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The development of molecular systems that enable the
control of molecular movements, in particular, rotary and
elastic (extension—contraction) motions triggered by external
stimuli, is an urgent and expanding research area in supra-
molecular chemistry and nanotechnology owing to their
potential application to molecular machines, such as molec-
ular motors and springlike devices.l"! Although sophisticated
biological molecular motors and springs exist in every muscle
cell and function cooperatively to generate force and move-
ment for muscle contraction by converting chemical energy
into mechanical functions,” the control of unidirectional
motions that further amplify to macroscopic movements with
artificial molecular and helical systems remains a chal-
lenge.>4

Recently, we reported a unique optically active double-
stranded helicate 1a in which two ortho-linked tetraphenol
strands with a biphenylene unit in the middle were bridged by
two spiroborates that sandwiched a Na* ion between them
(Figure 1a).) The optically active helicate underwent
sodium-ion-triggered,  reversible  extension—contraction
motion coupled with a twisting motion in one direction
upon the release and binding of the Na* ion (Figure 1b).F%
During this unidirectional springlike motion, the helicate
maintained its helical handedness.’ Such ion-induced molec-
ular motions are key processes in a number of biological
events and reminiscent of biological machines that operate in
muscle cells.”! Biphenol (in 1b)! and bipyridine groups (in
2)¥ could also be used as linker units to connect the two outer
biphenol units and produce optically active double-stranded
helicates similar to 1a after conventional optical resolution;
however, Na' ions coordinated in the center of helicates 1b
and 2 could not be released in the presence of [2.2.1]cryptand,
which had been used to remove the Na™ ion from 1a, because
the Na* ions were strongly bound by the biphenol oxygen and
bipyridine nitrogen atoms as well as the spiroborate anions.
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Thus, no ion-triggered springlike motion was observed for 1b
and 2.

With the aim of the further development of molecular
springs that twist unidirectionally and perform intelligent
functions, we designed and synthesized the porphyrin-linked,
double-stranded spiroborate helicate 3ay,, (Figure 1c). We
anticipated that the linker porphyrins introduced in the
middle of the strands could stack face-to-face in a helical
orientation and thus provide a chiral cavity for the further
inclusion of electron-deficient aromatic guests, such as G1
and G2, by an induced-fit mechanism.”! We hypothesized that
the expansion of the bisporphyrin cavity upon the encapsu-
lation of guests would be accompanied by a rotation of the
porphyrin rings in one direction and a corresponding unidir-
ectional twisting of the spiroborate helix. Thus, the helicate
should be able to perform dual unidirectional motions
induced by guest encapsulation (Figure 1c). To the best of
our knowledge, such stimuli-responsive unidirectional dual
motions (rotation and twisting) that take place simultane-
ously have not been reported previously.

We first synthesized two porphyrin-containing tetraphe-
nols 6ab linked by m- and p-phenylene units by Suzuki-
Miyaura coupling of the corresponding m- and p-meso-
di(iodophenyl)porphyrins 4a,b with a boronic acid ester 5
(Scheme 1; see also Schemes S1 and S2 in the Supporting
Information). The tetraphenols 6a and 6b were then treated
with an equimolar amount of NaBH, in [Ds]acetonitrile at
80°C for 24 h under similar conditions to those used for the
synthesis of 1 and 2.°7% The boron helicate 3ay, was
obtained almost quantitatively (99% yield), whereas the
reaction of 6b gave none of the desired helicate, but produced
a complex mixture of products. We attempted to obtain 3by,,
from 6b by using NaBH, in various solvents at different
temperatures, without success (see Table S1 in the Supporting
Information): the p-phenylene linkage of 6b probably ham-
pers spiroborate formation considerably owing to steric
hindrance. In contrast, the m-phenylene unit was favorable
as a linker for the formation of a porphyrin-containing
intertwined double helicate owing to its bent structure. The
helicate 3ay,, was fully characterized by 'H, PC, and 2D NMR
spectroscopy and electrospray ionization (ESI) mass spec-
trometry (Figure 2; see also Figures S1a-S6 in the Supporting
Information).

X-ray crystallographic analysis unambiguously revealed
that 3ay,, adopted a double-stranded helical structure with
pseudo-D, symmetry in which the two tetraphenol strands
were intertwined with one another through two spiroborate
bridges, and the two porphyrin units were stacked face-to-face
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Figure 1. a) Structures of Na'-included helicates 1a, 1b, and 2. b) Schematic illustration of the
unidirectional twisting of 1a upon Na*-ion release and binding. ) Structures of porphyrin-

containing helicates 3a and 3b and the unidirectional dual rotary and twistin
guest inclusion.
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Scheme 1. Synthesis of the boron helicate 3ay,, and its optical resolution by the formation of

a diastereomeric salt with optically pure (R,R)- or (S,5)-7"-Br. The chiral am
replaced with the achiral ammonium salt TBA*-Br~.
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at a distance of 4.1 A and with
a torsional angle of 71° with respect
to the two meso—meso porphyrin
axes (Figure 3a). The two terminal
benzene rings of each tetraphenol
strand were twisted by 368° with
respect to one another, and the
double-helical structure around the
spiroborate bridges was similar to
that of the contracted form of the
biphenylene-linked spiroborate hel-
icate 1a (Figure 1a).”" Because of
the large porphyrin linkers, the two
negatively charged spiroborate resi-
dues were located far away from
each other with a B-B distance of
15.4 A, which is much larger than the
B-B distance in the -contracted
(6.0A) and extended forms
(13.0 A) of 125 As a result, the
two Na' ions were not included in
the helicate cavity, but were coordi-
nated to the two oxygen atoms of the
spiroborate moieties on the outside
of the structure (Figure 3 a). This key
structural feature of 3ay,, suggested
that the ion-triggered springlike
extension and contraction motion
observed in 1a may not be antici-
pated upon sodium-ion release and
binding (see below).

The 'H NMR spectrum of 3ay,,
in [Ds]acetonitrile agrees well with
the pseudo-D,-symmetric structure
determined by X-ray crystallo-
graphic analysis in the solid state.
The signals for the aromatic hydro-
gen atoms labeled 1 and k on the
terminal benzene ring A were shifted
upfield to a considerable extent from
their positions in the '"H NMR spec-
trum of 6a as a result of the ring-
current effect of the benzene rings
in the other strand (Figure 2a,b).>"
Moreover, significant upfield shifts
of the signals due to the porphyrin
hydrogen atoms in the 'HNMR
spectrum (Figure 2a,b) and the
characteristic blue shift of the
Soret band in the absorption spec-
trum (see Figure S7a) suggested the
close proximity of the two linker
porphyrin rings of 3ay, """ Fur-
thermore, 2D COSY and ROESY
experiments showed clear cross-
peaks between the hydrogen atoms
on phenol ring A, those on the
meso-phenylene ring C, and the
porphyrin hydrogen atoms (see Fig-
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Figure 2. Partial 'H NMR spectra (500 MHz, RT, CD,CN, 0.5 mm) of
a) 6a, b) 3ay,, c) 3ay,,+G1 (0.5 equiv), d) 3ay,,+G1 (1 equiv), and
e) G1. For the full assignment of signals, see Figures S2-S6 in the
Supporting Information.

b) 3aNa2°91 38°

54°

ﬁ 17°

Figure 3. X-ray crystal structures of a) 3ay,, and b) 3ay,,G1. A right-
handed double-helical structure is depicted; all hydrogen atoms and
solvent molecules are omitted for clarity.

ures S4-S6). These cross-peaks indicated that the helicate
retains the intertwined double-stranded helical structure in
solution. Owing to the absence of Na' ions in the helicate
cavity, reversible changes due to an ion-triggered extension—
contraction motion®" were not observed in the 'H NMR
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spectrum of 3ay,, upon the sequential addition of [2.2.1]crypt-
and and Na*PF, .

The optical resolution of 3ay,, was then performed by
diastereomeric salt formation as reported previously.”*”!
Thus, the Na® cations were exchanged for enantiomerically
pure (R,R)- and (S,5)-7"-Br~ to yield the diastereomeric salts
(H)-3aykp)y7, and (—)-3aygs.7, respectively, as crystals
(Scheme 1; the prefixes (+) and (—) denote the signs of the
Cotton effect at 418 nm). The obtained diastereomers were
further converted into the corresponding enantiomers
through cation exchange with achiral tetrabutylammonium
bromide (TBA™' Br") to afford a pair of enantiomers (+)- and
(—)-3args,. The eevalues of (+)- and (—)-3apgs, were
determined to be above 99% on the basis of the 'H NMR
spectra of the enantiomers in the presence of (1R,2S)-N-
benzyl-N-methylephedrinium bromide as a chiral shift
reagent (see Figure S8).

The enantiomers (4)- and (—)-3agg,, showed perfectly
mirror imaged CD spectra in the m-phenylene (200-330 nm)
and characteristic porphyrin chromophore regions (the Soret
band and Q bands centered at 418 and 503, 539, 576, and
631 nm, respectively) in CH;CN (Figure 4). Interestingly, (+)-
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Figure 4. CD and absorption spectra (CH;CN, 0.02 mm, 25°C) of
(4)-3arga, (—)-3amsa, (+)-3args,G1, and (—)-3arps,G1. The inset CD
spectra were measured at a concentration of 0.5 mm.

and (—)-3agg,, exhibited positive and negative bisignate
Cotton effects, respectively, centered close to the maximum of
the porphyrin Soret band. These Cotton effects enabled us to
determine the twist sense of the bisporphyrins on the basis of
the exciton-coupled CD method:">'¥! the two linker porphy-
rin rings of (4)- and (—)-3aqp,, are probably twisted with
clockwise and counterclockwise orientations, respectively,
with respect to the two meso—meso porphyrin axes (Fig-
ure 3a). If this conclusion is correct, the helical sense of
(4+)-3agga, and (—)-3agg,, can be further rationally assigned
as left- and right-handed, respectively, on the basis of the
molecular structure determined by X-ray crystallography for
the racemate of 3ay,, (Figure 3a).

Next, we investigated the ability of the bisporphyrin-
linked helicate to include aromatic guests and explored the
possibility of further unidirectional dual motions triggered by
guest intercalation between the porphyrin units by the use of
NMR, absorption, CD, and fluorescence spectroscopy and X-

Angew. Chem. Int. Ed. 2013, 52, 1-6
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ray analysis. Upon the addition of an electron-deficient
aromatic guest G1 (0.5 equiv) to a solution of 3ay,, new
signals attributed to the formation of 3ay,, G1 appeared in the
'"H NMR spectrum (Figure 2¢). The further addition of G1
(1.0 equiv) quantitatively produced the 1:1 inclusion complex
3ay,,G1 (Figure 2d). The signal for G1 was significantly
shifted upfield from 8.8 to 3.9 ppm after encapsulation in the
bisporphyrin cavity owing to the ring-current effect of the
bisporphyrin (Figure 2d,e).’*¢) The formation of the 1:1
complex 3ay,, G1 was also confirmed by ESI mass spectrom-
etry (see Figure S1b) and a continuous variation plot (Job
plot; see Figure S9a). The fluorescence titration data com-
bined with the Job plot provided a remarkably high associ-
ation constant (K, =(2.2£0.3) x10°m™") of 3ay,, with G1in
CH,CN at 25°C (see Figure $9).' The analogous electron-
deficient aromatic guest G2 was also included between the
porphyrins of 3ay,, by intercalation with a smaller K, value
((2.540.2) x 10°m'; see Figure S10 and S11). The absorption
and fluorescence spectra of the complexes of G1 and G2 with
3ay,, in CH;CN also provided evidence for the formation of
sandwich complexes, which showed a characteristic hypo-
chromic effect (see Figures S7a and S10a) and efficient
quenching of the fluorescence of the emissive aromatic guests
(see Figures S7b,c and S10b,c), as anticipated. These charac-
teristics enable the naked-eye sensing of these aromatic
compounds.”*™ The helicate complexed with ammonium
cations, 3agg,,, also formed a similar sandwich complex with
G1, as evidenced by its hypochromic effect and fluorescence
quenching (see Figure S12).

Further detailed analysis of the inclusion complex
3ay, Gl by X-ray crystallography (Figure3b) and 2D
COSY and ROESY spectroscopy (see Figure S13-S18)
revealed remarkable changes in the helical 3ay,, structure
as a result of anisotropic rotary and twisting motions induced
by guest intercalation. X-ray crystallographic analysis showed
that the bisporphyrins sandwiched G1 in a parallel fashion
through face-to-face stacking interactions. As a result, the
distance between the porphyrin rings in the cavity expanded
from 4.1 to 6.8 A. This expansion was accompanied by
a rotation of the porphyrin rings in one direction to give
a smaller torsion angle of 54° with respect to the two meso—
meso porphyrin axes (Figure 3). At the same time, guest
intercalation caused steric strain in the spiroborate helix; this
strain could be alleviated by unidirectional unwinding of the
helix to reduce the twist angle from 368 to 330°. These
molecular motions, however, brought about hardly any
contraction and extension motion: the spiroborate helicate
contracted slightly in length to a B-B distance of 15.0 A (from
15.4 A; Figure 3). In other words, in the case of the right-
handed double-stranded helicate (—)-3aggs, or (—)-3ay,,
guest insertion causes right-handed twisting of the spirobo-
rate helix by 38° along with counterclockwise rotation of the
bisporphyrin orientation by 17° (see Figures 1c¢ and 3). Thus,
guest encapsulation triggers unique unidirectional dual rotary
and twisting motions along the mutually orthogonal axes of
the double-stranded helicate through expansion of the
bisporphyrin cavity.

The 2D COSY and ROESY experiments also supported
the sandwich structure of 3ay,, G1l, which retained the

Angew. Chem. Int. Ed. 2013, 52, 1-6
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intertwined, double-stranded helical structure (see Figur-
es S13-S18), as evidenced by the clear ROE cross-peaks
between the proton signal for the guest (x) and the proton
signals for hydrogen atom g on meso-phenylene ring C and
the porphyrin hydrogen atoms b’ and ¢'.

We anticipated that guest encapsulation and the subse-
quent unidirectional dual rotary and twisting motions would
induce chiroptical changes in the helicate on the basis of the
crystal structures of 3ay,, and 3ay, Gl In fact, the CD
spectra of left-handed helical (+)- and right-handed helical
(—)-3arga,"G1 were different from those of (4)- and (—)-
3ayg,,, respectively. In particular, the Cotton effect intensities
around the Soret band and the m-phenylene chromophore
regions were significantly and cooperatively enhanced upon
sandwich formation with G1, since the rotary motion of the
porphyrin rings in one direction led to exciton coupling and
a unidirectional twisting of the spiroborate helicate
(Figure 4). Similar guest-induced chiroptical changes were
observed for (4+)- and (—)-3a;34,G2 (see Figure S10d),
although the CD spectral changes were not significant.

In summary, we found unprecedented unidirectional dual
rotary and twisting motions induced by guest encapsulation in
a porphyrin-linked, double-stranded spiroborate helicate.
Detailed structural analysis of the helicate before and after
guest inclusion by X-ray crystallography and 2D NMR
spectroscopy unraveled the molecular and mechanistic details
of the unique dual motions: the linker porphyrins sandwich an
electron-deficient aromatic guest, which triggers the rotary
motion of the porphyrin rings in one direction; this rotary
motion is coupled with a unidirectional twisting motion of the
spiroborate helix. The helicate is fluorescent and can be
readily resolved into optically pure enantiomers. Therefore, it
offers significant potential for the development of chirality-
responsive molecular machines with functions such as asym-
metric catalysis and chiral sensing:!"! its unique unidirectional
rotary and twisting motions would be triggered by the
inclusion of the chiral guests.
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