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Abstract
A family of supramolecular reagents containing two different binding sites, pyridine and amino-
pyrimidine, were allowed to react with iodo- or bromo-substituted benzoic acids in order to assemble
individual molecules into larger architectures with precise intermolecular interactions, using a
combination of hydrogen- and halogen-bonds. The hydrogen-bond based amino-pyrimidine/
carboxylic acid or amino-pyrimidinium/carboxylate synthons are responsible for the assembly of the
primary structural motif in every case (7/7 times, 100% supramolecular yield), while I⋯N, Br⋯N,
and I⋯O, halogen bonds play a structural supporting role by organizing these supermolecules into
extended 1-D and 2-D architectures (5/7 times, 71% supramolecular yield). These results illustrate
how two different non-covalent interactions can be employed side-by-side in the reliable construction
of extended molecular solid-state networks with predictable connectivity and dimensionality.

Introduction
Successful non-covalent assembly of individual entities into complex heteromeric structures
with predetermined connectivities and stoichiometries, which normally relies on a tool-box
containing intermolecular interactions such as hydrogen bonds,1 halogen bonds,2 and π-π
interactions,3 remains a central challenge within crystal engineering.4 Due to the relatively
weak and reversible nature of non-covalent intermolecular interactions, the desired product
must typically be obtained and isolated in a single-pot reaction, which makes supramolecular
synthesis of complex heteromeric targets particularly difficult.5

Heteromeric synthons such as carboxylic acid⋯pyridine,6 oxime⋯N-heterocycles,7 and
carboxylic acid⋯amide,8 represent useful and versatile supramolecular synthetic tools, Scheme
1. However, although the balance between the two interactions has been explored in homomeric
molecular solids9, the deliberate combination of different intermolecular interactions such as
hydrogen bonds (e.g. amino-pyrimidine⋯carboxylic acid10) and halogen bonds2 has not
received as much attention in the assembly of heteromeric molecular solids (co-crystals).11

The synthesis of a specific supermolecular target, such as a heteromeric dimer, can be achieved
quite readily if the two different building blocks only contain one binding site each, and if there
is only one way in which those two moieties can form a heteromeric synthon. However,
synthetic predictability and reliability deteriorates quickly when the number of potentially
interacting moieties on each reactant is increased. Several computational approaches have been

E-mail: aakeroy@ksu.edu.

NIH Public Access
Author Manuscript
Cryst Growth Des. Author manuscript; available in PMC 2010 January 1.

Published in final edited form as:
Cryst Growth Des. 2009 ; 9(1): 432–441. doi:10.1021/cg8006712.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



developed in order to characterize and quantify the energetic ‘worth’ of multiple intermolecular
interactions within a supramolecular system, however it is not necessarily easy to use such
information as the basis for practical and transferable a priori synthetic strategies for co-crystal
synthesis and other supramolecular assembly processes.12

A number of systematic structural studies have been performed where hydrogen bonds of
different strengths guide and direct the overall assembly of binary and ternary co-crystals in
predictable and high-yielding reactions.13 However, a strategy for precise synthesis of more
complex co-crystals (e.g., quaternary and quinternary) that only relies on hydrogen bonds may
soon run into problems because of unavoidable competition between the intended hydrogen-
bond donors/acceptors. Therefore, it may be advantageous and, in the long term, more effective
to develop supramolecular strategies that can accommodate two different non-covalent
interactions in a complementary manner, or in such a way that they are less likely to interfere
with each other. A suitable interaction in this context is the halogen bond, which is typically
formed between iodine- or bromine atoms (the halogen-bond donor) and an appropriate
halogen-bond acceptor (electron-pair donor) such as an N-heterocycle. Furthermore, the
halogen-bond donor can be boosted substantially by fluorination of the backbone to which the
halogen-bond donor is attached, as a result of a dramatic increase in the electron-acceptor
ability of the iodine or bromine atom.14 Since halogen bonds and hydrogen bonds display
considerable strength2a and, importantly, directionality, they offer a good starting point for
supramolecular strategies that simultaneously encompass two different non-covalent
interactions.

In order to utilize the structure-directing abilities of hydrogen bonds and halogens bonds side-
by-side we need bifunctional supramolecular reagents (SR’s) that contain a robust chemical
functionality capable of forming hydrogen bonds even in the presence of other potential
disruptive moieties, coupled with a functional group that can facilitate the formation of halogen
bonds in a reliable manner. The CSD15 provides invaluable assistance for identifying suitable
compounds that can take advantage of both interactions by minimizing any potential
interference between different synthons.

There are ten known crystal structures of co-crystals/salts resulting from the combination of a
carboxylic acid and a SR comprising both an amino-pyrimidine and a pyridine moiety. The
carboxylic acid preferentially binds to the former site 9/10 times10a,16 (equivalent to a 90%
supramolecular yield), irrespective of reaction conditions and nature of the carboxylic acid,
Scheme 2.

These results clearly demonstrate the robustness of the amino-pyrimidine/carboxylic acid
synthon, even in a competitive situation, and we therefore postulated that a pyridine/2-
aminopyrimidine-based SR would provide an ideal structure-directing scaffold for
constructing supermolecules using assembly-strategies that simultaneously employ hydrogen
bonds and halogen bonds. Consequently, by adding a halogen-bond donor (Br or I) to an
aromatic carboxylic acid and by allowing it to react with a py/2-aminopym SR, we surmised
that py⋯iodine or py⋯bromine halogen bonds would organize the initial hydrogen-bonded
assembly formed via carboxylic acid and amino-pyrimidine moieties into extended
architectures, Scheme 3.

In order to test our design strategy we synthesized three py/2-aminopym SR’s, 1–3, and allowed
them to react with either 4-iodobenzoic acid a, 2,3,5,6-tetrafluoro-4-iodo-benzoic acid b, or
2,3,5,6-tetrafluoro-4-bromo-benzoic acid c in a 1:1 ratio, Scheme 4.
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We obtained seven crystal structures (from a total of nine reactions), which allowed us to probe
whether or not combinations of hydrogen bonds and halogen bonds can be employed in a
hierarchical fashion to construct predictable supramolecular assemblies.

Experimental
All chemicals were purchased from Aldrich and used without further purification unless noted.
The synthesis and characterization of 3-(2-amino-4-methylpyrimidin-6-yl)pyridine 1, 4-(2-
amino-4-methylpyrimidin-6-yl)pyridine 2, and 1-(2-amino-4-methylpyrimidin-6-yl)-2-(3-
methoxypyridin-5-yl)ethyne 3 are reported elsewhere.17,18 2,3,5,6-Tetrafluoro-4-
iodobenzaldehyde and 2,3,5,6-tetrafluoro-4-bromo-benzaldehyde were synthesized following
previously published methods.19 Melting points were determined on a Fisher-Johns melting
point apparatus and are uncorrected. Compounds were prepared for infrared spectroscopic (IR)
analysis as a mixture in KBr. 1H NMR spectra were recorded on a Varian Unity plus 200 MHz
spectrometer in CDCl3. Electrospray Ionization – Ion-Trap Mass Spectrometry (ESI-IT-MS)
was carried out on a Bruker Daltonics Esquire 3000 Plus.

Synthesis
2,3,5,6-Tetrafluoro-4-iodobenzoic acid, b—A solution of 2,3,5,6-tetrafluoro-4-
iodobenzaldehyde (1.52g, 5.20 mmol) in acetone (50 mL) was brought to reflux, when a
saturated aqueous solution of KMnO4 (1.67g, 10.57 mmol) was added. The reaction was heated
under reflux for 18h. Upon completion the reaction mixture was filtered hot and the precipitate
washed with acetone. The filtrate and the acetone wash were combined and concentrated using
a rotary evaporator. The residue was treated with dilute HCl (5 %) and extracted into
dichloromethane. The organic layer was washed with water, dried over magnesium sulfate and
allowed to evaporate yielding a white solid, 1.29g, 81%. Dec. 140 °C; 1H NMR (δH; 200 MHz,
CDCl3): 8.173 (br s); IR (KBr pellet): υ 2996, 1700, 1475, 979, 718 cm−1; ESI-IT-MS m/z 318
([b - H]−).

2,3,5,6-Tetrafluoro-4-bromobenzoic acid, c—A solution of 2,3,5,6-tetrafluoro-4-
bromobenzaldehyde (1.54g, 6.29 mmol) in acetone (60 mL) was brought to reflux, when a
saturated aqueous solution of KMnO4 (2.01g, 12.72 mmol) was added. The reaction was kept
under reflux for 18h. Upon completion the reaction mixture was filtered hot and the precipitate
washed with acetone. The filtrate and the acetone wash were combined and concentrated by
rotary evaporator. The residue was treated with dilute HCl (5 %) and extracted into
dichloromethane. The organic layer was washed with water, dried over magnesium sulfate and
evaporated by rotary evaporator yielding a white solid, 1.32g, 81%. M.p. 128 – 130 °C; 1H
NMR (δH; 200 MHz, CDCl3): 10.16 (br s); IR (KBr pellet): υ 2996, 1711, 1475, 979, 712
cm−1; ESI-IT-MS m/z 270 ([c - H]−)

Supramolecular synthesis
3-(2-Amino-4-methylpyrimidin-6-yl)pyridine:4-iodobenzoic acid, 1a—3-(2-
Amino-4-methylpyrimidin-6-yl)pyridine (10mg, 0.05 mmol) and 4-iodobenzoic acid (13mg,
0.05 mmol) were placed in a beaker containing an ethyl acetate/toluene (2:1) mixture and
heated until a clear homogeneous solution was obtained. After two days of slow evaporation,
colorless rod-shaped crystals were obtained. M.p. 152–154 °C; IR (KBr pellet) υ 3329 and
3083 cm−1 (NH2, m), 2413 and 1921 cm−1 (O-H⋯N, br), 1685 cm−1 (C=O, m).

3-(2-Amino-4-methylpyrimidin-6-yl)pyridine:2,3,5,6-tetrafluoro-4-iodobenzoic
acid, 1b—3-(2-Amino-4-methylpyrimidin-6-yl)pyridine (10mg, 0.05 mmol) and 2,3,5,6-
tetrafluoro-4-iodobenzoic acid (17mg, 0.05 mmol) were placed in a beaker containing ethanol
(6 mL) and heated until a clear homogeneous solution was obtained. After two days of slow
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evaporation, colorless rod-shaped crystals were obtained. M.p. 196–198 °C; IR (KBr pellet)
υ 3334 and 3104 cm−1 (NH2, m), 2407 and 1972 cm−1 (O-H⋯N, br), 1680 cm−1 (C=O, m),
963 cm−1 (C-I).

4-(2-Amino-4-methylpyrimidin-6-yl)pyridine:4-iodobenzoic acid, 2a—4-(2-
Amino-4-methylpyrimidin-6-yl)pyridine (10mg, 0.05 mmol) and 4-iodobenzoic acid (13mg,
0.05 mmol) were placed in a vial containing acetonitrile (6 mL) and heated until a clear
homogeneous solution was obtained. After two days of slow evaporation, orange block-shaped
crystals were obtained. M.p. 181–183 °C; IR (KBr pellet) υ 3334 and 3176 cm−1 (NH2, m),
2428 and 1895 cm−1 (O-H⋯N, br), 1660 cm−1 (C=O, m).

4-(2-Amino-4-methylpyrimidin-6-yl)pyridine:2,3,5,6-tetrafluoro-4-iodobenzoic
acid, 2b—3-(2-Amino-4-methylpyrimidin-6-yl)pyridine (10mg, 0.05 mmol) and 2,3,5,6-
tetrafluoro-4-iodobenzoic acid (17mg, 0.05 mmol) were placed in a vial containing ethanol/
ethyl acetate (3:2) and heated until a clear homogeneous solution was obtained. After one day
of slow evaporation, colorless rod-shaped crystals were obtained. Dec. 210 °C; IR (KBr pellet)
υ 3350 and 2996 cm−1 (NH2, m), 2387 and 1967 cm−1 (O-H⋯N, br), 1690 cm−1 (C=O, m),
968 cm−1 (C-I).

4-(2-Amino-4-methylpyrimidin-6-yl)pyridine:2,3,5,6-tetrafluoro-4-
bromobenzoic acid, 2c—3-(2-Amino-4-methylpyrimidin-6-yl)pyridine (10mg, 0.05
mmol) and 2,3,5,6-tetrafluoro-4-bromobenzoic acid (17mg, 0.06 mmol) were placed in a vial
containing nitromethane/acetonitrile (5:1) and heated until a clear homogeneous solution was
obtained. After one day of slow evaporation, colorless rod-shaped crystals were obtained. M.p.
204–206 °C; IR (KBr pellet) υ 3340 and 3044 cm−1 (NH2, m), 2361 and 1962 cm−1 (O-
H⋯N, br), 1696 cm−1 (C=O, m).

1-(2-Amino-4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-yl)ethyne:4-
iodobenzoic acid, 3a—1-(2-Amino-4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-yl)
ethyne (10mg, 0.04 mmol) and 4-iodobenzoic acid (12mg, 0.04 mmol) were placed in a vial
containing a methanol/nitromethane solution (2:1) and heated until a clear homogeneous
solution was obtained. After four days of slow evaporation, colorless rod-shaped crystals were
obtained. M.p. 198–200 °C; IR (KBr pellet) υ 3300 and 3186 cm−1 (NH2, m), 2478 and 1890
cm−1 (O-H⋯N, br), 1685 cm−1 (C=O, m), 2216 (C≡C, m)

1-(2-Amino-4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-yl)ethyne:2,3,5,6-
tetrafluoro-4-bromobenzoic acid, 3c—1-(2-Amino-4-methylpyrimidin-6-yl)-2-(3-
methoxypyridin-5-yl)ethyne (10mg, 0.04 mmol) and 2,3,5,6-tetrafluoro-4-bromobenzoic acid
(12mg, 0.04 mmol) were placed in a vial containing ethanol (6 mL) and heated until a clear
homogeneous solution was obtained. After four days of evaporation, colorless rod-shaped
crystals were obtained. M.p. 178–180 °C; IR (KBr pellet) υ 3257 and 3186 cm−1 (NH2, m),
2358 and 1976 cm−1 (O-H⋯N, br), 1702 cm−1 (C=O, m), 2221 (C≡C, m).

X-ray Crystallography
Datasets were collected on a SMART APEX or a SMART 1000 using MoKα radiation and,
where noted, were corrected for absorption using the multi-scan procedure implemented by
SADABS. Data were collected using SMART.20 Initial cell constants were found by small
widely separated “matrix” runs. An entire hemisphere of reciprocal space was collected. Scan
speed and scan width were chosen based on scattering power and peak rocking curves. Unit
cell constants and orientation matrix were improved by least-squares refinement of reflections
thresholded from the entire dataset. Integration was performed with SAINT,21 using this
improved unit cell as a starting point. Unit cell constants were calculated in SAINT from the
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final merged dataset. Lorenz and polarization corrections were applied, and data were corrected
for absorption. Data were reduced with SHELXTL.22 The structures were solved by direct
methods. Unless otherwise noted, hydrogen atoms were assigned to idealized positions and
were allowed to ride. All non-hydrogen atoms were given anisotropic thermal parameters.

1a Data were collected on a SMART APEX at −120 °C. Coordinates of the amine hydrogens
H12A and H12B and carboxylic acid hydrogen H31 were allowed to refine. 1b Data were
collected on a SMART 1000 at −100 °C. 2a Data were collected on a SMART APEX at −120
°C. 2b Data were collected on a SMART APEX at −120 °C. Proton transfer from acid to amine
was clearly observed, and the coordinates of the ammonium hydrogen H11 and amine
hydrogens H12A and H12B were allowed to refine. 2c Data were collected on a SMART APEX
at −120 °C. Proton transfer from acid to amine was clearly observed, and the coordinates of
the ammonium hydrogen H11 were allowed to refine. 3a Data were collected on a SMART
APEX at −120 °C. Coordinates of the carboxylic acid hydrogen H31 were allowed to refine.
3c Data were collected on a SMART APEX at −120 °C. Proton transfer from acid to amine
was clearly observed, and the coordinates of the ammonium hydrogen H11 and amine
hydrogens H12A and H12B were allowed to refine.

Results
SR's 1–3 was synthesized through conventional palladium-catalyzed cross-coupling
conditions, while halogenated benzoic acids b and c were generated in good yields (~81 %)
from the corresponding halogenated benzaldehydes by conventional oxidation with potassium
permanganate. SR’s 1–3 were allowed to react with halogenated benzoic acids a–c in a 1:1
ratio resulting in seven 1:1 crystalline materials suitable for analysis by single-crystal X-ray
diffraction.

The primary motif in the crystal structure of 1a is an SR:acid dimer assembled via a
complementary hydrogen-bond interaction between the carboxylic acid and the amino-
pyrimidine moiety (there is also one molecule of toluene in the lattice). The primary hydrogen
bonds are O–H⋯N and N–H⋯O interactions with O31⋯N11 and N12⋯O32 distances of
2.5607(19) Å and 3.035(2) Å, respectively. Secondary N–H⋯N hydrogen bonds, N12⋯N21,
2.951(2) Å, between the anti-amino proton and the pyridyl nitrogen atom lead to a four-
component supermolecule, Figure 2. No structure-directing I⋯N or I⋯I interactions were
observed.

In the crystal structure of 1b the main motif consists of py-pym 1 and 2,3,5,6-tetrafluoro-4-
iodobenzoic acid b in a 1:1 ratio; the two molecules are connected through the carboxylic acid
and amino-pyrimidine moieties via O–H⋯N and N–H⋯O hydrogen bonds with O31⋯N11
and N12⋯O32 distances of 2.589(7) Å and 2.924(8) Å, respectively. A halogen bond between
the iodine atom and the pyridyl nitrogen atom connects the dimers into 1-D chains, r
(I⋯N(py)) 2.941 Å, ∠ (C-I-N) 170.7 °, Figure 3.

The 1-D chains are connected into a 2-D wave-like pattern through additional N-H⋯O
interactions, N12⋯O32, 2.855(8) Ă, involving the anti-amino proton and the carbonyl oxygen
atom of the benzoic acid, Figure 4.

The crystal structure of 2a contains dimeric units of SR 2 and 4-iodobenzoic acid, assembled
by the carboxylic acid/amino-pyrimidine synthon with O31⋯N11 and N12⋯O32 distances of
2.675(3) Å and 2.818(4) Å, respectively. An I⋯N(py) halogen bond links dimers into 1-D
chains, r(I⋯N) 3.004 Å, ∠(C-I-N) 178 °, and adjacent anti-parallel chains are arranged into
ribbons through pairs of symmetry related N–H⋯N hydrogen bonds, r(N12⋯N13) 2.250 Å,
Figure 5.
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The primary motif in the crystal structure of 2b comprises an ion pair of protonated SR 2 and
2,3,5,6-tetrafluoro-4-iodobenzoate ions, interlinked through charge-assisted hydrogen bonds
between the carboxylate and amino-pyrimidinium moieties. The primary hydrogen bonds are
N–H+⋯O− and N–H⋯O− interactions with N11⋯O31 and N12⋯O32 distances of 2.646(5)
and 2.801(5) Å, respectively. An I⋯N(py) halogen bond connect dimers into 1-D chains, r
(I⋯N) 2.812 Å, ∠(C-I-N) 177 °). The linear chains are linked into a ladder-motif through
secondary N–H⋯ O− hydrogen bonds (N12⋯O32, 2.808(5) Å), from the anti-ammo proton
and the carboxylate oxygen atom, Figure 6.

In the crystal structure of 2c, one protonated SR 2 and one 2,3,5,6-tetrafluoro-4-bromobenzoate
ion, form produce a charge-assisted hydrogen-bonds between the carboxylate and the amino-
pyrimidinium moieties, Figure 7, with N–H+⋯O− and N–H⋯O− distances of (N11⋯O32,
2.6430(19) Å) and (N−12⋯O32, 2.823(2) Å), respectively. A halogen bond between ion-pairs
produces an infinite 1-D chain, r(Br⋯N(py)) 2.840 Å, ∠(C-Br-N 177 °), while the anti-proton
of the amino group forms a charge-assisted N–H⋯O− hydrogen bond (N12⋯O32, 2.812(2) Å)
with a neighboring carboxylate oxygen atom.

The primary motif in the crystal structure of 3a is constructed through O–H⋯N and N–H⋯O
interactions with O31⋯N11 and N12⋯O32 distances of 2.643(8) Å and 2.987(8) Å,
respectively. An O(methoxy)⋯I halogen bond r(O⋯I) 3.265 Å, ∠(C-I-O) 178 °) produces an
infinite chain, while the anti-proton of the amino group forms an N–H⋯N hydrogen bond
(N12⋯N13, 3.108(8) Å) with a pyrimidine nitrogen atom of a neighboring strand generating
a ladder motif, Figure 8.

The crystal structure of 3c contains an ion-pair comprising one protonated SR 3 and one 2,3,5,6-
tetrafluoro-4-bromobenzoate ion, held together via charge assisted hydrogen bonds, Figure 9.
Proton transfer occurs from the carboxylic acid to the pyrimidine nitrogen atom, with
N11⋯O31 and N12⋯O32 distances of 2.605(2) Å and 2.832(2) Å, respectively. Adjacent ion-
pairs are connected through self-complementary N–H⋯N hydrogen bonds, (N12⋯N13) 3.073
(2) Å, producing a four-component aggregate, Figure 9. No short Br⋯N or Br⋯Br interactions
are present.

Discussion
It is possible that a wide variety of intermolecular interactions and supramolecular products
could result from the reaction between a pyridine/aminopyrimidine-based SR and a carboxylic
acid/halogen-bond donor based-molecule, especially since many of the plausible hetero-and/
or homomeric synthons are already well-known in crystal engineering, Scheme 5.

However, despite this potential structural ‘chaos’, the overall result is remarkably consistent
because in each of the seven cases, the carboxylic binds to the aminopyrimidine site instead
of to the pyridyl moiety (even though the latter is a very capable hydrogen-bond acceptor).
Although proton transfer does take place in three of the seven structures, 2b, 2c, and 3c, the
charge-assisted N–H+⋯O− and N–H⋯O− synthon is a mimic of the neutral analogue, and does
not interfere with the intended assembly. Furthermore, the presence of a carboxylate moiety
does not introduce any additional components in these cases.23 I⋯N, Br⋯N, or I⋯O halogen
bonds were observed in five of the seven structures (71% supramolecular yield), 1b, 2a–2c,
and 3a resulting in extended 1-D or 2-D networks, Table 3.

In each case 1b and 2a–2c halogen bonding occurs with X⋯N (X = I, Br) distances ranging
from 2.812 – 3.004 Å, which are considerably shorter than the sum of the van der Waals radii
for nitrogen (1.55 Å) and iodine (1.98 Å) or bromine (1.85 Å).24 The I⋯O distance (3.265 Å)
found in structure 3a is also within the overall sum of the van der Waals radii for oxygen and
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iodine (3.53 Å). Furthermore, C-X⋯N angles near linear 170.7–178.1 Å indicate significant
(n-σ*) charge-transfer character.2a, 25

It has been determined experimentally and computationally that halogen bond strength
decreases in the order I > Br > Cl with various Lewis bases.26 However, due to the limited
number of structures within our study, it is difficult to draw precise conclusions about the
relative ability of iodine or bromine atoms to act as halogen-bond donors when interacting with
a N-containing heterocycle. Thus, to compare the supramolecular reactivity of bromine or
iodine and a N-heterocycle, we complemented our results with relevant structural data from
the CSD, Table 4.27

Forty structures were found containing short Br⋯N interactions, and eleven of those involved
fluorinated (“activated”) organic bromine. In comparison, sixty-two structures were found
containing short I⋯N contacts; both fluorinated (41/62) and non-fluorinated (21/62) organic
iodine can drive the supramolecular assembly. This analysis offers further indication that the
iodine atom is a superior halogen-bond donor compared to a bromine atom when a nitrogen-
containing heterocycle is employed as the halogen-bond acceptor.28

We attempted to determine if an increase in Lewis acidity, due to fluorination around the
halogen nuclei (-I or –Br) proves advantageous in forming stronger (based on X⋯N distances)
halogen bonds. The molecules in structure 2b display a shorter I⋯N distance, 2.812 Å, in
comparison to 2c, which has an Br⋯N distance of 2.840 Å, even though an iodine atom (1.32
Å) is larger than a bromine atom (1.14 Å). As expected, comparing structures 2a and 2c, the
halogen bond distance becomes shorter upon fluorination of the aryl ring (3.004 Å vs. 2.812
Å). Furthermore, fluorinated iodo-benzoic acid produces both hydrogen and halogen bonds
when combined with 1, whereas the reaction between 4-iodo benzoic acid and 1 did not yield
any halogen bonds. These results are consistent with the fact that organic iodine is a stronger
Lewis acid than the corresponding bromine species. Furthermore, fluorination of the carbon
backbone of the halogen atom increases the structural influence of this halogen-bond donor as
a result of an increase in Lewis acidity.

Herein we have described a strategy for designing and constructing supermolecules through
combinations of hydrogen bonds and halogen bonds. In all seven structures the carboxylic
acid⋯amino-pyrimidine or carboxylate⋯amino-pyrimidinium synthon was present and served
to ‘lock’ the two discrete molecules (or ions) into a well-defined dimer. The fact that this
synthon was present in each case, means that it can be designated as the primary (and structure
directing) intermolecular interaction in this series of compounds. In five of the seven crystal
structures, the primary dimers were subsequently organized into infinite 1-D chains through
I⋯N or Br⋯N halogen bonds (4/5), and I⋯O halogen bonds (1/2). Intermolecular distances in
these seven structures consistently support the expected behavior based upon changes in Lewis
acidity of fluorinated/non-fluorinated organic iodine/bromine halogen-bond donor sites.

The relative supramolecular yields of the hydrogen-bond and halogen-bond based synthons,
translate into a hierarchy of structural influence that can form the basis for new strategies for
the directed assembly of more complex, multimeric, molecular architectures.
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Figure 1.
Labeled thermal-ellipsoid plots (50% probability level) of 1a–1b, 2a–2c, 3a, and 3c.
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Figure 2.
Four-component supermolecule in 1a comprised of N-H⋯O, O-H⋯N, and N-H⋯N hydrogen
bonds. The toluene solvent molecule has been omitted for clarity.
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Figure 3.
1-D chain in 1b, generated through amino-pyrimidine⋯acid and I⋯N synthons.
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Figure 4.
Extended motif of 1b, displaying a sheet constructed from O–H⋯N, N–H⋯O hydrogen bonds
and I⋯N halogen bonds.

Aakeröy et al. Page 13

Cryst Growth Des. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Ladders in the structure of 2a constructed from a combination of O–H⋯N, N–H⋯O, and N–
H⋯N hydrogen bonds and I⋯N halogen bonds.
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Figure 6.
1-D strands in 2b formed through a series of hydrogen bonds and halogen bonds.

Aakeröy et al. Page 15

Cryst Growth Des. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
1-D strands in 2c formed through a series of hydrogen bonds and halogen bonds.
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Figure 8.
Ladder-type motif in the crystal structure of 3a generated through combinations of hydrogen
bonds and O⋯I halogen bonds.
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Figure 9.
Supramolecular tetramer in 3b formed via N-H⋯O and N-H⋯N hydrogen bonds.
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Scheme 1.
A few examples of heteromeric hydrogen-bond and halogen-bond based synthons.
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Scheme 2.
The three potential hydrogen-bonding sites on a pyridine/amino-pyrimidine (py/pym) SR (left).
In 9/10 cases, the acid binds to an amino-pyrimidine site in preference to the pyridine moiety.
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Scheme 3.
Supramolecular target constructed from hydrogen bonds and halogen bonds (X = I or Br).
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Scheme 4.
Three bifunctional SR’s, 1–3, each possessing two distinctly different hydrogen-bonding
moieties, py and amino-pym, and three halogenated aromatic carboxylic acids, a–c.
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Scheme 5.
Potential heteromeric and/or homomeric synthons that could form between SR’s 1–3 and
halogenated benzoic acids a–c. The R group constitutes an aromatic ring.
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Table 4

Reported crystal structures containing short Br⋯N and I⋯N halogen bonds.

Hits N⋯X distance (mean) N⋯X-C angle (mean)

Br⋯N 29 3.28 Å 163 °

Br⋯N (fluorinated) 11 2.95 Å 173 °

I⋯N 21 3.17 Å 171 °

I⋯N (fluorinated) 41 2.90 Å 173 °
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