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The packing motifs of 2- and 3-chloropyridinium chloride can be interpreted in terms of
classical hydrogen bonds N+-H -C 1~ and non-classical C-H--C1“ interactions, with halogen-halogen contacts playing a subordinate role. In the corresponding bromine derivatives,
Br- - Br interactions are much more important. Of the dihalo derivatives, 3,5-dichloropyridinium
chloride crystallises with classical linear hydrogen bonds of the form N+-H - C1_ , but its
chlorine-chlorine interactions are at best weak; the corresponding bromine derivative displays
aggregates of bromine atoms and three-centre hydrogen bonds N+-H ( -B r“ )2 .

Introduction
We are interested in the role of secondary interac
tions in pyridine derivatives. In recent publications
we have reported on the infinite chain structures
of 4-halopyridinium halides [1], 4-iodopyridine [2]
and 4-mercaptopyridine [31. In the first of these sys
tems, the chains are built up by hydrogen bonds of
the form N+-H X “ and halogen-halogen contacts
[1, 4] X - - X-C5H4N [X = Cl, Br, and I]; in 4-iodo
pyridine N---I contacts (“halogen bonds” [5]) are
responsible; and in the formally zwitterionic 4-mer
captopyridine (“pyridine-4-thione”), N+-H • S_ hy
drogen bonds are formed. Non-classical hydrogen
bonds [6] are present but play an essentially sub
ordinate role in linking the chains. Clearly substi
tution at the 4-position is geometrically well-suited
to chain formation. Here we extend our studies to
the systems 2- and 3-halopyridinium halides and
3,5-dihalopyridinium halides (halogen = chlorine,
bromine), a total of six structures.

Results and Discussion
The structures of the cations are unexceptional.
In particular, the widening of the ring angle at nitro
gen to values significantly above 120° is observed in
all structures except that of the 2-bromo derivative
(120.7°, otherwise 121.7 - 124.1°) [7]. As in previ
ous investigations, the non-bonding contacts form
the main subject of interest and are summarised for
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Fig. 1. Structure of the formula unit of compound 2-C1 in
the crystal. Ellipsoids represent 50% probability levels.
Hydrogen radii are arbitrary.

all compounds in Table 1 (hydrogen bonds) and Ta
ble 2 (halogen-halogen contacts).
The formula unit of 2-chloropyridinium chloride
(2-C1) in the crystal is shown in Fig. 1. The ring
is planar to within 0.01 A, with the chloride anion
lying 0.56 A outside the plane. The most striking
feature of the packing is the formation of ribbons
parallel to the x axis (Fig. 2). These consist of two
antiparallel rows of anions and cations linked by
classical hydrogen bonds N+-H - Cl~ and the two
shortest and most linear C-H - C1“ systems, form-
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Table 1. Hydrogen bonds3.
Compound
2-C1

2-Br

3-C1

H Bond
N -H -C12
C5-H5-C12
C6-H6-C12

3,5-Br

D-A(Ä)

D-H - A (°)

2.963
3.577
3.586
3.599
3.545
3.649
3.124
3.746
4.095
3.814
3.654
3.974
2.993
3.509
3.476
3.509
3.642
3.213
3.901
3.615
3.766
3.516
4.169
3.805
2.952
3.533
3.366
3.458
3.892

167
156
148
118
125
126
157
129
171
123
115
146
169
146
169

C 3-H 3-C 12
C 4-H 4-C I2
C 6-H 6-C 11

N -H -B r2

1 .0 1

C 3-H 3 -B r2
C 4 -H 4 -B rl
C 4 -H 4 -B r2
C5-H5- Br2
C5-H5 - Br2

1.08
1.08
1.08
1.08
1.08

1.97
2.57
2.62
2.96
2.82
2.90
2.17
2.98
3.03
3.12
3.03
3.07

1 .0 1

2 .0 0

1.08
1.08
1.08
1.08

2.56
2.41
2.82
2.92
2.28
2.82
2.76
2.84
2.89
3.10
3.10
1.94
2.49
2.62
2.82
2.83

N -H -C12
C2-H2-C12
C6-H6-C12
N-H" Br2
C2- H2 - Br l
C 4-H 4-B r2
C 6 -H 6 -Br2
C 6 -H 6 - Br2
C 5 -H 5 -B rl
C 5 -H 5 -B r2

3,5-Cl

H-A(A)

1.08
1.08
1.08
1.08
1.08

C 4-H 4-C 12
C 2 -H 2 -G 1

3-Br

D-H (Ä )a

N -H -C12
C2-H2-C12
N -H -B r2
C2- H2- Br 2
C2-H2 - B r 2

1 .0 1

1 .0 1

1.08
1.08
1.08
1.08
1.08
1.08
1 .0 1

1.08
1 .0 1

1.08
1.08

121

125
153
175
135
138
121

169
124
180
163
131
118
167

Operator of A
+ x , y, z
2 - x , -y , 1 - z

- 1

-x ,
-x ,

1
1

x,

1 / 2

-y, - 1 / 2 + z
-y , - 1 /2 + z
- y , 1 /2 + z
1 /2

1 /2

/ + x,

1 2

1

-y, z

3 /2 - x , 1 +y, 1/2 - z
1 / 2 + x, 1 - y , z
1 - x , -y, - 1 / 2 + z
1

-x ,

1

-y , -

1 /2

+z

2 - x ,- y ,\- z
2 - x, - y , 2 - z
- 1 + x ,y ,z
\- x ,- y , 1 - z
1 - x, 1 - y, -z
-x, - 1 / 2 + y, 1 / 2 - z

-x, 1 - y, 1 - z
1 - x, 1 - y, 1 - z
1 - x , 1 /2 - y , 1 /2 + z
-x, - 1 / 2 + y, 1 / 2 - z
1

1
2

—x,

1

- y,

- x,
-x ,

1

- y, -z

1

- y , -z

2

- z

a Following T. Steiner [10], we have used idealised N-H and C-H distances of 1.009 and 1.080 A respectively to
calculate normalised hydrogen bonding parameters. Uncorrected values are included in the deposited data. Several
borderline cases (in italics) are included for completeness. D = donor, A = acceptor.
Table 2. Halogen-halogen contacts.
Compound
2-C1
2-Br
3-Cl
3-Br
3,5-Cl
3,5-Br

Contact

X X (A)

C-X---X(°)

Operator

X - X ~ - H + (°)

C2-C11-C11
C2-C11-C12
C2 - Br l - Br 2
C3-C11 -C12
C3-Brl -Br2
C3-C11 -Cll
C3-C11 -C12
C 3 -B rl-B r2
C3 - Br l - Br l

3.513
3.507
3.377
3.479
3.407
3.523
3.794
3.438
3.925

117.9
164.0
172.7
156.1
174.3
151.3
130.3
175.3

2 - x , -y, - z
x, 1 / 2 - y , - 1 / 2 +

82

1 2 0 .1

ing two types of ten-membered ring. Within each
ribbon, the only operators involved are translation
and inversion, and thus all rings are exactly parallei; a further set of ribbons is related to the first by
the screw and glide operations. The ribbons shown
in Fig. 2 make an angle of 11° to the a c plane,

- x ,- y , 1 / 2 + z
1 - x, - y , 1 - z
1 - x, 1 - >’, -z
x, 3/2 - y, z
1 -x , 1 -y , 1 - z
1 + x, y, z
1 + y , - 1 + x, —
z
1

1 0 0

76
96
64
107,177

and their counterparts an angle o f -1 1 °. The chlorine-chlorine contacts are of two types: from cation
to anion, approximately linear, and from cation to
cation, appreciably bent. The Cl--Cl distances are
approximately equal to the double van der Waals ra
dius of 3.5 A [8], and thus significantly longer than
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Fig. 2. Packing diagram of 2-C1
viewed parallel to the y axis. Classical
hydrogen bonds are shown as thick,
non-classical as thin dotted lines.

/ P “°—

the 3.335(2) A in the para derivative [1]. The effect
of these contacts is to link the ribbons, as shown in
Fig. 3.
The formula unit of 2-bromopyridinium bromide
(2-Br) in the crystal is shown in Fig. 4; the bro
mide anion lies 0.27 A outside the ring plane. 2-Br
is not isostructural to 2-C1. The packing is dom
inated by N+-H- Br~ hydrogen bonds and short
(3.3769(9) A, c f 3.3502(11) A in the 4-bromo
derivative [ 1] and 3.7 A for the double van der Waals
radius [8]) cation-anion Br -Br contacts, forming

Fig. 3. Packing diagram of 2-C1
viewed parallel to the x axis. The rib
bons shown in Fig. 2 are seen here
edge on, e. g. the two parallel sets
of rings on opposite sides of the ab
plane. The Cl-- Cl contacts are shown
as thick dashed lines.

twisted chains (Fig. 5) parallel to the polar z axis.
The chains are approximately linear at the cation
bromine but are bent at the anion. Within the chains
only translation and 2\ operators are involved; there
is a further set of chains generated by glide opera
tors. The chains are linked by C-H Br interactions
that are however relatively weak, judged by their
H - Br distances of at least 2.98 A.
The formula unit of 3-chloropyridinium chloride
(3-C1) in the crystal is shown in Fig. 6; the chlo
ride anion lies 0.53 A outside the ring plane. The
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Fig. 4. Structure of the formula unit of compound 2-Br in
the crystal. Ellipsoids represent 50% probability levels.
Hydrogen radii are arbitrary.
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Fig. 6 . Structure of the formula unit of compound 3-C1 in
the crystal. Ellipsoids represent 50% probability levels.
Hydrogen radii are arbitrary.

Fig. 5. Packing diagram of compound
2-Br showing two of the twisted chains.
Hydrogen bonds and Br - Br interac
tions are shown as thick dashed lines.
Hydrogen atoms not involved in H
bonding are omitted.

Fig. 7. Packing diagram of compound
3-C1 showing two ribbons. Classical hy
drogen bonds are shown as thick dashed
lines, C-H - C1“ interactions as thin
dashed lines.
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Fig. 8 . Packing diagram of compound 3-C1 showing the
dimeric units that link adjacent ribbons parallel to the x
axis. Hydrogen bonds and Cl-- Cl interactions are shown
as thick dashed lines. Hydrogen atoms not involved in H
bonding are omitted.

893

Fig. 10. Packing diagram of compound 3-Br. Four centrosymmetric dimers are shown that define the environ
ment of the bromide anion. Classical hydrogen bonds and
Br--Br interactions are shown as thick dashed lines, CH- Br- interactions as thin dashed lines. The interactions
C2-H2---Brl within each dimer (see text) are not drawn
explicitly.

Fig. 9. Structure of the formula unit of compound 3-Br in
the crystal. Ellipsoids represent 50% probability levels.
Hydrogen radii are arbitrary.

packing may be considered (Fig. 7) in terms of
ribbons closely similar to those of 2-C1; the clas
sical N+-H Cl~ hydrogen bond is augmented by
two short C-H -Cl- contacts to form two different
types of ten-membered ring. Neighbouring ribbons
are linked by cation-anion Cl •••Cl contacts in the
x direction; the individual linkages are centrosymmetric dimers (Fig. 8).
The formula unit of 3-bromopyridinium bromide

(3-Br) in the crystal is shown in Fig. 9; the bromide

I
CI2 0

Fig. 11. Structure of the formula unit of compound 3,5-Cl
in the crystal. Ellipsoids represent 50% probability levels.
Hydrogen radii are arbitrary. Only the asymmetric unit is
numbered.

anion lies 0.23 A outside the ring plane. 3-Br is not
isostructural to 3-C1. The main secondary interac
tions are a classical N+-H - Br- hydrogen bond and
a short cation-anion Br - Br interaction, which lead
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Fig. 12. Packing dia
gram of compound 3,5Cl. Classical hydrogen
bonds and Cl-••Cl in
teractions are shown
as thick dashed lines,
C-H--Cl- interactions
as thin dashed lines.

to the formation of closed dimeric units with inver
sion symmetry. Within these units, short contacts
C 2 -H 2 -B rl may represent non-classical hydrogen
bonds. The dimers are in turn interconnected by
three short C-H-- Br“ contacts, two of which rep
resent a three-centre hydrogen bond from H6, to
form a three-dimensional network (Fig. 10). Topo
logically, the dimers of 3-C1 (Fig. 8) and 3-Br are
identical; we regard the latter as a central structural
feature and the former as a subordinate aspect of the
packing largely on the basis of the borderline nature
of the Cl--Cl contacts, but also on the eye-catching
and easily comprehended ribbon structure of 3-C1.
However, it is clear that the classification of packing
motifs in order of “importance” is to a considerable
extent subjective.
We conclude that the crystal packing of the
monohalide derivatives displays logical features;
the classical hydrogen bonds play an important role,
whereas the halogen-halogen contacts are more sig
nificant for the softer bromine atoms. The role of
the non-classical hydrogen bonds is less easy to
rationalise, because they represent a significant if
subordinate structural feature in three of the four
structures.
We now turn our attention to related dihalo
derivatives. The free pyridines are less basic and
the salts inherently less stable, but we have been
able to determine the crystal structures of the 3,5-

" 0 Br2

Fig. 13. Structure of the formula unit of compound 3,5-Br
in the crystal. Ellipsoids represent 50% probability levels.
Hydrogen radii are arbitrary. Only the asymmetric unit is
numbered.

dihalopyridinium halides 3,5-X2CsH3NH+ X - (3,5-

Cl, 3,5-Br).
The formula unit of compound 3,5-Cl dis
plays crystallographic mirror symmetry through the
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Fig. 14. Packing dia
gram of compound 3,5Br. Three-centre hydro
gen bonds and B r - B r
interactions are shown
as thick dashed lines, CH--Br~ interactions as
thin dashed lines.

atoms N, HI, C4, H4 and C12 (Fig. 11). The crys
tal packing (Fig. 12) involves ribbons consisting
of double chains; classical hydrogen bonds and
C-H Cl~ hydrogen bonds are the main features
within the bands, which contain nine- and ten-membered rings. No chlorine-chlorine interactions are
shorter than the double van der Waals radius (3.5 A);
the shortest is between two neighbouring cations,
whereas the shortest C11-C12 contact is apprecia
bly longer at 3.794 Ä.
Varying the halogen had little effect on the pack
ing of the 4-halopyridinium halides [11, which are
closely similar (the chlorine and bromine deriva
tives are isotypic), but did affect the 2- and 3-substituted derivatives. The dihalo derivatives should
be more sensitive in this respect; thus use of the
softer element bromine might be expected to alter
the balance between classical hydrogen bonds and
halogen-halogen interactions. Indeed, the packing
of 3,5-Br displays dramatic differences from that of
3,5-Cl. The formula unit crystallises with crystal
lographic symmetry m lm (Fig. 13) with all atoms
in the plane z = 0. The packing consists of exactly
planar layers (Fig. 14), with interlayer distance c/2,
in which the bromine atoms of cation and anion are
linked by short contacts of 3.4378(11) Ä. The most
striking aspect is the absence of classical linear hy
drogen bonds N+-H- Br~; instead, a three-centre
hydrogen bond N+-H (-B r ~)2 is observed. We thus
conclude that the softer bromine centres promote
halogen-halogen contacts at the expense of classi

cal hydrogen bonds. If longer cation-cation Br - Br
contacts are also taken into consideration, then ag
gregates of six bromine atoms can be recognised as
a significant substructure.
It is further noteworthy that in all three pairs of
analogous structures reported here, all cation-anion
Br -Br contacts are shorter than the correspond
ing Cl-- Cl contacts. Clearly, any attempt to de
sign structures with particular packing architectures
(“crystal engineering”) must take account of the
structure-determining tendencies of halogen-halogen contacts.

Experimental
The free bases were dissolved in dichloromethane and
the salts precipitated by bubbling the appropriate hydro
gen halide through the solution. The products were filtered
off, washed with petroleum ether and dried in vacuo. El
emental analyses and NMR spectra accorded with expec
tation. Single crystals were obtained by liquid diffusion
of petroleum ether into a solution in ethanol (2-Br, 3-Br
and 3,5-Cl) or CH 2 CI2 (2-C1), and for 3,5-Br by liquid
diffusion of diethyl ether into a solution in acetonitrile /
methanol (1/4). Suitable single crystals of 3-C1 formed di
rectly in the reaction solution if very slow bubbling rates
of HC1 were used.
X-ray structure determinations

Crystals were mounted in inert oil on glass fibres. Un
less otherwise stated, data were measured using Mo-A"Q
radiation on a Siemens P4 diffractometer, with absorption
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corrections were based on ?/>-scans. The structures were
refined anisotropically on F 2 using all reflections (pro
gram SHELXL-97 [9]). The acidic H atoms were located
and refined freely; other H atoms were included using a
riding model.
Crystal data

2-C1: C 5 H 5 CI2 N, M = 150.00, crystal size 0.5 x 0.4 x
0.2 mm, monoclinic, P 2\/c, a = 7.8534(8), b = 7.0350(6),
c = 12.3627(12) Ä, ß = 105.794(8)°, V = 657.24 A3,
Z = 4, /x = 0.87 m m "1, Dx = 1.516 Mg m“ 3, r = -100 °C.
Reflections: total 3080 to 29 55°, unique 1500 (/?jnt 0.011).
Final wR2 0.060, R \ 0.022 fo r77 parameters; S 1.04, max.
A p 0.20 e A-3 .
2-Br: Data were measured on a Bruker SMART 1000
CCD area detector and absorption-corrected using SADABS. CsHsB^N, M = 238.92, crystal size 0.2 x 0.1 x
0.05 mm, orthorhombic, P c a l\, a = 14.1728(16), b =
4.5770(4), c = 10.7181(12) A, V= 695.27 A 3 , Z = 4 , / / =
11.6 mm“ 1, D x = 2.282 Mg m “ 3, T = -100 °C. Reflec
tions: total 5017 to 29 57.5°, unique 1738 (Rmt 0.038). The
Flack parameter refined to -0.023(19), thus determining
the polar axis direction. Final wR2 0.049, R l 0.025 for 77
parameters; S 0.89, max. A p 0.43 e A“ 3.
3-C1: C 5 H 5 CI2 N, M = 150.00, crystal size 0.4 x 0.3
x 0.05 mm, triclinic, P I, a = 5.7350(6), b = 7.1716(6),
c = 8.4760(8) A, a = 73.365(6), ß = 77.773(6), 7 =
83.912(6)°, V = 326.06 Ä3, Z = 2 , p = 0.88 mm“ 1, £>x =
1.528 Mg m “ 3, T = -100 °C. Reflections: total 2959 to 29
55°, unique 1480 (Rmt 0.016). Final wR2 0.071, R l 0.027
for 77 parameters; S 1.04, max. A p 0.23 e Ä“ 3.
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3-Br: CsH.sB^N, M = 238.92, crystal size 0.3 x
0.1 x 0.1 mm, monoclinic, P2\/c, a = 4.4261(6), b =
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x 0.15 mm, tetragonal, PAilmnm , a = 10.7978(8), c =
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D x = 2.631 Mg n T 3, T = -100 °C. Reflections: total 2399
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Complete crystallographic data (excluding structure
factors) have been deposited at the Cambridge Crys
tallographic Data Centre under the numbers 163640
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