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ABSTRACT: Self-assembly of aromatic oligoamides into multi-
helical structures is a powerful strategy for developing complex and
functional molecular architectures. As the hybridization process is
directed by the folded state of the oligomers, inducing changes in
the folding can be used to control the self-assembly. As one
approach for this, Diels—Alder reactions on diazaanthracene
monomers allow site-specific modification of aromatic oligoamides.
The reaction leads to a bend in the monomer that, in turn, distorts
the structure of the oligomer. Herein, we show that this strategy
can be used to control the self-assembly of the oligomers. Using
reversible Diels—Alder reactions allows switching between distinct

Diels-Alder reaction controls the folding and directs the self-assembly
€> € )
— >
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folded states with different self-assembly preferences. This strategy can be applied during oligomer synthesis to prevent self-assembly
or postsynthetically to disassemble multihelical structures. In complex systems containing multiple oligomers, we show that the
modification can further be used to direct social versus narcissistic self-sorting, allowing for the switch between homomeric and

heteromeric double helical assemblies.

B INTRODUCTION

The interplay between folding and self-assembly is central to
the structure and function of complex biological systems and
increasingly important in the design of synthetic materials." In
proteins, for example, folding of peptide sequences into
ordered secondary and tertiary structures gives rise to well-
defined tectons with distinct shapes and electrostatic potential
surfaces, allowing for highly selective self-assembly between
different complementary components.” As folding is an
equilibrium process, these structures are subject to influences
by their environment, chemical modification, or interactions
with other molecules.’ This allows regulation of their form,
and in turn, their self-assembly. Such changes are crucial for
the regulation of biological function, allowing proteins to
switch between active and inactive states or adapt their
assembly in response to external stimuli* This method of
structural control provides a compelling approach to develop
synthetic systems that can similarly adapt or switch their self-
assembly in a programmable manner.

Over the last decades, foldamers, synthetic oligomers that
adopt stable, well-defined, higher-ordered structures in
solution, have emerged as 5powerful scaffolds for mimicking
aspects of biological folding.” Their ability to adopt predictable
folded conformations enables the precise spatial positioning of
functional groups on their surfaces. As a result, foldamers have
attracted interest for a range of applications, including catalysis,
molecular recognition, and biomedical applications.6 Addition-
ally, like for biomolecules, the functionalization combined with
their large surface areas can allow for selective self-assembly,
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for example, into bundles” or cages,8 through a combination of 4s
electrostatic interactions and solvophobic effects. The above 49
applications and self-assembly generally rely on the idea of a so
single “static” conformation for functional group placement. s1
While dynamic or stimuli-responsive folding behavior, such as s2
helix to coil transitions or helicity inversions, is increasingly s3
explored,” the ability to translate such behavior into control s4
over self-assembly pathways is rare. Reversible switching ss
between monomeric, homomeric, and heteromeric multistrand s6
architectures remains a challenge. 57
This challenge is particularly relevant in the case of aromatic ss
foldamers,'® sequences composed of aromatic units as the so
main chain. In addition to self-assembly driven by interaction 6o
between exohedral functional groups, some of these sequences 61
can also hybridize into double, triple, or even quadruple helices 62
through strand intercalation, Figure 1a."" This process provides 63 f1
a route to significantly expand the structural and functional 64
complexity accessible from relatively short sequences, with ss
each strand contributing not only to the increased size of the 66
assembly but also bringing distinct recognition or functional 67
domains. 68
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Figure 1. Schematic representations of (a) double helix formation
through strand intercalation, (b) Diels—Alder modification of 1,8-
diazaanthracene units, (c) Structure of 4-phenyl-1,2,4-triazoline-3,5-
dione (tad) and cartoon representation colored in blue, and (d—f)
overview of the directed structural transformations described in this
work which allow (d) turning on self-assembly, (e) reversible tuning
of the self-assembly properties, and (f) the multistate control and
switching between homomeric and heteromeric assemblies.

Still, while hybridization represents a valuable design tool for
aromatic foldamers, it can introduce synthetic challenges. The
presence of multiple strands can block reactive sites, and
hybridization of intermediates or their intercalation in longer
oligomers can reduce the speed and efficiency of coupling
reactions. In mixtures of oligomers, competing assembly
pathways can reduce selectivity and make the outcome of
self-assembly difficult to predict. For instance, selective
formation of heterodouble helices remains difficult.'”” As a
result, strategies that allow precise and reversible control over
hybridization behavior are highly desirable.

To address this, a handful of methods have been described
in the literature. Beyond changes in the medium, i.e., solvent
polarity or pH,"” guest binding'* or changes in redox states'”
can also shift the equilibrium between single and double helical
forms. Similarly, the use of N-protected tertiary amides can
weaken folding propensity.'® Subsequent deprotection can
then induce folding, allowing self-assembly. More recently,
photoresponsive units'’ and disulfide linkages'® have been
employed to control the composition of multihelical structures,
enabling reversible switching between intra- and intermolec-
ular duplex formation. Despite this growing toolbox, most
approaches act peripherally or irreversibly. Few provide direct,
reversible control of folding at the backbone level, particularly
in the context of strand hybridization.

Recently, we demonstrated that 1,8-diazaanthracene (A)
monomers can be selectively derivatized via Diels—Alder
reaction to yield diazatriptycene (T) or iptycene units suitable
for incorporation into aromatic oligoamide foldamers, Figure
1b."” This modification not only adds a bulky group to one
face of the oligomer but also distorts its secondary structure by
introducing a bend in the sequence. As this reduces the 7-
surface available for stabilizing multihelical structures, we
reasoned that it could serve as an effective strategy for limiting

multiple helix formation and exerting control over foldamer
self-assembly.

In this work, we report a Diels—Alder/retro-Diels—Alder
approach using 4-phenyl-1,2,4-triazoline-3,5-dione (tad),
Figure 1c,”’ to reversibly modify aromatic oligoamides. The
tad adducts can be introduced either during synthesis or
postsynthetically to modulate oligomer folding and self-
assembly behavior. It can then be cleanly removed in the
presence of a sacrificial diene to restore the initial properties of
the oligomer. In this sense, the tad group acts as a synthetic
analogue of molecular chaperones, being able to disrupt the
folded structures and selectively block key interaction surfaces.
We show that this strategy not only allows control over single/
double helical equilibria, but also that in complex mixtures of
oligomers, it provides a method to selectively direct self-
assembly between hetero- and homomeric double helices,
Figure 1d—f.

B RESULTS AND DISCUSSION

To study the effect of the Diels—Alder modification on self-
assembly, sequences 1 and 2, Figure 2, were chosen. Both of
these oligomers self-assemble into highly stable double helices,
with dimerization constants among the highest reported for
this class of compound (Kg,, > 10" in CDCl,)."*>*" With 1,
previous studies also showed that it could further weakly
hybridize into triple helices, though this species was present
only in small amount in solution."”” To demonstrate that
Diels—Alder modification could prevent or limit self-assembly
of these oligomers, the A monomer in the sequences were
replaced by T, M, or D units, Figure 2, The Diels—Alder
modifications lead to similar structural distortions in the
monomers, Figure SI1. However, for T and M, the 9,10-
bridging groups are essentially an irreversible modification,
making them valuable controls for looking at the effects on
oligomer behavior. By contrast, with D, the tad unit undergoes
readily reversible cycloadditions with anthracene derivatives,”’
and should allow reversible modulation of oligomer structure
and behavior.

Blocking Self-Assembly of 1 through Control Over
Oligomer Secondary Structure

As an initial confirmation that the Diels—Alder modification
could limit the formation of multihelical structures, pentamers
1-T and 1-D, Figure 2, were synthesized. The crystal structure
of 1-T, Figure 3a,b, shows the oligomer folded into a distorted
single helical conformation as a result of the ~ 130° bend
introduced by the central T unit. Despite this, deviation in the
torsion angles around the amides allows both ends of the
sequence to stack, with the terminal A moieties almost
completely overlapping. Attempts to crystallize 1-D were
unsuccessful. Although the oligomer is stable in solution at
room temperature for several days, slow retro-Diels—Alder
reaction occurs over extended periods, yielding crystals of a
triple-helical form of 1, Figure S2, that forms only weakly in
solution. Still, given the analogous geometries of the T and D
units, and the supporting solution data (see below), 1-D is
expected to adopt the same folded conformation as 1-T.

In CDCl,, the "H NMR spectra of both 1-T and 1-D are
highly similar, Figure 3c,d. Each oligomer displays only two
amide resonances indicating rapid fluxional processes, i.e. P/M
interconversion and tad group flipping, that render both ends
equivalent by '"H NMR. Varying the concentration of the
oligomers from 1 to 10 mM, Figures S3 and S4, does not lead
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(a)

Sequences

1 MeO-AAAAA-OMe 2  Boc-PP.PAP\PP-Boc
1-T MeO-AATAA-OMe 2-T Boc-P PP\ TP\P.P\-Boc
1-D MeO-AADAA-OMe 2-M Boc-PP.P M P\P.P,-Boc

2-D Boc-PP.P\DP\P.P\-Boc

3  Boc-PP.A,P.P\-Boc
3-T Boc-P\P TP.Py-Boc 4
3-D Boc-PP.D,P.P\-Boc

Boc-P\PP\P.P\PP\-Boc

Figure 2. Color-coded formulas and associated abbreviations for the
(a) aromatic units and (b) oligoamide sequences 1—4 used in this
study. The colors shown correspond to the colors used in the X-ray
structures and cartoon representations.

164 to the appearance of new resonances, nor to significant
165 chemical shift changes, suggesting either highly stable self-
166 assembled structures, which is unlikely given the high
167 fluxionality, or purely single-helical forms as seen in the X-
168 ray structure of 1-T, Figure 3a,b.

169  Consistent with the latter, "H—"H NOESY analysis of both
170 1-T and 1-D, Figures SS and S6, showed through—space
171 correlations between the methyl ester group and the 10-
172 position proton of the nonterminal A unit, in agreement with
173 the close contacts observed in the solid-state structure of 1-T,
174 Figure 3b. Qualitative comparison of the 'H chemical shifts
175 observed for 1-T and 1-D further supports their single helical
176 nature in solution, Figure S7.

177 In multihelical aromatic oligoamides, the resonances are
178 typically shifted upfield relative to short units or single helical
179 structures, owing to increased aromatic stacking and the
180 corresponding ring current effect. For instance, in double-
181 helical 1, the 10-position protons of the A units appear at 7.9

(b)

Iso-butoxy and Methyl groups
J

ppm

Figure 3. (a,b) Views of the crystal structure of 1-T. Side-chains and
included solvent molecules have been removed for clarity. (c—f) Parts
of the 400 MHz "H NMR spectra in CDCl, solutions at 293 K of (c)
1-T [10 mM], (d) 1-D [1 mM], (e) 1-D [10 mM] after the addition
of an excess of anthracene and heating, and (f) 1 [10 mM]. The
indicative 'H resonances are indicated with blue circles for 1-T and 1-
D and orange circles for 1.

and 8.5 ppm, whereas in the starting A, dimer or in an ATA 1s2
trimer,'” where no stacking is present, the corresponding 1s3
resonances are found at 8.9 and 9.0 ppm, respectively. In both 184
1-T and 1-D, the 10-position resonances of the terminal and 185
nonterminal A units occur at 8.7 and 9.1 ppm respectively, 186
consistent with stacking interactions only for the terminal A 187
units, as seen in the crystal structure of 1-T. Thus, in solution, 188
as in the solid-state, both 1-T and 1-D are single helical and 189
show no signs of self-assembly into higher-ordered structures, 190
highlighting the blocking effect of the Diels—Alder modifica- 191
tion. 192

Importantly, removal of the Diels—Alder modification in 1- 193
D, restores the parent oligomer structure (1), allowing it to 194
self-assemble. This can be achieved cleanly by gently heating a 195
chloroform solution of 1-D in the presence of anthracene as a 196
tad scavenger, transferring the 9,10-bridging group from the 197
oligomer to the added anthracene and restoring the planar 198
structure of the central monomer. When followed by 'H NMR, 199
Figures 3e and S8, the resonances corresponding to 1-D 200
completely disappear, and two new sets of resonances appear 201
corresponding to oligomer 1 and the tad adduct of anthracene. 202
The chemical shifts observed for the former match perfectly 203
with the spectrum of the reported double helical 1, Figure 3f, 204
confirming that tad removal triggers self-assembly. 205

Effect of Diels—Alder Modification on Longer Oligomers 206

—

—

Blocking the self-assembly becomes more complex for longer 207
oligomers. Because 2 spans two full helical turns, the greater 208
potential for strand intercalation can allow hybridization into 209
multihelical structures after Diels—Alder modification, leading 210
to distinct behaviors depending on the exact distortion 211
introduced. To study this, sequences 2-T, 2-D, and 2-M, 212
Figure 2, were synthesized. 213
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Indeed, the X-ray structures of all three oligomers show that
double helices can still form, Figure 4a—d, albeit with markedly
different geometries. For 2-T, the bridging benzene group
imposes a strong steric constraint perpendicular to the
monomer plane. The pyridine arms of the oligomer cannot
stack above the central monomer and the oligomer adopts a
unique mixed-fold topology where one-half forms a conven-
tional double helix, while the other half flips outward before
intertwining with its partner, placing the two helical axes at
roughly 90° to each other. Interestingly, the correctly folded
side of the oligomer is highly extended, leading to a minor and
major groove with interstrand separations of ~ 3.5 and 7 A,
respectively. The larger spacing allows intercalation with the
corresponding section of a neighboring double helix in the
crystal lattice, resulting in a tetrameric structure in the solid-
state, Figure 4b.

Both 2-M and 2-D hybridize into more conventional double
helices, Figure 4c,d, reinforced by hydrogen bonding between
the terminal pyridine endocyclic nitrogens and the carbamate
N—Hs. Still, there are noticeable structural distortions resulting
from the Diels—Alder modified monomers. The 9,10-bridging
groups of the M or D units are oriented toward the same side
of the helix forcing the pyridines of the partner strand to stack
on top of these groups. This disrupts the compact structure
normally seen in double helical assemblies and results in a clear
bend (~135°) in the helical axis. Aside from minor differences
in stacking arrangements and the 9,10-bridging group, the two
assemblies, 2-M and 2-D, are essentially structurally equivalent.

Because two distinct helix topologies were identified within
the series (2-T vs 2-M/2-D), the possibility that 2-D might
also access a 2-T like arrangement was examined computa-
tionally. Semiempirical optimizations at the PM6-D3H4 level
were carried out on 2-D in both possible geometries, Figure
S9. The 2-M/2-D type double helix was predicted to be lower
in energy by 6.8 kcal mol™', suggesting that the 2-T type
arrangement is significantly less favorable for 2-D.

To determine whether similar hybridization occurs in
solution, variable concentration studies in CDCl; were
performed with 2-T, 2-M, and 2-D, Figures Sa—g and S10—
S14. The behavior varies significantly between the three
oligomers.

2-T generally behaves as a single helix. At 1 mM, three
amide resonances are observed for 2-T, Figures Sa and S10,
consistent with a flexible single helical structure, similar to
what was observed for 1-T. Increasing the concentration to 10
mM, Figure 5b, leads only to a broadening of the resonances
and minor changes in chemical shift but no new resonances
appear. Even at concentrations up to 40 mM, no new species
are observed, indicating that discrete double helix formation
with 2-T is unfavorable in solution. DOSY studies on a 1:1
mixture of 2-T with double helical 2, Figure S15, also show a
larger diffusion coefficient for 2-T, and thus smaller
solvodynamic radius, further supporting its single helical
nature in solution.

Both 2-M and 2-D show more pronounced concentration
dependent changes. The 'H NMR spectrum of 2-M at 1 mM
in water saturated CDCI3,23 Figure 5c, shows six amide
resonances between 10 and 11 ppm consistent with the
asymmetric nature of the central monomer. At higher
concentrations, a second set of broad resonances appears
and increases in relative intensity with concentration, Figures
5d and S11. Upon cooling to 0 °C, these resonances sharpen,

(b)

Figure 4. Views of the crystal structure of (a) 2-T, (b) the tetrameric
2-T structure observed in the solid state, (c) 2-M, and (d) 2-D. Side-
chains and included solvent molecules have been removed for clarity.
Dashed lines in (a,c, and d, right) show the relative orientation of the
double helical axes on either side of the structure. Potential 7-stacking
interactions are shown with dashed bars in (b).
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2-T10 mM

2-M1mM

Figure 5. Portions of the 'H NMR spectra showing the amide,
carbamate and aromatic resonances in CDCl, for (a) 2-T [1 mM]
and (b) 2-T [10 mM] and in water saturated CDCI, for (c) 2-M [1
mM], (d) 2-M [9 mM], (e) 2-M [9 mM] at 0 °C, (f) 2-D [0.1 mM],
and (g) 2-D [9 mM]. Resonances for the monomeric species are
indicated with empty blue circles and distinct resonances for the
duplexes are indicated with filled blue circles.

and eight resonances corresponding to the amide and 276
carbamate N—Hs can be observed, Figures Se and S16. 277

Similar changes are observed for 2-D, except that the second 278
species can be observed even at low concentration, Figures Sf 279
and S14. At 0.1 mM, the major species displays three amide 280
resonances, again indicative of a highly fluxional single helical 281
form, as seen for 1-D. At higher concentrations, Figure 5g, the 252
second set of resonances increases in intensity and eight 283
resonances corresponding to the amide and carbamate N—Hs 284
can be observed, suggesting lower symmetry and a loss of 285
fluxionality. Such changes could be expected with double helix 286
formation, where flipping of the tad group and P/M helicity 287
inversion would be hindered. 288

Several pieces of evidence support that the two species 289
observed for 2-M and 2-D result from an equilibrium between 290
single and double helical forms. First, for both oligomers, the 201
quantity of the different species at each concentration fit well 292
to simple dimerization isotherms, Figures S17 and S18, with 293
K = 71 for 2-M and Ky, = 1.6 X 10° for 2-D, four to six 204
orders of magnitude lower than the parent oligomer, 2. HRMS 295
evidence also supports the presence of both monomeric and 296
dimeric species, Figures S$19—S22. Finally, interstrand 297
correlations, Figures 6 and S23—S27, can be observed by 2985
'"H—'H NOESY between the carbamate N—H resonances and 299
the two N—H (carbamate and amide) of the terminal pyridine 300
units of the neighboring strand, consistent with the hydrogen- 3o1
bonding pattern observed in the solid-state structures. 302
Correlations are also observed between the endohedral methyl 303
groups and several of the amide N—Hs, further supporting the 304
close interstrand packing seen in the double helical structures. 30s

Together, these results show that although the Diels—Alder 306
modifications consistently suppress self-assembly, longer 307
sequences can still form duplexes. With tad, this opens the 308
possibility to not only modulate these interactions but also to 309
postsynthetically switch between different self-assembled 310
structures. 311

@) B B b/D’ M (b)
A c’ A
¢ L
M-D/D’- F9.7
m-C’ 9.8
9.9 €
(=%
(=}
A-A @ +10.0
B AR I10.1
A-B © ® Mc ® l10.2
M-B ()
7/ T
9.8 96 2.9
ppm
(c)
A B = c
H H
i N N X | N N
Boc” Y l N = '
SN o o N

Figure 6. (a) Portions of the '"H—"H NOESY spectrum of 2-D at 0 °C in water saturated CDCl; showing the amide and methyl group correlations.
Threshold level for the methyl region is set lower than for the amides to observe these weaker correlations. (b) Portions of the X-ray structure of 2-
D showing close contacts. Amide and carbamate protons are shown as blue or purple spheres. Dashed lines indicate H—H distances of <3 A
(Green) or <4 A (Yellow). (c) Structure of 2-D showing the positions of the labeled resonances in (a).
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312 Postsynthetic Diels—Alder Modification

313 Guided by this possibility, we next looked at whether the tad
314 Diels—Alder modification could be performed directly on the
315 oligomers to control their structure. Such, postsynthetic
316 modification of aromatic oligoamides, beyond side-chain
317 reactions, is rare.”* In oligomer 1, addition of tad leads to
318 complex mixtures by '"H NMR due to multiple reactive sites.
319 However, oligomers 2*! and 3, Figure 2, each containing a
320 single A unit, should more easily undergo clean reversible
321 reactions with tad.

322 With oligomer 2, the high dimerization constant and
323 compact structure lead to slow reaction with tad, requiring
324 long reaction times or a large excess of tad to achieve full
325 conversion of the oligomer. Still, after addition of S equiv of
326 tad at 10 mM in CDCl;, complete disappearance of the
327 resonances for 2 can be seen after 24 h, Figure 7a,b, and S28.

9-Methyl group
1

(a) Amides

Figure 7. Parts of the 400 MHz'H NMR spectra in CDCI, solutions
at 293 K of (a) 2 [S mM], (b) 2 [10 mM] after the addition of tad (2-
D), (c) the resulting product [10 mM] after addition of an excess of
10 equiv of anthracene and heating (2) and (d) cartoon scheme of the
proposed equilibrium present with 2-D. The'H resonances of the
different species are indicated with orange circles (2) and empty (2-
D) or filled ((2-D),) blue circles. Methanol resonance is indicated
with *.

328 These are replaced by the collection of resonances
329 corresponding to 2-D, confirming the Diels—Alder modifica-
330 tion of the oligomer. Transfer of the tad group to the sacrificial
331 diene restores the resonances for 2, Figure 7c, demonstrating
332 complete and reversible structural control with the Diels—
333 Alder approach and allowing switching between two duplex
334 forms, Figure 7d.

335 Oligomer 3 aggregates weakly. In the solid-state, 3 forms a
336 partially stacked duplex stabilized by interstrand hydrogen
337 bonding, Figure 8a. Specific concentration dependent shifts
338 and 'H-'H NOESY contacts, Figures 8c and $29-S30
339 indicate aggregation also occurs in CDCl;. No such behavior
340 is observed for 3 T, Figures 8b,d and S31, confirming that the
341 Diels—Alder modification limits self-assembly. With tad, this
342 control can be exerted postsynthetically in a reversible fashion.
343 Addition of tad to 3 in CDCl; cleanly affords Diels—Alder
344 adduct 3-D by 'H NMR, Figures 8c,e and S32, as evidenced by
345 the disappearance of the 9-position methyl resonance of the A
346 unit (3.2 ppm) and appearance of a new upfield resonance at
347 2.7 ppm for the same protons in 3-D. Similar to 3-T, 3-D
348 shows no concentration dependent shifts from 1 to 10 mM in
349 CDCl;, consistent with limited aggregation, Figure S33. Like

—

~

_

10.5 3.0 2.5
ppm

Figure 8. Views of the crystal structure of (a) 3 and (b) 3-T. Side-
chains and included solvent molecules have been removed for clarity.
Parts of the 400 MHz "H NMR spectra in CDCl, solutions at 293 K
of (c) 3 [10 mM], (d) 3-T [1 mM], (e) 3 [10 mM] after the addition
of tad (3-D), and (f) the resulting product [10 mM] after the
addition of an excess of 10 equiv of anthracene and heating (3).

The'H resonances of the different species are indicated with orange
circles (3) and blue circles (3-T and 3-D).

for 2-D, heating 3-D in the presence of anthracene also allows 350

full reversion to the initial oligomer 3, Figure 8f. 351
Folding Induced Switching between Hetero- and 352
Homodouble Helices 353

We next asked whether the Diels—Alder induced structural 3s4
changes could be used not only to control self-assembly of 3ss
single sequences, but also to direct the assembly pathways in 3s6
mixtures, Figure 9a. During this work, we serendipitously 357
discovered that pyridine heptamer 4°° forms highly stable 3ss
heterodouble helices with 2. At S mM in CDCl,, 4 exists as a 359
mixture of single and double helices, Figure 9b, (Ky;,, = ~ 180 360
at 20 °C). Upon addition of one equivalent of 2, the amide 361
resonances of 4, Figures 9b,d and S34, disappear almost 362
completely and eight new resonances between 8.9 and 10.1 363
ppm appear, Figure 9d, corresponding to the amide and 364
carbamate N—H protons in the heteroduplex 2-4, Figure S35. 365
In the solid-state, 2-4 adopts a symmetric double helix, 366
Figure 9¢, similar to the homodimer of 2, (2),. Close contacts 367
between the terminal pyridine endocyclic nitrogen and 368
carbamate N—H (N—N distances 3—3.2 A) on each strand 369
allow for hydrogen bonding pairs on both ends of the duplex. 370
NOESY correlations between the 9-position methyl group on 371
the central monomer of 2 and the amide N—Hs of 4 confirm 372
that a similar arrangement persists in solution, Figure $36. The 373
heterodouble helix composition was further supported by 374
HRMS, Figure S37. Based on the estimated or known 375
dimerization constants for 2 and 4 (>10” and 180 respectively 376
at 20 °C),*"*° the overall observed equilibrium constant for 377
(2), + (4), = 2(2-4) is calculated to be > § X 10°. This gives a 378
Ky for 2 + 4 — 2-4 of at least 10°. 379
Addition of tad to a solution of 2-4 leads to complete 380
disappearance of the heterodouble helix resonances in the 'H 3s1
NMR spectrum, Figures 9e, S38 and S39. These are replaced 382
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Figure 9. (a) Schematic cartoon of the three-state exchange process
between homo- and hetero double helices using the Diels—Alder
modification. Amide region of the 400 MHz 'H NMR spectra in
CDCl, solutions at 293 K of (b) 4 [S mM], (c) 2, [S mM], (d) 2-4 [$S
mM], (e) 2-4 [S mM] after the addition of tad (4+2-D), and (f) the
resulting product [S mM] after addition of 10 equiv of anthracene and
heating. The 'H resonances are indicated with empty (4) or filled
(4,) red circles, orange circles (2,), red/orange circles (2-4), and
empty (2-D) or filled ((2-D),) blue circles. (g) Views of the crystal
structure of the hetero double helix (2-4). Side-chains and included
solvent molecules have been removed for clarity.

383 by the resonances corresponding to single and double helical 4
384 and the monomeric and duplex forms of 2-D. In essence, the
385 tad modification leads to a switch from social to narcissistic
386 self-sorting, driving the disassembly of the heteroduplex 2-4
387 and formation of the respective homomeric assemblies, (2-D),
388 and 4,. Performing the retro-Diels—Alder reaction reverses this
389 process. Upon heating in the presence of anthracene, the
390 resonances corresponding to the heterodimeric 2-4 reappear,

39

392 is attributed to small variations in water content of the samples
25,26

et

Figure 8f. Minor differences in some resonances remain, which

303 and the resulting influence on the oligomer behavior,
304 Figures S40—S42. Consistent with this, spectra recorded in
395 DMSO-dg, where the water effects are eliminated, show clean
396 and unambiguous transition between the different states,
397 Figure S39, confirming that the Diels—Alder modification with
398 tad not only functions as a reversible trigger for structural
390 reorganization in oligomer mixtures, but also enables
400 controlled switching between distinct self-assembly states.

H CONCLUSIONS 401

In summary, we have described a Diels—Alder/retro-Diels— 402
Alder strategy based on tad and diazaanthracene monomers 403
that gives multiple levels of control over the self-assembly of 404
aromatic oligoamide foldamers into multihelical architectures. 4os
The Diels—Alder modification leads to changes in the folded 406
structures, which in turn alter their interaction with other 407
oligomers. The tad adduct can be incorporated during the 408
synthesis of the oligomers, as in 1-D, where it acts as a 409
protecting group to prevent premature self-assembly. Sub- 410
sequent addition of a sacrificial diene, like anthracene, allows 411
transfer of the tad group from the oligomer and triggers the 412
onset of self-assembly. 413

This strategy is also compatible with postsynthetic 414
modification, as shown with oligomers 2 and 3, allowing to 415
modify their three-dimensional structure and control their self- 416
assembly properties. The Diels—Alder modification inhibits or 417
substantially decreases duplex formation by several orders of 418
magnitude relative to the parent oligomers. Nevertheless, 419
double helix formation can be possible in longer sequences, 420
leading to unique structures, as seen in the solid-state for 2-T, 421
2-M and 2-D, and providing new design possibilities for 422
assemblies of aromatic oligoamides. 423

We further showed that tad modification can be used to 424
direct homomeric versus heteromeric assembly formation. 2 425
forms highly stable heterodouble helices with 4. Reaction of 426
tad with the heteroduplex 2-4 leads to disassembly, allowing 4 427
and 2-D to form their respective homoduplexes. Taking 428
together the heterodouble helix formation and tad reactivity, 429
this gives a controlled multistate exchange process for oligomer 430
assembly where the tad modification serves as a reversible 431
trigger for structural reorganization between two states. This 432
dynamic switching mechanism not only highlights the 433
tunability of the oligomer self-assembly, but also provides an 434
effective strategy for controlling supramolecular architectures 435
of aromatic oligoamides. While broader generalization of this 436
approach will require further studies, the present system 437
establishes a versatile platform for adaptive foldamer 438
assemblies with potential applications in responsive materials, 439

molecular recognition, and information storage. 440
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