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Abstract: Dynamic helical molecules, which can undergo a reversible chirality inversion between the P and M
forms, are useful as a platform for switchable chiral functional molecules. The chirality inversion of these
molecules has been extensively studied. However, it has mostly been discussed from the viewpoint of the equil-
ibrated P/M ratios before and after the inversion; control of the response speeds or kinetic profiles has rarely been
explored. In order to construct helical structures with controllable kinetic profiles, triple-helical metallocryptands,
LMj3, have been designed and synthesized. These molecules can undergo a relatively slow dynamic P/M chirality
inversion (helicity inversion) to produce an equilibrated mixture. The P/M equilibration was accelerated or
decelerated based on the following two strategies. One is based on the guest binding in the cryptand cavity. The P/
M racemization kinetics of LNi; was significantly decelerated by recognition of guanidinium ion in the cavity. The
other strategy is based on the ligand exchange reactions at the octahedral cobalt(III) centers in LCos(amine)g. The
P/M chirality inversion speeds were controlled by changing the initial and entering amine ligands. In addition, a
unique transient chirality inversion behavior was observed when chiral amine ligands were removed from the
metallocryptand by the ligand exchange reaction with piperidine.
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Introduction

Helical structures have a useful chiral molecular scaffold with the right- and left-handed forms (P and M forms,
respectively). In general, helical molecular scaffolds play an important role in providing a chiral environment for
various kinds of chiral molecular functions, such as chiral discrimination [1], asymmetric catalysis in organic
syntheses [2], chiroptical properties [3], etc. Typical helical molecules include biopolymers, such as DNA duplexes
and a-helical peptides, as well as a variety of artificial helical molecules and polymers [4].

Some of the helical molecules can undergo a dynamic chirality inversion between the P and M forms; these
are known as dynamic helical molecules [5]. The chirality inversion takes place if the structures have enough
flexibility or are in equilibrium with a non-helical structure such as a random coil. These dynamic helical
molecules have attracted increasing attention because they could be potentially useful as a molecular platform to
enable stimuli-responsive switching of chiral functions [6]. If the stimulus converts a helical structure from P-rich
to M-rich or vice versa, dynamic chirality inversion would take place (Fig. 1a). The stimuli-responsive P/M
chirality inversion of a helical structure may lead to inversion of the chiral functions, such as chiroptical
properties and enantioselectivities in asymmetric syntheses. In this regard, one can say that a helical molecule
possesses the chirality information, i.e., the P/M isomeric ratio, which governs various kinds of chiral properties
and functions.
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Fig. 1: Schematic drawings of the chirality inversion of dynamic helical molecules between the P and M forms. (a) A stimulus inverts the
chirality from the P-rich to M-rich if the stimulus changes the P/M preference of the P/M equilibrium. (b) Control of the P/M equilibration
speeds of a dynamic helical molecule by an external stimulus.

From the viewpoint of the processing of the chiral information, there are two important aspects. One is the
difference between the equilibrated P/M ratios before and after the stimulation, because the P/M ratio directly
determines the chiral properties, such as the sign and amplitudes of the chiroptical signals and enantiose-
lectivities, in various types of chemical events. If the P/M preference is reversed upon the stimulation, this
reversal will lead to the opposite chiral properties or functions (Fig. 1a). The other one is the response speeds for
the changes in the P/M ratios (Fig. 1b). A fast P/M interconversion is desired when chiral information is recorded
or erased, but the P/M interconversion should be slow when the recorded information has to be kept [7]. In this
context, it is important to develop a rational strategy to accelerate or decelerate the dynamic P/M chirality
inversion depending on the circumstances. However, the P/M chirality inversion has been mostly discussed from
the viewpoint of the equilibrated P/M ratios before and after the inversion; tuning of the response speeds or
controlling the kinetic profiles has rarely been investigated. This is mainly because the response speeds are
principally governed by the intrinsic P/M chirality inversion rate of the helical framework, which is difficult to be
altered by external stimuli.

In order make a dynamic chiral structure with a controllable response speed, it is necessary to establish a
strategy to efficiently stabilize or destabilize the transition state of the P/M interconversion. This can be achieved
by the introduction of a binding site for a chemical species at a position where the transition state is directly
influenced. From this structural viewpoint, the trinuclear metallocryptand, LM, is advantageous (Fig. 2a) [8]. This
molecule has a triple helical structure due to the rigid propeller-shaped triphenylbenzene scaffold, but it still has a
dynamic feature that allows the interconversion between the P and M forms. The cryptand molecule has a three-
dimensional cavity surrounded by three [M(saloph)] (H,saloph = N,N-disalicylidene-o-phenylenediamine) arms
connected with two pivotal benzene rings. Based on the structural features, there are two possible ways to alter
the speed of the P/M chirality inversion (Fig. 2b). One is the guest binding in the cavity (strategy 1); the guest
species accommodated in the cryptand cavity would significantly affect the transition state of the P/M chirality
inversion. In fact, strong binding is expected because related oligo(metallosalen)-type structures are known to
have an excellent binding affinity to cationic guest species [9]. The other one is the ligand exchange reactions at
the constituent metal ions of the three [M(saloph)] arms (strategy 2); the reactivity of the ligand exchange can be
altered by selecting a suitable combination of the initial and entering ligands [10]. In addition, if a chiral amine is
introduced, removed, or exchanged with another one, the P/M ratio could be changed at the desired speed
according to the reactivity.
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Fig. 2: Design of triple-helical metallocryptands LM for controlling the P/M chirality inversion speeds. (a) Molecular structure of LM5 and
the possible interaction/reaction with a chemical species. The structure of the precursor HgL is also shown. (b) Two strategies for controlling
the helix inversion speeds: (i) guest binding in the cryptand cavity and (ii) ligand exchange reactions at the metal centers.

This article illustrates a series of the new P/M chirality inversion systems based on the helical LM; metal-
locryptand structures. The chirality inversion speeds are effectively controlled by taking advantage of the guest
binding in the LNi; cryptand cavity or the ligand exchange reactions at the octahedral cobalt(III) centers in
LC03X5.

Control of P/M chirality inversion speeds by host-guest binding

In general, cryptand-like cage compounds show an excellent binding affinity to guest species in their three-
dimensional cavity. The metallocryptand LM; molecule would have a strong cation binding affinity because it has
three [M(saloph)] motifs that can strongly interact with cationic species [9]. Since this binding site is located
within the cage cavity of LM, the guest binding would directly stabilize or destabilize the transition state of the
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Fig. 3: Crystal structures of (a) LNi5 and (b) LNisGu.

P/M chirality inversion, which would effectively influence the P/M chirality inversion speed (Fig. 2b(i)). In this
section, the design of a new helical cryptand molecule, LNis, is described and the control of the P/M chirality
inversion speed using the host—guest binding is discussed.

The triple-helical metallocryptand, LNiz [8], was obtained by the reaction of the corresponding free HgL
ligand with nickel(Il) acetate. The X-ray crystal structural analysis unambiguously revealed the molecular
structure of this trinickel(Il) metallocryptand (Fig. 3a). The LNiz molecule has a well-defined three-dimensional
cavity surrounded by three [Ni(saloph)] arms arranged in a triple-helical fashion. The cavity is surrounded by six
phenoxo oxygen atoms and two pivotal benzene rings, and this electron-rich nature was found to be suitable for
the recognition of cationic guest species (see below). In addition, the flat-shaped cavity sandwiched by the two
pivotal benzene rings was suitable for shape-complementary binding with a planar guest species. The distance
between the two pivotal benzene rings is 5.523 A, which is slightly narrower than the size appropriate for the
recognition of a m-conjugate molecule. Therefore, when the guest is bound, the cavity should be expanded, which
would influence the transition state of the P/M chirality inversion.

The binding affinity of LNi; to alkali metal ions was investigated by spectroscopic methods (Table 1) [11]. The
binding constants logK, were in the range of 5.3 and 8.1, indicating the excellent binding affinity of LNi; to these
guest ions. In particular, the selectivity for larger ions such as Rb* and Cs* was clearly demonstrated. Importantly,
the LNi; metallocryptand binds alkali metal ions much stronger than the corresponding metal-free host, HgL, by
1-2 orders of magnitude. This can be explained by the more negatively charged phenoxo groups in the [Ni(sa-
loph)] motifs, while the uncomplexed phenol groups in HgL are less negatively charged. This is the same trend
observed for the already reported macrocyclic and acyclic oligo(metallosalen)-type compounds [9, 12, 13].

This LNi; complex also showed a particularly strong binding affinity to guanidinium ion (Gu); the binding
constant was logK, > 8 [8]. This strong binding is probably due to the good shape complementarity of the
guanidinium ion to the flat three-fold symmetrical cavity of LNis. The *H NMR signal of the bound guanidinium ion
was observed at 5.06 ppm, which was significantly upfield shifted from that of the uncomplexed guest (6.98 ppm).

Table 1: Binding constants logK, of cryptand hosts (HeL and LNis) for alkali metal ions®®,

Na* K* Rb* Cs*
Tonic radius (A)° 1.32 1.65 1.75 1.88
Hel 3.37(3.29, 2.41)¢ 4.94 5.66 6.67
LNis 532 6.85 8.04 7.83

3In DMSO/chloroform (1:9) or DMSO-dg/CDCl5 (1:9). (ref. [11]). °The binding constants for 1:1 host-guest complexation. “Tonic radius for
octacoordinate ions (ref. [14]). *The binding constants for 1:1 and 1:2 host-guest complexation are given in parenthesis.
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Fig. 4: Deceleration of the P/M chirality inversion speed of LNi3 by binding with the guanidinium ion (Gu) in the cryptand cavity.

This clearly indicated that the guanidinium ion was completely encapsulated inside the cavity sandwiched by the
two pivotal benzene rings. The crystal structure of the guanidinium complex, LNi;Gu, unambiguously demon-
strated the complete encapsulation of the guanidinium ion in the LNiz cavity (Fig. 3b). This guest binding
undoubtedly expanded the cryptand cavity; the pivot-pivot distance was elongated from 5.523 A to 6.059 A. The
distance between the guanidinium ion and the pivotal benzene rings was around 3 A, which suggests the cation—7
interactions between them. In addition, six-fold N-H:--O hydrogen-bonding interactions were found between the
phenoxo oxygen atoms and guanidinium hydrogen atoms, which would be the major interactions explaining the
strong host-guest binding.

Since the LNi; metallocryptand has a dynamic helical molecular framework with no chiral auxiliary, equi-
molar amounts of the P and M forms are present in the absence of any external chiral sources (Fig. 4a). However,
if this helical metallocryptand LNi; interacts with a chiral guest, the P and M forms become a diastereomer pair,
which makes the thermodynamic stabilities of the two forms different from each other (Fig. 4b). This would shift
the P/M equilibrium to one side. This is the principle of the dynamic helicity control [5], which has been observed
in various kinds of dynamic chiral systems such as helical polymers and helical metal complexes [4, 15]. As the
chiral guest, chiral ammonium ions, such as L-phenylalanine methyl ester (protonated form) (A), were found to be
effective to shift the P/M equilibrium of LNi;, which was evidenced by the appearance of the CD signals. The
binding constant was determined to be logK, = 3 for guest A, which is lower than that for the guanidinium ion.

The P/M equilibrium shift caused by the binding with chiral guest A was found to be fast. The CD signal
immediately appeared and became constant after the addition of the chiral guest A (t, <12 s). Interestingly, this P/
M chirality inversion rate of LNi; was significantly decelerated by the very strong host—guest binding with the
guanidinium ion. This was clearly demonstrated by the following guest exchange experiments. Since the chiral
guest A efficiently shifted the P/M equilibrium (Fig. 4b) and guanidinium ion has a much higher binding affinity to
LNi,, the biased P/M ratio might remain unchanged after the A — Gu guest exchange, even if the resultant host—
guest complex LNi;Gu has no chiral auxiliary (Fig. 4c).

The complete and rapid A — Gu guest exchange was confirmed by a 'H NMR experiment, which showed the
characteristic upfield shifted signal of the bound guanidinium ion at 5.06 ppm 3 min after addition of the guani-
dinium ion. However, the induced CD signals remained almost unchanged even after the complete guest exchange
with the achiral guanidinium ion. This indicated that the P/M equilibration of the guanidinium complex LNi;Gu was
significantly slow. The resultant nonequilibrated P/M mixture (Fig. 4c) underwent a slow racemization to give an
equimolar P/M mixture (Fig. 4d), which was confirmed by the gradual decay of the CD signal to zero. The half-life
was determined to be t;, = 37 min, which was at least 180 times slower than that of the LNi; metallocryptand in the
presence of the chiral guest A. As a result, this LNi; complex acted as a new chirality information storage system [7,
16], in which the P/M ratio remained unchanged after removal of the chiral source, based on the combination of the
dynamic helical molecular scaffold with the strong host-guest binding.



336 = S. Akine: Control of chirality inversion kinetics of triple-helical metallocryptands DE GRUYTER

Control of P/M chirality inversion rates by ligand exchange reactivity

As already described, the helical complex LNi; can undergo a P/M chirality inversion upon suitable stimulation. If
such an inversion behavior of LM; is coupled with a slow chemical conversion, the P/M equilibrium ratio can be
altered at the desired speed. For this purpose, the kinetic rate of the chemical conversion should be easily
controllable as desired. If the conversion is slower than the intrinsic P/M chirality inversion, the P/M ratio would
show a time-dependent change at the same speed as the chemical conversion that can be controllable [17]. The
ligand exchange reaction at an inert low spin cobalt(III) center would be one of the suitable chemical conversions,
because the reaction can be easily accelerated or decelerated depending on the initial and entering ligands
[10, 18]. Thus, the triple helical complex LCo3Xg, which has three octahedral cobalt(II) ions, was employed [19].
This complex undergoes a dynamic P/M chirality inversion as seen in the nickel(I) analogue, LNi;. In addition,
each of the cobalt(III) centers has two additional monodentate ligands X to complete an octahedral geometry. This
allows the L.CosX¢ molecule to undergo a six-step ligand exchange reaction if each of the [Co(saloph)X,]" sites
undergoes the two-step X — Y ligand exchange reaction (Fig. 2b(ii)).

When the ligand X is achiral, the P and M forms of the helical metallocryptand LCo;Xg would be an enan-
tiomer pair, giving rise to an equilibrated racemic mixture due to the dynamic P/M interconversion in solution
(Fig. 5a). However, when this achiral amine ligand X is replaced with a chiralligand Y, the P and M forms become a
diastereomer pair. Therefore, this ligand exchange would cause a P/M equilibrium shift (Fig. 5b). In addition, the
speed of the P/M equilibrium shift would be controllable because the reaction rate of the X — Y ligand exchange
can be altered by changing the initially-coordinating amine X and added amine Y.

As the starting ligand X to be introduced into LCosXg, monodentate achiral amines, such as dimethylamine
and piperidine, were selected. If the achiral amine X is replaced by a chiral amine, such as A1 and A2, then the P/M
equilibrium is shifted according to the progress of the ligand exchange (Fig. 5b).

The starting complexes LCo3Xg, which have six achiral amine ligands X (X = Me,NH, pip), were obtained by the
reaction of the free HgL ligand with cobalt(I) acetate in the presence of the achiral amines X under aerobic
conditions [20]. These tricobalt(IlI) complexes also had a triple-helical structure as observed for the nickel(Il)
complex, which was confirmed by X-ray crystallography. Each of the cobalt(III) ions had an octahedral geometry,
which had two amine ligands at the axial positions. The corresponding metallocryptands LCos;Xg having chiral
amine ligands (X = A1, A2) were prepared in a similar manner. It is noteworthy that the metallocryptand LCoz((R)-
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Fig. 5: P/M equilibrium shifts of LCosX¢ driven by the X — Y — Z ligand exchange reactions at the cobalt(III) centers.
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Al)g, which has optically-active ligands (R)-A1l, formed crystals only containing the left-handed form (M,R) due to
the energy difference between the (M,R) and (P,R) diastereomers. This isolated left-handed helical complex
showed a positive CD signal at around 550 nm in a methanol solution. Therefore, the P/M equilibrium shift can be
monitored from the increase/decrease of the CD signal at 550 nm.

As expected, the achiral amine X in the helical metallocryptands LCosXs (X = Me,NH, pip) can be easily
exchanged with the chiral amine, A1 or A2, just by mixing (Fig. 5a — b) [20]. The ligand exchange at the cobalt(III)
centers gradually proceeded, which can be monitored by the time course change in the CD spectra. For example,
the dimethylamine-coordinating helical complex, LCos(Me,NH)s, was converted into LCo3((S)-A2)g by the reaction
with the chiral amine (S)-A2 (12 equiv). During the reaction, the intensity of the negative CD signals at 550 nm
gradually increased and became almost constant after 3h (Fig. 6a, b). This indicated that the P/M chirality
inversion equilibrium was gradually shifted to give a P-rich mixture, which was driven by the ligand exchange
reaction from dimethylamine to the chiral amine (S)-A2.

The advantage of this system is that the speed of the P/M equilibrium shift can be altered by changing the
combination of the initial achiral amine X and the added chiral amine Y (Fig. 6b). When a different chiral amine
(S)-A1 was added instead of (5)-A2, the starting complex LCos(Me,;NH)s underwent a slightly faster P/M equilib-
rium shift. On the other hand, when the initial amine was changed from Me,NH to piperidine, the equilibrium
shift became significantly slower. These response speeds were quantitatively evaluated in terms of the initial
rates (Table 2). The dimethylamine-coordinating complex, LCosz(Me,;NH)g, underwent an up to 60 times faster P/M
equilibrium shift than the piperidine-coordinating complex, LCos(pip)s.
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Fig. 6: Time-course CD spectral changes upon the ligand exchange of LCo3Xs. (a) Full spectra for the exchange of Me,NH — (S)-A2. (b)
Time-course changes in the CD intensity at 550 nm for the exchange of achiral amines with the chiral amines (12 equiv). (c) The P — M
chirality inversion of LCosX; by the second amine, (R)-A1 or (R)-A2 (120 equiv). Reproduced with modification from ref. [20] with permission,
Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.

Table 2: Initial rates of P/M equilibrium shift of LCosX¢ driven by the ligand exchange with the chiral amines.

Starting complex Added amine® Initial rate (%de/min)°
LCos(Me,NH)g (5)-A1 20
LCos(Me,NH)g (5)-A2 10
LCos(pip)s (S-A1 0.33
LCos(pip)s (5)-A2 0.42

212 equiv of amines were added. °Reaction rates were determined in methanol by CD spectroscopy (ref. [20]).
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If the initial and entering amines are both chiral but have opposite stereoconfigurations, the P/M equilibrium
bias would be inverted from one side to the other side according to the reaction progress of the ligand exchange
(Fig. 5Sb — c) [20]. Indeed, the P-rich mixture, which was produced by the addition of the first chiral amine (S)-A1
(12 equiv), was inverted to an M-rich mixture by the addition of an excess amount of (R)-A1 (120 equiv), i.e., the
same chiral amine with the opposite stereoconfiguration. This inversion was clearly demonstrated by the time-
dependent CD spectral changes (Fig. 6¢); the negative CD signal at around 550 nm rapidly weakened and turned
positive after 8 min, and became almost constant within 1 h. This P — M chirality inversion timescale can also be
altered by changing the second chiral amine. When (R)-A2 was added instead of (R)-A1, the P — M chirality
inversion became significantly slower. The CD signal inversion required 49 min, which is six times longer than in
the case of (R)-A1. Therefore, this series of complexes worked as a controllable system in which the speeds of the P/
M equilibrium shift and the P — M chirality inversion can be finely tuned by selecting the combination of the
initial and entering amines.

The reverse reaction, i.e., the exchange of chiral amine Y in the helical complex LCos;Y¢ with achiral amine X,
showed unexpected time-dependent changes in the CD spectra. This reaction would finally give a P/M equimolar
racemic mixture because the P and M forms of LCosX¢ constitute an enantiomer pair. During this reaction, the six
chiral auxiliary ligands Y in LCos;Yg are completely removed by the Y — X ligand exchange (Fig. 5Sb— a).

As already described, the LCos((S)-A1)¢ metallocryptand showed a negative CD signal at around 550 nm
because the P/M chirality equilibrium is shifted to P-rich (Figs. 7a and 8a). If the (S)-A1 ligands are replaced by
achiral amine ligands, this CD signal would gradually weaken and finally become silent according to the reaction
progress. However, the reaction of LCos((S)-A1)¢ with piperidine (120 equiv) showed an unexpected non-trivial
two-step feature during the time-dependent change [21]. The negative CD signal first turned positive within
several minutes, then the resultant positive signal slowly decayed to zero for 2 d. This indicated that the chirality
was inverted from P to M before the complete racemization. Usually, when a right-handed chiral compound
undergoes racemization, the right-handed form is always dominant and the enantiomeric excess monotonically
decreases to give a racemic mixture. The left-handed form will never be dominant. Consequently, the time-
dependence observed in the racemization of LCo3((5)-A1)s upon the addition of piperidine was really unexpected,
because the M form was transiently generated during the racemization of the P form.

In order to clarify the reason for the unique time dependent changes, the intermediate state after 1h, at
which time the CD signal was transiently inverted to positive, was analyzed by spectroscopic methods [21]. The
mass spectrometric measurements clearly demonstrated that the initial chiral amine ligands (5)-A1 were
completely exchanged with the achiral piperidine ligands within 1h, i.e., at an early stage of the overall CD
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Fig. 7: Time course CD spectral changes of metallocryptand LCos((S)-A1)s upon the ligand exchange with piperidine (120 equiv). (a) Full CD
spectra. (b) The CD intensity at 550 nm. Reproduced from ref. [21].
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Fig. 8: Transient P/M chirality inversion observed during the racemization of LCos((S)-A1)s by the ligand exchange with piperidine.

spectral changes. Since the P and M forms of the LCos(pip)s are an enantiomer pair, i.e., the exact mirror images of
each other, there is no thermodynamic preference to one of the two forms. Therefore, some of the intermediates
containing one or more chiral ligands (S)-A1 should have a preference for the M form. A detailed analysis of the
time-dependent mass spectra indicated that the tetra-exchanged intermediate LCo3((S)-A1),(pip)4, which has only
two chiral amine ligands (S)-A1, prefers the M form to give an M-rich mixture (Fig. 8b), which should be the origin
of the unique transient chirality inversion. The P/M ratio of the M-rich mixture remained almost unchanged after
1h, although the resultant species LCos(pip)s had no chiral auxiliary ligand, (S)-A1 (Fig. 8c). The complete
racemization required 2 d; the very slow racemization can be explained by the six bulky piperidine ligands in the
final product [LCos(pip)e]. Due to this steric hindrance, the transition state of the P/M chirality inversion should be
destabilized enough to practically maintain the P/M ratio of the nonequilibrated mixture (Fig. 8c —d).

It is noteworthy that this P— M transient chirality inversion was observed only during the racemization by
the ligand exchange of (S)-A1 with piperidine (Fig. 5b — a) [21], whereas the P chirality was always dominant
without showing the unique transient chirality inversion during the reverse reaction, i.e., the ligand exchange of
piperidine with (S5)-A1 (120 equiv) (Fig. 5a—b). Since the M chirality transiently appeared only in one of the
forward and reverse steps, this can be regarded as a hysteretic cycle. This unique feature could originate from the
reasonably slow P/M chirality inversion of the LCosX¢ metallocryptand scaffold, which occurs on a timescale
comparable to the six-step ligand exchange reactions at the cobalt(III) center.

Conclusions

The metallocryptand structures, LM;, were found to act as a useful platform to cause a stimuli-responsive P/M
chirality inversion because of the reasonably slow P/M chirality inversion kinetics. The response speed of the
stimuli-responsive structural change can be controlled by two strategies; one is based on the guest binding in the
LNi; cryptand cavity that is surrounded by the three [Ni(saloph)] arms. The P/M chirality inversion equilibrium of
LNi; was decelerated by at least 180 times due to the very strong binding to the guanidinium ion with the binding
constant of logK, > 8. The other strategy is based on the ligand exchange reactions at the cobalt(III) centers of
LCo3Xg, which occur on a timescale of minutes to hours. The unique time dependence of the P/M ratios can be
explained by the relatively slow six-step ligand exchange reactions which simultaneously occur with the P/M
chirality inversion.
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The LM3 metallocryptand structures described in this article have metal complex moieties in their chiral
framework, which can exhibit a variety of metal-derived properties and functions. In particular, the P/M ratio of
this LM; framework determines the sign and amplitudes of the chiroptical signals and enantioselectivities of
various kinds of chemical events. Therefore, in combination with the time-dependent P/M chirality change of the
LM; metallocryptands, these chiral properties and functions can be changed over time as desired. Thus, advanced
materials with unique time-dependent functions would be created by using a series of LM3; metallocryptand
molecules as a basic backbone.
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