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ABSTRACT: In all known genetic polymers, molecular recog-
nition via hydrogen bonding between complementary subunits
underpins their ability to encode and transmit information, to form
sequence-defined duplexes, and to fold into catalytically active
forms. Reversible covalent interactions between complementary
subunits provide a different way to encode information, and
potentially function, in sequence-defined oligomers. Here, we
examine six oligoarylacetylene trimers composed of aniline and
benzaldehyde subunits. Four of these trimers self-pair to form two-
rung duplex structures, and two form macrocyclic 1,3-folded
structures. The equilibrium proportions of these structures can be
driven to favor each of the observed structures almost entirely
depending upon the concentration of trimers and an acid catalyst. Quenching the acidic trimer solutions with an organic base
kinetically traps all species such that they can be isolated and characterized. Mixtures of complementary trimers form exclusively
sequence-specific 3-rung duplexes. Our results suggest that reversible covalent bonds could in principle guide the formation of more
complex folded conformations of longer oligomers.

■ INTRODUCTION
Nucleic acid polymers play a central role in the biochemistry of
all known life. Their structures underlie the mechanism by
which evolution sculpts macromolecular catalysts within a vast
sequence space. Arguably, the essential feature of these
polymers is the molecular recognition between complementary
nucleobase subunits that enables base-pairing. It is base-pairing
that allows for the transfer of information through templated
polymerization and the folding of nucleic acid polymers into
catalytically active structures.
The RNA-world hypothesis suggests that RNA innately

possesses the means to initiate the transition from chemistry to
biology without the complex biomachinery of extant biology.1

In support of this, both information transfer2 and the assembly
of catalytically active ribozymes have been demonstrated in
nonenzymatic RNA systems.3 However, many alternative
RNA-like polymers, collectively referred to as XNAs, are also
capable of both information transfer and function.4 Thus, at
least some structural variation can be tolerated while
maintaining these core properties. We are interested in
whether synthetic sequence-defined polymers with fundamen-
tally different molecular designs might also exhibit the
properties of information transfer and function.
To fully mirror the evolutionary behavior of nucleotide

polymers, synthetic polymers must be able to store and
propagate information, and either directly through folding
(e.g., ribozymes) or indirectly through translation (e.g.,
proteins), the information they store must encode structures

with varying fitness. For a synthetic polymer, this requires
overcoming challenges in building monodisperse sequence-
defined polymers that self-assemble into chemically active
configurations (e.g., foldamers) and that can undergo
template-directed polymerization. Compounding these chal-
lenges, the presence of the complementary recognition
subunits required for templated polymerization means that
genetic polymers will contain mutually reactive subunits with
the potential to self-associate and fold in a multitude of ways.
Despite these challenges, significant strides have been made in
recent decades in the synthesis of polymers that mimic
biomolecules:5 information storing sequence-defined polymers
can now be made to considerable lengths,6 polymers that
mimic the folding behavior of enzymes and ribozymes are built
with ever-increasing sophistication,7 and many synthetic
sequence-dependent duplex forming structures have been
reported.8

Reversible covalent bonds have been remarkably useful in
producing a range of life-like complex behaviors in synthetic
systems. Two notable examples are the self-replication of
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disulfide-bound macrocycles reported by Otto and co-workers9

and the dynamic templated self-assembly of helices by
Nitschke and co-workers.10 In contrast to the chemistry
developed herein, these systems do not utilize molecules that
store sequence information. As such, they do not possess an
obvious mechanism for the transfer of information like the
nonenzymatic-templated polymerization observed for nucleo-
base polymers.
Recently, we reported that reversible covalent imine bonds

can template sequence information transfer in macrocyclic
dimers.11 To our knowledge, this is one of the two examples of
sequence information transfer using reversible covalent
bonds.12 To expand our system to longer oligomers, we then
developed a solid-phase synthesis of sequence-defined aniline
benzaldehyde oligoarylacetylenes (ABOs).13 During that work,
it became apparent that controlling the interactions of the
reactive aniline A and benzaldehyde B subunits was essential to
increasing the complexity of these systems.
To that end, we have been exploring sequence-defined ABO

trimers (Scheme 1). ABOs are intentionally very different from
genetic biopolymers. They are insoluble in water and use
reversible covalent imine bonds as recognition subunits.
Herein, we describe the dynamic behavior of a complete set
of ABO trimers. We were pleased to find a range of behaviors
even in this small sequence space. Scheme 1 depicts one of the
key transformations we observed: when treated with an acid
catalyst, a single-stranded trimer with the sequence AAB (ss-
AAB) formed a two-rung duplex with unpaired sticky ends (ds-
AAB) and folded into a macrocycle with an unpaired internal
monomer ( fold-AAB).
Self-association and folding behavior have been explored

extensively in synthetic sequence-defined oligomers with
noncovalent H-bonding recognition subunits,8d,e,j but, to the
best of our knowledge, these interactions have not been
described in reversible covalent chemistry systems with
sequence-defined oligomers. Aniline benzaldehyde oligomers
with a peptoid backbone have been shown to self-sort into
sequence-encoded polyimine duplexes in peptoid pentamers
by the Scott laboratory.8i While self-association and folding
behavior were not the focus of their report, the authors
mention that they suspect some amount of folding likely
occurred under the conditions they studied.
As imine bonds are only conditionally reversible, they offer

some advantages over H-bonding systems; their covalent base-
paring interactions do not rely on association constants but can
be driven to completion by the removal of water; furthermore,
aromatic imine bonds do not typically equilibrate if they are
protected from catalysts, water, and harsh conditions.14

Notably, these molecules differ from biopolymers and many
synthetic informational polymers in that they lack a directional
polarity. This greatly simplifies their dynamic behavior as
duplexes do not have parallel or antiparallel geometries.
Likewise, the lack of directionality restricts the size of the
sequence space due to symmetry considerations (e.g., AAB is
the same as BAA).

■ RESULTS AND DISCUSSION
Synthesis of Trimers. The entire sequence space of ABO

trimers consists of the six sequences depicted in Figure 1.
Single-stranded trimers were synthesized via Sonogashira
coupling13,15 in high yields in two or three steps as noted in
Figure 1 and described in detail in the Supporting Information.
If the trimers were protected from acid, no premature imine

Scheme 1. Dynamic Folding and Duplex Formation in an
ABO Trimer with the Sequence AABa

a(a) Skeletal structures of ss-, ds-, and fold-AAB. (b) Cartoon
structures of ss-, ds-, and fold-AAB.

Figure 1. ss-ABO trimers. Isolated yields over the number of steps
indicated.
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bond formation between A and B subunits was observed, save
a few percent when solutions were concentrated to dryness.
As they are homopolymers, AAA and BBB do not contain

mutually reactive subunits, so no self-association behavior from
imine bond formation was expected or observed. Conversely,
as the remaining trimers do contain mutually reactive A and B
subunits, we expected that these molecules would assemble
into higher order structures under conditions favoring imine
bond formation. In order to investigate this behavior, we
conducted a series of NMR experiments in the presence of
trifluoracetic acid (TFA) as an imine bond-forming acid
catalyst. The results of these experiments are presented in the
next section.
Folding and Duplex Formation of ABO Trimers. For

the isolated ABO trimers ABA and BAB, we found that
formation of the partially double-stranded duplex structures ds-
ABA and ds-BAB (Scheme 2) was straightforward and could

be accomplished nearly quantitatively under optimized
conditions. As we observed no major differences in the
behaviors of ABA and BAB, we will limit our discussion in this
section to the ABA trimer and refer the reader to the
Supporting Information for the analogous data on the BAB
trimer (Figures S1 and S2).
The aromatic region of the 1H NMR spectrum of ss-ABA

(3.5 mM in CDCl3) is shown in Figure 2. Immediately, after
the addition of a small amount of TFA, the downfield aldehyde
resonance greatly decreased in intensity, and new peaks
consistent with the imine protons and aromatic protons of ds-
ABA appeared (Figure 2, second spectrum). Only a small
amount of ss-ABA remained, as evidenced by the small
aldehyde peak at δ 10.04 ppm. NMR spectra taken after
allowing the solution to sit for several hours showed no change
from the initial spectrum, suggesting that the reaction had
reached equilibrium within the few minutes required to acquire
the initial 1H NMR spectrum. The integrals of the aldehyde
peak relative to that of the imine peak show that under these
conditions (2 mM TFA), ds-ABA is favored over ss-ABA by 10
> 1. Reactions run at higher concentrations of ABA (7.5 and
15 mM) gave a similar ratio of ds- to ss-ABA. At 15 mM, we
observed a small amount of an uncharacterized species (Figure
S3) which may represent a higher order multiplex structure.

Notably, in the presence of TFA, the NMR spectra showed a
significant peak broadening, an upfield shift for the imine
resonance, and a downfield shift for the aromatic resonances.
This was greatly exacerbated by increasing the concentration of
TFA (Figure S4). We suspected that protonation of the basic
imine and aniline sites on ds-ABA promotes the aggregation of
these molecules and is responsible for the peak broadening and
chemical shift changes.16 Accordingly, an NMR spectrum of
ds-ABA with sharp peaks was recovered by quenching the TFA
with a 3-fold excess of triethylamine (TEA). Basified solutions
were kinetically stable and could be washed with water,
concentrated to dryness, or purified on silica gel without any
apparent imine hydrolysis or the formation of higher order
multiplexes. Conversely, if solutions of ds-ABA in the presence
of TFA were not quenched with TEA, adding water led to
immediate hydrolysis to ss-ABA (Figure 2, third spectrum).
We reasoned that the ds- to ss-equilibrium could be driven

even further to ds-ABA by removing adventitious water in the
solvent as well as water liberated during imine formation. A
two-step procedure wherein ss-ABA (3.5 mM) in dry CDCl3
was first treated with TFA (2 mM), concentrated to dryness to
remove water, and then redissolved in dry CDCl3 to the same
concentration (3.5 mM) gave complete conversion to ds-ABA.
Upon quenching with TEA, this procedure gave pure
kinetically stable ds-ABA, which could be isolated and
characterized (Figure 2, bottom).
For ds-ABA, 1H−1H 2D-ROSEY NMR correlations are seen

between the imine resonance and a downfield shifted spin
system with no strong J-coupling (consistent with B) and a
spin system with a singlet, doublet, doublet, triplet pattern
(consistent with A). In the spectrum, there is another upfield
shifted spin system consistent with A, which does not have
ROSEY correlations to the imine protons but instead
correlates to an upfield resonance consistent with NH2 (Figure
3). Taken together, this strongly supports the structure of ds-
ABA which has the internal B paired through an imine bond to
an A and one unpaired A. Structures annotated with NMR
peak assignments and ROSEY and COSY correlations and
HRMS data are provided in the Supporting Information
(Figures S11 and S18).
The remaining two trimers in the ABO sequence space, AAB

and ABB, proved the most complicated and interesting. Like
BAB and ABA, these trimers can self-associate to form two-

Scheme 2. Reversible Acid-Catalyzed Condensation of ss-
ABA and ss-BAB to ds-ABA and ds-BAB

Figure 2. Portion of the 1H NMR spectra of ABA (3.5 mM in
CDCl3) under different conditions as labeled. Relevant 1H resonances
labeled: (a) aldehyde ss-ABA and (b) imine ds-ABA.
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rung duplexes with unpaired sicky ends. In addition, since the
terminal subunits of the single-stranded trimers are comple-
mentary, they can fold into macrocyclic structures with the
internal monomer unpaired (Scheme 3).

While these folded structures were initially a surprise, simple
MM2 energy minimizations show that the steric stain incurred
by this 1,3-folding is relatively low (+5.68 kcal/mol AAB) and
nearly identical to the strain incurred in forming the double-
stranded structures (+5.69 kcal/mol AAB). In contrast,
minimization of the 1,2-folded AAB structure shows significant
strain on folding (+52.7 kcal/mol AAB), and 1,2-folding was
not observed for any sequence in this study.
Hunter and co-workers have observed noncovalent H-

bonded 1,2- and 1,3-folding in dimers8d and trimers8e with
more flexible backbones than the m-phenylene ethynylene
backbone used here. Recently, they described an m-phenylene
ethynylene system which shows folding behavior between H-
bonded subunits;8j however, the sequence space they
investigated did not contain any 1,3-sequence complementar-
ity, so a direct comparison of these oligomers to those
described here is not yet possible.
We expected that the equilibrium ratio of fold- to ds-ABO

would depend on the concentration of the trimers as folding is
an intramolecular reaction, while duplex formation is
intermolecular. We conducted a series of NMR experiments

at different concentrations of trimers for both AAB and ABB
with a constant concentration of TFA (2 mM). The ratio of
folded to double-stranded structures was determined from the
relative integral of the imine protons of each species. As
expected, lower trimer concentrations favor the folded
structures and higher concentrations favor the double-stranded
structures (Figure 4). At the same concentration, AAB is more

prone to folding than ABB. We subsequently found that these
equilibria are sensitive to the concentration of TFA, with
different sequences behaving differently (vide infra). The
different equilibria may reflect this difference in acid sensitivity.
As was the case with the ABA and BAB trimers, quenching

solutions of ABB and AAB with an organic base gave
kinetically stable solutions, such that the ds- and fold-trimers
could be isolated without re-equilibrating. Using Figure 4 as a
guide, larger-scale reactions were run at the appropriate
concentrations to favor the desired structure, and after
quenching with TEA, these solutions were concentrated and
purified on silica gel. The pure materials could be characterized
by NMR at high concentrations without difficulty if a small
amount of base (0.1% TEA) was employed to scavenge any
adventitious acid. HRMS (Figure S18) and 2D NMR
experiments (Figures S13−S16) provided strong evidence for
the structural assignments of all four structures ds-AAB, fold-
AAB, ds-ABB, and fold-ABB. As described above for ds-ABA,
the analysis uses 1H−1H ROSEY NMR to identify monomers
that are paired through imine bonds. The splitting patterns of
those resonances and 1H−1H COSY NMR were then used to
assign those monomers to internal or terminal positions. For
all ds- and fold-ABOs, we observed strong and uniform 1H−1H
ROSEY correlations between the imine proton and all four
protons ortho to the imine bond. This suggests that rotation
around the imine bond is relatively unhindered in these
structures; if a single imine rotamer was strongly favored, only
two of the four protons would be likely to be in a range to
produce a strong ROE.
While investigating the concentration dependence described

above, we observed a surprisingly dramatic shift in the
downfield 1H NMR resonances of fold-ABB as the
concentration was lowered. We suspected that this might be
the result of increasing acidity at lower trimer concentrations
as there is less trimer to buffer the acidity.
To further investigate this, we ran a series of experiments

where we observed the 1H NMR spectrum as TFA was titrated
into solutions of ABB. With increasing acidity, we observed

Figure 3. Key 1H−1H ROSEY correlations observed for ds-ABA. As
ds-ABA is C2 symmetric, the other strand is magnetically equivalent
to the half that is shown.

Scheme 3. Reversible Acid-Catalyzed Condensation of ss-
ABB and ss-AAB to ds-ABB and ds-AAB or fold-ABB and
fold-AABa

aIncreasing [TFA] was found to favor fold-ABB and ds-AAB.

Figure 4. Concentration dependence of fold- vs ds-ABO in CDCl3
with 2 mM TFA.
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dramatic changes in the chemical shift of all resonances and a
shift in the ds to fold equilibrium to entirely fold-ABB. Figure 5

shows the 1H NMR spectra of a solution of ABB (0.55 mM in
CDCl3) as TFA was added to the solution ([TFA] 2 to 20
mM)). The large downfield shift in the imine resonance of
fold-ABB (Figure 5c) is expected as this is the most basic site
in the molecule and protonation at this site to give ABB-H+
would likely cause the observed shift (Figure 6). The shifts

seen for the other resonances are consistent with the increasing
acidity aiding the formation of fold-ABB-H+ aggregates, with π-
stacking within the aggregates driving the upfield shift of the
resonances.17 If this aggregation increases the stability of fold-
ABB-H+ compared to that of ds-ABB, it would explain the shift
in the equilibrium as well.
Quenching acidic solutions of ABB with a 3-fold excess of

TEA gave solutions containing only fold-ABB and reversed the
peak broadening and chemical shift changes caused by the acid
(Figure 5, bottom). Increasing the concentration of acid drove
the equilibrium to nearly entirely fold-ABB even for much
more concentrated solutions which strongly favored ds-ABB at
lower TFA concentrations. Both 4.4 and 17.5 mM solutions of
ABB could be completely converted to fold-ABB by treatment

with excess TFA (40 and 80 mM, respectively), followed by
quenching with a 3-fold excess TEA (Figures S5 and S6).
Because many macrocycles have been shown to tightly bind

negatively charged ions,18 we investigated the potential role of
the trifluoroacetate counterion in the formation and
aggregation of fold-ABB and ds-ABB. Titration experiments
with tetraethylammonium trifluoroacetate showed no change
in the 1H NMR spectra of fold-ABB (Figure S7) or ds-ABB
(Figure S8). This strongly suggests that trifluoroacetate does
not bind to the unprotonated molecules in chloroform.
Similarly, a titration with tetraethylammonium trifluoroacetate
preformed in the presence of TFA showed that additional
trifluoroacetate merely acts as a general base, and the results
mirror the TFA quenching observed with triethylamine
(Figure S9). Notably, the pKa of TFA in acetonitrile is
reported to be 12.65,19 so the ability of trifluoroacetate to
function as a competent base in organic solvent is not
surprising. Taken together, these titration experiments suggest
that protonation is the driving force for the observed behaviors
and that trifluoroacetate is a passive bystander.
To see if the equilibrium of ds- to fold-AAB is similarly

sensitive to the TFA concentration, we repeated the titration
experiment with AAB. Surprisingly, we found the opposite
result as with ABB. At higher concentrations of TFA, ds-AAB
is favored almost completely over fold-AAB (Figure S10). In
contrast to ABB, dramatic chemical shift changes were not
observed in these spectra, and only a peak broadening and loss
of the ds-ABB signal were observed in the NMR spectrum as
the TFA concentration was increased. Sharp peaks could be
recovered by quenching with TEA. We suggest that acid-
mediated aggregation is also the driving force for this change in
equilibrium with the ds-AAB aggregate being favored over fold-
AAB.
Three-Rung Duplex Formation. Given the ease with

which partial 2-rung duplexes were formed via self-association,
we asked whether mixtures of fully complementary strands
would form 3-rung duplexes (Scheme 4). We initially assumed
that the condensation of ss-AAA and ss-BBB to form ds-AAA·
BBB would be the most straightforward as these sequences do
not have competing self-association or folding behavior, and
duplexes of similar polymers have been reported by Moore and
co-workers.20 However, experiments where an equimolar
mixture of ss-AAA (480 uM) and ss-BBB (480 uM) in
CDCl3 was treated with TFA (1 mM) overnight gave NMR
spectra with broad uninterpretable resonances, and quenching
the TFA with an excess of TEA only had a small effect on
sharpening the peaks (Figure 7, top spectrum). Notably, in the
aforementioned work by the Moore laboratory, the polyimine
duplexes needed to be reduced to amines prior to purification
and characterization.
Suspecting that the peak broadening might be the result of

aggregates formed through π-stacking interactions of the 3-
rung duplexes, we acquired spectra over a dilution series at rt
(Figure 7) and 50 °C (Figure S19). We found that both
dilution and heat caused a downfield shift and a sharpening of
the NMR resonances, consistent with concentration-depend-
ent aggregation through π-stacking.17a The NMR spectra
indicate a nearly complete conversion to ds-AAA·BBB; no
aldehyde peaks are present nor any upfield peaks from
unpaired aniline subunits, and two imine peaks are present
in a 1:2 ratio consistent with the three imine protons expected
for ds-AAA·BBB. MALDI-TOF HRMS also supports the
exclusive formation of the 3-rung duplexes (Figure S24).

Figure 5. Portion of the 1H NMR spectra of ABB (550 uM in
CDCl3) as TFA was titrated into the solution. Relevant 1H resonances
labeled: (a) aldehyde ds-ABB, (b) aldehyde fold-ABB, (c) imine fold-
ABB, (d) imine ds-ABB, and (e) aromatic proton meta to imine fold-
ABB. *The aldehyde resonances of fold-ABB and ds-ABB overlap in
basified solutions; this assignment is possible because only fold-ABB is
present in this spectrum.

Figure 6. Structure of fold-ABB-H+.
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For the remaining two mixtures of complementary
sequences, ss-ABA with ss-BAB and ss-AAB with ss-ABB
(Scheme 4, middle and bottom, respectively), the formation of
3-rung duplexes competes with the self-association and folding
behavior described in the previous section (Schemes 2 and 3).
Despite this added complexity, these mixtures behaved
similarly to AAA and BBB, showing nearly complete
conversion to ds-ABA·BAB and ds-AAB·BBA under acid-
catalyzed imine-forming conditions and a concentration-
dependent aggregation (Figures S20−S23). Remarkably,
conversion to the 3-rung duplexes did not require the starting
materials to be in their single-stranded states. A mixture of ds-

ABA, ss-ABA, ds-BAB, and ss-BAB gave complete conversion
to ds-ABA·BAB under the imine formation conditions, and a
mixture of ds-AAB, ss-AAB, fold-AAB, ds-ABB, ss-ABB, and
fold-ABB gave complete conversion to ds-AAB·BBA. This
strongly suggests that imine exchange reactions occur quickly
in the presence of TFA and the 3-rung products are
thermodynamically favored to the exclusion of the 2-rung
partial duplexes and folded structures. The 1H NMR spectrum
for ds-ABA·BAB shows a small amount (approx. 10% by
integration) of broad peaks of unknown species. It is possible
these are the result of higher order polymers; however, the
MADLI-TOF MS data only shows peaks consistent with the 3-
rung duplexes.
To quantitatively assess the 3-rung duplex aggregation

behavior for all three species, we fit the chemical shift
dependence of the duplex concentration to the equal K model
of indefinite association.21 Figure 8 shows the dependence of

three 1H resonances of ds-AAB·ABB acquired in CDCl3 at rt.
Curves for all three duplexes acquired at rt and 50 °C can be
found in the Supporting Information (Figure S25). From the
similarities in Ke (Table 1), we can conclude that sequence
does not have a major effect on the tendency of these duplexes
to aggregate, and mild heating significantly reduces their
overall aggregation.

Control of these macromolecular interactions will likely be
essential to handling and studying longer ABO oligomers, and
we expect conditions that minimize aggregation will be
necessary for templated polymerization of this system.
Attempts to assess the solvent dependency of the aggregation
behavior were unsuccessful as the 3-rung duplexes were not

Scheme 4. Acid-Catalyzed Condensation of Sequence
Complementary Trimers to Form 3-Rung Duplexes

Figure 7. Portion of the 1H NMR spectra of ds-AAA·BBB in CDCl3
at rt over a dilution series from 480 μm to 3.8 μM. Relevant 1H
resonances labeled: (a) 1H imine CHN from internal base pair and
(b) 2H imine CHN from terminal base pairs.

Figure 8. Concentration dependence of the 1H NMR chemical of
shift of ds-AAB·BBA in CDCl3 at rt for three resonances: blue, the
internal imine (NHC); red, the terminal imines (NHC); and yellow,
the aromatic protons meta to the ester functional groups. Curves
represent the line of best fit to the equal K model of indefinite
association.

Table 1. Association Constants for 3-Rung ABO Duplexes

duplex Ke (M−1) rt Ke (M−1) 50 °C
ds-AAA·BBB 2971 ± 164 694 ± 72
ds-ABA·BAB 2295 ± 262 504 ± 49
ds-AAB·BBA 2109 ± 90 562 ± 54
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sufficiently soluble in solvents such as acetonitrile, toluene,
dimethyl-formamide, methanol, and benzene.
Given the propensity for AAB and ABB to fold under

certain conditions, as discussed in the previous section, we
were cautious in our assignment of ds-AAB·BBA. A hypo-
thetical scenario where fold-AAB and fold-ABB condensed via
a single imine bond would give barbell-AAB·BBA (Scheme 5),

whose mass is identical to that of ds-AAB·BBA. Given the
similarity of the ds-AAB·BBA NMR spectrum to ds-ABA·BAB
and ds-ABA·BAB, we are confident in the exclusive formation
of the 3-rung ladder structure in the presence of low [TFA] (1
mM). Interestingly, under higher [TFA] (20 mM), the NMR
shows a minor product consistent with barbell-AAB·BBB; both
fold-AAB and fold-ABB have a downfield shifted aromatic
proton at 8.3 ppm which is not present in the ladder or partial
ladder spectra. It is likely that these downfield shifted
resonances would be present in barbell-AAB·BBA as we
observe under high acid conditions (20 mM TFA).
Unfortunately, our efforts to further characterize this minor
product have been unsuccessful, potentially due to the ease of
hydrolysis of the linking imine bond.

■ CONCLUSIONS
Understanding and controlling the interactions of comple-
mentary recognition units within and between defined
sequences are an essential step toward building synthetic
polymers that will mimic the properties of genetic polymers.
Our work shows that for ABO trimers, not only are both
double-stranded and folded structures accessible, but their
equilibrium can also be modulated by controlling their
sequence and environment, and that mixtures of sequence
complementary trimers form sequence paired duplexes.
Of the six higher order ds and fold structures that we

observed in the limited ABO trimer sequence space, four could
be generated nearly quantitatively without the need for
purification, while the remaining two could be formed in
good yield by controlling the concentration of TFA and ABO
and then purified to give pure compounds (Table 2).
The acid dependence of imine equilibrium reactions is a

useful feature of this system, allowing simple quenching with
TEA to kinetically trap all species. No good analogy to this
exists for short oligonucleotides or synthetic oligomers that use
H-bonding recognition subunits; solution-phase equilibria are
always likely to reassert themselves until oligomers are
sufficiently long to become kinetically metastable. In contrast,
for reversible covalent imine bonds, a single base pair is
sufficient to form a kinetically stable and isolable structure

(e.g., fold-AAB and fold-ABB). This behavior has important
implications for longer oligomers. While covalent base pairs are
likely to make longer oligomers more susceptible to
inescapable kinetic traps,22 they may also confer the ability
to exhibit useful and diverse folding behavior in much shorter
systems.
For the AAB and BBA trimers, the formation of partial two-

rung duplexes and 1,3-folded structures did not impede the
formation of 3-rung duplexes in the presence of the fully
complementary strand. This sequence-specific self-sorting
matches the behavior of short polyimine peptoids;8i however,
it differs from nucleotide polymers of a similar length as a
three-base-pair RNA duplex is highly unstable.
Ultimately, the utility of longer oligomers will depend on

how easily their many competing interactions can be
controlled. The methods described herein offer a necessary
level of control and synthetic tractability in mixed sequence
oligomers that use reversible covalent bonds as recognition
subunits. Further elucidating the behaviors of oligomers in this
family of molecules is likely to offer insights into the chemical
space of genetic polymers beyond the nucleic acids and
provide access to novel synthetic polymers that mimic the
behaviors of biopolymers.
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(12) Nuñ́ez-Villanueva, D.; Hunter, C. A. Replication of Sequence
Information in Synthetic Oligomers. Acc. Chem. Res. 2021, 54, 1298−
1306.
(13) Strom, K. R.; Szostak, J. W. Solid-Phase Synthesis of Sequence-
Defined Informational Oligomers. J. Org. Chem. 2020, 85, 13929−
13938.
(14) Ciaccia, M.; Di Stefano, S. Mechanisms of imine exchange
reactions in organic solvents. Org. Biomol. Chem. 2015, 13, 646−654.
(15) Sonogashira, K. Development of Pd−Cu catalyzed cross-
coupling of terminal acetylenes with sp2-carbon halides. J. Organomet.
Chem. 2002, 653, 46−49.
(16) De Luca, G.; Romeo, A.; Scolaro, L. M. Role of Counteranions
in Acid-Induced Aggregation of Isomeric Tetrapyridylporphyrins in
Organic Solvents. J. Phys. Chem. B 2005, 109, 7149−7158.
(17) (a) Lahiri, S.; Thompson, J. L.; Moore, J. S. Solvophobically
Driven π-Stacking of Phenylene Ethynylene Macrocycles and
Oligomers. J. Am. Chem. Soc. 2000, 122, 11315−11319. (b) Zhao,
D.; Moore, J. S. Synthesis and Self-Association of an Imine-
Containing m-Phenylene Ethynylene Macrocycle. J. Org. Chem.
2002, 67, 3548−3554. (c) Tobe, Y.; Utsumi, N.; Kawabata, K.;
Nagano, A.; Adachi, K.; Araki, S.; Sonoda, M.; Hirose, K.; Naemura,

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c06268
J. Am. Chem. Soc. 2022, 144, 18350−18358

18357

https://pubs.acs.org/doi/10.1021/jacs.2c06268?ref=pdf
https://doi.org/10.1016/0022-2836(68)90393-8
https://doi.org/10.1038/319618a0
https://doi.org/10.1126/science.1060786
https://doi.org/10.1126/science.1060786
https://doi.org/10.1126/science.1060786
https://doi.org/10.1002/anie.201704048
https://doi.org/10.1002/anie.201704048
https://doi.org/10.1002/anie.201704048
https://doi.org/10.1002/anie.201506592
https://doi.org/10.1002/anie.201506592
https://doi.org/10.1021/jacs.6b13148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b13148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b13148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b00639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202004934
https://doi.org/10.1002/anie.202004934
https://doi.org/10.1126/science.284.5423.2118
https://doi.org/10.1126/science.284.5423.2118
https://doi.org/10.1126/science.1217622
https://doi.org/10.1126/science.1217622
https://doi.org/10.1039/D0CS00457J
https://doi.org/10.1039/D0CS00457J
https://doi.org/10.1021/acs.macromol.0c00666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c00666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-13952-2
https://doi.org/10.1038/s41467-019-13952-2
https://doi.org/10.1021/ja046858w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046858w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046858w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar800009n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar800009n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b819597h
https://doi.org/10.1039/b819597h
https://doi.org/10.1039/c1cc11137j
https://doi.org/10.1002/anie.201107521
https://doi.org/10.1021/acs.accounts.8b00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b00809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b00809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200600143
https://doi.org/10.1002/chem.200600143
https://doi.org/10.1002/chem.200600143
https://doi.org/10.1021/ja806194e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja806194e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300007k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300007k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b06619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2847
https://doi.org/10.1038/nchem.2847
https://doi.org/10.1038/nchem.2847
https://doi.org/10.1021/jacs.8b08087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-14607-3
https://doi.org/10.1038/s41467-020-14607-3
https://doi.org/10.1039/D1SC02288A
https://doi.org/10.1039/D1SC02288A
https://doi.org/10.1039/D1SC02288A
https://doi.org/10.1021/jacs.1c02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1182767
https://doi.org/10.1126/science.1182767
https://doi.org/10.1038/nchem.693
https://doi.org/10.1038/nchem.693
https://doi.org/10.1021/acs.joc.9b00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4OB02110J
https://doi.org/10.1039/C4OB02110J
https://doi.org/10.1016/S0022-328X(02)01158-0
https://doi.org/10.1016/S0022-328X(02)01158-0
https://doi.org/10.1021/jp0448797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0448797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0448797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja002129e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja002129e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja002129e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010918o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010918o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c06268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


K. m-Diethynylbenzene Macrocycles: Syntheses and Self-Association
Behavior in Solution. J. Am. Chem. Soc. 2002, 124, 5350−5364.
(18) Evans, N. H.; Beer, P. D. Advances in Anion Supramolecular
Chemistry: From Recognition to Chemical Applications. Angew.
Chem., Int. Ed. 2014, 53, 11716−11754.
(19) Jasinski, T.; El-Harakany, A.; Halaka, F.; Sadek, H.
Potentiometric Study of Acid-Base Interactions in Acetonitrile.
Croat. Chem. Acta 1978, 51, 1−10.
(20) Hartley, C. S.; Elliott, E. L.; Moore, J. S. Covalent Assembly of
Molecular Ladders. J. Am. Chem. Soc. 2007, 129, 4512−4513.
(21) Martin, R. B. Comparisons of Indefinite Self-Association
Models. Chem. Rev. 1996, 96, 3043−3064.
(22) Elliott, E. L.; Hartley, C. S.; Moore, J. S. Covalent ladder
formation becomes kinetically trapped beyond four rungs. Chem.
Commun. 2011, 47, 5028−5030.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c06268
J. Am. Chem. Soc. 2022, 144, 18350−18358

18358

 Recommended by ACS

High-Fidelity Sequence-Selective Duplex Formation by
Recognition-Encoded Melamine Oligomers
Pavle Troselj, Christopher A. Hunter, et al.
JUNE 03, 2021
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Potential Foldamers Based on an ortho-Terphenyl Amino
Acid
Adam F. Kleman, Samuel H. Gellman, et al.
JUNE 02, 2021
ORGANIC LETTERS READ 

The More the Slower: Self-Inhibition in Supramolecular
Chirality Induction, Memory, Erasure, and Reversion
Jiecheng Ji, Cheng Yang, et al.
JANUARY 14, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Social Self-Sorting Synthesis of Molecular Knots
Zoe Ashbridge, Fredrik Schaufelberger, et al.
SEPTEMBER 06, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Get More Suggestions >

https://doi.org/10.1021/ja012458m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja012458m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201309937
https://doi.org/10.1002/anie.201309937
https://doi.org/10.1021/ja0690013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0690013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr960037v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr960037v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc11242b
https://doi.org/10.1039/c1cc11242b
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c06268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.1c02275?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.1c02275?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.1c02275?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.1c02275?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/acs.orglett.1c01592?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/acs.orglett.1c01592?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/acs.orglett.1c01592?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/acs.orglett.1c01592?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/acs.orglett.1c01592?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/acs.orglett.1c01592?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.1c13210?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.1c13210?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.1c13210?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.1c13210?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.2c07682?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.2c07682?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
http://pubs.acs.org/doi/10.1021/jacs.2c07682?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665561901&referrer_DOI=10.1021%2Fjacs.2c06268
https://preferences.acs.org/ai_alert?follow=1

