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Chiral spherical aromatic amides: one-step
synthesis and their stereochemical/chiroptical
propertiest
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Macrocyclic aromatic amides 2, in which the meta-positions of all four benzene rings are linked by tertiary
amide bonds, were successfully synthesized by a one-step condensation reaction of two monomers
using dichlorotriphenylphosphorane or triphenylphosphine/hexachloroethane (dehydration-condensation
reagents for carboxy and amino groups), or LIHMDS (aminolysis for esters) as coupling reagents. Single

Received 7th September 2024,
Accepted 3rd November 2024

DOI: 10.1039/d40b01458h

crystal X-ray analyses of the N-methyl and N-ethyl derivatives were performed and revealed that each
compound adopted a spherical structure with chirality because of the fixed axis rotation and combined
polarity of the amide bonds. Enantiomers of each spherical macrocycle were separated by chiral column

rsc.li/obc chromatography and showed mirror-imaged CD spectra to each other.
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Introduction

Molecules such as fullerenes,' carboranes® and adamantanes,’
which have a medium-sized rigid core structure and can be
functionalized, are used widely as core structures in the design
of dendritic compounds, scaffolds in functionalized 3D mole-
cules and pharmacophores in drug discovery. Such rigid and
bulky molecules form highly ordered aggregates to yield void,
cavity or channel structures when crystallized." Moreover,
these skeletons can display molecular chirality depending on
the position or type of substituents and be used to design opti-
cally active materials. Therefore, developing such “block mole-
cules” with various sizes and structures that are easily syn-
thesized is strongly desired.

In various fields such as chemical biology, macromolecules
or supermolecules amide compounds are used widely®
because of their rigidity, hydrogen bonding capacity and con-
formational switching between cis and trans. Recently, in drug
discovery, medium-sized peptide drugs represent a new
modality that mimics protein-protein interactions.’®?
Previously, aiming to discover a new functional molecule with
such amide characteristics, we have also designed several
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macrocyclic aromatic amides® and developed effective
methods to synthesize these amides. Because of the cis-type
conformational preference of tertiary aromatic amides,’
macrocyclic compounds are effectively synthesized by the
amide condensation reaction using meta- or para-(alkylamino)
benzoic acid as a monomer.®®” Using 3-(ethylamino)benzoic
acid as a monomer gave a cyclic trimer as the main product.
This cyclic trimer displayed conformational chirality derived
from the direction of the benzene rings against the amide
plane and the direction of the amides and easily racemized
because of the low rotation energy barrier of the benzene ring-
N and benzene ring-carbonyl single bonds. For this cyclic
trimer, if another benzene ring unit is linked to the compound
via three amide bonds at meta-positions, that is, if the com-
pound has four benzene rings with six amide bonds at each
meta-position, the chirality of the compound will be fixed
(compound 1 in Fig. 1). There are four possible structural
isomers of this class of compounds because of the different
combinations of amide orientations (Fig. 1, for details, see
ESIT). We call these compounds ‘spherical amides’ because of
the sphere-like structure formed by the four benzene rings in
the core of the molecule. These compounds have fixed axial
chirality and can be functionalized by substituents on amide
nitrogens, which are oriented in three-dimensional directions.
Three-dimensional compounds with internal voids are known
as “organic cages”. Currently, various cage molecules with
useful functions have been synthesized.® For example, Lauer
and coworkers developed an organic amide cage that binds
nitrate efficiently.® Tromans and coworkers introduced a cage-
shaped biomimetic synthetic glucose receptor with an affinity
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Fig. 1 Chemical structures of structural isomers of the macrocyclic
molecules (‘'spherical amides’) in which each of three meta positions of
four benzene rings are connected by six tertiary amide groups. Each
color represents a monomer unit. Every macrocyclic structure is chiral
and has its enantiomeric stereoisomer.

for glucose comparable to the natural receptor.®® Thus, we also
aimed to develop an efficient synthetic method of spherical
amides and to present these amides as a new type of func-
tional organic cage.

We previously synthesized one of the structural isomers of
the spherical amides (isomer 1, R = CH;, CH,CHj;) by a syn-
thetic route that involves a one-step cyclization reaction of a
cyclic trimer, followed by capping the cyclic trimer with one
benzene unit (benzene-1,3,5-tricarboxylic acid), using dichloro-
triphenylphosphorane in both steps as the condensation
reagent.’ The compound formed crystals with a channel struc-
ture whose shape and size varied according to the alkyl groups
on the amide nitrogen and the solvent molecules present in
the crystal. However, the other structural isomers have not
been synthesized and are expected to exhibit different stereo-
chemical and chiroptical properties. Here, we report the syn-
thesis and structural and chiroptical properties of another
structural isomer (i.e., 2) composed of two sets of two different
monomers.

Results and discussion

Synthesis and reaction optimization

Initially, 5-(alkylamino)isophthalic acid (7a-d) and 3,5-bis(alky-
lamino)benzoic acid (11a-d) were synthesized (a: methyl; b:
ethyl; ¢: propyl; d: isobutyl) as two monomers required for
synthesizing structural isomer 2. Compounds 6a and 10a (R =
methyl) were synthesized according to Scheme 1 by the
N-alkylation method using dimethyl carbonate with NaY
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Scheme 1 Synthetic routes of 7a and 11a.

zeolite as the catalyst,'® followed by hydrolysis using aqueous
NaOH (4 M) to give compounds 7a and 11a. Dimethyl 5-(alkyla-
mino)isophthalates (6b-d) were obtained from dimethyl 5-ami-
noisophthalate (5) by N-alkylation using a reductive amination
reaction with 2-picoline borane,"" and were hydrolyzed to give
compounds 7b-d (Scheme 2, top). Ethyl 3,5-diaminobenzoate
(9) was synthesized from 3,5-diaminobenzoic acid (8) by the
Fischer esterification reaction,'? followed by N-alkylation'" and
hydrolysis to give compounds 11b-d (Scheme 2, bottom).

Next, a condensation reaction to a mixture of 7¢ and 11c at
a 1:1 ratio was performed in 1,1,2,2-tetrachloroethane (0.05
M) using dichlorotriphenylphosphorane (7.2 eq.) as the coup-
ling reagent at 120 °C (Scheme 3; entry 1 in Table 1).° The
obtained crude product was purified by silica gel column
chromatography followed by gel permeation chromatography,
resulting in the desired product in which two sets of mono-
mers were condensed to give a 13.6% yield. The reaction using
triphenylphosphine and hexachloroethane that generate
dichlorotriphenylphosphorane in the reaction system'® gave

R. R.
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2-Pic-BH; /(j\ EtOH/THF /@\
HyCOOC COOCH; t HCOOC: COOCH,  80°C HoOC COOH R= :} ;&Y)‘y‘
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Scheme 2 Synthetic routes of 7b—d and 11b—d.
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Scheme 3 One-pot condensation reaction using (a) PhzPCl, or PhsP/
(CCl3)z; (b) LIHMDS.
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Table 1 Optimization of the reaction conditions for synthesizing 2¢c

Conc.  Temp.  Yield

Entry  Reagent Eq.  Solvent M) (°C) (%)
1 Ph,PCl, 7.2 (CHCL), 0.05 120 13.6
2 Ph;P/(CCLy), 7.2 (CHClL), 0.05 120 13.0
3 Ph,P/(CClL;), 4.8 (CHClL),  0.05 120 7.9
4 Ph,P/(CCL), 3.0 (CHCL), 0.05 120 7.3
5 Ph,P/(CClL), 7.2 (CHClL), 0.05 80 10.9
6 Ph,P/(CCl;), 7.2  (CHClL),  0.05 150 7.3
7 Ph;P/(CClL;), 7.2 Toluene 0.05 Reflux 3.3
8 Ph;P/(CCl;), 7.2  CHCl, 0.05 Reflux 7.5
9 Ph,P/(CClL;), 7.2  Pyridine  0.05 Reflux 4.8
10 Ph;P/(CClL;), 7.2  DMF 0.05 120 —
11 SiCly 9.0 Pyridine 0.025 90 —
12 LiHMDS 3.0 THF 0.1 rt 2.2¢
13 LiHMDS 6.0 THF 0.1 rt 2.84
14 LiHMDS 9.0 THF 0.1 rt 2.5¢
15 LiHMDS 6.0 THF 0.025 rt 1.4¢
16 LiHMDS 6.0 THF 0.1 -20 —

Reaction conditions: entries 1-10: 7¢ (0.2 mmol), 11c (0.2 mmol), for
2 h under argon bubbling; entry 11: 7¢ (0.5 mmol), 11c¢ (0.5 mmol), for
24 h under argon atmosphere; entries 12-16: 6¢ (0.2 mmol), 10c
(0.2 mmol), for 2 h under argon atmosphere.  Containing an impurity.

the target compounds with similar yields (13.0%, entry 2 in
Table 1). Then, the reaction conditions (reagent amount,
solvent, temperature) were optimized in this system (entries
3-10). The best amount of coupling reagent was found to be
7.2 eq., which is 2.4 eq. per one amide bond formation
(entries 3 and 4). Lower and higher temperatures gave lower
yields (entries 5 and 6). Other solvents (toluene, chloroform,
pyridine or DMF) gave remarkably low yields (entries 7-10).
Moreover, when SiCl,, an amide coupling reagent used for the

synthesis of a macrocyclic amide in previous studies,”>1*

was
used (entry 11), polymeric compounds were obtained instead
of the target product, although the monomers were consumed.
Another synthetic approach used LiHMDS as a coupling
reagent for corresponding esters 6 and 10 as monomers
(Scheme 3(b); entries 12-16)."
under a combination of reaction conditions with different

and

The reactions were carried out

amounts of reagents and reaction concentrations,
although the target compounds were obtained, yields were
very low (1.40-2.80%), and separation of impurities was
difficult.

Characterization of spherical amides 2

Compound 2 was characterized by 'H NMR (see ESIf for
details) and X-ray crystallographic analysis. "H NMR spectra of
2b (Fig. 2) showed that all the aromatic protons on the four
benzene rings of the core structure appeared to be non-equi-
valent in the high magnetic region (6.5-7.0 ppm) because of
the symmetry of its structure, i.e., the point group of the struc-
ture is C;. Furthermore, the prochiral methylene protons on
the amide nitrogens (3.5-4.1 ppm) were observed non-equiva-
lently, and these complex sets of signals were also observed in
the spectra of 2¢ and 2d. These results revealed that these
molecules had cyclic and fixed chiral structures. In comparing
the spectra of 2a-d, signals of aromatic protons were similar,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (top) *H NMR spectra of 2b (400 MHz, in CDCls): (bottom left)
signals representing aromatic protons; (bottom right) signals represent-
ing N-CH,.

which suggested that the rigidity of the core structure was kept
independent from alkyl substituents.

Next, X-ray crystallographic analyses were performed on
single crystals of 2a (N-methyl, racemate) and 2b (N-ethyl, race-
mate). Crystals were obtained by slow evaporation from a
chloroform/methanol solution of 2a and a chloroform/tetra-
hydrofuran solution of 2b. The structures of 2a and 2b in the
crystal are shown in Fig. 3. The crystal of 2a belonged to the
space group R3c, and that of 2b belonged to the space group
P2,/c. Each molecule of both compounds had a spherical
shape surrounded by four benzene rings, and the radius of the
inner space were about 1 A estimated by voids calculation
using Mercury (ver. 2024.1.0, CCDC), which is too small to
include an organic molecule. In the crystals of 2b, two pairs of
enantiomers existed in the unit cell (Fig. 4). The molecules
were packed in the unit cells without the channel-forming

2b

Fig. 3 Single molecular structures of 2a and 2b. C: gray; N: blue; O:
red; H: white.
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Fig. 4 Packing structure in a racemic crystal of 2b (viewed along the
b-axis). A pair of pink/blue and grey/green colored molecules have the
same structure, and the other pairs (e.g., pink/grey) are enantiomers.

arrangement that was previously observed in the crystals of
derivatives of 1.°

Chiral separation and circular dichroism (CD) spectra

Chiral separations of the racemic mixture 2a-d were carried
out by chiral HPLC, and all separations were successful using
a DAICEL CHIRALPAK IC column. In separating each com-
pound, two eluted fractions were obtained in a 1:1 area ratio.
A CD spectra of each compound showed a mirror image in
acetonitrile (Fig. 5 and S5.2}). Furthermore, the spectra of 2a-
d were similar, especially in the 230-310 nm range (Fig. S5.27),
which also proved the rigidity of the core structure.

DFT calculations

We performed computational calculations to estimate the
Cotton effects in CD spectra for spherical amide 2a. Initially,
for the molecular structure of one enantiomer (—)-2a, a confor-
mational calculation based on MD calculations was performed
on a Macromodel (worked on Maestro 13.9, Schrodinger, Inc.)
using coordinate data of racemic molecules obtained by X-ray
crystallographic analysis as initial structure (for details, see
ESIT). Next, for the most stable conformer, density-functional
theory (DFT) calculations were performed to optimize the
structure at the B3LYP/6-31G+(d) level with the addition of the
acetonitrile solvent effect utilizing the polarizable continuum

2a (N-methyl)
7

w

Ae [M'em'!]
b & - w

200 220 240 260 280 300 320
Wavelength [nm]

Fig. 5 CD spectra of 2a (N-methyl) in acetonitrile. Red line: 1st eluent.
Blue line: 2nd eluent. The dashed line (250-320 nm) is displayed at 10x
for each eluent. The sign of 2a [(+) or (-)] is based on the respective sign
of specific rotation in a solution of MeOH : CHClz =1:1.
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Fig. 6 Optimized structure of (-)-2a by the DFT calculation.

model (Fig. 6), followed by time-dependance DFT (TD-DFT)
calculations were performed to simulate CD spectra. One
hundred and twenty states were required to simulate the calcu-
lated spectra in the 200-320 nm region. Fig. 7 shows the simu-
lated and experimental UV/CD spectra. An intense negative
Cotton effect was observed in the calculated spectra at
~210 nm, corresponding to one in the experimental spectra
(blue line: 2™ eluent of the chiral HPLC analysis). At wave-
lengths greater than 230 nm, peaks arising from the Cotton
effect did not completely match when comparing the simu-
lated and experimental spectra. These results were used to esti-
mate the absolute structure of (—)-2a.

Possible reaction pathways in cyclization

In the condensation reaction (Scheme 3), the target com-
pounds were obtained as the main product without bypro-
ducts, except for polymeric compounds; nevertheless, multiple
reaction points exist (amino and carboxy groups). We propose
the reaction pathway of the present reaction as follows (Fig. 8)
and based on the substituent effect and the selectivity of the
condensation in the polymer chain reaction reported by
Yokozawa et al.'® At the beginning of the reaction, two mono-
mers A and B exist in equal amounts. The nucleophilicity of
amino group a of A with two electron-withdrawing carboxy
groups is weaker than that of the amino group a’ of B with one

220

240 260 280 300
wavelength [nm]

Fig. 7 Simulated (dashed line) and experimental (solid line) UV/CD
spectra.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Proposed synthesis mechanism of the spherical amide 2.

carboxy group because of the lower electron density of the
benzene ring. In contrast, the electrophilicity of carboxy group
b of A is stronger than that of carboxy group b’ of B because B
has two electron-donating amino groups. Therefore, the fastest
reaction is a nucleophilic attack of a’ of B to b of A, which gave
dimer C. Although, as the reaction proceeds, the amount of
dimer C increases, the nucleophilicity of amino group a’ in
dimer C is weaker than that of B because the electron-donating
ability of the other amino group is weakened by being con-
nected with the carboxyl group in its amide bond. Then,
almost the whole amount of A and B is converted to dimer C.
In dimer C, amino group a’, which is stronger than a in
nucleophilicity, attacks carboxyl group b, which is stronger
than b’ in electrophilicity, to give tetramer D. Next, a cycliza-
tion reaction that gives a cyclized product containing a cyclic
trimer moiety proceeds faster than the formation of a cyclic
tetramer because the reaction point to form a cyclic trimer is
preferable than that for the cyclic tetramer.®” Finally, the cyclic
trimer moiety is capped by a pendant monomeric part to give
the spherical amide 2 and its enantiomer.

Conclusions

In this report, we synthesized enantiomeric pairs of stereoi-
somers of spherical macrocyclic aromatic amides by a short-
step synthesis, including reductive amination and the one-step
amide coupling reaction of two sets of two components.

This journal is © The Royal Society of Chemistry 2025
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Covalent bonds fixed the chirality of the spherical amides, and
the chiral separations of these compounds were successful.
The enantiomeric pairs of these stereoisomers had mirror-
image CD spectra. The core structure of the spherical amides
was bulky and rigid, and the directions of the six N-C bonds
(from nitrogen of amide to carbon of substituent) were fixed.
This short-step synthetic method opens the way to readily
designing spherical amides as various three-dimensional
scaffolds. Additionally, this scaffold may afford possible chiral
building blocks for pharmaceuticals, such as drugs, or optical
materials that display circularly polarized luminescence by
introducing fluorescent structures.

Experimental

See ESIf for details.
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