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CONSPECTUS: Thioureas represent an important class of molecular frame-
works, distinguished by their hydrogen-bonding capabilities. This feature has
enabled the development of a variety of synthetic anion receptors and advanced
molecular technologies with applications in analysis, catalysis, and therapeutics.
Over the past three decades, our lab has focused on establishing N-acylamino /@
acid amidothiourea platforms to revolutionize the thiourea-based supramolecular | ¢
functionality, particularly in anion recognition, chirality transfer, spontaneous
resolution, and macrocyclization synthesis. This Account highlights representa-
tive studies from our lab and describes our exploration of the relationship
between N-acylamino acid amidothiourea conformation, folding, and emerging
material properties. ,
The design of thiourea-based anion receptors usually involves enhancing the . 70 o
hydrogen-bonding propensity of the thioureido —NH proton(s). Conventional

strategies employ electron-withdrawing groups to increase the acidity of —NH(s), although this risks deprotonation of —NH when
they are too acidic or encounter highly basic anions. Our lab developed an alternative strategy for this goal that circumvents this
limitation. By incorporating electron-donating amide groups to generate N-amidothioureas and exploiting molecular allostery to
drive intramolecular charge transfer (ICT), we achieved a dramatic enhancement in anion binding affinity by orders of magnitude.
The N-amidothioureas also serve as dynamic regulators of intramolecular chirality transfer via N—N bond conformational switching
from twisted to planar states. Notably, N-acylamino acid amidothioureas exhibit a pronounced template effect due to the folded f-
turn structure, enabling efficient macrocyclization syntheses that were previously unattainable. This breakthrough has facilitated the
construction of macrocycle-based nanopores for transmembrane transport. Furthermore, by integrating intermolecular binding sites,
we achieved helicity propagation of the helical f-turn structure through self-assembly, yielding supramolecular double helices with a
linear CD-ee dependence. It presents a critical step toward spontaneous resolution for practical applications.

Given the expanding interest in thiourea and its derivatives, our chiral helical building blocks provide a versatile platform for
advancing functional thiourea-based materials.

B KEY REFERENCES thiourea, in which the thiourea moiety, with its two
—NH bonds in the transcis-conformation, is included
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ment of N-Benzamidothioureas as a New Generation of ° Yf‘n’ X.-S.; Zou, K"S'i Cao, J-L,; Li, X-R; Zbao, Z-X;
Thiourea-Based Receptors for Anion Recognition and L.1, Z; Wu, A-A; Liang, W.-Z; Mo, Y"Rf Jiang, Y.-B.
Sensing. J. Org. Chem. 2004, 69 (19), 6449—6454." Su?gle—ha'nded su.pram(.)lecular double helix of homo-
Anion binding induces a conformation change in the N- chiral bis(N-amidothiourea) supported by double
amidothiourea receptor, strengthening its electron crossed C3_I"'S halogen })onds. Nat. Commun. 2019,
donor. This switches on the ICT, enhancing anion 10, 3610." A 'double helix was created thought self-
binding. The key is introducing an electron-donating assembly of helical fragments via crossed double C—I--S
amide group, RC(O)NH—, which produces a twisted

N-N linkage to thiourea. Received: JU.IY 14, 2025 = ACCOUNTS
e Yan, X.-S;; Wu, K; Yuan, Y.; Zhan, Y.; Wang, J.-H,; Li, Revised:  September 3, 2025 BF o

Z.; Jiang, Y.-B. f-Turn structure in glycinylphenylalanine Accepted:  September S, 2025

dipeptide based N-amidothioureas Chem. Commun. Published: September 13, 2025

2013, 49 (79), 8943—8945.> Our first article reporting
the B-turn structure in N-acylamino acid-based amido-

© 2025 American Chemical Society https://doi.org/10.1021/acs.accounts.5c00490

v ACS PUbl icatiOI’]S 3046 Acc. Chem. Res. 2025, 58, 3046—3059


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si-Yi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yun-Bao+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.5c00490&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.5c00490?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.5c00490?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.5c00490?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.5c00490?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/achre4/58/19?ref=pdf
https://pubs.acs.org/toc/achre4/58/19?ref=pdf
https://pubs.acs.org/toc/achre4/58/19?ref=pdf
https://pubs.acs.org/toc/achre4/58/19?ref=pdf
pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.accounts.5c00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org/accounts?ref=pdf

Accounts of Chemical Research pubs.acs.org/accounts

(A) Hydrogen bonding between thiourea and acetate anion (D)0 55 [@ TR W e 0.25
: 0
' . 4 025 -
R\ R\ 030 f \ P Aco- {020
N-H  CH,C00 N-H----O I\l 070
S = § -»C—CHjs 0025 085
N-H K,10"-10*Mm" N-H----O 2 1 {015 5,
/ < R o020 g
\6 1.30 g’
" 173 ! 145 i
1 R, R": alkyl, aryl 2015 A 0.10
1.80
(B) Allosteric effect of N-amidothiourea receptors 010 b9 {005
CHj 0.05 a
o P 000 Lt o N P (X
( 2 Y cheoo C ¢ W ,,/O ' 250 300 350 400 0.0 05 1.0 15 2.0 25
XL)‘CWNH $_> ot X7 N-N H Wavelength, nm [Anion], 10~ mol L™
WAL W Ka10°-10" M° H. Cc-N (E)1_0 0.56
R &N s >ﬁ @) 4b K,: 10'-10°M"  (b)
s ke A [AcO™ 1,10 mol L~ o 107-10°M e
2,3 =54 00 SAY
J 0.8 02 0.52
2:Y = H, X = p-N(CHa); (a), p-OC;Hs (b), m-CHs (¢), H (d), p-Cl (), p-Br (f), m-Cl (@), p-NO; (h) 98
3: X = p-N(CHa),, Y = p-CH3 (), H (b), p-Cl (c), p-Br (d), m-Br (), m-NO; (f), p-NO; (9) o 12
Sosf 4 0.48 >
g 36 ]
z 2 i g
(©) < )/\j S 44 3
@ N/H " [A NN PPN S04t 56 0.4
\_7/ }/ﬁN' //(‘\ NH H ‘ AN N A /?ILNJ\N/[\\V)_Y gg
s = NP N ] o) 104
\ j‘ L P e = 02y 14.0 0.40
= Y HO” 7“0~ 7 “OH 20.0
4:Y = p-CHj (a), H (b), p-Cl (c), p-Br (d), 5 6:Y = p-CHj (a), H (b), m-CF3(c)
m-Br (e), m-NO; (f), p-NO (g) 0.0 = 7 i . z : . 0.36
200 250 300 350 0.0 05 1.0 15 20 25

Wavelength, nm [Anion], 10*mol L™

Figure 1. (A) Hydrogen bonding of thiourea with AcO™. Binding constants (K,) have been reported 10" and 10* M™". (B) Allosteric binding of N-
amidothioureas to AcO™. K, values are 10° to 10’ M™, 1—3 orders of magnitude higher than those of the simple thiourea anion receptors. (C)
Structures of 4—6. (D, E) Absorption spectra of 2d and 4b upon titration by AcO™ and plots of absorbance against anion concentration.
Reproduced with permission from ref 1. Copyright 2004 American Chemical Society.

bonding. This process exhibits a linear CD-ee depend- therapeutic applications including antitubercular, antimalarial,
ence, indicative of molecular self-sorting and sponta- and antitumor effects."* " Thiourea compounds at low
neous resolution when the chiral species is structurally concentrations have also been used as bioregulators to
modified into such helical building blocks. integrate redox signaling in plants.”!

e Lin, X; Kou, B.-H,; Cao, J.-L.; Weng, P.-M,; Yan, X.-S,; The value of thioureas was again recognized about 30 years
Li, Z,; Jiang, Y.-B. Spontaneous Resolution of Helical ago, owing to the hydrogen bonding of their —NH(s) with the
Building Blocks through the Formation of Homochiral substrate to facilitate organocatalysis.”>*® In principle, the
Helices in Two D1mens10ns Angew. Chem., Int. Ed. higher acidity of the —NH(s) enhances hydrogen bonding with
2022, 61 (34), €202205914." Halogenated (I, Br, Cl) N- an electron-rich acceptor, making it preferable. One
acetylalanine amidothioureas featuring helical f-turns straightforward way to achieve this is by introducing an
utilize intermolecular hydrogen- and halogen-bonding to electron-withdrawing group to the —NH group. Deprotonation
form 2D supramolecular homochiral helices. Sponta- could happen when the —NH protons are too acidic or
neous resolution is achieved, providing a prototype for encounter a basic anion such as F~, allowing colorimetric/
spontaneous resolution of chiral amino acid species. fluorescence sensing of anions in aqueous solution.”"*

e Gou, F; Shi, D.; Kou, B.-H,; Li, Z.; Yan, X.-S.; Wu, X,; Furthermore, formation of solvent-filled 3D channels by
Jiang, Y.-B. One-Pot Cyclization to Large Peptidomi- intermolecular interactions can be achieved.”® It should be
metic Macrocycles by In Situ-Generated f-Turn- noted that the anion binding and deprotonation processes
Enforced Folding. J. Am. Chem. Soc. 2023, 145 (17), could be made reversible simply by the progressive addition of
9530—9539.> Using the f-turn structure in the formed water.””*® Inspired by the character of the N—O bond in a-
N-amidothiourea intermediate as a template, peptidomi- aminoxy acids, in which it twists due to the electrostatic
metic macrocycles containing four amino acid residues repulsion between N and O atoms,” we proposed developing
are synthesized in high yields. This templating reaction N-amidothioureas, i.e., introducing an electron-donating amide
can be applied to macrocycles with varied amino acid group, RC(O)NH—, next to —NH in thiourea, via the twisted

residues and/or aromatic arms. N-N bond. A conformation change is expected to occur

around the N—N bond when the anion binds to the thiourea

1. INTRODUCTION moiety, forming a hydrogen-bonding network including the “—
Thioureas® are essential building blocks for supramolecular NH-NH-" motif so that thiourea together with the
materials and biomedical research with a wide range of hydrogen-bonded anion join the amide —NH as electron
applications in 10n recogmtlon,7_9 organocatalysis,'"’ and donors. The latter is much strengthened such that an
functional materials."”'> Recently, the design of biologically intramolecular charge transfer (ICT) occurs in the anion
and pharmacologically active thiourea derivatives has garnered binding complex and a positive charge is generated in the
attention for facilitating transmembrane transporth’ 7 and thiourea moiety that provides an additional electrostatic
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interaction with the anion. The acidity of the thiourea —NH(s)
in amidothioureas is not greater, yet the anion binding
constants are orders of magnitude higher. Our group and the
teams of Gale,”*° Gunnlaugsson,zs’m_33 and Das®*™° confirm
the superior binding of amidothioureas toward a variety of
anions such as AcO™ and F~. Note that in the chiral
amidothiourea organocatalysts pioneered by Jacobsen et
al,”’ ™' the thiourea moiety is linked to the amide group at
the carboxylic acid side, i.e. —C*HR'C(O)NR’R® (“C*” is a
chiral carbon) via a N—C bond, different from the
amidothioureas discussed here.

The next progress in our lab was to make the amide from a
chiral carboxylic acid, the amino acid, in the forms of N,N-
dimethylamino acid and N-acylamino acid. Importantly, in N-
acylamino acid amidothioureas, chirality transfer occurs from
the chiral center to N’-phenylthiourea moiety despite the
twisted N—N linkage. This led to the identification of a f-turn
maintained by a ten-membered intramolecular hydrogen bond
(IHB). The f-turn structure is versatile in that it is able to
generate peptide-like fluorescent beacons and template macro-
cyclization reactions and form supramolecular helices. Of
significance is the linear CD-ee dependence for the double
helix, suggesting a way to spontaneous resolution. This route
was confirmed for alanine and phenylalanine, establishing a
rational protocol for the challenging subject of spontaneous
resolution.

2. STRONG ANION BINDING OF
N-AMIDOTHIOUREAS

Thiourea is an important motif for building anion receptors via
double hydrogen bonding interactions.”” As a model system,
binding of acetate anion to a thiourea-based receptor is
illustrated in Figure 1A. When designing such receptors, three
factors should be considered: (i) strength of the hydrogen
bonding, (ii) conformations of the two N—H bonds versus the
C=S bond, and (iii) location of the thiourea binding site in
the receptor.” One straightforward approach to increase the
anion binding affinity is increasing the acidity of the —NH
protons (thiourea pK, 21.1 in DMSO™) by introducing
electron-withdrawing substituents. Contrary to this classic
strategy, we introduced an electron-donating amide group,
RC(O)NH—, next to the —NH group via an N—N bond.**
This endeavor was inspired by the role of an N—O bond in a-
aminoxy acid, twisted due to electrostatic repulsion between
the N and O atoms.”” The N—N bond would function
similarly, yet the protons of “~NH—NH-" in the amido-
thiourea moiety can participate in intramolecular hydrogen
bonding to network the structural framework. Another reason
is that the amide C—N bond is only polar since the amide
—NH is not very electron-donating. It can become more
electron-donating when the thiourea moiety and the hydrogen-
bonded anion are engaged. This leads to a charge transfer, in
which the thiourea is within the electron donor to bear a
positive charge, providing an additional electrostatic inter-
action with the anion beyond the existing hydrogen-bonding
interaction.

The twist nature of the N—N bond was 4probed in N-
amidothiourea receptors 2 and 3 (Figure 1B),"" by following
effects of substituents X and Y that were placed respectively at
the two sides of the bond. X in the N-benzamide moiety of 2
affects the chemical shift of amide —NH? but not the
thioureido —NHP and —NH" in the N'-phenylthiourea moiety.
Conversely, Y in N’-phenylthiourea of 3 influences the

3048

chemical shifts of —NH® and —NH¢, but not —NH* (Table
1). The electronic communication between thiourea and

Table 1. Dependence on Hammett Constant ¢ of Chemical
Shifts 6_yy in 2—4 and Binding Constant K, of 2—4 with
AcO™ in CH;CN

S_nu (ppm) versus ¢ K, (M™") of AcO™ versus ¢ ref.
2a—h  S_y" = 04630x + 10.5, 7P = K, = 297 X 10° to 1
0.9821 1.21 X 107
S_wit® = 0.1280x + 9.69, y* = K, irrespective of oy
0.9140
S_ni® = 0.09770x + 9.80, ¥*
= 09173
3a—g Oy’ = 0.1250y + 10.14, ¥ K, =7.1 X 10*t0 43 X 107 45
= 0.9876
S i = 04670y + 9.69, 7 = Kyg) = 9.7 X 10° to 1.9 x 10°
0.9754
S_nu’ = 0.5230y + 9.58, 7 = InK,(g,) = 13.44 + 8.740y, 1 =
0.9850 0.9238
InK, (s = 12.07 + 10.570y, 7*
=0.9493
4a—g  S_yy' = 0.6930y + 975,77 = K,y = 10° to 10* 45
0.9689
S it = 0.5460y + 9.77, 7 = In K,y = 10.36 + 2.520y, 1
0.9806 = 0.8474

benzamide moieties is blocked by the N—N bond. It is a
twisted conformation, as evidenced by the crystal structure of
12, which shows a —H—N—-N-H dihedral angle of 106°
(Figure 3A).

The acidities of thioureido —NHs in 2 and 3 are lower than
that of 4 (Figure 1B, C), as their chemical shifts are lower than
those of —NH* and —NH" of 4 (Table 1), yet the binding
constants of 2 and 3 with AcO~, determined by nonlinear
fitting of the absorbance of new absorption band against
concentration of anion, in CH;CN are 1-3 orders of
magnitude higher. The substituent effects on the AcO~
binding constants of 2 and 3 in CH;CN differ: that of Y in
3 is stronger than the classic N'-phenylthioureas 4 (Table 1),
while X at N-benzamide of 2 does not have much influence on
the anion binding affinity. The effect of substituent Y in 3 is
amplified.

Ground-state ICT occurs in 2a—h when binding to an anion,
as a strong red-shift in the absorption occurs from 270 nm to
330—435 nm. This red-shift is much larger than that observed
for 4 of less than 10 nm (Figure 1D, E). The absorption energy
of the anion-binding complex of 2 depends linearly on the
Hammett constant of X (2a—g: ho™ = 3.67—0.3370%). The
red-shift is larger when X is more electron-withdrawing, X at
the N-benzamide moiety of 2 being in electron acceptor, while
the thiourea moiety is in the donor. The electron donor in 2,
the amide NH, is therefore substantially strengthened in its
anion binding complex. The communication is established
between the N-benzamide and N’-phenylthiourea moieties, so
that X influences the absorption of the complex but not that of
2 itself because of the twisted N—N linkage.* It was therefore
concluded that the conformation of the N—N bond changes to
planar in the anion binding complex. The ICT in the complex
generates a positive charge in the thiourea moiety, which
reinforces binding to the hydrogen-bonded anion. This
explains the amplified effect of Y in 3 on the anion affinity
compare to that in 4. In the anion binding complex, a
hydrogen-bonding network is formed that the electron donor
becomes an aminothiourea-anion block, which is strong to

https://doi.org/10.1021/acs.accounts.5c00490
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Figure 2. (A) Structures of N-amidothioureas 7—9 with aliphatic and aromatic amides and (B) 10 and 11 containing an IHB in the N-benzamide
moiety. (C) (a) Absorption spectra of 7a in CH;CN in the presence of AcO™ and (b) plots of absorbance at 290 nm versus anion concentration.
Reproduced with permission from ref 55. Copyright 2009 Royal Society of Chemistry.
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Figure 3. (A) Chemical and (B) crystal structures of 12 (CCDC 1859089) and 13. (C) (a) Absorption and (b, c) CD spectra of 12 and 13 in
CH,CN. Reproduced with permission from ref 2. Copyright 2013 Royal Society of Chemistry. (D) -Turn shown in the crystal structures of 14—
16 (R, = CH;). (E) (a) Absorption and (b) CD spectra of 14—16 in CH;CN. Reproduced from ref S9. Available under a CC-BY license.
Copyright Authors.

switch on the ICT (Figure 1B right). The necessity of amide the donor and acceptor in close proximity and an effective PET
—NH in this hydrogen-bonding network was supported by the confirmed by quenched fluorescence. This provided a solid
lack of spectral response toward anions in CH;CN from a foundation for understanding the change in the electron-
rhodamine lactam derivative of N-amidothiourea (5, Figure donating ability of N-amidothiourea upon binding to an anion.
1C), which has no amide —NH proton.* In the neutral PET receptors 6 (Figure 1C),”" despite a longer
Gunnlaugsson et al.*”*" established the capability of the spacer (CH,);, anion binding induced a stronger quenching of
thiourea motif as a binding site in anion receptors following fluorescence, indicating a larger drop in E,, of the electron
the signaling mechanism of photoinduced electron transfer donor upon anion binding to the thiourea moiety. This finding
(PET)," which was proposed and encoded by de Silva and corroborates our previous conclusion, based on the substantial
Gunnlaugsson et al.* The thiourea motif was linked to a red-shift in the absorption of 2 (Figure 1B, D)." The binding
fluorophore via a CH, spacer, which facilitates folding to bring constants of 6 with anions such as F~ and AcO™ in CH;CN at
3049 https://doi.org/10.1021/acs.accounts.5c00490
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Figure 4. (A) Peptide-like fluorescent beacons for anions built on the f-turn structure in N-amidothiourea. “F” represents fluorophore and “Q” the
quencher, while thiourea is the anion binding site. (B) Structures of 17—22, in which 18 and 20 are control compounds without a f-turn. (C, D)
Fluorescence spectra of 17 (C) and 19 (D) in the presence of AcO~; insets show ratiometric fluorescence response of 17 and 19 and control
compounds 18 and 20 toward AcO™ in CH;CN. Reproduced with permission from ref 60. Copyright 2017 Royal Society of Chemistry.

10° to 10" M™" are 2—4 orders of magnitude higher than those
of simple thioureas and close to those of 2 and 3 (Figure
1B)."" N-Amidothiourea was also employed to build PET
sensors containing BODIPY or an acridinedione fluorophore
in the amide moiety for sensing F~ and Hg**.**>’ By
introducing the N-amidothiourea motif into C-17 side-chain
of a chiral cholic acid scaffold bearing two axial —OH groups at
C-7/C-12 as second binding-site, PET sensors were developed
for enantioselective recognition of amino acids.”

N-Acetamidothioureas 7 and 8 (Figure 2A) were next
developed,” in which the amide is made from aliphatic
carboxylic acid. The acidities of the thioureido —NH groups in
7 and 8 are lower than those in 2 and 3, yet the binding
affinities for AcO™ in CHy;CN (10° — 10" M}, Figure 2C) are
similar. Thus, it was confirmed that N-amidothioureas from
both N-aliphatic and N-aromatic amides function similarly as
efficient anion receptors.

In view of the hydrogen-bonding network in the anion-
binding complexes of 2 and 3 (Figure 1B right), N-(ortho-
substituted-benzamido)thiourea counterparts (9, Figure 2A),
which have an IHB in the N-benzamide moiety, were
examined.”® THB in 9b between 0-OCH; and amide —NH
was confirmed by crystal structure, in which the N—N single
bond is less twisted. 9b and its N-benzamido or N’-phenyl
substituted derivatives 10 and 11 (Figure 2B) exhibit a new
absorption around 341 nm from their AcO™ binding
complexes in CH;CN (Figure 2C). This gives anion binding
constants over 107 M~', which are larger than that of 2d
around 10° M~ suggesting that the IHB in the N-benzamide
moiety further enhances the anion binding. The effect of ortho-
X in 9 on the absorption of its anion binding cornglex is
opposite to that of para- or meta-X in 2 (Figure 1B).
absorption energy of the AcO™-10 complex similarly exhlblts a
linear dependence on Hammett constant of the para- or meta-
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X, hv = 3.60—0.280y. The magnitudes of the slope and
intercept are both smaller than those of 2 without 0-OCH; (hv
= 3.67—0.340y).’® The ITHB in the N-benzamide moiety of 10
appears to buffer the effect of X. The anion binding constant of
10 remains independent of X, as with 2 (Figure 1B). The effect
of Y of 11 on the anion binding constant is amplified
compared to 4 (Figure 1C), but to a lesser extent than that
observed for 3 having no such IHB (Figure 1B). Less change in
the conformation around the N—N bond in 10 and 11 upon
anion binding is likely responsible because of the extended
hydrogen-bonding network in the N-benzamide moiety. This
again supports the critical role of the twisted N—N bond,
which undergoes a conformation change to enhance anion

binding.

3. f-TURN IN N-ACYLAMINO ACID
AMIDOTHIOUREAS

The strengthened anion binding affinity of N-amidothioureas
inspired our exploration of chirality transfer. The amide was
thus made from a chiral carboxylic acid, the amino acid. With
the amine-dimethylated phenylalanine based 1/p-12 (Figure
3A),%" no CD signal was observed in the absorption window of
the N’'-phenylthiourea chromophore (Figure 3Cab). This
means no chiral communication from the chiral residue to the
thiourea moiety, consistent with the twisted N—N linkage.
When AcO™ anion binds to L/p-12, the abso1;pt10n shifts to
296 nm together with an induced CD signal,”’ meaning that
the chirality is transferred to the chromophore in anion-
binding complex. The S-membered IHB of amide —NH" with
a-N(CHj), in 12 (Figure 3A, B), together with the hydrogen
bonding network shown in the anion binding complexes of 2
and 3 (Figure 2B right), explains this chiral communication
from chiral center to N’'-phenylthiourea chromophore in 12 in
the extended hydrogen-bonding network (Figure 3A).
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Copyright 2023 American Chemical Society.

The next evolution of N-amidothioureas was converting the
amino acid residue from N,N-dimethylamino acid to N-
acylamino acid. The resultant N-glycinylphenylalanine amido-
thioureas, which were obtained by introducing only an achiral
N-acyl group, L/p-13 (Figure 3A, B), are CD active at 270 nm
(Figure 3Cc).” This means that chiral communication is
established between the chiral carbon and N’-phenylthiourea
chromophore despite the twisted N—N linkage. X-ray
crystallography and 'H NMR show a f-turn structure that
bridges N-acyl C=0 and —~NH? of N'-phenylthiourea by a 10-
membered THB (Figure 3B). This f-turn structure brings the
achiral N'-phenylthiourea chromophore into a hydrogen-
bonding network including the chiral center, explaining the
CD output. The f-turn structure also brings its two termini
into close proximity, an important characteristic that makes the
turn structure a useful building block. 13—16 (Figure 3D) all
contain a f-turn structure,”®’ exhibiting a CD signal at 270
nm from the N’-phenylthiourea chromophore (Figure 3E), the
CD reporter of the f-turn structure.

4. f-TURN STRUCTURE: A VERSATILE CHIRAL
HELICAL BUILDING BLOCK
4.1. Peptide-like Fluorescent Beacons

The f-turn structure not only brings its two terminal groups
into close proximity but also locks the two thioureido N—H
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bonds in a transcis-conformation (Figure 3B, D). This differs
from the trans,trans-one required for anion binding via double
hydrogen bonds. Anion binding to thiourea in this f-turn
structure would lead to a conformational change, resulting in
an extended structure in which the two terminal groups are
separated (Figure 4A). This transformation is similar to that in
classic nucleic acid beacons when binding a complementary
sequence.”’ The two termini of the f-turn were equipped with
two fluorophores or an electron donor/acceptor pair (Figure
4B). It exhibits enhanced excimer (17, Figure 4C) or exciplex
(19, Figure 4D) emission. A sensitive ratiometric fluorescence
response toward an anion takes place because of the weakened
formation of excimer or exciplex. 18 and 20 (Figure 4B)
bearing no such turn structure show very weak excimer or
exciplex emission and, more importantly, the dual emission is
not sensitive to the added anion (Figure 4C, D insets). Such
peptide-like fluorescence beacons can be built from amino acid
residues such as Pro, Ala, Leu, and Gly (21 and 22, Figure 4B).

4.2, Templated Synthesis of Peptidomacrocycle

The proximity of the two termini in the S-turn structure is
similar to that led by a template used to promote the
macrocyclization reactions, such as the role of K' in the
synthesis of 18-crown-6.°" The f-turn structure in N-
acylamino acid amidothiourea was therefore applied as a
template for macrocyclization. This was first tested, with
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Figure 6. (A) Structures of 29—33 with halogen substituents and crystal structure of the single-stranded M-helix of 1,L-29 in the trans-
conformation. “X” highlighted in a pink ball represents an equipped interaction group. Reproduced with permission from ref 64. Copyright 2017
American Chemical Society. (B) Molecular and crystal structure of 34 and crystal structure of the supramolecular double helix of 1,.-34 in the cis-
conformation. Reproduced from ref 3. Available under a CC-BY license. Copyright Authors. (C) Molecular and crystal structure of 35 and crystal
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69. Copyright 2022 Royal Society of Chemistry.

success, in the synthesis of macrocycle 25 from a “1 + 17
reaction of 1 molecule of m-benzenediisothiocyanate (23) and
1 molecule of bilateral N-acylamino acid hydrazide (24)
(Figure SA).°” Next, this templating strategy was applied to a
more challenging “2 + 2” macrocyclization, which led to the
46-membered peptidomacrocycles 28 (Figure SB right).’
Those macrocycles were obtained in a one-pot reaction of 2
molecules of 26 with 2 molecules of 27 in 1:1 (v/v) DMFE/
CH,CN in high yields (63% isolated) after an easy filtration
(Figure SB). Three other peptidomacrocycles containing
respectively p-alanine, L-phenylalanine, and achiral Aib residues
were similarly obtained. HRMS spectra were taken during the
reaction, revealing that the final peptidomacrocycle is formed
in a stepwise manner. 1,.-28, which contains 4 networked -
turn structures, shows a strong and selective binding to SO~
which otherwise binds weakly. A structural change occurs in
the macrocycle when binding SO,*” leads to a reverse in the
CD signals (Figure SC), which suggests an inside-out
conformation change. This is confirmed in the crystal structure
of 28-2S0,>" versus that of 28 (Figure SD). The strong
binding to SO,>~ was also seen in a slow-exchange profile of
the NMR signals in the anion binding complex. This profile
has been observed in many other macrocycles, which are now
made available in our laboratory. Another structural character
of the peptidomacrocycles is their abundance of both intra-
and intermolecular hydrogen-bonding sites, which afford
interesting chirality communication within the cyclic backbone
and between the cyclic structures. The macrocycles stack into
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hydrogen-bonded frameworks with nanometer-scale chiral
channels (Figure SD right) and stable structures of needle-
and-rod morphology on the macroscopic scale. Our extension
of using the f-turn structure as a template appears feasible so
that a variety of macrocycles containing varying amino acid
residues and arms can be made.

4.3. Formation of Supramolecular Helix

The p-turn structure is helical. When linked through
intermolecular interactions between equiépped groups, prop-
agation of the helicity of this structure®® would direct the
formation of A supramolecular helix. Using halogen-
substituted bilateral N-acylamino acid amidothioureas as the
helical building blocks, halogen-bonded supramolecular single-
and double-stranded helices were successfully built in both
THE solid state and dilute solution in CH;CN. With I-
substituted 1,L- or p,p-29 (Figure 6A), intermolecular head-to-
tail C—I--z halogen bonding results in A single-stranded
supramolecular M- or P-helix, in which two f-turns exist in the
thermodynamically favorable trans-form.®* The helix that
forms even in a highly diluted solution of CH;CN at the
M level is indicative of the strong intermolecular interactions.
It exhibited strong CD signals, with a high anisotropic factor g
of —=3 X 1073 at 272 nm. An S-shaped CD-ee dependence was
observed in the solutions of ,L/D,p-29 of varying enantiomeric
excess (ee), indicating a chiral ampliﬁcation.65 In contrast, 30—
32 that contain Br, CI, or F of lower halogen-bonding ability,
or 33 without a halogen atom, remain in the monomeric form
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Figure 7. (A) Derivation of alanine into halogen-substituted helical building blocks 36 and 37. (B) Schemes of racemic conglomerates in crystals of
rac-36 and racemic compounds in the crystals of rac-37. (C) X-ray 3D superstructure of L-36a. Homochiral 2D layers from hydrogen-bonded M-
helices of L-36a are linked by C—I---S halogen bonds along the c-axis, leading to halogen-bonded M-helices. (D) 3D superstructure of rac-37b in the
crystal structure. Homochiral 2D layers of rac@L-37b consisting of M-helices and those of rac@p-37b made up of P-helices are stacked alternatively
via van der Waals interactions along the b-axis, leading to racemic 3D crystals. Reproduced with permission from ref 4 for 36 and 37. Copyright
2022 Wiley-VCH. (E) Scheme of racemic conglomerates in crystals of rac-38, in which solvent DMF bridges the neighboring two helices of the
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in CH;CN. A strong halogen-bonding interaction is necessary.
Despite the widespread use of halogen bonds in crystal
engineering,” this was the first report on building supra-
molecular helices in the solution phase. Recently, several other
reports have appeared on the construction of supramolecular
helices using halogen bonding interactions.””*®
Supramolecular double helices were similarly built from
bilateral N-(p-iodobenzoyl)alanine amidothioureas 34 (Figure
6B left and middle), in which the C—I and C=S binding
groups were moved to the central part of the molecule to allow
the crossed double C—I---S halogen bonding.” Intermolecular
halogen-bonding leads to two crossed noncovalent supra-
molecular chains, which are bridged by covalent spacers, p-
phenylenediamine (Figure 6B right). Double helices form both
in the solid state and in an extremely dilute CH;CN solution.
Again, the f-turn helical structure cooperates with the double-
crossed C—I---S halogen bonding such that the helicity of the
building blocks is propagated along the helix. This leads to a
high g of —0.016 at 291 nm, an extremely low critical
aggregation concentration of 0.08 yM, and a high thermal
stability. The strong intermolecular interactions not only pay
the penalty of the unfavored cis-conformation of 34 in the helix
but also well stabilize the helix. An important discovery is the
linear CD-ee dependence in CH;CN, which suggests the
potential for spontaneous resolution of the chiral building
blocks. Since the intermolecular interactions such as halogen
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bonding here can be solvent-dependent, the choice of solvents
is important for the formation of the supramolecular helix in
the solution phase.

As a thiophene derivative of 29, 35 forms single-strand helix
in its unfavored cis-conformation (Figure 6C),”” similar to 34
in the double helix. The intramolecular double C=0O-::S--
O=C chalcogen bonds in 35 appears to assist the
intermolecular C—I---S halogen bonding in stabilizing this cis-
conformation. The single-strand helix of 3$ exhibits a much
shorter pitch of 8.99 A and a much higher g of —0.014 at 347
nm in CH;CN than those of 29 (Figure 6A).°* An almost
linear CD-ee dependence was observed in this single-stranded
helix of 35, similar to that seen in the double helix of 34
(Figure 6B),” which exhibits a high g of —0.016 at 291 nm. It
appears that a large g value might be an index of homochiral
self-sorting. Recently, Liu et al.”” reported a binary system
composed of chiral histidine and alanine derivatives, which
forms double helical 7-aggregates with exceptionally strong
circularly polarized luminescence. This opens an avenue to
functional supramolecular helices from small-molecule building
blocks.

4.4. Spontaneous Resolution via Formation of Multiple
Supramolecular Helices

The linear CD-ee dependence observed in the supramolecular
double-stranded helices in CH;CN suggests the possibility of
self-sorting via formation of homochiral supramolecular double
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When double helices are formed in two dimensions,
homochirality is established in two-dimensions, ensuring the

global 3D-homochirality required for spontaneous resolu-
71

.3
helices.

tion.

As the first proof-of-concept, alanine was derived into such
helical chiral building blocks 36 and 37 capable of
intermolecular hydrogen- and halogen-bonding (Figure 7A,
B).* Spontaneous resolution was successful with 36 (X = I, Br,
Cl) with strong halogen bonding ability (Figure 7C), but not
37 (X = F, H) with weak or no halogen bonding (Figure 7D).
Crystal structures of rac-36 show homochiral supramolecular
helices formed in two dimensions, supported by hydrogen- and
halogen-bonding, respectively, across the f-turn structure. This
eventually ensures global 3D homochirality and spontaneous
resolution (Figure 7C). The structural parameters of the
hydrogen-bonded helix are not influenced by the halogen
identity (X = I, Br, or Cl), indicating that the two helices are
orthogonal. It is of significance to point out that in the crystals
of rac-36, despite the coexistence of L- and D-36, the formed
supramolecular helices consist of either L- or p-36, supporting
the importance of propagation of the helicity in dictating the
homochirality of the helix. rac-37 crystallizes as a racemic
compound (Figure 7D) where the hydrogen-bonded helix
forms in only one dimension. These hydrogen-bonded helices
form a homochiral 2D layer structure similar to the 2D-layer
formed in 36, but the layers in 37 stack in an alternative L- and
D-manner, resulting in racemic crystals. The interactions
between molecules of 36 that lead to the helices are strong,
and no solvent molecules are included in the crystals. This may
explain why spontaneous resolution of 36 was successful in
several solvents. This however does not mean that solvent
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plays no role, since solvent—solute interactions can be of
significance in facilitating crystallization.

The indispensable role of solvent was confirmed when we
applied the spontaneous resolution strategy to phenylalanine
(Phe), a more complicated amino acid that has additional 77
interactions between Phe-residues. Phe was converted to 38 (X
= 1, H. Figure 7E) and crystallization of the racemates was
carried out in hydrogen bondlng solvents, DMF, and 1:1:1 (v/
v/v) DMF/CH;CN/CH;0H.”” Spontaneous resolution suc-
ceeded in both solvents. Interestingly, only DMF molecules
were found in the crystals that bridged neighboring helices of
the same handedness by hydrogen bonds. Spontaneous
resolution fails in other hydrogen-bonding solvents such as
CH;OH and CH;CN. The distance between hydrogen-
bonding donor and acceptor in DMF, which is comparable
to the size of the benzyl substituent in Phe, is assumed
responsible for the spontaneous resolution. The bridging of
solvent DMF molecules between neighboring homochiral
helices appears critical in dictating the intermolecular
interactions between the helical building blocks since both
38a (X =1I) and 38b (X = H) undergo spontaneous resolution
(Figure 7E). The outputs of the attempts for spontaneous
resolution of I-substituted 36a (No) and 38a (Yes) in CH;CN
or CH;OH and nonsubstituted 38b (Yes) and 37b (No) in
DMF""* suggest that the substituent in the amino acid residue
and the solvent are both important and they interplay. It
appears that rigid helices of higher g values may favor the
spontaneous resolution, which, however, needs to be clarified
in more systems.

The chiral helical building blocks prefer to form homochiral
supramolecular helices (36—38, Figure 7), suggesting that
there could be chiral preference in the coupling products 39
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Figure 9. (A) Transporters 44 and 45 and control compounds 46 and 47. (B—D) Schemes for membrane transport assays using Cl -sensitive dye
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that contain two p-turns (Figure 8A).”> The reaction of
racemic N-acylamino acid hydrazides (40) with 26 in CH;CN
(Figure 8B) led to 39 containing 56% (reaction at 25 °C) to
84% (100 °C) heterochiral 1,0-39, both higher than its
statistical percentage (50%). The heterochirality is more
pronounced at higher reaction temperatures and in aprotic
solvents, suggesting the role of strong hydrogen bonding. The
crystal structure confirms that 1,0-39 features a helical-like
superstructure, usch that the S-turns on two sides of the
molecule form respectively a homochiral M-helix and P-helix
via interturn hydrogen bonding, which alternatively arrange to
stabilize each other (Figure 8C), similar to the alternative
homochiral 2D layers of 37 consisting of L-37 or D-37 helices
(Figure 7A).* The helical-like superstructure of 1,p-39 is more
favorable than the f-sheet-like superstructure of homochiral
LL- or D,0-39. This heterochiral coupling leads to chiral
amplification of the hydrazides when treated with achiral 26,
leaving unreacted hydrazides of higher ee or enantiopurity
(Figure 8D, E). These results might be relevant to the origin of
homochirality in nature. Meanwhile, a good understanding of
the antiparallel stacking of supramolecular helices of opposite
handedness would be helpful for achieving spontaneous
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resolution, which requires parallel stacking of the helices of
the same handedness.

4.5. N-Amidothiourea-based Transmembrane
Transporters

The strong binding to anions of N-amidothioureas inspired
explorations of transmembrane transport. A crown ether motif
was introduced to enable cation binding, and the crown ether-
azobenzene-thiourea conjugates (44, 4S5, Figure 9A) were
found good cation/anion symporters.”” The transmembrane
transport experiments are carried out by using differences in
the types of ions or pH values of the buffer solutions inside and
outside the phospholipid bilayer of vesicles to form a gradient.
When transporter molecules are added, the gradient difference
gradually decreases. As a result, the fluorescence intensity of
specific dyes or the scattering intensity of the buffer system
changes in real time. 44 and 45 can transport both Na* and
Cl™ across lipid bilayers (Figure 9B, E), while control
compounds 46 and 47 do not, necessitating the bilateral
structure and lipophilic azobenzene linker. 45 exhibits a
significantly reduced transport activity for Na" compared to 44
but a better activity for CI”, presumably due to its too large
cavity of 18-crown-6 for Na* while having higher CI~ affinity.
The Na*/ClI™ transport activities of 44 and 45 are diminished

https://doi.org/10.1021/acs.accounts.5c00490
Acc. Chem. Res. 2025, 58, 3046—3059


https://pubs.acs.org/doi/10.1021/acs.accounts.5c00490?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.5c00490?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.5c00490?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.5c00490?fig=fig9&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.5c00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(A) (B)
o MO
= 3 <
H H " N N
. ;| N_ H H N
N~ N AN S
o o
O, o o -0
| LL-48
H-N N-H
~0.., o}
H-N N-H
LL-25 S]\N’ ~N"”\\/K LL-25 L -25-2F"
o H ’t‘ o Calculated structure Calculated structure
LL-49
(©) (D) (E) (F)
pH =7.2 ° [LL-28)/uM ® 1125 (80 mol %)+ Vin (0.1 mol%) = L.L-25 (80 mol%) + Vin (0.1 moi%)
300 mM Gle-K . > "7 = 10T (125 (40 mol %)+ Vin (0.1 moi%) * 1O0F *
6 110 A 25 (40 mo! A LL-49 (100 mol%) + Vin (0.1 mol%)
¢‘y s § 08l 08 . ......oct 08l ._....---
P g = = DMSO Pt aut
w4 =) 3 L4 -1 g
(=4 . £ 2o . = .
:t ti"t s 06 s 08 .’ s 0o -
&® pH=T2  &$ 7 2 . wwvvvey | 3 "
:: 300 mM KF tt 2 04l s 04 .- vy’ g 04r .-
«% & g i . Tapd [ .
u“\k\.‘“’ e 3 02 0| ¥ o2 * aid * 02 =
\K‘- oo g 021 o 77 [
ot 2 DMSO| v’ 00000000808
0o 00| slsasassassssssssassbsdastdsss 00| ssssssssssssssssssss
PN = transporter | =Vin T N T .
0 40 80 120 160 200 240 280 320 0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time/s

Time/s Time/s

Figure 10. (A) Cyclic 1,.-25 and acyclic control compounds 1,.-48 and 1,1-49. (B) Optimized structures of L,.-25 and the 2F~-25 complex at the
B3LYP-D3(BJ)/6—311G level. (C) Osmotic response assay for F~ transport under a F~ concentration gradient. (D) Normalized scattering
intensity of vesicles upon the addition of 1,.-25 (20—110 uM, 4—22 mol %) in the presence of Vln (0.1 mol %). (E) Normalized F~ efflux of the
ISE assay obtained by the addition of 1,.-25 (40 or 80 mol %) in the presence of VIn (0, 0.1 mol %). (F) Normalized F~ efflux of the ISE assay
upon the addition of 1,.-25 (80 mol %), L,.-48 (100 mol %), and 1,.-49 (100 mol %) in the presence of 0.1 mol % VIn. Reproduced from ref 62.

Available under a CC-BY license. Copyright Authors.

when K* ions are present outside the vesicles (Figure 9C, F),
while facilitated K* efflux was observed when K* was put inside
the LUVs (Figure 9D, G), demonstrating the carrier nature of
the transporters. The transport selectivity of the transporters is
instructive for their biological applications and insightful for
new structural design.

Peptidomacrocycle 1,.-25 (Figure 10A) selectively trans-
ports F~ as 2:1 F7/25 complex (Figure 10B),°” but not the
larger CI”, Br™ ,and I". Despite being capable of binding F~,
acyclic 1,.-48 and 1,1-49 (Figure 10A) do not exhibit F~
transport activity, showing the necessity of cyclic structure
(Figure 10C, D). The influence of valinomycin (VIn), a
macrocyclic K' carrier, on the transport activity of L,L-25
suggests an electrogenic anion-transport mechanism (Figure
10E, F). Cyclic 1,.-25 and acyclic L,.-48 and 1L,.-49 are all
inactive in transporting larger CI”, demonstrating the critical
role of the cavity size in ion transport. With the “2 + 2” version
larger macrocycles, for example, 28 (Figure SA), preliminary
results are encouraging in transporting hydrophilic neutral
species. Diverse thiourea-based anion transporters have been
developed,75_79 most of which are short-chain-like or multi-
dentate ligands focusing on transporting Cl~ of biomedical
significance. Gale’s group has demonstrated the advantages of
acylthioureas as anion transporters, mainly via intramolecular
hydrogen bonding.*” Those observations have encouraged our
explorations of anion binding and transportation of N-
amidothioureas that are rich in hydrogen-bonding sites.

5. CONCLUSIONS AND PERSPECTIVES

In this Account, we describe our efforts to develop the N-
acylamino acid amidothiourea motif, a versatile helical chiral
building block. The introduction of an amide motif, RC(O)-
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NH—, next to a thiourea —NH group has first led to N-
amidothioureas bearing a twisted N—N bond that undergoes a
conformational change when binding an anion. The anion
binding affinities are much higher despite the lower acidities of
the thioureido —NHs. An ICT in the anion binding complex
that generates a positive charge in the thiourea moiety results
in an allosteric effect to reinforce binding to the anion. Making
an amide from a chiral amino acid yields N-acylamino acid
amidothiourea, which bears a -turn structure. This represents
the basic helical chiral building block with its two termini in
close proximity. It is able to build peptide-like fluorescent
beacons, template macrocyclization reactions, and form
supramolecular helices. The formed helix is homochiral and
the double helix exhibits a linear CD-ee dependence. The latter
suggests the potential of spontaneous resolution, and we
confirmed it by deriving alanine and phenylalanine into such
helical derivatives that form multiple homochiral helices.
Developing new functions of this building block, by means
of structural design, is a subject of future efforts. The four parts
in the turn structure can be modified. First, the factors that
influence the trans,cis-conformation of two N—H bonds in
thiourea deserve further study. Second, the N’-alkylthiourea
counterparts could be examined such that they might be
introduced into the peptide backbone to tune peptide folding.
Third, the amino acid residue could be derived to provide
functional groups. Fourth, the N-acyl group could be explored
in its influences on turn structure and interblock interactions.
The functions of forming multiple supramolecular helices
warrant further efforts, e.g., for spontaneous resolution of other
amino acids and beyond. Formation of helices via coordination
and/or dynamic covalent bonding,81 might be another avenue.
Chiral sensing via helix formation is a new subject, with likely
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enhanced performance because of the cooperativity between
interblock interactions and propagation of helicity. The
supramolecular helices also hold promise as chiro-optic,
chiro-electronic, and chiro-magnetic materials, among which
chirality-induced spin selectivity (CISS) is a subject of current
interest.® In this regard, the peptide-like fluorescent beacons
forming exciplex would provide diverse structural frameworks,
in view of the effect of chirality on the excited-state electron
transfer under a ma%netic field, important model systems for
understanding CISS.>

The use of the helical chiral building block to template
macrocyclization shall be extended to a great variety of
macrocycles and cages that consist of a flexible turn motif and
rigid arylamide motif. These hybrid macrocycles have
abundant hydrogen-bonding sites, which would assemble
into nanochannels and porous materials, cagable of molecular
encapsulation,” recognition, and transport®” of guest species.
The propagation of helicity can guide the hierarchical assembly
of supramolecular helices and macrocycles into larger chiral
frameworks with defined porosity and chirality. Incorporating
photoactive, redox-active, or catalytically active units into the
macrocyclic structure could lead to functional nanomaterials
for optoelectronics, catalysis, or drug delivery. The potential of
the chiral helical block, as a component of asymmetric
organocatalysts could be explored, as encouraged by the
preliminary investigations' and its capability of long-distance
chirality transfer.”’
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