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Abstract
Cyclopolymerization of 1,6-Heptadiyne
Derivativesusing Ru-based Grubbs Catalysts

. Synthesis, Analysis, and Applications

Eun-Hye Kang
Department of Chemistry
The Graduate School

Seoul National University

Cyclopolymerization of 1,6-heptadiyne based ondledin metathesis reaction is
one of the useful methods to prepare polyacetytinatives. The polyacetylene
backbone from cyclopolymerization is stable enougtler the ambient condition.
The solubility of this conjugated polymer is easibgulated by the substituent
manipulation. Therefore, it is expected as a viesatandidate for studies of
conducting and conjugated polymers. However, thalytic system to control the
polymer structure and molecular weight was limitedair- and moisture-sensitive

metal catalysts, which made a high entry barriegfiplications in a wide range.

This dissertation describes the development andlicagipns of
cyclopolymerization mediated by Ru-based Grubbalystls. Ru-alkylidenes have
been known as less reactive toward the cyclopoligaigon than Mo- or W-
alkylidenes. In this study, however, it was diselbshat coordinating solvents and
other sufficient reaction conditions notably entexth¢he efficiency of CP using
Grubbs catalysts. The discovery provided an importéue to understand the low

efficiency of CP catalyzed by Grubbs catalyststhfeimore, it led in-depth studies
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on the ligand effect on the CP. First, weakly camating agents, such as THF of
pyridines, showed a critical role in preventing ttapid decomposition of the
propagating carbene during the reaction. Low teatpee or steric effect near
carbene also increased the lifetime of propagatidpene in a similar manner.
Second, the ligand-free condition resulted in digaion and trimerization of 1,6-
heptadiynes, rather than CP. This side reactioncatalyzed by decomposed Ru-
species due to the lack of weakly-coordinating &gdowering the efficiency of
CP. These observations supported the strategyfedtioke living CP, which was
achieved by the fast-initiating Grubbs catalyst timee presence of weakly

coordinating agents.

The living CP by Grubbs catalyst widened the arfeapplication, such as
the construction of complex macromolecules or asffembled structures based on
the block copolymer synthesis. With the aim of Engolecular wires, defect-free
dendronized polymers and molecular brushes werdnagized in high yield by CP.
An interesting conformational transition in thosarg molecules led the further
investigation on the polymer structure. Poly(cyeotenylene-vinylene) (PCPV)
synthesized by CP showed a spontanem-trans isomerization of olefin. This
local change of chemical structure induced stragji@inge in the macromolecular
structure, as coil-to-rod transition. Atomic forosicroscopy (AFM) visualized

afforded polymers in extended and rod-like shape.

Lastly, thein situ self-assmbly of block copolymers prepared by the
combination of ROMP-CP was investigated, resulimgpherical micelles. The
isomerization of PCPV was readily applicable toemlthe micelle structure,

followed by the structural evolution into highenainsional nanostructures.

Keyword : Cyclopolymerization, Living polymerization, Polydgkene, Ru
catalyst (Ru-alkylidene), Single molecular wire)yeer sturcutre, Self-assembly

Student Number :2010-20262
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1.1. Research background

Living polymerization and olefin metathesis polymerizations

Living polymerization is one of the most importatdpics in chain growth
polymerizations, regarding high degree of contk@rgpolymer chain architectute.
Swarzc defined the living polymerization as thegess “without chain transfer or
termination”? However, many cases involve side reactions distgrlan actual
“living” chain end. Thus, the practical definitioof living polymerization has
described and ranked the polymerization syst&eneral requirements for living
polymerization are (i) fast initiation (larde'k,), (ii) a linear relationship between
the degree of polymerization and number-averagecntdr weight ¥1,), and (iii)
narrow polydispersity index (PDI) lower than 1By. controlling the molecular
weight and its distribution in a narrow range wittihose specific conditions, many
living polymerizations achieved precise control coimplex polymer structures,
including telechelic polymers, block copolymersaftypolymers, star, ladder, and
cyclic polymers: Nowadays, the importance of those control of paygomposite

has risen for complicated self-assembled morphetogf materialé.

Olefin metathesis polymerizations have revolutiedizthe field of
synthetic polymer chemistry because of the efficimmng polymerization, as well
as producing various functional materials.Ring-opening metathesis
polymerization (ROMP) is a prominent representative the chain growth
metathesis polymerization (Scheme 1.1). Living ROMabled a variety of
synthetic and applicable approaches in polymernseiebased on well-defined
catalysts and mechanism, and excellent reactilyityg in needs of contemporary
science. Cyclopolymerization (CP) of diyne derivatives, heit based on the
metathesis mechanism, is another attractive polygatéyn because it converts
alkynes into conjugated polyenesiowever, compared to ROMP, CP is far less
investigated due to the lack of catalytic systermenmting well-controlled

polymerization.



Mehcanism of olefin metathesis

R1 R2 R‘I R2 R1 R2
T — — ] + II/
/=M J R3
R R

Chain growth metathesis polymerizations

ROMP
@ = 1=(1F

i S
Cyclopolymerization _
(ol = >

Scheme 1.10lefin metathesis and chain growth metathesismefyzations

Cyclopolymerization of 1,6-heptadiyne derivatives

CP of 1,6-heptadiyne derivatives is one of the péwemethods for
synthesizing substituted polyacetylenes (PAs). ddrgugated polymers by CP are
highly stable in air and soluble in common orgasutvents depending on their side
chains, making the polymers potential materialsuiee in organic electronics and
optics®*® Over the past three decades, many catalyst sysiased on transition
metals have been applied to the CP. Early studi€Powere carried out using ill-
defined classical catalysts, including Ziegler-tJp&'® MoCls/WCle,**?°?® anionic
polymerization:"?’ and thus provided little understanding of the C&hanism.
However, recent work by Schrock and colleagues gusuell-defined Schrock
catalysts (Figure 1.1) has provided a better unaeding of the mechanism by
examining the effects of catalyst regioselectivty the structure of the polymer
backbone. As shown in Scheme 142,0r f-addition occurs, depending on the
orientation of the metal carbene reacting withtéreninal alkyne€® This results in
two different ring-closing modes that form micrestiures consisting of a mixture
of both five- and six-membered rings as a repedt(apclopentenylene-vinylene

and methylidene-cyclohexene). Despite this nonteeaddition mode, Schrock _
3 b L 1l =

—
v |



and coworkers demonstrated the first example optbeotion of living CP of 1,6-
heptadiyne derivative€?® Later, using a modified Schrock catalyst, theyoregxl
selective CP witlf-addition to give conjugated polymers with six-meared rings
only3*32 Subsequently, Buchmeiser and co-workers succeaddhe selective
synthesis of polyenes consisting of a five-membeiag structure in a living
manner, using Mo alkylidene with quinuclidifi&* This result is more useful
because the polymer with a five-membered ring ooiitains a coplanar polymer

backbone, resulting in a longer conjugation lerfgth.

[l\lj Ph'o " 0 N
S A
v | X
“...-Mo% Q. - Mo=
FiCo® g Ph IO \<O S }Ph
F3C
Ph
/)\CF3 ph " )\
5- & 6-ring mixed 6-ring selective 5-ring selective
Organometallics 1992, 11, 2763. JACS 1996, 118, 3295. ACIE 2002, 41, 4044.
JACS 1994, 116, 2827. Macromolecules 1996, 29, 8990. Macromolecules 2002, 35, 9029.

Figure 1.1.Mo-based Schrock alkylidenes promoting CP.

X

- - X X
a-addition _H_
Y1 m Il =/ \=m
[ ] | &

S
Il m_ﬂm_—»%ﬂ—»%@vm

Scheme 1.2Mechanism and regioselectivity of CP of 1,6-heptael

Ru-based olefin metathesis catalysts

Ru-based Grubbs catalysts are another seriesfof atetathesis catalysts

(Figure 1.2). From ill-defined traditional catalytsystems (e.g. WEEtAICI,,
WCl¢/BuSn4) to well-defined Ti, W, Mo-based alkylidenesefin metathesis
4 d 21l



catalysts of early transition metals had been ageal for higher activity and
variety of utilities®® However, their sensitivity toward oxygen and maistand
low functional group tolerance provided limited usemany cases. Comparing to
Mo or W catalysts, the inherent stability of Ru dae¢he low oxophilicity and high
selectivity toward olefin brought fairly practicaynthesis of complex molecules
and polymer§:?® The first Ru-alkylidene was prepared from RiPPh); and a
diphenylcyclopropenel] by Grubbs and his colleagu¥ét was active for ROMP
of norbornene and was very stable in the wateradewhols, and exchanging PPh
to more basic PGyenhanced the catalytic activity of this compi&&or practical
synthesis, alternative benzylidene catalyst, kn@asrthe first generation Grubbs
catalyst 1), was finally designed. This catalyst even shoWweter initiation rate
than that of the diphenylvinyl derivatiV N-heterocyclic carbene (NHC) ligand
provided another breakthrough, the second generaialyst seriesG2).** In
particular, phosphine-free catalystsl@l and HG2) developed by Hoveyda
showed reusability and higher thermal stabffitfhose NHC-containing catalysts
greatly enhanced the catalytic activity as comgardab early transition metal
catalysts, based on the strongeatonor ability of NHC than that of the phosphine.
Consequently, the utilization of Grubbs catalysecdme much widened by
achieving several challenging reactions, such asMRQf low-strain cyclic
monomers$? and cross-metathesis of trisubstituted olefins aledttron-deficient
olefins?®#* One of the most useful and intriguing developmem#s the fast-
initiating third generation Grubbs cataly$3),* which achieved living ROMP
with very narrow PDI (< 1.10% Despite those valuable utilizations, CP had been
excluded from the applications using Grubbs catalysvithout a clear

understanding of low efficiency.
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(G1) (G2) 2" gen. (HG2) (G3)

Figure 1.2.Ru-based Grubbs catalysts for the olefin metashesiction.

Synthesis of polyacetylenes

High electrical conductivity of polyacetylene (PAglose to metals,
attracted researchers to develop “conductive pla&tiPA is usually denoted by
(CH),, or [-(CH=CH)-], typically consisting otis and trans vinylenes. The
alternating chemical structure of single and doubbmds usually presents the
semiconducting properties; however, the dopped yAdiogen or Asfgshowed a
remarkable increase of conductivity up t@ Sicm. Unfortunately, the original PA
film synthesized from acetylene gas and Ziegletd&Naatalysts was insoluble due
to strong n-n interactions of backbones. Thus, the solution @secbased
fabrication was impossible. For overcoming the ation, there have been several
attempts to prepare soluble polyacetylenes or blombolymers with desirable
electrical properties (Scheme 1*8However, it was still challenging improve the
instability of PA under ambient conditions, mainiag its useful physical
properties. In addition, too much substituted PAffes from steric hindrance,
resulting in the distorted conjugated backbonetardoss of the highly conjugated
system. Poly(cyclopentenylene-vinylene) (PCPV) Bgsized by CP of 1,6-
heptadiyne derivatives is now expected to satibiys¢ requirements as a PA
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derivative, providing a stable and highly conjugateackbone with excellent

solubility.

Soluble precursors of PA

F3C CF3 F5C CF3 E /—\ ;
+
© + F3C——CF; —> e — CF
3
©/CF3
Isomerization: M
ROMP

Polybenzvalene

ROMP - Substituted cyclooctatetraene
— R
— | A S g
R ROMP R —

Rh-catalyzed polymerization of phenylacetylene

Scheme 1.3Synthesis of soluble polyacetylenes

In situ self-assembly of block copolymers

As one of the synthetic methods of PA derivatiR®MP of substituted
cyclooctatetraenes had been studied from the 1889sl (Scheme 1.3% It was
originally intended to prepare substituted PA fettér solubility; however, there
was an interesting case that utilized 1,3,5,7-oyatltetraene (COT) without any
substituent to prepare PA as a fragment of a blomholymer. Because of the
insolubility of PA, the block copolymer of poly(rfmrnene) (PNB) derivative and
PA synthesized by ROMP formed micellesiassitu during the polymerization
(Figure 1.3)° In fact, efficient preparation and mass productafnpolymeric
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nanomaterials by self-assembly have been signfficdrallenges, because the
procedures for preparing them in large quantities \aery difficult. Therefore,
researchers have attempted to develop more ecoabmanc convenienin situ
self-assembly strategies for nanomaterial prodochy avoiding post-synthetic
treatment on the purified BCP; these strategiekidiec dialysis, use of selective
solvents or additives, and change in temperaturpHorPolymerization-induced
self-assembly (PISA), for example, provided a senpbute to the nanostructures
by allowing the preparation of amphiphilic BCPsnggiselective solvents as the
reaction media, thereby inducing situ self-assembly® Therefore, m situ self-
assembly of PA-containing block copolymer becamettzar potential strategy to
achieve spontaneous formation of nanostructureimgiyolymerizatiorf® Similar

to the conventional self-assembly proc¥sthe composition of the solvophobic
conjugated polymers and their degree of polymdanafDP) determined the type
of nanostructure formed, from spherical micellesergzdimensional; 0D),
nanocaterpillars (one-dimensional; 1D), and bradcheetworks to three-
dimensional (3D) microaggregates. Also, becaus¢hefstrongn-n interaction,
there was no exchange or equilibrium among the ersrof the conjugated BCPs,

thereby making them stable nanoadducts againsaneatnechanical force.

N
/ o Grubbs Rul NN
N Catalyst Poly(acetylene)
O O -Solvophobic-
e}

ROMP ROMP N

Poly(norbornene)
-Solvophilic

Nanorod % Nanosphere

Figure 1.3.In situ nanoparticlization of block copolymer caining PA.




1.2. Thesis Research

Although cyclopolymerization of 1,6-heptadiyne is attractive candidate as a
polyacetylene derivative, the synthetic constramft limited catalytic system

impeded its wide utilization. This research dessilthe development of the
effective cyclopolymerization (CP) of 1,6-heptadidyderivatives using Ru-based

Grubbs catalysts and the applications.

Chapter 2 describes the living CP of 1,6-heptadiynsing Grubbs
catalyst. Based on a severe solvent effect, theirfasting Grubbs catalyst
achieved the living CP by controlling molecular ghgis with narrow PDIs. Further
systematic development arose from the solvent effieereby the livingness of the

CP was improved by using weakly coordinating ligaad additives.

Chapter 3 demonstrates in depth how weakly cootidigpasolvents or
ligands enhanced the efficiency of CP of 1,6-haptees. The observation of the
propagating carbene proved that coordinating agéadsitated the CP using
Grubbs catalysts by suppressing the decompositfothe metal carbene. This

approach elucidated the influence of temperatudesteric effects on CP as well.

Chapter 4 addresses a detailed investigation ositleereaction in CP by
Grubbs catalysts. In a ligand-free condition, thierfation of dimers and trimers of
1,6-heptadiynes was dominant instead of the polyaon. Several mechanistic
studies revealed that decomposed metal carbenyzetathis side reaction and

how the substituent of 1,6-heptadiyne and reac@rditions affected it.

In Chapter 5, the preparation of single moleculaesvin the formation of
dendronized polymers and brush polymers is repofited efficient CP developed
in Chapter 2 easily promoted a grafting-through draenonomer) approach to
construct those graft polymers, which are poteritisllating molecular wires.
Additional discovery of the conformational chanddasge molecules provided a

clue of the coil-to-rod transition.



Chapter 6 explores the origin of the conformationhhnge found in
Chapter 5. The demonstration on the compositioni®andtrans vinylenes and
the isomerization addressed macroscopic structcihahge of the conjugated
polymer. Consequently, chemical and physical amslyslearly examined the

general spontaneous coil-to-rod transition in thlygne prepared by CP.

Chapter 7 shows the total application of this refe@an CP, fromin situ
nanoparticlization of conjugated polymers (INCP)Xte morphological change of
self-assembled structures. The combination of ¢ivROMP and CP provided
INCP of block copolymer resulting in stable micsll@he coil-to-rod transition
shown in previous chapters finally provided a nésategy to fabricate those pre-
formed micelles, achieving a structural evolution higher dimensional

nanostructures through hierarchical self-assembly.
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Chapter 2. Living Cyclopolymerization of
1,6-Heptadiynes by Ru-based Grubbs Catalyst

2.1. Abstract

Cyclopolymerization (CP) of 1,6-heptadiyne derivasi using the Grubbs catalysts
has been known to afford conjugated polyenes inyieids. Based on a discovery
of a solvent effect, the ultrafast CP of 1,6-heptae derivatives was achieved by a
third generation Grubbs catalyst in tetrahydrofurditer optimization, this
superior catalyst selectively produced conjugated polymbesing a five-
membered ring structure with excellent molecularigive control and narrow
polydispersity index (PDI). This living polymerizah allowed us to prepare fully
conjugated diblock copolymers with narrow PDIs.tRar investigation from this
living CP constructed a new polymerization systesingi weakly coordinating
additives in dichloromethane. These new reactiamditimns not only expand the
monomer scope by resolving the solubility conceshgonjugated polymers but

also more efficiently reduced the chain transfer.
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2.2. Introduction

Cyclopolymerization (CP) of 1,6-heptadiyne derivai via olefin metathesis
provides a powerful and easy method for the symghed polyacetylene
derivatives; whose utility has increased with recent development living
polymerization (Scheme 2.1). Although the earlydsts achieved mechanistic
understandings and living polymerization using Mmséd Schrock alkylidenésa
major drawback of air- and moisture-sensitive gatal and low functional group

tolerance limited the broad utilization of CP.

R R R R R. R

E» WR' —
Il |ll a-eddtion [l Ry

Scheme 2.1Cyclopolymerization of 1,6-heptadiyne

Ru-based Grubbs catalysts, particularly N-hetariicgarbene (NHC)-Ru
complexes, are widely used in synthesis, because dhe not only highly active
but also highly tolerant to air, moisture, and mé&mctional groups (Figure 2.3¥.
Despite their superior reactivity in various meestis reaction,nitial attempts to
use well-known Ru-alkylidenes, such as second génerGrubbs catalysG2) or
Hoveyda-Grubbs catalyst(s2), did not bring any CP. It became a well-accepted
fact that the Grubbs catalysts were not active ghdor CP In fact, it has been
known that the reactivity of Grubbs catalysts fikyae polymerization was much
lower than that of Mo- or W-based catalyStthus people have focused on
enhancing the reactivity of catalyst itself. Bucligae and his colleagues disclosed
groundbreaking results on CP using modified Ruattts (Figure 2.25°"° They
substituted a chloride ligand on th&2 with trifluoroacetate or isocyanate for
increasing the polarizability of Ru-alkylidene, asutceeded in achieving CP with
controlled molecular weights. They also found ttiese modified Ru catalysts
underwent selective-addition to produce conjugated polymers with ofile-
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membered rings. However, the drawback was thapittyeared polymers had broad
PDIs because many of the modified catalysts hagelégk values of 1000,
implying slow initiation? Therefore, a more rapidly initiating catalyst wilie

desirable to achieve more precisely controlled peization'®

™\ ~N_ N~
N N NN Mes’N N‘Mes Mes Mes
s T “Mes T “Mes T‘CI \\\CI
Re < R"“\\CI /RIG; > 'N_/R|u=\Ph
=\, "=\ Xl
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/I|3C CI/F|>C o ° /N|
Y3 Y3 _<
X
X
IMes-G2 H,IMes-G2 HG2 G3

Figure 2.1.Common NHC-containing Grubbs catalysts.
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Figure 2.2.Electron withdrawing group modified Ru-alkylidenes

In this chapter, we investigate living CP of 1@ptadiyne derivatives for
the selective preparation of conjugated polymersh wive-membered ring
backbones and narrow PDIs using a third generddinrbbs catalystG3). First,
the breakthrough of living CP using a fast-initigtiG3 was observed with
dramatic coordinating solvent effect and tempemgffect. Second, based on this
observation, we designed improved CP in a non-doatidg solvent by
introducing weakly coordinating reagents as an taddi Thereby, the CP
efficiency increased for various monomers to affgprmlyenes with controlled

molecular weights and narrow PDIs that had beeuitbée in THF.



2.3. Results and Discussion

2.3.1. Living Cyclopolymerization using Grubb Catalyst

Our investigations began with tests to determinethir CP would be possible
with a highly active and fast-initiating third geaton Grubbs cataly${G3-Cl,
Figure 2.3), which has been found to promote liviigg-opening metathesis
polymerization (ROMP) of norbornene derivatives hwhigh functional group
tolerance”’ Initially, the most common monomer, diethyl dipaogylmalonate X),
was tested for CP in dichloromethane (DCM), a commsalvent for this reaction.
However, only low conversion df was observed, similar to the previous report
that used52 or HG2.2 To improve the conversion, several solvents wereesed,
and this CP showed a remarkable solvent effect.Wbeahydrofuran (THF) was
used instead of DCM, a huge enhancement of the menconversion up to 92%
occurred in a short reaction time; however, pblyprecipitated out from the

solution because of its low solubility in THF.

Mes’N N~Mes
T o 0 o 0
o
N o
! N—Rix, o o™ Ak otk
=/C1¥ | Ph
N

cl @ 1.l I/l
\)OLO OJOJ\/ (@) oO OO O ’
S carase

SiEt,

3

Figure 2.3.Structures of initiator@3-Cl) and monomer$-5.

With the partial success of the CP in THF, we cleahthe monomer to
dihexyl dipropargylmalonate2( Figure 2.3) to improve the solubility. Indeede th
CP by G3-ClI produced readily soluble poB) with high conversion in a short

reaction time. Just like the previous repo@3-Cl also produced highly
18 i STl E
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regioregular polyl) by selectivex-addition. This uniform polymer microstructure
having a five-membered ring as the repeat unit eeasirmed by the reportetiC

NMR spectroscopic analysis (Figure 2.4). Ti@ NMR spectrum showed only
one signal for the carbonyl carbon of malonate Z fipm and a signal for the
quaternary C4 atom at 57 ppht® In addition, UV-vis analysis showed well-
resolved absorption spectra of two peaks With = 548 and 590 nm (Figure 2.5),
providing another indication of a planar five-memdze ring structure in the

regioregular polymey’

(@)
172.2 ppm 171.1 ppm

Et0,C, ,COE Et0,C, ,CO,Et
58.8 ppm — ¢ ST 53.0 ppm

(b) (c)

172 ppm 57ppm

T T T T T
176 174 172 170 168 64 62 60 58 56 54 52 50

3 /ppm 5 /ppm

Figure 2.4.(a) Reference chemical shifts f6iC NMR spectroscopy of carbonyl
carbon and quaternary carbon of five-membered aimd) six-membered ring taken
from the literaturé® Signals of a*C NMR spectrum for (b) carbonyl carbon of

malonate and (c) quaternary carbon (C4 of heptajlighpoly@).
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Figure 2.5. UV-vis spectra of poly@)s, in chloroform (0.01 g/L) and film of
poly(2)so (spin-coated on glass,1 g/L chloroform solutio®@ rpm, 30 s). Optical
band gaps are 2.0 eV (solution) and 1.9 eV (film).

Prompted by the accelerated CP in THF, we monitdregolymerization
kinetics in an NMR tube. AmazinglyH NMR analysis in deuterated THF (THF-
dg) revealed that greater than 95% fwas consumed within 2 min after the
addition of 2 mol %G3-Cl, whereas the reaction in deuterated DCM (D@\-
showed much slower propagation (Figure 2.6). Owtipinary study suggested
that using a weakly coordinating solvent (e.g., THIF diethyl ether) greatly
improved the catalyst lifetime by stabilizing theopagating species through

solvent coordinatio”’
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100 O - DCM-e? B Oeeenns a
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X 80 E
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Figure 2.6.Reaction kinetics o2 observed byn situ™H NMR spectroscopy (M/I

= 50). ;
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Table 2.1. Cyclopolymerization of 2-5
R_ R R_ R

G3-Cl
|m| 2060 min ﬁ*
entry monomer M/ temp (°C) M,? (kDa) PDF yield’
(%)
1 2 100 RT 41.7 1.81 87
2 2 25 0 12.3 1.09 >99
3 2 50 0 25.4 1.19 81
4 2 100 0 40.6 1.16 97
5 2 150 0 54.4 1.44 94
6 3 25 0 14.6 1.06 93
7 3 50 0 27.3 1.10 93
8 3 100 0 46.7 1.28 96
9 3 150 0 57.6 1.29 >99
10 4 25 0 14.3 1.06 85
11 4 50 0 24.0 1.14 80
12 4 100 0 34.9 1.15 >99
13 4 150 0 50.7 1.28 87
14 5 25 -10 8.9 1.13 97
15 5 50 -10 19.3 1.11 79
16 5 100 -10 39.6 1.20 89
17 5 150 -5 54.9 1.43 87

aDetermined by THF SEC calibrated by PS standatsslated yields after purification.
Monomer conversions of all entries were above 9%éegt entry 1 (94%).
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Even with the fast-initiating catalyst, the PDItbE polymer from2 was
still broad (Table 2.1, entry 1). With the enhaneetlvity of the catalyst in THF, it
seemed that a chain transfer reaction caused P@&ddbning. Therefore, the
reaction temperature was lowered to 0 °C to suppiteis reactiori! Indeed, the
CP of 2 produced a polymer having a narrow PDI of 1.1 wibmplete
consumption of the monomer. With this narrow PDie tmolecular weight of
poly(2) was linearly controlled by changing the mononmemitiator (M/1) ratio
from 25:1 to 150:1 (Table 2.1, entries 2-5; Fig@réa). The reactions reached
completion within 30 min to 1 h, despite the lowacton temperature. To
understand the origin of the narrow PDI, we meastineki/k, value by'H NMR
analysié* at 0 °C and obtained a value of 0.84. It was tyhdst ki’k, value
reported to date, indicating that the initiationswiast enough to show much

narrower PDIs than those in the previous rep6it$?

The monomer scope for CP was broadened to varicusomand bis-
substituted 1,6-heptadiyne derivatives-3, Figure 2.3). Those ester- and ether-
containing monomers also underwent fast and effici®yclopolymerization to
form five-membered ring structures that were condid by**C NMR analysis. As
in the CP of2, the polymers obtained from monome3s5 also shared the
characteristics of living polymerization, with naw PDIs and controlled
molecular weights (Table 2.1, entries 6-17; Figaré. In particular, the mono-
substituted monomes underwent even faster CP tharwith greater than 95%
conversion in 1 min in an NMR tube at room tempaeat(M/l = 50). It was
presumed that mono-substitution was more free fiteensteric hindrance, thereby
promoting faster complexation of the catalyst armhomer. However, for the same
reason, pol\§) was more vulnerable to the chain transfer reactimn were the
bis-substituted polymers, and as a result, its IRDhdened even at 0 °C. Lowering
the temperature further to —10 °C solved this gobhlwhere polymers with narrow

PDIs and controlled molecular weights were obtaifiedble 2.1, entries 14-17).
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Figure 2.7.Plots ofM, vs. M/l and corresponding PDI values for p@lythrough
poly(5) ((a) - (d)).

Previously, Schrock reported the synthesis of titdodk copolymer
poly(1)-b-poly(norbornene), which contains a mixture of fiand six-membered
rings, via CP followed by ROMP of norbornene detiias?® However, there has
been no report of true block copolymers with fudlynjugated backbones obtained
by CP. If G3-CI could promote living CP, one should be able tgpare a block
copolymer having a fully conjugated backbone witmarow PDI. Indeed, the
diblock copolymer was synthesized by the additidnttee first monomer2
followed by the sequential addition of the seconshomer3 ([2]:[3]:[G3-Cl] =
25:50:1). Size-exclusion chromatography (SEC) sasfeowed the complete shift
from the initial block of2 to a higher molecular weight. Thus, the validityttoe
block copolymerization was confirmed as well aslihieg character of this CP by
G3-Cl (Scheme 2.2 and Figure 2M,= 33.9 k, PDI = 1.14, yield = 94%). This is

21 e
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the first example of block copolymerization betweew different 1,6-heptadiyne
derivatives with a narrow PDI and a regioregulacnustructure. It shows the

potential of using fully conjugated block copolymédraving a polyene backbone

for the study of controlling various nanostructumeorphologies by phase

separation.

HexO,C, ,CO,Hex

2 G3-Cl (1eq) 3 (50 eq)

(25€4) THF 0°oc,30min  THF,0°C,1h o

Poly(2),5-b-poly(3)so 0
94% isolated yield /\[Or o

Scheme 2.2Block copolymerization o2 and3

Poly(2)25
- - = Poly(2)2s5-b-poly(3)s0
\

10 1|2 1‘4 16 1|8
Elution volume (mL)
= 13.6 k, PDI = 1.09) and poB)s-

Figure 2.8. THF SEC traces for pol@}.s (M,
b-poly(3)so (M, = 33.9 k, PDI = 1.14). PS standards were useddiioration.
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2.3.2. Improvement of Living Cyclopolymerization using Additives

Despite the advantages of using THF, DCM s stilbraferred solvent for CP,
because conjugated polymers are usually much moheble in chlorinated
solvents. Therefore, the utility and monomer scafeCP would be further
broadened if conditions could be developed to aehieving polymerization in
DCM. However, with a monomer-to-initiator ratio (IMbf 100, conversion ol
was only 18% in DCM, but 92% in THF. In fact, satte with high dielectric
constantsd) are known to stabilize four-coordinate, 14 elestmetal complexes
after ligand dissociatioff. However, in our preliminary experiments, dieththes

(e = 4.34), a less polar solvent than DCM=8.9), was also an effective solvent
for the polymerization o2. Therefore, we proposed that the major role of Hr#

diethyl ether in the polymerization @fbe to act as a weakly coordinating ligand.

To investigate the coordination effect more exteglgj we ran several CP
experiments ofl usingG3-Cl and compared the CP efficiency of various external
ligands in DCM while holding the M/I ratio fixed &0. As a control experimert,
was polymerized without any additive, resulting 68% conversion at room
temperature (Table 2.2, entry 1). On the other ham@homer conversion at room
temperature increased to 90% by adding 40 mol % THi#ble 2.2, entry 3).
Because it was difficult to handle very small anmsuof liquid THF, we screened
solid reagents as alternative additives. The foahdidate was benzoquinone
because it is known to inhibit the decompositionGotibbs catalyst Adding 20
mol % of 2,6-dichlorobenzoquinone (2,6,B0Q) increased the conversion to 89%
(Table 2.2, entry 4). However, in all the precedaages, the PDIs of the resulting
polymers were still very broad (> 2), leading uspeculate that the high catalyst
activity resulted in an extensive chain transfeaction. Lowering the reaction
temperature to 0 °C to suppress the chain tranststion, was proved largely
ineffective (Table 2.2, entry 5). Interestingly, Waind that lowering the reaction

temperature could also increase the monomer caowef$able 2.2, entry 1 vs. 2
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and entry 4 vs. 5), a counterintuitive finding givlow temperature increase
generally results in better activity for olefin ratftesis. This observation will be
discussed further when we review our findings fithim kinetic analysis in Chapter

3.

Assuming that the weakly coordinating ketone funeiity of 2,6-C}BQ
might be responsible for the observed improvememdlymerization, we tested
another solid reagent, 3,5-dichloropyridine (3,5F9), as a substitute for liquid 3-
chloropyridine, a labile ligand already boundG8-CI. Adding 20 mol % of 3,5-
Cl,Py led to the full conversion dfto polymer in 1 h at room temperature, with a
surprisingly narrow PDI of 1.13 (Table 2.2, entiy fcreasing M/l to 100 led to
the high conversion df at room temperature, along with significantly kifeaing
the PDI. Lowering the reaction temperature to 10s8@pressed the chain transfer
and successfully reduced the PDI from 1.62 to {Th®le 2.2, entries 7 and 8). It
demonstrated that the appropriate additive in ti@MDsolvent system not only

improved the conversion but also achieved the otiatt polymerization.

Table 2.2. Additive screening for polymerization ofL
EtO,C_ CO,Et EtO,C_ CO,Et

G3-Cl
| | | | DCM, 0.5 M
Additive

entry additve  M/I/Add temp time M,?(kDa) PDF  conV
) () (%)

- 50/1/- RT 1 12.6 2.56 68

- 50/1/- 0 1 215 2.38 90
THF 50/1/20 RT 1 10.5 2.00 91
2,6-CtBQ  50/1/10 RT 1 194 241 89
2,6-CtBQ  50/1/10 0 1 16.4 2.11 98
3,5-ChPy  50/1/10 RT 1 26.4 1.13 >99
3,5-ChPy  100/1/20 RT 1 39.7 1.62 90
3,5-ChPy  100/1/20 10 3 49.9 1.16 91

0o N oo o~ N PP

3Determined by CHGISEC calibrated using polystyrene (PS) standdi@alculated
from 'H NMR spectra.
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Figure 2.9. Structures of monomers used for controlled polyragion in DCM.

1 and several other 1,6-heptadiyne derivatives wested for controlled
CP under the optimized reaction conditions (20 #hobf 3,5-ChPy) (Figure 2.9).
Various monomersl( 6—8) were successfully polymerized in a controlled mean
to afford polymers with molecular weights direcplyoportional to the M/I ratio
and with narrow PDIs in the range 1.08-1.31 (TébRk Figure 2.10 and Figure
2.11). In THF, we could only use monomers contgjriong alkyl groups or bulky
moieties to overcome the solubility problems of jogated polyenes. Now, with
the improved solubility in DCM, monomers containisigort side chainsl(and6)
could yield polymers with hig, values (up to 50 k) and narrow PDIs (Table 2.3,
entries 1-9). Polymerization of mono-substitutetereg in THF (M/I = 100)
resulted in a broad PDI (2.23), even at —10 °Cabse a relatively small side-
chain could not effectively suppress the chaindfam In contrast, with 20 mol %
of the pyridine additive, CP af in DCM at 0 °C produced polymers with a high
degree of polymerization (DP) of 200 and narrow $(kable 2.3, entries 10-15).
This result demonstrated that the new DCM reactemmditions with the
appropriate additive could provide better contrbbart the THF conditions.
Controlled polymerization was also possible with heetcontaining 8,
demonstrating an even greater monomer scope (Talde entries 16-19).
Meanwhile,9, which had previously been polymerized using Sckrcatalysts to

yield polymers with a broad PDI (2.%)yielded polymers with a much narrower
27 1] O 11 &1
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PDI (1.26) using the new DCM system (Table 2.3ryef0). The new conditions
were even capable of polymerizid§ to yield low-PDI polymer containing first-
generation Fréchet-type dendr@nwhich, while soluble in DCM, exhibited low
solubility in THF (Table 2.3, entry 21). In brighe use of coordinating additives in

DCM has significantly expanded the monomer scopb®tontrolled CP.
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Figure 2.10.Plots ofM, vs. M/l and corresponding PDI values for (a) pd)y(b)
poly(6), (c) poly(7), and (d) poly8). The actual M/l values were calculated from

the initial feeding ratios and the final conversion



Table 2.3. Cyclopolymerization of 1 and 6-10

Ry R2 R4 R>
G3-Cl o
(. DCM, 35-Cl,Py

n

entry monomer  M/I/Add temp time M, PDP  conV
(°C) (h) (kDa) (%)
1 1 25/1/5 10 3 12.4 1.13 >99
2 1 50/1/10 10 3 234 1.13 97
3 1 75/1/15 10 3 36.5 1.15 93
4 1 100/1/20 10 3 49.9 1.16 91
5 6 25/1/5 10 3 12.0 1.10 >99
6 6 50/1/10 10 3 22.7 1.12 97
7 6 75/1/15 10 3 30.2 1.12 97
8 6 100/1/20 10 3 40.7 1.15 95
9 6 150/1/30 10 3 53.3 1.18 91
10 7 25/1/5 0 0.5 8.4 1.13 >99
11 7 50/1/10 0 1 18.6 1.09 >99
12 7 75/1/15 0 1.3 31.3 1.12 >99
13 7 100/1/20 0 3 39.8 1.13 >99
14 7 150/1/30 0 3 67.7 1.17 >99
15 7 200/1/40 0 3 72.4 1.31 >99
16 8 25/1/5 10 15 10.0 1.11 >99
17 8 50/1/10 10 2 27.1 1.08 >99
18 8 75/1/15 10 2.5 34. 1.14 >99
19 8 100/1/20 10 3 42.2 1.18 97
20 9 50/1/10 10 3 28.3 1.26 >99
21 10 50/1/10 10 3 28.5 1.17 99

aDetermined by CHGISEC calibrated using polystyrene (PS) standdi@alculated
from 'H NMR spectra.



—25
—50
—75
—100

Poly(1)

1‘4 16 1‘8 2‘0
Elution volume (mL)

(c)

2

—25
—50
—75
—100
— 150
— 200

Poly(7)

1‘4 1‘6 1‘8 2'0
Elution volume (mL)

12

22

12

—25
—50
—75
—100
— 150

Poly(6)

2 1‘4 16 1‘8 2‘0
Elution volume (mL)

—25
—50
—75
—100

Poly(8)

1‘4 1‘6 1‘8 2'0
Elution volume (mL)

22

Figure 2.11. SEC traces of (a) poly), (b) poly@), (c) poly(7), and (d) poly)

(Table 2.3, entries 1-19).
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Block copolymerization was attempted as similathia case of THF to
show that living CP is possible in DCM. Fully cogaied diblock copolymer was
successfully prepared from 50 equiv df(to catalyst loading) in DCM at 0 °C
followed by the addition of 100 equiv 6fat 10 °C to produce poly)-b-poly(6) in
89% isolated yield (Scheme 2.3). Block copolymeitra was confirmed using
SEC, which showed an increaseMp from 17.5 k to 56.2 k upon adding a second
monomer; narrow PDIs (< 1.3) were successfullyimeth throughout the process
(Figure 2.12). These conditions were more efficidain those of in Scheme 2.2,

resulting in the doubling of the DP for each block.

H
7 G3-Cl (1eq) _ 6 (100 eq) . 9)
(50 eq)

3,5-Cl,Py (10 eq) 3,5-Cl,Py (10 eq)
0°C, DCM, 1 hr 10 °C, DCM, 3 hr
Full conversion 92% conversion
AcO
Poly(7)s0-b-poly(6)g,
89% isolated yield

Ph

Scheme 2.3Block copolymerization of and6 in DCM

— Poly(7)s0
- = = Poly(7)50-6-poly(6)92 .

12 1|4 1|6 1I8 20
Elution volume (mL)

Figure 2.12. SEC traces for polyjso (black, solid;M,= 17.5 k, PDI = 1.11) and
poly(7)se-b-poly(7)e, (red, dashedyl, = 56.2 k, PDI = 1.29).



2.4. Conclusion

We have used a third generation Grubbs catalysictoeve living CP of 1,6-
heptadiyne derivatives to produce semiconductindgyrpers with controlled
molecular weights and narrow PDIs. The microstmectof resulted polymer
showed sole five-membered ring structure, makirapgl conjugated backbone.
Coordinating solvent (THF) overcame a poor reaigtiof Grubbs catalysts in CP,
and this solvent effect led to a new additive sggtfor enhanced CP in non-
coordinating solvents. This improvement greatlyanged the monomer scope and
utility of the reaction. The living CP finally alleed the synthesis of diblock
copolymers with narrow PDIs from several differdn6-heptadiyne derivatives,

forming fully conjugated polymer in chain growth nmer.
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2.5. Experimental Section

Characterization

'H NMR and**C NMR spectra were recorded by Varian/Oxford As-8800 MHz
for 'H and 125 MHz for*C) spectrometer and Agilent 400-MR (400 MHz fbF
and 100 MHz for*®C). THF-based size exclusion chromatography (SEHE) f
polymer analysis was carried out with Waters systedi5 pump, 2414 refractive
index detector) and Shodex GPC LF-804 column. Gi¥@sed SEC analyses were
carried out with Waters system (515 pump, 2410antive index detector),
Viscotek 270 dual detector, and Shodex GPC LF-86kinecn. Samples were
diluted in 0.001-0.003 wt% by THF (GPC grade, Homely Burdick & Jackson®)
or chloroform (HPLC grade, J. T. BaR¥rand passed through a 0.20- PTFE
filter (Whatmarf). Flow rate was 1.0 mL/min and temperature of coluwas
maintained at 35 °C. The SEC data were analyzet)&ieeze (for THF SEC) and
OmniSEC 4.2 (Viscotek, for CHE)l High resolution mass spectroscopy (HRMS)
analyses were performed by the National Centerlritgr-University Research

Facility.

Materials

All reactions were carried out under dry argon a&pheres using standard
Schlenk-line techniques. All reagents which are wemtially available from
Sigma—AIdricH@, Tokyo Chemical Industry Co. Ltd., Acros Organiéda Aesaf,

25 6,26 8,27 a.nd

without additional notes, were used without furtperification. 1,
9™ were prepared by literature methods. For polyra¢ion, THF was distilled
from sodium and benzophenone, and DCM was purifie@lass Contour Organic
Solvent Purification System. Both solvents wereadsgd further by Ar bubbling
for 10 minutes before performing reactions. CPEB.50% D), DCMd, (99.90%

D, 0.75mL) and THFds (99.50% D, 0.75 mL) were purchased from Cambridge

Isotope Laboratories, Inand used without further purification. Thin-layer
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chromatography (TLC) was carried out on MERCK TlLiica gel 60 F254 and
flash column chromatography was performed using KIERilica gel 60 (0.040—

0.063 mm).

Synthesis
Dihexyl dipropargylmalonate (2)

A mixture of sodium hydride (60%, dispersion in etal oil) (359 mg, 8.98 mmol)
and THF (10 mL) was prepared at 0 °C in a roundobotd flask under argon
atmosphere. Dihexyl malonate (1.063 g, 3.90 mmail3 wdded to the mixture by
dropwise then the temperature was raised to 25Aftr 30 min, propargyl
bromide (80 wt%, in toluene) (0.93 mL, 8.39 mmoBsnadded and stirred for 2 h.
The reaction was quenched by adding,8Haqueous solution and extracted with
ethyl acetate (75 mL*2). The organic layer was diriever MgSQ@ and
concentrated to give a yellow colored liquid. It swpurified by flash column
chromatography on silica gel (EtOAc:hexane = 180gafford compoun® as a
colorless liquid (1.169 g, 85.9%H NMR (500 MHz, CDCJ): & 0.89 (t, 6 H), 1.30
(m, 12 H), 1.61 (qui, 4 H), 3.00 (d, 4 H), 4.16 4H); *C NMR (125 MHz,
CDCly): 6 14.2, 22.7, 22.8, 25.6, 28.6, 31.5, 56.6, 66.49,718.7, 168.9; HRMS
(Cl+): calcd. for GiH330,, 349.2379, found, 349.2375.

4,4-Bis[(propionyloxy)methyl]-1,6-heptadiyne (3)

To a mixture solution of 4,4-bis(hydroxymethyl)-héptadiyné (191.2 mg, 1.25
mmol), triethylamine (632.4 mg, 6.25 mmol) and #dihylaminopyridine
(DMAP) (7.6 mg, 0.0625 mmol) in dichloromethanen(®) was added propionic
anhydride (488.0 mg, 3.75 mmol). The reaction mixtwas stirred for 3 h at room
temperature. The reaction was quenched by addingasad NaHC® aqueous
solution and stirred for a few minutes. The mixtuvas washed with saturated
NH,4CI solution and extracted by ethyl acetate (75 mLThe organic layer was
-

=1
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dried over MgSQ@and concentrated to give a yellow colored liquidvas purified
by flash column chromatography on silica gel (EtO%xane = 1:10) to afford
compound3 as a colorless liquid (301.1 mg, 91%).NMR (500 MHz, CDCI3)3
1.15 (t, 6 H), 2.04 (t, 2 H), 2.36 (q, 4 H), 2.4 & H), 4.13 (s, 4 H)!*C NMR
(125MHz, CDC}): 6 9.3, 22.4, 27.7, 40.3, 65.0, 71.9, 79.1, 174 2MIRCI+):
calcd. for GsH»10,4, 265.1440, found, 265.1439.

4,4-Bis[(isopropylidene-2,2-(bis(methoxy)propionylgy)methyl]-1,6-
heptadiyne (4)

To a mixture solution of 4,4-bis(hydroxymethyl)-heéptadiyné (186.6 mg, 1.22
mmol) triethylamine (0.85 mL, 6.1 mmol) and 4-dim@gaminopyridine (DMAP)

(7 mg, 0.061 mmol) in dichloromethane (3 mL) wasled isopropylidene-2,2-
bis(oxymethyl)propionic anhydrid&(1.0 g, 3.05 mmol). The mixture was stirred
for 3 h at room temperature. Saturated NaH@@queous solution was added to the
mixture, followed by more stirring for 1 h. The rhixe was washed with saturated
NH4CI solution, then the organic layer was extractgethyl acetate (75 mL*2). It
was washed by NaHGGolution twice and extracted by ethyl acetate. ditganic
layer was dried over MgSQand concentrated. It was purified by flash column
chromatography on silica gel (EtOAc:hexane = 1@)aftford compound} as a
white solid (542.3 mg, 95%JH NMR (500 MHz, CDC)): 5 1.16 (s, 6 H), 1.38,
1.43 (s, s, 12 H), 2.06 (t, 2 H), 2.47 (s, 4 H§53(d, 4 H, J = 11.5 Hz), 4.18 (d, 4 H,
J = 12 Hz), 4.24 (s, 4 H'C NMR (125 MHz, CDGJ): § 18.7, 22.4, 25.8, 41.0,
42.4, 65.2, 66.3, 72.0, 79.0, 98.4, 173.9; HRMS+|Clcalcd. for GsH3/Osg,
465.2488, found, 465.2492.

4-(Triethylsiloxy)-methyl-1,6-heptadiyne (5)

Chlorotriethylsilane (388 mg, 2.57 mmol) was added the mixture of 4-
hydroxymethyl-1,6-heptadiyA&(290.5 mg, 2.24 mmol), pyridine (442.7 mg, 5.60
mmol), and DMAP (13.7 mg, 0.112 mmol) in dichlorahene (6 mL) at O °C. The
mixture was stirred for 7 h at room temperaturenthaturated NaHC{Qaqueous
B ) |

—
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solution was added. The mixture was washed withh@Ikhqueous solution and
extracted by ethyl acetate (75 mL*2). The orgaaiel was dried over MgS@nd
concentrated. It was purified by flash column chatmgraphy on silica gel (hexane
only) to afford compound as a colorless liquid (522.3 mg, 98.5%).NMR (500
MHz, CDCL): § 0.61 (g, 6 H), 0.96 (t, 9 H), 1.94 (hept, 1 HRZL(t, 2 H), 2.35
(multi, 4 H), 3.66 (d, 2 H)**C NMR (125MHz, CDCI3):$ 4.6, 7.0, 19.7, 39.8,
63.7, 69.9, 82.4; HRMS (CI+): calcd. for 8,0, 237.1675, found, 273.1677.

4-(2-Ethylhexanoyloxy)-methyl-1,6-heptadiyne (7)

2-Ethylhexanoyl chloride (808.4 mg, 4.972 mmol) vealsled to the mixture of 4-
hydroxymethyl-1,6-heptadiyA&(432.6 mg, 3.541 mmol), triethylamine (1.075 g,
10.62 mmol), and DMAP (21.6 mg, 0.177 mmol) in dicbmethane (10 mL) at
0 °C. The mixture was stirred for 4 h at room terap@e then saturated NaHgO
aqueous solution was added. The mixture was wastitd NH,Cl aqueous
solution and extracted by ethyl acetate (75 mL*)e organic layer was dried
over MgSQ and concentrated. Product was purified by coluhmormatography on
silica gel (EtOAc:hexane = 1:30) to afford compounas a colorless liquid (830.9
mg, 94.5%)*H NMR (500 MHz, CDCJ): § 0.89 (t,J = 7.1 Hz, 3 H), 0.89 (1 =
7.5 Hz, 3 H), 1.21-1.35 (M, 4 H), 1.43-1.67 (m, 4 {01 (t,J = 2.7 Hz, 2 H), 2.15
(hept,d = 6.4 Hz, 1 H), 2.28 (m, 1 H), 2.39 (dbi 2.7, 6.5 Hz, 4 H), 4.16 (d,=
5.2 Hz, 2 H);®C NMR (125MHz, CDGCJ): § 12.2, 14.3, 20.2, 23.0, 25.8, 30.0, 32.1,
36.7, 47.7, 65.1, 70.7, 81.2, 176.5; HRMS (El+)cdafor GeH40,, 248.1776,
found, 248.1781.

Fréchet-type G1 dendritic monomer (10)

Hfj\OH Br/\©/0\/© H o/\Q/OBn
NaH
+ —_—
| | | | e} DMF | | | | OBn
A
10

Frechet type
G[1] aryl ether dendron
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To a 50-mL round bottom flask was added 4-hydroxthylel,6-heptadiyne (98.3
mg, 1.72 mmol). After purging the flask with argehmL of DMF was added and
the mixture was cooled to 0 °C. Sodium hydride (6@%persion in mineral oll,
94.0 mg, 2.35 mmol) was added, and the reactioungxvas stirred for 30 min at
room temperature. The solution of dendritic brom§dg* (600 mg, 1.57 mmol)
dissolved in anhydrous THF (2 mL) was added dropwi$ie mixture was stirred
for 1 h at room temperature then saturated@®tqueous solution was added. The
organic layer was washed with brine and extractiél diethyl ether (50 mL*3),
dried over MgSQ@ and concentrated. Product was purified by column
chromatography on silica gel (EtOAc:hexane = 110afford compound.O as a
colorless and viscose liquid (527.3 mg, 79.1%).NMR (500 MHz, CDC)): &
1.97 (t,J = 2.7 Hz, 2 H), 2.08 (hep,= 2.7 Hz, 1 H), 2.38 (m, 4 H), 3.51 @@=
6.1 Hz, 2 H), 4.46 (s, 2 H), 5.04 (s, 4 H), 6.54)(t 2.3 Hz, 1 H), 6.58 (d, J= 2.3
Hz, 2 H), 7.31-7.43 (m, 10 H}’C NMR (125MHz, CDGCJ):  20.2, 37.7, 70.2,
70.4, 71.5, 73.4, 82.2, 101.6, 106.7, 127.8, 12828.9, 137.3, 141.2, 160.4;
HRMS (El+): calcd. for GeH»503, 424.2038, found, 424.2038.

Preparation of G3-Cl

G2 (51.8 mg, 0.0610 mmol) and 3-chloropyridine (0.B)nwere mixed in 4-ml
sized vial for 2 minutes. It was precipitated ipentane with vigorous stirring, and
the precipitate was filtered and washed with peatdrhe green solid (39.1 mg,

0.0491 mmol, 80.5%) was vacuum dried for 10 min stoded in a desiccator.

General procedure for CP

To a flamed-dried 5-mL vial with a septum contaniBRTFE-silicon were added
the monomer and a magnetic bar. The vial was pungdAr four times, and dry
solvent was added. The initiator (and additiveha tase of DCM reaction) was
dissolved in the given reaction solvent under thertiatmosphere, and then this

solution was rapidly injected into the monomer soluusing a microsyringe at an __
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experimental temperature (-10 °C — 10 °C) undepraigs stirring. The low
reaction temperature was regulated by the fuzzyrebeystem with refrigerated
bath circulators (Wisecir) Excess ethyl vinyl ether quenched the reactioer aft
desired reaction time and the mixture was partjaticipitated in methanol, except
5 — 10% of the aliquot. Obtained solid was filtessd driedin vacuo. Monomer

conversion was calculated from th& NMR spectrum of the aliquot.

Preparation of diblock copolymer poly(2)b-poly(3)

To a flamed-dried 5-mL vial with a septum contagniATFE-silicon were addezi
(25 eq) and a magnetic bar. The vial was purget atiggon four times, and dry
THF was added. After purging with AG3-Cl (1 eq) in another flame dried 5-mL
vial was dissolved in THF, then rapidly injectetbithe solution of at 0 °C under
vigorous stirring. After 30 min3 in THF (50 eq) was injected. Excess ethyl vinyl
ether quenched the reaction after 1 h, and theuneixwas partially precipitated in
methanol, except 5% of the aliquot. Obtained satid filtered and drieth vacuo.

Monomer conversion was calculated from tHeNMR spectrum of the aliquot.

Preparation of diblock copolymer poly(7)b-poly(6)

To a flamed-dried 5-mL vial with a septum contagniATFE-silicon were added
(50 eq) and a magnetic bar. The vial was purgeld witfour times and degassed
anhydrous DCM was added. After purging the air withthe mixture ofG3-CI (1
eq) and 3,5-dichloropyridine (10 eq) in anothermia dried 5-mL vial was
dissolved in DCM, then the solution was rapidlyetted to the solution of at

0 °C under vigorous stirring. After 1 h, the reantitemperature was elevated to
10 °C, and then the mixed solution®{100 eq) and 3,5-dichloropyridine (20 eq),
prepared similarly to the solution &f was injected. Excess ethyl vinyl ether
guenched the reaction after 3 h, and the mixture pr@cipitated in methanol

-
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except 5% of the aliquot. Obtained solid was fdteand driedn vacuo. Monomer

conversion was calculated from thé NMR spectrum of the aliquot.

Reaction kinetics monitored by'H NMR

To a screw-cap NMR tube (Wilmad-Labglass, screw-tdge, 500 MHz, 5 mm)
with a septum containing PTFE-silicon was addednttemomer, purged with Ar,
and a deuterated solvent (ampoule) (bDPwas added. Concentrations were set to
0.30 M. After obtaining the NMR spectrum of the marer, 100uL of initiator
solution was added to monomer solution dHdNMR measurement was recorded
over time. The conversion was calculated by intiégmnavalue of the distinguished
signal of the monomer versus that of the monomgmper sharing signal as an

internal standard.

'H and **C NMR characterization of polymers
The'H NMR and™C NMR spectrum of polyl| is described in the literaturé.

Poly(2) '"H NMR (500 MHz, CDCJ) & 0.88 (br m, 6 H), 1.30 (br m, 12 H), 1.60-
1.75 (br m, 4 H), 3.17-3.42 (br m, 4H), 4.05-4.98 ifn, 4 H), 6.30-6.67 (br m, 2
H); *C NMR (75 MHz, CDCly): § 13.8, 22.5, 25.4, 28.4, 31.4, 41.4, 57.3, 65.9,
123,1,137.1,171.6

Poly(3) 'H NMR (500 MHz, CDCJ): § 1.15 (br m, 6 H), 2.37-2.39 (br m, 4 H),
2.57-2.71 (br m, 4 H), 4.06-4.29 (br m, 4 H), 6629 (br m, 2 H)**C NMR (125
MHz, CD,Cl,): § 9.1, 27.6, 39.8, 43.3, 67.2, 123.5, 138.1, 174.3

Poly(4) *H NMR (500 MHz, CDCJ): 5 1.15 (br s, 6 H), 1.33-1,42 (br m, 12 H),
2.71 (br s, 4 H), 3.65-3.67 (br d, 4 H), 4.17-4(B0m, 8 H), 6.60 (br s, 2 HY’C
NMR (125 MHz, CDC}): § 18.9, 22.0, 26.2, 40.0, 42.6, 44.2, 66.6, 67.94,98
123.9, 138.4, 174.5



Poly(5) *H NMR (500 MHz, CDCJ): § 0.61-0.66 (br m, 6 H), 0.98-1.01 (br m, 9
H), 2.45-2.60 (br m, 3 H), 2.74-2.92 (br m, 2 HBB(br s, 2 H), 6.50-6.85 (br s, 2
H); *C NMR (75 MHz, CCl,): § 4.4, 6.6, 36.5, 38.0, 66.8, 123.2, 139.1

Poly(6) '"H NMR (400 MHz, CDC}): & 1.94-2.16 (br m, 6 H), 2.33-2.84 (br m, 4
H), 3.83-4.24 (br m, 4 H), 6.10-6.80 (br m, 2 ¢ NMR (100 MHz, CDGJ)): §
21.3,40.0, 43.4, 67.6, 123.7, 138.0, 171.3

Poly(7) *H NMR (500 MHz, CDCJ): § 0.74-1.00 (br m, 6 H), 1.09-1.39 (br m, 4
H), 1.39-1.74 (br m, 4 H), 2.10-3.09 (br m, 6 H)B34.30 (br m, 2 H), 6.10-6.90
(br m, 2 H);**C NMR (125 MHz, CDGJ): § 12.3, 14.4, 23.0, 25.9, 30.0, 32.2, 35.0,
37.2,47.7,67.8,123.5, 139.0, 176.8

Poly(8) '"H NMR (500 MHz, CDCJ): § 2.25-2.90 (br m, 4 H), 3.19-3.70 (br m, 4
H), 4.26-4.74 (br m, 4 H), 6.12-6.83 (br m, 2 HQJ7.44 (m, 10 H)**C NMR
(125 MHz, CDC}): 6 40.6, 45.2, 73.7, 74.4, 123.6, 127.7, 128.0, 12838.6,
139.0

Poly(9) *H NMR (400 MHz, CDCJ): & 0.83-0.91 (br m, 6 H), 1.18-1.40 (br m, 20
H), 1.47-1.67 (br m, 4 H), 2.19-2.80 (br m, 4 H)B3.60 (br m, 8 H), 5.92-6.90

(br m, 2 H);*C NMR (100 MHz, CDGJ): § 14.5, 23.0, 26.5, 29.7, 29.86, 29.89,
32.3,40.6,45.1, 71.9, 74.7, 123.7, 138.8

Poly(10)*H NMR (500 MHz, CDCJ):  2.21-3.08 (br m, 5 H), 3.16-3.55 (br m, 2
H), 4.26-4.65 (br m, 2 H), 4.80-5.09 (br m, 4 HB&6.83 (br m, 5 H), 7.11-7.55
(br m, 10 H);"*C NMR (125 MHz, CDGCJ): & 35.6, 37.5, 70.4, 73.4, 74.8, 101.7,
106.8, 123.6, 127.8, 128.2, 128.8, 137.2, 139.3,4,460.4

Poly(M3)s¢-b-poly(M2)s,"H NMR (400 MHz, CDCY): § & 0.74-0.96 (br m, 6 H),
1.09-1.38 (br m, 4 H), 1.38-1.69 (br m, 4 H), 13838 (br m, 11 H), 2.18-3.09 (br
m, 13 H), 3.80-4.31 (br m, 9 H), 6.00-6.90 (br mHE **C NMR (100 MHz,
CDCly): 6 12.3, 14.4, 21.3, 23.0, 25.8, 30.0, 32.2, 34.91,340.0, 43.4, 47.7, 67.6,
67.8, 123.5, 123.7, 138.0, 139.0, 171.3, 176.7
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Chapter 3. Decomposition of Ru-alkylidene in
Cyclopolymerization of 1,6-Heptadiynes

3.1. Abstract

Kinetic analysis has revealed that low efficiendycgclopolymerization (CP) in
dichloromethane (DCM) resulted from the rapid deposition of the propagating
carbene. This decomposition was effectively summ@dy both pyridine additives
and tetrahydrofuran (THF), suggesting that weaklgrdinating additives stabilize
the living chain end. Furthermore, the turnover bamof CP was higher at lower
temperatures than at ambient temperatures, comsistth the understanding that
the lifetime of a propagating carbene is greatedoater temperatures. Steric
protection was also shown to increase the stahfitthe propagating carbene, as
demonstrated by a higher turnover number for tf8&d8nethylsubstituted 1,6-

heptadiyne compared to the non-functionalized marom



3.2. Introduction

In Chapter 2, it was reported that reactivity ia ttyclopolymerization (CP) of 1,6-
heptadiyne derivatives using the third generatiomb®s catalyst was greatly
enhanced by simply using coordinating solvents (JTHHis solvent effect was
ironic because dichloromethane (DCM) was the mastventional solvents in
olefin metathesis reactions using Ru-complexes,tiqudarly in ROMP.

Furthermore, huge solvent effect on the metathesiymerization was less
common with exceptions of a few reports on ROMPnalestrating that solvents
affected the control of tacticitiéspropagation raté,inhibition of secondary
metathesis reactichand even some cases showed reverse solvent Eifed

>THF)*

In our preliminary experiments, the low efficienayCP in DCM seemed
that the conversion stopped in the early stage hef teaction, and further
conversion was impossible. It is indicative of thepagating carbene may be
altered in any other form, and the catalytic attidecreased. Sanford and Grubbs
reported that solvents with high dielectric constaspecially dichloromethane
(DCM), stabilized the active 14-electron speciégiother suggestion was that the
stabilization of 14-electron species also may imgdhe coordination of solvents
(THF or diethyl ether); however, the detection alfvent-adduct was impossible by
NMR spectroscopy. Even though previous studies aaexplain this solvent effect
in CP, it is still valuable to focus on the behavabthe propagating carbene during
CP. Since there has been no attempt to observaraigze the carbene species in
CP, this is an interesting examination to show thmtion between reaction

efficiency and chain end stability.

In this chapter, we demonstrate how the additieaction temperature,
and substituents on the monomer affect the lifetwmhehe active propagating
carbene on the growing polymer chain end by kinatialysis of CP. The
propagating carbene was monitored by NMR spectmscaluring the
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polymerization, and the lifetime of it in severahction conditions was compared
(Scheme 3.1). Furthermore, a new strategy to sepghe carbene decomposition

was suggested to improve the CP efficiency.

R_ R
R. R =/R, R_R .
Ru_» SRl —=5 =)1n/
Il Il e-acditon [lIl R

Propagating carbene

R R

Scheme 3.1.Cyclopolymerization of 1,6-heptadiyne and propaggticarbene

intermediate
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3.3. Results and Discussion

3.3.1. Detection of Carbene Decomposition during CP

To understand the coordination effect of THF oritdes revealed in Chapter 2
(Table S3.1), we designé#i NMR experiments to observe how additives affect
the propagating carbene and overall conversionthliedipropargylmalonatelj
and the third generation Grubbs cataly38{Cl) was chosen as model compounds
for the kinetic studies (Figure 3.1). We began btednining the chemical shift of
the propagating carbene, mixing a 10:1 ratid @fnd G3-ClI in deuterated DCM
(DCM-d,) and obtaining théH NMR spectra after full conversion (Figure 3.2}, (
and (ii)). The initial benzylidene moiety i63-Cl appeared at 19.1 ppm; upon
addingl, new propagating carbenes began to appear atpp®8 Similarly, with
the pyridine additive, the chemical shift for therteene changed from 19.1 to 19.7
ppm upon the addition df (Figure 3.2a, (iii) and (iv)). Based on these gizsients,

it becomes possible to monitor changes in the fotapagating carbene signals
over time by plotting time vs. percentage of thmaaing propagating carbene
(carbene%). Initially, we monitored the carbenealg for the CP of with M/l =

10 at room temperature without additives; as shiwirigure 3.2b, carbene%
drastically declined early in the reaction befaeeling out at less than 50% of the
initial carbene concentration (black line). Howevere observed much higher
carbene% of up to 80% remaining for an otherwismniidal reaction with 3,5-
Cl,Py added (red line). Moreover, almost no changeanmene% occurred during
the reaction in deuterated THF (THig)-(blue line). At this point, it is unclear how
the propagating carbene decomposes, but it doesampaps though weakly
coordinating species such as pyridine additivesTldF suppress or retard this

process.
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Figure 3.2.(a) *H NMR spectra of the initial and propagating cabefi [G3-Cl]
and [G3-Cl + additive] in DCMd,. (b) Decrease in the carbene signal over time
during CP (M/I = 10). Remaining carbene% was calad from'H NMR spectra

using hexamethyl disilane as an internal standard.

To understand how the decay of the signals forptiopagating carbenes
affects the CP, we monitored both the carbene%namcomer conversionl) by
'H NMR spectroscopy under different reaction conditiin DCMd,. For CP with
M/l = 10 in DCM-d, at room temperature, monomer conversion was dage
(90% after 5 min) even though only half of the @mgating carbenes remained
(Figure 3.3a). When the M/I ratio increased to @@ly 10% of carbene remained,
despite full conversion (Figure 3.3b). Unfortungtefurther comparison using
higher M/l ratios was challenging, as monitoring thignal with such a low
concentration of propagating carbenes 'Bly NMR spectroscopy became more

difficult; nevertheless, the data in Figures 3.8d 8.3b suggest that faster decay of
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the propagating carbene would be observed for high# ratios. This might
explain the low conversions @fdiscussed previously (68% for M/l = 50 and 18%
for M/l = 100). On the other hand, carbene% waggfeater when 3,5-¢Py was
added to a reaction where M/l = 10 (Figure 3.3&3\&c). Although the addition of
the external ligand slowed the propagation (90%vesion after 25 min),
consistent with how Grubbs catalyst follows a disstive mechanism, the

lifetime of the propagating carbene greatly inceglas
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Figure 3.3.Plots of carbene% and monomer conversion (%) e for the CP of
1 at room temperature for (a) M/l = 10 in DC84- (b) M/l = 20 in DCM4,, and
(c) M/l = 10 in DCM4, with the pyridine additive (5 equiv 83-Cl). (d) Plot for
the CP ofl for M/l = 10 in DCM<d, at 0 °C. Conversions and carbene% were

calculated frontH NMR spectra.



While optimizing the reaction conditions, we obsa&tvan interesting
temperature effect whereby the CPloproceeded more efficiently at 0°C than at
room temperature (Table S3.1, entry 1 vs. entryFB}. a better understanding of
this effect, an additional kinetic analysis wasfpened at O °C (M/l = 10 in DCM-
dy). Indeed, the propagation rate decreased (80%etsion after 40 min) because
of the lower catalytic activity at the lower temaerre, but carbene decay slowed
to a greater extent (Figure 3.3d), accounting lier unusual effect observed. As a
result, this increased carbene stability overwhdirttee lower propagation rate,
thereby leading to the higher conversion. Thesetlkdranalyses explain why the
Grubbs catalysts have not been utilized for theo€CP,6-heptadiynes; because the
propagating carbenes were not stable enough in RE€KRmMbient temperature to

perform the efficient CP.

Because conversion occurred more slowly at 0 °Cremreliable and
insightful kinetic analysis became possible by priah the data at the early stages
of polymerization. We compared the reaction ordens the concentration of
monomer (M]) under various polymerization conditions; accagdito Eq 1, any
change in €] (concentration of the initial or propagating cames) would strongly
affect the order of monomer conversion. Data fromfgolymerization reactions of
1 in DCM-d,, DCM-d, + additive, and THF at O °C reveal that the reaction in
THF-ds and the reaction in DCM, with additive follow the first-order kinetics for
[M], suggesting ideal living polymerization (Figure48& and b). However,
monomer conversion for the reaction in DG@Mwithout additive followed, at least,
second-order kinetics, implying a deviation froming polymerization because of
significant catalyst decomposition (Figure 3.4c)he3e results are also in
agreement with the data of Table S3.1.

df
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The use of transition-metal catalysts such as W, Ntm Ta, and Rh for
the synthesis of substituted polyacetylenes frokyrads has been well studiéd.
However, there are far fewer examples of Ru-basedlés catalysts being used for
this purposé;® largely because the activity of Grubbs catalysisard alkyne
polymerization (including for CP) has traditionaligen believed to be loWNow,
it is clear from our mechanistic analysis that th&jor drawback in the CP of 1,6-
heptadiynes is not the lack of intrinsic reactivitgtween Ru alkylidenes and
alkynes, but rather facile carbene decompositionthef 14-electron Ru-based
propagating species that occurs in the absencetefmal ligands (Scheme 3.2).
However, the weakly coordinating external ligandsuld increase the population
of the more stable 18-electron state and the fifetbf the propagating species.
Unsurprisingly, several additives (THF, 2,680, 3,5-C}Py) demonstrated this
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stabilizing effect, as evidenced by the increasedamer conversion.
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L Active 14 e-Ru .

:

Carbene decomposition (unknown product)

Scheme 3.2Proposed scheme for the effects of weakly cootitigdigands
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3.3.2. Steric Effect on Carbene Decomposition

Our discovery on the stability of propagating cadse gave an alternative strategy
to design new monomers which could be polymerizadnore stable propagating
carbenes. Ru-alkylidenes are reported to undergmndgosition through the
formation of bimolecular complexé¥™ In particular, recent work by the Lee
group demonstrated thgem-dimethyl groups at the propargyl carbon stabilize
alkyne-chelated Ru-alkylidene complex@sTo investigate how this dimethyl
group could affect the stability of the propagateagbene during CP, we prepared
a new monomerl-a an analog ofi, and performed the same kinetic analysis in
DCM-d, at room temperature (Scheme 3.3). This polymeéomgiroceeded much
more slowly than for, especially initially, because tlgem-dimethyl substituent
significantly retarded both ring closing and progéan (Scheme 3.3 and Figures
S3.1 and S3.2). Although benzylidene efficientlyderwent the initiation by
reacting with the sterically less demanding termialkyne, it was difficult to
monitor the carbene concentration during the ingiages of propagation because
the disubstituted carbene intermedidtewithout any proton was invisible itH
NMR spectrum and was the major species at thalrstage because of the much
slower ring-closure. With increasing conversiore ttarbene peak (corresponding
to the actual propagating specBsgrew, and the carbene% was monitoredHhby
NMR spectroscopy. The remaining carbene% was medsafter 95% monomer
conversion and was found to be 61% (M/I = 10, até) and 38% (M/I = 20, after
5 h). As expected, these values were higher thacdhesponding carbene% bf
in the previous kinetic analysis (Figure 3.3, 433 ¥1/l = 10 and 13% for M/l =
20). This result suggests that the sterically hiededimethyl group near the
propagating carbene provided some shielding efi@ct protection, thereby
increasing the carbene lifetime. Finally, we coriddahe CP ofl-a with M/l = 50
at room temperature in DCM; even without the asditifull conversion was
achieved, although it required a much longer readiime (10 h) because of much
slower cyclization and propagation owing to the-&j8ethyl group. This again
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showed that higher conversion dfa (compared tdl; Table S3.1, entry 1) was
possible because of greater stabilization of tlupggating carbene (Scheme 3.4).
Moreover, PDI value of the polymer produced at rotamperature was quite
narrow (1.38), suggesting that chain transferss auppressed by the steric effects
of dimethyl substitution (compared to a PDI of 2.58ble S3.1, entry 1). With a
lower M/I1=25, the polymer havinlyl, of 7.9 k and PDI of 1.13 was obtained after
7 h. These experiments provide significant insights CP, as the quantitative
carbene analysis could predict polymerization &fficy. It is expected that this

strategy will be helpful in investigating other €stems.

Et0,C_ CO,Et { Et0,C_ CO,Et

B :

0 G3-Cl %w : More stable :

| | | | DCM-d, : propagatingi
RT : Ru  carbene

1-a : H

EtO,C._ COLEt | |
s Carbene%

: (at conv: >95%)
Ru I I i much | -61% (M/l=10)
i slower | -38% (M/l = 20)

Scheme 3.3.'H NMR spectroscopic measurement of the propagatawpene

during polymerization of-a

EtO,C_ ,CO,Et G3-Cl EtO,C_ CO,Et
4 —_—> p Conv: >99%
DCM, RT " My 157k
|l 02 adn PDI: 1.38
50

Scheme 3.4Cyclopolymerization ofl-ain DCM at room temperature
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3.4. Conclusion

Mechanistic studies usirfl NMR spectroscopy revealed that weakly coordirmgtin
reagents (THF and 3,5+Ply) suppressed the decomposition of the propagating
carbene (a 14-electron state) and increased theuwer numbers of the reactions.
Kinetic analyses of the reaction order showed thdmg polymerization was
possible in the presence of weakly coordinatingyeess at lower temperatures
because the propagating carbenes were stabilizel duain transfer was
suppressed. As an alternative strategy to statjlithe propagating carbene, we
introduced gem-dimethyl substituents into the 3-position on thé-Aeptadiyne
derivative. This steric protection effectively iresed the carbene lifetime of the

new monomer, improving the turnover number.
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3.5. Experimental Section

Characterization

'H NMR and**C NMR spectra were recorded by Varian/Oxford As-8800 MHz
for 'H and 125 MHz for*C) spectrometer and Agilent 400-MR (400 MHz fbF
and 100 MHz for'®*C). For the'H NMR spectroscopic measurement at low
temperature (0 °C), Avance 500 (Bruker, 500 MHz'fd) system was utilized at
National Center for Inter-University Research Hted (NCIRF). High resolution

mass spectroscopy (HRMS) analyses were perform@dIRF.

Synthesis

Diethyl-2-(propargyl)-2-(dimethylpropargyl)malonate (1-a)

0O o EtO,C. CO,Et
/\O%/\ (Br i’ T
* DMF
s [
2 1-a

To a 50-mL round bottom flask was add2d (589.3 mg, 2.60 mmol). After
purging the flask with argon, 10 mL of DMF was addand the mixture was
cooled down to 0 °C. Sodium hydride (60% dispersiomineral oil, 160 mg, 4.00
mmol) was added, and the reaction mixture wasestifor 30 minutes at room
temperature. Propargyl bromide (80 wt% in tolugh8d,mL, 3.4 mmol) was added
dropwise, and the mixture was stirred for 1 h armatemperature. The reaction
was quenched with saturated M aqueous solution, and the organic layer was
washed with water and extracted with diethyl e mL*3), dried with MgSQ
and concentrated. The product was purified by fleslumn chromatography on
silica gel (EtOAc:hexane = 1:10) to afford compound as a pale yellow liquid
(483.4 mg, 1.83 mmol, 70%3 NMR (500 MHz, CDCJ): & 1.29 (t,J = 7.5 Hz, 6
H), 1.52 (s, 6 H), 2.00 (| = 2.7 Hz, 1 H), 2.24 (s, 1 H), 3.05 (= 3.0 Hz, 2 H),

4.25 (q,d = 7.0 Hz, 4 H);®*C NMR (100MHz, CDG)): 6 14.3, 23.8, 27.1, 37.4,
56 1 =2 H
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61.8, 63.0, 70.9, 71.1, 81.1, 88.8, 169.0; HRMS+)Elcalcd. for GsHOs,
264.1361, found, 264.1368.

Procedure for polymerzation of 1-a

The procedure is same with the description in Giragi except the reaction
temperature (25 °CPRoly(1-a)'H NMR (500 MHz, CDCJ): § 1.13-1.29 (br m, 6
H), 1.29-1.47 (br m, 6 H), 2.90-3.24 (br m, 2 HP&4.32 (br m, 4 H), 6.17-6.54
(br m, 1 H), 6.59-6.99 (br m, 1 HY'C NMR (125 MHz, CDGJ): § 14.4, 24.2, 38.0,
52.1, 61.3, 66.8, 122.5, 124.6, 135.7, 145.2, 178 Figure S3.4 for 2D NMR

analysis of conjugated backbone.

General procedure for kinetic experiments

To a screw-cap NMR tube (Wilmad-Labglass, screw-tdge, 500 MHz, 5 mm)
was added the monomer (0.12 mmol, 10 eq). Thewasepurged with argon, and
deuterated solvent (400.) was added to dissolve the monomer. The solution
initiator (0.012 mmol, 1 eq) (and 5 eq of additiwveas prepared under argon
atmosphere and one drop of hexamethyl disilaneadded as an internal standard.
The total amount of initiator and additive was 6f4riginal value; after dissolving
those using deuterated solvent (380, 1/5 (50uL) of it was diluted in another
NMR tube and used for checking the ratio betweetaincarbene and internal
standard. After obtaining the NMR spectrum of moegnR200 L of initiator
solution was added to monomer solution dHdNMR measurement was recorded
over time. In 0 °C experiment, only 1 equiv of doldi was used because the

propagation was much slower at a lower temperature.
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3.6. Supporting Information

Table S3.1. Partial data from Table 2.2 for the comarison of additive effect

EtO,C_ CO,Et EtO,C,_ CO,Et
G3-Cl
—
|m| DCM, 0.5 M
Additive

1

entry  additive M/I/Add temp time M2 PDEF  conV
(°C) (h) (kDa) (%)
1 - 50/1/- RT 1 12.6 2.56 68
2 - 50/1/- 0 1 21.5 2.38 90
3 THF 50/1/20 RT 1 10.5 2.00 91
4 2,6-C}BQ 50/1/10 RT 1 19.4 2.41 89
5 3,5-C}Py 50/1/10 RT 1 26.4 1.13 >99

aDetermined by CHGISEC calibrated using polystyrene (PS) standdi@alculated
from 'H NMR spectra.
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EtOC, CO.Et EtO,C_ CO,Et EtO,C, COsEt

o G3-Cl o s
([l Ru [l Ru
1-a H
A B

91 min (57%)

7 min (32%)

AN
A N 32 min (47%)
SV

-

N 2 miru:f%)

n Initial (100%)

26.9 ‘ ‘ 26.6 ‘ ‘ 26.3 ‘ ‘ 26.0 ‘ ‘ 15.7 ‘f1 (;)pn‘]}?A ‘ ‘ 15.1 ‘ ‘ 15.8 ‘ ‘ 15.5 ‘ ‘ 15.2 ‘
Figure S3.1.'H NMR spectra of initial and propagating carbenesmf the
polymerization ofL-ain DCM-d,. (M/lI = 10) The percentage in brackets is relative
carbene% compared with the initial amount of thdbeae. Due to the intermediate
(A) having no carbene proton, only small portiontod propagating carbene was
shown in the early stage of the polymerizatiorin@reased continuously with the
monomer conversion because the actual propagatiegjes B) having a carbene

proton were formed.
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Figure S3.2.Plots of monomer conversion (%) and carbene%iwve for the CP
of 1-a with (a) M/l = 10 and (b) M/l = 20 in DCM, at room temperature. Low

carbene% during the initial stage is describedigufe S3.1.
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Figure S3.3.Linear plot of —InM] vs. time for the cyclopolymerization dfa with

M/l = 10 in DCM-d, at room temperature.
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2D NMR (COSY and NOESY) assignment of poly(1-a)

Red: NOE
Blue: COSY
R=CO,Et O O
COSY (500 MHz)
o L ye
® ,V
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Chapter 4. Mechanistic Investigations on
Cyclopolymerization vs. [2+2+2] Cycloaddition of
1,6-Heptadiynes

4.1. Abstract

It was found that second generation Grubbs catalystoveyda-Grubbs catalyst in
dichloromethane (DCM) dominantly formed side pradudimers and trimers of
1,6-heptadiyne derivatives, instead of producingjugated polymers. Further
mechanistic studies disclosed that [2+2+2] cycld#mid by the decomposed
Grubbs catalyst was responsible for these sideustednot commonly believed
olefin metathesis pathway. Furthermore, a contmpeement revealed that
pyridine not only stabilized the propagating cadadout also suppressed the dimer
formation by poisoning the newly generated catalgpecies that would promote
[2+2+2] cycloaddition. Another observation was thapending on the nature of
substituents of the 1,6-heptadiyne, different satibpolymer and the side-products
were obtained as a result of competition betweem@Pcycloaddition. Monomers
containing more coordinating substituents favorkd tindesired cycloaddition
products as a consequence of slower polymerizatiah faster decomposition of
carbene, while weakly chelating monomers stronglyofed CP. Finally, with good
understanding on what factors contributed to the @mpagation and
decomposition on the Grubbs catalysts, the effyieof CP was maximized by
modifying the monomer structure, lowering the reactemperature, or adding the

stabilizing ligands.
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4.2. Introduction

Cyclopolymerization (CP) of 1,6-heptadiyne derivat using Grubbs catalysts
had been unsuccessful, and this led to misbeliaf they were just inactive.
However, in Chapter 2 and 3, it was investigateat the weakly coordinating
ligands such as tetrahydrofuran (THF) and pyridjresatly enhanced the efficiency
of CP using Grubbs catalysts by suppressing theordpcsition of active
propagating metal carbene species during the polyat®mn. With this valuable
lesson regarding the crucial ligand effect, we edrrour focus to reasons why
previous attempts of CP using second generationblidrucatalyst G2) and
Hoveyda-Grubbs catalysHG2) (Figure 4.1) were unsuccessful. Interestingly, we
produced brush polymers via macromonomer approaaig G2 in THF (see
Chapter 5. This observation puzzled us why the CP had be@ossible using?2

or HG2. In this chapter, we rationalize the previousuigs of CP by addressing on
a competing reaction pathway of 1,6-heptadiyne vdékies. This reaction
produced their dimer and even trimers as major gidducts (Scheme 4.1) when a
ligand-free catalystHG2) was used under various reaction conditions. Alg®,
concluded that this major side reaction, whose aicsim had been in dispute, was
[2+2+2] cycloaddition of alkynes catalyzed by depased Ru-alkylidene from
numerous mechanistic investigations. Lastly, thHisdg revealed which factors
influenced the competition between CP and cycldaddiand how to understand
the structure-reactivity relationship to maximize tefficiency of CP. Therefore,
we successfully cyclopolymerized 1,6-heptadiynesiqudHG2 and suggest a

general guideline for successful CP using Grubkeysts.
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4.3. Results and Discussion

4.3.1. Mechanism of Dimerization and Trimerization of 1,6-Heptadiyne
Derivatives during Cyclopolymerization

We first screened various cyclopolymerization ctinds to examine what
happened during the typical polymerization of th@stncommon monomer,
dipropargyl malonate esterka andlb, by various Grubbs catalysts and compared
their efficiencies (Table 4.1). Tetrahydrofuran {@)Hand dichloromethane (DCM)
were selected as coordinating and non-coordingimgents respectively, and three
different Grubbs catalysts in Figure 4.1 were gsReactions usinG2 or HG2 in
DCM afforded just dimer3) or trimer @) almost exclusively at room temperature
(Table 4.1, entries 1, 2 and 4). On the other hagdctions using pyridine-
containingG3-Cl in DCM (Table 4.1, entry 3) adG2 in THF (Table 4.1, entry 5)
did not produce® or 4 and underwent CP dominantly instead. However,atpg
the same reaction usitf52 in THF at elevated temperature (50 °C) resulteanin
increment of the dimer formation and decrease in(TaBle 4.1, entry 6). Instead
of usingG3-ClI (entry 3), adding pyridines, such as 3-chloropyed3-CIPy) and
3,5-dichloropyridine (3,5-GPy), to ligand-fredHG2 also selectively promoted CP
with higher conversion (Table 4.1, entries 7 and Blpwever, adding a
benzoquinone derivative as a weaker ligand incobdise conversion of CP only
slightly while maintaining the high yield &and4 (Table 4.1, entry 4 vs. entry 9).
These dimerization and trimerization of 1,6-heptads were previously reported
by Buchmeiser group when modified Grubbs catalgststaining trifluoroacetate
or isocyanate reacted with 1,6-heptadiyne derieaticontaining nitrogen and
ethers (Scheme 4.1§.As a mechanism of the dimer formation, they prepoan
intramolecular backbiting reaction via olefin métgis mechanismCfcle | in
Scheme 4.2). Due to this side reaction, lower csigr to polymer was inevitable.
Initially, we assumed that the mechanism of dinsitn by Grubbs catalysts
should be very similar to the previous reports filBathmeiser group although the

catalysts were different.
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Table 4.1. Cyclopolymerization of 1a and 1b variethy reaction conditions

R
A& (gatallys/t) R R R)C©E><z
mol %
() oo N R
. s XTSI
4
entry cat monomer solvent additive 2° 3 4 con/
CONECONNCONNCY,
1 HG2 la DCM - 2 47 6 60
2 G2 la DCM - 3 24 trace 33
3 G3-Cl la DCM - 55  trace 0 65
4 HG2 1b DCM - 5 47 9 81
5 HG2 1b THF - 79 0 0 99
6° HG2 1b THF - 49 27 0 93
7 HG2 1b DCM 3-ClPy 73 0 0 75
8 HG2 1b DCM 3,5-CLPy 94 0 0 97
9 HG2 1b DCM 2,6-CLBQ 13 52 17 88

410 mol % of monomer was addé@alculated fromtH NMR spectra°The reaction was
performed at 50 °C.

Buchmeiser group reported that the coordinatioheteroatoms on the
monomers or 2-PrO-styrene ligand to metal centempied the backbiting side
reaction, particularly with the emphasis on theeask-return mechanism of the
chelating styrene. They further explained thatgiedine impeded the backbiting
reaction because the pyridine competed with therak of the polymer backbone
for the coordination to the Ru metal. As a reghky proposed a schemn@ycle I,
to describe the backbiting mechanism and coordinatmodels via olefin
metathesis pathway (Scheme 4.2). After Ru-alkykd¢h) reacted with a 1,6-
heptadiyne derivative B) by a-addition to produceC, it undergoes rapid
cyclization to form the initial propagating carbebe Reacting with anotheB, D
makesthe second intermediatE, which should cyclize onto the alkyne and

polymerize. InsteadE undergoes backbiting side reaction by cyclizingootine
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olefin (blue) of the backbone to generate an arimntiner ¢). However, there is
one issue with this proposed mechanism becauserihigss requirels to becis-
dienes for successful cyclization to produce araar@mpound-. Therefore, they
proposedtrans-to-cis isomerization to explain the production lef However, as
well as reports from Buchmeiser group, we showed the CP mediated by Ru
catalysts predominantly formecdans-vinylene PCPV, and even a small amount of
cisvinylene spontaneously isomerized into thermodyinally stable trans-
vinylene (see Chapter 6)Therefore, it was highly unlikely that the non-
spontaneougrans-to-cis isomerization would rapidly occur and promote dimer

formation.

"\, RC@jR >
R
R- z
= F Ru=\ 1l
— a~addition
R

Cycle |

R

) R' Ru

— Ru '
Ru B R C
g // = (minor)
Ro CO2R trans-to-cis R R / Cyclization
R. R

isomerization
R. R .
Polymerization RU E(trans) R B Ru= =
o R (major) D R’
Ru \_j/
Poly(B) R R =

Scheme 4.2Mechanism of dimerization based on the olefin mhetsis reaction

(Cycle )
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Instead, we turned to an alternative pathway, &iweéstigated transition
metal-catalyzed [2+2+2] cycloaddition reaction teoquce 3 and 4.> The
mechanism of Ru-catalyzed cycloaddition involvesthemacyclopentatriene
intermediate @) (Scheme 4.3Cycle 11).5*® Interestingly, Blechert group reported
the first intramolecular trimerization or cyclizati of triyne using the first
generation Grubbs catalystl) by proposing a mechanism of the cascade olefin
metathesis reactio‘h,just like Buchmeiser group. Furthermore, Witulsknd
coworkers adopted this olefin metathesis pathwagxtgain their regioselectivity
issues during the cycloaddition between diynes tmchinal alkynes? On the
other hand, more reactive Grubbs catalysB2 and HG2, were recently
investigated for various cycloaddition reactions Bgrez-Castells group who
proposed a [2+2+2] cycloaddition mechanism cataylzg some Ru-species, as a
result of the decomposed Grubbs catalysts undehahgh reaction condition (>
60 °C)’> However, even there remained some ambiguities tier [2+2+2]
cycloaddition mechanism catalyzed by decomposed Rpecies via
metallacyclopentatriene intermediate, because #isy observed another olefin
metathesis reaction still operative at room tempeed’ Summing up all the
previous observations, these seemed to be stilispud on exactly which

mechanism produced dimers of 1,6-heptadiyne dévasturing CP.
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cycloaddition mechanisnCicle 1)

Although theCycle Il seemed to be more plausible mechanism than the
Cycle | which required unfavorabl&ans-to-cis isomerization, more systematic
investigations and evidence were necessary. Therefoe designed following
control experiments to confirm the right mechanisiinstly, we conducted a cross-
over experiment to check if ti@ycle | was operative. To a purified pohd), HG2
was added to generate propagating carbene by thasfer reaction (intermediate
D in Scheme 4.2), antla was sequentially added (Scheme 4.4, Figure S41 an
Figure S4.2). According to theycle I, the reaction between a propagating carbene
on poly@d) (poly(1d)-D) and1a should produce a hetero-cycloaddition product
(3da) through intermediat& by the backbiting mechanism (Scheme 4.4). As a
result of the generation of pol)-D, one could isolate the copolymer of
poly(1d)-co-poly(1a). However, we could not dete8tla at all, but only dimer and

-

=1
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trimer of 1a (3a and4a) were confirmed. As a counter experiment, the treac
between polyla) and1d was repeated, but it also produced homodimddadnly

and no cross-over product at all, supporting ag&gsle | (Figure S4.3).

HG2 (5 mol %z
DCM RT RuLn

Poly(1d) Poly(1d)-D

o CO,Et EtO,C. CO,Et
S| |7
~
0 Z [

0 3da  Not formed 1a
g J
B I '
(o) (o)
CO,Et
+  EtO,C
=

Poly(1d)-co-poly(1a)
EtO,C" CO,Et 3a

Scheme 4.4Reaction of propagating carbene on pbdlj(andla

To provide a more support for tycle Il overCycle I, we attempted the
same dimerization using an asymmetric monomerdBriethyl substituted diyne
(1a’, Scheme 4.5). If the steric effects were neglagilbh’ would produce all four
isomers (Scheme 4.8a’; i-iv). However, dimethyl group oba’ provided such a
large steric effect which would make the biasedilgais. For example, it was
revealed that the propagating carbene only reagitfdthe sterically less hindered
alkyne, thereby producing highly regular head-ib-taicrostructure,2a’, via
cyclopolymerization (see Chapter 3). Thereforethé# Cycle | were valid, the
dimerization by olefin metathesis mechanism woulddpce 3a’-i as a sole
product. In contrasCycle 1l would produce two isomer8a’-i and3a’-ii, because

21 e
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a steric effect on the alkyne having dimethyl greuguld suppress its binding to
the metallacyclopentatriene intermediates (ScherBe @bt forming3a’-iii and
3a’-iv). Interestingly, the actual reaction b&’ usingHG2 produced not only the
expected regioreguléta’ (31%), but also a mixture of the isomers3af. From
two-dimensional NMR analyses (COSY and NOESY) aINES analyses on the
mixture of isomers (Figure S4.4-S4.7), we conclutthed these isomers weBa'-i
and3a’-ii in the ratio of almost 1:1 (9% and 8%). Furtherepahe much higher CP
efficiency ofla’ (33%) than that ola (2%, Table 4.1) supported more favorable
Cycle Il mechanism. CP ofla’ should have been suppressed becayese
dimethyl on the 3-position of diyne slowed down th#amolecular cyclization,
thereby favoring the backbiting procesg @ccording to theCycle | than the
polymerization ¥); however, the reaction dfa’ produced more polymer thdma.
Lastly, this higher yield of the polymer froda’ also makes sense because the
dimethyl group significantly suppresses carbeneohposition. Therefore, when
compared to the analogous reaction with the carbene survived longer to
continue cyclopolymerization to give a higher yief2a’, while dimerization was

greatly retarded as a result of slower decompasiiahe propagating carbene.

CO,Et

EtO,C Cout
EtO,C. COEt Et0,C_ COEt  EtO2C X
HG2 (2 mol %) .\ 3a-i: 9%
(- DCM, RT
COEt
1a'

0.5M, 15 hr
EtO,C COuEt
EtO,C

2a": 31%

A
3a'ii: 8%

Scheme 4.5.Cyclopolymerization and cycloaddition of 3,3-dimmgt substituted

analog ofla(la’)
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Metathesis-pathway (Cycle I)

R R R. R
Ru=\
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R=CO,Et R R = r R
% Favored f _ R
l Polymerization & -
a-addition l
x
R. R
X
R X
Rl.l=\ + R
—Ru R' R
R

3a'-i
Expected as sole product

Head-to-tail

Non-Metathesis-pathway (Cycle Il)

R. R
~ R
R — R
R
R
R
i1 R
| II[R@QR_, Vi
R R R R
R" R R
R

[Ru] 3a'-ii

[Ru] RO R i i
>+ s R

= R 'R :

Al ||—[R©;§ — | s

R 'R ;

= 3aviii

~—\_R :

T ”'[R@Q — |
~° R :
R R R

3a'-iv

Not formed

Scheme 4.6Plausible mechanisms of dimerizationlef and structures of dimers

Previously, we reported that CP of 1,7-octadiynevdéves was much

slower than that of 1,6-heptadiyne derivatives ttuenger distance between two
7| 3 =11 =
75 - )



alkynes, thereby leading to slower cyclizattoriTherefore, if Cycle | were
operative, the backbiting reaction should domirwater the CP, just like th€ycle

| in Scheme 4.6. However, from the reactionSaand5b, we could observe good
conversion to the corresponding polymer but finchadt no dimer (Figure 4.2).
Furthermore, it was reported that [2+2+2] cyclo&ddiof 1,7-octadiynes was less
efficient than that of 1,6-heptadiynes because Itinger tether disfavored the
formation of metallacyclopentatriene intermedidtg(re 4.2F°? and this result

further supporte€ycle II.

HG2 (2 mol %) N
Monomer > Polymer Models fi

DCM, RT, 0.5 M odgers Tor

cycloaddition
COéEé Bt EtO,C CO,Et
2 ﬁ R. R R, R
5a 5b I [Ru] \ /f[r;-\\\
Polymer: 54% (12 h) Polymer: 60-65% (6 h) Unfavored
Dimer: 0% Dimer: trace \

Figure 4.2.Reaction of 1,7-octadiyne derivatives uskh@2.

To confirm that the decomposed product of Ru-atigrie catalyzed the
cycloaddition to produce dimers, we designed ati@ady taking a residue from
the reaction mixture afiG2 and 1,6-heptadiyne, and reusing it for the caislgt
cycloaddition. First, the reaction of 1,6-hepta@fiynand HG2 produced the
oligomer which was easily removed after the preatwn and filtration (Figure
4.3). Then, the filtrate solution containing thecdmposed Ru-species and the
dimer product of 1,6-heptadiyne was recovered andlyaed by'H NMR
spectroscopy to confirm that the residue contaimed remaining carbene.
Gratifyingly, the reaction of this residue aféd produced3a in 16% conversion
and this final result concluded that the decompoRedspeciespromoted the
cycloadditionvia Cycle Il to produce the side products. After confirming the
correct pathway a€ycle Il, we could explain all the data in Table 4.1. Fiosing
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coordinating solvents, such as THF, or pyridinestgalditives in non-coordinating
solvents effectively suppressed the decompositiomaobene and promoted the
efficient polymerization (Table 4.1, entries 1,54,7 and 8). Also, the addition of
2,6-CLBQ, very weakly coordinating or less stabilizingdnd, improved the CP
only slightly (Table 4.1, entry 9). Lastly the r&an at a higher temperature in
THF induced more dimerization because of more dadiécomposition of the

catalyst (Table 4.1, entry 6).

HG2
(0.031 mmol)
(1eq) Precipitation -
- »  Solid H Filtrat
Iml DCM, RT n-Hexane o
061mmol 06M. 1h |
(20 eq) +
EtO,C_ ,CO,Et  Concentrated
filtrate
(no carbene)
————» 3a(16%)
1 CD,Cly, 20 h
1a
0.025 mmol
(0.81 eq)

Figure 4.3 Cycloaddition ofla using the residue of 1,6-heptadiyne aiG2

reaction mixture.

Then we became curious why the dimerization wasobserved for the
same CP byG3-Cl. The CP ofla usingG3-Cl in DCM was more efficient than
using G2 or HG2, becauseé53-Cl already contained stabilizing pyridine ligands.
However, without additional ligand or coordinatisglvent, we did observe the
significant decomposition of propagating carbermmfiG3-Cl, resulting in very
low conversion (17%, Figure 4.4a). Interestinglyere with long reaction time over
7 h, the decomposed Ru-species, which should pemytioaddition reaction,
poorly produced the dimer from the remainitey(only 2%). In contrast, the same
reactions usingiG2 in THF at high temperature (Table 4.1, entry 6)h the
addition of 2,6-GIBQ in DCM at room temperature (Table 4.1, entryp@)duced

large amount of the cycloaddition products, sugggsthat the pyridine played a
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major role in cycloaddition. To confirm this, we nitored the reaction afa and
HG2 in deuterated dichloromethane (DGl before and after adding 3-
chloropyridine (3-CIPy) byH NMR spectroscopy (Figure 4.4b). As the reaction
progressed;la was converted t@a (and a small amount ofa), showing that
cycloaddition was dominant. After 35 minutes whé&%8Bof HG2 initiated, five
equiv of 3-CIPy to the catalyst was added to the RNNube. Then, the
cycloaddition immediately stopped, implying thatrigines poisoned or strongly
coordinated to the decomposed Ru catalyst that vesmponsible for the
cycloaddition, whereas weakly coordinating THF @-2LBQ could not. In short,
pyridine ligand was essential not only to stabilitee propagating carbene

intermediate for CP, but also to suppress the nmsgta reaction, the cycloaddition

pathway.
(a)
EtOQC COQET @2.5min @7 h 40 min
G3-Cl (1 mol %) 2a+3 Conv 14% 17%
> 2a+3a
| | | | DCM-d,, RT Polymer 13% 15%
1a 0.3 M for monomer Dimer 1% 29
(b) 1007m m = Monomer
EtO,C_ CO5Et . ® Cycloaddition
HG2 (1.3 mol %) % ., Product
> 3a+4a o qn| "g mamm =
Il |l DCM-d.RT.02M > 60 :
b= Addition of 3-CIPy —3:
2 40
s L]
Cycloaddition - 3-C|Py (6.7 mol %) & 20] o o ©® , o000 o
stopped @ 89% initiation o® °
0 an &

0 10 20 30 40 50
Time (min)

Figure 4.4. (a) Poorly occurred cycloaddition in the reactimnG3-Cl and la
Conversion and the composition of products were itomed by ‘H NMR
spectroscopy. (b) Mo nitoring reaction profile obe before and after the

addition of pyridine in the middle of the reaction.



4.3.2. Substituent Effect on Cyclopolymerization and [2+2+2]
Cycloaddition

Buchmeiser group reported that using the modified datalysts, monomers
containing heteroatoms (nitrogen or oxygen), whichuld coordinate to the metal,
facilitated the dimerizatiofi® This observation led us to hypothesize that the
structure of the monomer and its coordination tmetal would affect both the
decomposition of Ru-species and the cycloaddifltverefore, we screened several
1,6-heptadiyne derivatives containing different gitbents to monitor structure-
reactivity relationship by altering electronic arstkeric nature of substituents
(Figure 4.51a-1h). Similar to the entry 1 in Table 4.1, reactiofiddi®2 and these
monomers in DCM were investigated with an exten@adtion time of 18 h (Table

4.2).

0 0 o o)
/\oﬁo/\ oaoﬁooa )Loﬁo)]\
([l Il [l
1a 1c 1d
Ox N~ NN Oj(i/\/ oTIPS
ﬁ ﬁ ﬁo ﬁ
([l [l Nl Nl
1e 1f 1g 1h

Figure 4.5. Structures of 1,6-heptadiyne derivativita{Lh) screened usingG2.
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Table 4.2. Monomer screening in CP using HG2

R

R_R R_R' R)C@J{

ﬁ HG2 (2 mol %) R'
—_— .

[

DCM, 25 °C N 3
0.5M, 18 h R R
2 7 XL
4
entry monomer 2 3 4 conv’
(%) (%) (%)
1 la 2 51 39 >99
2 1c 5 19 0 33
3 1d 7 44 0 66
4 le 14 42 44 >99
5 1f 37 32 22 >99
6 1g >99 0 0 >99
7 1lh >99 0 0 >99

3Calculated fromtH NMR spectra.

In general, bis-substituted compound$a, ( 1c, 1d) showed poor
efficiencies in CP, favoring the cycloaddition (Tal.2, entries 1-3). However,
the efficiencies slightly increasedd (7%) > 1c (5%) > 1a (2%)) with inverse
proportional to donating ability of the lone pair axygen. Indeed, the carbonyl
oxygen ona-position ofla has stronger coordinating ability than other moarsmn
whereas the carbonyl oxygen on #position (Ld) is far from the metal center,
thereby weakening the coordination. Surprisinglyonorsubstituted monomers
(1e-1h) resulted in much more efficient CP than bis-sitilitstd monomers (Table
4.2, entries 4-7). The strongest coordinating ampideuced the least amount2s
(14%) and large amounts 8é (42%) and4e (44%) (Table 4.2, entry 4). Then, CP
of less coordinatingf improved to 37%, and its cycloaddition productstreely
decreased (32% f@f; 22% for4f) (Table 4.2, entry 5). Remarkablyg containing
a distant carbonyl group aridh containing a sterically hindered triisopropyl! &ily
(TIPS) protecting group were exclusively cyclopognmed with no side product

(Table 4.2, entries 6 and 7). It was notable thas¢ were the first examples of the
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successful CP catalyzed WyG2 in DCM. Through in-depth investigation of
coordinating substituents, we concluded that theoagdition was favored with

the increase in strength and the number of thedimating group.

To understand how the coordination affected thecieficy of CP, we
quantified the remaining percentages of the proj@gacarbenes for each
monomer (Figure 4.6,e-1h). The fast-initiatingG3-Cl was used instead &fG2,
because signals from the propagating 14-electromlRuidenes fromHG2 were
undetectable itH NMR spectroscopy: The remaining carbene% in DCM-after
full monomer conversion was lowest fdre and increased according to the
efficiency of CP in Table 4.2. This showed that foactional groups on the
monomers indeed affected the decomposition of tbpgmating carbene, thereby

decreasing the efficiency of CP and increasingotieerence for cycloaddition.

Remaining carbene

R (after full conversion)
G3-ClI (5 mol %)
—_— 169
DCM-d, le:16%
|| || RT,04 M 1t = 40%
e 19 :45%
1h : 52%

Figure 4.6.Comparison of remaining carbene% after the CReeth.

Now, it became clear that suppressing the carbenendposition was the
most important factor to enhance the CP and redueecycloaddition. For the
improvement of CP under the ligand-free system,téingperature was lowered to
0 °C, and the TON ofc for CP increased from 2.5 at room temperature2té g
give a polymer withM,, = 8.6 k (Table 4.3, entry 1 and entry 2). Among thono-
substituted monomers, the CP of which originally preferred cycloaddition
products at room temperature, now produced higheoutdr weight polymer
exclusively with TON of at least 48 at 0 °C, or eugp to TON at least 95 (Table
4.3, entries 5 and 65.These results address that reaction condition$d coe

.
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optimized to maximize the CP even wi#G2 in DCM.

Table 4.3. Enhancement of CP under low temperature
R_ R

HG2 24344
Il /Il ocwm, o05m

entry mono- M/l temp time 2° ¥ 4 TON M,of2 conV
mer cC) (h () () () of2 (kba) (%)

(PDIY°
1° 1c 50 RT 18 5 19 0 2.5 - 33

2 1c 50 O 8 45 17 0 225 86 77
(2.84)

3 1f 50 RT 18 37 32 22 185 - >99

4 1f 50 O 5 >95 0 0 >48 17.6 >99
(4.80)

5 1f 100 O 5 >95 0 0 >95 151 >99
(4.82)

Calculated from*H NMR spectra.’Determined by CHGI SEC calibrated using
polystyrene (PS) standardResult of entry 2 of Table 4.9Result of entry 5 of Table 4.2.

We became curious how electronic and steric pragserof the
substituents influenced the carbene decomposiiitwe. first hypothesis was the
possibility of intermolecular coordination of thebstituents to the metal carbene,
and this was easily checked by adding 10 to 250valgnt of diethyl malonate
(DEM) to theHG2 during CP oflh, the most productive monomgfigure 4.7).
However, the ratio of the products and moleculaigims of 2h did not decrease
even with increasing amount of DEM, so we coulderout the poisoning the
catalyst by intermolecular coordination of the camfd group. Alternatively, an
intramolecular coordination or chelation in theembediate statesH( or H’,
Scheme 4.7) might facilitate the decompositionha& tarbenes. For instance, for
propagation, a ring closing reaction should ocawmf 1,1-disubstituted Ru-
carbene intermediate by binding to the other allkyra I’ ), but this step would be
retarded for the monomers containing carbonyl gsowgich could form a stable

chelate of the six-membered ring 6r H'). Therefore, the longer the intermediates
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were trapped as the chelateldor H’, the slower the propagation and the faster
catalyst decomposition occurred. For the bis-stiisi monomers 1g-1d),
chelation stateH) could be more dominant, retarding the ring clgsiri | to J,
while the mono-substituted monomers would have lebglation, thereby
promoting faster propagatiok,{). In addition, the stronger chelation of electron
rich carbonyl groupsle and 1f) could favor chelation, while an eight-membered
chelation forlg and sterically bulky ether idh would disfavor the chelation,
thereby enhancing the CP pathw#y)( This also explains why we could achieve
successful CP biG2 for the first time in THF because that monomeenaisled
1gin Figure 4.5 (see Chapter 5 short, the chelation of the carbonyl vs. alkyne
coordination determined the competition betweenpttogpagation of CPk§ or k")
and the carbene decompositidg ¢r k3') leading to the cycloaddition pathway.
This model gives an insight into the correlatiotwsen the monomer structure and
the carbene decomposition, and explains why thdoagdition pathway was
favored over CP in cases of the strong chelatiam s1.s1a. Now we can finally
understand why the previous CP of 1,6-heptadiyres imsuccessful usingG2,

and what actually happened, especially for the mastmon monomed,a.

9 M/l/malonate M, of 2h
OTIPS /\OJJ\/U\O/\ n
(10 - 250 eq) 25/1/10 12.4 k

> 2h: 100%

25/1/25 14.9 k

HG2 (4 move) an: 0% 2511100 136k
I i bCM, 25°C -
1h (1 eq) 0.5 M. 20 hr 25/11100 155k

Figure 4.7.Addition of diethyl malonate to the CP bh.
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R’ R' R' R’
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kzl k3'
Carbene . )
k -
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Cycloaddition [Ru] Polymerization

(dimer, trimer)
— =RuL,,

Scheme 4.7Proposed model showing how substituents effectninamolecular

coordination influenced the reactions
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4.4. Conclusion

It was investigated what happened during the addnCP of 1,6-heptadiyne
derivatives catalyzed by Grubbs catalysts and Hwsvdycloaddition, the major
side reaction producing dimers and trimers of tlmmomers occurred. Conclusions
of these studies shed a light on w&g or HG2 could not cyclopolymerize 1,6-
heptadiyne derivatives, and, indeed, the actuadymis of the attempted reactions
were dimers and trimers of diynes instead of polgm&he structure of monomers,
catalysts, solvents, temperature, and additivelianted the two competing
pathway of CP and cycloaddition to give the différeatio of conjugated polymers
and the side products. Based on these observatietsiled mechanistic studies
disclosed that, in fact, the decomposed Ru-carbeamlyzed the critical
dimerization by [2+2+2] cycloaddition of alkynesatlmer than the previously
proposed olefin metathesis pathway. Therefore, mikihg the carbene
decomposition fromHG2 using weakly coordinating agents, such as pyridine
ligands in DCM, could suppress the cycloadditidreréby leading to successful
cyclopolymerization of the various 1,6-heptadiynespeciallyla and 1b, which
had been known to be failed. In addition, pyridimes such an excellent additive
because it suppressed not only the carbene decdimppsbut also the
cycloaddition pathway. Therefore, why CP us@®8-Cl containing pyridine ligand
did not produce dimers even in non-stabilizing eate like DCM was rationalized.
Furthermore, the efficiency of CP was highly depericn the substituents of 1,6-
heptadiyne monomers, because the degree of cobadiraf those substituents or
chelation retarded polymerization, thus, led to teeomposition of the active
carbenes. Although these studies clarified \WM&2 was a poor catalyst for the CP
of 1,6-heptadiynes in non-coordinating solvents, understanding the detailed
mechanism, one could modify the experimental comubtor monomer structures

to minimize the side-reaction and maximize thecedficy of CP.
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4.5. Experimental Section

Characterization

'H NMR and**C NMR spectra were recorded by Varian/Oxford As-8800 MHz
for 'H and 125 MHz for*C) spectrometer and Agilent 400-MR (400 MHz 6.
Chloroform size exclusion chromatography (SEC) ysed were carried out with
Waters system (515 pump, 2410 refractive index aflete Viscotek 270 dual
detector, and Shodex GPC LF-804 column on sampiesed in chloroform
(0.001-0.003 wt%; HPLC grade, J. T. Bakeand filtered with a 0.2um PTFE
filter (Whatmarf). Flow rate was 1.0 mL/min and temperature of coluwas

maintained at 35 °C. The SEC data were analyzewj @mniSEC 4.2 (Viscotek).

Materials

All reactions were carried out under dry argon apieeres using standard
Schlenk-line techniques. All reagents which are mamcially available from
Sigma-Aldrict?, Tokyo Chemical Industry Co. Ltd., Acros Organiesmd Alfa
Aesaf, without additional notes, were used without fertpurification.1a,*® 1¢,?
1d,'" 5a,'® and5b,'° were prepared by literature methods, 4ad 1b, 1g, andG3-
Cl was prepared as described in Chapter 2. Dichlotttame (DCM) for the
polymerization was purified by Glass Contour Orge®olvent Purification System,
and tetrahydrofuran (THF) for the polymerizationswdgistilled from sodium and
benzophenone. Both were degassed further by Arlimgpfor 10 minutes before
performing reactions. Thin-layer chromatography C)Lwas carried out on
MERCK TLC silica gel 60 F254 and flash column chedagraphy was performed
using MERCK silica gel 60 (0.040~0.063 mm). For S&falysis, HPLC grade
chloroform was purchased from J. T. Bdke€EDCk (99.50% D) and DCM,
(99.90% D, 0.75mL) were purchased from Eurisc®tapd used without further

purification.
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Synthesis
4-(1,6-Heptadiyne)N,N-diethylformamide (1e)

4-Carboxy-1,6-heptadiyA®(441.8 mg, 3.25 mmol) was added to a 50-mL round-
bottom flask containing a magnetic stirring bard @he flask was purged with
argon. DCM (10 mL) was added and the mixture wadezbdown to 0 °C. A
solution of oxalyl chloride (2.0 M in DCM, 2.43 mi,87 mmol) was added, and 2
drops of DMF was added under the control of atmesphpressure. Generated
CO, gas was trapped by a balloon. The reaction mixtuase stirred for 2 hours at
room temperature, and concentrated to give yellolwred liquid. After this flask
was filled with argon, DCM (10 mL), diethylamine.4Q2 mL, 3.99 mmol) and
triethylamine (0.56 mL, 3.99 mmol) were added. Afwirring 2 h at room
temperature, the reaction was quenched by satuNa¢tCQ; aqueous solution.
The organic layer was washed with water and exadaby ethyl acetate, dried over
MgSQ,, and concentrated. The product was purified byshflacolumn
chromatography on silica gel (gradient elution: Athexane = 1:10 to 1:5) to
afford the compound as colorless liquid (569.6 ;@8 mmol, 91.8%IH NMR
(500 MHz, CDC}) § 3.43 (dg,d = 9.4, 7.2 Hz, 4H), 3.10 — 3.02 (m, 1H), 2.55 —
2.44 (m, 4H), 1.99 (t) = 2.7 Hz, 2H), 1.24 () = 7.2 Hz, 3H), 1.13 () = 7.1 Hz,
3H); *C NMR (125 MHz, CDGJ) § 171.92, 171.90, 81.53, 70.17, 42.40, 40.93,
39.81, 21.97, 15.10, 13.17; HRMS (ESWNz for Ci.H;\NNaO [M+NaJ, calcd.
214.1202, found: 214.1201.

4-(Decylcarboxy)-1,6-heptadiyne (1f)

4-Carboxy-1,6-heptadiyA®(305.0 mg, 2.24 mmol) was added to a 50-mL round-
bottom flask containing a magnetic stirring bard @he flask was purged with
argon. DCM (8 mL) was added and the mixture wasleztbalown to 0 °C. A
solution of oxalyl chloride (2.0 M in DCM, 1.46 mR,91 mmol) was added, and 2
drops of DMF was added under the control of atmesphpressure. Generated

CO, gas was trapped by a balloon. The reaction mixtae stirred for 2 h at room
7] |

—
v |
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temperature, and concentrated to give a yellowredldiquid. After this flask was
filled with argon, DCM (8 mL), n-decanol (0.56 m2,91mmol) and triethylamine
(0.81 mL, 5.82 mmol) were added. After stirring might at room temperature,
the reaction was quenched with saturated Nap&fdieous solution. The organic
layer was washed with water and extracted with ledlogtate, dried with MgSQ
and concentrated. The product was purified by fleslumn chromatography on
silica gel (ethyl acetate:hexane = 1:50) to afftrel compound as colorless liquid
(536.7 mg, 1.94 mmol, 86.7%) NMR (400 MHz, CDCJ) 5 4.13 (t,J = 6.7 Hz,
2H), 2.76 (m, 1H), 2.70 — 2.58 (m, 4H), 2.01)& 2.6 Hz, 2H), 1.68 — 1.60 (m,
2H), 1.40 — 1.18 (m, 14H), 0.88 {t= 6.9 Hz, 3H)*C NMR (125 MHz, CDCJ) &
172.51, 80.65, 70.60, 65.39, 43.20, 32.03, 29.8872 29.45, 29.35, 28.73, 26.01,
22.82, 20.05, 14.26; HRMS (EShvz for CigH2eNaQ, [M+Na]*, calcd. 299.1982,
found: 299.1983.

4-(Triisopropylsilyloxy)-methyl-1,6-heptadiyne (1h)

Triisopropylsilyl trifluoromethanesulfonate (2.43.9.02 mmol) was added to the
mixture of 4-hydroxymethyl-1,6-heptadiyri€919 mg, 7.52 mmol), TEA (3.14 mL,
22.6 mmol), and DMAP (45.9 mg, 0.376 mmol) dissdh®y DCM (24 mL) in
100-mL round-bottom flask at 0°C. The mixture wésred for 5 hours at room
temperature then saturated NaHCGQueous solution was added. The mixture was
washed with NHCI aqueous solution and extracted by ethyl acefdte. organic
layer was dried with MgSQand concentrated. It was purified by flash column
chromatography on silica gel (hexane only) to afeompound as a colorless
liquid (1.94 mg, 6.96 mmol, 92.5%H NMR (400 MHz, CDC}) § 3.76 (d,J=5.5
Hz, 2H), 2.43 — 2.31 (m, 4H), 1.97 §t= 2.7 Hz, 2H), 1.95 (m, 1H), 1.13 — 1.03 (m,
21H);®C NMR (125 MHz, CDGJ) & 82.47, 69.73, 64.11, 40.06, 19.70, 18.15,
12.12; HRMS (ESI):



General procedure for the reaction of 1,6-heptadiya derivatives and Grubbs

catalysts

Monomer (0.100 mmol) and a magnetic bar were added4-mL vial with a cap
containing PTFE-silicon septum. Dry solvent (0.10)rwas added after the vial
was purged with argon three times, and the soludfocatalyst (0.1 mL) prepared
from the inert atmosphere was rapidly injected iy temperature. The reaction
was quenched by excess ethyl vinyl ether (0.2 nitley @esired reaction time, and
dried under vacuum. The ratio of products was ¢aled from crudéH NMR, and
then, the mixture was precipitated in methanolrtllQ. The polymer was filtered,
and dimer and trimer were purified from the filgatoy flash column

chromatography on silica gel.

Characterization of polymers

The spectroscopic data @a* poly(5a)™ and polybb)*® were reported in the
literature.For 2a’, 2b, 2¢, 2d, 2g; see Chapter 2.

2e 'H NMR (500 MHz, CBCl,) § 6.90 — 6.07 (br, 2H), 3.42 (br, 5H), 3.15 — 2.52
(br, 4H), 1.39 — 0.94 (br, 6H}*C NMR (125 MHz, CRQCl,) § 174.61, 138.96,
123.57, 42.62, 40.91, 38.66, 38.22, 15.23, 13.46.

2f: 'H NMR (500 MHz, CDCJ) & 7.13 — 5.83 (br, 2H), 4.34 — 3.69 (br, 2H), 3.14
(br, 4H), 1.71 (br, 2H), 1.27 (br, 14H), 0.87 = 6.6 Hz, 3H);*C NMR (125
MHz, CDCL) § 175.86, 138.30, 123.28, 65.19, 40.43, 37.37, 32058, 29.43,
29.40, 28.81, 26.03, 22.80, 14.23.

2h: 'H NMR (500 MHz, CDC}) § 7.00 — 5.96 (br, 2H), 3.95 — 3.29 (br, 2H), 3.04 —
1.80 (br, 5H), 1.47 — 0.50 (br, 21HJC NMR (125 MHz, CDGJ) § 139.17, 123.27,
67.60, 38.30, 36.55, 18.22, 12.25.
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Characterization of dimers (3) and trimers (4)
The spectroscopic data 84> and3c® were reported in the literature.

4a *H NMR (500 MHz, CDCJ) § 7.08 (d,J = 7.6 Hz, 2H), 6.96 (d] = 10.3 Hz,
4H), 4.19 (qJ = 7.1 Hz, 8H), 4.08 (q] = 7.1 Hz, 4H), 3.54 (d] = 3.0 Hz, 8H),
3.15 (s, 4H), 1.25 (t) = 7.1 Hz, 12H), 1.14 () = 7.1 Hz, 6H);"°C NMR (125
MHz, CDCk) 6 171.76, 171.13, 140.16, 138.76, 135.22, 129.06,0B2 124.01,
61.82, 61.32, 60.61, 60.42, 40.55, 40.33, 39.17171414.03.; HRMS (ESI)m/z
for CsgHigNaOy, [M+Na]*, calcd. 731.3038, found: 731.3040.

3b: *H NMR (500 MHz, CDC)) & 7.07 (d,J = 7.6 Hz, 1H), 6.99 (s, 1H), 6.94 (@,
= 7.7 Hz, 1H), 4.19 — 4.05 (m, 8H), 3.53 (s, 4HR43(s, 2H), 2.66 (d] = 2.0 Hz,
2H), 2.12 (tJ = 2.2 Hz, 1H), 1.66 — 1.57 (m, 8H), 1.29 Jc= 4.5 Hz, 24H), 0.88
(dd,J = 6.9, 2.2 Hz, 12H)**C NMR (125 MHz, CDGJ) § 171.80, 169.87, 140.47,
139.10, 134.48, 128.69, 125.75, 124.23, 79.61,2{58.00, 60.71, 58.40, 40.58,
40.39, 37.28, 31.50, 28.57, 28.55, 25.65, 25.5%7222.66, 22.30, 14.13; HRMS
(ESI): vz for C4;oHgsNaQs [M+Na]*, caled. 719.4493, found: 719.4490.

4b: *H NMR (500 MHz, CDCJ) 5 7.07 (d,J = 7.7 Hz, 2H), 6.98 — 6.92 (m, 4H),
4.12 (t,J = 6.7 Hz, 8H), 3.99 (1] = 6.7 Hz, 4H), 3.53 (d] = 3.1 Hz, 8H), 3.15 (s,
4H), 1.66 — 1.58 (m, 8H), 1.54 — 1.46 (m, 4H), 1(&8 36H), 0.88 (m,18H); *°C
NMR (125 MHz, CDCJ) 6 171.82, 171.20, 140.20, 138.77, 135.24, 129.00,042
124.01, 66.00, 65.55, 60.73, 60.52, 40.59, 40.98,98 31.54, 31.51, 28.58, 28.42,
25.71, 25.60, 22.66, 14.13; HRMS (EStNz for CssHeeNaO, [M+Na]”, calcd.
1067.6794, found: 1067.6761.

3d: *H NMR (500 MHz, CDC}) § 7.08 (d,J = 7.6 Hz, 1H), 7.01 — 6.94 (m, 2H),
4.08 (s, 4H), 3.97 (dd, = 31.0, 11.2 Hz, 4H), 2.85 (d= 5.6 Hz, 4H), 2.75 (s, 2H),
2.17 (d,J = 2.5 Hz, 2H), 2.07 (d] = 14.5 Hz, 12H)**C NMR (125 MHz, CDG))
§ 171.16, 170.76, 141.30, 139.62, 134.27, 129.08,88 124.91, 79.82, 72.18,
66.87, 65.11, 46.63, 41.04, 38.86, 38.56, 36.8BR120.99; HRMS (ESIyvz for

CueHzNaGs [M+Na]*, calcd. 495.1989, found: 495.1988.
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4d: *H NMR (500 MHz, CDCJ) & 7.06 (d,J = 7.4 Hz, 2H), 6.87 (d] = 8.2 Hz,
4H), 4.08 (s, 8H), 3.83 (s, 4H), 2.84 (s, 8H), 2(24H), 2.11 (s, 6H), 2.06 (s,
12H); ®C NMR (125 MHz, CDGJ) & 171.18, 170.79, 141.18, 139.39, 135.17,
129.16, 126.98, 124.82, 66.89, 65.55, 46.62, 4138819, 38.85, 38.58, 21.12,
21.01; HRMS (ESI):m/z for CsHseNaOy, [M+Na]*, calcd. 731.3038, found:
731.3036.

3e *H NMR (500 MHz, CDCY) § 7.06 (dd,J = 13.0, 7.5 Hz, 1H), 7.02 — 6.91 (m,
2H), 3.52 — 3.36 (M, 6H), 3.31 — 3.10 (m, 3H), 3-02.85 (M, 6H), 2.83 — 2.76 (M,
1H), 2.59 — 2.52 (m, 1H), 2.40 — 2.33 (m, 1H), 1-98.96 (m, 1H), 1.22 (td] =
7.1, 1.4 Hz, 3H), 1.13 (1 = 7.1 Hz, 3H), 1.02 (q] = 7.2 Hz, 3H), 0.94 (dt) =
11.0, 7.2 Hz, 3H)?SC NMR ; HRMS (ESI)mv/z for C,4H3sN>NaQ; [M+Na]*, calcd.
405.2512, found: 405.2513.

4e *H NMR (500 MHz, CDCJ) § 7.05 (t,J = 7.7 Hz, 2H), 6.99 (s, 2H), 6.96 — 6.92
(m, 2H), 3.51 — 3.36 (m, 10H), 3.31 — 3.16 (m, 68ip6 — 2.87 (m, 7H), 2.74 —
2.61 (M, 4H), 1.24 — 1.20 (m, 6H), 1.14Jt= 7.1 Hz, 6H), 0.97 — 0.90 (m, 3H),
0.62 — 0.55 (m, 3H)}3C NMR ; HRMS (ESI):mVz for CzHsiNaNaO; [M+Na]’,
calcd. 596.3823, found: 596.3822.

3f: *H NMR (500 MHz, CDCJ) 5 7.11 (d,J = 7.6 Hz, 1H), 7.03 (s, 1H), 6.97 @,
= 7.6 Hz, 1H), 4.14 — 4.01 (m, 4H), 3.36 — 3.27 (), 3.26 — 3.11 (m, 4H), 3.03
—2.85 (m, 2H), 2.86 — 2.78 (m, 1H), 2.48 — 2.36 2i), 2.02 (tJ = 2.5 Hz, 1H),
1.68 — 1.52 (m, 4H), 1.26 (s, 28H), 0.88)t 6.6 Hz, 6H)**C NMR (125 MHz,
CDCl3) 6 175.45, 173.90, 142.15, 140.10, 137.02, 127.56,082 124.39, 81.47,
70.38, 65.02, 46.52, 44.02, 36.83, 36.26, 36.04)5329.69, 29.68, 29.67, 29.46,
29.40, 29.38, 28.81, 28.73, 26.07, 26.01, 22.885®A4.26; HRMS (ESInvz for
CseHseNaO, [M+Na]*, calcd. 575.4071, found: 575.4073.

4f: '"H NMR (500 MHz, CDCJ) § 7.09 (d,J = 7.6 Hz, 2H), 6.99 (s, 2H), 6.94 (@,
= 7.6 Hz, 2H), 4.11 (t) = 6.7 Hz, 4H), 3.90 (1) = 6.6 Hz, 2H), 3.35 — 3.26 (m,
2H), 3.25 - 3.10 (m, 8H), 2.95 — 2.87 (m, 3H), 2d4) = 8.6 Hz, 2H), 1.68 — 1.60
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(M, 4H), 1.44 — 1.07 (m, 44H), 0.88 @,= 6.9 Hz, 9H);"®*C NMR (125 MHz,
CDCly) § 175.47, 175.20, 142.01, 139.81, 137.76, 127.44,9K 124.27, 64.98,
64.55, 50.07, 44.03, 38.26, 36.25, 36.02, 32.04/1299.67, 29.47, 29.45, 29.40,
28.80, 28.64, 26.06, 25.93, 22.83, 14.27; HRMS YESVz for CsHsNaOs
[M+Na]", calcd. 851.6160, found: 851.6158.
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4.6. Supporting Information
Cross-over experiments

Reaction (1)

o 1a Preci |tat|on
HG2 (5 mol%) > D Polymer (1) + Filtrate (1)
DCM RT RuLn o.n

Poly(1d) Poly(1d)-
Reaction (Il)
o O o O
D 1d Precipitati on
HG2 (5 mol% O Polymer (Il) + Filtrate (Il)
DCM, RT o.n
1h RuLn
Poly(1a) Poly(1a)-D

Poly(1a)-random-poly(1d)

Y WA\
Polymer (1)
I W

Polymer (I1)

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 15 1.0
1 (ppm)

Figure S4.1.'"H NMR spectra of copolymer (poli)-ran-poly(1d)), polymer (1),
and polymer (11).
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Filtrate (1)

Remaining 1a

Y N\

Dimer of 1a (3a)
A A h J\ A

Trimer of 1a (4a)

¥ .

T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0

. . . )
4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.
1 (ppm)

Figure S4.2.'H NMR spectra of filtrate from reaction (Ba, and4a.

Filtrate (II)

Dimer of 1d (3d)

Lk J M JML

Trimer of 1d (4d)

) MJUJL

T T T T T T T T T T T T T
7.6 7.2 6.8 6.4 6.0 5.6 52

—— .
4.8 4.4 4.0 36 3.2 2.8 2.4 2.0
f1 (ppm)

Figure S4.3.'H NMR spectra of filtrate from reaction (I3d, and4d.
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Characterization of mixture of 3a’-i and 3a’-ii

(1) *H and 2D NMR analysis

" B YN -

T T T T T T T T T T T 1
8.0 7.5 7.0 6.5 6.0 5.5 5.0 3.5 3.0 2.5 2.0 15 1.0 0.t
fl (ppm)

Figure S4.4."H NMR spectrum of the mixture &&a’-i and3a’-ii

cosy /\
gCOSYO r6.80
140522_EH_11-70_dimer_COSY_NOESY
r6.85
F6.90
®
f‘ﬂ 0 F7.00 g
N\ [N =
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JJ@ [/A j L7.10
= | =~ m
|\ F7.15
<} F7.20
T T T T T T T \77'25
715 710 705 700 695 690 6.85 6.80

2 (ppm)

Figure S4.5.COSY of the mixture o8a’-i and3a’-ii (aromatic signals)



NOESY

db
c a
NOESY_01 r6.80
140522_EH_11-70_dimer_COSY_NOESY
-6.85
-6.90
-6.95
11
‘ -7.00
2 —
[ =
Q
L7.05 &
31 '4 =
. -7.10
5 ,
' -7.15
-7.20
-7.25
0
T T T T T T T 7730
36 3.2 2.8 2.4 2.0 1.6 1.2
f2 (ppm)
Figure S4.6.NOESY of the mixture oBa’-i and3a'-ii
(2) GC/MS analysis
Inlet : GC Ion Mode : EI+
Ion Species : Normal Ion [MF-Linear]
TIC Range : m/z 5@ to 70@ Output RT Range : 24.88 to 28.8@ min
41592604
50
| “
‘ |
I
!i |
I
B- T T T T T = T ’\J I‘\J‘ L\' =T g =1 L T 1
25 b 27 28

Time (min.)

Figure S4.7.Gas chromatography 8&’-i and3a’-ii mixture.
For 26.46 min; HRMS (EI+): calcd. fors§H400s, 528.2723, found, 528.2717
For 26.58 min; HRMS (EI+): calcd. forsgH400g, 528.2723, found, 528.2720
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Chapter 5. Grafting-Through Synthesis of
Dendronized Polymers and Brush Polymers by
Cyclopolymerization of 1,6-Heptadiynes

5.1. Abstract

Through a grafting-through strategy, dendronizetympers and brush polymers
containing semiconducting polyene backbones wefigieftly synthesized by
cyclopolymerization. Macromonomers with“% and -G ester-type dendrons
polymerized in a living manner using the third gatien Grubbs catalyst. For
molecular brushes, macromonomers containing pdig€tide) and polyt

caprolactone), prepared by living ring-opening pudyization, were polymerized
using the second generation Hoveyda-Grubbs catiwyptoduce high molecular
weight (> 500 kDa) brush polymers. In addition, #nended conformation of
single chains of the dendronized and brush polymexs visualized by atomic
force microscopy, which revealed the structure ofsiagle molecular wire

surrounded by insulating dendrons or polymers.
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5.2. Introduction

Dendronized polymers and molecular brushes are iquenclass of polymers
containing densely grafted side chains, which @adritre polymer’s conformation
and physical properties via steric repulsion (FégBrl): There are three general
strategies for preparing those graft polymers:gfadting-from, grafting-onto, and
grafting-through  methods.  Although  the  graftingetlgh  approach
(macromonomer approach) affords many advantageb,awell-defined grafting
density and side-chain length, defect-free polysterctures, and even easy access
to block copolymer synthesis, the polymerization macromonomers is still
challenging because of the severe steric hindraateeen the propagating species
and the monomers. For this reason, many brush pmolynare preferentially
prepared via the grafting-from approdctRecently, ring-opening metathesis
polymerization (ROMP) has become one of the mostufgs methods for the
synthesis of dendroniz&@nd brush polymetsby the grafting-through approach
because the ROMP of norbornenyl macromonomers gkhhiefficient when a

powerful third generation Grubbs catalyst is used.

The concept of brush polymers also has been enylioyine synthesis of
conjugated polymers to increase solubility, as &elto demonstrate unique optical
properties and morphology contfaln particular, the insulated form of the organic
nanowire has the advantage of preventing shortitsror crosstalk because of its
insulating covef.Dendronized or brush polymers containing conjugéi@ckbone
are desirable candidates for insulated moleculaesmMIMWSs). The behavior of
insulated individual extended-system is not much explored. Although various
dendronized conjugated polymers have been invéstgéor the formation of
IMWSs, most were prepared by step-growth polymeigratwhich results in the
formation of IMWs with broad PDIs and short polyndrains as a result of the
large steric hindrance from high-generation denslrddevertheless, there have

been only a few examples of direct synthesis ofugated polymers prepared by
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the grafting-through approathecause of the synthetic difficulties arising from
severe steric hindrance. One of the successfulscases the chain-growth
polymerization using a Rh catalyst was adopted hwy Percec group for the
synthesis of substitutedis-polyacetylene to prepare dendronized conjugated
polymers with controlled PDIs and DPs of up to iB@wever, these conjugated
dendronized and brush polymers prepared via thdtiggeghrough approach
showed only wide band gafy> 3.0 eV), indicating that their conjugation lemgt

were quite short due tws-olefin and steric hindrance.

t‘g
]
) Grafting-from Grafting-through
Grafting-to (Macromonomer)

Dendronized polymer

i Polymeric side chain
5
Molecular bottle brush

Figure 5.1.Synthetic schemes of dendronized and brush polymer

To provide a solution to these challenges, the cgtfe
cyclopolymerization (CP) of 1,6-heptadiyne was @msas a new candidate,
because it soluble semiconducting polyenes wittromarpolydispersity indices
(PDIs). In this chapter, we report the synthesissemiconducting conjugated
dendronized polymers and brush polymers graftechymroxymethyl propionic
acid-based (MPA) dendrimers, poly(L-lactide) (PLL.And poly§-caprolactone)
(PCL). Furthermore, the brush polymers underweiguenconformational changes,

which were supported by characterization in bothtgm and solid states. 3 =
102 A =TH @



5.3. Results and Discussion

5.3.1. Synthesis of Dendronized Polymers

The successful polymerization of various monomersChapter 2 showed the
possibility of synthesizing dendronized polymersthg macromonomer approach.
Encouraged by the high activity of the third getiera Grubbs catalystG3-Cl)
toward CP of the mono-substituted monomers, we gregb macromonomers
containing MPA-dendroh 3 (second generatior2™-G) and 4 (third generation,
39-G) were synthesized from 4-hydroxymethyl-1,6-heptadi (1) and 2,2-
bis(hydroxymethyl)propionic anhydride bi§-MPA) (Scheme 5.1). The
polymerization condition o8 and4 using G3-Cl was optimized in THF at low
temperature (=10 — 0 °C). Even with the bu&G dendron, the dendronized
polymers were prepared in a living manner; the Itiegu polymers exhibited
narrow PDIs (1.1-1.2) and excellent molecular weigntrol up to a high degree
of polymerization (DP = 200) (Table 5.1 and Fig6t2). The CP of 200 equiv of
the bulky 4 was completed in 90 min at low temperature, réfigcthe high
activity of G3-CI. More importantly, the chain transfer reactionrsed to be more
suppressed, resulting in lower PDls, because thge l@lendrons blocked the

approach of the active metal carbene to the polpeckbone.
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Scheme 5.1. Synthesis of macromonomers3 (and 4) for dendronized
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Table 5.1. CP of 3 and 4using G3-Cl

\

NN
Mes~™ “Mes
A L
_ N;Ruz\
G3-CI cv | P
Cl _N
THF, 0.5 M |
| | | | 30 - 90 min G3Cl X Cl
entry monomer M/l temp (°C) M.’ (kDa) PDP yield®
(%)
1 3 25 -10 12.3 1.09 88
2 3 50 -10 294 1.09 93
3 3 100 -10 45.4 1.10 78
4 3 150 -10 57.7 1.18 79
5 4 25 -12 155 1.08 92
6 4 50 -10 26.5 1.11 >99
7 4 100 0 48.7 1.12 82
8 4 150 -5 66.6 1.15 70
9 4 200 -5 78.6 1.36 86

3Polymerization conditions: 0.5 M THF within 1.5 ADetermined by THF SEC
calibrated using PS standardisolated yields after purification. Monomer convens

were > 959%.
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Figure 5.2. Plots ofM, vs. M/l and corresponding PDI values for (a) p8)ydnd
(b) poly@).
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Individual molecules of dendronized polymers can Jigualized by
atomic force microscopy (AFM) because of their lulkubstituents and an
extended structure of the chains. The AFM imageadf(4) (Table 5.1, entry 9)
provided vivid structural information on the singéelymer chain; however, the
AFM analysis of poly) failed because of the low height of 28-G dendron. As
a result of the bulky dendrons, paty(showed an extended morphology
resembling a rigid rod rather than a random cdgjFe 5.3). This provides a new
route to the synthesis of IMWs with lengths of avféens to hundreds of

nanometers.

Figure 5.3. AFM image (height) of poly). Polymer solution in dichloromethane

(1.25 mg/L) was spin-coated on mica. Average hegbt4 nm.
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5.3.2. Synthesis of Brush Polymers

In contrast to the dendron-containing macromonomadrich is a well-defined
single molecule, macromonomers for brush polymeesievitably polydisperse
because those are polymers. Therefore, it is éakémtprepare macromonomers
having polymeric side chains with narrow PDIs, whigould allow the synthesis
of final brush polymers having more precise nanmstires. In this point of view,
living ring-opening polymerization (ROP) of cycliesters was selected for the
preparation method of polymeric macromonont&fEhe hydroxyl group of was
used as an initiator for the ROP of PLLA and PClwi® to the orthogonal
reactivity of alkynes and alcohols, Sn(Qtfand methanesulfonic acid catalysis
led to the convenient preparation of macromonondeasid 6 with narrow PDIs
(Scheme 5.2). Molecular weights of the macromonsriend6 were determined
by end group analysis Y4 NMR spectroscopy, based on the integration ratio
PLLA or PCL and heptadiyne signals (Figure 5.4).sMonportantly, end group
analysis by MALDI-TOF mass spectrometry confirmbdtt even after ROP, both
macromonomers retained the heptadiyne functiondlligt was essential for the

next CP (Figure 5.5).
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Scheme 5.2Synthesis of polymer-substituted macromonomgengl6)
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Figure 5.4.(a) '"H NMR spectra of PLLA%) and (b) PCL ). M, of 5 and6 were
calculated by the equation below :

[MW of 5] = {(MW of 1) + (MW of L-lactide)*(integration o&)/2} whend was
calibrated as 2. [MW o8] = {(MW of 1) + (MW of ¢-caprolactone)*(integration of
0)/2} whend was calibrated as 2. Conversion of CP was caklby the ratio of

(integration of residual signal dj/(integration ofe or g).
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Figure 5.5.MALDI-TOF spectra of (a) PLLAR) and (b) PCL#®).

In each spectrum, there were ‘Nmunded and kbounded signals for
every peak, and the mass difference between eathvpees exactly the mass of the
monomers (L-lactide angcaprolactone)5 showed small peaks, which indicated
the molecular weight of half of lactide, betweerotlarge peaks. For this, it was
suggested that a small amount of chain transfengltihe ROP occurred. However,
no signal for the polymer initiated by water waarid.
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The cyclopolymerization 0 and6 was investigated using the second
generation Hoveyda-Grubbs catalydiG2) in THF (Scheme 5.3). With a
monomer-to-initiator ratio (M/I) of 100, 90% & was converted into the brush
polymer in 1 h at room temperature. The conversajrthe macromonomers were
confirmed from integration analysis on crude samplg'H NMR spectroscopy or
size-exclusion chromatography (SEC; Figure 5.6)] #me absolute molecular
weights of the brush polymers were obtained by iranigjle laser light scattering
(MALLS) detection. After this initial success in Ge changed the catalyst&3-

Cl to test if living CP would also be possible. Gratigly, 5 with M/l of 50 was
cyclopolymerized at room temperature to give thesbhrpolymer withMvl, of 132 k
(theoretical M,; 135 k) and narrow PDI of 1.18. However, unfortiehg all
attempts to achieve living polymerization failedttwM/I of 100, and only brush
polymers with broad PDIs (> 1.4) similar to thetiali case were obtained. Instead
of aiming for living polymerization, thermally morstable HG2 was used to
maximize conversion by increasing temperature t6G(09%, Table 5.2, entry 1).
Under these conditions, CP with higher M/l of 20@da300 was attempted to
obtain high molecular weight brush polymers withamuower catalyst loading:
the maximum average degree of polymerization (p)to 220, was obtained

(Table 5.2, entries 2 and 3).

H Mes Mes
O A JH TI/\O
//oﬁopkf LR, ﬁ
ol
Z 5 b Poly(5)
THF,50°C o O]‘H

0
‘[J]\/\/\/O
n
Sattas
F 6 Poly(6)

m

Scheme 5.3Cyclopolymerization of macromonomegsgnd6) usingHG2 for the

synthesis of molecular brushes
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Table 5.2. CP of 5 and 6 by HG2 at 50 °C

entry monomer M/l time MZJ?(kDa) M, (kDa) PDP conv

(h) (theor.) (%)
1 5 100 1 269 424 1.47 99
2 5 200 2 511 453 1.51 94
3 5 300 6 604 583 1.42 74
4 6 100 1 346 209 1.63 99

Calculated by this equationM{ of macromonomer) x (M/l ratio) x (monomer
conversion).’Determined by THF SEC using MALLS detectof€alculated from the
NMR spectral integration of monomers remainéktermined by CHGISEC using light
scattering detector.

10 'I|2 'II4 'IIG 'IIS 2|0
Elution time (min)

Figure 5.6. SEC traces of the macromononterdashed) and crude sample of

poly(5)eo (solid).
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Under the same conditions, the other macromond@adso showed good
reactivity toward CP; for M/l = 100, full conversidnto the brush polymer was
achieved within 1 h (Table 5.2, entry 4). Howeuhe solubility of poly6) in
common organic solvents, such as chloroform and, WH#s much poorer than
poly(5), which made SEC analysis troublesome becauselt 2 days to dissolve
fully poly(6) in chloroform. Although both PLLA and PCL are stglline polymers,
they have different degrees of crystallinity anffedlent physical propertie$,and
their polymer brushes may show different propersigsvell. Hence, to investigate
the solubility issue in detail, differential scangicalorimetry (DSC) analyses on
both macromonomers and brush polymers were perfbr(Régure 5.7). The
crystallinities of the macromonomers were easillgudated as 56%5) and 85%
(6), by comparison with the reported enthalpy of dasfor the parent polymer
crystal. Despite the high crystallinities for battacromonomers, DSC analysis on
the brush polymers polg)( and poly6) showed different results. For pady( a
melting temperaturerl(,) of 53.0 °C was very similar to that of tG¢58.5 °C), and
the enthalpy of fusion did not decrease signifiga(tt14.4 J/g foré and 74.7 J/g
for poly(6)). However, poly%) showed a much smaller enthalpy of fusion (10.3
J/g) at much loweT, (93.7 °C) than the values f6r(52.5 J/g at 143.5 °C). From
these DSC analyses, it was clear that flad low crystallinity, whereas poB)(
was significantly more crystalline, which might teflected in the poorer solubility

of poly(6) in common organic solvents.
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Figure 5.7. DSC thermograms of macromonomebsaid6) and brush polymers
(poly(5) and poly6)). The crystallinity of each polymer was calcuthtey the
given equation: X(%) = 100 x 4H; + AH.) /4H:°, wherex; is crystallinity, 4H;
and4H. are the enthalpy fusion and crystallization, atkt}° is the enthalpy of

fusion of 100% polymer crystal (93 J/g for PLLA ah@b J/g for PCL).
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The single chains of the brush polymer were vividsualized by atomic
force microscopy (AFM), as shown in Figure 5.8. Whhe imaging of a polymer
single chain was more difficult from the just-preg solution, the extended
conformation of the individual brush was observighdy on mica from the aged
solution. Their heights ranged from 0.7 to 1.5 netduse the polymeric side
chains were still polydisperse despite the livin@mR (PDI of 1.2), and the
maximum length was up to 200 nm. The broad dispength respect to the length
was inevitable due to the large PDI of the brustymer (> 1.4). Some brighter
(larger height) but short chains might be due tkbane cleavage in the brush as a
result of surface adsorption-induced chain scissiom the brush polymetsor
the kinetically trapped brush polymers in coil aomfiation. Unfortunately, single
chains of poly§) could not be visualized in the same way, presuyniaécause the

high crystallinity and low solubility of poly) made AFM imaging very difficult.

Figure 5.8.AFM image (height) of polyg).
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5.4. Conclusion

In summary, the efficient grafting-through synttes# high molecular weight
dendronized and brush polymers having conjugatelgepe backbones were
demonstrated by CP using Grubbs catalysts. Remlarkaactivity of dendronized
macromonomer achieved living CP by a fast-initigtithird generation Grubbs
catalyst. Sterically more challenging brush polysnevere either successfully
prepared from PLLA and PCL-based macromonomers igkilyh stable second
generation Hoveyda-Grubbs catalyst. The markedfgréint solubility of the two

brushes, PLLA and PCL, was noticed, and using x6§imple comparison of the
crystallinity of the brushes provided an explamafior it. Finally, AFM imaging of

single chains further confirmed the extended con&iion of the dendronized and
brush polymers. Potentially, those are expectedremher example of insulated

molecular wires.
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5.5. Experimental Section

Characterization

'H NMR and**C NMR spectra were recorded by Varian/Oxford As-8800 MHz

for 'H and 125 MHz fof°C) spectrometer. The molecular mass of macromor®mer
was measured by Bruker Daltonics autoflex 1l TORFTOithranol and Ag-TFA
1:1 mixture in THF was used as a matrix. THF-basgde exclusion
chromatography (SEC) for polymer analysis was edrout with Waters system
(1515 pump, 2414 refractive index detector) anddsRoGPC LF-804 column.
Samples were diluted in 0.001-0.003 wt% by THF (Gf&de, J. T. Bak&) and
passed through a 0.20n PTFE filter (Whatma?). Flow rate was 1.0 mL/min and
temperature of the column was maintained at°G5 For the MALLS-VIS-RI
analysis (including Mark-Houwink-Sakurada plot), &tytriple detector, Dawn 8+

/ Viscostafll / Optilab®T-rEX were used. The SEC data were analyzed using
Breeze (for conventional mode) and Astra (for MALLBSC analysis was carried
out on DSC 2910, TA Instruments. All of the polynsamples around 4 mg were
heated from 0 °C to 150 or 200 °C at a rate of @Onin. Multimode head and
Nanoscope IV controller of Veeco Instrument wereduesn AFM imaging with E-
type piezoelectric scanner. All images were opedrate tapping mode using non-
contact mode tip from Nanoworld (Pointpr8b&p, NCHR type) with spring

constant of 42 N fhand tip radius of<8nm. Samples for imaging were prepared

by spin-coating on freshly cleaved mica surfacenf@O1 g/I chloroform solution.
Elemental analyses were performed by the Natiorealt€® for Inter-University

Research Facility.

Materials

All reactions were carried out under dry argon apieres using standard

Schlenk-line techniques. All reagents which are mwamtially available, without

3]

116



additional notes, were used without further puaifion. 4-Hydroxymethyl-1,6-
heptadiyne 1) was prepared by reported literatdt&econd generation Hoveyda-
Grubbs catalyst was purchased from Sigma-Al§ti€3-Cl was prepared in the
procedure in Chapter 2. L-Lactide was recrystallitem ethyl acetate three times
after a preparation process as described beld@aprolactone (99%) was passed
through a neutral alumina column and stored with tolecular sieve in argon.
THF was distilled over sodium and benzophenone, deghssed by Ar bubbling
for 10 minutes before using on polymerization. D@Ms purified by solvent

purification system using alumina column.

Synthesis
2".G MPA dendronized1,6-heptadiyne (3)

To a mixture solution ol (339.5 mg, 2.78 mmol), triethylamine (0.77 mL, &.5
mmol), and DMAP (17.0 mg, 0.139 mmol) in dichlorahemne (8 mL) was added
bis-MPA (1.102 g, 3.33 mmol) and stirred for a few hoBaturated NaHCO
aqueous solution was added to the mixture, follolwednore stirring for 1 h. The
mixture was washed with saturated J)IH solution then the organic layer was
extracted with ethyl acetate (75 mL*2). It was waslagain with NaHC@©solution
twice and extracted with ethyl acetate. The orgdeyer was dried over MgSQO
concentrated, and purified by flash column chromphy on silica gel
(EtOAc:hexane = 1:5) to afford compouBdas a colorless liquid (706.2 mg, 2.54
mmol, 99.4%). The acetal moiety #fwas deprotected in excess methanol (20 mL
* 2) with a catalytic amount gi-toluenesulfonic acid (5 mol %). After evaporation
of methanol and byproduct of deprotection, it wagdlin vacuo to yield white
solid. The mixture of the deprotected product (5@ 2.12 mmol), triethylamine
(1.8 mL, 12.8 mmol), DMAP (25.9 mg, 0.212 mmol)ddns-MPA (2.10 g, 6.36
mmol) in dichloromethane (6 mL) was stirred ovemigSaturated NaHCO

aqueous solution was added to the mixture, followednore stirring for 1 h. The
- L |

=1
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mixture was washed with saturated JIH solution then the organic layer was
extracted with ethyl acetate (75 mL*2). It was weshwvith NaHCQ solution twice
and extracted with ethyl acetate. The organic layas dried over MgSf£and
purified by flash column chromatography on silica EtOAc:hexane = 1:2) to
afford compound as a colorless liquid (1.14 g, 2.08 mmol, 98.1%).

'H NMR (500 MHz, CDCJ): § 1.15 (s, 6 H), 1.31 (s, 3 H), 1.36 (s, 6 H), 1416
H), 2.02 (t, 2 H), 2.17 (hept, 1 H), 2.38 (q, 4 B)62 (d, 4 H, J = 12.25Hz), 4.15 (d,
4 H,J =12 Hz), 4.22 (d, 2 H), 4.34 (d, 4 ¢ NMR (125 MHz, CDCJ): 5 17.9,
18.7, 20.1, 22.2, 25.4, 36.3, 42.3, 47.1, 65.42,6P0.9, 80.8, 98.3, 172.6, 173.8;
HRMS (FAB+): calcd. for GH43010, 551.2856, found, 551.28509.

39-G MPA dendronized 1,6-heptadiyne (4)

The acetal group a? (821 mg, 1.49 mmol) was deprotected by excessaneth
(20 mL * 3) and a catalytic amount pftoluenesulfonic acid (12.8 mg, 5 mol%).
After evaporation of methanol and byproduct of dégetion, it was drieéh vacuo

to yield white solid. The mixture of the deprotetfoduct, pyridine (1.2 mL, 15.2
mmol), DMAP (28.0 mg, 0.228 mmol), arms-MPA (2.516 g, 7.62 mmol) in
dichloromethane (5 mL) was stirred overnight. Saed NaHCQ@ aqueous
solution was added to the mixture, followed by mstiering for 1 h. The mixture
was washed with saturated ME solution then the organic layer was extracted
with ethyl acetate (75 mL*2). It was washed agaithviNaHCGQ; solution twice
and extracted with ethyl acetate. The organic layas dried over MgSf£and
purified by flash column chromatography on silical EtOAc:hexane = 1:1) to
afford compoundl as a colorless sticky liquid (1.30 g, 1.19 mm@l,9%6).

IH NMR (500MHz, CDCJ) : & 1.15 (s, 12 H), 1.29 (s, 9 H), 1.36 (s, 12 H)21(<,
12 H), 2.05 (t, 2 H), 2.16 (hept, 1 H), 2.40 ()} 3.62 (d, 8 H, J = 11.5Hz), 4.15
(d, 8 H, J = 11.5Hz), 4.22 (d, 2 H), 4.28 (d, 4JH 13Hz), 4.32 (s, 8 HI’C NMR
(125MHz, CDC}) : § 17.9, 18.7, 20.1, 22.2, 25.4, 36.3, 42.2, 47.01.,886.1, 71.1,
80.8, 98.3, 172,1, 173.7; MS (MALDI-TOF): [M*Hcalcd. for GsHg:Oz,, 1094.22,
118 - 2 TH
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found, 1094.66
L-Lactide preparation

L-lactide was prepared by following literatiite L-lactic acid in Kugelrohr
distillation apparatus was slowly heated from rommperature to 175 °C for 10
minutes with rotation (50 rpm), maintained for 7Generated water was removed
by evaporation from the container during the precédgter cooling down to room
temperature, 1 mol % of Sn(Ogtglative to the amount of L-lactic acid was added
to the resulting oligomer. The mixture was distlliat 200°C under a pressure of
10-30 mbar for 22 h to obtain the solidified crude lactide mixtui@C-MS:
DD,LL/mes0=94/6). The crude mixture was recrystalli three times from ethyl

acetate. White solid was obtained in 16% yield.
PLLA macromonomer (5)

To a 10-mL Schlenk tube with a magnetic bar wededd (51.9 mg, 0.425 mmol),
L-lactide (1.225 g, 8.50 mmol), and tin(ll) 2-ethhgxanoate (8.6 mg, 0.0212 mol).
The tube was evacuated and backfilled with argam fones, then immersed in
110 °C oil bath. After stirring 1 h, the reactionxtare was cooled down to room
temperature, diluted with dichloromethane, and ipieted into methanol. White
solid was isolated with filter paper then dried vacuo (1.152 g, 90.2%)M,
(NMR)= 2.72 kDaMy/M, (SEC)= 1.12

'H NMR (500 MHz, CDC})): & 1.48-1.62 (m, 108 H), 2.02 (br s, 2 H), 2.16 (m, 1
H), 2.37 (m, 4 H), 2.65 (br, 1 H), 4.24 (d, 2 H)3@ (q, 1 H), 5.13-5.21 (m, 35 H);
¥C NMR (125 MHz, CDGJ)): § 16.9,8 36.4,5 40.9,5 66.4,8 66.9,5 69.3,5 70.9,8
80.7,8 169.8

PCL macromonomer (6)

To a solution ofl (61.1 mg, 0.500 mmol) in dichloromethane (10 mhdier argon,
methanesulfonic acid (32.4L, 0.500 mmol) and-caprolactone (1.1 mL, 10.0

mmol) were added and immersed in 30 °C oil batherA2.5 h with stirring, the
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reaction mixture was concentrated then precipitatéd cold methanol. White
solid was isolated with filter paper then driedvacuo (657.3 mg).M, (NMR)=
3.09 kDaM,,/M, (SEC)= 1.20

'H NMR (500 MHz, CDCJ):  1.39 (br, m, 52 H), 1.65 (br, m, 104 H), 2.022t,
H), 2.31 (t, 52 H), 2.39 (q, 4 H), 3.66 (t, 2 H)P# (t, 50 H), 4.17 (d, 2 H}C
NMR (100 MHz, CDCY): § 20.1,5 24.8,5 25.8,5 28.5,5 32.65 34.2,5 36.5,5
62.8,5 64.3,5 65.3,6 70.7,5 81.1,5 173.8

General procedure of cyclopolymerization

To a 4-mL vial with a PTFE-silicon septum cap watkled macromonomer and a
magnetic bar. The vial was purged with argon fanmes, and degassed dry THF
was added ([MJ 0.05-0.10 M) to dissolve the macromonomer wittriegy. After
immersing the vial in the bath of proper tempemtuhe solution of initiator
prepared from the inert atmosphere was added &t wmder vigorous stirring. The
reaction was quenched by excess ethyl vinyl etfier desired reaction time, and
precipitated in isopropanol/hexane mixture (foryi8) and poly4)), diethyl ether
and acetone mixture (9:1) (for pod), or only diethyl ether (for polg)).
Obtained solid was filtered immediately to remoesidual macromonomers then

driedin vacuo.

'H NMR and elemental analysis of dendronized and brsh polymers

Poly@): 6 1.13 (br m, 6 H), 1.25-1.33 (br m, 9 H), 1.39 fior6 H), 2.30-3.00 (br
m, 5 H), 3.61 (br m, 4 H), 3.90-4.20 (br m, 6 HB348(br m, 4 H), 6.30-6.75 (br m,
2 H)

Poly@): 3 1.10-1.15 (br m, 12 H), 1.23-1.30 (br m, 9 H),3L(8Br m, 12 H), 1.39
(br m, 12 H), 2.30-3.10 (br m, 5 H), 3.60 (br di8 4.00-4.20 (br m, 10 H), 4.20-

4.40 (br m, 12 H) 6.3-6.8 (br m, 2 H)
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Elemental analysis calcd. (%) fondHi7¢60gs (unit of poly6), DP of 5 = 20), C
51.140, H 5.700, found, C 51.089, H 5.695; calcg (& CzoHs0d090 (unit of
poly(6), DP of6 = 49), C 63.468, H 8.818, found, C 61.971, H 8.844
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Chapter 6. Coil-to-Rod Transition of Conjugated
Polymers Prepared by Cyclopolymerization of 1,6-
Heptadiynes

6.1. Abstract

The conformational change resulting from the ooitdd transition was
investigated in conjugated polymers prepared byctiwopolymerization (CP) of
1,6-heptadiyne derivatives (poly-(cyclopentenyleiredene), PCPV). First, a
brush polymer prepared by CP showed a unique chiarggsorption spectra, with
an appearance of a 0-0 vibronic peak during thegagf the polymer solution. It
was revealed as a conformational change of caibtb{ransition, which was
supported by UV-vis analysis and Mark-Houwink-Saklar shape parameter.
Furthermore, aging of PCPV containing smaller dtuestt in solution state under
various conditions resulted in same conformatiam@nge, showing the change of
absorption spectra and shape param&teNMR analysis of PCPV backbone and
various control experiments demonstrated that thé-t@-rod transformation
resulted from theis-to-trans isomerization of the conjugated olefins by a ralblic

mechanism.
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6.2. Introduction

The conformational behavior of conjugated polymsranderstood to differ from
the classic random-coil model, because of theigdorpersistence lengths derived
from n-electron delocalizatiohThese studies of conjugated polymers have been of
great interest to many physicists and chemistsusecthe optical and electronic
properties of conjugated polymers are affected tth ihe conformation of the
single chains and the interaction between indiVidimins® Many spectroscopic
investigations have been carried out on well-knmenjugated polymers such as
poly(3-alkylthiophenes) (PATS) and poly(phenylene-vinylenes) (PPVs) to
elucidate structure—property relationships on tleeteonic transitions and energy

transfer of the conjugated polymérs.

The cyclopolymerization (CP) of 1,6-heptadiyne datives produces
cyclopentenylene-vinylene alternating repeat ufii)s methylidene-cyclohexene
repeat unitsl{), or a random mixture of the two unit$l ) (Scheme 6.1). During
the past two decades, many efforts have been neadeoid the random structure
seen inlll by developing a regioselective polymerization xpand the scope of
this polymerization. The macromolecular conformation and optical prtegrof
these poly(cyclopentenylene-vinylene)s (PCPNsre still little understood; only
a few studies orl or lll , prepared from the CP of diethyl dipropargylmakena
(DEDPM), have been reportdOn the other handl exhibits an interesting
absorption spectrum showing clear vibronic bandsclvare absent in the spectra
of Il andlll . These bands provide information on the conforomati order of the
more coplanar polymer backbohélnfortunately, little attention has been paid to

investigating the conformational-spectroscopic elation for PCPV systenfs.
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Scheme 6.1Repeat unit structures produced by CP of 1,6-ldgptas

In Chapter 5, we addressed the synthesis of deizédabrpolymers and
brush polymers by CP to extend the PCPV backbonsirigle molecular wires. In
this chapter, a unique change in the absorptiontspa of this brush polymer by
simple aging in organic solvents is reported. Witttailed analysis of UV-vis
absorption spectroscopy (Huang—Rhys fac®and Mark-Houwink-Sakurada plot
(shape parametet), it was revealed that a spontaneous coil-to-m@farmational
change of the brush polymer occurred. The origithefcoil-to-rod conformational
change was further investigated on the simpler P@GB\A model system. Using
NMR analysis and other measurements, we confirinadsimple aging under light
causedis-to-trans isomerization of the olefins of the polyenes. Tis@merization
to the more stretcheé-olefins, in turn, led to the coil-to-rod transiio This
analysis was quite meaningful because a theoreficadiiction obtained from
spectroscopy was confirmed by a chemical methodgusiMR spectroscopy and

viscosity measurements.
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6.3. Results and Discussion

6.3.1. Coil-to-rod Conformational Transition of Brush Polymer

To obtain extended and rigid conjugated backbonea asandidate of single
molecular wires, we prepared poly(L-lactide)-babedsh polymer (poly(PLLA))
in Chapter 5 (Scheme 6.2). Since the CP produezdully conjugated polymer
structures, careful UV-vis analysis may provide iddal information on the
polymer conformation. The UV-vis spectrum for thelyfPLLA) dissolved in
tetrahydrofuran (THF) revealed two distinct viborbands withE; = 2.0 eV,
indicating that the microstructure of the polymeaswregioregular polyenes
consisting exclusively of five-membered ring stures (Figure 6.1). This
provided strong support for the uniform microstuuwet of the brush polymers
prepared via selective-addition of the catalyst. Interestingly, a clogespection
revealed that thé, ., and the relative intensities of the two vibronantds changed
with time. Compared to the UV-vis spectrum obtaingtnediately after the
synthesis of poly(PLLA), the spectrum of an agellitsan showed thain.x was
not only red-shifted, but also that the intensityhe first vibronic band at 580 nm
(0-0 transition) had significantly increased witliray time (Figure 6.1a). Since the
growth of the intensity for the 0-0 band indicatesre coplanar, extended, and
stiffer conformations of the conjugated polynféPglower Huang-Rhys facto&:
relative intensity of 0-1 to 0-0 transitions obtinfrom optical spectra; Figure
6.1b), this observation implied that the conformatof the brush polymers might
be undergoing a transformation to a more extendegttare over time. This
change was certainly not due to the aggregatioth@fpoly(PLLA) because the
steric hindrance of the polymeric side chains sthquievent any possibility of

intermolecular aggregation.
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Figure 6.1. (a) Time-dependent UV-vis spectra of poly(PLL#)aged in THF
solution (2.3 g/L). (b) Decrease of Huang—Rhysda$) over time.

To obtain conformational information on the conjiegh polymers, the
physics community has commonly used the quantumharecally derived
expression known as the Huang-Rhys fa&&t'It is a theoretical prediction of
the configurational displacement of the potentinergy curve upon electronic
excitation, so thaS reflects the conformational disorder of conjuggpetymers-*
S was easily calculated from the relative intensitié the 0-1 and 0-0 vibronic
peaks in the absorption spectrum (Eq 1; see suppoimformation). In other
words, a loweS-value as a result of an increased intensity oDth@ vibronic peak
in the absorption spectra corresponds to a morendgd conformation for

conjugated polymers.
l1o/loco=S 1)

For example, it explained the 1D-like conformatiohthe conjugated
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polymers at extremely low temperatures and in &@nad solid state, while the
conformation of those polymers returned to the -lid structure at room
temperature because of entropic facfBrddowever, the correlation of the
theoretical Svalue on the polymer conformation has not beenpstpd by
chemical methods yet because these extreme camglitiere not suitable for
typical chemical analysis in solution at ambiemditions. Fortunately, these brush
polymers may now be suitable for chemical analpsisause they seem to undergo
the conformational transition at room temperatdosvly enough so that reliable
time-dependent analysis would be possible. To oontlis conformational change
by a polymer chemistry method, we measured the-tiepeendent shape parameter
a, which was obtained by Mark—Houwink—-Sakurada pfotsn SEC-viscometry
analysis: a highesi-value indicates a more extended or stiffer polyctein. By
comparinga as a function of aging time, we realized that édhealues increased
from 0.62 (the initial state) up to 0.73 (afteriL6f aging), strongly suggesting that
the brush polymers underwent conformational changeform relatively more
extended structures (Figure 6'2)This coil-to-rod transitiolf on poly(PLLA) is
evident because the interpretation of the changémih the UV-vis spectra and

the shape parametedeads to the same conclusion (Figure 6.2b).
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Figure 6.2.(a) Time-dependent Mark—Houwink-Sakurada plotpai/(PLLA)1g0
in THF (2.3 g/L) confirming the coil-to-rod transih. (b) Correlation between

Huang—Rhys factof and shape parameter
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We believe that the brush polymer with a relativehore extended
conformation is thermodynamically more stable thha initial conformation,
based on the following two observations. First, Wié-spectra immediately
obtained after the CP conducted at 50 °C with gdorreaction time showed a
more intense 0—0 band than that obtained aftepeestreaction time (Figure 6.3a).
Likewise, the polymer obtained by the CP at roommpterature without aging
showed the lowest 0-0 band (Figure 6.3b). In afiditions, molecular weights of
poly(PLLA) were similar. These observations conelutiat longer reaction time
and higher temperature conditions facilitate thefeonational change. Second,
the changes in both the UV-vis spectra andatlralues were irreversible. Even if
the aged solution was reprecipitated as a solidradidsolved, the UV-vis spectra
and a-values remained unchanged £ 0.72, blue spectrum in Figure 6.3b). In
short, these conformational analyses in solutioreated that the more coil-like
kinetic conformation of poly(PLLA) transformed intbe more extended rigid-rod-

like conformation that was the thermodynamicallydieed state.
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Figure 6.3. (a) UV-vis spectra of poly(PLLA) obtained from thelymerization
with various reaction times (without aging) at 50. °(b) UV-vis spectra of
poly(PLLA) of initial state obtained from the polgmization at room temperature
(black) and 50 °C (red). Blue line indicates theecdpum from re-precipitated
poly(PLLA) obtained from room temperature afterrmgand dilution (~ 0.1 g/l).
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6.3.2. General Features on Conformational Change of PCPV

There was a question mark on the origin of the @monétional change; because it
was unclear whether the sterically demanding gilafiee chain of poly(PLLA)
induces this spontaneous transition, or it is aquai behavior of the PCPV
backbone regardless of the substituent. To cheak dgenerality of the
conformational change, we chose to examine polgfdihdipropargylmalonate)
(PDHDPM, M,, = 44.3 kDa, PDI = 2.1, yield = 86%) as a modelypwr and
measured the absorption spectra at various aginestin THF (Scheme 6.5).
Similar to poly(PLLA), when a dilute solution of PIDPM was agedimax of the
0-0 band was red-shifted (approximately 13 nm), angradual increase in the

vibronic signal was observed with the aging timig(Fe 6.4a).

0 0 O (0]
™o oM 63l ™o ot
| | | | THF, RT
M/I'=100 n Conv=96%

PDHDPM Yield= 86%

Scheme 6.3Synthesis and chemical structure of PDHDPM

As shown in Figure 6.4t decreased from 1.31 to 0.94 over a period of 1
day in THF, demonstrating that the change to a matended conformation was
not limited to brush polymers. As another prooftfoe coil-to-rod transition, the-
value gradually increased from 0.83 to 0.94 (Figbwkc). Moreover, the increase
in hydrodynamic radiusR) of the polymer measured by dynamic light scaittgri
(DLS) with the decrease i and the shift of SEC trace to the left after thheng
further supported the conformation transition (Fegé.4d—f). With an excellent
correlation betweer® and o for PDHDPM and other substituted PCPVs (Figure
S6.1), we concluded that this coil-to-rod transfation was a general phenomenon

for cyclopolymerized products containing five-memdzkrings.
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To obtain a better understanding of this coil-td-rtransition, we
investigated how the transformation rate was affgdiy various changes in the
aging conditions such as solvent, concentratiom] Eght source. (i) Solvent:
Among the many organic solvents tested, chlorofanmu dichloromethane (DCM)
induced the fastest transition, which was completedonly a few minutes
(monitored by UV-vis analysis), whereas other sals€chlorobenzene, THF, etc.)
showed much slower changes on the timescale osH&igure 6.5). This explains
why the transition has not been observed by othbeschanges are too rapid in
chloroform and DCM, which are the most commonlyduselvents to prepare and
study these polyenes. This extreme solvent depeerdenplied a transformation
based on chemical reactions rather than physi@dihfipor aggregation, because all
the tested solvents were good solvent to dissoMdPPM. (ii) Concentration: A
lower concentration induced a faster conformatiahalinge (Figure 6.6). Therefore,
the transition to the extended conformation was cesed by intermolecular
aggregation of the polymers. (iii) Light source:eTresence of light and the nature
of the light source significantly affected the w#ion rate. The transition in the
dark was much slower than that when the polymeuntssl was exposed to an
ordinary fluorescent lamp (Figure 6.7). For the panson of light effect in detail,
the polymer solution in THF was exposed to blue gneen LED with narrow
wavelength ranges for aging. Irradiation by theedlieED provoked a faster change
than did irradiation by the green LED, even thoutple absorptioniy.x Of
PDHDPM matched well with the wavelength of the gre&D (Figure 6.8). These
results suggest that changes in the chemical steuctf the conjugated backbone

are responsible for the transition rather than gkarnn the electronic structure.
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Figure 6.5. Time-dependent changes of Huang-Rhys fa8arf PDHDPM in

various organic solvents.
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6.3.3. Cis-to-trans isomerization of PCPV and Conformational Change

Based on all the factors that influenced the ttaorsi we hypothesized that the
conformational change was causedctssto-trans isomerization of the vinyl group
in the conjugated backbone through a radical reactas the transition was
accelerated in chlorinated solvefitand by exposure to light. If the transformation
depended on the stereochemistry of the conjugatefinoNMR spectroscopy
would be a definitive tool for precise analysis.faitunately, the signals for the
olefinic protons of the brush polymer (poly(PLLA)Nere too weak ifH NMR
spectra because of overwhelming signals from thé/nperic side chains.
Conversely, theH NMR spectrum of PDHDPM showed clear signals foe t
conjugated olefinic protons. To suppress the tansdtion, we chose THEg as
the optimal solvent for NMR analysis. Before agitigee different olefinic signals
were initially observed (Figure 6.9), labeledfa$6.86 ppm)B (6.52 ppm), ancC
(6.33 ppm). Interestingly, other groups observely arsingle olefinic signal at 6.8
ppm in CDC4.' To fully characterize these peaks, we conducteddimensional
(2D) NMR analysis, homonuclear correlation speciopy (COSY), and Nuclear
Overhauser effect spectroscopy (NOESY; Figure $h@ Figure S6.3). First,
singletA was unambiguously assigned to Erelefin proton. Definitive cross peak
coupling between thé and B protons was observed in the COSY spectrum,
confirming that B was also anE-olefin proton but located in a different
environment thamh. NOESY revealed a strong interaction betw8eandC, but
COSY showed no through-bond interaction. Therefare,assigned th€ proton
as belonging to th&-olefins andB as theE-proton next to theZ-olefin, which
bringsB andC very close to each other in space. The integratidnes ofB andC
were nearly equal, supporting the assignment tofrgs—cis—trans structure. From

these results, the initi#d:Z ratio was calculated as 5.4:1 (1@%-olefin).
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Figure 6.9.'"H NMR spectrum of PDHDPM in THBz with the protons assigned

by 2D NMR spectroscopy.

To understand the origin of the coil-to-rod traiosif we monitored the
changes in thée:Z ratio of the polymer with aging time. Indeed, &g taging
proceeded, a gradual decrease in the signal® fand C was evident, and the
initial E:Z ratio of 5.4 increased to 11.7 after 5 h. The aligrfromB and C
disappeared completely after 8 h (Figure 6.10a)ddeer, the real-time changes in
the Svalues correlated well with the integration chagethe NMR spectra when
the polymer solution was aged by blue LED lighg(ie 6.10b). For example, the
initial E:Z ratio in Figure 6.10a was 5.4:1 wh8mvas 1.26, and after 5 h of aging,
the E:Z ratio increased to 11.7:1 with a concomitant deseeofS to 0.99,
confirming that thesis-to-trans isomerization caused the coil-to-rod transitiohisT
isomerization extended the polymer conformationalise thecis-geometry of the
olefin imposes kinks in the polymer (more steriodrance), resulting in a twist in
the conjugated backbone and a lower coplanarityjlewlthe trans-olefin

experiences no such hindrance, thereby increasiagconjugation length and
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stretching the polymer chain. In short, the confational transformation by aging
was caused by a change in the molecular structisep-trans isomerization,

which led to a macroscopic change.

T
N

a
(@) 8 hr o--B
o-C
0.20 °
5 hr o .
b — .
© o
3hr p I} 0154 .
S < N
2hr = C - O
-3
1hr o 391 o0
C N n.‘.o"
- = o
Initial
‘ e A 0.05 ; ; .
o o " o 0.9 1.0 1.1 1.2 1.3
f1 (ppm) S

Figure 6.10.(a) Change in thtH NMR spectrum for a PDHDPM solution in THF-
ds aged by blue LED light and (b) a plot 8fand the corresponding integration

ratios ofB andC from *H NMR spectra.

To provide further support for theis-to-trans isomerization and to
understand the mechanism, we designed two morerimgugs. (i) b addition:
lodine is a well-known reagent that isomerizesinteincluding polyacetylen®.
We prepared a PDHDPM film and exposed it to iodiapors. The excess iodine
was removed by vacuum, and subsequent absorpteirgp analysis and shape
parameter analysis in THF revealed that the ceibtbtransition occurred rapidly
within 30 min (Figure 6.11a). The addition of iodiro the polymer solution
induced the same rapid isomerization and transfoomao the rod-like structure.
(i) Addition of a radical scavenger: Based on téservation that the
isomerization was facilitated by light, a radicangrator, we proposed that the
isomerization proceed through a radical mechaniBmtest this idea, a radical
scavenger, butylated hydroxytoluene (BHT), was dddethe polymer solution in
chloroform to monitor the effect. Indeed, the siolatexposed to 0.001 M BHT

underwent a much slower transition compared tocth@rol experiment without
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BHT (Figure 6.11b). Furthermore, adding more BHTO{0 M) retarded the
transition even further. TEMPO, another radicalvecager, worked in a similar
fashion to reduce the rate of isomerization bysame mechanism (Figure 6.11c).
All the data supported the coil-to-rod transitiomedto cis-to-trans isomerization

via a radical mechanism.
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Figure 6.11.Change in the UV-vis spectra by (a)vbpor and (b) BHT and (c)

TEMPO addition in chloroform. (d) Isomerization tadical mechanism.

Even though the initiatis-vinylene content was relatively low (16%), the
cisscomponent could behave as a “defect” to shorten dffective conjugation
length, resulting in a more coil-like conformatiomherefore, the irreversible
isomerization totrans-vinylene resulted in a dramatic spectral change. ¢&n
perceive this phenomenon as an extension of shaytepe systems such as
carotenoids, which show a similar behavior. Fomepde, a similar change in the
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vibronic peaks was observed in the absorption spdot the monais and all-
trans isomers ojiS’-carotene'L.9 However, in the case of the polymer, the changes a
more drastic, as they involved more than just allanolecular change, but a
macroscopic conformational change in the nanostractas confirmed by the

Mark—Houwink—-Sakurada parameter.

Our conclusion can explain many observations in litegature. First,
others could not notice this transition because D&M chloroform were used,
both of which promote rapid isomerization, and thardy E-olefins were obtained.
Second, a clean transformation to a rod-like stmectvas observed for the brush
polymer, as confirmed by the viscosity and AFM ggaed. This also explains why
the isomerization for the brush polymer was muciwst than that for PDHDPM,
because the bulky polymeric side chains retardedrdidical isomerization. The
observation of well-resolved vibronic bands in $iolu even at room temperature
is a unique characteristic of PCPV, which distispess it from many other
conjugated polymers whose absorption spectra ysusadhibit ill-defined and
broadened electronic transitions. With numerousatish on the origins and
contributions of the inhomogeneous line broadenifigthe optical spectra of
PPVs? the intense 0-0 vibronic transition of PCPVs canity only E-olefins
may provide an interesting insight into the stroetyproperty relationships of

conjugated polymefss well as their energy relaxation dynanifcs.
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6.4. Conclusion

It was demonstrated that PCPV, a product of CBrganic solution showed unique
coil-to-rod conformational changes over time. Ratabservation of the change in
absorption spectra and Mark-Houwink-Sakurada plotsved that the brush
polymer, poly(PLLA), underwent the coil-to-rod tsition by simple aging in
organic solvents. It was disclosed that this canftional transition is a general
phenomenon of PCPV backbone, rather than a patiquioperty of the brush
polymer. From our detailedH NMR spectroscopic observations, we confirmed
that the initial polymer containing 16%is-olefin was isomerized to the final
structure of alkrans-vinylene. This cisto-trans isomerization resulted in a
decrease 5 and an increase in the shape faetoconfirming the chain extension
of PCPV leading to the coil-to-rod transition. Adigal mechanism was proposed
for the isomerization based on several control Brpnts (solvent, light, and the
addition of iodine and radical scavengers). Thedmrelationships among the
E:Z ratio, anda showed a unique correlation of chemical, optieald physical
properties, supporting the changes in macroscaopictsre. It is important to
emphasize that all the transitions were slow endnghHF so that the analyses
could be reliably conducted, whereas the transitioRCM or chloroform was too

rapid to be detected.
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6.5. Experimental Section

Characterization

'H NMR and**C NMR spectra were recorded by Varian/Oxford As-8800 MHz
for 'H and *®C) spectrometer and Agilent 400-MR (400 MHz fét). UV-vis
spectra were measured by Jasco Inc. UV/vis-SpeetaanyV-550. Size exclusion
chromatography (SEC) for the polymer analysis wasied out with Waters
system (1515 pump, 2414 refractive index detecémy Shodex GPC LF-804
column on samples diluted in 0.001-0.003 wt% by TIBIPC grade, J. T. Bakdr
and filtered through a 0.20m PTFE filter. Flow rate was 1.0 mL/min and
temperature of the column was maintained at°G5 For the MALLS-VIS-RI
analysis (obtaining Mark-Houwink-Sakurada plot atdpe parameter), Wyatt
triple detector, Dawn 8+ / Viscosfr/ Optilab®T-rEX were used. Dynamic Light
Scattering (DLS) data were obtained in 1 g/L THRiSon by Malvern Zetasizer
Nano-S.

Materials

All reagents which are commercially available fra@igma-Aldrict? and Alfa
Aesaf’, without additional notes, were used without fertpurification. All of the
monomers and third generation Grubbs catalyst weepared following the
reported literaturé. THF for the polymerization was distilled over saui and
benzophenone, and degassed by Ar bubbling for Iutes before using. For
aging and GPC analysis, BHT-contained (104 ppm) Git@de THF was
purchased from J. T. BaerNMR solvent (THFds, 99.50% D, 0.75 mL) was

purchased from euriso-t8pand used without further purification.
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General polymerization procedure

To a 4-mL sized screw-cap vial with a septum wedeled monomer and a
magnetic bar. The vial was purged with argon fames, and degassed THF was
added ([M§: 0.05 M for poly(PLLA) and 0.5 M for others). Theolution of
initiator was added at once under vigorous stitrifige reaction was quenched by
excess ethyl vinyl ether after desired reactionefirand precipitated in a poor
solvent (diethyl ether and acetone mixture (9:1)goly(PLLA), and methanol for
others). Obtained solid was filtered and driedvacuo. (Caution: Do not dissolve

the polymer after precipitation, because the isiwagon can occur.)

Synthesis and characterization of 2

/\/j)OLOII IIO)OJ\i\A

2

To a mixture solution of 4,4-bis(hydroxymethyl)-héptadiyné (323.2 mg, 2.12
mmol), triethylamine (1.48 mL, 10.6 mmol) and 4-dimylaminopyridine
(DMAP) (13.0 mg, 0.106 mmol) in dichloromethane ifL), ethylhexanoyl
chloride (0.80 mL, 4.67 mmol) was added dropwigl 4C. The reaction mixture
was stirred overnight at room temperature. Theti@aavas quenched by adding
saturated NaHCg£aqueous solution and stirred for a few minute® iixture was
washed with saturated N@I solution and extracted by ethyl acetate (75 mL*2
The organic layer was dried over MgsS&hd concentrated to give a yellow colored
liquid. 1t was purified by flash column chromatoghg on silica gel (ethyl acetate :
hexane = 1 : 2(R= 0.24) to afford compoun®@ as a pale yellow liquid (828.6 mg,
2.05 mmol, 96%)*H NMR (500 MHz, CDC}J): & 0.88 (m, 12 H), 1.21-1.35 (m, 8
H), 1.43-1.66 (m, 8 H), 2.03 (t, 2 H), 2.29 (m, ?, BL41 (d, 4 H), 4.11 (s, 4 HYC
NMR (125MHz, CDC}) : 6 11.8, 13.9, 22.1, 22.6, 25.4, 29.5, 31.7, 40.04,464.5,
.

=1
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71.6, 78.7, 175.8; HRMS (EI+): calcd. fopsH4004, 404.2926, found, 404.2925

Poly(2): '"H NMR (500 MHz, CDC}): 5 0.88 (br m, 6 H), 1.27 (br m, 8 H), 1.40-
1.75 (br m, 8 H), 2.32 (br m, 2 H), 2.40-2.95 (br 4i), 3.80-4.40 (br m, 4 H),

6.10-6.80 (br m, 2 H)**C NMR (125MHz, CDCJ) : 5. 11.9, 14.0, 22.6, 25.5, 29.6,
31.6, 39.8, 43.0, 47.3, 66.9, 123.1, 137.6, 176.0

Aging procedure and UV-vis spectra measurement ofgbymer solutions

After dissolving the polymers in various organidveats (generally 0.2 g/l), it was
left on the laboratory bench under fluorescenttligfil of the UV—vis absorption

spectra were obtained in THF with proper conceiatnat

To compare three datdH NMR, Huang-Rhys factd®, shape parametey in real-
time, we followed this special procedure: (a) PrepDHDPM in THFds
following the polymerization procedure (0.1 mmol@ADPM in 0.2 mL of THF-
ds, M/l ratio=100). (b) After the monomer was fullproverted to the polymer,
dilute the solution (0.2 mL of reaction mixture ¥50mL of THFdg) for NMR
measurement, and transfer it into sealed NMR t@teeObtain initial'H NMR
spectrum, and take 30 pL of the solution from thdRNtube by using micro-
syringe. The extract was dri@éa vacuo, and itsS anda values were obtained from
UV-vis absorption spectrum and viscosity analysiy Age the remaining polymer
solution under irradiation of LED (blue, green) NNIR tube, and repeat (c) after 1,
2, 3, 5, and 8 hours. A control experiment (darlgswperformed in the same

manner, but the NMR tube was stored in the dark.
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6.6. Supporting Information

Huang-Rhys factor calculation

Huang-Rhys factor (S) is defined by the equatidowe

IO—)n S”e’s
0 - n'l
Zlo—m
n=0
IO—»O _s
when n = 0, —_— = ¢
co
IO—)n
n=0
IO—)I n S
whennzl, — = S"
=)
Z‘TO—)H
n=0
o0
2!
0—n
1 Iy, prry Iy, Loy

(lo—n is an intensity of 0—n transition)

Therefore, S was calculated by the maximum intgrdieach band (0-0 and 0-1).
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Table S6.1. Characterization of PDHDPM prepared in THF-dg for the
experiment of light irradiation

Light source M, (MALLS) PDI (MALLYS)
Blue LED 41.2 k 1.68
Green LED 47.8 k 1.42
Dark 37.3k 1.81
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Figure S6.1.Changes in absorption spectra of PCPV derivatives.
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Chapter 7. Light-driven Evolution of Nanostructures
Prepared from Cyclopolymerization of 1,6-
Heptadiynes

7.1. Abstract

For the spontaneous macroscopic evolution of theostauctures obtained by in
situ nanoparticlization of conjugated polymers (lRCa new strategy utilizing a
unique conformational change of poly(cyclopentengleinylene) is studied. The
combination of living ring-opening olefin metath&golymerization (ROMP) and
cyclopolymerization produced block and gradientatpmers through one-pot or
one-shot polymerization, which initially formed Gfpheres via INCP. Then, the
core block of the micelle stiffened through a doHrod conformational change by
simple aging in organic solvents becausecigfto-trans isomerization of the
conjugated polymer under the light. Subsequeritlg, édnhanced ther interaction
between the cores, and eventually promoted theatcigical growth of stable
nanostructures from OD spheres to 1D nanocatapillar 2D sheet-like
architectures. This time-dependent macroscopicugenl provides deeper insight
into the production of a variety of kinetically é@ nano- and mesoscale structures

through INCP.
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7.2. Introduction

Conjugated polymers have become powerful candidatethe self-assembly of
BCPs, not only because their crystallization presic strong driving force for
self-assembly, but also because of the interestpigelectronic properties of the
resulting nanomateriafs. For simple processes to produce self-assembled
nanostructures from polymeric materials without tposdifications, a new
strategy of spontaneous formation of nanostructduemg polymerization, which
was termed as in situ nanoparticlization of conjadapolymers (INCP) was
developed:® Typically, conjugated polymers without side chaire insoluble in
all solvents due to strong-n interactions; ironically, this became the crucial
driving force for the self-assembly. Early inveatigns ofin INCP started with the
living ring-opening olefin metathesis polymerizati(ROMP) of norbornene (NB)
derivatives and cyclooctatetraene (COT), which spoeously produced the core-
forming polyacetylene (PA) blockBased on this observation, the combination of
ROMP and cyclopolymerization of 1,6-heptadiyne ives broadened the scope
of INCP. It was reported the synthesis of a BClgishe product of the ROMP of
an NB derivative 1) as the soluble block and the product of the
cyclopolymerization of Meldrum’s acid (MA)-substied 1,6-heptadiyne?] as the
core block (Scheme 7.1)As a result, the insoluble poly(cyclopentenylene-
vinylene) (PCPV) backbone containing the MA moiefyontaneously formed
spherical micelles via INCP process. Unfortunatehy higher dimensional

structure was observed wiBCP-I.
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Scheme 7.1. Synthesis of block copolymer using living ROMP and

cyclopolymerization

In Chapter 6, we described a coil-to-rod confororai change of PCPV
by simple cisto-trans olefin isomerization through evidence from a spmct
change in UV-Vis absorption, and increases in hyginamic volume and shape
parameterg, obtained from Mark-Houwink-Sakurada plots. Th#nsition implied
that the polymer backbone became more planar,,rigidl extended. Taking
advantage of this unigue transition of PCPV, weppsed that the original 0D
nanospheres produced by INCP could spontaneouslkylveevinto higher
dimensional nanostructures by themselves duringt-lilgduced molecular level
configurational change in the PCPV backbone, whiohld change the volume of
the micelle core. In this chapter, we address a HWE@P strategy to form
multidimensional nanostructures using block anddigrst copolymers prepared
from living ROMP and cyclopolymerization in one-pot one-shot procedures.
Using this simple transition, even purified polymemn solution underwent
spontaneous evolution from 0D to higher dimensidtial or 2D nanostructures
over time. Therefore, we could take real-time shais of the morphological
changes of the nanostructures, revealing additimsiyhts into the mechanism of

hierarchical transformations such as INCP.
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7.3. Results and Discussion

7.3.1. Structural Evolution of Poly(NB)b-poly(MA-1,6-heptadiyne)

The third generation Grubbs cataly$$3(Cl) (Scheme 7.1) was employed to
synthesize BCPs by a combination of the living iol@fietathesis polymerizations,
ROMP and cyclopolymerization. Initially, we testedr hypothesis by monitoring
the volume change in the previously reported [@lygb-poly(2)so (BCP-I,
Scheme 7.1). However, even with accelerated agsiggua blue light-emitting
diode (LED) for 11 h, the size &CP-I increased only slightly from 64 to 83 nm
(Figure S7.1). It seemed that the core exposuBOR-I containing poly2) with a
low degree of polymerization (DP) (DP = 50) was Bobugh to induce inter-
micellar interactions. To achieve a more effectsadume change in the core,
incorporating poly?) with a higher DP seemed essential; unfortunatieéy DP was
limited to only 50 becaus8CP-lI containing poly2) with a higher DP was
insoluble underwent precipitation. To synthesizéorger second block, a more
soluble monomer,exo-2,3-bis((ert-butyldimethyloxy)methyl)-5-norbornene3)(
was introduced as the first block. Usi-Cl, we prepared polg}-b-poly(2)
(BCP-Il) by living ROMP of 3 followed by living cyclopolymerization of.
Gratifyingly, this increased DP of the second bléxlalmost 100 (Scheme 7.2). As
expected, the neBCP-1l spontaneously underwent INCP process to form the
core-shell structure, which was confirmed by NMR spectroscopy, UV-Vis

spectroscopy, and dynamic light scattering (DL3)lysis (Figure S7.2).
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Scheme 7.2Synthesis of block copolymer containing modifieB Nerivative 8)

and MA-containing 1,6-heptadiyng)(

As an initial test of our hypothesis, purified gns containing only
BCP-II” were left on the workbench under conventional iscent lighting at
room temperature for the olefin isomerization, #ma size of the nanostructure in
solution was monitored by DLS over time. Initialthe hydrodynamic diameter
(Dy) of the nanostructure froBCP-Il was 66 nm, but the size indeed increased
slowly up to 300 — 350 nm depending on aging timeé solvents (chloroform and
chlorobenzene) (Figure 7.1a and 7.1b). The ratgroWwth was much faster in
chloroform with early saturation (5 days), wherdas growth of the nanostructure
in chlorobenzene was slower but steady even dfteetweeks (Figure 7.1c). Clear
changes in UV-Vis absorption provided an explamafay the size growing. Over
the time, thelnax values were red-shifted (in chlorobenzene: 480-rn%30 nm,
and in chloroform: 494 nm— 526 nm) and 0-0 vibronic bands increased
accordingly (Figure 7.2), indicating successfig-to-trans isomerization on the
PCPV core. On the other hand, the control experimemer dark condition
resulted in almost no changes in UV-Vis absorpsipectrum and;, (Figure 7.3).
These observations suggested in favor of our hygsighthat the isomerization

strategy might induce macroscopic evolution ofrtheelles.
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Figure 7.1.DLS profiles of aged nanostructurdadP-I1) in (a) chlorobenzene (1
g/L) and (b) chloroform (1 g/L) at 20 °C. (c) Pldtsize D) vs. aging time.
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Figure 7.2. Changes in UV-vis absorption spectra BEP-Il by aging in (a)

chlorobenzene and (b) chloroform.
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Figure 7.3. Changes of (a) UV-vis absorption spectra and (bp profiles of
BCP-II by aging under the dark condition and light faia¥s in chlorobenzene.

To visualize these evolutions, we imaged the nauncdsires by atomic
force microscopy (AFM) and transmission electrorcnagcopy (TEM). First, the
slowly growing micelle in chlorobenzene showed,rairee, a transformation from
spherical micelles to linear undulated caterpililee- nanostructures. Time-
dependent imaging of the nanostructures by AFM rigledlustrated the 1D
elongation of caterpillars (Figure 7.4a-c) and etlem generation of a few short-
branched nanostructures (Figure 7.4d). Using AFMe tlength of the
nanostructures was determined at each stage of,agimd it was found that the

increase in the weighted average lendtf) vas in excellent agreement with the
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D, obtained from intensity-based DLS measurementgu(Ei 7.4e). The length
dispersity L./L,) of the nanocaterpillars was broadened while agmgal = 1.10;
after 21 days = 1.98, Figure 7.4e and Figure Sh.&nplied that supramolecular
growth occurred in a typical step-growth mechani3iaM analysis, without any
staining, provided insights on how aging of indivédl micelles evolved into larger
1D nanocaterpillars. TEM images showing only theecsiructure due to the much
higher electron density on the conjugated PCPV lbloevealed that the
nanocaterpillar structures were made from looselterconnected individual
spheres (Figure 7.4f). Therefore, one could corecthat the coil-to-rod transition,
resulting from thecis-to-trans isomerization, caused the expansion and stiffening
of the core, which led to the more favorahie stacking of the PCPV conjugated
backbones and eventually resulted in the macroscepplution toward 1D
nanocaterpillars. The similar hierarchical growfhnucelles was observed in the
aging of BCP-Il in chloroform where the isomerization and evolutiof the
nanostructure occurred more rapidly within 7 days 21 days in chlorobenzene).
Due to the faster transformation in chloroform, endaranched nanocaterpillars

were observed by AFM and TEM (Figure 7.4g and 7.4h)
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Figure 7.4. Growth of spherical micelles into 1D and brancisédictures. AFM
height images fronBCP-II (a) the initial and after (b) 2 days, (c) 7 dagsd (d)
21 days of aging in chlorobenzene. (e) Plot showirggcomparison between the
weighted average length_,{), calculated from AFM (black, circle), anDy,
measured by DLS (red, triangle), and the change tife length dispersityL(/L,
right axis). (f) TEM image for the BCP after 21 dag chlorobenzene. AFM height
images foBCP-IlI (g) before and (h) after 7 days of aging in chionm (inset: a
TEM image of the same sample).

SERE L



Even though the macroscopic evolution occurred mapidly in
chloroform, it was still slower than the isomeripat of a well-solvated
homopolymer of a PCPV derivative. To accelerateisbhenerization, a blue LED,
the most efficient light source, was used to age $olution of BCP-II in
chloroform (Figure 7.5a). As a result, thg of the micelle increased from 74 nm to
more than 100 nm within 5 h, and the size becameaad at 164 nm after 1.5
days (Figure 7.5b). Just like the previous agingeexnent under fluorescent light,
the AFM results confirmed that the final produdteaLED aging, showed linear
and branched structures (Figure 7.6). NevertheRE€®-Il did not show further
evolution to higher dimensional nanostructures raftging. Consequently, we
modified our strategy to changing the structuréhefmonomer of the first block to

alter the core-shell interactién.
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Figure 7.5. (a) Change in UV-vis absorption spectra and (lcyease inD;, of

BCP-II induced by aging in chloroform (1 mg/mL) underliagbED.

200 n m‘

Figure 7.6. AFM image ofBCP-Il after 48 h of aging in chloroform under a blue
LED.
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7.3.2. One-shot Copolymerization of Poly(TDy-poly(MA-1,6-
heptadiyne) and Structural Evolution

Recent reports suggested that the backbone ofgndly{ricyclo[4.2.2.0]deca-3,6-
diene) (PTD) was more rigid than that of PNBThis affected the INCP behavior
because BCPs containing the PTD shell and PA cbowed for enhanced-n
interaction, resulting in the formation of 3D naggeegate$: By combining the
effects of the rigid shell and the time-dependeqaasion of the PCPV core, we
designed and prepared another conjugated polymedr wlould also undergo
spontaneous macroscopic evolution under the light liking ROMP and
cyclopolymerization. Furthermore, the ROMP @fdo-tricyclo[4.2.2.0]deca-3,6-
diene (TD) derivatives has an advantage of allowing-shot copolymerization to
form gradient or block-like copolymers, because ¢htalyst preferentially reacts
with the TD monomer$®® Various feed ratios of2], [4], and [G3-Cl] were
screened for effective one-shot gradient or blalck-topolymerization and INCP
behavior (Scheme 7.3 and Table 7.1). A Highratio (50:100, entry 1) required a
very long reaction time of over 17 h. Therefores P of4 was fixed at 50 while
that of 2 was varied from 10 to 50 for successful INCP. Byme one-shot
reaction, copolymers having DP ratios of 50:30 &®d50 clearly produced

nanostructures with initidd, of more than 100 nm (entries 3 and 4).

Poly(4)-g-poly(2)

Scheme 7.3.0ne-shot gradient copolymerization of MA-1,6-heae @) and
TD derivative 4)
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Table 7.1. One-shot copolymerization of 2 and 4

entry 4/2/G3-Cl time conv Q) Dn (nmY’
(h) (%)
1 100/50/1 17 95 106
2 50/10/1 1 93 36
3 50/30/1 2 Full 112
4 50/50/1 2.5 Full 146

3Calculated fromtH NMR spectra’DLS was measured using chloroform solutions (1
mg/mL).

To examine the microstructure of these copolymbies conversion of the
two monomers during copolymerization was monitobgdkinetic analysis using
'H NMR spectroscopy (Figure 7.7a). In the early stathe ROMP of4
preferentially occurred with almost no conversidn2o Overall, the ROMP o#i
was 21 times faster than the cyclopolymerizatior? dk, +/k,» = 0.0725/0.0034,
Figure 7.7b), and this was similar to the rate edédhce during the one-shot
copolymerization of the NB derivative and C®Thus, we concluded that the one-
shot copolymerization produced a gradient copolyf@&P), which spontaneously

underwent INCP process.
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Figure 7.7. Plots of (a) monomer conversion vs. time and (bj[M]/[M]o) vs.
time for one-shot copolymerization at room tempaet{[4]:[2]:[ G3-CI] = 50:30:1,
[2] = 0.1 M).
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Like the previous case withBCP-ll, we monitored how the
conformational changes in the core affected thdugem of nanostructures from
the purified poly#)se-g-poly(2)so (GCP-50-3Q in chloroform under blue LED
exposure. As expected, the, from UV-Vis spectral analysis shifted from 480 nm
to 527 nm and the 0-0 vibronic band grew strongenfirming the facilecis-to-
trans isomerization of the PCPV core (Figure 7.8a). Adaotg to DLS analysis,
this led to a gradual increasey from 112 to 884 nm (Figure 7.8b). So far, the
growth mechanism, or pattern, appeared similahab forBCP-Il, but the change
in magnitude was much larger f@CP-50-30 As a result, a more interesting
macroscopic evolution was observed in the AFM aB#Timages obtained during
LED aging. The AFM images showed that the initianostructure was small
spherical aggregates with @, of approximately 100 nm and variable height
between 5 and 7 nm. Again, just like the DLS aria)ys gradual increase in size
was observed by AFM and TEM (Figure 7.9a-c and, fadmd the nanostructures
eventually grew to almost im size after 44.5 h. However, the heights only
increased to 10—-15 nm and no aggregate with height20 nm was found (Figure
7.9d). This was a significant difference from tleypously reported INCP of PTD-
b-PA copolymers, in which 3D microaggregates withO 16m height were
produced. Another difference was that no 1D nanostructufe&©P-50-30were
found during evolution, whereas the previous 3Dreggtes formed from the
secondary assembly of 1D nanocaterpillars. ThidigaghatGCP-50-30grew in
the horizontal direction to give 2D sheet or iskikd nanostructures having a
mono-to-bilayer arrangement. More details were iobth by TEM imaging
without staining. A size increase similar to thees in AFM and DLS analysis
confirmed the evolution of nanostructures by singgdeng (Figure 7.9f-h). Looking
in detail at the core structure, we noticed thaalsimdividual spheres were closely
packed to form a 2D sheet-like morphology (Figu:@i)7 Notably, the distribution
of contrast from the electron density was relayivehiform, while that of the 3D
aggregates produced by the previously reported INCPTD-h-PA was much

1 A

=1

166



more irregulaf These images confirmed that the 0D nanoparticlesved to
micron-size 2D sheets or islands through lateralvgjn instead of axial growth

(Figure 7.4 vs. Figure 7.9).

(a) — Initial (b) 1000
104---05h ..o
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300 400 500 600 700 0 10 20 30 40 50
Wavelength (nm) Aging time (h)

Figure 7.8.(a) Time-dependent increasely by agingGCP-50-30in chloroform
(1 mg/mL) under a blue LED and (b) change in the-\M)¢ spectra.
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500 nm

Figure 7.9. AFM height images o6CP-50-30(a) before and after (b) 8.5 h and
(c) 44.5 h of aging in chloroform. (d) Height pitefof the final nanostructure in (c).
(e) 3D phase overlaid topography of phase imager &1.5 h of aging. TEM
images ofGCP-50-30(f) before and after (g) 8.5 h and (h) 31.5 h.M@agnified

image of (i).
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Time-dependent aging studies of nanostructuresnbathie PCPV core
enabled to obtain real-time snapshots of the maoms evolution and provided
deeper insights and evidence to support the preliquroposed INCP mechanism
(Figure 7.10). Initially, both BCP and GCP spontusdy formed spherical
nanoparticlesA andF) via conventional INCP. Subsequently, light-trigggkcis-
to-trans isomerization on the core PCPV block led to a-twmitod transition and
stiffening B andG). This expanded the core volume and enhameedhteraction
between the cores, thereby promoting macroscopiluton to higher dimensional
nanostructures. FABCP-II, the flexible shell based on the PNB block prodide
effective stabilization of the coreC], resulting in alignment of 1D or lightly
branched nanocaterpillars alignmebt dndE). On the other hand, the rigid PTD
shell GPC-50-3Q was less efficient for solvating the PCPV cok¢).( Thus,
instead of axial growth, the micelles grew in thtetal direction to form 2D sheet-
or island-like structured). Several interesting comparisons can be madedagtw
this work and the previous INCP results. Firsthe simple configurational change
in molecular structure, initiated bgis-to-trans isomerization, drove the entire
macroscopic evolution process. This seemingly minonformational change
promoted the microscopic rearrangement of the aghéch then led to the final
macroscopic evolution. Secondly, the evolution ol with no external inputs
such as the addition of additives or monomershanges in temperature or solvent
composition; only light was required to triggerdtisipontaneous evolution. Thirdly,
it is notable that the micelles obtained from GGredly formed 2D-sheet- or
island-like morphologies, unlike the previous casbere the 0D micelles initially
formed 1D structures before evolving into higheneisional structuresFinally,
this is the first example of 2D sheet formation IDYCP. It is supposed that the
relatively slow isomerization and aging made it gibke, where the gradual
changes in molecular structure propagated to clsangethe macroscopic level.
Therefore, the evolution described in this work woed under thermodynamic
control, whereas, in previous cases, the evolutias triggered by the actual

1 A
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ROMP of COT, wherein the INCP was much faster amdku kinetic control.

1D exposure
Time-dependent Micelle’s 1D Nanocaterpillar
Lg INCP rsomerrzat:on axial growth \
BCP unimer Branched
(PNB shell)
E
Ji, )_‘) 2D Sheet-like
G V‘ gt
_— —_—
INCP Time-dependent Mlcelle s [
GCP unimer isomerization ~ '\ 7 lateral growth v
(PTD shell) F 2D exposure |

Figure 7.10. Schematic illustration for the spontaneous maapiscevolution of

nanostructures by aging.
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7.4. Conclusion

The combination of living ROMP and cyclopolymeripat broadened the scope of
INCP by utilizing the insoluble PCPV block as thevithg force for in situ self-
assembly. The light- driven coil-to-rod transitioh PCPV, occurring because of
cisto-trans isomerization, led to various interesting macr@scoevolutions
through volume expansion and enhaneed interaction among the cores. As a
result, small spherical micelles in solution tramsfed into larger, higher
dimensional architectures by simple aging in sotutinder the light. The structure
of the solubilizing shell block was crucial in deténing the final dimensions of
the self-assembled structures. (i) The PNB shélblly formed spherical micelles
by INCP, which then grew into 1D nanocaterpillardoanched nanostructures. (ii)
The more rigid PTD shell formed densely packed BEet-like structures. Notably,
the synthesis of GCP-containing PTD shell was ditedl to a step-economical
one-shot copolymerization. The evolution of nanagtires formed by INCP is
distinct from the conventional transformation ofe timorphology of dynamic
micelles, in terms of illustrating the hierarchiggbwth of kinetically fixed and
stable micelles. This time-dependent light-drivégrdrchical growth might give us
better insights into new strategies for preciselgtmlled INCP and the preparation

of more complex mesophase structures.
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7.5. Experimental Section

Characterization

'H NMR and**C NMR spectra were recorded by Varian/Oxford As-8800 MHz
for 'H and 125 MHz for*C) spectrometer and Agilent 400-MR (400 MHz 6.
High resolution mass spectroscopy (HRMS) analysas werformed by the
National Center for Inter-University Research HacilUV-vis spectra were
obtained by a Jasco Inc. UV/vis spectrometer V-&8@ dynamic light scattering
(DLS) data were obtained by a Malvern Zetasizer dNZ%. Multimode 8 and
Nanoscope V controller (Veeco Instrument) were ukedAFM imaging. All
images were obtained on tapping mode using noncomade tip from Nanoworld
(Pointprob& tip, NCHR type) with a spring constant of 42 N'@nd tip radius of

<10 nm. Transmission electron microscopy (TEM) asiglywas performed on

JEM-2100 operating at 200 kV and 120 kV accelegatioltage, using the images
acquired with Orius SC600 and Orius SC1000 CCD carf@atan, Inc.)

Materials

All reactions were carried out under dry argon apieres using standard
Schlenk-line techniques. All reagents which are memtially available from
Sigma-Aldrict?, Tokyo Chemical Industry Co. Ltd., Acros Organiesmd Alfa
Aesaf, without additional notes, were used without fartipurification. 1'%, 2°,
and4? were prepared in the same method from previoesatiire. Tetrahydrofuran
(THF) for the polymerization was distilled from sooh and benzophenone and
degassed further by Ar bubbling for 10 minutes befeerforming reactions. Thin-
layer chromatography (TLC) was carried out on MERTIKC silica gel 60 F254
and flash column chromatography was performed usiitRCK silica gel 60
(0.040~0.063 mm). CDEI(99.50% D) and THFRk (99.50% D, 0.75 mL) were

purchased from Euriso-t8jand used without further purification.
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Synthesis
exo-2,3-bis(tert-butyldimethyloxy)methyl)-5-norbornene (3)

exo-2,3-Dihydroxymethyl-5-norbornefie(1.90 g, 12.6 mmol), triethylamine (11.4
mL, 82.1 mmol) and 4-dimethylaminopyridine (154 nmig26 mmol) was placed
into a 100 mL round-bottom flask with 60 mL of DCWhe mixture was cooled to
0 °C, and the addition dért-butyldimethylsilyl chloride (4.95 g, 32.8 mmol) wa
followed. After the reaction temperature had bdemated to the room temperature,
the mixture was stirred overnight. The reaction wgenched with saturated
NH4Cl aqueous solution then diluted by excess EtOAw drganic phase was
sequentially washed with saturated NaHCidd NHCI aqueous solutions. The
separated organic phase was dried over Mg&@hcentrated, and purified by silica
flash column chromatography (EtOAc: hexane = 1#0#nfford 3 (4.30 g, 11.3
mmol, 90%) as a colorless otH NMR (500 MHz, CDCJ): § 6.14 (t, 2 H), 3.82
(m, 2 H), 3.51 (m, 2 H), 2.73 (s, 2 H), 1.63 (mHR 1,51 (d, 1 H), 1.22 (d, 1 H),
0.90 (s, 18 H), 0.04 (d, 12 H}C NMR (125 MHz, CDGJ):

o 137.7, 64.4, 44,7, 43.3, 42.7, 26.1, 18.4, -5.RM$ (FAB+): calcd. for
C.1H430,Sh,, 383.2802, found, 383.2808.

General procedure for block copolymers

To a flame-dried 4-mL vial with a cap containingFEFsilicon septum were added
the first monomer or 3) and a magnetic bar. The vial was purged with mfgar
times, and degassed dry THF was added. The solofi@B-Cl prepared under
inert atmosphere was rapidly injected into the tofuof the first monomer at
room temperature under vigorous stirring. The tieacvial was cooled to 0 °C
after 15-20 minutes, then, the solutior2ofias added. The reaction was quenched
by excess ethyl vinyl ether after 1.5 hours andéaetion mixture was precipitated

in methanol. Obtained solid was washed with methdittered, and driedn vacuo.
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General procedure for one-shot gradient copolymers.

To a flame-dried 4-mL vial with a cap containingFEFsilicon septum were added
2, 4, and a magnetic bar. The vial was purged with rafgor times, and degassed
dry THF was added. The solution @B-CI prepared under inert atmosphere was
rapidly injected into the monomer solution at rot@mperature under vigorous
stirring. After the desired time, the reaction wpgenched by excess ethyl vinyl
ether and precipitated in methanol. Obtained selas washed with methanol,

filtered, and driedn vacuo.

Characterization of copolymers

Poly(3)-b-poly(2). *H NMR (500 MHz, CDCJ): ¢ 5.36-5.08 (m, 2 H), 3.79-3.49
(m, 4 H), 2.82-2.26 (m, 2 H), 2.16-1.77 (m, 3 HR3:0.98 (m, 1 H), 0.98-0.79
(bs, 18 H), 0.05-0 (bs, 12 HJC NMR (125 MHz, CDCJ): § 134.1 (br), 62.7 (br),
50.5-49.0, 44.6,41.1 - 40.1, 26.2, 18.3, 5.1.

Poly@)-g-poly(2). *H NMR (500 MHz, CDCJ): § 6.32 (s, 1H), 5.09 (s, 1H),
3.20-2.70 (br, 7H), 1.68 (s, 1H), 1.59 (s, 1H),5:2.16 (br, 8H) 1.00-0.81 (br,
6H); °C NMR (125 MHz, CDCI3)5 178.7, 132.4, 131.3 44.0 (br), 42.7, 40.8, 38.6
(br), 37.5, 30.6, 28.7, 23.7, 23.3, 14.3, 10.4.

General procedure for aging and characterization.

The copolymer was fully dissolved by 30 minutes khalr of bath sonication in
organic solvents (chloroform or chlorobenzene,).dgfhe solution was filtered by
1 um PTFE syringe filter (Whatm&), transferred to a vial, and left on the
workbench under the fluorescent light. (For rapging, the vial was left in the
blue LED-containing bath with water to suppress devation of temperature.)
The portion of the aged solution was taken on etwcte, and the size of

nanoparticle was measured by DLS. After dilutind@t20 times (0.1 — 0.05 g/L,
174 1 211U &I
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chlorobenzene), the film for AFM imaging was pregghby spin-coating on HOPG
(spin rate = 3000 rpm, 120 sec). The samples fdvl Mere prepared by drop-
casting 10uL of aliquots of the diluted solution (0.005 g/Lijito a carbon coated
copper grid which was placed on a piece of papgetaid of excess solvent. This

thin polymer film was driedn vacuo for 2 h.

In situ *H NMR analysis for monitoring the consumption of 2and 4

To a screw-cap NMR tube (Wilmad-Labglass, screw-tdge, 500 MHz, 5 mm)
were adde@® (0.085 mmol, 50 eq) andl (0.051 mmol, 30 eq). THHg (400 uL)
was added after the tube was purged with ar@G®iCl (0.0017 mmol, 1 eq) was
dissolved in THFdg (100 uL) under argon, and it was injected into the moneme
containing NMR tube'H NMR spectra of this mixture were recorded ovenreti
The monomer conversion was calculated using afsps@nal of the monomer as

the internal standard.
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7.6. Supporting Information

1.24 - -8--BCP-I: Initial - -o- -BCP-I: 11 hr aged

-, - -a- -BCP-Il : Initial - -v- -BCP-II : 10 hr aged
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Figure S7.1.DLS profiles D) of BCP-I and BCP-II after blue LED aging in

chloroform (1 g/L).
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