
Title
Development of Rhodium-Catalyzed Stitching
Polymerization for the Synthesis of Ethylene- or
Silicon-Bridged π-Conjugated Polymers

Author(s) 池田, 翔

Citation 大阪大学, 2022, 博士論文

Version Type VoR

URL https://doi.org/10.18910/88090

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKAThe University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



 

 

 

 
Development of Rhodium-Catalyzed Stitching Polymerization 

for the Synthesis of Ethylene- or Silicon-Bridged  

p-Conjugated Polymers 

 

 

 

 

 

 

 

 

 

 

 

 

Sho Ikeda 

March 2022



  



 

 

 

 
Development of Rhodium-Catalyzed Stitching Polymerization 

for the Synthesis of Ethylene- or Silicon-Bridged  

p-Conjugated Polymers 

 

 

 

 

A dissertation submitted to 

THE GRADUATE SCHOOL OF ENGINEERING SCIENCE 

OSAKA UNIVERSITY 

in partial fulfillment of the requirements for the degree of 

DOCTOR OF PHILOSOPHY IN ENGINEERING 

 

by 

 

Sho Ikeda 

March 2022 
  



  



Abstract 

Polyacetylenes obtained by transition metal-catalyzed polymerization of substituted 

acetylenes are potentially useful class of p-conjugated polymers as functional materials. 

In particular, rhodium-catalyzed polymerizations have been widely explored to 

effectively catalyze polymerization of terminal alkyne monomers. To date, a lot of well-

defined rhodium-catalysts have been developed that allow for living and stereo-controlled 

alkyne polymerization. On the other hand, the reported polymerization patterns were 

limited to simple coordination insertion of monoynes or cyclopolymerization of diynes, 

which leads to limitation of the accessible structures. 

Bridged p-conjugated polymers have received much attention as potential candidates 

for optoelectronic materials owing to the restriction of C–C single bond rotation by the 

bridged moiety of the p-conjugated unit. In general, these polymers are synthesized by 

polycondensation of the corresponding bridged p-conjugated monomers. This method is 

powerful and reliable if applicable, but accessible polymer structures are currently still 

limited to those consisting of repeating units that can be prepared as stable monomers 

beforehand. 

In this context, the author developed a novel mode of polymerization, rhodium-

catalyzed stitching polymerization, for the synthesis of p-conjugated polymers with 

bridged repeating units from non-conjugated monomers containing both terminal alkyne 

and internal alkyne moieties. This polymerization method allowed for the synthesis of 

polymers consisting of a repeating unit that is difficult to prepare as a stable monomer. 

Chapter 1 provides an overview of the pioneering works and the recent development 

on rhodium-catalyzed polymerizations of alkyne monomers and the synthesis of bridged 

p-conjugated polymers. 

 



Chapter 2 describes the development of a rhodium-catalyzed stitching polymerization 

of non-conjugated 1,5-hexadiynes containing both terminal and internal alkynes as 

monomers for the synthesis of ethylene-bridged p-conjugated polymers as realization of 

the concept. It was found that the polymerization proceeded smoothly with high degree 

of stitching efficiency. Investigation on the optical properties of the obtained polymers 

revealed the effective extension of p-conjugation by introduction of rigid bridged 

structures.  

To expand the scope of this mode of polymerization, Chapter 3 describes a synthesis 

of silicon-bridged p-conjugated polymers by the rhodium-catalyzed stitching 

polymerization of alkynylsilylacetylenes possessing terminal and internal alkynes that are 

connected by a silicon atom. This is the first successful chain-growth polymerization of 

heteroatom-substituted alkynes under rhodium catalysis and it was found that the diyne 

structure as monomers was important for the polymerization of silylacetylenes. The 

solubility of the polymers could be tuned by introduction of appropriate functional groups 

on the silicon atoms.  
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Chapter 1 

 

General Introduction 

 

1.1 Metal-catalyzed polymerization of alkyne monomers 

 

 

Scheme 1. Metal-catalyzed polymerization of alkyne monomers 

 

Polyacetylenes,1 possessing the structure composed of alternating double bonds and 

single bonds in the main chain, have been widely explored as functional materials with 

semiconductivity,2 liquid crystallinity,3 gas permeability,4 helix-induced chirality5 or 

fluorescent characters.6 Since Natta et al. obtained insoluble polyacetylene by the reaction 

of acetylene in the presence of AlEt3 and Ti(OPr)4,7a and Shirakawa, MacDiarmid and 

Heerger et al. found that iodine-doped polyacetylene films showed high conductivity,7b-

7e a lot of synthetic methods of polyacetylenes have been reported. To date, a large number 

of transition-metal catalysts including Ti,8 Fe,9 W,10,11 Mo,11,12 Ta,13 Nb,13g-i Rh,14 Pd,15 

Ru,16 and Ni17 are known to polymerize acetylenic monomers (Scheme 1). In the early 

studies, early transition-metal salts such as W, Mo, and Ta were intensively investigated 

as living polymerization catalysts of both internal alkynes10d,12a and terminal 

alkynes.12b,12c,12d Masuda and Katz proposed that these polymerizations proceed by the 

metathesis mechanism via metal carbenes (Scheme 2-(a)),10a,10b,12f but Maeda et al. 

recently revised the polymerization mechanism with WCl6/Ph4Sn10e or TaCl5/nBu4Sn13f 

as insertion mechanism via a metal-carbon single bond instead of metathesis mechanism. 

On the other hand, rhodium complexes are often used to effectively catalyze 

R1 R2
metal-catalyzed polymerization

R1 R2
n
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polymerization of terminal alkyne monomers and they exhibit high tolerance towards 

functional groups compared to early transition metal catalysts. To date, a lot of well-

defined rhodium-catalysts have been developed that allow for living and stereo-controlled 

alkyne polymerization via a 2,1-insertion mechanism (Scheme 2-(b)). In this section, 

selected pioneering works and recent developments on rhodium-catalyzed polymerization 

of acetylenic monomers are described.  

 

 

Scheme 2. Polymerization mechanisms of phenylacetylene 

 

1.1.1 Rhodium-catalyzed polymerization of phenylacetylene  

In 1969, Kern et al. reported the first rhodium-catalyzed polymerization of 

phenylacetylene by using RhCl3-LiBH4 or RhCl(PPh3)3 (Scheme 3).18 However, the 

polymerization resulted in either a low yield or low molecular weight.  
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Scheme 3. Polymerization of phenylacetylene with RhCl3·3H2O or RhCl(PPh3)3 

 

In 1986, Furlani et al. found that rhodium catalysts with diene ligands, such as 

[Rh(cod)bipy]PF6, [Rh(nbd)bipy]PF6, and [RhCl(cod)]2, polymerized phenylacetylene 

effectively.19 When polymerization was conducted using [RhCl(cod)]2 in MeOH in a 

monomer to catalyst molar ratio of 273:1, highly cis-transoidal stereoregulated 

polyphenylacetylene with Mn of 100000 was produced as a yellow powder (Scheme 4). 

 

 

Scheme 4. Polymerization of phenylacetylene with a Rh(diene) catalyst 

 

Subsequently, Tabata et al. investigated the effect of Et3N as base in the polymerization 

of m-chlorophenylacetylene with [RhCl(nbd)]2 in chloroform (Scheme 5-(a)).20 It was 

observed that the number average molecular weights of the obtained polymers were 

decreased as a ratio of Et3N to Rh-catalyst was increased. Furthermore, when the 

relationship between molecular weight and the amount of added monomer was 

investigated, molecular weights were almost constant regardless of the amount of added 

n

RhCl3·3H2O 
(0.70 mol% Rh)

LiBH4
(1.0 mol%)

Mn = 4900

EtOH/tetraline

n

RhCl(PPh3)3
(0.18 mol% Rh)

Mn = 1100

60 ºC

9% yield

57% yield

ambient temperature

n

[RhCl(cod)]2
(0.72 mol% Rh)

Mn = 100000

MeOH, reflux
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monomers. These results indicated that Et3N worked as a promoter for dissociation to 

[RhCl(nbd)-Et3N] from [RhCl(nbd)]2 and the monomeric species, not the dimer, initiated 

polymerization. The propagation rate would be much higher than the initiation rate in this 

polymerization (Scheme 5-(b)). 

 

 
Scheme 5. (a) Polymerization of m-chlorophenylacetylene with [RhCl(cod)]2/Et3N (b) 
The proposed effect of Et3N in the polymerization of arylacetylene 

 

In 1994, Noyori et al. reported the well-defined catalyst [Rh(C≡CPh)(nbd)(PPh3)2], 

which was isolated by the reaction of [RhCl(nbd)]2, PPh3, and LiC≡CPh in Et2O, and this 

catalyst gave polyphenylacetylene with a very narrow molecular weight distribution.21 

Polymerization of phenylacetylene with this catalyst in the presence of 4-

(dimethylamino)pyridine (DMAP) proceeded well in a living manner to give red-brown 

precipitates with an Mn of 14900 and Mw/Mn of 1.15 in a monomer to catalyst ratio of 

50:1 (Scheme 6). In the absence of DMAP, the molecular weight distribution became 

higher to 1.31. 

 

n

[RhCl(nbd)]2
(4.0 mol% Rh)

Et3N
(200 mol%)

conv. 100%
Mn = 76000
Mw/Mn = 1.74

CHCl3, 30 ºC
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R
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n
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Scheme 6. Polymerization of phenylacetylene using [Rh(C≡CPh)(nbd)(PPh3)2] complex 

 

The same group reported that the polymerization of phenylacetylene with 

[Rh(OCH3)(nbd)]2/PPh3/DMAP in a ratio of 1:2:20 gave polyphenylacetylene with Mn of 

6900 and Mw/Mn of 1.11 (Scheme 7).22 Initiation efficiency in this system was estimated 

to be 0.72, which was higher than their previous report in the system of 

[Rh(C≡CPh)(nbd)(PPh3)2]/DMAP. These two catalyst systems differ in terms of the 

amount of PPh3 against rhodium, and it was revealed that the initiating species of 

polymerization was tetracoordinate complex [Rh(C≡CPh)(nbd)(PPh3)]. This complex 

was generated by dissociation of one PPh3 ligand from pentacoordinate complex 

[Rh(C≡CPh)(nbd)(PPh3)2] according to the NMR analysis of the reaction of 

[Rh(OCH3)(nbd)]2, PPh3, and phenylacetylene in a molar ratio of 1:2:10 at –30 ºC 

(Scheme 8).23 

 

 

Scheme 7. Synthesis of polyphenylacetylene with very narrow molecular weight 
distribution 

n
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n
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Scheme 8. Initiating species in polymerization of phenylacetylene with 
[Rh(OCH3)(nbd)]2/PPh3 

 

Jiménez et al. also observed the Rh(C≡CPh)(diene) species using the 

[Rh(cod)(PPh2(CH2)3NMe2)]BF4 having a hemilabile bidentate ligand.24 When the 

reaction of phenylacetylene and the rhodium catalyst in a molar ration of 20:1 was 

conducted, [Rh(C≡CPh)(cod)(Ph2P(CH2)3NHMe2)]BF4 was observed as an initiation 

species, which was generated through the deprotonation of phenylacetylene by the 

hemilabile amido ligand (Scheme 9). These results implied that initiating species 

generated from [RhX(diene)]2 and base in the polymerization of phenylacetylene would 

be [Rh(C≡CPh)(diene)(sol)] and this was supported by DFT, ONIOM and ONIOM-MD 

calculations by Morokuma et al. (Scheme 10).25  

 

 

Scheme 9. Initiation species in the reaction of phenylacetylene with 
[Rh(cod)(Ph2P(CH2)3NMe2)]BF4 
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Scheme 10. Initiation mechanism in polymerization of phenylacetylene with 
[RhX(diene)]2/base 

 

Based on Noyori’s works, Masuda et al. reported the novel rhodium(I) complex 

[Rh(nbd)(CPh=CPh2)(PPh3)], which was generated by the reaction of [RhCl(nbd)]2, PPh3, 

and LiCPh=CPh2 in a molar ratio of 1:4:6 (Scheme 11).26 This vinylrhodium(I) catalyst 

possessing an identical structure to that of propagating species enabled the living 

polymerization with high initiation efficiency and the initiation-end-functionalization of 

polyphenylacetylene.  

 

 

Scheme 11. Polymerization of phenylacetylene with vinylrhodium complex  

 

The same group isolated vinylrhodium complex [Rh(CPh=CPh2)(nbd)(P(4-FC6H4)3)], 

which was generated by the reaction of [RhCl(nbd)]2, LiCPh=CPh2, and P(4-FC6H4)3 in 

benzene and it showed more controlled living polymerization.27 When polymerization of 

phenylacetylene was conducted with isolated vinylrhodium complex in the presence of 

P(4-FC6H4)3 in a phosphine to rhodium catalyst ratio of 5:1, narrower molecular weight 
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PPh3

Rh

Ph

Ph

Ph
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distribution (Mw/Mn = 1.05) and higher initiation efficiency were accomplished compared 

to the previous ternary system of [RhCl(nbd)]2, PPh3, and LiCPh=CPh2 (Scheme 12).  

 

  

Scheme 12. Polymerization of phenylacetylene using isolated vinylrhodium complex 

 

In 2006, Masuda et al. reported an effective new diene ligand, 

tetrafluorobenzobarrelene (tfb) for polymerization of phenylacetylene.28 The tfb ligand 

has high p-acidity compared to conventional diene ligands such as nbd and cod. Owing 

to the strong p-back donation from 4d orbitals of Rh to LUMO of tfb, the coordination 

ability of alkyne monomer to the rhodium center and stability of the rhodium catalyst 

were improved, which led to acceleration of the propagation rate. For example, the 

polymer obtained in the [RhCl(tfb)]2/Et3N system showed a higher molecular weight (Mn 

= 281000) compared to that in the system of [RhCl(nbd)]2/Et3N (Mn = 118000) (Scheme 

13).  

 

[Rh(PhC=CPh2)(nbd)(P(4-FC6H4)3) ] (0.4 mol% Rh)
P(4-FC6H4)3 (2.0 mol%)

toluene, 30 ºC
n

Mn = 25000
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Scheme 13. Effect of tfb diene ligand 

 

Recently, Maeda et al. reported initiation-end-functionalization of  

polyphenylacetylene in the system of [RhCl(nbd)]2/arylboronic 

acid/diphenylacetylene/50% aqueous KOH (Scheme 14).29 By adding diphenylacetylene, 

stabilized complexes were formed, which led to fast initiation of polymerization because 

dissociation of PPh3 from rhodium center was promoted by h2- or h1-coordination of the 

phenyl group.30 This method enabled introduction of various functional substituents such 

as halogen, amino, vinyl, and ethynyl groups at the initiation-end of polyphenylacetylene 

via well-controlled living polymerization. 

 

[RhCl(nbd)]2 (0.4 mol% Rh)
Et3N (0.4 mol%)

toluene, 30 ºC
n

69% yield
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n
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F

F

FF
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LUMO energy (eV) 0.90 0.79 0.21
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Scheme 14. Initiation-end-functionalization of polyphenylacetylene  

 

Subsequently, the same group reported the preparation of termination-end-

functionalized polyphenylacetylene by rhodium-catalyzed conjugate addition to a,b-

unsaturated carbonyl compounds after living polymerization (Scheme 15).31 A wide 

range of functional groups, such as halogen, fluorous, epoxide, and hydroxy groups, could 

be introduced at the termination-end by this method. These works enabled the synthesis 

of telechelic polyphenylacetylene with functional groups at both ends and the 

development of novel functional materials would be expected. 
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Scheme 15. Synthesis of telechelic polyphenylacetylene 

 

1.1.2 Applicable monomers by rhodium-catalyzed alkyne polymerization 

Rh(diene)-complexes effectively catalyze polymerization of phenylacetylene, but 

applicable alkyne monomers are limited. In particular, monomers possessing a less 

electrophilic alkyne such as alkylacetylenes and silylacetylenes are difficult to polymerize 

with rhodium-catalysts. In 1994, Ogawa et al. reported that [Rh(SC6H5)(cod)]2 catalyst 

was not effective for polymerization of 1-hexyne although polymerization of 

phenylacetylene proceeded by this catalyst.32 Similarly, Sedláček33 et al. and Noyori23 et 

al. also reported that poly-n-butylacetylene and poly-t-butylacetylene were obtained only 

in low yields using neutral rhodium-diene catalysts. Ozawa et al. reported that a cationic 

rhodium(I) tris(pyrazolyl)borate complex TpMe2Rh(cod) showed high catalytic activity 
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for polymerization of arylacetylenes possessing an electron-withdrawing group or an 

electron-donating group without additives, but polymers were not produced in the case of 

tert-butylacetylene, trimethylsilylacetylene, and (methoxycarbonyl)acetylene as 

monomers (Scheme 16).34  

 

 

 

 

Scheme 16. Polymerizations of several alkyne monomers 

 

n
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Russo et al. also found that polymerization of N-benzylpropargylamine possessing a 

slightly electrophilic alkyne compared to alkylacetylene proceeded moderately in the 

presence of cationic [Rh(cod)(bpz)]PF6 (Scheme 17).35 

 

 
Scheme 17. Polymerization of N-benzylpropargylamine 

 

In 1995, Noyori et al. discovered that cationic [Rh(nbd){h6-(C6H5)B(C6H5)3}] catalyst 

initiated the polymerization of alkylacetylenes such as tert-butylacetylene, 3-ethyl-1-

pentyne and cyclohexylacetylene in THF at 19–21 ºC in a monomer to rhodium ratio of 

50:1 to produce polyalkylacetylenes in quantitative yields (Scheme 18).36 However, even 

with this catalyst, no polymerization took place for trimethylsilylacetylene, methyl 

propiolate and N,N-dimethylpropargylamine. 

 

 

Scheme 18. Polymerizations of several monomers with [Rh(nbd){h6-(C6H5)B(C6H5)3}]  
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Masuda et al. subsequently reported that [Rh(nbd){h6-(C6H5)B(C6H5)3}] efficiently 

catalyzed polymerization of N-propargylamide,37 propargyl ester,37 and 1-

methylpropargyl alcohol38 as monomers (Scheme 19). These polymers had helical 

structures by stabilized hydrogen bonds or bulky substituents.  

 

  

Scheme 19. Polymerizations of N-propargylamide, propargyl ester and 1-
methylpropargyl alcohol with [Rh(nbd){h6-(C6H5)B(C6H5)3}] 

 

In 1994, Tabata et al. found that the polymerizations of alkyl propiolates proceeded 

well in the presence of [RhCl(nbd)]2 in MeOH although the polymer was obtained in low 

yields in the case of [RhCl(cod)]2 (Scheme 20).39 This result indicates the decomposition 

of [RhCl(cod)]2 catalyst owing to the lower p-acidity of COD ligand and higher 

electrophilicity of alkyl propiolates. 

 

 

Scheme 20. Polymerizations of alkyl propiolates with Rh(diene)-catalyst 
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There are only a few reports on polymerization of internal alkynes with rhodium 

catalysts because of large steric hindrance although W,10c,10d,10e Ta,12a,12e and Pd15d 

catalysts can be effectively employed. Masuda et al. reported that polymerization of 

highly strained cyclooctyne as a disubstituted alkyne monomer proceeded with 

[RhCl(nbd)]2 catalyst and Et3N additive in toluene (Scheme 21).40 Cyclooctyne 

exhibited higher polymerization activity than phenylacetylene according to the result of 

copolymerization of cyclooctyne and phenylacetylene. The obtained polycyclooctyne 

homopolymer showed higher thermal stability compared to polyphenylacetylene 

homopolymer. 

 

 

Scheme 21. Polymerization of cyclooctyne as internal alkyne 

 

1.1.3 Rhodium-catalyzed polymerization of diynes 

  As described above, a lot of rhodium-catalyzed polymerizations of monoyne 

monomers were reported, but there are only a few reports on polymerizations of 

monomers possessing two alkynes.  

  In 2003, Masuda et al. reported copolymerization of phenylacetylene and 1,4-

diethynylbenzene as a crosslinker (Scheme 22).41 When phenylacetylene was 

polymerized in the presence of [RhCl(nbd)]2/Ph2C=CPhLi/PPh3 and then 

diethynylbenzene was added to this solution, cross-linked polymer was given by 

intermolecular reaction of both alkynes of 1,4-diethynylbenzene with termination-end of 

polyphenylacetylene. The cross-linking reaction could be controlled by concentration of 

the crosslinker, temperature, and molecular weight of linear polymer. 

toluene, 30 ºC
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n
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Scheme 22. Copolymerization of phenylacetylene and 1,4-diethnylbenzene. 

 

Sedláček et al. described homopolymerization of 1,4-diethnylbenzene and 1,3-

diethynylbenzene in the presence of [Rh(acac)(cod)] (Scheme 23).42 According to 13C 

NMR spectra, poly-1,4-diethynylbenzene contained 56% of remaining terminal alkynes 

and poly-1,3-diethynylbenzene contained 61% of terminal alkynes. These polymers are 

expected to be applied as gas adsorption materials. 

 

 
Scheme 23. Rhodium-catalyzed homopolymerizations of 1,4-diethynylbenzene or 1,3-
diethynylbenzene 
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Masuda et al. described that polymerization of 1,2-diethynylbenzene with 

[RhCl(nbd)]2/Et3N gave a polymer with 61% of remaining alkynes (Scheme 24).43 

According to the pyrolysis GC-MS analysis of the obtained polymer, a small amount of 

indene derivatives were observed, which indicated that the obtained polymer structure 

was estimated to contain partially arylene-bridged architecture generated by 

intramolecular cyclization.  

 

 

Scheme 24. Rhodium-catalyzed polymerization of 1,2-diethynylbenzene  

 

Hayashi et al. reported rhodium-diene catalyzed asymmetric cyclopolymerization of 

1,8-diynes containing terminal and internal alkynes to afford helix-sense-selective p-

conjugated polymers (Scheme 25).44 According to the 13C NMR analysis, almost all the 

internal alkynes were incorporated into the main chain, which indicated that this 

polymerization effectively proceeded through intermolecular insertion of the terminal 

alkyne and intramolecular insertion of the internal alkyne alternately to form seven-

membered ring in a repeating unit.  
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Scheme 25. Asymmetric cyclopolymerization of achiral 1,8-diynes 
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1.2 Bridged and ladder p-conjugated polymers  

Bridged p-conjugated polymers45 represented by poly(fluorene), poly(dibenzosilole), 

and poly(dibenzothiophene) have rigid p-conjugated repeating units (Figure 1-(a)). 

Owing to the restriction of C–C single bond rotation by the bridged moiety of the p-

conjugated unit, these polymers exhibit longer conjugation lengths and have been 

intensively investigated as functional materials such as organic light-emitting diodes 

(OLED),46 organic field-effect transistors (OFET),47 and organic photovoltaics (OPV).48 

Generally, bridged p-conjugated polymers are synthesized by polycondensation of the 

corresponding bridged p-conjugated monomers.49 This method is powerful and reliable 

if applicable, but accessible polymer structures are currently still limited. In this section, 

representative synthetic methods of carbon- or silicon-bridged  p-conjugated polymers 

are summarized along with some synthetic methods of related ladder p-conjugated 

polymers (Figure 1-(b)).50 In addition, as a new and complementary method for the 

synthesis of bridged p-conjugated compounds, the stitching reaction developed in our 

group is also described. 

 

 

Figure 1. Structures of (a) bridged and (b) ladder p-conjugated polymer 

 

1.2.1 Synthesis of carbon- or silicon-bridged p-conjugated polymers 

  In 1989, Fukuda et al. reported the first synthesis of poly(fluorene), the most 

representative carbon-bridged p-conjugated polymer, by the reaction of 9,9-

π π
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X

π π
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dialkylfluorene with FeCl3 as a catalyst (Scheme 26).51 It was found that this oxidative 

coupling polymerization gave a polymer with a low molecular weight and it partially 

contained irregular structures according to the NMR analysis.52  

 

 

Scheme 26. Synthesis of poly(fluorene) by oxidative coupling with FeCl3 

 

Pei et al. reported the synthesis of poly(2,7-fluorene)s with a high molecular weight by 

the reductive coupling reaction in the presence of a Ni catalyst (Scheme 27-(a)).53 This 

polymer showed an absorption maximum at ca. 380 nm, and photoluminescence was 

observed at 430 nm.54 The bis(3,6-dioxaheptyl) side chains could dissolve lithium salts 

and it is expected to be applied to an ionic conductor. Leclerc et al. also described a 

palladium-catalyzed Suzuki-Miyaura coupling copolymerization of 9-carboxylated-2,7-

dibromofluorene and 2,7-bis(dioxaboranyl)fluorene (Scheme 27-(b)).55 Treatment of this 

polymer by base gave deprotonated polymers that showed conductivities of 10–6–10–5 S 

cm–1. 

 

 

Scheme 27. Metal-catalyzed (a) coupling and (b) cross-coupling polymerizations  
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Jin et al. synthesized poly(fluorene vinylene)s by the Heck reaction between 2,7-

divinylfluorene and 2,7-dibromofluorene (Scheme 28-(b)).56 The absorption maximum of 

this polymer showed red shift (lmax = 416 nm) compared to poly(2,7-fluorene), and this 

polymer emitted blue-greenish light (lmax,PL = 470 nm), which indicated the effective p-

extension by the introduction of vinylene units. 

 

 

Scheme 28. Synthesis of poly(fluorene vinylene) by the Heck reaction 

 

  Kim et al. synthesized poly(fluorene ethynylene)s by the Sonogashira coupling 

reaction in the presence of Pd/Cu catalyst (Scheme 29).57 According to the UV-vis 

spectrum, the absorption maximum was observed at 380 nm and the emission peak was 

shown at 475 nm. 

 

 
Scheme 29. Synthesis of poly(fluorene ethynylene) by the Sonogashira coupling reaction 

 

  As synthesis of carbon-bridged p-conjugated polymers other than poly(2,7-fluorene), 

in 2007, Cao et al. reported the first synthesis of poly(3,6-fluorene) by a Ni-catalyzed 
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showed an emission maximum at 347 nm, which was much shorter than poly(2,7-

fluorene).  

 

 

Scheme 30. Synthesis of poly(3,6-fluorene) in the presence of Ni catalyst 

 

Yamamoto et al. synthesized poly(2,7-dihydrophenanthrene) by a Ni-mediated 

coupling reaction (Scheme 31-(a)).59 The obtained polymer showed low solubility in 

CHCl3 even though this polymer had ethylene-bridged moieties. To improve the 

solubility, Müllen et al. reported the synthesis of poly(2,7-tetrahydropyrene) with two 

octyl groups at the ethylene-bridged moieties (Scheme 31-(b)).60 Polymerization of 4,9-

dialkylated 4,5,9,10-tetrahydropyrenes in the presence of excess Ni complexes produced 

a soluble polymer with a higher molecular weight. 

 

 
Scheme 31. Synthesis of (a) poly(2,7-dihydrophenanthrene) and (b) poly(2,7-
tetrahydropyrene) 
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  Suh et al. synthesized carbon-bridged poly(dihydroindeno[2,1-a]indene) in the 

presence of excess Ni complexes (Scheme 32).61 By inclusion of one additional vinylene 

unit between the two phenylene units, this polymer with a rigid planar structure exhibited 

strong and uniform absorbance at the longer wavelength region (lmax = 440 nm). This 

polymer also possessed good processability due to the introduction of four alkyl groups. 

  

 

Scheme 32. Synthesis of poly(dihydroindeno[2,1-a]indene)  

 

Müllen et al. synthesized poly(2,8-indenofluorene), which exhibited high thermal 

stability and good solubility (Scheme 33).62 The absorption maximum of this polymer 

was located at 416 nm, which is intermediate between those of poly(fluorene) and ladder 

poly(p-phenylene) (lmax = 438 nm).63 

 

 

Scheme 33. Synthesis of poly(2,8-indenofluorene) 
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excimer formation.65 On the other hand, the thermal treatment of poly(spirobifluorene) 

had no effect on the photoluminescence and only blue emission was shown. 

 

 
Scheme 34. Synthesis of poly(spirobifluorene) 

 

In 1994, Zotti et al. described the first electrochemical synthesis of 

poly(cyclopentadithiophene), which can be regarded as a structural analogue of 

poly(fluorene).66 Scherf et al. also synthesized poly(cyclopentadithiophene) by a Ni-

mediated coupling reaction (Scheme 35).67 Dialkyl-substituted 

poly(cyclopentadithiophene) was shown to be highly conjugated (lmax = 560~590 nm)68 

with a relatively narrow band gap, and exhibited red photoluminescence at 639 nm. 

 

 

Scheme 35. Synthesis of poly(cyclopentadithiophene) 
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bridged p-conjugated polymers have been developed to date (Figure 2).71 As an example 

of simple silicon-bridged p-conjugated polymers, poly(2,7-dibenzosilole) was 

synthesized by the Suzuki-Miyaura coupling polymerization (Scheme 36).71a This 

polymer exhibited higher thermal stability compared to poly(fluorene). 

 

 
Figure 2. Examples of silicon-bridged p-conjugated polymers  

 

 

Scheme 36. Synthesis of poly(2,7-dibenzosilole) 

 

There are only a few synthetic methods of bridged p-conjugated polymers except for 
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Scheme 37. Synthesis of propylene-bridged p-conjugated polymer by 
cyclopolymerization of 1,6-heptadiyne 
 

 

Scheme 38. Proposed pathway of cyclopolymerization of 1,6-heptadiyne 

 

In 2016, Choi et al. described cyclopolymerization of 1,6-heptadiynes possessing 

bulky R substituents in the presence of Z-selective Grubbs catalyst containing a chelating 

N-heterocyclic carbene (NHC) ligand. The reaction selectively produced a propylene-

bridged conjugated polymer having six-membered rings with up to 95% selectivity 

(Scheme 39).75 The a-addition was suppressed by steric repulsion between the R 

substituent of 1,6-heptadiyne and the adamantyl NHC ligand of the Ru-catalyst. 
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Scheme 39. Highly b-selective cyclopolymerization of 1,6-heptadiyne 

 

Tang et al. reported cyclopolymerization of 1-phenyl-7-aryl-1,6-heptadiyne possessing 

two internal alkynes in the presence of WCl6/Ph4Sn.76 According to the 13C NMR analysis, 

it was estimated that only a propylene-bridged p-conjugated polymer having six-

membered rings was obtained without the formation of the five-membered rings (Scheme 

40). This polymer showed high thermal stability and processability due to the bulky 

aromatic groups. 

 

 
Scheme 40. W-catalyzed cyclopolymerization of disubstituted 1,6-heptadiyne monomer 
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1.2.2 Synthesis of ladder p-conjugated polymer 

  Bridged p-conjugated units also appear in the ladder p-conjugated polymers, which 

have fully ring-fused polycyclic skeletons. Ladder p-conjugated polymers have been used 

for a wide range of applications such as OLED77 and OFET78 owing to the optoelectronic 

properties derived from the restriction of torsional motion between the repeating units. A 

few representative examples are briefly described here. 

In 1991, Müllen et al. synthesized a methylene-bridged ladder poly(p-phenylene) by 

electrophilic aromatic substitution by the Friedel–Crafts reaction of the hydroxymethyl-

substituted poly(p-phenylene) precursor (Scheme 41).63 In the UV-vis spectrum of this 

ladder polymer, absorption maximum was observed at 438 nm and emission was shown 

at 447 nm. These values indicated a very small Stokes shift due to the rigid geometry. 

 

 

Scheme 41. Synthesis of ladder poly(p-phenylene) by the Friedel–Crafts reaction 

 

Swager et al. developed a synthetic method to give an angular poly(acene) based on a 

Brønsted acid-promoted alkyne benzannulation of a linear poly(2,5-diethynyl-p-

phenylene) (Scheme 42).79 A peak corresponding to the alkyne stretch was not observed 
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linear precursor polymer was observed according to the GPC analysis. These results 
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indicated that Brønsted acid-promoted alkyne benzannulation quantitatively proceeded. 

Recently, peropyrene- and teropyrene-based ladder polymers were also synthesized by 

using this method.80  

 

 

Scheme 42. Synthesis of ladder p-conjugated polymer by alkyne benzannulation 
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presence of FeCl3 and MeNO2 (Scholl reaction) gave polycyclic aromatic hydrocarbons 

like graphene nanoribbons,81 and they applied this method to synthesize ladder p-

conjugated polymers like angular poly(acene) (Scheme 43).82 According to the IR spectra 
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Scheme 43. Synthesis of ladder p-conjugated polymer by the Scholl reaction 

 

1.2.3 Stitching reaction for the synthesis of bridged p-conjugated compound 

Our group developed a rhodium-catalyzed stitching reaction as a new method for the 

synthesis of bridged p-conjugated compounds.83 Unlike the conventional stepwise 

approaches, this method allows for the construction of a bridged structure and extension 

of p-conjugation at the same time from non-conjugated linear precursors. As shown in 

Scheme 44, two oligo(silylene-ethynylene)s (1 and 2), one of which contains an arylmetal 

moiety on one end and a haloarene moiety on the other end, undergo a multiple carbon–

carbon bond-forming reaction in a stitching manner to give silicon-bridged ladder-type 

p-conjugated compounds 8 in the presence of a rhodium/cyclooctadiene catalyst. Initial 

transmetalation of the arylmetal moiety of 1 to rhodium(I) generates arylrhodium 3, 

which undergoes intermolecular carborhodation to the alkyne at the terminal position of 

2 to give alkenylrhodium 4. This intermediates undergoes five-membered ring-forming 

carborhodation to the nearest alkyne to give new alkenylrhodium species 5. Repeating 

the five-membered ring-formimg carborhodation arrives at alkenylrhodium 6. Oxidative 

addition of aryl–X bond to alkenylrhodium gives 7 and reductive elimination leads to 

quinoidal fused oligosilole 8 with regeneration of rhodium(I). 
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Scheme 44. Mechanism of the stitching reaction 
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P as the bridging elements were readily accessible from simple precursors by using the 

stitching reaction, which allowed for the facile structural tuning of bridged 

dibenzofulvalenes (Scheme 45).84  

Si

B(neop) Br

R Si Si R

x

x

Si

Br

x
R

Rh

Si Si R

Si

Si

Rh
Si RR

Br

R Si

Si

Si R

Rh
X

R Si

Si

Si R

Rh X

R Si

Si

Si R

x

x

x
x

x

x

[Rh(OH)(cod)]2
cod

Cs2CO3
dioxane/H2O (50/1)

80 ºC

Si

Rh Br

R Si Si R

x

x
R Si

Si

Si R
x

carborhodation

carborhodation

carborhodation

oxidative addition

reductive elimination –Rh-X

x = 0, 1, 2

2

4

5
6

7

8

1

2

3

8



 

32 

 

 
Scheme 45. Synthesis of carbonyl-bridged dibenzofulvalenes and related compounds by 
the stitching reaction  
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1.3 Overview of this dissertation 

As described above, accessible bridged p-conjugated polymer structures are essentially 

limited to stable and isolable structures as monomers due to the deficiency of current 

synthetic methods. It is therefore desirable to devise new polymerization methods to 

expand the scope of accessible structures in light of their potential utility as optoelectronic 

materials. On the other hand, rhodium/diene complexes can catalyze well-controlled 

polymerization of alkyne monomers and they can also catalyze the stitching reaction that 

allows for the synthesis of bridged p-conjugated compounds from alkyne-containing non-

conjugated compounds. In this context, the author considered that the strategy to combine 

rhodium-catalyzed stitching reaction and rhodium-catalyzed alkyne polymerization can 

be highly effective to synthesize new bridged p-conjugated polymers having a unit 

structure which is unstable as a monomer and difficult to synthesize by existing synthetic 

methods. The development of new polymerization method, rhodium-catalyzed stitching 

polymerization, to access bridged p-conjugated polymers with novel repeating units is 

expected to lead to discovery of new functional materials.  

As realization of the above-mentioned concept, Chapter 2 describes the development 

of a rhodium-catalyzed stitching polymerization of non-conjugated 1,5-headiynes 

containing both terminal and internal alkynes as monomers for the synthesis of ethylene-

bridged p-conjugated polymers consisting of a repeating unit that is difficult to prepare 

as a stable monomer structure. It was found that the polymerization proceeded smoothly 

with high degree of stitching efficiency (Scheme 46).  
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Scheme 46. Rhodium-catalyzed stitching polymerization of 1,5-hexadiynes and related 
oligoalkynes described in Chapter 2 

 

To expand the scope of this mode of polymerization, Chapter 3 describes a synthesis 

of silicon-bridged p-conjugated polymers by the rhodium-catalyzed stitching 

polymerization of alkynylsilylacetylenes, representing the first successful chain-growth 

polymerization of heteroatom-substituted alkynes under rhodium catalysis. It was found 

that the diyne structure as monomers was important for the polymerization of 

silylacetylenes (Scheme 47). 

 

 
Scheme 47. Rhodium-catalyzed stitching polymerization of alkynylsilylacetylenes 
described in Chapter 3 
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Chapter 2 

 

Rhodium-Catalyzed Stitching Polymerization of 1,5-Hexadiynes and 

Related Oligoalkynes 

2.1 Introduction 

Bridged π-conjugated compounds are intensively investigated as useful structural 

motifs for functional organic materials due to their optoelectronic properties derived from 

the extended π-systems with rigid planar structures.1 They also often appear in (a part of) 

repeating units of π-conjugated (co)polymers,2,3 which are typically synthesized by 

condensation (co)polymerization of preformed bridged π-conjugated monomers. 

Although this synthetic process is a powerful and reliable approach, applicable repeating 

units are inherently limited to stable and isolable structures as monomers. 

  Recently, our group developed a rhodium/diene-catalyzed stitching reaction as a new 

strategy for the intermolecular synthesis of polycyclic bridged π-conjugated compounds 

through multiple carbon–carbon bond formations via successive insertion of alkynes.4 

This method allows for the construction of a rigid planar structure and extension of π-

conjugation at the same time in a single catalytic process. Based on this attractive feature 

of the stitching reaction, the author imagined that polymers having a bridged π-conjugated 

repeating unit could be readily synthesized from easily accessible non-conjugated 

oligoalkynes without the necessity of preparation of corresponding π-conjugated 

monomers beforehand, and this would be particularly advantageous when the repeating 

unit is difficult to prepare as a stable monomer. In this Chapter, the author disclose the 

new polymerization strategy, rhodium-catalyzed stitching polymerization, for the 

synthesis of π-conjugated polymers with bridged repeating units by employing 1,5-
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hexadiynes and their extended triynes and a tetrayne as monomers which possess both 

terminal and internal alkyne moieties.5–8 
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2.2 Results and Discussion 

2.2.1 Reaction development and structural elucidation 

A schematic representation of the proposed rhodium-catalyzed stitching 

polymerization pathway of 1-aryl-1,5-hexadiyne as a model monomer is illustrated in 

Scheme 1.9 A catalytic amount of organorhodium(I) complex undergoes insertion of a 

terminal alkyne of the monomer to give alkenylrhodium(I) intermediate A.10 Successive 

insertion of a terminal alkyne of another monomer would lead to dienylrhodium(I) species 

B. This then undergoes intramolecular insertion of an internal alkyne of the initially 

incorporated monomer in a six-exo-dig fashion to form a six-membered ring with 

concomitant generation of trienylrhodium(I) species C. Subsequent six-membered ring-

forming intramolecular insertion of an internal alkyne of the secondly incorporated 

monomer gives tetraenylrhodium(I) species D possessing a conjugated bicyclic structure. 

Repeating this four-step sequence would eventually lead to π-conjugated polymer E.  

 

 
Scheme 1. Schematic representation of rhodium-catalyzed stitching polymerization of 1-
aryl-1,5-hexadiyne 
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As a starting point, the author employed 1-(4-methylphenyl)-1,5-hexadiyne as the 

monomer and found that the polymerization proceeded smoothly in the presence of 

[Rh(OH)(cod)]2 (3 mol% Rh) in THF at 60 ºC to give 81% yield of poly-1a after 

reprecipitation (Table 1, entry 1). The number-averaged molecular weight (Mn) was 

calculated to be 5400 g mol−1 with Mw/Mn of 1.8 using size-exclusion chromatography 

against a polystyrene standard. In comparison, the presence of a phosphine ligand such 

as PPh3 or binap significantly lowered the polymerization efficiency (entries 2 and 3).  

 

Table 1. Rhodium-catalyzed polymerization of 1a 

 
entry ligand yield (%) Mn (g/mol)a Mw/Mna 

1 none 81 5400 1.8 

2 PPh3 42 6000 2.2 

3 Binap 23 5900 2.4 
a Determined using size-exclusion chromatography against a polystyrene standard. 

 

The structural information of poly-1a was mainly obtained by 13C NMR analysis. 

Figure 1 shows 13C NMR spectra of (a) monomer 1a and (b) poly-1a prepared in Table 

1, entry 1. According to these spectra, poly-1a showed essentially no residual peaks in 

the sp-carbon region, indicating that both terminal and internal alkynes of monomer 1a 

were successfully incorporated into the main chain as alkenyl sp2-carbons. The chemical 

shifts of methylene carbons were also significantly downfield-shifted, which corresponds 

to the change of propargylic carbons to allylic carbons. 

 

Ar

1a (Ar = 4-MeC6H4)
(0.25 M)

[Rh(OH)(cod)]2
(3 mol% Rh)

ligand (3.3 mol%)

THF, 60 °C, 22 h

Ar

Ar
n

poly-1a
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Figure 1. 13C NMR spectra of (a) monomer 1a and (b) poly-1a obtained in Table 1, entry 
1 (101 MHz in CDCl3 at 30 ºC) 

 

To gain more insights into the structure of poly-1a, monomer 1a-13C possessing a 13C-

labeled carbon at one of the internal alkyne carbons was prepared, and conducted the 

present polymerization reaction to give poly-(1a-13C) in 83% yield with Mn of 6400 g 

mol–1 and Mw/Mn of 1.9 (eq. 1). As indicated by the quantitative 13C NMR spectrum in 

Figure 2, although some labeled internal alkyne peak remained at 90 ppm, more than 95% 

of the labeled carbon was shifted to sp2-carbon region as two sets of peaks (140 ppm and 

134 ppm) with almost equal intensity, which supports the proposed stitched structure of 

poly-1a. 
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Figure 2. Inverse gated 1H decoupling 13C NMR spectrum of poly-(1a-13C) obtained in 
eq. 1 (176 MHz in CDCl3 at 25 ºC) 

 

In addition, the author verified its structure by comparing the observed 13C NMR 

chemical shifts with the calculated ones for the middle unit of model trimer tri-1a due to 

the lack of reference compounds in small molecules for experimental comparison. The 

selected values of the middle section of tri-1a in transoid-transoid conformer are shown 

in Figure 3-(a). Based on these data, observed signals for sp3-carbon region of poly-1a 

are consistent with the proposed structure, and two sets of peaks in poly-(1a-13C) at 140 

ppm and 134 ppm with almost equal intensity can also be reasonably explained. Moreover, 

considering the existence of transoid/cisoid conformers at the bolded carbon–carbon 

single bonds (Figure 3-(a)–(d)), the red carbon signal was calculated to appear at 137.7–

136.4 ppm and the blue carbon signal was calculated to appear at 132.6–132.2 ppm 

depending on the conformation. Accordingly, the observed 13C-labeled carbon chemical 

shifts at 140–139 and 134 ppm could be reasonably assigned (Figure 4). These results 

indicate that the main chain structure of polymers prepared in the present catalytic 

conditions is consistent with the proposed structure.  

CDCl3
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Figure 3. Selected 13C NMR chemicals shifts (ppm) for the corresponding carbons of tri-
1a in (b) transoid–transoid, (c) transoid–cisoid, (d) cisoid–transoid, (e) cisoid–cisoid 
conformers (Ar = 4-MeC6H4) by DFT calculation at the B3LYP/6-31G(d) level of theory 
 

 

Figure 4. 150–122 ppm region of inverse gated 1H decoupling 13C NMR spectrum of 
poly-(1a-13C) in CDCl3    
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2.2.2 Reaction scope for the polymerization of diyne monomers and their 

derivatives 

  The present stitching polymerization could also be applied to other 1-aryl-1,5-

hexadiynes. For example, monomers having an electron-donating group (1b) or an 

electron-withdrawing group (1c and 1d) at the 4-position of the aryl group gave the 

corresponding stitched polymers poly-1b, poly-1c, and poly-1d in 71–80% yield with Mn 

of 3000–9700 g mol–1 (eq. 2). Polymerization of monomers 1e and 1f having 3,5-

dialkylphenyl group also proceeded smoothly to give corresponding poly-1e and poly-1f 

in 71–90% yield with somewhat higher molecular weight (Mn 15600–21000 g mol–1). 

The 13C NMR spectra of these polymers suggest that the main chain structures are the 

same as that of poly-1a with essentially no residual peaks in the sp-carbon region. 

 

 

 

  In addition, the author also examined the polymerization of triynes 2 for the synthesis 

of polymers possessing a longer bridged π-conjugated repeating unit. As shown in eq. 3, 

polymerization of 2a took place efficiently to give poly-2a in 70% yield with Mn of 7100 

g mol–1 and Mw/Mn of 2.2. According to the quantitative 13C NMR spectrum of this 

polymer (Figure 5), some residual peaks were observed in the sp-carbon region and peaks 

observed at 20 and 19 ppm could be assigned as propargylic carbons. Based on the area 

ratio of sp2, sp, and sp3 carbon peaks, however, incorporation efficiency of internal 

Ar

1b: Ar = 4-MeOC6H4
1c: Ar = 4-MeO2CC6H4

a

1d: Ar = 4-CF3C6H4
a

1e: Ar = 3,5-Me2C6H3
1f: Ar = 3,5-t Bu2C6H3

(0.25 M)

[Rh(OH)(cod)]2
(3 mol% Rh)

THF, 60 °C, 22 h

Ar

Ar
n

poly-1b: 80% yield, Mn 5200 g/mol, Mw/Mn 2.2
poly-1c: 72% yield, Mn 3000 g/mol, Mw/Mn 1.9
poly-1d: 71% yield, Mn 9700 g/mol, Mw/Mn 1.4
poly-1e: 71% yield, Mn 21000 g/mol, Mw/Mn 1.8
poly-1f: 90% yield, Mn 15600 g/mol, Mw/Mn 1.6

(2)

a 6 mol% of rhodium catalyst was used in the presence of 30 mol% of cod.
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alkynes into the main chain was estimated to be as high as 93%. This indicates that the 

desired stitching polymerization of triyne 2a did proceed successfully for the most part 

with some minor defects. Similarly, poly-2b was obtained in 68% yield with Mn of 11200 

g mol–1 and Mw/Mn of 1.8, and its incorporation efficiency of internal alkynes into the 

main chain was estimated to be 86%.  

 

 
 

 
Figure 5. Inverse gated 1H decoupling 13C NMR spectrum of poly-2a obtained in eq. 3 
(176 MHz in CDCl3 at 25 °C) 

 

Furthermore, it was found that even tetrayne 3 could be employed for the present 

stitching polymerization, although the incorporation efficiency of internal alkynes 

became somewhat lower. Thus, poly-3 was obtained in 69% yield with Mn of 5000 g mol 

–1 and Mw/Mn of 2.0 (eq. 4), and ca. 82% of internal alkynes were stitched into the main 

chain according to the same analysis as that for poly-2. 
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2.2.3 Optical properties of the obtained polymers 

These polymers can also be regarded as cis-polyacetylenes with rigid repeating units, 

and the author examined their optical properties using UV-vis spectrophotometry. As 

shown in Figure 6 and Table 2, poly-1a derived from diyne 1a possessing 4-MeC6H4 

group showed absorption maximum at 434 nm and its absorption edge reached up to ca. 

615 nm. Poly-1 possessing relatively electron-rich aryl groups (poly-1a (4-MeC6H4), 

poly-1b (4-MeOC6H4), and poly-1e (3,5-Me2C6H3)) displayed similar absorption profiles 

with one another, whereas poly-1 with electron-deficient aryl groups (poly-1c (4-

MeO2CC6H4) and poly-1d (4-CF3C6H4)) showed bathochromic shifts in their absorption 

edge. It is worth noting that poly-1f possessing 3,5-tBu2C6H3 groups showed more 

significant bathochromic shift in its absorption spectrum. This observation is consistent 

with the reported trend for polyarylacetylenes and could be attributed to more effective 

conjugation in the main chain due to the restricted conformations of the bulky 3,5-

tBu2C6H3 groups.11 
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Figure 6. UV-vis spectra of poly-1a (red line; at 1.6 x 10–2 g/L), poly-1b (orange line; at 
1.6 x 10–2 g/L), poly-1c (yellow line; at 1.4 x 10–2 g/L), poly-1d (green line; at 2.4 x 10  
–2 g/L), and poly-1e (blue line; at 1.6 x 10–2 g/L), poly-1f (deep blue line; at 3.0 x 10–2 
g/L) in THF at 25 ºC 
     

Table 2. UV-vis absorption of poly-1 

polymer lmax/nm (absorbance/a.u.) ledge/nm 

poly-1a 356 (0.37), 434 (0.39) ca. 615 

poly-1b 355 (0.44), 435 (0.44) ca. 615 

poly-1c 359 (0.50) ca. 685 

poly-1d 454 (0.70) ca. 700 

poly-1e 353 (0.45), 436 (0.68) ca. 630 

poly-1f 496 (0.91) ca. 705 

 

As shown in Figure 7, it was found that absorption edge showed bathochromic shift by 

extending the bridged π-conjugation unit as demonstrated with poly-1a (ledge = ca. 615 

nm), poly-2a (ledge = ca. 630 nm), and poly-3 (ledge = ca. 660 nm). In comparison, cis-
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poly-4-methylphenylacetylene (Mn = 30000 g mol–1, Mw/Mn = 1.3), a related π-conjugated 

polymer possessing no bridged π-conjugation units, showed absorption maximum at 329 

nm with absorption edge of ca. 520 nm. These results strongly suggest that polymers 

obtained in the present stitching polymerization show effective extension of π-

conjugation by introduction of rigid bridged structures during the polymerization reaction. 

 

  

Figure 7. UV-vis spectra of poly-1a (red line; at 1.6 x 10–2 g/L), poly-2a (green line; at 
2.1 x 10–2 g/L), poly-3 (deep blue line; at 1.3 x 10–2 g/L), and poly(4-
methylphenylacetylene) (orange line; at 1.2 x 10–2 g/L) in THF at 25 ºC  
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2.2.4 Post-derivatization of the obtained polymers 

  The author explored post-derivatization of the obtained polymers. For example, poly-

1f was found to be readily oxidized by treatment with DDQ to give poly(2,6-naphthylene 

vinylene) poly-1f-ox in 94% yield (eq. 5), which showed hypsochromic shift in the UV-

vis absorption spectrum (lmax = 355 nm whereas lmax = 496 nm for poly-1f) and was 

found emissive (lmax = 483 nm whereas non-emissive for poly-1f) (Figure 8).12,13 The 

same oxidation protocol was also applied to poly-2b derived from triyne 2b to give poorly 

soluble polymer poly-2b-ox, which is presumably the corresponding poly(2,8-

chrysenylene vinylene) based on its UV-vis absorption and emission spectra (eq. 6 and 

Figure 9. These results demonstrate the potential utility of poly-1–3 as promising 

precursors for poly(arylene vinylene)s possessing an extended polyaromatic hydrocarbon 

repeating unit.14 
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Figure 8. UV-vis spectra of poly-1f (deep blue line; at 3.0 x 10–2 g/L) and poly-1f-ox 
(red line; at 2.7 x 10–2 g/L), and fluorescence spectrum of poly-1f-ox (green line; at 5.1 x 
10–3 g/L; excited at 355 nm) in THF at 25 ºC 

 

Figure 9. UV-vis spectra of poly-2b (deep blue line; at 3.1 x 10–2 g/L) and poly-2b-ox 
(red line; soluble part), and fluorescence spectrum of poly-2b-ox (green line; soluble part; 
excited at 338 nm) in THF at 25 ºC 
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2.3 Conclusion 

The author developed a new mode of polymerization, rhodium-catalyzed stitching 

polymerization, for the synthesis of π-conjugated polymers with bridged repeating units 

by employing 1,5-hexadiynes containing both terminal and internal alkyne moieties as 

monomers. The polymerization proceeded smoothly with high degree of stitching 

efficiency under mild conditions, and 1,5,9-decatriyne and 1,5,9,13-tetradecatetrayne 

monomers could also be employed. Because the use of preformed bridged π-conjugated 

monomers is not required, this method could be particularly beneficial for the synthesis 

of polymers consisting of a repeating unit that is difficult to prepare as a stable monomer.   
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2.4 Experimental Section 

General 

All air- and moisture-sensitive manipulations were carried out with standard Schlenk 

techniques under nitrogen. NMR spectra were recorded on JEOL JNM-ECS400, Agilent 

Unity-Inova500, or BRUKER AVANCE Ⅲ 700 spectrometers. Size-exclusion 

chromatography analyses were performed with JASCO-GPC900 columns using THF as 

an eluent and the molecular weights were calibrated against standard polystyrene samples. 

Mass spectra were recorded on JEOL JMS700 spectrometer. Thermogravimetric analyses 

were performed with SII Exstar TG/DTA6200 under nitrogen atmosphere. UV-vis 

spectra were recorded on HITACHI U-2900 spectrophotometer. Fluorescence spectra 

were recorded on HORIBA FLmax-3 Spectrofluorometer.  

Et3N (Wako Chemicals) was distilled over KOH under vacuum. MeOH (Wako 

Chemicals) was distilled over Mg turnings under nitrogen. EtOH (Kishida Chemical) was 

dried over K2CO3 and degassed by purging nitrogen. CH2Cl2 (Nacalai Tesque) was 

distilled over CaH2 under nitrogen. THF (Kanto Chemical; dehydrated) and CH3CN 

(Wako Chemicals; dehydrated) were degassed by purging nitrogen. 1,5-Hexadiyne (TCI), 

4-iodotoluene (TCI), 4-iodoanisole (TCI), methyl 4-iodobenzoate (TCI), 4-

bromobenzotrifluoride (Aldrich), 1-iodo-3,5-dimethylbenzene (Wako Chemicals), 1-

bromo-3,5-di-tert-butylbenzene (Kanto Chemical), 4-methylphenylacetylene (TCI), 4-

methylbenzaldehyde (Wako Chemicals), iodomethane-13C (ISOTEC), 

tetrabromomethane (TCI), paraformaldehyde (Wako Chemicals), 1-(trimethylsilyl)-1-

propyne (TCI), hexamethylphosphoric triamide (TCI), PPh3 (Wako Chemicals), nBuLi 

(Kanto Chemical; 1.55–1.57 M solution in hexane), tBuOK (Nacalai Tesque), tetra-n-

butylammonium fluoride (Wako Chemicals; trihydrate), K2CO3 (Wako chemicals), Br2 

(Nacalai Tesque), and CuI (Kanto Chemical) were used as received. 
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[Rh(OH)(cod)]2,15 Pd(PPh3)4,16 1,1-diethoxy-3-iodopropane,17 and dimethyl (1-diazo-2-

oxopropyl)phosphonate18 were synthesized following the literature procedures. 

 

Representative Procedures: 

1-(1,5-Hexadiynyl)-4-methylbenzene (1a) 

 
Et3N (2.68 mL, 19.2 mmol), 1,5-hexadiyne (1.21 g, 15.5 mmol) and THF (6.0 mL) 

were successively added to a mixture of Pd(PPh3)4 (22.3 mg, 0.193 mmol), 4-iodotoluene 

(1.68 g, 7.71 mmol), and CuI (73.6 mg, 0.386 mmol) in THF (5.0 mL) at room 

temperature, and the resulting mixture was stirred for 7.5 h at room temperature. The 

precipitates were removed by passing through a pad of silica gel with Et2O and the solvent 

was removed under vacuum. The residue was chromatographed on silica gel with hexane 

to afford compound 1a as a pale yellow oil (565 mg, 3.36 mmol; 44% yield). 

1H NMR (CDCl3): δ 7.29 (d, 3JHH = 8.3 Hz, 2H), 7.09 (d, 3JHH = 7.8 Hz, 2H), 2.69-

2.59 (m, 2H), 2.55-2.45 (m, 2H), 2.33 (s, 3H), 2.04 (t, 4JHH = 2.5 Hz, 1H). 13C NMR 

(CDCl3): δ 137.9, 131.6, 129.1, 120.6, 87.3, 82.9, 81.8, 69.4, 21.5, 19.7, 19.0. HRMS (EI) 

calcd for C13H12 (M+) 168.0934, found 168.0935 

 

1-(1,5-Hexadiynyl-2-13C)-4-methylbenzene (1a-13C) 

 
Iodomethane-13C (4.45 g, 31.1 mmol; 99% 13C) was added slowly over 10 min to a 

solution of PPh3 (9.23 g, 35.2 mmol) in THF (55 mL) at room temperature and the mixture 

was refluxed for 1 h. After cooled to room temperature, the precipitates were collected 

by filtration, washed with THF, and dried under vacuum to afford (methyl-

Me

MeC
13
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13C)triphenylphosphonium iodide (CAS 81826-67-7) as a white solid (12.1 g, 29.8 mmol; 

96% yield).  

1H NMR (CDCl3): δ 7.84-7.79 (m, 3H), 7.79-7.74 (m, 6H), 7.70 (td, 3JHH = 7.7 Hz 

and 4JPH = 3.7 Hz, 6H), 3.26 (dd, 1JCH = 135 Hz and 2JPH = 13.1 Hz, 3H). 

tBuOK (4.88 g, 43.5 mmol) was added to a solution of (methyl-

13C)triphenylphosphonium iodide (12.1 g, 29.8 mmol) in THF (73 mL) at 0 ºC, and the 

mixture was stirred for 1 h at room temperature. After cooled to 0 ºC, 4-

methylbenzaldehyde (3.58 g, 29.8 mmol) was added slowly over 10 min to it and the 

resulting mixture was stirred for 14 h at room temperature. The reaction was quenched 

with saturated NH4Claq and this was extracted with Et2O. The organic layer was washed 

with saturated NaClaq, dried over MgSO4, filtered, and concentrated under vacuum. The 

residue was chromatographed on silica gel with pentane to afford 1-methyl-4-(vinyl-2-

13C)benzene as a colorless oil (4.65 g, 25.1 mmol; 84% yield, 64 wt% in pentane). 

1H NMR (CDCl3): δ 7.31 (d, 3JHH = 8.2 Hz, 2H), 7.13 (d, 3JHH = 7.8 Hz, 2H), 6.69 (dd, 

3JHH = 17.8 and 11.0 Hz, 1H), 5.69 (dd, 1JCH = 154 Hz and 3JHH = 17.9 Hz, 1H), 5.18 (dd, 

1JCH = 160 Hz and 3JHH = 10.6 Hz, 1H), 2.34 (s, 3H). 13C NMR (CDCl3): δ 137.8, 136.9 

(d, 1JCC = 70.0 Hz),  135.0, 129.4, 126.3 (d, 3JCC = 4.8 Hz), 112.9, 21.3. 

Br2 (4.50 g, 28.1 mmol) was added slowly over 15 min to a solution of 1-methyl-4-

(vinyl-2-13C)benzene (4.65 g, 25.1 mmol; 64 wt% in pentane)) in CH2Cl2 (10 mL) at 0 ºC 

and the mixture was stirred for 30 min at 0 ºC and for 4 h at room temperature. The 

reaction mixture was quenched with Na2S2O3aq, and this was extracted with Et2O. The 

organic layer was washed with saturated NaClaq, dried over MgSO4, filtered, and 

concentrated under vacuum to afford 1-(1,2-dibromoethyl-2-13C)-4-methylbenzene as an 

orange solid (5.50 g, 19.7 mmol; 79% yield). 
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1H NMR (CDCl3): δ 7.30 (d, 3JHH = 8.2 Hz, 2H), 7.19 (d, 3JHH = 7.8 Hz, 2H), 5.19-

5.10 (m, 1H), 4.07 (ddd, 1JCH = 158 Hz, 2JHH = 10.1 Hz, and 3JHH = 5.0 Hz, 1H), 4.02 (dt, 

1JCH = 155 Hz, JHH = 10.3 Hz, 1H), 2.36 (s, 3H). 13C NMR (CDCl3): δ 139.4, 135.8, 129.7, 

127.7, 51.2 (d, 1JCC = 39.3 Hz), 35.2, 21.4. 

tBuOK (5.65 g, 50.4 mmol) was added to a solution of 1-(1,2-dibromoethyl-2-13C)-4-

methylbenzene (5.50 g, 19.7 mmol) in THF (100 mL) and the mixture was stirred for 16 

h at room temperature. The reaction was quenched with H2O and this was extracted with 

Et2O. The organic layer was washed with saturated NaClaq, dried over MgSO4, filtered, 

and concentrated under vacuum. The residue was chromatographed on silica gel with 

pentane to afford 1-(ethynyl-2-13C)-4-methylbenzene as a colorless oil (2.30 g, 15.8 

mmol; 80% yield, 80 wt% in pentane).  

1H NMR (CDCl3): δ 7.40 (d, 3JHH = 8.2 Hz, 2H), 7.14 (d, 3JHH = 8.7 Hz, 2H), 3.03 (d, 

1JCH = 251 Hz, 1H), 2.37 (s, 3H). 13C NMR (CDCl3): δ 139.1, 132.2 (d, 3JCC = 1.9 Hz), 

129.2, 119.2 (d, 2JCC = 13.4 Hz), 84.1 (d, 1JCC = 176 Hz), 76.6, 21.6. 

nBuLi (12.2 mL, 18.9 mmol; 1.55 M solution in hexane) was added slowly over 20 

min to a solution of 1-(ethynyl-2-13C)-4-methylbenzene (2.30 g, 15.8 mmol; 80 wt% in 

pentane) in THF (25 mL) at –78 ºC and the mixture was stirred for 40 min. 

Paraformaldehyde (664 mg, 22.1 mmol) was then added to it, and the resulting mixture 

was stirred for 13 h at room temperature. The reaction was quenched with saturated 

NH4Claq and this was extracted with Et2O. The organic layer was dried over MgSO4, 

filtered, and concentrated under vacuum. The residue was chromatographed on silica gel 

with hexane/EtOAc = 49/1 to afford 3-(4-methylphenyl)-2-propynol-2-13C as a yellow oil 

(1.58 g, 10.7 mmol; 68% yield). 

1H NMR (CDCl3): δ 7.33 (d, 3JHH = 8.0 Hz, 2H), 7.12 (d, 3JHH = 8.0 Hz, 2H), 4.49 (dd, 

2JCH = 7.3 Hz and 3JHH = 6.3 Hz, 2H), 2.35 (s, 3H), 1.64 (td, 3JHH = 6.1 Hz and 3JCH = 2.9 
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Hz, 1H). 13C NMR (CDCl3): δ 138.7, 131.7 (d, 3JCC = 2.9 Hz), 129.2, 119.6 (d, 2JCC = 

12.5 Hz), 86.7, 85.1 (d, 1JCC = 219 Hz), 51.6 (d, 1JCC = 73.8 Hz), 21.5. 

PPh3 (3.38 g ,12.9 mmol) was added to a solution of 3-(4-methylphenyl)-2-propynol-

2-13C (1.58 g, 10.7 mmol) and tetrabromomethane (4.28 g, 12.9 mmol) in CH2Cl2 (36 

mL) at 0 ºC and the reaction mixture was stirred for 3 h at 0 ºC. The solvent was removed 

under vacuum and the residue was chromatographed on silica gel with hexane to afford 

1-(3-bromopropyn-1-yl-2-13C)-4-methylbenzene as a yellow oil (1.90 g, 9.04 mmol; 85% 

yield). 

1H NMR (CDCl3): δ 7.34 (d, 3JHH = 7.8 Hz, 2H), 7.12 (d, 3JHH = 7.8 Hz, 2H), 4.17 

(d, 2JCH = 7.8 Hz, 2H), 2.35 (s, 3H). 13C NMR (CDCl3): δ 139.2, 131.9 (d, 3JCC = 1.9 

Hz), 129.2, 119.2 (d, 2JCC = 13.4 Hz), 87.3 (d, 1JCC = 176 Hz), 83.7, 21.6, 15.7 (d, 1JCC 

= 81.5 Hz). 

nBuLi (8.71 mL, 13.5 mmol; 1.55 M solution in hexane) was added slowly over 30 

min to a solution of 1-(trimethylsilyl)-1-propyne (2.02 mL, 13.5 mmol) in THF (23 mL) 

at –78 ºC and the reaction mixture was stirred for 1 h at –78 ºC. A solution of 1-(3-

bromopropyn-1-yl-2-13C)-4-methylbenzene (1.90 g, 9.04 mmol) in THF (8.0 mL) was 

then added slowly over 45 min to it and the mixture was stirred for 1 h at –78 ºC and for 

1 h at room temperature. The reaction was quenched with H2O and this was extracted 

with Et2O. The organic layer was washed with saturated NaClaq, dried over MgSO4, 

filtered, and concentrated under vacuum. The residue was chromatographed on silica gel 

with hexane to afford (6-(4-methylphenyl)-1,5-hexadiyn-1-yl-5-13C)trimethylsilane as a 

yellow oil (1.04 g). This oil was dissolved in THF (5.0 mL) and a solution of tetra-n-

butylammonium fluoride (2.05 g, 6.51 mmol; trihydrate) in THF (10 mL) was added to it 

at 0 ºC. The reaction mixture was stirred for 1.5 h at 0 ºC, and it was quenched with H2O. 

After extraction with Et2O, the organic layer was washed with saturated NaClaq, dried 
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over MgSO4, filtered, and concentrated under vacuum. The residue was chromatographed 

on silica gel with hexane to afford compound 1a-13C as a yellow oil (617 mg, 3.64 mmol; 

40% yield). 

1H NMR (CDCl3): δ 7.30 (d, 3JHH = 8.0 Hz, 2H), 7.09 (d, 3JHH = 8.0 Hz, 2H), 2.68-

2.61 (m, 2H), 2.53-2.47 (m, 2H), 2.33 (s, 3H), 2.04 (td, 4JHH = 2.7 Hz and 5JCH = 0.7 Hz, 

1H). 13C NMR (CDCl3): δ 137.9, 131.6 (d, 3JCC = 2.9 Hz), 129.1, 120.6 (d, 2JCC = 13.4 

Hz), 87.3, 82.9 (d, 3JCC = 5.7 Hz), 81.6 (d, 1JCC = 179 Hz), 69.4, 21.5, 19.7 (d, 1JCC = 69.1 

Hz), 19.0 (d, 2JCC = 3.8 Hz). HRMS (EI) calcd for C1213CH12 (M+) 169.0967, found 

169.0974. 

 

1-(1,5,9-Decatriynyl)-4-methylbenzene (2a) 

 

nBuLi (7.04 mL, 10.9 mmol; 1.55 M solution in hexane) was added slowly over 15 

min to a solution of compound 1a (1.76 g, 10.4 mmol) in THF (20 mL) at –78 ºC. The 

reaction mixture was warmed to –50 ºC and hexamethylphosphoric triamide (1.86 g, 10.4 

mmol) was added to it. A solution of 1,1-diethoxy-3-iodopropane (2.70 g, 10.4 mmol) in 

THF (10 mL) was then added slowly over 5 min, and the reaction mixture was stirred for 

13 h while gradually raising the temperature to room temperature. The reaction was 

quenched with saturated NH4Claq and this was extracted with Et2O. The organic layer 

was washed with saturated NaClaq, dried over K2CO3, filtered, and concentrated under 

vacuum. The residue was chromatographed on silica gel with hexane/EtOAc = 49/1 to 

afford 1-(9,9-diethoxy-1,5-nonadiynyl)-4-methylbenzene as a yellow oil (2.17 g, 9.85 

mmol; 70% yield). 

Me
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1H NMR (CDCl3): δ 7.29 (d, 3JHH = 7.8 Hz, 2H), 7.08 (d, 3JHH = 8.0 Hz, 2H), 4.62 (t, 

3JHH = 5.6 Hz, 1H), 3.63 (dq, 2JHH = 9.2 Hz and 3JHH = 7.0 Hz, 2H), 3.49 (dq, 2JHH = 9.5 

Hz and 3JHH = 7.0 Hz, 2H), 2.58 (t, 3JHH = 7.3 Hz, 2H), 2.44 (t, 3JHH = 7.1 Hz, 2H), 2.33 

(s, 3H), 2.25 (t, 3JHH = 6.9 Hz, 2H), 1.79 (td, 3JHH = 7.1 and 5.8 Hz, 2H), 1.19 (t, 3JHH = 

7.1 Hz, 6H). 13C NMR (CDCl3): δ 137.8, 131.6, 129.0, 120.8, 102.0, 88.0, 81.5, 80.6, 79.0, 

61.6, 33.1, 21.5, 20.2, 19.3, 15.5, 14.5. 

2 M HClaq (10.2 mL) was added slowly over 5 min to a solution of 1-(9,9-diethoxy-

1,5-nonadiynyl)-4-methylbenzene (2.02 g, 6.77 mmol) in THF (35 mL) and H2O (7.5 

mL), and the mixture was stirred for 4 h at room temperature. This was poured slowly 

into saturated NaHCO3aq and extracted with Et2O. The organic layer was washed with 

saturated NaClaq, dried over MgSO4, filtered, and concentrated under vacuum. The 

residue was chromatographed on silica gel with hexane/EtOAc = 19/1 to afford 9-(4-

methylphenyl)-4,8-nonadiynal as a yellow oil (1.07 g, 4.77 mmol; 71% yield). 

1H NMR (CDCl3): δ 9.80 (t, 3JHH = 1.4 Hz, 1H), 7.29 (d, 3JHH = 7.8 Hz, 2H), 7.09 (d, 

3JHH = 7.8 Hz, 2H), 2.66-2.60 (m, 2H), 2.60-2.54 (m, 2H), 2.54-2.47 (m, 2H), 2.47-2.40 

(m, 2H), 2.33 (s, 3H). 13C NMR (CDCl3): δ 201.0, 137.9, 131.6, 129.1, 120.7, 87.8, 81.6, 

80.0, 79.2, 43.0, 21.5, 20.1, 19.3, 12.3. 

Dimethyl (1-diazo-2-oxopropyl)phosphonate (1.37 g, 7.13 mmol) was added to a 

mixture of 9-(4-methylphenyl)-4,8-nonadiynal (1.07 g, 4.77 mmol) and K2CO3 (1.65 g, 

11.9 mmol) in MeOH (60 mL), and this was stirred for 2 h at room temperature. The 

precipitates were filtered off by passing through a pad of silica gel with hexane and the 

solvent was removed under vacuum. The residue was chromatographed on silica gel with 

hexane to afford compound 2a as a white solid (765 mg, 3.47 mmol; 73% yield). 

1H NMR (CDCl3): δ 7.29 (d, 3JHH = 8.2 Hz, 2H), 7.09 (d, 3JHH = 7.8 Hz, 2H), 2.63-

2.55 (m, 2H), 2.50-2.43 (m, 2H), 2.43-2.36 (m, 4H), 2.33 (s, 3H), 1.99 (t, 4JHH = 2.5 Hz, 
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1H). 13C NMR (CDCl3): δ 137.8, 131.6, 129.1, 120.7, 87.9, 83.1, 81.5, 79.9, 79.4, 69.2, 

21.5, 20.1, 19.3, 19.1, 19.0. HRMS (EI) calcd for C17H16 (M+) 220.1247, found 220.1247. 

 

Analytical Data for Other Monomers: 

1-(1,5-Hexadiynyl)-4-methoxybenzene (1b) 

 
1H NMR (CDCl3): δ 7.34 (d, 3JHH = 8.7 Hz, 2H), 6.81 (d, 3JHH = 8.7 Hz, 2H), 3.80 (s, 

3H), 2.63 (t, 3JHH = 7.3 Hz, 2H), 2.49 (td, 3JHH = 7.6 Hz and 4JHH = 2.3 Hz, 2H), 2.04 (t, 

4JHH = 2.3 Hz, 1H). 13C NMR (CDCl3): δ 159.4, 133.1, 115.8, 114.0, 86.5, 83.0, 81.5, 

69.4, 55.4, 19.7, 19.1. HRMS (EI) calcd for C13H12O (M+) 184.0883, found 184.0885. 

 

Methyl 4-(1,5-hexadiynyl)benzoate (1c) 

 
1H NMR (CDCl3): δ 7.96 (d, 3JHH = 8.2 Hz, 2H), 7.46 (d, 3JHH = 8.2 Hz, 2H), 3.91 (s, 

3H), 2.68 (t, 3JHH = 7.3 Hz, 2H), 2.51 (td, 3JHH = 7.3 Hz and 4JHH = 2.3 Hz, 2H), 2.06 (t, 

4JHH = 2.5 Hz, 1H). 13C NMR (CDCl3): δ 166.7, 131.7, 129.5, 129.3, 128.4, 91.4, 82.6, 

81.2, 69.6, 52.3, 19.7, 18.8. HRMS (EI) calcd for C14H12O2 (M+) 212.0832, found 

212.0832. 

 

1-(1,5-Hexadiynyl)-4-(trifluoromethyl)benzene (1d) 

 
1H NMR (CDCl3): δ 7.53 (d, 3JHH = 8.3 Hz, 2H), 7.49 (d, 3JHH = 8.0 Hz, 2H), 2.66 (t, 

3JHH = 7.2 Hz, 2H), 2.57-2.43 (m, 2H), 2.05 (s, 1H). 13C NMR (CDCl3): δ 132.0, 129.8 

OMe

CO2Me

CF3
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(q, 2JCF = 32.6Hz), 127.6, 125.3 (q, 3JCF = 3.8 Hz), 124.1 (q, 1JCF = 272 Hz), 90.9, 82.5, 

80.6, 69.6, 19.6, 18.8. HRMS (EI) calcd for C13H9F3 (M+) 222.0651, found 222.0655. 

 

1-(1,5-Hexadiynyl)-3,5-dimethylbenzene (1e) 

 
1H NMR (CDCl3): δ 7.04 (s, 2H), 6.92 (s, 1H), 2.68-2.60 (m, 2H), 2.52-2.45 (m, 2H), 

2.27 (s, 6H), 2.05 (t, 4JHH = 2.5 Hz, 1H). 13C NMR (CDCl3): δ 137.8, 129.8, 129.4, 123.3, 

87.3, 82.9, 82.0, 69.4, 21.2, 19.6, 19.0. HRMS (EI) calcd for C14H14 (M+) 182.1090, found 

182.1092. 

 

1-(1,5-Hexadiynyl)-3,5-di-tert-butylbenzene (1f) 

 
1H NMR (CDCl3): δ 7.36 (t, 4JHH = 1.6 Hz, 1H), 7.28 (d, 4JHH = 1.4 Hz, 2H), 2.71-2.64 

(m, 2H), 2.56-2.49 (m, 2H), 2.06 (s, 1H), 1.32 (s, 18H). 13C NMR (CDCl3): δ 150.8, 126.0, 

122.6, 122.4, 86.7, 83.0, 82.7, 69.4, 34.9, 31.5, 19.7, 19.1. HRMS (EI) calcd for C20H26 

(M+) 266.2029, found 266.2030. 

 

1-(1,5,9-Decatriynyl)- 3,5-di-tert-butylbenzene (2b) 

 

Me

Me

t Bu

t Bu

t Bu

t Bu
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1H NMR (CDCl3): δ 7.35 (s, 1H), 7.26 (s, 2H), 2.62 (d, 3JHH = 7.4 Hz, 2H), 2.52-2.47 

(m, 2H), 2.46-2.37 (m, 4H), 2.00 (s, 1H), 1.31 (s. 18H). 13C NMR (CDCl3): δ 150.8, 126.0, 

122.7, 122.3, 87.3, 83.1, 82.5, 80.0, 79.5, 69.2, 34.9, 31.5, 20.1, 19.4, 19.2, 19.1. HRMS 

(EI) calcd for C24H30 (M+) 318.2342, found 318.2346. 

 

1-Methyl-4-(1,5,9,13- tetradecatetraynyl)benzene (3) 

 

1H NMR (CDCl3): δ 7.29 (d, 3JHH = 7.8 Hz, 2H), 7.09 (d, 3JHH = 8.2 Hz, 2H), 2.65-

2.55 (m, 2H), 2.45 (t, 3JHH = 7.6 Hz, 2H), 2.43-2.33 (m, 8H), 2.33 (s, 3H), 2.00 (t, 4JHH = 

2.1 Hz, 1H). 13C NMR (CDCl3): δ 137.8, 131.6, 129.1, 120.7, 87.9, 83.1, 81.5, 80.1, 79.9, 

79.7, 79.3, 69.2, 21.5, 20.2, 19.5, 19.4, 19.2, 19.0. HRMS (EI) calcd for C21H19 ([M–H]+) 

271.1481, found 271.1487. 

 

General procedure for Table 1, entry 1 and equations 1–4. 

Monomer 1, 2, or 3 (0.500 mmol) and THF (0.5 mL) were added to a solution of 

[Rh(OH)(cod)]2 (3.4 mg, 15 µmol Rh) in THF (1.5 mL), and the mixture was stirred for 

22 h at 60 ºC. After cooled to room temperature, this was added dropwise into stirring 

MeOH (50 mL) with the aid of CH2Cl2 (5.0 mL), and the precipitates that formed were 

collected by filtration with MeOH. The resulting solid was dissolved in CH2Cl2 (5.0 mL) 

and this was added dropwise into stirring pentane (50 mL) with the aid of CH2Cl2 (5.0 

mL). The precipitates that formed were collected by filtration with pentane and dried 

under vacuum to afford poly-1, poly-2, or poly-3. 

 

Me
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Table 1, Entry 1 (poly-1a). Red solid. 81% yield. Td = 326 ºC (5% weight loss). 

 

1H NMR spectrum (400 MHz in CDCl3)  

 

 

13C NMR (101 MHz in CDCl3) 

 

n

Me

Me
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Equation 1 (poly-(1a-13C)). Red solid. 83% yield. Incorporation efficiency of internal 
alkynes was estimated by the area ratio of labeled sp2 carbon peaks and labeled sp carbon 
peaks of the quantitative 13C NMR spectrum.  
 

1H NMR (400 MHz in CDCl3) 

 

 

Inverse gated 1H decoupling 13C NMR (176 MHz in CDCl3) 

 

13C
13C n

Me

Me
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Equation 2, Ar = 4-MeOC6H4 (poly-1b). Red solid. 80% yield. Td = 321 ºC (5% 
weight loss). 

 

1H NMR (498 MHz in CDCl3) 

 

 

13C NMR (101 MHz in CDCl3) 

 

 

n

OMe

OMe
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Equation 2, Ar = 4-MeO2CC6H4 (poly-1c). The polymerization was carried out in the 
presence of [Rh(OH)(cod)]2 (6 mol% Rh) and 1,5-cyclooctadiene (30 mol%). Dark red 
solid. 72% yield. Td = 324 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 

 

n

CO2Me

CO2Me
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Equation 2, (poly-1d). The polymerization was carried out in the presence of 
[Rh(OH)(cod)]2 (6 mol% Rh) and 1,5-cyclooctadiene (30 mol%). Red-black solid. 71% 
yield. Td = 307 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 

 

13C NMR (101 MHz in CDCl3) 

 

n

CF3

CF3
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Equation 2, Ar = 3,5-Me2C6H3 (poly-1e). Red solid. 71% yield. Td = 335 ºC (5% 
weight loss). 

 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 

 

n

Me

Me

Me

Me
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Equation 2, Ar = 3,5-tBu2C6H3 (poly-1f). Purple solid. 90% yield. Td = 330 ºC (5% 
weight loss). 

 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 

 

n

t Bu

t Bu

t Bu

t Bu
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Equation 3 (poly-2a). Red solid. 70% yield. Incorporation efficiency of internal alkynes 
was estimated by the area ratio of sp2 carbon peaks, sp carbon peaks, and sp3 carbon peaks 
of the quantitative 13C NMR spectrum. Td = 356 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 

 

Inverse gated 1H decoupling 13C NMR (176 MHz in CDCl3) 

 

n

Me

Me
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Equation 3 (poly-2b). Red solid. 68% yield. Incorporation efficiency of internal alkynes 
was estimated by the area ratio of sp2 carbon peaks, sp carbon peaks, and sp3 carbon peaks 
of the quantitative 13C NMR spectrum. Td = 341 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 

 

Inverse gated 1H decoupling 13C NMR (176 MHz in CDCl3) 

 

n
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Equation 4 (poly-3). The polymerization was carried out in the presence of 
[Rh(OH)(cod)]2 (6 mol% Rh). Red-black solid. 69% yield. Incorporation efficiency of 
internal alkynes was estimated by the area ratio of sp2 carbon peaks, sp carbon peaks, and 
sp3 carbon peaks of the quantitative 13C NMR spectrum. Td = 373 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

Inverse gated 1H decoupling 13C NMR (176 MHz in CDCl3) 

 
 

n

Me

Me
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Procedure for poly-4-methylphenylacetylene 

 

4-Methylphenylacetylene (116 mg, 1.00 mmol) and THF (1.0 mL) were added to a 

solution of [Rh(OH)(cod)]2 (22.8 mg, 0.100 mmol Rh) and PPh3 (26.2 mg, 99.9 µmol) in 

THF (3.0 mL), and the mixture was stirred for 22 h at 60 ºC. After cooled to room 

temperature, this was added dropwise into stirring MeOH (50 mL) with the aid of CH2Cl2 

(5.0 mL), and the precipitates that formed were collected by filtration with MeOH. The 

resulting solid was dissolved in CH2Cl2 (5.0 mL) and this was added dropwise into stirring 

pentane (50 mL) with the aid of CH2Cl2 (5.0 mL). The precipitates that formed were 

collected by filtration with pentane and dried under vacuum to afford poly-4-

methylphenylacetylene as an orange solid (49.5 mg; 43% yield, Mn 30000, Mw/Mn 1.3). 

Td = 274 ºC (5% weight loss). 

                                

1H NMR (400 MHz in CDCl3) 

 

 

Me

n
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13C NMR (101 MHz in CDCl3) 

 

 

Procedure for Equation 5. 

 

2,3-Dichloro-5,6-dicyano-p-benzoquinone (136 mg, 0.599 mmol) was added to a 

solution of poly-1f (79.8 mg) in toluene (6.0 mL), and the mixture was stirred for 22 h at 

110 ºC. After cooled to room temperature, this was added dropwise into stirring MeOH 

(50 mL) with the aid of CH2Cl2 (5.0 mL), and the precipitates that formed were collected 

by filtration with MeOH. The resulting solid was dissolved in CH2Cl2 (5.0 mL) and this 

was added dropwise into stirring pentane (50 mL) with the aid of CH2Cl2 (5.0 mL). The 

precipitates that formed were collected by filtration with pentane and dried under vacuum 

to afford poly-1f-ox as a brown solid (73.7 mg; 94% yield). The molecular weight could 

not be accurately determined due to the limited solubility in THF. Td = 271 ºC (5% weight 

loss). 

n

t Bu

t Bu

t Bu

t Bu
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1H NMR (498 MHz in CDCl3) 

 

 

13C NMR (101 MHz in CDCl3) 

 
 

Procedure for Equation 6. 

 
2,3-Dichloro-5,6-dicyano-p-benzoquinone (272 mg, 1.20 mmol) was added to a 

solution of poly-2b (95.5 mg) in toluene (6.0 mL), and the mixture was stirred for 22 h 

n

t Bu

t Bu

t Bu

t Bu
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at 110 ºC. After cooled to room temperature, this was added dropwise into stirring CH2Cl2 

(50 mL) with the aid of CH2Cl2 (5.0 mL), and the precipitates that formed were collected 

by filtration with CH2Cl2 and dried under vacuum to afford poly-2b-ox as a black solid 

(92.6 mg; 98% yield). 1H and 13C NMR spectra and the molecular weight were not 

obtained due to the poor solubility of this polymer. Td = 264 ºC (5% weight loss). 
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Chapter 3 

 
Rhodium-Catalyzed Stitching Polymerization of Alkynylsilylacetylenes 
 

3.1 Introduction 

Rhodium-catalyzed polymerization of terminal alkynes such as phenylacetylene is one 

of the well explored chain polymerizations to give π-conjugated polymers (Scheme 1-

(a)).1 In addition to the development of highly effective catalyst systems2 as well as the 

detailed studies on the polymerization mechanism,3 applications toward functional 

materials possessing various properties such as helix-induced chirality,4 fluorescent 

characteristics,5  liquid crystallinity,6 and gas permeability,7 have also been actively 

investigated through introduction of appropriately functionalized substituents to the 

monomers. However, only carbon-substituted alkynes have been employed as monomers 

to date, and the reported polymerization patterns were either simple coordination–

insertion of monoynes or cyclopolymerization of diynes8 until recently, which 

significantly limited the accessible structures of the main chain repeating unit. 

On the other hand, polymers possessing a silicon-bridged π-conjugated repeating unit 

have been widely explored as potentially useful organic optoelectronic materials such as 

solar cells and light-emitting devices, particularly due to their electronic effects based on 

the s*–π* conjugation in addition to their structural rigidity.9 These polymers are usually 

synthesized by polycondensation of the corresponding silicon-bridged π-conjugated 

monomers, but this method is inherently restricted to the synthesis of polymers consisting 

of repeating units that can be prepared as stable monomers beforehand, which narrows 

the applicable structures of silicon-bridged π-conjugated repeating units. As described in 

Chapter 2, the author developed a new type of rhodium-catalyzed alkyne polymerization 
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named “stitching polymerization” as a complementary approach toward polymers with a 

bridged π-conjugated repeating unit, which allowed for the construction of bridged 

repeating units and the chain growth at the same time in a single polymerization sequence, 

and he successfully synthesized polymers possessing an ethylene-bridged π-conjugated 

repeating unit by employing 1,5-hexadiynes and related oligoalkynes as non-conjugated 

monomers (Scheme 1-(b)).10 In this Chapter, to expand the scope of accessible silicon-

bridged unit structures of functional π-conjugated polymers, the author describe the 

development of a rhodium-catalyzed stitching polymerization of alkynylsilylacetylenes 

and related oligoalkynes (Scheme 1-(c)), representing the first successful chain-growth 

polymerization of heteroatom-substituted alkynes under rhodium catalysis.11,12 The 

author also investigated post-derivatization and physical properties of the resulting 

polymers. 

	

 
Scheme 1. Schematic representation of (a) conventional rhodium-catalyzed alkyne 
polymerization (b) rhodium-catalyzed stitching polymerization of 1,5-hexadiynes 
(Chapter 2) (c) rhodium-catalyzed stitching polymerization of alkynylsilylacetylenes (this 
Chapter) 
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3.2 Results and Discussion 

3.2.1 Reaction development and structural consideration 

In an initial investigation, the author employed dihexyl(phenylethynyl)silylacetylene 

(1a) as the monomer and conducted the polymerization under the previously developed 

conditions in Chapter 2 using [Rh(OH)(cod)]2 (3 mol% Rh) in THF at 60 ºC (Table 1, 

entry 1).10 As a result, stitched polymer poly-1a was successfully obtained in 89% yield 

after reprecipitation, and the number-averaged molecular weight (Mn) was calculated to 

be 9000 with Mw/Mn of 2.0 using size-exclusion chromatography against a polystyrene 

standard. In comparison, polymerization of simple trimethylsilylacetylene did not 

proceed under the same conditions,2c indicating that the diyne structure is important to 

promote the rhodium-catalyzed polymerization of silylacetylenes. The use of 

[Rh(cod){(h6-C6H5)BPh3}] instead of [Rh(OH)(cod)]2 gave similar results for the 

polymerization of 1a (entry 2).2c The author subsequently found that the degree of 

polymerization (DP) became higher by conducting the reaction using [Rh(OH)(cod)]2 at 

lower temperatures (entries 3 and 4), achieving Mn = 45000 (Mw/Mn = 1.6) in 95% yield 

at –10 ºC. In contrast, [Rh(cod){(h6-C6H5)BPh3}] did not promote the polymerization at 

–10 ºC, but [Rh(OH)(cod)]2 could be replaced by more readily accessible [RhCl(cod)]2 

with Et3N without affecting the polymerization efficiency (entry 5). Finally, we could 

obtain poly-1a with a much higher molecular weight of Mn = 84000 (average DP = 260, 

Mw/Mn = 2.1) by using the catalyst system composed of [RhCl(tfb)]2 and Et3N while 

keeping the high catalytic activity (96% yield; entry 6).2h,i,m The superiority of tfb ligand 

could be explained by its high π-acidity, which stabilizes an electron-rich rhodium(I) 

species and facilitates the coordination of monomer 1a to the rhodium center toward 

polymerization.2i To further confirm the importance of diyne monomers for the 

polymerization of silylacetylenes, the author attempted polymerization of related 
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silylacetylenes having alkyl (2a), alkenyl (2b), or aryl (2c) group on the silicon atom 

under the conditions in entry 6, and found that no polymerization took place with these 

monomers.13  

 

Table 1. Rhodium-catalyzed stitching polymerization of 1a 

 

 

entry Rh-catalyst additive temp (ºC) yield (%) Mn (g/mol)a Mw/Mna 

1 [Rh(OH)(cod)]2 none 60 89  9000 2.0 

2 [Rh(cod){(h6-C6H5)BPh3}] none 60 98  9400 1.8 

3 [Rh(OH)(cod)]2, none 20 93 18000 2.0 

4 [Rh(OH)(cod)]2 none –10 95 45000 1.6 

5 [RhCl(cod)]2 Et3N –10 98 45000 1.6 

6 [RhCl(tfb)]2 Et3N –10 96 84000 2.1 

a Determined using size-exclusion chromatography against a polystyrene standard. 

	

The author examined the polymerization of other alkynylsilylacetylenes (Table 2). For 

example, monomers having a substituted phenyl group (1b), an alkyl group (1c), or an 

electron-withdrawing group (1d) on one of the alkynes gave the corresponding stitched 

polymers poly-1b, poly-1c, or poly-1d in 82–92% yield with Mn = 39000–46000 (entries 

2–4). Polymerization of monomer 1e having two unsubstituted ethynyl groups also 

proceeded smoothly by conducting the reaction at 20 ºC to give the corresponding poly-

1e in 95% yield with Mn = 23000. The 13C NMR spectra of these polymers suggested that 

both alkynes on the silicon atom of monomers 1 were successfully incorporated into the 
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main chain with essentially no residual peaks in the sp-carbon region, indicating the high 

stitching efficiency. It was also confirmed that the present polymerization conditions 

worked well for the stitching polymerization of 1,5-hexadiyne 3 as well, giving poly-3 in 

98% yield with Mn = 17000 (eq 1), which is significantly higher than that obtained under 

the conditions described in Chapter 2 (Mn = 8500).10 

	

Table 2. Rhodium-catalyzed stitching polymerization of 1 

 

entry monomer (R1, R) yield (%) Mn (g/mol)a Mw/Mna 

1 1a (Ph, nHex) 96 84000 2.1 

2 1b (4-(MeOCH2CH2O)C6H4, Et) 88 46000 2.0 

3b 1c (nPr, nHex) 92 46000 1.8 

4b 1d (CONMe2, nHex) 82 39000 2.0 

5b,c 1e (H, 2-ethylhexyl) 95 23000 2.4 

a Determined using size-exclusion chromatography against a polystyrene standard.  b 6 mol% of Rh was 

used.  c The reaction was conducted at 20 ºC. 

	

	

	

The structures of polymer repeating units were analyzed by using the 1H and 13C NMR 

data of poly-1e coupled with the DFT calculations of model trimer tri-1e in Table 3. For 

the 1H NMR spectrum shown in Figure 1, two broad singlets at 7.34 ppm and 6.82 ppm 
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were assigned as alkenyl protons Hc and Ha on the main chain, respectively, and the alkyl 

protons were also consistent with the 2-ethylhexyl signals as indicated by black, blue, and 

red marks. For the 13C NMR spectrum shown in Figure 2, sp2-carbon signals at 158, 146, 

139, and 129 ppm were assigned as alkenyl carbons d, b, c, and a, respectively, and the 

alkyl carbons were also consistent with the 2-ethylhexyl signals. In overall, the polymer 

repeating units can be concluded as drawn through the expected stitching polymerization. 

 

Table 3. Calculated 1H and 13C NMR chemical shifts of compound tri-1e (in ppm, 
calculated at the B3LYP/6-31G(d) level of theory) 

 
 a b c d 1 2 3 4 5 6 7 8 

1H 6.92 — 7.22 — 0.90 1.67 1.45 1.50 1.33 0.95 1.43 1.01 
13C 123.9 139.5 133.6 152.7 23.2 37.8 38.0 32.7 26.2 16.4 35.0 14.7 

 

Figure 1. 1H NMR signal assignment for poly-1e 
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Figure 2. 13C NMR signal assignment for poly-1e 

 

 The present stitching polymerization can also be applied to triyne 4a connected by two 

silicon atoms for the synthesis of a polymer possessing a longer silicon-bridged π-

conjugated repeating unit. As shown in Table 4, entry 1, the polymerization took place 

efficiently by using the same [RhCl(tfb)]2/Et3N catalyst system to give poly-4a in 78% 

yield with Mn = 72000 (Mw/Mn = 1.9). According to the quantitative 13C NMR spectrum 

of this polymer, essentially no residual peaks were observed in the sp-carbon region, 

indicating that the stitching efficiency is near perfect, which favorably compares with the 

system described in Chapter 2 for the stitching polymerization of ethylene-linked 

triynes.10 The superiority of tfb over cod as the ligand for rhodium was more pronounced 

in the polymerization of triyne 4a. Thus, as shown in entry 2, the use of [RhCl(cod)]2 in 

place of [RhCl(tfb)]2 led to a much lower yield (37% yield) with a lower molecular weight 

(Mn = 7600). The polymerization of triyne 4b having a substituted phenyl group at the 

terminal also proceeded efficiently in the presence of [RhCl(tfb)]2 to give poly-4b in 93% 

yield with Mn = 107000 (average DP = 210, Mw/Mn = 1.9; entry 3). On the other hand, 
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diyne 1f having two silicon atoms, one as a linker and the other at the terminal as 

trimethylsilyl group, was found to be unreactive toward the present polymerization. 

 

Table 4. Rhodium-catalyzed stitching polymerization of 4 

	

entry monomer (R1, R) yield (%) Mn (g/mol)a Mw/Mna 

1 4a (Ph, nHex) 78    72000 1.9 

2b 4a 37     7600 1.5 

3 4b (4-(MeOCH2CH2O)C6H4, nBu) 93 107000 1.9 

a Determined using size-exclusion chromatography against a polystyrene standard.  b [RhCl(cod)]2 was 

used instead of [RhCl(tfb)]2. 

	

Furthermore, it was found that tetrayne 5 connected by three silicon atoms was also 

applicable to the stitching polymerization (Table 5). Although polymerization of 5a 

having two n-hexyl groups on all the silicon atoms showed some decrease in the stitching 

efficiency (entry 1), replacement of the central di(n-hexyl)silylene by diphenylsilylene 

(5b) realized highly efficient stitching polymerization to give poly-5b having a repeating 

unit composed of a conjugated hexadecaoctaene bridged by six silicon atoms in 89% yield 

with Mn = 24000 (Mw/Mn = 1.7; entry 2). 
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Table 5. Rhodium-catalyzed stitching polymerization of 5 

	

entry monomer (R’) yield (%) Mn (g/mol)a Mw/Mna 
stitching 

efficiency (%) 

1 5a (nHex) 79 11000 1.9 83 

2 5b (Ph) 89 24000 1.7 97 
a Determined using size-exclusion chromatography against a polystyrene standard.  b Incorporation 

efficiency of internal alkynes determined by quantitative 13C NMR 
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3.2.2 Mechanistic consideration	

A simplified possible reaction pathway for the present stitching polymerization of 

alkynylsilylacetylenes 1 is illustrated in Scheme 2.3,10 Thus, the reaction of a 

chlororhodium complex (Cl–Rh; Rh = Rh(tfb)) with the terminal alkyne of 1 in the 

presence of Et3N gives active alkynylrhodium species R–Rh. This initiates the 

polymerization by successively incorporating monomers 1 in a stitching manner to give 

alkenylrhodium species D via A, B, and C.14 The polymer chain grows by repeating the 

stitching reaction with incoming monomers 1 to give intermediate E. Protonation of the 

rhodium-bound chain-end by the terminal alkyne of 1 releases poly-1 with regeneration 

of R–Rh (chain transfer).15 To gain some insights into the present polymerization 

mechanism, the author prepared deuterium-labeled monomer 1a-d and compared the 

polymerization efficiency with non-deuterated monomer 1a (Table 6). As a result, poly-

1a-d was obtained in 90% yield with a higher molecular weight (Mn = 115000; entry 2) 

compared with poly-1a (Mn = 84000; entry 1), indicating that the chain propagation 

(alkyne insertion) is sufficiently fast and the rate of a C(sp)–H bond cleaving step (either 

initiation or chain transfer) would determine the overall polymerization outcome. To 

elucidate which of these two elemental steps (initiation or chain transfer) is the key factor, 

the polymerization was conducted in the presence of (1,2,2-triphenylvinyl)lithium to 

accelerate the initiation step (entries 3 and 4).2f–h Under these conditions, the degree of 

polymerization became somewhat lower compared to entries 1 and 2, but essentially no 

difference in the molecular weight was observed between poly-1a and poly-1a-d, 

suggesting that the chain transfer does not seem to affect the overall process of the present 

polymerization. These results indicate that the initiation step to form R–Rh from R–H 

and Cl–Rh is most likely the rate-determining step under the standard polymerization 

conditions ([RhCl(tfb)]2/Et3N system). This can also explain the increase of molecular 
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weights by lowering the polymerization temperature (Table 1), which would decrease the 

initiation efficiency (the amount of active rhodium species) even with the same catalyst 

loading, leading to a longer chain propagation on each rhodium species. The initiation 

efficiency is typically 0.1–0.2 under the optimized conditions for monomers 1, 4, and 5. 

	

	

Scheme 2. A proposed reaction pathway of rhodium-catalyzed stitching polymerization 
of alkynylsilylacetylenes 1 
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Table 6. Comparison of 1a and 1a-d in the rhodium-catalyzed stitching polymerization 

	

entry monomer additive yield (%) Mn (g/mol)a Mw/Mna 

1 1a Et3N (30 mol%) 96 84000 2.1 

2 1a-d Et3N (30 mol%) 90 115000 1.7 

3 1a Ph2C=C(Ph)Li (4.5 mol%) 82 67000 1.9 

4 1a-d Ph2C=C(Ph)Li (4.5 mol%) 90 69000 1.9 

a Determined using size-exclusion chromatography against a polystyrene standard. 

	

With regard to the relationship between monomer substituents and applicability to the 

rhodium-catalyzed polymerization, it was shown that simple silylacetylenes such as 

trimethylsilylacetylene and compounds 2a–2c did not undergo polymerization unlike 

alkynylsilylacetylenes 1a–1e in Table 2. In addition, although triynes 4a and 4b having 

two silicon atoms polymerized efficiently, no polymerization took place with diyne 1f 

having trimethylsilyl group at the terminal (Table 4). These results suggest that the 

successful chain growth, i.e., intermolecular insertion of an alkyne to alkenylrhodium 

species D, requires R1 ¹ SiR3 (R = alkyl, alkenyl, or aryl) in Scheme 2, although the 

author does not have a conclusive explanation for its origin at this stage.16 	
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3.2.3 Functionalization and Post-derivatization. 

Alkynylsilylacetylene monomers employed so far had simple alkyl substituents such 

as n-hexyl group on the silicon atoms to primarily focus on the reaction development 

itself. However, the author imagined that solubility (affinity to different types of solvents) 

of the polymers could be controlled by introducing appropriate functional groups at these 

positions without perturbing the polymer main chains. To this end, the author obtained 

poly-1g derived from monomer 1g possessing amino groups (eq 2)17 and poly-1h derived 

from monomer 1h with polyfluoroalkyl groups (eq 3).18 While poly-1e having 2-

ethylhexyl groups is soluble in typical organic solvents such as hexane and CH2Cl2 (1.0 

g/L) and insoluble in aqueous phase, poly-1g was found to be soluble in diluted aqueous 

hydrochloric acid (1.0 g/L in 0.05 M HClaq) over hexane (Figure 3-(a)). On the other 

hand, poly-1h is soluble in fluorous solvents such as perfluorohexane (4.0 g/L) favorably 

over CH2Cl2 (Figure 3-(b)). 
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Figure 3. Photographs of solutions: (a) left poly-1g in 0.05 M HClaq (bottom phase) with 
hexane (top phase); right poly-1e in hexane (top phase) with 0.05 M HClaq (bottom 
phase). (b) left poly-1h in perfluorohexane (bottom phase, d = 1.67) with CH2Cl2 (top 
phase, d = 1.33); right poly-1e in CH2Cl2 (top phase) with perfluorohexane (bottom 
phase). 

 

The polymers obtained by the present stitching polymerization are of interest 

themselves as a new type of π-conjugated polymers possessing a silicon-bridged π-

conjugated repeating unit, but they can also be used as precursors of sequence-controlled 

functionalized polyacetylenes that are difficult to prepare using existing methods. For 

example, protodesilylation of poly-1b proceeded smoothly by treating it with 

nBu4NF•3H2O to give poly-6b in 84% yield, which can be regarded as a periodic 

copolymer of acetylene and arylacetylene in an AABB fashion (eq 4). Similarly, triyne-

derived poly-4b was converted to protodesilylated poly-7b, an AAAABB periodic 

copolymer of acetylene and arylacetylene, in 95% yield (eq 5). 
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3.2.4 Physical properties 

The author examined their optical properties using UV-vis spectrophotometry. Poly-1a 

possessing phenyl group showed absorption maximum at 549 nm, and poly-1d with 

amide group as an electron withdrawing group and poly-1e without substituent displayed 

relatively similar absorption profiles with one another, whereas poly-1c with an alkyl 

group as an electron-donating group showed hypsochromic shift (Figure 4, Table 7). As 

shown in Figure 5, it is worth noting that the UV-vis spectrum of poly-1a is in stark 

contrast to that of polyphenylacetylene (Mn = 24000, Mw/Mn = 1.8), a related π-conjugated 

polymer possessing no ladder-type π-conjugation units, which showed absorption 

maximum at 335 nm with absorption edge of ca. 520 nm (Figure 5). It was also confirmed 

that the absorption band of silicon-bridged poly-1a is significantly red-shifted compared 

with the corresponding ethylene-bridged poly-3 (lmax = 417 nm and ledge = ca. 610 nm). 

These results demonstrate that polymers obtained in the stitching polymerization of 

diynes show substantial extension of π-conjugation by introduction of rigid bridged 

structures in the repeating unit, and the effective conjugation length can be controlled by 

the type of bridging groups. On the other hand, absorption spectra of diyne-derived poly-

1a, triyne-derived poly-4a, and tetrayne-derived poly-5b are not significantly different 

with one another (Figure 6), which suggests that the effective conjugation lengths are 

more or less the same in this series of polymers.  

Regarding the protodesilylated polymers, the UV-vis absorption spectrum of poly-7b is 

shown in Figure 7, along with those of its precursor poly-4b and the related 

polyarylacetylene [aryl = 4-(2-methoxyethoxy)phenyl; Mn = 44000, Mw/Mn = 2.2]. 

Because the main chain no longer possesses bridged structures in poly-7b, the absorption 

spectrum became similar to that of simple polyarylacetylene. However, presumably due 

to the existence of unsubstituted polyene units, the effective conjugation length of poly-
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7b is much longer and its absorption edge reached ca. 680 nm (vs. ledge = ca. 540 nm for 

polyarylacetylene). 

 

Figure 4. UV-vis spectra of poly-1a (blue line; at 1.6 x 10–2 g/L), poly-1c (black line; at 
2.9 x 10–2 g/L), and poly-1d (green line; at 1.2 x 10–2 g/L), and poly-1e (red line; at 1.3 x 
10–2 g/L) in THF at 25 ºC 
 

 
Table 7. UV-vis absorption of poly-1 

polymer (R, R1) lmax/nm (absorbance/a.u.) ledge/nm 

poly-1a (nHex, Ph) 549 (0.47) ca. 691 

poly-1c (nHex, nPr) 540 (0.66) ca. 701 

poly-1d (nHex, CONMe2) 548 (0.66), 518 (0.66) ca. 713 

poly-1e (2-ethylhexyl, H) 414 (0.68) ca. 668 
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Figure 5. UV-vis spectra of poly-1a (blue line; at 1.6 x 10–2 g/L), poly-3 (red line; at 2.1 
x 10–2 g/L), and polyphenylacetylene (black line; at 2.4 x 10–2 g/L) in THF at 25 ºC 

 

 

 
Figure 6. UV-vis spectra of poly-1a (blue line; at 1.6 x 10–2 g/L), poly-4a (red line; at 
1.2 x 10–2 g/L), and poly-5b (black line; at 1.8 x 10–2 g/L) in THF at 25 ºC 
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Figure 7. UV-vis spectra of poly-4b (blue line; at 2.6 x 10–2 g/L), poly-7 (red line; at 2.2 
x 10–2 g/L), and polyarylacetylene (aryl = 4-(2-methoxyethoxy)phenyl; black line; at 3.2 
x 10–2 g/L) in THF at 25 ºC 

 

Electrochemical analysis was conducted by cyclic voltammetry for silicon-bridged 

poly-4b and protodesilylated poly-7b. As shown in Figure 8, the oxidation potential of 

poly-4b (Eoxonset = 0.75 V) is lower than that of poly-7b (Eoxonset = 1.25 V), and the 

reduction potential of poly-4b (Eredonset = –2.20 V) is higher than that of poly-7b (Eredonset 

= –2.35 V). These results indicate that the HOMO–LUMO energy gap is narrower for 

poly-4b compared with poly-7b, which is consistent with the UV-vis absorption spectra 

in Figure 7. 
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Figure 8. Cyclic voltammograms of poly-4b (blue) and poly-7b (red) containing 0.1 M 
(nBu)4NBF4 as the supporting electrolyte, Ag/Ag+ as the reference electrode, glassy 
carbon as the working electrode, Pt plate as the counter electrode, and a scan rate of 100 
mV/s. The oxidation potential and the reduction potential were measured at room 
temperature under nitrogen in CH2Cl2. The potential was externally calibrated against the 
ferrocene/ferrocenium couple. 

 

The author also examined the electrical conductivity of silicon-bridged poly-1i and 

protodesilylated poly-6j as examples (Figure 9-(a)).19 Electrical conductivity of poly-1i 

and poly-6j was determined by measuring the electrical resistance and the film thickness 

of the polymer thin films, which were prepared by dropping the polymer solution (10 

mg/mL in CH2Cl2) on the electrode and the films were exposed to iodine vapor for 1 day. 

For the resistance measurement, two-terminal sensing was used for poly-1i and four-
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terminal sensing was used for poly-6j under floating conditions (Figure 9-(b)). As a result, 

the conductivity of poly-1i and poly-6j was found to be 1.0 x 10–8 S/cm and 1.3 x 10–6 

S/cm, respectively. Although the degree of conductivity is not particularly high as 

semiconductors, these results indicate the possibility of further improvement of 

conductivity by modification of the main chain structures and/or substituents. 

 

 

 

Figure 9. (a) Structures of poly-1i and poly-6j and their electrical conductivity (b) 

Illustrations of the set-up for the resistance measurement (left: top view, right: side view) 

 

Finally, it is also worth noting that the stitched polymers obtained in the present study 

typically showed good thermostability. For example, poly-1a and poly-4b retained ≥95% 

of their weights at up to 390 ºC and 389 ºC, respectively, by thermogravimetric analysis. 
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3.3 Conclusion 

The author developed a rhodium-catalyzed stitching polymerization of 

alkynylsilylacetylenes for the synthesis of π-conjugated polymers with new ladder-type 

silicon-bridged repeating units. The polymerization proceeded smoothly with high 

degrees of stitching efficiency and with high molecular weights by employing a Rh/tfb 

complex as the catalyst under mild conditions. Not only diynes but also triynes and 

tetraynes could be polymerized under these conditions to give polymers possessing a 

repeating unit composed of conjugated oligoenes bridged by multiple silicon atoms, 

which are not easily accessible by existing synthetic methods. The author also 

demonstrated that the solubility of the polymers could be controlled by introducing 

appropriate functional groups on the silicon atoms and that sequence-controlled 

functionalized polyacetylenes could be accessed by protodesilylation of the stitched 

polymers. The polymers obtained by the present method were found to be highly 

conjugated, thermally stable, and moderately semiconducting through investigation of 

their physical properties. 
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3.4 Experimental Section 

General 

All air- and moisture-sensitive manipulations were carried out with standard Schlenk 

techniques under nitrogen. Preparative GPC was performed with JAI LC-9201 or 

LaboACE LC-5060 equipped with JAIGEL-2HR columns using CHCl3 as an eluent. 

NMR spectra were recorded on JEOL JNM-ECS400, Agilent Unity-Inova500, or 

BRUKER AVANCEⅢ700 spectrometer. Size-exclusion chromatography analyses were 

performed with JASCO-GPC900 equipped with PLgel MIXED-C columns using THF as 

an eluent and the molecular weights were calibrated against standard polystyrene samples. 

Absolute molecular weight analyses were performed on Wyatt Technology DAWN 

HELEOS II multi-angle light scattering instrument. High resolution mass spectra were 

recorded on JEOL JMS700 spectrometer. Thermogravimetric analyses were performed 

with SII Exstar TG/DTA6200 under nitrogen atmosphere. UV-vis spectra were recorded 

on HITACHI U-2900 and JASCO V-770 spectrophotometers. Elemental analysis was 

performed on YANACO CHN CORDER MT-6. Electrical resistance was measured using 

two-terminal or four-terminal sensing with Keithley 6430 sourcemeter. Film thickness 

was measured with OLYMPUS OLS4100 laser microscope. Computations were 

performed using workstation at Research Center for Computational Science, National 

Institutes of Natural Sciences, Okazaki, Japan. 

THF (Kanto Chemical; dehydrated), CH2Cl2 (Kanto Chemical; dehydrated), and 

MeCN (Wako Chemicals; dehydrated) were degassed by purging nitrogen prior to use. 

CCl4 (Wako Chemicals) was dried over MgSO4 and degassed by purging nitrogen prior 

to use. Diisopropylamine (Wako Chemicals) and triethylamine (Wako Chemicals) were 

distilled over KOH under vacuum. 1-Bromohexane (Wako Chemicals), iodobenzene 

(Wako Chemicals), 4-bromobenzyl bromide (TCI), phenylacetylene (Kanto Chemical), 
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1,5-hexadiyne (TCI), tetradecafluorohexane (Aldrich), dimethylcarbamoyl chloride 

(Nacalai Tesque), dichlorodiethylsilane (TCI), trichlorosilane (TCI), tetrachlorosilane 

(TCI), di-sec-butylamine (TCI), trichloroisocyanuric acid (TCI), tetrabutylammonium 

fluoride (Wako Chemicals; trihydrate), nBuLi (Kanto Chemical; 1.55–1.59 M solution in 

hexane), ethynylmagnesium bromide (Aldrich; 0.5 M solution in THF), ethylmagnesium 

bromide (Kanto Chemical; 0.97 M solution in THF), Mg turnings (Wako Chemicals), 

iodine (Wako Chemicals), K2CO3 (Wako Chemicals), KI (Wako Chemicals), D2O 

(ISOTEC), PdCl2 (Tanaka Kikinzoku), and CuI (Kanto Chemical) were used as received. 

4-(2-Methoxyethoxy)phenylacetylene,20-23 (1,2,2-triphenylvinyl)lithium,24 

[Rh(OH)(cod)]2,25 Rh(cod)[(h6-C6H5)BPh3],26 [RhCl(cod)]2,27 [RhCl(tfb)]2,28 and 

Pd(PPh3)4,29 were synthesized following the literature procedures. 

 

Representative Procedures: 

Dihexyl(phenylethynyl)silylacetylene (1a) 

 

A solution of 1-bromohexane (7.92 g, 48.0 mmol) in THF (20 mL) was added 

dropwise over 30 min to a suspension of Mg turnings (1.02 g, 42.0 mmol) in THF (20 

mL), and the mixture was stirred for 1 h at room temperature. The resulting solution was 

added slowly over 15 min to trichlorosilane (2.01 mL, 20 mmol) at –78 ºC, and the 

mixture was stirred for 21 h at –78 ºC. A solution of phenylethynyllithium [generated 

from phenylacetylene (2.04 g, 20 mmol) and nBuLi (13.2 mL, 21 mmol; 1.59 M solution 

in hexane) in THF (30 mL) at –78 ºC] was then added to it, and the mixture was stirred 

for 12 h at room temperature. The reaction was quenched with saturated NH4Claq and 

Si

Ph
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this was extracted with Et2O. The organic layer was washed with saturated NaClaq, dried 

over MgSO4, filtered, and concentrated under vacuum. The residue was chromatographed 

on silica gel with hexane and dried under vacuumed at 40 ºC to afford 

dihexyl(phenylethynyl)silane as a colorless oil (5.36 g, 17.8 mmol; 89% yield). 

1H NMR (CDCl3): δ 7.52-7.43 (m, 2H), 7.37-7.27 (m, 3H), 4.11 (quint, 3JHH = 3.3 Hz, 

1H), 1.57-1.23 (m, 16H), 0.89 (t, 3JHH = 6.9 Hz, 6H), 0.83-0.72 (m, 4H). 13C NMR 

(CDCl3): δ 132.2, 128.8, 128.4, 123.2, 107.3, 90.0, 32.8, 31.7, 24.5, 22.7, 14.3, 12.3. 

Dihexyl(phenylethynyl)silane (1.50 g, 4.99 mmol) was added to a suspension of 

PdCl2 (8.8 mg, 50 µmol) in CCl4 (10 mL) at room temperature, and the mixture was stirred 

for 4 h at 40 ºC. The precipitates were filtered off through Celite with THF (3 mL) and 

the volatiles were removed under vacuum. The residue was dissolved in THF (3 mL) and 

the volatiles were removed under vacuum. This was repeated again to afford 

chlorodihexyl(phenylethynyl)silane as a pale yellow oil. Ethynylmagnesium bromide 

(10.0 mL, 5.00 mmol; 0.5 M solution in THF) was added to it and the mixture was stirred 

for 2 h at room temperature. The reaction was quenched with saturated NH4Claq and this 

was extracted with Et2O. The organic layer was washed with saturated NaClaq, dried over 

MgSO4, filtered, and concentrated under vacuum. The residue was chromatographed on 

silica gel with hexane to afford compound 1a as a yellow oil (974 mg, 3.00 mmol; 60% 

yield). 

1H NMR (CDCl3): δ 7.54-7.43 (m, 2H), 7.38-7.27 (m, 3H), 2.48 (s, 1H), 1.61-1.21 

(m, 16H), 0.89 (t, 3JHH = 6.6 Hz, 6H), 0.85-0.75 (m, 4H). 13C NMR (CDCl3): δ 132.3, 

129.0, 128.4, 122.9, 107.0, 94.8, 89.0, 85.9, 32.8, 31.6, 23.7, 22.7, 14.7, 14.3. HRMS (EI) 

calcd for C22H32Si (M+) 324.2268, found 324.2268. 
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Dihexyl(phenylethynyl)silylacetylene (1a-d) 

 

A solution of lithium diisopropylamide [generated from diisopropylamine (310 µL, 

2.21 mmol) and nBuLi (1.40 mL, 2.23 mmol; 1.59 M solution in hexane) in THF (2.5 

mL) at –78 ºC] was added to a solution of compound 1a (651 mg, 2.01 mmol) in THF 

(2.5 mL) at –78 ºC, and the resulting solution was stirred for 30 min at –78 ºC. D2O (2 

mL) was added to this solution, and the resulting mixture was warmed to room 

temperature and stirred for 30 min. This was extracted with Et2O, dried over Na2SO4, 

filtered, and concentrated under vacuum. The residue was chromatographed on silica gel 

with hexane to afford compound 1a-d as a colorless oil (343 mg, 1.05 mmol; 53% yield, 

98% D). 

1H NMR (CDCl3): δ 7.51-7.46 (m, 2H), 7.38-7.27 (m, 3H), 2.48 (s, 0.02H), 1.58-1.45 

(m, 4H), 1,45-1.36 (m, 4H), 1.36-1.25 (m, 8H), 0.89 (t, 3JHH = 7.1 Hz, 6H), 0.85-0.77 (m, 

4H). 13C NMR (CDCl3): δ 132.3, 129.0, 128.3, 122.8, 107.0, 94.6 (t, 1JCD = 35.0 Hz), 

88.9, 85.3 (t, 2JCD = 5.8 Hz), 32.8, 31.6, 23.7, 22.7, 14.7, 14.3. HRMS (EI) calcd for 

C22H31DSi (M+) 325.2331, found 325.2331. 

 

3-(Dihexylethynylsilyl)-N,N-dimethylpropiolamide (1d) 

 

A solution of 1-bromohexane (7.92 g, 48.0 mmol) in THF (10 mL) was added 

dropwise over 30 min to a suspension of Mg turnings (1.02 g, 42.0 mmol) in THF (30 
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mL), and the mixture was stirred for 3 h at room temperature. The resulting solution was 

added slowly over 15 min to trichlorosilane (2.01 mL, 20.0 mmol) at –78 ºC, and the 

mixture was stirred for 1 h at –78 ºC. Ethynylmagnesium bromide (40.0 mL, 20.0 mmol; 

0.5 M solution in THF) was then added to it, and the mixture was stirred for 21 h at room 

temperature. The reaction was quenched with saturated NH4Claq and this was extracted 

with Et2O. The organic layer was washed with saturated NaClaq, dried over MgSO4, 

filtered, and concentrated under vacuum. The residue was chromatographed on silica gel 

with hexane and dried under vacuum at 40 ºC to afford dihexylethynylsilane as a colorless 

oil (4.12 g, 18.4 mmol; 92% yield). 

1H NMR (CDCl3): δ 3.98 (quint, 3JHH = 3.2 Hz, 1H), 2.40 (s, 1H), 1.48-1.19 (m, 16H), 

0.89 (t, 3JHH = 6.6 Hz, 6H), 0.78-0.63 (m, 4H). 13C NMR (CDCl3): δ 95.3, 86.0, 32.7, 

31.7, 24.3, 22.7, 14.2, 12.0. 

Dihexylethynylsilane (1.79 g, 7.97 mmol) was added over 3 min to a suspension of 

trichloroisocyanuric acid (639 mg, 2.75 mmol) in CH2Cl2 (24 mL) at room temperature, 

and the mixture was stirred for 2 days. The precipitates were filtered off through Celite 

with THF (5 mL) and the volatile were removed under vacuum. The residue was dissolved 

in THF (3 mL) and the volatiles were removed again. This was repeated again to afford 

chlorodihexylethynylsilane as a colorless oil. Ethylnylmagnesium bromide (15.0 mL, 

7.50 mmol; 0.5 M solution in THF) was added to it slowly over 5 min and the mixture 

was stirred for 15 h at room temperature. The reaction was quenched with saturated 

NH4Claq and this was extracted with Et2O. The organic layer was washed with saturated 

NaClaq, dried over MgSO4, filtered, and concentrated under vacuum. The residue was 

chromatographed on silica gel with hexane to afford dihexyl(diethynyl)silane as a white 

solid (1.77 g, 7.12 mmol; 89% yield). 
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1H NMR (CDCl3): δ 2.46 (s, 2H), 1.53-1.22 (m, 16H), 0.89 (t, 3JHH = 6.9 Hz, 6H), 

0.80-0.71 (m, 4H). 13C NMR (CDCl3): δ 95.1, 85.2, 32.8, 31.6, 23.5, 22.7, 14.3, 14.2. 

Ethylmagnesium bromide (3.20 mL, 3.10 mmol; 0.97 M solution in THF) was added 

over 10 min to a solution of dihexyl(diethynyl)silane (745 mg, 3.00 mmol) in THF (6 

mL) at room temperature, and this was stirred for 1 h at room temperature. The resulting 

solution was added to a solution of dimethylcarbamoyl chloride (339 mg, 3.15 mmol) in 

THF (10 mL) at –78 ºC with the aid of THF (2 mL), and the mixture was warmed to room 

temperature and stirred for 5 h. The reaction was quenched with saturated NH4Claq and 

this was extracted with EtOAc. The organic layer was washed with saturated NaClaq, 

dried over MgSO4, filtered, and concentrated under vacuum. The residue was 

chromatographed on silica gel with hexane/EtOAc = 3/1 and further purified by GPC with 

CHCl3 to afford compound 1d as a yellow oil. (178 mg, 0.56 mmol; 19% yield). 

1H NMR (CDCl3): δ 3.23 (s, 3H), 2.97 (s, 3H), 2.47 (s, 1H), 1.51-1.22 (m, 16H), 0.89 

(t, 3JHH = 6.8 Hz, 6H), 0.84-0.74 (m, 4H). 13C NMR (CDCl3): δ 153.7, 97.5, 95.8, 92.0, 

84.3, 38.4, 34.2, 32.7, 31.5, 23.5, 22.6, 14.2, 14.0. HRMS (FAB) calcd for C19H34NOSi 

(M+H+) 320.2404, found 320.2409. 

    

Bis(4-(di-sec-butylaminomethyl)phenyl)diethynylsilane (1g) 

 

A mixture of 4-bromobenzyl bromide (13.1 g, 52.4 mmol), K2CO3 (14.5 g, 105 mmol), 

KI (434 mg, 2.61 mmol), and di-sec-butylamine (9.10 mL, 52.8 mmol) in MeCN (48 mL) 

was stirred for 23 h at room temperature. The mixture was filtered through a pad of Celite 

and the solvent was removed under vacuum. The residue was chromatographed on silica 

Si
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gel with hexane to afford 1-bromo-4-(di-sec-butylaminomethyl)benzene as a colorless oil 

(13.1 g, 43.9 mmol; 84% yield). 

1H NMR (CDCl3): δ 7.39 (d, 3JHH = 8.2 Hz, 2H), 7.23 (d, 3JHH = 8.2 Hz, 2H), 3.66 (d, 

2JHH = 14.7 Hz, 0.5H), 3.60 (s, 1H), 3.48 (d, 2JHH = 14.7 Hz, 0.5H), 2.65-2.52 (m, 2H), 

1.64-1.40 (m, 2H), 1.34-1.12 (m, 2H), 1.00 (d, 3JHH = 6.4 Hz, 3H), 0.99 (d, 3JHH = 6.4 Hz, 

3H), 0.85 (t, 3JHH = 7.6 Hz, 3H), 0.84 (t, 3JHH = 7.3 Hz, 3H). 13C NMR (CDCl3): δ 142.1, 

141.8, 131.1, 130.3, 130.1, 120.0, 54.3, 53.8, 49.0, 48.7, 29.2, 27.8, 18.1, 16.9, 12.2, 12.1. 

A solution of 1-bromo-4-(di-sec-butylaminomethyl)benzene (3.58 g, 12.0 mmol) in 

THF (12 mL) was added dropwise over 1 h to a suspension of Mg turnings (292 mg, 12.0 

mmol) in THF (12 mL) at 60 ºC, and the mixture was stirred for 3.5 h at 60 ºC. The 

resulting solution was added slowly over 10 min to tetrachlorosilane (460 µL, 4.01 mmol) 

at –78 ºC, and the mixture was stirred for 2.5 h at –78 ºC. This was warmed to room 

temperature and ethynylmagnesium bromide (24.0 mL, 12.0 mmol; 0.5 M solution in 

THF) was added to it, and the mixture was stirred for 4 h at room temperature. The 

reaction was quenched with saturated NH4Claq and this was extracted with Et2O. The 

organic layer was washed with saturated NaClaq, dried over Na2SO4, filtered, and 

concentrated under vacuum. The residue was purified by GPC with CHCl3 to afford 

compound 1g as a yellow oil (1.21 g, 2.35 mmol; 59% yield). 

1H NMR (CDCl3): δ 7.681 (d, 3JHH = 7.8 Hz, 2H), 7.675 (d, 3JHH = 7.8 Hz, 2H), 7.41 

(d, 3JHH = 7.8 Hz, 4H), 3.75 (d, 2JHH = 15.1 Hz, 1H), 3.68 (s, 2H), 3.57 (d, 2JHH = 15.1 Hz, 

1H), 2.72 (s, 2H), 2.69-2.57 (m, 4H), 1.63-1.43 (m, 4H), 1.33-1.33 (m, 4H), 1.01 (d, 3JHH 

= 6.9 Hz, 6H), 0.99 (d, 3JHH = 6.4 Hz, 6H), 0.86 (t, 3JHH = 7.3 Hz, 12H). 13C NMR 

(CDCl3): δ 146.0, 145.7, 134.68, 134.66, 129.0, 128.9, 128.4, 128.2, 97.0, 84.2, 54.2, 53.8, 

49.5, 49.2, 29.2, 27.8, 18.2, 16.9, 12.2, 12.1. HRMS (FAB) calcd for C34H50N2Si (M+) 

514.3738, found 514.3727. 
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Diethyldiethynylsilane (1i) (CAS 18292-19-8) 

 
Ethynylmagnesium bromide (42.0 mL, 21.0 mmol; 0.5 M solution in THF) was added 

to dichlorodiethylsilane (1.57 g, 9.99 mmol) in THF (10 mL) and the mixture was stirred 

for 4 h at room temperature. The reaction was quenched with saturated NH4Claq and this 

was extracted with Et2O. The organic layer was washed with saturated NaClaq, dried over 

MgSO4, filtered, and the solvent was distilled off. The residue was chromatographed on 

silica gel with pentane to afford compound 1i as a colorless oil (2.29 g, 8.23 mmol; 82% 

yield, 49 wt% in THF). 

1H NMR (CDCl3): δ 2.46 (s, 2H), 1.08 (t, 3JHH = 8.0 Hz, 6H), 0.76 (q, 3JHH = 8.1 Hz, 

4H). 13C NMR (CDCl3): δ 95.2, 84.5, 7.0, 6.0. 

 

1-Phenyl-1,5-hexadiyne (3) (CAS 37124-88-2) 

 

Triethylamine (2.78 mL, 20.0 mmol), 1,5-hexadiyne (1.25 g, 16.0 mmol), and THF 

(8.0 mL) were successively added to a mixture of Pd(PPh3)4 (231 mg, 0.200 mmol), CuI 

(76.2 mg, 0.400 mmol), and iodobenzene (1.63 g, 8.00 mmol) in THF (4.0 mL) at room 

temperature, and the resulting mixture was stirred for 46 h at room temperature. The 

precipitates were filtered off through a pad of silica gel with Et2O and the solvents were 

removed under vacuum. The residue was chromatographed on silica gel with hexane and 

further purified by GPC with CHCl3 to afford compound 3 as a pale yellow (450 mg, 2.68 

mmol; 33% yield). 

Si

Ph



 

121 

 

1H NMR (CDCl3): δ 7.44-7.37 (m, 2H), 7.32-7.26 (m, 3H), 2.69-2.60 (m, 2H), 2.54-

2.46 (m, 2H), 2.05 (t, 4JHH = 2.8 Hz, 1H). 13C NMR (CDCl3): δ 131.7, 128.3, 128.0, 123.7, 

88.1, 82.8, 81.7, 69.5, 19.7, 19.0. 

 

Dihexyl(dihexyl(phenylethynyl)silylethynyl)silylacetylene (4a) 

 

A solution of lithium diisopropylamide [generated from diisopropylamine (1.11 mL, 

7.87 mmol) and nBuLi (5.00 mL, 7.75 mmol; 1.55 M solution in hexane) in THF (8 mL) 

at –78 °C] was added to a solution of dihexylethynylsilane (1.79 g, 7.97 mmol) in THF 

(2 mL) at –78 ºC, and the resulting mixture was stirred for 1.5 h at –78 ºC to afford a 

solution of dihexylsilylethynyllithium. Separately, dihexyl(phenyethynyl)silane (2.36 g, 

7.85 mmol) was added to a suspension of PdCl2 (13.3 mg, 75.0 µmol) in CCl4 (15 mL) at 

room temperature, and the mixture was stirred for 2 h at room temperature. The 

precipitates were filtered off through Celite with CCl4 (5 mL) and the volatiles were 

removed under vacuum. The residue was dissolved in THF (2 mL) and the volatiles were 

removed under vacuum. This was repeated again and the residue was dissolved THF (10 

mL) and cooled to –78 ºC. The solution of dihexylsilylethynyllithium generated above 

was added to it at –78 ºC, and the resulting mixture was warmed to room temperature and 

stirred for 1 h. The reaction was quenched with saturated NH4Claq and this was extracted 

with Et2O. The organic layer was washed with saturated NaClaq, dried over MgSO4, 

filtered, and concentrated under vacuum. The residue was chromatographed on silica gel 
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with hexane to afford dihexyl(dihexyl(phenylethynyl)silylethynyl)silane as a yellow oil 

(2.81 g, 5.37 mmol; 68% yield). 

1H NMR (CDCl3): δ 7.55-7.43 (m, 2H), 7.37-7.27 (m, 3H), 3.98 (quint, 3JHH = 3.4 Hz, 

1H), 1.58-1.22 (m, 32H), 0.95-0.84 (m, 12H), 0.83-0.76 (m, 4H), 0.75-0.67 (m, 4H). 13C 

NMR (CDCl3): δ 132.3, 128.9, 128.3, 123.1, 111.8, 111.7, 106.7, 89.5, 32.8, 32.7, 31.7, 

24.5, 23.8, 22.74, 22.73, 14.9, 14.3, 12.1. 

Dihexyl(dihexyl(phenylethynyl)silylethynyl)silane (2.64 g, 5.05 mmol) was added to 

a suspension of PdCl2 (8.8 mg, 50 µmol) in CCl4 (10 mL) at room temperature, and the 

mixture was stirred for 10 h at 60 ºC. Additional PdCl2 (8.8 mg, 50 µmol) was added to 

it and the mixture was further stirred for 12 h at 60 ºC. The precipitates were filtered off 

through Celite with CCl4 (3 mL) and the volatiles were removed under vacuum. The 

residue was dissolved in THF (2 mL) and the volatiles were removed under vacuum. This 

was repeated again to afford chlorodihexyl(dihexyl(phenylethynyl)silylethynyl)-silane as 

a yellow oil. Ethynylmagnesium bromide (10.5 mL, 5.25 mmol; 0.5 M solution in THF) 

was added to it at room temperature and the mixture was stirred for 5 h at room 

temperature. The reaction was quenched with saturated NH4Claq and this was extracted 

with Et2O. The organic layer was washed with saturated NaClaq, dried over MgSO4, 

filtered, and concentrated under vacuum. The residue was chromatographed on silica gel 

with hexane and further purified by GPC with CHCl3 to afford compound 4a as a yellow 

oil (1.56 g, 2.85 mmol; 56% yield). 

1H NMR (CDCl3): δ 7.54-7.45 (m, 2H), 7.37-7.27 (m, 3H), 2.44 (s, 1H), 1.61-1.22 

(m, 32H), 0.98-0.85 (m, 12H), 0.85-0.71 (m, 8H). 13C NMR (CDCl3): δ 132.3, 128.9, 

128.3, 123.1, 111.6, 110.3, 106.8, 94.8, 89.3, 85.5, 32.8, 31.69, 31.65, 23.8, 23.6, 22.74, 

22.72, 14.8, 14.5, 14.3, 14.2. HRMS (EI) calcd for C36H58Si2 (M+) 546.4072, found 

546.4067. 



 

123 

 

Dihexyl(dihexyl(dihexyl(phenylethynyl)silylethynyl)silylethynyl)silylacetylene (5a) 

 

A solution of lithium diisopropylamide [generated from diisopropylamine (740 µL, 

5.24 mmol) and nBuLi (3.30 mL, 5.25 mmol; 1.59 M solution in hexane) in THF (5 mL) 

at –78 °C] was added to a solution of dihexylethynylsilane (1.19 g, 5.30 mmol) in THF 

(5 mL) at –78 ºC, and the resulting solution was stirred for 20 min at –78 ºC to afford a 

solution of dihexylsilylethynyllithium. Separately, dihexylethynylsilane (1.19 g, 5.30 

mmol) was added to a suspension of trichloroisocyanuric acid (425 mg, 1.83 mmol) in 

CH2Cl2 (20 mL) at room temperature, and the mixture was stirred for 2 h at room 

temperature. The precipitates were filtered off through Celite with THF (5 mL) and the 

volatiles were removed under vacuum. The residue was dissolved in THF (2 mL) and the 

volatiles were removed under vacuum. This was repeated again and the residue was 

dissolved in THF (5 mL) and cooled to –78 ºC. The solution of dihexylsilylethynyllithium 

generated above was added to it at –78 ºC, and the resulting mixture was warmed to room 

temperature and stirred for 13 h. The reaction was quenched with saturated NH4Claq and 

this was extracted with Et2O. The organic layer was washed with saturated NaClaq, dried 

over MgSO4, filtered, and concentrated under vacuum. The residue was chromatographed 

on silica gel with hexane to afford dihexyl(dihexyl(ethynyl)silylethynyl)silane as a 

colorless oil (1.64 g, 3.67 mmol; 69% yield). 
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1H NMR (CDCl3): δ 3.97 (quint, 3JHH = 3.4 Hz, 1H), 2.43 (s, 1H), 1.55-1.20 (m, 32H), 

0.89 (t, 3JHH = 6.6 Hz, 12H), 0.79-0.62 (m, 8H). 13C NMR (CDCl3): δ 112.2, 110.8, 94.7, 

85.5, 32.8, 32.7, 31.70, 31.65, 24.4, 23.6, 22.7, 14.5, 14.2, 12.0. 

A solution of lithium diisopropylamide [generated from diisopropylamine (220 µL, 

1.56 mmol) and nBuLi (980 µL, 1.56 mmol; 1.59 M solution in hexane) in THF (1.5 mL) 

at –78 °C] was added to a solution of dihexyl(phenylethynyl)silylacetylene (488 mg, 1.50 

mmol) in THF (1.5 mL) at –78 ºC, and the resulting solution was stirred for 20 min at –

78 ºC to afford a solution of dihexyl(phenylethynyl)silylethynyllithium. Separately, 

dihexyl(dihexyl(ethynyl)silylethynyl)silane (670 mg, 1.50 mmol) was added to a 

suspension of trichloroisocyanuric acid (137 mg, 0.589 mmol) in CH2Cl2 (6 mL) at room 

temperature, and the mixture was stirred for 13 h at room temperature. The precipitates 

were filtered off through Celite with THF (3 mL) and the volatiles were removed under 

vacuum. The residue was dissolved in THF (1 mL) and the volatiles were removed under 

vacuum. This was repeated again and the residue was dissolved in THF (3 mL) and cooled 

to –78 ºC. The solution of dihexyl(phenylethynyl)silylethynyllithium generated above 

was added to it at –78 ºC, and the resulting mixture was stirred for 15 h at room 

temperature. The reaction was quenched with saturated NH4Claq and this was extracted 

with Et2O. The organic layer was washed with saturated NaClaq, dried over MgSO4, 

filtered, and concentrated under vacuum. The residue was chromatographed on silica gel 

with hexane and further purified by GPC with CHCl3 to afford to compound 5a as a 

yellow oil (657 mg, 0.854 mmol; 57% yield). 

1H NMR (CDCl3): δ 7.51-7.45 (m, 2H), 7.36-7.26 (m, 3H), 2.42 (s, 1H), 1.57-1.21 

(m, 48H), 0.95-0.83 (m, 18H), 0.83-0.70 (m, 12H). 13C NMR (CDCl3): δ 132.3, 128.9, 

128.3, 123.1, 111.30, 111.28, 110.6, 110.3, 106.7, 94.8, 89.4, 85.5, 32.83, 32.79, 31.7, 
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31.6, 23.8, 23.7, 23.6, 22.8, 22.7, 14.8, 14.6, 14.4, 14.3. HRMS (EI) calcd for C50H84Si3 

(M+) 768.5875, found 768.5880. 

 

Analytical Data for Other Monomers: 

Diethyl(4-(2-methoxy)ethoxyphenylethynyl)silylacetylene (1b) 

 

1H NMR (CDCl3): δ 7.42 (d, 3JHH = 8.7 Hz, 2H), 6.85 (d, 3JHH = 8.7 Hz, 2H), 4.12 (t, 

3JHH = 4.8 Hz, 2H), 3.75 (t, 3JHH = 4.8 Hz, 2H), 3.45 (s, 3H), 2.47 (s, 1H), 1.12 (t, 3JHH = 

7.8 Hz, 6H), 0.80 (q, 3JHH = 7.8 Hz, 4H).13C NMR (CDCl3): δ 159.4, 133.9, 115.1, 114.6, 

107.2, 94.7, 86.7, 85.4, 71.0, 67.5, 59.4, 7.3, 6.5. HRMS (FAB) calcd for C17H22O2Si 

(M+) 286.1384, found 286.1384. 

 

Dihexyl(1-pentynyl)silylacetylene (1c) 

 
1H NMR (CDCl3): δ2.42 (s, 1H), 2.23 (t, 3JHH = 7.1 Hz, 2H), 1.55 (sext, 3JHH = 7.1 

Hz, 2H), 1.51-1.22 (m, 16H), 0.99 (t, 3JHH = 7.3 Hz, 3H), 0.89 (t, 3JHH = 6.9 Hz, 6H), 

0.78-0.64 (m, 4H). 13C NMR (CDCl3): δ 109.9, 94.2, 86.4, 79.4, 32.8, 31.6, 23.7, 22.7, 

22.1, 22.0, 14.8, 14.2, 13.5. HRMS (EI) calcd for C19H34Si (M+) 290.2424, found 

290.2427. 
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Di(2-ethylhexyl)diethynylsilane (1e) 

 

1H NMR (CDCl3): δ 2.48 (s, 2H), 1.65 (sept, 3JHH = 6.2 Hz, 2H), 1.47-1.20 (m, 16H), 

0.90 (t, 3JHH = 6.4 Hz, 6H), 0.86 (t, 3JHH = 7.3 Hz, 6H), 0.77 (d, 3JHH = 6.9 Hz, 4H). 13C 

NMR (CDCl3): δ 95.2, 86.2, 35.5, 35.4, 28.8, 28.6, 23.1, 19.8, 14.3, 10.8. HRMS (EI) 

calcd for C20H36Si (M+) 304.2581, found 304.2582. 

 

Dihexyl(trimethylsilylethynyl)silylacetylene (1f) 

 

1H NMR (CDCl3): δ 2.43 (s, 1H), 1.51-1.22 (m, 16H), 0.89 (t, 3JHH = 6.9 Hz, 6H), 

0.77-0.68 (m, 4H), 0.18 (s, 9H). 13C NMR (CDCl3): δ 116.7, 108.1, 94.7, 85.8, 32.7, 31.6, 

23.6, 22.7, 14.5, 14.2, –0.10. HRMS (EI) calcd for C19H36Si2 (M+) 320.2350, found 

320.2359. 

 

Diethynyldi(3,3,4,4,5,5,6,6,6-nonafluorohexyl)silane (1h) 

 

1H NMR (CDCl3): δ 2.62 (s, 2H), 2.36-2.16 (m, 4H), 1.14-0.99 (m, 4H). 13C NMR 

(CDCl3): δ 98.1, 81.4, 25.5 (t, 2JCF = 23.5 Hz), 4.3. Carbons having fluorine atoms were 
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not observed under our measurement conditions. Anal. Calcd for C16H10F18Si: C, 33.58; 

H,1.76. Found: C, 33.53, H, 1.61. 

 

3-(Dihexylethynylsilyl)-N,N-dipropylpropiolamide (1j) 

 
1H NMR (CDCl3): δ 3.50 (t, 3JHH = 7.3 Hz, 2H), 3.37-3.26 (m, 2H), 2.46 (s, 1H), 1.71-

1.53 (m, 4H), 1.53-1.21 (m, 16H), 1.00-0.84 (m, 12H), 0.83-0.73 (m, 4H). 13C NMR 

(CDCl3): δ 153.5, 98.0, 95.6, 90.8, 84.2, 50.9, 46.5, 32.7, 31.5, 23.5, 22.6, 22.2, 20.7, 14.1, 

14.0, 11.4, 11.2. HRMS (EI) calcd for C23H41NOSi (M+) 375.2952, found 375.2954. 

 

Dihexyl(2-phenylethyl)silylacetylene (2a) 

 

1H NMR (CDCl3): δ 7.28 (t, 3JHH = 7.8 Hz, 2H), 7.21 (d, 3JHH = 7.3 Hz, 2H), 7.17 (t, 

3JHH = 7.1 Hz, 1H), 2.76-2.68 (m, 2H), 2.41 (s, 1H), 1.43-1.21 (m, 16H), 1.04-0.96 (m, 

2H), 0.89 (t, 3JHH = 7.1 Hz, 6H), 0.68-0.60 (m, 4H). 13C NMR (CDCl3): δ 145.0, 128.5, 

128.0, 125.8, 94.7, 87.9, 33.2, 31.6, 30.1, 23.9, 22.7, 15.4, 14.3, 13.2. HRMS (EI) calcd 

for C22H36Si (M+) 328.2581, found 328.2583. 

 

 

 

 

Si

O

N

Si
Ph



 

128 

 

Dihexylvinylsilylacetylene (2b) 

 

1H NMR (CDCl3): δ 6.13-6.01 (m, 2H), 5.97-5.86 (m, 1H), 2.43 (s, 1H), 1.46-1.20 

(m, 16H), 0.88 (t, 3JHH = 6.9 Hz, 6H), 0.75-0.64 (m, 4H). 13C NMR (CDCl3): δ 134.4, 

134.2, 95.0, 86.9, 33.1, 31.7, 23.7, 22.7, 14.2, 13.5. HRMS (EI) calcd for C16H30Si (M+) 

250.2111, found 250.2114. 

 

Dihexylphenylsilylacetylene (2c) 

 

1H NMR (CDCl3): δ 7.65-7.59 (m, 2H), 7.42-7.33 (m, 3H), 2.53 (s, 1H), 1.48-1.19 

(m, 16H), 0.93-0.81 (m, 10H). 13C NMR (CDCl3): δ 135.0, 134.4, 129.6, 128.0, 95.7, 

87.0, 33.1, 31.6, 23.8, 22.7, 14.2, 14.0. HRMS (EI) calcd for C20H32Si (M+) 300.2268, 

found 300.2269. 

 

Dibutyl(dibutyl(4-(2-methoxy)ethoxyphenylethynyl)silylethynyl)silylacetylene (4b) 

 

1H NMR (CDCl3): δ 7.41 (d, 3JHH = 8.7 Hz, 2H), 6.85 (d, 3JHH = 8.7 Hz, 2H), 4.12 (t, 

3JHH = 4.6 Hz, 2H), 3.75 (t, 3JHH = 4.6 Hz, 2H), 3.45 (s, 3H), 2.44 (s, 1H), 1.55-1.35 (m, 

16H), 0.97-0.87 (m, 12H), 0.83-0.72 (m, 8H). 13C NMR (CDCl3): δ 159.3, 133.8, 115.4, 
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114.6, 111.9, 110.0, 106.9, 94.8, 87.6, 85.5, 71.0, 67.5, 59.4, 26.12, 26.08, 26.0, 25.9, 

14.6, 14.2, 13.9, 13.8. HRMS (EI) calcd for C31H48O2Si2 (M+) 508.3193, found 508.3194. 

 

Dihexyl(diphenyl(dihexyl(phenylethynyl)silylethynyl)silylethynyl)silylacetylene 

(5b) 

 
1H NMR (CDCl3): δ 7.76 (d, 3JHH = 6.4 Hz, 2H), 7.52-7.46 (m, 2H), 7.45-7.28 (m, 

9H), 2.45 (s, 1H), 1.62-1.18 (m, 32H), 0.98-0.75 (m, 20H). 13C NMR (CDCl3): δ 135.0, 

132.5, 132.3, 130.4, 129.0, 128.4, 128.1, 123.0, 114.4, 113.3, 108.7, 108.1, 107.1, 95.2, 

89.0, 85.1, 32.8, 32.7, 31.7, 31.6, 23.8, 23.6, 22.72, 22.68, 14.7, 14.4, 14.29, 14.26. 

HRMS (EI) calcd for C50H68Si3 (M+) 752.4623, found 752.4627. 

 

General Procedure for Table 2, Table 3 (Entries 1 and 3), Table 4, Table 5 (Entries 
1 and 2), and Equations 1–3. 

Triethylamine (10.4 µL, 74.6 µmol) and THF (0.3 mL) were added to a solution of 

[RhCl(tfb)]2 (2.7 mg, 7.5 µmol Rh) in THF (0.2 mL). This was stirred for 5 min at –10 

ºC and monomer 1, 3, 4, or 5 (0.250 mmol) was added with the aid of THF (0.5 mL). The 

mixture was stirred for 22 h at –10 ºC and warmed to room temperature. This was added 

dropwise to stirring MeOH (50 mL) with the aid of CH2Cl2 (5.0 mL), and the precipitates 

that formed were collected by filtration and the solid thus obtained was dried under 

vacuum to afford poly-1, poly-3, poly-4, or poly-5. 
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Table 2, Entry 1. Purple solid. 96% yield (77.7 mg). Td = 390 ºC (5% weight loss). The 
same polymerization was conducted using 1.00 mmol of monomer 1a and the reaction 
progress (by 1H NMR against an internal standard (1,4-dimethoxybenzene)) and the 
molecular weight of the polymer component (by SEC against a polystyrene standard) 
were checked to confirm the chain-growth nature of this stitching polymerization: Mn = 
25000, Mw/Mn = 1.7 at 16% conversion; Mn = 32000, Mw/Mn = 1.7 at 31% conversion; 
Mn = 66000, Mw/Mn = 1.8 at 59% conversion. 
 
1H NMR (400 MHz in CDCl3) 

 
 

Inverse gated 13C NMR (176 MHz in CDCl3) 
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Table 2, Entry 2. Purple solid. 88% yield (505 mg).The polymerization was conducted 
on a 2.00 mmol scale. Td = 355 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 
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Table 2, Entry 3. Red solid. 92% yield (67.1 mg). 6 mol% Rh of [RhCl(tfb)]2 and 60 
mol% of triethylamine were used. Td = 336 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 
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Table 2, Entry 4. Purple solid. 82% yield (65.6 mg). 6 mol% Rh of [RhCl(tfb)]2 and 60 
mol% of triethylamine were used. Td = 322 ºC (5% weight loss).  
 

1H NMR (498 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 
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Table 2, Entry 5. Purple solid. 95% yield (72.4 mg). 6 mol% Rh of [RhCl(tfb)]2 and 60 
mol% of triethylamine were used at 20 ºC. Td = 370 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 
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Table 4, Entry 1. Purple solid. 78% yield (105 mg). 6 mol% Rh of [RhCl(tfb)]2 and 60 
mol% of triethylamine were used. Td = 329 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 

 
Inverse gated 13C NMR (176 MHz in CDCl3) 
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Table 4, Entry 3. Purple solid. 93% yield (485 mg). The polymerization was conducted 
on a 1.00 mmol scale and 6 mol% Rh of [RhCl(tfb)]2 and 60 mol% of triethylamine were 
used. Td = 389 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 
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Table 5, Entry 1. Purple solid. 79% yield (76.3 mg). The polymerization was conducted 
on a 0.125 mmol scale and 20 mol% Rh of [RhCl(tfb)]2 and 200 mol% of triethylamine 
were used. Incorporation efficiency of internal alkynes (83%) was estimated by the area 
ratio of sp2 carbon peaks, sp carbon peaks, and sp3 carbon peaks of the quantitative 13C 
NMR spectrum. Td = 287 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

Inverse gated 13C NMR (176 MHz in CDCl3) 
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Table 5, Entry 2. Purple solid. 89% yield (84.2 mg). The polymerization was conducted 
on a 0.125 mmol scale and 20 mol% Rh of [RhCl(tfb)]2 and 200 mol% of triethylamine 
were used. Incorporation efficiency of internal alkynes (97%) was estimated by the area 
ratio of sp2 carbon peaks, sp carbon peaks, and sp3 carbon peaks of the quantitative 13C 
NMR spectrum. Td = 282 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

Inverse gated 13C NMR (176 MHz in CDCl3) 
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Table 6, Entry 2. Purple solid. 90% yield (73.3 mg). 

 

 

Equation 1. Red solid, 98% yield (75.2 mg). The polymerization was conducted on a 
0.500 mmol scale. Td = 253 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 
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Equation 2. Purple solid. 70% yield (89.6 mg). 6 mol% Rh of [RhCl(tfb)]2 and 60 mol% 
of triethylamine were used at 20 ºC. Td = 260 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 

 
 

Si

Si

R R

R R

n
R =

N(sec Bu)2



 

141 

 

 

Equation 3. Purple-red solid. 98% yield (140 mg). 12 mol% Rh of [RhCl(tfb)]2 and 120 
mol% of triethylamine were used at 60 ºC. Molecular weights were not determined due 
to the poor solubility in THF. Td = 238 ºC (5% weight loss). 
 

1H NMR (498 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3/C6F6) 

 

 

Procedure for Table 6 (Entries 3 and 4) 
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THF (0.3 mL) were added to a solution of [RhCl(tfb)]2 (2.7 mg, 7.5 µmol Rh) in THF 

(0.2 mL). This was stirred for 5 min at –10 ºC and monomer 1a or 1a-d (0.250 mmol) 

was added with the aid of THF (0.5 mL). The mixture was stirred for 22 h at –10 ºC and 

warmed to room temperature. This was added dropwise to stirring MeOH (50 mL) with 

the aid of CH2Cl2 (5.0 mL), and the precipitates that formed were collected by filtration 

and the solid thus obtained was dried under vacuum to afford poly-1a or poly-1a-d. 

 

 

Entry 3. Purple solid. 82% yield (66.8 mg). 

 

 

Entry 4. Purple solid. 90% yield (73.8 mg). 

 
Procedure for Equation 4 

 

A solution of tetrabutylammonium fluoride (394 mg, 1.25 mmol; trihydrate) in THF 

(10 mL) was added to a solution of poly-1b (143 mg) in THF (10 mL), and the mixture 
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was stirred for 22 h at 60 ºC. After cooled to room temperature, this was washed with 

H2O and extracted with toluene. The organic layer was concentrated and this was added 

dropwise to stirring MeOH (50 mL) with the aid of CH2Cl2 (5 mL), and the precipitates 

that formed were collected by filtration. The resulting solid was dissolved in CH2Cl2 (5 

mL) and this was added dropwise to stirring hexane (50 mL) with the aid of CH2Cl2 (5 

mL). The precipitates that formed were collected by filtration and the solid thus obtained 

was dried under vacuum to afford poly-6b as a red solid (85.3 mg; 84% yield). The 

desilylation efficiency (95%) was estimated by the 1H NMR spectrum. Td = 327 ºC (5% 

weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 
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Procedure for Equation 5 

 

A solution of tetrabutylammonium fluoride (789 mg, 1.25 mmol; trihydrate) in THF 

(10 mL) was added to a solution of poly-4b (262 mg) in THF (10 mL), and the mixture 

was stirred for 22 h at 60 ºC. After cooled to room temperature, this was washed with 

H2O and extracted with toluene. The organic layer was concentrated and this was added 

dropwise to stirring MeOH (50 mL) with the aid of CH2Cl2 (5 mL), and the precipitates 

that formed were collected by filtration. The resulting solid was dissolved in CH2Cl2 (5 

mL) and this was added dropwise to stirring hexane (50 mL) with the aid of CH2Cl2 (5 

mL). The precipitates that formed were collected by filtration and the solid thus obtained 

was dried under vacuum to afford poly-7b as a dark red solid (109 mg; 95% yield). The 

desilylation efficiency (94%) was estimated by the 1H NMR spectrum. Td = 275 ºC (5% 

weight loss). 
 

1H NMR (498 MHz in CDCl3) 
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13C NMR (101 MHz in CDCl3) 

 
 
Procedure for Polyphenylacetylene. 

 

Phenylacetylene (102 mg, 1.00 mmol) and THF (2.0 mL) were added to a solution of 

[Rh(OH)(cod)]2 (3.4 mg, 15 µmol Rh) in THF (2.0 mL), and the mixture was stirred for 

22 h at 60 ºC. This was added dropwise to stirring MeOH (50 mL) with the aid of CH2Cl2 

(5.0 mL), and the precipitates that formed were collected by filtration and the solid thus 

obtained was dried under vacuum to afford polyphenylacetylene as a yellow solid (81.4 

mg; 80% yield, Mn = 24000, Mw/Mn = 1.8). Td = 258 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 
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13C NMR (101 MHz in CDCl3) 

 

 
Procedure for Poly(4-(2-methoxyethoxy)phenyl)acetylene. 

 

4-(2-Methoxyethoxy)phenylacetylene (88.0 mg, 0.500 mmol) and THF (1.0 mL) 

were added to a solution of [Rh(OH)(cod)]2 (3.4 mg, 15 mmol Rh) in THF (1.0 mL), and 

the mixture was stirred for 2 days at room temperature. This was added dropwise to 

stirring MeOH (50 mL) with the aid of CH2Cl2 (5.0 mL), and the precipitates that formed 

were collected by filtration and the solid thus obtained was dried under vacuum to afford 

poly(4-(2-methoxyethoxy)phenyl)acetylene as a yellow solid (73.5 mg; 84% yield, Mn = 

44000, Mw/Mn = 2.0). Td = 307 ºC (5% weight loss). 
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1H NMR (400 MHz in CDCl3) 

 
 
13C NMR (101 MHz in CDCl3) 

 
 
Procedure for Poly-1i. 

 

(1,2,2-Triphenylvinyl)lithium (600 µL, 60.0 µmol; 0.10 M solution in toluene) and 

THF (0.3 mL) were added to a solution of [RhCl(tfb)]2 (10.9 mg, 30.0 µmol Rh) in THF 

(0.2 mL). This was stirred for 5 min at room temperature and monomer 1i (34.0 mg, 0.250 

mmol) was added with the aid of THF (0.5 mL). The mixture was stirred for 22 h at room 

temperature, and this was added dropwise to stirring MeOH (50 mL) with the aid of 
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CH2Cl2 (5.0 mL). The precipitates that formed were collected by filtration and the solid 

thus obtained was dried under vacuum to afford poly-1i as a purple solid (32.0 mg; 94% 

yield, Mn = 3300, Mw/Mn = 2.5). Td = 188 ºC (5% weight loss). 
 

1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 
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Procedure for Poly-6j. 

 

Triethylamine (41.8 µL, 300 µmol) and THF (1.2 mL) were added to a solution of 

[RhCl(tfb)]2 (10.9 mg, 30.0 µmol Rh) in THF (0.8 mL). This was stirred for 5 min at 20 

ºC and monomer 1j (376 mg, 1.00 mmol) was added with the aid of THF (2.0 mL). The 

mixture was stirred for 22 h at 20 ºC and this was added dropwise to stirring MeOH (50 

mL) with the aid of CH2Cl2 (5.0 mL). The precipitates that formed were collected by 

filtration and the solid thus obtained was dried under vacuum to afford poly-1j as a purple 

solid (291 mg; 78% yield, Mn = 33000, Mw/Mn = 1.9). 

A solution of tetrabutylammonium fluoride (197 mg, 0.625 mmol; trihydrate) in THF 

(5 mL) was added to a solution of poly-1j (93.9 mg) in THF (5 mL), and the mixture was 

stirred for 22 h at 60 ºC. After cooled to room temperature, this was washed with H2O 

and extracted with toluene. The organic layer was concentrated and this was added 

dropwise to stirring hexane (50 mL) with the aid of CH2Cl2 (5 mL). The precipitates that 

formed were collected on Celite with hexane, and this was dissolved in CH2Cl2 and 

concentrated under vacuum to afford poly-6j as a dark red solid (40.1 mg; 83% yield, Mn 

= 6000, Mw/Mn = 2.4). Td = 201 ºC (5% weight loss). 
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1H NMR (400 MHz in CDCl3) 

 
 

13C NMR (101 MHz in CDCl3) 
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