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ABSTRACT 

Co-crystal and salt formation of the kinetin analogue N6-benzyladenine with the pharmaceutically 

acceptable co-crystal and salt formers maleic acid, oxalic acid, glutaric acid, succinic acid, benzoic acid 

and fumaric acid has been studied by solid-state and solvent-drop grinding in combination with X-ray 

powder diffraction. In all cases salt or co-crystal formation was observed. Single crystals of 

(bzadeH+)(mal-) (1) and (bzadeH+)2(ox2-) (2) were obtained by solution crystallization and the X-ray 

structures are reported along with that of (adeH+)2(mal-)2
.ade.2H2O (3) (bzadeH+ = N6-benzyladeninium, 

adeH+ = adeninium, ade = adenine, mal- = hydrogen maleate, ox2- = oxalate). The hydrogen-bonding 

motifs in 1 - 3 are discussed. The salts contain a robust bzadeH+-carboxylate or ade-carboxylate R2
2(9) 

heterosynthon involving the protonated Hoogsteen sites (N6-H, N7-H) of bzadeH+ and ade. Molecular 

recognition between the protonated Hoogsteen site and the carboxylate group stabilizes the unusual 

7H,9H tautomer of bzadeH+ in 2 and the non-canonical 7H-adenine tautomer in 3. 
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1.   INTRODUCTION 

N6-substituted derivatives of the nucleobase adenine exhibit diverse biological activities. They 

function as plant growth stimulants and have antiallergenic, antibacterial, antiviral and antifungal 

properties.1-3 N6-furfurylaminopurine (kinetin) is a representative of naturally occurring adenine-type 

cytokinins, a class of plant growth factors that can also act as inhibitors of certain human protein 

kinases.4,5 Some kinetin analogues such as olomoucine6,7 and roscovitine8 selectively inhibit cyclin-

dependent kinases, which play an essential role in the regulation of the cell division cycle,6,9 and 

therefore are potent anticancer agents. Roscovitine, for example, has entered clinical trials for the 

treatment of non-small cell lung cancer and leukemia. 

Furthermore, nucleobases have recently been recognized as versatile and flexible supramolecular 

building blocks.10 Their propensity to self-assemble via hydrogen bonding interactions or metal 

coordination into larger aggregates has led to a plethora of supramolecular structures, often with 

intriguing architectures. More recently, more and more structures are emerging where a nucleobase 

interacts with a complementary small organic molecule to give a hydrogen-bonded network.10-12 

Adenine and its derivatives possess both hydrogen bond acceptor and donor functionalities as well as 

protonatable nitrogens. Furthermore, adenine can exist in different tautomeric forms with the most 

stable one being the 9H-amino tautomer (Figure 1).13-15 Protonation of the 9H-tautomer usually takes 

place at the N1 nitrogen.11,16-20 By contrast, while N6-benzyladenine21 and kinetin22 crystallize in the 

expected 9H-tautomeric form, the N3-protonated 7H-tautomer (Figure 1) was observed in the crystal 

structures of their bromide, chloride and dihydrogenphosphate salts.23-26 In recent years the influence of 

hydrogen bonding interactions and molecular recognition on tautomeric and protonation equilibria has 

received growing interest and a few examples have been reported in the literature, where a non-

canonical nucleobase tautomer is stabilized by a properly positioned H bond acceptor.27-29 
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Salt and co-crystal formation are popular approaches to optimize the physicochemical properties of a 

pharmaceutically relevant solid without modifying the molecule itself.30-32 It is well-established that the 

solid-state properties of a pharmaceutical solid have a significant impact on drug performance. In many 

cases, solubility is a key issue. High yields, product purity and reproducibility make salt formation a 

particularly attractive strategy to address poor solubility.  

All of the above prompted us to explore hydrogen bonding patterns in supramolecular structures 

derived from N6-benzyladenine as model for pharmaceutically relevant N6-substituted adenine 

derivatives and carboxylic acids that are pharmaceutically acceptable salt or co-crystal formers. Here we 

report the X-ray structures of two N6-benzyladeninium carboxylates, hydrogen maleate and oxalate, 

featuring different H bonding networks and different tautomers of the N6-benzyladeninium cation. To 

study the influence of the benzyl substituent, co-crystallization experiments have also been carried out 

with adenine leading to crystals containing both adenine and adeninium cations, with the latter ones in 

their expected 1H,9H tautomeric form, while the former one exists as 7H-tautomer. Furthermore, we 

show that the supramolecular networks of benzyladeninium cations and carboxylate anions can be 

synthesized by solid-state and liquid-assisted grinding. The preparation of salts and co-crystals by solid-

state grinding, i.e. by grinding together the two solid components with a mortar and pestle or in a mixer 

mill, is an attractive alternative method to solution crystallization.33-39 In liquid-assisted grinding, a few 

drops of solvent are added to the dry mixture to catalyze or mediate co-crystal or salt formation.40-42 

Besides its 'green' nature in that there is no waste of crystallization solvent, solid-state grinding allows 

for nearly quantitative yields with a common particle size while solubility problems are avoided.  
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Figure 1.   9H and 7H tautomer of adenine. 
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2.   MATERIALS AND METHODS 

N6-Benzyladenine and adenine were purchased from Sigma Aldrich. Solvents were of analytical or 

spectroscopic grade, purchased from commercial sources and used without further purification. 

FT-IR spectra were recorded on a PerkinElmer FT-IR spectrometer fitted with a DATR 1 bounce 

Diamond/ZnSe Universal ATR sampling accessory. Elemental analyses (carbon, hydrogen and nitrogen) 

were performed with a PerkinElmer 2400 Series II analyser. 

Solid-State and Solvent-Drop Grinding. Solid-state and solvent-drop grinding experiments were 

carried out as follows: N6-benzyladenine and the respective carboxylic acid (750 mg in total, 1:1, 1:2 or 

2:1 molar ratio) were combined with or without the addition of a few drops of methanol, ethanol, 

acetonitrile or water or one drop of dimethylformamide. The mixtures were ground for 30 minutes in an 

oscillatory ball mill (Mixer Mill MM400, Retsch GmbH & Co., Germany) at 25 Hz using a 25 cm3 

stainless steel grinding jar and one 12 mm stainless steel ball. Any small amount of solvent present was 

allowed to evaporate and the resulting material was characterized by X-ray powder diffraction. Solvents, 

molar ratios and products identified by XRPD are summarized in Table 1. 

Preparation of Single Crystals of 1 – 3. Crystallization of 1. 100 mg (0.444 mmol) N6-

benzyladenine and 52 mg (0.448 mmol) maleic acid were dissolved in 10 cm3 methanol and transferred 

into a vial with dimensions of 7.5 cm (height) x 2.5 cm (diameter) to allow for slow evaporation of the 

solvent at room temperature. Colourless, needle-shaped crystals appeared after a few days. 

Crystallization of 2. 100 mg (0.444 mmol) N6-benzyladenine and 56 mg (0.444 mmol) oxalic acid 

dihydrate were dissolved in 8 cm3 methanol. The solution was kept in an open beaker (height 7.5 cm x 

diameter 2.5 cm) at room temperature. Colourless plates crystallized within a week.  

Crystallization of 3. 100 mg (0.740 mmol) adenine and 86 mg (0.741 mmol) maleic acid in 15 cm3 

methanol were gently heated (40 C) until dissolved. Slow evaporation of the solvent at room 

temperature (open beaker, 7.5 cm (height) x 2.5 cm (diameter)) gave colourless needles within a week. 

X-ray Powder Diffraction. X-ray powder patterns of samples obtained by solvent-grinding and 

crystallization from solution were recorded on an Inel Equinox 3000 powder diffractometer between 5 
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and 90  (2θ) using Cu Kα radiation ( = 1.54178 Å, 35 kV, 25 mA). Theoretical powder patterns for 1- 

3 were calculated using the Oscail software package.43 

 

Table 1.   Solid-State and Solvent-Drop Grinding Experiments 

 

Mixture Molar Ratio Solvent Product 

N6-benzyladenine / maleic acid 1:1 - 1 

N6-benzyladenine / maleic acid 1:1 water 1 

N6-benzyladenine / maleic acid 1:1 methanol 1 

N6-benzyladenine / maleic acid 1:1 ethanol 1 

N6-benzyladenine / maleic acid 1:1 dimethylformamide 1 

N6-benzyladenine / maleic acid 1:2 methanol 1 

N6-benzyladenine / maleic acid 2:1 methanol 1 

N6-benzyladenine / oxalic acid 1:1 - - 

N6-benzyladenine / oxalic acid 1:1 water IV a 

N6-benzyladenine / oxalic acid 1:1 methanol III a 

N6-benzyladenine / oxalic acid 1:1 acetonitrile 2 

N6-benzyladenine / oxalic acid 1:1 dimethylformamide 2 

N6-benzyladenine / oxalic acid 2:1 - 2 

N6-benzyladenine / oxalic acid 2:1 methanol 2 

N6-benzyladenine / oxalic acid 2:1 water 2 

N6-benzyladenine / oxalic acid 2:1 acetonitrile 2 

N6-benzyladenine / oxalic acid 2:1 dimethylformamide 2 

N6-benzyladenine / glutaric acid 1:1 methanol b 

N6-benzyladenine / succinic acid 1:1 methanol b 

N6-benzyladenine / benzoic acid 1:1 methanol b 

N6-benzyladenine / fumaric acid 1:1 methanol b 

a see text. b The XRPD pattern is different from that of a physical mixture of the starting compounds, 

but the product could not be further characterized. 

Crystal Structure Determination and Refinement. Crystal data for 1 - 3 were collected at room 

temperature on an OxfordDiffraction Xcalibur CCD diffractometer using graphite-monochromated Mo-

K radiation (= 0.71069 Å).44 The structures were solved by direct methods and subsequent Fourier 

syntheses and refined by full-matrix least squares on F2 using SHELXS-97,45 SHELXL-9745 and 

Oscail.43 The scattering factors were those given in the SHELXL program. Hydrogen atoms were 

located in the difference Fourier maps and refined isotropically. Graphics were produced with 

ORTEX.43 Crystallographic data and details of refinement are reported in Table 2.  



 

7 

 

Table 2.   Crystallographic Data for Compounds 1 - 3 

 

 1 2 3 

Formula C16H15N5O4 C13H12N5O2 C23H27N15O10 

Mr 341.33 540.56 673.60 

Crystal colour and habit 

Crystal size (mm) 

Crystal system 

colourless needle 

0.30 x 0.10 x 0.10 

monoclinic 

colourless plate 

0.30 x 0.30 x 0.15 

monoclinic 

colourless needle 

0.40 x 0.20 x 0.20 

monoclinic 

Space group 

Unit cell dimensions 

P21/n P21/c P21/c  

a [Å] 9.022(1) 8.4126(4) 13.8273(9) 

b [Å] 5.1904(5) 11.7538(4) 16.7538(9) 

c [Å] 33.712(3) 13.5103(6) 13.0832(9) 

 [°] 95.61(1) 103.951(5) 100.822(6) 

V [Å3] 1571.0(3) 1296.5(1) 2976.9(3) 

Z 4 4 4 

Dcalc (g cm–3) 1.439 1.385 1.503 

(Mo K) (cm-1) 

F(000) 

2 range (°) 

No. measd. reflections 

No. unique reflections (Rint) 

1.07 

712 

7.2 - 50.0 

5369 

2772 (4.1 %) 

0.99 

564 

6.1 - 52.8 

5142 

2643 (2.3 %) 

1.21 

1400 

6.3 - 51.4 

11679 

5631 (4.9%) 

No. observed reflections  

No. parameters 

1718 (I > 2(I)) 

274 

2034 (I > 2(I)) 

229 

2578 (I > 2(I)) 

541 

Final R1, wR2  

(observed reflections) 
a 

R1 = 7.4%,  

wR2 = 12.9% 

R1 = 4.1%,  

wR2 = 9.7% 

R1 = 5.4%, 

wR2 = 7.9% 

Goodness-of-fit  

(observed reflections) 

1.142 1.041 0.901 

 

a R1 = Fo– Fc/ Fo; wR2 = [w(Fo
2 – Fc

2)2 / w(Fo
2)2] ½;  w-1 = 2(Fo

2) + (aP)2; 

P = (Fo
2 + 2Fc

2)/3.   
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Supplementary crystallographic data have been deposited with the Cambridge Crystallographic Data 

Centre, CCDC no. 834877 (1), 834878 (2) and 834879 (3). Copies of the data may be obtained free of 

charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:+44-1223-336033; e-

mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk). 

 

3.   RESULTS  

Solid-State and Liquid-Assisted Grinding of N6-Benzyladenine – Carboxylic Acid Mixtures. To 

study the formation of salts or co-crystals of N6-benzyladenine (bzade) and carboxylic acids by solid-

state grinding, 1:1 mixtures of the adenine derivative and a carboxylic acid were ground in a mixer mill 

and analysed by X-ray powder diffraction (XRPD). Figure 2a shows the XRPD patterns of bzade – 

maleic acid mixtures after different milling times. Broad and poorly resolved peaks were observed after 

after 5 minutes of grinding, indicating partial amorphisation. Upon further grinding, the XRPD pattern 

(designated as pattern I) became sharp and clearly differed from that of a physical mixture of bzade and 

maleic acid (see Figure 2b for individual XRPD patterns of bzade and maleic acid). After 20 minutes the 

transformation of the XRPD pattern was complete and longer milling times did not result in any further 

changes. The effect of solvent-assisted grinding was studied by adding a few drops of methanol, ethanol, 

dimethylformamide or water to the mixture. In each case, a powder pattern identical to I was obtained 

except that the peaks were sharper and better resolved (see Supporting Information, Figure S1). The 

absence of characteristic peaks from bzade at 18.5, 19.4 and 26.3° (2) and from maleic acid at 28.5° 

(2) indicated that the transformation was quantitative. Mixing bzade and maleic acid in a 2:1 or 1:2 

ratio gave the same product pattern I besides peaks due to excess bzade or maleic acid (Figure 2b). 
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In contrast to maleic acid, milling of oxalic acid with an equimolar amount of bzade in the absence of 

solvent did not result in any transformation. The XRPD pattern recorded after 20 minutes of dry-

grinding was that of a physical mixture of bzade and oxalic acid. However, a new set of XRPD peaks 

emerged upon milling in the presence of a small amount of acetonitrile or dimethylformamide (Figure 3 

and Supporting Information, Figure S2). A similar pattern (designated as pattern II) was obtained, when 

the bzade : acid ratio was 2:1. In contrast to the 1:1 mixture, where no transformation was observed in 

the absence of a small amount of solvent, dry-grinding of a 2:1 mixture gave a product pattern identical 

to II (Figure 3). Likewise, pattern II was observed, when 2:1 mixtures were milled in the presence of a 

few drops of methanol or water (see Supporting Information, Figure S3). By contrast, the addition of 

methanol or water to a 1:1 mixture resulted in XRPD patterns that were different from II and different 

from each other (patterns III and IV, see Supporting Information, Figure S2).  
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Figure 2. (a) XRPD patterns of a 1:1 mixture of bzade and maleic acid after different milling times. 

(b) XRPD patterns of bzade, maleic acid (mal) and 1:1, 1:2 and 2:1 mixtures of bzade and maleic 

acid after 20 min. of solvent-drop (methanol) grinding. 
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Solvent-assisted grinding experiments were also carried out with the following acids; glutaric acid, 

succinic acid, benzoic acid and fumaric acid. In all cases, changes in the XRPD patterns of 1:1 mixtures 

suggested salt or co-crystal formation (see Supporting Information, Figure S4). 

Solution Crystallization. Slow evaporation of methanol or dimethylformamide solutions of 1:1 

mixtures of bzade and glutaric acid, succinic acid, benzoic acid or fumaric acid gave powders or very 

thin needles unsuitable for single-crystal X-ray analysis. X-ray suitable crystals were obtained with 

oxalic acid and maleic acid. The salt (bzadeH+)(mal-) (mal- = hydrogen maleate) (1) crystallized from 

methanol, while crystals of composition (bzadeH+)2(ox2-) (ox2- = oxalate dianion) (2) formed upon slow 

evaporation of a 1:1 mixture of bzade and oxalic acid in methanol or dimethylformamide. It is generally 

accepted that salts will be obtained, when the difference between the pKa values of the base and the acid, 

pKa, is > 3, while a pKa < 0 will lead to a co-crystal. For 0 < pKa < 3, co-crystals, salts or mixed 

ionization complexes can result.46 The pKa1 and pKa2 values of oxalic and maleic acid are 1.2 and 4.247 

and 1.9 and 6.9,48 respectively. For bzade a pKa value of 3.9 has been reported49 so that the difference 

between the pKa values of bzade and the first pKa value of maleic and oxalic acid fall in the overlap 

range where salt or co-crystal formation is not predictable (pKa = 2.0 and 2.7, respectively). Single-

crystal X-ray analysis of 1 and 2 clearly revealed that proton transfer from the carboxylic acid to bzade 
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Figure 3. XRPD patterns of bzade, oxalic acid (ox) and 1:1 and 2:1 mixtures of bzade and oxalic 

acid after 20 minutes of dry- and solvent-drop (CH3CN) grinding. 
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had taken place with maleic acid forming the monoanion and oxalic acid forming the dianion. 

Considering the second pKa value of oxalic acid, formation of the salt of the dianion is not necessarily 

expected, although the pKa value of -0.3 is close to the overlap region.  

 To ensure that the single-crystal structures determined for 1 and 2 are representative for the bulk 

composition of the crystalline materials, theoretical powder patterns were generated form the single 

crystal data. In both cases, the simulated powder pattern matches with that measured for the isolated 

crystalline sample (Supporting Information, Figures S5 and S6). Furthermore, the XRPD patterns of the 

isolated crystals of 1 and 2 were found to be identical to patterns I and II obtained by dry- and solvent-

drop grinding (Supporting Information, Figures S5 and S6), demonstrating that milling and 

crystallization from solution lead to the same structures. It should be noted that crystallization from 

methanolic solution gave 2 irrespective of the molar ratio. The compound corresponding to pattern III 

that was observed upon methanol-assisted grinding of 1:1 mixtures of bzade and oxalic acid did not 

crystallize. Crystallization experiments from aqueous solution to obtain the product giving pattern IV 

were unsuccessful due to the poor solubility of bzade in water. 

 Crystal Structure of (bzadeH+)(mal-) (1). 1 has a 1:1 stoichiometry and consists of a hydrogen 

maleate anion and an N6-benzyladeninium cation (Figure 4a). Like the cations in N6-benzyladeninium 

bromide23 and kinetin hydrochloride24, bzadeH+ exists as H3,H7-tautomer. The hydrogen atoms have 

been located in the difference Fourier map and refined isotropically. Further evidence for the transfer of 

one proton from maleic acid to bzade and for the positions of the hydrogens in the heterocycle comes 

from the C-O bond lengths and from the bond angles of the endocyclic nitrogens. The internal angles at 

N(7) and N(9) are 106.4(3)° and 102.6(3)° in 1, compared to 103.9(2)° and 106.4(2)° in 9H-

benzadenine.21 The increase of the C(5)-N(7)-C(8) bond angle by 2.5° and the decrease of the C(4)-

N(9)-C(8) bond angle are indicative of the shift of the N(9) hydrogen to N(7).23,24,50 Likewise, the 

widening of the C(2)-N(3)-C(4) bond angle from 110.7(2)° in bzade21 to 116.4(3)° in 1 is consistent 

with the N(3) nitrogen being protonated. By contrast, the C(2)-N(1)-C(6) bond angle in 1 (119.7(3)°) is 
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close to that observed in neutral bzade (118.2(2)°),21 corroborating that N(1) is unprotonated. The 

structural parameters of the counterion are in line with the formation of the mono anion. For one of the 

carboxyl groups clearly distinct C-O and C=O bond lengths are observed (1.208(4) Å and 1.297(4) Å), 

while for the second one, the difference between the two C-O bonds (1.237(4) and 1.267(4) Å) is 0.03 

Å. A difference of  0.03 Å between the C-O bonds is characteristic of a deprotonated carboxylate 

group, while in a protonated carboxyl group the C-O bonds differ by  0.08 Å.46 The carboxyl proton of 

the hydrogen maleate anion is held in an extremely short intramolecular H bond. The H atom is 

approximately centred between O(2) and O(4) with O(2)...H, O(4)...H and O(2)...H...O(4) being 1.23(5) 

Å, 1.28(5) Å and 167(5)°, respectively. A short, symmetrical or approximately symmetrical 

intramolecular O...H...O hydrogen bond has been found in several crystal structures of hydrogen maleate 

anions.51-53 
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Figure 4. (a) Asymmetric unit of 1. Thermal ellipsoids are drawn at the 30 % probability level. (b) 

Hydrogen bonding motif in 1. 
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Figure 4b shows the hydrogen bonding motif in 1. Hydrogen bond distances and angles are listed in 

Table 3. Centrosymmetric bzadeH+- bzadeH+ dimers with a planar R2
2(8) motif are formed by pairs of 

N(3)-H...N(9) hydrogen bonds. The Hoogsteen sites (N(6)-H, N(7)-H) of the bzadeH+...bzadeH+ base 

pair form hydrogen bonds to the anions with an R2
2(9) pattern so that overall a 

mal...bzadeH+...bzade+...mal motif is generated. N(1) is the only nitrogen that is not involved in H 

bonding. Hydrogen bonding via N(1) is prevented by the substituent at the N6 position which is distal to 

the imidazole ring. The same effect of the N6 substituent is observed in the solid-state structures of 

kinetin,22 kinetin hydrochloride24 and dihydrogen phosphate,25 N6-benzyladenine21 and N6-

benzyladenine hydrobromide.23 In all cases the N6 substituent adopts a distal conformation and N(1) 

does not participate in hydrogen bonding. Further extension of the supramolecular structure reveals C-

H...O hydrogen bonds between C(2)-H and C(8)-H of the purine and C=O of the hydrogen maleate 

anion, leading to a R2
1(8) ring formation.  

 

Table 3.   Hydrogen bonding in 1 (Å, °) 

 

D-H...A a d(D-H) d(H...A) d(D...A) (DHA) 

N(6)-H(6)...O(3) 

N(7)-H(7)...O(4) 

N(3)-H(3)...N(9)#1 

C(2)-H(2)...O(1)#2 

C(8)-H(8)...O(1)#3               

O(2)...H(2a)...O(4)        

1.00(3)     

0.97(4)     

1.06(4) 

0.97(4)     

0.96(3)     

1.23(5)     

1.74(3)    

1.82(4)    

1.82(4) 

2.27(4)  

2.40(3)   

1.28(5)       

2.733(4)      

2.775(4)      

2.842(4)    

3.063(5)   

3.110(5) 

2.486(4)                

174(3)    

167(3)    

164(4) 

138(3)  

130(3)   

167(5)    

 

a symmetry operation: #1: -x,2-y,-z; #2: 1+x,2+y,z; #3: -x-1,-y,-z 

 

Crystal Structure of (bzadeH+)2(ox2-) (2). X-ray analysis of 2 revealed a 2:1 stoichiometry of 

bzadeH+ cations and oxalate dianions assembled into an infinite 2D H bonded network. Geometric 

parameters of the hydrogen bonding interactions are presented in Table 4. In contrast to 1, the bzadeH+ 
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cation in 2 has hydrogens at N(7) and N(9) which have been found in the difference Fourier map. The 

crystallization of the unusual 7H,9H-tautomer is further corroborated by the bond angles of the 

endocyclic nitrogens. The C(5)-N(7)-C(8) angle is almost 4° larger than in neutral bzade (107.6(1) vs. 

103.9(2)° 21), while the C(4)-N(9)-C(8), C(2)-N(3)-C(4) and C(2)-N(1)-C(6) bond angles (107.9(1), 

110.7(1) and 118.6(1)°) are close to those reported for 9H-bzade (106.4(2) for N(9), 110.7(2)° for N(3) 

and 118.1(2)° for N(1)21). As in 1, the orientation of the phenyl ring is distal to the purine imidazole ring 

allowing for H bonding to a carboxylate group via the Hoogsteen site in a R2
2(9) pattern. As the oxalate 

dianion is situated on an inversion centre, this H bonding interaction generates a bzadeH+...ox2-

...bzadeH+ motif (Figure 5a). The dihedral angle between the phenyl ring and the purine plane is 

49.23(6)° and is much smaller than in bzadeH+Br- (108.4(1)° 23), neutral bzade (78.5(3)° 21), and 1 

(84.7(2)°) where the phenyl and purine rings are approximately at right angle to each other. The phenyl 

ring is tilted towards the Hoogsteen site. This forces the oxalate oxygen O(2) out of the adenine ring 

plane so that in contrast to 1 the R2
2(9) ring is non-planar (Figure 5b). The distance between O(2) and 

the centroid of the phenyl ring is 4.49(1) Å.  
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Figure 5c shows further details of the hydrogen bonding interactions. H bonds between N(9)-H and 

carboxylate oxygen link the bzadeH+...ox2-...bzadeH+ entities into an infinite 2D network. In addition, C-

H...N hydrogen bonding is observed between C(8)-H and N(3) at -x,½+y,½-z. In contrast to the 

bzadeH+...bzadeH+...mal- motif in 1, there is no pairing between bzadeH+ cations. As in 1, the N(1) 

nitrogen does not participate in H bonding.  
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Figure 5. (a) bzadeH+...ox2-...bzadeH+ motif in 2. Thermal ellipsoids are drawn at the 30 % 

probability level. (b) Side view of the bzadeH+...ox2-...bzadeH+ motif. (c) Details of H bonding 

interactions in 2. The benzyl substituent is omitted for clarity. 
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Table 4.   Hydrogen bonding in 2 (Å, °) 

 

D-H...A a d(D-H) d(H...A) d(D...A) (DHA) 

N(6)-H(6)...O(2) 

N(7)-H(7)...O(1) 

N(9)-H(9)...O(1)#1 

N(9)-H(9)...O(2)#2 

C(8)-H(8)...N(3)#3          

0.91(2)     

0.98(2)     

0.92(2)     

0.92(2)     

0.97(2)     

1.99(2)    

1.66(2) 

1.79(2)  

2.37(2)   

2.523(2)       

2.89(2)      

2.628(2)   

2.685(2)   

2.865(2) 

3.449(2)                

174(2)    

169(2)      

167(2)  

114(1)   

159(1)    

 

a symmetry operation: #1: -x,-1/2+y,1/2-z; #2: x,3/2-y,1/2+z; #3: -x,1/2+y,1/2-z 

 

Co-crystallization of Adenine with Oxalic Acid and Maleic Acid. To investigate the influence of 

the N6-substituent on the association patterns, co-crystallization experiments were carried out with 

adenine and oxalic and maleic acid. Slow evaporation of an aqueous solution containing equimolar 

amounts of adenine and maleic acid gave needle-shaped crystals which were characterized by X-ray 

analysis as (adeH+)2(mal-)2
.ade.2H2O (3) (ade = adenine). The theoretical powder pattern calculated 

form the crystal data is in good agreement with the powder pattern obtained from the isolated crystalline 

sample demonstrating that the single-crystal structure represents the composition of the bulk material 

(see Supporting Information, Figure S7). Unfortunately, all attempts to grow single crystals of an 

adeninium oxalate salt were unsuccessful. Mixing solutions of adenine and oxalic acid in water, 

dimethylsulfoxide, dimethylformamide and methanol invariably gave insoluble powders. The XRPD 

pattern of the powder isolated from a methanolic solution clearly differs from that of a physical mixture 

of oxalic acid and adenine (data not shown). The IR data also suggest salt formation: The (C=O) and 

sciss(NH2) vibrations that appear at 1665 and 1671 cm-1 in the spectrum of the starting compounds 

coincide as a broad band at 1684 cm-1. The bands at 1238 and 1437 cm-1 that are ascribed to the 

symmetric stretching modes of C-O, C-C and O-C=O bonds and to the symmetric stretching and 

bending mode of C-O and O-C=O bonds in free oxalic acid are not observed in the IR spectrum of the 
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reaction product. Likewise, the C-N and C-C stretching vibrations of free adenine at 1333, 1307 and 

1126 cm-1 are shifted in the product spectrum. The (NH2) vibration that appears at 1603 cm-1 in the IR 

spectrum of free adenine is observed at 1592 cm-1. The elemental analysis is consistent with a 1:1 

stoichiometry (found C, 37.52; H, 3.11; N, 30.56; calculated for C7H7N5O4: C, 37.34; H, 3.13, N, 

31.10%). 

Crystal Structure of (adeH+)2(mal-)2.ade.2H2O (3). The asymmetric unit of 3 consists of two 

adeninium cations in their 1H,9H-tautomeric forms, two hydrogen maleate anions, one neutral adenine 

and two water molecules of crystallization. Interestingly, the neutral adenine exists as the minor 7H-

tautomer. The presence of the non-canonical tautomer has been unambiguously determined by the 

location of the H7 proton in the difference Fourier map. Furthermore, the 7H-tautomer of adenine is 

confirmed by the observed hydrogen-bonding interactions with the hydrogen maleate anion (see below) 

and by the endocyclic C-N-C bond angles. The C(8)-N(7)-C(5) angle (105.5(3)°) is approximately 2° 

larger than the C(8)-N(9)-C(4) angle (103.4(3)°). Similar values have been reported for the angles in N6-

benzoyladenine that crystallizes as 7H-tautomer (C(8)-N(7)-C(5) 106.7(3)°; C(8)-N(9)-C(4) 

103.2(3)°).54 The two adeninium cations exhibit the usual features of the 9H-tautomer protonated at 

N(1). As in 1, the hydrogen maleate anions feature a strong, extremely short intramolecular H bond 

(O...O = 2.434(4) and 2.447(4) Å).  

H bonding interactions between adeninium cations, adenine and hydrogen maleate are displayed in 

Figure 6 and Table 5.  
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Figure 6.    Hydrogen bonding motif in 3.  

 

The two adeninium cations, denoted adeH+(A) and adeH+(B), are linked by pairs of N(6)-H...N(7) 

hydrogen bonds generating a R2
2(10) motif. The Watson-Crick site of adeH+(A) is used to form a double 

hydrogen bond with the N(3) /  N(9) edge of ade. Ade utilizes its Watson-Crick site for base pairing 

with another ade, while N(6)-H and N(7)-H of the Hoogsteen site act as H bond donors to a carboxylate 

group of one of the hydrogen maleate anions giving an almost planar nine-membered ring (R2
2(9) 

motif). The carboxylate oxygen O(4) of the same hydrogen maleate interacts with N(9)-H of adeH+(B). 

This generates (adeH+)4ade2(mal-)2 entities comprising two planar R5
5(18) rings as shown in Figure 6 

(top). The second hydrogen maleate anion acts as hydrogen bond acceptor to the Watson-Crick site of 

adeH+(B) with O(7), O(8), N(6B)-H and N(1B)-H forming an R2
2(8) ring. In addition, this hydrogen 

maleate interacts with N(9)-H of adeH+(A) through its O(5) oxygen, thus linking the (adeH+)4ade2(mal-)2 

units into a 2D sheet structure (Figure 6, bottom). The N(3) nitrogens of adeH+(A) and adeH+(B) are not 

AH+ (A)

AH+ (B)

A

AH+ (A)

AH+ (B)

A

AH+ (A)
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involved in H bonding. The two molecules of water of crystallization form H bonds with each other and 

with the hydrogen maleate oxygens O(2) and O(7) in a O(2)...O(2W)...O(1W)...O(7) pattern (see 

Supporting Information, Figure S8). These chains of mal-...O(2W)...O(1W)...mal- interactions connect 

the sheets of mal-, adeH+ and ade so that overall a 3D H bonded network is obtained. 

 

Table 5.   Hydrogen bonding in 3 (Å, °) 

 

D-H...A a d(D-H) d(H...A) d(D...A) (DHA) 

N(6)-H(6A)...N(1)#1 

N(6)-H(6B)...O(1)#2 

N(7)-H(7)...O(2)#2 

N(6A)-H(6AA)...N(3) 

N(1A)-H(1A)...N(9) 

N(6A)- H(6AB)...N(7B)#3 

N(9A)-H(9A)...O(5) 

N(6B)-H(6BB)...N(7A)#4 

N(6B)-H(6BA)...O(7)#5 

N(1B)-H(1B)...O(8)#5 

N(9B)—H(9B)...O(4)#3 

O(1W)-H(1W)...O(7)#5 

O(2W)-H(3W)...O(2)#6 

O(2W)-H(4W)...O(1W) #3 

O(1)-H(1C)...O(3) 

O(6)-H(6C)...O(8) 

0.98(3) 

0.97(4) 

1.04(4) 

0.96(4) 

1.06(4) 

0.91(4) 

1.06(3) 

0.95(4) 

1.00(4) 

1.16(4) 

1.00(3) 

0.88(3) 

0.95(5) 

0.83(5) 

1.34(4) 

1.14(4) 

2.08(3) 

1.88(4) 

1.69(4) 

2.06(4) 

1.69(4) 

2.02(4) 

1.68(3) 

2.02(4) 

1.88(4) 

1.56(4) 

1.67(3) 

1.90(3) 

1.90(5) 

2.18(5) 

1.12(4) 

1.33(4) 

3.05(4) 

2.841(4) 

2.720(4) 

3.018(5) 

2.741(4) 

2.868(5) 

2.738(4) 

2.931(4) 

2.872(5) 

2.708(4) 

2.665(4) 

2.767(4) 

2.829(4) 

2.991(5) 

2.434(4) 

2.447(4) 

171(2) 

168(3) 

175(3) 

177.5(9) 

178(1) 

155(3) 

174(2) 

161(3) 

176(3) 

175(3) 

175(4) 

170(3) 

166(3) 

164(6) 

166(3) 

166(3) 

 

a symmetry operation: #1: -x,2-y,-z; #2: -x,1-y,-z; #3: 1-x,1/2+y,1/2-z; #4: 1-x,-1/2+y,1/2-z;  

#5:  -1+x,y,z; #6: 1-x,1-y,-z 
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4.   DISCUSSION 

The most notable structural features of the adeninium and benzyladeninium carboxylates described 

above are the presence of the non-canonical 7H-adenine tautomer in 3 and the unusual 7H,9H-tautomer 

of the benzyladeninium cation in 2. Several theoretical and experimental studies have shown that the 

9H-amino form is the most stable tautomer of adenine in the gas-phase and in aqueous solution.55-57 

However, while the energy difference between 9H-adenine and the minor 7H-tautomer is 7 – 8 kcal mol-

1 in the gas-phase, the energy gap becomes significantly smaller, when electrostatic interactions with 

polar solvent molecules are included due to the larger dipole moment of 7H-adenine.17,58 Consequently, 

both tautomers co-exist in water.58 It is also well-documented that metal coordination to the N(9) donor 

site in combination with non-covalent interactions can stabilize the 7H-tautomer of adenine in the solid 

state.59,60 By contrast, the presence of the minor tautomer as free molecule in the solid state (i.e. without 

metal coordination) is quite rare. Indeed, we are aware of only two examples of solid-state structures 

containing the 7H-tautomer of adenine; {[Mn(µ-ox)(H2O)2](7H-ade).H2O}n
28 and [Mg(H2O)6X2

.2(7H-

ade)] (X = Cl-, Br-).29 In the former one the minor tautomer is stabilized through a strong network of H 

bonds between adenine and a metal-oxalate inorganic framework. In the latter one two cis-coordinated 

water molecules form strong H bonds with the N(3),N(9) edge, thus supporting the shift of the proton 

from the N(9) to the N(7) position. There are five types of molecular recognition in 3: (i) between two 

adeninium cations (pairs of N(6)-H...N(7) hydrogen bonds), (ii) between an adeninium cation and a 

neutral adenine (Watson-Crick site / N(3),N(9) edge), (iii) between two neutral adenines (pairs of  N(1)-

H...N(6) hydrogen bonds), (iv) between an adeninium cation and a carboxylate group (N(1)-H...O, N(6)-

H...O) and (v) between an adenine and a carboxylate group (N(6)-H...O, N(7)-H...O). The latter one 

stabilizes the 7H-tautomer of adenine, as the proton transfer from N(9) to N(7) allows for a double 

hydrogen bond between the Hoogsteen site and carboxylate. The N(3),N(9) edge of the 7H-tautomer 

represents a double acceptor site and interacts with the protonated Watson-Crick site of an adeninium 
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cation. This is in contrast to the canonical 9H-tautomer where both the N(3),N(9) edge and the 

Hoogsteen site act as donor and acceptor sites (Scheme 1).  

To the best of our knowledge, the existence of the 7H,9H-tautomer in 2 is unprecedented in solid-

state structures of N6-benzyladeninium salts. There is only one example for a crystal structure with an 

N6-substituted adenine derivative protonated at N(7) and N(9), N6-decyladeninium chloride.61 It is 

worthy of note that the unusual 7H,9H and the major 3H,7H-tautomer have similar donor / acceptor 

dispositions: In both cases the Hoogsteen site serves as a double hydrogen bond donor site, while the 

N(3),N(9) edge acts as both donor and acceptor site (Scheme 1). Therefore, molecular recognition 

between properly arranged H bond donors and acceptors alone cannot explain the existence of the 

unusual tautomeric form in the crystal structure. The N(7)...O(4) distance is 2.628(2) Å suggesting a 

strong H bond between N(7)-H and the maleate oxygen which may partly compensate the positive 

charge in the imidazole ring and stabilize the rare tautomer. 

Scheme 1. Donor (D) and acceptor (A) properties of benzyladeninium, adenine and adeninium 

tautomers. 
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A building block found in all three supramolecular structures is the R2
2(9) heterosynthon based on 

double H bonds between a protonated Hoogsteen site and a carboxylate group. Besides the R2
2(9) 

heterosynthon, 1 contains an R2
2(8) homosynthon resulting from N(3)-H...N(9) interactions. N(3),N(9) 

double N-H...N hydrogen bonds are a common base-pairing mode which is often found in the solid state 

structures of adenine, adenine derivatives and corresponding salts. The other feasible adeH+...adeH+ 

self-association mode of the 3H,7H tautomer in 1 involving N(1),N(6)-H of the Watson-Crick site is 

precluded due to the orientation of the N6-benzyl group. As a consequence, the typical ribbon or layer 

structure of cations self-associated through N(3)-H...N(9) and N(6)-H...N(1) hydrogen bonds  that is 

frequently observed in adeninium salts is not realized in 1. BzadeH+...bzadeH+ dimers similar to the 

R2
2(8) homosynthon in 1 are not observed in 2, although the same self-association mode involving 

N(3),N(9) would be possible for the 7H,9H tautomer present in the oxalate salt. Instead, the structure is 

built up by bzadeH+...ox2-...bzadeAH+ entities that are linked through single N(9)-H...ox2- hydrogen 

bond interactions into an infinite network. In 3, R2
2(8) and R2

2(10) homosynthons are present in addition 

to the R2
2(9) heterosynthon. The Watson-Crick site is not blocked and base-pairing between adenine 

molecules via N(6)-H...N(1) hydrogen bonding is observed (R2
2(8) homosynthon), while hydrogen 

bonding interactions between adeninium cations via the Hoogsteen site generate the R2
2(10) 

homosynthon. 

 Another point worthy of note is the observation of C-H...N hydrogen bonds between 

benzyladeninium cations in 2. Although hydrogen-bonding interactions between aromatic C-H and 

heterocyclic nitrogens are well-established,62 in nucleobase chemistry C-H...N interbase interactions are 

usually reinforced by strong N-H...O/N hydrogen bonds.63-66 This is not the case here. The C(8)-H...N(3) 

hydrogen bond is the only interaction between neighbouring bzadeH+ cations. In 2 aromatic C-H...O 

hydrogen bonds are present, while no C-H...N/O interactions occur in 3.   
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5.   CONCLUSIONS 

Supramolecular structures are reproducibly and quantitatively formed by solid-state or solvent-drop 

grinding of mixtures of bzade and the pharmaceutically acceptable salt formers oxalic acid and maleic 

acid. Single-crystal X-ray analysis revealed the presence of a robust R2
2(9) heterosynthon. Strong N-

H...O and charge assisted N-H+...O- hydrogen bonds between a carboxylate group and the Hoogsteen site 

of adenine and N6-benzyladenine stabilize the unusual 7H,9H tautomer of the benzyladeninium cation in 

(bzadeH+)2(ox2-) and the non-canonical 7H-adenine tautomer in (adeH+)2(mal-)2
.ade.2H2O. 
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Relevant N6-substituted Adenine 
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Three X-ray structures of carboxylate salts of N6-benzyladenine and adenine with different hydrogen 

bonding motifs are reported. Molecular recognition between the protonated purine ring and carboxylate 

stabilizes the unusual 7H,9H tautomer of the N6-benzyladeninium cation and the minor 7H-adenine 

tautomer. Supramolecular structures are reproducibly and quantitatively formed by solid-state or 

solvent-drop grinding of N6-benzyladenine and oxalic or maleic acid mixtures. 

 

 

 

 

 

 

 

 

 


