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Abstract: Optically active polyisocyanides (poly(iminomethylenes)) have been prepared with much interest
in developing new functional materials. Polyisocyanides have been considered to have a stable 4, helical
conformation even in solution when they have a bulky side group. However, the conformational
characteristics of poly(phenyl isocyanide) (PPI) derivatives are still under debate. We now report that an
optically inactive PPI derivative, poly(4-carboxyphenyl isocyanide) (poly-1), shows optical activity in the
polymer backbone induced by external, chiral stimuli through acid—base interactions under thermodynamic
control and exhibits induced circular dichroism (ICD) in the UV—visible region in DMSO. The ICD intensities
of the poly-1-chiral amine complexes in DMSO gradually increased with time, and, in one case, the value
reached 3 times that of the original value after 2 months at 30 °C. The conformational changes also occurred
very slowly for poly-1 alone and its ethyl ester with time on the basis of *H NMR spectroscopic analysis.
These results indicate that PPIs bearing a less bulky substituent may not have a 4; helical conformation
but have a different type of prochiral conformation, for instance, an s-trans (zigzag) structure which may
transform to a dynamic, one-handed helical conformation when the PPIs have a functional group capable
of interacting with chiral compounds. The mechanism of helicity induction on poly-1 through a dynamic
conformational transition is discussed on the basis of the above results together with molecular dynamic
simulation results for PPI.

Introduction polyisocyanides appearing in the long wavelength region might

Polyisocyanides (poly(iminomethylenes)) are interesting and arise from local asymmetric perturbations rather than from an

unique polymers which can adopt a stabjéhélical conforma-
tion even in solution when they have a bulky side grédjhis
was evidently confirmed by direct resolution of pdhautyl
isocyanide) into optical antipodeand the helix-sense selective
polymerization of achiral, bulky-butyl isocyanide and diphen-
ylmethyl isocyanide with optically active transition-metal cata-
lysts or initiators, which yielded one-handed helical, optically
active polyisocyanides under predominantly kinetic cortrol.
However, the question of the preferred conformation of

(1) Reviews: (a) Millich, FAdv. Polym. Sci1975 19, 117-141. (b) Nolte,
R. J. M.Chem. Soc. Re1994 11-19. (c) Conrnelissen, J. J. L. M.; Rowan,
A. E.; Nolte, R. J. M.; Sommerdijk, N. A. J. MChem. Re. 2001, 101,
4039-4070. For other leading references of polyisocyanides as functional
materials, see: (d) Kauranen, M.; Verbiest, T.; Boutton, C.; Teerenstra,
M. N.; Clays, K.; Schouten, A. J.; Nolte, R. J. M.; Persoons S&ience
1995 270, 966-969. (e) Cornelissen, J. J. L. M.; Fischer, M.; Sommerdijk,
N. A. J. M.; Nolte, R. J. MSciencel998 280, 1427-1430. (f) Cornelissen,
J. J. L. M.; Donners, J. J. J. M.; de Gelder, R.; Graswinckel, W. S.;
Metselaar, G. A.; Rowan, A. E.; Sommerdijk, N. A. J. M.; Nolte, R. J. M.
Science2001, 293 676—-680. For reviews of helical polymers and oligomers
(foldamers), see: (g) Ute, K.; Hirose, K.; Kashimoto, H.; Nakayama, H.;
Hatada, K.; Vogl, OPolym. J.1993 25, 1175-1186. (h) Okamoto, Y.;

polyisocyanides derived from less bulky aliphatic, aralkyl, and
aromatic isocyanides, in particular, phenyl isocyanides, has been
addressed in earlier studié&reen et al*2and later, Salvadori

et al.?P reported that a polyisocyanide with a chiral 1-phenyl-
ethyl or a 1-cyclohexylethyl group might not have a complete
single sense of helix because of their stereoirregular structures
due tosyn—anti configurational isomerism around the=@l
double bond and-cis and s-trans conformational isomerism
around the &C bond of the main chain on the basis of the
NMR and circular dichroism (CD) analyses of the polyisocya-
nides. Green et al. claimed that the CD of optically active

*To whom correspondence should be addressed. E-mail: yashima@ (2)

apchem.nagoya-u.ac.jp.
7448 m J. AM. CHEM. SOC. 2002, 124, 7448—7458

Nakano, T.Chem. Re. 1994 94, 349-372. (i) Green, M. M.; Peterson,
N. C.; Sato, T.; Teramoto, A.; Cook, R.; Lifson, Sciencel995 268
1860-1866. (j) Pu, LActa Polym1997 48, 116-141. (k) Rowan, A. E.;
Nolte, R. J. MAAngew. Chem., Int. EA998 37, 63—68. (l) Ito, Y.; Miyake,
T.; Hatano, S.; Shima, R.; Ohara, T.; Suginome, MAm. Chem. Soc.
1998 120, 11880-11893. (m) Gellman, S. HAcc. Chem. Red.998 31,
173-180. (n) Gin, M. S.; Yokozawa, T.; Prince, R. B.; Moore, J.JS.
Am. Chem. Sod.999 121, 2643-2644. (0) Srinivasarao, Mcurr. Opin.
Colloid Interface Sci1999 4, 370-376. (p) Green, M. M.; Park, J.-W.;
Sato, T.; Teramoto, A.; Lifson, S.; Selinger, R. L. B.; Selinger, JAkgew.
Chem., Int. Ed1999 38, 3138-3154. (q) Fujiki, M.J. Am. Chem. Soc.
200Q 122, 3336-3343. (r) Fujiki, M. Macromol. Rapid Commur2001,
22, 539-563. (s) Berl, V.; Huc, I.; Khoury, R. G.; Lehn, J.-NChem-
Eur. J. 2001, 7, 2810-2820. (t) Hill, D. J.; Mio, M. J.; Prince, R. B;
Hughes, T. S.; Moore, J. SChem. Re. 2001, 101, 3893-4011. (u)
Okamoto, Y.; Nakano, T.Chem. Re. 2001 101, 4013-4038. (v)
Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R.Ghem.
Rev. 2001, 101, 4071-4097.

Nolte, R. J. M.; van Beijnen, A. J. M.; Drenth, W. Am. Chem. Soc.
1974 96, 5932-5933.
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extended helical conformatidf.Clericuzio and co-workers
theoretically proposed a preference for nonhelgals-s-trans
alternating conformation with syndio geometry for aliphatic
polyisocyanide$2 Recently, Euler and Rosen et al. experimen-
tally showed a lineas-transor zigzag conformation for phenyl
isocyanide oligomers in solutidhwhereas Takahashi et’aand
Veciana et af.independently reported that the helical conforma-
tions of PPIs having bulky chiral substituents were stable in
solution even at high temperatures.

We now report that an optically inactive PPI, poly(4-
carboxyphenyl isocyanide) (poli); shows optical activity in
the polymer backbone induced by external, chiral stimuli through
acid—base interactions under thermodynamic control, thus
showing induced circular dichroism (ICD) in the UWisible
region in DMSO. We also found unique, very slow conforma-
tional changes in poly-in the presence and absence of chiral
amines and its ethyl ester on the basis of NMR and CD

spectroscopic analyses. These observations are the first clear

experimental results showing the conformational mobility of
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PPIs. On the basis of these results together with molecular g, ;. 1 NMR spectra of polyt (A) and poly4-Et (B) at 30°C in

dynamics (MD) simulation results for a model polymer, poly-
(phenyl isocyanide) (PPI), the significant nature of the structure
of polyisocyanides under debate will be discussed.
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Results and Discussion

Synthesis and Structural Characteristics of Poly(4-car-
boxyphenyl isocyanide).Poly-1 was prepared by polymeriza-
tion of 4-(ethoxycarbonyl)phenyl isocyanide with Nj&H,O*°
as the catalyst in dry dichloromethane, followed by alkaline
hydrolysis of the ester group (93% vyield, Scheme 1). The
molecular weight i,)) of poly(4-(ethoxycarbonyl)phenyl iso-

(3) (a) Kamer, P. C. J.; Nolte, R. J. M.; Drenth, W.Am. Chem. S0d.988
110, 6818-6825. (b) Deming, T. J.; Novak, B. M. Am. Chem. S0¢992
114, 7926-7927.

(4) (a) Green, M. M.; Gross, R. A.; Schilling, F. C.; Zero, K.; Crosby, C., llI
Macromolecule4988 21, 1839-1846. (b) Pini, D.; luliano, A.; Salvadori,
P. Macromolecules1992 25, 6059-6062. (c) Hong, B.; Fox, M. A.
Macromoleculesl994 27, 5311-5317. (d) Huang, J.-T.; Sun, J.; Euler,
W. B.; Rosen, WJ. Polym. Sci., Part A: Polym. Cherh997, 35, 439—
446.

(5) (a) Clericuzio, M.; Alagona, G.; Ghio, C.; Salvadori,>Am. Chem. Soc.
1997 119 1059-1071. For other calculations, see: (b) Kollmar, C.;
Hoffmann, R.J. Am. Chem. Sod.99Q 112 8230-8238. (c) Cui, C.-X.;
Kertesz, M.Chem. Phys. Lett1l99Q 169, 445-449.

(6) (a) Spencer, L.; Kim, M.; Euler, W. B.; Rosen, W. Am. Chem. Soc.
1997 119 8129-8130. (b) Spencer, L.; Euler, W. B.; Traficante, D. D.;
Kim, M.; Rosen, W.Magn. Reson. Chen1998 36, 398-402.

(7) (a) Takei, F.; Yanai, K.; Onitsuka, K.; Takahashi,Agew. Chem., Int.
Ed. Engl.1996 35, 1554-1556. (b) Takahashi, S.; Onitsuka, K.; Takei, F.
Proc. Jpn. Acad., Ser. B998 74, 25-30. (c) Takei, F.; Onitsuka, K.;
Takahashi, SPolym. J.1999 31, 1029-1032. (d) Takei, F.; Yanai, K;
Onitsuka, K.; Takahashi, ££hem:Eur. J. 200Q 6, 983-993. (e) Takei,
F.; Hayashi, H.; Onitsuka, K.; Kobayashi, N.; Takahashh®gew. Chem.,
Int. Ed. 2001, 40, 4092-4094.

(8) (a) Amabilino, D. B.; Ramos, E.; Serrano, J.-L.; Vecianadu. Mater.
1998 10, 1001-1005. (b) Amabilino, D. B.; Ramos, E.; Serrano, J.-L.;
Sierra, T.; Veciana, JI. Am. Chem. S0d.998 120, 9126-9134.

(9) (a) Visser, H. G. J.; Nolte, R. J. M.; Zwikker, J. W.; Drenth, W.Org.
Chem.1985 50, 3133-3137. (b) Deming, T. J.; Novak, B. MMacro-
moleculesl991, 24, 326-328. Novak et al. reported the synthesis of pbly-
as potassium salts by aqueous nickel catalyzed polymerization of the
corresponding phenyl isocyanide. (c) Cederstav, A. K.; Novak, BRdllym.
Prepr. 1992 33, 1090-1091.

DMSO-ds and CDC4, respectively. X designates protons from solvents or
impurities.
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Chart 1. Possible Triad Structures of Polyisocyanides and s-Cis
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cyanide) (polyi-Et) was estimated to be 30 10* (My,/M;, =

2.0; degree of polymerization (DR} ca. 171) as determined
by size exclusion chromatography (SEC) with polystyrene
standards using chloroform as the eluent. Figure 1 shows the
selected regions of théd NMR spectra of polyt and poly4-

Et before hydrolysis in DMS@is and CDC4, respectively. The
chemical shift and line shape of the aromatic protons are
considered to be sensitive to the polymer conformation and
configuration®2 Rather broad, complicated peaks were observed
at 30°C for both polymers, which may imply some stereoir-
regularity of the main chains for triad tacticity due to g+

anti isomerism and/or conformationally different segmeists (
cis and s-trang (Chart 1) as previously assigned for other
polyisocyanided4.The!H NMR spectrum of the aromatic regions
of poly-1 measured at 88C more clearly indicates the existence
of some resonances. However, ¢ NMR spectral patterns
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Chart 2. Structures of Chiral Amines and Amino Alcohols (2—12)
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Figure 2. CD spectra of polyt with (1R,29)- (a) and (52R)-9 (b) and
absorption spectrum (c) with RI29-9 in DMSO; molar ratio of9 to
monomeric unit of polyt is 50. The CD spectra were measured in DMSO
solutions in a 0.1 cm quartz cell at ambient temperature (ca280C)
with a poly-1 concentration of 1.0 mg (6.8mol monomer units)/mL.

500

of poly-1 and poly1-Et very slowly changed with time at 30
°C, which indicates that their conformations are not rigid, but
mobile or flexible, and that the splitting resonances in Figure 1
may be ascribed not only to tacticity but also to conformational
isomerism. The results will be discussed later in detail.

CD Studies on the Complexation of Poly-1 with Chiral
Amines and Amino Alcohols. A number of optically active

polyisocyanides bearing an optically active substituent have beenwith and without Chiral Amines.

(S)-5

(S)-7

NH, Hre
)\/:\/OH /\r\/OH

(5)-10 (3)-11 (S,8)-12

that a chiral conformation, for instance, a helical conformation
with a predominant screw sense, may be induced at least in
part on the polyt backbone in the presence of the chiral amines
and that the helix sense can be controlled by the chirality of
the chiral amines, even though the complexation involves
fluxional ion-pairing; in accordance with Rosen et al., PPl may
not have a long-accepted, stable Relical conformation in
solution#d6 A possible structure for the induced helical con-
formation of poly4 will be discussed later. As expected, the
optical activity of the polyt—9 complexes almost completely
disappeared when the complexes were exposed to a stronger
acid such as trifluoroacetic acid, which frees the pblse that

it reverts to the original, optically inactive polymer.

Similar helicity induction on an optically inactive polymer
through intermolecular chiral interactions has been reported for
polyacetylened! polyguanidined? polyanilines!® polyisocy-
anates? and poly(organophosphazené3s.

Poly-1 responded to other chiral amines and amino alcohols,
and the complexes exhibited similar ICDs in their patterns (Table
1). Primary aminesX—4) and structurally similar amino alcohols
(6—8) of the same configuration gave the same sign for the
induced Cotton effect. However, other amino alcoh@ls10,
and12) used in the present study exhibited the opposite Cotton
effect signs depending on the configuration.

Conformational Dynamics of Poly(phenyl isocyanides)
Interestingly, the CD

prepared so far, and their chiroptical properties have been studiedntensities of the polyt—amine complexes increased very

using CD*478However, the assignments of the CD bands with
respect to the polymer conformations are still not completely
understoodab5aWe show that the optically inactive poly-
forms a complex with various chiral aminez—5) and amino
alcohols 6—12) (Chart 2) through an acitbase interaction in
DMSO and the complexes exhibit an ICD in the YVisible
region of the polymer backbone. Figure 2 shows typical CD
and absorption spectra of polyin the presence of §2R)-
and (IR,29-9 in DMSO. The polyd—9 complexes exhibited
ICDs in the n—z* transition region of the imino chromophores,

and the ICDs are mirror images of each other. The appearance

of the ICDs accompanied negligible changes in the-Wisible
spectra just after the preparation of the sample solution. The
ICD pattern andlmax (362 nm) of the Cotton effects are very
similar to those of the reported optically active PPIs bearing
bulky chiral substituents on the phenyl moietiés'°

The intensity of the ICD increased with an increase in the

slowly with time at room temperature or at 30 (Figure 3A);
for instance, the ICD intensityNe at 362 nm) of the poly—

(10) Hasegawa, T.; Kondoh, S.; Matsuura, K.; Kobayashiviicromolecules
1999 32, 6595-6603. The maximunde value of the imino chromophore
region of optically active PPIs prepared by conventional nickel catalysts
reported so far may be less than ca’48 Aliphatic polyisocyanides with
optically active substituents exhibitéd values usually less than 2. It should
be noted that thé\e value of optically pure polyfbutyl isocyanide) was
reported to be 0.2 at c800 nm32
(11) (a) Yashima, E.; Matsushima, T.; Okamoto,JY.Am. Chem. S0d.995
117, 11596-11597. (b) Yashima, E.; Maeda, Y.; Okamoto,Ghem. Lett.
1996 955-956. (c) Yashima, E.; Nimura, T.; Matsushima, T.; Okamoto,
Y. J. Am. Chem. So&996 118 9800-9801. (d) Yashima, E.; Matsushima,
T.; Okamoto, Y.J. Am. Chem. S0d.997, 119 6345-6359. (e) Yashima,
E.; Maeda, Y.; Matsushima, T.; Okamoto, @hirality 1997, 9, 593-600.
(f) Yashima, E.; Goto, H.; Okamoto, YRolym. J.1998 30, 69—71. (9)
Saito, M. A.; Maeda, K.; Onouchi, H.; Yashima, Macromolecule200Q
33, 4316-4318. (h) Maeda, K.; Goto, H.; Yashima, Hlacromolecules
2001, 34, 1160-1164. (i) Onouchi, H.; Maeda, K.; Yashima, E. Am.
Chem. Soc2001, 123 7441-7442.

) Schlitzer, D. S.; Novak, B. Ml. Am. Chem. S0d.998 120, 2196-2197.

) (a) Majidi, M. R.; Kane-Maguire, L. A. P.; Wallace, G. Bolymer1995
36, 3597-3599. (b) Norris, I. D.; Kane-Maguire, L. A. P.; Wallace, G. G.
Macromolecules 998 31, 6529—6533

(12
(13

concentration of the chiral amine and reached an almost constant14) Maeda, K.; Yamamoto, N.; Okamoto, Macromoleculed998 31, 5924~

value at [(15,2R)-9]/[poly-1] = 20 (Ae = ca —1.9 dn# cm™!
mol~! at 362 nm; see Supporting Information). This indicates

7450 J. AM. CHEM. SOC. = VOL. 124, NO. 25, 2002

5926.
(15) Yashima, E.; Maeda, K.; Yamanaka, J.. Am. Chem. So200Q 122
7813-7814.
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Table 1. Signs of Cotton Effects and Differential Molar

Absorptivities (Ae) for Poly-1—Amine Complexes?

amine sign Ae ()P time (days) Ae®
(R-2 + 0.17 (368) 2 0.15
(R-3 + 0.65 (362) 145 0.73
(R)-44 + 0.81 (365) 62 0.70
(9-5 caO0 6 ca0
(R)-6% - 0.58 (358) 63 1.83
(9-7 + 0.34 (368) 143 0.64
(9-7¢ + 0.10(372) 88 1.46
(1R,2S)8 + 0.67 (357) 143 1.00
(1S2R)-9 - 1.93 (362) 140 4.72
(1R,2S)9d + 1.92 (362) 61 6.75
(9-10 - 0.12 (366) 140 0.10
(9-11 + 0.47 (361) 143 0.98
(§9-12 - 0.52 (364) 143 0.51

a CD spectra were measured in DMSO at ambient temperature (ea. 20
25°C) with poly-1 (1.0 mg/mL); molar ratio of a chiral amine to monomer
units of polyd is 50; Ae (dm® cm mol~%) and A (nm). P Measured
immediately after the preparation of samplébleasured after the samples
had been allowed to stand at ambient temperature ofCG@or days.

d Measured at 30C. € Molar ratio of a chiral amine to polg-is 20.

5
1S
'
© =
e
s 0
b (R)-6
2+
| | 1 | | |
0 10 20 30 40 50 60
Time (day)
2
S)-7
®© 60°C

A&3pn (dm® cm™ mor™

Figure 3. Changes in the CD intensity of the complexes of pblyith
(1R,29-9 (362 nm) and R)-6 (358 nm) at 30°C (A) and §)-7 (372 nm)
at 30, 40, 50, and 60C (B) in DMSO with a polyd concentration of 1.0
mg/mL; molar ratio of amines to monomeric unit of pdlyis 50 (7 and9)

and 20 6).

(1R,29-9 complex gradually increased from 1.92 to 6.75 after
the sample had been allowed to stand at@Gdor ca. 2 months,

Time (day)

an optically inactive polyguanidine during complexation with
(9-camphorsulfonic acid at higher temperatute3hey ob-
served a dramatic increase in optical rotation after annealing
the mixture. Recently, we also found a similar increase in optical
rotation for achiral poly(bis(4-carboxyphenoxy)phosphazene) in
the presence of optically active amines in DMSO; the polymer
exhibited a large optical rotational change after annealing the
complex solution at 65C for ca 2 h15

We then investigated such a temperature effect on the
macromolecular chirality induction for the poly-chiral amine
complexes and found a similar trend; ICD intensities tended to
increase rapidly at higher temperatures, but this is highly
dependent on the chiral amines used. The fsty9-7 complex
showed a gradual increase in the ICD intensity at higher
temperatures (Figure 3B), while the pdly-(1R,29)-9 complex
exhibited a different temperature effect; the ICD intensity
increased at 40 and 5 in the initial stage, but their values
reached almost constant values after 5 days and were rather
weak as compared with that observed at°@0 In the case of
the complex with R)-6, the ICD intensity increased at higher
temperatures in the range of 380 °C, but at 60°C, it
significantly decreased (see Supporting Information). At higher
temperatures, the induced helical conformation of dofssisted
by (1R29-9 and R)-6 may not be stable enough, and an
equilibrium may lie between the folding and unfolding process
(acid—base ion-pairing equilibrium also shifts). This speculation
is supported by the temperature jump experiments of the poly-
1-(1R,29-9 complex (see below).

We first attempted to follow this conformational change in
poly-1 in the presence of the chiral amine usitig NMR
spectroscopy. However, it was difficult because the aromatic
proton resonances of polywere substantially broadened with
(1R,29-9, and almost no peak was detected in theB5ppm
range even at 70C; the segmental motion of poly-was
unequivocally restricted due to binding with the amine. Similar
broadening of the proton resonances was also observed for the
induced helical poly((4-carboxyphenyl)acetylene) with chiral
amines in DMSO1d

In the course of our studies, we have incidentally found that
the conformation of the original (“as-prepared”) pdlyn the
absence of chiral amines also changed very slowly with time
at 30°C. Figure 4A shows the changes in th& NMR spectra
of the aromatic proton resonances of pa&lin DMSO-ds at 30
°C with time. The most significant change was observed for
the main peak centered at 7.23 ppm; the initial peak was broad
with a shoulder, but it became sharp after ca. 10 days 4€30
(d in Figure 4A). It seems likely that the shoulder peak almost
disappeared accompanied by a decrease in the peak intensities
at 6.71 and 7.54 ppm after the time period. The Lorentzian
resolution (Figure 4B) roughly reveals the changes in the peak
areas for the four resonances; the peak area ratios of the

but the ICD magnitude had not reached a constant value afterresonances at 7.54, 7.23, 7.06, and 6.71 ppm change from 19:
this time period. A similar slow increase in the ICD intensity 36:32:13 (0 day) to 15:47:28:10 (1 day), 14:57:22:7 (6 days),
was also observed for other complexes with several chiral 11:55:25:9 (10 days), and 14:58:21:7 (25 days). Notably, upon
amines (Table 1). The ICD intensities and their changes with heating the polyt (sample e in Figure 4A, “as-treated” sample)
time depended on the structures of the chiral amines used. Itat 80°C for 17 h, it showed almost the sartté NMR spectrum
seems that bulky aromatic amines tended to induce more intenseat 30°C (f in Figure 4A) as that just after the preparation of
ICDs, while aliphatic amines exhibited a rather weak ICD and the sample solution (sample a in Figure 4A). These results

showed a small change or no change with time exceptSpr (

suggest that an equilibrium exists in the pdlyonformation

11 Novak et al. recently reported an irreversible transition for which slowly shifts at 30C via a two-state process, for instance,

J. AM. CHEM. SOC. = VOL. 124, NO. 25, 2002 7451
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Figure 4. Time-dependentH NMR spectral changes of poly{10 mg/

mL) in DMSO-ds at 30°C after standing the sample at 30 for O (a), 1

(b), 6 (c), 10 (d), and 25 days (e) and the NMR spectrum (f) after heating
the sample (e) at 88C for 17 h (left). Curve fitting results of the samples
a, e, and f are also shown (right).

T T T T
7 6 80 7.5 7.0 6.5 (ppm)

a coil-to-helix transition as seen in protéifiand Moore’s phen-
ylene ethynylene oligomef<.The line shape analyses indicate
that these four resonances in Figure 4B might be not only from
stereoirregularity (tacticity) but also from conformational seg-
ments!® We tried to follow the change in théC NMR reso-
nances of polyt with time at 30°C, but it was difficult because

of the broadening of the peaks in DMSO. Similar changes in
the peak shape could also be observed intthand3C NMR
spectra of polyt-Et in CDCk at 30°C with time; the peak area
ratios of the'H resonances at 7.66, 7.32, 7.11, and 6.72 ppm
changed from 10:42:32:16 (0 day) to 9:69:16:6 (after 15 days).

(16) Schulz, G. E.; Schirmer, R. Hrinciples of Protein StructureSpringer-
Verlag: New York, 1979.

(17) Prince, R. B.; Saven, J. G.; Wolynes, P. G.; Moore, JJ.3Am. Chem.
Soc.1999 121, 3114-3121.

(18) Time-dependent viscosity measurements of the “as-prepared”Lpaig
poly-1—(1R,29)-9 were conducted in DMSO at 38C to correlate the

changes observed in the NMR and CD spectra. In these experiments, we

used a polyt with M, = 3.7 x 10* andM/M, = 2.2. The “as-prepared”
poly-1 showed a linear relationship in the Huggins plot with the intrinsic
viscosity of 0.56 and showed no significant change in the viscosity with
time ([poly-1] = 1.0 g/dL), suggesting that the changes observed in the
NMR are probably due to a change in the local mobility of the polymer
backbone and could not reflect a global conformational change. Although
the molecular weight of the polymer used in this viscosity study may not

be high enough to detect such a global conformational change, these results

indicate that the “as-prepared” polyis not a rigid rod but rather a flexible
polymer. However, In the presence ofR29)-9, the solution viscosity
gradually decreased with time ([polj-= 1.0 g/dL and §]/[poly-1] = 2);

the reduced viscosity valuerj]/c) decreased from 0.994 to an almost
constant value (0.916) after 35 days. During this viscosity change\¢he
value (362 nm) of the same solution gradually increased from 3.53 to 9.18,
indicating that the formation of aggregates or gelation could be excluded.
AFM analyses of the polymer in solution in the presence and absence of
(1R,29-9 also support this conclusion (see the text). The reduced viscosity
([#7sil/c) value of the polyt—(1R,2S)-9 solution decreased monotonically
with the decrease in the polymer concentration@B g/dL), but it increased
with further decrease in the polymer concentration {@®6 g/dL). This

is a typical viscosity change in polyelectrolytes, suggesting that the polymer
is a weak polyelectrolyte in DMSO in the presence of the chiral amine.
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Broad3C resonances of the pollEt also became sharp after
28 days at 30°C (see Supporting Information). However,
unexpectedly, the “as-treated” polyEt (at 30°C for 15 days)
retained its conformation even after 1 day at 60 or80The
reason is not clear at present, but the pbligt may have a
rather stable conformation as compared with that of doly-

The conformational changes in pdlytook place more rapidly
at higher temperatures, and the peak area ratios of'tthe
resonances reached constant values within 2 days, but the
changes in the area ratios were rather small as compared with
that at 30°C; the peak area ratios of the four resonances after
2 days were 33:50:11:6 (4TC), 28:47:18:7 (5C°C), and 23:
44:24:9 (60°C). A number of chiral and achiral polyisocyanides
have been prepared, and their structures have been studied using
NMR spectroscopies. Rather broad complicated signals were
usually observed for most of the polyisocyanides, but changes
in their NMR resonances with time have not yet been
investigated?b#7.8.10

Poly-1 was prepared by hydrolysis of polyEt so that it is
interesting to see if the conformation of the “as-treated” poly-
1-Et could be preserved after hydrolysis of the ester groups.
Poly-1-Et which had been allowed to stand for ca. 1 month in
chloroform was hydrolyzed in the same way, and the resulting
poly-1 was recovered as soon as possible to measuréHhe
NMR spectrum. The peak area ratios of the four resonances
changed from 9:69:16:6 to 21:47:26:6, indicating that the
preserved polyi-Et conformation was partially lost during the
hydrolysis reactioi?2°

The changes in the poly-conformation were also monitored
in DMSO at 30°C by UV—uvisible spectroscopy. We observed
a slight decrease in the absorbance intensity with time (with
almost no red and blue shift); the BWisible intensity of polyi
at 350 nm was reduced by 6% after B0 days. However, the
UV —visible intensity recovered to the original value after
annealing the sample at 8C for 2 h. This process is reversible.
The hypochromism indicates that some extent of conjugation
of the imino group of the polymer backbone may be slightly
prevented during the conformational transition. A similar time-
dependent, small hypochromism was also observed for the
complexes of polyt with chiral amines in DMSO at 30C.

If the conformational changes observed for the pbigp-the
absence and presence of chiral amines were substantially the
same, the initial CD intensity of the “as-treated” pdly-chiral
amine complexes would be expected to be larger than that of
the “as-prepared” polyt—chiral amine complexes just after the
sample preparation. To check this possibility, we carried out
the following experiments. A stock solution of the “as-prepared”

(19) The “as-treated” polyl- (e in Figure 4A) maintained the preserved
conformation after precipitation of the polymer into methanol. TH&IMR
spectrum of the recovered polyin DMSO-ds showed the same spectral
pattern as that before the precipitation.

Nolte et al. studiedyn—anti isomerism (see Chart 1) in PPI derivatives
using NMR and observed a dramatic change in the spectral pattern of the
two methoxy protons of poly(4-methoxyphenyl isocyanide) in the presence
of trifluoroacetic acid; addition of the acid resultedsynto-anti (or vice
versa) isomerization, and, therefore, the two methoxy signals changed to
almost a single signadb:2We prepared poly(4-methoxyphenyl isocyanide)
and confirmed the reproducibility of the data. Ti& NMR spectra of the
“as-prepared” polyt and poly1-Et in the presence of trifluoroacetic acid
were then measured. However, the spectral pattern scarcely changed even
after the samples had been allowed to stand for two weeks at 30°@.60

In the former case, main chain-isomerization, that is, polyisocyanide-to-
polycyanide isomerization, may be taken into consideration. See ref la
and Nolte, R. J. M.; Stephany, R. W.; Drenth, Recl. Tra.. Chim. Pays-
Bas1973 92, 83—91.

(20
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Figure 5. Changes in the CD intensity (362 nm) of the “as-treated” poly-
1-(1R,29-9 complex at 30C in DMSO (a). The CD spectra were measured
by adding (R,29)-9 after the “as-prepared” pol§-alone had been standing
in DMSO for days. The changes in the CD intensity of the complex of the
“as-treated” polyt (after 41 days at 30C) with (1R,2S)-9 are shown in
(b). The time-dependent ICD changes of the “as-prepared” bolitR,2S)-9
complex are also shown in (c) for comparison (see Figure 3A). Poly-
concentration= 1.0 mg/mL; molar ratio of amines to monomeric unit of
poly-1 = 50.

average heighth of the “as-prepared” poly-was determined

to be 1.4+ 0.3 and 1.1+ 0.2 nm from ca. 100 cross-section
profiles in Figure 6A and B, respectively, which was shorter
than the molecular diameter of a helical pdlymodel; the
computer-generated molecular diameters (widths) of helical
poly-1s having alls-cis(44 helix) and alls-transconformations
were 1.9 and 1.7 nm, respectively (see Supporting Information).
This reduced height of the pollmolecules indicates that the
“as-prepared” polyt may not have a rigid-rod helical conforma-
tion but a rather planar one, particularly on the mica surface.
Under a dilute condition, single molecules of pdiycould be
observed, and such molecular resolution allowed direct mea-
surements of the average molecular length of do?j-On the
basis of the evaluation of more than 200 molecules in the AFM
images including the image in Figure 6B, the number average
length (), the weight average lengtt. (), and the average
diameter ¢) of the “as-prepared” polyl-were estimated to be
28.1, 45.8, and 1& 2.0 nm, respectively. These values were
measured without compensation for the tip radius of curvature
(ca. 10 nm), and, therefore, the measured values were overes-
timated due to the broadening effect of the 834 However,

the vertical resolution of the AFM images is much better, and
the height value can be used as an alternate value of diafAeter.

poly-1 alone (2 mg/mL) in DMSO was prepared in a 20 mL  The| , of 28 nm corresponds to altcisand alls-transextended
flask equipped with a stopcock, and the flask was thermostatedyo|y-15 with DP = 233 and 175, respectively, which roughly

at 30 °C under shielded lightA 1 mL aliquot of the polyl
solution was transferreata 2 mLflask using a transfer pipet

agrees with the number-average molecular weight of the “as-
prepared” polyt-Et estimated by SEC (DP= 211). The

after the sample had been allowed to stand for 1, 2, 6, 10_, 16'computer models of ak-cisands-transpoly-1 also indicate
25, 41, 60, and 81 days. To the flask was added 50 equiv of {4t the alls-transpoly-1 has an extended conformation, and

(1R,29-9 to poly-1 directly into the polyl solution, and the
solution was diluted with DMSO to maintain the pdlyconcen-
tration at 1 mg/mL. The CD spectrum was then taken at@G0
for each flask immediately after the addition of the amine (Fig-
ure 5a). The initial CD intensities of the “as-treated” pahy-

(1R,29-9 complex increased with time and reached a constant

value (Ae = ca. 4.2) when the “as-prepared” pdlyhad been

standing for over 16 days (Figure 5a). This value is larger than

the initial value of the “as-prepared” poly-(1R,29-9 complex

(Ae = 1.8, see Figure 5c) by a factor of 2.3. These changes are

closely correlated with those in tHél NMR spectral pattern
of the “as-prepared” poly-with time. The CD intensity of the
“as-treated” polyt—(1R,29)-9 complex further increased with

time in a manner similar to that seen in Figure 5b. The results

support a two-step conformational transition of palythe first
conformational transition of pol{-gradually occurs with time

despite the absence of chiral amines, and the second transition
m (22) Atip-induced deformation of the samples may be taken into consideration

takes place further in the presence of chiral amines to for

probably a helical conformation with a predominant screw sense.

Atomic Force Microscopy Studies.Atomic force micros-
copy (AFM) analyses of polyl- (M, = 3.7 x 10* (DP = ca.
211) andMy/M, = 2.2) with or without (R,25)-9 on a freshly

cleaved mica surface were then conducted to observe changes

in morphology and conformation of the polymer main chains.
Figure 6 shows typical AFM images of the “as-prepared” pbly-
(Figure 6A and B) and the “as-prepared” pdly{1R,29-9
complex (Figure 6C). Under a relatively high pdlyconcentra-

tion (0.5 mg/mL), the mica substrates were covered with a

nanostructured network and wormlike pdlghains (Figure 6A),
while individual polyd and polyd chains complexed with
(1R,29-9 can be directly visualized on mica prepared from a
dilute solution of poly1 (0.05 mg/mL) (Figure 6B and C). The

its length is longer than that of the @lcishelical polyd by a
factor of 1.3 if the DP is the same. This means that we may be
able to observe a conformational change directly by AFM if a
poly-1 sample with a narrow molecular weight distribution is
available’

The average height value of the “as-prepared” [bly-
significantly increased to 1.& 0.3 nm after complexation with
(1IR,29-9 (Ae = 1.67 (362 nm), Figure 6C), and the polymer
chains appeared to grow thicker. However, this value is still
shorter than those of the computer-generated molecular diam-
eters of helical polyts complexed with the amine; the calculated
diameters of the alk-cis and all s-trans poly-1—(1R,29)-9
complexes are 3.2 and 2.7 nm, respectivébplmost similar
AFM images were observed after the “as-prepared” dohyjith

(21) Kamer, P. C. J.; Drenth, W.; Nolte, R. J. Rlolym. Prepr1989 30, 418—
419.

for the reduced height of poly-Gao, S.; Chi, L.; Lenhert, S.; Anczykowski,
B.; Niemeyer, C. M.; Adler, M.; Fuchs, HChemPhysCher001, 384—
388

(23) (a) Prokhorova, S. A.; Sheiko, S. S.;"Néw, M.; Ahn, C. H.; Percec, V.
Macromol. Rapid Commun1998 19, 359-366. (b) Thomas, B. N.;
Corcoran, R. C.; Cotant, C. L.; Lindemann, C. M.; Kirsch, J. E.; Persichini,
P. J.J. Am. Chem. S04998 120, 12178-12186. (c) Boner, H. G.; Beers,

K.; Matyjaszewski, K.; Sheiko, S. S., Mer, M. Macromolecule2001,

34, 4375-4388. (d) Cheng, G.; Ber, A.; Zhang, M.; Krausch, G.; Mier,

A. H. E. Macromolecule001, 34, 6883-6888. (e) Cornelissen, J. J. L.
M.; Graswinckel, W. S.; Adams, P. J. H. M.; Nachtegaal, G. H.; Kentgens,
A. P. M.; Sommerdijk, N. A. J. M.; Nolte, R. J. Ml. Polym. Sci., Part A:
Polym. Chem2001, 39, 4255-4264.

(24) (a) Leclee, P.; Calderone, A.; Marsitzky, D.; Francke, V.; Geerts, Y.;
Miillen, K.; Bredas, J. L.; Lazzaroni, RAdy. Mater. 200Q 12, 1042-
1046. (b) Lashuel, H. A.; LaBrenz, S. R.; Woo, L.; Serpell, L. C.; Kelly,
J. W.J. Am. Chem. So00Q 122 5262-5277. (c) Li, B. S.; Cheuk, K.

K. L.; Salhi, F.; Lam, J. W. Y.; Cha, J. A. K,; Xiao, X.; Bai, C.; Tang, B.
Z. Nano Lett.2001, 1, 323-328.

Overney, R. M.; Tsukruk, V. I§canning Probe Microscopy of Polymgrs
Ratner, B. D., Tsukruk, V., Eds.; ACS Symposium Series 694; American
Chemical Society: Washington, DC, 1998; Chapter 1.

(25)
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Figure 6. AFM tapping mode images (¥ 1 um?) of the “as-prepared” polyt- (A and B), the “as-prepared” pol¥—(1R,29)-9 complex (C), the “as-
treated” poly1 (D and E), and the “as-treated” poly-(1R,29-9 complex (F) on mica. The concentrations of palgre 0.5 (A and D) and 0.05 mg/mL (B,
C, E, F) in DMSO (A, B, D, E) and in 0.34 M DMSO solution ofRR9-9 (C and F).

(Figure 6F) or without (Figure 6D and E) the chiral amine had 30 °C— 60 °C
been allowed to stand over 1 weeke(value (362 nm) of the
poly-1—(1R,29)-9 complex= 3.76), indicating that the mor-
phology of the polyt chains was retained after conformational
changes either in the presence or in the absence of the chiral
amine. Apparently, a further study using scanning tunneling
microscopy (STM) may be necessary to detect an atomic level
conformational change in this systeéf§.26

Kinetic Study. To study the kinetics of the chiral (helical)
conformation of the polyt induced by (R,29-9, we monitored
the CD intensity changes in a solution of the complex showing
Ae = 6.8 at 362 nm which had been prepared on allowing the | 16 ‘ ‘ T
sample solution to stand at 3C for ca 2 months, following 28 30 32 34
temperature jumps of 2Qwith final temperatures in the range o 1T x10°(KT)
40-90°C (Figure 7A). The complex exhibited unusual decays 0 T s s .
of optical activity consisting of, first, a kinetically unresolved, Time (h)
very fast process (probably due to temperature-dep.endent 10N Ligure 7. Kinetics of the CD intensity changes process for the foly-
pairing) and, second, a slower decrease to shift to new (1Rr29-9 complex in DMSO following temperature jumps (A); molar ratio
conformational equilibria after the temperature jurifie. cases ~ of 9 to poly-1is 50. Changes in CD intensity at 362 nm were followed in
where the final temperatures were in the range of@0°C, a0.10 cm quartz cell with a polyconcentration of 1.0 mg/mL. Arrhenius
first-order kinetics in semilogarithmic plots of the CD intensity plot of the temperature dependence of the first-order rate constants obtained

at 40, 50, and 60C is also shown in B (see the text).

changes against time could describe the observed second
changes; the apparent rate constants at 40, 50, af@ @@re poly-1—(1R,29-9 complex Ae = 6.8 at 362 nm) had a
0.109x 1075, 0.394x 1075, and 1.94x 1075571, respectively. predominantly one-handed helical conformation, this process
The activation energy was then calculated to be 29.7 kcal/mol could be regarded as either a helix-to-coil transition or a helix-
(124.4 kJ/mol) from the Arrhenius plot of the temperature to-helix transition (helix inversion). The latter seems the case,

dependence of the rate constants (Figure 7B). If the “as-treated”because this value is comparable to those of the activation
energies for the helix inversion of synthetic helical polymers

(26) (a) McMaster, T. J.; Carr, H.; Miles, M. J.; Cairns, P.; Morris, V.JJ. estimated by means of dynamic NMR spectroscopy or from
Vac. Sci. Technol199Q A8, 648-651. (b) Yang, R.; Evans, D. F,;

6 -

Agsgo (dm® ecm™ mol™)

Christensen, L.; Hendrickson, W. A. Phys. Chen1.99Q 94, 6117-6122. kinetics of racemizationcis-transoidalpoly(hexyl propiolate)

(c) Carroll, D. L.; Czerw, R.; Takleab, D.; Smith, D. W., Jrangmuir . i i _

2000Q 16, 3574-3577. (d) Ebihara, K.; Koshima, S.; Yoshimoto, M.; Maeda, .(18 > kcaI/mOI)’ Isotactic chlora_l hexamer an.d poly(2 t?utylhexyl
T.; Ohnishi, T.; Koinuma, H.; Fujiki, MJpn. J. Appl. Phys1997, 36, isocyanate) (19.6 kcal/mol), isotactic, optically active poly-

L1211-1L1213. (e) Shinohara, K.; Yasuda, S.; Kato, G.; Fujita, M.; i - i
Shigekawa, HJ. Am. Chem. So@001, 123 3619.3620. (diphenyl-2-pyridylmethyl methacrylate) (23 kcal/mol), and

(27) Similar two phases kinetics have been observed for the protein folding threodiisotactic poly(triphenylmethyl crotonate) (28.4 kcal/

and unfolding process. (a) Hao, M.-H.; Scheraga, HA&c. Chem. Res. 19,28 ; “oaL »
1998 31, 433-440. (b) Protein folding special issuédcc. Chem. Res. m0|)' The rather Iarge energy barrier for the “as-treated

1998 31, 697—780. poly-1—(1R,29-9 complex may be due to electrostatic repulsion
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Figure 8. Snapshots of the conformations of poly(phenyl isocyanide) (PPI) at the beginning (0 ns) of the MD simulations over 5 ns at 0.5 ns intervals. The
chains are placed so that the chain axes are on the figure plane. View perpendicular to the chain axis is also shown in the snapshots at 0 and 5 ns. The main
chain carbon atoms of PPI and nitrogen atoms are shown in orange and blue, respectively.

between neighboring ion pairs at the side groups, although in The starting main chain conformation of PPl was set to retain
the case of a helical polyguanidine induced by the complexation a 4, helical conformation with a stereoregular isotactic
with (S§)-camphorsulfonic acid, its activation energy for the helix structurelt-52and MD calculations were then run for the model
inversion was reported to be rather small (6.4 kcal/rkol). polymer for 5 ns at constant volume and temperature (400 K)

In cases where the final temperature wasC(QFigure 7A), (NVT MD using the Hoover temperature thermostat) with a
strong deviations from first-order kinetics were observed for step size of 1 f§2 Figure 8 shows representative snapshots of
the changes. In DMSO, the aeithase complexation equilibrium  the PPI chain over85 ns at 0.5 ns intervals. The PPI chain
lies between the ion pairs and the free ions, and ion pairing gradually transformed from a;4helical conformation to an
seems to be necessary for the IEB2%-30However, at higher  extended alls-translike conformation over 5 ns. During the
temperatures, the dissociation of ion pairs to free ions may be MD simulations, transitional conformations consistingsefis
accelerated, which may cause a steep decrease in the ICDs-trans ands-cis-s-tranglomains were observed, and the total
intensity2°2 The poly4 did not lose its optical activity even at  potential energy gradually decreased. This indicates that;the 4
90°C 31 After a temperature jump from 90 to 3C, the reversed helical conformatiot* ¢ is not a preferable conformation, but
slow recovery of the optical activity was observed again, the all s-trans conformatio§ may certainly be a favorable
indicating that this process was reversible. conformation for PPIs. Such an extended conformation of PPIs

Molecular Dynamics Simulations. To gain information can be related to the absorptions at longer wavelengths. These
regarding the conformation of PPI derivatives, we performed results appear to be very useful in explaining the changes in
molecular mechanics and molecular dynamics (MD) calculations the NMR spectra of poly- and poly4-Et and the changes in
for a polymer model of 20 mer using the Dreiding force figdd. ~ the ICDs of polyi in the presence of chiral amines.

- Conformational Transitions and Mechanism of Macro-
(28) (a) Okamoto, Y.; Mohri, H.; Nakano, T.; Hatada, K. Am. Chem. Soc. .. . .
1989 111, 5952-5954 and Mohri, H. Doctoral Dissertation, Osaka ~Molecular Chirality Induction on PPIs. The question may be

University, Osaka, Japan, 1989. (b) Ute, K., Asada, T.; Nabeshima, Y.; raised regarding what the conformations of the “as-prepared”

Hatada, K.Acta Polym.1995 46, 458-462. (c) Ute, K.; Fukunishi, Y.; 9 9 M N prep

Jha, S. K. Cheon, K-S.. Munoz, B.. Hatada, K. Green, M. M. Poly-1and polyi-Et, the “as-treated” poly-and poly1-Et, and

Macromoleculesl999 32, 1304-1307. (d) Nomura, R.; Fukushima, Y.; 4 i i H i

Nakako, H : Masuda. T7. Am. Chem. So@000 125 8830-6835. the pon_1 complexed with ch|_ral amines are. Figure 9A_
(29) (a) Takenaka, S.; Kondo, K.; Tokura, Bl.Chem. Soc., Perkin Trans. 2 Schematically illustrates a possible conformational change in

1975 1520-1524. (b) Reichardt, GSobents and Seknt Effects in Organic i
Chemistry VCH: Weinheim, Germany, 1990. (c) Zingg, S. P.; Arnett, E. PPIs on the bafSIS of _the results of N_MR and _CD measqrements
M.; McPhail, A. T.; Bothner-By, A. A.; Gilkerson, W. RI. Am. Chem. and the MD simulations. As described earlier, thehélical

So0c.1988 110, 1565-1580. . . .
(30) IR spectra of free polg-and the polyi—(1R.29-9 complex in DMSO conformation (I) has long been .acceptgd for polyisocyanides
also support this ion-pair formation. Palyshowed absorption at 1700 cin and may be true for bulky polyisocyanid&sc22 Euler and

corresponding to the carboxylic acid carbonyl band, which almost
completely disappeared in the presence &2%)—9, and the band shifted
to 1534 cn1! assigned to the ion-paired and/or dissociated acid carbonyl (32) (a) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., 1. Phys. Cheni99Q

band. 94, 8897-8909. (b) RappeA. K.; Goddard, W. A., lll.J. Phys. Chem.
(31) However, after annealing at higher temperatures00 °C) for more than 1991, 95, 3358-3363.

1 h, the absorption spectra in the 30800 nm range changed, indicating (33) At 300 K, however, the structure of PPI did not change significantly even

a possibility of decomposition of the polymer. after 5 ns MD calculations.
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Figure 9. Possible conformational changes and helicity induction of poly(phenyl isocyanides) (A) and an optimg&z&dmdistructure with a predominant

one-handed helix (B). The main chain carbon atoms of PPI and nitrogen atoms are shown in orange and blue, respectively. View along the chain axis (left)

and perpendicular to the chain axis (right) in B. Energy diagrams for the conformational transition of PPIs are also shown in C.

Rosen et al. experimentally showed a preference for linear tion with syndio geometry for aliphatic polyisocyanidé©ther

s-trans or zigzag conformation (Ill) for phenyl isocyanide
oligomers in solutiof. They also reported that PPl maintains a
4, helical conformation kinetically during the polymerization,
while it becomes a random coil polymer with a transition domain
(lI-like conformation) once it is dissolved in solution on the
basis of the structure of a unique heterocyclic ring molecule
isolated from the nickel-ion catalyzed polymerization of phenyl
isocyanidé* and the time-dependent, conformational changes
in PPl by means of X-ray diffraction and light-scattering
measurement¥. Unfortunately, they could not follow the
conformational change in solution by NMR because the “as-
prepared” PPl isolated from the polymerization system precipi-
tated rather quickly. Clericuzio and co-workers theoretically
proposed a preference for aftis-s-translternating conforma-

(34) Euler, W. B.; Huang, J.-T.; Kim, M.; Spencer, L.; Rosen, @hem.
Commun.1997, 257—258.
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structures including as-cis-s-transalternating conformation
with isotactic geometry may also be possible.

Although we do not have unambiguous spectroscopic data
including tacticity to propose the exact structure in such a
transition, our speculative models can be shown in Figure 9A.
The changes in th#d and3C NMR spectra of the “as-prepared”
poly-1-Et in CDCk with time indicate a change in the
conformation during the time period as proposed by Euler and
Rosen et al. for PPH Poly-1-Et may have a # helical
conformation during the polymerization (1), but the helical
conformation might be substantially lost at least after isolation
and hydrolysis of the polymer to form a random conformation
consisting ofs-cisands-transsequences about the-C bond
of the main chain (ll, step 1 in Figure 9A). However, the “as
prepared” polyt and polyi-Et also exhibited a very slow
conformational change at 3C in solution either in the presence
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or in the absence of chiral amines, which indicates that the Conclusions
conformation changes to a thermodynamically stable, rather
regular conformation (for energy diagrams for the conforma-
tional transitions, see also Figure 9C), probably arsdhans
conformation (lll) as proposed by Euler and Rd$érand as
demonstrated in this study (step 2 in Figure 9A). Such an
extended conformation of PPIs can explain why optically active
PPIs have longer wavelength absorptiéh$his conformation

Il seems to be achiral, but can become chiral if the random
twist around the €C bonds of the main chain is transformed
into one direction to form a dynamic, one-handed helical
conformation (see IV in Figure 9A and C and Supporting
Information) when the polymer can interact with chiral amines.
The induced helix sense can be controlled by the chirality of
the chiral amines, because the induced right- and left-handedExperimental Section

hellcgs of PPlIs b}’ one of the enantiomeric ammeg are not Materials. DMSO was dried over calcium hydride, distilled under
enantiomers, but diastereomers, so that one of the helices shoulgeqyced pressure, and stored under nitrogen over molecular sieves 4 A
be predominant (see Figure 9C). A computer modeling suggestS(Nacalai Tesque, Tokyo, Japan). Dichloromethane and chloroform were
that such an alk-trans PPl can form a one-handed helical dried over calcium hydride and distilled. The dichloromethane was
conformation (five turns with 12 monomer units) as the lowest distilled again under high vacuum just before use. GJY@9.8 atom
energy conformation (Figure 9B). This also implies that all %D, Nacalai Tesque) and DMS®-(99 atom %D, Aldrich) were dried
s-transPPI may exist in dynamic helices (a mixture of right- over molecular sieve4 A and stored under nitrogen. All solvents used
and left-handed helices). Similar helicity induction can be for measurements of CD and NMR_spectra Wgre purged with nitrogen
possible on optically inactivesis-transoidalpoly((4-carboxy- ~ Prior to use. R)-3 and R)-4 were kindly supplied from Yamakawa

. . . o hemical (Tok . Oth icall i i i
phenyl)acetylene) with chiral aminé% The transition from I Chemical (Tokyo, Japan). Other optically active amines and amino

h . it will alcohols were available from Aldrich or Tokyo Kasei (Tokyo, Japan).
to 1l may be the rate-determining step, and it will occur more 4-(Ethoxycarbonyl)phenyl isocyanide was prepared from ethyl

rapidly in the absence of chiral amines. 4-aminobenzoate according to the previously reported méfide
This speculation is supported by the previous fact that PPI crude product was purified by silica gel chromatography with hexanes

and its derivatives bearing a less bulky substituent on the phenylethyl acetate (3/1, v/v) as the eluent (66.3% yield). Mp (3386.4

moieties, for instance, a methoxy group at the para position, “C)- IR (Nujol, cn™): 2219 ¢rc=n), 1730 'c—0). *H NMR (CDCls):

could not yield optically active, helical polymers by the screw- ¢ 1-41 (t.J=7.2 Hz, CH, 3H), 4.40 (qJ = 7.2 Hz, CH, 2H), 7.45

sense selective polymerization using chiral catal§s&hese and 8.09 @’] - 6.6 Hz, am,ma',['c‘ aH). ) )

results suggest that the PPl is a nonhelical or a dynamic helical Polymerization. Polymerization was carried out in a dry glass

. . . : . . ampule using NiGt6H,O as a catalyst in a similar way previously
polymer in solution. If PPl is a dynamic helical polymer with reported® (Scheme 1). 4-(Ethoxycarbonyl)phenyl isocyanide (4.80 g,

a perSiStence length, a prevailing _One'har_‘de‘_j helical PP'_ Cany7 4 mmol) was placed in a dry ampule, which was then evacuated on
p(?SSIny be prepared Wh?n phenyl |§OCyan|de is copolymerizeda vacuum line and flushed with dry nitrogen. After this evacuation-
with a small amount of chiral isocyanide. Actually, a copolymer flush procedure was repeated three times, a three-way stopcock was
of phenyl isocyanide with an optically active aliphatic isocyanide attached to the ampule, and dry dichloromethane (137 mL) was added
(23 mol %) showed a relatively largéve value (ca—2 at 350 with a syringe. To this was added a solution of N#6H.O in dry
nm) than that of the corresponding optically active homopolymer methanol (0.3 M, 0.91 mL) at room temperature with stirring in the
(A€ is less than-1).38 This suggests the dynamic nature of PP|, Presence of air. The concentrations of the monomer and the Ni catalyst
although the results may be explained on the basis of the vere 0.2 and 0.002 M, respectively. After 1 day, the resulting polymer
. . o . S was precipitated into a large amount of methanol, collected by
difference in polymerization rates of achiral and chiral isocya- . . . o
. . centrifugation, washed with methanol, and then dried in vacuo at 50
nides on the assumption that both homopolymers and copoly-ox ¢, o 1y (4.46 g, 93% yield).
mers could form a stable heII(?aI Coln.formatﬁ.‘fnTakahashl et. Spectroscopic data of poly(4-(ethoxycarbonyl)phenyl isocyanide).
al.” prepared a one-handed helical, living polyisocyanide derived |r (Nujol, cn?): 1721 (c—o), 1654 fo=n). H NMR (CDCl, 30
from an optically active phenyl isocyanide bearingnenthyl °C): 6 0.8-1.6 (br, CH, 3H), 3.5-4.7 (br, CH, 2H), 5.2-6.2 and
residues using the dinuclear transition metal complex and used6.4—8.1 (br, aromatic, 4H):*C NMR (CDCk, 30 °C): & 14.1 (br,
it as an initiator for the block polymerization of achiral phenyl CHs), 60.8 (br, CH), 117.2, 127.3, 129.9, 150.5 (br, aromatic), 162.7
isocyanides. A block copolymer with bulky phenyl isocyanides (br, C=N), 165.1 (br, G=0). Anal. Calcd for (GoHeNOy)n: C, 68.56;
such as 3,5-dipropoxycarbonylphenyl isocyanide preserved thet: 518 N, 8.00. Found: C, 68.51; H, 5.36; N, 8.00.
one-handed helical conformation of the prepolymer used as the Po(4-(ethoxycarbonyl)phenyl isocyanide) (4.25 g) was converted
. . . . . to poly-1 by hydrolysis of the ester groups in 100 mL of THF and
It?ltla.tor’ Wllle:)eislthosj WItT fss lhmderes ph?nyl ISocyant|:es aqueous 10 N NaOH (14 mL) at room temperature. After 3 days, the
earing a. b utyl-or -cyc.o _e?(y oxycarbony _group .on € aqueous layer was separated and acidifiett WiN aqueous HCI. The
phenyl moieties showed a significant loss of optical activity.
These results strongly suggest that long sequences of phenylss) a |similar e)((jtended confom(]ation was recentlt))/ reporteg for Ialiphatic
i i i i i i polyisocyanides, see: Yamada, Y.; Kawai, T.; Abe, J.; lyodd, Polym.
isocyanide haw.ng a less bulky side group cannot.rr.\tamtaln a Gt Part A Polym. Cherb003 40, 309 406,
one-handed helical conformation, although the possibility of the (36) kamer, P. C. J.; Cleij, M. C.; Nolte, R. J. M.; Harada, T.; Hezemans, A.
dynamic helical nature of PPI having helix-reversal pdints M. F.; Drenth, W.J. Am. Chem. Sod988 110, 15811587

(37) Yashima, E.; Maeda, K.; Okamoto, Mature 1999 399 449-451.
may not be ruled out. (38) Skorna, G.; Ugi, IAngew. Chem., Int. Ed. Engl977, 16, 259-260.

The present results for the first time demonstrate that PPIs
bearing a less bulky substituent cannot maintairy delical
conformation but can adopt a dynamic, one-handed helical
conformation upon complexation with chiral molecules as
observed for polyacetylenésConformational dynamics of PPIs
are clearly observed using NMR and CD spectroscopies and
MD simulations. These findings may be useful to design and
construct novel functional chiral materials consisting of dynamic
helical polyisocyanides. We hope that the induced helical
conformation of polyt may be able to be “memorized” when
the chiral amine is replaced with achiral amigé%his work is
now in progress.
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precipitated polymer was then collected by centrifugation, washed with the National Institutes of Health (available on the Internet at http://

methanol, and dried in vacuo at 8CQ for 2 h (100% vyield). rsb.info.nih.gov/nih-image/).

Spectroscopic data of poli-IR (Nujol, cnm?): 1700 fc—o), 1655 Molecular Modeling and Calculations. Molecular modeling, mo-
(ve=n). *H NMR (DMSO-ds, 30 °C): 6 5.2—6.3 and 6.5-8.0 (br, lecular mechanics calculations, and molecular dynamics simulations
aromatic, 4H), 12.2 (br, COOH, 1HYC NMR (DMSO-ds, 60°C): & were performed with the Dreiding force field (version 23%13s
117.1, 127.4, 129.4, 150.0 (br, aromatic), 161.2 (5eNg, 166.0 (br, implemented in Cerilfssoftware (version 1.5, Molecular Simulations,
C=0). Anal. Calcd for (GHsNO%/2H,0).: C, 61.54; H, 3.87; N, 8.97. Inc., Burlington, MA) running on an Indigelmpact graphics worksta-
Found: C, 61.24; H, 3.82; N, 8.87. tion (Silicon Graphics). Charges on the atoms of PPI were calculated

using charge equilibration (QEq) in Cerfushe total charge of the
Wolecule was zero. The polymer model of 20 mer (20 repeating
monomer units of phenyl isocyanide, PPI) was built by Polymer Builder
in Ceriug. The starting main chain conformation of a polymer model
was defined as a conformation of a rotational singteGCCbond 6-cis

Instruments. Melting points were measured on adBuimelting point
apparatus and are uncorrected. NMR spectra were measured on a Varial
VXR-500S spectrometer operating at 500 MHz tbrand 125 MHz
for 13C, respectively, using TMS as the internal standard. Line shape

analysis was performed using standard Varian software. A Lorentzian ) ; .
Y perto g . - or s-trang. The C=N double bond geometry was fixed to isotactic,
function was applied to the line shape analysis for PPI derivatives,

and the curves gave good agreements with the observed spectra. IF?nd the initial dihedral angle of a single bor) from planarity was

spectra were recorded using a Jasco Fourier Transform IR-620 allowed to rotate from 180(s-trang to 10° (s-cig at 10" intervals.

. The energy minimization was accomplished by conjugate gradient (CG)
spectrophotometer. Absorption spectra were taken on a Jasco V-570 ntil the root-mean-square (rms) value became less than 0.1 keal mol
spectrophotometer. CD spectra were measured in a 0.05 cm quartz cel'}g\,1 The optimizeds-cisands-transPPIs had a helical conf.ormation
unless otherwise noted using a Jasco J-725-L spectropolarimeter.with' ¢ =59.94 1.8 and 146.4+ 3.9, respectively (see Supporting
Temperature was controlied Wltr.‘ Jasco PTC-348WI and ETC_SOST nformation). MD calculations were then run for the sdtispolymer
apparatuses for CD and absorption measurements, respectively. SE or 5 ns at constant volume and temperature (400 K) (NVT MD using
was performed using a Jasco PU-980 liquid chromatograph eqlJiIDpGdthe Hoover temperature thermostat) with a step size of 1 fs, and the
with a UV—visible (254 nm; Jasco UV-970) detector. A Tosoh TSKgel '

. trajectory structures were obtained at 0.5 ps intervals.
Multipore Hy.-M GPC column (30 cm) was connected, and chloroform ! Y P
. All s-cisands-transpoly-1 models (20-mer) were constructed on
was used as the eluent at a flow rate of 1.0 mL/min. The molecular

: o . . the basis of the average dihedral angles of the optimized PPIs; the initial
weight calibration curve was obtained with standard polystyrenes - L
Tosoh). Dilut uti . . d usi Ubbelohd ¢ was set to 69(s-cig and 140 (s-trang, and the energy minimization
(_ 0s0 ).t |ute3§(éu_ 'OB&';?S%&’AMS measure tusmg an ¢ elo d € was accomplished by CG. The optimizedisands-transpoly-1s had
viscometer a n v ' measurements Were perlormed —, qjical conformation withp = 57.2 + 1.1° and 144.4+ 1.6°,
on a Nanoscope llla microscope (Digital Instruments, Santa Barbara

A - . . ) ' respectively (see Supporting Information). In a similar wagisand
CA) in air using standard silicon tips (NCH-10V) in the tapping mode. s-transpoly-1 models complexed with §&,25)-9 were constructed. First,

Height and phase images were simultaneously _measured at the(lR,ZS)-Q was manually placed on the carboxy group of a repeating
resonance frequency of the tips with 1251 long cantilevers (235 unit of poly-1, and thes-cis and s-trans polymer models of 20 mer

240 kHz). A”_ of the images were golles:ted with the me}ximum available were built by Polymer Builder. The complexes were further minimized

”“m'?er of pixels (512) in each direction £n). Scanning speed was by CG to relieve unfavorable van der Waals contacts, while the

at a line frequency of 1.0 Hz. ) geometry of the polyt was fixed. The energy minimization of the
CD Measurements.The concentration of poly-was calculated on  complexes was further accomplished by CG. The diameters and lengths

the basis of monomer units. A typical experimental procedure is of these helical polyts and polyl—(1R,29-9 complexes were then
described below. A stock solution of polyf2 mg/mL) in DMSO was measured (see Supporting Information).

prepared in a 10 mL flask equipped with a stopco&kL mL aliquot
of the stock solution of poly-was transferred using a transfer pipet to Acknowledgment. We thank Professors Y. Okamoto (Nagoya

a 2 mL flask equipped with a stopcock, and an appropriate amount of UNiVersity), S. Takahashi and K. Onitsuka (Osaka University),
a chiral amine was added to the flask using a Hamilton microsyringe. @nd T. lyoda (Tokyo Metropolitan University) for fruitful
The solution was immediately mixed with a vibrator (luchi, Japan) and discussions. We also acknowledge K. Kuroyanagi, S. Sakurai,
finally diluted with DMSO to keep the pol{-concentration of 1.0 and H. Goto (Nagoya University) for their help in the AFM
mg/mL to measure UVvisible and CD spectra. The temperature jump measurements and computer simulations. This work was
experiments were performed in a 0.1 cm quartz cell using the same partially supported by Grant-in-Aid for Scientific Research from
CD system. The temperature was thermostated with a Jasco PTC-348WIJapan Society for the Promotion of Science and the Ministry
thermostat. The change of temperature was achieved within ca. 5's. ¢ Education, Culture, Sports, Science, and Technology, Japan.

AFM Measurements. Stock solutions of polyt (M, = 3.7 x 10¢ E.Y. thanks the Izumi Science and Technology Foundation for
andM,/M, = 2.2; 0.5 and 0.05 mg/mL) in DMSO and poly(0.05 financial support.

mg/mL) in 0.34 M DMSO solution of (R,29-9 were prepared. Fifty ] ) ) )

microliter aliquots of the stock solutions were dropped on freshly ~ Supporting Information Available: Changes in the CD
cleaved mica substrates, the solutions were blown off simultaneously intensity of the complexes of poly-with (R)-6 and (R,25)-9

with a stream of nitrogen, and the mica substrates were dried in vacuowith time at various temperatures in DMSO, time-dependent
overnight to measure the AFM images in the tapping nidsl of 1H and!3C NMR changes of polyi-Et, and optimized structures
the experiments were performed in air at ambient temperature. Polymerof all s-cisands-transPPI, poly4, and the polyt—(1R,29-9
lengths were measured using the NIH Image program, developed atcomplexes (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org.
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