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ABSTRACT: Oligomers of 5-amino-N-acylanthranilic acid, previously unknown aromatic oligoamides that cannot be obtained with
known amide coupling methods, are synthesized based on a new, highly efficient amide-bond formation strategy that takes advantage
of the ring-opening of benzoxazinone derivatives. These oligoamides offer multiple backbone NH groups as H-bond donors which,
in the presence of iodide or chloride ion, are convergently arranged and H-bonded, which enforces a folded, crescent conformation.
These aromatic oligoamides provide a versatile platform based on which anion-dependent foldamers, or anion binders with tunable

affinity and specificity, are being constructed.

The creation of foldamers have attracted wide interest over
the last two decades.! Foldamers are constructed to mimic bio-
logical folding, to interfere the interactions involving biomacro-
molecules, or to uncover behavior and functions not found in
nature. Examples of foldamers include those with pep-
tidomimetic>’ and abiotic®!? backbones. The majority of
known foldamers are helical, although a few systems adopting
non-helical conformations'3!® are also known. Compared to the
limited sets of residues that constitute each class of biomacro-
molecules, a much wider combination of building blocks, and
covalent linkages that are only limited by one’s imagination can
be incorporated into the design of synthetic foldamers."?

We have developed several series of cavity-containing aro-
matic foldamers.'® One representative class, as shown by gen-
eral structure A (Figure la), are aromatic oligoamides consist-
ing of meta-linked benzene residues.'® The backbone amide hy-
drogens of A engage in highly stable, three-center intramolecu-
lar hydrogen bonds.” The rigidity and planarity of the aromatic
residue and amide linkage, along with the H-bonded amide
groups, lead to crescent or helical conformations containing in-
ner cavities of ~9 A across. The cavities of these foldamers,
along with those of macrocycles sharing similar backbones,'®?!

are rich in amide oxygens and are thus electrostatically nega-
tive, based on which hosts for cationic species and molecules
rich in H-bond donors have been generated.?
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Figure 1. (a) Previously developed aromatic oligoamide foldamer
A has a fully constrained backbone. Oligoamide H, with the orien-
tation of its backbone amide groups (red) being inverted relative to
those of A, has multiple amide NH groups (blue) available for H-
bonding. (b) Instead of adopting multiple conformations as repre-
sented by H’, oligoamide H, upon binding a guest (red sphere) via
H-bonding, will be driven to adopt a crescent conformation in
which all backbone amide protons and “internal” aromatic protons,
are convergently arranged.



In contrast to electrostatically negative cavities which are fea-
tured by convergently placed electronegative atoms, electrostat-
ically positive cavities need the same arrangement of (partially)
positively charged atoms. While a number of macrocyclic scaf-
folds have been used to centripetally orient H-bond donors,”
non-cyclic oligomers offering multiple H-bond donors that can
be convergently placed are rare.>* Such oligomers could provide
versatile platforms for addressing major challenges in supramo-
lecular chemistry, such as the binding, recognition, or transport
of anions and polar molecules rich in H-bond acceptors.

Herein we report the design, synthesis, and study of a hitherto
unknown series of aromatic oligoamides that fold upon binding
anions. As shown in Figure la, inverting the orientation of the
backbone amide groups of A leads to oligoamide H in which a
six-membered intramolecular H-bond is introduced between
each backbone amide oxygen and the amide proton of the adja-
cent acylamino sidechain. Such an intramolecular H-bond
keeps the backbone amide oxygen atom from engaging in addi-
tional H-bonding and, more importantly, frees each backbone
NH group to engage in H-bonding with other guest species.

Unlike that of A, the backbone of oligoamide H is partially
constrained. Around each backbone amide group of H, the ro-
tation of the aryl-CO single bond is limited by an intramolecular
H-bond, while the rotation of the C(O)NH-aryl bond remains
unhindered. It is thus expected that H will adopt multiple con-
formations which is entropically favorable (Figure 1b). Upon
adding a guest, such as an anion that forms strong H-bonds?**%’
with the backbone amide protons, the entropic barrier for adopt-
ing a single conformation is overcome by the enthalpic contri-
bution from the multiple H-bonds between the guest and the ol-
igoamide host. As a result, the equilibrium is shifted toward
complex HeG, resulting in a folded comformation for H.
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In contrast to A and other oligoamides which can be synthe-
sized based on established amide chemistry, oligoamides H,
consisting of 5-amino-N-acylanthranilic acid residues, cannot
be obtained by using known methods. It was reported that,?
when being treated with acylating or coupling reagents, an-
thranilic acid and its N-acylated derivatives self-cyclize into de-
rivatives having a (4H)-3, 1-benzoxazin-4-one (or benzoxazi-
none) core, which prevents amide coupling from happening.

Indeed, treating 5-nitro-anthranilic acid B1 with two or more
equivalents of decanoyl or trimethylacetyl chloride gave ben-
zoxazinone derivatives B2a or B2b (Scheme 1). Similarly,
compound B2c¢ was obtained by converting B1 into the corre-
sponding 5-nitro-N-acylanthranilic acid which was then treated
with acetyl chloride. The '"H NMR spectra of B2a-¢ reveal the
same benzoxazinone core (Figure S1). The identities of these
compounds are also verified with ESI-MS spectra (Figure S2).

Single crystals of B2b were obtained from hexane/ethyl ace-
tate (1/2, v/v) by slow evaporation of solvents at room temper-
ature. The X-ray structure of B2b confirms that acid B1 was
converted into the benzoxazinone derivative by treating with
trimethylacetyl chloride (Figure 2a).

While anthranilic acid or its N-acyl derivatives cannot di-
rectly couple with other amines due to self-cyclization, benzox-
azinone C and its derivatives do react with amines via two
routes (Figure 3a).?” One involves nucleophilic attack at carbon
C-1, leading to ring-opening product C’; the other involves at-
tacking C-2 to give quinazolinone C”’. Steric factors determine
the outcome of a reaction.?” With bulky R and/or R’, the desired
ring-opening of C happens, forming product C’ having an acyl-
amino (RCONH-) sidechain and a new amide bond; with small
or slim R and/or R’ that do not impose significant steric hin-
drance, carbon C-2 is attacked to give C*> with no amide bond.
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Figure 2. (a) X-ray structure of compound B2b. (b) X-ray struc-
ture of compound 2b’ reveal two conformations related by rotation
around the single bonds as indicated by magenta arrows.

Compound B2a and B2b carrying an n-octyl and a ¢-butyl
side chains, respectively, were treated with n-octylamine (Fig-
ure 3b). The reaction of B2a and n-octylamine afforded
quinazolinone B3 in 58% yield, while the reaction of B2b and
n-octylamine led to the ring-opening product 1b nearly quanti-
tatively. The molecular weights of B3 and 1b are confirmed by
mass spectra (Figure S3). 'H NMR spectra (Figure S4) reveal
two amide signals at 6.33 and 11.79 ppm for 1b, with no amide
signal observed with B3. Thus, to ensure the formation of the
amide bond and the release of the acylamino side chain, as ob-
served with amide 1b, a bulky R group, like that of B2b, with a
tertiary a-carbon should be present.
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Figure 3. (a) Two outcomes for the ring-opening reactions of (4H)-
3, 1-benzoxazine-4-one C with a nucleophile such as an amine. (b)
Treating n-octylamine with compounds B2a and B2b, respectively,
gives products B3 and 1b.

Based on the observation made with B2b, the synthesis of
oligoamides having the backbone of general structure H was
probed (Scheme 2a). Treating B2b and the amine derived from
1b in the presence of 4-dimethylaminopyridine hydrochloride
(DMAP-HCI) gave dimer 2b in 98% yield. Reducing 2b to its



corresponding amine followed by coupling with B2b gave tri-
mer 3b in 95% yield. However, coupling B2b to the amine from
trimer 3b led to a poorly soluble product, presumably the cor-
responding tetramer, that defied characterization. Dimer 2¢ to
pentamer Sc carrying sidechains having a quaternary a-carbon
and an n-octyloxy tail were obtained >90% yields by stepwise
coupling of B2c¢ to the amine precursors under the same condi-
tions. Oligoamides 2¢ to S¢ showed good solubility in solvents
including chloroform and DMSO.

Scheme 2.
R
(@) o
_ i (1)1
OzN o (2) B2b or B2c, ii @) BorBac i
1b, 1¢ W1 ON  2p,2¢
R 1b:n=0 1c:n=0 R = -C(CH3),CH,0-n-CgH17
2b:n=1(98%)|2¢c:n=1(95%) R = n-CgH13
NH 3b: n =2 (95%) |3c: n = 2 (92%)
R =-C(CH 4c:n=3(93%)
R = ”"CEst); 5c:n=4(91%)
R HN Reaction conditions:

i. Pd/C, Hp, CH,Cl,/MeOH.
ii. DMAP+HCI (0.2 equiv), toluene, reflux

DMAP-HCI
(0 2 equiv)
O toluene, toluene, reflux
HN - genm, R B
% N

RHN

(b)

60 (92%)

R = -C(CHy),CH,0-n-CgHy7
R’ = -n-CgHis

Dimerlc 2b’ and 2¢’, each having a benzoxazinone moiety,
were also prepared (Scheme S4) and charcterized (Figure S5).
The solid-sate structure of 2b’ confirms the presence of the ben-
zoxazinone moiety (Figure 2b), in which two conformations re-
lated by ~180° rotation around the single bond between the ben-
zoxazinone unit and the rest of the molecule, are revealed.
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Under the same conditions for coupling B2b or B2¢, treating
2¢’ and tetramer amine 4c-NH, gave hexamer 6c¢ in 92% yield
(Scheme 2b). The synthesis of 2b, 3b, and 2¢-6¢ indicates that
our strategy, which involves repetitive coupling of benzoxazi-
none monomers B2b and B2¢, or oligomers 2¢’ and 4¢c-NH, to
a growing oligomer chain, represents a new, highly efficient
method for forming amide bonds. This method, which involves
refluxing without any coupling reagent, is straightforward and
convenient for synthesizing these new aromatic oligoamides.

The interaction of the obtained oligoamides with anions was
explored by titrating 4¢ or 6¢ with tetra-n-butylammonium (n-
BwN") chloride or iodide in CD;CN/CDCl; (1/9, v/v). The sig-
nals of the backbone amide protons of 4¢ exhibit downfield
shifts with 0 to 2.0 equivalents of n-BusN"CI or n-BusN'T (Fig-
ure S6), based on which association constants (K,) of 863 £ 40
M and 399 + 8 M! for the binding of chloride and iodide, re-
spectively, with 4c, are obtained based on a 1:1 binding model.
Titrating hexamer 6¢ with n-BuyN'Cl" and n-BusN'T"in DMSO-
ds/CDCl; (1/19, v/v) (Figure S7) gave K,’s of (2.24 £ 0.24) x

10° M and (2.34 £0.12) x 10> M"!, respectively, based on a 1:1
binding model. In contrast, titrating 4¢ with tetra-n-butylammo-
nium tetraphenyl borate (n-BusN"Ph4B"), which cannot form H-
bond, did not lead to any shift in the amide proton resonances
(Figure S8). These results demonstrate that 4¢ and 6¢ indeed
bind anions like chloride and iodide.
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Figure 4. Partial NOESY spectra of (a) 4¢ (5 mM) and (b) 4¢ (5
mM) and tetrabutylammonium iodide (5 mM) in CDCl; containing
5% DMSO-ds (500 MHz, 25 °C, mixing time = 0.4 s). The observed
NOE:s are indicated by double-headed arrows.

The conformational change of tetramer 4¢ upon binding ani-
ons was probed by comparing the 2D (NOESY) spectrum of 4¢
in the absence and presence of one equivalent of n-BwN'T". In
CDCl; containing 5% DMSO-ds, the NOESY spectrum of free
4c reveals three NOEs involving each of amide protons a, b,
and c and its neighboring aromatic protons (Figure 4a). Among
the NOEs, those involving protons a and /, b and 2, and ¢ and



3, along with that between protons d and 4 (Figure S9), are ex-
pected because of the presence of the intramolecular H-bond
between each backbone amide carbonyl group and the adjacent
NH group of the sidechain. In addition, two NOEs involving
amide proton a, b, or ¢, and the two “outer” (protons / -3’) and
“inner” (protons /-3) aromatic protons are observed, consistent
with the expected rotation of each (CO)NH-aryl single bond in
4c (Figure 4a). These observed NOEs indicate that, due to the
rotation of the (CO)NH-aryl bonds, oligoamide 4¢ most likely
adopes random conformations roughly represented by the zig-
zagged structure in Figure Sa.

Like that of free 4¢, the NOESY spectrum of 4¢ with 1 equiv.
of n-BwN'T (Figure 4b) also contains NOEs between protons
aand 1, b and 2, c and 3, along with d and 4 (Figure S10), con-
sistent with the presence of the intramoleculart H-bonds. The
NOEs involving amide protons a, b, and ¢, and the “outer” pro-
ton 2, 3°, and 4°, which are observed with free 4¢, are absent in
the presence of n-BusN'T". In contrast, a strong NOEs involving
each of these amide protons and the “inner” aromatic proton 2,
3, or 4 is detected. Similar to n-BusN'T,, mixing n-BusN*CI
with 4e also results in significant weakening or disappearance
of NOEs involving the backbone amide and outer aromatic pro-
tons, while NOEs involving backbone amide protons and “in-
ner” aromatic protons are strengthened (Figure S11). The ob-
served NOEs between the amide and inner aromatic protons in
the presence of iodide or chloride ion indicate that anion-bind-
ing and anion-induced folding is a general behavior of 4¢ and,
similarly, its homologous oligoamides.

The fact that only NOEs between amide protons a, b, and ¢
and inner aromatic protons /, 2, 3, and 4 are evident in the pres-
ence of iodide or chloride ion demonstrates that, upon binding
an anion, oligoamide 4¢ adopts a conformation in which its
backbone amide NH groups point convergently, i.e., being
placed on the same side as the inner aromatic protons. This is
consistent with the adoption of the crescent conformation
shown in Figure 4b. The entropic cost for adopting such a con-
formation is compensated by the enthalpic contribution from
the multiple H-bonding interactions between the anion guest
and the backbone amide and aromatic protons.

The NOESY spectra of hexamer 6¢ in DMSO-ds/CDCl3
(1/19, v/v) without and with iodide (Figures S12-14) revealed
changes in NOEs similar to those observed with 4¢, suggesting
that, hexamer 6c¢ has a crescent backbone, i.e., folds into an
overall helical conformation upon binding iodide.

A new, highly efficient amide bond formation strategy has
been established. Repetitive coupling of readily available build-
ing blocks derived from 5-aminoanthranilic acid led to oligo(5-
amino-N-acylaminoanthranilic acids) with defined lengths in
high yields. These are hitherto unknown aromatic oligoamides
due to the unavailability of methods for their synthesis. The
stepwise coupling of monomeric or oligomeric units allows ol-
igoamides of defined lengths to be prepared under simple con-
ditions that involve refluxing without any coupling reagent. In-
itial studies indicate that the resultant aromatic oligoamides,
with multiple amide NH groups, undergo anion-dependent fold-
ing. Given their ready synthetic availability and tunable oligo-
mer length, these novel aromatic oligoamides with multiple H-
bond donors, provide a new, versatile platform for developing
guest-dependent foldamers or binders of anions and other polar
guests, with adjustable affinity and specificity.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS
Publications website.
Supporting figures, synthetic procedures, experimental con-
ditions, analytical data, additional NMR spectra, and mass
spectra can be found in the Supplementary Information,
which is available free of charge on the ACS Publications
website.

Accession Codes

CCDC 2018977 (for 2b") and 2018978 (for B2b) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif,
or by emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

AUTHOR INFORMATION

Corresponding Authors

Bing Gong — Department of Chemistry, University at Buffalo,
the State University of New York, Buffalo, New York
14260, United States; orcid.org/0000-0002-4155-9965;
Email: bgong@buffalo.edu

Authors

Ruikai Cao — Department of Chemistry, University at Buffalo,
the State University of New York, Buffalo, New York
14260, United States

Robert Rossdeutcher — Department of Chemistry, University
at Buffalo, the State University of New York, Buffalo, New
York 14260, United States

Xiangxiang Wu — Academy of Chinese Medical Science,
Henan University of Chinese Medicine, 156 Jinshui East
Road, Zhengzhou, 450046, Henan, China

Author Contributions

All authors have given approval to the final version of the manu-
script.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

This work was supported by the National Science Foundation
(CHE-1905094 to BG).

REFERENCES

(1) (a) Gellman, S. H. Foldamers: A manifesto. Acc. Chem. Res.
1998, 31, 173. (b) Seebach, D.; Matthews, J. L. B-Peptides: A surprise
at every turn. Chem. Commun. 1997, 21, 2015. (c) Hill, D. J.; Mio, M.
J.; Prince, R. B.; Hughes, T. S.; Moore, J. S. A field guide to foldamers.
Chem. Rev. 2001, 101, 3893. (d) Gong, B. Crescent oligoamides: From
acyclic “macrocycles” to folding nanotubes. Chem. Eur. J. 2001, 7,
4336. (e) Huc, 1. Aromatic oligoamide foldamers. Eur. J. Org. Chem.
2004, 1, 17. (f) Zhang, D.-W.; Zhao, X.; Hou, J.-L.; Li, Z.-T. Aromatic
amide foldamers: structures, properties, and functions. Chem. Rev.
2012, /12, 5271. (g) Spencer, R.; Chen, K. H.; Manuel, G.; Nowick, J.
S. Recipe for B-sheets: Foldamers containing amyloidogenic peptide
sequences. Eur. J. Org. Chem. 2013, 17, 3523. (h) Hartley, C. S. Fold-
ing of ortho-phenylenes. Acc. Chem. Res. 2016, 49, 646.

(2) Appella, D. H.; Christianson, L. A.; Karle, 1. L.; Powell, D. R.;
Gellman, S. H. -Peptide foldamers: robust helix formation in a new
family of B-amino acid oligomers. J. 4m. Chem. Soc. 1996, 118, 13071.

(3) Seebach, D.; Overhand, M.; Kiihnle, F. N. M.; Martinoni, B.;
Oberer, L.; Hommel, U.; Widmer, H. B-Peptides. Synthesis by Arndt-
Eistert homologation with concomitant peptide coupling. Structure de-



termination by NMR and CD spectroscopy and by x-ray crystallog-
raphy. Helical secondary structure of a $-hexapeptide in solution and
its stability towards pepsin. Helv. Chim. Acta. 1996, 79, 913.

(4) Hanessian, S.; Luo, X. H.; Schaum, R.; Michnick, S. Design of
secondary structures in unnatural peptides: stable helical y-tetra-, hexa-
, and octapeptides and consequences of a-substitution. J. 4m. Chem.
Soc. 1998, 120, 8569.

(5) Szabo, L.; Smith, B. L.; McReynolds, K. D.; Parrill, A. L.; Mor-
ris, E. R.; Gervay, J. Solid phase synthesis and secondary structural
studies of (1—5) amide-linked sialooligomers. J. Org. Chem. 1998, 63,
1074.

(6) Semetey, V.; Rognan, D.; Hemmerlin, C.; Graff, R.; Briand, J.
P.; Marraud, M.; Guichard, G. Stable helical secondary structure in
short-chain N, N’-linked oligoureas bearing proteinogenic side chains.
Angew. Chem., Int. Ed. 2002, 41, 1893.

(7) (a) Wu, C. W.; Sanborn, T. J.; Huang, K.; Zuckermann, R. N.;
Barron, A. E. Peptoid oligomers with a-chiral, aromatic side chains:
sequence requirements for the formation of stable peptoid helices. J.
Am. Chem. Soc. 2001, 123, 6778. (b) Butterfoss, G. L.; Yoo, B.; Jawor-
ski, J. N.; Chorny, L; Dill, K. A.; Zuckermann, R.; Bonneau, R.;
Kirshenbaum, K.; Voelz, V. A. De novo structure prediction and ex-
perimental characterization of folded peptoid oligomers. Proc. Natl.
Acad. Sci. USA. 2012, 109, 14320.

(8) (a) Nelson, J. C.; Saven, J. G.; Moore, J. S.; Wolynes, P. G. Sol-
vophobically driven folding of nonbiological oligomers. Science 1997,
277, 1793. (b) Jones, T. V.; Blatchly, R. A.; Tew, G. N. Synthesis of
Alkoxy-Substituted ortho-Phenylene Ethynylene Oligomers. Org. Lett.
2003, 5, 3297. (c) Mathew, S.; Crandall, L. A.; Ziegler, C. J.; Hartley,
C. S. Enhanced helical folding of ortho-phenylenes through the control
of aromatic stacking interactions. J. Am. Chem. Soc. 2014, 136, 16666.

(9) (a) Hamuro, Y.; Geib, S. J.; Hamilton, A. D. Novel folding pat-
terns in a family of oligo anthranilamides: non-peptide oligomers that
form extended helical secondary structures. J. Am. Chem. Soc. 1997,
119,10587. (b) Zhu, J.; Parra, R. D.; Zeng, H. Q.; Skrzypczak-Jankun,
E.; Zeng, X. C.; Gong, B. A new class of folding oligomers: Crescent
oligoamides. J. Am. Chem. Soc. 2000, 122, 4219. (c) Jiang, H.; Léger,
J. M.; Huc, I. Aromatic d-peptides. J. Am. Chem. Soc. 2003, 125, 3448.
(d) Yan, Y.; Qin, B.; Shu, Y. L.; Chen, X. Y.; Yip, Y. K.; Zhang, D.
W.; Su, H. B.; Zeng, H. Q. Helical organization in foldable aromatic
oligoamides by a continuous hydrogen-bonding network. Org. Lett.
2009, /1, 1201. (e) Singleton, M. L.; Pirotte, G.; Kauffmann, B.; Fer-
rand, Y.; Huc, I. Increasing the size of an aromatic helical foldamer
cavity by strand intercalation. Angew. Chem., Int. Ed. 2014, 53, 13140.
(f) Burslem, G. M.; Kyle, H. F.; Prabhakaran, P.; Breeze, A. L.; Ed-
wards, T. A.; Nelson, A. S.; Warriner, S. L.; Wilson, A. J. Synthesis of
highly functionalized oligobenzamide proteomimetic foldamers by late
stage introduction of sensitive groups. Org. Biomol. Chem. 2016, 14,
3782. (g) Meisel, JW.; Hu, C. H. T.; Hamilton, A.D. Mimicry of a -
hairpin turn by a nonpeptidic laterally flexible foldamer. Org. Lett.
2018, 20, 3879. (h) Urushibara, K.; Ferrand, Y.; Liu, Z. W.; Masu, H.;
Pophristic, V.; Tanatani, A.; Huc, 1. Frustrated helicity: Joining the di-
verging ends of a stable aromatic amide helix to form a fluxional mac-
rocycle. Angew. Chem., Int. Ed. 2018, 57, 7888. (i) Liu, C. Z.; Kop-
pireddi, S.; Wang, H.; Zhang, D. W.; Li, Z. T. Halogen bonding di-
rected supramolecular quadruple and double helices from hydrogen-
bonded arylamide foldamers. Angew. Chem., Int. Ed. 2019, 58, 226.

(10) Hou, J. L.; Shao, X. B.; Chen, G. J.; Zhou, Y. X.; Jiang, X. K ;
Li, Z. T. Hydrogen bonded oligohydrazide foldamers and their recog-
nition for saccharides. J. Am. Chem. Soc. 2004, 126, 12386.

(11) (a) van Gorp, J. J.; Vekemans, J. A. J. M.; Meijer, E. W. Facile
synthesis of a chiral polymeric helix; folding by intramolecular hydro-
gen bonding. Chem. Commun. 2004, 1, 60. (b) Zhang, A. M.; Han, Y.
H.; Yamato, K.; Zeng, X. C.; Gong, B. Aromatic oligoureas: Enforced
folding and assisted cyclization. Org. Lett. 2006, 8, 803. (c) Hu, T.;
Connor, A. L.; Miller, D. P.; Wang, X.; Pei, Q.; Liu, R.; He, L.; Zheng,
C.; Zurek, E.; Lu, Z. L.; Gong, B. Helical folding of meta-connected
aromatic oligoureas. Org. Lett. 2017, 19, 2666.

(12) Lister, F. G. A.; Eccles, N.; Pike, S. J.; Brown, R. A.; White-
head, G. F. S.; Raftery, J.; Webb, S. J.; Clayden, J. Bis-pyrene probes
of foldamer conformation in solution and in phospholipid bilayers.
Chem. Sci. 2018, 9, 6860.

(13) Chung, Y. J.; Christianson, L. A.; Stanger, H. E.; Powell, D. R.;
Gellman, S. H. A B-peptide reverse turn that promotes hairpin for-
mation. J. Am. Chem. Soc. 1998, 120, 10555.

(14) Seebach, D.; Abele, S.; Gademann, K.; Jaun, B. Pleated sheets
and turns of B-peptides with proteinogenic side chains. Angew. Chem.,
Int. Ed. 1999, 38, 1595.

(15) Sebaoun, L.; Maurizot, V.; Granier, T.; Kauffmann, B.; Huc, 1.
Aromatic oligoamide B-sheet foldamers. J. Am. Chem. Soc. 2014, 136,
2168.

(16) (a) Lokey, R. S.; Iverson, B. L. Synthetic molecules that fold
into a pleated secondary structure in solution. Nature 1995, 375, 303.
(b) Bisson, A. P.; Carver, F. J.; Eggleston, D. S.; Haltiwanger, R. C.;
Hunter, C. A.; Livingstone, D. L.; McCabe, J. F.; Rotger, C.; Rowan,
A. E. Synthesis and recognition properties of aromatic amide oligo-
mers: Molecular zippers. J. Am. Chem. Soc. 2000, 122, 8856. (c) ten
Cate, A. T.; Kooijman, H.; Spek, A. L.; Sijbesma, R. P.; Meijer, E. W.
Conformational control in the cyclization of hydrogen-bonded supra-
molecular polymers. J. Am. Chem. Soc. 2004, 126, 3801. (d) ten Cate,
A. T.; Dankers, P. Y. W.; Sijbesma, R. P.; Meijer, E. W. Disulfide ex-
change in hydrogen-bonded cyclic assemblies: Stereochemical self-se-
lection by double dynamic chemistry. J. Org. Chem. 2005, 70, 5799.
(e) Delsuc, N.; Godde, F.; Kauffmann, B.; Léger, J.-M.; Huc, 1. The
Herringbone Helix: A Noncanonical Folding in Aromatic, Aliphatic
Peptides. J. Am. Chem. Soc. 2007, 129, 11348. (f) Gooch, A.; Barrett,
S.; Fisher, J.; Lindsay, C. I.; Wilson, A. J. Ditopic triply hydrogen-
bonded heterodimers. Org. Biomol. Chem. 2011, 9, 5938. (g) Nair, R.
V.; Kheria, S.; Rayavarapu, S.; Kotmale, A. S.; Jagadeesh, B.; Gon-
nade, R. G.; Puranik, V. G.; Rajamohanan, P. R.; Sanjayan, G. A. Syn-
thetic zipper peptide motif orchestrated via co-operative interplay of
hydrogen bonding, aromatic stacking, and backbone chirality. J. 4m.
Chem. Soc. 2013, 135, 11477. (h) Priya, G.; Kotmale, A. S.;
Chakravarty, D.; Puranik, V. G.; Rajamohanan, P. R.; Sanjayan, G. J.
Conformational modulation of peptides using -amino benzenesulfonic
acid (SAnt). Org. Biomol. Chem. 2015, 13, 2087.

(17) (a) Horne, W. S.; Gellman, S. H. Foldamers with heterogeneous
backbones. Acc. Chem. Res. 2008, 41, 1399. (b) Nowick, J. S.; Chung,
D. M.; Maitra, K.; Maitra, S.; Stigers, K. D.; Sun, Y. An unnatural
amino acid that mimics a tripeptide -strand and forms B-sheetlike hy-
drogen-bonded dimers. J. Am. Chem. Soc. 2000, 122, 7654. (c) Hayen,
A.; Schmitt, M. A.; Ngassa, F. N.; Thomasson, K. A.; Gellman, S. H.
Two helical conformations from a single foldamer backbone: "split per-
sonality" in short alpha/beta-peptides. Angew. Chem., Int. Ed. 2004, 43,
505. (d) Patgiri, A.; Joy, S. T.; Arora, P. S. Nucleation effects in peptide
foldamers. J. Am. Chem. Soc. 2012, 134, 11495.

(18) Yamato, K.; Kline, M.; Gong, B. Cavity-containing, backbone-
rigidified foldamers and macrocycles. Chem. Commun. 2012, 48,
12142.

(19) (a) Gong, B.; Sanford, A. R.; Ferguson, J. S. Enforced folding
of unnatural oligomers: Creating hollow helices with nanosized pores.
Adv. Polym. Sci. 2007, 206, 1. (b) Yuan, L. H.; Zeng, H. Q.; Yamato,
K.; Sanford, A. R.; Feng, W.; Atreya, H.; Sukumaran, D. K.; Szyperski,
T.; Gong, B. Helical aromatic oligoamides: Reliable, readily predicta-
ble folding from the combination of rigidified structural motifs. J. Am.
Chem. Soc. 2004, 126, 16528.

(20) Parra, R. D.; Zeng, H. Q.; Zhu, J.; Zheng, C.; Zeng, X. C.; Gong,
B. Stable three-center hydrogen bonding in a partially rigidified struc-
ture. Chem. Eur. J. 2001, 7, 4352.

(21) (a) Ferguson, J. S.; Yamato, K.; Liu, R.; He, L.; Zeng, X. C.;
Gong, B. One-pot formation of large macrocycles with modifiable pe-
ripheries and internal cavities. Angew. Chem., Int. Ed. 2009, 48, 3150.
(b) Feng, W.; Yamato, K.; Yang, L. Q.; Ferguson, J.; Zhong, L.J.; Zou,
S. L.; Yuan, L.H.; Zeng, X. C.; Gong, B. Efficient kinetic macrocy-
clization. J. Am. Chem. Soc. 2009, 131, 2629.

(22) (a) Sanford, A. R.; Yuan, L. H.; Feng, W.; Yamato, K.; Flowers,
R. A.; Gong, B. Cyclic aromatic oligoamides as highly selective recep-
tors for the guanidinium ion. Chem. Commun. 2005, 37, 4720. (b)
Yamato, K.; Yuan, L. H.; Feng, W.; Helsel, A. J.; Sanford, A. R.; Zhu,
J.; Deng, J. G.; Zeng, X. C.; Gong, B. Crescent oligoamides as hosts:
Conformation-dependent binding specificity. Org. &Biomol. Chem.
2009, 7, 3643. (c) Connor, A. L.; Hu, T.; Detchou, C. S. F.; Liu, R;
Pulavarti, S. V. S. R. K.; Szyperski, T.; Lu, Z. L.; Gong, B. Aromatic



oligoureas as hosts for anions and cations. Chem. Commun. 2016, 52,
9905.

(23) (a) Choi, K. H.; Hamilton, A. D. Macrocyclic anion receptors
based on directed hydrogen bonding interactions. Coord. Chem.
Rev.2003, 240, 101. (b) Katayev, E. A.; Melfi, P. J; Sessler, J. L. An-
ion-binding macrocycles. Mod. Supramol. Chem. 2008, 315. (c) Choi,
K. H.; Hamilton, A. D. Selective anion binding by a macrocycle with
convergent hydrogen bonding functionality. J. Am. Chem. Soc. 2001,
123, 2456. (d) Eller, L. R.; Stepien, M.; Fowler, C. J.; Lee, J. T.; Sess-
ler, J. L.; Moyer, B. A. Octamethyl-octaundecylcyclo[8]pyrrole: a
promising sulfate anion extractant. J. Am. Chem. Soc. 2007, 129,
11020. (e) Lee, S. M.; Chen, C. H.; Flood, A. H. A pentagonal cy-
anostar macrocycle with cyanostilbene CH donors binds anions and
forms dialkylphosphate [3]rotaxanes. Nat. Chem. 2013, 5, 704.

(24) (a) Juwarker, H.; Jeong, K.-S. Anion-controlled foldamers.
Chem. Soc. Rev. 2010, 39, 3664. (b) Hua, Y.; Flood, A. H. Flipping
the switch on chloride concentrations with a light-active foldamer. J.
Am. Chem. Soc. 2010, 132, 12838. (c) Haketa, Y.;Maeda, H. From he-
lix to macrocycle: Anion-driven conformation control of n-conjugated

acyclic oligopyrroles. Chem. Eur. J. 2011, 17, 1485. (d) Shang, J.; Gal-
lagher, N. M.; Bie, F. S.; Li, Q. L.; Che, Y. K.; Y.; Jiang, H. Aromatic
triazole foldamers induced by C-H---X (X = F, Cl) intramolecular hy-
drogen bonding. J. Org. Chem. 2014, 79, 5134. (e) Jeon, H. G.; Jung,
J.Y.; Kang, P. J.; Choi, M. G.; Jeong, K. S. Folding-generated molec-
ular tubes containing one-dimensional water chains. J. Am. Chem. Soc.
2016, 138, 92. (f) John, E. A.; Massena, C. J.; Berryman, O. B. Helical
Anion Foldamers in Solution. Chem. Rev. 2020, 120, 2759.

(25) Laurence, C.; Berthelot, M. Observations on the strength of hy-
drogen bonding. Perspect. Drug Discovery Des. 2000, 18, 39.

(26) G. M. Coppola, The chemistry of 4H-3,1-benzoxazin-4-ones. J.
Heterocyclic Chem. 1999, 36, 563.

(27) (a) Errede, L. A. Acylanthranils. 1. The pathway of quinazolone
formation in the reaction of acylanthranils with anilines. J. Org. Chem.
1976, 41,1763. (b) Errede, L. A.; McBrady, J. J.; Oien, H. T. Acylan-
thranils. 2. The problem of selectivity in the reaction of acetylanthranil
with anilines. J. Org. Chem. 2008, 73, 2285.



