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Abstract

Throughout the design and development of supramolecular receptors for anion binding, many 

different non-covalent anion-binding motifs have been employed. One motif seen in many host-

guest systems is the sometimes weaker, ‘non-traditional’ aryl CH hydrogen bond. From June 

Sutor’s discovery of the interaction and its subsequent dismissal by the field in the 1960s to 

today’s use of the aryl CH hydrogen bond in synthetic anion receptors, the path our lab took to 

begin studying this interaction has been influenced by many other researchers in the field. This 

feature article highlights the history and properties of the CH hydrogen bond, with a particular 

focus on aryl CH hydrogen bonds in anion recognition. We highlight select recent developments in 

the field of anion receptors utilizing aryl CH hydrogen bonds, with an emphasis on how this has 

influenced the evolution of our approach in designing fundamental studies on CH hydrogen 

bonding and exploiting this interaction in efforts aimed toward preferential anion binding.

Graphical Abstract

This Feature Article highlights recent approaches to anion recognition with a focus on aryl CH 

hydrogen bonds.
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Introduction

Anionic species play diverse and complex roles in environmental, industrial, and biological 

systems, which necessitates chemical methods for detecting, sensing, sequestering, and 

selectively binding these negatively charged species to understand their fate, transport, and 

modes of action. As examples in the environment, anions are often found as natural and 

anthropogenic sources of pollution. Arsenate (AsO4
3−) contamination in Bangladeshi wells 

has caused one of the largest mass-poisonings in history, affecting an estimated 85 million 

people.1 Nitrate (NO3
−) and dihydrogen phosphate (H2PO4

−) are essential for plant growth 

and are used in fertilizers to increase crop yield; however, over-application of these anions 

can be extremely detrimental to the environment, reaching surrounding bodies of water 

through agricultural run-off and promoting eutrophication.2 As an example in industrial 

processes, anions such as sulfate (SO4
2−) also serve as major contaminants, and can thereby 

inhibit the effective vitrification of radioactive waste.3

In organisms, anions are essential for numerous biological processes. Chloride (Cl−) is used 

to regulate membrane transport and control nervous system function, and the misregulation 

of chloride is linked with serious diseases such as cystic fibrosis.4 The hydrosulfide anion 

(HS−) is currently being studied for its therapeutic potential as a signaling agent at low 

concentrations, but, at high concentrations, it is a deadly toxin and requires detailed 

monitoring in applications where exposure to the anion or its conjugate base (hydrogen 

sulfide, H2S) exists.5 Anions are even implicated in systems beyond our own planet. While 

perchlorate (ClO4
−) serves as a rocket fuel additive and can lead to water contamination 

problems near terrestrial military bases (such as the Joint Base on Cape Cod, MA) and near 

flare manufacturing plants throughout California, perchlorate was also unexpectedly 

detected in soil on Mars.6,7 This finding perhaps hints at past microbial life on the Red 

Planet,7a and may suggest a future environmental cleanup challenge during terraforming by 

future humans seeking to populate other locations within the solar system.7b

To understand, and potentially to monitor, the complicated roles that anions play in these 

many systems, the complex modes of action between an anionic “guest” and a molecular 

“host” has received increasing attention. Anions present several challenges as targets for 
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molecular/ion recognition, including: (i) Anions tend to be harder to bind by traditional 

electrostatic interactions because they are larger, more polarizable, and more diffuse than 

comparable cations. (ii) Anions exist in a diversity of molecular geometries, ranging from 

spherical (the halides) to planar (nitrate) to octahedral (SiF6
2−), among other forms.8a (iii) 

Anions typically serve as weak to moderate bases, so their speciation can be pH dependent. 

As a result, proton transfer might occur rather than, e.g., hydrogen bond formation during 

their interactions with a host. (iv) Anions tend to be highly solvated and particularly mobile, 

especially in polar protic solvents. Despite these challenges, supramolecular host-guest 

systems have emerged over the past few decades as a way to continuously monitor anions 

through reversible, non-covalent interactions.8 Molecular design and anion binding motifs 

can be used to modify and tailor host receptors for specific anion guests.9 Given the 

widespread use of hydrogen bonding in Nature, it is no surprise that a very popular approach 

that strongly mimics how proteins bind substrates is through the use of hydrogen bonding.
9d,10

Our Native Oregonian and famous sister school Beaver, Linus Pauling, predicted the 

significance of the hydrogen bond well before confirmation of its influence on the structure 

of DNA or the folding of proteins.11–13 In fact, despite decades of debate on the hydrogen 

bond, much of Pauling’s quite simple description of the hydrogen bond in The Nature of the 
Chemical Bond still drives today’s more inclusive, lengthy formal definition.10,14 Pauling 

defines a hydrogen bond quite succinctly as occurring “under certain conditions [when] an 

atom of hydrogen is attracted by rather strong forces to two atoms, instead of only one, so 

that it may be considered to be acting as a bond between them”.14

Pauling’s definition reflects the traditional perspective of the hydrogen bond seen in 

structural biology, where the total interaction of the hydrogen bond is predominantly 

electrostatic and the distance between the donor and acceptor is less than the sum of the van 

der Waals radii.10,15 This classical definition of the hydrogen bond also reflects what many 

are taught in introductory chemistry courses: X–H···A reflects the strongly polar hydrogen 

bond donor groups X–H (X = O, N, or halogen) on one side and hydrogen bond acceptor 

atoms A (A = O, N, halogen, etc.) on the other (Fig. 1a).

The definition and classification of a hydrogen bond has evolved quite a bit since the early 

observations and predictions of this attractive interaction, and a knowledge of this evolving 

history is perhaps useful in understanding the relatively recent emergence of CH bonds as 

hydrogen bond donors in molecule and anion recognition.15 In fact, the fields of host-guest 

chemistry and anion recognition now regularly employ acidic CH hydrogens as H-bond 

donors, and the resultant interactions have often been deemed “weak” hydrogen bonds 

(irrespective of some stricter definitions we may learn in introductory organic chemistry 

courses).8,9,10,14 These and related emergent hydrogen bonding interactions are now well-

recognized, in part due to an improved understanding of the interplay of the various 

attractive forces that comprise these interactions, including electrostatics, van der Waals 

forces, covalency, and degree of polarization.10,15,16
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History and definition of the CH···X hydrogen bond

The first indication of the existence of a possible CH hydrogen bond (HB) appears to have 

occurred in 1935, around the same time as studies emerged about more traditional hydrogen 

bonds.11,12 However, these non-traditional CH hydrogen bonds were largely ignored until 

the early 1960s when D. June Sutor first published a systematic approach to define the 

existence of CH hydrogen-bonds in crystal structures.17 Her survey of crystal structures with 

“‘short’ intermolecular and intramolecular C···O contacts” was the first step toward defining 

this weak interaction but was limited in scope to molecules containing C‒H···O contacts.17

A few years later, Donohue challenged the Sutor definition of these short contacts as 

hydrogen bonds, in part suggesting the 2.6 Å contact was too long to be considered 

significant.18 With this dismissal—which appeared in a book celebrating the life and work 

of Linus Pauling and received almost no critical response—progress in the field halted until 

almost two decades later when Taylor and Kennard published a comprehensive survey of the 

neutron scattering data of 113 structures from the Cambridge Structural Database containing 

short C‒H···X contacts.19 In that work, they conclusively corroborated Sutor’s observations 

of the existence of C‒H···O hydrogen bond and systematically defined the properties of C‒
H···X HBs. They also expanded the definition of these short contacts to include general C‒
H···X interactions, where X = N, O, and Cl. They continued to postulate that “the C‒H···X 

hydrogen bond may be a significant factor in determining the minimum energy packing 

arrangements of small organic molecules that contain nitrogen”.19 A recent review by 

Schwalbe provides a wonderful analysis of Sutor’s role in the discovery, controversy, and 

ultimate vindication of the importance of the CH hydrogen bond.20 Shortly after her death in 

1990, Desiraju dedicated “The C–H···O Hydrogen Bond: Structural Implications and 

Supramolecular Design” to Dr. Sutor’s memory.21

Nineteen years after the Taylor and Kennard work, Desiraju and Steiner published their book 

The Weak Hydrogen Bond: In Structure and Biology, wherein they further described the 

nature of the CH hydrogen bond.10 This weak hydrogen bond would then differ from 

classical “strong” hydrogen bonds defined as X–H···A, where A and X are assumed to be 

highly electronegative (e.g., O, N) and can approach each other closely, with the HBs 

observed between H2O molecules in crystalline ice serving as an example.15 Similarly, in 

defining the weak hydrogen bond, A and X are only of moderate electronegativity (e.g., CH 

hydrogen bonds where X is C). The definition and properties presented by Steiner et al. 

provided the following standard definition guiding current research in the field of 

supramolecular anion receptors:

“A X–H···A interaction is a hydrogen bond if i) it constitutes a local bond and ii) X–H acts 

as a proton donor to A: in the case of X–H + B: → X–H···:B. This definition implies a 

dipole-dipole interaction with a directional dependence.”10,15

While this clear definition of the hydrogen bond emerged in the late 1990s and the field of 

crystal engineering was transformed in the mid-1990s by the CH···X interaction, the field of 

supramolecular anion receptor chemistry did not begin to fully utilize or characterize this 

interaction in the solution-state until the mid-2000s.22,23 Recent work has shown that, when 

properly polarized by electron-withdrawing groups, CH HB donors can form hydrogen 
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bonds similar in strength to those seen in more traditional HB donors.9d,24 These studies 

have also revealed several advantages in using CH HBs, including a greater resistance to 

proton transfer and pH-dependent host speciation, a greater affinity for softer anions in 

certain cases, and an overall additive effect to achieve strong binding (much like in the 

adenine·thymine base-pairs in the double helical backbone of DNA, Fig. 1b).13

Before we highlight current efforts in supramolecular anion receptors that utilize aryl CH 

hydrogen bonds as supporting interactions, we must first acknowledge the other, often 

competing and synergistic, supramolecular interactions at play in many such host-guest 

complexes. For this review, we focus on the interactions between an aromatic host and an 

anionic guest, but we will briefly touch on other competing forces, as well as solvent and 

entropic effects. Synthetic organic anion receptors commonly incorporate six main 

intermolecular and/or intramolecular interactions, alongside hydrophobic/solvophobic 

effects: ion pairing forces, dipole-anion forces, hydrogen bonding, halogen bonding, weak-σ 
interactions, and anion-π interactions (Fig. 2).8,9,25 All of these binding forces rely on an 

attractive force between two or more atoms of differing electrostatic potentials. Interestingly, 

aryl CH hydrogen bonds, halogen bonding, weak-σ interactions, and anion-π interactions 

are all dependent on electron-withdrawing functional groups to create a positive electrostatic 

potential within the molecule to “catch” the anion.9 In fact, the use of electron-withdrawing 

groups to flip the quadrupole moment in a phenyl ring to create a receptor capable of anion-

π type interactions is how our group first stumbled into aryl CH hydrogen bonds.26

Aryl CH hydrogen bonding in anion receptors

In some of our early studies on anion recognition, published in 2008 with collaborator Ben 

Hay and then-doctoral student Orion Berryman, we designed a series of sterically-geared 

electronegative triaryl-substituted triethylbenzene receptors with different dinitro-

substitution patterns on the aryl substituents (1 and 2, Fig. 3).26 In designing these receptors 

we sought to experimentally probe the continuum between weak-σ interactions and anion-π 
interactions in neutral aromatic hosts;27 at the time of this research, the anion-π literature 

was heavily weighted towards computational studies, with a few solution-state studies of 

receptors that often featured other competing binding forces (e.g., ion-pairing or hydrogen 

bonding).27c One key finding that fell out of these halide binding studies was not a direct 

measurement of the strength of the anion-π or the weak-σ interactions; rather, it was the 

surprising appearance of downfield shifts in 1H NMR spectroscopy titration studies that 

indicated the possibility of a different binding force at play: aryl CH hydrogen bonding. The 

substitution pattern of the dinitro groups allowed for discrimination between competing 

arene-anion and CH-anion binding interactions, since the 3,5-dinitro substituted receptor 2 
was predicted to block aryl CH···X− hydrogen bonding sterically, while the 2,4-dinitro 

substituted receptor 1 allowed for two CH hydrogen bonds from the two weakly acidic ortho 
hydrogens within the anion binding pocket (Fig. 3).26

A key contemporary experimental investigation at the time also explored the aryl CH···X− 

interaction, as reported by Sessler, Hay, Lee, and coworkers in the context of a series of 

strapped calix[4]pyrroles.28 These systems—designed to bind chloride—contained either a 

phenyl, pyrrole, or furan moiety in the bridge/strap (Fig. 4). When compared to the 
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unsubstituted calix[4]pyrrole, the phenyl and pyrrole straps (3 and 4, respectively) increased 

the affinity toward chloride by one and two orders of magnitude, respectively; however, the 

furan strapped system (5) showed an order of magnitude lower binding than the phenyl 

strapped system.28 This study was one of the first experimental examples to show the 

significance of the aryl CH···X− hydrogen bond as a supporting interaction for anion binding 

in synthetic hosts.

Shortly after these two studies were published, Colleti and Re performed high level 

computations to determine the strength of binding of the halide ions (F−, Cl−, Br−, and I−) to 

benzene.29 Their results suggested bifurcated aryl CH···X− hydrogen bonds of intermediate 

strength to be the preferred binding mode of F−, Cl−, Br−, and I− with benzene. However, a 

stronger, singular aryl CH···X− HB dominated the fluoride-benzene interaction. This study, 

in combination with the previous solution-state analyses, appeared to rekindle interest in 

using aryl CH···X− hydrogen bonding as an additional supporting interaction in complex 

host-guest systems.9

This series of earlier studies also helped inspire the longstanding collaboration between the 

Johnson and Haley labs at the University of Oregon in designing arylethynyl urea anion 

receptors, with a recent focus on phenylethynyl hosts (e.g. 6, Fig. 5a). This scaffold serves as 

a modified version of our original pyridylethynyl bis-urea and bis-sulfonamide receptors in 

which the core pyridine/pyridinium is replaced with a phenyl ring that is not subject to 

proton transfer (7, Fig. 5b).30 Our traditional pyridine and pyridinium-based receptors (8 and 

9, Respectively, Fig. 5c) showed a pH dependency, limiting the scope of the anions we could 

bind and making studies at a physiological pH more challenging due to competing proton 

transfer processes between host, anions, and solvent.31 To overcome these limitations, we 

asked: did protonated pyridine need to be present in these receptor scaffolds? Graduate 

students at the time Calden Carroll, and later Blake Tresca, realized that the para-position on 

the aromatic core of the scaffold provided an easily functionalizable, fortuitous handle for 

polarizing the CH HB and studying substituent effects. In transitioning from a pyridine to a 

phenyl core, the opportunity to utilize aryl CH hydrogen bonding to bind anions was 

realized: by functionalizing the para-position on the core benzene ring with an electron-

withdrawing substituent, the acidity of the aryl CH pointing into the binding pocket could be 

tuned as a hydrogen bond donor (Fig. 6, 10).32

Similar to Sessler and coworkers’ research with strapped calix[4]pyrroles, Tresca et al. 

compared the affinity of halides with this phenyl-based receptor to those of the pyridine and 

pyridinium receptors (Fig. 6, 11 and 12).32 Receptor 12 showed the strongest binding for Cl
−, attributed to the strong NH+ hydrogen bond combined with ion-pairing interactions.32 

Phenyl-core receptor 10 featured an aryl CH HB in the binding pocket, which was further 

polarized by ortho-substituted alkynes. The resulting host-guest complex was not quite as 

stable as the complex with the pyridinium core when binding Cl−, as it showed a binding 

affinity an order of magnitude lower than 12. In comparison to receptor 11, scaffold 10 also 

showed an order of a magnitude stronger affinity toward Cl−, which was attributed to the 

repulsion of the nitrogen lone pair toward anions in the binding pocket of 11. 1H NMR 

titration studies showed a downfield shift of the internal proton resonance, indicating the 

participation of the aryl CH hydrogen bond in 10·Cl−, and a crystal structure analysis of 
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10·Cl− showed short contacts between the aryl CH and Cl− at 3.579(3) Å, demonstrating the 

clear participation of the aryl CH HB in this scaffold (Fig. 7).32

The arylethynyl bis-urea scaffolds reported from our group are inherently flexible and 

capable of binding anions in a variety of conformations, with the aryl CH HBs acting as 

supporting anion binding motifs to traditional urea NH HBs or anion-π interactions.32,33 

This is not an uncommon approach in designing anion receptors.8a As a related approach to 

these flexible hosts, many others have shown that moderate to strong anion binding is also 

possible with multiple aliphatic and/or aryl CH HBs in pre-organized macrocyclic receptors.
34,9b-9d For example, triazolophane macrocycle receptors bind anions solely through aryl CH 

hydrogen bonds and serve as an early example of shape persistent hosts for anions, also 

reported in 2008.35 Flood et al. exploited the large diploe moment of 1,4-disubstituted 1,2,3-

triazole groups linked by 1,3-disubstituted aromatic groups to pre-organize at least six 

acidic, polarized aryl CH groups pointing into the center of the macrocyclic ring (Fig. 8, 13). 

This series of neutral macrocycles showed selective binding toward halides utilizing only 

aryl CH hydrogen bonding, establishing the significance and strength of the aryl CH···X− 

interaction to bind anions in solution and the solid state.35

Since that first triazolophane publication in 2008, the Flood group has reported a multitude 

of elegant differentially-substituted triazolophanes and their anion-binding properties.36 In 

one spectacular example in 2016, Lee et al. replaced the phenyl linkers in the macrocycle 

with carbazole groups to create a rigid receptor (Fig. 8, 14) easily synthesized (in one pot) 

and in high yields (70% on an 8-gram scale). This tricarbazolo triazolophane structure 

showed highly cooperative binding with high affinities toward larger, more diffuse, and 

notoriously weakly-coordinating anions, such as SbF6– and PF6– in 20% MeOH in CHCl3 

or the per-deutero equivalent. Strong π-stacking within this system also appeared to play a 

significant role in the self-assembly of this shape-persistent macrocycle into slip-stacked 

sandwiches in solution and at the liquid/solid interface, forming 2D crystalline honeycomb 

and flower polymorphs. Despite these supporting intermolecular interactions, host binding 

toward the anions results solely due to the activated aryl CH hydrogen bonds.36 The 

uniqueness of the triazole subunit – a conjugated ring that is easy to synthesize through 

“click” chemistry with a highly activated CH groups – has led to its incorporation into a 

variety of other anion-binding scaffolds, including foldamers,38 pyrrolyl-based triazolophane 

macrocycles,39 strapped calix[4]pyrroles,40 and anion-responsive self-assembled 

bis(triazole)benzamide receptors,41 among others.42

Another approach to incorporate aryl CH hydrogen bond donors lies in ring-strained 

hydrocarbon macrocycles featuring aryl CH groups directed into the strained macrocyclic 

cavity. In 2016, the Stępień group synthesized octulene 15, a structural homologue to 

kekulene, which has hyperbolic curvature with approximately 30 kcal mol–1 in strain energy.
43 DFT geometries of the unsubstituted and methoxy-substituted ring showed a deep, saddle-

like ring with eight aryl CH bonds pointing into the center of the large cavity (Fig. 9). The 

electrostatic potential (ESP) of these internal hydrogens was shown to be 23–24 kcal mol–1, 

making these aryl CH hydrogens about half as positive as the Flood triazolophane receptor 

(ESP = 41–55 kcal mol–1).37 This electrostatic potential is achieved through a neutral 

aromatic belt that lacks electron-withdrawing groups, but interestingly, is on par with the 
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ESP of the aryl CH hydrogen bond donor in our most polarized, electropositive arylethynyl 

bis-urea receptors (ESP = 28.9 and 22.1 kcal mol–1 when the R group in Fig. 5 = NO2 and 

Cl, respectively).44

With eight electropositive aryl CH hydrogen bond donors and a rigid, pre-organized binding 

cavity around the same size as that shown in triazolophane,35 Stępień and coworkers were 

able to bind Cl− with an association constant (Ka) of 2.2 × 104.43 This Ka, measured in 1% 

CD2Cl2 in C6D6, is particularly strong for a receptor that binds Cl− through only 

moderately-activated aryl CH hydrogen bonds. In comparison, the Flood triazolophanes, 

which feature many more electropositive aryl CH hydrogen bond donors, show a Ka of 1.3 × 

105 in CH2Cl2.35 The strong association of octulene with Cl− shows the combined strength 

of these “weak” aryl CH hydrogen bond and may suggest that incorporating strain into a 

macrocylic host may be another strategy to increase the acidity and hydrogen bond donor 

strength of aryl CH hydrogen bonds.43

An even larger shape-persistent macrocyclic host was reported by Lee, Flood, and 

coworkers, again featuring all aryl CH hydrogen bonds oriented into the host cavity for 

anion recognition.45 This C5-symmetric penta-t-butyl-pentacyanopentabenzo[25]annulene 

macrocycle, aptly named “cyanostar”, was obtained through a one-pot Knoevenagel self-

condensation (Fig. 10). It strongly binds large, weakly coordinating anions through polarized 

cyanostilbene aryl and olefinic CH hydrogen bonds. It is important to note that the 

cooperative π-stacking behavior of the cyanostars with large anions plays a role in creating a 

2-to-1 host-to-guest “sandwich” complex.45 This electropositive binding pocket, combined 

with a total of 20 CH hydrogen bonds, resulted in an overall binding affinity of log β12 > 11 

for weakly coordinating anions PF6
−, ClO4

−, and BF4
− in 40% CD3OD in CD2Cl2. Since 

that initial report on cyanostars, the Flood group has continued to investigate the anion 

binding properties of differentially-substituted cyanostar macrocycles and has contributed 

significantly to the field of aryl CH···X− hydrogen bonding by investigating the nature of the 

contributions of the aryl CH···X− hydrogen bond in these host-guest complexes.46

Physical organic chemistry investigations into the nature of the aryl CH hydrogen bond

To employ aryl CH HBs as functional anion-binding motifs in supramolecular structures 

effectively—and perhaps still necessary in the recent past to convince skeptics that this 

attractive interaction rises to the level of inclusion as a hydrogen bond—detailed studies on 

the nature and contribution of these “non-traditional” hydrogen bond donors have been 

undertaken. Our lab became interested in using classical physical organic techniques to 

examine aryl CH HBs after receptor 10 showed moderate binding strength toward Cl−.32 We 

hypothesized that we could modulate the strength of the aryl CH HB in the binding pocket 

by installing various electron donating or withdrawing groups in the para position to the HB 

donor to study substituent effects. If these CH HBs were truly fundamentally related to their 

more traditional NH and OH counterparts, their HB binding energies should show linear free 

energy relationships to, e.g., traditional Hammett constants.

In 2016, Tresca and colleagues in our lab implemented a linear free energy relationship 

(LFER) study to probe the characteristics of these CH···X− interactions by modulating the 

HB strength through these varied para-substituents.44 The modular synthesis of our 
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receptors allowed us to build a series of receptors (Fig. 11a, 17).44 We reported the 

association constants of the series of receptors with chloride, bromide, iodide, and nitrate in 

water-saturated CHCl3. We found that the binding energies were well described in LFER 

studies by using Hammett parameters, showing that the acidity of the aryl CH HB could be 

modulated by EWGs and EDGs in the para position, much like NH and OH HBs. 

Additionally, plotting the electrostatic potential of the aryl CH HB (calculated at the 

B3LYP/6–31+g(d) level of theory) against the ΔG of binding in solution revealed that the 

aryl CH HB was an important contributor to the overall binding energy, with the strongest 

aryl CH anion HB contributing up to ‒2.20 kcal mol‒1.44 In fact, the aryl CH HB amounted 

to as high as 47% of the total binding energy with I−.44

This research also highlighted differences in binding strength between the harder anions (Cl− 

and Br−) and the softer anions (I− and NO3
−). Performing Hammett plots with σp or σm 

parameters for the different para substituents revealed subtle differences between the various 

anions.44 Binding energies with Cl− fit σp values best (Fig. 11b), while binding energies 

with I− better fit σm, suggesting that resonance contributions may play a more important role 

in binding the harder Cl− than when binding the softer I−. We also saw that NO3
− fit both σp 

and σm equally well, perhaps due to the added geometric considerations of the larger, 

trigonal planar anion.44 Using the induction (F) and resonance (R) parameters developed by 

Swain and Lupton enabled determination of the inductive and resonance contributions of the 

receptors when binding the different anions. This analysis also revealed slightly higher 

resonance contributions for the harder anions than for the softer anions. These findings 

reinforce that linear free energy relationships can be a powerful tool in deciphering subtleties 

in non-covalent interactions, and potentially even provide approaches to achieving 

selectivity for different anions.44

Even without resorting to comprehensive LFER investigations, many other studies have 

explored the effect of polarizing CH bonds with electron withdrawing and donating groups. 

For example, in 2014 the Hill group reported an arylpyrrole oligomer possessing pyrrole NH 

and aryl CH hydrogen bonds for anion binding.47 These aryl CH hydrogen bonding motifs 

could be polarized through functional groups in the ortho-, meta-, and para-positions (Fig. 

12a). When comparing five different receptors (18a-e) to six different anions (Cl−, HCO3
−, 

AcO−, H2PO4
−, NO3

−, and Br−), the authors could not pinpoint a consistent trend across all 

host-guest pairs, with one exception: host 18e.47 This receptor, which combined a nitrogen 

lone pair pointing into the binding pocket with aryl CH HBs activated at the meta-position, 

bound all of the anions the weakest. This was likely due to the steric and/or electrostatic 

repulsion from the nitrogen lone pair pointing into the binding pocket. For the remaining 

host-guest pairs, the authors concluded that steric hindrance of the anion binding pocket was 

just as important to consider as the polarization of the aryl CH HB in host-guest interactions.
47

The Kang group also reported on the effect of polarization of aryl CH hydrogen bonds on 

anion binding.48 Their receptors utilized an amide NH HB, a central anthracene CH HB, and 

an aryl CH polarized by an ortho pyridinium, a para-nitro group, or a control receptor 

without substituents (Fig. 12b, 19a-c, respectively). The unsubstituted receptor 19c showed 

no affinity toward a range of anions, while the slightly-more polarized receptor 19b only 
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bound H2PO4
−.48 Receptor 19a, however, which featured the most polarized aryl CH 

hydrogen bond, was able to bind all four anions studied (H2PO4
−, HSO4

−, Cl−, and Br−). In 

this case, the extent of polarization of this aryl CH HB, along with the favorable electrostatic 

interactions and possible N-methyl pyridinium CH HBs in 19a, were critical in creating a 

favorable host-guest interaction in solution.48

We previously collaborated with our colleagues in the lab of Michael Pluth at the University 

of Oregon to show that receptors of the type in Fig. 12c could bind the highly nucleophilic 

hydrosulfide anion (HS−, conjugate base of hydrogen sulfide, H2S).56 These studies revealed 

that a short CH···S contact contributed to the strong association of hydrosulfide in these 

complexes, and solution phase measurements supported the existence of this HB as well. In 

a continued attempt to determine the contribution of aryl CH hydrogen bonds in anion 

binding, the Pluth group published a series of tribenzamide TREN-based receptors (Fig. 12, 

20).49 Within their series, two receptors were functionalized with CF3 electron withdrawing 

groups either in the meta (20a) or para (20b) position relative to the amide functional group. 

In the para position (20b), the CF3 group polarized the NH HB donor, making it more 

acidic, through both inductive and resonance effects. Likewise, in the meta position (20a), 

the CF3 group more greatly polarized the aryl CH HB donor. Titration of 20a and 20b (R = 

CF3) with TBASH revealed higher binding affinities than a receptor with an 

unfunctionalized aryl ring. Furthermore, they saw that the Ka for 20b was three times greater 

than for 20a, suggesting that the amide NH HB was more important in anion binding than 

the aryl CH HB.

To further explore the system, the Pluth group then installed methyl groups in both the para 
(20b, R = CH3) and meta (20a, R’ = CH3) position to the amide functional group, 

decreasing the acidity of both NH and CH HB. Through titration of the methyl- substituted 

20a and 20b with TBASH, the authors saw lower binding affinities than the unsubstituted 

receptor but did not observe a significant difference in binding strengths between the two 

methyl-substituted receptors.49

Electrostatic potential surface (EPS) maps also serve as an efficient physical organic tool to 

visualize binding pockets and the extent of aryl CH hydrogen bond polarization without 

requiring the need to synthesize and study the anion-binding properties of a series of 

receptors. In their initial report on cyanostar macrocycles, Flood et al. attributed the strong 

binding toward weakly coordinating anions both to the electropositive cavity of the 

cyanostar and to the large size of the binding pocket (~4.5 A).45 To visualize this cavity, they 

used an electrostatic potential map of an intermediate building block to show that the nitrile 

group was able to polarize the vinylic and aryl CH bonds, thereby lining the inner cavity 

with an electropositive region (Fig. 10). Using calculations at the B3LYP/6–31G* level of 

theory, the authors calculated the EPS of the vinyl CH HB in the advanced intermediate at 

29 kcal mol–1, which represents a highly polarized CH bond and thus a strong CH HB 

donor.45,50

Another way to study the contribution of a CH hydrogen bond to the overall anion binding 

in a receptor is through the use of deuterium equilibrium isotope effects (DEIEs); such 

studies are quite challenging to perform on traditional NH and OH donors due to proton 
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exchange. We are fortunate to have a scaffold that presents a CH donor that is quite easy to 

label with deuterium (Fig. 13), and thus we embarked on a study with collaborator Paul 

Cheong’s lab to investigate EIEs in an aryl CH HB an anion receptor.51 In this investigation, 

receptors 21aH and 21aD were titrated with chloride in d6-DMSO and monitored through 
13C NMR titrations. We reported a normal DEIE, with Ka21aH / Ka21aD = 1.019 +/

− 0.010.51 We also reported the computed DEIEs of fragments of the receptors (Fig. 13).51 

Interestingly, we saw that various fragments of the receptor showed an inverse DEIE. These 

results were surprising because they showed that the DEIE of the fragments would not be 

additive, as the inverse DEIEs would not sum to a positive DEIE, as was determined 

experimentally. Further analysis suggested that the origin of the different, normal DEIE of 

21aH and 21aD was an emergent phenomenon resulting from combination of functional 

groups and binding geometries present in the host.51

Probing solvent effects in the aryl CH···X− interaction

We would be remiss if we did not emphasize that—especially with weak interactions—the 

binding forces alone do not always dominate binding structure, selectivity, strength, etc.; 

rather, solvent effects and entropy (through enthalpy-entropy compensation, preorganization, 

and cooperativity, among other factors) play their own critical, oftentimes ambiguous roles.
50,51 Unfortunately, our understanding of solvent effects in general in synthetic host-guest 

complexes remains incomplete, and efforts to understand these effects in anion recognition 

are in their infancy. This is therefore a roadblock in understanding and predicting how 

receptors with any variety of binding motifs will interact with and select various anions in 

solution, particularly in water.51

Until recently, most of our understanding of solvent effects come from empirical reports of 

receptors examined in a few solvents. In 2017, the Flood group published a comprehensive 

study to untangle the forces that drive anion binding in macrocylic receptors, including 

electrostatics and solvent effects (Fig. 14).52 Experimental 1H NMR titrations with 

triazolophane receptor 22b and tetrabuylammonium chloride were conducted in solvents 

with a range in dieletric constant from εr = 4.7 (CHCl3) to εr = 56.2 (10% v/v H2O in 

DMSO).52 Additionally, DFT calculations were performed on receptor 22a to provide 

further insight into the binding events. From their experimental and computational results, 

the authors discovered a 1/εr dependence on anion affinity in aprotic solvents (Fig. 14). As 

the dielectric constant of the solvent decreased, the electrostatic forces of the receptor on the 

anion dominated the anion binding event and binding behavior became more and more 

similar to gas-phase calculations. As the dielectric constant increased, electrostatics gave 

way to other inter- and intramolecular forces, such as dispersion, induction, and exchange 

forces. With the switch from aprotic solvents to a mixture of DMSO and water, Flood et al. 

found a deviation from the 1/εr dependency: instead of plateauing, binding affinities began 

to decrease linearly in a fashion that was not predicted by computational binding models 

(Fig. 14).52

This unexpected trend in solvent influence on the strength of anion binding highlights how 

many forces are truly at play in these host-anion systems. While the strength of aryl CH 

hydrogen bonds can improve the overall association strength in a host-guest system, protect 
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from proton transfer reactions, and even aid in anion binding selectivity, the role of dynamic 

electrostatic and solvent forces clearly warrants further scrutiny.53–55

Our future in the field of aryl CH···anion hydrogen bonding

Flood’s comprehensive approach to teasing apart solvent effects on anion binding is a 

notable contribution to the understanding of CH-anion recognition, and they make sure to 

highlight how much work remains in generalizing our understanding of solvent effects and 

moving theoretical models to shift from the gas phase into the more relevant solvent phase.52 

We are inspired to continue thinking “beyond the electrostatic regime” in order to explain 

the deviation from the dielectric dependency upon moving into protic solvents, water-DMSO 

mixtures, and even neat water; to investigate solvent effects on our more flexible anion 

receptors; to explore the fundamental CH HB interactions and its role in driving anion 

binding selectivity; and to study the impact of solvent on hosts with binding geometries not 

perfectly designed for the guest.

The use of aryl CH hydrogen bonds and other anion binding approaches in the development 

of molecular probes and sensors for anions of biological relevance is another area that 

requires continued exploration. In one case, these pursuits led us to report the first examples 

of supramolecular receptors for the reversible binding of biologically-critical yet highly-

reactive hydrosulfide (HS−) anion.56 Subsequent to these studies, new receptors targeting 

these types of biologically relevant anions through the use of aryl CH HBs have appeared.
49,57 We are now further exploring the use of aryl CH hydrogen bonds to bind other reactive, 

yet biologically-relevant (hydro)chalcogenide anions, including hydroselenide and hydrogen 

sulfate.58

We also note that the studies on CH-anion HBs have focused on organic solvent mixtures 

predominantly, so there is still plenty of opportunity to study CH HBs in water to parallel 

other studies on anion recognition in water.53,55 We foresee combining the utility and 

tunability of the aryl CH···X– interaction with halogen bonding interactions to achieve 

strong and selective anion detection in water. These types of interaction motifs are now 

starting to appear in the design of organocatalysts and as bioisosteres in drug discovery. 

Finally, new generations of chemists continue to inspire us with the development of new 

binding motifs to consider for anion recognition, with a recent report showing the RCF2H 

group can serve as a HB donor that may mimic the function of ROH HB donors.59
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Fig. 1. 
(a) A representation of a polarized aryl CH hydrogen bonding interaction with an anion and 

(b) a highlight of the adenine·thymine dimer with the traditional and non-traditional 

hydrogen bonding interactions highlighted.13 PDB ID: 4HLI60
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Fig. 2. 
Depiction of common intrermolecular binding forces at play in host‒anionic guest systems
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Fig. 3. 
Optimized geometries of 1·Br− and 2·Br−. The 2,4-dinitro substituted triethylbenzene 

receptor 1 binds its guest via aryl CH hydrogen bonds versus the weak–σ binding mode 

depicted in the 3,5-dinitro substituted receptor 2. Figure adapted with permission of the 

American Chemical Society from ref. 26. Copyright 2008.
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Fig. 4. 
Series of strapped calix[4]pyrroles designed to bind chloride and the crystal X-ray 

diffraction structures of the Cl− complex. The key CH···Cl− interaction is clearly depicted in 

the 3·Cl− crystal structure (bottom). The added aryl CH hydrogen bond interaction available 

in the phenyl-strapped system 3 binds Cl− stronger than an unsubstituted calix[4]pyrrole and 

the furan-strapped system 5.
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Fig. 5. 
(a) Generic scaffold of the phenylethynyl bis-urea anion receptors our lab has used to 

investigate aryl CH hydrogen bonding; (b) bis-sulfonamide scaffold 7; and (c) original pH 

sensitive pyridine (8) to pyridinium (9) anion binding receptors.
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Fig. 6. 
The three anion receptors that brought our lab into its current generation of aryl CH 

hydrogen bond studies. Tresca et al. compared the binding affinities of the phenyl- (10), 

pyridine- (11), and pyridinium-core (12) receptors to realize the potential of the supporting 

aryl CH HB in our scaffolds.
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Fig. 7. 
X-ray crystal structure of phenylethynyl bis-urea receptor 10 binding Cl‒ through urea NH 

and aryl CH hydrogen bonds.
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Fig. 8. 
Triazolophane macrocycle 13 and related tricarbazolo triazolophane macrocycle 14 bind 

anionic guests solely through aryl CH hydrogen bonds.
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Fig. 9. 
Chemical structure of aromatic belt octulene 15 and the gas-phase DFT geometries (level of 

theory: ωB97XD/6‐31G(d,p)) of the chloride-adduct showing the hyperbolic host pocket 

with eight aryl CH hydrogen bonds. Molecular models are reproduced with permission of 

Wiley from ref. 43. Copyright 2016.
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Fig. 10. 
Cyanostilbene-based macrocycle “cyanostar” 16 obtained through the Knoevenagel 

condensation binds anions through 10 aryl CH HBs per host and a strongly electropositive 

binding pocket. Electrostatic potential surface map reproduced with permission of Springer 

Nature from ref. 45. Copyright 2013.
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Fig. 11. 
(a) Chemical structure of the differentially substituted phenylethynyl bis-urea receptors 17 
implemented in the LFER study by Tresca et al. (b) Hammett plot of the binding constants 

of the various receptors with Cl−, indicating a σp relationship between the binding strength 

and aryl CH hydrogen bond donor. Hammett plot reproduced with permission of the 

American Chemical Society from ref. 44. Copyright 2015.
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Fig. 12. 
Chemical structures of various anion receptors used to probe the strength of the aryl CH 

hydrogen bond through differential substitution of (a) arylpyrrole oligomers 18, (b) 

anthracene-amide based receptors 19, and (c) TREN-based receptors 20.
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Fig. 13. 
Deuterium labeled anion receptor 21 and subsequent computed EIE values involving the 

chloride complexes with fragments of receptor 20H/D. EIE spectrum reproduced with 

permission of the American Chemical Society from ref 51. Copyright 2017.
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Fig. 14. 
Understanding solvent effects on aryl CH···anion receptors is the next frontier in 

understanding the nature of this unique bond. Triazolophane macrocycles 22a and 22b 
showed a predictable 1/εr dependency in aprotic solvents but an unexpected linear decrease 

in anion association strength in protic solvents. Graphs reproduced with permission of 

Elsevier from ref. 52. Copyright 2017.
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