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Abstract

A tetrasulfonated calix[4]arene with a methylene-bridge substituent was prepared from a
2-(w-haloalkyl)-substituted tetrahydroxy-p-tert-butylcalix[4]arene (1). Calixarene 1 was
converted by ipso-sulfonation to tetra(p-sulfonato)calix[4]arene (2) by treatment with
concentrated sulfuric acid at room temperature for approximately 5 h. Compound 2 was
converted to its sodium salt form (3) by addition of aqueous NaOH. Conversion of the ®-
halide to an w-azide (4) was achieved by treatment of 3 with 2 equiv NaN3z in H2O for 48
h at 100 °C. These conversions afforded pure product in ca. 46% and 90% yield,
respectfully, as judged by *H NMR spectroscopy. Aqueous association constants of 3 and
4 with acetylcholine chloride were studied via NMR-titration and isothermal calorimetry
(ITC) experiments. Efforts to covalently attach compound 4 to multiwall carbon
nanotubes (MWCNT) by thermal decomposition of the azide and reaction between an
intermediate nitrene and MWCNT, and the subsequent characterization of these products

will be described.

NOTE: numbering notation of calixarenes defined alternatively in this abstract relative to rest of paper.
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General Introduction

The development of molecular sensing devices is essential for monitoring one’s
health, detecting toxins, and sensing the presence of disease-causing agents. The
accuracy, precision, and economic suitability of such sensors can potentially limit their
application and use in the world, and therefore, there is a need for enhancing modern
sensors and developing new, more effective ones. One specific molecule that requires a
more economically-friendly sensing device is acetylcholine (ACh), a neurotransmitter.?
This project seeks to create a novel sensing device for ACh through the incorporation of a
commonly used ACh sensor-molecule, p-sulfonatocalix[4]arene, into a carbon-nanotube
(CNT) device. Prior to the discussion of this target device and the goals for this project
(Section 2), previous work in relevant fields — calixarenes (1.1), ACh & its sensing (1.2),
and CNT devices (1.3) — must first be summarized.

1.1 Calixarenes

Though they can easily be introduced within the parameters of ACh sensing,
calixarenes are deserving of a broader discussion due to their wide applications beyond
ACh, which in turn heightens the potential implications of this study. These extended
implications are discussed within Section 2.

Calix[n]arene is a macrocycle or cyclic oligomer composed of n number of phenol
derivatives linked via methylene substituents (or "bridges") at the ortho position. This
paper focuses on derivatives of p-tert-butylcalix[4]arene (1), which is easily synthesized
at large scale via the treatment of p-tert-butylphenol and formaldehyde with base.? Since
the discovery of this high yielding procedure by Gutsche et al., numerous derivatives

have been synthesized.® Each targets complex formation with various analytes through
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include chiral
calixarenes serving as enantioselective receptors for asymmetric catalysis*, amphiphilic
cation calixarenes servings as counter-ion activators for DNAS, and fluorophore-linked
calixarenes used to sense toxic metals®. Another important modification of calixarene is
its immobilization onto insoluble or chromatography-applied materials for the separation
of target molecules.’

One widely studied derivative of 1 possesses a substituted upper-rim with sulfonate

groups. This p-sulfonatocalix[4]arene (2) has been shown to sense a variety of molecules:
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amino acids®®, quaternary ammonium cations®, phosphonium cations*!, alcohols*?, and
metal ions® (not an exhaustive list). Calixarene 2 is in fact the major "host” molecule
used in sensing ACh.2%1418 |t exhibits a strong binding affinity toward ACh in water due
to combined effects of electrostatic forces from formal charges as well as hydrophobic
effects (Figure 2). Thus, the bucket-like geometry of calixarene establishes an ideal
binding pocket that is thermodynamically stable for ACh.
1.2 Acetylcholine

Sensing ACh in solution carries significance due to its role as a neurotransmitter,
serving as regulator for the electrical signal transduction along cells’ axons in the central
nervous system.** ACh concentrations are closely controlled by the body and imbalances
are related to multiple disorders: high concentrations lead to overstimulation of the
neurons and muscle spasms;* or the blocking of ACh receptors leads to inactivity and
accumulation of ACh.*® The latter is known as Myasthenia gravis (MG) (Greek for
‘serious muscle weakness’), which affects 20 in 100,000 people worldwide. In fact, this
is considered as a huge underestimate of the true number of persons affected because of
the poor diagnosis methods.'® Altogether, it is useful to test for ACh concentration, but
current methods are economically inadequate.>4

As introduced in Section 1.1, calixarene 2 is frequently used to sense ACh. The most
commonly used technique utilizes a fluorescent dye switch; here, ACh must displace a
competitive fluorescent dye that is bound by calixarene 2. Because the dye's fluorescence
is quenched when bound by 2, its displacement can be measured quantitatively by a

fluorescence spectrometer. This experimental setup can detect ACh at a limit of 10° M.%



For reference, ACh is present at 10° M for normal levels in synaptic clefts, while at
10 M when accumulated due to MG.1%Y" Therefore, sensing at an ideal minimum of 10
M is sufficient for medical purposes (this minimum allows at least a 100-fold difference
in detected ACh levels of 'normal’ versus ‘accumulated’, which is sufficient for
preliminary diagnosis testing and still allows for blood dilution). Fluorescence-switch
meets this minimum, but it is still not applicable in a medical setting. The technique
requires an expensive fluorescence spectrometer unavailable outside laboratory settings;
in addition, detecting fluorescence in blood samples compromises sensing limits unless

samples are diluted greatly.?’ Thus, a new ACh sensor is needed.

1.3 Carbon-nanotube Devices

Carbon nanotubes (CNTSs) have been
an increasing interest in scientific
research due to their unique electrical
and mechanical properties.?* Often
described as a tube of graphene rolled

up, CNTs come in multiple forms; there

Figure 3. Visualization of single- are single-walled CNTs (SWCNTSs) and

walled (left) and multi-walled (right)
carbon nanotubes. Image adapted from
Kreupl et al.?

the more economically suitable multi-

walled CNTs (MWCNTS) (Figure 3).

The tunability of CNT characteristics through modification permits numerous desirable
characteristics, such as altering electrical sensitivity, flexibility in design, and most
importantly their chemical sensing abilities.?* The ability of CNTSs to serve as a low-cost

chemiresisters drives the interest for further research in their potential applications.



Devices that employ CNTs are taking advantage of the electrical resistivity of the
nanotubes, and that the resistivity changes in a reproducible way when the environment
of the CNT is changed.???” More specifically, the CNTs can be modified to sense specific
analytes through the covalent attachment (or "grafting”) of common sensor molecules. If
a molecule (the “host”) with specific affinity for another molecule (the “guest”) is
attached to a CNT, the resistivity of the CNT will change depending on whether a guest
is bound up to the host molecule on the CNT. This variable resistivity to presence of
guest molecule is the basis for sensing analyte with a CNT-device.

Many labs have fashioned a CNT-device using this principle of variable resistance?*
25 however, the N-methylammonium sensor from Dionisio et. al. 2012 will be
specifically discussed for illustrative purposes due to its similarity to the project
described below.?® There are multiple strategies of grafting molecules onto CNTs, and
one common method is through the thermal decomposition of an azide into a nitrene and

the subsequent reaction of the nitrene with the carbon-carbon double bonds on the CNT
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Figure 4. Thermal decomposition of an organic azide and the subsequent reaction
with c-c double bond. General scheme (top) and when grafting to CNTs (bottom)
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surface (Figure 4).2527 The resulting grafted-CNTs are directly incorporated into the
sensing device. On a gold-coated slide with a 1 mm metal-free strip in the center, the
grafted-CNT material completes the conducting circuit and serves as the variable resistor
(Figure 5). In this device, solvent flow passes over the CNT-network, and analyte
injections are made at set time intervals— the exposure of this analyte affects the
resistance of the grafted-CNTs, which can be quantitatively recorded (Figure 5). In the
case of N-methylammonium, the CNT-device was capable of sensing at 10° M, where K,
= 10° M for the complexation in CNT-free system.?> Analogous devices and

measurements were made for sensing propranolol hydrochloride? and ethylene gas®*.

Figure 5. Cartoon illustration of
standard CNT-device setup (right)
adapted from Esser 2011, Wang 2012,
and Dionisio 2012 (right).>%
Example of output data from variable
resistor CNT-device; arrows indicate
when analyte is injected. Image is
adapted from Dionisio 2012
(bottom).?®
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Project Overview

This paper herein describes the motivation and progress towards a novel ACh-

sensing device through the synthesis of a modified sulfonated calixarene. Such a project
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brings together past works of the Fantini lab (calixarene modification), ACh-sensing with
sulfonated calixarene, and modified CNT devices. A combination of aforementioned
works yields this project's synthetic aim: the grafting of a sulfonated calixarene onto

CNTs (Figure 6).
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Figure 6. p-sulfonatocalix[4]arene/CNT
material, where calixarene is covalently linked
to the CNT via a alkyl tether extending from
the methylene bridge
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The grafting of calixarene onto CNTs will utilize an identical strategy as used by
Dionisio and others — that is through the thermal decomposition of an azide tether (Figure
4).2° While the clear majority of tethered calixarenes are modified at the lower rim, the
Fantini group instead specializes in the modification of the methylene bridge.’
Modification at the methylene bridge avoids surrendering a hydroxy lower-rim position,
which plays a vital role in maintaining the cone formation of the calixarene (see
Appendix A: Calix[4]arene Conformational Isomerism).?® Thus, the target p-
sulfonatocalix[4]arene of this project (Figure 7) possesses an alkyl azido tether attached
at the methylene-bridge position.

The synthetic route for 7 begins with tetramethoxy-p-tert-butylcalix[4]arene and
involves four modification steps: alkylation, demethylation, sulfonation, and azidination

(Figure 7). Alkylation and demethylation procedures for 4 and 5 (Steps 1-2) have been
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Figure 7. Target calixarene to be used for CNT-grafting and it corresponding
short-hand representation (top). Synthetic scheme used to synthesize target
calixarene (7). All sulfonated calixarenes exist as a pentasodium sodium salt
(counter-cations not shown) — calixarenes are drawn as tetra-anions for simplicity.

previously published by Fantini et al. 2011, and the below procedures (3.2 and 3.3) use
these reaction conditions with alternative workup/recrystallization methods.?®%° The
sulfonation and azidination for 6 and 7 (Steps 3-4) represent original procedures, which
utilize reaction conditions similar to other calixarene sulfonations®*3 and water-soluble
azidinations®® respectfully.

To confirm the resulting calixarene is still capable of acting as an ACh-sensor

molecule, the binding affinity of 7 with ACh must be comparable to that of 2. The
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molecule can only be incorporated into a CNT-device in such a case, and this project
applies NMR-titration and ITC techniques to investigate this aspect.

It then follows to graft 7 onto CNTSs via azide decomposition described above.
Whereas some devices involve grafting of calixarene onto SWCNTSs, this project focuses
on MWCNTSs in its current state, largely due to MWCNTS being an inexpensive
alternative for preliminary experiments — comparison to a SWCNT-material will be
explored in a forthcoming project.?#%> Common characterization techniques for
confirming successful grafting include TEM imaging and even suspension of CNTs in
solvent.?32527 |n the case of solvent-suspension, sonicating modified-CNTs in solvent
(which the grafted material is soluble in) results in extended suspension of modified-
CNTs relative to pristine-CNTs; modified-CNTs will remain suspended for weeks while
pristine-CNTs settle within a few hours.?” Indirect confirmation of attachment through
interaction with analyte can also be used.?*?* Solvent suspension and indirect
characterization techniques will be described in this paper.

The resulting modified-CNT material can then be incorporated into a variable
resistor device (Figure 5) for the sensing of ACh. Though the current project does not
investigate device assembly, discussion of the potential device is warranted as it
encompasses the justification and future for this project.

As mentioned before, the best current ACh-sensor involves a fluorescent-dye
switch, which can detect ACh at a limit of 10% M.1® Comparatively, the CNT-device from
Dionisio et al. 2011 senses N-methylammonium at 10° M, where Ka = 10° M for the
analyte/macrocycle complexation in a CNT-free system; based on these data and the

similar binding constant for ACh & 2 (Ka = 10° M), it can be hypothesized that this
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project's target device would detect ACh at 10° M concentrations.'®?® Note that this is
factor of 10 worse than the fluorescent-dye method. However, the CNT-device has the
added advantages of using solid state material and testing not requiring expensive
equipment: the solid state is desirable for easier handling, and CNT-material can easily be
recovered and washed; further, a variable-resistor device simply requires an ampere
meter, which is small inexpensive device relative to a fluorescence spectrometer.
Therefore, the targeted CNT-device can serve beyond demonstration of a novel ACh-
sensing device.

The calixarene-CNT material can be further applied with other analytes as well.
As discussed in Section 1.1, calixarene 2 can bind to amino acids, quaternary ammonium
cations, phosphonium cations, alcohols, and metal ions. While this project strictly
investigates ACh, the CNT-device can easily be tested with these other analytes, each
with a range of applications.®? Furthermore, the immobilization of calixarene onto
CNTs establishes a novel solid-state material that can be used analogously to other
calixarene-immobilized devices for separation and purification techniques.” For example,
the target CNT-material of this study can be used to remove toxic metals from a solution
or used in pesticide detoxicification.!>3 Altogether, this project investigates the synthesis
of a novel calixarene-CNT material that contends a large promise for ACh-sensing and

other applications.
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Methods and Materials

3.1. Materials

All reagents and compounds were attained from Sigma-Aldrich apart from
concentrated sulfuric acid and buffer used in ITC experiments, which were purchased
from Fischer Scientific. A 400 MHz JEOL spectrometer was used for all NMR
experiments; Eppendorf 5804 R for centrifugations; Thermo scientific Nicolet iS5 with
diamond iD5 ATR for IR spectroscopy. Calixarenes 1 and 3 is synthesized by methods
previously reported.?*
3.2. Synthesis of 2-(4-chlorobutyl)tetramethoxy-p-tert-butylcalix[4]arene (4)

Calixarene 3 (8 mmol, 5.640 g) was added to a flame-dried Schleck vessel and filled
with No. The vessel was kept under inert gas for the remainder of reaction. The calixarene
was fully dissolved in anhydrous THF (100 mL), which was added by cannulation,
yielding a clear, yellow-tinted solution. n-Butyllithium (1.5 M in hexanes) was added via
syringe dropwise until the solution remained red in color for more than 5 seconds. n-
Butyllithium (1.5 M in hexanes, 12.48 mL, 20 mmol) was then added in equivalent
amount giving a blood-red solution. The solution was left to stir under N2 at room
temperature for 30 minutes. The following alkylation was done in situ: 1-bromo,4-
chlorobutane (1.38 mL, 12 mmol) was added by syringe, and the solution was left to stir
for an additional 2 hours — the solution gradually changed from the initial blood-red to a
yellow/orange solution during this time. The excess reagent was then quenched by adding
aqueous sodium bicarbonate (saturated sol., 3 mL). THF was removed via rotary
evaporation. The resulting yellow gel was dissolved in dichloromethane (DCM) (75 mL)

and separatory-washed with sat. sodium bicarbonate (3x), deionized water (1x), and brine
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(1x) (100 mL’s each, 15 mL DCM backwash for each ag. wash). The final organic
solution was dried with MgSO4 and then solvent was evaporated down to 10 mL.
Solution was added slowly into stirring ethanol (95%, 175 mL) and then brought to a
boil, which was sustained until the solution reached 160 mL. Solution was slowly cooled
and crystals began forming after 15 minutes at -2 °C — it was kept at this temperature for
a total of 24 hours. Product was filtered by vacuum yielding white crystals. 2" and 3
crops attained by further evaporation of ethanol solution also yielded white crystals.
Product was dried in vacuo at 80 °C for 18 hrs (5.914 g, 7.433 mmol, 92.9% yield). H
NMR (CDCI3/CDsCN/Nal) & (ppm) 7.20 (br, 8H, aryl), 4.59 (t, J = 11.6 Hz, 1H,
ArCHR) ,4.20 (d, J = 8.7 Hz, 3H, Ar,CH> ax.), 4.055 (s, 6H, ArOMe), 4.042 (s, 6H,
ArOMe), 3.54 (t, J = 9.3 Hz, 2H, 4-alkyl), 3.43 (d, J = 8.8 Hz, 3H, Ar,CH2 eq.), 2.11 (g, J
= 7.9 Hz, 2H, 1-alkyl), 1.819 (m, J = 9.9 Hz, 2H, 3-alkyl), 1.44 (m, J = 11.0 Hz, 2H, 2-
alkyl), 1.15 (s, 36H, '‘Bu)
3.3. Synthesis of 2-(4-chlorobutyl)tetrahydroxy-p-tert-butylcalix[4]arene (5)
Calixarene 4 (4.829 g, 6.07 mmol) was added to an oven-dried Schleck vessel and
dissolved in DCM (75 mL). Vessel was filled with N2 and kept under inert gas for the
remainder of the reaction. Vessel was placed in dry-ice/acetone bath and 15 minutes were
allowed for temperature equilibration. Concentrated BBr3 (3.69 mL, 39.5 mmol) was
added to the solution via syringe, changing the solution from colorless to brown. Solution
was stirred for 1 hour, and it was then removed from the bath+N: and left to stir at room
temperature with a drying tube for 18 hours. The reaction was quenched by adding 20 mL
sat. sodium bicarbonate solution. The mixture was transferred for separatory washing,

where additional washes included sat. sodium bicarbonate (3x), deionized water (1x), and
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brine (1x) (100 mL’s each, 15 mL DCM backwash for each ag. wash). Final organic
solution was dried with MgSO4 and then rotary evaporated down to 10 mL. Solution was
transferred into stirring methanol (90 mL), causing the product to precipitate. White
product was vacuum filtered off and dried in vacuo at 80 °C for 18 hrs (3.530 g, 4.77
mmol, 78.6% yield). A sample of the precipitated product (300 mg) was further
recrystallized in ethanol (95%, 30 mL), but showed no discernable increase in purity
relative to the precipitated product as determined by NMR. *H NMR (CDCls) § (ppm)
10.270 (s, 4H, ArOH), 7.08 (d, J = 1.7 Hz, 2H, aryl), 7.06 (d, J = 1.4 Hz, 2H, aryl), 7.04
(d,J=1.7 Hz, 2H, aryl), 6.98 (d, J = 1.4 Hz, 2H, aryl), 4.48 (t, J = 11.0 Hz, 1H,
Ar.CHR), 4.24 (dd, J = 5.9 Hz, 3H, Ar.CH2 ax.), 3.50 (br, 5H, 4-alkyl and Ar.CH: eq.),
2.20 (g, J = 5.4 Hz, 2H, 1-alkyl), 1.84 (m, J = 10.2 Hz, 2H, 3-alkyl), 1.46 (m, J = 10.4 Hz,
2H, 2-alkyl), 1.203 (s, 18H, 'Bu), 1.188 (s, 18H, 'Bu).
3.4. Synthesis of 5 Na* -[2-(4-chlorobutyl)tetrahydroxy-p-sulfonatocalix[4]arene]® (6)
Concentrated H2SO4 (40 mL) was added to a round bottom flask containing
calixarene 5 (1.975 g, 2.67 mmol). The solution was vigorously stirred for 5 hours, open
to atmosphere and at room temperature, after which a sample from the solution fully
dissolved in water indicating completeness. During the 5 hours, the calixarene gradually
dissolved in the sulfuric acid, and the mixture transitioned from colorless to red to dark
orange over time. The solution was slowly added into deionized water (40 mL) in a
chilled water/ice bath — the calixarene remained fully dissolved at first but began to
precipitate when approximately half of the H.SOa/calixarene mixture was added. The
precipitate was filtered off by vacuo yielding a pink solid that slowly turned purple when

exposed to air (>3 g recovered — wet). Solid was then dissolved in deionized water (20
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mL) giving a purple solution. Aqueous NaOH (10 M, 12 mL) was slowly added to the
calixarene solution while monitoring the pH. At pH = 5.5, a more diluted NaOH solution
(2 M) was used until the solution reached a pH = 7.0. Between pH = 6.5 and 7.0, the
solution’s color drastically shifted from a dark purple to a light yellow. The resulting
aqueous solution was left in large beaker to evaporate off water (~30 hours). Methanol
(100 mL) was added to the remaining yellow gel & white powder combination and
brought to a boil (white solid remained insoluble), cooled slowly, and stored at -2 °C for
24 hours. The white solid was filtered from solution by vacuum filtration and dried in
vacuo at 80 °C for 24 hours. NMR of the solid (100 mg in 1 mL D20) indicated only
noise-level amounts of calixarene present, and thus the solid was considered Na;SO4
waste. The remaining methanol/calixarene solution was rotary-evaporated completely.
The remaining dark yellow gel was dissolved in 10 mL deionized water and slowly added
into stirring ethanol (100%, 70 mL) causing a fine, white precipitate to form. After
storing the solution at -2 °C for 24 hours, the suspended precipitate was centrifuged off
(5k rpm, 4 °C, 30 min). The supernatant was decanted off, and the pellet was resuspended
in acetone (40 mL), followed by a second centrifugation at identical settings. The
resulting white pellet was dried for 12 hours in vacuo without heat, during which the
solid attained a slight brown tint, making it off-white in color. The pellet was grinded
with a mortar & pestle and dried for an additional 96 hours in vacuo without heat,
yielding our final product (1.185 g, 1.19 mmol, 44.6% yield). *H NMR (D20) § (ppm)
7.42 (br, 4H, aryl), 7.39 (dd, J = 1.7 Hz, 2H, aryl), 7.33 (dd, J = 1.7 Hz, 2H, aryl), 4.83 (t,

J=10.4 Hz, 1H, Ar.CHR), 4.17 (br, 3H, Ar.CH: ax.), 3.47 (br, 5H, 4-alkyl and Ar.CH>
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eq.), 2.07 (g, J =5.4 Hz, 2H, 1-alkyl), 1.72 (m, J = 5.1 Hz, 2H, 3-alkyl), 1.32 (m, J =10.1
Hz, 2H, 2-alkyl).
3.5. Synthesis of 5 Na* - [2-(4-azidobutyl)tetrahydroxy-p-sulfonatocalix[4]arene]® (7)

Calixarene 6 (500 mg, 0.503 mmol) was dissolved in deionized water (20 mL), and
the solution’'s pH was tested to confirm neutral conditions safe for inorganic azide. NaNs
(65.7 mg, 1.01 mmol) was then dissolved in solution. The solution was refluxed (open)
for 48 hours in an oil bath. Once cooled to room temperature, a sample (0.5 mL) was
taken as an IR "pre-dialysis" reference. The remainder was moved into a prepped dialysis
tubing (BioTech CE Tubing; MW 100-500 D) where a series of 5 washes in deionized
water (500 mL baths, t =1, 1.5, 2, 5, 12 hours sequentially) were done. The calixarene
solution increased by roughly 200% volume during the final two washes. Another sample
(1 mL) was taken for IR comparison to the 'pre-dialysis' sample — the dried samples
indicated successful removal of the inorganic azide. The remaining solution was left in
large beaker to evaporate off all water (~48 hours). The resulting off-white/yellow solid
was grinded with mortar & pestle and dried in vacuo at 80 °C for 8 hours without further
purification (429 mg, 0.450 mmol, 89.8% yield). *H NMR (D20) & (ppm) *H NMR (D20)
8 (ppm) 7.54 (br, 8H, aryl), 4.54 (t, J = 10.7 Hz, 1H, Ar.CHR), 4.17 (d, J = 10.2 Hz, 3H,
ArCH; ax.), 3.67 (d, J = 9.6 Hz, 3H, Ar,CHz eq.), 3.53 (t, J = 9.3 Hz, 2H, 4-alkyl), 2.20
(g, J =5.0 Hz, 2H, 1-alkyl), 1.79 (m, J = 5.1 Hz, 2H, 3-alkyl), 1.35 (m, J = 10.4 Hz, 2H,
2-alkyl).
3.6. Synthesis of 5 Na* - [tetrahydroxy-p-sulfonatocalix[4]arene]® (2)

Calixarene 1 (2.596 g, 4 mmol) was added to concentrated H.SO4 (40 mL) and

heated to 80 °C for 3 hours with vigorous stirring. Following, the brown/black solution
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was cooled to room temperature and then transferred into chilled deionized water (100
mL) in an water/ice bath. The now brown solution did not produce a precipitate. Solid
NaCl (20 g) was added slowly until the solution became cloudy with a white precipitate.
The precipitate was separated via vacuum filtration and washed with ethanol (95%, 3
mL) yielding a pink solid. The solid was left to airdry for 48 hours, during which the
solid turned brown. The solid was dissolved in 20 mL and put through ion exchange
resin: Amberlite IR 120 Na*-form (10 g) was charged with brine (50 mL) followed by
deionized water (50 mL), and then calixarene solution was put through resin. This was
repeated 5%, during which the pH transitioned from 2 to 7. During the final two
‘exchanges’, the calixarene solution's color shifted from dark purple to light yellow. The
remaining solution was left in large beaker to evaporate off all water (~24 hours). The
resulting yellow solid was recrystallized in methanol (30 mL) that was dried in vacuo at
80 °C for 8 hours to yield a final white product (1.598 g, 1.85 mmol, 46%). Effective
mol. wt. = 863.1 g/mol. *H NMR (D20) & (ppm) 7.44 (s, 8H, aryl), 3.17 (s, 4H, ArOH).
3.7. Grafting of 5 Na* - [2-(4-azidobutyl)tetrahydroxy-p-sulfonatocalix[4]arene]® (7)

onto MWCNTSs

Calixarene 7 (30 mg, 0.031 mmol) and MWCNTSs (30 mg) were added to deuterated
DMSO (5.00 mL). Solution was sonicated for 2 hours, where CNTs were settled to start
and then fully suspended/homogenous at finish. A sample (0.5 mL) was taken to serve as
t = O for later analysis. Solution was heated to 180 °C (oil bath, condenser, drying tube)
for 96 hours. Samples (0.5 mL each) were taken at t = 24, 48, 96 hours during this period.
All four samples where centrifuged (12k rpm, 15 min) to remove CNTSs, and remaining

supernatants were analyzed by *H NMR. Spectra showed disappearance of calixarene in
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samples. Supernatants displayed gradient color change over time, where t=0 was
colorless solution and t=96 h was dark purple. Remaining solution reaction was
centrifuged (12k rpm, 15 min) and supernatant decanted off. The remaining CNT-pellet
was resuspended in DMSO (3 mL) and centrifuged again ((12k rpm, 20 min), followed
by decanting of the solvent; this was repeated 3x. One last wash of the CNTs was done
with deionized water (3 mL). The final washed CNTs were dried in vacuo at 80 °C for 24
hours (33 mg). Characterization will be described.
3.8. Isothermal Calorimetry

Phosphate buffer (pH = 7.2) purchased was reported as containing the following:
KH2POj4 (1.544 mM), Na2HPO4-7H20 (2.709 mM), NaCl (155.17 mM). The experiments
were carried out by starting with a calixarene/buffer solution (between 0.403 and 0.811
mM) and then titrating in aliquots of acetylcholine chloride/buffer solution (7.43 mM) in
select amounts.
3.9. NMR Titrations

D20 buffer was prepared containing Na;HPO4-7H20 (10 mM) and NaOAc-3H20 (4
mM) and pH adjusted using DCI/D0 solution to pH = 7.0. This buffer solution was used
to prepare a ‘guest solution’ containing prior compounds and added acetylcholine
chloride (2.5 mM). This guest solution was in turn used to make a ‘host solution’
containing prior compounds and added sulfonated calixarene (11 mM). The experiments
were carried out by starting with guest solution and then titrating in aliquots of host
solution in select amounts. Optimized fits were made using 1:1 stoichiometric

assumptions and supramolecular.org. Reported data (molar ratios) are based on NMR
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calculations against the sodium acetate internal standard, not measurements during

solution preparation.

Results and Discussion

4.1. Synthesis of Target Calixarene

Of the four-step synthesis, the first two steps had previously been published by the
Fantini group.?-2° The first (alkylation) involves the deprotonation of a methylene
hydrogen followed by in situ alkylation. Because tetramethoxy calixarene 3 is used rather
than 1 with hydroxy lower-rim groups, the protons at the methylene bridge position
become the most acidic hydrogens; interestingly, only 1 out of 8 methylene hydrogens is
deprotonated even with equivalent excess of butyllithium base added — as found
previously. This paper, however, reports an improved workup procedure relative to
Fantini et al. 2011. The previous procedure uses a methylene chloride and methanol
mixture for recrystallization at 78.8% overall reaction yield, whereas it has since been
found that a methylene chloride and ethanol (95%) mixture gives 92.9% overall yield.?®
Furthermore, recrystallization often failed in methanol solution due to rapid fallout of the
product, causing the material to gel; no such difficulties have been encountered with
ethanol-based recrystallization. This is a surprising find due to p-tert-butlycalix[4]arene's
extremely hydrophobic nature and sensitivity to small amounts of water in solution, but
the results are nevertheless useful. The following demethylation reaction had identical
findings for an ethanol-based recrystallization procedure, and yields were improved from

50.4% to 78.6%.2°
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The following sulfonation of 5 encompassed the most difficult and lowest yielding
step of the synthetic route. Because of this, it was preferred to change the tether from
chloro- to azido- first and have the sulfonation last in the synthetic route; however, it was
found that the azide would not survive the sulfonation condition. Thus, sulfonation had to
be carried out third. All literature reports the sulfonation of 1 into 2 at 80 °C for 3 hours,
including the adapted procedure reported in this paper (Section 3.6). When ran at room
temperature, no detectable reaction progress was made within 8 hours. Conversely, the
sulfonation of 5 into 6 required no applied heat and went to completion after 5 hours at
room temperature. The solubility of 5 as caused by its methylene-bridge substituent is
believed to have a major role in this outcome; 5 slowly dissolves in H.SO4 whereas 1
does not. Additionally, the increased solubility of 6 required an alternative, more
extensive recovery procedure (i.e. whereas 2 can be simply filtered off at reaction
completion, 6 was fully dissolved in H2SO4). Despite its breadth, a recovery procedure
for the 5 into 6 sulfonation was found with comparable yield to the 1 into 2 sulfonation
(44.6% and 46.0% yields, respectfully). A recrystallization procedure to replace the
precipitation in ethanol has yet to be found. *H NMR confirmed the successful synthesis

of 6, where the calixarene exists entirely in the cone formation.
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Finally, the conversion of 6 into 7 has also been successfully shown. Though Fantini
et al. have previously reported azidination procedures for p-tert-butylcalix[4]arene, an
alternative procedure had to be found due to 6 being insoluble in most organic solvents.
Instead, reaction conditions were adapted from azidination of water-soluble
compounds.®® The reaction was first monitored in DO, where aliquots were taken over

time for characterization by *H NMR (Figure 8). The conversion of the chloro- to an

(80y)
t=0 :
\ Hp
4 hrs < Og
Hy Hp
(OH),
3
o H,0
NaN; (2 2
12 hrS N3G e 100 °C, 48 hrs
|
(S0y),
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2 H
(OH),
I ' .
5 1

PPM

Figure 8. 'H NMR spectra indicating the conversion of 6 into 7 over time. The peaks
shown correspond to the three pairs of protons on the alkyl-tether of the methylene
bridge. The three pairs visible are explicitly written out in the shorthand structures
(right). The singlet at ~1.6 ppm corresponds to trace ethanol solvent, which evaporates
off during the reaction.

azido-tether was clearly seen as the reaction progressed. At completion, the excess
sodium azide could not be removed by separatory washing due to 7's water-solubility, so
dialysis washing was used. Comparison of pre- and post-dialysis samples by IR-

spectroscopy further confirmed the synthesis of the azido calixarene as well as the
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successful removal of excess inorganic azide (Figure 9). The 90% yield reports the

product in crude form, and a recrystallization procedure has yet to be established.

4.2. Acetylcholine Binding

s Transmittance

e

s Pre-dialysis
=== Post-dialysis

3000 2600 2600 2400 2200 2000 1800 1600 1

Navenumbers (cm-1)

Figure 9. Characterization of 7 by IR-spectroscopy.

The association constants (Kz) of 6 and 7 with ACh have been investigated, using 2

as a control/reference. Both NMR titrations and ITC experiments were carried out unde
neutral pH conditions.

NMR titrations entail having a set solution of ACh and slowly adding aliquots of a

r

calixarene solution — note that the experimental setup described in Section 3.9 keeps the

concentration of ACh constant throughout the experiment, while slowly increasing the
concentration of calixarene present. When encapsulated (or 'bound’) within calixarene's

cavity (Figure 2), ACh's protons exist in a distinct environment relative to its unbound

state. More specifically, the aromatic ring of calixarenes induce an upfield shifts in ACh

protons; the further in the cavity the proton, the larger the shift. The ratio of calixarene
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(host) to ACh (guest) ([H]/[G]) increases, the molefraction of ACh bound (y) increases as
well and a chemical shift in NMR (Ad) is observed. Only one peak represents both the
bound and unbound state for a given proton due to the rapid association and dissociation
of the complex — thus an 'average' chemical shift is observed. These phenomena are
depicted in Figure 10.

Though NMR titrations have been done for 2, 6, and 7, the experiments and

corresponding data must all be treated as preliminary. Titration curves for both

[HJ/[G] XHG
0 0
0.38 0.38
0.72 0.69
2.53 0.99
4 ' 3 ' 2 ‘ 1
PPM

Figure 10. 'H NMR spectra of NMR-titration c o He o CHa

experiment with 2. ACh proton peaks are highlighted 8T e

and correspond to respective colors as labeled in the ¢ |

ACh structure shown. ¢ ©

experimental curves (6,7) and the control (2) match predicted trends, as discussed in the
previous paragraph (results for 2 are shown in Figure 11 as example. All curves can be
found in Appendix B: Figure B.6). However, when Ag curves are fitted, optimized fits
still possess large percentage errors and non-random residual plots. This is due to the
unoptimized distribution of [H]/[G] ratios used.®? This can easily be seen by looking at -

distribution and seeing most data (more than 5 out of 10 data points in all cases) are
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recorded at e > 0.90. Adjustments were made with each following NMR titration, and
percent errors in Ka's were decreased from 397.1% to 13.5% in the first experiment to the
most recent, respectfully (Table B.1). These preliminary data do propose the expected Ka
=10° M to ACh with minimal to no loss in affinity of 7 relative to 2; again, these data
are still not conclusive due to the large percent errors, and further optimization is
required.

ITC on the other hand involves a highly sensitive, thermally-conducting probe used

to detect heat changes. In the experiment, the probe maintains a constant temperature and

[H)/[G]

0 0.5 1 1.5 2 2.5

-0.25

-0.75

-1.25

A6 (ppm)

-1.75

-2.25

Figure 11. Results of NMR-titration of 2 into ACh H
(2.5 mM), where each is H and G, respectfully. Each C o /cz\ o CHs
curve corresponds to one ACh proton peak and the AN c \H/
chemical shifts (AS) it went through throughout the &

titration. Curves correspond to respective colors as c ©

labeled in the ACh structure shown.

records the input of power required to do so. As guest is titrated into the host solution,
heat is either released or absorbed causing the power input to adjust accordingly. (Note:
this is the reverse of NMR titration described above, where host is titrated into guest. The

distinction between host and guest is often arbitrary, and thermodynamic values are
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unchanged when the labels are reversed.®?) Integration of power-input responses,
followed by a fitting of the corresponding curve, produces values for the association
constant (Kz) stoichiometry (n), and enthalpy of complexation (AH). The remaining
thermodynamic values of Gibbs energy (AG) and entropy (AS) can then be calculated
through AG = -RT In(Kz) = AH-TAS (where R = gas constant, T = absolute temperature).
Results for 2 are shown in Figure 12 as example, and all curves can be found in Appendix
B: Figures B.7.

The data for all ITC experiments are summarized in Table 1 with a comparative

literature reference that also ran ITC on 2.8 The first major aspect that must be addressed

S ITC: 7.43 mM ACC into 0.487 mM Calixarene 7.43 mM ACC into 0.487 mM Calixarene in PBS (pH 7.2)
i( s 743 mM ACC into 0.487 mM calixarene in PBS;
| —— 7.43 mM ACC into PBS 0
-135 L
-200
@ -140 400
=
X = 600
o -145 ?‘7
© @ -800
4 ®
= -150 < -1000
)]
- o -1200
-155 {\
L -1400
-160 -1600
) 1800 = r = r . = v
0 2000 4000 6000 8000 10000 0.0 05 1.0 15 20 25 30 35 40
time (s) Mole Ratio
Figure 12. Results of ITC-titration of ACh into 2.

is the binding constant, which is an order of magnitude lower than the K, = 10° M*
referenced throughout this paper. Literature suggests that this loss in binding affinity is
by virtue of the large salt concentration present in solution — likely through the
competitive binding of the high concentration of cations (Na" and K*) that causes the
stabilization of unbound host/guest ions and hinder complexation.**? For reference, ITC
buffer contained 155 mM NaCl relative to the 300-800 uM calixarene and 7.43 mM ACh

solutions used. In total, cations 'stabilizing' calixarene were [Na*] = 160 mM and [K*] = 2
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mM, where their association constants to calixarene are K, = 85 and 115, respectfully.*®
Thus, the excess of inorganic salt in solution is believed to electrostatically stabilize
unbound calixarene and ACh and thus hinders their complexation by an order of
magnitude. Further experiments will need to be done to confirm this hypothesis with
certainty.

Beyond the reduced Ka values, ITC experiments produced very promising data. The

small amount of error permits analysis of these data with confidence. Further, the

Table 1. . AR AC
Results of ITC Calixarene mopy | TAS(Wmel) | o p

i 0/-

EXpe.”ments." 95% 2 (lit. reported!®) 4.14 -30.12 6.49 23.63
confidence intervals

constants and 6 (403 uM) 3.889+£0.029 -28.73+1.15 6.538 -22.20
entha!py of 6 (803 uM) 3.860 +0.017 -27.59 +0.38 5.557 -22.03
assoclations are

shown 7 3.839+0.019 -26.74 + 0.34 4.827 -21.91

experiments ran with 6 at different concentrations are in agreement (as to the overlap of
their 95% confidence intervals). The negative entropic and enthalpic values match
expectations of an association of two molecules (AS<0) into a more thermodynamically
stable complex (AH<0). Comparatively, 6 and 7 binding appears to occur at slightly
reduced but still competitive levels relative to 2 (av. 3.60% difference in AG).
4.3. MWCNT Grafting

As previously discussed, major techniques used to characterize the grafting of
compounds onto CNTs are TEM, solvent suspension, and indirect confirmation (see
Project Overview). Only solvent suspension and indirect characterization techniques have

been investigated thus far.
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Due to the water-solubility of 7, deionized water was selected as the solvent for
testing solvent suspension. After sonication for 2 hours, both pristine and 7-grafted
MWCNTSs were fully suspended in the aqueous solvent. Pristine MWCNTS settled
entirely within 7 hours, while grafted-MWCNTSs remained entirely suspended for over 1
month. This is in agreement with published findings that found extended suspension
indicated successful grafting of material.?’

Indirect characterization was also attempted via ITC with 7-grafted MWCNTSs
serving as the "host" compound. While the concentration of CNTs suspended in buffer
was known, the experimental data was treated with [Host] as an unknown variable, which
was later calculated by forcing the stoichiometric ratio of complexation to be 1:1. This
allows for an indirect measure of the amount of 7 grafted per mass MWCNTSs. This
approach assumes there is no loss in 7 binding affinity once grafted. With a grafted-CNT
concentration of 2.67 mg/mL, optimized data found [Host] = 0.105 mM = 99.2 pg/mL.
Thus, data suggests the grafted-MWCNTSs are 3.72% calixarene by mass. However, this
calculation does not confirm attachment for two reasons: (1) there is no negative control
such as pristine MWCNTS or even benzenesulfonic acid grafted MWCNTS for
comparison; (2) the titration curve for ACh into grafted-CNTs does not clearly indicate a
complexation pattern (Figure B.8). The power-input's response for this titration are
extremely close to the noise-level measurements. Only the first 3-4 peaks clearly show a
temperature response, which again cannot be confidently attributed to calixarene/ACh
complexation without a negative control. Thus, the data reported for this indirect

characterization is inconclusive.
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Conclusions

It has been reported that the synthesis of 7 has been achieved via a 4-step
synthetic route. Through the improved yields of previously reported procedures and
optimization of those newly reported, the overall scheme gives 7 in 29.3% net yield.

Investigation of ACh binding by 7 has also been investigated. NMR titrations
provide only preliminary data, but development of these titration procedures is trending
toward low-error, precise data. ITC experiments indicate association constants of ~10* M-
! for sulfonated calixarenes 2 and 7, where the decrease in K is attributed to excessive
inorganic salt present in the buffer solution. Nevertheless, 7 shows minimal loss in
affinity toward ACh, relative to 2, as indicated by a 4% difference in AG of association.

Efforts to graft 7 onto the surface of MWCNTS is ongoing. The strongest
evidence of attachment pertains to the extended suspension of treated CNTSs in water,
relative to pristine CNTs. Strategies to indirectly confirm attachment are inconclusive due
to the lack of a negative control.

Altogether, this paper reports significant advancements toward a calixarene-based

material designed for an ACh-sensing CNT-device.
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Appendix A: Calix[4]larene Conformational Isomerism

1,3-alternate | 1,2-alternate

cone | partial cone

Figure A.1. The four possible conformational isomers for calix[4]arene

Calix[4]arene possesses a methylene bridge where aromatic groups can rotate
freely about the Ar-C-Ar linkage. Because of this, calix[4]arene can exist as any of four
conformational isomers (Figure A.1). There are many exceptions, however. Large
substituents on the upper and/or lower rim can prevent the 'flipping' of a calixarene’s
aromatic, thus locking the calixarene in given state. With smaller substituents, the
calixarene can be free to rotate about its conformational isomers, making NMR spectra

very difficult to analyze (Figure A.2). However, introduction of a guest salt (such as Na

1)

can interact with the smaller substituents, causing the calix[4]ene to lock calixarene in the

cone formation (Figure A.3). Fortunately for this study, tetrahydroxy-p-tert-

butylcalix[4]arene and tetrahydroxy-p-sulfonatocalix[4]arene both lock in cone formation

due to the hydrogenbonding of the hydroxy lower-rims with one another.
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Figure A.2. 'H NMR of 2-(4-chlorobutyl)tetramethoxy-p-tert-butylcalix[4]arene
in CDCl3

I |I 3 f
| | | W 1A
Figure A.3. 'H NMR of 2-(4-chlorobutyl)tetramethoxy-p-tert-butylcalix[4]arene
in CDCl3:CD3CN:Nal
Appendix B: Additional Spectra and Titration Curves
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Figure B.1. 'H NMR of 2-(4-chlorobutyl)tetramethoxy-p-tert-butylcalix[4]arene
in CDCI3:CD3CN:Nal
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Figure B.3. 'H NMR of 2-(4-chlorobutyl)tetrahydroxy-p-sulfonato[4]arene in D2O
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Figure B.2. 'H NMR of 2-(4-chlorobutyl)tetrahydroxy-p-tert-butylcalix[4]arene
in CDCls
It | & t |
| |
! "l‘u”“‘ 1‘ | ‘ ‘ i I I\
5774 73 7373 70 69 68 67 65 65 64 63 63 61 60 59 58 57 55 55 54 53 53 51 50 B R R R R RO LR R 33020 2 29 36 25 24 23 23 D R R
vRaE L ? g LU R

38



‘‘‘‘‘‘ " ey Py 0 preveprre sy B L S presspresepee ey
76 75 74 73 72 71 70 69 68 6.7 66 65 64 63 62 6.1 6.0 59 5.8 57 56 55 54 53 52 51 50 49 4.8 47 4.6 45 44 43 42 41 40 19 35 37 36 35 34 33 32 11 20 29 28 27 26 25 24 23 22 21 20 19 14
JIIN " 2 I\ IS

£ 859 5368 RRSS  OERRM  REMRR

Figure B.4. 'H NMR of 2-(4-azidobutyl)tetrahydroxy-p-sulfonato[4]arene in D20

17 16 15 14 13 12 11
21\

Figure B.5. 'H NMR of tetrahydroxy-p-sulfonato[4]arene in D20
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NMR Titration Data:

AS (ppm)
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Figure B.6. Results of NMR-
titration of 2 (top), 6 (middle),
and 7 (bottom) into ACh (2.5
mM), where each is H and G,
respectfully. Each curve
corresponds to one ACh proton
peak and the chemical shifts (AJ)
it went through throughout the
titration. Curves correspond to
respective colors as labeled in the
ACh structure shown.

Ha
HC @~ O CH;
/N C

Table B.1. Resulting data from the fitting of NMR titration

Chloro 4.06E+05 397.1 32.0 7.65
Azide 8.24E+04 51.9 28.0 6.70
Control 8.36E+04 13.5 28.1 6.71

*assumed 298 K
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ITC Curves:
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Figure B.7. Results of ITC experiments of 2 (top), 6 (middle), and 7
(bottom) with ACh
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Figure B.8. Results of ITC experiment of 7-grafted MWCNTSs with ACh
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