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The benzylation of adenine yields the N9/N3 regio-isomers, not the often reported N9/N7
regio-isomers, in a ratio dependent on solvent.
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ABSTRACT

The preferred sites for the benzylation of adenine under basic conditions were proven to be
the N9 and N3 positions. Formation of the N9-benzyladenine product is favoured in polar
aprotic solvents, such as DMSO, whereas the proportion of N3-benzyladenine formed
increases as the proportion of polar protic solvents, such as water, increases. X-ray crystal
structures were obtained for both N9- and N3-benzyladenine. *H-**C HMBC NMR
spectroscopy revealed diagnostic correlations used to assign the *H and **C NMR chemical
shifts confirming that the solution structures in three different solvents were the same as the
isolated crystals. *C NMR assignment for N9-, N3- and N7- benzyladenine was confirmed
by computation using ADF.
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Introduction

As an important building block in nature, adenine has been used as a scaffold to synthesize
many medicinal compounds. N9-alkyladenine derivatives, specifically N9-benzyladenine
derivatives exhibit potent cyclic nucleotide phosphodiesterase (PDE) inhibition, with high
selectivity for PDE-4 [1,2]. Other N9-substituted adenine derivatives have antiviral activity
for DNA viruses and retroviruses [3-5] and others are cytotoxic to tumour cell lines [4,6]. N9
substituted-8-oxoadenine derivatives have been shown to have interferon (IFN) inducing
activity and have been synthesised from N9-substituted adenines, such as N9-benzyladenine
[7.8].

The synthesis of N9-benzyladenine has been reported often over the last 30 years, commonly
synthesised by the alkylation of adenine with benzyl bromide under basic conditions [5,8-12].
In addition to the N9-benzyladenine compound, many authors report the concurrent
formation of a minor structural benzyladenine isomer as a by-product. The majority of
papers have identified this minor isomer to be N7-benzyladenine [10,11] while two groups
identified this isomer as N3-benzyladenine [8,9]. It is commonly reported that the reaction of
adenine with an alkyl halide at elevated temperatures in the presence of base, yields the N9
and N7 regio-isomers, whereas in the absence of base yields N3-alkylated adenine [13-19]
and it has been reasoned that the formation of the N9/N7 regio-isomers can be explained in
terms of the dominance of the adenine tautomers, N9-H and N7-H [20]. Our aim was
therefore to synthesize sufficient quantities of the minor benzyladenine regioisomer to allow
for a full characterization by X-ray crystallography and two-dimensional NMR techniques.

Results and Discussion
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Figure 1. Capped stick representation of the crystal structures of N9- and N3-benzyladenine.

To prepare the benzyladenine products, adenine was treated with a base such as NaH or
tBuOK in DMSO to generate the adenine anion which was reacted with benzyl bromide at
elevated temperatures. The two regioisomers were formed in varying ratios from 95:5 to
70:30 for the major N9-benzyladenine to the minor isomer. Following chromatographic
separation of the products and crystallization from CH,Cl, and methanol (1:1) X-ray crystal
structures were obtained for both compounds (crystallographic data in PART D in the ASI),
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confirming the structure of the major product and allowing the minor product to be identified
as N3-Bn. (Figure 1).

N9-Bn

Figure 2. Diagnostic uniquely (solid arrows) and common (dotted arrows) HMBC *H-C
correlations for N9- and N3-benzyladenine.

Two-dimensional *H-"3C heteronuclear single quantum correlation (HSQC) spectroscopy and
standard H,C-heteronuclear multibond coherence (HMBC) spectroscopy were used to
characterize the solution structures of the two products. The *H and *C NMR chemical shifts
of the two products were assigned in three different solvents (Tables 1-2). The ‘H-*C
HMBC correlations clearly indicated the placement of the benzyl group on the ring (Figure
2). Detailed explanations for the interpretation of the NMR data are given in Part A in the
ASI.

Table 1 *H NMR chemical shifts (ppm) for N9-Bn and N3-Bn (400 MHz)
C2-H (1H,s) C8-H (1H,s) NH,(2H,s) Ph(5H, m) CH,(2H,s) Solvent
N9-Bn

8.16 8.26 7.23-7.33 (7TH) 5.36 [Dg]DMSO
8.38 7.78 6.02 7.25-7.38 5.36 CDCl;
8.22 8.15 - 7.28-7.37 543 [D4]MeOD
N3-Bn

8.57 7.78 7.94 7.27-747 551 [Dg]DMSO
8.26 8.18 10.34,6.70  7.39 5.58 CDCl;
8.60 8.21 - 7.46-7.33 5.63 [D4]MeOD

The *H NMR chemical shifts for the purine protons of both the N9-Bn and N3-Bn varied
significantly in the three different solvents. The *H NMR shifts for N3-Bn in CDCl; were
very similar to those for N9-Bn in [D6]DMSQO; whereas the N3-Bn shifts in [D6]DMSO were
very similar to those of N9-Bn in CDCl3, having the C2-H and C8-H shifts reversed in both
cases. The relative position of the C8 signal in the *C NMR spectra for N3-Bn in different
solvents varied considerably showing a chemical shift range of 7.8 ppm.



Table 2 **C NMR chemical shifts (ppm) for N9-Bn and N3-Bn (100 MHz)

C2 C4 C5 C6 C8 CH, Ph Solvent

N9-Bn

1528 149.6 1188 156.1 141.0 46.3 127.6,127.9,128.8,137.2(Cy) [Ds]DMSO
152.2 150.1 1193 1548 1410 476 1280, 12838, 129.3,1355(Cy) CDCl;
1541 150.8 1199 1574 1428 48.2 128.9,6129.4,130.1,137.8(Cy) [Ds]MeOD
N3-Bn

1435 1496 1201 1549 1523 52.1 128.0,128.1,128.6,136.1(Co) [Dg]DMSO
146.2 1484 1150 153.8 1445 53.7 128.8,129.8,129.9,132.9(Cy) CDCls
1475 1503 1171 1562 1500 54.3 129.4,130.0,130.7,136.2 (Co) [Ds]MeOD

Theoretical prediction of *C NMR spectra. Concurrent to obtaining sufficient quantities
of the minor benzyladenine isomer for structural analysis, we predicted the *C NMR spectra
for N9-Bn and the two reported structural isomers (Table 3). The *C NMR values are in
good agreement for all three isomers N9-, N3- and N7-Bn (Table 3) with the exception of C6
in N3-Bn (A5 -2.1 ppm). The weaker prediction for C6 in N3-Bn correlates to the solvent
dependent variation of chemical shift for this carbon observed in the experimental *C NMR.

Table 3 Predicted and Experimental *C NMR chemical shifts (ppm) for benzyladenine
isomers in DMSO-ds.

C2 C4 C5 C6 C8

N9-Bn  Predicted 152.1 150.1 119.8 154.8 142.3
Experimental 151.3 149.3 118.6 154.9 141.4
Difference -0.8 -0.8 -1.2 0.1 0.0

N3-Bn  Predicted 143.2 150.6 1216 152.8 153.4
Experimental 1435 149.6 120.1 154.9 152.2
Difference -0.3 -1.0 -15 2.1 -1.2
N7-Bn  Predicted 153.4 160.7 110.2 15215 147.9
Literature [21] 152.6 159.3 1108 151.8 147.5
Difference -0.8 -1.4 0.6 0.3 -0.4

Although the prediction for C4 in N7-Bn shows a slight difference (A8 1.4 ppm) when
compared to reported experimental values, the trend of C4 being significantly more
downfield than the other carbons for this isomer is recovered. The computed *C NMR shifts
successfully predicted the upfield shift of C5 in N7-Bn relative to the other benzyladenine
isomers. The data obtained confirms our assignment of *C NMR chemical shifts and shows
that the data for the minor product fits the N3-structural isomer.

Solvent effect during synthesis.

In conducting the reaction to obtain sufficient quantities of the minor isomer for full NMR
analysis, we observed that ratios of the products were variable and an increase in the N3
product corresponded to increased moisture in the reaction solvent. The effect of solvent was
studied systematically (Table 4).



Table 4 Reaction conditions for the benzylation of adenine using benzyl bromide and KOtBu
/NaH

No. Solvent N9-Bn:N3-Bn
1 DMF (dried)™ 100:0

2 DMSO (dried)™ 100:0

3 DMSO (wet) 95:5-70:30"
4 Acetonitrile 86:14

5 Ethanol 50:50

6 tert-butanol 25:75

7 DMSO, water (33%) 50:50

8 DMSO, water (50%)  40:60
All reactions were stirred for 4 hours at refluxing temperature.
@ NaH used as a base, ™ N9:N3 ratio varied depending on the dryness of the DMSO.

The N9-Bn:N3-Bn ratio in favour of N9-Bn is obtained when polar aprotic solvents, such as
DMSO, DMF and acetonitrile, are used (Table 4 No. 1-4). When stringently dried polar
aprotic solvents (DMSO or DMF) were used, N9-Bn was formed as the only product (Table 4
No. 1 and 2). Using polar protic solvents reverses the ratio to favour the formation of N3-Bn
(Table 4, No. 5 and 6). All reactions shown in Table 4 were repeated several times, each
producing consistent N9-Bn:N3-Bn ratios, except reactions repeated in No. 3, where the
series of reactions were performed over a time period using the same batch of DMSO.

The relationship between polar aprotic solvents favouring N9-Bn and polar protic solvents
favouring the N3-Bn could be due to competition between Sy2 vs. Sy1 mechanistic pathways
respectively, having the formation of N3-Bn as a result of Sy1 substitution [22,23]. The use
of bases which could form alcohols and water, such as KOtBu and NaOH, respectively, could
have provided an Sy1 microsolvation environment, which enabled the formation of N3-Bn.
In addition, it has been suggested that the adenine anion could accept a proton from the polar
protic solvent, yielding neutral adenine which undergoes N3-alkylation [23].

Conclusions

This research was conducted to add to the growing data to show that adenine reacts at the N9
and N3 positions [8,24]. NMR data has routinely been misinterpreted, but a thorough
analysis in three solvents leads to unambiguous interpretation, and is well supported by
computational predictions using ADF (RB3LYP/ATZP/COSMO. The ratio of N9-:N3-
benzyladenine can be varied to favour either product through the use of solvent, with N9-
benzyladenine favoured in polar aprotic solvents and N3-benzyladenine favoured in polar
protic solvents. Our work agrees well with the recently (2015) published work by Gao et al.
[25], who determined that the alkylation of adenine with R-propylenecarbonate in the
presence of pulverized sodium hydroxide in addition to the N9 regioisomer yields the N3-
subsitutent, (R)-3-(2'-hydroxyprop-1-yl) adenine, not the N7-regio-isomer as reported by
Rai¢ et al. [26] Thus, surely the preference for N3 is probably general for all alkylation
reactions, not just the benzylation.



EXPERIMENTAL

Instrumentation

The *H NMR spectra were recorded at 400.13 MHz with a Bruker 400 AVANCE ultrashield
+. The decoupled *C NMR spectra were recorded at 101 MHz using the Bruker 400
AVANCE ultrashield +. 'H NMR spectra were calibrated using residual non-deuterated
solvent signals ([Dg]DMSO at 2.50 ppm, [D4]MeOD at 3.31 ppm and CDCl; at 7.24 ppm).
The *C NMR spectra were calibrated using solvent signals ([Dg]DMSO at 39.5 ppm,
[D4]MeOD at 49.2 ppm and CDCl3 at 77.2 ppm). All melting points were performed on
single crystals using a Stuart melting point apparatus SMP10 and are uncorrected. All flash
column chromatography was performed with silica gel 60 from Merck, Darmstadt, Germany
(No. 64271). X-ray diffraction to obtain the crystal structures reported was performed on a
Bruker D8 Venture (copper radiation). IR spectra were recorded in KBr using a Perkin Elmer
Spectrum RXI FT-IR spectrometer. Mass spectra were recorded using a Waters® Synapt G2
high definition mass spectrometry(HDMS) system (Waters Inc., Milford, Massachusetts,
USA) in ESI positive mode operating at a capillary voltage of 2.8 kV using FIA (5 pL).

Synthesis

N9-benzyladenine and N3-benzyladenine KOtBu (0.436g, 3.89 mmol) and adenine
(0.499g, 3.70 mmol) were added to DMF (30ml) and stirred for 30 minutes at room
temperature, forming a white precipitate (adenine”K* salt). Benzyl bromide (0.44ml, 5.8
mmol) was added and the solution was heated to 125 °C and stirred for 24 hours. The
reaction mixture was filtered and the solvent was removed from the filtrate by a N»(g) stream
at 50 °C. The precipitate was rinsed with ethyl acetate and the products were isolated by
gradient flash chromatography, ethyl acetate: CH,Cl,: hexane (1:1:0.5); ethyl acetate:
CHCl,: hexane (1:1:0.5), methanol (10%); ethyl acetate: CH,Cl,: hexane (1:1:0.5), methanol
(12.5%). The pure compounds were recrystallized from CH,Cl, and methanol (1:1). N9-
benzyladenine: White. Yield: 30% (0.251 mg). m.p.: 235-236 °C (lit. [8] 233-235 °C). IR
(KBr, cm™1): 3399, 3298, 3091, 1645, 1596, 1572, 1485, 1325, 1300, 1246, 731. 'H NMR
(400 MHz, [Dg]DMSO, 25 °C) ¢ = 8.26 (s, 1H, C8-H), 8.16 (s, 1H, C2-H), 7.38-7.17 (m,
7H, NH,, CgHs), 5.37 (s, 2H, CH,). *C NMR (101 MHz, [Ds]DMSO, 25 °C) 6 = 156.1 (1C,
C6), 152.8 (1C, C2), 149.6 (1C, C4), 141.0 (1C, C8), 137.2 (1C, Cy, Cg¢Hs), 128.8 (2C, CgHs),
127.9 (1C, CgHs), 127.6 (2C, C¢Hs), 118.8 (1C, C5), 46.3 (1C, CH,), MS (+ESI): m/z 226.11
(M+H)". N3-benzyladenine: White. Yield: 4% (0.030 mg). m.p.: 279-281 °C, (lit. [21] 280~
281 °C). IR (KBr, cm™1): 3319, 3099, 1658, 1617, 1567, 1455, 1405, 1226, 1176, 1014, 656.
'H NMR (400 MHz, [Dg]DMSO, 25 °C) § = 8.57 (s, 1H, C2-H), 7.96 (s, 2H, NH,), 7.78 (s,
1H, C8-H), 7.50-7.40 (m, 2H, CgHs), 7.39-7.23 (m, 3H, C¢Hs), 5.51 (s, 2H, CH,). *C NMR
(101 MHz, [Dg]DMSO, 25 °C) ¢ = 154.9 (1C, C6), 152.3 (1C, C8), 149.6 (1C, C4), 1435
(1C, C2), 136.1 (1C, Co, C¢Hs), 128.6 (2C, CgHs), 128.1 (2C, CgHs), 128.1 (1C, CgHs), 120.1
(C5), 52.1 (CH,), MS (+ESI): m/z 226.11 (M+H)".

Crystal data for N9-Bn. CCDC ref no. 1451434. Ci,H11Ns, My = 225.26, T = 150 K,
monoclinic, space group P 2i/c, a 11.7874(4) A b 12.4129(4) A ¢ 7.1279(2) A, o 90 B
90.7760(11) y 90, V = 1042.83 A3, R-factor (%) = 3.87.



Crystal data for N3-Bn. CCDC ref no. 1451435. CioH1iNs, My = 225.26, T = 150 K,
monoclinic, space group P 2:/c, a 7.2996(4) A b 11.7426(6) A ¢ 12.4520(7) A, a 90 B
100.998 y 90, V = 1047.74 A® R-factor (%) = 3.41.

The above synthetic procedure was repeated using the relevant bases and solvents reported in
this article. The DMSO and DMF used for obtaining N9-benzyladenine as a single product
were dried over activated molecular sieves, 4 A.

Computational methods

The crystal structure of the N9-Bn and self-constructed structures of the N7- and N3-Bn were
optimized in Amsterdam Density Functional (ADF) [27,28] 2010 software. The B3LYP
level of theory was used in conjunction with an augmented triple-C basis set with valence
shell polarization (ATZP) [28,29], in the COSMO [30,31] (conductor-like screening model)
implicit solvation model using DMSO as a solvent. NMR [27,32-34] calculations were
performed using ADF software to obtain the *C NMR chemical shifts. The calculated *C
NMR spectra for adenine, N9-, N3- and N7-Bn were calibrated using the DMSO solvent
signal (ppm) as a reference to give the absolute computed values.

Acknowledgements

The authors gratefully acknowledge David C. Liles and Petrus H. van Rooyen the
crystallographic team at the University of Pretoria for solving the crystal structures, Eric
Palmer for the NMR spectroscopy service and Lusanda Fikeni for conducting the dried
DMSO experiment. We thank the NRF and the University of Pretoria for financial support.

Additional supporting information (ASI)

Contains all *H, *C, HMBC and HSQC spectra for N9-Bn and N3-Bn and the computational
prediction of the **C NMR spectra.

CCDC-1451434 and CCDC- 1451435 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by e-mailingdata_request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44(0)1223-336033.

REFERENCES AND NOTES

[1] Raboisson P.; Lugnier C.; Muller C.; Reimund J.-M.; Schultz D.; Pinna G.; Le Bec A.; Basaran
H.; Desaubry L.; Gaudiot F.; Seloum M.; Bourguignon J.-J. Eur J Med Chem 2003, 38(2), 199-
214.

[2] Bourguignon J.-J.; Désaubry L.; Raboisson P.; Wermuth C.-G.; Lugnier C. J Med Chem 1997,
40(12), 1768-1770.

[3] Hakimelahi G. H.; Ly T. W.; Moosavi-Movahedi A. A.; Jain M. L.; Zakerinia M.; Davari H.;
Mei H.-C.; Sambaiah T.; Moshfegh A. A.; Hakimelahi S. J Med Chem 2001, 44(22), 3710-3720.

[4] Phadtare S.; Kessel D.; Corbett T. H.; Renis H. E.; Court B. E.; Zemlicka J. J Med Chem 1991,
34(1), 421-429.


http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk

[5] Petrov V.; Ozerov A.; Novikov M.; Pannecougue C.; Balzarini J.; De Clercq E. Chem Heterocycl
Compd (N. Y., NY, U. S.), 2003, 39(9), 1218-1226.

[6] Johnson F.; Pillai K.; Grollman A. P.; Tseng L.; Takeshita M. J Med Chem 1984, 27(8), 954-958.

[7] Isobe Y.; Tobe M.; Ogita H.; Kurimoto A.; Ogino T.; Kawakami H.; Takaku H.; Sajiki H.;
Hirota K.; Hayashi H. Bioorg Med Chem 2003, 11(17), 3641-3647.

[8] Siah H.-S. M.; Gundersen L.-L. Synth Commun 2013, 43(11), 1469-1476.

[9] Platzer N.; Galons H.; Bensaid Y.; Miocque M.; Bram G. Tetrahedron 1987, 43(9), 2101-2108.

[10] Lambertucci C.; Antonini I.; Buccioni M.; Dal Ben D.; Kachare D. D.; Volpini R.; Klotz K.-N.;

Cristalli G. Bioorg Med Chem 2009, 17(7), 2812-2822.

[11] Nair V.; Chi G.; Uchil V. R. 2007, U.S. Patent No. 7,250,421. Washington, DC: U.S. Patent and
Trademark Office.

[12] Ranganathan D.; Rathi R. J Org Chem 1990, 55(8), 2351-2354.

[13] Montgomery J.; Thomas H. J Heterocycl Chem 1964, 1(3), 115-120.

[14] Abshire C.; Berlinguet L. Can J Chem 1964, 42(7), 1599-1604.

[15] Thibon J.; Latxague L.; Déléris G. J Org Chem 1997, 62(14), 4635-4642.

[16] Enkvist E.; Raidaru G.; Uri A.; Patel R.; Redick C.; Boyer J. L.; Subbi J.; Tammiste .
Nucleosides Nucleotides Nucleic Acids 2006, 25(2), 141-157.

[17] Lucas B.; Rosen N.; Chiosis G. J Comb Chem 2001, 3(6), 518-520.

[18] Meltzer P. C.; Liang A. Y.; Matsudaira P. J Org Chem 1995, 60(13), 4305-4308.

[19] Joule J. A.; Mills K. Heterocyclic Chemistry. John Wiley & Sons, Chichester, 2010, 27, 516.

[20] Marek R.; Kiistkova A.; Malifiakova K.; TouSek J.; Marek J.; Hocek M.; Malkina O. L.; Malkin
V. G.; J Phys Chem A 2010, 114, 6689-6700.

[21] Malinakova K.; Novosadova L.; Pipiska M.; Marek R. ChemPhysChem 2011, 12, 379-388.

[22] Joshi R. V.; Zemlicka J. Tetrahedron 1993, 49(12), 2353-2360.

[23] Rasmussen M.; Hope J. Aust J Chem 1982, 35, 535-542.

[24] Siah, H. S. M., Gorbitz, C. H., Gundersen, L. L. J Heterocycl Chem 2011, 48(6), 1375-1378.

[25] Gao Y.; Zhong J. L.; Wu T. Z,; Jin L. Y.; Zhang F. L. J Heterocycl Chem 2015, 53(2), 579-582.
DOI 10.1002/jhet.2139

[26] Rai¢ S.; Pongrac¢i¢ M.; Vorkapi¢-Fura¢ J.; Viki¢-Topi¢ D.; Hergold-Brundi¢ A.; Nagl A.; Mintas
M. Nucleosides Nucleotides 1996, 15, 937-960.

[27] Velde G. Te; Bickelhaupt F. M.; Baerends E. J.; Fonseca Guerra C.; van Gisbergen S. J.; Snijders
J. G.; Ziegler T. J Comput Chem 2001, 22, 931-967.

[28] Van Lenthe E.; Baerends E. J. J Comput Chem 2003, 24, 1142-1156.

[29] Chong D. Mol Phys 2005, 103, 749-761.

[30] Pascual- Ahuir J.: Silla E.; Tomasi J.; Bonaccorsi R. J Comput Chem 1987, 8, 778-787.

[31] Klamt A. J Phys Chem 1995, 99, 2224-2235.

[32] Schreckenbach G.; Dickson R. M.; Ruiz-Morales Y.; Ziegler T. The calculation ofNMR
parameters by density—functional theory. In Chemical Applications of Density—Functional
Theory, Vol. 629; Laird, B. B.; Ross, R. B.; Ziegler, T., Eds.; AmericanChemical Society:
Washington, 1996.

[33] Schreckenbach G.; Ziegler T. J Phys Chem 1995, 99, 606-611.

[34] Schreckenbach G.; Ziegler T. Int J Quantum Chem 1997, 61, 899-918.



