
Springer Theses
Recognizing Outstanding Ph.D. Research

Tamae Seo

Palladium-Catalyzed 
Mechanochemical 
Cross-Coupling 
Reactions



Springer Theses 

Recognizing Outstanding Ph.D. Research



Aims and Scope 

The series “Springer Theses” brings together a selection of the very best Ph.D. theses 
from around the world and across the physical sciences. Nominated and endorsed by 
two recognized specialists, each published volume has been selected for its scientific 
excellence and the high impact of its contents for the pertinent field of research. For 
greater accessibility to non-specialists, the published versions include an extended 
introduction, as well as a foreword by the student’s supervisor explaining the special 
relevance of the work for the field. As a whole, the series will provide a valuable 
resource both for newcomers to the research fields described, and for other scientists 
seeking detailed background information on special questions. Finally, it provides 
an accredited documentation of the valuable contributions made by today’s younger 
generation of scientists. 

Theses may be nominated for publication in this series by heads 
of department at internationally leading universities or institutes 
and should fulfill all of the following criteria

● They must be written in good English.
● The topic should fall within the confines of Chemistry, Physics, Earth Sciences, 

Engineering and related interdisciplinary fields such as Materials, Nanoscience, 
Chemical Engineering, Complex Systems and Biophysics.

● The work reported in the thesis must represent a significant scientific advance.
● If the thesis includes previously published material, permission to reproduce this 

must be gained from the respective copyright holder (a maximum 30% of the thesis 
should be a verbatim reproduction from the author’s previous publications).

● They must have been examined and passed during the 12 months prior to 
nomination.

● Each thesis should include a foreword by the supervisor outlining the significance 
of its content.

● The theses should have a clearly defined structure including an introduction 
accessible to new PhD students and scientists not expert in the relevant field. 

Indexed by zbMATH.



Tamae Seo 

Palladium-Catalyzed 
Mechanochemical 
Cross-Coupling Reactions 

Doctoral Thesis accepted by 
Hokkaido University, Sapporo, Hokkaido, Japan



Author 
Dr. Tamae Seo 
Asahi Kasei 
Kawasaki, Kanagawa, Japan 

Supervisor 
Prof. Hajime Ito 
Hokkaido University 
Sapporo, Hokkaido, Japan 

ISSN 2190-5053 ISSN 2190-5061 (electronic) 
Springer Theses 
ISBN 978-981-97-1990-7 ISBN 978-981-97-1991-4 (eBook) 
https://doi.org/10.1007/978-981-97-1991-4 

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 
Singapore Pte Ltd. 2024 

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse 
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd. 
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, 
Singapore 

If disposing of this product, please recycle the paper.

https://doi.org/10.1007/978-981-97-1991-4


Supervisor’s Foreword 

Mechanochemistry is a reaction method using mixing or grinding machines, such as 
ball mills, in the absence or presence of small amounts of organic solvents believed 
to be necessary for carrying out organic synthetic reactions. Due to the rapid devel-
opment of the field in the last decade, mechanochemistry has been recognized as an 
innovative and efficient method for organic synthesis because of its environmental 
friendliness, reaction acceleration, and ease of operation. In addition, mechanochem-
istry can provide a novel method for the synthesis of compounds that are not amenable 
to use in conventional solution-based organic synthesis. 

Mechanochemistry has a long history, and many examples have been reported for 
a long time. However, because many organic synthesis researchers believed that the 
use of solvents was necessary to perform organic reactions, the active development 
of practical mechanochemical reactions has only recently emerged. Since 2018, our 
group has been demonstrating the usefulness of mechanochemical reactions through 
the development of mechanochemical organic synthesis reactions with the use of 
ball mills. 

Dr. Tamae Seo’s Ph.D. thesis focuses on developing new mechanochemical 
organic reactions that exhibit higher or unique reactivity compared to conventional 
solution-based reactions. In this research subproject, she has achieved a number 
of research results. All of them will make significant contributions to the field. In 
Chap. 1, she developed a novel catalytic system for mechanochemical, Pd-catalyzed 
C-N cross-coupling reactions. The addition of olefins as activation of the active 
catalytic species significantly increased the catalytic efficiency. Solid-state Suzuki– 
Miyaura cross-coupling reactions using the olefin addition strategy were successively 
developed in Chap. 2. In Chap. 3, mechanochemical Suzuki–Miyaura cross-coupling 
was explored for insoluble aryl halides, which cannot be used in organic synthesis, 
by taking advantage of the no-solvent conditions. The results of this work are a new 
approach to the use of insoluble materials in organic synthesis. In Chap. 4, the author 
studied the effect of polymers for insoluble on the mechanochemical Suzuki–Miyaura 
cross-coupling for insoluble aryl halides. In Chap. 5, she studied mechanochemistry-
directed ligand design for mechanochemical Suzuki–Miyaura cross-coupling, which

v



vi Supervisor’s Foreword

represents a new guiding concept for the design of new mechanochemical reac-
tions. Chapter 6, nickel(II)/mechanoredox cocatalyst system, is a combined catalytic 
system using Ni catalyst and piezoelectric materials. 

In the thesis, the author not only developed novel mechanochemical organic 
synthetic reactions but also demonstrated a new concept for the rational design of 
new catalysts suitable for mechanochemical reactions. These results are a guide for 
the identification of the effective design of the new mechanochemical reactions. 

Sapporo, Hokkaido, Japan 
December 2023 

Prof. Hajime Ito
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Chapter 1 
General Introduction 

1.1 Mechanochemistry for Organic Synthesis 

In the past two decades, mechanochemistry has become increasingly popular among a 
wide range of researchers as an environmentally friendly and highly efficient method. 
This method has been extensively exploited in material science, polymer chemistry, 
and inorganic and organic synthesis [1–20]. In the early days of mechanochemistry, 
many published papers relied on the traditional method of conducting mechanochem-
ical reactions, especially in the field of crystal engineering by using a mortar and 
pestle [21]. Recently, automated ball mills have been used to carry out the solvent-
free mechanochemical reactions with precise control over the mechanical energy 
input (Fig. 1.1) [1–20]. The advantages of mechanochemical reactions using ball 
milling include the avoidance of potentially harmful organic solvents, shorter reac-
tion times and simpler operational handling. In addition, mechanochemical reactions 
are particularly useful for the poorly soluble substrates in organic solvents [22–24]. 
Apart from these practical benefits, mechanochemical reactions using ball milling 
can potentially provide exciting opportunities to access large areas of unexplored 
chemical space that have different reactivities and selectivity different from those in 
solution-based conditions [25–40]. Given these attractive features of mechanochem-
ical synthesis, the number of published papers has significantly increased year after 
year (Fig. 1.1B). The International Union of Pure and Applied Chemistry (IUPAC) 
selected mechanochemistry in 2019 as one of the 10 chemistry innovations that 
will most likely change the world, highlighting the recent increased interest in 
mechanochemistry among researchers in a variety of research areas [41].

There are two types of commonly used ball mill machine for mechanochemical 
reactions in the laboratory. One is a mixer ball mill and the other is a planetary mill 
(Fig. 1.1C). In a mixer mill, the reaction jar was mounted horizontally and rapidly 
shaken from side to side at the desired frequency causing the enclosed balls bearing 
to shear and grind the chemical together. On the other hand, in a planetary mill, the 
reaction jars are spun at high speed in the reverse direction to that of the main sun

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
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2 1 General Introduction

Fig. 1.1 Mechanochemical synthesis using ball mill. A Representative image of mechanochemical 
reactions. B Number of publications on mechanochemical synthesis in recent years. C Examples 
of ball milling equipment

wheel, which results in the balls grinding the solids in the jars. Importantly, the main 
mechanical energy applied to the reaction mixture is impact force in a mixer ball 
mill, while the main type of force applied in the planetary mill is shear force. 

Mechanochemical synthesis has many different parameters from solution 
synthesis using organic solvents (Fig. 1.2). The key factors are adjustment of the 
milling jar size and milling frequency and selection of the milling material. The jars 
and balls can be made from a variety of materials, such as stainless steel, tungsten 
carbide, zirconia, etc. The mechanical impact and mixing of reactants are changed 
by using different materials of jar and balls. The reactivity in mechanochemical reac-
tions strongly depends on the reactant state (i.e., solid substrates are less reactive than 
liquid substrates under solvent-free ball milling reactions) [1–20]. There is another 
critical parameter for mechanochemical reactions. The addition of a small amount 
of liquid sometimes enhances the reaction efficiency and/or reaction kinetics. This 
is termed “liquid-assisted grinding (LAG)”. The parameter of LAG was defined as 
the ratio of liquid to the total weight of solid reactants [42, 43].

Under solution-based conditions, the techniques required to carry out reactions 
often involve high-vacuum Schlenk lines and glove boxes. These are expensive and 
users need special operational skills. However, mechanochemical synthesis using 
ball milling typically does not require such precautions and can synthesize a wide 
range of valuable organic molecules in air [1–20]. A representative procedure of the 
mechanochemical reactions using a mixer mill is shown in Fig. 1.3. First, one grinding 
ball was loaded in a milling jar. Then reactants were added to the jar. After the ball
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Fig. 1.2 Key parameters for mechanochemical reactions

milling jar was closed, the jar was placed in the ball mill. The mechanochemical 
reaction can be performed without the requirement of special operating conditions, 
such as glove box operation in inert gas. The low diffusion efficiencies of gaseous 
water and oxygen in crystalline or amorphous solid-state reactions are the main reason 
for the low effect on the presence of atmospheric water and oxygen on chemical 
reactions conducted in a ball mill [44–47]. 

A variety of organic transformations have been carried out under mechanochem-
ical conditions as an environmentally friendly alternative to conventional solution-
based reactions. Among these, the development of mechanochemical palladium-
catalyzed cross-coupling reactions has attracted particular attention because these 
reactions in solution have long been used as the most powerful, versatile, and well-
established bond-forming reactions. These reactions were often used to synthesize the 
natural products, medicinal compounds, polymer, and organic materials [48–52]. In 
general, these cross-coupling reactions are carried out in organic solvents. Although

Fig. 1.3 Typical procedure for setting up mechanochemical organic reactions 
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the benefits of solution-based reactions are well established, the value of palladium-
catalyzed cross-coupling methods becomes more apparent when mechanochemical 
cross-coupling reactions are considered, in the term of solvent-waste and environ-
mental protection [53, 54]. Additionally, mechanochemical cross-coupling reactions 
are potentially particularly useful for the preparation of large polyaromatic organic 
materials, which are prepared from substrates that are poorly soluble substrates due 
to strong intermolecular interactions [55, 56]. The development of highly efficient 
palladium-catalyzed solid-state cross-coupling reactions that are not affected by solu-
bility issues would provide useful synthetic solutions for accessing unexplored chem-
ical space for the discovery of new organic materials, which could not be synthesized 
under solution conditions. 

1.2 Mechanochemical Suzuki–Miyaura Cross-Coupling 
Reaction 

The Noble-prize-winning palladium-catalyzed Suzuki–Miyaura cross-coupling 
reactions of aryl halides with organoboron reagents represent the most powerful, 
versatile, and well-established class of carbon–carbon bond-forming reactions. 
Therefore, the reaction has found wide applications in both academic and industrial 
settings (Fig. 1.4) [48–52]. 

Fig. 1.4 Representative examples of compounds synthesized by Suzuki–Miyaura cross-coupling 
reactions
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In general, Suzuki–Miyaura cross-coupling reactions are carried out in organic 
solvents. The solvent-free mechanochemical cross-coupling reactions have many 
advantages compared with such solution-based approaches. One is the amount of 
waste derived from organic solvents that could be greatly reduced, especially in 
large-scale synthesis [53, 54]. Second is the solvent-free mechanochemical reac-
tions that could be particularly useful for the preparation of organic materials that 
are often prepared from poorly soluble substrates due to the strong intermolecular 
interactions [55, 56]. Third advantage is the set-up for mechanochemical cross-
coupling reactions that is much simpler than that for solution-based reactions. Given 
these attractive benefits, several mechanochemical approaches for Suzuki–Miyaura 
cross-coupling reactions have been developed. The chronology of mechanochemical 
Suzuki–Miyaura cross-coupling reactions is shown in Fig. 1.5. 

In 2000, the first examples of a Suzuki–Miyaura cross-coupling reactions using 
ball milling were reported by Peters, Axelsson, and coworkers [57]. They found that 
mechanochemical Suzuki–Miyaura coupling reactions proceeded well in the pres-
ence of tetrakis(triphenylphosphine)palladium(0) with sodium chloride as grinding 
auxiliary in a Fritsch Planetary Micro Mill Pulversette. Notably, all the reactions 
can be carried out in air, which shows the simplicity of the developed procedure. 
However, the aryl halide scope is generally limited to liquid substrate. Under opti-
mized conditions, the yields of the synthesized biaryls are relatively poor when 
solid aryl halides are used. In 2003, Leadbeater and coworkers reported the ligand-
free protocol for mechanochemical Suzuki–Miyaura cross-coupling reactions [58].

Fig. 1.5 Mechanochemical Suzuki–Miyaura cross-coupling reactions 
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They used a Retsch MM200 mixer mill and sodium chloride as a grinding auxil-
iary. Optimization of reaction conditions showed that Pd(OAc)2 was more reactive 
than PdCl2 or Pd2(dba)3 in the ligand-free catalytic system, and triethylamine was 
the best base for this reactions. This method is general and various aryl halides 
react in air to give the desired coupling products in good yields. However, for solid-
state reactants, only electron-deficient aryl halides such as methyl 4-bromobenzoate 
and 4-bromobenzaldehyde are applicable to this reaction. In addition, when aryl 
chlorides were used, the products were obtained in low yield. Ondruschka, Stolle, 
and coworkers used a Fritsch Planetary Micro Mill Pulverisette to investigate 
the mechanochemical Suzuki–Miyaura cross-coupling reactions [59–62]. A solid-
supported base such as KF/Al2O3 was crucial for effective solid-state reactions. 
The reactions proceed well, and the desired coupling products were obtained in 
good yields. In this paper, the effect of the mechanochemical parameters on the 
efficiency of solid-state cross-coupling reactions was also investigated [60]. This 
was the first solid-state approach for mechanochemical palladium-catalyzed Suzuki– 
Miyaura cross-coupling reaction using ball milling. However, the substrate scope 
is relatively limited to and sensitive to steric effects and substituents at the meta 
positions of aryl boronic acids greatly decreased yields. In 2012, Ondruschka and 
coworkers reported another variant of palladium-catalyzed Suzuki–Miyaura cross-
coupling reactions in a planetary ball mill. In this reaction, a crosslinked chitosan/ 
Pd(II) catalyst was used [63]. Notably, the reactions can be applicable to solid aryl 
iodides, bromides, and chlorides, and coupling products were obtained in good yields. 
However, for aryl chlorides, an electron-withdrawing groups such as a nitro group 
is needed for sufficient conversion. 

Previous studies of mechanochemical Suzuki–Miyaura cross-coupling reactions 
mainly focused on the advantages of performing the reactions under solvent-free 
conditions in terms of green chemistry. In 2016, Su and coworkers discovered that 
introducing a small amount of liquid during grinding significantly accelerated the 
mechanochemical Suzuki–Miyaura cross-coupling reactions of aryl chlorides [64]. 
When alcohols were used as LAG additives, they observed unexpected improvements 
in the product yields in mechanochemical coupling of aryl chlorides. They proposed 
that alkoxides formed in situ from K2CO3 under ball milling conditions and alcohol 
additives promote oxidative addition. In Pd(OAc)2/PCy3/MeOH system, various aryl 
chlorides reacted with aryl boronic acids to form the desired coupling products in 
high yield. However, this reaction was not applicable to solid aryl chlorides. 

1.3 Mechanochemical Buchwald–Hartwig Amination 
Reactions 

The carbon–nitrogen bond is widely found in functional materials, pharmaceutical 
drugs, fragrances, and organic dyes. The palladium-catalyzed cross-coupling reac-
tions of amines and aryl halides (i.e., the Buchwald–Hartwig amination) are widely
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Fig. 1.6 Representative examples of compounds synthesized by Buchwald–Hartwig amination 
reactions 

used for the preparation of aniline derivatives in both academic and industrial settings 
(Fig. 1.6) [65] 

This solution-based method has been applied to a wide range of substrates combi-
nations and its synthetic utility has been well established [65]. On the other hand, 
mechanochemical variants have recently been developed (Fig. 1.7). In 2018, Su 
and coworkers reported the first solvent-free Buchwald–Hartwig amination by using 
a Pd(OAc)2/XPhos catalytic system under mechanochemical conditions [66]. The 
desired amination products were obtained in good to high yield. The use of Na2SO3 as 
a solid grinding additive is essential for this reaction. In 2019, Browne and coworkers 
developed a mechanochemical Buchwald–Hartwig amination with alkylamine as 
nucleophiles in the presence of Pd-PEPPSI catalyst [67]. Although the efficiency and 
robustness of these reactions are remarkable, the substrate scope is mostly limited to 
liquid substrates.

1.4 Mechanochemical Negishi Cross-Couplings 

In 2018, Browne and coworkers reported the first mechanochemical preparation of 
organozinc reagents and their use in Negishi cross-coupling reactions (Fig. 1.8) [68]. 
Various organozinc can be prepared via the mechanochemical reactions between 
alkyl halides and commercially available zinc metal. Addition of a coupling partner
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Fig. 1.7 Mechanochemical Buchwald–Hartwig amination reactions

Fig. 1.8 Mechanochemical Negishi cross-coupling reactions 

to the reaction crude mixture along with a palladium catalyst and tetrabutylammo-
nium bromide (TBAB) enables a mechanochemical Negishi coupling reaction to be 
performed in a one-pot, two-step process. This method is a simple operation and is 
carried out in air without the use of inert gases. This study shows that mechanochem-
istry offers exciting opportunities for the preparation of air-sensitive organometallic 
reagents in air and their concomitant use in cross-coupling reactions in a one-pot 
procedure. 

1.5 Mechanochemical Mizoroki–Heck Cross-Coupling 

Mizoroki–Heck reactions are useful for the stereoselective synthesis of multi-
substituted alkenes. In 2004, Frejd and coworkers reported the first examples of 
mechanochemical Mizoroki–Heck reactions [69]. The reactions of aryl halides with
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protected amino acrylates in the presence of Pd(OAc)2 under mechanochemical 
conditions in a Fritsch Planetary Micro Mill Pulverisette give the coupling products 
with high stereoselectivity. They also reported that similar mechanochemical condi-
tions can be used with dehydrophenylalanines to afford the corresponding coupling 
products in high yields [70]. An efficient mechanochemical method for stereoselec-
tive synthesis of (E)-stilbenes was reported by Su and coworkers in 2012 [71]. In 
this paper, they proposed that the metal colloids formed in situ were stabilized by the 
TBAB grinding additives, and this facilitates the mechanochemical reaction. In the 
same year, Lamaty and coworkers reported the mechanochemical Mizoroki–Heck 
reactions of aryl halides with tert-butyl acrylate. The reaction proceeded well when 
poly(ethylene glycol) (PEG) was added as a grinding additive [72]. The PEG addi-
tive melts during the reaction because of the slight frictional heating caused by ball 
milling. Therefore, the reaction proceeds smoothly in the polymer medium. Addi-
tionally, they proposed that oxygen atoms in PEG can coordinate with the palladium 
catalyst to enhance the reactivity. Although this approach using polymer-based addi-
tives is notable, the scope is limited, other acrylates and styrene have poor yields of 
the coupling products. In addition, the reaction did not proceed when aryl chlorides 
and bromides were used under the developed conditions. In 2018, Su and coworkers 
reported a similar mechanochemical Mizoroki–Heck reactions of 3-bromoindazoles. 
The reaction provides a highly efficient route to the tyrosine kinase inhibitor axitinib 
[73] (see Fig.  1.9). 

Fig. 1.9 Mechanochemical Mizoroki–Heck reactions
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1.6 Mechanochemical Sonogashira Coupling 

In 2009, Mack and coworkers reported the first examples of solvent-free Sonogashira 
coupling reactions using ball mill (Fig. 1.10) [74]. The reactions of aryl halides with 
terminal alkynes in the presence of both palladium and copper catalysts provided 
the coupling products in good to high yields. They also developed that the reaction 
using copper milling balls without a copper catalyst proceeded well to provide the 
desired internal alkynes in good yield [74]. In 2010, Stolle and coworkers reported 
the mechanochemical palladium-catalyzed Sonogashira reaction could be performed 
without the use of copper catalysis in the presence of 1,4-diazabicyclo[2,2,2]octane 
(DABCO) as a base [75]. 

Despite the significant progress described above, palladium-catalyzed cross-
coupling reactions using mechanochemistry have remained underdeveloped and the 
scope of applicable substrates needs significant improvement. The previous methods 
mostly focused on liquid substrates that serve as not only coupling partners but also 
reaction solvents. In fact, only a limited number of solid-state cross-coupling reac-
tions under mechanochemical conditions have been reported. Moreover, the scope 
of these reactions is significantly restricted and low conversion rate are common. 
Thus, the author decided to focus on re-designing cross-coupling system for the 
development of a broadly applicable mechanochemical solid-state cross-coupling 
protocol, which may potentially unlock versatile applications for synthesis and enable 
us to investigate unexplored chemical space that cannot be accessed by conventional 
solution-based approaches. 

Chapter 2 describes the first example of general solid-state C–N cross-coupling 
reactions using mechanochemistry. The key finding of this study is that olefin addi-
tives can act as efficient molecular dispersants for the palladium-based catalyst in 
solid-state media to facilitate the challenging solid-state cross-coupling reactions. 
Beyond the immediate utility of this protocol, this strategy could inspire the devel-
opment of industrially attractive solvent-free palladium-catalyzed cross-coupling 
processes for other valuable synthetic targets.

Fig. 1.10 Mechanochemical Sonogashira reactions 
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Chapter 3 describes the first broadly applicable mechanochemical solid-state 
palladium-catalyzed Suzuki–Miyaura cross-coupling reactions using ball mill. The 
author discovered that the addition of small amounts of olefins dramatically improves 
the progress. The developed system shows a substantially broadened substrate scope 
and the first solid-state organoboron cross-coupling reaction of unactivated aryl chlo-
rides. In addition, experimental mechanistic studies to elucidate the role for the olefin 
additives in these solid-state cross-coupling reactions are also described. 

Chapter 4 describes the solid-state Suzuki–Miyaura cross-coupling of insoluble 
aryl halides under high-temperature ball milling conditions. This method enables 
the highly efficient cross-couplings of insoluble aryl halides with large polyaromatic 
structures that are barely reactive under conventional solution-based conditions. This 
study, thus, provides a practical method for accessing unexplored areas of chemical 
space through molecular transformations of insoluble organic compounds that cannot 
be carried out by any other approach. 

Chapter 5 describes polymer-assisted grinding (POLAG), a ball milling technique 
based on the use of polymer additives, which was applied to mechanochemical solid-
state Suzuki–Miyaura cross-coupling reactions of insoluble aryl halides. When the 
addition of polytetrafluoroethylene (PTFE) as a POLAG under high-temperature 
ball-milling conditions, the efficiency of this challenging solid-state cross-coupling 
was successfully improved. 

Chapter 6 describes the development of a high-performance phosphine ligand for 
palladium-catalyzed Suzuki–Miyaura cross-coupling reactions. Notably, the newly 
developed the phosphine ligand-bearing PEG chain showed much greater efficiency 
than previous catalysts originally developed for conventional solution-based condi-
tions. Based on PXRD, DSC, SS 31P NMR, and TEM analysis, the author proposes 
that the PEGylated ligands allow the phosphine-ligated palladium(0) species to be 
efficiently immobilized in the fluid amorphous phase created by the PEG chain, 
suppressing the catalyst deactivation via undesired palladium aggregation that occurs 
in the crystalline solid phase. 

Chapter 7 describes selective mechanochemical monoarylation of unbiased dibro-
moarenes by in-situ crystallization. Suzuki–Miyaura cross-coupling reactions of 
unbiased dibromoarenes in solution tend to provide a mixture of mono- and diarylated 
products. In this reaction, the author discovered that mechanochemical conditions 
promote cross-coupling reactions that are selective toward the monoarylation of a 
wide range of substrates. Based on a mechanistic study, this selectivity results from 
the conversion of liquid starting materials into less reactive crystalline monoarylated 
products under the applied mechanochemical conditions. 

Chapter 8 describes the first application of piezoelectricity to modulation of metal 
oxidation states in an organometallic catalytic cycle, enabling ligand-free nickel-
catalyzed C–N cross-coupling reactions under solid-state ball-milling conditions. 
Piezoelectric oxidation of a Ni(II) aryl amido intermediate is proposed to facilitate 
the challenging C–N reductive elimination. This novel dual nichekl/mechanoredox 
catalytic system was characterized by broad substrate scope, inexpensive catalysts, 
no requirement of bulk solvents, short reaction time (60 min), multi-gram scale 
synthesis, and all synthetic operation can be carried out under air without complicated 
reaction setups.
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Chapter 2 
Olefin-Accelerated Solid-State C–N 
Cross-Coupling Using 
Mechanochemistry 

2.1 Introduction 

Historically, most organic transformations have been carried out in solution. Such 
solution-based organic syntheses generally require liquid organic solvents to dissolve 
reactants or catalysts in a reaction flask. Accordingly, the pharmaceutical industry 
and the fine chemicals industry strongly depend on solvent-based organic synthesis, 
which has led to serious problems with regard to solvent waste, as organic solvents 
usually account for approximately 80–90% of the total mass used in any organic 
reaction [1–3]. Although solvent recycling is a very effective way to reduce solvent 
waste, organic chemists should focus on (re)designing organic syntheses to use less or 
no solvent. In this context, solid-state organic transformations have attracted consid-
erable attention as cleaner and sustainable synthetic alternatives [4–7]. In addition, 
these methods would be exciting opportunities to access large areas of hitherto unex-
plored chemical space that exhibit different reactivity and selectivity compared to 
conventional solution-based reactions [8–20]. 

Palladium-catalyzed cross-coupling reactions have long been used as arguably 
the most powerful, versatile, and well-established organic transformations with 
broad applications ranging from natural product synthesis and medicinal chem-
istry to polymer and materials science [21–24]. Despite recent significant progress, 
the exploration of new strategies, reaction media, and concepts for the improve-
ment of the sustainability of cross-coupling reactions still remains an important and 
challenging research subject. Conventionally, palladium-catalyzed cross-coupling 
reactions of liquid and solid substrates are conducted in organic solvents (Fig. 2.1) 
[21, 22]. When using liquid substrates, the cross-coupling reactions can in some 
cases be carried out under neat conditions, where liquid substrates serve as reac-
tants and reaction solvent (Fig. 2.1) [25–32]. Whereas the benefits of these solution-
based reactions are well established, the value of palladium-catalyzed cross-coupling 
processes becomes even more apparent when solid-state cross-coupling reactions are 
considered, especially in the context of solvent-waste prevention and environmental
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Fig. 2.1 Current application range of palladium-catalyzed cross-coupling reactions 

protection [4–7]. In addition, solid-state coupling reactions should be particularly 
useful for poorly soluble substrate classes such as large polycyclic aromatics due to 
strong intermolecular interactions (e.g., π–π interactions). Nevertheless, the solid 
state has remained extremely limited as a reaction medium for palladium-catalyzed 
cross-coupling processes (Fig. 2.1) [21, 22]. Thus, the author sought to re-design 
palladium-based catalyst systems for the solid state, which could potentially unlock 
versatile applications for solid-state synthesis. 

Mechanochemical solvent-free reactions using ball milling or milling with a 
catalytic amount of liquid, the so-called liquid-assisted grinding (LAG), have 
emerged as powerful alternatives to synthesis in solution [33–40], and mechanochem-
ical palladium-catalyzed cross-coupling reactions have already been reported [41– 
53]. However, these methods focus mostly on neat liquids [41–46, 48–53]. For 
solid-state substrates, the scope is significantly more restricted, and low conver-
sion rates are common [42, 47, 49]. Here, the author reports the development of the 
first potentially general and scalable solvent-free method for solid-state palladium-
catalyzed C–N cross-coupling reactions using mechanochemistry (Fig. 2.2a) [54]. 
The key finding in this study is that the addition of a small amount of olefin dramat-
ically accelerates these challenging solid-state cross-coupling reactions. Based on a 
transmission electron microscopy (TEM) analysis, the author discovered that some 
such olefin additives can act as efficient molecular dispersants for palladium cata-
lysts in solid-state media to inhibit undesired aggregation of the catalyst that may 
lead to catalyst deactivation (Fig. 2.2b). The newly developed protocol should be 
particularly useful for the rapid access to structurally complex triarylamines, which 
can be found in a wide range of organic materials including solar cells and light-
emitting diodes (Fig. 2.2a) [55–57]. In fact, the author will demonstrate (vide infra)
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Fig. 2.2 Olefin accelerated solid-state cross-coupling reactions using mechanochemistry 

that when using the solid-state cross-coupling reaction presented herein, arylamine-
based hole-transporting materials can be prepared faster and in better yield relative to 
conventional methods [57]. Thus, the author anticipates that the present solvent-free 
solid-state palladium-catalyzed cross-coupling reactions may potentially find broad 
applications in industrially relevant syntheses. 

2.2 Results and Discussion 

Solid-State Palladium-Catalyzed C–N Cross-Coupling Reactions Using a 
Molecular Dispersant. All reactions were conducted in a Retsch MM400 mill 
(stainless-steel milling jar; 30 Hz; stainless-steel balls). Initially, the author compared 
the reactivity of liquid 1-bromonaphthalene (1a) and solid 1-bromopyrene (1b) 
in the palladium-catalyzed C–N cross-coupling reaction with diphenylamine 2a 
under solvent-free mechanochemical conditions (Scheme 2.1). Very recently, Su 
and coworkers have reported the mechanochemical palladium-catalyzed C–N cross-
coupling of aryl chloride using NaCl as a mechanochemical auxiliary [51]. Even 
though this development is indisputably remarkable, the substrate scope mostly 
focused on liquid substrates. Thus, the author anticipated that the reaction of liquid 
substrate 1a should proceed readily using the Pd(OAc)2/XPhos (P1) catalyst system 
developed by Su [51]. Indeed, the corresponding coupling product (3a) was obtained 
in moderate yield (41% yield; Scheme 2.1a). When the author used the Pd(OAc)2/ 
t-Bu3P (P2) catalyst system, which is a high-performance catalyst for C–N coupling
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that has been reported by Hartwig and coworkers [58]. 3a was obtained quantita-
tively (95% yield; Scheme 2.1a). Other liquid aryl halides could also be coupled with 
diphenylamine 2a in the presence of Pd(OAc)2/t-Bu3P (P2) in high yield (see the 
Supporting Information for details). Then, the author proceeded to investigate the 
C–N cross-coupling behavior of solid 1-bromopyrene (1b). The author found that 
the solid-state cross-coupling reactions involving 1b were sluggish using either the 
Pd(OAc)2/XPhos (P1) or the Pd(OAc)2/t-Bu3P (P2) catalyst systems (3% and 28% 
yield, respectively; Scheme 2.1b). These results suggest the presence of a consider-
able reactivity gap between liquid and solid substrates, even under mechanochemical 
conditions. 

The author, therefore, decided to focus on commonly used phosphine ligands in 
solvent-based systems in order to potentially facilitate the solid-state C–N cross-
coupling under mechanochemical conditions (entries 1–10, Fig. 2.3) [54]. Experi-
ments involving catalyst systems consisting of 5 mol% Pd(OAc)2 and 5 mol% phos-
phine ligand revealed that the use of bulky and highly electron-donating monophos-
phines such as Ad3P (P3) provides the desired coupling product in low yield (18% 
yield; entry 1). In contrast, the use of Cy3P (P4) did not afford the targeted coupling 
product (entry 2). The reaction did not proceed when commonly used Buchwald-type 
ligands such as P5–P9 were employed (entries 3–7) [54]. While P5 is a highly effec-
tive ligand for C–N cross-coupling reactions in solvents at room temperature, the

Scheme 2.1 Comparison of the reactivity of liquid and solid aryl bromides in solvent-free 
mechanochemical C–N cross-coupling reactions 


