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Abstract: Chiral and achiral propiolic esters [H8CCO,R, where R= n-hexyl (HexPr), (CH)4Cl (CBPr),

(R)- and ©-CH,CHMeEt (MBPr), (152S559)-myrtanyl (MyrtPr), and (R,2S5R)-menthyl (MentPr)] were
copolymerized in the presence of [(nbd)Rh@t] order to study the conformational properties of poly(propiolic
esters). A clear cooperative effect on helical conformation was obtained in the copolymerization of CBPr with
MyrtPr. A similar positive nonlinear relationship between the enantiomeric excess of MBPr and the observed
chiroptical properties of copolymers was also recognized, which means a relatively long persistence length of
the helix of poly(propiolic esters). In the copolymerization of HexPr with MentPr, on the other hand, randomly
coiled (co)polymers were obtained when the MentPr content was around '60%MR spectra of poly-
(propiolic esters) gave well-resolved two diastereotopic signals, attributed to-tiethylene protons in the

side groups, owing to the slow helihelix transformation on the NMR time scale. The energy barrier for the
helix—helix transformation of poly(HexPr) was determined to be more than 18.5 kcal/mol by the variable-
temperature NMR technique. The NMR study of the (co)polymers also enabled us to estimate the free energy
difference between the helical and randomly coiled stai for poly(HexPr)= 1.59+ 0.16 kcal/mol at 22

°C).

Introduction

Chiral polymers whose chirality is based on the helix of their
main chains have gathered great interest in the past two

decades. Previous energetic efforts have made it possible to®

produce a variety of well-ordered helical polymers including
polyisocyanates, polyisocyanides$, polychloral? poly(alkyl
methacrylates),polysilanes, polyacetylenes,polythiophens,
and so on. These helical polymers can be divided into two

categories. One possesses a very stable helical structure whosg™
helical sense is kinetically controlled. Therefore, the helix sense

that is initially determined upon the polymerization can be
maintained even in the absence of chiral information. Repre-
sentative examples are given by polyisocyaniteslychloral?

and poly(alkyl methacrylates)with bulky substituents. The
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rigidity of backbones and/or the steric repulsion of bulky
pendants prevent these polymers from undergoing hélkelix
or helix-random coil transformations, which enables the
nantioselective formation of helical polymers with one-handed
screw sense. The sense of the helix is defined by the chiral
source at the initiating terminal or the appropriate chiral ligands
on the propagation centers. The other category involves the
polymers that undergo helihelix interconversion due to the
all energetic barriers for helix reversal. Polyisocyanates,
polysilanes’ and polyacetylenédsare known to belong to this
type of polymers. Such polymers possess a stiff but not rigid
main chain, allowing the presence of helix-reversal points along
the polymer backbone. The screw sense is, therefore, thermo-
dynamically determined, and, eventually, chiral information such
as chiral substituents or solvents is required to provide an excess
of one-handed helix sense.

As described above, substituted polyacetylenes are recognized
to belong to the second category of helical polynfakamely,
the helical backbone of substituted polyacetylenes readily
undergoes helix reversal. Characteristic of the helix of substi-
tuted polyacetylenes is the very short persistence length of the
helical domain. In other words, apart from the stiffness of the
main chain of polyisocyanates that have a very long persistence
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Scheme 1 Table 1. Homo- and Copolymerizations of Various Chiral and
Achiral Monomers with [(nbd)RhC{]in CHsCN at 30°C?

RhCll: _ X\ <) /99
olymep
— o _lMDARNCH, @\ \/ poly

CHCN con VYY) monomer yield My cis oo

2 9 M1 Mo+ MMz (%) MiJME 1034 (%) (%)

o (—)-MyrtPr CBPr 100/0 28 100/0 2.4 68+356

* 75125 25 80/20 13 100+492

A= Gy (OHAO  (+)0r () CHLOHCHgICEHs CHo— ) 50/50 73 62/38 21  83+445
25/75 26 30/70 47 84 +596

Me 10/90 43 11/89 58 65+511

(HexPr)  (CBPY) (MBPr) (MytPr)  (MentPr) 5/95 31 6/94 51  71+433

: : _ 25/975 33 5/95 65  70+346
length of the helical domaif,the backbone of substituted (-)-MBP™ (+)-MBPr 100/0 3 100/0 80 72-606

polyacetylenes is very flexible. For instance, as experimentally 75125 55 nd 46 86 —616
and computationally demonstrated by Yashima and co- 60/40 49 nd 39 76 —441
workers’9 poly(phenylacetylene) has a very high population of gg/ 2/547 5 i?; ':1% ig 38 :igg
the helix reversal point along the polymer backbone. Not only (—).ventPi HexPr 10000 27 100/0 110  82+491
poly(phenylacetylenes) but also the other chiral polyacetylenes 90/10 26 87/13 11  nd+170
are likely to possess a high frequency of the helix reversal, which 80/20 24 76/24 13 82+198
can be evidenced by the drastic increase in chiroptical properties 69/31 10 60/40 120 100 +10.9
; ) 51/49 18 45/55 130  nd+106
of the polymers with a decrease in temperafre. 30/61 21 43/57 720 1004115
We previously reported that stereoregulartiansoidal poly- 24176 37 26/74 37 rid+265
(propiolic esters) with chiral pendants take a helical conforma- 20/80 37 22/18 220  97+317
tion with an excess of one-handed screw sénsdale also 10/90 55 10/90 40  nd+279
established a relationship between the polymer conformation 07100 %8 0100 78 100
and the structure of pendant gro$§.Our next questions a[[(nbd)RhCIE] = 20 mM, [monomerhia = 2.0 M, 24 h.P Metha-

involve the stability of the helix of poly(propiolic esters) that 5"é':tri‘;‘;'t‘g%}f’érgccg‘f_'“'latgg ﬁbé’a'l\(':m; :dngéoﬁlﬂ;rgigtigggﬁ%seer&
is the focus of the present work. To answer this question, we composition. In CHCl; (¢ = 0.06-0.085 g/dL). [o]o = —28° (CHCh,
performed copolymerization of chiral with achiral comonomers ¢ = 0.20 g/dL)."o]p = +5° (CHCL, ¢ = 0.20 g/dL).! Not determined.

because the helix stability is readily elucidated by this experi- i[o]p = —82° (CHCl, ¢ = 1.0 g/dL).

mental technique. As described above, previous conformational

studies of substituted polyacetylehsaggest that poly(propiolic  can produce stereoregular polymers{tisinsoid}? and because
esters) also possess a very short helical persistence lengththe stereoregular main-chain structure is indispensable for the
similar to the most of the substituted polyacetylenes. However, construction of well-ordered helical conformatidiihe results

we found that, as demonstrated in the present study, propiolicof the copolymerizations are listed in Table 1. The copolymer
esters derived from primary alcohols give helical polymers with compositions of the copolymers derived from MyrtPr and CBPr
long persistence length, even in the absence of a bulky pendantwere determined by elemental analyses, while those of the
We also show that, by using a simpid NMR technique, the copolymers of MentPr with HexPr were estimated'syNMR
kinetic and thermodynamic parameters which govern the profile spectra. The unit ratio was not determined for the copolymers
of helical structure of poly(propiolic esters) are readily acces- of (+)-MBPr with (—)-MBPr. The plot of the copolymer

sible. composition versus feed composition for the MentPr/HexPr
) ) system indicated that the chiral units disperse randomly in the
Results and Discussion main chain of poly(MentPco-HexPr): the FinemanRoss plot

Copolymerization. The monomers employed in the present for the copolymerization of MentPr (i with HexPr (M)
study are 4-chlorobutyl propiolate (CBPr) and hexyl propiolate clearly supported the randomness of the copolymerization (
(HexPr) as achiral comononers, and){myrtanyl propiolate = 1.09 £ 0.07,r> = 1.04 &+ 0.06)'* In a similar way, the
(MyrtPr), (—)-menthyl propiolate (MentPr), and-j- and (-)- copolymerization of MyrtPr with CBPr has proven to be close
2-methylbutyl propiolates (MBP) as chiral comonomers (Scheme t0 @ random oner{ = 1.57+ 0.01,r, = 1.19+ 0.01, where
1). The following comonomer combinations were examined: M1 = MyrtPr, Mz = CBPr)* Since the reactivity ratio was
MyrtPr/CBPr, (-)-/(+)-MBPr, and MentPr/HexPr. The firstand ~ not investigated for th&/S copolymerization, it is impossible
second combinations were chosen to explore the sergeants anéP Precisely discuss the randomness of thgMBPr/(—)-MBPr
soldiers rulé® and the majority rulé%!respectively. The last copolymerizations. The monomer distribution in the copolymers
combination is for elucidating the effects of alkylene spacers Of (+)-MBPr with (—)-MBPr is probably random because both
in comonomers on the conformation of copolymers. monomers have identical steric hindrance.

Copolymerizations were conducted with [(nbd)RhGHbd As in the previous studies'?all of the (co)polymers showed
= 2.5-norbornadiene) in acetonitrile because the Rh catalystclear signals due to the olefinic protons of the-disnsoidal

main chain around 6-77.6 ppm, which means the formation
19%) gz) ggg‘?ﬁg@gz.’\l(gThu/lr:éfd;aT?}.j;a:\?élydl;(yﬁ.?dl\?g/rrgﬁigﬂgl.??;%zw, of stereoregular (co)polymers. The cis content calculated using
M. Polym. Prepr 1999 40, 521-522. (c) Nakako, H.; Mayahara, Y.;  both or either the NMR data and the copolymer composition
Nomura, R.; Tabata, M.; Masuda, Macromolecule200Q 33, 3978~ varied from 65% to 100%. Unfortunately, a systematic explana-

3982. 1 i i
(10) (a) Green, M. M. Reidy, M. FL Am. Chem. S04989 111, 6452 tion cannot be made for the factors that influence the cis content.

6454. (b) Langeveld-Voss, B. M. W.:; Waterval, R. J. M.; Janssen, R. A. J.;  Chiroptical Properties of Copolymers. Figure 1 plots the

Meijer, E. W.Macromoleculest999 32, 227-230. optical rotation and molar ellipticity of the first Cotton effect
(11) (a) Green, M. M.; Garetz, B. A.; Munoz, B.; Chang,-HAm. Chem.
Soc 1995 117, 4181-4182. (b) Fujiki, M.Polym. Prepr.1996 37, 454~ (12) Tabata, M.; Inaba, Y.; Yokota, K.; Nozaki, ¥. Macromol. Sci.-

455. (c) Okamoto, Y.; Nishikawa, M.; Nakano, T.; Yashima, E.; Hatada, Pure Appl. Chem1994 A31, 465-475.
K. Macromolecules 995 28, 5135-5138. (13) See the Supporting Information.
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Figure 2. CD and U\~visible spectra of the copolymers of CBPr
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for the copolymers of MyrtPr with CBPr versus the copolymer
composition. A clear cooperative effect on the chiroptical
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Figure 3. Plots of the optical rotationsa(, ¢ = 0.07 g/dL) and molar
ellipticity at 324 nm @, ¢ = (3.8—6.8) x 10~* mol/L) of the copolymers

of (—)- with (+)-MBPr versus the enantiomeric excess of the monomer
(in CHCI;, at room temperature).
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Figure 4. Plot of the optical rotations versus the segment ratio for the
copolymerization of HexPr with-f)-MentPr (in CHC}, ¢ = 0.06 g/dL
at room temperature).

between the enantiomeric excess of monomer and the observed
optical rotation as well as the ellipticity of the Cotton effects.
This observation also supports the large helical domain of poly-
(propiolic esters). However, the persistence length of helical
structure of poly(propiolic esters) is apparently shorter than that
of polyisocyanates, judging from the results of RS copo-
lymerization of isocyanates. For instance, in the case of poly-
(propiolic esters), approximately 4%0% enantiomeric excess

properties can be seen from this figure. Thus, the presence ofiS nNecessary to obtain copolymers with chiroptical properties

a 3—10% of chiral segment in the copolymer induced a large
optical rotation which is comparable to that of a homopolymer
from MyrtPr141n a similar way, even a copolymer with a ratio

of CBPr/MyrtPr= 89:11 showed very intense CD signals whose
molar ellipticity was slightly larger than that of poly(MyrtPr)

(Figure 2)1* These results are in contrast to those of the
copolymers from phenylacetylenes: for the poly(phenylacety-

similar to those of the corresponding homopolymers. On the
other hand, polyisocyanates respond very sharply to a slight
difference in the concentration of enantiomers: the absolute
value of optical rotation of the polymer from 2,6-dimethylheptyl
isocyanate with 20% enantiomeric excess is almost identical to
that of the polymer from the pure enantioné&tThis means
that, compared with polyisocyanates, the backbone of poly-

lene)-based copolymers, no distinct CD signal is attainable from (Propiolic esters), at least that of sterically less demanding
a copolymer containing 10% of a chiral comonomer, and bulky Polymers, is not stiff enough to provide a very large helical
ring substituents are required to effectively achieve the sergeantsdomain.

and soldiers principlé? Therefore, one can conclude that poly-

In contrast to the ordinary chiral amplification phenomena

(phenylacetylenes).
A similar chiral amplification phenomenon was observed in
the copolymerization of€)-MBPr with (—)-MBPr, as shown

and MentPr showed a very unique behavior in their chiroptical
properties. As shown in Figure 4, the optical rotation rapidly
increased as the proportion of the chiral segment increased,

in Figure 3. Namely, there was a positive nonlinear relationship Which is a behavior similar to that observed in the copolym-

(14) The reason is not clear for the lower chiroptical properties of the
homopolymer of MyrtPr than those of the copolymers whose chiral

comonomer contents were between 5 and 75%. The low molecular weight

of poly(MyrtPr) may be responsible for this result.

erization of the other monomer combinations. In other words,
the copolymer displays a cooperative nature of the chiroptical
property at low chiral comonomer contents. However, when the
chiral comonomer content exceeded 20%, the increase in the
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300 400 500 molecular weight ¥,,) of the copolymers. Figure 6 shows the
Wavelength (nm) plots for the five copolymers along with that for a polystyrene

Figure 5. CD and UV-visible spectra of the copolymers of HexPr Sample as a reference. We note here that the units of both
with MenPr (in CHC}, ¢ = 0.012 g/dL at room temperature). MentPr/ ~ abscissa and ordinate in each sample are arbitrary, as mentioned
HexPr= (a) 22/78, (b) 55/45, (c) 60/40, (d) 76/24, (e) 100/0. in the Experimental Section. However, what should be consid-
ered in the present study is the magnitude of the slopes of the
chiral unit led to a decrease in the optical rotation of the plots; therefore, the location of the plots is immaterial. As seen
copolymer, and almost no chirality was recognized when the in Figure 6, poly(HexPr) showed the maximum slope (log
ratio of MentPr/HexPr was 60:46-(10.9 in CHCls, c = 0.066 [7)log M, = 1.2), and this value is comparable to that of poly-
g/dL). The [p]p again increased and reached a very large value (hexyl isocyanate) (1.2 in hexane, and 1.4 in butyl chlori@e).
as the content of chiral unit was further increased. A similar This result verifies the stiff or semiflexible main chain of poly-
phenomenon was observed in the CD spectra of the copolymergHexPr)1” Combination of these data with the large chiroptical
(Figure 5). The intensity of CD decreased with an increase in properties of the polymers with alkylene spacers between the
the chiral segment (Figure 5a,b), and no CD effect was obtainedchiral carbons and ester grodpssuggests the well-ordered
when 60% MentPr was incorporated into the copolymer (Figure helical conformation of poly(HexPr). This means that poly-
5c¢). The magnitude of the CD signal increased again as the (propiolic esters) without branching at thecarbon adopt helical
content of MenPr increased further (Figure 5d,e). Simulta- conformation, even in the absence of bulky and/or chiral
neously, the shape of the CD signal remarkably changed, andsubstituents.
the peak top of the CD band shifted toward the long-wavelength  To the contrary, the slope gradually decreased from 0.92 to
region (Figure 5a versus 5e). The shape of the CD spectra 0f0.68 with an increase in the chiral unit from 22 to 40%, and
the copolymers with low chiral component (Figure 5a,b) was the slope of the MHS plot of the copolymer (HexPr/MentPr
completely identical to or the mirror-image of those of ho- 40:60) was almost the same as that of polystyrene (0.68). This
mopolymers from chiral monomers with alkylene spacers result is a clear indication of the very flexible main chain of
between the chiral centers and ester gralig<On the other  the copolymer with 60% of MentPr unit. As denoted above, it
hand, the chiral segment-rich copolymers showed CD signalsis not plausible that the same population of two helix senses
which were very close in shape to that of poly(MentPr) (Figure might contribute to the poor chiroptical properties of poly-
5d,e)% (HexPreo-MentPr) (HexPr/MentPr= 40:60). Thus, the small
The poor chiroptical property of the MentPr/HexPr60:40 value of the MHS plot of this copolymer is an indication of its
copolymer is not due to the lack of stereoregularity because randomly coiled conformation.
this copolymer was confirmed to possess perfect stereoregularity It was unexpected that further increases in the chiral content
(cis) by theH NMR spectrum in CBCl, (Table 1). This could  did not enhance the slope of the MHS plot. Even the homopoly-
be explained by assuming that the MentPr and HexPr units mer of MentPr displayed essentially the same degree of main-
prefer the opposite helix sense to each other and that thechain flexibility (log [;7]/log My = 0.66) as that of polystyrene.
presence of the same amount of both helix senses might cancefrhe copolymers with chiral content more than 60%, thus, also
the CD effects. Such a phenomenon has been observed in thexist in a randomly coiled conformation. However, the large
copolymerization of chiral with achiral phenyl isocyanates.  optical rotation of poly(MentPr)}4491° in CHCl;) undoubtedly
However, if the helix senses of MentPr and HexPr differ from originates from the helical structure with an excess of one-
each other, the signs of optical rotations of HexPr-rich copoly- handed screw sense. Thus, poly(MentPr) exists in a helical
mers should differ from those of MentPr-rich copolymers. This conformation but appears to possess a very short persistence
hypothesis is, therefore, negligible because there is no differencelength, like poly(phenylacetylene). As observed in the CD
in the sign of optical rotation between MentPr-rich and HexPr- spectra of poly(HexPco-MentPr), the red-shifted absorption
rich copolymers. Thus, the poor chiroptical property of the of poly(MentPr) compared with that of poly(HexPr), indicates
copolymer MenPr/HexP# 60:40 originates from its randomly

(16) (a) Murakami, H.; Norisuye, T.; Fujita, Hdacromolecules98Q

coiled, disordered Confor.matlon' . 13, 345-352. (b) Kuwata, M.; Murakami, H.; Norisuye, T.; Fujita, H.
The above conclusion is further supported by the analysis of Macromolecule1984 17, 2731-2734.
the Mark-Hauwink—Sakurada (MHS) plots of the logarithm (17) (a) Yamakawa, Hrelical Wormlike Chains in Polymer Solutigns

Springer: Heidelberg, Germany, 1997; pp +224. (b) Norisuye, TProg.
(15) Maeda, K.; Okamoto, YMacromolecules999 32, 974-980. Polym. Sci1993 18, 543-584.
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Figure 7. *H NMR spectrum of poly(HexPr) in CDl(400 MHz). H is!Hs
R

He Hy'
the enhanced coplanarity of the main chain of poly(MentPr). Q co: R

In other words, the pitch of the helix of poly(MentPr) seems to

Diastereotopic

. Hs H'

be larger than that of poly(HexPr). Such a remarkable difference drco)u
2

in secondary structure between the polymers with and without

ano-methylene group pendant leads to the disordered confor- Hs H' A
mation of the copolymers when the content of MentPr is close ‘%coﬁg/\ @
=~

to that of HexPr. H, HY )
NMR Study of the Conformation of Poly(propiolic esters). Q_/z_coz)%/\ = methanol
1 B T L] I T T L} T I 1
The *H NMR study of the produced (co)polymers gave very 4 3 ppm

interesting information on the nature of helical structure. The Figure 9. ExpandedtH NMR spectra of (a) polyf¢)-MBP] and (b)

'H NMR spectrum of pOIy(HeXPr) is presented in Figure 7 as a copolymer from MBPr with an enantiomeric excess-&0% (in
a typical example. Interestingly, themethylene protons were  cpcl, 400 MHz).

observed as two broad but clearly separated signals with almost . . .
identical intensity at 3.65 and 3.95 ppm. The large difference Interconversion process betyveen right- and left-handed helical
in the chemical shift between these sighatd Q0 Hz) readily conformatlons_, on the NMR_tlme scale aII_ows tinenet_hylene
excludes the hypothesis that the peak separation is derived fromProtons to exist in magnetlcally nongquwalent environments.
the geminal coupling between two methylene protons. In other This result nicely explains the complicatéd NMR spectrum

words, the twoa-methylene protons are diastereotopic. The gf the cgpolyme:rqs lfromf)- and H—f)-l;]/IBl;]’r. As |II|ustrat%(::iF In
following experimental results led to a conclusion that the igure 9a,o-methylene protons of the homopolymer of)¢

nonequivalence of the-methylene protons stems from the slow MBPr gave two signal&® This is due to the slow interconversion

process of the helix inversion on the NMR time scale at ambient process betwee_n the two hellces! as descrlb_ed above._ On the
temperaturd® other hand, their copolymers exhibited four signals attributed

First, it was confirmed byH NMR spectroscopy that the }o ther(]x-rggg/hylene protons,Fa}s exeggpliged by thi coEpIym_erl
stereoregularity (cistransoidal) of the present sample of poly- rom the 6 ee monomer (Figure 9b). Because the chiroptica

(HexPr) is almost quantitative (Table 1). This was also supported properties of this copolymer are almost the same as those of
by the'3C NMR spectrum, where every carbon of poly(HexPr) pon[(—)-MB_Pr], .bOth polymers possess the same ratio of one-
provided only one very sharp signal at ambient temperature. handed helix to its counterpart. Furthermore, both homo- and

Therefore, the possibility that poor stereoregularity causes the COPolymers showed completely identic#C NMR spectral
separation of the:-methylene signal is denied. TREC NMR patterns, whgre every carbon appeared as a sharp, well-resolved
data also rule out the possibility that the peak separation is dueSN9/€ peak? This means that there is no difference in the

to the slow change between the s-trans and s-cis configurationéﬂagneuc environment for the-methylene carbons between
with respect to the carbonyl group. Second, fie NMR these homo- and copolymers. Therefore, with respect to the

spectrum of poly(ethyl propiolate) exhibited a similar diaste- E-Tethyletﬂe protonj, thel\;%;s a _(illaslteregfoplc rzlau?rr:shlp
reotopic resonance for themethylene protons, which excludes ewiﬁnl ef_)- aln S)b i drtu?rle.t no ert_vvor S, e b
the idea that the peak separation might arise from the hinderedg.'n;e yehnedstl)gn: Is\lﬁ/IR”' ;Jhe 0 Ie \/fvct)henqn |0r|ner? ga7n3 €
rotation of the pentyl residues in the side chain of poly(HexPr). istinguished by' , (N€ couple of the signais at 2.
Further evidence was obtained by f& NMR spectrum of a and 3.60 ppm and the o_ther couple of the resonance at 3.93
copolymer of HexPr with MenPr having random conformation; a_nd 3S4:l)’\/IFI)3pI;n cag be EISEIQ&GSF}O d)henethi/_ler:e protons from
i.e., in the™M NMR spectrum of the randomly coiled copolymer (5)-(S)-MBPr and {)—(R)- r, respectively. .
(MentPr/HexPr= 60/40) (Figure 8b), the-methylene protons Stability of the Helical C(_)nformatlon of Poly(propiolic _
in the hexyl group are not diastereotopic, and only a broad signal esters).In the case of a helical polymer that undergoes helix
was observed. All these data rule out the possibility that the  (19) All of the polymers from chiral monomers with alkylene spacers,
magnetically nonidentical environment for themethylene which were used in ref 9b, gave similar diastereotopic signals for the
; ; : a-methylene protons. In a similar way, the diastereotopic peak separation
protons in poly(HexPr) is dependent on the primary StrUCt_ure of a-methylene protones was observed for the achiral polymers listed in
of the polymer. In other words, the secondary structure, i.e., the table in the Supporting Information. Thus, the peak separation of

helical structure, contributes to this phenomenon, and the slowa-mgthylene protons of polyf{)-MBPr] is not due to the secondary buty!
residue.

(18) A similar effect has been observed in several polymers and (20) Althougha-methylene carbon of 50% ee copolymer may theoreti-
oligomers. See: Ute, K.; Fukunishi, Y.; Jha, S. K.; Cheon, K. S.7d4n cally display two peaks, we observed it as a single peak iIt¥BNMR.
B.; Hatada, K.; Green, M. MMacromoleculesd999 32, 1304-1307 and This may be because the chemical shifteiahethylene carbons d® and
references therein. S pendants are incidentally identical.




Helical Poly(propiolic esters) in Solution
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Figure 10. Variable-temperaturtH NMR spectra (expanded) of poly-
(HexPr) in tolueneds (400 MHz).

reversal, the polymer chain is comprised of both helical and

J. Am. Chem. Soc., Vol. 122, No. 37, 28885

to that of the lower magnetic field peak of thhemethylene
protons in the helical state (Figure 8c). These results suggest
that a peak for the.-methylene protons of poly(HexPr) in the
disordered state overlaps with the lower magnetic field signal
for the a-methylene proton in the helical sté&The observed
temperature dependence of the integration ratio between the two
o-methylene signals (Figure 10) can be reasonably explained
by the increasing population of the disordered state with an
increase in temperature. A computational deconvolution of the
signals based on the-methylene protons into two separate
Lorentzian functions gave the proportion of the helical to
disordered conformations. Through this process, the free energy
difference between the helical and disordered stafi€%)(was
readily estimated to be 1.50 0.16 kcal/mol at 22C and 0.55
=+ 0.06 kcal/mol at 90C for the present sample of poly(HexPr).
The energy barrierAG*) for the interconversion between the
two helical conformations was readily obtained in a similar
manner as that applied in the study of several helical polymers
and oligomerg® As shown in Figure 10!H NMR spectra of

disordered domains. When the helix sense is inverted throughPoly(HexPr) in toluenegs at various temperatures showed that
the disordered state, this disordered state is regarded as a helifhe diastereotopic signals for tobemethylene proton coalesced

reversal point. The stability of the helical conformation of achiral at 110°C. This phenomenon was reversible: the diastereotopic
polymers is governed by the population of the disordered state Protons were observed again after cooling of the sample to 22
and by the speed of the transformation between the helical and’C. This means that, at ambient temperature, the rate of the

disordered states. The former is determined by the free energyinterconversion is slow on the time scale of NMR. Lowering

difference AG,) between the helical and disordered states, and
the latter depends on the energy barri&6f) of the process
from the helical to disordered stat€=? Interestingly, the
variable-temperature NMR technique proved to readily allow
the estimation of not onAG* but alsoAG; for poly(propiolic
esters).

As described above, the peak separation ofotireethylene
signals is caused by the slow transformation from one helix to
the other. Therefore, the integrated intensities of these two

signals should be identical unless these two methylene protons

the temperature below 20 caused no change in the NMR
spectrum. From the coalesced temperature and the difference
of the chemical shifts at 22C, AG* of the present sample of
poly(HexPr) was estimated to be 18.5 kcal/mol, which is
comparable to that of poly(2-butylhexyl isocyanate)rhis
observed value aAG* for poly(HexPr) is apparently underes-
timated because, at elevated temperature, the unavoidable cis-
to-trans isomerization in part took place to reduce the stereo-
regularity of the polymer. Indeed, the cis content of poly(HexPr)
decreased to 89% after the variable-temperature NMR measure-

possess remarkably different relaxation times. However, careful ment.

investigation of the spectrum measured at’@2suggests that

these two peaks possess different integrated intensities (FigureSummary

10). A much clearer example is provided by the spectrum at 90
°C. At every temperature, the intensity of the lower magnetic

field peak is larger than that of the other peak. This means that

the signals appearing around 35 ppm include some other
protons in addition t@-methylene protons in the helical state.
Again, the stereoregularity of the present sample of poly(HexPr)

was perfect, which concludes that the concealed peak is not

caused by the irregular first-order microstructure. In other words,

a second-order conformation other than the helical structure
contributes to the difference in the integrated intensities between
the two signals. Here, emphasis should be placed on the fact

that, as shown in Figure 8, the chemical shift of theethylene
protons in the disordered state (Figure 8b) is completely identical

(21) (a) Lifson, S.; Andreola, C.; Peterson, N. C.; Green, MJMAm.
Chem. Soc1989 111, 8850-8858. (b) Gu, H.; Nakamura, Y.; Sato, T.;
Teramoto, A.; Green, M. M.; Andreola, C.; Peterson, N. C.; Lifson, S.
Macromolecule4995 28, 1016-1024. (c) Okamoto, N.; Mukaida, F.; Gu,
H.; Nakamura, Y.; Sato, T.; Teramoto, A.; Green, M. Macromolecules
1996 29, 2878-2884. (d) Gu, H.; Nakamura, Y.; Sato, T.; Teramoto, A.;
Green, M. M.; Jha, S. K.; Andreola, C.; Reidy, M.Ntacromolecule4998
31, 6362-6368. (e) Gu, H.; Sato, T.; Teramoto, A.; Varichon, L.; Green,
M. M. Polym. J.1997 29, 77—84. See also ref 2b.

The purpose of the present study is to elucidate the nature of
the helical conformation of poly(propiolic esters). Emphasis
should be placed on the fact that the two paramete®,and
AG¥, governing the nature of helical structure can be estimated
by an NMR technique. By using these parameters, one can draw
the profile of the helical conformation of poly(propiolic esters).
The helical reversal free energAG;) was of the order of 1
kcal/mol, which is quite small compared with that of polyiso-
cyanates (34 kcal/mol). This means that there is a higher
population of helix reversal state along the backbone of poly-
(propiolic esters). However, as demonstrated by the chiral/achiral
andR/S copolymerizations, the persistence length of the helix
of poly(propiolic esters) is apparently large in comparison with
those of the other polymers from monosubstituted acetylenes.
The speeds of helix inversion and, in turn, activation energy
for the interconversion between the two opposite helices are
comparable to those of polyisocyanates. Inversion of the helix
of poly(propiolic esters), thus, readily occurs at ambient

(23) An attempt unfortunately failed to isolate the signal in the helix
reversal state by controlling the interval between the®18® 90 pulses.

(22) The helix reversal state is defined as a disordered structure interposedThis is probably because-methylene protons have similar relaxation times

between two helices with opposite sense. Therefore, the param&ters (
andAG¥) used in the present study do not rigorously correspond to those
previously definet# because the disordered structure of poly(propiolic

esters) has not been confirmed to function as the helix reversal state.

regardless of the conformations and/or because the population of helix
reversal state is not large enough to be detected at ambient temperature. A
similar NMR experiment at elevated temperature, which would increase
the proportion of helix reversal state and eventually facilitate the detection

However, we believe that the two energy parameters determined in the of helix reversal points, was not carried out due to the unavoidable cis-to-

present study are essentially identical to the ach@| and AG*.

trans isomerization of the polymer.
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temperature. Kinetic control of the helix sense is impossible were isolated by filtration, and the reprecipitation procedure was carried
even if poly(propiolic esters) possess very bulky pendant out again. The polymers were collected by filtration and dried under
groups?* As seen in the very limited case of a poly(pheny- reduced pressure.

lacetylene) derivativé3 introduction of elegantly designed Mark —Hauwink —Sakurada Plot. The data used in the Mark
functional groups that can fix the helix sense through the large Hauwink-Sakurada plots of the copolymers were kindly supplied by
interaction between pendants is necessary to achieve the screw2SaM Techneion Co. Ltd. using a TDA 300 GPC system (Viscotek

selective production of chiral polymers from achiral propiolic <0:) &duipped with two TSKgel GMHXL columns (eluent, THF). The
esters P poly prop refractive index and the relative viscosity of the eluate were

simultaneously recorded with this apparatus. The former quantity was
converted to the mass concentratwof the eluted copolymer by using
the refractive index incremenin/oc of the copolymer. 5] was
General.?H NMR and3C NMR spectra were recorded on a JEOL ~ approximately evaluated by dividing — 1 by c. TheM,, of the eluted
EX-400 spectrometer. The molecular weights of the present polymer copolymer was estimated on the assumption that the hydrodynamic
samples listed in Table 1 were determined with a GPC equipped with volume of the copolymer, defined by]M., is given by the universal
two Shodex KF 508L columns (eluent, THF) after calibration with function of elution time. However, since the exact valueiofic was
standard polystyrenes. CD spectra were recorded in a quartz cellnot determined for the individual copolymer, the calculated only
(thickness 1 cm) at room temperature using a Jasco J600 or J750an apparent one proportional to the absotuféhe obtained data, thus,
spectropolarimeter. Specific rotations were obtained with a Jasco V-530 cannot give the correct abscissa and ordinate in the MHS plots of the
polarimeter. U\~ visible spectra were recorded with a Shimadzu UV-  present copolymers. However, it is reasonably possible to discuss the
2200 spectrophotometer. IR spectra were measured using a Shimadztiffness of the main chain of copolymers on the basis of the slopes of
FTIR-8100 spectrophotometer. Acetonitrile was dried over Cahtl the MHS plots.
distilled under nitrogen. All the other reagents were used without
purification. All of the monomers were prepared by the condensation ~ Acknowledgment. The authors gratefully acknowledge Dr.
of propiolic acid with the appropriate alcohols in the presence of F. Kondou at Asahi Techneion Co., Ltd. for the measurement
p-toluenesulfonic acid or sulfuric acid. Spectral data of 4-chlorobutyl of GPC equipped with a viscometer. The authors are also
propiolate are as follows: bp 7% (6 mmHg);*H NMR (CDCl;) ¢ indebted to Professors Y. Ito, S. Kobayashi, and S. Kimura and
1.81-1.96 (m, 4H), 2.91 (s, 1H), 3.58 (t, 2H= 8.0 Hz), 4.26 (1, 2H, Dr. M. Suginome at Kyoto University for the permiting the use

J = 8.0 Hz);3C NMR (CDCk) 6 25.7, 28.8, 44.2, 65.4, 74.5, 74.8, -
152.6; IR (neat) 3283, 2963, 2120, 1725, 1275, 754'%cnal. Calcd of CD spectropolarimeters. The greatest thanks are due to

for C;HiO,Cl: C, 52.35; H, 5.65; Cl, 22.08. Found: C, 52.07; H,5.62; Frofessor T. Yoshizaki at Kyoto University for his many

Cl, 22.34. valuable suggestions. This work was supported by a Grant-in-
(Co)polymerizations. An acetonitrile solution (1 mL) of the Aid for Scientific Research on Priority Areas from the Ministry

monomers (total 4 mmol) was added to the solution of [(nbd)RhCI] of Education, Science, Culture, and Sports, Japan.

(40 umol) in acetonitrile (1 mL), and the solution was kept for 24 h at

30 °C. After the solvent was removed under reduced pressure, the  Supporting Information Available: Composition curves

resulting precipitates were dissolved in toluene and then poured into agnd FinemarRoss plots for the copolymerizations of MentPr

large amount of methanol to precipitate the polymers. The polymers with HexPr and of MyrtPr with CBPr, and a list afG* of

(24) The AG* of poly(propiolic esters) was almost independent of the ~Several poly(propiolic esters) (PDF). This material is available
bulkiness of the pendant. See the Supporting Information. free of charge via the Internet at http://pubs.acs.org.

(25) Sumi, A.; Maruyama, N.; Aoki, T.; Kaneko, T.; Oikawa, Bolym.
Prepr. Jpn 1999 48, 1872-1873. JA000877Y
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