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Abstract 

 Anions are important hydrogen bond acceptors in a range of biological, chemical, 

environmental and medical molecular recognition processes. These interactions have been 

exploited for the design and synthesis of ditopic resorcinarenes as the hydrogen bond strength can 

be tuned through the modification of the substituent at the 2-position. However, many potentially 

useful compounds, especially those incorporating electron-withdrawing functionalities, have not 

been prepared due to the challenge of their synthesis: their incorporation slows resorcinarene 

formation that is accessed by electrophic aromatic substitution. As part of our broader campaign 

to employ resorcinarenes as selective recognition elements, we need access to these specialized 

materials, and in this article we report a straightforward synthetic pathway for obtaining a 2-

(carboxymethyl)-resorcinarene, and resorcinarene esters in general. We discuss the unusual 

conformation it adopts, and propose that this arises from the electron-withdrawing nature of the 

ester substituents that renders them better hydrogen bond acceptors than the phenols, ensuring that 

each of those acts as a donor only. DFT calculations show that this conformation arises as a 

consequence of the unusual configurational isomerism of this compound and interruption of the 

archetypal hydrogen bonding by the ester functionality.  
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Introduction  

Resorcinarenes are (usually)-bowl-shaped macrocyclic compounds stabilised by a circular 

network of intramolecular O···H−O hydrogen bonds.[1, 2] These compounds represent a unique 

family of host compounds which have been extensively studied in supramolecular host-guest 

chemistry because they display several sites for non-covalent interactions, excellent pKa tunability, 

and an electron rich bowl-shaped cavity in the C4v symmetric conformation, among a myriad of 

other interesting properties.[2-4] Their cavity can accommodate a wide range of guest molecules 

through non-covalent interactions including (but not limited to) hydrogen bonding, halogen 

bonding, cation···π, C−H···π as well as π···π interactions depending on both the size and charge 

distribution of the respective guest molecules and the functionalization of the resorcinarene.4 In 

addition to their structural role enforcing the upper rim of the macrocycle, the hydroxyl groups at 

the 1 and 3 positions on the aromatic subunits can participate extensively in hydrogen bonding 

with hydrogen bond accepting guest molecules.[5-9] As a direct result of these hydrogen bonded 

supramolecular networks, resorcinarenes have been extensively exploited as appropriate hosts to 

accommodate a myriad of guests ranging from alcohols,[10-14] to sugars,[15-18] steroids[19-21] 

and even heterocyclic five- and six-membered ring compounds as guest molecules.[22-26]  

 On resorcinarenes themselves, reaction at C2 is selective over C4 and C6 positions, as these 

are blocked by the lower rim linkages of the resorcinarene ring. The hydrogen bonded network of 

hydroxyl groups enhances the acidity of the phenol while increasing π-basicity inside the 

cavity.[27] Attenuation or cleavage of the O−H bonds, exo to the upper rim, by bases results in 

increased electron density on the oxygen, effectively strengthening the hydrogen bonding.[26, 28-

30] 



 

Figure 1: A generic resorcinarene illustrating the numbering convention  

 Functionalization of resorcinarenes at the 2-position tunes the relative acidity of the 

phenolic hydrogens allowing for selective reactions with certain guests. Deprotonation of the 

phenolic hydrogens with amine bases creates protonated ammonium cations which form 

interesting supramolecular complexes with the anionic resorcinarenes. These assemblies may have 

enhanced crystallinity that can then be studied both in the solid state and solution state by single 

crystal X-ray diffraction and 1H NMR respectively, as well as in the gas phase by mass 

spectrometry. The challenge is to access a wide enough variety of resorcinarenes to take advantage 

of these potential specific interactions. As part of our campaign to access a greater variety of these 

molecules, we wish to report the synthesis of a simple ester resorcinarene, and its very un-

resorcinarene like conformation. 

Results and Discussion 

A resorcin[4]arene with an ester functionality in the 2-position has not been reported; this moiety 

would act as an electron-withdrawing functionality that would increase the acidity of the phenols.  



The formation of resorcinarene macrocycles as crystalline solids with high melting points through 

the acid-catalyzed condensation of resorcinol (or functionalized resorcinols) with aldehydes is well 

established.[1] Högberg was one of the first to discover the synthesis of resorcinarenes using 

formaldehyde and resorcinol in acidic conditions.[31] This approach works extremely well for 

simple 2-haloresorcinarenes and we have found success employing it for other functionalities, so 

it was the starting point for our synthesis.[32] 

To obtain 2-substituted resorcinarenes functionalization can take place either before or 

after cyclisation. As macrocycle formation blocks the 4 and 6 positions the post-cyclisation 

strategy can have advantages in terms of regioselectivity, although as four functional group 

transformations must occur in every step, incomplete substitution can lead to complex mixtures, 

difficult purification and low yields. Pre-cyclization methods, by contrast, introduces 

regioselectivity issues, but the use of a purified monomer ensures uniform substitution in the 

macrocycle. In this case we pursued a pre-cyclisation derivatization protocol because of the ready 

availability of a suitable precursor; the monomer unit was readily obtainable via a slow Fischer 

esterification of commercially available 2,6-dihydroxybenzoic acid using sulfuric acid in 

methanol. Following removal of the solvent in vacuo, the residue was dissolved in 

dichloromethane and washed with saturated sodium bicarbonate, which removed any unreacted 

starting material along with the sulfuric acid catalyst. Pure methyl 2,6-dihydroxy benzoate was 

obtained as a pinkish solid in 51% yield (Scheme 1). 



 

Scheme 1: Synthesis of the resorcin[4]arene from 2,6-dihydroxybenzoic acid.   

 

 With the functionalized resorcinol in hand, several approaches toward macrocyclization 

were attempted using isovaleraldehyde, as the tetra isobutyl resorcinarenes are typically highly 

crystalline in our experience. Initially, an acid catalyzed cyclization using the methodology from 

Högberg,[31] a 2:2:1 v/v mixture of methanol, water and concentrated hydrochloric acid at reflux 

over several days, was attempted. However, upon workup a complex mixture was observed that 

included partial hydrolysis of the methyl ester moieties, and a significant amount of acyclic 

oligomeric and polymeric material, presumably as a consequence of the high water content in the 

mixture; none of the tetra ester product could be detected. Attempts to re-esterify this complex 

mixture resulted in decomposition of the material. This suggests that it might be difficult to access 

the ester from the known 2-carboxy resorcinarene.[33] 

 As an alternative, we know that the electron-withdrawing ester group decreases the pKa of 

the phenol groups relative to the unsubstituted homologue making them easy to deprotonate; the 

resulting phenolates would increase the nucleophilicity of the resorcinol, and any undesired 

oxygen-centered nucleophilic attack on the aldehyde electrophiles would be non-productive. 

Consequently, we attempted a base-catalyzed approach. Bourgeois has effected the 



macrocyclization of 2-nitroresorcin[4]arene using sodium hydroxide in water;[34] instead we used 

a solution of sodium methoxide in methanol so as not to hydrolyze the methyl ester. Upon 

quenching with acid and filtration, a complex mixture was observed that showed 1H NMR signals 

at approximately 6.3 ppm. This suggested that the aldehyde component had undergone an aldol 

self-condensation as the major reaction. It should be noted that any of the resorcinarenes reported 

to date that were cyclized under basic conditions were only done so using formaldehyde as the 

aldehyde component. Lacking any α-protons, enolate formation (and hence aldol reaction) is 

impossible in these cases, explaining why this complication hasn’t been reported, though it has 

likely been encountered. However, no hydrolysis of the ester was observed. Combining these 

insights, we were able to effect the desired macrocyclization by employing concentrated sulfuric 

acid in methanol, providing the desired resorcinarene as a white solid in a poor 1-4.4% yield over 

repeated trials, with a great majority of the lost mass balance attributed to the formation of polymer 

and oligomer (Scheme 1). Curiously the NMR was not as we expected and gave us grave concern 

(Figure 2). Generally, resorcinarenes are, as we have emphasized, found in a C4v symmetric bowl-

shaped conformation. In this form, the protons on each of the subunits is magnetically equivalent 

with its congeners on the others. Consequently, one only observes a single aromatic signal, a single 

benzylic signal, and a single set of peaks for the lower rim alkyl chain. This is not what we found. 

Instead, our spectrum was consistent with a pair of isomers. We spent a significant amount of time 

examining this challenge but the apparent mixture behaves as a single compound on TLC, and 

HPLC, and we could never separate these signals. Seeking clarification on this issue, we attempted 

to recrystallize, but this also did not change the ratio of the signals or enrich our sample in either 

compound. However, it did provide us with material of sufficient quality for X-Ray analysis. 

 



 

Figure 2: 1H NMR spectrum showing C2 configuration in solution 

 

Crystals suitable for single-crystal X-ray diffraction could be obtained from the white powder by 

slow evaporation of a chloroform solution (Figure 3). The crystal structure of the obtained 

compound revealed two unusual features. Firstly, the configuration of the isobutyl groups around 

the lower rim of the resorcinarene is reminiscent of C2 symmetry (this can be seen in the 2D 

representation in Figure 4a), in contrast to the more commonly observed C4v isomer. Secondly, in 

the majority of resorcinarene crystal structures, the observed conformation is the archetypal bowl 



shape. This crystal instead exhibited a “chair” conformer with a pseudo-C2 rotation axis where two 

of the resorcinol subunits (2 and 4, see Figure 2 inset for numbering) are coplanar with one another 

while the other two (1 and 3) sit orthogonal to the plane and antiperiplanar to one another. This 

result also clearly contextualizes the doubling of the resonances in the NMR spectra: this 

conformation is not an artifact of crystallization but appears to persist in solution and not rapidly 

interconvert or “flip” the pseudochair, in which case we would observe a single set of peaks as the 

average of the two chemical environments. The NMR spectrum can now be understood in terms 

of this conformational preference, where the two 6H singlets at 4.10 and 3.98 ppm correspond to 

the methyl esters in two different environments. This is consistent with the pseudochair 

conformation, where rings 1 & 3 are related by a C2 rotation axis (through the C2/C5 atoms of 

rings 2 & 4) and 2 & 4 are related by a mirror plane that bisects rings 1 & 3. We are currently 

developing a model to explain this unusual conformation, and stereoisomeric product, and are also 

preparing additional electron-poor members that might show similar behaviour. However, we 

speculate that without the phenols working together to form the hydrogen bond network and 

template the forming resorcinarene, the typical C4v conformation might not be favoured.  

     



Figure 3. Front and side view of the crystal structure of 2-(methylcarboxyl)resorcin[4]arene with 

elipsoids drawn at 50% probability.. H-atoms omitted for clarity. Deposition #2070167 in the 

CCDC. 

To investigate the unusual conformational preference of the resorcinarenes, DFT 

calculations were performed at the ωB97XD/6-311G(d,p) level of theory in the gas phase and 

using the polarized continuum solvation model (PCM) to consider solvent effects. Geometric 

optimizations of the “chair” conformation and a theoretical “bowl” geometry were performed. The 

initial geometry for the “chair” conformer was obtained from the solid-state molecular structure, 

whereas the “bowl” conformer was based on solid state molecular structure of known 

resorcinarenes. The energies and structures of the solvent-corrected optimized conformations are 

provided in Figure 4a; the optimised structures (as .mol2 files), gas phase energies and all 

thermodynamic parameters can be found as Supporting Information. These calculations showed 

that the classic resorcinarene bowl conformation was disfavoured by 20.5 kcal/mol using the 

solvent correction (25.7 kcal/mol in the gas phase), an enormous preference for the observed 

conformer. This large preference has two possible contributing factors: first, the ester functional 

groups are Lewis basic and therefore have the ability to act as hydrogen-bond acceptors to the 

phenolic hydrogen bond donors when coplanar to the benzene ring. Second, most resorcinarenes 

are found as the C4v configurational isomer; the steric hinderance of the isobutyl groups in the 

isomer obtained in this case may also impact the conformational preference of the macrocycle. 



 

Figure 4: Computed energies of a) the obtained C2 isomer and b) expected C4v isomer. All C−H 

bonds have been omitted and the isobutyl groups are represented by navy spheres for clarity. 

Hydrogen bonds have been highlighted in blue. Note: the configuration refers purely to the relative 

arrangement of the isobutyl groups. 

To investigate the impact of these factors, chair and bowl structures of a C4v resorcinarene 

were also calculated (Figure 4b). The chair conformer is still preferred in these structures, 

although the preference is much reduced compared to the C2 isomer; (4.1 kcal/mol using the 

chloroform solvent correction, 9.8 kcal/mol in the gas phase). This shows that the configuration at 

the carbons bridging the resorcinol subunits can have a significant effect on the conformational 

preference of the macrocycle, but is not the most important factor in this case. The upper rim of a 

resorcinarene bowl is formed by a hydrogen bond network; this is interrupted by the presence of 

the esters as hydrogen bond acceptors. The esters in the crystal structure are all coplanar with the 



benzene rings; this maximises the delocalisation of electron density from the electron-rich ring 

into the carbonyl of the ester, which enhances its Lewis basicity. This likely has a synergistic effect 

with the hydrogen bond-donor phenols, which will hold the ester coplanar. It should be noted that 

delocalisation is not the only reason for coplanarity; in each of the computed bowl structures two 

of the ester groups rotate out of the plane in the absence of this hydrogen bonding. We can therefore 

conclude that the ester acting as a hydrogen bond acceptor therefore has the most significant effect 

upon the conformational preference of this macrocycle. Investigations into the generality of this 

phenomenon are underway in our laboratory. 

 

Conclusion: 

 We have successfully synthesized a novel 2-methyl ester resorcin[4]arene under simple 

acid catalyzed conditions, if in poor yield, and the structure and solid-state conformation were 

determined by single crystal X-ray diffraction and NMR spectra. Computational investigations of 

this system revealed a significant preference for the observed pseudochair conformation and shed 

light upon the interplay of configurational and hydrogen bonding effects that are in operation in 

resorcinarene structures. Our studies in this area will further investigate the conformational 

preference of this and related systems, and methods to rationalise and control this aspect of 

supramolecular architecture will be developed.  
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