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Narcissistic chiral self-sorting prevailed in the assembly of mole-
cular face-rotating polyhedra from a Gz, building block
5,5,10,10,15,15-hexabutyl-truxene-2,7,12-tricarbaldehyde and
racemic mixtures of 1,2-diamines. Out of 124 possible stereo-
isomers, a pair of racemic polyhedra dominated, wherein (1R,2R)-
diamines were segregated in AAAA polyhedra and (1S,2S)-diamines
in CCCC polyhedra. This chiral self-sorting process is regulated by
facial non-covalent interactions in the polyhedra. In contrast,
D4y, facial building blocks 1,3,5-tris-(4-formyl-phenyl)triazine and
racemic mixtures of 1,2-diamines assembled into polyhedra
without facial interactions, and their assembly process did not
undergo apparent chiral self-sorting.

Introduction

Self-sorting is efficient in creating sophisticated supramolecu-
lar structures through simple steps,’ and has been widely
applied to the synthesis of supramolecular polymers,” gels,®
cages,” macrocycles,” topological molecules,® capsules,” and so
on.® Within complex mixtures, building blocks can differen-
tiate between self and non-self-sorting based on their struc-
tural differences (e.g. size and shape).'®? Chiral self-sorting,
however, is particularly challenging because the only differ-
ence between a pair of enantiomers is the spatial arrangement
of atoms.” Molecular assemblies through chiral self-sorting
have been mainly connected by non-covalent bonds, e.g. hydro-
gen bonding’”® and metal-ligand interactions,’® but these
assemblies are difficult to separate. As a result, detailed inves-
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tigation on stereoisomers of chiral self-sorting is rare."’
Dynamic covalent chemistry (DCC) provides reversible yet
sufficiently strong bonds for the construction of robust supra-
molecular architectures.'” Recently, elegant examples of chiral
self-sorting through DCC have been reported.>""* Molecular
design of building blocks and control over assembly processes
(reaction temperature® or solubility of the assemblies'*”) can
modulate the DCC-based chiral self-sorting assembly. If the
enthalpy difference between stereoisomers is relatively small
compared to the entropy difference, the assembly process is
dominated by entropy.”> On the other hand, enthalpy-driven
chiral self-sorting can be realized by introducing non-covalent
bonds.”® In the area of DCC-based organic cages, however,
there has been only one detailed investigation on chiral self-
sorting reported by Mastalerz."*” Small enthalpy differences
between the stereoisomers of salicylimine cage compounds
allowed them to tune the assembly processes from narcissistic
chiral self-sorting to social chiral self-sorting.

Recently our group reported a strategy to construct [4 + 6]
face-rotating polyhedra (FRP) using 5,5,10,10,15,15-hexabutyl-
truxene-2,7,12-tricarbaldehyde (TR) as the facial building
block." TR is a Cj,-symmetric planar molecule, exhibiting
either a clockwise (C) or an anti-clockwise (4) direction in a
polyhedron (Fig. 1a). The directionality of faces leads to five
possible stereoisomers for a molecular octahedron (Fig. 1).**"
Interestingly, under thermodynamic equilibrium, (1R,2R)-
cyclo-hexanediamine (CHDA) produces only AAAA polyhedra
and (18,25)-CHDA produces only CCCC polyhedra. Due to its
special form of chirality, our molecular FRP system could be
used to investigate the assembly behaviour of chiral polyhedra.

Herein, we utilize our FRP systems to investigate the
regulation of non-covalent interactions on the chiral self-
sorting process. We assemble racemic mixtures of 1,2-dia-
mines (rac-1,2-diamine) with two facial building blocks: TR or
1,3,5-tris-(4-formyl-phenyl)triazine (TFPT). Both TR and TFPT
can form [4 + 6] polyhedra with the same geometry and size.
The TR-based polyhedron has van der Waals forces between
faces, whereas the TFPT based polyhedron does not have
(Fig. 1c).

This journal is © The Royal Society of Chemistry 2018


www.rsc.li/obc
http://orcid.org/0000-0001-6260-9282
http://orcid.org/0000-0002-9029-1846
http://orcid.org/0000-0002-9775-8189
http://orcid.org/0000-0003-0219-1798
http://crossmark.crossref.org/dialog/?doi=10.1039/c7ob02727c&domain=pdf&date_stamp=2017-12-18
http://dx.doi.org/10.1039/c7ob02727c
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB016001

Published on 27 November 2017. Downloaded on 15/02/2018 20:16:17.

Organic & Biomolecular Chemistry

View Article Online

Communication

72 S
a / \
HoN " NH,
S
==
2-D chirality to
3-D chirality

ccce CCCA

Facial building blocks N

CCAA CAAA AAAA
Five possible stereocisomers of FRP

with directionality

PthHz

Ph™ “NH, Narcissistic

chiral self-sorting
(1R,2R)-DPEDA —_—
6 B

Ph.__\NH, H,0

e

Ph NH;

(18,28)-DPEDA

Racemic mixtures
of vertices

Facial interactions
(alkyl groups)

FRP-6

TFPT-based polyhedra

Fig. 1 (a) Molecular face-rotating building block (TR) and ethylenediamine assembled into octahedra, which have five possible stereoisomers.
(b) Assembly of TR with rac-DPEDA underwent narcissistic chiral self-sorting and gave rise to 6R-(AAAA) and 65-(CCCC) out of 124 possible stereo-
isomers, butyl groups are omitted for clarity. (c) Crystal structures of polyhedra assembled by TR and TPFT.

When rac-1,2-diamines are assembled into FRP as vertices,
the number of possible stereoisomers increases exponentially
due to three factors: chirality of vertices, directionality of faces
and their relative arrangements. First, permutation of different
chiral vertices within an octahedron gives rise to eleven poss-
ible stereoisomers (Fig. S251). In addition, taking facial direc-
tionality into consideration, each of the possible stereoisomers
have their own face-rotating patterns and relative arrange-
ments of rotational faces and chiral vertices. The total number
of possible stereoisomers is 124 (Fig. S26-S297).

We assembled TR with two kinds of racemic mixtures of
vertices, ie. diphenylethylenediamine (DPEDA) and CHDA.
The reversible imine formation between the aldehydes of TR
and the amines of vertices ensured the ‘error checking’ and
‘proof-reading’ function and hence high yields of molecular
polyhedra (Fig. 1). Since DPEDA has not been used as vertices
of FRP yet, we first assembled TR with enantiopure DPEDA.
The reaction at room temperature produced two stereoisomers.
For instance, the assembly of TR and (15,2S)-DPEDA resulted
in FRP-5, which includes two stereoisomers as kinetic pro-
ducts, i.e., (CCCC)-5 and (CCCA)-5 (detailed experimental infor-
mation is provided in the ESIT). In comparison, TR and enan-
tiopure CHDA gave three stereoisomers as kinetic products

This journal is © The Royal Society of Chemistry 2018

according to our previous report.'"* Different numbers of
stereoisomers in the kinetic products of DPEDA and CHDA
can be attributed to their different flexibilities in amine
groups. Amine groups in DPEDA can rotate more freely than
those of CHDA because of the ring strain of cyclohexane in
CHDA.

TR was then assembled with rac-DPEDA and resulted in
FRP-6. Stereoisomers in FRP-6 were investigated by nuclear
magnetic resonance (NMR), chiral high performance liquid
chromatography (HPLC), circular dichroism (CD) spectroscopy
and single crystal X-ray analysis. In NMR spectra, the imine
protons of FRP-6 exhibited only one set of singlets (Fig. 2b),
indicating that all stereoisomers are 7-symmetric. An analysis
of the symmetry of 124 stereoisomers (Fig. S27-35%) suggested
6R-(AAAA) and 6S-(CCCC) as the only possible stereoisomers
in FRP-6 (6R-(CCCC) and 6S-(AAAA) are thermodynamically
unfavoured). Single crystals grown from FRP-6 confirmed the
existence of only 6R-(A4AA) and 6S-(CCCC) as a pair of enantio-
mers. The two stereoisomers co-crystallized in the centro-
symmetric space group R3. Furthermore, 6R-(AAAA) and
6S-(CCCC) were packed in segregated layers in the crystal, indi-
cating chiral recognition during the crystallization process
(Fig. 2c). To further confirm 6R-(A4AA) and 6S-(CCCC) as the
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Fig. 2 Characterisation of FRP-6: (a) '"H NMR spectrum of aromatic
protons showed only one set of singlets, (b) chiral separation spectra
showed two peaks, (c) single crystals of FRP-6 contain two types of
stereoisomers in space group R3, i.e. 6R-(AAAA) and 6R-(CCCC) (red: A
faces, blue: C faces).

only two stereoisomers, we separated FRP-6 using a chiral
column, which showed two peaks eluting at 17.9 minutes and
20.3 minutes in a 1:1 ratio (Fig. 2a). We then measured their
CD spectra and compared their normalized CD intensities
with enantiopure ones. Our previous report* found that the CD
intensity of FRP is closely related to their rotational patterns.
Based on this result, normalized CD intensities of the first and
the second peaks are identical to those of enantiopure CCCC
and AAAA polyhedra, respectively. Thus, the first peak had only
CCCC and the second peak had only A4AA. These results con-
firmed that TR and rac-DPEDA underwent narcissistic chiral
self-sorting and produced only two homo-chiral polyhedra as
dominating stereoisomers. The degree of self-sorting (M) was
calculated to be 62 (M = 124/2),'® indicating highly efficient
chiral recognition during the assembly process.

To extend the scope of chiral self-sorting systems, we then
investigated the assembly of polyhedra using alternative faces
and vertices. The influence of vertices was investigated by
replacing DPEDA with 1,2-cyclohexanediamine (CHDA). Under
thermodynamic equilibrium, the assembly of TR and rac-
CHDA also produced only two homo-chiral polyhedra (6R-
(AAAA) and 6S-(CCCC)) as dominating products (for experi-
mental details, see the ESIT). Therefore, TR and rac-1,2-CHDA
also underwent the narcissistic chiral self-sorting process.

The influence of facial building blocks was investigated by
replacing Csp-symmetric TR with Dj,-symmetric TFPT. The
assembly of TFPT and rac-CHDA was carried out by following
the literature procedure.'” Mass spectra suggested the clear
formation of [4 + 6] polyhedra. But the NMR spectra of crude
products were complicated (Fig. 3b). Chiral separation spectra
clearly showed at least six stereoisomers in the products
(Fig. 3d). This means that the assembly of TFPT and rac-CHDA
did not undergo an apparent chiral self-sorting process.
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Fig. 3 (a) Structure of TFPT, (b) NMR spectra of polyhedra assembled
by TFPT and enantiopure (red) and rac-CHDA (black), (c), (d) chiral HPLC
separation of crude products using (c) enantiopure CHDA and (d) rac-
CHDA.

Another D;p-symmetric facial building block 1,3,5-triformyl
benzene (TFB) also did not undergo the chiral self-sorting
process when assembled with rac-1,2-CHDA.'® The contrast
assembly behaviour between facial building blocks with and
without facial interactions demonstrated the significance of
non-covalent interactions in the DCC-based assembly process.

Conclusions

In conclusion, we achieved narcissistic chiral self-sorting of
molecular face-rotating polyhedra through dynamic covalent
bonds. van der Waals forces between faces lead to an impress-
ively high degree of chiral self-sorting. Our research highlights
the regulation of non-covalent forces on the DCC-based assem-
bly process. The special form of chirality of molecular face-
rotating polyhedra allowed each stereoisomer to be separated
and characterized individually. This assembly system offers an
opportunity for kinetic investigation of chiral self-sorting
processes.
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