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Calix[4]arene sulfonate hosts selectively modified on the upper rim: A 

study of nicotine binding strength and geometry 

Abstract 

We present the synthesis and structure-activity relationships of 

sulfonatocalix[4]arene hosts bearing novel substitutions. The calix[4]arenes are 

modified on the upper rim at either one or two of the phenolic units, where the dual 

modifications are introduced selectively on neighboring or opposing phenols. The 

calix[4]arenes are mono- or di-functionalized with nitro or formyl groups, with the 

remaining upper-rim sites in all cases occupied by sulfonates. Equilibrium 

association constants were determined between each host and the guests nicotine, 

nornicotine, and cotinine. Indicator displacement-based binding studies show that 

nicotine binds most strongly to the different members of the library followed by 

nornicotine, whereas cotinine displays weak to no binding. NMR titrations were 

carried out with nicotine and show different host-guest interaction geometries for 

the formyl-calix[4]arenes versus the nitro-calix[4]arenes.  
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Introduction 

Calix[n]arenes are macrocycles with multiple characteristics that make them effective 

supramolecular hosts.[1] They can be synthesized with a different number ‘n’ of phenolic 

units, often n= 4, 5, 6 or 8, which alters the binding pocket size. Their hydrophobic cavity 

can easily be modified on the upper and lower rims to introduce new functionality.[2] 

Unlike the outward-facing synthetic modifications that are readily accessible on other 

macrocycles,[3, 4, 5] the new groups installed on the upper rim of a calixarene directly 

line the binding pocket, and can change the potency and guest selectivity of the hosts. [6, 

7, 8, 9]Due to their varied functionality, molecular recognition within calixarenes takes 

place via many kinds of non-covalent interactions, including electrostatics, the 

hydrophobic effect, hydrogen bonding, van der Waals forces, p-p interactions, cation-p 

interactions, and more.[10]  



Sulfonated calix[n]arenes are well suited to host biological partners.[11] 

Calix[n]arenes show low to no toxicity in animal models[12, 13] and site-selective 

functionalization[14, 15]  gives rise to new binding properties. Calix[4]arenes have four 

phenolic units linked by four methylene groups and routes for their regioselective 

functionalization are established. The small hydrophobic cavity (an inner diameter = 3.8 

Å[16]) and facile sulfonation on the upper rim makes them well suited to interact with 

small, cationic, hydrophobic guests.  

We’ve chosen nicotine as a representative model drug in this work because of its 

cationic amine and overall hydrophobicity, which make it likely to be a good guest for 

calix[4]arene hosts. Nicotine is a ubiquitous drug and a well-studied molecule, although 

it has not been studied as a guest for calixarene-type hosts. Binding studies with nicotine 

have mostly been completed with cucurbit[n]urils and ß-Cyclodextrin.  Depending on the 

modification of the hosts, and pH and temperature of the binding assays, the cucurbituril 

hosts have association constants that range from 3.6x102–6.5x104 M–1,[17, 18] while ß-

Cyclodextrin has shown Kassoc values of 14–260 M–1.[19] Using nicotine in binding 

studies with (novel) calix[4]arene hosts provides fundamental insight on binding strength, 

stoichiometry and binding motifs of small molecule host-guest complexes. In addition to 

nicotine, its two metabolites nornicotine and cotinine[20] are also studied.  

In this work we report the nicotine binding properties of new calix[4]arenes that 

combine sulfonates and one or two other introduced functional groups on the upper rim. 

One of the key issues that we address is the selective difunctionalization of the 

neighbouring or opposing phenolic units, resulting in a 1,2- or 1,3-substituted 

regioisomers (Figure 1). We also explore how changes between relatively similar 

functional groups can drive unexpected differences in the binding orientations for a given 

guest. Although this work specifically focuses on nicotine and its metabolites, the new 



hosts set the stage for further elaborations in order to target a broad range of other small 

cationic molecules including amino acids, natural metabolites, drugs, and drug 

metabolites.  

Materials and methods 

General 

1H and 13C NMR were recorded on a Bruker Avance Neo 500 MHz spectrometer unless 

otherwise indicated, and processed with MestReNova by Mestrelab Research S.L  and 

TopSpin 3.5. Deuterated solvents were purchased from Sigma Aldrich. Melting points 

are uncorrected and were collected on a Gallenkamp Melting Point apparatus. High 

resolution mass spectra of novel compounds were collected on a Thermo Scientific 

Ultimate 3000 ESI-Orbitrap Exactive. Infrared (IR) spectra were acquired using a Perkin 

Elmer 1000 FT-IR spectrometer. Data are represented as follows: frequency of absorption 

(cm–1), intensity of absorption (s = strong, m = medium, w =weak, br = broad). Compound 

nicknames below are numbered based on the four benzene positions around the 

macrocycle, rather than by IUPAC naming schemes, in order to give an accessible 

description of different regioismeric structures. 

Synthesis 

1,3-diformyl-2,4-dibenzoylcalix[4]arene (Compound 10) 

Compound 8 [21] (1.0 g, 1.58 mmol) and HMTA (1.99 g, 14.2 mmol) were added to TFA 

(20 mL) and the reaction was heated to 70°C overnight. The reaction was quenched with 

water and the precipitate collected by vacuum filtration, yielding compound 10 as a pale 

yellow solid (0.849 g, 78%) that was carried forward without further purification. 



1,3-dinitro-2,4-dibezoylcalix[4]arene (Compound 12) 

Compound 8 [21] (1.0 g, 1.58 mmol) and potassium nitrate (0.399 g, 3.95 mmol) were 

added to dry round bottom flask. The system was evacuated and flushed three times with 

nitrogen. Dry acetonitrile (100 mL) was added via cannula. Boron trifluoride diethyl 

etherate (0.561 g, 3.95 mmol) was added via syringe and the reaction was stirred under 

nitrogen atmosphere at room temperature for 48 h. The reaction was quenched with 

hydrochloric acid (1 M) and the precipitate was collected by vacuum filtration, yielding 

compound 12 as a yellow solid (0.822 g, 72%) that was carried forward without further 

purification. 

1,3-diformyl-calix[4]arene (Compound 14) 

Compound 10 (0.85g, 1.23 mmol) was added to methanol (50 mL). Sodium hydroxide 

(0.74, 18.4 mmol) was added to the suspension. The solution was heated at 70°C for 4 

hours. The reaction was quenched with hydrochloric acid (1 M) and the precipitate was 

collected by vacuum filtration. The crude product was triturated in hot hexanes to remove 

the benzoic acid, yielding compound 14 as a dark brown/purple solid (0.468 g, 79%). 1H 

NMR (300 MHz, CDCl3): d 10.18 (s, 4H), 9.73 (s, 2H), 7.61 (s, 4H), 7.13 (d, J = 7.5 Hz, 

4H), 6.80 (t, J = 7.5 Hz, 2H), 4.23 (s, 4H), 3.69 (s, 4H). 13C NMR (300 MHz, CDCl3):  

190.6, 154.6, 148.2, 131.1, 129.5, 128.9, 128.4, 127.8, 127.3. Melting point >230°C. HR-

MS ((M–H)–1 m/z): Calculated for C30H23O6–, 479.15001, Found 479.14987. FT-IR 

(cm−1): 3179 (br), 1679 (m), 1596 (m), 1454 (m), 1280 (m), 752 (m). 

1,3-dinitro-calix[4]arene (Compound 15) 

Compound 12 (0.82g, 1.13 mmol) was added to methanol (50 mL). Sodium hydroxide 

(0.68, 17.1 mmol) was added to the suspension, which was then heated at 70°C for 4 



hours. The reaction was quenched with hydrochloric acid (1 M) and the precipitate was 

collected by vacuum filtration. The crude product was triturated in hot hexanes to remove 

the benzoic acid, yielding compound 15 as a dark brown/purple solid (0.529 g, 90%). 1H 

NMR (300 MHz, (CD3)2SO): d 8.02 (s, 4H), 7.12 (d, J = 7.5 Hz, 4H), 6.63 (t, J = 7.5, 

2H), 3.93 (s, 8H). 13C NMR (300 MHz, D2O): 161.8, 151.2, 138.0, 130.3, 128.61, 128.55, 

124.0, 120.4, 30.8. Melting point >230°C. HR-MS ((M–H)–1 m/z): Calculated for 

C28H21N2O8–, 513.13034, Found 513.12995. FT-IR (cm−1): 3091 (br), 1515 (m), 1340 (s), 

764 (m). 

1,3-diformyl-2,4-disulfocalix[4]arene  (Compound 4)  

Compound 14 (0.47g, 0.97 mmol) was added to DCM (20 mL). While stirring, sulfuric 

acid (0.764 g, 7.79 mmol) was added. The solution was heated to 40°C overnight. The 

DCM was decanted and a minimum amount of ethyl acetate was added to the precipitate, 

after which a slurry was formed by sonication. The crude product was suspended by 

pouring the slurry into a 50 mL Falcon tube containing ice-cold ether (35 mL). The 

suspension was centrifuged and the supernatant was discarded. The pellet was air dried 

and purified by high pressure liquid chromatography on a Shimadzu Prominence HPLC 

system over a 9.4 mm x 250 mm semi-preparative Agilent Eclipse XDB-C18 5 μm with 

UV detection at 280 nm. A gradient ran from 90% H2O (+0.1% TFA)/10% CH3CN 

(+0.1% TFA) to 85% H2O (+0.1% TFA)/15% CH3CN (+0.1% TFA) over 7 minutes, to 

50% H2O (+0.1% TFA)/50% CH3CN (+0.1% TFA) over 13 minutes. The fractions were 

collected and lyophilized, yielding compound 4 as a light brown solid (0.168 g, 27%). 1H 

NMR (300 MHz, D2O): d 9.12 (s, 2H), 7.58 (s, 4H), 7.41 (s, 4H), 3.78 (s, 8H). 13C NMR 

(300 MHz, D2O): 193.8, 155.2, 151.1, 136.2, 131.5, 129.7, 128.2, 128.0, 126.7, 30.2. 

Melting point >230°C. HR-MS ((M–H)–1 m/z): Calculated for C30H21O12S2–, 639.06364, 



Found 639.06473. FT-IR (cm−1): 3180 (br), 1670 (m), 1593 (m), 1133 (m), 1036 (m).  

1,3-dinitro-2,4-disulfocalix[4]arene   (Compound 5)  

Compound 15 (0.53g, 1.02 mmol) was added to DCM (20 mL). While stirring, sulfuric 

acid (0.804 g, 8.19 mmol) was added and the solution was heated to 40°C overnight. The 

DCM was decanted and a minimum amount of ethyl acetate was added to the precipitate, 

after which a slurry was formed by sonication. The crude product was suspended by 

pouring the slurry into a 50 mL Falcon tube containing ice-cold ether (35 mL). The 

suspension was centrifuged and the supernatant was discarded. The pellet was air dried 

and purified by high pressure liquid chromatography using the same method as reported 

for compound 4. The fractions were collected and lyophilized, yielding compound 5 as a 

light brown solid (0.145 g, 21%). 1H NMR (300 MHz, D2O):  d 7.87 (s, 4H), 7.55 (s, 4H), 

3.85 (s, 8H). 13C NMR (300 MHz, D2O): 156.1, 151.3, 140.5, 136.0, 128.2, 127.5, 126.8, 

124.9, 30.3. Melting point >230°C. HR-MS ((M–2H)–2 m/z): Calculated for 

C28H20N2O14S2–2, 336.01834, Found 336.01858. FT-IR (cm−1): 3186 (br), 1518 (w), 1339 

(m), 1110 (m), 1036 (m). 

3,4-dibenzoylcalix[4]arene (Compound 9) 

Compound 8 [21] (4.0 g, 6.32 mmol) and cesium carbonate (4.12 g, 12.6 mmol) were 

added to a dry round bottom flask. The system was evacuated and flushed three times 

with nitrogen. Dry acetonitrile (150 mL) was added via cannula under a nitrogen 

atmosphere. The reaction was stirred at 55°C for 1.5 hours. The solvent was removed in 

vacuo and residue was re-dissolved in a minimum volume of DCM. The organic layer 

was washed three times with 1 M HCl and once with brine after which it was dried over 

magnesium sulfate. The DCM was concentrated under reduced pressure and the product 

was precipitated in ice-cold ether. The precipitate was collected by vacuum filtration, 



yielding compound 9 as a yellow solid (3.6 g, 90%) that was carried forward without 

further purification. 

1,2-diformyl-3,4-dibezoylcalix[4]arene (Compound 11 ) 

Compound 9 (1.0 g, 1.58 mmol) and HMTA (1.99 g, 14.2 mmol) were added to TFA (20 

mL) and heated to 70°C overnight. The reaction was quenched with water and the 

precipitate collected by vacuum filtration, yielding compound 11 as a pale yellow solid 

(0.936 g, 86%) that was carried forward without further purification. 

1,2-dinitro-3,4-dibezoylcalix[4]arene (Compound 13 ) 

Compound 9 (1.0 g, 1.58 mmol) and potassium nitrate (0.399 g, 3.95 mmol) were added 

to a dry round bottom flask. The system was evacuated and flushed three times with 

nitrogen. Dry acetonitrile (100 mL) was added via cannula. Boron trifluoride diethyl 

etherate (0.561 g, 3.95 mmol) was added via syringe and the reaction was stirred under 

nitrogen atmosphere at room temperature for 48 h.  The reaction was quenched with 

hydrochloric acid (1 M) and the precipitate was collected by vacuum filtration, yielding 

compound 13 as a yellow solid (0.742 g, 65%) that was carried forward without further 

purification. 

1,2-diformylcalix[4]arene (Compound 16) 

Compound 11 (0.94 g, 1.36 mmol) was added to methanol (50 mL). Sodium hydroxide 

(0.815, 20.4 mmol) was added to the suspension, which was heated at reflux at 70°C for 

4 hours. The reaction was quenched with hydrochloric acid (1 M) and the precipitate was 

collected by vacuum filtration. The crude product was triturated in hot hexanes to remove 

the benzoic acid, yielding compound 16 as a dark brown/purple solid (0.411 g, 63%). 1H 

NMR (500 MHz, CDCl3): d 10.16 (s, 4H), 9.77 (s, 2H), 7.64 (s, 4H), 7.10 (d, J = 7.5 Hz, 



2H), 7.08 (d, J = 7.7 Hz, 2H), 6.76 (t, J = 7.7 Hz, 2H), 4.28 (s, 4H), 3.66 (s, 4H). 13C 

NMR (500 MHz, CDCl3): d 190.4, 154.4, 148.3, 131.4, 131.3, 131.0, 130.0, 129.5, 129.4, 

129.2, 128.2, 128.1, 127.0, 122.7, 31.5. Melting point >230°C. HR-MS ((M–H)–1 m/z): 

Calculated for C30H23O6–, 479.15001, Found 479.15009. FT-IR (cm−1): 3189 (br), 1678 

(m), 1596 (m), 1285 (m), 1128 (m), 756 (m). 

1,2-dinitrocalix[4]arene (Compound 17) 

Compound 13 (0.74 g, 1.03 mmol) was added to methanol (50 mL). Sodium hydroxide 

(0.616, 15.4 mmol) was added to the suspension. The solution was heated at reflux at 

70°C for 4 hours. The reaction was quenched with hydrochloric acid (1 M) and the 

precipitate was collected by vacuum filtration. The crude product was triturated in hot 

hexanes to remove the benzoic acid, yielding compound 17 as a dark brown/purple solid 

(0.465 g, 88%) that was carried forward without further purification. 

1,2-diformyl-3,4-disulfocalix[4]arene  (Compound 6)  

Compound 16 (0.30g, 0.63 mmol) was added to DCM (20 mL). While stirring, sulfuric 

acid (0.491 g, 5.00 mmol) was added. The solution was heated to 40°C overnight. The 

DCM was decanted and a minimum amount of ethyl acetate was added to the precipitated 

after which a slurry was formed by sonication. The crude product was suspended by 

pouring the slurry into a 50 mL Falcon tube with ice-cold ether (35 mL). The suspension 

was centrifuged and the supernatant was discarded. The pellet was air dried and purified 

by high pressure liquid chromatography The pellet was air dried and purified by high 

pressure liquid chromatography on a Shimadzu Prominence HPLC system over a 9.4 mm 

x 250 mm semi-preparative Agilent Eclipse XDB-C18 5 μm with UV detection at 280 

nm. A gradient ran from 90% H2O (+0.1% TFA)/10% CH3CN (+0.1% TFA) to 75% H2O 

(+0.1% TFA)/25% CH3CN (+0.1% TFA) over 7 minutes, to 50% H2O (+0.1% TFA)/50% 



CH3CN (+0.1% TFA) over 13 minutes. The fractions were collected and lyophilized, 

yielding compound 6 as a light brown solid (0.107 g, 17%). 1H NMR (500 MHz, D2O): 

d 9.38 (s, 2H), 7.62 (s, 2H), 7.58 (s, 2H), 7.56 (s, 4H), 4.02 (s, 2H), 3.97 (s, 4H), 3.78 (s, 

2H). 13C NMR (500 MHz, D2O) δ 193.74, 154.96, 151.11, 136.24, 132.19, 131.10, 

129.95, 128.30, 128.10, 128.05, 127.90, 126.64, 126.59, 30.65, 30.42, 29.93. Melting 

point >230°C. HR-MS ((M–H)–1 m/z): Calculated for C30H21O12S2–, 639.06364, Found 

639.06443. FT-IR (cm−1): 3185 (br), 1674 (m), 1234 (s), 1036 (s), 623 (s). 

1,2-dinitro-3,4-disulfocalix[4]arene  (Compound 7)  

Compound 17 (0.47g, 0.90 mmol) was added to DCM (20 mL). While stirring, sulfuric 

acid (0.709 g, 7.23 mmol) was added and the solution was heated to 40°C overnight. The 

DCM was decanted and a minimum amount of ethyl acetate was added to the precipitate 

after which a slurry was formed by sonication. The crude product was suspended by 

pouring the slurry into a 50 mL Falcon tube containing ice-cold ether (35 mL). The 

suspension was centrifuged and the supernatant was discarded. The pellet was air dried 

and purified by high pressure liquid chromatography as was reported for compound 6. 

The fractions were collected and lyophilized, yielding compound 7 as a light brown solid 

(0.093 g, 17%). 1H NMR (300 MHz, D2O): d 8.00 (s, 2H), 7.91 (s, 2H), 7.53 (s, 4H), 3.97 

(s, 6H), 3.73 (s, 2H). 13C NMR (500 MHz, D2O) δ 162.71, 153.82, 138.39, 134.68, 

130.66, 130.46, 129.72, 129.64, 126.08, 125.99, 125.11, 125.05, 31.89, 31.29, 30.90. 

Melting point >230°C. HR-MS ((M–2H)–2 m/z):  Calculated for C28H20N2O14S2-2, 

336.01834. Found 336.01862. FT-IR (cm−1): 3211 (br), 1679 (m), 1446 (w), 1340 (w) 

1187 (s), 1135 (s) 1048 (m), 724 (m). 

 



Results and Discussion 

Synthesis 

We synthesized a small set of structurally related sulfonatocalix[4]arenes with 

regioselective introduction of different functional groups. We adapted an approach that 

uses regioselective protection of lower-rim phenols,[22] followed by sequences of 

electrophilic aromatic substitutions at the upper rim, deprotection of the lower rim, and 

ultimately sulfonation of the remaining upper-rim sites (Figure 1).  The commercially 

available p-sulfonatocalix[4]arene (compound 1, sCx4) is used in all studies for 

comparison. The targets for synthesis included mono-substituted sulfonatocalix[4]arenes 

(nitro-substituted compound 2 and formyl-substituted compound 3), which come from a 

tribenzoylated intermediate [22, 23] and were previously reported,[6, 7, 24] as well as 

novel di-substituted calix[4]arenes (1,3-diformyl compound 4, 1,3-dinitro compound  5, 

1,2-diformyl compound 6, 1,2-dinitro compound 7).  

The synthesis of the disubstituted hosts proceeds efficiently by using different 

dibenzoyl-protected calixarenes as key intermediates. The 1,3-dibenzoyl protected 

compound 8 [21] can be carried forward to make 1,3-disubstituted hosts (see below). We 

optimized a previously reported procedure [25] for benzoyl rearrangement of compound 

8 to yield 1,2-dibenzoylated compound 9. From either 8 or 9, the nitro- or formyl-groups 

are then introduced onto each unsubstituted phenol ring, with the benzoyl protection 

groups on the lower rim offering remote protection by deactivating rings toward 

electrophilic aromatic substitutions. The formylated products 10 and 11 were prepared 

using a Duff formylation with hexamethylenetetramine (HMTA) and trifluoroacetic acid. 

For the nitration we used potassium nitrate and boron trifluoride diethyl etherate[26], to 

acquire compounds 12 and 13. Each of these conditions were selected to substitute the 

calix[4]arenes under mild conditions to minimize over-modification. The regioselectively 



dinitrated and diformylated products are obtained in 65–86% isolated yields in spite of 

the fact that each starting material has 27 aromatic C-H’s that are potential sites for 

electrophilic aromatic substitution. The lower rim was then deprotected by basic 

hydrolysis, yielding compounds 14–17, some of which were carried forward without 

purification (see Supporting Information). The de-protected calix[4]arenes 14–17 were 

sulfonated under mild conditions using eight equivalents of sulfuric acid in 

dichloromethane to provide novel host compounds 4–7. 

Binding studies 

The binding constants were determined between a set of seven calix[4]arene hosts (1–7), 

and the guests nicotine, nornicotine, and cotinine. The binding constants were initially 

determined via indicator displacement assays (IDAs) based on an IDA previously 

reported for sCx4.[27] Each calixarene was first titrated directly into lucigenin (LCG) in 

order to determine the calixarene-dye Kd values, which range from 1.37–2.11 µM (Figure 

2a). During the ensuing competitive titrations, the indicator LCG was displaced from the 

calix[4]arene binding pocket by added guests and increased its fluorescence emission.[27, 

28] The fluorescence was measured and plotted against the concentration of guest, and 

the resulting curve was fitted to determine the binding constant for each host-guest pair 

(Figure 2b–d).   

The studied guests display distinct differences in their binding constants. Nicotine 

and nornicotine display medium (Kd 200–1000 µM) to strong binding (Kd < 200 µM), 

whereas cotinine shows very weak to no binding (Kd > 1000 µM) to any host studied. 

Rather than the amines present in nicotine and nornicotine, cotinine contains an amide 

bond. This renders cotinine uncharged at neutral pH, and the lack of cationic charge 

weakens binding significantly.  Overall, nicotine binds the hosts in general stronger than 



its slightly less hydrophobic metabolite nornicotine, but they are in a similar binding 

range (Table 1). The lack of measurable binding for neutral cotinine shows that a cationic 

group on the guest is absolutely required for binding. Based on the IDA data, nicotine 

was selected for further NMR-based binding and structural studies.  

The binding strengths and motifs of nicotine with the library of calix[4]arene hosts 

were further studied using NMR titrations.[29, 30] Titration data were analysed using the 

open source website: http://supramolecular.org in order to determine binding constants 

(see Supporting Information). The binding constants (Table 2) are similar to those 

determined by IDA and reveal similar trends among related family members in most 

cases, except for compound 2. The IDA data showed a stronger binding for compound 2 

than do the NMR data. The NMR data is a direct measurement, where the data arises from 

a direct observation of many changing chemical shifts, while the IDA arises from an 

indirect measurement from two competing equilibria. Where the two methods disagree, 

we take the NMR titration as the more reliable source for the binding constants.  

In addition to Kd values, the NMR curve fitting provides structural insight by 

providing maximum binding-induced chemical shift (Ddmax) values. The nicotine protons 

involved in complexation with the interior of the host become shielded, causing chemical 

shifts to move upfield. The difference in chemical shift upon binding tells us how deep 

each proton is within the host’s pocket, which we can interpret to determine how the guest 

is positioned inside of each host.[31, 32]   

There are three possible binding motifs for calix[4]arene host-guest complexes of 

this type.[33, 34] In binding motif I, the biggest chemical shift is observed for the N-

methyl, because the pyrrolidine ring is deeply bound in the pocket. For binding motif II, 

the biggest chemical shift is observed for pyridine protons due to the pyridine deeply 

bound in the pocket. In binding motif III, a similar (but relatively small) maximum 



chemical shift is observed for all protons as the protons associate with the upper rim but 

do not enter the binding pocket, see Figure 3. This kind of non-insertion binding mode is 

less common for calixarenes, but has been seen, for example, when lysine binds to 

sCx4.[33, 35] 

The formyl-substituted hosts 2, 4, and 6 bind nicotine via binding motif I. The 

biggest chemical shift is observed for the pyrrolidine protons, as they bind the deepest 

into the formylated binding pocket. This is consistent with the relative values of 

dissociation constants. Compound 2 has three anionic charges at the upper rim. When the 

pyrrolidine binds deeply in the pocket these charged groups are adjacent to the electron-

poor pyridine heterocycle, forming less favourable host-guest contacts compared to 

compounds 3 and 4, which each have two anionic charges at the upper rim. This is 

reflected in the weaker binding of nicotine by 2 relative to 3 and 4 (Table 2).  

The nitro-substituted hosts bind nicotine via binding motif II. Here, the biggest 

chemical shift is observed for the pyridine protons, and again we see trends in the binding 

constants that are consistent with this host-guest structure. When the pyridine is deep in 

the pocket, the positively charged pyrrolidine interacts favourably with the anionic 

charges of the hosts. Compound 3 has three anionic charges at the upper rim and shows 

the strongest binding to nicotine, whereas compounds 5 and 7 have two anionic charges 

and display weaker binding than compound 3. The close proximity of the anionic charges 

of compound 7 are favourable for binding compared to when the charges are located 

further apart in compound 5. Overall, the control, compound 1 (Kd = 100 µM), shows the 

strongest binding to nicotine followed by compound 3 (Kd = 150 µM) from the set of new 

hosts.  

These studies show how the number and positions of charged sulfonates can 

modulate sulfonatocalix[4]arene host-guest complexation, and also how substituents can 



cause structural differences in guest binding that are not immediately obvious from the 

binding constants themselves. A bigger chemical shift tells us how deeply a proton is 

buried in the binding pocket, but does not directly indicate that stronger binding is 

occurring. Even though the biggest maximum chemical shift perturbation (2.40 ppm) is 

observed for compound 5, it is one of the weaker binding hosts. In some cases a very 

small chemical shift can arise from strong complexation. This is most clearly observed 

for compound 1, where all the chemical shifts are smaller than 1 ppm. The chemical shift 

profile for host 1 is hard to interpret definitively, and suggests that the guest is bound by 

some mixture of modes I, II, and/or III.   

Conclusions 

In summary, we have synthesised a set of novel calix[4]arene hosts and studied 

their binding to nicotine, nornicotine and cotinine. The parent compound 1 binds nicotine 

and nornicotine the strongest, while other calix[4]arenes show different patterns of 

binding selectivity depending on the identity and position of upper-rim substitutions. 

From among the guests, nicotine forms the strongest host-guest complexes because it is 

cationic, unlike cotinine, and it is slightly more hydrophobic than nornicotine. From 

among the substituted host compounds 2–7, compound 3 shows the strongest binding. In 

the future, this fundamental knowledge of binding strengths and motifs can be applied 

further to a broad range of guest molecules, and the functional groups we’ve installed 

offer easy routes to further elaboration of the regioselectivity functionalized host 

scaffolds.  
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Table 1: Kd values determined by IDA for each host with Nicotine, Nornicotine and 

Cotinine.a,b) 

 Nicotine Nornicotine Cotinine 

 Kd (µM) Kd (µM) Kd (µM) 

Compound 1 (sCx4) 140 ± 30 290 ± 130 >1500 

Compound 2 (1-formyl) 80 ± 20 190 ± 50 >1500 

Compound 6 (1,2-formyl) 290 ± 60 690 ± 170 >1500 

Compound 4 (1,3-formyl) 120 ± 30 750 ± 100 >1500 

Compound 3 (1-nitro) 170 ± 40 500 ± 110 >1500 

Compound 7 (1,2-nitro) 640 ± 120 960 ± 150 >1500 

Compound 5 (1,3-nitro) 730 ± 140 1200 ± 260 >1500 

a) 0.01M phosphate buffer pH 7.4, see the supporting information for titration curves and 

experimental details.  

b) the IDAs for nicotine and nornicotine are done in duplicates of triplicates, the IDAs for 

cotinine are done in duplicates of duplicates. 

 



Table 2: NMR summery, maximum chemical shift of nicotine protons upon binding with 

host library and Kd values 

 

 

 

 

 

 

 

 δΔ max (ppm)  

 H1 H2 H3 H4 H5 H6 H7 Kd (µM) 

Compound 1 (sCx4) 0.37 0.31 0.62 0.37 0.97 n/a 0.89 96 ± 6 

Compound 2 (1-formyl) 0.62 0.64 1.12 0.83 1.45 1.74 1.12 404 ± 17 

Compound 6 (1,2-formyl) 0.66 0.97 1.40 1.21 1.35 1.29 0.88 249 ± 6 

Compound 4 (1,3-formyl) 0.55 0.81 1.25 1.06 1.22 1.35 0.98 235 ± 4 

Compound 3 (1-nitro) 0.68 1.19 1.60 1.55 1.28 1.37 0.92 152 ± 5 

Compound 7 (1,2-nitro) 0.72 1.49 1.75 1.93 1.05 0.80 0.60 245 ± 3 

Compound 5 (1,3-nitro) 0.66 1.85 2.15 2.40 1.01 0.81 0.67 390 ± 6 



 

Figure 1: Synthesis scheme  
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Figure 2: Fluorescence-based indicator displacement assays provide ready access to host-

guest binding constants. Exemplary data for fluorescence-based studies of compound 6 

with nicotine, nornicotine and cotinine. a) Direct titration between LCG (0.25 µM) and 

compound 6 (0 – 200 mM) and the competitive titration of b) nicotine (0 – 5 mM) titrated 

into the host-LCG complex, c) nornicotine (0 – 5 mM) titrated into the host-LCG complex 

for and d) cotinine(0 – 5 mM) titrated into the host-LCG complex. Buffer = 10 mM 

phospahe buffer, pH 7.4. See Supporting Information for data for all host-guest pairs.)   



 

 

Figure 3: Possible binding motifs of nicotine with the host library 

 

 

 

 

N

N Me
H

N

N
Me
H

HMe
N

NII.I. III.



 1 

Supporting information  

for  

Calix[4]arene sulfonate hosts selectively modified on the upper rim: A study of 

nicotine binding strength and geometry 

 

Table of Contents 
1. General information and materials .............................................................................. 2 

2. 1H NMR, 13C NMR of novel compounds (4 – 7, 10 –  17) ........................................ 2 

2.1. 1H NMR, 13C NMR compound 4, 1,3-diformyl-2,4-disulfocalix[4]arene ......................... 3 

2.2. 1H NMR, 13C NMR compound 5, 1,3-dinitro-2,4-disulfocalix[4]arene ............................ 4 

2.3. 1H NMR, 13C NMR compound 6, 1,2-diformyl-3,4-disulfocalix[4]arene ......................... 5 

2.4. 1H NMR, 13C NMR compound 7, 1,2-dinitro-3,4-disulfocalix[4]arene ............................ 6 

2.5. 1H NMR, 13C NMR compound 14, 1,3-diformylcalix[4]arene ........................................... 7 

2.6. 1H NMR, 13C NMR compound 15, 1,3-dinitrocalix[4]arene .............................................. 8 

2.7. 1H NMR, 13C NMR compound 16, 1,2-diformylcalix[4]arene ........................................... 9 

3. IDA titrations with nicotine, nornicotine and cotinine ............................................ 10 

3.1. Fluorescence based studies of compound 1 (sCx4) .................................................... 12 

3.2. Fluorescence based studies of compound 2 (1-formyl) .............................................. 13 

3.3. Fluorescence based studies of compound 3 (1-nitro) .................................................. 14 

3.4. Fluorescence based studies of compound 4 (1,3-diformyl) ........................................ 15 

3.5. Fluorescence based studies of compound 5 (1,3-dinitro) ........................................... 16 

3.6. Fluorescence based studies of compound 6 (1,2-diformyl) ........................................ 17 

3.7. Fluorescence based studies of compound 7 (1,2-dinitro) ........................................... 18 

4. 1H NMR titration between compound 1-7 and nicotine ......................................... 19 

4.1. 1H NMR titration between compound 1 (sCx4) and nicotine ....................................... 19 

4.2. 1H NMR titration between compound 2 (1-formyl) and nicotine ................................. 20 

4.3. 1H NMR titration between compound 3 (1-nitro)  and nicotine ................................... 21 

4.4. 1H NMR titration between compound 4 (1,3-formyl) and nicotine .............................. 22 



 2 

4.5 1H NMR titration between compound 5 (1,3-nitro) and nicotine .................................. 23 

4.6. 1H NMR titration between compound 6 (1,2-formyl) and nicotine .............................. 24 
 

1. General information and materials  

1H and 13C NMR were recorded on a Bruker Avance Neo 500 MHz spectrometer unless otherwise 
indicated, and processed with MestReNova by Mestrelab Research S.L  and TopSpin 3.5. All 
reported chemical shifts were reported in ppm. Deuterated solvents were purchased from Sigma 
Aldrich. Sodium phosphate buffer (Na2HPO4·7H2O/NaH2PO4·H2O, 50 mM, pH 7.4) in D2O was 
prepared. Titrations and dilutions were conducted in a Nunc™ 384-Well, Non-Treated, Flat-
Bottom, Optical Polymer Base Microplates. 

2. 1H NMR, 13C NMR of novel compounds (4 – 7, 10 –  17)  
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2.1. 1H NMR, 13C NMR compound 4, 1,3-diformyl-2,4-disulfocalix[4]arene  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           
Figure S1: 1H NMR spectrum of compound 4 (300 MHz)  in D2O 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           
Figure S2: 13C NMR spectrum of compound 4 (300 MHz)  in D2O 
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2.2. 1H NMR, 13C NMR compound 5, 1,3-dinitro-2,4-disulfocalix[4]arene  

 

 

 

 

 

 

 

 

 

 

Figure S3: 1H NMR spectrum of compound 5 (300 MHz)  in D2O 

 

 

 

 

 

 

 

 

 

 

Figure S4: 13C NMR spectrum of compound 5 (300 MHz)  in D2O 
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2.3. 1H NMR, 13C NMR compound 6, 1,2-diformyl-3,4-disulfocalix[4]arene 

 

 

 

 

 

 

 

 

 

 

Figure S5: 1H NMR spectrum of compound 6 (500 MHz)  in D2O 

 

 

 

 

 

 

 

 

 

 

Figure S6: 13C NMR spectrum of compound 6 (500 MHz)  in D2O 
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2.4. 1H NMR, 13C NMR compound 7, 1,2-dinitro-3,4-disulfocalix[4]arene 

 
Figure S7: 1H NMR spectrum of compound 7 (300 MHz)  in D2O  
 

 

Figure S8: 13C NMR spectrum of compound 7 (500 MHz)  in D2O  
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2.5. 1H NMR, 13C NMR compound 14, 1,3-diformylcalix[4]arene  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  

Figure S9: 1H NMR spectrum of compound 14 (300 MHz)  in D2O 

 
 
 

 

 

 

 

 

 

 

                

Figure S10: 13C NMR spectrum of compound 14 (300 MHz)  in D2O 
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2.6. 1H NMR, 13C NMR compound 15, 1,3-dinitrocalix[4]arene  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S11: 1H NMR spectrum of compound 15 (300 MHz)  in D2O  

 

 

 

 

 

 

 

 

 

 

Figure S12: 13C NMR spectrum of compound 15 (300 MHz)  in D2O 
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2.7. 1H NMR, 13C NMR compound 16, 1,2-diformylcalix[4]arene 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S13: 1H NMR spectrum of compound 16 (500 MHz)  in D2O  

 

 

 

 

 

 

 

 

 

 

 

Figure S14: 13C NMR spectrum of compound 16 (500 MHz)  in D2O 
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3. IDA titrations with nicotine, nornicotine and cotinine 
 
The IDAs were conducted in 384 well plates (NUNC, optical black bottom). The fluorescent signal 
was read on the citation 5 (Software Version 3.05.11) as a fluorescent endpoint measurement. 
The settings were as followed: Excitation: 369/20,  Emission: 475/20. Optics: Top,  Gain: 
extended. Light Source: Xenon Flash,  Lamp Energy: High, Extended Dynamic Range. Read 
Speed: Normal, Delay: 100 msec,  Measurements/Data Point: 10. Read Height: 10.5 mm. All 
wells has to final total volume of 50 µL. To measure the dye control, three wells were titrated to a 
concentration of 0.25 µM LCG in 10 mM phospahe buffer, pH 7.4. To measure the host control, 
three wells were titrated to a concentration of 5 µM host in 10 mM buffer. For the direct titration, 
a serial dilution was done from 200 µM to 0.01 µM host into 0.25 µM LCG in 10 mM buffer.  For 
the competitive titrations, a serial dilution was done from 5 mM to 0.01 mM guest into 5 µM host, 
0.25 µM LCG in 10 mM buffer.  All the IDA data is analysed in GraphPad Prism Version 8.3.0 
(328). One exemplary replicate is shown for each host, the experiments for nicotine and 
nornicotine are done in duplicates of triplicates and the experiments for cotinine are done in 
duplicates of duplicates. 
 
 
Calculations 
 
Outliers  
Outliers are determined by the Dixon’s Q-test, Equation 1,  where the gap is the absolute 
difference between the outlier in question and the closest number to it. With three observations 
and at 90% confidence, Q > 0.941 = Q90%,n=3, we conclude the data point is an outlier.   
 
Equation 1. Dixon's Q-test 

𝑄 =	
𝑔𝑎𝑝
𝑟𝑎𝑛𝑔𝑒

 

  
 
The standard error  
The standard error is calculated to each triplicate, Equation 2. 
 
Equation 2. Standard error 

𝑆𝐷!! = ,ln(10) ∗ 10"#$!!4 ∗ 	𝑆𝐷"#$!! 
 
SDKi  = Standard error of Ki 
logKi  = Value of the log 
SDlogKi = Standard error of the log Ki 
 
 



 11 

The total standard error  
The total standard error between two the triplicates is calculated by Equation 3. 
 
Equation 3. Total standard error 

𝑆𝐷%#%&" = 5(𝑆𝐷'
( +	𝑆𝐷(()
𝑛

 

 
SDtotal  = Standard derivation of both experiments 
SD1 = Standard derivation of the first triplicate 
SD2 = Standard derivation of the second triplicate 
n = Number of experiments 
 
Curve fit for the direct titration 
To curve fit for the direct titration Error! Reference source not found., Equation 4 are used. 
 
Equation 4. Curve fit for the direct titration for a turn off signal 

𝐹 = 𝐹)&* −
(𝐹)&* − 𝐹)+,) ∗ ([𝐷] + [𝐻] + 𝐾-) − =([𝐷] + [𝐻] + 𝐾-)( − 4 ∗ [𝐻] ∗ [𝐷]

2 ∗ [𝐷]
 

 
F = Fitted data point 
Fmax = Maximum signal 
Fmin = Minimum signal 
[D] = Molar concentration of dye in µM 
[H] = Molar concentration of host (titrant) 
Kd = Dissociation constant 
 
Curve fit for the competitive titration 
 

𝑙𝑜𝑔./01 = log	(10"#$"! ∗ D1 +
[𝐷]
𝐾-
E) 

 
𝐹 = 𝐹)+, + (𝐹)&* − 𝐹)+,)/(1 + 10(34"#$#$%&)) 

 
logEC50 = log of the concentration of the competitor binding half-way between Fmin and Fmax 
Ki = Equilibrium dissociation constant in Molar 
[D] = Concentration of dye in nM 
Kd = Equilibrium dissociation constant of the direct titration 
F = Fitted data point 
Fmax = Maximum signal 
Fmin = Minimum signal 
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3.1. Fluorescence based studies of compound 1 (sCx4) 

 
 

 

 

 
 

 
 

 
 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
Figure S15: Fluorescence based studies of compound 1 with nicotine, nornicotine and cotinine. 
a) The direct titration of LCG (0.25 µM) with compound 1 (0 - 200 mM), and the competitive 
titrations of b) nicotine (0 – 5 mM), c) nornicotine (0 – 5 mM), and d) cotinine (0 – 5 mM) titrated 
into the host-LCG complex (5 µM host, 0.25µM LCG).  
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3.2. Fluorescence based studies of compound 2 (1-formyl) 
 

 
 
 
Figure S16: Fluorescence based studies of compound 2 with nicotine, nornicotine and cotinine. 
a) The direct titration of LCG (0.25 µM) with compound 2 (0 - 200 mM), and the competitive 
titrations of b) nicotine (0 – 5 mM), c) nornicotine (0 – 2.5 mM)(The 5 mM concentration was 
omitted from the fit due to strong deviations of this guest on this concentration), and d) cotinine 
(0 – 5 mM) titrated into the host-LCG complex (5 µM host, 0.25µM LCG).  
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3.3. Fluorescence based studies of compound 3 (1-nitro) 
 

 
 
 
Figure S17: Fluorescence based studies of compound 3 with nicotine, nornicotine and cotinine. 
a) The direct titration of LCG (0.25 µM) with compound 3 (0 - 200 mM), and the competitive 
titrations of b) nicotine (0 – 5 mM), c) nornicotine (0 – 5 mM), and d) cotinine (0 – 5 mM) titrated 
into the host-LCG complex (5 µM host, 0.25µM LCG).  
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3.4. Fluorescence based studies of compound 4 (1,3-diformyl) 
 

 
 
 
Figure S18: Fluorescence based studies of compound 4 with nicotine, nornicotine and cotinine. 
a) The direct titration of LCG (0.25 µM) with compound 4 (0 - 200 mM), and the competitive 
titrations of b) nicotine (0 – 5 mM), c) nornicotine (0 – 5 mM), and d) cotinine (0 – 5 mM) titrated 
into the host-LCG complex (5 µM host, 0.25µM LCG).  
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3.5. Fluorescence based studies of compound 5 (1,3-dinitro) 
 

 
 
Figure S19: Fluorescence based studies of compound 5 with nicotine, nornicotine and cotinine. 
a) The direct titration of LCG (0.25 µM) with compound 5 (0 - 200 mM), and the competitive 
titrations of b) nicotine (0 – 5 mM), c) nornicotine (0 – 5 mM), and d) cotinine (0 – 5 mM) titrated 
into the host-LCG complex (5 µM host, 0.25µM LCG).  
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3.6. Fluorescence based studies of compound 6 (1,2-diformyl) 
 

 
 
 
Figure S20: Fluorescence based studies of compound 6 with nicotine, nornicotine and cotinine. 
a) The direct titration of LCG (0.25 µM) with compound 6 (0 - 200 mM), and the competitive 
titrations of b) nicotine (0 – 5 mM), c) nornicotine (0 – 5 mM), and d) cotinine (0 – 5 mM) titrated 
into the host-LCG complex (5 µM host, 0.25µM LCG).  
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3.7. Fluorescence based studies of compound 7 (1,2-dinitro) 
 

 
 
 
Figure S21: Fluorescence based studies of compound 7 with nicotine, nornicotine and cotinine. 
a) The direct titration of LCG (0.25 µM) with compound 7 (0 - 200 mM), and the competitive 
titrations of b) nicotine (0 – 5 mM), c) nornicotine (0 – 5 mM), and d) cotinine (0 – 5 mM) titrated 
into the host-LCG complex (5 µM host, 0.25µM LCG).  
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4. 1H NMR titration between compound 1-7 and nicotine 
 
The NMR titrations are analysed using:  http://supramolecular.org. The data was fitted in the 
bindfit-host-guest binding, to NMR 1:1. The method used was Nelder-Mead, the initial values are 
subtracted. The links to the fitted data is provided, here the dissociation constants and the 
maximum chemical shift of the protons can be found. When one of the protons overlapped with 
another NMR-signal, that proton wasn’t used to calculate the binding constant. The percent error 
of the mean binding constant is propagated by equation 1. Where ‘x’ is the errors of the individual 
binding constant and ‘n’ is the number or measurements. 
 

𝑒𝑟𝑟𝑜𝑟 = 	
√(𝛿𝑥)(+(𝛿𝑥)(

√(𝑛)
 

 
Equation 2 shows the error propagation for sCx4. 
 

𝑒𝑟𝑟𝑜𝑟 = 	
√(7.004)(+(6.226)(

√(2)
 

 
 

4.1. 1H NMR titration between compound 1 (sCx4) and nicotine 

 
Figure S22: 1H NMR spectrum of compound nicotine (0.0005 M)  titrated with compound 1 (0-3 
equivalents) in deuterated phosphate buffer (0.05 M, pH 7.4), 500 MHz 
 
 
http://app.supramolecular.org/bindfit/view/b47b6dc6-8763-4f29-9408-7ad8cdeb9e6a 
http://app.supramolecular.org/bindfit/view/b2479a00-2f46-4823-8fe1-1d693add9ddd 
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4.2. 1H NMR titration between compound 2 (1-formyl) and nicotine 

 
 
Figure S23: 1H NMR spectrum of compound nicotine (0.0005 M)  titrated with compound 2 (0-3 
equivalents) in deuterated phosphate buffer (0.05 M, pH 7.4), 500 MHz 
 
 
http://app.supramolecular.org/bindfit/view/9e41cbcd-9b5d-41ed-b936-21b22499c297 
http://app.supramolecular.org/bindfit/view/f0fe1bb5-a6cf-4e1f-a585-b370fcd3fb03 
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4.3. 1H NMR titration between compound 3 (1-nitro)  and nicotine 

 
Figure S24: 1H NMR spectrum of compound nicotine (0.0005 M)  titrated with compound 3 (0-3 
equivalents) in deuterated phosphate buffer (0.05 M, pH 7.4), 500 MHz 
 
http://app.supramolecular.org/bindfit/view/cc7d02cc-beef-49a7-91f8-9de6901c751d 
http://app.supramolecular.org/bindfit/view/15b96050-e269-4b93-a443-0e5e091f75d6 
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4.4. 1H NMR titration between compound 4 (1,3-formyl) and nicotine  

 
Figure S25: 1H NMR spectrum of compound nicotine (0.0005 M)  titrated with compound 4 (0-3 
equivalents) in deuterated phosphate buffer (0.05 M, pH 7.4), 500 MHz 
 
http://app.supramolecular.org/bindfit/view/e3afe697-a414-4a44-944a-3669ed909ad7 
http://app.supramolecular.org/bindfit/view/b881418b-7039-43be-9693-68dd80ba740b 
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4.5 1H NMR titration between compound 5 (1,3-nitro) and nicotine 

 
Figure S26: 1H NMR spectrum of compound nicotine (0.0005 M)  titrated with compound 5 (0-3 
equivalents) in deuterated phosphate buffer (0.05 M, pH 7.4), 500 MHz 
 
http://app.supramolecular.org/bindfit/view/01575fe5-4fd6-4303-8783-6cb41e31e619 
http://app.supramolecular.org/bindfit/view/88df5a0b-c365-4c67-89a2-5ae7e024e813 
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4.6. 1H NMR titration between compound 6 (1,2-formyl) and nicotine  

 
Figure S27: 1H NMR spectrum of compound nicotine (0.0005 M)  titrated with compound 6 (0-3 
equivalents) in deuterated phosphate buffer (0.05 M, pH 7.4), 500 MHz 
 
http://app.supramolecular.org/bindfit/view/9e41cbcd-9b5d-41ed-b936-21b22499c297 
http://app.supramolecular.org/bindfit/view/f0fe1bb5-a6cf-4e1f-a585-b370fcd3fb03 
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4.7. 1H NMR titration between compound 7 (1,2-nitro) and nicotine 

 
Figure S28: 1H NMR spectrum of compound nicotine (0.0005 M)  titrated with compound 7 (0-3 
equivalents) in deuterated phosphate buffer (0.05 M, pH 7.4), 500 MHz 
 
http://app.supramolecular.org/bindfit/view/b78dfc30-c67f-41f9-8bc2-bd7dc71ff9a9 
http://app.supramolecular.org/bindfit/view/ed8fa055-2c54-4fba-b9e2-891e82930b40 
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