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Abstract: Anion recognition represents an intense area of research in supramolecular chemistry. The last two decades have been 

marked by spectacular advances in the design of new anion receptors. Moreover, the development of approaches combining 

experimental and theoretical studies has proved to be particularly relevant, allowing a better understanding and rationalization of 

the phenomena involved in anion complexation processes. In this context, the combination of weak interactions within the same 

receptor and their synergistic effects, called cooperativity, has attracted increasing interest within the scientific community. This 

review focuses on the combination of anion-π and hydrogen bonds and the emerging concept of cooperativity. The most relevant 

anion-π donor families are presented. The concept of cooperativity is illustrated using the most recent examples present in current 

literature.  
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1. Introduction 

Study of anion-π interaction was pioneered by Hiraoka et al. in 1986 through examination of hexafluorobenzene-halogens 

interactions in the gas phase. They established the non-covalent nature of the interaction with Cl-, Br- and I-. [1] Nowadays, 

the existence of this non-covalent interaction is quite accepted in the literature. [2–4] 

Anion-π interaction, defined as being a non-covalent interaction between an electron deficient aromatic ring and an anion, 

have attracted increasing interest over the past two decades because of their involvement in supramolecular processes 

such as molecular recognition or biological machineries. Historically, first synthetic anion receptors were notably based on 

hydrogen bonding (see among others, pioneering works of Nobel Prizes Jean-Marie Lehn, Donald Cram and Charles J. 

Perderson, but also Chang H. Park and Howard E. Simmons). [5–10] These first examples rely on the NHs of amides, ureas, 

isophtalamides, or OHs of phenol derivatives as hydrogen bond donors.[11] At first, anion-π interactions and hydrogen 

bonding were used and studied separately. Combinations of these non-covalent interactions in synthetic anion receptors 

only emerged recently. Following our research projects covering different topics such as 3D curved and/or helical 

molecular architectures to complex cations, [12–20] the fluorescent tetrazine chemistry [21–37] and gas-phase interaction 

between biomolecules and metals by mass-spectrometry techniques, [38–40] we recently focused on the formation of anionic 

complexes combining anion-π interaction and hydrogen bonding. [41–43] The combination of such interactions leads to 

interesting synergic effects called cooperativity, whose rationalization remains a challenge. 

Starting from this observation, this review aims to discuss the use of anion-π interaction in cooperativity with hydrogen 

bonding for anion recognition. First,  we propose a classification into different families of main up-to-date anion-π donors 

observed in literature. Each family is described, and examples are presented. Selected literature is suggested to go further 

on the different families. Then, main examples of cooperativity between anion-π interaction and hydrogen bonding 

classified by the type of anion-π donor involved are introduced. Finally, some perspectives on future challenges are given. 

2. Anion-π donors : from theoretical studies to molecular recognition 

An anion-π interaction is an interaction established between an anion and an electrodeficient aromatic group. [44] However, 

not all aromatic groups are prone to establish an anion-π interaction. As a relevant example, the benzene molecule, only 

establishes repulsive interactions with anions despite its high molecular polarizability (α∥= 41.5 a.u.). Thus a typical profile 

of an anion-π interaction donor would imply strong electron withdrawing substituents to modify the distribution of charges 

above the aromatic ring (quantified by the quadrupole moment QZZ) or the ability of the electronic system to be distorted 

by the proximity of an anion (quantified by the molecular polarizability α∥). [2–4] 

2.1 Diversity of anion-π donors 

A large diversity of anion-π donors is reported in current literature. Figure 1 summarizes the main anion-π bond donors 

molecular architectures. Hereafter, we propose to classify them in different families: aromatic and heteroaromatic 

fluoroarenes, benzoquinone derivatives, azines, nitrobenzenes, polyaromatic compounds also called π-slides, boric and 

phosphoric derivatives and aromatics with electron withdrawing groups. Each family will be introduced separately in this 

chapter, and key examples will be given.  

Few examples of benzoquinone derivatives as well as aromatic derivatives are used in anion receptors bearing hydrogen 

bond donors. However, as these structures are promising patterns for future anion receptors designs, we highlight these 

structures in Figure 1 and encourage the reader to see the following references for more information. [45–51] 
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Figure 1 Panel of reported anion-π bond donors used alone or in combination with hydrogen bond donors. 

2.2 Fluoroarenes 

Anion-π interactions involving fluoroarenes have been extensively reviewed by Giese, Albrecht and Rissanen.[52] We will 

therefore focus on main aspects of this family and encourage the reader to come through the aforementioned review for 

further details. 

In 2002, Deyà et al. corroborated the pioneering results of Hiraoka et al. with a combined theoretical and crystallographic 

study, thus paving the way to the study of this non-covalent interaction. They ascertained the formation of favorable anion-

π interactions between hexafluorobenzene and various anions (H-, F-, Cl-, Br-, CN-, NO3
- and CO3

2-). [4,53] It should be 

emphasized that in the particular case of hexafluorobenzene, no C-H bond are available, hence preventing the formation 

of a competing C-H···anion interaction and therefore confirming the anion-π nature of the trapping site. [52] 

Within the fluoroarene family, 1,3,5-trifluorobenzene has been studied theoretically by Deyà, Frontera et al. (Figure 1). [54] 

Their study demonstrated that the very weak quadrupole moment (Qzz=0.57 B) of the molecule is counterbalanced by a 

high molecular polarizability (α∥=38.79 u.a.). Thus, these two effects allow the formation of a complex with the fluoride 

anion with an estimated interaction energy of -7.77 kcal.mol-1 in vacuum (MP2/6-31++G** including BSSE correction). 

The same year, Alkorta et al. published a theoretical study of the interaction between various fluorinated (hetero)arenes 

and anions. [55,56] The calculated interaction energy values with chloride anion for perfluoropyridine (-14.08 kcal/mol) and 

perfluoronaphthalene (-17.31 kcal/mol) are quite similar to the one found for hexafluorobenzene (-12.76 kcal/mol). On the 

other hand, the interaction energy is lower in the case of five-membered rings (-9.04 kcal/mol for tetrahydrofuran, for 

instance). The anion-aromatic plane centroid distance remains in the 3.0-3.3 Å range in all cases. 
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Weber et al. described a combined theoretical and experimental (infrared photodissociation spectroscopy) study of the 

influence of the level of fluorination on anion-π bond formation versus hydrogen bonding. [57] In the gas phase, the anion-

π interaction is observed only in the case of the perfluorinated derivative while at lower levels of fluorination, C-H···anion 

are always preferred in these complexes. Albrecht, Rissanen et al. [58,59] also studied the balance between the two 

phenomena by quantum chemistry with the model compounds 1 and 2. The anion-π interaction is attractive in cases where 

ortho positions are fluorinated. If at least one ortho position is hydrogenated, the establishment of a C-H···anion bonding 

with the ortho hydrogen of the electron deficient aromatic ring is favored (Table 1). This result was confirmed in solid state.  

Table 1 Influence of the level of fluorination on the coordination mode with bromide anion (insert : structure of 1 and 2). [58] 
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The same group further confirmed this result by another theoretical study where it was examined the location of the anion 

above the plane of various benzene derivatives as a function of the level of fluorination. [60] What is particularly interesting 

is that at least three fluorine atoms are necessary to establish an anion-π interaction. Consequently, the anion–aromatic 

distance increases when the level of fluorination decreases.  

Finally, perfluoro-1,1’-biphenyl was recently identified by Albrecht et al. as a promising candidate for anion-π bond donor 

(Figure 1). [61] However, to the best of our knowledge, no other anion receptor using this fragment is found in the literature. 

2.3 Azines 

The replacement of carbon atoms in benzene by nitrogen atoms impact (i) the electron deficiency, (ii) both the sign and 

value of the quadrupole moment and (iii) enhance the molecular polarizability, of the aromatic ring. [2] The source of the 

positive quadrupole moment that allows anion-π interactions with azines, has been studied theoretically by Wheeler and 

Bloom. [62,63] Therefore, the ability of azines to establish anion-π interactions arises from the σ-electron electron density 

distribution, while π-electrons only play a minor role in the polarization of the electron density. Anion-π interactions are 

formed with azines because of a stronger nuclear attraction than the repulsive interaction between the anion and the 

aromatic group. [64] 

Pyridine interaction with chloride anion is unfavorable (+2 kcal/mol). Its weak electron deficiency prevents the 

establishment of a stable anion-π interaction. However, it was shown that coordination with silver(I) reinforce the electron 

deficiency and allows a favorable pyridine – chloride interaction (-14.8 kcal/mol).[65,66]  

2,5-dichloropyridazine possesses a weak positive quadrupole moment (Qzz = 1.47 B) and a high molecular polarizability 

(α∥=44.32 u.a.), enabling theoretically the formation of anion-π interactions (Figure 1). [54] To the best of our knowledge, 

only a few studies in solution are available. [67],[45] 
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Triazines have been largely studied in the field of molecular recognition. Mascal et al. initially reported in 2001 an ab initio 

study on the interaction between 1,3,5-triazine (Qzz=0.90 B and α∥=30.34 u.a.[54]) or 1,3,5-trifluorotriazine (Figure 1) and 

a series of anions (F-, Cl-, N3
-). A theoretical calculation showed strong favorable interaction energies, paving the way to 

the use of this motif as an anion-π bond donor. [68] Trichlorotriazine is a molecular moiety that has been extensively used 

to produce triazine derivatives thanks to the presence of the three chlorinated positions, that can undergo nucleophilic 

substitutions to prepare, for example, macrocyclic structures. Several families have been synthesized and studied in the 

field of anion complexation (for more details see the reviews by Gamez [56] and Dunbar et al. [4]). 

Wang et al. synthesized and studied a particular class of receptors: oxacalix[2]arene[2]triazines (Figure 2). First, the 

complexation of various anions by these macrocyclic compounds was assessed both theoretically and experimentally in 

solid state, solution and gas phases. In all cases, complexes with a 1:1 stoichiometry were observed as well as association 

constants in the 102-104 M-1 range in acetonitrile. [69] A similar trend was found in the gas phase. [69] More recently, the 

same team extended its approach to the synthesis of macrocycles with multiple cavities named “supermacrocycles”, that 

allows the introduction of a balance between rigidity and flexibility. [70–72] This balance is particularly relevant regarding the 

complexation properties of molecular receptors as preorganization can deeply influence either positively or negatively, the 

interaction with anions of different geometries. [73] The initial proof of concept was demonstrated in the solid state with the 

capture of carboxylate anions in the cavity. Subsequently, a mass spectrometry study demonstrated that a wide variety of 

anions (ClO4
-, H2PO4

-, HSO4
-, SO4

2-, PF6
-) are complexed in the gas phase. However, a weak interaction in solution 

prevents the observation of the complexation.  

 

Figure 2 Example of oxacalix[2]arene[2]triazine. 

Stoddart et al. prepared a macrocyclic cyclophane 3 based on two triazines substituted with pyridinium cations, that form 

an electron deficient cavity allowing the capture of anions or polycyclic aromatics (Figure 3). [74] 

 

Figure 3 Triazine-based macrocyclic cyclophane (Reproduced from Ref.[59] with permission from The Royal Society of Chemistry). 

Cyanuric acid derivatives are triazine tautomers, and the series of compounds 4-7 shown in Figure 4 have been 

systematically studied in a theoretical approach by Frontera, Deyà et al. [59,75] Surprisingly, the calculated interaction 

energies are not affected by switching from oxygen to sulfur atoms due to opposite effects (decrease of quadrupole 

moment and increase of molecular polarizability), that compensate each other when oxygen is substituted by sulfur atoms. 

.  
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Figure 4 Cyanuric acid derivatives : calculated quadrupole moments and molecular polarizabilities. 

In the azine series, tetrazine constitutes a rather peculiar case which will be discussed in the following section. 

Heptazines are part of a poly-nitrogen heterocyclic family that have gained an increasing interest in recent years. [76-78]  

Kim et al. investigated their potential as anion-π bond donors by a theoretical approach. [79] In heptazine, a strong positive 

partial charge is calculated (q=0.65 a.u.). Halogen complexes studied have high interaction energies (F- 86.1 kcal/mol and 

Cl- 50.2 kcal/mol).  

Finally, it must be noted that hypothetical derivatives have also been investigated by theoretical methods. For example, 

hexazine, an aromatic ring made of six nitrogen atoms (N6), was studied by Frontera, Deyà et al. (Figure 1). [80] Its positive 

quadrupole moment (Qzz=+7.57 B) and high molecular polarizability (α∥=+25.94 a.u.) should favor anion-π bonds. The 

calculated interaction energy of its complex with chloride is important (Eint=-14.0 kcal.mol-1 at the MP2/6-31++G** level of 

calculation with BSSE and ZPE corrections). However, synthesis of this highly unstable structure remains a goal to 

achieve, even if a recent attempt on an anionic analogue was recently proposed.[81] 

2.4 Case of tetrazine 

Tetrazine is a six-membered heterocyclic ring with the chemical formula C2H2N4. It can exist as three isomeric forms: 

1,2,3,4-, 1,2,3,5- and 1,2,4,5-tetrazine. [82] The subsequent section will focus on 1,2,4,5-tetrazines, also called s-tetrazines, 

which attracted intense interest. 

The pioneering theoretical works of Frontera, Deyà et al., two decades ago, highlighted the potential of tetrazine to act as 

an anion-π bond donor, due to an electron deficient character of tetrazine (Qzz= +2.5 B) as well as a large molecular 

polarizability (α∥=58.7 au), the latter being the main contributor to the anion-π interaction. [83] They calculated various 

energy contributions upon interactions of F-, Cl- and Br- with the tetrazine ring. [83] Complexes are energetically favorable 

in the following order: -18.75 kcal/mol for F-, -10.91 kcal/mol for Cl- and -10.30 kcal/mol for Br- (MP2/6-311+G** level of 

calculation with BSSE correction). 

Bianchi, Melguizo et al. also extensively studied the anion binding properties of a series of ligands 8-11 made of a central 

tetrazine linked to two morpholines through spacers of various lengths (Figure 5). [2,84–90] 1:1 complexes have been 

observed both in the solid state and in solution with ligands 8 and 9 and a series of anions, namely F-, Cl-, Br-, I-, NO3
-, 

PF6
-, ClO4

-, SO4
2-, I3-, SCN- and HO-. [84–86,88] The influence of both the length [90] and the rigidity [87] of the spacer on the 

anion binding behavior were also evaluated with 10, 11 and 12. The lengthening of that spacer leads to a weaker 

association and multiple complexes of different stoichiometries. In contrast, the rigidification of the receptor like in 12 

causes various complexes with undefined stoichiometries. 

  

Figure 5 Tetrazine based ligands studied by Bianchi and Melguizo. [2,84–90] 
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On the other hand, Wang et al. extensively studied cyclophane analogues incorporating tetrazine moieties: the 

corona[n]arene[n]tetrazines, whose generic and simplest structure 13 is reported in Figure 6. [72,91,95] The cyclic shape of 

these receptors induces a special selectivity for linear anions N3
- and SCN-. Interaction strengths with thiocyanate anion 

depends on the macrocycle structure : 14 (202 ± 1 L.mol-1) > 16 (136 ± 2 L.mol-1) > 17 (134 ± 4 L.mol-1) > 15 (102 ± 1 

L.mol-1). [92] Rigid structures like 18 were also considered, enabling the anion complexation in gas phase but not in solution 
[93]. The bicyclic compound 19, recently prepared by the same team, displays a remarkable selectivity towards the SCN- 

anion. [94] 

  

Figure 6 General structure of coronarenes (Reprinted with permission from Springer Nature: Springer, Science China Chemistry [91], 

Copyright 2018) and examples of coronarene isomers reported by the team of Wang. [92–94] 

Finally, Stoddart et al. recently described the design and synthesis the “Tetrazinebox” 20, a structurally transformative 

tetrazine-containing tetracationic cyclophane, which seems to be of great interest for the design of future molecular 

machines. (Figure 7). [96] 

 

Figure 7 Stoddart’s TetrazineBox. [96] 

2.5 Case of borazines, boroxines and phosphinines 

Borazine itself has a negative quadrupole moment (Qzz= -3.18 B) and a large molecular polarizability (Figure 1, α∥=+41.1 

a.u.). The quadrupole moment of B-trifluoroborazine, however is positive (Qzz= +3.10 B), thanks to the electron withdrawing 

fluorine atoms and retains a large molecular polarizability (α∥=+38.0 a.u.). Theoretical calculations show that this family 
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and notably the trifluoroborazine, can establish anion-π complexes with very favorable interaction energies (from -15.5 

kcal/mol with F- to -5.7 kcal/mol with Br- at the B3LYP/6-311+G** level of calculation with BSSE correction).  

The boroxine heterocycle was evaluated theoretically by Mascal. [97] A substantial area of positive charge localized at the 

center of the cycle has been calculated similarly to triazine and cyanuric acid (Figure 8). 

 

Figure 8 Electrostatic potential surfaces of s-triazine (left), cyanuric acid (center) and boroxine (right) (Copyright (2006) Wiley. Used with 

permission from [97]). 

Triphosphinine, the phosphorus analogue of cyanuric acid, has been synthesized for the first time and studied in solution 

by Grützmacher et al. in 2017 (Figure 1). [98] This electron deficient heterocycle has an aromaticity comparable to the one 

of benzene, and a strong potential as anion-π bond donor.  

2.6 Polyaromatic compounds/π-slides 

The N,N-naphthalenediimide (NDI) unit has a strong electron deficient character localized in its center part and a positive 

quadrupole moment (Figure 1, Qzz= +19.4 B).[4] Matile et al. quantified by mass spectrometry the strength of anion-π 

interactions formed by various derivatives of this family. [99] Saha et al. elegantly demonstrated the formation of NDI radical 

anions following electron transfer upon complexation of fluoride in acetonitrile, enabling application as colorimetric sensing 

of this anion. [59,100] 

Larger supramolecular structures have been prepared for biomimetic applications. Matile et al. synthesized large oligo-(p-

phenylene)-N,N-naphthalenediimides (O-NDI) that form channels in lipid bilayer membranes and are effective for anion 

transmembrane transport (Figure 9).[56,66] The unusual observed selectivity ([F-]>[Cl-]>[Br-]>[I-]) is attributed to strong 

anion-π interactions that compensate the desolvation energy. [4] 

 

Figure 9 Examples of NDI-based anion receptors : (A) NDI unit, (B) O-NDI in a lipid bilayer membrane and (C) triangular NDI based prism 

complexed with I3- (Adapted with permission from [101]. Copyright (2006), American Chemical Society, [59] – Published by The Royal Society of 

Chemistry). 

Stoddart et al. synthesized chiral triangular NDI based prisms 21 (Figure 9C). Interaction with I3
- anion leads to self-

assembled helices of the supramolecular complex. [102,103]. 

Benzene triimide or mellitic triimide were  introduced as an electron deficient aromatic structures by Hamilton in 2001 

(Figure 1). [104] Their positive quadrupole moment (Qzz= +14.5 B) value has been exploited to prepare a cage that can 

selectively bind azide anion (vide infra).[105] 

1,4,5,8,9,12-hexaazatriphenylene (HAT) has been studied by ab initio calculation by the group of Frontera (Figure 1). 

Despite its negative quadrupole moment (Qzz=-8.53 B), calculations show that HAT can form stable complexes with anions 

thanks to its high molecular polarizability (α∥=54.03 a.u.). [47,106] A HAT derivative substituted with nitrile groups, namely 
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2,3,6,7,10,11-hexacyano-1,4,5,8,9,12-hexaazatriphenylene (HAT-(CN)6) has been further studied theoretically by 

Frontera, Deya et al., enabling a favorable anion-π interaction with the CF3SO3
- anion. [47] In solution, 2:3 charge transfer 

complexes are observed with Cl-, Br- and I- anions, giving rise to new absorption bands in the visible region.[3,107–109] 

After this overview of some current examples of anion-π donors, the following section will be devoted to their combination 

with hydrogen bond donors. To help the reader identifying key partners for anion-π interaction, the same distribution as 

per anion-π donor families will be kept. 

3. Towards the combination between anion-π interaction and hydrogen bonding : 

notion of cooperativity  

3.1 Cooperativity concept 

Some recent publications have highlighted the emerging area of cooperativity effects between non-covalent interactions 

in supramolecular chemistry. [110–113] 

Cooperativity effects depend on both the nature and the number of interactions involved in the complexation process.[111] 

“Cooperativity”, “positive cooperativity” or “synergy” corresponds to the case where the mutual non-covalent interactions 

strengthen each other. This implies that the total interaction within the complex is higher than the simple addition of the 

separate contributions. Conversely, “non-cooperativity” arises when the total interaction within the complex is equivalent 

to the simple addition of the interactions involved one by one. Lastly, when the individual interactions compete each other, 

the resulting interaction within the complex is weaker than the sum of the different interactions taken one by one. This 

case is called “anti-cooperativity” or “negative cooperativity”.[111]  

A guideline to identify cooperativity effects involved in each system will be provided in the next sections. Indeed, in solution, 

discrimination between non-cooperativity and positive cooperativity is of major concern and is often difficult to highlight. 

The lack of evaluation of the influence of the anion-π interaction on the complexation process, or the lack of information 

concerning experimental conditions (control of temperature during the experiment for instance), does not enable an easy 

determination of the cooperativity effect involved in many cases. 

3.2 Cooperativity between anion-π Interaction and Hydrogen Bonding : First Examples with Fluoroarenes 

The combination of anion-π interaction and hydrogen bonding represents a recent issue reported by Furuta et al. [114] 

Halide anions complexation by N-confused porphyrins bearing pentafluorophenyl groups was evaluated using 1H and 19F 

NMR titrations. The involvement of the two interactions in the complexation process was henceforth shown. 

In 2006, Johnson et al. published their first study on the subject, highlighting the implication of the anion-π interaction in 

the complexation process (Figure 10).[115] Anion receptor 22 is composed of a sulfonamide linked by an aromatic group 

to the pentafluorophenyl ring. This receptor shows a 1:1 moderate affinity for halide anions (30±3 M-1 for Cl-, 20±2 M-1 for 

Br- and 34±6 M-1 for I- in CDCl3), whereas halide affinity for 23 is too weak to be measured. Anion interaction was confirmed 

by theoretical calculations, showing a global minimum conformation (HF/6-31+G* level) where the two non-covalent 

interactions are involved in the complexation process.  
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Figure 10 Anion receptors published by Johnson et al. [115,116] 

Then, the anion receptor 24 shows a fluorinated aromatic ring with three pendant arms bearing electrodeficient ureas. [116] 

This molecule showed a selective recognition behavior towards nitrate anions in competitive solvent media such as [D6]-

acetone or 10%-[D6]-DMSO/CDCl3, but also in solid state. Indeed, the selectivity for nitrate against chloride anion was 

shown in 24 (24100±1050 M-1 for NO3
- vs. 12200±934 M-1 for Cl-), whereas a reversed selectivity was observed in 25 

(11800±1570 M-1 for NO3
- vs. 63700±814 M-1 for Cl-). 

Rissanen, Albrecht et al. have focused their attention on using the pentafluorophenyl group as an anion-π interaction 

donor in combination with various hydrogen bond donors (Figure 11). [52] Starting from 2008, two families of anion 

receptors 26-29 and 30-31 were introduced in order to study interactions both in the solid state and in solution. [117,118] A 

combination of hydrogen bonding and anion-π interaction was underlined. Moreover, the notion of hapticity was extended 

to the anion-π interaction. A huge diversity was therefore obtained: ƞ1 for 26 and 27, ƞ6 for 28 and 29, ƞ2 for 30 and ƞ1 or 

ƞ3 for 31. Cl-, Br-, I-, PF6
- and BF4

- anion complexation was described with 30 and 31. In these structures, the anion-π 

interaction, considered as weak, could not be observed in solution. [118]  
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Figure 11 Some anion receptors studied by the group of Rissanen and Albrecht. 45,51,119–121,54,112–118] 

Studies on anion receptor 2 could then be extended to different anions. [58,119] In this compound, the DABCO unit anchored 

the anion by a C-H…anion interaction above the center of the fluorinated aromatic ring. In the solid state, a ƞ6-hapticity 

was observed for Cl-, Br-, I- and BF4
- anions, representative of the position of the anion above the center of the 

pentafluorophenyl unit. With larger PF6
- and NO3

- anions, weaker interactions characterized by a ƞ2-hapticity are observed.  

In 2010, the same team reported that molecules 32, 33 and 34, were capable to bind Br- and Br3
-, I3- and I42-, 2 I- and 2 Br- 

and I- + I42-, respectively. Interestingly, Br3
-, I3- and I42- exotic anions were obtained by oxidation following the precipitation 

of complexes.  

Study of the anion position when a spacer of variable length is placed between the hydrogen bond donor and the 

pentafluorophenyl unit, was provided with molecules 35-37. [120] This study revealed the establishment of the solely 

hydrogen bonding interaction, energetically more favorable than the anion-π interaction. Therefore, the anion-π interaction 

appears only when the spacer is long and flexible enough to promote a folding of the structure around the anion, thus 

maximizing non-covalent interactions. [120] A ƞ6-hapticity is observed with 38 and 39, consecutive to a strong anion-π 

interaction. [121]  

Complexation properties of molecules 40-42 towards several anions in solution and in solid state were next 

investigated.[122] 1:1 complexes were obtained with anions of different geometries (Cl-, Br-, I-, BF4
-, PF6

-). Diverse 

conformations were hypothesized to explain the complexation behavior of 42. The most stable conformation obtained 

confirmed the joint presence of two hydrogen bonds and two anion-π interactions to stabilize the complex formed.  

Then, complexation properties of 43 were studied in solution.[123] Involvement of anion-π interaction was effective in solid 

state but proved not to be optimal in solution. Following Mata et al. work (see below), [124] anion receptors 44 and 45 based 

on a pentafluorophenyl as the anion-π receptor, were further examined by Rissanen and Albrecht groups (Erreur ! Source 

du renvoi introuvable.).[125] The presence of an anion-π interaction was characterized by NMR titrations with chloride 

anion (Ka,Cl- = 46 M-1 for 44 and Ka,Cl- = 52 M-1 for 45 in acetonitrile), compared to derivatives substituted by phenyl groups.  

Anion receptor 46 was then studied.[126] An anion-π interaction was postulated in solution but was not settled in solid state.  
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Thus, Rissanen and Albrecht groups proposed to combine DABCO units with new fluorinated units: perfluoro-1,1’-

biphenyle in 47 and perfluoronaphthalene in 48.[61] Solution studies were performed, confirming a complexation process 

and the establishment of the anion-π interaction. A ƞ4-hapticity was observed in solid state. 

Anecdotally, a hydrogen bond and a ƞ4 anion-π interaction were evidenced in the solid state between 49 and the bromide 

anion (Figure 10).[127] The presence of this interaction could not be confirmed in solution. 

The team of Liu recently considered the study of anion receptors. Two series of receptors 50-57 and 58-59, combining 

hydrogen bonding and anion-π interaction were published (Figure 12). [128–131], thereby allowing the influence of the degree 

of fluorination on the formation of the anion-π interaction, to be thoroughly investigated.  

 

Figure 12 Anion receptors combining hydrogen bonding and anion-π interaction studied theoretically by the team of Liu. [128–131] 

Study of complexes formed between 50 and halide anions enabled to establish the cooperativity between the two 

interactions involved. A selective binding of fluoride anion was predicted by theoretical calculations in case of competition 

during the complexation process with different anions. [128] By studying the degree of fluorination in molecules 51-57, Liu 

et al. observed the formation of anion-π interactions in molecules 53, 55 and 57. The other molecules 51, 52, 54 and 56 

only showed the presence of hydrogen bonds. Therefore, three geometrical criteria were defined to establish the formation 

of an anion-π interaction. [129] It should also be noted that the minimal degree of fluorination required to establish the 

formation of an anion-π interaction differs from the criterium introduced by Weber (Table 1).  

The second family of anion receptors studied combines a urea motif and two perfluorinated groups, enabling the formation 

of a tweezer. Theoretical calculations show the trapping of a large diversity of anions (F-, Cl-, Br-, I-, CO3
2-, NO3

-, SO4
2-) 

with the molecule 58. [130] Relative stability of the different complexes formed was determined by calculating 58-anion 

interaction energies (CO3
2->SO4

2->F->Cl->NO3
->Br-≈I-). Recently, the team of Liu studied the receptor 59 in interaction with 

different anions. [131] Despite a small degree of fluorination, complexes combining two hydrogen bonds and two anion-π 

interactions were investigated by theoretical calculations with a panel of anions, and relative stabilities of 59-anion were 

predicted (SO4
2->F->CN->Cl->I->Br-). However, in the case of iodide, the global minimum did not exhibit any anion-π 

interaction. In the case of SO4
2- anion, two global minima were obtained with 1:1 and 1:2 host:guest stoichiometries. It is 

worth noting that relative stabilities of the different anion complexes differ between 58 and 59. [130,131] However, a direct 

comparison between 58 and 59 could not be done as the basis set used for theoretical calculations was different. 

Complexes formed between anion receptors 58 and 59 and anions are not symmetrical, thus confirming cooperativity 

effects between the two interactions. In both cases, the formation of charge-transfer complexes with fluoride anion was 

highlighted. 

Mata, Meyer et al. reported the synthesis and study of two preorganized anion receptors 61 and 63 (Figure 13). [124] 

Molecule 61 offers a more rigid scaffold than 63. The conformational freedom of the latter implies the presence of multiple 

conformations visible in solution, preventing the determination of the type of complex formed and the association constant 

in solution. Nevertheless, a shift of NMR signals is observed in 19F and 1H NMR spectra for 61 and 63, whereas no 

significant shift was observed with 60 and 62, thus confirming the occurrence of anion-π interactions. Weak association 

constants were determined with 61 (Ka=12.0 M-1 for Cl- and 6.6 M-1 for Br- in CD3CN). With 63, a 1:1 host :guest complex 

was formed with Cl-, whereas a 2:1 model is observed with Br- in the solid state. Theoretical calculations at the B3LYP-

D3/def2-TZVPP level enabled the determination of an interaction energy for 61-Cl- complex (Eint,1:1=-42.6 kcal.mol-1). 
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Finally, a non-additivity effect of association constants was observed between 63 and Cl- (Eint,1:1=-43.8 kcal.mol-1 and 

Eint,2:1=-80.4 kcal.mol-1). 

 

Figure 13 Anion receptors synthesized by Mata and Meyer. [124] 

3.3 Cooperativity between anion-π interactions and hydrogen bonding : the case of calix[4]pyrroles 

Grafting multiple anion-π donors on calixpyrrole scaffolds to improve anion recognition was extensively studied by the 

Ballester group (Figure 14).[49,112,132,133] 

 

Figure 14 Scope of calix[4]pyrroles bearing anion-π donors studied by Ballester [49,112,132,133] (insert : Some X-ray structures obtained, 

Copyright (2008) Wiley. Used with permission from [132]). 

Based on the anion recognition properties of calix[4]pyrrole 64 (Ka=1,08.105 M-1 for Cl- in acetonitrile), the Ballester group 

reported on a decrease of association constants when R-substituents introduced are electron donors like 72 (Ka=1.06.104 

M-1 for Cl-) or 65 (Ka=2.65.104 M-1 for Cl-, CH3CN). A reverse trend was observed with electron withdrawing  R-substituents 

, such as in 67 (Ka=6.78.105 M-1 for Cl-, CH3CN), 70 (Ka=2.77.105 M-1 for Cl-, CH3CN), 74 (Ka=1.24.105 M-1 for Cl-, CH3CN), 

75 (Ka=1.79.106 M-1 for Cl-, CH3CN) and 76 (Ka=5.53.105 M-1 for Cl-, CH3CN). Similar trends are observed with 

tetrasubstituted calix[4]pyrroles 66, 68, 69, 71 and 73. These results were confirmed by determination of X-ray structures 

of some of the complexes formed, highlighting the joint presence of cooperative hydrogen bonds and anion-π interactions 

(insert, Figure 14). 

Cooperativity effects were then studied in the case of “two-walled” calix[4]pyrroles. [49,134–137] This design allows the 

formation of two isomers cis (R1,R3) and trans (R2,R3). A large diversity of substituents was therefore studied (Figure 15). 
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Figure 15 Scope of « Two-walled » calix[4]pyrroles studied [134–137] (insert : conformations obtained for the chloride complexes of A) 84 and B) 85 

(level : B3LYP/6-31G*, Reprinted with permission from [137]. Copyright (2014), American Chemical Society). 

Ballester et al examined the presence of two aromatic substituents in 77-80 and 86. [135] Two-walled calix[4]pyrroles were 

found to minimize steric hindrance between substituents compared to “four-walled” analogues. [136] An enhanced anion 

recognition is observed for receptors based on electron deficient arenes or aromatics substituted by withdrawing groups 

(Ka,Cl-,77 = 30 M-1, Ka,Cl-,78 = 40 M-1, Ka,Cl-,79 = 140 M-1, Ka,Cl-,80 = 710 M-1, Ka,Cl-,86 = 1550 M-1 in acetonitrile at 298 K). Such 

anion receptors have been effective as transmembrane nitrate anions transporters. [135] 

Calix[4]pyrroles bearing thiophene groups 81-83 were reported by Sripadi et al. [136] Surprisingly, thiophene fragments 

were found to establish anion-π interactions with small anions, as evidenced by a combination of experimental techniques. 

A selective binding of fluoride anion was observed in solution. However, the larger size of chloride anion prevents adequate 

conformation allowing interaction with thiophene rings. In these cases, 1:1 complexes with halide anions were determined 

by mass spectrometry. 

The impact of cis and trans isomers of “two-walled” calix[4]pyrrole on anion recognition was studied by comparing 86 and 

87. [49,134,135] A weaker anion recognition was found with 87 (Ka,Cl-,87 = 85 M-1 in acetonitrile at 298 K) due to the formation 

of only one anion-π interaction. Moreover, the conformational study of 84 and 85 confirmed the crucial role of 

conformations on anion binding. [137] In 84, Anzenbacher et al. showed the favorable formation of two non-intuitive anion-

π interactions with pyrrole rings by theoretical calculations (insert, Figure 15), enabling an increase of association 

constants compared to 85 (Ka,Cl-,84 = 220000 M-1 vs. Ka,Cl-,85 = 1900 M-1 in acetonitrile at 298 K). Though, a better selectivity 

is observed with 84 and acetate anion, due to the formation of a complementary hydrogen bond. 

Compound 86 was then studied for the recognition of anions of multiple geometries (spherical, linear, trigonal and 

tetrahedral) in solid state and in solution. [134] For all the geometries studied, the joint formation of hydrogen bonds and 

anion-π interactions was established. 

The synthesis of calix[4]pyrroles bearing cyclohexyl groups was reported recently by the team of Aydogan. [138] 

Measurements of association constants by using isothermal titration calorimetry (ITC) showed that these cyclohexyl 

groups, compared to compound 64, enable the formation of anion-π interactions by increasing the association constant. 

Moreover, Sessler, Lee et al. described a calix[4]pyrrole topped by a crown containing two additional pyrrole rings and a 

fluorophore. [139] A selective colorimetric response was observed with several anions and notably fluoride. A better affinity 

was noticed for this compound with respect to the anion receptor 64. An anion-π interaction was postulated due to the 

downfield shift of β-pyrrolic protons observed by NMR spectroscopy. 

Finally, it has to be mentioned that the Ballester group reported a macromolecular ion pair receptor composed of two 

stands calix[4]pyrroles linked together by two aromatic linkers able to generate anion-π interactions and selectively bind 

ion pairs. [133] Depending on the salt considered, 2:1 host:guest complexes were observed.  
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3.4 Rationalization of cooperativity effects observed between hydrogen bonds and anion-π interactions 

Rationalization of cooperativity effects observed when combining anion-π interactions and hydrogen bonding by mean of 

theoretical studies, has been recently reported by Deyà group. [75,140–143] In these studies, complexes of four anion receptors 

combining an ammonium group and a cyanuric acid 88, 89, 90 and 91 were investigated (Figure 16a). X-ray structures of 

subsequent complexes were also determined (Figure 16b). [75] The X-ray structure of the 88-Cl complex showed the anion 

lying above the anion-π donor site and interacting with one ammonium proton. The computed structure (level : MP2(full)/6-

31++G**) was in good agreement with experiments. 

 

Figure 16 (a) Some anion receptors reported by the team of Deyà (b) X-Ray structure of 88-Cl-complex (Copyright (2005) Wiley. Used with 

permission from [75]). 

Thus, two theoretical studies subsequently examined a variety of potential anion-π donors interacting with (i) an anion, 

and (ii) one or several water molecules. [140,141] These studies helped defining the concept of “synergistic energy” Esyn, 

defined as : 

Esyn = EBSSE(πA + HB) - EBSSE(πA) - EBSSE(HB) 

Where : EBSSE(πA + HB), EBSSE(πA) and EBSSE(HB) are BSSE-corrected energies of anion-π+H bond, anion-π and H bond 

complexes. Then, if Esyn <0, BSSE-corrected energy of anion-π+H bond complex is lower than the sum of the contribution 

of each independent interaction. In this case, the complex involving the two interactions is more stable than the sum of 

independent interactions, determining a positive cooperativity effect. On the other hand, when Esyn >0, an anti-cooperativity 

effect is shown. When Esyn =0, a case of non-cooperativity is observed. 

Recently, complexes combining s-triazine, HF or HCl molecules and anions were studied by Roohi and Safari in order to 

determine the influence of the different non-covalent interactions on anion binding. Huge positive cooperativity effects 

were highlighted for complexes with fluoride, chloride and cyanate anions. [144] 

In 2007, bis-adenines derived molecules such as 92 (Figure 16a) were studied for anion recognition by Deyà and Frontera 

groups. [145,146] These molecules contain an electron acceptor aromatic ring able to interact with anions by anion-π and 

hydrogen bond interactions. 2:2 complexes combining the two interactions were observed by X-ray structures. Theoretical 

calculations confirmed the stability of such complex. The quantification of both interactions shows similar contributions to 

the overall anion-complex interaction.  

3.5 Cooperativity between hydrogen bonds and anion-π interactions : case of cylindrophanes and 

cyclophanes 

Different cylindrophane-type molecules bearing diverse electron deficient groups (triazine 101, cyanuric acid 98 and 

boroxine 102, Figure 17a) were studied theoretically by Mascal et al. [97] Favorable fluoride and chloride complexes were 

predicted, showing increasing selectivity in the order of 101<98<102. In contrast, electronic repulsions that take place in 

95, prevent the anion binding. 
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Figure 17 Examples of (a) cylindrophanes and (b) cyclophanes studied for the molecular recognition of anions. 

Later, the same group described a similar molecular cage bearing two cyanuric acids and two ammonium groups. [147] 

Selective fluoride binding was shown by mass spectrometry and confirmed by an X-ray structure.  

Caramori and Mascal groups theoretically studied molecules 93-100, thus varying the electron deficient aromatic ring and 

the linker in compounds 95, 98 and 101, in order to achieve a selective fluoride complexation (Figure 17a). [147,148] [149] 

Molecules bearing benzenic rings 93-95 do not promote any anion complexation. On the other hand, either cyanuric acids 

(96-98) or triazine compounds (99-101) display favorable interactions with anions. Consequently, the nature of aromatic 

groups seems to be a critical parameter to promote anion complexation. The subsequent selectivity was observed : 

cyanuric acid > triazine > benzene. The nature of the L linker used favors the stabilization of the complex by hydrogen 

bonds. Moving from L = CH2>NH>NH2
+, H…F- distances decrease, in agreement with the strengthening of hydrogen 

bonds. A partial covalent character is even observed with L = NH2
+. To sum up, an optimal fluoride complexation was 

obtained with compound 98. 

Following the same standards, the group of Caramori investigated cyclophane derivatives 103-105 (Figure 17b). [148,150] 

Theoretical calculations showed anion complexes with anions lying outside the cavity. Molecules 104 and 105 display an 

electron deficient character compared to 103. However, hydrogen bonded complexes are obtained with 103, while 

complexes with 104 display weak σ-complexes. In addition, strong σ-complexes with anions were obtained with 105. 

3.6 Cooperativity between hydrogen bonds and anion-π interactions: case of azine derivatives 

In this context, several calixarene-like anion receptors were modelled and theoretically studied by Caramori (Figure 18a). 
[151,152] 

 

Figure 18 (a) Calixarene anion receptors studied by Caramori group [151,152] (b) 1,3-alternated conformation of 107. (Republished with 

permission of the PCCP Owner Societies, from Ref. [151]; permission conveyed through Copyright Clearance Center, Inc.). 
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Taking the Cl-oxacalix[2]arene[2]triazine as a reference compound, the influence of the heteroatom connecting the 

different aromatic groups, on the interaction with a large anion diversity (Cl-, Br-, I-, BF4
-, H2PO4

-, HSO4
-, SO4

2-, CH3COO-, 

NO3
-, NCS-, PF6

-), was studied in compounds 106, 107, 110 and 111. [151] Conformational studies highlight a 1,3-alternated 

conformation, showing an interesting pre-organized electron deficient region which is beneficial to the anion binding 

process (Figure 18b). NCI-plot analysis confirms the joint presence of hydrogen bonds and anion-π interactions. 

Especially, in compound 111, sulfur atom was deeply involved in the anion binding. 

Then, two other structural modifications were theoretically studied: (i) the nature of the electron withdrawing groups 

installed at the triazine rings (108 and 109), (ii) the substitution pattern at the phenyl ring (for F or CN) in 112-115. [152] 

Interaction energies of the different complexes studied were estimated (E int,107-Cl=-37.0 kcal/mol, Eint,113-Cl=-47.7 kcal/mol 

and Eint,108-Cl=-42.6 kcal/mol using BP86-D3/TZ2P level of calculation). Substitution of aromatic rings by electron 

withdrawing atoms or groups, causes an extra stabilization of the complexes formed. A possible application of this type of 

structures is the formation of solid-state self-assemblies. [72] 

In 2007, Wu and al. published a theoretical study predicting the optimal binding of the fluoride anion by a oxa-

bicyclocalixarene in the gas phase (Eint=-80.5 kcal/mol at the B3LYP/6-311++G** level of calculation, including BSSE 

correction). [153] This macromolecule displays a fluoride anion size-optimal cavity, comprising both hydrogen bonds and 

anion-π interactions. As far as we know, despite the great interest of this type of structure, no chemical synthesis of this 

compound was reported yet. 

Using Hirschfeld surface analysis, Bianchi et al. examined different X-ray structures of anion receptors reported in the 

literature. [154] In this study, the complex between 2,4,6-tris(2-pyridyl)-1,3,5-triazine and Br3
- shows a mix of hydrogen bonds 

and intermolecular anion-π interactions.  

Wang reported on the cooperativity between anion-π interactions and hydrogen bonds in oxacalix[2]arene[2]triazine and 

coronarenes. (Figure 19). [155–157] 

 

Figure 19 Macrocycles developed by the Wang group. [155–157] 

The anion receptor 116 proved to be selective for the H2PO4
- anion (Ka=8.14.102 M-1 in acetonitrile) as compared to Cl-, 

Br-, NO3
-, HSO4

-, SCN-, BF4
- and PF6

- anions. Introducing two hydrogen bond donors like in 117, leads to the same 

selectivity and an increase of the association constant (Ka=7.98.103 M-1 in acetonitrile), compared to 116. [155] Based on 

this molecular design, the same group grafted chloride atoms on aromatic groups bearing halogen bond donors, leading 

to molecules 118-121. In this case, no selectivity was observed and high association constants for halide anions, allow 

foreseeing transmembrane transport applications. [156,158] A new family of coronarene macrocycles 122-128 was 

synthesized by Wang et al., trying to overcome the lack of selectivity observed in 13 (Figure 6). [157] This new family 

combines hydrogen bonds and anion-π interactions. Formation of anion complexes with 122 was observed by mass 

spectrometry with Cl-, Br-, I-, SCN-, NO3
-, BF4

- and ClO4
- anions. In contrast, no interaction was observed with carbonate 

and carboxylate anions. In solution, 1:1 host:guest complexes were observed with huge NMR- and UV-deduced 

association constants (Ka=2.25.103 M-1 for NO3
-, 1.01.103 M-1 for Br- in acetone), whereas ReO4

-, PF6
- and CF3SO3

- anions 

were not trapped in solution. Cooperativity effects were assessed, and introduction of electron withdrawing groups close 
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to the hydrogen bond donor (see 126), leads to an increase of the association constant observed with the NO3
- anion 

(Ka=2.22.105 M-1 in acetone). 

Simpler structures were also designed. Indeed, Li et al. reported the cyclic anion receptor 129 based on a tetrazine and 

amide groups to selectively bind fluoride anions (Figure 20a). [159] This colorimetric probe changes color in the presence 

of a fluoride anion, moving on from pink to green. The formation of a tetrazine radical anion, related to the charge transfer 

induced between the fluoride anion and the tetrazine ring, is observed. This was confirmed by electron spin resonance 

(ESR) spectrum measurement of the complex formed. 

 

Figure 20 First anion receptors combining anion-π interaction and hydrogen bonding proposed by (a) Li’s group and (b) Prim’s group. [159] 

Our research group started the exploration of binding properties of two flexible anion receptors combining a fluorescent 

anion-π receptor and one or two hydrogen bond donor urea fragments 130 and 131 respectively (Figure 20b). [41,42] These 

designs combine urea and tetrazine moieties. Geometries of the complexes formed between 130 and 131 with different 

anions (Cl-, Br-, I-, SCN-, PF6
-) were predicted by quantum calculations. In the case of 130, theoretical interaction energies 

can even be predicted with a relatively good agreement between theory and experiments. Existence of these complexes 

in the gas phase was assessed by mass spectrometry. Moderate association constants could be determined for 130 in 

the ground state by NMR spectroscopy (Ka,Cl-=4.89.103 M-1 et Ka,Br-=3.8.102 M-1 in acetonitrile). [41] A synergistic effect of 

the two interactions was observed in this case. Studies with 131 revealed a large drop of association constants in the 

ground state, suggesting the presence of an anti-cooperativity effect between the three interactions. In the excited state, 

a reverse selectivity and different anion-depending quenching mechanisms were observed. A combination of static and 

dynamic quenching mechanisms was highlighted, the extent of each was dependent on the anion polarizability. While 

smaller anions (Cl-, Br-) displayed a prominent dynamic quenching, larger ones (I-, SCN-) showed an increased contribution 

of the static quenching. This latter fact was responsible for the more pronounced anion-π interaction with polarizable 

anions. [42] 

Recently, our research group proposed a new set of anion receptors 132-134 derived from receptor 130 (Figure 21). [43] 

A systematic study of chloride anion recognition both in ground and excited states, as well as gas and solution phases 

enabled the classification of complex by interaction energies as follows : 133-Cl > 130-Cl > 134-Cl > 132-Cl. 

 

Figure 21 Derived anion receptors proposed by Prim’s group. [159] 

3.7 Cooperativity between hydrogen bonds and anion-π interactions : case of π-slides/polyaromatic 

structures :  

A first example of a structure combining a π-slide and a hydrogen-bond donor has been reported by Wang in 2019 (135, 

Figure 22a). [49,72,105] This design combines two benzene triimide groups linked together by three aromatic pendant arms. 

This design enables to set two highly cooperative anion-π interactions (danion-plane = 2.7 Å), inducing a charge transfer. 

Binding of bulky anions was observed (N3
-, SCN-, I-) with a marked selectivity for N3

- anion (Ka = 11098 ± 46 M-1 in 

dichloromethane), with association constants 150- and 250-times higher than those observed for SCN- and I-, respectively. 

Formation of weak hydrogen bonds was also highlighted by NMR titration experiments. Recently, another example 136 

was proposed where the benzene linker is replaced by a naphthalene linker.[161] This cage offers a huge cavity of ~7.6 Å 
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able to bind polyhedral anions with exceptional affinities in DMA (for instance, Ka,BF4- = 31613 M-1 and Ka,HSO4- = 84623 M-

1).[161] 

 

Figure 22 Benzene triimide-based anion receptor cages 135 and 136 and NDI-based anion receptor cage 137.  

(Reprinted with permission from [105]. Copyright (2019), American Chemical Society) 

(Reprinted with permission from [160]. Copyright (2022), American Chemical Society). 

(This figure has been published in CCS Chemistry 2022; Naphtalene-Pillared Benzene Triimide Cage: An Efficient Receptor for Polyhedral Anion 

and a General Tool for Probing Theoretically-Existing Anion-π Binding Motifs is available online at 10.31635/ccchem.021.202101366). 

 

Another example was proposed by Mukhopadhyay et al.[160] In this structure 137, two imidazolium groups are grafted next 

to the NDI electron-deficient group, amplifying the electron deficiency of the NDI. This results into stable complexes with 

multiple anions trapped within the cavity (2 hexafluorophosphate and up to 4 nitrate anions). Complexes formed with these 

two anion types, show both hydrogen bonding with triazolium units and anion-π interaction with NDI. 

4. Summary and Outlook 

This review highlights the main theoretical and experimental studies of anion complexation based on the combination of 

hydrogen bonding and anion-π interaction. For the latter, different families have been identified. The tetrazine core appears 

as a key-player alongside the more traditionally used fluorinated arenes for the development of anion receptors based on 

anion-π interaction. Combining hydrogen bonding and anion-π weak interactions led to develop both qualitative and 

quantitative models of the emerging concepts of cooperativity and anticooperativity involved during the complexation. 

Indeed, the grasp and the rationalization of these effects would help, in the long run, to maximize them in order to obtain 

even more powerful supramolecular systems. However, despite numerous sophisticated quantum chemistry tools to 

highlight complexation phenomena in such systems (interaction energy, NCIplot…), it remains often difficult to directly 

compare systems due to the diversity of molecular calculation methods used and the continuous improvement of molecular 

simulations nowadays, compared to ten or twenty years ago. However, today in solution, a large diversity of analytical 

tools is available for supramolecular chemists to understand complexation processes (NMR, fluorescence, UV 

spectroscopy, mass spectrometry, ITC, X-ray structure coupled or not with Hirschfeld surfaces…). Thus, applications are 

now foreseen for such supramolecular systems such as catalysis, colorimetric molecular recognition or transmembrane 

transport. To this issue, some futuristic functional systems introduced recently by the Stoddart group in particular, allow to 

oversee a bright future of diverse applications from such supramolecular systems.  

Acknowledgments 

We are grateful to the CNRS and the Universities of Versailles Saint Quentin and Paris-Saclay. We thank the French 

Ministère de l’Enseignement Supérieur et de la Recherche for funding (R.P.). This work was also supported by the French 

National Research Agency under the program CHARMMMAT ANR-11-LABX-0039 grant. This work was also granted 

access to the HPC resources of CINES under allocation 2019-A0060810812 made by GENCI. 

Conflict of interact 

There is no conflict of interest to declare. 

 

Keywords: Anions – Anion-π interaction – Cooperativity – Hydrogen bond – Molecular recognition –  



 

22 

 

 

[1] K. Hiraoka, S. Mizuse, S. Yamabe, J. Phys. Chem. 1987, 91, 5294–5297. 

[2] M. Savastano, C. García-Gallarín, M. D. López de la Torre, C. Bazzicalupi, A. Bianchi, M. Melguizo, Coord. Chem. Rev. 2019, 397, 
112–137. 

[3] H. T. Chifotides, K. R. Dunbar, Acc. Chem. Res. 2013, 46, 894–906. 

[4] B. L. Schottel, H. T. Chifotides, K. R. Dunbar, Chem. Soc. Rev. 2008, 37, 68–83. 

[5] J.-M. Lehn, Supramolecular Chemistry. Concepts and Perspectives., 1995. 

[6] B. Dietrich, T. M. Fyles, J. M. Lehn, L. G. Pease, D. L. Fyles, J. Chem. Soc. Chem. Commun. 1978, 934–936. 

[7] B. Dietrich, P. Viout, J. Lehn in Macrocyclic Chemistry: Aspects of Organic and Inorganic Supramolecular Chemistry, Wiley-VCH, 
Weinheim, 1993, vol. 1. 

[8] X. Wu, A. M. Gilchrist, P. A. Gale, Chem 2020, 6, 1296–1309. 

[9] Donald J. Cram, Angew. Chem. Int. Ed. 1988, 27, 1009–1020. 

[10] C. H. Park, H. E. Simmons, J. Am. Chem. Soc. 1968, 90, 2429–2431. 

[11] H. Schlenk, D. M. Sand, J. Am. Chem. Soc. 1961, 83, 2312–2320. 

[12] H. Boufroura, S. Poyer, A. Gaucher, C. Huin, J. Y. Salpin, G. Clavier, D. Prim, Chem. Eur. J. 2018, 24, 8656–8663. 

[13] H. Boufroura, R. Plais, S. Poyer, A. Gaucher, J. Marrot, D. Prim, G. Clavier, F.-X. Legrand, J. Y. Salpin, C. Huin, P. Guégan, RSC Adv. 
2020, 10, 31670–31679. 

[14] H. Boufroura, A. Souibgui, A. Gaucher, J. Marrot, G. Pieters, F. Aloui, B. Ben Hassine, G. Clavier, D. Prim, Org. Biomol. Chem. 2015, 
13, 10844–10851. 

[15] G. Pieters, A. Gaucher, J. Marrot, F. Maurel, J. V. Naubron, M. Jean, N. Vanthuyne, J. Crassous, D. Prim, Org. Lett. 2011, 13, 4450–
4453. 

[16] G. Pieters, A. Gaucher, D. Prim, T. Besson, J. Giner Planas, F. Teixidor, C. Viñas, M. E. Light, M. B. Hursthouse, Chem. Commun. 
2011, 47, 7725–7727. 

[17] G. Pieters, A. Gaucher, S. Marque, F. Maurel, P. Lesot, D. Prim, J. Org. Chem. 2010, 75, 2096–2098. 

[18] G. Pieters, A. Gaucher, D. Prim, J. Marrot, Chem. Commun. 2009, 4827–4828. 

[19] A. Requet, A. Souibgui, G. Pieters, S. Ferhi, A. Letaieff, A. Carlin-Sinclair, S. Marque, J. Marrot, B. Ben Hassine, A. Gaucher, D. Prim, 
Tetrahedron Lett. 2013, 54, 4721–4725. 

[20] G. Pieters, K. Sbargoud, A. Bridoux, A. Gaucher, S. Marque, F. Bourdreux, J. Marrot, D. Flot, G. Wantz, O. Dautel, D. Prim, Eur. J. Org. 
Chem. 2013, 2013, 490–497. 

[21] G. Clavier, P. Audebert, Chem. Rev. 2010, 110, 3299–3314. 

[22] Y. Qu, P. Pander, O. Vybornyi, M. Vasylieva, R. Guillot, F. Miomandre, F. B. Dias, P. Skabara, P. Data, G. Clavier, P. Audebert, J. Org. 
Chem. 2020, 85, 3407–3416. 

[23] Z. Qing, P. Audebert, G. Clavier, F. Miomandre, J. Tang, T. T. Vu, R. Méallet-Renault, J. Electroanal. Chem. 2009, 632, 39–44. 

[24] C. Dumas-Verdes, F. Miomandre, E. Lépicier, O. Galangau, T. T. Vu, G. Clavier, R. Méallet-Renault, P. Audebert, Eur. J. Org. Chem. 
2010, 2525–2535. 

[25] Z. Qing, P. Audebert, G. Clavier, R. Méallet-Renault, F. Miomandre, J. Tang, New J. Chem. 2011, 35, 1678–1682. 

[26] C. Quinton, V. Alain-Rizzo, C. Dumas-Verdes, G. Clavier, F. Miomandre, P. Audebert, Eur. J. Org. Chem. 2012, 1394–1403. 

[27] P. Audebert, S. Sadki, F. Miomandre, G. Clavier, M. C. Vernières, M. Saoud, P. Hapiot, New J. Chem. 2004, 28, 387–392. 

[28] Y. H. Gong, P. Audebert, J. Tang, F. Miomandre, G. Clavier, S. Badré, R. Méallet-Renault, J. Marrot, J. Electroanal. Chem. 2006, 592, 
147–152. 

[29] Y. Kim, E. Kim, G. Clavier, P. Audebert, Chem. Commun. 2006, 3612–3614. 

[30] Y. H. Gong, P. Audebert, G. Clavier, F. Miomandre, J. Tang, S. Badré, R. Méallet-Renault, E. Naidus, New J. Chem. 2008, 32, 1235–
1242. 

[31] Y. H. Gong, F. Miomandre, R. Méallet-Renault, S. Badré, L. Galmiche, J. Tang, P. Audebert, G. Clavier, Eur. J. Org. Chem. 2009, 2009, 
6121–6128. 

[32] I. Janowska, F. Miomandre, G. Clavier, P. Audebert, J. Zakrzewski, H. T. Khuyen, I. Ledoux-Rak, J. Phys. Chem. A 2006, 110, 12971–
12975. 

[33] P. Audebert, F. Miomandre, G. Clavier, M. C. Verniéres, S. Badré, R. Méallet-Renault, Chem. Eur. J. 2005, 11, 5667–5673. 

[34] R. Guermazi, L. Royer, L. Galmiche, G. Clavier, P. Audebert, A. Hedhli, J. Fluoresc. 2016, 26, 1349–1356. 

[35] Q. Zhou, P. Audebert, G. Clavier, F. Miomandre, J. Tang, RSC Adv. 2014, 4, 7193–7195. 



 

23 

 

[36] R. Ben Châabane, R. Guermazi, G. Clavier, P. Audebert, A. Hedhli, Dyes Pigm. 2014, 108, 64–69. 

[37] C. Quinton, V. Alain-Rizzo, C. Dumas-Verdes, G. Clavier, P. Audebert, RSC Adv. 2015, 5, 49728–49738. 

[38] B. Power, V. Haldys, J.-Y. Salpin, T. D. Fridgen, J. Mass Spectrom. 2016, 51, 236–244. 

[39] A. M. Lamsabhi, O. Mó, M. Yáñez, J. Y. Salpin, J. Phys. Chem. A 2019, 123, 6241–6250. 

[40] M. Hurtado, M. Monte, A. M. Lamsabhi, M. Yáñez, O. Mó, J.-Y. Salpin, ChemPlusChem 2013, 78, 1124–1133. 

[41] R. Plais, G. Gouarin, A. Gaucher, V. Haldys, A. Brosseau, G. Clavier, J.-Y. Salpin, D. Prim, ChemPhysChem 2020, 21, 1249–1257. 

[42] R. Plais, H. Boufroura, G. Gouarin, A. Gaucher, V. Haldys, A. Brosseau, G. Clavier, J.-Y. Salpin, D. Prim, RSC Adv. 2021, 11, 9476–
9487. 

[43] R. Plais, G. Gouarin, A. Bournier, O. Zayene, V. Mussard, F. Bourdreux, J. Marrot, A. Brosseau, A. Gaucher, G. Clavier, J.-Y. Salpin, D. 
Prim, ChemPhysChem 2022, e202200524. 

[44] P. Gamez, Inorg. Chem. Front. 2014, 1, 35–43. 

[45] J. Wilson, T. Maxson, I. Wright, M. Zeller, S. V. Rosokha, Dalton Trans. 2020, 49, 8734–8743. 

[46] D. Quiñonero, C. Garau, A. Frontera, P. Ballester, A. Costa, P. M. Deyà, Chem. Phys. Lett. 2002, 359, 486–492. 

[47] C. Garau, A. Frontera, P. Ballester, D. Quiñonero, A. Costa, P. M. Deyà, Eur. J. Org. Chem. 2005, 2005, 179–183. 

[48] S. Kozuch, Phys. Chem. Chem. Phys. 2016, 18, 30366–30369. 

[49] I. A. Rather, S. A. Wagay, R. Ali, Coord. Chem. Rev. 2020, 415, 213327. 

[50] S. Kepler, M. Zeller, S. V. Rosokha, J. Am. Chem. Soc. 2019, 141, 9338–9348. 

[51] A. Jalilov, S. Deats, M. Albukhari, M. Zeller, S. V. Rosokha, ChemPlusChem 2020, 85, 441–449. 

[52] M. Giese, M. Albrecht, K. Rissanen, Chem. Rev. 2015, 115, 8867–8895. 

[53] D. Quiñonero, C. Garau, C. Rotger, A. Frontera, P. Ballester, A. Costa, P. M. Deyà, Angew. Chem., Int. Ed. 2002, 41, 3389–3392. 

[54] C. Garau, A. Frontera, D. Quiñonero, P. Ballester, A. Costa, P. M. Deyà, J. Phys. Chem. A 2004, 108, 9423–9427. 

[55] I. Alkorta, I. Rozas, J. Elguero, J. Am. Chem. Soc. 2002, 124, 8593–8598. 

[56] P. Gamez, T. J. Mooibroek, S. J. Teat, J. A. N. Reedijk, Acc. Chem. Res. 2007, 40, 435–444. 

[57] H. Schneider, K. M. Vogelhuber, F. Schinle, J. M. Weber, J. Am. Chem. Soc. 2007, 129, 13022–13026. 

[58] M. Giese, M. Albrecht, C. Bannwarth, G. Raabe, A. Valkonen, K. Rissanen, Chem. Commun. 2011, 47, 8542–8544. 

[59] M. Giese, M. Albrecht, K. Rissanen, Chem. Commun. 2016, 52, 1778–1795. 

[60] V. Moha, M. Giese, R. Moha, M. Albrecht, G. Raabe, Z. Naturforsch. - Sect. A J. Phys. Sci. 2014, 69, 339–348. 

[61] H. Yi, M. Albrecht, A. Valkonen, K. Rissanen, New J. Chem. 2015, 39, 746–749. 

[62] S. E. Wheeler, J. W. G. Bloom, Chem. Commun. 2014, 50, 11118–11121. 

[63] S. E. Wheeler, J. W. G. Bloom, J. Phys. Chem. A 2014, 118, 6133–6147. 

[64] R. K. Raju, J. W. G. Bloom, Y. An, S. E. Wheeler, ChemPhysChem 2011, 12, 3116–3130. 

[65] D. Quiñonero, A. Frontera, P. M. Deyà, ChemPhysChem 2008, 9, 397–399. 

[66] A. Frontera, P. Gamez, M. Mascal, T. J. Mooibroek, J. Reedijk, Angew. Chem., Int. Ed. 2011, 50, 9564–9583. 

[67] Y. S. Rosokha, S. V. Lindeman, S. V. Rosokha, J. K. Kochi, Angew. Chem., Int. Ed. 2004, 43, 4650–4652. 

[68] M. Mascal, A. Armstrong, M. D. Bartberger, J. Am. Chem. Soc. 2002, 124, 6274–6276. 

[69] D. X. Wang, M. X. Wang, J. Am. Chem. Soc. 2013, 135, 892–897. 

[70] J. Luo, Y.-F. Ao, Q.-Q. Wang, D.-X. Wang, Angew. Chem., Int. Ed. 2018, 57, 15827–15831. 

[71] J. Luo, J. Zhu, D. Tuo, Q. Yuan, L. Wang, X. Wang, Y. Ao, Q. Wang, D. Wang, Chem. Eur. J. 2019, 25, 13275–13279. 

[72] D. X. Wang, M. X. Wang, Acc. Chem. Res. 2020, 53, 1364–1380. 

[73] J. Lehn, Angew. Chem., Int. Ed. Engl. 1988, 27, 89–112. 

[74] N. Hafezi, J. M. Holcroft, K. J. Hartlieb, E. J. Dale, N. A. Vermeulen, C. L. Stern, A. A. Sarjeant, J. F. Stoddart, Angew. Chem., Int. Ed. 
2014, 54, 456–461. 

[75] A. Frontera, F. Saczewski, M. Gdaniec, E. Dziemidowicz-Borys, A. Kurland, P. M. Deyà, D. Quiñonero, C. Garau, Chem. Eur. J. 2005, 
11, 6560–6567. 

[76] A. Schwarzer, T. Saplinova, E. Kroke, Coord. Chem. Rev. 2013, 257, 2032–2062. 

[77] S. Kumar, N. Sharma, K. Kailasam, J. Mater. Chem. A 2018, 6, 21719–21728. 



 

24 

 

[78] L. Galmiche, C. Allain, T. Le, R. Guillot, P. Audebert, Chem. Sci. 2019, 10, 5513–5518. 

[79] D. Y. Kim, I. Geronimo, N. J. Singh, H. M. Lee, K. S. Kim, J. Chem. Theory Comput. 2012, 8, 274–280. 

[80] C. Garau, A. Frontera, D. Quiñonero, P. Ballester, A. Costa, P. M. Deyà, ChemPhysChem 2003, 4, 1344–1348. 

[81] Y. Wang, M. Bykov, I. Chepkasov, A. Samtsevich, E. Bykova, X. Zhang, S. Jiang, E. Greenberg, S. Chariton, V. B. Prakapenka, A. R. 
Oganov, A. F. Goncharov, Nat. Chem. 2022, 14, 794–800. 

[82] Y. Qu, PhD Thesis, Université Paris Saclay (France), 2018. 

[83] C. Garau, D. Quiñonero, A. Frontera, A. Costa, P. Ballester, P. M. Deyà, Chem. Phys. Lett. 2003, 370, 7–13. 

[84] M. Savastano, C. Bazzicalupi, C. Giorgi, C. García-Gallarín, M. D. López De La Torre, F. Pichierri, A. Bianchi, M. Melguizo, Inorg. 
Chem. 2016, 55, 8013–8024. 

[85] M. Savastano, C. Bazzicalupi, C. García, C. Gellini, M. D. López de La Torre, P. Mariani, F. Pichierri, A. Bianchi, M. Melguizo, Dalton 
Trans. 2017, 46, 4518–4529. 

[86] M. Savastano, C. García, M. D. López de la Torre, F. Pichierri, C. Bazzicalupi, A. Bianchi, M. Melguizo, Inorg. Chim. Acta 2018, 470, 
133–138. 

[87] M. Savastano, C. Bazzicalupi, P. Mariani, A. Bianchi, Molecules 2018, 23, 572. 

[88] M. Savastano, C. Bazzicalupi, C. García-Gallarín, C. Giorgi, M. D. López De La Torre, F. Pichierri, A. Bianchi, M. Melguizo, Dalton 
Trans. 2018, 47, 3329–3338. 

[89] M. Savastano, C. García-Gallarín, C. Giorgi, P. Gratteri, M. D. López de la Torre, C. Bazzicalupi, A. Bianchi, M. Melguizo, Molecules 
2019, 24, 2247. 

[90] M. Savastano, C. Bazzicalupi, C. García-Gallarín, M. D. López De La Torre, A. Bianchi, M. Melguizo, Org. Chem. Front. 2019, 6, 75–86. 

[91] M. X. Wang, Sci. China: Chem. 2018, 61, 993–1003. 

[92] H. Bin Liu, Q. Zhang, M. X. Wang, Angew. Chem., Int. Ed. 2018, 57, 6536–6540. 

[93] M. Y. Zhao, D. X. Wang, M. X. Wang, J. Org. Chem. 2018, 83, 1502–1509. 

[94] M. Di Gu, Y. Lu, M. X. Wang, J. Org. Chem. 2020, 85, 2312–2320. 

[95] Q.-H. Guo, Z.-D. Fu, L. Zhao, M.-X. Wang, Angew. Chem., Int. Ed. 2014, 53, 13548–13552. 

[96] Q. H. Guo, J. Zhou, H. Mao, Y. Qiu, M. T. Nguyen, Y. Feng, J. Liang, D. Shen, P. Li, Z. Liu, M. R. Wasielewski, J. Fraser Stoddart, J. 
Am. Chem. Soc. 2020, 142, 5419–5428. 

[97] M. Mascal, Angew. Chem., Int. Ed. 2006, 45, 2890–2893. 

[98] R. Suter, Y. Mei, M. Baker, Z. Benkő, Z. Li, H. Grützmacher, Angew. Chem., Int. Ed. 2017, 56, 1356–1360. 

[99] R. E. Dawson, A. Hennig, D. P. Weimann, D. Emery, V. Ravikumar, J. Montenegro, T. Takeuchi, S. Gabutti, M. Mayor, J. Mareda, C. A. 
Schalley, S. Matile, Nat. Chem. 2010, 2, 533–538. 

[100] S. Guha, S. Saha, J. Am. Chem. Soc. 2010, 132, 17674–17677. 

[101] V. Gorteau, G. Bollot, J. Mareda, A. Perez-Velasco, S. Matile, J. Am. Chem. Soc. 2006, 128, 14788–14789. 

[102] X. Kan, H. Liu, Q. Pan, Z. Li, Y. Zhao, Chin. Chem. Lett. 2018, 29, 261–266. 

[103] S. T. Schneebeli, M. Frasconi, Z. Liu, Y. Wu, D. M. Gardner, N. L. Strutt, C. Cheng, R. Carmieli, M. R. Wasielewski, J. F. Stoddart, 
Angew. Chem., Int. Ed. 2013, 52, 13100–13104. 

[104] K. A. McMenimen, D. G. Hamilton, J. Am. Chem. Soc. 2001, 123, 6453–6454. 

[105] D. H. Tuo, Y. F. Ao, Q. Q. Wang, D. X. Wang, Org. Lett. 2019, 21, 7158–7162. 

[106] A. Frontera, D. Quiñonero, P. M. Deyà, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2011, 1, 440–459. 

[107] H. T. Chifotides, B. L. Schottel, K. R. Dunbar, Angew. Chem,. Int. Ed. 2010, 49, 7202–7207. 

[108] G. Men, W. Han, C. Chen, C. Liang, S. Jiang, Analyst 2019, 144, 2226–2230. 

[109] D. A. McNaughton, M. Fares, G. Picci, P. A. Gale, C. Caltagirone, Coord. Chem. Rev. 2021, 427, 213573. 

[110] I. Alkorta, F. Blanco, P. M. Deyà, J. Elguero, C. Estarellas, A. Frontera, D. Quiñonero, Theor. Chem. Acc. 2010, 126, 1–14. 

[111] A. S. Mahadevi, G. N. Sastry, Chem. Rev. 2016, 116, 2775–2825. 

[112] P. Molina, F. Zapata, A. Caballero, Chem. Rev. 2017, 117, 9907–9972. 

[113] L. K. S. Von Krbek, C. A. Schalley, P. Thordarson, Chem. Soc. Rev. 2017, 46, 2622–2637. 

[114] H. Maeda, A. Osuka, H. Furuta, J. Inclusion Phenom. Macrocyclic Chem. 2004, 49, 33–36. 

[115] O. B. Berryman, F. Hof, M. J. Hynes, D. W. Johnson, Chem. Commun. 2006, 42, 506–508. 

[116] M. M. Watt, L. N. Zakharov, M. M. Haley, D. W. Johnson, Angew. Chem., Int. Ed. 2013, 52, 10275–10280. 



 

25 

 

[117] M. Albrecht, C. Wessel, M. De Groot, K. Rissanen, A. Lüchow, J. Am. Chem. Soc. 2008, 130, 4600–4601. 

[118] M. Müller, M. Albrecht, J. Sackmann, A. Hoffmann, F. Dierkes, A. Valkonen, K. Rissanen, Dalton Trans. 2010, 39, 11329–11334. 

[119] M. Giese, M. Albrecht, G. Ivanova, A. Valkonen, K. Rissanen, Supramol. Chem. 2012, 24, 48–55. 

[120] M. Giese, M. Albrecht, K. Wiemer, A. Valkonen, K. Rissanen, New J. Chem. 2012, 36, 1368–1372. 

[121] M. Giese, M. Albrecht, K. Wiemer, G. Kubik, A. Valkonen, K. Rissanen, Eur. J. Inorg. Chem. 2012, 2012, 2995–2999. 

[122] M. Giese, M. Albrecht, T. Krappitz, M. Peters, V. Gossen, G. Raabe, A. Valkonen, K. Rissanen, Chem. Commun. 2012, 48, 9983–9985. 

[123] M. Giese, M. Albrecht, C. Plum, D. Hintzen, A. Valkonen, K. Rissanen, Supramol. Chem. 2012, 24, 755–761. 

[124] A. Bretschneider, D. M. Andrada, S. Dechert, S. Meyer, R. A. Mata, F. Meyer, Chem. Eur. J. 2013, 19, 16988–17000. 

[125] Z. H. Sun, M. Albrecht, M. Giese, F. Pan, K. Rissanen, Synlett 2014, 25, 2075–2077. 

[126] Z. H. Sun, M. Albrecht, G. Raabe, F. F. Pan, C. Räuber, J. Phys. Chem. B 2015, 119, 301–306. 

[127] M. Albrecht, H. Yi, O. Köksal, G. Raabe, F. Pan, A. Valkonen, K. Rissanen, Chem. Eur. J. 2016, 22, 6956–6963. 

[128] Y. Z. Liu, K. Yuan, L. L. Lv, Y. C. Zhu, Z. Yuan, J. Phys. Chem. A 2015, 119, 5842–5852. 

[129] Y. Z. Liu, K. Yuan, Z. Yuan, Y. C. Zhu, L. L. Lv, RSC Adv. 2016, 6, 14666–14677. 

[130] Y. Z. Liu, K. Yuan, L. Liu, Z. Yuan, Y. C. Zhu, J. Phys. Chem. A 2017, 121, 892–900. 

[131] Y. Liu, L. Lv, H. Li, Z. Li, K. Yuan, J. Phys. Org. Chem. 2019, 32, e3959. 

[132] G. Gil-Ramírez, E. C. Escudero-Adán, J. Benet-Buchholz, P. Ballester, Angew. Chem., Int. Ed. 2008, 47, 4114–4118. 

[133] R. Molina-Muriel, G. Aragay, E. C. Escudero-Adán, P. Ballester, J. Org. Chem. 2018, 83, 13507–13514. 

[134] A. Kim, R. Ali, S. H. Park, Y. H. Kim, J. S. Park, Chem. Commun. 2016, 52, 11139–11142. 

[135] L. Adriaenssens, C. Estarellas, A. Vargas Jentzsch, M. Martinez Belmonte, S. Matile, P. Ballester, J. Am. Chem. Soc. 2013, 135, 8324–
8330. 

[136] C. D. Kumar, K. Sirisha, D. K. Dhaked, P. Lokesh, A. V. S. Sarma, P. V. Bharatam, S. Kantevari, P. Sripadi, J. Org. Chem. 2015, 80, 
1746–1753. 

[137] K. C. Chang, T. Minami, P. Koutnik, P. Y. Savechenkov, Y. Liu, P. Anzenbacher, J. Am. Chem. Soc. 2014, 136, 1520–1525. 

[138] A. Akar, A. Aydogan, Turk. J. Chem. 2017, 41, 493–501. 

[139] J. Yoo, M. S. Kim, S. J. Hong, J. L. Sessler, C. H. Lee, J. Org. Chem. 2009, 74, 1065–1069. 

[140] D. Escudero, A. Frontera, D. Quiñonero, P. M. Deyà, J. Comput. Chem. 2009, 30, 75–82. 

[141] X. Lucas, C. Estarellas, D. Escudero, A. Frontera, D. Quiñonero, P. M. Deyà, ChemPhysChem 2009, 10, 2256–2264. 

[142] A. Frontera, D. Quiñonero, P. M. Deyà, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2011, 1, 440–459. 

[143] C. Estarellas, A. Frontera, D. Quiñonero, I. Alkorta, P. M. Deyà, J. Elguero, J. Phys. Chem. A 2009, 113, 3266–3273. 

[144] H. Roohi, A. Safari, Mol. Phys. 2020, e1827179. 

[145] J. J. Fiol, M. Barceló-Oliver, A. Tasada, A. Frontera, À. Terrón, Á. García-Raso, Coord. Chem. Rev. 2013, 257, 2705–2715. 

[146] A. Garcia-Raso, F. M. Albertí, J. J. Fiol, A. Tasada, M. Barceló-Oliver, E. Molins, D. Escudero, A. Frontera, D. Quiñonero, P. M. Deyà, 
Inorg. Chem. 2007, 46, 10724–10735. 

[147] M. Mascal, I. Yakovlev, E. B. Nikitin, J. C. Fettinger, Angew. Chem., Int. Ed. 2007, 46, 8782–8784. 

[148] G. F. Caramori, I. Østrøm, A. O. Ortolan, G. R. Nagurniak, V. M. Besen, A. Muñoz‐Castro, R. P. Orenha, R. L. T. Parreira, S. E. 
Galembeck, Dalton Trans. 2020, 49, 17457–17471. 

[149] I. Østrøm, A. O. Ortolan, G. F. Caramori, M. Mascal, A. Muñoz‐Castro, R. L. T. Parreira, ChemPhysChem 2020, 21, 1989–2005. 

[150] A. Misturini, A. O. Ortolan, G. F. Caramori, C. H. Cintra, R. L. T. Parreira, New J. Chem. 2019, 43, 13271–13281. 

[151] A. O. Ortolan, G. F. Caramori, F. Matthias Bickelhaupt, R. L. T. Parreira, A. Muñoz-Castro, T. Kar, Phys. Chem. Chem. Phys. 2017, 19, 
24696–24705. 

[152] A. O. Ortolan, I. Østrøm, G. F. Caramori, R. L. T. Parreira, E. H. Da Silva, M. F. Bickelhaupt, J. Phys. Chem. A 2018, 122, 3328–3336. 

[153] C. S. Zuo, J. M. Quan, Y. D. Wu, Org. Lett. 2007, 9, 4219–4222. 

[154] Á. Martínez-Camarena, M. Savastano, C. Bazzicalupi, A. Bianchi, E. García-España, Molecules 2020, 25, 3155–3174. 

[155] S. Li, D. X. Wang, M. X. Wang, Tetrahedron Lett. 2012, 53, 6226–6229. 

[156] W. L. Huang, X. D. Wang, S. Li, R. Zhang, Y. F. Ao, J. Tang, Q. Q. Wang, D. X. Wang, J. Org. Chem. 2019, 84, 8859–8869. 

[157] S. Zhuang, Y. Cheng, Q. Zhang, S. Tong, M. Wang, Angew. Chem., Int. Ed. 2020, 59, 23716–23723. 



 

26 

 

[158] X. D. Wang, S. Li, Y. F. Ao, Q. Q. Wang, Z. T. Huang, D. X. Wang, Org. Biomol. Chem. 2015, 14, 330–334. 

[159] Y. Zhao, Y. Li, Z. Qin, R. Jiang, H. Liu, Y. Li, Dalton Trans. 2012, 41, 13338–13342. 

[160] J. Shukla, R. Illathvalappil, S. Kumar, S. Chorol, A. Pandikassala, S. Kurungot, P. Mukhopadhyay, Org. Lett. 2022, 3038–3042. 

[161] D.-H. Tuo, Y.-F. Ao, Q.-Q. Wang, D.-X. Wang, CCS Chem. 2022, 4, 2806-2815. 

  

Entry for the Table of Contents 

 

Hydrogen Bonding and Anion-π Interaction: two interactions of today’s research in anion recognition supramolecular 

chemistry. Combining these two interactions give rise to interesting cooperativity effects that remains difficult to rationalize 

and quantify. In this review, concepts of cooperativity are illustrated on the example of the combination of hydrogen 

bonding and anion-π interaction. 

Institute and/or researcher Twitter usernames: @PlaisRomain @ILV8UMR8180 

 

HYDROGEN 
BOND

ANION-π
INTERACTION


