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The helix is a central structural motif for biological macromol- heie | B 3 Helix Inversion
ecules such as DNA and proteins that adopt a right-handed double Ho 'ﬂducfz"“” Heating
helix and aro-helix, respectively, because of the homochirality of OH(H"’“ - ...W"
their components. However, the right-handed helices are not uni- o, s
versal and can be transformed into an opposite left-handed helix poly-1 Lefthanded el Right-haded helbx|
regulated by external stimuli, as observed in natural and artificial Optonty e -3 Memoryof 3
DNAs and polypeptides.Since the discovery of the biological Y o] | ey k2

helicity inversion, chemists have been interested in controlling and T 1 '—‘|—~..

switching the helicity of artificial (macro)molecules not only to : Hs%/% P ®

mimic biological helices but also for attractive applications in : NH,

materials science, chiral sensing, and molecular de¥itregrsion !

of the helical chirality has been thermally and photo- or electrochem- i
L

ically achieved in some optically active synthetic polynieaad

supramolecule$.The reversibly interconverting helices are not Fioure 1. Sehematic ilustration of induced handed helicity in opticall
) . . ; - igure 1. Schematic illustration of induced one-handed helicity in optically
mirror images (enantiomers), but diastereomers because OptlC"’l”yinactive poly4, helix inversion with temperature, and subsequent memory

active components are covalently bonded to the molecules, so thalyt the diastereomeric macromolecular helicity at different temperatures. A
one of the helices may be predominant under certain conditions. left-handed helical conformation of poly-induced by R)-2 at low

Here, we report an unexplored approach which produces both temperature reversibly changes into the opposite right-handed helix at high

mirror-image enantiomeric helices from the interconverting dia- €MPerature (A), and these diastereomeric helices of pale memorized
ic heli f | | based h | at different temperatures by replacement of fReZ with achiral3, resulting
stereomeric helices of a polyacetylene, based on the noncovalenty, e formation of enantiomeric mirror image helices of palyB). The

“helicity induction and chiral memotyoncept assisted by inver-  helix-senses of poly-are tentatively assigned on the basis of the Cotton
sion of the macromolecular helicity with temperature (Figure 1). effect signs of the induced CDs of analogous helical polyacetyfénes.
We previously reported that a right- or left-handed helicity
induced in optically inactive poly(phenylacetylene)s bearing a
carboxy or a phosphonate as the pendant by an optically active
amine can berhemorizetiwhen the amine is replaced by achiral
amines in dimethyl sulfoxide (DMS@)Accordingly, the opposite

enantiomeric helicity memory requires the opposite enantiomeric . . . .

amine, followed bytyreplace:nyentqwith achirarzmines. The chiral Présence of the (_:hlral amine c_omplexed with piiyherefore, their

memory of the self-assembled supramolecular structures has alsocD ar_1d absorption spectra differ fr_om on_e_an_otr_ler. WIS 265.

been achieved, but one of the enantiomers can be memorized fromused instead, polg-with the opposite helicity is induced, which

diastereomeric’ supramolecules undergoes a reversible inversion of the helicity by temperature
We synthesized a novalis-transoidal poly(phenylacetylene) (Figure S1 and Table S2 in the Supporting Informatiiye

. _assume that this specific inversion of the helicity may be governed
hgvmg a g)ulky phenyl phosphonate group gt the pendant (ho!y by a difference in the chiral twisting power between the chiral amine
Figure 1)% which formed a one-handed helix upon complexation

with chiral amines, such afi)-1-(1-naphthyl)ethylamine R)-2) a!:g t?e ‘:?Tgamr ;l)hfct)shphnodnactlehcllw_lraélty, V\r'g'%h fo:]c?s ﬂ:erﬁ‘mf ur
([(R-2])/[poly-1] = 2) in DMSO at 25°C, thus showing an induced gthe ah.'gl - or lefi-nande . e lepﬁ 'l gtr?| ete pj ature.
circular dichroism (ICD) in the polymer backbone region (Figure - o' c'é R)-amines, such asy-1-phenylethylamine ®)-4),
S ; S . . did not show such a temperature-induced inversion of the helicity
2a). CD titration experiments indicated that 1 equiv Bj-R is . V-1 and th | hibited th i d
enough to induce an almost single-handed helix in @olshowing In poly-1, and he complexes exnhibited the same positive secon

a full ICD. However, the ICD pattern dramatically changed with Cotton effect (esecond OVer the temperature range (2500 °C);

temperature and was inverted at 86 (Figure 2b and inset), the sign was the same as that of the pibiytR)-2 complex at high

. . . . temperature (Table S2).
accompanied by a change in the absorption spectra (Figure 2e,f). Tﬁe vibrat?onal CD)(VCD) and IR spectra provide strong

These spectral changes are completely reversible (Figure 2, inset), . o .
S ; . | . evidence of the pendant phosphonate chirality (Figure 3). The poly-
indicating inversion of the helicity of pol{-by temperature, despite 1—(R)-2 complex exhibits a positive couplet VCD in DMS@-at
' ERATO. JST. ca. 25°C in the P=0O stretching band region (1181260 cn?)

*Nagoya University. (Figure 3a, left), whose intensity significantly diminished at'@)

......................... i | Left-handed helix Right-handed helix

the noncovalent bonding interactions (Figure 1A). A similar
temperature-dependent inversion of helicity has been observed in
the covalent systems of helical polymérs.

The right- and left-handed helices of pdlyinduced at 25 and
65 °C are not enantiomers, but diastereomers because of the

5018 = J. AM. CHEM. SOC. 2005, 127, 5018-5019 10.1021/ja0509634 CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

20
] a:25°C (—)
) b: 65 °C (—)
. 10+ e: Memorized from a (—)
TE ] d: Memorized from b ()
E Y
L o]
5] _
= b &
-107 -0 §
- B
—20 - - o0 heating - 5 %
Je: (— e =]
1) g () h () %
30 '(.)9’( ,) l( ,) L,
310 400 500

Wavelength (nm)
Figure 2. Macromolecular helicity inversion of poly—(R)-2 complex with

from those before the memory because the absorption and CD
spectra differ from one another; the memory efficiency estimated
on the ICD values of the polg—(R)-2 or —(S-2 complex at 25
and 65°C as the base values was ca. 90% (Table?SRe memory
lasted for the extremely long time of over 1 month at ambient
temperature with a decrease in the CD intensity of 4. 6
Because of the unique feature of the dynamic helical doly-
even with a low enantiomeric excess (e€),can induce a
predominantly one-handed helix in paly?*-6bFor example, a 35%
ee of 2 induced an intense ICD in pol¥-similar to that of the
100% ee at 25C and the event at 6%C after inversion of the
helicity (Figure S2¥. The replacement of the nonracemic amine
with achiral3 produced the enantiomeric helices of pdlyvith a
high optical activity (Table S2). Consequently, both enantiomeric

temperature in DMSO, and the memory of the diastereomeric helices at helices can be produced from the dynamically diastereomeric helical

different temperatures. Shown are the CD spectra of faly-mg/mL)
with (R)-2 ([(R)-2)/[poly-1] = 2) at 25 (a, blue line) and 68C (b, green
line), and the isolated pol¢-from (a) (c, red solid line) and (b) (d, red
dotted line) by SEC fractionation using a DMSO solutiorB¢D.08 M) as

the mobile phase. Five equivalents ®fwas added to the poly—(R)-2
solution at 65°C before the SEC fractionation for (d). Absorption spectra
of poly-1 with (R)-2 in DMSO at 25 and 68C and the memorized poly-
from (a) and (b), in DMSO at 25C, are also shown in (e) (blue line), (f)
(green line), (g) (red line), and (h) (black dotted line), respectively. Inset

shows the temperature-dependent CD intensity (368 nm) changes of the

poly-1—(R)-2 complex; heating and cooling rates1 °C/min.
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Figure 3. VCD (a and b) and FT-IR spectra (c and d) of pdiy{R)-2
complex ([polyd] = 60 mg/mL, [R)-2)/[poly-1] = 5) in DMSO-ds at ca.

25 (a and c, blue lines) and ?C (b and d, green lines). All spectra were
measured in a 0.05 mm BaEell and collected fo2 h at aresolution of

4 cnrL. Note that the polyt—(R)-2 complex shows intense ICDs with the
opposite Cotton effect signs from one another in the main-chain chro-
mophore region (306500 nm) at 25 and 76C.

accompanied by a slight change in the IR spectra (Figure 3b,d).

These results indicate that the pendant phosphonate oflpisly-
quite optically active rich in either théR}- or (S-enantiomer with
(R)-2, which may determine the helix-sense of the pblgt low

polyacetylenes induced by a single enantiomer with a low optical

activity. The present results not only demonstrate this new

phenomenon but also will provide new approaches for the rational
design of novel switchable helical architectures and the construction
of new chiral materials in areas such as liquid crystals, chiral

selectors, and chiral sensdps:®

Acknowledgment. We thank H. Onouchi for his preliminary
experimental support.

Supporting Information Available: Experimental details (PDF)
and X-ray crystallographic data (CIF). This material is available free
of charge via the Internet at http:/pubs.acs.org.

References

(1) (a) Pohl, F. M.; Jovin, T. MJ. Mol. Biol. 1972 67, 375-396. (b) Toriumi,

H.; Saso, N.; Yasumoto, Y.; Sasaki, S.; Uematsidlym. J.1979 11,
977-981. (c) Watanabe, J.; Okamoto, S.; Satoh, K.; Sakajiri, K.; Furuya,
H.; Abe, A. Macromolecules996 29, 7084-7088.

(2) (a) Lehn, J. MSupramolecular Chemistr)yCH: Weinheim, Germany,

1995. (b) Nakano, T.; Okamoto, YChem. Re. 2001, 101, 4013-4038.

(c) Rowan, A. E.; Nolte, R. J. MAngew. Chem., Int. EA.998 37, 63—

68. (d) Green, M. M.; Peterson, N. C.; Sato, T.; Teramoto, A.; Cook, R.;
Lifson, S. Sciencel995 268 1860-1866. (e) Hill, D. J.; Mio, M. J.;
Prince, R. B.; Hughes, T. S.; Moore, J.Ghem. Re. 2001, 101, 3893~
4012.

(3) (a) Fujiki, M. J. Am. Chem. So@00Q 122, 3336-3343. (b) Mayer, S;
Maxein, G.; Zentel, RMacromolecule4998 31, 8522-8525. (c) Cheon,

K. S.; Selinger, J. V.; Green, M. MAngew. Chem., Int. EQ200Q 39,
1482-1485. (d) Langeveld-Voss, B. M. W.; Christiaans, M. P. T.; Janssen,
R. A. J.; Meijer, E. W.Macromolecules1998 31, 6702-6704.

(4) (a) Koumura, N. Zijlstra, R. W. J.; van Delden, R. A.; Harada, N.; Feringa,
B. L. Nature 1999 401, 152-155. (b) Zahn, S.; Canary, J. \Bcience
200Q 288 1404-1407.

(5) Yashima, E.; Maeda, K.; Nishimura, Them—Eur. J. 2004 10, 42—

: 51.
temperature. Upon heating, however, the pendant phosphonate may (6) () Maeda, K.: Morino, K. Okamoto, Y.: Sato, T.. Yashima,JEAM.

racemize or exist as the achiral form due to the resonance effect of

the P-OH and P=0O groups. Therefore, the chirality of the amine
(R)-2 will, in turn, determine the helix-sense of the pdlyresulting

in inversion of the helicity and the Cotton effect signs at high
temperature. The corresponding monorheomplexed with R)-2
showed no VCD in the region, indicating no asymmetric induction
in the monomer level? Moreover, the fact that a positive couplet
VCD in the main-chain related vibration region (132BL50 cn1?)

of poly-1 at 25 °C completely changed to the opposite sign, a
negative couplet at 70C (Figure 3, right), also supports the
inversion of the helicity of polyt due to temperature.

The resulting diastereomeric right- and left-handed helices of
poly-1 obtained at 25 and 6% were successfully memorized when
the chiral amine was replaced by an achiral diamine such ats
those temperatures (Figure 18)The perfect mirror image Cotton
effects and identical absorption spectra of the isolated pslpy

Chem. Soc2004 126, 4329-4342. (b) Onouchi, H.; Kashiwagi, D.;
Hayashi, K.; Maeda, K.; Yashima, Blacromolecule004 37, 5495~
5503.

(7) (a) Furusho, Y.; Kimura, T.; Mizuno, Y.; Aida, T. Am. Chem. Soc.
1997 119 5267-5268. (b) Prins, L. J.; Jong, F. D.; Timmerman, P.;
Reinhoudt, D. NNature 200Q 408 181-184.

(8) The cis-transoidal poly-1 was prepared by the polymerization of the
corresponding monomef) with [Rh(nbd)CI}k (nbd = norbornadiene)
(100% yield); the number-average molecular weight and its distribution
were 2.3x 10° and 1.7, respectivel.

(9) For more details, see Supporting Information.

(10) The X-ray crystallographic analyses of the monothand a complex of
phenyl phenylphosphonate, a model compound of folyith (R)-2,
showed thatl chirally exists as a racemic mixture in the crystal, but the
model phosphonate becomes achiral when complexed Rjit& through
proton transfeP. Similar achiral phosphonates in the crystal have been
reportedt! but the chirality of the phosphonates in solution has not yet
been considerel.Consequently, asymmetric induction in the phosphonate
by chiral amines may be specific for dynamic helical polyacetylenes, such
as poly4, and may not occur in small molecular systems.

(11) Manabe, K.; Okamura, K.; Date, T.; Koga, K.Org. Chem1993 58,
6692-6700.

(12) Schug, K. A.; Lindner, WChem. Re. 2005 105 67—114.

size exclusion chromatography (SEC) indicate that the separated (13) Nilsson, K. P. R.; Olsson, J. D. M.; Konradsson, P.; Irgar@.

species indeed correspond to enantiomeric féfr{isigure 2c,d).
The memorized polyl- may have a different helical conformation

Macromolecule2004 37, 6316-6321.
JA0509634

J. AM. CHEM. SOC. = VOL. 127, NO. 14, 2005 5019



