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Chapter 5 – Synthesized ligands and future work 

molecules results in a herringbone pattern in both structures. The position of the C–H donors 

in these interactions determines the angle of the herringbone. In Ligand 1, C–H donor is 

located at the ortho position to the N–atom, while in Ligand 2 it is at the meta position. 

Therefore, the herringbone in Ligand 2 is more angular than that in Ligand 1. Inclusion of 

water in the hydrate of Ligand 2 provides strong hydrogen bond donors that bond to the     

N–atoms of the ligand. Water molecules act as a bridge between ligand molecules to form a 

2-D hydrogen bonded network that resembles a herringbone pattern.  

Preparation of co-crystals using these ligands with the same benzenediol isomers used in 

the grids reported here will be undertaken in the future. Because of the position of the 

hydrogen bond acceptor atoms and the length of the ligands, it is anticipated that the 

resulting crystal structures will consist mainly of linear hydrogen bonded chains. Owing to 

the highly conjugated systems of the ligands there is potential for these co-crystals to exhibit 

unique properties. Alternative hydrogen bond donors are also under consideration for the 

formation of extended networks using these ligands. The synthetic procedure followed for 

ligand preparation has the potential to be modified for the preparation of various other 

ligands involving alkyne spacers. Currently, the pyrimidine variant is under consideration as 

well as more angular ligands i.e. acceptor groups attached at 1,3 positions of a benzene 

spacer.  

 

Table 5.1 Crystallographic data for Ligand 1, Ligand 2 and Ligand 2·hydrate 
 Ligand 1 Ligand 2 Ligand 2·hydrate 
Molecular, 
Empirical 
formula 

C14H8N2 C20H12N2 
C10H8N1O1 

C10H8N8·H2O 

OH:N ratio N/A N/A 2:1 
Mr/ g.mol-1  204.23 280.33 158.18 
Crystal 
Symmetry 

Monoclinic Orthorhombic Monoclinic 

Space Group P21/n Pna21 P21/c 
a/Å 3.761(1) 17.722(6) 14.938(4) 
b/Å 23.076(7) 10.889(3) 4.859(1) 
c/Å 5.813(2) 7.513(2) 11.185(3) 
α/° 90 90 90 
β/° 90.523(5) 90 103.750(4) 
γ/° 90 90 90 
Z 2 4 4 
V/Å3 504.40 1449.80 788.57 
T /K 100 100 100 
Dcalc /g cm-3 1.3445 1.2841 1.3322 
N-total 3141 8810 4951 
N-independent 1161 1769 2096 
N-observed 592 1589 1459 
R1 [I>2σ(I)] 0.0554 0.0677 0.0538 
wR2 0.1913 0.1378 0.1398 
GOF 0.828 1.094 1.062 
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Chapter 6 – Summary and Concluding Remarks 

The interdisciplinary field of supramolecular chemistry is rapidly becoming one of the most 

exciting areas of chemical research. Recent developments in the field have led to the 

production of numerous functional materials and a better understanding of biological 

processes. An important aspect in the development of supramolecular chemistry is the 

predictable construction of these types of compounds i.e. crystal engineering. The most 

valuable discovery in this regard has been the supramolecular synthon. In order for these 

synthons to be implemented effectively, a fundamental knowledge of intermolecular 

interactions is essential. The ubiquity of the hydrogen bond in the solid-state has made it the 

most extensively studied intermolecular interaction, although its effects are still not fully 

appreciated. Weaker interactions, however, should not be dismissed since crystal structures 

are the result of a delicate balance between strong and weak intermolecular forces. Co-

crystals present an effective means for the understanding and interpretation of the 

intermolecular forces concerned with the organisation of molecules in the solid-state. By 

their very definition, co-crystals are composed of two or more heteromolecules in the same 

lattice, which allows the investigation of a variety of interactions in one structure.  

Co-crystals have recently developed into an area of tremendous interest in the 

pharmaceutical industry. These compounds offer the opportunity to prepare APIs with 

enhanced physico-chemical properties without altering the physiological effect of the active 

ingredient(s). Co-crystals offer an alternative to the use of salts in drug formulations, which 

broadens the range of possible components. With a wide variety of pharmacologically 

acceptable CAs to choose from and the unpredictable manner in which they will form co-

crystals with APIs there is great opportunity for a number of patents to be filed.  

A recent survey revealed that the alcohol moiety is the second most prominent functional 

group in all organic structures retrieved from the CSD and exists in 33% of all prescription 

drugs available on the market.1 The ubiquity of this group makes it a good candidate for 

examining co-crystal formation. The hydroxyl group is known as a hydrogen bond donor, 

although it can also act as an acceptor. This aspect can be beneficial in the construction of 

extended co-crystal assemblies. The molecules selected as hydrogen bond donors in this 

study are benzenediol isomers in which the two alcohol functional groups can orientate 

themselves into one of at least two alternate conformations. Hydroquinone has the possibility 

of a cis- or trans-conformation of which the latter appears more frequently in co-crystal 

structures retrieved from the CSD, as well as in all three polymorphs of the pure compound. 

Although the collection of structures in the CSD is too small to make a statistical assessment, 

catechol shows a slight tendency towards the syn–anti conformation over the anti–anti 
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conformation. With only twenty-two structures of resorcinol reported in the CSD, there is an 

equal distribution of the three conformations (anti–anti, syn–anti or syn–syn). The hydrogen 

bond acceptor molecules in this study were selected based on the OHNarom synthon. The 

dinitrogen molecules selected are complementary to the diol donors with heteroatoms in 

ortho, meta and para positions about the aromatic rings. The weakly basic properties of the 

diazine isomers make them a good choice for formation of hydrogen bonds without complete 

transfer of the proton. Complete transfer of the hydrogen atom would result in salt formation 

in place of the intended co-crystal. The monocyclic and bicyclic diazine isomers, are known 

to possess similar reactivity and follow a similar trend of decreasing (Lewis) basicity as the 

N–atoms move to positions further apart about the ring (see Table 1.3, Chapter 1).  

 

Thirteen co-crystal compounds were successfully prepared from the combination of 

benzenediol and monocyclic diazine isomers. The 3-D arrangement and intermolecular 

interactions of each structure were elucidated by crystal structure analysis supplemented by 

data obtained from Hirshfeld surfaces and 2-D fingerprint plots. Subsequently, relationships 

to parent compounds as well as co-crystals within the 33 grid were explored with the 

anticipation that the closely related compounds would exhibit structural similarities. 

Similarities to the respective benzenediols suggest that the structures of the pure forms are 

reasonably robust and diazine molecules are able to slot into the hydrogen bonded networks 

with relative ease. Resemblances to catechol were observed in the structures of α–O2N2 and 

O2N4, while the orientation of resorcinol in co-crystal O3N2 resembles the arrangement of a 

single resorcinol chain in the pure form. The α–O4N2 and O4N4 structures display a 

remarkable similarity to the structure of γ–hydroquinone as if the diazine molecules have 

simply inserted themselves between the hydroquinone molecules. 

In the structure of β–O2N2, the hydroxyl groups of catechol adopt the anti–anti 

conformation and hydrogen bond to one acceptor site each of the diazine (pyridazine) to 

form a ternary adduct. The remainder of the catechol co-crystals in this grid opt for the syn–

anti conformation. The structure of α–O2N2 forms a 2:1 hexa–adduct that resembles a 

distorted paddlewheel. Two pyridazine molecules represent an axle, while four catechol 

molecules resemble the wheel. In O2N3 discrete quaternary adducts are formed that pack 

into a herringbone motif. A 2-D herringbone motif is also created in the 2:1 O2N4 structure 

where molecules hydrogen bond to form 1-D chains.  

Resorcinol yielded an interesting group of co-crystals. The α– and β–forms of O3N3 

contain identical hydrogen bonded chains; the only contrast is an additional molecule of 
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resorcinol in the β–form. Adopting a syn–syn conformation, this resorcinol molecule acts as 

a pincer, holding two hydrogen bonded chains in close proximity to one another. In contrast 

to this, the two forms obtained for O3N4 exhibit unique arrangements. Resorcinol adopts a 

syn–syn conformation in α–O3N4 to form discrete quaternary adducts reminiscent of the 

hydrogen bonded assemblies used in [2+2]-photodimerisation reactions.2,3 Elaborate 

interpenetrating 3-D hydrogen-bonded ladders are created in the β–form of O3N4 in which 

resorcinol assumes the anti–anti conformation. In addition to its similarity to resorcinol in its 

pure form, the structure of O3N2 exhibits more remarkable similarity to α–O4N2. Although, 

the acceptor molecules in these two structures are identical, the different positions of the 

hydroxyl groups were expected to have contrasting effects on the overall structure. However, 

the same hydrogen-bonded chains are formed, although the chains in O3N2 are more angular 

than in α–O4N2 in order to accommodate the closer proximity of the hydroxyl groups.  

Hydroquinone co-crystals provided structures of greatest interest in this study. The trans-

conformation is observed in each of the hydroquinone co-crystals. The β–O4N2 structure 

forms discrete ternary adducts similar to the adducts in β–O2N2. Both of these structures 

employ offset ππ stacking to arrange adducts into ‘strings’. O4N4 and the α–form of 

O4N2 both form 1:1 hydrogen bonded chains and pack in an analogous fashion. If the 

hydrogen bonds are overlooked in these structures, the packing is nearly identical. It is, 

however, the hydrogen bonding motif that brings about the differences in patterns. In α–

O4N2, hydroquinone molecules alternate their orientation along a hydrogen bonded chain, 

while in the O4N4 co-crystal, hydroquinone molecules are all aligned in a common direction 

(Figure 6.1). Both of these structures also bear notable similarities to the parent compound 

γ–hydroquinone. For further confirmation of similarities established visually, the three 

structures (α–O4N2, O3N2 and O4N4) determined to be most alike were compared via their 

simulated diffractograms. These simulated patterns showed remarkable similarity to one 

another.  
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Figure 6.1 A comparison of the structures of α–O4N2 (top left), O4N4 (top right) and γ–
hydroquinone (bottom left) showing similar hydroquinone packing patterns (red columns). 

Undoubtedly, the most intriguing structure obtained in this 33 grid is that of O4N3. The 

disorder of this structure presents an interesting situation. Owing to the symmetry of the 

structure (C2/c) and the position of the molecules on sites of symmetry, both hydrogen 

bonded rings and/or chains are possible. In an attempt to discern which motif dominates, the 

energies of both scenarios were calculated in a modelling study to establish if one motif is 

energetically more favourable than the other. The results of these calculations provide no 

further rationalization of the crystallographic data, with only a 0.5 kcal mol-1 difference in 

favour of the chain motif. Solid-state NMR analysis, which may provide data regarding the 

relative positions of the hydroxyl hydrogen atoms, i.e. cis- or trans-conformation, is still in 

progress.  

Solvent-drop grinding experiments were carried out for all nine combinations, yielding 

solid products (in most instances) that were subjected to PXRD analysis. The diffractograms 

obtained were compared to patterns simulated from single-crystal data of the individual co-

crystals. Practically all SDG products were comparable to a co-crystal structure, possibly 

implying that a large number of the possible co-crystal structures for this 33 grid have been 

elucidated.  

A second 33 grid was constructed from the same benzenediol donors, but with bicyclic 

diazine molecules replacing the analogous monocyclic molecules used in the first grid. Thus 

far, eight co-crystal structures have been elucidated. With a number of hydrogen-bonded 
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