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ABSTRACT: We report the unprecedented allosteric regu-
lation of the extension and contraction motions of double-
stranded spiroborate helicates composed of 4,4’-linked 2,2'-
bipyridine (bpy) and its N,N’-dioxide units in the middle of
ortho-linked tetraphenol strands. NMR and circular dichroism
measurements and an X-ray crystallographic analysis along
with theoretical calculations revealed that enantiomeric
helicates contract and extend upon the binding and release
of protons and/or metal ions at the covalently linked two
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Contracted double-helix

binding bpy or N,N'-dioxide moieties without racemization, respectively, regulated by a cooperative anti—syn conformational
change of the two bpy or N,N’-dioxide moieties. These anti—syn conformational changes that occurred at the linkages are
amplified into a large-scale molecular motion of the helicates leading to reversible spring-like motions coupled with twisting in

one direction in a highly homotropic allosteric fashion.

B INTRODUCTION

Positive cooperative binding of substrates or ions to different
binding sites within biological polymers is ubiquitous in living
systems as is observed in allosteric proteins and enzymes, where
the binding of a first substrate or ion facilitates the following
binding events as a result of specific conformational transitions of
the allosteric receptors.” The application of such a positive
allostery to control functions, such as host—guest molecular
recognition, signal amplification, and catalysis has rapidly evolved
into one of the intriguing research areas in supramolecular
chemistry.” Since the host—guest binding can induce a
conformational change in artificial allosteric receptors,” the
molecular design concepts of allosteric systems are relevant to
those of molecular machines® responsible for external stimuli,
which, however, usually trigger a smaller amplitude of molecular
motion. Hence, the development of synthetic allosteric receptors
that exhibit a sufficiently large-amplitude conformational change,
such as a muscle-like extension—contraction molecular motion,
still remains a challenge.”>“*®"™ Among the artificial systems
showing such elastic motions,***“#"™ helical molecules, in
particular, have a distinct advantage over other structural motifs
due to their inherently chiral structures that enable a fascinating
unidirectional twisting motion during the extension—contraction
process. Although several synthetic helical oligomers and
polymers display such extension—contraction motions in
response to external stimuli,* these helices have rarely undergone
a unidirectional spring-like motion.

We previously reported a unique optically active double-
stranded helicate 1a composed of two spiroborate moieties
doubly bridged by two ortho-linked tetraphenol ligands with a
biphenylene linker in the middle in which a Na* ion is embedded
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in the center of the helicate coordinated by the oxygen atoms of
the spiroborate moieties (Figure 1a).” This helicate underwent a
Na* jon-triggered unidirectional spring-like motion upon the
release and binding of the Na* ion (Figure 1b).° However, when
ortho-linked biphenol” (1b) and 6,6'-linked 2,2'-bipyridine®
(bpy) linkers (2) were used instead of the biphenylene linker
(Figure 1a), the Na* ions could not be removed from the center
of the contracted helicates 1b and 2 even by using [2.2.1]-
cryptand as a strong receptor for the Na™ ion, which was able to
extract the Na' ion from 1la, thus leading to no extension—
contraction motions.”* This is due to the strong coordination of
the central Na* jons to the biphenol oxygen and bpy nitrogen
atoms of the linker units, in which these heteroatoms are directed
toward the inside of the central cavity.

In order to further develop an intelligent molecular spring
responsible for the complexation with various guest molecules as
well as the Na* ion,” we have designed and synthesized novel
double-stranded spiroborate helicates, DH31g,, and DH4g,,
(TBA = tetrabutylammonium), composed of two tetraphenol
strands bearing 4,4’-linked 2,2’-bpy and its bpy N,N’-dioxide
units in the middle, respectively,' instead of the 6,6'-linked bpy
units, in which the nitrogen atoms are likely located toward the
outside of the helicates in their contracted forms (Figure 1c).
Therefore, we anticipated that the helicates would exhibit a
similar unidirectional spring-like motion triggered by the binding
and release of protons and/or metal ions that will occur at the
two covalently linked binding bpy or N,N'-dioxide moieties with
the accompanying anti-syn conformational change,'’ thereby
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Figure 1. (a) Chemical structures of double-stranded spiroborate helicates 1a, 1b, and 2. (b) Schematic representation of the unidirectional spring-like
motion upon Na*-ion release and binding. (c) Synthesis of double-stranded spiroborate helicates DH3y, and DH4y, (X = Na*, TBA*, or H"). (d)
Schematic representation of acid/base-triggered reversible extension—contraction motion of DH3~ through the positive cooperative H* binding that

induces anti-to-syn isomerization of the 2,2"-bipyridine units of DH3>".

enabling the unidirectional twisting motion in a highly
cooperative, allosteric manner (Figure 1d). To the best of our
knowledge, artificial molecular machines showing reversible
extension—contraction motions triggered by the multiple
binding of substrates (or protons) in a positive allosteric fashion
have never been achieved, despite such dynamic molecular
motions coupled with a positive allosterism being highly relevant
to and required for biological machinery systems.'*

B RESULTS AND DISCUSSION

The double-stranded helicates (DH3y,, and DH4yy,"”) bearing
the bpy and its N,N’-dioxide linkages were prepared according to
Scheme S1 (Supporting Information) by the reactions of the
corresponding ligands L3 and L4 with NaBH,, (1 equiv) in 1,2-
dichloroethane/EtOH (6/1, v/v) at 80 °C and with Na,B,0- (1
equiv) in CH;CN at 70 °C under conditions similar to those used
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for the synthesis of the related spiroborate helicates in good
yields (80 and 90%), respectively (Figure 1c).>”*'* Counter-
cation exchange with protons using trifluoroacetic acid (TFA) or
TBA*Br~, gave DH3x, (X = H' or TBA") or DH4rg,,,
respectively (for details, see the Supporting Information).

The X-ray crystallographic analysis of the DH4y, single
crystals grown by slow diffusion of n-hexane into a THF solution
of DH4y, in the presence of TFA (3 equiv) revealed that DH4y,
adopts a contracted double-stranded helical structure with a
pseudo-D,-symmetry, the two ligand strands are intertwined
with each other bridged by two spiroborate groups, and the two
terminal benzene rings of each strand were twisted by ca. 280°
(Figure 2a). The structural features of DH4y, resemble the
contracted helical structures of 1 and 2. All of the N-oxide oxygen
atoms are positioned at the outside of the double helix, and the
terminal ‘Bu and phenyl groups are placed on the pyridyl rings of
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Figure 2. (a,d) X-ray crystal structures of (+)-DH4y, (a) and (=)-DH3[().s, (d). All hydrogen atoms are omitted for clarity. For (a), a right-handed
double-helical structure is only depicted. (b,c) The energy-minimized right-handed double-helical structures of contracted DH3y, (b) and extended
DH4” (c) obtained by DFT calculations. All hydrogen atoms are omitted for clarity. Protons (H*) are highlighted as an orange ball.

Scheme 1. Optical Resolution of (+)-DH3y,, and (+)-DH4,;, by the Formation of Diastereomeric Salts with Chiral Ammonium
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the other strand. In contrast to the analogous contracted double
helicates of 1 and 2 embedding one or two Na* ions in the
center,””® no Na* ion was embraced in the contracted helicate
DH¢4yy,, while maintaining its short B—B distance (5.4 A), which
was significantly shorter than those of the contracted 1a (6.0 A)>*
and 1b (6.3 A)” and close to that of 2 (5.3 A).® Based on an
extremely short distance (2.4 A) between the negatively charged
N-oxide oxygen atoms at the same linkers in the crystal, we
presumed that each of the two protons is strongly bound to the
two N-oxide oxygen atoms at each linker moiety through an O---
H*-O hydrogen-bond interaction.”” This speculation was
further supported by the density functional theory (DFT)
calculations of DH4y, in which such O---H"---O interactions
with the average O—H" distance of 1.20 A were found in the
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energy-minimized structure with the total charge of zero (Figure
S$3a).'¢ Similarly, the DFT calculations of the protonated DH3y;,
bearing the bpy linkers resulted in the double-helical structure
stabilized by the two N*—H:--N interactions at each bpy linker
with the syn conformation, and its B—B distance was 6.3 A
(Figures 2b and S4a)."”

The 'H NMR spectra of DH3yy, in DMSO-dg'® and DH4y, in
CD;CN displayed one set of signals due to their pseudo-D,-
symmetric structures as were observed in the solid state and/or
calculated structures, in which broad signals assigned to the
protons bound to the bpy and its N,N’-dioxide residues were
observed at 15.12 and 17.25 ppm for DH3y, and DH4y,,
respectively (Figures S6b and S7b). The terminal ‘Bu signals and
the aromatic protons on the terminal benzene rings were
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Figure 3. Partial 'H NMR spectra (500 MHz, DMSO-d;, 0.6 mM, 25 °C) of (P)-(—)-DH3p4, (a), () + TFA (2 equiv) (b), and (b) + NMP (2 equiv)
(c). # denotes the protons from TBA*. Photographs of a DMSO solution of (P)-(—)-DH3g,4, (10 uM) before and after the addition of TFA (2 equiv)

under irradiation at 365 nm are also shown.”

significantly shifted upfield as compared to those of the
corresponding ligands L3 and L4 due to the ring current effect
of the pyridyl rings of the other strand (Figures S6a,b and S7a,b;
for complete signal assignments, see two-dimensional (2D)
COSY and NOESY spectra (Figures S8—S12 for DH3y, and
Figures S13—S16 for DH4y,)), which are consistent with their
crystal and/or calculated structures (Figures 2a,b, S3a, and S4a).
Furthermore, their 2D NOESY spectra showed characteristic
interstrand NOE cross-peaks (Figures S11 and S12 for DH3y,
and Figures S16 for DH4yy,), thus indicating that these helicates
retained the contracted double-helical structures in solution.

The racemic helicates (+)-DH3y,, and (+)-DH4y, were
successfully resolved into the enantiomers by diastereomeric salt
formation through a cation exchange with (R)- or (§)-5*1" and
(S)- or (R)-6"17, followed by a further cation exchange with the
achiral TBA*-Br™ salt, affording the corresponding pairs of the
enantiomeric double-stranded helicates ((—)- and (+)-DH31g4,
and (—)- and (+)-DH4yp,,), respectively (Scheme 1). The
enantiomeric excess (ee) values of the resolved helicates were
determined to be >99% by the '"H NMR measurements in the
presence of (S,S)-7"-Br~ (for DH31y,,) and N-benzylcinchoni-
dinum bromide 8"-Br~ (for DH4p,,) as a chiral shift reagent
(Scheme 1 and Figures S26, and $27)." Each pair of
enantiomers exhibited perfectly mirror-imaged CD spectra
(Figures 4a for DH3 g4, and 4b for DH4g,,).

The single-crystal X-ray analysis of the optically resolved
diastereomer (—)-DH3[(R)_5]2 allowed us to unambiguously
determine its helical sense thanks to the absolute configuration of
the countercation (R)-5*. Interestingly, (—)-DH3() ), adopts
an extended right-handed (P)-double-helical structure with the
anti-conformation of the bpy linkers, whose B—B distance (13.0
A) was approximately two times longer than that of the DFT-
calculated structure of the contracted DH3y, (6.3 A) with the
syn-conformation as a result of an unwinding of the contracted
helicate through a unidirectional twisting in which the twist angle
between the two terminal benzene rings of each strand was
changed from ca. 280 to ca. 180° (Figure 2b,d). The CD spectral
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pattern of the obtained single crystal dissolved in DMSO was
almost identical to that of (—)-DH31g,, (Figures 4a and S29).
Moreover, the direct N-oxidation of the bpy moieties of (P)-
(=)-DH3yps, by m-chloroperoxybenzoic acid resulted in the
formation of (P)-(—)-DH4yp,, with a decrease in the ee value
from >99% to ca. 40% due to partial racemization during the
reaction (Figure S30; for details, see the Supporting
Information). Nevertheless, the resulting CD spectral pattern
was nearly identical to that of the enantiopure (—)-DH41gs,
obtained by the optical resolution of its racemate (Figure S30c).
Therefore, the absolute handedness of both the helical
(=)-DH3.g,, and (—)-DH41g,, could be determined to be a
(P)-double-helical structure ((P)-(—)-DH31pa, and -DH4p,,).

Interestingly, the 'H NMR spectra of DH31g,, in DMSO-d
and DH4g,, in CD;CN were quite different from those of the
corresponding protonated helicates DH3, and DH4y, (Figures
S6b,c and S7b,c; for complete signal assignments, see 2D COSY
and NOESY spectra (Figures S17—S21 for DH31g,, and S22—
S25 for DH41g,,)), respectively. In particular, the terminal ‘Bu
signals and the aromatic protons on the terminal benzene rings
showed significant downfield shifts as compared to those of the
corresponding protonated helicates indicating the absence of the
ring current effect as discussed above (Figures S6 and S7). This
observation in addition to the absence of interstrand cross-peaks
in the NOESY spectra of DH3 g4, and DH4 g, (Figures S19—
S21 and S24—S25) indicated that these helicates retained the
extended double-helical structures in solution similar to those of
(=)-DH3((z) 5], in the solid state and DH4*~ obtained by the
DFT calculations (Figure 2).

Although the contracted helicate 1la is stabilized by
coordination of the embedded Na* ion to the oxygen atoms of
the spiroborate moieties in CH;CN,** DH3y,, having two Na*
ions adopted the extended form in DMSO-dy as indicated by its
"H NMR spectrum being identical to that of DH3yp,, (Figure
S6¢,d). This is because the Na* ions are highly solvated with polar
DMSO molecules that prevent the Na' jon being entrapped
within the helicate cavity of DH3,, leading to release of the Na*
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Figure 4. (a) CD and absorption spectra (DMSO-dg, 0.6 mM, ca. 25 °C) of (P)-(—)-DH31py, (i), (i) + TFA (2 equiv) (ii), (ii) + NMP (2 equiv) (iii),
(M)-(+)-DH3gy, (iv), (iv) + TFA (2 equiv) (v), and (v) + NMP (2 equiv) (vi). (b) CD and absorption spectra (CD;CN, 0.6 mM, ca. 25 °C) of (P)-
(=)-DH4g,, (i), (i) + TFA (2 equiv) (ii), (ii) + "Pr,NEt (2 equiv) (iii), (M)-(+)-DH4rgy, (iv), (iv) + TFA (2 equiv) (v), and (v) + Pr,NEt (2 equiv)

(vi).

ion in DMSO. In contrast, upon the addition of NaPF, to a
solution of the extended helicate DH3 g4, in CD;CN, a new set
of signals corresponding to the contracted helicate appeared in its
'"H NMR spectrum (Figure S31), although the resulting
contracted DH3y,, was partially precipitated due to its low
solubility in CD;CN. However, the binding constant (K,) of
DH3p,, to the Na* ion was much lower than that of 1a (K, =
2.68 x 10° M™!),>* as supported by the competitive binding
experiment using an equimolar mixture of DH3rg,, and
lay,pya - (BMA = benzyltrimethylammonium) in CD;CN by
"H NMR spectroscopy, showing no trace amount of the DH3y,.x
species (X = TBA, Na, or BMA) (Figure S32). A similar weak
binding affinity of the extended helicate DH4,, to the Na* ion
was also confirmed in CD;CN,” indicating that contracted
forms of the DH3y,x and DH4y,x (X = TBA) helicates
embracing a Na* ion in the center are unstable, most likely due to
a thermodynamically unfavorable syn-conformation of the bpy
and its N,N’-dioxide moieties. These results suggest that the
helicates DH3 and DH4 may not be suitable as a Na* jon-
triggered molecular spring.

However, taking advantage of the syn-conformation prefer-
ence of bpy'' and its N,N’-dioxide groups”" in the presence of
protons and metals, the fully reversible extension—contraction
motions of the helicates accompanied by unidirectional twisting
were found to proceed in a highly cooperative, allosteric fashion
by external stimuli, such as the combination of an acid and base
or Cu®** and tren (tren tris(2-aminoethyl)amine) when
enantiopure helicates were used.

The addition of 2 equiv of TFA to a solution of the (P)-(—)- or
(M)-(+)-enantiomer of the extended DH3g,, in DMSO-d,
resulted in full conversion to the contracted helicate as confirmed
by its '"H NMR spectrum which is identical to that of the
contracted DH3y, (Figures 3ab and S6b).** This conforma-
tional transition led to the remarkable CD spectral changes with
an inversion of the first Cotton effect sign accompanied by the
appearance of a shoulder absorption band around 350—450 nm
(Figure 4a). These NMR, CD, and absorption spectra were
completely switched back to the original ones by the subsequent
addition of 2 equiv of N-methylpyrrolidine (NMP) as a base
resulting from the quantitative extended helicate formation
(Figures 3 and 4a).”> Importantly, the CD spectra of (P)-(—)-
and (M)-(+)-DH3g,, remained unchanged during the dynamic
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extension—contraction motions (Figure 4a), thus indicating that
no racemization took place during the acid/base-triggered
reversible extension—contraction motions coupled with twisting
in one direction.

A similar helical structural change can also be controlled by the
sequential addition of Cu(NO,),-3H,0 (2 equiv) and tren (2
equiv) to the extended (P)-(—)-DH3g,, that readily and
reversibly underwent a unidirectional spring-like motion while
maintaining its one-handed helical chirality in which the Cu®*
ions coordinated to each bpy unit induce the syn conformational
change, thus triggering the contraction motion, which further
quantitatively reverted back to the original extracted helicate by
tren being a stronger chelating agent (Figure S35). The right-
handed helicate (P)-(—)-DH41g,, also showed a reversible
extension—contraction motion upon the alternative addition of
TFA and N,N-diisopropylethylamine (‘Pr,NEt) in CD;CN,
resulting in the complete reversible 'H NMR, CD, and
absorption spectral changes (Figures 4b and S36).

To gain further insight into the proton binding behavior of the
extended helicates leading to a spring-like motion, the '"H NMR
titration experiments of TFA with DH3g,, in DMSO-dg and
with DH4g,, in CD;CN were carried out. Interestingly, only
two sets of signals corresponding to the nonprotonated
(extended) and diprotonated (contracted) helicates were
observed for both systems in the presence of less than 2 equiv
of TFA, in which the mole fractions of the diprotonated helicates
DH3y, and DH4y, linearly increased with an increase in the
amount of TFA* indicating a slow exchange between the
extended and contracted forms on the present NMR time scale
(Figures S37 and S38). Despite the slow exchange, however, a
monoprotonated helicate, such as DH3y.r55 and DH4y.rp,,
could not be observed at all upon the addition of TFA (Figures
S37 and S38), demonstrating a strong positive cooperativity,
namely, the first proton binding to one of the two binding sites
(bpy or its N,N’-dioxide units) enforces the orientation of the
other site in such a way that the second proton binding is
significantly facilitated.

In order to quantitatively estimate the cooperativity according
to the Hill equation,” the UV—vis titration of TFA with
DH4g,, was performed. The absorption spectral changes of a
highly diluted DMSO solution of DH4g,, (10 #M) upon the
addition of TFA showed clear isosbestic points at 384 and 294
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nm. The plots of the absorbance at 400 nm versus the TFA
concentration displayed a sigmoidal curvature characteristic of
the positive homotropic allosterism (Figure 5).° The Hill
coefficient (ny = 2.1 + 0.04) and the apparent association
constant (log K, = 10.0 + 0.20 (M™?)) were obtained from the
Hill plot™ (Figure Sb; for details, see the Supporting
Information). The ny value is almost equal to the maximum
value identical to the number of binding sites, being reasonably
consistent with the previous 'H NMR results that showed no
signal due to the monoprotonated helicate (Figure S38). In the
same way, we attempted to estimate the ny and K, values for
DH33,,, but it was difficult because the K, value was too high to
accurately estimate, which is at least approximately 10° times
higher than that of DH4g,, based on the competitive binding
experiment using DH3y, in the presence of 10 equiv of DH4g,,
in DMSO-dg by "H NMR spectroscopy, giving no new signals
derived from DH3yg,, and DH4y, (Figure S39). Surprisingly,
the apparent K, values of the ligands L3 (K, = ca. 7.1 X 10> M)
and L4 (K, = ca. 1.2 X 10* M™") with protons were much lower
than those of the corresponding helicates (Figures S40 and S41),
clearly indicating a strong positive cooperativity; the anionic
nature of the helicates may more or less contribute to this high
cooperativity.

Finally, the kinetics of the proton-assisted extension and
contraction events of the helicates (DH3 and DH4) was
investigated by the 2D EXSY measurements”’ of a 1:1 mixture of
the extended and contracted helicates generated with 1 equiv of
TFA in DMSO-d; at 25 °C, which showed a number of chemical
exchange cross-peaks between the extended/contracted helicates
(DH31g,,/DH3y, and DH4g,,/DH4y,) (Figures S42 and
S43). By measuring the peak volumes of the cross and diagonal
peaks at different mixing times, the apparent exchange rate
constants (k,.) between the extended/contracted helicates
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((DH31s,/DH3y, and DH4yy,,/DH4y,)) were estimated
to be 5.18 and 38.5 s, respectively. These results indicated that
the proton-assisted extension and contraction motion of DH3
bearing bpy units is approximately 7 times slower than that of
DH4 bearing N,N’-dioxide-bpy units (Figures S42 and S43; for
details, see the Supporting Information). The slower elastic rate
observed for DH3 could be ascribed to its higher binding affinity
than DH4 toward protons.

B CONCLUSIONS

In summary, we have found unique allosterically regulated
reversible extension and contraction motions coupled with
unidirectional twisting in enantiomeric double-stranded spiro-
borate helicates bearing the 2,2'-bpy and its N,N’-dioxide
linkages in the middle of the strands, while maintaining their
helical handedness. X-ray crystallography together with DFT
calculations and 2D NMR and CD spectroscopies unraveled the
mechanistic details and kinetics of the allosteric spring-like
motions; the cooperative binding and release of protons and/or
Cu?" ions to the two covalently linked bpy or its N,N’-dioxide
linkages spontaneously induce local conformational changes, i.e.,
anti-to-syn and syn-to-anti isomerization at the binding sites of
the linkages, respectively. Most importantly, these small
conformational changes that occurred at the linkages are further
significantly amplified to a large-scale conformational transition
of the overall helical structures of the helicates™ leading to
unidirectional elastic motions in a highly positive, homotropic
allosteric manner. These findings may provide a rational design
strategy for developing a conceptually new, allosterically
regulated supramolecular asymmetric catalysth’g’29 whose
catalytic activity and enantioselectivity will be modulated by a
unidirectional elastic motion,” since the catalytically active bpy-
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N,N'-dioxide residues are twisted in one direction by a different
twist angle during the chiral elastic motion.
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