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Dual dynamic chirality generated in the assembly of three achiral 
rods through the three-fold twisting of a macrocycle 
Ryo Katoono,*a Kazuki Sakamoto a and Takanori Suzuki a 

We demonstrated dynamic chirality based on assemblies of three 
achiral rods with a twisted macrocycle. The three-fold twisting of a 
macrocycle can lead to two different chiral forms with C2- or D3-
symmetry. Through a transmission of chirality to each dynamic 
chiral form, a helical-sense preference was successfully induced. 

The assembly of achiral rods is a promising method for creating 
chirality. Especially, assemblies of three or more rods are 
interesting due to their diversity (Scheme 1-I). Chirality can be 
generated when two achiral rods are assembled. The 
arrangement of the third rod characterizes each chiral motif. In 
one case, three rods are helically stacked one above the other, 
which is a chiral motif that has often been used in 
supramolecular chemistry.1 Alternatively, the third rod can be 
arranged to form a cyclic architecture. Similar chiral motifs can 
be envisioned in a macrocyclic framework (Scheme 1-II); i.e., 
two rods are linked by a spacer unit at each terminal of the 
entirety of rods, resulting in a twisted macrocycle. A chiral 
arrangement with C2-symmetry is generated by “heterochiral” 
twisting, where the macrocycle is twisted once in either a 
clockwise or counterclockwise manner, followed by a new two-
fold twisting in the opposite direction. Alternatively, 
“homochiral” twisting leads to another chiral arrangement with 
D3-symmetry.2,3 Thus, the three-fold twisting of a macrocycle 
could be an attractive methodology for the design of multiple 
dynamic chiral structures.4,5 Indeed, one successful example has 
already been reported, i.e., a twisted macrocycle that achieved 
dynamic interconversion between two dynamic chiral forms 
with C2- or D3-symmetry,5a while there have been many 
examples of robust macrocycles with D3-symmetry based on 
undynamic chiral spacing units.5b-k,6 
We were interested in two points. First, we wished to construct 

 
Scheme 1 Chirality generated (I) in assemblies of three achiral rods, and (II) in a 
macrocycle through three-fold twisting. 

a dynamic system where a macrocyclic molecule can adopt 
dynamic chiral forms with both C2- and D3-symmetry, which can 
dynamically interconvert into each other.5a Second, we wanted 
to induce a helical-sense preference in each enantiomeric pair 
of dynamic chiral forms (MMP and PPM for a C2-symmetric form, 
and MMM and PPP for a D3-symmetric form). 
Thus, we designed and synthesized macrocycles (R)6-1a and 1b 
(Fig. 1 and Scheme S1). Three achiral rods of 1,4- 
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Fig. 1 Chemical structures of (R)6-1a and 1b, and ditopic guests8 (S,S)-2, (R,R)-2 and 3. 

bis(phenylethynyl)benzene were used to form cyclic assemblies, 
where each rod is covalently linked to the other rods through 
triple bonds for maintenance of the framework.7 Each terminal 
of the rods is bridged by a three-fold terephthalamide unit,8 
which can adopt dynamic chiral forms with M- or P-helicity by 
twisting of the two amide groups with respect to the central 
benzene ring (Fig.1). Through three-fold twisting of the local 
dynamic chiral unit, we envisioned two global chiral forms with 
C2-symmetry (MMP and PPM) or D3-symmetry (MMM and PPP) 
(Scheme 1-II), which would be interconvertible through 
inversion between local dynamic chiral forms. The helical-sense 
preferences would arise as a result of a transmission of chirality 
from a chiral auxiliary [(R)-group in 1a] or from an external chiral 
source [(S,S)-2 or (R,R)-2] to the local dynamic chiral units. 
A conformational search for a model macrocycle 1' [X = Me] 
showed that three achiral rods were assembled to adopt both 
global chiral forms with C2- and D3-symmetry (Fig.2). 
The dynamic structures of 1b in solution were first investigated 
by 1H NMR spectroscopy. At room temperature, only a single 
set of averaged resonances were observed, which implied the 
presence of a single species with apparent "D3h"4b symmetry 
(Fig.S1). At lower temperatures (<233 K), an averaged signal for 
two methylene protons became an anisochronous pair, which 
showed that these protons were located adjacent to some 
chiral environment and in a diastereomeric relationship with 
each other (HE’ and HE'’).9 Each of these two signals ultimately 
split into three signals below 213 K, which revealed the 
presence of a C2-symmetric species. Over the entire range of 
temperatures, there was little difference in the chemical shift 

 
Fig. 2 Energy-minimized structures of model macrocycle 1' [X = Me] with (a) C2-symmetry 
(rel. 0 kJ mol‒1) and (b) D3-symmetry (+0.80 kJ mol‒1), obtained by a conformational 
search using MacroModel software (v11.8 OPLS3e, Monte Carlo Multiple Minimum 
method, non-solvated, 20,000 steps). Only one of two enantiomeric conformations is 
depicted. 

for every proton of 1b. This result showed that a single species 
was dominantly present in equilibrium (Fig.S2b).  
The results of VT-1H NMR measurements for (R)6-1a could be 
similarly interpreted (Fig.S2a), although dynamic chiral forms 
with M- or P-helicity were no longer enantiomers due to the 
internal chirality (R). As a consequence, the chemical shift 
values for HDα and HDβ and their populations were different. This 
imbalance was considered to be the result of the intramolecular 
transmission of chirality (R) to dynamic chiral forms.  
Next, we examined the complexation of 1b with a hydrogen-
bonding guest to confirm whether or not another chiral form 
with D3-symmetry could be induced. The 1H NMR spectra of 1b 
in the presence of a ditopic guest (R,R)-2 are shown in Fig.3. 
Upon mixing, there were significant upfield-shifts induced for 
both the central phenylene protons (HC) in 1b and the central 
phenylene protons (Ha) in 2. These changes in the chemical shift 
showed that the ditopic guest was captured at the two amide 
carbonyls of a terephthalamide unit. Also, we observed 
complexation-induced shifts for other protons, especially for HA 
that was furthest from the binding site. Based on this change 
(HA), we considered that the dominant form in the dynamic 
equilibrium changed from C2- to D3-symmetry upon 
complexation.10,11 
Next, we monitored the complexation of 1b with chiral ditopic 
guests (S,S)-2 and (R,R)-2 by CD spectroscopy (Fig.4). Mirrored 
Cotton effects were induced in the absorption region of 1b13 by 
the addition of each enantiomeric guest. Since there is no 
reason for the induction of any helical-sense preference by 1b 
itself, these induced Cotton effects were attributed to an 
imbalance in the equilibrium between two chiral forms with 
MMM and PPP in a complexed state through the 
supramolecular transmission of external chirality in 2. 
Finally, we demonstrate the transmission of chirality to dynamic 
chiral forms of 1a by CD spectroscopy. As shown by VT-1H NMR 
measurements, 1a was present as an invertible diastereomeric 
pair with C2-symmetry, and a particular helical sense was 
preferred. Based on this finding, induced Cotton effects for (R)6-
1a itself were considered to be the result of intramolecular 
transmission of internal chirality (R) to dynamic chiral forms 
with MMP and PPM (Fig.5, broken line). Through the 
complexation of (R)6-1a with an achiral ditopic guest 3, which 



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

 
Fig. 3 (a) Partial 1H NMR spectra (aromatic region) of 1b (0.7 mM) in the presence of 
(R,R)-2 [0 (1b only), 1, 2 and 3 equiv.), and (R,R)-2. All spectra were measured in 1.7vol% 
acetonitrile-d3/chloroform-d at 303 K; (b) titration curves based on changes in the 
chemical shifts (Δδ = δ1b·2 ‒ δ1b) for protons HA-HH of 1b. 

had no preference for a particular helical sense, the original 
Cotton effects were changed (Fig.5, solid lines).14 This result 

 
Fig. 4 CD spectra of 1b (8.7 × 10‒5 M) in the presence of chiral guests (R,R)-2 (blue lines; 
3, 4, 6 and 9 equiv.) or (S,S)-2 (red lines; 3, 4, 6 and 9 equiv.), measured in 
dichloromethane at 293 K. 

 

Fig. 5 CD spectra of (R)6-1a (7.8 × 10‒5 M) in the absence (black broken line; (R)6-1a only) 
and presence of 3 (green lines; 3, 4, 6 and 9 equiv.). All spectra were measured in 
dichloromethane at 293 K. 

indicated that a conformational change was induced to adopt 
another chiral form with D3-symmetry in a complexed state, and 
that a particular sense of MMM or PPP was preferred through 
the intramolecular transmission of internal chirality (R). Similar 
changes in absorption and Cotton effects were induced when 
chiral ditopic guests were added (Fig.S5). These results 
indicated that either of the chiral guests could lead to a change 
in the global conformation upon complexation, and that the 
supramolecular transmission from (S,S)-2 was completely 
invalid, while it seemed that (R,R)-2 could cooperatively assist 
the dominant intramolecular transmission of internal chirality 
(R) in a complexed state. 
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VT-CD measurements for (R)6-1a itself and 1b in the presence of 
a chiral guest showed that the shapes of induced Cotton effects 
were maintained, respectively, while the intensities were 
attenuated or enhanced with several isochoric points with an 
increase or decrease in temperature (Fig.S6). These results 
indicated that the two different chiral forms of 1 with C2- and 
D3-symmetry were dynamic, respectively. Since the induced 
Cotton effects for a complex of 1b·2 (Fig.4) were apparently 
similar to those for a complex of (R)6-1a·3 (Fig.5), either of 1a 
and 1b could be considered to adopt D3-symmetric forms in a 
complexed state.  
In conclusion, we have demonstrated that two dynamic chiral 
structures with C2- or D3-symmetry were generated based on 
assemblies of three achiral rods in a macrocycle. A 
conformational transition between these two chiral structures 
was achieved through complexation with a hydrogen-bonding 
guest. In both uncomplexed and complexed states, the 
intramolecular transmission of chirality associated with a 
macrocycle [(R)6-1a] was valid to induce the helical-sense 
preference for a particular enantiomeric form of MMP or PPM 
(C2-symmetry) and MMM or PPP (D3-symmetry). 
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