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Abstract
Substituted Diquinoline 3 was synthesized by means of Friedländer condensation. Series 

of crystallization experiments were performed and solvent free crystals of diquinoline 3 of X-ray 

quality were obtained from methanol. Compound 3 crystallized in the centrosymmetric space 

group P4(2)/n of the tetragonal system with unit cell parameters of: a = 11.5536(7) Å, b = 

11.5536(7) Å, c = 13.1057(16) Å, with  = 90o,  = 90o, and  = 90o. Centrosymmetric tetramer 

as well as other different supramolecular motifs were observed and analysed in terms of 

supramolecular chemistry and crystal engineering. The observed intermolecular interactions 

were compared to those reported previously for 6 and 7.

Keywords: Centrosymmetric tetramer; Non-covalent interactions; Friedländer 

condensation; Molecular self-assembly; High-Z structure.  

Introduction
We are interested in the preparation of different types of crystalline materials 

and studying their supramolecular behavior in the solid-state [1-10]. Crystal engineering 

seeks to obtain these crystalline materials with specific packing arrangements, or 

functional properties, through deliberate design. Symmetry, shape, molecular size, and 

chirality, in addition to the various types of molecular functionalities present play key 

roles in the area of crystal engineering and supramolecular chemistry. Such synthesis 

is considered highly problematic due to the interplay between the previous disparate 

factors. This problem can be raised if the intermolecular attractive forces existed do not 

involve strong hydrogen bonds, which are the best understood and most easily 

controlled class of interactions at the present time [11-16].  In this study, substituted 

diquinoline 3 was prepared as racemic mixture and predicted (later confirmed) to 

behave as apohost and forms guest-free crystals that is described here. The host 

synthetic design is based on three separate modules illustrated in figure 1, namely two 

planar aromatic wings, a central alicyclic linker group, and halogen substituent placed 

on the periphery of the molecule. The wings encourage self-assembly by means of 

aromatic edge-face (EF) and offset face-face (OFF) interactions [17-19], but the halogen 

atoms attenuate these and restrict their use for crystal growth into three dimensions. 

These atoms also provide hot spots for host-host and host-guest assembly which, by 
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encouraging guest inclusion, overcome the packing difficulties inherent in the pure 

substance [20]. The roles of the alicyclic linker group are to impose C2, or pseudo-C2,

symmetry on the molecule, and also to provide a limited degree of conformational 

flexibility that permits the host to adapt its packing to accommodate different guest 

molecules. X-ray crystal structure of 3 is discussed.   

AROMATIC WINGAROMATIC WING

SENSOR GROUPSENSOR GROUP

CENTRAL LINKER

Figure 1: A diagrammatic illustration of the modular nature of the halogenated 

diheteroaromatic host molecule discussed in this work.               

Experimental
All chemicals used in this work were purchased from Sigma-Aldrich and used 

without further purification.  

NMR data were recorded using a Bruker 400 MHz standard bore instrument. 

Electrospray HRMS data were recorded using a Finnigan/MAT 95XL-T mass 

spectrometer, melting points were determined using a Buchi B-540 melting point 

instrument, and infrared data were obtained using an Excalibur Series, Biorad 

FTS3000MX.  

Compound 3 was synthesized according to scheme 1 by means of Friedländer 

condensation [21-22]. Compounds 6-7 were synthesized according to scheme 2 as 

reported previously [8,10].

8,16-dimethyl-6,7,14,15-tetrahydro-7,15-methanocycloocta[1,2-b:5,6-b’]diquinoline (3) 

2-Aminoacetophenone (1) (1.78 g, 13.2 mmol) and bicyclo[3.3.1]nonane-3,7-

dione (Bertz’s ester) 2 [23]  (1 g, 6.6 mmol) were dissolved in ethanol (50 mL), and 

NaOH (2 mL, 2 M) was added with stirring. The mixture was then refluxed overnight. 

The precipitated product was filtered and washed with ethanol and then diethyl ether to 

yield the diquinoline (3) as powder (1.78 g, 77%, mp > 320 °C). Elemental analysis. 

Found: C = 85.53, H = 6.30, N = 8.02 %. C25H22N2 requires: C = 85.68, H = 6.33, N = 

7.99 %. IR (paraffin mull) 1470, 1390, 1150, 1100, 1065, 1010, 970, and 740 cm-1. 1H

NMR (CDCl3): 2.46 (s, 2H), 2.71 (s, 6H), 3.44 and 3.47 (d, J = 10 Hz, 2H), 3.71 and 

3.74 (d, J = 10 Hz, 2H), 3.91 (s, 2H), 7.49-7.54 (m, 2H), 7.64-7.69 (m, 2H), 7.83 and 

7.85 (d, J = 8.5 Hz, 2H), 7.96 and 7.98 (d, J = 9 Hz, 2H). 13C NMR (CDCl3): 18.9 
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(CH3), 28.9 (CH2), 35.1 (CH), 43.9 (CH2), 123.4 (CH), 125.4 (C), 125.6 (CH), 127.6 

(CH), 128.5 (CH), 132.8 (C), 139.8 (C), 142.3 (C), 161.5 (C). Anal. HRMS m/z calcd for 

MH+ (C25H23N2)+ 351.1879, found 351.1873. 
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Scheme 1: Synthetic route for diquinoline 3 through Friedländer condensation reaction 

Single-Crystal X-ray Data Collection and Structure Determination. 

Single-crystal X-ray diffraction experiments were carried out on a Bruker 

SMART 1000 diffractometer equipped with a CCD detector and Mo-K  sealed tube at 

223(2) K. SMART [24] was used for collecting frame data, indexing reflection, 

determination of lattice parameters, integration of intensity of reflections and scaling. 

SADABS [25] was used for absorption correction and SHELXTL [26] for space group, 

structure determination, and least-square refinements on F2. All hydrogen atoms were 

placed in calculated positions for the purpose of structure factor calculation. 

Crystallographic data (cif) have been deposited with the Cambridge Structural Data 

Centre (CCDC) with reference number 770944. See http://www.ccdc.cam.ac.uk/

conts/retrieving.html for crystallographic data in cif or other electronic format. Copies of 

the data can be obtained, free of charge, on application to CCDC, 12 Union Road, 

Cambridge CB2 1EZ, UK [fax:44(0)-1223–336033 or e-mail: deposit@ccdc.cam.ac.uk.

The numerical details of the solution and refinement of these structures are 

summarized in table 1. 

Table 1: Crystal Data and Structure Refinements for 3.

compound 3

empirical formula  C25H22N2

formula weight  350.45 

temperature, K  223(2)  

, Å 0.71073  

crystal system  Tetragonal 

space group  P4(2)/n 

a, Å 11.5536(7)  

b, Å 11.5536(7) 

c, Å 13.1057(16)  

, deg 90 

, deg 90 

, deg 90 
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compound 3

V, Å3 1749.4(3)  

Z 4 

Dc, mg/m3 1.331  

, mm-1 0.078

F(000) 744 

crystal size, mm3 0.50 x 0.18 x 0.16  

range for collected data, o 2.35 to 27.50 

index ranges min/max h,k,l -13/15, -15/12,  

-16/16 

reflections collected 12167 

independent reflections 2015 [R(int) = 

0.0345] 

completeness to max, % 100.0

max. and min. transmission 0.9877 and 0.9621 

data / restraints / parameters 2015 / 0 / 124 

goodness-of-fit on F2 1.055 

final R indices [I>2  (I)] R1=0.0539, 

wR2=0.1277 

R indices (all data) R1=0.0632, 

wR2=0.1335 

largest diff. peak and hole, e.Å-3 0.315 and -0.168  

Results and Discussion 
Compound 3 was prepared as outlined in scheme 1 by means of Friedländer 

condensation. This synthesis together with the synthesis of the other two diquinolines 

6 and 7 (Scheme 2), is worthy of further comment. Since the carbonyl groups in 

compound 2 can enolize in two alternative directions, the isomeric Friedländer 

products 3 and 11 are both potential products. None of the alternative isomer 11,

which would be expected from condensation of the enolate 10 with the second 2-

aminobenzaldehyde molecule 4, was detected, despite the filtrate from the reaction 

mixture being checked for any other products (Scheme 3). The reason for this success 

is probably due to the difference in free energy between the enolate intermediates 9
and 10 that can form after deprotonation of intermediate 8. This clean outcome was 

not expected based on literature precedent. A modified method was reported by 

Aguado et al., [27] in which the diketone 2 condensed with 2-aminobenzonitrile using 

zinc chloride or aluminum chloride catalyst, to give substantial proportions of both 

cyclization products. The reaction proceeds through a different mechanism. However, 

similar preferences have been observed in other related studies [28].
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Scheme 2: Synthetic route for diquinolines 6-7 through Friedländer condensation 

reactions.  
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Scheme 3: Synthetic route for the potential two isomers of Friedländer condensation 

products 3 and 11.

A key feature of our molecular design is that the non-halogenated structure fits 

together efficiently in the solid state and therefore exhibit no inclusion properties. 

During self-assembly, varieties of different host-host weak interactions are possible 

and compete with each other to produce the crystal structure of best fit. Although it is 

possible to analyse and understand each resulted structure in crystal engineering 

terms, it is not usually possible to predict beforehand what this will be. Minor 

modifications in the molecular structure often lead to major changes in supramolecular 

behavior of the produced molecule [29].
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Crystal Structure of 8,16-dimethyl-6,7,14,15-tetrahydro-7,15-methanocycloocta[1,2-

b:5,6-b’]diquinoline 3. 

Crystallization of 3 from methanol yielded crystals of the solvent-free compound 

that were suitable for single-crystal X-ray study. In accord with our expectations, 

crystallization of the parent diquinoline molecule 3 from a variety of common solvents 

gave no evidence (using IR and 1H NMR spectroscopy) of guest inclusion. Diquinoline 

3 crystallizes in the tetragonal centrosymmetric space group P4(2)/n. The crystal 

structure of 3 is an example of compounds with many symmetry-independent 

molecules in the asymmetric unit cell (Z > 2). This phenomenon was extensively 

analysed by Bernstein et al. [30] and accordingly reported that high-Z structures have 

been described as “snapshot pictures” and also as “fossil relics” of early stages in 

crystallization. Such description has a certain charm. However, as we are almost 

totally ignorant of the nucleation process, the early stages in crystallization, these 

picturesque descriptions have the disadvantage that they are almost impossible to 

confirm or to refute. The molecular structure of 8,16-dimethyl-6,7,14,15-tetrahydro-

7,15-methanocycloocta[1,2-b:5,6-b’]diquinoline 3 with atom labeling is shown in figure 

2. The crystal structure is relatively simple, alternating enantiomers of the V-shaped 

molecule 3 interact together in different motifs. A centrosymmetric tetramer is formed 

through a C-H…N-Ar tetramer interactions (C-H…N 2.57 Å, C-H…N 3.49 Å) between 

aromatic hydrogen atoms of the first enantiomer with the nitrogen atom of the second 

enantiomer (Figure 3). Repetition leads to the formation of a chain of these interactions 

in term of zigzag structure as illustrated in figure 4. Acentrosymmetric dimer is formed 

through the participating of the quinoline nitrogen atom with aromatic hydrogen of 

another molecule of the same handedness in a neighboring stack. In addition, this 

dimer built in from the interaction between hydrogen atoms of one methyl group with 

aromatic hydrogen of molecule of the same handedness (Figure 5). Lastly, nitrogen 

atom of the pyridine ring of one enantiomer is weakly interacted with a nitrogen atom of 

pyridine ring of another enantiomer by means of face-face aryl-aryl interaction with a 

contact distance of 5.1 Å (Figure 6). Selected bond distances and angles for 

substituted diquinoline 3 are listed in Table 2. Once again, prediction of the 

supramolecular behavior of any new molecule is not that easy. Minor modifications in 

the molecular structure often lead to major changes in supramolecularity of any given 

molecule. In this paper we discussed the effect of changing the substituents at 

positions 8 and 16 of diquinoline 3, by introducing methyl groups for the first time, on 

the resulted various types of intermolecular interactions involved in the crystal structure 

of 3. These intermolecular interactions then are compared with the intermolecular 

interactions observed in the crystal structures of the apohosts 6 and 7 [8,10,31]. The 

racemic apohost diquinoline 6 crystallized from tetrahydrofuran in the monoclinic 

apace group C2/c. Molecules of 6 of alternate handedness form hydrogen-bonded 

chains. The repeat unit is centrosymmetric assembly wherein the opposite 
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enantiomers associate by means of the aryl edge-edge C-H…N dimer interaction (C-

H…N 2.61 Å, C-H…N 3.54 Å) shown in figure 7 (upper). In each molecule of 6, both 

edges of both wings contribute to these 14-membered cycles, thereby creating parallel 

molecular chains along c. Adjacent chains do not lie in a plane and are relatively 

translated by b/2. Molecules of 6 are arranged as chirally pure layers in the ab plane 

(Figure 7, lower), this motif interaction is completely absent in the crystal structure of 3
and was replaced by other types of N…H interactions [10]. In regard to the apohost 

diquinoline 7, it crystallized from methanol to afford the solvent-free compound in the 

monoclinic space group P21/c. This structure is relatively simple. Alternating 

enantiomers of the V-shaped molecule 7 simply stack on the top of each other with 

their methylene bridged all pointing in the same direction. Adjacent stacks have the 

opposite alignment. The molecules of 7 within each stack are all linked in an identical 

manner by means of two different interaction motifs involving aliphatic hydrogen atoms 

of the central linker group. One of the methylene bridge hydrogen atoms of the first 

enantiomer forms a C-H…N interaction (d = 2.73 Å) with the nitrogen atom of the 

second enantiomer. Repetition leads to formation of a chain of these interactions 

joining the first set of wings of the 7 molecules. The second set of wings is linked by 

pairs of C-H…N (d = 2.68 Å) and C-H… (d = 2.70 Å) interactions, again operating 

between opposite enantiomers of 7. These attractions involve the second hydrogen 

atom of the methylene bridge and bridgehead methine hydrogen. These arrangements 

are illustrated in figure 8 [8]. Once again, the supramolecular interactions involved in the 

crystal structure of 7 are quite different from those involved in 3 and 6. In summary, as 

we mentioned above, slight change in the molecular structure of a given apohost 

makes the prediction of the non-covalent intermolecular interactions involved in its 

crystal structure very difficult and sometimes very problematic. This was very clear 

when we looked into the crystal structures of 3, 6 and 7.   
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Table 2: Selected bond lengths [Å] and angles [°] for 3.

______________________________________________  

N(1)-C(11)  1.3197(19) 

N(1)-C(10)  1.366(2) 

C(1)-C(2)  1.5224(19) 

C(1)-C(2)#1  1.5224(19) 

C(2)-C(3)  1.525(2) 

C(2)-C(12)#1  1.534(2) 

C(3)-C(4)  1.383(2) 

C(3)-C(11)  1.429(2) 

C(4)-C(5)  1.429(2) 

C(4)-C(13)  1.507(2) 

C(5)-C(10)  1.415(2) 

C(5)-C(6)  1.422(2) 

C(6)-C(7)  1.368(3) 

C(7)-C(8)  1.401(3) 

C(11)-N(1)-C(10) 118.15(13) 

C(2)-C(1)-C(2)#1 108.70(17) 

C(1)-C(2)-C(3) 113.05(12) 

C(1)-C(2)-C(12)#1 107.04(11) 

C(3)-C(2)-C(12)#1 109.46(12) 

C(4)-C(3)-C(11) 118.64(13) 

C(4)-C(3)-C(2) 121.33(13) 

C(11)-C(3)-C(2) 119.95(13) 

C(3)-C(4)-C(5) 118.43(14) 

C(3)-C(4)-C(13) 122.51(14) 

__________________________________________________________  

Symmetry operators used: (x, y, z), (-x+1/2, -y, z+1/2), (-x, y+1/2, -z+1/2), (x+1/2, -

y+1/2, -z), (-x, -y, -z), (x-1/2, y, -z-1/2), (x, -y-1/2, z-1/2), (-x-1/2, y-1/2, z) 
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Figure 2: ORTEP drawing of 3. Displacement ellipsoids are shown at the 50% 

probability level. 

Figure 3: A centrosymmetric tetramer formed through a C-H…N interactions (d = 2.57 

Å) between opposite enantiomers of 3.

Figure 4: A zigzag structure of molecules of 3 with opposite chirality.  
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Figure 5: Acentrosymmetric dimer formed through a C-H…N interaction (d = 2.57 Å) 

and a hydrogen atom of one methyl group with aromatic hydrogen of molecule of the 

same handedness (d = 2.38 Å).  

Figure 6: Aromatic face-face nitrogen-nitrogen interactions between opposite 

molecules of 3 with contact distance of 5.1 Å.  
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Figure 7: The packing arrangement in solid 6 showing the major molecular 

interactions present. Color code: C green (opposite enantiomers light or dark), H light 

blue, and N dark blue. The N…H weak hydrogen bonds are marked as dotted lines, 

and the aryl edge-face interactions are indicated by EF. Upper: Projection in the ac

plane with layers of homochiral molecules along a, and parallel chains of hydrogen 

bonded molecules along c. Lower: One layer of 6 molecules projected onto the ab 

plane and showing the intralayer (but inter-row) EF contacts. 

Figure 8: The top panel shows part of a stack of molecules in the crystal structure of 7,

showing how the two sets of wings of the molecules are linked. The opposite 

enantiomers of 7 are colored light or dark green. Atom code: C, green; N, dark blue; H, 

light blue. Numerical values of the shortest interatomic distances in the vicinity of the 

two interaction types are indicated in Å. The bottom panel shows the crystal packing of 

two stacks of molecules of 7 in the solid state, viewed down the b direction and 

showing their relative orientation and the arrangement of the two enantiomers. 
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Conclusions
Substituted diquinoline 3 was prepared as racemic mixture and predicted (later 

confirmed) to behave as apohost and forms guest-free crystals that described here in 

term of crystal engineering and supramolecular chemistry. In addition, we reported the 

effect of changing the substituents at positions 8 and 16 of diquinoline 3 by introducing 

methyl groups for the first time on the observed different types of intermolecular 

interactions and compare them with those observed in the crystal structures of the 

apohosts 6 and 7 that have been reported by us previously. In spite the fact that the 

carbonyl groups in compound 2 can enolize in two alternative directions, and hence 

the isomeric Friedländer products 3 and 11 are both potential products. None of the 

alternative isomer 11, which would be expected from condensation of the enolate 10
with the second 2-aminobenzaldehyde molecule 4, was detected. The reason for this 

success is probably due to the difference in free energy between the enolate 

intermediates 9 and 10 that can form after deprotonation of intermediate 8. A key 

feature of our molecular design is that the non-halogenated structure fit together 

efficiently in the solid state and therefore exhibit no inclusion properties. New dimeric 

and tetrameric interactions were observed together with some other non-covalent 

interactions.
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