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explored by co-crystallizing tetra-functionalized (2 x HB (-OH) and 2 x XB (-C=C-l)) molecules,

Janaka C. Gamekkanda ,> Abhijeet S. Sinha, ® John Desper, ° Marijana Dakovi¢, ® and Christer B.

The competition and balance between between intermolcular hydrogen bonds (HBs) and halogen bonds (XBs) were

trans-1,4-

bis(iodoethynyl)cyclohexane-1,4-diol (D1) and cis-1,4-bis(iodoethynyl)cyclohexane-1,4-diol (D2), with six ditopic nitrogen

based acceptors molecules.

Crystal structures of both D1 and D2 showed non-covalent interactions between HB/XB

donors and available acceptor sites (oxygen/ triple bond/ negative region of iodine). In three co-crystals of D1 the HB and

XB donors act in similar ways as both activated iodine and hydroxyl hydrogen bind to the nitrogen acceptors in the solid

state. In contrast, in a co-crystal of D2, a geometric isomer of D1, there were only hydrogen bonds to the co-former and

the halogen-bond donor interacted with the hydroxyl oxygen atoms of D2. A stronger tendency for linear XB interactions

(as well as greater van der Waals radii reduction) were observed with nitrogen atoms as acceptors (average reduction =

23%) compared to those involving an oxygen atom as an acceptor (average reduction = 16%). A control molecule, trans-

1,4-diethynylcyclohexane-1,4-diol (D3) which has only HB donors (-OH and -C=C-H) was also examined to get a better

understanding of the balance between XB and HB intercations. The ethynyl hydrogen atom did not form hydrogen bonds

to the nitrogen atoms in acceptors, and only O-H---N and -C=C-H---O hydrogen bonds were observed in these structures.

In order to develop practical and robust strategies for efficient
synthesis of co-crystals,1 it is helpful to employ intermolecular
interactions that can provide a hierarchical assembly
protocol.” > By combining interactions that do not compete
for the same molecular binding sites it is, in principle, possible
to avoid or at least minimize “synthon cross-over”* thereby
producing architectures of considerable complexity.s'8 For
some time, the hydrogen bond (HB) has been the preeminent
synthetic tool in this arena,”™ but the halogen bond (XB) has
also received much attention as a vehicle for synthesis and
directed assembly  of  supramolecular heteromeric
architectures.™® Both interactions are directional
relatively strong, and their importance in crystal engineering,
originates with their shared dependence upon long-range
electrostatic forces.’*” Interestingly, several cases of solid-
state HB/XB mimicry have been reported where an acceptor
site (electron-pair donor) forms structurally identical
interactions with both HB and XB donors.”* For example, the
hydrogen-bond donor hydroquinone plays the same
supramolecular role when interacting with 4,4’-bipyridine25 as
do iodine, 1,4-diiodobenzene,26 and 1,4-diiodo-
tetrafluorobenzene,”’ respectively.  Structurally
interactions are found in co-crystals of tetramethylpyrazine
with both 1,4-diiodotetraﬂuorobenzene28 and with
hydroquinone,29 and aminopyrimidine-based ethynyl and
iodoethynyl donors form equivalent architectures with

and

similar
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tetramethylpyrazine and 1,2-bis(4-pyridy|)ethy|ene.30 A small
number of studies have also explored competition between
these interactions through experimentalal'33 and theoretical®
means, by affixing a HB and an XB donor on the same
molecular backbone. In addition, competition between
separate XB and HB donors for the same acceptor, e.g.
mixtures of 1,2-bis(4-pyridyl)-ethane, 1,4-
diiodotetrafluorobenzene and hydroquinone,27 or of N,N,N',N'-
tetramethylethylenediamine, 1,2-diiodo-tetrafluoroethane and
ethylene glycol,27 or bi-functional molecules including 4-
iodotetrafluorobenzoic acid, 4-iodotetrafluorophenol and 4-
iodotetrafluoroaldoxime with acceptors such as 4,4’-
azobipyridine35 have been reported. The fact that hydrogen
bonding and halogen bonding have shared origins means that
if we are to advance supramolecular synthesis, we need to
learn more about the balance between them in systems where
they are likely to compete for the same acceptor sites.

The strength of an XB donor can be enhanced through the
addition of electron-withdrawing substituents, but a similar
effect can also be achieved by positioning the halogen atom
next to an sp-hybridized carbon atom,®® % Despite the
increasing popularity of this route for creating powerful XB
donors,37 only a limited amount of work has been done on the
potential competition between such XB donors and HB donors.
To remedy this lack of experimental data, we synthesized two
tetra-functionalized molecules and subjected them to co-
crystallization experiments with six different acceptors; trans-
1,4-bis(iodoethynyl)cyclohexane-1,4-diol (D1) and cis-1,4-
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bis(iodoethynyl)cyclohexane-1,4-diol (D2) which are geometric
isomers of each other are equipped with two HB- and two XB
donors, respectively, Scheme 1. In addition, we also explored
the structural chemistry of trans-1,4-diethynylcyclohexane-1,4-
diol (D3) which has two pairs of competing HB donors on the
same cyclohexane framework.

Journal Name

Acceptor sites

Donor sites
D1 D2 D3

Scheme 1. Probe molecules with competing halogen- and hydrogen-bond donors
(D1/D2) and competing hydrogen-bond donors (D3).
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Scheme 3. Postulated primary intermolecular interactions in co-crystals of D1/D2:A1-
A6.

The XB donors in D1/D2 are “activated” by an sp-
hybridized carbon atom, and D3 acts as a control molecule
where the XB donor, R-C=C-lI, has been replaced with a
geometrically identical HB donor, R-C=C-H. Two different
isomers of the XB donor (trans/cis) were prepared in order to
explore whether/how molecular geometry would affect
synthon preferences. All six acceptor molecules in this study
were symmetric ditopic N-heterocyclic compounds, Scheme 2.
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Scheme 4. Postulated intermolecular interactions in co-crystals of D3:A1-A6.
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Scheme 2. Six ditopic XB and HB acceptors.

Given the specific combination of donor- and acceptor
molecules investigated herein, we hypothesised a series of
different outcomes if D1-D3 were to form co-crystals with the
N-heterocyclic acceptors A1-A6, Schemes 3 and 4.

2| J. Name., 2012, 00, 1-3

By having the competing halogen- and hydrogen-bond
donors on the same molecular backbone, the results are not
going to be affected by potential solubility differences which
could come into play if the donors were residing on different
molecules. Since both XB and HB interactions are dependent
upon electrostatic features, we complemented the structural
study with an analysis of calculated molecular electrostatic
potential surfaces for D1-D3 in order to try rationalise the
outcome of the co-crystallizations. Through these
complementary approaches we hoped to shed more light on
the supramolecular competition and balance between the two
most common synthetic tools in current crystal engineering.

Experimental section
Materials and methods

All solvents, reagents, precursors and acceptors (A1-A6)
were purchased from commercial sources and used without
further purification. Melting points were determined using a
Fisher-Johns melting point apparatus and are uncorrected.
Infrared spectra were obtained on a Nicolet 380 FT-IR
spectrometer (optical resolution < 0.9 em™). 'H NMR spectra
were obtained on a Varian unity plus 400 MHz spectrometer.
DSC data were obtained on a TA instruments Q20 and TGA
data on a TA instruments Q50.

This journal is © The Royal Society of Chemistry 20xx
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Computational studies

Starting geometries of the molecules were obtained using
the Merck Molecular Mechanics Force Field. All subsequent
calculations were carried out using B3LYP functional and 6-
31G* basis set which employs LANL2DZ*® under vacuum in
Spartan’14 software.®® Molecular electrostatic potential
surfaces were generated for the optimized structures on the
electron isodensity surface of the 0.002 electrons/aus.

Synthesis of D1-D3

The three donors were synthesized using commercially
available 1,4-cyclohexanedione. The ketone was converted to
the propargyl alcohol with a TMS protected alkyne group40
(the trans-cyclohexane being the major product). D3 was
obtained by deprotecting the ethynyl group and D1 and D2
were obtained through a reaction with N-iodosuccinimide,
Scheme 5.

n-BulLi,
Dry THF
100
HC=C—TMS—"—C—= +;c=c—Tms
o
-10 °C to
room temp.
Dry THF
o
Y
™S T™MS
OH
M~ =5
+
Z on Z om
TMS T™MS
NIS NIS
AgF AgF
Acetonitrile Acetonitrile

| |
Mz Tz
ZR | Z on
! D1 D2

Scheme 5. Overview of the synthesis of D1-D3.
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Synthesis of trans- and cis -1,4-
bis((trimethylsilyl)ethynyl)cyclohexane-1,4-diol

A solution of trimethylsilylacetylene (1.75 ml, 18 mmol) was
stirred in 100 ml of dry THF and cooled to -10 °C under N,. A
solution of n-Buli (4.9ml 18 mmol) was added slowly over 30
min. at -10 °C under N,. The mixture was stirred for an
additional hour at the same temperature. Cyclohexane-1,4-
dione (1.0 g, 8.9 mmol) was dissolved in 25 ml of dry THF and
added dropwise to the resulting trimethylsilyl acetylide
solution under N, at -10 °C. The mixture was then allowed to
temperature stirred overnight. After
completion of the reaction, 100 ml of water was added and
extracted with ethyl acetate (3 x 100ml). The combined
organic layers were dried over magnesium sulfate and the
solution was concentrated to obtain a crude solid and purified
by column chromatography. The trans isomer was obtained
using hexane as the eluent and the cis isomer was obtained
using a mixture of hexanes: ethyl acetate (8:2) as the eluent.
Yield: trans isomer 1.43g, 52%, m.p.: 160-163 °C, 'H NMR (400
MHz in DMSO-d6): 5.43 (2H, s), 1.77-1.62 (8H, m), 0.13 (18H, s)
cis isomer 0.410g, 15%, m.p.: 123-125 °C, 'H NMR (400 MHz in
DMSO-d6): 5.31 (2H, s), 1.68-1.71 (8H, m), 0.12 (18H, s).
Synthesis of trans-1,4-bis(iodoethynyl)cyclohexane-1,4-diol.H,0

reach room and

(D1.H,0)
Silver fluoride (0.825g, 6.5 mmol) and trans-1,4-
bis((trimethylsilyl)ethynyl)cyclohexane-1,4-diol (1.0 g, 3.24

mmol) were dissolved in 50ml of acetonitrile and N2 was
bubbled through the solution for 20 minutes. N-
iodosuccinimide (1.46 g, 6.5 mmol) was added to the mixture
and the flask was covered with aluminum foil. The reaction
was stirred overnight under N,. After completion of the
reaction, the resulting mixture was passed through a short pad
of silica and the resulting solution was evaporated under
vacuum in order to get the crude product. It was dissolved in
methanol and water was added to the mixture. The product
crashed out and the precipitate was filtered and dried in air to
give a light-yellow solid. Yield 1.23g, 87%, m.p.: 218-220 °C
(dec.), 'H NMR (400 MHz in DMSO-d6): 5.57 (2H, s), 1.60-1.80
(8H, m).

Synthesis of cis-1,4-bis(iodoethynyl)cyclohexane-1,4-diol (D2)

The synthesis of cis-1,4-bis(iodoethynyl)cyclohexane-1,4-
diol was carried out in the same way as the synthesis of D1 by
using 0.250g (2.0 mmol) of silver fluoride, and 0.3g (9.7 mmol)
of cis-1,4-bis((trimethylsilyl)ethynyl)cyclohexane-1,4-diol and
0.450g (2.0 mmol) of N-iodosuccinimide dissolved in 30 ml of
acetonitrile. Yield: 0.360g, 89%, m.p.: 168-171 °C (dec.), 'y
NMR (400 MHz in DMSO-d6): 5.40 (2H, s), 1.61-1.71 (8H, m).
Synthesis of trans-1,4-diethynylcyclohexane-1,4-diol.H,0 (D3.H,0)

Trans-1,4-bis((trimethylsilyl)ethynyl)cyclohexane-1,4-diol
(0.5 g, 1.6 mmol) and potassium carbonate (0.45g, 3.25 mmol)
were dissolved in 50ml of methanol. The reaction mixture was
stirred for 4 hrs and after completion of the reaction, the
solvent was evaporated under vacuum. The solid mixture was
dissolved in ethyl acetate and washed with brine. The organic
layer was dried over magnesium sulfate and the solvent was
evaporated to get a white powder as the product. Yield 0.22 g,

J. Name., 2013, 00, 1-3 | 3
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75%, m.p.: 175-178 °C, "H NMR (400 MHz in DMSO-d6): 5.40
(2H, s), 3.28 (2H, s), 1.61-1.71 (8H, m).

Crystal growth of D1-D3 and synthesis of co-crystals

D1-D3 (10 mg) were individually combined with each
acceptor (A1-A6) in a 1:1 stoichiometric ratio using solvent
assisted grinding (methanol as the solvent). Eighteen
experiments were performed and the resulting solids were
analysed using IR spectroscopy. The solid mixtures obtained
from grinding experiments were dissolved in 2 ml of methanol
or methanol/tetrahydrofuran and kept in small vials for slow
evaporation at room temperature. Crystals suitable for single-
crystal X-ray diffraction were obtained after 2-3 days.

Results

D1 and D3 crystallized as monohydrates, whereas D2 did
not include any solvent in its lattice. These results were
confirmed by TGA, which show the loss of one equivalent of
water for both D1 and D3 (but not for D2), and DSC, which
indicate thermodynamic events at the matching temperatures
for D1 and D3 (ESI).

The relevant maximum positive and negative values on the
electrostatic potential surfaces for D1 and D3 are listed in
Figure 1 (a) and Figure 1 (b) respectively, for D2 they are listed
in Figure 2.

f Chemistry! -
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-145 kJ/mol

+215 kJ/mol

+187 kiJ/mol
+187 kJ/mol

+224 kJ/mol

-157 kJ/mol

(a) (b)

Figure 2. Electrostatic potential surfaces of (a) XB donors, (b) HB donors and XB/HB
acceptors of D2.

MEPs of A1-A6 were calculated in order to rank the ability
of these molecules to act as HB/XB acceptors (Figure 3).

-160 kJ/mol  -167 kJ/mol -179 kJ/mol - -183 kl/mol
Al A2 A3 A4
-5188 kJ/mol -192 kJ/mol

Figure 3. Electrostatic potential surfaces of acceptor atoms in A1-A6.

A5

-149 kJ/mol

+185 kJ/mol +144 kJ/mol

-157 kJ/mol

+214 kJ/mol

(a) (b)

Figure 1. Electrostatic potential surfaces of (a) XB/HB donors and acceptors of D1, (b)
HB donors and acceptors of D3.

4| J. Name., 2012, 00, 1-3

D1-D3 and six co-crystals thereof produced crystals
suitable for single-crystal X-ray diffraction, and the
crystallographic data is provided in the ESI. Atomic
displacement parameters (ADPs) and labelling schemes for all
crystals structures are shown in Figure 4.

This journal is © The Royal Society of Chemistry 20xx
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(d) (e)

Figure 4. ADPs for crystal structures (a) D1.H,0, (b) D2, (c) D3.H,0, (d) D1:A3, (e) D1:A4, (f) D1:A5, (g) D2:A3, (h) D3:A3, and (i) D3:A5 (Thermal ellipsoids of crystals
are displayed at the 50% probability level).

Geometric parameters for hydrogen- and halogen bonds in - :
the crystal structures of D1-D3 are given in Table 1 and Table 2ot HB distances and angles in D1-D3.

2, respectively. Compound D-H--A D--A (A) <(DHA) (%)
D1.H,0 0(1)-H(10)--0(2) 2.8239(19) 164(8)
0(2)-H(20)--0(1) 2.8239(19) 154(8)
D2 0(10)-H(10)--0(14) 2.806(2) 173(3)
0(14)-H(14)--0(10) 2.922(2) 170(3)
D3.H,0 0(4)-H(4)--0(13) 2.6333(11) 173.2(16)
0(10)-H(10)--0(4) 2.7789(11) 160.8(17)
0(13)-H(13A)--0(10) 2.7575(13) 168.9(16)
0(13)-H(13B)--0(4) 2.9174(12) 169.3(18)

Table 2. XB distances and angles in D1-D2.

Compound D-X---A XA (A) <(DXA) (°)
D1.H,O C(1)-1(1)--0(1) 3.146(3) 174.68(15)
D2 C(8)-1(9)-1(13) 3.9222(4) 140.69(7)
C(12)-1(13)--1(9) 3.9222(4) 71.49(7)
C(12)-1(13)---C(8) 3.296(2) 168.69(8)
C(12)-1(13)---C(7) 3.354(2) 170.34(8)
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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All four donors on D1 (2 x O-H and 2 x R-C=C-I) are involved
in intermolecular interactions. The intermolecular network is
made more complicated by the presence of a water molecule
in the lattice. Both XB donors interact with —OH groups of D1
in a homomeric manner, whereas the hydroxylic HB donors
bind to the oxygen atoms of water. The disordered water
molecule acts as a hydrogen bond donor to the hydroxylic
oxygen atoms of D1, Figure 5.

Figure 5. Hydrogen bonding and halogen bonding in the crystal structure of D1.H,0.

In the crystal structure of D2, there are two intermolecular
hydrogen bonds between adjacent hydroxyl groups, (Figure
6a). In addition, there is one XB involving the triple bond of D2
as an acceptor site r(l--centroid of triple bond) ca. 3.27A,
B(centroid of triple bond::I-C) ca. 177.76°, and one
iodine---iodine type Il interaction, (Figure 6b).

(b)

Figure 6. Hydrogen bonds (a) and halogen bonds (b) in the crystal structure of D2.

6 | J. Name., 2012, 00, 1-3
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In the crystal structure of D3.H,0, there are D3::-D3 water-
bridged interactions (Figure 7a) as well as direct D3---D3
hydrogen bonds (Figure 7b), and a triple bond---ethynyl
hydrogen atom interaction r(C--centroid of triple bond) ca.
3.87A, 6(centroid of triple bond---H-C) ca. 138° (Figure 7b).

(b)

Figure 7. (a) Water bridged hydrogen bonding and (b) C-H---C=C hydrogen bond in the
crystal structure of D3.H,0.

Even though we were only able to determine the crystal
structure of six co-crystals using single-crystal X-ray diffraction
(Table 3 and Table 4), the IR analysis of the sixteen attempted
co-crystallizations found unambiguous evidence for co-crystal
formation in each case (see Supplementary data).

This journal is © The Royal Society of Chemistry 20xx
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Table 3. HB distances and angles in the structures of six co-crystals. (* Some of the
hydrogen atoms involved in hydrogen-bonding could not be located based on the
difference electron density. Hence, they were placed in geometrically calculated
positions and refined using a riding model)

Compound D-H-+A D--A (A) <(DHA) (%)
D1:A3 0O(7)-H(7)---0(11) 2.758(5) 159(9)
0(11)-H(11)--N(32) 2.809(5) 161(7)
0(21)-H(21)--N(44) 2.786(6) 163(7)
0(25)-H(25)--0(21) 2.717(5) 171.5*
D1:A4 O(7)-H(7)---N(20) 2.792(3) 172(3)
0(11)-H(11)--0(7) 2.740(2) 169.(3)
D1:A5 0O(11)-H(11)-*N(51A) 2.726(7) 172.9*
0(11)-H(11)-+N(51B) 2.831(12) 174.7*
0(14)-H(14)--0(11) 2.740(3) 168.7*
D2:A3 0O(1)-H(10)---N(1) 2.810(7) 165(9)
0(11)-H(20)-*N(2) 2.791(7) 174(7)
D3:A3 0O(1)-H(10)--N(2) 2.7777(18) 170.5(19)
0(2)-H(20)---N(1) 2.8241(19) 170(2)
C(10)-H(10)---O(1) 3.303(3) 173(2)
D3:A5 0(13)-H(13)---N(4) 2.7314(16) 171(2)
C(12)-H(12)---0(13) 3.235(2) 160.7*
Table 4. XB distances and angles in the structures of four co-crystals.
Compound D-X---A X---A (A) <(DXA) (%)
D1:A3 C(9)-1(10)---N(50) 2.826(5) 178.30(19)
C(13)-1(14)--0(25) 2.938(4) 175.19(19)
C(23)-1(24)--0(7) 2.951(4) 173.60(19)
C(27)-1(28)---N(38) 2.782(4) 178.97(19)
D1:A4 C(9)-1(10)---0(11) 2.9273(17) 174.73(8)
C(13)-1(14)--N(26) 2.768(2) 177.81(9)
D1:A5 C(32)-1(2)--*N(41B) 2.755(8) 173.2(5)
C(32)-1(2)---N(41A) 2.761(4) 179.9(2)
C(22)-1(1)---0(14) 2.901(2) 175.12(9)
D2:A3 C(1)-1(1)--0(2) 2.978(4) 154.6(2)
C(10)-1(2)---0(1) 2.955(4) 159.0(2)

In the structure of D1:A3, there are two halogen bonds;
I-*N (@ 20% combined vdW reduction) and I---:O (a 16% vdW
reduction). These interactions are mirrored by two hydrogen
bonds, O-::N and O---O, respectively, involving the same type of
acceptor sites that were participating in halogen bonds, (Figure
8).

S

Figure 8.Main HBs and XBs in the crystal structure of D1:A3.

This journal is © The Royal Society of Chemistry 20xx
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The crystal structure of D1:A4 displays the same set of
intermolecular interactions as were found in D1:A3. One I--:N
halogen bond (with a 22% vdW reduction) and one I---O
halogen bond (with a 16% vdW reduction). Again, these
interactions are mimicked by two hydrogen bonds, O:-N and
0---0, Table 3, Figure 9.

Figure 9. Main HBs and XBs in the crystal structure of D1:A4.

In the crystal structure of D1:A5 we again find the same
combination of two halogen bonds (with a 22% and a 17%
reduction in the combined vdW radii for |---N and I---O,
respectively) and two structurally similar hydrogen bonds,
(Figure 10).

Figure 10. Main HBs and XBs in the crystal structure of D1:AS5.

Up to this point, all three co-crystals of D1 contain the
same set of hydrogen- and halogen bonds, but when acceptor
A3 is introduced to the geometric isomer D2, and different set
of interactions are observed. The heteromeric
crystallization is now driven only by two O---N hydrogen bonds,
leaving the two C=C-I moieties to form halogen bonds to the
hydroxylic oxygen atoms (with a 15% vdW reduction) of the
molecule to which they are attached, (Figure 11).

co-

Figure 11. Main HBs and XBs in the crystal structure of D2:A3.

J. Name., 2013, 00, 1-3 | 7
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In the crystal structure of D3:A3, where the C=C-I moieties
have been replaced with C=C-H groups on D3, O-H--N
hydrogen bonds are exclusively responsible for the co-crystal
formation, accompanied by C=C-H---O interactions involving
the hydroxylic oxygen atoms of D3, (Figure 12).

Figure 12. Main HBs in the crystal structure of D3:A3.

Finally, in the crystal structure of D3:A5, the co-crystal is
formed as a result of two O-H:::N hydrogen bonds, and this
time both ethynyl group form hydrogen bonds with hydroxylic
oxygen atoms as acceptor sites, (Figure 13).

Figure 13. Main HBs in the crystal structure of D3:A5

Discussion

The crystal structure determinations of the three target
molecules revealed that both D1 and D3 appeared as hydrates
in the solid state, whereas crystalline D2 did not include any
additional components. The inclusion of water molecules in
the structure D1 makes it possible for C-I---O(hydroxyl) halogen
bonds and O-H---O(water) hydrogen bonds to exist side by
side. The lack of water molecules in the structure of D2,
means that there is a shortage of oxygen acceptor sites and in
this case, the competition between O-H and C-I leads to O-
H---O hydrogen bonds. The C-l groups have to resort to
forming type Il halogen bonds to the electron-rich equatorial
region of a neighboring iodine atom® and also through a side-
on contact with a triple bond.*? In the structure of D3.H,0, the
ethynyl hydrogen atoms also form hydrogen bonds through a
side-on interaction with an electron rich area of triple bond in
an adjacent molecule of D3.®

IR spectroscopy is an effective and sensitive method for
detecting co-crystal formation. * We observed a red-shift of
the O-H peak from ca. 3279 em™ to 3260 cm™ with the
formation of a co-crystal (D1:A3) and a red-shift of the stretch

8| J. Name., 2012, 00, 1-3

associated with the triple bond (from ca. 2158 em™ to 2153
em™). Complementary blue-shifts of the acceptors in the
D1:A3 were found (from ca. 1586 cm™ to 1590 cm"l) in 4,4’-
bipyridine upon co-crystal formation.*

Based on the three co-crystals formed by D1 with A3-AS5,
respectively,it seems that the XB and HB donors are equally
capable of competing for the available acceptor sites even
though they have different MEP values. The iodine atom acts
in a structurally similar way to the hydrogen atom indicating
the close competitiveness between the two and illustrating the
difficulty of predicting the outcome solely based on MEP
values.*® It has been shown previously, that if the Q value (Q =
HB electrostatic potential — XB electrostatic potential)?’1 is less
than about 140 kJ/mol then the HB and XB donors are likely to
be competitive with each other. In D1 the difference in
electrostatic potential between the two donors is 37 kJ/mol
which is thus in agreement with earlier studies.

Different relative positioning of the hydroxyl groups in D2
compared to in D1 (equatorial:equatorial in D1 vs
axial:equatorial in D2) (Figure 1 (a) and Figure 2 (b)) results in
slightly different MEPs for hydrogen bond donors (axial OH;
224 kJ/mol, equatorial OH; 215 kJ/mol), making one hydroxyl
group a better HB donor than the other. In contrast, even
though the two iodine atoms in D2 are in different geometric
orientation (axial and equatorial), they show similar MEPs (187
kJ/mol). This different MEPs of the two O-H hydrogen bond
donors are also reflected in the intermolecular bond distances
in D3:A3, r(O axial-~N) 2.791(7) A and r(O equatorial--N)
2.810(7) A (a high MEP value matches with a shorter bond
distance, and vice versa). Even though the Q values of the two
pairs of XB and HB donors on D2 are 37 kiJ/mol and 28 kJ/mol,
respectively, (substantially lower than 140 kJ/mol) the
hydrogen-bond donors dominate over the C-1 donors in the
competition for the best hydrogen-bond acceptor, the
hydroxylic oxygen atoms.

In the three co-crystals of D1, (with A3, A4, and A5) both
XB and HB donors act in comparable ways by each interacting
with two nitrogen acceptor sites and two oxygen acceptors. In
the one co-crystal of D2 (which has a cis-configuration of
donor sites) the HB donor drives the co-crystal synthesis by
forming an O-H---N hydrogen bond with bipyridine, which
leaves the hydroxylic oxygen atoms to engage with the C-I
halogen-bond donors indicating that relatively subtle changes
in molecular geometry can tip the balance in favor of one
donor over another (Scheme 6). Furthermore, the polarity of
the solvent can also play a key role in shifting the balance
between HB and XB interactions in a competitive situation.”

This journal is © The Royal Society of Chemistry 20xx
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Scheme 6. Summary of interactions between HB/ XB donors and nitrogen-based
acceptors.
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Nitrogen acceptors of all co-crystal shows a higher vdW
reduction in XB bonding when compared to oxygen acceptors
(average vdW radii reduction is 21% for I--:N, average vdW
reduction is 16% for |---:0). All the XB distances and angles
between aromatic nitrogen atoms and ethynyl iodine
functionality are in the range of values found among the 44
relevant structures found in the CSD>* (Figure 15 and 16).
There is only one previously reported structure with an iodo-
ethynyl halogen bond involving a hydroxyl oxygen atom r(l---O)
ca.2.98 A, 8(C-1---0) ca.178.5°).

The intermolecular packing in D1:A3 is different to that
found in D1:A4 and D1:A5 due to the presence of additional
moderate” to weak®® - interactions (r(re-m) 3.83 A and
3.94 A) between rings of A3 (Figure 14). In D1:A4 and D1:AS5, it
is not possible for the pyridyl rings to stack on top of each
other since the bridging groups between rings in A4 and A5
necessitates that the aromatic groups end up being
sandwiched between the aliphatic bridges of adjacent co-
formers within each stack, (Figure 9 and Figure 10), once the
structure directing hydrogen- and halogen bonds have formed.
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Figure 15. XB distances between ethynyl iodine and aromatic nitrogen: reported
in CSD (blue circles) and observed in this study (red hollow squares).

Figure 14. Moderate/weak rt---7t stacking in the crystal structure of D1:A3.

The ethynyl hydrogen atom is capable of making
substantive hydrogen bonds with nitrogen based® *° or
oxygen based™ acceptors in co-crystallizations. But, in D3 it
hydrogen
(Scheme 7) which indicates that the ethynyl hydrogen is a

cannot compete effectively with the hydroxyl

weaker donor than the ethynyl iodine.

5 -
4 . *
5
£37 ¢ o o
o
o
w
2 * o0 *50 * & 0 0 o *
17 -» *0 .0 *P0 B OON SO *Oee e ¢ [
168 170 172 174 176 178 180
Angle 8(C-I'-*N) ©

Figure 16. XB angles 8(C-I---N): reported in CSD (blue circles) and observed in this
study (red hollow squares).
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Scheme 7. Competition of halogen bonding with hydrogen bonding in the presence of
same acceptor.

This journal is © The Royal Society of Chemistry 20xx

The angular dependence of halogen bonds shows a greater
tendency towards linearity when nitrogen acceptors are
involved (average ©(C-I:-*N) ca.178%), compared to when
oxygen atoms act as acceptor sites (average 6(C-I---O) ca.169°).

Conclusions

Based on structural information on two HB/XB
tetrafunctionalized molecules, as well as four co-crystals
thereof, it is clear that the ability of R-O-H hydrogen-bond
donors and R-C=C-I halogen bond donors to engage in
structure-directing interactions is very finely balanced. By and
large, the hydroxylic groups and the iodo-ethynyl groups are
equally successful when competing for a limited number of
nitrogen-based or oxygen-based acceptor sites. The fact that
trans-1,4-bis(iodoethynyl)cyclohexane-1,4-diol, D1, and cis-
1,4-bis(iodoethynyl)cyclohexane-1,4-diol, D2, behave

differently does however, indicate that the balance between

J. Name., 2013, 00, 1-3 | 9
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hydrogen- and halogen bonds be altered by very small changes
in molecular conformation. In the control molecule, trans-1,4-
diethynylcyclohexane-1,4-diol, D3, where the activated XB
donor was replaced by a relatively weak HB donor, R-C=C-H,
the hydroxylic moiety is now dominant due to its substantially
larger positive electrostatic potential on the proton. The use
of differences in electrostatic potential values of the HB and XB
donor, provides a useful indicator of how the balance between
the competing forces will manifest itself in the resulting crystal
structure. The structural information presented in this study,
coupled with rationalizations of the observed results against a
background of calculated molecular electrostatic potentials,
offer valuable information that may facilitate the reliable
design and synthesis of mutli-component solid-state
architectures using a transferable synthetic protocols based on
a variety of intermolecular interactions.
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O-H hydrogen-bond donors and R-C=C-| halogen-bond donors are close competitors for suitable
nucleophilic sites in solid-state assembly.



