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General Introduction



I. Dynamic covalent imino bonds

Rowan et al. reported the general concept of dynamic covalent chemistry
related to dynamic covalent bonds formed reversibly under conditions of
equilibrium control. The dynamic covalent bond is a class of bonds that can
break and reform under the appropriate conditions without irreversible side
reactions, for example, imine bond formation and exchange reactions between
imines (Figure 1). Once these bonds are exposed to appropriate external stimuli
such as heating and the addition of catalysts, they become reversible and reach
an equilibrium state. Reversible bonding is crucial for efficient production of
thermodynamically stable product molecules.

*Reversible bond formation

R1—X + RQ—Y : R1—R2 + X-=Y

mild conditions
NE T A~
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for example, imino bond formation

R,—N
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*Exchange reactions

R—R; + R3i—X ==——— R—R; + R,—X
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far example, imino bond formation

Ry =
Z\N/\R1+ R3—NH, o&4¥—= R3\N¢\R1 + R>—NH,

Figure 1. Dynamic covalent imino bonds.



C=N in imines and hydrazones, produced by amino/carbonyl condensations,
are attractive in view of the wide range of structural variations available, the
easy synthetic accessibility, and the control of yields, rates, and reversibility
through conditions. Dynamic polymers having C=N bonds responding to
changes in a neat/solution environment were reported by Lehn and coworkers.
C=N bonds in acylhydrazone groups, which are formed by the condensation of
hydrazides with carbonyl groups, exhibit reversibility under mild conditions.
Like polyimines, polymers with acylhydrazone functionalities exhibit dynamic
aspects through the reversibility of the azomethine bond. Skene and Lehn have
reported the synthesis of polyacylhydrazones and their dynamic feature. ¥

Aromatic Schiff base also showed rigdity and high planarity since the n-
conjugated structures. Yamamoto and coworkers reported the dendritic
polyphenylazomethines (DPAs) containing a C=N-conjugated backbone have a
conformational rigidity, and their imine sites can trap metal ions (Figure 2).
Particularly, the imines on DPA show a stepwise radial complexation with SnCl,

from the core imines to the terminal imines based on the gradients in the basicity

of the imine groups, which can be controlled by substituents on the core phenyl.
[5-71

{
\_-’.

y ?—O?O_EG%
; HaW g W i W "
‘p ”T‘ L] '.{.f_ J.;” R _.,i “}‘ {b d
SWe o *:::\IL.,J A ‘Q%
DPA dendron G4 DPA dendron G5 ‘ = "'ﬁﬂghg

Figure 2. Dendritic polyphenylazomethines (DPAs) containing a C=N-

conjugated backbone.



Il1. Helix-sense-selective polymerization (HSSP) and asymmetric-induced
polymerization followed by polymer reaction in membrane state
(AIP-RIM) of phenylacetylenes

n-Conjugated polymers like polyacetylenes have aroused interest because of
their noteworthy physical properties such as conductivity, organomagnetism,
and optical non-linear susceptibility. Recently chiral polyacetylenes ! have
attracted much attention since the chiral structure can enhance the unique
properties and add new functions.

Several kinds of asymmetric polymerizations of achiral monomers to obtain
chiral polymers having their chiral structures in their main chains have been
reported. Among them, a direct synthetic method of soluble chiral n-conjugated
polymers whose chiral structures arise solely from the one-handed helical
conformation of the conjugated main chains (therefore, they have no asymmetric
carbons) and are stable alone in solution was so far only the helix-sense-
selective polymerization (HSSP) of an achiral phenylacetylene monomer by
using a chiral catalytic system developed in our laboratory. "’

In general, there exist two methods to synthesize soluble chiral polymers
whose chiral structures are present alone in the main chain as asymmetric
carbons and/or as a one-handed helical conformation. One is HSSP "” of an
achiral monomer by using a chiral catalyst as a chiral source and the other is
asymmetric-induced polymerization, by using achiral catalysts, of monomers
having a chiral group as a chiral source, followed by removing the chiral groups
by a polymer reaction in solution where the chiral groups were desubstituted
from the resulting one-handed helical polymers (AIP-R). "

However, the examples where the two methods, HSSP and AIP-R, have been

®-2I'n fact there has been only

applied to m-conjugated polymers are very few.
one example by using HSSP by our group ! and only one example by the use of
AIP-R by our group "l for obtaining soluble chiral conjugated polymers.

Therefore, so far our HSSP and AIP-R were the only two methods available to



obtain soluble chiral conjugated polymers whose chiral structures arise only
from the one-handed helical conformation of their conjugated main chains.

The HSSP is more simple procedure than AIP-R. However, in the HSSP
suitable monomers were limited and typical monomers needed two functional
groups which could make hydrogen bonds like hydroxyl groups (Scheme 1,
DoDHPA). ! The one-handed helical backbone was not stable to polar solvents
and heating because it was maintained by intramolecular hydrogen bonds. In
addition, the efficiency of the chiral induction was not high, i.e., a large ratio of

the chiral cocatalyst to the monomer (Scheme 2, (R)- or (S)-PEA) was needed.

OH —{/n
Rh initiator H —R= —CgHq7; Poly (OcPA)
= OR —M»
Toluene, rt OH —Cq2H25 Poly (DoPA
OH Y YR 12H25 y ( )
OH

RPA Poly (RPA)

Scheme 1. Helix-sense-selective polymerization (HSSP) of RPA.

cl £ prex
~ - -~ - ~
%’Rhgchh\& + 2 H2N —— 2 Q/Rh\CI

[Rh(nbd)Cl]; (R)-PEA [Rh(nbd)CI], / (R)-PEA
Scheme 2. Two component chiral initiator system in our previous study.

I11. Highly selective photocyclic aromatization (SCAT) of cis-cisoid
helical poly(phenylacetylene)s in the membrane state

A novel highly selective photocyclic aromatization (SCAT) of n-conjugated
polymers from phenylacetylene having two hydroxyl groups to exclusively yield
a 1,3,5-trisubstituted benzene derivative was developed by our groups and its
success was confirmed by 'H-NMR, GPC, and TOF-MS (Figure 3). ! The
SCAT reaction had many unique characteristics, such as unusual selectivities, as
follows. 1) It is a quantitative reaction: it gave only the corresponding cyclic

trimer, 1.e., a 1,3,5-trisubstituted benzene derivative, quantitatively(= 100%). No



by-products were produced under the best condition. 2) It is an intramolecular
reaction: it occurred between adjacent three monomer units in one
macromolecule. 3) It is a stereospecific and topochemical or template reaction:
the reactivity strongly depended on the configuration and conformation of the
starting polymer substrates. 4) It is a photoreaction: high selectivity (= 100%)
was observed only by the use of visible light irradiation, not by heating. 5) Itis a
solid state reaction: high selectivity(=100%) was observed only in the solid state,
not in solution. In addition, 6) the resulting cyclic trimers had the ability to form
a self-supporting membrane, in spite of their low molecular weights. This new
approach resulted in a new class of supramolecular polymers consisting of a
1,3,5-trisubstituted benzene derivative, numbers of which were linearly linked
by hydrogen bonds and stacked benzenes. Since SCAT has such high
selectivities and is useful for the preparation of a self-supporting supramolecular

polymer membrane, many kinds of applications can be expected.
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Figure 3. SCAT of P-1 to T-1 (a) chemical structures of the starting polymer(P-1)
and the SCAT product(T-1). (b) Photographs of P-1(a polymer membrane) and T-
1( a supramolecular polymer membrane), (c) GPC curves detected by UV and CD of
P-1 and T-1.



IV. Purpose of this thesis

In Chapter 1, a new conceptual approach to asymmetric polymerisation that
makes one-handed helical polymers without the coexistence of any other chiral
moieties from achiral monomers, pseudo helix-sense-selective polymerisation
(PHSSP) was reported for the first time. Practical results from a wide range of
substituted acetylenes having dynamic covalent bonds have been reported. The
chiral amine in PHSSP worked not as a cocatalyst, as it does in HSSP, but rather
as a reagent because it formed temporary covalent bonds with the polymer
(Scheme 3). This is the origin of the name pseudo helix-sense-selective
polymerisation (PHSSP). Because of the introduction of the chiral source via
covalent bonds, the optical purity’ and efficiency” in the chiral induction were
much higher in PHSSP than those in HSSP. In addition, the range of chemical
structures suitable for PHSSP was wider than that for HSSP. Therefore many
kinds of acetylene monomers are expected to be suitable for PHSSP.
Furthermore, other kinds of monomers having a different polymerisable group
are also expected to be applicabgle to PHSSP. We anticipate that it will become

a general method for asymmetric polymerisation.
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Scheme 3. PHSSP of achiral monomer by a chiral catalytic system.



In Chapter 2, the helix-sense-selective polymerization (HSSP) has been
achieved of three achiral substituted acetylene monomers synthesized which
contained two bulky m-conjugated planar substituents via imine groups by using
the chiral catalytic system we developed before (Scheme 4). One-handed helical
main chains of the resulting polymers were stabilized by intramolecular steric
hindrance, not by intramolecular hydrogen bonds. Therefore the chiral main
chains were very stable to polar solvent and heating. In addition, the efficiency
of the chiral induction was much higher than that in the case of the previous
monomers having hydoroxy groups we reported, i.e., it needs only catalytic
amount of chiral cocatalysts. Therefore we found more valuable and general
monomers which were more suitable for the HSSP. The monomers have
enhanced the value of our HSSP because the range of the molecular design has

been enlarged.

Cat.
OR——»
HSSP

RDIPA

Scheme 4. HSSP of RDIPA by a chiral catalytic system.

In Chapter 3, to develop new phenylacetylene monomers suitable for HSSP
we reported previously and to improve the efficiency and ability of chiral
induction of HSSP, i.e., it needed only catalytic amounts of the chiral source and
the resulting polymer having higher relative optical purity, a novel
phenylacetylene monomer having a perfluorinated alkanes as a side group
(Ck8DHPA) was synthesized and polymerized by a chiral catalytic system
(Scheme 5). The efficiency and ability of the chiral induction were much higher



than that in the case of the previous monomers having perhydrogenated alkanes
side group we reported. In addition, the fluorine containing polymers membrane
showed high selectivity of SCAT and higher oxygen permselectivity than that of
poly(DoDHPA) membrane.

?FFFFF F

OH s J 1Y —R =
[Rh{nbd)Ci}, H }€\¢/\\/L§K}<FA<T<£%2F Poly {Ce8PA)
= oR —m - FF FFFFFF
(R)- or {S)- PEA OH
OH OR

OH
Poly (RDHPA)

B~ Poly (DoDHPA)
RDHPA

Scheme 5. HSSP of RDHPA by a chiral catalytic system.

In Chapter 4, HSSP of substituted acetylenes by using an isolated chiral Rh
initiator coordinated by an amino acid ligand has been achieved (Scheme 6).
The sense of the helix of the main chain of the resulting polymer was controlled
by the sign of the chirality of the ligand. The HSSP by isolated initiator needed
less amount of the chiral source and gave polymers having a higher [0] value
than the two component chiral initiator systems we reported previously. The

resulting polymers had a higher M.

o, 00
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isolated initiator
OR -

helix-sense-selective
polymerization

HO
R: -g—(_‘,‘H” OcPA

-§—C 12Has  DoPA

RPA Poly(RPA)

Scheme 6. HSSP of RPA by using an isolated chiral Rh initiator coordinated by

an amino acid.



In Chapter 5, by using a new achiral phenylacetylene having bulky
substituents as a monomer, living-like HSSP has been achieved. This is the first
example of the HSSP of substituted acetylenes where the degree of
polymerization was controlled. The resulting one-handed helical living polymer
initiated polymerization of a second monomer to successfully yield a block

copolymer.

~UEEEEUBEEE

Rh catalyst

=4 /> © R(‘;nu(alamlne ¢

Q0

Scheme 7. Living-HSSP of achiral phenylacetylenes having bulky substituents.

In Chapter 6, the monomer structures suitable to the helix-sense-selective
polymerization (HSSP) and the combination of suitable chiral amines and
monomers were discussed (Figure 4). For the HSSP of RDHPA the most
suitable chiral amine was Ila. For TBDHPA, Ib was the best cocatalyst. For
RDIPA type monomers, la was the best cocatalyst. The combination of
monomer C;,DHPA and chiral amine Ila was the best to synthesize one-handed

helical polymers with the highest optical purity.
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Figure 4. Suitable monomer structures and chiral amines for HSSP.
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In Chapter 7, the new phenylacetylenes having two hydroxyl groups were
synthesized and polymerized. The polymeric dense membranes were expected to
enhance gas permselectivity because of the high regularity of the polymer
structure (Figure 5). Gas permselectivities of the resulting membranes were
determined and the membrane forming ability was optimized by selecting a
better casting solvent. The effects of the two hydroxyl groups and the

conformation of the main chain on the gas permselectivity were discussed.

Figure 5. The structure of new polyphenylacetylenes having two hydroxyl

groups.

In Chapter 8, to obtain membranes having much higher oxygen
permselectvity with high permeabilities for mixture of molecules, membranes
having regular molecular-size pores with thinner thickness are desired. As such
membranes, we selected a composite membrane consisting of a supramolecular
membrane from amphiphilic SCAT products supported on polymeric
membranes such as poly(vinyl alcohol) and poly(vinyl acetate) (Figure 6). We
selected surface modification technology by solvent casting of mixture of a
small amount of a low surface energy compound and base polymers. By the
surface modification, the oxygen permselectivity increased largely with almost

no drop in permeability.

-11 -
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Figure 6. Imaginative figure of 2D distribution state of T-EO on surface of the
blend membrane.

In Chapter 9, there are many kinds of polymers in the world, almost all
the polymers were one-dimensional (linear or branched) or three-dimensional
(cross-linking) structures. No report can be found for the organic, soluble, and
self-supporting two dimensional organic polymer (“2D polymer”) having high
molecular weight which structure can be characterized clearly. Since there is no
report on the “2D polymer” described above, to review the reported of “2D
polymer” is impossible. Therefore, in this review, a traditional “2D polymer” or

a part of that will be reported.
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Chapter 1

Pseudo Helix-Sense-Selective Polymerization of
Achiral Phenylacetylenes Containing Imino Groups
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1.1 Abstract

A new conceptual approach to asymmetric polymerisation that makes one-
handed helical polymers without the coexistence of any other chiral moieties
from achiral monomers, pseudo helix-sense-selective polymerisation (PHSSP)
was reported for the first time. Practical results from a wide range of substituted
acetylenes having dynamic covalent bonds have been reported. The chiral amine
in PHSSP worked not as a cocatalyst, as it does in HSSP, but rather as a reagent
because it formed temporary covalent bonds with the polymer. This is the origin
of the name pseudo helix-sense-selective polymerisation (PHSSP). Because of
the introduction of the chiral source via covalent bonds, the optical purity ! and
efficiency ™ in the chiral induction were much higher in PHSSP than those in
HSSP. In addition, the range of chemical structures suitable for PHSSP was
wider than that for HSSP. Therefore many kinds of acetylene monomers are
expected to be suitable for PHSSP. Furthermore, other kinds of monomers
having a different polymerisable group are also expected to be applicabgle to

PHSSP. We anticipate that it will become a general method for asymmetric

polymerisation.
Dynamic
covalent bond Without isolation
N R R*—NH R
= @ N . % R—NH, N’
= Chiral Achiral
R amine amine R
=@ Vi N
= [Rh(nbd)Cl], ;
R R*—NH, R
Achiral - Achiral
Achiral Intermediate Chiral polymer
monomer (1) chiral polymer (poly(1))
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1.2 Introduction

(1]

As an example of a novel asymmetric polymerisation, we previously

le2] producing static one-

reported helix-sense-selective polymerisation (HSSP)
handed helical conjugated polymers from an achiral monomer (DODHPA, Chart
1) with two hydroxyl groups, using a chiral catalytic system consisting of a
rhodium complex and a chiral amine. ™ To the best of our knowledge, it has so
far been possible to synthesise soluble chiral conjugated polymers whose chiral
structures arise solely from the one-handed helical conformation of the
conjugated main chains and are static and stable alone in solution only by the
HSSP method developed in our laboratory. In the HSSP, the chiral amine

coordinates to the dimeric rhodium complex to yield a chiral monomeric

complex which acts as a chiral initiator (Scheme 1).

T 4 ﬁ? eﬁs

o Fo

1a PE*P DoDHPA 2a PP*P

Chart 1 Chemical structures of the monomers used in this study.

_ NH, \ _H
Y+ 2 (O —— i
X CI
[Rh(nbd)Cl], (R)- or (S)-PEA

Scheme 1 Equilibrium between [Rh(nbd)Cl], and (R)- or (S)-PEA.
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However, suitable monomers were limited, ! and the efficiency of the chiral
induction was not high. " It may be possible to achieve a higher optical purity "’
and efficiency ! in the chiral induction to the main chain, while employing the
same experimental procedure as the HSSP in the following manner. The
asymmetric polymerisation could use a chiral source that is introduced via a
strong bond into a monomer. Then, if the chiral pendant groups in the resulting
polymer can be removed in situ easily, while maintaining the one-handed
helicity, an improvement over the HSSP is likely. As examples of such an easily
breakable strong bond, dynamic covalent bonds are promising. Dynamic

covalent bonds are strong and they can easily and reversibly form and cleave. !

.......................................... C__ R )
L
HO, s S,
) = 24h 24h 7N -
i ", I_{J:_ L. i -+ 2 = O_,—\_:/. \r B 1b
= »d = N : 47 N a
: W R Rhnba)Cl, i R-NH; \'h {
AN H
M (R)- or (5)-PEA :achiral amine HO'}
HO Gl ; Ty e
Monomer (1a-c) poly({1a-c) J[l\ :J
’ B [Rh(nbd)Clls  (R)- or (S}-DMPEA  4h T

Scheme 2 A: Pseudo helix-sense-selective polymerisation (PHSSP) using (R)-
or (S)-phenylethylamine (PEA) as a chiral source without isolation of poly(la-
c/PE*P), B: Helix-sense-selective polymerisation (HSSP) using (R)- or (S)-N,
N-dimethylphenylethylamine (DMPEA) as a cocatalyst and C: In-situ
asymmetric-induced polymerisation (in-situ  AIP) wusing (R)- or (9)-
phenylethylamine (PEA) as a chiral source of monomers (1a-c) in THF at room

temperature.

Here, we propose a new concept of asymmetric polymerisation where the
practical procedure and chemical structures of the final polymers obtained are
the same as in the HSSP, but the chiral source is not a catalyst but a reagent,

because it has temporarily formed covalent bonds with the polymer (Scheme 2
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A and Scheme 3 A). Therefore, we named it pseudo helix-sense-selective
polymerisation (PHSSP) (Scheme 2A and Scheme 3 A). In this communication,
the new PHSSP concept and its practical results for a wider range of substituted
acetylenes having dynamic covalent bonds are reported for the first time. It
provides a new asymmetric polymerisation method to obtain one-handed helical
polymers from achiral monomers, without the coexistence of any other chiral
moieties with a higher optical purity’ and efficiency’ of the chiral induction than

the HSSP.

A
R chiral amine R
— ) ) —
«
RNH, achiral amine _Jp
= 18h R—NH, H
—_—
—N a7 18h —N
\ N
R 4@'%\0|'Rh\\7 LS
[Rh(nbd)Cl],
2a and 2b poly(2a and 2b)
chiral amine
N . \
N ol Y —
RA__RI
4h
[Rh(nbd)ClI], (R)- or (S)-DMPEA
B
R: R*
O : O : *
! 4 XX
A e OCH, ’ OH
OH
(R)-(+)-1-Phenylethylamine  (R)-(+)-1-(1-Naphthyl)ethylamine (R)-(-)-1-Cyclohexylethylamine L-Valinol
2a 2b
(PEA) (NEA) (CHEA)

Scheme 3 A’: Pseudo helix-sense-selective polymerisation (PHSSP) by using
various chiral amines as chiral sources, B’: Helix-sense-selective polymerisation
(HSSP) by using (R)- or (S)-DMPEA as a cocatalyst of monomers 2a and 2b in
this study.
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1.3 Experimental
1.3.1 Materials

All the solvents used for monomer synthesis and polymerisation were
distilled as wusual. The polymerisation initiator, [Rh(nbd)CI], (nbd=2,5
norbornadiene), purchased from Aldrich Chemical Co., Inc., was used as
received. The silicon-containing reagent, trimethylsilylacetylene was purchased

from Shinetsu Chemical Co., Ltd., and used as received.

1.3.2 Measurements

Average molecular weight (Mw) was estimated by gel permeation
chromatography (tetrahydrofuran as an eluent, polystyrene calibration) using
JASCO Liquid Chromatography instruments with PU 2080, DG 2080 53, CO
2060, UV 2070, CD 2095, and two polystyrene gel columns (Shodex KF 807L).
NMR spectra were recorded on a JEOL GSX 270 at 400 MHz for 'H. IR spectra
were recorded on a JASCO FTIR 4200 spectrometer. CD spectra were measured
with a JASCO J 720 spectropolarimeter.

1.3.3 Synthetic procedures of the monomers l1a-c and PE*P (Scheme 4)

OH OAc | R \
2-Propanol Ac,0 B{\/\Si 7~
Br OH _ Br OH . Br OAc )
KOH  HCHO Pyridine
OH OAc
4

1a

I OAc
*S“E Triethylamine | LiAIH, H,0 OH
- > —Si—= OAc e / \ OH 1b
Pd(PPh;),Cl, Cul, PPhy | oA THF —
c OH
5 6
OH OH 1c
/—< >—CHO
Br . o R-NH, /R
K,CO; DMF < > cHo O\ < > //N
s OH AlL,O; THF “
OH
8

1a-c, PE'P PE'P

; (CH3CH,)sSiH
dry CHxCl, H [ —— !

N T CHO | N F HNT s

i 2 H,PtClg-6H,0
Br Br 6
DIBAL H toluene
7 i 9

Scheme 4. Synthetic route to the monomers 1a-c and PE*P.
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1.3.3.1 Synthesis of 4-bromo-2, 6-bis(hydroxymethyl)-1-phenol (3)

According to the literature procedure, 3 was prepared as a white solid. Yield:
80.9% (136g). '"H NMR (DMSO-dg): 6= 8.76 (s, |H, PhOH), 7.29 (s, 2H, PhH),
5.31 (t, 2H, J = 5Hz, CH,OH), 4.51 (d, 4H, J = 5Hz, CH,OH).

1.3.3.2 Synthesis of 2,6-bis(acetoxymethyl)-4-bromo-1-phenyl acetate (4)

To a pyridine solution (100mL) of 3 (20g, 85.8mmol), acetic anhydride
(48.6mL, 515mmol) was added dropwise at 0°C. The solution was stirred for
1.5h at room temperature and then ethyl acetate (200mL) was added to the
mixture. Then the mixture was washed with saturated aqueous solution of
CuSOy4-5H,0 to remove pyridine. The organic layer was dried over anhydrous
MgSO,. After concentration, the crude product was purified by silica-gel
column chromatography to give 4 as a white solid. Yield: 70% (21.5g). Rf =
0.36 (ethyl acetate/hexane = 1/2). '"H NMR (DMSO-dg): 5= 7.68 (s, 2H, PhH),
497 (s, 4H, Ph(CH,0),, 2.31 (s, 3H, PhOCOCH;), 2.03 (s, 6H,
Ph(CH,OCOCH;),).

1.3.3.3 Synthesis of 2, 6-Bis(acetoxymethyl)-4-(trimethylsilylethynyl)-1-
phenyl acetate (5)

A mixture of 4 (10.76g, 30mmol), triphenylphosphine (550mg, 2.1mmol),
copper D iodide (690mg, 3.6mmol),
bis(triphenylphosphine)palladium(IT)dichloride =~ (420mg, 0.6mmol) and
trimethylsilylacetylene (6.2mL, 45mmol) in triethylamine (120mL) was refluxed
for 24h. After the mixture was filtered, the solvent was removed by evaporation.
The crude product was purified by silica-gel column chromatography to give 5
as a brown liquid. Yield: 87.7% (9.9g). Rf = 0.32 (ethyl acetate/hexane = 1/3).
'H NMR (CDCls, TMS): 6= 7.50 (s, 2H, PhH), 4.98 (s, 4H, Ph(CH,OAc),),
2.32 (s, 3H, PhOCOCHj), 2.06 (s, 6H, Ph(CH,OCOCH;),), 0.22 (s, 9H,
Si(CH3)s).

1.3.3.4 Synthesis of 2, 6-bis(hydroxymethyl)-4-ethynylphenol (6) 5%
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To a mixture of lithium aluminum hydride (2.0g, 52.4mmol) and
tetrahydrofuran (87.0mL), a tetrahydrofuran solution (15.0mL) of 5 (9.87g,
26.2mmol) was added dropwise at 0°C. After the mixture was stirred for 2h at
room temperature, deionized water (72.0mL) was added dropwise to the reaction
mixture at 0°C. The mixture was stirred for 12h at room temperature. The
reaction mixture was treated with 2N HCI aq. to precipitate aluminum salts.
After the mixture was filtered, tetrahydrofuran was removed by evaporation.
The product was dissolved in ethyl acetate and the solution was washed with
water. The organic layer was dried over anhydrous MgSO,4 and concentrated.
The crude product was purified by silica-gel column chromatography to give 6
as a white solid. Yield: 81.4% (3.8g). Rf = 0.27 (ethyl acetate/hexane = 1/1). 'H
NMR (DMSO-ds): 6= 8.98 (s, 1H, PhOH), 7.27 (s, 2H, PhH), 5.29 (s, 2H,
Ph(CH,OH),), 4.52 (s, 4H, Ph(CH,0OH),), 3.91 (s, 1H, HC=C).

1.3.3.5 Synthesis of 4-bromomethylbenzaldehyde (7) ©**!

4-Cyanobenzyl bromide (14g, 71.4mmol) was dissolved in dry CH,Cl,
(260mL) and the solution was stirred at 0°C. 1.0M diisobutylaluminium hydride
hexane solution (DIBAL, 70mL, 70mmol) was added dropwise to the solution at
0°C. The solution was stirred for 15min and then DIBAL solution (35mL) was
added dropwise again. The mixture was stirred for 15min at 0°C and then 30min
at room temperature. The reaction mixture was treated with 50% H,SO,4 (150mL)
aq. to precipitate the aluminium salt. After the mixture was filtered, the solution
was washed with water and extracted with CH,Cl,. The organic layer was dried
over MgSQO, and concentrated to give aim product 7 as a white solid. Yield:
56.3% (8.0g). "H NMR (CDCls, TMS): 6= 10.0 (s, 1H, PhCHO), 7.85 (d, 2H,
J=8Hz, BrCH,PhH), 7.54 (d, 2H, J=8Hz, HPhCHO), 4.50 (s, 2H, BrCH,Ph).

1.3.3.6 Synthesis of 4-(4’-formylbenzyloxy)-3,5-
bis(hydroxymethyl)phenylacetylene (8)
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A mixture of 6 (3.79g, 21.3mmol), 7 (4.23g, 21.3mmol) and K,CO; (8.8g,
63.9mmol) in DMF (107mL) was stirred for 50h at 70°C. After the mixture was

filtered, the solvent was removed. The residue was washed with water and
extracted with ethyl acetate. The organic layer was dried over MgSO, and
concentrated. The crude product was purified by silica-gel column
chromatography to give aim product 8. Rf = 0.7 (chloroform/methanol = 95/5).
'H NMR (CDCl;, TMS): 6= 10.0 (s, 1H, PhCHO), 7.94 (d , 2H, J=8Hz,
HPhCHO), 7.63 (d, 2H, J=8Hz, OCH,PhH), 7.54 (s, 2H, HC=CPhH), 5.08 (s,
2H, PhOCH,Ph), 4.69 (d, 4H, J=6Hz, Ph(CH,OH),), 3.07 (s, 1H, HC=C), 1.74
(t, 2H, J=6Hz, Ph(CH,OH),).
1.3.3.7 Synthesis of 3-(triethylsilyl)propylamine (9)

H,PtCls-6H,0 (26mg, 0.05mmol), toluene (15mL) was added to the flask
and stirred at 80°C until H,PtCls-6H,0 was dissolved completely. Triethylsilane
(8mL, 50.2mmol) and allylamine (4.2mL, 55.2mmol) was added dropwise to the
solution at 40°C separately and stirred at 85°C for 120h. The crude product was

purified by vacuum distillation at 54°C (250Pa) to give aim product 9 as a

colorless liquid. Yield: 67.7% (5.89g). '"H NMR (CDCls, TMS): 5= 2.65 (t, 2H,
J=THz, NH,CH,), 1.42 (m, 2H, NH,CH,CH,CH,), 1.27(s, 2H, NH,), 0.92 (t, 9H,
J=8Hz, Si(CH,CH,)5), 0.59 (t, 2H, J=8Hz, NCH,CH,CH,S1), 0.49 (q, 6H, J=8Hz,
Si(CH,CH;);).

1.3.3.8 Synthesis of 4-[4’-{(3-triethylsilyl)propyliminomethyl}benzyloxy]-
3,5-bis(hydroxymethyl)phenylacetylene (1a)

A mixture of 8 (500mg, 1.68mmol), 9 (586mg, 3.36mmol) and Al,O; (10g)
in dry THF (16mL) was stirred for 3 days at room temperature. After the
mixture was filtered, the solvent was removed to yield a white solid. The crude
product was purified by recrystallization in CHClz/hexane to give monomer la
as a white solid. Yield: 56.5% (428mg). 'H NMR (CDCl;, TMS): 5= 8.21 (s,
1H, PhCH=N), 7.76 (d, 2H, J=8Hz, NCHPhH), 7.50 (s, 2H, C=CPhH), 7.45 (d,
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2H, J=8Hz, PhOCH,PhH), 4.99 (s, 2H, PhOCH,Ph), 4.65 (d, 4H, J=6Hz,
Ph(CH,0OH),), 3.59 (t, 2H, J=7Hz, NCH,CH,), 3.04 (s, 1H, HC=C), 1.90 (t, 2H,
J=6Hz, Ph(CH,OH),), 1.68 (m, 2H, NCH,CH,CH,), 0.91 (t, 9H, J=8Hz,
Si(CH,CHs)3), 0.53 (t, 2H, J=8Hz, NCH,CH,CH,Si), 0.49 (q, 6H, J=8Hz,
Si(CH,CHs)3). IR (cm™', KBr): 3322 (OH), 3233 (HC=C), 1643 (C=N). Anal.
Cacld for C,7H3;05NSi1: C, 71.80; H, 8.26; N, 3.10. Found: C, 71.74; H, 8.17; N,
3.10.

1.3.3.9 Synthesis of 4-[4’-(hexyliminomethyl)benzyloxy]-3,5-
bis(hydroxymethyl)phenylacetylene (1b)

A mixture of 8 (200g, 0.67mmol), hexylamine (177uL, 1.35mmol) and
ALO; (5.0g) in dry THF (7mL) was stirred for 3 days at room temperature.
After the mixture was filtered, the solvent was removed to yield a white solid.
The crude product was purified by recrystallization in CHCls/hexane to give
monomer 1b as a white solid. Yield: 58% (148mg). '"H NMR (CDCls, TMS): 5=
8.28 (s, 1H, PhCH=N), 7.74 (d, 2H, J=8Hz, NCHPhHCH,), 7.52 (s, 2H,
HC=CPhH), 7.44 (d, 2H, J=8Hz, OCH,PhH), 5.00 (s, 2H, PhOCH,Ph), 4.66 (br,
4H, Ph(CH,0OH),), 3.59 (t, 2H, J=7Hz, NH,CH,CH,), 3.05 (s, 1H, HC=CPh),
2.00 (br, 2H, Ph(CH,0OH),), 1.70 (m, 2H, NCH,CH,CH,), 1.33 (m, 6H,
CH,(CH,);CH3), 0.89 (t, 3H, J=7Hz, CH,CH;). IR (cm, KBr): 3332 (OH),
3243 (HC=C), 1637 (C=N).

1.3.3.10 Synthesis of 4-[4’-(4’’-n-octylphenyliminomethyl)benzyloxy]-3,5-
bis(hydroxymethyl)phenylacetylene (1c)

A mixture of 8 (500mg, 1.69mmol), 4-n-octylaniline (520mg, 2.53mmol)
and Al,O; (10g) in dry THF (17mL) was stirred for 3 days at room temperature.
After the mixture was filtered, the solvent was removed to yield a white solid.
The crude product was purified by recrystallization in CHCls/hexane to give
monomer 1C as a white solid. Yield: 47% (383mg). 'H NMR (CDCls, TMS): 5=
8.50 (s, 1H, PhCH=N), 7.92 (d, 2H, J=8Hz, N=CHPhH), 7.53 (s, 2H,
HC=CPhH), 7.51 (d, 2H, J=8Hz, OCH,PhH), 7.20 (d, 2H, N-PhHCH, CH,),
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7.16 (d, 2H, CHN-PhHCH,), 5.05 (s, 2H, PhOCH,Ph), 4.69 (d, 4H, J=6Hz,
Ph(CH,0OH),), 3.06 (s, 1H, HC=CPh), 2.63 (t, 2H, J=8Hz, PhCH,CH,), 1.90 (t,
2H, J=6Hz, Ph(CH,0OH),), 1.63 (m, 2H, PhCH,CH,CH,), 1.27 (br, 10H,
CH,(CH,)sCH3), 0.88 (t, 3H, J=7Hz, CH,CH;). IR (cm, KBr): 3355 (OH),
3282 (HC=C), 1625 (C=N). Anal. Cacld for C;;H3;0;N: C, 79.47; H, 7.71; N,
2.90. Found: C, 79.36; H, 7.68; N, 2.94.

1.3.3.11 Synthesis of 4-[4’-(phenylethyliminomethyl)benzyloxy]-3,5-
bis(hydroxymethyl)phenylacetylene (PE*P)

A mixture of 8 (500g, 1.68mmol), (R)-phenylethylamine (432.7ul, 3.37mmol)
and Al,O; (10g) in dry THF (16mL) was stirred for 3 days at room temperature.
After the mixture was filtered, the solvent was removed to yield a white solid.
The crude product was purified by recrystallization in CHCIs/Hexane to give
monomer PEP as a white solid. Yield: 53% (210mg). '"H NMR (CDCls, TMS):
o= 836 (s, 1H, PhCH=N), 7.77 (d, 2H, J=8Hz, PhHCH=N), 7.48 (s, 2H,
HC=CPhH), 7.42 (d, 2H, J=8Hz, OCH,PhH), 7.40 (d, 2H, J=7Hz, N-CHPhH),
7.32 (t, 2H, J=7Hz, N-CHPhH), 7.22 (t, 1H, J=7Hz, N-CHPhH), 4.96 (s, 2H,
PhOCH,Ph), 4.62 (br, 4H, Ph(CH,OH),), 4.53 (q, 1H, J=7Hz, NCHPh), 3.03 (s,
1H, HC=CPh), 2.13 (br, 2H, Ph(CH,0OH),), 1.57 (d, 3H, J=7Hz, CHCHs).

1.3.4 Synthetic procedures of the monomers 2a and 2b (Scheme 5)

=—Si(CH3)3
COOH COOH COOCH; COOCH;

conc.HCI, NaNO,, Ki conc.H,SO, Pd(PPh3),Cly, PPhg, Cul
[ — > HCpS—=
HoN . | - = (H3C)s
2 CHyOH/H,0 CH3OH EtsN
o0H coOH COOCH; COOCH;

10 1

12
R R:
/
CH,OH CHO =N 2a
LiAIH, PDC R-NH, =
- . = —_— = = oH

THF CHzCly AlLO; Toluene =N

CH,OH CHO \
R
2b
13 14 2aand 2b OMe

Scheme 5. Synthetic route to the monomers 2a and 2b.
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1.3.4.1 Synthesis of 5-iodoisophthalic acid (10)

5-Aminoisophthalic acid (30.0g, 161.5mmol) and the cold NaNO, aqueous
solution (28.0g/43.0mL, 168.6mmol) were added to a mixture of ice (50g),
methanol (200mL), concentrated hydrochloric acid (40mL, 1.35mol) with
stirring. Then the mixture was added to a solution of KI aqueous solution. After
stirring for 20min at room temperature, the Na,SO; was added to the mixture
and stirred for another 20min. The mixture was filtered, the solvent was
removed and the crude product was purified by vacuo drying to give aim
product 10 as a yellow solid. Yield: 67% (31.6g). °C NMR (DMSO-ds, TMS):
5=165.0 (COOH), 141.3 (PhC), 133.0 (PhC), 129.0 (PhC), 94.7 (C-I). IR (cm™,
KBr): 3300~2500 (OH), 1716 (C=0).

1.3.4.2 Synthesis of methyl 5-iodoisophthalate (11) ¥

A mixture of 10 (31.6cg, 108mmol), methanol (900mL, 37.3mol) and
concentrated sulfuric acid (31.6mL, 592mmol) was stirred for 24h at 65°C. After

the mixture was filtered, the solvent was removed. The residue was washed with
water and extracted with ethyl acetate. The organic layer was dried over MgSO,
and concentrated. The crude product was purified by silica-gel column
chromatography to give aim product 11 as a white solid. Yield: 83.8% (29.0g).
Rf = 0.58 (ethyl acetate/hexane = 1/4). '"H NMR (CDCls, TMS): = 8.63 (t, 1H,
J=2Hz, PhH), 8.55 (d, 2H, J=2Hz, PhH), 3.95 (s, 6H, OCH}).

1.3.4.3 Synthesis of methyl 5-(trimethylsilylethynyl)isophthalate (12) °]

A mixture of 11 (7.88g, 24.6mmol), triphenylphosphine (41.9mg, 159umol),
copper (I) iodide (31mg, 163umol),
bis(triphenylphosphine)palladium(Il)dichloride ~ (43.3mg, 61.7umol) and
trimethylsilylacetylene (6.09mL, 42.3mmol) in triethylamine (300mL) was
refluxed for 24 h. After the mixture was filtered, the solvent was removed by

evaporation. The crude product was purified by silica-gel column

chromatography to give 12 as a white solid. Yield: 99.6% (6.75g). Rf = 0.4
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(ethyl acetate/hexane = 1/10). '"H NMR (CDCl;, TMS): 5= 8.60 (t, 1H, J=2Hz,
PhH), 8.29 (d, 2H, J=2Hz, PhH), 3.95 (s, 6H, OCH;), 0.26 (s, 9H, Si(CH;)5).

1.3.4.4 Synthesis of 3,5-bis(hydroxylmethyl)phenylacetylene (13)

To a mixture of lithium aluminum hydride (0.711 g, 18.7mmol) and
tetrahydrofuran (40mL), a tetrahydrofuran solution (8mL) of 12 (3.84 g,
13.9mmol) was added dropwise at 0°C. After the mixture was stirred for 7h at
room temperature, deionized water (1mL) was added dropwise to the reaction
mixture at 0°C. The mixture was stirred for 8h at room temperature. The
reaction mixture was treated with 2N HCI aq. to precipitate aluminum salts.
After the mixture was filtered, tetrahydrofuran was removed by evaporation.
The product was dissolved in ethyl acetate and the solution was washed with
water. The organic layer was dried over anhydrous MgSO, and concentrated.
The crude product was purified by silica-gel column chromatography to give 13
as a white solid. Yield: 80.5% (1.82g). Rf = 0.13 (ethyl acetate/hexane = 1/1).
'H NMR (CDCls, TMS): 5= 7.42 (s, 2H, PhH), 7.37 (s, 1H, PhH), 4.69 (d, 4H,
J=6Hz, Ph(CH,OH),), 3.08 (s, 1H, HC=C), 1.73 (t, 2H, J=6Hz, Ph(CH,OH),).

1.3.4.5 Synthesis of 3,5-bis(formyl)phenylacetylene (14)

To a mixture of pyridinium dichromate (PDC) (8.7g, 23.1mmol) and CH,Cl,
(100mL), a CH,Cl, solution (100mL) of 13 (0.75 g, 4.62mmol) was added
dropwise at 0°C. After the mixture was stirred for 48h at room temperature, the
mixture was filtered, CH,Cl, was removed by evaporation. The crude product
was purified by silica-gel column chromatography to give 14 as a yellow solid.
Yield: 45.2% (0.33g). Rf = 0.33 (ethyl acetate/hexane = 1/4). '"H NMR (CDCl;,
TMS): 6= 10.0 (s, 2H, CHO), 8.34 (t, 1H, J=2Hz, PhH), 8.23 (d, 2H, J=2Hz,
PhH ), 3.27 (s, 1H, HC=C).

1.3.4.6 Synthesis of 3,5-bis(N-2-hydroxyl-5’-tert-
butylphenyliminomethyl)phenylacetylene (2a)

A mixture of 14 (201mg, 1.27mmol), 2-amino-4-tert-butylphenol (467mg,
2.83mmol) and Al,O; (1g) in dry toluene (20mL) was stirred for 18h at room
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temperature. After the mixture was filtered, the solvent was removed to yield a
yellow solid. The crude product was purified by Al,O3 column chromatography
to give 2a as a yellow solid. Yield: 53.8% (310mg). Rf = 0.52 (ethyl
acetate/hexane = 1/6).1H NMR (CDCl;, TMS): 6= 8.76 (s, 2H, N=CH), 8.40 (br,
1H, HC=CPhH), 8.17 (d, 2H, J=2Hz, HC=CPhH), 7.34 (d, 2H, J=2Hz,
C=NPhH), 7.30-7.28 (d, d, 2H, J=8Hz, J=2Hz, C=NPhH), 7.03 (s, 2H, PhOH),
6.97 (d, 2H, J=8Hz, C=NPhH), 3.33 (s, 1H, C=CH), 1.35 (s, 18H, (PhC(CHjs);),).
IR (cm™, KBr): 3450 (OH), 3304 (H=C), 2965 (C-H), 2398 (C=C), 2000-1800
(Ar-H), 1625 (C=N). Anal. Cacld for C;)H3,0,N,: C, 79.61; H, 7.13; N, 6.19.
Found: C, 79.36; H, 7.01; N, 6.11.

1.3.4.7 Synthesis of 3,5-bis(N-o-
methoxylphenyliminomethyl)phenylacetylene (2b)

A mixture of 14 (123mg, 0.778mmol), 0-anisidine (200ul, 1.77mmol)) and
ALO; (0.6g) in dry toluene (15mL) was stirred for 18h at room temperature.
After the mixture was filtered, the solvent was removed to yield a yellow solid.
The crude product was purified by Al,O3 column chromatography to give 2b as
a yellow solid. Yield: 45.5% (130mg). Rf = 0.36 (ethyl acetate/hexane =
1/10).'H NMR (CDCl;, TMS): 6= 8.54 (s, 2H, N=CH), 8.39 (br, IH,
HC=CPhH), 8.18 (d, 2H, J=2Hz, HC=CPhH), 6.96-7.04 (m, 6H, C=NPhH),
3.90 (s, 6H, (PhOCH;),), 3.15 (s, 1H, C=CH. IR (cm™', KBr): 3450 (OH), 3228
(H=C), 2935 (C-H), 2357 (C=C), 1624 (C=N), 1246 (C-O-C).

1.3.5 Polymerisation of all the monomers

1.3.5.1 Pseudo helix-sense-selective polymerisation (PHSSP) (Schemes 2
and 3, routes A and A’).

A typical procedure for la was as follows: A solution of [Rh(nbd)Cl],
(0.8mg, 1.76umol) and (S)- or (R)-phenylethylamine (PEA) (28.21ul, 0.22mmol)
in dry THF (0.44mL) was added to a dry THF (0.44mL) solution of la (40mg,

88umol). The reaction solution was stirred at room temperature for 24h. Then
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the achiral amine 9 (136pul, 0.88mmol) was added to the solution, and continued
to stir for 24h. The crude polymer was purified by reprecipitation of the THF
solution into a large amount of methanol and the formed solid was dried in
vacuo to give a red solid.

Other pseudo helix-sense-selective polymerisation (PHSSP) of the
monomers l1a-c, 2a and 2b were carried out similarly (Schemes 2 and 3, routes
A and A’).

Poly(1a) 100%: 'H NMR (DMSO-d¢/CCl,=1/5): 6= 8.11 (br, 1H, PACH=N),
3.50 (br, 2H, NCH,CH,), 1.60 (br, 2H, NCH,CH,CH,), 0.84 (br, 9H,
Si(CH,CHjs);), 0.44 (br, 2H, NCH,CH,CH,S1), 0.44 (br, 6H, Si(CH,CHs);) (Fig.
S5,¢)). IR (cm™, KBr): 3375 (OH), 1645 (C=N).

Poly(1a) 96%: 'H NMR (DMSO-dg /CCl,=1/5): 6= 8.11 (br, 1H, PhCH=N),
7.54-6.88 (br, 6H, PhH), 5.89 (br, cis proton in the main chain), 4.73 (br, 2H,
PhOCH,Ph), 4.31 (br, 4H, Ph(CH,OH),), 3.49 (br, 2H, NCH,CH,), 1.61 (br, 2H,
NCH,CH,CH,), 1.47 (br, 0.12H, CHCHj; in poly(PEP)), 0.88 (t, 9H, J=8Hz,
Si(CH,CH3)3), 0.50 (br, 2H, NCH,CH,CH,Si), 046 (q, 6H, J=8Hz,
Si(CH,CHa)3) (Fig. S5, d)). IR (cm™, KBr): 3336 (OH), 1645 (C=N).

1.3.5.2 Helix-sense-selective polymerisation (HSSP) (Schemes 2 and 3,
routes B and B”).

A typical procedure for monomer (la) was as follows: A solution of
[Rh(nbd)Cl], (0.8mg, 1.76umol) and (S)- or (R)-N,N-dimethylphenylethylamine
(DMPEA) (36.3ul, 0.22mmol) in dry THF (0.44mL) was added to a dry THF
(0.44mL) solution of la (40mg, 88umol). The reaction solution was stirred at
room temperature for 24h. The crude polymer was purified by reprecipitation of
the THF solution into a large amount of methanol and the formed solid was
dried in vacuo to give a red solid.

Other helix-sense-selective polymerisation (HSSP) of the monomers la-c,

2a and 2b were carried out similarly (Schemes 2 and 3, routes B and B”).
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Poly(1a) 100%: 'H NMR (DMSO-ds/CCl,=1/5): = 8.15 (br, 1H, PACH=N),
7.58-6.92 (br, 6H, PhH), 5.91 (br, cis proton in the main chain), 4.75 (br, 2H,
PhOCH,Ph), 4.35 (br, 4H, Ph(CH,OH),), 3.53 (br, 2H, NCH,CH,), 1.65 (br, 2H,
NCH,CH,CH,), 0.88 (br, 9H, Si(CH,CHjs);), 0.51 (br, 2H, NCH,CH,CH,Si),
0.51 (br, 6H, Si(CH,CHs);) (Fig. S5, b) ). IR (cm™, KBr): 3375 (OH), 1645
(C=N).

1.3.5.3 In-situ asymmetric induced polymerisation (in-situ AIP) (Scheme 2,
route C).

A typical procedure for monomer (la) was as follows: A solution of
[Rh(nbd)Cl], (0.8mg, 1.76umol) and (S)- or (R)-phenylethylamine (PEA)
(28.21ul, 0.22mmol) in dry THF (0.44mL) was added to a dry THF (0.44mL)
solution of la (40mg, 88umol). The reaction solution was stirred at room
temperature for 24h. The crude polymer was purified by reprecipitation of the
THF solution into a large amount of methanol and the formed solid was dried in
vacuo to give a red solid.

Other in-situ asymmetric induced polymerisation (in-situ AIP) of the
monomers 1a-C were carried out similarly (Scheme 2, route C).

1.3.5.4 Asymmetric-induced polymerisation (AIP) (Schemes 6 and 7, routes
D and D).

A typical procedure for monomer (PE*P) was as follows: A solution of
[Rh(nbd)Cl], (1.15mg, 2.5umol) and triethylamine (TEA) (43.3ul, 0.31mmol) in
dry THF (0.625mL) was added to a dry THF (0.625mL) solution of PE*P
(50mg, 125umol). The reaction solution was stirred at room temperature for 4h.
The crude polymer was purified by reprecipitation of the THF solution into a
large amount of methanol and the formed solid was dried in vacuo to give a red
solid.

The asymmetric-induced polymerisation (AIP) of PP*P was carried out

similarly (Scheme SS5, route D’).
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Scheme 6 D: Asymmetric-induced polymerisation (AIP) of PE*P, E:
Exchange reaction (ER) of PEA residues in poly( PE*P) with 3-
(triethylsilyl)propylamine (For comparison of PHSSP of 1a).
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Scheme 7 D’: Asymmetric-induced polymerisation (AIP) of PP*P, E’:
Exchange reaction (ER) of PEA residues in poly( PP*P) with 2-amino-tert-
butylphenol (For comparison of PHSSP of 2a).

1.3.5.5 Exchange reaction (ER) (Schemes 6 and 7, routes E and E”).

A typical procedure for monomer (PE*P) was as follows: 3-

(Triethylsilyl)propylamine (9) (0.1mL) was added to a dry THF (1mL) solution
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of poly(PE*P) (22mg) prepared by AIP. The reaction solution was stirred at
room temperature for 24h. The crude polymer was purified by reprecipitation of
the THF solution into a large amount of methanol and the formed solid was
dried in vacuo to give a red solid.

The exchange reaction (ER) of PP*P was carried out similarly (Scheme 7,

route E’).

1.3.6 Exchange reaction of a chiral amine residue in a monomer with an

achiral amine (Scheme 8)

It
\/&j\/ HO\/&)\/OH
K O
+ H,N—R
N\
N
R* l

chiral monomer achiral amine achiral monomer chiral amine

4+ HN—R"

Scheme 8 Equilibrium constant (K) for a model exchange reaction of a chiral
amine residue (R*-N=) in a monomer with an achiral amine(R-NH,) for PHSSP

of 1.

A typical procedure for achiral amine 3-(triethylsilyl)propylamine (9) was as
follows: Achiral amine 9 (43.3mg, 0.25mmol) was added to a CDCl; (0.25ml)
solution of PE*P (10mg, 25umol). The reaction solution was stirred at room
temperature for 24h. The result solution was loaded into a Teflon screw-capped
NMR tube. The equilibrium constant was then determined from the ration of the
integrated '"H NMR signals.Other exchange reactions of a chiral amine residue

in a monomer with an achiral amine were carried out similarly (Scheme 8).
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1.4 Results and discussion
1.4.1 Monomer design

Two kinds of achiral monomers having one or two achiral amine residues via
dynamic covalent imine bonds (1a-c in Scheme 2 and 2a and 2b in and Scheme
3) were designed and synthesized for PHSSP. The former (1a-c) was expected
to be suitable for not only PHSSP but also HSSP because la-c contain two
hydroxyl groups which can make intramolecular hydrogen bonds to maintain
one-handed helicity of the resulting polymers, while suitability of the latter (2a
and 2b) for PHSSP and HSSP was not clear although they contain two planer

bulky substituents which can maintain one-handed helicity.

1.4.2 Selection of the best chiral amine by preliminary experiments (Table
1)

The chiral amines should have a low basicity to keep low conversion in the
exchange reaction at the first step of PHSSP (Scheme S3), because they should
be removed completely at the second step. We attempted to carry out PHSSP
(for the detail procedure, see the experimental part)) of 2a using four chiral
amines, PEA, NEA, CHEA, and L-valinol (Scheme 3). As the results, when
PEA was used, the content of the chiral units was lowest (Table 1, nos.4, 6-8). It
was reasonable because PEA had the lowest basicity (the highest Ka* value)
among them. About chiral induction ability of the chiral amines, since the final
polymers in the PHSSP procedure showed the biggest g value assigned to the
main chain (Table 1, nos.4, 6-8) in spite of the lowest content of the chiral amine

units, we decided to select PEA as the best chiral amine for PHSSP.
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Table 1 Attempt of pseudo helix-sense-selective polymerisation (PHSSP) of various monomers 1a-c 2, 2a ” and 2b ° by using (R)-(+)-1-phenylethylamine (PEA),
(R)-(*+)-1-(1-naphthyl)ethylamine (NEA), (R)-(-)-1-cyclohexylethylamine (CHEA) and L-valinol as a chiral source to select monomers for PHSSP

. . Yield M, © Achiral g g Ka* " Kah .

No. Monomer ¢ Chiralamine © o))" e a(n:.;r;?;’r)"t 0% a0 (x10°1%) (x10°1%) K
1 1a (R)-PEA 72.2 4.60 1007/ -2.70 2.07 9.12 0.15 4.69

2 1b (R)-PEA 30.6 1.50 96.0 (-0.09) ¥ (0.06) ¥ 9.12 0.20 5.01

3 1c (R)-PEA 65.8 0.47 45.0 (-0.34) % (0200 912 1.10x 1_(_15_ ________ 014

RV 2a(R)PEA ________ 208 360 _________ 9_ 73_ _________ ( 002)‘” 9.12 1.44x10° —
5 2b (R)-PEA 458 4.70 47.9 — (0.20) %/ 9.12 0.43x10° —

6 2a (R)-NEA 10.3 0.36 67.7 — (-7.3x103) K/ 4.37 1.44x10° —

7 2a (R)-CHEA 2.3 0.27 63.9 — (5x10™4) k.1 0.13 1.44x10° —

8 2a L-valinol trace — — — — 1.50x10°3 1.44x105 —

2 In THF for 48 h, [monomer]=0.1mol/L, [monomer]/[Rh(nbd)CI],=50, [chiral amine])/[monomer]=2.5, [achiral amine]/[monomer]=10. 5 In toluene for 36 h,
[monomer]=0.1mol/L, [monomer)/[Rh(nbd)CI],=100, [chiral amine)/[monomer]=2.5, [achiral amine]/[monomer]=10. ¢ For the codes, see Schemes 1 and S3.
9 For the codes, see Scheme S3. ¢ By GPC (polystyrene, THF). ' Determined by 'H-NMR in the final polymers. ¢ g=([6]/3300/£)x0.001 in CHCl,. " See
Equations 1, Ka" for the chiral amines, Ka for the corresponding achiral amines calculated using Advanced Chemistry Development Software V11.02 from
SciFinder. ' See Equations 2 and Scheme S6, equilibrium constant of exchange reaction determined by 'H-NMR. / By elemental analysis. ¥ The polymers
contain the chiral monomer units. / Calculated from the peak at 440nm.
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1.4.3 Selection of the best achiral amine by preliminary experiments (Table
1)

The achiral amines should have a higher basicity and higher conversion to
attain complete removal of the chiral amine units from the intermediate chiral
polymers in the re-exchange reaction at the second step of PHSSP (Schemes 2
and 3). We attempted to carry out PHSSP (for the detail procedure, see the
experimental part)) of 1a-c using PEA (Scheme 2, Table 1, nos.1-3). As results,
when 1a and 1b were used, the contents of the chiral units were almost zero
(Table 1, nos.1 and 2). In particular in the case of 1a, it had no chiral units, ie, an
ideal result was achieved (Table 1, no.1). It was reasonable because the
corresponding amine of 1a had the highest basicity (the lowest Ka value) among
them. Since poly(1la) from 1a showed the biggest g value assigned to the main
chain (Table 1, no.1) in spite of the no content of the chiral amine units, we
decided to select the corresponding achiral amine of la ( = 3-
triethylsilylpropylamine) as the best achiral amine for PHSSP. Similarly to the
case of la, the corresponding amine of 2a was selected as the better achiral

amine between 2a and 2b (Table 1, nos.4 and 5).

1.4.4 Determination of the amount of achiral amines by preliminary
experiments (Table 2 and Fig. 1)

To optimise the ratio of the amount of achiral amines to the amine residues
in the polymer for PHSSP, an exchange reaction (Scheme 7 E’) between the
corresponding achiral amine to 2a (= 2-amino-4-tert-butylphenol) and the chiral
amine(PEA) residues in poly(PP*P) as a model reaction of the 2 step in
PHSSP. As a result (Table 2 and Fig.1), when the ratio of 2-amino-4-tert-
butylphenol to the PEA residues in poly(PP*P) exceeded 10, the content of the
chiral unit in the final polymer became almost constant. Therefore we decided to

use 10 for the ratio in PHSSP.
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Table 2 Exchange reaction of poly(PP*P) using achiral amine 2-Amino-4-
tert-butylphenol @

Achiral ¢
[2-Amino-4-tert-butylphenol]  Yield Mwb C e :
Run amine unit
. (%) (x10%)
[poly(PP"P)] (mol %)
1 100 42 .4 6.19 87.9
2 50 50.0 15.7 87.6
3 10 19.7 7.61 85.9
4 2 45.0 10.0 47.3
5 1 63.6 8.33 7.16
6 0 79.3 5.88 0

2 In toluene for 18h, [poly(PP*P)]=0.1mol/L. ® By GPC (polystyrene, THF). ©
In final polymers, by "TH-NMR spectra.

100

o0
(=]

I

=]
=

5]
[=]

=
° =—

Achiral amine unitin the
final polymers (mol %)
.
=

20 40 60 80 100
[2-Amino-d-fert-butyiphenol)/[poly(PP*P}]
Fig. 1 Plots of the achiral amine units in the final polymers vs [2-amino-4-tert-
butylphenol]/[PEA units in poly(PP*P)] in ER to optimise the condition in

PHSSP of 2a (Scheme 7 E’ and Table 2).

1.4.5 Higher optical purity ! and efficiency " in the chiral induction

In PHSSP (Scheme 2A) the first step involves a simultaneous exchange
reaction and asymmetric-induced copolymerisation (AlP) of the original achiral
monomer with the resulting chiral monomer (in-situ AIP, Scheme 2C). The

second step is the re-exchange reaction of the chiral amine residues of the
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intermediate polymer with the corresponding achiral amine to give the final
polymer, purely derived from the starting monomers. The requirements for the
compounds in PHSSP are 1) a small amount of the chiral source (chiral amine)
is able to induce main-chain chirality in high optical purity ™ and efficiency "’
in the first step and ii) a small amount of the achiral amine can re-exchange
completely, while maintaining the one-handed helicity in the second step.

To realise PHSSP, we selected compounds, i.e., achiral amines, chiral
amines, and achiral monomers which satisfy the above requirements. We
designed and synthesised two types of new achiral monomers having an achiral
amine residue via imine groups of dynamic covalent bonds (1a-c in Scheme 2
and 2a and 2b in Chart 1 and Scheme 3). After optimizing the compounds and
conditions for PHSSP, we carried out a practical PHSSP of 1a in the presence
of a catalytic amount of (S)- or (R)-phenylethylamine (PEA) using
[Rh(NBD)CI], (NBD = norbornadiene) as an initiator (Scheme 2A). After in-
situ treatment of the intermediate poly (1a/PE*P) with the corresponding achiral
amine, 3-(triethylsilyl)propylamine, we successfully obtained one-handed
helical polymers which had no chiral monomer units, as confirmed by NMR or
EA (See Fig.S5), and showed CD peaks that could be assigned to the main
chains (Fig.2 (a), Table 3, nos.1-3 and Table 4, nos. 1 and 2). The formation of
the intermediate, poly (1a/PE*P) was confirmed by its isolation in in-situ AIP
(Scheme 2C) separately carried out (Table 3, no.6). Therefore, PHSSP has been
achieved for the first time and its mechanism was confirmed. Compound 2a was
also thought to be suitable for PHSSP (Table 3, no.7). "’ Therefore, a wide
range of monomer structures was found to be suitable for PHSSP.

The PHSSP of 1a produced a one-handed helical polymer without any other
chiral moieties under conditions where such a chiral polymer was not obtained
in HSSP (Table 3, nos.2 and 5). Furthermore, the CD intensity values (g values)
of the polymers prepared by PHSSP were more than 21 times higher than those
made by HSSP under the same conditions (Fig.2 (a), Table 3, nos.1 and 4 and
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Fig. 3). ™ In addition, PHSSP has been achieved while using only a small
amount of the chiral source (5 mol % of the monomer) (Table 3, no.3). To
obtain polymers having the same ¢ value in PHSSP (Table 3, no.3), 50 times
amounts of the chiral source was necessary in HSSP (Table 3, no.4). ! Under
conditions where a one-handed helical polymer was not produced in HSSP of 2a,
PHSSP of 2a gave a one-handed helical polymer (Fig.2(b), Table 3, nos.7 and
9). In summary, chiral polymers showing a stronger CD signal were obtained
using a smaller amount of the chiral source in PHSSP than in HSSP. In other
words, the same chiral source in PHSSP was found to function more effectively
than in HSSP under the same conditions. Since their practical procedures were
almost the same, PHSSP is the best asymmetric polymerisation method to
obtain one-handed helical poly(substituted acetylene)s. !''! We found that
different types of monomers, 1a having two hydroxyl groups and 2a having two
planar bulky substituents were suitable for PHSSP. In addition, many kinds of
substituents can be introduced by exchange reactions at the imino groups in the
monomers and polymers. Therefore, we can expect to obtain many kinds of such
chiral polymers. Although this report focused on PHSSP of substituted
acetylenes, other monomers having a different polymerisable group can be
applied to PHSSP. As a result, we expect an extensive and rapid development of

the method.

-40 -



—
)
S

3.5 05—

3 : )('0'4235 300 400 500
i
o £ HSSP
XE O N PR
X E -
— O
2o

S 2

= PHSSP

400 500 550
Wavelength (nm)

0.25¢

2 mol)

[6]X10%
o

(deg cm
S
N
(5.

O
(3,
T

-
18]

i . HSS$P , .

300 400 500 550
Wavelength (nm)

gx1073
(L mol”' ecm™)

oL o
3

Fig. 2 CD and UV-vis spectra in CHCI; of the polymers prepared by pseudo
helix-sense-selective  polymerisation (PHSSP) and helix-sense-selective
polymerisation (HSSP) of (a) la; (b) 2a (Polymerisation condition: [chiral

amine] / [monomer] = 2.5).
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Fig. 3 Plots of g values vs [chiral amine]/[1a] in the feed of poly(la)s prepared
by pseudo helix-sense-selective polymerisation (PHSSP) and helix-sense-

selective polymerisation (HSSP) (a), and its enlarged one (b).
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Table 3 Pseudo helix-sense-selective polymerisation (PHSSP) by using (R)- or (S)-PEA as a chiral source and helix-sense-selective polymerisation (HSSP)
by using (R)- or (S)-DMPEA as a cocatalyst of monomers 1a & and 2a ? with other related asymmetric polymerisation

H e

No. Monomer Code® Method © _[chiral amine] \?ozl)d M‘”Z a):fi::ar?.:nit Final polymer g 310”_;" f 9 430".%”)r Reativ\ﬂe 0P

[monomer] C10%) %) (x10°9) (x10°®) (%)
14 1a A PHSSP 25 72.2 4.6 100" poly(1a) 2.7 2.1 100
24 1a A PHSSP 1.0 38.5 1.7 100 poly(1a) -1.3 0.90 43
3@ 1a A PHSSP 0.050 34.0 9.0 100 poly(1a) -0.21 0.10 4.8
42 1a B HSSP 25 67.3 187 100 poly(1a) -0.27 0.10 4.8
5a 1a B HSSP 1.0 37.5 1217 100 poly(1a) 0 0 0
62 1a C in-situ AIP 25 48.0 2.7 46 poly(1a/PE*P) (-5.2)1 (3.8)/ —
7b 2a Al PHSSP 2.5 20.8 3.6 97.3" poly(2a/PP*P) — -0.020% —
g/ 2a/PP*P D' AlIP —_m 12.9 0.20 934 poly(2a/PP*P) — 0 —
gb 2a B' HSSP 25 11.0 0.20 100 poly(2a) — 0 —

@ |n THF, [1a]=0.1mol/L, [1a)/[Rh(nbd)Cl],=50, [achiral amine]/[1a]=10, for the abbreviations, see the Notes and Scheme 2. ? In toluene,
[monomer]=0.1mol/L, [monomer]/[Rh(nbd)Cl],=100, [achiral amine]l/[monomer]=10, see Scheme S3. ° For the codes and abbreviations, see Schemes 2-7. ¢
By GPC (polystyrene, THF). ® Determined by "H-NMR spectra in the final polymers. " g=([#]/3300/£)x0.001 in CHCI;. ¢ Relative optical purity of poly(1a)
based on the g 430nm value of No. 1. " By elemental analysis. ' Partly soluble, soluble part was 60% in THF./ The polymers contain the chiral monomer units.
k Calculated from the peak at 440nm.’ See Scheme S5 in toluene [PP*P]=0.1mol/L, [PP*P)/[Rh(nbd)CI],=100, [triethylamine]/[PP*P]=1.0, [achiral
amine]/[poly(PP*P)]=10. " Triethylamine was used as a cocatalyst.
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Table 4 Pseudo helix-sense-selective polymerisation (PHSSP) by using (R)- or (S)-PEA as a chiral source and helix-sense-selective polymerisation (HSSP)
by using (R)- or (S)-DMPEA as a cocatalyst of monomers 1a ? and 2a  with other related asymmetric polymerisation

Achiral €

i i ; d f f ; g

No. Monomer Code © Method € M Y:)eld MW amine unit 9 310nm 9 430nm Final polymer Relative O. P.
(%) (x10%) (x107) (x107%) (%)

[monomer] (mol %)

1@ 1a A PHSSP 0.50 27.0 1.0 100 -0.96 0.80 poly(1a) 38

22 1a A PHSSP 0.10 245 1.3 100 -0.39 0.40 poly(1a) 19

3h PE*P D AIP i 96.3 4.9 0 (-6.1)1 (3.6)/ poly(PE*P) —

4h PE'P D+E AIP+ER — 62.1 3.8 89 (-4.6)/ (2.5)/ poly(1a/PE*P) —

5k PP*P D'+E' AIP+ER — 78.4 1.6 100 — -0.020"  poly(2a/PP*P) 1.0

6™ DoDHPA F HSSP 0.50 67.3 11 100 0.40 0.30 poly(DoDHPA) 14

7™ DoDHPA F7 HSSP 0.50 85.3 0.30 100 0.40 0.30 poly(DoDHPA) 14

8™ DoDHPA F HSSP 0.25 69.8 33 100 0.060 0.060  poly(DoDHPA) 29

@ In THF, [1a]=0.1mol/L, [1a])/[Rh(nbd)CI],=50, [achiral amine]/[1a]=10, for the abbreviations, see the notes and scheme 2. ? In toluene,
[monomer]=0.1mol/L, [monomer)/[Rh(nbd)CI],=100, [achiral amine]/[monomer]=10, see scheme 3. ¢ For the codes and abbreviations, see Chart 1.9 By
GPC (polystyrene, THF). ¢ Determined by '"H-NMR in the final polymers. I g=([#]/3300/£)x0.001 in CHCI,. 9 Relative optical purity based on the g 430nm
value of No. 1 in Table 3. " See Scheme 6, in THF, [PE*P]=0.1mol/L, [PE*P]/[Rh(nbd)CI],=50, [triethylamine]/[PE*P]=2.5, [achiral amine]/[poly(PE*P)]=10. '
Triethylamine was used as a cocatalyst. /The polymers contain the chiral monomer units. “See Scheme 7 in toluene, [PP*P]=0.1mol/L,
[PP*P)/[Rh(nbd)CI],=100, [triethylamine]/[PP*P]=1.0, [achiral amine}/[poly(PP*P)]=10. 'Calculated from the peak at 440nm. "In toluene
[DoDHPA]=0.1mol/L, [DoDHPA]J/[Rh(nbd)CI],=200. " (R)-DMPEA was used as a cocatalyst.
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1.5 Conclusions

In conclusion, we have reported for the first time a new conceptual approach
to asymmetric polymerisation that makes one-handed helical polymers without
the coexistence of any other chiral moieties from achiral monomers, pseudo
helix-sense-selective polymerisation (PHSSP). We have reported practical
results from a wide range of substituted acetylenes having dynamic covalent
bonds. The chiral amine in PHSSP worked not as a cocatalyst, as it does in
HSSP, but rather as a reagent because it formed temporary covalent bonds with
the polymer. This is the origin of the name pseudo helix-sense-selective
polymerisation (PHSSP). Because of the introduction of the chiral source via
covalent bonds, the optical purity ! and efficiency ! in the chiral induction
were much higher in PHSSP than those in HSSP. In addition, the range of
chemical structures suitable for PHSSP was wider than that for HSSP.
Therefore many kinds of acetylene monomers are expected to be suitable for
PHSSP. Furthermore, other kinds of monomers having a different
polymerisable group are also expected to be applicabgle to PHSSP. We

anticipate that it will become a general method for asymmetric polymerisation.
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asymmetric-induced polymerisation (in-situ AIP) by using different amount of
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Fig. S4 CD and UV-vis spectra of poly(la) prepared by in-situ AIP of
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CHCI;/DMSO=55/45 (v/v), (¢) CHCIly/DMSO=95/5 (v/v) ((c) was the
solution prepared by addition of CHCI; to the solution of (b)).
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(3) NMR of the final polymer prepared by PHSSP of 1la
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Chapter 2

Helix-Sense-Selective Polymerization Using Catalytic
Amount of Chiral Cocatalyst of Substituted
Acetylenes Containing Bulky n-Conjugated Planar
Substituents Yielding Highly Stable One-Handed

Helical Polymers
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2.1 Abstract

The helix-sense-selective polymerization (HSSP) has been achieved of three
achiral substituted acetylene monomers synthesized which contained two bulky
n-conjugated planar substituents via imine groups by using the chiral catalytic
system we developed before. One-handed helical main chains of the resulting
polymers were stabilized by intramolecular steric hindrance, not by
intramolecular hydrogen bonds. Therefore the chiral main chains were very
stable to polar solvent and heating. In addition, the efficiency of the chiral
induction was much higher than that in the case of the previous monomers
having hydoroxy groups we reported, i.e., it needs only catalytic amount of
chiral cocatalysts. Therefore we found more valuable and general monomers
which were more suitable for the HSSP. The monomers have enhanced the

value of our HSSP because the range of the molecular design has been enlarged.

N H
RDIPA - @
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2.2 Introduction

n-Conjugated polymers like polyacetylenes have aroused interest because of
their noteworthy physical properties such as conductivity, organomagnetism,
and optical non-linear susceptibility. Recently chiral polyacetylenes ! have
attracted much attention since the chiral structure can enhance the unique
properties and add new functions.

Several kinds of asymmetric polymerizations of achiral monomers to obtain
chiral polymers having their chiral structures in their main chains have been
reported. Among them, a direct synthetic method of soluble chiral n-conjugated
polymers whose chiral structures arise solely from the one-handed helical
conformation of the conjugated main chains (therefore, they have no asymmetric
carbons) and are stable alone in solution was so far only the helix-sense-
selective polymerization (HSSP) of an achiral phenylacetylene monomer by
using a chiral catalytic system developed in our laboratory. '/

In general, there exist two methods to synthesize soluble chiral polymers
whose chiral structures are present alone in the main chain as asymmetric
carbons and/or as a one-handed helical conformation. One is HSSP P! of an
achiral monomer by using a chiral catalyst as a chiral source and the other is
asymmetric-induced polymerization, by using achiral catalysts, of monomers
having a chiral group as a chiral source, followed by removing the chiral groups
by a polymer reaction in solution where the chiral groups were desubstituted
from the resulting one-handed helical polymers (AIP-R). !

However, the examples where the two methods, HSSP and AIP-R, have been
applied to m-conjugated polymers are very few. ! In fact there has been only
one example by using HSSP by our group *! and only one example by the use of
AIP-R by our group ™ for obtaining soluble chiral conjugated polymers.
Therefore, so far our HSSP and AIP-R synthesis were the only two methods

available to obtain soluble chiral conjugated polymers whose chiral structures
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arise only from the one-handed helical conformation of their conjugated main
chains.

The HSSP is more simple procedure than AIP-R. However, in the HSSP
suitable monomers were limited and typical monomers needed two functional
groups which could make hydrogen bonds like hydroxyl groups (Chart 1,
DoDHPA). *! The one-handed helical backbone was not stable to polar solvents
and heating because it was maintained by intramolecular hydrogen bonds. In
addition, the efficiency of the chiral induction was not high, i.e., a large ratio of
the chiral cocatalyst to the monomer (Chart 1, (R)- or (S)-PEA) was needed.

In this chapter, we report novel and more general monomers having no
groups making hydrogen bonds such as hydroxyl groups " and amide groups
Uel but having bulky planar conjugated groups via imino groups (Chart 1,
DoDIPA) suitable for the HSSP. In addition, we report the absolute stability of
the resulting one-handed helicity of poly(DoDIPA) kept by intramolecular steric
interaction and higher efficiency of chiral induction of HSSP of DoDIPA, i.e., it
needed only catalytic amounts of the chiral source. Finally the reason for the

suitability of DoDIPA for the HSSP is discussed.

I
R 0
@, _N HO OH  HoN
OR

C12H25 DODIPA R*E'C-!z;‘;zs M DODHPA

RDIPA RDHPA (R} or (S)-PEA

Chart 1. Chemical structures of monomers and a chiral amine.

2.3 Experimental
2.3.1 Materials

All the solvents used for synthesis and polymerization of the monomers were
distilled as usual. The polymerization initiator, [Rh(nbd)Cl], (nbd = 2,5

norbornadiene), purchased from Aldrich Chemical was used as received. 4-
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Dodecyloxy-3,5-bis(hydroxymethyl)phenylacetylene (4) was synthesized from

4-bromophenol according to our previous report. [

2.3.2 Measurements

'H NMR (400MHz) spectra were recorded on a JEOL LEOLEX-400
spectrometer. The average molecular weights (M, and M,,) were evaluated by
gel permeation chromatography (GPC) by using JASCO liquid chromatography
mmstruments with PU-2080, DG-2080-53, CO-2060, UV-2070, CD-2095, and
two polystyrene gel columns (Shodex KF-807 L, THF eluent, polystyrene
calibration). We recorded CD spectra by using a JASCO J-720WI

spectropolarimeter with a Peltier controller for temperatures at 20°C (a quartz

cell of 1 mm path length; sample concentration: 0.100 to 2.00 mM based on the
monomer unit). The infrared spectra were recorded on FT/IR-4200 (JASCO).

2.3.3 Synthesis of the monomers (1~3) (Scheme 1)

2.3.3.1 4-Dodecyloxy-3,5-diformylphenylacetylene (5)

To a mixture of pyridinium dichromate (PDC) (63.0 g, 231 mmol) and
dichloromethane (500 mL), a dichloromethane solution (200 mL) of 4 (8.00 g,
23.0 mmol) was added dropwise at 0°C. After the mixture was stirred for 48 h at

room temperature, the mixture was filtered, and dichloromethane was removed
by evaporation. The crude product was purified by silica-gel column
chromatography to give 5 as a yellow solid. Yield: 95.3% (7.50 g). R, = 0.460
(ethyl acetate / hexane = 1 / 2). "H NMR (400MHz, CDCl;, TMS, 8): 10.36 (s,
2H, CHO), 8.17 (s, 2H, Ar H,), 4.12 (t, J =6.6 Hz, 2H, OCH,CH,), 3.14 (s, 1H,
HC=C), 191 (m, 2H, OCH,CH,CH;), 1.82~1.26 (m, 18H,
OCH,CH,(CH;)yCH3), 0.86 (t, J = 6.8 Hz, 3H, CH,CH3;). IR (KBr): 3270 (H-
C=), 2920 (CH), 2320 (C=C), 1380 cm™ ((H)C=0).
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H, 5 HaN R

pyridinium
dichromeate Al;0,, toluene
—_— OC12H25 Pou-
CH,Cl,
H, —0
4 5
N,
Hy H;
monomers (1~3)
H, H, :
5 R: —%-NHC4H9 1 Total yield: 10.3%
nC,HeNH,  H, Ho
DMSO ! ~4-NHCH ield: 13.29
o " oN NHCH, | g 3 2 Total yield: 13.2%
6 :
; —%—OCAHg 3 Total yield: 4.7%
Hy Hy :
H,, 10% Pd-C H. H,
methanol :
H,N NHC,Hy :
7 |

Scheme 1. Synthetic route to the monomers (1~3)
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2.3.3.1 N-n-Butyl-2-nitroaniline (6)

To a mixture of 2-bromonitrobenzene (10.0 g, 50.0 mmol) and dimethyl
sulfoxide (DMSO) (50.0 mL), n-butylamine (18.0 mL, 0.180 mol) was added.
After the mixture was stirred for 18 h at 80°C, water (150 mL) was added. The

mixture was extracted with dichloromethane, and the organic layer was dried
over anhydrous MgSO,. The crude product was purified by silica-gel column
chromatography to give 6 as an orange liquid. Yield: 95.1% (9.10 g). R,= 0.360
(ethyl acetate / hexane = 1 / 2). '"H NMR (400MHz, CDCl;, TMS, 3): 8.16 (dd,
J;=1,6Hz,J,=8.7Hz, 1H, Ar H,), 8.05 (br, 1H, Ar NH), 7.42 (m, 1H, Ar H,),
6.83 (d, J=8.6 Hz, IH, Ar H,), 6.61 (m, 1H, Ar H,;), 3.29 (m, 2H, NCH,CH,),
1.71 (m, 2H, CH,CH,CH,), 1.47 (m, 2H, CH,CH,CH3), 0.98 (t, /= 7.4 Hz, 3H,
CH,CH5).

2.3.3.2 N-n-Butyl-1, 2-phenylenediamine (7)

A mixture of 6 (4.30 g, 22.0 mmol) and 10% Pd-C (0.470 g, 0.440 mol) in
methanol (25.0 mL) was stirred at room temperature for 10 h. The formed solid
was filtered out, and methanol was removed from the resulting solution by
evaporation. The crude product was purified by silica-gel column
chromatography to give 7 as a purple solid. Yield: 78.0% (2.86 g). R, = 0.360
(ethyl acetate / hexane =1 / 3). '"H NMR (400MHz, CDCl;, TMS, 9): 6.83 (m,
1H, Ar H,), 6.73~6.64 (m, 3H, Ar H,, Ar H., Ar H;), 3.29 (br, 3H, NH and
NH,), 3.10 (m, 2H, NCH,CH,), 1.63 (m, 2H, CH,CH,CH,), 1.45 (m, 2H,
CH,CH,CH3), 0.97 (t,J= 7.4 Hz, 3H, CH,CH;).

2.3.3.3  4-Dodecyloxy-3,5-bis(2’-n-butylaminophenyliminomethyl)phenyl-
acetylene (1)

A mixture of 5 (0.200 g, 0.580 mmol), 7 (0.220 g, 1.33 mmol) and Al,O;
(0.300 g, 2.90 mmol) in dry toluene (20.0 mL) was stirred for 18h at room
temperature. After the mixture was filtered, the solvent was removed to yield a
yellow solid. The crude product was purified by recrystalization in dry hexane to

give 1 as a yellow solid. Yield: 64.9% (0.240 g). 'H NMR (400MHz, CDCls,
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TMS, 8): 8.86 (s, 2H, HC=N), 8.37 (s, 2H, Ar H,), 7.19 (t, J = 7.4 Hz, 2H, Ar
H,),7.06 (d,J=7.6 Hz, 2H, Ar H,.), 6.71(d, J= 7.9 Hz, 2H, Ar H,), 6.67 (t,J =
7.5 Hz, 2H, Ar H,), 5.06 (s, 2H, NH), 3.95 (t, J = 6.6 Hz, 2H, OCH,CH,), 3.23
(m, 4H, NHCH,CH,), 3.14 (s, 1H, HC=C), 1.84 (m, 2H, OCH,CH,CH;), 1.71
(m, 4H, NHCH,CH,CH,), 1.50~1.47 (m, 4H, NH(CH,),CH,CH3), 1.33~1.25
(m, 18H, CH,(CH;)9sCH3), 0.99 (t, J = 7.4 Hz, 6H, NH(CH,);CH3), 0.88 (t, J =
6.8 Hz, 3H, O(CH,),;CH;); IR (KBr): 3317 (H-C=), 2926 (CH), 2359 (C=C),
1597 (C=N), 1446 cm™ (N-C); UV—vis (CHCI3): Amax (€) = 262 (3300), 313
(1300), 436 nm (1150); Anal. calcd for C4,HssN4O: C 79.4, H 9.21, N 8.82, O
2.52; found: C 79.0, H 9.48, N 8.93, O 2.58.

2.3.3.4  4-Dodecyloxy-3,5-bis(2’-methylaminophenyliminomethyl)phenyl-
acetylene (2)

A mixture of 5 (0.200 g, 0.580 mmol), N-methyl-phenylenediamine (0.140
mL, 1.2 Ommol) and Al,O5 (0.530 g, 5.20 mmol) in dry toluene (20.0mL) was
stirred for 18h at room temperature. After the mixture was filtered, the solvent
was removed to yield a yellow solid. The crude product was purified by
recrystalization in dry hexane to give 2 as a yellow solid. Yield: 83.8% (0.270 g).
'H NMR (400MHz, CDCl;, TMS, §): 8.87 (s, 2H, HC=N), 8.39 (s, 2H, Ar H,),
7.20 (t, J=7.5 Hz, 2H, Ar H}), 7.07 (d, J = 6.7 Hz, 2H, Ar H.), 6.72(d, J = 5.1
Hz, 2H, Ar H;), 6.67 (t, J = 8.0 Hz, 2H, Ar H,), 5.08 (br, 2H, NH), 3.93 (t, J =
6.6 Hz, 2H, OCH,CH,), 3.13 (s, 1H, HC=C), 2.95 (s, 6H, NCH3), 1.81 (m, 2H,
OCH,CH,CH,), 1.40~1.15 (m, 18H, CH,(CH,),CH3), 0.85 (t, J = 6.8 Hz, 3H,
CH,CH;); IR (KBr): 3313 (H-C=), 2924 (CH), 2345 (C=C), 1597 (C=N), 1446
cm’! (N-C); Anal. calcd for C36Hy6N4O: C 78.5, H 8.42, N 10.2, O 2.90; found:
C 78.3, H8.43,N 10.2, O 2.79.

2.3.3.5 4-Dodecyloxy-3,5-bis(2’-n-butylaminophenyliminomethyl)phenyl-
acetylene (3)

A mixture of 5 (0.200 g, 0.580 mmol), 2-butoxyaniline (0.210 g, 1.30 mmol)
and Al,O3 (0.300 g, 2.90 mmol) in dry toluene (20.0mL) was stirred for 18h at
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room temperature. After the mixture was filtered, the solvent was removed to
yield a yellow solid. The crude product was purified by recrystalization in dry
hexane to give 3 as a yellow solid. Yield: 84.1% (0.310 g). '"H NMR (400MHz,
CDCl;, TMS, 6): 8.82 (s, 2H, HC=N), 8.45 (s, 2H, Ar H,), 7.16 (m, 2H, Ar H}),
7.06 (m, 2H, Ar H.), 6.98 (m, 4H, Ar H; and H.,), 4.04 (t, J = 6.6 Hz, 4H,
OCH,CH,CH,CH3), 3.97 (t, J = 6.6 Hz, 2H, OCH,CH,), 3.07 (s, 1H, HC=C),
1.78 (m, 4H, OCH,CH,CH,CH3), 1.49 (m, 2H, OCH,CH,CH,), 1.47 (m, 4H,
O(CH;),CH,CH3), 1.30~1.22 (m, 18H, CH,(CH,)yCHj3), 0.93 (t, J = 7.4 Hz,
6H, O(CH,);CH;), 0.86 (t, J = 6.8 Hz, 3H, O(CH,),,CH;); UV—vis (CHCls):
Jmax (€) = 252 (3500), 279 (2200), 360 nm (1200); Anal. calcd for C4,Hs¢N,Os:
C 79.2, H 8.86, N 4.40, O 7.54; found: C 79.0, H 9.03, N 4.38, O 7.56.

2.3.4 Polymerization of the monomers (1~3) (Scheme 2, Table 1)

s 0
N l{ 9:> R
Rh\c R $-NHG,4Hg POIY(1)
{Rh(nbd)(:!]z
-§ NHCH; poly{2)
e
N HAN N § OCeHg  POIY(3)
R-@ (R)- or (S)-PEA R'@
DODIPA (1~3} poly(1~3)

Scheme 2. Helix-sense-selective polymerization (HSSP) of DoDIPA monomers

(1~3) using (R)- or (S)-PEA as a cocatalyst in toluene at room temperature.

A typical polymerization procedure for 1 was as follows: A solution of
[Rh(nbd)Cl]; (0.220 mg, 0.470 umol) and (S)-phenylethylamine (PEA) (15.0 pl,
0.120 mmol) in dry toluene (0.240 mL) was added to a dry toluene (0.240 mL)
solution of 1 (30.0 mg, 47.0 umol). The reaction solution was stirred at room
temperature for 18 h. The crude polymer was purified by reprecipitation of the

toluene solution into a large amount of methanol and the formed solid was dried
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in vacuo to give an orange solid. Poly(1):Yield: 94.0% (28.2 mg). M,, =3.60x10°.
M, /M, = 6.70 (Table 1, no. 1). 'H NMR (400MHz, CDCl;, TMS, §): 1.27 (br,
AW, (half width) = 0.13 ppm, 18H, CH,(CH,)9oCHj3), 0.89 (br, AW, (Half
width) = 0.067 ppm, 3H, O(CH,);CHs), the other peaks were not detectable; IR
(KBr): 2924 (CH), 1593 (C=N), 1445 cm™ (N-C); UV—vis (CHCI3): Amax (€) =
425 nm (1300).

The other polymerizations of the monomers 2 and 3 were also carried out
similarly.

Poly(2): '"H NMR (400MHz, CDCl5, TMS, §): 1.25 (br, AW, = 0.15 ppm,
18H, CH,(CH,)yCH3), 0.88 (br, AW, = 0.083 ppm, 3H, O(CH,),,CH;), the
other peaks were not detectable; IR (KBr): 2923 (CH), 1594 (C=N), 1448 cm
(N-C).

Poly(3): '"H NMR (400MHz, CDCls, TMS, 8): 'H NMR (400MHz, CDCl;,
0): 1.25 (br, AW, = 0.11 ppm, 18H, CH,(CH,)yCHj3), 0.88 (br, AW, = 0.040
ppm, 6H, O(CH,);CH3), 0.70 (br, AW, = 0.080 ppm, 3H, O(CH,);,CH3), the
other peaks were not detectable; IR (KBr): 2920 (CH), 1621(C=N), 1455 cm
(C-0).

2.4 Results and discussion
2.4.1 Achievement of HSSP of new monomer DoDIPA

As described in the introduction, the chemical structures of monomers
suitable for the HSSP were limited. Therefore, to develop new monomers
having more general structures for the HSSP than RDHPA (Chart 1) we reported
previously,'" we designed and synthesized a new type of three achiral
substituted phenylacetylene monomers (DoDIPA: 1~3 in Scheme 2) which
contained two bulky m-conjugated planar substituents via imine bonds and an
alkyl group. The monomers were polymerized by using the chiral catalytic
system, [Rh(nbd)Cl], and chiral phenylethylamine ((R)- or (S)-PEA) that we
previously developed for the HSSP of DoDHPA!"* as shown in Table 1.
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The resulting polymers of 1~3 having ca. 10° of MW were chiral because
they had CD absorption bands although the starting monomers were achiral
(Figures 1~3). Since the CD bands were observed at the wavelength assigned to
the main chain, the polymers had chirality in the main chain, that is, one handed
helical backbone. In addition, the sense of the helicity was controlled by the sign
of the chiral amine ((R)- or (S)-PEA) as shown in No.l and 2 in Figure 1 and
Table 1, and Figures 2 and 3. Therefore, the HSSP of DoDIPA (1~3) with no

hydroxyl groups has been successfully achieved.
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Figure 1. CD and UV-vis spectra of poly(1) (Nos. 1 and 2 in Table 1) in THF.
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Figure 2. CD and UV-vis spectra of poly(2) by using (R)-PEA (a) and (S)-PEA

(b) as a cocatalyst.
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Figure 3. CD and UV-vis spectra of poly(3) by using (R)-PEA (c) and (S)-PEA
(d) as a cocatalyst in THF.
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Table 1. Helix-sense-selective polymerization (HSSP) of DoDIPA monomers

(1~3) using (R)- or (S)-PEA as a cocatalyst in toluene at room temperature.

No. ? DoDIPA” Cocatalyst” [Cocatalyst]/ Yield® M,® My/M, 0§ 207am®
% x10° D
[DoDIPA] (%] D0l [x107]
1 1 (S)-PEA 2.50 94 3.6 6.7 2.1
2 (R)-PEA 2.50 89 45 2.3 2.4
3 (R)-PEA 1.00 89 38 12 2.3
4 (R)-PEA 0.0200 72 1.8 11 1.7
5 (R)-PEA 0.00500 76 2.0 6.6 1.4
6 (R)-PEA 0.00300 67 1.5 6.0 0.58
7 2 (R)-PEA 2.50 69  0.77 5.8 1.6
8 (R)-PEA 1.00 53 0.26 4.1 0.82
9 (R)-PEA 0.0200 42 0.030 2.2 0P
10 3 (R)-PEA 2.50 83 036 4.0 2.2
11 (R)-PEA 1.00 65  0.52 3.0 0.90
12 (R)-PEA 0.0200 56 1.0 5.0 0.060
132 DoDHPA  (R)-PEA 2.50 77 5.1 9.9 1.3"
149 (R)-PEA 1.25 62 1.2 3.2 0.76 "
15¢ (R)-PEA 0.250 70 3.4 2.0 0.052"

“For 18h, [DoDIPA]=0.lmol/L, [DoDIPA] /[[Rh(nbd)C1],]=100; "For the

codes, see Chart 1 and Scheme 1; “Methanol insoluble part; YDetermined by
GPC (polystyrene, THF ); ©g=([0]/3300/¢)x0.001, in THF(0.001mol/L); "Less
than 10°®; ®For 4h, [DoDHPA]=0.1mol/L, [DoDHPA]/[[Rh(nbd)Cl],]=200;
MCalculated from the peak at 310nm.
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2.4.2 High stability of the one-handed helical conformation of
poly(DoDIPA) (poly(1)~poly(3)) in solution prepared by the HSSP

To estimate the stability of one-handed helical conformation of
poly(DoDIPA) prepared by the HSSP to polar solvents, a polar solvent,
dimethyl sulfoxide (DMSO) was added to the chloroform solution of poly(1)
(Figure 4 (a)). The CD spectrum made almost no change as shown in Figure 4
(b) and (c), that is, the one-handed helical conformation of poly(1) was very
stable and much more stable than that of poly(DoDHPA) whose one handed
helicity was kept by intramolecular hydrogen bonds and disappeared completely
by adding DMSO to the chloroform solution showing CD peaks."'” The other
two poly(DoDIPA), poly(2) and poly(3) were also very stable to polar solvents
because the CD peaks had no changes by adding DMSO as shown in Figures 5
and 6. In addition, no change happened in the CD of poly(DoDIPA) by heating
at 50°C where the CD peaks of poly(DoDHPA) decreased. In summary,
poly(DoDIPA) had an intrinsically stable helical backbone which was
completely different from poly(DoDHPA) (Figure 7).

1
a,b

c,d

(=]
(4]

[61%1075
(deg cm? mol1)
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o

4]
1

£x 107
(L mol”' ecm™)

80 300 400 500 600
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Figure 4. CD and UV-vis spectra of poly(1) in (a) CHCls; (b) CHCl; / DMSO =
95/5(v/v);(c) CHCI; / DMSO=90/10 (v/v); (d) CHCl; / DMSO =95/ 5(v
/v) ((d) was the solution prepared by addition of CHCIj; to the solution of (c)).
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Figure 5. CD and UV-vis spectra of poly(2) in (a) THF; (b) THF / DMSO =95/
5(v/v);(c) THF /DMSO =90/10 (v /).

10

[0 %
(deg cm? mol™)
o

£x1073
(L mol' cm™)
o - N
————
I P
F
(o]

275 300 400 500 600
Wavelength (nm)

Figure 6. CD and UV-vis spectra of poly(3) in (a) THF; (b) THF / DMSO =95/
5(v/v);(¢c) THF /DMSO =90/10 (v /).
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Figure 7. Dependence of temperature on [6] of poly(2) in THF.

Since the one handed helicities of the three poly(DoDIPA), poly(1) ~ poly(3)
were not affected by change of the polarity of the solvent, the helicity was
thought to be maintained not by intramolecular hydrogen bonds but by steric
interactions. This was directly proved by the fact that monomer 3 having no
functional groups which could make hydrogen bonds was also suitable to the
HSSP to give a one-handed helical polymer (Figures 2 and 3), and poly(3) was
also stable to polar solvents (Figures 5 and 6). Therefore, we successfully found
a new type of monomers having no groups making hydrogen bonds suitable to
the HSSP. Since this type of monomers does not need to have groups making
hydrogen bonds, the monomers RDIPAs are more general and valuable than
RDHPAs.

The stability of the one-handed helical conformation was thought to be
based on the rigidity of the main chain which was estimated by NMR. Judging
from the half width of the NMR peaks, the backbone of poly(DoDIPA) in polar

and nonpolar solvent was thought to be very rigid similarly to that of

-69 -



poly(DoDHPA) in nonpolar solvent. The one-handed helicity of poly(DoDHPA)

was not affected by polar solvents and heating and therefore eternally stable.

2.4.3 High efficiency of the chiral induction of the HSSP of RDIPA

The efficiency of the chiral induction during the HSSP of the new monomers
(DoDIPA) was much higher than that of the previous monomers having two
hydroxyl groups(DoDHPA) (i.e., the minimum amounts of the chiral source
needed to obtain CD active polymers by the HSSP of DoDIPA were much lower
than those of DoDHPA) as shown in Table 1. For example, monomer 1 needed
only more than [chiral cocatalyst] / [monomer] = 0.00500 to obtain chiral
polymers having more than g = 1.0, while DoDHPA needs [chiral cocatalyst] /
[monomer] = 2.50 to obtain chiral polymers having more than g = 1.0. In the
case of DoDHPA, to obtain CD-active polymers (g > 0.05), more than 0.250 of
[chiral cocatalyst] / [monomer] was necessary, while monomers 1 and 3 needed
only 0.00300 and 0.0200 of [chiral cocatalyst] / [monomer], respectively.
Therefore, the monomers (1~3) needed only catalytic amounts of chiral source.
Since they had higher efficiency in chiral induction during the HSSP, they were
more suitable to the HSSP than DoDHPA. Since they did not need functional
groups which could make hydrogen bonds such as hydroxyl groups, the finding
enlarged the range of design of monomers having possibility to be suitable for
the HSSP. Therefore, RDIPA is more general and valuable than RDHPA as a
HSSP monomer.

In conclusion, we found a new type of monomers which were more
suitable and more general and more valuable to the HSSP because it produced
an intrinsically stable one-handed helical polymer by using a catalytic amount of
chiral source. It will be able to make the HSSP method more valuable and more

useful in the field of asymmetric polymerization.
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2.4.4 Comparison of the suitability of 1~3 for the HSSP

All the three RDIPA monomers (1~3) we newly synthesized in this study
were found to be suitable to the HSSP as described above. When we compare
them in the same condition (the same ratio of the chiral cocatalyst to the
monomer =1.00) (Table 1, no. 3, 8, 11), monomer 1 gave polymers having the
highest g value (Table 1, no. 3). In addition, the smallest ratio of the cocatalyst
to the monomer (= 0.00300) was sufficient for 1 to give the resulting polymers
clear CD signals (Table 1, no. 6). Therefore, 1 was the best monomer which had
the highest efficiency of chiral induction among the three monomers.
2.4.5 Reason for the suitability of RDIPA and monomer 1 to the HSSP

Semiempirical calculations were carried out on a PC equipped with an Inter
(R) Core (TM) 2 processor (1.87 GHz) using Spartan Student v 5.0.0.0. All the
conformations of monomers were calculated by MMFF.

The initial condition for the calculation of monomer energies and structures
was as follows: the dihedral angles of C=N-Ar of monomers were constrained at
180°, 0° and -180° in advance, then the MMFF was used for optimization of

monomer energies and structures. The results are shown in Table 2.

Table 2. Calculation data of m-conjugated planar structures of DoDIPA
monomers (1~3) by MMFF.

Monomer Energy [kJ/mol] AE"
trans-trans ®  trans-cis * cis-cis ¥ cis-trans ®  [kJ/mol]
1 331.42 410.04 591.64 480.29 79
2 352.35 437.45 495.32 405.43 53
3 412.55 393.45 452.29 47551 19

“For the conformation, see Chart 2; "The energy difference between

conformation having the lowest energy and the second lowest energy.
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The initial condition for calculation of polymer energies and structures was
as follows: the dihedral angles of polymer main chain were constrained at a
different degree in advance, the MMFF level was used for optimization of
polymers structures. Then, the dihedral angles of the polymer main chain were
unconstrained, the MMFF calculation was carried out once again. The results

are shown in Table 3.

Table 3. Calculation data of 3D structures of poly(1) by MMFF.

Conformation® Dihedral angle [°]”  Energy Dihedral angle [°] ” Energy

[kJ/mol] [kJ/mol]
A B A B
(constrained) (unconstrained)
trans-trans 110 -58.16 2350 123.27 -70.10 2310
trans-cis 120 -65.54 6540 111.67 -54.46 2679

YSee Chart 2; ¥See Chart 3.

As mentioned above, RDIPAs were much better monomers than RDHPAs
and 1 was the best in the three RDIPAs. Since RDIPAs had a bulky n-
conjugated planar substituent, the one-handed helical main chains were thought
to be stabilized by the steric hindrance. Therefore, the main chains were thought
to be intrinsically stable.

In order to know more information of the reason for the best suitability of 1
for the HSSP, we calculated the energy of the four possible n-conjugated planar
conformations, trans-trans, trans-cis, cis-cis, and cis-trans as shown in Chart 2 of
the three DoDIPA monomers (1~3) using MMFF (Table 2). There seems to be
mainly two factors determinate the energy: steric repulsion between the dodecyl
group and the N- or O-alkyl groups for the three monomers (1~3) and hydrogen
bonds between the amino groups and imino group for the monomers 1 and 2.

Since the ether-containing monomer 3 can’t make hydrogen bonds, the stability
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must be determined only by the steric repulsion. The increasing order of the
energy of the conformation of monomer 3 was trans-cis < trans-trans < cis-cis <
cis-trans as shown in Table 2. On the other hand, in the case of the amine-
containing monomers 1 and 2 which can make intramolecular hydrogen bonds at
trans-trans and cis-trans conformations as shown in Chart 2, the orders were
trans-trans < trans-cis and cis-trans < cis-cis which were different from those of
3. The energy may be lowered by the hydrogen bonds in trans-trans and cis-trans
as shown in Figure 8. Therefore, the orders between trans-trans and trans-cis,
and cis-trans and cis-cis were different between monomers 1, 2 and 3. As a
result, trans-trans had the lowest energy in the amine-containing monomers, 1
and 2.

To stabilize one handed helical conformation of the resulting polymers of
the HSSP of RDIPA, the conformer trans-trans of a monomer unit is thought to
be the best, because the trans-trans conformer (Figure 8a)) can keep sterically
the helicity more easily than the other conformers like cis-trans (Figure 8b)).
Therefore, the amine-containing monomers 1 and 2 having trans-trans
conformation as the most stable conformer were better monomers than 3. When
we compared 1 with 2, the energy difference (AE) of 1 between the lowest and
the second lowest was higher than 2 (Table 2). Therefore, monomer 1 may be
the best.

To confirm this speculation, that is, the conformer trans-trans was the best,
the energies of the polymers of trans-trans and trans-cis of 1 were calculated
(Table 3). As a result, the former one was more stable. Therefore, monomer 1
was the best. It was supported by the experimental facts that 1 showed the best
results in the HSSP.

In summary, chiral induction efficiency during of the HSSP of monomer 1
having two longer alkyl groups via imino and amino groups was the highest

because the monomer can take a conformation (trans-trans) which are favorable
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to stabilize satirically the one-handed helical conformation of the resulting

polymers.
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Figure 8. MMFF-optimized conformation of monomer (1) (a) suitable
conformation (trans-trans) to HSSP and (b) unsuitable conformation (cis-trans)

to HSSP (-: hydrogen bonds). (See Chart 2).

2.5 Conclusions

In conclusion, we synthesized and polymerized a new type of three achiral
substituted acetylene monomers (RDIPA), suitable to the helix-sense-selective
polymerization (HSSP), which contained two bulky =n-conjugated planar
substituents via imine bonds and an alkyloxy group, by the chiral catalytic
system for the HSSP. The resulting polymers had a one-handed helical main
chain stabilized by intramolecular steric hindrance. The chiral main chains were

very stable and the minimum amounts of the chiral source needed to obtain CD
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active polymers were much smaller than that of the previous monomers having
two hydroxyl groups. Therefore we found new valuable monomers which were
more suitable and more general to the HSSP. Monomer 1 having amino groups
and longer alkyl groups via imino bonds showed higher efficiency of the chiral
induction than the corresponding monomer having ether bonds instead of amino
groups. The higher chiral induction efficiency during the HSSP of the monomer
1 was caused by the fact that the monomer can take a conformation (trans-trans)
which was favorable to stabilize the one-handed helical conformation of the

resulting polymers.
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Chapter 3

Helix-Sense-Selective Polymerization of Fluorine-

Containing Achiral Phenylacetylenes
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3.1 Abstract

To develop new phenylacetylene monomers suitable for helix-sense-
selective polymerization (HSSP) we reported previously and to improve the
efficiency and ability of chiral induction of HSSP of Cr8DHPA, i.e., it needed
only catalytic amounts of the chiral source and the resulting polymer having
higher relative optical purity, a novel phenylacetylene monomer having a
perfluorinated alkanes side group was synthesized and polymerized by a chiral
catalytic system. The efficiency and ability of the chiral induction were much
higher than that in the case of the previous monomers having perhydrogenated
alkanes side group we reported. In addition, the fluorine containing polymers
membrane showed high selectivity of selective photocyclicaromatization
(SCAT). The SCAT product of poly(Ck8DHPA) was used as surface modifier
for PDPA, and the resulting blend membrane T-F / PDPA showed higher
oxygen permselectivity than T-Do / PDPA membrane which was modified by
SCAT product of poly(DoDHPA).
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3.2 Introduction

n-Conjugated polymers like polyacetylenes have aroused interest because of
their noteworthy physical properties such as conductivity, organomagnetism,
and optical non-linear susceptibility. Recently chiral polyacetylenes ! have
attracted much attention since the chiral structure can enhance the unique
properties and add new functions.

Now, two methods major synthetic strategies have been developed to
synthesize soluble chiral polymers whose chiral structures are present alone in
the main chain as asymmetric carbons and/or as a one-handed helical
conformation. One is HSSP ! of an achiral monomer by using a chiral catalyst
as a chiral source and the other is asymmetric-induced polymerization, by using
achiral catalysts, of monomers having a chiral group as a chiral source, followed
by removing the chiral groups by a polymer reaction in solution where the chiral
groups were desubstituted from the resulting one-handed helical polymers (AIP-
R). [

HSSP is a direct synthetic method of soluble chiral n-conjugated polymers
whose chiral structures arise solely from the one-handed helical conformation of
the conjugated main chains (therefore, they have no asymmetric carbons) and
are stable alone in solution was so far only the helix-sense-selective
polymerization (HSSP) of an achiral phenylacetylene monomer DoDHPA
(Scheme 1) by using a chiral catalytic system [Rh(nbd)Cl], / (R)-

' However, in the

phenylethylamine ((R)-PEA) developed in our laboratory. !
HSSP suitable monomers were limited. In addition, the efficiency of the chiral
induction was not high, i.e., a large ratio of the chiral cocatalyst to the monomer
(Chart 1, (R)- or (S)-PEA) was needed. In order to estimate performance of the
chiral initiators, we define the efficiency and ability of them in the HSSP. The
efficiency was estimated by the value of [Chiral ligand] / [Monomer]. When the
value 1s smaller, the efficiency is higher. The ability was estimated by a relative

optical purity(%) = ( a [0] value of an obtained polymer / the highest [0] value
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among all of the polymers) x 100. For the previous HSSP ¥, a stoichiometric
amount of chiral cocatalyst, (R)-PEA ([chiral ligand] / [Monomer] = 0.25) was

needed in the initiator system (Scheme 2).

FFFFFF F

OH el | 1} —R =
[Rh{nbd)Cl3 ¥ }L\/\WF Poly (C£8PA)
= oR — FF‘ FF F E E F
{R)- or (S)- PEA oH
OH

OR
OH

Poly (RDHPA)

B N N N Poly (DoDHPA)
RDHPA

Scheme 1. Helix-sense-selective polymerization (HSSP) of RPA.

ci % VAN
- U -~ - ~
Q/Rh\CI/Rh\g + 2 HZN —_— 2 %/Rh\c;l

[Rh(nbd)Cl], (R)-PEA [Rh{nbd)Cl]; / (R)-PEA
Scheme 2. Two component chiral initiator system in our previous study.

The fluorinated polymers represent a class of very interesting and versatile
polymeric materials and have attracted much attention because of their
outstanding properties such as low dielectric constant, low friction, low
refractive index, high transparency and low surface energy, as well as excellent
chemical and thermal resistance. "' It is well-known that perfluorinated alkanes
are more rigid and less miscible (fluorophobic effect) than the corresponding
perhydrogenated alkanes. ' As fluorine-containing compounds have an oxygen
affinity, it is expected to enhance oxygen permselectivity.

Recently, a valuable reaction selective cycloaromatization (SCAT) was
reported by our group. "' The SCAT reaction had many unique characteristics,
such as unusual selectivities, as follows. 1) It is a quantitative reaction: it gave

only the corresponding cyclic trimer, ie., a 1,3,5-trisubstituted benzene
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derivative, quantitatively(= 100%). No by-products were produced under the
best condition. 2) It is an intramolecular reaction: it occurred between adjacent
three monomer units in one macromolecule. 3) It is a stereospecific and
topochemical or template reaction: the reactivity strongly depended on the
configuration and conformation of the starting polymer substrates. 4) It is a
photoreaction: high selectivity (= 100%) was observed only by the use of visible
light irradiation, not by heating. 5) It is a solid state reaction: high
selectivity(=100%) was observed only in the solid state, not in solution. In
addition, 6) the resulting cyclic trimers had the ability to form a self-supporting
membrane, in spite of their low molecular weights. This new approach resulted
in a new class of supramolecular polymers consisting of a 1,3,5-trisubstituted
benzene derivative, numbers of which were linearly linked by hydrogen bonds
and stacked benzenes. Since SCAT has such high selectivities and is useful for
the preparation of a self-supporting supramolecular polymer membrane, many
kinds of applications can be expected.

In this chapter, a novel fluorine-containing achiral phenylacetylene monomer
having two hydroxyl groups making hydrogen bonds (Scheme 1) suitable for the
HSSP was reported. In addition, the higher efficiency and ability of chiral
induction of HSSP of Cr8DHPA were reported as well, i.e., it needed only
catalytic amounts of the chiral source and the resulting polymer having higher
relative optical purity. The fluorine-containing polyphenylacetylene was SCAT
active polymer. The SCAT product 1,3,5-trisubstituted benzene derivative was
used as a surface modifier to enhance the O, permselectivity of poly(1-phenyl-

2-[p-(trimethylsilyl)phenyl]acetylene) (PDPA) membranes.
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3.3 Experimental
3.3.1 Materials

All the solvents used for synthesis and polymerization of the monomers were
distilled as wusual. The polymerization initiator, [Rh(nbd)Cl], (nbd = 2,5
norbornadiene), purchased from Aldrich Chemical was used as received. 4-
Dodecyloxy-3,5-bis(hydroxymethyl)phenylacetylene (4) was synthesized from
4-bromophenol according to our previous report..*! Poly(DoDHPA) and T-DO

were prepared according to our previous report. !’

3.3.2 Measurements

'H NMR (400MHz) spectra were recorded on a JEOL LEOLEX-400
spectrometer. The average molecular weights (M, and M,,) were evaluated by
gel permeation chromatography (GPC) by using JASCO liquid chromatography
instruments with PU-2080, DG-2080-53, CO-2060, UV-2070, CD-2095, and
two polystyrene gel columns (Shodex KF-807 L, THF eluent, polystyrene
calibration). We recorded CD spectra by using a JASCO J-720WI
spectropolarimeter with a Peltier controller for temperatures at 20°C (a quartz
cell of 1 mm path length; sample concentration: 0.100 to 2.00 mM based on the
monomer unit). The infrared spectra were recorded on FT/IR-4200 (JASCO).

3.3.3 Synthesis of the monomer C8DHPA (Scheme 3)
3.3.3.11H, 1H,2H, 2H, 3H, 3H, 4H, 4H-Perfluorododecyl bromide (3)
Compound 3 was synthesized according to the Percec’s report, ' a white
needle-like crystal was obtained with the total yield of 44.0% (0.426 g). 'H
NMR (400MHz, CDCl;, TMS, 6): 3.44 (t, 2H, J =6 Hz, CH,CH,Br), 1.75~2.16
(overlapped peaks, 6H, CF,CH,CH,CH,).
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1 2

Yield: 44%
OH
48% HBr OH

4

CF4(CF =

Aliguat 336 100 °C (P, 0\/\/\
(CF3);CF,

K,CO,, DMF 65 °C

3 OH

Yield: 78% C:8DHPA
Yield: 75%
Total yield: 25.7%

White solid

Scheme 3. Synthetic route of Crk8DHPA.
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3.3.3.2 2, 6-Bis(hydroxymethyl)-4-ethynylphenol (4)

Compound 4 was synthesized according to the previous report [**, a white
solid was obtained with the total yield of 40.4% (3.8 g). 'H NMR (400MHz,
DMSO-dg, 9): 8.98 (s, H, PhOH), 7.27 (s, 2H, PhH), 5.29 (s, 2H, Ph(CH,0OH),),
3.91 (s, 1H, CH=C).

3.3.3.3 4-(1H, 1H, 2H, 2H, 3H, 3H, 4H, 4H-Perfluorododecyloxy)-3,5-
bis(hydroxymethyl)phenylacetylene (C,SDHPA)

A mixture of 3(536 mg, 0.970 mmol), 4 (157 mg, 0.880 mmol) and K,CO;
(346 mg, 2.46 mmol) in DMF (5 mL) was stirred for 40h at 65°C.After the

mixture was filtered, the solvent was removed. The residue was washed with
water and extracted with ethyl acetate. The organic layer was dried over MgSO4
and concentrated. The crude product was purified by silica-gel column
chromatography to give aim product Ck8DHPA. Rf = 0.42 (hexane/ethyl acetate
=2/1). '"H NMR (400MHz, CDCl;, TMS, 8): 7.44 (s, 2H, C=CPhH), 4.65 (d, 4H,
J = 6Hz, Ph(CH,0H),), 3.89 (t, 2H, J = 6 Hz, OCH,CH;), 2.98 (s, 1H, HC=C),
2.12 (m, 2H, CH,CH,CF,), 1.84 (m, 4H, OCH,(CH,),CH,CF,). "F NMR
(CDCl;, CgFg, 0): -83.88 (t, 3F, CF3, J=11Hz), -117.48 (m, 2F, CH,CF}), -
124.81 (m, 6F, (CF,);CF,CH;), -125.81 (s, 2F, CF,CF,CF,CF3), -126.58 (s, 2F,
CF,CF,CF,CF;), -129.21 (s, 2F, CF,CF,CF,CF5). IR (cm™, KBr): 3361 (OH),
3294 (HC=C), 1240 (CF3), 1207 (CF,), 656 (CF3). Anal. Cacld for C,,H7,F703:
C, 40.51; H, 2.63; F, 49.40. Found: C, 40.28; H, 2.64; F, 49.40.

3.3.4 Polymerization of monomers (Scheme 1)

A typical procedure for monomer Cg,8DHPA was as follows: A solution of
[Rh(nbd)CI], (0.280 mg, 0.613 pumol) and (S)- or (R)- phenylethylamine (PEA)
(15.7 ul, 0.123 mmol) in dry perfluorobenzene (0.154 mL) was added to a dry
perfluorobenzene (0.154 mL) solution of Ce8DHPA (20.0 mg, 30.7 umol). The

reaction solution was stirred at room temperature for 4h. The crude polymer was
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purified by reprecipitation of perfluorobenzene solution into a large amount of
methanol and the formed solid was dried in vacuo to give a red solid.
Other helix-sense-selective polymerization (HSSP) of the monomers

Crg8DHPA and DoDHPA were carried out similarly.

3.3.5 Preparation of T-F (Scheme 4) 1"

o
hy HO O OH
g HO OH
O O O TrTrlrlF
OH HO FFEFEFEF
LF
F |:F
FTE"
FLF
poly(Cg8DHPA) T-F

Scheme 4. SCAT of poly(Cr8DHPA).

A solution of poly(Cg8DHPA) in perfluorobenzene (13 mg/mL) was cast on
a poly(tetrafluoroethylene) sheet (100 cm?), and the solvent was evaporated for
24 h at room temperature. The membrane (thickness 20.0 pm) was irradiated
under nitrogen by visible light (400-500 nm, 2.54 mW/cm?) for 3 days. The
reaction was monitored by GPC detected by UV and CD. Visible light (400-500
nm) irradiation was carried out by using a 300 W of Xe lamp (Asahi Spectra,
MAX-302 with vis mirror module) through a cutoff filter (Asahi Spectra,
LUX400 (A > 400 nm), XF541 (A < 510 nm), and XF546 (A < 610 nm). All the

resulting products were totally soluble and no insoluble parts were obtained.
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Yield: 99.8%. '"H NMR (CDCl;, TMS, ppm): 6 = 7.41~6.93 (m, 9H, PhPhH and
PhH(CH,0H),)), 5.01 (t, 6H, Ph(CH,0H),), 4.62 (d, 12H, Ph(CH,OH), ), 3.97
(m, 6H, OCH,CH,CH,CH,), 2.12 (m, 6H, OCH,CH,CH,CH,CF,), 1.92 (m,
12H, OCH,CH,CH,CH,CF,). IR (film): 3375cm™ (OH), 2955cm™ (CH),
1207cm™ (CF). TOF-MS m/z (M + Na"): Calcd. 1979.26, Found.

3.3.6 Membrane preparation

A typical blend membrane fabrication method for T-F/PDPA was as follows:
A solution of the T-F in CHCI; and a solution of the base polymer PDPA in
toluene were blended together, and then the resulting blend solution was cast on
a poly(tetrafluoroethylene) sheet. After evaporating the solvent for 24h at room
temperature, the membranes were detached from the sheet and dried in vacuo

for 24 h. Thickness (L) of the membranes was 7.00~12.0 um.

3.4 Results and discussion
3.4.1 Achievement of HSSP of new monomer Cr8DHPA

As described in the introduction, the monomers suitable for the HSSP were
limited. Therefore, to develop new monomers more suitable for the HSSP than
DoDHPA (Chart 1) we reported previously,*! a novel fluorine-containing
achiral phenylacetylene monomer Ck8DHPA was synthesized. The monomer
was polymerized by using the chiral catalytic system, [Rh(nbd)Cl], and chiral
phenylethylamine ((R)- or (S)-PEA) that we previously developed for the HSSP
of DoDHPA!"* as shown in Table 1. All the polymerizations were carried out in
perfluorobenzene because the fluorine-containing polymers poly(Cr8DHPA) are
insoluble except in perfluorobenzene.

The resulting polymers of Ck8DHPA showed a large Cotton signal in the
range of main chain absorption (Figures 1), indicating that all the polymers exist
in excess one-handed helical conformation. Therefore, the HSSP of Cx8§DHPA

has been successfully achieved.
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Table 1. HSSP of C;8DHPA and DoDHPA at room temperature *

No. Monomer Solvent [Chiarl Yield g 308 b
cocatalyst] (%)  (x107)
/[Monomer]
1 Cr8DHPA toluene 4.0 67 0
2 perfluorobenzene 4.0 80 -0.75
3 perfluorobenzene 2.0 80 -0.21
4 DoDHPA toluene 4.0 92 0.22

“ [M]=0.1mol/L; [chiral amine]/[Rh(nbd)Cl],]= 200; [M]/[[Rh(nbd)C1],]=
50, for 4h. ” g value at 308nm, g = ([0]/3300/€)x0.001_

1.8
1
p i No. 2
XE o \_N" No.1 WFMMMAM@
=y o AAAERATT AV Yy YNYY VV\/WU\[JV\"W VYA Vo
-9
E -
A1
No. 2
1.8 ' '
I P .
400 500 600

Wavelength (nm)

Figure 1. CD and UV spectra of poly(Ck8DHPA) in perfluorobenzene (Table 1,
nos. 1 and 2).

The efficiency of the chiral induction during the HSSP of Cr8DHPA was
much higher than that of the previous monomer DoDHPA. For example,

monomer Cg8DHPA need only [Chiral cocatalyst]/[Monomer] = 2.0 to obtain
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chiral polymers having g = -0.21 (Table 1, no. 3), while DoDHPA needs [Chiral
cocatalyst]/[Monomer] = 4.0 (Table 1, no. 4) to obtain chiral polymer having the
similar g value. By using the same amount of [Chiral cocatalyst]/[Monomer] =
4.0, g value of poly(Cg8DHPA) showed 3.4 times higher ((Table 1, no. 2, g = -
0.75)) than that poly(DoDHPA) ((Table 1, no. 4, g = -0.22). Therefore,
Cr8DHPA 1s more suitable for HSSP than DoDHPA.

3.4.2 Synthesis of T-F by SCAT

A highly selective photocyclicaromatization reaction (SCAT in Scheme 4) of
a red m-conjugated poly(Ck8DHPA) from a phenylacetylene having two
hydroxyl groups and a perfluorinated alkanes to exclusively yield a non-colored
1,3,5-trisubstituted benzene derivative T-F was found and confirmed by GPC
(Figure 2), "H-NMR. It was an almost quantitative reaction because it gave only
the corresponding cyclic trimer, i.e., a 1,3,5-trisubstituted benzene derivative
without any by-products under the best condition, visible light irradiation in the

membrane state.

Mg, =3111

M,=2799

M/ M,=1.1
3 day i
| | | | | | |
0 5 10 15 20 25 28

Retention Time (min)

Figure. 2. GPC chromatograms of Poly(Cr8DHPA) membrane (thickness:15um)
after visible light irradiation under N, room temperature (LED (100000 1x)).
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Amphiphilic molecule T-F was designed, the chemical structures were
shown in Scheme 4. T-F contain three parts: (1) a rigid and hydrophobic disc-
like 2D center; (2) three hydrophobic perfluorinated alkanes side chains at p-
positions as an anchor; (3) six hydroxyl groups making intermolecular hydrogen
bonds. The hydrophobic perfluorinated alkanes side chains anchored to the
hydrophobic substrate polymer, the rigid and hydrophobic disc-like 2D center
appeared on the surface of the substrate polymer and then the resulting 2D
structures were fixed by intermolecular hydrogen bonds.

The surface modifications of PDPA substrate polymer membranes were
achieved by using 5 wt% of amphiphilic molecule T-F and T-Do, respectively.
The contact angles of water on blend membranes were shown in Tables 2. The
contact angles of the blend membranes decreased notably by adding the
additives to the membranes. The decreasing on contact angles may be coursed
by the existence of free OH of T-F and T-Do which didn’t make the
intermolecular bond. As a result the surface of blend membranes were not
perfect 2D structure.

0,/N, permselectivity of the modified PDPA blend membranes were

Table 2. Contact angles of water and oxygen permeation of polymer or

supramolecular polymer membranes of additives or substrates.

Content of additives Contact angle® Po,°

No. Membrane in membranes o
(Wt %) (deg) (barrer)
1 T-F /PDPA 5 83.0+ 1.6 937 2.28
2 T-Do /PDPA 5 65.0+2.3 494  2.36
3 PDPA - 110 +1.3 1510 1.96
4  Poly(Ck8DHPA) - 104 =+1.5 - -
5  Poly(DoDHPA) - 86.5+1.1 141 2.61
“ Contact angles for water droplets; " In 10"’-cm’+ (STP)-cm-cm™-s” -cmHg™

(=1 barrer); o= Po,/Px,.
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measured and the results were list in the Table 2 and Figure 3. By the surface
modification of the T-F (Table 2, no. 1), the O,/N, permselectivity - a values of
substrate PDPA membranes increased largely from 1.96 (Table 2, no. 3) to 2.28
(Table 2, no. 1) with a small drop in Po,. It may be caused by formation of a
supromolecular structure of the amphiphilic molecules T-F having 2D regular
size pores and thinner thickness in molecular level on the PDPA membrane
surface. When the T-Do was used to modify the PDPA membrane, the a value
increased highly, however, a large drop in Po, was happened simultaneously
(Table 2, no. 2). This phenomenon may be caused by the T-Do/PDPA

membrane exist more defects on the blend membrane than T-F/PDPA.

2.4

[
®
K 2.2
o
K
2 .
o °
1.8 | | T
0 500 1000 1500 2000
P o, (barrer)

Figure 3. Oxygen permeation through blend membranes (the numbers in the

figure correspond to those in Table 2).

8.5 Conclusions

A novel phenylacetylene monomer having a perfluorinated alkanes side
group was synthesized and polymerized by a chiral catalytic system. The
efficiency and ability of the chiral induction were much higher than that in the

case of the previous monomers having perhydrogenated alkanes side group we
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reported. In addition, the fluorine containing polymers membrane showed high
selectivity of selective photocyclicaromatization (SCAT). The SCAT product of
poly(Cg8DHPA) was used as surface modifier for PDPA, and the resulting
blend membrane T-F/PDPA showed higher oxygen permselectivity than T-
Do/PDPA membrane, which was modified by SCAT product of
poly(DoDHPA).
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Chapter 4

Helix-Sense-Selective Polymerization of
Substituted Acetylenes by Using an Isolated Rh
Chiral Initiator with an Amino Acid Ligand
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4.1 Abstract

Helix-sense-selective polymerization (HSSP) of substituted acetylenes by
using an isolated chiral Rh initiator with an amino acid ligand has been achieved.
The sense of the helix of the main chain of the resulting polymer was controlled
by the sign of the chirality of the ligand. The isolated initiator needed less
amount of the chiral ligand and gave polymers having a higher [0] value than
the two component chiral initiator systems we reported previously. The resulting

polymers had a higher M.

0
"RKE
HQ Q’ Hfgfl

isolated initiator

== OR -
helix-sense-selective
polymerization
HO
R: 'é—CsHl'/ OcPA
-§—C12st DoPA
RPA Poly(RPA)
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4.2 Introduction

n-Conjugated polymers like polyacetylenes have aroused interest because of
their noteworthy physical properties such as conductivity, organomagnetism,
and optical non-linear susceptibility. Recently chiral polyacetylenes ! have
attracted much attention since the chiral structure can enhance the unique
properties and add new functions. Several kinds of asymmetric polymerizations
of achiral monomers to obtain chiral polymers having their chiral structures in
their main chains have been reported. ' Among them, a direct synthetic method
of soluble chiral m-conjugated polymers whose chiral structures arise solely
from the one-handed helical conformation of the conjugated main chains
(therefore, they have no asymmetric carbons) and are stable alone in solution
was so far only the helix-sense-selective polymerization (HSSP) of an achiral
phenylacetylene monomer such as DoPA (Scheme 1) by using a chiral catalytic
system [Rh(nbd)Cl], / (R)-phenylethylamine ((R)-PEA)(Scheme 2) developed

in our laboratory. !

OH —/n
Rh initiator H —R= —CgHq7 Poly (OcPA)
= OR -
OH —
OH Toluene, rt R C1i2H25 Poly (DoPA)
OH
RPA Poly (RPA)

Scheme 1. Helix-sense-selective polymerization (HSSP) of RPA.

Cli ¥ sz .
~ - ~— -~ ~
%}Rhﬁcn,Rh\% 4+ 2 H2N —_— 2 %/ Rh\CI

[Rh(nbd)Cl], (R)-PEA [Rh(nbd)CI], / (R)-PEA

Scheme 2. Two component chiral initiator system in our previous study.
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In order to estimate performance of the chiral initiators, we define the
efficiency and ability of them in the HSSP. The efficiency was estimated by the
value of [Chiral ligand] / [Monomer]. When the value is smaller, the efficiency
is higher. The ability was estimated by a relative optical purity(%) = ( a [0]
value of an obtained polymer / the highest [0] value among all of the polymers)
x 100. For the previous HSSP Bl a stoichiometric amount of chiral cocatalyst,
(R)-PEA ([chiral ligand] / [Monomer] = 0.25) was needed in the initiator system
(Scheme 2).

However, we could not exclude the possibility that the chiral induction was
partly caused by the interaction between chiral amines and two hydroxyl groups
of the monomer because of the presence of the free (R)-PEA (Scheme 2). The
coexistence of the chiral amine may lower the efficiency of the chiral induction
during the HSSP. Therefore, isolation of the real active species from the
[Rh(nbd)Cl],/ (R)-PEA was desired, but it was difficult due to the low stability.
Only one chiral Rh initiator suitable for HSSP was reported by Hayashi !, but
the synthetic route contained several steps and the total yield was not high.

In this communication, we report isolated chiral Rh initiators 1-3 (Scheme 3)
which can be very easily obtained and suitable for HSSP of RPA (Scheme 1).
The efficiency of the chiral induction during the HSSP was enhanced by using
the 1solated chiral Rh initiators 1-3, and the resulting polymers had a higher
optical purity and M.

4.3 Experimental
4.3.1 Materials

All the solvents used for synthesis and polymerization of the monomers were
distilled as usual. The polymerization initiator, [Rh(nbd)Cl], (nbd = 2,5

norbornadiene), purchased from Aldrich Chemical was used as received.
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4.3.2 Measurements

'H NMR (400MHz) spectra were recorded on a JEOL LEOLEX-400

spectrometer. The average molecular weights (M, and M,,) were evaluated by

gel permeation chromatography (GPC) by using JASCO liquid chromatography
instruments with PU-2080, DG-2080-53, CO-2060, UV-2070, CD-2095, and

two polystyrene gel columns (Shodex KF-807 L, THF eluent, polystyrene
calibration). We recorded CD spectra by using a JASCO J-720WI

spectropolarimeter with a Peltier controller for temperatures at 20°C (a quartz

cell of I mm path length; sample concentration: 0.100 to 2.00 mM based on the
monomer unit). The infrared spectra were recorded on FT/IR-4200 (JASCO).

4.3.3 Synthesis of the isolated chiral Rh initiators 1-3 (Scheme 3)

H pr O~FC
Rh
QﬂrOH S y-N-CH L 81%
H o
L35
H _Rh 1D 81%
. OH I\. .||H
QL\,r <} H-N
el H o NaOH
,Rh.CIZRh\ + —_—
X = CH;OH
o r.t ~ 0 0
_Rh 2 83%
Hse Aon IR
0] \Rh/o 0
0,
H:,CMOH LR CH, 3 83%
CH; NH; H L CH,
[Rh{nbd)CI], Amino acid Isolated chiral Rh initiators 1-3

Scheme 3. Synthesis of isolated chiral Rh initiators 1-3 in this study.
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The isolated chiral Rh initiators 1-3 were synthesized facilely as shown in
Scheme 3. A typical procedure was as follows : A solution of L-proline (126
mg, 1.09 mmol) and sodium hydroxide (45.0 mg, 1.15 mmol) in methanol (5.00
mL) was added to a brown suspension of [Rh(nbd)Cl], (247 mg, 0.500 mmol)
in methanol (5.00 mL). The obtained clear-brown solution was stirred for 1h at
room temperature. The solvent was removed in vacuo, and the crude product
was dissolved in dichloromethane (15.0 mL). The mixture was filtrated, and
subsequently the solvent was evaporated. The product was obtained as a yellow
powder (200 mg, 81.0%). 'H NMR (400 MHz, CDCls, 298 K): & 4.02, 3.98 (br
s, 4H, nbd-CH olefinic), 3.90 (s, 2H, nbd-CH), 3.70 (m, 1H, CH-COO), 2.86-
2.73 (m, 2H, CH,-NH), 2.19-2.12 (m, 1H, CH,-CH), 2.05-1.91 (m, 2H, CH,-
CH,-CH-COO), 1.69-1.61 (m, 1H, CH,-CH,-CH-COO), 1.25 (s, 2H, nbd-
CH,).”C NMR (100 MHz, CDCls, 298 K) & 184.99 (COO), 62.51 (COO-CH),
61.69 (nbd-CH,), 51.02 (nbd-CH non-olefinic), 49.13 (NH-CH,), 30.13 (COO-
CH-CH.), 25.72 (NH-CH,-CH,) %,

4.3.4 Polymerization of the monomers RPA by isolated chiral Rh initiators
1-3 (Scheme 1)

The achiral monomers RPAs synthesized " were polymerized by using the
1solated chiral Rh initiators 1-3 as shown in Scheme 1. A typical polymerization
procedure was as follows: A solution of 1 (2.47mg, 8.00 umol) in dry toluene
(1.00 mL) was added to a dry toluene (3.00 mL) solution of OcPA (116 mg, 400
umol). The solution was stirred at room temperature for 6 h and then treated
with 1M HCI. The crude polymer was purified by reprecipitation of the toluene
solution into a large amount of methanol twice and the formed solid was dried in

vacuo to give poly(OcPA) as an orange solid (yield, 60.0%).
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4.4 Results and Discussion

The resulting polymers from the achiral OcPA prepared by using the isolated
chiral Rh initiatores 1-3 were chiral because they had CD absorption bands
(Table 1, nos.1-5). Since the CD bands observed around 450nm were assigned
to the main chain, the polymers had the chirality in the main chain, that is, one-
handed helical backbone. In addition, the sense of the helicity was controlled by
the sign of the chirality of the isolated Rh initiator 1L or 1D as shown in Nos. 1
and 2 in Figure 1 and Table 1. Therefore, the HSSP of OcPA by using the
isolated chiral Rh initiators, 1L. and 1D has been successfully achieved. From
the achiral monomer DoPA, a one-handed helical polymer was also obtained by

the same initiators.

3.0

No.1 [OcPA)[1L] = 50

[B]x 103
(deg-cm?-dmol1)

R

o £ g

3 ‘_;:’ 05 No.2 No.1

& © . '
E 0 . 1 . 1 2 T e T
- 235 300 400 500 600

Wavelength {(nm}

Figure 1. CD spectra of poly(OcPA) in CHCl; (Table 1, Nos. 1 and 2).

By using 1L (Table 1, no. 8, [Chiral ligand]/[Monomer] = 0.02), an optically

active polymer showing a higher relative optical purity (100%) was obtained.
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On the other hand, although 12.5 times higher ratio of the chiral ligand in the
case of [Rh(nbd)Cl],/(R)-PEA than that of 1L was used ([Chiral
ligand]/[Monomer] = 0.25), the resulting polymer showed a lower optical purity
(Tablel, no. 9, 9.63%). Therefore, the efficiency of the HSSP of 1L was much
higher than that of the [Rh(nbd)Cl], /(R)-PEA.

When the same ratio and compound of the chiral source ([L-proline or L-
prolinole]/[Monomer] = 0.020) were used, the polymer prepared by the isolated
Rh initiator 1L showed a higher relative optical purity (Table 1, no. 1, 100%)
than the polymer by the two component chiral initiator systems, [Rh(nbd)Cl],/L-
prolinole and [Rh(nbd)Cl],/L-proline. Actually the former gave no chirality of
the polymer (Table 1, no. 6) and the latter gave no polymers (Table 1, no. 7).
All the isolated chiral Rh initiators 1-3 were suitable for HSSP. When we
compared relative optical purities of the polymers prepared by 1-3 (nos, 3-5) in
the same polymerization condition ([Chiral ligand]/[Monomer] = 0.010), the 1
gave a poly(OcPA) having the highest relative optical purity (Table 1, no. 3,
78.5%). The highest value may be caused by the planar structure consisting of
the two condensed five membered rings of the 1 which can enhance the
discriminating ability during HSSP.

The polymers synthesized by the isolated chiral Rh initiators 1-3 showed
extremely high M, (ca. 10"). For example, M,, (1.59%x10") of poly(DoPA)
synthesized by 1L (Table 1, no. 8) was 4.8 times higher than that by
[Rh(nbd)CI],/(R)-PEA (Table 1, no. 9). In general, the high My, of polymers are
needed for high processability. For example, poly(DoPA) whose M, was lower
than 10° had no self-supporting membrane forming ability. ! Therefore, the
1solated initiator easily prepared is very useful for practical use.

In our previous study, (R)-PEA/[Rh(nbd)Cl], = 250 was used as the best

condition for HSSP of DoPA. Since the catalytic system contained free chiral
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Table 1. Helix-sense-selective polymerization of RPA with various chiral Rh initiators in toluene at room temperature.

- N b [0] © x10™
[Chiral ligand] [Chiral ligand] Yield M,y Relative °
No. Monomer” Rh initiator® o .. Cis%® (deg-cm*-dmol™) optical
/[Rh] /[Monomer] (%) (x10% purity (%)
308 nm 430 nm
1 OcPA 1L 1.00 0.020 60 12.1 91 24.6 -4.92 100
2 1D 1.00 0.020 63 433 90 -21.9 3.01 89.0
3 1D 1.00 0.010 70 15.2 88 -19.3 3.09 78.5
4 2 1.00 0.010 62 31.6 94 2.53 -1.67 10.3
5 3 1.00 0.010 68 23.2 92 1.91 -0.883 7.76
Rh(nbd)Cl], /
6 [Rh(n .)C I 1.00 0.020 88 334 93 0 0 0
L-prolinole
7 [Rhmbd)CTL> /- g 0.020 R - — —
L-proline
8 DoPA 1L 1.00 0.020 27 15.9 91 9.22 -2.58 100
[Rh(nbd)Cl], /
9f 12.5 0.25 67 3.30¢ — 0.888 -0.193 9.63
(R)-PEA

% For the codes, see Scheme 1. ° Determined by GPC based on PSt standard (eluent:CHCl3). ¢ Determined by 'H NMR in CDCl3/DMSO-
de = 1/1 (v/v). ¢ In CHCls. © Relative optical purity of the polymers based on the [0]30s of No. 1 for poly(OcPA)s, and No.8 for
poly(DoPA)s. " From ref. 3e). ¢ Determined by GPC based on PSt standard (eluent: THF).
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ligands (Scheme 2), the chiral amines and two hydroxyl groups of the monomer
can interact. To clear the mechanism and enhance the efficiency, isolation of the
real active species from the [Rh(nbd)CI],/(R)-PEA was desired but it was
difficult due to the low stability. In this study, since HSSP of DoPA was
achieved by using the isolated chiral Rh initiators 1-3, real and pure HSSP was

proved.

4.5 Conclusions

In conclusion, the isolated chiral Rh initiators 1-3 were found to be suitable
for the HSSP of achiral phenylacetylene monomers. The sense of the helix was
controlled by the sign of the chirality of the isolated Rh initiator 1L or 1D. The
relative optical purity ([0] value) and the efficiency of the chiral induction
([chiral ligand]/[Monomer]) of the isolated Rh initiator 1 during the HSSP was
much higher than that of the corresponding two component chiral initiator
system [Rh(nbd)Cl],/L-prolinole. The polymers synthesized by the isolated
chiral Rh initiators 1-3 showed extremely high M,, (ca. 10”). In addition, the
preparation and isolation of the initiators were easy and the possible mechanism
became simple because the initiator was well-defined. Therefore, the isolated
Rh initiators 1-3 are more valuable than the two component chiral initiator

systems for the HSSP.
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Chapter 5

Living-Like Helix-Sense-Selective

Polymerization of an Achiral Substituted Acetylene

Having Bulky Substituents
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5.1 Abstract

By using a new achiral phenylacetylene having bulky substituents as a
monomer, living-like helix-sense-selective polymerization (HSSP) has been
achieved. Thisis the first example of the HSSP of substituted acetylenes where
the degree of polymerization was controlled. The resulting one-handed helical

living polymer initiated polymerization of a second monomer to successfully

yield ablock copolymer.
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5.2 Introduction

Conjugated polymers like polyacetylenes have aroused interest because of
their noteworthy physical properties such as conductivity, organomagnetism,
and optical non-linear susceptibility. Recently chiral polyacetylenes ¥ have
attracted much attention since the chiral structure can enhance the unique
properties and add new functions. Many kinds of polymers having chira
structures in their main chains and/or pendant groups have been synthesized.
Among them, soluble chiral conjugated polymers whose chira structures arise
solely from the one-handed helical conformation of the conjugated main chains
(therefore, they have no asymmetric carbons) and are stable aone in solution
have so far only been synthesized by the helix-sense-selective polymerization
(HSSP) of achiral phenylacetylene monomers (I in Chart 1) ! by using a chiral

catalytic system developed in our laboratory **°

. After our discovery, we
reported the other two kinds of monomers (11 and I11 in Chart 1) suitable to the

HSsp [ 49,

D oL VQLN

OC12H25 c H17 CSH17 OC12H25 OC4H9

I I

Chart 1. Examples of three kinds of achiral monomers suitable to the HSSP we

reported before.

Living polymerization is a very useful method to obtain well-organized
polymers and to prepare block copolymers. For substituted terminal acetylenes,
some living polymerizations have been realized by using precisely designed
initiators "*??. However, living polymers could not be obtained by

polymerization of the monomers suitable to the HSSP when such initiators were
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used ®. It was thought to be caused by very high polymerization rates. To
realize living HSSP of substituted acetylenes, other strategy is needed.

In this chapter, we report our trial to find a new achira monomer which
produces a one-handed helical living polymer by using a binary catalytic system,
I.e.,, to cause living polymerization and HSSP in an identical polymer at the
same time. To find such a monomer, we synthesized four new achiral
phenylacetylens having bulky substituents such as tert-butyl groups as R groups
in 111 (Chart 1) and polymerized them by using the catalytic system because

bulky substituents can suppress polymerization rates.

5.3 Experimental
5.3.1 Materials

All the solvents used for monomer synthesis and polymerization were
distilled as usual. Dry tetrahydrofuran (99.5% purity) and dry diethyl ether (99.5%
purity) purchased from Kanto Chemical was used as received. The
polymerization initiator, [Rh(nbd)Cl], (nbd = 2,5-norbornadiene), purchased
from Aldrich Chemical was used as received. N-(2-bromophenyl)-O-benzyl
carbamate (S2 in Scheme 1) was synthesized according to literature 4. 4-
dodecyloxy-3,5-bis(hydroxymethyl)phenylacetylene (1) '  and  4-
(trimethylsilyl)phenylacetylene (SPA) * were synthesized according to our
report.

5.3.2 M easur ements

Average molecular weight (M,) was estimated by gel permeation
chromatography (tetrahydrofuran as an e€uent, polystyrene calibration) using
JASCO Liquid Chromatography instruments with PU 2080, DG 2080 53, CO
2060, UV 2070, CD2095, and two polystyrene gel columns (Shodex KF 807L).
NMR spectra were recorded on a JEOL GSX 270 at 400 MHz for *H. IR spectra
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were recorded on a JASCO FTIR 4200 spectrometer. CD spectra were measured
with a JASCO J 720 spectropolarimeter.

5.3.3 Synthesis of the monomer s (Schemes 1 and 2)

NH, NH;
S1 S2 3c, d
Scheme 1. A synthetic route to 3c and 3d. a benzyl chloroformate/pyridine,

ethyl acetate, Cbz = benzyloxycarbonyl, b: (1) n-BuLi, chlorotrimethylsilane or
chloroheptyldimethylsilane/diethyl ether, (2) Pd/C, H,.

O SV I

OH (I) OH Toluene
CqoHzs C12H25 C1 2Hos
1 2 4a-d
-R=-pr ca
_tBu ‘b
-SiMes N~

-Si(C7H15)M92 . d
Scheme 2. A synthetic route to 4a-d. (PDC = pyridinium dichromate).

5.3.3.1 Synthesis of 4-dodecyloxy-3,5-diformyphenylacetylene (2) (Scheme
2) 113

A solution of 1 (3.26 g, 9.41 mmoal) in dichloromethane (200 mL) was added
dropwise to a solution of pyridinium dichromate (17.7 g, 47.0 mmol) in
dichloromethane (100 mL) at room temperature. The solution was stirred for 48
hours. The resulting solution was filtered through a bed of celite, and then the
filtrate was concentrated by evaporation. The brown residue was purified by

silica-gel column chromatography (eluent; hexane: ethyl acetate = 2:1) to give 2
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as awhite solid. Yield: 86.6% (2.79 g). Rf : 0.65 (hexane: ethyl acetate = 2:1).
IR (KBr): 1692 (C=0) cm™; '"H NMR(400 MHz, CDCls;, ppm) &: 10.4 (s, 2H,
CHO), 8.17 (s, 2H, PhH), 4.15 (t, 2H, O-CH,CH,), 3.14 (s, 1H, C=CH), 2.03 (br,
2H, CH,OH), 1.81 (tt, 2H, O-CH,-CH,-CHy), 1.27-1.57 (m, 18H, CH-(CH,)e-
CHj3), 0.88 (t, 3H, CH,-(CH,)o-CHy).

5.3.3.2 Synthesis of 2-trimethylsilylaniline (3c)(Scheme 1) 1% %"

A hexane solution of n-BuLi (1.59M, 13.8 mL, 22.0 mmol) was added
dropwise to S2 (3.06 g, 10.0 mmol) in diethyl ether (45 mL) at -78°C. After the
mixture was stirred for 1 hour at the same temperature, chlorotrimethylsilane
was added dropwise to the reaction mixture. The resulting mixture was stirred at
the same temperature for 6 hours and then at room temperature for 12 hours.
The reaction mixture was quenched with 2N HCl ag. and stirred for 1 hour.
After separation of the two layers, the aqueous layer was extracted with diethyl
ether. The organic layer was dried over anhydrous MgSO, and concentrated to
give crude product as yellow liquid. The product was used for synthesis of 3c
without further purification.

The mixture of the obtained product (1.23 g) and 10% Pd/C (10wt%, 123 mg)
was stirred in H, at room temperature for 24 hours. The resulting mixture was
diluted with diethyl ether (20.0 mL) and filtrated. After concentration, the crude
product was purified by Al,O; column chromatography (hexane: ethyl acetate =
20:1) to give 3c as yellow liquid. Yield: 12.7% (210 mg). Rf : 0.20 (hexane:
ethyl acetate = 20:1). *H NMR(400 MHz, CDCl;, ppm) &: 7.30 (dd, 1H, PhH),
7.17 (dt, 1H, PhH), 6.77 (dt, 1H, PhH), 6.63 (d, 1H, PhH), 3.77 (br, 2H, NH,),
0.34 (s, 9H, Si(CHs)3)

5.3.3.3 Synthesis of 2-(heptyldimethylsilyl)aniline (3d) (Scheme 1) #% %"

A hexane solution of n-BuLi (1.59M, 8.18 mL, 13.0 mmol) was added
dropwise to S2 (1.53 g, 5.00 mmol) in diethyl ether (20.0 mL) at -78°C. After
the mixture was stired for 1 hour a the same temperature,

chloroheptyldimethylsilane was added dropwise to the reaction mixture. The
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resulting mixture was stirred at the same temperature for 6 hours and then at
room temperature for 12 hours. The reaction mixture was quenched with 2N
HCI ag. and stirred for 1 hour. After separation of the two layers, the agueous
layer was extracted with diethyl ether. The organic layer was dried over
anhydrous MgSO, and concentrated to give crude product as yellow liquid. The
product was used for synthesis of 3d without further purification.

The mixture of the obtained product (450 mg) and 10% Pd/C (10wt%, 45.0
mg) was stirred in H, at room temperature for 24 hours. The resulting mixture
was diluted with diethyl ether (10.0 mL) and filtrated. After concentration, the
crude product was purified by Al,O; column chromatography (hexane: ethyl
acetate = 20:1) to give 3d as yelow liquid. Yield: 19.0% (250 mg). Rf : 0.30
(hexane: ethyl acetate = 20:1). *H NMR(400 MHz, CDCls, ppm) &: 7.27 (dd, 1H,
PhH), 7.16 (dt, 1H, PhH), 6.76 (dt, 1H, PhH), 6.62 (d, 1H, PhH), 3.77 (br, 2H,
NH,), 1.16-1.36 (m, 10H, SiCH,(CH,)s), 0.87 (t, 3H, Si(CH,)sCHs), 0.81 (t, 2H,
SiCH3(CH,)s) 0.31 (s, 6H, Si(CHy),)

5334 Synthesis of 4-dodecyloxy-3,5-bis(2-
isopropyphenyliminomethyl)phenylacetylene (4a) (Scheme 2) 1

A mixture of 2 (250 mg, 0.732 mmol), 2-isopropylaniline (0.223 mL, 1.61
mmol), and Al,Os; (502 mg) in toluene (20.0 mL) was stirred for 18 hours at
room temperature. After the mixture was filtered, the solvent was removed. The
crude product was purified by Al,Os; column chromatography (hexane: ethyl
acetate = 19:1) to give 4a as light yellow solid. Yield: 86.8% (363 mg). Rf : 0.47
(hexane: ethyl acetate = 19:1). IR (KBr): 1616 (C=N) cm™; *H NMR(400 MHz,
CDCl3, ppm) 6: 8.71 (s, 2H, CH=N), 8.43 (s, 2H, PhH ), 7.23~7.34 (m, 6H, N-
PhH ), 6.90 (d, 2H, N-PhH ), 3.98 (t, 2H, O-CH,CHy,), 3.56 (qqg, 2H, CH(CHy),),
3.14 (s, 1H, C=CH), 1.84 (tt, 2H, O-CH,-CH,-CH,), 1.23-1.56 (m, 30H, CH,-
(CH,)o-CH3 and CH(CHy5),), 0.88 (t, 3H, O-(CH,)11-CH5).

53.35 Synthesis of 4-dodecyl oxy-3,5-bis(2-tert-

(13]

butyl phenyliminomethyl) phenylacetylene (4b) (Scheme 2)
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A mixture of 2 (1.50 g, 4.39 mmoal), 2-tert-butylaniline (1.51 mL, 9.66
mmol), and Al,O; (2.24 g) in toluene (20.0 mL) was stirred for 18 hours at room
temperature. After the mixture was filtered, the solvent was removed. The crude
product was purified by Al,Os; column chromatography (hexane: ethyl acetate =
5:1) to give 4b as yellow solid. Yield: 88.7% (2.36 g). Rf : 0.47 (hexane: ethyl
acetate = 5:1). IR (KBr): 1616 (C=N) cm™; *H NMR(400 MHz, CDCl3, ppm) &:
8.64 (s, 2H, CH=N), 8.39 (s, 2H, PhH), 7.44 (dd, 2H, N-PhH), 7.18~7.25 (m, 4H,
N-PhH ), 6.83 (d, 2H, N-PhH ), 3.96 (t, 2H, O-CH,CH,), 3.14 (s, 1H, C=CH),
1.84 (tt, 2H, O-CH,-CH,-CH,), 1.47 (s, 18H, C(CHa)s), 1.21-1.26 (m, 18H,
CH,-(CH,)¢-CH3), 0.88 (t, 3H, O-(CH,)11-CH3). Anad. Calcd for CyHsgNLO: C,
83.39; H, 9.33; N, 4.63. Found. C, 83.23; H, 9.47; N, 4.47.

5.3.3.6 Synthesis of 4-dodecyloxy-3,5-bis(2-
trimethylsilyl phenyliminomethyl)phenyl acetylene (4c) 12

A mixture of 2 (173 mg, 0.508 mmol), 3c (210 mg, 1.27 mmol), and Al,O;
(207 mg) in toluene (1.69 mL) was stirred for 3 days at room temperature. After
the mixture was filtered, the solvent was removed. The crude product was
purified by Al,Os; column chromatography (hexane: ethyl acetate: trietylamine =
60:2:1) to give 4c as yelow viscous liquid. Yied: 46.3% (150 mg). Rf : 0.60
(hexane: ethyl acetate: triethylamine = 60:2:1). IR (KBr): 1614 (C=N) cm™; 'H
NMR(400 MHz, CDCl3, ppm) &: 8.71 (s, 2H, CH=N), 8.38 (s, 2H, PhH), 7.56
(dd, 2H, N-PhH ), 7.42 (dt, 2H, N-PhH ), 7.25 (t, 2H,N-PhH ), 7.00 (d, 2H, N-
PhH ), 3.96 (t, 2H, O-CH,CH,), 3.12 (s, 1H, C=CH), 1.19-1.33 (m, 20H, O-
CH,-(CH,)10-CHj3), 0.88 (t, 3H, O-(CH,)1;-CH3), 0.34 (s, 18H, Si(CHj3)3). Andl.
Calcd for C,HssN,OSi,: C, 75.41; H, 8.86; N, 4.40. Found. C, 75.09; H, 9.00; N,
4.30.

53.3.7 Synthesis of 4-dodecyloxy-3,5-bis(2-
heptyl dimethylsilyl phenyliminomethyl) phenylacetylene (4d) (Scheme 2) 1!

A mixture of 2 (148 mg, 0.431 mmol), 3d (250 mg, 0.949 mmol), and Al,O;
(180 mg) in toluene (1.44 mL) was stirred for 24 hours at room temperature.
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After the mixture was filtered, the solvent was removed. The crude product was
purified by Al,Os; column chromatography (hexane: ethyl acetate: triethylamine
= 40:2:1) to give 4d as yellow viscous liquid. Yield: 30.6% (110 mg). Rf : 0.70
(hexane: ethyl acetate: trietylamine = 40:2:1). IR (KBr): 1619 (C=N) cm™*; 'H
NMR(400 MHz, CDCls, ppm) &: 8.70 (s, 2H, CH=N), 8.38 (s, 2H, PhH), 7.55
(dd, 2H, PhH), 7.42 (dt, 2H, N-PhH ), 7.25 (dt, 2H, N-PhH ), 6.99 (d, 2H, N-
PhH ), 3.95 (t, 2H, O-CH,CH,), 3.10 (s, 1H, C=CH), 1.77-1.86 (m, 2H, O-CH,-
CH,-CH,), 1.15-1.35 (m, 38H, CH>-(CH,)s-CH3 and Si-CH,-(CH,)s-CHy), 0.82-
0.91 (m, 13H, O-(CH,)1;-CH3 and Si-CH,-(CH,)s-CHa), 0.30 (s, 12H, -Si(CHs),).
Anal. Cacd for Cs,HgoN,OSi,: C, 77.55; H, 10.01; N, 3.48. Found. C, 76.71; H,
10.20; N, 2.95.

5.3.4 Polymerization (Scheme 3) ?®
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Scheme 3. Polymerization of 4a-d and synthesis of block copolymers poly(4a-
d-block-SPA). (Chiral amine = (R)-N,N-dimethyl-1-phenylethylamine (DMPEA)
or (R)- or (9-phenylethylamine (PEA)).

All the procedures were performed under dry nitrogen. A typica
polymerization procedure is as follows: A solution of [Rh(nbd)Cl], (0.38 mg,
0.83 umol) and (R)-N,N-dimethyl-1-phenylethylamine (DMPEA) (34 uL, 0.21
mmol) in toluene (0.33 mL) was added to a solution of 4b (50 mg, 83 umoal) in
toluene (0.50 mL). The reaction solution was stirred at room temperature for 3
hours. The crude polymer was purified by precipitation of the toluene solution

into alarge amount of methanol and dried in vacuo to give ared polymer.
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Polymerizations of 4a, 4c, and 4d were carried out similarly. The results are
summarized in Table 1. Other amines were also used as a cocatalyst. The results

are summarized in Table 3.

535 Synthess of a block copolymer (poly(4b-block-SPA)) by
polymerization of SPA initiated by living poly(4b) (Scheme 3)

SPA was added to the polymerization solution of monomer 4b as described
above. The resulting solution was stirred for 60 min (polymerization condition:
in toluene, room temperature; [4b]lo = 01 M, [SPA] = 067 M,
[4b]o/[[Rh(nbd)Cl],] = 100, [(R-DMPEA]/[[Rh(nbd)CI];] = 250). The
polymerization solution was added to a large amount of acetone to precipitate

the block copolymer. The precipitate was dried in vacuo to give ared polymer.

5.4 Results and Discussion

In general, polymerization rates of phenylacetylenes which were suitable to
the helix-sense-selective polymerization (HSSP) we found and developed **!
were very high and therefore the control of their degree of polymerizations
(DP,) was impossible . To suppress the polymerization rates, four new achiral
monomers having bulky substituents (4a-d in Scheme 2) were designed and
synthesized according to a synthetic route as shown in Scheme 2. These
monomers  (4a-d) have i-propyl(Pr)  (4a), t-butyl(Bu)  (4b),
trimethylsilyl(SiMes) (4c), and dimethylheptylsilyl(SIC;HsMey) (4d) groups,
respectively. The increasing order of bulkiness is 'Pr- < 'Bu- < -SiMe; < -
SIC;HisMe,.

They were polymerized by the chira catalytic system, a binary catayst
consisting of (R)-N,N-dimethylphenylethylamine (DMPEA) and [Rh(nbd)Cl],
(nbd = 2,5-norbornadiene), for the HSSP we developed before . Table 1 and
Figure 1 list the results together with those of p-trimethylsilylphenylacetylene
(SPA) having no bulky groups. The conversion of 4a and 4b reached almost
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100%, while the others were low (Table 1 and Figure 1a). Only the degree of
polymerization (DP,) of 4b could be controlled by changing conversion and
polymerization time (Figures 1b, 2 and 3). The M,,/M, value of poly(4b) was
smallest among the three monomers (4a-c) that produced high-molecular-weight
polymers. In addition, the polymerization of 4b proceeded in first order
indicating a bimolecular reaction (Figure 1c). Therefore, polymerization of 4b

was found to have more number of characteristics as living polymerization.

Table 1. Polymerization of phenylacetylene having bulky groups (4a-d) ®

no. monomer conversion(%)® M,(x10°)°  DP. = M./M," g(x 10°)°

1 4a 91.7 2.38 413 2.85 0
2 4b 98.7 1.15 190 1.46 1.3
3 Ac 43.1 0.118 18.5 1.60 0
4 4d 23.7 0.0277 34 1.10 0
5 SPA 90.0 2.56 1470 1.96 0

% Polymerized at room temperature in toluene. [monomer], = 0.10 mol/L,
[monomer], / [[Rh(nbd)Cl],] = 100, [(R)-DMPEA] / [[Rh(nbd)Cl],] = 250.
Polymerization time: 3, 3, 48, 48, and 3 h, for nos. 1-5, respectively. ® By GPC. ©
g = ([6]/3300)/c.® SPA: p-trimethylsilylphenylacetylene. [TEA] / [[Rh(nbd)Cl]]
= 250.
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Figure 1. (@) Time-conversion curves, (b) conversion-DP, plots, and (c) first-
order plotsfor polymerization of 4a (m), 4b (e), 4c (o), 4d (o), and SPA (A).

-117 -



m
500
] =]
400 B H
E::.am
200 D
B /./"”
0 =8 = -
4] 50 100 150 200

Time (min)

Figure 2. Time-DP, curvesfor polymerization of 4a (m), 4b (e), 4c (o), 4d (o).
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Figure 3. Time-DP,, curves for polymerization of 4b by using (R)-DMPEA (m),
TEA (o), (S-PEA (A), or (S9-PEA/TEA (o) as cocatalysts.

In order to confirm the living nature of the resulting polymer prepared by
polymerization of 4b by the binary catayst, (R-DMPEA / [Rh(nbd)Cl],, we
tried to synthesize a block copolymer, poly(4b-block-SPA), prepared by
polymerization of SPA by using the living poly(4b) as a polymer initiator
(Scheme 3). As shown in Figure 4(A) and Table 2, one hour after SPA was
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added to the living poly(4b), SPA was completely consumed and the GPC peak
of the original poly(4b)(Figure 4A(1)) moved to higher MW position(Figure
4A(2)) with maintaining the shape. Since the composition was the same as that
in the feed (Table 2) and the product was soluble in ethyl acetate where
polySPA was insoluble, formation of poly (4b-block-SPA) was confirmed.
Therefore, the living nature was confirmed.
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Figure 4. GPC charts of poly(4b) (A) and poly(4c) (B). (1) before addition of
SPA; (2) 1 hour after addition of SPA. (SPA*: Monomer peak appeared just
after addition.)

In the case of poly (4c) prepared by polymerization for 48 hours in Figure
4B(1), at that time the conversion did not increase even if residua 4c was
present, i.e., no further homopolymerization was initiated. Therefore, no active
initiation system such as Rh(nbd)((R)-DMPEA)(4c) remained in the
polymerization system. However, 1 hour after SPA monomer having no bulky

groups was added to the polymerization system, the SPA monomer peak
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disappeared completely and a new peak at a higher MW appeared (Figure
4B(2)). Therefore, the new peak must be poly(4c-block-SPA). However, since
origina poly(4c) peak still remained, original poly(4c) was found to be partly
active. Since the substituents were too bulky to yield polymers having high DPn,
termination or chain transfer reaction partly happened more frequently than

propagation.

Table 2. Preparation of block copolymer, poly(4b-block-SPA) prepared by
polymerization of SPA initiated by living poly(4b)

o conv.? SPA conv.®  SPArey SPAUNiteomposition”
' (%) (%) (mol %) (mol %)

1° 89.0 - 0 0

2 90.9 99.0 40 40

2By GPC. " By 'H NMR. ¢ Polymerized for 3 h at room temperature in toluene,
[4b]o = 0.10 mol/L, [4b]d [[Rh(nbd)Cl],] = 100, [(R)-DMPEA] / [[Rh(nbd)Cl] ;]
= 250. YSPA was added to the resulting solution of no.1, and copolymerized for
1h.

To optimize the living polymerization condition, other amines such as
triethylamine (TEA), phenylethylamine (PEA), and their mixture (PEA/TEA)
were examined for the polymerization of 4b as cocatalystsin the binary catalytic
system. In all the amines used, their Mn and DPn values could be controlled by
changing time (Figure 5b) and 1% order relationships were observed (Figure 5¢),
although in the case of PEA, the conversion was low (Figure 5a) and Mw/Mn
was large (Table 3) . Therefore, when DMPEA, TEA, or PEA/TEA was used,
the polymerization included living nature. High conversions were observed in

the presence of tertiary amines, DMPEA and TEA, while low conversion was
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observed in the presence of a primary amine, PEA. This may be because active
species such as Rh(nbd)((R)-DMPEA)(4b) were more effectively produced by
tertiary amines having stronger basicity than by the primary amine.

In addition, the resulting living poly(4b) prepared by using (R)-DMPEA and
(9-PEA/TEA as a cocatalyst showed CD signals and the signs were controlled
by the chirality of the chira amines as shown in Figure 6. Therefore, living-like
HSSP of a substituted acetylene has been realized for the first time.

Table 3. Polymerization of phenylacetylene having t-butyl groups(4b) in the

presence of different amines®

no. amine  conversion(%)° M,(x10%° DP,> My/M," g(x 10°)°
1 (R-DMPEA 99.4 0120 198 150 1.3
TEA 94.2 0.197 326 160 O
3 (R-PEA 466  2.00 3310 212 47
49 (9-PEA/TEA 735 0686 1130 184 -17

% Polymerized a room temperature in toluene. [4b], = 0.10 mol/L,
[4b]o/[[Rh(nbd)Cl],] = 100, [amine]/[[Rh(nbd)Cl],] = 250. Polymerization time:
3, 3, 18, and 12 h, for nos. 1-4, respectively. ® By GPC. ¢ g = ([6]/3300)/¢. ¢
[TEA]/[(S-PEA] = 10.
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Figure 5. (@) Time-conversion curves, (b) conversion-DP, plots, and (c) first-
order plots for polymerization of 4b with (R)-DMPEA (m), TEA (e), (9-PEA
(A), or (9-PEA/TEA (0).
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Figure 6. CD and UV-vis spectra of the poly(4b) polymerized by using (R)-

DMPEA(@) (Table 3, no. 1), (9-PEA/TEA (b) (Table 3, no. 4), (R-PEA (¢
(Table 3, no. 3), (S)-PEA (d), respectively as a cocatalyst.

5.5 Conclusions

In conclusion, by using a new achiral phenylacetylene having bulky tert-
butyl substituents as a monomer, living-like helix-sense-selective
polymerization (HSSP) has been achieved. Thisis the first example of HSSP of
substituted acetylenes whose degree of polymerization was controlled. The one-
handed helical living polymer could initiate polymerization of the second
monomer, p-trimethylsilylphenylacetylene (SPA) to successfully yield a block
copolymer. The polymerization rate of a monomer(4a) having less bulky
substituents, iso-propyl groups was too high to control the molecular weight,
while the polymerization rates of monomers(4c,d) having more bulky
substituents such as trimethylsilyl or dimethylheptylsilyl groups were too low to
maintain the activity of the propagation species during polymerization. In
addition, polymerization of the monomer (4b) having tert-butyl substituents
gave a one-handed helical polymer judging from their CD and UV. Therefore,

the bulkiness of tert-butyl group was the best to produce polymers
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simultaneously having one-handed helix and controlled DPn, that is, to redize
living HSSP.
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Supporting Infor mation
Table S1. Polymerization of 4a by (R)-DMPEA/[Rh(nbd)Cl],?

no.  time(min) converson(%)° M.(x10°°® DP,°  MJ/M,’

1 5 79.4 2.76 478 2.74
2 20 85.2 3.08 534 243
3 40 87.7 2.57 446 2.79
4 60 88.7 261 452 2.70
5 120 91.6 2.26 392 3.12
6 180 91.7 2.38 413 2.85

% At room temperature in toluene. [4a], = 0.10 mol/L, [4a]¢/[[Rh(nbd)Cl],] =
100, [(R)-DMPEA]/[[Rh(nbd)Cl],] = 250.° By GPC.
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Figure S1. (a) A time-conversion curve, (b) a conversion-DP,, plot, and (c) a
first-order plot for polymerization of 4a with (R)-DMPEA.
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Table S2. Polymerization of 4b by (R)-DMPEA/[Rh(nbd)Cl],?

no. time conversion(%)°  My(x10%° DP? My /M,°
(min)
1 5 32.7 1.78 29.4 1.23
2 20 724 6.05 100 1.33
3 40 86.0 8.65 143 1.34
4 60 92.0 9.86 163 1.35
5 120 98.1 11.2 185 1.43
6 180 98.7 11.5 190 1.46
7 360 99.4 12.0 198 1.50

4 At room temperature in toluene. [4b]o, = 0.10 mol/L, [4b]o/[[Rh(nbd)CI],] =
100, [(R)-DMPEA]/[[Rh(nbd)Cl],] = 250.° By GPC.
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Figure S2. (a) A time-conversion curve, (b) a conversion-DP, plot, and (c) a
first-order plot for polymerization of 4b with (R)-DMPEA.
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Table S3. Polymerization of 4c by (R)-DMPEA/[Rh(nbd)Cl],*

no. yime(min) conversion(%)°  Mg(x10%)° DP,"  MJ/M,°

1 5 7.25 6.22 9.80 1.10
2 20 9.79 8.75 13.7 1.20
3 60 134 125 19.6 131
4 180 24.3 116 18.2 1.36
5 360 304 12.8 20.1 1.56
6 1440 39.7 123 193 1.62
7 2880 43.1 118 185 1.60

4 At room temperature in toluene. [4c]o = 0.10 mol/L, [4c]o/[[Rh(nbd)Cl],] =
100, [(R)-DMPEA]/[[Rh(nbd)Cl],] = 250.° By GPC.
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Figure S3. (a) A time-conversion curve, (b) a conversion-DP,, plot, and (c) a
first-order plot for polymerization of 4c with (R)-DMPEA.
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Table S4. Polymerization of 4d by (R)-DMPEA/[Rh(nbd)Cl],?

no. time(min) conversion(%)®  My(x10%° DP,”  M/M,

1 5 4.26 2.52 31 1.08
2 20 6.24 2.66 3.3 1.10
3 60 8.10 2.74 34 111
4 180 16.5 2.83 35 1.12
5 360 20.0 2.80 35 111
6 1440 21.6 2.79 35 111
7 2880 23.7 2.77 34 1.10

% At room temperature in toluene. [4d], = 0.10 mol/L, [4d]/[[Rh(nbd)Cl],] =
100, [(R)-DMPEA]/[[Rh(nbd)Cl],] = 250.° By GPC.

Tiuwiniut : ) . ’ o Tursse

Figure $4. (a) A time-conversion curve, (b) a conversion-DP, plot, and (c) a
first-order plot for polymerization of 4d with (R)-DMPEA.
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Table S5. Preparation of block copolymer of poly(4c-block-SPA) prepared by
polymerization of SPA initiated by living poly(4c)

SPA SPA
4c conv.? R SPA Feed _
no. conv. UNiteomposition.
(%) (mol %)
(%) (mol %)
1° 22.8 -0 0
2 0 99.1 50 88

2 By GPC. ° Polymerized for 48 h at room temperature in toluene. [4c]o = 0.10
mol/L, [4c]o/[[Rh(nbd)Cl],] = 100 , [(R)-DMPEA]/[[Rh(nbd)Cl],] = 250. °SPA

was added to the resulting solution of no.1, and copolymerized for 1 h.

Table S6. Polymerization of 4b by TEA/[Rh(nbd)Cl],?

no.  time(min) conversion(%)°  My(x10%" DP,"  My/M.°

1 5 22.3 1.75 28.9 1.17
2 20 48.4 6.50 107 1.19
3 40 66.0 114 188 1.26
4 60 774 14.7 243 131
5 90 85.4 17.3 286 1.39
6 120 90.5 19.2 317 1.45
7 180 94.2 19.7 326 1.60

% At room temperature in toluene. [4b], = 0.10 mol/L, [4b]/[[Rh(nbd)Cl],] =
100 , [TEA]/[[Rh(nbd)Cl],] = 250. ° By GPC.
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Figure S5. (a) A time-conversion curve, (b) a conversion-DP,, plot, and (c) a

first-order plot for polymerization of 4b with TEA.

Table S7. Polymerization of 4b by (S)-PEA/[Rh(nbd)Cl],?

no.  time(hour) conversion(%)° M,(x10°° DP,> M,/M,’

1 1 7.84 0.753 124 1.27
2 3 35.1 2.17 359 1.67
3 6 51.0 3.35 554 1.95
4 8 51.9 3.86 638 1.84

% At room temperature in toluene. [4b], = 0.10 mol/L, [4b]/[[Rh(nbd)Cl],] =
100, [(9)- PEA]/[[Rh(nbd)Cl],] = 250. ° By GPC.

Figure S6. (a) A time-conversion curve, (b) a conversion-DP, plot, and (c) a
first-order plot for polymerization of 4b with (S)-PEA.
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Table S8. Polymerization of 4b by TEA/(S)-PEA/[Rh(nbd)Cl],?
no.  time(hour) conversion(%)®  My(x10°° DP.” M,/M,’

1 1.5 37.3 2.39 124 121
2 3 58.3 4.78 359 1.38
3 6 70.5 6.66 554 1.66
4 12 73.5 6.86 638 1.84

% At room temperature in toluene. [4b], = 0.10 mol/L, [4b]/[[Rh(nbd)Cl],] =
100 , [TEA]/[[Rh(nbd)Cl],] = 250, [TEA]/[(S-PEA] = 10. ° By GPC.

Figure S7. () A time-conversion curve, (b) aconversion-DP, plot, and (c) a
first-order plot for polymerization of 4b with TEA/(S)-PEA.

BT et LSl

propagation

Scheme S1. Polymerization mechanism of the living HSSP.
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Chapter 6

Optimization of Helix-Sense-Selective

Polymerization of VVarious Achiral Phenylacetylenes
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6.1 Abstract

The monomer structures suitable to the helix-sense-selective polymerization

(HSSP) and the suitable combination of chiral amines and monomers were

discussed. For the HSSP of RDHPA the most suitable chiral amine was Ila. For

TBDHPA, Ib was the best cocatalyst. For RDIPA type monomers, la was the

best cocatalyst. The combination of monomer C;;DHPA and chiral amine Ila

was the best to synthesize one-handed helical polymers with the highest optical

purity.
(RDHPA monomers \
R:
) rohord
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HO, ‘%‘0012*'25 '%'0 | | |
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Ia Ib

+
s
H;N 0CgHy7 HN OCHy

/

-134-

\\ Il a b _/




6.2 Introduction

Several kinds of asymmetric polymerizations of achiral monomers to obtain
chiral polymers having their chiral structures in their main chains have been
reported. ! Among them, a direct synthetic method of soluble chiral n-
conjugated polymers whose chiral structures arise solely from the one-handed
helical conformation of the conjugated main chains (therefore, they have no
asymmetric carbons) and are stable alone in solution was so far only the helix-
sense-selective polymerization (HSSP) of an achiral phenylacetylene monomer
such as C1,DHPA (Scheme 1) by using a chiral catalytic system [Rh(nbd)Cl], /
(R)-phenylethylamine ((R)-PEA)(Scheme 2) developed in our laboratory.

In addition, the role of chiral amine cocatalysts in the HSSP had been

I Several chiral amines were effective for the

reported by our group.”
polymerisation reaction and their effectiveness depended on their bulkiness and
coordination ability to rhodium. However, the optical purity of the resulting
polymers was low and the best condition for HSSP hadn’t been discussed.

In this study, the HSSP conditions such as suitable combination of chiral
amines, and monomers to obtain polymers with higher optical purity (i. e. higher
g value) were optimized (Chart 1).

OH —{n
[Rh(nbd)Cl], H
= OC12H25 >
(R)- or (S)- PEA OH
OH OC12Hz5
OH

C1,DHPA
P0|y (ClzDHPA)

Scheme 1. Helix-sense-selective polymerization (HSSP) of C,DHPA.

X NH2 *
miCl~RH PR - ﬂ\Rh/
v ClI7 T ~NE 2 ~ 2 Q/ \CI

[Rh(nbd)CI], (R)-PEA [Rh(nbd)CI], / (R)-PEA

Scheme 2. Two component chiral initiator system in our previous study.
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/ \ ( RDIPA monomers \
RDHPA monomers RY :
N
) /—ii::>—$—o—$—o—éh— d“- R':*iﬁHCng
Ho $0CaHs g T "
1
= R = 0CqzH25
C.DHPA S3DHPA
Y
ue N +NHCH3
RDHPA hld 2
$-0CHy(CFrCF;  5-0CgH,s <-0C44Has R
\‘_ RDIPA 4)
4 Chiral amines N
C:BOHPA C:DHPA C,:DHPA
HzN : HzN :
Ia Ib
0CzHzs
4 : < > s
3-¢
\ C1,PDHPA TBDHPA HiN  OCgHy N DGl

/ L,\ I a b )

Chart 1. Chemical structures of monomers and chiral amines.

6.3 Experimental
6.3.1 Materials

All the solvents used for monomer synthesis and polymerization were
distilled as usual. The polymerization initiator, [Rh(nbd)Cl], (nbd = 2,5-
norbornadiene), purchased from Aldrich Chemical was used as received.
Monomers C,DHPA " CyDHPA ", C,,DHPA ! S3DHPA " and
C,PDHPA Y were synthesized according to our previous reports. The
synthetic methods of monomers TBDHPA, RDIPA, and Cg8DHPA were
described in Chapter 1, Chapter 2 and Chapter 3, respectively. Chiral amines Ila

and I1b were synthesized according to the ref. [2c].

6.3.2 Measurements
Average molecular weight (M,) was estimated by gel permeation

chromatography (tetrahydrofuran as an eluent, polystyrene calibration) using
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JASCO Liquid Chromatography instruments with PU 2080, DG 2080 53, CO
2060, UV 2070, CD2095, and two polystyrene gel columns (Shodex KF 807L).
NMR spectra were recorded on a JEOL GSX 270 at 400 MHz for 'H. IR spectra
were recorded on a JASCO FTIR 4200 spectrometer. CD spectra were measured

with a JASCO J 720 spectropolarimeter.

6.3.3 helix-sense-selective polymerization (HSSP) of the monomers

A typical polymerization procedure for C;,DHPA was as follows: A solution
of [Rh(nbd)Cl], (1.06 mg, 2.30 umol) and Ila (114 mg, 460 umol) in dry
toluene (0.575 mL) was added to a dry toluene (0.575 mL) solution of
C;,DHPA (40.0 mg, 115 pumol). The reaction solution was stirred at room
temperature for 4 h. The crude polymer was purified by reprecipitation of the
toluene solution into a large amount of methanol and the formed solid was dried
in vacuo to give an orange solid. Poly(C,DHPA):Yield: 4.70% (2.00 mg). M,,
=0.8x10°. M,,/M, = 2.7 (Table 1, no. 3).

The other polymerizations of the monomers were also carried out similarly.

6.4 Results and discussion

We used nine achiral monomers and four chiral amines as cocatalysts (Chart
1), i.e., chiral amines la-b and chiral alkoxyamines Ila-b with different bulkiness
and basicity. The results of the polymerization reactions are listed in Table 1.
The CD and UV spectra were shown in Figures 1 and 2. Cotton effects were
observed for the polymers obtained by using different chiral amines as
cocatalysts. These findings indicated the presence of an excess of one-handed
helical polyacetylene backbone. It was clear that HSSP by using chiral amines
[a-b and chiral alkoxyamines Ila-b were successful.

Among the CD intensity (g value) of the poly(C;,DIPA)s polymerized by Ia-
b and Ila-b , the values obtained using bulky chiral amine Ila (Table 1, nos.1 g =
-5) was the highest. For other DHPA type monomers such as S3DHPA and
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Cr8DHPA, polymers synthesized bylla showed high g values as well (Chart 2).
However, the yield was too low and above 90% monomer was remained. I tried

Table 1. HSSP of different monomers at room temperature.

No. MOOmer®cpirylamines [Monomer) - vield Mv Ly g0
1 C.,DHPA Ia 50.0 92 2.5 29 0.22
2 (toluene) Ib 50.0 83 4.9 53 -1.0
3 Ila 50.0 47  0.80 2.7 -5.0
4 IIb 50.0 58 1.1 5.2 1.2
5  S3DHPA Ia 50.0 73 4.0 8.8 -0.94
6 (toluene) Ib 50.0 75 0.23 3.3 -0.59
7 Ila 50.0 50 0060 1.9 -0.85
8 Ib 50.0 65 0.37 3.5 0.33
o Cr8DHPA la 50.0 83 end 2070
10 (CsFs) Ib 50.0 84 -4 d -0.32
11 Ila 50.0 19 4 A 0.72
12 IIb 50.0 67 - d 1.1
13 CsDHPA la 500 25 1.0 5.0 0.16
14 C;,DHPA Ia 500 28 6.7 4.7 0.056
15 C,PDHPA la 50.0 93 7.9 4.0 0.019
16 TBDHPA Ia 10.0 84 2.4 13 2.7
17 (THF) Ib 10.0 51 26 6.9 3.7
18 Ia 10.0 8.0 20 10 -0.067
19 IIb 10.0 59 29 8.0 3.3
20 1 Ia 100 89 4.5 23 24°¢
21  (toluene) Ib 100 91 3.1 6.6 12°¢
22 Ila 100 57 3.7 11 24°¢
23 IIb 100 87 1.3 5.7 -0.81¢
24 2 la 100 83 0.36 4.0 22°
25 (toluene) Ib 100 44 0.13 5.7 0.041 ¢
26 Ila 100 58 0.56 5.6 0.54 ¢
27 IIb 100 85 0.28 3.8 -0.30°

“ [Monomer] = 0.1mol/L, [Chiral amine]/[[Rh(nbd)Cl],] = 200~250, 4h, for the codes, see
Chart 1; ° By GPC correlating with polystyrene standard (eluent: THF); ¢ g value at 307nm,
g= ([0)/3300/¢ ) x 0.001; “No data because of insolubility in THF; ¢ g297.

-138 -



B

N

[6]%104
(deg cm? mol™)
2 o
T | 1 1
o
o

1
=~

o

o &=
;

X107
(L mol"* cm™)

| 1 1

235 300 400 500 600

Wavelength (nm)
Figure 1. CD and UV spectra of poly(C;,DHPA) (Table 1, Nos. 1-4) in CHCl;.
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Figure 2. CD and UV spectra of poly(1) (Table 1, Nos. 20-23) in CHCl;.
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Table 2. HSSP of C;,DHPA at room temperature.

: . . ; .
No. grl;l;a; T(11?()le i;l)d (141%5) MMy E0s)
I Ta 4 47 3.0 27 5.0
2 T 20 48 7.2 43 5.3
3 T 30 48 7.1 36 5.8
4 T 44 4.9 72 37 5.8
5 T 95 4.9 7.0 42 5.6
6 T 120 5.0 8.1 43 48

“ [M]=0.1mol/L, [M]/[Rh(nbd)Cl1],=50, chiral amine]/[Rh(nbd)Cl],=200, in
toluene. ” By GPC correlating with polystyrene standard (eluent:THF). © g value
at 307nm, g=([0]/3300/€)<0.001.

15F
1 —
S
“73 £
o~ i S
x g O S
s‘ [&]
—
()
T 120h
B 20h
1 95h
30h
44h
) L . L
o 20 20h
o E L5 44h
S+ 1 95h
X G n 30h
©E 05} 120h
\_-I/ 0 L L 1 1 i b s, " —
235 300 400 500 600

Wavelength (nm)
Figure 3. CD and UV spectra of poly(C;,DHPA) by using chiral amines Ila as
cocatalysts (Table 2, nos. 1-6).
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to prolong the polymerization time from 4h to 120h (Table 2, nos. 1-6), the M,
and CD strength almost no change (Figure 3). It indicated that the
polymerization finished before 4h. Moreover, the polymerization speed was
pretty low, the color and viscosity of polymerization system changed slowly.

The HSSP of monomer TBDHPA showed different tendency on g value by
using la-b and ITa-b. Ib showed the best performance. This result may be caused
by the effect of polymerization solvent. HSSP of other monomers were carried
out in toluene except TBDHPA because the insolubility of TBDHPA in toluene.
As a result, the polymerization solvent has large effect on the HSSP.

In the case of RDIPA type monomers 1 and 2, the best achiral amine for
HSSP was unbulky chiral aminela, the poly(1) and poly(2) showed the highest g
values 2.4 and 2.2, respectively by using unbulky chiral aminela as cocatalyst.
(Chart 2). This finding suggests that chiral amine having large substituents have
a low coordination ability, while chiral amines having small substituents have a
low selectivity in the polymerization after they have coordinated to the metal.
Therefore, the combination between monomers and chiral amine cocatalysts is

important for synthesizing polymers with higher optical purity.

|g 3071% 107

O RLr N W B U

e C§8DHPA
C,,DHPA S3DHP.

Monomers
Chart 2. The relationship of g 3¢; value between different monomers and

chiral amines.
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6.5 Conclusions

For the HSSP of unbulky monomers RDHPA, the most suitable chiral amine
was bulky amine Ila. For TBDHPA, Ib was the best cocatalyst. For the bulky
monomers RDIPA, unbulky aminela was the best cocatalyst. The combination
of monomer C;,DHPA and chiral amine Ila was the best to synthesize one-

handed helical polymers with the highest optical purity.
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Imine containing RDIPA monomer 1 was the best one to synthesize one-
handed helical polymers with the highest optical purity. For the bulky monomers
RDIPA, unbulky amine la was the best cocatalyst. By introducing perfluorinated
alkanes side group to RDHPA type monomer, the efficiency and ability of the
chiral induction were improved. For HSSP of unbulky monomers RDHPA, the
most suitable chiral amine was bulky amine Ila.

The best asymmetric polymerization method to obtain polymers with the
highest optical purity and chiral induction efficiency ([chiral
source]/[monomer]) among pseudo helix-sense-selective polymerization
(PHSSP), helix-sense-selective polymerization (HSSP) and asymmetric induced
polymerization followed by polymer reaction in membrane (AIP-RIM) was
pseudo helix-sense-selective polymerization (PHSSP) because of the

introduction of dynamic covalent imino bond.

*
A
=@ Chiralamine  [Rh{nbd)Cl],
a3 HSS,
Achiral { P)
menemer
A @
* Achiral amine Achiral
b) =_. [Rh{nbd)CI], amine
Chiral {aiP) (RiM}
meonoemer
Membrane state
One-handed
* helical
! . Y ® polyacetylene
Chiral amine Achiral \. J/
0 =4 [Rhinbd)Cl], amine
Achiral ‘PHSSP) tPH“P)

monomer

Without isolation
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PART Il

Application of the Helical Polymers Prepared by
the HSSP for Membranes
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Chapter 7

Application of the One-Handed Helical
Polymers Prepared by the HSSP to Polymer

Membranes for Gas Separation
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7.1 Abstract

The new phenylacetylenes having two hydroxyl groups were synthesized and
polymerized. The polymeric dense membranes were expected to enhance gas
permselectivity because of the high regularity of the polymer structure. Gas
permselectivities of the resulting membranes were determined and the
membrane forming ability was optimized by selecting a better casting solvent.
The effects of the two hydroxyl groups and the conformation of the main chain

on the gas permselectivity were discussed.

The spacer of OH
groups between
polymer chains

Enhancement
of the

To control the size of permselectivity
space between

polymer chains

Cis-cisoidal polymer

To obtain regular,
rigid compact rod
like main chain
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7.2 Introduction
The first and higher order structures of polymers play an important role for
the gas permselectivity of nonporous membranes. Separation of gases like O,
and CO, through permselective membranes is a very promising method to solve

1 Our group has reported many

the energy or environmental problems.
polyphenylacetylene membranes having siloxanyl groups showed good self-
membrane forming ability and high gas permeabilities (poly(A), poly(B)). The
poly(A) showed relativily high permselectivity. Because of the glass transition
temperatures (Tg) and free volumes increased owing the bulkiness of the
trimethylsilyl group, however, the permearbility was low. In addition, siloxane
containing polymer(B) showed good self-membrane forming ability and high
permeability due to the flexible of siloxane (Si-O-Si) bond in the polymer,

however, the permselectivity was low. Moreover, one-handed helical

polyphenylacetylenes were synthesized by our group successfully. !

H R1)¢ —R'—:  None 1
OH
OC12Hzs 4o X 2
R1
Hon Jo0~X 3
poly(1)~poly(3)
'a ™\

R*: 4-0CiHzs 4

I 1 )
-}ﬁi—o-ﬁi—o- i— 5 (chiral)
6 (achiral

M/\T

\ J

i /é poly(A) H3C ?I—O ﬁl—CH3
poly(B) CH; CH;

poly(A)~poly(B) PDMS

Chart 1. Chemical structures of polyphenylacetylenes used

. as membrane material in this chapter. ,
This kinds
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of polymers containing compact rod like cis-cisoidal main chain as a pseudo-
hexagonal columnar structure, the membranes showed high regularity structures.
In this chapter, the new phenylacetylenes having two hydroxyl groups were
synthesized and polymerized. The polymeric dense membranes (poly(1)-poly(7))
were expected to enhance gas permselectivity because of the high regularity of
the polymer structure. Gas perm-selectivities of the resulting membranes were
determined and the membrane forming ability of poly(l) was optimized by
selecting a better casting solvent. The effects of the two hydroxyl groups and the

conformation of the main chain on the gas permselectivity were discussed.

7.3 Experimental
7.3.1 Materials

All the solvents used for synthesis and polymerization of the monomers were
distilled as usual. The polymerization initiator, [Rh(nbd)Cl], (nbd = 2,5
norbornadiene), purchased from Aldrich Chemical was used as received.
Poly(1), poly(4) - poly(6), poly(A), and poly(B) was synthesized according to

our previous report." Poly(7) was synthesized according Chapter 1.

7.3.2 Measurements
7.3.2.1 Measurement of oxygen and nitrogen permeability

Oxygen and nitrogen permeability

2
coefficients (Po, and Py;,: cm’™ (STP) - cm P=; q D= L
AP- A -t 69
em” - s7 - cmHg') and the oxygen p
P .
separation factor (a = Po, / Px,) were §= _D_ a= P,

measured by a gas chromatographic  p(em): thickness; q (em’): quantity;

method using YANACO GTR-10  p(emHg): pressure;  A(cm?): area;

according to Ref. [5]. The gas t(s): permeation time; 6(s): time lag;

permeability coefficient and can be
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explained on the basis of the solution-diffusion mechanism (P = DS), where D is
the diffusion coefficient and S is the solubility coefficient. The diffusion
coefficient was calculated by the time-lag method represented by D = L* / 66,
where L is the thickness of the membrane and 6 is the time-lag.

7.3.2.2 Other measurements

'H NMR (400MHz) spectra were recorded on a JEOL LEOLEX-400
spectrometer. The average molecular weights (M, and M,,) were evaluated by
gel permeation chromatography (GPC) by using JASCO liquid chromatography
instruments with PU-2080, DG-2080-53, CO-2060, UV-2070, CD-2095, and
two polystyrene gel columns (Shodex KF-807 L, THF eluent, polystyrene
calibration). We recorded CD spectra by using a JASCO J-720WI
spectropolarimeter with a Peltier controller for temperatures at 20°C (a quartz
cell of 1 mm path length; sample concentration: 0.100 to 2.00 mM based on the
monomer unit). The infrared spectra were recorded on FT/IR-4200 (JASCO).

7.3.3 Synthesis of the monomers 2 and 3 (Scheme 1)

OH Br OR
_ R: $~OH 2
= OC,H Corw PPy OC,H HOR _ o OC1-H %
- 121125 a— =
CH,Cl, \_/ 12725 “NaH, THF \ / 127125
S~ ~OH
OH Br OR $ 3

1 8

Scheme 1. Synthetic route of monomers 2 and 3.

7.3.3.1 4-Dodecyloxy-3,5-bis(bromomethyl)phenylacetylene (8)

Monomer 1 (1.00g, 2.89mmol), CBrs (3.23g, 9.73mmol), PPh; (2.27g,
8.67mmol), CH,Cl, (40ml) were add to the flask. The solution was stirred for
4h in ice bath. It was purified by silica-gel column chromatography (Hexane, Rf:
0.14) to gave compound 8 as a white solid. The yield was 88.5%. 'H-
NMR(400MH,, CDCl;, TMS, 8): 7.50 (s, 2H, PhH), 4.48(d, 4H, PhCH,Br),
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4.09(t, 2H, PhOCH,), 3.06(s, 1H=CH), 1.89(p, 2H, OCH,CH,CH,), 1.54-
1.27(m,18H,(CH,)yCHj3), 0.88(t,3H, (CH,)yCH3).
7.3.3.2 4-Dodecyloxy-3,5-bis(2-hydroxyethyloxymethyl)phenylacetylene (2)
Sodium hydride (144mg, 3.00mmol) was added to a solution of compound 8
(300mg, 0.600mmol) and ethylene glycol (0.330mL, 6.00mmol) in THF
(60.0mL). The mixture was refluxed for 3 days, and water was added. The
resulting mixture was extracted with ethyl acetate, dried over MgSO,, and
evaporated to dryness. The product was purified with silica gel chromatography
(hexane/AcOEt= 2/1; Rf: 0.23). A white solid was obtained in a 68.6% yield.
'H-NMR(400MH,, CDCl;, TMS, 8): 7.43(s, 2H, PhH), 4.50(d, 4H,
PhCH,0), 3.76(t, 2H, PhOCH,), 3.70(t, 4H, CH,CH,OH), 3.55(t, 4H,
CH,CH,0H), 2.96(s, 1H, C=CH), 1.93(t, 2H, CH,CH,0H), 1.72(p, 2H,
OCH,CH,CH,), 1.45-1.19(m, 18H, (CH,)oCH3), 0.81(t, 3H, (CH,)yCH;).
7.3.3.2 4-Dodecyloxy-3,5-bis(4-hydroxybutyloxymethyl)phenylacetylene (3)
Sodium hydride (150mg, 3.20mmol) was added to a solution of compound 8
(300mg, 0.640mmol) and 1,4-butane diol (0.560mL, 6.35mmol) in THF
(60.0mL). The mixture was refluxed for 3 days, and water was added. The
resulting mixture was extracted with ethyl acetate, dried over MgSQO,, and
evaporated to dryness. The product was purified with silica gel chromatography
(hexane/AcOEt= 2/1; Rf: 0.12). A colorless liquid was obtained in a 47.6% yield.
'H-NMR(400MH,, CDCls, TMS, 8), 7.48(s, 2H, PhH), 4.50(s, 4H, PhCH,0),
3.81(t, 2H, PhOCH;), 3.64(t, 4H, CH,(CH,),CH,OH), 3.53(t, 4H,
CH,(CH;),CH,0H), 3.01(s, 1H, C=CH), 1.93(t, 2H, CH,CH,0H), 1.78(p, 2H,
OCH,CH,CH;), 1.65(m, 8H, CH,(CH,),CH,0OH), 1.45-1.26(m, 18H,
(CH;)9CH3), 0.88(t, 3H, (CH;,)oCH3).
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7.3.4 Polymerization of the monomers 2 and 3 (Scheme 2)

OR —(/n R:

[Rh(nbd)CI], H © N OH Poly (2)
= OR >
(R)- or (S)- PEA OR
OR OR
OR i ~_OH Poly (3)
2and 3 Poly (2) and poly(3)

Scheme 2. Helix-sense-selective polymerization (HSSP) of 2 and 3.

A typical procedure for monomer (2) was as follows: A solution of
[Rh(nbd)Cl], (2.12mg, 4.6umol) and (S)- or (R)-phenylethylamine (PEA)
(118ul, 0.920mmol) in dry toluene (1.44mL) was added to a dry toluene
(1.44mL) solution of 2 (100mg, 230umol). The reaction solution was stirred at
room temperature for 4h. The crude polymer was purified by reprecipitation of
the THF solution into a large amount of methanol and the formed solid was
dried in vacuo to give a red solid.

Other helix-sense-selective polymerisation (HSSP) of the monomers 1-7, A

and B were carried out similarly.

7.3.5 Membrane preparation

A typical membrane fabrication method for poly(2) was as follows: A
solution of the poly(2) (0.0600-10.0 wt%) in dry toluene (40.0 mg/mL) was cast
on a poly(tetrafluoroethylene) sheet (4 cm®). After evaporating of the solvent for
12h at 25°C, the membranes were detached from the sheet and dried in vacuo

for 24 h. Thickness (L) of the membranes was 50.0-80.0 pum.

7.4 Results and Discussion
7.4.1 The effect of membrane preparation method on O,/N, selective
permeation

Oxygen permselectivities of polymer membranes prepared from solutions in

a different solvent (Chart 1, poly(1)) were shown in Figure. 2 and Tables 2.
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Poly(1-b) which was cast from a solution of toluene and CHCl; (two component
solvent) showed the highest permselectivity among the membranes prepared by
the other solvents (poly(1-a), poly(1-c), and poly(1-d)). This may be caused by
the difference of the amount of defects. The structures of membranes fabricated
by different solvent and conditions were analyzed by X-ray diffraction. The
results were shown in Figure. 1 and Table 1. The membranes prepared by
CHCIl; give highest columnar content. The membranes fabricated by polar
solvents showed low columnar content. The higher the columnar content is the
lower selectivity it will be. Poly(1-b) having appropriate columnar content show

the best performance.

6 7 Pseudo-hexagonal
Poly(1) columnar structure
4.5
g Poly(2) Columnar diameter .
&) d .%o
23 A L)
5 -~
= Lattice spacing
1.5 1 Poly(3)
Poly(4)
0 10 20 3¢
28

Figure 1. X-Ray diffraction diagrams of poly(1) - poly(4) membranes; scanning
rate = 2 deg/min, A=1.54 A.

Table 1. Structure of poly(1) membranes %)

Lattice”  Columnar® Columnar ¢ o)
Membrane

Membrane Solvent Condition Spac;ing dian:}eter content forming ability d? Color
A A %

I-a toluene 25°C/101KPa 20.53 23,71 69.3 + —¥&  orange

1-b  toluene/CHCI; 25°C/101KPa  20.53 23.71 67.8 ++ —*%  orange

1-¢ CHCl, 25°C/101KPa  20.42 23.58 85.9 ++ 0.906 orange

I-d  pyridine 45°C/61KPa  20.62 23.81 29.0 + —&  red

1-e CHCIy/DMSO 60°C/31KPa  31.30 35.33 27.0 - — % orange

a) By solvent casting; b) Determined by XRD, calculated from the following equations: 2d sin § =n 4 , where
n=1 and A =1.54 A; c) d/sin 60; d) The raftio of the area of columnar region to the area of the entire region; e)
++ :Excellent; + : good; — : poor; f) Density determined by densimeter (g/em®); g) No determined.
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Table 2. Oxygen permselectivity of polymer membranes.

Membrane
- b 0 o Do o S0
Solvent forming Po, Do, So, d
ability
poly(1-a) toluene + 128 217 170 187 753 1.16 -
poly(1-b) toluel(lf//IC)HCh + 141 261 180 119 783 219 ---ee-
poly(1-c) CHCl; + 139 219 1.16 1.04 11.98 2.10 0.906
poly(1-d) pyridine + 146 207 137 119 1065 1.74 -
poly(2) THF - 0.13 260 041 145 320 1.79 -
poly(3) THF + 0.16 2.67 050 134 320 1.99 -
poly(4) t"lue?f//SHCh - 017 250 040 120 400 210 -
poly(5) toluene/CHCl; + 214 2.00
(1/1)
poly(6) toluene/CHCl3 + 267  1.90
(1/1)
Poly(7) tOIUC?f;IC)HCls 011 232 509 200 221 1.16 -
Poly(A)” CHCl; + 1.71 270 226 134 757 2.01 0976
Poly(B)" CHCl; + 3.97 220 124 130 32.00 1.70 0.988
PDMS® o e 350 1.90 19.00 140 190 1.50 ---me-

a) +: Best; £: good; —: poor; b) In 10'Scm3(STP)-cm-cm72-571-cmHgfl; ¢)In 10%m*s™; d) In
10”cm’*(STP)-cm *-cmHg '; ¢) Density determined by densimeter (g/cm’); f) From ref. 2); g)

From ref. 6).

From the values of Dq,/Dx, and So0,/Sn, in Table 2, increases in Po,/Px;,

values of poly(1-b) were caused by mainly increases in So,/Sx, values similarly

to poly(A).
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Figure 2. The relationship between permeablility and permselectivity for O,
through the poly(1) membranes prepared from the solution of (1-a) toluene; (1-
b) toluene/CHCl;=1/1; (1-c) CHCl3; and (1-d) pyridine.

7.4.2 The effect of Si% content on O,/N, selective permeation

In order to increase the permeability and discuss the effect of Si% content on
gas permselectivity, I synthesized the polymers containing siloxane groups
poly(5), poly(6) and copolymerized monomer 5 with monomer 1. The results
were shown in Figure 3. The permeability was enhanced by increasing the

amount of Si%. The soft Si-O made gas molecules permeate membranes readily.

2.8 Fr T ST T T T T T T T T T T T i
® copolhy(1/5)(71/29) 1
2.7 Poly(1) 0!
26 | ® poly(1-b) :
.5 | OH |
s Q Wenatlen Copoly(1/5)(71129) 13 :

4 | OH
& ® copoly(V/5)57/43) I
= 23 F 0. oL L Copoly(1/5)(57/43) 19 :
H.?N OT@—s.la-o-sli-o-sli— 1
22 |
1
21 r 1
Poly(5) chiral 45 |
2} | . |

. -0)=S=0=Sj—

Lo polv(5) ° o sII 0 sII © s|I Poly(6) racemic 45 |
. |
18 pol¥(©) PDMS '

¢ 05 1 L5 2 25 3 35 4
Po (X 16cm(STP)-cm-cm -9 '-cmHg ")

Figure 3. The relationship between permeablility and permselectivity for O,
through the copoly(1/5), poly(5), poly(6) and PDMA membranes .
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7.4.3 The effect of spacers on O,/N, selective permeation

267 | @ poly(®
265 |
L 28
3‘-2.. poly(1)
£ 261} poly(1-b) @
& Joly(2)
250 |
2.57 |
® poly(4)
¢ 02 ¢4 06 08 1 12 14
Po, (% 10%em*(STP) cm-em 25! -emElg™) poly(3)

Figure 4. The relationship between permeablility and permselectivity for O,

through the poly(1-b)-poly(4) membranes.

The effects of spacers on O,/N, selective permeation were discussed. The
polymers having different spacers were measured and the results were shown in
Figure 4. By increasing the length of spacers of two hydroxyl groups, the
permeability decreased. Moreover, to compare with poly(1) the spacer of benzyl

group of poly(4) lead to negative effect on the permselectivity.

28
2.7

Figure 5. The relationship between permeablility and permselectivity for O,

@ copoly(1/5)(71/29)
@ qoiy PR
..pol_\(Z) ® poly(1-b)
L poly(4)
I; ® copoly(1/S)(57/43)
rolx(7)
- poly(B) Of
i pelviSHe
- polv(6)® 0]
L 1 L L 1 1 P])lhlsl
0 85 1 15 2 25 3 35 4

Py, (3¢ 103c’(STP) cm-em 2571 cmHg ™)

through the poly(1-b)-poly(4) membranes.
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Higher Po,/Pn, of poly(1l-b) and copoly(1/5) membranes than other

membranes in this study caused by 1) molecular level: higher regularity of the
polymer main chain and uniform size of free volumes; 2) higher ordered level:
the membranes forming ability was optimized by using better casting solvent as

a result, the optimized membranes contain low ratio of defects.

7.5 Conclusions

To obtain membranes having the best performance, selection of solvent and
condition in membrane preparation was important. The more rigid backbone of
the polymers having the same oligosiloxane content decreased the
permselectivity. The longer spacer increased flexibility and decreased the

permeability.
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Chapter 8

Facile Synthesis of Amphiphilic 1,3,5-Trisubstituted
Benzene Derivatives Having Six Hydroxyl Groups
and Three Hydrophilic Groups as Novel 2D Surface
Modifiers for Efficient Improvement of Oxygen

Permselectivity of Polymer Membranes
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8.1 Abstract

Facile synthesis of amphiphilic molecules 1,3,5-trisubstituted benzene
derivatives having six hydroxyl groups and three hydrophilic groups as novel
2D surface modifiers were achieved. Surface modifications by 0.06~10 wt% of
amphiphilic molecules T-EO, T-(EO-co-Do), on substrates PVA, PVAc and
PDPS were achieved by a simple method, because the contact angles for blend
membranes were increased. A supromolecular structure of the amphiphilic
molecules T-EO having 2D regular size pores and thinner thickness in molecular
level on the PVA membrane surface was formed. The oxygen permselectivity of
substrate polymer membranes were improved highly from 1.71 to 4.11 without

drop in Po,.

A tighd and insiroghobic
disc-like cantar

Hydrayl groups maxing
Imxirogen bond
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8.2 Introduction

Gas-permselective membranes are very important and valuable because the
necessity to remove impurities or purify mixtures of gases whose molecular
sizes are very similar is increasing because solving the recent environmental
problems has been focused on. ! Carbon molecular sieve membranes showed
good gas permselectivity have been reported. ! Tsuru group reported silica

Bl The silica membranes

membranes with high gas-separation performance.
showed molecular sieving properties. However the inorganic membranes show
no self-supporting membrane forming ability.

The formation of functionalized surfaces with periodicities on the nanometer
scale attracts a lot of interest. 1) Molecules are ideal building blocks for the
formation of such well-organized and functional surfaces via self-assembley.
Two-dimensional (2D) pattern formation might turn out to be crucial to the
design and properties of functional surfaces. ) Noncovalent interactions are
attractive tools to control the ordering of molecules on a surface. Hydrogen
bonds are highly selective and directional, though moderately strong, and they
have been extensively applied to direct the molecular ordering on surfaces.
Amphiphilic molecules were used as an ideal modifier for the formation of well-
organized and functional surfaces via self-assembly. !

In this chapter, in order to enhance the O,/N, permselectivity through the
substrate membranes of poly(vinyl alcohol) (PVA) and poly(vinyl acetate)
(PVAc) (Chart 1), an amphiphilic molecule T-EO having six hydroxyl groups
and three hydrophilic groups (Figure 2) was used for the modification of the
substrate members. The amphiphilic molecule T-EO was prepared by a facile
method - highly selective photocyclic aromatization of cis-cisoid helical
polymer (SCAT). 1 The 0,/N, permselectivity of the substrate polymer
membranes were expected to be enhanced since the formation of 2D structure on

the surface of substrate membranes. The membranes are expected to show

molecular sieving properties.
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Chart 1. Chemical structures of substrate polymers.
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o, (s}

T-EO T-(EO-co-Do)

Figure 1. Chemical structures of T-EO and T-(EO-co-Do), a) 2D chemical

structure, b) 3D side view, ¢) 3D bird’s-eye view.
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8.3 Experimental
8.3.1 Materials

All the solvents used for monomer synthesis and polymerization were
distilled as wusual. The polymerization initiator, [Rh(nbd)Cl], (nbd=2,5
norbornadiene), purchased from Aldrich Chemical Co., Inc., was used as
received. 4-(Dodecyloxy)-3,5-bis(hydroxymethyl)phenylacetylene was
synthesized from 4-bromophenol according to our previous report. ! Poly(vinyl
alcohol) (PVA) (M,, = 1500, degree of hydrolysis = 86.0~90.0 mol%) and
poly(vinyl acetate) (PVAc) (M,, = 1500) purchased from Wako Pure Chemical
Industries, LTD., were used as received. Poly(1-phenyl-2-[p-
(trimethylsilyl)phenyl]acetylene) (PDPA) (M, = 8.72x10° was synthesized

according to Masuda’s report !'%,

8.3.2 Measurements
8.3.2.1 Measurement of oxygen and nitrogen permeability

Oxygen and nitrogen permeability coefficients (Po, and Py,: cm’ (STP)-cm
cm™'s'-cm-Hg') and the oxygen separation factor (a = Po,/Px,) were measured

by a gas chromatographic method using YANACO GTR-10 according to Ref.
[11]. The gas permeability coefficient and can be explained on the basis of the
solution-diffusion mechanism (P = DS), where D is the diffusion coefficient and
S is the solubility coefficient. The diffusion coefficient was calculated by the
time-lag method represented by D = L* / 66, where L is the thickness of the
membrane and 6 is the time-lag.

8.3.2.2 Other measurements

'H NMR (400MHz) spectra were recorded on a JEOL LEOLEX-400
spectrometer. The average molecular weights (M, and M,,) were evaluated by
gel permeation chromatography (GPC) by using JASCO liquid chromatography
instruments with PU-2080, DG-2080-53, CO-2060, UV-2070, CD-2095, and
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two polystyrene gel columns (Shodex KF-807 L, THF eluent, polystyrene
calibration). CD spectra were recorded by using a JASCO J-720WI
spectropolarimeter with a Peltier controller for temperatures at 20°C (a quartz
cell of 1 mm path length; sample concentration: 0.100 to 2.00 mM based on the
monomer unit). The infrared spectra were recorded on FT/IR-4200 (JASCO).
MALDI-TOF-MS spectra were recorded using a Bruker Reflex II mass
spectrometer (Bruker Daltonics). Contact angles of distilled water droplets on

the membranes were measured with a DM-301, Kyowa Interface Science Co.,

LTD. All molecular calculations were performed using Spartan’10.

8.3.3 Synthesis of the monomer EO (Scheme 1)

i L
I
O (0] -
o . S NG N o 54©> o
- \/\o/\/OH o "1 K,COs, 18-crown-6 0NN

NaH, dry THF

(e}

acetone

CH,Cl, o0 > O

K,COj, 18-crown-6
acetone

o\/\o/\/o

EO

Scheme 1. Synthetic route to monomer EO.

8.3.3.1 2-(2-Methoxyethoxy)ethyl-4-methylbenzenesulfonate (2)

To a dry tetrahydrofuran (THF) solution (50.0 mL) of NaH (40% oil) (3.50 g,
87.6 mmol), diethyleneglycol monomethyl ether (7.80 mL, 65.7 mmol) and a
dry THF solution of 4-toluenesulfonyl chloride (TsCl: 10.4 g, 54.8 mmol) were
added dropwise at 0°C, respectively. After stirring for 9h at room temperature,
the reaction mixture was treated with 4N HCIl aq. and filtered, THF was

removed by evaporation. The yellow solution was extracted by dichloromethane.
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The organic layer was dried over anhydrous MgSO, and concentrated. The
crude product was purified by silica-gel column chromatography to give 2 as a
colorless liquid. Yield: 64.3% (9.66 g). R = 0.36 (ethyl acetate / hexane =1/ 1).
'H NMR (CDCl;, TMS, ppm): 5= 7.80 (d, 2H, PhH), 7.34 (d, 2H, PhH), 4.17 (4,
2H, S(=0),0CH,CH,), 3.69 (t, 2H, S(=0),0CH,CH,0), 3.58~3.48 (m, 4H,
OCH,CH,0CHj3), 3.35 (s, 3H, OCHs;), 2.45 (s, 3H, PhCH;) .

8.3.3.2 1-(1, 4, 7-Trioxaoctyl)-2-hydroxymethylbenzene (3)

To an acetone solution (200 mL) of K,CO; (11.1 g, 80.6 mmol), 18-crown-6
(5.35 g, 20.1 mmol) and 2-hydroxybenzyl alcohol (5.00 g, 40.3 mmol), 2 (12.2 g,
44.3 mmol) was added dropwise at 0°C. After 48h at reflux, the reaction mixture
was extracted with ethyl acetate. The organic layer was dried over MgSO,4 and
concentrated. The crude product was purified by silica-gel column
chromatography to give aim product 3. Yield: 66.2% (6.03 g). R¢=0.31 (ethyl
acetate / hexane =1/ 1). '"H NMR (CDCl3, TMS, ppm): 6= 7.23 (m, 2H, PhH),
6.90 (m, 2H, PhH), 4.65 (d, 2H, PhCH,0OH), 4.18 (t, 2H, PhOCH,CH,),
3.83~3.54 (m, 6H, CH,CH,0CH,CH,0CH3;), 3.36 (s, 3H, OCH;), 3.33 (t, 1H,
CH,OH).

8.3.3.3 1-(1, 4, 7-Trioxaoctyl)-2-bromomethylbenzene (4)

To a dichloromethane solution (200 mL) of 3 (5.71 g, 25.2 mmol) and
tetrabromomethane (14.2 g, 42.9 mmol), triphenylphosphine (10.0 g, 38.2 mmol)
was added dropwise at 0°C and then stirred for 1h. The saturated sodium
bicarbonate solution was added to the mixture to stop the reaction. The reaction
mixture was extracted with dichloromethane and the organic layer was dried
over MgSO, and concentrated. The resulting yellow oil liquid was purified by
silica-gel column chromatography to give aim product 4. Yield: 86.5% (6.31 g).
R¢ = 0.50 (ethyl acetate / hexane = 1 / 3). '"H NMR (CDCl;, TMS, ppm): 6 =
7.28 (m, 2H, PhH), 6.88 (m, 2H, PhH), 4.57 (s, 2H, PhCH,Br), 4.19 (t, 2H,
PhOCH,CH,), 3.90~3.55 (m, 6H, CH,CH,0CH,CH,0OCH;), 3.37 (s, 3H,
OCHs).
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8.3.3.4 2, 6-Bis(hydroxymethyl)-4-ethynylphenol (5) ™

According to the literature procedure, 5 was prepared as a white solid. Yield:
29.9% (4.95 g). Ry = 0.27 (ethyl acetate / hexane = 1/ 1). "H NMR (DMSO-dg,
ppm): & = 8.98 (s, 1H, PhOH), 7.27 (s, 2H, PhH), 5.29 (s, 2H, Ph(CH,0H),),
4.52 (s, 4H, Ph(CH,0OH),), 3.91 (s, 1H, HC=C).

8.3.3.5 4-[4°-(1,4,7-Trioxaoctyl)benzyloxy]-3,5-bis(hydroxymethyl)phenyl-

acetylene (EO)

A mixture of 4 (1.96 g, 6.79 mmol), 5 (1.10 g, 6.17 mmol), 18-crown-6 (1.79
g, 6.79 mmol) and K,CO; (1.71 g, 12.3 mmol) in acetone (33.0 mL) was stirred
for 50h at reflux. Then the mixture was filtered, the solvent was removed. The
residue was washed with water and extracted with dichloromethane. The organic
layer was dried over MgSO, and concentrated. The crude product was purified
by silica-gel column chromatography to give aim product EO. Yield: 65.0%
(1.55 g). Ry = 0.25 (ethyl acetate/hexane = 1/2). '"H NMR (CDCl;, TMS, ppm):
0 ="7.53 (s, 2H, HC=CPhH), 7.45~7.30 (m, 2H, PhHOCH,CH,), 7.03~6.90(m,
2H, PhOCH,PhH), 5.01 (s, 2H, PhOCH,Ph), 4.75 (d, 4H, Ph(CH,0OH),), 4.19 (t,
2H, PhOCH,CH,), 3.88~3.57 (m, 6H, CH,CH,OCH,CH,0OCHj3), 3.36 (s, 3H,
OCHj,), 3.03 (s, 1H, HC=C), 2.82 (t, 2H, Ph(CH,0H),). °C NMR (CDCl;,
TMS, ppm): 6 = 159.11, 154.90, 134.85, 132.47, 130.08, 128.88, 118.45, 114,86
(aromatic), 83.31 (HC=C), 77.16 (PhCH,0), 76.71 (HC=C), 60.36 (CH,OH),
72.00, 70.80, 69.79, 67.49, 59.16 (OCH,CH,0OCH,CH,0CH3). Anal. Cacld for
CxH2604: C, 68.38; H, 6.78; O, 24.84. Found: C, 68.25; H, 6.81; O, 24.94.

8.3.4 Synthesis of P-EO by polymerization of EO

8.3.4.1 Polymerization of 4-[4’-(1,4,7-Trioxaoctyl)benzyloxy]-3,5-bis(hydr-

oxymethyl)phenylacetylene (EO) (Scheme 2)

A solution of [Rh(nbd)Cl], (3.58 mg, 7.77 umol) and (R)-phenylethylamine
(PEA) (0.398 mL, 3.10 mmol) in dry chloroform (2.60 mL) was added to a dry
chloroform (1.59 mL) solution of EO (100 mg, 0.259 mmol). The reaction
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solution was stirred at room temperature for 12h. The crude polymer was
purified by reprecipitation of the chloroform solution into a large amount of
ethyl acetate / hexane = 3 / 2, and the formed solid was dried in vacuo to give a
deep red solid. P-EO: Yield: 54.9% (54.9 mg). M,, =2.62x10°, M,/M, = 7.40.
'H NMR (CDCl3/DMSO-ds; = 60/40 (v/v), TMS, ppm): & = 7.28 (d, 1H,
PhHOCH,CH,), 7.16 (t, 1H, PhHOCH,CH,), 6.81 (m, 4H, HC=CPhH and
PhHOCH,CH,), 4.57~4.37 (m, 6H, PhOCH,Ph and Ph(CH,0H),), 3.97~3.49
(m, 10H, OCH,CH,0CH,CH,0CHj; and Ph(CH,0H),)), 3.36 (s, 3H, OCH;).
Cis% = 94.4%.

=

o

{R)- or (S)-PEA !
OH

& B =
N A s
i O“\/\\O—”\/ O = - = O O’/\\/O\
\\\J [Rh(nbe)CH, . i

EO P-EOQ

Scheme 2. HSSP of EO by using [Rh(nbd)Cl,] as a catalyst and (R)- or (S)-PEA

as a cocatalyst.
8.3.4.2 Copolymerization of 4-[4’-(1,4,7-trioxaoctyl)benzyloxy]-3,5-bis(hy-
droxymethyl)phenylacetylene (EO) and 4-(dodecyloxy)-3,5-bis(hydroxyme-

thyl)phenylacetylene (Do) (Scheme 3)

TR S

H
OH + (R)- or (S)-PEA
E)/&Ao/\/o\ ‘QR@%/)\;&
[Rh(nbd)Cl],

EO Do P-(EO-co-Do)
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Scheme 3. HSSP of EO with Do by using [Rh(nbd)Cl,] as a catalyst and (R)- or
(S)-PEA as a cocatalyst.

A solution of [Rh(nbd)Cl], (3.58 mg, 7.77 umol) and (R)-phenylethylamine
(PEA) (0.398 mL, 3.10 mmol) in dry chloroform (2.60 mL) was added to a dry
chloroform (1.59 mL) solution of EO (50.0 mg, 0.130 mmol) and Do (45.0 mg,
0.130 mmol). The reaction solution was stirred at room temperature for 12h. The
crude polymer was purified by reprecipitation of the chloroform solution into a
large amount of ethyl acetate / hexane = 3 / 2) and the formed solid was dried in
vacuo to give a deep red solid. P-(EO-co-Do): Yield: 74.5% (70.8 mg). M,, =
1.41x10", M, /M, =2.57, Do in copolymer = 37.5 mol%.

8.3.5 Preparation of T-EO and T-(EO-co-Do) (Scheme 4)

oY TH
HO OH
0 hv
o .
é/ \/\O/\/o\ in the membrane state
P-EO T-EO

Scheme 4. One-pot synthesis of T-EO by SCAT of P-EO.

A typical procedure for T-EO was as follows: A solution of P-EO in
chloroform (13 mg/mL) was cast on a poly(tetrafluoroethylene) sheet (100 cm?),
and the solvent was evaporated for 24 h at room temperature. The membrane
(thickness 20.0 um) was irradiated under nitrogen by visible light (400-500 nm,
2.54 mW/ cm’®) for 2 weeks. The reaction was monitored by GPC detected by
UV and CD. Visible light (400-500 nm) irradiation was carried out by using a
300 W of Xe lamp (Asahi Spectra, MAX-302 with vis mirror module) through a
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cutoff filter (Asahi Spectra, LUX400 (A > 400 nm), XF541 (A < 510 nm), and
XF546 (A < 610 nm). All the resulting products were totally soluble and no
insoluble parts were obtained. The crude product was purified by silica-gel
column chromatography to give aim product T-EO. Ry = 0.25 (ethyl acetate /
acetone =4 / 1). Yield: 78.4%. '"H NMR (CDCl;, TMS, ppm): & = 7.45~6.88 (m,
21H, PhHOCH,CH,, PhPhH and PhH(CH,OH),)), 5.14 (s, 6H, PhOCH,Ph),
4.86 (t, 6H, Ph(CH,OH),), 4.62 (d, 12H, Ph(CH,0H), ), 4.13~3.43 (m, 24H,
OCH,CH,0OCH,CH,0OCH3), 3.24 (s, 9H, OCHs;). IR (film): 3700-3100(OH),
3000-2800(CH). TOF-MS m/z (M + Na"): Caled. 1181.52, Found. 1181.50.

The T-(EO-co-Do) was also prepared similarly from P-(EO-co-Do). TOF-
MS m/z (M + Na"): Calcd. 1101.67, 1141.59, 1181.51, Found. 1101.70, 1141.64,
1181.57.

8.3.6 Membrane preparation

A typical blend membrane fabrication method for T-EO/PVA was as
follows: A solution of the T-EO (0.0600~10.0 wt%) and the base polymer PVA
(M, = 1500, degree of hydrolysis = 86.0~90.0 mol%) in dry DMSO (40.0
mg/mL) was cast on a poly(tetrafluoroethylene) sheet (4 cm?). After evaporating
of the solvent for 12 h at 50°C, 1.33x10” MPa and annealing for another 24h,
the membranes were detached from the sheet and dried in vacuo for 24 h.
Thickness (L) of the membranes was 50.0~55.0 um.

The blend membranes P-EO/PVA, T-(EO-co-D0)/PVA and T-EO/PVAc
were also carried out similarly. Thickness (L) of the membranes was 52.0~55.0
um.

The blend membrane T-EO/PDPA was fabricated as follows: A solution of
the T-EO in CHCIl; and a solution of the base polymer PDPA in toluene were
blended together, and then the resulting blend solution was cast on a

poly(tetrafluoroethylene) sheet. After evaporating the solvent for 24 h at room
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temperature, the membranes were detached from the sheet and dried in vacuo

for 24 h. Thickness (L) of the membranes was 7.00~12.0 pum.

8.4 Results and Discussion
8.4.1 Design of the amphiphilic molecule T-EO and T-(EO-co-Do)

Amphiphilic molecules T-EO and T-(EO-co-Do) were designed, the
chemical structures were shown in Figure 1. T-EO contain three parts: (1) a rigid
and hydrophobic disc-like 2D center; (2) three hydrophilic oligoethylene oxid
(EO) side chains at o-positions as an anchor; (3) six hydroxyl groups making
intermolecular hydrogen bonds. The hydrophilic oligoethylene oxid (EO) side
chains anchored to the hydrophilic substrate polymer, the rigid and hydrophobic
disc-like 2D center appeared on the surface of the substrate polymer and then
the resulting 2D structures were fixed by intermolecular hydrogen bonds.

In the case of T-(EO-co-Do), hydrophobic alkyl chains were partly
introduced to the o-positions, therefore, as an amphiphilic molecule, the
hydrophilic oligoethylene oxid (EO) side chains anchored to the hydrophilic
substrate polymers and the hydrophobic alkyl chains arranged to the air side. As
a result, a 2D surface was formed.

The amphiphilic molecules T-EO assembled to forming 2D molecular on the
substrate membranes. The possible closest packing structure of 2D molecular
assembly of six T-EO molecules were shown in Figure 2, the rigid and
hydrophobic disc-like 2D center showed lower surface energy and the hydrogen
bonds were highly selective and directional for the formation of the 2D surface

of the blend membranes.
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Figure 2. Possible closest packing structure of 2D molecular assembly of six

T-EO molecules (* : hydrogen bond).
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8.4.2 Surface modification and determination of surface structure

The surface modifications of hydrophilic PVA substrate polymer membranes
were achieved by using 0.06-10 wt% of amphiphilic molecule T-EO and T-
(EO-co-Do), respectively. The contact angles of water on additives/substrate
blend membranes were shown in Tables 1, 2 and Figure 3. The contact angles of
the additives/PVA blend membranes increased notably by increasing the content
of additives in membranes.

Figure 3 is the relationship between additives in membranes (wt%) and
contact angles of T-EO/PVA and P-EO/PVA blend membranes, when only
0.06-10wt% of T-EO was used as a modifier, the contact angles of the blend
membranes increased from 39.1°(Table 2, no. 4), to 53.1° (Table 1, no. 5),
which is close to the pure T-EO (69.5°) (Table 2, no 1). However, by using the
P-EO as a modifier, almost no increasing in the contact angle before and after
modification of PVA can be observed. This finding indicated that the surface
modifications of PVA membranes by amphiphilic molecules T-EO were
achieved. The amphiphilic 2D structure of T-EO was the point for the
successful of surface modification of PVA membranes. The imaginative 2D
surface of T-EO on the PVA bird’s—eye and top view of T-EO/PVA blend
membranes with different amount of the T-EO were shown in Figure 4. The
hydrophilic oligoethylene oxid (EO) side chains anchored to the hydrophilic
substrate polymer, the rigid and hydrophobic disc-like 2D center appeared on
the surface of the substrate polymer and then the resulting 2D structures were
fixed by intermolecular hydrogen bonds. By calculation of minimum amount of
T-EO required to covering the all surface, only 6.0x107 wt% of PVA was
needed. When 0.06-10wt% of T-EO were added, multiple layers generated.

In addition, T-(EO-c0-D0)/PVA blend membrane (Table 1, no. 6) showed
higher contact angle than T-EO/PVA blend membrane (Table 1, no. 3). This
result was caused by the existence of hydrophobic alkyl chain in the T-(EO-co-
Do). The surface modification of PVA with T-(EO-co-Do) was achieved as well,
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since the increasing in the contact angles. Moreover, T-EO was also used for
modifying PVAc and PDPA membranes. No obviously increasing in contact
angles of T-EO/PVAc and T-EO/PDPA can be found.

FTIR and ATR-IR of T-EO/PVA blend membranes were measured to
confirm the surface structures. Unfortunately, no obviously change before and
after modification on OH absorption, due to the strong OH absorption of PVA
itself. Therefore, a OH free poly(SPA) was chosen as substrate and the ATR-IR
spectra of T-EO (wt%)/poly(SPA) blend membranes were shown in Figure 5
(I). The poly(SPA) showed no OH absorption around 3300. The pure T-EO
showed stronger OH absorption around 3377 cm™. By increasing the amount of
T-EO (wt%), the OH absorption 3300 cm™ can be observed clearly. This

finding confirmed that the surface modification by using T-EO was achieved.

Table 1. Contact angles of water on additives/substrate blend membranes.

Content of additives

No. Substrate  Additives ¢ . Contact angle (deg)”
in membranes (wt %)
1 PVA T-EO 0.06 404 +2.1
2 0.5 40.1£2.6
3 1 404+24
4 5 51.5+14
5 10 53.1+1.3
6 PVA T-(EO-co-Do) 1 72.9+2.6
7 PVA P-EO 1 422 +2.1
8 5 302+ 14
9 10 342+1.3
10 PVAc T-EO 0.06 90.0+2.2
11 0.5 9l.1+1.1
12 1 91.9+2.0
13 PDPA T-EO 5 100 £1.0

“ See Chart 1; ” Contact angles for water droplets.
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Table 2. Contact angles of water and oxygen permeation of polymer or

supramolecular polymer membranes of additives or substrates.

No. Membrane “ Contact a,? gle Po, x10° o’
(deg) (barrer)

1 T-EO 69.5+0.5 — —
2 T-(EO-co-Do) 85.0+23 — —
3 P-EO 89.9+0.5 — —
4 PVA 390.1£1.9 1.37 1.71
5 PVAc 90.2+ 1.5 99.0 3.20
6 PDPA 110.0+ 1.3 151,000 1.96

“ See Chart 1; ” Contact angles for water droplets; ¢ In 10"%m’-(STP)-cm-cm™
s'-cmHg" (=1 barrer); ¢ a= Po,/Px,.

100

Contact angle (deg)

20 T T T T
0 20 40 60 80 100

Additives in membranes (wt %o)

Figure 3. The relationship between additives in membranes (wt%) and
contact angles of ®: T-EO/PVA; o: P-EO / PVA blend membranes.
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8.4.3 O,/N, permselectivity of the modified blend membranes

8.4.3.1 O,/N, permselectivity of the modified PVA blend membranes

0,/N, permselectivity of the modified PVA blend membranes were
measured and the results were listes in the Table 3 and Figure 6. By the surface
modification of the T-EO, T-(EO-co-Do) and P-EO (Table 3, nos. 1-9), the
O,/N, permselectivity - a values of substrate PVA membranes increased largely
from 1.71 (Table 2, no. 4) to 4.11(Table 3, no. 5). In the case of T-EO/PVA
blend membranes, when the content of T-EO increased from 0.06 wt% to 1 wt%,

the a value increased obviously from 1.80 to 3.88 with almost no drop in Po,. It

may be caused by formation of a supromolecular structure of the amphiphilic
molecules T-EO having 2D regular size pores and thinner thickness in
molecular level on the PVA membrane surface. When the content of T-EO
increased to 10 wt%, the highest a value was obtained, however, a large drop in

Po, was happened simultaneously (Figure 6). This phenomenon may be caused

by the excess amount of T-EO which formed not single 2D layer but multiple
layers on the surface of PVA membrane as shown in Figure 4. The multiple
layers and free T-EO decreased the permeability of oxygen.

To investigate the importance of formation of 2D surface on the PVA, P-EO
which has no possibility to assemble to 2D structure was used as a modifier. The
results were shown in Table 3 (nos. 7-9) and Figure 6. By using the same
amount of additives, T-EO/PVA blend membranes showed better performance
on pemselectivity and permeability. This result indicated that the O,/N,
permselectivity of the substrate polymer membranes were enhanced since the
formation of 2D structure on the surface of substrate membranes. The
membranes showed molecular sieving properties.

The amphiphilic molecules T-(EO-co-Do) having hydrophobic alkyl chains
and the hydrophilic oligoethylene oxid (EO) side chains in the o-positions as
surface modification reagent were prepared. The O,/N, permselectivity of T-

(EO-c0-D0)/PVA membrane was measured. The similar tendency was obtained.
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The oxygen permselectivity increased from 1.71 (Table 2, no. 4) to 2.35 (Table
3, no. 6) with a small drop in Po,

8.4.3.1 O,/N, permselectivity of the modified PVAc and PDPA blend
membranes

The surface modification of PVAc and PDPA by amphiphilic molecules T-
EO were carried out, results were shown in Table 3 and Figure 7. The oxygen
permselectivity of T-EO/PVAc increased from 3.2 (Table 2, no. 5) to 3.95
(Table 3, no. 12) with a small drop in Po,. However, the T-EO/PDPA showed

both increasing in o value and Po, which was locating near Robeson’s upper
boundary line (1991) (Figure 8) This result indicated that the formation of 2D

structure on the surface of PDPA substrate membranes was much more ideal

than that on the surface of PVAc of substrate membranes.

Table 3. Oxygen permeation of additives/substrate blend membranes.

) , . Content of Po,  x10° .
No.” Substrate®  Additives additives in a
membranes (Wt %) (barrer)
1 PVA T-EO 0.06 1.35 1.80
2 0.5 1.37 2.68
3 1 1.27 3.88
4 5 0.885 3.73
5 10 0.512 4.11
6 PVA  T-(EO-co-Do; 1 1.23 2.35
7 PVA P-EO 1 1.29 2.15
8 5 0.883 2.25
9 10 0.488 3.82
10 PVAc T-EO 0.06 95.6 3.11
11 0.5 70.2 3.76
12 1 56.7 3.95
13 PDPA T-EO 5 305,000 2.34

a

The numbers correspond to those in Table 1; ” See Chart 1.
“In 10"%m’-(STP)-cm-cm™'s™ -cmHg™" (= 1 barrer); o= P o,/Px,-
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Figure 7. Oxygen permeation through membranes of T-EO/PVAc blend
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8.5 Conclusions

Facile synthesis of amphiphilic molecules 1,3,5-trisubstituted benzene
derivatives having six hydroxyl groups and three hydrophilic groups as novel
2D surface modifiers were achieved. Surface modifications by 0.06-10 wt% of
amphiphilic molecules T-EO, T-(EO-co-Do), on substrates PVA, PVAc and
PDPS were achieved by a simple method, because the contact angles for blend
membranes were increased. A supromolecular structure of the amphiphilic
molecules T-EO having 2D regular size pores and thinner thickness in

molecular level on the PVA membrane surface was formed. The oxygen
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permselectivity of substrate polymer membranes were improved highly from

1.71 to 4.11 without drop in Po,.
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Figure S2. The relationship between additives in membranes (wt%) and Po, of
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Chapter 9

Synthesis of “2D polymer” membrane
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9.1 Abstract

There are many kinds of polymersin the world, almost all the polymers were
one-dimensional (linear or branched) or three-dimensional (cross-linking)
structures. Actuadly, to my knowledge, no report can be found for the organic,
soluble, and self-supporting two dimensiona organic polymer (“2D polymer”)
having high molecular weight which structure can be characterized clearly.
Since there is no report on the “2D polymer” described above, to review the
reports of “2D polymer” is impossible. Therefore, in this review, a traditiona

“2D polymer” or a part of that will be reported.

/
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— Bulky groups

preventing 2D
polymers from
stacking

\ Self-supporting 2D polymers /

- 187 -



9.2 Introduction
— Approaches toward the synthesis of self-supporting two dimensional
organic polymer (= “2D polymer”)

There are many kinds of polymersin the world, amost all the polymers were
one-dimensional (linear or branched) or three-dimensional (cross-linking)
structures. Actuadly, to my knowledge, no report can be found for the organic,
soluble, and self-supporting two dimensiona organic polymer (“2D polymer”)
having high molecular weight which structure can be characterized clearly.
There are following three reasons for difficulty in synthesis of “2D polymer”: (1)
Three-dimensional cross-linking (= insolubility) is difficult to be avoid when
three functional groups containing monomer was used for synthesis of “2D
polymer”; (2) Although the “2D polymer” was obtained, due to the
intermolecular stacking of the planar structure (that is, the molecule itself has no
“self-supporting” ability), the resulting polymer became insoluble. The
characterization of the polymer structure was impossible; (3) The molecular
weight couldn”t be increase because of the insolubility of the intermediate
during the polymerization caused by the intermolecular stacking of the planar
structure. Although there are such problems above, the paradigm shift from “the
conventional “1D polymer” “ to “the unknown “2D polymer” “ is a challenge
and a contribution to the academic and industrial.

Since there is no report on the “2D polymer” described above, to review the
reports of “2D polymer” is impossible. Therefore, in this review, a traditiona
“2D polymer” or a part of that will be reported. The Part 9.3 will introduce the

examples of reports from this view point.
9.3 The present development summarized from the previous reports

— Synthesis of the “2D polymer” molecular assembly as a precursor of “2D

polymer” and the separation of a “2D polymer” by exfoliation
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Graphene sheets (perhaps a natura “2D polymer” ) which were prepared by
mechanical exfoliation (repeated peeling) of small mesas of highly oriented
pyrolytic graphite (equal to the “2D polymer” molecular assembly in this review)
had been reported by the Nobel laureates in physics in 2010, Novoselov and
Geim. ¥ From this momentum, the interest in the two-dimensional polymer is
increasing. The term two-dimensional polymers have been used in a variety of
works or papers, however, the definition of clear description is very rare and the
genera definition has not been established. Sakamoto and co-workers, [+
defined the 2D polymer as “individual molecular sheets and not on layered
systems which would then have to be taken apart in a separate step”. That is, a
planar polymer can be formed without aggregation in solution and maintained
into the single molecule, in other words, it is “self-supporting” two-dimensional
polymer. In this review, we defined the “2D polymer” as a kind of “self-
supporting two-dimensional polymer” having high molecular weight and high
solubility which molecular structures can be characterized easily”.

There is amost no report on achieving the synthesis of such self-supporting
two-dimensiona polymer (=<2D polymer”) [ On the other hand, severa reports
were found on the synthesis of “non-self-supporting” two-dimensional polymers
(72D polymer”). The “non-self-supporting” two-dimensional polymer can be
classified in to two types. (1) “self-assembly” type which contain self-stacked
molecular structure due to the intermolecular stacking; (2) “substrate support”
type which was formed on graphite or ametal substrate, such as copper and gold
(Figure 1). In this review, “self-supporting” two-dimensional polymer was
defined as a “2D polymer”, and the “non-self-supporting” two-dimensional
polymer was defined as precursor of “2D polymer”.

On the other hand, many researches on covalent organic frameworks (COF)
have been reported. "4 Jiang and co-workers [! defined the COF as “covalent
porous crystalline polymers (composed of light-weight elements) that enable the

elaborate integration of organic building blocks into an ordered structure with
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atomic precision”. In this definition, the molecular aggregates were interested
rather than a molecule. These molecules having this configuration were often

used for synthesis of two-dimensional polymers. Depending on the building
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Figure 1. Synthetic methods of sdf-supporting 2D polymers. (a) via
exfoliation from the assembly (Method 1), (b) via exfoliation from substrates
(Method I1), (c) direct synthesis without exfoliation (Method 111).
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block dimensions, COFs can be categorized in to either 2D COFs and 3D COFs.
Among them, 2D COFs were regarded as precursor of “substrate support” type
“2D polymer”. ™12

There are three synthetic methods of “2D polymer” (Figure 1). Method |
was exfoliation of one molecule from “self-assemble” type “2D polymer”
precursor which was synthesized by solution polymerization (Figure 1 (a)).
Usuadly, the resulting “2D polymer” precursor precipitated during the
polymerization due to the formation of layered structures by stacking, and
became insoluble in common solvents. Actually, there are many examples have
been reported. " In order to obtain one molecule “2D polymer” from the “2D
polymer” precursor, the chemical exfoliation [***° by chemical modification and
the physical exfoliation ®***7 by using ultrasonic waves or heat to break the
stacking layers of the polymers were considered. However, only one report
which achieved in the separation of “2D polymer” to one molecule has been

published by Sakamoto and co-workers® (Table 1).

Table 1. Estimation of the size of 2D like polymers prepared by Method | (See
Figure 1)

2D Size (xxy)® Thickness®  The number of molecular
compound fum /nm layers”

3 No data <1 1

4> 0.1x0.1 3.0 10

5% 4.0x5.0 4-10 10- 25

6% 0.7x1.8 2-3 5-6

79 1.2x1.2 <25 1

2 After exfoliation. ® Calculated from the thickness.

Method Il was exfoliation of one molecule from “substrate support™ type
“2D polymer” precursor which was synthesized by interfacial polymerization on

graphite or a metal substrate, such as copper and gold (Figure 1 (b)). For
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example, many studies on boroxine COF by interfacial polymerization of
boronic acids have been reported. COF sheets prepared by this method have
been devoted exclusively to the application to gas adsorption. However, the
separation of one molecule from substrate hasn’t been reported to our
knowledge.

Method 11l is one step synthesis leading to “2D polymer”, that is, a “2D
polymer” is directly synthesized without exfoliation from precursor (Figure 1 (c))
which has not been reported so far. This method must be devised to meet the
conflicting of the design point of the polymer backbone with a high flatness, and
to prevent stacking between the polymers. Usually, since the reaction proceeds
spread to three-dimension, the polymerization of trifunctional monomer is
caused normal three-dimensional cross-linking structure. To synthesis of regular
two-dimensional structure polymer, the precise design of the monomer structure
and the controlling polymerization condition are necessary. Therefore, the
research on the 2D synthesis is charming and challenge for field of polymer
synthesis.

Here, some reports of synthesis of “2D polymer” precursor (“self-assemble”
type and “substrate support” type “non-self-supporting” “2D polymer”) will be
introduced. In the Part 9.3.1 and 9.3.2, synthesis of “self-assemble” type “2D
polymer” precursor and the exfoliation of one molecule from “self-assemble”
type “2D polymer” precursor by the chemical exfoliation or physical exfoliation

will be reported, respectively.

9.3.1 Synthesis of “self-assemble” type “2D polymer” precursor 92

Bojdys and co-works have reported the synthesis of “2D polymer” precursor
(layered “2D polymer” frameworks) made up from heptazine unit using triazine
derivatives as a monomer. ! Three kinds of triazine derivatives were used as

monomers, the reactions were carried out under inert atmosphere at 430 C for

48 h. The resulting macrocycle 1(Figure 2 (a)) was characterized by infrared
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spectroscopy (IR), solid-state *C MAS NMR, elemental analysis (EA), X-ray
diffraction (XRD), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The interplanar stacking distance was 3.3 A which
was similar to that of graphite (3.35 A). From the images of SEM, the thinnest
“2D polymer” precursor 6.4 A was observed equal to 2-4 layers. A “2D polymer”
precursor 2 (Figure 2 (b)) has been reported by Lotsch and co-workers which
was synthesized by heating 5,5 -dicyano-2,2”-bipyridine to 400 “C for 48 h.
The resulting “2D polymer” precursor 2 was characterized by IR, solid-state
NMR (*C, *N) and XRD. The interplanar stacking distance was 3.6 A. [*°
Dichtel and co-workers have reported a 2D COF with the biggest pores (4.7 nm)
from 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP). The structures of the 2D
COF were confirmed by IR, solid-state NMR (*H, !B, *C) and XRD. Molecular
mechanics (MM3) and density functional theory (DFT) modeling analysis of the
interlayes potential energies of various stacking conformation of the 2D COF
were calculated. The interplanar stacking distance was 3.42 A and the thickness
was 132 nm. Microcrystalline borazine-linked polymer has been reported by El-
Kaderi and co-workers for the first time. The borazine-linked polymer prepared
by the thermal decomposition of 1,3,5-(p-aminophenyl)benzene-borane in a
solvent mixture of mesitylene-toluene at 120 “C/150 mTorr in a sealed tube for

three days which a orded the borazinelinked polymer as a white
microcrystalline powder in yield of 72%.*? The formation of the borazine ring
was investigated by IR, solid-state NMR (*'B, **C) and EA. The XRD pattern of
the borazine-linked polymer showed the interplanar stacking distance was 3.82
A indicated that the packing of the 2D layers.
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1 2 4

Figure 2. 3D structuresof 1 (A), 2 (B), and 3 (C) (upper: top view; lower: side

view)

9.3.2 Synthesis of “2D polymer” by exfoliation of one molecule from “self-
assemble” type “2D polymer?” precursor &3]

Usualy, “self-assemble” molecular aggregate of “2D polymer” generated
due to the stacking during polymerization. Exfoliation of one molecular from the
“self-assemble” “2D polymer” precursor after polymerization is another method.
The chemical exfoliation of oxidation of the graphite is well known. **

9.3.2.1 One molecular exfoliation by chemical modification (chemical
exfoliation) >

Ruoff and co-workers have reported thin graphene-based nanosheets 3
(Table 1) prepared by reduction of a colloidal suspension of exfoliated graphene
oxide sheet in water with hydrazine hydrate. " The resulting materia was
characterized by atomic force microscopy (AFM), EA, solid-state *°C MAS
NMR and X-ray photoelectron spectroscopy (XPS). 10 A layers were observed
(the thickness of grapheneis 3.4 A). The problem of chemical exfoliation is that
the planarity of the compound decreased by introducing the substituent. The

thickness increased which can be observed from the AFM image. The trade-off
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between exfoliation and the 2D integrity is an important point for chemical
exfoliation.

Zhang and co-workers have reported 2D covalent frameworks (“2D polymer”
precursor) of poly(isocyanurate) by cyclotrimerization of diisocyanate in N, N-
dimethylformamide (DMF) at 80 “C. The chemical exfoliation of organic
nanosheet 4 was achieved by the interaction of amine of the terminal groups. ™
Form the characterization result of AFM, the thickness of the nanosheet was 3.0
nm, and the size of naosheet was 150 nm by TEM measurement.

9.3.2.2 One molecular exfoliation by physical force (physical exfoliation)
16-17]

Zomora and co-workers have reported a COF 5 (Table 1) based on the
condensation of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 1,3,5-
tris(4-phenylboronic acid)benzene (BTPB) and then physical exfoliation by
sonication of the resulting COF 5 in CH,Cl, was carried out for 15 min. [*?

From the results of IR, XPS and AFM, 4x5 um size, 4-10 nm thickness (10-
25 layers) thin layered nanostructures polymers were obtained. In addition,
Zamora and co-workers also succeeded in exfoliating of polyacetylene type
COF 6 (Table 1) by sonication in CH,CI, for 45-180 min. The maximum level
of exfoliation was 2-3nm (5-10 layers thickness). The resulting materials were
cast onto the mica and examined by AFM, 2.4 nm thickness, 0.7x1.8 um size
layers were obtained. However, one molecule exfoliation has not been achieved.
Sakamoto and co-workers have reported a complete exfoliated “2D polymer” 7
(Table 1) by photopolymerization of a two-dimensiona per-organization of
photoreactive monomer under LEDs (470 nm). To achieve full exfoliation down

to individual monolayers, the crystals were heated at 150 “C in 1-methyl-2-
pyrrolidone (NMP) for 3 days. The resulting material was around 2.5 nm by

AFM characterization which thickness showed a good agreement with the
theoretical value of one molecule (2.4nm), a “2D polymer” was synthesized

successfully. From the AFM image, the area of the “2D polymer” was more than

-195-



1 un?, if it is one molecule, more than 4x10° unit (degree of polymerization) it
must be contain. This paper is the only one which has the description on the
degree of polymerization of the “2D polymer”. It indicated that to synthesis of
“2D polymer” is very difficult.

As a method to synthesize “2D polymer”, synthesis and exfoliation of one
molecule from “self-assemble” type “2D polymer” precursor (method |) were
summarized. Table 1 shows the data about size (area, thickness, the numbers of
layers) of the “2D polymer” in the literatures which introduced in Part 9.3.2
from the author’s view point. The areas were calculated from the images of the
literatures. The “2D polymer” (one molecule thickness planar organic polymer)
in this review have not been obtained until now. In addition, it is unknown for

the area whether the size is one molecule or not.

9.4 Theauthor’s challenge
—Synthesis of the “2D polymer” or “2D polymer™ supramolecular and the
property of the polymer membrane

As described above, the synthesis of origina sense of the “2D polymer” has
not been reported. Recently, as the goal, we have started the research on the “2D
polymer”, although the results are far from real “2D polymer”, the following

three cases will be introduced as aresult at this stage.

9.4.1 Synthesis of multi-strand polymer asa prototype of “2D polymer”

A perfect “2D polymer” was thought to be insoluble, and the higher the
planarity it is, the stronger the stacking will be. Therefore, as intermediate
between “1D polymer” and “2D polymer”, strip (ribbon) polymer was regarded
as a prototype rather than planar (sheet) polymer. Strip polymer is multi-
stranded polymer which is synthesized from double-stranded polymer (ladder-
like polymer). About thiskind of polymers, the insolubilization is easily to occur

and the relative report was few. We have begun to synthesis of the hetero-muilti-
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stranded polymers as a prototype of “2D polymer”. For example, soluble helical
polymers having double-stranded, triple-stranded, quadruple-stranded were
synthesized by ADMET polycondensation of a stereoregular helical polymer
having ultrahigh molecular weight as atemplate (Figure 3). Although the degree
of polycondensation was not very high, the hetero-multi-stranded polymers were
synthesized successfully. 1*¥ In addition, we also succeeded in the synthesis of
quadruple-stranded polymer by selective photocyclic aromatization (SCAT)

reaction.
T - T

(AT 4

Figure 3. Synthesis of double-strand polymer (Hetero-ladder polymer).

9.4.2 Synthesis and the application of “2D polymer” supramolecular
membr anes from amphiphilic 2D monomer (2D surface modification)

The realization of the ideal separation membrane is a challenge for energy,
environmental and water problems. Generally, separation membrane has a
problem that there is a trade-off between permeability and selectivity. Therefore,
to realized a defect-free “2D polymer” membrane is one method to solve the
problem above. As mentioned in Part 9.2 and 9.3, it is along way and valuable
work before the completion of the synthesis of the real “2D polymer”.
Therefore, we tried to synthesize the “2D polymer” not from the traditional
polymer (organic polymer) which contain covalent bond but from a
supramolecular polymer. In that case, considering the difficulty of the formation
of the self-supporting membrane, we designed a blend membrane with common

polymer (Figure 4). By blending an amphiphilic 2D compound on the surface of
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substrate polymer, the membrane having 2D surface was prepared (Figure 5). %)
The gas separation efficiency and ability were improved successfully by this
method. In other words, the permsel ectivity was improved without decrease the

permeability. The good property was caused by the molecular sieving effect of
the blend membrane. !

--------

HO ~3H
20+3 1im|

amm———
-

-
-

'
Rl A ¥

"-‘ Amphiphilic 2D mnnumer,"

-
---------

Figure 4. 2D supramolecular polymer membrane from amphiphilic 2D
monomer on a substrate polymer (Concept).

Side view ': n i 2 -~ Hydrophilic side chain
1R RRI Ok R eey thlse R

" Hydrophilic substrate polymer

10 pm

Top view

Figure 5. 2D supramolecular polymer membrane from amphiphilic dendronized
2D monomer on a substrate polymer (Example).
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9.4.3 Synthesis of “2D polymer” by chemical exfoliation of one molecule
from two-dimensional oriented polymer which was prepared by 2D
polymerization and selective photocyclic aromatization (SCAT)

The synthetic methods of “2D polymer” described in Part 9.4.1 and 9.4.2 are
temporary from the view point of real “2D polymer”. Here, we will report a
method for synthesizing areal “2D polymer” (Figure 6) %4 by using our original
techniques helix-sense-selective polymerization (HSSP) ¥ and SCAT 4
(Figure 7). First of all, HSSP was carried out to synthesis of cis-cisoid -
conjugated polymer. Hexagonal columnar oriented self-supporting membrane 8
was obtained, and then 2D polymerization was used to fix the surface direction
(two dimensional) of self-supporting membrane (Figure 6 (d@)). The resulting
hexagonal columnar oriented self-supporting membrane 9 was treated by
topochemical reaction (SCAT) (Figure 6 (b)). From the current results, the
formation of “2D polymer” precursor 10 (2D polymer-stacking assembly) with
relatively large area was achieved. The next step—physical exfoliation (Figure 6
(c)) isachallenge, it is expected that atom thick order two-dimensional polymer
membrane 11 can be obtained by adding a polar solvent to cut the hydrogen
bond.

b) Chemical
exfoliation

) Physical

d : -ization exfoliation

1 : Ordered stereoregular helical polymer prepared by HSSP (ref.12), II: Intercolumnarly cross-
linked ordered stereoregular helical polymer prepared by HSSP (ref.12 ), Il : 2D polymer-stacking
assembly (2D polymer precursor ), ¥:2D polymer.

Figure 6. A new strategy of synthetic route to a 2D polymer via exfoliation using
SCAT from stereoregular polymer by HSSP a) 2D polymerization on X-Y plane
(intercolumnar cross-linking reaction), b) highly selective photocyclic
degradation, SCAT (ref. 13) in Z direction, ¢) exfoliation of a2D polymer.
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Salf-supporting Self-suppaorting
polymer membrane supramaolecular polymer membrane

Figure 7. Highly selective photocyclic aromatization (SCAT) (ref. 13)

9.5 For thefuture
—To the realization of the “2D polymer” as a ultra-thin separation
membrane

A number of polymer membranes have been used for the separation and
removal of harmful molecules from the atmosphere and water. However, the
complete separation (100% selectivity) and high permeability has never been
achieved. Until now, the polymer membranes, which have been reported, have
been prepared by solution casting of one-dimensional polymers (=linear or
branch polymer) or by molding of two-dimensional polymers (= film or sheet
polymer). Usually most of the membranes contain large irregular defects due to
the thickness which were higher than nanometer order. The higher thickness
decreased the permeability (permeability rate) and the defects reduced the
selectivity (isolation ability). As aresult, the thickness and the defect determined
the separation property rather than the molecular structure. As athin membrane,
aggregation of two molecules which thickness is 10 nm and no bond in the two-
dimensional direction, isimpossible to be used as a separation membrane due to
the low strength. The membranes which are fixed by covalent bonds showed no
regularity in the planar direction.

The “2D polymer” in this review is a sheet-like, self-supporting membrane at
the molecule level, the thinnest one, people can image. In addition, the structure
of the membrane can be controlled to the atomic order, therefore, the ultimate

pores in the membrane framework are expected to be used as a molecular
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sieving membrane to enhance the permeability and permselectivity. For
synthesis of “2D polymer”, the well-balanced design of the formation of planar
part and enhancement of the solubility part is very important. Moreover, the
elimination of the part which used to enhance the solubility after the formation
of 2D structure is also thought to be important for synthesis of “2D polymer.
The supramol ecular polymer introduced in the Part 9.4 can be expected as a new
direction.

The sheet type “2D polymer” is possible to be used for preparing polymer
tube by winding or origami of a sheet polymer. Furthermore, it is possible to
build a structure or assembly of the three-dimensional polymer which primary
structure is highly controlled, such as a two-dimensional polymer laminate
chiral helix. “2D polymer” can be applied not only to the academic study, but

also to various field of material.
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Conclusions of Part I
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The applications of helical polymers prepared by the HSSP for membranes
were achieved. The resulting polymer membrane prepared by HSSP or PHSSP
can be used for preparation of supromolecular/polymer blend membrane by the
surface modification using the SCAT products. By introducing a high planarity
and m- conjugated imino structure, the rigidity of the polymer increased. As a
result, a higher regularity polymer membrane and 2D membrane were expected
to be synthesized. The resulting polymer membranes were expected to show the

highest permselectivity.
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