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and Tomoki Ogoshi1,4,6,7,8,*
SUMMARY

Owing to their unique one-dimensional hollow structures, organic
nanotubes have been widely explored in recent years. Covalent
organic nanotubes (CONs) can be prepared by stacking building
blocks, such as macrocycles, through covalent linkages. However,
because of the mismatched covalent connections, controllable syn-
thesis of the discrete CONs with clear structures, such as sidewall
and chirality, is a challenging target. In this work, by coupling two
pillar[5]arenes through dynamic covalent bonds, thermodynamically
stable discrete CONs with 5-fold symmetry are successfully
prepared. Three different chiral CONs are separated, including
homo-CONs, consisting of two enantiomers (pR, pR and pS, pS),
and hetero-CON, consisting of the meso form (pR, pS). These
CONs show negative allosteric binding affinities toward guest mol-
ecules, which are not observed in individual pillar[5]arenes.
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INTRODUCTION

Nanotubes are one-dimensional hollow tubular architectures. Owing to their wealth of

potential applications in science and technology, nanotubes have attracted scientists

for decades.1,2 However, due to the limitations in synthetic methods, the preparation

of nanotubes with specific structures (such as composition, diameter, and chirality) is

extremely difficult. For example, controlling these specific structures in synthesizing

single-walled carbon nanotubes has been a challenge to scientists for years.3,4

Compared with carbon nanotubes, structures of organic nanotubes are easy to be

controlled because of their high functionality.2,5–10 Organic nanotubes have been

used in molecular recognition,6–9 ion channels,11–13 and conductive materials.14,15

They were generally constructed by non-covalent assembly (Figure 1A). However,

because the architectures are maintained by weak non-covalent connections, these

tubular structures are fragile. To construct robust organic nanotubes, covalent cross-

linking was applied.16–21 Nevertheless, during the multipoint cross-linking, perfect

matches are difficult because the reactive sites can remain intact or be mismatched

(Figure 1B). Therefore, due to the uncross-linking and mismatches, controllable syn-

thesis of the covalent organic nanotubes (CONs) with these specific structures has

remained challenging.22–24

In the present study, pillar[5]arenes25,26 were chosen as materials of CONs because

their preorganized and symmetric pillar structures enabled them to be adequate

building blocks for nanotubes; for example, non-covalent bond nanotubes were

previously prepared based on pillar[5]arenes.27–30 To obtain discrete CONs, the

rim-differentiated pillar[5]arene 1 (Figure 1C), which have reactive aldehydes and
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Figure 1. Organic nanotubes and synthetic strategy

(A) Non-covalent organic nanotubes.

(B) Covalent organic nanotubes (CONs) and difficulties in their synthesis because of uncross-linking and mismatch.

(C) Preparation of thermodynamically stable CONs from pillar[5]arenes using dynamic cross-linking.

(D) Discrete CONs based on pillar[n]arenes with different chiralities.

(E) Planar chirality of pillar[5]arenes.
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inactive alkyl groups installed separately on the two rims, were used. Dimerization of

1will produce the discrete CONs in 5-fold symmetry. In this procedure, 10 cross-link-

ing points were required to be perfectly matched. To avoid the mistakes in the pro-

cess, diamines 2 were used as linkages to cross-link the pillar[5]arene aldehydes

through dynamic imine bonds.31,32 The mismatched and uncross-linked sites will

be repaired automatically, furnishing thermodynamically stable discrete chiral

CONs 3 with 5-fold symmetry (Figure 1C).

Pillar[n]arenes have two stable planar-chiral conformers (Figure 1E) because of the

directional substitutions on the phenyl units.33,34 These two stable conformers of
2 Cell Reports Physical Science 3, 101173, December 21, 2022
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pillar[n]arenes can interconvert through unit flip. Here, the unit flip of pillar[5]arene

building blocks is inhibited by the cross-linking, and three different chiral CONs are

separated, including homo-CONs, consisting of two enantiomers (pR, pR and pS,

pS), and hetero-CON, consisting of the meso form (pR, pS) (Figure 1D). Although

chiral nanotubes have been constructed through non-covalent interactions,6,10,30

the synthesis of discrete chiral CONs has never been reported. Thanks to the robust

CONs, we can separate these different chiral isomers and investigate their host-

guest properties. In their host-guest interaction, the two pillar[5]arenes communi-

cated with each other through the one-dimensional channel. The first binding

adversely affected the second binding process through an allosteric effect, which

was not observed in individual pillar[5]arenes and the pillar[5]arene-based non-cova-

lent nanotubes.27,30
RESULTS AND DISCUSSION

Design and synthesis of CONs

Rim-differentiated pillar[5]arene 1, which possesses aromatic aldehydes on one

edge and long alkyl chains on the other, was synthesized (details in supplemental

experimental procedures; Figures S28–S35).35–37 CON formation was conducted

between 1 (1 equiv) and benzene-1,4-diamine 2 (2.5 equiv) (Figure 2A). After reac-

tion for 36 h at 60�C in chloroform, the proton signals of 1 disappeared, and two

new sets of peaks emerged. No obvious changes in the 1H nuclear magnetic reso-

nance (NMR) spectra were observed with a longer reaction time (48 h) (Figure S1),

indicating a complete reaction. The products were then purified by recycling gel

permeation chromatography (GPC) to remove mismatched by-products (i.e., poly-

mer and non-linear oligomers) (Figures S2 and S3). The CONs with two sets of sharp
1H NMR peaks, which corresponded to the homo- and hetero-isomers of CONs 3

(vide infra), were obtained in 48% yield (Figures 2C and S4). Since 10 new C=N

bonds were formed in the synthesis, 48% yield implied that each new bond forma-

tion was correctly performed in 93% yield, indicating the high efficiency of the dy-

namic bond strategy. The diastereomeric ratio (dr) values of homo-CON to het-

ero-CON were determined to be 3.4 from the integral ratios of H5 of homo- and

hetero-CONs in 1H NMR spectra (Figure S7). When the homo- and hetero-CONs

are generated in a 1:1 ratio, the dr value is 1. The higher dr value indicated that

the homo-CONs were generated selectively under the reaction condition. The reac-

tion was optimized with different temperatures, solvents, and additives (details in

Table S1). With appropriate guest molecules, such as 1,2-dicyanoethane, the selec-

tivity increased (dr = 10.3); this was probably facilitated through thermodynamical

control (vide infra). And with catalytic trifluoroacetic acid, the yield of the CONs

can be increased to 65%, that is, 96% for each C=N bond (Figure 2A; Table S1).

The structures of CONs were modulated by using different diamine as linkers, and

when benzidine was used, stable CONs with longer lengths were obtained (details

in Figures S8, S24–S26, and S40–S43). The reduction of the imine bonds was

achieved using NaBH4, but the obtained product was easily oxidized during purifi-

cation (Figure S27).

Chiral separation of the CONs was then achieved using recycling chiral high-perfor-

mance liquid chromatography (HPLC), and three fractions (F1, F2, and F3) were

collected (Figure 2B). F1 and F3 had identical 1H NMR spectra (Figure 2E), which

contained the main peaks in the 1H NMR of the mixture (Figure 2C). The minor peaks

in the spectrum of the mixture were from F2 (Figure 2D). In all the 1H NMR spectra,

H1, H2, H5, and H6 exhibited clear singlets, while H3 and H4 exhibited doublets, indi-

cating that the structures of the CONs were symmetrical. The splitting of Hc
Cell Reports Physical Science 3, 101173, December 21, 2022 3



Figure 2. Synthesis, separation, and characterization of CONs

(A) Preparation of CONs from pillar[5]arenes using dynamic covalent bonds.

(B) Chiral separation of CON isomers (IA column, chloroform/n-hexane/triethylamine = 4/6/0.01; flow rate: 5 mL/min).

(C–E) Partial 1H NMR spectra (25�C, 500 MHz, CDCl3) of CONs 3: (C) mixture before chiral separation, (D) hetero-CON F2, and (E) homo-CONs F1 and F3

after chiral separation.
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indicated that the two protons in the same methylene group were diastereotopic,38

indicating that the flipping of the units was restricted (detailed NMR spectra in

Figures S36–S39). In the high-resolution MALDI mass spectra, all the separated

products exhibited the same mass peaks, which corresponded to [M]+ of the

CONs (Figure S24).
Optical properties of CONs

The UV-visible (UV-vis) and circular dichroism (CD) spectra were then obtained to

investigate the stereochemistry of the different isomers (Figure 3A). In the UV-vis

spectra, the three compounds all exhibited similar patterns (Figure S5), indicating

that they had similar structures. Absorption bands at approximately 290 and

351 nm were ascribed to the p–p* transitions of the benzenes in the pillar[5]arene

backbones and the n–p*/p–p* transitions of the linkers, respectively.39,40 F1 and

F3 were mirror images, and F2 showed no CD signals. Therefore, F1 and F3

were determined to be enantiomeric homo-CONs (pR, pR and pS, pS) and F2
4 Cell Reports Physical Science 3, 101173, December 21, 2022



Figure 3. Optical spectra and chirality of CONs

(A) UV-vis spectrum (bottom) of F1 and CD spectra (top) of different CONs (solvent: chloroform;

concentration: 5 3 10�5 M).

(B) Schematic illustration of CONs with different chirality.
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was a meso hetero-CON (pR, pS) (Figure 3B). Considering that F1 exhibited pos-

itive Dε values at approximately 310 nm, from the p–p* transitions of the benzenes

in the pillar[5]arene backbones, the structure of the compound was (pR, pR).29,41

Correspondingly, the mirror imaged F3 was (pS, pS). The CD signals at approxi-

mately 375 nm came from the linkers, indicating that the cyclized linkers also pro-

vided a chiral environment. Because of unit swing, the CD intensities of individual

pillar[n]arenes generally decrease with increasing temperature.42 However, with

changing temperatures, the CD intensities of the CONs hardly changed (Figure S6),

indicating that the backbones were rigid due to the robust CON structures.
Structures and mechanism

The structures of the CONs were elucidated by theoretical calculations using ORCA

4.2.043 with the semiempirical GFN2-xTB method44 and the SMD solvation model45

(chloroform) (Figures 4, S17, and S18). The results indicated that two pillar[5]arenes

were connected by a pair of imine bonds. The energy of the homo-CON was 20 kJ/

mol lower than that of the hetero-CON, indicating that selective formation of the

homo-CON was modulated thermodynamically.

The proposed mechanism for the selectivity observed for the homo- and hetero-

CONs is shown in Figure 5. (1) After introducing the first linker, CON precursors

with different chiralities were formed. (2) Precursors with different chiralities were

able to interconvert through unit flip or dynamic covalent bonds. (3) More linkers
Cell Reports Physical Science 3, 101173, December 21, 2022 5



Figure 4. Calculated structures of the homo- and hetero-CONs

The long alkyl chains were hidden for clarifying. Different chiralities are marked as red (pR) and blue

(pS) arrows.
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were gradually incorporated into the dimer precursors, and finally, CONs were

formed. (4) The CONs with different chiralities were all stable and did not intercon-

vert. Because when CONs with different dr values were heated in chloroform, even

with 1,2-dicyanoethane and catalytic amount of TFA, the dr values did not change

(Figures S9–S12). Therefore, the selectivity was determined before the CON forma-

tion. Homo-precursors (pR, pR and pS, pS) were more thermodynamically favored,

leading to the formation of a higher proportion of homo-CONs, compared with het-

ero-CON, in the preparation (Table S1, entry 1). With appropriate guests, such as

1,2-dicyanoethane, the equilibrium toward homo-precursors was facilitated through

thermodynamic control, and a higher dr value was obtained (Table S1, entry 14),

probably because homo-CONs had higher affinity toward the guest molecules

than the hetero-CON had (vide infra).
Host-guest properties

Because the binding between pillar[5]arenes and 1,2-dicyanoethane is strong and ex-

changes slowly in the NMR timescale, the complexation between the CONs and guests

can be easily monitored through 1H NMR spectra.26 Therefore, 1,2-dicyanoethane was

usedasaguest toevaluate thebindingpropertiesof thehomo-CONs (Figure6A).During
6 Cell Reports Physical Science 3, 101173, December 21, 2022



Figure 5. Proposed mechanism for the selectivity in the CON preparation

Different chiralities are marked as red (pR) and blue (pS) arrows. Imine bonds are represented as

pink ellipsoid.
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the 1HNMR titration, a slow exchange of complexationwas expectedly observed.When

more than0.2equiv guestmoleculewas added, twonewsetsof peaks emerged (Hx-com1,

blue peaks), which were attributed to the two pillar[5]arene cavities after the first binding

(complex 1 in Figure6C).Complex1 is non-symmetrical, andone set of peakswas shifted

downfield because of deshielding after complexation, while the other set shifted negli-

gibly because of the empty cavity. Whenmore than 0.4 equiv guest was added, another

set of peaks emerged (Hx-com2, orangepeaks), which arose from the secondbinding pro-

cess (complex 2 in Figure 6C).Complex 2 is symmetrical; therefore, only one set of peaks

was generated.When 3.0 equiv guest was added, only the Hx-com2 peaks remained, sug-

gesting that the channel was saturated. The relative ratios of different species during the

titration are summarized in Figure 6B. With the addition of guest, the ratio of host CON

gradually decreased, and the ratio of complex 2 gradually increased. The ratio of com-

plex 1 first increased and reached a maximum at 1.0 equiv and then decreased to zero

at 3.0 equiv. Surprisingly, the binding properties of the two pillar[5]arene cavities were

different. The binding constants for the two steps were K1 = (1.73 G 0.07) 3 104

M�1 and K2 = (1.18G 0.15)3 104 M�1 (Figure S15). The binding constant of the second

bindingwas smaller than thatof the first binding, implyinganegativeallosteric effect46–48

and the formation of non-symmetrical complex 1. The first binding changed the confor-

mation of the empty cavity in complex 1, resulting in the negative allosteric effect

(Figures S17 and S19). Consequently, the second binding was adversely affected by

the first binding process (Table S2; Figure S21).

The hetero-CON showed a similar complexation process (Figures S13 and S14) and allo-

steric effect (Table S2; Figures S18 and S20) as in the homo-CON. Two binding constants

for the two steps were K1 = (1.65G 0.08)3 104 M�1 and K2 = (3.94G 0.42)3 103 M�1

(Figure S16). The homo-CONs had a larger binding affinity (Khomo = 2.04 3 108

M�2 > Khetero = 0.65 3 108 M�2; K = K1 3 K2) with 1,2-dicyanoethane, accounting for,

to some extent, the selective formation of homo-CONs in the presence of 1,2-dicyano-

ethane (Figure 2A).

The addition of 1,2-dicyanoethane into a chloroform solution of (pS, pS)-CON re-

sulted in a gradual increase in the intensity of the CD peak at a lower wavelength

(310 nm), which was attributed to the pillar[5]arene moiety (Figures S22 and S23).

This result suggested that the insertion of guests further limited the movement of
Cell Reports Physical Science 3, 101173, December 21, 2022 7



Figure 6. Host-guest property of CONs

(A) Schematic representation showing the protons in CONs and partial 1H NMR spectra (25�C, 500 MHz, CDCl3) of the homo-CONs with 1,2-

dicyanoethane (0.0–3.0 equiv).

(B) Changes in ratios of the homo-CONs, complex 1, and complex 2 with 1,2-dicyanoethane (0.0–4.0 equiv).

(C) Schematic illustration of the two binding events.
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the pillar[5]arenes.29 At the same time, a gradual decrease in the CD intensity of the

peak at a higher wavelength (375 nm), which was attributed to the linkers, was also

observed. It suggested that the conformations of the self-adaptive linkers changed

to accommodate the guest, resulting in a decrease in the CD intensity.

In conclusion, by repairing the mismatched and uncross-linked sites via dynamic co-

valent bonds, two pillar[5]arenes were perfectly matched through 10 point intermo-

lecular cross-linking, resulting in thermodynamically stable CONs with 5-fold sym-

metry. Previous studies have connected one of the benzenes in pillar[5]arenes via

covalent bonds and constructed one-dimensional channel structures.33 However,

further cross-linking to construct nanotubes led to mismatches, resulting in amor-

phous products.49

The obtained CONs were further separated to give homo-CONs (pR, pR and pS, pS)

and a hetero-CON (pR, pS), providing one-dimensional channels with different chiral

environments. The homo/hetero selectivity in the synthesis could be modulated us-

ing guests, and the dr value was increased to 10.3 when 1,2-dicyanoethane guest

was used. The two pillar[5]arenes in the CONs communicated with each other

through the one-dimensional channel via negative allosteric effects. The CONs pro-

vided different chiral environments and bound guests distinctly. Therefore, these

CONs can function as tubular hosts and have the potential for supramolecular appli-

cations, such as in chiral sensing and transportation.

This method will be a practical way to construct CONs from pillar[n]arenes. For

example, when using different feed ratios of pillar[5]arenes to linker molecules,

CONs with different lengths, such as trimer, tetramer, and polymer, can be synthe-

sized controllably. Moreover, based on rim-differentiated pillar[6]arene, which was

recently reported,50 CONs with larger diameters can be achieved. We hope that

this protocol will pave the way for the synthesis of new class of CONs based on

pillar[n]arenes with controllable chirality, diameters, and lengths.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Tomoki Ogoshi (ogoshi@sbchem.kyoto-u.ac.jp).

Materials availability

All materials generated in this study are available from the lead contact without

restriction.

Data and code availability

The authors declare that the data supporting the findings of this study are available

within the article and the supplemental information. All other data are available from

the lead contact upon reasonable request.

Methods

See the supplemental experimental procedures for full details of synthesis, charac-

terization, and analysis.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.101173.
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