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ABSTRACT The  experimental charge density  distribution of two  new
iodoperfluoroalkylimidazole derivatives has been determined with the aspherical atom model
against single-crystal X-ray diffracted intensities and analyzed by means of the Bader Quantum
Theory of Atoms In Molecules. The compounds self-assemble in solid state forming infinite

chains through strong [N halogen bonds. The topological and energetic features of these



interactions have been determined and compared with those of a previously reported I--*N
interaction formed by a iodoperfluoroarene derivative, allowing to elucidate the role of
hybridization of the carbon atom bonded to the halogen atom on the nature of the halogen
bonding interaction. The weaker interactions present in the crystal structures have been as well
investigated, with particular attention to F---F interactions. They have also been analyzed through
the Interacting Quantum Atoms approach in order to elucidate their role in stabilizing the crystal

structure.

1. INTRODUCTION

The ability of halogen atoms in haloorganics to attractively interact with Lewis bases, giving
rise to the halogen bonding (XB) interaction, is nowadays well documented, as demonstrated by
a plethora of either experimental and theoretical investigations or implementations of this
interaction for the self-assembling of new functional materials (see Cavallo et al." for a recent
and comprehensive review). Research at fundamental level has allowed to explain halogen
bonding as a consequence of the anisotropy of the electron density distribution po(r) around the
halogen atom X covalently bonded to a Y atom. Such anisotropy generates a narrow area of
positive electrostatic potential (ESP) in the region outward X along the Y—X bond direction, the
so-called ‘c-hole’,” which is able to attractively interact with electron donor sites. The strength
of the XB interaction was generally found to correlate with the magnitudes of the maximum
positive (Vsmax) and minimum negative (Vsmin) ESPs on the donor and the acceptor site,
respectively.3 Owing to its origin, XB is a predominantly electrostatic interaction, characterized
by high directionality in particular if compared with hydrogen bonding, where a much larger area

of positive ESP is hemispherically distributed outward the hydrogen atom.



X-ray charge densities investigations on X-~"N/O halogen bonded systems*'® (X = Cl,” Br**!°
and %), combined with topological analysis of the charge distributions according to the
Bader’s Quantum Theory of Atoms in Molecules (QTAIM),'' have provided a clear picture of
the mechanism of halogen bond formation, revealing the presence of a region of charge depletion
on the halogen just in the direction of the charge concentration region on the interacting Lewis
base. Such complementarity of the charge concentration/depletion sites facing each other in the
intermolecular region is further emphasized by the topology of the Laplacian of electron density,
V2p(r), in the valence shell of the interacting atoms, as first elucidated by Bader'' and later made
specific for the XB case through formulation of the so-called lump-hole model.'*"> Atomic
regions with positive/negative Laplacian are in fact regions of charge depletion/concentration, a
correspondence which is however perfectly observed only for light atoms.'* For heavier atoms,
such as bromine and iodine, a more careful analysis of the Laplacian is generally required to
locate the full set of electrophilic and nucleophilic sites on the interacting atoms and in particular
cases additional functions should be even used, as recently elucidated by Bartashevich et al. in
characterizing the iodine-iodine XB in crystals."> In spite of this well-known difficulty, QTAIM
was confirmed as a powerful tool to extract meaningful information on both intra- and
intermolecular bonding features, allowing in particular to quantitatively compare interactions

involving the same pair of atoms in different environments.
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Herein we report about an experimental and theoretical charge density investigation on two

related iodoalkylimidazoles, 1-(1,1,2,2-tetrafluoro-2-iodoethyl)-1H-imidazole (1) and 1-(1,1,2,2-



tetrafluoro-2-iodoethyl)-1H-benzimidazole (2). A plot of the electrostatic potential of 1, featuring
the above mentioned o-hole in the region outward the iodine atom along the C—I bond direction,

besides the negative region on the unsubstituted nitrogen atom, is reported in Figure 1.

Figure 1. Plot of the ESP of compound 1, computed at the M06-2X/6-311++G(d,p) level in
vacuo, mapped on the 0.001 a.u. isosurface of electron density. Values of ESP range from -0.04
(red) to 0.04 (blue) a.u. Atom color scheme: C, gray; H, light gray; N, dark blue; O, red; F, sky

blue; and I, magenta.

Thanks to the self-complementary binding sites at the molecular ends, 1 and 2 crystallize
forming head-to-tail I'-*N halogen bonded one-dimensional infinite chains. In these compounds,
the iodine atom is bonded to a perfluorinated alkyl chain, unlike the previously analyzed I---N
halogen bonded complex of (E)-1,2-bis(4-pyridyl)ethylene with 1,4-diiodotetrafluorobenzene,”
hereinafter denoted as 3, where iodine is bonded to a fluoro-substituted aryl unit. One of the aims
of the present investigation was therefore to elucidate the subtle differences in the charge density

features of both C—I bonded and ‘N non-bonded interactions between the two XB systems



involving alkyl vs. aryl iodides. Two analogous alkyl derivatives have been taken into

consideration in order to assess the reproducibility of the experimental findings.

An intriguing feature of the crystal structures of 1 and 2 is the large number of F---F contacts
below or just above the sum of the fluorine van der Waals radii. The nature of such interactions,
which are ubiquitously found in crystal structures of fluorinated molecules and were sporadically

characterized in previous charge density studies,”®'®!” has been recently the subject of thorough
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experimenta and theoretica investigation, after the recognized role of organic fluorine in
crystal engineering” in spite of its low polarizability. Halogen--halogen (C—X;--X,—C) contacts
are generally geometrically classified”® according to the values of the two 6,=C—X;"X, and
6,=X,--X,—C angles. Contacts with 6,=6,, including both cis and frans geometry when 6, and 6,
differ from 180°, are referred to as type-I, whereas contacts with #; = 180° and 8, = 90° are
referred to type-II interactions. Type-I interactions are deemed not to have any stabilizing role in
crystal structure (when ideally taken alone), while type-II interactions provide a stabilizing
electrostatic contribution.”” A CSD*® survey to retrieve X-+X homohalogen contacts from
halogen-substituted hydrocarbons indicates a dominance of type-I over type-II contacts when X
is fluorine, unlike what observed for the heavier halogens.*® This observation suggests that F--F
contacts are generally determined by close packing, though the few type-II exceptions suggest
that fluorine can potentially act as the electrophilic species in XB, contributing to govern the
crystal packing motif.***

It is worthwhile to note that, differently from what generally observed for perfluorinated alkyl
chains, which tend to be highly disordered in crystal structures at both fluorine and carbon

atoms, making in some cases altogether impossible to rationalize their statistical disorder,

fluorine atoms in 1 and 2 are unexpectedly highly ordered. Charge density studies on such



perfluorinated systems were made possible just thanks to this feature, allowing to characterize,

for the first time, F---F interactions among perfluorinated alkyl chains.

2. MATERIALS AND METHODS

2.1 Synthesis. N-2-lodoperfluoroethylimidazole (1) and N-2-iodoperfluoroethylbenzimidazole
(2) were obtained by reacting (benz)imidazole sodium salts with 2-chloro-1-
iodotetrafluoroethane in DMF using tetrabutylammonium bromide as a catalyst (Scheme 1).*°
The reaction was complete after 10-15 min and required cooling to -10 — -15 °C because of the
high exothermicity. Solely the chlorine atom was substituted by the heterocyclic residue and 1
and 2 were obtained without any evidence of iodine substitution. Target compound 1 is obtained
in yields no higher than 35% (with a large amount of by-products being also formed) and was
purified by distillation in vacuo. Benzimidazole derivative (2) was obtained in good yield (72%)

and purified by crystallisation from n-hexane.
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Scheme 1

2.2 X-ray Diffraction experiments. Single crystals of 1 and 2 suitable for high-resolution X-ray
diffraction intensity measurements were grown by slow evaporation from n-hexane at room
temperature. The samples used for data collection have been obtained from shapeless millimetric

clusters and, in the case of 1, successfully sphericized. Diffracted intensities were collected with



graphite-monochromated Mo Ko, radiation (A = 0.71073 A) at a nominal source power of 50 kV
x 30 mA on a three-circle Bruker SMART APEX II goniometer equipped with a CCD area
detector and an Oxford Cryostream N2 gas blower. The SAINT program package®’ was
employed throughout to perform data reductions. Absorption correction was performed with
SADABS™ and the structure was solved with the SHELXS™ structure solution program using
direct methods. In Table 1 we report the details of crystal data and X-ray data collection. Full
details of crystal data and conventional SHELXL™* refinement, in CIF format, are available as
Supplementary Information (CCDC reference numbers: 1870225 (1) and 1870226 (2)).

2.3. Refinements and topological analysis of experimental charge densities. Different models
have been refined against the observed squared structure factor amplitudes, |Fo/>, by the
VALTOPO program,34 following the same procedure as previously reported.® In Table 2 we
summarize the refinement results obtained for 1 and 2 with the conventional independent atom
model (IAM), the same model with the inclusion of the third- and fourth-order Gram-Charlier
terms on the I atom (IAM + CUM) and the multipole model (POP+CUM). From these data it is
evident the importance of including anharmonic parameters on iodine atom and the further
improvement associated with the multipolar expansion on all heavy atoms. Atomic anomalous
scattering factors were taken from International Tables for Crystallography (1995, Vol. C).

In ‘POP + CUM’ multipole refinement, atomic positions, anisotropic thermal and population
parameters of I, F, N and C pseudoatoms, and third- and fourth-order Gram-Charlier coefficients
on the iodine atom were varied. On the iodine atom position, functional expansion up to
hexadecapole level were introduced, whereas the expansion was broken at octupole level for the
other heavy atoms (F, N, C) and at dipole level for the hydrogen atoms. A single parameter was
refined for the core of all F, N, and C atoms. The positions of the hydrogen atoms were
determined according to the ‘polarized hydrogen atoms’ approach.” During the multipolar

refinement of 2, an extinction correction seemed necessary and an isotropic parameter for a type



I crystal, p=0.245(6), was included in the model.*® The topological analysis of the experimental
charge density distributions has been performed with VALTOPO.** Atomic charges have been
obtained by integration of electron density over the topological basins €, according to QTAIM."!
The accuracy of the integration has been estimated through evaluation of the integrated number

of electrons (Ng), volume (Vg), and Laplacian (Lg). The corresponding errors, Ne,-(%) =

2omaNg—Ncey XomaVao—Veey 2 1/2 :
Nooll > Verr(%) = Vool and Lerr(%) = (Z.Q Ly /Natoms) / , where mgq is the
ce ce

site multiplicity for atom Q, were 0.003, 0.197, 0.062 % and 0.013, 0.201, 0.069 % for 1 and 2,
respectively.

2.4. Quantum Mechanical Calculations. /n vacuo geometry optimizations have been carried
out at DFT and, where possible, MP2 levels of theory on both the isolated monomers and dimers
of 1 and 2, using Gaussian09.’” For DFT calculations, the M06-2X functional®® has been adopted

39,40

owing to its reported optimal performance in treating halogen bonds. Moreover, recent

. s 4142
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on the C—X/r halogen bonding involving the aromatic m-electrons system of
benzene as electron donor site, revealed that this functional is one of the better choices even to
treat dispersion-dominated interactions, which is the case of C—X/n systems in particular when
the halogen is chlorine or fluorine. It was also shown that it is able to accurately reproduce not
only the binding energies but also the topological properties of such C—X/rn weak interactions.*’
These features make the M06-2X functional the optimal choice to treat with comparable
accuracy the relatively strong I--*N halogen bonding and the weak F-F interactions, which are
both the main focus of the present work. The all-electron 6-311++G(d,p) basis set, previously
tested for the Br---N interaction,6 has been used throughout. For the iodine atom, the exponents of
the s and p diffuse functions taken from literature® were added to the all-electron 6-311G(d,p)

basis set downloaded from the Basis Set Exchange site.* In the case of the dimers, optimization

was carried out on the basis set superposition error (BSSE) free potential energy by using the



counterpoise method.*® Calculations at the same level of theory have been performed also on the
previously reported compound 3 in order to make meaningful comparisons with 1 and 2. The
topological analysis of the electron density distributions was performed by using the AIMALL
program.*’ Analysis of the molecular electrostatic potential was carried out with WFA code.*®

Solid-state single-point periodic DFT calculations at the T = 100 K experimental geometries of 1
and 2 have been carried out with the Crystall4 program,® using the same functional as in the
gas-phase calculations and the 6-311G(d,p) basis set, that is, the same as used for gas-phase DFT
calculations with the exclusion of diffuse functions, without modifications with respect to that
provided by the Basis Set Exchange site. Shrinking factors along the reciprocal lattice vectors
were IS1 = 8, IS2 = 8 and IS3 = 8. The corresponding grid of k£ points in reciprocal space,
according to the Pack-Monkhorst method,” was built by 170 points. For compound 1 we have
computed the forces associated with the experimental geometry (see Table S20). The gradient
norm, 0.25, was below the default threshold and all forces were of the 102-10" a.u. order of
magnitude, with the only exception of one component, 0.115 a.u., referring to the non-interacting
nitrogen atom. This indicates that the experimental geometry is quite close to the DFT minimum,
in particular as far as the interacting atoms are concerned. The topological analysis of the
electron density distributions obtained by periodic calculations was performed with the Topond

program.”’

3. RESULTS AND DISCUSSION

3.1 Structure description. Both compounds 1 and 2 crystallize in the P2,/n space group with
one molecule in the asymmetric unit (see Figure 2 for partial views of the respective crystal
packing diagrams). The bond lengths as obtained by the final multipole refinement ‘POP +

CUM’ are collected in Tables S1 and S2 for 1 and 2, respectively, while Table 3 reports those



referring to the C—I bond for 1-3. The crystal structures of 1 and 2 consist of infinite chains in
which the molecules are linked by halogen bonding between the iodine atom and the
unsubstituted imidazole nitrogen atom, N1. Several inter-chains C—H--F, C-H---I, C-H--'%, F---F
and, in the case of 2, m--m interactions contribute to stabilize the crystal structures. Selected
intermolecular contacts for 1 and 2 (approximately within the sum of the van der Waals radii>®)

are reported in Tables S3 and S4, respectively.

Ca*
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Figure 2. Packing diagrams of 1 (top) and 2 (bottom) at 100 K with atom numbering scheme,
showing halogen bonding (dashed lines) and selected weaker interactions (dotted lines).

Ellipsoids at 90% probability level.

As expected, the C—I bonds in the present structures (2.1488(4) and 2.1468(4) A in 1 and 2,
respectively) are slightly longer (by 0.052-0.050 A) than that of 3, owing to the different
character of the bonded (aliphatic vs. aromatic) carbon atom. Similarly, the I:-"N1 distances
(2.8263(4) and 2.8260(4) A in 1 and 2, respectively), though well below the sum of the I and N
van der Waals radii (3.53 A), are longer (by 0.046 A) than that found in 3, 2.7804(8)A,
suggesting weaker XB for the former structures. This can be attributed to both the reduced
electrophilicity of the iodine atom bonded to an alkyl chain rather than to an aromatic ring and
the lower basicity of the imidazole nitrogen atom with respect to the pyridine one. Gas phase
geometry optimizations on the monomers of 1 and 2 well reproduce the C—I bond lengths at both
DFT and MP2 levels, while those on the corresponding dimers (at DFT level) significantly
overestimate (by about 0.2 A) the I-"N1 distance. According to what previously reported,’ the
latter result is a consequence of the rather flat potential energy surface between the halogen-
bonded partners, which can therefore slightly depart from the geometry of minimum energy
owing to crystal packing effects. In agreement, the C5-I--‘N1 angles, 172.04(2) and 174.56(3)°
for 1 and 2, respectively, are slightly lower than the DFT (178.1 and 178.5° for 1 and 2,

respectively) and MP2 (178.9° for 1) optimized values.

The final difference Fourier maps (Fopserved — Fmultipole), calculated in the planes containing
halogen bonding and the imidazole rings, are featureless for either systems and the largest peaks

are 0.21(15) and 0.27(4) eA™ for 1 and 2, respectively (see Figure 3).
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Figure 3. Residual density maps in the least squares plane defined by I, N1°, C1” and C2’ for 1
(left) and 2 (right) (the prime refers to operations x-1/2,1/2-y,z-1/2 andx+1/2,3/2-y,z+1/2 for 1
and 2, respectively). The contour interval is 0.10 eA™. Solid lines: positive contours, short

dashed lines: negative contours, wide dashed lines: zero contours.

3.2. Topological analysis of charge density. The topology of charge density, p(r), and its
Laplacian, V?p(r), have been analyzed within the quantum theory of atoms in molecules
(QTAIM)."" According to this theory, the existence of a chemical interaction among neighboring
atoms is based on the presence of a critical point (bcp) along a line of maximum density (bond
path), linking the nuclei of the interacting atoms. At the bcp, the gradient of p(r) vanishes and
the sign of the Laplacian is determined by the relationship Vzpbcp: A1 + Ap + A3, where 4; are the
curvatures of p(r) at the bep. In particular, A; and A, are the two negative curvatures in the
directions orthogonal to the bond path and A; is the positive curvature along the bond path. If the
electrons are locally concentrated around the bep and shared by both nuclei, Vzp,,cp< 0 and there
is a covalent interaction between the two nuclei. Otherwise, if the electrons are depleted from the
bep and concentrated in each of the atomic basins,Vzpbcp> 0 and closed shell behavior of the
interaction is predicted. An additional criterion for the characterization of the chemical bond is
provided by the local electronic energy density Hycp = Guep + Viep, Where Giep and Vyp indicate,

respectively, the values of the local kinetic and potential energy densities at the bcp. The
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covalent interactions show negative values of Hy.,, owing to the dominating V%, contribution,

while closed shell interactions exhibit positive values of Hycp, since Gy is greater than |Vip)|.

Figure 4 shows the experimental Laplacian of electron density for 1 and 2 in the plane
containing the I*N halogen bond and the aromatic system. The Laplacian maps clearly reveal
the different nature of the shared-shell (C—C, C—N, C—H and C-F bonds) and essentially closed-

shell (C—I bond and I[N XB) interactions in the two systems.

Figure 4. Laplacian of the experimental electron density distribution, V2p(r), of 1 (left) and 2
(right) in the same planes as in Figure 3. The absolute values of the contours (au) increase in
steps of 2 x 10", 4 x 10", and 8 x 10" with n beginning at -3 and increasing in steps of 1. Positive

values are denoted by dashed contours, negative values are denoted by solid contours.

The topological properties at the bcp’s of all covalent bonds as obtained by both the
‘POP+CUM’ refinement and theoretical (both gas-phase and solid state) calculations are
reported in Tables S1 and S2, while those specifically referring to the C—I bond are reported in
Table 3. Compared with typical covalent bonds, the C—I bonds in 1-3 are characterized by rather
low values of pncp and low and positive values of Vzpncp, indicating a closed-shell character for
this interaction. Interestingly, similar (within the experimental uncertainty) o, values are

obtained for the C—I bonds in the three systems, though the bond length is significantly longer in

13



the alkyl derivatives with respect to the aryl one, which would have suggested reduced strength
for the former. Such finding could be ascribed to some effect of crystal packing, which then
appear to influence not only intermolecular interactions, as expected (see below), but also
specific intramolecular bonds. The importance of the crystal environment on the C—I bond comes
out also from a comparison between gas-phase and solid-state calculations. In fact, the former
(see second and third row of Table 3 for 1 and 2) slightly overestimate the electron density at the
C—I bep and provide a negative (though small in magnitude) Vzpbcp value, suggesting a stronger
bond with some degree of covalence which is not predicted by experiment. The experimental
topological features of the C—I bond are however fully recovered when the experimental bond
length and the crystal environment are taken into account by periodic calculations (see fourth

row of Table 3).

The topological properties at the bep of the I-*N halogen bond in the three structures are
collected in Table 4 (see Tables S3 and S4 for those of all intermolecular interactions
approximately within the van der Waals radii). As previously described,* such halogen bond is a
closed-shell interaction (owing to the positive sign of Vzpocp) with a partial shared-shell character
(because of the negative sign of Hycp/phep), unlike the Br-N halogen bond having positive
Hyep/ pocp.6 By comparing the topological properties derived for the three iodinated systems, it is
however evident the substantially different character of the 1IN XB in 1 and 2 (showing
virtually the same topological properties) with respect to 3. The longer XB distance in 1 and 2 is
in fact associated with significantly lower pn, and Hycep/pnep (in magnitude) values, indicating
weaker interaction with lower shared-shell character for the alkylated iodo-derivatives owing to
both intrinsic and extrinsic factors, as elucidated above. Theoretical analysis on the gas-phase
XB dimers provides lower pyc, and positive Hycp/poep values for the I--N interaction, mainly as a

consequence of the longer I-N distances as obtained without including the crystal environment.
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In fact, periodic calculations at the experimental geometry allow topological properties to get

closer to the experimental ones.

3.3 F-F intermolecular interactions. Topological analysis of charge density of 1 and 2 reveals
the presence of several bond paths connecting fluorine atoms, besides other weak interactions
such as C—H-I, C-H--*F and C-H---n hydrogen bonds and n-m interactions (see Tables S3 and
S4). In spite of the large number of F---F interactions, covering a large range of &), &, angles (see
Table SS5), they result in all cases to be very weak interactions, owing to the low values of pycp,
with pure closed shell character, due to the positive values of V2o, and Hucp/pbep. As an
example of such interactions, we report in Figure 5 a plot of the experimental Laplacian of 1 in
the least-squares plane through atoms C4, F1 and C5’, F4’, featuring the closed shell nature of
the F1---F4’ interaction. The rather random reciprocal disposition of the interacting fluorine
atoms in 1 and 2 is clearly indicative of the close packing origin of all the F---F interactions in the
present structures, differently from the few type-II electrostatic F---F interactions reported in the

literature.?’

Figure 5. Laplacian of the experimental electron density distribution, V2p(r), of 1 in the least-
squares plane of atoms C4, F1, F4’, C5’(the prime refers to operation x,/+y,z). The absolute

values of the contours (au) increase in steps of 2 x 10", 4 x 10", and 8 x 10" with n beginning at -
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3 and increasing in steps of 1. Positive values are denoted by dashed contours, negative values

are denoted by solid contours.

To understand the meaning of such interactions, which are unexpected owing to the repulsive
Coulombic nature of the fluorine atoms, it is firstly underlined that the presence of a bond path
linking two atoms is not to be identified with a chemical bond in the classical sense but, more in
general, it denotes that an interaction occurs between the two atoms.” Based on the Interacting
Quantum Atom (IQA) approach,”® which provides a rigorous energy partitioning in terms of
atomic contributions and interatomic, classic and non-classic, interaction energies, bond paths
have been demonstrated to be associated with stabilizing interactions, even when electrostatic
(i.e., classic) repulsive contributions, such as those arising between close fluorine atoms, are
dominating.”> According to this approach, the stabilization is due to a privileged electron-
exchange (i.e., quantum mechanical) channel which contributes to lower the mutual interatomic
interaction energy.

In order to elucidate this aspect, two representative dimers extracted from the crystal structure,
for which F-F bond paths have been found, have been submitted to IQA analysis.”* Considering

a generic atomic pair AB, such analysis allows to decompose the total energy into monoatomic

AB

and diatomic contributions. In particular, the latter term (Ej,;

) can be expressed as the sum of
nuclear-nuclear (V48), electron-nuclear (V4AB) and electron-electron (V,4%) interaction energies.

VAB can further be decomposed into classical (electrostatic, Veffd) and quantum (exchange-

correlation, V;AB) terms, so that:

Efnt =Va® + Ve (1)

where V45 = VAE + VAE + V4B + VAE . Tt should be stressed that Efy; refers to the interaction

energy between the specific pair of atoms A and B, well distinct from either the energy

associated with the formation of the dimer interacting through the A--B contact, and the total
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interaction energy obtained as the difference between the energies of the dimer and the isolated
monomers.”*® The IQA analysis has been performed on the dimers interacting through the
F1'-F4 (dimer 1) and the F2--F4" (dimer 2) close contacts (see Figure 6 for the related
molecular graphs). The first dimer is representative of a type-I F---F contact while the second one
is close to a type-II interaction from a geometrical point of view.”® The three terms of eq. (1) as
obtained from such analysis are reported in Table 5 for the full body of atom pairs connected by

a bond path in the investigated dimers.

Figure 6. M06-2X/6-311++G(d,p) molecular graphs of dimer 1 (left) and dimer 2 (right) of

compound 1 extracted from crystal structure.

As expected, all the reported F---F contacts, independent on their relative disposition, have Eﬁﬁ

positive due to the large electrostatic V4? term, denoting destabilizing interactions. On the other
hand, the H3--F1' and H3" I contacts (associated with C—H-X hydrogen bonds) are stabilizing
interactions, though only the former has negative and quite high electrostatic contribution, in
agreement with its more favorable geometry. It is however to be noted that all F---F contacts have
non-negligible exchange-correlation V48 contribution, which explains the presence of a bond
path®® and, interestingly, is larger the greater is the value of Poep> independent on V42 Tt is finally
to be remarked that the additional C2--H1' and I--F2" interactions (italicized in Table 5),

associated with strongly distorted C—H---w hydrogen bond and X:--X’ XB, respectively, are not
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observed in the experimental charge density distribution, so that their meaning is questionable

being most probably a consequence of neglecting the crystal environment.

3.4 Atomic charges. Atomic net charges have been determined in 1 and 2 through integration of
electron density over the topological atomic basins €2, at both experimental and theoretical (from
gas-phase calculations over the optimized isolated molecules and XB dimers) levels. Their
values are reported in Tables S9 and S10. Iodine is characterized by a positive net charge (q =
0.22(2) and 0.28(2) e for 1 and 2, respectively), well reproduced by theoretical calculations on
the monomers (0.20 e in both structures) and even better on the XB dimers (0.28 and 0.27 e for 1
and 2, respectively, for the iodine involved in the XB interaction). The increase of the positive
charge of iodine moving from the monomer to the XB dimer well reflects the polarization
induced by the interacting partner.’”” The molecular polarization induced by the crystal
environment can be clearly evaluated by comparing the experimental molecular dipole moments
(4.2(5) and 5.8(9) D for 1 and 2, respectively), obtained by summing the integrated atomic
dipoles, with those computed for the gas-phase optimized molecules (2.40 and 1.99 D at M06-
2X, and 2.55 and 2.22 D at MP2 levels for 1 and 2, respectively). The observed enhancement of
the dipole moments (about 65-75 and 190-160 % for 1 and 2, respectively, according to the
theoretical method) denotes large polarization effects of the molecules within the XB chain,
which is mainly due to crystal matrix effects because the geometrical variations from gas-phase
to solid-state induce only negligible changes (from 2.40/2.55 to 2.75/2.78 D in 1 and

from1.99/2.22 to 2.34/2.47 D in 2, according to the M06-2X/MP2 method).

3.5 Interaction Energies. The halogen bonding interaction energy, AE, in 1 and 2 has been
evaluated through M06-2X/6-311++G(d,p) calculations as the difference between the energy of
the XB dimer, optimized on the BSSE-free potential energy surface, and the sum of the energies

of the optimized monomers. The AE values, -5.7 and -5.5 kcal/mol for 1 and 2, respectively, are
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slightly smaller than that computed for 3 at the same level of theory (-6.1 kcal/mol), in
agreement with what deduced on the basis of the topological properties at the I:*N bcp of the
three structures. Analysis of the M06-2X/6-311++G(d,p) electrostatic potential evaluated on the
0.001 a.u. isosurface of electron density (see Figure 1 for compound 1) reveals that the
interaction energies evaluated for dimers of 1 and 2 correlate positively with both Vmax on the
iodine atom (30.9 and 30.3 kcal/mol for 1 and 2, respectively) and V min on the acceptor N atom
(-37.5 and -34.8 kcal/mol for 1 and 2, respectively), in agreement with what reported in the
literature.® On the other hand, comparing the ESP’s extrema of 1 and 2 with those of 3 (Vimax =
29.6 kcal/mol and Vi min = -35.8 kcal/mol) appears to be only partially meaningful in view of the
different environment of the XB donor and acceptor sites, contributing in different way to
determine the c-hole’s electrostatic properties and those of the acceptor site. In particular, the
magnitudes of the local minima on the fluorine atoms close to iodine are much higher in 3 than
in 1 (local Vsmin = -11.0 and -5.5/-5.1 kcal/mol, respectively), as well as the local maxima on the
hydrogen atoms close to the nitrogen acceptor atom are lower in 3 than in 1 (local Vmax = 18.0
and 26.4/19.8 kcal/mol, respectively). Actually, has it has been recently outlined,”’ evaluation of
ESPs using the unperturbed electron density distributions is incomplete and misleading because
they do not reflect the polarization induced by the electric field of the interacting partner. This
term, which increases the positive potential on the 10dine atom, can be predicted to be greater for
the arylic XB donor of 3 with respect to the aliphatic ones of 1 and 2, resulting in a greater G-

hole for the former.

A crude estimation of the XB interaction, based on the Espinosa-Molins-Lecomte (EML)
formula Ej; = 0.5 Vbcp58 as derived for O---H hydrogen bonds and actually referring to interatomic
rather than intermolecular interactions, provides Ejy = -7.4, -7.0 and -8.9 kcal/mol for 1, 2 and 3,

respectively, using the experimental Vi, values. For the halogen bonded molecular pair, such Eiy
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interatomic energies could be directly compared with the AE intermolecular ones because only
one bep is found between the two interacting molecules. While it is clear that a local topological
descriptor such as Vi, does not necessarily correlate with the intermolecular interaction energy
AE, it is however interesting to note that using the approximate ‘universal’ relationship depicted
by Spackman,” which connects the EML atom-atom interaction energies for a given atom-—atom
pair with the interatomic distance, namely Eiy, = —3.30exp(—2.669[d—dqw]/A) kJ mol_l, dyaw
being the sum of vdW radii, we get Ei, =5.2 kcal/mol for both 1 and 2, and —5.8 kcal/mol for 3.
These values are much closer to the computed AE results with respect to those derived by
directly applying the EML formula and, in the case of 3, the Spackman Ei is in better agreement
with the previously reported interaction energy, -5.0 kcal/mol, as obtained by calculations based
on the Gavezzotti’s PIXEL approach on the XB molecular pair of 3.°” Moreover, using the full
set of 28 Vyep values for the intermolecular contacts in 1 and 2, the log-linear plot of EML values,
—FEint, vs. the internuclear distances minus the sum of vdW radii (see Figure 7 and Table S11)

provides a line of best fit Ej, = —3.57exp(—2.384[d — dvdw]/A) kJ mol_], 1.e., very close to that

59
reported by Spackman.
1000 -
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Figure 7. Log-linear plot of EML interatomic interactions (—FEjy), vs internuclear distance (d)

minus the sum of van der Waals radii (d,qw). The black line is the best fit to the data of 1 and 2.
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4. CONCLUSIONS

Two new iodoalkylimidazole derivatives, able to self-assemble through I--*N halogen bond,
have been synthesized and their charge density distribution determined by both multipolar
refinement against X-ray diffraction data and theoretical (molecular-scale and periodic)
calculations. The topological properties of C—I and I'-N interactions have been determined
according to QTAIM and compared with those previously reported on an [N complex based on
iodoaryl derivative, allowing to infer the effect of hybridization of the carbon atom bound to the
XB donor site. The energetic properties of the XB interaction have been as well characterized
through both quantum-mechanical and approximated (i.e., based on local topological descriptors)
methods. The full set of intermolecular interactions present in the crystal structures have been
investigated, and particular attention has been devoted to F--F interactions, which are present in
large number in 1 and 2. Their nature has been explored by a combined use of QTAIM and IQA
energy decomposition scheme. It appears that in all cases the F---F interactions are mainly of
electrostatic nature, though the stabilizing exchange-correlation energy term is non-negligible,

explaining the presence of the associated F---F bond critical points.

Table 1. Experimental details for crystals of 1 and 2.

1 2
Chemical formula CsH3F4IN, CoH;5F4IN,
Formula weight 293.99 344.05
Dimensions (mm?) 0.27%0.18%0.09 0.31x0.26x0.25
Colour, habit colourless, block colourless, block
Crystal system monoclinic monoclinic
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Space group
a (A)

b (A)

c(A)

BC)

V(A%

z

Prated (g cm™)
4 (mm™)

A (A), MoK«
Scan method
T (K)

h.k,] range
2O (°)

no. of measured reflns

no. of independent reflns

Rint

Data completeness (%)

Intensity decay

Absorption correction

Transmission factorsTmin, Tmax

P2i/n
8.8030(13)
5.6607(9)
16.061(2)
90.432(8)
800.3(2)

4

2.440
4.016
0.71073

gand o
100(2)

—21-521,-14—>13,-39->38

123.32
185312
12513
0.0276
98.2

0.00
multiscan

0.5877,0.7520

P2/mn
10.0833(5)
5.9718(3)
18.1674(9)
105.156(2)
1055.91(18)
4

2.164

3.062
0.71073

¢and w

100(2)
—25-23,-15—15,45-46
128.80

377638

17853

0.0277

98.7

0.00

multiscan

0.2743, 0.3646

Table 2. Refinement details of 1 and 2.

reflections with |F,|*>>0
parameters

R(F)

IAM

122

0.0253

1

IAM+CUM  POP+CUM

11923

147 352

0.0233 0.0211

IAM

166

0.0285

2

IAM+CUM  POP+CUM

17196

191 462

0.0245 0.0219
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wR(F) 0.0153  0.0136
R(F?) 0.0217 0.0176
wR(F?) 0.0285  0.0252
S 1.448 1.281
scale factor 0.989(1) 1.002(1)
(shift/e.s.d.)max <0.01 <0.01

0.0110 0.0217  0.0197 0.0175
0.0135 0.0208  0.0165 0.0114
0.0196 0.0367  0.0323 0.0272
1.003 1.344 1.186 1.006
1.000(1) 0.993(1)  1.010(1) 0.999(1)
<0.01 <0.01 <0.01 <0.01

Table 3. Experimental ‘POP+CUM’ (first row) and computed (gas-phase monomer optimization

at M06-2X/6-311++G(d,p), second row, and at MP2/6-311++G(d,p) levels, third row) C—I bond

lengths and associated bcp properties of 1, 2 and 3.% Fourth row: bep properties from periodic

single point calculations at M06-2X/6-311G(d,p) level.

X-Y R R RJR.  py, V Dbep Ar A2 A3
A A @A) A (A (A (A
1
C5-11 2.1488(4) 1.0309 0.48 0.776(7) 1.46(6) —2.86(7) —2.71(7) 7.03(13)
21477 1.0503 049 0833 —0.67 -3.09 -2.99 541
21448 1.0461 049 0842 —0.76 -3.18 -3.08  5.5I
0.790 116 -2.83 -278 677
2
C5-11 2.1468(4) 1.0382 0.48 0.782(9) 1.95(8) —3.11(9) —2.96(9) 8.02(16)
21481 1.0498 049 0832 —0.69 -3.09 -2.99 539
21462 1.0457 049 0840 —0.79 -3.17 -3.07 546
0.798 110 -297 -2.92  7.00
3
C7-11 2.0969(7) 1.0660 0.51 0.76(1) 1.42) -1.94 —142  4.79
2.0745 1.0083 049 0877 017  -3.19 -3.02 638
2.0742  1.0048 048 0.883 0.0  -328 -3.09  6.38

Table 4. Experimental ‘POP+CUM” (first row)” and computed (at M06-2X/6-311++G(d,p) level

on the geometry-optimized gas-phase dimer, second row, and at periodic M06-2X/6-311G(d,p)
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level on the experimental geometry, third row) I-N distances and associated bcp properties of 1,

2and 3.}

XY  RJA C-X-Y/P  RJR.  pJeA” VpleA” Gy /HA® W /HA™ Hyep/ Poco Vocpl/Goep

1
I-N1* 2.8263(4) 172.04(2) 0.55  0.205(2) 1.897(18)  0.146(1) -0.1593)  —0.064(2) 1.091(3)
2.9973 178.13 0.53 0126 1.33 0.087 ~0.081 0.048 0.930
0.168 1.76 0.120 ~0.116 0.024 0.967

2
I-N1* 2.8260(4)  174.56 (3) 0.55  0.198(2) 1.84(2) 0.140(1)  -0.151(3)  —0.056(3) 1.079(3)
3.0118 178.52 0.53 0122 1.30 0.084 ~0.078 0.050 0.928
0.175 1.65 0.113 ~0.110 0.015 0.976

3
I-N1¢ 2.7804(8)  179.32(4) 0.54  0236(2) 1.96(2) 0.164(1)  —0.1913)  —-0.114(3) 1.165(3)
2.9559 178.45 0.52 0139 1.42 0.095 ~0.091 0.030 0.956

* The primes refer to the following symmetry operations: x-1/2,1/2-y,z-1/2 (1), x+1/2,3/2-y,z+1/2
(2) and I-x, I-y,-1-z (3).

Table 5. Electron density at bcp (eA™), interatomic distance (A), 6, and 6, angles (°) and IQA

total (EfE), electrostatic (V4F) and exchange-correlation (V;45) interaction energies (kcal mol™)

computed at M06-2X/6-311++G(d,p) level in selected dimers of 1 for pairs of atoms connected

by a bond path.”
A-B Docp Ra-B 0, 0, EZE vas VAR
Dimer 1
F4.-F1' 0.050 2.740 155.85 153.98 37.68 41.16 -3.48
H3--F1' 0.042 2.603 114.31 P 9.71 -7.89 -1.82
Cc2--HI' 0.018 3.304 -P 122.55 2.86 3.59 -0.73
Dimer 2
F2.--F4" 0.016 3.233 174.44 103.30 36.63 37.53 -0.90
F2.-F2" 0.036 2.970 125.72 125.72 39.95 42.12 2.18
I..H3" 0.050 3.071 -P 148.42 -2.88 1.72 -4.60
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I F2" 0.021 3.841 72.038 72.038 -13.53 -11.91 -1.62

*See Figure 6 for the molecular graphs of dimers 1 and 2. In italics the interactions which are not
present in the experimental charge density distribution. Symmetry operations: L, x, y — 7, z; II, —x
+ 1, -y, —z+2. bNon-signiﬁcant for this interaction.

ASSOCIATED CONTENT
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