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Abstract: Disulfide bridge formation was investigated in
helical aromatic oligoamide foldamers. Depending on the
position of thiol-bearing side chains, exclusive intramolecular
or intermolecular disulfide bridging may occur. The two
processes are capable of self-sorting, presumably by dynamic
exchange. Quantitative assessment of helix handedness inver-
sion rates showed that bridging stabilizes the folded structures.
Intermolecular disulfide bridging serendipitously yielded
a well-defined, C2-symmetrical, two-helix bundle-like macro-
cyclic structure in which complete control over relative
handedness, that is, helix–helix handedness communication,
is mediated remotely by the disulfide bridged side chains in the
absence of contacts between helices. MM calculations suggest
that this phenomenon is specific to a given side chain length
and requires disulfide functions

Macrocyclization is a common approach to restrict the
conformations available to an otherwise flexible molecular
structure. It has broad significance in folded structures
regardless of their size and complexity. In proteins, macro-
cyclization through disulfide bridges between cysteine resi-
dues far apart in the primary sequence stabilizes folded
conformations, often via a destabilization of unfolded states,
and contributes to resistance against proteolytic degrada-

tion.[1] Besides their frequent natural occurrence, protein
disulfide bridges may also be engineered.[2] In essence,
disulfide bridges couple the folding behavior of remote
secondary motifs. These principles have been exploited at
a smaller scale in synthetic objects, for example in the
disulfide stabilization of a-helical peptides[3] and the capture
of one handedness from a P-M mixture of 310 helices.[4]

Extensions of this concept include various stapling methods
between amino acid side chains with chemical functions other
than disulfides.[5]

Another important aspect of disulfide bridges is their
ability to undergo thiol–disulfide exchange reactions.[6] In
proteins, exchange reactions are critical to correct mis-
matched bridges when more than two cysteine residues are
available. Thiol–disulfide exchange has also emerged as
a powerful method for the dynamic covalent assembly of
macrocycles from several dithiol units.[7, 8] The formation of
a particular macrocycle then reflects its intrinsic stability and
the preorganization of the dithiol precursor for cyclization.
Herein we report the first implementation of these principles
in abiotic foldamer architectures. Depending on the positions
of thiol-bearing side chains on aromatic oligoamide helical
foldamers, we observed intra- or intermolecular dynamic
disulfide formation with high selectivity, yielding large,
structurally well-defined, macrocycles with a considerable
and quantifiable stabilization of the folded conformations.
Intermolecular bridging serendipitously produced a two-helix
bundle-like structure with a unique, remote, helix-handedness
communication mediated by disulfide-bridged side chains.
This macrocycle consistently folds with the two helices having
the same handedness even though there is no contact between
them other than through the bridges. It provides an original
example of long-range conformational coupling that could be
useful in synthetic molecular-signaling systems and also
a powerful tool to design elaborate multi-helical, tertiary-
like abiotic architectures.

Oligoamides of 8-amino-2-quinolinecarboxylic acid adopt
helical conformations that have been characterized in solu-
tion and in the solid state.[9] Helix stability increases with
oligomer length, but folding remains dynamic; P and M
conformations interconvert, the rate of handedness intercon-
version giving a quantitative measure of helix stability.[9c,d,10]

In addition, helix stability can be modulated upon introducing
units isosteric to, yet more flexible than, quinoline amino
acids as well as various aliphatic monomers.[11] Aromatic
oligoamide helices are thus robust and well suited to serve as
components of larger architectures composed of several
helical segments mimicking the super-secondary or tertiary
structures of proteins.[12]
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Oligomers 1 and 2 (Scheme 1) were initially designed to
explore whether disulfide bridges could be used to stabilize
helical aromatic amide foldamers and assemble several
helices together. The synthesis of 1 and 2 was carried out
using established methods[13] (see Supporting Information).
Both compounds bear two thiol functions that were protected
as tert-butyl ethers during synthesis. The central phenanthro-
line unit[14] was introduced to make helices be C2 symmetrical
and avoid complications due to the N!C polarity that can
result in parallel and antiparallel assemblies.

The crystal structure of the tert-butyl precursor of 1 (Fig-
ure 1a) shows the expected helix structure spanning over two
turns. Its two centrally located thiol-bearing chains are in
close proximity and diverge from one side of the helix, hinting
at the possibility of forming an intramolecular disulfide
bridge. Indeed, exposure of 1 (14 mm in THF/H2O, 3:1 vol/
vol) to air in the presence of base leads to quantitative
formation of intrastrand disulfide-bridged helix 3 (see Fig-
ure 1b for model structure of 3). High dilution is not required
for this reaction. Evidence of the product structure comes
from mass spectrometry, which shows a loss of two protons as
compared to 1 (Figure S1 in the Supporting Information), and
from 1H NMR spectroscopy, which shows a deshielding (Dd =

0.29 ppm) of the diastereotopic CH2 protons geminal to the
sulfur atom, along with an increased anisochronicity (Dd =

0.22 ppm in 3 and close to 0 ppm in 1, Figure 2b). A crystal
structure of 3 could not be obtained but the energy minimized
model shown in Figure 1b provides a realistic illustration of

Figure 1. Crystal structures of the tert-butyl-protected precursors of
1 (a) and 2 (c) and crystal structure of 4 (d). Energy minimized
(Maestro version 6.5 using the MM3 force field) conformation of the
structure of 3 (b). In all cases, side views and top views are shown.
Hydrogen atoms other than NH, included solvent molecules and
isobutoxy side chains have been omitted for clarity. Ellipses denote
similar side chain conformations in (d) and (c). C gray, S yellow,
N blue, O red H white. Broken green lines indicate the selected
interatomic distances.

Figure 2. Part of the 300 MHz 1H NMR spectra in CDCl3 of com-
pounds: a) 1; b) 3 ; c) 2 ; and d) 4. The star indicates residual acetone
in the sample.

Scheme 1. Synthesis of macrocycles 3 and 4 from precursors 1 and 2.
Conditions: a) 14 mm in THF/H2O (3:1 vol/vol), DIEA (40 mL), 25 88C,
48 h. DIEA = diisopropylethylamine.
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its cyclic folded conformation.[15] As a distinct element, all
bonds of the side chains bearing the disulfide bridge adopt
a gauche conformation, the disulfide bond itself having
a dihedral angle close to 9088. The reaction was also carried
out in CHCl3/MeOH (80:20 vol/vol) for HPLC monitoring
(Figure S3 a–c). The reaction proceeds smoothly at 5 mm.
Decreasing the concentration to 1 and 0.2 mm slows down the
reaction (see advancement after 48 h in Figure S3a–c) which
is not expected for an intramolecular reaction. This result
suggests that intermolecular processes contribute to the faster
reaction at 5 mm. Small amounts of a dimeric species are
indeed detected resulting from intermolecular reactions, but
these do not accumulate and presumably completely rear-
range to form intramolecular disulfide bridged 3. These
species are not observed in the preparative scale conditions in
THF/H2O.

The crystal structure of the tert-butyl-protected precursor
of 2 (Figure 1c) shows that its thiol-bearing chains also
protrude from the same side of the helix, but at distance too
large to allow intrastrand disulfide bridge formation, even
when taking into account side chain flexibility. Monte-Carlo
conformational searches of a hypothetical intramolecular
disulfide bridged derivative of 2 showed that the macrocycle
accommodates an aromatic helix only with an increase of
helix curvature (Figure S14) making this distorted species an
unlikely product. Intramolecular disulfide bridge formation
would require harsh conditions (e.g. 1m LiCl in NMP)[16] to
destabilize the helix and was not investigated.

Experiments confirmed these predictions. The oxidation
of 2 (14 mm in THF/H2O, 3:1, vol/vol) produced the smallest
accessible macrocycle, that is, interstrand disulfide-bridged
dimer 4, as a precipitate, in 71 % isolated yield, as confirmed
by mass spectrometry and by GPC which shows that 4 is
distinctly larger than 3 (Figures S2,S4). HPLC monitoring
shows that the reaction is quantitative at 5 mm in CHCl3/
MeOH, a solvent where no precipitation occurs (Figure S3 f).
Lowering concentration slows down the reaction. At 0.2 mm
(initial conditions), the reaction is incomplete after 10 days;
yet no other product formed in significant amounts (Fig-
ure S3d), though it may be noted that normal phase HPLC
did not allow to distinguish 4 from its mandatory non-cyclic
precursor. The macrocyclizations of 1 and 2 are so selective
that they proceed and self-sort in the same reaction flask.
HPLC monitoring then shows the concomitant (and not
subsequent, as would result from very different reaction
rates) appearance of 3 and 4. Under these conditions,
intermolecular reactions of 2 occur to form 4 while 1 is
present in the reaction medium. Thus, disulfide intermediates
resulting from the reaction of 2 with 1 are likely as well but
these eventually rearrange into 3 and 4.

Dimer 4 can in principle exist as a mixture of PP, MM, and
PM confomers.[12a,b] However, the presence of a single set of
NMR signals suggested that one species prevailed (Figure 2d,
Figure S5). The chiral HPLC profile (Figure 3c) indicated
that the PM conformation is not populated. In agreement
with this result, a crystal structure of 4 revealed a doubly C2

symmetrical bundle of two helices having the same handed-
ness (PP or MM) with their axes parallel (Figure 1d). The
dihedral angles at the disulfide bridges are near 9088.

Interestingly, as in the model of 3, all methylene functions
of the side chains are also involved in gauche conformations.
In solution, the 1H NMR spectrum of 4 features marked
anisochronicity (up to Dd = 0.3 ppm) between diastereomeric
protons of the sulfur bearing side chains (Figure 2c,d). The
quantitative (as far as NMR spectroscopy and HPLC can
show) formation of the PP/MM conformer of 4 is remarkable
in that there is no direct contact between the helices
themselves. Unlike in other systems in which helix–helix
side-by-side handedness communication was mediated by
contacts between helices and was far from being quantitati-
ve,[12a,b, 17] handedness is in this case communicated by the
conformational preference of the connected 3-thiopropyloxy
groups, a mechanism to be related with other remote chiral
communication effects.[18,19]

To gain insights in this phenomenon, we carried out
Monte-Carlo searches of preferred conformations (see Sup-
porting Information). In the case of PP/MM-4, a unique
stable conformer was found that accurately superimposes
with the crystal structure, including at the disulfide bridges
(Figure S11), thus hinting at a strongly preferred conforma-
tion of the whole macrocycle. In contrast, PM-4, a conforma-
tion that may exist as a transient species during the
interconversion of the PP and MM conformations (see
below), was found to adopt varied conformations of the
macrocycle leading to multiple relative orientations of the
helices (Figure S12). When the macrocycle of PP-4 is
theoretically cut open and one of the helices is removed,
the energy minimized structure of that helix and two sulfide
side-chains with their multiple gauche conformations per-
fectly overlaps with that of PP-4 (Figure S13). This shows that

Figure 3. Helix racemization kinetics. Chromatographic separation
(¢5 88C, ChiralPack IA column, 5 mm particle size, 250 Ö 4.6 mm)) of P
and M helices of: a) the tert-butyl-protected precursor of 1 (THF/
Hexane, 40:60, vol/vol); b) 3 (THF/hexane, 50:50, vol/vol); and c) 4
(CHCl3/AcOEt 30:70, vol/vol). UV detection traces (300 nm) are
shown at the top, CD detector traces (360 nm) are shown at the
bottom. d) Decay of the CD intensity over time of 4 in CHCl3 at 30 88C.
e) linear plots of CD intensity (381 nm) in CHCl3 at 30 88C fitted to
a first order decay for: 3 (^), 4 (&), and the tert-butyl protected
precursor of 1 (*).
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neither the aromatic helices nor the aliphatic bridges are
strained in the macrocycle and that 2 happens to possess
a geometry in which thiol functions are pre-oriented for
macrocyclization as a PP/MM dimer. Indeed, the series of
gauche conformations of the S–S bridged side chains in 4 is
also seen in the tert-butyl-protected precursor of 2 (ellipses in
Figures 1c,d). Upon shortening each 3-thiopropyloxy group
of 4 by one methylene unit, or upon replacing the S–S bridges
by CH2–CH2 bridges, neither PP/MM nor PM macrocycles
showed any marked preference for a particular conformation
(Figures S15,S16). Specifically, the all-carbon bridges were
found in multiple distinct conformations attempting to
minimize the number of gauche conformations for both PP/
MM and PM analogues (Figure S15). These calculations thus
point at the unique behavior of PP/MM-4. Simple variants are
predicted not to show a marked conformational preference.

Helix thermodynamic stability was quantitatively assessed
for 3, 4, and the tert-butyl-protected precursors of 1 and 2 by
measuring the rate of interconversion between P and M
helices, a method that assumes that the activation energy
required for this process reflects the energy difference
between a folded ground state and an at least partly unfolded
transition state.[9c,10] Conditions were first optimized to
separate P and M helical conformers using chiral HPLC
(Figure 3a–c). A low eluent temperature (¢5 88C) was main-
tained to reduce possible racemization on the column. In all
cases, optimized HPLC profiles revealed a clean separation
between an M helix eluting first (negative circular dichroism
(CD) band at 360 nm)[20] and a P helix. Notably, in the case of
4, no peak corresponding to a PM species was observed, in
agreement with NMR data.

Fractions containing either P or M helices were collected
after chiral HPLC separation and then evaporated at¢5 88C to
minimize racemization during this step. Racemization does
not occur in the solid state and the evaporated samples can be
stored for prolonged periods. After dissolving samples either
in CHCl3 or THF, the decay of specific bands in the CD
spectra over time was recorded (Figure 3d) and fitted to first
order kinetics (Figure 3e). Chromatograms of the equili-
brated samples were identical to those observed prior to
separation, confirming the absence of PM-4. The calculated
half-lives of helix inversion are reported in Table 1. Non-
bridged tert-butyl-protected precursors of 1 and 2 behave
similarly, with half-lives of handedness inversion at 30 88C
ranging from 4 min in CHCl3 to 16 min in THF. In contrast,
the half-lives of handedness inversion are about one order of
magnitude larger for intrastrand disulfide-bridged helix 3.
Thus, macrocyclization enhances helix stability and validates
the initial design. The half-life of helix handedness inversion
of interstrand disulfide-bridged helix 4 in CHCl3 is even larger

than that of 3. Again, disulfide-bridges bring about significant
stabilization. In principle, the very large ring size of macro-
cycle 4 should make helix inversion easier than in 3. However,
it has to be considered that PP–MM handedness inversion in
4 spans not one but two helix segments that invert in
a concerted manner, if not simultaneously. The PM inter-
mediate, if it exists, quickly rearranges to a PP or MM
conformer.
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