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Abstract: A poly(phenylacetylene) bearing a phosphonic acid monoethyl ester as the pendant forms a
one-handed helical structure induced by an optically active amine, and this helicity can be “memorized”
after the amine is replaced by achiral diamines. The helicity memory lasts for an extremely long time but
spontaneously disappears after the achiral diamines are removed by a stronger acid, indicating the dynamic
nature of the helicity memory. Here we report that such a dynamic memory could be “stored” after the
pendant was converted to its methyl ester with diazomethane, resulting in the generation of a phosphorus
stereogenic center with optical activity. The esterification enantioselectively proceeded through chirality
transfer from the induced helical conformation or the helicity memory of the polyacetylene backbone.
Although the enantioselectivity was low, the pendant chirality was significantly amplified in the polymer
backbone at low temperatures, resulting in higher optical activity as an excess single-handed helix than
that expected from the enantiomeric excess of the pendants.

Introduction to chiroptical devices, enantioselective adsorbents, and catalysis.
In general, these receptors are achiral or dynamically racemic,
but chromophoric, so that upon noncovalent binding to a
nonracemic guest the chirality transforms to the receptors,
resulting in the generation of one of the enantiomeric twisted
or helical conformers, thus leading to a characteristic induced
circular dichroism (ICD) in the absorption region of the
 Nagoya University. receptors. The induced chirality or helicity in the receptors is
*ERATO, JST. . . o dynamic in nature but can be “memorized” in the specific
o e oot ia 188 by oo, He Shinods. sham re. " receptors when the guest is replaced by an achiral g
2002 102, 2389-2403. (c) Allenmark, SChirality 2003 15, 409-422. is a typical example of chiral amplification at the supramolecular
(d) Borovkov, V. V.; Hembury, G- A.; Inoue. ¥Acc. Chem. Re2004 level 1e6k7 However, the use of achiral guests is essential to

37, 449-459. (e) Yashima, E.; Maeda, K.; Nishimura,Chem—Eur. J.
2004 10, 42—51.

The detection and sensing of chirality at molecular and
supramolecular levels have attracted considerable interest in
recent year$,and a number of receptor molecufesupra-
molecules’ and z-conjugated macromolecufeshave been
developed for this purpose because they can be further applicabl

(2) (a) Kikuchi, Y.; Kobayashi, K.; Aoyama, Yd. Am. Chem. S0d992 114, (4) (a) Pu, LActa Polym1997 48, 116-141. (b) Maeda, K.; Yamamoto, N.;
1351-1358. (b) Morozumi, T.; Shinkai, 9. Chem. Soc., Chem. Commun. Okamoto, Y.Macromolecule4998 31, 5924-5926. (c) Strounina, E. V;
1994 1219-1220. (c) Mizutani, T.; Yagi, S.; Honmura, A.; Ogoshi, H. Kane-Maguire, L. A. P.; Wallace, G. Gynth. Met1999 106, 129-137.
Am. Chem. Socl996 118 5318-5319. (d) Tanaka, Y.; Murakami, Y.; (d) Nakashima, H.; Kobe, J. R.; Torimitsu, K.; Fujiki, M. Am. Chem.
Kiko, R. Chem. Commur2003 160-161. So0c.2001, 123 4847-4849. (e) Huang, J.; Egan, V. M.; Guo, H.; Yoon,

(3) For recent examples, see: (a) James, T. D.; Sandanayake, K. R. A. S.; J.-Y.; Briseno, A. L.; Rauda, I. E.; Garrell, R. L.; Knobler, C. M.; Zhou,
Shinkai, SAngew. Chem., Int. Ed. Endl996 35, 1911-1922. (b) Huang, F.; Kaner, R. BAdv. Mater.2003 15, 1158-1161. (f) Tabei, J.; Nomura,
X.; Rickman, B. H.; Borhan, B.; Berova, N.; Nakanishi, K.Am. Chem. R.; Sanda, F.; Masuda, Macromolecule003 36, 8603-8608.
So0c.1998 120, 6185-6186. (c) Borovkov, V. V.; Lintuluoto, J. M.; Fujiki, (5) (@) Lehn, J.-M.Supramolecular ChemistryWVCH: Weinheim, 1995.
M.; Inoue, Y.J. Am. Chem. So00Q 122 4403-4407. (d) Prince, R. B.; (b) Okamoto, Y.; Yashima, EAngew. Chem., Int. EAL998 37, 1020~
Barnes, S. A.; Moore, J. Sl. Am. Chem. So®00Q 122, 2758-2762. 1043. (c) Feringa, B. L.; van Delden, R. A.; Koumura, N.; Geertsema, E.
(e) Inai, Y.; Tagawa, K.; Takasu, A.; Hirabayashi, T.; Oshikawa, T.; M. Chem. Re. 200Q 100, 1789-1816. (d) Pease, A. R.; Jeppesen, J. O.;
Yamashita, MJ. Am. Chem. So@00Q 122, 11731-11732. (f) Proni, G.; Stoddart, J. F.; Luo, Y.; Collier, C. P.; Heath, J.&.c. Chem. Ref001],
Pescitelli, G.; Huang, X.; Quraishi, N. Q.; Nakanishi, K.; BerovaCKem. 34, 433-444. (e) Shinkai, S.; Ikeda, M.; Sugasaki, A.; Takeuchi,Adc.
Commun2002 1590-1591. (g) Fenniri, H.; Deng, B.-L.; Ribbe, A. B. Chem. Res2001, 34, 494-503. (f) Hill, D. J.; Mio, M. J.; Prince, R. B.;
Am. Chem. So002 124, 11064-11072. (h) Zhang, J.; Homes, A. E.; Hughes, T. S.; Moore, J. Ehem. Re. 2001, 101, 3893-4011. (g) Nakano,
Sharma, A.; Brooks, N. R.; Rarig, R. S.; Zubieta, J.; Canary, Xkitality T.; Okamoto, Y.Chem. Re. 2001, 101, 4013-4038. (h) Cornelissen, J. J.
2003 15, 180-189. (i) Guo, Y.-M.; Oike, H.; Aida, TJ. Am. Chem. Soc. L. M.; Rowan, A. E.; Nolte, R. J. M.; Sommerdijk, N. A. J. NChem.
2004 126, 716-717. (j) Inouye, M.; Wake, M.; Abe, HJ. Am. Chem. Rev. 2001, 101, 4039-4070. (i) Nakano, TJ. Chromatogr., 22001, 906,
S0c.2004 126, 2022-2027. 205-225. (j) Yashima, EAnal. Sci.2002 18, 3—6.
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Figure 1. Schematic illustration of helicity induction in poly-upon
complexation withR)-2 (a), memory of the induced macromolecular helicity
after replacement oR)-2 by achiral3 (b), and storage of the induced helicity
and helicity memory by enantioselective esterification with diazomethane

(c). The absolute configuration of the pendant phosphorus atom is tentatively

assigned taR (see text).

maintain the memory effect; in the absence of the achiral guest,

the memory will be los£:® Here we show that such a dynamic

phosphonate complexed withappears to be achiral because
of the resonance effect of the—®H and P=O groupst!
However, the further esterification with diazomethane results
in the generation of the phosphorus stereogenic center; therefore,
when the esterification could proceed enantioselectively, the
polymer might preserve the helicity memory (Figure 1), because
the pendant chirality can be significantly amplified in the
polymer backbone as greater excess of a single-handed helix
than that expected from the pendant chiralfty2

Results and Discussion

Enantioselective Esterification of Helical Poly-1 Induced
by Chiral Amines with Diazomethane. The methyl esterifi-
cation of the pendants was then performed for the helical
poly-1 induced by R)-2 ([poly-1] = 1.0 mg/mL, [R)-2)/
[poly-1] = 10) in DMSO by the addition of an ether solution
of diazomethan€:12 The esterification immediately proceeded,
yielding the corresponding methyl esters (pdb): The
IH NMR and elemental analysis indicated that the pendant
phosphonates were completely methylated and that $elyas
free from the chiral ligandR)-2 (see Supporting Information).

memory in a helical poly(phenylacetylene) bearing a phosphonic Figure 2A(a,c) shows the circular dichroism (CD) and absorption

acid monoethyl ester as the pendant (pbjyean be “stored
(saved)” by the further enantioselective esterification at the
polymer’s pendant assisted by helicity memory (Figure 1).
Our strategy for the storage of macromolecular helicity
memory is based on a unique feature of dynamic helical poly-
(phenylacetylene)s with functional groups for the amplification
of chirality with high cooperativity. For instance, poly©
formed a one-handed helix upon complexation with optically
pure R)-1-(1-naphthyl)ethylamine R)-2) and even with a
nonracemic, 40% enantiomeric excess (eedR rich) in
dimethyl sulfoxide (DMSO); both complexes exhibited a full
ICD in the polymer backbone region independent of the ee of
28 The molar ellipticity of the second Cotton effect
(Aeang(M~1cm1)) reachedt-16.9 ()/[poly-1] = 2). Moreover,
the induced helix remained when the optically active amine was
completely removed and replaced with achiral diamines such
as ethylenediamine3) in DMSO; the memory efficiency as
estimated on the basis of the,,q values before and after the
replacement ofRf)-2 with the achiral3 was 93%° The pendant

(6) For chirality memory effect in supramolecular chemistry, see: (a) Furusho,
Y.; Kimura, T.; Mizuno, Y.; Aida, T.J. Am. Chem. S04997, 119, 5267
5268. (b) Sugasaki, A.; Ikeda, M.; Takeuchi, M.; Robertson, A.; Shinkai,
S. J. Chem. Soc., Perkin Trans.1D99 3259-3264. (c) Prins, L. J.; de
Jong, F.; Timmerman, P.; Reinhoudt, D. Nature200Q 408 181—-184.

(d) Kubo, Y.; Ohno, T.; Yamanaka, J.; Tokita, T.; lida, T.; IshimaruJY.
Am. Chem. So001, 123 12700-12701. (e) Lauceri, R.; Raudino, A;
Scolaro, L. M.; Micali, N.; Purrello, RJ. Am. Chem. So€002 124, 894—

895. (f) Ishi-i, T.; Crego-Calama, M.; Timmerman, P.; Reinhoudt, D. N.;
Shinkai, S.J. Am. Chem. So2002 124, 14631-14641. For macro-
molecular helicity memory effect, see: (g) Yashima, E.; Maeda, K.;
Okamoto, Y.Nature 1999 399 449-451. (h) Maeda, K.; Morino, K.;
Okamoto, Y.; Sato, T.; Yashima, H. Am. Chem. So2004 126, 4329-
4342, (i) Onouchi, H.; Kashiwagi, D.; Hayashi, K.; Maeda, K.; Yashima,
E. Macromolecule®004 37, 5495-5503. For reviews of chiral memory
effects, see: (j) Purrello, RNat. Mater.2003 2, 216-217. (k) Mateos-
Timoneda, M. A.; Crego-Calama, M.; Reinhoudt, D. Ghem. Soc. Re
2004 33, 363-372.

Green, M. M.; Peterson, N. C.; Sato, T.; Teramoto, A.; Cook, R.; Lifson,
S. Sciencel995 268 1860-1866.

We recently reported that the induced helicity of poly(4-carboxyphenyl
isocyanide) with chiral amines remained after complete removal of the chiral
amines without the use of achiral amines, probably due to configurational
isomerization around the=EN double bonds of the polyisocyanide during
the helix formation. (a) Ishikawa, M.; Maeda, K.; Mitsutsuiji, Y.; Yashima,
E.J. Am. Chem. So@004 126, 732-733. (b) Ishikawa, M.; Taura, D.;
Maeda, K.; Yashima, EChem. Lett2004 33, 550-551. (c) Maeda, K.;
Ishikawa, M.; Yashima, EJ. Am. Chem. So004 126, 15161-15166.
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@

~ =

spectra of polydain methanol at 28C. Poly4aexhibited weak
but apparent Cotton effects in the WYVisible region of the
polymer backboneXesng= +2.2 (run 1 in Table 1)); the Cotton
effect pattern was similar to those of the helical palyxduced

by (R)-2 and poly4 with helicity memory assisted by achiral
3.5 Poly-4a showed no further increase in the Cotton effects
by the addition of excessRj-2. Moreover, the fact that the

(9) (a) Yashima, E.; Matsushima, T.; Okamoto, ¥ .Am. Chem. Sod.995
117,11596-11597. (b) Yashima, E.; Nimura, T.; Matsushima, T.; Okamoto,
Y. J. Am. Chem. So&996 118 9800-9801. (c) Yashima, E.; Matsushima,
T.; Okamoto, Y.J. Am. Chem. S0d.997, 119 6345-6359. (d) Saito, M.

A.; Maeda, K.; Onouchi, H.; Yashima, Elacromoleculef00Q 33, 4616-
4618. (e) Maeda, K.; Goto, H.; Yashima, Macromolecule2001, 34,
1160-1164. (f) Maeda, K.; Morino, K.; Yashima, H. Polym. Sci., Part

A: Polym. Chem2003 41, 3625-3631. (g) Ashida, Y.; Sato, T.; Morino,
K.; Maeda, K.; Okamoto, Y.; Yashima, Klacromolecule®003 36, 3345-
3350. (h) Nishimura, T.; Tsuchiya, K.; Ohsawa, S.; Maeda, K.; Yashima,
E.; Nakamura, Y.; Nishimura, J. Am. Chem. SoQ004 126, 11711
11717. For other optically active polyacetylenes, see: (i) Ciardelli, F.;
Lanzillo, S.; Pieroni, OMacromolecules 974 7, 174-179. (j) Tang, B.

Z.; Kotera, N.Macromoleculesl989 22, 4388-4390. (k) Moore, J. S.;
Gorman, C. B.; Grubbs, R. H. Am. Chem. S0d.991, 113 1704-1712.

(I) Yamaguchi, M.; Omata, K.; Hirama, MChem. Lett1992 2261-2262.

(m) Aoki, T.; Kokai, M.; Shinohara, K.; Oikawa, EChem. Lett.1993
2009-2012. (n) Nomura, R.; Fukushima, Y.; Nakako, H.; Masuda).T.
Am. Chem. So200Q 122 8830-8836. (0) Yashima, E.; Maeda, K.; Sato,
0.J. Am. Chem. So@001, 123 8159-8160. (p) Schenning, A. P. H. J.;
Fransen, M.; Meijer, E. WMacromol. Rapid Commur2002 23, 265-
270. (q) Percec, V.; Obata, M.; Rudick, J. G.; De, B. B.; Glodde, M.; Bera,
T. K.; Magonov, S. N.; Balagurusamy, V. S. K.; Heiney, P.JAPolym.
Sci., Part A: Polym. Chen2002 40, 3509-3533. For reviews of dynamic
helical polymers, see refs 1e, 5g, and 7 and: (r) Green, M. M.; Park, J.-
W.; Sato, T.; Teramoto, A.; Lifson, S.; Selinger, R. L. B.; Selinger, J. V.
Angew. Chem., Int. EAL999 38, 3138-3154. (s) Fujiki, M.Macromol.
Rapid Commun2001, 22, 539-563. (t) Nomura, R.; Nakako, H.; Masuda,
T. J. Mol. Catal. A2002 190, 197-205.

(10) Cis—transoid poly-1 was prepared by the polymerization of ethyl
(4-ethynylphenyl)phosphonaté)(with [Rh(cod}]BF, (cod = cycloocta-
diene) in water in the presence of sodium hydroxide at@0for 24 h
according to the previously reported method (see Supporting Informétion).
The stereoregularity of pol§-was examined byH NMR and laser Raman
spectroscopies and found to be almost compleie-transoid The
molecular weight ¥,) and the distribution NI,/M,) of poly-1 were
estimated to be 1.9 10* and 3.5, respectively, as its methyl ester by size
exclusion chromatography (SEC) with poly(ethylene oxide) and poly-
(ethylene glycol) standards in DMF containing 10 mM lithium chloride.

(11) (a) Manabe, K.; Okamura, K.; Date, T.; Koga,KAm. Chem. S04992
114, 6940-6941. (b) Manabe, K.; Okamura, K.; Date, T.; Koga,JKOrg.
Chem.1993 58, 6692-6700.

(12) (a) Hoffmann, M.; Wasielewski, QRoczniki Chem1976 50, 139-146.

(b) Macomber, R. SSynth. Commuril977, 7, 405-407. (c) Jankowski,
S.; Keglevich, G.; Nonas, T.; Forintos, H.; ®tka, M.; Rudzinski, J.
Tetrahedron2004 60, 2789-2797.
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Figure 2. (A) CD and absorption spectra of pofia (a) and poly4b (b) (1.0 mg/mL) in methanol at 25C obtained by esterification with diazomethane
of a helical poly1 induced by R)-2 and a helical polyt with helicity memory after isolation, respectively. The absorption spectrum of4mig-also shown

in (c). (B) Nonlinear effects between ICD values for second Cotton effect and percen€R dth, 10 equiv) in complexation with pol§-(1 mg/mL) in
DMSO at 25°C (a,®) and after esterification with diazomethane of helical pblyinduced by nonracemi2. The CD spectra of the resulting poawere
measured in methanol at 25 ®) and—10 °C (c, 2).

Table 1. Effect of Chiral Amines on Enantioselective Esterification of Induced Helical Poly-1 with Diazomethane

second Cotton effect (Aezyg (M2 cm~1))

run chiral amine? poly-1° poly-4a°
1 (R)-2 16.9 2.2
2 16.7 1.9
3 —16.4 —2.0
4 18.9 2.8
5 —15.6 —-2.1
6 —-17.8 2.2
7 18.4 1.8
LD
(R)-2 (1R,2S)-5 (5)-6 (1R,2S)-8

bInduced CD intensity of poly- (10 mg/mL) upon complexation with chiral amines in DMSO at ambient temperature (¢&C)25efore esterification;
[amine]/[poly-1] = 5. ¢ Reaction with diazomethane was performed in DMSO at ambient temperature. CD spectra were measured in metha@ol at 25
d[Poly-1] = 1 mg/mL and [amine]/[polyt] = 10.

optical activity of poly((4-phosphonophenyl)acetyléda)duced induced by a small amount oR}-2 and excess achiral amine.
by (R)-2 completely disappeared after the reaction with diazo- These results will be described later in detail.
methane in the presence dR){2, resulting in poly(dimethyl The enantioselective esterification results of helical pby-

(4-ethynylphenyl)phosphonate) bearing the achiral phosphonateinduced by other chiral amines in DMSO are summarized in

pendants, also supports the complete conversion of paty-  Table 1. When (R,2S)-cis-1-amino-2-indanol ((R,29)-5) was

poly-4a, and the optical activity of polya was concluded to  used for the helicity induction on poly-the Ae;ng value of the

be derived from the pendant chirality generated during the resulting poly4a in methanol slightly increased te-2.8 at

reaction with diazomethane. These results clearly indicate that25°C (run 4 in Table 1), but the enantioselectivityetnq value

the induced macromolecular helicity of palywas successfully  of poly-4a) appeared to be almost independent of the structures

stored in the poly(phenylacetylene) even after complete removalof the chiral amines used. The Cotton effect signs of [dgly-

of the chiral amine and that the helical chirality appears to play corresponding to the helix sense of pdlyinduced by the chiral

an important role in the enantioselective esterification, becauseamines depended on the configuration of the chiral amines

the esterification of the corresponding monom®rynder the used® which was maintained after the esterification reaction

same experimental conditions as palyesulted in the formation ~ with diazomethane, resulting in a helical petg-with the same

of completely racemic methyl esters (Supporting Informatidn).  helix sense as that of the induced helical pblyFherefore, a

The importance of the induced helical chirality for the enantio- helical poly- induced by §)-2 was converted to polga with

selective esterification was also supported by the nonlinear macromolecular helicity opposite that induced By- (runs 2

effects between the ICD intensity of polja and the ee of and 3 in Table 1). The effects of temperature and solvents during

for the helicity induction on polyt and a chiral amplification the enantioselective esterification of pdlywith diazomethane

effect on the enantioselective esterification of a helical goly- Were also investigated, but the enantioselectivity was not
significantly improved (see Supporting Information).

13) O4r1102uch| H.; Maeda, K.; Yashima, £.Am. Chem. So2001, 123 7441~ Nonlinear Effects in the Helicity Induction on Poly-1 with

(14) The methylation of-menthyl phenylphosphonate with diazomethane was Nonra_cemlc 2 and SUbsequem Storage of the He_hcal
also reported to yield 50:50 mixtures of the diastereomers; see ref 12c.  Chirality. We recently reported that the complex formation of

2962 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005
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poly-1 with nonracemi@ displayed a unique, positive nonlinear
relationship (chiral amplification or “majority rule”}°>between
the ee of2 and the ICD intensities of pol§; corresponding to
the helical sense excesses in DMSO, and 40% e whs
sufficient to induce a full ICD for polytS (Figure 2B(a)). The
excess enantiomers bound to the pblirduce an excess of a
single-handed helix despite its proportion, which results in a
more intense ICD than that expected from the e®.8f We
then performed the same esterification reaction for the helical
poly-1's induced by nonracemi2 (R rich) with different ee’s
(Figure 2B(b,c)). The resulting poa also exhibited similar
nonlinear effects. For instance, palgobtained from a helical
poly-1 induced by 40% ee o2 ((R)-2:(S-2 = 70:30) with

ARTICLES
16 p 4
a: (poly-1—(R)-2
L complex) + NMA |
:12 plex) 3 ~ O NH,
| [}
£ I c: poly-4a (—10 °C) 5 O
T L T
s 8 25
I A b: poly-4a (25 °C =
<y '
After esterification
0 ] I I [ 0
0 02 04 06 08 1.0 1.2

[NMA]/[poly-1]

diazomethane exhibited almost the same ICD intensity as thatfjgure 3. Results of chiral amplification in macromolecular helicity of

obtained from optically pureR)-2 even in the presence of the

poly-1 (1.0 mg/mL) induced byR)-2 ([(R)-2)/[poly-1] = 0.3) followed by

that the enantioselectivity is mainly controlled by the helical
chirality rather than the chirality of the bourg6.17

Chiral Amplification in the Macromolecular Helicity of
Poly-1 Assisted by Achiral Amine and Subsequent Storage
of the Helical Chirality. Previously, we demonstrated that a
slight excess of the one-handed helix sense of poly((4-
carboxyphenyl)acetylene) (PCPA) induced by a small amount
of chiral amines was significantly amplified by the coexistence
of achiral bulky amines, thus showing an increase in the ICD
magnitude of PCPA8 This can be considered a typical example
of the chiral amplification in a polymer through a noncovalent
interaction. The extent of macromolecular helicity amplification

in PCPA tended to increase with an increase in the bulkiness

of the achiral amines, and 1-naphthylmethylamine (NMA)
showed the highest chiral amplification in PCPA among the
achiral amines testéd.On the basis of these observations, we
carried out the same chiral amplification experiments according
to the previously reported methé8The esterification of the
helical poly4 induced by a small amount dR)-2 and an excess
achiral amine NMA with diazomethane was then performed.
In the presence of a small amount &){2 ([poly-1] = 1.0
mg/mL, [(R)-2]/[poly-1] = 0.3), polyl showed a very weak
ICD (Aezng = +1.1). TheAeong value was only ca. 1/15 of the
Aémax (+16.9) due to the lack of a single-handed helical
conformation of poly; that is, a small amount oRj}-2 bound
to poly-1 cannot induce the same helix on the major free
monomeric phosphonic acid units. However, the ICD intensity
of the poly1—(R)-2 complex ([R)-2)/[poly-1] = 0.3) increased
with the increasing concentration of achiral NMA and reached
a maximum value at [NMA]/[polyt] = 1.0 (Aezng = +15.7)
(Figure 3a). The ICD intensity was not time-dependent. These

results indicate that the slight excess of single-handed helical

chirality of poly-1 induced by a small amount oRJ-2 was
significantly amplified by the coexistence of excess achiral
amine to give polyt with almost the complete one-handed helix;

(15) Green, M. M.; Garetz, B. A.; Munoz, B.; Chang, H.; Hoke, S.; Cook, R.
G.J. Am. Chem. So0d.995 117, 4181-4182.

(16) There is another possibility to explain the positive nonlinear effect: the
helical polyd may act as ahiral filter to exclude one enantiomer for
nonracemic amines; in other words, the helical pblgnantioselectively
adsorbs one of the enantiomé&sHowever, this possibility was excluded
on the basis of the ee determination results of the bdutadpoly-1 (see
Supporting Information).

(17) For chiral amplification in asymmetric synthesis with nonracemic polypep-
tides as catalysts, see: Kelly, D. R.; Meek, A.; Roberts, S.QWlem.
Commun2004 2021-2022.

(18) Morino, K.; Watase, N.; Maeda, K.; Yashima, Ehem—Eur. J. 2004
10, 4703-4707.

reaction with diazomethaneO(and A). CD spectra of polya were
measured in methanol at 25 (®) and —10 °C (c, A).
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Figure 4. Plots of CD intensity at second Cotton effect of copolymers of
nonracemiel} (Rrich) versus percent ee of feed monomers. The CD spectra
were measured in methanol at 28)( —10 (©), and—95 °C (H).

the helix sense excess of the pdlywas 93% on the basis of
the Aemax Value.

The same enantioselective esterification was then performed
for helical polyl’s induced by a small amount oRJ-2 ([(R)-
2]/[poly-1] = 0.3) with an increasing amount of NMA (Figure
3b,c). TheAesng value of poly4a obtained from polyt with
0.3 equiv R)-2 was small (0.44 at 28C), but it significantly
increased with the increasing concentration of NMA; for
instance, poly4a obtained from a helical pol{-induced by 0.3
equiv R)-2 and 1.0 equiv NMA with diazomethane exhibited
Aeang= +1.4 at 25°C even in the presence of the achiral NMA
bound to the polymer’s pendants (Figure 3b). Although this
value is less thar-2.2 for the poly4a obtained from optically
pure R)-2, these results also support the belief that the
enantioselectivity is mainly controlled by the helical chirality
rather than the chirality of the bourid

Enantioselective Esterification of Helical Poly-1 with
Helicity Memory Assisted by Interaction with Achiral
Amine. We next performed the same esterification reaction for
the poly-4 with macromolecular helicity memory. An optically
active helical polyt with helicity memory was prepared as
follows. First, a one-handed helicity was induced in pbly-
(1.0 mg/mL) with 2 equivR)-2 in DMSO (Aezng = +16.4)19
To this was added excess achBd[3]/[poly-1] = 50) to replace
the bound R)-2 with 3; the Aezng value of the solution slightly
decreased tg-14.4 (88% memory efficiency). The solution was
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Table 2. CD Results of Poly-4a and Poly-4b and Enantiomeric Excess of Their Pendants and Helix Sense Excess

25°C -95°C
poly-4 amine Aézng® (M~ cm™?) ee of pendant? (%) helix sense excess® (%) Aézg® (Mt em™?) ee of pendant? (%) helix sense excess® (%)
poly-4a (R)-2 +2.2 11 17 +6.1 7.5 47
poly-4a (1IR,29-5 +2.8 15 22 +8.0 10 62
poly-4b 3 +0.65 3.5 5 +1.9 2.1 15

aCD intensity of poly4 measured in methandl Estimated based on the o

bserveebnq value using the plots in Figure 4 at 25 665 °C. ¢ Estimated

based omMezng = +12.9 as the base value for the one-handed helical #¢see the plot in Figure 4 at95 °C).
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Figure 5. Schematic illustrations of the mechanism of enantioselective esterification of pendant phosphonates of a helicaldpobd by R)-amines
with diazomethane. (A) Pol§-has interconvertible, right-handed (green) and left-handed (blue) dynamic helical conformations. (B) Right-handed helix of
poly-1 is induced with R)-amines (left). Calculated right-handed helical structure of do{g0-mer) is shown using a space-filling model in the side view

(right): scale bar, 1.0 nm. The main chain carbon atoms of piayd oxygen and phosphorus atoms are shown in green, red, and yellow, respectively.

(R)-Amines are omitted for clarity. (C) A possible interaction model of right-
large substituents, respectively. The main chain has a right-handed helix (

handed helicallpoiyh (R)-amines, where “S” and “L” represent small and
green) with a left-handed helical array of the pendants (yelloetjorif Rea

the poly1—(R)-amine complexes with diazomethane enantioselectively proceeds, resulting in storage of the helical sense through the gef@nation of (

pendant phosphonates.

then poured into a large amount of THF to isolate the poly-
1—-3 complex. The molar ratio 08 to poly-1 in the complex
was estimated biH NMR measurements and found to be unity
(see Supporting Information), indicating th&®){2 was com-
pletely replaced by the achir8l?° The precipitated poly-—3
complex was not soluble in DMSO once isolated; it was then
suspended in 1 mL of DMSO and the pdyeompletely
converted to polyb by reaction with diazomethane in diethyl
ether (72.7% yield) (see Supporting Informatidh).
Interestingly, poly4b showed an ICD in methanol (Figure
2A(b)). Although the ICD intensityAeang = +0.65 at 25°C)
was weaker than that of pola, the present results indicate
that the enantioselective esterification really occurred at the
remote pendants assisted by the macromolecular helicity
memory?223 The reason for this low enantioselectivity is not

(19) The enantioselectivity Aeang value of poly4a) was almost constant
(ca. 2) when the R)-2]/[poly-1] ratio was greater than 2, because paly-
had a single-handed helix, thus showing a full ICD at that ratio. However,
the enantioselectivity decreased with decreasing ICD intensity of boly-
because of the lack of a single-handed helix of pbly=or example, the
Aeang value of poly4aobtained from polyt with 0.3 equiv R)-2 was 0.44
(see Figure 3b at [NMA]/[polyt] = 0).

(20) The recovery ofR)-2 (100%) was estimated based on the UV spectrum of
the recoveredR)-2 in DMSO, which had been obtained by evaporating
the solvents in the supernatant, followed by dilution with DMSO.

(21) The memorized pol{-was also isolated from the polly~(R)-2 complex

by SEC using a DMSO solution & (0.8 M) as the eluent according to

the previously reported methéet;18 and the memorized pol¥was treated

with diazomethane. However, the reaction was not complete and yielded

complex mixtures. Therefore, the isolated paty3 complex was used for

the esterification reaction with diazomethane.

We repeated the same esterification reaction for a helicallpelth helicity

memory assisted by achiradland confirmed the reproducibility. When the

esterification was performed for the paly-3 complex in the presence of

(R)-2in DMSO, an optically active polyb showing aAe;nq value of 0.63

was quantitatively obtained.

(22)
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clear at present, but the structure of the achiral amine interacting

with the pendant phosphonate group of the helical dohgay

play a role in the enantioselective reaction with diazomethane.
Enantiomeric Excess Determination of the Pendants of

Poly-4a and Poly-4b and Their Helix Sense Excesseso

estimate the ee of the pendants of pdlyand poly4b together

with the relationship between the pendant’s ee of the polymers

and their ICD intensities corresponding to the helix sense excess

of the polymer backbone, the copolymerization of the corre-

sponding nonracemic monomé&(R rich) was carried out using

a rhodium catalyst (Supporting Informatiotf)The CD spectra

of the poly4's with different ee’s measured in methanol showed

a positive nonlinear relationship relative to the ee of the feed

monomers (Figure 4). The departure from linearity was sig-

nificant at lower temperatures, in particular-a5 °C,?> and

the CD intensity of the completely one-handed helical pbly-

showing the maximum CD value at95 °C was estimated to

be +12.9 (Figure 4¥% This phenomenon (majority rule}®

originates from a unique feature of dynamic helical polyacety-

lenes with high cooperativity, so that the chirality of the pendants

(23) For asymmetric synthesis with helical polymers as chiral ligands, see:
Reggelin, M.; Doerr, S.; Klussmann, M.; Schultz, M.; Holbach,Moc.
Natl. Acad. Sci. U.S.A2004 101, 5461-5466.

(24) The optically pure)-4 (99.7% ee) was obtained by resolution of racemic
4 by HPLC on a preparative Chiralcel OD column. The absolute
configuration of (-)-4 was tentatively assigned to Bebased on the optical
rotation sign of an analogous compourid)-(—)-ethyl methyl phenylphos-
phonate. See: DeBruin, K. D.; Tang, C. W.; Johnson, D. M.; Wilde, R. L.
J. Am. Chem. S0d.989 111, 5871-5879.

(25) The concentrations of polymers-a®5 °C were corrected using the reported
density value of methanol at95 °C. See: Brunel, R. F.; Bibber, K. V. In
International Critical Tables of Numerical Data, Physics, Chemistry, and
TechnologyWashburn, E. W., Ed.; McGraw-Hill: New York, 1928; Vol.
3,p27.
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is amplified as described above, resulting in a higher optical phosphonate groups. The formation of diastereomeric ion pairs

activity than that expected from the ee of the monomer units. could not be exclusively ruled out. The ethyl ester moiety of
On the basis of the observed relationship betweemiigy the pendants as well as the chiral and achiral amines complexed

value and the percent ee of the pendants at 25-e8&I°C in with the phosphonate groups contributes to the enantioselective

Figure 4, the percent enantiomeric excesses of the pendants oésterification process, which may control the reaction direction

poly-4aand poly4b were roughly estimated to be 11 and 3.5% of diazomethane as schematically illustrated in Figure 5C,

(Rrich) at 25°C, respectively (Table 2). The enantioselectivity resulting in the generation oR}-rich phosphorus stereogenic

at the pendants of pol-was low, but their helical sense centers to maintain the same helical sense of gahg-that of

excesses were amplified in the polymer backbone as evidencedhe induced helical poly-(Figure 5D). A similar model can be

by the nonlinear effect (Figure 4), particularly at low temper- possible for the enantioselective esterification of the pendant

atures; theAeong values of poly4a and poly4b in methanol phosphonates of pol¥-with helicity memory, because the same
significantly increased from-2.2 and+0.65 at 25°C to +6.1 right-handed helical conformation can be retained after replace-
and +1.9 at —95 °C, respectively)/ On the basis of the = ment of the R)-2 with achiral diamines.

maximum ICD value of poly4 in Figure 4 (Aexng =12.9 at The enantioselectivity for the esterification of the polymer’s
—95 °C), the helical sense excesses of pééyand poly4b at pendants is low, and subsequent chiral amplification in the

—95 °C could be calculated to be 47 and 15%, respectively. polymer backbone as an excess of a single-handed helix is
When (IR,29-5 was used for the helicity induction on poly- presently possible at low temperatures. However, we believe
instead of R)-2, followed by esterification with diazomethane that the rational design and synthesis of a helical polyacetylene

in DMSO, theAezng value of the resulting polgain methanol bearing more bulky phosphonate pendants with helicity memory
slightly increased to+2.8 and +8.0 at 25 and—95 °C, assisted by interaction with more bulky achiral amines will result
respectively, which corresponds to 15% ee of the pendants atin a higher enantioselectivity at the pendants. In principle, if
25 °C, and the helical sense excess reached 62%9&t°C the enantioselectivity were extremely low, a perfect one-handed
(Table 2). helicity could be stored in a specific polyacetylene when its

The mechanism of the enantioselective esterification of the positive nonlinear effect is sufficiently high even at ambient
pendant phosphonates with diazomethane through chirality temperature, as observed in a poly(phenylacetylene) with a bulky
transfer from the induced helical conformation or the helicity crown ether pendarit.
memory of the polyt backbone is not clearly elucidated at the
present, but a possible model can be proposed on the basis o
the previously proposed induced helical structure of dolyith In summary, the macromolecular helicity induced and
chiral amines together with the present results (Figure 5). The memorized in a polyacetylene backbone was for the first time
main chain of polyt complexed with R)-amines showing a  successfully stored as a result of the chirality transfer from the
positive second Cotton effect may have a right-handed helix, main chain helicity into the pendant chirality through enantio-
leading to a left-handed helical array of the pendants from the selective esterification. This concept will be applicable to other
side view (Figure 5A,B¥-* The pendant phosphonates com- induced helical polymers bearing prochiral pendants, and the
plexed with amines seem to be achiral independent of the resulting polymers will be used as novel chiral materials for
chirality of the amines because the-BH and P=O groups sensing chirality, enantiomer separations, and catalysis.
must attain equivalence in intermediate ion pairs when com-
plexed with amines (Figure 5G).Therefore, the ion pairs of a
model compound. with (R)-2 gave the racemic methyl ester Full experimental details are available in the Supporting
of 1 by the reaction with diazomethane as described above. Information.
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