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Abstract 

 

The reaction of adenine with 2-chloropyrimidine yields as a major product the 

unexpected N7-(2-pyrimidyl)-adenine (1) and as a minor one N9-(2-pyrimidyl)-adenine 

(2). Both compounds have been characterized by X-ray diffraction analysis. Moreover, 

we report the formation of a 1:1 co-crystal (3) composed by compound (1) and adenine 

that was formed serendipitously during the synthesis of (1). Unexpectedly, the treatment 

of (1) with Brönsted acids like HCl or HNO3 causes the opening of the imidazole ring 

of the N7-substituted adenine, yielding N5-(pyrimidin-2-yl)pyrimidine-4,5,6-triamine (4-

7) which we have X-ray characterized in its neutral, (4), monoprotonated [nitrate salt 

(6)] and diprotonated forms [hydrochloride salt (5) and, also, a tetrachlorozincate salt 

(7)]. Finally, we have used compound (5) as ligand to synthesize and X-ray characterize 

its complexes with Ir(III) and Ag(I) (compounds (8) and (9), respectively), where the 

latter is a 2D coordination polymer and the former is a discrete mononuclear complex. 

We have studied the supramolecular assemblies formed in the solid state by using 

density functional theory (DFT) calculations. Finally, DNA-docking studies of several 

compounds have been carried out in order to analyze their ability to interact with the 

DNA. 

Keywords: Adenine complexes; Ir(III) complexes; Ag(I) complexes; DFT calculations; 

Supramolecular chemistry; Docking studies 
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Introduction 

Natural purine nucleosides substituted in N9 have been studied for many years due to 

their biological activity, in particular as antiviral and anti-proliferative compounds [1–

3]. N7-nucleoside derivatives are less commonly studied [4–7], and usually limited to 

N7/N9-glycosyl transfer processes [8]. The standard method to synthesize N9-

alkyladenines is the alkylation of the nucleobase in the presence of a base [9–11]. The 

regioselectivity of the alkylation reaction depends on the experimental conditions and 

the substitution of the purine base. In general, the N7 and N3 regioisomers [12–15] are 

obtained as side products where the major product is the N9-regioisomer. Predicting the 

site of alkylation is very difficult in protected or modified adenine [16,17] and in some 

particular cases the N7-isomer is the major product. For example, it has been shown that 

the alkylation of N6-[(N,N-dimethylamino)methylene]adenine with certain alkylating 

reagents leads selectively to the N7-substituted derivatives [18]. 

We have previously reported [19–21] the synthesis and X-ray characterization of N6-

substituted adenines (including N6-aminoacid/peptide substitution) since they are 

interesting substrates due to their cytokinin activity [22]. In this new investigation, we 

report the synthesis, characterization and X-ray crystal structures of several adenine 

derivatives, salts and complexes. The neutral compounds are N7-(2-pyrimidyl)-adenine 

(1), N9-(2-pyrimidyl)-adenine (2), [adenine·(1)] cocrystal (3) and N5-(pyrimidin-2-

yl)pyrimidine-4,5,6-triamine (4) (also denoted as L) which is formed upon addition of 

Brönsted acid to (1). The salts and complexes are (H2L)(Cl)2 (5), (HL)(NO3) (6), 

(H2L)(ZnCl4) (7), [Ir(L)(DMSO)(Cl)3] (8) and {[Ag2L(NO3)2]·H2O}n (9). In the Ir(III) 

complex the ligand is in its zwitterionic form with a protonated pyrimidinic ring and the 

deprotonated amino group yielding a four member metallocycle. The unexpected 

formation of (4) from (1) (see Scheme 1) can be envisaged as a convenient route for the 

synthesis of (2-pyrimidyl)-(5-pyrimidyl)amines that have not been investigated in the 

literature, neither as ligands for coordination chemistry nor for biological activity. The 

theoretical study has been divided into two different parts: (i) the analysis of the 

supramolecular assemblies in the solid state taking advantage of DFT calculations and 

theoretical models and (ii) the study of the potential biological importance of the 

synthesized organic ligands and Ir(III) complex by exploring their interaction with DNA 

using molecular docking calculations. 
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**Insert here Scheme 1** 

 

Experimental 

Materials and measurements 

Chemicals and solvents were purchased from commercial sources (Sigma-Aldrich) and 

were used as received. FT-IR spectra in the solid state (KBr pellets) were measured in 

the 4000-400 cm-1 range on a Bruker Tensor 27 spectrometer. 1H and 13C NMR spectra 

were recorded at room temperature on a Bruker AMX 300 or a Bruker Avance 500 

Ultrashield apparatus operating at 500 MHz. Proton and carbon chemical shifts in 

dimethyl sulfoxide (DMSO-d6) or methanol (methanol-d4) solutions were referenced to 

the corresponding DMSO-d6 [1H NMR, δ(DMSO) = 2.50; 13C NMR δ(DMSO) = 39.5 

ppm] or methanol-d4 [1H NMR, δ(methanol) = 3.34; 13C NMR δ(methanol) = 49.9 

ppm]. Electrospray ionization-high resolution mass spectra (ESI-HRMS) were made in 

a Qexactive-Thermo Scientific apparatus, with an Orbitrap analyser (samples were 

dissolved in DMSO for the first dilution and methanol in the second dilution). 

Thermogravimetric data in the temperature range from 30 to 800ºC were recorded in a 

flowing oxygen atmosphere (heating range 5 ºC/min) on a PE TGA-2 thermobalance. In 

Supplementary material, conditions for DNA cleavage studies have been included, 

although the compounds reported in this paper have not shown any cleavage capability, 

even at concentration of 1 mM, after 24 h incubation at 37 ºC in the dark. 

 
Preparation of the compounds 

Synthesis of N7-(2-pyrimidyl)-adenine (1). 5.2 mmol of adenine (700 mg), 240 mg of 

NaH (60%) and 10 mL of anhydrous DMF were mixed during 30 min in a round bottom 

flask at 0ºC under argon atmosphere. Then, 5.2 mmol of 2-chloropyrimidine (600 mg) 

were added to the mixture that was heated at 90 ºC for 3 h. Afterwards, the solution was 

allowed to reach room temperature and maintained unperturbed. A yellow precipitate 

that corresponds to compound (1) was formed, which was filtered off, washed with 

water and acetone and allowed to dry at room temperature (70%). M.p. 230 – 235 ºC(d). 

IR (KBr, cm–1): 3595m, 3314m, 3170m, 3125m, 1797w, 1664s, 1574s, 1550s, 1483s, 

1432s, 1395m, 1349m, 1319s, 1267m, 1242m, 1198m, 1197m, 1111m, 822m, 789m, 
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664m, 642m, 622m, 603m, 590m. 1H NMR (ppm) (300 MHz; DMSO-d6): 9.24s [1H, 

C8-H], 8.97d [2H, J = 4.8 Hz, C4a-H and C6a-H], 8.28s [1H, C2-H], 7.58t [1H, J = 

4.8Hz, C5a-H]. 13C NMR (ppm) (75 MHz; DMSO-d6): 162.3 [C4], 160.6 [C4a and 

C6a], 155.1 [C2a], 154.9 [C2], 153.4 [C6], 145.7 [C8], 120.6 [C5a], 109.8 [C5]. ESI-

HRMS: [1 + Na]+, C9H7N7Na: exp: 236.0645; cald: 236.0661. 

Synthesis of N9-(2-pyrimidyl)-adenine (2). During the synthesis of (1) (see above), 

after the filtration of the yellow precipitate (1), the resulting liquid (DMF solution) was 

evaporated and the solid resulted to be a 1:1 mixture of (1) and (2), as determined by 
1H-NMR. Isomers 1 and 2 were separated by preparative HPLC purification in a 

Chiralpak IC column and MeOH (0.1% diethylamine) as eluent (see ESI for more 

information). Alternatively, if the DMF solution is kept unperturbed (instead of 

evaporated) during several months, a few octahedral crystals of (2) appear at the bottom 

of the flask suitable for X-ray diffraction analysis. IR (KBr, cm-1): 3596s, 3316vs, 

3174s, 3125vs, 2926m, 2854m, 1796w, 1644vs, 1575s, 1551s, 1484vs, 1431vs, 1401s, 

1385m, 1349vs, 1286m, 1243m, 1199m, 1179s, 1111m, 1077w, 1036w, 1004w, 989w, 

903w, 823m,790s, 761w, 724w, 667s,643s, 623m, 604s, 591s, 564w, 514w, 477w, 

458w. 1H NMR (ppm) (500 MHz; methanol-d4): 8.99s [1H, C8-H], 8.96d [2H, J = 4.8 

Hz, C4a-H and C6a-H], 8.39s [1H, C2-H], 7.55t [1H, J = 4.8 Hz, C5a-H]. 13C NMR 

(ppm) (125 MHz; methanol-d4): 160.5 [C4a and C6a], 158.0 [C4], 156.1 [C2], 155.0 

[C2a], 150.0 [C6], 141.2 [C8], 121.7 [C5], 121.3 [C5a]. ESI-HRMS: [2 + Na]+, 

C9H7N7Na: exp: 236.0650; cald: 236.0661; [(2)2 + Na]+, (C9H7N7)2Na: exp: 449.1406; 

cald: 449.1418. 

Synthesis of cocrystal [adenine:1] (3): In one of the attempts to synthesize compound 

(1), few crystals of compound (3) were serendipitously obtained that correspond to a co-

crystal of compound (1) with the starting product, adenine. It should be mentioned that 

we have not been able to reproduce the synthesis of (3), which has been only 

characterized by X-ray diffraction. It is included here only for the sake of scientific 

knowledge. 

N5-(pyrimidin-2-yl)pyrimidine-4,5,6-triamine (4): Compound (1) (60.6 mg, 0.284 

mmol) was dissolved in aqueous HCl (0.5 M, 7.67 mL) and heated up to 90 ºC for 1 

hour. Then, the crude mixture was treated with NaOH (2 M) until basic pH, appearing a 

white precipitate. The product was filtered, washed with cold water (1 x 3 mL) and 

dried overnight in the vacuum oven, giving rise to the desired product (4) as a white 
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solid in quantitative yield (98%). In order to obtain single X-ray crystal quality, 20 mg 

of (4) were dissolved in MeOH and heated up to 40 oC in an oil bath. The filtered 

solution was let to cool down slowly in the oil bath to room temperature, rendering 

white crystals suitable for the single X-ray crystal analysis. IR (KBr, cm–1): 3442m, 

3357s, 3193m, 3105m, 2922w, 2853w, 1658m, 1624s, 1593s, 1565s, 1487s, 1463s, 

1444s, 1385w, 1329w, 1258w, 1185w, 1012w, 814w, 763w, 643w. 1H NMR (ppm) 

(300 MHz; DMSO-d6): 8.30d [2H, J = 4.8 Hz, C4a-H and C6a-H], 7.87s [1H, N7-H], 

7.74s [1H, C2-H], 6.69t [1H, J = 4.8 Hz, C5a-H], 5.77s [4H, N6-H and N9-H] 13C 

NMR (ppm) (75 MHz; DMSO-d6): 161.8 [C2a], 160,7 [C6, C4], 158.5 [C6a and C4a], 

155.5 [C2], 111.9 [C5a], 97.5 [C5]. ESI-HRMS: [4 + H]+ C8H10N7: exp 204.0984; cald: 

204.0992. 

Synthesis of (H2L)(Cl)2 (5): The synthetic protocol is identical to that explained above 

for compound (4). In this case the clear solution is not neutralized with NaOH and, 

instead, it is allowed to slowly evaporate at room temperature, crystals of (5) appeared 

at the bottom of the flask after several weeks. IR (KBr, cm–1): 3295m, 3127m, 1649s, 

1603s, 1571m, 1551s, 1460m, 1448m, 1419w, 1395w, 1374w, 1340m, 1319w, 1271w, 

1253w, 1212w, 1202w, 796w, 776w, 555w 1H NMR (ppm) (300 MHz; DMSO-d6): 

8.91s [1H, N7-H], 8.52d [2H, J = 5.1 Hz, C4a-H and C6a-H], 8.24s [1H, C2-H], 7.75s 

[4H, N6-H and N9-H], 6.96t [1H, J = 5.1 Hz, C5a-H]. 13C NMR (ppm) (75 MHz; 

DMSO-d6): 158.6 [C2a], 158.2 [C6a and C4a], 156.9 [C4, C6], 148.1 [C2], 112.6 [C5a], 

93.3 [C5]. ESI-HRMS: [4 + H]+ C8H10N7: exp 204.0988; cald: 204.0992. 

Synthesis of (HL)(NO3) (6): A suspension of 2.4 mmol (0.10 g) of (1) in 50 mL of 

HNO3 0.1 M was refluxed during 3 h (a clear solution is obtained after 15 min). The 

resulting solution is allowed to reach room temperature and filtered. The slow 

evaporation of the clear solution at room temperature yields 0.06 g (63%) of white 

crystals, suitable for X-Ray diffraction, after 4 weeks. IR (KBr, cm–1): 3365w, 3292w, 

3177w, 3126w, 3028w, 3009w, 2924w, 2854w, 2799w, 1654s, 1618m, 1565vw, 

1500vw, 1453vw, 1440w, 1384vs, 1323m, 1279w, 1255vw, 1205vw, 996vw, 802vw, 

777vw, 648vw, 630vw. 1H NMR (ppm) (300 MHz; DMSO-d6): 8.44d [2H, J = 4.9 Hz, 

C4a-H and C6a-H], 8.19s [1H, C2-H], 7.58s [4H, N6-H and N9-H], 6.87t [1H, J = 4.9 

Hz, C5a-H]. 13C NMR (ppm) (75 MHz; DMSO-d6): 158.6 [C2a], 158.3 [C6a and C4a], 

156.9 [C4, C6], 148.5 [C2], 112.6 [C5a], 93.3 [C5]. ESI-HRMS: [4 + H]+ C8H10N7: exp 

204.0986; cald: 204.0992. 
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Synthesis of (H2L)(ZnCl4) (7): A suspension of 0.5 mmol (100 mg) of (1) and 1 mmol 

(140 mg) of ZnCl2 in 20 mL of HCl 0.45 M was refluxed during 4h. Then it was filtered 

and allowed to reach room temperature. The slow evaporation of the clear solution 

yields suitable crystals (35%) for X-ray analysis after 8 weeks. IR (KBr, cm–1): 3390m, 

3247m, 1658s, 1620s, 1519m, 1500m, 1424m, 1351m, 1276m, 994w, 802w, 772w, 

750w, 468w 1H NMR (ppm) (300 MHz; DMSO-d6): 8.38d [2H, J = 5.1 Hz, C4a-H and 

C6a-H], 8.22s [1H, N7-H], 8.18s [1H, C2-H], 7.55s [4H, N6-H and N9-H], 6.81t [1H, J 

= 5.1 Hz, C5a-H]. 13C NMR (ppm) (75 MHz; DMSO-d6): 158.6 [C2a], 158.2 [C6a and 

C4a], 156.9 [C4, C6], 148.3 [C2], 112.7 [C5a], 93.4 [C5]. ESI-HRMS: [4 + H]+ 

C8H10N7: exp 204.0986; cald: 204.0992. 

Synthesis of [Ir(L)(DMSO-κS)Cl3] (8): A solution of 0.0375 mmol (10.35 mg) of 

compound 5 in 2 mL of water was added to a solution of 0.075 mmol (48.47 mg) of 

[IrCl4(DMSO)2]·DMSO2H in 2 mL of H2O and heated at 90ºC without stirring during 6 

h. The resulting solution was allowed to reach room temperature and maintained 

unperturbed. After two days at room temperature, the solution was cooled at 4ºC and a 

few orange needles, suitable for X Ray diffraction, that correspond to Ir(III) complex 

(8), were obtained after three days. IR(KBr, cm-1): 3453s, 3414vs, 3287vs, 3250s, 

3197s, 3001w, 2917w, 2854w, 2767w, 2722w, 2640w, 1666vs, 1632s, 1596s, 1580s, 

1520s, 1520m, 1480m, 1453m, 1415m, 1397w, 1382w, 1344vw, 1315m, 1286vw, 

1189vw, 1099s, 1024m, 982vw, 916vw, 801w, 780m, 752vw, 735vw, 695m, 666m, 

648m, 581w, 562m, 513w, 451w, 437w, 421w. 1H NMR (ppm) (300 MHz; DMSO-d6)  

tentative assignment: 9.19s[1H, N-H], 9.03dd [1H, J = 6.0 and 1.2 Hz, C4a-H], 8.36br 

m [1H, C6a-H], 8.16s [1H, C2-H],7.53s [4H, N6-H and N9-H] 6.92br t [1H, J = 6.0 Hz, 

C5a]. ESI-HRMS: [8(IrII)-H + Cl]- C10H15ON7
35Cl4

191Ir32S: exp 611.9404; cald: 

611.9419. 

Synthesis of {[Ag2L(NO3)2]·H2O}n (9): 0.5 mmol (100 mg) of (1) in 10 mL of HNO3 

0.1M were added in a round bottom flask wrapped with aluminum foil and refluxed 

under stirring during 2h. Then, 1 mmol (170 mg) of AgNO3 was added and refluxed 

during 2 h. After that, the mixture was allowed to reach room temperature and the 

resulting precipitate was filtered-off. The clear solution was kept unperturbed and white 

needles of (9) appeared after 10 min (110 mg, 43%) and are filtered-off. The resulting 

transparent solution was again kept unperturbed during one month. New crystals 
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adequate for X-ray analysis appeared at the bottom of the flask (10 mg, 4%). The 

complex exhibits a weight loss between 50 and 180 ºC corresponding to one water 

molecule per formula unit [calc.: 3.2; found: 3.4%] and a final residue of Ag 

corresponding to 2 Ag per formula unit [calc.: 38.5; found: 38.2%]. IR (KBr, cm–1): 

3276m, 3201m, 1638s, 1587s, 1508s, 1449s, 1384m, 1328m, 1010w, 798w, 585w. 1H 

NMR: This product is insoluble in the most common NMR solvents. ESI-HRMS: It has 

been impossible to obtain the corresponding ESI-HRMS. The product decomposes in 

solution and only the protonated ligand [4 + H]+ is observed. No significant signals with 

Ag+ have been detected. 

 

X-ray crystallography  

Crystallographic data for compounds (1–3), (5), (7) and (9) were acquired on Enraf 

Nonius CAD4 diffractometers, with Mo-Kα radiation (λ=0.71073 Å) using a graphite 

crystal monochromator at 21 ºC. X-ray diffraction data for compound (4) was collected 

on a Bruker-Nonius diffractometer equipped with an APPEX II 4K CCD area detector, 

a FR591 rotating anode with MoKα radiation, Montel mirrors, and a Kryoflex low-

temperature device (T = -173  °C). Suitable crystals of (6) and (8) were selected for X-

ray single crystal diffraction experiments, covered with oil (Infineum V8512, formerly 

known as Paratone N) and mounted at the tip of a nylon CryoLoop on a BRUKER-

NONIUS X8 APEX KAPPA CCD diffractometer using graphite monochromated MoKα 

radiation (λ = 0.71073 Å). Crystallographic data were collected at room temperature (27 

ºC). Data were corrected for Lorentz and polarisation effects and for absorption by 

semiempirical methods based on symmetry-equivalent reflections [23] (6 and 8). All 

crystal structures were solved by direct methods, using the program SIR2014 [24] (1-3, 

5, 7 and 9), SHELXT-2014 (6 and 8) and SIR2011 [25] (4). Refinement was made by 

full-matrix least squares on F2 with SHELXL-2017/1 [26-28] (1-3 and 5-9), running 

under the WinGX matrix [29], and SHELXL-2018/3 (4). The structures were checked 

for higher symmetry with help of the program PLATON. [30] All hydrogen atoms were 

considered as ideal and geometrically placed, except those of water molecules that were 

refined with restraints in such a manner that give rise to reasonable H-bonds in the 

crystal packing. Protonation sites were located in the Fourier difference maps prior to 

introduce the corresponding calculated hydrogens. A riding model with the anisotropic 

thermal vibration fixed at 1.2 times Uiso of the bonded atom was used for the H-atoms, 
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except for those bonded to heteroatoms (N, O), from which a thermal vibration of 1.5 

times Uiso was used (6 and 8). Compounds (1) and (5) crystallize as monohydrates and 

the cocrystal (3) is a methanol solvate showing a half occupancy. In compound (6), the 

nitrate anion was split into five different positions (partial occupancy 30 %, 20 %, 20 %, 

15 % and 15 %) to account for the rotation around of the molecule.  

Publication materials were generated with WinGX [29]. Selected crystal and data 

collection parameters are reported in Electronic Support Information (Tables S1 and 

S2). X-ray crystallographic data for compounds 1-9 (CIF files) have been deposited 

with the Cambridge Crystallographic Data Centre, CCDC numbers 1943810-1943818. 

Copies of this information may be obtained free of charge from the Director, CCDC, 12 

Union Road, Cambridge, CB2 1EZ, UK, (e-mail: deposit@ccdc.cam.ac.uk or www: 

http://www.ccdc.cam.ac.uk). 

	
  

Theoretical methods 

All DFT calculations were carried out using the Gaussian-09 program [31] at the 

B3LYP-D/def2-TZVP level of theory and using the crystallographic coordinates (only 

the position of the H-atoms has been optimized). Atoms-in-Molecules (AIM) [32] 

analysis was performed at the same level of theory. The calculation of AIM properties 

was done using the AIMAll program [33]. 

Molecular Docking calculations 

The docking study was performed with the CDOCKER tool of Discovery Studio 2016 

software (DS2016) [34]. The CDOCKER is a CHARMm-based docking algorithm that 

uses the CHARMm family of force fields and offers all the advantages of full ligand 

flexibility (including bonds, angles, and dihedrals) [35]. The CDOCKER algorithm 

adopts a strategy involving the generation of several initial ligand orientations in the 

binding site of DNA target followed by molecular dynamics-based simulated annealing 

and final refinement by energy [36]. Two Calf-Timus DNA models (ctDNA) were 

retrieved from the Protein Data Bank (PDB codes: 1BNA and 1CGC) [37,38] (Figure 

S1). The sequences of the ctDNA were d(CGCGAATTCGCG)2 and 

d(CCGGCGCCGG)2 respectively. The DNA models were prepared following the 

protocol: i) water molecules were deleted and hydrogen atoms were added and ii) DNA 

model were refined with CHARMm at physiological pH. Later, analysis of possible 
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DNA binding site was realized for docking and scoring applications. It defines a region 

in a model where binding interactions can occur. Four different regions were found in 

each case (Figure S1). Consequently, the inhibitors were docked into each of the 

binding sites. Ten conformations of each compound were obtained through CDOCKER. 

The –ECDOCKER is the interaction energy between the ligand and the receptor and the 

internal ligand strain energy. The –ECDOCKER_IN includes only the interaction energy 

between the ligand and receptor. This enables the energies to be used as a score, where a 

higher value indicates more favorable binding. The conformations with lowest energy 

were selected as the most probable binding conformation for each compound. 

Results and discussion 

Synthesis of the compounds 

We have synthesized compounds (1–9) by means of the general procedure shown in 

Scheme 1. It should be mentioned that the N9-substituted compound (2) is obtained as a 

sub-product during the synthesis of (1), which is the major product. This result is 

independent of the reaction conditions (base and atmosphere conditions). Thus, the 

utilization of anhydrous K2CO3 or CsCO3 instead of HNa and either in argon 

atmosphere or in the air yield the N7-derivative as the main product. It is easy to 

distinguish between these two isomers by means 1H-NMR because aromatic signals are 

very different. Thus, C8-H appears at 9.24s and 8.99s, and C2-H at 8.28s and 8.39s, for 

(1) and (2) respectively. This result is unexpected since adenine alkylation reactions 

usually lead to the N9-substituted regioisomer as major product. Moreover, we would 

like to emphasize that co-crystal (3) was obtained serendipitously in one of our attempts 

to synthesize compound (1) where the starting product, adenine, was not totally 

consumed.  

N7-(2-pyrimidyl)-adenine (1) is not stable in acidic media (either HCl or HNO3) under 

heating conditions (65–90ºC), yielding the corresponding bis-pyrimidyl-amine that can 

be obtained either as neutral compound (4) or monoprotonated (6) (nitrate salt) or 

diprotonated (5 and 7) (hydrochloride or tetrachloridozincate) forms (see Scheme 1). 

Thus, if NaOH is added to a solution of (5) (until pH = 12) then the neutral compound 

(4) is obtained. The 1H-NMR shows the absence of peaks related to C8-H presented in 

(1) and only an aromatic signal is observed at 7.74s in neutral (4) or 8.19s to 8.24s in 

the corresponding protonated forms (5-7). Moreover, 13C-NMR are in agreement with 
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the protonation, with more shielded peaks corresponding to Cα to protonated N (C2, 

C4, C5, C6, C2a, C4a, C6a). Therefore, this can be envisaged as a convenient and easy 

method to obtain N5-(pyrimidin-2-yl)-pyrimidine-4,5,6-triamine. In fact, we have 

further used this molecule as ligand and synthesized the mononuclear Ir(III) complex 

(8) and the coordination Ag(I) polymer (9). Compound (2) was degraded under the 

same reaction conditions, giving rise to multiple byproducts in a non-selective manner. 

On the contrary, N7-methyladenine turned out to be stable under the same reaction 

conditions, recovering the protonated adenine scaffold at the end of the reaction. 

Description of the crystal structures 

Crystal structures of compounds (1–3) 

The N-pyrimidyl-adenines (1) and (2) crystallize in the monoclinic system with the 

P21/c space group and the co-crystal (1):adenine 1:1 (3) crystallizes in the monoclinic 

system with the C2/c space group. The X-ray structures are given in Figure 1 with the 

atom numbering scheme. Compound (1) presents an intramolecular N6–H···N1A H-

bond that likely explains the fact that (1) is the major compound in the reaction of 

adenine with 2-chloropyrimidine. This aspect is further analyzed below. In compound 

(3), the 1:1 co-crystal is stabilized by the formation of two strong N6–

H···N7B(adenine) and N6B(adenine)–H···N1 bonds in addition to the intramolecular 

N6–H···N1A one.  

**Insert here Figure 1** 

Infinite 1D supramolecular assemblies can be observed (see Figure 2a) in the solid state 

of (1). This assembly propagates by means of two types of H-bonding networks that are 

formed at opposite sides of (1), one highlighted in orange and the other one in green. 

The first one is formed through double N6–H⋯N1 hydrogen bonds (H···N distance 

2.29 Å, Watson-Crick site of adenine moiety). At the other side, the N7-substituted 

pyrimidine ring is involved in an H-bonding network where four C–H···N H-bonds are 

established (C8–H···N3A and C4A–H···N9, H···N distances of 2.60 and 2.73 Å 

respectively). In compound (2), such a polymeric 1D chain is not formed and simply 

self-assembled N6–H···N1 H-bonded dimers via the Watson-Crick site of adenine are 

formed (one dimer is shown in Figure 2b, H···N distance 2.19 Å). It is interesting to 

comment the H-bonding network in the co-crystal (3). An infinite 1D supramolecular 

tape is formed, where double N9B–H···N3B H-bonded self-assembled dimers of 
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adenine (highlighted in pink in Figure 2c) are inserted between self-assembled dimers 

of N7-(2-pyrimidyl)-adenine (highlighted in green). The interaction of the self-

assembled dimer of adenine with the adjacent N7-(2-pyrimidyl)-adenine molecules is 

via the	
  Hoogsteen faces of the dimer (highlighted in blue). In addition to the H-bonding 

interactions described in Figure 2, π-stacking forces are also crucial governing the final 

3D solid-state structures of compounds (1–3) as described in the ESI (see Figures S2 to 

S4). 

**Insert here Figure 2** 

Crystal structure of compounds (4–6) 

Single-crystal X-ray diffraction analyses reveal that compound (4) and (5) crystallize in 

the monoclinic system with the P21/n and P21/c space groups, respectively. Compound 

(6) crystallizes in the triclinic system with the P-1 space group. In compound (4), the 

asymmetric unit contains the ligand and one co-crystallized MeOH molecule (see 

Figure 3a). In compound (5) the asymmetric unit contains four chloride anions and two 

diprotonated H2L2+ counter-cations (see Figure 3b) where each pyrimidinic ring of the 

ligand is protonated (in N1 and N1A). In compound (6), the asymmetric unit contains 

one nitrate anion and one monoprotonated ligand in N1 (see Figure 3c).	
  

**Insert here Figure 3** 

In the solid state of neutral (4) and monoprotonated (6) compounds, 1D supramolecular 

tapes are formed, as shown in Figure 4. In compound (4), the 1D assembly is governed 

by the formation of two H-bonds (N1–H···N3 and N4–H···N7 (see Figure 4a). The N5–

H group does not participate because it is blocked by the MeOH molecule via the 

formation of a N5–H···O1 H-bond. In compound (6) the nitrate anion connects two HL+ 

cations by means of the three oxygen atoms generating the infinite 1D tapes. It forms 

two strong hydrogen bonds with the protonated N1–H and the exocyclic N6–H groups 

of one ligand using the O21 and O23 atoms and with the N7–H group of the adjacent 

ligand via the O22 atom (see Figure 4b). In both compounds the tapes are 

interconnected by means of an intricate combination of interactions (H-bonds and π-

stacking) as further described in the ESI (see Figure S5). 

**Insert here Figure 4** 

On the other hand, in the solid-state structure of (5), the chloride anions are stabilized 

by a combination of H-bonding and anion–π interactions. It has been previously 
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demonstrated that protonated diazines and triazines are excellent aromatic anion–π 

acceptors due to the enhanced π-acidity of the ring due to the protonation [39,40]. In 

addition, the combination of H-bonds and anion–π interactions has been used as a 

strategy for the synthesis of receptors adequate for anion recognition [41]. Figure 5 

shows both types of anion–π interactions observed in compound (5). The geometric 

features of both complexes are very similar with respect to the H-bond/anion–π 

interaction with Cl1/Cl2. The main difference is that in one case (Figure 5a) the N6–H 

and N1–H groups interact with a chloride anion and in the other one the N9–H and 

N3B–H groups interact with the co-crystallized water molecule (Figure 5a). 

**Insert here Figure 5**	
  

Crystal structure of (H2L)(ZnCl4) (7) 

The X-ray structure of compound (7), which crystallizes in the monoclinic P21/c crystal 

system, is shown in Figure 6. The asymmetric unit consists of one [ZnCl4]2– anion and 

the diprotonated H2L2+ cation in N1 and N3A.  

** Insert here Figure 6** 

The solid-state structure of (7) possesses several supramolecular assemblies through a 

combination of hydrogen bonding or/and anion–π interactions. Figure 7a shows a self-

assembled tetramer formed by two [ZnCl4]2− anions and two H2L2+ molecules. In the 

tetramer a network of N–H···Cl H-bonding interactions is formed where Cl3 and Cl4 

atoms are accommodated through bifurcated N–H⋯Cl hydrogen bonds (H···Cl 

distances 2.30 and 2.61 Å). Moreover, in Figure 7b we show another assembly where 

the [ZnCl4]2− anion establishes two H-bonds with one exocyclic NH2 group (highlighted 

in green) and also forms an anion–π interaction with Cl4 atom. A differential feature 

with respect to the hydrochloride compound (5), is that the anion–π interaction is 

established with the pyrimidine instead of the diaminopyrimidine ring (see Figure 5). 

** Insert here Figure 7** 

Crystal structures of [Ir(L)(DMSO-κS)(Cl)3] (8) and {[Ag2L(NO3)2]·H2O}n (9) 

Compounds (8) and (9) crystallize in the monoclinic space groups P21/c and P21/n, 

respectively. Their X-ray structures are shown in Figure 8 and the coordination sphere 

(distance/angle) of both complexes is given in Table 1. It can be observed that the Ir(III) 



13	
  

complex (8) is mononuclear and monomeric and the Ag(I) complex (9) is a coordination 

polymer. 

**Insert here Table 1** 

In compound (8), the Ir(III) is hexacoordinated to the N1A and N7 atoms of the ligand, 

three chlorine atoms and one DMSO. It should be mentioned that although the synthesis 

of this complex is made in an acidic medium, the resulting zwitterionic complex shows 

deprotonation in the amine group N7, and protonation in N1. The deprotonation in N7 is 

quite unexpected taking into consideration the acidic reaction conditions. In the solid 

state it forms infinite 1D supramolecular chains where two types of π-stacking 

interactions are established (see Figure 9a). In one of them (in green) the protonated 

diaminopyrimidine rings are anti-parallel stacked and also establish H-bonding 

interactions with the O-atom of the coordinated DMSO. In the stacking interaction only 

two C-atoms overlap with a C···C distance of 3.35 Å. In the other π–π interaction (in 

orange), the Ir(III)–coordinated pyrimidine rings are also stacked in an anti-parallel 

mode with a larger overlap of the π-systems. The antiparallel nature of the stacking 

complexes observed in (8) is favored to maximize the dipole···dipole interaction.  

In compound (9), the neutral ligand is coordinated to four Ag(I) atoms via the four 

pyrimidinic N-atoms (N3, N3A, N1 and N1A). The nitrate counter ions are directly 

coordinated to the Ag either monodentate or bidentate (see Figure 8b). As usual, the 

Ag–N coordination distances (see Table 3) are significantly shorter than the Ag–O ones. 

** Insert here Figure 8** 

Compound (9) is a 2D coordination polymer (see Figure 9b) where neither large cavities 

nor channels are formed. The final 3D solid state architecture is formed by the assembly 

of the 2D layers by means of H-bonds involving the co-crystallized water molecules as 

described in the ESI (see Figure S6). In Figure 9c we highlight several H-bonds that are 

formed between the amino group and the nitrate anions that further contribute to the 

stabilization of the 2D layer. 

** Insert here Figure 9** 

Theoretical DFT study 

In this part of the manuscript we analyze the interesting H-bonding network observed in 

the solid state of N7-(2-pyrimidyl)-adenine (1) and the co-crystal (1):adenine (3). The 
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H-bonding pattern observed in (2) is equivalent to (1). In particular, we are interested in 

the evaluation and comparison of the interaction energy of each H-bond. Therefore, we 

have used the QTAIM method and the value of the kinetic G(rCP) contribution to the 

local energy density of electrons at the critical point (CP). This method is helpful to 

compute the stabilization energy that accounts for each individual H-bonding contact 

since it was specifically developed for HBs by Vener and coworkers [42] [Energy = 

0.429 * G(r) at the bond CP]. We have recently applied this methodology [21] in H-

bonded assemblies of hybrid adenine-β-alanine and adenine-GABA molecules and 

shown that the results are very similar to those computed using standard complexation 

energies. 

Figure 10 shows the distribution of critical points and bond paths of the self-assembled 

N6–H···N1 dimer of compound (1) and a trimer of compound (3), that allow us to 

compare the different binding modes commented above for compounds 1–3. First, it is 

interesting to comment that the energy of the intramolecular (N6-H···N1A) H-bond is 

5.08 kcal/mol in (1) and 5.90 kcal/mol in (3). This extra stabilization energy is probably  

responsible for the preference of N7-substitution instead of N9 in the reaction of 

adenine with 2-chloropyrimidine. Moreover, the stabilization energy associated to each 

intermolecular N6–H···N1 H-bond in (1) is 2.90 kcal/mol. The AIM analysis of (3) 

shows that the C–H···N9 and C–H···N3A are energetically weaker, 1.32 and 1.94 

kca/mol respectively. However, globally the formation energy of the dimer with four C–

H···N bonds is 6.52 kcal/mol, therefore more stable than the N6–H···N1 dimer in (1) 

(5.80 kcal/mol). The energetic features of the H-bonds between the adenine (Hoogsteen 

face) and N7-pyrimidyladenine (Watson-Crick face) are 3.70 kcal/mol for N6(adenine)–

H···N1 and 4.15 kcal/mol for N6–H···N7(adenine). Therefore, the total stabilization for 

this particular complex is 7.85 kcal/mol, which is stronger than that for the self-

assembled N6–H···N1 dimer of (1). This likely explains the fact that the N6–H···N1 

dimer observed the X-ray structure of (1) is not preserved in the co-crystal (3), and, 

instead, the insertion of adenine dimers occurs. Actually, the most stable assembly 

corresponds to the adenine dimer that is formed via two symmetrically related N9–

H···N3 H-bonds (5.56 kcal/mol each H-bond). This energetic analysis reveals that the 

self-assembled N9–H···N3 adenine dimer is a very robust synthon that is inserted in the 

infinite tape of (1) because the H-bonds are replaced by stronger ones via the 

Hoogstein(adenine)···Watson-Crick(N7-pyrimidyladenine) interaction  
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** Insert here Figure 10** 

Molecular Docking with DNA 

We have studied theoretically the affinity of the N-(2-pyrimidyl)adenines (1) and (2), 

the bis-pyrimidyl-amine (4(L)), the monoprotonated bis-pyrimidyl-amine (6) and the 

Ir(III) complex (8) to DNA in order to investigate their possible use as antiproliferative 

drugs. Two Calf-Timus DNA models (ctDNA) were retrieved from the PDB as 

described in the theoretical methods. Four different regions were found in each ctDNA 

model suitable for docking as shown in Figure S1. Consequently, the compounds were 

docked into each of the binding sites (BS) by using ten possible conformations of each 

compound. The –ECDOCKER_IN term denotes the interaction energy between the 

compound and the DNA model and the –ECDOCKER includes an additional term that 

accounts for the internal strain energy, which is the energy associated to the deformation 

of both the DNA and the ligand upon complexation. As a first approximation we use –

ECDOCKER_IN term to discriminate between the four possible BSs detected by the 

program. Moreover, the conformations with lowest energy are selected as the most 

probable binding conformation for each compound. The results are summarized in 

Table 2 and they clearly indicate that bis-pyrimidyl-amines (compounds 4 and 6) have a 

good affinity for the minor groove BSs of the DNA models. The protonated form 

presents the high –EDOCKER values of 37.32 kcal/mol-1 for 1BNA model and 40.48 

kcal/mol for 1CGC model. It is also interesting to comment that the –ECDOCKER_IN and –

ECDOCKER terms in compound 6 are very similar, thus indicating that the strain 

(deformation) energy is very small. In contrast, for compounds 1 and 2, the deformation 

energy is large since the –ECDOCKER term is significantly smaller compared to –

ECDOCKER_IN. A general trend is that all compounds exhibit larger affinity for the binding 

sites located at the minor groove of DNA and there is not a significant difference 

between the DNA rich in GC pairs and that rich in AT pairs. It is worth mentioning that 

the Ir complex 8 presents negative values (no effective binding) of –ECDOCKER term in 

all binding sites and the two models of DNA thus indicating that the deformation energy 

required for the complexation is too large, which largely compensates the interaction 

energy (–ECDOCKER_IN). Figure 11 (top) presents the preferred binding site for 1BNA 

model with the best inhibitor (compound 6). It preferentially binds the AT rich domain 

of the minor groove. The type and bonding distances of the non-covalent interactions is 

given in Tables S3 and S4. All hydrogen-bond interactions are moderately strong, and 
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the inhibitor has a π-sigma type interaction between the pyrimidine ring and thymine 

base (see Table S3). In a similar way, Figure 11 (bottom) shows the docked compound 

6 in the CG rich region of minor groove of 1CGC model. In this case all the interactions 

are hydrogen bonds that are established preferentially with the guanine bases 3, 4, 19 

and 20, as detailed in Table S2.   

** Insert here Figure 10** 

** Insert here Table 2** 

 

Conclusions 

We have synthesized and X-ray characterized nine adenine-pyrimidine derivatives. 

Unexpectedly, the regioselectivity of adenine was reverse with respect to published 

results and the N7-substituted product was the major isomer due to the formation of a 

intramolecular H-bond. Also unexpectedly, this regioisomer is not stable under acidic 

conditions and a new bis-pyrimidine ligand is formed. This ligand has been X-ray 

characterized in its neutral form, protonated and diprotonated. Furthermore, an outer 

sphere complex of H2L2+ with [ZnCl4]2– has been also characterized. Finally, inner 

sphere complexes with Ir(III) and Ag(I) have been obtained. The latter is a 2D 

coordination polymer. Molecular docking experiments using two models of DNA 

suggest that the protonated bis-pyrimidine ligand has a strong ability to interact with the 

minor groove of DNA, therefore it is a good candidate to further experiments. In 

contrast the Ir(III) complex does not have affinity for the DNA if the deformation 

energy is taken into account. Finally, we have computed the interaction energy of the 

individual H-bonding interactions observed in the solid state of N7-(2-

pyrimidyl)adenine (1) and the co-crystal of (1):adenine (3) that lead to the formation of 

infinite 1D assemblies in their solid state structure. The energetic study might be useful 

to predict co-crystallization modes of adenine derivatives. 
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Table 1. Ir(III) and Ag(I) coordination distances (Å) and angles (º) in compounds (8) 

and (9) respectively. See Figure 8 for atom labeling scheme. 
 

Ir(III) Compound (8) 

Atom Labels Distance Atom Labels Angle Atom Labels Angle 

Ir1–S1 2.227(1) S1–Ir1–Cl3 95.50(4) Cl2–Ir1–Cl3  90.19(4) 

Ir1–Cl2 2.355(1) S1–Ir1–Cl2 93.65(4) Cl2–Ir1–N1A  101.8(1) 

Ir1–Cl3  2.362(1) S1–Ir1–N7  101.4(1) Cl2–Ir1–N7  165.0(1) 

Ir1–Cl1 2.342(1) S1–Ir1–N1A  164.5(1) Cl3–Ir1–Cl1 174.07(4) 

Ir1–N1A  2.083(4) S1–Ir1–Cl1 90.37(4) Cl3–Ir1–N1A  86.2(1) 

Ir1–N7 2.063(4) N1A–Ir1–N7  63.2(1) Cl3 Ir1–N7  88.7(1) 

  Cl2–Ir1–Cl1  90.30(4) Cl1–Ir1–N1A  88.0(1) 

    Cl1–Ir1–N7  89.3(1) 

Ag(I) polymeric compound (9) 

Atom Labels Distance Atom Labels Angle Atom Labels Angle 

Ag1–N1 2.205(5) O1–Ag1–N3A 87.3(2) N1A–Ag2–O5 87.4(2) 

Ag1–O1 2.453(6) O1–Ag1–N1 127.9(2) N1A–Ag2–O6 107.2(2) 

Ag1–N3A 2.239(5) N3A–Ag1–N1  144.7(2) O5–Ag2–O6 47.4(2) 

Ag2–N1A 2.231(5) N1A–Ag2–N3 148.2(2) O5–Ag2–N3 122.9(2) 

Ag2–O5 2.645(6)   O6–Ag2–N3 101.5(2) 

Ag2–O6 2.697(5)     

Ag2–N3 2.201(4)     
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Table 2. Docking analysis of several compounds in 1BNA and 1CGC PDB models 

(*binding sites in the minor groove) (score units: kcal/mol) 
 

Compound 
BS1 BS2* BS3 BS4* 

EDOCK EDOCK_IN EDOCK EDOCK_IN EDOCK EDOCK_IN EDOCK EDOCK_IN 

1BNA 

1 6.04 16.87 13.93 24.75 6.38 17.30 9.86 21.15 

2 8.14 18.93 14.55 25.44 - - 9.87 20.74 

4 (L) 25.15 17.30 28.70 21.40 23.97 16.45 29.24 22.57 

6 30.21 27.56 37.32 37.71 27.45 24.42 32.44 29.83 

8 <0 37.9 <0 48.5 - - <0 39.6 

1CGC 

1 7.42 18.49 8.79 19.63 7.12 18.31 6.89 18.25 

2 8.32 19.07 11.51 22.35 8.26 19.04 7.49 18.40 

4 (L) 29.29 22.11 33.74 25.91 25.82 17.92 27.81 20.27 

6 36.34 33.81 40.48 38.21 27.16 25.67 31.05 28.25 

8 <0 49.2 <0 47.2 <0 34.2 <0 40.0 

 

 

 

 

 

 

 

 



24	
  

Figures: 

	
  

Scheme 1. Synthetic route to compounds (1–9). 

 

 

	
  

Figure 1. Asymmetric units of the X-ray structures of compounds (1) (a), (2) (b) and 

co-crystal (3) (c) including the atom numbering scheme. In (3), a disordered MeOH 

molecule has been omitted for clarity. 
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Figure 2. Several H-bonding networks observed in the X-ray structures of (1) (a), (2) 

(b) and co-crystal (3) (c). Distances in Å.  

 

 

	
  

Figure 3. X-ray structures of compounds (4) (a), (5) (b) and (6) (c) including the atom 

numbering scheme. In (6), the anion is disordered and only a position (occupancy 30%) is given 

for clarity. 
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Figure 4. Infinite 1D tapes observed in the solid state of (4) (a) and (6) (b). Distances in Å. 

 

 

	
  

Figure 5. Two types of anion–π/H-bond complexes observed in the solid state of compound (5). 

Distances in Å. 
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Figure 6. X-ray structure of compound (7) and the numbering scheme.  

	
  

	
  

	
  

Figure 7. Two X-ray fragments of compound (7): self-assembled tetramer (a) and 

anion–π assembly (b). Distances in Å.  
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Figure 8. X-ray structures of compounds (8) (a) and (9) (b) including the atom numbering 

scheme. 

	
  

	
  

Figure 9. (a) Representation of the 1D assembly of compound (8) with indication of the two 

types of π-stacking interactions. (b) Representation of the 2D coordination polymer (9). H-

atoms omitted for clarity. (c) Detail of the H-bonding network with the participation of the 

amino group and the nitrate counterions. Distances in Å. 
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Figure 10. AIM distribution of bond and ring critical points (green and yellow spheres, 

respectively) and bond paths obtained for a dimers of compound (1) (a) and a trimer of 

compound (3) The dissociation energy of the H-bond using the G(r) values at the bond CP are 

indicated in red (kcal/mol) and the values of G(r) in black (a.u.). 
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Figure 11. Molecular docked structures of 6 complexed with ctDNA models. Top: Represents 

the docked pose of 6 in the AT rich domain of minor groove of 1BNA model. B) Represents the 

docked pose in the CG rich region of minor groove of 1CGC model.	
  

 


