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Abstract: Optically active 1-methylpro-
pargyl esters bearing various substitu-
ents were polymerized with [(nbd)Rh]*
[n%-C¢HsB(C¢Hs);]”  (nbd =norborna-
diene) as a catalyst to afford the corre-

spectroscopy. Large optical rotations
and clear CD signals demonstrated
that all these polymers take on a heli-
cal structure with a predominantly one-
handed screw sense. The polymers ex-

hibited large viscosity indices in the
range 1.14-1.75. Chiral amplification
was observed in R/S copolymerization.
Conformational analysis revealed that
the polymers form a tightly twisted hel-

sponding poly(1-methylpropargyl
ester)s with moderate molecular
weights in good yields. The polymers
have a cis-stereoregular structure,
which was determined by 'HNMR

tures -
rhodium

Introduction

The helix is the most common higher-order structure of syn-
thetic polymers as well as biomacromolecules such as nucle-
ic acids!! and proteins.’! Helices are molecularly asymmet-
ric; therefore, polymers that take on a predominantly one-
handed helical structure are optically active. Helical poly-
mers exhibit interesting functions such as chirality sensing
and asymmetric catalysis. Hence, well-ordered synthetic hel-
ical polymers have been extensively studied, dating back to
the discovery of isotactic polypropylene by Natta et al.”!
Nowadays, advances in precisely controlled organic synthe-
sis have allowed us to design monomers and catalysts with
sophisticated functions. As a result, various optically active
helical polymers have been synthesized,” which include
polymethacrylates, polyisocyanates, polyisocyanides, poly-
silanes, and polyacetylenes.

Substituted polyacetylenes show unique properties such
as photo- and electroluminescence based on the conjugated
double bonds in the main chain.’! They also show high gas
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ical structure with a dihedral angle of
70° at the single bond of the main
chain.

permeability and form helices owing to the rigid backbone.
The introduction of appropriately bulky chiral substituents
onto the side chains leads them to take on a predominantly
one-handed helical structure,>® especially in the case of cis-
stereoregular substituted polyacetylenes. (S)-3-Methylpen-
tyne undergoes polymerization with an iron catalyst to give
a polyacetylene with stereogenic centers adjacent to the
main chain, which forms a predominantly one-handed heli-
cal structure in solution.”! In recent years, rhodium com-
plexes have been commonly used as catalysts for the stereo-
specific polymerization of monosubstituted acetylenes owing
to their high tolerance toward polar functional groups,
which enables the synthesis of a wide variety of helical poly-
acetylenes.™

We recently reported that a chiral 1-methylpropargyl alco-
hol undergoes rhodium-catalyzed polymerization to afford
the corresponding polyacetylene, which forms a predomi-
nantly one-handed helical structure.”! It is notable that such
a simple chiral monomer can produce a helical polymer.
Moreover, as this chiral alcohol can be easily converted into
ester derivatives, it is possible to synthesize helical polymers
with diverse side-chain functionalities. In the present study,
we synthesized poly(1-methylpropargyl ester)s with bulky
aliphatic groups (Scheme 1) and investigated the substituent
effect on the helical structure. We also introduced aromatic
groups onto the side chain not only to stabilize the helix fur-
ther by steric effect but also to confirm the helical arrange-
ment of the side chains. Finally, we examined chiral amplifi-
cation by R/S copolymerization, the conformation of the
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Scheme 1. Polymerization of 1-methylpropargyl esters 1-7.
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polymers by molecular mechanics calculations, and their
thermal stability.

Results and Discussion
Polymerization

As described in the Introduction, the polymerization of
monosubstituted acetylenes with rthodium catalysts gives the
corresponding polyacetylenes with highly cis-stereoregular
main chains."”! Thus, the polymerization of (S)-1-(S)-7 was
carried out with [(nbd)Rh]*[n’-C,HsB(C¢Hs);]~ (nbd=nor-
bornadiene) as a catalyst in the present study. As summar-
ized in Table 1, poly[(S)-1]-poly[(S)-7], which have moder-
ate molecular weights, were obtained in good yields, which
implies that the ester substituents hardly affect the polymer-
izability. All the polymers exhibited a '"H NMR signal based
on the cis-olefinic protons of the main chain, and the inte-
gration ratio of the signals confirmed that the cis contents of
the polymers were quantitative.

Table 1. Polymerization of (S)-1-(S)-7.!

Monomer Yield! [%] M, M, /M, all
(-1 651! 36400 3.09 1.14
(5)-2 88 34400 3.38 1.36
(5)-3 98 58100 2.61 1.24
(5)-4 86 81000 221 el
(8)-5 88 24300 2.10 1.75
(5)-6 90 33200 2.57 1.69
(8)-70! 91 48200 2.85 el

[a] Polymerized with [(nbd)Rh]*[n*-CsHsB(C¢Hs);]™ in THF at 30°C for
24 h. [monomer],=1.0M, [monomer]y[Rh]=100. [b] [monomer],=0.33 m.
[c] Methanol-insoluble part. [d] Hexane-insoluble part. [e] Estimated by
GPC eluted with CHCI; calibrated by polystyrene standards. [f] Deter-
mined by GPC equipped with a viscometer detector eluted with THF.
[g] Not determined owing to insolubility of the polymers in THF.
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Secondary Structure

All the polymers obtained were soluble in organic solvents
and displayed extremely large optical rotations that were
opposite in sign to those of the corresponding monomers, ir-
respective of the solvent used (Table?2). Furthermore,

Table 2. Optical rotations of (5)-1-(S)-7 and the polymers.

Monomer  [a]p [°] Polymer [a]p™ []

Toluene THF CHCl, DMF
(51 —139 +1109 +1166 +1108 +1050
(5)-2 —97 4840 600 766 e
(5)-3 ) +965  +1055 +863 e
(S)-4 —-38 +752 e +773 e
(8)-5 -31 +1067 +695 4888 + 896
(5)-6 _77 +555 646 1638 +523
(8)7 ~125 & S 450 _

[a] Measured in CHCl;, ¢=0.10 gdL"". [b] c=0.06-0.60 gdL". [c] Not
measured owing to insolubility of the polymer. DMF = N,N-dimethylform-
amide.

poly[(S)-1]-poly[(S)-6] showed intense CD signals in the ab-
sorption region of the main-chain chromophore in CHCl,
(Figure 1). The large optical rotations and CD signals can be
attributed to the helical structure of the polyacetylene main
chain with a predominantly one-handed screw sense, which
is presumably stabilized by steric repulsion between the
methyl branches adjacent to the main chain. The CD signals
of the polymers were hardly affected by the type of sol-
vent.”’ The UV/Vis absorption maxima and CD signals were
located in the longer-wavelength region in the case of poly-
mers with bulky substituents; the absorption maxima of
poly[(S)-1] and poly[(S)-6] were 310 and 330 nm, respective-
ly. When the polyacetylene main chain is twisted, the conju-
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Figure 1. CD and UV/Vis spectra of poly[(S)-1]-poly[(S5)-6] recorded in
CHCl; at 20°C (¢=0.09-0.55 mm).
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Poly(1-methylpropargyl ester)s with Side Chains

gation length shortens to shift the absorption maximum
toward the shorter-wavelength region.!"! Therefore, it is con-
cluded that the present polymers with bulky substituents
have longer conjugation than those with less bulky substitu-
ents, and so form a loosely twisted helix.

The polymers with phenyl and naphthyl groups, poly[(S)-
5] and poly[(S)-6], displayed CD signals accompanied by a
shoulder, which are presumably derived from the helically
aligned aromatic substituents as well as the helical polyacet-
ylene backbone. Anthracene-carrying poly[(S)-7] showed
CD signals that originate from plural chromophores
(Figure 2), that is, the Cotton effects at around 330 and
260 nm are assignable to the main and side chains, respec-
tively. It is considered that the latter Cotton effect is caused

*Ico
T/°C

- 3F 0
B G 20
g 2 40
= i 55
o 1k
2 |
© B
s of T
o
*x 1
ko=

-2

3 1 1 1 1
i a3k UV / Vis
= &
E 2
(5] i
< 1Y
A »
*x 0 e ——
w 1 1 1 e | .|

300 400 500
Alnm

Figure 2. CD and UV/Vis spectra of poly[(S)-7] recorded in CHCI; at var-
ious temperatures (¢ =0.057 mm).

by the exciton chilarity of helically arranged anthracene
strands in the side chain,!'” and the sense is right-handed,
because the Davydov splitting showed positive 1st and nega-
tive 2nd Cotton effects at 270 and 250 nm.!"*! The CD signal
intensity was hardly changed by raising the temperature to
55°C, which indicates that the helical structure is thermally
stable in this temperature range.

We further examined the thermal stability of the helical
conformation of the polymers. Figure 3 plots the CD signal
intensity at the wavelength of the absorption maximum
versus temperature measured in toluene. Poly[(S)-1]-
poly[(S5)-6] apparently exhibited intense Cotton effects even
at 100°C. It is concluded that the helical structure of these
polymers is thermally stable compared to those of the other
polyacetylenes reported so far; for example, poly[(S)-N-
propargyl-4-methylhexanamide] changes its conformation
randomly even at 50°C.*! The helical structure of poly[(S)-
1], which has less bulky side chains, is the most stable
among the present polymers.
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Figure 3. Plots of 6, _of poly[(S)-1]-poly[(S)-6] versus temperature mea-
sured in toluene (¢ =0.09-0.94 mm).

To elucidate the heat response of the Cotton effects, we
determined the Kuhn dissymmetry factor (g=Ae/e, in which
Ae=06/3298) of the polymers. The g value gives quantitative
information associated with the degree of preferential screw
sense when the CD signal shows a profile similar to that of
the UV/Vis absorption band.' Table 3 summarizes the g
values of poly[(S)-1]-poly[(S)-7] at the wavelength of the
absorption maxima based on the main-chain chromophore

Table 3.

Values of g for poly[(S)-1]-poly[(S)-7].

Polymer gvx10° Relative ee of helix [%]
poly[(S)-1] 221 7.9

poly[(S)-2] 3.10 112

poly[(S)-3] 4.33 15.6

poly[(S)-4] 494 17.8

poly[(S)-5] 4.61 16.6

poly[(S)-6] 27.8 100.0

poly[(S)-7] 571 20.5

[a] Calculated by the equation g=Ae¢/e, measured in CHCI; at 20°C.
[b] The enantiomeric excess of poly[(S)-6] was assumed to be 100 %.

in CHCI;. All the polymers exhibited g values of the order
of 1073, The polymers with bulky side chains tended to show
large g values, which leads to the conclusion that the screw
sense of such helical polymers is relatively biased owing to
steric hindrance by the bulky side chains. Poly[(S)-6], which
bears a naphthyl group, showed the largest g value among
the present polymers. With the assumption that poly[(5)-6]
forms a completely one-handed helical structure (100 % ee),
it is estimated that the enantiomeric excesses of screw sense
of the polymers are 7.9-20.5% ee (Table 3). However, it
may not be reasonable to consider that poly[(S5)-6] forms a
perfect one-handed helical structure on account of the
nature of helical polyacetylenes. Therefore, the preferences
of screw sense of poly[(S)-1]-poly[(S)-7] seem to be lower
than those estimated. All the polymers gradually decreased
the intensities of the Cotton effects with increasing tempera-
ture (Figure 3), but they hardly changed the g values
(Figure 4). This is caused by a decrease in UV absorbance in
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Figure 4. Plots of the g values of poly[(S)-1]-poly[(S5)-6] versus tempera-

ture measured in toluene (¢ =0.09-0.94 mm).

accordance with the decrease in Cotton effect. This result
indicates that the polymers maintain their preference of
screw sense in this temperature region.

In general, helical polymers take on a rigid rodlike main
chain at least by part, which leads to some unique solution
properties. In fact, the polymers in this study displayed ex-
tremely high viscosity indices (a) in the Mark—-Houwink-Sa-
kurada plot, =kM?*, in which # and M are the intrinsic vis-
cosity and absolute molecular weight, respectively, and k is
a constant. For example, poly(sec-octylisocyanide) displays a
large a value (1.75),® and so does poly(butylisocyanate)
(1.83),1°*) owing to its rigid helical conformation. Some sub-
stituted helical polyacetylenes also display large o values
owing to the conjugated main chain, including poly(N-prop-
argyl-n-hexanamide)  (0.98),'"1  poly(n-hexylpropiolate)
(12)," and  poly(p-phenoxycarbonylphenylacetylene)
(0.97).1%1 As summarized in Table 1, the large « values of
the present polymers (1.14-1.75, in THF at 40°C) verify the
presence of a stiff main chain, whereas that of nonhelical
poly(propargyl hexanoate), which does not have a branch
adjacent to the main chain (0.63),!% is close to the value for
glassy polystyrene (0.68). In particular, poly[(S)-5], which
bears phenyl side chains, showed the largest a value among
substituted polyacetylenes reported so far.

Chiral Amplification

Some dynamic helical polymers that consist of R/S-mono-
mer units bias the helical sense only to a small degree when
the persistence length is long enough. The one-handedness
is maintained by a slight excess of enantiomeric monomer
units. This is called the “majority rule”."” We carried out
the R/S copolymerization of 2, 3, and § with various enantio-
meric excesses (Table 4). All the copolymers obtained had
moderate molecular weights irrespective of the enantiomeric
excess. As depicted in Figure 5, the [a], and 6,,,, of the co-
polymers decreased upon lowering the enantiomeric excess,
wherein chiral amplification was observed. The degree of
amplification of poly[(R)-3-co-(S)-3] was larger than that of
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Table 4. R/S copolymerization of 2, 3, and 5.1

Monomer ee (S/R) [%]  Yield” [%] M,  M/M  [a]p 7]
2 70 73 45000 2.28 +602
2 50 65 46000 2.45 +469
2 20 65 62000 2.50 +298
2 10 74 89000 222 +66
3 70 50 62000 222 +777
3 50 57 65000 2.08 +660
3 20 53 66000  2.20 +350
3 10 36 72000 1.92 +192
3 0 52 79000 1.84 +4
5 70 91 27000 224 +782
5 50 96 33000 2.41 +624
5 40 90 37000 2.59 +498
5 30 93 33000 3.19 +346
5 20 98 38000 3.11 +259
5 10 93 59000 2.61 +103
5 0 95 45000 3.27 +5

[a] Polymerized with [(nbd)Rh]*[n®*-C¢H;B(CHs);]~ in THF at 30°C for
24 h. [monomer],=1.0M, [monomer],/[Rh]=100. [b] Methanol-insoluble
part. [c] Estimated by GPC eluted with CHCI; calibrated by polystyrene
standards. [d] Measured by polarimetry in CHCl; at room temperature,
¢=0.04-0.21 gdL™".
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Figure 5. A) CD spectra of poly[(R)-2-co-(S)-2] recorded in CHCI; at
20°C (c¢=0.19-0.55 mm). B) Plots of [a], versus enantiomeric excess of
poly[(R)-2-co-(S5)-2], poly[(R)-3-co-(S)-3], and poly[(R)-5-co-(S)-5].

poly[(R)-2-co-(S)-2], which indicates that the bulky fert-
butyl group is favorable for inducing the helical structure in

Chem. Asian J. 2008, 3, 2075-2081
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a manner similar to those in the previous reports.””) The a
value of poly[(S)-5] was the largest among the present poly-
mers (Table 1), but the chiral amplification observed in
poly[(R)-5-co-(S)-5] was smaller than that in poly[(R)-3-co-
(5)-3]. Hence, it is concluded that the rigidity of the main
chain is not straightforwardly related to the chiral amplifica-
tion. Compared to the case of other helical polymers such as
polyisocyanatesl and polyacetylenes!'"?*! that obey the
majority rule, the persistence length of poly(1-methyl-
propargyl ester)s seems not to be very long.”!

Conformation

As described above, it is considered that the chiral poly(1-
methylpropargyl ester)s take on a helical structure with a
predominantly one-handed screw sense. We therefore at-
tempted the molecular mechanics calculation (MMFF94[2)
of poly(1-methylpropargyl ester)s to gain knowledge on the
helical structure. We first constructed an 18-mer sequence of
(5)-1 terminated with hydrogen as the initial model, and
varied the dihedral angle at the single bonds in the main
chain from —130 to —50° (left-handed helix) and from 50 to
130° (right-handed helix) with an increment/decrement of
10°. Otherwise, all the geometries were optimized. As
shown in Figure 6, the computationally estimated dihedral

cis-transoid cis-cisoid cis-transoid
300 |-
200 =
_ Left-handed Right-handed
1
g 100
2
I
[l 2}
qool—L—1 1 11 113 )1} 1
-160 -120 -80 -40 0 40 80 120 160

¢/ deg

Figure 6. Relationship between the dihedral angle ¢ at the single bond in
the main chain of the 18-mer sequence of (S)-1 and the energy calculated
by MMFF94.

angle of the most stable 18-mer sequence was 70°, which
means that the helical structure of poly(1-methylpropargyl
ester)s is tighter than those of previously reported helical
polyacetylenes, including poly(phenylacetylene)s (147—
155°)# and poly(N-propargylamide)s (~130°).2" The
global energy minimum shows that the right-handed helix is
preferred to the left-handed by 1.5 kJmol™' per monomer
unit. Thus, it is concluded that a poly[(S)-1-methylpropargyl
ester] that exhibits a positive CD signal at 330 nm has a
right-handed tight helical structure with cis-cisoidal main-
chain geometry.

Chem. Asian J. 2008, 3, 2075-2081
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Thermal Stability

The thermal stability of the polymers was examined by ther-
mogravimetric analysis (TGA) in air. Table 5 summarizes
the onset temperatures of weight loss (7},) of poly[(S)-1]-

Table 5. Thermal stability of poly[(S)-1]-poly[(S)-7] determined by
TGA.

Polymer T [°C)
poly[($)-1] 210
poly[(5)-2] 182
poly[(S)-3] 218
poly[(S)-4] 259
poly[(S)-5] 216
poly[(S)-6] 229
poly[(S)-7] 246

[a] Ty=onset temperature of weight loss in TGA, measured at a heating
rate of 10°Cmin~" in air.

poly[(S5)-7]. All the polymers showed two-stage weight loss
as depicted in Figure 7, in which the TGA curve of poly[(S)-
1] is illustrated as a representative. The T, value of the poly-
mers depended on the bulk of the side chains in the range

100
80
60

40

Residue weight / wt%

20

0 200 400 600 800
Ti°C
Figure 7. TGA curve of poly[(S)-1].

182-259°C. As the polymers were stable up to 180°C, it was
proved that the polymers did not decompose during the var-
iable-temperature CD measurement described above. No
glass-transition or melting temperatures were detected by
differential scanning calorimetry from room temperature to
T, in every case.

Conclusions

We have demonstrated that (S)-1-methylpropargyl esters
successfully undergo polymerization with a rhodium catalyst
to give the corresponding polymers, which have a helically
twisted polyacetylene backbone with a predominantly one-
handed screw sense in solution. It is considered that the
methyl branch adjacent to the main chain plays an impor-
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tant role for the polymers to take on a helical structure,
which is presumably stabilized by steric repulsion between
the side chains. The side chains also form helically aligned
strands, which was confirmed by the intense Cotton effect at
the absorption region of the anthracene moiety of poly[(S)-
7]. The polymers exhibited extremely large viscosity indices
in the range 1.14-1.75, thus indicating the rigidity of the
main chain. Conformational analysis revealed that poly[(S)-
1-methylpropargyl ester|s that exhibit a positive Cotton
effect at around 330 nm form a right-handed helical struc-
ture, with a dihedral angle at the single bonds in the main
chain of 70°.

Experimental Section
Measurements

Melting points (m.p.) were measured with a Yanako micromelting-point
apparatus. Specific rotations ([a]p) were measured with a JASCO DIP-
1000 digital polarimeter. IR spectra were obtained with a JASCO FTIR-
4100 spectrophotometer. NMR ('H: 400 MHz; C: 100 MHz) spectra
were recorded on a JEOL EX-400 spectrometer. Elemental analysis was
conducted at the Microanalytical Center of Kyoto University. TGA was
conducted in air with a Shimadzu TGA-50 apparatus. Number-average
molecular weights (M,) and molecular-weight distributions (M,/M,) of
the polymers were estimated by GPC (Shodex columns K803, K804,
K805) eluted with CHCl; calibrated by polystyrene standards. Viscosity
indices were determined by GPC equipped with a viscometer and right-
angle laser light-scattering detectors (Viscotek T60A) eluted with THF at
40°C. CD and UV/Vis spectra were recorded on a JASCO J-820 spectro-
polarimeter.

Materials

Unless otherwise stated, reagents were used as received, including (S)-
(—)-3-butyn-2-ol (Aldrich), (R)-(4)-3-butyn-2-ol (Aldrich), (+)-3-butyn-
2-ol (Wako), acetic acid (Wako), trimethylacetyl chloride (Wako), 1-ada-
mantanecarboxylic acid (Aldrich), benzoyl chloride (Wako), 1-naphthoyl
chloride (Wako), and 1-anthracenecarboxylic acid (TCI). Monomers (S)-
2 and (R)-2” and [(nbd)Rh]*[n’-CsHsB(CsHs);] ! were prepared ac-
cording to the literature. THF used for polymerization was distilled prior
to use.

Monomer Synthesis

Monomers (S)-1, (S)-4, and (S)-7 were synthesized from (§)-(—)-3-butyn-
2-ol and the corresponding carboxylic acids in a manner similar to the
previously reported method.”’ Monomer (S)-5 was prepared as follows:
(S)-(—)-3-butyn-2-ol (1.0 g, 14.3 mmol) and Et;N (5 mL, 68 mmol) were
added dropwise to a solution of benzoyl chloride (2.0 g, 14.3 mmol) in
CH,Cl, (100 mL) at 0°C, and the reaction mixture was kept stirring at
room temperature overnight. The mixture was washed with 2m HCI and
saturated aqueous NaHCO; and NaCl, dried over MgSO,, and concen-
trated on a rotary evaporator. The residual mass was purified by recrys-
tallization from methanol/water (10:1 v/v) to afford (S5)-5 as colorless
crystals. Monomers (S)-3 and (S)-6 were synthesized in a similar way.
(8)-1: Yield: 21 %. [a]p=—139° (¢=0.19 gdL~ in CHCL); IR (neat): 7=
3252, 2905, 2880, 2121, 1722, 1449, 1234, 1072, 1030, 735 cm™'; '"H NMR
(CDCL,): 6=1.50 (d, J=6.8 Hz, 3H, CHCH};), 2.08 (s, 3H, COCH,;), 2.48
(d, /J=2.0Hz, 1H, C=CH), 543 ppm (qd, /J=6.8Hz, J=2.0Hz, 1H,
CHCHj;); "CNMR (CDCly): 6=21.0, 59.8, 72.7, 82.0, 169.6 ppm; ele-
mental analysis: caled for C;HgO,: C 64.27, H 7.19; found: C 63.55, H
7.02.

(8)-3: Yield: 41 %. [a]p=-92.1° (¢=0.10 gdL"~ in CHCl;); IR (neat): 7=
3298, 2978, 2939, 2360, 1736, 1481, 1279, 1154, 1036, 669 cm™"'; '"H NMR
(CDCL): 0=1.21 (s, 9H, C(CHs;);), 1.49 (d, J=6.8 Hz, 3H, CHCHj), 2.42
(d, J=2.4Hz, 1H, C=CH), 540 ppm (qd, /J=6.8Hz, J=2.0Hz, 1H,
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CHCH;); BCNMR (CDCly): 6=21.0, 26.9, 38.6, 59.8, 72.5, 823,
177.3 ppm; elemental analysis: caled for C;H,O,: C 70.10, H 9.15;
found: C 70.14, H 9.08.

(5)-4: Yield: 25%. M.p.: 83.5-84.5°C; [a]p=-37.5° (¢=0.11gdL" in
CHCL); IR (KBr): #=3259, 2912, 2854, 2113, 1724, 1450, 1234, 1072,
1030, 713, 528 cm™'; 'TH NMR (CDCly): 6=1.48 (d, J=7.2 Hz, 3H, CH,),
1.72 (br, 6H, adamantyl), 1.86-1.93 (m, 3H, adamantyl), 2.12-2.22 (m,
6H, adamantyl), 2.42 (s, 1 H, C=CH), 5.41 ppm (qd, J=6.8 Hz, /=2.0 Hz,
1H, CHCH;); "CNMR (CDCly): 6=21.0, 27.8, 30.9, 36.4, 38.5, 59.4,
72.3, 82.4, 176.3 ppm; elemental analysis: caled for C;sH,0O,: C77.55,
H 8.68; found: C 77.26, H 8.52.

(S)-5: Yield: 64%. M.p.: 69.8-70.5°C; [a]p=-31.3° (¢=0.10gdL" in
CHCLy); IR (KBr): #=3251, 2985, 2939, 2117, 1712, 1273, 1107, 1030,
706 cm™'; '"H NMR (CDCl,): 6=1.64 (d, J=6.4 Hz, 3H, CHCHj), 2.49 (s,
1H, C=CH), 5.69 (q, /=6.8 Hz, 1H, CHCHj;), 7.43-7.47 (m, 2H, Ph),
7.55-7.59 (m, 1H, Ph), 8.06-8.08 ppm (m, 2H, Ph); “C NMR (CDCl):
0=21.3, 60.6, 82.2, 1284, 129.8, 133.2, 165.4 ppm; elemental analysis:
calcd for C,\H,,0,: C75.84, H 5.79; found: C 75.70, H 6.02.

(8)-6: Yield: 41%. M.p.: 94.5-95.0°C; [a]pb=-76.5° (¢=0.10gdL"™ in
CHCL,); IR (KBr): #=3255, 3051, 2981, 2935, 2114, 1709, 1238, 1134,
1088, 783, 690cm™'; 'HNMR (CDCL): 6=1.69 (d, J=4.4Hz, 3H,
CHCH,;), 2.51 (s, 1H, C=CH), 5.78 (q, J=4.4 Hz, 1H, CHCH,;), 7.45-7.56
(m, 2H, Ar), 7.58-7.64 (m, 1H, Ar), 7.84-7.89 (m, 1H, Ar), 7.99-8.04 (m,
1H, Ar), 8.14-8.24 (m, 1H, Ar), 8.90-8.95 ppm (m, 1H, Ar); *C NMR
(CDClLy): 6=21.3, 60.6, 73.1, 82.2, 124.4, 125.7, 126.2, 126.5, 127.9, 128.5,
130.5, 131.4, 133.7, 133.8, 166.3 ppm; elemental analysis: calcd for
C;sH;,0,: C 80.34, H 5.39; found: C 80.50, H 5.67.

(8)-7: Yield: 53%. M.p.: 172.0-173.0°C; [a]p=—124.8° (¢=0.10 gdL" in
CHCL); IR (KBr): #=3259, 3055, 2981, 2935, 2113, 1705, 1254, 1219,
1111, 741 cm™'; 'THNMR (CDCly): 6=1.75 (d, J=6.8 Hz, 3H, CHCH,),
2.56 (s, 1H, C=CH), 5.84 (q, /=6.6 Hz, 1H, CHCHj,), 7.46-7.50 (m, 3H,
Ar), 7.99 (s, 1H, Ar), 8.08 (s, 1H, Ar), 8.20 (d, /=8.5Hz, 1H, Ar), 8.30
(d, J=7.1 Hz, 1H, Ar), 8.47 (s, 1H, Ar), 9.62 ppm (s, 1 H, Ar); ®*C NMR
(CDCly): 6=21.4, 50.8, 60.6, 73.1, 82.3, 123.6, 125.2, 126.0, 126.1, 127.1,
127.8, 128.6, 129.1, 131.2, 131.4, 131.8, 132.8, 134.4, 166.2 ppm; elemental
analysis: calcd for C,gH,O,: C 72.49, H 9.95; found: C 72.00, H 9.70.

Polymerization

A solution of [(nbd)Rh]*[n’-C¢HsB(C¢Hs)s]™ (5.1 mg, 10 umol) in dis-
tilled THF (0.5 mL) was added to a solution of the monomer (1.0 mmol)
in distilled THF (0.5 mL) under dry nitrogen, and the resulting solution
was kept at 30°C for 24 h. The resulting mixture was poured into a large
amount of methanol to precipitate the polymer, which was separated by
filtration and dried under reduced pressure.

Poly[(S)-1]: IR (KBr): #=2985, 2935, 1739, 1373, 1242, 1072, 1041 cm™";
'"HNMR (CDCl,): 6=1.24 (br, 3H, CHCH,), 2.03 (br, 3H, COCH,),
5.63 (br, 1H,=CCH), 6.41 ppm (br, 1H, C=CH).

Poly[(S)-3]: IR (KBr): #=2975, 2934, 1726, 1481, 1282, 1158, 1073 cm™!;
"H NMR (CDCl;): 6=1.19 (br, 9H, CH(CH,)), 1.48 (br, 3H, CHCH,),
5.70 (br, 1H, =CCH), 6.45 ppm (br, 1 H, C=CH).

Poly[(S)-4]: IR (KBr): #=2908, 2854, 1724, 1454, 1234, 1072 cm!;
'HNMR (CDCl;): §=1.48 (br, 3H, CHCH,), 1.64-2.13 (m, 15H, ada-
mantyl), 3.55 (br, 1H, =CCH), 6.16 ppm (br, 1H, C=CH).

Poly[(S)-5]: IR (KBr): #=2981, 2935, 1720, 1601, 1269, 1107, 710 cm™';
'HNMR (CDCly): 6=1.14 (br, 3H, CHCHS), 5.95 (br, 1H, =CCH), 6.67
(br, 1H, C=CH), 7.19-7.22 (m, 2H, Ph), 7.30-7.34 (m, 1H, Ph), 8.03-
8.05 ppm (m, 2H, Ph).

Poly[(S)-6]: IR (KBr): #=3051, 2978, 1712, 1593, 1242, 1134, 779 cm™};
'"H NMR (CDCl;): 6 =1.22 (br, 3H, CHCH,), 6.06 (br, 1 H, =CCH), 6.84
(br, 1H, C=CH), 7.07 (br, 1H, Ar), 7.30 (br, 2H, Ar), 7.53 (br, 1H, Ar),
7.61 (br, 1H, Ar), 8.37 (br, 1H, Ar), 8.96 ppm (br, 1 H, Ar).

Poly[(S)-7]: IR (KBr): #=3051, 2978, 2931, 1709, 1616, 1257, 1219, 1111,
879, 733 cm™'; 'TH NMR (CDCl;): 6 =1.38 (br, 3H, CHCH,), 6.22 (br, 1H,
=CCH), 6.96 (br, 1H, C=CH), 7.05-7.09 (br, 3H, Ar), 7.47-7.54 (m, 3H,
Ar), 8.47 (br, 1H, Ar), 9.45 ppm (br, 1H, Ar).

Chem. Asian J. 2008, 3, 2075-2081



Poly(1-methylpropargyl ester)s with Side Chains

Acknowledgements

This research was partly supported by a Grant-in-Aid for Science Re-
search in a Priority Area “Super-Hierarchical Structures” (No. 446) from
the Ministry of Education, Culture, Sports, Science, and Technology,
Japan. We thank Prof. Michiya Fujiki at the Nara Institute of Science
and Technology, Japan for his helpful suggestion on g values.

[1] a) L. Pauling, R. B. Corey, H. R. Branson, Proc. Natl. Acad. Sci.
USA 1951, 37, 205-211; b) W. Saenger, Principles of Nucleic Acid
Structure, Springer-Verlag, New York, 1984.

[2] G. E. Schulz, R. H. Schirmer, Principles of Protein Structure, Spring-
er-Verlag, New York, 1979.

[3] G. Natta, P. Pino, P. Corradini, F. Danusso, E. Mantica, G. Nazzanti,
G. Moraglio, J. Am. Chem. Soc. 1955, 77, 1708-1710.

[4] Reviews: a)J.J.L. M. Cornelissen, A.E. Rowan, R.J. M. Nolte,

N. A.J. M. Sommerdijk, Chem. Rev. 2001, 101, 4039-4070; b) T.

Nakano, Y. Okamoto, Chem. Rev. 2001, 101, 4013-4038; c) M. M.

Green, J.-W. Park, T. Sato, A. Teramoto, S. Lifson, R. L. B. Selinger,

J. V. Selinger, Angew. Chem. 1999, 111, 3328-3345; Angew. Chem.

Int. Ed. 1999, 38, 3138-3154.

Reviews: a) T. Masuda, J. Polym. Sci. Part A: Polym. Chem. 2007,

45, 165; b) T. Masuda, F. Sanda in Handbook of Metathesis, Vol. 3

(Ed.: R.H. Grubbs), Wiley-VCH, Weinheim, 2003, chap.3.11;

c)J.W.Y. Lam, B.Z. Tang, J. Polym. Sci. Part A: Polym. Chem.

2003, 41, 2607-2629.

Reviews: a) T. Aoki, T. Kaneko, M. Teraguchi, Polymer 2006, 47,

4867-4892; b) J. W. Y. Lam, B. Z. Tang, Acc. Chem. Res. 2005, 38,

745-754; c) E. Yashima, K. Maeda, T. Nishimura, Chem. Eur. J.

2004, 10, 42-51.

a) F. Ciardelli, E. Benedetti, O. Pieroni, Makromol. Chem. 1967,

103, 1-18; b) F. Ciardelli, S. Lanzillo, O. Pieroni, Macromolecules

1974, 7, 174-179.

a) V. Percec, E. Aqad, M. Peterca, J. G. Rudick, L. Lemon, J. C.

Ronda, B.B. De, P. A. Heiney, E. W. Meijer, J. Am. Chem. Soc.

2006, 128, 16365-16372; b) D. Yue, T. Fujii, K. Terada, J. Tabei, M.

Shiotsuki, F. Sanda, T. Masuda, Macromol. Rapid Commun. 2006,

27, 1460-1464; c) R. Kakuchi, R. Sakai, I. Otsuka, T. Satoh, H.

Kaga, T. Kakuchi, Macromolecules 2005, 38, 9441-9447; d)H.

Onouchi, T. Hasegawa, D. Kashiwagi, H. Ishiguro, K. Maeda, E. Ya-

shima, Macromolecules 2005, 38, 8625-8633; e) J. Tabei, M. Shiotsu-

ki, F. Sanda, T. Masuda, Macromolecules 2005, 38, 5860-5867;

f) K. K. L. Cheuk, J. W. Y. Lam, J. Chen, L. M. Lai, B. Z. Tang, Mac-

romolecules 2003, 36, 5947.

Y. Suzuki, M. Shiotsuki, F. Sanda, T. Masuda, Macromolecules 2007,

40, 1864-1867.

[10] a) J. Sedlacek, J. Vohlidal, Collect. Czech. Chem. Commun. 2003, 68,
1745-1790; b) M. Tabata, T. Sone, Y. Sadahiro, Macromol. Chem.
Phys. 1999, 200, 265-282; c) Y. Kishimoto, M. Itoh, T. Miyake, T.
Ikariya, R. Noyori, Macromolecules 1995, 28, 6662-6666; d) M.
Tabata, W. Yang, K. Yokota, Polym. J. 1990, 22, 1105-1107; e) A.
Furlani, C. Napoletano, M. V. Russo, A. Camus, N. Marsich, J.
Polym. Sci. Part A: Polym. Chem. 1989, 27, 75-86; f) A. Furlani, C.
Napoletano, M. V. Russo, W. J. Feast, Polym. Bull. (Berlin) 1986, 16,
311-317.

5

[

[6

—

[7

—

8

=

[9

—

CHEMISTRY

AN ASIAN JOURNAL

[11] V. Percec, M. Obata, J. G. Rudick, B. B. De, M. Glodde, T. K. Bera,
S.N. Magonov, V. S. K. Balagurusamy, P. A. Heiney, J. Polym. Sci.
Part A: Polym. Chem. 2002, 40, 3509-3533.

[12] T. Fujii, M. Shiotsuki, Y. Inai, F. Sanda, T. Masuda, Macromolecules
2007, 40, 7079-7088.

[13] N. Berova, K. Nakanishi in Circular Dichroism: Principles and Ap-
plications, 2nd ed. (Eds.: N. Berova, K. Nakanishi, R. W. Woody),
Wiley-VCH, Weinheim, 2000, chap. 12.

[14] a) H. P.J. M. Dekkers in Circular Dichroism: Principles and Appli-
cations, 2nd ed. (Eds.: N. Berova, K. Nakanishi, R. W. Woody),
Wiley-VCH, Weinheim, 2000, chap.7; b) M. Fujiki, Macromol.
Rapid Commun. 2001, 22, 539-563.

[15] a) A.J. M. van Beijinen, R. J. M. Nolte, W. Drenth, A. M. F. Heze-
mans, P.J. F. M. van de Coolwijk, Macromolecules 1980, 13, 1386—
1391; b) M. R. Ambler, D. Mclntyre, L. J. Fetters, Macromolecules
1978, 11, 300-306.

[16] R. Nomura, J. Tabei, T. Masuda, J. Am. Chem. Soc. 2001, 123, 8430—
8431.

[17] R. Nomura, Y. Fukushima, H. Nakako, T. Masuda, J. Am. Chem.
Soc. 2000, 122, 8830-8836.

[18] J. Le Moigne, A. Hilberer, C. Strazielle, Macromolecules 1992, 25,
6705-6710.

[19] a) S. K. Jha, K. S. Cheon, M. M. Green, J. V. Selinger, J. Am. Chem.
Soc. 1999, 121, 1665-1673; b) M. M. Green, B. A. Garetz, B.
Munoz, H. P. Chang, J. Am. Chem. Soc. 1995, 117, 4181-4182.

[20] a) G. Gao, F. Sanda, T. Masuda, Macromolecules 2003, 36, 3938-
3943; b) E. Yashima, S.L. Huang, T. Matsushima, Y. Okamoto,
Macromolecules 1995, 28, 4184—4193.

[21] One referee commented on the persistence length as follows: “The
chiral properties are related to the persistence lengths of the various
polymers. A more accurate relationship would be not with the per-
sistence length but rather with the ease of reversing the helical
sense, or the energy of the helical reversal. If such reversals were re-
sponsible for limiting the persistence length, then there should be an
exact correspondence between these parameters. On the other hand,
if the persistence length is primarily determined by local fluctuations
along the backbone of the polymer, then the correlation would not
be quantitative. At any rate, a discussion of how persistence length,
measured by viscosity information, and energy of helical reversal,
measured by chiral optical information (and the majority-rule data
in particular), differ, would be welcome and informative to the
reader.”

[22] T. A. Halgren, J. Comput. Chem. 1996, 17, 490-519; the molecular
mechanics calculation was carried out with Wavefunction, Inc., Spar-
tan 06 Windows.

[23] E. Yashima, S. Huang, T. Matsushima, Y. Okamoto, Macromolecules
1995, 28, 4184-4193.

[24] a) F. Sanda, J. Tabei, M. Shiotsuki, T. Masuda, Sci. Technol. Adv.
Mater. 2006, 7, 572-577; b) R. Nomura, J. Tabei, S. Nishiura, T.
Masuda, Macromolecules 2003, 36, 561 —564.

[25] R. R. Schrock, J. A. Osborn, Inorg. Chem. 1970, 9, 2339-2343.

Received: March 27, 2008
Revised: July 10, 2008
Published online: September 4, 2008

Chem. Asian J. 2008, 3, 2075-2081

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemasianj.org 2081


http://dx.doi.org/10.1073/pnas.37.4.205
http://dx.doi.org/10.1073/pnas.37.4.205
http://dx.doi.org/10.1073/pnas.37.4.205
http://dx.doi.org/10.1073/pnas.37.4.205
http://dx.doi.org/10.1021/ja01611a109
http://dx.doi.org/10.1021/ja01611a109
http://dx.doi.org/10.1021/ja01611a109
http://dx.doi.org/10.1021/cr990126i
http://dx.doi.org/10.1021/cr990126i
http://dx.doi.org/10.1021/cr990126i
http://dx.doi.org/10.1021/cr0000978
http://dx.doi.org/10.1021/cr0000978
http://dx.doi.org/10.1021/cr0000978
http://dx.doi.org/10.1002/(SICI)1521-3757(19991102)111:21%3C3328::AID-ANGE3328%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3757(19991102)111:21%3C3328::AID-ANGE3328%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3757(19991102)111:21%3C3328::AID-ANGE3328%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3773(19991102)38:21%3C3138::AID-ANIE3138%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19991102)38:21%3C3138::AID-ANIE3138%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19991102)38:21%3C3138::AID-ANIE3138%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19991102)38:21%3C3138::AID-ANIE3138%3E3.0.CO;2-C
http://dx.doi.org/10.1002/pola.21782
http://dx.doi.org/10.1002/pola.21782
http://dx.doi.org/10.1002/pola.10802
http://dx.doi.org/10.1002/pola.10802
http://dx.doi.org/10.1002/pola.10802
http://dx.doi.org/10.1002/pola.10802
http://dx.doi.org/10.1016/j.polymer.2006.04.047
http://dx.doi.org/10.1016/j.polymer.2006.04.047
http://dx.doi.org/10.1016/j.polymer.2006.04.047
http://dx.doi.org/10.1016/j.polymer.2006.04.047
http://dx.doi.org/10.1021/ar040012f
http://dx.doi.org/10.1021/ar040012f
http://dx.doi.org/10.1021/ar040012f
http://dx.doi.org/10.1021/ar040012f
http://dx.doi.org/10.1002/chem.200305295
http://dx.doi.org/10.1002/chem.200305295
http://dx.doi.org/10.1002/chem.200305295
http://dx.doi.org/10.1002/chem.200305295
http://dx.doi.org/10.1002/macp.1967.021030101
http://dx.doi.org/10.1002/macp.1967.021030101
http://dx.doi.org/10.1002/macp.1967.021030101
http://dx.doi.org/10.1002/macp.1967.021030101
http://dx.doi.org/10.1021/ma60038a005
http://dx.doi.org/10.1021/ma60038a005
http://dx.doi.org/10.1021/ma60038a005
http://dx.doi.org/10.1021/ma60038a005
http://dx.doi.org/10.1021/ja0665848
http://dx.doi.org/10.1021/ja0665848
http://dx.doi.org/10.1021/ja0665848
http://dx.doi.org/10.1021/ja0665848
http://dx.doi.org/10.1002/marc.200600347
http://dx.doi.org/10.1002/marc.200600347
http://dx.doi.org/10.1002/marc.200600347
http://dx.doi.org/10.1002/marc.200600347
http://dx.doi.org/10.1021/ma051824+
http://dx.doi.org/10.1021/ma051824+
http://dx.doi.org/10.1021/ma051824+
http://dx.doi.org/10.1021/ma051617+
http://dx.doi.org/10.1021/ma051617+
http://dx.doi.org/10.1021/ma051617+
http://dx.doi.org/10.1021/ma050313k
http://dx.doi.org/10.1021/ma050313k
http://dx.doi.org/10.1021/ma050313k
http://dx.doi.org/10.1021/ma0344543
http://dx.doi.org/10.1021/ma0344543
http://dx.doi.org/10.1021/ma0629642
http://dx.doi.org/10.1021/ma0629642
http://dx.doi.org/10.1021/ma0629642
http://dx.doi.org/10.1021/ma0629642
http://dx.doi.org/10.1002/(SICI)1521-3935(19990201)200:2%3C265::AID-MACP265%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3935(19990201)200:2%3C265::AID-MACP265%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3935(19990201)200:2%3C265::AID-MACP265%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3935(19990201)200:2%3C265::AID-MACP265%3E3.0.CO;2-6
http://dx.doi.org/10.1021/ma00123a037
http://dx.doi.org/10.1021/ma00123a037
http://dx.doi.org/10.1021/ma00123a037
http://dx.doi.org/10.1295/polymj.22.1105
http://dx.doi.org/10.1295/polymj.22.1105
http://dx.doi.org/10.1295/polymj.22.1105
http://dx.doi.org/10.1002/pola.1989.080270107
http://dx.doi.org/10.1002/pola.1989.080270107
http://dx.doi.org/10.1002/pola.1989.080270107
http://dx.doi.org/10.1002/pola.1989.080270107
http://dx.doi.org/10.1002/pola.10458
http://dx.doi.org/10.1002/pola.10458
http://dx.doi.org/10.1002/pola.10458
http://dx.doi.org/10.1002/pola.10458
http://dx.doi.org/10.1021/ma070917j
http://dx.doi.org/10.1021/ma070917j
http://dx.doi.org/10.1021/ma070917j
http://dx.doi.org/10.1021/ma070917j
http://dx.doi.org/10.1002/1521-3927(20010501)22:8%3C539::AID-MARC539%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3927(20010501)22:8%3C539::AID-MARC539%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3927(20010501)22:8%3C539::AID-MARC539%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3927(20010501)22:8%3C539::AID-MARC539%3E3.0.CO;2-K
http://dx.doi.org/10.1021/ma60062a004
http://dx.doi.org/10.1021/ma60062a004
http://dx.doi.org/10.1021/ma60062a004
http://dx.doi.org/10.1021/ma60062a004
http://dx.doi.org/10.1021/ja015688+
http://dx.doi.org/10.1021/ja015688+
http://dx.doi.org/10.1021/ja015688+
http://dx.doi.org/10.1021/ja000877y
http://dx.doi.org/10.1021/ja000877y
http://dx.doi.org/10.1021/ja000877y
http://dx.doi.org/10.1021/ja000877y
http://dx.doi.org/10.1021/ma00050a049
http://dx.doi.org/10.1021/ma00050a049
http://dx.doi.org/10.1021/ma00050a049
http://dx.doi.org/10.1021/ma00050a049
http://dx.doi.org/10.1021/ja983202s
http://dx.doi.org/10.1021/ja983202s
http://dx.doi.org/10.1021/ja983202s
http://dx.doi.org/10.1021/ja983202s
http://dx.doi.org/10.1021/ja00119a039
http://dx.doi.org/10.1021/ja00119a039
http://dx.doi.org/10.1021/ja00119a039
http://dx.doi.org/10.1021/ma021432s
http://dx.doi.org/10.1021/ma021432s
http://dx.doi.org/10.1021/ma021432s
http://dx.doi.org/10.1021/ma00116a020
http://dx.doi.org/10.1021/ma00116a020
http://dx.doi.org/10.1021/ma00116a020
http://dx.doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3C490::AID-JCC1%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3C490::AID-JCC1%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1096-987X(199604)17:5/6%3C490::AID-JCC1%3E3.0.CO;2-P
http://dx.doi.org/10.1021/ma00116a020
http://dx.doi.org/10.1021/ma00116a020
http://dx.doi.org/10.1021/ma00116a020
http://dx.doi.org/10.1021/ma00116a020
http://dx.doi.org/10.1016/j.stam.2006.04.013
http://dx.doi.org/10.1016/j.stam.2006.04.013
http://dx.doi.org/10.1016/j.stam.2006.04.013
http://dx.doi.org/10.1016/j.stam.2006.04.013
http://dx.doi.org/10.1021/ma021287i
http://dx.doi.org/10.1021/ma021287i
http://dx.doi.org/10.1021/ma021287i
http://dx.doi.org/10.1021/ic50092a027
http://dx.doi.org/10.1021/ic50092a027
http://dx.doi.org/10.1021/ic50092a027

