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ABSTRACT: Macrocycles have been targets of extensive synthetic efforts for decades because of their potent molecular recognition
and self-assembly capabilities. Yet, efficient syntheses of macrocyclic molecules via irreversible covalent bonds remain challenging.
Here, we report an efficient approach to large peptidomimetic macrocycles by using the in situ-generated f-turn structural motifs
afforded in the amidothiourea moieties from the early steps of the reaction of 2 molecules of bilateral amino acid-based
acylhydrazine with 2 molecules of diisothiocyanate. Four chiral and achiral peptidomimetic large macrocycles were successfully
synthesized in high yields of 45—63% in a feasible one-pot reaction under sub-molar concentration conditions and were purified by
simple filtration. X-ray crystallographic characterization of three macrocycles reveals an important feature that their four S-turn
structures, each maintained by four 10-membered intramolecular hydrogen bonds, alternatively network the four aromatic arms.
This affords an interesting conformation switching mode upon anion binding. Binding of SO,*~ to 1L or 1D that contains 4 alanine
residues (with the lowest steric hinderance among the macrocycles) leads to an inside-out structural change of the host macrocycle,
as confirmed by the X-ray crystal structure of 1L-SO,*~ and 1D-SO,*~ complexes, accompanied by an inversion of the CD signals.
On the basis of the strong sulfate affinity of the macrocycles, we succeeded in the removal of sulfate anions from water via a
macrocycle-mediated liquid—liquid extraction method. Our synthetic protocol can be easily extended to other macrocycles of
varying arms and/or chiral amino acid residues; thus, a variety of structurally and functionally diverse macrocycles are expected to be
readily made.

H INTRODUCTION molecular interactions.”” The former is exemplified in the

Macrocycles continue to be the subject of extensive synthesis of crown ether in which the binding of the alkaline

investigations in supramolecular, material, and biomedical
chemistry, partly because of their function as host frame-
works.'~"? Despite a number of pioneering studies in the last
two decades,"*™*® efficient approaches to the design and
syntheses of macrocycles remain challenging. Because of the
entropic cost in almost all macrocyclization reactions, the
major challenges are the low yields and the formation of many
byproducts requiring tedious purifications.”>*”** Thus, for
macrocyclization reactions, the solution is made extremely Received: November 3, 2022
dilute to avoid undesired polymerization reactions.”” To Published: April 10, 2023
increase the reaction efficiency, a well-established strategy is

the conformational pre-organization of the reaction precursor,

which can be categorized into two approaches: external

auxiliary (template) and conformational regulation via intra-

metal cation to the oxygen atoms in the precursor molecule
brings the two reactive groups into close proximity [Figure
1a(i)].*>*" For the latter approach, it is known that the
installation of a turn unit mimicking those found in protein
secondary structures can fold a linear precursor and thereby
direct the two reacting groups at the two termini of the

precursor into proximity to facilitate the cyclization.””*>** For
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Figure 1. (a) Template-mediated cyclization strategies and (b) reaction of phenylisothiocyanate and N-acetylalanine hydrazine leading to
amidothiourea that contains a f-turn structure bringing its two termini into close proximity. (c) This work: f-turn-mediated “2 + 2”

macrocyclization leading to 46-membered large macrocycle 1L.

example, the benzanilide-based structural motif bearing an o-
methoxy group in the benzoyl and/or aniline moiety adopts a
folded conformation because of the intramolecular hydrogen
bonding between the methoxy O atom and the amide —NH
proton, promoting the cyclization reaction that produces rigid
macrocycles.”* ™ The p-turn structure was reported to
facilitate the syntheses of cyclic peptides [Figure 1a(ii)].*~*
The °Orn turn unit, a -turn mimic exploited by Nowick et al.,
was found applicable for constructing the macrocyclic p-
hairpin peptides.**™* The dimethoxy cyclohexadiene motif
developed by Jasti and Bertozzi has been used to synthesize
carbon nanohoops.””** Recently, Gellman et al.*’ used an
aromatic foldamer to catalyze the macrocyclization of flexible
linear dialdehyde substrates by aldol condensation [Figure
Ta(iii)].

Reported herein is a novel approach applied in a
conformationally controlled “2 + 2” reaction that leads to
large macrocycles. This is inspired by our discovery of the -
turn structure formed in the product of the reaction between
acylamino acid-based acylhydrazine and phenylisothiocyanate
(Figure 1b).>”°" In the amidothiourea motif, the formed
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hydrogen bond brings the two terminal acetyl groups and the
phenyl group into close proximity. This is expected to function
as a folding unit to promote the cyclization. We therefore
propose to build peptidomimetic macrocycles using the
corresponding bilateral reactants to allow a “2 + 2” cyclization
reaction, assuming that the intermediates generated during the
reaction are preorganized by their own p-turn structures,
forming a dominant folded conformation to facilitate the
cyclization reaction, eventually leading to the macrocycle
containing four f-turn structures with 4 amino acid residues in
total (Figure 1c). We have succeeded in obtaining 46-
membered large macrocycles 1L/1D, 2L, and 3 in high yields
from acylhydrazines derived from L-/p-alanine, L-phenyl-
alanine, and 2-amino-iso-butyric acid (Aib) (Figures 1c and
2a), involving the formation of four f-turn structures and 4
covalent bonds during the cyclization reaction, representing an
efficient approach to rapid macrocycle synthesis. The obtained
macrocycles exhibit interesting conformational and host—guest
properties. For example, the four aromatic arms are networked
by the intramolecular hydrogen bonds that maintain the f-turn
structures. Within the cyclic backbone, the thiourea moiety is

https://doi.org/10.1021/jacs.2c11684
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Figure 2. (a) Molecular structures of 1D, 2L, and 3. (b) HRMS
spectrum of the reaction mixture for the synthesis of 1L after 10 min.
(c) 600 MHz 'H NMR spectra in DMSO-dq at 298 K from the
synthesis of 1L in the presence of 1 equiv of the given anion carried
outin 1:1 (v/v) CH;CN/DMEF at 90 °C for 24 h. The presented yield
of the synthesis was calculated by calculating the percentage of the
NMR signal at 4.3 ppm from the chiral CH proton of 1L over the
total signals from all species containing that chiral CH proton. For
comparison, the NMR spectrum of 1L is also given. Anions are used
as Bu,N"* salts.

known to bind anions,*>*® such that it would undergo a local

structural change to afford the required cis-conformation,
leading to possibly an allosteric effect. This is confirmed in the
case of binding SO,*” by the crystal structure of the 1L-SO,*~
or 1D-SO,*” complex, which shows an inside-out structural
switch of the macrocyclic host molecule. More importantly,
this macrocycle has also been successfully applied to extract
SO,>” from water to an organic solvent, showing promising
application in water purification and industrial wastewater
treatment.

B RESULTS AND DISCUSSION

Syntheses of “2 + 2” Macrocycles. Our recent success in
the efficient synthesis of a macrocycle from a “1 + 1” reaction
of 1 molecule of m-Ph(CONHCH(CH,)C(O)NHNH,), and
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1 molecule of m-Ph(NCS), (Figure S1a)>* has encouraged us
to explore more challenging macrocycle syntheses, since it
suggests that the p-turn structure in the generated
amidothiourea motif may have promoted the cyclization.
Note that in those reactant molecules, the reactive groups are
meta-substituted on the phenyl arms. The para-substituted
reactants, at least one of the two, were therefore expected to
lead to macrocycles of larger sizes, if in situ-generated f-turn
structure can promote the cyclization (Figure S1b). We thus
proposed to explore the “2 + 2” cyclization reactions between 2
molecules of para-benzenediisothiocyanate and 2 molecules of
pyridine meta-substituted diacylhydrazine (Figure lc).

The syntheses were found to be high yielding (Table S1 for
1L). Under the optimized solvent condition of 1:1 (v/v)
DME/CH;CN, the “2 + 2” macrocyclization product 1L was
obtained in a 63% isolated yield at a sub-molar concentration
condition, after simply a direct filtration with no need for
further purification (Figure S2). The formation of the 46-
membered large macrocycle involves the formation of 4
covalent bonds (Figure 1c). The 3 other macrocyclic
molecules, Dp-alanine-based 1D, L-phenylalanine-based 2L,
and achiral Aib-based 3, were similarly obtained (Figure 2a),
in yields of 60, 45, and 56%, respectively, from the
corresponding acylhydrazine starting materials (Scheme S1).
They were fully characterized by '"H NMR, C NMR, and
electrospray ionization—high-resolution mass spectroscopy
(HRMS), while 1L was further characterized by DOSY
(Figure S3) and 2D COSY/NOESY/ROESY (Figure S4).
The structures of three of them, 1L, 1D, and 3, were confirmed
by X-ray single-crystal diffraction (see the Supporting
Information for details). '"H NMR was first employed to
examine if the expected f-turn is formed within 1L, as an
example, in the solution phase. All protons were assigned by
2D COSY/NOESY/ROESY spectra in 9:1 (v/v) CD;CN/
DMSO-ds (Figure S4). The f-turn structure in 1L was
indicated by '"H NMR traces in CD;CN/DMSO-d binary
solvents of increasing composition of the competitive DMSO-
dg, which shows only minor changes in the resonance of the
thioureido —NH proton (Figures S5 and $6). This indicates
that the thioureido —NH is involved in an intramolecular
hydrogen bond.>> Meanwhile, the change in the chemical shift
of —NH® was also found to be minor, supporting its
involvement in an intramolecular hydrogen bonding with the
pyridine N atom.’*”® The temperature coefficients of the
chemical shifts of -NH? and —NH?® protons (AS/AT = —1.8
and —5.4 ppb/K, respectively) are smaller than those of —NH*
(=10.9) and —NH® (-8.8), again supporting their involve-
men6t] in intramolecular hydrogen bonding (Figures S7 and
S8).

In order to clarify the process and mechanism of the
cyclization reaction, first, HRMS spectra of the reaction
mixtures were taken 10, 20, 30, 40 and 50 min and 1 h, 2 h, 3
h, and 4 h into the reaction (Figures 2b and S9 and S10).
White precipitates, identified as the final product, were
observed at 1 h, and more precipitates formed with longer
reaction time. The HRMS spectrum of the reaction mixture 10
min after the reaction indicates the presence of not only the A
+ Na* ion (A represents the intermediate with one p-turn
structure) but also the B + Na* species (B represents the
intermediate containing two f-turn structures). The C + Na*
species (C represents the intermediate containing three f-turn
structures) may exist, but this could not be confirmed as the
molecular weight of C is identical to that of the final product

https://doi.org/10.1021/jacs.2c11684
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Figure 3. Crystal structures of 1L, 1D, and 3. Note that the crystal structures of 1L and 1D from L- and p-alanine residues, respectively, are mirror-

imaged.
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Figure 4. (a) 2D supramolecular layer structure of 1L along the bc plane, formed via double N—H®-*O=C hydrogen bonds along the c-axis and
double N—H®--S=C hydrogen bonds along the a-axis. (b) Double 77 interactions between 1L molecules along the a-axis. (c) 3D
supramolecular porous structure of 1L viewed along the a-axis. Except for the hydrogen atoms involved in the formation of hydrogen bonds, other

H-atoms are omitted for clarity.

(1L). With the lengthening of the reaction duration in the
early stage, the amounts of species of lower m/z decrease,
while the final product becomes increasingly dominant (Figure
S9), until eventually it is almost the sole component at the later
stage of the reaction (Figure S10). The HRMS data thus
suggest that the final macrocyclic product 1L is formed in a
stepwise manner (Figure S1b). We also monitored the NMR
and HPLC of the reaction solution during the course and
indeed found evidence of the quick generation of the
intermediates together with the final product and the
subsequent conversion of the intermediates into the product
(Figures S11 and S12).

The next experiment to demonstrate the key role of the in
situ-generated f-turns is the synthesis in the presence of anions
such as AcO™, F~, or SO,*" that binds to the thiourea moiety
in the turn structure (Table S2 for 1L). The anion binds to the
thiourea moiety and was expected to break the turn structure
and thereby disrupt the folding-mediated macrocyclization.
NMR data show that in the presence of 1 equiv of F~, AcO7,
or SO,*” the reaction yields for 1L drop dramatically (Figure
2c), from 75.8 to 25.6% (F~) and to less than 2% (AcO~ and
SO,*"). Detailed investigations show that with increasing
concentration of AcO™ at 0, 0.1, 0.3, 0.5, and 1 equiv, the yield
drops from 75.8 to 71.4, 62.9, 27.5, and 2%, respectively
(Figure S13).

Crystal Structures. High-quality colorless single crystals of
3 of the 4 macrocycles, 1L, 1D, and 3, suitable for X-ray single-
crystal diffraction, were obtained by slow vapor diffusion of
isopropyl ether into DMF solutions of the macrocyclic
compounds within 7 days. The crystal structures of them,
shown in Figure 3, indicate that 1L and 1D crystallize in the P1
space group as mirror images to each other, while 3 crystallizes
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in the P1 space group (for crystallographic data, see Table S3).
All of these macrocyclic molecules are oblong-shaped, each
containing four S-turn structures, ie., f1, f2, 3, and p4
(Figure 3), of two types, -Il and S-II' (Table $4).°% The
crystal structures confirm the existence of four p-turn
structures that are maintained by the 10-membered intra-
molecular hydrogen bonds, which network the four aromatic
arms. The high yields of the syntheses are thus attributed to
the final product molecule being networked by the four turn
structures, which could have generated cooperativity during
the cyclization process. This networking also strengthens the
intramolecular hydrogen bonds that maintain the turn
structure, as supported by the sluggish changes in the chemical
shift of the —NH" proton of 1L upon heating its CD;CN/
DMSO-ds mixtures or increasing the component of DMSO-dj
in CD;CN (Figures S5—S8), compared with the observation
from a corresponding acyclic counterpart containing only one
p-turn.””!

Interestingly, the macrocyclic molecules 1 and 3 were found
to form a unique type of peptidyl macrocyclic hydrogen-
bonded organic frameworks (PM-HOFs, Figure 4). Along the
c-axis, adjacent 1L molecules are linked via double N-—
He.-k0=C hydrogen bonds, while along the b-axis, double
N—H"--S=C hydrogen bonds bridge the macrocycles into a
2D supramolecular layer within the bc plane (Figure 4a). The
2D layers stack along the g-axis via double 7---7 interactions
(Figure 4b), resulting in a 3D-supramolecular structure (Figure
4c). Both the bc plane (Figure 4c) and ab plane are porous
(Figure S14a), while the ac plane is filled fully (Figure S14b),
affording a porous 3D-supramolecular structure with 2D
channels of pore sizes of 14.2 A X 13.5 A and 13.9 A x 8.2
A (Figure S15). The stacking and bonding modes in the

https://doi.org/10.1021/jacs.2c11684
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crystals of 1D (Figure S16) are exactly the same as those in 1L,
while the macrocyclic structures, 2D supramolecular layers,
and 3D porous structures of 1L and 1D are mirror-imaged
(Figure S17). To the best of our knowledge, these are the first
examples of chiral PM-HOFs. With achiral macrocycle 3,
similar 3D porous supramolecular structures with 2D channels
are identified too (Figure S18). The pore sizes, 16.9 A X 14.9
Aand 14.3 A X 9.3 A in 3 (Figure S19), are larger than those
of 1L and 1D, probably because of the differences in the
hydrogen bonds that maintain the pore structures (Table SS).

It is noteworthy that, despite the difficulty in obtaining large
quantities of single crystals from most of the reported peptide-
related macrocycles,””** our peptidomimetic macrocycles, 1L,
1D, and 3, were found to easily crystallize such that a large
quantity of blocky and needle crystals of 1L and 1D could be
obtained in a high yield of 80% in the CH;OH—DMF mixed
solvent in only 1 day (Figure $20). This provides an interesting
type of polymeric porous materials of the HOF that has
hitherto been reported mostly from rigid molecular building
blocks.”>™®” These first examples of PM-HOFs may in the
future find their applications as functional porous crystalline
materials.

Anion Binding. A distinct structural character of these
macrocyclic molecules is that the four f-turn structures along
the cyclic backbone are networked. A local structural change
with one f-turn structure would likely lead to a dramatic
change in the total macrocyclic backbone. This is expected to
occur when anions bind to the thiourea motif within the f-turn
structure, since the thiourea moiety in the turn structure exists
in its cis,trans-conformation but not the required trans,trans-
conformation for anion binding.”"**”"° Anion binding by
macrocycles 1—3 of increasing steric hindrance imposed by the
amino acid residues were therefore evaluated and compared.
Anion binding by 1L or 1D was first examined by absorption
and CD spectroscopic titrations. 1L and 1D exhibit mirror-
imaged CD spectra in 99.5:0.5 (v/v) CH;CN/DMSO (Figure
5), showing three Cotton effects at 250, 268, and 295 nm with
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Figure S. Absorption (a) and CD (b) spectra of 1L and 1D in
99.5:0.5 (v/v) CH;CN/DMSO mixtures. [1L] = [1D] = S5 uM.

a high anisotropic factor g of 1.7 X 107 at 268 nm (Figure
S21). A linear concentration dependence of the CD signal of
1L over 0.2—10 ¢M in CH;CN/DMSO suggests that it exists
in its monomeric form (Figure S22).

CD spectra of 1L at S #M in 99.5:0.5 (v/v) CH;CN/DMSO
in the presence of 10 equiv of individual anions, F~, CI”, Br~,
I, OH", NO;~, ClO,”, BE,”, AcO~, H,PO,”, HCO;", or
SO,>” (Figure 6a,b) show that SO, causes the most drastic
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change in the CD spectrum, by reversing the sign and
eventually leading to an amplified signal (g factor —3.6 X 107
of SO,*7/1L at 268 nm vs 1.7 X 107> of 1L, Figure S23), and
H,PO,™ leads to a similar yet moderate response in the CD
spectra, whereas the remaining anions including F~, AcO™, and
OH result in opposite and minor or no changes in the spectra
(Figure 6b). The profiles shown in Figure 6b therefore suggest
that the spectral changes do not simply result from anion
binding to the thiourea moieties, since the much stronger
changes induced by multidentate SO,*~ and H,PO,” suggest a
chelating effect.”” Detailed CD spectral titrations of 1L by
SO~ show first a gradual inversion of the CD signals
originally at 250, 268, and 295 nm and later enhancements of
the signals, with two isosbestic points (Figure 6¢). This means
a stoichiometric binding takes place between SO,*~ and 1L up
to 2 equiv of the anion. Job plots suggest a 1:2 (1L/SO,*")
binding stoichiometry (Figure S24) which was confirmed in
the structure of the obtained bis-sulfate complex by X-ray
crystallography, as described later. The SO,*”/1L binding
constant in 99.5:0.5 (v/v) CH;CN/DMSO was estimated to
be extremely high with large errors; we therefore suggest a
lower limit of 107 M™' for K; (Figure S25a), while the
sigmoidal binding isotherm suggests a cooperative CD
response from two SO,*” anions flipping the conformation
of the macrocyclic host molecule.”"”* Moving to 100% DMSO
as a more competitive solvent condition, SO,*~ binding was
found weakened (Figures S26 and S27), which allows a
credible fitting of the binding constant giving K; = 5.05 X 10°
M™ and K, = 1.24 X 10* M™' (Figure S25b). Titrations by
other anions, F~, AcO~, H,PO,”, and OH", exhibited diverse
response profiles (Figures S28—S31). We attempted to
determine the binding constants of these ions but, except the
AcO7, found the equilibria complicated by the occurrence of
the anion-induced deprotonation of the NH groups in 1L, to
different extents, as shown in the 'H NMR spectral traces
(Figure S32), despite the occurrence of anion binding at low
anion concentrations. The binding constant for complexation
of 1L with AcO™ was also too high to be accurately determined
in 99.5:0.5 (v/v) CH;CN/DMSO (Figures S32d and S34a).
We therefore also examined AcO~ binding in 100% DMSO,
which allows a credible fitting of the binding constant, giving
K, =453 X 10° M~ and K, = 7.80 X 10° M~" (Figures S33
and S34b). Although K; for AcO™ is only slightly lower than
that for SO,*” in pure DMSO, 1L exhibits a significant
selectivity for SO,*~ over AcO™ in 99.5:0.5 (v/v) CH,CN/
DMSO (shown by a competition experiment, Figure S36)
because the lower polarity of CH;CN medium favors the
binding of doubly charged SO,>".

To further show the selective binding of SO,*~ with 1L, we
examined the absorption and CD spectral response of 1L
toward multivalent anions, S,04*, HPO,*", p-Ph(CO,),*,
C,0,*7, —0,C(CH,),C0O,*", and PO,*" (Figure S35). These
anions, except S,04>7, resulted in varying extents of spectral
responses but are much less than that induced by SO,*~
(Figure 6b), supporting the high selectivity for SO,*>~ binding
by 1L. Competitive experiments showed that the CD response
of 1L induced by SO,*™ is not affected by the presence of most
tested anions (Figures S36 and S37), again indicating a high
selectivity of the macrocyclic host 1L for SO,*". Significant
interference of SO,*~ binding was observed for highly basic
anions, such as OH™, HPO,*~, and PO, likely due to these
anions deprotonating 1L.
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Figure 6. (a) CD spectra and (b) histogram of the CD signal of 1L at 268 nm in 99.5:0.5 (v/v) CH;CN/DMSO in the presence of 10 equiv of the
tested anion. (c) CD spectra in 99.5:0.5 (v/v) CH;CN/DMSO in the presence of SO,*~ from 0 to 5 equiv and (d) plots of CD signals of 1L at 268
and 294 nm vs concentration of SO,*”. [1L] = 5 yM. All anions exist in their n-Bu,N* (TBA") salts.
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Figure 7. (a) X-ray crystal structure of the [1L-(SO,),]*” complex. TBA* countercations are omitted for clarity. (b) Partial 850 MHz '"H NMR
spectra of 1L upon titration by SO,*” in 9:1 (v/v) CD;CN/DMSO-dg at 298 K. [1L] = 0.1 mM, TBA" salt of the sulfate anion was used.

Absorption and CD spectra of 2L and absorption spectra of
3 at 5 uM in 99.5:0.5 (v/v) CH;CN/DMSO were next
examined in the presence of 10 equiv of SO,*~ and the above
monovalent anion (Figures S38—S43). It was found that the
response profiles in the absorption spectra of 1-3 toward
those anions appear similar (Figures S30b, S40b and S42b),
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where more pronunced responses were observed for SO,*7, F,
AcO7, H,PO,” and OH". An exception is that the absorption
spectra of 3 showed weak responses to H,PO,~ (Figures S42
and S43c). We also found that the changes of the CD spectra
of 2L induced by all those anions such as SO, F~, AcO™,
H,PO,”, and OH™ are similar (Figure $38), differing from that
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observed for 1L (Figure 6b). This means that a conformation
change may have not occurred in 2L upon its binding to those
anions. Together with the much weaker response of the
absorption spectrum of 3 toward H,PO,”, we assume that the
increasing steric hindrance in the order 1L < 2L < 3 prevents
the conformation change of the macrocyclic host molecules in
the latter cases. We also examined the spectral responses of 2L
or 3 toward the tested multivalent anions (Figure S44). Again,
the response profiles are similar to those of 1L (Figure S35a).

Our success in growing the colorless crystal of the SO,>/1L
binding complex, by slow diffusion of isopropyl ether into
DMSO solution of 1L within one month, allows X-ray
crystallographic characterization (for crystallographic data,
see Supporting Information, Table S6), which indicates that
the crystal is of space group P2,2,2, with a boat-like
conformation of the macrocycle in a 1:2 stoichiometry
(Figures 7a and S45a). Two SO,>” anions are each held at
the two pockets within the macrocycle, via six N—H--O and
two C—H--O hydrogen bonds (H:--O distances ranging from
1.942 to 2.596 A and X—H:O angles ranging from 128 to
163°; Figure 7a and Table S7), while four n-Bu,N*
countercations are located outside the macrocycles to balance
the charges (Figure S45b). In the complex, each SO,>~ anion
interacts with two f-turn structures, leading to the breaking of
the 10-membered ring hydrogen bonds to form a new C,
symmetric structure. Indeed, the conformation of the macro-
cyclic host itself inverts such that almost all of the outward N—
H protons point inward to coordinate with the SO,*~ anions,
while the pyridine groups flip inside out. Interestingly, a
double-helix-like structure was identified along the a-axis of the
crystal of the complexes, in which almost 2 complex molecules
form a repeating unit (Figure $S46). The N—H®-J/O=C
hydrogen bonding and 7—x stacking link the repeating units
into two helical strands, while SO,>~ anions intertwine the two
strands. The crystal structure of the complex of SO,*~ with 1D
(Figure S47), the enantiomer of 1L, is mirror-imaged to that of
the SO,*"/1L complex, with exactly the same stacking and
bonding modes.

In view of this dramatic change in the molecular structure of
the host molecule of 1L or 1D upon SO,>” binding, a
substantial change in the 'H NMR was expected, and it was
experimentally verified (Figure 7). Traces of "H NMR of 1L in
9:1 (v/v) CD;CN/DMSO-dy in the presence of increasing
concentration of SO,>~ show an upfield shift of the signal of
the —NH® proton (A5 = 0.97 ppm), while those of the
remaining three —NH protons undergo significant downfield
shifts (AS = 1.25—2.16 ppm), suggesting that SO, anions are
tightly bound with —NH protons of 1L (Figure 7b). In
particular, new sets of signals appear with —CHj protons (1.74
ppm), chiral —CH proton (4.85 ppm), phenyl protons (7.53
ppm), and pyridine protons (8.06 and 8.26 ppm), evident of a
slow-exchange complexation and the high stability of the
complex. 2D NMR experiments on 1L and the [1L-(SO,),]*"
complex were performed to help clarify the structure of the
complex. For 1L, obvious ROE and NOE peaks between
hydrogen atoms on phenyl and pyridine groups (CH® and
CHS, 2.550 A) were observed, but not for NH*~NH" (4.358
A), agreeing with their distances identified in the crystal
structure (Figure S4). While for the [1L-(SO,),]*” complex,
the ROE and NOE peaks of NHY—NH"" (2.676 A) were
observed, but not for the CH*—CH?' (9.487 A) (Figure S48).
These again support the structural inversion of the macrocyclic
host upon binding to SO,*” anions. Diffusion ordered
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spectroscopy (DOSY) of 1L and the [1L-(SO,),]*” complex
at 298 K led to the diffusion coefficient of 1L of 1.06 X 107'°
m* s™" and of the [1L-(SO,),]*” complex of 1.00 X 107*° m?
s™!, ruling out the formation of large aggregates (Figure S49),
which is also supported by the dynamic light scattering data
(Figure S50).

Similar NMR titrations on 2L and 3 show that the signals
shift upon binding to SO,*~ anions (Figures S51 and S52),
different from that observed for 1L, again suggesting that
SO,*” binding to 2L and 3 resulted in less structural changes, if
any, as that suggested by the changes in the absorption and CD
spectra. This is tentatively assigned to the increasing steric
hindrance of the substituent in the amino acid residue, from
—CH; (1) to —CH,Ph (2) and finally to two —CH; groups
(3).

Given the widespread existence of SO,*” in various
industrial wastewaters and its interference with vitrification of
radioactive waste, methods for efficient removal of SO,*~ from
water have received significant interest.”> ™" Yet, simple and
efficient separation of SO,>” is still challenging due to the
higher hydration energy of SO,>~ (—1080 kJ/mol) than other
anions.”® Liquid—liquid extraction is one of the most
promising approaches for SO,>" separation in recent years,
and the key is to find an efficient receptor.””*' Given the high
affinity of macrocycles 1 for SO,*” anions, we examined the
ability of 1L to separate SO,*~ anions from water. As shown in
Figure S53a, an organic layer of 1L (1 mM) in 95:5 (v/v)
CHCI;/DMSO with 4 equiv of A464Cl salts (a commercially
available salt as the auxiliary reagent for extraction) and an
aqueous solution of Na,SO, (2 mM) were prepared and
mixed. The extraction was completed by simply shaking for 10
s. The organic layer was analyzed by "H NMR to calculate the
amount of SO,>” extracted from water. We carried out three
extraction experiments and found the extraction efficiency to
be 91.7, 93.4, and 94.3% (Figure S53b), showing that 1L can
efficiently extract SO,*” anions from the aqueous phase. We
also examined the selectivity of SO,*” extraction in the
presence of other anions (NO;~, Br~, I~, ClO,~, HCO;~, and
HPO,*") in water (Figure S54a). NO;~, Br~, and ClO,~
anions showed weak or negligible interference, the SO,*”
extraction efficiency remaining >89%. Although other three
anions induced varying extents of interference, the extraction
efficiency was still >64% (Figure S54b), demonstrating a
reasonable SO,>” selectivity even when coexisting with
relatively strongly coordinating anions. These results indicate
that our macrocycle host can be used as a potential SO,*~
extraction agent for wastewater treatment.

B CONCLUSIONS

We proposed a straightforward and effective approach to
synthesizing the functional peptidomimetic macrocycles in
high yields from a one-pot “2 + 2” cyclization of di(peptide
amido)hydrazine and diisothiocynate under normal concen-
tration conditions. We succeeded in obtaining the large
peptidomimetic macrocycles containing 4 L- or D-alanine, L-
phenylalanine, or Aib residues, in isolated yields ranging from
45 to 63%. The formed macrocycles contain four p-turn
structures that network the four aromatic arms within the
macrocyclic backbone, via 10-membered intramolecular hydro-
gen bonds afforded in the amidothiourea motifs. The presence
of the acidic amido —NH protons and the thiourea moieties in
the macrocyclic backbone enables anion binding that is
expected to lead to a structural change. Crystal structures of
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1L, 1D, and 3 containing L-/D-alanine and Aib residues,
respectively, confirm the networking by S-turns. This may have
facilitated crystallization of macrocycles 1L, 1D, and 3, which
allows the generation of PM-HOFs. Macrocycles 1L and 1D
exhibit unexpectedly strong and highly selective binding to
SO,*” in an allosteric way that involves a structural inversion of
the host macrocycles. With increasing steric hindrance of the
substituent in the amino acid residue, the structural change
becomes unfavorable such that 2L and 3 do not bind to SO,*~
as strongly and selectively as 1L (1D) does. As the amino acid
residues and the two kinds of aromatic arms within the
macrocyclic backbone can be varied and/or structurally
modified, a great variety of peptidomimetic macrocycles of
diverse structures and functions have been obtained by this
feasible and effective one-pot cyclization reaction. The unique
host—guest properties of the peptidomimetic macrocycles have
shown the potential practical applications in SO,*~ removal
from water.
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