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Guest-mediated self-assembly of deprotonated 2-bromoresorcinarenes 

Kwaku Twum,a Khai-Nghi Truong,b Frank Boateng Osei,a Carolina von Essen,b Sanaz Nadimi,c 

John F. Trant,c Kari Rissanenb* and Ngong Kodiah Beyeha*  

a Oakland University, Department of Chemistry, 146 Library Drive, Rochester, Michigan, 48309-

4479, USA 

b University of Jyvaskyla, Department of Chemistry, Survontie 9 B, FI-40014 Jyväskylä, Finland  

c University of Windsor, Department of Chemistry and Biochemistry, 401 Sunset Avenue, Windsor, 

ON, N9B 3P4 Canada  

ABSTRACT 

Doubly and triply deprotonated 2-bromo-C-alkylresorcinarene anions form host-guest complexes 

with both tetramethyl ammonium cations and bis-protonated dimethylpiperazine cations. The tri-

anion forms a fully closed dimeric capsule with one endo- and two exo-cavity bis-protonated 

dimethylpiperazine cations. Interestingly, the di-anion crystallized from a mixture of the 2-bromo-

C-methylresorcinarene, dimethylethylenediamine and tetramethylammonium chloride, forms a 

nanotube consisting of only the 2-bromo-C-methylresorcinarene anion and the 

tetramethylammonioum cation. The nanotube has an exo-functionalized anionic hydrophilic outer 
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surface that interacts with cationic guests and a hydrophobic interior channel. Solution studies 

support the deprotonation and the formation of these host-guest complexes. Quantification of 

binding in chloroform shows a very strong binding constant between the 2-bromo-C-

pentylresorcinarene and tetramethylammonioum chloride (K1=3.63⨯105 M-1, K2=2.32⨯104 M-1), 

far higher than observed for the unfunctionalized C-pentylresorcinarene (K1=5.10⨯104 M-1, 

K2=1.30⨯103 M-1). We attribute this to the stronger ion-pair in the former as the halogen increases 

the acidity of the phenolic hydroxyl groups.  

INTRODUCTION  

Resorcinarenes are bowl-shaped cavity-containing calixarene macrocycles (when in the C4v 

conformation).1–8 Their modular structure makes them good candidates for functionalization, and 

consequently useful synthons for constructing complex supramolecular architectures.6,9–14 Their 

shallow hydrophobic cavity can also selectively bind guests through various weak interactions. 

The archetypal non-functionalized resorcinarene has been exploited for many host-guest processes 

ranging from open inclusion, capsular assemblies, and nanotubes,15–23 functionalization of this 

parent cavitand increases the scope of available constructs. 

The 2-position of resorcinarenes is readily modified using electrophilic aromatic substitution.24–28 

Introducing suitable substituents at the 2-position can have a subtle yet significant effect on the 

macrocycles’ guest binding properties. Indeed, in our previous reports, we have studied the binding 

properties of a series of resorcinarenes decorated at the 2-position with electron-donating (CH3 or 

OH) and electron-withdrawing (Cl, Br, and I) groups with both tetramethyl ammonium and 

diquaternary ammonium [N,N-dialkyl-1,4-diazabicyclo[2.2.2]octane (alkyl2-DABCO)] halide 

salts.29,30 Since cation- interactions are believed to be the main host-guest interactions, enhanced 

binding was expected for resorcinarenes with electron-donating groups. Interestingly, enhanced 
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binding was instead observed for resorcinarenes with electron-withdrawing groups at the 2-

position. We have demonstrated that this occurs because the electron-withdrawing groups render 

the phenolic hydrogens of the resorcinarenes more acidic, leading to stronger ion-pair binding. 

Evidently, phenol has pka of 10.0 whiles the 2-bromophenol derivative has a pka of 8.44.31 In 

effect, the binding constant also increases as we increase the electron pull power of the substituent 

from I, to Br, to Cl.29,30  

Phenoxide resorcinarenes are intermediates in the synthesis of alkylated derivatives. The tetra-

deprotonated resorcinarene has been observed in solution, while mono- and di-deprotonated 

resorcinarenes have been isolated and characterized in the solid-state. However during our 

investigation of resorcinarene deprotonation with 1,4-diaminocyclohexane, we managed to 

produce a co-crystal consisiting of a mono- and tetra-deprotonated 2-methylresorcinarene and have 

characterized it crystallographically.32 The 1,4-diaminocyclohexane, being a sufficiently strong 

base, abstracts protons from the resorcinarenes and subsequently acts as a cationic guest. The 1,4-

diammoniumcyclohexane acting as a guest forms a dimeric charge-neutral capsule with the mono-

deprotonated 2-methylresorcinarene and a tetra-deprotonated discrete assembly, with the 2-

methylresorcinarene maintaining a C4v conformation.  

Motivated by these reports, we hypothesized that having an electron-withdrawing group at the 2-

position of the resorcinarene in the presence of a strong amine base will lead to multi-deprotonated 

resorcinarenes with enhanced binding of the subsequent cation. Additionally, the tetramethyl 

ammonium cation is well established to be structurally complementary with resorcinarenes’ endo-

cavity. In this contribution, we aim to investigate the following:  

a) can a deprotonated resorcinarene with an electron-withdrawing bromine group on the 2-position 

be isolated in the solid state as a salt together with a corresponding protonated amine? 
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b) will the protonated amine form endo- or exo-cavity complexes with the deprotonated 

resorcinarenes? 

c) will this charge-neutral salt still be capable of binding a tetramethyl ammonium cation?  

To answer these questions, we attempted the solid state deprotonation and host-guest chemistry of 

2-bromo-C-methyl-resorcinarene (A2) and amines (B1-B7) (Figure 1) in the presence and absence 

of tetramethylammonium chloride (TMACl), which resulted in two crystal structures. In the first 

example, we isolated the tri-deprotonated 2-bromo-C-methylresorcinarene (A23-) and di-

protonated dimethylpiperazine (H2B22+) as a dimeric capsule. In the second example, we isolated 

the bis-deprotonated 2-bromo-C-methylresorcinarene (A22-) and TMA+ as a rigid nanotube with 

channels. X-ray crystallographic analyses was supplemented with 1H NMR and ITC experiments 

of one base (B2) to understand the thermodynamic differences between unfunctionalized, and 2-

bromo-C-alkylresorcinarenes. 
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Figure 1. Chemical species used in the study: resorcinarene hosts An (n = 1-4), amines Bn (N,N’-

dimethylethylenediamine B1, N,N’-dimethylpiperazine B2, N,N,N’,N’-

tetramethylpropanediamine B3, N,N,N’,N’-tetramethylbutanediamine B4, ethylenediamine B5, 

triethylamine B6, N,N-diisopropylethylamine B7), and tetramethylammonium chloride TMACl.  

RESULTS AND DISCUSSION 

X-Ray crystallography  

Two host-guest crystal structures were obtained by using A2. Unfortunately, other attempts to 

crystallize host-guest complexes with An with the bases Bn and in the presence and absebnce of 

TMACl were unsuccessful. Complex A2+B2 was obtained by mixing A2:B2 in a 1:8 molar ratio 

in CHCl3/MeOH. Slow evaporation of the reaction mixture afforded single crystals suitable for X-
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ray diffraction. The complex A2+B2 crystallizes in the triclinic space group P-1 and is a 2D 

coordination polymer, [(A2)3-∙(HB2)+∙(H2B2)2+∙CH3OH∙CHCl3]n. The asymmetric unit consists of 

one triply deprotonated host (A23-), one mono-protonated exo-dimethylpiperazine (HB2+), half of 

a double protonated exo-dimethylpiperazine (H2B22+), half of a double protonated endo-

dimethylpiperazine (H2B22+), one MeOH, and one disordered CHCl3 molecule (Figure S3, and see 

Supporting Information for additional detail). These are not perfectly symmetric molecular 

capsules, the two hosts are slightly offset (see Figure 2), but they still enclose their shared inner 

cavity. This cavity hosts one double protonated dimethylpiperazine (H2B22+) and two methanol 

guest molecules. They are connected via N−H…O hydrogen bonds (d(O9…N1) = 2.608(5) Å) and 

the methanols are each bonded to a resorcinarene host (d(O6…O9) = 2.750(5) Å) effectively 

locking the dimeric capsule from the inside. Due to the size of the endo-H2B22+ cation, the 

electron-rich interior of the capsule is almost fully occupied by the large H2B22+ guest. The 

methanol molecules are only partly encapsulated leaving the methyl groups pointing towards the 

exterior of the capsule as well as the bromine groups of the hosts in an almost eclipsed position, 

leading to the Br…Br distance of 3.4191(7) Å (see CPK model in Figure 2). In addition to the 

N−H…O interactions of endo-H2B22+, C−H…π and C−H…Br contacts with the aromatic rings of 

the hosts were observed.  
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Figure 2: X-ray crystal structure of A2+B2. Left: Hosts (A23-) are represented in stick model, 

MeOH molecules in ball-and stick, endo-H2B22+ in CPK model, bridging exo-H2B22+ are in green 

color sticks, and terminal exo-HB2+ in magenta color sticks; right: all in CPK model. Disordered, 

co-crystallized chloroform molecules have been omitted for clarity. Turquoise and black broken 

lines represent N−H…O and O−H…O hydrogen bonding, respectively. 

 

Extension of the asymmetric unit reveals the formation of a hydrogen bonded 2D coordination 

polymer featuring dimeric capsules (see Figure 3). Two differentially protonated 

dimethylpiperazines are exo-cavity bound via N−H…O hydrogen bonds to the deprotonated 

oxygen atoms of the host. The first is a mono-protonated dimethylpiperazine (HB2+, magenta), 

which acts as a terminal ligand; the second is a doubly protonated dimethylpiperazine (H2B22+, 

green) whose cations act as linkers connect neighboring capsules into the higher-order linear 

structure. These two guests are bound on the opposite sides of the resorcinarene, and the 

resorcinarenes of the capsule adopt a head-to-tail arrangement relative to each other. This forms 

the 1D polymeric strand with bridging H2B22+s along the b-axis (Figure 3a). The N…O distance 

between the host and bridging guest is slightly shorter (2.618(5) Å) than the one between host and 
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terminal guest (2.671(5) Å). The interaction between the resorcinarene hosts without the help of a 

linker is demonstrated in Figure 3(b). Here, the capsules are connected directly via O−H…O 

hydrogen bonds (2.547(4) Å) forming an extended 2D polymeric assembly. The polar and apolar 

layers alternate along the c-axis. 

 

 

Figure 3: 2D hydrogen-bonded polymer viewed along the ab plane (top left): (a) capsules are 

linked together via bridging H2B22+ molecules along the b-axis, (b) hydrogen bonds connect the 

capsules directly along the a-axis. Disordered, co-crystallized chloroform molecules have been 
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omitted for clarity. Turquoise and red broken lines represent N−H…O and O−H…O hydrogen 

bonding, respectively. 

 

The initial host-guest complexation of A2+B1 did not afford single crystals suitable for X-ray 

diffraction. The addition of excess tetramethylammonium chloride to the reaction mixture resulted 

in the new host-guest complex of the type [(A2)2-∙2(TMA)+∙xCH3OH∙yH2O]n. Similar to the 

previous structure, this complex was obtained from CHCl3/MeOH via slow evaporation at ambient 

temperature. It crystallizes in the trigonal space group R3̅ with Z = 18. The asymmetric unit 

consists of one doubly deprotonated host molecule (A22-), one disordered endo-TMA+ cation, one 

disordered exo-TMA+ cation, and highly disordered co-crystallized solvent molecules (see Figure 

4). The latter have been squeezed out from the final structure model with the SQUEEZE33 

procedure in PLATON.34,35 No chlorides or protonated N,N’-dimethylethylenediamines (B1) 

could be observed in this solid-state structure. The formation of this product can be explained as 

follows: the base B1 initially deprotonates the 2-bromo-C-methylresorcinarene; after addition of 

excess TMACl, the protonated B1 is replaced by the smaller and more suitable guest, the TMA+ 

cation. Unlike the capsule discussed above, these molecules self-assemble into a nanotube, 

stabilized via several O−H…O hydrogen bonds between the resorcinarenes (see Figure 5). The 

nanotube has a diameter of ca. 6 Å. Additional stabilizing intermolecular C−H…π interactions 

between the endo-TMA+ cations with the aromatic rings of the hosts were observed. 
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Figure 4: X-ray crystal structure of A2•TMA obtained from a mixture of A2+B1+TMACl. (a) 

Host (A22-) is represented in a stick model, endo-TMA+ in the purple CPK model, and exo-TMA+ 

in as the magenta stick. Atom sites of tetramethylammonium cations with minor occupancies have 

been omitted for clarity. Turquoise and black broken lines represent O−H…O hydrogen bonding. 

The deprotonated phenolic groups are indicated. (b) All in CPK model. 
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Figure 5: Di-deprotonated 2-bromo-C-methylresorcinarenes form nanotubes along the c-axis 

through hydrogen bonds: (a) adjacent resorcinarenes are connected to each other forming a single 

helix, (b) the resorcinarene triple helix tube, and (c) crystal packing of A2•TMA. 

 

Solution studies 

To probe the solution dynamics of these processes, we conducted NMR and isothermal titration 

calorimetry (ITC) experiments with N,N’-dimethylpiperazine B2 since this was the only base that 

crystallized as discussed above. The crystal structures were obtained with simple methyl-

functionalized lower rin resorcinarenes (A1 and A2), but these species are challenging to study in 

solution due to the significant ‘breathing’ flexibility of the hydrophobic cavity and their limited 

solubility in chloroform.36 Consequently to examine the robustness of this salt formation, we 

switched to employing the more configurationally stable pentyl derivatives A3 (unfunctionalized 

at C-2) and A4 (brominated at C-2, Figure 1). The host-guest chemistry between each of these 

receptors, B2 (the dimethyl piperazine base), and TMACl (a salt) were probed in solution through 

1H NMR and ITC measurements. Halogenation, by decreasing electron density in the ring, 

increases the acidity of the phenolic hydroxyl groups which has a significant influence on the ion-

pair binding of ammonium salts in solution.29 We explored the deprotonation and host-guest 

complexation of these receptors by monitoring the shielding and deshielding effects on TMA+, 

B2, A3, and A4’s proton signals. The complexes in solution are in rapid equilibrium with the free 

components, hence only one set of signals representing an average of the overall host-guest system 

is observed. In CDCl3/CD3OD (90/10 v/v), with the methanol needed to fully dissolve the species 

at a concentration suitable for NMR, the chemical shift changes of the receptors’ aryl hydrogens 

were minimal due to the limited flexibility of the long chain macrocycles36  and the perfect size-
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match of the TMA+ which prevents the need for the distortion of the cavity to accommodate the 

guest.  

 

Figure 6: 1H NMR stack spectra (90% CDCl3, 10% CD3OD, 298 K) showing: (a) pure TMACl 

(top), equimolar TMACl@A3 (middle), pure A3 (bottom); (b) pure TMACl (top), equimolar 

TMACl@A4 (middle), pure A4 (bottom). 1H NMR stack spectra (70% CD3OD, 30% DMSO-d6, 

298 K) showing the addition of up to 8 quivalents of B2 to an equimolar mixture of (c) A3+TMA, 

and (d) A4+TMA. Star represents the residual solvent. The dash lines give an indication of the 

signal changes in ppm.  

By following the extent of shielding, we qualitatively determine how deep the TMA+ sits in the 

cavity of the receptor, but not the binding affinity (see the section on ITC below).37 In this solvent 

mixture, TMA+ is highly shielded in the parent resorcinarene (A3) compared to halogenated 
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resorcinarene (A4) (Figure 6a and 6b). As an average of an overall system, the decreased electron 

density of the A4 cavity compared to A3 also reduces the degree of shielding observed. 

Introduction of the base, B2 in CDCl3 deprotonates the resorcinarene and is accompanied by the 

disappearance of the Aryl-OH groups (Figure S5); however, the loss of the Ar-OH signals could 

also be a result of a fast exchange of another form. To further probe the effect of deprotonation, 

B2 was titrated into an equimolar mixture of the host and TMA+ in CD3OD/DMSO-d6 (70/30 v/v 

at 298 K). This highly polar solvent mixture would better separate the ion-pairing of the 

deprotonated host. Considering the extreme competition of this solvent mixture, only minor 

shielding of the TMA+ proton signals is observed which is expected. In the case of A3+TMA+, 

the addition of B2 to this equimolar mixture did not indicate any changes to either the host’s or the 

TMA+’s signals. (Figure 6c, Figure S6), and only very minimal changes to the B2 signals were 

observed. This suggests limited proton transfer. In the case of A4+TMA+, the addition of B2 

resulted in a significant shielding of TMA+’s signal. The host aryl signal also changes significantly 

supporting deprotonation and host-guest complexation (Figure 6c, Figure S6). Additionally, clear 

deshielding of the B2 signals points to the protonation of this species under this condition. This 

result also supports the phenomenon seen with the crystal nanotube structure obtained from 

A2+B1+TMACl, where the base deprotonates the host and makes it a better receptor for the TMA 

cation.  

Next, we used Isothermal calorimetric titrations between receptors A3, A4, dimethyl piperazine 

(B2), and tetramethylammonium chloride (TMACl) to quantify the thermodynamic parameters of 

binding including the affinity constants (Ka), and the enthalpic and entropic contributions to the 

self-assembly processes in solution. These titrations were carried out in chloroform to ensure 

optimum deprotonation of the acidic hydroxyl groups of the resorcinarene by the base and 
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enhanced host-guest binding. In solution and solid-state, prior research has shown that up to four 

hydroxyl groups can be deprotonated by a suitable base.38–41 Deprotonation by dimethyl piperazine 

(B2) creates a cationic guest (H2B22+) in solution that can occupy the cavity of the resorcinarene, 

stabilized through cation- interactions. The electron withdrawing bromo-substituent at position 2 

of the resorcinarene A4 decreases electron density in the ring and as a result, we observed a weaker 

binding affinity of the H2B22+ in the cavity of the resorcinarene A4 compared to A3 (Table 1, 

Figure S7, S8). However, the thermodynamics of H2B22+ endo-complexation in A3 is mostly 

driven by entropy, while the endo-complexation in A4 is driven by enthalpy to create a more 

spontaneous system. We also observed a second binding event in B2@A3 that possibly involves 

a second resorcinarene. 

In calorimetric titrations with TMACl, a salt, the deprotonation event does not occur, but what 

happens is a host-guest ion-pair binding also observed with unfunctionalized resorcinarenes.30,32 It 

is noteworthy that the reduced binding affinity of A4 towards the TMA+ cation due to the 

decreased cavity electron density is compensated by the increased binding affinity of the chloride 

anion to the more acidic phenolic hydrogens. This was reflected by the higher order of magnitude 

binding of K1 and K2 in TMACl@A4 compared to TMACl@A3. This is the synergistic effect 

created by the interaction of the A4 with the chloride counterion of TMACl through enhanced 

hydrogen bonding. The resultant TMA+ is much more readily available to undergo cation- 

interactions with the resorcinarene cavity. Both molecular recognition processes (K1 and K2) are 

enthalpically and entropically favourable but complexation is slightly stronger in A4 compared to 

A3. 
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Table 1: Thermodynamic binding parameters of formed complexes between the receptors A3 and 

A4 and the guests (B2 and TMACl) by ITCa 

Complex K1 

(× 105) M-1 

ΔH1 

kcal/mol 

TΔS1 

kcal/mol 

ΔG1 

kcal/mol 

A3@B2 0.87±0.07 -10.8±2.13 -4.08 -6.72 

A4@B2 0.11±0.002 -12.1±2.16 -6.53 -5.57 

A3@TMACl 0.51±0.15 0.25±0.06 6.68 -6.43 

A4@TMACl 3.63±1.15 -0.32±0.11 7.54 -7.86 

Complex K2 

(× 104) M-1 

ΔH2 

kcal/mol 

TΔS2 

kcal/mol 

ΔG2 

kcal/mol 

A3@B2 0.30±0.05 -125.4±6.33 -120.7 -4.70 

A4@B2 * * * * 

A3@TMACl 0.13±0.006 -8.51±2.48 -4.23 -4.28 

A4@TMACl 2.32±0.54 -6.81±0.62 -0.86 -5.95 

a ITC was done in chloroform at 298K. * fit to only one site binding model 

 

CONCLUSIONS  

In conclusion, in the presence of amine bases, the 2-bromo-C-methylresorcinarene host can be 

doubly and triply deprotonated resulting in host-guest complexes in the solid phase. In the triply 

deprotonated host, the doubly protonated amine acts as a guest in a dimeric capsular assembly with 

another protonated amine connecting the complexes into a 2D network of dimeric capsules. In the 

doubly deprotonated host, and in the presence of TMACl, a host-guest assembly of only the 

deprotonated host and the TMA+ cation was isolated resulting in a tightly packed nanotube. 1H 

NMR solution studies with one base, support the deprotonation and host-guest complexation of 

the brominated resorcinarenes with more acidic protons that are easily deprotonated by the base. 

ITC studies provide an overview of the thermodynamics of the binding process with the system 
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being either enthalpy or entropy driven depending on the substituent on the resorcinarene ring. 

Quantification reveals a very high binding constant for TMACl by the 2-bromo-C-

pentylresorcinarene (K1=3.63⨯105 M-1, K2=2.32⨯104 M-1), much higher than with 

unfunctionalized C-pentylresorcinarene (K1=5.10⨯104 M-1, K2=1.30⨯103 M-1) which we attribute 

to stronger ion-pair binding involving the more acidic phenolic hydroxyl groups. This work 

provides additional fundamental insights into how subtle changes on the resorcinarenes can have 

a fundamental effect on their capability as synthons in the construction of very exotic 

supramolecular architectures. 

EXPERIMENTAL SECTION 

The solvents used for synthesis, 1H NMR and ITC experiments, and crystallization experiments 

were reagent grade and were used as received without further purification. Receptors A1 – A4  

were synthesized by following literature methods.42,43 The amines B1-B7 and TMACl were 

purchased from Sigma Aldrich. 1H NMR spectra were recorded on a Bruker Avance DRX 300 

spectrometer. ITC measurements were performed using VP-ITC instrument made by MicroCal.  

Single-crystal X-ray data for A2+B2 (CCDC-2156196) and A2+B1+TMACl (CCDC-2156197) 

were collected using Bruker-Nonius KappaCCD diffractometer with an APEX-II detector with 

graphite-monochromatized Mo-Kα (λ = 0.71073 Å) radiation. Data collection and reduction were 

performed using the program COLLECT44 and HKL DENZO AND SCALEPACK,45 respectively, 

and the intensities were corrected for absorption using SADABS.46 The structures were solved with 

Direct Methods (SHELXS)47–49 and refined by full-matrix least-squares based on F2 using 

SHELXL-2015. Single-crystal X-ray data and experimental details are given in the Supporting 

Information.  
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Multi-deprotonated 2-bromo-C-alkylresorcinarene forms host-guest complexes with both 

protonated dimethylpiperazine and tetramethylammonium cations resulting in capsular and 

nanotube assemblies. Increased ion-pair binding is attributed to the electron-withdrawing abilities 

of the bromine rendering the hydroxyl groups acidic for anion binding.  
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