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ABSTRACT

A series of homo- and heteroditopic thymine- and/or adenine-terminated molecules incorporating rigid aryl or oligo(phenylene ethynylene)
linkers has been efficiently synthesized. The key steps involved in the synthesis are the construction of the N-arylated nucleobases using the
Chan−Lam−Evans-modified Ullman coupling and their further elaboration using the Sonogashira coupling. Furthermore, the synthesis of a
rigid tripodal thymine derivative is reported.

The high fidelity observed in the base-pairing between
complementary DNA strands allows for the predetermined
formation of artificial nanostructures.1 In addition, a wide
range of artificial nucleobase derivatives has been employed
in the creation of supramolecular self-assemblies using
molecular recognition via base-pairing.2 Even though the
Watson-Crick mode of bonding is prevalent in natural

systems, e.g., DNA double helices, other hydrogen-bonding
motifs are available and expand the possibility for creation
of different structural networks. In this respect, previous
studies have revealed that simple mixtures of adenine and
thymine can form well-ordered supramolecular nanopatterns
on surfaces featuring a unique hydrogen-bonding setup based
on reverse Hoogsteen A-T-A-T quartets adjacent to
homochiral chains of adenine duplets.3 Furthermore, several
homo- and heteroditopic nucleobase derivatives (bolaam-
phiphiles) have been demonstrated to spontanously homo-
and heteroassemble to form well-defined supramolecular
fibers.4 Therefore, the ability to create artificial polymeric
systems incorporating several nucleobase moieties can serve
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as a means to study their inter- and intramolecular hydrogen-
bonding properties and gain further insight into the mech-
anisms behind the assembly of complementary DNA strands.

Our continued interest in DNA structures, including its
use for controlling chemical reactivity and creating self-
assembled nanostructures,5 controlling photosensitized pro-
cesses,6 and detection of DNA,7 has driven us to create an
efficient methodology for the synthesis ofN-arylated and
N-alkenylated nucleobases employing the Chan-Lam-
Evans-modified Ullmann coupling.8 Thus, theN-arylated and
N-alkenylated nucleobases are obtained via the direct cou-
pling of protected or masked nucleobase derivatives with
alkenyl or aryl boronic acids. We envisaged that such

artificial molecules incorporating both multiple nucleobases
and an extended rigid aromatic system may be suitable for
the controlled formation of supramolecular structures. Such
structures may be formed on surfaces by Watson-Crick and
other types of hydrogen bonding between the bases or in
solution by a combination of hydrogen bonding andπ-stack-
ing. In another application such structures may interact with
DNA strands and form extended helices by Watson-Crick
base pairing in analogy with the structures reported by Iwaura
et al.9

As a starting point in this realm, we now report on the
synthesis of a series of novel rigid aryl or oligo(phenylene
ethynylene) structures connected via bisaryl-like linkages to
multiple nucleobase moieties.

At the outset, we aimed for the synthesis of a short
conjugated T-T derivative 1, in which the two thymine
moieties are separated only by one benzene ring, which was
accomplished by two sequential Chan-Lam-Evans reactions
(Scheme 1). The previously describedN3-benzoyl thymine
29 was converted toN-aryl derivative 3 as previously
described.8 By subjecting3 to the modified Miyuara protocol
the aryl pinacolboronate4 was obtained in good yield.10 The
efficient hydrolysis of pinacolboronates can be troublesome.
However, the recently described method employing a solid-
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Scheme 1. Synthesis of Short Thymine-Thymine Derivative1 Scheme 2. Synthesis of the Tripodal Thymine Derivative11
and Boronic Acid7
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supported boronic acid in a transesterification reaction
gratifyingly afforded the required boronic acid5,11 which
was used without further purification in excess in the Chan-
Lam-Evans reaction with2 to yield the protected T-T
derivative6. Facile removal of the Bz-protection groups was
accomplished with methanolic hydrazine to yield the desired
T-T derivative1.

The notorious low solubility of the parent nucleobases in
organic media necessitates the careful design of molecules
incorporating multiple nucleobase moieties. Although1 has
some solubility in organic solvents (alcohols, DMF, DMSO),
we worried that a longer oligo(phenylene ethynylene) linker
may lower the solubility even further. Therefore, we chose
a design in which either PEG or alkyl side chains are
incorporated. The introduction of alkyl side chains has been
extensively used in the synthesis of large oligo(phenylene
ethynylene) networks in order to improve the solubility in
organic media.12

Thus,2 was reacted with excess of crude boronic acid7
having two C6-alkyl chains to afford8 in good yield (Scheme
2). The boronic acid was easily synthesized from the known
symmetrical diiodide9 by borate trapping of the mono-
organolithium species.13 The boronic acid7 could be further
converted to the pinacol boronic ester10 for characterization

purposes. With8 in hand, we aimed for the preperation of a
tripodal thymine derivative11. To our delight, the triple
Sonogashira reaction of8 with 1,3,5-triethynylbenzene
provided the star-shaped trimeric derivative12 in reasonable
yield.14 The deprotection of12 was accomplished with
methanolic hydrazine to yield11, which has a considerably
improved solubility profile compared to1 in organic media
such as CH2Cl2.

A series of nucleobase derivatives incorporating oligo-
(phenylene ethynylene) linkers were now synthesized. The
required linkers for the creation of T-T, A-A, and A-T
derivatives were prepared as outlined in Scheme 3. The
tetrabromo compound1315 was subjected to reaction with
the in situ prepared sodium alkoxide from 2-methoxyethanol
to afford14. By the right choice of conditions,14 could be
converted to either the symmetrical or unsymmetrical oligo-
(phenylene ethynylene) structures15or 16, respectively, via
Sonogashira couplings with 2-methylbut-3-yn-2-ol. The
symmetrical oligo(phenylene ethynylene)15was deprotected
at both ends by treatment with KOH to yield17. Bromide
16 was further subjected to a Sonogashira reaction to afford
18 with two orthogonal protection groups, and the 1,1-
dimethylpropargylic alcohol protection was removed using
NaOH providing19.16
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Scheme 3. Synthesis of Oligo(phenylene ethynylene) Linkers
17 and19

Scheme 4. Completion of T-T (20), A-A (21), and A-T
(24) Derivatives
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The symmetrical oligo(phenylene ethynylene)17 was
subsequently used in the formation of the symmetrical T-T
and A-A nucleobase derivatives20 and 21, respectively,
by subjecting it to a double Sonogashira reaction with either
3 or adenine derivative228 (Scheme 4). The T-T derivative
20 was obtained in good overall yield following a smooth
deprotection step in methanolic hydrazine. On the other hand,
the last deprotection step in the formation of A-A derivative
21 required prolonged heating with methanolic KOH to
remove the four Boc-groups.17 Conventional deprotection by
treatment with TFA was not successful.18

In the same vein, the unsymmetrical oligo(phenylene
ethynylene)19 was subjected to a sequence of Sonogashira
reactions and deprotection steps (Scheme 4). The first
Sonogashira reaction of19 with N-arylated adenine22 to
yield 23 was followed by removal of the TIPS-group with
TBAF, a second Sonogashira reaction with thymine deriva-
tive 3, and deprotection with KOH providing the heterodi-
topic A-T derivative24.

In summary, we have prepared a series of novel rigid
thymine and adenine homo- and heteroditopic nucleobase
derivatives and a tripodal thymine derivative using a
combination of the Chan-Lam-Evans-modified Ullmann
coupling and the Sonogashira reaction. Further efforts in our
laboratories are now directed toward broadening the scope
of the synthetic methodology and studies of the abilities of
such nucleobase derivatives to form homo- and hetero-
assemblies in solution and on surfaces and to interact with
DNA.
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