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ABSTRACT: N-Butynylamides, (S)-HCtCCH2CH2NHCOCH2CH(CH3)CH2CH3 (1), (R)-HCtCCH2CH2-
NHCOCH2CH(CH3)CH2CH2CH2CH(CH3)2 (2), (S)-HCtCCH2CH2NHCOCH(CH3)CH2CH2CH2CH2CH2CH3 (3),
(1S)-HCtCCH2CH2NHCOC9H13O2 (4, COC9H13O2 ) camphanyl), and HCtCCH2CH2NHCOCH2CH2CH2CH2-
CH3 (5) were polymerized with [(nbd)RhCl]2-Et3N in CHCl3 to obtaincis-stereoregular poly(N-butynylamide)s
[poly(1)-poly(5)]. CD and IR spectroscopic studies revealed that poly(1)-poly(4) having chiral substituents in
the side chains took predominantly one-handed helical structure stabilized by intramolecular hydrogen bonds
between the pendent amide groups in CHCl3. The helical structure of poly(1)-poly(3) was more stable to heating
than that of the corresponding poly(N-propargylamide)s reported so far. In contrast, poly(4) having bulky lactone
moieties changed the helical tightness according to temperature. The helical structure of poly(3) havingR-methyl
branch was much more stable to MeOH addition than that of poly(1) and poly(2) havingâ-methyl branch. The
persistence length of the poly(N-butynylamide)s was nearly the same as that of poly(N-propargylcarbamate)s,
but shorter than that of poly(N-propargylamide)s. Simulation of CD spectra was carried out for helical forms of
a poly(N-butynylamide) to specify the asymmetric conformations.

Introduction

Biomacromolecules such as DNA1 and proteins2 take one-
handed helical structure caused by the homochirality of their
components. Their biological activities are based on elegant and
sophisticated higher order structures. Artificial helical polymers
have been extensively synthesized by imitating naturally derived
helices, dating back to the discovery of isotactic polypropylene
by Natta and co-workers.3 Nowadays, development of chiral
catalysts and remarkable progress in synthetic technique enable
the synthesis of various helical polymers such as poly(alkyl
methacrylate)s,4 polychloral,5 polyisocyanides,6 polyisocyan-
ates,7 and polysilanes.8 These synthetic helical polymers attract
interest due to their potential of practical applications including
molecular recognition materials, chiral catalysts, ferroelectric
liquid crystals, and chemical sensors.4c,6c,9

Substituted polyacetylenes take a helical conformation, when
the geometric structure of the main chain has a sufficient
regularity. The polymerization of monosubstituted acetylenes
with rhodium catalysts affordscis-stereoregular polyacetylenes,10

some of which take a helical structure with predominantly one-
handed screw sense by introducing chiral substituents11 into the
side chain or by interacting with chiral compounds.12 We have
reported that rhodium-basedcis-stereoregular poly(N-propar-
gylamide)s form a helical structure, which is stabilized by
intramolecular hydrogen bonds along with steric repulsion
between the side chains, the biomimetically same way as
peptides and proteins.13 Poly(N-propargylamide)s change the
conformation by external stimuli such as heat and the addition

of polar solvents, which disturb the formation of intramolecular
hydrogen bonds stabilizing the helical structure. In the course
of our study on helical poly(N-propargylamide)s, we have
examined the effect of the distance between the main chain and
amide group on the secondary structure, and we found that a
poly(N-butynylamide) having two methylenes between the main
chain and amide group also constructs a helical structure
stabilized by a way similar to that of poly(N-propargylamide)s.13a

Upon synthesizing a series of poly(N-propargylamide)s, we have
found a remarkable substituent effect on the helix formation
and stability, while the substituent effect of poly(N-butynyla-
mide)s have not been examined yet. The present study deals
with the synthesis of novel poly(N-butynylamide)s having
various side chains (Scheme 1) and determination of the effect
of the methyl branch and lactone on the helical conformation
of the polymers, together with the solvent effect on the helix
and relative persistence length. It also compares the helical
structures and ways of intramolecular hydrogen bonds between
poly(N-butynylamide)s and poly(N-propargylamide)s by the
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conformational analysis and CD simulation based on the
molecular orbital method.

Experimental Section

Measurements. Melting points (mp) were measured with a
Yanako micromelting point apparatus. Specific rotations ([R]D) and
IR spectra were measured with a JASCO DIP-1000 digital
polarimeter and a FTIR-4100 spectrophotometer, respectively. NMR
(1H, 400 MHz; 13C, 100 MHz) spectra were recorded on a JEOL
EX-400 spectrometer. Elemental analyses were conducted at the
Microanalytical Center of Kyoto University. X-ray crystallographic
analysis was carried out on a Rigaku AFC5R diffractometer.
Number-average molecular weights (Mn) and molecular weight
distributions (Mw/Mn) of polymers were estimated by GPC (Shodex
columns K803, K804, K805) eluted with CHCl3 calibrated by
polystyrene standards. CD and UV-vis spectra were recorded on
a JASCO J-820 spectropolarimeter.

Materials. (S)-(+)-2-Methyloctanoic acid (Japan Energy), (1S)-
(-)-camphanic acid (Aldrich), hexanoic acid (Wako), and 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholiniumchloride(Tokuya-
ma) were used as received. Toluene-4-sulfonic acid 3-butynyl
ester,14 (S)-3-methylpentanoic acid,13aand (R)-3,7-dimethyloctanoic
acid13e were prepared according to the literature. CHCl3 used for
polymerization was distilled prior to use.

Synthesis of Monomers 1-5. Monomer1 was synthesized as
follows. Liquid ammonia (200 mL) was introduced into an
autoclave that was cooled to-78 °C, then toluene-4-sulfonic acid
3-butynyl ester (10.7 g, 47 mmol) was added, and the autoclave
was closed. The resulting mixture was stirred at room temperature
for 24 h, and the autoclave was opened to allow residual ammonia
to evaporate. Et2O was added to the residue, and the mixture was
filtered. The filtrate was distilled under reduced pressure (100°C/
120 mmHg) to obtain 3-butynylamine as colorless liquid in 29%
yield. 1H NMR (CDCl3): δ 1.72 (NH2, br, 2H), 2.03 (CtCH, s,
1H), 2.33 (CtCCH2, t, J ) 6.3 Hz, 2H), 2.85 (CH2NH2, t, J ) 6.4
Hz, 2H).13C NMR (CDCl3): δ 23.28, 40.71, 69.63, 82.26. 4-(4,6-
Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride15 (1.67
g, 6 mmol) was added to a solution of 3-butynylamine (0.41 g, 6
mmol) and (S)-3-methylpentanoic acid (0.70 g, 6 mmol) in THF
(100 mL), and the resulting mixture was stirred at room temperature
overnight. It was concentrated on a rotary evaporator. Et2O was
added to the residue, and the resulting solution was washed with 2
M HCl and saturated aqueous NaHCO3, dried over anhydrous
MgSO4, and concentrated. Monomer1 was isolated by column
chromatography on silica gel eluted with hexane/ethyl acetate)
1/1 (v/v). Yield 0.43 g (2.6 mmol, 43%). Monomers2-5 were
prepared in a similar way.1: [R]D ) +5.8 deg (c ) 0.27 g/dL in
CHCl3). 1H NMR (CDCl3): δ 0.88-0.90 (CH2CH3, m, 3H), 0.92
(CHCH3, d,J ) 6.0 Hz, 3H), 1.21-1.23 (CHHCH3, m, 1H), 1.37-
1.39 (CHHCH3, m, 1H), 1.90-1.91 (CH, m, 1H), 1.96-1.98
(COCHH, m, 1H), 2.00 (CtCH, s, 1H), 2.19-2.22 (COCHH, m,
1H), 2.41 (CtCCH2, br, 2H), 3.41 (CH2NH, br, 2H), 5.97 (NH,
br, 1H). 13C NMR (CDCl3): δ 11.25, 19.09, 19.41, 29.34, 32.27,
37.84, 44.07, 69.89, 81.59, 172.7. IR (in CHCl3): 3451, 2964, 1663,
1517, 1462, 1264, 913, 775 cm-1. Anal. Calcd for C10H17NO: C,
71.81; H, 10.25; N, 8.37. Found: C, 71.60; H, 10.31; N, 8.31.2:
yield 56%, mp 45.0-46.0°C; [R]D ) +5.1 deg (c ) 0.11 g/dL in
CHCl3). 1H NMR (CDCl3): δ 0.84 (CH(CH3)2, d,J ) 6.8 Hz, 6H),

0.91 (CHCH3, d, J ) 6.0 Hz, 3H), 1.13-1.14 (CH2i-Pr, m, 2H),
1.15-1.16 (C*HCH2CH2, m, 2H), 1.27-1.30 (CH2i-Bu, m, 2H),
1.50-1.54 [CH(CH3)2, m, 1H], 1.90-1.91 (COCHH, m, 1H),
1.94-1.96 (COCHH, m, 1H), 1.98 (CtCH, s, 1H), 2.17-2.20
(C*H, m, 1H), 2.41 (CtCCH2, t, J ) 6.3 Hz, 2H), 3.39-3.44 (CH2-
NH, m, 2H), 5.76 (NH, br, 1H).13C NMR (CDCl3): δ 19.54, 19.67,
22.69, 24.71, 27.95, 30.83, 37.07, 37.86, 39.08, 44.64, 69.91, 81.66,
172.6. IR (in CHCl3): 2958, 1664, 1515, 1217, 1016, 780, 759
cm-1. Anal. Calcd for C14H25NO: C, 73.90; H, 11.11; N, 6.77.
Found: C, 73.20; H, 10.93; N, 6.85.3: yield 45%, mp 47.0-
49.0 °C; [R]D ) +5.8 deg (c ) 0.10 g/dL in CHCl3). 1H NMR
(CDCl3): δ 0.87 (CH2CH3, t, J ) 7.0 Hz, 3H), 1.14 (CHCH3, d, J
) 6.8 Hz, 3H), 1.27[(CH2)4CH3, br, 8H], 1.37-1.40 (C*HCHH,
m, 1H), 1.63-1.64 (CH*CHH, m, 1H), 2.00 (CtCH, s, 1H), 2.16-
2.21 (CH, m, 1H), 2.41 (CtCCH2, t, J ) 6.4 Hz, 2H), 3.38-3.44
(CH2NH, m, 2H), 5.81 (NH, br, 1H).13C NMR (CDCl3): δ 14.06,
17.85, 19.51, 22.62, 27.43, 29.29, 31.74, 34.38, 37.72, 41.62, 69.78,
81.62, 176.6. IR (in CHCl3): 3450, 2930, 1665, 1515, 1220, 782,
772, 685 cm-1. Anal. Calcd for C13H23NO: C, 74.59; H, 11.07; N,
6.69. Found: C, 74.34; H, 10.99; N, 6.67.4: yield 43%, mp 93.5-
95.5 °C; [R]D ) -7.6 deg (c ) 0.11 g/dL in CHCl3). 1H NMR
(CDCl3): δ 0.93 (CCH3, s, 3H), 1.12 [C(CH3)2, s, 6H], 1.67-1.70
(CHH, m, 1H), 1.89-1.91 (CHH, m, 1H), 1.97-1.98 (COCCHH,
m, 1H), 2.02 (CtCH, s, 1H), 2.44 (CtCCH2, br, 2H), 2.52-2.54
(COCCHH, m, 1H), 3.37-3.42 (CHHNH, m, 1H), 3.52-3.57
(CHHNH, m, 1H), 6.80 (NH, br, 1H).13C NMR (CDCl3): δ 9.59,
16.49, 16.60, 19.32, 28.96, 30.16, 37.61, 53.78, 55.19, 70.15, 80.89,

Table 1. Polymerization of 1-5a

monomer yieldb (%) Mn
d Mw/Mn

d [R]D
e (deg)

1 54c 10 200 1.48 +306
2 26 10 900 2.17 -499
3 43 9100 2.56 +355
4 42 22 000 1.58 +609
5 46 16 000 1.79 0

a Polymerized with [(nbd)RhCl]2-Et3N in CHCl3 at 30°C for 24 h. [M]0
) 1.0 M, [M]0/[Rh] ) 100, [Et3N]/[Rh] ) 2. b MeOH-insoluble part.c Et2O-
insoluble part.d Estimated by GPC (CHCl3, PSt standard).e Measured in
CHCl3 (c ) 0.01-0.10 g/dL).

Figure 1. CD and UV-vis spectra of poly(1)-poly(5) measured in
CHCl3 (c ) 0.07-0.46 mM) at 20°C.

Table 2. Solution State IR Absorption of Amide and Ester Groups
of 1-5 and Poly(1)-Poly(5)a

wavenumber (cm-1)

compound CdO of amide N-H of amide CdO of ester

1 1663 1517
poly(1) 1629 1548
2 1664 1515
poly(2) 1630 1550
3 1665 1513
poly(3) 1631 1548
4 1677 1533 1785
poly(4) 1655 1541 1776
5 1667 1520
poly(5) 1628 1554

a Measured in CHCl3 (c ) 1-50 mM) at room temperature.
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92.39, 167.0, 178.2. IR (in CHCl3): 3432, 3308, 3019, 1785, 1677,
1533, 1217, 1168, 1123, 924, 778, 669 cm-1. Anal. Calcd for
C14H19NO3: C, 67.13; H, 7.58; N, 5.51. Found: C, 66.96; H, 7.54;
N, 5.47.5: yield 51%, mp 45.0-46.5 °C. 1H NMR (CDCl3): δ
0.86 (CH3, t, J ) 6.8 Hz, 3H), 1.29-1.33 (CH2CH2CH3, m, 4H),
1.62-1.64 (COCH2CH2, m, 2H), 2.01 (CtCH, s, 1H), 2.17-2.21
(COCH2, m, 2H), 2.38 (CtCCH2, t, J ) 6.3 Hz, 2H), 3.39-3.42
(CH2NH, m, 2H), 5.84 (NH, br, 1H).13C NMR (CDCl3): δ 13.93,
19.48, 22.31, 25.39, 31.40, 36.73, 37.89, 69.92, 81.59, 173.3. IR
(in CHCl3): 3013, 2360, 1667, 1520, 1472, 1368, 1203, 820, 755
cm-1. Anal. Calcd for C10H17NO: C, 71.81; H, 10.25; N, 8.37.
Found: C, 71.55; H, 10.34; N, 8.29.

Polymerization. A solution of [(nbd)RhCl]2 (2.3 mg, 5.0µmol)
and Et3N (1.0 mg, 10.0µmol) in distilled CHCl3 (0.25 mL) was
added to a solution of a monomer (0.5 mmol) in distilled CHCl3

(0.25 mL) under nitrogen, and the resulting solution was kept at
30 °C for 24 h. The reaction mixture was poured into Et2O or
MeOH to precipitate a polymer. It was separated by filtration and
dried under reduced pressure.

Spectroscopic Data of the Polymers. Poly(1).1H NMR
(CDCl3): δ 0.7-1.1 (CH2CH3, CHCH3, br, 6H), 1.1-1.3 (CHHCH3,
br, 1H), 1.3-1.4 (CHHCH3, br, 1H), 1.8-2.1 (CH, COCH2, br,
3H), 2.1-2.8 (CdCCH2, br, 2H), 3.0-3.6 (CH2NH, br, 2H), 5.6-
6.3 (CdCH, br, 1H), 8.2-9.1 (NH, br, 1H). IR (in CHCl3): 3621,
2974, 2359, 1629, 1548, 1218, 1046, 782, 669 cm-1. Poly(2). 1H
NMR (CDCl3): δ 0.7-1.0 (CH(CH3)2, CHCH3, br, 9H), 1.0-1.2
(CH2i-Pr, C*HCH2CH2, br, 4H), 1.2-1.4 (CH2i-Bu, br, 2H), 1.4-
1.6 [CH(CH3)2, br, 1H], 1.8-2.2 (COCH2, br, 2H), 2.2-2.6 (C*H,
CdCCH2, br, 3H), 3.0-3.9 (CH2NH, br, 2H), 5.7-6.3(CdCH, br,
1H), 8.5-9.0 (NH, br, 1H). IR (in CHCl3): 3622, 2962, 1630, 1550,
1451, 1383, 1214, 1016, 812, 762 cm-1. Poly(3). 1H NMR
(CDCl3): δ 0.7-1.0 (CH2CH3, br, 3H), 1.0-1.2 (CHCH3, br, 3H),
1.2-1.5 [(CH2)4CH3, C*HCHH, br, 9H], 1.5-1.8 (C*HCHH, br,
1H), 2.0-2.8 (CH, CdCCH2, br, 3H), 3.0-3.9 (CH2NH, br, 2H),
5.6-6.3 (CdCH, br, 1H), 8.4-9.1 (NH, br, 1H). IR (in CHCl3):
3279, 2929, 2856, 1631, 1549, 1452, 1225, 1215, 783, 688 cm-1.
Poly(4). 1H NMR (CDCl3): δ 0.8-1.0 (CCH3, br, 1H), 1.0-1.2
[C(CH3)2, br, 6H], 1.5-1.8 (CHH, br, 1H), 1.8-2.1 (CHH,
COCCHH, br, 2H), 2.4-2.7 (CdCCH2, COCCHH, br, 3H), 3.2-
3.6 (CH2NH, br, 2H), 5.9-6.2 (CdCH, br, 1H), 7.5-7.9 (NH, br,
1H). IR (in CHCl3): 3627, 3359, 2975, 2343, 1776, 1655, 1541,
1447, 1049, 917, 826, 691 cm-1. Poly(5). 1H NMR (CDCl3): δ
0.7-1.0 (CH3, br, 3H), 1.2-1.4 (CH2CH3, br, 2H), 1.4-1.5 (CH2-
Et, br, 2H), 1.5-1.7 (CH2Pr, br, 2H), 2.0-2.6 (COCH2, CdCCH2,
br, 4H), 2.9-3.6 (CH2NH, br, 2H), 5.6-6.2 (CdCH, br, 1H), 8.4-
9.0 (NH, br, 1H). IR (in CHCl3): 3281, 2931, 2361, 1628, 1554,
1223, 1215, 794, 778 cm-1.

Computation of Simulated CD Spectra.Theoretical CD spectra
were predicted for a 18-mer ofN-butynylacetamide (R) CH3 in
Scheme 1). Energy minimization was carried out with molecular
mechanics (MM) based on the MMFF94 force field16 in Wave-
function, Spartan ’04 Windows. Helical conformers obtained were
subjected to CD simulation based on the time-dependent SCF
(ZINDO/S) method.17 Electronic transition and chiroptical param-

eters were computed on Gaussian 03 basically according to refs
17 and 18. The low-energy transition states of 200 were predicted
under the condition of a CI number of 200× 200, including each
oscillator strength (fvel) and rotatory strength (Rvel) in velocity form.
Theoretical CD spectra were produced by using theRvel-wavelength
data with a wavelength-based Gaussian function of 10 nm
tentatively used for a half of 1/e-bandwidth.17a,d,e,19The correspond-
ing absorption profiles were also predicted using thefvel-wavelength
data with a similar Gaussian function.19

Results and Discussion

Polymerization. The polymerization of monosubstituted
acetylenes using a rhodium catalyst affords correspondingcis-
stereoregular polymers10 even though monomers have polar
functional groups such as amide and ester.20 Thus, the polym-
erization ofN-butynylamides1-5 was conducted with [(nbd)-
RhCl]2-Et3N as a catalyst in CHCl3 to give the polymers
[poly(1)-poly(5)] with moderate molecular weights (Mn )
9100-22 000) in 26-54% yields as listed in Table 1. The
relatively lower polymer yields than those of poly(N-
propargylamide)s13f may be due to the lower electron density
of the ethynyl group, which is unfavorable to coordination with
the rhodium catalyst. In fact, the average atomic charge of the
ethynyl carbon atoms of1 was -0.188, while that ofN-
propargyl 3-methylpentanamide was-0.198.21 The resulting
polymers showed a1H NMR signal assignable to thecis-olefinic
proton in the main chain around 6 ppm, and the integration ratio
of the signal confirmed that thecis content of the polymers
was quantitative in every case. The IR spectroscopic data of
the polymers also supported the formation of poly(N-butyny-
lamide)s. All the polymers were soluble in CHCl3, and chiral
polymers [poly(1)-poly(4)] exhibited large optical rotations (|-
[R]| ) 306-609°) in the solvent compared to those of the
monomers (|[R]| ) 5.1-7.6°).

Secondary Structure.Figure 1 depicts the CD and UV-vis
spectra of poly(1)-poly(5) measured in CHCl3 at 20°C. Poly-
(1)-poly(3), having chiral alkyl side chains, exhibited intense
Cotton effects around 300 nm, and poly(4), having a chiral
lactone, did the same around 340 nm. They exhibited UV-vis
absorption at the same regions as the CD spectra, which

Figure 2. ORTEP drawing of4.

Figure 3. CD and UV-vis spectra of poly(1) measured in CHCl3 (c
) 0.23 mM) at various temperatures.
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confirmed that the chiroptical property was based on the
conjugated polyacetylene main chain chromophore. Hence, it
is concluded that poly(1)-poly(4) take helical structures with
predominantly one-handed screw sense in CHCl3. On the other
hand, poly(5) having achiral side chain exhibited no Cotton
effect. The shape of Cotton effects of poly(1)-poly(3) is
different from that of common poly(N-propargylamide)s13 but
similar to that of poly(N-propargylcarbamate)s22 reported so far.
Namely, most of poly(N-propargylamide)s13 show a Cotton
effect around 390 nm, whereas poly(1)-poly(3) do it around
300 nm, which indicates that the helix of these three polymers
is tighter than that of poly(N-propargylamide)s, leading to a
shorter conjugation length.23 Poly(1) and poly(3) possessing (S)-
configuration in the chiral side chains exhibited specific rotations

and Cotton effects with the same sign, which indicates that the
polymers have the same helical screw sense each other. This
result contrasts to the observation of odd-even rules in
chiroptical properties of several chiral polymers such as
polysilanes,24a polythiophenes,24b and polyisocyanides;24c for
example, the helical sense of polythiophenes having identical
chiral units alternates upon sequential variation of the spacer
length. Such effect is not observed in the present polymers
exceptionally as in the case of poly(N-propargylamide)s13aand
poly(propiolic ester)s.11e The position of chiral center does not
affect the tightness of helical structure of the polymers in the
present study.

Confirmation of Hydrogen Bonding. It is likely that the
helical structures of poly(1)-poly(4) are stabilized by intramo-
lecular hydrogen bonds between the pendent amide groups in
CHCl3. In order to confirm this, the IR spectra of the monomers
and polymers were measured in CHCl3 (c ) 1-50 mM) as
summarized in Table 2. The amide I and II absorption peaks of
monomers1-5 were observed at 1663-1677 and 1513-1533
cm-1, while those of poly(1)-poly(5) were observed at 8-39
cm-1 lower and higher wavenumbers, respectively, irrespective
of the concentration. These results clearly indicate that intramo-
lecular hydrogen bonds are formed between the amide groups
of the polymers. We have previously reported that poly(3-
butynyl ester)s, ester analogues of poly(N-butynylamide)s, do
not form a helical structure, presumably due to the absence of
hydrogen bonding.13a Consequently, it is considered that the
helical structure of poly(N-butynylamide)s is stabilized by
intramolecular hydrogen bonds between the pendent amide
groups. It can be considered that intermolecular hydrogen
bonding does not form because of the low concentration of the
polymer solutions.

The carbonyl absorption of ester group of poly(4) also shifted
by 9 cm-1 from that of4 as listed in Table 2. It should be noted
that the shifts of the amide I and II absorption peaks from4 to
poly(4) (22 and 8 cm-1) were smaller than those from the other
monomers to the corresponding polymers (31-39 cm-1). This
fact indicates that the ester group of lactone of poly(4)
participates in hydrogen bonds between the amide groups. In
order to obtain information on the intramolecular hydrogen
bonding involving the lactone in side chains, we analyzed the
conformation of4 by X-ray crystallography. As shown in Figure
2, the interatomic distance between the amide hydrogen and
ether oxygen was 2.182 Å. It is concluded that these two atoms
form a hydrogen bond, which supports the assumption that the
lactone moieties participate in the intramolecular hydrogen
bonds between the amide groups of poly(4). This result
presumably relates to the different helicity of poly(4) from that
of poly(1)-poly(3).

Effect of Temperature on Helical Conformation. Figure
3 depicts the CD and UV-vis spectra of poly(1) measured in
CHCl3 at various temperatures. By raising temperature, the
intensity of Cotton effect was slightly decreased, and obvious
Cotton effect remained even at 55°C as reported so far.13aPoly-
(2) and poly(3) showed a similar tendency; thus the helical
conformation of poly(1)-poly(3) was quite stable upon heating.
The helical conformation of these polymers was thermally more
stable than that of the corresponding poly(N-propargylamide)s
reported so far;13 at 55 °C, poly(1) decreased the intensity of
Cotton effect to 75% of that at 0°C, while the corresponding
poly(N-propargylamide) decreased it to 30%. On the other hand,
poly(4) showed a completely dissimilar tendency to poly(1)-
poly(3) upon heating. When the temperature was raised from
-10 to +20 °C, the intensity of the peak at 280 nm was

Figure 4. CD and UV-vis spectra of poly(4) measured in CHCl3

(c ) 0.36 mM) at [A] -10-20 °C and [B] 20-55 °C.
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decreased and the intensity of the peak at 340 nm was increased
in both CD and UV-vis spectra as depicted in Figure 4A,
indicating that the helix of poly(4) became loose upon heating
at this temperature region.23 The intensity of the peak at 340
nm in the CD and UV-vis spectra was decreased by further
raising temperature above 20°C (Figure 4B), presumably due
to partial transformation from helical conformation into random
one upon heating. The thermal responsiveness of the chiroptical
properties was reversible in the whole temperature range.

Effect of MeOH Addition on Helical Conformation. As
described in the discussion on the solution state IR spectroscopy,
it is likely that the helical structure of poly(N-butynylamide)s
is stabilized by intramolecular hydrogen bonds. We examined
the effect of MeOH addition, which should disturb the formation
of hydrogen bonds. Figure 5 depicts the CD and UV-vis spectra
of poly(1)-poly(3) measured in CHCl3/MeOH at 20°C. Poly-
(1) and poly(2) decreased the intensity of Cotton effect upon
raising the MeOH content; the Cotton effect almost disappeared
when the MeOH content became 60-90%. The CD spectral
change is attributable to the deformation from helical state into
random. On the other hand, poly(3) did not decrease the Cotton
effect so much, even when the MeOH content became 90%.
The position of methyl branch dramatically affected the helix
stability of the polymers. It is considered that the methyl branch
near the amide group can shield the hydrogen bonds from
MeOH, resulting in the stabilization of the helical structure. The
helix of poly(3) is much more stable than that of the poly(N-
propargylamide) counterpart.13e

Persistence Length of the Helical Domain.The persistence
length of the helical domain was investigated by the chiral/
achiral copolymerization of2 with 5 to estimate the helix
stability. As shown in Figure 6A, the [R]D and [θ]max of the
copolymers were decreased upon raising the chiral content, and
an apparent chiral amplification was observed. In addition, the
polymers of1 with various monomer unit ratios of (R)- and
(S)-forms also exhibited similar behavior as shown in Figure
6B.25 These results demonstrate that the poly(N-butynylamide)s
in the present study have a persistence length long enough to
exhibit such a chiral amplification. The present poly(N-
butynylamide)s seem to have almost the same persistence length
as poly(N-propargylcarbamate)s,22b but a shorter one than that
of poly(N-propargylamide)s13e judging from the degree of the
chiral amplification. Thus, poly(N-butynylamide)s possess a
higher population of the helix reversal point than poly(N-
propargylamide)s. It should be noted that the helical structure
of poly(1) is thermally more stable in spite of the shorter
persistence length than that of poly(N-propargylamide)s. This

is presumably caused by the tightly twisted structure of poly-
(1) compared to that of poly(N-propargylamide)s, which will
be described in the following section.

Simulation of CD Spectra.To gain more structural informa-
tion, theoretical computation of CD spectra was carried out for
a 18-mer ofN-butynylacetamide (R) CH3 in Scheme 1). The

Figure 5. CD and UV-vis spectra of poly(1)-poly(3) measured in CHCl3/MeOH (c ) 0.18-0.46 mM) at 20°C.

Figure 6. Plots of the optical rotation ([R]D) and CD intensity at the
absorption maximum ([θ]max) [A] vs chiral content of poly(2-co-5),
[B] vs enantiomeric excess of the monomer units in the copolymer of
1 [(R)-form] and the enantiomer [(S)-form].
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MM calculation offered two helical conformers (types I and II:
Figure 7A26) characterized by different dihedral angle (τ) at the
single bond along the main chain:τ ) ca. 130° (type I) and
ca. 70° (type II). Type I takes a relatively extended helical
backbone, while type II adopts a tightly twisted helical form.
Type I forms intramolecular hydrogen bonding betweennth and
(n + 2)th units, and type II does it betweennth and (n + 3)th
units. Figure 7A corresponds to a right-handed (P) helix.27 This
achiral side chain will promise the same energy as the
enantiomeric left-handed (M) helix.27

CD spectra of the two conformers as well as their absorption
profiles (Figure 7B) largely differ from each other. Type I yields
positive CD signals for a strong absorption band around 345
nm. In contrast, a prominent absorption band around 277 nm
appears in type II. Such a blue shift should be attributed to a
reduced degree ofπ-conjugation in the type II backbone due
to its more perpendicular conformation. In addition, the CD
spectrum of type II shows negative signals around 277 nm and
positive ones at longer wavelengths. Consequently, the sign
inversion of CD signals (apparently “split type”) occurs in type
II, although type I emphasizes a CD band with one sign.

A visual comparison between the experimental and simulated
CD/absorption patterns allows us to estimate a preferential
conformation of poly(1)-poly(5). Poly(4) shows positive CD
signals for an absorption band around 350 nm, thus suggesting

the occurrence of a type I (P) helical conformation. Poly(1)-
poly(3) display an absorption band around 310 nm followed
by a larger absorption band at shorter wavelengths. The
corresponding CD spectra are characterized by two Cotton
effects with the opposite sign. These spectral features suggest
that poly(2) adopts a type II (P) helix, and that poly(1) and
poly(3) with the opposite CD signs form a type II (M) helix.
The optically inactive poly(5) displays an absorption profile to
those of poly(1)-poly(3), thus implying the preference for a
type II helix.

Main-chain torsion in the present polymer will largely
influence its electronic transition states, likewise in the case of
other conjugated molecular frames.28 In addition, the backbone
conformation in solution should thermally fluctuate more or
less.29 These circumstances might prevent us from specifying
the dynamic conformations by using such spectroscopic data.
Correspondingly, the relationship between the main-chain
torsion and spectral pattern has been estimated to clarify these
problems.

Figure 8 displays CD spectra simulated for several helices
with variousτ angles. CD spectra as well as absorption patterns
are largely influenced by the main-chain conformation governing
the degree ofπ-conjugation. Among the conformers ofτ ∼ 50-
130°, the absorption position at longer wavelengths of type I (τ
∼ 130°) is the closest to that of poly(4). A “split-like” CD
pattern around 275-310 nm ofτ ∼ 70° (type I) or around 260-
310 nm ofτ ∼ 80° reproduces the experimental CD of poly-
(1)-poly(3) well. In contrast, the other conformers do not
produce such a split-like CD pattern around 260-310 nm.
Therefore, the structural discussion described in Figure 7 should
be essentially valid even if the influence of conformational
fluctuations on the electronic spectra is taken into account.

Conclusion

In the present study, we have demonstrated the polymerization
of N-butynylamides1-5 having various substituents using a
rhodium catalyst to obtain the polymers with moderate molecular
weights and almost quantitativecis content of the main chain.
They took helical structures with predominantly one-handed

Figure 7. (A) Types I and II (P) helical conformations of a 18-mer of
N-butynylacetamide. (B) Their simulated CD spectra and absorption
profiles: [θ], Rvel, andfvel of the polymer molecule are divided by 18
as the values per monomer unit.

Figure 8. Simulated CD spectra and absorption profiles of a 18-mer
of N-butynylacetamide in several helical conformations. Theτ angles
for the helical backbones are about 130° (a), 120° (b), 110° (c), 100°
(d), 90° (e), 80° (f), 70° (g), 60° (h), and 50° (i). Curvesa and g
correspond to types I and II in Figure 7B, respectively. Each vertical
scale is divided by 18 likewise in Figure 7B.
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screw sense that were stabilized by intramolecular hydrogen
bonds between the pendent amide groups in a manner similar
to that of poly(N-propargylamide)s. The helical structure of poly-
(N-butynylamide)s was more stable upon heating and addition
of MeOH than that of poly(N-propargylamide)s in spite of the
shorter helix persistence length. The helical tightness and
number of hydrogen-bonding strands possibly explain the reason
for the difference between the two series of polymers. Namely,
poly(N-butynylamide)s form a tight helix (dihedral angle at the
single bond in the main chain: ca. 70°) surrounded by three
hydrogen-bonding strands formed between amide groups atnth
and (n + 3)th units, while poly(N-propargylamide)s form a loose
helix (dihedral angle at the single bond in the main chain: ca.
130°) surrounded by two hydrogen-bonding strands formed
betweennth and (n + 2)th units.30 Good agreement between
the observed and predicted CD spectra based on the time-
dependent SCF method supported the appropriateness of the
helical conformations. Poly(3) having a branched methyl group
at theR-carbon atomïf the acyl group was highly tolerant to
MeOH than poly(2) and poly(3) having a branchedâ-methyl
group, presumably due to the shield effect by the methyl group
from MeOH. Poly(4) carrying lactone exhibited completely
different chiroptical responsiveness to heat from that of the other
polymers, possibly due to the participation of the lactone moiety
in the hydrogen bonds, which was confirmed by the single-
crystal X-ray analysis of the monomer.
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