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The CX bond in halobenzenes (X@Cl, Br) exhibits a dual char-

acter, being electron-deficient along the CX direction, and

electron-rich on its flanks. We sought to amplify both features

by resorting to electron-withdrawing and electron-donating

substituents, respectively. This was done by quantum chemis-

try (QC) computations in the recognition sites of three protein

targets: farnesyl transferase, coagulation factor Xa, and the

HIV-1 integrase. In this context, some substituents, notably flu-

orine, CF3, and NHCH3, afforded significant overall gains in the

binding energies as compared to the parent halobenzene, in

the 2–5 kcal/mol range. In fact, we found that some di- and

up to tetra-substitutions enabled even larger gains than those

they contribute separately owing to many-body effects. More-

over, desolvation was also found to be a key contributor to

the energy balances. As a consequence, some particular sub-

stituents, contributing to reduce the halobenzene dipole

moment, accordingly reduced solvation: this factor acted in

synergy with their enhancement of the intermolecular interac-

tion energies along and around the CX bond. We could thus

leverage the “Janus-like” properties of such a bond and the

fact that it can be tuned and possibly amplified by well-

chosen substituents. We propose a simple yet rigorous compu-

tational strategy resorting to QC to prescreen novel substi-

tuted halobenzenes. The QC results on the recognition sites

then set benchmarks to validate polarizable molecular

mechanics/dynamics approaches used to handle the entirety

of the inhibitor-protein complex. VC 2014 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.23786

Introduction

An outstanding property of Cl, Br, and I halobenzenes is the

presence of a zone of electron depletion prolonging the CAX

bond, denoted as the “sigma-hole,” coexisting with a zone of

electron build-up on the sides of this bond.[1] The first feature

has focused significant interest,[2] and numerous examples

showed the CX bond pointing directly either toward an

electron-rich atomic site or toward the center of the electron-

rich aromatic rings. Examples are provided by protein[3–10] and

DNA[11] recognition sites of halobenzenes, and by molecular

crystals.[12] Except for a few recent examples, conversely,[13]

the second feature has so far attracted a much lesser atten-

tion. This has motivated us to try and leverage the double-

faceted, “Janus-like,” nature of halobenzenes to optimize their

affinities for targeted sites, by: (a) increasing electron-

depletion along the CX bond by electron-withdrawing sub-

stituents and (b) conversely, enhancing electron density on the

sides of this bond by electron-donating substituents. The

impact of both kinds of substitutions are quantified by inter-

molecular interaction (DE) calculations in the binding site of

three proteins, and are performed using dispersion-corrected

DFT.

We consider three protein halobenzene binding sites

recently unraveled by high-resolution X-ray diffraction. These

are farnesyl transferase (Ftase),[14] coagulation FXa (factor

Xa),[15] and the HIV-1 integrase (INT).[16] Such structures show

that the halobenzene can reside in the neighborhood of

electron-rich as well as of electron-deficient sites of the recep-

tor. Its binding to either kind of site could therefore be

enhanced by well-defined substituents respectively deplenish-

ing or replenishing the CX electron density. The impact of

such substitutions is quantified by DFT-d DE computations. We

further investigate the possibility for selected electron-

donating and electron-attracting substituents to coexist within

the same halobenzene molecule and amplify in concert each

facet of the “Janus-like” CX bond, thus favorably impacting DE.

The electrostatic effects of such substitutions on both regions

of the sigma-hole are analyzed by mapping the molecular

electrostatic potential (MEP) of the halobenzenes. Furthermore,

some substituents, on reducing the halobenzene molecular

dipole, could accordingly reduce its desolvation energy. This

factor would then act in synergy with the DE enhancement in

the energy balances.
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Methods

All intermolecular interaction energies were computed by

quantum chemistry (QC) at the correlated level, using the

dispersion-corrected B97-d functional by Grimme .[17] We used

the aug-cc-pVTZ(-f ) basis set.[18] Energy-minimization was

done using the Berny procedure[19] and the G09 software.[20]

The values of DE were corrected for the basis set superposi-

tion error.[21] The solvation energies of the uncomplexed halo-

benzenes were computed with the C-polarizable continuum

model (PCM) procedure, a Conductor-like polarizable contin-

uum model.[22]

The complex within the recognition site was not solvated,

as it is buried in the protein binding site. The binding energy

DEbinding is expressed as:

DEbinding 5 DEcomplex– ðEprot=DNA 1 EligÞ (1)

It represents the difference between the energy of the com-

plex and those of the individual interacting molecules.

DEcomplex is the energy of the complex after optimization.

Eprot/DNA is the energy of the protein or DNA binding site. Elig

is the energy of the ligand optimized prior to interaction in a

water continuum.

The energy balances are completed on including the desol-

vation energy of the inhibitor, dDGsolv prior to binding, so that

DEfin5 DEbinding1 dDGsolv. DEfin is thus the final energy

balance.

We have in addition computed the contribution of vibra-

tional, rotational and translational entropies to correct DE and

approach the free energies (DG). This was done using the G09

thermodynamical analysis module.[20,23]

The MEPs used the electron density from the Gaussian cal-

culations and were obtained by Gaussview5[23] for mapping.

We will denote by a1 and a2 the zones of electron depletion

and of electron build-up, respectively. For representative halo-

benzene derivatives, analyses of the electron populations and

volumes on the halogen atom were done using the electron

localization function (ELF) analysis.[24]

Other DFT functionals could be used concurrently, such as

M06-2X[25] or WB97x.[26] We have selected here the B97-d

functional on account of its extensive testings.

We would also like to note that all QC calculations are per-

formed, as is common usage, with a dielectric constant of one,

even though they aim at reproducing interactions taking place

in a protein active site. This seems amply justified since we are

dealing with local interactions, and it could be problematic to

anticipate how neighboring residues could modulate the “real”

dielectric constant, which is a macroscopic quantity.

Following a remark made by a Reviewer, we wish to stress

that for all three binding sites considered in the present study,

we will probe the impact of substitutions on the affinities of

the halobenzenes to the sole two receptor sites of their bind-

ing cleft. We do not attempt to take into account the impact

on their affinities for other, more distant protein residues:

indeed, this would only be meaningful if the entirety of the

inhibitor were considered and relaxed as well, anchoring the

halobenzene and preventing it to drift away from its cleft. This

is not the purpose of the present approach, but is to be con-

sidered as a next stage in the context of polarizable molecular

mechanics/dynamics potentials, following a validation of such

potentials on model sites by the present, or related, QC

computations.

Results and Discussion

Binding site of farnesyl transferase

Ftase is a Zn-metalloenzyme which activates guanosine

triphosphate (GTP)-binding proteins involved in cell cycle pro-

gression by catalyzing the transfer of a fifteen-carbon isopre-

noid to their C-terminal group. Overactivation of these

proteins results in several pathologies, which could be pre-

vented by Ftase inhibitors. We have considered the structure

of Ftase complexed with an inhibitor built out of four aromatic

rings, including one chlorobenzene, seen in the X-ray structure

(PDB 1NI1)[14] to bind to two tryptophan rings, W102 and

W106. This structure is represented in Figure 1a, and a close-

up together with the available substitution positions is shown

in Figure 1b. In all that follows, the substitution positions

(ortho, meta or para) will be denoted with respect to the Cl

atom. The same notations will be used with the two other tar-

get enzymes. We considered a ternary complex formed by the

halobenzene derivative and the end side-chains of W102 and

Figure 1. a) Representation of the binding site of Ftase; and b) close-up on the interaction involving the halobenzene ring and notation of the substitution

positions.
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W106, namely their indole rings. The ternary complex was

optimized by energy-minimizing the sole halobenzene, as

W102 and W106 are considered to be held in place by the

protein. The structural rearrangement of halobenzene was

found to be extremely limited, and this was also the case for

the substituted halobenzene. It could be noted that even with-

out protein relaxation, some derivatives are found to have an

enhanced affinity to the model binding site with respect to

the parent compound (see below), so that augmented relaxa-

tion, if any, would further augment such a relative stability. We

then considered five different substituents in the para, meta,

ortho2, and ortho6 positions. These are three electron-

donating groups, ANH2, AOH, and ANHCH3, and two

electron-withdrawing ones, ACF3 and ANO2. The results of the

energy calculations are regrouped in Table 1. The correspond-

ing results of unsubstituted benzenes are taken as energy

zeroes. For the binary complexes of each halogen with W106

and W102, and for its ternary complex, Table 1 lists: (a) the rel-

ative desolvation energy of the ligand, dDGsolv, given in the

first column; (b) its in vacuo interaction energy, DE(gas); and

(c) the partial relative energy balance, DE(gas)–dDGsolv.

Among electron-withdrawing groups, a ACF3 in para or in

meta3 appears most effective, with overall gains of 20.7 and

21.0 kcal/mol, respectively. The corresponding DE gains of

21.3 and 21.5 are reduced by 0.5 kcal/mol by relative desol-

vation with respect to the parent compound. These gains

result from increased electron density depletion along the CCl

bond, favoring the interaction with the electron-rich indole

ring of W102. In addition, the desolvation energy undergoes a

further decrease (�0.5 kcal/mol) with respect to the parent

halobenzene. No CF3 substituent was placed in the ortho posi-

tions on account of steric repulsion with the CCl bond. Substi-

tution by a more effective attractor, NO2 in meta3 or in ortho2

affords significant DE enhancements, occurring again with

W102 (24.9 and 25.1 kcal/mol, respectively). However, these

energy gains are counteracted by significantly enhanced desol-

vation energies in the 3.8–4.8 kcal/mol range.

Among electron donors, an ANHCH3 substituent when

placed in ortho2 or ortho6, afforded DE gains of app 21.5

kcal/mol. They stem from enhanced gas-phase interactions, DE

(gas), occurring with W102 and W106 (resp.) and amounting

to 23.5 kcal/mol. Such gains, denoted as dDE (gas), are

opposed by more unfavorable 1.4–1.5 kcal/mol desolvation

enthalpies compared to the parent compound. The desolva-

tion enthalpies with ANH2 and AOH substituents are signifi-

cantly larger than for the ANHCH3 derivatives, rendering the

overall energy balances unfavorable whatever the substitution

position.

Polysubstituted derivatives were next considered to further

improve the energy balances, dE. Thus a tetra-fluoro-

substituted chlorobenzene afforded a 23.1 kcal/mol dE gain,

due to both DE (gas) and dGsolv. A similar gain (23.2 kcal/

mol) obtains if one F atom is replaced by a ACF3 group. This

derivative has a 21.7 kcal/mol more favorable DE(gas) with

W102 opposed by a less favorable desolvation energy and

more unfavorable interaction with W106. It is noteworthy that

Table 1. Binding site of farnesyl transferase.

W106 - halobenzyl W102-halobenzyl Ternary complex

Complex A dDGSolv DE Gas DE Gas - dDGSolv DE Gas DE Gas - dDGSolv DE Gas DE Gas - dDGSolv

Para NH2 25.98 2.35 8.3 23.64 "a2 2.34 20.33 5.65

OH 27.54 3.4 10.94 23.41 "a2 4.13 20.15 7.39

NHCH3 24.49 2.84 7.33 24.9 "a2 20.41 21.85 2.64

CF3 20.54 3.01 3.55 24.14 23.6 21.27 20.73

F 20.25 3.45 3.7 22.74 22.49 0.43 0.68

NO2 23.85 2.56 6.41 25.29 21.44 22.93 0.92

Meta 3 NH2 25.39 1.83 7.22 24.92 0.47 22.42 2.97

OH 27.43 2.64 10.07 23.25 4.18 20.73 6.7

NHCH3 23.98 2.75 6.73 23.84 0.14 21.39 2.59

CF3 20.52 2.76 3.28 24.23 23.71 21.49 20.97

F 0 2.67 2.67 22.78 22.78 20.36 20.36

NO2 23.78 1.4 5.18 24.94 21.16 23.67 0.11

Ortho 2 NH2 23.77 3.76 7.53 25.29 21.52 21.03 2.74

OH 22.83 2.71 5.54 23.48 20.65 20.63 2.2

NHCH3 21.44 20.19 1.25 23.1 21.66 23.06 21.62

F 20.33 2.91 3.24 21.78 21.45 0.89 1.22

NO2 24.83 1.48 6.31 25.1 20.27 22.82 2.01

Ortho 6 NH2 23.79 24.84 21.05 1.35 "a2 5.14 23.08 0.71

OH 22.68 3.2 5.88 24.25 21.57 20.95 1.73

NHCH3 21.5 23.5 22 0.73 2.23 23.01 21.51

F 20.34 1.37 1.71 20.47 20.13 0.74 1.08

NO2 24.83 26.36 21.53 0.82 "a2 5.65 24.09 0.74

4FAm3ApAo2Ao6 0.81 2.65 1.84 24.92 25.73 22.28 23.09

NHCH3Ao6 CF3Am3 22.91 23.1 20.19 26.68 23.77 27.55 24.64

NHCH3Ao6 FAm3Ap 21.94 21.72 0.22 25.71 23.77 25.86 23.92

CF3Am3 FApAo2Ao6 20.15 3.29 3.44 26.64 26.49 23.3 23.15

Values (kcal/mol) of the desolvation and interaction energies and energy balances of substituted halobenzenes with respect to unsubstituted

chlorobenzene
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a combination of one electron-donating group, ANHCH3 in

ortho6, and of an electron-withdrawing group, such as a ACF3

in meta3 or a AF in both meta3 and para, improved the

energy balances by up to 24.6 and 23.9 kcal/mol (resp.). This

was due to an enhancement of DE (gas) both with W106 due

to ANHCH3 as an electron donating group and with W102

due to ACF3 or AF substituents as electron attractors. Such a

simultaneous enhancement could serve to highlight the

“Janus-like” property of the CCl bond of chlorobenzene.

At this stage, it could be essential to evaluate the accuracy

of the DGsolv calculations in implicit solvent, as even small

errors could impair the energy balances in the series of chloro-

benzene derivatives. To address this point, we have computed

the values of C-PCM DGsolv values for benzene, chloroben-

zene, and three dichlorobenzene derivatives, for which experi-

mental values are available.[27] The comparisons are reported

in Table 2. While the C-PCM values are larger by 0.8 kcal/mol

than the experimental values, the trends of DGsolv as a func-

tion of mono- and polysubstitution are reliably followed, with

a r2 of 0.96. This should lend credence to the energy balances

which include DGsolv, at least within a given family of related

compounds.

Binding site of coagulation factor Xa

FXa is a serine protease playing an essential role in the blood

coagulation cascade which can lead to blood clotting and

thrombosis. Inhibitors of FXa are endowed with anticoagulant

properties and are used against thrombotic disorders. The

structure of the complex of FXa with an inhibitor having a 2-

carboxyindole substituent was recently solved by X-ray crystal-

lography (PDB 2BQW).[15] This inhibitor has a chlorobenzene

ring, which binds to the main-chain of G226 and to the phenol

ring of Y228 (Fig. 2a). A close-up is given in Figure 2b. Accord-

ingly, the ternary complexes considered are those of the halo-

benzene, the phenol ring, and a formamide fragment

representing the main-chain. The results of the energy

computations are reported in Table 3. Both a polar electron-

donating substituent, AOH, and a polar electron-withdrawing

one, ANO2, had very unfavorable relative energy balances (dE)

in the 2.3–7 kcal/mol range. This is due to highly unfavorable

dDGsolv values, along with modest DE (gas) values. In marked

contrast, an F substituent either in ortho2 or ortho6, afforded

dE gains of 22.2 and 22.5 kcal/mol, respectively. An F substitu-

ent acts as an inductive electron-withdrawing group: it could

thus enhance DE (gas) for the interaction of the electron-rich

CO bond of Y228 with the a1 zone of the CCl bond. It could,

conversely, weaken the interaction of the electron-deficient NH

bond of main-chain G226 with the a2 zone of the CCl bond.

Such a weakening is nevertheless negligible (<0.2 kcal/mol).

The impact of dDGsolv is very small as well. Thus, for both

ortho F derivatives, the gain in dDE stems from DE (gas).

Whether in meta or in ortho, an electron-donating NH2 substitu-

ent reinforces DE (gas). This is due, on the one hand, to a

hydrogen bond interaction of this group with the hydroxyl oxy-

gen of the Y228 ring (DE (gas) from 23.7 to 25.1 kcal/mol),

but also, conversely, to the reinforcement of the interaction of

the a2 region with the G226 backbone (from 21 to 21.6 kcal/

mol). These gains are counteracted by relatively large dDGsolv

values in the 3.8 to 5.4 kcal/mol range. Except for NH2 in

meta3, the resulting dE gains in the 21.6 22.8 kcal/mol range

are comparable to those with the electron attractor fluorine in

both ortho positions.

We next considered the impact of a double AF substitution.

This search has focused on electron-withdrawing groups,

namely two fluorines. The results on both the previous and fol-

lowing sections indicate that electron-donating groups could,

nevertheless, also be advantageous, a possibility which, regard-

ing this specific binding site, could certainly be left open for

future studies. Thus we selected the two farthest positions from

the target site, namely meta3 and meta5. This discards the pos-

sibility that the possible gains in DE (gas) would stem from

direct interaction of fluorine with the target sites. In contrast

with the situation with Ftase, the resulting dDE gain was weak

(20.3 kcal/mol). The 20.5 kcal/mol gain in DE (gas) with the

phenol ring was accompanied by a comparable loss with the

G226 main-chain. It is only because of a more favorable

dDGsolv that a modestly favorable dDE could be recovered. We

have also considered the nearest positions from the target site,

ortho2 and ortho6. The resulting binding energy, with each

partner and with the whole target site, was less favorable than

both monosubstitutions on both positions ortho2 and ortho6.

Overall the most advantageous substitutions are either with

a AF in positions ortho2 or ortho6 which further deplete the

a1 zone (dDE in the range 22.222.4 kcal/mol) or with an -

NH2 in positions meta5, ortho2, or ortho6 which aims to

replenish the a2 zone (dDE in the range 21.622.5 kcal/mol).

Binding site of HIV-1 integrase

INT is involved in the integration of viral DNA into host DNA

and is the target of several efficient anti-HIV-1 drugs. The X-ray

structure of the closely related foamy virus INT in its complex

with a viral DNA and the drug elvitegravir was solved by high-

resolution X-ray crystallography (PDB 3L2U).[16] This drug is

Table 2. Comparison of DGsolv obtained by C-PCM calculations and of the

experimental DGsolv values.

DGsolv (kcal/mol) C-PCM Experimental

benzene 21.62 20.86

chlorobenzene 21.87 21.12

1,2-dichlorobenzene 22.03 21.36

1,3-dichlorobenzene 21.67 20.98

1,4-dichlorobenzene 21.76 21.01

This Table is accompanied by the correlation trend.
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made out of three fragments. The central fragment is a bicy-

clic monoketo ring substituted with a carboxylate group. It is

connected to a substituted alcoholic group (1-hydroxymethyl-

2-methylpropyl) and to a 3-chloro-2-fluoro benzene ring. The

X-ray structure shows that the central fragment binds to two

divalent Mg(II) cations and is stacked over an adenine base,

A17. The bulky alcoholic group does not interact with the pro-

tein but it is considered to effectively hinder the rotation of

the adenine into a position where it stacks against the elvite-

gravir (EVG) metal-chelating scaffold.[28] These interactions

anchor the halobenzene ring in a stacking interaction over a

cytosine base, C16, while its CCl bond points toward the cen-

ter of the six-membered ring of a guanine, G4 (Fig. 3). The ter-

nary complexes thus involve the halobenzene, G4, and C16.

Several substitutions were considered with the o6-fluorine

removed. The energy balances with different substitutions are

reported in Table 4. The energy zero is that of the complexes

with the ‘parent’ benzene ring of elvitegravir chlorinated and

fluorinated.

The double-faceted nature of the CCl bond was exemplified

in two representative cases. Thus the electron-withdrawing

group AF in para increased the affinity of its a1 zone for G4

by 20.5 kcal/mol and decreased that of its a2 zone for C16

by 0.4 kcal/mol. By contrast, the electron-donating group AOH

in ortho2 group decreased the affinity of the a1 zone for G4

by 1.2 kcal/mol and increased that of the a2 zone for C16 by

23.2 kcal/mol.

The most efficient electron-withdrawing substitutions are

with -CF3 in para (dDE 5 21.6 kcal/mol), and with -NO2 in

both ortho2 and ortho6 positions (dDE522.3 and 21.4 kcal/

mol, resp.). With NO2, the large increases in DE(gas) are

opposed by a large dDGsolv of 24.5 kcal/mol due to the

hydrophilicity of this group. With ACF3, conversely, dDGsolv is

negligible (20.2 kcal/mol), and both G4 and C16 contribute

favorably to DE(gas). The favorable contribution of ACF3 to

C16 binding is due to its own stacking interactions with this

base, possibly compensating for a lesser electron density

around the CCl bond. Its contribution to G4 binding is due to

Figure 2. a) Representation of the binding site of coagulation FXa; and b) close-up on the interaction involving the halobenzene ring and notation of the

substitution positions.

Table 3. Binding site of coagulation factor Xa.

Complex B

Tyrosine - halobenzyl Formamide - halobenzyl Ternary complex

dDE Solv DE Gas DE Gas - dDE Solv DE Gas DE Gas - dDE Solv DEGas DE Gas - dDE Solv

Meta 3 NH2 25.38 23.73 1.65 20.96 4.42 25.42 20.04

OH 27.42 20.22 7.2 20.47 6.95 20.46 6.96

F 0 20.22 "a1 20.22 0.41 #a2 0.41 0.22 0.22

NO2 23.78 20.85 "a1 2.93 1.08 #a2 4.86 0.55 4.33

Meta 5 NH2 25.37 25.05 0.32 21.2 4.17 26.97 21.6

OH 27.4 20.23 7.17 20.71 6.69 20.73 6.67

F 0 20.27 "a1 20.27 0.2 #a2 0.2 20.03 20.03

NO2 23.78 20.74 "a1 3.04 0.9 #a2 4.68 0.43 4.21

Ortho 2 NH2 23.77 24.51 20.74 22.37 1.4 26.57 22.8

OH 22.82 20.28 2.54 20.56 2.26 20.5 2.32

F 20.32 21.03 "a1 21.35 0.01 #a2 21.35 20.83 22.18

NO2 24.82 22.55 "a1 2.27 0.14 #a2 4.96 21.79 3.03

Ortho 6 NH2 23.84 24.25 20.41 21.55 2.29 26.19 22.35

OH 22.67 22.6 0.07 20.4 2.27 23.02 20.35

F 20.33 22.8 "a1 22.47 0.22 #a2 0.55 22.8 22.47

NO2 24.83 20.88 "a1 3.95 1.63 #a2 6.46 1.32 6.15

Meta 3-5 2F 0.5 20.49 "a1 20.99 0.63 #a2 0.13 0.21 20.29

Ortho 2-6 2F 20.22 20.48 20.26 0.26 0.48 20.08 0.14

Values (kcal/mol) of the desolvation and interaction energies and energy balances of substituted halobenzenes with respect to unsubstituted

chlorobenzene.
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increasing electron depletion along the a1 zone along the CCl

bond.

The interaction energies in the ternary complexes are non-

additive, as the value of DE(gas) differs from the sum of the

DE(gas) values in the three binary complexes considered at

the same geometry, namely halobenzene with G4 and with

C16, and G4 with C16. Such interactions will be denoted as

cooperative whenever DE(gas) is more stabilizing than such a

sum, and by anticooperative whenener it is less stabilizing

by it.

The most efficient electron-donating substitution is with a

ANHCH3 in ortho6, enabling the largest gain (23.9 kcal/mol)

found in the present study from monosubstitution. It is

dominated by DE (gas), while dDGsolv opposes it by a small

amount (1.2 kcal/mol). Such a substitution improves DE(gas)

with G4 by 24.6 kcal/mol while it destabilizes it with C16 by

1.6 kcal/mol. There is a remarkable cooperativity effect on

simultaneous binding of this compound to G4 and C16: thus

DE(gas) amounts to 25.1 instead of 23.0 kcal/mol. In marked

contrast, the simultaneous binding to G4 and C16 of chloro-

benzene having a meta3 ANHCH3 substituent is anticoopera-

tive: DE (gas) now amounts to 23.6 instead of 26.3 kcal/mol.

Such unanticipated results imply that significant second-order

polarization and charge-transfer effects can come into play in

the stabilization/destabilization of the complexes of substi-

tuted halobenzenes. They have been analyzed[29] by both QC

Figure 3. a) Representation of the binding site of viral integrase; and b) close-up on the interaction involving the halobenzene ring and notation of the

substitution positions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 4. Binding site of viral integrase.

Complex C

C16 -halobenzyl G4 - halobenzyl Ternary complex

dDE Solv dEGas dE Gas – dDE Solv dEGas DE Gas – dDE Solv DEGas DE Gas - dDE Solv

Para NH2 25.72 21.86 3.86 20.25 5.47 20.8 4.92

OH 27.2 0.34 7.54 21 6.2 21.79 5.41

NHCH3 24.15 25.45 21.3 21.6 2.55 24.22 20.07

NO2 23.52 22.26 1.26 21.52 "a1 2 23.49 0.03

F 0.08 0.39 #a2 0.31 20.45 "a1 20.53 0.12 0.04

CF3 20.21 21.14 20.93 20.68 "a1 20.47 21.84 21.63

Meta 3 NH2 25.05 27.47 #a2 22.42 2.95 "a1 8 23.29 1.76

OH 27.09 0.72 7.81 1.65 "a1 8.74 2.37 9.46

NHCH3 23.64 25.71 22.07 20.56 3.08 23.55 0.09

NO2 23.46 20.12 3.34 20.22 3.24 20.123 3.23

F 0.32 0.45 0.13 0.99 0.67 1.68 1.36

CF3 20.19 21.24 21.05 1.13 1.32 0.02 0.21

Ortho 2 NH2 23.46 23.7 #a2 20.24 20.75 2.71 23.81 20.35

OH 22.49 23.39 #a2 20.9 1.24 "a1 3.73 22.08 0.41

NHCH3 21.1 23.19 #a2 22.09 1.41 "a1 2.51 21.79 20.69

NO2 24.49 23.27 1.22 24.2 0.29 26.83 22.34

F 0.01 1.7 2.26 0.98 2.26 2.93 2.26

Ortho 6 NH2 23.52 20.98 2.54 0.96 4.48 0.19 3.71

OH 22.34 0.21 2.55 0.55 2.89 0.87 3.21

NHCH3 21.16 1.64 2.8 24.62 23.46 25.09 23.93

NO2 24.49 23.51 0.98 23.15 1.34 25.84 21.35

H 0.32 0.99 0.67 20.97 21.29 20.51 20.83

4F m3ApAo2Ao6 1.08 2.46 #a2 1.38 24.94 "a1 26.02 22.23 23.31

NHCH3Ao2 CF3Ap 21.64 27.95 26.31 21.48 0.16 26.87 25.23

NHCH3Ao2 2FAo6Ap 21.6 27.23 25.63 20.95 "a1 0.65 25.69 24.09

Values (kcal/mol) of the desolvation and interaction energies and energy balances of substituted halobenzenes with respect to the unsubstituted

chlorobenzene.
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Energy Decomposition Analyses[30] and the sum of interaction

between fragments Ab initio (SIBFA) anisotropic polarizable

molecular mechanics procedure.[31]

We then considered di- and up to tetrasubstitutions in an

attempt to integrate together the most efficient

monosubstitutions.

Figure 4. Mapping the MEP of four potent substituted chlorobenzene ligands of the HIV-1 integrase series, at the 0.0004 electrons Bohr23 isodensity sur-

face. The chlorine is facing the viewer in each plot. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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With four F substituents, a dDE gain of 23.3 kcal/mol

obtains, due to a significantly lessened dDGsolv of 1.1 kcal/mol

and to an enhanced DE(gas) with G4 (24.9 kcal/mol). The lat-

ter gain contrasts markedly with the summed effects of F-

monosubstitutions, which is actually destabilizing (1.5 kcal/

mol). This is another departure from nonadditivity, which

reflects the impact of substitution on the electronic structure.

It could also be accounted for by polarizable molecular

mechanics on resorting to QC distributed multipoles and

polarizabilities.[29] With the four F substituents, DE(gas) with

C16 is destabilizing (2.5 kcal/mol). Such a destabilization is

now close to the one resulting from the cumulated F mono-

substitutions at ortho2, ortho6, meta3, and para (2.5 kcal/mol).

The largest dDE gains were due either: (a) to disubstitution:

by, on the one hand, the electron-donating ANHCH3 group in

ortho2; and conversely, by the electron-withdrawing -CF3

group in para (25.2 kcal/mol); or (b) to trisubstitution: by

ANHCH3 in ortho2, and by disubstitution by AF in ortho-6

and in para (24.1 kcal/mol).

In (a), a 23.6 kcal/mol energy gain due nonaddivity in poly-

substitution is found for C16 binding (28.0 as compared to

24.3 kcal/mol for the summed monosubstitutions) as well as a

22.2 kcal/mol energy gain for G4 binding (21.5 as compared

to 10.7 kcal/mol for the summed monosubstitutions). In the

case of (b), such energy gains also occur by comparable

amounts. Thus DE with C16 amounts to 27.2 kcal/mol,

whereas the summed contributions of monosubstituting

ANHCH3 and the two F substituents amount to 23.8 kcal/mol

(dDE(gas)5 23.4 kcal/mol). DE with G4 amounts to 21.0 kcal/

mol, whereas the summed contributions amount to 1.9 kcal/

mol (dDE(gas)5 22.9 kcal/mol).

We have mapped the electrostatic potentials of the four

substituted compounds which afforded the largest energy

gains and compared them to bare chlorobenzene (Fig. 4). The

first is the CH3NHAo6 derivative, for which the NHCH3

electron-donor ortho to Cl increases the intensity of the red

volume on the side of the CX bond opposite to it (leftmost

figure on the first two rows). Conversely, for the second com-

pound considered, the 4F (m3ApAo2Ao6) derivative, the five

electron-attracting fluorines are seen to abolish the presence

of the red contours and to increase the positive potential

around the whole molecule; this increase is particularly

accented along the extension of the CX bond (rightmost fig-

ure on the first two rows). The largest dDE gains reported in

Table 4 were due to the coexistence of an electron-donating

group, namely CH3NHA, and of electron-attracting groups, as

with the third and the fourth compounds, denoted as

CH3NHAo2A2FAo6Ap and CH3NHAo2ACF3Ap. The first of

these is represented in the two left figures of the last two

rows and the second in the two right ones. It appears that for

CH3NHAo2A2FAo6Ap, the enhancements of both a2 and

a1 zones can coexist. This is not the case, conversely, for

CH3NHAo2ACF3Ap, for which the electron attraction by CF3

has overcome the electron donation by NHCH3.

Figure 5. MEP mapping showing the “in-concert amplification” of the halobenzene ligand [CH3NHAo2A2FAo6Ap] of the HIV-1 integrase series, at the

0.0004 electrons Bohr23 isodensity surface. (left) electron-donor substituted halobenzene CH3NHAo2, (right) electron-attractor substituted halobenzene

2FAo6Ap and (middle) halobenzene with both electron-donor and electron-attractor substituents CH3NHAo2A2FAo6Ap. The chlorine is facing the viewer

in each plot. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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We have attempted to clarify to what an extent could the

two facets of the “Janus-like” CX bond, a2 and a1, could be

amplified jointly. Thus we have recast in Fig. 5 the MEP around

derivative CH3NHAo2A2FAo6Ap, in the central position, and

compared it to those around derivatives CH3NHAo2 having a

sole electron-donating group, and 2FAo6Ap, having solely

two electron-attracting groups. These two compounds are rep-

resented in the two left- and rightmost positions, respectively.

For the central compound, with respect to the right-most

compound, it appears that the intensity of the red zone on

the side of the CX bond opposite to the NHCH3 substituent is

greater than in its absence. It thus does not stem from the

sole F substituent itself, despite its immediate proximity to this

side of the a2 zone, but from the electron-donating NHCH3

group. At the same time, the volume and intensity of the

green contours of the a1 zone prolonging the CX bond are

clearly larger than with the left-most compound CH3NHAo2.

Thus they do not stem from the sole effect of the imino and

methyl hydrogens of this group, but are due to the electron-

withdrawing nature of fluorine on the opposite site of the CX

bond.

Such MEP features could be quantified in a more quantita-

tive fashion on resorting to topological analyses, such as pro-

cedures developed by Gadre et al.[32] or the ELF.[24] Table 5

reports the results of ELF analyses of the volume of the elec-

tronic population as well as the electron population V(Cl)

around chlorine in the most significant substituted derivatives

and the electronic population. Supporting Information Figure

1 shows the volumes around the atoms and chemical bonds

of chlorobenzene. Those around Cl and C4ACl are marked

with arrows. With respect to unsubstituted chlorobenzene, a

comparison of these values (Table 5) shows an increase of the

volume and of the population around Cl on substitution with

the electron-donating group ANHCH3 and a decrease on sub-

stitution with electron-withdrawing groups, such as four fluo-

rine atoms. With rings having both electron-donating and

electron withdrawing groups, the volumes have intermediate

values while the electron populations have closer values to

those found with the sole electron-donating substituent

ANHCH3. The analysis conducted on the ternary complexes

and on the binary complexes shows similar variations in the

volumes of the electronic population as with the uncomplexed

rings.

Some recent papers indicate that in some complexes with

halogenated compounds, either the binding affinities[33] or the

orientation dependencies[34] could be dominated by the

overlap-dependent contributions rather than electrostatics.

This is not the case for the complexes investigated in this

study. Recent energy-decomposition analyses[29] have indi-

cated that the first-order Coulomb and the second-order polar-

ization contributions, both of intrinsically electrostatic nature,

are the predominant determinants in the modulation of affin-

ities by chemical substitution.

Could, for the most interesting derivatives, substitution

result in similar energy enhancements regardless of halogena-

tion? To address this point, we did single-point calculations on

replacing the Cl atom by an H one with a CH distance of 1.08

Å. The results are reported in Table 6. The energy results are

given as differences with respect to the interaction energy of

unsubstituted benzene taken as energy zero. The first column

relates to bare chlorobenzene, and is followed by the results

with four substituted compounds regrouped in pairs of rows.

The first member of the pair has no chlorine (X@H) and the

second member is chlorinated. It is observed that whatever

the substituent, a clear energy gain, in the 2–6 kcal/mol range,

obtains thanks to halogenation. It is to be noted that desolva-

tion can significantly impact the balances. A more detailed

analysis of the energy trends including nonadditivity and the

role of correlation will be given in a separate paper. At this

stage, considering the role of all these factors, the present

findings imply that the differential impact of substitutions on

halogenated versus nonhalogenated compounds could not

simply be reduced to through-space effects as inferred by

some recent studies.[35]

We have performed calculations with HF and other DFT

functional, WB97x and M06-2X, on three representative com-

plexes (the parent halobenzene ortho-6 F, as well as ortho-6

NHCH3 and CH3NHAo2 2FAo6Ap) to evaluate if the trends

Table 5. ELF analyses results of the electronic population and its volume V(Cl) around the chlorine atoms in the most significant substituted derivatives.

V(Cl) Chlorobenzene CH3NHAO6 4F m3ApAo2Ao6 CH3NHAO2A2FAo6Ap CH3NH-O2ACF3Ap

Volume (Ua3) 231.69 233.34 216.32 224.92 229.91

Population (e-) 13.31 16.43 8.25 16.34 15.08

Populations are given in e-, and volumes in au3

Table 6. Binding site of viral integrase. Comparison of the intermolecular interaction and desolvation energies of four substituted X-benzene rings (X@H

versus X@Cl). The energy values are given with respect of the unsubstituted benzene taken as energy zero.

Ternary Complex (kcal/mol)

XAbenzene NHCH3Ao6

NHCH3Ao2

2FAo2Ap NHCH3Ao2 CF3Ap 4F mApAo2Ao6

X @ Cl X @ H X @ Cl X @ H X @ Cl X @ H X @ Cl X @ H X @ Cl

DE Gas 22.82 27.01 27.40 25.01 28.00 26.06 29.18 23.84 24.54

dDE Solv 0.20 23.73 21.28 24.14 21.72 24.91 21.76 20.43 0.96

dE Gaz – dDE Solv 23.02 23.28 26.12 20.87 26.28 21.15 27.42 23.41 25.50
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are preserved. The trends of both the interaction energies DE

and nonadditivities are maintained (Table 7). Thus for a given

level of DFT accuracy the exact form of the DFT functional

should not be expected to alter the trends found in this study.

A very important implication of the above findings is that

the effect of electron-donation or electron-withdrawal on halo-

gen bonding interactions, should not focus on a single substit-

uent at a time, and could be extended to di- and multiple

substitutions, because for some conjugated rings these could

act either cooperatively or anticooperatively, and imbalance

one facet of the CX bond with respect to the other.

We provide as Supporting Information SI2 the coordinates

of the ternary complexes of the most promising halobenzene

derivatives with G4 and C16. The coordinates of the ternary

complexes in the recognition sites of Ftase and coagulation

FXa are available on request.

Impact of substitution on solvation

In several cases, desolvation emerged in this study as a key

contributor to the energy balances. In this context, an unanti-

cipated yet fully sensible, consequence of the introduction of

substituent groups to halobenzenes is their ability to decrease

in several cases the magnitude of DGsolv. This could be ration-

alized on the basis of the total molecular dipole moment l to

which they contribute. A near-linear correlation between l
and DGsolv is illustrated in Figure 6. In the majority of cases,

the larger the dipole, the larger the magnitude of DGsolv. This

correlation remains near-linear: thus a polar substituent can

contribute to decrease the total molecular dipole if its own

dipole tends to be antiparallel to that of another substituent,

but it nevertheless contributes to DGsolv owing to its own

local solvation.

Possible impact of entropy

Analyses of vibrational frequencies are only valid at a station-

ary point.[23] Such analyses would thus only be meaningful for

the fully optimized ternary model systems, considering that

the protein or DNA target fragments of complexes I–III were

held fixed at their experimental positions. The total free

energy DG and the total entropy DS along with the vibrational

entropy DSvibrational are represented in the Supporting Informa-

tion SI3 and for the three halobenzenes (X@H, Cl and Br). The

trends in DSTot are dominated by the vibrational entropy,

whether progressing from the X@H series to the X@Br one, or,

within a given series, on passing from electron-donating

groups to electron-withdrawing ones of increasing size. Con-

sistent with the results recently reported in Ref. [36], the DH

gains are accompanied by concomitant DS losses. Neverthe-

less, in the present series, such relative losses are smaller than

the DH gains and, in the present context, should not signifi-

cantly impact the trends in the energy balances.

Conclusion and Perspectives

In this study we sought to leverage the dual nature of the CX

bond in halobenzenes to enhance its binding affinity to model

protein or DNA binding sites. We have attempted to go

beyond the general endeavors in this domain limited to the

a1 region, on enhancing both electron-rich and electron-

deficient sites of this bond.

Figure 6. Correlation between the molecular dipoles and the Continuum solvation energies of the substituted halobenzenes. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table 7. Values (kcal/mol) of the interaction energy DE and of the nonadditivity at HF and DFT levels.

Complex C

E Gas Nonadditivity

HF B97D WB97x M06-2X HF B97D WB97x M06-2X

Ortho 6 F 217.93 238.35 233.31 233.86 0.17 0.84 20.14 20.53

Ortho 6 NHCH3 224.10 243.44 241.10 241.46 21.29 21.27 22.05 22.30

CH3NHAo2 2FAo6Ap 218.43 244.04 240.28 242.90 0.81 3.32 2.35 1.79
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The energy balances included solvation/desolvation. A syn-

ergy between desolvation and DE could be obtained in several

cases. Thus the polyfluorinated substituent has a lower

dDGsolv of 1.1 kcal/mol whence an enhanced DE of 23.3

instead of 22.2 kcal/mol. Two aspects of nonadditivity came

into play. The first was observed on passing from binary to ter-

nary complexes. The second was observed with multiple sub-

stitutions, affording in some cases significantly different DE

enhancements than those resulting from the summed effects

of monosubstitutions. Some notable examples were found in

the binding site of HIV-1 integrase. Thus a disubstituted halo-

benzene with a CH3NH group in ortho2 and a CF3 group in

para had a DE value of 26.9 kcal/mol, 23.2 kcal/mol more

favorable than the sum of the monosubstitutions amounting

to 23.6 kcal/mol.

This study could have a general scope even though it was

limited to small oligoligated halobenzene complexes. It indi-

cated that prior to large-scale MM, MD, or MC simulations on

large protein-ligand complexes, a beneficial yet affordable

prescreening with high-level QC could be undertaken. It has

led to unanticipated results regarding nonadditivity: on the

one hand, for poly- as compared to cumulated monosubstitu-

tions; and conversely, owing to local polarization, charge-

transfer and correlation, on passing from the binary to the

ternary halobenzene complexes. Energy-decomposition analy-

ses done on the HIV-1 recognition site showed that chemical

substitutions impact predominantly the Coulomb and the

polarization contributions.[29] These results and the present

ones underline the role of both the dipole moments impact-

ing the Coulomb contribution and the desolvation energy,

and that of the polarizability impacting the polarization con-

trbution and nonadditivity. They provide a strong incentive

for the applications of polarizable force fields embodying the

desired physical effects thereby extending the realm of QC

to very large systems.[31,37] The most promising derivatives

from this study have been integrated in the structure of

novel inhibitors of the HIV-1 integrase. MM and MD simula-

tions of their complexes are presently underway and should

be reported in due course.
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