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Chemists have exploited the ability of nucleic acids to form
sequence-selective double-stranded hybrids and have turned
it into an incredibly powerful tool to direct chemical syn-
thesis[1] and to create well-defined discrete nanoarchitectures
and two-dimensional patterns.[2] Non-natural double-stranded
molecules held together by noncovalent interactions which
mimic nucleic acid hybridization[3] may potentially be useful
in a similar way. For example, hydrogen-bonded duplexes
based on linear oligoamide strands have recently been used to
template cross-olefin metathesis.[4] Such applications require
the hybridization of two different strands to form a cross-
hybrid so that each strand can selectively bring a given
functionality or a given structural unit to the duplex. In DNA,
this is expressed by the fact that the basic level of comple-
mentarity—canonical A/T and G/C base pairing—is indeed
heterologous and not homologous. However, most synthetic
oligomers that hybridize into double-stranded structures
reported to date are homodimers, including most of the
numerous helicates,[5] hydrogen-bonded linear tapes[6–10] and
helices,[11] as well as the aromatic oligoamides (AOAs)
derived from 2,6-diaminopyridine and 2,6-pyridinedicarbox-
ylic acid that we have been studying.[12,13] There are only a few
examples of heterodimerized oligomeric strands that form
helicates[14] and hydrogen-bonded structures,[4, 15,16] as well as
of hybrids based on the assembly of electron-poor and
electron-rich aromatic compounds,[17] but among these, less
than a handful (two to our knowledge)[14,16] possess a well-
characterized structure. Herein, we describe our discovery of
a cross-hybridization between double helices formed by
AOAs and their N-oxide derivatives.

In solution, oligomers such as 1a, 2a, and 3a (Scheme 1)
form single helices[18] that can extend like springs and
intertwine into double-helical homodimers.[12, 19] The single

and double helices are in slow exchange on the NMR
timescale, thus giving rise to two sets of signals for heptamer
1a (Figure 1a) and for heptamer 2a (Figure 2a). The

proportions of these signals allow calculation of the dimeri-
zation constants as Kdim(1a)2= 30 Lmol�1 (DGdim(1a)2=
�8.4 kJmol�1) and Kdim(2a)2= 120 Lmol�1 (DGdim(2a)2=
�11.9 kJmol�1) in CDCl3 at 25 8C—the difference between
the two being assigned to effects of terminal substituents
(decanoylamino versus tert-butylcarbamate) and side chains
(decyloxy versus hydrogen). Recently, we showed that
oligomers possessing 2,6-diaminopyridines as their terminal
residues can be cleanly converted into the corresponding
bis(pyridine N-oxide)s in the presence of meta-chloroperben-
zoic acid (MCPBA), with only the terminal residues oxi-
dized.[13] Specifically, 1a was converted into 1b and pentamer
3a into 3b. Furthermore, the N-oxidized oligomers also
possess the ability to hybridize into double-helical dimers:

Scheme 1. Oligomers studied. Bn=benzyl.

Figure 1. Partial 400 MHz 1H NMR spectra at 25 8C showing the amide
resonances of: a) 1a (8 mm), b) 1b (8.5 mm), and c) 1a+1b (8 mm

each). The resonances were assigned to 1a (*), (1a)2 (*), 1b (~),
(1b)2 (~), and 1a·1b (^). The signal of the peripheral amide NH
protons of 1a within single or within double helices appears at higher
field in the aromatic region.
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spectra such as that shown in Figure 1b allow calculation of
Kdim(1b)2= 125 Lmol�1 (DGdim(1b)2=�12.0 kJmol�1); this
value is about four times higher than Kdim(1a)2.

[13]

The AOAs are amenable to chemical transformations but
still retain their ability to hybridize, which prompted us to
explore the possibility of cross-hybridization between chemi-
cally different oligomers. Thus when 1a and its di-N-oxide 1b
are mixed in stoichiometric amounts (8 mm each), the NMR
spectrum (Figure 1c) shows minor signals of both monomers
and both homodimers, but the spectrum is dominated by new
signals, the multiplicity of which exactly corresponds to that
expected for heterodimer 1a·1b. The variation in the
intensities of these signals, which decrease upon diluting or
heating the solution, and their low chemical shifts are
consistent with this assignment. Most importantly, the cross-
hybrid seems considerably more stable than either of the
homodimers: Kassoc(1a·1b)= 1140 Lmol�1, which corre-
sponds to DGassoc(1a·1b)=�17.4 kJmol�1. In the hypothet-
ical case where each individual strand would bring the same
stabilization energy to a duplex regardless of its nature, the
expected value would have been DGassoc(1a·1b)= (DGdim-
(1a)2 + DGdim(1b)2)/2�RT ln(2)=�11.5 kJmol�1 (the
second term accounts for the statistical factor that favors
cross-hybridization at the expense of homodimerization). The
heterodimer is thus stabilized by 5.9 kJmol�1 relative to this
theoretical value.

Oligomers 1a and 1b have long alkyl chains and do not
crystallize. Unsubstituted heptamer 2a, however, is highly
crystalline and has been characterized in the solid state, both
as a single helix and as a double helix.[12] We thus prepared
heptamer bis-N-oxide 2b and heptamer mono-N-oxide 2c
from 2a in the hope that crystals of the heterodimer could be
grown. This proved unsuccessful and only single helical 2b
could be characterized (in several crystalline forms).[20]

However, the behavior of 2a, 2b, and 2c in solution is fully
consistent with that of 1a and 1b. As shown in Figure 2b and
c, bis-N-oxide dimerizes with Kdim(2b)2= 22 Lmol�1 (DGdim-
(2b)2=�7.6 kJmol�1)[21] while 2a and 2b cross-hybridize
with Kassoc(2a·2b)= 650 Lmol�1 (DGassoc(2a·2b)=
�16.1 kJmol�1). The cross-hybrid is more stable by
5.1 kJmol�1 relative to the theoretical value of (DGdim-
(2a)2 + DGdim(2b)2)/2�RT ln(2)=�11.0 kJmol�1. Cross-
hybrid 2a·2b prevails at 25 8C (Figure 2c) and even more so
at lower temperatures (Figure 2d,e), although the other
species then become too minor to determine the Kassoc values
accurately.

Heptamer 2c, which contains only one N-oxide function,
can in principle form parallel and antiparallel dimers, depend-
ing on whether theN-oxide functions of the two strands reside
at the same end or at opposite ends of the duplex. Figure 3

shows that two sets of signals can indeed be assigned to two
different dimers, but that their amounts differ by a factor of
7.8, which represents an energy difference between the two
dimers of DDGdim(2c)= 5.1 kJmol�1. The NMR spectra alone
do not allow an unambiguous assignment of the two sets of
signals. However, it seems reasonable to assign the major
species to antiparallel (2c)2 and the minor species to parallel
(2c)2 on the basis of the stability of 1a·1b and 2a·2b, in which
only one N-oxide function is found at each end of the duplex.

Complete solid-state characterization of the homo- and
heterodimerization products was obtained with pentamers 3a
and 3b. As shown in Figure 4, the homodimer was obtained
when either 3a or 3b was left to crystallize alone,[12,13] but
cocrystals of the two strands (a heterodimer) were obtained
when an equimolar mixture of the two was left to crystal-
lize.[22] The structure of 3a·3b is remarkably similar to that of
(3b)2 (Figure 4) despite the fact that the unit cells, the space
groups, and the crystallization solvent (and thus the included
solvent molecules) of the two crystals are different. The
relative positions of the two strands and the interactions
between them (for example, aromatic···aromatic distances
and a single interstrand NH···ON hydrogen bond) are
identical in 3a·3b and (3b)2. These findings corroborate the
solution studies and supports the complete compatibility
between the hybridization of the two series of AOAs.
However, it does little to clarify the origin of the larger
stability of heterodimers which presumably lies in electro-

Figure 2. Partial 400 MHz 1H NMR spectra showing the amide reso-
nances of: a) 2a at 25 8C (32 mm), b) 2b at 25 8C (32 mm), c) 2a+2b
at 25 8C (32 mm each), d) 2a+2b at 0 8C (32 mm each), and
e) 2a+2b at �25 8C (32 mm each). The resonances were assigned to
2a (*), (2a)2 (*), 2b (~), (2b)2 (~), and 2a·2b (^). The signal of the
peripheral amide NH protons of 1a within single or within double
helices appears at higher field in the aromatic region.

Figure 3. Partial 400 MHz 1H NMR spectra at 25 8C showing the amide
resonances of 2c at a) 32 mm and b) 2 mm. The resonances were
assigned to 2c (*), antiparallel (2c)2 (^), and parallel (2c)2 (*). The
signal of one of the two peripheral carbamate NH protons of 2c
appears at higher field in the aromatic region.
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static interactions between amide, pyridine, and pyridine N-
oxide moieties. Specifically, the surprising stack of four
pyridine N-oxides rings with all their dipoles in a parallel
orientation, as observed in the structure of (3b)2, certainly
causes unfavorable electrostatic interactions that are relieved
in the structure of 3a·3b. We performed ab initio density
functional theory calculations (RHF, 6-31G* basis set) using
GAMESS[23] to evaluate the electrostatics of the pyridine and
pyridineN-oxide molecules. The dipole moment of pyridine is
estimated as 2.31 D, whilst that of pyridine N-oxide is more
than twice as large (5.24 D) and has the same orientation. In
addition to dipolar interactions, local charges certainly come
into play. The partial charge on the pyridine nitrogen atom is
�0.51 whilst that on the pyridine N-oxide nitrogen atom is
only �0.07, with the electrons being located on the oxygen
atom (�0.62). One may actually wonder why the pyridine N-
oxide oligomers hybridize at all. Orbital electron densities
show that the p clouds of pyridine N-oxide are not as
electron-rich as those of pyridine, which probably favors
face-to-face p–p interactions with the N-oxides.

It is worth noting that each aromatic ring within the 3a·3b
duplex interacts directly with two other aromatic rings, one
below and one above. The stability of a given duplex may thus
be affected in a complex way, depending on whether the rings
above and below each aromatic unit are oxidized or not. In
DNA, base-pairing energy is known to vary significantly
depending on the nature of the neighboring base pairs; such
effects could be even more pronounced in heptameric or
pentameric molecular duplexes such as 1a·1b and 3a·3b.

The tendency of N-oxide AOAs to hybridize with their
precursors rather than with themselves represents an original
example of cross-hybridization. It contrasts with other experi-
ments where self-recognition was reported to prevail over
heterologous recognition.[24] The hybridization of AOAs may
provide a means to elaborate complex sequence-selective
hybridization of longer oligomers and more than two N-oxide
functions per duplex.
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