
i 

 

Contents 

 

Contents i~ii 

Abstract iii~vi 

 

Chapter 1  General Introduction 

1-1 Introduction 2 

1-2 Synthesis of Multisubstituted Olefins 2 

1-2-1 Substitution of Alkenes 3 

1-2-2 Addition of Alkynes 7 

1-2-3 Carbonyl Olefination 13 

1-2-4 Elimination 15 

1-2-5 Other Methods 16 

1-3 Summary 18 

1-4 References and Notes 19 

 

Chapter 2  Synthesis of Alkynylboron Compounds toward Multialkylated Olefins 

2-1 Introduction 24 

2-2 Results and Discussion 25 

2-2-1 Synthesis of Alkynylboronates 25 

2-2-2 Alkyl-substituted Alkynylboronates in Synthesis of  

Multialkylated Olefins 28 

2-3 Summary 32 

2-4 Experimental Section 33 

2-4-1 General Instrumentation and Chemicals 33 

2-4-2 Experimental Procedures 33 

2-4-3 Copies of 
1
H and

 13
C{

1
H} NMR Charts for the New Compounds 48 

2-5 References and Notes 66 

 

Chapter 3  Regio- and Stereoselective Silylborylation of an 

Alkynylboronate/Chemoselective Cross-Coupling Sequences 

3-1 Introduction 70 



ii 

 

3-2 Results and Discussion 71 

3-2-1 Regio- and Stereoselective Silylborylation 71 

3-2-2 Chemoselective Suzuki-Miyaura Coupling of Silylborylated Compounds 73 

3-2-3 Synthesis of a Triarylated Olefin 79 

3-2-4 Synthesis of a Tetraarylated Olefin 80 

3-3 Summary 81 

3-4 Experimental Section  82 

3-4-1 General Instrumentation and Chemicals 82 

3-4-2 Experimental Procedures 82 

3-4-3 Structural Determination of Compounds by X-ray Analysis 92 

3-4-4 Copies of 
1
H and

 13
C{

1
H} NMR Charts for the New Compounds 99 

3-5 References and Notes  111 

 

Chapter 4  Synthesis of Multisubstituted Olefins through Diborylation of 

Alkynylsilanes and Highly Chemoselective Suzuki-Miyaura Couplings 

Sequences 

4-1 Introduction 116 

4-2 Results and Discussion 117 

4-2-1 Diborylation of Alkynylsilanes 117 

4-2-2 Chemoselective Suzuki-Miyaura Coupling of Diborylated Compounds 117 

4-2-3 Synthesis of Triarylated Olefins 120 

4-3 Summary 121 

4-4 Experimental Section 122 

4-4-1 General Instrumentation and Chemicals 122 

4-4-2 Experimental Procedures 122 

4-4-3 Copies of 
1
H and

 13
C{

1
H} NMR Charts for the New Compounds 136 

4-5 References and Notes 154 

 

Conclusion 157 

List of Publications 163 

Presentations 193 

Acknowledgments 195 



iii 

 

Abstract 

Highly regio- and stereoselctive synthesis of multisubstituted olefins presents a 

particular challenge in organic synthesis.  Chemists are still dedicating big efforts to 

exploit facile, practical, and efficient pathways to synthesize multisubstituted olefins with 

various functional groups owing to their wide range of application in natural products and 

pharmaceuticals as well as organic functional materials.  

In this PhD Thesis, the Author focuses on the synthesis of multisubstituted olefins from 

the readily available starting substrates.  A series of alkynylmetal species such as 

alkynylboronates and alkynylsilanes were prepared for transition-metal-catalyzed addition 

with Si–B and B–B bond-containing inter-element compounds.  Highly selective 

syn-dimetalation reactions could offer versatile and suitable multimetalated olefin 

templates.  The subsequent Suzuki-Miyaura cross-couplings were well screened to 

discriminate the different boron groups and to introduce substituents chemoselectively.  

The successful transformation of the silicon functionalities to halogen realized a further 

functionalization to afford multiarylated olefins.  This PhD Thesis supplies a good 

combination of well-documented fundamental reactions, which reads to the synthesis of 

multisubstituted olefins. 

Chapter 2. Synthesis of Alkynylboron Compounds Directed toward Multialkylated 

Olefins 

Alkynylboron compounds are versatile synthetic building blocks for diverse structures 

in organic synthesis.  Owing to their stability, moderate reactivity, and ease of handling, 

alkynylboronic acid pinacol esters have been most widely used among all the 

alkynylboron compounds.  In this Chapter, the Author successfully synthesized a series 

of alkynylboronates bearing alkyl and aryl groups, which could be utilized for the 

synthesis of multialkylated olefins.  The simple and general synthetic methods starting 

from terminal alkynes afforded alkynylboronates in moderate to good yields. 
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The synthesized alkynylboron compounds are subjected to the synthesis of 

multialkylated olefins, indicating that alkynylboron compounds are versatile and 

synthetically valuable substrates in organic synthesis. 

 

 

Chapter 3. Synthesis of Multisubstituted Olefins through Regio- and Stereoselective 

Silylborylation of an Alkynylboronate/Chemoselective Cross-Coupling Sequences 

In this Chapter, the synthesis of multisubstituted olefins, in particular, unsymmetrical 

tetraarylethenes is reported.  Tetraarylethenes, one of significant classes of 

multisubstituted olefins, owing to their interesting photophysical and redox properties, are 

valuable synthetic targets in materials science. 

 

In Chapter 3, a highly regio- and stereoselective silylborylation of an alkynylboronate is 

disclosed.  PhMe2Si–Bpin (Bpin: pinacolatoboryl) underwent the 

Pd(OAc)2/t-OctNC-catalyzed syn-addition to an alkynylboronate to yield 

1-phenyl-1-silyl-2,2-diborylethene with high regioselectivity.  The obtained product was 
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then chemoselectively arylated by Suzuki-Miyaura coupling to afford 

(Z)-1-silyl-2-borylstilbene derivatives whose structure was confirmed by X-ray analysis.  

By examining various reaction conditions, 5 mol% PdCl2(dppf) was proved to be efficient 

to yield the desired products with high chemoselectivity.  A diversity of aryl iodides and 

bromides demonstrated good performance to afford (Z)-1-silyl-2-borylstilbenes in good 

yields.  The second aryl groups were successively introduced to the remaining boron 

moiety.  The silyl group was also transformed to the aryl group with desilybromination in 

the presence of Br2/NaOMe, followed by Suzuki-Miyaura cross-couplings.  At last, this 

approach was extended to the synthesis of a tetraarylated olefin with four different 

substituents. 

Chapter 4. Synthesis of Multisubstituted Olefins through Regio- and Stereoselective 

Diborylation of Alkynylsilanes/Chemoselective Cross-Coupling Sequences  

As the continuous research interests in regio- and stereoselective synthesis of 

multisubstituted olefins, a more efficient synthetic pathway was reported in this Chapter. 

 

Bis(pinacolato)diboron (B2pin2) underwent the Pt(PPh3)4-catalyzed syn-addition to 

alkynylsilanes to yield 1-aryl-1-silyl-2,2-diborylethenes in good yields with a perfect 

stereoselectivity.  Sequential chemoselective Suzuki-Miyaura couplings were screened 

with several palladium catalysts.  Among them, PdCl2(dppp) and PEPPSI-IPr performed 

well to give rise to (Z)-1-boryl-silylated stilbene derivatives with a perfect 
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chemoselectivity up to >99:1.  The configuration of the product was unambiguously 

determined by means of the results obtained in previous work described in Chapter 3.  

The two boron moieties were perfectly discriminated to render this synthetic strategy more 

facile and atom economic.  A wide range of aryl halides regardless electron-donating, 

-withdrawing, and reactive functional groups such as –OMe, –CF3, –Cl, –CO2Et, –Ac, –

CN, –NO2, etc. were examined in the chemoselective Suzuki-Miyaura cross-couplings.  

The subsequent Suzuki-Miyaura cross-coupling readily introduced the second aryl groups 

in good yields.  Moreover, various regio- and stereoisomers of multisubstituted olefins 

were successfully synthesized.  This protocol would provide an alternative to more 

efficient and practical synthesis of tetraarylethenes.  The further transformations of the 

silyl groups to the aryl groups more efficiently are now in progress.   
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General Introduction 
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1-1 Introduction 

Multisubstituted olefins represent one of the most widely occurring and important 

classes of organic compounds.
1
  Multisubstituted olefins reflect their significance in their 

wide utilization in biologically active substances such as Tamoxifen,
2
 Vioxx,

3
 natural 

products such as Nileprost analogues,
4
 epi-Illudol,

5
 insect sex hormones derivatives such 

as diene I and triene II (Figure 1-1).
6
  Moreover, multiarylated olefins and their 

derivatives are implicated in various materials such as liquid crystals and optoelectronic 

materials owing to their physical and electronic properties (Figure 1-2).
7
  

 

Figure 1-1 

 

Figure 1-2 

The synthesis of mono- and disubstituted olefins has been impressively developed and 

well established, but the synthesis of multisubstituted (tri- and tetrasubstituted) olefins has 

still faced many challenges for years.  

 

1-2 Synthesis of Multisubstituted Olefins 
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There are four representative types of the olefin synthesis, as listed in Scheme 1-1.  

(1) Substitution of alkenes: e.g., transition-metal-catalyzed cross-coupling reactions of 

suitable coupling partners with C−X, C−M or C−H on a C=C bond.  

(2) Addition to alkynes: e.g., transition-metal-catalyzed hydrometalation, carbometalation, 

dimetalation, etc. 

(3) Carbonyl olefination: e.g., Wittig and Horner-Wadsworth-Emmons reaction, McMurry 

coupling, Julia-Lythgoe olefination, etc. 

(4) Elimination from alkanes: e.g., Hofmann elimination, Cope elimination, β-elimination 

from sulfoxide or selenoxide, etc. 

Scheme 1-1 

 

Besides, other synthetic methods such as olefin metathesis are also useful to obtain 

multisubstituted olefins. 

1-2-1  Substitution of Alkenes 

The Pd-catalyzed alkenylation has evolved since the mid-1970s into arguably the most 

general and highly selective method for the synthesis of substituted olefins.  The scope of 

Pd-catalyzed alkenylation is fundamentally limited by an availability of the required 

alkenyl precursors.  It has become critically important to synthesize alkenyl metals or 

alkenyl halides efficiently and selectively for substituted olefins.  Conventional addition 

reactions to alkynes, such as hydrometalation,
8
 carbometalation,

9
 halometalation,

10
 and 
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dimetalation
11

 provide various alkenyl intermediates for coupling reactions (Scheme 1-2).  

Nevertheless, these approaches have been extensively developed in the synthesis of di-, 

and trisubstituted alkenes, but they have limitations in various synthesis of tetrasubstituted 

olefins.  

Scheme 1-2 

 

As long as the requisite alkenyl reagents can be obtained, Pd-catalyzed alkenylation 

would provide a wide range of tetrasubstituted olefins with defined regio- and 

stereochemistry.  As representative examples of the tetrasubstituted olefin synthesis, two 

following routes to an anticancer agent (Z)-tamoxifen are shown in Scheme 1-3: 

Ni-catalyzed carbozincation/Negishi coupling sequences
12

 or Cu-catalyzed 

carbomagnesiation/Suzuki-Miyaura coupling sequences.
13

 

Scheme 1-3 

 



5 

 

 

One of the recent successful examples of the multisubstituted olefin synthesis via 

coupling reactions has been disclosed by Itami and Yoshida et al.
14

  The synthesis of 

multisubstituted olefins was developed from vinyl-element compounds as the platform via 

successive installation of the aryl substituents at the C=C bond.  

Scheme 1-4 

 

As shown in Scheme 1-4, they utilized Pd-catalyzed double Mizoroki-Heck reactions to 

install two aryl groups at the two β-C−H bonds of 1 in one-pot.  The successive 

installation of the third aryl group in the α-C−H bond by α-lithiation of 3 with t-BuLi and 

the subsequent cross-coupling reaction with aryl halides in the presence of the 

Pd(PPh3)4/CuI catalyst. 

Ferreira et al.
15

 have developed a stereoselective synthesis of tetrasubstituted olefins 

through halosilylation of alkynes via migration of the silicon group and sequential 

cross-couplings installing the carbon substituents to produce tetrasubstituted olefins with a 

desired geometry exclusively (Scheme 1-5).   
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Scheme1-5 

 

Clark and his coworkers
16

 have reported the ruthenium-catalyzed novel 

trans-silylvinylation of internal alkynes, followed by Pd-catalyzed cross-couplings, which 

afforded tetrasubstituted olefins with high regio- and stereoselectivities (Scheme 1-6). 

Scheme 1-6 

 

Very recently, Ingleson used a series of novel boronium and borenium cations for 

selective haloborylation of internal alkynes.
17

  Compared to terminal alkynes, 

haloborylation of internal alkynes with boron trihalides was difficult to achieve due to 

their steric hindrance.  The stronger Lewis acidic borenium cations demonstrated higher 

reactivities toward unreactive internal alkynes.  The generated vinyl haloboronates were 

successfully subjected to cross-couplings for the synthesis of tetrasubstituted olefins 

(Scheme 1-7). 
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Scheme 1-7 

 

As examples shown above, Pd-catalyzed cross-coupling of alkenes have proved to be 

most widely used fundamental class of reactions for the synthesis of multisubstituted 

olefins.  Any new and satisfactory methods discovered for the preparation of 

multisubstituted alkenyl metals and alkenyl halides would automatically and continuously 

keep expanding the synthetic horizon of the Pd-catalyzed cross-coupling reactions. 

1-2-2  Addition to Alkynes 

In the aforementioned alkenylation via cross-coupling reactions, before the critical 

formation of the desired multisubstituted olefins, alkenyl reagents or intermediates are 

prepared by addition reactions across various alkynes, which have been extensively 

explored as convenient and readily available methods for the synthesis of multisubstituted 

olefins.  Regio- and stereocontrol are two important issues to achieve the high 

demanding of regio- and stereointegrity, in particular, when unsymmetrical alkynes were 

involved. 

The regioselectivity can be addressed using the directing groups which have steric and 

electronic effects, or chelating in nature.  For stereoselectivity, addition to alkynes might 

proceed in two pathways, e.g., in syn or anti fashion, which might be controlled by nature 

of metals and catalysts, or reaction conditions. 

1-2-2-1  Carbometalation to Alkynes 

Carbometalation to alkynes has been the most widely used method for the formation of 

multisubstituted olefins. 

(1) Carbocupration 



8 

 

Some of the earliest explored carbometalation involved organocopper reagents, termed 

as carbocupration.  For most carbocupration reactions, syn-addition prevails but 

regioselectivity is usually dependent on the substituents of alkynes.
18

 

Alexakis et al. succeeded an early example of carbocupration of alkynyl acetals with 

high regio- and stereointegrity at low temperatures.
19

  Copper species derived from 

organolithium reagents were required, and the reactions had to be conducted in THF to 

avoid a competing elimination pathway forming allenes.  The tetrasubstituted olefins 

could be obtained using electrophilic alkyl halides.  Moreover, palladium-mediated 

cross-couplings were followed by the in-situ conversion of cuprates to afford the 

corresponding zinc species (Scheme1-8). 

Scheme 1-8 

 

Carbocupration of acetylenic esters was later reported.
20

  Stereoisomerization of the 

generated organocuprate species occurred through enolization of the intermediate copper 

anion, while excellent regio- and stereoslectivities were achieved recently by using 

additives such as HMPA and 12-crown-4 to control the extent of allenoate formation 

(Scheme 1-9).
21

 

Scheme 1-9 

 

Konno has reported the highly regio- and stereoselective carbocupration of 

fluoroalkylated internal alkynes, which were successfully utilized in the short, 

stereoselective total synthesis of the antiestrogenic drug panomifene (Scheme 1-10).
22
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Scheme 1-10 

 

(2) Carbozincation 

Organozinc reagents have also been used in several instances to prepare tetrasubstituted 

olefins.  For example, carbozincation to alkynes was described in the presence of the 

nickel catalyst to undergo a syn-addition to diphenylacetylene, which afforded vinylzinc 

intermediates which were captured with different electrophiles (Scheme 1-11).12 
 

Scheme 1-11 

 

Yorimitsu and Oshima reported that allylzincation of 1-aryl-1-alkynes took place with 

high regio- and stereoselectivity when the reaction was catalyzed by cobalt (Scheme 

1-12).
23

 

Scheme 1-12 

 

Recently, Gosmini et al. gave another example of carbozincation of internal alkynes 

using arylzinc reagents with the cobalt catalyst (Scheme 1-13).
24
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Scheme 1-13 

 

(3) Carbozirconation 

Carbozirconation is a highly reliable method to functionalize alkynes, proceeding with a 

high degree of regio- and stereoselectivity.  This reaction, consistently providing 

syn-isomers with regioselectivity, has been extensively studied.  These reagents have a 

significant potential for preparing multsubstituted olefins.  Takahashi 
25

 (Scheme 1-14) 

and Nishihara
26

(Scheme 1-15) described a series of zirconium-based methods to construct 

multisubstituted olefins. 

Scheme 1-14 

 

Scheme 1-15 

 

 

(4) Carboborylation 
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The use of boron for the carbometalation of alkynes offers significant advantages owing 

to the low toxicity, mild reactivity of organoboron reagents.  Moreover, the synthesized 

intermediate vinylboron compounds as excellent cross-coupling partners render 

subsequent functionalization facile. 

Suginome et al. reported carboborylation, in which a B−C bond in alkynylboranes 

added to a carbon−carbon triple bond in alkynes.  The intermolecular alkynylborylation 

proceeded in the presence of the phosphine-nickel catalysts to give 1-boryl-enyne 

derivatives in good yields (Table 1-1).
27

 

Table 1-1 

 

entry a R1 R2 Yield/% b regioselectivity cis/trans 

1 n-Pr n-Pr 92 (99) -- 92:8 

2 CH2Ph CH2Ph 67 (76) -- 96:4 

3 Ph Me 57 (62) 81:19 90:10 

4 Ph Et 65 (79) 92:8 87:13 

5 Ph n-Bu 68 (80) 93:7 89:11 

6 p-MeOC6H4 n-Bu 71 (99) 93:7 73:27 

7 1-Nap Me 51 (79) 88:12 99:1 

8 p-EtO2CC6H4 n-Bu 51 (79) 92:8 93:7 

9 Ph (CH2)2CH=CH2 60 (72) 94:6 89:11 

a A mixture of Ni(cod)2 (5 mol%), and PCy3 (20 mol%) in toluene at 80°C, unless otherwise noted. 

b Isolated yields, NMR yields in parentheses. 

Although a pioneer work by Suginome demonstrated that carboborylation of alkynes 

occurred via a direct activation of the B−C bond, or three-component couplings with 

boron electrophiles and carbon nucleophiles,
28

 it is still highly desirable to search 

carboborylation that requires less expensive metals, non-functionalized alkynes, and 

commercially available boron sources.  Recently, the copper-mediated formal 
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carboborylation reactions of alkynes have been developed by Tortosa
29

, (Scheme 1-16) 

and Yoshida,
30

 respectively (Table 1-2).  

Scheme 1-16 

 

 

Table 1-2 

 

entry R R' time/h Yield/% 5:5'ratio 

1 p-MeOC6H4 p-MeOC6H4 54 67 -- 

2 Ph p-MeOC6H4 29 84 52:48 

3 Ph 4-BrC6H4 27 58 51:49 

4 Ph 2-Thienyl 27 49 55:45 

5 Me Ph 24 54 >99:1 

6 Et Ph 15 50 >99:1 

7 n-Pr n-Pr 24 57 -- 

8 Me n-Pent 8 46 80:20 

9 H Ph 46 44 >99:1 

10 H n-Hex 32 51 56:44 

11 H Cyclopent 52 48 55:45 

a A mixture of alkyne (0.3 mmol), B2pin2 (1.3 equiv), BnCl (3 equiv), Cu(OAc)2 (2 mol%) 

and PCy3 (7 mol%), KOt-Bu (1.5 equiv) in DMF at 50°C. b Isolated yields. 

(5) Other Carbometalation  

Carbostannylation,
31

 another useful way for multisubstituted olefin preparation has 

received somewhat less attention than other carbometalation.  This synthetic methods 

using organotin reagents often encounters some problems of toxicity and purification.  

Compared to the common syn-type carbometalation of alkynes, carbolithiation
32

 and 

carbomagnesiation
13,33

 often proceed in a trans fashion.  Other carbometalation such as 

carboalumination
34

 and carbopalladation
35

 were also less studied but offered alternative 

synthetic routes from unique molecules. 
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1-2-2-2  Dimetalation 

Transition metal–catalyzed dimetalation
36

 of unsaturated organic molecules has 

received much attention in the past two decades after the large emergence of 

inter-element
37

 compounds.  Because the low toxic, economical, and maturely synthetic 

studies of compounds,
38

 organic compounds containing Si–Si,
39

 B–B,
40

 Si–B,
41

 Sn–B,
42

 

and Si–Sn
43

 bonds intrigued organic chemists to synthesize borylated or silylated olefins 

and to obtain more useful bioactive chemicals or functional materials via elaborative 

bond-forming reactions.  The dimetalation of Si–B and B–B across alkynes for the 

synthesis of multisubstituted olefin will be introduced in Chapters 3 and 4. 

1-2-3  Carbonyl Olefination 

As another class of synthetic route to multisubstituted olefins, carbonyl olefination 

processes display serious limitations for the formation of unsymmetrical tetrasubstituted 

olefins.  Most of these methodologies are strongly affected by a steric hindrance.  

Therefore, the yields of tetrasubstituted olefins are generally low and mixtures of 

stereoisomers are always obtained.  Nevertheless, most of the standard carbonyl 

olefination have been employed in the synthesis of tetrasubstituted olefins.  Wittig and 

Horner-Wadsworth-Emmons, Julia-Lythgoe, and metal carbene as representative classes 

of carbonyl olefination are described below. 

1-2-3-1  Wittig and Horner-Wadsworth-Emmons Reactions 

 

Up to a few decades ago, tetrasubstituted olefins were prepared by carbonyl olefination 

represented by the phosphorus-based Wittig olefination (eq 1-1) and its variant 

Horner-Wadsworth-Emmons (HWE) reaction.  The early Wittig reactions were employed 

to synthesize symmetrically substituted alkylidene cyclobutanes
44

 and cyclopropanes.
45

  

Corey and Kwiatkowski found that HWE reaction could be used for tetrasubstituted 

olefins.
46

  The condensation of thiophosphonate with two symmetrical ketones yielded 

tetrasubstituted olefins, as shown in Scheme 1-17.  Although tetrasubstituted olefins can 
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be obtained by Wittig olefination, reports in recent years still illustrate the difficulty in 

preparing unsymmetrical tetrasubstituted olefins.  

Scheme 1-17 

 

1-2-3-2  McMurry Olefination 

The reductive coupling of carbonyl compounds, a range of low-valent titanium-based 

reactions commonly referred to as the McMurry reaction, constitutes an important method 

for the formation of tetrasubstituted olefins and has been extensively reviewed.
47

  Similar 

to other carbonyl olefination, a mixture of E/Z isomers are generally obtained.  But, it has 

been used to prepare highly strained and sterically hindered tetraarylated olefins.
48

  

1-2-3-3  Julia-Lythgoe Olefination 

The formation of olefins from sulfone and carbonyl compounds, known as the 

Julia-Lythgoe olefination, is one of the most powerful tools in modern organic chemistry.  

The initial reductive elimination of the intermediate β-hydroxysulfones using Na-Hg has 

been gradually superseded by mild, more selective, and less toxic reducing agents such as 

SmI2
49

 or Mg
50

 (Scheme 1-18).   

Scheme 1-18 

 

A novel modification of a classical Julia-Lythgoe olefination using sulfoxides instead of 

sulfones affords 1,2-di-, tri-, and tetrasubstituted olefins in moderate to excellent yields 

with high E/Z selectivity, after the in situ benzoylation and SmI2/HMPA- or 
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DMPU-mediated reductive elimination.
51

  The conditions are mild, and the procedure is 

broadly applicable (Scheme 1-19). 

Scheme 1-19 

 

1-2-3-4  Olefination with Metal Carbene Complexes 

The reactions of metal carbene complexes with carbonyl compounds are significantly 

affected by a steric factor, and this process generally cannot form tetrasubstituted olefins.  

This problem can be partially circumvented by the use of gem-dihalides, as illustrated by 

the Takeda’s group (Scheme 1-20).
52

  

Scheme 1-20 

 

1-2-4  Elimination 

Elimination as one of classical pathways in a text book for the synthesis of 

multisubstituted olefins has less been utilized in recent years.  Although E2 reactions 

always ensure the single isomer of the product, the complicated synthesis of the 

multisubstituted alkanes by arranging hydrogen and the leaving groups in an 

antiperiplanar position has a difficulty to achieve. 

Scheme 1-21 shows an example of the synthesis of tetrasubstituted olefins via 

elimination.  Valliant et al. used a base-promoted approach to Tamoxifen analogues.
53

  

Ketone was treated with lithium (trimethylsilyl)acetylide to give a tertiary alcohol with 

undefined stereochemistry.  The crude alcohol was dehydrated using thionyl chloride to 

give a mixture of E and Z alkenes in a 10:1 ratio, with the major isomer being obtained in 

65% yield after purification. 
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Scheme 1-21 

 

1-2-5  Other method--Olefin metathesis 

 

As an alternative technology for the olefin generation, olefin metathesis has been 

focused because of its recent and rapid development.
54

  This transformation allows the 

efficient production of otherwise readily unavailable olefins including heterocycles, 

carbocycles, trisubstituted olefins, and heteroatom-substituted olefins.  Common 

metathesis pre-catalysts are shown in Chart 1-1, Schrock, Grubbs, and Hoveyda have 

made a great effort to improve the reactivity and selectivity of these pre-catalyst to the 

efficient generation of tetrasubstituted olefins. 
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Chart 1-1 

Grubbs and Schrodi et al.
55

 increased an efficiency of the catalysts for ring-closing 

metathesis to form tetrasubstituted olefins from the challenged substrate diethyl 

dimethallylmalonate using the ruthenium catalysts ligated N-heterocyclic carbene, as 

shown in Scheme 1-22. 

Scheme 1-22 

 

 

The success of metathesis in tetrasubstituted olefin synthesis depends on the 

pre-catalyst chosen.  Schrock, Grubbs, and Hoveyda’s pre-catalysts are the most 

commonly employed for a direct ring-closing metathesis.  The application of olefin 

metathesis to tetrasubstituted olefins has not yet been realized in industrial production. 
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1-3 Summary 

All the reactions introduced in this chapter have enjoyed widespread applications in 

organic synthesis.  However, all these reactions are far from truly general methods for 

multisubstituted olefins.  A tuning of reaction conditions might result in the selective 

synthesis of one of the possible isomers, but the synthesis of all possible isomers is almost 

impossible with these conventional methods. 
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2-1 Introduction 

Alkynylboron compounds consisting of alkynyl and boron moieties can be categorized 

according to the substituents on the boron atom, such as alkynylboranes, -boronates, and 

-borates.  In this Chapter, the synthesis and reactions of alkynylboron compounds are 

systematically introduced.  Alkynylpinacolatoboranes and alkynyltrifluoroborates are the 

most widely utilized classes in organic reactions, owing to their stability and ease of 

handling.  Other alkynylboron compounds have also been developed as convenient 

substrates for various organic reactions.  Thanks to the dedication of many chemists in 

this field, great advances of a facile synthesis and a wide utilization of alkynylboron 

compounds have been made with these versatile building blocks for diverse structures in 

organic synthesis. 

Organic chemistry of organoboron compounds has been widely developed because 

these compounds are readily available, water-stable, and non-toxic.  In addition, the 

inorganic by-products are easily separable after the reactions.  Although the research of 

organoboron compounds bearing sp
2
 and sp

3
 carbon-boron bonds has been extensively 

studied,
 1

 the organoboron compounds bearing the sp carbon-boron bonds have received 

less attention.  The utility of alkynylboron compounds in organic synthesis began to be 

investigated in the 1970s when they were found to be useful, diversified synthetic 

intermediates.  Brown et al. in 1987, succeeded in establishing the most reliable synthetic 

method of 1-alkynylboronates simply by lithiation of terminal alkynes and the subsequent 

treatment with triisopropylborate.
2
 Because of features of a facile conversion of the boron 

moieties into other functional groups,
3
 alkynylboron compounds proved to be versatile 

candidates in a series of classical reactions, e.g., coupling, addition, and cycloaddition 

reactions.  Moreover, since alkynylboron compounds bear both alkynyl and boron 

moieties, when alkynylboron compounds are subjected to organic reactions, they show 

additionally unique reactivities that neither typical alkynes nor other organoboron 

compounds possess.  In the past two decades, studies on alkynylboron compounds in 

various organic reactions have been diligently elucidated.   

The use of alkynylboron compounds in synthesis of multisubstituted olefins via 

zirconium chemistry was initially conducted by Srebnik for the synthesis of 

(Z)-1-alkenylboronates that cannot be obtained directly by hydroboration of terminal 
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alkynes due to the syn-addition of hydroboranes to a carbon-carbon triple bond.
4
  

The Author’s research group succeeded in the utilization of a series of alkynylboronates 

in conjunction with zirconacycles in synthesizing alkenylboronates.  The regio- and 

stereoselective synthesis of multisubstituted olefins through zirconacycle formation of 

alkynylboronates were also demonstrated.   

In 2007, the versatile and direct synthesis of tetrasubstituted olefins was developed by a 

regioselective formation of zirconacyclopentenes from aryl-substituted alkynylboronates, 

followed by a series of functionalizations and Cu/Pd-cocatalyzed arylation with various 

aryl iodides (Scheme 2-1).
5
  

Scheme 2-1.  Application of Alkynylboron Compounds for Multisubstituted Olefins. 

 

In this Chapter, the Author introduced the synthesis of alkynylboronates as well as the 

applications of alkyl-substituted alkynylboronates for regio- and stereoselective synthesis 

of multialkylated olefins.   

2-2 Results and Discussion 

2-2-1  Synthesis of Alkynylboronates 
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Alkynylboronates, owing to their stability, moderate reactivity, and ease of handling, 

have been the most widely used among all the alkynylboron compounds.  Based on their 

previous studies in the synthesis of alkyldiisopropylborates,
6

 Brown et al. have 

successfully expanded the high-yield synthesis of 1-alkynylboronates with a wide range of 

substituents in the acetylenic moiety.
2
  This simple and general synthetic method, starting 

from alkynyllithium, triisopropylborate, and hydrogen chloride in diethyl ether, is 

regarded as a facile pathway toward alkynylboronates (Scheme 2-2). 

Scheme 2-2 

 

Based on this method, various alkynylboronates with alkyl and aryl substituents were 

successfully synthesized. 

Table 2-1.  Synthesis of Alkyl-substituted Alkynylboronates.
a
 

 

entry a   yieldb (%) 

1   3b 67 

2   3a 95 

3   3c 94 

4   3d 87 

5c 

 
 3e 86 

a The reactions were carried out using 1 (12 mmol, 1.2 equiv), n-BuLi (12 mmol, 1.2 equiv), i-PrOBpin (10 

mmol). c Isolated yields. b n-BuLi (24 mmol, 2.4 equiv). 

As shown in Table 2-1, linear alkyl groups such as n-Dec, n-Hex, n-Bu bearing 

alkynyllithium was generated from the corresponding alkynes with treatment with n-BuLi, 

to afford 3 in moderate to good yields (Table 2-1, entries 1-3).  Alkynyllithium species 
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with branched alkyl groups such as t-Bu, and i-Pr also proceeded well with i-PrO−Bpin in 

moderate yields (Table 2-1, entries 4 and 5). 

The synthesis of different aryl-substituted alkynylboronates 4 was shown in Table 2-2.  

The corresponding alkynylboronates bearing substituents with electron-donating and 

-withdrawing groups were obtained.  An electrophilic cyano group was found to be 

compatible in the presence of alkynyllithium species.  

Table 2-2.  Synthesis of Aryl-substituted Alkynylboronates 
a
 

 

entry a   yieldb (%) 

1 
  4a 

97 

2 
  4b 

89 

3 
  4c 

66 

4 
  4d 

42 

a The reactions were carried out using 1 (12 mmol, 1.2 equiv), n-BuLi (12 mmol, 1.2 equiv), i-PrOBpin (10 

mmol). b Isolated yield. 

This protocol was also proved to be practical for the synthesis of higher reactive 

alkynylcatecholborane.  It can be concluded that the synthesis of alkynylboronates is 

usually achieved from good nucleophilic alkynyllithium species with boron electrophiles 

(Scheme 2-3).  

Scheme 2-3.  Synthesis of Alkynyl Catecholborane. 
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2-2-2  Alkyl-substituted Alkynylboronates in the Synthesis of Multialkylated Olefins  

Aryl-substituted alkynylboronate was well investigated in the Author’s group for their 

application in the synthesis of multisubstituted olefins (vide supra).  Recently, in the 

application of alkyl-substituted alkynylboronate, unprecedented synthetic methods were 

developed using alkyl-substituted alkynylboronates to synthesize multialkylated olefins by 

regioselective formation of zirconacyclopentenes, followed by sequential 

palladium-catalyzed cross-coupling reactions (Scheme 2-4).
7
 

Scheme 2-4.  Application of Alkyl-substituted Alkynylboronates for Multialkylated Olefins. 

 

Addition of 1-alkynylboronates 3a–3e to Negishi reagent ([Cp2ZrCl2]/2 n-BuLi)
8
 

generated in situ under an atmosphere of ethylene smoothly produced 

zirconacyclopentenes A,
9

 which upon hydrolysis, afforded the corresponding 

alkenylboronates 5a–5e in moderate to high yields with excellent regioselectivity (Scheme 

2-5).  The regiochemistry of 5a–5e was confirmed by comparison of their spectroscopic 

data with those reported for authentic compounds
10

 prepared by the reactions of 

1-alkynylboronates with Takahashi reagent ([Cp2ZrCl2]/2 EtMgBr).
11

  

Scheme 2-5 
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Trialkylated olefins were readily synthesized by a Suzuki-Miyaura coupling of 

alkenylboronates 5a with alkyl bromides.  To inhibit β-hydrogen elimination of alkyl 

bromides, various milder reaction conditions (Pd catalyst, additive, and solvent) were 

screened.  It was discovered that, under the basic conditions developed by Fu,
12

 

[HP(t-Bu)2Me]BF4 was used as a precursor of the phosphine ligand, the reaction 

proceeded smoothly at room temperature (Scheme 2-6).  This process produced the 

desired cross-coupled product 6a in 93% yield and was compatible with a variety of 

functional groups. 

Scheme 2-6 

 

Prior to hydrolysis of zirconacyclopentenes A forming 5a-e (Scheme 2-5), a selective 

protolysis of Zr-C(sp
3
) bond in A with isopropyl alcohol, followed by iodolysis

13
 afforded 

the 7 in 84% yield; or a sequential one-pot Pd-catalyzed coupling reaction with 

iodomethane in the presence of CuCl gave 8 in 67% yield.  These approaches served 

versatile precursors bearing the boron functionality for the synthesis of tetraalkylated 

olefins (Scheme 2-7).   

Scheme 2-7 

 

Compound 7 was then subjected to successive Negishi coupling with various alkylzinc 

reagents having β-hydrogens.
14

  PdCl2(dppf)
15

 was found to be the best catalyst yielding 

9a and 9b in 69% and 57% yield, respectively, with DMI as the solvent with NEt3 as the 

basic additive (7:1).
16

  It is noteworthy that the reaction is highly stereoselective (>99:1 

as determined by NMR), since isomerization during Negishi coupling was suppressed, 

which results in a retained configuration.  During the reactions, the boron moieties 

remained intact (Scheme 2-8). 
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Scheme 2-8 

 

Under the same condition shown in Scheme 2-6, Suzuki-Miyaura cross-coupling of 9a 

and 9b with alkyl bromides smoothly afforded tetraalkylated olefins 10a and 10b, 

respectively, as stereoisomers (Scheme 2-9).  In a same manner, compound 8 and 

1-bromopropane afforded another tetraalkylated olefin 11 in 64% yield (Scheme 2-10).  

To the best of her knowledge, this is the first example of a regio- and stereocontrolled 

synthesis of tetraalkylated olefins bearing four different linear alkyl chains.   

Scheme 2-9 

 

Scheme 2-10 

 

To achieve an introduction of hydrocarbon functionalities other than an ethyl group, a 

zircono-allylation approach was chosen (Scheme 2-11).
17

  Srebnik has reported that the 

phosphine-stabilized borylzirconacyclopropenes were formed by the reactions of 

1-alkynylboronates 3 with Negishi reagent in the presence of tributylphosphine.
18

  The 

added allyloxytrimethylsilane rapidly reacted with the intermediate zirconacyclopropenes 

to form the zirconacyclopentene B regioselectively with the boron moiety in the α-position.  

The spontaneous β-oxygen elimination resulted in the formation of a transient 

alkenylzirconocene intermediate C.  Hydrolysis of the remaining Zr−C bond delivered 

the trisubstituted alkenylboronate in 65% yield. 

Iodo-1-alkenylboronate 13 was then synthesized in 56% yield from 3 with 

allyloxytrimethylsilane via initial zirconacycle formation with Cp2ZrCl2/Mg,
19 

 followed 
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by iodonolysis.  The Pd-catalyzed alkylation
20

 with MeZnBr in the presence of 2 mol % 

of Pd(PPh3)4 in THF afforded methylated alkenylboronate 14 in 87% yield with >99% 

isomeric purity.  Compound 14 was subjected to Pd-catalyzed Suzuki-Miyaura coupling 

with bromoethane to provide 15 in 72% yield.  Finally, a selective catalytic 

hydrogenation of 15 with 10 mol % of Wilkinson’s catalyst was performed to deliver 16, a 

structural isomer of 11, in 83% yield with >99% isomeric purity (Scheme 2-11). 

Scheme 2-11 
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2-3 Summary 

In this Chapter, the Author has developed a versatile direct synthesis of multialkylated 

olefins bearing various alkyl groups by a regioselective formation of zirconacyclopentenes 

using alkynylboronates, followed by the successive Pd-catalyzed Negishi and 

Suzuki-Miyaura cross-couplings.  The utilization of alkyl substituted alkynylboronates 

for the synthesis of tetraalkylated olefins indicated that alkynylboron compounds as 

versatile and synthetically valuable substrates in novel organic reactions contributes to 

promising perspectives for the synthesis of functional materials and pharmaceuticals. 
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2-4 Experimental Section 

2-4-1  General Instrumentation and Chemicals 

All the reactions were carried out under an Ar atmosphere using standard Schlenk 

techniques.  Glassware was dried in an oven (130 °C) and heated under reduced pressure 

before use.  Dehydrated solvent were purchased from Kanto Chemicals Co., Ltd.  For 

thin layer chromatography (TLC) analyses throughout this work, Merck precoated TLC 

plates (silica gel 60 GF254, 0.25 mm) were used.  Silica gel column chromatography was 

carried out using Silica gel 60 N (spherical, neutral, 40-100 μm) from Kanto Chemicals 

Co., Ltd.  NMR spectra (
1
H, 

13
C{

1
H}, and 

11
B{

1
H}) were recorded on Varian 

INOVA-600 (600 MHz) and Mercury-300 (300 MHz) spectrometers.  The chemical 

shifts of the 
11

B{
1
H} NMR spectra were referenced to an external BF3•OEt2.  Infrared 

spectra were recorded on a Shimadzu IRPrestige-21 spectrophotometer.  GC analyses 

were performed on a Shimadzu GC-14A equipped with a flame ionization detector using 

Shimadzu Capillary Column (CBP1-M25-025) and Shimadzu C-R6A-Chromatopac 

integrator.  GC/MS analyses were carried out on a SHIMADZU GC-17A equipped with a 

SHIMADZU QP-5050 GC-MS system.  Elemental analyses were carried out with a 

Perkin-Elmer 2400 CHN elemental analyzer at Osaka City University. 

 

2-4-2  Experimental Procedures 

Synthesis of 1-alkynyldioxaborolanes 3 and 4  

 

2-(1-Octyn-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3a).
21

  To a solution of 

1-Octyne (1.8 mL, 12 mmol) in dehydrate Et2O (30 mL) in a 100 mL of Schlenk tube at 

-78 °C under an Ar atmosphere were added dropwise n-BuLi (7.5 mL, 1.6 M hexane 

solution, 12 mmol).  The reaction mixture was stirred for 1 h at -78 °C.  The resulting 

reaction mixture was then added to a solution of i-PrO-Bpin(2.04 mL, 10 mmol) in 

dehydrate Et2O (30 mL) -78 °C.  After being stirred for 2 h at -78 °C, the reaction 

mixture was quenched with 1.0 M HCl/Et2O (15.0 mL, 15.0 mmol), and the mixture was 
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warmed to room temperature with additional 1 h stirring.  Filtration and evaporation 

afforded a pale yellow oil.  Bulb to bulb distillation (150 °C/2 Torr) gave 3b (2.24 g, 9.5 

mmol, 95% yield) as colorless liquid.  
1
H NMR (CDCl3, 300 MHz, rt): δ 0.85 (t, J = 6.9 

Hz, 3H), 1.17-1.40 (m, 6H), 1.24 (s, 12H), 1.50 (quin, J = 7.5 Hz, 2H), 2.22 (t, J = 7.5 Hz, 

2H).  

 

2-(1-Dodecyn-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3b).  A colorless 

liquid.  Yield: 67% (1.15 g, 3.9 mmol).  Bp. 180 ºC/1.3 Torr.  FT-IR (neat, cm
-1

): 2954 

(m), 2927 (s), 1468 (w), 1459 (w), 1386 (m), 1372 (m), 1343 (s), 1313 (m), 1145 (s), 662 

(m).  
1
H NMR (CDCl3, 300 MHz, rt) δ 0.87 (t, J = 6.8 Hz, 3H), 1.26 (s, 12H), 1.26-1.39 

(m, 14H), 1.52 (quin, J = 6.9 Hz, 2H), 2.24 (t, J = 6.9 Hz, 2H); 
13

C{
1
H} NMR (CDCl3, 75 

MHz, rt) δ 14.1, 19.5, 22.7, 24.6, 28.1, 28.9, 29.1, 29.3, 29.4, 29.6, 31.9, 84.0.  Two sp 

carbon signals were not observed due to low intensity; 
11

B NMR (CDCl3, 96 MHz, rt) δ 

23.4.  MS (EI, m/z (relative intensity)): 292 (M
+
, 3), 277 (94), 206 (25), 165 (69), 151 

(55), 124 (58), 107 (100), 97 (60), 83 (86), 67 (75).  Anal. Calcd for C18H33BO2: C, 73.97; 

H, 11.38%. Found: C, 73.73; H, 11.50%.   

 

2-(1-Hexyn-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3c).
22

  A colorless liquid.  

Yield: 94% (1.96 g, 9.4 mmol).  Bp. 100 °C/1.3 Torr.  
1
H NMR (CDCl3, 300 MHz, rt): 

δ 0.86 (t, J = 6.8 Hz, 3H), 1.24 (s, 12H), 1.37-1.52 (m, 4H), 2.23 (t, J = 7.2 Hz, 2H). 

 

2-(3,3-Dimethyl-1-butyn-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3d).
22

  A 
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white solid.  Yield: 87% (1.81 g, 8.7 mmol).  Bp. 120 °C/20 Torr.  
1
H NMR (CDCl3, 

300 MHz, rt): δ 1.24 (s, 9H), 1.27 (s, 12H). 

 

2-(3-Methyl-1-butyn-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3e).
23

  A 

colorless liquid.  Yield: 86% (1.67 g, 8.6 mmol).  Bp. 125 °C/30 Torr.  
1
H NMR 

(CDCl3, 300 MHz, rt): δ 1.18 (d, J = 6.6 Hz, 6H), 1.26 (s, 12H), 2.60 (septet, J = 7.2 Hz, 

2H). 

 

2-[phenyl)ethynyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4a).
24

  White solid. 

Yield 97% (2.22 g, 9.72 mmol).  Bp. 150 ºC/2 Torr.  
1
H NMR (CDCl3, 300 MHz, rt): δ 

1.33 (s, 12H), 7.26-7.36 (m, 3H), 7.51-7.54 (m, 2H).  

 

2-[(4-Methoxyphenyl)ethynyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4b).
5
 White 

solid.  Yield: 89% (2.29 g, 8.88 mmol).  Bp. 190 ºC/2 Torr.  
1
H NMR (CDCl3, 300 

MHz, rt): δ 1.31 (s, 12H), 3.80 (s, 3H), 6.82 (d, J = 9.9, 2H), 7.47 (d, J = 9.9, 2H). 

 

2-[(4-Trifluoromethylphenyl)ethynyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(4c).
5
  White solid.  Yield: 66% (1.96 g, 6.63 mmol).  Bp. 150 ºC/2 Torr. 

1
H NMR 

(CDCl3, 300 MHz, rt): δ 1.33 (s, 12H), 7.58 (d, J = 8.4, 2H), 7.63 (d, J = 8.4, 2H). 
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General Procedure for Zirconocene-Mediated Regio- and Stereoselective Synthesis 

of 2-[(Z)-2-Ethyl-1-octen-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5a).  To a 

solution zirconocene dichloride (2.16 g, 7.38 mmol) in THF (36 mL) in a 100 mL of 

Schlenk tube under an Ar atmosphere was added dropwise n-BuLi (9.4 mL, 14.8 mmol, 

1.57 M hexane solution) at -78 ºC.  After the reaction mixture was stirred for 1 h at -78 

ºC, atmospheric ethylene gas was introduced into the vessel for 1 h at -78 ºC.  The 

reaction mixture was warmed to room temperature and 

4,4,5,5-tetramethyl-2-(1-octyn-1-yl)-1,3,2-dioxaborolane (1a) (1.6 mL, 6.15 mmol) was 

added.  The mixture was stirred for 1 h, quenched with 1 M hydrochloric acid (20 mL), 

and extracted with diethyl ether (15 mL × 2).  The combined ethereal layer was washed 

with brine and dried over MgSO4.  Filtration and evaporation afforded a yellow oil.  

Bulb to bulb distillation (145 ºC/2 Torr) gave 2a (1.31 g, 4.93 mmol, 81% yield) as a 

colorless oil.  FT-IR (neat, cm
-1

): 2977 (s), 2963 (s), 2929 (m), 2859 (m), 1636 (s), 1461 

(m), 1379 (s), 1371 (s), 1321 (s), 1269 (m), 1248 (m), 1165 (m), 1146 (m), 1111 (w), 969 

(m), 898(w), 865 (m), 852 (m).  
1
H NMR (CDCl3, 300 MHz, rt): δ 0.89 (t, J = 7.5 Hz, 

3H), 1.04 (t, J = 7.5 Hz, 3H), 1.22-1.42 (m, 20H), 2.11 (dq, J = 1.5, 7.5 Hz, 2H), 2.39 (t, J 

= 7.5 Hz, 2H), 5.11 (t, J = 1.5 Hz, 1H); 
13

C{
1
H} NMR (CDCl3, 75 MHz, rt): δ 12.1, 14.1, 

22.6, 24.8, 29.2, 29.6, 31.6, 31.7, 35.0, 82.5, 169.1. The carbon signal adjacent to B was 

not observed due to low intensity; 
11

B NMR (CDCl3, 96 MHz, rt): δ 29.9.  MS (EI, m/z 

(relative intensity)): 266 (M
+
, 7), 251 (5), 196 (15), 140 (10), 139 (100), 138 (47), 109 

(12), 101 (28), 95 (21), 85 (14), 84 (52), 83 (23), 81 (15), 69 (18), 67 (14).  Anal. Calcd 

for C16H31BO2: C, 72.18; H, 11.74%.  Found: C, 72.00; H, 11.52%. 

 

2-[(Z)-2-Ethyl-1-dodecen-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5b).  A 

colorless oil. Yield: 85% (824 mg, 2.56 mmol).  Bp. 180 ºC/1.1 Torr.  FT-IR (neat, cm
-1

): 
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2976 (m), 2964 (m), 2926 (s), 2873 (m), 1636 (m), 1462 (w), 1404 (s), 1388 (m), 1379 

(m), 1370 (m), 1321 (s), 1264 (w), 1147 (s).  
1
H NMR (CDCl3, 300 MHz, rt): δ 0.88 (t, J 

= 7.5 Hz, 3H), 1.01 (t, J = 7.5 Hz, 3H), 1.20-1.57 (m, 28H), 2.13 (dq, J = 1.3, 7.5 Hz, 2H), 

2.39 (t, J = 7.7 Hz, 2H), 5.13 (t, J = 1.5 Hz, 1H); 
13

C{
1
H} NMR (CDCl3, 75 MHz, rt): δ 

12.2, 14.1, 22.7, 24.8, 29.4, 29.5, 29.57, 29.64 (×3), 31.6, 31.9, 35.0, 82.4, 169.0.  The 

carbon signal adjacent to B was not observed due to low intensity; 
11

B NMR (CDCl3, 96 

MHz, rt): δ 29.9.  MS (EI, m/z (relative intensity)): 322 (M
+
, 3), 196 (12), 139 (100), 101 

(21), 95 (14), 84 (46), 81 (11), 69 (14), 67 (11).  Anal. Calcd for C20H39BO2: C, 74.52; H, 

12.20%.  Found: C, 74.48; H, 11.95%. 

 

2-[(Z)-2-Ethyl-1-hexen-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2c).  A 

colorless oil.  Yield: 58% (412 mg, 1.7 mmol).  Bp. 95 ºC/1.3 Torr.  
1
H NMR (CDCl3, 

300 MHz, rt): δ 0.90 (t, J = 7.2 Hz, 3H), 1.0 (t, J = 7.2 Hz, 3H), 1.25 (s, 12H), 1.25-1.41 

(m, 4H), 2.12 (q, J = 7.2 Hz, 2H), 2.39 (t, J = 7.6 Hz, 2H), 5.11 (t, J = 1.5 Hz, 1H). 

 

For synthesis of 5d and 5e, an excess amount of zirconocene dichloride (702 mg, 2.4 

mmol) in THF (36 mL) and n-BuLi (2.94 mL, 4.8 mmol, 1.63 M hexane solution) were 

required, based on 1d and 1e (1.0 mmol) to complete the reaction.   

 

2-[(Z)-2-Ethyl-1-(3,3-dimethyl-1-buten-1-yl)]-4,4,5,5-tetramethyl-1,3,2-dioxaborola

ne (5d).  A colorless oil.  Yield: 81% (193 mg, 0.81 mmol).  Rf = 0.39 (hexane:ethyl 

acetate = 20:1).  FT-IR (neat, cm
-1

): 2977 (s), 2875 (m), 1640 (m), 1635 (m), 1622 (w), 

1482 (m), 1464 (m), 1379 (m), 1370 (s), 1321 (s), 1268 (m), 1146 (s).  
1
H NMR (CDCl3, 

300 MHz, rt): δ 1.02 (t, J = 7.5 Hz, 3H), 1.04 (s, 9H), 1.26 (s, 12H), 2.10 (dq, J = 1.2, 7.5 

Hz, 2H), 5.02 (t, J = 1.5 Hz, 1H); 
13

C{
1
H} NMR (CDCl3, 75 MHz, rt): δ 13.9, 24.8, 27.3, 
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30.0, 37.9, 83.1, 168.0.  The carbon signal adjacent to B was not observed due to low 

intensity; 
11

B NMR (CDCl3, 96 MHz, rt): δ 31.1.  MS (EI, m/z (relative intensity)): 238 

(M
+
, 19), 209 (59), 181 (26), 165 (33), 153 (22), 137 (21), 123 (54), 109 (96), 101 (88), 95 

(27), 84 (39), 83 (100), 81 (40), 69 (37), 67 (31).  Anal. Calcd for C14H27BO2: C, 70.60; 

H, 11.43%.  Found: C, 70.34; H, 11.27%. 

 

2-[(Z)-2-Ethyl-1-(3-methyl-1-buten-1-yl)]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(5e).  A colorless oil.  Yield: 70% (156 mg, 0.70 mmol).  Rf = 0.38 (hexane:ethyl 

acetate = 20:1).  FT-IR (neat, cm
-1

): 2977 (s), 2965 (s), 2935 (m), 2873 (m), 1632 (s), 

1468 (m), 1403 (m), 1389 (m), 1379 (s), 1371 (s), 1320 (s), 1262 (m), 1146 (s).  
1
H NMR 

(CDCl3, 300 MHz, rt): δ 1.00 (d, J = 7.2 Hz, 6H), 1.02 (t, J = 7.2 Hz, 3H), 1.25 (s, 12H), 

2.07 (dq, J = 1.5, 7.2 Hz, 2H), 5.05 (t, J = 1.5 Hz, 1H); 
13

C{
1
H} NMR (CDCl3, 75 MHz, 

rt): δ 12.5, 21.6, 24.6, 24.8, 33.3, 82.5, 173.4.  The carbon signal adjacent to B was not 

observed due to low intensity; 
11

B NMR (CDCl3, 96 MHz, rt): δ 29.9.  MS (EI, m/z 

(relative intensity)): 224 (M
+
, 19), 167 (52), 125 (36), 124 (90), 123 (49), 109 (30), 101 

(100), 96 (21), 95 (39), 85 (34), 84 (78), 83 (86), 69 (36), 67 (32).  Anal. Calcd for 

C13H25BO2: C, 69.66; H, 11.24%.  Found: C, 69.27; H, 11.07%.    

General Procedure for Suzuki-Miyaura Cross-Coupling Reaction of 5 with Alkyl 

Bromides: (Condition in Scheme 2-7) 

 

(Z)-7-Ethyloctadec-7-ene (6a).  To a solution of bis(dibenzylidene)palladium 

(Pd(dba)2) (29 mg, 0.05 mmol, 5 mol %), [HP(t-Bu)2Me]BF4 (25.0 mg, 0.10 mmol, 10 

mol %), and 2-[(Z)-2-ethyl-1-octen-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5a) 

(304 μL, 1.0 mmol) in THF (2.5 mL) in a 20 mL of Schlenk tube under an Ar atmosphere 

were added n-decyl bromide (270 μL, 1.32 mmol) and KOH (168 mg, 3.0 mmol) at room 
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temperature.  After being stirred for 24 h at 20 ºC, the reaction mixture was then poured 

into diethyl ether (30 mL), filtered through a short pad of silica gel with copious washings 

with diethyl ether (~10 mL),.  Evaporation afforded a brown oil.  Column 

chromatography on silica gel gave 6a (261 mg, 0.93 mmol, 93% yield) as a colorless 

liquid.  Rf = 0.87 (hexane). FT-IR (neat, cm
-1

): 2958 (s), 2925 (m), 2872 (m), 2855 (m), 

1462 (w).  
1
H NMR (CDCl3, 300 MHz, rt): δ 0.88 (t, J = 6.9 Hz, 3H), 0.89 (t, J = 6.6 Hz, 

3H), 0.97 (t, J = 7.5 Hz, 3H), 1.26-1.38 (m, 24H), 1.95-2.02 (m, 6H), 5.09 (t, J = 7.2 Hz, 

1H); 
13

C{
1
H} NMR (CDCl3, 75 MHz, rt): δ 12.96, 14.11 (×2), 22.69 (×2), 27.69, 28.53, 

29.39, 29.44, 29.53, 29.58, 29.64, 29.68, 29.70, 30.21, 30.23, 31.87, 31.95, 123.51, 141.04.  

MS (EI, m/z (relative intensity)): 280 (M
+
, 17), 125 (28), 111 (68), 97 (75), 83 (66), 70 

(100), 69 (82), 67 (24).  Anal. Calcd for C20H40: C, 85.63; H, 14.37%.  Found: C, 85.37; 

H, 14.19%. 

 

2-[(E)-2-Ethyl-1-iodo-1-octen-1-yl)]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (7).  

To a solution zirconocene dichloride (2.10 g, 7.2 mmol) in THF (24 mL) in a 100 mL of 

Schlenk tube under an Ar atmosphere was added dropwise n-BuLi (8.8 mL, 14.4 mmol, 

1.64 M hexane solution) at -78 ºC.  After the reaction mixture was stirred for 1 h at 

-78 °C, atmospheric ethylene gas was introduced into the vessel for 1 h at -78 ºC.  The 

reaction mixture was wormed to room temperature and 

4,4,5,5-tetramethyl-2-(1-octyn-1-yl)-1,3,2-dioxaborolane (1a) (1.6 mL, 6.0 mmol) was 

added.  After 1 h, i-PrOH (367 μL, 4.8 mmol) was added and the reaction mixture was 

stirred for additional 1 h.  Iodine (1.52 g, 6.0 mmol) was added to the mixture and the 

mixture was stirred overnight at room temperature and quenched with sodium sulfite, and 

extracted with diethyl ether (10 mL × 2).  The combined ethereal layer was washed with 

brine and dried over MgSO4.  Filtration, evaporation, and bulb to bulb distillation (160 

ºC/1.6 Torr) gave 5 (1.98 g, 5.0 mmol, 84％ yield) as a yellow liquid. FT-IR (neat, cm
-1

): 

2975 (s), 2930 (s), 2858 (s), 1596 (m), 1462 (s), 1372 (s), 1273 (m), 1144 (m), 908 (s), 

853 (s).  
1
H NMR (300 MHz, CDCl3, rt): δ 0.87 (t, J = 6.8 Hz, 3H), 1.00 (t, J = 7.5 Hz, 

3H), 1.25-1.43 (m, 20H), 2.32-2.43 (m, 4H); 
13

C{
1
H} NMR (75 MHz, CDCl3, rt): δ 11.5, 
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14.0, 22.5, 24.5, 29.1, 29.2, 31.5, 35.1, 35.8, 84.1, 163.5. The carbon signal adjacent to B 

was not observed due to low intensity; 
11

B NMR (CDCl3, 96 MHz, rt): δ 28.6.  MS (EI, 

m/z (relative intensity)): 392 (M
+
, 17), 335 (18), 265 (10), 195 (32), 137 (56), 109 (19), 

101 (100), 95 (37), 85 (45), 83 (57), 81 (28), 67 (25).  Anal. Calcd for C16H30BIO2: C, 

49.01; H, 7.71%.  Found: C, 49.07; H, 7.74%. 

 

2-[(Z)-3-ethyl-2-heptene-2-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8).  To a 

solution of zirconocene dichloride (175 mg, 0.60 mmol) in THF (3.0 mL) in a 50 mL of 

Schlenk under an Ar atmosphere were added dropwise n-BuLi (0.74 mL, 1.2 mmol, 1.62 

M THF solution) at -78 ºC.  After the reaction mixture was stirred for 1 h at -78 ºC, 

atmospheric ethylene gas was introduced into the vessel for 1 h at -78 ºC.  The reaction 

mixture was warmed to room temperature and 2-(1-hexyn-1-yl)-4,4,5,5-tetramethyl-1,3,2- 

dioxaborolane (1c) (116 μL, 0.5 mmol) was added.  After the mixture was stirred for 1 h 

at room temperature, i-PrOH (31 μL, 0.4 mmol) was added and the reaction mixture was 

stirred for additional 1 h.  To the mixture were added CuCl (59.4 mg, 0.60 mol), 

Pd(PPh3)4 (57.8 mg, 0.05 mmol), DMPU (121 μL, 0.90 mmol), and iodomethane (62 μL, 

1.00 mmol).  The mixture was stirred for 1 h at 50 ºC and quenched with 1 M 

hydrochloric acid (10 mL), and extracted with diethyl ether (10 mL × 2).  The combined 

ethereal layer was washed with brine and dried over MgSO4.  Filtration, evaporation, and 

bulb to bulb distillation (130 ºC/2 Torr) gave 4 (86 mg, 0.17 mmol, 68％ yield) as a 

colorless oil.  FT-IR (neat, cm
-1

): 2977 (s), 2964 (s), 2931 (s), 2872 (s), 2861 (s), 1622 

(m), 1455 (m), 1356 (s), 1283 (m), 1196 (s), 965 (m), 874 (m), 849 (m).  
1
H NMR (300 

MHz, CDCl3, rt): δ 0.90 (t, J = 7.2 Hz, 3H), 0.96 (t, J = 7.5 Hz, 3H), 1.23-1.38 (m, 16H), 

1.68 (s, 3H), 2.10 (t, J = 7.5 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H); 
13

C{
1
H} NMR (75 MHz, 

CDCl3, rt): δ 12.4, 14.1, 15.9, 23.0, 24.8, 25.5, 32.2, 35.3, 82.6, 157.7.  The carbon signal 

adjacent to B was not observed due to low intensity; 
11

B NMR (CDCl3, 96 MHz, rt): δ 

30.8.  MS (EI, m/z (relative intensity)): 252 (M
+
, 22), 210 (24), 195 (49), 153 (100), 123 

(23), 109 (23), 101 (97), 95 (26), 84 (58), 83 (54), 81 (31), 69 (35), 67 (25).  Anal. Calcd 

for C15H29BO2: C, 71.44; H, 11.59%. Found: C, 71.39; H, 11.66%. 
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General Procedure for Preparation of Alkylzinc Reagents.  Zinc dust (<10 μm, 

Aldrich, 98+%, 1.31 g, 20 mmol) was placed in an argon-flushed Schlenk flask and dried 

using a heat gun under high vacuum.  The reaction flask was flushed with argon, and 

then THF (ca. 0.8 M) was added.  1-Iododecane (2.5 mL, 10 mmol) and Me3SiCl (9 

mol %, 120 μL, heating to ebullition for 15 s) were added at 25 °C, and the resulting 

reaction mixture was stirred at 60 ºC for 3 days.  Capillary GC analysis of a hydrolyzed 

aliquot containing an internal standard showed a concentration of the solution. 

 

General Procedure for Negishi Cross-Coupling Reaction of 7 with Alkylzinc 

Reagents:  Formation of 2-[(Z)-7-Ethyl-7-octadecen-8-yl)]-4,4,5,5-tetramethyl-1,3,2- 

dioxaborolane (9a).  To a solution of PdCl2(dppf) (36.5 mg, 0.045 mmol, 4.5 mol %) in 

DMI (3.5 mL) and NEt3 (500 μL) in a 20 mL of Schlenk tube under an Ar atmosphere 

were added n-decylzinc iodide (1.57 M, 960 μL, 1.5 mmol in THF solution) and 7 (324 μL, 

1.0 mmol) at room temperature.  The reaction mixture was stirred overnight at 60 ºC, 

quenched with 1.0 M HCl, and extracted with diethyl ether (15 mL × 2).  The combined 

ethereal layer was washed with brine and dried over MgSO4.  Filtration and evaporation 

afforded a brown oil.  Column chromatography on silica gel (hexane:ethyl acetate = 20:1) 

gave 9a (281 mg, 0.69 mmol, 69% yield) as a colorless liquid.  Rf = 0.40 (hexane:ethyl 

acetate = 20:1).  Bp: 180 ºC/1.4 Torr.  FT-IR (neat, cm
-1

): 2974 (s), 2925 (s), 2871 (s), 

1616 (m), 1464 (s), 1360 (s), 1286 (m), 1147 (s), 965 (w), 871 (w).  
1
H NMR (CDCl3, 

300 MHz, rt): δ 0.88 (t, J = 6.6 Hz, 6H), 0.96 (t, J = 7.5 Hz, 3H), 1.20-1.38 (m, 24H), 1.26 

(s, 12H), 2.05-2.12 (m, 4H), 2.23 (t, J = 7.5 Hz, 2H); 
13

C{
1
H} NMR (CDCl3, 75 MHz, rt): 

δ 13.4, 14.1 (×2), 22.66, 22.68, 24.8, 29.4, 29.61 (×4), 29.64, 29.8, 30.2, 30.67, 30.72, 

31.8, 31.9, 35.6, 82.6, 155.2. The carbon signal adjacent to B was not observed due to low 

intensity; 
11

B NMR (CDCl3, 96 MHz, rt): δ 31.3.  MS (EI, m/z (relative intensity)): 406 

(M
+
, 13), 208 (23), 196 (47), 152 (18), 139 (61), 123 (16), 109 (24), 101 (77), 84 (100), 69 

(35), 67 (22).  Anal. Calcd for C26H51BO2: C, 76.82; H, 12.65%. Found: C, 76.87; H, 

12.80%.   
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2-[(Z)-7-Ethyl-7-icosen-8-yl)]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9b).  A 

colorless liquid.  Isolated yield was 57% (247 mg, 0.57 mmol).  Rf = 0.40 

(hexane/AcOEt = 20:1).  Bp. 205 ºC/1.1 Torr.  FT-IR (neat, cm
-1

): 2974 (s), 2925 (s), 

2871 (s), 1616 (m), 1464 (s), 1360 (s), 1286 (m), 1147 (s), 965 (w), 871 (w).  
1
H NMR 

(CDCl3, 300 MHz, rt): δ 0.88 (t, J = 6.6 Hz, 6H), 0.96 (t, J = 7.5 Hz, 3H), 1.20-1.38 (m, 

28H), 1.26 (s, 12H), 2.05-2.12 (m, 4H), 2.23 (t, J = 7.5 Hz, 2H); 
13

C{
1
H} NMR (CDCl3, 

75 MHz, rt): δ 13.4, 14.1 (×2), 22.65, 22.68, 24.8, 29.4, 29.6 (×4), 29.65, 29.68, 29.71, 

29.8, 30.2, 30.66, 30.72, 31.8, 31.9, 35.6, 82.6, 155.2. The carbon signal adjacent to B was 

not observed due to low intensity; 
11

B NMR (CDCl3, 96 MHz, rt): δ 31.1.  MS (EI, m/z 

(relative intensity)): 434 (M
+
, 10), 196 (43), 139 (59), 101 (75), 95 (30), 85 (54), 84 (100), 

83 (66), 69 (35).  Anal. Calcd for C28H55BO2: C, 77.39; H, 12.76%. Found: C, 77.23; H, 

12.76%. 

 

Preparation of 10a and 10b was carried out analogously to 6a. 

 

(Z)-7-Ethyl-8-decyl-7-icosene (10a).  A colorless liquid.  Isolated yield was 73% 

(158 mg, 0.35 mmol).  Rf = 0.87 (hexane).  FT-IR (neat, cm
-1

): 2958 (s), 2925 (s), 2854 

(m), 1466 (w), 1457 (m).  
1
H NMR (CDCl3, 300 MHz, rt): δ 0.87-0.95 (m, 12H), 1.27 (s, 

44H), 1.93-2.00 (m, 8H); 
13

C{
1
H} NMR (CDCl3, 75 MHz, rt): δ 13.81, 14.12 (×2), 22.72 

(×2), 24.44, 29.26 (×2), 29.37, 29.39 (×2), 29.66, 29.67, 29.69 (×3), 29.71 (×3), 29.73 

(×2), 30.01, 30.03, 31.22, 31.54, 31.64, 31.90 (×2), 31.94 (×2), 133.08, 134.77.  MS (EI, 

m/z (relative intensity)): 448 (M
+
, 46), 125 (38), 111 (67), 97 (100), 85 (45), 84 (47), 83 

(90), 71 (56), 69 (93), 67 (22).  Anal. Calcd for C32H64: C, 85.63; H, 14.37%. Found: C, 

85.57; H, 14.60%. 
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(E)-7-Ethyl-8-decyl-7-icosene (10b).  A colorless liquid.  Isolated yield was 90% 

(203 mg, 0.45 mmol).  Rf = 0.87 (hexane).  FT-IR (neat, cm
-1

): 2958 (s), 2925 (s), 2854 

(m), 1467 (w), 1457 (m).  
1
H NMR (CDCl3, 300 MHz, rt): δ 0.86-0.95 (m, 12H), 1.26 (s, 

44H), 1.92-2.00 (m, 8H); 
13

C{
1
H} NMR (CDCl3, 75 MHz, rt): δ 13.80, 14.12 (×2), 22.72 

(×2), 24.45, 29.27 (×2), 29.37, 29.40 (×2), 29.67, 29.69 (×3), 29.71 (×4), 29.73 (×2), 

30.02, 30.04, 31.23, 31.55, 31.66, 31.91 (×2), 31.95 (×2), 133.09, 134.78.  MS (EI, m/z 

(relative intensity)): 448 (M
+
, 60), 125 (41), 111 (68), 97 (100), 85 (45), 84 (47), 83 (92), 

71 (58), 69 (97), 67 (27).  Anal. Calcd for C32H64: C, 85.63; H, 14.37%.  Found: C, 

85.42; H, 14.51%. 
 

Preparation of 11 was carried out analogously to 6a 

 

(Z)-4-Methyl-5-ethyl-4-nonene (11).  A colorless liquid.  Isolated yield was 74% 

(125 mg, 0.74 mmol).  Rf = 0.85 (hexane).  FT-IR (neat, cm
-1

): 2961 (s), 2931 (s), 2872 

(s), 1466 (m), 1457 (m). 
1
H NMR (300 MHz, CDCl3, rt): δ 0.88 (t, J = 7.2 Hz, 3H), 0.90 (t, 

J = 7.2 Hz, 3H), 0.93 (t, J = 7.2 Hz, 3H), 1.26-1.44 (m, 6H), 1.61 (s, 3H), 1.94-2.04 (m, 

6H); 
13

C{
1
H} NMR (75 MHz, CDCl3, rt): δ 13.2, 14.1 (×2), 17.6, 21.7, 23.1, 25.2, 31.45, 

31.53, 36.2, 127.8, 134.9.  MS (EI, m/z (relative intensity)): 168 (M
+
, 25), 125 (9), 97 

(22), 84 (36), 83 (79), 69 (100), 67 (11).  Anal. Calcd for C12H24: C, 85.63; H, 14.37%. 

Found: C, 85.38; H, 14.46%. 
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Preparation of 

4,4,5,5-Tetramethyl-2-[(E)-2-(2-propen-1-yl)-1-octen-1-yl]-1,3,2-dioxaborolane (12).  

To a solution of zirconocene dichloride (702 mg, 2.4 mmol) in THF (10 mL) in a 50 mL of 

Schlenk under an Ar atmosphere were added dropwise n-BuLi (3.0 mL, 4.8 mmol, 1.6 M 

THF solution) and tributylphosphine (600 μL, 2.4 mmol) at -78 ºC.  The reaction mixture 

was warmed to room temperature and stirred for 1 h.   To the reaction mixture were 

added 1-alkynylboronate 3a (527 μL, 2.0 mmol) and allyloxytrimethylsilane (505 μL, 3.0 

mmol).  After the mixture was stirred for 1 h at 50 ºC, the reaction mixture was quenched 

with 1.0 M hydrochloric acid (20 mL), and extracted with diethyl ether (25 mL × 2).  The 

combined ethereal layers were washed with brine and dried over MgSO4.  Filtration, 

evaporation and bulb to bulb distillation (155 ºC/1.3 Torr) gave 12 (361 mg, 1.30 mmol, 

65% yield) as a colorless liquid.  FT-IR (neat, cm
-1

): 2978 (s), 2959 (s), 2928 (s), 2859 (s), 

1635 (s), 1401 (m), 1379 (s), 1319 (s), 1268 (s), 1145 (s), 972 (s), 912 (s), 850 (s).  
1
H 

NMR (300 MHz, CDCl3, rt): δ 0.88 (t, J = 6.6 Hz, 3H), 1.20-1.46 (m, 8H), 1.25 (s, 12H), 

2.39 (t, J = 7.8 Hz, 2H), 2.84 (d, J = 7.2 Hz, 2H), 4.94-5.02 (m, 1H), 5.05 (brs, 1H), 5.14 (t, 

J = 1.2 Hz, 1H), 5.80 (ddt, J = 18.0, 9.0, 7.2 Hz, 1H); 
13

C{
1
H} NMR (75 MHz, CDCl3, rt): 

δ 14.1, 22.6, 24.8, 29.1, 29.2, 31.6, 34.7, 43.6, 82.6, 116.5, 136.2, 165.3. The carbon signal 

adjacent to B was not observed due to low intensity; 
11

B NMR (CDCl3, 96 MHz, rt): δ 

29.7.  MS (EI, m/z (relative intensity)): 278 (M
+
, 10), 151 (59), 150 (33), 149 (26), 108 

(100), 107 (61), 101 (45), 85 (20), 84 (30), 83 (33), 67 (26).  Anal. Calcd for C17H31BO2: 

C, 73.38; H, 11.23%.  Found: C, 73.73; H, 11.50%. 

 

Preparation of 

2-[(Z)-1-Iodo-2-(2-propen-1-yl)-1-hexen-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(13).  A 50 mL Schlenk tube under argon was charged with Cp2ZrCl2 (361 mg, 1.2 

mmol), Mg (turning, 49 mg, 2.0 mmol), and 5 mL of THF.  To the mixture were added 

2-(1-hexen-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3c) (279 μL, 1.2 mmol) and 

allyloxytrimethylsilane (165 μL, 1.0 mmol).  After the reaction mixture was heated at 50 
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ºC for 1 h under argon, iodine (508 mg, 2.0 mmol) was added and the resulting mixture 

was stirred at room temperature for 12 h.  The reaction mixture was quenched with 

aqueous solution of sodium sulfite, and extracted with ethyl acetate (10 mL x 3).  Extract 

was dried over MgSO4 and concentrated.  Purification with bulb to bulb distillation (150 

ºC/1.3 Torr) afforded the title compound 10 as a yellow liquid.  Isolated yield was 56% 

(212 mg, 0.56 mmol).  FT-IR (neat, cm
-1

): 2958 (s), 2930 (s), 2928 (s), 1379 (s), 1372 (s), 

1334 (s), 1272 (m), 1144 (s), 976 (s), 852 (s).  
1
H NMR (300 MHz, CDCl3, rt): δ 0.88 (t, 

J = 7.2 Hz, 3H), 1.23-1.40 (m, 4H), 1.28 (s, 12H), 2.40 (t, J = 7.5 Hz, 2H), 3.13 (d, J = 6.6 

Hz, 2H), 5.05-5.10 (m, 1H), 5.11-5.17 (m, 1H), 5.74 (ddt, J = 17.1, 10.2, 6.6 Hz, 1H); 

13
C{

1
H} NMR (75 MHz, CDCl3, rt): δ 13.8, 22.5, 24.5, 31.1, 35.8, 46.4, 84.2, 116.8, 133.7, 

159.3.  The carbon signal adjacent to B was not observed due to low intensity; 
11

B NMR 

(CDCl3, 96 MHz, rt): δ 28.6.  MS (EI, m/z (relative intensity)): 376 (M
+
, 26), 276 (51), 

234 (36), 149 (45), 121 (40), 107 (54), 101 (100), 93 (36), 84 (30), 85 (33), 83 (62), 81 

(24), 79 (38), 67 (31).  Anal. Calcd for C15H26BIO2: C, 47.91; H, 6.97%. Found: C, 48.11; 

H, 6.98%. 

 

Preparation of 

4,4,5,5-Tetramethyl-2-[(Z)-3-(2-propen-1-yl)-2-hepten-2-yl)]-1,3,2-dioxaborolane (14).  

Zinc bromide (75 mg, 0.33 mmol) in 20 mL of Schlenk was heated under reduced pressure 

for 5 min.  After THF (0.42 mL) was added, the solution was cooled to 0 °C.  To a 

solution was added dropwise methylmagnesium bromide (270 μL, 0.27 mmol) at 0 °C and 

the reaction was stirred for 30 min.  A solution of Pd(PPh3)4 (4.6 mg, 0.004 mmol, 2 

mol %) and alkenyl iodide 13 (61 μL, 0.2 mmol) in THF (0.2 mL) was added to a cold 

solution and the mixture was stirred at room temperature for 18 h.  The reaction mixture 

was quenched with 1.0 M HCl and extracted with diethyl ether (5 mL × 3).  The 

combined toluene extracts were washed with NaHCO3 and dried over anhydrous MgSO4.  

The resulting solution was filtered, and purified by bulb to bulb distillation (130 ºC/1.3 

Torr) to give 46 mg (0.17 mmol, 87%) of the title compound 14 as a colorless oil.  FT-IR 
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(neat, cm
-1

): 2978 (s), 2957 (s), 2929 (s), 2872 (m), 1622 (m), 1388 (m), 1357 (s), 1293 (s), 

1286 (m), 1147 (s), 1093 (m), 967 (m), 909 (s), 853 (s).  
1
H NMR (300 MHz, CDCl3, rt): 

δ 0.89 (t, J = 7.2 Hz, 3H), 1.21-1.47 (m, 16H), 1.69 (s, 3H), 2.31 (t, J = 7.8 Hz, 2H), 2.87 

(d, J = 6.3 Hz, 2H), 4.94-5.06 (m, 2H), 5.67-5.81 (m, 1H); 
13

C{
1
H} NMR (75 MHz, 

CDCl3, rt): δ 14.0, 16.2, 22.9, 24.8, 32.0, 35.7, 37.3, 82.7, 115.0, 135.5, 153.0.  The 

carbon signal adjacent to B was not observed due to low intensity; 
11

B NMR (CDCl3, 96 

MHz, rt): δ 30.7.  MS (EI, m/z (relative intensity)): 264 (M
+
, 5), 136 (20), 121 (39), 107 

(16), 101 (19), 84 (23), 83 (22), 81 (17), 67 (16).  Anal. Calcd for C16H29BO2: C, 72.73; 

H, 11.06%. Found: C, 72.52; H, 11.16%. 

Preparation of (E)-3-Methyl-4-(2-propen-1-yl)-3-octene (15) was carried out 

analogously to 11. 

 

To a solution of bis(dibenzylidene)palladium (Pd(dba)2) (8.6 mg, 0.015 mmol, 5 mol %), 

[HP
t
Bu2Me]BF4 (11.2 mg, 0.045 mmol, 15 mol %), and alkenylboronate 14 (90 μL, 0.30 

mmol) in THF (0.75 mL) in a 20 mL of Schlenk tube under an Ar atmosphere were added 

bromoethane (29 μL, 0.39 mmol) and KOH (50.4 mg, 0.90 mmol) at room temperature. 

After being stirred for 12 h at 20 ºC, the reaction mixture was then poured into diethyl 

ether (30 mL), filtered through a short pad of silica gel with copious washings with diethyl 

ether (~10 mL).  Evaporation afforded a brown oil.  Column chromatography on silica 

gel gave 15 (36 mg, 0.216 mmol, 72% yield) as a colorless liquid.  Rf = 0.81 (hexane).  

FT-IR (neat, cm
-1

): 2960 (s), 2930 (s), 2873 (s), 2860 (s), 1636 (m), 1466 (s), 1456 (s), 

1377 (m), 993 (m), 908 (s).  
1
H NMR (CDCl3, 300 MHz, rt): δ 0.88-0.92 (m 3H), 0.97 (t, 

J = 7.8 Hz, 3H), 1.26-1.34 (m, 4H), 1.63 (s, 3H), 1.97-2.01 (m, 4H), 2.75 (d, J = 6.3 Hz, 

2H), 4.90-5.06 (m, 2H), 5.74 (ddt, J = 17.1, 10.2, 6.6 Hz, 1H); 
13

C{
1
H} NMR (CDCl3, 75 

MHz, rt): δ 13.3, 14.1, 17.5, 23.0, 27.1, 31.3, 31.8, 36.8, 114.1, 129.7, 131.8, 136.8.  MS 

(EI, m/z (relative intensity)): 166 (M
+
, 36), 137 (20), 123 (10), 109 (67), 96 (15), 95 (54), 

83 (18), 82 (12), 81 (100), 79 (22), 77 (12), 77 (12), 69 (41), 68 (10), 67 (63).  Anal. 

Calcd for C12H22: C, 86.67; H, 13.33%. Found: C, 86.89; H, 13.34%. 
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Preparation of (Z)-3-Methyl-4-propyl-3-octene (16) (Hydrogenation of 15):  A 

two-necked 25 mL Schlenk tube equipped with a septum was placed under hydrogen 

atmosphere.  To a solution of 15 (63 μL; 0.30 mmol) in hydrogen flushed benzene (3 mL) 

and chlorotris(triphenylphosphine)rhodium(I) (27.8 mg; 0.03 mmol; 10 mol %) were 

successively introduced, and the resulting brown solution was stirred at room temperature 

for 18 h, filtered over Celite.  The volatiles were removed under reduced pressure.  

Column chromatography (silica gel; hexane) afforded 16 (421 mg, 0.025 mmol, 83% yield) 

as a colorless liquid.  Rf = 0.85 (hexane).  FT-IR (neat, cm
-1

): 2959 (s), 2931 (s), 2872 

(s), 1466 (m), 1458 (m). 
1
H NMR (300 MHz, CDCl3, rt): δ 0.89 (t, J = 7.2 Hz, 3H), 0.91 (t, 

J = 7.2 Hz, 3H), 0.95 (t, J = 7.2 Hz, 3H), 1.27-1.40 (m, 6H), 1.62 (s, 3H), 1.93-2.06 (m, 

6H); 
13

C{
1
H} NMR (75 MHz, CDCl3, rt): δ 13.3, 14.1, 14.3, 17.4, 21.9, 23.1, 27.1, 31.67, 

31.71, 34.5, 130.1, 132.6.  MS (EI, m/z (relative intensity)): 168 (M
+
, 27), 125 (7), 97 

(41), 84 (39), 83 (57), 69 (100), 67 (10).  Anal. Calcd for C12H24: C, 85.63; H, 14.37%.  

Found: C, 85.66; H, 14.34%.   
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2-4-3  Copies of 
1
H and 

13
C{

1
H} NMR Charts for the New Compounds. 

 

 

 

 

 

 
1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 3b (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 5a (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 5b (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 5d (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 5e (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 6a (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 7 (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 8 (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 9a (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 9b (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 10a (rt, CDCl3).   
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 10b (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 11 (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 12 (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 13 (rt, CDCl3)。 
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1
H NMR (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 14 (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{

1
H} NM R (75 MHz) spectra of 15 (rt, CDCl3). 
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1
H NMR (300 MHz) and 

13
C{
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H} NMR (75 MHz) spectra of 16 (rt, CDCl3). 
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Synthesis of Multisubstituted Olefins through 

Regio- and Stereoselective Silylborylation of an  

Alkynylboronate/Chemoselective Cross-Coupling Sequences 
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3-1 Introduction 

As mentioned in Chapter 1, the regio- and stereodefined synthesis of multisubstituted 

olefins is one of the most challenging goals in synthetic organic chemistry.  

Tetraarylethenes, as a significant class of multisubstituted olefins, owing to their 

interesting photophysical and redox properties, are interesting functional materials and 

their ring-substituted analogues are valuable synthetic targets in materials science.
1
  The 

rigidity and the steric hindrance of tetraarylethene molecules render their synthesis 

difficult to construct.  Moreover, since the reported procedures are, in the main, limited to 

the preparation of symmetrical tetraarylethenes via homocoupling reactions of 

diaryldiazomethanes,
2
 diaryldichloromethanes,

3
 diaryl thioketones,

4
 (Scheme 3-1) and 

diaryl ketones,
5 

development of general methods for the synthesis of unsymmetrically 

substituted tetraarylated olefins, preferably with four different aryl groups, has been a 

valuable target to organic chemists.
6
  

Scheme 3-1 

 

The Author envisaged that a combination of transition-metal-catalyzed 

silylborylation
7,8,9

 of unsymmetrical internal alkynes with cross-coupling reactions could 

provide a straightforward synthetic entry for various tetraarylethenes.  However, 

silylborylation of unsymmetrical internal alkynes, e.g., 1-phenyl-1-propyne, was reported 
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to show a low regioselectivity obviously, while the use of unsymmetrical diarylethynes
10

 

as the substrates are readily anticipated to form a mixture of the regioisomers, which limits 

a diversity of regio- and stereospecific silylborylated olefins
 
(Scheme 3-2).

7d
 

Scheme 3-2 

 

In this Chapter, the Author reports a novel synthetic protocol for the preparation of 

tetrasubstituted olefins, particularly for a tetraarylated variant with four different aryl 

groups, by the palladium-catalyzed silylborylation of alkynylboronates,
11

 yielding 

1-silyl-1-phenyl-2,2-diborylated olefins with perfect regio- and stereoselectivities and 

sequential chemoselective Suzuki-Miyaura coupling,
12

 delivering 

(Z)-1-silyl-2-borylstilbenes.  Because the reagents are readily available and the 

operations are simple, this synthetic strategy proves more selective and tolerant than those 

previously reported. 

 

3-2 Results and Discussion 

3-2-1  Regio- and Stereoselective Silylborylation 

Initial trials of silylborylation of silylborane 1 (Bpin is pinacolatoboryl) with the 

alkynylboronate 2 were conducted according to a report in 1999,
7d

 in the presence of the 

in situ generated palladium(0)-isonitrile complex.  Reaction of 1 with 2 took place in the 

presence of a catalytic amount of Pd(OAc)2 and 1,1,3,3-tetramethylbutyl isonitrile 

(t-OctNC) as the ligand.  The results are shown in Table 3-1.  It is noticed that using 5 

mol % of Pd(OAc)2 and 30 mol % of t-OctNC, silylborylation product 3 was formed in 53% 

yield as a sole stereoisomer (Table 3-1, entry 1).  Optimal conditions using less palladium 

catalyst (2 mol %) gave the improved yield when the reaction time was prolonged (Table 

3-1, entry 2).  It was shown that the reaction did not proceed smoothly at lower 

temperatures or with a less amount of t-OctNC, which decreased yields obviously (Table 

3-1, entries 3 and 4).  Likewise, Pd(OAc)2 in conjunction with cyclohexyl isonitrile 

(CyNC) gave a poor yield (19%) (Table 3-1, entry 5).  In addition, phosphine and 
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phosphite ligands could not generate an efficient Pd catalyst for the reaction (Table 3-1, 

entries 6 and 7). 

Table 3-1.  Screening silylborylation of alkynylboronate 2 with silylborane 1.
 a
 

 

entry a Pd cat. (mol %) ligand (mol %) temp (ºC) time (h) yieldb (%) 

1 Pd(OAc)2 (5) t-OctNC (30) 110 2 53 

2 Pd(OAc)2 (2) t-OctNC (30) 110 12 60 

3 Pd(OAc)2 (2) t-OctNC (30) 50 4 17 

4 Pd(OAc)2 (1) t-OctNC (20) 110 12 30 

5 Pd(OAc)2 (2) CyNC (30) 110 12 19c 

6 Pd2dba3•CHCl3 (2) P(OEt)3 (20) 110 2 <1 

7 PdCl2(PPh3)2 (2) none 110 2 <1 

a The reactions were carried out using 1 (1.5 mmol) and 2 (1.0 mmol) . b Isolated yields after column 

and recrystallization.  cTwo stereoisomers were detected.   

 

 

Figure 3-1.  An ORTEP Drawing of 3. 

The regio- and stereochemistry of the adduct 3 was confirmed by X-ray 

crystallographic analysis (Figure 3-1).  Thus, silylborylation was found to take place 

regio- and stereoselectively with the silyl moiety geminal to a phenyl group.  Although 

the similar 1,1-diboryl-1-alkenes have been prepared by gem-diborylation of 

1,1-dibromo-1-alkenes with n-BuLi/bis(pinacolato)diboron
13

 or ketone addition of 
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tris(pinacolato)borylmethyllithium,
14

 to the best of her knowledge, there are no precedent 

examples of the silylated 1,1-diboryl-1-alkenes that are difficult to be synthesized under 

basic conditions due to an occurrence of desilylation.  A possible catalytic cycle forming 

3 is proposed to explain the observed regioselectivity.  This proposed cycle is presented 

in Scheme 3-3. 

Scheme 3-3.  A Plausible Mechanism. 

 

It was proposed that silylborane 1 oxidatively adds to the Pd(0) catalyst to generate the 

Pd(II) species A.  Intermediate A then undergoes migratory insertion, wherein 

alkynylboronate 2 inserts into a Pd–B bond (borylpalladation) to form B.  Although the 

borylpalladation mechanism has been proposed as the result of theoretical studies,
8c,15

 

another possibility, silylpalladation, cannot be neglected.  This selectivity is opposite to 

that observed in the analogous process with organozirconium species.
16

  Finally, the 

adduct 3 is produced by reductive elimination, regenerating the Pd catalyst. 

 

3-2-2 Chemoselective Suzuki-Miyaura Coupling of the Silylborylated Compound 

Since functional materials, natural products, and bioactive pharmaceuticals have all 

been synthesized with 1,1-diborylated olefins,
17,18

 to further test the utility of this building 

block, compound 3 was successively subjected to Suzuki-Miyaura coupling with an 

equimolar of iodobenzene (4a) to ascertain whether the first coupling would be 

chemoselective.  Various palladium catalysts and ligands were tested and the results 
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obtained are listed in Table 3-2.  A combination of Pd(dba)2 with [HP(t-Bu)Me2]BF4 salt, 

which had proven the best catalyst for Suzuki-Miyaura coupling reaction of 

alkenylboronates with alkyl bromides,
12b

 was found to be sub-optimal for the present 

reaction due to desilylation of 3.  Pd(PPh3)4 also showed a lower reactivity (Table 3-2, 

entries 2 and 3).  PEPPSI-IPr
19

 and Pd2dba3•CHCl3/P(t-Bu)3 proved more reactive and 

afforded relatively higher yields, albeit with reduced chemoselectivity (Table 3-2, entries 

4 and 5).  An initial survey demonstrated that aqueous KOH accelerated the reaction.   

Table 3-2.  Screening the Optimal Condition of Chemoselective Suzuki-Miyaura Coupling. 

 

entry Pd cat. (mol %) ligand (mol %) base solvent 
temp. 

(ºC) 

time 

(h) 
yield/% (Z:E)b 

1 Pd(dba)2 (5) [HP(t-Bu)Me2]BF4 (20) KOH THF rt 12 0 

2 Pd(PPh3)4 (10) -- KOH aq. dioxane 70 12 24 (96:4) 

3 Pd(PPh3)4 (20) -- KOH aq. THF rt 12 38 (92:8) 

4 PEPPSI-IPr (5) -- KOH aq. toluene 50 12 55 (92:8) 

5 PEPPSI-IPr (10) -- KOH aq. THF rt 3 59 (75:25) 

6 Pd2dba3•CHCl3 (5) P(t-Bu)3 (20) KOH aq. THF rt 3 76 (75:25) 

7 Pd2dba3•CHCl3 (5) P(t-Bu)3 (20) Cs2CO3 aq. THF rt 12 64 (92:8) 

8 PdCl2(NCPh) (10) dppe (20) KOH aq. THF rt 12 60 (86:14) 

9 PdCl2(NCPh) (10) dppbz (20) KOH aq. THF rt 12 27 (>99:1) 

10 PdCl2(NCPh) (10) 1,8-dppn (20) KOH aq. THF rt 12 64 (85:15) 

11 PdCl2(NCPh) (10) Xantphos (20) KOH aq. THF rt 12 41 (86:14) 

12 PdCl2(dppf) (5) -- KOH aq. THF rt 3 85 (88:12) 

a  Reaction conditions: 3 (0.1 mmol), 4a (0.1 mmol), Pd cat./ligand, base (0.3 mmol, 3 equiv), solvent (1 mL).  b 

Isolated yields of the isomeric mixture, the Z:E ratios were determined by the 1H NMR spectra.   
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Palladium catalysts with monodentate ligands were not particularly efficient.  Therefore, 

several representative bidentate ligands were examined (Table 3-2, entries 8-12).  It was 

delighted to find that PdCl2(dppf)
20

 gave much improved performance (Table 3-2, entry 

12).  Although all the examined catalysts gave rise to the coupled product 5a as a mixture 

of stereoisomers, the isomeric mixture was separated by silica gel column chromatography.  

A Z-geometry of the major isomer of the product 5a was confirmed by X-ray 

crystallographic analysis (Figure 3-2). 

 

Figure 3-2.  An ORTEP Drawing of 3. 

An authentic (E)-5a was synthesized by silylborylation of diphenylethyne
7d

 to provide 

comparitor NMR data and this was indeed distinct to that of (Z)-5a (Scheme 3-4).  

Moreover, the Z:E ratios were precisely calculated by the 
1
H NMR spectra to determine 

the chemoselectivity, utilizing proton signals on SiMe2Ph as the references (Figure 3-3, 

3-4, 3-5).   

Scheme 3-4.  Synthesis of Authentic (E)-5a. 
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Figure 3-3.  The 
1
H NMR spectrum of (E)-5a. 

 

 

 

 

 

Figure 3-4.  The 
1
H NMR spectrum of synthesized (Z)-5a. 



77 
 

 

Figure 3-5  Determination of a Z/E Ratio of 5a by the 
1
H NMR Spectrum. 

The observed chemoselectivity is consistent with that reported by Shimizu and 

Hiyama:
17a

 the C–C bond formation at the cis position of the alkyl groups was observed in 

the reaction of 1,1-diboryl-1-alkene with aryl iodides.  The C–C bond at the cis position 

of the SiMe2Ph group was formed with a discrimination of two geminal boryl groups in 3.  

Considering conformational energies (A-values) of the Ph (2.8) and SiMe2Ph (2.5-2.8) 

groups,
21

 the chemoselectivity cannot be explained simply by a steric effect.  From the 

viewpoint of electronic demands, the 
11

B NMR spectrum of 3 showed an overlapped 

signal at 29.9 ppm, indicating that the two boryl groups are electronically similar.  Thus, 

at present, the reason why the two boryl groups in 3 are discriminated remains unclear. 

After optimizing the reaction conditions for the chemoselective Suzuki-Miyaura 

coupling of 3, a series of aryl iodides 4 were subjected to survey the reaction scope.  

2-Iodoanisole (4c) afforded the desired product 5c in a moderate yield due to a steric 

effect (Table 3-3, entry 4).  As shown in Table 2, it is noteworthy that some aryl 

bromides 4' also gave 5 in moderate to good yields when the reaction time was extended 

to 18 h (Table 3-3, entries 2 and 8).  It is also notable that a chloro group in the substrate 

4g remained intact during the reaction with no trace of side product observed.  Synthesis 
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of compounds 5 would be impracticable via anti-silylborylation
7k

 of unsymmetrical 

diarylethynes because regioselectivity of addition would not be controllable. 

Table 3-3.  Chemoselective Suzuki-Miyaura Coupling of 3 with Aryl Iodides 4 or Aryl Bromides 4'.
a
  

 

entry Ar–X (Z)-5 yield (Z:E)b 

1 
 (4a)     

 

85 (88:12) 

2c 
 (4a')     5a 78 (87:13) 

3 
 (4b)     

  

87 (89:11) 

4 

 (4c)     

 

57 (92:8) 

5 

 (4d)     

 

83 (89:11) 

6 
 (4e)     

 

92 (88:12) 
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7 
 (4f)     

 

57 (87:13) 

8c 
 (4f')    5f 59 (85:15) 

9 
 (4g)     

 

92 (88:12) 

10  (4h)     

 

70 (86:14) 

a Reaction condition: 3 (245 mg, 0.5 mmol), 4 or 4' (0.5 mmol), PdCl2(dppf) (18 mg, 5 mol %), 3 M KOH 

solution (1.5 mmol, 0.5 mL) in THF (5 mL).  b Isolated yields after silica gel column chromatography, Z:E ratios 

were determined by the 1H NMR spectra.  c The reaction time was 18 h. 

3-2-3  Synthesis of a Triarylated Olefin 

With a diverse range of reagents 5 in hand, a further aryl group was sequentially 

introduced by Suzuki-Miyaura coupling of the remaining boron moiety.  The triarylated 

alkenylsilane 6 was synthesized successfully by the reaction of 5b with 4f in the presence 

of Pd2dba3•CHCl3/P(t-Bu)3 as the catalyst (Scheme 3-5).   

Scheme 3-5.  Synthesis of a Triarylated Alkenylsilane 6. 
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3-2-4  Synthesis of a Tetraarylated Olefin 

Finally, the synthesis of a tetraarylated olefin 8 with four different aryl groups was 

addressed through sequential cross-couplings by utilizing the remaining silyl moiety.  

With Br2 and NaOMe in MeOH,
22

 the silyl group in 6 was successfully transformed to the 

corresponding bromide 7 along an inversion of stereochemistry
23

 (Scheme 3-6).  

Sequential Suzuki-Miyaura coupling of 7 with 4-cyanophenylboronic acid afforded the 

tetraarylated olefin 8 in 89% yield as a sole product whose structure was unambiguously 

confirmed by X-ray diffraction (Figure 3-6).   

Scheme 3-6.  Synthesis of a Tetraarylated Olefin 8. 

 

 

Figure 3-6.  An ORTEP Drawing of 8. 
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3-3 Summary 

The Author has successfully developed the synthesis of tetraarylated olefins featuring a 

perfectly regio- and stereoselective silylborylation of the alkynylboronate and sequential 

chemoselective Suzuki-Miyaura couplings.  This protocol can be applicable to various 

aryl moieties bearing a variety of functional groups, including those not compatible with 

organolithium reagents required in previous approaches.  Further studies to clarify the 

factors for the selectivity and to expand this synthetic method to a more general approach 

to the complicated π-conjugated molecules are in progress. 
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3-4 Experimental Section 

3-4-1  General Instrumentation and Chemicals.  

All the reactions were carried out under an Ar atmosphere using standard Schlenk 

techniques.  Glassware was dried in an oven (130 °C) and heated under reduced pressure 

prior to use.  Dehydrated THF, dichloromethane, hexane, and diethyl ether were 

purchased from Kanto Chemicals Co., Ltd.  For thin layer chromatography (TLC) 

analyses throughout this work, Merck precoated TLC plates (silica gel 60 GF254, 0.25 mm) 

were used.  Silica gel column chromatography was carried out using Silica gel 60 N 

(spherical, 40-100 m) from Kanto Chemicals Co., Ltd.  The 
1
H and 

13
C{

1
H} NMR 

spectra were recorded on Mercury-300 (300 MHz) and Varian INOVA-600 (600 MHz) 

spectrometers.  The 
19

F{
1
H} NMR spectra were recorded on Mercury-300 (300 MHz) 

and chemical shifts were referenced to an external standard (CFCl3).  The 
11

B{
1
H} NMR 

spectra was recorded on Varian INOVA-600 (600 MHz) spectrometers and the chemical 

shifts were referenced to an external standard (BF3•Et2O).  Infrared spectra were 

recorded on a Shimadzu IRPrestige-21 spectrophotometer.  GC analyses were performed 

on a Shimadzu GC-14A equipped with a flame ionization detector using Shimadzu 

Capillary Column (CBP1-M25-025) and Shimadzu C-R6A-Chromatopac integrator.  

GC/MS analyses were carried out on a SHIMADZU GC-17A equipped with a 

SHIMADZU QP-5050 GC-MS system.  Elemental analyses were carried out with a 

Perkin-Elmer 2400 CHN elemental analyzer at Okayama University. 

 

3-4-2  Experimental Procedures  

Materials: 2-(Dimethylphenylsilyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1) was 

synthesized via the treatment of freshly prepared  dimethylphenylsilyllithium with 

4,4,5,5-tetramethyl-2-(1-methylethoxy)-1,3,2-dioxaborolane, according to the literature 

methods.
24

  4,4,5,5-Tetramethyl-2-(phenylethynyl)-1,3,2-dioxaborolane (2) were 

prepared via lithiation of phenylacetylene and sequential treatment with 

4,4,5,5-tetramethyl-2-(1-methylethoxy)-1,3,2-dioxaborolane.
15a
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Regio- and Stereoselective Silylborylation of 2: Synthesis of 

1-Dimethylphenylsilyl-1-phenyl-2,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)et

hene (3).  To palladium(II) acetate (9.0 mg, 0.04 mmol) in a 20 mL of Schlenk tube was 

added liquid l,1,3,3-tetramethylbutyl isonitrile (105 μL, 0.6 mmol) with stirring at room 

temperature under an argon atmosphere.  The color of the mixture immediately changed 

to a vivid red, indicating the formation of palladium(0)-isonitrile complex.  Toluene (0.5 

mL), silylborane 1 (787 mg, 3 mmol), and alkynylboronate 2 (456 mg, 2 mmol) were 

added, and the reaction mixture was heated at reflux.  The cooled reaction mixture was 

subjected to a short column of silica gel (hexane/ethyl acetate = 20:1), followed by 

recrystallization in hexane to afford the titled compound 3 (588 mg, 1.2 mmol, 60%) as 

white solid.  Mp = 104-105 ºC.  Rf = 0.26 (hexane/ethyl acetate = 20:1).  FT-IR (neat, 

cm
-1

): 2976 (m), 2929 (m), 1330 (m), 1294 (s), 1269 (s), 1141(s), 848 (s), 700 (s).  
1
H 

NMR (300 MHz, CDCl3, rt): δ 0.27 (s, 6H), 0.95 (s, 12H), 1.06 (s, 12H), 6.97-7.00 (m, 

2H), 7.08-7.19 (m, 3H), 7.24-7.27 (m, 3H) 7.52-7.56 (m, 2H); 
13

C{
1
H} NMR (75 MHz, 

CDCl3, rt): δ –0.6, 24.3, 24.8, 83.1, 83.3, 125.4, 126.8, 127.31, 127.34, 128.4, 134.2, 139.5, 

148.3, 172.3.  The carbon signal attached to B was not observed due to low intensity; 

11
B{

1
H} NMR (192 MHz, CDCl3, rt): δ 29.9 (brs, overlapped).  MS (EI, m/z (relative 

intensity)): 490 (M
+
, 1), 475 (5), 363 (4), 307(11), 135(13), 129 (6), 84 (100), 83 (29), 69 

(21).  Anal. Calcd for C28H40SiB2O4: C, 68.59; H, 8.22%. Found: C, 68.20; H, 8.40%. 

The authentic sample of (E)-5a was synthesized according to the procedure above, 

using diphenylacetylene (356 mg, 2 mmol), as white solid.  Yield was 70% (612 mg, 

1.39 mmol,).  
1
H NMR (300 MHz, CDCl3, rt): δ 0.39 (s, 6H), 1.09 (s, 12H), 1.06 (s, 12H), 

6.75-6.78 (q, 2H), 6.78-7.07 (m, 8H), 7.37-7.39 (m, 3H) 7.68-7.71 (m, 2H). 
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(Z)-1-(Dimethylphenylsilyl)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-dip

henylethene (5a).  To a solution of PdCl2(dppf) (18 mg, 0.025 mmol 5 mol %) in THF (5 

mL) as an orange suspension in a 20 mL of Schlenk tube at room temperature under an Ar 

atmosphere were added 3 (245 mg, 0.5 mmol) and aryl halide 4 (0.5 mmol, 1.0 equiv).  

After aqueous 3 M KOH solution (1.5 mmol, 0.5 mL) was added, the reaction mixture 

turned to deep brown solution immediately.  The reaction mixture was stirred for 12h at 

room temperature.  After the reaction completed, the reaction mixture was quenched by 

sat. NH4Cl solution, then extracted with diethyl ether (20 mL x 2).  The combined 

ethereal layers were washed with brine and dried over MgSO4.  Filtration, evaporation 

and silica gel chromatography (hexane/ethyl acetate = 20:1) gave the pure (Z) -5a.  White 

solid (164 mg, 0.37 mmol, 75%) from 4a and (150 mg, 0.34 mmol, 68%) from 4a'.  Mp 

= 76-78 ºC.  Rf = 0.28 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 3068 (m), 

2974 (w), 1373 (s), 1336 (s), 1141 (s), 848 (s), 700 (s).  
1
H NMR (300 MHz, CDCl3, rt): 

δ 0.03 (s, 6H), 0.97 (s, 12H), 7.21-7.34 (m, 13H), 7.40-7.43 (m, 2H); 
13

C{
1
H} NMR (75 

MHz, CDCl3, rt): δ –1.3, 24.2, 83.4, 125.7, 126.5, 127.3, 127.5, 127.7, 128.1, 128.4, 128.5, 

133.9, 139.4, 142.0, 145.6, 153.8.  The carbon signal attached to B was not observed due 

to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.4.  MS (EI, m/z (relative 

intensity)): 440 (M
+
, 22), 425 (35), 356 (28), 265 (21), 247 (18), 178 (39), 135 (100), 84 

(58), 83 (27), 69 (14).  Anal. Calcd for C28H33SiBO2: C, 76.35; H, 7.55%. Found: C, 

76.52; H, 7.61%.   

 

 

(Z)-1-(Dimethylphenylsilyl)-1-phenyl-2-(4-methoxyphenyl)-2-(4,4,5,5-tetramethyl-1
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,3,2-dioxaborolan-2-yl)ethene (5b).  White solid (182 mg, 0.39 mmol, 77%).  Mp = 

122-123 ºC.  Rf = 0.13 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 3068 (m), 

2980 (m), 1602 (m), 1508 (s), 1340 (s), 1298 (s), 1246 (s), 1143 (s), 852(s).  
1
H NMR 

(300 MHz, CDCl3, rt): δ –0.03 (s, 6H), 0.90 (s, 12H), 3.79 (s, 3H), 6.73 (d, J = 8.7 Hz, 

2H), 7.10 (d, J = 8.7 Hz, 2H), 7.14-7.19 (m, 3H), 7.22-7.28 (m, 5H), 7.35-7.38 (m, 2H); 

13
C{

1
H} NMR (75 MHz, CDCl3, rt): δ –1.1, 24.3, 55.1, 83.4, 113.2, 125.6, 127.3, 127.5, 

128.4, 128.5, 129.2, 133.9, 134.5, 139.7, 145.7, 153.4, 158.4.  The carbon signal attached 

to B was not observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.4.  

MS (EI, m/z (relative intensity)): 470 (M
+
, 67), 455 (31), 386 (49), 295 (18), 227 (24), 208 

(48), 135 (100), 84 (24), 83 (32).  Anal. Calcd for C29H35SiBO3: C, 74.03; H, 7.50%. 

Found: C, 74.43; H, 7.48%.   

 

 

(Z)-1-(Dimethylphenylsilyl)-1-phenyl-2-(2-methoxyphenyl)-2-(4,4,5,5-tetramethyl-1

,3,2-dioxaborolan-2-yl)ethene (5c).  White solid (123 mg, 0.26 mmol, 52%).  Mp = 

95-96 ºC.  Rf = 0.19 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2980 (m), 2980 

(m), 1456 (m), 1338 (s), 1303 (s), 1242 (m), 1141 (s), 1111 (s), 813 (m), 700 (s).  
1
H 

NMR (300 MHz, CDCl3, rt): δ 0.00 (s, 6H), 0.89 (s, 12H), 3.75 (s, 3H), 6.69 (dd, J = 8.4, 

0.6 Hz, 1H), 6.77 (td, J = 7.5, 1.5 Hz, 1H), 7.05 (dd, J = 7.5, 1.5 Hz, 1H), 7.12-7.31 (m, 

11H); 
13

C{
1
H} NMR (75 MHz, CDCl3, rt): δ –1.3, 24.2, 55.0, 83.0, 109.5, 120.0, 125.5, 

127.2 (overlapped), 128.2, 128.3, 129.0, 130.9, 132.0, 133.8, 139.7, 145.7, 155.7, 156.7.  

The carbon signal attached to B was not observed due to low intensity; 
11

B{
1
H} NMR 

(192 MHz, CDCl3, rt): δ 29.6.  MS (EI, m/z (relative intensity)): 470 (M
+
, 35), 455 (43), 

356 (31), 355 (88), 354 (23), 277 (23), 251 (18), 208 (19), 135 (100), 84 (15), 83 (21).  

Anal. Calcd for C29H35SiBO3: C, 74.03; H, 7.50%. Found: C, 73.73; H, 7.40%.   
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(Z)-1-(Dimethylphenylsilyl)-1-phenyl-2-(3-methoxyphenyl)-2-(4,4,5,5-tetramethyl-1

,3,2-dioxaborolan-2-yl)ethene (5d).  White solid (173 mg, 0.37 mmol, 74%).  Mp = 

90-91 ºC.  Rf = 0.14 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2974 (m), 2929 

(w), 1456 (m), 1338 (s), 1305 (s), 1263 (s), 1141 (s), 845 (s), 816 (m), 702 (s).  
1
H NMR 

(300 MHz, CDCl3, rt): δ –0.02 (s, 6H), 0.91 (s, 12H), 3.58 (s, 3H), 6.70-6.74 (m, 2H), 

6.80-6.83 (m, 1H), 7.12 (t, J =7.8 Hz, 1H), 7.17-7.19 (m, 3H), 7.23-7.26 (m, 5H), 

7.37-7.40 (m, 2H); 
13

C{
1
H} NMR (75 MHz, CDCl3, rt): δ –1.2, 24.2, 54.9, 83.4 112.6, 

113.3, 120.6, 125.7, 127.4, 127.5, 128.4, 128.5, 128.8, 133.9, 139.7, 143.3, 145.6, 153.6, 

159.0.  The carbon signal attached to B was not observed due to low intensity; 
11

B{
1
H} 

NMR (192 MHz, CDCl3, rt): δ 29.5.  MS (EI, m/z (relative intensity)): 470 (M
+
, 20), 455 

(40), 386 (29), 295 (18), 277 (23), 277 (23), 208 (42), 135 (100), 84 (39), 83 (38).  Anal. 

Calcd for C29H35SiBO3: C, 74.03; H, 7.50%. Found: C, 73.63; H, 7.59%.   

 

 

(Z)-1-(Dimethylphenylsilyl)-1-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y

l)-2-(4-methylphenyl)ethene (5e).  White solid (192 mg, 0.42 mmol, 81%).  Mp = 

83-84 ºC.  Rf = 0.27 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2980 (m), 1342 

(s), 1305 (m), 1141 (s), 1111 (m), 850 (m), 700 (s).  
1
H NMR (300 MHz, CDCl3, rt): δ –

0.05 (s, 6H), 0.89 (s, 12H), 2.31 (s, 3H), 6.97-7.00 (m, 2H), 7.05-7.07 (m, 2H), 7.12-7.17 

(m, 3H), 7.20-7.26 (m, 5H), 7.32-7.35 (m, 2H); 
13

C{
1
H} NMR (75 MHz, CDCl3, rt): δ –

1.2, 21.1, 24.2, 83.3, 125.6, 127.3, 127.4, 128.0, 128.3, 128.4, 128.5, 133.9, 136.0, 139.1, 
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139.5, 145.7, 153.5.  The carbon signal attached to B was not observed due to low 

intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.4.  MS (EI, m/z (relative intensity)): 

454 (M
+
, 37), 439 (31), 370 (33), 279 (21), 261 (24), 192 (59), 135 (100), 84 (47), 83 (39).  

Anal. Calcd for C29H35SiBO2: C, 76.64; H, 7.76%. Found: C, 76.56; H, 7.60%.  

 

 

(Z)-1-(Dimethylphenylsilyl)-1-phenyl-2-(4-trifluoromethylphenyl)-2-(4,4,5,5-tetram

ethyl-1,3,2-dioxaborolan-2-yl)ethene (5f).  White solid.  Isolated in 50% yield (126 

mg, 0.25 mmol) from 4-iodobenzotrifluoride (4f) and 50% yield (127 mg, 0.26 mmol) 

from 4-bromobenzotrifluoride (4f'), respectively.  Mp = 104-105 ºC.  Rf = 0.12 

(hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2981 (w), 1348 (m), 1323 (s), 1159 (s), 

1141 (s), 1116 (s), 1107 (s), 1064 (s), 702 (m).  
1
H NMR (300 MHz, CDCl3, rt): δ 0.01 (s, 

6H), 0.89 (s, 12H), 7.15-7.30 (m, 12H), 7.37 (d, J = 8.1 Hz, 2H); 
13

C{
1
H} NMR (150 

MHz, CDCl3, rt): δ –1.2, 24.2, 83.6, 124.3 (q, JC-F = 272.2 Hz), 124.6 (q, JC-F = 3.3 Hz), 

126.0, 127.5, 127.7, 128.2, 128.4, 128.5 (q, JC-F = 32.0 Hz), 128.6, 133.7, 138.6, 145.3, 

145.7, 155.8.  The carbon signal attached to B was not observed due to low intensity; 

11
B{

1
H} NMR (192 MHz, CDCl3, rt): δ 29.1; 

19
F{

1
H} NMR

 
(282 MHz, CDCl3, rt): δ –

62.8.  MS (EI, m/z (relative intensity)): 508 (M
+
, 19), 493 (35), 431 (14), 354 (32), 227 

(17), 135 (100), 84 (71), 83 (31).  Anal. Calcd for C29H32SiBO2F3: C, 68.50; H, 6.34%. 

Found: C, 68.49; H, 6.05%.   

 

 

(Z)-1-(Dimethylphenylsilyl)-1-phenyl-2-(4-chlorophenyl)-2-(4,4,5,5-tetramethyl-1,3
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,2-dioxaborolan-2-yl)ethene (5g).  White solid (192 mg, 0.40 mmol, 81%).  Mp = 

105-106 ºC.  Rf = 0.16 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2983 (m), 

1489 (m), 1338 (s), 1303 (s), 1141 (s), 1111 (m), 840 (s), 773(m), 702 (s).  
1
H NMR (300 

MHz, CDCl3, rt): δ 0.00 (s, 6H), 0.90 (s, 12H), 7.03-7.08 (m, 2H), 7.10-7.18 (m, 5H), 

7.19-7.32 (m, 7H); 
13

C{
1
H} NMR (75 MHz, CDCl3, rt): δ –1.2, 24.2, 83.5, 125.8, 127.4, 

127.6, 127.8, 128.3, 128.5, 129.5, 132.4, 133.8, 139.0, 140.5, 145.4, 155.0.  The carbon 

signal attached to B was not observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, 

CDCl3, rt): δ 29.2.  MS (EI, m/z (relative intensity)): 474 (M
+
, 14), 459 (18), 390 (13), 

211 (16), 135 (100), 84 (47), 83 (23).  Anal. Calcd for C28H32SiBO2Cl: C, 70.82; H, 

6.79%. Found: C, 70.99; H, 6.70%.  

 

 

(Z)-1-(Dimethylphenylsilyl)-1-phenyl-2-(4-ethoxycarbonylphenyl)-2-(4,4,5,5-tetram

ethyl-1,3,2-dioxaborolan-2-yl)ethene (5h).  White solid (154 mg, 0.30 mmol, 60%).  

Mp = 91-92 ºC.  Rf = 0.27 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2983 (m), 

1489 (m), 1338 (s), 1303 (s), 1141 (s), 1111 (m), 840 (s), 773(m), 702 (s).  
1
H NMR (300 

MHz, CDCl3, rt): δ –0.03 (s, 6H), 0.88 (s, 12H), 1.40 (t, J = 7.2 Hz, 3H), 4.37 (q, J = 7.2 

Hz, 2H), 7.13-7.33 (m, 12H), 7.87 (d, J = 8.7 Hz, 2H); 
13

C{
1
H} NMR (75 MHz, CDCl3, 

rt): δ –1.2, 14.3, 24.2, 60.8, 83.6, 125.9, 127.4, 127.6, 128.1, 128.2, 128.51, 128.58, 129.1, 

133.8, 138.8, 145.3, 147.0, 155.1, 166.6.  The carbon signal attached to B was not 

observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 28.6.  MS (EI, m/z 

(relative intensity)): 512 (M
+
, 21), 468 (17), 397 (21), 355 (40), 337 (32), 250 (37), 206 

(33), 205 (59), 204 (20), 135 (100), 107 (16), 105 (24).  Anal. Calcd for C31H37SiBO4: C, 

72.65; H, 7.28%. Found: C, 72.55; H, 7.10%.    
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Suzuki-Miyaura Cross-Coupling of 5b with 4f: Synthesis of 

(Z)-1-(Dimethylphenylsilyl)-1-phenyl-2-(4-trifluoromethylphenyl)-2-(4-methoxyphen

yl)ethene (6).  To a deep purple solution of Pd2dba3 (26 mg, 0.025 mmol, 5 mol %) and 

P(t-Bu)3 (20 mg, 0.1 mmol, 20 mol %) in THF (5 mL) in 20 mL of Schlenk tube were 

added 5b (235 mg, 0.5 mmol) and 4-iodobenzotrifluoride (4f) (204 mg, 0.75 mmol, 1.5 

equiv) at room temperature under an Ar atmosphere.  After aqueous 3 M KOH solution 

(1.5 mmol, 0.5 mL) was added to the reaction mixture, a color of the reaction mixture 

turned to deep brown solution immediately.  The reaction mixture was heated to a reflux 

temperature and stirred for 12 h.  After the reaction completed, the reaction mixture was 

quenched by sat. NH4Cl solution, then extracted with diethyl ether (20 mL x 2).  The 

combined ethereal layers were washed with brine and dried over MgSO4.  Filtration, 

evaporation, and silica gel chromatography (hexane: ethyl acetate = 20:1) gave the titled 

compound 6 (207 mg, 0.42 mmol, 85%) as a colorless viscous oil.  Rf = 0.41 

(hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 3068 (w), 1608 (m), 1506 (s), 1325 (s), 

1247 (s), 1165 (s), 1122 (m), 1111 (s), 854 (s), 702 (s).  
1
H NMR (300 MHz, CDCl3, rt): δ 

0.09 (s, 6H), 3.84 (s, 3H), 6.78 (d, J = 8.1 Hz, 2H), 6.96 (d, J = 8.1 Hz, 2H), 7.05-7.10 (m, 

5H), 7.13-7.18 (m, 2H) 7.29-7.39 (m, 7H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ –0.8, 

55.2, 113.3, 124.1 (q, JC-F = 272.1 Hz), 124.2 (q, JC-F = 3.5 Hz), 125.3, 127.5, 127.6, 128.8 

(q, JC-F = 32.6 Hz), 128.6, 129.5, 129.7, 130.8, 133.8, 135.6, 139.8, 143.3, 144.2, 147.1, 

153.2, 159.0; 
19

F{
1
H} NMR

 
(282 MHz, CDCl3, rt): δ –62.8. 

 
MS (EI, m/z (relative 

intensity)): 488 (M
+
, 77), 473 (21), 334 (20), 265 (20), 227 (66), 135 (100).  Anal. Calcd 

for C30H27SiOF3: C, 73.74; H, 5.57%. Found: C, 73.78; H, 5.74%.   
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Desilylbromination of 6: Synthesis of 

(E)-1-Bromo-1-phenyl-2-(4-trifluoromethylphenyl)-2-(4-methoxyphenyl)ethene (7).  

To a solution of 6 (212 mg, 0.43 mmol) in a 20 mL Schlenk tube was added Br2 (0.64 mL, 

0.64 mmol, 1.5 equiv, 1.0 M CH2Cl2 solution) at -78 ºC, followed by addition of NaOMe 

(1.1 mL, 1.1 mmol, 1.0 M MeOH solution).  After being stirred for 5 min at -78 ºC, the 

reaction mixture was allowed to warm slowly to room temperature and stirred for another 

2 h.  Then the reaction mixture was quenched with H2O and extracted with Et2O (10 mL 

x 2).  Evaporation and column chromatography (hexane/ethyl acetate = 20:1) yielded a 

viscous oil.  Recrystallization from Et2O/hexane afforded the title compound 7 (112 mg, 

0.26 mmol, 60%) as white solid.  Mp = 97-98 ºC.  Rf = 0.30 (hexane/ethyl acetate = 

20:1).  FT-IR (KBr, cm
-1

): 833 (m), 1066 (m), 1122 (s), 1165 (m), 1250 (s), 1327 (s), 

1510 (m), 1605 (m).  
1
H NMR (300 MHz, CDCl3, rt): δ 3.71 (s, 3 H), 6.62 (d, J = 9.0 Hz, 

2H), 6.84 (d, J = 9.0 Hz, 2H), 7.20-7.25 (m, 3H), 7.33-7.36 (m, 2H), 7.50 (d, J = 8.1 Hz, 

2H), 7.65 (d, J = 8.1 Hz, 2H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ 55.1, 113.4, 122.1, 

124.1 (q, JC-F = 272.1 Hz), 125.2 (q, JC-F = 3.3 Hz), 128.09, 128.12, 129.4 (q, JC-F = 32.6 

Hz), 130.0, 130.2, 131.6, 132.6, 140.8, 141.8, 147.5, 158.7; 
19

F{
1
H} NMR

 
(282 MHz, 

CDCl3, rt): δ –62.9.  MS (EI, m/z (relative intensity)): 434 (M
+
, 60), 432 (59), 354 (25), 

353 (100), 252 (18), 239 (21).  Anal. Calcd for C22H16BrF3O: C, 60.99; H, 3.72%. Found: 

C, 60.87; H, 3.48%. 
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Suzuki-Miyaura Cross-Coupling Reaction of 7 with 4-Cyanophenylboronic Acid: 

Synthesis of (E)-1-(4-Cyanophenyl)-1-phenyl-2-(4-trifluoromethylphenyl)- 

2-(4-methoxyphenyl)ethene (8).  To a yellow solution of Pd(PPh3)4 (5 mg, 0.004 mmol, 

2 mol %) in toluene (2 mL) in a 20 mL of Schlenk tube were added 7 (86 mg, 0.2 mmol), 

4-cyanophenylboronic acid (44 mg, 0.3 mmol, 1.5 equiv), tetrabutylammonium bromide 

(TBAB) (6 mg, 0.02 mmol, 10 mol %), and 2 M K2CO3 aqueous solution (0.3 mL, 0.6 

mmol, 3 equiv) at room temperature under an Ar atmosphere.  The reaction mixture was 

heated up to 90 ºC and stirred for 12 h.  After the reaction completed, the reaction 

mixture was quenched by sat. NH4Cl solution, then extracted with diethyl ether (20 mL x 

2).  The combined ethereal layers were washed with brine and dried over MgSO4.  

Filtration, evaporation, and silica gel chromatography (hexane: ethyl acetate = 20:1) gave 

8 (81 mg, 0.18 mmol, 89%) as pale yellow fluffy solid.  Mp = 135-136 ºC.  Rf = 0.18 

(hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 833 (m), 1066 (m), 1126 (s), 1165 (m), 

1247 (s), 1323 (s), 1506 (m), 1602 (m), 2227 (w).  
1
H NMR (300 MHz, CDCl3, rt): δ 

3.75 (s, 3H), 6.67 (d, J = 9.0 Hz, 2H), 6.90 (d, J = 9.0 Hz, 2H), 6.99-7.03 (m, 2H), 

7.09-7.19 (m, 7H), 7.40 (d, J = 8.1 Hz, 4H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ 55.1, 

110.2, 113.3, 118.8, 124.0 (q, JC-F = 272.1 Hz), 124.9 (q, JC-F = 3.5 Hz), 127.1, 128.1, 

129.0 (q, JC-F = 32.0 Hz), 131.1, 131.5, 131.6, 131.9, 132.4, 134.4, 139.6, 141.3, 142.4, 

146.8, 148.3, 158.7; 
19

F{
1
H} NMR

 
(282 MHz, CDCl3, rt): δ –62.9.  MS (EI, m/z (relative 

intensity)): 456 (M
+
, 33), 455 (100), 436 (2), 353 (2), 278 (3), 277 (3), 266 (3), 264 (3), 

239 (3), 218 (2).  Anal. Calcd for C29H20NF3O: C, 76.47; H, 4.43; N, 3.08%. Found: C, 

76.53; H, 4.35, N, 3.02%. 
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3-4-3  Structural Determination of Compounds by X-ray Analysis 

 

 

 

 

Empirical Formula C29H20F3NO 

Formula Weight 455.48 

Crystal Color, Habit colorless, prism 

Crystal Dimensions 0.40 X 0.10 X 0.10 mm 

Crystal System triclinic 

Lattice Type Primitive 

No. of Reflections Used for Unit 

Cell Determination (2q range) 11130 ( 6.0 - 54.9o ) 

Omega Scan Peak Width 

  at Half-height 0.00º 

Lattice Parameters a = 10.299(4) Å 

 b = 12.070(6) Å 

 c = 19.582(6) Å 

 a = 89.885(15)º 

 b = 86.412(13)º 

 g = 78.391(17)º 

 V = 2379.6(17) Å3 
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Space Group P-1 (#2) 

Z value 4 

Dcalc 1.271 g/cm3 

F000 944.00 

m (MoKa) 0.928 cm-1 

 

Diffractometer AFC7 

Radiation MoKa (l = 0.71075 Å) 

 graphite monochromated 

Take-off Angle 2.8º 

Detector Aperture 2.0 - 2.5 mm horizontal 

 2.0 mm vertical 

Crystal to Detector Distance 21 mm 

Scan Type w-2q 

2qmax 55.0º 

Corrections Lorentz-polarization 

 Absorption 

 (trans. factors: 0.964 - 0.991) 

 

Structure Solution Direct Methods (SIR92) 

Refinement Full-matrix least-squares on F 

Function Minimized S w (|Fo| - |Fc|)2  

Least Squares Weights 1 

2qmax cutoff 55.0º 

Anomalous Dispersion All non-hydrogen atoms 

No. Observations (I>2.00s(I)) 10725 

No. Variables 613 

Reflection/Parameter Ratio 17.50 

Residuals: R (I>2.00s(I)) 0.0759 

Residuals: Rw (I>2.00s(I)) 0.2460 

Goodness of Fit Indicator 0.938 
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Max Shift/Error in Final Cycle 0.001 

Maximum peak in Final Diff. Map 0.58 e-/Å3 

Minimum peak in Final Diff. Map 0.00 e-/Å3 

 

 

 

 

Empirical Formula C28H33BO2Si 

Formula Weight 440.46 

Crystal Color, Habit colorless, prism 

Crystal Dimensions 0.50 X 0.40 X 0.25 mm 

Crystal System triclinic 

Lattice Type Primitive 

No. of Reflections Used for Unit 

Cell Determination (2q range) 11024 ( 6.8 - 55.1º ) 

Lattice Parameters a = 10.0966(9) Å 

 b = 10.7209(9) Å 

 c = 13.1753(11) Å 

 a = 94.573(2)º 

 b = 94.171(2)º 

 g = 109.280(2)º 

 V = 1334.43(20) Å3 

Space Group P-1 (#2) 
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Z value 2 

Dcalc 1.096 g/cm3 

F000 472.00 

m (MoKa) 1.084 cm-1 

 

Diffractometer AFC7 

Radiation MoKa (l = 0.71075 Å) 

 graphite monochromated 

Take-off Angle 2.8º 

Detector Aperture 2.0 - 2.5 mm horizontal 

 2.0 mm vertical 

Crystal to Detector Distance 21 mm 

Temperature 24.9 ºC 

Scan Type w-2q 

2qmax 55.0º 

 Unique: 0 (Rint = 0.041) 

Corrections Lorentz-polarization 

 Absorption 

 (trans. factors: 0.948 - 0.973)  

 

Structure Solution Direct Methods (SIR92) 

Refinement Full-matrix least-squares on F 

Function Minimized S w (|Fo| - |Fc|)2  

Least Squares Weights 1 

2qmax cutoff 55.0º 

Anomalous Dispersion All non-hydrogen atoms 

No. Observations (I>2.00s(I)) 6073 

No. Variables 373 

Reflection/Parameter Ratio 16.28 

Residuals: R (I>2.00s(I)) 0.0714 

Residuals: Rw (I>2.00s(I)) 0.2063 

Goodness of Fit Indicator 1.026 



96 
 

Max Shift/Error in Final Cycle 0.001 

Maximum peak in Final Diff. Map 0.37 e-/Å3 

Minimum peak in Final Diff. Map -0.24 e-/Å3 
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Empirical Formula C29H20F3NO 

Formula Weight 455.48 

Crystal Color, Habit colorless, prism 

Crystal Dimensions 0.40 X 0.10 X 0.10 mm 

Crystal System triclinic 

Lattice Type Primitive 

No. of Reflections Used for Unit 

Cell Determination (2q range) 11130 ( 6.0 - 54.9º ) 

Lattice Parameters a = 10.299(4) Å 

 b = 12.070(6) Å 

 c = 19.582(6) Å 

 a = 89.885(15)º 

 b = 86.412(13)º 

 g = 78.391(17)º 

 V = 2379.6(17) Å3 

Space Group P-1 (#2) 

Z value 4 

Dcalc 1.271 g/cm3 

F000 944.00 
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m (MoKa) 0.928 cm-1 

 

Diffractometer AFC7 

Radiation MoKa (l = 0.71075 Å) 

 graphite monochromated 

Take-off Angle 2.8º 

Detector Aperture 2.0 - 2.5 mm horizontal 

 2.0 mm vertical 

Crystal to Detector Distance 21 mm 

Temperature 24.9 ºC 

Scan Type w-2q 

2qmax 55.0º 

Corrections Lorentz-polarization 

 Absorption 

 (trans. factors: 0.964 - 0.991) 

 

Structure Solution Direct Methods (SIR92) 

Refinement Full-matrix least-squares on F 

Function Minimized S w (|Fo| - |Fc|)2  

Least Squares Weights 1 

2qmax cutoff 55.0º 

Anomalous Dispersion All non-hydrogen atoms 

No. Observations (I>2.00s(I)) 10725 

No. Variables 613 

Reflection/Parameter Ratio 17.50 

Residuals: R (I>2.00s(I)) 0.0759 

Residuals: Rw (I>2.00s(I)) 0.2460 

Goodness of Fit Indicator 0.938 

Max Shift/Error in Final Cycle 0.001 

Maximum peak in Final Diff. Map 0.58 e-/Å3 

Minimum peak in Final Diff. Map 0.00 e-/Å3 
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3-4-4  Copies of 
1
H and

 13
C{

1
H} NMR Charts for the New Compounds  

 

 

 

 

 

The 
1
H and 

13
C{

1
H} NMR spectra of compound 3 (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound (Z)-5a (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound (Z)-5b (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound (Z)-5c (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound (Z)-5d (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound (Z)-5e (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound (Z)-5f (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound (Z)-5g (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound (Z)-5h (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 6 (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 7 (in CDCl3) 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 8 (in CDCl3) 
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4-1 Introduction 

Since multisubstituted olefins (MSOs), owing to their wide range of application in 

natural product, pharmaceuticals as well as functional materials,
1
 have paid much 

attention, development of facile, efficient, and practical synthetic approaches to the 

diverse MSOs is important.
2
  Nevertheless, regio- and stereodefined synthesis of 

unsymmetrical MSOs is still one of the most challenging tasks in synthetic organic 

chemistry.  The Author’s research group has established general approaches to the 

synthesis of MSOs from 1-alkynylboronates
3
 and 1-alkynylsilanes

4
 via regiocontrolled 

carbozirconation and sequential cross-couplings.  Although a stoichiometric amount of a 

zirconium reagent is necessary in these reactions, this protocol can provide various 

examples of multisubstituted olefins, utilizing transformative alkyne derivatives.  With 

this strategy, a regio- and stereoselective carbometalation gives rise to a diversity of MSOs 

efficiently by a stepwise introduction of the substituents selectively. 

Based on the previous research in the Author’s research group, it was approved that an 

installation of functional groups onto a C=C core would be a straightforward route to 

MSOs synthesis.  These functional groups are anticipated in further transformations.  

More importantly, they play an important role to control regio- and stereoselectivities in a 

construction of key intermediates.  These examples have demonstrated that silicon as 

well as boron functionalities in alkynes are versatile functional groups owing to their 

tolerance during metalation of unsaturated carbon-carbon bonds. 

On the other hand, in recent years, the transition-metal-catalyzed dimetalation of 

unsaturated compounds
5
 has received much attention after the large emergence of 

inter-element compounds
6
 bearing Si–Si,

7
 B–B,

5d
 Si–B,

8
 bonds.  The low toxic, 

economical, and maturely studied boron and silicon-containing compounds
9
 intrigued 

organic chemists to synthesize the borylated or silylated olefins and to obtain more useful 

bioactive chemicals and functional materials via elaborative bond-forming reactions. 

Therefore, a synthetic strategy was envisaged for multifunctionalized olefins having a 

distinguishable reaction sites for the selective synthesis of MSOs.  Very recently, the 

Author developed the synthesis of tetraarylated olefins featuring a perfectly regio- and 

stereoselective silylborylation of an alkynylboronate and sequential chemoselective 

Suzuki-Miyaura couplings.
10

  Although chemoselectivity of Suzuki-Miyaura coupling 
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was not perfectly discriminative among two boron groups in the germinal position of 

alkenes, it demonstrated two boron groups might show a different reactivity in 

Suzuki-Miyaura coupling. 

In this Chapter, a continuous research interests of more efficient synthesis of 

tetrasubstituted olefins, platinum-catalyzed syn-diborylation of various alkynylsilanes 

yielding syn-1,2-diborylated alkenylsilanes with perfect stereoselectivity and sequential 

chemoselective Suzuki-Miyaura coupling giving rise to (Z)-1-boryl-silylated stilbenes are 

reported.  This synthetic strategy proves to be more facile and atom economic than 

previous methods.  Moreover, a chemoselectivity in Suzuki-Miyaura coupling was found 

to be perfect, which is deemed as a more efficient synthetic protocol.   

4-2 Results and Discussion 

4-2-1  Diborylation of Alkynylsilanes 

According to diborylation of terminal and internal alkynes with bis(pinacolato)diboron 

(B2pin2) in the presence of Pt(PPh3)4
11

 reported by Suzuki and Miyaura, the reaction of a 

series of alkynylsilanes 1a-1c with B2pin2 2 were performed in toluene at 80 ºC for 12 h 

(Scheme 4-1).  A 5 mol % of the platinum catalyst was sufficient to yield the 

corresponding diborylated products 3a-3c in good yields.  

Scheme 4-1.  Diborylation of Alkynylsilanes 1 with Bis(pinacolato)diboron 2. 

 

4-2-2  Chemoselective Suzuki-Miyaura Coupling of Diborylated Compounds 

To further test the utility of the synthesized compounds 3 as building blocks of MSOs, 

Suzuki-Miyaura coupling of 3b was successively subjected.  Compound 3b was initially 

employed to clarify the chemoselectivity (Scheme 4-2).  The reaction of 3b with 

iodobenzene (4a) in the presence of Pd(dba)2 and S-Phos gave rise to the coupled product 

5ba as an E/Z mixture.  A configuration of the major isomer was determined to be Z by a 

comparison of spectroscopic data with those of an authentic (Z)-5ba, obtained from 
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chemoselective Suzuki-Miyaura coupling of 6.
10

  The authentic (E)-5ba was also 

synthesized by the reported synthetic procedure.
12

  The Z/E ratio was determined by the 

methyl signals of the SiMe2Ph group in the 
1
H NMR spectra. 

Scheme 4-2.  A Determination of Chemoselectivity. 

 

Table 4-1.  Screening Conditions of Chemoselective Suzuki-Miyaura Coupling of 3b with 4a.
a 

 

 

entry
 a

 Pd cat./ligand (mol %) base yield/% (Z:E)b 

1 Pd2dba3•CHCl3 (5)/P(t-Bu)3 (20) KOH aq. 68 (86:14)  

2 PdCl2(dppf) (5 ) KOH aq. 80 (92:8)  

3 PdCl2(dppp) (5) KOH aq. 72 (97:3)  

4 PdCl2(dppp) (5) KOH  43 (94:6) 

5 PEPPSI-IPr (10) KOH aq. 76 (>99:1)  

6c PdCl2(dppf) (5) KOH aq. 75 (97:3)  

7c PdCl2(dppp) (10) KOH aq. 78 (>99:1)  

8c PEPPSI-IPr (10) KOH aq. 36 (>99:1)  

a Reaction conditions: 3b (0.1 mmol), 4a (0.1 mmol), and a base (0.3 mmol) in THF (1 mL).   

b Isolated yields of the isomeric mixture.  The Z:E ratios were determined by the 1H NMR spectra.   

c Alkenylsilane 3a was used instead of 3b.   

The results of an initial screening using 3b were listed in Table 4-1.  Several palladium 

catalysts and ligands were tested.  A 5 mol % of PdCl2(dppf) was sufficient to afford 5ba 

in 80% yield with a Z:E ratio of 92:8 (Table 4-1, entry 2).  An excess amount of 4a 
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decreased the yield without any loss of chemoselectivity.  PdCl2(dppp) also performed 

well to show higher chemoselectivity, albeit in a slightly decreased yield (Table 4-1, entry 

3).  Among all examined catalysts for 3b, PEPPSI-IPr was found to be the best in regard 

to the E/Z ratio.  When alkenylsilane 3b was employed instead of 3b, PdCl2(dppp) is 

found to be superior to PEPPSI-IPr (Table 4-1, entries 7 vs 8).  The nickel catalysts in 

this reaction was proved to be inferior.  

Table 4-2.  Chemoselective Suzuki-Miyaura Coupling of 3 with Aryl Iodides 4.
a 

 

 

 

a Reaction conditions: 3 (1.0 mmol), 4 (1.0 mmol), PdCl2(dppp) (10 mol %), and KOH (3 M, 1 mL) in THF (10 mL), 

isolated yield after column chromatography. 

In view of a generality of this protocol, compound 5a bearing a TMS group is 

considered to be relatively broader than SiMe2Ph for further tranaformations.  With the 

optimized reaction conditions in hand, the Author next screened a substrate scope of 
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cross-couplings of 3a with a series of aryl iodides 4, as shown in Table 4-2.  Various aryl 

iodides 4 having electron-donating and -withdrawing groups were used for the 

chemoselective couplings.  For example, compounds 5b and 5c were formed in 

comparable yields.  A chlorine group in 5f remained intact during the reaction without 

any formation of by-products.  Reactive functional groups such as acetyl, ester, cyano, 

and nitro groups were tolerant in the reaction to generate a variety of (Z)-5 in moderate to 

good yields.  The stereodefined alkenylsilane 3c instead of 3a also coupled smoothly to 

give 5k and 5l in good yields. 

4-2-3  Synthesis of Triarylated Olefins 

With the diverse reagent 5 in hand, the second aryl group was successively introduced 

to the remaining boron moiety by Suzuki-Miyaura coupling.  As a result, triarylated 

alkenylsilanes 6 were successfully synthesized in the presence of Pd2dba3•CHCl3/P(t-Bu)3 

as the catalyst (Scheme 4-3).  It is noteworthy that with the different starting substrates 5, 

sequential introduction of various aryl groups on an opposite order of the first and second 

Suzuki-Miyaura coupling partners afforded the corresponding regio- and stereoisomers.   

Scheme 4-3.  Synthesis of Structural Isomers of Triarylated Alkenylsilanes 6 via Suzuki-Miyaura 

Couplings. 
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4-3 Summary 

In summary, the Author has developed a facile and efficient protocol for the synthesis of 

multisubstituted olefins by diborylation of alkynylsilanes and sequential two 

Suzuki-Miyaura couplings chemoselectively.  This protocol can be applicable to the aryl 

groups bearing a variety of functional groups and provides general and practical synthetic 

approaches to a series of useful multisubstituted olefins. 
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4-4 Experimental Section 

4-4-1  General Instrumentation and Chemicals. 

All the reactions were carried out under an Ar atmosphere using standard Schlenk 

techniques.  Glassware was dried in an oven (130 °C) and heated under reduced pressure 

prior to use.  Bis(pinacolato)diboron was purchased from Aldrich, all the chlorosilanes 

were purchased from TCI.  Dehydrated THF, dichloromethane, and toluene were 

purchased from Kanto Chemicals Co., Ltd.  For thin layer chromatography (TLC) 

analyses throughout this work, Merck precoated TLC plates (silica gel 60 GF254, 0.25 mm) 

were used.  Silica gel column chromatography was carried out using Silica gel 60 N 

(spherical, 40-100 m) from Kanto Chemicals Co., Ltd.  The 
1
H, 

13
C{

1
H}, 

19
F{

1
H} and 

11
B{

1
H} NMR spectra were recorded on Varian INOVA-600 (600 MHz) spectrometers.  

The chemical shifts of 
19

F{
1
H} NMR and 

11
B{

1
H} NMR were referenced to an external 

standard CFCl3 (in CDCl3) and BF3•Et2O (in CDCl3), respectively.  Infrared spectra were 

recorded on a Shimadzu IRPrestige-21 spectrophotometer.  GC analyses were performed 

on a Shimadzu GC-14A equipped with a flame ionization detector using Shimadzu 

Capillary Column (CBP1-M25-025) and Shimadzu C-R6A-Chromatopac integrator.  

GC/MS analyses were carried out on a SHIMADZU GC-17A equipped with a 

SHIMADZU QP-5050 GC-MS system.  Elemental analyses were carried out with a 

Perkin-Elmer 2400 CHN elemental analyzer at Okayama University. 

 

4-4-2  Experimental Procedures  

Synthesis of 1-(Phenylethynyl)trimethylsilane (1a). According to the literature 

methods,4 to a solution of phenylacetylene (2.2 mL, 20 mmol) in THF (12 mL) in a 100 

mL of a Schlenk tube at 0 ºC under an Ar atmosphere was added dropwise EtMgBr (30 

mL, 1.0 M THF solution, 30 mmol).  The reaction mixture was stirred for 30 min at 0 ºC.  

To the resulting reaction mixture was then added chlorotrimethylsilane (2.5 mL, 20 mmol).  

After being stirred at 0 ºC for 5 min, the reaction mixture was warmed to room 

temperature with additional 1 h stirring.  The mixture was quenched with 1 M 

hydrochloric acid (30 mL), extracted with diethyl ether (25 mL x 2).  The combined 

ethereal layers were washed with brine and dried over MgSO4.  Filtration and 

evaporation afforded a yellow oil.  Bulb to bulb distillation (93-98 ºC/9.2 Torr) gave 1a 

(3.4 g, 19.4 mmol, 97% yield) as a colorless oil.  Accordingly, 1-alkynylsilane 1b was 
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synthesized using PhMe2SiCl, and 1-alkynylsilane 1c was synthesized from F3CC6H4CCH 

in the same procedure. 

 

A Typical Procedure for Synthesis of (Z)-1,2-Diboryl-1-silylated Styrenes 3 by 

Highly Selective Diborylation of 1.  A 100-mL flask equipped with a magnetic stirring 

bar and reflux condenser was charged with Pt(PPh3)4 (311 mg ,0.25 mmol, 5 mol %) and 

bis(pinacolato)diboron (1.27 g, 5 mmol, 1.0 equiv) under Ar atmosphere.  Addition of 

toluene (50 mL) and alkynylsilane 1 (5 mmol) afforded a yellow solution.  After the 

reaction was completed overnight at 80 ºC, and the reaction mixture was cooled to room 

temperature.  Toluene was removed with a rotary evaporator to yield a yellow residue, 

which was subjected to a short column chromatography on neutral silica gel with a 

mixture of hexanes and EtOAc (20:1) as the eluent to afford off-white solid.  Further 

recrystallization with CH2Cl2/hexane gave analytically pure white crystals of 3. 

 

  

(Z)-1-(Trimethylsilyl)-2-phenyl-1,2-di-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)

ethene (3a).  White crystals (1.82 g, 4.25 mmol, 85%).  Mp = 169-170 ºC.  FT-IR 

(neat, cm
-1

): 2980 (m), 1371 (w), 1317 (s), 1296 (s), 1269 (m), 1146 (s), 845 (s), 704 (w).  

1
H NMR (600 MHz, CDCl3, rt): δ –0.19 (s, 9H), 1.22 (s, 12H), 1.37 (s, 12H), 7.10-7.12 (m, 

2H), 7.19-7.20 (m, 1H), 7.22-7.25 (m, 2H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ 0.8, 

24.7, 25.5, 83.6, 83.9, 126.2, 127.4, 127.8, 145.8.  Two carbon signals attached to B were 

not observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.2, 30.9.  

MS (EI, m/z (relative intensity)): 429 (M
+
, 0.01), 413 (7), 287(13), 286 (6), 231 (5), 129 

(4), 84 (100), 69 (30).  Anal. Calcd for C23H38B2O4Si: C, 64.51; H, 8.94%. Found: C, 

64.49; H, 8.97%.   
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(Z)-1-(Dimethylphenylsilyl)-2-phenyl-1,2-di-(4,4,5,5-tetramethyl-1,3,2-dioxaborola

n-2-yl)ethene (3b).  White crystals (2.08 g, 4.25 mmol, 85%).  Mp = 127-128 ºC.  

FT-IR (neat, cm
-1

): 2974 (m), 1369 (m), 1339 (m), 1321 (s), 1300 (s), 1202 (m), 1146 (s), 

1111 (w), 843 (m), 772 (w), 704 (m).  
1
H NMR (600 MHz, CDCl3, rt): δ 0.09 (s, 6H), 

1.34 (s, 12H), 1.35 (s, 12H), 7.10-7.12 (m, 2H), 7.25-7.26 (m, 3H), 7.38-7.39 (m, 3H) 

7.58-7.59 (m, 2H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ –0.7, 24.7, 25.3, 83.6, 83.9, 

126.3, 127.3, 127.4, 127.8, 128.2, 134.2, 140.9, 145.4.  Two carbon signals attached to B 

were not observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.2 (brs, 

overlapped).  MS (EI, m/z (relative intensity)): 490 (M
+
, 2), 475 (3), 363 (6), 307(14), 

271 (7), 221 (7), 135(13), 119 (21), 84 (100), 83 (27), 69 (24).  Anal. Calcd for 

C28H40B2O4Si: C, 68.59; H, 8.22%. Found: C, 68.61; H, 8.06%.   

 

 

(Z)-1-(Trimethylsilyl)-2-(4-trifluoromethylphenyl)-1,2-di-(4,4,5,5-tetramethyl-1,3,2

-dioxaborolan-2-yl)ethene (3c).  White needle-like crystals (2.06 g, 4.15 mmol, 83%).  

Mp = 170 ºC.  FT-IR (neat, cm
-1

): 2984 (w), 1310 (s), 1204 (w), 1119 (m), 1064 (m), 

1018 (w), 851 (s), 604 (w).  
1
H NMR (600 MHz, CDCl3, rt): δ –0.19 (s, 9H), 1.23 (s, 

12H), 1.38 (s, 12H), 7.21 (d, J = 9 Hz, 2H), 7.50 (d, J = 9 Hz, 2H); 
13

C{
1
H} NMR (150 

MHz, CDCl3, rt): δ 0.8, 24.7, 25.6, 83.8, 84.2, 124.4 (q, JC-F = 270.5 Hz), 124.4 (q, JC-F = 

3.5 Hz), 128.1, 128.3 (q, JC-F = 32.0 Hz), 149.6.  Two carbon signals attached to B were 

not observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 28.8 (brs, 

overlapped); 
19

F{
1
H} NMR

 
(564 MHz, CDCl3, rt): δ –62.5.  MS (EI, m/z (relative 

intensity)): 496 (M
+
, 0), 481 (3), 438 (4), 355 (16), 84 (100), 83 (29), 69 (25).  Anal. 
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Calcd for C24H37B2F3O4Si: C, 58.09; H, 7.51%. Found: C, 58.23; H, 7.11%. 

A Typical Procedure for the Chemoselective Suzuki-Miyaura Cross-Coupling of 3 

with Aryl Iodides 4a.  Determination of a Ratio of Z/E Isomers.  To a THF solution 

of the palladium catalyst and the ligand in a 20 mL of Schlenk tube under an Ar 

atmosphere was added 3b (49 mg, 0.1 mmol).  To the reaction mixture were then added 

iodobenzene (4a) (11.2 μL, 20.4 mg, 0.1 mmol) and the base (3.0 equiv).  After being 

stirred at room temperature for 3 h, the reaction mixture was quenched by sat. NH4Cl 

solution, then extracted with diethyl ether (10 mL x 2).  The combined ethereal layers 

were washed with brine and dried over MgSO4.  Filtration, evaporation, and preparative 

TLC gave a mixture of regioisomers of 5ba.  The reaction of 3a with 4a proceeded in a 

same manner.  A ratio of two isomers was determined by the 
1
H NMR spectra; proton 

signals assigned to the methyl groups of SiMe2Ph were compared as the references.  The 

representative 
1
H NMR spectrum is shown in Figure 4-1. 

 

Figure 4-1.  The determination of Z/E ratio of 5ba by the 
1
H NMR spectrum. 

 

(Z)-1-(Trimethylsilyl)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-diaryleth

ene ((Z)-5).  To a solution of PdCl2(dppp) (29 mg, 0.025 mmol 10 mol %) in THF (5 mL) 

as off-white suspension in a 20 mL of Schlenk tube at room temperature under an Ar 
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atmosphere were added 3 (0.5 mmol) and aryl halides 4 (0.5 mmol, 1.0 equiv).  When 

aqueous 3 M KOH solution (1.5 mmol, 0.5 mL) was added to the reaction mixture, the 

reaction mixture immediately turned to deep brown solution.  The reaction mixture was 

stirred for 3 h at room temperature.  After the reaction completed, the reaction mixture 

was quenched by sat. NH4Cl solution, then extracted with diethyl ether (20 mL x 2).  The 

combined ethereal layers were washed with brine and dried over MgSO4.  Filtration, 

evaporation and column chromatography on silica gel gave the analytically pure (Z)-5. 

 

 

(Z)-1-(Trimethylsilyl)-1,2-diphenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)et

hene (5a): White solid (147 mg, 0.39 mmol, 78%).  Mp = 72-73 ºC.  Rf = 0.38 

(hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2978 (m), 1344 (s), 1310 (s), 1246 (m), 

1144 (s), 852 (s), 837 (s), 700 (s).  
1
H NMR (600 MHz, CDCl3, rt): δ –0.25 (s, 9H), 0.90 

(s, 12H), 7.15-7.18 (m, 3H), 7.23-7.27 (m, 3H), 7.30-7.31 (m, 4H); 
13

C{
1
H} NMR (150 

MHz, CDCl3, rt): δ 0.2, 24.3, 83.4, 125.6, 126.5, 127.6, 127.9, 128.0, 128.1, 142.6, 146.0, 

156.0.  The carbon signal attached to B was not observed due to low intensity; 
11

B{
1
H} 

NMR (192 MHz, CDCl3, rt): δ 29.3.  MS (EI, m/z (relative intensity)): 378 (M
+
, 71), 363 

(58), 263 (52), 221 (41), 178 (85), 135 (28), 101 (22), 84 (100), 73 (64), 69 (22).  Anal. 

Calcd for C23H31BO2Si: C, 73.01; H, 8.26%. Found: C, 73.05; H, 8.25%.   

 

 

(Z)-1-(Trimethylsilyl)-1-(4-methoxyphenyl)-2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-d

ioxaborolan-2-yl)ethene (5b).  White solid (148 mg, 0.36 mmol, 73%).  Mp = 106-107 

ºC.  Rf = 0.21 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2980 (m), 1506 (m), 
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1342 (m), 1302 (m), 1246 (s), 1142 (m), 849 (s), 708 (m).  
1
H NMR (600 MHz, CDCl3, 

rt): δ –0.25 (s, 9H), 0.93 (s, 12H), 3.80 (s, 3H), 6.83 (d, J = 9 Hz, 2H), 7.08 (d, J = 9 Hz, 

2H), 7.23-7.24 (m, 1H), 7.28-7.30 (m, 4H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ 0.2 , 

24.3, 55.3, 83.3, 113.0, 126.4, 127.8, 128.1, 129.1, 138.4, 142.6, 155.5, 157.9.  The 

carbon signal attached to B was not observed due to low intensity; 
11

B{
1
H} NMR (192 

MHz, CDCl3, rt): δ 29.5.  MS (EI, m/z (relative intensity)): 408 (M
+
, 100), 393 (65), 293 

(30), 251 (47), 208 (81), 165 (29), 135 (16), 84 (26), 83 (41), 73 (45).  Anal. Calcd for 

C24H33BO3Si: C, 70.58; H, 8.14%. Found: C, 70.43; H, 8.14%.   

 

 

(Z)-1-(Trimethylsilyl)-1-(4-trifluoromethylphenyl)-2-phenyl-2-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)ethene (5c).  White solid (163 mg, 0.37 mmol, 73%).  Mp = 

107-108 ºC.  Rf = 0.37 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2990 (w), 

2978 (w), 1341 (s), 1329 (s), 1315 (m), 1248 (w), 1155 (m),  1121 (m), 1069 (m), 851 (s).  

1
H NMR (600 MHz, CDCl3, rt): δ –0.24 (s, 9H), 0.89 (s, 12H), 7.27-7.29 (m, 5H), 

7.31-7.34 (m, 2H), 7.54 (d, J = 8 Hz, 2H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ 0.1, 

24.2, 83.6, 124.47 (q, JC-F = 270.2 Hz), 124.50 (q, JC-F = 3.5 Hz), 126.8, 127.98, 127.99 (q, 

JC-F = 21.6 Hz), 128.0, 128.4, 142.2, 150.1, 155.3.  The carbon signal attached to B was 

not observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.4; 

19
F{

1
H} 

NMR
 
(564 MHz, CDCl3, rt): δ –62.6.  MS (EI, m/z (relative intensity)): 446 (M

+
, 37), 

431 (46), 354 (19), 289 (13), 227 (16), 135 (11), 101 (53), 84 (100), 73 (53).  Anal. Calcd 

for C24H30BO2SiF3: C, 64.58; H, 6.77%. Found: C, 64.60; H, 6.42%.   
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(Z)-1-(Trimethylsilyl)-1-(4-methylphenyl)-2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dio

xaborolan-2-yl)ethene (5d).  White solid (137 mg, 0.35 mmol, 70%).  Mp = 102-103 

ºC.  Rf = 0.37 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2980 (m), 2953 (w), 

1506 (w), 1340 (s), 1304 (s), 1246 (m), 1142 (s), 984 (m), 845 (s), 706 (m).  
1
H NMR 

(600 MHz, CDCl3, rt): δ –0.25 (s, 9H), 0.91 (s, 12H), 2.32 (s, 3H), 7.04 (d, J = 8 Hz, 2H), 

7.08 (d, J = 8 Hz, 2H), 7.23-7.25 (m, 1H), 7.28-7.32 (m, 4H); 
13

C{
1
H} NMR (150 MHz, 

CDCl3, rt): δ 0.2, 21.0, 24.3, 83.3, 126.4, 127.8, 127.9, 128.1, 128.2, 135.0, 142.7, 142.9, 

156.0.  The carbon signal attached to B was not observed due to low intensity; 
11

B{
1
H} 

NMR (192 MHz, CDCl3, rt): δ 29.3.  MS (EI, m/z (relative intensity)): 392 (M
+
, 82), 377 

(52), 295 (15), 277 (48), 235 (41), 193 (20), 192 (100), 84 (53), 83 (37), 73 (47).  Anal. 

Calcd for C24H33BO2Si: C, 73.46; H, 8.48%. Found: C, 73.26; H, 8.47%.   

 

 

(Z)-1-(Trimethylsilyl)-1-(3-methoxyphenyl)-2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-d

ioxaborolan-2-yl)ethene (5e).  White solid (147 mg, 0.36 mmol, 72%).  Mp = 90 ºC.  

Rf = 0.25 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2978 (m), 1585 (m), 1508 (s), 

1489 (m), 1341 (s), 1304 (s), 1167 (m), 839 (s), 708 (m), 852(s).  
1
H NMR (600 MHz, 

CDCl3, rt): δ –0.23 (s, 9H), 0.93 (s, 12H), 3.82 (s, 3H), 6.72-6.77 (m, 3H), 7.17 (t, J = 8 

Hz, 1H), 7.22-7.26 (m, 1H), 7.29-7.32 (m, 4H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ 

0.3, 24.3, 55.2, 83.4, 111.7, 113.1, 120.6, 126.5, 127.9, 128.1, 128.6, 142.5, 147.4, 155.8, 

159.0.  The carbon signal attached to B was not observed due to low intensity; 
11

B{
1
H} 

NMR (192 MHz, CDCl3, rt): δ 29.4.  MS (EI, m/z (relative intensity)): 408 (M
+
, 85), 393 
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(82), 294 (25), 293 (100), 292 (32), 251 (43), 208 (90), 135 (20), 84 (50), 83 (50, 73 (65).  

Anal. Calcd for C24H33BO3Si: C, 70.58; H, 8.14%. Found: C, 70.78; H, 8.34%.   

 

 

(Z)-1-(Trimethylsilyl)-1-(4-chlorophenyl)-2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dio

xaborolan-2-yl)ethene (5f).  White solid (161 mg, 0.39 mmol, 78%).  Mp = 141-142 

ºC.  Rf = 0.20 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2976 (w), 1489 (m), 

1371 (m), 1337 (s), 1302 (s), 1140 (s), 1011 (w), 849 (s), 702 (m).  
1
H NMR (600 MHz, 

CDCl3, rt): δ –0.26 (s, 9H), 0.93 (s, 12H), 7.09 (d, J = 8 Hz, 2H), 7.24-7.32 (m, 7H); 

13
C{

1
H} NMR (150 MHz, CDCl3, rt): δ 0.1, 24.3, 83.5, 126.7, 127.6, 127.9, 128.0, 129.4, 

131.5, 142.3, 144.5, 155.0.  The carbon signal attached to B was not observed due to low 

intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.4.  MS (EI, m/z (relative intensity)): 

412 (M
+
, 47), 397 (37), 255 (17), 212 (43), 101 (45), 84 (100), 83 (40), 73 (68), 69 (19).  

Anal. Calcd for C23H30BClO2Si: C, 66.92; H, 7.32%. Found: C, 66.52; H, 7.03%.   

 

 

(Z)-1-(Trimethylsilyl)-1-(4-acetylphenyl)-2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-diox

aborolan-2-yl)ethene (5g).  White solid (168 mg, 0.40 mmol, 80%).  Mp = 132-133 ºC.  

Rf = 0.18 (hexane/ethyl acetate = 10:1).  FT-IR (KBr, cm
-1

): 2980 (w), 2959 (w), 1678 (s), 

1601 (m), 1341 (m), 1317 (m), 1267 (m), 1142 (m), 851 (s).  
1
H NMR (600 MHz, CDCl3, 

rt): δ –0.28 (s, 9H), 0.85 (s, 12H), 2.57 (s, 3H), 7.22-7.30 (m, 7H), 7.86 (d, J = 8 Hz, 2H); 

13
C{

1
H} NMR (150 MHz, CDCl3, rt): δ 0.2, 24.2, 26.6, 83.5, 126.7, 127.8, 127.9, 128.0, 

128.2, 134.7, 142.2, 151.7, 155.6, 198.0.  The carbon signal attached to B was not 
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observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.1.  MS (EI, m/z 

(relative intensity)): 420 (M
+
, 68), 405 (22), 305 (24), 205 (29), 204 (100), 84 (51), 73 

(65).  Anal. Calcd for C25H33BO3Si: C, 71.42; H, 7.91%. Found: C, 71.53; H, 7.59%.   

 

 

4-[(1Z)-1-(Trimethylsilyl)-2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)

ethenyl]benzoic acid ethyl ester (5h).  White solid (159 mg, 0.35 mmol, 71%).  Mp = 

97-98 ºC.  Rf  = 0.11 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2980 (m), 1717 

(s), 1605 (m), 1341 (m), 1271 (s), 1142 (m), 851 (m), 700 (w).  
1
H NMR (600 MHz, 

CDCl3, rt): δ –0.26 (s, 9H), 0.90 (s, 12H), 1.41 (t, J = 7 Hz, 3H), 4.38 (q, J = 7 Hz, 2H), 

7.23 (d, J = 8 Hz, 2H), 7.25-7.26 (m, 1H), 7.29-7.32 (m, 4H), 7.97 (d, J = 8 Hz, 2H ); 

13
C{

1
H} NMR (150 MHz, CDCl3, rt): δ 0.2, 14.3, 24.2, 60.8, 83.5, 126.7, 127.7, 127.9, 

127.99, 128.01, 129.0, 142.2, 151.3, 155.6, 166.8.  The carbon signal attached to B was 

not observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.2.  MS (EI, 

m/z (relative intensity)): 450 (M
+
, 48), 435 (17), 289 (19), 205 (100), 84 (29), 73 (32).  

Anal. Calcd for C26H35BO4Si: C, 69.33; H, 7.83%. Found: C, 68.93; H, 7.76%.   

 

 

(Z)-1-(Trimethylsilyl)-1-(4-cyanophenyl)-2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-diox

aborolan-2-yl)ethene (5i).  Off-white solid (113 mg, 0.28 mmol, 56%).  Mp = 214 ºC.  

Rf = 0.11 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2978 (m), 2956 (m), 2224 

(m), 1601 (w), 1327 (s), 1302 (s), 1140 (s), 982 (w), 849 (s), 708 (m).  
1
H NMR (600 

MHz, CDCl3, rt): δ –0.25 (s, 9H), 0.91 (s, 12H), 7.26-7.28 (m, 5H), 7.31-7.34 (m, 2H), 
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7.59 (d, J = 8 Hz, 2H); 
13

C{
1
H} NMR (150 MHz, CDCl3, rt): δ 0.1, 24.2, 83.6, 109.3, 

119.3, 126.9, 127.9 128.0, 128.8, 131.4, 141.9, 151.6, 155.1.  The carbon signal attached 

to B was not observed due to low intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.2.  

MS (EI, m/z (relative intensity)): 403 (M
+
, 589), 402 (28), 388 (40), 263 (52), 175 (20), 

101 (49), 84 (96), 83 (27), 73 (100).  Anal. Calcd for C24H30BNO2Si: C, 71.46; H, 7.50; 

N, 3.47%. Found: C, 71.49; H, 7.43; N, 3.43%.    

 

 

(Z)-1-(Trimethylsilyl)-1-(4-nitrophenyl)-2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-diox

aborolan-2-yl)ethene (5j).  White solid (142 mg, 0.34 mmol, 67%).  Mp = 204 ºC.  Rf  

= 0.13 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2976 (w), 1589 (w), 1512 (m), 

1344 (s), 1140 (m), 986 (w), 849 (m), 712 (w).  
1
H NMR (600 MHz, CDCl3, rt): δ –0.24 

(s, 9H), 0.91 (s, 12H), 7.27-7.29 (m, 3H), 7.32-7.34 (m, 4H), 8.17 (d, J = 9 Hz, 2H); 

13
C{

1
H} NMR (150 MHz, CDCl3, rt): δ 0.1, 24.2, 83.7, 122.9, 127.0, 127.9, 128.0, 128.8, 

141.9, 146.1, 153.9, 155.0.  The carbon signal attached to B was not observed due to low 

intensity; 
11

B{
1
H} NMR (192 MHz, CDCl3, rt): δ 29.4.  MS (EI, m/z (relative intensity)): 

423 (M
+
, 37), 408 (45), 280 (68), 101 (52), 84 (100), 83 (38), 73 (86).  Anal. Calcd for 

C23H30BNO4Si: C, 65.25; H, 7.14; N, 3.31%. Found: C, 65.10; H, 6.75; N, 3.23%.   

 

 

(Z)-1-(Trimethylsilyl)-1-phenyl-2-(4-trifluoromethylphenyl)-2-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)ethene (5k).  White solid (156 mg, 0.35 mmol, 70%).  Mp = 
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103-104 ºC.  Rf  = 0.32 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2978 (m), 

1612 (w), 1312 (s), 1269 (w), 1151 (s), 1124 (s), 1066 (m), 986 (w), 845 (s), 708 (m).  
1
H 

NMR (600 MHz, CDCl3, rt): δ –0.26 (s, 9H), 0.89 (s, 12H), 7.13 (d, J = 7 Hz, 2H), 

7.17-7.19 (m, 1H), 7.24-7.27 (m, 2H), 7.41 (d J = 7 Hz, 2H), 7.57 (d, J = 7 Hz, 2H); 

13
C{

1
H} NMR (150 MHz, CDCl3, rt): δ 0.2, 24.2, 83.6, 124.4 (q, JC-F = 270.4 Hz), 124.8 

(q, JC-F = 3.7 Hz), 125.8, 127.7, 127.8, 128.4, 128.9 (q, JC-F = 31.8 Hz), 145.5, 146.5, 

157.7.  The carbon signal attached to B was not observed due to low intensity; 
11

B{
1
H} 

NMR (192 MHz, CDCl3, rt): δ 29.3; 
19

F{
1
H} NMR

 
(564 MHz, CDCl3, rt): δ –62.6.  MS 

(EI, m/z (relative intensity)): 446 (M
+
, 27), 431 (34), 354 (15), 289 (14), 227 (14), 101 

(21), 84 (100), 73 (47), 69 (16).  Anal. Calcd for C24H30BF3O2Si: C, 64.58; H, 6.77%. 

Found: C, 64.49; H, 6.42%.   

 

 

(Z)-1-(Trimethylsilyl)-1-(4-methoxyphenyl)-2-(4-trifluoromethylphenyl)-2-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)ethene (5l).  White solid (160 mg, 0.34 mmol, 

67%).  Mp = 148 ºC.  Rf = 0.19 (hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 

2981 (w), 1612 (w), 1506 (m), 1373 (w), 1325 (s), 1284 (w), 1244 (m), 1064 (m), 848 (s).  

1
H NMR (600 MHz, CDCl3, rt): δ –0.25 (s, 9H), 0.93 (s, 12H), 3.80 (s, 3H), 6.83 (d, J = 8 

Hz, 2H), 7.06 (d, J = 8 Hz, 2H), 7.40 (d, J = 8 Hz, 2H), 7.57 (d, J = 8 Hz, 2H); 
13

C{
1
H} 

NMR (150 MHz, CDCl3, rt): δ 0.2, 24.3, 55.3, 83.6, 113.1, 124.4 (q, JC-F = 270.5 Hz), 

124.8 (q, JC-F = 3.7 Hz), 128.4, 128.7 (q, JC-F = 32.1 Hz), 128.9, 138.0, 146.5, 157.3, 158.1.  

The carbon signal attached to B was not observed due to low intensity; 
11

B{
1
H} NMR 

(192 MHz, CDCl3, rt): δ 29.4; 
19

F{
1
H} NMR

 
(564 MHz, CDCl3, rt): δ –62.6.  MS (EI, 

m/z (relative intensity)): 476 (M
+
, 81), 475 (18), 462 (30), 461 (100), 460 (22), 361 (20), 

319 (43), 276 (68), 165 (22), 84 (59), 83 (65), 73 (63).  Anal. Calcd for C25H32BF3O3Si: 

C, 63.03; H, 6.77%. Found: C, 63.00; H, 6.40%. 
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Suzuki-Miyaura Cross-Coupling of 5 with 4: Synthesis of 

(Z)-1-(Trimethylsilyl)-1,1,2-triarylethenes (6).  To a deep purple solution of Pd2(dba)3•

CHCl3 (26 mg, 0.025 mmol, 5 mol%) and P(t-Bu)3 (20 mg, 0.1 mmol, 20 mol%) in THF 

(5 mL) in 20 mL of a Schlenk tube were added 5 (0.5 mmol) and aryl halides 4 (0.75 

mmol, 1.5 equiv) at room temperature under an Ar atmosphere.  After aqueous 3 M KOH 

solution (1.5 mmol, 0.5 mL) was added, the reaction mixture was heated to a reflux 

temperature and stirred for 12 h.  After the reaction completed, the reaction mixture was 

quenched by sat. NH4Cl solution, then extracted with diethyl ether (20 mL x 2).  The 

combined ethereal layers were washed with brine and dried over MgSO4.  Filtration, 

evaporation, and column chromatography on silica gel (hexane:ethyl acetate = 20:1) gave 

compound 6. 

 

 

(Z)-1-(Trimethylsilyl)-1-(4-methoxyphenyl)-2-phenyl-2-(4-trifluoromethylphenyl)et

hene (6bc).  White solid (182 mg, 0.43 mmol, 85%).  Mp = 88-89 ºC.  Rf = 0.44 

(hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2958 (w), 1506 (m), 1321 (s), 1286 

(w), 1242 (s), 1122 (s), 1109 (m), 837 (s), 700 (m).  
1
H NMR (600 MHz, CDCl3, rt): δ –

0.19 (s, 9H), 3.74 (s, 3H), 6.70 (d, J = 8 Hz, 2H), 6.86 (d, J = 8 Hz, 2H), 7.06 (d, J = 8 Hz, 

2H), 7.26 (d, J = 8 Hz, 2H), 7.29-7.32 (m, 3H), 7.34-7.36 (m, 2H); 
13

C{
1
H} NMR (150 

MHz, CDCl3, rt): δ 0.3, 55.0, 113.1, 124.2 (q, JC-F = 270.5 Hz ), 124.3 (q, JC-F = 3.7 Hz), 

127.4, 127.7 (q, JC-F = 32.1 Hz), 128.1, 129.5, 129.6, 130.1, 135.5, 143.6, 145.7, 147.0, 

152.4, 157.3; 
19

F{
1
H} NMR

 
(564 MHz, CDCl3, rt): δ –62.7.  

 
MS (EI, m/z (relative 

intensity)): 426 (M
+
, 100), 412 (25), 411 (78), 257 (26), 227 (22), 203 (16), 165 (29), 135 

(28), 73 (93).  HRMS (FAB) Calcd for C25H25F3OSi: 426.1627. Found: 426.1628.   
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(Z)-1-(Trimethylsilyl)-1-(4-trifluoromethylphenyl)-2-phenyl-2-(4-methoxyphenyl)-e

thene (6cb).  White solid (185 mg, 0.43 mmol, 87%).  Mp = 74-75 ºC.  Rf = 0.42 

(hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2955 (w), 1609 (m), 1506 (m), 1321 

(s), 1113 (s), 1065 (m), 868 (m), 829 (m), 704 (m).  
1
H NMR (600 MHz, CDCl3, rt): δ –

0.19 (s, 9H), 3.66 (s, 3H), 6.56 (d, J = 8 Hz, 2H), 6.85 (d, J = 8 Hz, 2H), 7.13 (d, J = 8 Hz, 

2H), 7.31-7.33 (m, 3H), 7.34-7.38 (m, 2H), 7.44 (d, J = 8 Hz, 2H); 
13

C{
1
H} NMR (150 

MHz, CDCl3, rt): δ 0.4, 54.9, 112.8, 124.5 (q, JC-F = 270.5 Hz ), 124.5 (q, JC-F = 3.5 Hz), 

127.1 (q, JC-F = 32.0 Hz), 127.3, 128.0, 129.4, 129.6, 130.7, 135.1, 142.3, 144.2, 148.5, 

154.0, 157.9; 
19

F{
1
H} NMR

 
(564 MHz, CDCl3, rt): δ –62.4. 

  
MS (EI, m/z (relative 

intensity)): 426 (M
+
, 100), 411 (28), 257 (54), 227 (62), 165 (52), 135 (51), 73 (81).  

HRMS (FAB) Calcd for C25H25F3OSi: 426.1627. Found: 426.1611.   

 

 

(E)-1-(Trimethylsilyl)-1-(4-methoxyphenyl)-2-phenyl-2-(4-trifluoromethylphenyl)et

hene (6cb).  White solid (188 mg, 0.44 mmol, 88%).  Mp = 117-118 ºC.  Rf = 0.42 

(hexane/ethyl acetate = 20:1).  FT-IR (KBr, cm
-1

): 2955 (w), 1504 (m), 1325 (s), 1244 

(m), 1122 (m), 1064 (m), 867 (m), 840 (m).  
1
H NMR (600 MHz, CDCl3, rt): δ –0.20 (s, 

9H), 3.73 (s, 3H), 6.69 (d, J = 8 Hz, 2H), 6.86 (d, J = 8 Hz, 2H), 6.91-6.92 (m, 2H), 

6.97-6.98 (m, 1H), 7.02 (t, J = 8 Hz, 2H), 7.44 (d, J = 8 Hz, 2H), 7.60 (d, J = 8 Hz, 2H); 

13
C{

1
H} NMR (150 MHz, CDCl3, rt): δ 0.4, 54.9, 113.0, 124.2 (q, JC-F = 270.4 Hz ), 124.9 
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(q, JC-F = 3.5 Hz), 126.2, 127.5, 129.29 (q, JC-F = 32.1 Hz), 129.3, 129.8, 130.1, 135.6, 

142.6, 145.1, 148.1, 152.4, 157.2; 
19

F{
1
H} NMR

 
(564 MHz, CDCl3, rt): δ –62.6.  MS (EI, 

m/z (relative intensity)): 426 (M
+
, 100), 412 (25), 411 (77), 257 (24), 227 (20), 203 (18), 

165 (27), 135 (24), 73 (51).  HRMS (FAB) Calcd for C25H25F3OSi: 426.1627. Found: 

426.1607. 
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4-4-3  Copies of 
1
H and

 13
C{

1
H} NMR Charts for the New Compounds. 

 

 

 

 

 

The 
1
H and 

13
C{

1
H} NMR spectra of compound 3a (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 3b (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 3c (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5a (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5b (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5c (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5d (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5e (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5f (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5g (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5h (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5i (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5j (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5k (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 5l (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 6bc (in CDCl3). 
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The 
1
H and 

13
C{

1
H} NMR spectra of compound 6cb (in CDCl3). 
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Conclusion 

In this PhD Thesis, the Author discribed synthetic protocols for multisubstituted olefins, 

in particular, unsymmetrical tetraarylethenes with four different substituents.  Highly 

regioselective syn-silylborylation of alkynylboronates and syn-diborylation of 

alkynylsilanes were investigated, respectively, to synthesize versatile, stable trimetalated 

olefins.  The inter-element compounds having Si–B and B–B bonds were found to be 

good candidates owing to their low-toxicity, easy handling, and ready availability.  The 

obtained products containing two boron groups were subsequently subjected to 

Suzuki-Miyaura cross-couplings.  After the reaction conditions were extensively 

screened, chemoselectivity was realized by discriminating the different boron groups.  

This PhD Thesis provides a good combination of well-documented fundamental reactions, 

which allow the synthesis of multisubstituted olefins. 

 

Chapter 2. Synthesis of Alkynylboron Compounds toward Organic Synthesis 

In Chapter 2, a series of alkynylboron compounds were successfully synthesized.  

Alkynylboronates bearing various alkyl and aryl groups were readily obtained from 

terminal alkynes.  Alkynyllithium species are generated smoothly with n-BuLi at low 

temperature, transmetalation using organoboron reagent followed by HCl/Et2O afforded 

various alkynylboronates.  With these synthesized alkynylboronates, a versatile direct 

synthesis was developed for multialkylated olefins bearing various alkyl groups by a 

regioselective formation of zirconacyclopentenes using alkynylboronates followed by the 

successive Pd-catalyzed Negishi and Suzuki-Miyaura cross-couplings.  The utilization of 

alkyl-substituted alkynylboronates for the synthesis of tetraalkylated olefins indicates that 

alkynylboron compound as versatile and synthetically valuable substrates in novel organic 

reactions, which contributes to promising perspectives for the synthesis of functional 

materials and pharmaceuticals.   

 

Chapter 3. Synthesis of Multisubstituted Olefins through Regio- and Stereoselective 

Silylborylation of an Alkynylboronate/Chemoselective Cross-Coupling Sequences 

In this Chapter, the Author described the synthesis of unsymmetrical tetraarylethenes.  

Highly regio- and stereoselective silylborylation of an alkynylboronate was disclosed.  
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PhMe2Si–Bpin underwent the Pd(OAc)2/t-OctNC-catalyzed syn-addition to an 

alkynylboronate to yield 1-phenyl-1-silyl-2,2-diborylethene with high regioselectivity.  

Successively, chemoselective Suzuki-Miyaura cross-couplings of the gem-diborylated 

alkenylsilanes were conducted to regulate monoarylation.  The X-ray analyses showed 

that the Bpin group in the cis-position of SiMe2Ph was more reactive to afford 

(Z)-1-silyl-2-borylstilbene derivatives.  A 5 mol% of PdCl2(dppf) was effective to yield 

the coupling products with high chemoselectivity.  Not only aryl iodides but also aryl 

bromides were involved as coupling partners.  The second Suzuki-Miyaura 

cross-couplings readily introduced the additional aryl groups.  The silyl group was also 

transformed to the aryl group by desilybromination in the presence of Br2/NaOMe, 

followed by Suzuki-Miyaura cross-couplings.  This protocol was proved to be a good 

synthetic approach to unsymetrical tetraarylated olefins. 

 

Chapter 4. Synthesis of Multisubstituted Olefins through Regio- and Stereoselective 

Silylborylation of an Alkynylboronate/Chemoselective Cross-Coupling Sequences 

In Chapter 4, another pathway of regio- and stereoselective synthesis of 

multisubstituted olefins is reported.  Bis(pinacolato)diboron (B2pin2) underwent the 

Pt(PPh3)4-catalyzed syn-addition to alkynylsilanes, to yield 

1-aryl-1-silyl-2,2-diborylethenes in good yields with a perfect stereoselectivity.  In the 

sequential chemoselective Suzuki–Miyaura cross-coupling, among all screened catalysts, 

PdCl2(dppp) performed the best to give rise to (Z)-1-boryl-trimethylsilyl stilbene 

derivatives with a perfect chemoselectivity up to >99:1.  A wide range of aryl halides 

regardless electron-donating, -withdrawing, or active functional groups such as –OMe, –

CF3, –Cl, –CO2Et, –Ac, –CN, –NO2, etc. were examined.  The subsequent 

Suzuki-Miyaura cross-coupling readily introduced another aryl group in good yields.  

Moreover, different regio- and stereoisomers of multisubstituted olefins were successfully 

synthesized, which cannot be achieved through the known methodologies reported in 

Chapter 1.  Although more efficient transformations of the silyl group to the aryl group 

are now in progress, this protocol provides an alternative to more efficient and practical 

synthesis of tetraarylethenes.   
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Future Perspective 

In Chapter 3, gem-diborylated alkenylsilane 3 produced from alkynylboronic acid 

pinacol ester 2 was extensively studied in the chemoselective Suzuki-Miyaura 

cross-coupling.  However, the two Bpin groups in a germinal position were not perfectly 

discriminated.  Less reactive Bpin in the trans position of the silyl group also reacted to 

yield a minor product with (E)-configuration, which diminished the chemoselectivity.  In 

the future, this strategy can be broadened to silylborylation of other Si–B reagents with 

alkynylboron compounds; those products bearing different boron groups will demonstrate 

different reactivity in Suzuki-Miyaura cross-couplings, which are expected to attain higher 

chemoselectivity.   

 

 

 

In Chapter 4, a more regio- and stereodefined synthesis of triarylated olefins was 

achieved with almost perfect selectivity through syn-diborylation of alkynylsilanes and 

high chemoselective Suzuki-Miyaura cross-couplings.  A more efficient transformation 

of the remaining silyl group is highly demanded to optimize this synthetic strategy.   
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A further investigation of desilylhalogenation will be conducted to obtain iodination or 

bromination products in higher yields.  Also, silicon-boron exchange will afford a good 

candidate for Suzuki-Miyaura cross-couplings.   
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