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Two purin derivatives, 6-chloro-9-propyl-purin-2-amine (pr-GCl) and 6-chloro-9-pentyl-purin-2-amine (pt-GCl) have been 

synthesized and their crystal structures are detemined by single crystal X-ray diffraction analyses. The purin rings in pr-GCl 

or pt-GCl form unique two-dimensional hydrogen-bonding networks which in turn stack with π-π interactions to give 

bilayers covered with alkyl chains. In pt-GCl, the pentyl groups interact effectively among themselves so that void space for 

guest molecules is not avaliable. In contrast, pr-GCl can form host-guest co-crystals. Nuclear magnetic resoance (NMR) 

analyses of the pr-GCl crystals immersed in various solvents up to 60 min indicate that aromatic moleucles (benzene, 

xylene isomers) are better guests than aliphatic ones (n-hexane, cyclohexane, isooctane) in terms of their inclusion time 

and amounts. Powder X-ray diffraction (PXRD) patterns for the guest-included pr-GCl crystals produce quite different from 

a simulated one, supporting the guest diffusion into the pr-GCl crystals. The crystal strucrue of p-xylene@pr-GCl reveals 

that p-xylene molecules are intercalated between the characteristic pr-GCl bilayers that are shown in both pr-GCl and pt-

GCl crystals.  

Introduction 

Self-assembly of organic molecules via hydrogen-bonding is a 

reliable route to achieving well-defined structural 

architectures.1 A prerequisite for this process is to devise 

appropriate building blocks which have complementary 

hydrogen-bonding donor and/or acceptor pairs. A molecule 

itself can act as both hydrogen-bonding donor and acceptor like 

trimesic acid.2 In many situations, however, it is hard to predict 

what type of hydrogen-bonding networks will be given in 

crystalline lattice; for example, anhydrous guanine forms eight 

hydrogen bonds with three nearest neighbours to produce flat 

two-dimensional network.3 In this regard, symmetrical and 

reliable donor/acceptor pairs are preferred as building blocks as 

demonstrated in cyanuric acid/melamine4 or 

guanidinium/organic sulfonate (GS),5 and so on.6 It is notable 

that the GS pairs developed by Ward and co-workers give 

robust two-dimensional hydrogen-bonding networks with 

alternative arrays of positive hydrogen bond donors and 

negative acceptors, and can accommodate guest molecules 

between the hydrogen-bonding bilayers to form numerous host-

guest complex crystals by introducing various pendant groups 

in organic sulfonates. Thus far, systems like the GS pairs are 

rare which can retain their global architecture during guest-

inclusion processes.5a  

 Recently, it has been shown that nucleobase such as uracil 

and thymine derivatives can form similar bilayers to the GS 

pairs.7 For example, N1-hexyluracil or N1-hexcylthyime 

molecules by themselves form flat two-dimensional hydrogen-

bonding networks which in turn stack with other layers via π-π 

interactions and their hexyl chains fill the space between the 

bilayers, which resembles a lipid bilayer.7a,b The overall feature 

could be retained when fluorouracil derivatives are 

crystallized7c; that is, the uracil ring is responsible for building 

hydrogen-bonding networks of which patterns are affected by 

the alkyl chains with or without terminal functional groups and 

concomitant various weak interactions. Interestingly, in the 

case of cytosine,7d its N1-hexcyl derivative does not show the 

characteristic bilayer structure observed in both N1-

hexylthymine and N1-hexyluracil, implying that the type of 

nucleobases may affect the formation of bilayer structures. 

 Here, we report our serendipitous finding that two alkylated 

purin derivatives, 6-chloro-9-propyl-purin-2-amine (termed pr-

GCl) and 6-chloro-9-pentyl-purin-2-amine (termed pr-GCl) 

which are synthetic precursors of respective guanine derivatives 

(Scheme 1), can be also assembled into the bilayer structures by 

forming their unique hydrogen-bonding networks. Interestingly, 

pr-GCl can accommodate various guest molecules in crystals 

while pt-GCl does not. When pr-GCl is recrystallized in p-

xylene, its crystal structure reveals that p-xylene molecules are 

intercalated in the bilayers of host pr-GCl molecules. This 

feature is similar to that observed in the host-guest co-crystals 

of a GS system.5 
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Scheme 1. Purin derivatives and host bilayers in this work. 

  

Experimental section 

Synthetic procedures 

The organic molecules in this work method were synthesized by a 

literature method with slight modifications.8 

6-Chloro-9-propyl-purin-2-amine (pr-GCl). 6-Chloro-9H-purin-2-

amine (1.00 g, 5.80 mmol) and K2CO3 (1.20 g, 8.70 mmol) were 

dissolved in 20.0 mL of N,N-dimethylformamide. Into the 

homogeneous solution, 1-bromopropane (0.53 mL, 5.8 mmol) was 

added and the reaction mixture was stirred at room temperature for 

10 hr. The reaction mixture was filtered to remove K2CO3, and 

solvent was evaporated by rotary evaporation to give a crude product. 

Finally, 6-chloro-9-propyl-purin-2-amine was isolated by column 

chromatography using EtOAc/n-hexane (10:1 v/v) as eluent (0.92 g, 

4.36 mmol, 75% yield). For further analyses, pr-GCl was 

recrystallized in CH2Cl2 by a simple evaporation method at room 

temperature. EA: Calcd. for C8H10ClN5·(H2O)0.25(CH2Cl2)0.08: C, 

43.35; H, 4.84; N, 31.29%. Found: C, 43.45; H, 4.61; N, 31.32%. 

9-Propyl-Guanine (pr-G). 6-Chloro-9-propyl-purin-2-amine (0.10 g, 

0.47 mmol) was put in aqueous HCl solution (0.5 M, 90 mL). The 

reaction mixture was refluxed for 18 hr. The solution was cooled to 

room temperature, and 0.5 M aqueous NaOH solution was added 

dropwise to produce white precipitates. The white solid was filtered 

and washed thoroughly with deionized water, and dried in air. EA: 

Calcd. for C8H11N5O: C, 49.73; H, 5.74; N, 36.25%. Found: C, 

48.65; H, 5.66; N, 35.40%. 

6-Chloro-9-pentyl-purin-2-amine (pt-GCl). 6-Chloro-9H-purin-2-

amine (1.00 g, 5.80 mmol) and K2CO3 (1.20 g, 8.70 mmol) were 

dissolved in 20.0 mL of DMF. Into the homogeneous solution, 1-

bromopentane (0.88 mL, 5.8 mmol) was added and the reaction 

mixture was stirred at room temperature for 10 hr. The reaction 

mixture was filtered to remove K2CO3, and solvent was evaporated 

by rotary evaporation to give a crude product. Finally, 6-chloro-9-

pentyl-purin-2-amine was isolated by column chromatography using 

EtOAc/n-hexane (10:1 v/v) as eluent (0.92 g, 4.36 mmol, 75% yield). 

For further analyses, pt-GCl was recrystallized in CH2Cl2 by a 

simple evaporation method at room temperature. EA: Calcd. for 

C10H14N5Cl: C, 50.11; H, 5.89; N, 29.22%. Found: C, 49.95; H, 

5.86; N, 28.78%. 

9-Pentyl-Guanine (pt-G). 6-Chloro-9-pentyl-purin-2-amine (0.10 g, 

0.43 mmol) was put in aqueous HCl solution (0.5 M, 90 mL). The 

reaction mixture was refluxed for 18 hr. The solution was cooled to 

room temperature, and 0.5 M aqueous NaOH solution was added 

dropwise to produce white precipitates. The white solid was filtered 

and washed thoroughly with deionized water, and dried in air. . EA: 

Calcd. for C10H14ON5·(H2O)0.17: C, 53.89; H, 6.90; N, 31.13%. 

Found: C, 53.14; H, 6.77; N, 30.61%. 

X-ray Crystallography 

X-ray diffraction intensities were collected on a Bruker APEX CCD 

diffractometer using Mo Kα radiation (λ = 0.71075 Å) at 173 K pr-

GCl and 298 K for pt-GCl. Due to very thin crystal morphology, the 

x-ray data for p-xylene@pt-GCl was obtained at 173 K with a 

synchrotron light source (λ = 0.71000 Å) on an ADSC Quantum-210 

detector at 2D-SMC at the Pohang Accelerator Laboratory (PAL), 

Korea. Both pr-GCl and pt-GCl crystallize in a triclinic space group, 

P��  (No. 2) while p-xylene@pr-GCl belongs to an orthorhombic 

space group Ccca (No. 68, origin choice 2). Initial structures were 

solved by direct methods using SHELX-S and refined by full-matrix 

least-squares techniques against F2 with SHELXL-2013.9 Four and 

eight independent molecules were respectively identified in pr-GCl 

and pt-GCl. In p-xylene@pr-GCl, two pr-GCl and two p-xylene 

molecules were defined as an asymmetric unit. One of two pr-GCl 

was disordered over two general sites with a same probability. The 

p-xylene molecules were also disordered over two sites at different 

inversion centres; that is, two independent molecules sit on different 

special positions (0.5, 0.5, 0.5) and (0.75, 0.75, 0.5), respectively. 

Disorder models for each p-xylene were built based on electron 

densities with avoiding possible guest-guest and guest-host bad 

contacts. Due to the very weak intensity data, the final R values for 

p-xylene@pr-GCl were quite high but the refined structure gave 

reasonable crystal packing and bond geometries. For pr-GCl, the 

occluded solvent molecules could not be identified due to diffuse 

electron densities. Therefore, the structural refinement was 

conducted by employing a SQUEEZE treatment within the 

PLATON software package.10 All non-H atoms were refined 

anisotropically, and all H atoms were generated in ideal positions 

and included for the refinement processes. The space groups were 

checked by the ADDSYM routine of the PLATON.10 Crystal and 

refinement data are listed in Tables S1 (pr-GCl), S3 (pt-GCl), and S5 

(p-xylene@pr-GCl). The ORTEP drawings are displayed in Figures 

S12 (pr-GCl), S13 (pt-GCl), and S14 (p-xylene@pr-GCl).  

Results and discussion 

Crystal Structures of pr-GCl and pt-GCl 

Alkylated purin derivatives in this work are prepared as 

precursors to their guanine forms as show in Scheme 1. 

Guanine (G), a base in DNA, can form stacked layers of two-

dimensional hydrogen-bonding networks via π-π interactions.3 

The layered structure is lost when G is functionalized with ethyl 

group and instead assembles into hydrogen-bonding tapes.11 
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Thus, our intention was to introduce longer alkyl chains, propyl 

or pentyl groups to G (abbreviated as pr-G or pt-G, 

respectively), and to investigate their crystal packing by single 

crystal X-ray diffraction (SCXRD) analyses. However, the 

obtained small microcrystals of R-Gs were not suitable for 

structure elucidation. Instead, we were interested in the crystal 

structures of pr-GCl and pt-GCl because they resemble their 

guanine forms in terms of shapes and potential hydrogen 

bonding ability. 

 While pt-GCl crystallizes without void space pr-GCl forms 

co-crystals with dichloromethane (CH2Cl2) which was used as a 

solvent and detected in the 1H-NMR spectrum measured with 

dissolved crystals in DMSO-d6 (Fig. S1). It was not possible to 

identify the included dichloromethane based on the current X-

ray data due to their sever disorder, requiring a SQUEEZE 

treatment.10 In spite of this difference, the overall crystal 

packing is similar to each other. In both crystals, the purin rings 

form hydrogen-bonding with adjacent molecules to form almost 

flat layers which stack via π-π interactions to give bilayers 

running parallel to the crystallographic ac-plane for pr-GCl and 

bc-plane for pt-GCl, respectively (Fig. 1a). In the pr-GCl 

crystal, a terminal ethyl moiety of the propyl group is 

positioned almost perpendicularly to the purine ring and the 

remaining ethylene (-CH2-) group attached to N is located 

nearly at the molecular plane (Fig. 1). The pentyl group in pt-

GCl also behaves in a similar way. Thus, a bilayer is covered 

with alkyl chains on both sides, which is reminiscent of the 

bilayer of GS systems having pendant groups in organic 

sulfonates.5b  

 
Figure 1. Crystal structures of (a) pr-GCl and pt-GCl are displayed with stick 

models. Colour codes: C, grey; H, white; N, blue; Cl, green. (b) Hydrogen-bonding 

network in a layer of pr-GCl or pt-GCl is shown with possible hydrogen bonds as 

dotted red lines. Only the –CH2 groups in propyl chains are drawn for simplicity. 

A hexamer unit is highlighted with coloured molecules. (c) The hydrogen bonds 

in pr-GCl (or pt-GCl) are compared with those in anhydrous guanine. 

 A hydrogen-bonding layer can be described as fused 

pseudo-hexagonal tiles, and a pr-GCl or pt-GCl molecule 

interacts with three neighbouring molecules via six possible 

hydrogen bonds (Fig. 1b).  An amino group (-NH2) in the 

middle molecule is engaged in hydrogen bonds respectively 

with two sp2 N acceptors located in two different molecules; 

indeed, two N donor atoms in the middle pr-GCl molecule in 

turn interacts with two –NH2 groups in the neighbouring 

molecules. The H atom attached to the C atom in an imidazole 

ring interacts with a pyrimidine N atom via weak hydrogen-

bonding. Interestingly, this hydrogen bonding pattern is similar 

to that observed in G; a central G interacts also with three 

nearest neighbours via hydrogen bonds in the crystal structure 

of anhydrous G (Fig. 1c).3 However, G form a total of eight 

hydrogen bonds whereas pr-GCl or pt-GCl forms six because 

the Cl atom of R-GCl does not involve hydrogen bonding and 

the introduced alkyl groups prevent their bonded N atoms from 

participating in hydrogen bonds. It is notable that two Cl atoms 

are facing each other in the hexamer unit with an average 

Cl···Cl distance of 3.50 (pr-GCl) or 3.30 Å (pt-GCl) and an 

average bond angle of ~160° around two Cl atoms 

(˂C−Cl…Cl). This arrangement is classified as the Type I 

halogen bonding.12 However, at a Cl···Cl distance of 3.5 Å, the 

interaction energy is calculated to ~5 kJ/mol,13 which is small 

and thus not considered as a true halogen bonding.12  

 The local hydrogen-bonding fashion is almost same for pr-

GCl and pt-GCl, the two layers in pr-GCl is less displaced from 

each other than those in pt-GCl: the distances between the 

centres of the hexamer units are 3.56 and 5.46 Å respectively in  

 
Figure. 2. (a) The relative displacement of hexamer units in the π-π stacked 

layers is compared: the upper and bottom layers are respectively coloured with 

yellow and blue, and the centres of each hexamers are marked as coloured dots. 

(b) Hirshfeld surfaces of pr-GCl and pt-GCl are shown. For simplicity, 

neighbouring molecules are not drawn. 
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pr-GCl and pt-GCl (Fig. 2a). This different displacement is 

mainly attributed to the guest included in pr-GCl. Calculations 

of Hirshfeld surfaces14 indicate that only 73% of a molecular 

surface of pr-GCl contacts neighbouring pr-GCl whereas a pt-

GCl molecule is completely enclosed (100%) by other pt-GCl 

molecules. That is, the remaining 27% of the pr-GCl surface is 

not touching its neighbours but the ‘missing’ dichloromethane 

in the crystal structure. In both structures, the H(a selected 

molecule)-H(other molecules) contacts are calculated as 

dominant contribution to crystal packing:  28/73 and 45/100% 

respectively for pr-GCl and pt-GCl (not shown). This indicates 

that the displacement of two π-stacked layers in a bilayer 

should be affected by the interactions among the alkyl chains or 

the interactions with included guest molecules if R-GCl forms 

host-guest co-crystals. 

Guest inclusion experiments in pr-GCl crystals 

We conducted guest inclusion experiments with dried pr-GCl 

crystals. A typical procedure is as follows. Dried pr-GCl 

crystals (ca. 10 mg) were immersed in a 4 mL vial containing 

n-hexane (1.0 mL). A total of seven vials were prepared in this 

way. After 5, 10, 15, 20, 30, 45, and 60 min, the crystals in each 

batch were collected by filtration, washed quickly with n-

hexane, and dried for 1 min in a gentle flow of N2 stream. Each 

sample was dissolved in DMSO-d6 (0.50 mL) to measure a 1H-

NMR spectrum, and the ratio of n-hexane/pr-GCl in moles was 

calculated based on the integration of identified signals (Figs. 3, 

S15). The potential guest molecules selected were aliphatic and 

aromatic solvent: n-hexane, cyclohexane, isooctane, benzene, 

o-xylene, m-xylene, and p-xylene. The host crystals in aromatic 

solvent were dissolved at ~25 °C. In the case of cyclohexane, 

the solvent became frozen due to its high melting point, 6.5 °C. 

Therefore, the experimental temperature was maintained at 

20 °C employing a circulating chiller; at this temperature, 

crystals were stable. 

 The plot in Fig. 3 gives some information on the inclusion 

properties of the quests in a semi-quantitative manner. First, the 

aromatic solvents are better guests in pr-GCl crystals than the 

aliphatic ones in terms of inclusion time and amount. For 

instance, the amount of benzene included in 5 min was greater 

than that of cyclohexane by more than ten folds. Within each 

class of guests, small one such as benzene and cyclohexane are 

favoured than larger ones. It is also notable that p-xylene is 

included faster than other isomers, o- and m-xylenes, indicating 

that molecular shape can affect the inclusion process. However, 

it is not possible to explain at molecular level why certain 

guests are favoured over others. Thus, we measured the powder 

X-ray diffraction (PXRD) patterns of the sample crystals 

employed in the NMR measurements (60 min) in order to 

compare their patterns with that of pr-GCl host crystals (Fig. 4). 

 The PXRD pattern of pr-GCl host crystals grown in 

dichloromethane were measured as a reference and compared to 

the simulated one from the crystal structure (Fig. 4). 

Confusingly, pr-GCl crystals gave a different PXRD pattern 

from the simulated one from a crystal structure. In the 

simulated PXRD pattern, the peak at 2θ = 7.58° corresponding 

to the crystallographic (010) plane is extremely dominant in  

 
Fig. 3. Guest inclusion plot based on the 

1
H-NMR analyses of the pr-GCl crystals 

immersed in solvent. Each point is the average value of two independent 

measurements. 

   

 

 
Fig. 4. PXRD patterns for pr-GCl and its guest-inclusion crystals are compared 

with the simulate one generated from the crystal structure of pr-GCl. The pr-GCl 

crystals were immersed for 1 h in each solvent listed on the plot before PXRD 

measurement. 

intensities. However, in the PXRD pattern of pr-GCl crystals, 

the dominant peak was absent and instead other peaks appeared 

not found in the simulated pattern. Even, the fully ‘dried pr-GCl’ 

crystals gave a new pattern which is not matched to that of pr-

GCl or the simulated pattern. The dominant peak in the 

simulated pattern is indicative of the well-ordered bilayers in 

crystals with a calculated d-spacing of (010) a 11.643 Å. 

Therefore, the disappearance of the peak in the measure 

patterns means that the bilayer stacking is not present any more 

in both dried and as-grown crystals, which is probably due to 

the fast escape of the dichloromethane guests when exposed to 

air.  
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 Compared to host crystals, all solvent-included crystals 

showed simpler PXRD patterns (Fig. 4). In some crystals such 

as the pr-GCl crystals immersed in cyclohexane, o-xylene, or p-

xylene exhibited relatively strong peaks whose diffraction 

angles are corresponding to (010) and (030) reflections 

observed in the simulated pattern. As these peaks are related to 

the regular separation of bilayers, it is suggested that the host-

guest crystals would have similar packing modes as that 

observed in the pr-GCl crystal structure. In the benzene-

included crystals, strong peaks shifted to higher diffraction 

angles. In contrast, the m-xylene-included crystals produced a 

peak at a lower angle, 2θ = 5°. Unfortunately, when pr-GCl 

crystals are immersed in solvent, they cracked and became 

unsuitable for SCXRD studies (Fig. S11). Nevertheless, the 

changes in the PXRD patterns of the dried pr-GCl crystals upon 

guest inclusion strongly indicate that the pr-GCl host can have 

an ability of accommodating those guests by adjusting their 

relative locations in crystal lattice. However, without their 

crystal structures, it is hard to describe in detail the crystal 

packing of host and guest molecules in each case.  

 Indirect evidence for this suggestion is that the measured 

PXRD pattern for dried pt-GCl crystals was nicely matched to 

the simulated one from the crystal structure, indicating that pt-

GCl layers are quite tightly packed and hardly disrupted: the 

strongest peak is attributed (002) at 2θ = 8.30° and with a d-

spacing value of 10.650 Å (Fig. 5). In order to further verify the 

dense packing nature of pt-GCl, guest-inclusion experiments 

were carried out using the same solvents used for pr-GCl: pt-

GCl crystals (ca. 10 mg) were immersed at room temperature in 

each solvent (2.0 mL) for 1 day, and the collected samples were  

 
Fig. 5. PXRD patterns for pt-GCl samples compared with the simulate one 

generated from the crystal structure of pt-GCl. The pr-GCl crystals were 

immersed for 1 day in each solvent listed on the plot before PXRD measurement. 

For clear comparison, the measured patterns were slightly shifted to the lower 

angle. 

 
Fig. 6 (a) Unit cell of recrystallized pr-GCl in p-xylene (p-xylene@pr-GCl) is shown 

with van der Waals surfaces of pr-GCl molecules. The empty space is occupied by 

disorderd p-xylene molecules in crystals. (b) Selected pr-GCl layers are displayed 

with included p-xylene molecules. (c) A top view of (b) shows an array of the 

guest p-xylene molecules; p-xylene is disordered over two sites in the crystal 

strcture, and one of the possible ordered arrays is presented. 

analysed. As shown in the PXRD patterns in Fig. 5, all samples 

immersed in different solvents exhibited a same pattern, 

indicating that in pt-GCl crystal no available void space is 

present or the pentyl chains effectively packed among 

themselves do not allow any guest molecules to diffuse into the 

crystal lattice. This implies that the host property of the 

alkylated purin derivatives can be controlled by changing the 

length of the side chains with keeping the unique bilayer 

structures. 

Structure of recrystallized pt-GCl in p-xylene 

In order to obtain direct evidence on the above speculation, we 

tried to grow host-guest crystals directly in aromatic solvent. 

When aromatic solvent dissolving host crystals at about 25 °C 

was cooled to about 20 °C, guest-included pr-GCl crystals were 

obtained as very thin plates (Fig. S11). Except for the case of p-

xylene, their measured PXRD patterns were well matched to 

those of the host-guest crystals prepared for the NMR 

experiments, that is, the pr-GCl crystals immersed in solvent  

(Fig. S16). As the crystals are so thin and aggregated, they 

became easily broken into parts when separated for crystal 

mounting for SCXRD experiments. After many trials, we 

managed to collect X-ray data for a single crystal obtained in p-

xylene (p-xylene@pr-GCl) using synchrotron facility. 

Unfortunately, the data quality was not sufficient (R1 = 26%) 

but both pr-GCl and disordered p-xylene molecules could be 

identified successfully (Fig. S14). As seen in Fig. 6, pr-GCl 

molecules form bilayers between which p-xylene molecules are 

occluded. The bilayers are separated by 11.035 Å which is 

between 11.643 Å (CH2Cl2@pr-GCl) and 10.650 Å (pt-GCl). It 

is not understood why the simulated PXRD pattern was not 

matched to the measured one similarly to the case observed for 

pr-GCl (Fig. S16). Nevertheless, the crystal structure of p-

xylene@pr-GCl structure shows that the hydrogen-bonding 
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networks by pr-GCl can be maintained and the characteristic 

bilayers can also work for intercalating guest molecules. This 

type of assembly may be regarded as an LSAM (long range 

synthon aufbau module) or a large synthon.12a 

Conclusions 

In this work, 6-chloro-9-propyl-purin-2-amine (pr-GCl) 

molecules are assembled into two-dimensional hydrogen-

bonding networks and in turn, form bilayers via π-π stacking. 

The bilayers are coated with alkyl chains, and can intercalate 

various solvent molecules in crystalline states with keeping the 

unique hydrogen-bonding network. However, a similar 

molecule, 6-chloro-9-pentyl-purin-2-amine (pt-GCl) does not 

play a host role due to the dense packing of the pentyl chains 

between the bilayers. Thus, it is anticipated that R-GCl, which 

is functionalised with other alkyl or aryl groups, will show new 

guest-inclusion behaviours or recognise specific guest 

molecules not observed in pr-GCl. 
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Graphic Abstract 

 

6-Chloro-9-propyl-purin-2-amine (pr-GCl) forms two-dimensional hydrogen-bonded networks which in turn 

stack via π-π interactions, leading to bilayers that can accommodate organic guest molecules. 
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