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Effect of the N°-Methyl Group of the Adenine Ring

on the Stacking Interaction

Toshio Itahara

Department of Bioengineering, Faculty of Engineering, Kagoshima University, Korimoto, Kagoshima 890-0065

(Received January 6, 2000)

In an effort to determine the effects of N®-methylation of the adenine ring on stacking, the molecular aggregation of
9,9'-(a, w-alkanediyl)bis[6-(dimethylamino)purine] (1) and of 9,9'-(a, w-alkanediyl)bis[6-(methylamino)purine] (2) were
compared with that of 9,9'-(,w-alkanediyl)bis[adenine] (3) by NMR spectroscopy. The obtained concentration effects
indicate that N-methylation resulted in an increase in the population of intermolecular aggregates in the buffer solution
at pD 7.0, and had an additive effect on the aggregation. It can be interpreted as a hydrophobic effect of the N®-methyl
groups. The aggregation of 1 and 2 depended on the length of the polymethylene chains in a similar manner as that of
3, when the measurements were made on the solution of low concentrations. This suggests that the aggregates of 1, 2,
and 3 were similar to each other through stacking between two adenine rings. Furthermore, the chemical shifts of the NE-
methyl groups were slightly influenced by the length of the polymethylene chains and the changes of temperature. The N 6.
methyl group may be located outside the stacking. On the basis of these data, it may be concluded that the N %_methylation
enhanced the stacking, but had little influence on the conformation of the stacking.

Since methyl-substituted bases are broadly found in nu-
cleic acids,' the methylation of nucleic acid bases may have
biological significance. N°-Methyl- and N® N°-dimethyl-
adenines are known to be minor components in tRNA.! The
effects of the N°-methylation of the adenine ring on the
major/minor conformations have been discussed from the
standpoint of rotation of the methylamino groups.? On the
other hand, the N6-methylation of the adenine ring has been
pointed out to play a role in stacking,** e.g., it has been
reported to bring about a marked increase in the popula-
tion of stacked conformers on the basis of a study of the
thermodynamic behavior.* Tazawa et al.* concluded that a
hidden hydrophobic effect was of importance in stacking.
Studies on the NMR of oligonucleotides containing N® N°-
dimethyladenine also lend some support to the effects of the
N(’—methylation on stacking.** " Furthermore, puromycin,
an antibiotic, forms an alternating stacking between the 6-
dimethylaminopurine and the p-methoxyphenyl rings with
an interplanar spacing of 3.4 A’

Stacking is one of molecular aggregations among aromatic
molecules, such as nucleic acid bases' and chlorophylls,® and
is commonly realized to be caused by a stacking interaction
which is one of the m—m interactions.'*** However, the nature
of stacking interaction is still obscure.” NMR spectroscopy is
one of the powerful tools used in the elucidation of stacking.
The measurement of stacking is based on the fact that the
ring current, owing to stacking between aromatic molecules,
produces up-field shifts in the proton resonance compared
with the isolated ones. The concentration effects of the aro-
matic molecules are indispensable to understanding stacking,
and the effects of adenine derivatives have been investigated
in detail.*® On the other hand, we previously reported on

the effects of the length of the polymethylene chain of 9,
9'-(a,w-alkanediyl)bis{adenine] (3),° in which it is placed
between two adenine rings, in order to elucidate stacking
between only two adenine rings. When the chemical shifts
of 3 are measured in very low concentrations, intermolecular
stacking is expected to be negligible. The length of the poly-
methylene chains corresponds to the distance between two
adenine rings, which is correlated to an encounter frequency
of two adenine rings. For instance, when the distance ap-
proaches infinity, the two molecules are isolated. If there is a
stacking interaction between two molecules, the population
of stacked conformers is expected to be relevant to the length
of the polymethylene chains.

In the present investigation, the molecular aggregations of
9,9'-(a,w-alkanediyl)bis[6-(dimethylamino)purine] (1) and
9,9'-(a,w-alkanediyl)bis[6-(methylamino)purine] (2) were
studied by NMR spectroscopy. In an effort to determine the
effect of the N®-methyl groups of the adenine ring, it was felt
that an investigation concerning the aggregation of 1 and 2
was of importance for a comparison with that of 3 for which
data have been reported.’ Furthermore, the aggregations of
9-(5-bromopentyl)-6-(dimethylamino)purine (4d) and 9-(5-
bromopentyl)-6-(methylamino)purine (5d) were compared
with that of 9-(5-bromopentyl)adenine (6d) (Chart 1).

Results

Preparation and NMR Measurement. 9,9-(a,w-
Alkanediyl)bis[6-(dimethylamino)purine] (1) and 9.9'(a, w-
alkanediyl)bis[6- (methylamino)purine] (2) were prepared
according to the procedure described for 9,9'-(@,w-alkane-
diyl)bis[adenine] (3),° although 1a,” 1b,'* 1¢,"" 1e," 2a,"!
and 2b'? were already known. The treatment of 6-(dimeth-
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ylamino)purine, 6-(methylamino)purine, and adenine with
excess amounts of 1,5-dibromopentane gave the correspond-
ing 9-(5-bromopentyl)purines: (4d), (5d), and (6d)."*

'"HNMR measurements of the adenine derivatives were
performed in buffer solutions at pD 7.0 and at pD 1.0" con-
taining sodium 3-(trimethylsilyl)propionate-2,2,3,3-d; and
in organic solvents, such as CD3;0D and CDCls, containing
tetramethylsilane as references. The hydrogen atoms of the
adenine ring at the 2- and 8-positions of 1—6 were assigned
on the basis of the 'H NMR spectra of compounds containing
the 8-deuterioadenine moiety, which were prepared accord-
ing to a procedure described earlier.’

Concentration Effects.  The concentration effects of
4d, 5d, and 6d were studied. Figure 1 shows the relationship
between the chemical shifts of the adenine ring protons at
the 2- and 8-positions of 4d, 5d, and 6d and their concen-
trations [log (concn in M, 1 M = 1 mol dm—2)] in the buffer

Effect of N® -Methyl Group of Adenine Ring

solution at pD 7.0 at 27 °C. The chemical shifts of these
compounds were to higher fields along with an increase in
the concentrations. Since intermolecular aggregation gener-
ally depends on the concentration,*® the up-field shifts of the
chemical shifts are thought to be attributable to the formation
of intermolecular aggregates. The extent of the shifts was
dependent on the number of the N®-methyl groups.

Although the chemical shifts of 1b, ¢ and 2b, ¢ showed
a further concentration dependence, those of 3b, ¢ were lit-
tle influenced by the concentration changes from 0.02 to 2.7
mmol dm~3.° Figure 2 shows the relationship between the
chemical shifts of the adenine ring protons of 1b, 2b, and
3b (carbon number = 3) and their concentrations in a buffer
solution at pD 7.0 at 27 °C. The up-field shifts of 1b and
2b began gradually above 0.1 and 0.15 mmol dm ™, respec-
tively. Furthermore, as can be seen from the concentration
dependence of 1c¢, 2¢, and 3¢ (carbon number = 4) shown in
Fig. 3, the aggregation of 1¢ and 2¢ occurred above 0.15 and
0.3 mmol dm 3, respectively. These data suggest that 1 and
2 were influenced by concentrations less than 1 mmol dm—3.
On the other hand, when the measurments were made of so-
lutions at their lower concentrations, the chemical shifts were
almost constant. The order of the aggregation on the basis of
the extent of the up-field shifts was 1b, ¢ > 2b, ¢>> 3b, c.

In order to compare the extent of the up-field shifts of the
above compounds, the chemical-shift differences between
logM = —4.5 and logM = —2.5 were determined by utiliz-
ing Figs. 1, 2, and 3. The chemical shifts of 1b, ¢, 2b, ¢, and
3b, c at a concentration of logM = — 2.5 were estimated on
the basis of the curves shown in Figs. 2 and 3. The chemical-
shift differences of H-2 and H-8 of the adenine ring were as
follows: 1b (ca. 0.13 and ca. 0.11 ppm); 1¢ (ca. 0.12 and ca.
0.10 ppm); 2b (ca. 0.065 and ca. 0.055 ppm); 2¢ (ca. 0.06
and ca. 0.05 ppm); 3b (less than 0.01 ppm and less than 0.01
ppm), 3¢ (less than 0.01 ppm and less than 0.01 ppm), 4d (ca.
0.06 and ca. 0.05 ppm); 5d (ca. 0.045 and ca. 0.03 ppm); 6d
(less than 0.01 ppm and less than 0.01 ppm).
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Fig. 1.

Relationship between the chemical shifts (0) of H-2 and H-8 of adenine ring of 4d, 5d, and 6d and the concentrations

{log (concn in M)] (1 M = 1 mol dm_3) in the buffer solution at pD 7.0 at 27 °C.
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Fig. 2. Relationship between the chemical shifts (&) of H-2 and H-8 of adenine ring of 1b, 2b, and 3b and the concentrations [log
(concn in M)] in the buffer solution at pD 7.0 at 27 °C. The values of the chemical shifts of 3b were reported in Ref. 9.
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Fig. 3.

Relationship between the chemical shifts () of H-2 and H-8 of adenine ring of 1¢, 2¢, and 3c and the concentrations [log

(concn in M)] in the buffer solution at pD 7.0 at 27 °C. The values of the chemical shifts of 3¢ were reported in Ref. 9.

The chemical shifts of the N®-methyl groups of 1b, ¢ and
2b, ¢ were also to higher fields with an increase in the con-
centrations. Figure 4 shows the relationship between the
chemical shifts of the dimethylamino groups of 1b, 1¢, 1d,
and 4d and the concentrations. The chemical-shift differ-
ences between logM = —4.5 and logM = — 2.5 were as
follows: 1b (ca. 0.11 ppm); 1c (ca. 0.10 ppm); 4d (ca. 0.05
ppm), although the chemical shift of 1d at a concentration
of logM = —2.5 was not determined because of the poor
solubilities. These data shown in Figs. 1, 2, 3, and 4 suggest
that the effects of the N®-methyl groups on the aggregation
had an additive property.

In contrast to the results in the buffer solution at pD 7.0,
the chemical shifts of 1¢, 1d, and 2¢ in the buffer solution
at pD 1.0 and in CD;0D at 27 °C were little influenced by
the concentrations (Fig. 5), although the chemical shifts of
H-2 and H-8 of 1c in the buffer solution at pD 1.0 were
somewhat shifted to lower fields as the concentration was
increased. It has already been presented in a previous paper

that similar down-field shifts of the adenine ring protons in
the buffer solution at pD 1.0 were caused by protonation
at the 1-position of the adenine ring.’ These results suggest
that the adenine rings of 1 and 2 did not associate to form
intermolecular aggregates in the buffer solution at pD 1.0
and in organic solvents.

These experiments leave no doubt that the N®-methylation
of the adenine ring results in a remarkable increase in the
population of the intermolecular aggregates among the ade-
nine rings in the buffer solution at pD 7.0, but only slightly
enhances aggregation in organic solvents. On the basis of
these data, it seemes reasonable to assume that the effects
of the N®-methyl groups on the aggregation are attributable
to a hydrophobic interaction. Therefore, the obtained con-
centration effects of 1, 2, and 3 are explained in terms of
an increase in the hydrophobicity of the adenine ring by N®-
methylation.

Effects of the Length of Polymethylene Chains. The
chemical shifts of the adenine ring protons and the N®-methy]



1624 Bull. Chem. Soc. Jpn., 73, No. 7 (2000)

Effect of N°® -Methyl Group of Adenine Ring

3.5
3.46 4d 4d
o
3.42 o_o_id\-\\\ A
Ic 5. 3.39 341 N
1c
0.10ppm 3.33 1ib
3.3 3.31
N
0.11 ppm
3.23
3.2 T v 1
-5 -5 -45 -4 35 .3 2.5 2
log(concn in M)

Fig. 4. Relationship between the chemical shifts (§) of N®-methyl group of adenine ring of 1b, 1¢, 1d, and 4d and the concentrations
[log (concn in M)] in the buffer solution at pD 7.0 at 27 °C. The values of the chemical shifts were calculated down to two decimal

places.
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Fig. 5. Relationship between the chemical shifts (&) of H-2

and H-8 of adenine ring of 1¢, 1d, and 2¢ and the concen-
trations [log (concn in M)] in the buffer solution at pD 1.0
and in CD;0D at 27 °C.

groups of 1 and 2 in the buffer solutions at pD 7.0 and at pD
1.0 and the organic solvents are given in Tables 1 and 2. From
a consideration of the concentration effects, the intermolec-
ular aggregation of 1 and 2 in the buffer solution at pD 7.0
is expected to be practically negligible at concentrations less
than 0.1 mmoldm™3. Therefore, measurements at concen-
trations less than 0.1 mmol dm—3 were required to determine
an alteration in the chemical shifts, which was caused only
by an intramolecular aggregation. On the other hand, the
concentrations in the buffer solution at pD 1.0 and in organic
solvents (Tables 1 and 2) were 1.0—1.5 mmol dm—3, because
the chemical shifts were little affected by the concentrations.
The signals of the N®-methyl groups of 1 and 2 were broad,
compared with the signals of H-2 and H-8, and thus their
values were calculated down to two decimal places. Fur-
thermore, the values of the chemical shifts of the N6—methy1
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Fig. 6. Relationship between the chemical shifts () of H-

2 and H-8 of adenine ring of 1 and the carbon numbers (n)
of the polymethylene chains in the buffer solution at pD 1.0
and CD30D at 27 °C. The values of the chemical shifts are
shown in Table 1.

groups of 1 and 2 in the buffer solution at pD 1.0 were not
determined because the signals were extremely broad."
Figures 6 and 7 show the effects of the length of the poly-
methylene chains of 1 and of 2, respectively, in the buffer
solution at pD 1.0 and in CD3;0D. The chemical shifts of
H-2 and H-8 of 1 and 2 in the buffer solution at pD 1.0
and in organic solvents, such as CD;0D and CDCl; (see
Tables 1 and 2), were slightly influenced by the length of
the polymethylene chains, except for 1a and 2a. On the
other hand, the chemical shifts of H-2 and H-8 of 1 and 2
in the buffer solution at pD 7.0 were plainly affected by the
length of the polymethylene chains. Figures 8 and 9 show
the relationships between the chemical shifts of the adenine-
ring protons of 1, 2, and 3 at concentrations less than 0.1
mmol dm ™2 and the carbon numbers of the polymethylene
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Table 1. Chemical Shifts of Adenine Ring Protons and N®-Methyl Groups of 1a—g® and 4d

Solvent 1a 1b 1c 1d le 1f 1g 4d
Temp (n=2) (n=3) (n=4) (n=25) (n=06) n=17) n=238)
pD 7.0° 2-H 7.964 7.918 7.871 7.924 8.000 8.058 8.103 8.202
27°C 8-H 7.770 7.758 7.826 7.857 7.924 7.974 8.007 8.102
NS-Me, 3.35 3.33 3.38 3.41 3.38 3.36 3.34 3.46
pD 7.0 2H 7.908 7.939 7.898 7.961 8.065 8.097 8.140 8.218
50°C 8-H 7.823 7.750 7.815 7.842 7.935 7.975 8.009 8.093
N°-Me, 3.36 3.33 3.39 3.42 3.41 3.39 3.38 3.46
pD 1.0° 2-H 8.205 8.342 8.333 8.343 8.344 8.347 8.349 8.362
27°C 8-H 8.086 8.262 8.279 8.269 8.298 8.304 8.309 8.338
pD 1.0 2-H 8211 8.341 8.335 8.348 8.350 8.354 8.356 8.368
50°C 8-H 8.094 8.254 8.270 8.259 8.289 8.296 8.302 8.331
CD;0D? 2-H 8.093 8.138 8.136 8.159 8.188 8.194 8.198 8.218
27°C 8-H 7.643 7.960 7.956 7.953 7.993 7.996 7.999 8.019
N%-Me, 3.45 3.47 3.49 3.50 3.50 3.50 3.50 3.51
CDCLY 2-H 8.423 8.356 8.334 8.329 8.335 8.342 8.347 8.352
27°C 8-H 7.208 7.896 7.667 7.664 7.680 7.689 7.692 7.719
N¢-Me, 3.51 3.54 3.53 3.53 3.53 3.53 3.54 3.54

a) The "HNMR spectra of 1 were measured at least twice and the chemical shifts of the adenine ring protons at 2- and 8-positions were
reproduced within £0.004 ppm. b) The concentrations of 1 in the buffer solution at pD 7.0 were 0.04—0.1 mmol dm~3. ¢) The
concentrations of 1 in the buffer solution at pD 1.0 were 1.0—1.5 mmol dm—3. The values of the chemical shifts of the N®-methyl
groups of 1 in the buffer solution at pD 1.0 were not determined because the signals were extremely broad. d) The concentrations
of 1in CD30D and in CDCl; were 1.0—1.5 mmol dm 3.

Table 2. Chemical Shifts of Adenine Ring Protons and N°-Methyl Groups of 2a—h® and 5d

Solvent 2a 2b 2¢ 2d 2e 2f 2h 5d
Temp (n=2) (n=3) (n=4) (n=5) (n=26) (n=7) n=9)
pD 7.0 2-H 7.980 7.918 7.870 7.966 8.080 8.138 8.176 8.264
27°C 8-H 7.811 7.790 7.859 7.887 7.962 8.012 8.053 8.113
N°-Me 3.04 3.05 3.11 3.13 3.12 3.08 3.04 3.12
pD 7.0 2-H 7.924 7.954 7.920 8.015 8.138 8.171 8.210 8.275
50°C 8-H 7.874 7.798 7.856 7.882 7.967 8.006 8.057 8.106
N°-Me 3.05 3.06 3.12 3.14 3.13 3.09 3.06 3.13
pD 1.0° 2-H 8.225 8.368 8.371 8.389 8.395 8.399 8.401 8.412
27°C 8-H 8.113 8.248 8.260 8.270 8.302 8.313 8.323 8.345
pD 1.0 2-H 8.232 8.366 8.367 8.384 8.393 8.397 8.400 8.411
50°C 8-H 8.125 8.248 8.265 8.268 8.299 8.310 8.320 8.344
CD;0D ¥ 2-H 8.104 8.202 8.189 8.213 8.232 8.237 8.244 8.261
27°C 8-H 7.716 8.041 8.011 8.007 8.035 8.036 8.045 8.065
Nf-Me 3.08 3.11 3.12 3.12 3.13 3.13 3.12 3.13
CDCl; ¥ 2-H 8.423 8.423 8.399 8.399 8.406 8.409 8.416 8.419
27°C 8-H 7.203 7.896 7.685 7.674 7.690 7.696 7.708 7.731
N°-Me 3.21 322 3.22 322 3.22 322 321 322

a) The 'HNMR spectra of 2 were measured at least twice and the chemical shifts of the adenine ring protons at 2- and 8-positions were
reproduced within £0.003 ppm. b) The concentrations of 2 in the buffer solution at pD 7.0 were 0.04—0.1 mmol dm~3. ¢) The
concentrations of 2 in the buffer solution at pD 1.0 were 1.0—1.5 mmoldm—3. The values of the chemical shifts of the NS-methyl
groups of 2 in the buffer solution at pD 1.0 were not determined because the signals were extremely broad. d) The concentrations
of 2 in CD30D and in CDCl; were 1.0—1.5 mmol dm 3.

chains in the buffer solution at pD 7.0 at 27 °C. The chemical  fields. The up-field shifts are thought to be attributable to the
shifts of H-8 in Fig. 9 were to higher fields as the length of = formation of intramolecular aggregates.

the polymethylene chains decreased, except for 1a and 2a The relationships of H-2 and H-8 of 1, 2, and 3 were similar
(n = 2). On the other hand, among the chemical shifts of H-  to each other. That is to say, the aggregation of 1 and 2 de-
2 in Fig. 8, those of 1¢, 2¢, and 3c (n = 4) were to the highest ~ pended on the length of the polymethylene chains in a similar
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Fig. 7. Relationship between the chemical shifts (J) of H-

2 and H-8 of adenine ring of 2 and the carbon numbers (n)
of the polymethylene chains in the buffer solution at pD 1.0
and CD;0D at 27 °C. The values of the chemical shifts are
shown in Table 2.
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Fig. 8. Relationship between the chemical shifts () of H-2

of adenine ring of 1, 2, and 3 and the carbon numbers (n)
of the polymethylene chains in the buffer solution at pD 7.0
at 27 °C. The values of the chemical shifts of 1 and 2 are
shown in Tables 1 and 2 and those of 3 were reported in
Ref. 9.

manner as that of 3. These observations are interpreted by
assuming that the conformations of the intramolecular aggre-
gates of 1, 2, and 3 are similar to each other. The intramolec-
ular aggregation seems to bring about conformational motion
in one restricted direction, compared with random conforma-
tional motions. Therefore, it is thought that the aggregation
is stacking between two adenine rings. Geissner—Prett and
Pullman'S reported that the caluculated up-field shifts of H-
2 and of H-8 due to the stacking of two adenine rings by 3.4
A were 0.30—0.45 and 0.15—0.25 ppm, respectively. The
chemical-shift differences of H-2 and of H-8 of 1, which
were determined by a comparison of the chemical shifts of
1c (n = 4) with those of 1g (n = 8), were 0.232 and 0.181

Effect of NS -Methyl Group of Adenine Ring
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Fig. 9. Relationship between the chemical shifts (&) of H-8
of adenine ring of 1, 2, and 3 and the carbon numbers (n)
of the polymethylene chains in the buffer solution at pD 7.0
at 27 °C. The values of the chemical shifts of 1 and 2 are
shown in Tables 1 and 2 and those of 3 were reported in
Ref. 9.

ppm, respectively. Also, the differences in the shifts of H-2
and of H-8 between 2¢ (n = 4) and 2h (n = 9) were 0.306 and
0.194 ppm, respectively. These observed shifts seem to be
roughly consistent with the calculated ones.'® The tendency
shown in Fig. 8 was different from that in Fig. 9 in the case
of shorter polymethylene chains (n = 2 and 3). This may be
attributable to connecting adenine rings at the 9-position with
the polymethylene chains. The connection with the shorter
polymethylene chains (n = 2 and 3) may bring especially two
protons at the 8-position into a closer relationship because of
steric factors.

We see subtle differences among 1, 2, and 3 in Fig. 8.
When the carbon numbers of the polymethylene chains are
more than 6, the values of the chemical shifts of H-2 of 2
approached those of 3, but the values of 1 did not approach
those of 3. These results may result from a difference in the
hydrophobicity between the dimethylamino group and the
methylamino group. That is to say, the remarkable hydro-
phobic effect of the dimethylamino group of 1 may have an
effect on the increase in the population of the intramolecular
stacked conformers, even in the case of more than 6 carbon
atoms of the polymethylene chains.

Figure 10 shows the relationship between the chemical
shifts of the N®-methyl groups and the length of the poly-
methylene chains. The relationship of the N6-methy! groups
was different from those of the adenine-ring protons shown in
Figs. 8 and 9. Furthermore, the chemical-shift differences of
the H-2, H-8, and N®-methyl groups between 1¢ and 1g were
0.232, 0.181, and —0.04 ppm, respectively. Similarly the
differences of the H-2, H-8, and N6-methy1 groups between
2¢ and 2h were 0.306, 0.194, and —0.07 ppm, respectively.
The chemical shifts of the N®-methyl groups, compared with
those of H-2 and H-8, were slightly affected by the length of
the polymethylene chains. These data are in contrast to the
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Fig. 10. Relationship between the chemical shifts (3) of N°-
methyl groups of adenine ring of 1 and 2 and the carbon
numbers (n) of the polymethylene chains in the buffer solu-
tions at pD 7.0 at 27 °C. The values of the chemical shifts
are shown in Tables 1 and 2.

results that the chemical shifts of the N®-methyl groups were

apparently affected by the concentrations (Fig. 4).
Temperature Effects.  Tables 3 and 4 show the tem-

perature dependence of the chemical shifts of 1a—d and of
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2b—d, respectively. The chemical shifts of H-2 of 1 and 2
were greatly dependent on the temperature. Stacking may
be responsible for the pronounced temperature dependence
of H-2 of the adenine ring. On the other hand, the chemical
shifts of the N®-methyl group were little affected by the tem-
perature. The data in these Tables, when considered with the
relationship shown in Fig. 10, indicate that the N®-methyl
groups may be located outside the intramolecular stacking
between two adenine rings. On the other hand, the adenine-
ring protons at the 2- and 8-positions seem to participate in
the stacked conformation. Thus, a tentative stacked confor-
mation of 1 and 2 is shown as (I) or (I) in Chart 2. In view of
the concentration effects of the chemical shifts of adenines,
Ts’o et al.** reported stacking orientations similar to (I) and
(I) and Evans and Sarma® proposed one similar to (I); still,

R\ ,Me R\N/Me
N
AN QDT g
R _N NS <N (CHyn
N NN "N N
N\
(CHg)n R‘N\
Me, H Me
o R=Me, ()
Chart 2.

Table 3. Effect of Temperature of the Chemical Shifts of Protons of Adenine Ring at 2- and 8-Positions and Dimethylamino Group
at 6-Position of la—d*
1a 1b 1c id

Concn (1.0 mmol dm™) (1.0 mmol dm ) (0.7 mmol dm ™) (1.0 mmol dm ™)

°C H-2 H-8 Me;N-6 H-2 H-8 Me;N-6 H-2 H-8 Me;N-6 H-2 H-8 Me;N-6
24 7955 7.751 3.35 7.830  7.688 327 7815  7.781 3.37 7.898  7.842 3.41
30 7944  7.765 3.35 7.851  7.699 3.28 7834  7.791 3.37 7913  7.841 3.41
40 7925 7792 3.35 7.879  7.711 3.29 7.857  7.795 3.38 7936  7.841 3.41
50 7904 7817 3.36 7.904 7.722 3.30 1877  71.798 3.38 7957 7.840 342
60 7.885 7.840 3.36 7924  7.729 331 7.898  7.801 3.39 7976  7.840 3.42
70 7.862  7.862 3.36 7940 7733 332 7919 7805 3.39 7.996  7.840 3.42
80 7.845  7.885 3.37 7954  7.736 3.33 7939  7.809 3.40 8.014 7.839 342
ASY  —0.110 +0.134  +0.02  +0.124 +0.058 +0.06  +0.124 +0.028 +0.03  +0.116 —0.003  +0.01

a) Sodium phosphate buffer solution at pD 7.0. b) Ad = §(80 °C)— 5(24 °C).

Table 4.  Effect of Temperature of the Chemical Shifts of Protons of Adenine Ring at 2- and 8-Positions and Methylamino Group
at 6-Position of 2b—d®

2b 2¢ 2d
Concn (3.2 mmoldm3) (0.9 mmoldm™?%) (3.1 mmoldm™)
°C H-2 H-8 MeN-6 H-2 H-8 MeN-6 H-2 H-8 MeN-6
24 7854  7.739 3.08 7.831  7.831 3.10 7910  7.850 3.11
30 7.875  1.751 3.09 7.849  7.835 3.10 7934  7.854 3.11
40 7907  7.766 3.10 7879  7.841 3.11 7967  7.862 3.12
50 7932 71777 3.11 7908  7.844 3.11 7.998  7.868 3.13
60 7954  7.787 3.12 7935  7.849 3.12 8.025  7.873 3.13
70 7975  7.794 3.13 7962  7.853 3.12 8.049  7.877 3.14
80 7.995  7.801 3.14 7.989  7.860 3.13 8.071  7.881 3.14
ASY  +0.141  +0.062  +0.06  +0.158 +0.029  +0.03  +0.161 +0.031  +0.03

a) Sodium phosphate buffer solution at pD 7.0. b) Ad = 6(80 °C)— (24 °C).
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it may be difficult to determine whether the conformation is
(D) or (I) on the basis of the present NMR data.

Discussion

Much evidence for the stacking of adenine rings has come
from NMR studies>**'2!7 and other methods.* The results of
the present study lend some support to this hypothesis. From
the standpoint of stacking, the adenine rings of 1, 2, and 3
are speculated to exist in three situations (Chart 3), i.e., no
stacking (A), intramolecular stacking (B), and intermolecular
stacking such as (C), (D), etc. When the NMR spectraof 1, 2,
and 3 are measured in low concentrations, the intermolecular
stacking is negligible. The up-field shifts of the adenine-ring
protons at low concentrations (Figs. 8 and 9) can be regarded
as an increase in the population of (B), compared with (A).

Takemoto et al.'*'® previously reported the NMR, UV, and
emission spectra of 1b, 2b, and 3b (n = 3), but did not discuss
the effects of the N6-methylation on stacking. From a con-
sideration of the concentration effects (Figs. 1, 2, 3, 4, and
5), the effect of the NS-methyl groups may be interpreted as a
hydrophobic effect. On the other hand, the connection with
the polymethylene chains draws two adenine rings within the
length of the chains, so that the effects of the length of the
polymethylene chains at low concentrations (Figs. 8, 9, and
10) are looked upon as a concentrated effect between only
two adenine rings at a shorter distance. The chemical shifts
of the N6-methyl groups were little affected by the length of
the polymethylene chains (Fig. 10) and the change in tem-
perature (Tables 3 and 4). Therefore, the NS-methyl groups
may be located outside the stacking between two adenine
rings, as shown in Chart 2. The tentative conformations, (I)
and (W), are similar to those of adenine reported®© in spite
of the presence of the N®-methy! groups.

Although the chemical shifts of the N6-methyl groups were
little affected by the change in temperature and the length of
the polymethylene chains, they were apparently influenced
by the concentrations (Fig. 4). This may be attributable to
the distinction between the intramolecular stacking between
only two adenine rings and the intermolecular stacking. The
concentration effects are generally caused by an average of
molecular aggregates among several molecules. Further-
more, the problem may be related to the interplanar angles
and deviations from fully stacked conformations, although
in Chart 3 the stacked conformations are depicted as fully
stacked structures. For example, a speculated scheme of

Intramolecular
Stacking

Intermolecular

No Stacking Stacking

%:E:)::L/\:

— R s
b ®) Il ©
/T
"1  Adenine rings H —"t=
(D)
L/\ D Polymethylene chain etc.

Chart 3.

Effect of N® -Methyl Group of Adenine Ring

stacking of three aromatic molecules is shown in Chart 4.
The stacked conformation between two aromatic molecules
is (E). When one aromatic molecule is stacked on (E), molec-
ular aggregates such as (F), (G), and (H) may consist of three
molecules. The concentration effects result from an average
of the molecular aggregates such as (E), (F), (G), and (H),
and therefore, it is thought that the chemical shifts of the
N®-methyl groups as well as the adenine-ring protons were
influenced by the concentrations.

As can be seen from Figs. 8 and 9, a greater degree of
population of the intramolecular stacking was observed in 1
and 2 than in 3, but the intramolecular stacked conformations
of 1, 2, and 3 were similar to each other. Therefore, the hy-
drophobic effect of the N°-methyl groups has an effect on
the increase in population of the stacked conformers, but
may only little affect the conformation of the stacking. This
suggests that another effect may play an important role in the
stacking of adenine rings.

The literature contains several references to the mecha-
nism of stacking, which has been explained in terms of a hy-
drophobic interaction,'® a charge-transfer interaction,'*>? an
electrostatic interaction,'”?! and a dispersion interaction.!***
Electrical interactions containing charge-transfer interaction
as well as electrostatic, induction, and dispersion interac-
tions can be regarded as depending on the characteristics of
the adenine ring. The hydrophobic effect is essential for
the stacking of adenine rings, but the stacked conformation
seems to primarily result from the characteristics of the ade-
nine ring.

We give Chart 5 as a tentative model for the stacking be-
tween adenine rings. Although the effect of the N6-methyl
goups may contain a part of the electrical interactions, it
seems reasonable to conclude that it is mainly caused by
a hydrophobic interaction. Israelachvili and Pashley?* re-
ported the exponential dependece of hydrophobic interac-
tion on distance. The hydrophobic interactions of 1, 2, and
3, which are expected to be dependent on the numbers of
the N-methyl groups, are shown to be in conformity with
a report,” although the hydrophobic interaction of the poly-
methylene chains leaves out the consideration in Chart 5. The
hydrophobic effect is a major driving force for molecular ag-
gregation when the molecules are far apart. However, the
combination of the electrical and hydrophobic interactions,
shown in Chart 5, may lead to the formation of stacking at
a shorter distance. Although there are little data concern-
ing the electrical interaction in this investigation, we shall
presume the electrical interaction between two adenine rings
as shown in Chart 5. The electrical interaction of the ade-

VRS

Lt . & - = - =2,
— — —
©® (F) (G) (H)

contsining SueAkfr?g gett
Chart 4.
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Stacking Interaction =
Electrical Interaction

+ Hydrophobic Interaction

# Increase of hydrophobicity is related to the
number of N6 -methyl groups of adenine ring.

* Electrical interaction between adenine rings
of 1, 2, and 3 may be similar to each other.

Chart 5.

nine ring of 1, 2, and 3 is expected to be similar to each
other and an attractive force operating at a shorter distance
between adenine rings. The total of the electrical and hy-
drophobic interactions, shown in Chart 5, may be called
the stacking interaction between adenine rings. The hydro-
phobic effect of the N®-methyl groups seems to work together
with the electrical intercation and hydrophobic interaction of
adenine, itself, and accommodates itself to the circumstance
of stacking. Therefore, the N°-methyl groups enhance the
stacking, but may have little influence on the conformation
of the stacking, because the conformation may depend on the
combination of the electrical and hydrophobic interactions.

Experimental

The melting points were determined on a Yanagimoto micro
melting-point apparatus and are uncorrected. The elemental analy-
ses were performed by the Analytical Center of Kyoto University. 6-
(Dimethylamino)purine and 6-(methylamino)purine were obtained
commercially.

NMR Spectroscopy.  The 'HNMR spectra (400 MHz) and
BCNMR spectra (100 MHz) were obtained with a JEOL GSX400
spectrometer. The chemical shifts (&-values) were measured in
parts per million (ppm) downfield from sodium 3-(trimethylsilyl)-
propionate-2,2,3,3-ds in the buffer solutions at pD 7.0 and 1.0 and
from tetramethylsilane in CD3OD, CDCl3, and DMSO-ds as internal
references. The concentrations of 3-(trimethylsilyl)propionate-2,2,
3,3-ds were 0.6 mmol dm ~? in the sodium phosphate buffer solution
at pD 7.0"* and 0.8 mmoldm™ in the HCI/KCI buffer solution at
pD 1.0."* The "HNMR spectra were obtained from accumulation
of 40—2000 free induction decays after each 45° pulse (5.7 ps)
repeated every 5.73 s and were observed over a spectral width of
6002.4 Hz, corresponding to 32768 data points for acquisition time
of 2.73 s. The 'HNMR spectra of 1 and 2 in Tables 1 and 2 were
measured at least twice and the chemical shifts of H-2 and H-8 of
the adenine ring were reproduced within £0.004 and -0.003 ppm,
respectively.

9,9'-(a,w-Alkanediyl)bis[6-(dimethylamino)purine] (1) and
9,9'-(a,w-Alkanediyl)bis[6-(methylamino)purine] (2). Into a
solution of 6-(dimethylamino)purine or 6-(methylamino)purine (2
mmol) in DMF (50 ml), potassium carbonate (2 mmol) and a,®-
dibromoalkane (1 mmol) were added. The mixture was stirred at
room temperature for 40 h. The resulting mixture was evaporated

to give a residue, which was extracted with a mixture of chloroform
and methanol. The extract was evaporated and chromatographed
over silica gel. By elution of ethyl acetate containing 5% methanol,
6-(dimethylamino)purine or 6-(methylamino)purine was recovered.
Further elution with a mixture of ethyl acetate containing 15—25%
methanol gave (1) or (2). The yields and the spectral data of 1 and
2 are given below.

9,9’ -Ethylenebis[6-(dimethylamino)purine] (1a): 47% yield;
mp 232—234 °C (lit,'® 226—227 °C); '"HNMR (CDCl3, 27 °C)
8 = 8.36 (s, 2H), 7.16 (s, 2H), 4.70 (s, 4H), 3.51 (broad s, 12H);
“CNMR (CDCl;) 8 = 155.02, 152.62, 150.27, 138.09, 120.29,
42.93, 38.55.

9,9'-Trimethylenebis[6-(dimethylamino)purine] (1b):  50%
yield; mp 234—236 °C (lit,"! 221—222 °C; 1it,'? 238—241 °C);
"HNMR (CDCl5, 27 °C) § = 8.36(s, 2H), 7.90 (s, 2H), 4.23 (t, 4H,
J = 6.8 Hz), 3.55 (broad s, 12H), 2.51 (quintet, 2H, J = 6.8 Hz),
BCNMR (CDClL;) & = 155.02, 15247, 150.62, 138.38, 120.25,
40.82, 38.55, 30.58.

9,9’ -Tetramethylenebis[6-(dimethylamino)purine] (1c): 52%
yield; mp 233—235 °C (lit,'' 224—226 °C); "HNMR (CDCl;, 27
°C) 6 = 8.33 (s, 2H), 7.67 (s, 2H), 4.22 (broad, 4H), 3.53 (broad
s, 12H), 1.91 (broad, 4H); *C NMR (CDCls) 6 = 155.02, 152.45,
150.54, 138.01, 120.12, 42.83, 38.50, 27.16.

9,9'-(1,5-Pentanediyl)bis[6-(dimethylamino)purine] ad):
50% yield; mp 137—138 °C; 'HNMR (CDCl3, 27 °C) & = 8.33 (s,
2H), 7.66 (s, 2H), 4.15 (t, 4H, J = 7.0 Hz), 3.53 (broad s, 12H), 1.93
(quintet, 4H, J = 7.0 Hz), 1.36 (quintet, 2H, J = 7.0 Hz); "CNMR
(CDCl3) 8 = 155.03, 152.41, 150.54, 138.04, 120.21, 43.39, 38.57,
29.54, 23.75. Caled for Ci19HxNig: C, 57.85; H, 6.64%. Found:
C, 58.07; N, 6.58%.

9,9'-(1,6-Hexanediyl)bis[6-(dimethylamino)purine] (1e):
48% yield; mp 179—181 °C (lit,'! 226—227 °C); '"HNMR (CDCls,
27°C) 6 =8.34(s, 2H), 7.68 (s, 2H), 4.15 (t, 4H, J = 7.0 Hz), 3.53
(broad s, 12H), 1.86 (broad quintet, 4H, J = 7.0 Hz), 1.37 (broad
quintet, 4H, J = 7.0 Hz); "CNMR (CDCL) 6 = 155.01, 152.37,
150.51, 138.11, 120.19, 43.53, 38.55, 29.87, 26.125. Calcd for
C0H2sNyo: C, 58.80; H, 6.91%. Found: C, 58.59; 6.75%.

9,9'.(1,7-Heptanediyl)bis{6-(dimethylamino)purine] (1f):
43% yield; mp 113—114 °C; '"HNMR (CDCl3) 6 = 8.34 (s, 2H),
7.69 (s, 2H), 4.14 (t, 4H, J = 7.0 Hz), 3.53 (broad s, 12H), 1.85
(quintet, 4H, J = 7.0 Hz), 1.40—1.27 (m, 6H); *C NMR (CDCl5)
6 =154.97, 152.32, 150.52, 138.12, 120.18, 43.58, 38.50, 29.88,
28.52, 26.44. Calcd for C H3oNjo: C, 59.69; H, 7.16%. Found:
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C, 59.73; H, 7.09%.

9,9’-(1,8-Octanediyl)bis[6-(dimethylamino)purine] (1g):
40% yield; mp 89—90 °C; '"HNMR (CDCls, 27 °C) 6 = 8.35
(s, 2H), 7.69 (s, 2H), 4.15 (t, 4H, J = 7.2 Hz), 3.53 (broad s,
12H), 1.85 (broad quintet, 4H, J = 7.2 Hz), 1.35—1.25 (m, 8H);
BCNMR (CDCly) 6 = 154.97, 152.31, 150.53, 138.14, 120.18,
43.65, 38.51, 29.95, 28.86, 26.50. Calcd for C»Hj3;Njo: C, 60.53;
H, 7.39%. Found: C, 60.69; H, 7.37%.

9,9’ -Ethylenebis[6-(methylamino)purine] (2a):  32% yield;
mp 290—294 °C (lit,'! 285 °C decomp); 'HNMR (DMSO-ds,
27 °C) 6 = 8.14 (s, 2H), 7.77 (s, 2H), 7.59 (s, 2H, NH), 4.93 (s,
4H), 2.94 (broad s, 6H); 3C NMR (DMSO-ds) & = 154.71, 152.22,
148.43,139.93, 118.84, 42.46, 26.72.

9,9'-Trimethylenebis[6-(methylamino)purine] (2b):  40%
yield; mp 250—252 °C (lit,'* 255—256 °C); '"HNMR (CDCl;)
& = 8.42 (s, 2H), 7.90 (s, 2H), 5.88 (s, 2H, NH), 4.25 (t, 4H,
J = 6.6 Hz), 3.22 (broad s, 6H), 2.54 (quintet, 2H, J = 6.6 Hz);
'"HNMR (DMSO-ds) & = 8.22 (s, 2H), 8.17 (s, 2H), 7.65 (s, 2H,
NH), 4.19 (t, 4H, J = 7.0 Hz), 2.96 (broad s, 6H), 2.40 (quintet, 2H,
J = 7.0 Hz); *C NMR (DMSO-ds) 6 = 154.90, 152.31, 148.46,
140.39, 119.12, 40.41, 29.82, 26.87.

9,9’ -Tetramethylenebis[6-(methylamino)purine] (2¢): 41%
yield; mp 267—270 °C; "THNMR (CDCL3) 6 = 8.40 (s, 2H), 7.69
(s, 2H), 5.84 (s, 2H, NH), 4.24 (broad, 4H), 3.22 (broad s, 6H),
1.93 (broad, 4H); 'HNMR (DMSO-ds) 6 = 8.20 (s, 2H), 8.10 (s,
2H), 7.63 (s, 2H, NH), 4.18 (broad, 4H), 2.96 (s, 6H), 1.77 (broad,
4H); *CNMR (DMSO-ds) 6 = 154.91, 152.28, 148.50, 140.39,
119.07, 42.21, 26.92, 26.59. Calcd for Ci¢H2oNio: C, 54.33; H,
5.65% Found: C, 54.53; H, 5.72%.

9,9'-(1,5-Pentanediyl)bis[6-(methylamino)purine] 2d): 43%
yield; mp 236—238 °C; '"HNMR (CDCl;) & = 8.40 (s, 2H), 7.67
(s, 2H), 5.87 (s, 2H, NH), 4.16 (t, 4H, J = 7.0 Hz), 3.22 (broad s,
6H), 1.95 (quintet, 4H, J = 7.0 Hz), 1.37 (quintet, 2H, J = 7.0 Hz),
THNMR (DMSO-ds) & = 8.19 (s, 2H), 8.08 (s, 2H), 7.62 (s, 2H,
NH), 4.11 (t,4H, J = 7.4 Hz), 2.95 (broad s, 6H), 1.83 (quintet, 4H,
J = 7.4 Hz), 1.20 (quintet, 2H, J = 7.4 Hz); *C NMR (DMSO-ds)
& = 154.89, 152.25, 148.41, 140.36, 119.06, 42.54, 28.74, 26.86,
22.93. Caled for C17HaNyo: C, 55.72; H, 6.05%. Found: C, 55.42;
H, 6.05%.

9,9'-(1,6-Hexanediyl)bis| 6-(methylamino)purine] (2e): 44%
yield; mp 273—276 °C; 'HNMR (DMSO-ds) 6 = 8.19 (s, 2H),
8.10 (s, 2H), 7.59 (s, 2H, NH), 4.11 (t, 4H, J = 7.2 Hz), 2.96 (broad
s, 6H), 1.78 (quintet, 4H, J = 7.2 Hz), 1.26 (quintet, 4H, J = 7.2
Hz); “CNMR (DMSO-ds) & = 154.88, 152.24, 148.40, 140.36,
119.09, 42.63, 29.11, 26.86, 25.32. Caled for Ci1gsH24Nio: C, 56.83;
H, 6.37%. Found: C, 56.78; N, 6.41%.

9,9’-(1,7-Heptanediyl)bis[6-(methylamino)purine] 2f): 43%
yield; mp 206—209 °C; '"HNMR (DMSO-ds) & = 8.21 (s, 2H),
8.12 (s, 2H), 7.64 (s, 2H,NH), 4.11 (t, 4H, J = 7.2 Hz), 2.95 (broad
s, 6H), 1.77 (quintet, 4H, J = 7.2 Hz), 1.31 (quintet, 2H, J = 7.2 Hz),
1.19 (quintet, 4H, J = 7.2 Hz); BCNMR (DMSO-dq) 6 = 154.84,
152.18, 148.45, 140.41, 119.08, 42.68, 29.15, 27.67, 26.94, 25.70.
Caled for CHN : C, 57.85; H, 6.64%. Found: C, 58.13; H, 6.50%.

9,9'-(1,9-Nonanediyl)bis[6-(methylamino)purine] (2h): 43%
yield; mp 189—191 °C; '"HNMR (CDCl3) 8 = 8.42 (s, 2H), 7.71
(s, 2H), 5.84 (s, 2H, NH), 4.16 (t, 4H, J = 7.4 Hz), 3.21 (broad s,
6H), 1.86 (quintet, 4H, J = 7.4 Hz), 1.32—1.20 (m, 10H); '*CNMR
(CDCl3) 6 = 155.57, 153.16, 148.98, 139.47, 119.88, 43.85, 30.05,
29.14, 28.84, 27.64, 26.53. Calcd for Co;H3oNio: C, 59.69; H,
7.16%. Found: C, 59.19; H, 7.10%.

9-(5-Bromopentyl)-6-(dimethylamino)purine (4d) and 9-(5-
Bromopentyl)-6-(methylamino)purine (5d). Into a solution

Effect of N® -Methyl Group of Adenine Ring

of 6-(dimethylamino)purine or 6-(methylamino)purine (I mmol)
in DMF (50 ml), potassium carbonate (1 mmol) and 1,5-dibromo-
pentane (4 mmol) were added. The mixture was stirred at room
temperature for 14 h. The resulting mixture was evaporated to give
a residue which was extracted with a mixture of chloroform and
methanol (9: 1). The extract was evaporated and chromatographed
over silica gel. Elution with ethyl acetate gave 4d (30%) or 5d
(38%).

4d:  Mp 63—64 °C; '"HNMR (CDCL) & = 8.35 (s, 1H),
7.72 (s, 1H), 4.19 (t, 2H, J = 7.2 Hz), 3.54 (broad s, 6H), 3.38
(t, 2H, J = 7.2 Hz), 1.92 (quintet, 2H, J = 7.2 Hz), 1.90 (quintet,
2H, J = 7.2 Hz), 1.49 (quintet, 2H, J = 7.2 Hz); *CNMR (CDCl;)
8 =154.99, 152.37, 150.54, 138.09, 120.23, 43.49, 38.55, 33.18,
32.05, 29.23, 25.24. Caled for C12HisBiNs: C, 46.16; H, 5.81; N,
22.43%. Found: C, 46.43; H, 5,74; N, 22.45%.

5d: Mp 138—139°C; 'HNMR (CDCl3) 6 = 8.42 (s, 1H), 7.73
(s, 1H), 5.96 (broad s, NH, 1H), 4.21 (t,2H, J = 7.2 Hz), 3.38 (t, 2H,
J =7.2Hz), 3.22 (broad s, 3H), 1.94 (quintet, 2H, J = 7.2 Hz), 1.91
(quintet, 2H, J = 7.2 Hz), 1.50 (quintet, 2H, J = 7.2 Hz); '*CNMR
(CDCl3) 6 =155.57, 153.19, 149.08, 139.47, 119.97, 43.63, 33.18,
32.00, 29.29, 27.60, 25.21. Calcd for Ci1H;sB1Ns: C, 44.31; H,
541; N, 23.49%. Found: C, 44.54; H, 5,40; N, 23.48%.

The author thanks Dr. Takehiko Ueda (Associate Profes-
sor of Kagoshima University, Faculty of Engineering) for
useful discussion.
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