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ABSTRACT

A convenient synthesis of a new class of novel pyrazolo[3,4-d]pyrimidinophanes (four products, 41%), a new class of cyclophane, and X-ray
structure of the first dissymmetrical [3.4]pyrazolo[3,4-d]pyrimidinophane (22%) are reported for the first time. The conformation of major syn
product 6b is stabilized by weak π-π and O· · ·Ar interactions.

In the course of our studies on flexible 1,3-bis(4,6-
dimethylsulfanyl-1H-pyrazolo[3,4-d]pyrimidin-1-yl)pro-
pane (1a, Figure 1) by 1H NMR in solution1a and X-ray
crystallography in solid,1b we discovered the potential of
the pyrazolo[3,4-d]pyrimidine core, which is isomeric with
the biologically important purine system, for studying
arene interactions at both the molecular and supramo-
lecular level.

Since then robustness of the unusual U-motif formed as a
result of intramolecular arene interaction in 1a has been

established in many more symmetrical (1)1c-h and two
dissymmetrical compounds (21i and 3,1j Figure 1) both by
1H NMR in solution and X-ray crystallography in solid,
except for 1h,1g which shows a different conformation
(normal U-motif) compared to all other 14 propylene linker
compounds showing unusual U-motif due to intramolecular
arene interaction.

More surprisingly, structurally quite different compounds
(4b-4d, Figure 1) derived from 1a via intermediate 4a1k

also show intramolecular arene interaction both by 1H NMR
in solution and X-ray crystallography in solid.1l-n Vogtle
refers to singly linked molecules that adopt π-stacked
conformations as “protophanes”.2
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Availability of so many structurally different, easily
accessible preorganized compounds (1-4, Figure 1) has
prompted us to make a convenient entry into pyrazolo[3,4-
d]pyrimidinophanes, a new class of cyclophane. Normally,
conformation of flexible propylene linker compounds with
arene residues at their termini are open/extended, and this
generalization holds even better when solid-state conforma-
tion is considered.1h Since in these models all four single
bonds (i.e., two C-N and two C-C bonds) between two
arene cores are free for unhindered rotation, they provide
unbiased information about arene interaction for molecular
recognition and supramolecular chemistry.

Purinophanes, which are isomeric with pyrazolo[3,4-
d]pyrimidinophanes, were first synthesized3 about 20 years
back, and a systematic study involving synthesis and X-ray
crystallography was published. Another related example
involves synthesis of [3.3](3,9)carbazolophanes (syn and anti)

from 1,3-dicarbazol-9-ylpropane.4 During the past four
decades, cyclophanes have been studied extensively.5 It is
generally believed that the rotation of the aromatic units is
completely hindered in [2.2]cyclophanes and is more or less
free for large cyclophane derivatives. Intramolecular and
intermolecular CH-π and π-π interactions are observed,
both in solid state and solution for [3.3]- and [4.4]cyclo-
phanes in varying amounts.6-13 On the basis of X-ray
crystallographic structural analysis of many related propylene
linker compounds (1-4, Figure 1) and many cyclophanes,
propylene linker was selected as second linker for making
pyrazolo[3,4-d]pyrimidinophanes. This choice of the pro-
pylene linker was also dictated by the fact that the angle
between the least-squares planes of two pyrazolo[3,4-
d]pyrimidinyl units in 1-4 varied in the range of 10.9-23.5°,
thus requiring that the length of the second linker should
have at least three methylene units for cyclophane formation.
The corresponding values for the two most relevant com-
pounds 4b and 4c are 12.4° and 10.9°, respectively.

Thus, reaction of 4a with 1,3-dibromo propane gave four
pyrazolo[3,4-d]pyrimidinophanes (5-7, ∼41%) which were
separated by column chromatography on silica gel (Scheme
1).14 Total yield in our method was significantly more than
the reported yield for the synthesis of purinophanes which
are isomeric with pyrazolo[3,4-d]pyrimidinophanes.3 The
bridge protons of these new cyclophanes show complex
multiplets in their 1H NMR spectra, in contrast to the first-
order coupling pattern of acyclic reference compounds (1-
4). Careful analysis of spectral data (Supporting Information)
reveals formation of one symmetrical O,O- (5 ∼9%), two
dissymmetrical N,O- (6a and 6b ∼27%) and one symmetrical
N,N- isomer (7 ∼5%). Out of these four products first three
belong to mixed hetero/heteraphane class and last one to a
heterophane subclass of cyclophanes.5

This product distribution looks quite surprising in view
of the fact that under similar reaction conditions alkylation
of 4a with methyl iodide, ethyl iodide, or benzyl bromide
gives N,N-dialkylated products 4b, 4c, or 4d as major
products in 88%, 45%, and 80% yields, respectively. In
addition, O,O-dialkylated products are also formed in 1%,
6%, and 2% yields, respectively. The product distribution
of four pyrazolo[3,4-d]pyrimidinophanes formed in same
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Figure 1. Pyrazolo[3,4-d]pyrimidine core based “propylene/Leonard
linker” compounds (1-4).
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reaction clearly shows that incorporation of four atoms
(-O-C-C-C-) is most favored followed by five atoms
(-O-C-C-C-O-) and three atoms (-C-C-C-) in the
second linker. The importance of the length of second linker
for intramolecular N/O-alkylation, due to preorganization of
4a, is strongly indicated by another experiment. Thus,
reaction of 4a with 1,2-dibromo ethane in place of 1,3-
dibromo propane under identical reaction conditions gave
no isolable pyrazolo[3,4-d]pyrimidinophanes.

Despite many attempts to grow good crystals of these new
pyrazolo[3,4-d]pyrimidinophanes, success was achieved only
with major dissymmetrical N,O-product (6b). The crystal
structure of the first pyrazolo[3,4-d]pyrimidinophane (6b)
along with numbering scheme is shown in Figure 2.15 The
solid-state structure of 6b shows a syn conformation in which
both pyrazolo[3,4-d]pyrimidinyl residues are more or less
superimposed on each other. Observed conformation of 6b
resembles closely that of 1h (normal U-motif, Figure S1,
Supporting Information) and not with the other 14 com-
pounds (1-3, Figure 1) in which pyrazolo residues are away
from each other and only pyrimidinyl portions partially
overlap (e.g., 1d, unusual U-motif, Figure S2, Supporting
Information). The unit cell (not shown) has four molecules
of almost same conformation making two vertical pairs. One
molecule from each pair is connected by C-H · · ·N/S
interactions.

Thus, an important inference from this result is that the
geometry of cyclophane (6b) is determined mainly on the
basis of length and position of two linkers connecting two
arene residues by covalent bonds, whereas the conformation
of related propylene linker compounds (e.g., 1, 4b-4d, etc.)
is determined mainly on the basis of noncovalent arene
interaction between two arene residues. The second linker
required for cyclophane formation, because of its covalent
nature, can easily affect the original geometry of 4a, held

mainly by weak arene interactions. For interesting compari-
son, other data is reported in Table S1 (Supporting Informa-
tion). The angle between the least-squares planes of 9-mem-
bered pyrazolo[3,4-d]pyrimidinyl rings in pyrazolo[3,4-
d]pyrimidinophane is 4.4° as compared to 12.4° and 6.7° in
reference compounds 4b and 1j, respectively. Since there is
no significant difference between 6.7° and 4.4° for 1j and
6b, respectively, it is quite reasonable to assume that starting
material 4a is also preorganized as a result of intramolecular
arene interaction. Most noteworthy, in addition to π-π
interaction is the O · · ·arene distance of 3.45 Å between the
O atom of the new linker and Cg of the six-membered
pyrimidine ring, indicative of strong intramolecular O · · ·arene
interaction. Very recently, a comparable distance of 3.48 Å
for intramolecular O · · ·arene interaction between the methoxy
oxygen and Cg of the pentafluoro phenyl ring in another
model developed for arene interactions has been reported.16

Interestingly, weak intramolecular O · · ·Ar interaction is also
present (O · · ·Cg ) 3.681 Å) in earlier 1h,1g and conformation
of the new pyrazolo[3,4-d]pyrimidinophane (6b) resembles
that of 1h. None of the other propylene linker compounds
(1f, 1g, 1j, or 4b-4d) show any intramolecular O · · ·arene
interactions.

Because 6b is dissymmetrical, it is of interest to know
about packing arrangements from the molecular recognition
angle. The two faces of 6b can be called pyrimidine and
pyrimidone for obvious reasons. One column of two vertical
columns formed as a result of π-π, C-H-π, C-H · · ·N,
O · · ·Ar, and S · · ·Ar interactions and connected to the other
by C-H · · ·N and C-H · · ·S interactions is shown in Figure
3 (left). Most important in the vertical column is the strong
intermolecular O · · ·Ar (3.24 Å) interaction approaching van
der Waals contact of 3.22 Å (1.70 Å for C and 1.52 Å for
O) between the O of the linker and Cg of the pyrazole ring.
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Scheme 1. Synthesis of Pyrazolo[3,4-d]pyrimidinophanes

Figure 2. ORTEP diagram of 6b (at 30% probability level) showing
π-π and O · · ·Ar interactions with atomic labeling scheme
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It is also interesting to point out that both intra- and
intermolecular O · · ·Ar interactions involve only the O atom
from the linker; the O atom from the keto group is not
involved. It is interesting to mention that O · · ·Ar interactions
in water-adenine in RNA are known.17 Lone pair aromatic
interactions are of current interest, and this area has been
reviewed recently.18 Another packing picture (Figure 3, right)
shows a heptamer formed as a result of weak C-H · · ·O,
C-H · · ·N, and C-H · · ·S interactions.

Hydrogen-bonding geometry (Å, deg) for different interac-
tions for compound 6b are shown in Table S2 (Supporting
Information). Conformation of 5, 6a, 6b, and 7 in solution
was assigned anti, anti, syn, and anti, respectively, on the
basis of comparison of chemical shifts of SMe and the
aromatic proton of the pyrazole residue with corresponding
chemical shifts in monomeric 4-methoxy-1-methyl-6-meth-
ylsulfany-1H-pyrazolo[3,4-d]pyrimidine (8) and 1,5-dimeth-
yl-6-methylsulfanyl-1H-pyrazolo[3,4-d]pyrimidin-4(5H)-
one (9) (Figure 4).

In conclusion, a very convenient entry into a new class of
cyclophanes, pyrazolo[3,4-d]pyrimidinophanes with func-
tionalized group (methylsulfanyl) for further chemical trans-
formations, made from arene residues with strong propensity
for intramolecular π-π stacking even when connected by a
single propylene linker, has been reported for the first time.
The conformation of major syn product, 6b, is determined
by X-ray crystallography revealing the role of weak π-π
and O · · ·Ar interactions for conformational control at mo-
lecular level. These compounds should prove valuable for
understanding the nature of arene interactions. Work with
bigger linkers with or without O/N atoms will be reported
in the future.
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Figure 3. (Left) Part of two vertical columns formed as a result of
π-π, C-H-π, C-H · · ·N, and O/S · · ·Ar interactions. (Right)
Heptamer formed as a result of weak C-H · · ·O, C-H · · ·N, and
C-H-S interactions.

Figure 4. Stack plot of 1H NMRs of 5, 6a, 6b, 7, 8, and 9. (a)
Aromatic region; (b) SMe region
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