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Halogen atoms (X) typically form a covalent single bond to
only one other atom within a molecule, which places them
most frequently at the periphery of that molecule and, thus, at
molecular interfaces in condensed phases. Such terminally
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bonded halogen atoms, while not bordering on ubiquity like
hydrogen atoms, are nevertheless abundant and found in a
wide range of organic and inorganic molecules."! Thus, the
development of reliable intermolecular interactions that
involve such halogen atoms has the potential for widespread
application in supramolecular chemistry and crystal engineer-
ing. We have pursued such a design and recently reported the
application of directional M—Cl---X—C nucleophile—electro-
phile interactions in the synthesis of both neutral®® and ionic
molecular crystals.”

The basis for the design of these interactions was the
known behavior in intermolecular interactions of inorganic
halogen species (M—X) as directional Lewis bases and of
organic halogen species (C—X) as directional Lewis acids.
Specifically metal-halide groups (M—X) have been shown to
be potent and directional hydrogen-bond acceptors,! with
applications in crystal design and synthesis.”! Organic halogen
species (C—X), particularly for X=1, Br, and Cl, form
halogen bonds®! most commonly with organic bases, for
example, N/O--X—C,” but potentially also with other halogen
atoms."! Halogen bonds have been applied to various aspects
of supramolecular assembly in the solid state.[%”) However,
although the nature of hydrogen bonds that involve inorganic
halogen species is quite well established, in line with that of
other strong hydrogen bonds, the nature of halogen bonds
that involve organic halogen species is not fully established.
Indeed, at the weakest end of the scale of interaction energies,
interactions between chlorocarbon groups C—Cl--Cl-C,
which are directional in the solid state, have been the subject
of dispute in regard to whether they are weakly attractive!"”
or guided by adopting the least-repulsive interaction geo
metry.'Y! Halogen bonds are often discussed in terms of a
charge transfer between the Lewis base and the C—X
o* orbital® by analogy to halogen bonds that involve
dihalogen molecules, for example, N--X—X/[? or most
emphatically I"---I-I, which gives rise to the symmetrical I~
molecular ion and much related polyiodide network chemis-
try.® However, our most recent study of M—Cl+X—C
networks in crystals of the compounds trans-[MCL(3-Xpy),]
(M =Pt, Pd; 3-Xpy = 3-halopyridine; X =1, Br, Cl, F) shows
that the absence of M—Cl-~-F-C interactions, the apparent
relative interaction strengths (I >Br > Cl) and the prevalent
interaction geometry (approximately linear Cl--X—C and
markedly bent M—Cl---X interactions) are all consistent with
the relative magnitude and anisotropic nature of the electro-
static potential around the inorganic and organic halogen
species.’! Thus, an electrostatic component to M—X:+X'—C
interactions may be quite important, although the use of only
one type of halide ligand and the adoption of five separate
propagated networks with M—CI--X—C interactions limited
the extent to which the importance of the electrostatic
contribution could be assessed relative to other contributors,
notably charge transfer.

The present study overcomes these difficulties by exam-
ining a series of eight isostructural compounds in which both
the organic and inorganic halogen species have been varied in
a systematic manner: (4-X'pyH),[CoX,] (4-X'pyH = 4-halo-
pyridinium; 1: X'=Cl, X=CI; 2: X'=Br, X=Cl; 3: X'=(],
[CoX,] = CoCl, 5Br,4; 4: X' =Br, [CoX,] = CoCl, (,Br, 5; 5:
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X' =Cl, X=Br;6: X=Br, X=Br; 7. X' =CI, X=1I;8: X'=
Br, X=1I). This series of compounds provides a unique
opportunity to assess the relative importance of the charge-
transfer and electrostatic contributions to the M—X:-X'—C
halogen bonds through consideration of the structural
changes imparted by changing either the organic or the
inorganic halogen species. Compounds 3 and 4 further allow
interpolation between the discrete steps afforded by changing
all the organic or inorganic halogen species. Theoretical
calculations have been used to understand the structural
changes that arise across the series through examination of
the changes in electrostatic potential and to understand the
unusually large distortion from the tetrahedral geometry of
the anions that has been observed across all of the crystal
structures.

The crystal structures of 1-8, determined at 150 K, show
that each forms networks propagated by N—H--X,Co hydro-
gen bonds and Co—X--X'—C halogen bonds (Figure 1). Pairs

S TS

Figure 1. Network formed in crystal structures of 1-8. Cobalt and
halide ligands shown in dark gray, organic halogen atoms in light gray,
and all other atoms in black (C, H, N).

of cations link each anion to its neighbor in the zigzag chain,
with the cations adopting a stacked arrangement with
mutually opposed molecular dipoles. The interaction geo-
metries are summarized in Table 1. Notably the anions exhibit
a large distortion (approximately C,,) from the idealized
tetrahedral geometry wherein the angles between the pairs of
halide ligands that participate in hydrogen bonding are
markedly decreased in magnitude (average Cl-Co-Cl: 98.0°;
Br-Co-Br: 99.6°; I-Co-1: 102.4°) whereas the pairs of halide
ligands involved in halogen bonding exhibit slightly enlarged
angles (average Cl-Co-Cl: 110.9°; Br-Co-Br: 111.5°; I-Co-I:
112.4°).

The N—H--X,Co bifurcated hydrogen bonds are asym-
metric, as is common for tetrahedral halometallate anions,
and become weaker and more symmetric on going from
chloride to iodide ligands. Interestingly the hydrogen bonds
are systematically more symmetric for the chloropyridinium
cations than for the bromopyridinium cations when pairs of
compounds that contain the same anion are compared.

Most interesting, however, are the Co—X--X'—C halogen
bonds. All exhibit approximately linear geometries at the
organic halogen atom (C—X'"-X: 168.6-174.9°), whereas the
Co—X:X' angle is markedly bent (range: 120.3-123.7°),
which confirms the nucleophilic—electrophilic nature of
these interactions and, thus, the distinct roles of the two
halogen atoms. Using the halogen—halogen distance measure
Rxx, normalized to account for differences in the van der
Waals radii of the different halogen atoms,"'" it is clear that
the halogen bonds are shorter, and by implication stronger,
for the heavier organic halogen species (C—X), but weaker for
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Table 1: Selected bond lengths, halogen bonds, and hydrogen-bond geometries for 1-8.

Co—X [A] CXMA XXA Rl  Co XXl X-X—C[]  H-XP[A [Ryd®  N—H-X[]®!
(4-ClpyH),[CoCl] (1) 2.2500(5) 1.723(2) 3.3428(6) 123.69(2) 173.75(7) 2.300 [0.78] 141.9
2.2915(5) [0.955] 2.825 [0.96] 134.0
(4-BrpyH),[CoCl] (2) 2.2532(9) 1.882(3) 3.2609(10) 121.61(4) 174.9(1) 2.249 [0.76] 146.0
2.2842(10) [0.906] 2.953 [1.00] 131.2
(4-ClpyH),[CoCl, 56Br,..] (3) 2.3610(8) 1.715(4) 3.4261(13)d 123.31(4)d 172.6(1)1 2.4401[0.81] 137.71
2.3586(9) [0.958]@ 2.8311970.95] 136.61¢
(4-BrpyH),[CoCly ¢,Br, ] (4)  2.3596(8)" 1.884(5) 3.3423(9) 121.44(3)H 173.9(2) 2.3701[0.79] 142.81
2.3477(10)1 [0.909] 2.9687[0.99] 133.50
(4-ClpyH),[CoBr,] (5) 2.3855(4) 1.718(3) 3.4898(8) 123.20(2) 171.1(1) 2.543 [0.83] 136.6
2.4209(5) [0.967] 2.854 [0.94] 137.1
(4-BrpyH),[CoBr,] (6) 2.3859(9) 1.884(5) 3.3873(11) 121.23(3) 171.9(2) 2.478 [0.81] 140.6
2.4162(10) [0.915] 2.957 [0.97] 134.4
(4-ClpyH),[Col,] (7) 2.5820(7) 1.721(5) 3.7203(13) 121.70(3) 168.6(2) 2.877 [0.91] 132.1
2.6021(7) [0.997] 3.016 [0.95] 139.2
(4-BrpyH),[Col,] (8) 2.5806(7) 1.879(5) 3.6018(7) 120.26(3) 169.0(2) 2.811 [0.89)] 135.0
2.5994(8) [0.940] 3.072 [0.97] 137.3

[a] Rex =d(X-X') [ (ret+rx), where ry and ry are the van der Waals radii" of halogen atoms X and X/, respectively (following the definition of Lommerse
et al.”l); R,y is defined analogously for the H---X separation. [b] Geometries calculated using hydrogen-atom positions normalized to standard nuclear
positions, as established by neutron diffraction (N—H: 1.01 A). [c] X="78%Br, 22%Cl. [d] X =44 % Br, 56 % Cl. [e] X=76% Br, 24 %Cl. [f] X=43 % Br,

57%Cl. [g] Arithmetic average.

the heavier inorganic halogen species (Co—X) (Table 1,
Figure 2). The observed trend with respect to halogen bonds
involving the Lewis acidic C—X group is consistent with
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Figure 2. Variation of (Co)X---X'(C) halogen-bond lengths with change
of the halogen atom. The distances Ryy are normalized as defined in
Table 1 to account for differences in the van der Waals radii of the
different halogen atoms./""!

previous reports.>**% However, these results appear to be
counter to the conventional wisdom that for halogen bonds
involving halide ions (X~) as the nucleophile, for example,
X~I-1(XL,) or X™---Br—C, the halogen bonds are stronger or
at least more prevalent for I->Br >Cl~>F [%% This
prevailing view is based on a description of the halogen
bonds as n—o* charge-transfer interactions between the
anion and the dihalogen or C—X group. Such an interaction is
well established for trihalide ions and follows the presumed
trend as evidenced by the geometries of the isostructural pairs
CsBrl,/Csl; and (RpyH)[CIL]/(RpyH)[Brl,] (R = N-hexa-
decyl), wherein lengthening of the I-1 bond occurs and this
change is more pronounced for I" > Br~ and for Br™ > Cl",
respectively.'”! Such a charge transfer would be less prom-
inent for a C=X group as the o* orbital will be higher in
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energy than for the corresponding I, molecule. Nevertheless,
Resnati and co-workers have proposed that I"---Br—C halogen
bonds are stronger than Br~-Br—C halogen bonds™” by
inference from IR C—H stretching frequencies in N-methyl-
3,5-dibromopyridinium halides, thus suggesting that n—o*
charge transfer is greater for the I" ion, a better electron
donor than the Br™ ion. One would, therefore, anticipate by
analogy that the trend in decreasing Rxx distance, and thus
increasing strength, would be X=Cl—Br—I if the n—o*
charge transfer were the dominant contributor to the halogen-
bond strength for Co—X:-X'—C in 1-8. As the trend is the
reverse (Figure 2), an alternative explanation must be sought.

As we have recently established that an electrostatic
contribution is likely to be important in M—Cl---X—C halogen
bonds,” we examined this possibility for M—X---X'—C halogen
bonds in 1-8 through selected theoretical calculations. The
electrostatic potential associated with the two cations and the
three anions used has been calculated by using idealized
geometries based upon those determined experimentally. All
halogen atoms show an anisotropic potential that arises from
their anisotropic charge distribution, with the most positive
(or least negative) potential associated with the axial region
trans to the covalent bond (M—X or C—X) and the most
negative (or least positive) potential lying in an equatorial
belt approximately orthogonal to the covalent bond (Fig-
ures 3 and 4). Distortion of the anion also leads to polar-
ization and enhancement of the negative potential associated
with the two halide ligands related by the smallest X-Co-X
angle (compare the top of Figure 3a—c with the bottom of
Figure 3d-f).

Anion—cation interactions involve the association of the
most electropositive part of the cation, the N—H group, with
the region of the most negative potential on the anion, located
between the compressed pair of halide ligands. The Co—
X--X'—C halogen bonds then bring together the most positive
(axial) region of the organic halogen atoms with the region of
greatest negative potential on the remaining inorganic
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Figure 3. Calculated electrostatic potentials for the anions [CoCl,]*
(a,d), [CoBr,]*™ (b,e), [Col,]* (c,f); displayed on density isosurfaces of
0.0025 electrons bohr™?, with a color range from red at 200 kcal mol™
to blue at 160 kcal mol™. The views are approximately orthogonal to
the twofold symmetry axes of the anions, with the halide ligands of the
compressed CoX, moiety involved in hydrogen bonding at the top of
the figures and those involved in halogen bonds at the bottom

(cf. Scheme 1). The views (d—f) are rotated by 90° about the molecular
twofold axes (vertical) relative to views (a—c).

Figure 4. Calculated electrostatic potentials for the cations a) 4-chloro-
pyridinium (4-ClpyH)* and b) 4-bromopyridinium (4-BrpyH)*, dis-
played on density isosurfaces of 0.0025 electrons bohr™, with a color
range from red at 70 kcalmol™ to blue at 140 kcalmol ™.

halogen atoms, thus resulting in near-linear X--X'—C angles
and Co—X:-X" angles of approximately 120°.

The clear trend in the electrostatic potential across the
three anions is a decrease in the magnitude of the negative
potential on the corresponding density isosurfaces in the
sequence [CoCl,]*” > [CoBr,]*” > [Col,]*~ (Figure 3a—c or d-
f), which correlates with the trend of increasing halogen
bonds lengths (Rqx < Rgx < Rix; see Table 1). In addition,
the positive potential along the C—X axis of the organic
halogen species decreases from Br to CI (Figure 4) in parallel
with the trend Rxg, < Rxc. These correlations taken together
with the observed X--X'—C and Co—X--X' angles are clearly
consistent with the Co—X--X'—C halogen bonds being gov-
erned by a directional electrostatic interaction. The discrim-
ination between the hydrogen bonding and halogen-bonding
sites on the anions is also emphasized by the observation that
in the structures of 3 and 4, the two halide sites with a high
chloride content are involved in hydrogen-bond formation
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whereas the two with a lower chloride content form the
halogen bonds.*”)

Finally, we also determined the likely cause of the
unusually large distortion from the idealized tetrahedral
geometry observed for all of the anions in 1-8. The distortion
is consistent with being a response to the local electric field of
the surrounding ions, thereby generating a dipole moment
along the twofold axis of the anion (Scheme 1). This

g 109.5 deg

X X Absence of the
Z electric field
of neighboring ions

X X
N 109.5 deg

X obs. 98-102 deg X

X/* “”\/\

Response in the presence of the
electric field of neighboring
ions-local dipoles represented
as amows.

obs. 110-112 deg

Scheme 1. Distortion of anion geometry in response to the electric
field generated by neighboring ions. obs.=observed; dipole moments
represented as arrows from + to —.

supposition is supported by theoretical calculations in which
an optimization of the [CoCl,]*~ geometry was conducted in
the presence of a simple model electric field that mimicked
the orientation, if not the precise magnitude, of the field
experienced by the ion in the crystal. The optimization
resulted in compression of the Cl-Co-Cl angle closest to the
positive end of the field and an increase in the associated pair
of C—Cl bond lengths, with the reverse situation for the halide
ligands closest to the negative end of the field.”"! This result is
in qualitative agreement with the observed distortion of the
[CoCl,]* ion in the crystal structures of 1 and 2.
Comparison of intermolecular interaction geometries in
chemically related compounds is often fraught with difficulty
because of large differences between the crystal structures of
the compounds, which can have a profound effect on the
metrics of a given intermolecular interaction. The present
study provides a remarkable opportunity to undertake such a
comparison across eight isostructural compounds with sys-
tematic variation of both inorganic and organic halogen
components for the recently identified, but potentially highly
efficacious, class of M—X--X'—C halogen bonds. These
interactions are highly directional, and X--X' separations
normalized to account for the change in size of the halogen
atoms confirm that the interaction is shorter (stronger) for the
heavier organic halogen species and demonstrate for the first
time that this is also the case for the lighter inorganic halogen
species. The trends in electrostatic potential at the halogen
atoms, which becomes more positive for (C)Br > (C)Cl and
more negative for (M)Cl > (M)Br > (M)I, are consistent with
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these observations, thus clearly indicating that the electro-
static interaction between the halogen atoms is the dominant
contribution in both directing and governing the strength of
the M—X:-X'—C halogen bonds. Given the abundance of the
halogen atoms in molecular surfaces of both organic and
inorganic systems, a clear understanding of the nature of M—
X--X'—C halogen bonds provides an impetus for a wide range
of applications to supramolecular construction of organic—
inorganic hybrid materials and has the potential to yield
applications in the control of conformations in metal com-
plexes, molecular recognition, and substrate binding in
catalysis.

Experimental Section

Crystal synthesis: All starting materials were purchased from Aldrich,
Lancaster, or Avocado and used as received. Blue crystals of
compounds 1, 2, 5, and 6 were obtained in high yields following the
evaporation of acidified solutions of CoCl,-6 H,0 or CoBr, combined
with the appropriate 4-halopyridinium chloride, which had been
previously dissolved in an excess of concentrated aqueous HX to
prevent the formation of the mixed halide. Elemental analyses were
in accord with expected values. Compounds 7 and 8 were obtained as
green crystals by an analogous approach with Col,2H,0O and
acidification with concentrated aqueous HI, but only as the minor
product, the major product being brown crystalline compounds (4-X-
CsNH;),[Col,]-I,, which will be discussed fully in a later publication.
Crystals of mixed halide compounds 3 and 4 were obtained similarly
but without acidification of the solutions. Small yields of compounds
3, 4,7, and 8 prohibited bulk analyses. Full details of the synthetic
procedures can be found in the Supporting Information.

X-ray crystallography: X-ray data were collected at 150 K for 1-8
on a Bruker SMART 1000 diffractometer using Moy, X-rays. Data
were corrected for absorption using empirical methods (SADABS)
based upon symmetry-equivalent reflections combined with measure-
ments at different azimuthal angles.”! Crystal structures were solved
and refined against all F*values using the SHELXTL suite of
programs.”?) Non-hydrogen atoms were refined anisotropically and
hydrogen atoms were placed in calculated positions refined using
idealized geometries (riding model) and assigned fixed isotropic
displacement parameters. For mixed halide compounds 3 and 4, the
Cl/Br ratio was allowed to refine independently for the two
independent sites, thus leading to Cl/Br ratios of 0.562:0.438 and
0.221:0.779 for 3 and 0.570:0.430 and 0.241:0.759 for 4, with physically
reasonable displacement parameters for both sites. A summary of the
data collection and structure refinements is provided in the Support-
ing Information. CCDC 279107-279114 contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Theoretical calculations: Electrostatic potential calculations for
idealized [CoX,]*” (X=Cl, Br, 1) and (4-X'pyH)* (X'=Cl, Br) ion
geometries were conducted using the GAMESS-UK?! package,
which employs the B3LYP DFT functional.™ The basis set used was
the all-electron Ahlrichs DZ (double zeta) quality basis® on Co and
Sadlej pVTZ (polarized valence triple-zeta) basis® ! for all other
elements. Geometries for [CoX,]*>” ions were idealized using dis-
tances (taken from the crystal structure determinations) of 2.25 (Cl),
2.40 (Br), and 2.59 A (I) and averaged X-Co-X angles from the pairs
of crystal structures containing each anion. The halopyridinium ions
used geometries constructed by averaging bond lengths and angles
over all crystal structures and idealizing to a C,, geometry, with C—X
lengths of 1.72 (Cl) and 1.88 A (Br). The distortion of the [CoCl,]>~
ion was simulated by undertaking a geometry optimization of the
[CoCl,* ion (tetrahedral starting geometry) using an Ahlrichs DZ
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quality basis® throughout, with a simple model electrical field
generated by placing +1 and —1 charges at distances of 10 A from
the Co center displaced along the molecular twofold axis and by
imposing C,, symmetry on the anion.
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