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ABSTRACT: Higher-order foldamers represent a unique class of
supramolecules at the forefront of molecular design. Herein we

control quaternary folding using a novel approach that combines More Specific

halogen bonding (XBing) and hydrogen bonding (HBing). We Binding
present the first anion-templated double helices induced by halogen

bonds (XBs) and stabilized by “hydrogen bond enhanced halogen Add Halide Guests %Zr;'::;ble OR
bonds” (HBeXBs). Our findings demonstrate that the number and Structurer:

orientation of hydrogen bond (HB) and XB donors significantly e

affect the quaternary structure and guest selectivity of two similar Stronger
oligomers. This research offers new design elements to engineer ...~ o . . Binding

foldamers and tailor their quaternary structure for specific guest

binding.

Long Nanopores

B INTRODUCTION

Molecular folding is a fundamental process underpinning an
array of critical biological functions, including information
storage, signal transduction, catalysis, and selective binding.
The significance of molecular folding has driven the creation of
synthetic analogues called “foldamers”’ as materials that
emulate and complement the remarkable complexity observed
in nature. Synthetic chemists are not constrained by a limited
set of building blocks and have developed creative ways to
induce secondary structure” * (folding). Many approaches
including solvents,”*° light,g’11 pH, rigidity,lz_lg guest
templation, anion-z, ° cation-z, © hydrogen bonding
(HBing),lg_22 and halogen bonding (XBing) have been
developed.”*™*’ Furthermore, the well-defined structures and
binding pockets of foldamers have enabled unique catalysis,”*
improved biopolymer mimics,””~** and specific guest recog-

overcoming significant entropy.38 Like in proteins, this can
be accomplished by enhancing the enthalpy of a binding
process, for example, increasing attractive interactions or
removing unfavorable repulsions between host and guest, or by
increasing overall entropy of a system by desolvation of water
from hydrophobic regions.”” Nevertheless, there are important
reasons to design higher-order foldamers. Molecular assemblies
with tertiary (involving multiple folding patterns) or
quaternary (where multiple strands fold collectively) structures
allow for multifunctionality, specific guest binding, and
regulation of activity far greater than simpler systems.
.]iang,40’41 Flood,” Li and Zhu,"*** Maeda,™ and Wu**™>°
have pioneered the development of higher-order anion
foldamers using hydrogen bonds (HBs). However, there are
compelling reasons to explore other noncovalent interactions.
The halogen bond (XB) is an alternative interaction that

nition."***

Anions are environmentally and biologically exciting targets
for molecular recognition. However, foldamers designed to
bind anions face unique challenges. Anions have diverse
topologies, pH dependence, and high free energies of solvation
relative to smaller cations. The geometric patterns of anion
coordination can largely be explained by the noncovalent
interactions between ligands, the topology of the anion (e.g.,
spherical, linear, planar, or tetrahedral), and the design of the
host receptor.”>~>’ Many single helix foldamers which bind
anions have been developed.'™"? Still, anion-induced quater-
nary or higher-order (multistrand) helix assembly in solution
remains rare.'® The association and folding of multiple
oligomers, as seen in multimeric proteins, necessitates
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exhibits comparable stabilization energies to HBs while
displaying even greater directionality and polarizability.>">*
We have previously demonstrated the use of XBs to induce
quaternary structure, resulting in the first triple-strand Br™ and
I~ foldamers.””*>® Remarkably, these unique structures are
stable at temperatures exceeding 68 °C despite the chemical
instability of their 4-iodopyridinium monomer units, which
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Figure 1. ChemDraw representations of oligomers 1 (left), 2 (middle), and 3 (right). Possible HBeXB interactions have been noted as dashed

lines.

readily undergo hydrolysis with residual water in a matter of
hours when unfolded.

Subsequently, we also developed the hydrogen bond
enhanced halogen bond (HBeXB) which has allowed us to
preorganize structure and strengthen XBs by employing
complementary intramolecular HBs to the electron-rich belt
of XB donors.”*>° The HBeXB can increase binding by 50-
fold®” and our lab and others have used the HBeXB to improve
the function of organocatalysts.”® * Ho et al. have also
demonstrated that the HBeXB stabilizes protein folding and
enhances the function of a T4 lysozyme derivative.’' Building
upon our successes with small molecule HBeXB systems and
the formation of complex multistrand XB anion foldamers, we
were inspired to employ the HBeXB interaction to create
higher-order anion helices. We predicted that an aniline
adjacent to a bromobenzene ring in an m-phenylethynyl
oligomer would induce a helical structure that was internally
functionalized with HBeXBs. The HBs to the bromines would
promote the folded structure in nonpolar media and enhance
the binding strength of the relatively weak bromine XB donors
in neutral foldamers. Herein, we created the first HBeXB
foldamers and found that the number and orientation of HB
and XB donors dictated the quaternary structure of two
distinct double helices, which resulted in different anion
selectivity and binding strength.

B RESULTS AND DISCUSSION

Nonamer 1, featuring three bromine XB and two NH, HB
donors, was synthesized using Sonogashira reactions to create
an HBeXB foldamer. In this structure, each aniline amino
hydrogen could potentially form an HBeXB interaction with a
bromine atom on a bromobenzene ring (Figure 1). To
investigate the impact of altering the number and position of
the HB and XB donors, nonamer 2 was also synthesized, which
contains three NH, HB donors and two Br XB donors (Figure
1). As a control, molecule 3 was made in a similar fashion to 1

but featured no HB or XB donors and therefore no HBeXB
interactions. (Figure 1). Full synthetic details can be found in
the Supporting Information (SI).

Small needles of 1 were generated by slow evaporation of 1
in THF-d; and studied by single crystal X-ray diffraction. To
the best of our knowledge, this is the first X-ray structure of a
9-ring m-phenylethynyl foldamer (see SI). 1 crystallized in the
P21/c space group with two distinct single strand foldamers in
the asymmetric unit. The single helix has a width and height of
roughly 24 and 7.2 A, respectively. The pore of the helix has a
diameter of approximately 4.2 A. 1 coils upon itself with three
rings overlapping. One foldamer z-stacks with another,
overlapping six rings with the neighboring molecule (Figure
2). The n—r interactions give rise to foldamer stacks which
ultimately produce continuous directional pores that are
occupied by disordered THF molecules when viewed along
the crystallographic b axis. Both molecules in the asymmetric
unit exhibit this packing arrangement—the main difference lies
in the handedness of the helix formed from the foldamer
columns. In the interior, 4 weak HB interactions from aniline
protons to bromines (2.91-3.36 A N—H--Br, 82.7-95.5%
>'vdW radii,”* 166.05—172.76°) further preorganize the single
helices. Attempts to crystallize 2 and 3 have so far been
unsuccessful.

The foldamers 1, 2, and 3 were characterized in solution
without guests via 'H, F, '*C, HSQC, and HMBC NMR
experiments in THF-dg (see SI). Folding was characterized by
one-dimensional (1D) 'F—'H Heteronuclear Overhauser
Effect Spectroscopy (HOESY), analyzing the proximity of
the foldamer CF; groups and phenyl hydrogens. Only HOEs
between hydrogens and CF; groups of the same phenylic ring
were observed for 1, 2, and 3, suggesting that, despite the
crystal structure, these strands were not predominantly folded
in THF solution. To further investigate folding, deuterium
exchange experiments were conducted. The exchange rates of
aniline protons were compared between 1 and 2 and their
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Single Helix in the Solid State

Continuous Stacking Long Nanopore

Figure 2. Solid-state structure of single helix 1. Without anion, this
HBeXB foldamer forms single helices (top) and stacks (bottom left)
to produce a continuous pore in the solid state (bottom right).
Carbons are colored gray, hydrogens white, nitrogens blue, bromines
red, and fluorines green. THF is removed for clarity.

respective heptamer counterparts, 28 and 29, as well as smaller
trimer units 13 and 17 which are too small to fold. Notably,
the exchange rates of aniline protons were approximately the
same for all molecules (see SI page 91). We hypothesize that if
the nonamers were folded, the aniline protons would be less
accessible to water, slowing down the exchange. However,
based on this data, it appears that 1 and 2 maintain some
percentage of unfolded conformations in the absence of anions
in solution. The solution conformations (folded and unfolded
states) of these foldamers are in equilibrium, and the HBeXB
could still be influencing the percent foldedness. Furthermore,
upon addition of anions, the influence of the HBeXB was later

revealed to significantly contribute to the stability of double
helix quaternary structures.

To evaluate anion-templated folding of the oligomers, 1D
'H NMR, “C NMR, and 1D “F-'H HOESY NMR
experiments with anions were performed. Addition of 10
equiv of N-tetrabutylammonium bromide (TBABr) in THF-d,
produced dramatic shifts in all signals. The aromatic protons of
1 were shielded (0.2—0.5 ppm), indicating 7-stacking. In
contrast, the aniline amine protons were deshielded (0.5 ppm),
suggesting increased HBing. Likewise, the carbons attached to
the bromine XB donors were also deshielded (approximately $
ppm for the center ring and 2 ppm for the outer
bromobenzene ring), signifying XBing®” (see SI, Figure S77).
The greater XBing-induced deshielding of the center ring XB
donor carbon suggested that the Br~ binds near the center ring.
The "F—'H HOESY NMR data revealed heteronuclear
Overhauser effects (HOEs) between some anisole ring
hydrogens and distant aniline ring fluorine atoms. Additionally,
HOE signals were observed between the aniline ring protons
and the outer bromobenzene ring trifluoromethyl group
(Figure 3). Despite some overlapping signals (see SI, Tables
S1-S3) these HOEs could be unambiguously assigned. The
observed cross peaks do not correlate with the expected
YF—'H HOESY signals of a single helix (ie., the crystal
structure of 1) (see SI). Consequently, we hypothesized that
an assembly of multiple strands into a higher-order structure
(1,-Br™) was formed in the presence of Br~. DOSY NMR
measurements estimated the size of the complex and
demonstrated an increase in the hydrodynamic radius (rH)
of 1 from 9.6 to 104 A in 1,-Br~ which aligns with the
formation of a new complex,”>*>**¢

2 exhibited similar behavior in the presence of TBABr.
DOSY NMR identified a change in the molecular radius from
9.4 to 10.4 A upon the addition of Br™. All the aromatic 'H
NMR resonances of 2 were shielded (0.3—0.7 ppm), while the
aniline NH, signals were deshielded (0.1 and 0.3 ppm) upon
formation of 2,-Br~. The '3C resonance attached to the
bromine XB donors also became deshielded (4 ppm).
However, "F—'"H HOESY NMR revealed a completely

Figure 3. Inter-ring "’F—"H HOEs observed for 1,-Br™ and 2,-Br~ in THF-ds. HOEs are illustrated by red lines.
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different set of HOEs than 1, suggesting a different quaternary
structure. One set of HOEs was observed between phenyl ring
hydrogens and the trifluoromethyl group of the bromine ring.
Another set of HOEs was noted between the center aniline
ring hydrogens and the outer aniline ring fluorines (Figure 3).
Once again, these HOEs deviated from those expected for a
single helix, indicating the presence of a higher-order helix (2,
Br™). These findings confirm that TBABr plays a crucial role in
templating the higher-order helices, and that the distinct
quaternary structures are influenced by the number and
orientation of XB and HB donors.

As anticipated, control 3 did not exhibit any shifting of 'H
resonances, inter-ring HOEs, or changes in hydrodynamic
radius upon TBABr addition, indicating no binding or folding
(see SI). This data indicates that 3 does not bind to Br~ in
THEF-d,.

To gain deeper insight, we conducted 'H NMR anion
titration experiments. Interestingly, the addition of less than
one equivalent of TBABr to both 1 and 2 in THF-dg at 25 °C
resulted in signal broadening, indicating an intermediate
exchange regime that adversely affected the accuracy of the
titration.”* Consequently, the titration experiments were
performed at 55 °C under fast exchange conditions. Binding
isotherms were evaluated using various models, revealing that
both 1 and 2 only conformed to the 2H:1G binding model
(see SI)—which we have designated as a d,1-bromide
foldamer.'® 1 showed strong binding to TBABr (K;; = 1.4
M K, = 53 X 10° M™') that was highly positively
cooperative, a rarity among anion foldamers™ (Table 1). 2

Table 1. K, Values Reported as an Average of Three
Titration Experiments of 1 and 2 in THF-dg at 55 °C with
Halide Anions”

guest K, for 1, X~ (M) K, for 2, X~ (M)
TBACI Ky = 2.1 X 10* Ky, = 0.67

Ky = 7.3 X 10* K, = 3.3 X 10°
TBABr Ky = 14 Ky, =047

Ky = §.3 X 10° Ky = 6.3 X 10°
TBAI Ky = 1.0 Ky =12

Ky = 3.5 X 10° K, = 1.6 x 10°

“Errors® estimated at 10% for K, and 25% for K,,.

displayed an order of magnitude higher binding in a positively
cooperative 2:1 stoichiometry to Br~, reaching the upper limit
for NMR titrations (K;, = 0.47 M™' K,, = 6.3 x 10 M™).
These titrations provided further support for the preferred
formation of double helices that encapsulate a single Br™ (1,-
Br~ and 2,-Br).

We theorized that cooling down the titration experiments
would induce slow exchange. At —40 °C in THF-dg, 2
exhibited distinct peaks corresponding to the free strand. Upon
addition of 0.13 equiv of TBABr, a new set of signals for 2,-Br~
emerged in the 'H and ""F NMRs. Notably, these peaks
converted into a single host—guest structure (2,-Br~) upon the
addition of 0.5 equiv of TBABr, providing compelling evidence
for the 2:1 stoichiometry (Figure 4). Similar resonances were
seen for 1 forming 1,-Br~ under the same conditions.
However, the signals never completely resolved to slow
exchange (see SI).

Titrations were also conducted with other halides (Table 1).
1 exhibited an element of selectivity, producing binding
affinities for I” and Br™ 3 orders of magnitude greater than CI".

0.50 eq. TBABr
0.38 eq. TBABr
W@M

. b Il M
I i “ﬂ\ ‘u\ . "“n“ “‘w X Ji  0.12 eq. TBABr

\ M A A '\ \ /\
A VAV WEWAVAV) L VAN SV A WA W A W el N

0 eq. TBABr

82 81 8079 7.8 7.7 76 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4
1 (ppm)

Figure 4. Partial '"H NMR titration experiment for 2 with TBABr at
—40 °C in THF-dg (0—0.50 equiv TBABr). Slow exchange produced
separate signals for 2 and 2,-Br~ which resolved to just 2,-Br™ at 0.5
equiv (top).

In contrast, 2 displayed stronger binding to each of the halides.
We hypothesize that the difference in binding is a consequence
of the difference in primary structure, producing a different
quaternary structure, for each oligomer which results in a less
favorable binding motif for 1,-Cl” relative to 2,-Cl~ (see below
for further discussion).

Attempts to crystallize the double helices were unsuccessful.
Therefore, density functional theory (DFT) models that best
represented the HOE contacts from the "F—'H HOESY
NMR experiments were created to visualize 1,-Br™ and 2,-Br™.
To confirm that these were the lowest energy double helices,
the strands were also ratcheted into different positions to
generate several feasible models that were energetically
reasonable but did not correlate with the YF—'H HOESY
data (see SI). Solution data suggested that Br~ interacted
strongest with the center-most XB donor in 1,-Br™ and bound
to the XB donors in 2,-Br~, which are located toward the
center of each double helix. Therefore, the Br~ was inserted in
the center of each model. The structures were optimized using
Gaussian-16°° software and DET M062X functionals.” C, H,
O, N, and F atoms were treated with the 6-31g(d) basis set and
Br atoms were treated with SDD (ECP28MWB) pseudopo-
tential along with ECP28MWB VTZ basis set. Solvent energy
corrections were made using the SMD continuum solvent
model® with THF as an implicit solvent (see SI). The total
energy of formation (Egmaion) for each double helix was
calculated using eq 1.

Eformation = Efoldamer — 2 X Esingle—strand — Eg,- (1)

Efoldamer Tepresents the electronic energy of the fully optimized
double helices in the presence of Br . Eggesund iS the
electronic energy of each DFT-optimized individual free
strand. The crystal structure of 1 was used as a starting
point for the 1 and 2 Eg e grana calculations. Lastly, Eg,- refers
to the electronic energy of the unbound Br~. Consequently,
Eformation 18 the energy difference between 1,-Br™ or 2,-Br™ and
the energies of either 1 or 2 and free Br™. The models for 1,
Br~ and 2,-Br™ after DFT calculations were then compared to
the HOESY data (Figure S). Encouragingly, the lowest energy
structures obtained from DFT best represented the observed

https://doi.org/10.1021/jacs.3c14820
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Figure S. Representations of the lowest energy DFT models of double helices 1,-Br™ (a) and 2,-Br™ (b), formed in the presence of Br™. The atoms
involved in each of the two inter-ring ’F—'H HOESY HOE interactions have been colored teal or purple, respectively. Carbons are colored gray,
other hydrogens white, nitrogens blue, bromines red, and other fluorenes green in the top images. In the bottom images, each strand of the double

helix is colored red or blue, respectively.

HOESY signals, while higher energy structures did not (see SI,
Figures S139 and S140 for all structures).

The computations revealed exciting quaternary structural
differences between 1,-Br~ and 2,-Br™. In 1,-Br~ the anisole
ring at the end of each strand z-stacks with the outermost
bromobenzene ring at one end and the anisole ring at the
other, creating a slightly asymmetric structure. In 2,-Br”, the
anisole ring of one strand 7-stacks with the outermost aniline
rings of the other strand, which results in a more symmetrical
double helix. As expected, the double helical structures of 1,
Br~ (approximate average radius of 9.4 A) and 2,-Br~
(approximate average radius of 10.4 A) are larger than the
single helix (7.8 A, as calculated from the crystal structure of
1). This increase in size agrees with the trends observed from
the DOSY solution experiments (see SI for size calculations).
These differences in quaternary structure are small but clearly
result in a change in foldamer selectivity and anion guest
binding because of the change in their interiors.

Next, the models were analyzed to identify the changes in
the binding pocket of each foldamer and rationalize the
stronger association of compound 2 with TBABr in solution
while justifying the lowest energy structures. Additionally, the
energy of double helix formation (Egmaion) Was decomposed
into three contributions (eq 2) to better understand which
forces drive the assembly of 1,-Br™ and 2,-Br™.

Eformation = Estrain + Estacking + EBrf—binding (2)
Eqiin is the bond strain energy required for the strands to bend
into the double helix. This is the energy of both strands in the
conformation of the optimized double helix structure minus 2
times the energy of the optimized single strand structures.
Eacking is the influence of z-stacking in the double helix. This
was calculated as the energy of the double helix structures with
Br™ removed minus the energy of each strand in the double
helix with the other strand and Br~ removed. Finally,
Ep;_binding accounted for the stabilization due to the interaction
of Br™ with each double helix. This was determined as the
energy of the double helix structure with Br™ minus the energy

of the double helix without Br~ and minus the energy of a free
Br™.

Table 2 presents Eg,,.0n fOr 1,-Br™ and 2,-Br™. The results
indicate that both assemble in an exothermic process driven by

Table 2. BSSE-Corrected Formation Energies and Their
Components Computed for the Most Stable 1,°Br™ and 2,
Br~ Complexes Using the M062X Density Functional and
the SMD Solvation Model for THF

Efcrmation 1 Estrain 1 Estackin 1 EBr_—bindin%

kcal mol™ kcal mol™ keal mol- kcal mol™
1,-Br~ —13.61 58.07 —49.38 —22.30
2,-Br~ —22.67 46.33 —42.78 —26.22

favorable z-stacking (Esmckjng) and XBing interactions to Br~
(EB;bindmg). In contrast, the bond strain (Eg,,,) induced by
folding into the double helix is unfavorable. The binding
energies of 1,-Br™ and 2,-Br” show that Br™ binding through
XB interactions is a major driving force for double helix
assembly. Without Br™ binding, the energy required for folding
(Bgtrain + Estackjng) is unfavorable.

There are several key differences between the quaternary
structures of 1,-Br~ and 2,-Br”. As a result, the binding
pockets of each double helix are significantly different, and the
binding mode to Br™ reflects this. 1,-Br~ exhibits two Br---Br~
XBs (3.25—3.26 A, 87.3—87.6% Y vdW radii, 172.3—172.4°)
arising from the center XB donors from different oligomers
juxtaposed at opposite sides of the Br™. In contrast, 2,-Br~
forms three XBs with Br~ (3.27—3.29 A 87.9-88.4% Y vdW
radii,”> 169.5—172.8°), adopting a pseudotrigonal planar
arrangement (Figure 6). Additionally, 1,-Br~ forms four HB
interactions between aniline NH, and Br XB donors, while 2,-
Br~ is stabilized by five intramolecular HBs. As seen in the
anion titrations, the extra XB interaction in 2,-Br™ serves to
increase anion binding while the intramolecular HBs further
stabilize the folded state and enhance the additional XB
interaction—all leading to a more stable double helix (Table
2). The binding differences are chiefly driven by the variance in
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Figure 6. (a) Side (top image) and top view (middle and bottom images) of the XB and HB interactions in 1,-Br™. (b) Side (top image) and top
view (middle and bottom images) of the XB and HB interactions in 2,-Br~. XBs and HBs are represented as magenta and black dashed lines,
respectively. Noninteracting residues are not shown for clarity. Carbons are colored gray, hydrogens white, nitrogens blue, bromines red, and
fluorines green in the top and middle pictures. In the bottom picture, all atoms from each strand of the double helix are colored red and blue,

respectively.

primary structure between the two oligomers. Despite having
fewer XB donors per strand, the quaternary structure of 2,-Br™
allows for the formation of a binding pocket with three XB
donors that favorably interact with Br™.

We also performed calculations to understand why 2 binds
CI” strongly in solution, while 1 does not (K, = 7.3 X 10°M™!
and K,; = 3.3 X 10> M, respectively). Br~ was substituted for
ClI” in the lowest energy 1,-Br~ and 2,-Br~ models and
minimized to create 1,-Cl” and 2,-CI”. As with the solution
studies, it was found that 2,-CI” binds CI~ stronger than 1,
CI™ (see SI, Table S19). We hypothesize that the arrangement
of the two XB donors on opposite sides of the helical pore in 1,
CI” provides a more size selective binding pocket—while CI~
can still interact with two Br donors, the XBs are weakened due
to the smaller van der Waals radius of CI". The XBs in 1,-Cl~
(3.21-3.23 A, 87.2—87.7% Y vdW radii, C—Br--Cl~ 169.5—
171.1°) are longer and less linear than for 2,-Cl". The
pseudotrigonal planar arrangement of XB donors in 2,-CI”
allows for two shorter and more linear XB interactions with
Cl” and one slightly longer XB (3.17—3.24 A, 86.1—88.0%
Y vdW radii, 170.2—172.3°). Another possible explanation is
that 1,-Cl™ forms a different quaternary structure. Regardless,
the influence of the primary structure on the quaternary
structure is evident in the difference in binding selectivity
between the double helices. Clearly, strategic placement of XB

donors in the helical framework has a large influence on the
function of the foldamer.

B CONCLUSIONS

In this study, we produce the first anion-templated double
helices induced by XBs and stabilized by HBeXB interactions.
Our findings unveiled that the orientation and number of XB
and HB donors on the interior of m-phenylethynyl foldamers
impact the quaternary structure and function of these systems.
In the absence of anions, the foldamers maintained random
coil conformations in solution, while 1 crystallized into a single
helix with intriguing potential for nanopore applications.
Halide binding induced 1 and 2 to form distinct XBing
double helices (d,1-halide foldamers).'® The variation in their
primary structures governed the anion-binding capabilities and
quaternary structure. 1 selectively bound larger halides,
whereas the arrangement of XB and HB interactions in 2
resulted in overall stronger binding to all halide guests in THF-
dg.

From this study it is evident that the strength and quantity
of donor functionalities represent only one aspect of
controlling higher-order folding and guest binding. Clearly,
subtle modification of highly directional noncovalent inter-
actions like XBs can have large consequences in governing the
three-dimensional structure of foldamers. In future studies, we
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aim to systematically explore how the orientation of XBs and
HBs can be tailored to design foldamers with specific
structures and properties. This work sets the stage for
designing advanced materials and bioinspired machinery,
bringing us closer to realizing the full potential of foldamers
in practical and real-world applications. Synthetic ion channels,
stereoselective catalysts, and transmembrane carriers are
among the promising future applications of higher-order
foldamers. With continued exploration, these innovative
foldamer-based technologies have the potential to address
complex molecular design challenges and drive progress in
materials science and nanotechnology.
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