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Conspectus

The halogen bond (XB) has become an important tool for molecular design in all areas of 

chemistry, including crystal and materials engineering, and medicinal chemistry. Its 

similarity to the hydrogen bond (HB) makes the relationship between these interactions 

complex—at times competing against, other times orthogonal to each other. sRecently, our 

two laboratories have independently reported and characterized a new synergistic 

relationship, in which the XB is enhanced through direct intramolecular HBing to the 

electron-rich belt of the halogen. In one study, intramolecular HBing from an amine, 

polarized iodopyridinium XB donors in a bidentate anion receptor, resulting HB enhanced 

XB (or HBeXB) preorganized and further augmented the donors. Consequently, the affinity 

of the receptor for halogen anions was significantly increased. In a parallel study, a meta-

chlorotyrosine was engineered into T4 lysozyme, resulting in an HBeXB that increased the 

thermal stability and activity of the enzyme at elevated temperatures. Computational studies 

on the two systems show that the HBeXB extends the range of interaction energies to being 

significantly greater than that of the XB alone. Additionally, surveys of structural databases 

indicate that the components for this interaction are already present in many existing 

molecular systems; however, the HBeXB has not been previously recognized. The 

confluence of the independent studies from our two laboratories demonstrates the reach of 

the HBeXB across both chemistry and biochemistry, and that intentional engineering of this 

enhanced interaction will extend the applications of XBs beyond these two initial examples.

Introduction

The Hydrogen Bond

The hydrogen bond (HB) has become a central topic in chemistry, since it was first 

described in water nearly a century ago.1–4 In structural biochemistry HBs are the primary 

noncovalent interactions that define the functional conformations of nucleic acids and 

proteins.5–7 More recently, the halogen bond (XB),8 and its cousins (e.g., the chalcogen, 
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pnictogen, and tetrel bonds are becoming increasingly recognized as important contributors 

to molecular assembly and recognition across diverse fields of chemistry, chemical 

engineering, and biology.9 The relationships between these various noncovalent interactions 

can be complex, particularly when two or more are present in the same system.10–12 Here, 

we highlight a synergistic relationship, recently described separately in a chemical and a 

biochemical system, in which an HB greatly enhances the XB potential of a halogen 

substituent. The principle behind this HB enhanced XB (HBeXB for short) can potentially 

be applied to other pairs of noncovalent interactions, thereby extending their range of 

energies and, consequently, applications as design tools for molecular engineering.

HBs13 share similar characteristics yet important differences with XBs.8 The initial 

description of the HB as primarily an electrostatic interaction has its roots with Pauling,2 

who described the electropositive nature of a hydrogen of water as being attributed to the 

high electronegativity of the bonded oxygen. The result is that the positive region of the O–

H dipole (as the HB donor) aligns with the electronegative lone pair of an adjacent electron-

rich acceptor (typically an O, N, S or, importantly for this discussion, a halogen).

The Halogen Bond

The XB can similarly be described as primarily an electrostatic interaction, with a halogen 

substituent serving as the analogous donor to an electron-rich XB acceptor.8 In this case, the 

electropositive potential of the donor can be attributed to depletion of the pZ-molecular 

orbital of the halogen as its valence electron becomes subsumed in forming a σ-covalent 

bond—the σ-hole theory.14 An important distinction is that the halogen maintains an 

electronegative belt around its equator, orthogonal to this electron-depleted σ-hole. Thus, the 

halogen can serve both as an XB donor in line with the covalent σ-bond and as an HB 

acceptor perpendicular to the bond (Figure 1b). This electronic representation also highlights 

the greater directionality observed for XBs, as well as the hierarchy of I > Br > Cl >> F as 

XB donors.14

This purely electrostatic σ-hole model is complemented by other considerations. In fact, the 

XB, previously referred to as a charge-transfer bond,16,17 received early recognition in the 

context of crystal engineering,18 and has since been exploited as a molecular design tool in 

chemistry (most prominently in the past two decades).9 There are arguments to be made that 

support the steric repulsion, dispersion, polarization and the original concept of charge 

transfer as a significant contributor to this interaction. Indeed, high-level quantum 

mechanical (QM) analyses indicate that the strong directionality of the XB can be attributed 

primarily to dispersion rather than purely electrostatic forces.19 It is likely that the richest 

understanding of this interaction comes from a description including electrostatic, charge-

transfer and covalent principles. Additionally, the dominant characteristic will depend on the 

particular XB donor and acceptor being studied. We will, however, rely primarily on the σ-

hole electrostatic model for this discussion, but with a recognition that it may not be 

complete in its description of the observed effects.
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The Halogen Bond in Chemistry

The study of XBs in chemistry has become one of the fastest growing research areas in the 

past decade.9 This noncovalent interaction was overlooked for the majority of the past two 

centuries despite early evidence that molecular halogens (I2, Br2 and Cl2) can form 

complexes with ammonia.20 Initial theoretical and solid-state studies focused primarily on 

inorganic XB donors. Building upon influential work of primarily inorganic XB donor 

complexes, the tunability and geometry of organic based XB donors has been elegantly 

detailed and employed in crystal engineering,21,22 computational studies,23,24 catalysis,25,26 

liquid crystals,27 drug design,28,29 self-assembly30–33 and solution studies.34,35

The Halogen Bond in Biochemistry

XBs relevant in biology were first recognized from a survey of the Protein Data Bank 

(PDB36), which found the prevalence of short-range interactions involving halogens in the 

crystal structures of biomolecules.37 This and subsequent surveys show that XB donors are 

predominantly found in halogenated inhibitors, while the dominant acceptors are carbonyl 

oxygens of peptide bonds in proteins (although various amino acid side chains also provide 

oxygen, nitrogen, and aromatic acceptors).38 The structure-energy relationships of biological 

XBs have been characterized in both DNAs39 and model proteins,40,41 and reflect the 

general trend that I > Br > Cl as XB donors, with F considered primarily only as an 

occasional HB acceptor.15

Interplay Between HBing and XBing

The similarity between HBs and XBs makes the relationship and interplay between the two 

interactions interesting and important.12 From the perspective of a common acceptor atom, 

the two interactions can be competitive11 or energetically orthogonal39 to each other (Figure 

2 a and b). For example, Aakeröy et al. have evaluated competition between XBs and HBs in 

crystal engineering, that resulted in techniques to avoid HB and XB “synthon crossover.”11 

In a series of studies on model DNA systems, the competition between these two 

interactions led to estimates for the energies of XBs in biological environments.42 Voth, et 

al. highlighted a geometric and energetic orthogonality between the HB and XB when 

simultaneously interacting with a carbonyl oxygen in proteins.39 This concept has inspired 

several small molecule mimics such as cocrystallization of N-methylacetamide and N-

methylbenzamide with select iodinated XB donors in the solid state43 and amino acid 

complexes in solution.44

The polarized halogens and its cousins are amphoteric45,46 and thus can serve both as an XB 

donor (in the direction of the σ-hole) and/or an HB acceptor (perpendicular the σ-hole) 

(Figure 2c). In this review we introduce the HBeXB as a polarization enhanced noncovalent 

interaction—where the σ−hole of the XB donor is directly enhanced through polarization by 

an HB to the electronegative waist of the halogen (Figure 2c).

Until now, the direct interplay between XBs and HBs has been primarily studied by gas 

phase calculations. Computational studies by Li et al. on the cooperativity between the XB 

and the HB in NH3
…XX…HF (X = F, Cl, Br) complexes showed that XBs in a triad were 

strengthened by HB interactions with HF.47 This is an example of an indirect polarization 
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enhanced XB, however it would not be considered an HBeXB because the polarization does 

not occur through direct interaction with the donor atom. In another computational example, 

Lin, et al. evaluated intermolecular HBs on XB donors in ligand-protein binding.48 Their 

quantum mechanical (QM) calculations and survey of the PDB found a significant 

contribution in protein-ligand binding when a XB accepted HBs. Finally, early studies were 

published by Laurence et al. showing how a “hydrogen-bond-assisted iodine bond” (a 

theoretical HBeXB) between thioamides and thioureas and iodine increased the Lewis 

basicity of the iodine. They concluded that molecular iodine is electronically amphoteric, 

allowing it to form augmented XBs when also accepting HBs.49 Although there are 

computational studies to suggest enhancement of XBs with HBs, experimental examples are 

rare.50,51 Our two labs were the first to experimentally examine the nature and limitations of 

HBing to a XB donor in chemical and biochemical systems. Nevertheless, systematic studies 

to understand and quantify the effect of the HB on the XB are critically lacking resulting in 

few applications taking advantage of the amphoteric nature of the XB.

Experimental Characterization of the HBeXB

We present here the experimental descriptions of a previously unquantified relationship, in 

which an HB to a halogen substituent increases the XB donating potential. This HBeXB was 

recognized in a bidentate halide receptor52 and, independently, with a meta-halotyrosine 

modified enzyme.53 The manifestation of HBeXBs in both small molecules and a protein 

suggests this synergistic interaction will be widely relevant across the fields of chemistry. In 

this account, we summarize the studies characterizing the HBeXBs in these two 

experimental systems. In addition, we present results from surveys of structural data bases 

indicating that HBeXBs are highly prevalent across a broad range of chemical compounds 

and complexes.

HBeXB Increases Anion Binding

The Berryman laboratory recently developed bisethynyl pyridinium XBing receptors that 

bind anions and neutral Lewis bases in a bidentate fashion.54,55 The alkynes promote rigidity 

and directionality; however, their low rotational barrier allowed the scaffolds to adopt three 

planar binding conformations. After considering ways to preorganize the structure, we 

determined that macrocyclization and external intramolecular HBs (away from the binding 

site) were not synthetically tractable. Instead, we introduced an electron-deficient aniline to 

HB to the electron-rich belt of the XB donors. This internal intramolecular HB was a unique 

departure from traditional preorganization techniques in that it also enhanced XB donor 

strength.

First generation 1,3-bisethynyl iodopyridinium G1XB (no intramolecular HB donor) and 

second generation G2XB (intramolecular HB and fluorine) receptors were recently 

synthesized (Figure 3). The HB’s role in preorganization and enhanced XBing (in G2XB) as 

compared to our first-generation receptor (G1XB) was quantified by 1H NMR titrations with 

chloride, bromide and iodide. Intramolecular HBeXBing increased halide binding by nearly 

9-fold over G1XB (in 40 % CDCl3/60% CD3NO2), which lacked the HBeXB. The halide 

K11 values for G2XB are 23,700 M−1 for Cl–, 32,900 M−1 for Br– and 36,900 M−1 for I–. 

However, G1XB binds halides much more weakly with association constants of 2,630 M−1 
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for Cl–, 4,690 M−1 for Br– and 4,380 M−1 for I–. The second binding event (K12) for all 

receptors is quite weak and presumably represents nonspecific ion pairing to balance charge. 

To further assess the HBeXB and verify that the amine is not the primary reason for the 

increase in binding strength, we compared G2XB to G2HB, which lacks the XB donors. We 

observed nearly an order of magnitude stronger binding for G2XB compared to G2HB—

concluding that the amine does not significantly HB to the anions in this system. These first 

solution studies of HBeXBing demonstrate that intramolecular preorganization and 

enhanced XBing is operable and contributes to the improved halide recognition.

Simultaneous preorganization and enhancement of the XB was further confirmed by gas-

phase computations (B3LYP, 6–31+G(d,p), aug-cc-pVTZ and LANDL2DZdp ECP). DFT 

single point energy calculations demonstrate that the bidentate conformation—with 

intramolecular HBs—is more stable than the conformation without HBs by 1.29 kcal/mol. 

Additionally, electrostatic potential (ESP) maps illustrate that G2XB, with the 

intramolecular HBeXBs contains a larger, more electrophilic σ-hole (Figure 4b) compared to 

G1XB, which lacks the HBeXBs (Figure 4a). Additional ESP maps of G2XB with no amine 

(Figure 4c) and G2XB with no fluorine (Figure 4d) verify that the enhanced polarization is 

caused by the intramolecular HBs from the amine. The magnitude by which HBing 

enhances bidentate XBing was calculated through interaction energies of G2XB and G2XB-
no NH2 (with no amine therefore no intramolecular HBs) with Br–. These energies with 

bromide highlight that the bidentate intramolecular HBeXBs in G2XB are over 3.2 kcal/mol 

stronger than solely the XBs in G2XB-no NH2, which lacks the HBeXBs. These 

calculations suggest that a single HBeXB interaction in this system provides approximately 

1.6 kcal/mol of stabilization. Together, these calculations corroborate the solution data and 

dual role of the intramolecular HBeXB to enhance the σ-hole and promote preorganization.

Crystallographic data with halide counteranions provided detailed structural evidence of 

HBeXBing (Figure 5). When the intramolecular HB is present, we observed a 5% 

contraction of the XB distances between methyl derivatives of G2XB (G2XBme) and both 

Br– and I– compared to G1XB (G1XBme). Additionally, the intramolecular HBeXB 

preorganizes the complexes of G2XB and G2XBme with Br– and I– which promotes 

planarity in the receptor backbone. The pyridinium rings of G1XBme twist out of planarity 

up to 15°, however the addition of the HBing amine decreases ring twist by over half, with 

the smallest angle at 2.4°. The crystals of G2XB and G2XBme confirm that the 

intramolecular HBeXB can preorganize a receptor while simultaneously improving XB 

strength.

Solvatochromism and Fluorescence Response

During these initial studies, it became apparent that the fluoroaniline core–engendering 

HBeXBs–elicited unique photophysical effects compared to our first-generation receptors. 

G2XB and G2HB (both as neutral and charged species) exhibit solvatochromatic effects as 

well as anion induced fluorescence quenching.56 Considering the directionality of the XB, 

we viewed this as an additional opportunity to evaluate possible selectivity of these systems 

for solvents or anions. In comparison to their neutral counterparts, the charged derivatives 
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exhibited opposite solvatochromism, which we attribute to their charged states and 

differences in binding ability.

Qualitative evaluation of anion sensing showed that anion-induced fluorescence quenching 

of G2XB was less efficient than G2HB with most anions. We hypothesized that loose bolt 

effect was occurring, which states that flexible groups or substituents absorb energy and 

induce nonradiative decay pathways to the ground state thus quenching fluorescence. The 

HBeXBs in G2XB preorganize the adjacent pyridinium rings, thus reducing their flexibility, 

and subsequent ability to induce nonradiative decay pathways. Through these studies it was 

discovered that G2XB can selectively sense I– over other anions by a significant 

fluorescence quenching after the addition of one equivalent of tetra-n-butylammonium 

iodide. In contrast, the neutral and charged G1XB lacked these unique photophysical effects.

HBeXB Increases Enzyme Stability and Function

The growth in the development of polypeptide-based therapeutics spurred the Ho laboratory 

to determine whether XBs can be engineered to stabilize protein structures, using the 

enzyme T4 lysozyme (T4L) as the model system (Figure 6).40 Within the active site of T4L, 

tyrosine residue (Y18) forms an HB to the carbonyl oxygen of a neighboring glutamate 

(E11) that is essential for the enzyme’s structure and function. In order to determine whether 

an XB can replace this critical HB, we made T4L constructs in which Y18 was replaced by a 

halogenated phenylalanine (XF18, where X = Cl, Br, or I).40 As a control, we made 

analogous XF replacements at position Y88, a solvent exposed residue that cannot form 

XBs, and found these constructs to be destabilizing to the protein. The XF18-T4L constructs, 

however, formed XBs that replaced the essential HB of Y18, thus rescuing the stability of 

the protein (with Cl < Br < I) relative to the Y88 controls. The rescue, however, was 

incomplete, in that the engineered XB could not entirely compensate for the loss of stability 

and function afforded by the essential HB from the hydroxyl of Y18.

We next attempted to augment, rather than replace the critical hydroxyl HB of Y18 by 

introducing a halogen that can form an XB to a different, nearby carbonyl oxygen acceptor 

(at G28). {Carlsson, 2018 #24} This T4L variant was constructed by replacing Y18 with a 

meta-halotyrosine (mXY18). The engineered mClY18-T4L indeed showed that the chlorine 

formed an XB to the peptide G28 backbone, resulting in a protein that was more thermally 

stable than the wildtype. The melting temperature (Tm) and melting enthalpy (ΔHm) were 

both elevated (1° C and ~3 kcal/mol, respectively), as determined by differential scanning 

calorimetry (DSC). In addition, this chlorinated construct showed 15% greater enzymatic 

activity over the wildtype at 40° C.

The surprising aspect of these results was that the increased stabilization and elevated 

activity came from adding a single chlorinated substituent, while the brominated and 

iodinated variants (both expected to have larger σ-holes and therefore stronger XBs) had no 

effect or was destabilizing. The iodine of the IY18 was too large to fit into the tight and rigid 

loop into which the halogen must sit and, thus, sat exposed to solvent, thereby destabilizing 

the protein. The BrY18 placed the intermediate sized halogen partially exposed and partially 

XBed within the protein loop, with the stabilizing/destabilizing effects essentially 

neutralizing each other. Only the small chlorine fits into this loop to form a stabilizing XB.
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The question, however, is why the Cl-XB of the ClY18 construct has such a significant 

stabilizing influence on this protein. We had previously shown that a Cl-XB to a very strong 

anionic oxygen acceptor could provide 0 to 0.5 kcal/mol of stabilizing potential in a DNA 

system, while Br- and I-XBs contributed 2 to >6 kcal/mol of enthalpic stability. 

Furthermore, quantum mechanical (QM) calculations suggest that a hydroxyl group should 

be electron donating to ortho-substituents (Figure 7) and, therefore, the chlorine of the 
ClY18 should be a weaker XB donor even compared to a ClF. The solution to this conundrum 

came from considering not simply the standard substituent effects of the hydroxyl group, but 

also its ability to serve as an HB acceptor to the OH of the Y18 side chain. QM analyses on 

chlorophenol models indicate that the OH can rotate to form an intramolecular HB to the 

electronegative annulus of the chlorine; thus the σ-hole becomes enhanced, resulting in an 

XB-donor that is comparable to that of bromo- or iodobenzene in stabilizing potential. The 

significantly stronger XB interaction observed in ClY18-T4L can thus be attributed to this 

HBeXB. Such an intramolecular O–H···X HB is supported by calculations and experiments 

on halophenols in non-aqueous environments.57 In addition to its enhanced stabilizing 

potential, the QM calculations also indicate that the σ-hole encompasses a larger area of the 

atomic surface and, therefore, the HBeXB also should show a broader range of angles (θ1) 

for the approach of acceptors to the halogen XB donor.53 The resulting enhanced XB in the 
ClY18 T4 lysozyme is thus the first recognition that an HBeXB can increase the stability and 

function of a biomolecule.

HBeXB in the Cambridge Structure Database and Protein Data Base

Interest in the XB has dramatically increased since the turn of the century, with the number 

of annual publications on the topic growing from <10 prior to 2000 to >450 in 2017. This 

dramatic increase parallels the application of XBs as a molecular design element in nearly 

all fields of chemistry. The XB is very similar to the HB in terms of their competing 

acceptors and interaction energies, but the more directional nature of the XB has been seen 

as a limitation, particularly in biomolecular engineering. However, the HBeXB has the 

potential to extend the application of XBs by not only increasing the strength of the 

interaction to be comparable to a traditional HB, but also expand the atomic surface 

encompassed by the electropositive σ-hole and, consequently, extending the angles at 

approach by the acceptor.

The experimental observations of HBeXBs in a small molecule anion receptor and in an 

engineered protein, involving various XB donors and HB donors suggest that this interaction 

is applicable across a wide range of chemical systems. We thus addressed the question of 

whether HBeXBs could be present in other chemical systems by surveying the Cambridge 

Structural Database (CSD59) for structures in which the basic elements of this interaction are 

present. Our initial survey searched for aromatic compounds with Cl, Br, or I that are ortho- 

to OH, or NH2 substituents, and within short distance (≤ 105% of the sum of the van der 

Waals radii, ∑RvdW) of an XB acceptor (O or N) of an interacting compound. This analysis 

identified 772 complexes, indicating that the potential for HBeXBs is very high, even with 

these very limited criteria.
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A radial distribution plot of the XB donor approach to the acceptor (the θ1-angle) showed 

that these interactions cluster around the σ-hole of the halogen (θ1 ≈ 180°, Figure 8), as 

expected for XBs, but extending to the electronegative annulus (θ1 ≈ 90°). It is interesting 

that at θ1 ≈ 180°, the normalized XB distance (RX···(O/N)) does not extend beyond 100% of 

∑RvdW. However, detailed analysis of the distance from the acceptor to the halogen (RX-A) 

and to the HB donor atoms (RX-A) shows a significant number of these contacts are 

primarily HBs to the ortho–OH or –NH substituents, instead of HBs to the XB donors 

(Figure 8b). With these HBs removed from the dataset, the resulting radial analysis is even 

more highly clustered around the σ-hole, but more broadly distributed across θ1-angles 

(with RX···(O/N) ≤ 1.0 to < 135°) than seen in previous surveys of XBs (Figure 8c). An initial 

survey of the Protein Data Bank with these same limiting criteria identified over 1,000 

structures with the components required to form HBeXBs, consistent with the previous 

survey by Lin, et al.48 The difference, however, is that the results from our CSD survey now 

allows us to distinguish between HBs and potential HBeXBs in biomolecular structures. 

Thus, the two examples of HBeXBs found in the halide receptor and the model protein, as 

described here, are most likely not singular exceptions, but simply the first experimental 

recognition of a potentially prevalent molecular interaction.

Conclusion and Perspective

This review highlights the concept that an HB directly to the electron-rich region of a 

halogen augments its potential as an XB donor. The resulting HBeXB extends the stability 

and the geometry of an XB interaction, rendering it comparable and potentially stronger than 

a classical HB. While the concept of the HBeXB had previously been suggested, our studies 

are highlighted as the first experimental characterization of this synergistic relationship. Our 

initial surveys of the CSD and PDB highlight the strong likelihood that HBeXBs are 

common in both chemical and biochemical molecular systems.

Although we have now sampled HBeXBs at the two extremes of chemical complexity and 

with different pairs of XB and HB donors, there remain many aspects of polarization effects 

that are yet to be explored. For example, we expect that stronger a HB donor in these 

coordinated systems, will strengthen the XB donor potential of the halogen. Similarly, the 

geometry of the HB···X (the distance and angle of approach of the HB interaction) would 

affect the XB acceptor to donor geometry. A shorter HB, for example, would be expected to 

have a stronger polarizing effect on the σ-hole and, thus produce a stronger attractive force 

with the acceptor. Alternatively, the angle of approach of the HB to the halogen could affect 

the position of the σ-hole at the halogen surface, thereby affecting the approach θ1-angle of 

the acceptor. Quantum calculations on simple model systems show that when the HB 

deviates from being perpendicular to the C–X bond (near the optimum 90° of the 

electronegative center), the most electropositive point of the σ-hole deviates from the ideal 

180° along the C–X bond. Our research groups are studying these and other physical 

properties and effects on the HBeXB to better understand how we can rationally design the 

interaction for molecular and biomolecular engineering.

Finally, we highlight that the HBeXB is a type of polarization enhanced noncovalent 

cooperativity (Figure 9, green box, σ-bond cooperativity). As a subclass of noncovalent 
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cooperativity,60 polarization enhanced XBs are unique—they can be polarized either directly 

through noncovalent interaction with the donor (e.g. HBeXB) or indirectly by noncovalent 

interaction with an adjacent atom that shares a σ-bond with the donor (Figure 9, red box). 

The generality of this approach is foreshadowed by a recent computational study showing 

that intramolecular HBs also can enhance tetrel bonds (HBeTeB) in fluorosilyl and fluoro-

germanium complexes.61 The HBeXB and HBeTeB can be considered as two related 

subcategories of polarization enhanced noncovalent interactions (Figure 9, pink and orange 

boxes), where HBs and other noncovalent interactions can cooperatively strengthen or 

weaken the noncovalent bonding of polarizable atoms (such as halogen or tetrel 

substituents). While this strategy is only now being explored, it has the potential to extend 

the utility of these interactions in chemistry and biochemistry, providing powerful 

alternatives to the classic HB in molecular engineering.
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Figure 1. 
Electrostatic models for the hydrogen bond (HB) and halogen bond (XB). a. In an OH bond, 

the more electronegative oxygen (reflected in the Pauling electronegativity scale, χr) draws 

more of the electron pair towards the oxygen, leaving an electropositive hydrogen to serve as 

the HB donor. This anisotropic distribution of charges is reflected in the electrostatic 

potential map calculated for water. b. The σ-hole model for an XB posits that in forming a 

covalent σ-molecular orbital, the pz orbital of the halogen (X) is depleted, resulting in an 

electropositive crown and slight flattening of the atom at the tip.15
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Figure 2. 
Relationships between HB and XB donors and acceptors. a. Competitive XB and HB for an 

acceptor atom. b. Simultaneous HB and XB to an acceptor. c. HB to an amphoteric halogen 

that serves simultaneously as an XB donor. (Adapted from Rowe et al.12)
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Figure 3: 
Schematics of first generation XB receptor (G1XB) and second generation XB and HB 

receptors (G2XB). Syntheses can be found in the original publications.52,54
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Figure 4: 
Schematics and associated electrostatic potential (ESP) maps of G1XB (a), G2XB (b), 

G2XB no amine (c) and G2XB no fluorine (d) showing HBeXB enhancement of the 

electropositive σ-holes. ESP maps drawn at a 0.004 au isodensity.
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Figure 5: 
Crystal structures of G1XBme with bromide top view (a, top) and planar view (a, bottom) 

comparing distances with G2XBme and bromide (b). The planar views include the degrees 

that the pyridnium rings twist out of coplanarity with the benzene (a, bottom) or 

fluoroaniline (b, bottom) core.
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Figure 6. 
The T4 lysozyme (T4L) model system for XB studies. a. The hydroxyl of the tyrosine amino 

acid at position 18 (Y18) forms an HB to the polypeptide backbone of glutamate E11 

(dashes). The side chain of tyrosine at Y88, however, is solvent exposed and does not 

interact with the remainder of the protein. b. Replacing Y18 with a metachlorotyrosine 

(mClY18) maintains the essential HB to E11, with the addition of an XB from the Cl to the 

peptide oxygen of glycine G28. c. Electrostatic potentials of a chlorophenol model of the 
mClY18 side chain. The Cl substituent shows a weak σ-hole when the hydrogen of the OH is 

rotated away from the halogen (top) but becomes significantly enhanced when rotated to 

form an HB.
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Figure 7. 
Quantum mechanics (MP2) calculated energies (EMP2) of XBs from chlorobenzene to the 

carbonyl oxygen of N-acetylamide (NMA, a model for a peptide bond), and effects from 

adjacent hydroxyl groups. The Cl-XB is fairly weak, and addition of a hydroxyl to an 

adjacent (ortho) carbon weakens the interaction further. Rotation of the OH to form an HB 

to the Cl, however, significantly increases the stabilizing potential of the Cl-XB (with EMP2 

becoming more negative by ~1.5 kcal/mol). The inset shows the MP2 calculated inductive 

effects of a hydroxyl (OH) substituent on charges at the carbons of benzene (phenol). The 

carbons of benzene carry a charge of −0.15e, determined through an MP2 calculation. The 

charge at the ortho- and para-carbons become more negative, reflecting the electron donating 

effect, while that of the meta-carbon becomes more positive, indicative of the electron 

withdrawing effect of the hydroxyl group to these positions. The Hammett constants58 for 

hydroxyl substituents are −0.37 for the para- and +0.12 for the meta-positions, consistent 

with the quantum calculated effects on the carbon charges.
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Figure 8. 
Results from survey of structures from the Cambridge Structural Database (CSD) for 

potential HBeXBs. a. Radial distribution of potential HBeXBs. The CSD was surveyed for 

structures of halogenated aromatic compounds (Cl, Br, or I), with HB donors (OH or NH2) 

at the ortho-position, that form complexes with an XB/HB acceptor (O or N). The distance 

from the halogen to the acceptor atom, normalized to the sum of the respective van der 

Waals radii (RX···(O/N) ≤ 1.05) are plotted radially relative to the angle of approach of the 

acceptor to the C–X bond (θ1). b. Plot of normalized distances from the acceptor (A) to the 
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halogen (RX···A) versus the distance to the HB donor (R(O/N)···A). HB interactions are 

distinguished from XBs by R(O/N)···A ≤ 1.25. c. Radial plot of XBs from a, with HBs 

removed according to the criteria in b.
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Figure 9. 
Different types of polarization enhanced noncovalent cooperativity. The HBeXB is a 

subclass of polarization enhanced XBs where HBing directly to the XB donor enhances the 

XB interaction. EWG is an electron withdrawing group adjacent to a HB or XB donor, while 

A refers to electron-rich acceptors of HBs or XBs.
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