
 
 

 

 

 

Studies on Synthesis and Physicochemical Properties of 

Substituted [n]Phenacenes (n = 5 and 6) through  

Cross-Coupling Reaction/Double Cyclization Sequences 

 

 

 

2013.9 

 

 

 

 

Ning-hui CHANG  

 

 

Graduate School of Natural Science and Technology 

(Doctor’s Course) 

OKAYAMA UNIVERSITY 

  



 
 

 



i 

Contents 

Contents i 

Abstract iii 

Chapter 1   General Introduction 

1-1  A Brief Overview of Organic Field-Effect Transistors 2 

1-2  Application of [n]Acenes and [n]Phenacenes in OFETs 3 

1-3  Previous Reports on Synthesis of [n]Phenacenes 6 

1-4  The Aims of This Research 7 

1-5  References and Notes 9 

Chapter 2   Synthesis of [5]Phenacenes and Their Physicochemical Properties 

2-1  Introduction 16 

2-2  Results and Discussion 17 

2-2-1  Exploration of a new synthetic route to picenes 17 

2-2-2  Synthesis of picene derivatives 22 

2-3  Physicochemical Properties of Picenes 27 

2-3-1  Measurements of UV-vis absorption spectra 27 

2-3-2  Measurements of fluorescence spectra 28 

2-3-3  Measurements of cyclic voltammograms 28 

2-3-4  Density functional theory (DFT) calculation 31 

2-4  Summary 32 

2-5  Experimental Section 33 

2-5-1  General 33 

2-5-2  Experimental procedures 33 

2-5-3  Copies of 
1
H and 

13
C{

1
H} NMR charts for the new compounds 51 

2-6  References and Notes 68 

Chapter 3   Synthesis of [6]Phenacenes and Their Physicochemical Properties 

3-1  Introduction 74 

3-2  Results and Discussion 75 

3-2-1  The order of a reagent addition in the cross-coupling 75 

3-2-2  Optimization of first cross-coupling reaction 77 



ii 

3-2-3  Second cross-coupling reaction 78 

3-3  Physicochemical Properties of [6]Phenacenes 80 

3-3-1  Measurements of UV-vis absorption spectra 80 

3-3-2  Measurements of fluorescence spectra 81 

3-3-3  Measurements of cyclic voltammograms 81 

3-3-4  Density functional theory (DFT) calculation 83 

3-4  Summary 84 

3-5  Experimental Section 85 

3-5-1  General 85 

3-5-2  Experimental procedures 85 

3-5-3  Copies of 
1
H and 

13
C{

1
H} NMR charts for the new compounds 94 

3-6  References and Notes 103 

Chapter 4   Conclusion and Perspectives 

4-1  Conclusion 106 

4-2  Perspectives 107 

List of Publications 109 

Presentations 119 

Acknowledgements 121 

 

  



iii 

Abstract 

Organic materials have attracted a great deal of attention as active layers in organic 

field-effect transistors (OFETs) and organic light-emitting diodes (OLEDs) because of their 

mechanical flexibility, light weight, large-area coverage, ambipolar property, and low-

cost/low-temperature fabrication process.  On the other hand, fused polycyclic aromatic 

compounds possessing an extended π-conjugation system have been developed owing to 

their potential application toward organic electronic devices.  Development of methods to 

prepare various derivatives is of great interest because derivatization of the fused aromatic 

compounds may adjust their optical and electronic properties as well as their solubility and 

packing structures in the crystals.   

This Ph.D Thesis describes novel and versatile methods for the synthesis of various 

[n]phenacenes (n = 5 and 6) derivatives by Suzuki-Miyaura coupling reactions of 

polyhalobenzenes with (Z)-alkenylboronates and sequential double cyclization via C−H 

bond activation.  The physicochemical properties of [5]- and [6]phenacenes derivatives 

were modified by introducing different functional groups to the phenacene framework.  All 

compounds have been evaluated by UV-vis and fluorescence spectra, and CV as well as 

DFT calculations.   

Chapter 1 addresses an overview of organic field-effect transistors (OFETs) and the 

application of [n]phenacene in OFETs.  Previous reported synthetic methods for the 

synthesis of [n]phenacenes are summarized.  After the drawbacks of these methods are 

pointed out, novel and convenience methods are proposed.   

Chapter 2 describes the detail exploration, optimization, and completion of the 

versatile synthetic method of picene ([5]phenacene) and its derivatives as new compounds.  

The appropriate and practical strategy for the formation of picene was explored.  Initially, 

the Author exploited a direct cyclization of the precursor, 1,2-bis[(1Z)-2-

phenylethenyl]benzene, which was readily prepared by coupling reaction of 1,2-
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diiodobenzene with 2 equivalents of (Z)-phenylethenylboronates.  In spite of irradiation and 

oxidation reaction for the precursor, no desired product was obtained.  As an alternative 

synthetic route, two halogen atoms were introduced to 1,2-diiodobenzene to synthesize 1,4-

dichloro-2,3-diiodobenzene.  By using Suzuki-Miyaura coupling, 2,3-bis[(1Z)-2-

arylethenyl]-1,4-dichlorobenzenes were prepared as the precursors, which were converted 

to picenes through the Pd-catalyzed intramolecular double cyclization.  The 

physicochemical properties of the obtained picenes were varied by introducing a variety of 

functional groups into the picene framework.  All compounds are evaluated by UV-vis and 

fluorescence spectroscopic measurements, CV, and DFT calculations.  Based on this study, 

the effects of the structural variations of substituents on their electronic and electrochemical 

properties have emerged.   

 

Chapter 3 describes development and application of aforementioned methodology to 

synthesis of [6]phenacenes.  The results that the increased numbers of the benzene rings in 

[n]phenacene would have potentials to improve the FET characteristics imply that the 

synthesis of expanded [n]phenacenes is necessary.  A new family of the unsymmetrically 

substituted [6]phenacenes were synthesized via Suzuki-Miyaura coupling of 1,4-dichloro-

2,3-diiodobenzene with two alkenylboronates and the subsequent intramolecular cyclization.  

An introduction of methoxy and alkyl groups into [6]phenacene framework increased the 

solubility of [6]phenacenes.  The physicochemical properties of the synthesized 

[6]phenacenes were also investigated by measurements of UV-vis and fluorescence spectra, 

CV, and DFT calculations. 
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Chapter 4 summarizes the contents of this Thesis and a perspective of this research is 

described. 

 



 

 

  



 

 

 

 

CHAPTER 1 

 

General Introduction 
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1-1  A Brief Overview of Organic Field-Effect Transistors 

A field-effect transistor (FET) is an electronic device that amplifies and switches 

electrical signals.  Since the discovery of highly conducting polyacetylene by Shirakawa, 

MacDiarmid, and Heeger
1
 in 1977, π-conjugated systems have attracted much attention as 

futuristic materials for the development and production of the next generation of 

electronics,
2
 that is, organic electronics.

3
  It means that we are facing a new technological 

evolution that could possibly impact on our lives—the emergence of flexible and printed 

electronics.
4
   

Conceptually, organic electronics are quite different from conventional inorganic solid-

state electronics because the structural versatility of organic semiconductors allows for the 

incorporation of functionality by molecular design.  This versatility leads to a new era in 

the design of electronic devices.  To date, a great number of π-conjugated semiconducting 

materials that have either been discovered or synthesized generate an exciting library of π-

conjugated systems for use in organic electronics.
5
   

Among them, organic field-effect transistors (OFETs) have been conceptualized and 

developed over the past two decades.
6,7

  OFETs are devices consisting of an organic 

semiconducting layer, a gate insulator layer, and three terminals (drain, source, and gate 

electrodes) (Figure 1-1).  

 Source  Drain 

Semiconducting 

Insulator 

Gate electrodes 

Figure 1-1. A schematic drawing of the top-contact OFET device. 

OFETs are not only essential building blocks for the next generation of cheap and 

flexible organic circuits, but also provide an important insight into the charge transport of 

π-conjugated systems.  Therefore, they act as strong tools for the exploration of the 

structure property relationships of π-conjugated systems, such as parameters of field-effect 
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mobility (μ, the drift velocity of carriers under unit electric field), current on/off ratio (the 

ratio of the maximum on-state current to the minimum off-state current), and threshold 

voltage (the minimum gate voltage that is required to turn on the transistor).
8
   

Since the discovery of OFETs in the 1980s,
9
 they have attracted much attention.  

Research on OFETs includes the discovery, design, and synthesis of π-conjugated systems 

for OFETs, device optimization, development of applications in radio frequency 

identification (RFID) tags, flexible displays,
10,11

 electronic papers,
12,13

 sensors,
14

 and so 

forth. 

1-2  Application of [n]Acenes and [n]Phenacenes in OFETs 

It is no doubt that the semiconducting π-conjugated system incorporated into OFETs is 

one of the most important factors determining the ultimate performance of the device. In 

principal, the mobility of the organic semiconductor should be as high as possible so that an 

efficient charge transport from one molecule to another is attainable.  This in turn is 

intimately related to the electron cloud on the molecule and the electron cloud splitting with 

its neighbor molecules.  Two parameters, the transfer integral and the reorganization energy, 

are both believed to be highly important for the mobility of organic semiconductors.  The 

transfer integral means the splitting of the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO).  This in turn depends to a large extent on 

the π-overlap between neighboring molecules.
15

 The reorganization energy is the energy 

loss when a charge carrier passes through a molecule and is dependent on the conjugation 

length, degree, and packing of the organic molecules.
16

  Usually, the larger the transfer 

integral and the smaller the reorganization energy, the higher the mobility will be.
17

   

Small molecule semiconductors have been widely studied because they are easy to 

purify and easily form crystalline films for the fabrication of the desired high performance 

devices.  Typical [n]acenes and [n]phenacenes, as seen in Chart 1-1, show ideal transistor 

behaviors when employed in OFETs.  Their π-conjugated systems are similar to that of 
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single layer of graphite, that is, graphene (to date, the aromatic compound with the highest 

mobility and which recently won its discoverers the 2010 Noble Prize in physics).   

Anthracene has been examined in OFETs and its single crystal devices exhibited 

mobility at 0.02 cm
2
 V

-1
 s

-1
 at low temperature.

18
  Normally, with the expansion of the π-

conjugated dimension, the intermolecular overlap of the electron cloud is increased, and 

this results in a larger transfer integral and lower reorganization energy.
19

  Gundlach et al.
20

 

found that thin film field-effect transistors of tetracene showed a mobility of 0.1 cm
2
 V

-1
 s

-1
 

with a current on/off ratio over 10
6
 on octadecyltrichlorosilane (ODTS)-modified SiO2 

substrates.  Its single crystal transistors
21

 provided a mobility of 2.4 cm
2
 V

-1
 s

-1
 by using 

poly(dimethylsiloxane) (PDMS) as the dielectric layer.  Thin film transistors
22

 of pentacene 

demonstrated mobilities of up to 1.5 cm
2
 V

-1
 s

-1
 with an on/off ratio over 10

8
.  Clearly, the 

field-effect mobility is increasing on going from anthracene to pentacene with the extension 

of the π-conjugated systems.  This is attributed to the associated benefits of intermolecular 

π-orbital overlap and the fact that the charge transport is facilitated (for larger transfer 

integral and lower reorganization energy).   

 

Chart 1-1. Structures of [n]acenes and [n]phenacenes. 

However, one disadvantage of higher acenes is not only their high sensitivity to light 

because of their narrow energy gaps (from anthracene,
23

 tetracene,
24

 to pentacene:
25

 4.0, 2.6, 

and 1.8 eV, respectively) leading to easy molecular excitation by light but also their high 

HOMO energy levels (from anthracene,
23

 tetracene,
24

 to pentacene:
25

 −5.7, −5.2, and −5.0 
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eV, respectively) which results in high oxidation sensitivity .  For example, pentacene 

easily forms dimers and trimers under ambient conditions or can be oxidized into 6,13-

pentacenequinone (PQ) (Chart 1-1).  Moreover, a solubility of pentacene is also very poor 

in common organic solvents.
26

  As a result, purification of pentacene is highly challenging 

(ultrapure pentacene is almost impossible to obtain due to the existence of PQ).  With a 

further increase in the number of benzene rings for extension of the π-conjugated systems, 

the stability and solubility of the larger acenes become even poorer so that OFETs based on 

hexacene
27

 and heptacene
28

 have never been addressed.   

By contrast, [n]phenacene molecules have high stability even against O2 and H2O.  

[n]Phenacenes as large as [11]phenacene have been synthesized,
29

 while [9]acene 

(nonacene) has been the largest acene obtained to date.  The stability of phenacenes has 

also been elaborated experimentally and theoretically.
30

   

Picene (represented as [5]phenacene),
31a

 an isomeric compound of pentacene, shows 

higher stability because its energy band gap is larger (Eg = 3.3 eV) and its ionization 

potential is higher (IP = 5.5 eV) than those of pentacene (Eg = 1.8 eV, IP = 5.0 eV).  The 

OFET performance of picene exhibited typical p-channel characteristics with a mobility of 

1.1 cm
2
 V

-1
 s

-1
 and an on/off ratio of 10

5
 under atmospheric conditions.  The mobility was 

found to approach 3.2 cm
2
 V

-1
 s

-1
 if the device was exposed to O2 for oxygen doping.

31b
   

More recently, the [6]phenacene thin film FET has been fabricated and its p-channel 

FET characteristics have been confirmed.
32

  As expected from the molecular alignment in 

[6]phenacene thin films on SiO2 surface, the μ value as high as 3.7 cm
2
 V

-1
 s

-1
 has been 

realized, which is one of the highest in organic thin film FETs.  The clear O2 sensing 

properties are observed as in picene thin film FET.  The high μ and clear O2 sensing 

properties suggest that [6]phenacene is a promising material for practical high-performance 

organic FET.   
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1-3  Previous Reports on Synthesis of [n]Phenacenes 

[n]Phenacenes such as picene have attracted less attention than acenes such as 

pentacene for use in organic electronic devices because only a few efficient synthetic 

methods are currently available for [n]phenacenes.  The difficulty in obtaining large 

quantities of phenacenes has delayed their application in electronics.  Synthetic pathways 

for picene so far reported are summarized in Figure 1-2.   

 

Figure 1-2. Previous synthesis routes to picene. 

It has been reported that 1,2-dinaphthylethane underwent cyclization to picene in the 

presence of a Lewis acid (path a).
33

  However, this acid-promoted cyclization has still not 

been reproduced.  Photocyclization of stilbene to phenanthrene has been established as a 

procedure to construct the phenanthrene skeleton,
34

 and this photoreaction was applied to a 

1,2-dinaphthylethene system to produce picene (path b).  But, this irradiation method is the 

limited application in large-scale synthesis.  Intramolecular McMurry coupling of bi(β-

naphthyl) can also produce picene in a moderate yield (path c).
35

  [4 + 2] cycloaddition 

between benzyne and vinyl-substituted dihydrophenanthrene (path d)
36

 and intramolecular 

Friedel–Crafts-type cyclization (path e)
37

 were used to prepare the picene framework in the 

1990s.  Besides, Pt-catalyzed cycloaromatization of an ethynyl-substituted p-terphenyl has 
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been developed to synthesize picene derivatives (path f).
38

  Recently, an one-step 

photochemical synthesis of picene was developed, in which 1,2-dinaphthylethane was 

irradiated in the presence of sensitizers to afford picene (path g).
39

  Additionally, the 

rhodium(II)-catalyzed intramolecular cyclization of bis(N-tosylhydrazone)s provided an 

alternative strategy for the picene synthesis (path h).
40

   

1-4  The Aims of This Research 

As mentioned above, [n]phenacenes, arm-chair edged benzenoid compounds possessing 

extended π-conjugation, have attracted a great deal of attention as an active layer in organic 

field-effect transistors (OFETs), which can offer many attractions for unconventional 

electronic circuitry,
41

 including solution-processability/printability,
42

 mechanical 

flexibility,
43

 fabrication at low temperatures,
44

 low production costs via roll-to-roll 

printing,
45

 biocompatibility,
46

 and high performance.
47

  However, the systematic 

modification of a [n]phenacene core has rarely been reported.  In addition, there are several 

critical drawbacks in the reported synthetic methods for [n]phenacenes, such as limitation 

of irradiation for large-scale,
34,39

 multi-steps for starting materials preparation, using 

expensive and unstable transition metals,
38

 and a requirement of unstable precursors.
40

  In 

addition, these methods are based on the naphthyl or phenanthryl motifs, which is difficult 

to introduce a variety of functional groups into the picene framework, compared to the 

benzene ring-based strategy.   

On the other hand, solubilities of the unsubstituted [n]phenacenes dramatically decrease 

with an increasing n.
29

  For instance, [5]phenacene (picene) is sparingly soluble in CHCl3, 

whereas the 
13

C{
1
H} NMR spectrum of [6]phenacene cannot be obtained due to its extreme 

insolubility.  This solubility problem can be overcome by incorporating alkyl substituents 

into the core.  Since ideal OFETs are expected to be solution-processed and exhibit high 

carrier mobility, high solubility of the molecules in common organic solvents.   

In order to solve the problems in previous reports, the Author aimed to develop a simple 

and convenient methodology that involves sequential Suzuki-Miyaura coupling of 
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polyhalobenzenes with (Z)-alkenylboronates and sequential intramolecular cyclization to 

synthesize [n]phenacenes (Scheme 1-1).  For the further investigation, characterization 

through measurements of UV-vis, fluorescence spectra, cyclic voltammetry, and DFT 

calculations as well as X-ray diffraction analysis were carried out, and physicochemical 

properties of a series of novel substituted [n]phenacenes (n = 5, 6) were evaluated.   

Scheme 1-1.  A new methodology for synthesis of [n]phenacenes. 
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2-1  Introduction 

Fused polycyclic aromatic compounds have been attracting a great deal of interest in 

view of the application of organic materials for electronic devices such as organic field 

effect transistors (OFETs) and light-emitting diodes (OLEDs).
1
  Among them, 

[n]phenacenes, arm-chair edged benzenoid compounds possessing extended π-conjugation, 

have attracted a great deal of attention as active layers in organic field-effect transistors 

(OFETs)
2
 because of their advantages compared to conventional inorganic FET.   

Picene ([5]phenacene, Figure 2-1, left) represents a novel and promising class of 

materials for organic electronics.
3
  An OFET with a thin film of picene (Figure 2-1, right) 

showed a high μ value more than 1.1 cm
2
 V

-1
 s

-1
 and the OFET device properties are clearly 

improved, not only the μ value but also the onoff ratio under air/O2 conditions.
3a

  

Furthermore, alkali-metal, potassium or rubidium, doped picene exhibited 

superconductivity below 18 K.
3c

  The development of methods to prepare various picene 

derivatives is of great interest because it may adjust their optical and electronic properties 

as well as their solubility and packing structures in the crystals.
4
  However, the systematic 

modification of a picene core has rarely been reported.
5
  In addition, there are several 

critical drawbacks for the established synthetic methods of picenes.  Therefore, a simple 

and convenient strategy for the synthesis of various substituted picene derivatives is highly 

desirable in order to promote further investigations into its use in organic electronics.   

In this Chapter, the Author discusses the synthesis, characterization, and 

physicochemical properties of a series of novel substituted picenes.   

 

Figure 2-1. Structure of picene (left) and picene thin film FET device (right). 

 Au (Source)  Au (Drain) 

Picene (Active Layer) 

SiO2 (Insulator) 

Si (Gate) 
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2-2  Results and Discussion 

2-2-1  Exploration of a new synthetic route to picenes 

An outline for retrosynthetic analysis of picene is shown in Scheme 2-1.  In order to 

obtain picene as the target molecule through C−C bond formation, at least two pathways 

can be considered.  In path a, after synthesis of (Z,Z)-o-styrylbenzene as a precursor, the 

desired product can be obtained through intramolecular C−H activation.  In path b, an 

alternative synthetic route, two halogen atoms can be introduced into the precursor and the 

target molecule can also be obtained via intramolecular double cyclization.  These two 

precursors can be readily synthesized by cross-coupling reactions of 2-fold excess of 

alkenylboronates with 1,2-diiodobenzene or 1,4-dibromo (or chloro)-2,3-diiodobenzene.   

Scheme 2-1.  A retrosynthetic analysis of picene. 

 

Firstly, Suzuki-Miyaura coupling reaction to synthesize the precursor of picene 3a' was 

carried out.  Examining various reaction conditions of 1,2-diiodobenzene (1') with (Z)-

phenylethenylboronates (2a) was initiated.  Several reaction parameters, such as Pd 

catalysts, phosphine ligands, solvents, bases, temperatures, times, and the equivalent of 

substrates were optimized.  The results were summarized in Table 2-1.   

Among the tested Pd catalysts, PEPPSI-IPr
6
 (Figure 2-2) gave the best result.  When the 

reaction was conducted under 75 °C using toluene as the solvent, inexpensive K2CO3 as the 

base, the corresponding product was obtained in 82% GC yield after 3 h (entry 22).  As 
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expected, when 2.2 equivs of 2a was used, the yield of 3a' was increased to 90% GC yield 

(entry 23).  Under the optimization conditions, 3a′ was isolated in 78% yield by column 

chromatography.   

Table 2-1.  Optimization of Suzuki-Miyaura coupling reaction of 1' with 2a. 
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Figure 2-2.  Structure of PEPPSI-IPr. 

Next, C−H bond activation reaction was surveyed under oxidation
7
 and irradiation

8
 

conditions (Scheme 2-2).  Oxidation, Scholl reaction
7b

 to the substrate 3a′ was subjected.  

MoCl5, FeCl3, and DDQ were investigated as the oxidants.  Besides, the Author also 

applied photocyclization to this reaction.  The reaction vessel was irradiated with 400 W 

high pressure mercury vapor lamp for several hours.  The reactions were carried out using 

different solvents, such as toluene, hexane, and chloroform.  Unfortunately, however, in 

spite of attempts of these reactions many times, no desired product was obtained.  These 

results indicate that the substrate 3a′ is disfavored under these irradiation conditions.  

Therefore, the Author shifted to the path b as an alternative synthetic route. 

Scheme 2-2.  Examinations of C−H bond activation under oxidation and irradiation. 

 

Based on the above investigation, it is necessary to introduce halogen atoms into 

substrate 3a′.  Meanwhile, in order to ensure the regioselectivity of Suzuki-Miyaura 

coupling reaction, 1,4-dibromo-2,3-diiodobenzene
9
 (1-Br) was synthesized successfully as 

the cross-coupling partner, which can react with 2a to give corresponding product 3a-Br.   
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Under the reaction condition of entry 23 in Table 2-1, isomerization of the product 3a-

Br was observed because of high temperature.  Therefore, further optimization of reaction 

conditions was investigated (Table 2-2).  Under mild reaction conditions
10

 at room 

temperature (entries 1−5), the reactions using different amounts of alkenylboronate 2a and 

the different phosphorus ligands were performed.  However, the yields of the desired 

product 3a-Br were not satisfactory.  Instead, the mono-substituted product and the homo-

coupled product of 2a were detected.  Under harsh conditions in entries 6 and 7, the 

reactions were conducted at 110 °C using toluene as the solvent.  In the presence of 

PEPPSI-IPr catalyst bearing NHC as the ligand, the better result was obtained when KOH 

was used as the base (entry 7).   

Table 2-2.  Optimization of cross-coupling reaction of 1-Br with 2a. 

 

After the precursor was synthesized, the Author carried out Pd-catalyzed intramolecular 

double cyclization.  Although there have been no examples of the application of Pd-

catalyzed C−H arylation to the picene synthesis, to the best of his knowledge, it would be a 

powerful method for the construction of the desired framework.
11

  The reaction conditions 

were examined and the results are shown in Table 2-3.  Various catalysts, ligands, bases, 

solvents were screened under different temperatures and reaction times.  Among these 
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catalyst systems, the in situ generated PdCl2(PCy3)2 from PdCl2(NCPh)2 and PCy3 and 

pivalic acid as the additive was found to be the best.
12

   

Table 2-3.  Examination of Pd-catalyzed intramolecular double cyclization. 

 

The data of the product 4a is consistent with the desired structure.  
1
H NMR spectrum 

of 4a is identical to that of a commercially available sample (Figure 2-3).  The aromatic 

proton signals at δ 8.80, 8.87, and 8.97 are characteristic signals of the picene backbone.   

 

Figure 2-3.  
1
H NMR spectra (600 MHz, CDCl3, rt) of picene (4a): 

(a) material purchased from TCI, (b) sample prepared by the present method. 
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2-2-2  Synthesis of picene derivatives 

Encouraged by a successful synthesis of picene 4a, the substrate scope was explored 

through this methodology.  The Author expected that physicochemical properties of the 

parent picene can be modified by introducing functional groups into the picene framework.   

Firstly, 1,4-dichloro-2,3-diiodobenzene (1-Cl) was also synthesized as an alternative 

coupling partner.  A series of the stereodefined (Z)-alkenylboronates 2b-2f were 

successfully prepared by Rh-catalyzed stereoselective hydroboration of terminal alkynes
13

 

or the zirconocene-mediated synthesis from an alkynylboronate
14

 (Scheme 2-3).   

Scheme 2-3.  Synthesis of alkenylboronates 2a−2f. 

 

Next, based on the previous result (Table 2-2, entry7), cross-coupling reaction 

conditions were further optimized using 1-Cl and trimethylsilane-substituted 

alkenylboronate 2b as the starting materials (Table 2-4).  The Author examined an amount 

of the base, catalyst, water and an equivalent of the substrates.  As a result, the yields of the 

corresponding product were slightly lower when the amount of the Pd catalyst and the base 

were decreased (entries 2 and 3).  An appropriate amount of water is important in this 

reaction system because the solubility of KOH is increased (entries 4 and 5).  Besides, a 

little excess amount of 2b is necessary to increase the yield of the product (entry 6).  

Overall, the use of PEPPSI-IPr/KOH systems with a mixture of toluene and H2O as the co-

solvents has been proved to be the most efficient conditions for the formation of the cross-

coupled product.   
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Table 2-4.  Optimization of cross-coupling reaction conditions of 1-Cl with 2b.   

 

With the optimized conditions in hand, Suzuki-Miyaura coupling reactions of 1 with 2a

−2f catalyzed by PEPPSI-IPr gave the corresponding 3a−3f as the precursors in moderate to 

high yields (Scheme 2-4).  As a result, the Author noticed that in the cases of chlorides, the 

desired products were obtained in better yields compared with bromides.  These results are 

ascribed to the reactivity of the halogen atoms in cross-coupling reactions.  A competitive 

reaction occurs among chlorides, bromides and iodides.  Because the reactivity of chlorides 

is much lower than the corresponding bromides, alkenylboronates readily reacted with 

iodides to give a less amount of by-products.  So other picene precursors were directly 

synthesized using 1,4-dichloro-2,3-diiodobenzene.   

For the synthesis of picene, the reaction conditions were further examined using the 

different substrates based on previous investigations (Table 2-5).  The Author checked the 

amounts of catalysts, ligands, and bases.  In comparison of the result in entry 2 with that in 

entry 3, when the amounts of the catalyst and the ligand were decreased to a half, the yields 

were comparable.  In a sharp contrast, when the amount of the base was decreased (entry 4) 

and the reaction temperature was lowered (entry 5), the results became worse.  Therefore, 

the condition shown in entry 3 was chosen as the optimized reaction conditions.   
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Scheme 2-4.  Synthesis of picene precursors by cross-coupling reactions. 

 

A series of picene derivatives 4b−4f were synthesized in reasonable and moderate 

yields under optimized reaction conditions (Scheme 2-5).
15

  Several different functionalities, 

such as TMS, Et, OMe, and decyl groups, could be introduced into the different positions of 

the picene framework.  The Author considered the reason why the yield of cyclization is 

relative low, because the main by-product in the cyclization step is the protodehalogenated 

compound.  This result indicates that after one C−C bond was formed, protodebromination 

(or protodechlorination) occurred.
16

   

Table 2-5.  Optimization of Pd-catalyzed intramolecular double cyclization. 
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Scheme 2-5.  Synthesis of picenes 4a−4f. 

 

It is noteworthy that the structure of compound 4d is different from an initial 

expectation that two methoxy groups would locate in the 3,10-positions by the C−H bond 

functionalization to avoid a steric congestion.  However, as shown in Figure 2-4, X-ray 

structural analysis successfully clarified the structure of 4d, in which two OMe groups are 

situated at the 1,12-positions.  Moreover, the 
1
H NMR measurement of 4d showed a 

characteristic signal at 9.92 ppm, which is quite different from those in 4b and 4c bearing 

the substituents in the 3,10-positions.   

 

Figure 2-4.  An ORTEP drawing of 4d determined by X-ray crystallography with 30% thermal 

ellipsoidal plotting.  Hydrogen atoms are omitted for simplicity. 

The related crystallographic data of 4d were listed as follows: 
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Empirical Formula C24H18O2 

Formula Weight 338.41 

Crystal Color, Habit colorless, prism 

Crystal Dimensions 0.50 X 0.15 X 0.10 mm 

Crystal System Orthorhombic 

Lattice Type Primitive 

No. of Reflections Used for Unit  

Cell Determination (2q range) 12327 ( 6.3 - 55.5
o
 ) 

Lattice Parameters a = 17.528(2) Å 

 b = 13.8570(16) Å 

 c = 6.9178(8) Å 

 V = 1680.2(3) Å
3
 

Space Group Pna21 (#33) 

Z value 4 

Dcalc 1.338 g/cm
3
 

F000 712.00 

m(MoKa) 0.837 cm
-1

 

Diffractometer AFC7 

Radiation MoKa (l = 0.71075 Å) 

 graphite monochromated 

Take-off Angle 2.8
o
 

Detector Aperture 2.0 - 2.5 mm horizontal 

 2.0 mm vertical 

Crystal to Detector Distance 21 mm 

Temperature 24.9 
o
C 

Scan Type w-2q 

2qmax 55.0
o
 

Corrections Lorentz-polarization 

 Absorption 

 (trans. factors: 0.959 - 0.992) 

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 55.0
o
 

Anomalous Dispersion All non-hydrogen atoms 

No. Observations (I>2.00s(I)) 3849 

No. Variables 307 

Reflection/Parameter Ratio 12.54 

Residuals: R (I>2.00s(I)) 0.0705 

Residuals: Rw (I>2.00s(I)) 0.1170 

Goodness of Fit Indicator 1.064 

Max Shift/Error in Final Cycle 0.001 

Maximum peak in Final Diff. Map 0.16 e
-
/Å

3
 

Minimum peak in Final Diff. Map 0.00 e
-
/Å

3
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2-3  Physicochemical Properties of Picenes 

2-3-1  Measurements of UV-vis absorption spectra 

The optical properties of 4a−4f were studied by UV-vis spectroscopy.  The observed 

optical properties are listed in Table 2-6.  As shown in Figure 2-5(A), the wavelengths of 

maximum absorptions (max
abs

) of 4a−4f are ca. 290 nm.  The substituted picenes 4b−4f 

exhibited absorption peaks at longer wavelengths, but their molar extinction coefficient  

values are smaller, compared to that of 4a.  These results indicate that an introduction of the 

substituents into a picene framework can affect the physical properties, since no 

concentration influence was observed when UV-vis spectra of 4a−4f in different 

concentrations were measured
17

 (Figure 2-6).  The absorption spectra of the either edged- 

(as 4b and 4c) or side- (as 4d and 4f) substituents are similar in shape, possessing the main 

transition around 290 nm and at higher wavelengths the other transitions appeared as a 

shoulder.   

 

Figure 2-5.  (A) Absorption spectra (1 × 10
-5

 M) and (B) Fluorescence emission spectra with 

excitation wavelength at max
abs

 (5 × 10
-7

 M) of 4a−4f in CH2Cl2. 

 

Figure 2-6. UV-vis spectra of 4a−4f in different concentrations (10
-5

-10
-7

 M). 
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2-3-2  Measurements of fluorescence spectra 

Since all the compounds 4a−4f are fluorescent, the measurements of steady-state 

fluorescence spectra were performed by using the diluted CH2Cl2 solution (5 × 10
-7

 M), as 

shown in Figure 2-5(B).  The results are also summarized in Table 2-6.  Using the max
abs

 

values of picenes as the 0-0 transition wavelength, the emission maxima (max
em

) displayed 

Stokes shifts by approximately 4 nm.
18

  The relative fluorescence quantum yields (Фf) of 4a

−4f were estimated with Williams relative method.
19

   

The substituents in the picene framework can significantly affect the Фf values.  The Фf 

values of 4e and 4f were 0.18 and 0.13, respectively.  An introduction of a methoxy or alkyl 

group decreased the Фf values of 4c and 4d.  It is uncertain at present why the Фf value was 

changed by an introduction of these substituents.   

Table 2-6.  UV-vis
a
 and fluorescence

b
 data of picenes 4a−4f. 

Picenes 
max

abs
 

/nm 

 

/M
-1
cm

-1
 

max
em

 

/nm
c
 

Stokes shift 

/cm
-1

 
Фf

d
 

4a 285 94300 378 212 0.07 

4b 293 56800 384 274 0.10 

4c 290 61800 380 209 0.05 

4d 290 49700 388 201 0.06 

4e 290 55100 391 331 0.18 

4f 290 43700 385 273 0.13 

a 1 × 10-5 M in CH2Cl2.  
b 5 × 10-7 M in CH2Cl2.  

c Wavelength of maximum fluorescence emission.  

d p-Terphenyl was used as a standard sample. 

2-3-3  Measurements of cyclic voltammograms 

The absorption band-edges (onset) of picenes 4a−4f and the corresponding optical band 

gaps (Eg
opt

) calculated from 1240/onset are summarized in Table 2-7.  The electrochemical 

properties of 4a−4f were also investigated by cyclic voltammetry (CV).  The CV curves 

were recorded versus the potential of the Ag/Ag
+
, which was calibrated by the ferrocene–

ferrocenium (Fc/Fc
+
) redox couple (−4.8 eV below the vacuum level).

20
  The 

electrochemical data are also summarized in Table 2-7.  The highest occupied molecular 

orbital (HOMO) energy levels were calculated from the CV data and the corresponding 
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LUMO levels were estimated from formula ELUMO = EHOMO + Eg
opt

.  The observed 

oxidation waves and no reduction waves in the CV measurements suggest that all 

compounds are p-type semiconductors, which have potent applications in organic 

electronics.  Moreover, all picene derivatives exhibited quasi-reversible oxidation wave 

(Figure 2-7), reflecting that they possess an excellent electrochemical stability.   

Table 2-7.  Physicochemical properties of picenes 4a−4f. 

Picenes Eonset (V)
a
 EHOMO (eV)

b
 ELUMO (eV)

c
 

Eg
opt

/onset 

[(eV)
d
/nm] 

EHOMO (eV)
e
 ELUMO (eV)

e
 

Eg 

(eV)
e
 

4a +0.88 –5.80 –2.57 3.23/384 –5.48 –1.27 4.21 

4b +0.86 –5.78 –2.60 3.18/390 –5.45 –1.25 4.20 

4c +0.85 –5.77 –2.56 3.21/386 –5.39 –1.18 4.18 

4d +0.59 –5.51 –2.38 3.13/396 –5.12 –1.02 4.10 

4e +0.37 –5.29 –2.21 3.08/402 –4.80 –0.84 3.96 

4f +0.74 –5.67 –2.52 3.15/393 –5.33 –1.19 4.14 

a Obtained from cyclic voltammograms in CH2Cl2.  Reference electrode: Ag/Ag+.  bAll the potentials were calibrated 

with the Fc/Fc+ (E1/2 = -0.12 V measured under identical conditions).  Estimated with a following equation: EHOMO 

(eV) = –4.92 – Eonset.  c Calculated according to the formula ELUMO = EHOMO + Eg
opt.  d Optical band gap, Eg

opt = 

1240/λonset.  
e Obtained from theoretical calculations. 

   

   

 

Figure 2-7.  Cyclic voltammetry diagrams of compounds 4a−4f. 
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Picene derivative 4b and 4c bearing the substituents in the 3,10-positions have the 

similar HOMO energy levels and slightly narrow optical band gaps than that of the parent 

picene 4a.  These results indicate that a substitution effect of a picene core in the 3,10-

positions is rather small.  In a sharp contrast, other substituted picenes, 4d, 4e, and 4f, have 

higher HOMO energy levels and smaller optical band gaps than that of 4a.  Furthermore, 

their HOMO levels significantly elevate with increasing the number of the substituents.  In 

these cases, methoxy groups were introduced into the picene framework in the 1,12-, 2,11-, 

and 4,9-positions act as strong electron-donating groups.  New five picenes 4b−4f could 

show better electron transfer capability in electronic devices since they showed relatively 

smaller the band gaps of than picene (3.23 eV).
21

   

Table 2-8.  B3LYP/6-31G (d) estimates of the reorganization energies of hole h
 in 4a−4f. 

Compound h
/meV 

4a 185 

4b 240 

4c 188 

4d 168 

4e 277 

4f 203 

 

Figure 2-8.  Transfer integrals of HOMO in 4d. 

Thus, the Author calculated molecular reorganization energy (), which may potentially 

affect the transport properties.
22

  In the present p-channel organic semiconductor’s cases,  

for hole (h
) should be in concern.  From the results of h

 (Table 2-8), 4d should be 

advantageous for an efficient carrier transport.  However, the calculated transfer integrals
23
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(tHOMOs) of 4d were found to be fairly small (Figure 2-8), because packing structure of 4d is 

less effective for carrier transport, which was quite different from 4a with high field-effect 

mobility.
24

   

2-3-4  Density functional theory (DFT) calculation 

Electronic structures of novel picenes 4a−4f are theoretically investigated through 

calculation.  The molecular geometries of 4a−4f were optimized using density functional 

theory (DFT) at the B3LYP/6-31G(d) level using Gaussian 09, Revision A. 02.
25

  The 

results are also listed in Table 2-7.  The frontier molecular orbitals of the optimized 

molecules were also calculated, as shown in Figure 2-9.  The theoretically calculated 

HOMO−LUMO gaps are higher than those obtained in the UV-vis spectroscopic 

measurements (Eg
opt

) by ca. 1.0 eV.  All the HOMOs and LUMOs of picenes 4a−4f are 

evenly delocalized over the entire molecular π-frameworks.  In addition, coefficients of 

picenes 4d−4f reside on the 1,12-, 2,11-, and 4,9-methoxy and 5,8-alkyl groups in the 

HOMO.  On the other hand, the carbon atoms in the 3,10-position in 4b and 4c have nodal 

planes in the HOMO.  These results clearly support the similarity/difference of the energy 

levels of the frontier orbitals as well as the molecular electronic structures among 4a−4f.   

 

Figure 2-9.  Wave functions for the HOMO and LUMO of 4a−4f.   
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2-4  Summary 

In summary, a novel and versatile synthetic method for the synthesis of various picene 

derivatives was developed through sequential Suzuki-Miyaura cross-coupling reaction and 

intramolecular C−H bond activation.  The physicochemical properties of picene derivatives 

were modified by introducing different functional groups to the picene framework.  All 

compounds have been investigated by UV-vis and fluorescence spectral measurements, CV, 

and DFT calculations as well as X-ray analyses.  Based on this study, the clear pictures 

about the effects of the structural variations of substituents on their electronic and 

electrochemical properties have emerged.   

1. No concentration influence was observed when UV-vis spectra of picenes were 

measured in different concentrations solution.   

2. An introduction of the methoxy or alkyl group to the picene framework decreased the 

Фf values compared with that of the parent picene.   

3. The observed oxidation waves and no reduction waves in the CV measurement 

suggest that all picene derivatives are p-type semiconductors, which have potent 

applications in organic electronics.  Moreover, all compounds exhibited quasi-reversible 

oxidation wave, reflecting that they possess an excellent electrochemical stability.   

4. After comparison of HOMO energy levels and optical band gaps between picene 

derivatives and the parent, it is found that the substitution effect of a picene core in the 

edge-positions is rather small.  In a sharp contrast, other substituents in side-position of 

picenes, have lower HOMO energy levels and smaller optical band gaps than that of the 

parent.  Furthermore, their HOMO levels significantly elevate with increasing the number 

of the substituents.  In these cases, methoxy groups were introduced into the picene 

framework act as strong electron-donating groups.  New five picenes would show better 

electron transfer capability in electronic devices since they showed relatively smaller the 

band gaps of than picene. 
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2-5  Experimental Section 

2-5-1  General   

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

techniques.  Glassware was dried in an oven (150 °C) and heated under reduced pressure 

before use.  Dehydrated toluene, 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, 

neutral, 40-100 μm) from Kanto Chemicals Co., Ltd.  NMR spectra (
1
H, 

13
C{

1
H}) were 

recorded on Varian INOVA-600 (600 MHz) or Mercury-300 (300 MHz) spectrometers.  

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.  Melting Points were measured on a Yanagimoto micromelting point apparatus 

and are uncorrected.  The GC yields were determined using suitable hydrocarbon internal 

standards.  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. 

2-5-2  Experimental procedures 

Synthesis of catalysts 

[Rh(cod)Cl]2
26

 

 

To a solution of RhC13·3H2O (4.53 g, 17.0 mmol), Na2CO3 (1.85g, 17.5 mmol), ethanol 

(20 mL), H2O (5 mL), COD (ƞ
4
-1,5-cyclooctadiene, 7.5 mL, 61.1 mmol) was added.  After 

refluxing at 90 °C for 4 h, the reaction cooled gradually to ambient temperature.  The 

precipitate was filtered and washed with hexane (25 mL), MeOH/H2O (5/1, 20 mL), and 
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Et2O (10 mL).  The residue was recrystallized (CH2Cl2/hexane) to give pure product (3.68 g, 

88% yield) as an orange crystal.   

Pd(dba)2
27

 

 

NaCl (0.59 g, 10 mmol) was added to a solution of PdCl2 (0.89 g, 5 mmol) in methanol 

(30 mL) and stirred at ambient temperature under an inert atmosphere for 24 h.  It was 

subsequently filtered through a plug of cotton wool and concentrated in vacuo to 

approximately half its original volume.  The solution was warmed to 60 °C and then 

dibenzylidene acetone (3.87 g, 16.5 mmol) was added. The resulting mixture was stirred at 

60 °C for 15 min, then sodium acetate was added, and the reaction cooled gradually to 

ambient temperature.  The mixture was stirred at ambient temperature for 2 h until a dark 

red precipitate was observed.  The precipitate was filtered and washed with methanol (2 × 

15 mL), water (2 × 15 mL), and finally acetone (2 × 5 mL).  The product was partially dried 

under suction and then the solid was added to a Schlenk flask which was placed under a 

flow of nitrogen with stirring overnight.  This gave the desired complex as a maroon/purple 

microcrystalline solid (2.56 g, 89% yield). 

PdCl2(NCPh)2
28

 

 

PdCl2 (2.0 g, 11 mmol) was dissolved in 35 ml benzonitrile, then stirred for 1 h at 

100 °C.  The solution was cooled in an ice-bath to precipitate the product, which was 

filtered, washed with small amount of cold ether and dried under vacuum.  PdCl2(NCPh)2 

was achieved as a brown powder (2.7 g, 63% yield).   

PdCl2(PPh3)2
29
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To a solution of PdCl2(NCPh)2 (0.96 g, 2.5 mmol) in 25 ml benzene, PPh3 (1.31 g, 5.0 

mmol) was added and then stirred for 15 min at ambient temperature.  The reaction mixture 

was filtered and washed with cold ether.  After dry under vacuum, the product was obtained 

as a yellow powder (1.73 g, 98% yield).   

PEPPSI-IPr
6
 

 

Synthesis of IPr:
30

 A solution of glyoxal (2.23 mL, 40% in water, 20 mmol) in MeOH 

(20 mL) was added with vigorous stirring to a warmed (50 °C) solution of 2,6-

diisopropylaniline (7.6 mL, 40 mmol) and HOAc (0.2 mL) in MeOH (10 mL).  A slightly 

exothermic reaction commenced and the product started to crystallize after 15 min.  The 

mixture was stirred for 10 h at ambient temperature, after which the resulting suspension 

was filtered and the solid product washed with MeOH, until the washing phase remained 

bright yellow.  The product was pre-dried by suction over the filter, and then dried to 

constant weight in high vacuum.  The filtrates were collected, evaporated and set aside for a 

second crystallization.  Finally, 5.9 g (79% yield) of bright yellow crystals was obtained.   

Synthesis of IPr·HCl:
30

 200 mL two necks round bottom flask containing EtOAc (150 

mL) was heated to 70 °C in an oil bath.  Diazadiene IPr (5.89 g, 15.6 mmol) and 

paraformaldehyde (0.48 g, 16 mmol) were added and the walls washed with EtOAc (2 mL).  

A solution of TMSCl (2.0 mL, 15.6 mmol) in EtOAc (2.5 mL) was added dropwise over 10 
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min with vigorous stirring, and the resulting yellow suspension stirred for 2 h at 70 °C.  

After cooling to 10 °C (ice-bath) with stirring, the suspension was filtered and the solid 

washed with EtOAc.  The solid was dried to constant weight under vacuum, giving 6.02 g 

(90% yield) of product as colorless microcrystalline powder.   

Synthesis of PEPPSI-IPr: In argon atmosphere, a 50 mL Schlenk tube was charged 

with PdCl2 (1.61 g, 9.1 mmol), IPr·HCl (4.25 g, 10 mmol), K2CO3 (6.28 g, 45.5 mmol) 

and 3-Chloropyridine (25 g, 220 mmol).  The Schlenk tube was heated with vigorous 

stirring for 16 h at 80 °C.  After cooling to ambient temperature, the reaction mixture was 

diluted with CH2Cl2 and passed through a short pad of silica gel covered with a pad of 

Celite eluting with CH2Cl2 until the product was completely recovered.  Most of the 

CH2Cl2 was removed by rotary evaporator, and the 3-chloropyridine was then vacuum-

distilled (1.6 Torr/50 °C) and saved for reuse.  After triturating with hexane, decanting of 

the supernatant and drying in high vacuum, the pure complex (5.13 g, 83% yield) was 

isolated as an off-white solid.   

1
H NMR (CDCl3, 300 MHz, rt): δ 1.12 (d, J = 6.9 Hz, 12H), 1.48 (d, J = 6.9 Hz, 12H), 

3.11-3.20 (m, 4H), 7.04-7.09 (m, 1H), 7.14 (s, 2H), 7.35 (d, J = 7.8 Hz, 4H), 7.47-7.56 (m, 

3H), 8.52 (d, J = 5.7 Hz, 1H), 8.59 (d, J = 2.4 Hz, 1H).   

Synthesis of 1,4-dichloro-2,3-diiodobenzene (1-Cl).
31

   

 

The first two steps followed a general procedure.
32

  A commercially available 2,5-

dichloroaniline (5) (4.86 g, 30 mmol), chloral hydrate (5.95 g, 36 mmol), hydroxylamine 
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hydrochloride (3.13 g, 45 mmol), and Na2SO4 (30.0 g) were suspended in a mixture of H2O 

(100 mL) and EtOH (100 mL).  The mixture was stirred and kept at reflux temperature 

(80 °C) for 12 h and then concentrated by evaporation and poured into crushed ice, which 

caused precipitation of white solid.  After being kept at 0 °C for 3 h, the suspension was 

filtered, and the white solid was dried in air to yield a crude 2,5-dichloroisonitroso-

acetanilide (6) in 79% yield (5.52 g).  Compound 6 was then heated in 86% H2SO4 (80 mL) 

at 100 °C for 15 min.  The resulting dark red suspension was poured into crushed ice to 

yield 3,6-dichloroisatine (7) (5.07 g, 99% yield) as bright orange crystals, which were 

subsequently subjected to basic hydrolysis in aq H2O2 to yield off-white crystals of 3,6-

dichloroanthranilic acid (8) (3.24 g, 67% yield).
33

  Finally, compound 8 was converted into 

1,4-dichloro-2,3-diiodobenzene (1-Cl) by employing the aprotic diazotization procedure.
34

  

After column chromatography on silica gel (hexanes as eluent) and bulb to bulb distillation 

(160 ºC/1.4 Torr), the desired product 1 was obtained as white crystals (2.83 g, 45% yield).  

1
H NMR (CDCl3, 300 MHz, rt): δ 7.41 (s, 2H).   

A general procedure for (Z)-alkenylboronates 2 by hydroboration:  

Synthesis of 4,4,5,5-tetramethyl-2-[(1Z)-2-phenylethenyl]-1,3,2-dioxaborolane (2a).   

 

A 50 mL Schlenk tube, equipped with a magnetic stir bar, was charged with 

[RhCl(cod)]2 (37 mg, 0.075 mmol, 1.5 mol %) and then flushed with argon.  Anhydrous 

cyclohexane (15 mL), P
i
Pr3 (0.057 mL, 0.3 mmol, 6 mol %), Et3N (5 mL), and HBpin (0.725 

mL, 5 mmol) were successively added.  After being stirred at room temperature for 30 min, 

phenylacetylene (1.1 mL, 10 mmol) was added in one-portion and the mixture was stirred 

at room temperature for 2 h before quenching by MeOH.  Filtration and evaporation 

afforded brown oil, which was purified by bulb to bulb distillation (130 °C/1.3 Torr) to 

obtain product 2a as colorless liquid (0.93 g, 81% yield).   
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1
H NMR (CDCl3, 300 MHz, rt) δ 1.30 (s, 12H), 5.60 (d, J = 14.7 Hz, 1H), 7.23 (d, J = 

14.7 Hz, 1H), 7.26-7.31 (m, 3H), 7.54 (d, J = 7.9 Hz, 2H).   

Synthesis of 4,4,5,5-tetramethyl-2-[(1Z)-2-(3-trimethylsilane-phenylethenyl]-1,3,2-

dioxaborolane (2b). 

 

To a stirring solution of 1,3-diiodobenzene (9, 6.6 g, 20 mmol) in diethyl ether (50 mL) 

was cooled to −78 °C.  Addition of n-BuLi (12.3 mL, 20 mmol, 1.63 M in hexane) over 10 

min resulted in an off-white solution. After stirring for 1 h at this temperature and then 

quenched with chlorotrimtheylsilane (2.39 g, 22 mmol).  The solution was allowed to warm 

to room temperature for 4 h.  Water (10 mL) was added to the above solution.  The organic 

layer was extracted with diethyl ether and washed with brine, dried (MgSO4), and 

concentrated under vacuum.  The crude material 10 (5.38 g, 97% yield) was obtained as 

brown oil directly for next step.   

1
H NMR (CDCl3, 300 MHz, rt): δ 0.28 (s, 9H), 7.11 (t, J = 7.7 Hz, 1H), 7.47 (dt, J = 7.2 

Hz, 1H), 7.70 (dt, J = 7.8 Hz, 1H), 7.83 (s, 1H).   

A 200 mL two necks round bottom flask equipped with a magnetic stir bar was charged 

with 10 (5.25 g, 19 mmol), PdCl2(PPh3)2 (133 mg, 0.19 mmol, 1 mol %), CuI (181 mg, 0.95 

mmol, 5 mol %), triethylamine (75 mL) and trimethylsilylacetylene (3.22 mL, 22.8 mmol) 

under argon atmosphere.  The reaction mixture was stirred overnight at room temperature.  

After evaporation to remove Et3N, the residue was filtrated with diethyl ether.  The solvent 

was removed under reduced pressure and the desired compound 11 (4.45 g, 95% yield) was 

afford as a brown oil.   
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1
H NMR (CDCl3, 300 MHz, rt): δ 0.28 (s, 18H), 7.30 (d, J = 7.9 Hz, 1H), 7.46 (d, J = 

6.0 Hz, 2H), 7.63 (s, 1H).   

To a solution of 11 (4.27 g, 17.3 mmol) in THF (50 mL) and MeOH (30 mL) was added 

K2CO3 (3.58 g, 26 mmol) and H2O (1.2 mL).  The solution was stirred at rt for 4.5 h before 

pouring the solution into saturated aq. NH4Cl (50 mL).  The mixture was extracted with 

diethyl ether. The organic layer was washed with 5% aq. NH4Cl and brine, dried (MgSO4) 

and the solvent was removed in vacuum.  This crude product was purified via Florisil and 

afforded 12 (2.77 g, 92% yield) as a brown oil.   

1
H NMR (CDCl3, 300 MHz, rt): δ 0.28 (s, 9H), 3.09 (s, 1H), 7.30 (t, J = 7.8 Hz, 1H), 

7.35-7.52 (m, 2H), 7.66 (s, 1H).   

4,4,5,5-Tetramethyl-2-[(1Z)-2-(3-trimethylsilane-phenylethenyl]-1,3,2-dioxaborolane 

(2b) was obtained as a yellow liquid (2.11 g, 88% yield) via stereoselective hydroboration 

of 12
35

 with similar experimental procedure of 2a.   

 

FT-IR (neat, cm
-1

): 2978 (m), 2359 (m), 1620 (m), 1337 (m), 1250 (s), 1144 (s), 870 

(m), 837 (s), 752 (m).   

1
H NMR (CDCl3, 300 MHz, rt): δ 0.31 (s, 9H), 1.31 (s, 12H), 5.61 (d, J = 14.7 Hz, 1H), 

7.23 (d, J = 14.7 Hz, 1H), 7.26-7.35 (m, 1H), 7.45 (d, J = 9.6 Hz, 1H), 7.56 (d, J = 10.5 Hz, 

1H), 7.82 (s, 1H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ −1.1, 24.8, 83.4, 127.3, 129.3, 133.1, 133.8, 

137.5, 140.0, 149.0.  The carbon signal adjacent to B was not observed due to low intensity.   

MS (EI, m/z (relative intensity)): 302 (M
+
, 41), 287 (100), 286 (25), 187 (35), 146 (15), 

145 (98), 143 (16), 73 (39).   

Anal. Calcd for C17H27BO2Si: C, 67.54; H, 9.00%.  Found: C, 67.15; H, 8.83%.   
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Synthesis of 4,4,5,5-tetramethyl-2-[(1Z)-2-(3-decyl-phenylethenyl]-1,3,2-

dioxaborolane (2c). 

Compound 2c was synthesized by the same procedure as that for compound 2b.  Decyl 

bromide was used as an alkylation reagent.   

 

1-(Trimethylsilyl)-3-(2-decylethynyl)benzene.  Colorless liquid, 90% yield.   

FT-IR (neat, cm
-1

): 2956 (s), 2926 (s), 2854 (s), 2152 (m), 1601 (w), 1481 (m), 1466 

(m), 1250 (s), 854 (s), 843 (s), 793 (w), 760 (m), 694 (m), 648 (w).   

1
H NMR (CDCl3, 300 MHz, rt): δ 0.25 (s, 9H), 0.89 (t, J = 6.8 Hz, 3H), 1.26-1.30 (m, 

16H), 2.56 (t, J = 7.8 Hz, 2H), 7.12 (d, J = 7.6 Hz, 1H), 7.20 (t, J = 7.5 Hz, 1H), 7.29 (d, J 

= 9.5 Hz, 2H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ −0.0, 14.1, 22.7, 29.2, 29.3, 29.5, 29.6, 29.6, 31.3, 

31.9, 35.7, 93.5, 105.5, 122.8, 128.1, 128.8, 129.2, 131.9, 142.9.   

MS (EI, m/z (relative intensity)): 314 (M
+
, 26), 300 (29), 299 (100), 173 (56), 172 (23), 

73 (80).   

Anal. Calcd for C21H34Si: C, 80.18; H, 10.89%.  Found: C, 80.43; H, 11.07%.   

 

1-Ethynyl-3-decylbenzene.  Colorless liquid, 65% yield.   

FT-IR (neat, cm
-1

): 3312 (m), 2955 (s), 2855 (s), 1560 (w), 1481 (m), 1466 (m), 793 

(m), 694 (m), 606 (m).   

1
H NMR (CDCl3, 300 MHz, rt): δ 0.89 (t, J = 7.2 Hz, 3H), 1.27-1.31 (m, 16H), 2.58 (t, 

J = 7.8 Hz, 2H), 3.05 (s, 1H), 7.17 (d, J = 7.5 Hz, 1H), 7.23 (t, J = 7.3 Hz, 1H), 7.32 (d, J = 

7.2 Hz, 2H).   



41 
 

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 14.5, 23.0, 29.6, 29.7, 29.7, 29.8, 29.9, 30.0, 31.6, 

32.2, 36.0, 84.3, 122.2, 128.5, 129.4, 129.7, 132.4, 143.4.   

MS (EI, m/z (relative intensity)): 242 (M
+
, 4), 157 (17), 131 (19), 130 (21), 129 (27), 

128 (25), 118 (21), 117 (30), 116 (67), 115 (100).   

HRMS (EI) Calcd for C18H26: 242.2035.  Found: 242.2055.   

 

4,4,5,5-tetramethyl-2-[(1Z)-2-(3-decyl-phenylethenyl]-1,3,2-dioxaborolane (2c).  

Colorless liquid, 60% yield.   

FT-IR (neat, cm
-1

): 2955 (s), 2855 (s), 1620 (s), 1427 (m), 1371 (m), 1258 (s), 1144 (s), 

968 (m), 873 (w), 808 (m), 698 (m).   

1
H NMR (CDCl3, 300 MHz, rt): δ 0.86-0.90 (m, 3H), 1.22-1.34 (m, 24H), 1.61 (q, J = 

7.6 Hz, 6.8 Hz, 2H), 2.58 (t, J = 7.8 Hz, 2H), 5.56 (d, J = 14.8 Hz, 1H), 7.08 (d, J = 7.6 Hz, 

1H), 7.17-7.23 (m, 2H), 7.32 (d, J = 8.0 Hz, 1H), 7.45 (s, 1H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 14.1, 22.7, 24.8, 29.3, 29.5, 29.5, 29.6, 29.6, 31.5, 

31.9, 36.0, 83.4, 126.2, 127.8, 128.2, 128.5, 138.3, 142.5, 148.5.  The carbon signal 

adjacent to B was not observed due to low intensity.   

MS (EI, m/z (relative intensity)): 370 (M
+
, 28), 313 (28), 285 (28), 242 (22), 157 (25), 

144 (39), 143 (100), 129 (26), 117 (23), 85 (42), 84 (93).   

Anal. Calcd for C24H39BO2: C, 77.83; H, 10.61%.  Found: C,77.51; H, 10.41%.   
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4,4,5,5-Tetramethyl-2-[(1Z)-2-(3-methoxylphenylethenyl]-1,3,2-dioxaborolane (2d) 

was obtained in 68% yield as a yellow liquid via stereoselective hydroboration of the 

corresponding alkyne.
36

   

FT-IR (neat, cm
-1

): 2978 (m), 2359 (m), 1618 (m), 1582 (m), 1371 (m), 1258 (s), 1144 

(s), 872 (m), 799 (m).   

1
H NMR (CDCl3, 300 MHz, rt): δ 1.30 (s, 12H), 3.83 (s, 3H), 5.60 (d, J = 15.3 Hz, 1H), 

6.84 (d, J = 9.0 Hz, 1H), 7.06 (d, J = 7.5 Hz, 1H), 7.16-7.25 (m, 2H), 7.34 (t, J = 3.9 Hz, 

1H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 24.7, 55.1, 83.4, 113.1, 114.4, 121.7, 128.8, 139.7, 

148.2, 159.3.  The carbon signal adjacent to B was not observed due to low intensity.   

MS (EI, m/z (relative intensity)): 260 (M
+
, 60), 161 (24), 160 (38), 159 (65), 144 (100), 

130 (20), 129 (26), 117 (22), 77(22).   

Anal. Calcd for C15H21BO3: C, 69.26; H, 8.14%.  Found: C, 69.29; H, 8.27%.   

 

4,4,5,5-Tetramethyl-2-[(1Z)-2-(2,4-dimethoxyl-phenylethenyl]-1,3,2-dioxaborolane 

(2e) was obtained in 74% yield as a yellow liquid via stereoselective hydroboration of the 

corresponding alkyne.
37

   

FT-IR (neat, cm
-1

): 2974 (m), 1607 (s), 1429 (s), 1333 (m), 1283 (s), 1248 (s), 1161 (m), 

1105 (w), 831 (m).   

1
H NMR (CDCl3, 300 MHz, rt): δ 1.27 (s, 12H), 3.80 (s, 3H), 3.82 (s, 3H), 5.48 (d, J = 

14.7 Hz, 1H), 6.40-6.44 (m, 2H), 7.43 (d, J = 12.0 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 24.7, 55.2, 55.3, 83.0, 97.7, 103.8, 120.6, 130.4, 

143.4, 158.2, 161.0.  The carbon signal adjacent to B was not observed due to low intensity.   
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MS (EI, m/z (relative intensity)): 290 (M
+
, 59), 289 (15), 217 (100), 216 (27), 189 (10), 

176 (15), 149 (37), 121 (11).   

Anal. Calcd for C16H23BO4: C, 66.23; H, 7.99%.  Found: C, 66.31; H, 8.08%.   

Synthesis of (Z)-4,4,5,5-tetramethyl-2-(2-phenyl-1-buten-1-yl)-1,3,2-dioxaborolane 

(2f)
 

 

To a solution of zirconocene dichloride (1.75 g, 6 mmol) in THF (25 mL) was added 

dropwise EtMgBr (12.2 mL, 12 mmol, 0.98 M THF solution) at −78 °C.  The reaction 

mixture was stirred for 1 h at −30 °C and then 4,4,5,5-tetramethyl-2-(phenylethynyl)-1,3,2-

dioxaborolane was added.  The reaction mixture was stirred for 1 h at 0 °C, quenched with 

1 M HCl, and extracted with ethyl acetate.  The combined organic layers were washed with 

brine, and dried over MgSO4.  Filtration and concentration under vacuum, followed by 

purification with bulb to bulb distillation (140 ºC/1.4 Torr) gave product 2f as colorless 

liquid. (0.68 g, 52% yield).  
1
H NMR (CDCl3, 300 MHz, rt): δ 1.05 (t, J = 7.5 Hz, 3H), 1.13 

(s, 12H), 2.49 (q, J = 7.5 Hz, 2H), 5.46 (s, 1H), 7.24-7.28 (m, 5H).   

A general procedure for Suzuki-Miyaura coupling of 1,4-dichloro-2,3-

diiodobenzene with (Z)-alkenylboronates: formation of 3.   

 

A 20 mL Schlenk tube, equipped with a magnetic stirrer bar, 1,4-dichloro-2,3-

diiodobenzene (1-Cl, 199 mg, 0.5 mmol), (Z)-alkenylboranate 2 (1.1 mmol, 2.2 eq), 

PEPPSI-IPr (34 mg, 0.05 mmol, 10 mol %), and KOH solid (168 mg, 3 mmol) were 
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successively added.  Then, 1 mL of toluene and 0.2 mL of H2O were added in one-portion 

and the reaction mixture was stirred at 110 °C.  After react for 12 h, the reaction mixture 

was quenched with 1 M HCl, and extracted with diethyl ether (3 × 10 mL).  The combined 

ethereal layer was washed with brine and dried over anhydrous magnesium sulfate.  

Filtration and evaporation afforded brown oil, which was purified by column 

chromatography (hexanes as eluent) to obtain product 3.   

 

3a, yellow solid, 57% yield.   

FT-IR (neat, cm
-1

): 3049 (w), 1493 (m), 1435 (s), 1121 (s), 870 (m), 810 (s), 773 (s), 

745 (m), 691 (s).   

1
H NMR (CDCl3, 300 MHz, rt) δ 6.06 (d, J = 12 Hz, 2H), 6.54 (d, J = 12 Hz, 2H), 6.93-

7.01(m, 2H), 7.14-7.18 (m, 6H), 7.27-7.33 (m, 4H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 126.5, 128.6, 129.1, 129.2, 129.3, 129.6, 130.2, 

133.2, 133.5, 137.9, 138.3.   

MS (EI, m/z (relative intensity)): 351 (M
+
, 5), 350 (17), 272 (15), 261 (32), 259 (49), 

202 (28), 167 (56), 91 (100).   

Anal. Calcd for C22H16Cl2: C, 75.22; H, 4.59%.  Found: C, 74.93; H, 4.56%.   

 

3b, pale yellow oil, 68% yield.   

FT-IR (neat, cm
-1

): 2953 (s), 1435 (m), 1248 (s), 1132 (w), 1113 (m), 837 (s), 800 (m), 

754 (m), 691 (w).   
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1
H NMR (CDCl3, 300 MHz, rt) δ 0.14 (s, 18H), 6.03 (d, J = 12.0 Hz, 2H), 6.53 (d, J = 

12.3 Hz, 2H), 7.02 (s, 2H), 7.11 (s, 2H), 7.21-7.25 (m, 2H), 7.32-7.35 (m, 4H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ ‒1.4, 125.5, 127.7, 128.9, 129.1, 132.3, 132.3, 

132.8, 135.9, 137.5, 140.2.   

MS (EI, m/z (relative intensity)): 495 (M
+
, 1.18), 311 (22), 278 (10), 163 (34), 93 (20), 

73 (100).   

Anal. Calcd for C28H32Cl2Si2: C, 67.85; H, 6.51%.  Found: C, 68.15; H, 6.48%.   

 

3c, yellow oil, 75% yield.   

FT-IR (neat, cm
-1

): 2924 (s), 2853 (s), 2357 (w), 1600 (w), 1456 (m), 1435 (m), 1128 

(m), 903 (w), 804 (s), 696 (s).   

1
H NMR (CDCl3, 300 MHz, rt) δ 0.87-0.91 (m, 6H), 1.26-1.31 (m, 32H), 2.43 (t, J = 

7.7 Hz, 4H), 6.00 (d, J = 12.0 Hz, 2H), 6.49 (d, J = 12.0 Hz, 2H), 6.77 (d, J = 12.0 Hz, 4H), 

6.96 (d, J = 7.5 Hz, 2H), 7.07 (t, J = 7.5 Hz, 2), 7.29 (s, 2H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 14.1, 22.7, 29.2, 29.4, 29.5, 29.6, 29.7, 31.2, 31.9, 

35.7, 125.3, 125.4, 125.7, 128.0, 128.1, 128.1, 129.0, 132.2, 136.7, 137.5, 142.7.   

Anal. Calcd for C42H56Cl2: C, 79.84; H, 8.93%.  Found: C, 79.52; H, 8.71%.   

 

3d, yellow oil, 67% yield.   

FT-IR (neat, cm
-1

): 2938 (w), 1597 (s), 1578 (s), 1489 (s), 1435 (s), 1260 (s), 1153 (m), 

1042 (s), 860 (w), 795 (s), 689 (m).   
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1
H NMR (CDCl3, 300 MHz, rt) δ 3.60 (s, 6H), 6.10 (d, J = 12 Hz, 2H), 6.49 (d, J = 3.9 

Hz, 3H), 6.55 (t, J = 6.6 Hz, 3H), 6.68-6.75 (m, 2H), 7.05-7.10 (m, 2H), 7.31 (s, 2H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 54.9, 112.9, 113.6, 119.3, 124.0, 125.6, 128.7, 

129.1, 129.2, 132.2, 133.2, 136.0, 137.4, 138.0.   

MS (EI, m/z (relative intensity)): 411 (M
+
, 5), 410 (19), 302 (16), 289 (27), 227 (79), 

121 (100), 91 (14).   

Anal. Calcd for C24H20Cl2O2: C, 70.08; H, 4.90%.  Found: C, 69.93; H, 4.78%.   

 

3e, yellow oil, 38% yield.   

FT-IR (neat, cm
-1

): 2938 (w), 1608 (s), 1503 (s), 1464 (w), 1292 (s), 1290 (s), 1159, (s), 

823 (w).   

1
H NMR (CDCl3, 300 MHz, rt) δ 3.76 (s, 6H), 3.80 (s, 6H), 6.17 (q, J = 8.7 Hz, 2H), 

6.36 (s, 2H), 6.57 (q, J = 7.5 Hz, 2H), 6.78 (d, J = 12 Hz, 2H), 7.23 (s, 2H), 7.29 (s, 2H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 55.0, 55.4, 98.1, 104.1, 119.0, 123.5, 128.5, 128.9, 

131.9, 137.9, 157.9, 160.3.   

MS (EI, m/z (relative intensity)): 471 (M
+
, 7), 470 (26), 332 (12), 151 (100), 121 (16).   

HRMS (EI) Calcd for C26H24Cl2O4: 470.1052.  Found: 470.1043.   

 

3f, yellow oil, 67% yield.   

FT-IR (neat, cm
-1

): 2965 (s), 2929 (s), 2359 (s), 1427 (m), 1150 (m), 806 (w), 772 (m), 

698 (s).   
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1
H NMR (CDCl3, 600 MHz, rt) δ 1.04 (t, J = 7.2 Hz, 6H), 2.48-2.54 (m, 4H), 5.46 (s, 

2H), 6.91-6.97 (m, 4H), 7.06 (s, 2H), 7.10-7.18 (m, 6H).   

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 13.1, 31.1, 122.0, 126.9, 127.6, 127.7, 127.7, 

127.8, 127.8, 132.5, 137.9, 140.5.   

MS (EI, m/z (relative intensity)): 407 (M
+
, 7), 406 (24), 377 (26), 289 (24), 252 (23), 

119 (43), 117 (40), 105 (39), 91(100).   

HRMS (EI) Calcd for C26H24Cl2: 406.1255.  Found: 406.1263.   

A general procedure for synthesis of picene derivatives via the Pd-catalyzed 

intramolecular double cyclization.
 

 

A 20 mL Schlenk tube equipped with a magnetic stirring bar was charged with PCy3 

(11.5 mg, 0.04 mmol, 20 mol %), PdCl2(NCPh)2 (7.6 mg, 0.02 mmol, 10 mol %), and 

DMA (1 mL) under argon atmosphere.  After stirring for 10 min, Cs2CO3 (130 mg, 0.4 

mmol, 2.0 equiv), PivOH (8.3 mg, 0.08 mmol, 40 mol %), and substrate (3, 0.2 mmol, 1.0 

eq) were added into reaction mixture at room temperature.  The tube was put into a 

preheated hot box at 150 °C for 24 h. The reaction mixture was cooled to room temperature, 

quenched with 1 M HCl (3 mL), and extracted with chloroform (3 × 10 mL).  The 

combined organic extracts were washed adequately by water and dried over anhydrous 

magnesium sulfate, filtered with enough amount of CHCl3, and concentrated in vacuo.  Due 

to the poor solubility of picene, the crude residue was purified via simple extraction and 

washing instead of column chromatography.   
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4a, picene
5a

, 23 % yield as off-white solid.   

1
H NMR (CDCl3, 300 MHz, rt) δ 7.68 (q, J = 9.0 Hz, 2H), 7.74 (q, J = 9.0 Hz, 2H), 

8.00-8.06 (m, 4H), 8.80 (d, J = 9.3 Hz, 2H), 8.87 (d, J = 8.1 Hz, 2H), 8.97 (s, 2H).   

 

4b, white solid.  Isolated yield was 47%.   

Mp. > 300 °C.   

FT-IR (KBr, cm
-1

): 2953 (w), 1248 (m), 1109 (m), 910 (m), 845 (s), 808 (s), 759 (m), 

689 (w), 637 (w).   

1
H NMR (CDCl3, 300 MHz, rt) δ 0.42 (s, 18H), 7.87 (d, J = 8.1 Hz, 2H), 8.04 (d, J = 

9.0 Hz, 2H), 8.16 (s, 2H), 8.81 (q, J = 9.0 Hz, 4H), 8.96 (s, 2H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 0.81, 121.82, 122.37, 127.81, 128.72, 128.89, 

128.99, 130.95, 131.32, 131.44, 134.41, 138.96.   

MS (EI, m/z (relative intensity)): 422 (M
+
, 100), 409 (13), 408 (36), 407 (85), 196 (49), 

73 (62).   

Anal. Calcd for C28H30Si2: C, 79.56; H, 7.15%.  Found: C, 79.66; H, 7.06%.   

 

4c, white solid.  Isolated yield was 20%.   

Mp. > 300 °C.   

FT-IR (KBr, cm
-1

): 1713 (w), 1466 (w), 1263 (w), 1096 (m), 785 (m), 507 (m).   

1
H NMR (CDCl3, 600 MHz, rt) δ 0.86-0.89 (m, 6H), 1.25-1.44 (m, 28H), 1.75-1.80 (m, 

4H), 2.86 (t, 4H), 7,58 (q, J = 6 Hz, 2H), 7.78 (s, 2H), 7.97 (d, J = 9.0 Hz, 2H), 8.75 (q, J = 

12 Hz, 4H), 8.90 (s, 2H).   
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13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 14.1, 22.7, 29.3, 29.4, 29.6, 29.6, 29.6, 31.5, 

31.9, 35.9, 121.5, 121.6, 123.0, 127.2, 127.3, 128.0, 128.2, 128.5, 128.7, 132.0, 141.3.   

HRMS (EI) Calcd for C42H54: 558.4226.  Found: 558.4240.   

 

4d, white solid.  Isolated yield was 24%.   

Mp. > 300 °C.   

FT-IR (KBr, cm
-1

): 2930 (w), 1522 (m), 1450 (s), 1427 (s), 1269 (s), 1238 (s), 1140 (s), 

1059 (s), 841 (s), 820 (s), 748 (s), 704 (w).   

1
H NMR (CDCl3, 600 MHz, rt) δ 4.21 (s, 6H), 7.21 (q, J = 12 Hz, 2H), 7.58-7.64 (m, 

4H), 7.96 (d, J = 9.6 Hz, 2H), 8.83 (d, J = 9.0 Hz, 2H), 9.92 (s, 2H).   

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 55.9, 108.2, 121.1, 121.4, 122.5, 126.5, 126.6, 

127.1, 128.5, 128.8, 134.3, 158.9.   

Anal. Calcd for C24H18O2: C, 85.18; H, 5.36%.  Found: C, 85.52; H, 5.16%.   

 

4e, white solid.  Isolated yield was 31%.   

Mp. > 300 °C.   

FT-IR (KBr, cm
-1

): 2999 (w), 1618 (s), 1454 (m), 1416 (m), 1383 (m), 1261 (s), 1148 

(s), 1047 (s), 808 (m), 644 (w).   

1
H NMR (CDCl3, 600 MHz, rt) δ 4.06 (s, 6H), 4.08 (s, 6H), 6.70 (d, J = 2.4 Hz, 2H), 

7.73 (d, J = 1.8 Hz, 2H), 8.37 (d, J = 9.6 Hz, 2H), 8.64 (d, J = 9.0 Hz, 2H), 8.74 (s, 2H).   
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13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 55.7, 56.0, 95.5, 97.9, 118.9, 119.2, 121.1, 121.6, 

127.9, 129.8, 132.6, 157.3, 159.3.   

HRMS (EI) Calcd for C26H22O4: 398.1518.  Found: 398.1502.   

 

4f, white solid.  Isolated yield was 30%.   

Mp. > 300 °C.   

FT-IR (KBr, cm
-1

): 2926 (m), 1452 (w), 1248 (w),1042 (w), 876 (m), 746 (s).   

1
H NMR (CDCl3, 300 MHz, rt) δ 1.57 (t, J = 8.1 Hz, 6H), 3.35 (q, J = 18 Hz, 4H), 7.66-

7.76 (m, 4H), 8.23 (q, J = 6.0 Hz, 2H), 8.65 (s, 2H), 8.87 (s, 2H), 8.91 (q, J = 9.0 Hz, 2H).   

13
C{

1
H} NMR (CDCl3, 75 MHz, rt) δ 15.2, 27.1, 120.2, 120.8, 123.7, 124.3, 126.2, 

126.4, 127.9, 128.1, 130.9, 131.0, 138.9.   

HRMS (EI) Calcd for C26H22: 334.1722.  Found: 334.1700.    
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2-5-3  Copies of 
1
H and 

13
C{

1
H} NMR charts for the new compounds 

 

 

 

 

 

1
H (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 2b (rt, CDCl3).   
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1
H (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 1-(trimethylsilyl)-3-[2-(decyl)ethynyl]-

benzene (rt, CDCl3).   
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1
H (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 1-ethynyl-3-decyl-benzene (rt, CDCl3).   
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1
H (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 2c (rt, CDCl3).   
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1
H (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 2d (rt, CDCl3).   
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1
H (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 2e (rt, CDCl3).    
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1
H (300 MHz) and 

13
C{

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

13
C{

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

13
C{

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

13
C{

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

13
C{

1
H} NMR (75 MHz) spectra of 3e (rt, CDCl3).   
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1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 3f (rt, CDCl3).   
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1
H (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 4b (rt, CDCl3).   
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1
H (600 MHz) and 
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C{

1
H} NMR (150 MHz) spectra of 4c (rt, CDCl3).   



65 
 

 

 

 

 

 

1
H (600 MHz) and 
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1
H} NMR (150 MHz) spectra of 4d (rt, CDCl3).   
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1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 4e (rt, CDCl3).   
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1
H (300 MHz) and 

13
C{

1
H} NMR (75 MHz) spectra of 4f (rt, CDCl3).   
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Their Physicochemical Properties 
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3-1  Introduction 

Organic thin-film transistors (OTFTs) with [n]phenacenes,
1
 where n is the number of 

fused benzene rings with an arm-chaired structure, have attracted much attention owing to 

their superior FET characteristics.
2
  The [5]phenacene (picene, Chart 3-1)-based OTFT has 

been fabricated
2a

 and the field-effect mobility, μFET, improved as high as 3.2 cm
2
 V

-1
 s

-1
 

under O2 atmosphere.
2b

  Recently, the OTFT with the expanded [6]phenacene (fulminene, 

Chart 3-1) has shown the more higher μFET value of 3.7 cm
2
 V

-1
 s

-1
.
3
  These results imply 

that the increased numbers of the benzene rings in [n]phenacene would have potentials to 

improve the FET characteristics.  However, solubilities of the unsubstituted [n]phenacenes 

dramatically decrease with increasing n.  For instance, [5]phenacene is sparingly soluble in 

CHCl3, whereas the 
13

C{
1
H} NMR spectrum of [6]phenacene cannot be obtained due to its 

extreme insolubility.  This solubility problem would be solved by incorporating alkyl 

substituents.  Since ideal OFETs are expected to be solution-processed and exhibit high 

carrier mobility, high solubility of the molecules in common organic solvents are highly 

desired.   

 

Chart 3-1.  Structures of [5]phenacene and [6]phenacene. 

From the synthetic point of view, most of the precedent [n]phenacene synthesis by 

oxidative photocyclizations of (Z)-stilbene skeletons
4
 are mainly applicable to the synthesis 

of symmetrical [n]phenacene (i.e. n = 5 and 7).  Notably, although the unsubstituted 

[6]phenacene has been barely synthesized,
1,5,6

 to the best of the Author’s knowledge, the 

synthesis of the substituted [6]phenacenes are unprecedented to date.   
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In this Chapter, a series of unsymmetrically substituted [6]phenacenes are synthesized 

for the first time by using established synthetic strategy
7
 in Chapter 2.  Characterization and 

physicochemical properties of these [6]phenacenes are also investigated.   

3-2  Results and Discussion 

3-2-1  The order of the reagent addition in the cross-coupling 

In order to obtain [6]phenacene as the target molecule through intramolecular double 

cyclization, there are two pathways to synthesize the precursor of [6]phenacene using a 

stepwise procedure (Scheme 3-1).   

Scheme 3-1.  Two pathways to synthesis of the [6]phenacene precursor. 

 

The Author carried out the reaction in paths a and b to investigate the effect of adding 

reagents in an opposite order.   

In path a, 1,4-dichloro-2,3-diiodobenzene was treated with an equimolar amount of (Z)-

phenylethenylboronate under Suzuki-Miyaura coupling reaction conditions (eq 3.1).  The 

results showed that a disubstituted product was major.  Even though amounts of the catalyst 

and the base were decreased, the desired product was still minor.   
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In path b, 1,4-dichloro-2,3-diiodobenzene was reacted first with (Z)-naphthylethenyl 

boronate to give mono-coupled product as a desired product with a considerable amount of 

a by-product derived from deborylation of (Z)-naphthylethenylboronate (eq 3.2).  Next, the 

second coupling with (Z)-phenylethenylboronate was performed to synthesize the precursor 

of [6]phenacene in 65% yield (eq 3.3).   

 

Instead of a stepwise procedure, the one-pot reaction was also carried out (eq 3.4).  

Equimolar amounts of 1,4-dichloro-2,3-diiodobenzene, (Z)-naphthylethenylboronate and 

(Z)-phenylethenylboronate were combined in one portion.  Although the desired product 

was obtained in 12% yield, the GC-MS showed that this reaction gave much more 

complicated result and that the di-coupled product with (Z)-phenylethenylboronate was the 

major product.   

 

In comparison of procedures above, path b is much more reliable.  However, due to the 

low yield of first coupling, the Author next paid more attention to improve the yield of the 

first coupled product.   
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3-2-2  Optimization of first cross-coupling reaction 

A set of experiments were performed to examine the reaction conditions of Suzuki-

Miyaura coupling of 1,4-dichloro-2,3-diiodobenzene (1) with a slightly excess of (Z)-

naphthylethenylboronate (2).  The results are summarized in Table 3-1.   

Table 3-1.  Optimization of conditions in the cross-coupling reaction of 1 with 2. 
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When PEPPSI-IPr was utilized as the catalyst, which exerted high efficiency in the 

previous work,
8
 the desired product 3 was obtained in only 22% due to a concurrent 

protodeborylation of 2 (Table 3-1, entry 1).  The Author then exploited other palladium 

catalysts, mainly, with bulky phosphine ligands.  The reaction with ligand, such as PCy3 

and P(2,4,6-OMeC6H2)3 gave a slightly higher yield of 3 (Table 3-1, entries 2 and 6).  A 

combination of Pd(OAc)2 with P(3,5-CF3C6H3)3 gave the desired product 3 in 61% yield 

with a decrease amount of deborylation (Table 3-1, entry 7).  When the reactions were 

carried out under mild conditions, the conversion of the starting material were improved 

(Table 3-1, entries 11 and 12).  To his delight, when the bidentate ligands were surveyed, 

PdCl2(dppf) (dppf = 1,1’-bis(diphenylphosphino)ferrocene) gave the best yield of 3 up to 

74% (Table 3-1, entry 12).  Besides, the reaction using other solvent, such as DMA, DMF, 

and DMSO were completely inactive (entries 15‒17).   

3-2-3  Second cross-coupling reaction 

With the synthesized 3 in hand, the second cross-coupling were conducted with the 

synthesized alkenylboronates 4a‒4d as the coupling partners.  The PEPPSI-IPr catalyst 

gave rise to the corresponding [6]phenacene precursors 5a−5d in 63−83% yields (Table 3-

2).
9
   

Finally, the Pd-catalyzed double cyclization of 5a−5d were performed through the C−H 

activation toward the synthesis of [6]phenacenes 6a−6d (Scheme 3-2).
10

  The solubility of 

[6]phenacene 6b is so poor that its 
13

C NMR data were not available, whereas the solubility 

of 6c and 6d was obviously improved by introducing the OMe groups and alkyl chains, 

thus implying the possibility to fabricate single crystals by solution process.   
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Table 3-2.  Synthesis of 5a−5d by Suzuki-Miyaura coupling of 3 with 4a−4d.
a
 

 

Scheme 3-2.  Synthesis of [6]phenacenes 6a−6d by intramolecular double cyclization of 5a−5d. 
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3-3  Physicochemical Properties of [6]Phenacenes 

3-3-1  Measurements of UV-vis absorption spectra 

In order to further survey the potentials toward organic electronic materials, UV-vis 

absorption spectroscopy of 6a−6d were measured and the results are listed in Table 3-3.  As 

shown in Figure 3-1(left), the absorption spectra of 6b−6d exhibit main transition around 

300 nm (max
abs

) and the other transitions appeared at higher wavelengths, which are similar 

with the parent 6a.  The [6]phenacene derivatives 6b−6d bearing electron-donating groups 

on the aromatic ring showed a slightly red-shift absorption maximum compared to that of 

the parent 6a.  Molar extinction coefficient  values of substituted [6]phenacenes 6b−6d are 

available owing to the increased solubility than that of 6a.  Solution/thin-film absorption 

spectra of the selected [6]phenacene 6d are shown in Figure 3-2.  The thin film was 

fabricated on the quartz cell by spin-coating from 1 g/L CHCl3 solution at a rate of 500 rpm 

for 30 sec.  The film absorption maxima are red-shifted by approximately 2−10 nm versus 

the corresponding solution absorption maxima, indicating the existence of the layer by layer 

structure in the solid state.
11

 

 

Figure 3-1.  UV-vis absorption (left) and fluorescence emission (right) spectra of 6a−6d in CH2Cl2. 

 

Figure 3-2.  UV-vis absorption spectra of 6d in solution and thin film. 
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Obviously, these results indicate that an introduction of the substituents into a 

[6]phenacene framework can affect the physical properties.  In particular, a substitution 

effect of two methoxy groups in the 2,4-position is larger than that of alkyl and TMS 

groups in the 3-position.   

Table 3-3.  UV-vis and fluorescence data of [6]phenacenes 6a−6d. 

[6]phenacenes 
max

abs
 

/nm
a
 

 

/M
-1
cm

-1
 

max
em

 

/nm
b
 

Stokes shift 

/cm
-1

 
Фf

c
 

6a 293 nd
d
 385 204 0.07 

6b 297 40000 387 202 0.09 

6c 296 45000 391 264 0.17 

6d 297 55700 389 200 0.09 

a Absorption maxima in the CH2Cl2 solution (1 × 10-5 M).  b Emission maxima in CH2Cl2 solution 

(1 × 10-6 M) excited at max
abs.  c Fluorescence quantum yield were determined by the relative 

method using p-terphenyl (Фf = 0.87 in cyclohexane) as a standard.  d Molar absorption 

coefficient of parent [6]phenacene 6a cannot be determined due to its low solubility (saturated 

solution was used). 

3-3-2  Measurements of fluorescence spectra 

Steady-state fluorescence spectra of 6a−6d in diluted CH2Cl2 solution (1 × 10
-6

 M) are 

shown in Figure 3-1(right) and the results are also summarized in Table 3-3.  The Stokes 

shifts of 6b and 6d are ca. 200 cm
-1

, which are similar to that of the parent 6a.
6
  In contrast, 

the shift of 6c is higher than that of 6a.  This can be attributed to the slightly large and 

flexible molecular geometry of 6c, which can have access to different geometrical 

configuration.  The relative fluorescence quantum yields (Фf) of 6a−6d were estimated with 

relative method.
12

  The Фf values of 6c are more than twice as much as that of 6a, 

suggesting that an introduction of two electron-donating methoxy groups increased the Фf 

values due to the p- conjugated effect.   

3-3-3  Measurements of cyclic voltammograms 

The absorption band-edges (edge) of [6]phenacene 6a−6d and the corresponding optical 

band gaps (Eg
opt

) are summarized in Table 3-4.  The electrochemical properties of 6a−6d 

were also investigated by cyclic voltammetry (CV) (Figure 3-3) and the electrochemical 
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data are also listed in Table 3-4.  The observed oxidation waves with oxidation onsets at 

+0.36−0.84 V (vs Ag/Ag
+
) and no reduction waves in the CV measurements suggest that all 

compounds 6a−6d have a potential for p-channel semiconductors in organic electronics.  

Moreover, 6d shows quasi-reversible oxidation peaks at +0.76 V (onset, vs Ag/Ag
+
).  The 

good reversibility of its voltammograms implies that its oxidized species is 

electrochemically stable.   

Table 3-4.  Physicochemical properties of [6]phenacenes 6a−6d. 

a Obtained from cyclic voltammograms in CH2Cl2.  V vs Ag/Ag+.  b All the potentials were calibrated with the Fc/Fc+ (E1/2 

= -0.12 V measured under identical conditions).  Estimated with a following equation: EHOMO (eV) = –4.92 – Eonset.   
c 

Calculated according to the formula ELUMO = EHOMO + Eg
opt.  d Optical band gap calculated from λedge, Eg

opt = 1240/λedge.  
e 

Obtained from theoretical calculations.   

 

Figure 3-3.  Cyclic voltammograms of compounds 6a−6d.   

[6]phenacenes 6b and 6d bearing the substituents in the 3-position have the similar 

HOMO energy levels and slightly narrow optical band gaps than that of 6a.  These results 
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[6]phenacenes 
Eonset 

(V)
a
 

EHOMO 

(eV)
b
 

ELUMO 

(eV)
c
 

Eg
opt

/edge 

[(eV)
d
/nm] 

EHOMO 

(eV)
e
 

ELUMO 

(eV)
e
 

Eg 

(eV)
e
 

6a +0.84 –5.76 –2.57 3.19/389 –5.41 –1.39 4.02 

6b +0.81 –5.73 –2.58 3.15/393 –5.39 –1.39 4.00 

6c +0.36 –5.29 –2.17 3.12/397 –5.02 –1.22 3.80 

6d +0.76 –5.68 –2.56 3.12/397 –5.36 –1.34 4.02 
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indicate that a substituent effect of the [6]phenacene core in the 3-positions is rather small.  

In a sharp contrast, the methoxy-substituted [6]phenacene 6c has almost the same optical 

energy gaps (~3.12 eV), but the higher HOMO energy level than that of 6a.   

3-3-4  Density functional theory (DFT) calculation 

In order to understand the difference of the electronic structure, the molecular 

geometries of 6a−6d were optimized using density functional theory (DFT) at the 

B3LYP/6-31G(d) level using Gaussian 09, Revision A. 02.  The results are also listed in 

Table 3-4.  The frontier molecular orbitals of the optimized molecules were also calculated 

(Figure 3-4).  All the HOMOs and LUMOs of [6]phenacenes except 6c are evenly 

delocalized over the entire molecular π-frameworks.  The HOMO coefficient of 

[6]phenacene in the 3-position is relatively small, implying the small inductive effect of 

alkyl and TMS groups.  On the other hand, the HOMO coefficient is strongly located in the 

2,4-positions of a [6]phenacene core of 6c.  In fact, the HOMOs of 6c partially delocalized 

to the peripheral groups, whilst the LUMOs were mainly localized on the core.  These 

results are clearly consistent with the similarity/difference of the energy levels of the 

frontier orbitals as well as the molecular electronic structures among 6a−6d, as evident 

from their physicochemical properties.   

 

Figure 3-4.  Wave functions for the HOMO and LUMO of 6a−6d.   
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3-4  Summary 

A new family of the unsymmetrically substituted [6]phenacenes were synthesized 

through Suzuki-Miyaura coupling and intramolecular double cyclization utilizing 

polyhalobenzene and two alkenylboronates.  An introduction of methoxy and alkyl groups 

into the [6]phenacene framework increased the solubility of [6]phenacenes.  This 

methodology addresses a straightforward route to [6]phenacenes, which are a promising 

material for practical high-performance organic field-effect transistors (OFETs).  

Physicochemical properties of four [6]phenacenes were evaluated by UV-vis and 

fluorescence spectra as well as cyclic voltammetry (CV).  Obviously, these characteristic 

data indicated that an introduction of the substituents into a [6]phenacene framework can 

affect the physicochemical properties.  In particular, a substitution effect of two methoxy 

groups at the 2,4-position was larger than that of alkyl and TMS groups at the 3-position.  

A further elucidation of physical properties, in particular, FET characteristics of the 

obtained [6]phenacenes is currently in progress. 
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3-5  Experimental Section 

3-5-1  General 

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 toluene, 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, 

neutral, 40-100 μm) from Kanto Chemicals Co., Ltd.  NMR spectra (
1
H, 

13
C{

1
H}) were 

recorded on Varian INOVA-600 (600 MHz) or Mercury-300 (300 MHz) spectrometers.  

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.  Melting Points were measured on a Yanagimoto micromelting point apparatus 

and are uncorrected.  The GC yields were determined using suitable hydrocarbon internal 

standards.  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.   

3-5-2  Experimental procedures 

Synthesis of (Z)-naphthylethenylboronate 2. 
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A 300 mL two-necked round bottom flask equipped with a magnetic stir bar was 

charged with 7 (10.35 g, 7.0 mL, 50.0 mmol), PdCl2(PPh3)2 (1.75 g, 2.5 mmol, 5 mol %), 

CuI (0.48 g, 2.5 mmol, 5 mol %), PPh3 (1.32 g, 5.0 mmol, 10 mol %), triethylamine (TEA, 

75 mL), pyridine (50 mL), and trimethylsilylacetylene (8.48 mL, 60.0 mmol, 1.2 eq) under 

an argon atmosphere.  After being stirred for 12 h at 80 °C, the reaction mixture was 

filtrated and washed with diethyl ether.  The solvent was removed under reduced pressure 

and the crude product was purified by bulb to bulb distillation (150 °C/1.4 Torr) to obtain 

desired product 8
13

 as white crystals (10.55 g, 94%).   

1
H NMR (CDCl3, 300 MHz, rt) δ 0.36 (s, 12H), 7.42 (t, J = 7.6 Hz, 1H), 7.52-7.60 (m, 

2H), 7.72 (d, J = 6.0 Hz, 1H), 7.84 (t, J = 7.2 Hz, 2H), 8.36 (d, J = 8.4 Hz, 1H).   

To a solution of 8 (10.55 g, 47.0 mmol) in THF (90 mL) and MeOH (45 mL) was added 

K2CO3 (9.74 g, 70.5 mmol) and H2O (4.0 mL).  The solution was stirred at room 

temperature for 5 h before pouring the solution into saturated aq. NH4Cl (50 mL).  The 

mixture was extracted with diethyl ether and organic layer was washed with 5% aq. NH4Cl 

and brine, dried with MgSO4, and the solvent was removed in vacuum.  This crude product 

was purified via Florisil to afford 9
14

 (6.80 g, 95%) as a colorless liquid.   

1
H NMR (CDCl3, 300 MHz, rt): δ 3.50 (s, 1H), 7.44 (t, J = 8.1 Hz, 1H), 7.53-7.56 (m, 

1H), 7.61 (t, J = 4.8 Hz, 1H), 7.76 (d, J = 6.6 Hz, 1H), 7.87 (d, J = 8.4 Hz, 2H), 8.39 (d, J = 

8.4 Hz, 1H).   

A 100 mL two-necked round bottom flask equipped with a magnetic stir bar was 

charged with [RhCl(cod)]2 (0.16 g, 0.32 mmol, 2 mol %) and then flushed with argon.  

Cyclohexane (40 mL), 
i
Pr3P (0.24 mL, 1.28 mmol, 8 mol %), Et3N (15 mL), and HBpin 

(2.04g, 2.3 mL, 16.0 mmol, 1 eq) were successively added.  After being stirred at 10 °C for 

30 min, 9 (3.64 g, 24.0 mmol, 1.5 eq) was added in one-portion and the mixture was stirred 

at 10-15 °C for 12 h before quenching by MeOH.  Filtration with Celite and evaporation 

under vacuum afforded brown oil, which was purified by bulb to bulb distillation 

(145 °C/1.1 Torr) to obtain product 2 as colorless viscous liquid (3.1 g, 68%).   
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FT-IR (neat, cm
-1

): 2978 (s), 1612 (s), 1422 (m), 1329 (m), 1258 (s), 1143 (s), 966 (w), 

851 (w), 783 (m).   

1
H NMR (CDCl3, 600 MHz, rt) δ 1.12 (s, 12H), 5.90 (d, J = 14.0 Hz, 1H), 7.42 (t, J = 

7.8 Hz, 1H), 7.48-7.51 (m, 2H), 7.56 (d, J = 7.2 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.85-

7.90 (m, 2H), 8.05 (d, J = 8.4 Hz, 1H).   

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 24.6, 83.2, 124.6, 125.0, 125.6, 125.9, 126.4, 

128.2, 128.3, 131.5, 133.3, 136.3, 146.2.  The carbon signal adjacent to B was not observed 

due to low intensity.   

MS (EI, m/z (relative intensity)): 280 (M
+
, 39), 180 (27), 179 (43), 164 (39), 163 (36), 

153 (43), 152 (100), 84 (94).   

Anal. Calcd for C18H21BO2: C, 77.17; H, 7.55%.  Found: C, 77.18; H, 7.76%. 

Synthesis of 3 by Suzuki-Miyaura cross-coupling reaction of 1 with 2.   

 

To a 50 mL Schlenk tube equipped with a magnetic stirrer bar, were successively added 

1,4-dichloro-2,3-diiodobenzene (1, 0.40 g, 1.0 mmol), (Z)-alkenylboronate 2 (0.35 g, 1.2 

mmol), PdCl2(dppf) (36.6 mg, 0.05 mmol, 5 mol %), THF (20 mL) and KOH (3M, 1 mL, 3 

mmol).  After being stirred at 50 °C for 12 h, the reaction mixture was quenched with 1 M 

HCl, and extracted with diethyl ether (3 × 10 mL).  The combined ethereal layers were 

washed with brine and dried over anhydrous magnesium sulfate.  Filtration and evaporation 

afforded brown oil, which was purified by chromatography on silica gel (hexanes as eluent) 

to obtain product 3 as white solid (0.24 g, 57% yield).   

Mp: 110-112°C.   

FT-IR (neat, cm
-1

): 1503 (w), 1423 (s), 1341 (m), 1157 (s), 814 (m), 791 (s), 766 (s), 

738 (w).   
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1
H NMR (CDCl3, 600 MHz, rt) δ 6.64 (d, J = 11.4 Hz, 1H), 6.97 (d, J = 7.8 Hz, 1H), 

7.18 (t, J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 1H), 7.37 (d, J = 11.4 Hz, 1H), 7.48-7.55 (m, 

2H), 7.71 (d, J = 7.8 Hz, 1H), 7.83 (d, J = 9.0 Hz), 8.14 (d, J = 9.0 Hz, 1H).  

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 105.4, 124.5, 125.3, 125.8, 126.0, 126.3, 128.1, 

128.4, 128.7, 130.3, 131.2, 131.5, 131.8, 132.7, 133.4, 133.7, 137.9, 143.3.   

MS (EI, m/z (relative intensity)): 426 (M
+
, 36), 424 (85), 298 (25), 264 (24), 263 (56), 

226 (100), 224 (39), 113 (69).   

Anal. Calcd for C18H11Cl2I: C, 50.86; H, 2.61%.  Found: C, 51.01; H, 2.42%.   

A general procedure for the synthesis of 5 by the reaction of 3 with 

alkenylboronates 4.   

 

To a 20 mL of Schlenk tube equipped with a magnetic stirrer bar, were successively 

added 3 (85 mg, 0.2 mmol), (Z)-alkenylboranate 4 (0.24 mmol, 1.2 eq), PEPPSI-IPr (13.6 

mg, 0.02 mmol, 10 mol %), toluene (2 mL), and KOH (3 M, 0.4 mL, 1.2 mmol, 6 eq).  

After being stirred at 80 °C for 12 h, the reaction mixture was quenched with 1 M HCl, and 

extracted with diethyl ether (3 × 10 mL).  The combined ethereal layers were washed with 

brine and dried over anhydrous magnesium sulfate.  Filtration and evaporation afforded 

crude product, which was purified by chromatography on silica gel (hexanes as the eluent) 

to afford compound 5.   

 

Colorless oil (50.5 mg, 63% yield).   
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FT-IR (neat, cm
-1

): 1493 (w), 1431 (m), 1130 (m), 964 (w), 903 (w), 808 (s), 795 (s), 

775 (s), 694 (m).   

1
H NMR (CDCl3, 600 MHz, rt) δ 5.62 (br.s, 1H), 6.23 (d, J = 12.6 Hz, 1H), 6.32 (d, J = 

12.0 Hz, 1H), 6.86-6.89 (m, 3H), 7.13-7.17 (m, 5H), 7.19-7.25 (m, 2H), 7.48 (t, J = 7.2 Hz, 

1H), 7.54 (d, J = 7.2 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 8.00 (d, J = 

8.4 Hz, 1H).   

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 124.3, 125.2, 125.4, 125.6, 125.7, 125.9, 126.0, 

127.4, 127.4, 128.0, 128.0, 128.2, 128.5, 128.6, 128.9, 128.9, 131.2, 131.9, 132.1, 132.6, 

133.4, 133.5, 133.9, 136.7, 136.9, 137.2.   

MS (EI, m/z (relative intensity)): 401 (M
+
, 11), 400 (35), 252 (20), 239 (26), 217 (87), 

141 (100), 91(30).   

HRMS (FAB) Calcd for C26H18Cl2: 400.0782.  Found: 400.0777. 

 

Pale yellow oil (72.2 mg, 76% yield).   

FT-IR (neat, cm
-1

): 2955 (s), 1433 (m), 1400 (w), 1250 (s), 1130 (s), 916 (m), 860 (s), 

837 (s), 802 (s), 773 (s), 691 (w).   

1
H NMR (CDCl3, 600 MHz, rt) δ 0.14 (s, 9H), 5.62 (d, J = 11.7 Hz, 1H), 6.26 (d, J = 

12.3 Hz, 1H), 6.31 (s, 1H), 6.86 (d, J = 7.2 Hz, 1H), 6.97 (d, J = 7.2 Hz, 1H), 7.03 (s, 1H), 

7.12-7.24 (m, 4H), 7.32-7.38 (m, 2H), 7.48-7.59 (m, 2H), 7.65 (d, J = 8.4 Hz, 1H), 7.81 (d, 

J = 8.1 Hz, 1H), 8.02 (d, J = 8.1 Hz, 1H).   

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ ‒1.2, 124.5, 125.4, 125.7, 125.9, 126.1, 126.2, 

127.6, 127.9, 128.1, 128.7, 129.1, 129.1, 131.1, 131.4, 132.1, 132.4, 132.5, 132.9, 133.0, 

133.7, 134.1, 136.1, 136.7, 137.0, 137.6, 140.3.   

MS (EI, m/z (relative intensity)): 473 (M
+
, 16), 401 (20), 239 (31), 208 (28), 207 (46), 

141 (51), 73 (100).   
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HRMS (FAB) Calcd for C29H26Cl2Si: 472.1181. Found: 472.1158.   

 

Pale yellow oil (77.4 mg, 83% yield).   

FT-IR (neat, cm
-1

): 2957 (w), 1609 (s), 1574 (m), 1503 (s), 1460 (m), 1292 (s), 1159 

(m), 1125 (s), 912 (s), 808 (m), 754 (w).   

1
H NMR (CDCl3, 600 MHz, rt) δ 3.76 (s, 3H), 3.84 (s, 3H), 5.65 (br.s, 1H), 6.17 (d, J = 

8.4 Hz, 1H), 6.22 (d, J = 13.8 Hz, 1H), 6.39 (s, 1H), 6.52 (d, J = 12.0 Hz, 2H), 6.82 (s, 1H), 

7.01-7.15 (m, 2H), 7.18 (s, 2H), 7.47-7.54 (m, 2H), 7.65 (d, J = 7.8 Hz, 1H), 7.79 (d, J = 

8.4 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H).  

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 55.0, 55.2, 97.9, 103.9, 118.7, 123.4, 124.5, 

124.9, 125.4, 125.5, 125.7, 127.1, 127.5, 128.1, 128.2, 128.4, 128.9, 130.4, 131.0, 132.0, 

132.1, 133.2, 133.9, 136.7, 136.9, 137.6, 157.7, 160.1.   

HRMS (FAB) Calcd for C28H22Cl2O2: 460.0997. Found: 460.1017. 

 

Pale yellow oil (74.7 mg, 69% yield).   

FT-IR (neat, cm
-1

): 2953 (m), 2924 (s), 2853 (m), 1464 (w), 1435 (w), 1130 (w), 804 

(m), 777 (m).   

1
H NMR (CDCl3, 600 MHz, rt) δ 0.88 (t, J = 7.8 Hz, 5H), 1.26-1.33 (m, 11H), 1.42 (t, J 

= 7.2 Hz, 2H), 2.43 (t, J = 7.8 Hz, 2H), 2.52 (t, J = 8.4 Hz, 1H), 5.60 (br.s, 1H), 6.22 (d, J = 

12.0 Hz, 1H), 6.28 (d, J = 11.4 Hz, 1H), 6.87 (d, J = 6.0 Hz, 1H), 6.97 (d, J = 7.2 Hz, 1H), 

7.07 (t, J = 7.2 Hz, 1H), 7.11-7.15 (m, 2H), 7.17-7.25 (m, 4H), 7.48 (t, J = 7.2 Hz, 1H), 
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7.54 (t, J = 7.2 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.78 (t, J = 7.8 Hz, 1H), 8.00 (d, J = 8.4 

Hz, 1H).   

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 14.1, 22.7, 29.2, 29.3, 29.5, 29.7, 31.2, 31.5, 

31.9, 35.7, 123.5, 124.3, 125.1, 125.2, 125.7, 126.0, 127.7, 128.0, 128.2, 128.8, 129.2, 

131.1, 131.4, 132.0, 132.1, 132.6, 133.5, 133.5, 134.0, 136.2, 136.6, 136.8, 136.9, 137.4, 

142.6, 143.0.   

Anal. Calcd for C36H38Cl2: C, 79.84; H, 7.07%.  Found: C, 79.50; H, 7.07%.   

A general procedure for synthesis of [6]phenacenes 6a‒6d.   

 

A 20 mL Schlenk tube equipped with a magnetic stirring bar was charged with PCy3 

(18.2 mg, 0.065 mmol, 40 mol %), PdCl2(NCPh)2 (12.3 mg, 0.032 mmol, 20 mol %), and 

DMA (1 mL) under an argon atmosphere.  After being stirred for 10 min, Cs2CO3 (104.2 

mg, 0.32 mmol, 2 eq), PivOH (6.67 mg, 0.065 mmol, 40 mol %), substrate 5 (0.16 mmol, 1 

eq), and additional 2 mL of DMA were added into reaction mixture at room temperature.  

The tube was put into a preheated hot box at 150 °C for 20 h.  The reaction mixture was 

cooled to room temperature, quenched with 1 M HCl (3 mL), and filtered directly with 

water to remove DMA.  The residue was washed very carefully with a little amount of 

CHCl3, the insoluble residue was purified by Soxhlet extractor to afford desired product 6.   

 

[6]Phenacene (6a).
6
   

White solid (18.4 mg, 35% yield).  Mp > 300 °C (Mp 467 ºC).
15

   

1
H NMR (600 MHz, CDCl3,) δ 9.05 (d, 2H, J = 9.1 Hz, H8,16), 9.00 (d, 2H, J = 9.1 Hz, 

H7,15), 8.89 (d, 2H, J = 7.6 Hz, H1,9), 8.88 (d, 2H, J = 9.1 Hz, H6,14), 8.08 (d, 2H, J = 9.1 Hz, 
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H5,13), 8.04 (d, 2H, J = 7.6 Hz, H4,12), 7.77 (t, 2H, J = 7.6 Hz, H2,10), 7.69 (t, 2H, J = 7.6 Hz, 

H3,11).   

 

3-Trimethylsilyl-[6]phenacene (6b).   

Colorless plates (35 mg, 55% yield).  Mp > 300 °C.   

FT-IR (neat, cm
-1

): 2951 (w), 1277 (m), 1246 (m), 1111 (w), 1047 (w), 910 (w), 808 (s), 

762 (s), 745 (m);   

1
H NMR (CDCl3, 600 MHz, rt) δ 0.07 (s, 9H), 7.40 (t, J = 7.2 Hz, 1H), 7.48 (t, J = 7.2 

Hz, 2H), 7.53 (t, J = 9.0 Hz, 2H), 7.68 (d, J = 7.2 Hz, 1H), 7.77 (q, J = 19.2 Hz, 1H), 7.85 

(d, J = 7.8 Hz, 1H), 7.88 (s, 1H), 8.04 (s, 1H), 8.08 (d, J = 8.4 Hz, 1H), 8.82 (t, J = 9.0 Hz, 

2H), 9.02 (d, J = 19.2 Hz, 2H).   

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) spectrum was not obtained due to the extreme 

insolubility.   

HRMS (EI) Calcd for C29H24Si: 400.1647.  Found: 400.1637.   

 

2,4-Dimethoxy-[6]phenacene (6c).   

Colorless plates (32 mg, 51% yield).  Mp > 300 °C.   

FT-IR (neat, cm
-1

): 2358 (w), 1610 (s), 1456 (m), 1406 (m), 1278 (m), 1203 (m), 1144 

(s), 1049 (s), 934 (w), 810 (s), 752 (m).   

1
H NMR (CDCl3, 600 MHz, rt) δ 4.08 (s, 3H), 4.10 (s, 3H), 6.73 (s, 1H), 7.68 (t, J = 7.2 

Hz, 1H), 7.76 (t, J = 7.2 Hz, 2H), 8.03 (d, J = 7.8 Hz, 1H), 8.07 (d, J = 9.0 Hz, 1H), 8.43 (d, 

J = 9.6 Hz, 1H), 8.72 (d, J = 9.6 Hz, 1H), 8.84-8.89 (m, 3H), 8.96 (q, J = 9.0 Hz, 2H), 9.04 

(d, J = 9.0 Hz, 1H).   
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13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 55.5, 55.8, 95.3, 97.8, 118.4, 119.1, 119.2, 121.2, 

121.4, 121.6, 121.7, 122.3, 122.4, 123.2, 126.6, 126.8, 127.4, 127.5, 128.5, 128.5, 128.5, 

129.0, 129.5, 130.5, 132.0, 132.4, 157.2, 159.2.   

HRMS (FAB) Calcd for C28H20O2: 388.1463.  Found: 388.1449.   

 

3-Decyl-[6]phenacene (6d).   

Colorless plates (33 mg, 44% yield).  Mp > 300 °C.   

FT-IR (neat, cm
-1

): 2920 (m), 2851 (m), 2360 (w), 1468 (w), 1277 (w), 1032 (w), 810 

(s), 756 (m), 743 (m).   

1
H NMR (CDCl3, 600 MHz, rt) δ 0.87 (t, J = 7.8 Hz, 4H), 1.25-1.35 (m, 11H), 1.43 (q, 

J = 15.0 Hz, 2H), 2.00 (t, J = 7.8 Hz, 2H), 3.54 (t, J = 7.8 Hz, 2H), 7.56-7.61 (m, 2H), 7.67 

(t, J = 7.2 Hz, 1H), 7.75 (t, J = 7.2 Hz, 1H), 7.87 (d, J = 6.6 Hz, 1H), 8.02 (t, J = 8.4 Hz, 

2H), 8.06 (d, J = 9.0 Hz, 1H), 8.82 (d, J = 9.0 Hz, 1H), 8.86-8.88 (m, 2H), 8.91 (d, J = 9.6 

Hz, 1H), 8.96 (dd, J = 11.4, 9.6 Hz, 2H), 9.01 (d, J = 9.6 Hz, 1H).   

13
C{

1
H} NMR (CDCl3, 150 MHz, rt) δ 14.3, 22.9, 29.6, 29.7, 29.9, 29.9, 30.2, 31.5, 

32.2, 38.5, 120.6, 121.5, 121.7, 121.9, 122.6, 123.4, 126.3, 126.5, 126.8, 127.0, 127.5, 

127.7, 128.4, 128.5, 128.6, 128.8, 129.0, 129.1, 129.3, 130.1, 130.4, 130.7, 130.7, 132.3, 

133.9, 140.6.   

HRMS (FAB) Calcd for C36H36: 468.2817.  Found: 468.2844.   
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3-5-3  Copies of 
1
H and 

13
C{

1
H} NMR charts for the new compounds 

 

 

 

 

1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 2 (rt, CDCl3). 
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1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 3 (rt, CDCl3). 
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1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 5a (rt, CDCl3). 
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1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 5b (rt, CDCl3). 



98 
 

 

 

 

 

1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 5c (rt, CDCl3). 
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1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 5d (rt, CDCl3). 
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1
H NMR (600 MHz) spectrum of 6b (rt, CDCl3). 
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1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 6c (rt, CDCl3). 
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1
H (600 MHz) and 

13
C{

1
H} NMR (150 MHz) spectra of 6d (rt, CDCl3). 
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4-1  Conclusion 

In this Dissertation, the Author focused on the synthesis of fused polycyclic aromatic 

compounds, [n]phenacenes, which have attracted a great deal of attention as active layers in 

organic field-effect transistors (OFETs) because of their advantages in organic materials.   

In Chapter 1, the Thesis firstly described an overview of OFETs and the application of 

[n]phenacenes to OFETs.  Because of their importance in organic electronic devices, it is of 

great interest to develop methods of various [n]phenacenes derivatives.  Based on 

previously reported synthetic methods, the Author proposed a more convenience, and 

reliable methodology to the synthesis of [n]phenacenes.   

In Chapter 2, after exploration and optimization, a novel and versatile synthetic method 

for [5]phenacenes (picenes) was established using the Pd-catalyzed intramolecular double 

cyclization of the corresponding 2,3-bis[(1Z)-2-phenylethenyl]-1,4-dichlorobenzenes, 

which were readily prepared by Suzuki-Miyaura cross-coupling reactions of 

polyhalobenzenes with (Z)-arylethenylboronates.  Through this methodology, the Author 

synthesized a series of picene derivatives bearing various functional groups, for instance, 

trimethylsilane, methoxy, ethyl, decyl as well as trifluoromethyl groups.  X-ray diffraction 

analysis successfully clarified the structure of 3,10-dimethoxypicene and meanwhile 

confirmed a reliability of the synthetic method.   

Physicochemical properties of the obtained picenes were modified by functionalization 

of the picene framework.  All compounds are investigated by UV-vis and fluorescence 

spectroscopic measurements, CV, and DFT calculations.  To the best of his knowledge, 

these picene derivatives are first occur in organic materials.  A more precise elucidation of 

their physicochemical properties is now in progress. 

In Chapter 3, the Author noticed the effect that the increased numbers of the benzene 

rings in [n]phenacene have potentials to improve the FET characteristics.  For the further 

investigation, a new family of the unsymmetrically substituted [6]phenacenes were 

synthesized via sequential Suzuki-Miyaura coupling and intramolecular double cyclization 
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utilizing polyhalobenzene and two alkenylboronates.  This methodology addresses a 

straightforward route to synthesis of [6]phenacenes.  An introduction of a methoxy or alkyl 

group into the [6]phenacene framework increased the solubility of [6]phenacenes, thus 

implying the possibility to fabricate single crystals FET device in solution process.   

Physicochemical properties of four [6]phenacenes were also evaluated by 

measurements of UV-vis and fluorescence spectra and cyclic voltammogram (CV) as well 

as DFT calculation.  Similar to the [5]phenacene cases, optical and electrochemical data 

demonstrated that an introduction of substituents into the [6]phenacene framework affected 

their physical properties.  In particular, a substitution effect of two methoxy groups in the 

2,4-position is larger than that of alkyl and TMS groups in the 3-position.  All investigation 

indicated that the substituted [6]phenacenes are potential materials for practical high-

performance organic field-effect transistors (OFETs).   

4-2  Perspectives 

This Thesis established a versatile methodology to synthesis of [n]phenacenes. 

Therefore, this method would also be suitable for the synthesis of other picene analogues, 

for instance, heteroatom-containing picenes and unsymmetrical fused aromatic compounds 

(Figure 4-1).   

On the other hand, the clear pictures of the effects of the structural variations by 

substituents on their electronic and electrochemical properties have emerged.  In addition, 

this method has the advantage, i.e., ready introduction of the substituents into [n]phenacene 

framework.  The HOMO/LUMO energies of the [n]phenacene derivatives can be tuned by 

the functional group modification.  In particular, a substitution effect of a side-position is 

larger than that of an edge-position of the [n]phenacenes framework.  Therefore, the 

functional groups can be introduced into the side-position of [n]phenacenes (Figure 4-2).  A 

further elucidation of physical properties, in particular, FET characteristics of the 

synthesized [n]phenacenes is currently in progress.  The Author expects that the FET 
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devices with a high performance can be obtained via the framework modification in the 

future.   

 

Figure 4-1.  Analogous compounds of [n]phenacenes.  

 

Figure 4-2.  Derivatives of [n]phenacenes.  
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