
Organic &
Biomolecular Chemistry

PAPER

Cite this: Org. Biomol. Chem., 2021,
19, 8947

Received 21st July 2021,
Accepted 28th September 2021

DOI: 10.1039/d1ob01882e

rsc.li/obc
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One of the challenges in the realization of synthetic oligomers capable of sequence-selective duplex for-

mation is intramolecular folding interaction between complementary recognition units. To assess

whether complementary hetero-oligomers can assemble into high fidelity duplex structures, the compet-

ing folding equilibria must be carefully considered. A family of recognition-encoded aniline oligomers

were assembled via reductive amination of dianiline linkers and dialdehyde monomers, which were

equipped with either a 2-trifluoromethylphenol or a phosphine oxide H-bond recognition unit. To test

the possibility of 1,2-folding in mixed sequence oligomers, the self-assembly properties of the homo-

and hetero-dimers were characterised by 19F and 1H NMR titration and dilution experiments in toluene

and in chloroform. Three different systems were investigated with variations in the steric bulk around the

H-bond acceptor unit and the length of the dianiline linker. For two systems, the hetero-dimers folded

with intramolecular H-bonding in the monomeric state, reducing stability of the intermolecular duplex by

two to three orders of magnitude compared with the corresponding homo-oligomers. However, the use

of a long rigid linker as the backbone connecting two monomer units successfully prevents 1,2-folding

and leads to the formation of a stable mixed sequence duplex in toluene.

Introduction

Nature accomplishes exquisite control of the macroscopic pro-
perties of molecular systems by encoding information into
matter. The sequence of monomer units in linear copolymers
determines the three-dimensional structures and functional
properties of biomacromolecules. Duplex formation is the key
architecture that allows Nature to store, copy and translate
information,1 and intramolecular folding of single stranded
oligomers is responsible for receptor and catalyst activity. The
possibility to combine both duplex-forming and folding pro-
perties gives nucleic acids unique properties that can be used
in directed evolution experiments to obtain functional
polymers.2,3

Inspired by nucleic acids, a number of synthetic supramole-
cular systems that form duplex structures via non-covalent
interactions have been developed.4–6 A modular approach for
the design of synthetic molecules that form duplexes using

multiple cooperative H-bonding interactions allows the inde-
pendent optimisation of the three key design elements: the
chemistry used for the synthesis, the conformational pro-
perties of the backbone, and the recognition modules used for
base-pairing.7 We recently reported a two-component design,
in which oligomers were synthesised through reductive amin-
ation between aldehyde monomers and dianiline linkers.8

Information can be encoded in an oligomer as a sequence of
H-bond donor (trifluoromethylphenol, D) and acceptor (phos-
phine oxide, A) units, and this H-bonded base-pair is
sufficiently stable to allow duplex formation in non-polar sol-
vents like toluene and in more competitive solvents like
chloroform.7h,8 The observation of imine polymerase activity
in one of these single-stranded oligomers suggests that more
interesting analogies between natural biopolymers and the
chemistry of synthetic recognition-encoded oligomers will
come to light.9 To date, duplex formation in this system has
only been studied for homo-oligomers.8 Here we explore
duplex formation in mixed sequence oligomers and take
advantage of the two-component design to tune the interplay
of folding and duplex formation.

In mixed-sequence oligomers the possibility of intra-
molecular H-bonding can lead to folding equilibria that
compete with duplex formation (Fig. 1). If the number of
H-bonds formed in the folded state and in the duplex state are
identical, the intramolecular process will dominate. Therefore,
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if two adjacent recognition units in an oligomer can form a
base-pair, the folding pathway will be favoured over the duplex
assembly channel. The key parameters that determine the dis-
tribution of the different species are the association constant
for the intermolecular interaction between two complementary
H-bonding sites (K), the operating concentration (C), and the
effective molarities for folding (EMf) and duplex formation
(EMd). The competing network channel that leads to supramo-
lecular polymerisation can be avoided by operating at a con-
centration C lower than EMd. The undesired 1,2-folding
channel can be reduced by minimising EMf, for example by
increasing the rigidity of the backbone.7g However, when a
rigid backbone is used, the precise geometry becomes critical
for allowing extended duplex propagation. Since the design of
rigid backbones is not straightforward, it would be preferable
to adopt a more flexible system. A second strategy for prevent-
ing 1,2-folding is inspired by the size difference between
purines and pyrimidines used in the base-pairing system in
nucleic acids. Indeed, by using two recognition units of
different length, it was possible to minimise EMf in oligoesters
with a very flexible backbone.7h

The same long-short phenol-phosphine oxide base-pair has
been adopted in the aniline oligomers that are the subject of
this work. The self-assembly properties of the homo-oligomers
were reported previously, and length-complementary oligo-
mers were found to form stable H-bonded duplexes in chloro-
form solution. Here we investigate the competing equilibria
between duplex formation and 1,2-folding in hetero-oligomers
using different dialdehyde monomers and dianiline linkers.
The use of a long rigid linker in the backbone is found to effec-

tively hold adjacent recognition sites apart and abolish 1,2-
folding, leading to stable duplex formation between hetero-
oligomers.

Fig. 2 shows the three different hetero-dimers that were tar-
geted in this work. DA is the hetero-dimer of the previously
reported oligomers. In DA′, the n-butyl groups present on the
H-bond acceptor unit of DA are substituted with bulkier cyclo-
hexyl moieties. In D–A, an extended dianiline linker is used
instead of the shorter 1,3-phenylenediamine. Comparison of
the properties of these systems with the corresponding homo-
dimers allows precise characterisation of the folding behaviour
of these different oligomer architectures.

Results and discussion
Synthesis

The synthetic route to the DA dimer is shown in Scheme 1. We
recently reported the synthesis of mono-aldehyde building
blocks A and D.8 Treatment of the mono-aldehyde donor (D)
with five equivalents of 5-(trifluoromethyl)-1,3-phenylene-
diamine gave the imine, which was reduced with NaBH4 to
give 1. Subsequent reaction with acceptor monomer A, fol-
lowed by portion-wise addition of NaBH(OAc)3 as the reducing
agent gave the desired DA dimer.

The synthesis of the DA′ dimer, which was equipped with a
more hindered phosphine oxide, is shown in Scheme 2.
Treatment of diethyl phosphite with cyclohexylmagnesium
bromide gave 2. The mono-aldehyde phosphine oxide A′ was syn-
thesised by alkylating 5-iodosalicylaldehyde with racemic 2-ethyl-

Fig. 1 Competing self-assembly channels mixed sequence oligomers.
Synthesis is based on reductive amination of dianiline linkers (green)
with dialdehydes monomer building blocks (black) bearing recognition
units (blue and red). The first base-pairing interaction can take place
intramolecularly leading to the folding channel or in an intermolecular
way. The second base-pairing interaction can be intramolecular to
initiate duplex formation or intermolecular, leading to the higher
order complexes. The outcome depends on the concentration, C, the
association constant for the intermolecular base-pairing interaction,
K, and the effective molarities for folding, EMf and duplex initiation
EMd.

Fig. 2 Structures of hetero-dimers with a short-long phenol·phosphine
oxide recognition system (DA), with a sterically hindered phosphine
oxide (DA’), and with an extended dianiline linker (D–A). (R =
2-ethylhexyl.)
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hexyl bromide, followed by coupling with 2, using palladium
catalyst and XantPhos. Reaction of A′ with aniline 1, followed by
portion-wise addition of NaBH(OAc)3 gave the desired DA′ dimer.

The backbone modification was performed substituting the
5-(trifluoromethyl)-1,3-phenylenediamine linker with the
longer dianiline 3, which was prepared by coupling 4-ethynyla-
niline with racemic 1,4-bis(2-ethylhexyl)-2,5-diiodobenzene
using palladium, triphenylphosphine and copper(I) iodide to
give 3 (Scheme 3). Compound 3 was equipped with two
additional solubilising groups, in order to ensure solubility in
non-competing solvents such as toluene. These groups are
remote from the recognition units and are unlikely to affect
duplex formation. In all cases, racemic 2-ethylhexyl solubil-
ising groups were used, because the diastereoisomeric mixture

obtained improves solubility.10 Treatment of donor aldehyde D
with five equivalents of dianiline 3, gave the corresponding
mono-functionalised imine, which was reduced with NaBH4 to
give compound 4. Subsequent reaction with acceptor
monomer A, followed by portion-wise addition of NaBH(OAc)3,
gave the desired D–A dimer.

The corresponding homo-dimers are needed as reference
systems to evaluate the folding properties of the hetero-
dimers. Homo-dimers DD and AA were reported previously
(Fig. 3).8 Compound A′A′ was synthesised via reductive amin-
ation of A′ with 5-(trifluoromethyl)-1,3-phenylenediamine and
NaBH(OAc)3 (Scheme 4). Similarly, the homo-dimers equipped
with the longer dianiline linker, A–A and D–D, were syn-
thesised by treating the corresponding donor (D) or acceptor
(A) aldehyde with dianiline 3, followed by portion-wise
addition of NaBH(OAc)3 (Scheme 4).

NMR binding studies

Complexation of the complementary homo-dimers and self-
association of the hetero-dimers were studied in both d-chloro-
form and d-toluene through 1H and 19F NMR titration and
dilution experiments. Fig. 4 shows representative 1H-NMR

Scheme 1 Synthesis of DA (R = 2-ethylhexyl).

Scheme 2 Synthesis of DA’ (R = 2-ethylhexyl).

Scheme 3 Synthesis of heterodimer D–A (R = 2-ethylhexyl).

Fig. 3 Structure of AA and DD. (R = 2-ethylhexyl.)

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2021 Org. Biomol. Chem., 2021, 19, 8947–8954 | 8949

Pu
bl

is
he

d 
on

 0
8 

ok
to

be
r 

20
21

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 7

/0
5/

20
25

 8
:2

9:
51

. 
View Article Online

https://doi.org/10.1039/d1ob01882e


spectra for the dilution of hetero-dimer DA and for the titra-
tion of homo-dimer AA into DD in d-chloroform. In the titra-
tion experiment, the signal due to the DD phenol OH protons
(highlighted in blue in Fig. 4b) moves from below 6 ppm to
10 ppm when AA is added. This change in chemical shift is
characteristic of H-bond formation between the phenol and
phosphine oxide recognition units, and the magnitude of the
change suggests that AA and DD form a duplex with two fully
bound H-bonds. In contrast, the signal due to the phenol OH
proton of DA (highlighted in blue in Fig. 4a) appears at a
chemical shift close to 10 ppm when it is in the free mono-
meric state at very low concentrations (0.1 mM). At higher con-
centrations, only a small increase in the chemical shift of the
OH signal was observed. This result suggests that the two reco-
gnition units interact in the monomeric state of DA and the
intramolecular H-bond leads to 1,2-folding. At higher concen-
trations, intermolecular interactions can compete with the
intramolecular interactions, and the increase in the chemical

shift of the OH signal suggests formation the DA·DA duplex or
higher order complexes.

Changes observed in the appearance of the 1H NMR signals
due the 1,3-dianiline linker (highlighted in green in Fig. 4a)
confirm this hypothesis. At low concentrations when DA is in
the folded monomeric state, the linker signals are superim-
posed at around 6.2 ppm, but on increasing of the concen-
tration, three distinct signals are observed for the linker
protons. The appearance of the DA linker signals at high con-
centrations (100 mM) is very similar to the distinct linker
signals observed for the duplex in the homo-dimer titration
experiment (highlighted in green in Fig. 4b). This observation
suggests that DA populates the duplex conformation at high
concentrations, but at low concentrations, there is a change in
backbone conformation, which is consistent with 1,2-folding.

The titration data for all combinations of complementary
homo-dimers fit well to 1 : 1 binding isotherms, and the
dilution data for all of the hetero-dimers fit well to dimeriza-
tion isotherms. Table 1 summarises the results. The associ-
ation constants for formation of a single intermolecular
H-bond were also measured by carrying out 1H and 19F NMR
titrations using the aldehydes D, A and A′.

The association constants of complementary monomers
(KD·A) and homo-dimers (KDD·AA) were used to determine the
effective molarity for duplex formation EMd.

EMd ¼ KDD�AA
2KD�A2

ð1Þ

We have reported that the DD·AA can assemble into stable
duplexes in chloroform with an EMd of 35 mM.8 However in
the case of the heterodimer DA, there is the possibility of 1,2-
folding, so the observed dimerization constant Kobs depends
on the relative populations of the open (DAopen) and folded
(DAfold) conformations present in the single-stranded mono-
meric state. The concentration of DAopen can be expressed as a
function of the equilibrium constant for folding Kfold:

½DA� ¼ ½DA�open ð1þ K foldÞ ð2Þ

Scheme 4 Synthesis of A’A’, A–A and D–D. (R = 2-ethylhexyl.)

Fig. 4 Partial 500 MHz 1H-NMR spectra for (a) dilution of DA (0.1–100 mM) and (b) titration of AA (0–3 equiv.) into DD (2.3 mM) in d-chloroform at
298 K. The signal due to the OH group on the phenol recognition unit D is highlighted in blue, and the signals due to the dianiline linker are high-
lighted in green.
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Eqn (2) allows expression of Kobs as a function of the equili-
brium constants for folding (Kfold) and duplex formation
(Kduplex):

Kobs ¼ DA � DA½ �
DA½ �2 ¼ DA � DA½ �

DA½ �open2 1þ Kfoldð Þ2 ¼
Kduplex

1þ Kfoldð Þ2 ð3Þ

Assuming that the DD·AA and DA·DA duplexes have similar
effective molarities (EMd), we can use the value of Kduplex

measured for the homo-dimers (KAA·DD) in eqn (3) to deter-
mine the equilibrium constant for folding (Kfold) in the hetero-
dimer.

Kfold ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
KDD�AA
4Kobs

r
� 1 ð4Þ

where the factor of 4 describes the difference in the degenera-
cies of the homo- and hetero-duplexes.

The folding constant (Kfold) can be used to determine the
effective molarity for folding EMf (eqn (5)) and the population
of the folded state (χfold) (eqn (6)):

EMf ¼ Kfold

KD�A
ð5Þ

χfold ¼ 1� 1
1þ Kfold

ð6Þ

For DA in chloroform, the intramolecular process domi-
nates in the monomeric state, and the folded state is highly
populated (χfold ≈ 80%), which means that the DA·DA duplex is
two orders of magnitude less stable than the AA·DD duplex.
The population of the folded state can also be estimated using
1H- and 19F-NMR chemical shifts.7e In the fast exchange
regime, the chemical shift of the monomeric state (δfree) is the

population-weighted average of the chemical shifts of the
folded and open conformations (eqn (7)). Assuming that the
chemical shift of DAfold, which is H-bonded, is similar to the
chemical shift of the A·D bound state (δA·D) and that the
chemical shift of DAopen is similar to chemical shift of the free
state of D (δD), we can use the limiting chemical shift of the
monomeric state calculated from the DA dilution data (δfree) to
estimate the population of the folded conformation.

δfree ¼ χfoldδD�A þ ð1� χfoldÞδD ð7Þ

The limiting complexation-induced change in chemical
shift (ΔδDA·DA = δbound − δfree) observed in the dilution experi-
ment can be expressed as:

ΔδDA�DA ¼ δD�A � χfoldδD�A � ð1� χfoldÞδD ð8Þ

Rearranging eqn (8) allows expression of the folded popu-
lation in the monomeric state (χfold) as a function of the limit-
ing complexation-induced changes in chemical shift reported
in Table 1.

χfold ¼ ΔδD�A � ΔδDA�DA
ΔδD�A

¼ 1� ΔδDA�DA
ΔδD�A

ð9Þ

Applying eqn (9) to the data for DA in chloroform confirms
that the monomeric state is largely folded (χfold ≈ 87%).
Analysis of the 1H- and 19F-NMR chemical shifts therefore rep-
resents a straightforward method for evaluating the folding
properties of these oligomers. The data in Table 1 show that
mixed sequence oligomers based on acceptor A, donor D and
a 1,3-phenylenediamine linker are not good candidates for the
formation of stable duplexes and encoding of information.

Table 1 Association constants (K), effective molarities (EM), limiting NMR chemical shifts (δfree and δbound) and limiting complexation-induced
changes in chemical shift (Δδ) measured by NMR titrations and dilutions in toluene-d8 and CDCl3 at 298 Ka

19F-NMRb (ppm) 1H-NMRb (ppm)

Solvent Complex log(Kobs/M
−1) EMd (mM) Kfold EMf (mM) χfold δfree δbound Δδ δfree δbound Δδ

CDCl3 D·A 2.3 ± 0.1 −61.1 −62.8 −1.7 5.7 11.3 5.6
DD·AA 3.5 ± 0.1 35 ± 9 −61.0 −62.3 −1.2 5.5 10.3 4.8
DA·DA 1.5 ± 0.1 3.8 19 ± 2 0.79 −62.0 −62.0 −0.1 9.7 10.8 1.1
D·A′ 2.5 ± 0.1 −60.8 −62.4 −1.4 5.5 11.4 5.3
DD·A′A′ 3.5 ± 0.1 19 ± 5 −60.9 −62.2 −1.3 5.9 10.7 4.8
DA′·DA′ 1.5 ± 0.1 4.2 14 ± 1 0.81 −62.4 −62.4 0.0 10.0 10.6 0.6
D·A 2.3 ± 0.1 −61.1 −62.8 −1.7 5.7 11.3 5.6
D–D·A–A 2.7 ± 0.1 n.d. −61.0 −62.5 −1.5 5.4 10.9 5.5
D–A·D–A 2.3 ± 0.1 n.d. n.d. n.d. −61.0 −62.2 −1.6 5.5 9.7 4.2

Toluene D·A 3.5 ± 0.1 −61.8 −62.3 −0.5 4.9 11.6 6.7
DD·AAc 5.7 ± 0.1 31 ± 4 −61.5 −61.8 −0.3
DA·DA 2.5 ± 0.1 19.4 7 ± 1 0.95 −61.8 −61.8 0.0 11.2 12.0 0.9
D·A′ 3.7 ± 0.1 −61.3 −61.8 −0.4 4.7 12.0 7.4
DD·A′A′c 6.0 ± 0.1 17 ± 4 −61.2 −61.6 −0.4
DA′·DA′ 2.8 ± 0.1 18.9 3 ± 1 0.95 −61.6 −61.5 0.1 11.4 12.3 0.9
D·A 3.5 ± 0.1 −61.8 −62.3 −0.5 4.9 11.6 6.7
D–D·A–Ac 5.5 ± 0.1 21 ± 5 −61.5 −61.9 −0.4
D–A·D–Ac 5.0 ± 0.1 n.d. n.d. n.d. −61.1 −61.6 −0.5

a Each titration was repeated twice and the average value is reported with errors at the 95% confidence limit. bData for the signals due to the OH
and CF3 groups on the phenol recognition units. c Signals due to the OH protons were too broad to be detected. n.d. = not detected.
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1H- and 19F-NMR titration experiments on the formation of
the D·A′ and DD·A′A′ complexes in chloroform indicate that
steric bulk around the H-bond acceptor A′ does not hamper
the cooperative duplex formation in chloroform. There is a
small drop in the effective molarity for duplex formation EMd,
and the chelate cooperativity associated with duplex formation,
which is quantified by the product KD·A EM, is reduced from 7
to 5. However, the increased steric bulk did not significantly
affect the folding properties of these oligomers, and the folded
conformation dominates in the monomeric state of DA′: χfold ≈
81% using eqn (6), and analysis of the 1H and 19F-NMR chemi-
cal shifts of DA′ show that δfree is very similar to the δbound of
the D·A′ and DD·A′A′ complexes, giving a value of χfold ≈ 90%.

The oligomers with the longer dianiline linker gave quite
different behaviour in chloroform, and there was no clear evi-
dence of duplex formation for either the homo- or hetero-
dimers. The association constants for formation of D–D·A–A
and D–A·D–A are very similar to the value measured formation
of a single intermolecular H-bond. These results are difficult
to rationalise, especially as stable duplex formation was
observed for this system in toluene (see below).

The results in Table 1 show that switching from chloroform
to toluene leads to one order of magnitude increase of the
association constant for the intermolecular base-pairing inter-
action (KD·A and KD·A′), without modifying the folding pro-
perties of the system. The addition of a second recognition
unit in DD·AA causes an increase of about two orders of mag-
nitude in the association constant in toluene. The complemen-
tary homo-dimers form a very stable duplex with an EMd of
31 mM, which implies that the doubly H-bonded form is
almost exclusively populated (98%), and the chelate cooperativ-
ity associated with duplex formation expressed as the product
KD·A EM is 80.8 However in the case of the hetero-dimer DA,
the folding channel dominates the behaviour in toluene, and
the folded population χfold ≈ 95% according to both eqn (6)
and (9).

The system containing A′ gave similar results in toluene.
Table 1 shows that comparing D·A′ to DD·A′A′ the association
constant increases by two order of magnitude. The effective
molarity for duplex formation (EMd = 17 mM) is similar to the
value measured for DD·AA, and the chelate cooperativity (KA′·D

EM = 54) is so high that the doubly H-bonded form is almost
exclusively populated (98%). Dilution studies performed on
the DA′ dimer show that the folded conformation dominates
in the monomeric state (χfold ≈ 95% according to eqn (6) and
(9)).

The system equipped with the longer dianiline linker dis-
played quite different behaviour in toluene from that observed
in chloroform. Comparing D·A to D–D·A–A, the association
constant increased by two orders of magnitude. The effective
molarity associated with duplex formation is about 21 mM,
which corresponds to a chelate cooperativity factor of KA·D EM
= 66. Thus in toluene, the closed form of the duplex with two
intermolecular H-bonds is almost fully populated (98%). In
the case of the hetero-dimer D–A, the folding channel does not
compete with duplex formation. The observed association con-

stant is similar to the value measured for the D–D·A–A duplex
and is two orders of magnitude higher than the value
measured for a single H-bond in D·A. In addition, the limiting
19F-NMR chemical shift of monomeric D–A shows that δfree is
equal to δfree of both D and D–D, confirming that there is no
intramolecular H-bonding (χfold ≈ 0% according to eqn (6) and
(9)).

Diffusion ordered spectroscopy

Next, we explored how the folding properties influence
diffusion of the hetero-dimers. DOSY experiments were used
to determine the diffusion coefficients of the folding hetero-
dimer DA and the extended hetero-dimer D–A at 0.4 and
33 mM in toluene solution (Fig. 5). According to the Stoke–
Einstein equation, the diffusion coefficient of a species is
inversely proportional to the diameter. Hence, the self-assem-
bly of dimers into duplexes or high order networks will cause a
decrease in the rate of diffusion. At 33 mM about 72% of DA
and 99% of D–A are assembled through intermolecular
H-bonds. Since this concentration is comparable to EMd, it is
likely that both duplexes and higher order aggregates are
present. At 0.4 mM, only 8% of DA is present as the duplex,
and the rest is in the folded monomeric state, which leads to a
significant increase in the diffusion coefficient (from 4 × 10−10

to 1.8 × 10−9 m2 s−1). However at 0.4 mM, 88% of D–A popu-
lates the duplex, because there is no competing folding

Fig. 5 Diffusion coefficients measured in DOSY experiments on
toluene-d8 solutions of DA (top) and D–A (bottom) at 298 K. The blue
(0.4 mM) and orange (33 mM) bars represent the average diffusion
coefficients. A schematic representation of the different assemblies
present is shown: duplex and higher order complexes at high concen-
tration; duplex or folded monomer at low concentration.
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channel, and consequently the diffusion coefficient does not
change significantly (from 2 × 10−10 to 4 × 10−10 m2 s−1).

Conclusions

Complementary homo-oligomers based on phenol and phos-
phine oxide recognition units and a 1,3-dianiline linker have
been shown to form extended duplexes. We investigated here
whether these properties extend to hetero-oligomers. Hetero-
dimer equipped with one H-bond donor and one H-bond
acceptor recognition unit (DA) was synthesised, and dilution
experiments showed that the observed association constant for
duplex formation is orders of magnitude lower (two in chloro-
form and three in toluene) than the association constant for
the corresponding duplex formed between two homo-dimers
DD·AA. Analysis of the limiting complexation-induced changes
in 19F- and 1H-NMR chemical shift (ΔδAD·AD ≈ 0.1 ppm)
confirm that intramolecular folding, which competes with
duplex formation, is highly populated in the monomeric state
of DA.

This result suggests that folding will compromise duplex for-
mation in mixed sequence oligomers of this architecture and
prompted us investigate whether 1,2-folding could be avoided
by increasing the steric bulk around the H-bond acceptor unit
or by increasing the aniline linker length. Two new series of
homo- and hetero-dimers were synthesised, and the competing
equilibria between duplex formation and folding were analysed
by NMR titration and dilution experiments.

Cyclohexyl moieties on the phosphine oxide H-bond accep-
tor (A′) slightly reduced the effective molarity for duplex for-
mation but did not change the folding properties.
Complementary homo-dimers were still able to assemble into
duplex structures, with an increase of 1–2 orders of magnitude
in association constant compared with the singly H-bonded
complex D·A′. However, the observed association constant for
duplex formation in the hetero-dimer DA′ is substantially
lower. In the monomeric state, the folded conformation with
an intramolecular H-bond between the recognition units dom-
inates in both chloroform and toluene.

The greatest changes in the self-assembly properties of the
oligomers were achieved by replacing the 1,3-phenylendiamine
linker with a longer phenylacetylene di-aniline. Surprisingly,
there was no evidence of duplex formation for either the
homo- or hetero-dimers in chloroform. However in toluene for
both the homo- and hetero-dimers, the observed association
constant for duplex formation is two orders of magnitude
higher than for formation of the singly H-bonded complex
D·A. The effective molarity associated with the intramolecular
H-bonds that lead to duplex formation is 21 mM, which
implies that the chelate cooperativity factor of 66 and the
doubly H-bonded duplex is fully populated (98%). The limiting
complexation-induced change in chemical shift found in
19F-NMR dilution experiments on D–A (ΔδD–A·D–A ≈ −0.5 ppm)
is equal to the value observed for formation of the D·A and D–
D·A–A complexes. These data indicate that the folded confor-

mation is not populated for D–A in the monomeric single
stranded state. Thus the extended linker effectively prevents
1,2-folding without affecting duplex formation in toluene,
suggesting that this system is a good candidate for the devel-
opment of longer duplex forming hetero-oligomers.
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