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Molecular twist is a characteristic component of molecular machines. Selec-
tively synthesising isomers with different modes of twisting and controlling
their motion such as helicity inversion is an essential challenge for achieving
more advanced molecular systems. Here we report a strategy to control the
inversion kinetics: the kinetically selective synthesis of tightly- and loosely-
twisted isomers of a trinuclear Pd"-macrocycle and their markedly different
molecular behaviours. The loosely-twisted isomers smoothly invert between
(P)- and (M)-helicity at a rate of 3.31s™, while the helicity inversion of the
tightly-twisted isomers is undetectable but rather relaxes to the loosely-
twisted isomers. This critical difference between these two isomers is
explained by the presence or absence of an absolute configuration inversion of
the nitrogen atoms of the macrocyclic amine ligand. Strategies to control the
helicity inversion and structural loosening motions by the mode of twisting

offer future possibilities for the design of molecular machines.

One of ultimate goals in the chemistry of molecular machines is to
reproduce motions in the macroscopic world at the level of molecules
or their aggregates. A number of excellent examples of molecular
machines have been reported to control a variety of motions, including
rotation'™ and translation®°. However, controlling motion elements
such as directionality>", speed*'° and frequency (ON/OFF)**? is still a
major challenge. For example, Stoddart et al. controlled the transla-
tional motion of rings shuttling along the axles by redox or acid/base®.
Feringa et al. reported unidirectional molecular rotors based on photo-
and thermal-isomerisation of olefins". In addition to these motions,
twisting motion and its inversion motion have recently attracted much
attention in terms of motion complexity and asymmetry, leading to
advanced molecular machines and chiral memory”™,

We intuitively understand that the twisting behaviours are highly
dependent on the mode of twisting. For instance, a loosely-twisted
object will unwind easily, but a very tightly-twisted object may not. Can
such movements be reproduced in the nanoscale world? Inspired by
biomacromolecules, chemists have synthesised twisted molecules

such as helical polymers'®~, helicenes”** and twisted macrocycles”*,

and in some of these examples, the design and control of their twisting
motion are being studied. For instance, the rate of helicity inversion
was controlled by exploiting the kinetic properties of coordination
bonds in twisted metal complexes of synthetic peptides®,
macrocycles” and cryptands®. Another role of metal coordination is
to dynamically fix the absolute configuration of the coordinating
atoms, including the amine nitrogen atoms, which is usually immedi-
ately reversed. Thus, selective synthesis of metal complexes with dif-
ferent modes of twisting resulting in different configurations and/or
conformation, or twisted isomers is a promising strategy to control the
inversion motion without changing the chemical composition, but
such isomers are limited to a few examples®*% Thus, it is still chal-
lenging to selectively synthesise such twisted isomers.

Molecular motion is described by a combination of rotational and
translational motions, but various modes are possible depending on
the shape and size of the molecule itself, the flexibility of the structure
derived from the bonding modes and the environment surrounding
the molecule. Molecular twist is a mode included in many molecular
motions of molecular machines. Selective synthesis of isomers with
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different mode of twisting and control of their motion such as inver-
sion, is an indispensable task to realise more advanced molecular
systems.

Herein we report the selective synthesis of two twisted isomers of
a trinuclear Pd"-macrocycle with a tightly- or loosely-twisted skeleton
(Fig. 1). Itis particularly important to emphasise that these two isomers
have markedly different rates of helicity inversion depending on the
mode of twisting with different absolute configurations of the diamine
moieties locked by the metal ions. The loosely-twisted isomer exhib-
ited rapid helicity inversion, whereas the helicity inversion in the
tightly-twisted isomer was actually undetectable because the inversion
process requires absolute configuration inversion of the nitrogen
atoms. In other words, the helicity inversion of the twisted macrocycle
is configurationally inhibited by twisting more tightly. Thus, this result
is an excellent example of twisting motion controlled by the mode of
twisting of a single chiral molecule with coordinating atoms of differ-
ent configurations.

Results
Selective synthesis of two twisted isomers, Lighe and Ligose (Fig. 2)
Previously, our group synthesised helically-twisted Pd"-macrocycles,
[Pd;LCl¢], from an achiral macrocyclic hexaamine ligand L and 3
equiv. of [PdCI,(CH5CN),] in CH,Cl,:DMSO =9/1 (v/v)*. The C5-sym-
metric macrocyclic skeleton with three Pd" centres on the same side
was helically twisted by intramolecular C-H--t interactions (Fig. 3i, j).
This complex exhibits helicity inversion between the (P)- and (M)-
enantiomers with an inversion rate of 14 s at 292 K in CD,Cl,:DMSO-
de =9/1(v/v). Inthis study, we aimed to significantly modulate the rate
of helicity inversion by replacing all two chloride ligands on the three
Pd" centres with 4,4"-di-tert-butyl-2,2"-bipyridine (‘Bu,bpy) ligands.
First, we attempted to synthesise a twisted Pd"-macrocycle with
Pd(‘Bu,bpy) moieties in a manner similar to our previous study®.
Ligand L was reacted with 3.2 equiv. of [Pd(‘Bu,bpy)(OH,),1(OTf), in
CH,Cl, at room temperature for 4 h. After removal of the solvent, the
residue was recrystallised to afford colourless crystals lggne in 33%
yield (Fig. 2). The composition was determined by elemental analysis
to be [PdsL(‘Buybpy)s](OTf)g (Hy0)4.0'(Et;0)015. Single-crystal X-ray
diffraction (ScCXRD) analysis revealed that [Pd;L(‘Bu,bpy);](OTf)s has a
Cs-symmetric twisted structure (Fig. 3a-c), and the twisting
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macrocyclic structure was different from that of [Pd;LCle] (Fig. 3j).
Specifically, the three ortho-phenylenediamine moieties folded inside
the macrocycle to form a tightly-twisted skeleton, and this complex
[Pd3L(‘Bu,bpy)s](OTf)e is referred to here as the tightly-twisted isomer
(Leigne): the other loosely-twisted isomer (Ljpose) Will be discussed below
(the definition of the twisted isomers; see the Supplementary Sec-
tion 2.4). This isomer lggne has (P)- or (M)-helicity, defined by the
direction from the para-phenylene rings toward the inner amine pro-
tons (Fig. 2), and both enantiomers crystallised as a racemate. Unlike
[Pd;LCl¢), 1¢igne had three amine protons facing outward of the mac-
rocycle and the other three facing inward, forming hydrogen bonds
with one triflate ion in the cavity. The absolute configurations of the six
nitrogen atoms, the chiral centres in the (P)- and (M)-enantiomers,
were therefore all-R- and all-S-configuration, respectively. Intramole-
cular C-H--Pd interactions between one of the protons of para-phe-
nylene and the Pd centre were suggested by the H--Pd distance (2.74 A)
and the C-H--Pd angle (120°) as one factor stabilising the tightly-
twisted structure. These are consistent with typical anagostic interac-
tions (2.3-2.9 A, 110-170°)**. To confirm the structure in solution, the
crystals were then dissolved in acetone or dichloromethane and ana-
lysed by 1D 'H and F NMR spectroscopies, 2D NMR spectroscopies (‘H
-'H COSY and ROESY), and high resolution-electrospray ionization
time-of-flight (HR-ESI-TOF) mass spectrometry (m/z=1100.2498 as
[Pd5(H_{L)(‘Bu,bpy);(0Tf3]**) (Supplementary Figs. 4-16). The “F
NMR spectrum showed two separate triflate signals, one of which was
assigned to a triflate incorporated within the macrocycle (Supple-
mentary Fig. 6). Two sets of diastereotopic methylene proton signals
(Hc_) were observed in the 'H NMR spectrum in acetone-dg, indicating
that the structure is chiral (Fig. 3a, d). Notably, the downfield shift of
one para-phenylene signal (H;) to 9.8 ppm even at 300 K suggested the
presence of a C-H-+Pd interaction (Supplementary Fig. 14). Moreover,
an ortho-phenylenediamine proton signal (Hg) was highly upfield
shifted to 4.9 ppm due to the shielding effect from the adjacent ortho-
phenylenediamine moieties clustered inside the macrocycle. These
results suggest that the tightly-twisted structure is maintained in
solution. The interactions suggested by SCXRD and NMR analyses were
well supported by natural bond orbital (NBO) and noncovalent inter-
action (NCI) plot analyses after optimising the geometry with density
functional theory (DFT) calculations (Supplementary Figs. 118-120).

Fast inversion

Fig. 1| The concept of molecular helicity inversion controlled by twisting mode due to differences in the absolute configurations of the diamine moieties locked
by the metal ions. Colour: Pd yellow, C black, H white, N Purple (non-coordinated), red (R-configuration) and blue (S-configuration).
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Fig. 2 | Synthesis of two isomeric Pd" complexes, liighe and Lioose, and the absolute configuration of the amine nitrogen atoms. i CH,Cl,, rt, 4 h, 33%. ii CHCl5, rt, 3 h,
64%. iii [PA(‘Bu,bpy)(OH,),1(0Tf),, CH,Cl,, rt for 3 h then reflux for 1.5 h, 49% (31% in two steps).

To synthesise another isomeric trinuclear Pd"-macrocycle with a
skeleton similar to [Pd;LClg], we optimised the reaction conditions and
found that a dinuclear Pd"-macrocycle is a key intermediate for the
selective synthesis of the other isomers (Fig. 2). When ligand L was
reacted with 1.6 equiv. of [Pd(‘Bu,bpy)(OH,),1(OTf), in CHCI; at room
temperature, a dinuclear [Pd,L(‘Bu,bpy),1(OTf), (2) complex pre-
cipitated. Its meso-twisted skeleton with two intramolecular C-H--Tt
interactions was deduced from the crystal structure of a Pt"™-analogue,
1D and 2D NMR and HR-ESI-TOF mass analyses (m/z=689.2654 as
[Pd,>(H_,L)(‘Bubpy),]*) (Supplementary Figs. 34-45). Dinuclear com-
plex 2 was then reacted again with 1.2 equiv. of [Pd(‘Bu,bpy)(OH,).]
(OTf), in CH,Cl,, and the product was recrystallised to afford colour-
less crystals Ligose, [PdsL(‘Bu,bpy);1(0OTf)e-(H,0)4, in 31% total yield.
ScXRD analysis revealed that the crystals were composed of another
Cs-symmetric trinuclear complex with a twisted skeleton similar to
[Pd;LCl¢] (Fig. 3e-g, i, j). Unlike 1ggne, the three ortho-phenylenedia-
mine moieties were not folded much and located outside the macro-
cyclic structure, instead, the inside was filled with para-phenylene and
three methylene moieties, forming C-H---m interactions between them.
Thus, this complex [Pd;L(‘Bu,bpy);](OTf)g (Lieose) Can be regarded as a
loosely-twisted isomer of lgigne. This isomeric complex also formed
racemic crystals consisting of (P)- and (M)-enantiomers. In contrast to
Liighe, all six amine protons of Ijeese Were located outside of the mac-
rocyclic structure, resulting in an alternating R- and S-absolute con-
figuration of nitrogen atoms. Therefore, helicity inversion between the
(P)- and (M)-1,00se Preserves the alternate absolute configurations (alt-
R/S) of the nitrogen atoms. One triflate ion was found to be disordered
in the space surrounded by three bipyridine portions. Analyses of 1jp0se
dissolved in acetone by 1D and 2D NMR spectroscopies and HR-ESI-
TOF mass spectrometry (m/z=1100.2410 as [Pd;(HL)
(‘Bu,bpy)3(0Tf);]**) revealed that the structure of Ligese in solution is
consistent with the crystal structure (Supplementary Figs. 19-29). For
instance, one methylene signal (H.) was upfield shifted to 1.9 ppmin'H

NMR, which supported the C-H--mt interactions observed in the crystal
structure (Fig. 3f, g). This interaction was also supported by NBO and
NCI plot analyses after geometry optimisation using DFT calculation
(Supplementary Figs. 126 and 127).

Licose Was stable in acetone-dg at room temperature for two
weeks, as evidenced by 'H NMR analysis (Supplementary Fig. 32). In
contrast, Iigne Was less stable and slowly isomerised to Iigse in
acetone-d, while also producing non-assignable by-products. The
isomerisation rate of Iggne tO lioose iN acetone-de at 293 K was esti-
mated to be (5.7 £ 0.4) x 10°® s by the time course 'H NMR analysis,
assuming the isomerisation to be a pseudo first order reaction
(Supplementary Section 3). This result indicates that 1¢ighe and ligose
are the kinetic and thermodynamic products in acetone, respec-
tively, and is consistent with the fact that I¢gn is obtained kinetically
under mild conditions in CH,Cl,. As mentioned above, dinuclear
complex 2, which preferentially precipitated when reacted with less
than 2 equiv. of Pd" salts in CHCl5, is an important intermediate for
the selective synthesis of ljgose. This result is consistent with the
fact that the absolute configuration of the four Pd"-coordinated
amine nitrogen atoms in 2 is the same as that of 1;p0se and no con-
figurational change is required when 2 is converted to ljpose. In
contrast, to convert to legne With an all-R- or all-S-configuration, 2
requires a configurational inversion of the two Pd"-coordinated
amine nitrogen atoms. Thus, the conversion from 2 to I¢igne is kine-
tically undesirable, resulting in a selective conversion to
lloose (Fig- 2)-

The difference in the absolute configuration of the Pd"-coordi-
nated amine nitrogen atoms is thus a notable structural difference
between Igighe and Iigese. It is noteworthy that the two diastereomers
can also be regarded as in/out-isomers if we focus on the nitrogen-
containing cyclic structures, which is usually applied to bridged
bicyclic compounds®. Here, the two nitrogen atoms of one ortho-
phenylenediamine moiety are the bridgehead atoms of the bicyclic
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Fig. 3 | Characterisation of the two twisted isomers of 1. a Substructural formula
of Igigne. b, € Side and top views of the crystal structure of 1ighe with one triflate

incorporated via multipoint hydrogen bonding. Hydrogen atoms except amine and
methylene moieties are omitted for clarity. d 'H NMR spectrum (500 MHz, acetone-
dg, 300 K) of 1¢ighe. € Substructural formula of 1igese. f, g Side and top views of the

3 ) i

crystal structure of Ij0se With one triflate disordered in the inner space. Hydrogen
atoms except amine and methylene moieties are omitted for clarity. h 'H NMR
spectrum (500 MHz, acetone-dg, 300 K) of Ljgose. i, j Structural formula and the
reported crystal structure (top view) of [PdsLCle]*.

structure bridged via Pd". According to the definition of in/out-iso-
mers, leghe and Ligese COrrespond to the in,out- and out,out-isomers,
respectively, from the direction of the N-H moieties.

Estimation of helicity inversion rate by exchange

spectroscopy (EXSY)

The inversion rates of 1ipese and Leighe Were then investigated. The helicity
inversion rate (k) between (P)- and (M)-1jp0se Was evaluated using EXSY
with varying mixing time. The rate constant (k) was calculated using the
ratio of integrations of chemical exchange signals (e.g., H, and H, for
different bipyridine moieties) produced by helicity inversion, which was
3.31+0.02s? at 300K in acetone-ds (Fig. 4a-c, Supplementary Sec-
tions 4.1, 4.3). In the EXSY analysis, the rate constant (k) obtained was
defined as the sum of the rate constants of the helicity inversion from
(P)- to (M)-Lip0se (kppp) and from (M)- to (P)-Lioose (kmvp) (Fig. 4a)*. The
Gibbs free energy (AG"), enthalpy (AH) and entropy (AS*) of activation at
300K were estimated to be 70.6+1.3kJ/mol, 86.1+0.9 kJ/mol and
51.9 +3.1)/(mol-K), respectively, by the Eyring plot based on the inver-
sion rate at temperatures varying in the range from 280 to 310 K (Sup-
plementary Figs. 50-52). The large positive entropy of activation is
probably due to the formation of lower symmetry structures in the
transition state and the release of anions and solvent molecules. The

inversion rate obtained here is nearly equivalent to that of [Pd;LClg] with
aloosely-twisted conformation (k=14 s™ at 292 K in CD,Cl,/DMSO-d¢)*,
although the ligands and conditions are different. The relatively fast
inversion rate of the loosely-twisted complexes is consistent with the
argument, discussed earlier, that the helicity inversion does not require
configurational inversion of the amine nitrogen atoms.

In contrast, no chemical exchange signals between H, and H, were
observed in the EXSY spectra of L¢;gne in acetone-de at 300 K (Fig. 4d-f).
This suggests that the inversion rate of 1ggn is too slow to be evaluated
by EXSY. Compared to ligese, the helicity inversion of Igigne requires
configurational inversion of all amine nitrogen atoms, as described
above, which slows the inversion rate. The triflate incorporated into
the interior of the macrocycle may also contribute to stabilising the
absolute configuration of the inward amine nitrogen atoms via
hydrogen bonding. Therefore, we next attempted to synthesise
enantio-enriched lggne using a chiral auxiliary and estimated its race-
misation rate as the helicity inversion rate.

Asymmetric synthesis of 1gn¢

Asymmetric synthesis of enantio-enriched Leigne Was investigated using
chiral sulfoxides as additives (Fig. 5). Among several chiral sulfoxides
examined, (R/S)-mesityl methyl sulfoxide ((R/S)-3) was the best in

Nature Communications | (2023)14:7868



Article

https://doi.org/10.1038/s41467-023-43658-5

Fast helicity inversion
Kem

A 4

<

ke
k = kem + kvp = 3.31 £ 0.02 s-1
in acetone-ds at 300 K

ex o-v

n0.726

Fig. 4 | Estimation of the helicity inversion rate. a Scheme of the helicity inver-
sion between (P)- and (M)-1j00se- b EXSY spectrum (500 MHz, acetone-dg, 300K,
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and (M)-1¢ighe. € EXSY spectrum (500 MHz, acetone-de, 300 K, mixing time = 0.3 s)
of (P)- and (M)-1¢igne. No chemical exchange signals between H, and H, were
observed, as shown in the blue dotted boxes. f Partial structural formula of 1¢igne.

terms of product yield and optical purity (Fig. 5c, d and Supplementary
Fig. 96). Specifically, 3.2 equiv. of [Pd(‘Bu,bpy)(OH,),1(OTf), was
mixed with an excess of (§)-3 and reacted with L in CH,Cl, at -70 °C for
4 h (Fig. 5a). After washing (5)-3, enantio-enriched l¢igne Was obtained
in 15% yield. The enantiomeric excess of the product was determined
to be 25% ee by 'H NMR in CD,Cl, containing A-TRISPHAT tetra-
butylammonium salt (A-4) as a chiral shift reagent (Fig. 5e, f and Sup-
plementary Fig. 90). A-4 had no effect on the enantiomeric ratios of the
products, as evidenced by time-course 'H NMR analysis of racemic and
enantio-enriched 1¢igne (Supplementary Figs. 114-117). The product was
pure enough for further analysis and was not recrystallised to prevent
changes in enantiomeric excess. When analysed by circular dichroism
(CD) spectroscopy, this product exhibited a negative Cotton effect at
325 nm in CH,Cl, (Fig. 5b (red line)). Using enantiomer (R)-3, the other
enantio-enriched lggne With opposite chirality was synthesised in the
same way, and the product showed a positive Cotton effect at 325 nm
in the CD spectrum (Fig. 5b (blue line)). The mirror image of the CD
spectra indicated that the asymmetric synthesis was successfully
achieved by chiral 3.

Time dependent-DFT calculations [M06-D3/def2svp for Pd, 6-
31G(d) for other atoms] were then performed to determine the abso-
lute structures of both enantio-enriched lgghe. The calculated CD
spectrum of the optimised (P)-lugne qualitatively reproduced the
experimental spectrum of the enantio-enriched 1¢gne Synthesised with
(R)-3 (Supplementary Fig. 121). For example, positive Cotton effects in
the low energy region were found in both the experimental and cal-
culated spectra. Similar results were obtained in the calculations of CD
spectra with other functionals or basis sets (Supplementary
Figs. 122-125). These support that the (P)- and (M)-enantio-enriched
Liighe Were synthesised with (R)- and (S)-3, respectively.

Helicity inversion versus twist loosening observed in

Leigne (Fig. 6)

The helicity inversion rate was evaluated using (M)-enantio-enriched
ligne. An acetone-de solution of the (M)-enantio-enriched Ieighe
(P:-M=37:63) was allowed to stand at 293 K for 3 days (Fig. 5g). After the
solvent was removed, the enantiomeric ratio was examined using A-4

in CD,Cl,, and its enantiomeric ratio (P:M = 38:62) was almost the same
as that of the starting material. This indicates that either the helicity
inversion is too slow to be detected or that the inversion of 1¢igne does
not occur under this condition (Fig. 5f, Supplementary Sec-
tions 7.1-7.2). Similarly, the inversion rate in CD,Cl, was also examined
at 293K, but no inversion was observed in 10 days (Supplementary
Figs. 112 and 113). Besides, l¢gne gradually isomerised to ljgese as
described above, and the isomerisation to 1jp0se Was observed during
these analyses. These results suggest that the rate of isomerisation
from Igighe tO Lipose (twist loosening) (5.7 x 107 s™) is faster than that
between (P)- and (M)-1¢igne (helicity inversion). The faster isomerisation
from Igigne tO ligose Can be explained from the number of amine
nitrogen atoms whose absolute configuration inverts. That is, in the
case of (all-R) or (all-S) > (alt-R/S) (twist loosening), only three of the
six amine portions need to be inverted, but in the case of (all-R) 2 (all-
S) (helicity inversion), all six amine portions must be inverted. Since
configurational inversion of the amine moieties involves dissociation
of the N-Pd or N-H bonds, the number of nitrogen inversion sites may
affect the isomerisation rate. This consideration is also applied to
understanding that the helicity inversion of ligese (1.38s? at 293K,
estimated by the Eyring plot, Supplementary Fig. 52) is much faster
than that of 1gigne. This is because the helicity inversion of 1jgese does
not require the configurational changes of amine nitrogen atoms ((alt-
R/S) 2 (alt-R/S)). On the other hand, the inversion of the all-R or all-S
configuration in lggne probably needs to occur in a stepwise manner via
the intermediary alt-R/S configuration, but the intermediate corre-
sponding to thermodynamically stable 1j50se is N0 longer isomerised to
the all-S or all-R configuration, respectively (Fig. 7).

Finally, 1¢gne Was found to be more stabilised when the solvent
was substituted from acetone-dg to CD,Cl,. The stability of (M)-enan-
tio-enriched 1¢gne Was examined by 'H NMR spectroscopy and it was
found that in acetone-d, twist loosening and degradation began within
1 day at 293K, whereas in CD,Cl, such changes were significantly
slower even after 6 days (Supplementary Figs. 109 and 112). Of note,
the addition of A-4 in CD,Cl, also markedly inhibited the tight-to-loose
isomerisation. 'H NMR spectra of (M)-enantio-enriched Iggne in the
presence of A-4 (17 equiv.) showed that most of lggne remained

Nature Communications | (2023)14:7868
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Fig. 5 | Asymmetric synthesis of 1;gnc. a Synthesis of (M)-enantio-enriched 1gigne.
b CD spectra (CH,Cl,, 293 K, [=1.0 cm) of (P)- and (M)-enantio-enriched lggne (blue
and red lines, respectively). Structural formula of (R)-3 ¢, (S)-3 d and A-TRISPHAT
tetrabutylammonium salt (A-4) e. f Partial '"H NMR spectra (500 MHz, CD,Cl,,
300K) of the (M)-enantio-enriched 1¢igne With A-4. The upper spectrum (day 0) was
recorded by dissolving the as-synthesised product in CD,Cl, containing A-4. The
lower spectrum (day 3) was obtained by dissolving the product in acetone-d,,

allowing it to stand at 293 K for 3 days, evaporating the solution at room tem-
perature and then redissolving in CD,Cl, containing A-4. Day O and day 3 enan-
tiomer excesses were evaluated by the integral of the signals after deconvolution.
g 'H NMR analysis (500 MHz, acetone-de, 300 K) of the (M)-enantio-enriched Leigne
without A-4 dissolved in acetone-ds after O day (upper) and 3 days (lower). Signals
of Lj0ese are indicated by orange triangles.

without significant isomerisation or degradation at 293K in CD,Cl,
even after 14 days (Supplementary Fig. 116). One possibility is that the
A-TRISPHAT anion associates with the cationic lggne With a similar
symmetry to increase the stability, which was supported by the shift
and splitting of the 'H NMR and F NMR signals of the encapsulated
triflate (Supplementary Figs. 89 and 115). Thus, a very slow or no
inversion can be switched to a faster inversion by isomerisation from a
tight to a loose state, and the switching speed can be adjusted by
additives or solvents.

Discussion

In this study, we have succeeded in selectively synthesising two twisted
isomers of trinuclear Pd"-macrocycles with markedly different rates of
helicity inversion. In the tightly-twisted isomer lgigpe, the three ortho-
phenylenediamine moieties were folded inside the macrocyclic ske-
leton and the absolute configurations of the amine nitrogen atoms
were all-R or all-S, while in the loosely-twisted isomers 1j0se, the three
ortho-phenylenediamine moieties were folded outside the skeleton
and the absolute configurations of the amine nitrogen atoms were alt-
R/S. In stark contrast to lggne, which shows a very slow or no inversion,
Lioose €Xhibits fast helicity inversion (1.38s™ at 293K in acetone-dg).
Moreover, the inversion kinetics can be controlled by isomerisation in
a range from lggne, Where no inversion is detected, to ljgose; Where
inversion is fast. Our approach to the control of helicity inversion
motion by the twisted isomers resulting from the configurational
locking with metal ions is quite different from conventional

approaches that require chemical substitutions or additives to control
twisting motions. The new strategy of controlling molecular motions
by the mode of twisting with coordinating atoms of different config-
uration is expected to be applicable to a variety of systems and can be
expanded to the design of more sophisticated molecular machines.

Methods
Synthesis of 1¢ighe
A CHCI, solution (1.0 mL) of L (10.0 mg, 15.9 umol, 1.0 equiv.) was
mixed with a CH,Cl, solution (2.0mL) of [Pd(‘Bu,bpy)(OH,),]
(0Tf),:(H,0), (38.2 mg, 51.3 umol, 3.2 equiv.), and then stirred at room
temperature for 4 h. During the reaction, the colour of the solution was
changed from pale yellow to purple in a few minutes. The reaction
mixture was filtered to remove the precipitate and the filtrate was
evaporated. The resulting solid was washed with CHCI; and the residue
was dried up under reduced pressure. The solid was recrystallised
from CH,CI, by vapour diffusion of Et,0. The obtained plate crystals
were washed with a small amount of CHCl; and dried up under
reduced pressure to afford tightly-twisted leghe, [PdsL(‘Busbpy)s]
(0Thg(H20)49'(Et;0)015, (14.3mg, 519umol, 33% yield) as a
colourless solid.

Mp: > 257 °C (decomp.). 'H NMR (500 MHz, acetone-dg, 300 K): 6
9.81 (d,/=7.0 Hz, 3H), 9.09 (d, /= 6.0 Hz, 3H), 9.00 (d, /= 6.0 Hz, 3H),
8.95 (d, /=1.5Hz, 3H), 8.88 (d, /=2.0 Hz, 3H), 8.85 (d, /=3.5Hz, 3H),
8.10 (dd, /=5.0, 1.0Hz, 3H), 8.03 (dd, /=6.0, 1.5Hz, 3H), 7.98 (d,
J=8.5Hz, 3H), 7.80 (d, /=5.5Hz, 3H), 7.64 (t, /]=8.0Hz, 3H), 7.41 (d,
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(M)-1tight

5.7 x 106 s1

at 293 K

(M)-1100se

[
»

F 3
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in acetone-ds at 293 K
(estimated by Eyring plot)

Fig. 6 | Helicity inversion versus twist loosening of 1gn¢. Undetectable helicity inversion between (P)- and (M)-1¢igne, twist loosening from Igigne t0 lioose and fast helicity

inversion between (P)- and (M)-1jpose-

J=10.5Hz, 3H), 7.10 (t, /=7.5Hz, 3H), 6.94 (d, /=7.0 Hz, 3H), 6.40 (d,
J=7.0Hz, 3H), 5.09 (d,/=14.5Hz, 3H), 5.05 (d,/=15.0 Hz, 3H), 4.89 (d,
J=7.5Hz, 3H), 4.87 (d, /=13.5Hz, 3H), 4.50 (dd, /=14.0, 11.5Hz, 3H),
1.56 (s, 27H), 1.50 (s, 27H). *°C NMR (126 MHz, acetone-d,, 301K): §
168.9, 168.7, 157.8, 157.3, 152.2, 150.4, 142.0, 141.8, 134.5, 134.2, 133.4,
133.1, 132.1, 131.9, 131.2, 129.2, 128.6, 126.9, 126.6, 126.5, 123.3, 123.2,
122.9, 120.8, 118.2, 63.0, 61.3, 37.1, 37.0. The “C signals of tert-butyl
groups were overlapped with those of acetone-d¢ and could not be
identified. The TfO anion has four ™C signals but only three signals
were observed due to the low S/N ratio. ’F NMR (471 MHz, acetone-ds,
300K): 6 -75.4, -76.1. IR (ATR, cm™): 3144 (br), 2967, 1618, 1417, 1248,
1155, 1028, 810, 636. UV-vis (CH,Cl,, 293 K, 87.3 uM): Amax (Nm) (€ (M
cm™) = 309.8 (3.98 x 10%). HRMS (ESI-TOF): m/z=1100.2498 as
[Pd5(H_,L)(‘Bu,bpy);](OTf)s]* (caled 1100.2462). Anal. Calcd for
C102.6H1253F18N12023.0sPd3Ss  {[Pd3L(‘Bu,bpy)3](OTf)s'(H20)4.0'(EL,0)
o1sh: C 44.82, H 4.58, N 6.09; found: C 44.81, H 4.58, N 6.09.

Crystal data for tightly-twisted Pds;L(‘Bu,bpy)s:(OTf)s s
(H20)6.95(CH,Cl,)1 57 (missing triflates were not observed due to
severe disorder): C102.36H116.55C12_55F15.25N12022.20Pd3s5.08, Fu= 273241,
crystal dimensions 0.131 x 0.081 x 0.031 mm?’, trigonal, space group R-
3, a=23.0889(2), c=416772(6) A, V=1924134) A}, Z=¢,
Pealca=1415gcm™, p=5378cm™, T=93K, A(CuKa)=1.54187A,
20max =144.478°, 39889/8311 reflections collected/unique
(Rine=0.0578), R,=0.0845 (I>20(l)), wR,=0.2630 (for all data),
GOF =1.113, largest diff. peak and hole 1.414/-1.123 eA. CCDC deposit
number 2190130.

Synthesis of 1jp0se
A CHCI; solution (2.2mL) of L (13.2mg, 20.9 ymol, 1.0 equiv.) was
mixed with a CHCl; solution (4.7mL) of [Pd(‘Bu,bpy)(OH,),]

(OTf),+(H,0); (25.2 mg, 33.8 umol, 1.6 equiv.), and then stirred at room
temperature for 3 h. During the reaction, a pink solid was precipitated.
The resulting precipitate was collected by filtration and washed with
CHCl; to obtain a dark pink solid whose main component was dinuc-
lear metallocycle 2 (21.3mg, 10.7 umol, 64%), which was then sus-
pended in CH,Cl, (10 mL). To the suspension was added a CH,Cl,
solution (SmL) of [Pd(‘Buybpy)(OH,),](0OTf),:(H,0), (9.7mg, 13.0
umol, 1.2 equiv. to the dinuclear metallocycle). The reaction mixture
was stirred at room temperature for 3 h, and then heated at reflux for
1.5 h. During heating, a colourless solid was precipitated. The resulting
precipitate was collected by filtration and dried under reduced pres-
sure. This solid was recrystallised from acetone by vapour diffusion of
Et,0 to afford loosely-twisted Lipose, [PdsL(‘Busbpy)s;](OTf)g:(H20),,
(14.2 mg, 5.21 umol, 31% in total) as colourless plate crystals.

Mp: > 272 °C (decomp.). 'H NMR (500 MHz, acetone-d,, 300 K): 6
8.99 (d, /=6.0Hz, 3H), 8.69 (s, 3H), 8.62 (d, /=15Hz, 3H), 8.47 (d,
J=15Hz, 3H), 8.10 (d, /=8.0 Hz, 3H), 8.00 (brs, 3H), 7.91 (dd, /=5.5,
1.0 Hz, 3H), 7.82 (brs, 3H), 7.68 (t, /= 7.5 Hz, 3H), 7.62 (brs, 3H), 7.55 (m,
6H), 7.47 (brs, 3H), 7.19 (d, /=5.0 Hz, 3H), 6.94 (d, /=5.0 Hz, 3H), 6.75
(brs, 3H), 4.78 (d, /=13.0 Hz, 3H), 4.23 (d, /=13.0Hz, 3H), 3.21 (d,
J=11.5Hz, 3H), 1.88 (brs, 3H), 1.54 (s, 27H), 1.43 (s, 27H). *C NMR
(126 MHz, acetone-dg, 300 K): 6 168.6, 166.9, 158.3, 156.4, 151.4, 150.0,
145.6, 141.7, 135.1, 135.1, 134.8, 134.0, 133.8, 133.6, 131.3, 131.3, 127.3,
125.8,125.7,123.8, 123.2, 122.8, 120.7, 118.1, 63.1, 60.4, 36.9, 36.7, 30.8,
30.2. 'H NMR signals of para-phenylene moieties were not fully
assigned at 300 K because the rotation of the para-phenylene moieties
was so fast that extra cross signals derived from chemical exchange
processes appeared in the ROESY spectrum and disturbed the
assignment of the signals. So, the '"H NMR signals of para-phenylene
moieties were assigned by 2D 'H-'H COSY and ROESY NMR analyses at

Nature Communications | (2023)14:7868



Article

https://doi.org/10.1038/s41467-023-43658-5

RR SS
R o fe 58

(aII-R)-1“=7P)-1ﬁght (all-S)-‘|\=7M)-1tigm

RR RR SS SS
Y - > 7%, F
SS, AR SR, BRR SS . SR SS . AR
Twist

RR loosening SS
o RR SS Ko
SS SR 4___,( R 4 \,(__* SR . RR
{RH SR, SR SR . SR '(SS
SR, SS RR, SR

N rs’ﬂ

S

SR SR € SR.SR
~ Conformational ~—
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(P)'1|oose = (A/’)'1Ioose

Thermodynamically stable

Fig. 7 | Possible isomers and their isomerisation pathways of 1. All possible
diastereomers and their isomerisation pathways for 1are shown in this scheme. The
black circles indicate the helically twisted macrocyclic structures of 1. The notions
RR, SS and SR above the black circles indicate pairs of the absolute configurations of
the amine nitrogen atoms of the ortho-phenylenediamine moiety observed in the
crystal strictures. The isomerisation pathways to the RS configuration are excluded
in this scheme, as a pair of the amine nitrogen atoms with the RS configurations,
with the two amine protons pointing towards the inside of the macrocycle, was not
observed experimentally. The green arrows indicate the direct isomerisation
pathways from Iggne t0 Lioose, and the dotted arrows indicate other possible iso-
merisation pathways.

270 K where the rotation of para-phenylene moieties was slow enough.
IR (ATR, cm™): 3459 (br), 2975, 1620, 1417, 1240, 1156, 1027, 844. UV-vis
(CH5CN, 293K, 823 uM): Amax (nm) (¢ (M cm™)) = 311 (3.69 x 10%).
HRMS (ESI-TOF): m/z=1100.2410 as [Pds(H_iL)(Bu,bpy)s](OTf),]*
(CaICd 1100.2462). Anal. Calcd for C102H122F18N12022Pd356
{[Pd5L(‘Busbpy);](0ThNe(H,0)4}: C 45.01, H 4.52, N 6.18; found: C
45.04,H4.52,N 6.17.

Crystal data for loosely-twisted Pd;L(‘Bu,bpy);(OTf)e
(C3H60)0375(H20)05:  Cro3.12H116.25F18N12018.88Pd3Se,  Fiy=2679.38,
crystal dimensions 0.221 x 0.150 x 0.087 mm?®, trigonal, space group P-
3cl, a=23.8678(5), ¢=29.5387(5) A, V=145729(7) A}, Z=4,
Peaca=1221gem™, p=4434cm?, T=93.15K, A(CuKa)=1.54178A,
20max =134.130°, 30304/8396 reflections collected/unique
(Rine=0.0431), R;=0.1399 (I >20(/)), wR,=0.3524 (for all data),
GOF=1.473, largest diff. peak and hole 6.128/-2.917 eA?. CCDC
deposit number 2190129.

Asymmetric synthesis of (M)-enantio-enriched l¢gn from (5)-3

A CH,CI, solution (0.5mL) of (S)-3 (96% ee, 93.5mg, 513 umol, 65
equiv.) was added to a CH,Cl, solution (1.0 mL) of [Pd(‘Bu,bpy)(OH,),]
(0Tf),:(H,0), (19.0 mg, 25.5 umol, 3.2 equiv.), and this reaction mixture
was then cooled to -70 °C. To this solution was added a CH,Cl, solu-
tion (1.0 mL) of L (5.0 mg, 7.93 umol, 1.0 equiv.) at =70 °C. This reaction
mixture was stirred at -70 °C for 4 h. After bringing the reaction mix-
ture to room temperature, Et,O was added and the reaction mixture
was filtered. The filtrate was evaporated under reduced pressure to
afford (S)-mesityl methyl sulfoxide (87.9 mg, 482 umol, 94% recovery
yield, 95% ee). The precipitate was dissolved in CH,Cl, and filtered to
remove insoluble residue. The filtrate was evaporated and dried in
vacuo. After the resulting solid was washed with CHCls, (M)-enantio-
enriched 1ggne Was obtained as a pale yellow solid (3.2 mg, 1.19 ymol,

15% yield, 25% ee). The enantiomeric excess was estimated using A-4 as
a chiral shift reagent.

Data availability

All data obtained and analysed are available in this Article and
the Supplementary information. Crystallographic data for the struc-
tures reported in this Article have been deposited at the Cambridge
Crystallographic Data Centre, under deposition numbers CCDC
2190129 (Ligose), 2190130 (Liighe), 2190131 ([Pd(‘Bu,bpy)(OH,),1(0TH),),
2190132 ([Pt,L(Buybpy),J(OTH,), 2190133  (1,2,5,6-di-O-iso-
propylidene-a-D-glucofuranosyl (S)-methanesulfinate) and 2190134
((R)-o-anisyl methyl sulfoxide). Copies of the data can be obtained free
of charge via https://www.ccdc.cam.ac.uk/structures/. All other data
are available from the corresponding author upon request.

References

1. Cardenas, D. J., Livoreil, A. & Sauvage, J.-P. Redox control of the
ring-gliding motion in a Cu-complexed catenane: a process invol-
ving three distinct geometries. J. Am. Chem. Soc. 118,
11980-11981 (1996).

2. Barendt, T. A, Ferreira, L., Marques, I., Félix, V. & Beer, P. D. Anion-
and solvent-induced rotary dynamics and sensing in a perylene
diimide [3]catenane. J. Am. Chem. Soc. 139, 9026-9037 (2017).

3. Leigh, D. A., Wong, J. K. Y., Dehez, F. & Zerbetto, F. Unidirectional
rotation in a mechanically interlocked molecular rotor. Nature 424,
174-179 (2003).

4.  Wu,Y.etal. Amultistage rotational speed changing molecular rotor
regulated by pH and metal cations. Nat. Commun. 9, 1953 (2018).

5. Ube, H., Yasuda, Y., Sato, H. & Shionoya, M. Metal-centred aza-
phosphatriptycene gear with a photo- and thermally driven
mechanical switching function based on coordination isomerism.
Nat. Commun. 8, 14296 (2017).

6. Bissell, R. A., Cérdova, E., Kaifer, A. E. & Stoddart, J. F. A chemically
and electrochemically switchable molecular shuttle. Nature 369,
133-137 (1994).

7. von Delius, M., Geertsema, E. M. & Leigh, D. A. A synthetic small
molecule that can walk down a track. Nat. Chem. 2, 96-101 (2010).

8. Wang, X.-Q. et al. Dual stimuli-responsive rotaxane-branched den-
drimers with reversible dimension modulation. Nat. Commun. 9,
3190 (2018).

9. Corra, S. et al. Chemical on/off switching of mechanically planar
chirality and chiral anion recognition in a [2]rotaxane molecular
shuttle. J. Am. Chem. Soc. 141, 9129-9133 (2019).

10. Andersen, S. S. et al. Mechanistic evaluation of motion in redox-
driven rotaxanes reveals longer linkers hasten forward escapes and
hinder backward translations. J. Am. Chem. Soc. 136,

6373-6384 (2014).

1. Koumura, N., Zijlstra, R. W. J., van Delden, R. A., Harada, N. & Fer-
inga, B. L. Light-driven monodirectional molecular rotor. Nature
401, 152-155 (1999).

12. Kelly, T. R. et al. A molecular brake. J. Am. Chem. Soc. 116,
3657-3658 (1994).

13. Muraoka, T., Kinbara, K. & Aida, T. Mechanical twisting of a guest by
a photoresponsive host. Nature 440, 512-515 (2006).

14. 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).

15. Akine, S., Hotate, S. & Nabeshima, T. A molecular leverage for
helicity control and helix inversion. J. Am. Chem. Soc. 133,
13868-13871 (2011).

16. Gan, Q. et al. Identification of a foldaxane kinetic byproduct during
guest-induced single to double helix conversion. J. Am. Chem. Soc.
134, 15656-15659 (2012).

17.  Shimomura, K., lkai, T., Kanoh, S., Yashima, E. & Maeda, K. Switch-
able enantio-separation based on macromolecular memory of a

Nature Communications | (2023)14:7868


https://www.ccdc.cam.ac.uk/structures/

Article

https://doi.org/10.1038/s41467-023-43658-5

helical polyacetylene in the solid state. Nat. Chem. 6,
429-434 (2014).

18. Yang, D., Duan, P., Zhang, L. & Liu, M. Chirality and energy transfer
amplified circularly polarized luminescence in composite nanohe-
lix. Nat. Commun. 8, 15727 (2017).

19. Ikai, T., Okubo, M. & Wada, Y. Helical assemblies of one-dimensional
supramolecular polymers composed of helical macromolecules:
generation of circularly polarized light using an infinitesimal chiral
source. J. Am. Chem. Soc. 142, 3254-3261 (2020).

20. Ok, M. et al. Helicity-driven chiral self-sorting supramolecular
polymerization with Ag™: right- and left-helical aggregates. Chem.
Sci. 13, 3109-3117 (2022).

21. Malik, A. U. et al. Chiral organic cages with a triple-stranded helical
structure derived from helicene. J. Am. Chem. Soc. 140,
2769-2772 (2018).

22. Yanagi, T., Tanaka, T. & Yorimitsu, H. Asymmetric systematic
synthesis, structures, and (chir)optical properties of a series of
dihetero[8]helicenes. Chem. Sci. 12, 2784-2793 (2021).

23. O'Sullivan, M. C. et al. Vernier templating and synthesis of a 12-
porphyrin nano-ring. Nature 469, 72-75 (2011).

24. Szyszko, B. et al. Diphenanthrioctaphyrin(1.1.1.0.1.1.1.0): conforma-
tional switching controls the stereochemical dynamics of the
topologically chiral system. J. Am. Chem. Soc. 141,

6060-6072 (2019).

25. Chen, L.-J., Yang, H.-B. & Shionoya, M. Chiral metallosupramole-
cular architectures. Chem. Soc. Rev. 46, 2555-2576 (2017).

26. Miyake, H., Kamon, H., Miyahara, I., Sugimoto, H. & Tsukube, H.
Time-programmed peptide helix inversion of a synthetic metal
complex triggered by an achiral NO3™ anion. J. Am. Chem. Soc. 130,
792-793 (2008).

27. Gregolinski, J. et al. Helical lanthanide(lll) complexes with chiral
nonaaza macrocycle. J. Am. Chem. Soc. 130, 17761-17773 (2008).

28. Sakata, Y., Chiba, S., Miyashita, M., Nabeshima, T. & Akine, S. Ligand
exchange strategy for tuning helicity inversion speeds of dynamic
helical tri(saloph) metallocryptands. Chem. Eur. J. 25,

2962-2966 (2019).

29. Cai, L.-X. et al. Controlled self-assembly and multistimuli-
responsive interconversions of three conjoined twin-cages. J. Am.
Chem. Soc. 143, 2016-2024 (2021).

30. Argent, S. P. et al. A family of diastereomeric dodecanuclear
coordination cages based on inversion of chirality of individual tri-
angular cyclic helicate faces. Chem. Sci. 11, 10167-10174 (2020).

31. Zhang, Z. & Dolphin, D. A triple-stranded helicate and mesocate
from the same metal and ligand. Chem. Commun. 45,

6931-6933 (2009).

32. Tashiro, S., Kubota, R. & Shionoya, M. Metal-macrocycle framework
(MMF): supramolecular nano-channel surfaces with shape sorting
capability. J. Am. Chem. Soc. 134, 2461-2464 (2012).

33. Kubota, R., Tashiro, S. & Shionoya, M. Chiral metal-macrocycle
frameworks: supramolecular chirality induction and helicity inver-
sion of the helical macrocyclic structures. Chem. Sci. 7,

2217-2221 (2016).

34. Race, J. J. et al. Ortho-aryl substituted DPEphos ligands: rhodium
complexes featuring C-H anagostic interactions and B-H agnostic
bonds. Chem. Sci. 12, 8832-8843 (2021).

35. Alder, R. W. & East, S. P. Infout isomerism. Chem. Rev. 96,
2097-2111 (1996).

36. Perrin, C. L. & Dwyer, T. J. Application of two-dimensional NMR to
kinetics of chemical exchange. Chem. Rev. 90, 935-967 (1990).

Acknowledgements

This research was supported by the JSPS KAKENHI, grant number
JP16H06509 (Coordination Asymmetry) to M.S. and by the Asahi Glass
Foundation to S.T. The computational studies were performed using
Research Centre for Computational Science, Okazaki, Japan (Project: 21-
IMS-C208, 22-IMS-C175). T.N. thanks Global Science Graduate

Course (GSGC).

Author contributions

T.N. performed the experimental work. T.N. and M.E. contributed to the
computational studies. T.N., S.T. and M.S. designed the project, ana-
lysed the data and prepared the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43658-5.

Correspondence and requests for materials should be addressed to
Shohei Tashiro or Mitsuhiko Shionoya.

Peer review information Nature Communications thanks Scott Hartley,
Qing-Fu Sun and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. A peer review file is
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

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) 2023

Nature Communications | (2023)14:7868


https://doi.org/10.1038/s41467-023-43658-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Selective synthesis of tightly- and loosely-twisted metallomacrocycle isomers towards precise control of helicity inversion�motion
	Results
	Selective synthesis of two twisted isomers, 1tight and 1loose (Fig. 2)
	Estimation of helicity inversion rate by exchange spectroscopy�(EXSY)
	Asymmetric synthesis of 1tight
	Helicity inversion versus twist loosening observed in 1tight (Fig. 6)

	Discussion
	Methods
	Synthesis of 1tight
	Synthesis of 1loose
	Asymmetric synthesis of (M)-enantio-enriched 1tight from (S)-3

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




