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To gain an understanding of the role of an alkyl chloride as a hydrogen bond acceptor, geometries and
interaction energies were calculated at the MP2/aug-cc-pVDZ level of theory for complexes between
ethyl chloride and representative hydrogen donor groups. The results establish that these donors, which
include hydrogen cyanide, methanol, nitrobenzene, pyrrole, acetamide, and N-methylurea, form

X—H---Cl hydrogen bonds (X=C,N,O) of weak to moderate strength, with AE values ranging from

—2.8 to —5.3 kcal/mol.
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1. Introduction

Given their relatively strong and highly directional nature,
hydrogen bonding interactions have played a key role in supramo-
lecular chemistry [1-4]. Although most prior hydrogen bond stud-
ies have focused on oxygen and nitrogen acceptor molecules, it is
known that alkyl chlorides can also function as hydrogen bond
acceptors [5-7]. The evaluation of solution 1:1 hydrogen bond
complexation constants reveals that alkyl chlorides form weak,
but measurable adducts with hydrogen bond donors such as phe-
nols [8,9]. Investigations of the Cambridge Structural Database
(CSD) [10] are consistent with these observations [11-14]. A large
number of X—H- - -Cl contacts are observed at distances, d, ranging
between 2.5 and 2.9 A [11,12], within the van der Waals (vdW)
contact radius of 2.95A [15], and therefore, consistent with an
attractive interaction. The X—H- - -Cl angles, 04, exhibit a wide range
(90-180°) of values [11-13], but exhibit a tendency to become
more linear at shorter d, characteristic of hydrogen bonding. Final-
ly, the contacts cluster around H- - -CI—C angles, 05, of 90-130° dis-
playing a directional preference that is consistent with hydrogen
bonding as opposed to vdW contact [12,13].

Since the establishment of X—H. - -Cl as a weak hydrogen bond,
it has been exploited in crystal engineering [16], used to rationalize
crystal packing [17,18], accredited for ligand binding in proteins
[19], and observed in synthetic receptors binding halogenated
guests [20]. Our interest in this topic was motivated by the ques-
tion of whether X—H- - -Cl hydrogen bonds could be exploited as
binding interactions within receptors that recognize mustard
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blister agents. These agents have structures composed of a central
heteroatom, either S or N, decorated with two 2-chloroethyl sub-
stituents [21,22]. By utilizing X—H- - -Cl hydrogen bonding interac-
tions it should be possible to design receptors that bind mustards
through multiple hydrogen bond contacts as shown in Fig. 1. The
computer-aided design of such receptors using a de novo struc-
ture-based approach [23] requires prior knowledge of optimal spa-
tial positioning of donating groups in order to maximize hydrogen
bonding.

Experimental evidence supports the existence of X—H--.Cl
hydrogen bonds, but fails to give a clear picture of optimal geomet-
ric parameters and it does not provide a quantitative assessment of
their strength. Earlier theoretical studies of X—H- - -Cl interactions
involve complexes between chloromethanes and formic acid
[24,25], water [26,27], hydrogen peroxide [28,29], dimethylform-
amide [30], and nitrosyl hydride [31], as well as in thiazoles con-
taining intramolecular C—H---Cl interactions [32]. However, all
the reported minima in these studies possess additional and unre-
lated weak interactions between the interacting molecules causing
accompanying structural deformations, making it difficult to iden-
tify the geometric preferences associated with the X—H- - .Cl hydro-
gen bond or to quantify the magnitude of the interaction energies
individual interactions.

Herein, we use electronic structure calculations to gain a better
understanding of the alkyl chloride as a hydrogen bonding acceptor.
Optimized geometries are reported for complexes between chloro-
ethane, EtCl, and a selection of hydrogen bond donors shown in
Fig. 2. EtCl was chosen to mimic the chloroethyl substituents found
in mustard blister agents and the hydrogen bond donors were
selected as they represent typical groups that could be used in a
receptor molecule. These complexes are shown to exhibit X—H- - -Cl
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Fig. 1. Strategy for a receptor that captures sulfur mustard through hydrogen
bonding interactions.

contacts characteristic of weak to moderate hydrogen bonding
interactions, with AE values ranging from —2.8 to —5.3 kcal/mol.

2. Methodology

Electronic structure calculations were carried out with the
NWChem program [33,34] using second order Moller-Plesset per-
turbation theory (MP2) [35]. After initial investigation of potential
energy surfaces using the 6-31+G* basis set, geometries of the com-
plexes, donors, and acceptors were optimized separately using the
augmented correlation consistent double-{ basis set (aug-cc-pVDZ)
[36]. This level of theory is known to give accurate geometries and
energies for hydrogen bonded complexes [37-39]. Frequency
calculations were performed at the same level of theory to verify
that geometries were minima and to obtain the zero-point (AEzpg)
and thermal energy (AEuerma) corrections needed for the
calculation of enthalpies at room temperature. Binding energies
were calculated as follows: AE = E(complex) — E(donor) — E(EtCl).
Binding enthalpies were calculated as follows: AH = AE + AEzpg +
AEherma + A(PV),  where  A(PV)=nRT=-0.593 kcal/mol at
298.15 K (n = —1). Electron density and molecular orbital isosurfac-
es were rendered with ECCE [40].

3. Results and discussion

The initial objective of this study was to locate all minima for
complexes between EtCl and hydrogen bond donors that contained
an X—H- - -Cl hydrogen bond. The question arose as to how to posi-
tion the donor groups and not miss any minima. Prior crystallo-
graphic and theoretical studies [11-13,24-32] provide an
indistinct picture of the preferred hydrogen bonding geometry
with EtCl, in other words, complexes exhibiting less then precisely
defined ranges for: H- - -Cl distances of 2.5 <d < 2.9 A, X—H. - -Cl an-
gles of 90 < 0; < 180°, and H- - -CI—C angles of 90 < 0, < 130. In ac-
cord with the behavior of hydrogen bonds [7,14,41], the optimal
X—H- - .Cl angle, 04, should tend toward 180°. The intrinsic direc-
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Fig. 2. Hydrogen bond acceptor, EtCl, and the six hydrogen bond donors investi-
gated in this study.

tionality at the Cl acceptor atom, which is characterized by the
H-..Cl—C angle, 6,, and the C—H-: - -CI—C dihedral angle, ¢, is less
clear. To probe the nature of this Cl acceptor directionality, a po-
tential energy surface was generated by placing HCN around EtCl
and performing constrained optimizations. Keeping 6; locked at
180°, a total of 56 initial hydrogen bonding poses were generated
by varying 0, and ¢. Constraining 04, 0, and ¢, geometry optimiza-
tions at the MP2/6-31+G" level of theory yielded the potential en-
ergy surface shown in Fig. 3.

Over the entire potential surface optimized H- - -Cl distance ran-
ged from 2.5 to 2.8 A. The most stable geometries occur at
0, = 105°. The potential surface is shallow around this value, where
changes of +15° in 0, increase the energy by <0.2 kcal/mol for ¢
> 90°. This is consistent with the 90-130° range observed in crys-
tal structures [12,13]. At 0, = 105°, the energy was virtually inde-
pendent of ¢, exhibiting a variation of only +0.05 kcal/mol over
the entire range of 0-180°. Hydrogen bonding to the chlorine atom
acceptor in EtCl was favorable with binding energies, AE, values
ranging between —1.8 and —3.5 kcal/mol, except when HCN steri-
cally clashed with the CH3 group of EtCl at 6, = 75° and ¢ = 0°.

The potential energy surface shown in Fig. 3 provided a basis for
generating the initial geometries for possible hydrogen bonded
complexes between EtCl and the donor groups shown in Fig. 2.
Using the geometric parameters d=2.5A, 0;=180°, and
0, = 105°, each hydrogen bond donor was placed around EtCl at ¢
values of 0°, 30°, 60°, 120°, and 180°. Multiple initial geometries
were generated at each ¢ value by rotation about the X—H bond
and in the case of acetamide and N-methylurea, by variation of
the N—H group that contacts the Cl atom. Starting from intial
geometries generated as described above, full geometry optimiza-
tions resulted in the location of the 18 structures shown in Fig. 4.
Absence of imaginary frequencies confirmed 1-18 to be minima
on the MP2/aug-cc-pVDZ potential surface. Table 1 presents the
binding energies, structural parameters, and other properties asso-
ciated with these complexes.

Complexes 1-18 exhibit several common properties character-
istic of hydrogen bonding interactions [7,14,41]. First, these com-
plexes have AE values ranging from —4.18 to —8.85 kcal/mol (AH
values from —2.85 to —7.51 kcal/mol), consistent with the presence
of specific bonding interactions between the donor and acceptor in
addition to vdW. Second, each complex has a close, 2.4-2.7 A, con-
tact between a donor X—H hydrogen and the chlorine atom accep-
tor of EtCl. Third, consistent with the formation of a hydrogen
bond, complex formation is accompanied by a red shift in the
X—H stretching frequency. With the exception of the weakest com-
plex, 7, where the red shift is small, =5 cm™!, these frequency
shifts are significant, ranging from —25 to —68 cm™ .

As observed in prior study of complexes formed between chlo-
romethane and various donor groups [24-32], each complex
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Fig. 3. Potential energy surface generated by plotting AE versus 0, and ¢ for the
hydrogen bond formed between HCN and EtCl.
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