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Photoinduced Racemization of an Optically Active Helical Polymer
Formed by the Asymmetric Polymerization of 2,7-Bis(4-zert-

butylphenyl)fluoren-9-yl Acrylate**

Takeshi Sakamoto, Yasuyuki Fukuda, Shin-ichiro Sato, and Tamaki Nakano*

The helix is a fundamental macromolecular structure. The
construction and mutation of helical structures have been
studied for a variety of synthetic polymer systems.!) Macro-
molecular stereomutation is triggered by chemical or thermal
stimuli in most cases, and fewer examples are known of
stereomutation triggered by light. Existing examples of
photoinduced stereomutation involve photochromic groups
incorporated into the side chains or main chain of polymers.
These groups cause the isomerization of a double bond?* or
bond cleavage and formation."!

Herein we report the synthesis of optically active pre-
ferred-handed helical poly(2,7-bis(4-tert-butylphenyl)fluo-
ren-9-yl acrylate) (poly(BBPFA)), a novel polyacrylate, and
its effective racemization induced by photoirradiation. In
contrast to the previous examples,”™ the stereomutation
observed for this polymer is governed by simple rotation
about the single bonds between the side-chain fluorenyl
moieties and the fert-butylphenyl substituents without any
changes in chemical bonding.

Polymerization was carried out with the complex formed
between 9-fluorenyllithium (FILi) and (4)-1-(2-pyrrolidinyl-
methyl)pyrrolidine (PMP) as the initiator in toluene at —78°C
(Scheme 1, Table 1). This initiator system has been used to
synthesize preferred-handed helical polymers from bulky
(meth)acrylates."**® The polymerization of BBPFA occurred
with almost quantitative monomer conversion. The observed
increase in M, with an increase in the [BBPFA]/[FILi] ratio
(from 10:1 to 40:1) implies that the polymerization has
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Scheme 1. Asymmetric polymerization of BBPFA.

Table 1: Asymmetric anionic polymerization of BBPFA with FILi-PMP in
toluene at —78°C.H

[BBPFA]

Entry L] Conv.l!  Yieldd M9 M, /M [alss® o]
1 () 0
[%] [%] [] [’]
1 10 >99 93 2830 1.09 +6 +2
20 >99 92 8010 1.23 +162 +28
3 40 >99 90 12730 1.48 +213 435

[a] Reaction conditions: [monomer],=0.108 molL™", [PMP]/[FIL]=1.2,
24 h (entries 1 and 2) or 48 h (entry 3). [b] Conversion was determined by
"H NMR spectroscopic analysis of the reaction mixture. [c] Yield of the
methanol-insoluble portion of the product mixture. [d] The number-
average molecular weight and the polydispersity index were determined
by SEC in THF with polystyrene as the standard. [e] The values of optical
rotation were determined in CHCl; at room temperature (concentration:
0.50 gdL™, cell length: 1 dm).

“living” characteristics to a certain extent. Polymerization
was also attempted at a [BBPFA]/[FILi] ratio of 60; however,
the reaction system gelled owing to poor solubility of the
products, and relatively low monomer conversion (37 %)
resulted.

The obtained polymers were optically active and exhib-
ited intense circular dichroism (CD) spectra (Figure 1).
Optical activity and CD intensity increased with an increase
in the M, value of the polymer. These results, combined with
the fact that BBPFA monomer does not have any configura-
tional chirality, strongly suggest that the observed chiroptical
properties can be ascribed to a preferred-handed helical
polymer conformation. This conclusion is supported by the
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Figure 1. CD and UV spectra of poly(BBPFA) with different M, values
in tetrahydrofuran: blue M,=12730, red M,=8010, black M, =2830.

very broad signals observed in the '"H NMR spectrum of the
polymer; the broadness of the signals indicates a rigid
conformation of the polymer chain (see the Supporting
Information). Only acrylate monomers with bulky tertiary
ester groups®™ have previously been reported to afford
preferred-handed helical polyacrylates. Hence, poly(BBPFA)
may be the first polyacrylate with a secondary side-chain
group to have a helical conformation. The helix-sense excess
of poly(BBPFA) is not yet known: it may potentially be
determined by the method used for the chromatographic
resolution of poly(triphenylmethyl methacrylate).l*!
Although BBPFA monomer does not have configura-
tional chirality, axial chirality may result from a twisted
conformation of the two biphenyl moieties in the 2,7-bis(4-
tert-butylphenyl)fluorenyl group. X-ray crystal-structure anal-
ysis of the monomer revealed that the biphenyl moieties are
twisted, with a dihedral angle of 27° (Figure 2). Although

Figure 2. Crystal structure of BBPFA monomer.

the monomer has a meso twist conformation in the crystal, a
chiral, preferred-handed twist conformation may be adopted
during the process of asymmetric polymerization. This
behavior is suggested by the split-type CD pattern in the
longer-wavelength range. This type of pattern is often
observed for chromophores with a chiral, twisted spatial
arrangement. Hence, we propose that optically active poly-
(BBPFA) not only has a preferred-handed helical main-chain
conformation, but also that the side-chain biphenyl moieties
have a preferred-handed twist conformation.

During the course of analytical studies of the chiroptical
properties of the polymers, the CD intensity of solutions of
poly(BBPFA) in THF was found to decrease gradually on
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standing at room temperature in ambient light. Since no clear
decomposition of the polymers was detected, we concluded
that this mutarotation was due to conformational transition
(stereomutation) of the polymer chain.

To identify the cause of the stereomutation, we examined
heat and light as possible stimuli. When we heated a solution
in THF of the polymer from entry2 in Tablel (at a
concentration of 1.16x10™*molL™" with respect to the
monomeric residues) at 60°C for 6 h in the dark, no change
was evident in the CD spectrum. In contrast, the peaks in the
CD spectrum of the same polymer in THF (2.26x
10~* mol L ™" with respect to the monomeric residues) nearly
completely disappeared within 4 min when the solution was
irradiated with a 500 W Xe-Hg lamp monochromatized at
320 nm (Figure 3). These results clearly indicated that light
had induced the stereomutation. Interestingly, however,
irradiation at 254 nm for 12h had no effect on the CD
spectrum of the polymer.
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Figure 3. CD and UV spectra of poly(BBPFA) (M,=8010) in tetrahy-
drofuran after photoirradiation at 320 nm for O (blue), 2 (green), 3
(orange), and 4 min (red). (Concentration: 2.26x10~* mol L' with
respect to the monomeric residues; cell length: T mm).

360

Upon irradiation at 320 nm, the UV spectrum of the
polymer showed little change; thus, it appeared that the
chemical structure of the polymer was not affected. This
conclusion was supported by analysis of the polymer by size-
exclusion chromatography (SEC) before and after photo-
irradiation: virtually no change in peak shape and position
was observed after irradiation (see the Supporting Informa-
tion).

The mutarotation tended to be faster at a lower concen-
tration; thus, chain aggregation appears to retard the muta-
tion. In fact, no clear CD absorptions were observed for the
polymer from entry 2 in Table 1 in THF at a concentration of
2.26 x 10> mol L~ (with respect to the monomeric residues)
even immediately after dissolution (see the Supporting
Information). Ambient light probably caused rapid stereo-
mutation in this case.

We assume that the stereomutation is triggered by
photoexcitation of the side-chain chromophores of poly-
(BBPFA), which leads to a conformational transition of the
two biphenyl moieties in the side-chain groups from a twisted
form to the coplanar form. A twist—coplanar transition upon
photoexcitation has been reported for the biphenyl com-
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pound.® This type of transition would lead to racemization of
the proposed preferred-handed twist of the side-chain
biphenyl moieties of poly(BBPFA). This assumption is
supported by the fact that mutarotation was effected by
irradiation not at 254 nm but at 320 nm, that is, within the
longer-wavelength band of the UV spectrum. HOMO-
LUMO interactions should contribute to transitions in this
region of the UV spectrum. As HOMO and LUMO orbitals
are delocalized over the biphenyl moieties (see the Support-
ing Information), it is very likely that light with a wavelength
of 320 nm induces the conformational transition of the
biphenyl moieties.

Upon the twist—coplanar transition of the side-chain
biphenyl moieties, this information would be transferred to
the helical backbone of the polymer chain to cause total
racemization of the preferred-handed helix into an equimolar
mixture of right- and left-handed helices. This hypothesis was
supported by the resolution of a polymer that had been
subjected to photoirradiation and showed no CD absorptions
into dextrorotary and levorotatory fractions by HPLC on a
chiral stationary phase. The known preferred-handed helical

polymer poly(1-(p-vinylphenyl)dibenzosuberyl methacry-
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Figure 4. Chromatograms obtained by HPLC on a chiral phase for

a) the polymer from run 2 in Table 1 before photoirradiation, b) the
same polymer after photoirradiation at 320 nm for 4 min, and c) an
authentic sample of the racemic polymer prepared by free-radical
polymerization (M,=6000, M,,/M,=2.50). In each case, the top and
bottom chromatograms were obtained with polarimetric (0, x.) and
UV detectors (335 nm, absorbance in absorbance units), respectively.
(Column size: 15 cmx0.21 cm (inner diameter); eluent: chloroform;
temperature: 0°C; flow rate: 0.5 mLmin~'.)
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late)®”! was subjected to HPLC under the same conditions
for comparison (Figure 4). If the stereomutation took place
only in the side chain, and the main-chain helix remained
preferred-handed, HPLC resolution of the stereomutation
products would not be possible. Furthermore, an optically
inactive poly(BBPFA) (M,=6000, M, /M,=2.50) prepared
as an authentic racemic mixture by radical polymerization
with a,0’-azobisisobutyronitrile in chloroform at 60°C was
also resolved by using the same HPLC setup.

Molecular-mechanics simulations on poly(BBPFA) 20-
mer models indicated that combinations of a right- or left-
handed main chain with a randomly twisted (racemized) side
chain had similar steric energies and were more stable than
other combinations involving the preferred-handed or meso
twisted side chain (see the Supporting Information). There-
fore, the proposed mechanism, according to which side-chain
racemization leads to main-chain racemization, is energeti-
cally rational.

Although the racemization of optically active 1,1’-biphe-
nanthrenes by photoirradiation'” and the racemization of
preferred-handed helical polymers by thermal and chemical
stimuli™ have been reported previously, this study, to the best
of our knowledge, provides the first example of the photo-
induced racemization of a preferred-handed helical polymer
without any rearrangement of chemical bonds, such as bond
formation, bond cleavage, or the isomerization of a double
bond. Studies are in progress towards the elucidation of the
complete mechanism of the stereomutation, the development
of a reversible stereomutation with circularly polarized light,
and the application of poly(BBPFA) for the construction of
photoswitching materials.

Received: July 31, 2009
Revised: September 24, 2009
Published online: October 30, 2009

Keywords: chiral resolution - conformation analysis -
helical structures - polymerization - stereomutation

[1] a) Y. Okamoto, T. Nakano, Chem. Rev. 1994, 94,349-372;b) T.
Nakano, Y. Okamoto, Chem. Rev. 2001, 101, 4013-4038;
¢) R. A. Smaldone, J. S. Moore, Chem. Eur. J. 2008, 14, 2650 -
2657; d) D.J. Hill, M. J. Mio, R. B. Prince, T.S. Hughes, J.S.
Moore, Chem. Rev. 2001, 101,3893-4011; ¢) M. M. Green, K.-S.
Cheon, S.-Y. Yang, J.-W. Park, S. Swansburg, W. Liu, Acc. Chem.
Res. 2001, 34, 672-680; f) E. Yashima, K. Maeda, Macromole-
cules 2008, 41, 3—-12; g) E. Yashima, Anal. Sci. 2002, 18, 3-6;
h) E. Yashima, K. Maeda, Y. Furusho, Acc. Chem. Res. 2008, 41,
1166-1180; i) J. Kumaki, S. Sakurai, E. Yashima, Chem. Soc.
Rev. 2009, 38, 737 -746.

For examples of polymers and oligomers containing azobenzene
or stilbene moieties in the main chain, see: a) Y. Yu, M. Nakano,
T. Ikeda, Nature 2003, 425, 145; b)N.J. V. Lindgren, M.
Varedian, A. Gogoll, Chem. Eur. J. 2009, 15, 501-505; c) D.
Tabak, H. Morawetz, Macromolecules 1970, 3, 403-410; d) G. J.
Everlof, G.D. Jaycox, Polymer 2000, 41, 6527-6536; e) C.
Renner, L. Moroder, ChemBioChem 2006, 7, 868-878; f) A.
Khan, C. Kaiser, S. Hecht, Angew. Chem. 2006, 118, 1912 -1915;
Angew. Chem. Int. Ed. 2006, 45, 1878-1881; g) A. Khan, S.
Hecht, Chem. Eur. J. 2006, 12, 4764—4774; h) C. Tie, J. C.

2

—_—

Angew. Chem. Int. Ed. 2009, 48, 9308 —9311


http://dx.doi.org/10.1021/cr00026a004
http://dx.doi.org/10.1021/cr0000978
http://dx.doi.org/10.1002/chem.200701503
http://dx.doi.org/10.1002/chem.200701503
http://dx.doi.org/10.1021/cr990120t
http://dx.doi.org/10.1021/ar010009l
http://dx.doi.org/10.1021/ar010009l
http://dx.doi.org/10.1021/ma071453s
http://dx.doi.org/10.1021/ma071453s
http://dx.doi.org/10.2116/analsci.18.3
http://dx.doi.org/10.1021/ar800091w
http://dx.doi.org/10.1021/ar800091w
http://dx.doi.org/10.1039/b718433f
http://dx.doi.org/10.1039/b718433f
http://dx.doi.org/10.1038/425145a
http://dx.doi.org/10.1002/chem.200801808
http://dx.doi.org/10.1021/ma60016a006
http://dx.doi.org/10.1016/S0032-3861(99)00893-9
http://dx.doi.org/10.1002/cbic.200500531
http://dx.doi.org/10.1002/ange.200503849
http://dx.doi.org/10.1002/anie.200503849
http://dx.doi.org/10.1002/chem.200501564
http://www.angewandte.org

3

—_

[4

—_

5

[

(0]

Angew. Chem. Int. Ed. 2009, 48, 9308 —9311

Gallucci, J. R. Parquette, J. Am. Chem. Soc. 2006, 128, 1162—
1171.

For examples of polymers containing side-chain azobenzene or
stilbene moieties, see: a) O. Pieroni, J. L. Houben, A. Fissi, P.
Costanrino, J. Am. Chem. Soc. 1980, 102, 5913-5915; b) A.
Ueno, K. Takahashi, J. Anzai, T. Osa, Macromolecules 1980, 13,
459-460; c) F. Ciardelli, C. Carlini, R. Solaro, A. Altomare, O.
Pieroni, J. L. Houben, A. Fissi, Pure Appl. Chem. 1984, 56, 329 —
342; d) F. Ciardelli, O. Pieroni, A. Fissi, C. Carlini, A. Altomare,
Br. Polym. J. 1989, 21, 97-106; e) A. Fissi, O. Pieroni, E.
Balestreri, C. Amato, Macromolecules 1996, 29, 4680-4685;
f) M. Mueller, R. Zentel, Macromolecules 1994, 27, 4404 —4406;
¢) G. Maxein, R. Zentel, Macromolecules 1995, 28, 8438 — 8440;
h) M. Mueller, R. Zentel, Macromolecules 1996, 29, 1609 -1617.
For a polyisocyanate containing a photoswitchable axially chiral
bicyclo[3.2.1]Joctan-3-one moiety with a chiral styryl substituent,
see: J. Li, G.B. Schuster, K.-S. Cheon, M. M. Green, J. V.
Selinger, J. Am. Chem. Soc. 2000, 122, 2603 -2612.

For examples of polymers containing groups that enable photo-
induced bond cleavage and formation in the side chain, see: a) T.
Kinoshita, M. Sato, A. Takizawa, Y. Tsujita, J. Am. Chem. Soc.
1986, 108, 6399 —6401; b) M. Sato, T. Kinoshita, A. Takizawa, Y.
Tsujita, Macromolecules 1988, 21,3419 —-3424; c) F. Ciardelli, D.
Fabbri, Pieroni, A. Fissi, J. Am. Chem. Soc. 1989, 111, 3470 -
3472; d) A. Fissi, O. Pieroni, N. Angelini, F. Lenci, Macro-
molecules 1999, 32, 7116-7121.

a) Y. Okamoto, K. Suzuki, K. Ohta, K. Hatada, H. Yuki, J. Am.
Chem. Soc. 1979, 101,4763-4765; b) T. Nakano, Y. Okamoto, K.
Hatada, J. Am. Chem. Soc. 1992, 114, 1318 -1329; c) S. Habaue,
T. Tanaka, Y. Okamoto, Macromolecules 1995, 28, 5973 -5974;

(7]

(8]

[9

—

[10]

(11]

Angewandte

d) T. Tanaka, S. Habaue, Y. Okamoto, Polym. J. 1995, 27, 1202 —
1207; e) Y. Okamoto, I. Okamoto, H. Yuki, J. Polym. Sci. Polym.
Lett. Ed. 1981, 19, 451 -455.

Data were collected on a Rigaku R-AXIS RAPID imaging plate
with Cuy, radiation (1=1.54180 A). Crystallographic data for
BBPFA: CyHy,0,5, M =509.69, triclinic, P1(#2), a=13.3259
(2), b=14.7783(3), ¢=164711(7) A, «=87.6796(7), B=
83.4839(7), y = 63.8822(7), V=2893.52(14) A’, 4 =0.557 mm™",
T=93.1K, 38963 collected reflections, 10293 unique reflections,
R;,,=0.023, R1=0.0711 (for 8170 reflections with I>20(l)),
wR2 =0.2130 (all data). CCDC 742495 contains the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

a) A. Imamura, R. Hoffmann, J. Am. Chem. Soc. 1968, 90, 5379 —
5385;b) Y. Takei, T. Yamaguchi, Y. Osamura, K. Fuke, K. Kaya,
J. Phys. Chem. 1988, 92, 577-581.

Optically active poly(1-(p-vinylphenyl)dibenzosuberyl metha-
crylate) was synthesized by a method similar to that described
for the synthesis of preferred-handed helical poly(1-phenyl-
dibenzosuberyl methacrylate): T. Nakano, A. Matusda, M. Mori,
Y. Okamoto, Polym. J. 1996, 28, 330—336. The synthesis and
structure of this polymer, as well as its chiral-recognition ability
as an HPLC stationary phase, will be reported elsewhere.

T. Hattori, Y. Shimazumi, O. Yamabe, E. Koshiishi, S. Miyano,
Chem. Commun. 2002, 2234 -2235.

a) Y. Okamoto, H. Mohri, T. Nakano, K. Hatada, J. Am. Chem.
Soc. 1989, 111, 5952-5954; b) Y. Okamoto, T. Nakano, E. Ono,
K. Hatada, Chem. Lett. 1991, 525-528; ¢) Y. Okamoto, T.
Nakano, T. Fukuoka, K. Hatada, Polym. Bull. 1991, 26,259 —264.

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

o311


http://dx.doi.org/10.1021/ja0547228
http://dx.doi.org/10.1021/ja0547228
http://dx.doi.org/10.1021/ja00538a039
http://dx.doi.org/10.1021/ma60074a053
http://dx.doi.org/10.1021/ma60074a053
http://dx.doi.org/10.1351/pac198456030329
http://dx.doi.org/10.1351/pac198456030329
http://dx.doi.org/10.1002/pi.4980210203
http://dx.doi.org/10.1021/ma960280w
http://dx.doi.org/10.1021/ma00093a049
http://dx.doi.org/10.1021/ma00128a068
http://dx.doi.org/10.1021/ja993290w
http://dx.doi.org/10.1021/ja00280a052
http://dx.doi.org/10.1021/ja00280a052
http://dx.doi.org/10.1021/ma00190a012
http://dx.doi.org/10.1021/ja00191a076
http://dx.doi.org/10.1021/ja00191a076
http://dx.doi.org/10.1021/ma990796q
http://dx.doi.org/10.1021/ma990796q
http://dx.doi.org/10.1021/ja00510a072
http://dx.doi.org/10.1021/ja00510a072
http://dx.doi.org/10.1021/ja00030a030
http://dx.doi.org/10.1021/ma00121a041
http://dx.doi.org/10.1295/polymj.27.1202
http://dx.doi.org/10.1295/polymj.27.1202
http://dx.doi.org/10.1002/pol.1981.130190904
http://dx.doi.org/10.1002/pol.1981.130190904
http://dx.doi.org/10.1021/ja01022a008
http://dx.doi.org/10.1021/ja01022a008
http://dx.doi.org/10.1021/ja01022a008
http://dx.doi.org/10.1021/j100314a003
http://dx.doi.org/10.1295/polymj.28.330
http://dx.doi.org/10.1039/b207517b
http://dx.doi.org/10.1021/ja00197a072
http://dx.doi.org/10.1021/ja00197a072
http://dx.doi.org/10.1246/cl.1991.525
http://dx.doi.org/10.1007/BF00587967
http://www.angewandte.org

