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The preparation and crystal structures of fourteen complexes of N,N�-bis(2-pyridyl)aryldiamines with dicarboxylic
acids and two complexes with squaric acid are reported. The recognition between the carboxylic acids and the
2-aminopyridine units occurs through the formation of the cyclic R2

2 (8) hydrogen bond motif, whereas squaric acid
creates the analogous R2

2 (9) motif. In the 1 : 1 complexes the cyclic motifs generate infinite hydrogen-bonded 1D
networks with the alternating component molecules. These networks are further organised into densely packed layers
assembled through weaker C–H � � � O interactions. Analysis of the intermolecular interactions in these complexes
led us to the synthesis of N,N�-bis(2-pyridyl)-2,2�-oxybis(aminobenzene) (5) which acts as a tritopic receptor of the
carboxylic group and forms exclusively 2 : 1 complexes with dicarboxylic acids.

Introduction
The design and preparation of ordered solid-state structures
by means of specific intermolecular interactions is an area
of crystal engineering.1 This rapidly expanding branch of
supramolecular chemistry offers a possibility for rational
development of new materials with potentially useful physical
and chemical properties.2 A considerable progress has been
made in recent years in controlling the assembly of individual
molecules into extended arrays of various dimensionalities
in a pre-determined fashion. Particularly hydrogen bonds as
directional and strong intermolecular interactions offer a
powerful tool to control solid-state structures.1,3 Thus far, many
hydrogen bonding patterns that can be used for a manipulation
of the spatial arrangement of molecules in the solid-state have
been identified and reported.4

Recently, we have shown that hydrogen bonded N,N�-bis-
(2-pyridyl)aryldiamines are able to form 1D networks by the
cyclic R2

2(8) motif I.5,6 However, due to a low energy barrier to
C–N rotation, the 2-arylaminopyridine system can adopt either
(Z ) or (E ) conformations giving rise to the formation of con-
formational polymorphs. Indeed, in several cases, besides the
aforementioned motif I, we were able to isolate the second
crystalline form, polymorph or solvate, where the 2-arylamino-
pyridine monomeric units assumed the (Z) conformation and
the molecules were assembled via a catemeric C(4) motif into
1D, 2D or even 3D networks.5 Since the conformational poly-
morphism significantly reduces the level of predictability of the
supramolecular structures it would be desirable to restrict the
conformational space available to molecules in crystals by
choosing specific, strong non-covalent interactions which
would significantly limit the number of possible conformers.
The solid-state molecule-based architectures can be constructed
by self-assembly not only of one but also two or more
components and the co-crystallization of selected molecules
bearing complementary functional groups may generate well
defined extended supramolecular frameworks.7 It is well known
that the 2-aminopyridine function is capable of forming cyclic
R2

2 (8) hydrogen bond motifs IIa,b with the carboxyl group 8

† Supramolecular structures formed by 2-aminopyridine derivatives.
Part II.5

and furthermore, in the solid state it prefers to bind to the
carboxyl group rather than to itself.4a,9 Therefore the robust
motif IIa formed by N-acyl-2-aminopyridines or 2-amino-
pyrimidines and carboxylic acids have been frequently utilized
for crystal engineering.9 We expected that this kind of cyclic
complexation should force the 2-aminopyridine units in the title
compounds to adopt the (E ) conformation and hence direct the
aggregation process towards the desired 1D networks shown in
Scheme 1. In the present study, we report the preparation and
crystal structure determination of the hydrogen bonded hetero-
meric systems formed by N,N�-bis(2-pyridyl)aryldiamines 1–5
with several aliphatic and aromatic dicarboxylic acids, which
include oxalic (oxa), malonic (mal), succinic (suc), sebacic (seb),
fumaric (fum), isophthalic (iso), terephthalic (tere), diphenic
(diph) and 4,4�-oxybisbenzoic (obe) acids.

In addition we tested the utility of squaric acid (3,4-
dihydroxy-3-cyclobutene-1,2-dione) (sq) for complexation of
N,N�-bis(2-pyridyl)aryldiamines. Interaction of this strong
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Scheme 1

dibasic acid with the 2-aminopyridine function could lead to
the cyclic R2

2 (9)R2
2(9) motifs IIIa,b and creation of supra-

molecular networks that are possibly stiffer than those formed
by dicarboxylic acids.10

Results and discussion
Diffraction quality crystals of the molecular complexes were
prepared by co-crystallization of the two components, a di-
carboxylic acid and N,N�-bis(2-pyridyl)aryldiamine, in a 1 : 1
molar ratio from ethanol at ambient temperature. The com-
plexes of squaric acid were crystallized from ethanol–water. In
four cases (12�tere, 32�tere, 52�fum and 52�tere), despite the
equimolar ratio of the components used, the 2 : 1 adducts were
obtained. Co-crystallization of structurally related compounds
3 and 4 with terephthalic acid yielded solvated complexes
32�tere�(EtOH)2 and 4�tere�H2O, respectively.

Table 1 summarises the details of X-ray crystallographic
analyses for the sixteen examined complexes. In all structures
except 4�tere�H2O, the space group imposes symmetry on at
least one molecular component of the crystal. In the 1 : 1
complexes formed by 1 the bis-pyridylamine has crystallo-
graphically imposed mirror symmetry whereas dicarboxylic
acids are located at special positions of Ci (1�oxa, 1�suc, 1�seb
1�sq) or C2 symmetry (1�iso, 1�obe). In effect, an asymmetric
part of the unit cell contains one half of the molecule of 1 and
one half of the acid molecule. In 12�tere, the terephthalic
dianion lies about a center of symmetry and the monocation of
1 occupies a general position. A similar trend of occupy-
ing special positions by the component molecules is shown by
the complexes of 2, where the bis-pyridylamine has crystallo-

graphic Ci symmetry and dicarboxylic acids are located at
a 2-fold axis (2�diph, 2�mal) or around an inversion center
(2�sq, 2�tere). In 2�seb two symmetry independent molecules of
2 are situated at special positions whereas the sebacic acid
molecule is found in a general position. On the other hand,
inspection of the complexes of 5 with a 2 : 1 stoichiometry and
32�tere�(EtOH)2 revealed the bis-pyridylamine in a general
position and the dicarboxylic acid occupying a special position
of Ci symmetry.

The geometry of hydrogen bonds is listed in Table 2. The
O � � � N hydrogen bond distances, where N is the pyridine
nitrogen, fall in the range of 2.53–2.68 Å indicating strong
hydrogen bonds. For comparison, the O � � � N distances in the
N–H � � � O hydrogen bonds formed by the 2-aminopyridine
N–H group are in the range of 2.70–3.00 Å, with the lowest
values observed for the complexes of squaric acid.

Some useful supplemental information about hydrogen
bonding in these systems was provided by the solid state IR
spectra. The neutral character of the first group of the dicarb-
oxylic acid complexes (1�iso, 1�suc, 1�seb, 1�obe, 2�seb and
2�diph) is reflected by two broad bands of moderate intensities
near 2400 and 1900 cm�1. They are due to the O–H stretching
vibrations (νOH) in the carboxylic group bonded to the pyridine
nitrogen.11 The νCO stretching near 1680 cm�1 occurs at a fre-
quency ca. 10–20 cm�1 lower than that in the parent acids which
points to strong hydrogen bonding of the carbonyl group. On
the other hand, the spectra of the second group of the co-
crystals including: 12�tere, 2�tere, 2�mal and 32�tere�(EtOH)2

show a strong broad band centered near 2950 cm�1 or, as in the
case of 1�oxa, at 2650 cm�1 in addition to two weaker ones at
2450 and 1950 cm�1. Apparently the high frequency strong
absorption can be attributed to the N–H stretching vibrations
(νNH) of the protonated pyridine nitrogen. These compounds
reveal also two equal intensity νCO bands near 1600 and 1350
cm�1 corresponding to the carboxylic anion. Analogously, the
squaric acid adducts 1�sq and 2�sq exhibit a strong broad band
at 2585 cm�1 accompanied by a weaker one at 1980 cm�1. Some
complexes (4�tere�H2O, 52�fum and 52�tere) reveal three broad
bands of moderate intensity near 2950, 2450 and 1550 cm�1,
indicating an intermediate character of the complexes.

The crystallographic data confirm the neutral character of
the complexes 1�iso, 1�suc, 1�seb, 1�obe, 2�seb and 2�diph. In
their crystal structures, the carboxylic hydrogens, positions of
which were found from the difference Fourier maps and fully
refined, are unequivocally linked to the oxygens since the O–H
distances are in range of 0.99–1.10 Å. Furthermore, the lengths
of the two carboxylic C–O bonds differ by more than 0.8 Å and

1426 O r g .  B i o m o l .  C h e m . , 2 0 0 3 , 1,  1 4 2 5 – 1 4 3 4



Table 1 X-Ray structure determination summary

Crystal data 1�iso 1�obe 1�oxa 1�seb 1�sq 1�suc

Chemical formula
moiety

C16H14N4�C8H6O4 C16H14N4�C14H10O5 C16 H14 N4�C2H2O4 C16H14N4�C10H18O4 C16H14N4�C4H2O4 C16H14N4�C4H6O4

Formula weight 428.44 520.53 352.35 464.56 376.37 380.4
T /K 296 100 296 130 100 294
Crystal size/mm 0.4 × 0.4 × 0.2 0.2 × 0.15 × 0.1 0.4 × 0.1 × 0.01 0.7 × 0.2 × 0.02 0.2 × 0.08 × 0.01 0.65 × 0.35 × 0.05
Crystal system Orthorhombic Orthorhombic Orthorhombic Monoclinic Orthorhombic Monoclinic
Space group Pbcm Ama2 Pnma P21/m Pnma P21/m
a/Å 9.1922(11) 35.743(7) 7.281(3) 5.4920(10) 7.251(4) 5.7015(5)
b/Å 7.1341(11) 9.285(2) 24.097(6) 34.585(2) 24.325(5) 26.821(3)
c/Å 31.750(4) 7.3380(10) 8.919(3) 6.3180(10) 9.185(3) 6.1015(6)
α�       
β�    102.810(10)  104.708(8)
γ�       
V/Å3 2082.1(5) 2435.3(8) 1564.8(5) 1170.2(3) 1620.1(11) 902.47(16)
Z 4 4 4 2 4 2
λ/Å 0.71073 (MoKα) 0.71073 (MoKα) 1.54178 (CuKα) 0.71073 (MoKα) 0.71073 (MoKα) 1.54178 (CuKα)
µ/mm�1 0.095 0.099 0.904 0.090 0.111 0.824
Total reflections 10774 3651 2182 6765 7085 2346
Independent

reflections (Rint)
1867 (0.071) 1135 (0.055) 1274 (0.027) 2024 (0.059) 1281 (0.158) 1533 (0.020)

R1, wR2 [I>2σ(I )] 0.0666, 0.1534 0.0371, 0.0788 0.0352, 0.0785 0.0561, 0.1135 0.0838, 0.1717 0.0372, 0.1011
R1, wR2 (all data) 0.0701, 0.1577 0.0550, 0.0836 0.0853, 0.0853 0.0811, 0.1293 0.1333, 0.2047 0.0453, 0.1064

Crystal data 12�tere 2�diph 2�mal 2�seb 2�sq 2�tere

Chemical formula
moiety

C16 H14 N4�
0.5(C8H6O4)

C16H14N4�C14H10O4 C16H14N4�C3H4O4 C16H14N4�C10H18O4 C16H14N4�C4H2O4 C16H14N4�
C8H6O4

Formula weight 345.38 504.53 366.37 464.56 376.37 428.44
T /K 294 296 296 294 100 294
Crystal size/mm 0.4 × 0.4 × 0.4 0.5 × 0.4 × 0.2 0.35 × 0.1 × 0.06 0.3 × 0.2 × 0.01 0.3 × 0.1 × 0.01 0.7 × 0. 5 × 0.1
Crystal system Monoclinic Orthorhombic Monoclinic Triclinic Triclinic Triclinic
Space group P21/n Pbcn C2/c P1̄ P1̄ P1̄
a/Å 10.268(2) 9.117(2) 17.290(2) 8.4312(9) 3.8420(10) 7.7670(13)
b/Å 10.529(3) 14.433(4) 4.0427(5) 10.1438(12) 9.062(2) 8.8044(17)
c/ Å 11.158(2) 19.312(6) 24.720(3) 15.0064(15) 12.098(2) 9.1959(17)
α/�    85.842(9) 87.23(3) 62.048(19)
β/� 105.47(3)  93.121(11) 73.025(9) 81.25(3) 71.921(17)
γ/�    78.006(9) 78.18(3) 70.707(16)
V/Å3 1714.7(6) 2541.2(12) 1725.3(4) 1200.6(2) 407.41(15) 515.10(16)
Z 4 4 4 2 1 1
λ/Å 0.71073 (Mo Kα) 0.71073 (Mo Kα) 1.54178 (Cu Kα) 0.71073 (Mo Kα) 0.71073 (Mo Kα) 1.54178 (Cu Kα)
µ/mm�1 0.090 0.089 0.841 0.088 0.110 0.792
Total reflections 12805 2258 2040 9211 3082 1621
Independent

reflections (Rint)
3016 (0.020) 2258 1374(0.28) 4194 (0.058) 1442 (0.035) 1621

R1, wR2 [I>2σ(I )] 0.0406, 0.1168 0.0398, 0.0977 0.0345, 0.0871 0.0565, 0.1004 0.0510, 0.0960 0.0466, 0.1237
R1, wR2 (all data) 0.0500, 0.1235 0.1369, 0.1129 0.0657, 0.0986 0.1829, 0.1302 0.0693, 0.1074 0.0546, 0.1275

Crystal data 32�tere�(EtOH)2 4�tere�H2O 52�fum 52�tere

Chemical formula
moiety

C23H20N4�0.5 (C8H6O4)�C2H5OH C22H18N4O�C8H6O4�H2O C22H18N4O�0.5(C4H4O4) C22H18N4O�0.5(C8H6O4)

Formula weight 481.56 538.55 412.44 437.47
T /K 294 294 294 294
Crystal size/mm 0.25 × 0.25 × 0.06 0.4 × 0.4 × 0.3 0.4 × 0.4 × 0.3 0.5 × 0.4 × 0.07
Crystal system Triclinic Triclinic Monoclinic Triclinic
Space group P1̄ P1̄ C2/c P1̄
a/Å 8.7830(11) 10.3442(7) 28.8097(18) 8.2875(6)
b/Å 10.6035(11) 11.7028(9) 7.8866(6) 10.1511(8)
c/Å 13.8087(15) 12.6687(9) 18.5925(10) 13.3739(10)
α/� 88.060(9) 78.461(6)  78.828(7)
β/� 87.645(9) 65.910(6) 98.004(5) 87.705(6)
γ/� 86.861(9) 73.925(6)  84.019(6)
V/Å3 1282.4(3) 1338.68(17) 4183.3(5) 1097.55(14)
Z 2 2 8 2
λ/Å 0.71073 (MoKα) 0.71073 (MoKα) 0.71073 (MoKα) 0.71073 (MoKα)
µ/mm�1 0.082 0.096 0.089 0.089
Total reflections 9437 10143 9500 7973
Independent

reflections (Rint)
4179(0.037) 4640(0.018) 3656(0.31) 3798(0.023)

R1, wR2 [I>2σ(I )] 0.0713, 0.1562 0.0423, 0.1193 0.0489, 0.1331 0.0478, 0.1036
R1, wR2 (all data) 0.1515, 0.1934 0.0571, 0.1289 0.0622, 0.1452 0.0768, 0.1204
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Table 2 Geometry of the hydrogen bonds and short contacts

Compound Interaction
a

D � � � A/Å D � � � H/Å H � � � A/Å <D-H � � � A/�

1�iso N7–H7 � � � O2A 2.996(3) 0.96 2.04 174
O1A–H1O � � � N1 2.603(3) 1.05(4) 1.55(3) 165(3)
C5–H5 � � � O2A(i) 3.761(3) 0.96 2.81 169

1�obe N7–H7 � � � O2A 2.865(3) 0.96 1.92 169
O1A–H1O � � � N1 2.646(3) 1.10(4) 1.55(4) 170(3)
C5–H5 � � � O2A(ii) 3.924(5) 0.96 2.98 167

1�oxa N7–H7 � � � O2A 2.822(2) 0.96 1.86 178
O1A � � � H1N � � � N1 2.678(2) 1.32(4) 1.36(3) 178(3)
C5–H5 � � � O2A(iii) 3.403(2) 0.96 2.45 171

1�seb N7–H7 � � � O2A 2.955(2) 0.96 2.00 176
O1A–H1O � � � N1 2.649(2) 0.99(4) 2.67(4) 172
C5–H5 � � � O2A(iv) 3.745(3) 0.96 2.79 175

1�sq N7–H7 � � � O2A 2.734(5) 0.96 1.78 170
N1–H1N � � � O1A 2.624(5) 1.00(5) 1.63(6) 171(5)
C5–H5 � � � O2A(iii) 3.251(6) 0.96 2.29 174
C6–H6 � � � O1A(v) 3.145(6) 0.96 2.38 139
C9–H9 � � � O2A 3.249(6) 0.96 2.48 137

1�suc N7–H7 � � � O2A 2.933(2) 0.96 1.97 177
O1A–H1O � � � N1 2.647(2) 1.01(3) 1.66(3) 164(2)
C5–H5 � � � O2A(vi) 3.858(2) 0.96 2.90 178
C6–H6 � � � O1A(vii) 3.536(2) 0.96 2.60 166

12�tere N7–H7 � � � O2A 2.832(2) 0.96 1.88 169
N1–H1N � � � O1A 2.626(2) 0.98(2) 1.66(2) 171(2)
N14–H14 � � � O1A(viii) 2.882(2) 0.96 1.93 174

2�diph N7–H7 � � � O2A 2.897(3) 0.96 1.95 167
O1A–H1O � � � N1 2.590(3) 1.12(3) 1.53(3) 157(2)
C5–H5 � � � O2A(ix) 3.549(4) 0.96 2.67 153

2�mal N7–H7 � � � O2A 2.774(2) 0.96 1.82 172
N1–H1N � � � O1A 2.587(2) 1.12(3) 1.47(3) 172(3)
C5–H5 � � � O2A(x) 3.338(2) 0.96 2.61 164

2�seb N7B–H7B � � � O2 2.945(3) 0.96 1.99 174
O1–H1O � � � N1B 2.649(4) 0.99(5) 1.67(5) 169(4)
C5B–H5B � � � O4(xi) 3.523(4) 0.96 2.66 160
N7A–H7A � � � O4 2.981(3) 0.96 2.03 171
O3–H3O � � � N1A 2.616(4) 1.14(5) 1.49(5) 168(3)
C5A–H5A � � � O2(xIi) 3.580(5) 0.96 2.62 174

2�sq N7–H7 � � � O2A 2.695(3) 0.96 1.75 167
N1–H1N � � � O1A 2.604(3) 1.05(3) 1.59(3) 162(3)
C5–H5 � � � O2A(xii) 3.199(3) 0.96 2.27 163
C6–H6 � � � O1A(xiv) 3.227(3) 0.96 2.43 140
C9–H9 � � � O2A(i) 3.266(3) 0.96 2.48 139

2�tere N7–H7 � � � O2A 2.863(2) 0.96 1.91 172
N1–H1N � � � O1A 2.544(2) 1.16(3) 1.41(3) 164(3)
C5–H5 � � � O2A(xv) 3.509(2) 0.96 2.59 161
C10–H10 � � � O1A(xvi) 3.440(2) 0.96 2.56 152
C9–H9 � � � O1A(xvii) 3.337(2) 0.96 2.41 162

32�tere�(EtOH)2 N7–H7 � � � O2A 2.847(3) 0.96 1.89 174
N1–H1N � � � O1A 2.534(4) 1.09(4) 1.45(4) 170(3)
C5–H5 � � � O2A(i) 3.551(5) 0.96 2.65 156
N21–H21 � � � N23(xviii) 2.987(7) 0.96 2.06 162
O1E–H1E � � � O1A(xv) 2.782(4) 0.96 1.84 165

4�tere�H2O N7–H7 � � � O2A 2.802(2) 0.96 1.81 175
N1–H1N � � � O1A 2.648(2) 1.01(2) 1.64(2) 176(2)
N21–H21 � � � O4A(xix) 2.766(2) 0.96 1.80 178
N23–H23 � � � O3A(xix) 2.599(2) 1.17(2) 1.43(2) 176(2)
O1W–H1WA � � � O2A(xx) 2.956(2) 0.96 2.02 168
O1W–H1WB � � � O2A 2.911(2) 0.96 1.96 175
C9–H9 � � � O4A(xxi) 3.502(2) 0.96 2.57 165
C10–H10 � � � O4A(xxii) 3.583(2) 0.96 2.63 162
C17–H17 � � � O4A(xx) 3.343(2) 0.96 2.55 142

52�fum N7–H7 � � � O2A 2.886(2) 0.96 1.93 176
N1–H1N � � � O1A 2.563(2) 1.19(3) 1.39(3) 168(2)
N21–H21 � � � O2A 3.263(3) 0.96 2.31 173
C24–H24 � � � O1A(xiv) 3.578(3) 0.96 2.80 138
C2�A–H2A � � � N23(xiv) 3.473(6) 0.96 2.55 163

52�tere N7–H7 � � � O2A 2.933(2) 0.96 1.99 169
N1–H1N � � � O1A 2.545(2) 1.25(2) 1.31(2) 170(2)
N21–H21 � � � O2A 3.172(2) 0.96 2.22 170
C5–H5 � � � O2A(viii) 3.456(3) 0.96 2.64 142
C3A–H3A � � � N23 3.451(3) 0.96 2.54 160

a Symmetry codes: (i) 1 � x,y,z; (ii) x,1 � y,z; (iii) x,y,1 � z; (iv) x � 1,y,z � 1; (v) � x,1 � y,2 � z; (vi) 1 � x,y,z � 1; (vii) 1 � x,1 � y, � z;
(viii) x � 1,y,z; (ix) x � 1,y,z; (x) 0.5 � x,y � 0.5,z; (xi) 1 � x, � y, � 1 � z; (xii) 3 � x, � 1 � y, � 1 � z; (xiii) 1 � x, y � 1,z; (xiv) � x,1 � y, � z;
(xv) x,y � 1,z; (xvi) 1 � x, � y,2 � z; (xvii) � x, � y,2 � z; (xviii)1 � x, � 1 � y, � z; (xix) x � 1,y � 1,z � 1; (xx)1 � x,1 � y,1 � z; (xxi) � x,1 �
y,1 � z; (xxii) x,y � 1,z � 1.

1428 O r g .  B i o m o l .  C h e m . , 2 0 0 3 , 1,  1 4 2 5 – 1 4 3 4



the values of the CNC bond angle within the pyridine unit
remain in the range of 118.3–119.2�. The latter geometric par-
ameter is known as a useful indicator of the protonation state
of the pyridine nitrogen.12 For comparison these values in
N,N�-bis(2-pyridyl)aryldiamines 1–4, characterized by relativ-
ely weak N–H � � � N interactions, fall in the range of 116.6–
117.9�, with the mean value of 117.2�.5

In the case of the complexes 12�tere, 2�tere,32�tere�(EtOH)2,
1�sq and 2�sq the X-ray data point to a proton transfer from
both carboxylic groups to the pyridine nitrogens. However, in
the 2 : 1 complexes: 12�tere and 32�tere�(EtOH)2, only one pyrid-
ine nitrogen is protonated. The corresponding N–H distances in
the protonated pyridine moieties fall in the range of 0.98–1.16
Å and the CNC angles in the range of 121.4–122.6�. The two
carboxylate C–O bond lengths differ only by 0.4 Å and the
higher value corresponds to the oxygen involved in the strong
charge-assisted N�–H � � �  O � interaction. In 4�tere�H2O, a
complete proton transfer from one carboxylic group to the
pyridine nitrogen is observed (N–H 1.01 Å, CNC 122.1�)
whereas the geometric parameters indicate only a partial
deprotonation of the second carboxylic group (N–H 1.17 Å,
CNC 120.1�).

The crystallographic data for the remaining complexes are
not conclusive in respect to their protonation state, even though
the carboxylic hydrogens can be found on the difference Fourier
maps. In 2�mal, 52�fum and 52�tere they are located closer to the
pyridine nitrogens than to the carboxylic oxygens whereas in
1�oxa the hydrogen was found nearly at the middle of the
NH � � � O bridge (see Table 2). The pyridine CNC angles of
119.5–120.5� also point to an intermediate state in which the
pyridine moiety is neither fully protonated nor neutral. This
might be due to the proton disorder over two positions in the
NH � � � O bridge. In effect, the same site in the crystal is
occupied by a pyridinium cation and a neutral pyridine moiety,
i.e. the dicarboxylic acid is only partially deprotonated.

To summarize, the studied 1 : 1 complexes of N,N�-bis-
(2-pyridyl)aryldiamine with dibasic acids can be grouped into
(a) neutral complexes B�H2A, (b) ionic salts BH2

�2�A�2 with a
complete transfer of the two protons from the acid to the base
and (c) ionic salts BHx

�x�A�(2 � x) with only partial transfer of
protons from the acid to the base.

The crystal structures of the sixteen studied complexes
reveal that the recognition between the carboxylic acids and the
2-aminopyridine units occurs through the formation of the
cyclic hydrogen bond R2

2(8) motifs IIa or IIb, whereas squaric
acid generates the analogous R2

2(8) motif IIIb with the graph
symbol R2

2(9). Both carboxylic acids and 2-aminopyridines
comprise self-complementary functional groups defined by
H-bond donor-acceptor pairs and therefore can potentially
interact via homomeric R2

2(8) ring motifs. However, the CSD
search 4c shows that the probability of generation of motif I
(26%) or carboxylic acid dimer (37%) is much lower than the
probability of formation of the motifs IIa or IIb (76 and 82%,
respectively) and therefore the synthons IIa,b belong to the
most powerful tools used in crystal engineering. Among the
studied complexes the homomeric dimer of 2-aminopyridine
units was observed only once, in the 2 : 1 complex 32�tere�E-
tOH2 where double deprotonation of the terephthalic acid
resulted in its loosing complementarity with the neutral
2-aminopyridine moiety of 3.

The self-assembly patterns observed in the crystal structures
of the 1 : 1 complexes of 1 are presented in Figs 1–4. The com-
plexation with use of the hydrogen bond motifs IIa,b or IIIa,b
in the case of dicarboxylic acids and squaric acid, respectively,
results in the formation of 1D networks with alternating com-
ponent molecules (see Scheme 1). In 1�suc, 1�seb, 1�oxa, i.e. in
the co-crystals formed by 1 with centrosymmetric dicarboxylic
acids, and in 1�sq, where squaric acid exists as a centro-
symmetric squarate dianion, the 1D networks belong to the rod
group symmetry 13 P21/m with component molecules (neutral or

ionic) occupying special positions. The translational parameter
of the 1D network depends on the length of the spacer joining
the two carboxylic groups. The values of the unit-cell b param-
eters for 1�oxa, 1�suc and 1�seb (Table 1) point to ca. 2.6 Å
increase of this parameter for every CH2–CH2– unit added to
the spacer. Because all proton donors of the molecular com-
ponents of the complex are employed in the construction of the
1D networks, further organization of the crystal structures can
be rationalized from the point of view of the close-packing
principle.16 In all complexes of 1 with the 1 : 1 stoichiometry,
the acid–base chains related by unit translation of ca. 9 Å in a
direction perpendicular to the 1D network form densely packed
layers with the molecules of 1 in close contacts with two neigh-
boring bis-pyridylamine molecules located on the same mirror
plane (Fig. 5). This arrangement in all co-crystals leads to a
repeating nearly linear C5–H � � � O2A interaction between
pyridine H5 atoms and carboxylic O2A that belong to two
adjacent 1D networks. The H5 � � � O2A distances range
between 2.29 and 2.98 Å with the smallest values observed for
1�oxa and 1�sq (Table 2). The corrugated layers formed by
close-packing of the hydrogen-bonded 1D networks are shown
in Figs 1–4. Their symmetry depends on the symmetry of the
site occupied by the acid molecule. For the complexes shown in
Figs 1 and 2, where the acid molecule is situated at the inversion
center, the layers belong to the P21/m layer group symmetry.13

In 1�suc and 1�seb these layers stack by monoclinic translation
building the crystal in the space group P21/m. In the two iso-
structural complexes, 1�oxa and 1�sq, the neighboring layers are
related by the 21 axis perpendicular to the layer giving rise to the

Fig. 1 1D networks and close-packed layers in the crystal structure of
1�suc (a) and 1�seb (b). Spheres represent N and O atoms. Hydrogen
bonds are drawn with dashed lines. The shaded areas indicate close-
packed chains of 1.
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crystal orthorhombic P nma space group. In the remaining 1 : 1
complexes of 1, shown in Figs 3 and 4, the dicarboxylic acid
molecules reside on 2-fold axes and therefore the resulting
hydrogen-bonded 1D network (rod group Pma2) and close-
packed layers are polar. However, in 1�iso anti-parallel stacking
of the layers leads to a centrosymmetric crystal. In turn, in
1�obe, where the polarity axis is perpendicular to the close-
packed layer, parallel stacking of the layers produces a polar
crystal.

The persistent formation of hydrogen-bonded 1D networks
generated by the motifs IIa,IIb, or IIIa,b, in ionic or molecular
complexes of the title compounds is further illustrated by the
crystal structures of the 1:1 complexes of 2 (Figs 6–8). The
infinite zig-zag tapes formed via assembly of 2 with the squaric,
terephthalic and sebacic acids reveal the P1̄ rod group sym-
metry (Fig. 6). Analogously to the packing mode observed in
the co-crystals of 1, the hydrogen-bonded 1D networks are

Fig. 2 1D networks and close-packed layers in the isostructural
complexes 1�oxa (a) and 1�sq (b) and side view of the corrugated layer
in 1�sq (c).

further organized via translation of ca. 9 Å into densely
packed layers in which each molecule of 2 is in close contact
with two neighbors forming several short intermolecular
hydrogen � � � hydrogen contacts (Fig. 9). The edge-to-face
stacking interactions between pyridine and benzene rings pro-
vide, most likely, some additional stabilization energy to the
chain arrangement shown in Fig. 9. The densely packed layers
are nearly flat, with the 2-aminopyridine and acid units located
approximately in one plane and the central benzene ring of 2
strongly twisted relative to the linked 2-aminopyridine
moieties, sticking on both sides of the layer. Again a nearly
linear C5–H � � � O2A interaction between the pyridine H5
atoms and the carboxylic O2A atoms is repeated in all
complexes of 2. The H5 � � � O2A distances are in the range of
2.27–2.67 Å with the shortest value observed in the squarate
complex 2�sq (Table 2).

As illustrated by the crystal structures of 2�mal and 2�diph
(Figs 7 and 8) the close-packed layers are no longer flat in these
complexes. They are strongly folded but there are some flat
areas involving planar carboxylic (2�mal) or 4-phenylcarboxylic
groups (2�diph).

Fig. 3 1D network and polar close-packed layer in the crystal
structure of 1�iso: (a) top view of the layer; (b) side view of the stacked
layers. The polarity direction is parallel to the layer.

Fig. 4 1D network and polar close-packed layer in the crystal
structure of 1�obe: (a) top view of the layer; (b) side view of the stacked
layers. The polarity direction is perpendicular to the layer.
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In the 4�tere�H2O adduct dicarboxylic acid and bis-pyridyl-
amine molecules are connected into 1D network analogous to
that observed in the 1 : 1 complexes of 1 and 2. Water molecules
included during crystallization are used as ‘clips’ connecting
two neighboring acid–base 1D networks into larger hydrogen
bonded 1D aggregates (Fig. 10). The oxygen atom O2A of one
of the carboxylate groups accepts two hydrogen bonds from
water molecules whereas the second carboxylate group acts as
an acceptor in the shortest C–H � � � O interactions in the
crystal (Table 2).

The R2
2(8) rings are again principle motifs in the 1D network

observed in the complex 32�tere�(EtOH)2. The monoprotonated
molecules of 3 form dimers via the self-complementary inter-
actions I between non-protonated 2-aminopyridine units and
the protonated units and are connected via the complementary
interactions IIb to the terephthalic dianions located at inversion
center. Fig. 11 shows two such 1D networks related by the unit
translation of 8.783 Å along the x axis. It can be easily noticed
that the fragment comprising terephthalic dianions and the
protonated halves of 3 resemble a closely analogous fragment
in the structure of 2�tere (Fig. 6b) with the same set of the short
intermolecular contacts. The ethanol molecules are joined via
O–H � � � O interactions to the carboxylate groups approaching
them from below and above the plane defined by the protonated
2-aminopyridine units and the terephthalic anions and fill the
voids created between the neighboring chains.

The remaining 2 : 1 adducts have completely different struc-
tures. In the case of 12�tere the monoprotonated molecules of 1
and the terephthalic dianions (Fig. 12) create, via hydrogen
bonds, a ladder-type 1D network. The molecules of 1 assume
the (E,Z)-conformation and the protonated 2-aminopyridine
units in the (E )-conformation bind to the carboxylic anions
generating the motif IIb. The amino hydrogen of the second
2-aminopyridine unit, adopting the (Z)-conformation, partici-
pates in hydrogen bonding to the carboxylate oxygen O1A. The
aminopyridine unit in the (Z)-conformation is only slightly
tilted to the central benzene ring while the second group is
nearly perpendicular [the corresponding dihedral angles are
16.2(1) and 89.2(1)�, respectively].

The crystal structure of 12�tere, where each carboxylic
group is hydrogen bonded to two 2-aminopyridine units could
lead to the idea of constructing a tritopic receptor based on
the bis-pyridylamine system, which could efficiently recognize

Fig. 5 The close-packed chain of molecules of 1 observed in all 1:1
complexes of 1 with dibasic acids (autostereogram 14). Dotted lines
indicate the shortest intramolecular and intermolecular H � � � H
contacts in the chain. Arrows show the sites of carboxylic group
recognition.

Fig. 6 1D networks and close-packed layers in the crystal structure of
(a) 2�sq, (b) 2�tere and (c) 2�seb (b). Spheres represent N and O atoms.
Hydrogen bonds are drawn with dashed lines. The shaded areas indicate
close-packed chains of 2.

Fig. 7 1D network and close-packed layer in the crystal structure of
2�mal: (a) top view of the layer; (b) side view of the layers.
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carboxylic acids as well as carboxylate anions. Thus we
synthesized the N, N�-bis(2-pyridyl)aryldiamine 5 with two
2-aminopyridine units positioned in a manner which makes it
possible to bind the carboxyl via three hydrogen bonds. Since
both 2-aminopyridine units are involved in coordination of one
carboxylic group, the complexes formed by 5 with dicarboxylic
acids should have predominantly 2 : 1 molecular stoichiometry
and should generate discrete hydrogen-bonded assemblies.

Fig. 8 Side view of the stacking of strongly corrugated layers
composed of densely packed, hydrogen-bonded 1D networks in the
crystal structure of 2�diph. Chains of 2, shown by the shaded areas,
run perpendicular to the plane of the drawing.

Fig. 9 The close-packed chain of the molecules of 2 observed in all
1 : 1 complexes of 2 with diacids (autostereogram 14). Dotted
lines indicate the shortest intramolecular and intermolecular
hydrogen � � � hydrogen contacts in the chain. Arrows show the sites of
carboxylic group recognition.

Fig. 10 Hydrogen-bonded 1D aggregates composed of two 1D acid-
base networks connected via water molecules in the crystal structure of
4�tere�H2O. The two acid–base 1D networks are distinguished by
different colors.

Indeed, the crystal structures of the co-crystals 52�tere
and 52�fum showed that the dicarboxylic acid molecules bind to
two molecules of 5 through six N–H � � � O hydrogen bonds
creating the centrosymmetric discrete assemblies presented in
Fig. 13. Whereas formation of the heteromeric R2

2(8) motif
II forces one of two 2-aminopyridine units to adopt the
(E )-conformation, the second one can assume either the (Z) or

Fig. 11 Hydrogen bonded 1D networks formed via alternating motifs
I and II in the crystal structure of 32�tere�(EtOH)2.

Fig. 12 Hydrogen bonded 1D network in the crystal structure of
12�tere [notice (E,Z) conformation of 1] (autostereogram 15).

Fig. 13 Discrete hydrogen-bonded assemblies of dicarboxylic acid
and and 5 in the crystal structures of (a) 52�tere and (b) 52�fum; the
fumaric acid is disordered over two positions. Spheres represent N and
O atoms. Hydrogen bonds are drawn with dashed lines.
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(E ) geometry, however, due to the stabilizing C–H � � � N inter-
actions, adopts the (E )-conformation. The fumaric acid mole-
cule in 52�fum is disordered over two sites, yet the disorder has
no influence on its hydrogen-bonding mode.

In conclusion, we have shown that co-crystallization of
N,N�-bis(2-pyridyl)aryldiamines with a variety of dibasic acids
including aliphatic and aromatic dicarboxylic acids as well as
squaric acid results in formation of the 1 : 1 complexes, which
depending of the acid strength, can be either neutral or ionic.
By combining the two components it is possible to create pre-
dictable supramolecular structures of alternating components
assembled into infinite tapes. Though the 2-aminopyridine
and carboxylic acid moieties are known to form homomeric
dimers, our results provide further confirmation that they
prefer interacting with each other creating R2

2(8) the motifs.
The dicarboxylic acid sub-units can be replaced by the squaric
acid molecules giving rise to analogous tightly bonded tape
structures controlled by the R2

2(9) cyclic hydrogen bonds.

Experimental
The synthesis of compounds 1–4 has been described earlier.5

Dicarboxylic acids and squaric acid were purchased from
Aldrich and used without purification. 1H and 13C NMR
spectra were obtained with Bruker DRX-500 and WP-200
spectrometers at 500 and 50 MHz, respectively. The deuteriated
solvents were used as an internal lock for 1H and 13C NMR.
FT-IR absorptions were taken with a Bruker IFS66 spectro-
meter.

Syntheses

N,N �-Bis(2-pyridyl)-2,2�-oxybis(aminobenzene) (5). 2,2�-
Oxybisaniline 16 (1.00 g, 5 mmol) was dissolved in 2-chloro-
pyridine (2.8 ml, 30 mmol) and refluxed for ca. 30 min. After
cooling the reaction mixture was diluted with benzene (5 ml)
and extracted with water to separate the hydrochloride. The
aqueous layer was treated with 25% aqueous ammonia (10 ml)
and extracted with benzene. The organic layer was dried
(Na2SO4), evaporated to dryness and the residue was recrystal-
lized from benzene. The product crystallizes with one molecule
of benzene, yield 1.65 g (76%): mp 120–122 �C; δH (CDCl3) 8.23
(d, J = 4.9 Hz, 2H), 8.17 (d, J = 8.2 Hz, 2H), 7.52 (m,
2H), 7.38(s, 6H, C6H6), 7.19 (br s, 2H, NH), 7.14 (t, J = 7.7 Hz,
2H), 6.94 (t, J = 7.0 Hz, 2H), 6.91 (t, J = 8.0 Hz, 2H), 6.83 (d,
J = 8.5 Hz, 2H) and 6.77 (m, 2H); δC (CDCl3) 155.3, 147.8,
146.0, 137.4, 132.0, 128.3 (C6H6), 124.1, 122.2, 120.0, 118.0,
115.2 and 110.0; νmax(KBr)/ cm�1 3419, 3279, 3220, 1606, 1521
and 11483. Anal. calcd for C22H18N4O�C6H6 (432.53): C, 77.75;
H, 5.59; N, 12.95; found: C, 77.36; H, 5.61; N, 12.97.

Preparation of the N,N �-bis(2-pyridyl)aryldiamine co-
crystals. Equimolar amounts of the N,N �-bis(2-pyridyl)aryl-
diamines and dicarboxylic acids were dissolved in boiling
ethanol and allowed to crystallize slowly at room temperature.
In the case of the squaric acid complexes the aqueous solution
of the acid was added to the N,N �-bis(2-pyridyl)aryldiamine in
hot ethanol and the mixture was left to stand at room temper-
ature. The resulting co-crystals were removed from the solution
before the solvent had completely evaporated.

N,N �-Bis(2-pyridyl)-1,3-diaminobenzene–1,3-benzenedicarb-
oxylic acid co-crystal (1�iso). Colorless bricks, mp 211–212 �C;
λmax(KBr)/cm�1 3260, 3201, 2350 (br), 1860 (br), 1678, 1608,
1576, and 1436.

N,N �-Bis(2-pyridyl)-1,3-diaminobenzene–oxalic acid co-
crystal (1�oxa). Colorless needles, mp 198–199 �C; λmax(KBr)/
cm�1 3255, 3201, 2630 (br), 1905 (br), 1678, 1680, 1645, 1610,
1577, 1433 and 1234.

N,N �-Bis(2-pyridyl)-1,3-diaminobenzene–succinic acid co-
crystal (1�suc). Colorless bricks, mp 187–188 �C; λmax(KBr)/
cm�1 3271, 3208, 2400 (br), 1900 (br), 1692, 1603, 1577 and
1439.

N,N �-Bis(2-pyridyl)-1,3-diaminobenzene–sebacic acid co-
crystal (1�seb). Colorless bricks, mp 138 �C; λmax(KBr)/cm�1

3271, 3207, 2410 (br), 1890 (br), 1694, 1601, 1577 and 1433.

N,N �-Bis(2-pyridyl)-1,3-diaminobenzene–4,4�-oxybis-benzoic
acid co-crystal (1�obe). Colorless prisms, mp 158–200 �C;
λmax(KBr)/cm�1 3256, 3176, 2450 (br), 1850 (br), 1612, 1596,
1484 and 1450.

N,N �-Bis(2-pyridyl)-1,3-diaminobenzene–1,4-benzenedicarb-
oxylic acid co-crystal (12�tere). Yellow bricks, mp 210–212 �C;
λmax(KBr)/cm�1 3292, 3191, 2850 (br), 2460 (br), 1900 (br),
1676, 1627, 1589, 1537, 1484 and 1378.

N,N �-Bis(2-pyridyl)-1,3-diaminobenzene–squaric acid co-
crystal (1�sq). Fine yellow needles, mp 287–288 �C (with
decomp.); λmax(KBr)/ cm�1 2585 (br), 1890 (br), 1980, 1629,
1580, 1510 and 1473.

N,N �-Bis(2-pyridyl)-1,4-diaminobenzene–1,4-benzenedicarb-
oxylic acid co-crystal (2�tere). Thin plates, begins to melt at 259
�C; λmax(KBr)/cm�1 3268, 2850 (br), 1940 (br), 1615, 1519, 1441
and 1349.

N,N �-Bis(2-pyridyl)-1,4-diaminobenzene–malonic acid co-
crystal (2�mal). Fine needles, mp 198–199 �C (with decomp.);
λmax(KBr)/cm�1 3267, 2850 (br), 2520 (br).1990 (br), 1737, 1667,
1625, 1373, and 1340.

N,N �-Bis(2-pyridyl)-1,4-diaminobenzene–sebacic acid co-
crystal (2�seb). Thin plates, mp 185–186 �C; λmax(KBr)/cm�1

3258, 3178, 2415 (br), 1900 (br), 1689, 1607, 1586 and 1441.

N,N �-Bis(2-pyridyl)-1,4-diaminobenzene–2,2�-biphenyldi-
carboxylic acid co-crystal (2�diph). Colourless blocks, mp 216
�C; λmax(KBr)/cm�1 3260, 3180, 2390 (br), 1900 (br), 1661, 1594,
1515 and 1444.

N,N �-Bis(2-pyridyl)-1,4-diaminobenzene–squaric acid co-
crystal (2�sq). Fine yellow needles, mp 284–285 �C (with
decomp.); λmax(KBr)/cm�1 2585 (br), 1990 (br), 1630, 1540,
1490 and 1426.

N,N �-Bis(2-pyridyl)-4,4�-methylenebis(aminobenzene)–1,4-
benzenedicarboxylic acid co-crystal [32�tere�(EtOH)2]. Colour-
less prisms, clouds at 76 �C and begins to melt at 176 �C;
λmax(KBr)/ cm�1 3429, 3164, 2920 (br), 1950 (br), 1689, 1597,
1527, 1506, 1437, 1355 and 1330.

N,N �-Bis(2-pyridyl)-4,4�-oxybis(aminobenzene)–1,4-benzene-
dicarboxylic acid co-crystal (4�tere�H2O). Colourless prisms,
begins to melt at 176 �C; λmax(KBr)/ cm�1 3244, 2900 (br), 2420
(br), 1910 (br), 1677, 1641, 1501 and 1439.

N,N �-Bis(2-pyridyl)-2,2�-oxybis(aminobenzene)–fumaric acid
co-crystal (52�fum). Colourless bricks, mp 160–161 �C;
λmax(KBr)/ cm�1 3341, 3257, 2860 (br), 2500 (br), 1950 (br),
1608, 1588, 1520, 1448 and 1252.

N,N �-Bis(2-pyridyl)-2,2�-oxybis(aminobenzene)–1,4-benzene-
dicarboxylic acid co-crystal (52�tere). Colourless bricks begins
to melt at 150 �C; λmax(KBr)/ cm�1 3310, 2850 (br), 2450 (br),
1671, 1611, 1590, 1512 and 1447.
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X-Ray diffraction analysis ‡

X-Ray diffraction studies were carried out using a Kuma Dif-
fraction KM-4 diffractometer for 1�oxa, 1�suc, 2�diph, 2�mal
and 2�tere and Kuma CCD diffractometer for the remaining co-
crystals. The data were collected at room temperature except for
1�obe, 1�seb, 1�sq and 2�sq (100 or 130 K) and were corrected for
Lorentz and polarization factors; absorption correction was
not applied. The structures were solved by direct methods using
SHELXS-97 17 and refined by the full-matrix least-squares
method using the SHELXL-97 program.18 The CH hydrogen
atoms were placed geometrically and they were allowed to ride
on the pivot atom; their isotropic displacement parameters were
refined. The amino group hydrogen atoms were located on the
∆F maps and the N–H distances standardized to 0.96 Å. They
were allowed to ride on the pivot atom; their isotropic dis-
placement parameters were refined. The NH and OH hydrogen
atoms were located on the ∆F maps and their positional and
isotropic displacement parameters included in the refinement.
In 52�fum the fumaric acid molecule is disordered over two posi-
tions with nearly equal occupancies.
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