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Abstract
Two novel potential bridging ligands derived from terephtaldialdehyde, namely 1,4-bis((pyridine-3-ylimi-
no)methyl)benzene (1) and 1,4-bis-((1-benzylpiperidin-4-ylimino)methyl)benzene (2), were prepared by the Schiff ba-
se condensation. They were characterised by means of IR spectroscopy, thermal analysis and also by powder and single-
crystal X-ray diffraction. The molecules of 1 form 1D chains by intermolecular C–H···N interactions. The molecular
conformation of 2, governed by intramolecular C–H···N interactions, does not permit formation of intermolecular inte-
ractions analogous to those in 1. As a consequence, 2 has a markedly lower melting point and fusion enthalpy than 1, alt-
hough its molecular weight is almost double that of 1.
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1. Introduction

N-substituted imines, also known as Schiff bases,
have been widely studied as ligands for coordinating tran-
sition and inner transition metal ions for over a century,
and in that time they became some of the most typical li-
gands in coordination chemistry.1,2 More recently, howe-
ver, Schiff bases also started drawing attention due to their
interesting physical properties in the crystalline state.
These properties are greatly influenced by the topochemi-
stry of the Schiff base molecules which in turn is highly
affected by the crystal structure.3 Therefore the study of
crystal packing and the intermolecular interactions in the
crystal structures of various Schiff bases can lead to va-
luable data for the design and synthesis of new materials.

During the past decades it became well-recognised
that C–H groups can act as weak hydrogen bond donors
and particularly the hydrogen-bond nature of the C–H···O
and C–H···N contacts.4–6 The nature of C–H···N, however,
remained a subject of controversy for a longer period, alt-
hough its similarity to C–H···O was established as early as

1982.7 Today there are numerous examples of crystal
structures in which C–H···N hydrogen bonds play an im-
portant role. The usual hydrogen acceptors in such struc-
tures are nitrogen atoms in aromatic systems, such as pyri-
dine and the cyano group, but also aliphatic tertiary ami-
nes, imines and other nitrogen species.

Schiff bases are potentially good models for study of
C–H···N interactions, particularly if they are further func-
tionalized with nitrogen containing groups. Symmetrical
bis(pyridine) functionalised Schiff bases have been wi-
dely employed in the synthesis of metaloorganic frame-
works (MOF) as rigid bipyridyl-based ligands of high
structural stability and special topologies.8–12 Although
most Schiff base ligands used in MOF and metalocycle
design are of the 4,4’-bipyridine type, others, such as 3,3’-
bipyridine10,11 and 2,2’-bipyridine12 have recently been
employed. Ligands derived from non-aromatic amines
such as tertiary amines have received little or no attention
to date.

In this paper we describe the combined use of dif-
fraction and thermal methods in the study of intermolecu-
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lar interactions in the solid state. Two novel Schiff bases
derived from terephtaldialdehyde, namely 1,4-bis((pyridi-
ne-3-ylimino)methyl)benzene (1) (Scheme 1) and 1,4-bis-
((1-benzylpiperidin-4-ylimino)methyl)benzene (2) (Sche-
me 2) were synthesised and characterised by FT-IR spec-
troscopy, and their molecular and crystal structures were
determined. Compound 1 is an analogue of a previously
described ligand,10 from which it differs by opposite orien-
tation of the imine groups and thus a different potential for
the formation of C–H···N interactions. Compound 2 is de-
rived from an aminopiperidine with a sterically hindering
benzoyl substituent on the nitrogen atom. To the best of
our knowledge, this is the first structurally characterised
Schiff base with an imino group bound directly to a piperi-
dine ring. Thermogravimetric analysis (TGA) and diffe-
rential scanning calorimetry (DSC) were used to study so-
lid state thermal properties as well as the non-isothermal
melt crystallisation of the compounds 1 and 2. Data thus
obtained were correlated with the crystal structures in or-
der to examine the structure – properties relationships.

fraction data were collected at 292 K for both crystals.
Diffraction measurements were made on an Oxford Dif-
fraction Xcalibur Kappa CCD X-ray diffractometer with
graphite-monochromated MoKα (λ = 0.71073Å) radia-
tion.13 The data sets were collected using the ω scan mode
over the 2θ range up to 54°. The structures were solved by
direct methods and refined using the SHELXS and
SHELXL programs, respectively.14,15 The structural refi-
nement was performed on F2 using all data. The hydrogen
atoms were placed in calculated positions and treated as
riding on their parent atoms [C–H = 0.93 Å and Uiso(H) =
1.2 Ueq(C); C–H = 0.97 Å and Uiso(H) = 1.2 Ueq(C)]. All
calculations were performed using the WINGX crystallo-
graphic suite of programs.16 The crystal data are listed in
Table 1. Further details are available from the Cambridge
Crystallographic Centre with quotation numbers17 CCDC
682911 for 1 and CCDC 682912 for 2.

The crystal of 1 was twinned by non-merohedry and
only one twin component was used for structure solution
and refinement. The unresolvable overlap in several ref-

Scheme 1

Scheme 2

Table 1. Crystal data and summary of experimental details for
compounds 1 and 2.

1 2
Molecular formula C18H14N4 C32H38N4
Mr 286.33 478.64
Crystal system Triclinic Triclinic
Space group P 1

–
P 1

–

Crystal data:
a / Å 3.8852(2) 5.901(3)
b / Å 9.8802(6) 9.911(6)
c / Å 10.3048(7) 12.965(8)
α/ ° 112.672(6) 106.47(5)
β/ ° 96.776(5) 96.75(5)
γ/ ° 92.135(4) 103.87(5)
V / Å3 360.97(4) 691.3(8)
Z 1 1
ρcalc / g cm–3 1.317 1.150
λ(MoKα) / Å, graphite 0.71073 0.71073
monochromator
T / K 292(2) 292(2)
Crystal dimension / mm3 0.49 × 0.23 × 0.17 0.38 × 0.21 × 0.18
µ/ mm–1 0.081 0.068
F(000) 150 258
θ range/° 4–27 4–27
hkl range –4, 4; –12, 12; –7, 7; –12, 12;

–13, 13 –16, 16
Number of measured 7309 5416
reflections
Number of independent 1544 2972
reflections
Number of reflections 1163 1242
with I > 4σ(I)
Number of parameters 100 163
∆ρmax, ∆ρmin / e Å–3 0.602      –0.244 0.166     –0.173
R[F2>4σ(F2)] 0.0846 0.0945
wR(F2) 0.2167 0.2214
Goodnees-of-fit, S 1.022 1.054

2. Experimental

2. 1. Synthesis

All chemicals and solvents used in this work were
commercially available and used without further purifica-
tion. For preparation of 1, 3-aminopyridine (3.8 g, 0,040
mol) and terephtaldialdehyde (3.2 g, 0,020 mol) were
dissolved at room temperature in ethanol (30 mL and 10
mL, respectively). The solutions were mixed; to the re-
sulting solution 3 drops of acetic acid were added and the
mixture left at room temperature. Yellow crystals of 1 ap-
peared after a period of 3 days. 2 was prepared analo-
gously using 4-amino-N-benzylpiperidine (7.6 g, 0,040
mol). Pale yellow, almost colourless crystals of 2 appea-
red after 2 days.

2. 2. X-ray Structure Determination

The crystal and molecular structures of 1 and 2 were
determined by single crystal X-ray diffraction. The dif-
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lections caused somewhat large maxima in the final elec-
tron difference map.

The powder X-ray diffraction (PXRD) experiments
of the samples were performed on a PHILIPS PW 1840
X-ray diffractometer with CuKα1 (1.54056 Å) radiation at
40 mA and 40 kV. The scattered intensities were measu-
red with a scintillation counter. The angular range was
from 3° to 50° (2θ ) with steps of 0.02°, and the measuring
time was 1 s per step. The data collection and analysis was
performed using the program package Philips X’Pert.18–20

2. 3. Thermal and Spectroscopic Analysis

Thermal analysis was carried out on a Mettler Tole-
do TGA/SDTA 851 and DSC823 modules in sealed alu-
minium pans (40 µL), heated in flowing nitrogen (200 
mL min–1) at 10 °C min–1. The data collection and analy-
sis was performed using the program package STARe Soft-
ware 9.01.21 The non-isothermal crystallisation experi-
ments for 1 and 2 were carried out under a nitrogen at-
mosphere with a flow rate of 60 mL min–1. The experi-
ments started with heating of the sample from 25 °C at
heating rate 50 °C min–1 to fusion temperature of com-
pound (165 °C for 1 and 154 °C for 2). To ensure comple-
te melting, the sample was kept at the respective fusion
temperature for a holding period of 4 minutes. After this
period, each sample was cooled at cooling rate 2 °C min–1.

Infrared spectra were recorded on an EQUINOX 55
FTIR spectrophotometer using a KBr pellet. The data col-
lection and analysis was performed using the program
package OPUS 4.0.22

3. Results and Discussion

Both compounds 1 and 2 were obtained in relatively
high yields, 84% and 91% respectively. The measured
PXRD patterns of both compounds are in good agreement
with those calculated from single crystal data, thus confir-
ming that both products were obtained as pure single phases.

The strong bands at 1617 cm–1 for 1 and 1635 cm–1

for 2 in their respective IR spectra are assigned to the C=N
stretching vibration. The spectrum of 1 also shows several
weak bands corresponding to aromatic C–H stretching (at
3023 cm–1, 3040 cm–1 and 3072 cm–1) and aromatic C–C
stretching (1571 cm–1 and 1509 cm–1). In the spectrum of
2 there are multiple bands corresponding to aliphatic C–H
stretching (the strongest at 2759 cm–1, 2806 cm–1, 2835
cm–1, 2851 cm–1 and 3004 cm–1), aromatic C–H stretching
(the strongest at 3024 cm–1 and 3032 cm–1) and aromatic
C–C stretching (1606 cm–1 and 1492 cm–1).

The molecular structures of compounds 1 and 2 with
the atom numbering schemes are given in Figures 1 and 2
respectively. All bond lengths and angles are normal.23 All
C=N bonds in both molecules in both compounds are of
the E configuration. 

The molecule of 1 consists of two 3-pyridyl groups
linked by a diimine unit (–N=CH–C6H4–CH=N–) with the
overall distance between pyridine nitrogen atoms of ca
13.93 Å. The central diimine unit in compound is planar
and centrosymmetric at an angle of ca 42.6° to the planes
of the pyridine rings. The molecules of 1 are non-planar
and are connected in the structure by weak C–H···N inte-
ractions of 3.62 Å (C4–H4···N2, [1-x, 1-y, 1-z]) over in-

Figure 2. Molecule of 2, showing the crystallographic numbering scheme. Displacement ellipsoids are drawn at the 30% probability level and H
atoms are shown as small spheres of arbitrary radius.24,25

Figure 1. Molecule of 1, showing the crystallographic numbering scheme. Displacement ellipsoids are drawn at the 30% probability level and H
atoms are shown as small spheres of arbitrary radius.24,25
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version centres into chains stretching along the [011] di-
rection.

Compound 1 is a “bridge flipped”27 isomer of previ-
ously described Schiff base N,N’-bis-(3-pyridylmethyle-
ne)phenylene-1,4-diamine10 i.e. it differs from it only by
opposite orientation of the imine groups. Although iso-
structurality is possible among such pairs of compounds,
particularly so when strong hydrogen bonds are absent,27

the crystal structures of N,N’-bis-(3-pyridilmethyle-
ne)phenylene-1,4-diamine and 1 greatly differ. This is be-
cause the formation of a centrosymmetric C–H···N motif
analogous to that in 1 in N,N’-bis-(3-pyridilmethyle-
ne)phenylene-1,4-diamine would lead to an unfavourable
geometry for the C–H···N interaction, due to the opposite
orientation of the C=N groups (Scheme 3), and thus does
not occur. N,N’-bis-(3-pyridilmethylene)phenylene-1,4-
diamine crystallises with molecules of an almost perfectly
planar conformation stacked by π–π interactions into co-
lumns. The columns are connected with neighbouring
ones by C–H···π contacts into a chiral packing (space
group P 21).

On further comparison of these two structures we
notice that the π-stacked structure of N,N’-bis-(3-pyridil-
methylene)phenylene-1,4-diamine (density of 1.336 g
cm3) leads to closer packing than that of the the cen-
trosymmetric packing in 1 (density of 1.317 g cm3). Ho-
wever, the reported melting point of N,N’-bis-(3-pyridil-
methylene)phenylene-1,4-diamine (155 °C – 157 °C) is
notably lower than that of 1 (165 °C), which is indicative
of a higher lattice energy i.e. a better connected structure
in the C–H···N hydrogen bonded structure of 1. It is there-
fore evident that the C–H···N interaction, although not
particularly strong, plays a crucial role in the determining
of crystal packing of 1.

The molecule of 2 consists of two N-benzylpiperidi-
ne units linked by a diimine unit (–N=CH–C6H4–CH=N–)
with the overall distance between piperidine nitrogen
atoms of ca 15.78 Å. Unlike in 1, the diimine unit is not
perfectly planar; the dihedral angle between the plane of

the phenylene ring and the planes of the C–N=C–C bond
is ca 8.28°. The piperidine ring is in the chair conforma-
tion with both the benzyl group and the imine group in
equatorial positions. The distance between the imine ni-
trogen N1 and piperidine carbon C5 is 1.453(4) Å, negli-
gibly shorter than the average for N-substituted piperidi-
nes. The bond lengths and angles of the piperidine ring are
normal.23

Compound 2 crystallises in the triclinic system with
one molecule per unit cell. (Table 1) The molecules are
placed on crystallographic inversion centres. The piperidi-
ne nitrogen atom also acts as a hydrogen acceptor. Howe-
ver, instead of forming intermolecular contacts, hydrogen
H12 of the phenyl ring is placed ca. 2.57 Å above the pi-
peridine nitrogen thus forming an intramolecular C–H···N
contact (C12–N2 distance of ca 2.677 Å and C12–
H12···N2 angle of ca 99,6 °). This interaction causes the
conformation of the molecule to take an elongated S-sha-
pe and renders the intermolecular C–H···N hydrogen bon-
ding analogous to that in 1 impossible. Because of this the
crystal structure comprises discrete molecules without
any significant intermolecular interactions and of rather
low density (1.150 g cm3). The non-existence of intermo-
lecular C–H···N interactions in the structure of 2 allows
for large thermal motion of the molecules in the structure
transversal to the axis of the elongation of the molecules,

Scheme 3. Representation of the (a) C–H···N bonding in 1 showing
“linear” C–H···N motif and (b) fictitious analogous bonding in its
“bridge-flipped” isomer showing unfavourable angular geometry
of C–H···N motif. 

Figure 3. Crystal packing of 1 viewed along the a axis showing the
one-dimensional hydrogen-bonded chains parallel to the [011] di-
rection. The C–H···N interactions are drawn as dotted lines.26

Figure 4. Crystal packing of 2 viewed along the a axis.26
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most visible by the thermal ellipsoids of the terminal
phenyl rings.

Another consequence of the lack of intermolecular in-
teractions in 2 is the rather low melting point of 2 in compa-
rison to 1, in spite of the fact that the molar mass of 2 (478.66
g mol–1) is significantly higher that of 1 (286.33 g mol–1).

For both compounds 1 and 2 the TG curve presents
no obvious weight loss from 25 °C to 310 °C and 330 °C,
respectively (Fig 5). The DSC curve of 1 shows one en-
dothermic peak at 165 °C (40.7 kJ mol–1), which corres-
ponds to the compound melting point. In the range bet-
ween 310 and 600 °C, a mass loss of 80% can be attribu-
ted to evaporation and pyrolytic decomposition. The DSC
curve of 2 also shows one endothermic peak, but at lower
temperature than that of 1, 154 °C (38.7 kJ mol–1), which
also corresponds to the compound melting point. In the
range between 330°C and 400 °C, a mass loss of 75% can
be attributed to evaporation and after 400°C up to 600 °C
a mass loss of 20% can be attributed to pyrolytic decom-
position. The difference in fusion enthalpies of 1 and 2,
which are in direct connection to their respective lattice
energies, can also be attributed to the intermolecular
C–H···N interactions present in 1 and absent from 2. 

Nonisothermal melt-crystallisation DSC curves for
1 and 2 recorded at a cooling rate of 2 °C min–1 show one
exothermic peak at 159 °C and 144 °C, respectively,
which corresponds to the melt crystallisation. Both com-
pounds were found by PXRD to crystallise from the melt
into the same phase as from solution. There was no evi-
dence of formation of another crystal form or amorphous
phase, or of decomposition products. The metastable zone

upon melt-crystallisation of 2 (10 °C) is thus approxima-
tely double that of 1 (5 °C). This is also indicative of the
effect of intermolecular interactions in 1, leading to easier
molecular aggregation and therefore faster nucleation
compared to 2.

4. Conclusions

In summary, we found that the ability to engage in
C–H···N interactions greatly influences crystal structures
as well as thermal properties of these symmetrical Schiff
base diamines. The packing of molecules in the crystal
structure of 1 is governed by intermolecular C–H···N inte-
ractions leading to one dimensional chains. Comparison
of 1 with its “bridge flipped” isomer, which does not form
C–H···N interactions in the solid state, shows that alt-
hough 1 has lower density than its counterpart, its melting
point is higher, which indicates that the C–H···N interac-
tion presents an important contribution to the lattice ener-
gy. In the structure of 2, intramolecular C–H···N interac-
tions render the intermolecular C–H···N interactions im-
possible, which leads to a melting point and fusion ent-
halpy lower than those of 1.
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Figure 5. Thermal analysis (TGA and DSC) curves for 1 (top) and 2 (bottom).
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Povzetek
S Schiffovo bazno kondenzacijo sta bila sintetizirana dva potencialna mostovna liganda, ki sta derivata tereftaldialdehi-
da:1,4-bis((piridin-3-il-imino)metil)benzen (1) in 1,4-bis-((1-benzilpiperidin-4-il-imino)metil)benzen (2). Spojini sta
bili karakterizirani z IR spektroskopijo, s termi~no analizo in z rentgensko pra{kovno ter strukturno analizo na monokri-
stalih. Molekule (1) tvorijo 1D verige povezane z intermolekularno C–H···N vezjo. Konformacija molekule (2), ki jo do-
lo~a intramolekularna C–H···N interakcija, prepre~uje intermolekularne vezi kot jih opazimo v (1). Spojina (2) ima ta-
ko bistveno ni`je tali{~e, ~etudi je molska masa (2) bistveno ve~ja.


