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Hydrogen bonds and halogen bonds operate in concert in the

directed assembly of infinite 1-D chains in binary co-crystals of

iodine iso-nicotinamide (2 : 2), 1 and tetrafluorodiiodobenzene

iso-nicotinamide (1 : 2) 2.

Ten years ago, Desiraju and co-workers1 presented a succinct

study that served to highlight the important analogies between

crystal engineering and conventional covalent synthesis. The

practical ramifications of many such efforts have, collectively,

provided a solid foundation for the directed assembly of molecular

solids using the robust principles of molecular recognition. The

ability to combine a range of different synthons2 within one and

the same supramolecular reaction process has provided more

refined tools for the construction of both discrete and extended

heteromeric molecular architectures of considerable complexity.

The rational synthesis of co-crystals is of considerable importance,

partly because of the fundamental interest in molecular recogni-

tion-driven assembly processes,3 and partly because of the

potential applications of co-crystals in many areas of functional

solids and speciality chemicals, notably pharmaceuticals.4

One of the main challenges facing supramolecular synthesis5

stems from the fact that the reactants need to be held together by

reversible intermolecular interactions, which, essentially, limits

most supramolecular assembly processes to one-pot reactions. A

possible solution to the problem of making a one-pot synthesis

‘‘sequential’’ may be to devise modular assembly processes based

on a hierarchy of intermolecular interactions.6 So far, hydrogen

bonds of different strengths have been employed in the deliberate

design of binary and ternary co-crystals,7 but many other

synthons, like the ones based on halogen atoms, could, in

principle, be brought together simultaneously in a single reaction

(Scheme 1).

In this Communication, we wish to report the crystal structures

of two binary co-crystals assembled with the aid of two different

intermolecular interactions, hydrogen bonds and halogen bonds,

that have been combined in the successful assembly of a

supramolecular structure of desired connectivity.

The term halogen bond is used8 for describing any non-covalent

interaction that involves halogen atoms acting as electrophilic

species. These interactions are undoubtedly both commonplace

and versatile.9 The strengths of these interactions correlate well

with acidity scales and provide additional opportunities for further

developing supramolecular synthetic strategies based on a modular

view of intermolecular interactions.

The starting point is iso-nicotinamide, a bifunctional poly-

morphic compound that has become a near-classic co-crystallizing

agent,10 readily forming co-crystals with a variety of compounds in

high supramolecular yield.11 The fact that the two polymorphic

forms of iso-nicotinamide display fundamentally different con-

nectivities (synthon flexibility)12 means that it displays considerable

structural latitude and is not ‘‘locked’’ into a single type of

crystalline lattice or packing mode. When these factors are coupled

with favourable solubility in a range of solvents, iso-nicotinamide

becomes a natural participant in solvent-based co-crystallization

reactions.

It is well known that iso-nicotinamide readily forms tetrameric

supermolecules in co-crystals with monocarboxylic acids through a

combination of acid…py and amide…amide hydrogen bonds

(Scheme 2, top), whereas if the monoacid is replaced with a diacid,

a chain is the most likely outcome. Similarly, various examples are

reported13 where tetrafluorodiiodobenzene, in combination with

suitable dipyridyl derivatives, form infinite chains through I…N-

heterocycle halogen bonds (Scheme 2, bottom). Infinite chains are

also formed when diiodine interacts with weak ditopic Lewis bases
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Scheme 1 Examples of supramolecular synthons based on interactions

involving halogen atoms (X = Cl, Br, I).

Scheme 2 Top: Typical tetramer in a binary 2 : 2 acid–iso-nicotinamide

co-crystals. Bottom: An infinite chain in bipy–tetrafluorodiiodobenzene.
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(e.g. phenazine and pyrazine),14 while trimers are formed with

strong Lewis bases such as dipyridyls,15 as the charge transfer from

nitrogen to one iodine atom prevents the other iodine atom from

acting as a Lewis acid.

Iodo…py bonds can be of considerable strength (13 and

6 kcal mol21 when I2 and iodofluorocarbons are involved,

respectively)15 and frequently prevail over hydrogen bonding

in controlling supramolecular assembly processes.16 By using

iso-nicotinamide, a strong Lewis base, we intended to replace the

N–H…N(py) hydrogen bond, which is present in both poly-

morphs of iso-nicotinamide, with an I…N interaction; the latter

synthon would play the same structural role as the acid…py

interaction, leaving the amide moiety no option but to form a

homomeric amide…amide motif. As iodine atoms are poor

hydrogen bond acceptors, it seemed unlikely that amide…I

interactions would disrupt any of the intended synthons.

The crystal structure determination of 1{ reveals that the lattice

contains the two molecular components in a 1 : 1 ratio (Fig. 1).

The primary intermolecular interaction responsible for the

formation of the heteromeric co-crystal is a strong N…I2 halogen

bond (approx. 13 kcal mol21,15). Similar to related structures,14 the

interaction is as short as 2.442 s, corresponding to a 31%

reduction of the sum of the van der Waals radii for N and I.15–17

The fact that the pyridine nitrogen atom is now blocked leads to

the formation of a self-complementary amide…amide interaction

(Table 1). These tetramers are subsequently organized into infinite

chains as a result of short I…I interactions (type I halogen–

halogen contacts),18 with a good interpenetration of the van der

Waals radii (corresponding to an 8% reduction of the sum of

the van der Waals radii for two I atoms)17 (Fig. 2). The N…I–I

and I–I…I angles are 178u and 170u, respectively. As a probable

consequence of the strong n A s* character of the halogen

bond,19 the covalent I–I bond is significantly elongated (2.79 s)

compared to the distance observed in elemental iodine (2.72 s).20

Since the pyridine moiety can form strong donor–acceptor bonds

with I2, it is possible that the polarization of I2 has reduced the

Lewis acidity of the second iodine atom, thus making it incapable

of forming a direct I…N bond with a second py moiety.15

Surprisingly, there are no interchain amide…amide hydrogen

bonds. Instead, the amide anti proton is directed towards an iodine

atom. In fact, the infinite chains are parallel and coupled by anti-

parallel dipole–dipole (or p–p) interactions between pyridine (x, y,

z and 2 2 x, 3 2 y, 1 2 z) rings, with centroid distances of ca.

3.58 s (C3…C5 ca. 3.36 s) (see Fig. 5 in ESI{). This geometry

may have been adopted because it is likely to lead to a denser

crystal landscape with respect to the empty space generated among

the iodine atoms, should the chains be in registry.

The structure determination of 2{ reveals the presence of a 1 : 2

tetrafluorodiiodobenzene–iso-nicotinamide co-crystal (Fig. 3).

Again, the driving force for the formation of the co-crystal is a

strong classic N…I halogen bond, with an N…I bond distance

equal to 2.859 s (corresponding to a 19% reduction of the sum of

the van der Waals radii for N and I)17 and an N…I–C angle of

179.04u. The amide moieties on iso-nicotinamide form a self-

complementary head-to-head motif, and this time the anti proton

provides a means of linking neighbouring chains into an infinite

layer through an amide ribbon (Fig. 4).

The infinite 1-D ladder seen in 2 is very similar to what has

been observed in several iso-nicotinamide–carboxylic acid co-

crystals.10,11 There are also several short F…H contacts (Table 2)

but no sign of p…p interactions.

In this study, we have demonstrated how strong directional

halogen and hydrogen bonds can be combined in a reliable

strategy for the assembly of binary co-crystals.21 Our strategy

employs a py…I bond for the assembly of the co-crystal, whereas

the amide…amide dimeric synthon is responsible for propagating

Fig. 1 Thermal ellipsoid (set at 50% probability) view of the two

molecular building blocks in the crystal structure of 1.

Table 1 Relevant intermolecular interactions for 1

A–H/I…D dH/I…D/s dA…D/s /DH/IA/u

N(7)–H(7A)…O(7)a 2.07 2.927(5) 173.8
N(7)–H(7B)…I(1)b 3.25 3.985(4) 145.1
N(7)–H(7B)…I(2)b 3.25 3.788(4) 110.6
C(6)–H(6)…I(2)c 3.18 3.945(5) 129.8
I(2)–I(1)…N(1) 2.442(4) — 178.07(9)
I1–I2…I2d 3.6314(7) — 170.00(2)
a 1 2 x, 2y, 2z. b 2x, 2y, 1 2 z. c x, y, 21 + z. d 21 2 x, 1 2 y, 3 2 z.

Fig. 2 The infinite 1-D chains in the crystal structure of 1.

Fig. 3 Thermal ellipsoid (set at 50% probability) view of the two

molecular fragments in the crystal structure of 2.

Fig. 4 Horizontal 1-D chains in the structure of 2. Note the similarity

with 1, with one diiodotetrafluorobenzene molecule substituting for two I2

molecules.

This journal is � The Royal Society of Chemistry 2007 Chem. Commun., 2007, 4236–4238 | 4237



the inherent geometry in the resulting supermolecules into infinite

1-D chains. We are currently exploring how halogen and hydrogen

bonds can be interchanged and utilized for the synthesis of more

complex heteromeric molecular architectures.
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M. J. Zaworotko, Chem. Commun., 2004, 1889; (i) G. R. Desiraju and
J. A. R. P. Sarma, J. Chem. Soc., Chem. Commun., 1983, 45; (j)
C. Huang, L. Leiserowitz and G. M. Schmidt, J. Chem. Soc., Perkin
Trans. 2, 1973, 503; (k) F. Pan, W. S. Wong, V. Gramlich, C. Bosshard
and P. Gunter, Chem. Commun., 1996, 2; (l) V. R. Pedireddi, W. Jones,
A. P. Chorlton and R. Docherty, Chem. Commun., 1996, 997; (m)
P. Vishweshwar, A. Nangia and V. M. Lynch, J. Org. Chem., 2002, 67,
556; (n) S. H. Dale, M. R. J. Elsegood, M. Hemmings and
A. L. Wilkinson, CrystEngComm, 2004, 6, 207; (o) J. F. Remenar,
S. L. Morisette, M. L. Peterson, B. Moulton, J. M. MacPhee,
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Table 2 Relevant intermolecular interactions for 2

A–H/I…D dH/I…D/s dA…D/s /DH/IA/u

N(2A)–H(2NA)…O(1B)a,b 2.09(3) 2.904(3) 171(4)
N(2B)–H(2NB)…O(1A)a,c 2.20(2) 2.994(3) 172(3)
N(2A)–H(1NA)…O(1A)a,d 2.28(2) 3.035(3) 153(4)
N(2B)–H(1NB)…O(1B)a,e 2.14(2) 2.898(3) 156(3)
C(1)–I(1)…N(1A) 2.858(3) — 177.75(10)
C(4)–I(2)…N(1B) 2.859(3) — 179.04(12)
C(2A)–H(2NA)…F(1)a,f 2.46(4) 3.432(4) 165(3)
C(4B)–H(4B)…F(4)g 2.46(3) 3.328(4) 159(3)
a N–H distances refined with restraints (see ESI). b x, 1 + y, z.
c 21 + x, 21 + y, 21 + z. d x, 21 + y, z. e 1 + x, 1 + y, 1 + z.
f 2x, K + y, K 2 z. g 1 2 x, 2 2 y, 1 2 z.
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