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Chapter 4 – Co-crystals of benzenediol and benzodiazine isomers 
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 Figure 4.47 DSC trace of a 2:1 SDG of O3BN4

4.2.9  O4BN4 – Hydroquinone and Quinoxaline (1:2) 

 

OH

OH

N

N

Scheme 4.10 Co-crystal formers hydroquinone and quinoxaline 

The co-crystal structure of hydroquinone and quinoxaline was retrieved from the CSD 

(QEMKAV4), although single-crystals prepared by slow solvent evaporation yielded crystals 

with a corresponding unit cell. Half a molecule of hydroquinone, located on an inversion 

centre (0,,1), and an entire quinoxaline molecule constitute the ASU of O4BN4, which 

crystallises in the triclinic space group, P (Figure 4.48). Hydroquinone hydrogen bonds to 

only one of the two nitrogen acceptors in quinoxaline, via the O–HN synthon, to form a 

ternary adduct. Neighbouring adducts interact by means of ππ stacking (3.712 Å) of 

quinoxaline molecules oriented anti-parallel to one other. This ππ stacking is evidenced by 

the characteristic green area along the diagonal (at 1.8) of the fingerprint plot            

(Figure 4.49).   
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Figure 4.48 Stick representation of the ASU of O4BN4. 
Only the ASU is labelled. Figure 4.49 Fingerprint plot O4BN4.

 

Similar hydrogen bonding motifs are observed in the crystal structures of O4BN23 and 

O4BN4 (Figure 4.50). Both structures form ternary adducts, although the hydrogen bond 

donors and acceptors have the propensity to form 1:1 1-D chains. Both, however, form 

‘strings’ assembled from strong hydrogen bonds to one nitrogen atom acceptor, 

complemented by ππ stacking giving the appearance of stepped ‘chains’. 

 

 

Figure 4.50 Comparison of packing array of co-crystals O4BN4 and O4BN23 when viewed down [010] 
(left) and [100] (right) respectively. 

The adducts of O4BN4 fit together like a tongue-in-groove joint with ππ stacking 

interactions acting as the glue (Figure 4.51). The ‘chains’ of O4BN4 propagate along [-101] 

and stack along the b axis to form 2-D sheets. Adjacent sheets are held in place by C–Hπ 

interactions (3.597 Å, 147.77°). Although, similarities are recognised in the structures of 

O4BN4 and O4BN23, the structure of O4BN4 exhibits no similarities to that of O4N4. 

Firstly, the molar ratios differ (1:2 vs 1:1) and, secondly, the hydrogen bonding motifs are 

different, with O4N4 forming chains and O4BN4 discrete ternary adducts.  
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Figure 4.51 Tongue-in-groove type packing enforced by ππ stacking of quinoxaline molecules in O4BN4.  

 

The PXRD analysis (Figure 4.52) of three different molar ratios of hydroquinone and 

quinoxaline used in SDG experiments indicated the same result in each case. All three 

products are comparable to the pattern simulated from the 1:2 co-crystal O4BN4, indicating 

that all products are a 1:2 molar ratio co-crystal. Therefore, the 1:2 co-crystal forms 

irrespective of the initial molar ratio used. There are small peaks of discrepancy in one of the 

patterns, but these are easily assigned to minimal contamination by the unreacted β-form of 

hydroquinone. DSC analysis (Figure 4.53) supplements PXRD results, indicating a phase 

change (melt) at approximately 116 °C and subsequent decomposition of the co-crystal at 

approximately 152 °C. This melting point occurs between the melting points of the starting 

materials (hydroquinone at 172 °C and quinoxaline at 29-32 °C). The formation of the co-
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Figure 4.52 PXRD analysis of three SDG experiments utilizing different molar ratios of hydroquinone 
and quinoxaline. These patterns are compared to the simulated pattern of O4BN4 (QEMKAV). 
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crystal then results in increased thermal stability for the benzodiazine, but a lower stability 

for the hydroquinone molecule.  
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 Figure 4.53 DSC trace of O4BN4 

Summary 

Seven novel co-crystal structures have been described in this chapter, with supporting 

analysis in the form of 2-D Hirshfeld fingerprint plots, PXRD and DSC analysis.  

All structures are described in terms of their hydrogen bonding motifs and consequent 

packing arrangements in 3-D. Fingerprint plots of the co-crystals provide visual aid in 

establishing interactions affecting the organisation of the components in the solid-state. 

PXRD analysis verifies the correlation of single-crystal data with bulk material prepared via 

solvent-drop grinding experiments. The melting points of the co-crystals, or unknown 

crystalline forms obtained by SDG, are established by DSC analysis. Thermal behaviour of 

the co-crystals established that they often have the ability to convert between two forms 

under thermal conditions. Apart from the data obtained regarding the form and thermal 

behaviour of these compounds, comparisons are made between relevant structures. 

A common trend observed in this 33 grid of compounds is the extensive use of offset 

ππ interactions between benzodiazine molecules. This observation is in agreement with 

the prediction that larger bicyclic heteroaromatic rings (Chapter 1, Section 1.3.3) tend to 

prefer offset face-to-face interactions over edge-to-face ππ interactions.5 The face-to-face 

interactions appear to be significant in the construction of densely packed structures as seen 

in this series (between 1.36 and 1.40 g cm-3). The close-packed preference is further 

supported by the small sample of space groups in which these co-crystals crystallise (see 

Chapter 1, Section 1.3.2). Five of the eight structures reported here crystallise in monoclinic 

space groups (P21/c and C2/c), and the remaining three are triclinic. 
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Preference towards an excess of one component is observed in six of the eight co-crystals 

reported here, particularly an excess of benzodiazine (1:2). This is somewhat different to the 

trend towards a 1:1 molar ratio noted for the smaller monocyclic diazine co-crystals 

described in Chapter 3, where only two of the thirteen structures contain an excess of diazine 

isomer. Since there is little chemical difference between the acceptor N-atoms of the 

benzodiazine molecules compared to the monocyclic molecules (basicities are comparable, 

Chapter 1, Section 1.9) it is assumed that this preference is due to ππ stacking interactions 

that are more amenable to forming 1:1 hydrogen bonded chains. 

Comparisons between various structures in the series have been made. The principle basis 

for comparison is the packing arrangements of the structures provided by the hydrogen 

bonding motifs adopted. The most noticeable resemblance is between the structures of 

O2BN23 and O4BN23, with the assembly of hydrogen bonded adducts into π-stacked 

‘strings’. The fingerprint plots of the two co-crystals depict near identical features, 

reaffirming the similarities.  

Selected structures in this series have also been compared with structures in the series of 

Chapter 3. The most remarkable similarities occur in the structures of O4N3 and α–O4BN3. 

Similarities observed between these structures can be used in an attempt to resolve or explain 

the disorder in the structure of O4N3 (discussed in Chapter 3, Section 3.2.6).  

From these results, it is apparent that comparisons can be drawn between structures 

within a series of related co-crystal compounds sharing a common component, regardless of 

its function (donor or acceptor) in the co-crystal.  

Solvent-drop grinding experiments were carried out for all co-crystals in three different 

molar ratios. Initially, experiments were used as a rapid method for obtaining single-crystals 

by seeding solutions. Solvent-drop grinding offers the opportunity to prepare pure phase co-

crystals when components are pulverised in the required molar ratios. The SDG preparation 

of phthalazine co-crystals reveals that equimolar ratios yield a mixture of two forms of co-

crystals – one with “excess” benzenediol and the other with an “excess” phthalazine. Only 

the crystal structures of the O2 and O4 containing co-crystals with excess phthalazine have 

been elucidated to date. A similar result was obtained for the two co-crystal forms of 

O4BN3.  

Another conclusion drawn from the investigation of this 33 grid by SDG experiments is 

that there are still numerous co-crystal structures that have yet to be elucidated. PXRD 

analysis of a number of SDG products revealed there to be different permutations for most of 

the component combinations subjected to testing. The challenge, at this point, is to grow 
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 4-39

crystals suitable for structural analysis using the techniques available. With advances in 

software, PXRD patterns can be utilized to model the crystal structure by Rietveld 

refinement. Although, this method is useful when single-crystals are not available, structure 

solution by this method is still a time-consuming and intensive undertaking. 



 

 
 

Table 4.2 Crystallographic data for co-crystals O2BN2 – O4BN4 

 

 O2BN23 O4BN23 O2BN3 α–O4BN3 β–O4BN3 O2BN4 O3BN4 
O4BN4 

(QEMKAV) 
Molecular  
Emp. 
formula 

C22H18O2N4 
(C6H6O2)2(C8H6N2) 

C44H35N8O4 
2(C6H6O2)4(C8H6N2) 

C14H12N2O2 
(C6H6O2)(C8H6N2) 

C22H18N4O2 
(C6H6O2)2(C8H6N2) 

C17H15N2O3 
(C6H6O2)(C8H6N2) 

C14H12N2O2 
(C6H6O2)(C8H6N2) 

C11H9N2O1 
½(C6H6O2)(C8H6N2) 

C11H9N2O1 
½ (C6H6O2)(C8H6N2) 

OH:N ratio 1:2 2:4 = 1:2 1:1 1:2 1.5:1 = 3:2 1:1 0.5:1 = 1:2 0.5:1 = 1:2 
Mr/ g.mol-1  370.41 740.82 240.26 370.41 240.26 240.26 185.21 370.41 
Crystal 
Symmetry 

Monoclinic Triclinic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Triclinic 

Space 
Group 

P21/c P1 P21/c P21/c P P21/c C2/c P 

a/Å 7.007(1) 6.918(2) 11.364(3) 6.986(2) 6.802(1) 11.040 (4) 15.172(3) 7.072(1) 
b/Å 26.396(3) 10.119(2) 6.705(2) 17.764(4) 9.227(2) 7.011(3) 11.271(3) 7.210(1) 
c/Å 10.177(1) 13.987(3) 15.280(4) 14.731(3) 12.401(2) 15.607(6) 11.739(3) 9.180(1) 
α/° 90 76.719(4) 90 90 71.692(3) 90 90 72.20(1) 
β/° 106.134(2) 89.521(4) 92.095(5) 101.929(4) 85.779(3) 106.849(7) 118.649(4) 88.53(1) 
γ/° 90 71.158(4) 90 90 73.717(3) 90 90 85.05(1) 
Z 4 1 4 4 2 4 8 1 
V/Å3 1808.22 899.61 1163.41 1788.63 709.19 1156.15 1761.60 444.03 
T /K 100 100 100 100 100 100 100 100 
Dcalc /g cm-3 1.3604 1.3672 1.3715 1.3753 1.3828 1.3801 1.3964 1.385 
N-total 21474 10066 7215 19829 7867 6963 10450 n/a 
N-
independent 

4217 3973 2572 4047 3096 2527 2101 n/a 

N-observed 3421 3235 1853 3560 2565 1636 1776 n/a 
R1 [I>2σ(I)] 0.0573 0.0646 0.0548 0.0897 0.0499 0.0667 0.0497 0.0449 
wR2 0.1180 0.1410 0.1604 0.1726 0.1291 0.1827 0.1193 n/a 
GOF 1.081 1.022 0.908 1.257 1.0441 0.959 1.047 n/a 
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Introduction 

In this study, the investigation of co-crystal formation using the OHNarom synthon has 

been limited to relatively small aromatic hydrogen bond donor and acceptor molecules. The 

diazine family have been used successfully as acceptors in both 33 grids reported in 

Chapters 3 and 4. In order to expand this study, two relatively rigid dinitrogen ligands were 

synthesised. To remain somewhat consistent with the diazine molecules already used, 

pyridyl moieties, placed at opposite ends of a diyne spacer, were utilised as acceptor sites. 

The alkyne spacers provide additional sites for ππ interactions while imparting length to 

the ligands. Because of their length, these ligands also exhibit a small amount of flexibility 

compared to the rigid ring systems of the diazine and benzodiazine isomers. 

Research involving these compounds has been limited to date, with only a few studies 

involving coordination with transition metal centres1-4 and host:guest interactions with C-

methylcalix[4]resorcinarenes5,6 reported in the literature. These molecules also resemble 

those used in [2+2]–photodimerisation reactions6-8 and show potential for co-crystallisation6 

reactions. Ligands were prepared by established literature methods and characterised by 

NMR and single-crystal diffraction analysis. Although these compounds have previously 

been synthesised,9-12only the crystal structure of Ligand 1, in its pure form, has been reported 

to date.  

5.1 Ligand Synthesis 

Two related ligands, 1,4-bis(4-pyridyl)butadiyne and 1,4-bis((4-pyridyl)ethynyl)benzene, 

were synthesized following procedures set out in the literature.9-12 Both syntheses follow the 

same general procedure apart from the final steps. Ligand 1 – 1,4-bis(4-pyridyl)butadiyne – 

was prepared by a simple dimerisation of 4-ethynylpyridine under basic conditions and in 

the presence of O2, while Ligand 2 – 1,4-Bis((4-pyridyl)ethynyl)benzene – required an 

additional step to insert the benzene ring between the two ethynyl moieties.  

All reactions were carried out under inert conditions. Diethylamine and triethylamine 

were predried over potassium hydroxide or calcium hydride and subsequently distilled 

before use. Toluene was dried and distilled over calcium hydride before use. Proton (1H) and 

carbon-13 (13C) NMR was used to confirm successful synthesis of all materials by 

correlating these chemical shift values (δ) to those in the literature. Further characterisation 

of Ligands 1 and 2 was carried out by SCD and PXRD analysis.  
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2-methyl-4-pyridin-4-ylbut-3-yn-2-ol 

N Br HC

CH3

CH3

OH N

CH3

CH3

OH+

 

Procedure:10  

Bis(triphenylphosphine)palladium(II) dichloride and copper(I) iodide were added 

successively to a solution of 4-bromopyridine hydrochloride and 2-methylbut-3-yn-2-ol in 

diethylamine under argon at 0 °C. The mixture was stirred for 15 hours at room temperature 

and the diethylamine was subsequently removed under reduced pressure. The mixture was 

washed with water and extracted with dichloromethane. Residual water was removed with 

anhydrous magnesium sulphate. The crude product was subjected to column 

chromatography using silica gel with a 1:2 hexane and ethyl acetate mixture as eluent. 

Solvent removal afforded a solid yellow product (79% yield). Colourless crystals were 

grown from diethyl ether and a unit cell determination corresponded to that of the entry in 

the CSD13. δH (400 MHz, CDCl3) 8.59(d), 7.29 (d), 3.92, 1.64; δC (400 MHz, CDCl3) 149.6, 

131.6, 125.9, 99.4, 79.3, 65.1, 31.1.  

 

4-Ethynylpyridine: 

N

CH3

CH3

OH N CHNaOH

 

Procedure:10  

A solution of 2-methyl-4-pyridin-4-ylbut-3-yn-2-ol in freshly distilled toluene was heated 

under reflux with pulverised sodium hydroxide for 2-3 hours. Solvent was subsequently 

removed under reduced pressure to yield a dark brown solid. The solid was dissolved in 

dichloromethane and filtered through a short column of alumina (neutral, 150 mesh). Solvent 

removal afforded a white solid – the product sublimes near the top of the flask. δH (300 

MHz, CDCl3) = 8.64, 7.39, 3.32; δC (300 MHz, CDCl3) = 150.02, 130.43, 126.16, 81.79, 

80.93. 
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Ligand 1: 1,4-Bis(4-pyridyl)butadiyne  

N NN CH2

 

Ligand 1 was prepared by Dr Dinabandu Das via oxidative dimerisation of 4-ethynylpyridine 

following a literature9 procedure. The final product was characterised by 1H and 13C NMR 

and used without further purification. δH (400 MHz, CDCl3) 8.6 (d), 7.3 (d); δC (400 MHz, 

CDCl3) 150.0, 129.3, 126.0, 80.1.  

 

Ligand 2: 1,4-Bis((4-Pyridyl)ethynyl)benzene 

N NN CH2 II+

Procedure:11 

Triethylamine was added to a mixture of 4-ethynylpyridine, 1,4-diiodobenzene, 

bis(triphenylphosphine)palladium(II) chloride and copper(I) bromide in a round-bottomed 

flask under argon at room temperature. The reaction mixture was stirred at 60 °C (external 

temperature of bath) for 1 hour after which the temperature was gradually increased to        

90 °C. The reaction was removed from the heat after 2 days and triethylamine removed 

under reduced pressure. The solid residue was dissolved in dichloromethane, washed with 

aqueous potassium carbonate and dried on anhydrous sodium sulphate. The product was then 

filtered and the solvent removed under reduced pressure to yield a light brown solid. This 

crude product was then subjected to column chromatography (silica gel) and the relevant 

fractions collected and concentrated to yield an off-white solid (78% yield). Single crystals 

for SCD were obtained from a DMSO solution or by slow-cooling of a hot ethanolic solution 

(hydrate). δH (400 MHz, CDCl3) = 8.64, 7.56 (d), 7.40 (s) 7.38 (d); δC (400 MHz, CDCl3) 

149.80, 131.88, 130.96, 125.51, 122.82, 93.13, 88.77. 
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5.2 Crystal structures 

5.2.1 Ligand 1: 1,4-Bis(4-pyridyl)butadiyne  

 

N N

 

 

The structure of 1,4-bis(4-pyridyl)butadiyne was first reported in 1989 by Allen et al14 and 

can be retrieved from the CSD (GENYIH). However, the structure presented here was 

determined by the author. Two alkyne moieties inserted between the two aromatic pyridine 

rings maintains the rigidity of the molecule while extending the distance between the two 

hydrogen bond acceptors. These alkyne moieties enhance the conjugation of the system and 

provide increased potential for π interactions between molecules.   

         
Figure 5.2 Fingerprint plot of Ligand 1 Figure 5.1 Thermal ellipsoid plot of Ligand 1 

 

Ligand 1 crystallises in the monoclinic space group P21/n with half a molecule in the 

ASU (Figure 5.1), owing to its location on an inversion centre at the origin. Owing to the 

absence of strong hydrogen bond donors, interaction between molecules is limited to weak 

hydrogen bonds (C–HN) along with ππ and C–Hπ interactions. As shown in Figure 

5.3, molecules arrange themselves into a 2-D herringbone pattern. The C–HN interactions, 

confirmed by the short tails in the fingerprint plot (Figure 5.2), participate in the formation 

of this packing motif. The red region on this plot indicates a high incidence of CC 

interactions. These CC interactions, in the form of ππ interactions, exist primarily 

between the pyridyl rings and alkyne moieties of independent molecules.  
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