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ABSTRACT: We report the discovery of unexpected chiral
preferences in 2 + 2 macrocyclization, where a racemic pair of
2,6-pyridine(dicarbonylamino-acid)hydrazides or two equiv of the
meso analogue are reacted with two molecules of achiral,
structurally symmetric bidentate, 1,4-pheylenediisothiocyanate.
Using racemic alanine (A)-based dihydrazides L,L-AA and D,D-
AA as reactants, heterochiral macrocycle L,L,D,D-AAAA forms
exclusively in ca. 80% yield in acetonitrile/DMF at 110 °C, with no
detectable formation of homochiral L,L,L,L- or D,D,D,D-counter-
parts. This heterochiral preference extends to other amino acid
residues, as demonstrated by the selective formation of L,L,D,D-
FFFF and L,L,D,D-/D,D,L,L-AAFF when employing phenylalanine
(F)-based or mixed F- and A-based dihydrazides. Surprisingly,
when meso dihydrazide L,D-AA is used, a strong preference for forming L,D,D,L-AAAA over L,D,L,D-AAAA was observed. Despite
being hetero- and homochiral of the two amino acid residues in the 1,4-benzenediamidothiourea edges, the two kinds of the
preferred macrocycles, L,L,D,D-AAAA and L,D,D,L-AAAA, share the same configurations of four edges: parallel LL/DD and LD/
LD. This chiral preference arises from the enhanced intermacrocycle stacking. Structural analyses reveal that both L,L,D,D-AAAA
and L,D,D,L-AAAA exhibit more symmetric molecular conformations upon stacking compared to L,L,L,L-AAAA and L,D,L,D-
AAAA. These distinct structural features lead to a 30−40 °C increase in decomposition temperature for the favored macrocycles.
Being orthogonal to most reported entropy-driven homochiral preferences that rely on intramolecular bonding, this study establishes
a new scheme to leverage intermolecular interactions for covalent, catalyst-free stereoselective macrocyclization.
KEYWORDS: chiral self-sorting, peptidomimetic macrocycles, stereoselective macrocyclization, macrocycle stacking, anion receptor

■ INTRODUCTION
The natural homochirality such as the exclusive presence of L-
amino acids in peptides and D-sugars in nucleic acids
continues to fascinate the explorations of its origin1 and
inspire the rational control of enantioselectivity in synthetic
chemistry. The homochirality implies that in prebiotic polymer
formation, one chiral unit present in a reaction intermediate
favors the incorporation of further units of the same chirality.
As seen in peptides or DNA molecules, neighboring amino
acid residues or sugar moieties are linked via linear covalent
backbones, which might not be sufficient to bias homochiral
polymer formation. There shall be additional interactions
between the neighboring chiral centers, which means that
multivalent interactions are needed at some stage in the
formation of the linkage between the neighboring chiral units.
Cyclic structure is an immediate candidate in that context.
Indeed, homochirality has been observed during cyclization,
leading to chiral cyclic compounds such as macrocycles,2

cages3,4 and knots5 consisting of either rigid or flexible building
blocks. It is noted that in the majority of the reported

homochiral cyclic structures, the building blocks are linked via
dynamic covalent bonds such as the imine bond (−CH�N−),
while few cases are reported with permanent bonds under
catalytic reaction conditions.2e Note that an information theory
has been applied to well explain the observed homochir-
ality,2e,4c,d in that the homochiral product molecule is of a
higher entropy, while its enthalpy is similar to that of the
heterochiral product. A very nice experiment to support this
explanation is the observation of the heterochiral macrocycle
from a metathesis reaction at lower temperatures, at which the
contribution of entropy is reduced.2e We noted that in all those
cases of forming homochiral macrocyclic products, they exist in
solution as molecularly dissolved species. In those cases,
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intramolecular interaction has been the focus for under-
standing the chirality communication in the transition states,
the majority of which are cyclic structures or contain cyclic
structures,6 and/or the chirality of the final product.

It is therefore natural to wonder what would happen with
the reactions of chiral species if the intermolecular interactions
between the chiral products are strong. We thus launched to
explore the cyclization reactions that the chiral cyclic product
molecules would interact so strongly that they exist in the
aggregate forms, even appearing as visible precipitates or
crystals (Scheme 1). We chose our recently developed

macrocyclization reaction involving enantiopure reactants,7

which resulted in precipitated products with strong inter-
molecular hydrogen bonding interactions. Reported herein is
our discovery of the exclusive formation of the heterochiral
macrocycles, the extralarge macrocycles, L,L,D,D-AAAA/
FFFF/AAFF/FFAA (1-4) (Figure 1a), from the reaction of a
racemic pair of dihydrazides of amino acid (A, F, or A+F) and
achiral bidentate 1,4-phenylenediisothiocyanate in competitive
solvent ACN/DMF at high reaction temperatures. Also of
significance is that when a meso dihydride reactant L,D-AA
was used, the only product formed at the high temperature of
110 °C was L,D,D,L-1 but not L,D,L,D-1 (Figure 1c),
supporting the critical role of the product intermolecular
interactions in directing the reaction pathway of the macro-
cyclization.

■ RESULTS AND DISCUSSION
We recently reported a facile access to the homochiral
peptidomimetic large macrocycles (L,L,L,L- or D,D,D,D-1)
from 2 molecules of enantiopure L,L- or D,D-Py(AN2H3)2 in
1:1 (v/v) CH3CN/DMF at 90 °C, in precipitates (cf. Figure
1a).7 Crystal structure shows that the macrocyclic backbone is
stabilized by a network of 8 hydrogen bonds that stabilize 4 β-
turn structures, together with strong intermolecular hydrogen
bonding that is responsible for the precipitation. It was
therefore expected from such a multiple intramolecular
hydrogen bonding network that a chirality communication
within the cyclic structure may bias the product formation
from the statistical distribution, when racemic dihydrides L,L-
and D,D-Py(AN2H3)2 are taken as the reactants, as also

expected in the acyclic system.8 As evidence for such chirality
communication within the cyclic backbone in 1, CD spectra of
previously identified reaction intermediates, L,L- and D,D-
Py(ATUNCS)2 (structures shown in Figure 1b) were recorded
in 98:2 (v/v) CH3CN/DMSO (Figure S1). CD signals at 282
nm from the 4-(thioureido)phenylisothiocyanate chromophore
(blue curves in Figure S1) were observed, which means that
the terminal -NCS groups in the intermediate species are
“chiral.” This would lead to a chirality demand for the
upcoming chiral reactant, which, in view of the chirality-
assisted synthesis,9 is likely in the homochiral manner.9b

Reactions of 1,4-Ph(NCS)2 with 1.1 equiv of racemic
mixtures of L,L- and D,D-Py(AN2H3)2, under optimal
conditions, 1:1 (v/v) DMF/CH3CN at 90 °C, previously
used for the synthesis of L,L,L,L- or D,D,D,D-1,7 were
therefore run at varying temperatures ranging from 25 to 120
°C. The products were found to precipitate from the reaction
solution, too. 1H NMR characterization (Figure 2) shows that,
despite a statistical distribution of random reactions would
result in a percentage and a maximum yield of 50% for
L,L,D,D-1, the heterochiral product becomes increasingly
dominant when reaction temperature increased beyond 90
°C, with yields substantially higher than 50% (Table 1). It is
the only product at 110 °C in a yield of 81% by combining
those from the precipitates and the solution phase, with no
detectable homochiral L,L,L,L-1 and D,D,D,D-1. This is
different from the homochiral macrocyclic product expected
in the chirality-assisted synthesis9b but instead forms an
alternative enantiomer array.

Analysis of the heterochiral macrocyclic products both in the
precipitates and in the solution from reaction at 90 °C reveals a
slightly higher yield of heterochiral (39% for L,L,D,D-1) than
that of the homochiral (L,L,L,L- and D,D,D,D-1 at 37% in
total) products, deviating slightly from the statistical product
distribution (Table 1). At lower temperatures of 80 and 50 °C,
practically statistical distribution was observed. This implies
that at higher temperatures, a biased distribution would occur.
Indeed, at an elevated reaction temperature above 90 °C, the
heterochiral L,L,D,D-1 started to dominate over the
homochiral products, and a very high heterochiral-to-
homochiral selectivity of 65:1 was found at 110 °C. Both
heterochiral and homochiral macrocyclic products were found
to dissociate at 120 °C, and therefore, higher temperature
conditions were not tested. Further reaction optimization by
heating the reaction mixtures in a pressure tube at 110 °C
(solvothermal synthesis) for 16 h led to the exclusive
formation of L,L,D,D-1 in 81% yield, with no detectable
homochiral products. For the solvothermal synthesis, it is
worth pointing out that the reaction initially produced a small
quantity (10%) of the homochiral macrocycles up to 12 h
(Table 1 entry 8), which, however, completely disappeared
when the reaction proceeded to 16 h. We also examined the
possible dissociation and recombination2e of L,L,L,L-1 and
D,D,D,D-1 under the optimal reaction conditions and found
that no L,L,D,D-1 was formed. This means that heterochiral
L,L,D,D-1 could not form via component exchange from
L,L,L,L-1 and D,D,D,D-1, demonstrating that the thiourea
formation reaction is practically irreversible under our
experimental conditions. These, together with the aforemen-
tioned observation that the heterochiral product was favored at
higher temperatures (>100 °C), suggest that the product of the
heterochiral macrocycle has a higher thermostability than the
homochiral ones. This indicates stronger interactions between

Scheme 1. Biasing the Outcome of a Macrocyclization
Reaction (Using LL and DD Racemates as Building Units)
via Strong Intermolecular Stacking of a Particular
Stereoisomer (LLDD) among Possible Macrocyclic
Products (LLDD, LLLL and DDDD)a

aSimilarly, we observed the preferential formation of an LDDL over
an LDLD macrocycle when an LD building unit was used.
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the heterochiral macrocycles, accounting also for the observed
predominant precipitation of the heterochiral products from
the reaction solution, even at a high temperature of 110 °C,

and the higher heterochiral preference in the precipitated
products than in the products from the solution phase (Table
1). The precipitates were observed to be microcrystalline by

Figure 1. [2+2] Macrocyclization of 1,4-phenyldiisothiocyanate with racemic or meso 2,6-pyridinedicarbonylamino acid-based dihydrazides, giving
diverse heterochiral macrocyclic products. (a) Selective formation of heterochiral same-amino-acid macrocycles L,L,D,D-1 and L,L,D,D-2 using
alanine- or phenylalanine-based dihydrazides, and heterochiral mixed-amino-acid macrocycles L,L,D,D-3 and D,D,L,L-4 using combinations of
dihydrazides bearing alanine or phenylalanine residues. (b) Structures of the reaction intermediates, L,L- and D,D-(PyATUNCS)2. (c) Selective
formation of L,D,D,L-1 over L,D,L,D-1 using a meso dihydrazide reactant, m-L,D-Py(AN2H3)2. Dashed lines represent intramolecular hydrogen
bonds.

Figure 2. 1H NMR traces of the precipitates (redissolved in DMSO-d6) from the reaction of 1,4-Ph(NCS)2 with a racemic mixture L,L- and D,D-
Py(AN2H3)2 (1.1 eq. each) in 1:1 (v/v) DMF/CH3CN for 24 h conducted at different temperatures. The pyridine C3−H signals, observed at 8.03
ppm (blue triangle) from L,L,L,L-/D,D,D,D-1 and at 8.00 ppm (red triangle) from L,L,D,D-1, are used to determine the molar ratio of homochiral
(sum of L,L,L,L- and D,D,D,D-1) to heterochiral (L,L,D,D-1) products, shown on the right. See Table 1 for the product distribution in solution
and in the precipitates.
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SEM (see Figure S2 for L,L,D,D-1 and Figures S3−S5 for
other stereoisomers), an indication of the strong and ordered
intermolecular interactions. The yield of ca. 80% also implies
that the reaction leading to heterochiral products is faster;
otherwise, a yield of not higher than 50% would have been
expected.

Similar heterochiral preference in the macrocycle synthesis
was observed with the dihydrazide reactants containing
phenylalanine (F) residues (Figure 1a). The reaction of
racemic L,L- and D,D-Py(FN2H3)2 with 1,4-Ph(NCS)2 led
exclusively to L,L,D,D-2 in 78% yield under optimal conditions
(Figure S6). Interestingly, mixed heterochiral macrocycles,
L,L,D,D-AAFF (3) and D,D,L,L-AAFF (4), were obtained in
yields of over 60% (Figures 1a). They are otherwise not easily
accessible pseudoracemic macrocycles containing two L- and
two D-amino acid residues of differing identities.

This heterochirality however is not that results from the
heterochiral coupling observed in the acyclic bilateral systems
containing the same heterochiral structural motif of 1,4-
phenyldithioureas.8 Macrocyclization reaction using the meso
dihydrazide reactant (L,D-AA, Figure 1c) would in principle
lead to L,D,D,L-1 and L,D,L,D-1 each in 50% possibility.
However, we found that L,D,D,L-1 was the only product in
53% isolated yield at a higher reaction temperature of 110 °C,
despite a 73:27 molar ratio of L,D,D,L-1 to L,D,L,D-1 at a
lower reaction temperature of 80 °C. In L,D,D,L-1, the two
1,4-benzenediamidothiourea motifs are both homochiral,
either LL or DD, which is opposite to the acyclic systems
where only the LD-heterochirality was observed due to the
formation of M- and P-handed helices upon intermolecular
stacking.8 Therefore, it appears that the constraint of the
macrocyclic molecules makes the intermacrocycle interactions
not the same as those between acyclic molecules. It is also

Table 1. Yields of Hetero- (L,L,D,D-1) and Homochiral (L,L,L,L- and D,D,D,D-1) Products from the Reaction of a Racemic
Mixture of L,L- and D,D-Py(AN2H3)2 (0.055 mmol Each) with 1,4-Ph(NCS)2 (0.1 mmol) in 1:1 (v/v) DMF/ACN at Different
Temperatures and Reaction Time

Yield of L,L,D,D-1 Total yield of L,L,L,L- and D,D,D,D-1

Entrya T/°C Time/h In solutiona Precipitatesb In solutiona Precipitatesb

1c 25 24 - - - -
2 50 24 14% 8% 14% 8%
3 80 24 8% 24% 8% 24%
4 90 24 20% 19% 16% 21%
5 100 24 16% 27% 10% 13%
6 110 24 13% 52% 1% 0%
7 120 24 - - - -
8c,d 110 12 4% 66% 3% 7%
9d 110 16 2% 79% 0% 0%
10d 110 24 0% 71% 0% 0%

aThe reaction mixture was filtered, and the filtrate was evaporated and dissolved in DMSO-d6 for 1H NMR analysis of the product ratio in solution.
bThe yields of the products as precipitates were determined by weighing the precipitates, dissolving in DMSO-d6 and 1H NMR analysis of the
product ratio in the precipitates. cNo precipitation observed. dReactions 8−10 were conducted in pressure flasks.

Figure 3. Comparison of intermolecular and intramolecular hydrogen bonds in the crystal structures of L,L,D,D-1 (a), L,L,L,L-1 (b), L,D,D,L-1
(c), and L,D,L,D-1 (d).
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noteworthy that the heterochiral macrocycles L,L,D,D-1 and
L,D,D,L-1 share the same arrangement profiles of the
configurations along the 4-edge cyclic backbone, i.e., in parallel
LL/DD and LD/LD edges containing, respectively, LL/DD
and LD/LD amino acid residues (see structures of L,L,D,D-1
and L,D,D,L-1 in Figure 1a,c). This is different from the
heterochiral giant cubic [8 + 12] cage,3c which precipitated
from a reaction solution of poor solvent THF, with all edges
being heterochiral. Of interest is that in good solvents, such as
CH2Cl2, the obtained soluble products are homochiral [8 +
12] cages, and this behavior was well explained by an
information entropy theory,4c which predicts heterochirality
at lower temperatures. This is, again, opposite to what was
observed here, where heterochirality is preferred at higher
temperatures.

Precipitation of the reaction product from a high-temper-
ature reaction solution implies that the solute−solute
intermolecular interactions are strong. The crystalline structure
of the precipitates (Figures S2−S5) suggests that the solute−
solute interactions are strong and ordered, which is also
supported by their easy crystallization. We performed
thermogravimetric analyses (TGA) of the macrocycles and
found that the decomposition temperatures of L,L,L,L/
D,D,D,D-1 (249 °C) and L,D,L,D-1 (229 °C) are lower
than those of the preferred L,L,D,D-1 (278 °C) and L,D,D,L-1
(271 °C) (Figures S7−S11, Table S1), confirming the higher
thermostability of the preferentially formed macrocycles in the
solid state.

Previously, we observed that homochiral L,L,L,L-1 and
D,D,D,D-1 precipitated from the reaction solution at 90 °C
during their respective syntheses (Figure S3). The present
heterochiral product L,L,D,D-1 precipitates from the reaction
solution too, at a higher temperature of 110 °C. This implies
stronger intermolecular interactions between the molecules of
heterochiral product L,L,D,D-1. Single crystals of L,L,D,D-1
were facilely obtained that allows for the X-ray diffraction
crystal structure characterization (Figures 3a and S12).
L,L,D,D-1 crystallizes in P-1 space group (Table S2), with
each L,L,D,D-1 molecule showing a centrosymmetric con-
formation, contrasting the lack of such symmetry in the
previously reported crystal structures of L,L,L,L-1 and
D,D,D,D-1, which actually take a distorted structure, three of
the four methyl substituents of the alanine residues above the
macrocycle plane while the fourth below (Figure 3 and Table
S3 for β-turn parameters which differ quite much from each
other). As with L,L,L,L-1 and D,D,D,D-1, each molecule of
L,L,D,D-1 contains four β-turn structures maintained by 10-
membered intramolecular hydrogen bonds, with its four
methyl substituents being two above and two below the cyclic
plane (Figure 3a). In the crystals, L,L,D,D-1 molecules stack
via strong intermolecular hydrogen bonds, including bifurcated
pyridinedicarboxamide N−H···O�C hydrogen bonds along a
axis, self-complementary thioureido N−H···S�C hydrogen
bonds along b axis and self-complementary thioureido N−H···
O�C (alanine) hydrogen bonds along c axis (Figures 3a,
S13−S14). The intramolecular and intermolecular hydrogen
bonding patterns in the crystals of L,L,D,D-1 (Figures S15−
S17) are similar to those in the homochiral counterparts
L,L,L,L-1/D,D,D,D-1. However, we found that the hydrogen
bonds in L,L,D,D-1 are collectively stronger than those in
L,L,L,L-1 and D,D,D,D-1 (Figure 3a,b, and Tables S3−S4),
while the π···π stacking distances in the three structures are
similar (Figure S17 and Table S5). The average intramolecular

N−H···O�C distances and angles for L,L,D,D-1 in the β-
turns were 2.23 Å and 153°, respectively, whereas those for
L,L,L,L-1 were 2.27 Å and 153° and those for D,D,D,D-1, 2.26
Å and 153°. L,L,D,D-1 also shows shorter intermolecular
hydrogen bonds, with D-H···A distances determined to be 2.27
Å, compared with 2.31 for L,L,L,L-1 and 2.29 for D,D,D,D-1.
Similar crystal packing pattern stabilized by strong intermo-
lecular hydrogen bonds was observed for L,L,D,D-3 (Figures
S18−S20). The crystal structure of L,D,D,L-1 (Figures 3c,
S21−S23) shows a centrosymmetric conformation with a
symmetric distribution of four methyl substituents and four β-
turns as with L,L,D,D-1, in which the intramolecular N−H···
O�C distances and angles are 2.61 Å (β1 and β3) and 2.17 Å
(β2 and β4) and 154° and 160°, respectively. The outward
pointing NH donor and C�O/C�S acceptor groups of
L,D,D,L-1 form hydrogen bonds with the oxygen acceptor and
the CH3 donor groups of the DMSO solvents, respectively.
Contrasting L,D,D,L-1, crystal structure of L,D,L,D-1 shows a
lack of symmetry in the macrocycle conformation, with its four
β-turns being different in terms of their N−H···O�C
distances (2.18, 2.04, 2.15, and 2.36 Å) and angles (149,
158, 155, and 153°) (Figures 3d, S24−S26). A set of self-
complementary thioureido N−H···S�C hydrogen bonds were
observed in the crystal packing, with the remaining outward
pointing polar groups of L,D,L,D-1 hydrogen bonded to
solvent molecules (DMSO and ethyl acetate, with some highly
disordered solvent-molecules treated with the PLATON
SQUEEZE method). Overall, these results demonstrate an
interesting trend that L,L,D,D- and L,D,D,L-macrocycles, the
preferentially formed products, have centrosymmetric con-
formations in the solid state. By contrast, the unfavored
L,L,L,L-, D,D,D,D- and L,D,L,D-macrocyclic products lack
such symmetry in their solid states. Because crystals have
periodic symmetry, molecules with high symmetry are often
found to facilitate efficient molecular packing.10 For example,
the benefit of centrosymmetric molecular geometry in crystal
packing was demonstrated by a study revealing that a small
library of flexible molecules tends to crystallize in centrosym-
metric conformations, despite the fact that, in some cases,
these conformations are of higher energy than the alternative
noncentrosymmetric conformations.11 We thus hypothesized
that the centrosymmetric feature of the L,L,D,D- and L,D,D,L-
macrocycles leads to more efficient packing and consequently
higher thermodynamic stability in the solid states compared to
L,L,L,L-, D,D,D,D- and L,D,L,D-isomers, as supported by the
TGA studies (Table S1). In addition, crystals of symmetric
molecules possess greater entropies than crystals of unsym-
metric analogues.12 Thus, the information theory predicts that
high reaction temperatures should favor the formation of
symmetric L,L,D,D- and L,D,D,L-macrocycles as high-entropy
crystalline products, consistent with our observation of
temperature dependence (e.g., Table 1).

On the other hand, in solution where the macrocycle
product exists discretely, the stability of the intramolecular
hydrogen bonds was examined by varying solvent composi-
tion1H NMR studies. We used DMSO as a hydrogen bond-
destabilizing solvent and monitor the changes of -NH signals
upon increasing the fraction of DMSO in CH3CN/DMSO
binary mixtures. In our previous study of L,L,L,L-1, we have
confirmed -NHd and -NHa as being involved in intramolecular
hydrogen bonds in solution because their signals are less
sensitive to increasing DMSO ratio compared with those of
-NHb and -NHc (see Figure 1 for proton labeling).7 Here, we
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performed these analyses to compare the intramolecular
hydrogen bonds among the different macrocycles in solution.
The -NHd and -NHa protons in L,L,L,L-1 of increasing volume
fractions of DMSO (10 to 100%) undergo changes in their
chemical shifts by average slopes of −0.8 and 3.8 ppb/%
DMSO, respectively.7 These changes are slightly less
pronounced than those observed in L,L,D,D-1 under the
same conditions, at −0.9 and 4.0 ppb/% DMSO, respectively,
for -NHd and -NHa protons (Figures S27 and S28). These data
indicate that the intramolecular hydrogen bonds within the
homochiral L,L,L,L-1 molecules are stronger than those in the
heterochiral L,L,D,D-1, suggesting that the individual homo-
chiral macrocycle in solution is more stable than the
heterochiral counterpart, opposite of that observed in their
crystals. Similarly, the intramolecularly hydrogen-bonded
protons in L,D,L,D-1 are less sensitive to changes in solvent
composition (average slopes of −0.3 and 3.4 ppb/% DMSO
for -NHd and -NHa, respectively, Figures S29 and S30) than
those in L,D,D,L-1 (average slopes of −0.8 and 3.6 ppb/%
DMSO for -NHd and -NHa, respectively, Figures S31 and
S32), again demonstrating stronger solution-state intramolec-
ular hydrogen bonds of L,D,L,D-1 than those of L,D,D,L-1,
despite the latter being the preferentially formed macrocycle in
the solid state. These results therefore suggest that the stronger
intermolecular interactions between the centrosymmetric
macrocycle product molecules than those of the non-
centrosymmetric counterparts, rather than the stability of the
individual macrocycles, dictate the cyclization outcome at
higher temperatures. This is opposite to the case in which the
reaction product exists as discrete species, in which a lower
temperature favors the heterochiral macrocycle product.2e

The success of obtaining those heterochiral macrocycles
provides a small library of the stereoisomers containing
L,L,L,L-1, D,D,D,D-1, L,L,D,D-1, L,D,D,L-1, and L,D,L,D-1,
allowing for the study of potential allosteric binding13 to

achiral species, sulfate anion here. Allosteric regulation was
previously found in sulfate binding to L,L,L,L-1 because the
thiourea binding sites existed in a cis,trans-conformation14 in
the networked cyclic backbone and inverted to a trans,trans-
conformation upon binding to SO4

2− anion.7 Figure 4 shows
the absorption and CD spectra of L,L,L,L-1, L,L,D,D-1,
L,D,D,L-1, and L,D,L,D-1 in 99.5:0.5 (v/v) CH3CN/DMSO
in the presence of SO4

2−. The absorption traces of them upon
binding to SO4

2− differ dramatically, demonstrating that the
conformations of the anion-bound macrocycles are highly
sensitive to the chiral centers. This is despite the fact that
NMR titrations show all these new macrocyclic isomers bind
SO4

2− very strongly in that the original NMR signals weaken
while new sets of signals develop (Figures S33−S35), similar to
L,L,L,L-1 that SO4

2− binding results in a conformation
inversion.7 This agrees with the fact that the anion-binding
sites in the macrocyclic backbone are networked (Figure 3)
that the binding of an achiral anion to the chiral macrocycles or
achiral macrocycles but bearing chiral centers is allosteric.13

The ability of these macrocycles to bind anions with strong
affinities, forming complexes with rich chirality-dependent
optical properties points toward potential applications in
chirality separation and information storage.

■ CONCLUSIONS
We developed a highly effective self-sorting system in which
strong intermolecular interactions between the reaction
product molecules direct the reaction pathway to exclusively
form L,L,D,D- or L,D,D,L-peptidomimetic macrocycles, when
racemic or meso dihydrazide reactants were used. This was
observed at high temperatures and in competitive solvents,
despite the hydrogen-bonding nature of the intermacrocycle
stacking. The chiral preference in the reaction products, i.e.,
L,L,D,D-1 against L,L,L,L-/D,D,D,D-1 and L,D,D,L-1 against
L,D,L,D-1, happens despite the fact that the preferred

Figure 4. CD and absorption spectra of L,L,L,L-1 (a,b), L,L,D,D-1 (c,d), L,D,D,L-1 (e,f), and L,D,L,D-1 (h,g) in the presence of SO4
2− of

increasing concentration in 99.5:0.5 (v/v) CH3CN/DMSO. L,L,D,D-, L,D,D,L-, and L,D,L,D-1 are achiral, but both bear chiral centers. The
absorption and CD spectra of L,L,L,L-1 in the presence of SO4

2− were taken from reference 7. [1] = 5 μM; (n-Bu)4N+ salt of SO4
2− was used.
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macrocycles that exist in individual species in the solution
phase are slightly less stable. The preferred macrocycles of
L,L,D,D- or L,D,D,L-configuration (clockwise) share a
centrosymmetric feature and the same pattern of the four
edges, parallel LL/DD and LD/LD, that favor the stronger
intermolecular interactions. This chiral preference is observed
in the covalent macrocyclization reactions, where the product
molecule exists in the aggregate state of strong intermolecular
interactions. This phenomenon is distinct with regard to most
of the hitherto reported reactions that are controlled by the
intramolecular interaction profiles in the transition state and
the product molecule. Our preliminary screening of the scope
of the present scheme shows that the synthetic protocol is
applicable to heterochiral macrocycles with varying amino acid
residues and/or aromatic arms, allowing the access to a variety
of macrocyclic stereoisomers. We believe that our results
reported here would inspire explorations of the reactions of
chiral species leading to products and/or involving the
transition states which are, more generally, in aggregated
forms.15
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