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Chirality Transfer to Achiral Strands and Helicity Control through 
Selective Heteroleptic Complexation to Double-Helical 
Monometallofoldamers
Kotaro Matsumura, a Shinji Murayama,a Yoshitaka Tsuchido a and Hidetoshi Kawai* a 

Highly selective construction of heteroleptic double helices was 
achieved by utilizing bulky substituents to destabilize homoleptic 
complexation. This strategic design enables efficient chirality 
transfer to an achiral strand and solvent-dependent helicity 
inversion, achieving a twofold amplification of the total chiroptical 
output that far surpasses our previous system.

In biological systems, DNA and RNA serve as the quintessential 
platforms for the storage, replication, and transcription of 
genetic information through double-helical frameworks 
mediated by complementary hydrogen bonding. To artificially 
emulate these sophisticated processes, the construction of 
hetero-double helices—where two distinct strands selectively 
self-assemble (social self-sorting) over their homoleptic 
counterparts (narcissistic self-sorting)—is essential (Fig. 1a).1–13 
Within such hetero-double helices, structural information and 
functionality can be transmitted from a “template” strand to a 
“partner” strand (Fig. 1b). While chiral information transfer 
from a chiral template strand to an achiral strand has been 
demonstrated in several limited examples,9-11 the general 
application of these systems is often hampered by the lack of 
high-fidelity social self-sorting. Constructing structurally 
controllable heteroleptic complexes remains a significant 
challenge, as many systems favor homoleptic assembly or result 
in statistical mixtures unless specific complementary 
interactions are employed.

The helicity inversion switching in response to achiral stimuli is 
attractive for the reversible control of chirality.14-17 To date, 
various external stimuli—solvents,3,18-21 guests or ions,22-24 and 
light25,26—have been employed for helix inversions in polymers 
and supramolecular assemblies. In achiral–chiral hetero-double 
helices, the helicity of the achiral strand is synchronized with 
that of the chiral strand through cooperative inter-strand 
communication. This synchronization potentially allows for the 
precise chirality transfer and even the cooperative switching of 
the entire helical framework. However, achieving such dynamic 

behavior specifically in heteroleptic systems remains difficult 
due to a “trade-off“ between structural rigidity and flexibility: 
many double-helical complexes lack the conformational 
freedom necessary for stimuli responsive inversion due to the 
rigid nature of their bridging coordination bonds.
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Fig. 1. Equilibrium between homo-double and hetero-double helices, and strategy 
for chirality transfer based on an achiral–chiral hetero-double helix.

We have previously developed double-helical 
monometallofoldamers [M(1)2]n+ (Zn(II), Cu(II), Cu(I), Ag(I)) 
constructed from short-stranded foldamers27–31 incorporating 
two L-shaped dibenzopyrrolo[1,2-a][1,8]naphthyridine 
units32,33 by a bipyridine unit.29,31 These complexes exhibit 
dynamic structural switching between double-helical and open 
forms, including M/P helicity inversion driven by solvent 
polarity.29,31 While we successfully constructed a heteroleptic 
complex [Zn(1a)(1b)][OTf]2 using an achiral strand 1a and a 
chiral strand 1b, its formation as a statistical mixture limited the 
efficiency of chiral amplification.29 Consequently, a novel design 
is required to achieve selective social self-sorting while 
maintaining a dynamic helical framework capable of 
synchronized helicity inversion. Herein, we report the highly 
selective construction of a heteroleptic double-helix 
[Ag(1)(2a)][OTf] designed for efficient chirality transfer and 
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Fig. 2. a) Highly selective complexation to heteroleptic double-helical monometallofoldamers [Ag(1)(2a)][OTf]. 1H NMR spectra (9.2–11.0 ppm, CDCl3, 298 K) of b) 
[Ag(1b)2][OTf] ([1b] = 2.0 mM), c) a mixture of 1b, 2a, and AgOTf ([1b] = 1.0 mM, [2a] = 1.0 mM), and d) [Ag(2a)2][OTf] ([2a] = 2.0 mM). e) VT-NMR spectra of 
[Ag(1b)(2a][OTf] (10.2–10.6 ppm, CDCl3, 273–323 K).

synchronized helicity control (Fig. 1b, 2). By incorporating bulky 
tris(biphenyl)methoxy groups at the termini of strand 2a, we 
successfully destabilized narcissistic homoleptic complexation, 
driving social self-assembly with high selectivity. This selective 
formation enables a twofold amplification of the Cotton effect, 
effectively enhancing the chiroptical output of the chiral 
template within the heteroleptic framework. Furthermore, the 
achiral strand exhibits synchronized helicity inversion dictated 
by the chiral strand in response to solvent stimuli, 
demonstrating the potential of heteroleptic double helices for 
the controlled transfer and stimuli-responsive switching of 
chiral information.

To drive social self-sorting, we designed strand 2a bearing 
bulky tris(biphenyl)methoxy groups at both termini to sterically 
destabilize narcissistic homoleptic complexation (Fig. 2a). 
Strand 2a was synthesized via Suzuki–Miyaura coupling and 
subsequent etherification (for details, see Scheme S1 in ESI).

The complexation behaviors of the strands 1a, 1b and 2a 
were evaluated by 1H NMR spectroscopy (Figs. S4–S6 and 2b–
d). Initially, the homoleptic complex [Ag(2a)2][OTf] was 
prepared by complexing strand 2a with Ag(I) (Fig. 2d, S4 and 
Scheme S7 in ESI). The resulting species exhibited complicated 
1H NMR signals, reflecting a loss of symmetry compared to the 
previously reported homoleptic double-helical complexes 
derived from strand 1a and 1b.29,31 This suggested that strand 
2a was unable to form a highly symmetric double-helical 
structure due to the steric bulk of the substituents, leading to a 
distribution of diverse conformations, such as open forms. This 
was further supported by the absence of a characteristic 
hypochromic effect in the UV–vis spectra (Fig. S17, S28 in ESI).

In contrast, mixing achiral strands 1a, 2a and AgOTf in 
CHCl3/CH3CN (19:1) led to the highly selective formation of the 
heteroleptic double-helical complex [Ag(1a)(2a)][OTf] (Fig. 2a, 
Scheme S8). The 1H NMR spectrum revealed a predominant 
species distinct from either homoleptic complex, with an 
estimated ratio of 1:10:1 for [Ag(1a)2][OTf]/[Ag(1a)(2a)][OTf]/ 
[Ag(2a)2][OTf] (Fig. S5b in ESI). The characteristic upfield shifts 
of bipyridine protons Ha and Hb (5.57–6.56 ppm) and ROESY 
correlations (A1a–A2a, A1a–L2a, L1a–A2a, L1a–L2a, Fig. S16 in ESI) 
confirmed the double-helical structure.29,31 These results 
indicate that the bulky substituents not only destabilize 
[Ag(2a)2][OTf] but also relatively stabilize the double-helical 
framework of heteroleptic [Ag(1a)(2a)][OTf] over homoleptic 
[Ag(1a)2][OTf], which exists primarily in open forms (double-
helical form/open form ratio ~ 7:93) in CDCl3 at 298 K.31 
Importantly, in contrast to the kinetically inert Zn(II) system 
which required kinetic preparation by mixing the ligands prior 
to metal addition,29 the labile nature of Ag(I) ions allows the 
system to reach a thermodynamic equilibrium, wherein the 
heteroleptic complex is  favored as the thermodynamically most 
stable species.

Encouraged by this high selectivity, we prepared the chiral 
heteroleptic complex [Ag(1b)(2a)][OTf] using the chiral strand 
1b (Fig. 2a, c and S9 in ESI). As shown Fig. 2c, the 1H NMR 
spectrum clearly demonstrates the selective formation of the 
heteroleptic complex. While the homoleptic complex 
[Ag(1b)2][OTf] exhibited peaks corresponding to both double-
helical and open forms (Fig. 2b, helical/open = 1:3), the 
heteroleptic [Ag(1b)(2a)][OTf] showed only two sets of 
characteristics of the double-helical form, which suggested the 
formation of a highly stable double-helical structure. These 
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peaks are attributed to the diastereomers [(P)-(R)-] and [(M)-
(R)-Ag(1b)(2a)][OTf], revealing a clear helicity bias with an 
intensity ratio of ~3:1 in favor of the (P)-helix as assigned by the 
positive CD sign and a related TD-DFT calculation,31 achieved 
even in a heteroleptic system bearing only two chiral auxiliaries. 
Furthermore, the predominance of [Ag(1b)(2a)][OTf] 
([Ag(1b)2]/[Ag(1b)(2a)]/[Ag(2a)2] = 1:10:1) remained consistent 
in toluene-d8 and CD2Cl2, indicating that the equilibrium among 
the homoleptic and heteroleptic complexes is not significantly 
solvent-dependent (Fig. S7, S8 in ESI). To investigate the 
thermodynamic properties and dynamic nature of this helicity 
bias, variable-temperature NMR measurements were 
performed (Fig. 2e). Upon heating from 273 K to 323 K, the 
peaks for the P- and M-isomers coalesced, accompanied by a 
decrease in the helicity bias (from ~3:1 at 273 K to ~2:1 at 293 
K). This temperature dependence clearly demonstrates that the 
helicity preference is enthalpy-driven. Remarkably, while the 
homoleptic analogue [Ag(1b)2][OTf] showed coalesced signals 
even at room temperature (Fig. 2b), the coalescence observed 
at 323 K in the heteroleptic [Ag(1b)(2a)][OTf] reveals that the 
bulky tris(biphenyl)methoxy groups not only maintain the 
highly efficient heteroleptic assembly but also successfully 
increase the activation barrier for the helicity inversion.

+

a)

1b (1.0 eq.)

2a (0 eq.)

+
1b (1.0 eq.)

2a (1.0 eq.)

b)

[(P)-Ag(1b)2][OTf]

twofold

[(P)-Ag(1b)(2a)][OTf]

chiral chiral

[(M)-Ag(1b)(2a)][OTf]

solvent

[(M)-Ag(1b)2][OTf]

solvent helicity control
in Toluene

negative CD

in CH2Cl2,
i-PrOH, THF
positive CD

Fig. 3. The complexation of a) 1b (1.0 equiv) with AgOTf (0.50 equiv); b) 1b (1.0 
equiv) and 2a (1.0 equiv) with AgOTf (1.0 equiv) and solvent-dependent helicity 
switching in [Ag(1b)2][OTf] and [Ag(1b)(2a)][OTf].

The high-fidelity transfer of chiral information from 1b to 2a 
was evidenced by CD measurements of the resulting 
heteroleptic complex [Ag(1b)(2a)][OTf] (Fig. 3 and 4a).34 
Notably, [Ag(1b)(2a)][OTf] exhibited a positive Cotton effect in 
CH2Cl2 (as well as in CHCl3, MeOH, i-PrOH and THF), which 
inverted to a strong negative Cotton effect in toluene.35 This 
solvent-dependent helicity inversion is consistent with the 
behavior of the homoleptic analogue [Ag(1b)2][OTf] (Fig. 3a),36 
indicating that the chiral and achiral strands function 
cooperatively throughout the double-helical framework. Such 
inter-strand communication not only allows the chiral strand 1b 
to induce a specific helicity in the achiral strand 2a but also 
facilitates the synchronized helicity inversion of the entire 
heteroleptic assembly, driven by the stimuli-responsive 
switching of the chiral strand.

Fig. 4. a) CD spectra of [Ag(1b)(2a)][OTf] in i-PrOH (red line), CH2Cl2 (orange), CHCl3 
(yellow), THF (green), toluene (blue line) and MeOH (purple) (r.t., 
[Ag(1b)(2a)][OTf] = 5.0 μM). b) CD spectra in the presence of 0 and 1.0 equiv of 2a 
in CH2Cl2 (orange) and in toluene (blue) (r.t., [1b] = 10 μM).

The high selectivity of this heterotropic assembly provides a 
molecular basis for artificial information transfer, reminiscent 
of biological systems. Notably, the chiroptical properties and 
solvent-dependent helicity inversion of the heteroleptic 
[Ag(1b)(2a)][OTf] remarkably mirror those of the homoleptic 
template [Ag(1b)2][OTf]. This suggests that both the chiral 
information and the dynamic switching characteristics of a 
single strand 1b could be effectively transferred through the co-
assembly with achiral strands 2a into the double-helical 
framework (Fig. 1b). As illustrated in Fig. 3b, if the chiral 
template 1b, which originally forms a single homo-double helix 
[Ag(1b)2][OTf] (Fig. 3a), were to selectively assemble with two 
achiral strands 2a, two sets of heteroleptic complexes 
[Ag(1b)(2a)][OTf] would be produced. Consequently, this chiral 
information transfer process would lead to a twofold 
amplification of the total chiroptical output, effectively 
doubling the chiral signature of the system.
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To verify the chiral amplification derived from this selective 
assembly mechanism, we compared the CD intensities of the 
heteroleptic complex [Ag(1b)(2a)][OTf] and the homoleptic 
analogue [Ag(1b)2][OTf] (Fig. 4b). Remarkably, the addition of 
one equivalent of achiral strand 2a to a mixture of chiral strand 
1b and AgOTf resulted in a Cotton effect amplified by 2.3-fold in 
toluene and 2.5-fold in CH2Cl2 compared to the system 
containing only 1b and AgOTf.35 These amplification factors are 
significantly higher than the 1.1–1.2-fold increase previously 
reported for the Zn(II) system,29 where the formation of a 
statistical mixture limited the efficiency. This significant 
enhancement clearly originates from the highly efficient 
heteroleptic distribution of chiral information from a single 
chiral entity, [Ag(1b)2][OTf], into two heteroleptic complexes, 
[Ag(1b)(2a)][OTf], which retain the same chiroptical 
characteristics. Furthermore, by combining the achiral strand 
2a with the stimuli-responsive template 1b, we have realized a 
system that enables the simultaneous amplification and 
synchronized inversion of chiroptical signals. This dual 
functionality provides critical insights for the design of 
sophisticated supramolecular systems with advanced functions 
in information transfer.

In summary, we have demonstrated the highly selective 
construction of heteroleptic double helices [Ag(1)(2a)][OTf] 
through the social self-sorting of AgOTf with strands 1 and 2a, 
thanks to the thermodynamic control enabled by the Ag(I) ions. 
The strategic introduction of bulky tris(biphenyl)methoxy 
groups in 2a effectively destabilizes narcissistic homoleptic 
assembly. Furthermore, an increased activation barrier for the 
dynamic process effectively stabilizes the double helix, 
suppressing the competitive open-form dissociation. Notably, 
the chiral heteroleptic complex [Ag(1b)(2a)][OTf] exhibited 
both an amplified Cotton effect mediated by high-fidelity chiral 
transfer through the rigid L-shaped double-helical framework 
and solvent-induced helicity switching. This dual functionality of 
chiroptical amplification and synchronized inversion, enabled 
by the efficient heteroleptic distribution from homoleptic 
precursors to hetero-double helices, provides a novel molecular 
design guideline for the precise transfer and regulation of chiral 
information in artificial supramolecular systems. 
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evaluated. 1H NMR spectra in toluene-d8 or CD2Cl2 remained 
nearly identical between 1.0 mM and 0.10 mM, with no peaks 
from free strands observed (Fig. S9, S10), indicating negligible 
dissociation down to 0.10 mM. Although concentration-
dependent UV-vis and CD spectra (5–100 μM) showed a 
subtle increase in intensity at higher concentrations (Fig. S26), 
the chiroptical signatures remained largely consistent, 
suggesting partial dissociation at lower concentrations.

35 At the same concentration ([Ag(1b)(2)][OTf] = [Ag(1b)2][OTf] 
= 10 μM), the CD intensity of [Ag(1b)(2)][OTf] was comparable 
to that of [Ag(1b)2][OTf] (Fig. S29), suggesting a 
counterbalance between the increased population of the 
double-helical form and a slight reduction in the intrinsic  
in the heteroleptic complex.

36 While [Ag(1b)2][OTf] showed a negative Cotton effect in 
MeOH due to aggregation, [Ag(1b)(2a)][OTf] exhibited a 
positive Cotton effect, probably due to suppression of the 
formation of aggregates introduced bulky substituents.

37 (a) CCDC 2534923: Experimental Crystal Structure 
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2r2sqc; (b) 
CCDC 2534924: Experimental Crystal Structure 
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2r2srd.
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The supporting data has been provided as part of the ESI. Supplementary 
information: Fig. S1–S41; Scheme S1–S10; Table S1, S2; NMR spectra; UV–vis and 
CD spectra; X-ray crystallography data; and further experimental details, see DOI: 
[URL – format https://doi.org/DOI]. CCDC 2534923 and 2534924 contain the 
supplementary crystallographic data for this paper.37
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