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ARTICLE

Elucidation of the origin of chiral amplification in
discrete molecular polyhedra
Yu Wang 1, Hongxun Fang1, Ionut Tranca2, Hang Qu1, Xinchang Wang1,

Albert J. Markvoort 2, Zhongqun Tian1 & Xiaoyu Cao1

Chiral amplification in molecular self-assembly has profound impact on the recognition and

separation of chiroptical materials, biomolecules, and pharmaceuticals. An understanding of

how to control this phenomenon is nonetheless restricted by the structural complexity in

multicomponent self-assembling systems. Here, we create chiral octahedra incorporating a

combination of chiral and achiral vertices and show that their discrete nature makes these

octahedra an ideal platform for in-depth investigation of chiral transfer. Through the con-

struction of dynamic combinatorial libraries, the unique possibility to separate and char-

acterise each individual assembly type, density functional theory calculations, and a

theoretical equilibrium model, we elucidate that a single chiral unit suffices to control all other

units in an octahedron and how this local amplification combined with the distribution of

distinct assembly types culminates in the observed overall chiral amplification in the system.

Our combined experimental and theoretical strategy can be applied generally to quantify

discrete multi-component self-assembling systems.
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S ince Pasteur1 discovered the spontaneous resolution in
ammonium sodium tartrate and stated that life was inti-
mately related to the asymmetry of the universe, the phe-

nomenon of chirality and how it transfers has intrigued
scientists2–5. Because of its profound impact on life science6,7,
molecular motors8, and practical applications like the asymmetric
synthesis9 and enantioseparation10 of pharmaceuticals, of parti-
cular importance is the chiral amplification occurring in mole-
cular reactions and self-assembling systems. Though systematic
combined experimental and theoretical investigations have been
well established for the chiral amplification in molecular reactions
in asymmetric catalysis11–13 and autocatalysis14, the elucidation
of the chiral amplification in self-assembling systems15–29 by
explicit structural information and rational theoretical modelling
remains a big challenge 30.

Amplification of chirality in self-assembling systems is usually
denoted as the “sergeants-and-soldiers” effect30,31, referring to the
ability of a few chiral units (the “sergeants”) to control a large
number of achiral units (the “soldiers”). Since the pioneering
work of Green et al.31, many studies have reported on the
amplification of chirality and the sergeants-and-soldiers effect in
“infinite” systems like helical polymers32–36, one-dimensional
supramolecular polymers37–44, and two-dimensional (2D)
supramolecular networks45–48. Although these studies provided
important prototypes to mimic the chirality transfer in biopoly-
mers and substantially progressed the fabrication of functional
soft materials18,49–51, the product in such infinite systems usually
comprises a mixture composed of polymers (or assemblies) with
highly diverse numbers of repeating units—in other words, a
“company” containing various kinds of “squads” consisting of
distinct numbers of sergeants and soldiers. In contrast, to obtain
an in-depth understanding of the amplification of chirality, it is
crucial to design systems that provide products with explicit
compositions on the molecular level.

An elegant approach to incorporate both chiral and achiral
units into discrete assemblies has been described by Reinhoudt
and colleagues52,53,], forming hydrogen-bonded double rosettes
(squads) that each contains precisely six units of sergeants and/or
soldiers. The product (company) includes only limited kinds of
discrete assemblies (squads), allowing for the development of
kinetic models to fit the experimental data and to simulate chiral
amplification in dynamic systems. Another advantage of discrete
assemblies over polymers is that they can be well characterised by
nuclear magnetic resonance (NMR) and single-crystal X-ray
diffraction analyses. Taking these advantages, Nitschke and col-
leagues54–57 systematically studied the amplification of chirality
and long-range stereochemical communication in discrete
metal–organic cages. However, the thorough investigation of a
company consisting of different kinds of squads was hindered by
the difficulty in separating these non-covalent interaction-based
discrete assemblies.

As a result of the experimental difficulty on the explicit char-
acterisation of multi-component self-assembling systems, the
corresponding theoretical studies are limited58. Despite few the-
oretical models42,52,59–63, theoretical simulation taking account of
molecular information as well as the synergy between experi-
mental and theoretical studies is still to be established.

Herein, we report a strategy to investigate the sergeants-and-
soldiers effect not only within a mixture product (company), but
also within each kind of discrete assembly (squad) individually.
Pure organic octahedra incorporating hexapropyl-truxene faces
and both chiral and achiral vertices are constructed through
dynamic covalent chemistry. The octahedra containing different
numbers of chiral vertices can be separated by chiral high-
performance liquid chromatography (HPLC), where the isolated
octahedra are sufficiently stable for subsequent NMR and

spectroscopic investigations. Such analysis of separated assem-
blies combined with structural analyses and theoretical simula-
tions allows us to reveal the origin of the strong amplification of
chirality in discrete assemblies. Moreover, with a theoretical
model for discrete assemblies based on a mass-balance approach,
we rationalise the product distributions as a function of the
fraction of chiral units, thus unveiling the fundamental
mechanisms of the sergeants-and-soldiers effect. The model
results perfectly fit our experimental observations and reveal the
relationship between the observed sergeants-and-soldiers effect
and the relative free energies of the various octahedron types
quantitatively.

Results
Chiral octahedra with facial rotational patterns. As previously
reported64, chiral organic octahedra with facial rotational patterns
can be constructed from four equivalents of truxene building
block and six diamines through dynamic covalent chemistry. In
this study, we change the truxene building block by replacing the
butyl groups with propyl groups to better separate the mixture of
octahedra products.

The 5,5,10,10,15,15-hexapropyl-truxene-2,7,12-tricarbaldehyde
(TR) was readily synthesised (see Supplementary Fig. 1 and
Supplementary Methods) and showed a similar behaviour to that
of the previously reported butyl analogues64; it can also react with
ethylene diamine (EDA) to form the octahedron 16 with the
composition of TR4EDA6 (Fig. 1), as found by NMR and high-
resolution mass spectroscopy (see Supplementary Methods).
Single-crystal X-ray diffraction (Supplementary Fig. 2 and
Supplementary Tab. 1) and 2D NMR analyses (Supplementary
Figs. 3–9) confirmed that the thermodynamic product only
contains two enantiomers with homodirectional facial patterns:
the (CCCC)-16 with homodirectional clockwise (C) patterns on
the exterior faces, and the (AAAA)-16 with anticlockwise (A)
patterns. In addition, upon reaction with chiral (R,R)-diamino-
cyclohexane (CHDA) instead of EDA, the CHDA vertices
dominate the facial directionality of the TR, leading to the
diastereoselective synthesis of a merely thermodynamic product
(AAAA)-26 as confirmed by the 2D NMR analyses (Supplemen-
tary Figs. 10–16). Density functional theory (DFT) calculations
revealed a high similarity between the structures of (AAAA)-26

and (AAAA)-16 in terms of the overall conformations and
detailed N-C-C-N bonds, angles, and dihedrals on diamine
vertices (Supplementary Figs. 17 and 18). DFT calculations also
showed that the (CCCC)-1521-(S,S)-CHDA is indeed the exact
mirror image of (AAAA)-1521-(R,R)-CHDA (Supplementary Fig.
19). However, the energy difference between (AAAA)-1521-(R,R)-
CHDA and (CCCC)-1521-(R,R)-CHDA is approximately 71 kJ
mol−1. This large difference is consistent with the absence of the
CCCC-diastereomers in our experiments.

Sergeants-and-soldiers effect in a company of mixed squads.
We further employed mixtures of achiral EDA and chiral CHDA
to form new octahedra with mixed vertices. EDA and CHDA in
various ratios (10:0, 9:1,…, 0:10) were mixed with TR and cata-
lytic trifluoroacetic acid (TFA) to form dynamic libraries65,66 in
toluene (see Supplementary Tab. 2 for detail). The dynamic
libraries were immersed in a thermostated bath at 60 °C for 48 h,
leading to equilibrium distributions of mixed products incor-
porating both EDA-linked and CHDA-linked vertices in a single
octahedron (Fig. 2a). These octahedra are designated as 1n2m,
where n and m represent the number of EDA-linked and CHDA-
linked vertices, respectively.

Circular dichroism (CD) spectra of the product mixtures were
measured after thermodynamic equilibrium was reached (Fig. 2b).
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The mixtures with different EDA/CHDA ratios exhibit similar
CD spectra with increasing intensities upon increasing fraction of
CHDA. The plot of the relative CD intensity (measured at 340
nm) as a function of the molar percentage of chiral CHDA-linked
vertices clearly shows a nonlinear chiral amplification upon the
increase of the fraction of CHDA (Fig. 2c).

The observed amplification in chiroptical response in truxene
octahedra suggests the chiral CHDA can regulate the achiral
EDA. This phenomenon is similar to the chiral amplification in
some other discrete assemblies formed by hydrogen bonds52,53 or
metal–organic coordinations 54–57.

Regarding the achiral components (EDA) as soldiers and chiral
components (CHDA) as sergeants, each discrete assembly, i.e.,
individual octahedron, can be viewed as a squad and the
equilibrium distributions of mixed products can be considered
as a company containing various types of squads. All studies on
discrete assemblies to date have only revealed the average

sergeants-and-soldiers effect in a company, which incorporates
various types of squads. To understand the sergeants-and-soldiers
effect in discrete assemblies in depth, it is necessary to scrutinise
the distinct squads rather than the integrated company.

Sergeants-and-soldiers effect in isolated octahedra squads. Due
to the rigidity of the octahedra and the relative stability of imine
bonds, we are able to separate the octahedra based on their
composition as well as their configuration by chiral HPLC65.
Eight fractions were found in the mixed equilibrium product
containing 50% CHDA (Fig. 3a). These fractions were isolated
and individually characterised by mass, CD, and NMR spectro-
scopies. The matrix-assisted laser desorption ionisation time-of-
flight mass spectra of the first six fractions (Supplementary
Fig. 20) confirmed their [4 + 6] compositions corresponding to
the octahedra 26, 1125, 1224, 1323, 1422, and 1521, respectively,
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whereas both of the remaining two fractions matched the com-
position of octahedron 16. Although there are possible stereo-
isomers for octahedra 1224, 1323, and 1422 as shown in Fig. 2a, we
did not observe any sign of corresponding peak splitting in the
HPLC spectra.

CD spectra of the first six octahedra 1n2m (
0 � n � 5; m ¼ 6� n) and the seventh fraction with the
composition of 16 are almost identical (Fig. 3b, c). According
to our previous study64 and ZINDO/S simulation (Supplementary
Figs. 21 and 22), the CD spectra are strongly dependent on the
facial configuration rather than the vertex components, and the
octahedra with different facial configurations (i.e., AAAA, AAAC,
AACC, ACCC, and CCCC) exhibit considerably different CD
spectra. Therefore, all six octahedra 1n2m (
0 � n � 5; m ¼ 6� n) and the octahedra 16 in the seventh
fraction are in the same facial configuration, i.e., the AAAA as in
the (AAAA)-26. And the octahedra in the eighth fraction can be
accordingly assigned as (CCCC)-16, since it exhibits a mirror-like
CD spectrum to the (AAAA)-16 in the seventh fraction.

Every octahedra containing a CHDA-linked vertex has the
same AAAA configuration, hence all EDA-linked vertices in these
octahedra are in the gauche conformation with a dihedral angle of
c.a. −60°, as shown in the Fig. 2a. This indicates a strong
geometrical control of CHDA sergeants: just a single CHDA-
linked vertex (sergeant) suffices to control the remaining EDA-
linked vertices (soldiers) in any octahedron (squad), as illustrated
in Fig. 4a for a 1521 octahedron.

Structural basis of chiral amplification in single octahedron.
Further understanding of the strong leadership of the CHDA
sergeant was revealed by NMR investigation. As a representative
example, the 1H NMR spectrum of 1521 (Fig. 4b, c) exhibits
two adjacent single peaks for the imine protons on a CHDA-
linked vertex (Hc′, 8.32 ppm) or on an EDA-linked vertex
(Hc, 8.30 ppm). The ratio between the peak areas of Hc′ and Hc is
1:5, in accordance with the number of CHDA- and EDA-linked
vertices. Being close to the imine bond on a vertex, the Hd on the
truxene backbone is also influenced by the CHDA-linked vertex,

giving rise to two single peaks in the ratio of 1:5 as well. In
contrast, the other two protons on the truxene backbone (Ha and
Hb) are less influenced, and they only generate two doublets
because of their spin–spin coupling to each other.

Except for the influence of the CHDA-linked vertex, the overall
spectrum reveals only a single set of peaks of protons on the
truxene backbone, suggesting the truxene faces of 1521 are located
in a T-symmetry with the facial configuration of AAAA or
CCCC64,67. Otherwise, the resonances would further split into
three sets (for C3-symmetric CCCA and CAAA) or six sets (C2-
symmetric CCAA) due to different facial configurations64.
Considering the CD analysis, the configuration of 1521 is assigned
to be AAAA. The 1H NMR spectra of the octahedra 1n2m (
0 � n � 5; m ¼ 6� n) are rather similar (Supplementary
Fig. 23), corroborating that all of the six octahedra with
CHDA-linked vertices have the same AAAA facial configuration.

The nuclear Overhauser effect (NOE) crosspeak between Hc

and Hb (instead of Hd) shown in the NOE spectrum of 1521

(Fig. 4b, d) indicates that all imine bonds rotate in the same
anticlockwise direction as the sp3 carbons of the truxene core.
The NOE crosspeak between Hc and He1 (instead of He2)
indicates that all five EDA-linked vertices are in the same gauche
conformation like the CHDA-linked vertex. The structural
rigidity of truxene octahedra and the consistency of vertex
conformation are also confirmed by the NOE spectra (Fig. 4d)
and the single-crystal analysis of 16 (Supplementary Fig. 2). We
presume the structural rigidity and the conformational consis-
tency are crucial to the efficient chiral amplification inside the
octahedra.

To shed light on the conformational consistency of the EDA-
linked vertices, we calculated the free energies of different
conformers of (AAAA)-1521 using DFT calculations.
The (AAAA)-1521 conformer with all EDA-linked vertices in
c.a. −60° gauche conformation has a much lower energy than
any other conformer. For illustration, the difference in
energy between the conformer with all EDA-linked vertices in
c.a. −60° gauche conformation and the conformer with three
EDA-linked vertices in c.a. 60° gauche conformation is
approximately 108 kJ mol−1 (Supplementary Fig. 24). To our
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knowledge, the resulting consistency in vertex conformation
is a unique property of truxene octahedra, which is not possessed
by other similar organic octahedra. For example, in the
TFB4EDA6 octahedra formed from 1,3,5-triformylbenzene
(TFB) and EDA68,69, the EDA-linked vertices have been proven
to be able to dynamically change between c.a. 60° gauche
conformer and c.a. −60° gauche conformer68, and both T-
symmetric and C3-symmetric TFB4EDA6 exist in the crystal
products 69.

Equilibrium distribution analysis and theoretical model. To
elucidate the distribution of sergeant over the squads, we subse-
quently analysed the products formed for the different molar
fractions of CHDA by HPLC, as shown in Fig. 5a and Supple-
mentary Figs. 25–35. As is evident from Fig. 5b, the 1n2m product
distribution is strongly controlled by the molar fraction of
CHDA. High CHDA ratios in the mixtures result in predominant
formation of the octahedra with high values of m, and vice versa.
Further investigation of the product distributions with different
ratios of chiral units confirmed that the general sergeants-and-
soldiers effect in a company is a weighted average of the effects in
each squad (Supplementary Fig. 36).

To rationalise the equilibrium distributions of 1n2m product as
a function of the molar fraction of CHDA, we devised a mass-
balance model as illustrated in Fig. 5c. This model is built on the
same principles as earlier thermodynamic models for mixed
discrete assemblies52,60–62, but differs essentially as it explicitly
takes possible differences between the equilibrium constants due
to cooperative effects into account. In this model, seven types of
octahedra are considered, i.e., a single type for each ratio of EDA-
linked and CHDA-linked vertices. 16 represents both (AAAA)-16

and (CCCC)-16, which are assumed to be equally abundant, while
the other 1n2m represent all possible conformers with an AAAA

facial configuration only. The dynamic exchange of CHDA and
EDA between the octahedral vertices is described using 6
independent equilibrium constants Ki (1 ≤ i ≤ 6), which are
related to free energy differences via K = eΔG/RT. Whereas possible
differences between equilibrium constants were priorly ignored in
the absence of data on individual species, our physical separation
of the various octahedron types allows to determine them
individually. The equilibrium constants allow us to express the
equilibrium concentrations of all distinct octahedron types in
terms of the equilibrium concentration of 26:

1i26�i
� �

eq¼
6

i

� � Yi

j¼1

Kj

 !
EDA½ �eq
CHDA½ �eq

 !i

26
� �

eq: ð1Þ

Three mass balances can be derived for the model: (i) the
overall TR concentration should equal the equilibrium concen-
tration of free TR plus four times the concentrations of all
octahedra types summed, (ii) the overall concentration of EDA
should equal the equilibrium concentration of free EDA plus the
sum of the concentrations of each octahedra type multiplied by its
respective number of EDA-linked vertices, and (iii) the analogous
mass balance for CHDA. As detailed in the supporting
information (Supplementary Eqs. 12-14), these three mass
balances in combination with Eq. 1 allow to calculate the
equilibrium concentrations of all octahedra types for a given set
of equilibrium constants Ki and overall concentrations of TR,
CHDA, and EDA.

Octahedron distributions calculated as a function of the molar
fraction CHDA can subsequently be compared to the experi-
mental data (summarised in Supplementary Tab. 3). Best fits of
the octahedron distributions and CD intensity are shown in
Fig. 5b and Supplementary Fig. 37, respectively. These fits were
obtained with the equilibrium constants corresponding to the free
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energy differences as shown in Fig. 5d and Supplementary Fig. 38.
This shows that 26 has a lower free energy than 16. In addition, it
shows that the free energy gains upon insertion of the second,
third, fourth, fifth, and sixth CHDA-linked vertex are all rather
similar, whereas the free energy gain upon insertion of the first
CHDA-linked vertex is approximately 2 kJ mol−1 smaller. That 26

should have a lower free energy than 16 is also corroborated by
the experimental HPLC results (Supplementary Tab. 3 and
Supplementary Fig. 39); these indicate that for the same excess of
major diamine vertex, the fraction of 26 is always higher than that
of 16 and the free CHDA concentration is always lower than the
free EDA concentration.

The relative free energies upon the exchange between CHDA
and EDA vertices as predicted by the mass-balance model are also
in accordance with DFT calculations of the various types of
octahedra (Supplementary Fig. 40 and Supplementary Tab. 4).
These calculations further showed that upon the exchange
between CHDA and EDA vertices only minor conformational
changes (Supplementary Figs. 17 and 18 and Supplementary
Tab. 5) and changes in electron distributions (Supplementary
Fig. 41 and Supplementary Tab. 6) occur. Nevertheless, analysis
of the density of states (Supplementary Figs. 42 and 43) showed
that free CHDA has some states closer to the Fermi level than free
EDA has, indicating that CHDA is slightly more reactive. In
addition, both integrated crystal orbital Hamiltonian population
and integrated crystal orbital overlap population analyses suggest
that the N-C bond is slightly stronger for the CHDA-TR case
than for the EDA-TR case (Supplementary Figs. 44 and 45 and
Supplementary Tab. 7). Together, these findings explain for the

slight preference of CHDA vertices over EDA vertices as observed
in the experimental and modelling results.

Discussion
We have developed a strategy that permits in-depth investigation
of the amplification of chirality in discrete molecular assemblies,
both from an experimental and a theoretical perspective. Chiral
octahedra incorporating a combination of chiral and achiral
vertices have been constructed through dynamic covalent
chemistry as an experimental model. The product mixtures were
first investigated by CD spectroscopy to show a non-linear
amplification of CD intensities upon the increase of the fraction
chiral vertices; i.e., a notable sergeants-and-soldiers effect in an
integrated company. Subsequently, the sergeants-and-soldiers
effects within the individual kinds of octahedra (squads) were
investigated by separating all octahedron types by chiral HPLC,
providing much more explicit information on chirality amplifi-
cation than by the conventional investigation of mixtures. All
octahedra containing one or more chiral vertices exhibit the same
CD spectrum as the octahedron containing pure chiral vertices,
indicative that one chiral vertex (sergeant) suffices to control the
conformation of all achiral vertices (soldiers) in an octahedron
(squad). NMR analyses and DFT calculations attribute this strong
chiral amplification within octahedra to the structural rigidity of
truxene faces and interactions between the propyl arms on
truxene. Furthermore, a newly developed mass-balance model for
mixed octahedra perfectly fitted the observed sergeants-and-
soldiers effects. With this model the equilibrium distribution of
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the various octahedra, i.e., the distribution of the sergeants over
the squads, could be rationalised as a deviation of the statistical
distribution due to small free energy differences between the
octahedra. DFT calculations attributed these differences in free
energy to minor conformational differences between the octahe-
dra and a slightly stronger binding of CHDA over EDA. As such,
we presented a combined experimental and theoretical strategy
that can be applied more generally to quantify small differences in
association energy in discrete multicomponent systems. Through
the design of a suitable experimental system and complementary
theoretical equilibrium model we thus revealed the origin of
chiral amplification in discrete molecular polyhedra, which may
provide fundamental insights into the transfer of chirality in
supramolecular systems as well.

Methods
Synthesis. TR building block was readily synthesised from truxene in three steps
with high yields (experimental and characterisation details can be found in
the Supplementary Methods). Stock solutions of TR (3.2 mM), EDA (9.6 mM), (R,
R)-CHDA (9.6 mM), and TFA (19.2 mM) in toluene were mixed at certain volume
ratios to give the samples A to K, with concentrations of the various species as
detailed in Supplementary Tab. 2. The mixtures were then immersed in a ther-
mostated bath at 60 °C for 48 h to reach equilibrium.

NMR and MS characterisation. 1H and 13C NMR spectra were recorded on a
Bruker AVIII-500 spectrometer (500MHz) in deuterated dichloromethane and are
reported relative to residual solvent signals. Matrix-assisted laser desorption ioni-
sation time-of-flight mass spectra were collected on a Bruker microflex LT-MS with
2,4,6-trihydrotyacetophenane (0.05 M in methanol) as matrix. High-resolution
mass spectra were collected on a Bruker En Apex Ultra 7.0T FT-MS.

Single-crystal X-ray diffraction. Single-crystal X-ray diffraction data were col-
lected on a Rigaku SuperNova X-Ray single crystal diffractometer using Cu Kα (λ =
1.54184 Å) micro-focus X-ray sources at 100 K. The raw data were collected and
reduced using the CrysAlisPro software package, while the structures were solved
by direct methods using the SHELXS program and refined with the SHELXL
program. Solution and refinement procedures are presented in the Supplementary
Methods and specific details are compiled in Supplementary Tab. 1.

HPLC and CD characterisation. HPLC analyses were performed on a Shimadzu
LC-16A instrument at 298 K using a Daicel Chiralcel IE column. A linear gradient
elution was employed within 40 min from 5% ethyl acetate to 30% ethyl acetate in
n-hexane with 4% ethanol and 0.1% diethylamine of total volume at a flow rate of
1 mL min−1. The sample concentration was 400 μM in toluene, and the injection
volume was 3 μL. Absorbance of octahedra was monitored at 325 nm. HPLC
spectra of the equilibrium products containing different ratios of CHDA are pre-
sented in the Supplementary Figs. 25–35. CD spectra were measured in toluene
solutions with a JASCO J-810 circular dichroism spectrometer.

Computational methods. All structures were first optimised by the molecular
mechanics method (using COMPASS II force field) and further optimised by the
DFT method (using Vienna ab initio Simulation Package (VASP)). The electronic
structure and bonding analyses were performed based on the partial density of
states, crystal orbital Hamiltonian population, crystal orbital overlap population
functions and Bader topological analysis. The CD spectra were calculated at
ZINDO semi-empirical level with Gaussian 09. Details on the methods are pro-
vided in the Supplementary Methods.

Model for equilibrium distributions. The model was built based on the
mass-balance approach and implemented in Matlab of which we used the lsqnonlin
function to solve the non-linear equations. The experimental data used for fitting
the model were obtained from HPLC experiments and summarised in Supple-
mentary Tab. 3. Modelling details can be found in the Supplementary Methods.

Data availability. Crystallographic data in this study were deposited at the
Cambridge Crystallographic Data Centre with the accession code (CCDC
1517934). The authors declare that all other data supporting the findings of this
study are available from the article and its Supplementary Information files or
available from the authors upon reasonable request.

Received: 9 June 2017 Accepted: 13 December 2017

References
1. Pasteur, L. Observations sur les forces dissymétriques. C. R. Acad. Sci. 78,

1515–1518 (1874).
2. Ribó, J. M., Crusats, J., Sagués, F., Claret, J. & Rubires, R. Chiral sign induction

by vortices during the formation of mesophases in stirred solutions. Science
292, 2063–2066 (2001).

3. Tsuda, A. et al. Spectroscopic visualization of vortex flows using dye-containing
nanofibers. Angew. Chem. Int. Ed. 46, 8198–8202 (2007).

4. Yang, Y., Da Costa, R. C., Fuchter, M. J. & Campbell, A. J. Circularly polarized
light detection by a chiral organic semiconductor transistor. Nat. Photon. 7,
634–638 (2013).

5. Kumar, J., Nakashima, T. & Kawai, T. Circularly polarized luminescence in
chiral molecules and supramolecular assemblies. J. Phys. Chem. Lett. 6,
3445–3452 (2015).

6. Nelson, D. L., Lehninger, A. L. & Cox, M. M. Lehninger Principles of
Biochemistry (W.H. Freeman, New York, 2008).

7. Hunter, C. A. Quantifying intermolecular interactions: guidelines for the
molecular recognition toolbox. Angew. Chem. Int. Ed. 43, 5310–5324 (2004).

8. Koumura, N., Zijlstra, R. W., van Delden, R. A., Harada, N. & Feringa, B. L.
Light-driven monodirectional molecular rotor. Nature 401, 152–155 (1999).

9. Liu, Y., Xuan, W. & Cui, Y. Engineering homochiral metal-organic frameworks
for heterogeneous asymmetric catalysis and enantioselective separation. Adv.
Mater. 22, 4112–4135 (2010).

10. Shimomura, K., Ikai, T., Kanoh, S., Yashima, E. & Maeda, K. Switchable
enantioseparation based on macromolecular memory of a helical polyacetylene
in the solid state. Nat. Chem. 6, 429–434 (2014).

11. Noyori, R. Asymmetric catalysis: science and opportunities (nobel lecture).
Angew. Chem. Int. Ed. 41, 2008–2022 (2002).

12. Doyle, A. G. & Jacobsen, E. N. Small-molecule H-bond donors in asymmetric
catalysis. Chem. Rev. 107, 5713–5743 (2007).

13. Huo, H. et al. Asymmetric photoredox transition-metal catalysis activated by
visible light. Nature 515, 100–103 (2014).

14. Bissette, A. J. & Fletcher, S. P. Mechanisms of autocatalysis. Angew. Chem. Int.
Ed. 52, 12800–12826 (2013).

15. Chambron, J.-C., Dietrich-Buchecker, C. & Sauvage, J.-P. in Supramolecular
Chemistry I – Directed Synthesis and Molecular Recognition (ed. E. Weber) 4,
131–162 (Springer, Berlin, Heidelberg,1993).

16. Sasaki, T. et al. Linkage control between molecular and supramolecular chirality
in 21-helical hydrogen-bonded networks using achiral components. Nat.
Commun. 4, 1787 (2013).

17. Cook, T. R. & Stang, P. J. Recent developments in the preparation and
chemistry of metallacycles and metallacages via coordination. Chem. Rev. 115,
7001–7045 (2015).

18. Yashima, E. et al. Supramolecular helical systems: helical assemblies of small
molecules, foldamers, and polymers with chiral amplification and their
functions. Chem. Rev. 116, 13752–13990 (2016).

19. Fang, Y. et al. Dynamic control over supramolecular handedness by selecting
chiral induction pathways at the solution–solid interface. Nat. Chem. 8,
711–717 (2016).

20. Dressel, C., Reppe, T., Prehm, M., Brautzsch, M. & Tschierske, C. Chiral self-
sorting and amplification in isotropic liquids of achiral molecules. Nat. Chem.
6, 971–977 (2014).

21. Fujita, D. et al. Self-assembly of tetravalent Goldberg polyhedra from 144 small
components. Nature 540, 563–566 (2016).

22. Slater, A. et al. Reticular synthesis of porous molecular 1D nanotubes and 3D
networks. Nat. Chem. 9, 17–25 (2017).

23. Beaudoin, D., Rominger, F. & Mastalerz, M. Chiral self-sorting of [2+3]
salicylimine cage compounds. Angew. Chem. Int. Ed. 55, 1244–1248 (2017).

24. You, L., Berman, J. S. & Anslyn, E. V. Dynamic multi-component covalent
assembly for the reversible binding of secondary alcohols and chirality sensing.
Nat. Chem. 3, 943–948 (2011).

25. Zou, W. et al. Biomimetic superhelical conducting microfibers with
homochirality for enantioselective sensing. J. Am. Chem. Soc. 136, 578–581
(2014).

26. Hembury, G. A., Borovkov, V. V. & Inoue, Y. Chirality-sensing supramolecular
systems. Chem. Rev. 108, 1–73 (2008).

27. Korevaar, P. A. et al. Pathway complexity in supramolecular polymerization.
Nature 481, 492–496 (2012).

28. de Jong, J. J. D., Tiemersma-Wegman, T. D., van Esch, J. H. & Feringa, B. L.
Dynamic chiral selection and amplification using photoresponsive
organogelators. J. Am. Chem. Soc. 127, 13804–13805 (2005).

29. Zhao, D., van Leeuwen, T., Cheng, J. & Feringa, B. L. Dynamic control of
chirality and self-assembly of double-stranded helicates with light. Nat. Chem.
9, 250–256 (2017).

30. Palmans, A. R. A. & Meijer, E. W. Amplification of chirality in dynamic
supramolecular aggregates. Angew. Chem. Int. Ed. 46, 8948–8968 (2007).

31. Green, M. M. et al. Macromolecular stereochemistry: the out-of-proportion
influence of optically active comonomers on the conformational characteristics

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02605-x ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:488 |DOI: 10.1038/s41467-017-02605-x |www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


of polyisocyanates. The sergeants and soldiers experiment. J. Am. Chem. Soc.
111, 6452–6454 (1989).

32. Yashima, E., Matsushima, T. & Okamoto, Y. Chirality assignment of amines
and amino alcohols based on circular dichroism induced by helix formation of
a stereoregular poly((4-carboxyphenyl)acetylene) through acid-base
complexation. J. Am. Chem. Soc. 119, 6345–6359 (1997).

33. Maeda, K. & Yashima, E. Dynamic helical structures: detection and
amplification of chirality. Top. Curr. Chem. 2, 47–88 (2006).

34. Ito, H., Ikeda, M., Hasegawa, T., Furusho, Y. & Yashima, E. Synthesis of
complementary double-stranded helical oligomers through chiral and achiral
amidinium-carboxylate salt bridges and chiral amplification in their double-
helix formation. J. Am. Chem. Soc. 133, 3419–3432 (2011).

35. Ohsawa, S. et al. Hierarchical amplification of macromolecular helicity of
dynamic helical poly(phenylacetylene)s composed of chiral and achiral
phenylacetylenes in dilute solution, liquid crystal, and two-dimensional crystal.
J. Am. Chem. Soc. 133, 108–114 (2011).

36. Makiguchi, W., Kobayashi, S., Furusho, Y. & Yashima, E. Formation of a homo
double helix of a conjugated polymer with carboxy groups and amplification of
the macromolecular helicity by chiral amines sandwiched between the strands.
Angew. Chem. Int. Ed. 52, 5275–5279 (2013).

37. Palmans, A. R. A., Vekemans, J. A. J. M., Havinga, E. E. & Meijer, E. W.
Sergeants-and-soldiers principle in chiral columnar stacks of disc-shaped
molecules with C3 symmetry. Angew. Chem. Int. Ed. 36, 2648–2651 (1997).

38. Toyofuku, K. et al. Amplified chiral transformation through helical assembly.
Angew. Chem. Int. Ed. 46, 6476–6480 (2007).

39. Lohr, A., & Würthner, F. Time-dependent amplification of helical bias in self-
assembled dye nanorods directed by the sergeants-and-soldiers principle.
Chem. Commun. 19, 2227–2229 (2008)..

40. Helmich, F., Lee, C. C., Schenning, A. P. H. J. & Meijer, E. W. Chiral memory
via chiral amplification and selective depolymerization of porphyrin aggregates.
J. Am. Chem. Soc. 132, 16753–16755 (2010).

41. Smulders, M. M. J. et al. Probing the limits of the majority-rules principle in a
dynamic supramolecular polymer. J. Am. Chem. Soc. 132, 620–626 (2010).

42. Markvoort, A. J., Ten Eikelder, H. M. M., Hilbers, P. A. J., de Greef, T. F. A. &
Meijer, E. W. Theoretical models of nonlinear effects in two-component
cooperative supramolecular copolymerizations. Nat. Commun. 2, 509 (2011).

43. Kang, J. et al. A rational strategy for the realization of chain-growth
supramolecular polymerization. Science 347, 646–651 (2015).

44. Kim, T., Mori, T., Aida, T. & Miyajima, D. Dynamic propeller conformation for
the unprecedentedly high degree of chiral amplification of supramolecular
helices. Chem. Sci. 7, 6689–6694 (2016).

45. Zepik, H. et al. Chiral amplification of oligopeptides in two-dimensional
crystalline self-assemblies on water. Science 295, 1266–1269 (2002).

46. Fasel, R., Parschau, M. & Ernst, K.-H. Amplification of chirality in two-
dimensional enantiomorphous lattices. Nature 439, 449–452 (2006).

47. Tahara, K. et al. Control and induction of surface-confined homochiral porous
molecular networks. Nat. Chem. 3, 714–719 (2011).

48. Chen, T., Yang, W.-H., Wang, D. & Wan, L.-J. Globally homochiral assembly of
two-dimensional molecular networks triggered by co-absorbers. Nat. Commun.
4, 1389 (2013).

49. Zhang, L., Wang, T., Shen, Z. & Liu, M. Chiral nanoarchitectonics: towards the
design, self-assembly, and function of nanoscale chiral twists and helices. Adv.
Mater. 28, 1044–1059 (2016).

50. Appel, E. A., del Barrio, J., Loh, X. J. & Scherman, O. A. Supramolecular
polymeric hydrogels. Chem. Soc. Rev. 41, 6195–6214 (2012).

51. Liu, M., Zhang, L. & Wang, T. Supramolecular chirality in self-assembled
systems. Chem. Rev. 115, 7304–7397 (2015).

52. Prins, L. J., Timmerman, P. & Reinhoudt, D. N. Amplification of chirality: the
“sergeants and soldiers” principle applied to dynamic hydrogen-bonded
assemblies. J. Am. Chem. Soc. 123, 10153–10163 (2001).

53. Mateos-Timoneda, M. A., Crego-Calama, M. & Reinhoudt, D. N. Amplification
of chirality in hydrogen-bonded tetrarosette helices. Chem. Eur. J. 12,
2630–2638 (2006).

54. Ousaka, N., Clegg, J. K. & Nitschke, J. R. Nonlinear enhancement of chiroptical
response through subcomponent substitution in M4L6 cages. Angew. Chem. Int.
Ed. 51, 1464–1468 (2012).

55. Ousaka, N. et al. Efficient long-range stereochemical communication and
cooperative effects in self-assembled Fe4L6 cages. J. Am. Chem. Soc. 134,
15528–15537 (2012).

56. Castilla, A. M. et al. High-fidelity stereochemical memory in a Fe(II)4L4
tetrahedral capsule. J. Am. Chem. Soc. 135, 17999–18006 (2013).

57. Castilla, A. M., Miller, M. A., Nitschke, J. R. & Smulders, M. M. J.
Quantification of stereochemical communication in metal-organic assemblies.
Angew. Chem. Int. Ed. 55, 10616–10620 (2016).

58. Ludlow, R. F. & Otto, S. Systems chemistry. Chem. Soc. Rev. 37, 101–108
(2008).

59. Lombardo, T. G., Stillinger, F. H. & Debenedetti, P. G. Thermodynamic
mechanism for solution phase chiral amplification via a lattice model. Proc.
Natl. Acad. Sci. USA 106, 15131–15135 (2009).

60. Mateos-Timoneda, M. A., Crego-Calama, M. & Reinhoudt, D. N. Controlling
the amplification of chirality in hydrogen-bonded assemblies. Supramol. Chem.
17, 67–79 (2005).

61. Wu, A. & Isaacs, L. Self-sorting: the exception or the rule? J. Am. Chem. Soc.
125, 4831–4835 (2003).

62. Ballester, P. et al. Dabco-induced self-assembly of a trisporphyrin double-
decker cage: thermodynamic characterization and guest recognition. J. Am.
Chem. Soc. 128, 5560–5569 (2006).

63. Weller, K., Schütz, H. & Petri, I. Thermodynamical model of indefinite mixed
association of two components and NMR data analysis for caffeine-AMP
interaction. Biophys. Chem. 19, 289–298 (1984).

64. Wang, X. et al. Assembled molecular face-rotating polyhedra to transfer
chirality from two to three dimensions. Nat. Commun. 7, 12469 (2016).

65. Jiang, S. et al. Porous organic molecular solids by dynamic covalent scrambling.
Nat. Commun. 2, 1207 (2011).

66. Thordarson, P. et al. Allosterically driven multicomponent assembly. Angew.
Chem. Int. Ed. 43, 4755–4759 (2004).

67. Meng, W.-J., Clegg, J. K., Thoburn, J. D. & Nitschke, J. R. Controlling the
transmission of stereochemical information through space in terphenyl-edged
Fe4L6 cages. J. Am. Chem. Soc. 133, 13652–13660 (2011).

68. Jelfs, K. E. et al. Conformer interconversion in a switchable porous organic
cage. Phys. Chem. Chem. Phys. 13, 20081–20085 (2011).

69. Jones, J. T. A. et al. On-off porosity switching in a molecular organic solid.
Angew. Chem. Int. Ed. 50, 749–753 (2011).

Acknowledgements
We thank E.W. (Bert) Meijer for initiating this joint experimental and theoretical col-
laboration. We thank Jean-Marie Lehn, Xi Zhang, Stephen Z.D. Cheng, Takuzo Aida,
Wei Zhang, Minghua Liu, Yunbao Jiang, and Hui Zhang for discussions. We also thank
Yibin Sun, Junbo Chen, and Jijun Jiang for assistance in experiments. This work is
supported by the 973 Program (No. 2015CB856500), the NSFC (Nos. 21722304,
91427304, 21573181, 91227111 and 21102120), and the Fundamental Research Funds for
the Central Universities (No.2 0720160050) of China. I.T. and A.J.M. acknowledge
SurfSara and NWO for providing access to the Cartesius supercomputer.

Author contributions
Y.W., X.C., and A.J.M. conceived, initiated, and developed this work. Y.W. and H.F.
designed and carried out the experiments. A.J.M. performed the mass-balance modelling.
I.T. and A.J.M. performed the DFT analyses. X.W. and H.Q. performed the single-crystal
analyses. Y.W. drafted the manuscript with contributions from H.F., X.C., A.J.M., and Z.
T. X.C., A.J.M., and Y.W. coordinated the efforts of the research teams. All authors
discussed the results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02605-x.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02605-x

8 NATURE COMMUNICATIONS |  (2018) 9:488 |DOI: 10.1038/s41467-017-02605-x |www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-017-02605-x
https://doi.org/10.1038/s41467-017-02605-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Elucidation of the origin of chiral amplification in discrete molecular polyhedra
	Results
	Chiral octahedra with facial rotational patterns
	Sergeants-and-soldiers effect in a company of mixed squads
	Sergeants-and-soldiers effect in isolated octahedra squads
	Structural basis of chiral amplification in single octahedron
	Equilibrium distribution analysis and theoretical model

	Discussion
	Methods
	Synthesis
	NMR and MS characterisation
	Single-crystal X-ray diffraction
	HPLC and CD characterisation
	Computational methods
	Model for equilibrium distributions
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




