0.080 g, 64%).

'H NMR (300 MHz, CDCl3) & 8.39 (d, J = 8.8 Hz, 2H), 8.07 (d, J = 8.8 Hz, 2H), 7.97—
7.89 (m, 2H), 7.77-7.69 (m, 4H), 7.66—7.59 (m, 2H), 3.78-3.68 (m, 4H), 3.58-3.48 (m,
4H), 3.39-3.30 (m, 4H), 3.26 (t, J = 6.6 Hz, 2H), 2.81-2.71 (m, 4H), 2.55-2.45 (m, 2H),

1.63-1.19 (m, 8H).
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Chapter 3: Design and Synthesis of Boronic Acid-Based
Carbohydrate Receptors

3.1 Introduction

Carbohydrates, or saccharides, are the most abundant class of biomolecules in
nature. In their most important roles, they provide structural support in the form of
cellulose, and they store energy in the forms of starch and glycogen.’" Additionally,
oligosaccharides, larger chains of sugars, are involved in protein targeting and folding,
along with the regulation of cell recognition events for infection, inflammation, and
immunity.'%

Since these biomolecules are present in the metabolic pathways of organisms,
the detection of biologically important carbohydrates is crucial for numerous medical
and industrial applications. For example, the monitoring of D-glucose is of particular
importance because this sugar supplies the metabolic energy for most cells of higher
organisms. In humans, the breakdown of D-glucose transport pathways has been
linked to various diseases, including cancer, ' cystic fibrosis,'® renal glycosuria,'® and
diabetes.'® Also, changes in glycosylation patterns often influence the function of a
glycoprotein. The patterns of prostate-specific antigen from cancer cells in culture'®’
and prostate cancer patients’ tissue and sera'® differ from those of the normal prostate.
In industry, the applications of carbohydrate detection range from monitoring fermenting
processes to determining the enantiomeric purity of synthesized drugs.

Saccharide recognition by boronic acids is unique in supramolecular chemistry.
Single-point molecular recognition is possible, and the primary binding interaction

consists of the reversible formation of a pair of covalent bonds as opposed to non-
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covalent attractive forces. The first quantitative study of binding interactions between
boronic acids and polyols was reported in 1959 by Lorand and Edwards.'® The authors
added a variety of polyols to solutions of phenylboronic acid in order to clarify the
disputed structure of the phenylboronate anion. It was determined that the conjugate
base of phenylboronic acid has a tetrahedral, not trigonal, structure. Additionally, the
selectivity of phenylboronic acid towards saccharides was found to be D-fructose > D-
galactose > D-glucose and seems to hold for all monoboronic acids.

The equilibria involved in the binding of a diol by phenylboronate are usually
summarized as a set of coupled equilibria (Scheme 3.1). While one explicitly
associated water molecule is shown for clarity, water is in rapid exchange on the Lewis
acidic boron in the same way that hydrated Lewis acidic metal ions exchange bound
water. An analogy can be found with the ionization of Zn?* in water to give a pK; of 8.8

from the reaction Zn-OH, — Zn—OH + H".'"® As the phenylboronic acid reacts with
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water, a solvated proton is liberated, thus defining the acidity constant K;,'* where pKj,
H. _H
o
~OH \ “"OH
OH
OH OH
[ Ktrlg [ Ktet
OH OH
H. _H
o8 e o o
~o el
0L
+2H,0 +2 H,0

Scheme 3.1. Equilibria involved in phenylboronate binding of a diol.
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= 8.70 in water at 25 °C.""? The formation of a diol boronate anion complex is defined
as Kiet, and the formation of a diol boronic acid complex is Kyig. It is observed that Kiet >
Kiig, With differences commonly being up to five orders of magnitude. Also, it is known
that the neutral boronic acid becomes more acidic upon binding. K;' is defined as the
acidity constant of the bound complex, and it is observed that pK, > pKy', indicating that
the boronic ester is more acidic than the boronic acid. The higher acidity of the ester is
due to the reduction of bond angles upon formation of the cyclic boronate. Boronic
acids have a bond angle of 120° which is shortened to 108° on binding, facilitating the
change in hybridization from sp? to sp°.

For designing a useful boronic acid-based receptor, it is essential to achieve
binding at neutral pH. The boronic acid—carbohydrate complex will only be present in
significant amounts at neutral pH if the pK, of the boronic acid itself is < 7. Since the
reported pKa, value of phenylboronic acid is 8.8,"* it needs to be lowered for strong
binding to occur at neutral pH. This can be accomplished by attaching electron-
withdrawing groups to the aromatic structure. For example, the pK, of 4-carboxy-3-
nitrophenylboronic acid was observed to be 7.0.""*® Another method, pioneered by
Waulff, used a neighboring aminomethyl group (Scheme 3.2).""* The pK; for the second
protonation in water of ortho-aminomethylphenylboronic acids was found to be 5.3.""

The Anslyn group has shown via "B NMR studies that the monoprotonated species

HO R HO R
HO. -OH HO=5 -1 HO<5 N

+ /R H+ H+
/N\
HH pk,=53 pK, = 12.07

Scheme 3.2. Equilibria for ortho-aminomethylphenylboronic acids.
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was tetrahedral at the boron atom.'"®

3.2 Boronic Acid-Based Receptors

It is well-known that boronic acids bind to diols on aromatic and five-membered
rings much more tightly than diols on six-membered rings. Sensors consisting of
bisboronic acids have been developed that can bind to six-membered ring diols with
high affinities.”'® For monoboronic acids, however, the interaction with a diol on a six-
membered ring is so weak that measuring a binding constant under near physiological

conditions is difficult. One exception is pinanediol,’"’

which is frequently used as a
protecting group for boronic acids.

The general preference by boronic acids for diols on five-membered rings is
particularly challenging for the recognition of carbohydrates released from or as part of
a glycoprotein/peptide or glycolipid. These structures tend to contain only diols that are
linear or on six-membered rings. Since there has been a high level of interest in
receptors for many types of glycoproteins, including glycated hemoglobin®® and
immunoglobulin G,""® it has been desirable to find boronic acids that have improved
capabilities to bind diols on six-membered rings. The Hall lab developed ortho-
hydroxymethylphenylboronic acid 3.1 (Scheme 3.3), also known as a benzoboroxole,
that has been shown to recognize 1,3-diols on six-membered rings."® The design is
similar to the previously mentioned neighboring amino group by Wulff. In neutral
aqueous media, this sensor was able to bind hexopyranosides mainly using their 4,6-

diol, which is presented on most cell-surface glycoconjugates. Binding constants with

glycopyranosides were determined through an alizarin red-based UV assay at neutral
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Scheme 3.3. Binding between boronic acid 3.1 and glycoconjugates, and glucopyranoside structure 3.2.

' The K, value with methyl a-D-glucopyranoside 3.2 was 22 M™", which

pH in water."
was slightly lower than that with glucose. In comparison, the K, of phenylboronic acid
with glucose is approximately 5 M at physiological pH.

Based on the same ortho-hydroxymethyl substituted system, Hindsgaul and co-
workers designed a way to visually analyze the terminal glycosylation of
glycoproteins.’ The boronic acid was incorporated in dye reagent 3.3 (Figure 3.1)
containing tetramethylrhodamine. In this technique, an enzyme is used to release a
saccharide such as galactose from a glycoprotein. The released sugar is then reacted
with an amine that is immobilized on glass beads, followed by binding with 3.3 through
the boronic acid functionality. This enables the labeling and visualization of the beads
based on the presence of the sugar. The red color of the beads after binding to 3.3 can
be seen by the human eye. The bound dye can also be released upon washing with a
solution of glycerol, resulting in the boronate dye—glycerol complex and the beads
turning back to white. The amount of released fluorescent complex was expected to be
proportional to that of immobilized carbohydrate, allowing the sugar concentration to be

determined. Various sugars including galactose, fucose, N-acetylglucosamine, and

sialic acid were analyzed by this method.
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Figure 3.1. Tetramethylrhodamine-boronic acid 3.3 and polyphenylboronic acid monolayer 3.4.

When binding with diols, the structure and charge of the boronic acid could
change, resulting in potential energy changes in the system. Therefore, boronic acid-
containing saccharide sensors based on electrochemical detection methods have been
developed. Most current commercial D-glucose biosensors rely on electrochemical
detection by enzymatic decomposition of saccharides.””  One example of
electrochemical sensing is polyphenylboronic acid-modified gold electrode 3.4 by the
Anzai group.’”® The surface of the electrode was coated with a self-assembled
monolayer film containing thiol-modified phenylboronic acids. In the presence of
[Fe(CN)s]*~ ion at neutral pH, the electrode displayed a concentration-dependent
decrease in current with increasing sugar concentration. The detection range of the
electrode was around the millimolar level for D-fructose, D-glucose, and D-mannose.

The examples above demonstrate a variety of ways of employing boronic acids
in saccharide recognition. However, most boronic acid-based receptors so far were
used to detect soluble sugar samples. Additional work is required in order to create

effective sensors with high selectivity and sensitivity.
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3.3 FRET-Based Detection

For the detection of glycosylated surfaces, a method is needed that offers high
resolution in identifying regions with dense carbohydrate clusters on surfaces. This
would be useful for lipid rafts, where cell membranes have separate domains that are
enriched in specific components, such as sphingolipids, resulting in dense clusters of
sugars.'® These areas are —bt spots” of signaling activity in cells where proteins are
recruited. Therefore, in order to characterize these important cell surface regions, it is
essential to selectively detect areas of high carbohydrate density. To meet this goal, we
set out to develop saccharide-binding receptors derivatized with FRET (Forster

resonance energy transfer'?

) pairs.

FRET involves the energy transfer between two chromophores. A donor
chromophore in its excited state can transfer energy to an acceptor chromophore in
proximity through non-radiative long-range dipole—dipole coupling, leading to the
emission of the acceptor. As a result, for FRET to occur, the emission spectrum of the
donor must overlap with the absorption spectrum of the acceptor, and the pair must be
close in distance, typically within 10 nm."?®® |f the molecules are too far apart, then no
energy will be transferred, and only emission of the donor will be observed. The rate of
energy transfer is inversely proportional to the sixth power of the distance between the
chromophores, making FRET a very sensitive technique. It is possible to detect
distances in the range of 20 to 80 A, a convenient range for biomolecules.’

In our strategy for the detection of carbohydrate clusters, saccharide surfaces will

be treated with a mixture of carbohydrate-binding boronic acid receptors bearing either

123



FRET
Detection

“HK'::/\
a2 3 NFHJ‘P’/
-
’{ ‘\{ V ’7} FRET donor-tagged ’{ ‘\{ V ’7}
carbohydrate receptor
Sparse Dense - Sparse Dense
Glycosylation Glycosylation FRET acceptor-tagged Glycosylation Glycosylation
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Figure 3.2. FRET-based assay for the detection of carbohydrate clustering on surfaces.

an attached donor or acceptor fluorophore (Figure 3.2). In areas of heavy glycosylation,
the close distances between receptors with donor and acceptor fluorophores should
result in FRET, leading to increases in acceptor emission. Regions of sparse
glycosylation, on the other hand, should produce little background acceptor emission.
Previously, a similar strategy was wused to characterize FRET-tagged
glycosylphosphatidylinositol (GPI)-anchored protein clusters in lipid rafts.'*” Therefore,
in this manner, hot spots of high carbohydrate density are expected to be identified with
high resolution.

Once the fluorophore-appended boronic acids have been synthesized, FRET
activities can be tested by performing binding studies with divalent target analytes that
contain diol functionalities coming from molecules such as catechol derivatives or
mannose sugars. Upon binding to the boronic acid receptors, the divalent guests

should bring the FRET donors and acceptors into proximity for FRET to occur.
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Figure 3.3. Phenylboronic acid-based receptors derivatized with FRET pairs.

3.4 Synthesis of Fluorophore-Tagged Boronic Acid Receptors

We planned on synthesizing fluorophore-tagged boronic acids 3.5 and 3.6, which
contain a phenylboronic acid receptor unit connected to the fluorophore via an
ethylenediamine linker (Figure 3.3). The chosen fluorophores for FRET were 7-
nitrobenzofurazan (NBD) as the donor in 3.5 and lissamine rhodamine B as the
acceptor in 3.6. We could either attach the boronic acid or the fluorophores to the
linkers first. Since the polarity of the boronic acid could complicate purification steps,
we decided to add it last. Therefore, the linkers were first derivatized with the
fluorophores and then coupled with the boronic acid to create the receptors.

The synthesis of NBD-tagged 3.5 started with the mono-Boc protection of
ethylenediamine to 3.7, followed by attachment of the fluorophore via NBD chloride to
form 3.8 (Scheme 3.4). Deprotection using hydrochloric acid, according to a known

procedure,'?®

gave amine 3.9, which was then reacted with 2-bromomethyl
phenylboronic acid in a nucleophilic substitution reaction to generate receptor 3.5.
Following similar procedures from the previous work of Manpreet Cheema in our lab,

the boronic acid was successfully purified using reversed-phase column
125



Cl / N
o NQ
Boc,0 EtsN NO [N
NH, 2 /\/NH2 3, 2 /\/N Y7
HoN™ 2 T BooN DME BocN
87% 3.7 60% 3.8 NO,
OH
B\
L N-Q ©;OH B(OH), NO,
—»HCL H20 SN / N K2COs, o > ©/\/H
EtOAc, 60 °C N’ MeCN NN Sy
78% Cl 3 NO, 87% 35 M Neg

Scheme 3.4. Synthesis of NBD-tagged boronic acid 3.5.
chromatography. With the FRET donor-tagged receptor in hand, we set out to
synthesize rhodamine-appended boronic acid 3.6.
The aforementioned mono-Boc protected amine 3.7 was coupled with lissamine

rhodamine B sulfonyl chloride 3.10 to access fluorophore-tagged product 3.11 (Scheme

(COCI),, cat. DMF
CH,Cl,
91%

o OO 57 00
0=8=0
SO, SO,
__NBoc _EtN. cl P _TPA ’
H,N CH,Cl, CH20|2
3.7 21% 61%

O: O=
e /\/NB > /\/NH3
3.1 3.12 O CF,

Scheme 3.5. Synthesis of rhodamlne-tagged amine 3.12.
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3.5). This reaction resulted in two separable major products, which may be isomers due
to the two sulfonyl groups on the rhodamine structure. Even though 3.10 is
commercially available, we prepared it on a multigram scale from a significantly less
expensive commercial precursor and oxalyl chloride in accordance with a literature
report.”?® It should be noted that the major products in forming 3.11 were encountered
when using both commercial and synthesized 3.10. Boc deprotection of 3.11 with
trifluoroacetic acid yielded amine 3.12. Next, the attachment of the phenylboronic acid
moiety to 3.12 was pursued. Two possible routes to make receptor 3.6 were attempted
(Scheme 3.6). The first was a reductive amination using 2-formylphenylboronic acid
and sodium cyanoborohydride, and the other was the same substitution reaction that

was used to generate product 3.5.

MeCN 36 O N

Scheme 3.6. Synthetic routes from amine 3.12 to rhodamine-tagged boronic acid 3.6.

So far, initial attempts of both approaches have not yielded any clean products
yet. Purification by reversed-phase column chromatography resulted in a possible
mixture of product and unreacted rhodamine starting material, according to NMR

spectra. The 'H NMR spectrum showed all the peaks of 3.12 along with smaller
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aromatic peaks corresponding to the phenylboronic acid, and the "B NMR spectrum
displayed a single boron peak. This may indicate that the reaction did not reach
completion, and some of product 3.6 was formed while some of the amine 3.12 was left
unreacted. A clean separation was difficult to achieve here because both reactants, the

amine 3.12 and the phenylboronic acid, contain highly polar groups.

3.5 SERS-Based Detection

One technique that can provide very high sensitivity in biomolecule detection is
surface enhanced Raman spectroscopy (SERS). This surface-sensitive method
enhances Raman scattering by adsorbed molecules on rough metal surfaces. In SERS,
the target analyte is brought into close proximity to a nanostructured metal surface,
such as silver, gold, or copper. When the incident light hits the surface, localized
surface plasmons are excited, which enhances the electromagnetic energy near the
target molecule. This, in turn, significantly amplifies the intensity of the inelastically
scattered light.”*® The factor of total enhancement of the Raman signal can be as high
as 10", allowing for the detection of single molecules.™’

For sensing applications, an analyte with a receptor functionality is typically
anchored to the metal surface through a thiolate group to form a self-assembled
monolayer (SAM). An initial Raman signal can then be measured. Afterwards, a variety
of guest molecules are added to interact with the analyte in the SAM. A new Raman
signal is analyzed to determine which guest is bound to the receptor by providing

information on individual functional groups on a molecule.
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While SERS has been used to characterize SAMs containing phenylboronic
acids,®? other analytical methods were employed to analyze the recognition of sugars
in those reports. To date, the use of SERS to study interactions between boronic acid-
based sensors and saccharides has not yet been demonstrated. This technique is
particularly beneficial because it can distinguish between different functional groups.
This is significant due to the low selectivity of boronic acids for various carbohydrates. It
is difficult to develop a sensor for a particular type of sugar and identify glycosylation
with specific carbohydrates. SERS would provide the ability to determine what exact
type of sugar is bound to the boronic acid receptor.

Therefore, we planned to synthesize a boronic acid receptor with an appended
thiol group to allow for attachment to metal surfaces. The sensor will be tested using
SERS in collaboration with Dr. Jon Camden in our department. After attaching the
boronic acid to the metal surface to form a SAM, carbohydrate guests will be
introduced, and Raman signals should be able to characterize the saccharide that is

bound to the receptor.

3.6 Synthesis of Thiol-Tagged Boronic Acid Receptor

Following the previous work of Paul Petersen in our group, a phenylboronic acid
derivative with a short thiol tag was sought. This led to the synthesis of receptor 3.13
(Scheme 3.7) from 4-bromomethylphenylboronic acid. Initially, a literature protocol was
followed that used thiolacetic acid and potassium carbonate in the conversion of

3

benzylic bromides to benzylic thiols.”® Using the reported reaction conditions, the

129



thioacetate intermediate was isolated as the product, indicating that the carbonate base

was not sufficient in our case to hydrolyze the thioacetate into the desired thiol.

OH OH

| |
Ho B 1) AcSH, K,CO3, MeOH  HO™>
Br 2)NaOH, MeOH - S.
OH
3.13 o

i
OH

Scheme 3.7. Synthesis of phenylboronic acid disulfide 3.13.

After increasing the amounts of potassium carbonate had no effect, sodium
hydroxide was added to successfully transform the thioacetate. NMR spectra of the
product suggested that the thiol dimerized to its disulfide form due to the basic
conditions used in the reaction. The 'H and ">*C NMR chemical shifts were similar to the
ones found for bis(benzyl) disulfide.’® The disulfide can be used for studies without
problems since the metal surface is expected to cleave the disulfide bond when forming
a SAM.

Following the synthesis of 3.13, the same reaction conditions were applied to
starting material isomers 2- and 3-bromomethylphenylboronic acid. Unfortunately, the
'"H NMR spectra of the observed products showed a peak corresponding to one
methoxy group. This indicated that the methanol solvent participated in the substitution
reaction by either displacing the bromide in the starting material or reacting with the
boronic acid via addition of the methoxy group to the boron.

While the additional isomers did not yield the desired products to date, a
phenylboronic acid receptor derivatized with a short tag containing a sulfur group was

synthesized. This compound will be used to study carbohydrate interactions using
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SERS, leading to the differentiation of individual sugars binding to the boronic acid
group. This technique, along with future FRET-based detection of glycosylated
surfaces, should allow for unprecedented and more sophisticated saccharide

recognition studies with high sensitivity and selectivity.
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3.7 Experimental

2-[2-(7-nitrobenzofurazan-4-yl)aminoethylaminomethyl]phenylboronic acid (3.5)

OH
B.
L N-O @SH B(OH), NO,
wi N [ N KxCOs, T @H
N’ MeCN NN W

Cl 39 (

NO, 35 H l\\l\o
Potassium carbonate (0.32 g, 2.33 mmol) and 2-bromomethylphenylboronic acid (0.17
g, 2.33 mmol) were added to a solution of 3.9 (0.20 g, 0.78 mmol) in acetonitrile (15
mL). The reaction mixture was stirred in the dark at rt overnight, then filtered and
concentrated. Purification on a reversed-phase column (10 g, C18) with gradient elution
from 0 to 100% methanol/water gave the product as an orange solid (0.24 g, 87%).

'H NMR (300 MHz, CD3;0D) & 8.47 (d, J = 8.8 Hz, 1H), 7.50-7.40 (m, 1H), 7.26-7.14
(m, 3H), 6.44 (d, J = 8.8 Hz, 1H), 4.11 (s, 2H), 4.00-3.88 (m, 2H), 3.32-3.25 (m, 2H).
3C NMR (125 MHz, CD;0D) & 149.83, 142.82, 140.34, 136.70, 131.57, 128.67, 127.84,
123.98, 121.20, 112.13, 55.58, 47.30, 39.53. "B NMR (128 MHz, CD;OD) & 11.27.

DART-HRMS [M-B(OH),+H]" calcd: 314.1253, found: 314.1080.

tert-butyl (2-aminoethyl)carbamate (3.7)

Boc,0O

/\/ NH2 T f e
HyN CH,Cl,

NH
BocN~ > 2
H
3.7

A solution of di-tert-butyldicarbonate (3.91 g, 17.93 mmol) in dichloromethane (40 mL)
was added dropwise via addition funnel to a solution of ethylenediamine (12 mL, 179.30
mmol) in dichloromethane (20 mL). The reaction mixture was stirred at rt overnight and
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then extracted with dichloromethane (2 x 50 mL) from saturated aqueous sodium
carbonate (50 mL). The combined organic layers were dried over magnesium sulfate,
filtered, and concentrated to give the product as a yellow oil (2.51 g, 87%).
Characterizations matched those reported in the literature.'®

'H NMR (300 MHz, CDCl3) 5 4.99 (bs, 1H), 3.18 (dd, J = 11.7, 5.8 Hz, 2H), 2.80 (t, J =

5.8 Hz, 2H), 1.45 (s, 9H), 1.37 (bs, 2H).

N-(tert-butoxycarbonyl)-N'-(7-nitrobenzofurazan-4-yl)ethylenediamine (3.8)

N-Q

c AN
o NS
NH., EtsN, NO, N N
Boc”/\/ 2 DME > BOCN/\/ 2
3.7 3.8 NO,

A solution of 4-chloro-7-nitrobenzofurazan (0.66 g, 3.23 mmol) in anhydrous N,N-

dimethylformamide (6 mL) was added dropwise to a stirred solution of 3.7 (0.52 g, 3.23
mmol) and triethylamine (0.49 mL, 3.55 mmol) in anhydrous N,N-dimethylformamide (24
mL). The reaction mixture was stirred in the dark at rt overnight and then extracted with
chloroform (2 x 40 mL) from water (40 mL). The combined organic layers were dried
over magnesium sulfate, filtered, and concentrated. Column chromatography over silica
gel with gradient elution from 50 to 75% ethyl acetate/hexanes yielded the product as a
dark orange solid (0.62 g, 60%).

Characterizations matched those reported in the literature.'?®

'H NMR (300 MHz, CDCl3) & 8.47 (d, J = 8.7 Hz, 1H), 7.79 (bs, 1H), 6.18 (d, J = 8.7 Hz,

1H), 5.23 (bs, 1H), 3.69-3.56 (m, 4H), 1.46 (s, 9H).
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N-(7-nitrobenzofurazan-4-yl)ethylenediamine hydrochloride (3.9)

N-O N-O

H | \ H | \
N SN HC N N
BOCH/\/ \CE EtOAc, H,0 HsN_/\/
3.8 NO, Cl 3.9 NO,

2 M hydrochloric acid (2.89 mL) was added to a solution of 3.8 (0.62 g, 1.93 mmol) in
ethyl acetate (20 mL). After stirring in the dark at 60 °C for 2 h, the reaction mixture was
concentrated by rotary evaporation, and the residue was washed with chloroform and
filtered to give the product as an orange solid (0.39 g, 78%).

Characterizations matched those reported in the literature.'?®

'H NMR (300 MHz, DMSO-ds) 5 9.41 (bs, 1H), 8.54 (d, J = 8.9 Hz, 1H), 8.29 (bs, 3H),

6.55 (d, J = 8.9 Hz, 1H), 3.91-3.67 (m, 2H), 3.20-3.05 (m, 2H).

Lissamine rhodamine B sulfonyl chloride (3.10)

) 1
O
= (COCI),, cat. DMF
O SO; CH,Cl,

Oxalyl chloride (1.57 mL, 17.97 mmol) was added dropwise to a solution of Acid Red 52
sodium salt (2.09 g, 3.59 mmol) in dichloromethane (35 mL) at 0 °C. A catalytic amount
of N,N-dimethylformamide (0.04 mL) was then added, and the reaction mixture was
stirred in the dark at rt overnight, after which it was concentrated by rotary evaporation.

Benzene (30 mL) was added, and the solvent was removed by rotary evaporation.
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Diethyl ether (30 mL) was added to the residue, and the resulting precipitate was filtered
and washed with ethyl acetate and dried under vacuum to yield the product as a shiny
brown solid (1.88 g, 91%).

Characterizations matched those reported in the literature.'?

'H NMR (300 MHz, DMSO-dg) & 8.26 (d, J = 1.6 Hz, 1H), 7.72 (dd, J = 7.8, 1.6 Hz, 1H),
7.16 (d, J = 7.8 Hz, 1H), 7.04-6.99 (m, 4H), 6.93-6.88 (m, 1H), 3.62 (q, J = 7.0 Hz, 8H),

1.19 (t, J = 7.0 Hz, 12H).

N-(tert-butoxycarbonyl)-N'-(lissamine rhodamine B sulfonyl)ethylenediamine
(3.11)

(0] Nj
=
H SO,
Et;N Cl 3
NBoc 3 -
HNT > CH,Cl, O
3.7 O= H
\//S\N/\/NBOC
311 O Q4

Lissamine rhodamine B sulfonyl chloride 3.10 (0.23 g, 0.40 mmol) was added in small
portions to a stirred solution of 3.7 (0.064 g, 0.40 mmol) and triethylamine (0.061 mL,
0.44 mmol) in dichloromethane (10 mL) at 0 °C. The reaction mixture was stirred in the
dark at rt overnight and then concentrated by rotary evaporation. Column
chromatography over silica gel with gradient elution from 3 to 15%

methanol/dichloromethane gave the product as a purple solid (0.059 g, 21%).
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"H NMR (300 MHz, CD;0D) & 8.58 (s, 1H), 8.21 (d, J = 7.9 Hz, 1H), 7.51 (d, J = 7.9 Hz,
1H), 7.14-7.02 (m, 4H), 6.99-6.94 (m, 2H), 3.68 (q, J = 7.0 Hz, 8H), 2.98 (t, J = 5.7 Hz,
2H), 2.85 (t, J = 6.3 Hz, 2H), 1.36 (s, 9H), 1.31 (t, J = 7.0 Hz, 12H). *C NMR (125 MHz,
CDsOD) & 159.41, 157.36, 156.39, 149.38, 142.42, 133.91, 133.16, 132.96, 130.89,
127.74, 115.61, 97.34, 80.27, 47.05, 43.74, 41.56, 28.86, 13.04. MALDI-HRMS

[M+Na]" calcd: 723.2498, found: 723.2506.

N-(lissamine rhodamine B sulfonyl)ethylenediamine (3.12)

) ¢ ¢
N (@) N N (0] N
AOCCARNROOONn
Sl e
CH,Cl,
O=g H

) \N/\/NBoc
311 O y 312 O H »

Trifluoroacetic acid (5 mL) was added dropwise to a solution of 3.11 (0.051 g, 0.073
mmol) in dichloromethane (5 mL). The reaction mixture was stirred in the dark at rt for 2
h and then concentrated and dried under vacuum to obtain a purple solid of
trifluoroacetate salts (0.032 g, 61%).

'H NMR (300 MHz, CDs0D) & 8.59 (s, 1H), 8.22 (d, J = 7.9 Hz, 1H), 7.54 (d, J = 7.9 Hz,
1H), 7.14-7.01 (m, 4H), 7.01-6.91 (m, 2H), 3.68 (q, J = 7.2 Hz, 8H), 3.13 (t, J = 6.0 Hz,
2H), 2.97 (t, J = 6.0 Hz, 2H), 1.30 (t, J = 7.2 Hz, 12H). "*C NMR (75 MHz, CDs0D) &

159.39, 157.35, 155.72, 149.30, 141.40, 134.15, 133.36, 133.03, 131.26, 127.73,
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115.64, 115.31, 97.36, 47.02, 41.42, 40.69, 12.98. MALDI-HRMS [M+Na]" calcd:

623.1974, found: 623.1981.

{[disulfanediylbis(methylene)]bis(4,1-phenylene)}diboronic acid (3.13)

OH OH

| |
Ho B 1) AcSH, K,CO3, MeOH  HO™>
Br 2) NaOH, MeOH } S\s/\©\
OH
3.13 »

OH

Potassium carbonate (0.076 g, 0.55 mmol) was added to a solution of 4-
bromomethylphenylboronic acid (0.10 g, 0.46 mmol) in methanol (10 mL). Thiolacetic
acid (0.040 mL, 0.55 mmol) was added dropwise, and the reaction mixture was stirred
at rt for 1 h. Then, 2 M aqueous sodium hydroxide (0.69 mL) was added, and stirring
continued at rt overnight, followed by extraction with dichloromethane (2 x 20 mL) from
0.5 M hydrochloric acid (20 mL). The combined organic layers were dried over
magnesium sulfate, filtered, and concentrated. Column chromatography over silica gel
with gradient elution from ethyl acetate to 10% methanol/dichloromethane yielded the
disulfide product as a colorless liquid (0.0271 g, 35%).

'H NMR (300 MHz, CD30D) & 7.70 (d, J = 7.6 Hz, 2H), 7.57 (d, J = 7.6 Hz, 2H), 7.27—
7.17 (m, 4H), 3.60 (s, 4H). C NMR (75 MHz, CDs0D) & 141.07, 140.58, 135.19,

134.86, 129.95, 129.84, 43.96. ''B NMR (128 MHz, CD30D) & 30.04.
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Chapter 4: Evaluation of Novel Auxin Herbicides through the
Synthesis and Screening of a Small Molecule Library
4.1 Introduction

Auxins are an important class of plant growth substances called phytohormones.
They play essential roles in many growth and behavioral processes in a plant’s life
cycle. There are four natural auxins (Figure 4.1) that are synthesized by plants: indole-
3-acetic acid (IAA), which is considered the most important member of the class, indole-
3-butyric acid (IBA), 4-chloroindole-3-acetic acid (4-CI-IAA), and phenylacetic acid
(PAA)."® Since IAA influences almost every part of plant growth and development, it is
believed to act as a —master hormone” in the network of interactions with other
phytohormones.”™  In general, auxins regulate cell division, elongation, and
developmental processes, which include vascular tissue and floral meristem
differentiation, leaf initiation, phyllotaxy, senescence, apical dominance, and root

formation.'®

0 0
o Cl
OH on OH o
A A \ ©/\f
N N N OH
H H H

indole-3-acetic acid indole-3-butyric acid 4-chloroindole-3-acetic acid phenylacetic acid
(IAA) (IBA) (4-CI-1AA) (PAA)

> o Lo, o Lo,
CI/E;( CI/C[CI

1-naphthalene acetic acid 2-methyl-4-chlorophenoxyacetic acid 2,4-dichlorophenoxyacetic acid
(1-NAA) (MCPA) (2,4-D)
Figure 4.1. Structures of natural and synthetic auxins.
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The stability and concentration of natural auxins is regulated by the plant through
synthesis, conjugation, and degradation via multiple pathways.”™® At low auxin
concentration, growth and developmental activities are stimulated, while at high
concentration, growth is interrupted, and the plant is lethally damaged. As a result,
there has been considerable interest in the chemical manipulation of the auxin system

via synthetic analogs in order to study auxin function.™®

In the 1940s, a variety of
derivatives of IAA were synthesized that were some of the most auxin-active molecules
at the time. These included 1-naphthalene acetic acid (1-NAA, Figure 4.1), 2-methyl-4-
chlorophenoxyacetic acid (MCPA), and 2,4-dichlorophenoxyacetic acid (2,4-D)."' They
produce the same plant responses as IAA but are more durable and effective because
they are not rendered inactive by the plant as rapidly as the endogenous auxins.'*?
Synthetic auxins have found practical use not only as growth regulators for
improving yields in agriculture and horticulture,™® and as media components in tissue
culture and plant micropropagation,’* but also as herbicides to control weeds.™’
MCPA and 2,4-D launched a new era of weed control in modern agriculture after being
introduced to the worldwide market after World War Il. Since then, several chemical
types of auxin herbicides have been commercially produced. These include benzoic
acids, phenoxycarboxylic acids, pyridinecarboxylic acids, quinolinecarboxylic acids, and
aromatic carboxymethyl derivatives. To possess auxin activity, it seems to be crucial for
a chemical structure to have a strong negative charge on the carboxylic acid group that

is separated by a distinct distance from a weaker positive charge on an aromatic ring.'°

When used as herbicides, synthesized auxins mimic the growth-inhibiting effects as
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Cl O Cl O O. _OH
H,N
N__N h
7 OCHs | P

Aminocyclopyrachlor Dicamba Quinclorac
Figure 4.2. Commercial herbicides used as controls in testing auxin activities.

those caused by IAA applied at high concentrations, which is also observed in
transgenic, I1AA-overproducing pIants.146 This occurrence has been described as an
—axin overdose,” which is an effect of greater-than-optimal endogenous auxin
concentrations, causing an imbalance in auxin homeostasis and interactions with other
hormones in the tissue.'*

The goal of the research presented in this chapter was to synthesize a library of
small molecules via a short series of steps and then test their activities as herbicides on
a variety of plants alongside the three commercial herbicides Aminocyclopyrachlor, '’
Dicamba,™® and Quinclorac™® (Figure 4.2). This was done in collaboration with Dr.
Gregory Armel from the Department of Plant Sciences who performed the plant testing
and identified the target structures to be synthesized. Compounds were designed with
aspects of previous effective herbicide structures, such as halogenated benzoic acids,
chlorophenyl groups, and nitrogen-containing heterocycles.  After testing, new
structures will be explored based on the results and through Dr. Armel's knowledge of

patent literature.
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4.2 Synthesis of Aromatic Compounds

Generally, most of the synthesized targets consisted of aromatic carboxylic acids
connected to a chlorophenyl group. In most cases, a commercially available carboxylic
acid was converted to the methyl ester, followed by reaction with 4-chlorophenylboronic
acid via Suzuki coupling to attach the chlorophenyl group, and then ester hydrolysis in
base to restore the carboxylic acid functionality (Scheme 4.1). The esterification steps

were done to facilitate the purification of intermediates.

OH
B
“OH
X X PdCI,(PPhg),, /©/
H2S04 NayCOg, cl
Br OH "MeoH  gr OMe MeOH, toluene, 80 °C
o) 65°C 41a-b O a: 74% cl
o a: 94% b: 67%
z-, ;<( = S b: 93%
OH
X X PdCl,(PPhs),,
/[ S H,S0, /[ S Na,COj,
—_—
Br S y? O MeOH g~y OMe MeOH, toluene 80°C
o) 65°C 44a-b O a: 83%
a: 88% b: 44%
a:X=N,Y=CH b: 95%
b:X=CH,Y=N °
OH
X N\ Y 1)socl, X N\ Y PdCIz(PPh3)2
\ 70 °C | NayCOg, OMe NaOH _
Br = OH 2) MeOH, By = OMe MeOH, toluene 80 °C MeOH
o) begz"{g 47a-b O a: 20% 4.8a-b 65°C 4.9a-b
aX=ClLY=H ° b: 28%
oy oG  mee% a: 85%
X=H, Y= b: 95% b: 70%

Scheme 4.1. General synthetic route to aromatic acid targets.

One notable exception was the synthesis of fluoronicotinic acid target 4.21
(Scheme 4.2). Here, the carboxylic acid starting material was used directly in the
Suzuki reaction because all esterification attempts either had no effect or resulted in the
fluorine atom being substituted by the alcohol group. Additionally, some reactive

functional groups had to be protected, as seen in the synthetic route to 4.14. The
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OH

B.
OH OH OPMB /@ OH
H,S0, K,COs, PMBCI PdCI,(PPhg),, Na,COs, Cl
—_— —_—
OH MeOH OMe DMF, 100 °C OMe MeOH, toluene, 80 °C
Br 65°Cc Br 94% Br 74%
100% 410 O 411 O
OPMB OH OH
e _TFA OMe NaOH _ OH
NS ot pratt—'e Oo
98% 4.13 65°C 4.14
cl SN
H,S0, PdCly(PPhg),, Na,COs, CI” :
—_—
MeOH MeOH, toluene, 80 °C
65 °C 40%

96%

Cl ]

T
MeOH
N N
4.16 N OMe g5 B
100%
|
(0] B.
ot
Br { H ovsc B OMe pyCl,(PPhy),, Na,COy, Cl
—_—
N MeOH MeOH, toluene, 80 °C
N 90% 60%
cl cl
O OMe O OH
o e P
MeOH
N N
H 65 °C H
419 45% 4.20
OH
B.
ot
N_ _F
[ o PACI,(PPha),, Na,COs, Cl 2O
/ o
Br EtOH, toluene, 80 °C cl 4.21 (o]

O

32%

Scheme 4.2. Synthesis of various aromatic acid targets.

phenol moiety was protecting using the para-methoxybenzyl group, which was later

removed with trifluoroacetic acid following the Suzuki coupling step.

Additional compounds were also made from commercially available methyl

esters by hydrolysis

in one step (Scheme 4.3).

benzothiophene 4.23 were generated under conventional basic conditions. And finally,
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N-acetyl derivatives 4.24 and 4.25 of pyrazinamines were formed in one-step
procedures. Initial attempts using acetic anhydride and triethylamine as the base failed
to convert the starting materials, but after switching to the more reactive acetyl chloride
and pyridine as the base, the products were successfully formed.

O
Br MeOH MeOH
4.22

93%
96%

Cl N
T amlee T l (X e I
N/ NH CHCI3 50 °C CHCI3 50 °C
2 97% 53%

4.24 425

Scheme 4.3. Additional aromatic acid and N-acetyl compounds.

4.3 Growth Control Testing

Following the synthesis of the desired compounds, their herbicidal activities were
evaluated by Dr. Armel at the Department of Plant Sciences. The compounds in the
form of a spraying solution were applied to a variety of common weeds in row crops and
vegetable crops, in addition to sweet corn. An ideal auxin herbicide would be highly
active against all the weeds but show little to no activity against crops such as corn. As
controls, the commercial herbicides Aminocyclopyrachlor, Dicamba, and Quinclorac
(Figure 4.2) were tested alongside the newly synthesized compounds.

To date, 11 of the synthesized molecules have been tested against six different
weeds and sweet corn (Figure 4.3). As expected, the commercial herbicides showed
high percentages of growth control activity for most of the weeds, with only
Aminocyclopyrachlor showing little effect on the corn. Out of the synthetic compounds,

chlorobenzoic acid 4.3a had the highest activity, with about 75% growth control of
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Herbicides Growth Control Data

@ Redroot pigweed (Amaranthus retroflexus) B Velvetleaf (Abutilon theophrasti) O Field bindweed (Convolvulus arvensis)
O Barnyard grass (Echinochloa crusgalli) B Large crabgrass (Digitaria sanguinalis) B Yellow nutsedge (Cyperus esculentus)
B Sweet corn (Zea mays L. var. saccharata)
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Compounds

Figure 4.3. Growth control data for synthetic compounds and commercial herbicides.

pigweed, but also close to 30% control of the corn. The fluorinated analog 4.3b
exhibited 55% control of pigweed while having little to no effect on the corn. The only
other two chemicals with close to 50% control of a weed and less than 10% for sweet
corn were picolinic acid 4.6b and indole derivative 4.17.

Overall, the test results so far showed that even though most of the observed
activities were far below commercial levels, three compounds had decent growth control
of one weed while still being safe for sweet corn. It should be noted that certain other
compounds that showed good activities were omitted from this dissertation due to
pending information protection. Further testing and synthesis would need to be done in
order to narrow down the search for a novel synthetic auxin with activity levels that are

comparable to those of commercial herbicides.
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4.4 Experimental

General Procedure A: Esterification of Aromatic Carboxylic Acids

Concentrated sulfuric acid (1 mL) was added to a solution of the carboxylic acid (10
mmol) in methanol (20 mL). The reaction mixture was stirred at 65 °C overnight, after
which a saturated aqueous sodium bicarbonate solution was added to adjust the pH to
about 8. The mixture was then extracted twice with dichloromethane, and the combined
organic layers were dried with magnesium sulfate, filtered, and concentrated to give the
product.

General Procedure B: Palladium-Catalyzed Coupling of Aryl Bromides with 4-
Chlorophenylboronic Acid

150 \was modified in the

The procedure described by Miyaura, Yanagi, and Suzuki
following manner. To a suspension of the aryl bromide (10 mmol),
bis(triphenylphosphine)palladium(ll) chloride (0.5 mmol), and 4-chlorophenylboronic
acid (15 mmol) in methanol (30 mL) and toluene (30 mL) was added a 2 M aqueous
sodium carbonate solution (20 mmol). The reaction mixture was stirred at 80 °C
overnight and then filtered through Celite. The filtrate was extracted twice with diethyl
ether from water, and the combined organic layers were dried over magnesium sulfate,
filtered, and concentrated. Column chromatography over silica gel afforded the pure
product.

General Procedure C: Ester Hydrolysis

A 2 M aqueous sodium hydroxide solution (15 mmol) was added to a suspension of the
ester (5 mmol) in methanol (50 mL). The reaction mixture was stirred at 65 °C for 3 h

and then extracted twice with dichloromethane from 1 M hydrochloric acid. The
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combined organic layers were dried over magnesium sulfate, filtered, and concentrated.

When necessary, column chromatography over silica gel afforded the pure product.

methyl 5-bromo-2-chlorobenzoate (4.1a)

Cl Cl

H,SO,

Br OH “veoH Br OMe

0] 41a O
This compound was prepared, following General Procedure A, from 5-bromo-2-
chlorobenzoic acid (2.09 g, 8.89 mmol) as a white solid (2.08 g, 94%).
Characterizations matched those reported in the literature.™"

"H NMR (300 MHz, CDCl3) & 7.96 (d, J = 2.5 Hz, 1H), 7.53 (dd, J = 8.5, 2.5 Hz, 1H),

7.32 (d, J = 8.5 Hz, 1H), 3.94 (s, 3H).

methyl 5-bromo-2-fluorobenzoate (4.1b)

F F
H,S0,
_—
Br OH "MeOH g, OMe

O 41b O

This compound was prepared, following General Procedure A, from 5-bromo-2-
fluorobenzoic acid (2.00 g, 9.14 mmol) as a colorless liquid (1.98 g, 93%).
Characterizations matched those reported in the literature.'?

'H NMR (300 MHz, CDCl3) 5 8.06 (dd, J = 6.3, 2.6 Hz, 1H), 7.62 (ddd, J = 8.8, 4.2, 2.6

Hz, 1H), 7.05 (dd, J = 10.1, 8.8 Hz, 1H), 3.94 (s, 3H).
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methyl 2-chloro-5-(4-chlorophenyl)benzoate (4.2a)

OH

B.
OH Cl
Cl
PdCIz(PPh3)2, N82CO3, Cl OMe

Br OMe MeOH, toluene g O
41a O Cl 4.2a ©

This compound was prepared, following General Procedure B, from 4.1a (1.99 g, 7.96

mmol). Column chromatography over silica gel with gradient elution from 5 to 15% ethyl
acetate/hexanes gave the product as a white solid (1.66 g, 74%).

"H NMR (250 MHz, CDCl3) & 8.00 (d, J = 2.2 Hz, 1H), 7.63-7.36 (m, 6H), 3.96 (s, 3H).

methyl 5-(4-chlorophenyl)-2-fluorobenzoate (4.2b)

OH

B.
OH
F
PdCIz(PPh3)2, N82CO3, Cl

Br OMe MeOH, toluene

41b O Cl

This compound was prepared, following General Procedure B, from 4.1b (1.95 g, 8.37
mmol). Column chromatography over silica gel with gradient elution from 5 to 15% ethyl
acetate/hexanes gave the product as a white solid (1.48 g, 67%).

'H NMR (300 MHz, CDCl3) 8 8.12 (dd, J = 6.8, 2.5 Hz, 1H), 7.69 (ddd, J = 8.6, 4.5, 2.5
Hz, 1H), 7.50 (d, J = 8.8 Hz, 2H), 7.42 (d, J = 8.8 Hz, 2H), 7.22 (dd, J = 10.3, 8.6 Hz,

1H), 3.97 (s, 3H).
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2-chloro-5-(4-chlorophenyl)benzoic acid (4.3a)

Cl Cl
O OMe NaOH O OH
SoRu e
Cl 4.2a © Cl 4.3a ©

This compound was prepared, following General Procedure C, from 4.2a (1.34 g, 4.75
mmol). Column chromatography over silica gel with gradient elution from 5 to 30%
methanol/dichloromethane gave the product as a pale yellow solid (1.25 g, 99%).

'H NMR (300 MHz, CDs0D) & 8.05 (d, J = 2.4 Hz, 1H), 7.72 (dd, J = 8.4, 2.4 Hz, 1H),

7.62 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 8.8 Hz, 2H).

5-(4-chlorophenyl)-2-fluorobenzoic acid (4.3b)

This compound was prepared, following General Procedure C, from 4.2b (1.47 g, 5.54
mmol). Column chromatography over silica gel with gradient elution from 5 to 30%
methanol/dichloromethane gave the product as a white solid (1.01 g, 73%).

'H NMR (300 MHz, CD;0D) & 8.12 (dd, J = 6.9, 2.5 Hz, 1H), 7.80 (ddd, J = 8.6, 4.5, 2.5
Hz, 1H), 7.59 (d, J = 8.8 Hz, 2H), 7.44 (d, J = 8.8 Hz, 2H), 7.27 (dd, J = 10.5, 8.6 Hz,

1H).
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methyl 5-bromonicotinate (4.4a)
N N

| ~ HQSO4 | ~

B N O TMeOH T g~ OMe

O] 44a O
This compound was prepared, following General Procedure A, from 5-bromonicotinic
acid (2.03 g, 10.04 mmol) as a white solid (1.91 g, 88%).
Characterizations matched those reported in the literature. '
'H NMR (300 MHz, CDCl3) 8 9.13 (d, J = 1.8 Hz, 1H), 8.84 (d, J = 2.3 Hz, 1H), 8.44 (t, J

= 2.1 Hz, 1H), 3.97 (s, 3H).

methyl 6-bromopicolinate (4.4b)

| N H,SO, | N
Br= N7 N oM MeOH g\ N OMe
0 44b O

This compound was prepared, following General Procedure A, from 6-bromopicolinic
acid (0.33 g, 1.58 mmol) as a white solid (0.33 g, 95%).

Characterizations matched those reported in the literature.*

'H NMR (300 MHz, CDCl3) & 8.11 (dd, J = 7.3, 0.8 Hz, 1H), 7.81-7.68 (m, 2H), 4.01 (s,

3H).
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methyl 5-(4-chlorophenyl)nicotinate (4.5a)

OH
B.
N A
s PACI,(PPhs),, Na,COs, Cl Rk | A ome
Br = OMe MeOH, toluene
44a O Cl 4.5a ©

This compound was prepared, following General Procedure B, from 4.4a (1.75 g, 8.11
mmol). Column chromatography over silica gel with gradient elution from 10 to 50%
ethyl acetate/hexanes gave the product as a light yellow solid (1.67 g, 83%).
Characterizations matched those reported in the literature.'®

'H NMR (250 MHz, CDCl3) 8 9.20 (d, J = 1.7 Hz, 1H), 8.98 (d, J = 2.2 Hz, 1H), 8.46 (t, J

= 2.2 Hz, 1H), 7.56 (d, J = 8.8 Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 3.99 (s, 3H).

methyl 6-(4-chlorophenyl)picolinate (4.5b)

OH
B.
OH
X
B PACI,(PPhs),, Na,COs, Cl L ome
Br N/ OMe MeOH, toluene - N
0
44b O Cl 4.5b

This compound was prepared, following General Procedure B, from 4.4b (0.17 g, 0.78
mmol). Column chromatography over silica gel with gradient elution from 5 to 20% ethyl
acetate/hexanes gave the product as a white solid (0.084 g, 44%).

'H NMR (300 MHz, CDCl3) & 8.06 (d, J = 7.0 Hz, 1H), 8.00 (d, J = 8.7 Hz, 2H), 7.93—

7.83 (m, 2H), 7.45 (d, J = 8.7 Hz, 2H), 4.02 (s, 3H).
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5-(4-chlorophenyl)nicotinic acid (4.6a)

N N

| |
— OMe NaOH — OH
MeOH
Cl 4.5a 0 Cl 4.6a 0o

This compound was prepared, following General Procedure C, from 4.5a (1.63 g, 6.59
mmol). Column chromatography over silica gel with gradient elution from 10 to 50%
methanol/dichloromethane gave the product as a white solid (1.34 g, 87%).

'H NMR (300 MHz, CD30D) & 9.10 (s, 1H), 8.97 (s, 1H), 8.58 (t, J = 2.1 Hz, 1H), 7.71

(d, J = 8.8 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H).

6-(4-chlorophenyl)picolinic acid (4.6b)

B B
N/’ OMe NaOH N/' OH
MeOH
Cl 4.5b o Cl 4.6b o

This compound was prepared, following General Procedure C, from 4.5a (0.084 g, 0.34
mmol). Column chromatography over silica gel with gradient elution from 5 to 20%
methanol/dichloromethane gave the product as a white solid (0.072 g, 91%).
Characterizations matched those reported in the literature.®

"H NMR (300 MHz, CD50D) & 8.16-7.91 (m, 5H), 7.45 (d, J = 7.9 Hz, 2H).
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methyl 5-bromo-6-chloronicotinate (4.7a)

Cl N Cl N

| = 1) SOCI, | =
OH > OMe
Br = 2) MeOH, benzene Br =
@] 4.7a O

This compound was prepared according to a literature procedure.157 A solution of 5-
bromo-6-chloronicotinic acid (0.16 g, 0.67 mmol) in thionyl chloride (5 mL) was stirred at
70 °C for 1 h and then concentrated by rotary evaporation. Benzene (10 mL) and
anhydrous methanol (5 mL) were added to the residue, followed by stirring at 65 °C for
1 h. The reaction mixture was then concentrated and extracted with dichloromethane (2
x 20 mL) from saturated aqueous sodium bicarbonate (20 mL). The combined organic
layers were dried over magnesium sulfate, filtered, and concentrated to give the product
as a light yellow solid (0.16 g, 98%).

Characterizations matched those reported in the literature.’

'H NMR (300 MHz, CDCl3) 8 8.92 (d, J = 2.0 Hz, 1H), 8.52 (d, J = 2.0 Hz, 1H), 3.98 (s,

3H).

methyl 5-bromo-2-chloronicotinate (4.7b)

N_ _CI N_ _CI
| = 1) SOCI, | =
OH > OMe
Br = 2) MeOH, benzene  Br =
0] 47b O

This compound was prepared, in the same manner as 4.7a described above, from 5-
bromo-2-chloronicotinic acid (0.20 g, 0.84 mmol) as a light yellow solid (0.20 g, 95%).

Characterizations matched those reported in the literature. "’
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"H NMR (300 MHz, CDCl5) & 8.58 (d, J = 2.5 Hz, 1H), 8.30 (d, J = 2.5 Hz, 1H), 3.98 (s,

3H).

methyl 6-chloro-5-(4-chlorophenyl)nicotinate (4.8a)

(|)H
B
“OH
Cl N
Cl N\ /©/ | B
| PdCIz(PPh3)2, N82CO3, Cl . _ OMe
Br = OMe MeOH, toluene
47a O Cl 4.8a ©

This compound was prepared, following General Procedure B, from 4.7a (0.083 g, 0.32
mmol). Column chromatography over silica gel with gradient elution from 10 to 30%
ethyl acetate/hexanes gave the product as a white solid (0.027 g, 29%).

'H NMR (300 MHz, CDCl3) 8 8.99 (d, J = 2.3 Hz, 1H), 8.25 (d, J = 2.3 Hz, 1H), 7.47 (d,

J =8.8 Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H), 3.98 (s, 3H).

methyl 2-chloro-5-(4-chlorophenyl)nicotinate (4.8b)

(l)H

B

“OH

N.__ClI
N\ Cl /©/ | AN
| PdCI,(PPhj),, Na,CO3, Cl _ _ OMe
Br = OMe MeOH, toluene

47b O Cl 4.8b ©

This compound was prepared, following General Procedure B, from 4.7b (0.097 g, 0.39
mmol). Column chromatography over silica gel with gradient elution from 10 to 30%

ethyl acetate/hexanes gave the product as a white solid (0.031 g, 28%).
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"H NMR (300 MHz, CDCl3) 5 8.69 (d, J = 2.6 Hz, 1H), 8.32 (d, J = 2.6 Hz, 1H), 7.53 (d,

J =8.9 Hz, 2H), 7.48 (d, J = 8.9 Hz, 2H), 4.00 (s, 3H).

6-chloro-5-(4-chlorophenyl)nicotinic acid (4.9a)

Cl N Cl N
B B
— OMe NaOH _— OH
MeOH
Cl 4.8a o Cl 4.9a o

This compound was prepared, following General Procedure C, from 4.8a (0.061 g, 0.22
mmol). Column chromatography over silica gel with gradient elution from 3 to 20%
methanol/dichloromethane gave the product as a white solid (0.049 g, 85%).

"H NMR (300 MHz, CD50D) & 8.88 (s, 1H), 8.28 (s, 1H), 7.49-7.39 (m, 4H).

2-chloro-5-(4-chlorophenyl)nicotinic acid (4.9b)

N Cl N Cl
| |
— OMe NaOH = OH
MeOH
Cl 4.8b o Cl 4.9b o

This compound was prepared, following General Procedure C, from 4.8b (0.11 g, 0.39
mmol). Column chromatography over silica gel with gradient elution from 5 to 15%
methanol/dichloromethane gave the product as a white solid (0.074 g, 70%).

'H NMR (300 MHz, CD30D) & 8.63 (s, 1H), 8.31 (s, 1H), 7.65 (d, J = 8.2 Hz, 2H), 7.48

(d, J = 8.2 Hz, 2H).
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methyl 3-bromo-5-hydroxybenzoate (4.10)

OH OH
H,SO4
e
OH MeOH OMe
Br Br
o) 410 O

This compound was prepared, following General Procedure A, from 3-bromo-5-
hydroxybenzoic acid (0.10 g, 0.45 mmol) as a light yellow solid (0.10 g, 100%).
Characterizations matched those reported in the literature.®

'H NMR (300 MHz, CDCl3) 8 7.74 (t, J = 1.5 Hz, 1H), 7.54 (dd, J = 2.4, 1.5 Hz, 1H),

7.25 (dd, J = 2.4, 1.8 Hz, 1H), 6.07 (bs, 1H), 3.93 (s, 3H).

methyl 3-bromo-5-(4-methoxybenzyloxy)benzoate (4.11)

OH OPMB
K,CO3, PMBCI

oM DMF oM
Br © Br ©

410 O 411 O

To a solution of 4.10 (0.10 g, 0.44 mmol) and potassium carbonate (0.090 g, 0.65
mmol) in N,N-dimethylformamide (10 mL) was added 4-methoxybenzyl chloride (0.092
mL, 0.65 mmol) dropwise. The reaction mixture was stirred at 100 °C overnight and
then extracted with ethyl acetate (2 x 30 mL) from water (30 mL). The combined
organic layers were dried over magnesium sulfate, filtered, and concentrated. Column
chromatography over silica gel with gradient elution from 3 to 15% ethyl

acetate/hexanes gave the product as a colorless oil (0.14 g, 94%).
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"H NMR (300 MHz, CDCl3) & 7.77—7.73 (m, 1H), 7.56 (dd, J = 2.4, 1.3 Hz, 1H), 7.33 (d,
J = 8.7 Hz, 2H), 7.29 (dd, J = 2.4, 1.8 Hz, 1H), 6.91 (d, J = 8.7 Hz, 2H), 4.98 (s, 2H),

3.89 (s, 3H), 3.80 (s, 3H).

methyl 3-(4-chlorophenyl)-5-(4-methoxybenzyloxy)benzoate (4.12)

OH
' OPMB

OPMB /@/ B on
PdC|2(PPh3)2, N82CO3, Cl O OMe
Br OMe MeOH, toluene O
(0]
Cl

411 o 4.12

This compound was prepared, following General Procedure B, from 4.11 (2.71 g, 7.72
mmol). Column chromatography over silica gel with gradient elution from 5 to 25% ethyl
acetate/hexanes gave the product as a dark yellow solid (2.17 g, 74%).

'H NMR (300 MHz, CDCl3) 5 7.83 (t, J = 1.5 Hz, 1H), 7.62 (dd, J = 2.5, 1.5 Hz, 1H),
7.49 (d, J = 8.7 Hz, 2H), 7.41-7.34 (m, 4H), 7.32 (dd, J = 2.5, 1.7 Hz, 1H), 6.92 (d, J =

8.7 Hz, 2H), 5.04 (s, 2H), 3.93 (s, 3H), 3.80 (s, 3H).

methyl 3-(4-chlorophenyl)-5-hydroxybenzoate (4.13)

OPMB OH

OMe _TFA _ OMe
S e v
cl 412 © cl 413 ©

Trifluoroacetic acid (5 mL) was added dropwise to a solution of 4.12 (0.12 g, 0.30 mmol)

in dichloromethane (5 mL) at rt. The reaction mixture was stirred at rt for 3 h, followed
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by extraction with dichloromethane (2 x 20 mL) from water (20 mL). The combined
organic layers were dried over magnesium sulfate, filtered, and concentrated. Column
chromatography over silica gel with gradient elution from 20 to 40% ethyl
acetate/hexanes yielded the product as a white solid (0.078 g, 98%).

'H NMR (300 MHz, 1:1 CDCl3 : CDsOD) & 7.72 (t, J = 1.6 Hz, 1H), 7.54 (d, J = 8.7 Hz,
2H), 7.45 (dd, J = 2.4, 1.4 Hz, 1H), 7.41 (d, J = 8.7 Hz, 2H), 7.24 (dd, J = 2.4, 1.7 Hz,

1H), 3.93 (s, 3H).

3-(4-chlorophenyl)-5-hydroxybenzoic acid (4.14)

OH OH

O OMe NaOH O OH
sonul e
cl 413 © cl 414 ©

This compound was prepared, following General Procedure C, from 4.13 (1.12 g, 4.28
mmol). Column chromatography over silica gel with gradient elution from 3 to 25%
methanol/dichloromethane gave the product as a white solid (0.83 g, 78%).

'H NMR (300 MHz, CD30D) & 7.72 (t, J = 1.5 Hz, 1H), 7.55 (d, J = 8.7 Hz, 2H), 7.44

(dd, J = 2.4, 1.4 Hz, 1H), 7.40 (d, J = 8.7 Hz, 2H), 7.21 (dd, J = 2.4, 1.7 Hz, 1H).

methyl 5-bromoindole-2-carboxylate (4.15)
N OH MeOH N OMe
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This compound was prepared, following General Procedure A, from 5-bromoindole-2-
carboxylic acid (0.32 g, 1.35 mmol) as a light yellow solid (0.33 g, 96%).
Characterizations matched those reported in the literature.®

'H NMR (300 MHz, CDCls) & 8.99 (bs, 1H), 7.85-7.82 (m, 1H), 7.41 (dd, J = 8.8, 1.9 Hz,

1H), 7.31 (d, J = 8.8 Hz, 1H), 7.16=7.13 (m, 1H), 3.96 (s, 3H).

methyl 5-(4-chlorophenyl)indole-2-carboxylate (4.16)

QH

IO G
Br\©j\>_<0 PACl,(PPhs),, Na,COs, Cl O NP
OMe MeOH, toluene ”

N
H
4.15 4.16

OMe

This compound was prepared, following General Procedure B, from 4.15 (0.33 g, 1.29
mmol). Column chromatography over silica gel with gradient elution from 5 to 25% ethyl
acetate/hexanes gave the product as a white solid (0.15 g, 40%).

'H NMR (300 MHz, CDCl3) & 8.99 (bs, 1H), 7.85 (s, 1H), 7.59-7.46 (m, 4H), 7.41 (d, J =

8.6 Hz, 2H), 7.27-7.26 (m, 1H), 3.97 (s, 3H).

5-(4-chlorophenyl)indole-2-carboxylic acid (4.17)

Cl cl
Yo e Yo
N  ome MeOH N  OH
H H

4.16 4.17
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This compound was prepared, following General Procedure C, from 4.16 (0.065 g, 0.23
mmol). Column chromatography over silica gel with gradient elution from 3 to 30%
methanol/dichloromethane gave the product as a light yellow solid (0.062 g, 100%).

'H NMR (300 MHz, CD30D) & 7.83 (s, 1H), 7.59 (d, J = 8.4 Hz, 2H), 7.50 (s, 2H), 7.39

(d, J = 8.4 Hz, 2H), 7.18 (s, 1H).

methyl 2-(5-bromoindol-3-yl)acetate (4.18)

o)
Br OH Br OMe
RS
N © N
H H
4.18

O A solution of

This compound was prepared according to a known procedure.
chlorotrimethylsilane (1 mL) in anhydrous methanol (10 mL) was cooled to —-20 °C and
then added to a solution of 5-bromoindole-3-acetic acid (0.31 g, 1.20 mmol) in
anhydrous methanol (10 mL). The reaction mixture was stirred at rt overnight and then
concentrated by rotary evaporation. The residue was dissolved with dichloromethane,
filtered through a pad of silica gel, and washed with 50% ethyl acetate/hexanes (50 mL).
The filtrate was then concentrated to provide the product as a light brown solid (0.29 g,
90%).

Characterizations matched those reported in the literature.©%°

"H NMR (300 MHz, CDCl3) & 8.30 (bs, 1H), 7.70 (d, J = 1.9 Hz, 1H), 7.23 (dd, J = 8.6,

1.9 Hz, 1H), 7.11 (d, J =8.6 Hz, 1H), 7.02 (d, J = 2.4 Hz, 1H), 3.72-3.71 (m, 5H).
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methyl 2-[5-(4-chlorophenyl)indol-3-yl]acetate (4.19)

(I)H
O

Ly e @
Br OMe b4Cl,(PPhs),, Na,COs, Cl O

OMe
\ . O \
N MeOH, toluene N
H H

4.18 4.19

0O

This compound was prepared, following General Procedure B, from 4.18 (0.25 g, 0.93
mmol). Column chromatography over silica gel with gradient elution from 20 to 40%
ethyl acetate/hexanes gave the product as a light yellow oil (0.17 g, 60%).

'H NMR (300 MHz, CDCls) 5 8.19 (bs, 1H), 7.76 (s, 1H), 7.56 (d, J = 8.6 Hz, 2H), 7.43—

7.35 (m, 4H), 7.17 (d, J = 2.4 Hz, 1H), 3.81 (s, 2H), 3.71 (s, 3H).

2-[5-(4-chlorophenyl)indol-3-yl]acetic acid (4.20)

Cl Cl
O OMe O OH
ol - Sha ¢
N MeOH N
H H

4.19 4.20

0]

This compound was prepared, following General Procedure C, from 4.19 (0.17 g, 0.57
mmol). Column chromatography over silica gel with gradient elution from 5 to 20%
methanol/dichloromethane gave the product as a white solid (0.072 g, 45%).
Characterizations matched those reported in the literature.'®?

'H NMR (300 MHz, CDs0D) & 10.42 (bs, 1H), 7.77-7.74 (m, 1H), 7.57 (d, J = 8.3 Hz,

2H), 7.42-7.31 (m, 4H), 7.19 (s, 1H), 3.76 (s, 2H).
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5-(4-chlorophenyl)-2-fluoronicotinic acid (4.21)

OH

B.
IS S ¢
N_ _F
A PdCl,(PPhs),, Na,CO3, Cl 2\, COH

Br Z EtOH, toluene

@)

This compound was similarly prepared, following General Procedure B, from 5-bromo-2-
fluoronicotinic acid (0.051 g, 0.23 mmol) in ethanol (56 mL) and toluene (56 mL). The
reaction mixture was filtered through Celite, and the filtrate was extracted with diethyl
ether (2 x 20 mL) from 1 M hydrochloric acid (20 mL). The combined organic layers
were dried over magnesium sulfate, filtered, and concentrated. Column
chromatography over silica gel with gradient elution from 5 to 20%
methanol/dichloromethane provided the product as a white solid (0.019 g, 32%).

'H NMR (300 MHz, CD30D) & 8.60-8.51 (m, 2H), 7.65 (d, J = 8.7 Hz, 2H), 7.50 (d, J =

8.7 Hz, 2H).

6-bromo-2-naphthoic acid (4.22)

O o
OMe NaOH OH
—_—
Br MeOH Br
4.22

This compound was prepared, following General Procedure C, from methyl 6-bromo-2-
naphthoate (0.54 g, 1.98 mmol). Column chromatography over silica gel with gradient
elution from 3 to 25% methanol/dichloromethane gave the product as a white solid (0.48

g, 96%).
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Characterizations matched those reported in the literature.'®®
"H NMR (300 MHz, DMSO-ds) & 8.62 (s, 1H), 8.30 (d, J = 1.8 Hz, 1H), 8.09 (d, J = 8.8

Hz, 1H), 8.05-7.96 (m, 2H), 7.72 (dd, J = 8.8, 2.0 Hz, 1H).

3,6-dichlorobenzo[b]thiophene-2-carboxylic acid (4.23)
Cl

/@E\g_(o KyCO5 /@Eg_/(
cl IS OMe MeOH
A 0.80 M aqueous potassium carbonate solution (4.20 mL) was added to a suspension
of methyl 3,6-dichlorobenzo[b]thiophene-2-carboxylate (0.30 g, 1.12 mmol) in methanol
(20 mL). The reaction mixture was stirred at rt overnight and then extracted with
dichloromethane (2 x 30 mL) from 1 M hydrochloric acid (30 mL). The combined
organic layers were dried over magnesium sulfate, filtered, and concentrated. Column
chromatography over silica gel with gradient elution from 5 to 15%
methanol/dichloromethane gave the product as a white solid (0.26 g, 93%).
Characterizations matched those reported in the literature.®*

"H NMR (300 MHz, CDs0D) & 7.99 (d, J = 1.4 Hz, 1H), 7.90 (d, J = 8.7 Hz, 1H), 7.51

(dd, J = 8.7, 1.9 Hz, 1H).

N-(5-chloropyrazin-2-yl)acetamide (4.24)

RO~ § L
N NH,
4.24
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Acetyl chloride (0.19 mL, 2.69 mmol) was added dropwise to a solution of 5-
chloropyrazin-2-amine (0.058 g, 0.43 mmol) in chloroform (10 mL) and pyridine (5 mL)
at 0 °C. After stirring at 50 °C overnight, the reaction mixture was concentrated via
rotary evaporation. Column chromatography over silica gel with gradient elution from
10 to 40% ethyl acetate/hexanes then provided the product as a white solid (0.071 g,
97%).

'H NMR (300 MHz, CDCl3) & 9.32 (s, 1H), 8.24 (d, J = 1.4 Hz, 1H), 7.87 (bs, 1H), 2.26

(s, 3H).

N-(3-chloropyrazin-2-yl)acetamide (4.25)

[N\:[Cl _pyr, AcCl [ I
N “NH, CHCl3

425
Acetyl chloride (0.11 mL, 1.53 mmol) was added dropwise to a solution of 3-
chloropyrazin-2-amine (0.10 g, 0.76 mmol) and pyridine (0.12 mL, 1.53 mmol) in
chloroform (10 mL) at O °C. After stirring at 50 °C overnight, the reaction mixture was
concentrated via rotary evaporation. Column chromatography over silica gel with
gradient elution from 20 to 50% ethyl acetate/hexanes then provided the product as a
white solid (0.070 g, 53%).
'H NMR (300 MHz, CDCl3) 8 8.30 (d, J = 2.5 Hz, 1H), 8.20 (bs, 1H), 8.12 (d, J = 2.5 Hz,

1H), 2.47 (s, 3H).
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Chapter 5: Synthesis and Assembly of Geometrically Defined Building
Blocks for Dynamic Covalent Synthesis of Robust Higher Order
Organic Frameworks
5.1 Introduction

The development of novel materials with beneficial properties depends on the
ability to accurately predict and control structure at the molecular level. The self-

assembly of single molecules into larger, more complex structures has been

accomplished via supramolecular strategies, such as the formation of non-covalent

5 166

interactions'® and metal-organic frameworks (MOFs) However, the resulting
structures generally have fragile properties. An advantageous method for the controlled
assembly of robust architectures is that of dynamic combinatorial chemistry (DCC).

DCC, the combinatorial chemistry under thermodynamic control, is a tool for the
efficient synthesis of libraries of complex structures whose individual properties may be
explored through the library’s response to the stabilizing influence of external stimuli.'®’
A dynamic combinatorial library (DCL) is created by combining building blocks with
complementary functionalities that allow them to react with each other either through
reversible covalent reactions or specific non-covalent interactions. This initially results
in a mixture of interconverting library members, and as the exchange of building blocks
between the members continues, the product distribution moves towards equilibrium,
which is the thermodynamic minimum of the system.

However, the composition of the DCL is not fixed, and the introduction of an

external stimulus, such as a change in the surrounding medium or a specific molecular

recognition event, can alter the product distribution.'® For example, if a target molecule
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is added to an equilibrium mixture, then the system will re-equilibrate. The stabilization
of a particular library member through interactions with the target will shift the
equilibrium and result in the increased formation of the stabilized member at the

expense of the others in the mixture.

5.2 Assembly Strategy

The goal of this project was to exploit DCC to complete the self-assembly of
building blocks with defined geometric presentation of functionality into covalently-
bonded ordered crystalline structures made of only organic atoms (carbon, hydrogen,
nitrogen, and oxygen). Novel advanced materials would be produced for applications
such as catalysis and the storage and conversion of energy. This work was done in
collaboration with Dr. Benjamin Hay and Dr. Radu Custelcean from the Chemical
Separations Group in the Chemical Sciences Division at Oak Ridge National
Laboratory.

In our assembly approach, the building blocks, represented as vertex and edge
structures (Scheme 5.1), would be linked using DCC, leading to their assembly into
polyhedral shapes. Afterwards, the remaining reactive groups at the vertices of the
resulting polyhedra would be coupled via DCC again to assemble into defined higher

order frameworks with predictable structures. Initial building blocks that self-assemble

Initial M
polyhedron Framework * M
4A + 6 e==mm assembly assembly
vertex
Molecular N “
building blocks DN

Scheme 5.1. Strategy for the assembly of ordered crystalline organic frameworks using DCC.
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into predictable shapes were identified using computational methods developed by Dr.
Hay. Our approach involved vertex pieces with three aldehyde groups and edges made
of diamines (Scheme 5.2). Reversible imine formation'® would link the vertex and edge
pieces by means of DCC. The linkage of four tetrahedral vertices and six linear edges

should form pyramidal assemblies (Scheme 5.1).

H

_JrR 0
O/’//,
2 , H2N_:]_NH2 —
Hﬁ"’ Edge
(e}
Vertex

Scheme 5.2. Example of reversible imine formation between vertex and edge pieces.

5.3 Synthesis of Building Blocks

NPG

/ o) y
J ! oo L)
H | EtMgB
@) . EtMgBr oo
5.2 o
H%®7NPG j
H o
NPG 5.3 NH;
TSOH ! o _deprotection _ 5
acetone . -...®_{
H H
b aa® e ()
(@]
H © Vertex H O

Scheme 5.3. General synthetic route to vertex structure 5.1.
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For the assembly, tris(benzaldehyde) structure 5.1 was chosen as the vertex
(Scheme 5.3). The key building blocks for it are tertiary alcohol 5.2 and ethynylaniline
5.3 with a protecting group (PG) on nitrogen. Chlorination of 5.2, followed by
substitution by the Grignard reagent made from 5.3 and subsequent deprotections of
the dioxolanes and amine protecting group would yield vertex 5.1. The need for this 3-
fold symmetry in 5.1 limits the use to certain structures, according to the computational
modeling done by Dr. Hay. For example, attaching another benzene group directly to
the central carbon in 5.1 would distort from the desired 3-fold symmetry.

The synthesis of the ethynylaniline component started with a series of known
procedures.””® A Sonogashira reaction between 4-iodoaniline and trimethylsilyl-
acetylene formed adduct 5.4, which was then deprotected to ethynylaniline 5.5 (Scheme
5.4). Since the ensuing protection of the amine with phthalic anhydride failed to give
desired building block 5.6, the order of reactions in the sequence was changed by
performing the amino group protection first.  Accordingly, phthalimide 5.7 was
generated, followed by Sonogashira coupling to 5.8 and deprotection to successfully
obtain 5.6. However, one concern with the N-phthaloyl (NPhth) protecting group was
that it is known to be only marginally stable under Grignard reaction conditions."”
Consequently, we explored the 1,1,4,4-tetramethyldisilylazacyclopentane (STABASE)

group,’ "

which protects primary amines and is stable under basic conditions. N-
protected ethynylaniline 5.9 was made from 5.5, although the yield was low (Scheme

5.4).
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PdCl,(PPhj3)s,

Cul, Me3Si — K2C03 / \
|@NH2 Me3SI%QNH2 > H—— QNHZ
Et;N MeOH/CH,Cl, _
o) 94% 5.4 82% 5.5
O
O

o)
- H—= @NPhth §—NPhth = §—N
AcOH, 110 °C —

.6 o]
O

@)
PdCIl,(PPhs3)s,

o) Cul, MesSi——=
I@NHz _— IONPhth > Me;ﬁi%@—NPhth
AcOH, 110 °C Et;N

72% 5.7 98% 5.8
TBAF3HO - @NPhth
THF - =

39% 5.6 cl %

' Ssi TN </

Et3N, /' \ 7\ Si

H%<;>—NH2 > H—= N j
CH,Cl, —/ g
5.5 19% 59 7

Scheme 5.4. Synthesis of N-protected ethynylanilines 5.6 and 5.9.

Next, we focused our attention on synthesizing alcohol building block 5.2. 4-
carboxybenzaldehyde was esterified to give 5.10, followed by aldehyde protection with
ethylene glycol to produce dioxolane 5.11 (Scheme 5.5). This was set to react with the
Grignard or organolithium reagent from bromide 5.12 to form target 5.2, but all reaction
attempts proved to be ineffective. While the Grignard reagent was never successfully
formed, the reaction with n-butyllithium always formed an unknown, possibly highly
symmetrical product that displayed a large aromatic singlet in the '"H NMR spectrum.
As an alternative, Weinreb amide'” 5.13 was prepared from 4-carboxybenzaldehyde
via dioxolane intermediate 5.14. The reaction between 5.13 and the organolithium

reagent from 5.12 resulted in ketone 5.15. This was set to react with a separate
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equivalent of the organolithium reagent from 5.12 to lead to 5.2. At the same time, a
further alternative approach from the literature was followed that reacted 5.12 with n-
butyllithium and dimethyl carbonate to arrive at 5.2."* Using the reported conditions,
only a small amount of desired product was isolated, with the major product coming
from the nucleophilic addition of the n-butyl group from the base. As a consequence,
the less nucleophilic tert-butyllithium was used instead to finally access alcohol building
block 5.2 in > 50% yield. Since a successful route to 5.2 was established, any further

reactions with ketone 5.15 were abandoned.
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Scheme 5.5. Synthetic approaches to tertiary alcohol building block 5.2.

Alcohol 5.2 was then tested with the Grignard reagent from phenylacetylene to
form vertex structure 5.16, but no anticipated product was observed (Scheme 5.6).
Instead, the observed 'H NMR spectrum contained aldehyde hydrogen peaks,
indicating that the dioxolane groups were deprotected during the reaction. At this point,

the deprotection of these groups would not be an issue since they would have to be

removed for the imine formation step. However, the spectrum also displayed not
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TsOH, H,0

Wﬂe, 50 °C
81%

Scheme 5.6. Attempts of vertex and imine bond formations.

enough aromatic hydrogens and a peak corresponding to an acetyl group. This
suggested that the alcohol was acylated, and substitution by the phenylacetylene did
not take place.

Additionally, 5.2 was deprotected with para-toluenesulfonic acid (TsOH) to
restore the aldehyde groups. Tris(aldehyde) 5.17 was reacted with 1,3-
diaminopropanol in a 2:3 molar ratio in order to form assembled structure 5.18 via
reversible imine bond formation. In all attempts, only a highly insoluble precipitate was
generated, which indicated the presence of a polymer. The reaction conditions from a
series of reports were followed that used imine bond formations between diamines and
tetraformylcavitands to assemble various covalent container molecules.'® These
reports described several factors that can influence the assembled product structure.
For example, different solvents and different lengths of the diamines have been shown

to lead to different assembly products. In order to further examine the possible
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formation of 5.18, all combinations of various solvents and diamines would have to be
attempted.

Overall, while the intended assembly via imine formation did not succeed so far,
a variety of building blocks for the vertex structure has been synthesized. Most of these
building blocks could be modified further if needed. Some additional structural
adjustments may be required to form a vertex with the ideal geometry to generate

pyramidal assemblies under the right conditions.
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5.4 Experimental

Titration of tert-butyllithium with N-benzylbenzamide

Under argon, anhydrous tetrahydrofuran (5 mL) was added to N-benzylbenzamide (0.11
g, 0.50 mmol) via syringe. The solution was allowed to stir and cooled to -40 °C. A
solution of tert-butyllithium in pentane was added via syringe dropwise until the mixture
became consistently dark blue. The volume of tert-butyllithium solution added (0.45
mL) and the number of moles of titrating reagent were used to calculate the tert-

butyllithium solution concentration.

tris[4-(1,3-dioxolan-2-yl)phenyllmethanol (5.2)

/ﬁ

Br o
t-BuLi, Me,CO5 _ O H
H THF Q

0~ o
>
5.12 52 H 0o

Under argon, anhydrous tetrahydrofuran (25 mL) was added to 5.12 via syringe. The

solution was cooled to -78 °C, and a solution of tert-butyllithium in pentane (3.97 mL,
4.37 mmol, 1.10 M) was added via syringe. The mixture was stirred and allowed to
warm up to 0 °C for 1 h, followed by cooling to —=78 °C again. Dimethyl carbonate (0.11
mL, 1.25 mmol) in anhydrous tetrahydrofuran (5 mL) was added via syringe, and the
reaction mixture was stirred at rt overnight, followed by extraction with ethyl acetate (2 x
30 mL) from saturated aqueous ammonium chloride (30 mL). The combined organic

layers were dried over magnesium sulfate, filtered, and concentrated. Column
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chromatography over silica gel with gradient elution from 25 to 100% ethyl
acetate/hexanes gave the product as a white solid (0.32 g, 54%).

Characterizations matched those reported in the literature.”

'H NMR (300 MHz, CDCl3) & 7.39 (d, J = 8.0 Hz, 6H), 7.27 (d, J = 8.0 Hz, 6H), 5.78 (s,
3H), 4.16-3.97 (m, 12H), 2.93 (s, 1H). *C NMR (75 MHz, CDCl;) 5 147.56, 136.87,

127.98, 126.09, 103.45, 81.60, 65.32.

4-trimethylsilylethynylaniline (5.4)

PdCI,(PPhj),,

Cul, Me3Si——
I—<: :>—NH > MesSi—— : :>—NH
2 EtN 3 2

5.4

Under argon, triethylamine (7 mL) was added via syringe to a flask containing 4-
iodoaniline (0.20 g, 0.90 mmol), bis(triphenylphosphine)palladium(ll) chloride (0.013 g,
0.018 mmol), and copper iodide (0.010 g, 0.054 mmol). Trimethylsilylacetylene (0.20
mL, 1.35 mmol) was then added via syringe, and the reaction mixture was stirred at rt
overnight. After rotary evaporation, column chromatography over silica gel with gradient
elution from 10 to 40% ethyl acetate/hexanes gave the product as a light brown solid
(0.16 g, 94%).

Characterizations matched those reported in the literature.'”%'7®

"H NMR (300 MHz, CDCl3) 5 7.28 (d, J = 8.6 Hz, 2H), 6.57 (d, J = 8.6 Hz, 2H), 3.79 (bs,

2H), 0.24 (s, 9H).
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4-ethynylaniline (5.5)

o KoCOs M\
Me3S| — NH2 > H— NH2
MeOH/CH2C|2 —

5.4 5.5

Potassium carbonate (1.49 g, 10.80 mmol) and methanol (40 mL) were added to a
solution of 5.4 (1.02 g, 5.40 mmol) in dichloromethane (20 mL), and the reaction
mixtures was stirred at rt overnight. The crude product was then filtered and washed
with dichloromethane, and the filtrate was concentrated. A 30% ethyl acetate/hexanes
solution (50 mL) was added to the residue, and the mixture was filtered through a pad of
silica gel and washed with 30% ethyl acetate/hexanes. The filtrate was concentrated to
obtain the product as a yellow solid (0.52 g, 82%).

Characterizations matched those reported in the literature. '’ 176n177

"H NMR (300 MHz, CDCl3) 5 7.30 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 8.6 Hz, 2H), 3.81 (bs,

2H), 2.96 (s, 1H).

N-(4-ethynylphenyl)phthalimide (5.6)

, TBAF-3H,0 Y\
Me,Si—= NPhth e = NPhth

5.8 5.6

A solution of tetrabutylammonium fluoride trihydrate (0.18 g, 0.57 mmol) in
tetrahydrofuran (3 mL) was added to a solution of 5.8 in tetrahydrofuran (7 mL). After
stirring at rt for 3 h, the reaction mixture was extracted with dichloromethane (2 x 20
mL) from water (20 mL). The combined organic layers were dried over magnesium

sulfate, filtered, and concentrated. Column chromatography over silica gel with gradient
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elution from 10 to 40% ethyl acetate/hexanes provided the product as a white solid
(0.045 g, 39%).
'H NMR (300 MHz, CDCl3) & 7.95 (dd, J = 5.5, 3.0 Hz, 2H), 7.80 (dd, J = 5.5, 3.0 Hz,

2H), 7.62 (d, J = 8.7 Hz, 2H), 7.45 (d, J = 8.7 Hz, 2H), 3.13 (s, 1H).

N-(4-iodophenyl)phthalimide (5.7)

Phthalic anhydride (0.41 g, 2.78 mmol) was added to a solution of 4-iodoaniline (0.62 g,
2.78 mmol) in glacial acetic acid (30 mL), and the reaction mixture was stirred at 110 °C
for 6 h. Afterwards, water (50 mL) was added, and the resulting precipitate was filtered,
washed with water, and collected as a light purple solid (0.70 g, 72%).

Characterizations matched those reported in the literature.’”®

'H NMR (300 MHz, CDCl3) & 7.96 (dd, J = 5.4, 3.1 Hz, 2H), 7.86-7.78 (m, 4H), 7.23 (d,

J = 8.7 Hz, 2H).

N-[4-(trimethylsilylethynyl)phenyl]phthalimide (5.8)

PdCl,(PPh3),,

Cul, MesSi——=
I NPhth > MesSi——— NPhth
EtsN

5.7 5.8
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This compound was prepared in a similar manner to 5.4 from 5.7 (0.70 g, 2.00 mmol),
bis(triphenylphosphine)palladium(ll) chloride (0.028 g, 0.040 mmol), copper iodide
(0.023 g, 0.12 mmol), trimethylsilylacetylene (0.44 mL, 3.01 mmol), and triethylamine
(15 mL). Column chromatography over silica gel with gradient elution from 10 to 40%
ethyl acetate/hexanes gave the product as a cream-colored solid (0.63 g, 98%).

'H NMR (300 MHz, CDCl3) 8 7.95 (dd, J = 5.6, 3.0 Hz, 2H), 7.80 (dd, J = 5.5, 3.0 Hz,
2H), 7.59 (d, J = 8.8 Hz, 2H), 7.43 (d, J = 8.8 Hz, 2H), 0.26 (s, 9H). *C NMR (75 MHz,

CDCl3) 5 166.81, 134.44, 132.47, 131.51, 125.92, 123.70, 122.70, 104.16, 95.27, -0.13.

1-(4-ethynylphenyl)-2,2,5,5-tetramethyl-1,2,5-azadisilolidine (5.9)

Cl \S'/
SsiTN NI
EtsN, / \ 7 N\ Si
H%<;>—NH2 > H— O—N j
CH2C|2 J— ‘SI
5.5 59 7\

A solution of 1,2-bis(chlorodimethylsilyl)ethane (0.21 g, 0.94 mmol) in dichloromethane
(3 mL) was added dropwise to a solution of 5.5 (0.11 g, 0.94 mmol) and triethylamine
(0.26 mL, 1.87 mmol) in dichloromethane (7 mL). After stirring at rt for 3 h, the reaction
mixture was filtered and washed with hexanes, and the filtrate was concentrated.
Column chromatography over basic alumina with gradient elution from 0 to 20%
dichloromethane/hexanes gave the product (0.046 g, 19%).

Characterizations matched those reported in the literature."”®

'H NMR (300 MHz, CDCl3) 8 7.33 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 3.00 (s,

1H), 0.86 (s, 4H), 0.25 (s, 12H).
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methyl 4-formylbenzoate (5.10)

o) 0
OH SOCl, OMe
—_—
H MeOH H
o O 510

Thionyl chloride (1.07 mL, 14.70 mmol) was added dropwise to a solution of 4-
carboxybenzaldehyde (2.05 g, 13.37 mmol) in methanol (50 mL) at 0 °C. The reaction
mixture was stirred at rt overnight and then concentrated. The residue was extracted
with dichloromethane (2 x 40 mL) from water (40 mL). The combined organic layers
were dried over magnesium sulfate, filtered, and concentrated to give the product as a
light yellow solid (1.32 g, 60%).

Characterizations matched those reported in the literature.°

'H NMR (300 MHz, CDCl3) & 10.11 (s, 1H), 8.20 (d, J = 8.1 Hz, 2H), 7.96 (d, J = 8.1 Hz,

2H), 3.97 (s, 3H).

methyl 4-(1,3-dioxolan-2-yl)benzoate (5.11)

O O
OH
OMe HO™ """ TsOH_ OMe
H toluene H

o o Ne!
5.10 -/ 5.11

Ethylene glycol (2.12 mL, 38.04 mmol) and a catalytic amount of para-toluenesulfonic
acid monohydrate (0.0058 g, 0.030 mmol) were added to a solution of 5.10 (1.40 g, 7.61
mmol) in toluene (50 mL). The reaction mixture was stirred at 120 °C under a Dean—

Stark apparatus for 2 days, after which it was extracted with dichloromethane (2 x 40
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mL) from water (40 mL). The combined organic layers were dried over magnesium
sulfate, filtered, and concentrated. Column chromatography over silica gel with gradient
elution from 10 to 25% ethyl acetate/hexanes provided the product as a white solid
(1.25 g, 79%).

Characterizations matched those reported in the literature.'®’

'H NMR (300 MHz, CDCls) 5 8.06 (d, J = 8.1 Hz, 2H), 7.55 (d, J = 8.1 Hz, 2H), 5.86 (s,

1H), 4.16-4.02 (m, 4H), 3.92 (s, 3H).

2-(4-bromophenyl)-1,3-dioxolane (5.12)

Br HO/\/OH, TSOH Br
H toluene B H

5 o Ne!
\/ 512

This compound was prepared in a similar manner as 5.11 from 4-bromobenzaldehyde
(6.07 g, 32.16 mmol). Column chromatography over silica gel with gradient elution from
3 to 20% ethyl acetate/hexanes gave the product as a colorless liquid (6.95 g, 94%).
Characterizations matched those reported in the literature.'®?

'H NMR (300 MHz, CDCl3) 8 7.51 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 5.77 (s,

1H), 4.15-4.00 (m, 4H).
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4-(1,3-dioxolan-2-yl)-N-methoxy-N-methylbenzamide (5.13)

0
o MeNHOMe-HCI, HOB, oM
OH [P NEt EDCHCI R
H CH,Cl, H |
0" o 0" o
\_/ 514 \/ 513

N, O-dimethylhydroxylamine hydrochloride (0.44 g, 4.38 mmol), 1-hydroxybenzotriazole
(0.46 g, 3.37 mmol), and N,N-diisopropylethylamine (0.61 mL, 3.71 mmol) were added
to a solution of 5.14 (0.65 g, 3.37 mmol) in dichloromethane (35 mL). The mixture was
cooled to 0 °C, and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.65
g, 3.37 mmol) was added. The reaction mixture was stirred at rt overnight and then
extracted with dichloromethane (2 x 30 mL) from water (30 mL). The combined organic
layers were dried over magnesium sulfate, filtered, and concentrated. @ Column
chromatography over silica gel with gradient elution from 25 to 75% ethyl
acetate/hexanes yielded the Weinreb amide as a colorless liquid (0.68 g, 86%).

'H NMR (300 MHz, CDCl3) 8 7.70 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 8.2 Hz, 2H), 5.83 (s,
1H), 4.18-3.97 (m, 4H), 3.53 (s, 1H), 3.35 (s, 1H). *C NMR (75 MHz, CDCl5) 5 169.41,

167.25, 140.25, 134.79, 128.25, 126.10, 103.11, 65.33, 61.08, 33.65.

4-(1,3-dioxolan-2-yl)benzoic acid (5.14)

O O
OH
OH HO™ ™" TsOH _ OH
H toluene H

o O
\/ 5.14

228



This compound was prepared in a similar manner as 5.11 from 4-carboxybenzaldehyde
(0.23 g, 1.47 mmol). Column chromatography over silica gel with gradient elution from
25 to 75% ethyl acetate/hexanes gave the product as a white solid (0.12 g, 42%).
Characterizations matched those reported in the literature.'®

'H NMR (300 MHz, CDCl3) 5 8.14 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 8.4 Hz, 2H), 5.89 (s,

1H), 4.17-4.03 (m, 4H).

Titration of n-butyllithium with 1,3-diphenylacetone p-tosylhydrazone

Under argon, anhydrous tetrahydrofuran (10 mL) was added to 1,3-diphenylacetone p-
tosylhydrazone (0.18 g, 0.47 mmol) via syringe. The solution was allowed to stir and
cooled to 0 °C. A solution of n-butyllithium in hexanes was added via syringe dropwise
until the mixture became consistently dark yellow. The volume of n-butyllithium solution
added (0.50 mL) and the number of moles of titrating reagent were used to calculate the

n-butyllithium solution concentration.

bis[4-(1,3-dioxolan-2-yl)phenyllmethanone (5.15)

0

_OM

e ;

Br H
G W IIC

H n-BuLi, \_/ _H H
o° o THF o o o o
\_/ 512 \_/ 5.15 \/

Under argon, anhydrous tetrahydrofuran (8 mL) was added to 5.12 via syringe. The

solution was cooled to =70 °C, and a solution of n-butyllithium in hexanes (0.39 mL,
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0.37 mmol, 0.93 M) was added via syringe. The mixture was stirred for 30 min before a
solution of Weinreb amide 5.13 (0.058 g, 0.24 mmol) in anhydrous tetrahydrofuran (2
mL) was added via syringe. The reaction mixture was then stirred at rt overnight,
followed by extraction with ethyl acetate (2 x 20 mL) from saturated aqueous
ammonium chloride (20 mL). The combined organic layers were dried over magnesium
sulfate, filtered, and concentrated. Column chromatography over silica gel with gradient
elution from 10 to 40% ethyl acetate/hexanes gave the product as a yellow liquid (0.025
g, 42%).

'H NMR (300 MHz, CDCl3) 8 7.81 (d, J = 8.3 Hz, 4H), 7.60 (d, J = 8.3 Hz, 4H), 5.89 (s,
2H), 4.25-3.97 (m, 8H). *C NMR (75 MHz, CDCls) & 195.98, 142.30, 138.13, 130.13,

126.39, 103.00, 65.42.

4,4',4"-triformyltrityl alcohol (5.17)

/ﬁ O
o
_TSOH, H,0

O Q " acetone O Q

52 H Oj 517 H

Water (1.5 mL) and para-toluenesulfonic acid monohydrate (0.15 g, 0.78 mmol) were
added to a solution of 5.2 (0.37 g, 0.78 mmol) in acetone (30 mL). The reaction was
stirred at 50 °C overnight and then concentrated. The residue was extracted with
chloroform (2 x 30 mL) from water (30 mL), and the combined organic layers were dried

over magnesium sulfate, filtered, and concentrated. Column chromatography over silica
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gel with gradient elution from 25 to 55% ethyl acetate/hexanes gave the product as a
colorless liquid (0.22 g, 81%).

Characterizations matched those reported in the literature.'®*

'H NMR (300 MHz, CDCl3) 5 9.99 (s, 3H), 7.85 (d, J = 8.5 Hz, 6H), 7.50 (d, J = 8.5 Hz,
6H), 3.72 (s, 1H). *C NMR (75 MHz, CDCl3) 5 191.98, 151.87, 135.43, 129.67, 128.44,

81.53.
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