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Self-complementary purines by quadruple hydrogen bondingf
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The first discrete, self-complementary, quadruply hydrogen-
bonded complexes based on the 2,6-diaminopurine (DAP)
scaffold have been prepared; regioselective urea formation at
the C(2) amino group of the heterocycle allows intermolecular
dimerization (Kgim ~ 1-1.6 x 10° M ' in CDCl;) through a
DADA hydrogen bonding motif.

Nucleobases are readily available heterocycles for the construction
of self-complementary, quadruply hydrogen-bonded complexes,
among which the pyrimidines have been extensively explored.'
For example, the UPy unit of Meijer et al (derived from
isocytosine) has found applications that span materials science due
to its exceedingly high dimerization constant in organic solution
(Kgim ~ 107 M~ in CDCl5) via an accessible DDAA? hydrogen
bonding arrangement.'* Surprisingly little work has considered
urea-functionalized purines in this vein, although the bicycles boast
additional sites for functionalization, an expanded n-surface’ and
untapped mechanisms to control assembly strength/dynamics via
the modulation of ring electronics remote from the dimer
hydrogen bonding interface.
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To this end, Zimmerman and co-workers have only recently
shown that urea-functionalized guanine (UG) and 7-deazaguanine
(DeUG), unlike UPy, are tautomerically stable (preferring the
N(1)-H tautomer), and that the anti/syn conformational equili-
brium can be controlled by atomic mutation in the fused ring (UG
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1 Electronic supplementary information (ESI) available: Synthesis,
characterization, copies of 'H NMR spectra for all new compounds,
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prefers anti; DeUG prefers syn).” With a preorganized ADDA
edge and free from competing tautomeric/conformational equili-
bria, DeUG is particularly well-suited to forming tight hetero-
dimeric (complementary) complexes (Kusoe > 107 M™") with
DAAD palrtners.6 Likewise, both UG and DeUG are designed to
only weakly self-associate and do so by various DA motifs in
CDCl; (Kyssoe for UG ~ 230 M1 Ky, for DeUG = 880 M 1).6
Herein, we present the first discrete, self-complementary, quad-
ruply hydrogen-bonded complexes based on purines using the
tautomerically-stable 2,6-diaminopurine (DAP) platform (Fig. 1).
Upon regioselective urea formation at the C(2) amino group of
DAP, two intramolecularly hydrogen-bonded, low-energy (anti)
conformers of the ureidodiaminopurine (UDAP).2 1™ and 1™
(interconverted through a single C-N bond rotation), are
accessible,” where the latter is preorganized for intermolecular
dimerization via a DADA hydrogen bonding motif.

Synthetic considerations and X-ray crystallography guided the
choice of substituents shown in Fig. 1; the synthesis of 1a illustrates
the design and execution (Scheme 1). The route begins from
commercially available (or routinely prepared'®) 6-chloro-2-
aminopurine (2), derived from guanine. Substituted benzyl
substituents were selected for the N(9) position, primarily due to
their known convenient installation by N-alkylation'' and decent
organic solubility-imparting properties. Standard alkylation
affords 3a at room temperature, its yield somewhat diminished
by the unavoidable formation of the N(7) regioisomer.'?
Subsequent displacement of the 6-chloro group with ammonia
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Fig. 1 Intramolecular hydrogen bonding and intermolecular dimeriza-
tion of ureidodiaminopurine (UDAP) 1.
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Scheme 1 Representative UDAP synthesis; preparation of 1a.

provides 4a. We next found that while most isocyanates react
unusually sluggishly with 4a,'® aryl isocyanates appear to enjoy a
significant reactivity advantage. Hence, treatment of 4a with
phenylisocyanate in the presence of pyridine exploits the
differential nucleophilicity of its C(2) and C(6) amino groups,'
forming 1a regioselectively. Functionalized aryl isocyanates are
equally effective in this reaction. Compound 1b, bearing alkoxy
substituents, was prepared similarly (ESIf) and offers a modest
increase in organic solubility.

Of additional consideration at the design stage was the steric
compatibility of the N(9) benzyl and urea phenyl substituents in
the desired 1™ conformation.'> We were pleased to find that the
X-ray structure (Fig. 2) of model compound 5 (ESIf) indeed
shows that the desired mode of intramolecular hydrogen bonding
to N(3) is accessible through a planar arrangement (N(3)---N(12) =
2.74 A).3 Also observed in the solid state is a near edge-to-face
relationship between the two aromatic substituents (angle between
the least-squares planes of the aromatic rings = 86.3°); while the
rings are slightly offset with respect to one another in this
orientation (center-to-center distance = 5.42 A), they are in close
contact (closest carbon—carbon distance = 3.67 A).'® Although this
type of interaction is expected to be relatively weak in organic
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Fig. 2 Left: Intramolecular hydrogen bonding of model ureidopurine 5
in the solid state (ellipsoids drawn at the 50% probability level). Right: The
side view of a CPK representation shows the extent of contact achievable
for the two phenyl rings in the N(3) hydrogen-bonded conformer.

solution,'® it does inspire strategies to achieve conformational
control in the UDAP monomers. Consistent with the solid state
data for 5, the chemical shift of its urea H® proton in CDCls
(~5 mM) is significantly deshielded to ¢ 11.4 (relative to TMS);
H" appears at ~d 7.2, a value that correlates with the limiting
upfield chemical shift (also for Hb) of monomeric 1 (d;nonomer)s S
discussed below.

The solution-phase dimerization of 1a and 1b could be analyzed
through routine "H NMR measurements in CDCls; representative
data for la are shown in Fig. 3. A 2-D NMR (gHMBC)
experiment in CDCl; at ~2 mM was first used to assign the urea
proton chemical shifts (ESIt). The peak at 6 ~12 arises from
intramolecularly hydrogen-bonded H®, while the H® signal,
deshielded due to intermolecular hydrogen bonding, appears at
0 ~9. Dilutions were performed at 25 °C from ~5 to ~0.1 mM;
five selected spectra are shown in Fig. 3. The H® resonance was
monitored as it moved upfield throughout the series'’ (the H*
signal could not be followed due to peak broadness and overlap)
and the data was fitted to a non-linear binding equation using
standard software.'® The dimerization constant (Ky;,) emerges as
1100 + 360 M ! for 1a (1200 + 200 M ! for the run shown) and
1600 + 380 M ! for 1b, similar values that are the average of four
independent runs in each case. Furthermore, the downfield and
upfield limiting chemical shifts for H® of 1 appear from the
calculations (Ogimer = 10.1 £ 0.1; dmonomer = 7.2 £ 0.1), and are
consistent with variable temperature (VT) NMR experiments
(vide infra) and model compound 5 (vide supra). Finally, while
dimer formation necessarily requires that la (and 1b) adopts the
1™ conformation, direct evidence that this conformation is
populated in solution comes through a NOESY spectrum. Key
NOEs are identified between the N(9) trimethylbenzyl substituent
and both the urea phenyl and H® protons (ESIT).

Importantly, VT "H NMR studies performed with 1a in CDCl,
confirm that dimerization by quadruple hydrogen bonding is the
predominant mode of assembly in the concentration range studied
(ESI¥). Upon cooling a ~2 mM solution from 55 to —55 °C, the
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Fig. 3 'H NMR spectra (500 MHz) of 1a in CDCl; (25 °C) at the
following concentrations (from bottom to top): 4.7, 2.9, 1.5, 0.59 and
0.16 mM. Data at five additional concentrations was used in the
calculation of K, (ESIT). See Fig. 1 for the atom labelling scheme.
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chemical shift of H® moves downfield from 6 11.8 to 6 12.4. H®, on
the other hand, shifts even more substantially from ¢ 8.1 to ¢ 10.2
(~ Odimer for HP calculated from dilution studies), in accordance
with its intermolecular hydrogen bonding. Also significantly, the
amino protons N(H*") decoalesce at ~ 5 °C. The chemical shift of
proton H* appears at 6 ~359 and remains there as the
temperature is lowered,” while H? participatory in dimer
formation, moves downfield from ¢ 8.4 (5 °C) to 6 9.3 (=55 °C).

Given that the UDAP derivatives dimerize somewhat more
weakly (by 10-fold) than the most comparable DADA (self-
complementary) quadruple hydrogen bonding system (the alkyl
ureidotriazines of Meijer and co-workers™), there is additional
optimization to do and subtleties to be understood. We would
expect the Ky, of 1 to be affected by (a) the interaction of the urea
and N(9) substituents and (b) the use of aryl rather than the more
commonly employed alkyl ureas.>?' We initiated explorations of
“(a)” by preparing the N(7)-alkylated regioisomer of la (ESI¥).
We were surprised to find that this regioisomer does not dimerize
by quadruple hydrogen bonding in CDCly;?> hence, interaction
between the N(9) and urea substituents appears to be an important
(and modifiable) parameter in these systems. Along the same lines,
we studied the intrinsic 1! vs. 1N conformational preference by
computation. When a substituent in the N(9) position is too small
to interact appreciably with the phenylurea group, such as methyl
(1, where R = H), computation (MP2/6-31G*//HF/6-31G*)
shows that the 1N! and 1™ conformers are essentially isoenergetic,
~0.55 keal mol ™! in favour of the desired 1™ conformer in the
gas phase. This leaves the monomer conformational equilibrium,
and also likely Ky, easily perturbed. We are currently developing
the synthetic chemistry to test “(b)”.

To conclude, the first self-complementary, quadruply hydrogen
bonding purines have been prepared from the readily-available 2,6-
diaminopurine scaffold. The monomers are routinely synthesized
and should offer unique handles (and bioinspired strategies) for the
control of association strength through their multiple substitution
sites, some remote from the hydrogen bonding interface. Their
expanded m-surfaces will facilitate their association into stacked
assemblies and more complex architectures. Explorations in these
directions are currently under way.
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1 Crystal data for 5: C,;H,N;O (M = 387.45), monoclinic, space group
P2l/n, radiation type = Mo-Ko, 4 = 0.71073 A, a = 9.0629(6),
b = 19.8629(13), ¢ = 11.3182(7) A, o = y = 90, f = 106.862 (1)°,
Vo= 194992) A} Z = 4, p = 0087 mm ', D, = 1320 g cm 3,
F(000) = 816, T'= 173(2) K, 4406 independent reflections (R, = 0.0337),
final R indices (272 parameters) [/ > 2a(1)] were R, = 0.0374, wR, = 0.0966
(using 3194 reflections), GOF = 1.063. Refinement was done using F>.
CCDC 615504. For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b610239%
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