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Switching of Optical Activity in Oligosilane through pH-Responsive
Chiral Wrapping with Amylose
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ABSTRACT: The chiral supramolecular complexation between amylose and oligosilane can be reversibly
controlled by changing the pH, leading to a switching of the optical activity. Further, the induction of optical
activity in oligosilane, synchronized with the supramolecular complexation, is reversible, as shown by data from
pH cycling experiments.

Introduction

Control of the chirality of molecules is an important topic in hﬁ____-—;;
chemistry. Chirality is observed at different hierarchical lev- _—
els: from molecular to macromolecular and supramolecular
systems. In recent years, research into the design and synthesis
of optically active macro- and supramolecules has advanced and Optical activity Optical activity
has promoted great interest in their relationship with biological "OFF" "ON"
phenomena and in their potential application in materials o _ _ _
science, including as chiral selectors for separation, as catalystsg'gure 1. Schematic illustration of pH-dependent diastereoselective
as adsorbents, and, especially, as chiroptical matérigts. upramolecular complexation with a helical polymer.
g?i??i?:’g O(I:Q(I:ﬁless"fpégmf ;F%L?;gﬁig?;’nbzzgesggﬁigLizetr;CSel mixed-C columns calibrated using a polystyrene standard with

th lecular chirality th h diast lecti a DMACc/5% LiCl solution as the eluent. X-ray diffraction patterns
e supramolecular chirality through diastereoselective SUpramo-ere recorded using a Rigaku RAXIS-lic X-ray diffractometer. UV

lecular interactions with the chiral molecules. These arise due gpactra were recorded using an HP Agilent 8453 spectrometer. CD
to the induction of a helical conformation of preferred chirality spectra were obtained using a JASCO J-820 spectrometer using 1
as a result of the interacticnin designing new functional  cm quartz cells, with the following scanning conditions: scan rate
materials, the control of chirality in response to an external = 50 nm/min; bandwidth= 2.0 nm; response time 1 s; and
stimulus, such as temperature, pH, and solvent, is particularly number of accumulations: 2.

interesting®* Such systems would mimic biological phenomena  Materials. All the solvents and reagents used were of reagent
and provide chiroptical materials for switching and memory grade, purchased from commercial sources, and used without further
devices? In this work, we discuss a unique system exhibiting a purification unless otherwise noted below. The amylose used was
pH-responsive switching of optical activity. This is based on ©Ptained from Aldrich Chemicals. The number-average molecular
the molecular communication through a supramolecular com- weight (Mn) and the polydispersity indesM,/My) of the amylose

lexation bet helical ool d t lecul wereM, = 5.8 x 10* and 1.7, respectively. The permethylhexasi-
piexation between a helical polymer and a guest molecule, asj,,q (PMHS) used was prepared according to a previously reported
illustrated in Figure 1. A change in pH of the medium causes

o . ; proceduré. The water used was purified using a Millipore Milli-Q
a significant conformational change of the host polymer, which, system.

depending on the pH value, results in either a supramolecular — jolecular Modeling. Monte Carlo searches for minimum-
complexation with the guest molecules to induce optical activity energy conformations were performed using the HyperCherh 7.5

or decomplexation leading to the loss of optical activity. and the AMBER force field software modeling packages.
Carboxymethylation of Amylose? Amylose (2.0 g) was dis-
Experimental Section solved in degasse2 N NaOH (40 mL) solution. A solution (60

mL) of NaOH (38.0 g) was then added to form a 10 N solution.
Subsequently, chloroacetic acid (0.94 g, 9.89 mmol) was added,
and the mixture stirred for 18 h to form a white precipitate. After
neutralization with HCI and filtration, the filtrate was dialyzed
against water for 6 days. Then, the solution was concentrated and
freeze-dried to give partially carboxymethylated amylose (CMA)

X ; as a white powder (1.52 g, 76%). The degree of substitution (DS)
were recorded using a Shimadzu GC-8A chromatograph. Cross-yas found to be DS= 0.36 based on data obtained on titration of

polarization magic angle spinning (CP-MAST and298_i NMR . a solution of the sample in 0.01 M NaOH(aq) with a standard
spectra were measured at 67 and 53.5 MHz, respectively, Using agq|ution of 0.01 M HCl(aq).

JEOL Excalibur 270 spectrometer. Gel permeation chromatography
was performed using a Shimadzu LC 10 HPLC equipped with PL-

Measurements 1H, 13C, and?°Si NMR spectra were recorded
using a Bruker DPX 300 FT-NMR spectrometer at 300, 75.4, and
59.6 MHz, respectively. ThéH and 13C chemical shifts were
referenced to solvent residuedd( 6 = 7.24 ppm and<C, 6 =
77.0 ppm for CDGJ). The?°Si chemical shift was referenced to an
external MgSi (0 ppm) reference. Gadiquid chromatography data

Inclusion Complex with CMA and PMHS. A typical example
of complex formation is as follows (pH 8.3). A mixture of
carboxymethylated amylose (CMA, 1.46 mg, 80102 mmol

* Corresponding author: e-mail sanji@res.titech.ac.jp, m.tanaka@ glucose unit) in agueous NaOH solution (1x010™* M, 5 mL)
res.titech.ac.jp; Tel and Fax+81-45-924-5279. was dispersed ultrasonically for 3 min and then stirred for 1 h.
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Figure 2. Chemical structures of the host (carboxymethylated amylose, < 05
CMA) and guest (permethylhexasilane, PMHS) molecules.

PMHS (0.19 mg, 5.0< 10~4 mmol) was then added to the aqueous 0
solution. The mixture was dispersed ultrasonically for 5 min and T 1 T
then stirred at room temperature for 2 h. After the addition of hexane 200 250 300 350 400
(3 mL) to extract the noncomplexed oligosilane remaining in the
reaction mixture, the aqueous layer and the hexane layer were .,
subjected to spectroscopic measurements. The percentage of
noncomplexed PMHS extracted from the aqueous layer to the
hexane layer was calculated from the absorbance data based on
the molar absorptivity of PMHS in hexane. The pH of the aqueous
layer was monitored using a pH meter.

To isolate the complex, an aqueous NaOH solution ¢ 104
N) of CMA (154 mg, 0.844 mmol) and PMHS (21 mg, 0.055 mmol) -
was dispersed ultrasonically for 5 min, and then the mixture was °
stirred at room temperature for 7 days. The white precipitate product
was collected by centrifugation, washed with water, and then
washed with THF. The residue was dried under vacuum to give
the complex as white powder (94 mg, 54%).

pH Cycling Experiments. A stock solution of CMA (7.31 mg,
4.0 x 1072 mmol glucose unit) and PMHS (0.95 mg, 265103
mmol) in aqueous HCI solution (5.8 104 M, 5.0 mL) was 0 e e
prepared following the procedure described abévé mL aliquot 5 7 9
of the stock solution was diluted to 5 mL with water. The mixture
was allowed to stand overnight and was then subjected to
spectroscopic measurements (cycleA3 mL aliquot of the stock

i i 3
solution was added to aqueous NaOH solution .007% M, 3.0 [CMA] = 1.6 x 10-3 M, [PMHS] = 1.0 x 10-* M. (b) Plots of the

mL), and the mixture was stirred at room temperature for 2 h. A2 jep inensity at 265 nm and percentage recovery of noncomplexed
mL aliquot of the mixture was then diluted to 5 mL with water.  ppHs extracted from the aqueous layer into hexane as a function of
The mixture was allowed to stand overnight and was subjected to pH.

spectroscopic measurements (cycle 2). In a further pH cycle
experiment, the aqueous solution was adjusted to be either acidic 1.0
(pH =~ 5.5) or basic (pHx 8.0) using aqueous HCI solution (10

1073, 5.0 mL) or aqueous NaOH solution (10 1073 M). The
mixtures were then diluted to 5 mL with water and allowed to stand
overnight, and they were then subjected to spectroscopic measure-
ments. The pH of the aqueous layer was monitored using a pH
meter. The pH of the solution was changed in the range=pH
4—9 because the oligosilane can cleave under strongly acidic or
basic conditions outside this pH region.

Job Plots and Estimation of the Association Constants.
Aqueous solutions of CMA and PMHS were mixed to prepare
samples with various mole fractions of CMA (pH 7.0). After
the addition of hexane to extract any noncomplexed PMHS
remaining in the mixture, the aqueous layer and the hexane layer
were subjected to spectroscopic measurements &C26 obtain 0 ‘ ‘ ‘ ' ‘
Job plots of the complex. The association constant was estimated 1 2 3 4 5
by fitting the observed data to the changes in absorption spectra Cycle
on titrating the PMHS solution with CMA using a theoretical model

assuming _the formation of a 1:1 complex, where the molar Figure 4. Change in the CD intensity at 265 nm of a mixture of CMA
concentration was based on #61,4-0-glucopyranose repeating  ang PMHS in an aqueous solution upon pH changes between acidic
units?° (pH ~ 5.5,0) and basic (pHv 8.0, ®) conditions. [CMA]= 1.6 x

102 M, [PMHS] = 1.0 x 10 M.

(b)
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Figure 3. (a) pH-dependent UV and circular dichroism (CD) spectra
of a mixture of CMA and permethylhexasilane in aqueous solution.
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Results and Discussion

Among a number of polymers that can adopt ordered helical solution, where the predominant conformation is sensitive to
conformations, we chose amylose as the host polymer. Amylosethe pH and the solvent compositiéhwith an appropriate guest
is composed ofr-1,4-linkages between-glucopyranose resi-  molecule, amylose can form inclusion complexes as a result of
dues!! as shown in Figure 2. Amylose exists either as a random hydrophobic interactions with the guest molecule confined
coil or as an interrupted loose left-handed helix in an aqueous within the helical cavitied? In our experiments, we usegDV
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] Figure 6. Energy-minimized model based on the AMBER force field

2.0 - for an inclusion complex of PMHS with an amylose fragment containing
1 16 repeatingr-1,4-0-glucopyranose residues. The carbon, oxygen, and

silicon atoms are shown in blue, red, and yellow, respectively. The

5 1 a hydrogen atoms have been omitted for clarity.
| . the aqueous layer and the hexane layer were subjected to
3 10 spectroscopic measurements.

Figure 3 shows the UV and circular dichroism (CD) spectra
] of the resulting aqueous solutions at different pH values and
0.5 plots of the induced circular dichroism (ICD) intensity at 265
] nm and the percentage of noncomplexed PMHS extracted from
the reaction mixture into hexane as a function of pH. At low

0 fror—r—"r"r"—"—"—"F"—"—""r+—" pH, the UV absorption and Cotton signal of the aqueous solution
0 1 2 3 4 were very weak, but the hexane layer showed an absorption
[CMA] (x10° M™") band occurring at 260 nm, indicating that most of the oligosilane

charged with CMA remained in the noncomplexed state in the
Figure 5. (a) Job plot of the change of the CD spectrum showing the acidic agueous medium and was extracted to the hexane layer.
stoichiometry of the complexation of CMA and PHMS under neutral However, at neutral and alkaline pH values up to#t9, the
conditions in HO. The CD intensity at 265 nm for the plot. [CMA} agueous solution exhibited a broad UV absorption around 260

[PMHS] = 1.7 mM. (b) UV titration data in kD at 25°C (pH 7.0), it ; ;

monitored at 265 NMAA = Ay — Anex, WhereA, is the absorbance of nm ?}nd S\yosgtlve Qotton ?]I.grl_:a! n tI:]e same vyavefletdr;gth*range
total amount of PMHS used for the titration experiment Ang is the as the absorption, which Is characteristic of weo*
absorption of the noncomplexed PMHS in the hexane layer. transition of the oligosilane main chain. PMHS is insoluble in

aqueous solutions, and PMHS itself does not show any CD

partially carboxymethylated amylose (CMA) to increase the signal. Accordingly, these spectral characteristics of the aqueous
solubility of the resulting inclusion complex in water. On the layer demonstrate that a supramolecular complex had formed
other hand, permethylhexasilane (PMHS) was chosen as theand that a preferential helical conformation had been induced
guest molecule because oligosilanes show absorption in the Uvon the oligosilane chain residing in the helical channel of the
region due to thes-bond conjugation along the main chain, CMA as a result of complexation with the chiral helical host
which is extremely sensitive to the conformatidit® Recently, under the experimental conditions used. Thus, the abrupt change
we have observed the induction of a preferential helical in optical activity of the oligosilane at a critical pH value is
conformation of the main chain of oligosilanes within the helical associated with supramolecular complexation with the CMA,
channel of a polysaccharide, where the helical sense of the guesvhose conformation is pH-dependent.
molecule was controlled by its wrapping in either the left- or ~ The dissymmetry ratio of the complegans(= Aele),*® which
the right-handed helical sense conformation of the host poly- is usually used to characterize helical structures, such as right-
mer16.17 Shinkai and co-workers have also reported on su- and left-handed helix populations, was weakps= 1.5 x 1075,
pramolecular chiral complexes between polysaccharides and pH Cycling Experiments. Interestingly, the induction of
water-soluble polythiopherfé. optical activity in oligosilane synchronized with the supramo-

pH-Dependent Complexation of Amylose and Oligosilane lecular complexation was reversible, as shown by data from
The pH-dependent complexation of amylose and oligosilane waspH cycling experiments (Figure 4). When the pH of the aqueous
examined. In a typical experiment, a mixture of CMA and solution was adjusted to pH 8, the ICD signal appeared at
PMHS in an aqueous medium adjusted to an appropriate pH265 nm, but the signal faded on acidification to pt+b.5. This
value was dispersed ultrasonically and then stirred at room CD spectral change on changing the pH could be repeated
temperature. After the addition of hexane to extract any without observing any significant change in the intensity of the
noncomplexed oligosilane remaining in the reaction mixture, CD signal. The pH-dependent optical activity stems fromgﬁv
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reversible conformational change of the CMA host. Such a pH Gellman, S. HAcc. Chem. Red.998 31, 173-180. (e) Fujiki, M.J.
swing cycle is envisioned to be repeatable for even more times _ Am- Chem. Sod994 116, 11976-11977.

- - : (3) (a) Dolain, C.; Maurizot, V.; Huc, IAngew. Chem., Int. EQ2003
in the pH range where both the CMA and the oligosilane are 42, 2738-2740. (b) Kolomiets, E - Berl, V.: Odriozola, I.; Stadler,

stable and do not lose any structural integrity. A.-M.; Kyritsakas, N.; Lehn, J.-MChem. Commur2003 2868~
Identification of the Amylose—Oligosilane Complex.To 3382'2(‘6)2?""5332 A(d_)Ms'; Kéms,?kf’ N-d? '—e}?”r d-'hde“;jléomm‘f”-

. . . . anda, r.; lerada, K.; Mlasuda. cromol-
confirm the st_ructure of the amylose_llgosﬂane (_:omplex, the ecules2005 38.8149-8154. (e) Yang, S. Y.: Green, M. M.. Schultz,

complex was isolated and characterized. A variety of spectros- G.: Jha, S. K.: Miler, A. H. E.J. Am. Chem. So4997, 119, 12404~

copic technigues were examined; however, it was not possible 12405. _ _
to carry out NMR measurements in solution because of the (4) (&) Huang, F.; Switek, K. A.; Gibson, H. V€hem. Commur2005

) e ; 3655-3657. (b) Ashton, P. R.; Ballardini, R.; Balzani, V.; Baxter, |.;
complex’s solubility in HO (up to concentrations of ca. 10 Credi, A.: Fyfe. T.. Gandolfi, M. T.: Gomez-Lopez, M. M. Martinéz-

M). For example, a powder X-ray diffraction study demonstrated Diaz, M.-V.; Piersanti, A.; Spencer, N.; Stoddart, J. F.; Venturi, M.;
that an intense reflection pattern was observed6at=216°, White,?.)J. P.; Williams, D. JJ. Am. Cr%em. So0d998 120, 11932~

; . _ 11942. (c) Lee, J. W.; Kim, K.; Kim, KChem. Commur2001, 1042-
Wh'ch VZV(?S similar to t'hat reported for a gomplexpt:yclo 1043. (d) Elizarov, A. M.; Chiu, S.-H.; Stoddart, J.F.Org. Chem.
dextrin?® a macro_cycllc r_m_)!ecule consisting of eightl,4- 2002, 67, 9175-9181. (€) Choi, H. S.; Huh, K. M.; Ooya, T.; Yui, N.
glucopyranose units, exhibiting a channel-type structure. These J. Am. Chem. So@003 125, 6350-6351. (f) Tang, H.-Z.; Boyle, P
data suggest that the amylose is probably in thdeical © '(3) Novak, B. M.J. Am. Chem. 30;;?005 127, 2136;]2142-

; N ; ; 5) (a) Jong, J. J. D.; Lucas, L. N.; Kellogg, R. M.; Esch, J. H.; Feringa,

structure (eight.-D glucopyrinose resides per turn), with a cross B. L. Science2004 304, 278-281. (b) Yasutomi, S.: Morita, T.:
section diameter of 8:59 A, necessary for fitting into the Kimura, S.J. Am. Chem. So@005 127, 1456414565,

sequential size of the dimethylsilylene units of PMHS (ca. 6 (6) Sun, Y.-P.; Michl, JJ. Am. Chem. Sod.992 114, 8186-8190.
A). Indeed, mixing PMHS ang-cyclodextrin affords a pseudo- (7) HyperChem, Hypercube, Inc., 1115 NW 4th Street, Gainesville, FL
rotaxane-type complex, in which a PMHS molecule forms a 32601. _ _
thread between twe-cyclodextrin molecules, and the spectral  (8) AMBER force field for polysaccharide. See: Homans, S. W.
features, as well as UV and CD spectra, are almost the same as Biochemistry199Q 29, 9110-9118.
’ ’ (9) Wulff, G.; Steinert, A.; Hder, O. Carbohydr. Res1998 307, 19—

those observed for the amylose complex abdve. 31

Spectroscopic titration and Job plots of the solutions at pH (10) (a) VanEtten, R. L.; Sebastian, J. F.; Clowes, G. A.; Bender, M. L.
= 7 suggest that PMHS forms a stable 1:1 inclusion complex '_?{’;]-e%huerg-ls_%deggz j?vsiztgziﬁgfn3-éﬁzi§nf“t§h”{§ s;oig'hl%ffif-?
with 16 amylose repeating units Wlth an association constant, 1713. (c) WUIff, G.; Avgenaki, G.; Guzmann, M. S. P.Cereal Sci.
Kassoe Of Kassoc= 1.9 x 10° M~ (Figure 5). 2005 41, 239-249.

According to molecular mechanics of our simple model for (11) (a) Hinrichs, W.; Bttner, G.; Steifa, M.; Betzel, C.; Zabel, V.

s : Pfannenilier, B.; Saenger, WSciencel 987 205 205-208. (b) Wulff,
PMHS and an amylose fragment containing 16 repeatiigi- B KUBK S Makrolme Chom1962 195 16701060 ((c; Nimz,

D-glucopyranose units, the amylose fragment adopts, defi8 0.; Gessler, K.; Usw, |.; Sheldrick, G. M.; Saenger, arbohydr.
handed helical conformation by wrapping around the PMHS Res.2004 339, 1427-1437.
acting as an axle (Figure 6). In the helical cavity created by the (12) (a) Doppert, H. L.; Staverman, A. J. Polym. Sci., Part A1966 4,

; ; ; ; 2353-2366. (b) Patel, J. R.; Patel, R. Biopolymersl971, 10, 839~
amylose wrapping, the PMHS main chain assumes a twisted 848. (c) Senior, M. B.; Hamori, EBBiopolymersL973 12, 65—78. (d)

conformation with a StSi torsion angle of about 185 Dubin, P. L.; Brant, D. A.Macromoleculesl975 8, 831—842. (e)
Cheetham, N. W. H.; Tao, LCarbohydr. Polym1998 35, 287—
Conclusions 295. (f) Nakanishi, Y.; Norisuye, T.; Teramoto, A.; Kitamura, S.

) Macromolecules1993 26, 4220-4225.
We have demonstrated the reversible supramolecular com-(13) (a) Star, A.; Steuerman, D. W.; Heath, J. R.; Stoddart, Angew.

plexation between amylose and oligosilane displaying a pH- Slh\tlevm-,gnt-_EgZOngﬁlll, 2508;25ElZB(b)kll<im, LOHJKAJe'é]H Baldgvin,

: H H R i : . ., KOOI, S.; Penrsson, F. E.; buckley, L.J.Am. em. S0cC.
deper)dent syw_tch_mg Qf thg optical activity. Further, the induction 2003 125 4426-4427, (c) Kadokawa, J.. Kaneko, Y.. Tagaya, H.:
of optical activity in oligosilane synchronized with the supramo- Chiba, K.Chem. Commur2001, 449-450.

lecular complexation was reversible, as shown by data from (14) (a) Miller, R. D.; Michl, J.Chem. Re. 1989 89, 1359-1410. (b)
pH cycling experiments. The present system provides a new Tsuji, H.; Terada, M.; Toshimitsu, A.; Tamao, B. Am. Chem. Soc.

and simple approach to the design of new chiral materials and(lS) %g;’fﬂii;gs“eg‘_gi%ond K. Rasbe. P. A Michl. 2. Am

prowdes.a gpod illustration of chirality control with molecular Chem. Soc1997 119, 6682-6683. (b) Fujiki. M.J. Am. Chem. Soc.

communication. 2000Q 122 3336-3343. (c) Tamao, K.; Tsuji, H.; Terada, M.; Asahara,
M.; Yamaguchi, SAngew. Chem., Int. EQ00Q 39, 3287-3290. (d)
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