Voltage Dependent lon Transport by Bolaamphilphilic Oligoester lon Channels

by

Ye Zong
BSc, The University of Victoria, 2008

A Master Thesis Submitted in Partial Fulfillment
of the Requirements for the Degree of

Master of Science

in the Department of Chemistry

Ye Zong, 2013
University of Victoria

All rights reserved. This thesis may not be reproduced in whole or in part, by photocopy
or other means, without the permission of the author



Voltage Dependent lon Transport by Bolaamphilphilic Oligoester lon Channels

by

Ye Zong
BSc, The University of Victoria, 2008

Supervisory Committee

Dr. T. M. Fyles, Department of Chemistry
Supervisor

Dr. Peter Wan, Departmental Member
Departmental Member



Supervisory Committee

Dr. Tom M. Fyles, Department of Chemistry
Supervisor

Dr. Peter Wan, Departmental Member
Departmental Member

Abstract
Based on preliminary reports, an extended series of bolamphiphilic oligoester compounds
with structural symmetry were synthesized and then tested using a planar bilayer
experiment with the voltage-clamp technique. The main structures of these compounds
are identical, consisting of a mono or tri-aromatic core, two octamethylene chains and
two benzoyl headgroups which are all connected through ester linkages. The structural
variance was provided by the four differently functionalized benzoyl headgroups. The
synthetic methods of three to five steps were mainly adapted from the previously reported
method.* The methods successfully produced eight compounds with overall yields of 20
to 30%.

The voltage-clamp data suggested voltage-dependent behaviors occur at low
concentrations while Ohmic behaviors require at high concentrations. The activity at low
potentials showed relatively erratic behavior but the channels frequently switched
between opening and closing states. The activity at high potential lasted longer as the
channel maintained a longer state of opening.

The exponential voltage-dependent behaviors were observed at higher potential while the
voltage-independent Ohmic behaviors occur at low potential. These channel behaviors
are highly time-dependent as there is no control over the stability and the aggregation
level for the compounds forming active channels in the membrane. In some cases the
current-voltage responses appear to be asymmetrical between the positive and the
negative potentials. Mechanisms consistent with the observations are proposed.
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1 Introduction

All living cells require a closed environment for processing and regulating the essential
biological functions apart from the harsh outside environment. A closed bilayer
membrane serves the role of a barrier that encloses and compartmentalizes cells. The
bilayer membrane is semi-permeable. Some solutes such as small nonpolar molecules can
pass through easily, on the other hand, polar solutes such as amino acids and ions cannot
pass through a bilayer membrane on their own, even though they are essential for cellular
functions.? Nature’s solution to transport polar solutes across a membrane is provided by
ion channels and pumps.

1.1 Definitions

Natural ion channels are large protein complexes embedded in lipid membrane of living
cells that regulate ion passage across the membrane. Together with ion pumps, they are
the essential components for control and manipulation of transmembrane potential which
enables many biological functions.® Their ion transport activity can be regulated through
a number of ways such as voltage,**? light** and ligand-binding,** etc. VVoltage-dependent
ion channels are activated or influenced by changes in transmembrane potential.® This
class of ion channels is especially critical for the propagation of an impulse in neurons.
For example, the Na* channels in neurons can go through conformational distortion in
response to a change to the resting transmembrane potential so that the channels open to
admit Na" ion influx across the membrane into the cells. The cell membranes are then
quickly depolarized to generate a nervous impulse traveling along the cell membrane of
axon, to synapses, and then to other neurons.* '® The Na* ion influx eventually generates
a reversed transmembrane potential which then triggers K* channels to open for the
efflux of K™ ions out of cells to counter the effect of Na* ion influx, returning the
transmembrane potential back to normal. Na" and K* channels are also rectified ion
channels through which the passage of ions in one direction is favored relative to the
other direction. Therefore, outward-rectified Na* channels prevent the back flow of Na+
ions out of the cells when the transmembrane potential is reversed. The inward-rectified
K" channels, on the other hand, prevent back flow of K+ ions into the cells when the
normal resting transmembrane potential of the neurons is reestablished."’

Chemists have been long interested in natural ion channels and have synthesized
enormous number of artificial ion channel compounds and systems that can reproduce
many functions of natural channels (reviews,'®** recent examples®®3). There are high
conductance channels,” *?* highly selective channels,®* channels for protons, small ions,
large ionic species,?* channels that act in sensors, in drug delivery,®* and as cytotoxic
agents.2*



Developing synthetic ion channels that mimic natural voltage-dependent ion channels
becomes an attractive area of research as these channels are the better analogs of natural
voltage-dependent channels. Despite the recognition of the importance of voltage-
dependence and rectification of natural ion channels, the large majority of synthetic ion
channel systems are not voltage-dependent but simply follow Ohm’s law (Ohmic channel
behavior). Figure 1-1A shows the current and conductance behavior of an Ohmic channel.
The conductance of these channels is a constant in response to various applied potentials,
and ions pass in either direction through the channels with no energetic difference related
to direction of passage. It is not surprising to observe Ohmic behaviours for synthetic
compounds since the most of the reported channels are centrosymmetric structures and
are expected to insert to the membrane in a symmetric fashion. Therefore, creating a
synthetic voltage-dependent ion channel seems facile by bringing dissymmetry into ion
channel designs. Figure 1-1B shows a non-linear, voltage dependent response in which
the positive and negative current patterns are centrosymmetric in the current-voltage plot.
The conductance of this type of channels appears a minimum at low potential and
increases in both positive and negative directions. This might be due to a voltage-
dependent change in the structure of the channel, or the initiation of more channels as the
potential increases. The alternative voltage-dependent case is the rectified ion channel
shown in Figure 1-1C. In this case current does not flow under some conditions of
applied potential but above a threshold increases rapidly. The conductance plot shows
that there is no conducting structure at some potential. This is a rectifier as the energy
profile for ions flowing at potential above the threshold is clearly different from the
profile at values below the threshold.
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Figure 1-1. A) Current and conductance behavior of a voltage-independent ion channel. B) Current and conductance
behavior of a voltage-dependent ion channel. C) Current and conductance behavior of a voltage-dependent
rectified ion channel.



1.2 Synthetic Voltage-Dependent lon Channels

Before going into the survey of synthetic ion channels that are voltage-dependent, it is
worth mentioning a well studied natural occurring small peptide ion channel, alamethicin.
The peptide chain of alamethicin forms an a-helical structure which then aggregates into
multimer (usually tetra or hexamer) in the membrane, forming highly efficient and stable
ion channels.® The channel pores vary with the aggregation level of the monomer in a
voltage-dependent manner, but each of the pores allows passage of ions in either
direction with similar energetics.” ® The size of the natural ion channel is close to that of
synthetic ion channels but it exhibits non-rectifying behavior and voltage-dependence
(Figure 1-1B).

Gramicidin A is another well-studied low molecular weight pentadecapeptide ion channel,
consisting of alternating D- and L-amino acids.> # In membranes and non-polar solvents it
forms a centrosymmetric S-helix. The Koert group modified the gramicidin by covalently
linking an ammonium ion to the N-terminus which desymmetrizes the structure to give
compound 1.2° The positive charge on the ammonium ion linker was expected to be
repelled by a positive potential and thread into the adjacent opening of the s-helix, thus
creating a plugging effect if a positive potential is applied. As a result, non-linear current-
voltage response was observed and the intensity of current decreased up to 50% when a
positive potential (cis to the compound addition) was applied (Figure 1-1C).**°

OHC-Val-Gly-Ala-D-Leu-Ala-D-Val-Val-D-Val-Trp-D-Leu-Trp-D-Leu-Trp—NH
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Schlesinger reported a chloride-selective, membrane-anchored peptide channel 2 that
exhibits voltage gating in 2002. In a liposome media experiment this compound showed
rapid, concentration dependent chloride release. The planar bilayer membrane experiment
showed voltage-dependent behavior at low potential (-3 to 10mV) (Figure 1-1B)."
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In 1992, Kobuke reported the first non-peptide ion channel.® This simple design 3
consists of a carboxylate core and an ammonium cation with two hydrophobic alkyl
chains. The dissymmetric ion pair is one half of the thickness of the membrane. The
channel was evidently formed from asymmetric aggregates and was both K*-selective



and voltage dependent.? ° The current-voltage response of the small simple compound
was quite irregular with large variety. This kind of behavior is considered time-dependent.

In 2001, the Kobuke group reported another set of compounds showing voltage-
dependent and rectified current behavior using the planar bilayer experiment.
Asymmetries were introduced by terminal hydrophilic groups, carboxylic acid and
phosphoric acid for 4 and hydroxyl and carboxylic acid for 5. The current-voltage plots
were fitted by curves through a zero point to show clear rectification properties. Parallel
alignment of terminal headgroups directed by the dipole- potential interactions is
essential for giving voltage-dependent rectified ion channels (Figure 1-1C).*

4: X=H,PO,
5: X=OH

In 2002, Sakai and Matile reported a voltage-dependent ion channel 6 constructed by a p-
octiphenyl rod equipped with amphiphilic cationic tripeptide strands and polarized with
methoxy z-donor and methylsulfone z-acceptor at either end.*'** The polarization
provides asymmetry to the structure which results in dramatic difference with respect to
the symmetric version of the molecule 7 i.e. a symmetrical p-octiphenyl rod equipped
with methoxy z-donor at both ends (push-push).**** This rigid rod monomer 6
tetramerizes into polarized (push-pull) g-barrel channels in response to the applied
transmembrane potential according to fluorescence depth quenching and circular
dichroism studies (Figure 1-2). The spherical bilayer experiments showed the channel
was highly voltage-dependent and slightly anion-selective (OH/CI selective). The planar
bilayer experiments showed exponential relationships between the average current and
the applied potential and between the channel open probability and the applied potential
(Figure 1-1C). In contrast, the symmetric push-push g-barrel channels did not show
facilitated membrane incorporation at applied potentials and presented only strong Ohmic
behaviour.®*
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Figure 1-2. Structure of rigid push-pull rod 6 and push-push rod 7, and putative suprastructure of parallel -barrels.

The recent research in Fyles group has uncovered a series of oligoester bolaamphilphile
compounds that have shown ion conducting activities.> ®7 %! Our attention has been
drawn to the design and synthesis of structurally simple compounds as increasing
evidences suggest that simple compounds, with facile syntheses, can be as active as the
other synthetic ion channels with more complex and defined structures.® ®" % The
channel formation mechanism from these simple compounds is believed to be the
aggregation of the compounds in the membrane.* In 1998, Fyles and Loock reported an
early example of a synthetic voltage-gated ion channel 8 in our group. Bilayer-clamp
experiments gave rectified current-voltage responses in which current is carried only at
cis-negative potentials (Figure 1-1C). Voltage orientation-dependent irregular single-
channel activity was also observed.® The axial macrodipole of the molecule was
introduced by asymmetric distribution of terminal negative charges and was believed to
account for voltage-gating.® * In 2011, Genge reported an asymmetrical
diphenylacetylene-derived diester ion channel 9 that exhibited voltage-dependence at
higher potentials. The overall profile is symmetric indicating that conductance is not
rectifying (Figure 1-1B).’
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Also in 2011 Chui reported two oligoester compounds 10 and 11 exhibiting voltage-
dependent behavior based on planar bilayer experimental results. # The current patterns
of the two compounds at positive and negative sides of the applied potentials are
concluded by Chui to be non-rectifying and centrosymmetrical. The current branch at the
negative potential is therefore folded to the positive side, and together with the positive
current branch, they are fit successfully into several exponential regression curves. i.e. the
two compounds exhibit exponential voltage-dependent behaviors.! However, the two
compounds behave different from time to time and between trials. Therefore, the
activities of two compounds are possibly time-dependent. The results are very surprising
as compound 10 and 11 are symmetrically constructed compounds. This novel
observation revolutionizes the designing criteria of a synthetic voltage-dependent,
rectified ion channel, i.e. overall asymmetry in the structure.
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1.3 Techniques for Studying Synthetic Ion Channels

There have been a few methods developed for studying the transport activity of synthetic
ion channels in the past few years, and these methods fall into the two main categories:
spherical bilayer membrane or planar bilayer membrane based experiments. Both of these
techniques are used extensively in the Fyles group and below are detailed discussions of
these techniques.

1.3.1 Spherical Bilayers Based Experiments

Spherical bilayers based experiments utilize spherical lipid sacks known as liposomes or
vesicles, ranging from 20nm to above 1pm in diameter, to enclose an analyte containing
aqueous buffer. The internal aqueous content is isolated from the external medium at this
point (in absence of ion channels). The preparation of these vesicles with a wide variety
of lipid compositions and sizes follows well known procedures and is quite facile.*? The
size distribution of the vesicles, the overall lipid concentration, and the number of
bilayers (uni- or multi-lamellar vesicles) can be characterized using well-developed
techniques.*” lon channels as catalysts of ion translocation are capable of incorporating
themselves into the vesicle membrane and then accelerating the diffusion of ions from
one side of the membrane to the other. The experiments usually start by the addition of an
ion channel compound, followed by the observation of the collapse of the concentration



gradient of the analyte between the internal and external environments of the lipid
vesicles.*® There have been a number of methods developed for detecting the
concentrations of an analyte in either the interior or exterior of the vesicles. Some
commonly used methods include using sodium NMR spectroscopy to monitor the
transport of sodium ion with a vesicle-entrapped, membrane-impermeable paramagnetic
shift reagent,** using ion-selective electrodes to monitor the diffusion of specific ions
such as chloride or protons from the interior to the exterior of the vesicles,*® and using
UV/Vis or fluorescence spectroscopy to monitor the changes of concentration of a pH-
sensitive dye induced by transport activity.*

The most extensively used dye based detection is the pH-sensitive pyranine dye HPTS
(8-hydroxypyrene-1,3,6-trisulfonic acid). The illustration of this technique is shown in
Figure 1-3. Vesicles are prepared in the presence of HPTS to ensure the entrapment of
HPTS. An ion channel compound is then added into the vesicle medium for a standard
period of equilibrium which allows the incorporation of the compound into the vesicle
membrane, forming active ion channels. At this point, the pH levels in the interior and
exterior of the vesicles are identical, so the proton transport should not happen even
though the internal and external protons are able to exchange through the channels. HPTS
has two excitation wavelengths; one for the hydroxyl form at 403nm and the other for the
conjugated base at 460nm; both forms emit at 510nm. The experiment starts with
monitoring the fluorescent emission wavelength of both forms which are alternately
excited by the two excitation wavelengths. For a short period before addition of NaOH,
there should be no transport activity as indicated by the short black baseline at zero
transport. A pH-gradient is then established by the addition of NaOH to the external
medium, which initiates the proton transport. The collapse of the pH-gradient is reported
by the change in fluorescence as the hydroxyl form of HPTS gradually shifts to the
conjugated base form in response to the increasing internal pH (red curve). At end of the
experiment, the vesicles are lysed by the addition of a surfactant (Triton-X 100) to give
the maximal response which ensures that the transport activity was not due to membrane
disruption. On the other hand, if the blank control experiment in absence of ion channels
or a normal experiment with an inactive compound is performed, the transport activity
should remain very low as indicated by the blue curve.? *?
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Figure 1-3. The vesicle with HPTS dye experiment: an active ion channel incorporates into the vesicle membrane
and initiates the diffusion of internal protons to the exterior due to the establishment of a pH-gradient with the
addition of NaOH. As a result, the excitation fluorescent wavelength of the entrapped HPTS switches from 403nm
to 460nm (both species are monitored at the same emission wavelength 510nm) in response to the internal pH
changes to more basic level. The transition in the excitation wavelength can be converted to the extent of proton
transport over time (the plot on the right). The blue curve represents the blank control in which the experiment
proceeds in absence of an ion channel compound. The red curve represents the experiment proceeds with vesicles
containing an ion channel compound.

1.3.2 Planar Bilayers Based Experiments

Planar bilayers based experiments are also referred as voltage clamp or bilayer clamp
experiments. Figure 1-4A, a set of voltage is applied into the two compartments filled
with aqueous electrolyte solution in a cell holder. A planar bilayer membrane can be
formed across a small hole that connects the two compartments by painting a small
amount of lipid in a nonpolar solvent such as decane over the small hole and further
gentle brushing or other manipulation. The planar bilayer membrane then creates a
hydrophobic barrier between the two compartments, separating the electrolyte solutions
filled within. The integrity of the membrane can be frequently checked with a capacitance
test."? The voltage-clamp generates a constant transmembrane potential, and the resultant
current can be monitored over time; change in the corresponding potential and
conductance can also be monitored over time. In the absence of an open channel, the
bilayer membrane itself is a good resistor which prevents the flow of current in response
to the applied transmembrane potential, so very little current should be observed (Figure
1-4B). If an ion channel compound is introduced into the solution in either side or both
sides of the membrane, successfully forming channels in the membrane, a simple electric
circuit is complete, and current as the representation of channel activity starts to be
observed (Figure 1-4C).
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Figure 1-4. Voltage clamp experiment: A) a bilayer membrane is formed between the two compartments of the
holding cell filled with aqueous electrolyte solutions (blue lines). A voltage is applied creating a transmembrane
potential, B) and if the membrane is intact, very little current should be observed, C) but if an ion channel
compound added with successfully incorporation into the membrane, current should be observed.

The resting potential at the membrane of the voltage clamp can be determined from
Nernst potential equation (1):

_#r o
E= nF ln([l]i (1)

R is the gas constant; T is the absolute temperature; F is the Faraday constant; n is the
charge on the ion; [I]o and [I]i represent the ion concentrations on either side of the
membrane. In this case, the ion concentrations on either side are the same. The resting
potential at the membrane is 0OmV, meaning the current direction reverses at OmV.

The “square-top” activity presented in Figure 1-4C occurs only in rather ideal situations.
In a real experiment, current activities can be completely random upon the addition of ion
channel compounds. There are many more complex current activities can be observed for
active compounds, and between the periods with activities there are the “quiet” periods
that have no activity. In other words, the channel behaviors in terms of the channels’ “on”
and “off” states, current intensity and current pattern are time-dependent. In the past these
irregular behaviors are usually separated and ignored in favor of analyzing the easier
regular “square-top” behaviors. The Fyles group has recently developed a method called
activity grids for cataloging and categorizing all potentially observable behaviors in a
statistically meaningful way.”

The general method for analyzing the transport behaviors of a certain ion channel
compound is by averaging the resultant current at various potentials in a fixed period of
time, regardless its complex current behaviors. Although this method lacks the specific
representation for the distinct behavior of an ion channel compound, it is still the easiest



way to generate overall activity from variable time-dependent activity. However, this
method is very sensitive to the experimental environment. Any noise, vibration, electrical
interference or capacitance discharge could result artifacts that obscure the real activities.
Consequently, before each experiment, membrane integrity and connections in the

experimental setup must be tested free of ion channel compounds for a period of time to
ensure the exclusion of any above artifacts.
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1.4 Goal of the Project

As discussed before, Chui’s discovery of exponential voltage-dependence of compounds
10 and 11 is a quite surprising result as the two compounds are structurally symmetrical.
Chui’s focus by then was only an activity survey of a number of compounds including 10
and 11 as a prelude to test activity grids. The research documented in this thesis focuses
on confirming Chui’s observation for compound 10 and 11 as well as further synthesizing
and testing seven additional derivatives (12, 13, 14, 15, 16, 17 and 18) of the parent
compounds 10 and 11. Based on the results obtained from the study, we are hoping to
address the following questions that were left unanswered from Chui’s preliminary
discovery: Is the current-voltage response truly exponential? Are current patterns at the
negative and the positive potentials symmetrical (non-rectifying ion channel) or
asymmetrical (rectifying ion channel)? Are these observations time-dependent? Are there
more compounds that behave the same? With some clear answers to these questions, it
may be possible to propose a mechanism that allows symmetrical compounds to show
voltage-dependent behavior.
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Figure 1-5. Proposal of the extended series of compounds (12-18) from the parent compounds 10 and 11.
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2 Results and Discussion

2.1 Synthesis of Linear Oligoester Bolaamphiphilies

To be able to address these questions that emerged from Chui’s discovery of voltage
dependent ion transport observed for compound 10 and 11, an extended series of
compounds (12, 13, 14, 15, 16, 17 and 18) was synthesized. The main backbones of the
compounds were kept intact so that their transporting functions would be presumably
preserved. The various head groups were then installed onto the two ends of the
backbones.

2.1.1 Synthesis of backbones

The synthetic methods for these compounds are mainly adapted from Chui’s work." The
methods begin by constructing a triaromatic diacid core 21 by reaction of terephthaloyl
chloride 19 and 4-hydroxybenzoic acid 20, and subsequent conversion to the triaromatic
dichloride 22. Terephthaloyl chloride 19 or the triaromatic dichloride core 22 was then
reacted with bromoalcohol 5 prepared by mono-brominating 1, 8-octanediol. This gave
the mono-aromatic or tri-aromatic bis-bromides (25 and 26) which were subsequently
reacted by various head group precursors.
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Scheme 2-1. Synthesis of the Backbones, Mono and Triaromatic Dibromide Core 25 and 26
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2.1.2 Synthesis of Parent Compounds 10 and 11

Chui’s method as he described in his thesis* was followed to prepare the parent
compounds 10 and 11. The mono and triaromatic dibromide 25 and 26 were first reacted
with BOC protected 4-aminobenzoic acid 27 to give BOC-protected 28 and 29. Removal
of Boc-protecting group was achieved using TMSCI-phenol reagent in DCM to give
compound 10 and 11 as described in Chui’s thesis. The purification of the compounds by
recrystallization or column chromatograph was also adapted from Chui’s work. The
resulting compounds were confirmed with *H and **C NMR spectra which were identical
to those in Chui’s thesis.
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Scheme 2-2. I--catalyzed Nucleophilic Displacement and Deprotection in Preparation of 10 and 11

The *H NMR spectra showed the expected number of signals and chemical shifts and
were identical to Chui’s spectra. The *H NMR spectrum for 10 showed five types of
aromatic protons at 6 8.33 (s, 4H), 8.13 (d, J=8.9Hz, 4H), 7.83 (d, J=8.8Hz, 4H), 7.32 (d,
J=8.8Hz, 4H) as well as two types of methylene protons next to ester oxygen observed at
4.32 (t, J=6.7Hz, 4H), 4.24 (t, J=6.7Hz, 4H). The key amino protons were showed as a
broad peak at 6.61 (br, s, 2H). For 11, there were three types of aromatic protons at & 8.09
(s, 4H), 7.84 (d, J=8.9Hz, 4H), 6.64 (d, J=8.9Hz, 4H) along with two types of methylene
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protons next to ester oxygen observed at 6 4.36 (t, J=6.7Hz, 4H), 4.25 (t, J=6.7Hz, 4H).
The key amino protons were showed as a broad peak at 4.03 (s, br, 4H).

The *C NMR spectrum for compound 11 was also consistent with the assigned structures
and identical to Chui’s spectra. Three types of aromatic protons observed at 6 166.8,
165.9, 150.8 along with two types of methylenes next to ester observed at 6 65.5, 64.4.

2.1.3 Synthesis of Sulfonate Compounds 12 and 13

The sulfonate compounds 12 and 13 were synthesized by reacting the dibromide cores 25
and 26 with 4-sulfobenzoic acid potassium salt 30 in the standard conditions as used for
10 and 11 (DMSO, Bus;NOH, Nal, overnight). At the end of the reaction, DCM was
added into the reaction mixture. The sulfonate compounds were precipitated out of the
reaction solution due to their low solubility in DCM. The precipitates were then filtered
and washed with methanol to remove residual tetramethyl ammonium hydroxide. The
resulting compounds were confirmed with Mass spectroscopy, *H and *C NMR.
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Scheme 2-3. I--catalyzed Nucleophilic Displacement in Preparation of 12 and 13

By negative ESI mass spectrometry, the m/z calculated for 12 dianion [Cs;Hs201S,]*
was 514.5, and this ion was observed as 514.6. Also, a monoanion corresponding to the
monopotassium salt was observed ([Cs2Hs2015S,+K] =1068.1; found 1067.7). Similarly
for 13, the calculated dianion mass was observed along with the monopotassium salt (the
m/z calculated [C38H4401452]2' =394.4 and [C3gH44014S,+K] =827.9; found 394.8 and
827.8 respectively).

The *H NMR spectra showed the expected number of signals and chemical shifts. For 12,
five types of aromatic protons were observed at 6 8.34 (s, 4H), 8.07 (d, J=8.9Hz, 4H)
7.91 (d, J=8.8Hz, 4H), 7.71 (d, J=8.9Hz, 4H) and 7.51 (d, J=8.9Hz, 4H) along with two
types of methylenes adjacent to ester oxygen at 84.30-4.23 (m, 8H). Compound 13

14



showed three types of aromatic protons at 6 8.07 (s, 4H), 7.91 (d, J=8.8Hz, 4H) and 7.71
(d, J=8.8Hz, 4H) along with two types of methylenes next to ester oxygen at 4.31-4.21
(m, 8H).

The *C NMR spectra were also consistent with the assigned structures. For 12, three
types of carbonyl carbons were showed at 6165.5, 165.0, 163.5, and two types of
methylene carbons next to ester carbons at 6 64.8 and 64.7. For 13, there were two types
of carbonyl carbons at 6165.4, 165.0 along with the two types of methylene next to ester
at 8 65.1, 64.7.

2.1.4 Synthesis of Dimethylamino Compounds 14 and 15

The dimethylamino compounds 14 and 15 were synthesized by reacting the core 25 and
26 with 4-dimethylamino benzoic acid 31 in the standard conditions overnight. The
resulting compounds were recrystallized from DCM/EtOAc and confirmed with mass
spectroscopy, *H and *C NMR.
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Scheme 2-4. I--catalyzed Nucleophilic Displacement in Preparation of 14 and 15

By positive ESI mass spectrometry, the m/z calculated for 14 cation [CsgHgsO1oNo+H]"
was 957.1, and this ion was observed as 957.1. Similarly, for 15 the m/z calculated cation
monosodium salt [C4Hs60sN>+Na]™ was 739.5, and this ion was found 739.5.

The *H NMR spectra showed the expected number of signals and chemical shifts. The *H
NMR spectrum for 14 showed five types of aromatic protons observed at & 8.35 (s, 4H),
8.16 (d, J=8.8Hz, 4H), 7.92 (d, J=8.8Hz, 4H), 7.34 (d, J=8.8Hz, 4H) and 6.64 (d, J=8.8Hz,
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4H) as well as two types of methylene protons next to ester oxygen at é 4.34 (t, J=6.7Hz,
4H), 4.26 (t, J=6.7Hz, 4H). The identifier methyl protons on the amino nitrogen were
showed at & 3.03 (s, 12H). The *H NMR spectrum for 15 showed three types of aromatic
protons at 6 8.09 (s, 4H), 7.91 (d, J=8.8Hz, 4H), 6.64 (d, J=8.8Hz, 4H) along with two
types of methylene protons next to ester oxygen at 6 4.34 (t, J=6.7Hz, 4H), 4.26 (t,
J=6.7Hz, 4H). The identifier methyl protons were showed at & 3.03 (s, 12H).

The *C NMR spectra were also consistent with the assigned structures. For 14, the
spectrum showed three types of carbonyl carbons at 6165.8, 163.7, 154.2 as well as two
types of methylene next to ester carbons at 8 65.3, 64.2. The identifier methyl carbons
showed at 6 40.1. Similarly, for 15 the spectrum showed two types of carbonyl carbons at
8167.1, 165.9 along with two types of methylene next to ester at 8 65.5, 64.2. The
identifier methyl carbons were observed at 6 40.0.

2.1.5 Synthesis of Hydoxymethyl Compounds 16 and 17

There were several trials to optimize the synthesis of the hydroxymethyl compounds 16.
In the early trials, the compounds were synthesized by reacting the core 25 with 4-
hydroxymethyl benzoic acid 32 in the same condition overnight as the previous
compounds. However, we think the hydroxyl group of 32, hydrolysis and
transesterification occurred around ester bonds in the core 25 during the reaction. This
generated a mixture of compounds that were difficult to be characterized using *H NMR
spectroscopy or to be purified through silica column chromatography or LH-20 gel
column (size exclusion column).

We decided to protect the hydroxyl group on 32 so that prevents any side reactions. The
hydroxyl protection was achieved using TBDMS. Compound 32 was reacted with tert-
butylchlorodimethylsilane and imidazole in THF and 2M K,CO3 solution for 18 hours.
The TBDMS protected 33 was then installed onto the core 25 using the previous
condition to generate the TBDMS protected compound 34. Although, hydrolysis still
occurred, the TBDMS protected compound 34 was able to be isolated using silica column
chromatography. The deprotection of TBDMS was carried out by combining and stirring
DCM solution of the TBDMS protected 34 with 1 equivalent tetra-n-butylammonium
fluoride in room temperature for 20minutes. However, the deprotection process also
resulted the hydrolysis of the ester bonds in the molecule. Considering the effort and the
time required of deprotecting the TBDMS protected compound 34, the further
exploration of an optimal deprotection condition was on hold.

0 o]
OH L imid OH
K,CO; THF
reflux 24h
OH 32 TBDMSO 33

Scheme 2-5. TBDMS protection of 4-Hydroxymethyl Benzoic Acid
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Scheme 2-6. Synthesis of Hydroxymethyl Compound 16 with 14

The last attempt of making the compound 16 was carried out using the similar condition
as the previous compounds except the reaction time was kept short under 2 hours. The
generated compound was purified through silica column chromatography. It was later
discovered that the compound 16 could be purified by recrystallization from
DCM/EtOAc. The synthetic method was also suitable for making the compound 17
which was also purified by recrystallization from DCM/EtOAc (Scheme 2-7). The two
compounds did not generate decent ESI-MS spectra; therefore, both compounds were
confirmed by *H and *C NMR.

17



Br 26 Br
o
OH DMSO
Nal
OH 32 (CH3)4,NOH

under 2h
Q o]
o - OL e
o o] e} o
16
K@)kc)/\/\/\/\/c’ O\/\/\/\/\O)K©\

Q O
OH o W o OH
e VNN O~

OH OH
Scheme 2-7. I--catalyzed Nucleophilic Displacement in Preparation of 16 and 17

The *H NMR spectra showed the expected number of signals and chemical shifts. The *H
NMR spectrum for 16 showed five types of aromatic protons observed at & 8.35 (s, 4H),
8.14 (d, J=8.8Hz, 4H), 8.04 (d, J=8.8Hz, 4H), 7.43 (d, J=8.8Hz, 4H), 7.34 (d, J=8.8Hz,
4H). The methylene protons next to hydroxyl were observed at & 4.77 (s, 4H) and two
types of methylene protons next to ester oxygen were showed at 6 4.35-4.30 (m, J=6.7Hz,
8H). Similarly, for 17, three types of aromatic protons were showed at 6 8.07 (s, 4H),
8.01 (d, J=8.8Hz, 4H), 7.41 (d, J=8.8Hz, 4H) and methylene protons next to hydroxyl
were observed at 6 4.75 (s, 4H) as well as two types of methylene protons next to ester
oxygen observed at 6 4.34-4.29 (m, 8H).

The 3C NMR spectra were also consistent with the assigned structures. For 16, three
types of carbonyl carbons were showed at §166.5, 165.8, 164.0 along with three
methylene carbons next to hydroxyl and next to ester oxygen observed at 6 65.3, 65.0 and
64.7. For 17, two types of carbonyl carbons were showed at 6166.5, 165.9 along with
three types of methylene carbons next to hydroxyl and next to ester at d 65.5, 65.0, 64.6.

18



2.1.6 Synthesis of Trimethylamino Compounds 18

There were several attempts of optimizing the synthesis of the trimethylamino compound
18. In the early trials, the dimethylamino mono-aromatic core compound 15 was
methylated by refluxing it in iodomethane to make the trimethylamino compound 18.
However, there were two problems with this reaction. First, the methylation reaction was
in equilibrium between dimethyl and trimethyl amino heads. Second, the ester bonds of
the molecule started to break in long reflux (over 24 hours) in high heat (about 70°C).
The resulting product was a mixture of compounds that contains dimethyl and
trimethylamino compounds as well as the fragments resulting from breakage of the ester
bonds in the molecule. The mixture was difficult to analyze by *H NMR spectroscopy.
The ESI-MS spectrum showed a pentamethyl mono-cation, m/z=731 as the major
abundant ion and the required hexamethyl dication, m/z=373 as the minor abundant ion.
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Scheme 2-8. Methylation of Compound 15 to prepare Compound 18

To detour the previous problems, the trimethylamino benzoic acid was first synthesized
from dimethylamino benzoic acid by methylation, and was then installed onto core
compound 26 using iodide catalyzed nucleophilic displacement, the usual method for
making the series of compounds. However, the reaction also yielded a mixture of
compounds which was as complex as the mixture that resulted from the methylation of
compound 15. The purification was difficult to perform on silica column chromatography,
and the identification of the mixture was difficult with *H NMR. However, the dimethyl
amino and trimethyl amino proton signals at about 6 3.3 and 3.7 were obvious. The ESI-
MS spectrum also showed pentamethyl and hexamethyl ions (731 mono-cation and 373
dication) almost equally abundant.

19



O
1
OH Todomethane, MeOH © OH
N > @

‘ Reflux for 24h
31

Scheme 2-9. Synthesis of Trimethylamino Benzoic Acid
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Scheme 2-10. I--catalyzed Nucleophilic Displacement in Preparation of 18

Alternatively, to push the methylation equilibrium to the completion, iodide ions could be
removed from the system. Celite-AgNO; was, therefore, added to react with the iodide
ions and remove from the reaction as the Agl precipitates. In addition, to prevent the
degradation of the ester bonds, the reaction mixture was stirred under 45°C over two days.
Although these changes yielded a better result, the methylation had not gone to
completion (or the proper length of methylation reaction was never found). The ESI-MS
spectrum showed the hexamethyl ion (m/z 373 dication) as the major abundant ion, but
there still significant pentamethyl mono-cation at m/z 731 left. Considering the time
frame of the research project, the synthetic effort for the compound 18 was on hold at this
point. The summary of the synthetic effort and results of the trials are listed in Table 2-1.
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Scheme 2-11. Methylation with the Addition of Celite-AgNO;

Todomethane
MeCN
Reflux

Trials Conditions Strategies Results
1 Dissolve 20mL Mel Methylation of Mixture of
Reflux at 60°C for 2 compound 17 compounds;
days Equilibrium in
methylation;
'"H NMR
Me,N:MesN = 1: 3
2 DMSO solvent Synthesize Mixture of
Nal 0.2 eqv. trimethylamino compounds;
60-70°C 2hrs benzoic acid 15 and Difficult to separation
then attach to the core | or analyze using ‘H
26 NMR
3 Dissolve 20mL Mel Methylation of Better results but still

Reflux at 45°C for 2
days

compound 17 with
Celite-AgNO3 to
remove iodide ions to
push the equilibrium
to the right

a mixture of
dimethylamino and
trimethylamno
compounds

'"H NMR
Me,N:Mes;N = 1: 10

Table 2-1. Summary of Synthetic Attempts to Prepare Compound 18
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2.2 Voltage Clamp Results

These compounds were analyzed using both techniques mentioned in the introduction.
However, no of the compounds were active in the HPTS assay. Consequently, the study
solely relied on the voltage-clamp technique. A voltage clamp is one of the techniques for
studying ion channel activity. It applies constant transmembrane potentials and the
resultant changes in current, potential and conductance can be monitored as functions of
time.? The bilayer membrane which acts as a hydrophobic barrier is a good resistor, so in
the absence of ion channel molecules, the membrane should be able to block the passage
of ions so that only very little current can be observed. When a single ion channel opens
with the addition of ion channel molecules, the current resulting from the flux of ions in
response to the applied potential should be observed.

2.2.1 Sample Preparation and Experimental Setup

The voltage clamp apparatus consists of a bilayer clamp probe, electrolyte-filled holding
cells with two connected compartments, a polystyrene cup (with a 250um aperture),
Ag/AgCI electrodes and KCI/Agar salt bridges. The cup was placed in one of the
compartments of the holding cell with its aperture facing the other compartment. The
lipid bilayer membrane was added around the aperture by painting a small amount of
lipid in decane over the aperture with a small brush and drying with argon gas. The
aqueous CsCl electrolyte solution was then filled inside and outside the cup, and the
aperture and the lipid were both immersed in the aqueous electrolyte solution. A stable
membrane could form from lipids on the cup by lifting the cup out of the electrolyte
solution and then dipping it back in, or sometimes by repainting a small amount of lipid
in decane over the aperture with a small paint brush. Without membrane, the electrolyte
solutions inside and outside the cup connect through the aperture. Once a stable
membrane formed in the middle of the aperture, the two compartments of the holding cell
are isolated. Through two KCI/Agar salt bridges, the two compartments were separately
connected to two KCI reference electrolytes which were contacted electrically to the
digital input of the apparatus via two of Ag/AgCI electrodes. The apparatus applies a
potential, amplifies, and measures any current. The current is typically pico-Amperes so
the signal needs to be isolated from electrical and mechanical interferences. It is quite
noisy so the signal is filtered before being digitized. The signal was acquired using
pClamp software to control the instrument.

All test compounds were prepared in 1mM and 5mM concentrations in 5mL of water-
miscible organic solvents. The sulphonate compounds 12 and 13 were dissolved in
DMSO, and the rest of compounds (10, 11, 14, 15, 16 and 17) were dissolved in THF.
Once the stable membrane is formed, the test compounds were injected with a 10uL
syringe in proximity of both sides of the bilayer membrane. Injection of compound 10, 11,
12, 13, 16 and 17 did not generate immediate transport activities, so these compounds
were assisted by physical transfer on one side of the cup with a brush. Physical transfer
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usually resulted membrane breakage; therefore, a lift/dip motion was required to reform
the membrane and the capacitance needed to be checked again to ensure the integrity of
the membrane. In some trials, compound 14 and 16 were premixed in 1mol% with the
lipid before loading them on both sides of the membrane; however, the pre-mixing of
these compounds with the lipid did not result in particularly more activity or any easier
way of generating activities.

The data was surveyed with various positive and negative potentials in a continuous
recording mode after the addition of the test compounds. This allowed the activity to be
explored under operator control to ensure the activity was as expected and reliable. In
order to record data automatically after stable activities were observed, the system was
switched to instrument control of the applied potential where a potential was set for a
fixed period of time, shifted to a new potential at the end of each period, and then
repeated over the range of potential required. Under these conditions the acquisition is
automated and no operator intervention or perturbation is possible. However, the
amplification of current gain was difficult to estimate or preset in automated recording; as
a result, the large current spikes in response to major ion channel openings at higher
potentials would sometime overflow the digitizer scale. This problem seemed unsolvable
using the current experiment setup. Nevertheless, the experiments were conducted in the
automated and unbiased condition.

2.2.2 Voltage Clamp Data
The following table summarizes the total experiment trials and the trials for the
observable activity for each compound.

Compound No. of trials Trials with Voltage dependent
observable activity or Ohmic
10 16 11 Voltage dependent
11 8 5 Voltage dependent
12 10 4 Voltage dependent
and Ohmic
13 10 6 Voltage dependent
and Ohmic
14 8 0 -
15 7 4 Voltage dependent
16 8 6 Ohmic
17 8 5 Ohmic
18 - - -

Table 2-2. Summary of Voltage Clamp Experiment
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2.2.2.1 Voltage Clamp Data for the Parent Compound 10 and 11

The instrument controlled modes display real-time data on three panels corresponding to
changes of the current, the potential and the conductance for a certain compound. The
current-time perspective was recorded as shown in the top panel. The automated
corresponding potential changes were shown in the middle panel. The bottom panel was
the conversion to conductance-time perspective using division of the current by the
potential at each data point. An experiment recorded in this fashion is given in full in
Figure 2-1.

The Figure was one of the recordings of the parent compound 10. As shown in the middle
panel, the potential change was set from150mV to -150mV. Each potential level was
maintained 11seconds and was then increased to a new level by 20mV at the end of each
period (stepping up). The resultant current was measured on a scale of 200 to -200pA.
The activity was very strong at very positive and very negative potentials in terms of the
magnitude of the current spikes (close to 200pA) and in terms of a higher frequency of
observations (very dense spikes at 0-20 seconds and 160-176 seconds). The activity
quickly diminished as the potential dropped below #130mV and appeared to die off at
very low potential (around #10mV). Correspondingly, the conductance appeared to be
very high at very positive and very negative potential and diminished as the potential got
smaller. However, near zero potential, there was a big block of conductance which
resulted from significant noise being divided by a very small potential. At zero current, of
course, the conductance should be zero, so all this section shows is the amplified system
noise.
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Figure 2-1. Voltage Clamp Data for Parent Compound 10. Condition: 1M CsCl buffered to pH 7.0, -150mV to 150mV
in steps of +20mV; total experiment time 176 seconds with total 6uL of 1mM solution added on both sides of the
membrane (total 12nmole of 10). Top panel: current-time perspective with full scale -200 to +200pA; middle panel:
potential-time perspective with full scale -220 to +220mV; bottom panel: conductance-time perspective with full
scale of -1 to +1nS.
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The time-dependent data in Figure 2-1 was not useful for the analysis of the activity of
the compounds. The average current data at the different potential levels was used to plot
against the applied potentials to generate Figure 2-2 (left). The average current was
calculated for only 10 seconds of data at each potential to avoid the current surges that
occurred at the times when the applied potential was changed. As shown, the activity
concentrated at very positive and very negative potentials (150mV) and diminished
quickly when the potential dropped below +130mV. This plot appeared to be a centrally
symmetrical pattern with slight off-setting from the zero point due to the amplified noise.
This symmetry was similar to what Chui had observed. Chui claimed the positive and
negative current patterns were symmetrically related, so he thought he could combine and
analyze both positive and negative branches on the same side of the axis. However, this
symmetrical data was only one special case among the more common asymmetrical cases
which will be shown in later examples. In the average conductance vs. applied potential
plot (Figure 2, right), the four data points at #230mV and 10mV were omitted due to the
unrealistic data points generated from the amplified noise near the zero potential. As
shown, the conductance maintained relatively a stable value of about 60pS from -110mV
to -50mV but increased from below 20pS to about 40pS from 50mV to 110mV. The

conductance increased dramatically once the higher potential (150mV or 130mV) was
reached.
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Figure 2-2. Left: Average Current vs. Applied Potential for Compound 10. Right: Average Conductance vs. Applied
Potential for Compound 10; the unrealistic data points near the zero potential were not included.

In a different recording for compound 10 which was a few minutes later from the
previous recording, the activity was recorded in step-down of potential levels that
maintained 110 seconds per level (Figure 2-3). Similarly to the previous case, the
activities concentrated at the high positive and high negative potentials (dense spikes at
#150mV) and diminished at lower potentials.
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Figure 2-3. Voltage Clamp Data for Parent Compound 10. Condition: 1M CsCl buffered to pH 7.0, +150mV to -
150mV in steps of -20mV; total experiment time 1760 seconds with total 6uL of 1mM solution added on both sides
of the membrane (total 12nmole of 10). Top panel: current-time perspective with full scale -200 to +200pA; middle
panel: potential-time perspective with full scale -220 to +220mV; bottom panel: conductance-time perspective with
full scale of -1 to +1nS.

The average current vs. applied potential was used to analyze the current patterns at the
positive and negative potentials. The average current was calculated for only 100 seconds
of data at each potential to avoid the current surge that occurred at the times when the
applied potential was changed. As shown in Figure 2-4 (left) the current activity was very
low from -130 to 110mV; whereas, the current started to take off as the potential reached
+150mV. Similarly, using the average conductance data to plot against the applied
potential generated Figure 2-4 (right). It is also worth mentioning that the region near the
zero point had a few off-set data points which were again due to the amplified noise at
low potentials in the conductance vs. potential plot, and these are not included in the plot.
The conductance maintained relatively the one level (about 50pS) from -130 to -50 and a
range from about 20pS to 50pS from 50mV to 110mV. The conductance increased
dramatically once the potential reached #150mV. Obviously the conductance on the
positive branch was not in central symmetry with the negative branch. This was one of
common cases observed in the experiments, which contradicts Chui’s symmetry
conclusion.!
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Figure 2-4 Left: Average Current vs. Applied Potential for Compound 10. Right: Average Conductance vs. Applied
Potential for Compound 10; the unrealistic data points near the zero potential were not included.

The following Figure 2-5 was one of the current recordings for compound 11 under
similar experiment settings but with the potential set from 110 to -110mV and each level
maintained only 11 seconds. There were also periodic current surges corresponding to
each change of the potential level. The average current was calculated for only 10
seconds of data at each potential to avoid the current surge that occurred at the times
when the applied potential was changed. There were some overflows of the digitizer scale
at the negative potential. Similar to compound 10, the activities concentrated at very
positive (+110mV) and especially at negative potentials (-110mV) while the activity
diminished quickly once the potential reached below #90mV and then died off near zero
potential (Figure 2-6, left). The symmetrical pattern for compound 11 between the current
data on the positive and negative potential was not observed. The data patterns for this
compound observed were asymmetrical. This contradicts to Chui’s conclusion.*
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Figure 2-5. Voltage Clamp Data for Parent Compound 11. Condition: 1M CsCl buffered to pH 7.0, +110mV to -110mV
in Steps of -20mV; total experiment time 132 seconds; 1mol% of 11 was premixed with lipid followed by total 6uL
of 1mM solution added on both sides of the membrane (total 12nmole of 11). Top panel: current-time perspective
with full scale -200 to +200pA; middle panel: potential-time perspective with full scale -120 to +120mV; bottom
panel: conductance-time perspective with full scale of -1 to +1nS.
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The conductance vs. potential plot (Figure 2-6, right) had the unrealistic data points at
+10mV which were omitted from the plot. The conductance maintained relatively one
level (200pS) from -70mV to -30mV as well as a different level (35-50nS) from 30mV to
90mV with slight change. A large conductance change was observed at high negative
potential while the changes in positive potential were not very obvious compared to the
negative side. The two branches of the conductance were not in central symmetry. This
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Figure 2-6. Left: Average Current vs. Applied Potential for Compound 11. Right: Average Conductance vs.
Applied Potential for Compound 11; the unrealistic data points near the zero potential were not included.

summary of the two compounds calls into question Chui’s conclusion. First, as reported
by Chui, the activities of both compounds on voltage clamp were voltage dependent.
However, the summary shows they were also time-dependent. An activity recording
usually differed from the previous recording or the next recording. Therefore, the similar
activities, in terms of similar current magnitude and similar pattern, were very difficult to
reproduce on regular basis. Second, the positive and negative branches were not
centrosymmetrical. The asymmetrical current patterns of both branches were very
obvious in the current vs. potential plot (Figure 2-4 left and 6 left). The conductance
changed differently on the positive and negative potentials. Therefore, the two branches
of current needed to be analyzed separately (Figure 2-4 right and Figure 2-6 right). Thus,
Chui’s method of combining and analyzing two branches together would no longer work
on the extended series of compounds.

2.2.2.2 Voltage Clamp Activity Survey for the Other Compounds

To develop a better understanding of the activities involved with the new compounds
compared with compound 10 and 11, we decided to survey these compounds in the
voltage clamp under the same conditions as discussed above, but we would mainly focus
on their current-time activity as this gives a quick overview of the compound behavior.

2.2.2.2.1 Voltage Dependent Activity of Compound 12 and 13

The following activity recordings showed voltage-dependent activities for 12 (Figure 2-7)
and 13 (Figure 2-8) using similar experimental conditions. As shown, the activities
concentrated on higher positive and negative potentials and diminished quickly at low

28



potentials. However, the activities were under 50pA which were not as strong as those
observed in 10 and 11. Also, the magnitude of activity at the positive and the negative
potentials were obviously not in symmetry. The average current vs. applied potential
plots showed a great current change at high potential dependence while the current was
very low at lower potentials. The magnitude and patterns of the activities on both sides of
potentials were clearly not in symmetry.
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Figure 2-7. Voltage Clamp Data for Compound 12. Condition: 1M CsCl buffered to pH 7.0, +150mV to -150mV in
steps of -20mV; total experiment time 176 seconds with total 6uL of 1mM solution added on both sides of the
membrane (total 4nmole of 12). Top panel: current-time perspective with full scale -200 to +200pA; middle panel:
potential-time perspective with full scale -220 to +220mV; bottom panel: conductance-time perspective with full
scale of -1 to +1nS.
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Figure 2-8 Voltage Clamp Data for Compound 13. Condition: 1M CsCl buffered to pH 7.0, -150mV to +150mV in
steps of +20mV; total experiment time 176 seconds with total 6uL of 5mM solution added on both sides of the
membrane (total 60nmole of 13). Top panel: current-time perspective with full scale -200 to +200pA; middle panel:
potential-time perspective with full scale -220 to +220mV; bottom panel: conductance-time perspective with full
scale of -1 to +1nS.
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Figure 2-9 Left: Average Current vs. Applied Potential for Compound 12. Right: Average Current vs. Applied
Potential for Compound 13.

When the initial injection did not result immediate activities, more would be injected on
both sides of the membrane, and often, the compounds required physical transfer which
would assist compounds to incorporate into the membrane. The capacitance was checked
to ensure the integrity of the membrane. When 10uL of compound 12 or 8uL of 13 were
added on both sides of the membrane (total 20nmole of 12 and 80nmole of 13), the
observed activity appeared to be voltage-independent in which the channel maintained
continuously “on” state as shown in Figure 2-10 and 2-11. The current change nicely
corresponded to the potential change from 150mV to -150mV. The average current vs.
applied plot in Figure 2-10 and 2-11 showed the Ohmic relationship. Also, the slopes of
the plots were the conductances of 12 and 13 (1.2nS and 460pS, respectively).
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Figure 2-10. Voltage Clamp Data for Compound 12. Condition: 1M CsCl buffered to pH 7.0, +150mV to -150mV in
steps of -20mV; total experiment time 176 seconds with total 10uL of 1mM solution added on both sides of the
membrane (total 20nmole of 12). Top panel: current-time perspective with full scale -200 to +200pA; middle panel:
potential-time perspective with full scale -220 to +220mV; bottom panel: conductance-time perspective with full
scale of -1 to +1nS.
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Figure 2-11. Voltage Clamp Data for Compound 13. Condition: 1M CsCl buffered to pH 7.0, +150mV to -150mV in
steps of -20mV; total experiment time 176 seconds with total 8uL of 5mM solution added on both sides of the
membrane (total 80nmole of 13). Top panel: current-time perspective with full scale -200 to +200pA; middle panel:

potential-time perspective with full scale -220 to +220mV; bottom panel: conductance-time perspective with full
scale of -1 to +1nS.
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Figure 2-12. Left: Average Current vs. Applied Potential for Compound 12 (Linear Relationship). Right: Average
Current vs. Applied Potential for Compound 13 (Linear Relationship

31



2.2.2.2.2 Voltage Dependent Activity of Compound 15

Although activity was not observed for compound 14, compound 15 with the similar
structure was about as active as the parent compounds 10 and 11. The activity for
compound 15 could be observed in every two or three trials, while for compound 14,
activity was not observed in all five trials. The activity for compound 15 was quite strong
as shown in Figure 2-13. The activity at the positive potential concentrated at about
110mV while the activity started low at the highest positive potential. The activity at the
negative potential mostly concentrated at the highest potential as usual. However, there
were also some activities at low negative potentials from -10mV to -50mV and then a
drop from -60mV to -110mV before reaching higher negative potentials. These
observations were clearly due to time-dependency. The conducting structure was clearly
changing during the experiment.
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Figure 2-13. Voltage Clamp Data for Compound 15. Condition: 1M CsCl buffered to pH 7.0, +150mV to -150mV in
steps of -20mV; total experiment time 1760 seconds with total 6uL of 1mM solution added on both sides of the
membrane (total 12nmole of 15). Top panel: current-time perspective with full scale -200 to +200pA; middle panel:
potential-time perspective with full scale -220 to +220mV; bottom panel: conductance-time perspective with full
scale of -4 to +4nS.
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Compound 15
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2.2.2.2.3 Voltage-Independent Activity for Compound 16 and 17

Both compounds were premixed at 1mol% with lipid in decane before the experiments.
Compound 16 was then added 2uL on both sides of the membrane (total of 4uL, 4nmole)
with physical transfer before voltage-independent activity in which the channel
maintained continuously “on” state was observed (Figure 2-15). Similarly compound 17
was gradually added upto10uL on both sides the membrane (total of 20uL, 20nmole) with
physical transfer before the voltage-independent activity was observed (Figure 2-16). The
average current vs. applied potential plot showed linear relationships (Figure 2-17). The
slopes of the best fit lines were the conductances (445pS for 16; 580pS for 17).

200

100 ’

Current
A

0 L 11

"
-100 (

-200

200

P L L AN | St AU i

-500

-1000
] 50 100 150
Time (s)

Figure 2-15. Voltage Clamp Data for Compound 16. Condition: 1M CsCl buffered to pH 7.0, -150mV to +150mV in
steps of +20mV; total experiment time 176 seconds. 1mol% of 16 premixed with lipid, followed by total 2uL of
1mM solution added on both sides of the membrane (total 4nmole of 16, minimum amount added before activity
observed) by physical transfer. The minimum Top panel: current-time perspective with full scale -200 to +200pA;
middle panel: potential-time perspective with full scale -220 to +220mV; bottom panel: conductance-time
perspective with full scale of -1 to +1nS.
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Figure 2-16. Voltage Clamp Data for Compound 17. Condition: 1M CsCl buffered to pH 7.0, -150mV to +150mV in
steps of -20mV; total experiment time 176 seconds; 1mol% of 17 premixed with lipid, followed by total 10ulL of
1mM solution added on both sides of the membrane (total 20nmole of 17, minimum amount added before the
activity observed). Top panel: current-time perspective with full scale -200 to +200pA; middle panel: potential-time

perspective with full scale -220 to +220mV; bottom panel: conductance-time perspective with full scale of -1 to
+1nS.
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Figure 2-17 Left: Average Current vs. Applied Potential for Compound 16 (Linear Relationship). Right: Average
Current vs. Applied Potential for Compound 17 (Linear Relationship).

In summary, the extended series of compounds except compound 14 were voltage clamp
active and showed a number of activity types. Compound 12, 13 showed the voltage-
dependent activity at low concentrations as well as the voltage-independent Ohmic
activity at relatively high concentrations. Compound 12 also presented unidirectional
activity in most of its experiments even if it was injected on both sides of the membrane,
but this could also be due to the time-dependency of the conductance. Compound 15
mostly showed the voltage-dependent activity while the triaromatic core compound 14

did not show any activity. Compound 16 and 17 mostly showed voltage-independent
Ohmic activity.
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2.2.3 Findings and Proposed Mechanisms

With the above survey of the activity of compounds in the series, we are able to draw
several conclusions based on the nature of their activities. Compound 12, 13 formed
Ohmic channels at fairly high concentration, and these channels were always open for the
176s or 1760s of the experiment. Compound 16, 17 with premixing and fairly high
concentration also formed Ohmic channels which were always open for the 176 seconds
of the experiment.

To better view and analyze the Ohmic channels, a 5-second zoom-in section of Figure 2-
10 (compound 12) at 150mV was generated as Figure 2-18A. The current pattern
generated from Ohmic channels, like this, was more regular compared to the erratic
current from voltage-dependent channels. These channels are very stable, suggesting that
the injection of high concentrations of the compounds may result an incorporation of
many molecules that forms a good ion conductor with a tightly clustered channel
structure. The structure constantly opens in the membrane and is strong enough to survive
through the potential changes and reversals. As proposed in Figure 2-18B using the
mono-aromatic core version of molecules (triaromatic core molecule should have the
similar mechanism), the orientations of the incorporated molecules could be completely
random; some could be straight insertions (red); some could be twisted into a U-shaped
orientation (blue). The U-inserts are commonly observed for the oligoester compounds
partitioned in a bilayer membrane. Our previous group member, Moszynski concluded a
fast U-inserts formation of her oligoester compounds in the bilayer membrane based on
her fluorescence data.** The existence of the U-inserts is highly possible in the current
bilayer experiment and could more likely count for the other observations in the survey.

The conductance of a Ohmic channel can be used to calculate the Hille radius derived for
a hemisphere-capped cylinder of length | and radius r containing a sample of electrolyte
with bulk resistivity p according to egn (2)

5= (+3) 6= @
Egn (2) thus allows an estimation of the radius of Ohmic ion channel spanning the bilayer
membrane. The conductance, 1.2nS was obtained from the slope of the current vs.
potential plot. We assume a length of 3.5nm and use the resistivity of 1.0M CsCl equal
to 0.089Qm to derive the Hille radius of 0.37nm. By processing similarly the data for
compound 13, 16 and 17, we were able to get their Hille radii of 0.22nm, 0.22nm, and
0.25nm respectively. In a few other recordings for compound 13 and 16, Hille radius of
0.34nm and 0.40nm were also obtained. The discrepancy in the Hille radii of 13 and 16
were due to time dependency. Since the radius of cesium ion is about 0.18nm the
channels with smaller radii (0.22nm and 0.25nm) for compound 13, 16 and 17 allow
single cesium ions passing through. The channels with larger radii (0.34nm, 0.37nm and
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0.40nm) for compound 12, 13, 16 and 17 were big enough for the passage of hydrated
cesium ions.
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Figure 2-18. A) 5-second zoom-in section from 5s to 10s of Fig. 10 at potential of 150mV with a full scale of 0 to
200pA. The current pattern of the Ohmic channel appeared to be relatively regular. B) Using the monoaromatic
core version of the ion channel as a representation of membrane incorporated channel molecules which form a
tightly clustered channel structure that is able to survive through potential changes and reversals; The “X” at the
ends of the molecules represents the various head groups.

Low conductance channels with about 50pS conductance levels were observed at
relatively lower concentrations and relatively low potentials. Figure 2-19A shows a
current pattern of compound 10 at a moderate potential of -110mV. This is a 5-second
zoom-in section of Figure 2-3 from 1535s to 1540s. The channel frequently shifted “on”
and “off” with the resultant current spikes ranged from -10pA to -180pA. The more
erratic behavior suggested these channels were obviously less stable compared to the
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Ohmic channels and maybe involved fewer molecules incorporated in the membrane. As
proposed in Figure 2-20A&B using tri-aromatic core version of molecules (mono-
aromatic core molecules should have the similar mechanism), the incorporation of a
small number of molecules (both straight insertion and U orientation are possible) may
not open the channels for long periods of time which would present as frequent switching
between “on” and “off” states of the channel.

The higher conductance channels with more than 400pS are frequently erratic as shown
Figure 2-19B but sometimes have some regular-looking patterns shown in Figure 2-19C.
These channels were only stable when the potential was high which suggested that they
involve electrostatic repulsions within the active structures which are overcome at the
higher potential that creates a higher field gradient across the membrane. It is pretty clear
the high conductance channels grow from previous unstable or less stable channels. With
higher potential one arm of a U-shaped insert could be pushed over to the other leaflet of
the membrane as indicated by the blue U-insert pushed straight in the membrane (Figure
2-20C). Similarly, one arm of a straight-insert could also be pushed into the same leaflet
of the membrane as the other arm with increased potential. Both situations are equally
possible and could either significantly enhance the integrity of the channel structure or
increase the conductance of the channel, thus generating higher activity at high potentials
(Figure 2-20B).

' \ | { | l I
‘ ) { ]
<0 | | | ' | i 1 1
. . ‘ | . |
A z".._‘ | 1 ! |
( ! ) 1
200 Q
O] 1538 1538 » ™
Time {
{
| | 1 1
i | f |
H ik i L | !
a [ | il
B3t | T K f I gl !
B ! | ! ‘ il ! !
-~ A1 | I
|
(=]
Tima ¢
60
150
(i Abilo) al ! Tk
B 2 luade o bt (oL Il L N " n
¥ ' ' ' 1 ik
50
o
=] 225 226 227 228 229 230
Time (s)

Figure 2-19. A) 5-second zoom-in section (1535s to 1540s) from Figure 2-3 at potential of -110mV with a full scale of
0 to -200pA; A zoom section for one of the peaks. B) 5-second zoom-in section (140s to 145s) from Figure 2-3 at
potential of 130mV with a full scale of 0 to 200pA. C) 5-second zoom-in section (225s to 230s) from Figure 2-13 at
potential of 110mV with a full scale of 0 to 200pA.

37



Incorporation

Rl S

o o

XO*’

&

change to higher potential

Q.8

&
|

+

0
Yty
@4@

@@@«
0 o 004

° o
o o o 0
ol a¥s e ,
X X ¥ X
Figure 2-20. A) A representation of channel molecules which are incorporated to the membrane and B) form a less

stable channel structure that cannot stay open for long periods of time; C) At high potentials U-inserts could

straighten up or straight inserts could be pushed to U orientation. The “X” at the ends of the molecules represents
the various headgroups.

38



As shown in many examples above, the positive and the negative current branches were
asymmetrical, opposing to Chui’s symmetry conclusion. This suggests that the
compounds incorporate and aggregate asymmetrically in the membrane as the result of
the unidirectionally applied potential during the manual mode of the experiment. Even
though the same amount of the compounds is added on both sides of the membrane, the
compound molecules on either side of the membrane obviously experience a different
sign of the transmembrane potential, in which the potential field directs into the
membrane perpendicularly on one side of the membrane while on the other side the
potential directs out of the membrane perpendicularly. The current branches have to be
asymmetrical as current cannot pass through such the asymmetrical structure with a
symmetrical current-voltage response. Figure 2-20C shows one possibility that a U-insert
provides such asymmetry into the aggregated structure. The applied potentials acting on a
U-insert in one leaflet of the bilayer membrane take an opposite sign on the other leaflet.
If electrostatic stabilization is important, then the asymmetrical structure experiences
different forces depending on whether it faces to the positive or the negative potential
sides of the membrane.
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3 Conclusion

The goals we set in the beginning of the thesis were to examine Chui’s preliminary
discovery of the two symmetric bolaamphiphilic oligoester compounds 10 and 11
exhibiting exponential voltage-dependent non-rectified behaviors, to test if other
structurally symmetrical compounds showing the same behaviors, and to propose a
mechanism explaining symmetrical compounds showing voltage-dependent behaviors. In
order to answer these questions, the parent compounds 10 and 11 were resynthesized, and
an extended series of compounds based on the parent compounds were also synthesized.
The backbone structures of these compounds remain the identical to those of 10 and 11.
The structural variance was provided by the installation of the four different
functionalized headgroups to the backbones. The synthetic processes of these compounds
were similar and adapted from Chui’s synthetic method for compound 10 and 11.
However, there were some complications for synthesizing the trimethylamino compound
18, in which several tried methods always yield the slight contamination of product
containing dimethylamino headgroup. Considering the time frame of the project, the
synthetic effort for compound 18 was on hold. With that, there were eight compounds
including the parent compounds synthesized and ready for transport experiments.

The synthesized compounds were tested using both the vesicle experiment with HPTS
indicator and the voltage-clamp experiment. The compounds were tested inactive in the
HPTS-vesicle experiment, and therefore, the experimental data were solely collected
from the voltage-clamp experiments. The voltage-clamp data for 10 and 11 suggest their
current behavior is clearly time-dependent as their current behaviors vary greatly through
different trials. Most experiment data suggest the current data branches at positive
potentials and negative potentials are asymmetrical; as the result, the negative and
positive current branches need to be analyzed separately. The conductance-potential plots
suggest exponential voltage-dependence is possible at higher potential but it seems to be
voltage-independent at lower potential. The new observations and data for 10 and 11 call
into question Chui’s analyzing methods. The remaining compounds were therefore set for
general activity surveys.

The remaining compounds except compound 14 showed a number of activity types which
were still time-dependent. Compound 12 and 13 showed the voltage-dependent at low
concentrations, but voltage-independent Ohmic activity at relatively high concentration.
Compound 15 mostly showed the voltage-dependent activity at low concentration while
there was no activity observation for compound 14. Compound 16 and 17 mostly showed
voltage-independent Ohmic activity. Combining these observations with the observations
for compound 10 and 11, it seems that voltage-dependent behaviors form at low
concentrations while Ohmic behaviors form at high concentrations. The activity at low
potentials showed relative erratic behavior but the channel frequently switched between
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the opening and closing states; whereas, the activity at high potential lasted longer as the
channel maintained longer state of opening.

We conclude that the higher level aggregation derived from the addition of more
compounds generates the structurally stable ion channels that can resist the potential
change and reversal, exhibiting stable Ohmic behavior. In contrast, the lower level
aggregation derived from the addition of less compounds generate the low conductance,
less stable or unstable channels that show relatively erratic behaviors with frequent “on”
and “off” switches. As the applied potential increases, the previous less stable channels
evolve into more stable aggregating structures which have higher conductance and
exhibit longer open state. The actual change in the aggregating structure, we believe,
highly depends on the structural change of U shaped insert. With the increasing potential,
one arm of the U-inserts could be pushed over to the other leaflet of the bilayer
membrane. Similarly, the one arm of the straight inserts can be pushed into the same
leaflet where the other arm lies. Both situations are equally possible, creating the stable
high conductance channels. Furthermore, these channels are stable only at higher
potential, suggesting they involve electrostatic repulsion within the active structures
which are overcome at the higher potential that creates a higher field gradient across the
membrane. The change in U-inserts also provides asymmetry to the aggregating structure
which generates asymmetrical current-voltage response.

In conclusion, a series of bolaamphiphilic oligoester compounds showing voltage-
dependent ion channel behaviors have been synthesized and tested. The exponential
voltage-dependent behaviors possibly occur at higher potential while the voltage-
independent Ohmic behaviors occur at low potential. These channel behaviors are highly
time-dependent as there is no control over the stability and the aggregation level for the
compounds forming active channels in the membrane. Their current-voltage responses
are asymmetrical between the positive and the negative potentials.
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4 Experimental

4.1 Synthesis of triaromatic Core 21 and Conversion to 221
4-hydroxybenzoic acid (5.78g, 41.8mmol, 3 eqv.) was dissolved in 40mL of 1M NaOH to
give a colorless solution which was transferred into a 250mL two necked round bottom
flask and cooled to 5°C in an ice bath. Terephthaloyl chloride (2.89g, 14.2mmol, 1.0 eqv.)
was dissolved in 30mL 1,1,2,2 tetrachloroethane to give a colorless solution and then
transferred into a 100mL dropping funnel which was attached to the two necked round
bottom flask containing bis-anion of 4-hydroxybenzoic acid. While stir rapidly in the
reaction flask, terephthaloyl chloride was added dropwise over 1 hour. The mixture was
allowed stir continuously at room temperature over 4 hours. The reaction mixture turned
to white and heterogenous. The reaction mixture was then acidified with 1M HCI to pH2,
then vacuum filtered. The white precipitate was washed sequentially with water, ethyl
ether, ethanol before drying at 60°C overnight. The precipitate was washed with acetone
to remove possible residual 4-hydroxybenzoic acid and then re-filtered. The remaining
solid was dried on vacuum line overnight yielding 3.95g white power (68.5%).

o) 0
Q O o 1.DCM Q > . { o
* HO 2 NaOH/H,0 0 ©
cl cl OH N 2
3.HCI HO OH

19 20 21

To convert the bis-acid to the bis-acyl chloride, bis-acid core (1.465g, 3.61mmol, 1.0 eqv.)
was refluxed overnight in 15mL of thionyl chloride. The condenser was then removed.
The excess thionyl chloride was blow into NaOH with N through tubing connection
while the reaction was still heated. The residual thionyl chloride was removed under
vacuum and the product was washed with ethyl ether to give 1.265g white powder
(2.85mmol, 78.9%).

SOCl, reflux

o) 0 (o] o]
3 O e (g P el e,
HO OH Cl Cl

21 22
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4.1.1 Characterization for 22
Reference NMR based on Jonathan Chui’s Thesis:

'H NMR — (250MHz; CDCly): § 8.37 (s, 4H), 8.2 (d, J=8, 4H), 7.41 (d, J=8, 4H)

This sample:

'H NMR — (300MHz; CDCly): 5 8.36 (s, 4H), 8.25 (d, J=8.8, 4H), 7.45 (d, J=8.8, 4H)
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Figure 4-1. 'H 300MHz NMR Spectrum for Compound 22 in CDCl;
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4.2 Synthesis of bromoalcohol 24

1,8-octanediol (15.0g, 103mmol 1.0 eqv.) was dissolved in 300mL toluene in a 500mL
round bottom flask. HBr (27mL, 48%, 2.3 eqv) was added into the reaction flask. The
mixture was refluxed overnight at 115°C. The mixture was washed two times with brine.
The toluene layer was dried over NaSQOy, gravity filtered and concentrated to give dark
orange oily liquid. Column chromatography 300mL silica gel with 1:1 hexane: ether as
eluent yields 12.63g yellow oily liquid (60.4mmol, 60%).

OH 37%HBr reflux -
H O/\/\/\/\/ AN N Br
Toluene/H,0 HO

23 24

4.2.1 Characterization for 24
'H NMR - (300|\/|HZ; CDClg): 03.61 (t,J=6.5, 2H), 3.39 (t, J=6.5, 2H), 1.84 (quin, J=7,
2H), 1.52 (quin, J=7, 2H), 1.44-1.31 (m, 8H)
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Figure 4-2. 'H 300MHz NMR Spectrum for Compound 24 in CDCl;
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4.3 Coupling bromoalcohol 24 to triaromatic core 221

A 100mL round bottom flask with a stir bar was dried in an oven overnight and was then
cooled under N, atmosphere. Bis-acyl chloride (1.265g, 2.85mmol) and 20mL
dichloromethane were quickly added into the flask and cooled in an alcohol-ice bath to -
4°C. Bromoalcohol (1.80g, 8.61mmol, 3.0eqv.) and 0.6mL pyridine (7.45mmol, 3eqv.)
were added sequentially via a syringe. The reaction became white milky homogeneous.
The mixture was stirred at 0°C for 1 hour and then allowed to warm to room temperature
overnight. The mixture was diluted with 20mL dichloromethane and washed with brine
two times. The organic solution was dried over NaSO4, filtered and concentrated.
Column chromatography 300mL silica gel with 1:4 ethyl acetate: hexane yields 0.780g
white powder (0.989mmol, 34.7%).

O O
Cl Cl
22 24
DCM/pyridine

O, O
o O o
O O
Br/\/\/\/\/o O\/\/\/\/\Br
25

4.3.1 Characterization for 25
Reference NMR based on Johnathan Chui’s Thesis

'H NMR - (300MHz; CDCls): & 8.28 (s, 4H), 8.08 (d, J=8.9, 4H), 7.27 (d, J=8.9, 4H),
4.27 (t, J=6.6, 4H), 3.35 (t, J=6.8, 4H), 1.82-1.68 (m, 8H), 1.39-1.30 (m, 16H)

3C NMR — (75MHz; CDCls): §163.5, 161.4, 152.1, 131.4, 128.9, 128.3, 126.2, 119.4,
62.8, 31.8, 30.4, 26.9, 26.51, 26.41, 25.7, 23.6

This sample:

'H NMR — (300MHz; CDCly): 5 8.34 (s, 4H), 8.15 (d, J=8.8, 4H), 7.33 (d, J=8.8, 4H),
4.33 (t, J=6.8, 4H), 3.40 (t, J=6.8, 4H), 1.90-1.73 (m, 8H), 1.45-1.25 (m, 16H)

3C NMR — (300MHz; CDCly): 3165.8, 163.7, 154.2, 133.7, 131.3, 130.4, 128.5, 121.6,
65.2, 33.9, 32.7, 29.0, 28.66, 28.62, 28.04, 25.91
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4.4 Coupling bromoalcohol 24 to monoaromatic core 191

A 100mL round bottom flask with a stir bar was dried in an oven overnight and was then
cooled under N, atmosphere. In the flask, terephthaloyl chloride (500mg, 2.46mmol,
1.0eqv.) was dissolved in 10mL dry dichloromethane, and the solution was cooled in an
ice bach. bromoalcohol (1.100g, 5.26mmol, 2.1eqv.) and 0.4mL pyridine (4.96mmol,
2eqv.) were added via a syringe. The solution becomes white cloudy in a few minutes.
The reaction was allowed to warm to room temperature and stirred for 4 hours. The
mixture was then diluted with 20mL dichloromethane and washed with 30mL of water.
The aqueous layer was back washed with 20mL dichloromethane two times. The organic
layers were combined, dried over NaSQy, filtered and concentrated. Column
chromatography, 200mL silica gel with 1:9 ethyl acetate: hexane yields 0.771g white-
yellowish powder (1.41mmol, 57.3%).

(o] [o] DCM/Pyridine Q o
+ NN
HO _—
Cl Cl

19 24 26

4.4.1 Characterization for 26
Reference NMR based on Johnathan Chui’s Thesis

IH NMR - (300MHz; CDCls): § 8.03 (s, 4H), 4.27 (t, J=6.7, 4H), 3.33 (t, =6.9, 4H),
1.83-1.68 (m, 8H), 1.37-1.28 (m, 12H)

3C NMR — (75MHz; CDCls): §165.0, 133.3, 128.6, 64.6, 33.2, 28.70, 28.59, 28.40,
27.96, 27.86, 27.3

This sample:

IH NMR — (300MHz; CDCly): 5 8.10 (s, 4H), 4.41 (t, J=6.7, 4H), 3.41 (t, J=6.9, 4H),
1.91-1.74 (m, 8H), 1.47-1.36 (m, 12H)

3C NMR — (75MHz; CDCls): 3165.85, 134.16, 129.47, 65.46, 33.92, 32.72, 29.04, 28.61,
28.04, 25.89
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4.5 lodide-catalyzed nucleophilic displacement to attach the head

groups
Q, o]
Q >—©—/< o]
pa— —0 O‘< H
NSO O~
Br Br
o
o
X
X=NMe,, SO4K, CH,0H
DMSO Nal
(CH,),NOH
Q, o]

Q, (o)
MOW O\/\/\/\/\O)KQ\
X X
Q, : ]

Br Br

X=NMe,, SO3K, CH,OH
DMSO Nal
(CH3),NOH

[e] : o]
Q)OKO/\/\/\/\/O O\/\/\/\/\Oi@
X X
4.5.1 Attach 4-Sulfobenzoic Acid Potassium Salt

4.5.1.1 Attach 4-Sulfobenzoic Acid Potassium Salt to 25

Dibromide triaromatic core (200mg, 0.254mmol, 1eqv.), potassium 4-sulfobenzoic acid
(134mg, 0.558mmol, 2.2eqv.) and Nal (9mg, 0.06mmol, 0.2eqv.) were dissolved in
20mL DMSO before tetramethyl ammonium hydroxide (101mg, 0.558mmol, 2.2eqv.)
were added into the mixture. The reaction was heated to 60°C overnight and then diluted
with 30mL DCM. The resulting white precipitate was filtered out and washed with
methanol to remove the remaining tetramethyl ammonium hydroxide giving 240mg white
solid (0.217mmol, 85.3%).

4.5.1.2 Characterization for 12
Mass spectroscopy: m/z calculated for [Cs;Hs20155,]* =514.5 and [CspHs20185,+K]
=1068.1; found 514.6 and 1067.7 respectively.

'H NMR - (300MHz; DMSO-d6): & 8.34 (s, 4H), 8.07 (d, J=8.9, 4H) 7.91 (d, J=8.8, 4H),
7.71 (d, J=8.9, 4H), 7.51 (d, J=8.9, 4H), 4.30-4.23 (m, 8H), 1.72-1.69 (m, 8H), 1.37 (m,
12H)

3C NMR — (300MHz; DMSO-d6): 8165.45, 165.04, 163.45, 154.13, 152.65, 133.23,
130.79, 130.36, 129.62, 128.74, 127.81, 125.84, 122.35, 64.80, 64.68, 28.53, 28.09, 26.37
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Figure 4-9. ESI-MS Spectrum for Compound 12

4.5.1.3 Attach 4-Sulfobenzoic Acid Potassium Salt to 26

Dibromide monoaromatic core (245mg, 0.446mmol, 1eqv.), potassium 4-sulfobenzoic
acid (236mg, 0.983mmol, 2.2eqv.) and Nal (9mg, 0.06mmol, 0.2eqv.) were dissolved in
20mL DMSO before tetramethyl ammonium hydroxide (178mg, 0.980mmol, 2.2eqv.)
were added into the mixture. The reaction was heated to 60°C overnight and then diluted
with 30mL DCM. The resulting white precipitate was filtered out and washed with
methanol to remove the remaining tetramethyl ammonium hydroxide giving 280mg white
solid (0.323mmol, 72.4%).

4.5.1.4 Characterization for 13
Mass spectroscopy: m/z calculated for [CagHs014S,]* =394.4 and [CsgH40148,+K]
=827.9; found 394.8 and 827.8 respectively.

'H NMR — (300MHz; DMSO-d6): § 8.07 (s, 4H), 7.91 (d, J=8.8, 4H), 7.71 (d, J=8.8, 4H),
4.31-4.21 (m, 8H), 1.74-1.68 (m, 8H), 1.39-1.35 (m, 12H)

B3C NMR - (300MHz; DMSO-d6): $165.38, 165.00, 152.61, 133.69, 129.59, 129.40,
128.73, 125.82, 65.10, 64.67, 28.48, 28.06, 28.00, 25.32
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Figure 4-12. ESI-MS Spectrum for Compound 13

4.5.2 Attach 4-(Dimethylamino) Benzoic Acid

4.5.2.1 Attach 4-(Dimethylamino) Benzoic Acid to 25

Dibromide triaromatic core (200mg, 0.254mmol, 1eqv.), 4-dimethylamino benzoic acid
(100mg, 0.605mmol, 2.4eqv.) and Nal (8mg, 0.05mmol, 0.2eqv.) were dissolved in
20mL DMSO in a 50mL RBF. The mixture was stirred rapidly before 114mg
tetramethylammonium hydroxide was added into the mixture. The reaction was heated to
60°C overnight, and then diluted with 30mL of dichloromethane before washed with
80mL water. Aqueous portion was backwashed with 30mL dichloromethane. The
organic portions were combined and dried over Na,SQ,, filtered and concentrated to give
yellowish white solid. The solid was recrystallized from 8mL DCM/EtOACc to give
110mg white power (0.115mmol, 45.3%).

4.5.2.2 Characterization for 14
Mass spectroscopy: m/z calculated [CsgHesO12No+H] " =957.1; found 957.1

IH NMR — (300MHz; CDCly): 5 8.35 (s, 4H), 8.16 (d, J=8.8, 4H), 7.92 (d, J=8.8, 4H),
7.34 (d, J=8.8, 4H), 6.64 (d, J=8.8, 4H), 4.34 (t, J=6.7, 4H), 4.26 (t, J=6.7, 4H), 3.03 (s,
12H), 1.81-1.71 (m, 8H), 1.42 (m, 12H)

B3C NMR — (300MHz; CDCls): 5167.16, 165.80, 163.69, 154.18, 153.0, 133.95, 131.27,
131.19, 130.41, 128.52, 121.58, 110.68, 65.30, 64.22, 40.05, 29.17, 28.83, 28.04, 26.01,
25.96.
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Figure 4-15. ESI-MS Spectrum for Compound 14

4.5.2.3 Attach 4-(Dimethylamino) Benzoic Acid to 26
Dibromide monoaromatic core (245mg, 0.447mmol, 1leqv), 4-dimethylamino benzoic

acid (162mg, 0.980mmol, 2.2eqv.) and Nal (8mg were dissolved in 20mL DMSO in a
50mL RBF before tetramethyl-ammonium hydroxide (178mg, 0.980mmol, 2.2eqv.) was
added into the mixture. The reaction was heated to 60°C overnight, and then diluted with
30mL of dichloromethane before washed with 80mL water. Aqueous portion was
backwashed with 30mL dichloromethane. The organic portions were combined and dried
over Na,SQO, filtered and concentrated to give yellowish white solid. The solid was
recrystallized from 8mL DCM/EtOACc to give 208mg white power (0.290mmol, 64.9%)

4.5.2.4 Characterization for 15
Mass spectroscopy: m/z calculated for [C42Hss0sNo+Na]™ =739.5; found 739.5

'H NMR - (300MHz; CDCls): & 8.09 (s, 4H), 7.91 (d, J=8.8, 4H), 6.64 (d, J=8.8, 4H),
4.34 (t, =6.7, 4H), 4.26 (t, J=6.7, 4H), 3.03 (s, 12H), 1.83-1.70 (m, 8H), 1.47-1.41 (m,
12H)

3C NMR — (300MHz; CDCly): 8167.07, 165.88, 153.22, 134.16, 131.18, 129.47, 117.28,
110.66, 65.51, 64.20, 40.04, 29.69, 29.16, 28.82, 28.63, 26.00, 25.93
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Figure 4-18. ESI-MS Spectrum for Compound 15
4.5.3 Attach 4-(Hydroxymethyl) Benzoic Acid

4.5.3.1 Attach 4-(Hydroxymethyl) Benzoic Acid to 25
Dibromide triaromatic core (200mg, 0.254mmol, 1eqv.), 4-hydroxymethyl benzoic acid

(90mg, 0.559mmol, 2.2eqv.) and Nal (9mg, 0.06mmol, 0.2eqv.) were dissolved in 20mL
DMSO before tetramethyl ammonium hydroxide (101mg, 0.558mmol, 2.2eqv.) were
added into the mixture. The reaction was heated to 60°C for 2 hrs and then diluted with
30mL chloroform and washed with brine once. Aqueous layer was backwashed with
40mL chloroform and the organic layers were combined, dried over Na,SO,, rotovapped
down. Column chromatography with Hex:EtOAc =1:1 as elute then gradually increased
to 3:7. The product came out last with 120mg white powder (0.174mmol, 68.5%).

4.5.3.2 Characterization for 16
'HNMR - (300MHz; CDCl3): 6 8.35 (s, 4H), 8.14 (d, J=8.8, 4H), 8.04 (d, J=8.8, 4H),
7.43 (d, J=8.8, 4H), 7.34 (d, J=8.8, 4H), 4.77 (s, 4H), 4.35-4.30 (m, J=6.7, 8H), 1.83-1.74

(m, 8H), 1.43 (m, 12H)

3C NMR — (300MHz; CDCly): 3166.47, 165.79, 164.0, 154.20, 145.88, 133.71, 131.25,
130.40, 129.78, 128.49, 126.42, 121.56, 65.27, 65.02, 64.70, 29.08, 28.65, 25.91
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4.5.3.3 Attach 4-(Hydroxymethyl) Benzoic Acid to 26

Dibromide monoaromatic core (245mg, 0.446mmol, 1leqv.), 4-(hydroxylmethyl) benzoic
acid (149mg, 0.993mmol, 2.2eqv.) and Nal (9mg, 0.06mmol, 0.2eqv.) were dissolved in
20mL DMSO before tetramethyl ammonium hydroxide (178mg, 0.980mmol, 2.2eqv.)
were added into the mixture. The reaction was heated to 60°C for 2 hrs and then diluted
with 30mL chloroform and washed with brine once. Aqueous layer was backwashed with
40mL chloroform and the organic layers were combined, dried over Na,SOs, filtered and
concentrated to give yellowish white solid. Column chromatography with Hex:EtOAc
=4:1 as elute then gradually increased EtOAc composition to 1:1. The product came out
last with white powder (0.320mmol, 71.7%).

4.5.3.4 Characterization for 17
'HNMR - (300MHz; CDCls): 6 8.07 (s, 4H), 8.01 (d, J=8.8, 4H), 7.41 (d, J=8.8, 4H),
4.75 (s, 4H), 4.34-4.29 (m, 8H), 2.15 (s, 2H), 1.82-1.73 (m, 8H), 1.48-1.41 (m, 12H)

3C NMR — (300MHz; CDCly): $166.53, 165.94, 145.99, 134.13, 129.75, 129.58, 129.46,
126.42, 65.52, 65.03, 64.64, 29.09, 28.63, 28.60, 25.91
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Figure 4-21. 'H 300MHz NMR Spectrum for Compound 17 in CDCl;
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4.5.4 Attach TBDMS protected 4-(Hydroxymethyl) Benzoic Acid

4.5.4.1 Protect 4-(Hydroxymethyl) Benzoic Acid with TBDMS

4-hydromethyl benzoic acid (1.00g, 6.57mmol, 1eqv.), imidazole (1.79g, 26.3mmol,
4eqv.) and TBDMS-CI (2.23g, 14.8mmol, 2eqv.) were dissolved in 50mL DCM. The
resulting mixture was stirred 24 hours before 30mL of 2M K,COj3 solution, 30mL THF
and 80mL methanol were added. The mixture was stirred additional 4 hours before
washed with 100mL of 1M HCI once and 100mL water once. The organic layer was
dired with Na,SO,4 and concentrated. The residual solvent was removed under vacuum
line. The crude product was purified on column chromatography with Hex:EtOAc = 3:2,
yielding 1.11g white crystal (4.17mmol, 63.4%).

0O (@]
\/@AOH 1. imidazole, TBDMS-CI OH

3

32 33
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4.5.4.2 Characterization for 33
'HNMR - (300MHz; CDCl3): 6 12.16 (s, br, 1H), 8.10 (d, J=8.8, 2H), 7.45 (d, J=8.8,
2H), 4.83 (s, 2H), 0.97 (s, 9H), 0.13 (s, 6H)

3C NMR — (75MHz; CDCly): 5172.4, 147.8, 130.3, 127.9, 125.8, 64.5, 25.9, 18.4, 5.3
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Figure 4-23. 'H 300MHz NMR Spectrum for Compound 33 in CDCl;
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Figure 4-24. 3¢ 300MHz NMR Spectrum for Compound 33 in CDCl,

4.5.4.3 Attach TBDMS protected 4-(Hydroxymethyl) Benzoic Acid to 25

Dibromide triaromatic core (200mg, 0.254mmol, 1eqv.), 4-hydroxymethyl benzoic acid
(150mg, 0.563mmol, 2.2eqv.) and Nal (9mg, 0.06mmol, 0.2eqv.) were dissolved in
20mL DMSO before tetramethyl ammonium hydroxide (101mg, 0.558mmol, 2.2eqv.)
were added into the mixture. The reaction was heated to 60°C for 2 hrs and then diluted
with 30mL chloroform and washed with brine once. Aqueous layer was backwashed with
40mL chloroform and the organic layers were combined, dried over Na,SQO,, rotovapped
down. Column chromatography with Hex:EtOAc =3:2 as elute then gradually increased
to 1:1. The product came out last with 120mg white powder (0.103mmol, 40.6%).

DMSO

Nal
(CH3)4NOH
33
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4.5.4.4 Characterization for 34

'HNMR - (300MHz; CDCly): 6 8.35 (s, 4H), 8.16 (d, J=8.8, 4H), 8.01 (d, J=8.8, 4H),
7.38 (d, J=8.8, 4H) 7.34 (d, J=8.8, 4H), 4.79 (s, 4H), 4.36-4.29 (m, 8H), 1.78 (m, 8H),
1.45 (m, 18H), 0.94 (s, 18H), 0.10 (s, 12H)

3C NMR — (75MHz; CDCls): §166.7, 165.8, 163.7, 154.2, 146.7, 133.7, 131.3, 130.4,
129.5, 129.1, 128.5, 125.6, 121.6, 65.3, 64.9, 64.5, 45.1, 29.7, 29.2, 28.7, 26.0, 25.9, 18.4,
5.3
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Figure 4-25. 'H 300MHz NMR Spectrum for Compound 34 in CDCl;
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Figure 4-26. 3¢ 300MHz NMR Spectrum for Compound 34 in CDCl;

4.5.5 Attach BOC protected aniline?

4.5.5.1 Attach BOC Protected Aniline to 25

Dibromide triaromatic core (200mg, 0.254mmol, 1eqv.), Boc protected aniline (90mg,
0.559mmol, 2.2eqv.) and Nal (9mg, 0.06mmol, 0.2eqv.) were dissolved in 20mL DMSO
before tetramethyl ammonium hydroxide (101mg, 0.558mmol, 2.2eqv.) were added into
the mixture. The reaction was heated to 60°C for 2 hrs and then diluted with 30mL
chloroform and washed with brine once. Aqueous layer was backwashed with 40mL
chloroform and the organic layers were combined, dried over Na,SO,, rotovapped down.
Column chromatography with Hex:EtOAc =1:1 as elute then gradually increased to 3:7.
The product came out last with 120mg white powder (0.174mmol, 68.5%)
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4.5.5.2 Characterization for 28
Reference NMR based on Chui’s Thesis

'H NMR — (300MHz; CDCly): 5 8.28 (s, 4H), 8.08 (d, J=8.8, 4H), 7.89 (d, J=8.8, 4H),
7.35 (d, J=8.8, 4H), 7.26 (d, J=8.8, 4H), 6.70 (s, 2H), 4.30-4.18 (m, 8H), 1.75-1.63 (m,
8H), 1.45 (s, 18H), 1.40-1.34 (m, 16H)

13C NMR — (75MHz; CDCls): 8166.3, 165.9, 163.8, 154.3, 152.2, 142.7, 133.8, 131.4,
130.9, 130.5, 128.5, 124.6, 121.7, 117.3, 81.3, 65.4, 64.9, 29.2, 28.8, 28.3, 26.1

This sample:

'H NMR — (300MHz; CDCly): 5 8.35 (s, 4H), 8.15 (d, J=8.8, 4H), 7.96 (d, J=8.8, 4H),
7.35 (d, J=8.8, 4H), 7.26 (d, J=8.8, 4H), 6.70 (s, 2H), 4.30-4.18 (m, 8H), 1.75-1.63 (m,
8H), 1.45 (s, 18H), 1.40-1.34 (m, 16H)

3C NMR — (300MHz; CDCly): 8166.33, 165.83, 163.74, 154.19, 152.21, 142.58, 133.71,
131.33, 130.81, 130.47, 128.48, 124.72, 121.60, 117.36, 81.17, 65.32, 64.90, 29.15, 28.72,
28.28, 25.97
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4.5.5.3 Attach BOC Protected Aniline to 26

Dibromide monoaromatic core (245mg, 0.446mmol, 1eqv.), Boc protected aniline
(149mg, 0.993mmol, 2.2eqv.) and Nal (9mg, 0.06mmol, 0.2eqv.) were dissolved in
20mL DMSO before tetramethyl ammonium hydroxide (178mg, 0.980mmol, 2.2eqv.)
were added into the mixture. The reaction was heated to 60°C for 2 hrs and then diluted
with 30mL chloroform and washed with brine once. Aqueous layer was backwashed with
40mL chloroform and the organic layers were combined, dried over Na,SQO,, rotovapped
down. Column chromatography with Hex:EtOAc =4:1 as elute then gradually increased
EtOAc composition to 1:1. The product came out last with white powder (0.320mmol,
71.7%)
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4.5.5.4 Characterization for 29
Reference NMR based on Chui’s Thesis

'H NMR - (300MHz; CDCls): § 8.08 (s, 4H), 7.89 (d, J=8.8, 4H), 7.36 (d, J=8.8, 4H),
6.71 (s, 2H), 4.26 (t, J=6.7, 4H), 4.21 (t, J=6.7, 4H), 1.73-1.66 (m, 8H), 1.45 (s, 18H),
1.36-1.18 (m, 16H)

3C NMR — (126MHz; CDCly): 8166.4, 166.0, 152.2 142.7, 134.1, 130.8, 129.5, 124.6,
117.3, 81.2, 65.6, 64.9, 29.2, 28.8, 28.3, 26.1

This sample:

'H NMR — (300MHz; CDCls): & 8.09 (s, 4H), 7.96 (d, J=8.8, 4H), 7.43 (d, J=8.8, 4H),
6.67 (s, 2H), 4.36-4.26 (M, 8H), 1.81-1.71 (m, 8H), 1.52 (s, 18H), 1.45-1.41(m, 16H)

B3C NMR — (300MHz; CDCls): § 166.28, 165.88, 152.17, 142.64, 134.18, 130.79, 129.46,
124.71, 117.34, 81.13, 65.48, 64.80, 29.13, 28.70, 28.62, 28.25, 25.93
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4.6 tBOC Deprotection?

4.6.1 Deprotect tBOC from Triaromatic Compound

0 0
0 >—©—{ o
/©)Ko/\/\/\/\/0 28 OWV\AO)K@
HN NH

| |
Boc . o Boc
trifluoroacetic acid

CH,CI,

(o] (o]
Q >—©—{ o
o >—< >7o 00— >—< o
/@)kOWO 10 0\/\/\/\/\()*@\
HoN NH

2 2

To prepare tBOC cleavage reagent, trimethylsilyl chloride (1.09g, 10mmol) was weighed
into a 10mL graduated cylinder and diluted to the 5mL mark with CH,Cl,. Phenol (2.82g,
30mmol) was added as a solid, and the solution diluted to the 10mL mark. In a flame
dried 5mL round-bottom-flask equipped with a stir-bar, tBOC protected aniline (100mg,
0.089mmol) was added. To this solid 2.5mL of the cleavage reagent was added. The flask
was then capped, sealed with Teflon tape, and allowed to stir over 14 hours. The reaction
slowly turns cloudy over time. The reaction was quenched with an aqueous solution of
saturated K,COg3; pH of the solution should be 12. Repeat extractions with chloroform,
followed by drying organic layer with Na,SO,, filtering, and drying gives a white solid.
The solid was recrystallized from MeOH-CH,Cl, to give 39mg white powder
(0.044mmol, 50%)

4.6.2 Characterization for 10
Reference NMR based on Chui’s thesis

'H NMR - (300MHz; CDCls): & 8.33 (s, 4H), 8.13 (d, J=8.9, 4H), 7.83 (d, J=8.8, 4H),
7.32 (d, J=8.8, 4H), 6.61 (br, s, 2H), 4.32 (t, J=6.7, 4H), 4.24 (t, J=6.7, 4H), 4.00 (s, br,
4H), 1.77-1.70 (m, 8H), 1.43-1.23 (m, 16H)

B3C NMR - (126MHz; CDCls): 8131.8, 131.5, 130.7, 121.8, 114.0, 65.6, 64.7, 29.4,
29.04, 28.95, 26.27, 26.22. insufficient sample to observe quaternary carbons

This sample:

'H NMR - (300MHz; CDCls): & 8.36 (s, 4H), 8.16 (d, J=8.9, 4H), 7.85 (d, J=8.8, 4H),
7.34 (d, J=8.8, 4H), 6.64 (s, 2H), 4.34 (t, J=6.7, 4H), 4.26 (t, J=6.7, 4H), 4.04 (s, br, 4H),
1.81-1.70 (m, 8H), 1.49-1.43 (m, 16H)

3¢ NMR - (126MHz; CDCl5): insufficient sample to generate decent carbon NMR
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Figure 4-31. 'H 300MHz NMR Spectrum for Compound 10 in CDCl;
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4.6.3 Deprotect tBOC from Monoaromatic Compound

To prepare tBOC cleavage reagent, trimethylsilyl chloride (1.09g, 10mmol) was weighed
into a 10mL graduated cylinder and diluted to the 5mL mark with CH,Cl,. Phenol (2.82g,
30mmol) was added as a solid, and the solution diluted to the 10mL mark. In a flame
dried 5mL round-bottom-flask equipped with a stir-bar, tBOC protected aniline (100mg,
0.089mmol) was added. To this solid 2.5mL of the cleavage reagent was added. The flask
was then capped, sealed with Teflon tape, and allowed to stir over 14 hours. The reaction
slowly turns cloudy over time. The reaction was quenched with an aqueous solution of
saturated K,COs; pH of the solution should be 12. Repeat extractions with chloroform,
followed by drying organic layer with Na,SO,, filtering, and drying gives a white solid.
The solid was recrystallized from MeOH-CH,Cl, to give 39mg white powder
(0.044mmol, 50%)

trifluoroacetic acid,
CH,Cl,

4.6.4 Characterization for 11
Reference NMR based on Chui’s thesis

'H NMR — (300MHz; CDCly): 5 8.02 (s, 4H), 7.77 (d, J=8.9, 4H), 6.56 (d, J=8.9, 4H),
4.26 (1, J=6.6, 4H), 4.18 (t, J=6.6, 4H), 3.97 (s, br, 4H), 1.71-1.67 (m, 8H), 1.39-1.33 (m,
16H)

13C NMR - (126MHz; CDCls): §167.0, 165.5, 150.0, 134.7, 131.5, 129.4, 119.7, 113.7,
66.2, 64.4, 29.3, 28.1, 26.4

This sample:

'H NMR - (300MHz; CDCls): § 8.09 (s, 4H), 7.84 (d, J=8.9, 4H), 6.64 (d, J=8.9, 4H),
4.36 (t, J=6.7, 4H), 4.25 (t, J=6.7, 4H), 4.03 (s, br, 4H), 1.80-1.70 (m, 8H), 1.45-1.40 (m,
16H)

3C NMR - (300MHz; CDCl5): 166.76, 165.91, 150.81, 134.16, 131.53, 129.47, 119.97,
113.75, 65.52, 64.39, 29.68, 29.15, 28.77, 28.62, 25.98, 25.93
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Figure 4-33. 'H 300MHz NMR Spectrum for Compound 11 in CDCl;
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4.7 Making Trimethylamino Monoaromatic Compounds

4.7.1 Making 4-Trimethylamino Benzoic Acid

4-dimethylamino benzoic acid (3.00g, 18mmol) was dissolved in 40mL MeOH and
30mL Mel was then added to the solution. The reaction mixture was refluxed 16-24
hours to give orange pink solution and the solvent was rotovap down to give brown
powder. 50mL water was added, and most solid was dissolved with some residual solid
remaining. The residual solid was filtered out. The remaining aqueous solution was
rotovaped down to give 2.60g brown crystals (14mmol, 77.8%).

O O

1
/O)koH Iodomethane, MeOH o /O)\o H
> ©)

| Reflux for 24h
31 35

4.7.2 Characterization of 4-Trimethylamino Benzoic Acid
'HNMR - (300MHz; MeOD): ¢ 8.13 (d, J=8.8, 2H), 7.91 (d, J=8.9, 2H), 3.71 (s, 9H)

3C NMR - (300MHz; MeOD): & 167.54, 151.60, 134.20, 132.83, 121.75, 57.82
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Figure 4-34. 'H 300MHz NMR Spectrum for Compound 35 in MeOD

73



& g gg 9 g a38gR9=
5 B '”_ T CIIIIRES
A
C B
F D E

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
170 165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 8 80 75 70 65 60 55 6O 45 40 35 30 ppm

Figure 4-35. 3C 300MHz NMR Spectrum for Compound 35 in MeOD

74



4.7.3 Attach 4-Trimethylamino Benzoic Acid To Monoaromatic Core
Dibromo-monoaromatic core (200mg, 0.364mmol, 1eqv.) and 4-trimethylamino benzoic
acid (155mg, 0.861mmol, 2.4eqv.) and Nal (9mg, 0.06mmol, 0.2eqv.) were dissolved in
20mL DMSO before tetramethyl ammonium hydroxide (178mg, 0.980mmol, 2.2eqv.)
was added into the mixture. The reaction was heated to 60°C for 2 hrs and then diluted
with 30mL chloroform and washed with brine once. Aqueous layer was backwashed with
40mL chloroform and the organic layers were combined, dried over Na,SO,, fitered and
concentrated. However, the resulting solid was mixture of trimethyl amino and dimethyl
amino head groups and they were difficult to separate (Figure 4-29).
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Figure 4-36. 'H 300MHz NMR Spectrum for Compound 18 in CDCl;
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4.7.4 Methylate Dimethyl Amino Monoaromatic Compound

Dimethyl amino monoaromatic compound (200mg, 0.279mmol) was dissolved in 10mL
Mel and refluxed overnight giving mixture dimetyl amino and trimethyl amino head
groups. To push equilibrium to the product side, iodide was removed from the reaction
using AgNOs-Celite. The reaction generate better result, however there are still
contamination from dimethyl amino head groups which were difficult to remove (Figure
4-30). The plan of making triamino monoaromatic compound was given up.
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4.8 Voltage-Clamp Experiment

The experiment setup consists of a BC-525A bilayer clamp (Warner Instrument Corp.),
an Axon Digidata 1440A digitizer (Molecular Devices), a LPF-8 filter (Warner
Instrument Corp.), a bilayer clamp probe, electrolyte-filled holding cells, polystyrene
cups, Ag/AgCl electrodes and KCI/Agar salt bridges. The cups used in the experiment
had 250um diameter apertures (Warner Instrument Corp.). The lipid used in the
experiments was diphytanoyl phosphatidylcholine (diPhyPC) (Avanti Polar Lipid). The
electrolyte used was a solution of 1M CsCl, 10mM HEPES and 10mM TRIS. To start,
200uL of a stock solution of 25mg/mL lipid in CHCI3 was dried under argon and then
resuspended in 200uL decane. For compounds that required pre-mixing into the lipid, 1
mol% compound in THF was added to the 200uL lipid, dried down under argon and then
resuspended in 200uL decane. The aperture was painted with 0.5-1.0uL of decane/lipid.
Excess decane was blown away with argon. The cup was then placed in the holding cells
and filled with 3mL electrolyte solution. The outside of the cup within the holding cell
was filled with 5SmL electrolyte solution. The electrolytes inside and outside of the cup
were respectively connected to two reference KCI electrolytes through two KCI/Agar salt
bridges. The reference electrolytes were connected to the bilayer clamp probe through
Ag/AgCI electrodes. The lipid bilayer membrane was formed either right after the
electrolyte was filled in or by lift/dip motion (lifting the cup out of the electrolyte and
then re-dipping the cup into the electrolyte). In some cases, bilayer membrane was
formed by re-painting 0.5-1uL of the decane/lipid over the aperture. The stability of the
bilayer membrane formed was tested by applying positive and negative potentials on both
sides of the membrane over a period of 10-20minutes, and capacitance was checked
repeatedly. Test compounds were added by injecting 2-10uL of ImM compound solution
on both sides of the membrane near the aperture. Data was acquired via the data
acquisition software, Clampex V10.2 and filtered through LPF-8 filter 1kHz with
acquisition rate 2kHz. Data was surveyed in various positive and negative potentials. This
allowed the activity to be explored under operator control to ensure the activity was as
expected and reliable. Once current activity was observed, the following instrumental
controlled mode was applied: 1.150mV~-150mV 16 sweeps, 20mV decrease per sweep,
110 seconds per sweep; 2. -150mV~150mV 16 sweeps, 20mV increase per sweep, 110
seconds per sweep; 3. 75mV~ -75mV 16 sweeps, 10mV decrease per sweep, 110 seconds
per sweep; 4. -75mV~75mV 16 sweeps, 10mV increase per sweep, 110 seconds per
sweep; 5. 150mV~-150mV 16 sweeps, 20mV decrease per sweep, 11 seconds per sweep;
6. -150mV~150mV 16 sweeps, 20mV decrease per sweep, 11 seconds per sweep; Under
these conditions the acquisition is automated and no operator intervention aor
perturbation is possible. If there was no activity observed, inject 2uL compound solution
near the aperture outside the cup, and brush over the aperture once. Brushing usually
resulted membrane breakage which would require lift/dip to reform the membrane and
the capacitance is rechecked.
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Appendix 1 - Voltage-Clamp Data
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Compound 12 Activities
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Compound 15 Activities

%] 13813000 - Analysis =0 ECR =
7| SRS A |l p|2E] 12| L8] | B

Time (s)

1mole% of 15 premixed with the lipid and then 12nmole of 15 added, 150mV to -150mV
1M CsCl, 11s per potential level

%] 13813001 - Analysis | =0 EeR (5|
o] SIS AR bl £ 5] 1] z/EE L8 ] @8
EA £

1mole% of 15 premixed with the lipid and then 12nmole of 15 added, 150mV to -150mV
1M CsCl, 11s per potential level

%94



) 13813002 - Analysis o |[@|[=
|| KBS Alen| keolle] £|23] ] 2|0 L8] 50| @I
k) £

200

Wath

Time (s)

1mole% of 15 premixed with the lipid and then 12nmole of 15 added, 150mV to -150mV
1M CsCl, 11s per potential level

%] 13813003 - Analysis [ore =
| R e [l £f22] B)z]E L8 Lol @18

B £
200 '\']W"‘!‘“ o A
-
EZ o
S&
200
200
s
Byl ,
SEY
200 -
5000
i )
=
5000
EIL] 500 1000 1500
Time (s)

1mole% of 15 premixed with the lipid and then 12nmole of 15 added, 150mV to -150mV
1M CsCl, 11s per potential level

95



Compound 16 Activities
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Compound 17 Activities
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